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Summary

The freshwater ecosystems of Southeast Asia are some of the most highly threatened in the
world, due to anthropogenic impact from climate change, deforestation, the creation of
hydropower dams and over-harvesting. Rapid, cost-effective and reliable monitoring of
biodiversity is essential for the conservation of the exceptional biotic richness within this
region. The emerging field of environmental DNA (eDNA) monitoring, using trace cells or
fragments of DNA released into an environment to assign species to locations has potential to

provide this type of information.

In this thesis, I explore the use of eDNA metabarcoding for monitoring freshwater
aquatic biodiversity within Southeast Asia, focusing on fishes within the lakes of the Malay
Archipelago. Firstly, I co-led to a published review of the field of eDNA in which we discuss
how the field has developed, address current challenges, and predict future developments.
Secondly, I conducted sampling of lakes across the Malaysian Peninsula as an initial
exploration into the use of eDNA in tropical freshwaters using the ethanol precipitation
method of environmental DNA collection, as well as conducted a mesocosm experiment to
test eDNA degradation. Thirdly, after initial trouble shooting, I tested options for isolation
and storage of aquatic eDNA to inform best practice solutions for eDNA field researchers,
and found that the use of an enclosed filter system combined with a preservation buffer was
the best approach. Fourthly, I conducted intensive sampling of a lake in Indonesia to
investigate the dynamics of eDNA information within a tropical lentic environment, and
found heterogenous detection of extant biodiversity. Finally, I undertook a large-scale
biogeography study of the lakes of the Malay Archipelago, sampling from western Sumatra
across to eastern Sulawesi using a filter approach for environmental DNA collection.
Metabarcoding of aquatic eDNA samples was then employed for all samples, with a
combination of primers targeting different mitochondrial regions to achieve a broad scope of
biodiversity information. From the data, I recovered native, endemic and rare species, as well
as introduced and invasive species linked to fisheries, aquaculture, the ornamental trade and
pest-control. Overall, aquatic eDNA metabarcoding demonstrated great potential, allowing
ecosystem level species detection, but further work on eDNA distribution, improvements to
barcoding capabilities and the reliability of quantification, will greatly deepen the
possibilities presented by aquatic eDNA metabarcoding in advancing wildlife and

biodiversity monitoring in tropical habitats.



Danish Summary

Sydestasiens ferskvandsystemer er nogle af de mest truede i1 verden pa grund af
menneskeskabte udfordringer fra klimaforandringer, skovrydning, oprettelse af demninger
og udpining af jorde. Hurtig, effektiv og palidelig overvdgning af biodiversiteten er afgerende
for bevarelsen af den unikke artsrigdom i1 denne region. Det stadig voksende forskningsfelt
indenfor miljo-DNA (ogsé kaldet eDNA), hvor man underseger de fragmenter af DNA, der
frigives af organismer til miljoet, har potentialet til at tilvejebringe denne enskede
artsinformation. I denne athandling undersgger jeg brugen af DNA metabarcoding og milje-
DNA til overvdgning af biodiversitet 1 ferskvand 1 Sydestasien med fokus pa fisk 1 seerne 1
det Malaysiske oghav. Ferst preesenterer jeg en offentliggjort gennemgang af omrddet eDNA,
hvor vi diskuterer, hvordan feltet har udviklet sig, laser aktuelle udfordringer og forudsiger
den fremtidige udvikling. Yderligere gennemforte jeg proveudtagninger fra sger fra den
Malaysiske halve for at undersege brugen af miljg-DNA 1 tropisk ferskvand ved brug af en
ethanol-udfeldningsmetode for miljg-DNA-indsamlingen, samt udferte forseg for at teste
DNA-nedbrydningen af miljg-DNA. Selvom dette arbejde ikke gav palidelige resultater, og
derfor ikke er medtaget i denne athandling, gav den stor erfaring i forhold til at implementere
miljg-DNA-praveudtagninger 1 troperne. Derefter testede jeg mulighederne for at isolere og
opbevare akvatisk miljg-DNA for at finde frem til den bedste og mest praktiske lgsning og
fandt ud af, at brugen af et lukket filtersystem kombineret med en bevaringsbuffer var den
bedste tilgang. Jeg gennemforte ogsa en intensiv praveudtagning af en sg 1 Indonesien for at
undersoge dynamikken af miljg-DNA-information inden for et tropisk lentisk miljo og kunne
pavise forekomsten af den eksisterende biodiversitet. Endelig gennemforte jeg en stor
undersagelse af sgerne 1 det Malaysiske ghav, med stikprever fra det vestlige Sumatra over til
det ostlige Sulawesi, ved brug af en filter-tilgang til miljo-DNA-indsamlingen. DNA
metabarcoding af de akvatiske miljg-DNA-praver blev derefter anvendt, med en kombination
af primere rettet mod forskellige mitokondrieomréder, for at fokusere pé et bredt udvalg af
biodiversiteten. Dette gav information om lokale, endemiske og sjeldne arter samt
introducerede og invasive arter knyttet til fiskeri, akvakultur, prydplanter og
skadedyrsbekaempelse. Samlet set viste DNA metabarcoding af det akvatiske miljg-DNA et
stort potentiale til at pdvise arter tilherende forskellige gkosystemer. Dog vil fremtidigt
arbejde med milje-DNA-fordelingen, forbedring af barcoding”-evnerne og pélideligheden af
kvantificering fra miljg-DNA 1 hej grad kunne udvikle mulighederne yderligere i forhold til

at bruge akvatisk miljg-DNA til overvagning af akvatisk biodiversitet i Sydestasien.
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amplification generally unsuccessful. I applied for an Indonesian Research Permit for second



field work expedition. I formulated an experiment to compare eDNA sampling and storage
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focused on writing for a manuscript prepared by Mark de Bruyn on threats to freshwater
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biodiversity in Southeast Asia and recommendations for their conservation (Appendix 5)
submitted to Bioscience, and writing for the eDNA methods comparison experiment (Chapter
2). I also prepared to move to Copenhagen for the second round of lab work.
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threats to freshwater biodiversity in Southeast Asia based on reviewer’s comments. I trained
PhD student, Catia Pereira from the University of Evora in eDNA sampling, and visited
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matches, performed statistical analysis and writing for the thesis.



Thesis outline and contributions

Chapter 1: General Introduction: environmental DNA for wildlife biology and

biodiversity monitoring in Southeast Asia

Chapter 1 introduces the field of environmental DNA (eDNA), discusses how techniques and
breadth of information has improved, and suggests the challenges faced within the field of
eDNA research as well as solutions to overcome them. eDNA based methods are explored
within the context of Southeast Asian freshwater ecosystems, focusing on three key areas:
monitoring of invasive species, understanding ecosystem processes, and informing
conservation management. The first half of this chapter is based on the review paper
published in Trends in Ecology & Evolution in 2014, shown in Appendix 1 (Bohmann et al.
2014, Appendix 1) of which I am joint first author. Chapter 1 uses this paper as a starting
point, updated to include research and developments published up to October 2018. The
second half of this chapter, focusing on Southeast Asia, includes elements of a manuscript
being prepared for submission to Conservation Letters of which I am first author (previously
submitted to Bioscience, Appendix 3) which has received positive comments from the Editor

as a pre-submission enquiry.

Chapter 2: Comparison of capture and storage methods for aqueous macrobial eDNA

using an optimized extraction protocol: advantage of enclosed filter.

Chapter 2 explores the effect of different isolation techniques, storage techniques, and storage
time on aquatic eDNA samples from a Danish lake based on qPCR amplification of two key
fish species. This chapter was published in Methods in Ecology and Evolution in 2016 in a
paper on which I am joint-first author (Appendix 2). For this study, we compared various
eDNA filter materials and ethanol precipitation as potential capture methods, along with
various preservation buffers and freezing as potential storage methods. I was part of the
formulation of the idea for this study, planned the experimental design, led the sampling day,

completed all extractions, and helped with the writing of the manuscript.

Chapter 3: Universal methods

This chapter describes the methods used in Chapter 4 and 5, as these chapters used the same

sampling approach, molecular workflow and bioinformatic pipeline.
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Chapter 4: The distribution of eDNA within the Indonesian lake, Danau Tamblingan:

recommendations for eDNA sampling of tropical lentic habitats.

Chapter 4 tests for differences in taxonomic community composition generated from
metabarcoding OTUs, and OTU richness between different sites of the same lake. When
sampling eDNA from lacustrine habitats, it is unclear how many samples should be collected,
and how far apart they should be collected to encompass the extant biodiversity. I sampled a
small Balinese caldera lake at regular intervals across the surface and at different depth
points, and used eDNA metabarcoding using a 12S, 16S and COI primer set, sequenced on
the Illumina MiSeq. The fish and mammal species detected could be explained by previous
studies. I found that taxonomic communities and OTU richness varied between points, and
that this was affected by sample depth. However, further work testing points at more regular
intervals, and storing filters in a buffer could increase the taxonomic information generated

and give a clearer picture of how eDNA is spatially distributed within a tropical lake.

Chapter 5: Assessment of the aquatic biodiversity of the lakes of the Malay Archipelago

using eDNA metabarcoding.

Chapter 5 explores the use of aquatic eDNA metabarcoding in assessing the extant
biodiversity of a variety of lakes across the Malay Archipelago. Using a transect approach,
subsamples were collected at regular transect intervals, combined into one large sample, and
replicate filtrations performed from these combined subsamples to maximise the lake area
covered. | recovered native, endemic, rare, introduced, invasive, ornamental and pest-control
fish species; domestic, native and rare mammal species and a range of freshwater microfauna,
meiofauna and microalgae which could be explained by the literature. OTU community
composition and OTU richness was affected by altitude, lake area, maximum lake depth and
trophic productivity. Further work on the lakes of the Malay Archipelago using a more
intensive sampling approach across a larger area per lake, as well as adding more lakes,

would help illuminate patterns influencing biodiversity such as anthropogenic impact.

Chapter 6: General discussion

Chapter 6 discusses the main findings of this thesis, what improvements could be made and

places this work within a wider context.
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Glossary

Amplicon: a targeted fragment of DNA or RNA created by replication events or
amplification, either naturally or artificially, through e.g. PCR.

Ancient DNA (aDNA): DNA extracted from specimens that have not been intentionally
preserved for genetic analysis. Such samples are typically low quality and can include
specimens from museum collections, archaeological finds, and subfossil remains of tissues or
other DNA-containing sources (e.g., coprolites, hair).

Aphotic zone: the layer of a lake beneath the euphotic zone where light levels are too low for
photosynthesizers, usually found within the hypolimnion or sometimes the metalimnion,
consisting of light levels of less than 1% of the lake surface.

Barcode gap: the break between intra- and interspecific pairwise distances that underpins the
success of DNA barcoding

Benthic zone: the zone between the lacustrine sediment and the water column, with a surface
layer abundant with organisms.

Bioassessment/biomonitoring: the characterisation of ecosystem health using biological
surveys through the detection of resident ‘indicator’ biota—including fish, insects, algae,
plants and others.

Blocking primer: an oligonucleotide used to bind to DNA and overlap the primer-binding
sites, so that amplification of the undesired species is prevented.

Bulk DNA: DNA obtained from community samples targeting particular organisms, such as
from plankton collected with a plankton tow or large organisms scraped from rocks or
collected in grabs.

Capture based aquaculture (CBA): wild caught juveniles such as milkfish Chanos chanos
are reared in ponds, cages, and pens, which can be described as ‘fisheries driven’.

Chimera: sequences that arise during amplification combining DNA fragments from two or
more individuals.

Cloning: The process of producing genetically identical copies of an organism, either
naturally or artificially. Cloning commonly refers to the insertion of DNA into a vector
molecule (e.g. a plasmid) prior to selection for a gene of interest, DNA extraction and
sequencing.

Community DNA: DNA derived from many individuals of different species.
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Culture based fisheries (CBF): a form of aquaculture and conventional aquaculture, such as
cage and pen culture. The CBF strategies involve stocking of hatchery-reared fish fingerlings
into small natural and quasi-natural waterbodies. CBF can be described as ‘aquaculture
driven’ in contrast to capture-based aquaculture, and is considered more environmentally
friendly due to low addition of supplementary feeds.

Degenerate primers/universal primers: Primers used for amplicon sequencing where the
targeted gene(s) is typically similar, but not identical.

Environmental DNA (eDNA): broadly speaking, eDNA is DNA sampled from an
environment without first isolating the target organism. This may be in the form of
intracellular or extracellular DNA from intraorganismal or extraorganismal sources. Some
authors argue a stricter definition of ‘true’ eDNA, which is trace fragments or cells sampled
from an abiotic environment without first isolating, or detecting signs of, the target organism.
Environmental RNA (eRNA): rather than deoxyribonucleaic acid targeted in eDNA
samples, eERNA (environmental RNA - ribonucleic acid) deteriorates rapidly after cell death,
likely providing a more accurate representation of viable communities.

Epilimnion: the upper, wind-mixed layer of a thermally stratified lake, turbulently mixed and
exchanges gases with the atmosphere.

Euphotic zone: the layer of a lake directly beneath the surface usually found within the
epilimnion, which supports photosynthesizers as light levels are >1% of the lake surface.
Eutrophic: trophic state of lakes with abundant nutrients e.g. phosphorous and nitrogen, high
plant biomass (phytoplankton, algae, vascular plants) and undesirable water-quality
characteristics (low transparency, green colour, odorous, low oxygen).

Exact amplicon sequence variants (ASVs): unique sequences as opposed to OTUs
Extended barcode: a species identification barcode based on an entire organelle genome and
nuclear ribosomal DNAs.

Extracellular eDNA: eDNA located outside of the cell.

Extraorganismal eDNA: eDNA found outside of the target organism, i.e. eDNA in its most
strict form, found as trace cells (intracellular eDNA) or trace fragments (extracellular eDNA).
Floating Net Cages (FNC): cages used to house fish for aquaculture, suspended at the
surface of a lake or the ocean, known in Indonesia as keramba.

Genome skimming: the use of shallow-pass shotgun sequencing of genomic DNA to
generate extended barcodes, simultaneously recovering all standard barcoding regions as well

as other loci, and a link with all other phylogenetically informative genomic regions.
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Genomic DNA: DNA extracted from an individual or collection of individuals of the same
species.

Hypolimnion (plural noun: hypolimnia): the bottom, most dense layer of the lake, coldest
in the summer and warmest in the winter, isolated from turbulent mixing and usually too dark
for photosynthesis to occur.

Intracellular eDNA: eDNA located inside of the cell

Intraorganismal eDNA: eDNA found within the target organism, e.g. DNA of microbes
within a soil sample, or DNA of nematodes within a benthic sediment sample.

Locus: The specific location of a gene or DNA sequence on a chromosome.

Invertebrate DNA (iDNA): invertebrate-derived DNA

Lacustrine: relating to or associated with lakes.

Limnetic (pelagic) zone: the inner open water portion of the lake away from the near shore
area, where light does not usually penetrate to the bottom benthic zone, including the surface
and bottom of the lake; the entire area of the lake after the littoral zone.

Littoral zone: near shore area where sunlight penetrates down to the sediment, with light
levels of at least 1% of that at the lake surface, allowing growth of aquatic plants
(macrophytes).

Marker gene: A gene or DNA sequence targeted in amplicon sequencing to screen for a
specific organism group or functional gene.

Meromictic: describes a lake with layers that do not mix.

Mesotrophic: trophic state of lakes with medium level nutrients, with features in between
eutrophic and oligotrophic states.

Metalimnion: the middle transitory layer of the lake, between the epilimnion and the
hypolimnion, of medium density.

Metabarcoding: Use of gene-specific PCR primers to amplify DNA from a collection of
organisms or from environmental DNA. Another term for amplicon sequencing.
Metagenetics (ecogenetics): the analysis of community taxon richness via the detection of
homologous genes

Metagenomics (ecogenomics): sequencing of the total DNA extracted from a sample
containing many different organisms. The random sequencing of gene fragments isolated
from environmental samples, allowing sequencing of uncultivable organisms.
Metatranscriptomics: the study of metatranscriptomes, which comprise only expressed

regions of the genomes present in eDNA samples. Shotgun sequencing of total RNA from
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environmental samples. Techniques such as poly-A amplification or rRNA depletion are
often used to target messenger (mRNA) transcripts to assess gene expression patterns in
complex communities.

Microarray: a set of DNA sequences representing the entire set of genes of an organism,
arranged in a grid pattern for use in genetic testing.

Microbiome: the microorganisms in a particular environment (e.g. the body or a part of the
body).

Mitochondrial metagenomics (mito-metagenomics / MMG): a methodology for shotgun
sequencing of total DNA from specimen mixtures and subsequent bioinformatic extraction of
mitochondrial sequences.

Mitogenome: The sum of the genetic information contained in the chromosome of the
mitochondrion.

Next generation sequencing (NGS)/high-throughput sequencing (HTS): the sequencing
of many DNA fragments in parallel, using a number of different modern sequencing
technologies including: Illumina (Solexa) sequencing, Ion torrent: Proton / PGM sequencing
and SOLiD sequencing.

NTU: Nephelometric Turbidity Unit, used to measure turbidity through scattered light.
Oligotrophic: trophic state of lakes with low nutrients e.g. phosphorous and nitrogen,
suppression of plant growth through scarce phosphorous, low dissolved carbon, high
transparency, blue colour, oxygen retention, supporting fish and other eukaryotes.
Operational taxonomic unit (OTU): the taxonomic level of sampling defined by the
researcher in a study; for example, individuals, populations, species, genera, or strains. OTUs
are generated by comparing sequences to form a distance matrix, followed by clustering
groups of sequences with a specified amount of variability allowed within each OTU.

PCR bias: — the differential PCR amplification of DNA fragments found in higher
concentrations in the sample.

Polymerase chain reaction (PCR): Used to amplify a targeted piece of DNA, generating
many copies of that particular DNA sequence.

Shotgun sequencing: DNA is fragmented into small segments which are individually
sequenced and then reassembled into longer, continuous sequences using sequence assembly

software.
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Abbreviations

ADAS = Agricultural Development and Advisory Service
BLAST = Basic Local Alignment Search Tool

BOLD = Barcode of Life Data Systems

CBF = Culture Based Fisheries

COI = cytochrome c oxidase 1 mitochondrial gene

Dryad = Dryad Digital Repository

eDNA = Environmental DNA

iBOL = International Barcode of Life Project

NCBI = National Centre for Biotechnology Information

NGS = Next-generation sequencing
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Chapter 1

General Introduction: Environmental DNA for wildlife

biology and biodiversity monitoring in Southeast Asia



Chapter 1: General Introduction

1.1 Environmental DNA: the next generation of biodiversity monitoring

In 1966, the writers of Star Trek introduced intergalactic battles, alien invaders, and
technology beyond the realm of reality. When the handheld Tricorder was used by Spock to
test unexplored habitats, little did the writers know that the sci-fi technology to analyse an
environment and its living components from a small sample would become a reality in just 50
Earth years. Free DNA molecules are ubiquitous, released from surface cells, internal fluids
and waste material from plants and animals, and are collectively referred to as environmental
DNA (eDNA). Any given environmental sample, whether water, air or soil, will contain a
myriad of eDNA, and the information contained therein is now accessible owing to advances
in sample preparation and NGS technology. Today, such perspectives of science fiction are a
reality as a growing number of biologists are using eDNA for species detection and
biomonitoring, circumventing, or at least alleviating, the need to sight or sample living
organisms. Such approaches can accelerate the rate of discovery, as no a priori information
about the likely species found in a particular environment is required to identify those
species. Those working on invasive species, community and ecosystem processes
underpinning biodiversity and functional diversity, and wildlife and conservation biology are

likely to benefit the most from adoption of eDNA techniques.

1.2 A brief history of eDNA

The term ‘environmental DNA’ was first used in microbiology (Ogram et al. 1987) to explain
the method of extracting DNA from an environmental sample of soil without first isolating
the target microorganisms. This grew from analysing bacterial evolution (Woese et al. 1987),
to revealing unknown microbial genetic diversity in extreme habitats (Pace et al. 1997), to
shotgun sequencing whole genomes of aquatic marine microbial life (Venter et al. 2004),
sparking a revolution of research on eukaryotic diversity, evolutionary relationships and
ecology. As techniques became easier, cheaper and more widely known, eDNA methods
were adopted in a range of fields, using a host of different techniques (Taberlet ez al. 2012a).
The growth of references which mention environmental DNA and metabarcoding (with their

relation to fish in particular) is shown in Figure 1.1 below.



A Environmental DNA B Metabarcoding

2500 1800
0 £ 1600
s O
9 2000 Z 1400
2 & 1200
w [T
& 1500 w5 1000
o w
e & 800
S 1000 & 600
w [aa]
2 S 400
500 =)
2 = 200
0
0 5 3 3 % a5 a3 39 38 5 3 02 25
~ ()] - [s2] wn ~ (2] — m wn ~ [e2) - [42] wn ~
2 2 %2 %2 2888888848433 8 R R B I T T T T
— — Ll i i i Ll o~ o~ o~ o~ (o] o~ o~ o~ o~
YEAR
YEAR
C Fish environmental DNA D Fish environmental DNA metabarcoding
1200 400
9 350
2 1000 g
= Z 300
w o
& 800 £ 250
w o
2
= 600 w 200
o o 150
S5 400 &
g s 100
o)
2200 z 50
0
0 8 23 3 8 5 a3 2 88 5 3 02 25
~ (o)} - [sa) wn ~ [} - o ["a} ~ D — (22] wn ~
£ 2 2 232 3 28888838 8 8 8 433 2 2 332 R R KR RRKIER
- — — — - - Ll [} o~ o~ o o o~ o~ o~ o~
YEAR
YEAR

Figure 1.1. Environmental DNA research published from 1987 to 2017. Created using a Google Scholar search of publications with the exact words found
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Accessing macrobial, rather than microbial, genetic information from environmental
samples grew initially from the field of ancient DNA (aDNA) which used ancient ice,
permafrost or sediment to detect animals and communities extinct for thousands of years
(Willerslev et al. 2003). Studies focusing on species detection for dietary analysis from faecal
samples have been performed for some time (e.g. Reed et al. 1997), although this type of
sampling can be referred to as ‘molecular scatology’ rather than true eDNA (discussed
below). Other such types of early eDNA samples included snow (Dalén et al. 2007), honey
(Schnell et al. 2010) and browsed twigs (Nichols et al. 2012), but most eDNA sampling
focused on soil or water. Contemporary eDNA sampling for macrobial life from water by
Martellini et al. (2005), detected human, pig, cow and sheep mitochondrial DNA from river
water running off farmland. Ficetola et al. (2008) then used eDNA to detect the invasive
American Bullfrog (Rana catesbeiana) from pond water in France, which ignited a stream of
aquatic eDNA studies for the detection of macrobial species. Since then, many eDNA and
metabarcoding sample types have been collected for a range of different applications,
organisms and habitats, highlighted in several reviews over the last five years (Lodge et al.
2012; Yoccoz, 2012a; Taberlet et al. 2012a; Taberlet et al. 2012b; Rees et al. 2014; Bohmann
et al. 2014; Rees et al. 2015; Pedersen et al. 2015; Lawson Handley, 2015; Thomsen and
Willerslev, 2016; Deiner et al. 2017b; Evans et al. 2017¢c; Hansen et al. 2018; Cristescu and
Hebert, 2018).

1.3 What is eDNA?

Environmental DNA can most simply be defined as ‘DNA obtained directly from
environmental samples without first isolating the target organism, the predominant sources of
which are from faeces, urine and epidermal cells, found free floating in an environment such
as water, or persist, adsorbed in organic or inorganic particles (Dejean et al. 2011; Thomsen
et al.2012a). There is however a degree of ambiguity surrounding the definition of what
environmental DNA is, and some debate focusing on what qualifies as true ‘eDNA’. For
example, Mahon et al. (2013) define eDNA as “dissolved DNA and/or fragments of tissue
containing DNA”. Based on this definition, it could be argued that DNA left behind on the tip
of a feather, the surface of an egg shell, around faeces, or in a visibly large chunk of tissue
(e.g. Amos et al. 1992) is environmental DNA, regardless of where or how it is found, as it
does not involve trapping or catching the target species. On the other hand, as these sample

types involve targeting a specific sample associated with the target species (if not targeting



the species itself), it could be argued that this should be referred to as ‘non-invasive’

sampling (Lefort et al. 2015). Some eDNA researchers have argued just that, with as strict a

definition as ‘genetic material obtained directly from environmental samples (soil, sediment,

water etc.) without any obvious signs of biological source material’ (Thomsen and Willerslev

2015). This definition therefore does not classify community samples of e.g. bulk samples of

insects (Zhou et al. 2013), gut samples for dietary analysis (Schnell et al. 2010), or non-

invasive samples from visible sources such as faeces (Bohmann et al. 2011), etc as ‘eDNA’.

(see Figure 1.2). Bulk DNA is DNA obtained from community samples targeting particular

organisms, such as from plankton collected with a plankton tow or large-size organisms

scraped from rocks or collected in grabs (Darling et al. 2017).

Community DNA
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Invasive bulk
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Figure 1.2. Plot of DNA sources. Examples of study topics which can be considered either ‘Strictly

eDNA’, ‘Community DNA’, ‘Invasive bulk sample’ or ‘Non-invasive sample’ depending on the

degree of conscious effort in isolating specific target species, (e.g. searching for egg shells or faeces)

and percentage biomass per target organism (e.g. entire bacteria, or trace cells of a fish).

In this strict sense, eDNA is thought to be a combination of trace amounts of whole cells

(intracellular DNA) and DNA fragments (extracellular DNA) (Turner et al. 2014b) shed into



the environment by organisms which are no longer present, and can then be detected by
sampling the environment alone. Extracellular DNA from destroyed cells has usually
degraded into small fragments (Beebee, 1991), whereas intracellular DNA comes from cells
or organisms present within the sample, and is more likely to be high quality (Creer et al.
2016).

Whilst eDNA refers to the source of DNA, metagenomics, metagenetics and
metabarcoding refer to the approach from which the analysis is performed, the main concept
of which is analysis that transcends individuals (Greek ‘meta’ means ‘transcendent’, ‘after’,
‘among’, or ‘beyond’ as in metazoan: all multicellular animals). As barcoding is the study of
barcodes, genetics is the study of genes, and genomics is the study of genomes, then
metabarcoding, metagenetics and metagenomics can on a simple level be thought of as the
study of all or many barcode genes, all or many genes, or all or many genomes, respectively.
Metagenomics is defined as “the functional analysis of environmentally derived DNA” by
Creer et al. (2010), who also defined metagenetics as “the large-scale analysis of taxon
richness via the analysis of homologous genes”. Handelsman (2009) defines metagenetics as
the “application of mutant analyses in a community context” and suggests that whilst genetics
and genomics deal with single organisms, metagenetics and metabarcoding provide a parallel
with metagenomics, and both apply to analysis of a multigenome unit, or community.
Taberlet et al. (2012b) draw particular attention to the definition of DNA metabarcoding as
“high-throughput multispecies (or higher-level taxon) identification using the total and
typically degraded DNA extracted from an environmental sample (i.e. soil, water, faeces,
etc.)”. This multispecies identification from metabarcoding meaning the mass amplification
of a specific marker from many different DNA molecules, from different cells or individuals,
rather than the mass amplification of entire genomes, or focusing on genomic function, as is
the case with metagenomics. Although the field of metagenomics, metagenetics, and
metabarcoding, has until recently been considered applicable only to microorganisms (i.e.
intraorganismal eDNA), the concept of these meta-approaches is being applied to samples of
eDNA for the analysis of multiple macrobial organisms (i.e. extraorganismal eDNA) through
massively parallel technologies and microarrays. The advantage of macrobial over microbial
metagenetics is that the number of taxa is considerably smaller, and species boundaries are
more reliably understood (Lodge et al. 2012).

When to use these terms, or others such as ‘ecometagenetics’ (Porazinska et al. 2010),

‘ecogenomics’ (Chariton et al. 2010) or ‘metasystematics’ (Hajibabaei et al. 2011), is



therefore somewhat contentious, possibly due to the recent emergence of a variety of
mechanisms and situations in which they could apply (Handelsman et al. 2009; Eisen, 2012;
Watson, 2014; Esposito and Kirschberg 2014). Regardless of semantics, the exciting message
(introduced in Figure 1.3) is that these approaches are now used with respect to macrobiota,
opening a breadth of new information for our understanding of species, communities, and
ecosystems. For the purpose of this thesis, the concept of environmental DNA will be
discussed in its wider sense, to include the broad mutual approaches to extraction,

amplification, sequencing, and analysis of samples, whilst focusing on aquatic eDNA.



Through the use of eDNA (A) it is possible to obtain sequence information from the environment
without isolating the target species first, which may detect species where traditional sampling
has failed, (B) studies that necessitate rapid or multiple species detection are possible and ideally
suited, (C) combined with 2"¥ Generation Sequencing, thousands or millions of sequences can be
produced simultaneously to analyse species diversity.
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standard sequencing, such as the addition of
tags to amplicons (when samples are pooled) to
track which amplicons come from what sample;
the generation of thousands of sequences at
once which increases the reliability and scope of
analysis; and the ability to sequence information
in a much more cost-effective manner.

Figure 1.3. Sampling, applications and sequencing of eDNA. Summary of (A) the concept of

environmental DNA (eDNA), (B) promising applications of eDNA, and (C) the advantages of

combining eDNA with second-generation sequencing.



1.4 What can eDNA be used for?

As technologies have improved, the ability to detect tiny quantities of eDNA has increased
dramatically (see Table 1.1), from identification of single species (Ficetola et al. 2008), to the
detection of many species within a community (Thomsen ef al. 2012b; Schnell et al. 2012;
Anderson et al. 2012; Cannon et al. 2016), to exploring population variation (Sigsgaard et al.
2016; Stat et al. 2017). These studies cover a breadth of environments now more readily
accessible to researchers when compared to traditional sampling. Studies that use
environmental DNA in its strictest sense have mostly focused on proof of concept, however,
there appears to be three overarching themes emerging for the use of eDNA: detection of
species and biodiversity for conservation, biological research and monitoring of invasive

species, and understanding ecosystem level interactions and patterns.

Until recently, it was thought that eDNA degrades so rapidly that only short fragment
lengths are available for analysis in a similar way to aDNA, and subsequently eDNA
amplicons have thus far been designed to be much shorter than those utilised in traditional
molecular work. However recent studies have shown that in fact large fragments (Sigsgaard
et al. 2016), entire barcoding genes (Deiner et al. 2016) and even entire mitogenomes (Deiner
et al. 2017a) can be isolated from macrobial eDNA from a range of species, and that although
eDNA is composed of short extracellular fragments, it can also be composed of whole

intracellular DNA (Turner et al. 2014b).

Traditional detection of biodiversity may involve logistically challenging or
expensive sampling methods such as casting nets, electrofishing, or even snorkel and SCUBA
surveys (Jerde et al. 2011; Goldberg et al. 2011). However, recent work demonstrates the
benefits of eDNA analysis. Access to challenging habitats such as the deep-sea (Corinaldesi
et al. 2011; Guardiola. et al., 2015) or underground caves (Voros et al. 2017) is possible with
the use of non-invasive techniques, thereby minimising disruption to already fragile habitats
and reducing disease transfer and stress to target species. Some examples of the different
eDNA pipelines are given below in Figure 1.4 By using eDNA, researchers are offered a
glimpse of the DNA from elusive and endangered species or undetected invasive species,

particularly where they directly avoid conventional sampling methods.
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Detecting a single known sequence

Research question

Is silver carp in the Mississippi River
basin? What is the abundance?

v

Design sampling strategy

Collected 3 x 15 ml water samples 25m
apart along a transect from 5 zones 1km
apart along the river

Collect and store sample

Scooped 15 ml of water into a sample
tube, add 1.5 ml of NaOAc & 33ml
ethanol, store at -20°

Extract DNA

Performed DNA extraction with
Qiagen’s QIAmp Tissue Extraction Kit

v

Amplify DNA

Silver carp specific primers used to
target mitochondrial region (cytochrome
b) through gPCR

Sequence DNA

Confirm specificity of the primer set, by

sequencing gPRC amplicons of all sites

positive for the gPCR using lllumina as a
sequencing platform

v

Search DNA database

Used BLAST for highly similar
sequences within the NCBI Genbank to
confirm silver carp specificity of
sequence generated

v

Estimate abundance

Used experimentally derived information
of the relationship between biomass and
eDNA copies
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»

Detecting a single unknown sequence
Research question

What mammal species are present in
a Vietnamese nature reserve?

© Lo % TR

Detecting many unknown sequences
simultaneously

Research question

v

Design sampling strategy

What insect species are eaten by two
free-tailed bat species in Swaziland?

Collected Haemadipsidae leeches
from two nature reserves in the Thua
Thien Hue province

v

Design sampling strategy

Collect and store sample

Collected 120 faecal samples from the
entrance to bat roosts

Picked leeches from clothes or plants,
placed directly into RNAlater buffer
in a container in the field

v

Collect and store

Extract DNA

Added 96% ethanol, after 24 hours
poured away, added silica beads to dry

Digestion buffer added, Qiaquick
PCR purification kit to extract DNA

v

Extract DNA

Amplify DNA

QlAamp DNA Stool Mini Kit used to
extract faecal DNA

Used mammalian primer set 16s3 and
16s4 with PCR to amplify mammal
DNA only, using blockers to prevent
human amplification

v

Amplify DNA

Purify DNA

Visualised amplicons on agarose gels,
purified positive amplicons using
Qiagen Qiaquick method, and cloned
using Invitrogen TA cloning kit

Insect generic COI primers modified
to “fusion primers” using 30 different
tags during PCR, enabling deep
sequencing of insect DNA, creating
unique primer combinations per
sample, allowing simultaneous
sequencing of many samples

v

Re-amplify DNA

v

Pool DNA

Used vector primers M13F and M13R
to re-amplify purified DNA

Amplicons pooled

Sequence DNA

v

Sequence DNA

Performed Sanger sequencing

Deep sequencing performed using
Roche FLX

Search DNA database

v

Search DNA database

Used BLAST for highly similar
sequences within the NCBI Genbank

Used BLAST for highly similar
sequences within the NCBI Genbank

v

Identification

v

Identification

Truong son muntjac (Muntiacus
truongsonensis) detected from one
leech, other species from other
leeches

Dietary diversity (shown by number of
sequences) from 25 and 24 different
insect families identified in the two bat
species, Chaerephon pumilus and

Mops condylurus, respectively

TRENDS in Ecology & Evolution
Figure 1.4. Exemplary environmental DNA (eDNA) case studies. These illustrate three research
questions and the experimental procedures followed. (A) Detection of invasive Asian carp in a water
sample (Jerde et al. 2011; Takahara ef al. 2012). (B) Detection of mammal species in leech blood
meals (Schnell ez al. 2012). (C) Detection of insect prey in bat faeces (Bohmann et al. 2011).

in



Sample

Summary of study

Ref

French wetlands

Detection of invasive American bullfrog (Rana catesbeiana).

Ficetola et al. 2008.

Canals and
waterways (USA)

Detection of invasive Silver Carp (Hypophthalmichthys molitrix) and
Bighead Carp (Hypophthalmichthys nobilis).

Jerde et al. 2011.

Mountain streams
in the USA

Detection of rare species: Rocky Mountain Tailed Frogs, (4scaphus
montanus), and Idaho Giant Salamanders, (Dicamptodon aterrimus).

Goldberg et al.
2011.

Streams, ponds
and lakes in
Northern Europe

Detection of rare species: Common Spadefoot Toad (Pelobates
fuscus), Great Crested Newt (Triturus cristatus), European Weather
Loach (Misgurnus fossilis), Eurasian Otter (Lutra lutra), Large White-
Faced Darter (Leucorrhinia pectoralis) and Tadpole Shrimp
(Lepidurus apus). Also analysed eDNA concentration with relative
abundance.

Thomsen et al.
2012a.

Streams in Spain

Detection of the chytrid fungus Batrachochytrium dendrobatidis,
likely to be a primary cause of amphibian population declines.

Walker et al. 2007.

Forest pond water
in Japan

Detection of multiple mammal species including Sika Deer (Cervus
nippon), House Mouse (Mus musculus), Grey Red-Backed Vole
(Myodes rufocanus), Raccoon (Procyon lotor), Brown Rat (Rattus
norvegicus) and Long-Clawed Shrew (Sorex unguiculatus)

Ushio et al. 2017.

Seawater in the
western Baltic

Detection of rare species: Harbour Porpoise (Phocoena phocoena) and
Long-Finned Pilot Whale (Globicephala melas).

Foote et al. 2012.

Seawater near oil
rigs in Qatar

Population variation analysis from eDNA detection of Whale Sharks
(Rhincodon typus).

Sigsgaard et al.
2016.

Cave sediment in
New Zealand

Extinct biota identified from cave sediment in New Zealand, revealing
two species of ratite moa and 29 species of plants from pre-human era.

Willerslev et al.
2003.

Snow in Italy

Grey Wolf (Canis lupus) DNA isolated from blood spots in the Italian
Alps and Arctic Fox (4lopex lagopus) DNA isolated from footprints.

Dalén et al. 2007.

Soil from a zoo in
Denmark

Vertebrate DNA identified in soil samples collected in a zoolo
matched to the elephant and tiger inhabitants, respectively.

Andersen et al.
2012.

Browsed twigs

Detection of Moose (4lces alces), Red Deer (Cervus elaphus), and
Roe Deer (Capreolus capreolus), from saliva up to 24 weeks later.

Nichols et al. 2012.

Salt licks in
Borneo

Detection of six endandered species: Bornean Orangutan (Pongo
pygmaeus), Bornean Banteng (Bos javanicus lowi), Asian Elephant
(Elephas maximus), Sunda Pangolin (Manis javanica), Sambar Deer
(Rusa unicolor) and Bearded Pig (Sus barbatus).

Ishige et al. 2017.

Bromeliad water

Detection of the Golden Tree Frog (Phytotriades auratus) in their
microhabitat of the Tank Bromeliad (Glomeropitcairnia erectiflora).

Torresdal et al.
2017.

in Trinidad

Air The presence of genetically modified organisms was detected from Folloni et al. 2012.
samples containing low levels of pollen.
Household dust Detection of more than 600 unique arthropod genera inside 732 Madden et al. 2016.

homes, including dust mites, cockroaches, and parasitic wasps.

Table 1.1 Examples of the wide range of eDNA applications.
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1.5 Advantages of aquatic eDNA as an assessment tool

One of the most well researched and widely implemented sources of eDNA in biodiversity
assessment is that from water, which will from herein be the focus of this thesis. Aquatic
sampling targeting eDNA has the potential to be implemented in routine biomonitoring
(Baird and Hajibabaei 2012; Aylagas et al. 2014; Aylagas et al. 2016), assessment of
conservation priorities (Minamoto et al. 2012; Yoccoz et al, 2012a; Barnes and Turner, 2016)
and fisheries management (Evans and Lamberti, 2017; Hansen et al. 2018). As with other
types of eDNA, whether or not the benefits of aquatic eDNA analysis are sufficient to enable
uptake for management will depend crucially on the cost-effectiveness of any such new tools
and the ease and efficacy of the approach. It is noteworthy that, as with the introduction of
DNA barcoding sensu stricto (Hebert et al. 2003), which aimed to complement the Linnaean
system of taxonomy, aquatic eDNA will most likely exert a pervasive impact through its
integration with existing approaches rather than necessarily replacing them. For example, by
evaluating the use of eDNA in detecting marine mammals, Foote et al. (2012) showed that
conventional static acoustic monitoring devices that recognise echolocation were more
effective in detecting the Harbour Porpoise (Phocoena phocoena), but eDNA better detected
the rare Long-Finned Pilot Whale (Globicephala melas), indicating that eDNA is best used in
conjunction with conventional approaches, also confirmed by others (Thomsen et al. 2016;
Shaw et al. 2016; Hinlo et al. 2017a; Kelly et al. 2017). Although it has been suggested that
aquatic eDNA will not replace traditional sampling and taxonomic expertise, there are several
advantages of using aquatic eDNA to generate information regarding biodiversity quickly

and efficiently.

a) Higher sensitivity — Detection probability for rare species when using traditional
approaches to species monitoring is particularly low in aquatic environments, where
individuals are hidden below the surface (Jerde et al. 2011), and so eDNA methods
provide a way to access DNA from these unseen individuals. Higher sensitivity also
comes from improved precision, as objectively identifying individuals from DNA
barcodes is more accurate than visual taxonomic identification based on diagnostic
morphological criteria that may leave room for subjectivity. Even when taxonomic
skills are excellent, it may be near impossible to distinguish between juvenile
individuals of animal groups such as fish, and consequently may also be difficult to
make reliable management decisions such as those regarding the control of invasive

species (Darling and Mahon 2011). Early studies show that reliable detection of
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b)

animals from aquatic eDNA at very low densities or small body size is possible where
they may elude traditional sampling methods. For example, Thomsen et al. (2012a),
detected eDNA from eight ponds where the Common Spadefoot Toad (Pelobates
fuscus) had not been recorded using conventional survey methods, and Dejean et al.
(2012) detected American Bullfrog (Rana catesbeiana) eDNA from five ponds where
visual encounter and call detection had not recorded bullfrogs (confirmed by expert
surveys). Similar results demonstrating the increased sensitivity of eDNA relative to
traditional monitoring methods, particularly when combined with metabarcoding,
have since been confirmed by others (Jerde et al. 2011; Darling and Mahon 2011;
Olson et al. 2012; Thomsen et al. 2012b; Ji et al. 2013; Pilliod et al. 2013; Smart et
al.2015; Matsuhashi et al. 2016; Olds et al. 2016; Deiner et al. 2016; Valentini et al.
2016; Evans et al. 2017b; Eiler et al. 2018, Boussarie-Bakker et al. 2018). Initially
validated by testing against artificially assembled communities of e.g. plants (Hiiesalu
et al.2012) or bulk insect samples (Yu et al. 2012), it has been demonstrated that
metabarcoding generates reliable, qualitative estimates of alpha and beta diversity
(Fonseca et al. 2010; Yoccoz et al. 2012b; Ji et al. 2013). However, artificially
assembled communities may not provide a translatable illustration of genuine eDNA
samples in real ecosystems (an important factor to understand when informing
management decisions) (Lawson Handley, 2015). Some studies have, however, found
that metabarcoding data and standard biodiversity sets are highly consistent (Ji et al.
2013).

Usable for non-experts — Protocols and sampling kits can be developed to enable
citizen-science approaches, such as that developed by the Freshwater Habitats Trust
and partners (Spygen, ARC and University of Kent) in the UK. In 2013, this group
tested for the Great Crested Newt (Triturus cristatus) with promising results (Biggs et
al.2014; Biggs et al. 2015). Subsequently, this group completed the first ever national
eDNA survey as part of the PondNet project in 2015 with 316 ponds, and again in
2016 with more than 550 ponds, and further sampling in 2017 (Freshwater Habitats
Trust, 2017). As a result, Natural England has now approved eDNA analysis for
monitoring the great crested newt (GOV.UK, 2017), which is being implemented by
advisory services such as ADAS for various planning consultancies (ADAS, 2017).
Another example is the larger scale citizen science project currently employed by the

University of California (CALeDNA), which aims to characterise aquatic sediment
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d)

e)

samples in and around California to build up detailed and complex distribution maps,
with samples stored over time to compare both spatial and temporal patterns
(CALeDNA, 2018).

More cost effective — The ease of sampling, and higher level of throughput of samples
that may be processed allows information to be generated more cost-effectively
(Shokralla et al. 2012; Calvignac-Spencer et al. 2013), although for gPCR-based
studies, this depends on the cost of primer/probe development and the number of
samples (Smart et al. 2016; Qu and Stewart, 2017). Michelin et al. (2011) showed that
eDNA survey costs were 2.5 times cheaper and 2.5 times less time-consuming when
detecting the invasive Bullfrog. Evans et al. (2017b) found that eDNA analysis of
Brook Trout was 67% cheaper than electrofishing. Lugg et al. (2017) demonstrated
that eDNA was more cost effective than trapping when targeting platypus, especially
when combined with site occupancy detection models. Further to these studies, if
eDNA approaches incorporate metabarcoding and NGS of a high number of samples,
costs will be most efficiently reduced.

Rapid sample collection and generation of results — due to the short sample collection
and analysis time, information may be generated more rapidly than by conventional
survey methods (visual, acoustic, etc.), allowing a swifter management response
(Darling and Mahon 2011). Sampling time also links in to sampling cost, as for
example in the case of the eastern hellbender salamander (Olson et al. 2012), the
greatest saving was in person-hours; whereas, typically, large teams are required for
traditional sampling by rock lifting, a single researcher can collect and filter water,
also demonstrated by Dejean et al. (2011).

Non-invasive sampling — There is no risk of harming target species through the use of
true eDNA (as opposed to e.g. metabarcoding of bulk samples of insect pitfall traps),
compared to trapping, netting, electrofishing or using biopsy darts for aquatic
macrobiota (Jerde et al. 2011; Goldberg et al. 2011). This improves animal welfare,
and researchers need not necessarily go through the process of tissue sampling and the

associated permit applications, particularly for CITES-listed taxa.
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1.6 Diversity of methodology for analysis of eDNA

Workflows utilising eDNA may range from simple ‘yes/no’ answers using quantitative or
real-time PCR (qPCR) or conventional PCR (cPCR) pertaining to an individual species with
no gene sequencing involved, to metagenomic sequencing of thousands of species in parallel.
With a diverse array of sampling, isolating/capturing, DNA extraction, primer optimisation,
PCR protocols and sequencing available, it is of high priority to compare their efficacy and
application under a range of biological and abiotic conditions (Lodge et al. 2012) as some
studies have explored (Renshaw ef al. 2015; Deiner et al. 2015; Shaw et al. 2016; Eichmiller
et al. 2016b; Spens et al. 2017; Schiebelhut et al. 2016; Piggott, 2016; Minamoto et al. 2016;
Williams et al. 2016; Roy et al. 2017; Hinlo et al. 2017a and 2017b; Clarke et al. 2017; and
Katano et al. 2017). Most of these however, have focused on proof of concept or method
development, and there are as of yet few standard protocols in place to answer a particular
ecological question. Generally, eDNA concentration is low in aquatic environmental samples
and therefore a capture method is required to concentrate eDNA for molecular analysis. A
consensus sampling methodology would benefit long term monitoring as confounding
variables may create bias in interpreting ecological information. For example, varying pore
sizes of different filter membranes may give biased results as varying eDNA concentrations
may only reflect different particle sizes (Turner et al. 2014b; Wilcox et al. 2015; Shogren et
al. 2016), rather than abundance or biomass of individuals (Barnes and Turner, 2016). Larger
pore sizes (up to 5 pm) can make it easier to filter turbid waters, and produce higher eDNA
yield (Thomas et al. 2018), with the use of a pre-filter step (an initial filtration using a broad
pore size filter before a second filtration with a more fine pore size filter) being particularly
helpful to decrease processing time without compromising detection probability (Robson et

al. 2016, Bdlint et al. 2017; Li et al. 2018).

1.6.1 Isolation —The water type (e.g. clear mountain stream/turbid tropical lake) and size of
the target sample (e.g., bromeliad water/lake water) or organism (e.g., plant/nematode/fish)
dictates the approach and quantity of the sample to be processed before DNA extraction
(Creer et al. 2016). Collecting small volumes (usually 15 mL) of water for ethanol
precipitation (e.g. Ficetola ef al. 2008; Dejean et al. 2012), or filtering larger volumes
(usually 1-2 L) of water (e.g. Goldberg et al., 2011; Wilcox et al. 2013) have been the main
methods of isolation of aquatic eDNA, with filtering becoming the predominant choice (Rees

et al. 2014; Goldberg et al. 2016). However, success has still been achieved using
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centrifugation and ethanol precipitation approaches, such as Klymus et al. (2017b) who found
the same number, or a greater number of species using ethanol precipitation compared to
filtering approaches, possibly due to extremely turbid sample water. One study even used
filtering of up to 100 L on site using a specialised filtration capsule (Envirochek HV 1 Im;
Pall Corporation, Ann Arbor, MI, USA) and a peristaltic pump (Valentini et al. 2016), a
similar approach was also then implemented by Civade et al. (2016). Samples are generally
either collected by hand from near the surface (e.g. Jerde et al. 2011), or at depth using
limnological water samplers (e.g. Eichmiller ef al. 2016a) using a sterilized sample bottle or
pumped via peristaltic pump (e.g. Goldberg et al. 2011). Different filter material has been
used such as cellulose nitrate, glass fibre, and polycarbonate, as well as different water
volumes (Fahner et al. 2018), and different storage techniques (Minamoto et al. 2016; Spens
et al. 2017), such as RNAlater (Ishige et al. 2017), Longmire’s buffer (Renshaw et al. 2015;
Wegleitner et al. 2015; Williams et al. 2016), ethanol (Goldberg ef al. 2011; Hundermark and
Takahashi, 2018), cetyltrimethyl ammonium bromide (CTAB buffer) (Renshaw et al. 2015),
benzalkonium chloride (Yamanaka et al. 2017), dry storage in silica gel (Bakker et al. 2017,
Majaneva et al. 2018), freezing (Jerde ef al. 2011; Takahara et al. 2015; Hundermark and
Takahashi, 2018; Majaneva et al. 2018), or even Qiagen lysis buffer ATL (Majaneva et al.
2018)). Examples of studies using different filter materials, pore sizes, and storage mediums

are more thoroughly listed in the supplementary material of Chapter 2.

1.6.2 Extraction — Extraction methods vary between different types of commercial kits or in-
house protocols, with differing success across studies, between labs and within studies. For
example, Amberg et al. (2015) compared the PowerWater® DNA Isolation Kit from MO
BIO Laboratories Inc, and the DNeasy Blood and Tissue Kit from Qiagen, and found that the
Qiagen kit outperformed the PowerWater kit, although there were varying results depending
on which laboratory the extractions were performed at. Phase separation and precipitation
methods (e.g. CTAB-chloroform and phenol-chloroform) seem to generally yield more DNA
than silica column methods (e.g. MoBio and Qiagen kits (Renshaw et al. 2015; Deiner et al.
2015; Schiebelhut et al. 2016)), and give significantly different community structures from
metabarcoding analysis (Djurhuus et al. 2017). Bead-beating of filters is sometimes used, and
a recent comparative study suggests this step increases eDNA yield (Hundermark and
Takahashi, 2018) but a consensus on the best practise for eDNA extraction for particular

ecological questions has not yet been reached.
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1.6.3 PCR — eDNA protocols have used both cPCR, and qPCR. Goldberg et al. (2011) tested
different cPCR protocols, and found that the addition of the Qiagen Multiplex PCR kit
improved detection in water filter samples over using Amplitaq Gold DNA polymerase and
bovine serum albumin (BSA), although most eDNA studies have not incorporated this kit.
Compared to cPCR, results from qPCR provide an rough comparative index of sample
population size, as well as more sensitive detection (Lodge et al. 2012; Wilcox et al. 2013;
Qu and Stewart, 2017; Williams et al. 2017), lower false positive rate (Amberg et al. 2015;
Wilcox et al. 2015), and are more likely to amplify eDNA even in the presence of inhibitors
that block amplification in cPCR (Amberg et al. 2015). Droplet digital PCR can also be used
for quantification, and may be more cost efficient for many samples, improve sensitivity of
detection, and reduce amplification bias compared to qPCR (Morisset et al. 2013; Nathan et
al.2014; Jerde et al. 2016; Hunter et al. 2018; Baker et al. 2018). However, when many
species or entire communities are being targeted, multiplexing many samples using cPCR is
necessary when pipelines include NGS metabarcoding. However, if the aim of an aquatic
eDNA study is to detect several key species of importance, metabarcoding approaches may
be wasteful if non-target sequence data is of no use. In this case, multiplexing qPCRs using
species-specific primers has been suggested for simultaneous detection of multiple species
from aquatic eDNA (Tsuji et al. 2018). PCR choice will therefore depend on whether the
ecological question has to do with quantification, targeting a specific species, or analysing

whole communities.

1.7 How does the probability of detecting species by eDNA vary?

Researchers and organisations employing eDNA approaches, along with the stakeholders,
methodological developers, resource managers and policy makers, must be made aware of the
current levels of uncertainty associated with eDNA. This is critical when eDNA methodology
is being used to inform management or development decisions, such as those faced by local
planning authorities responsible for enforcing environmental regulations with regard to

planning developments and endangered species.

Water sampling illustrates the complexity of interpreting eDNA-based studies.
Detection probability is likely to be dependent on the interplay between DNA release and
DNA degradation (Dejean et al. 2011; Thomsen et al. 2012a) as well as a range of variables
which behave differently across habitat types (Barnes et al. 2014; Goldberg et al. 2016;
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Barnes and Turner 2016). These include: organism size (Klymus et al. 2015; Lacoursiere-
Roussel, 2016b), and/or biological activity (Bylemans et al. 2016; Dunn et al. 2017), season
(Goldberg et al. 2011; Vervoort et al. 2012; de Souza et al. 2016; Buxton et al. 2017b;
Sigsgaard, et al. 2017; Stoeckle et al. 2017; Uchii et al. 2017; Salter, 2018, Buxton et al.
2018; Collins et al. 2018), organism species density (Pilliod et al. 2013; Pilliod et al. 2014),
DNA degradation and dispersal rates (Deiner et al. 2014; Wilcox et al. 2015; Jane et al.
2015; Goldberg et al. 2018) and DNA or cell sloughing/shedding rate (Lacoursiere-Roussel,
2016b; Sassoubre et al. 2016); while host molecule density (e.g. discrete tissues varying in
mitochondrial density) is likely also important. For example, it is speculated that animals
such as crayfish which have hard exoskeletons, or turtles which have hard shells are harder to
detect using eDNA methods (Raemy and Ursenbacher, 2018) as they are thought to excrete
less eDNA than animals with softer, more slime-coated skin types such as amphibians and
fish, which have been most studied using eDNA methods (Thomsen et al. 2012a; Tréguier et
al. 2014; Barnes and Turner, 2016).

The life stage of a particular organism can also affect DNA concentration, as shown
by Dunn et al. (2017) who found that the presence of crayfish eggs on ovigerous females
increases eDNA detection. Aquatic eDNA degradation rate is likely to increase depending on
numerous factors, including initial DNA fragment length (Jo et al. 2017), substrate type
beneath the water body (such as topsoil, clay or sand) (Shogren et al. 2016; Jerde et al. 2016;
Buxton et al. 2017a), increasing time after the target organism is removed (e.g. Goldberg et
al. 2011, other examples discussed below), increased environmental temperature (Pilliod et
al.2014; Strickler et al. 2015; Eichmiller et al. 2016a; Lacoursiere-Roussel; 2016b, Lance et
al.2017; Tsuji et al. 2017a), increased or decreased pH (Strickler et al. 2015; Lance et al.
2017; Tsuji et al. 2017b), increased exposure to ultraviolet light (Pilliod et al. 2014; Strickler
et al. 2015), bacterial and/or fungal action (Matsui et al. 2001; Dejean et al. 2011; Lance et
al.2017), and DNAses. Salter (2018) demonstrated significant seasonal variability in the
turnover of marine dissolved eDNA, which they found to be correlated with higher
temperatures, subsequent enhancement of microbial metabolism, and low concentrations of
bioavailable phosphate, resulting in increased microbial utilization of dissolved eDNA as an
organic phosphorus substrate. However, Collins et al. (2018) found no statistical relationship
between marine eDNA degradation and temperature variation between seasons. Other factors
affecting the detection of DNA, which can sometimes be stochastic include suspended

sediment particle size (Turner et al. 2014b; Wilcox et al. 2015; Shogren et al. 2016), water
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body depth (Smart et al. 2015; Stewart et al. 2017; Minamoto et al. 2017), different water
body surface points (Héinfling ez al. 2016; Evans et al. 2017a), sediment load/turbidity
(Williams et al. 2017), and water flow rates (Deiner et al. 2014). Compared to freshwater
systems, marine systems present a more challenging habitat to sample due to the potential
dilution of eDNA into expansive waters, salinity, tides and currents which are likely to make
eDNA detection patterns much more complex (Thomsen et al. 2012b; Thomsen et al. 2016;
Baker et al. 2018; Collins et al. 2018). Generally, it is thought that eDNA degrades faster in
marine, rather than freshwater environments (Thomsen et al. 2012b; Sassoubre et al. 2016)

although a recent study uncovered the opposite pattern (Collins et al. 2018).

Waterborne eDNA appears to yield near-real-time, local (in lentic waters), and
reliable-but-noisy estimates of species presence. The fastest rate of decay in freshwater
systems assessed to date is 1.2 h (Seymour et al. 2018), and in marine systems is 6.9 h
(Sassoubre et al. 2016), with most estimates ranging from 10 to 50 h (Weltz et al. 2017,
Collins et al. 2018). Estimates of aquatic eDNA persistence time once organisms are
removed from their environment are highly variable between studies. The detection of eDNA
has ranged from roughly one (Pilliod et al. 2014; Thomsen et al. 2012a; Thomsen et al.
2012b), two (Dejean et al. 2011; Thomsen et al. 2012a; Barnes et al. 2014; Pilliod et al.
2014) three (Goldberg et al. 2013), four (Dejean et al. 2011; Merkes et al. 2014), to seven
(Strickler et al. 2015) weeks with amphibians, fish or molluscs in mesocosms, artificial ponds
and laboratory aquaria with varying environmental conditions. Based on the above factors
affecting eDNA degradation, eDNA will persist in dry, dark and cold environments better
than wet, light and warm environments, hence why ancient environmental DNA studies have
been so successful from these types of environmental conditions (e.g., Jorgensen et al. 2012a;
Jgrgensen et al. 2012b; Giguet-Covex et al. 2014; Willerslev et al. 2014) and why sampling
from warm, bright, aquatic habitats (such as tropical lakes) therefore, is likely to only yield
genetic information from very recent biological activity. Studies focusing on soil or lake
sediments have found that detectable traces of plant and animal eDNA persist from a few
years (Andersen et al. 2012) to millennia (e.g., Haile et al. 2007; Yoccoz et al. 2012b;
Hebsgaard et al. 2009; Giguet-Covex et al. 2014) or even tens to hundreds of millennia
(Suyama et al. 1996; Willerslev et al. 2007). Ancient or historic eDNA could, however,
contribute a possible source of error for modern aquatic eDNA sampling if sediment is re-
suspended in the freshwater or marine water column (Barnes and Turner et al. 2016). Water

samples rather than sediment samples therefore, are more likely to accurately reflect the
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timely presence of target DNA (Shaw et al. 2016), although it has recently been shown that
both aquatic and sediment eDNA exhibit congruent seasonal fluctuations when targeting

Great Crested Newt eDNA in ponds (Buxton et al. 2018).

Understanding the origin, state, transport, persistence and fate of eDNA in varying
environments as discussed above is essential if this technique is to be rigorously applied to
ecological questions, summarised in Figure 1.5. below. This aim will be better met by
comprehensive, replicated sampling surveys across a range of species and habitats, drawing
upon cross-disciplinary knowledge from e.g. microbiology and water quality monitoring. So
far, the behaviour of eDNA particles appears to be inconsistent (Shogren et al. 2016) and
complex (Jerde et al. 2016). For example, it has been demonstrated that lotic eDNA could
travel a few km in a small stream to more than 100 km in a large river (Deiner and Altermatt,

2014; Pont et al. 2018), but is unaffected by stream bottom substrate (Jerde et al. 2016).

THE ECOLOGY of eDNA
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Figure 1.5. The ecology of eDNA (Barnes ef al. 2016). The origin (A), state (B), transport (C) and

fate (D) of eDNA are all defining factors in how eDNA information may be detected and interpreted.
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1.8 Sources of uncertainty in eDNA information and solutions to minimise them

As with most technological advances, limitations remain, as do many challenges that need to
be overcome. The potential implementation of eDNA approaches across disciplines indicates
that it will be critical not only to sample, extract, and sequence eDNA in an efficient and
cost-effective manner, but also to efficiently and reliably handle and analyse the typically
massive data sets generated by next-generation sequencing platforms. eDNA studies would
not only benefit from standardised methods for particular types of biodiversity-related
questions, but also from highly standardised, international monitoring networks and cohesive
multidisciplinary approaches that build on the traditional ecological and taxonomic
knowledge, whilst integrating new genomic and e-technologies (Cristescu, 2014). Although
eDNA methods applicable to a broad range of environments and their resident taxa are
currently being tried and tested, work remains to ensure their reliability and repeatability (the
variation in measurements taken by a single instrument or person) and reproducibility
(whether an entire study or experiment can be reproduced in its entirety) (Kelly et al. 2014a).
Similar to the related study of aDNA (e.g., Gilbert et al. 2005), eDNA approaches require
rigorous standards and controls such as those outlined by Goldberg et al. (2016) and Ficetola
et al. (2016), without which the information obtained might not only be noisy, but outright
misleading. Errors or bias from molecular work could undermine overall confidence in
eDNA for end users, and may have disastrous implications for management for conservation
or invasive species if resources are unduly wasted (Ficetola et al. 2016). Considerable
apprehension exists regarding the possible sources of uncertainty associated with eDNA, of
which there are critical challenges for consideration where error can be introduced, providing
a basis for future research to address, which may inform best practice solutions. Eliminating
false positives (type I error: eDNA detected where target species is not present) remains a
major challenge for eDNA studies, as the mere presence of eDNA does not necessarily
indicate the presence of the relevant organism. False negatives (type II error: eDNA not
detected where target species is present) are also problematic. Discussed below are
challenges and solutions in relation to avoiding false positives and negatives at each step of

an environmental DNA based experiment.

1.8.1 a) Challenge: experimental design for field sampling — Various factors discussed above
are likely to determine the effectiveness of eDNA surveillance. In addition to the relationship

between eDNA release and degradation, external sources of eDNA present a problem.
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Dispersal of eDNA (in particular for air or waterborne eDNA) or contamination may result
from the addition of DNA from other sources within the target environment (Dejean et al.
2011; Dejean et al. 2012), such as tributaries into a major river, ballast or bilge water
discharge (Egan et al, 2015; Ardura et al, 2015b), sewage and wastewater (Martellini et al.
2005), excrement from animals that prey upon the target species, or dead target organisms
(Darling and Mahon, 2011; Jerde et al. 2011; Merkes et al. 2014). A single sample from one
site may not accurately represent local biodiversity due to the low probability of capturing all
eDNA sequences at one time, and so it may take multiple samples to capture a particular

DNA sequence (Andruszkiewicz, et al. 2017).

1.8.1 b) Solution: 1t is pertinent to understand how to correctly sample environments to
capture the representative biodiversity within a given system, encompassing factors such as
water depth or surface position, volume for filtration, and number of sample, extraction and
PCR replicates. Experimental design, and interpretation of eDNA results should be carefully
considered, and robust quality control implemented. Pilot sample collection should first be
undertaken to test the logistics and efficacy of the sampling protocol (Goldberg et al. 2016).
Negative field controls should be collected alongside experimental samples to ensure
contamination does not occur in the sampling or transport phase (Goldberg et al. 2016), as for
example, performed by Jerde et al. (2011) who ran 1L of deionised water through the filter
apparatus between filtration of different samples. Field equipment, supplies and personnel
should be kept separate from areas of high copy number DNA (i.e. PCR laboratories) prior to
sampling (Goldberg et al. 2016). Equipment including boots, boats or field apparatus should
be sterilised thoroughly. Most eDNA studies have used 10% bleach for around 10 minutes for
sterilisation, such as Jerde et al. (2011), who reported no contamination in all blank samples.
Recent guidelines, however, suggest that sterilisation should ideally be implemented with a
50% commercial bleach solution, or preferably, equipment not reused at all (Goldberg et al.
2016). Openly reporting contamination issues, particularly in metabarcoding studies, is

important for the progress of eDNA science, as a recent study has done (Pont et al. 2018).

Quantity of sample, number of spatial replicates, and number of temporal replicates
determine the strength of the evidence, with increasing confidence from a single positive
sample, to multiple positive samples from a single trip, to repeated trips with positive
samples, and repeated trips with positive samples over different time points (Jerde et al.
2011; Goldberg et al. 2016). If samples are immediately filtered and stored on site, or filtered

in e.g. a car during transportation between sites, eDNA concentration can be best preserved
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(Yamanaka et al. 2016a). Generally, the larger the amount of sample e.g. greater volume of
water, the better. Méchler et al. (2016) recommend filtering at least 1 L of water for aquatic
eDNA studies aiming to detect macroinvertebrates, although this is likely a recommendation
specific to this system, with other aquatic eDNA samples perhaps needing more, or less,
depending on the eDNA concentration and target organism. The type of sample used when
assessing aquatic ecosystems will produce varying results. Shaw et al. (2016) showed that
when sampling both from the water column, and the sediment surface of the benthic layer,
eight species were detected from water samples and only three from sediment samples. This
is also a matter of logistics, and so sample volume and number of samples should be
considered within the trade-off between confidence in results and available survey time and
budget (Smart et al. 2016).

Control samples can also be taken from adjacent areas where target species are known to
be absent (Jerde et al. 2011; Ficetola et al. 2015) to allow further confidence in results,
through non-amplification of these adjacent samples. Risk assessment of target eEDNA
emanating from other sources should be undertaken, including the presence of dead
organisms (Goldberg et al. 2016). Repeated temporal sampling will provide a partial solution
to the inability of eDNA to differentiate live and dead organisms, and control for eDNA left
behind after a target organism is no longer present, as only live species that are permanently
present will still be detected in repeated temporal samples. Another solution in differentiating
between dead and live organisms is through the use of environmental RNA (eRNA), which is
only detectable from live organisms (Pochon et al. 2017). How a sample is collected e.g.
what filter type to use, and where to complete this step (i.e. field or lab) as well as whether to
do multiple sample steps (i.e. a ‘pre-filtration’ step as in Turner et al. (2014b)) should all be
considered depending on the target organism and environment in question (Goldberg et al.

2016).

1.8.2 a) Challenge: experimental design for molecular analysis — Detection tools must be
highly sensitive and specific to avoid both false negatives and false positives respectively.
False positives are a particularly problematic issue in environmental samples (especially if
ancient) which contain low amounts of short fragment size DNA and typically require many
PCR cycles to amplify (Ficetola et al. 2015). Contamination can also occur through trace
DNA from laboratory surfaces which carry over into new reactions, or even extraction, PCR

and sequencing chemistries (Darling and Mahon, 2011; Dejean et al. 2011; Goldberg et al.
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2016). In simple presence/absence eDNA studies using cPCR or qPCR, false positives or
negatives may also occur due to PCR primers and probes that do not have a high enough
level of specificity, and allow the detection of “lookalike” non-targets (Dejean et al. 2011;
Dejean et al. 2012; Darling and Mahon 2011; Wilcox et al. 2013). False negatives may occur
from insufficient sensitivity or failure of methods to perform as expected (Darling and
Mahon, 2011). For example, in metabarcoding approaches, PCR or primer bias may mask
DNA of low quantity and over-amplify higher quantity DNA, which may skew the relative
abundance of communities, leading to false negatives of certain rare DNA sequences (Bik et
al.2012; Cristescu, 2014; Elbrecht & Leese 2015; Pifiol et al. 2015). False positives or
negatives may also occur due to PCR errors such as ‘tag jumping’ in which unique tag
sequences added to universal primers jump between samples, making it impossible to
distinguish between samples (Schnell ez al. 2015). It has also recently been suggested that
DNA extracts from aquatic eDNA samples should not be pooled before sequencing, as these

limits the detectability of rare sequences, particularly when targeting fish (Sato et al. 2017).

1.8.2 b) Solution: Molecular assays must be carefully designed and validated from pilot
sampling prior to experimental activities getting underway, taking into account what
extraction kit, PCR set-up, library preparation kit and sequencing approach to use (Goldberg
et al. 2016). Both repeatability and reproducibility should be demonstrated for all assays
(Darling and Mahon et al. 2011; Dejean et al. 2011). Potential inhibition of samples should
be tested by either adding a foreign DNA and a matching assay to all samples (internal
positive controls or mock samples) (Goldberg et al. 2016; Thomsen et al. 2016) or by
creating a JPCR dilution series (e.g. Agersnap et al. 2017) from which an observed
quantification cycle shift of >3 cycles is considered evidence of inhibition (Hartman, Coyne
& Norwood, 2005; Goldberg et al. 2016). Inhibition can be removed either by diluting
samples, or using a PCR inhibitor removal kit (e.g. Williams et al. 2017), both of which,
however, may result in the loss of target DNA. To ensure specificity, in silico testing of
species-specific DNA-based probes and primers (such as comparing sequences to BLAST
(Altschul et al. 1990), or using ecoPCR software (Ficetola ef al. 2010), or PrimerTree
(Cannon et al. 2016)) as well as in vitro testing of probes and primers against target and non-
target tissue-derived DNA should be standard procedure (Dejean et al. 2011; Darling and
Mahon, 2011; Goldberg et al. 2016; Agersnap et al. 2017), and genetic distances should be

reported (Jerde et al. 2011). This is particularly important when the outcome of a positive
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result may be controversial, such as where management outcomes are likely to be affected
such as in the control of invasive species. In these cases, positive PCR detections should also
be sequenced to examine accuracy (Ficetola ef al. 2008; Jerde et al. 2011; Thomsen et al.
2012a). However, it is not necessarily essential to design species-specific primers that do not
amplify closely related species if these congeners do not have the same geographic
distribution as the target species. This approach was employed by Goldberg et al. (2011) who
designed species-specific primers for within the Rocky Mountains region only, or Dejean et
al. (2011) who designed primers which amplified sturgeon congeners that were not found in
their experimental ponds.

To reduce the incidence of false positives, assay design must include extraction and
PCR blanks to the molecular workflow (Darling et al. 2011; Dejean et al. 2011; De Barba et
al.2014; Ficetola et al. 2015; Ficetola et al. 2016; Goldberg et al. 2016) allowing the explicit
reporting of rates of false positives, and the formation of data filtering thresholds to remove
background contamination in metabarcoding, as done by e.g. Thomsen et al. (2016) and
Andruszkiewic et al. (2017). For conventional PCR, positive results observed in any negative
controls render experimental samples suspect, and so should subsequently be discarded,
unless quantification is the purpose of the study in which case very low amplification may be
acceptable (Goldberg et al. 2016). However, if samples are for metabarcoding, and all
samples are sequenced including controls, low level contamination is almost guaranteed, and
can be bioinformatically filtered. Furthermore, the addition of endogenous positive controls
using universal primers may distinguish between false negatives arising from method failure
or reduced detection sensitivity (Ardura et al. 2015; Furlan and Gleeson 2016). If laboratory
conditions are as sterile as possible, contamination indicated by the addition of extraction and
PCR blanks should be minimised. To do so, most studies have used rooms specific to pre-
and post-PCR activities; rooms dedicated to low-quantity DNA sources; rooms in which no
DNA of the target species has been previously handled (Goldberg et al. 2011); or clean
rooms such as used in aDNA studies (Dejean et al. 2012).

As well as including controls, increasing the number of technical replicates at the
extraction and PCR step will enhance the reliability of data, as false negatives are less likely
and false positives can be filtered out with proportionately lower thresholds (Cristescu, 2014;
Ficetola et al. 2015; Leray and Knowlton, 2017), although the workload and costs obviously
increase respectively. As eDNA can occur at such low concentrations, it is also important to

use an appropriate volume of extract. Michler et al. (2016) recommend screening at least 14
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uL of extracted eDNA to reduce uncertainty in detections when targeting aquatic
macroinvertebrates, although much like sample volume, this is likely to vary according to
eDNA concentration and target organism. Ficetola ef al. (2015) suggest at least six PCR
replicates for eEDNA metabarcoding when detection probability is around 0.5, or even eight
PCR replicates if detection probability is lower than 0.5. This could easily be the case with
studies aiming to screen unknown biodiversity present in samples.

One approach to increase the percentage of informative markers is to prevent non-
target molecules from being enriched and sequenced by sequestering them with blocking
oligonucleotides. This approach has so far mostly been used to exclude a relatively small set
of contaminating molecules from being sequenced (e.g. as used in Vestheim and Jarman
2008; Schnell et al. 2010; Wilcox et al. 2014). However, as the amount of eDNA sequence
data increases, it is conceivable that ‘blocking libraries’ for common environmental
contaminants will be created. For example, blocking GC-rich molecules can reduce the
amount of bacterial DNA sequenced in a library. It should however be noted that blocking
primers have been shown to modify the proportion of non-target reads in metabarcoding
(Pifiol et al. 2015).

If laboratory set up is carefully considered, such as in the planning of metabarcoding in
which primers should be tagged with identical forward and reverse tags and used only once
per sequencing pool (Schnell et al. 2015), greater confidence in the molecular assay may be

achieved.

1.8.3 a) Challenge: processing the data — Current barriers to the use of eDNA include the
requirement for extensive training in molecular biology and subsequent genetic data analysis.
There is a need for improved bioinformatics pipelines, statistical tools, and data sharing
approaches if eDNA users are to accommodate the often-underestimated ‘tidal wave’ of data
(Reichhardt, 1999) that it is now possible to produce from metabarcoding or metagenomic
studies. The need for appropriate bioinformatics tools and centralised storage and
infrastructure to accommodate robust algorithms has been noted for some time (Reichhardt,
1999; Bik et al. 2012; Cristescu, 2014). Although public databases such as NCBI, BOLD and
Dryad do exist, the responsibility of storing original data largely falls to individual
laboratories or genomic centres, whilst the cost of storing data remains more or less constant

(Cristescu, 2014).
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1.8.3 b) Solution: Global, coordinated efforts to integrate traditional approaches and
effectively implement evolving technologies is underway, such as by the iBOL Project, the
Atlas of Living Australia (Atlas of Living Australia, 2017), the Genomic Observatories
Metadatabase (GeOMe) (Deck et al. 2017) and the Global Biodiversity Information Facility
(GBIF) (GBIF, 2018). Biodiversity e-infrastructure will benefit from advances in ‘Big Data’
biodiversity informatics and e-research infrastructure such as these, allowing the integration
of different taxon-level data within a phylogenetic and environmental framework, facilitating

informed decision-making (La Salle et al. 2016).

1.9 OTU clustering for metabarcoding analysis

When combining eDNA with metabarcoding, many studies approach the assignation of
sequences to species using the clustering of similar sequence variants into what are known as
Operational Taxonomic Units (OTUs). OTU clustering techniques have typically been
applied to microbial studies (Sogin et al. 2006) using 16S rRNA, but along with eDNA
sampling, have since been applied to other groups of life from ancient and environmental
samples. These OTUs are typically defined as a cluster of reads with 97% similarity, roughly
approximating individual species. However, this may not be the case if a) a species has genes
that are >97% similar, and so multiple OTUs are created for one species; b) a species may
have paralogs that are <97% similar, and so multiple OTUs are created for one species; or c)
artefacts such as read errors and chimeras can create spurious OTU clusters (Sokal, 1963;

Sneath and Sokal, 1973).

There are three principal categories of species delineation: 1) clustering, 2) tree-based
and 3) character based, with the first two being the dominant approaches used (Kekkonen et
al. 2015). Clustering uses distance matrices, e.g. statistical parsimony networks such as
JMOTU (Jones et al. 2011), Clustering 16S rRNA for OTU Prediction (CROP) (Hao et al.
2011), Automatic Barcode Gap Discovery (ABGD) (Puillandre et al. 2012), and Barcode
Index Number (BIN) (Ratnasingham and Hebert 2013). These clustering approaches depend
upon pairwise sequence distances between specimens to define the number of OTUs within a
dataset (Kekkonen et al. 2015). Tree-based methods such as the Generalized Mixed Yule
Coalescent (GMYC) (Pons et al. 2006), and Poisson Tree Processes (PTP) (Zhang et al.
2013), use a gene tree as input for the analysis, and may outperform clustering approaches in

species assemblages lacking a ‘barcode gap’ (Zhang ef al. 2013). The lack of a barcode gap is
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usually linked to recently diverged species with little genetic diversification, and may in fact
be an artefact of insufficient sampling across taxa (Wiemers and Fiedler, 2007), although
examination of the width of the barcode gap with pairwise distances without a priori
grouping can provide a preliminary approximation of divergence, and potential support in
interpretation of results (Kekkonen et al. 2015). Character-based methods such as Character
Attribute Organization System (CAOS) (Sarker ef al. 2002), employ diagnostic base
substitutions as a basis for assessments. The appropriate dissimilarity value to define OTUs is
not only related to a specific method, but also to the sample complexity. Low complexity
datasets need a higher dissimilarity threshold, whilst high complexity datasets need a stricter
dissimilarity threshold, as the usual threshold of 3% often leads to under-estimation of OTUs
(Chen et al. 2013). Other analysis tools exist as an alternative to cluster-based methods such
as DADA? (Callahan et al. 2016), which uses an error model to infer exact sample sequences
which may vary by only a single nucleotide, or Swarm v2 (Mah¢ et al. 2015). This type of
analysis could be beneficial for metabarcoding based upon short amplicons generated from
universal primers amplifying e.g. the 12S Teleost primers from Valentini ef al. (2016) which
are less than 100 bp, and which therefore may not differentiate between fish species which

differ by only one or few nucleotides (Stoeckle et al. 2017).

1.9.1 Normalization

OTU clustering requires a strategy to adjust for over or under represented OTUs, which may
arise through PCR or sequencing bias, where relative abundance among samples could affect
the resulting clusters (Molik et al, 2018). Normalization, or rarefaction, or transformation of
read counts among samples within an OTU table is usually performed when analysing
metabarcoding data (Molik et a/, 2018). Variance stabilization such as R package DESEQ2
((Love, Huber & Anders, 2014), used by Port et al. (2016)), cumulative sum scaling such as
R package metagenomeSeq (Paulson et al. 2013), or subsampling-based normalization
strategy (Aguirre de Carcer ef al. 2011) are employed.

A correct method of controlling sequence quality to remove spurious sequences
obtained through sequencing error, PCR error, lab contamination and so on is therefore
important (Ficetola ef al. 2016). Read trimming, filtering of artefacts/chimeras, reference
database and/or de novo OTU generation, taxonomic assignment method and parameters as
well as statistical analysis should all be carefully considered (Goldberg et al. 2016). Filtering

data to remove sequencing artefacts may eliminate rare species, particularly when the
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biomass of rare species is reduced (Zhan et al. 2014). As with most ecological data on species
presence/absence and abundance, imperfect detection from eDNA data is unavoidable
(Ficetola et al. 2015). Providing rules-of-thumb is impossible, but appropriate analyses can
aid in better transformation of NGS reads into community information (Ficetola et al. 2016).
Some studies opt to avoid OTU clustering all together, and individually blast all sequences
(e.g. Thomsen et al. 2016). Species Occupancy Models (SOMs) can analyse species
distribution when detection probability is lower than one, and estimate the number of
replicates required for reliable interpretation of taxon absence (Pilliod et al. 2013; Schmidt et
al.2013; Schmelzle & Kinziger, 2016). Bioinformatic pipelines and programs have also been
designed to improve estimation of diversity, taxonomic assignment, and statistical inference
such as the Amplicon Pyrosequence Denoising Program (APDP) (Morgan et al. 2013),
PRObabilistic TAXonomic placement program, ‘PROTAX’ (Somervuo et al. 2017), LULU
(Frgslev et al. 2017), ‘insect’ in R (Wilkinson et al. 2018), the Mitochondrial Genome
Database of Fish (MitoFish) and MiFish pipeline (Sato et al. 2018), or the use of informatic

sequence classification trees (Wilkinson ez al. 2018).

1.10 What barcoding markers are suitable for eDNA?

Many eDNA barcoding primers have been designed for the detection of specific
organisms, or taxon groups, based on particular genes. Because eDNA samples may contain
highly fragmented DNA, many universal barcoding primers (termed ‘mini-barcodes’) have
been designed to target short fragments of 90-250 bp (examples shown in Table 2 below).
Different gene regions vary in taxonomic coverage and species-resolving power, with
specific taxonomic biases and imperfect estimates of taxon relative abundance (Creer et al.
2016). Ideally, metabarcoding markers should have sufficient taxonomic coverage to detect
groups of interest, sufficient sequence divergence to resolve species, be conserved among
individuals of the same species, indicate relative abundance of present taxa, be easy to
amplify and create a short enough amplicon length to avoid sequencing error (Clarke et al.
2017). These can be used individually, or combined in a ‘primer cocktail’ of multiple primers
at once (Ivanova et al. 2007). Mitochondrial or chloroplast genes present desirable molecular
markers due to their uniparental inheritance, rapid mutation rates, multiple copies per cell,
and ease with which conserved PCR primers may be designed for them (Handley, 2015). The
COI gene is a popular choice for eukaryotes, as a previously ‘agreed’ region for

standardisation of barcoding by molecular ecologists and conservation geneticists, who have
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over time accumulated over 5.7 million specimens (BOLDSYSTEMS, 2017a) with barcodes
freely available on the BOLD database (Ratnasingham and Herbert, 2007). Some studies
have combined species-specific COI primers with environmental DNA analysis
(Bronnenhuber and Wilson, 2013), whilst others have combined universal degenerate primers
for a range of genes (Hénfling ef al. 2016). This gene can provide an excellent marker choice,
and it has recently been suggested that COI should be the standard barcode gene of choice for
metabarcoding (Andujar et al. 2018). COI is extensively covered within DNA sequence
reference databases, and it has a high degree of sequence variation. For example, COI
resolved up to threefold more taxa to species level compared to 18S in a study of zooplankton
assemblages by Clarke et al. (2017). However, COI is not always suitable in other cases.
More conserved priming sites have been suggested for metabarcoding of particular taxa, as
the protein-coding COI does not always contain suitably conserved regions for species
discrimination (Deagle ef al. 2014), such as within nematodes which are more often targeted
using the 18S rRNA gene (Floyd et al. 2002; Powers, 2004).

For plants, which have low substitution rates of mitochondrial DNA, two plastid DNA
regions ‘rbcL’ and ‘matK’; a gene ‘trn H — psb A’; and a nuclear ribosomal DNA region
‘ITS’ have been suggested as candidates for taxonomic assignment (Coissac et al. 2016;
Fahner et al. 2016). Other popular gene regions include 12S and 16S for vertebrates, and
ITSI for fungi (see Table 1.2. for a small number of examples). Multiple primers targeting
different regions are sometimes used in combination to increase species barcoding
information, such as conducted by e.g. De Barba et al. (2014) when assessing diet
composition of brown bears, by Shaw et al. (2016) when conducting a fish community
assessment in rivers, or by Hinfling ef al. (2016) when assessing fish communities in lakes.
This multi-gene approach reduces taxonomic bias and increases taxonomic coverage (Alberdi
et al. 2017). Combining many samples with many universal primers of different genes has
been coined ‘Tree of Life’ (ToL) metabarcoding, by Stat et al. (2017) who combined nine
primers targeting 18S, COI, 16S, trnL, and 23S genes, amplifying eDNA from 434 eukaryotic
taxa from 38 phyla, 88 classes, 186 orders and 287 families.

Best practice involves evaluating barcodes according to certain criteria such as size,
specificity, versatility, taxonomic resolution, understanding of the mode of evolution, and
how comprehensive the taxonomic database is (Cristescu, 2014). Barcodes for commonly
used metabarcoding markers are generally lacking from public databases, although COI is

fairly well represented (Porter and Hajibabaei, 2018). It has recently been suggested that
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classification of COI metabarcoding data could be improved by the use of the Ribosomal

Database Project (RDP) classifier, which is faster than BLAST, and provides a measure of

confidence for assignments at each rank in the taxonomic hierarchy (Porter & Hajibabaei,

2018). Primer design software such as Primer3 (Rozen and Skaletsky, 1999), ecoPrimers

(Riaz et al. 2011) and PrimerMiner (Elbrecht and Leese, 2017) have been developed to aid in

designing primers which take these factors into account.

Gene ~ Amplicon size Taxon Reference
(bp)
658 Vertebrates Ward et al 2005
313 Metazoa Leray et al. 2013
Cor 120-150 Eukaryotes Meusnier et al. 2008
100 Lepidoptera and fish | Hajibabaei et al. 2006
163-185 and 55-75 | Fish Miya et al. 2015 and Valentini et al. 2016
128 40-60 Batrachia Valentini et al. 2016
40-60 Enchytraeidae Epp et al. 2012
40-60 Aves Epp et al. 2012
100-120 Coleoptera Epp et al. 2012
54-60,90, and 106 | Vertebrates Palumbi et al. 1996, Taylor, 1996 and
16S Riaz et al. 2011
178-228 Fish Berry et al. 2017, Deagle et al. 2009
90-213 Crustaceans Berry et al. 2017
18S 336-423 Eukaryotes Pochon et al. 2013
240-420 Eukaryotes Stat et al. 2017
ITS1 122 Aquatic plants Gantz et al. 2018
180-220 Fungi Epp et al. 2012
400-900 Vascular plants Fahner et al. 2016
rbcL. 400-900 Vascular plants Fahner et al. 2016
100-200 Land plants Little et al. 2014
trnL P6-loop | 40-60 Bryophytes Epp et al. 2012
40 Vascular plants Taberlet et al. 2006
MatK 186 Aquatic plants Gantz et al. 2018
23S 122-163 Symbiodinium Santos et al. 2003; Manning & Gates
2008

Table 1.2. Examples of the variety of primers targeting different genes according to taxonomic

group.

1.11 Challenges of barcoding and metabarcoding

There are various approaches to metabarcoding which use a combination of PCR and unique
synthetic oligonucleotide sequences to label and multiplex samples during library preparation
for next-generation sequencing, and subsequently reassign a sample to a sequence (Son and
Taylor, 2011). These approaches namely consist of either a single PCR treatment or double

PCR treatment (Figure 1.6). Contradictory terminology has been used interchangeably in the
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literature to describe these unique oligonucleotides, which have been referred to as
‘barcodes’, ‘tags’ or ‘indexes’ resulting in inconsistency and confusion as to their exact
function (O’Donnell ef al. 2016). Within this thesis, these unique oligonucleotides will be
referred to as ‘indexes’, and when combined with primers as ‘index primers’. The unique
oligonucleotides used to label individual libraries will be referred to as the ‘library index’, as

per suggestion by O’Donnell ef al. (2016).
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Figure 1.6. Single vs Double PCR treatment. Differently coloured primer and library indexes
represent unique index sequences used to identify the sample origin of reads generated after
sequencing on an Illumina MiSeq. Some studies use a single PCR treatment, whilst others use a
double PCR treatment (O’Donnell ef al. 2016)

For a single PCR approach, multiple unique index primers (Figure 1.5) are used to amplify a
DNA extract, and then unique library indexes are ligated onto these sequences. For a double

PCR treatment, a conventional PCR with unlabelled primers is performed, followed by a
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second PCR to anneal the unique oligonucleotide labels. Mismatches between a primer
sequence and template DNA reduces amplification efficiency of a PCR (Suzuki et al. 1996;
Polz and Cavanaugh, 1998; Wintzingerode et al. 1997; Sipos et al. 2007), and when
amplifying mixed templates, as with metabarcoding PCRs of eDNA, this can result in over-
representation of template sequences which do not have mismatches (Suzuki et al. 1996;
Wintzingerode et al. 1997, Pinol et al. 2014; Pinto et al. 2012). This can create
inconsistencies in the relative abundance of OTUs when using a single PCR approach with
index primers, compared to a double PCR approach using unlabelled primers for the first
PCR (O’Donnell et al. 2016; Leray and Knowlton, 2017). This issue has been explored
within the context of creating quantitative metabarcoding data by Pifol et al. (2018), who
found that some primers pairs produced quantitative results reflective of the initial mock
community used, whilst others did not. This study demonstrates how although quantitative
estimates from metabarcoding can be roughly successful, the number of primer—template
mismatches presents a challenge when attempting to use metabarcoding in a quantitative way

when applied to the real-life variety of species richness and diversity observed in nature.

1.12 Abundance estimates using eDNA

A major opportunity provided by quantitative analysis of eDNA is to move beyond measures
of the presence—absence of a species to its relative abundance in natural systems (Jerde et al.
2011; Minamoto et al. 2012). The ability to record not only how many species are present,
but also how many individuals reside within any given habitat allows ecological queries to
move from measures of species richness to species diversity. This yields advanced data for
biodiversity and ecosystem monitoring, allowing the tracking of changes in ecosystems over
time, observation of differences between habitats and ecosystems, and understanding the
health of ecosystems. Indeed, the overarching question related to the next step for the use of
eDNA is how it can be implemented for enumeration of individuals, and subsequently the
creation of abundance estimates. A positive result alone from a natural aquatic environment
can only indicate that at least one individual is or was recently present (Jerde ef al. 2011).
Although presence—absence measures can provide useful indicators of biological diversity,
they are often insufficient to link rare species to persistence in a given habitat, or biological
diversity to ecosystem functioning (Faust and Raes 2012). Rapid measures of abundance or
biomass across time and space would be more informative and, importantly, could reveal

seasonal shifts in factors such as microhabitat use for feeding and/or reproduction or refuge
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use, as well as impacts of predation and competition. For example, Bylemans et al. (2016)
analysed the relationship between bigheaded carp spawning and mitochondrial eDNA
concentration. They demonstrated the use of nuclear, rather than mitochondrial markers, to
detect fish spawning events in which spikes in nuclear eDNA concentrations were observed
where no such spikes occurred from mitochondrial eDNA. Erickson et al. (2016) attempted

to analyse the same question but found no such relationship.

There have been many attempts to relate eDNA concentration to either biomass or
abundance, with inconsistent results. Some studies showed a strong correlation between the
two whilst others showed weak or no correlation. Early studies positively correlated eDNA
concentration from qPCR with broad categorical variables of high/low density of e.g. frogs in
ponds (Ficetola et al. 2008), and Asian carp in different waterways (Jerde ef al. 2011). This
was later expanded upon by more refined abundance categories of e.g. numbers of American
Bullfrog (Rana catesbeiana) tadpoles in experimental tanks (Dejean et al. 2011); number of
Common Spadefoot Toad (Pelobates fuscus) and Great Crested Newt (Triturus cristatus) in
experimental mesocosms (Thomsen et al. 2012a); number of Common Carp (Cyprinus
carpio) (Takahara et al. 2012) or African Jewelfish (Hemichromis bimaculatus) (Moyer et al.
2014) in aquaria and experimental ponds; abundance of Wood Turtle (Glyptemys insculpta)
in different rivers (Piliod et al. 2013); number of Lake Trout (Salvelinus namaycush) from
catches in different lakes (Lacoursiére-Roussel et al. 2016a); aquatic plant, Esthwaite
Waterweed (Hydrilla verticillata) biomass (Matsuhashi et al. 2016) and abundance of a
stream fish, Ayu, (Plecoglossus altivelis) (Doi et al. 2017b). The use of metabarcoding and
next-generation sequencing of eDNA as a high-throughput means of obtaining measures of
abundance across large scales and many taxa simultaneously has since been demonstrated
(Kelly et al. 2014b; Elbrecht and Leese 2015; Klymus et al. 2017a), offering the promise of
detecting cooperative and competitive relationships through robust tests of co-occurrence.
Studies on this topic have found positive correlations between the number of sequencing
reads and known community relative abundance of organisms from a range of environments,
e.g. of bulk insect samples (Elbrecht and Leese 2015; Klymus et al. 2017a), fish from a
marine aquarium (Kelly ef al. 2014b), fish and amphibians in mesocosm experiments (Evans
et al. 2016), freshwater fish in British lakes (Hénfling ez al. 2016), Greenlandic deep-water
marine trawl catches (Thomsen et al. 2016), and fish biodiversity from a large river (Pont et

al.2018).
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However, these relationships have been calculated with a range of data points using a
known density of individuals against eDNA concentration. The opportunity to estimate
abundance based on concentrations of eDNA relies in part on the assumption that the release
of eDNA from faeces, secretions, or tissues is correlated with the abundance or standing
biomass of the respective individuals. This is likely to vary between life stages, individuals,
species and habitat types (as discussed above) which could confound inferences about
population size or biomass (Barnes and Turner, 2016). Confidence in eDNA generated
relative abundance information would be improved by increased understanding of the
persistence of eDNA in the wild from a broad range of climates and habitats, of how
environmental factors affect eEDNA concentrations, and of how accurately eDNA sequence
copy numbers reflect the original composition of DNA in an environmental sample, and are
not altered somewhere along the analytical pipeline. For example, PCR bias may lead to
preferential amplification of some template sequences over others, and so the resulting
diversity and relative abundance of the sequence reads may not necessarily reflect that of the

community in the sample (Pifiol et al. 2015; Bass et al. 2015).

1.13 Improving eDNA sequencing

Future eDNA studies are likely to take an increasingly metagenomic approach. Instead of
PCR enriching a relatively small number of markers before sequencing, the eDNA extract
will be sequenced in its entirety. If PCR is avoided completely, libraries have to be prepared
directly from potentially highly degraded eDNA. Most existing library preparation protocols
are optimised for high-quality DNA and are inefficient for highly degraded DNA (Knapp et
al. 2012; Knapp et al. 2010; Gansauge and Meyer 2013). To overcome this limitation, eDNA
methods can benefit from developments in the field of aDNA which routinely produces
potentially relevant protocols in this regard (e.g., Knapp et al. 2010) such as recent progress
in single stranded DNA library preparation from degraded DNA. Until the sequence output of
second-generation sequencing platforms becomes sufficient to avoid informative marker
targeting, enrichment methods are needed. Although PCR represents the basic option,
hybridisation-based sequence capture offers an alternative (Liu et al. 2016; Wilcox et al.
2018). With an ability to target short molecules, under relatively permissive levels of
mismatch (Taberlet et al. 2012a), such methods bypass major disadvantages of PCR

enrichment.
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Direct shotgun sequencing in e.g. metagenomic studies avoids potential taxonomic
biases and can provide a complementary independent method to assess community alpha- and
beta-diversity, and community functional genomic capability independent of the resolution of
genetic markers, which often introduce bias (Cristescu, 2014; Creer et al. 2016). This
approach avoids the biases and errors introduced by all target-enrichment strategies, such as
tag-jumps observed in the PCR step of tagged primers for metabarcoding (Schnell ef al.
2015). The power of [llumina-based direct shotgun sequencing of bulk insect samples was
demonstrated by Zhou et al. (2013), with bioinformatic recovery of informative markers from
the output. As sequencing costs drop and outputs increase, we might for the first time obtain
directly quantifiable data representing the unbiased components of an eDNA extract. With
the arrival of single-molecule sequencers (e.g., Pacific Biosciences (Ribeiro ef al. 2012),
Oxford Nanopore GridION™ and MinlON™ (Schneider, and Dekker, 2012)) that remove
the need for amplification during library build, these benefits will increase yet further.
Progress in eDNA-based functional genomics will likely benefit from shotgun sequencing,
especially if public metagenomic databases improve so that taxa, genomes and gene functions

can be assigned (Creer ef al. 2016).

1.14 The future of eDNA

eDNA is on the brink of making significant contributions to our understanding of invasive
species, community and ecosystem processes underpinning biodiversity and functional
diversity, and wildlife and conservation biology. Recent years have seen rapid improvements
in sequencing technologies and we are only beginning to see the associated opportunities for
eDNA research. It is enticing to imagine the possibilities that eDNA could unfold, if
advances in molecular ecology, bioinformatics, and sequencing technologies continue to

accelerate.

The main advantages of eDNA are rooted in its autonomous nature; with a reduced
need for human taxonomists, ecologists, or biologists, sampling can access inhospitable
environments (such as the Arctic, the deep sea, or even other planets), target elusive species,
provide a vast reduction in labour costs and an increase in speed. Automated mechanical
sampling of eDNA similar to that of oil spill-sampling buoys or military sonobuoys has
already been put into action, with the ability to extract DNA, perform qPCR, and transmit
data back via satellite (Preston et al. 2011), and robotically navigate habitats using unmanned

aerial vehicles (UAVs; drones) (Ore ef al. 2015; Doi et al. 2017¢), or remote control boats
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(Spyboat, 2017). Custom made integrated sampling systems have recently been created, such
as the ANDe environmental DNA sampling system (Thomas et al. 2018) which uses a
portable pump within a backpack, integrating sensor feedback, a pole extension with remote
pump controller, custom-made filter housings in single-use packets for each sampling site and

on-board sample storage.

If such eDNA automated sampling is combined with new technologies and a range of
other complementary data in the future, the potential for our understanding of biodiversity
and ecosystem processes may be greatly enhanced. NGS sequencing technology, or
technology currently being developed by Oxford Nanopore Technologies to sample, upload
via USB, and analyse DNA using the handheld MinION™ opens a world of possibilities for
eDNA sequencing, the technology for which is decreasing in cost allowing an increase in
sequencing throughput and data richness (Coissac et al. 2016). For example, the MinlON™
was recently used to test samples for Ebola in Guinea (Quick et al. 2016), with results
generated in just 15-60 minutes. When combined with human or robotic sampling (Ore et al.
2015; Dot et al. 2017c) targeting environments of interest, analysis of eDNA, and the remote
upload of information via smartphone or satellite, it could be possible to create a network of
live biodiversity assessment. Bohan et al. (2017) suggest that ecosystem changes could be
monitored on a global scale, at high temporal and spatial resolution, using relative abundance
of OTUs generated by NGS sequencing of eDNA, combined with machine learning methods.
The authors suggest this type of information could be used to reconstruct ecological networks
and interactions, with automated sampling uploading such information to ‘the cloud’. This
type of accurate abundance data would provide a potential framework for global ecosystem
network prediction and enable the development of ecosystem-wide dynamic models (Faust
and Raes 2012). If additional information was overlaid, such as water depth, hydrological or
other environmental movements, temperature, pH, indicator biomolecules such as
environmental RNA or proteins, or habitat information, such as the current ongoing project to
map the Earth's surface in 3D (Amos, 2012), it could be possible to identify the origin and
state of eDNA. For example, RNA degrades faster than DNA, and is indicative of active gene
transcription, making it more likely to show the presence of metabolically active cells and is
thus a better indicator of live, rather than dead, organisms (Poulsen ef al. 1993). This subject
was recently explored by Pochon et al. (2017) who compared eDNA and eRNA from the
same samples, and recommend that only OTUs that are present in both eDNA and eRNA data

should be interpreted as evidence of live organisms. As well as live biodiversity assessment
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networks, ecosystem-wide dynamic models, and mapping the ecology of eDNA, it has been
proposed that Earth observation data may be connected to biodiversity and ecosystems
through interpolating biodiversity point samples and building continuous landscape maps of
species distributions, which may then draw on known data associated with these species
(Bush et al. 2017).
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1.15 Freshwater ecosystems of Southeast Asia

‘Freshwater’ is defined as water with a very low dissolved solids content (around 1000 mg 1"
of dissolved solids (American Meteorological Society, 2012)), although some freshwater
environments such as river estuaries may extend out into the ocean whilst some isolated
inland water bodies may be highly saline. The development of human society has
significantly relied on freshwater ecosystems, with the birth of the rich and civilised early
empires occurring in river valleys, such as the Egyptians of the Nile, the Romans of the
Tiber, and the Mesoamericans of the Amazon (Scott, 1989). River basins provided fertile
soils to grow crops and graze livestock; plentiful waters to catch fish; riverine forests to
harvest timber and hunt wild game; as well as drinking water, transport and the opportunity
for spiritual and cultural traditions (Scott, 1989). Today, we would label these inherent
elements ‘ecosystem services’ or ‘ecosystem goods’ to place monetary value on the processes
and resources provided by the natural world for conservation purposes, such as water supply,
regulation and purification, control of infectious organisms, fisheries, game hunting, tourism

and recreation (Kottelat and Whitten; 1996, Costanza et al. 1997).

A common feature of freshwater ecosystems is the intimate bond between these
resources and processes, and biodiversity. Although freshwater ecosystems only occupy
0.01% of the Earth’s water, and 0.8% of the Earth’s land-surface, they are estimated to
contain around 126 thousand plant and animal species, equivalent to roughly 9% of all
described species (Balian et al. 2008; Dudgeon et al. 2006). The total number of freshwater
vertebrate species excluding brackish fish is around 18,235: constituting 35% of all described
vertebrates (Balian et al. 2008). It is currently estimated that there are roughly 34,515 species
of fish globally (Eschemeyer and Fong, 2017), a number which has risen substantially since
2008 when estimates stood at 29,000 (Lévéque et al. 2008). Around fifty percent of these fish
species inhabit brackish or freshwaters (Balian et al. 2008), indicating that freshwater
ecosystems are exceptionally species rich, although encompassing only a small component of
the global aquatic realm, with ever growing species estimates as new studies emerge.
Tropical freshwater ecosystems are particularly species rich, supporting over one million
species worldwide which depend upon these habitats for their survival (Cumberlidge et al.
2009). These may be obligate freshwater inhabitants such as fish, semi-aquatic taxa such as
frogs, or any species intrinsically linked to the hydrological processes and ecosystem
interactions within their environment including birds, mammals and reptiles (Abell et al.

2008).
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Timor~Leste (East Timor) and
Vietnam (United Nations Statistics Division, 2012). When Alfred Russel Wallace sailed
between the volcanic shores and hiked into the humid forests of the Malay Archipelago in the
1850s, the influence of man had done little to corrode the ancient and flourishing biodiversity
of Southeast Asia (SEA). Wallace’s seminal book, The Malay Archipelago (1869), revealed
the exceptional endemism of this region, and the stark division of species between the Asian
and Australian continents on either side of what became known appropriately as Wallace’s
Line. One hundred and fifty years later, the Malay Archipelago encompasses most of modern
day SEA, hosting four of the Earth’s terrestrial biodiversity hotspots: Indo-Burma
(Cambodia, Laos, Thailand, Vietham and Myanmar), Sundaland (Brunei, Indonesia,
Malaysia, Singapore), Philippines and Wallacea (Indonesia) (Myers et al. 2000) These
biodiversity hotspots also contain many tropical freshwater ecosystems within ‘freshwater
ecoregions’, categorised by Abell et al. (2008). Particularly noteworthy ecoregions include
the Mekong river basin (running through Tibet, China, Burma (Myanmar), Laos, Thailand
Cambodia and Vietnam); the Chao Phraya river basin (Thailand); the Sittaung and Irrawaddy
river basins (Burma (Myanmar)) and large parts of Sumatra and Borneo (Abell et al. 2008).
SEA ranks second globally (after the Amazon) for freshwater species richness, with the
Mekong Basin and large parts of Malaysia and Indonesia considered noteworthy (Collen et
al. 2014). 1t is the World’s richest region for freshwater turtles (Buhlmann ez al. 2009), and
fish, crustacean, insect and molluscan diversity is particularly high (Balian ef al. 2008;
Kottelat 2013). The evolution of this extraordinary biodiversity must be appreciated within
the context of the region’s intricate tectonic and climatic evolution (Lohman et al. 2011; De

Bruyn et al. 2014), characterised by over 300 million years of continental collisions (van
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Oosterzee 1997; Metcalfe 2011) which influenced the creation of the wide-ranging
topography, hydrology, geomorphology and consequently climate (Morley 2012).

The significant biogeographic barrier of the ‘Wallace’s Line’ separates the Sunda
Shelf to the west (where Indochina, Sumatra, Java, Borneo and Bali are found) and the Sahul
Shelf to the east (where Sulawesi, Lombok, and Timor~Leste are found). The islands of the
Sunda Shelf were previously a contiguous landmass known as Sundaland when sea levels
were low enough during the middle Eocene (ca. 49-45 mya), and the Pleistocene (2.5 mya to
11,700 years ago). Southeast Asian ecosystems have experienced repeated and significant
geographic reductions associated with the periodic submergence of the Sunda Shelf between
cycles of Pleistocene glacial and interglacial periods (Woodruff 2010). This repeated range
compaction is thought to be an instrumental force in causing the colonization and subsequent
diversification contributing to the hyperdiverse SEA communities that we see today (De
Bruyn et al. 2014). Although most of SEA’s biodiversity in islands such as Java has arisen
through the accumulation of immigrants and in situ diversification, within-area
diversification and subsequent emigration are the principal characteristics typifying
Indochina and Borneo’s biota in particular, which have been described as ‘major evolutionary
hotspots for Southeast Asian biodiversity’ (De Bruyn ef al. 2014). As current climate and
geography are typical of only ~3% of the last 2.7 million years, the biota of SEA is currently
in a refugial state, in which they occupy only 50-75% of their maximal Pleistocene extent
(Woodruff 2010).

Although freshwater ecosystems are incredibly species rich, mounting evidence
suggests that freshwaters are the most threatened ecosystem in the world, with roughly
double the rate of biodiversity loss than terrestrial and marine environments, recorded
between 1973 - 2000 (Kottelat and Whitten 1996; Saunders et al. 2002; Jenkins et al. 2003;
Collen et al. 2014; CBD 2013). The WWF (2012) suggests that the tropical freshwater Living
Planet Index has declined by 71%, a pattern that is particularly poignant in Southeast Asia, as
shown in Figure 1.8. A, B. Threats include direct habitat alteration, over harvesting of aquatic
animals (especially fish), pollution, invasive species and anthropogenically induced climate
change. Global extent of wetlands decreased by ~50% during the 20th Century (Hails et al.
2008). Wetland loss is certainly higher in SEA than globally (Rowley et al. 2010), where
most remaining wetlands have been converted to rice paddy fields, reservoirs, canals or storm
drains. Sea-level rise will impose additional threats through further reductions in land area

and an associated increase in the refugial state for SEA taxa. The ~646 million humans in
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SEA require food, water, energy, consumables and living space, which threaten FEs through
a range of interrelated activities such as oil and gas extraction, hydropower creation,
agricultural development and urban expansion. Projections forecast populations in SEA to
rise to 797 million by 2050 (Worldometers 2018), putting these services under increasing
demand, and escalating habitat loss through river impoundment, urbanization, deforestation
and land-use change. Threats to freshwaters occur at the physiochemical, trophic and habitat
level, and can be split into five main categories: water pollution, flow modification, habitat
degradation, over-exploitation, and species invasions, upon all of which environmental
change acts (Dudgeon et al. 2006).

Conservation of freshwater ecosystems (FEs) is often overlooked, despite freshwater
biodiversity declining faster than terrestrial or marine biodiversity since 1970 (Dudgeon ef al.
2006; Collen et al. 2014). Freshwater conservation strategies are of critical importance in
densely-populated regions such as SEA, where high rates of habitat loss and species
extinction (Myers ef al. 2000; Collen et al. 2014) coincide with manifest risks to human
water security (Vorosmarty et al. 2010). As the global human population, sea-level, and
temperatures rise, it is inevitable that threats to freshwater ecosystems will intensify. An
increase in frequency of extreme weather events, combined with economic growth and a
tendency towards development of coastal cities will exacerbate the effects of anthropogenic
change in SEA, as evinced by events reported in the media since 2015. For example, forest
fires ravaged Indonesia, intensified by the drainage of Bornean wetlands; one of the most
severe El Nifio weather events recorded in 50 years caused widespread drought; saline
intrusion crept up the Vietnamese Mekong; and construction began on the US$3.5bn
Xayaburi Dam on the Mekong mainstream in Laos. Areas such as SEA have some of the
highest levels of biodiversity in the world, but are thought to be understudied due to the low
per capita gross domestic product (GDP), low level of English speakers, their past or present
experience of civil or international conflict, and their geographical distance away from
countries hosting biodiversity databases such as the Global Biodiversity Information Facility
(GBIF) (GBIF, 2018), usually hosted in the U.S.A or Europe (Amano and Sutherland 2013).
Biodiversity surveys are also more comprehensive in affluent countries, with a longer history
of research, which could also bias species distribution estimates, as shown by the location of
barcode entries in the International Barcode of Life Data Systems (Ratnasingham and
Herbert, 2007) (Figure 6, C). The existence and extinction of some species, particularly that

of small or cryptic organisms may therefore simply go unrecorded (Brook et al. 2003).

A



Normalized species richness

‘Q& °§‘ Q’ Q* Q'NQ Q'\“ Qs‘ 0'\0 Q'\Q Q’p Q“’ 0" Q‘p 0‘9 Q’? Q& Q".l’ ‘°§

Figure 1.8. Global species richness compared to threat and BOLD database entries. A: normalized
global freshwater species richness from O to 1. B: normalized global freshwater species richness of
threatened species (extracted from Collen et al. 2014) C: global barcode entries to BOLD, pink = 1000 per
site, red = 100 per site, orange = 10 per site, yellow = one per site. (BOLDSYSTEMS 2017b).
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1.16 Significance of eDNA for Southeast Asia

The use of environmental DNA is particularly amenable to sampling of aquatic
environments, which are among the most logistically difficult habitat types to sample using
conventional methodology, hindered by the complexity of the topography and vegetation in
streambeds and riparian areas, water turbidity and flow rates (Goldberg et al. 2011). Kottelat
and Whitten (1996) divided Southeast Asia’s freshwater ecosystems into habitat types of:
‘springs, hill-streams, headwaters and rapids’; ‘freshwater swamp forests and small streams
in lowlands and foothills’; ‘large rivers’; ‘riverine lakes and flood plains’; ‘estuaries’; ‘lakes’;
‘marshes and swamps’; ‘peat swamps, black water streams and black water lakes’; ‘caves and
aquifers’; and ‘artificial freshwater habitats’. It can be assumed that eDNA would behave
differently in all of these freshwater habitat types, for example, moving quickly downstream
from the source in a light, clear, cold ‘spring, hill-stream, headwaters and rapids’ habitat type,
compared to moving slowly if at all in a darker, more turbid, warmer ‘peat swamp, black
water stream and black water lake’ habitat type. In the wild, aquatic eDNA detection and
degradation is likely to be complex, depending on climate variables, water body type and
habitat variables as discussed in section 1.7. This is particularly relevant to Southeast Asian
freshwater ecosystem types which are highly variable, and where DNA degradation is likely
to occur faster, due to higher temperatures and microbial activity (e.g. Pilliod et al. 2014;
Strickler et al. 2015; Eichmiller et al. 2016a; Tsuji et al. 2017a). In Indonesia and Malaysia,
the combination of deforestation, the drainage of wetlands and conversion into agricultural
land reduces the buffering capacity of rivers, creating higher peak flows, and lower base
flows, resulting in higher risks of flooding and drought, as well as increased concentrations of
suspended solids, resulting in higher levels of turbidity and reduced photosynthesis (Yule,
2004; Asian Development Bank, 2016). Indeed, the water quality of lakes and rivers in
Indonesia is poor, with over 50% of water quality parameters not meeting the norms for water
quality Class I (water that can be used as standard water for drinking purposes) (Asian
Development Bank, 2016). The use of eDNA sampling could be amenable to understanding
the impact of these threats on freshwater biodiversity. Three key areas of influence for
aquatic eDNA application in SEA are 1) monitoring of invasive species, 2) understanding
ecosystem level processes and patterns, and 3) monitoring for conservation management.
Applying eDNA methods to address challenges within these topics could have major benefits
for environmental protection, fisheries monitoring and management, or fishing and wildlife

tourism in Southeast Asia.
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1.16.1 Monitoring of invasive species

Invasive species present one of the most significant, inadequately controlled, and least
reversible of threats to biodiversity and global homogenisation. They are ‘highly noxious’,
dominating an area once they become established (Helfman, 2007), and spread becoming
abundant (Kolar and Lodge, 2001), threatening biological diversity (Species Survival
Commission, 2000). Other terms include non-native, nonindigenous, introduced, alien,
exotic, transplanted, translocated, allochthonous, invasive, feral, and biological pollutant
(Helfman, 2007). Such species may result in catastrophic effects for native freshwater
ecosystems through competing with, predating on or transmitting disease to native species
(Schneider et al. 2016), as well as causing eutrophication, reducing biodiversity, altering fire
regimes, and destroying fisheries (Peh, 2010; Allen et al. 2012). In Southeast Asia, there is a
substantial aquaculture industry as well as tourist game fishing, with many species being
introduced either for their easily farmed meat (e.g. tilapia) (Guinée et al. 2010), or based on
their size and attractiveness to fishermen. In Thailand, species such as the Giant Alligator
Gar (Atractosteus spatula) from North America, the Silver Arowana (Osteoglossum
bicirrhosum), and the Tambaqui (Colossoma macropomum), all from the Amazon, are
introduced for sport fishing (Mega Fishing Thailand, 2017). Invasive species in SEA are
introduced from a range of sources including aquaculture (e.g. Water Hyacinth (Eichhornia
crassipes), Apple Snails (Ampullariidae sp.), and tilapia fish (e.g. Oreochromis niloticus),
pest control (e.g. Mosquitofish (Gambusia affinis)) or the aquarium and pet trade (e.g.
Armoured Catfish (Loricariidae sp.)) (Peh, 2010; Allen et al. 2012; Reid et al. 2013). In SEA,
many examples exist where impacts of invasive species are observed at the physiochemical,
trophic, and habitat level. For example, bioturbation and siltation have been caused by
Common Carp (Cyprinus carpio), community composition has been altered by predation on
fish by snakehead fish species (Channidae sp.), and habitat structure was impacted by Water
Hyacinth (Eichhornia crassipes) and Floating Fern (Salvinia natans), which prevent
movement of fishing boats and cause fishing net entanglement. Invasive species are more
successful in degraded habitats (Allen ef al. 2012), and so their impact will likely be
compounded as deforestation, industrial agriculture and global temperatures increase (Peh,

2010).

The development of eDNA tools for application in monitoring invasive species has
been one of the best studied aspects of eDNA, with most studies using qPCR methods (Table

3), although metabarcoding approaches have also recently been applied to search for non-
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Species and native country

Habitat where eDNA
found

Reference in date
order

American Bullfrog (Rana catesbeiana) native to
North America

Natural wetlands in
France

Ficetola et al. 2008,
Dejean et al. 2012

Asian Bigheaded Carp (Hypophthalmichthys
nobilis) native to East Asia and Silver Carp
(Hypophthalmichthys molitrix), and China /
Eastern Siberia respectively

Lakes in the USA

Jerde et al. 2011,
Mahon et al. 2013,
Turner et al. 2014a

North American Bluegill (Lepomis macrochirus)
native to North America

Ponds in Japan

Takahara et al. 2013

New Zealand Mudsnail (Potamopyrgus
antipodarum) endemic to New Zealand

River in the USA

Goldberg et al. 2013

Quagga Mussel (Dreissena bugensis) native to
Ukraine, and Zebra Mussel (Dreissena
polymorpha) native to southern Russia and
Ukraine

St. Joseph Lake and
ballast water, the Rhine
river catchment, and
Lake Winnipeg, all in
the USA

Egan et al. 2013, De
De Ventura et al, 2017,
Gingera et al., 2017

Louisiana Crayfish (Procambarus clarkii) native
to northern Mexico, and Southern USA

Ponds in the Regional
Nature Park of Briere,
France

Tréguier et al. 2014

Burmese Python (Python bivittatus) native to USA Piaggio et al. 2014,
South and Southeast Asia Hunter et al. 2015
North American Wedge Clam (Rangia cuneata) Baltic Sea Ardura et al. 2015a

native to the Gulf of Mexico

Chinese Giant Salamander (Andrias davidianus)
native to China

The Katsura River basin
in Japan

Fukumoto et al. 2015

Tiger Mosquito (Aedes albopictus), Asian Bush
Mosquito (Aedes j. japonicus) native to Southeast
Asia

Natural water bodies in
seven European
countries

Schneider et al. 2016

Ruffe (Gymnocephalus cernua) native to Europe
and North Asia

Laurentian Great Lakes

Tucker et al. 2016

Rusty Crayfish (Orconectes rusticus) and the
Signal Crayfish (Pacifastacus leniusculus) native
to North America

Lakes in Michigan, and
the Laurentian Great
Lakes of the USA

Dougherty et al. 2016,
Larson et al. 2017

Northern Pike (Esox Lucius), native to the
Northern Hemisphere

Alaskan lakes

Dunker et al. 2016

Red Swamp Crayfish (Procambarus clarkii)
native to Mexico

Rice paddy water,
Honghe Hani rice
terrace

Cai et al. 2017

Topmouth Gudgeon, (Pseudorasbora parva),
native to Asia

Angling ponds in
southern England

Davison et al. 2017

Signal Crayfish (Pacifastacus leniusculus) native
to North America, and Narrow-Clawed Crayfish
(Astacus leptodactylus) native to the Caspian Sea

Natural freshwater
ecosystems in Denmark

Agersnap et al. 2017

Brown Trout (Salmo trutta) native to Spain and
invasive Rainbow Trout (Oncorhynchus mykiss)

Streams in the
Biosphere Reserve and
Natural Park of Redes,
Northern Spain

Fernandez et al. 2018

Wild Pig (Sus scrofa) native to Eurasia and
invasive in the USA.

Artificial wallows in
Mississippi, USA.

Williams et al. 2018

Table 1.3. Examples of studies using eDNA and qPCR to detect invasive species.
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indigenous shellfish in Spain (Borrell ez al. 2017). Although invasive populations may
rapidly reach large population sizes, the initial propagules in an early invasion are low-
density and subsequently difficult to detect (Barnes and Turner, 2016). eDNA therefore
presents a useful solution for providing rapid and accurate information on species’
distributions as an early-warning system, to assess the geographic extent of current invaders,
and to alert regulatory authorities before the establishment of alien species.

By sampling sources of invaders in transit such as ship ballast water (Li e al. 2011;
Mahon et al. 2012; Egan et al. 2015; Ardura et al. 2015b), ornamental fish transport (Collins
et al. 2013; Roy et al. 2017), recreational fishing bait trade (Mahon et al. 2014; Nathan et al.
2015), or at port locations (Grey et al. 2018), invaders may be detected and management
action taken before the potential invasives arrive at their destination. Indeed, eDNA
methodologies have already demonstrated particular promise in this regard. The US Fish and
Wildlife Service, for example, have implemented an eDNA-based approach to monitor
invasive Asian carp in the Midwest, USA (Figure 3.), providing a labour- and cost-effective
alternative to traditional large-scale sampling methods such as electrofishing and/or manual
netting (Jerde et al. 2011).

The ability to detect an invasive species early, and respond quickly, is of paramount
importance for their management (Ficetola et al. 2008; Lodge et al. 2012; Dejean et al. 2012;
Jerde et al. 2011). Populations at low densities must therefore be detected before they become
established, allowing a much greater chance of eradication. For assessing biosecurity risk, the
mantra is ‘an ounce of prevention equals a pound of cure’ (Lodge et al. 2012); knowledge of
exact species distribution contributes to this by allowing preventative measures to most

effectively be put in place.

Without the tools to detect rare invasives, and consequently a lack of knowledge on
which to base a management plan upon, actions can stagnate or fail to begin. However, with
the use of new information and practises, quantitative procedures for risk analysis, and cost-
effective diagnostic technologies amongst other solutions, the effectiveness with which
managers can respond to such situations may be improved (Lodge et al. 2006). Nevertheless,
managers have been slow to adopt eDNA detection tools in decision-making frameworks that
have a direct impact on management responses, possibly due to the remaining susceptibility
to error (Darling and Mahon, 2011). However, there are instances in which eDNA has been
implemented in such approaches; most prominent was the use of eDNA in the detection of

invasive Asian Carp species in North America (Jerde et al. 2011). In 2008, the U.S. Army
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Corps of Engineers (USACE) entered into an agreement with the Centre for Aquatic
Conservation at the University of Notre Dame to carry out a risk assessment, which included
testing for invasive Asian Carp species within the Chicago Sanitary and Shipping Canal and
the Great Lakes (Darling and Mahon, 2011). Silver (Hypophthalmichthys molitrix) and
Bighead (Hypophthalmichthys nobilis) Carp DNA was detected from environmental samples
in areas previously thought to be absent of carp, north of where an electric barrier had been
constructed to prevent carp dispersal, as far as Lake Michigan (Jerde et al. 2011). This
discovery suggested that the need for management action to prevent invasions was much
more urgent than previously thought, based on traditional sampling methods, and led to calls
for a full separation of the Great Lakes and the Mississippi River basin, as well as for closure
of the hydrological lock that leads directly to Lake Michigan. This led to the filing of a
lawsuit in the US Northern District of Illinois to seek immediate action to prevent the
invasion of Asian Carp, and the scientific community scrutinised eDNA studies and their
reliability, with particular focus on the invasive carp in Mississippi (Darling and Mahon,
2011). These studies demonstrate the interest in eDNA for the management of invasive

species, and the potential for monitoring invasive species such as those in Southeast Asia.

1.16.2 Understanding ecosystem level processes and patterns

The forces that threaten biodiversity may only be truly understood when the description of
extant species and the mechanisms through which biodiversity interacts with the ecosystem
are also understood. There is an urgent need for ecosystem level understanding to inform
system-level response to accelerating anthropogenic impacts on Earth such as climate change,
pollution and deforestation which are having huge impacts in Southeast Asia, and will have a
knock-on effect for food security, emerging diseases, how to manage natural landscapes and
how to tackle the spread of invasive species (La Salle et al. 2016). Realistic inferences and
predictions about the impact of environmental change on extant biota depend increasingly on
our ability to transcend boundaries among traditional biological hierarchies in the wild,
extending from individuals to species, populations, and communities. Such an approach
facilitates community eDNA analysis (Porco ef al. 2010) simultaneously from across the
kingdoms of life, including plants, animals, fungi, and bacteria. The ability of eDNA to move
beyond targeted surveillance of a handful of species, to detecting multiple species
simultaneously has great potential for community ecology and studies at the ecosystem level

(Lodge et al. 2012). Building on microbial metagenomic approaches, eDNA sampling to
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describe communities of organisms has evolved from studies of bacteria, to eukaryotic
microorganisms, to macrobial life including invertebrates and vertebrates as well. Examples
combining NGS and eDNA for the detection of multiple macrobial species (from a range of
environments, not only aquatic) include the detection of communities of nematodes
(Porazinska et al. 2010; Vervoort et al. 2012), earthworms (Bienert et al. 2012), plants
(Yoccoz et al. 2012b; Fahner et al. 2016), amphibians (Balint ez al. 2017), fish (Thomsen et
al. 2012b; Thomsen et al. 2016; Olds et al, 2016; Yamamoto et al. 2017), entire marine
benthic metazoa (Leray and Knowlton, 2015), entire marine vertebrate communities
including fish, marine mammals and birds (Port ez al. 2016; Andruszkiewicz et al. 2017) and
deep-sea marine octocorals (Everett and Park 2017). When combined with data derived from
repeated sampling of single locations, the role of niche-based and stochastic processes in
shaping species distributions and abundance, as well as life history activities could be
identified (Haegeman and Loreau 2011). For example, a recent study demonstrated the use of
aquatic eDNA metabarcoding in comparing sites affected by mining pollution, finding eDNA
of previously unrecorded vertebrate species from mine polluted ponds (Klymus ez al. 2017b).
Harper et al. (2018) used presence-absence data of > 500 UK ponds to examine species
associations between the Great Crested Newt (Triturus cristatus) and other vertebrates, and
found that this species was significantly correlated with nine vertebrate species, and
occurrence was broadly reduced where there were more fish species. Bakker ef al. (2017)
used aquatic eEDNA from marine systems to detect 21 shark species, whose geographical
patterns of diversity and sequence read abundance coincide with geographical differences in
levels of anthropogenic pressure and conservation effort. Another recent study used fish bait
to attract carp, and found that eDNA was up to 500x more concentrated at times of peak
activity compared to a control environment of no bait (Ghosal et al. 2018). They also
measured the hormone Prostaglandin F2a; PGF2a, which was correlated with higher eDNA
concentrations, revealing the ability of baiting to increase not only the detection of aquatic
eDNA, but also associated biological information with implications for assessing
reproductive condition. This type of information could be beneficial for the conservation of
Southeast Asian ecosystems by rapidly generating data concerning patterns associated with
anthropogenic impact on biodiversity, as well as ecological fluctuations and animal

behaviour.

The implementation of so-called ecosystem-based approaches (Clarke and Jupiter,

2010), which take a more holistic view than single-species studies, is particularly amenable to
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eDNA, where trophic, energetic, and terrestrial-aquatic interactions can be detected and
tracked. The field of parasitology for example, benefits from eDNA analysis which may aid
in understanding host-parasite interactions, parasite communities, disease risk, the role of
parasites in ecosystem processes as well as monitoring their spatial and temporal distribution
between different life cycles for preventative measures (Bass et al, 2015). There have been
several studies using aquatic eDNA to track a range of pathological organisms including
parasites, bacteria and viruses. Gomes et al. (2017) predicted protozoan parasite outbreaks in
fish farms, Hall ef al. (2016) found a correlation between ranavirus found in pond eDNA and
die-offs of the Wood Frog (Lithobates sylvativus), while Hartikainen et al. (2016) have used
eDNA to assess myxozoan parasite diversity in aquatic environments which matched that
from their vertebrate hosts. The amphibian chytrid fungus (Batrachochytrium dendrobatidis)
is associated with massive population declines of amphibians in tropical countries, and has
been detected in SEA since 2013, eDNA sampling has been effective in detecting this deadly
fungus (Walker et al. 2007; Schmidt et al. 2013), and provides an effective technique for
early detection and subsequent implementation of protection measures. In addition, trematode
parasites infecting both amphibians and humans have been the topic of recent eDNA studies.
Ribeiroia ondatrae known to cause morphological malformations including extra legs or the
absence of legs in North American amphibians was recently targeted using eDNA with high
specificity, consistently detecting as little as 0.001 pg through qPCR (Huver et al. 2017).
Opisthorchis viverrini which can lead to cholangiocarcinoma in humans was also detected
from ponds, rice fields, and rivers in Laos (Hashizume et al. 2017). These examples highlight
the potential for eDNA in monitoring and managing the spread of parasites and disease for

both animals and humans.

Complementary multidisciplinary approaches, such as combining aquatic eDNA with
e.g. lake sedimentary aDNA and morphological analyses of micro- and macrofossils, show
particular promise for elucidating the impact of changing climates on species and
communities through time (Sarkissian et al. 2014; Jorgensen ef al. 2012a; Anderson-
Carpenter et al. 2011; Lejzerowicz et al. 2013; Sarkissian et al. 2014).

Key ecosystems underpinning plant biological production and carbon and nutrient
cycling can be readily characterised using eDNA washed from root systems (Blaalid et al.
2012), generating insights into the dynamics of community structure and providing an
ecological framework to investigate functional links among root-associated fungi,

environmental variation and ecosystem diversity, and associated services. Such approaches
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would be amenable to aquatic eDNA sampling of e.g. plants in riparian zones of rivers,
littoral zones of lakes, mangrove forests or kelp forests.

Barberan et al. (2012) was among the first to link functional traits and biodiversity of
microorganisms from DNA metabarcoding, yielding informative ecological markers by
discriminating between marine ecosystems (coastal versus open ocean) and oceans (Atlantic
versus Indian versus Pacific). Similar studies have used eDNA metabarcoding for
ecotoxicology analysis using marine or freshwater benthic invertebrate communities,
examining, for example, the effect of the antibiotic/antifungal agent, triclosan (Chariton et al.
2014), the effect of fish farming (Pawlowski et al. 2014), the effect of different land-use
types (Saxena et al. 2015; Xie et al. 2016) or urbanisation (Kelly ef al. 2016), with
communities revealing a correlation between these drivers and their species richness. If
studies such as these advanced to functional genomic analysis, it would be possible to
identify adaptive or fitness-related loci, monitor loci related to stress events, or describe the
molecular basis of inbreeding depression from environmental mixtures (Zepeda Mendoza et

al. 2015).

Within the context of studies such as these, it has been suggested that eDNA
metabarcoding will be transformative for biomonitoring or bioassessment (Baird and
Hajibabaei, 2012), producing in the range of 10°~10* species-equivalent operational
taxonomic units (OTUs, encompassing all biota from microbes to metazoa) at a reasonable
cost, and comparable biotic index (Aylagas et al. 2016). This has particular applicability for
freshwater and marine ecosystems (Baird and Hajibabaei 2012; Aylagas et al. 2014; Aylagas
et al. 2016) which are notoriously difficult to monitor using traditional methods.
Environmental DNA for biomonitoring has proven comparably successful to traditional
methods in aquatic environments (Michler ef al. 2014), and with increasing technologies and
decreasing cost, is likely to provide a faster, more cost-effective and more efficient method
for detection of a variety of indicator species including invertebrates, fish and algae. Indeed,
there is talk of how to incorporate environmental DNA metabarcoding into standard
monitoring for the European Water Framework Directive (WFD) to assess the “Biological
Quality Elements” (BQEs), namely phytoplankton, benthic flora, benthic invertebrates and
fish (Hering et al. 2018).

Aside from strictly aquatic eDNA monitoring, species monitoring for trophic and
community interactions such as predator ecology, interspecific competition, or niche

partitioning is particularly amenable to diet analyses or molecular scatology which share
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common approaches to eDNA sampling in its strict sense (e.g., Clare ef al. 2009; Razgour et
al. 2011). Traditionally, diet analyses were performed either by directly observing what an
animal ate or by collecting its faecces and examining prey fragments under a microscope.
eDNA metabarcoding has provided an alternative or complementary approach, using faecal
or other bodily extracts amplified with tagged universal primers (Binladen ez al. 2007),
making it more efficient and cost-effective to obtain diet information on a large scale (e.g.,
Bohmann et al. 2011; Deagle et al. 2009; Pegard et al. 2009; Soininen et al. 2009); reviewed
in (Pompanon ef al. 2012; Valentini ef al. 2009). In addition to questions related to trophic
interactions, dietary sampling provides insight for biodiversity monitoring. Because predators
or blood-sucking insects feed on biodiversity, collecting either faecal material or the insect
itself for molecular diet analysis can identify rare or cryptic species that traditional
monitoring methods such as camera traps might miss. Recent studies include stomach-content
analyses of parasitic invertebrates such as leeches (Schnell ez al. 2012) (Figure 3), carrion
flies (Calvignac-Spencer et al. 2013), mosquitoes (Kent, 2009), and ticks (Gariepy et al.
2012) to reveal their vertebrate hosts. In one case, Vietnamese terrestrial leeches of the genus
Haemadipsa revealed the presence of the endemic Annamite Striped Rabbit (Nesolagus
timminsi) that had not been detected despite monitoring the site for several thousand nights
with camera traps (Schnell et al. 2012). In fact, leeches are currently being used to search for
the highly endangered saola antelope in Vietnam and Laos (Saola Working Group, 2013),
and provide a promising avenue for the monitoring of large vertebrates in Southeast Asia,
with recent research exploring whether different leech species are more successful iDNA
samplers than others (Drinkwater ef al. 2018). These types of dietary approaches would
complement aquatic eDNA sampling when assessing aquatic biodiversity and ecosystem
processes, either through dietary analysis of e.g. fish guts (Leray ef al. 2013) or capture of

aquatic parasites such as the leeches within the Hirudidae family.

1.16.3 Monitoring for conservation management

Prompt assessment of precise species distributions is a vital requirement for conservation
management (Magurran 2013; Dejean et al. 2011), and so the development of methods that
improve detection probabilities is of high conservation priority. By their nature, species of
most conservation concern are most often difficult to study due to their rarity and regulations
on their sampling, handling, and transport of tissue, and so eDNA presents a rapid and cost-

effective tool for applied conservation biology (Minamoto et al. 2012; Yoccoz et al,2012a;
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Barnes and Turner, 2016) with potential to be implemented in Southeast Asia. A recent

annual horizon scan of global conservation issues (Sutherland et al. 2013) identified eDNA as

one of the fifteen key topics that may increasingly impact upon conservation of biological

diversity. There have been many studies applying eDNA to the detection of species of

conservation concern some of which are mentioned below in Table 4, although there has not

been a significant number of studies that have attempted to employ eDNA directly for

management decisions.

Species

Assessment

Reference

Eastern Hellbender (Cryptobranchus
alleganiensis)

Near threatened

Olson et al. 2012

Long-Finned Pilot Whale (Globicephala | Data deficient Foote et al. 2012
melas)
Bull Trout (Salvelinus confluentus) Endangered Wilcox et al. 2013, and 2014

Great Crested Newt (Triturus cristatus)

Least concern, but
highly protected

Biggs et al. 2014, Rees et al.
2014

European Weather Loach (Misgurnus
fossilis)

Least concern, but
described as near-extinct
in study paper

Sigsgaard et al. 2015

Chinook Salmon (Oncorhynchus
tshawytscha)

Endangered

Laramie et al. 2015

Largetooth Sawfish (Pristis microdon)

Critically endangered

Simpfendorfer et al. 2016

Freshwater Pearl Mussel (Margaritifera
margaritifera)

Endangered

Stoeckle et al. 2016

Pacific Lamprey (Entosphenus
tridentatus)

Believed to be extinct in
the wild

Carim et al. 2017

manatus), Amazonian Manatee
(Trichechus inunguis), West African
Manatee Trichechus senegalensis,

Chilean Devil Ray (Mobula tarapacana) | Vulnerable Gargan et al. 2017

Aquatic heteropteran insect, Nepa Endangered Doi et al, 2017a

hoffmanni

Maugean Skate (Zearaja maugeana) Endangered Weltz et al. 2017

Yangtze Finless Porpoise (Neophocaena | Critically Endangered Qu and Stewart, 2017, Stewart et
asiaeorientalis asiaeorientalis) al. 2017

Olm (Proteus anguinus) Vulnerable Voros et al. 2017

West Indian Manatee (Trichechus Vulnerable Hunter et al. 2018

Bull Shark (Carcharhinus leucas), Silly
Shark (C. falciformis), Hardnose Shark
(C. macloti), Spottail Shark (C. sorrah),
Copper Shark (C. brachyurus) etc...

Vulnerable and Near
Threatened

Boussarie-Bakker et al. 2018

Table 1.4. Examples of some eDNA studies detecting species of conservation concern. Assessment

from the IUCN, (2017).

The next step is to go further than mere detection, and make conservation recommendations

based on eDNA information. Pfleger et al. (2016) have recently done so, for example, after
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successfully detecting the critically endangered Alabama Sturgeon (Scaphirhynchus suttkusi)
and near threatened Gulf Sturgeon (Acipenser oxyrinchus desotoi) in the Mobile River Basin
of Alabama, USA, using eDNA. They found that the distribution and temporal data suggested
that both species migrated past navigation locks or dams, and remained upstream of passage
barriers. The authors recommended that the removal of the barriers to passage would aid in
the conservation of these species.

Some ichthyologists have defined the Southeast Asian/Eastern China region as the
‘centre of dispersal’ of the world’s freshwater fishes (Wang et al. 1981, Menon, 1987). The
Nagao Natural Environment Foundation’s ‘Fishes of Mainland Southeast Asia’ (Kano et al.
2013) lists 757 defined species within 93 families within mainland Southeast Asia alone.
However, Kottelat (2013) states that there are now 3,108 valid and named species within 137
families living in the inland waters of Southeast Asia, a figure that Kottelat predicts to only
increase further as survey efforts increase and technologies improve. Some of the most
charismatic aquatic species of conservation concern in Southeast Asia include Jullien’s
Golden Carp (Probarbus jullieni), the Narrow Saw-Fish (Anoxypristis cuspidate), the
Mekong Giant Catfish (Pangasianodon gigas), Cantor’s Giant Softshell Turtle (Pelochelys
cantorii), the Giant Freshwater Stingray (Himantura chaophraya), and the False Gharial
(Tomistoma schlegelii). Myers (2000) lists 568 species of amphibian; 750 species of reptile;
and 422 species of mammals within the ‘hotspots’ of Sundaland, Wallacea, the Philippines
and Indo-Burma, indicating that Southeast Asia is indeed exceptionally species rich.
Information on the distribution of these numerous rare or endangered species, particularly for
providing evidence to protect their associated habitats in these ‘biodiversity hotspots’ and
propose conservation applications, is essential yet challenging (Lodge et al. 2012). eDNA
and metabarcoding may provide an avenue for achieving this ambitious goal (Ji et al. 2013).

Non-invasive samples collected directly from e.g. faeces, egg shells, feathers and hair,
although not eDNA per se (see Figure 1.2), have been used for population genetic analysis
for some time (Beja-Pereira et al. 2009). The use of sloughed skin from the Humpback
Whale, Sperm Whale and the North Atlantic Right Wale (Megaptera novaeangliae, Physeter
macrocephalus and Eubalaena glacialis) by Amos et al. (1992) was a step towards true
aquatic eDNA sampling, and provided population genetic data for conservation purposes.
Building on the back of such population genetics studies from non-invasive samples, the use
of eDNA in population genetics has very recently been achieved by Kapoor et al. (2017) and
Afshinnekoo et al. (2015) to analyse human population diversity, and Sigsgaard et al. (2016)
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to analyse whale shark population variation. Combined with the ability recently demonstrated
by Deiner et al. (2017) to sequence entire mitogenomes of vertebrate eDNA, the applications
of eDNA in conservation genetics and phylogeography is now as broad as current genomics
techniques allow. This provides opportunities for estimating population size, population
genetic relationships, species hybrids, and evolutionary patterns in samples of mixed genetic
material (Barnes and Turner, 2016, Coissac et al. 2016), although discriminating between
closely-related individuals from the same population will likely remain challenging in the

near future.

Conservation efforts using eDNA may maximise success by incorporating data on
temporal changes e.g. mating or die-offs (Barnes and Turner, 2016) by repeated sampling
over time. Some very recent studies have successfully done so, demonstrating accurate
seasonal fluctuations in e.g. newt eDNA concentration (Buxton et al. 2017b), invertebrate
biodiversity (Bista et al., 2017), local migrations of native and non-native carp (Uschii et al.
2017) and jellyfish (Japanese Sea Nettle Chrysaora pacifica) presence (Minamoto et al.
2017) amongst others (Goldberg et al. 2011; Vervoort et al. 2012; de Souza et al. 2016;
Sigsgaard et al. 2017; Stoeckle et al. 2017; Wu et al. 2018). Spatial changes in the detection
of biodiversity using eDNA have also been observed, such as the change in local distribution
of the Yangtze Finless Porpoise (Neophocaena asiaeorientalis asiaeorientalis), which was
restricted to a core area of the Tian e-Zhou National Nature Reserve in Hubei, China during
the breeding season (spring), but post-breeding eDNA concentrations were widespread across
the reserve, encompassing sites previously thought to be unfrequented by the species (Stewart
et al.2017). This type of eDNA information may be linked to understanding of ecological
processes which impact conservation such as habitat connectivity for migrating fish, recently
explored by Yamanaka ef al. (2016b), or on a fine scale, habitat use over particular life

history events such as fish spawning.

When there is a priori knowledge of a habitat preference or behavioural pattern of the
desired species, targeted sampling of specific microhabitats can allow eDNA detection of rare
species in SEA. For example, eDNA detection of the golden tree frog from bromeliad water
in Trinidad (Torresdal et al. 2017) would be a highly transferable approach to detect
amphibians in the rainforests of Southeast Asia, such as Borneo’s recently described Matang
Narrow-Mouthed Frog (Microhyla nepenthicola) (Das and Haas, 2010), an obligate of the
Pitcher Plant (Nepenthes ampullaria). The ability to detect mammals from leeches (Schnell et
al. 2010), saliva left on browsed twigs (Nichols et al. 2012), and salt licks (Ishige et al. 2017)
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would also be highly applicable to monitoring biodiversity in SEA where elusive mammals
such as the Bornean Orangutan (Pongo pygmaeus), Sunda Pangolin (Manis javanica),
Bornean Banteng (Bos javanicus lowi), and Saola (Pseudoryx nghetinhensis) are difficult to
detect. With the ability of NGS technology to combine many samples, an obvious solution for
conservation biologists with limited funding would be to maximise sampling of biodiversity
by combining the targeting of multiple habitat types and specific microhabitats such as these
all at once to monitor biodiversity of entire ecosystems, rather than focusing on individual
species, taxon groups, or particular habitats; the approach adopted to date. Managers,
agencies and researchers should have strong incentives to adopt eDNA monitoring techniques
in conservation management as it provides rapid, cost-effective and reliable data with no a
priori selection of target organisms. These techniques offer the opportunity to inform on and
implement laws and regulations concerning management of natural resources, such as the
establishment of a protected species e.g. the Great Crested Newt which triggered a suite of

protection activity (Kelly et al. 2014a, Barnes and Turner 2016).

1.17 Conclusion

Although eDNA may be a novel, sensitive, species-specific and cost-effective tool with the
potential to radically improve the detection of biodiversity, as discussed here, there is still
much work to be done to improve this methodology to a level that may be reliably used in
wildlife management. Currently, the field of eDNA is in the developmental stage (Dejean et
al.2012), with remaining gaps in the knowledge of how field and laboratory protocols
influence the detection of eDNA, as well as how environmental conditions affect the
production, degradation and detection of eDNA (Lodge et al. 2012). From a management
perspective, levels of uncertainty that currently exist must be understood and communicated,
especially when eDNA methodology is being used to inform management decisions, which
can result in controversy, extreme scrutiny and in some cases, may even present legal
challenges (Darling et al. 2011). The responsibility for participation in this communication
falls with the stake-holders, method developers, resource managers, policy makers and public
users of the specific ecosystem services (e.g. aquatic resources), who must engage in a
transparent and informed discussion of the advantages and disadvantages of the use of eDNA
in management decisions (Darling and Mahon. 2011), which will hopefully, after further

experimental studies, be fully realized.
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Chapter 2

Comparison of capture and storage methods for aqueous
macrobial eDNA using an optimized extraction protocol:
advantage of enclosed filter
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2.1 Abstract

1. Aqueous environmental DNA (eDNA) is an emerging efficient non-invasive tool for
species inventory studies. To maximize performance of downstream quantitative PCR
(qPCR) and next-generation sequencing (NGS) applications, quality and quantity of the
starting material is crucial, calling for optimized capture, storage and extraction techniques of
eDNA. Previous comparative studies for eDNA capture/storage have tested precipitation and
‘open’ filters. However, practical ‘enclosed’ filters which reduce unnecessary handling have
not been included. Here, we fill this gap by comparing a filter capsule (Sterivex-GP
polyethersulfone, pore size 0.22 um, hereafter called SX) with commonly used methods.

2. Our experimental set-up, covering altogether 41 treatments combining capture by
precipitation or filtration with different preservation techniques and storage times, sampled
one single lake (and a fish-free control pond). We selected documented capture methods that
have successfully targeted a wide range of fauna. The eDNA was extracted using an
optimized protocol modified from the DNeasy® Blood & Tissue kit (Qiagen). We measured
total eDNA concentrations and Cqg-values (cycles used for DNA quantification by qPCR) to
target specific mtDNA cytochrome b (cyt b) sequences in two local keystone fish species.

3. SX yielded higher amounts of total eDNA along with lower Cq-values than polycarbonate
track-etched filters(PCTE), glass fibre filters (GF) or ethanol precipitation (EP). SX also
generated lower Cg-values than cellulose nitrate filters (CN) for one of the target species.
DNA integrity of SX samples did not decrease significantly after 2 weeks of storage in
contrast to GF and PCTE. Adding preservative before storage improved SX results.

4. In conclusion, we recommend SX filters (originally designed for filtering micro-
organisms) as an efficient capture method for sampling macrobial eDNA. Ethanol or
Longmire’s buffer preservation of SX immediately after filtration is recommended. Preserved
SX capsules may be stored at room temperature for at least 2 weeks without significant
degradation. Reduced handling and less exposure to outside stress compared with other filters
may contribute to better eDNA results. SX capsules are easily transported and enable eDNA

sampling in remote and harsh field conditions as samples can be filtered/preserved on site.

Key-words: capsule, eDNA capture, environmental DNA, extraction, filter, monitoring,

quantitative PCR, species-specific detection, water sampling method
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2.2 Introduction

The realization that DNA from macrobiota can be obtained from environmental samples
(environmental DNA, eDNA) started with excrements (HSss ef al. 1992) and sediments
(Willerslev et al. 2003). Over the last decade, the potential of aqueous eDNA to identify a
wide range of plants and animals from a small volume of water has been realized (Martellini,
Payment & Villemur 2005; Thomsen et al. 2012; Rees et al. 2014). Aqueous eDNA is an
emerging increasingly sensitive technique for revealing species distributions (e.g. Jane et al.
2015; Valentini et al. 2016), early detection of invasive species (e.g. Smart et al. 2015;
Simmons et al. 2016) and monitoring rare and/or threatened species for conservation (e.g.
Zhan et al. 2013; McKee et al. 2015). Aqueous eDNA monitoring provides possibilities to
upscale species distribution surveys considerably, because much less effort in time and
resources are required compared to conventional methods (Dejean et al. 2012; Davy, Kidd &
Wilson 2015). Based on literature searches, we catalogue 49 studies successfully applying
eDNA from water samples to detect macro-organisms in aquatic ecosystems, published
between January 2005 and March 2015 (when this study was initiated; Table S1, Supporting
Information). To our knowledge, 39 additional empirical studies were published since then,
indicating a rapid rise of interest in this research area (Table S2). The field of eDNA is still
evolving, and a consensus of capture, storage and extraction methods has not yet been
reached (Goldberg, Strickler & Pilliod 2015; Tables S1 and S2). In fact, the diversity of
methods is almost as high as the number of research groups investigating this fairly new field
of research. To ensure reliable results of downstream applications such as quantitative PCR
(qPCR) and next-generation sequencing (NGS), the quantity and quality of the starting
material is crucial. From our eDNA laboratory experience, we find that a modified easy-to-
follow extraction protocol resulting in high yields is needed. Based on eDNA studies
published so far (Tables S1 and S2), we identify three pre-PCR key issues that hold
opportunities for improvement: (i) capturing sufficient quantities of eDNA as quite a few
studies report low amounts of captured total eDNA, (ii) effectively preserving eDNA samples
before extraction and (iii) lowering contamination risks from collection to extraction of
eDNA. Comparative studies on aqueous eDNA capture and storage techniques (i.e. optimal
ways of preserving the eDNA captured on the filters until extraction; e.g. Renshaw et al.
2015) were based on the so-called ‘open filters’ (requiring handling, a filter funnel and a
vacuum pump; e.g. Liang & Keeley 2013; Turner ef al. 2014b) and ethanol precipitation (EP;

e.g. Piaggio et al. 2014; Deiner et al. 2015). However, no enclosed filters were included in
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previous comparative assays. The Sterivex-GP capsule filter (SX), with a polyethersulfone
membrane, is a standard method for characterizing microbial communities (Chestnut et al.
2014) and for removing pathogens from water as the organisms are captured on the filter
membranes. To our knowledge, only two published aqueous eDNA studies have used this
filter to detect aquatic macroorganisms (fish detection: Keskin 2014; Bergman et al. 2016),
and the technique has been successful to detect a wide range of aquatic macro-organisms in
Denmark and Belgium (M. Hellstrom, M.E. Sengupta, S.W. Knudsen, D. Halfmarten.
unpublished, S1). The SX filter is enclosed in a capsule, which reduces handling. A water
sample can easily be filtered in the field, saving time and facilitating fixation of the eDNA
immediately after capture. Additionally, downstream DNA extraction takes place within the
filter capsules with no need for the membrane to be removed or handled. We therefore test
the performance of SX compared to other more frequently used eDNA capture methods
(Table S1), under different storage conditions, in an effort to address issues 1-3 above. To
date, there are no studies comparing SX to other capture methods and multiple storage
treatments. We aim to fill this gap, with an experimental study comparing SX with four other
capture methods in a set-up with five typical storage treatments and three different storage
times (up to 2 weeks). The tested open filter materials polycarbonate, cellulose nitrate and
glass fibre (GF) and the range of tested pore sizes (0.2—0.6 pum) are typical of previous
studies (Tables S1 and S2). We used an optimized extraction protocol based on a commercial

kit to increase eDNA yields.
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2.2.1 Hypotheses
To evaluate the usefulness of the SX and preservation buffers in comparison with typically

used methods (Tables S1 and S2), we test the following Hy hypotheses:

Hol. Capture method: SX is equally effective as other tested eDNA capturing techniques in
regard to DNA quantity and quality measured as the total extracted eDNA concentration
[eDNA] and as Cqg-values (quantification cycles, sensu Bustin et al. 2009) from two

species-specific qPCR assays.

Ho2a. Storage preservative: Storing filters with a preservation buffer does not affect gJPCR

amplification compared to immediate extraction or freezing at -20 °C (no buffer added).

Ho2b. Storage time: There is no significant difference in eDNA quality over time between SX

and the other tested capturing techniques.

Ho3. Contamination: There is no significant difference between SX and the other tested

capture techniques in occurrence of false positives.

To test these hypotheses, we use an experimental set-up with subsampling a single large
homogenous sample of water from a Danish lake. Subsamples are subjected to different
eDNA capture methods within the same day followed by different storage treatments. A
control site (fish-free pond) is sampled using the same set-up. Each capture and storage
treatment is assessed using concentration of total eDNA as well as species specific gPCR
assays targeting pike Esox lucius L. and perch

Perca fluviatilis L.

By testing Hy hypotheses (1-3), the multiple opportunities for optimization of eDNA surveys
held by the use of SX may be empirically evaluated. Based on the results, we suggest
recommendations for improved capture, storage and extraction to use for aqueous eDNA,

taking remote and harsh field conditions into consideration.
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2.3 Materials and methods

2.3.1 Study sites

We chose Gentofte Lake, Denmark (N55.7435°, E12.5348°), as the study site and a fish-free
pond in Copenhagen botanical garden as a negative field control (N55.6875°, E12.5746°).
Gentofte Lake (26 ha) is an alkaline clear water (Appendix S2) harbouring a wide range of

fish species, including pike and perch.

2.3.2 Water collection

We retrieved 130 L of water from Gentofte Lake on 17 March 2015. The water (4 °C) was
collected at c. 30 points along c. 100 m of shoreline close to the outlet of the lake.
Additionally, we collected 40 L of water from the control pond on 21 March 2015. The water
was collected in sterilized 5-L buckets which prior to sampling were soaked in bleach (5%)
for 10 min, and then rinsed with laboratory-grade ethanol (70%). The containers were soaked
repeatedly in lake water at a location away from the collection point. Nitrile gloves were used

during cleaning, collection and filtration.

2.3.3 Capture and storage

We carried out 41 different treatment combinations of the water sample in total (Table 1, Fig.
S1). We used five capture techniques, five storage methods and three time regimes. All
treatments were performed in triplicate. Apart from an in-house modified SX procedure (see
Fig. 1), the capture and storage methods were based on published sources (Table S1). The
capture methods (hereafter referred to with their abbreviations in square brackets) were as
follows: (i) ethanol precipitation [EP] (Ficetola et al. 2008), (ii) mixed cellulose esters
membrane filters including cellulose nitrate and cellulose acetate [CN]; Advantec 47 mm
diameter 0.45 Im pore size (Toyo Roshi Kaisha, Ltd., Tokyo, Japan), (iii) polycarbonate
track-etched filters [PCTE]; Whatman Nucleopore Membrane 47 mm diameter 0.2 Im pore
size (Merck KGaA, Darmstadt, Germany)], (iv) glass fibre [GF] membrane filters; Advantec
GA-55 47 mm diameter 0.6 Im pore size (Toyo Roshi Kaisha, Ltd., Tokyo, Japan) and (v)
sterivex-GP capsule filters [SX]; polyethersulfone 0.22 um pore size with luer-lock outlet
(Merck KGaA)]. Further downstream, SX was divided into an extraction from the filter

within the capsule (SXcapsuLg), after removal of the storage buffer, and an extraction from
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the removed preservation buffer within a centrifuge tube (SXrtygg; see DNA extraction
section below). The different storage methods were as follows: (i) ethanol 99% 200 proof at
room temperature (RT), Molecular Biology Grade (Thermo Fisher Scientific

Inc. Waltham, MA, USA); (i1) Longmire’s buffer at RT (Longmire’s; Longmire, Maltbie &
Baker 1997); (ii1)) RNAlater at RT (RNA Stabilization Reagent; QIAGEN, Stockach,
Germany); (iv) no buffer, frozen at 20 °C; and (v) no buffer, refrigerated at 810 °C. The
three time regimes between filtration and extractions were (i) within 5 hours (5 h), (i1) within
24 h and (ii1) after 2 weeks. Each treatment (n = 41) was performed in triplicate. For each
filter replicate, 1 L of lake water was processed (0.015 L for EP). For each capture—storage
treatment, we included one negative control without lake water. Additionally, 1 L tap water
was run through each filter (0.015 L for EP) as a control to detect potential contamination
from the filtration facilities. For the control pond, one sample per capture—storage treatment
was processed (n = 23). We captured eDNA from 155 subsamples and negative controls
altogether. The water samples were filtered or ethanol-precipitated by a team of 10
researchers and the replicates of each treatment started at different times to avoid temporal
bias of filtrations. Prior to DNA capture, bench surfaces and all equipment were wiped with
bleach (5%) and laboratory-grade ethanol (70%). Prior to each collection of subsamples, the
water was mixed thoroughly in the 130-L container. For the open membrane filter (GF, CN
and PCTE), 1 L water samples were vacuum-filtered (c. 15-30 min) using Nalgene 250-mL
sterile disposable test filter funnels (Thermo Fisher Scientific Inc. USA). The filters were
removed from the funnel with forceps and then placed in 5- mL DNA LoBind® centrifuge
tubes (Eppendorf AG, Hamburg, Germany) that were either empty (if the time regime was 5
h or the storage method was freezing) or contained preservation buffer. For all treatments
and downstream applications, Eppendorf DNA LoBind® tubes were used in order to avoid
up to 50% retention of DNA by the plastic, which is a documented problem especially for
short DNA fragments (Gaillard & Strauss 1998; Ellison et al. 2006). For the SX filters, 1 L of
water was slowly (c. 10 min to avoid tearing of filters, following manufacturer’s
recommendations) pushed through each filter capsule using a prepacked sterile 50-mL luer-
lock syringe. Remaining water in the SX was removed by pushing air through the filter until
dry, also using the syringe. The outlet ends of the filters were closed with MoBio outlet caps
(MOBIO Laboratories, QIAGEN) and 2 mL preservation buffer was pipetted to the inlet end
using filter tips. The inlet ends were closed with inlet caps (MOBIO Laboratories, QIAGEN)
and both ends were sealed with parafilm where after the capsules were inverted vigorously.

The frozen samples and the (5 h) and (24 h) EP samples were placed at -20 °C until
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extraction, while the non-treated samples (5 h) were placed in a refrigerator and extracted
directly after the filtering session. Samples containing buffers were stored at RT until
processed. The (2 weeks) EP samples were frozen for 24 h prior to extraction to allow

for precipitation. In total, we processed 96.135 L of water from the lake (32 treatments 9 3
replicates 9 1 L + 3 EP treatments 9 3 replicates 9 0.015 L) and 20.045 L of water from the
control pond (20 treatments 9 1 replicate 9 1 L +3 EP treatments9 1 replicates 9 0.015 L;
Table 1).

2.3.4 Molecular laboratory conditions

DNA extractions and qPCR assays took place in the laboratories at the Centre for
GeoGenetics, University of Copenhagen, Denmark. The facilities are designed for handling
environmental samples requiring the most stringent precautions to avoid contamination. Pre-
PCR, extraction and PCR facilities are located in separate designated rooms with positive air
pressure. Laboratory coats are changed between rooms. Prior to any work in the laboratory,
all surfaces are washed with 5% bleach and 70% ethanol. After completing extractions
involving guanidiumthiocyanate, surfaces are washed with 70% ethanol (to avoid reactions
between chlorine in the bleach and guanidiumthiocyanate in two of the buffers provided with
the Qiagen kit), 5% bleach and then 70% ethanol. All extractions of eDNA took place in
laminar flow hoods which were UV-treated before and after extractions. Every night, the

entire facilities are automatically UV treated for a 2-h period.

2.3.5 DNA extraction

We extracted the eDNA using the extraction protocol outlined in Fig. 1 and Appendix S1.
The SX filters containing preservation buffers underwent two extractions, one extraction
from the buffer and one extraction within the filter capsule after it had been emptied of buffer
(hereafter referred to as SXryupe and SXcapsuLe). Altogether, 179 (24 SXtuge + 155 (see
‘Capture and storage’ section above) samples from the study lake and the control pond were
extracted. We measured [eDNA,] in each extraction using a Qubit 1.0 fluorometer (Thermo
Fisher Scientific Inc.) applying the high-sensitivity assay for dsSDNA

(Life Technologies, Carlsbad, CA, USA).

2.3.6 Quantitative PCR
For the qPCR assays (e.g. Wilcox et al. 2013), two species-specific Taq- Man primers/probe

sets were used targeting 84 and 89 base pair fragments of the mitochondrial cytochrome b
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(cyt b) gene in pike and perch, respectively (Table S3). Species specificity of the assays was
tested on extracted DNA from non-target species (Table S3) using the qPCR set-up described
below. These non-target species did not generate any amplification signals. The optimal ratio
of probe: primer concentration was tested prior to the study. The final PCR set-up to detect
the target species was as follows: pike — 5 puL template DNA, 12.5 uL TagMan
Environmental Master Mix 2.0 (Life Technologies), 3 uL forward primer (10 uM), 2 uL
reverse primer (10 uM) and 3 pL probe (2.5 uM); and perch — 5 pL template DNA, 12.5 pLL
TagMan Environmental Master Mix 2.0 (Life Technologies), 0.5 pL forward primer (10
uM), 2.5 puL reverse primer (10 uM), 3 uL probe (2.5 uM) and 1.5 uL UV-treated
laboratory-grade water. The TagMan qPCRs were performed on a Stratagene Mx3005P
(Thermo Fisher Scientific Inc.) using thermal cycling parameters of 50 °C (5 min), 95 °C (10
min) followed by 50 cycles of 95 °C (30 s) and 60 °C (1 min). For each plate, no-template
controls (NTCs) and positive/negative tissue extracts were run alongside the samples. All
filtering and extraction negatives were included in the qPCR assays. Additional gPCR
replicates were run in order to detect effects of freezing and thawing of the samples. To check
for PCR inhibition in the lake, separate qPCR assays for both species following the protocols
above were performed in a dilution series (1:1, 1:2, 1:10 and 1:20) of extracted DNA on four
samples replicated twice plus two positive and two negative controls to determine any

deviation of the amplification curves. The dilution series did not indicate inhibition.

2.3.7 Data analysis

To compare detection probability (i.e. diagnostic sensitivity) between eDNA capture
methods, the proportion of positive qPCR replicates was calculated for each target species.
Positive samples were analysed using multivariate decision trees and univariate tests of ‘no-
effect’ null hypotheses. To explore the effect of capture and storage on qPCR Cq values, Chi-
square Automatic Interaction Detector (CHAID) decision tree was used. CHAID is a
nonparametric tree-building method that can handle multivariate categorically induced
quantitative responses (IBM Corp. (2013)). It defines optimal multiway splits and adjusts for
Bonferroni. The main advantage of this approach is to analyse a data set all-in-one (rather
than manually splitting the data into user-selected subgroups and thereafter choosing and
performing multiple tests). The approach offers a number of other advantages including its

ability to handle categorical (ordered, nominal) data types well and to model nonlinear
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relationships without having to specify a priori the form of the interactions. A CHAID tree
produces an overview, grouping or singling out the factors that predict the variation in
theresponse variable. Categorical variables (capture method, storage treatment and storage
time) were used as model predictors, and Cg-value from qPCR was set as the response target.
Two trees were generated: the first targeting perch and the second pike. Tree depth, that is the
maximum number of branching levels, was set to two (realized from ten 50/50 split
validations) to reduce overfitting. For a univariate test of Hy (1-2a, b), first a Wilcoxon
signed-rank test for paired samples was applied to determine whether [eDNA] and Cq
values attained using SXcapsuLg differ significantly, from any of the other tested capture
methods (CN, GF, PCTE, EP and SXrtugg). Secondly, SX, GF and PCTE filter results were
tested for signs of eDNA degradation over time, that is detecting any significant difference in
Cqg-values or [eDNA,]| between 24 h and 2 weeks of storage. Wilcoxon signed-rank test was
used as data exhibited non-normal distributions. Thirdly, guided by results from the CHAID
trees, results from SXcapsuLg stored in ethanol or Longmire’s were tested (Mann—Whitney)
for differences in Cq-value against SXcapsuLe Without preservation buffer. The CN filter
group was reduced, as the planned 1-day storage treatment was omitted due to filtering time
constraints. The mean difference in Cq-value and associated 95% CI of all qPCR replicates

was calculated. All statistical analyses were performed using SPSS IBMCorp. (2013).

102



Table 2.1. Outline of the number of samples processed per capture and storage treatment. Negative control pond in parentheses. Sterivex, eDNA extraction

within capsule (SXcapsuLg); Sterivex, eDNA extraction from buffer in tube outside capsule (SXtygg).

Storage
Refrigerated | Frozen Ethanol Longmire’s RNAlater Frozen | Ethanol | Longmire’s RNAlater

Capture Sum 24 h 2 weeks
SXcapsuLe 27 (5) 3(1) 3(1) 3(1) 3() 3(1) 3 3 3 3
SXruse 18 (3) 3(1) 3(1) 3(1) 3 3 3
Cellulose nitrate 15 (5) 3(1) (1) (1) (1) (1) 3 3 3 3
Glass fibre 27 (5) 3(1) 3(1) 3(1) 3() 3(1) 3 3 3 3
Polycarbonate 27 (5) 3(1) 3(1) 3(1) 3() 3(1) 3 3 3 3

Precipitation 9@ 3 3(D) 3
Total 123 (26)
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DNA extraction: DAY 1

SX SX :CN, PCTE, GF : CN, PCTE, GF
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side down, ina syringe.
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1 centrifuge 24 x 2-mL. :
:_Discard liquid. Let pellet dry.
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l buffer l I to 5-mL tube. |
and Letdry I
|| . |

| proceed | | upside-down |
| tonext | | inflowhood |
| step. | | with lid open. |
e e -
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end with cap.
Carefully, through
the inlet end of the
tube, pipet a mix of

720 pL ATL + 80 pL
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ML ATL + 20
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tube and seal
with parafilm.

prot K directly to the
filter. Close both
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|

-
| Place the dried
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Incubate in 56°C for 24 hours. Agitate using a rotor.
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DNA extraction: DAY 2

SXcAPsuLE SXtuBe CN, PCTE, GF | CN, PCTE, GF EP
Buffers or Frozen or Refrigerated Buffers Buffers Frozen or Refrigerated
11/4/ (S q 4 ) O|- q
v 1 /1 1 =1 \1
r'/ _______________________
6) Handshake L Vortex 15 s. |
capsulexs | T—T——T———T————T—T—T—T—T—T——T————7————
I S | S l_
7) Remove ALL the liquid from LRemove ALL the liquid, transfer to 5-mL LoBind tube |
the inlet with aluerlock  |——/—————"—"—————————— -
syringe. Measure the volume,
transfer to 5-mL LoBind tube
8) Add Buffer AL and ice-cold molecular-grade EtOH to the sample with the ratio

Sample: EtOH: Buffer = 1:1:1

| ! U I

Figure. 2.1. Flow chart illustrating the modified environmental DNA (eDNA) extraction protocol.
This is based on DNeasy Blood & Tissue Kit (QIAGEN, Carlsbad, CA, USA). *) Capture: SX, Sterivex-
GP polyethersulfone capsule filters. Note that SXcapsuLe and SXrtypg are treated as separate samples

from step 2. CN, cellulose nitrate; PCTE, polycarbonate track-etched; GF, glass fibre filters; EP, ethanol
precipitation. Storage: Frozen at -20 °C, Refrigerated are samples stored at 810 °C and processed within 5

h. Steps 9—

26 see Appendix S1.

1NR



2.4 Results

2.4.1 Species detection

Altogether 713 qPCR samples, including controls, were analysed. No samples were
discarded. Perch and pike were both detected in most of the qPCR runs from the study lake
(314 of 365, Fig. 2). For both species, SXrype showed the highest overall detection rate (95%
perch and 96% pike) and EP the lowest (89% perch and 56% pike; overall difference SXtusg
# EP: Pearson x2 (1, n=62) = 6.9, Fisher’s exact P = 0.02).

100 %

3 % %
E %
c .
O
= 50 A
()
s
Q
(m]
n=72 n=44| n=48 nl=97| n=B6] n=18
SXcapsute ! SXTuBE CN GF PCTE EP

(0-22 um) (0-45 uym) (0-6 um) (0-2 pm)
Capture method

Figure. 2.2 Detection rate using quantitative PCR (qPCR; study lake).

Blue bars and clear bars show positive detections of perch and pike, respectively. Pore size of filters within
parentheses. SXcapsuLg, Sterivex, extraction within filter capsule; SXrtygg, Sterivex, extraction in tube
outside capsule from removed preservation buffer; CN, cellulose nitrate; PCTE, polycarbonate track-etched;
GF, glass fibre; EP, ethanol precipitation. Error bars represent standard errors; » indicates number of trials
pooling all replicates for each method and both species combined. 1Devia‘ting from protocol, 12 SXcapsuLE
replicates were over-vortexed and tested mainly negative. If these 12 over-vortexed samples are omitted, the
detection rate estimate for SXcapsuLg increases to 100% for perch and to 91% for pike.
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2.4.2 Capture method

A CHAID tree multivariate predictive model was successfully generated from perch Cqg-
values. Capture method was the best overall predictor of Cq-values, better than storage media
or storage time. In general, the lowest Cg-values were generated from SXcapsuLe samples in
comparison with other capture methods (Fig. 2.3a). We validated the fundamental first-level
outcome from this multivariate model for perch with new data in the build of a second
CHAID tree, modelling pike Cg-values (Fig. 2.3b). In this second variant, capture was also
the best predictor of Cg-values and SXcapsure tied with the CN and GF filters in the lowest
value category. The fundamental first-level outcome of both the CHAID tree multivariate
predictive models was supported in a one-by-one comparison of capture methods including
both species and all treatments. Overall, SXcapsuLe Was more efficient than the other capture
methods apart from CN. SXcapsuLr yielded significantly higher [eDNA] and lower Cq-
values (Table 2).

(a) n=118 n=109 (b)
Perch ... | . Pike
39:310-3 36:7 02
CAPTURE METHOD CAPTURE METHOD
P<O-OOI1 F =202 P<O-OO|1 F=316
SXcaPsuLe SXTUBE,;CN, GF, EP P;CTE SXcapsute, CN, GF SXruse, PCTE
| |
n=25 n==67 n=26 n=6/7 n=237
‘IIII...__ -IIIIII._ \ﬁ --III-___ --llll-l-
36-8+05 39-5 +0-3 41-2 +0-4 35-6+0-2 38:1 +0-4
| 1
STORAGE TIME TIME STORAGE
P=0-02F=135 P= 0-0?2 F=123 P= O-OOI1 F=15-0 P=0-001F=212
Ethanol  Refrigerated | | Refri
) gerated, Frozen, RNAlater
or _ Frozenor <24h 2w <24h 2w Ethanol or Longynire
Longlmlre RNAlater r |
n=12 |[In=13 ||n=32 |{n=35 ||n=15 || n=11 n=26 ||n=11
IL IIIIIII \-I“¢ \LI--_ \|I¢ | |||II \-|I$ \_nlll.
35-:2 +0-4/|38-3 +0-7|| 38-4 +0-4|40-4 +0-4]|40-1 +0-4] |42-7 +0- 37-2 +0-3]40-1 +0-5

Fig. 2.3 Chi-square Automatic Interaction Detector decision trees. Relating three categorical variables
(capture method, storage treatment and storage time) as model predictors for Cq-values as response target
(study lake). (a) Perch. Best predictor was capture method, followed by storage time, and finally, storage
treatment. (b) Pike. Best predictor was capture method followed by storage treatment. SXcapsuLg, Sterivex,
extracted within capsule; SXtygg, Sterivex, extraction in tube outside capsule; CN, cellulose nitrate; GF,
glass fibre; PCTE, polycarbonate track-etched fibre; EP, ethanol precipitation; h, hours; w, weeks. Blue bar
charts indicate relative size distribution of Cq-values within each category before split. Number under bar
charts indicate mean Cq-value for the given category
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Table 2.2 SXcapsyLg in comparison with other eDNA capture methods
SXcapsuLe comparison of Cg-values (SXcapsuLe comparison of [eDNA]). Wilcoxon matched-pair signed-rank test of both Cg-values from
gPCR and [eDNA,] (denoted in parentheses). Significant P-values are in bold and non-significant P-values are denoted as N.S. SXcapsuLE,
Sterivex, extracted within capsule; SXryugg, Sterivex, extraction in tube outside capsule; GF, glass fibre; PCTE, polycarbonate tracketched
filter; CN, cellulose nitrate; EP, ethanol precipitation; [eDNA], total eDNA concentration. *Bonferroni corrected (5 tests): a = 0.05 lowered to
0.01,a=0.01 lowered to 0.002 and a = 0.001 lowered to 0.0002. fDue to time constraints, CN(24 h) were cancelled reducing sample size and
statistical power for CN in comparison.

Capture Pairs of n P Significance* Z Rank
SXtupEe 33 (18) 1x10° (5x 107 ok (k5) 4.4 (-3.5) SXcapsuLe < SXTuBE
(>SXtUBE)
GF 50 (27) 7x10° (2x 107) * (HK) 2.7 (-4.3) SXcapsuLe < GF (>GF)
PCTE 44 (27) 1x 107 (6x 10°) HE (HHK) 4.4 (-4.5) SXcapsuLe < PCTE
(>PCTE)
EP 13 (9) 1x 107 (8x 107) ok (%) 3.2(-2.7) SXcapsuLe < EP (EP)
CN¥ 29 (15) 0.32 (0.55) N.S. (N.S)) -1.0 (-0.6)
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SX samples contained up to 118 ng total eDNA pL ' and most SXcapsure amplified before
36 cycles (Fig. 2.4). [eDNA,] from the fish-free control pond showed a similar pattern,
being higher for CN and SXcapsure compared with GF and PCTE (Mann—Whitney U =12, n,
=n;, = 10, Fisher’s exact P = 0.003), but with no Cqg-values from qPCR as target species were
not present. Overall, capture method and [eDNA] were fundamental predictors of Cq-

values (Fig. 2.4).

2.4.3 Storage preservative

SX-specific storage results are singled out and illustrated in Fig. 2.5. SXtygg samples treated
with RNAlater, a significant predictor of poorer Cg-values in the CHAID trees, were least
successful. For SXcapsuLg, preservation in ethanol or Longmire buffer improved Cq values
for perch in comparison with frozen, 5 h and preservation in RNAlater (Figs 2.3a and 2.6).
Also for both species pooled, these two buffers (ethanol or Longmire) in SXcapsuLg resulted
in lower Cg-values compared with frozen or 5 h (Mann—Whitney Test U: 35, n; =23, n, =

15,Z=-41;P=4x10").

® SXcAPSULE
o (S:)rslTUBE
cq (b) o GF
| » PCTE

44 1 Pike

0 56 160 (ng uL™") 0 50 100 (ng L™
[eDNAtot]

Figure 2.4 Environmental DNA (eDNA) capture methods: relationship between total eDNA
concentration (JeDNAy]) and quantification cycles in qPCR (Cq-value) in study lake. Line represents
best-fit power function where Cq decreased as a function of [eDNA]. (a) Perch. Cq =41.8 x

[eDNA] " P <0.001, R’ = 0.23. (b) Pike: Cq = 40.0 x [eDNA] "*'; P <0.001, R’ = 0.42. Dotted
lines represent lower or upper limits of 95% CI for slope of regression. SXcapsuLg, Sterivex, extracted
within capsule; SXrtygg, Sterivex, extracted from buffer in tube outside capsule; CN, cellulose nitrate; GF,
glass fibre; PCTE, polycarbonate track-etched fibre; EP, ethanol precipitation.
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2.4.4 Storage time

Storage time in the second-level outcome from the first CHAID tree was classified as a
positively correlated predictor of Cg-values for all capture methods apart from SX (Fig.
2.3a). This was supported in a one-by-one comparison of capture methods including both
species and 24 h to 2 weeks treatments (Table 2.3). Cg-values did not increase significantly
with time using SX, but did with GF and PCTE. The mean difference between Cq-values of
paired qPCR replicates run within the same day was +0.3 + 0.2 SE. This difference increased
to +1.3 £ 0.2 SE when replicates run on different days were included, indicating that freezing
and thawing of eDNA once or twice between measurements decreased DNA quality
[Welch’s test #(1, 68) = 7.1, n; = 20, n, = 80, P = 9 x 10™'°]. To avoid introducing this error,
only DNA templates thawed for the first time were included when calculating average Cq-

values for the samples.

BUFFER NO BUFFER oah 2
Time: 5h w ;
Perch 2.4 h éWEthanm +Refrigerated * 3¢Frozen Pike

B [ Longmire's

¢ <O RNAlater

Ca (a) Cq (b)
\ SXcAPSULE |

SXtuBe * ‘

44 42

40 |
38
36

34

| e W 32

100 (ng L™

o
(o)
o

0 50 100 (ng L")
[eDNAtot]

Figure 2.5. Environmental DNA (eDNA) storage treatment using SX: relationship between

total eDNA concentration ([eDNA¢y]) and quantification cycles in qPCR (Cq-value) in study lake.
Line represents best-fit Eower function of the negative correlation between Cq and [eDNA]. (a) Perch:
Cq=140.9 9 [eDNA] % P <0.001, R2 = 0.28. (b) Pike: Cq =40.8 9 [eDNA,] " P <0.001, R2 =
0.45. Dotted lines represent lower or upper limits of 95% CI for slope of regression. Sterivex, extracted
within capsule (SXcapsuLg) and from buffer in tube outside capsule (SXtygg) shown in black and blue
symbols, respectively. h, hours; w, weeks.



2.4.5 Contamination

One false-positive signal for perch was detected at 42 cycles in an EP ‘no-water’ negative
control. Remaining negative controls for capture/storage treatments (n = 80) and negative
pond water (n = 85), NTCs (n = 64) and 37/40 tissue negative controls for species specificity
did not amplify. The contaminated tissue control was replaced and showed no amplification.

One extraction blank came up positive in one of the seven runs, but at a very high Cq of 46.2.

Table 2.3. Effect of storage time for eDNA results with different capture methods
Paired test of Cq-values

Storage Pairsofn | P Significance® | Z Rank

SXcAPSULE 20 0.15 | N.S. -1.5

SXrtuBe 16 0.18 | N.S. -1.3

PCTE 16 0.002 | ** -3.1 | PCTE 24 h <PCTE 2 weeks
Glass fibre 24 0.002 | ** -3.1 | GF 24 h < GF2 weeks

(GF)

2.5 Discussion

To our knowledge, this is the first study comparing enclosed filters (SX) with commonly
used eDNA capture and storage techniques. Similarly to other capture methods, SX can be
used to target a wide range of macro-organisms successfully (using PCR, qPCR or NGS;
Table S1), ensuring the generality of SX for surveys of aquatic biodiversity. Specifically, SX
with added preservation buffer (ethanol or Longmire’s) is the optimal approach of the tested
treatments in regard to [eDNA] yield and detection sensitivity for target species. Other
eDNA studies of macrobiota using SX (Keskin 2014; Bergman et al. 2016) did not apply
preservation buffers. Although our study set-up was different, the lake sample results are
consistent with the mesocosm experiment of Renshaw et al. (2015), showing that open CN
filter and polyethersulfone filters (same material as SX in this study) were more effective
than PCTE and GF. Additionally, we demonstrate that SX eDNA retains integrity over time,
whereas eDNA from the open filters degrades significantly. These results suggest that SX
eDNA is more effectively preserved, possibly due to the fact that it is considerably less
handled by the user. The capsule may reduce risks of exposure to physical and biogenic stress
as well as contamination, because capture, storage and extraction take place within the filter
capsule. This, together with extended field usage possibilities, and higher eDNA yields,

constitutes reasons to recommend enclosed filters before other capture methods.



2.5.1 Capture method
D Buffer (Ethanol or Longmire's)

Based on our results, we reject Ho I:I No Buffer (Refrigerated or Frozen)

hypothesis 1 stating that SX and 04?1 _ o
commonly used techniques in our study
are equally effective, because SXcapsuLE "

yields the lowest Cg-values for perch (Fig.

2.3a). However, this is only partially T
40

validated in the case of pike (Fig. -|-

2.3b), where SXcapsuLe, GF and CN group

together for the lowest Cg-values. Overall, 387 o
SXcarsuLg yields higher -|- _
[eDNA/] and generates better gPCR 36

results than other capture methods, with J_

the exception of CN. Our CN/SX 34

comparisons are not as extensive as the J— 4
SX/GF and SX/PCTE comparisons (Table 32 - o

2.2). We show that higher levels of Perch " Pike
[eDNA] are related to lower Cq-values Fig. 2.6. Boxplots of Cq-values showing

oF arget specios DNA (F'=023-0.45,  Sxcams (extaction vitkin Steives capalo

Figs 2.4 and 2.5) and therefore suggest buffer (ethanol or Longmire’s).

measurements of [eDNA] for

approximate indications of eDNA capture efficiency. The comparison in this study of SXrugg
to SXcarsuLe demonstrates that utilizing both these sources of eDNA should be useful.
Pooling of these in the final elution step would be advisable for gaining even higher final
yields of eDNA. SXtyge exhibits the highest overall detection rate for both species (95-96%)
in our study, significantly higher than EP results. Higher amounts of false negatives from EP
field samples may be due to DNA retention in the falcon tubes (Gaillard &

Strauss 1998) and/or to the low water volume processed (0.015 L; Deiner et al. 2015;
Eichmiller, Miller & Sorensen 2016; Minamoto et al. 2016).



2.5.2 Storage preservative

We reject Hy hypothesis 2a stating that preservation buffers for storage of SX do not affect
gPCR amplification in comparison with extraction within 5 h or freezing at -20 °C. Two-
thirds of published aqueous eDNA surveys reporting storage details

apply freezing of filters as a preservation method (Table S1 and S2), while less than one-third
of surveys use buffer storage. Our results indicate that addition of ethanol or Longmire’s
immediately after SX filtration provides the lowest Cq-values, and is significantly better than
freeze storage or extraction within 5 h. Based on our results as well as the results of three
previous studies (Renshaw et al. 2015; Wegleitner ef al. 2015; Minamoto et al. 2016), we

recommend addition of preservation immediately after filtration.

2.5.3 Storage time

We reject HO hypothesis 2b that degradation of captured eDNA is the same in SX filters and
the other capture techniques tested in this study. Cq-values increase significantly with storage
time for GF and PCTE samples, indicating degradation of eDNA. In contrast, Cq-values for
SX samples (SXcapsuLe or SXrtuse) do not differ significantly after 2 weeks of storage at RT.
We note that repeated use of the same extracted eDNA sample (eluted in TE-buffer) for
gPCR on different days, entailing repeated freezing and thawing, resulted in higher Cq-
values. Freeze—thaw-induced degradation and/or inhibition of DNA is previously
acknowledged (e.g. Ross, Haites & Kelly 1990; Takahara, Minamoto & Doi 2015). We
therefore recommend that extracted eDNA samples are divided into many aliquots
immediately after extraction, in order to avoid compromising eDNA quality by repeated

freezing and thawing.

2.5.4 Contamination

We cannot yet reject Hy hypothesis 3 stating that SX leads to as many false positives as
typically used methods. We only produced one false positive (EP) which is insufficient for
any statistical inference. The SX approach using sealed pre-sterilized equipment until
sampling, and capping filter immediately after filtration, should reduce contamination risk.
The contamination variance between these capture methods remains to be tested using more

observations and possibly synthetic controls (Wilson, Wozney & Smith 2016).



2.5.5 Limitations

The hand-held syringe used with SX filter units is convenient but turns into a labour-
intensive bottleneck when processing many samples. This can be alleviated by switching to
battery powered pumps (SterivexTM 2013). In ‘algal soup’ or turbid waters, 0.2 pm pore size
may pose a problem as the filters clog easily and less water can be processed (Turner et al.
2014a).

This can be overcome by pre-filtering (Robson et al. 2016) and/or increasing the number of
filter replicates. Future research is needed to identify optimal procedures for highly

productive and/or turbid waters.

2.6 Conclusion

In conclusion, we recommend SX filters as an efficient capture method for aqueous eDNA
sampling of macro-organisms. Preservation of SX in ethanol or Longmire’s buffer
immediately after filtration is recommended. Preserved SX capsules may be stored at RT for
at least 2 weeks without significant degradation. Water samples can be quickly filtered and
preserved on site requiring less equipment, easing transport. Therefore, SX capsules are

logistically compatible with remote and harsh field conditions.
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Chapter 3

Universal Methods: informing field and laboratory
methods for Chapter 4 and 5



3.0 Introduction
This Chapter describes the field, laboratory and bioinformatic methods used in the following
Chapter 4 and Chapter 5 so that methodological explanations are not repeated across

chapters. Further explanation to these descriptions are found in Chapter 4 and 5.

3.1 Sterivex Filter eDNA sampling
Filtration of eDNA was performed using the Sterivex™ Filter Units (SVGPL10RC pm,
polyethersulfone, with Luer outlet, gamma irradiated, 2 L, Male Luer-Lok®). Below are the

step-by-step instructions used for the isolation of eDNA through filtration using these filters.

3.1.1 Equipment
e 1 sampling bag = 1 x Sterivex filter, 1 x inlet cap, 1 x outlet cap, 2 x parafilm

e C(lipboard, pencils, sampling sheet, and protocol

e Lab gloves

e Spray bottle containing 20% bleach and 80% bottled drinking water

e Spray bottle containing clean ethanol

e Unopened paper towels.

e [ce box containing frozen ice blocks (both previously sterilised with 50% bleach

solution)

e Ifalso using a storage buffer e.g. RNA Later, ethanol, or Longmire’s solution
o 2 ml per filter of buffer
o 1,000 pul pipette
o 1,000 ul pipette tips

3.1.2 Sampling protocol

See Figure 3.1 below.

1. Wash hands with soap and put on gloves.

2. Take a sampling bag and label both the bag and filter with permanent pen, adding plastic
tape over the writing on the filter to prevent smudging during extraction.

3. Remove 60 ml syringe from sterile packaging.

4. Draw 50 ml of desired water up into the syringe.

5. Attach Sterivex filter to the syringe by gently pushing the syringe tip inside the inlet of the

Sterivex, and gently twisting until the Sterivex filter is secure.
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6. Push the 50 ml of water through the Sterivex filter (the water will come out of the Sterivex
outlet), without applying too much pressure as this can break the filter.

7. Unscrew the Sterivex again, repeat steps 4. — 6. until completing the desired volume.

8. Draw air only into the entire syringe, and push the air through the Sterivex filter to remove
remaining water droplets. The Sterivex filter must be as dry as possible.

9. If using a storage buffer, inject 2ml using the pipette and tip gently inside the Sterivex
inlet. If not using storage buffer, leave inside dry.

10. Screw the Inlet Cap onto the Sterivex inlet, and the Outlet Cap onto the Sterivex outlet.
Wrap both ends in parafilm

11. Put the filter back inside the labelled bag

12. Put immediately into a freezer box with frozen ice blocks inside, and transfer to -20°C

freezer as soon as possible.

I
¢
~

|

11. 12.

[]
o 0°C
R_~

Figure 3.1 Sterivex filter sampling protocol.
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3.1.3 Habitat measurements

Temperature, pH and lake depth were measured using automatic digital samplers. Turbidity
was measured using a secchi disk. Nitrate (NO3) levels were measured using the Sera
Nitrate-Test kit https://www.sera.de/us/product/sera-nitrate-test-no3/, and phosphate (PO4)
levels were measured using the Sera Phosphate-Test kit https://www.sera.de/us/product/sera-

phosphate-test-po4/.

3.2 Sterivex filter eDNA extraction
3.2.1 Equipment

Incubation oven set to 56°C

Rotating plate

Centrifuge for 24 x 2 ml Eppendorf tubes
DNA LoBind Eppendorf tubes.

Ethanol

Qiagen DNEasy Blood and Tissue kit
Pipettes

Pipette tips

3.2.2 Sterivex filter extraction protocol

Extractions were performed using the Qiagen DNEasy Blood and Tissue Kit, following the
protocol designed in Chapter 2 (Spens et al. 2016) (also used by Minamoto ef al. 2012,
Goldberg et al. 2013, Pilliod ef al. 2013, Kelly et al. 2014). After adding buffer ATL and
Proteinase K directly inside the Sterivex filter capsules, the capsule lids were replaced and
the capsules placed inside a rotating plate and secured with plastic tape to allow a maximum
number of samples to be processed, and maximise security of the samples whilst rotating.
The rotating plate was placed inside an incubation oven at 56°C. Labels were written directly
onto the plastic housing in pen, and individually wrapped in plastic tape to prevent marks
fading or being wiped off during the rotation process. For the final step of the extraction,
samples were eluted in 100 pl, and due to the long and repeated final incubation, between 80-
100 ul was finally available. This extraction elute was then transferred to a LoBind 1.5 ml
Eppendorf tube, wrapped in parafilm, and stored in -20 °C freezers until further use.

For Chapter 5, some samples were extracted at the Indonesian Biodiversity Research
Centre, as above, and some were extracted in the Geogenetics laboratory of Copenhagen
University after being posted from Malaysia and Indonesia (see Chapter 5). Samples which
were extracted in Copenhagen were filtered at the lake site in Indonesia or Malaysia, placed

in an ice box, stored at either -4 °C in a household freezer near the lake site, or -20 °C at the
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University of Science, Malaysia, or the Indonesian Biodiversity Research Centre labs in Bali.
Malaysian samples were shipped on dry ice using Fedex, and Indonesian samples were
injected with 2 ml of EDTA buffer (details here) and shipped using Fedex to the Natural
History Museum of Denmark. As it was not possible to ship samples on dry ice from
Indonesia, adding EDTA buffer was chosen to try to preserve the samples during shipment.
DNA extractions performed at Copenhagen University were done in a low-quantity DNA
room specifically designed for extraction, where no post-PCR processes are permitted, or

movement of persons or items from post-PCR labs allowed.

3.3 Amplification of eDNA

3.3.1 Primer validation

To test the amplification success of vertebrate eDNA using the three primer pairs,
preliminary samples were collected from both Chester Zoo and the Anglesey Sea Zoo in the
UK. Samples were collected in sterile 1 L Gosselin™ Round HDPE Bottles, as well as sterile
15 mL tubes (Star Lab, Cat. No. E1415-0200) immediately poured into a 50-mL centrifuge
tube (Star Lab Cat. No. E1450-0200) containing 33 mL laboratory grade ethanol and 2 mL
sodium acetate. These samples were extracted using the Qiagen DNEasy Blood and Tissue
Kit at Bangor University’s Molecular Ecology and Fisheries Genetics laboratory, and then

treated as all other samples were at the GeoGenetics laboratory.

3.3.2 Screening of eDNA samples

Before experimental PCR amplification, a subset of samples was first screened to assess
assay response, amplification efficiency, and inhibition using qPCR. A serial dilution of the
original template was created using the dilution factors; 1:1, 1:2, 1:10 and 1:20, with qPCR
performed on a qPCR machine at the GeoGenetics laboratory in Copenhagen University.
This approach has been used in other metabarcoding studies (Berry et al. 2017). Where DNA
extracts were amplified, the DNA dilution with the highest concentration of uninhibited
amplification (determined by qPCR Cr values and if different amplification curves crossed
over one another) was selected for subsequent metabarcoding using tagged primers (primer
indexes). This type of optimisation of template DNA has been shown to improve sensitivity,

reproducibility and quality of metabarcoding data (Murray, Coghlan, & Bunce, 2015).
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3.3.3 PCR
Table 3.1 Group-specific mitochondrial 12S, 16S and COI primers.

Name Sequence (5° -3’) Annealing Reference
Temperature

teleo_F ACACCGCCCGTCACTCT 55°C Valentini et al. 2016
teleo R CTTCCGGTACACTTACCATG Valentini et al. 2016
16Smaml CGGTTGGGGTGACCTCGGA 59°C Taylor et al. 1996
16Smam?2 GCTGTTATCCCTAGGGTAACT Taylor et al. 1996
jgHCO2198 TAIACYTCIGGRTGICCRAARAAYCA 52°C Geller et al. 2013
mlCOIlintF  GGWACWGGWTGAACWGTWTAYCCYCC Leray et al. 2013

Table 3.2. Examples of studies which used the 128, 16S and COI primers used herein.

Primer Reference

12S (Valentini et al. 2016) Hinfling, B. et al., 2016
12S (Valentini et al. 2016) Sigsgaard, et al. 2017
12S (Valentini et al. 2016) Thomsen et al. 2016

16S (Taylor ef al. 1996) Schnell et al. 2012
16S (Taylor et al. 1996) Cannon et al. 2016
16S (Taylor et al. 1996) Klymus et al. 2017
COI (Leray et al. 2013) Kelly et al. 2014
COI (Leray et al. 2013) Leray et al. 2015

Amplification and further molecular work was performed in the GeoGenetics laboratory, in
three separate laboratory rooms. Room 1 for pre-PCR (no-DNA, only reagents permitted,
Room 2 for pre-PCR (DNA is permitted), and Room 3 for PCR / post-PCR work. No
movement of persons or items from Room 2 to Room 1, or from Room 3 to Room 2 or 1 is
allowed, and fresh clothes must be worn when entering Room 1 or Room 2. Once a PCR
master mix was made in Room 1, DNA was added in Room 2 where no post-PCR processes
are permitted. All work was performed in a flow-hood wherever possible. Three marker
genes were utilised to maximise taxonomic coverage, this multi-gene approach reduces
taxonomic bias and increases taxonomic coverage (Alberdi ef al. 2017; Stat et al. 2017).
These were: 12S rRNA targeting teleost fish (Valentini ef al. 2016), 16S targeting mammals
(Taylor et al. 1996), and COI targeting all metazoa (Leray et al. 2013). These primers were

selected for their success in previous eDNA metabarcoding studies.
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All primers were individually labelled with a unique oligonucleotide ‘primer index’ sequence
(see General Introduction), with a number of unique tag combinations (for 12S n = 32, for
16S n =59 and for COI n = 60) (see Appendix 5 for details). For the 12S primer set, tags
were designed using the OligoTag program (Coissac, 2012) and consisted of six nucleotides
with a distance of least three bases (from Thomsen et al. 2015). Two or three random bases
(NNN or NN) (De Barba et al. 2014) were attached to the end of the primer index sequence
to increase complexity in the final pooled sample. Each PCR reaction was individually
amplified using a matching forward and reverse tag, i.e. a ‘twin tag’ (the same primer index
for F and R) approach (e.g. Tagl-Tagl, Tag2-Tag2, Tag3-Tag3... etc) so that each amplicon
is double tagged with matching tags (see Figure 3.2), allowing increased confidence in
assigning a sequence to a sample through the removal of non-twin primer index combinations
(e.g. Tagl-Tag2, Tagl-Tag3, Tag2-Tag3... etc) which may arise due to tag jumping (Schnell
et al. 2015).

Forward and reverse primers with primer indexes (tags) attached were diluted to 10
mM concentrations, and then matching tag combinations combined into seven out of eight
tubes in a PCR strip in chronological order, so that the final concentration of each forward or
reverse primer was 5 mM. This was done for ease of pipetting using a multi-pipette, by which
the first seven wells contained a forward and reverse primer mix with matching tags, and the
final eighth well was left empty. This was done so that the final well in a PCR strip was used
for a negative control with either an untagged primer, or a primer with a unique tag used for
all PCR negatives. To avoid primer-index (tag) related bias in amplification (O’Donnell ef al.
2016), primer-index combinations were rotated along different samples for each PCR
replicate. For each sample, 3 x replicates were performed, and when 1/3 replicates did not
show amplification on a gel, the PCR was repeated, and this repeated PCR sample used. All
PCR reactions were performed in 25 pl volumes of 2 pl of DNA, 2l of forward primer
(diluted to 10mM) 2 pl of reverse primer (diluted to 10um) 2.5 pl 10 x PCR Gold Buffer
(Applied Biosystems Life Technologies, no MgCl2), 2.5ul MgCl (Applied Biosystems Life
Technologies 25mM), 0.5 pl DNTP (Gene ON, dNTP mix), 0.2 ul AmpliTaq Gold (Applied
Biosystems Life Technologies, 5U/uL), 1 ul BSA and 12.30 pl water (molecular grade). PCR
conditions were as follows: 95°C for 5 minutes, then 35 cycles of 95°C for 12 seconds, x°C
for 30 seconds, 70°C for 25 seconds, followed by 70°C for 7 minutes, 4°C hold. For 16S x°C
=59°C, for 12S x°C = 55°C and for COI, x°C = 52°C.
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Sample 1 Sample 2 Sample 3 Sample 4 Sample n..

!

Extraction step using Qiagen DNEasy Blood and Tissue Kit

Extract 1 Extract 2 Extract 3 Extract 4 Extract n...

! ! ! ! !

PCR step using primers with a unique oligonucleotide ‘primer index’ sequence

! ! !

4Dooad
ADooad
ADCoud
ADCoad
Apooad

PCR 1 Pool 1

Figure 3.2 Metabarcoding set up from sample to first PCR pool. The top line of circles indicates the
mix of eDNA molecules per sample which may come from different taxonomic groups, e.g. red =
mammal, blue = fish, green = plant. The second line indicates the eDNA extracts created using the Qiagen
DNEasy Blood and Tissue kit, containing a mix of eDNA from different taxonomic groups. The third line
indicates the amplified PCR product from one differently tagged primer e.g. 12S amplifying mostly fish

DNA. The final tube indicates a library pool, consisting of five differently tagged PCR samples using the
same primer.
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Figure 3.3 Metabarcoding set up from PCR pool to library pool. The top line shows PCR1 Pooll, PCR2 Pool2 and PCR Pool3 from the previous
step (Figure 3.2) which then undergoes a second PCR to add a unique oligonucleotide index, so that the PCR pools can be combined into one library
pool. For example, the centre library pool shows 3 x PCR replicates using e.g. 12S primers targeting fish, with individually tagged samples, combined

into PCR pools which are also uniquely labelled with an index. Other libraries (for 16S targeting mammals, red, and COI targeting metazoan, green).
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3.4 Sequencing of eDNA
3.4.1 Library Building and Sequencing

PCR products from all wells were verified on 2% agarose gels stained with GelRed™, with
conditions as follows: either 2% agarose gel (for 12S and 16S), or 1.8% gel (for COI), using
120V, 400mA 120 for 40-45 minutes. The resulting images were used to assess amplified
PCR product band strength, and categorise the bands by eye into four categories from which
a commensurate volume was taken according to relative concentration; 1 = strong =5 ul, 2 =
medium = 7.5 pul, 3 =weak = 10 pl and 4 = no band = 12.5 ul. PCR products were then
pooled for the first step of the library build protocol by combining one PCR replicate of the
different samples, so that the same tag combination appeared only once per pool. The number
of pools per primer pair varied according to the number of primer-indexes (tag) combinations
available (see Appendix 5). Fragment size and concentration of libraries were verified on an
Agilent 2100 Bioanalyzer. Library building was performed using the NEBNext® DNA
Library Prep Master Mix Set for 454, using a modified NEBNext protocol combined with
TruSeq indexes. Libraries were subsequently pooled in equimolar concentrations and
sequenced on the [llumina MiSeq platform (%2 flow cell) using 150 bp paired-end sequencing
for the 12S and 16S primers, and 250 bp paired-end sequencing for the COI primers at the
Danish National Sequencing Centre. To improve any low-diversity samples, a 15% spike-in
of PhiX (PhiX Control v3 Library commonly referred to as PhiX, FC-110-3001, derived from
the small, well characterized bacteriophage PhiX genome) was incorporated into each

sequencing run to increase DNA complexity, known to improve DNA sequencing success.

3.5 Bioinformatic Analysis

Stringent sequence and taxon filtering parameters were employed with the aim of generating
a high-confidence data set, removing false positives and correctly classifying true positives.
False positives may have arisen through low-quality or spurious reads, low-confidence
annotations, or spurious annotations. Bioinformatic analyses were implemented using a
custom script, ran on Mac OS X using python/v2.7.12. The script used command line tools
combined with various software in a pipeline shown in Figure 3.4. The summary, and details

of the bioinformatic pipeline is explained below.
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3.5.1 Summary of bioinformatic pipeline

l.

0 © N 0Nk w D

Transfer raw reads

QC analysis of reads for via FastQC report

Trim adapters, quality check and merge paired reads
FastQC merged reads to create a FastQC report

Sort reads by tags and primers within pools

Confirm tag combinations on sequences within each pool
Filter sequences across PCR replicates

Check PCR replicates and positive and negative controls

Cluster merged reads into Operational Taxonomic Units (OTUs)

10. Create OTU table

11. Blast OTUs and open in Megan to assign taxonomy
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Figure 3.4 Summary of bioinformatic steps.

3.5.2 Detailed bioinformatic pipeline

FastQC report

Tag.txt files
Merged.fastq files
FastQC report

Number of

erroneous seqs
Summary counts

Filter summaries
Fasta files of 2/3
and 3/3 PCRs

Supertable files
OTU summary file

Blast output txt file

Taxonomic tree
cvs file with ranked
assignments

Reads were transferred from a download available from the National High-Throughput
Sequencing Centre, Denmark http://seqcenter.ku.dk/ to the local server @hpc.ku.dk and
stored in folders referred to as ‘pools’ based upon individual PCR replicates grouped into
different libraries. High throughput sequence quality control (QC) analysis was performed on
raw reads using fastqc/v@.11.5 to create a quality control (FastQC) report, to identify
problems and assess general read information. Remnant adapter sequences were removed,

and paired reads were quality checked and merged using AdapterRemoval/v2.2.2 (Schubert
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et al. 2016). Reads shorter than 50 bp were discarded following trimming. Alignments were
considered where up to 5 nucleotides were missing from the 5' termini. Ambiguous bases (N)
were trimmed at the 5'/3' termini. Bases were trimmed at the 5'/3' termini with quality scores
<= a minimum quality PHRED value of 28, encoded upon a quality base of 33. Paired end
read alignments of a minimum alignment length of 50 or more bases were collapsed,
combined into a single consensus sequence representing the complete insert, and written to
either basename.collapsed or basename.collapsed.truncated (if trimmed due to low-quality
bases following collapse). These two file types were then merged into one fastq file, and a
FastQC report created as above. Merged fastq files (amplicon sequences) were then sorted by
tags and primers within pools using the program DAMe/v@.9 (Zepeda Mendoza, ef al., (2015)
and its python script sort. py. Sequences were then filtered across PCR replicates using the
filter.py script in DAMe, based upon the number of sequence copies found in negative
controls. Sequences were only retained if they occurred in at least two out of three PCR
replicates. Short reads (such as primer dimers) were filtered out by selecting a minimum
sequence length (-1) based on expected amplicon size; for COI data, -1 = 300, for 16S data,
-1 =80, for 12S data -1 =50. Abundance filtering was employed for each data set, for the
COlI data, sequences were retained with a minimum of 50 copies were retained, and for 12S
and 16S data, sequences with a minimum of 20 copies. Using the DAMe python script
plotLengthFregMetrics_perSample.py, a graph of read counts categorised into fragment
length was plotted from which the minimum and maximum length to trim sequences was
decided upon. Filtered reads now within a FilteredReads. fna file were then converted into
a file format accepted by Usearch or sumaclust (Boyer et al. 2014) using the DAMe python
script convertToUSearch. py, using an —lmin (minimum length) and —lmax (maximum
length) of 300 and 300 bp for COI data, 80 and 120 bp for 16S data, and 60-120 bp for 12S
data based upon the SequenceLengthDistribution.pdf file. Clustering of amplicon
sequences into OTUs was then performed using sumaclust/v1.0.20 (Boyer et al. 2014). An
identity score of 0.97 (i.e. an identity of 97%) was chosen for each dataset based upon
comparisons of OTU clustering settings (Table 3.3 below). As using the —e or R arguments
did not cause a large change in OTU number, these arguments were left out of the final
command for clustering. It was observed (see Figure 3.5) that there was an ‘inflection” where
OTU number increased at a higher rate between 98-99% clustering for both 16S and 12S
data, (although OTU number from COI data increased more steadily).
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Table 3.3 OTU cluster testing for each marker.

Marker Min copy Clustering No. of OTUs | No. of OTUs | No. of OTUs | No. of OTUs
number identity with -e with R 0.9 with R 0.95
ColI 2 96% 4280 4280 4346 4316
ColI 2 97% 4601 4601 4670 4638
ColI 2 98% 5044 5044 5116 5084
COlI 2 99% 5877 5877 5950 5919
COlI 20 96% 1031 1031 1044 1039
COlI 20 97% 1073 1073 1088 1082
ColI 20 98% 1116 1116 1132 1124
ColI 20 99% 1233 1233 1252 1240
ColI 50 96% 583 583 589 588
COlI 50 97% 599 599 606 605
COlI 50 98% 616 616 622 621
ColI 50 99% 658 658 665 662
16S 2 96% 146 146 148 147
16S 2 97% 174 174 177 176
16S 2 98% 513 513 518 516
16S 2 99% 2901 2901 2900 2900
16S 20 96% 86 86 86 86
16S 20 97% 88 88 88 88
16S 20 98% 185 185 185 185
16S 20 99% 609 609 609 609
128 2 96% 214 214 216 216
128 2 97% 849 849 853 853
128 2 98% 958 958 962 962
128 2 99% 6728 6728 6728 6728
128 20 96% 123 123 123 123
128 20 97% 151 151 151 151
128 20 98% 155 155 155 155
128 20 99% 1714 1714 1714 1714
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OTU counts for COI data minimum
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0 - -
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Figure 3.5 OTU counts for each marker standardised to
20 copies. COI (top), 16S (middle) and 12S (bottom) when
changing the OTU cluster identity setting. Note the
inflection beginning around 97%, which led to this
clustering level being selected. Although 50 copies were
retained for COI data, only 20 were used to create this
graphical comparison for consistency.

For 16S and 128 data, only OTUs
with a read count of more than 20
were retained, and for COI data,
only OTUs with a read count of
more than 50 were retained. Read
counts were normalised using the
python script
tabulateSumaclust.py within
DAMe using the —s (--scale)
argument which sets the number
of reads to scale each sample to.
The blast input file created was
then imported into MEGAN 6
(community edition) used for
taxonomic assignments using the
default settings, which was then
linked to the OTU tables. Once
OTU tables were created and
populated with the taxonomic
information from MEGAN, each
sequence was individually
verified by running a BLAST
search on the NCBI database
using megablast, and the output

assessed for query cover, identity,

and the consistency of sequences in
the sequential hits. Since data is
exchanged daily between EMBL-
Bank and NCBI Genbank (NCBI
2017), it is assumed that there

should be no major differences when using either of these databases.
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3.5.3 NCBI and BLAST

Each species name given for the species assignment from BLAST was double checked by a
Google search for that species, to confirm that the name was correct. Fish species were
confirmed using fishbase.com, which has the most current nomenclature, and includes all

synonyms.

Table 3.4 BLAST Identity accepted for each taxonomic level assignment

Taxonomic level BLAST Identity

Species >99

Genus 95 -98
Family 90 —-94
Order 80— 89
Class 70 -79
Phylum 60 — 69
Domain <59

Any sequences with a BLAST Query Cover of less than 55 % were removed from the
analysis due to the likelihood of the sequence being a chimera or sequencing artefact. Only
an Identity of 99-100% with no other matches to other species with the same match quality
were accepted as species level assignments from BLAST, otherwise the OTU was assigned to
genus level. For example, OTU20 matched with 100% Query Cover and 100% Identity to the
top six hits of four different species Sarotherodon galilaeus, Sarotherodon melanotheron,

Oreochromis niloticus and Oreochromis aureu, and so was assigned to family level.
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Chapter 4

The distribution of eDNA within the Indonesian lake,
Danau Tamblingan: recommendations for eDNA sampling
of tropical lentic habitats
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4.1 Abstract

The spatial distribution of eDNA within a lacustrine environment is likely dependent on a
variety of factors including degradation time, lake hydrology, animal behaviour and
environmental conditions. When sampling eDNA from lacustrine habitats, it is unclear how
many samples should be collected, and how far apart they should be collected to encompass
the extant biodiversity. In this chapter, I investigate how the collection of aquatic eDNA from
different spatial sampling points within the same lake has an effect on the biodiversity
information generated through metabarcoding sequenced using the Illumina MiSeq. Nine
points were sampled with three filter replicates each, at regular spatial intervals across the
surface of a Balinese caldera lake (Lake Tamblingan), and ten different depth points from 0 —
18 m deep. Sterivex filters were used to filter water on site and capture eDNA, which was
then amplified using three mitochondrial markers (1285, 16S and COI) to maximise the
generation of biodiversity information. Fish and mammal species detected were verified by
records in previous studies. Different taxonomic community composition and OTU richness
was generated from different sites 500 m apart, and from different depth points only 2 m
apart. This variability highlights the need for aquatic eDNA studies of standing waters to
employ a sampling technique that is as spatially thorough as possible if the aim is to detect
total biodiversity. However, further work testing points at more regular intervals, and storing
filters in a buffer could increase the taxonomic information generated and give a clearer

picture of how eDNA is spatially distributed within a tropical lake.

4.2 Introduction

4.2.1 Current understanding of eDNA

Environmental DNA (eDNA), defined by Thomsen and Willerslev (2015) as ‘genetic
material obtained directly from environmental samples (soil, sediment, water etc.) without
any obvious signs of biological source material’ has become a hot topic in the world of
molecular ecology and wildlife biology, highlighted in many recent reviews from the last five
years (Lodge et al. 2012; Yoccoz, 2012a; Taberlet et al. 2012a; b; Rees et al. 2014; Bohmann
et al. 2014; Rees et al. 2015; Pedersen et al. 2015; Lawson Handley, 2015; Thomsen and
Willerslev, 2016; Deiner et al. 2017b; Evans et al. 2017¢c; Hansen et al. 2018; Cristescu and
Hebert, 2018). Within this recent surge, the most common application of environmental DNA
sampling for macrobial life has been from aquatic habitats, with implications for the

monitoring of aquatic wildlife for ecosystem assessment, conservation management, and
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tracking of invasive species. Freshwater studies have covered a range of environments, from
water bodies as vast as the Great Lakes of the USA (Jerde et al. 2011), to microcosms as
small as the water collected in bromeliad plants of Tobago (Torresdal ef al. 2017).

The field of eDNA research and its use in biodiversity monitoring is still in its
infancy, thus, the majority of studies have mainly focused on proof of concept, and as of yet,
there are few universal, standardised protocols for optimal sampling of aquatic eDNA from
specific environments in the wild. The number of replicates and position of sampling points
within a habitat will of course (as with traditional sampling methods) yield varying results.
Results are dependent upon the probability of detecting the target taxon, which generally
increases with closer spatial and temporal proximity of point-of-sampling to the target, and
thus the availability of eDNA particles. Therefore, a sampling strategy that maximises the
detectability of a target species or a target group must be employed as far as logistics and
resources will allow. It is unclear precisely how homogeneous the distribution of eDNA from
different organisms are within a water body, and exactly how this may vary across lentic and
lotic systems, and warmer and colder climates. If eDNA monitoring is to be adopted by
conservation managers, environmental consultants or ecotoxicologists, for example, then the
ecology of eDNA (Barnes and Turner, 2016) needs to be further understood to inform best

practise approaches to field sampling design.

4.2.2 What approaches are currently used for aquatic eDNA sampling?

As early eDNA studies focussed on demonstrating the concept of connecting eDNA with
species identification, sampling strategies were rarely fully described, sometimes with limited
information such as “samples were obtained from the river” (Martellini ez al. 2005). There
are now a limited number of official protocols for sampling of macrobial eDNA from aquatic
habitats for wildlife biology and biodiversity monitoring. The United States Department of
Agriculture has, in collaboration with the National Genomics Centre for Wildlife and Fish
Conservation and the Forest Service, published a protocol for collecting eDNA samples from
streams for fish detection, including: kit; procedures for avoiding contamination; choice of
sampling location; collection of control samples; and best-practise for storing the eDNA filter
(Carim et al. 2016). Other official protocols include how to sample pond eDNA for the
detection of Great Crested Newts in the UK (Williams, 2013) and how to filter water to

capture eDNA from aquatic organisms in the U.S.A. (Laramie ef al. 2015).
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For lotic systems such as rivers and streams, initial proof-of-concept studies focused
on simple sampling strategies targeting areas where there was a priori knowledge of
approximate presence or abundance of individuals against which to compare eDNA
concentrations e.g. Thomsen et al. (2012a). When comparing eDNA sampling with
traditional methods, water samples were mostly only collected at the same point of
conventional sampling methods to compare the two, e.g. when comparing fyke nets to eDNA
sampling for fish surveys (Shaw et al. 2016). Some river studies have simply collected a
single surface water sample from the edge of the river at a few locations (Deiner and
Altermatt, 2014; Fukumoto et al. 2015; Laramie et al. 2015; Deiner et al. 2016), whilst others
have collected at least three samples per location, and used multiple locations (Goldberg et
al.2013; Pfleger et al. 2016; de Ventura et al. 2017), sometimes using a transect approach
consisting of the left side, centre and right side of the river (Goldberg et al. 2013). Other
studies report full information on sample location coordinates, time, water depth and water
temperature from more than 100 samples along a river network, collected in triplicates

(Pfleger et al. 2016).

For lentic systems such as ponds and lakes, early studies again focused on proof-of-
concept, and so collected few samples with a basic approach of 3 x 15 mL samples per pond
(Ficetola et al. 2008; Dejean et al. 2012; Thomsen et al. 2012a). Later protocols collected
considerably more samples from around the pond (20 x 15 mL) (Williams, 2013), while other
studies increased the sampling volume (20 x 40 mL) (Tréguier et al. 2014). Techniques have
since generally moved from ethanol precipitation of low volume samples, to filtration of
either around 1 L (Takahara ef al. 2013; Fujiwara et al. 2016; Davison et al. 2017),2 L
(Gingera et al. 2017) or 2.5 L of water (Larson et al. 2017) from one, or a few points per

pond or lake.

By combining aquatic eDNA filtering with metabarcoding approaches and next-
generation sequencing, many species can be detected at once and a rough estimate of relative
abundance could be generated through observing sequencing read counts per OTU
(Operational Taxonomic Unit), or exact amplicon sequence variants (see Glossary) (Clarke et
al. 2017; Callahan et al. 2017). Hianfling et al. (2016) combined eDNA filtering with
metabarcoding and undertook one of the most extensive lake sampling approaches to date,
collecting 2 L. samples every 1 km along the littoral zone, with further samples at each of
these points from both 5 m and 20 m depth profiles into the limnetic zone. They found that

eDNA was heterogeneously distributed and more species were detected from shoreline
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samples. This type of intensive sampling strategy, combined with carefully implemented
metabarcoding is likely to yield the highest probability of detection of biodiversity within an

entire water body.

4.2.3 How is macrobial eDNA distributed within an aquatic environment?

Environmental DNA detectability is likely dependent on the interplay between DNA release
and DNA degradation (Dejean et al. 2011; Thomsen et al. 2012a), which is affected by a
suite of variables discussed in the Introduction (page 14). In summary, eDNA release rate is
likely to depend upon organism size (Klymus et al. 2015; Lacoursiere-Roussel, 2016b),
and/or biological activity (Bylemans et al. 2016; Dunn et al. 2017), season (Goldberg et al.
2011; Vervoort et al. 2012; de Souza et al. 2016; Buxton et al. 2017b; Sigsgaard, et al. 2017,
Stoeckle et al. 2017; Uchii et al. 2017), organism species density (Pilliod et al. 2013; Pilliod
et al. 2014), DNA dispersal rates (Deiner et al. 2014; Taylor et al. 2015; Jane et al. 2015) and
DNA or cell sloughing/shedding rate (Lacoursiere-Roussel, 2016b; Sassoubre et al. 2016).
Degradation rate of eDNA is likely to increase when environmental conditions have higher
temperatures (Pilliod et al. 2014; Strickler et al. 2015; Eichmiller ef al. 2016a; Lacoursiere-
Roussel; 2016b, Lance et al. 2017; Tsuji et al. 2017a), lower pH values (Seymour et al. 2018)
increased exposure to ultraviolet light (Pilliod et al. 2014; Strickler et al. 2015), and
increased bacterial and/or fungal action (Matsui et al. 2001; Dejean et al. 2011; Lance et al.

2017).

The distribution of eDNA is of particular importance for the development of effective
monitoring methods (Darling and Mahon, 2011). It has been proposed for some time that
organismal distribution may influence eDNA concentration within a water body (Takahara et
al. 2012) and some recent studies have explored this topic. Eichmiller et al. (2014), using
gPCR, showed local correlation of Common Carp (Cyprinus carpio) eDNA concentrations to
‘high-use’ and ‘low-use’ areas of a lake, indicating patchy distribution and possibly rapid
eDNA degradation. Yamamoto et al. (2016) demonstrated local variation of eDNA
concentrations in a marine bay in Japan, sampling in triplicates over a grid of roughly 400 m
equidistant points across a ~ 10 km bay. This study recorded qPCR copy number of Japanese
Mackerel (Trachurus japonicus) and found that it correlated well with echo sounder results,
exhibiting highly localised eDNA concentrations, such as increased signal around the
location of a wholesale fish market. Similar results were observed later by the same team

using the exact same system, but for a jellyfish species, the Japanese Sea Nettle (Chrysaora
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pacifica) (Minamoto et al. 2017). This study also observed significantly higher
concentrations from samples taken 1.5 m above the sea floor, indicating that eDNA was
likely localised according to the jellyfish’s habitat preference, which may have been dictated
by the deeper water habitat preference of its prey choice. Even more localised still, Davidson
et al. (2017) showed variation in qPCR amplification of the invasive Asian cyprinid fish,
Topmouth Gudgeon (Pseudorasbora parva) in an angling pond, with sampling sites spaced

just 100 m apart along the shoreline.

Similar studies have also been conducted in marine habitats. O’Donnell et al. (2016)
used 16S metabarcoding of metazoa along marine transects following an increasing depth
gradient, and found distinct eDNA communities distributed in a non-random fashion. Port e?
al. (2016), using metabarcoding, demonstrated differences among marine fish communities
sometimes separated by less than 100 m, revealing a correlation between community
structures and specific habitat types. Kelly et al. (2018) recently found that nearshore
organismal communities of benthic and planktonic taxa are largely consistent across tides,
restricted to the site and water mass sampled, but as physiochemical water mass
characteristics changed, the community composition of a broad range of organisms shifted in

turn.

4.2.4 Challenges of sampling eDNA in the tropics

Tropical freshwater ecosystems have unique climatic challenges with regards to eDNA
sampling. Sediment load and algal pollution creates higher than usual turbidity, caused by
increased run off as a result of deforestation and conversion of natural landscapes to
agricultural land (Asian Development Bank, 2016), and as the tropics are near the equator,
they of course experience some of the highest global temperatures and UV light intensity.
Information generated from eDNA collected in tropical biomes is therefore likely to differ in
its ecological implications to that generated from colder biomes such as those in tundra,
boreal or temperate regions. As eDNA degrades more rapidly with increased environmental
temperature (Pilliod et al. 2014; Strickler ef al. 2015; Eichmiller et al. 2016; Lacoursiere-
Roussel, 2016b; Lance et al. 2017; Tsuji et al. 2017a), and increased UV light (Pilliod et al.
2014; Strickler et al. 2015), it is expected that eDNA signals from tropical waters will
represent a more contemporary ‘snapshot’ of native biodiversity,. There have been solutions

suggested to deal with the specific challenges related to tropical eDNA sampling, including
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the use of broad pore size filters (20 pm) (Robson et al. 2016), or storage buffers such as
RNA Later (Ishige et al. 2017).

There have been a number of studies employing metabarcoding techniques in the
tropics from both biological and environmental sources. Vietnamese forest mammals were
detected from leech blood (Schnell et al. 2012), nematode diversity from Costa Rican
rainforest microhabitats (Porazinkska ez al. 2010), plant diversity from rainforest soil in
French Guiana (Yoccoz et al. 2012), planktonic microbiota from Caribbean marine water
(Rusch et al. 2007), and insects from Malaise traps in Malaysia (Ji et al. 2013). However,
there have been few aquatic eDNA studies targeting tropical macrobial life. Piaggio et al.
(2014) detected Burmese Python eDNA from waters in South Florida; Robson et al. (2016)
detected the invasive Mozambique tilapia (Oreochromis mossambicus) in Northern Australia;
Ishige et al. (2017) detected several endangered forest mammals from water surrounding salt
licks in Sabah, Borneo, and Bakker et al. (2017) detected shark eDNA from Caribbean
marine waters. Kapoor et al. (2017) also conducted basic population level analysis, assessing
human haplotype variation from eDNA from watersheds in Puerto Rico. A very recent study
used eDNA metabarcoding to monitor the fish community of a tropical lake in Mexico
(Valdez-Moreno, 2018), but to our knowledge, this is the first ever to use aquatic
environmental DNA to study a lake from ‘mega-diverse’ Southeast Asia, in particular,

Indonesia.

4.2.5 Tropical lake ecology

Lacustrine habitats are generally self-contained, with specific habitat niches and community
interactions. The cycle of water, nutrients, gas and light causes lake metabolism to fluctuate
between anabolic photosynthesis and catabolic aerobic respiration (Likens, 2010). Food webs
(see Figure 4.1 below) include both the benthic/littoral food chain, grazer food chain and

microbial food chain (Likens, 2010).

149



Algae | »| Zoobenthos T Top carnivores

>

Zooplankton I ——
Benthic/littoral food chain Birds Fish

\/

Carnivorous
zooplankton

Herbivorous S
zooplankton Crustacea -~
Rotifers
Crustacea
Rotifers

Net phytoplankton

Bacteria

Mixotrophic flagellates

Ciliates

Heterotrophic
dinoflagellates

Amoebae

Heliozoa

pd

Protozoa 1 vy
. Heteronano- ,
/ flagellates / 1
AN S /| Bacteria
Autotrophic 4 . A ,/ )
picoplankton ! I — 7 '
A ) / |
| / |

Y A \ 4 I

, - |
_ | Autochthonous and allochthonous DOM l‘

>

Figure 4.1. Diagrammatic view of a lacustrine food web. (from Weisse and Stockner, 1993 as

modified by Kalff, 2002, taken from Likens, 2010).

Lakes with strong control by top carnivores are less responsive to nutrient input and
subsequent problems of eutrophication, as larger fish control smaller fish, allowing large
grazing zooplankton to thrive and subsequently control phytoplankton, resulting in a reduced
response to nutrients such as phosphates and nitrates (Likens, 2010). Phosphorous and
nitrogen are two elements most likely to be critically depleted by aquatic autotrophs, and so
are thus commonly viewed as ecosystem regulators, with high amounts resulting in eutrophic
lakes, and low amounts resulting in oligotrophic lakes (Likens, 2010). Consequently, human
impacts through phosphorous loading via waste disposal, agriculture and soil disturbance has
a negative effect on the trophic state, trophic web, and biodiversity of lakes. Varying
physiological and abiotic factors cause the formation of lake zones (see Glossary and Figure

4.2 below).
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~ . -
~ Benthic Zone -~

Figure 4.2 Diagram of lake zones. Shown here is the light-filled, plant-rich littoral zone and the open
water, pelagic, limnetic zone in the centre of the lake. The limnetic zone is composed of different light
zones, the light-filled euphotic zone within the epilimnion, and the dark aphotic zone across the
metalimnion and hypolimnion. The euphotic zone and aphotic zone are separated by a thermocline at

which point temperatures drop, and light decreases.

Phytoplankton and macrophytes can survive in the light-rich euphotic zone (usually in the
epilimnion and sometimes the metalimnion), meaning that zooplankton communities differ
between the littoral and limnetic zones as they feed on different prey. Fish communities may
also differ between these zones due to the presence of structures around which to shelter from
predation (Likens, 2010). If eDNA particles are heterogeneously distributed, as previous
studies mentioned above suggest, then specific patterns of biodiversity and community
structure should be observed from lake eDNA metabarcoding data according to the habitat

type from which eDNA is collected.
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4.2.6 Study site
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Figure 4.3 Location of Danau (Lake) Tamblingan. Locations are highlighted with red boxes. A: Bali,
Indonesia. B the central mountain lakes of Bali. C: Danau Tamblingan.

Lake Tamblingan was selected out of the other Balinese lakes for its smaller surface area,
minimising the sampling effort needed to cover the entire lake for such an intensive sampling
approach as used for this experiment. Samples were collected on 04/07/2015 from Lake
Tamblingan (Danau Tamblingan in the Indonesian language) Munduk Banjar, Buleleng
Regency, on the island of Bali, Indonesia (S 8° 15'26.96" E 115° 5'46.852) (Figure 4.3).
Bali is a tropical island, 8° south of the equator, with an average annual temperature of 27°C,
average annual high of 30°C and average annual low of 25°C, and a defined rainy season
November - March (Weatherbase, 2018a). Over the months of June and July 2015, Bali
received 0 mm of rainfall (Weather Underground, 2018). Lake Tamblingan is a well-

sheltered, meromictic, confined, land-locked, volcanic crater (caldera) lake at 1,214 m above

148



sea level (Lehmusluoto et al. 1997). As Lake Tamblingan is situated in this mountainous
region, average temperatures are lower than those for Bali as a whole, with an annual average
temperature of 23.1°C. It is the smallest of the Balinese confined lakes, with a surface area of
around 1.9 km”and a maximum depth of 90 m (Lehmusluoto et al. 1997), although in this
study, the deepest point detected using a remote depth detector was 36.5 m. It is the water
reserve important for North Bali (Maghfiroh ef al. 2016), and is situated amongst agricultural
fields of rice, vegetables and coffee, the demand for which has resulted in some land areas
being illegally cleared (Whitten ef al. 1996). It is an important religious site, providing local
income from visitors who require boat access by dugout canoe to nearby temples for religious
activities and tourism (Lake Lubbers, 2018). The lake is permanently stratified into an
oxygen depleted hypolimnion beginning at 29 m with a noticeably sharp secondary
thermocline, and there is a gradient of electric conductivity between the surface and bottom
(Lehmusluoto et al. 1997).

Lake Tamblingan has a Culture-Based-Fishery (CBF) involving stocking of hatchery-
reared fish fingerlings into the waterbody. However, it is an oligotrophic lake, and due to its
low productivity, interventions to attempt to introduce fish including Grass Carp
(Ctenopharyngodon idella) have been made in the past without success (Whitten ez al. 1996).
News reports state that the lake 1s annually restocked with fingerling fish, claiming to
maintain ecosystem health and support any fishing activities (Bali Travel News, 2016). In
2011 for example, the Fisheries and Marine Agency of the Buleleng Regency introduced
roughly 200 ‘Ikan Bangeng’ (The Milkfish, Chanos chanos), 10,000 ‘Ikan Karper’ (Common
Carp, Cyprinus carpio), 25,000 ‘Ikan Nila’ (Nile Tilapia, Oreochromis niloticus) and
200,000 ‘Ikan Tawes’ (Java Barb / Silver Barb, Barbonymus gonionotus) (Bulelengkab,
2013) to Lake Tamblingan and its neighbour, Lake Buyan. Lake Tamblingan is also one of
the few lakes in the Buleleng Regency with a local fishery for catfish within the Clarias
genus (Negara et al. 2015). However, the artificial stocking of fish for inland fisheries can
have negative effects on coexisting fish biodiversity through demographic decline caused by
waste and nutrient loading, predation on conservation-sensitive species, and fish escapes
causing genetic contamination and introgressive hybridization of locally native fish (Thorpe
et al. 2011; Anneville ef al. 2015). Other threats to the lake and associated biodiversity
include land use conversion, pollution, erosion and sedimentation and the introduction of

alien species (Odada et al. 2005).
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4.2.7 Aims and Objectives

This study aims to explore the spatial distribution of eDNA in a tropical lake, with
implications for informing future sampling approaches. It is expected that an increase in the
spatial intensity of sampling will in turn increase the amount of biodiversity associated
information such as species richness and species diversity. However, it is unclear to what
degree this could be observed in tropical lacustrine environments, and which areas of a lake
should be prioritised. Here, aquatic eDNA samples were collected from Lake Tamblingan, at
both the surface and different depths as described in the Methodology, and amplified using
COl, 128 and 16S markers using metabarcoding and NGS to generate OTUs.

Aim 1: Assess the use of eDNA metabarcoding in recording species present in a tropical lake.
Objective la: Observe read counts per PCR for each marker, including the amount of reads
assigned to Human DNA to explore amplification consistency and specificity.

Objective 1b: Observe the taxonomic assignments of the OTUs produced and compare with
previously recorded species from the lake and local area, as well as the known distribution of

these species or higher level taxa.

Aim 2: Assess whether species richness varies between different spatial points of the lake, i.e.
between limnetic and littoral and shallow or deep lake zones.

Objective 2: Compare OTU richness (roughly equivalent to species richness) between a)
Surface Lake Zones (limnetic vs littoral), and b) Sample Depths (Shallow vs Deep).

Hy : There is no statistical difference between points sampled from different categories.

The null hypothesis is: Hy: m4= mp, where m, and mp indicate the group mean of OTU

richness within each category.

Aim 3: Assess the spatial distribution of eDNA biodiversity information according to sample
sites across the surface and depth gradient of the lake.

Objective 3: Compare community composition from OTUs and evidence for fine-scale
community partitioning at different sites.

Hy : There is no statistical difference in OTU communities between points sampled across the
lake according to a) Lake Zone (limnetic vs littoral), or b) Sample Depth (depth at which the

sample was collected).
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4.3 Methodology
4.3.1 Collection of aquatic eDNA samples

Trekking Point ¥
S1 S2

Figure 4.4 Lake Tamblingan sampling site. A: schematic diagram of depth sampling approach, with
samples taken at 2 m intervals down to 18 m depth from a dugout canoe in the centre of the lake. B:
Google Earth image showing surrounding forest, agricultural land, small settlement, and aquatic
vegetation are visible. B&C: show surface sampling sites (red), and the point at which depth sampling
was completed (blue). C: Google Maps image showing nearby roads and the location of a stream,
indicated by the blue dotted line.
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Figure 4.5. Lake Tamblingan sampling strategy. A: a GPS was used to access predetermined lake
surface points via local dugout canoe. B: unused sterilised drinking water bottles were used to collect
water from just below the surface. C: the Van Dorn horizontal water sampler employed for depth
sampling.

Sampling points were decided upon in advance by assessing the lake size and layout using
Google Earth, and were measured using Google Maps in the ‘My Maps’ application with the
ruler tool which measures distance and areas (see Table 4.4.5 for GPS locations and
environmental measurements). Points were selected to be 500 m apart, evenly spaced across
the lake, and then entered into a GPS, accessed via local dugout canoe (Figure 4.5 A). Water
was collected whilst wearing single-use nitrile gloves, in new 1.5 L plastic water bottles
(Figure 4.5 B), (from which water was poured out and the outside of the bottles cleaned with
20% bleach and rinsed with ethanol) that had not been previously opened or stored in a
molecular laboratory. Once at the exact sample point, the cap was removed, and the bottle
dipped just below the surface until full, then the cap replaced (Figure 4.5 B). At each surface

point, temperature, pH, dissolved oxygen and bottom depth were measured using digital

150



sensors, and turbidity was measured using a secchi disk and measuring tape. Nitrate and
phosphate was also measured from each point using aquarium kits (detailed in the Universal
Methods section). At the centre of the lake, a surface sample was collected using the above
approach, and then further samples collected at different depths using a Van Dorn horizontal
water sampler (Van Dorn Horizontal Water Sampler 2.2 L, model APAL - VHA 1,
previously cleaned with 20% bleach and rinsed with ethanol). This was deployed and
triggered to sample at increasing depths every 2 m until 18 m, which was the maximum depth
possible using this equipment (Figure 4.5 C). Samples were collected in increasing order of
depth so as to minimise mixing within the water column before sample collection. Once a
sample was pulled up to the surface, it was poured into the same type of 1.5 L plastic bottles
used to collect the surface samples. All water samples were filtered immediately after
sampling at the shore of the lake as filtration and storage of samples on site immediately after
collection is thought to best preserve eDNA yield (Spens et al. 2016; Yamanaka et al. 2016)
(see ‘Chapter 3: Universal Methods’, ‘Sterivex Filter Water Sampling’). Each 1.5 L bottle
was first inverted several times to ensure homogenisation of eDNA particles, and was then
sub-sampled by drawing up 3 sets of 500 mL of water at a time. Using a syringe, water was
drawn up from the bottle and then pushed through a filter unit, so that there were 3 x Sterivex
filter unit replicates containing eDNA from 500 mL of water, totalling 1.5 L from each
sample point. A field blank was also collected by taking a Sterivex capsule out of the
packaging for the same amount of time as it took to filter a single sample, and storing it in the
same way as the other capsules during sampling, transportation, and laboratory storage. No
distilled water was filtered through the field blank so as to minimise external sources of
contamination. In total, there were ten sampling points along the depth gradient (Om — 18m,
Figure 4.4 A) and nine different sampling points across the surface of the lake (S1-S9, Figure
4.4 B and C), each with three Sterivex filter replicates per point, yielding n = 57. Samples
were stored in a standard freezer at -4°C overnight whilst in the field, and the next day placed

in a -20°C freezer at the Indonesian Biodiversity Research Centre laboratory, Denpasar, Bali.

4.3.2 Molecular and bioinformatic methods
DNA was extracted from samples at the Indonesian Biodiversity Research Centre. DNA

extractions were performed in a room where no PCR had ever been done, and on the floor of
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a building where only microbiological extractions and associated PCR had been conducted.
Before sample processing, the windows, walls, floor, surfaces and equipment were
thoroughly cleaned with 20% dilution of commercial bleach solution, and rinsed with newly
opened ethanol diluted with bottled drinking water to 70%. All laboratory consumables and
equipment (Eppendorf tubes, racks, pipettes) were newly delivered and brought to Indonesia
(except the vortex, centrifuge, incubation oven and freezer, although all were thoroughly
cleaned as described above). After elution, 20 pul of each extraction was stored at the
Indonesian Biodiversity Research Centre to allow collaborators access to samples, and the
remaining 60-80 pl of each extraction shipped to The Centre for GeoGenetics, Natural
History Museum of Denmark, University of Copenhagen, Denmark, for further analysis. The
extraction, amplification, library building and bioinformatic analysis for all samples followed
the approach which is detailed in the ‘Chapter 3: Universal Methods’. Reads were filtered via
several bioinformatic steps described in the ‘Universal Methods’, as well as a final baseline
filter addition of 0.6%, 0.5% and 3% of the highest read count per OTU for 125, 16S and
COlI respectively. This was decided upon based on the removal of spurious content in

negative controls.

4.3.3 Descriptive statistics and statistical analysis

Firstly, the read count per PCR replicate was assessed and compared between PCRs.
Secondly, the number of reads generated assigned to Human (Homo sapiens) DNA compared
to non-Human DNA was described using a bar chart, to highlight the challenge of Human
contamination in the eDNA molecular pipeline. Data was then placed into categories
according to the marker used: 1) Total (all markers combined), 2) COI, 3) 12S and 4) 16S.
OTU richness was compared between lake zones at the surface and different lake depths
according to these four marker categories. Either an Unpaired Two-Sample T-Test, or an
Unpaired Two-Sample Wilcoxon Test was used in R to compare species richness between a)
Lake Zone (from surface samples): ‘limnetic’ (lake depth of >15 m, n = 5) or ‘littoral’ (lake
depth of <15 m, n =4) samples, and b) Sample Depth (from depth transect samples):
‘shallow’ (sample depth of 0 - 8 m, n=5) or ‘deep’ (sample depth of 10 - 18 m, n =5). The
use of these tests was decided upon after performing a Shapiro-Wilk Normality Test.
Homoscedasticity (equal variance of each category) was not observed in any category
according to depth sample data, nor in 12S and 16S surface sample data. Only Total and COI

marker categories showed homoscedasticity in surface data, and therefore comparisons
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within these groups were performed using an Unpaired Two-Sample T-Test, and all others
were performed using an Unpaired Two-Sample Wilcoxon Test.

Non-Metric Multidimensional Scaling (NMDS) plots were created using Vegan
(Oksanen et al. 2013) and ggplot (Wickham, 2016) in R using the Total Marker data
category. Firstly, a Similarity Profile Analysis (SIMPROF) test for community structure
using the Bray Curtis dissimilarity method for calculating a distance matrix was applied to
the NMDS to observe patterns within the community composition of samples from each point
on Lake Tamblingan. This analysis creates statistical clusters spatially superimposed upon
NMDS data points to highlight data points which are statistically more similar. A
Permutational Analysis of Variance (PermANOVA) was also performed on the NMDS OTU
distance tables using ADONIS from the vegan package in R with 999 permutations.
Secondly, NMDS plots were created in combination with the Manhattan dissimilarity method
for calculating a distance matrix (chosen by Vegan based on the dataframe of these OTUs).
These NMDS plots were created using total marker information and normalised read counts
to the minimum read count (COI = 47,000 12S = 9,000 reads, 16S = 4,000 reads) to assess
patterns in the data relating to the categorical variable of different lake zones or different
sample depths. Two variables were separately incorporated, consisting of Sample Depth (the
categorical variable of depth at which a sample was collected) and Lake Zone. Lake zones
were categorised into either ‘limnetic’ (lake depth of >15 m, n = 5) or ‘littoral’ (lake depth of
<15 m, n =4), and sample depths categorised into either ‘shallow’ (<3m depth,n=11) or

‘deep’ (3 — 18m depth, n = 8) using all surface and depth transect samples combined.
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4.4 Results

After extraction, each of the three subsamples collected at each location were combined into
one extract sample, which was then PCR amplified independently three times, to create a
total sample set of n=57. The 57 eDNA extracts amplified with varying success depending on
the marker used. For COI (Leray et al. 2013), 57/57 extracts showed strong bands on the gel.
For 12S (Valentini ef al. 2016), 11/57 showed strong bands, 33/57 medium strength bands,
and 13 showed weak bands. For 16S (Taylor, 1996), 13/57 showed strong bands, 35/57
medium strength bands, and 9/57 weak bands. After initial bioinformatic filtering of the data
(Chapter 3: Universal Methods) to yield only high-quality identifiable sequence read counts
(including filtering for reads only found in 2/3 PCR replicates) average read count per sample
for the COI data was 62,005, and the minimum to maximum range was 47,425 - 79,006, with
0 reads present in the negative control. Reads were normalised to the minimum read count of
47,000. For read counts per PCR amplification, see Tables 4.4.1., 4.4.2 and 4.4.3. Average
read count per sample for the 12S data was 38,839, and the minimum to maximum range was
8,753 to 189,827, with 0 reads present in the negative controls. Reads were normalised to the
roughly minimum read count of 9,000. Average read count per sample for the 16S data was
3,937, and the minimum to maximum range was 235 to 10,153, with 0 reads present in the
negative controls. Reads were normalised to 4,000, roughly the median read count, as the
minimum read count for 16S was so low that normalising to this number may have
compromised the details of OTUs with low read counts by transforming them into decimal
numbers less than 1. For the 16S data, there were two samples (S4 and D6) which before
removal of known contaminants, contained 153,828 and 131,465 reads respectively assigned
to Homo sapiens. For these two samples, the final read count after all quality filtering
including the removal of contaminants was 0 (see Figure 4.11 taxonomy bar chart, in which
S4 and D6 were removed), and so these samples were removed from further analysis. The
remaining high-quality sequences assigned to samples from Lake Tamblingan, were
collapsed and quality filtered into a total of 40, 12 and 5 OTUs, for COI, 12S and 16S
respectively. The species observed through the 12S and 16S metabarcoding data, compared
to previously recorded species from Lake Tamblingan from the literature are shown in Table
4.4.7. As the COI data did not generate reliable vertebrate OTUs, this data was not included
in this table. After filtering and removal of sequences which were obvious contaminants

(Appendix 6), negative controls were blank.
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Table 4.1. Read counts per PCR replicate of all samples for COI data. Read counts are comprised of

the reads remaining after filtering described in the Universal Methods section (minimum copy number 50),

before creating OTUs and before final manual filtering.

Sample name Read count PCR1 Read count PCR2 Read count PCR3
DTAMDI1 24,543 15,063 24,426
DTAMD?2 23,956 14,767 19,380
DTAMD3 13,324 12,650 30,141
DTAMD4 15,265 19,804 18,014
DTAMDS 26,904 12,376 22,720
DTAMDG6 19,688 19,496 24,643
DTAMD7 20,617 18,077 22,075
DTAMDS 23,935 18,148 17,970
DTAMD9Y9 18,390 16,205 20,796
DTAMDI10 22,212 7,836 17,853
DTAMSI1 30,289 21,917 22,752
DTAMS2 28,271 26,840 24,738
DTAMS3 26,110 22,361 24,710
DTAMS4 22,900 11,180 20,676
DTAMSS5 19,059 21,587 16,850
DTAMS6 29,500 11,638 20,903
DTAMS7 20,830 14,730 20,035
DTAMSS 25,747 22,791 27,663
DTAMS9 22,416 15,748 36,400
DTAMFNEG 57 56 164
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Table 4.2. Read counts per PCR replicate of all samples for 12S data. Read counts are comprised of

the reads remaining after filtering described in the Universal Methods section, (minimum copy number 20)

before creating OTUs and before final manual filtering.

Sample name Read count PCR1 Read count PCR2 Read count PCR3
DTAMDI1 35,115 72,647 54,425
DTAMD?2 32,907 44,044 38,103
DTAMD3 54,515 91,542 70,805
DTAMD4 54,967 100,662 76,007
DTAMDS 4,904 32,829 41,743
DTAMDG6 23,457 15,054 41,134
DTAMD7 44,781 68,174 86,714
DTAMDS 13,686 26,706 54,609
DTAMDY9 38,635 128,835 137,631
DTAMDI10 27,793 41,092 64,948
DTAMSI1 50,084 43,112 77,401
DTAMS2 17,335 26,978 34,616
DTAMS3 42,361 32,530 110,913
DTAMS4 42,116 23,648 51,318
DTAMSS5 174,600 121,647 151,546
DTAMS6 43,474 23,518 26,461
DTAMS7 43,626 60,509 29,126
DTAMSS 8,739 48,668 35,823
DTAMS9 70,781 93,033 60,184
DTAMFNEG 879 5,529 5,206
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Table 4.3. Read counts per PCR replicate of all samples for 16S data. Read counts are comprised of

the reads remaining after filtering described in the Universal Methods section, (minimum copy number 20)

before creating OTUs, and before final manual filtering.

Sample name Read count PCR1 Read count PCR2 Read count PCR3
DTAMDI1 131,346 95,659 86,049
DTAMD?2 76,540 51,385 53,686
DTAMD3 150,917 76,192 30,315
DTAMD4 85,485 56,700 71,008
DTAMDS 42,099 23,921 20,066
DTAMDG6 55,511 29,044 46,910
DTAMD7 121,906 74,408 86,374
DTAMDS 66,780 81,594 70,137
DTAMDY9 113,449 122,671 120,129
DTAMDI10 31,206 80,234 64,410
DTAMSI1 97,200 67,285 44,179
DTAMS2 32,888 18,879 43,127
DTAMS3 77,897 66,511 52,078
DTAMS4 67,787 53,669 32,372
DTAMSS5 128,471 71,427 79,300
DTAMS6 14,624 34,042 1
DTAMS7 72,256 24,789 62,764
DTAMSS 51,078 54,378 46,209
DTAMS9 28,294 23,416 32,877
DTAMFNEG 8,893 1,790 1,113
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Table 4.4 Basic descriptive statistics of read counts per sample per PCR replicate. Standard
deviation, variance, sum, mean and standard error of read counts per sample according to PCR
replicate for each marker after quality control and filtering. 12S reads filtered for presence a minimum
of 2/3 PCR replicates and 20 copies. 16S reads filtered for presence a minimum of 2/3 PCR replicates
and 20 copies. COI reads filtered for presence a minimum of 2/3 PCR replicates and 50 copies.

PCR Replicate PCR1 PCR2 PCR3
128
Sample Standard Deviation, s 36,023 34,793 35,324
Variance (Sample Standard), s2 1,297,679,010 | 1,210,537,921 | 1,247,811,367
Population Standard Deviation ¢ 35,063 33,865 34,382
Variance (Population Standard), o2 1,229,380,115 | 1,146,825,399 | 1,182,137,085
Sum 823,876 1,095,228 1,243,507
Mean (Average) 43,362 57,644 65,448
Standard Error of the Mean (SEX): 8,264 7,982 8,104
16S
Sample Standard Deviation, s 39,262 27,959 27,570
Variance (Sample Standard), s2 1,541,475,176 781,686,375 760,084,152
Population Standard Deviation ¢ 38,214 27,213 26,834
Variance (Population Standard), o2 1,460,344,904 740,544,987 720,079,723
Sum 1,445,734 1,106,204 1,041,991
Mean (Average) 76,091 58,221 54,842
Standard Error of the Mean (SEX): 9,007 6,414 6,325
CoOl
Sample Standard Deviation, s 4,545 4,853 4,796
Variance (Sample Standard), s2 20,659,518 23,549,101 23,002,477
Population Standard Deviation ¢ 4,424 4,723 4,668
Variance (Population Standard), ¢2 19,572,175 22,309,675 21,791,820
Sum 433,956 323,214 432,745
Mean (Average) 22,840 17,011 22,776
Standard Error of the Mean (SEX): 1,043 1,113 1,100
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Figure 4.9 Bar chart of taxa per sample site from COI OTUs. The relative abundance of read
counts per OTU from the COI metabarcoding data from Lake Tamblingan, assigned to phylum level,
with the number of OTUs per phylum shown in the key.

The COI metabarcoding data using the Leray (2013) primers (described in the Universal
Methods section) targeting a 313 bp region of the COI gene mostly amplified microfauna,
meiofauna and microalgae, summarised in Figure 4.9 above. The number of OTUs per
sample ranged from 17-32 with a mean of 26 (SD +4.45) and a total of 40. OTUs 75, 138,
216, 57,456 and 71 could only be assigned to the domain Eukaryota, and OTU 8 only to the
unranked clade Protostomia, placed within bilateral animals. It was possible to assign the
remaining OTUs to 7 taxonomic phyla, composed of Arthropoda, Basidiomycota,
Cryptophyta, Heterokontophyta, Ochrophyta, Rotifera and Stramenopiles. These constituted
9 families, 3 genera, and only one species (OTUS8S, Diaphanosoma excisum

freshwater ctenopod in the family Sididae). The highest number of unique OTUs were
assigned to the phylum Arthropoda (13), followed by Rotifera (6) and Ochrophyta (5).
However, the phyla that the majority of reads were assigned to were Rotifera (58%),

Arthropoda (26%), and Prostisomia (6%).
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Figure 4.10 Bar chart of taxa per sample site from 12S OTUs. The relative abundance of read
counts per OTU from the 12S metabarcoding data from Lake Tamblingan, assigned to either species

or genus level.

For the 12S marker data, the number of OTUs per sample ranged from 1-11 with a mean of 4
(SD #+2.1) and total of 12, summarised in Figure 4.10 above. The 128 data created higher
quality hits, with a Query Cover for all sequences of 100, and Identity ranging from 91 — 100.
There was however, significant human amplification. After quality filtering, these 12 OTUs
belonged to 6 taxonomic orders, 6 families, 9 genera, and five of the OTUs could be assigned
to 5 species (Cyprinus carpio, Gambusia affinis, Xiphophorus hellerii, Clarias gariepinus,
Clarias batrachus). Some of these OTUs were assigned to native fish (based on likely genera
such as Osteochilus) known from this lake from a study in 1978 (Green et al. 1978) and some
are additional species not described in this publication but known from the area (see Table
4.4.7) (no other literature than that mentioned in Table 4.4.7 was found concerning vertebrate

species from this lake).
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Figure 4.11 Bar chart of taxa per sample site from 16S OTUs. The relative abundance of read
counts per OTU from the 16S metabarcoding data from Lake Tamblingan, assigned to either species

or genus level.

The 16S marker data using the Taylor (1996) primers targeting a ~ 90 bp region of the 16S
gene mostly amplified mammals, and also some fish, is summarised in Figure 4.11 above.
This primer pair was the least successful in amplifying target eDNA. The number of OTUs
per sample after all filtering ranged from 0-5 with a mean of 1 (SD £1) and a total of 5. These
were domestic dog (Canis lupus familiaris), cattle (Bos taurus), pig (Sus scrofa), Common
Carp (Cyprinus carpio), and 3 fish sequences assigned to Cyprinidae, Osteochilus, and
Rasbora. The 16S data generated higher quality hits than COI, all OTUs had a Query Cover
100 — and Identity from 94 - 100, although there was significant human amplification.
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Table 4.5. Sample points and associated metadata

Sample
Sample GPS Location Turbidity | Nitrate | Phosph Bottom Depth Lake Edge
Temp | pH | DO (m) (mg/L) | (mg/L) | Depth (m) (cm) Habitat Wider Habitat

S1 S 815.079,E 115 05.758 246 | 7.5 | 34.1 2.5 2 36.5 30 Rocky shore Forest
S2 S 815.077, E 115 06.026 233 | 7.4 33 2.8 2 314 30 Rocky shore Forest
S3 S 815.308, E 115 05.616 23.6 | 7.5 40 2.8 2 19.2 30 Rocky shore Forest
S4 S815.312, E 115 05.883 23.8 | 7.5 | 343 2.7 2 37.5 30 Rocky shore Forest
S5 S815.544, E11505.481 | 242 | 7.6 | 24 2.5 0-10 2 2.5 30 Rocky shore Forest
S6 S 815.549, E 115 05.750 234 | 7.6 | 32.4 2.5 2 23 30 Rocky shore Forest
S7 S 815.546,E 115 06.014 229 | 7.7 ] 31.4 2.7 2 2.8 30 Aquatic plants Grassy bank
S8 S 815.780,E 115 05.613 224 | 7.6 | 14.5 1.2 2 1.2 30 Aquatic plants Grassy bank
S9 S 815.782, E 115 05.877 21.5 | 7.7 29 2.8 2 3.6 30 Aquatic plants Grassy bank
D1 S 815.450, E 115 05.792 233 | 7.5 31 2.6 2 36.5 30 Open Water Open Water
D2 S 815.450,E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 200 Open Water Open Water
D3 S 815.450,E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 400 Open Water Open Water
D4 S 815.450, E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 600 Open Water Open Water
D5 S 815.450, E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 800 Open Water Open Water
D6 S 815.450, E 115 05.792 NA | NA| NA 2.6 10 0.5-1 36.5 1000 Open Water Open Water
D7 S 815.450,E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 1200 Open Water Open Water
D8 S 815.450,E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 1400 Open Water Open Water
D9 S 815.450, E 115 05.792 NA | NA| NA 2.6 0.5-1 36.5 1600 Open Water Open Water
D10 S 815.450, E 115 05.792 NA | NA | NA 2.6 0.5-1 36.5 1800 Open Water Open Water

162




Table 4.6. Vertebrate species recorded at Lake Tamblingan. Species found in the literature, and species

or genus hits recorded by eDNA metabarcoding from the 12S and 16S region from this study (no

vertebrates were detected using the COI marker). * =20 — 99 reads; ** = 100-999; *** = 1,000 — 9,999

reads; **** = 10,000 — 99,999 reads; ***** => 100,000 reads in total across all samples before

normalisation but after filtering through the bioinformatic pipeline and custom 0.6% filtering step. Where
there is a dash ‘-’, no reads were observed.

Species / Reference 128 Query 128 16S Query 16S
Genus reads Cover : samples | reads Cover : samples
Identity Identity
Amphilophus - HokkkE 100 : 98 19/19 - - 0/19
Anabas sp. Green et al. - - 0/19 - - 0/19
(1978)
Barbonymus Bulelengkab - - 0/19 - - 0/19
gonionotus (2013)
Barbodes Green et al. - - 0/19 - - 0/19
microps (1978)
Canis lupus - - - 0/19 ook 18/19
Channa striata | Green et al. - - 0/19 - - 0/19
(1978)
Chanos chanos | Bulelengkab - - - - - 0/19
(2013)
Clarias Green et al. Hokx 100 : 100 1/19 - - 0/19
batrachus (1978)
Clarias Negara et ok 100 : 100 1/19 - - 0/19
gariepinus al. (2015)
Cyprinus Green et al. Hokx 100 : 100 1/19 koA 100 : 100 1/19
carpio (1978);
Bulelengkab
(2013)
Gambusia - *oEk 100 : 100 1/19 - - 1/19
affinis
Monopterus Green et al. - - 0/19 - - 0/19
albus (1978)
Oreochromis Green et al. ok 100 : 100 17/19 - - 0/19
(1978);
Bulelengkab
(2013)
Osteochilus Green et al. ok 100 : 100 11/19 ok 100 : 98 1/19
(1978)
Poecilia Green et al. ok 100 : 95 2/19 - - 0/19
(1978)
Rasbora sp. Green et al. - - 0/19 koA 100 : 99 1/19
(1978)
Sus scrofa - - 0/19 *oxk 100 : 100 1/19
Xiphophorus - ok 100 : 100 6/19 - - 0/19
hellerii
Xiphophorus Green et al. - - 0/19 - - 0/19
maculatus (1978)
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12S (n=7)

Clarias batrachus
Clarias gariepinus

Gambusia affinis

Oreochromis sp
Poecilia sp
Xiphophorus

Figure 4.12. Venn diagram of species identified per marker. This Venn diagram shows species and

higher level taxonomy identified by each primer, and where the same taxa were identified by multiple

markers.

Amphilophus sp,

S+16S(n=2)

Cyprinus carpio
Osteochilus sp

helleri

Arthropoda (15), Bacillariophyta (3)
Basidiomycota (1), Cryptophyta (2)
Eukaryota (6), Heterokontophyta (1)

Phaeophyceae (2), Protostomia (1)
Rotifera (6), Stramenopiles (1)

Ochrophyta (1)
Oomycetes (2)

COln=41

Canis lupus
Rasbora sp
Sus scrofa

16S (n = 3)

There was a small degree of overlap between the 16S and 12S primers which both amplified

the Common Carp (Cyprinus carpio) and an OTU assigned to the Osteochilus genus. Apart

from these two OTUs, all primers amplified a different range of taxa, with 12S mostly

amplifying fish, COI mostly amplifying microfauna, meiofauna and microalgae, and 16S

amplifying a small number of mammals and fish.
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Table 4.7. Taxonomic information per sample. A) COI, B) 12S, C) 16S. S1 — S9 = surface samples (see Figure 4.4 A) and D1-D10 = depth samples (see Figure 4.4 B and C).
Taxonomic assignments, sequence similarity and presence in a sample.

OTU A: COI
Phylum Lowest Taxonomic QC:ID | S1 |S2[S3|S4|S5|[S6|S7|S8[S9|D1|D2|D3|D4|D5|D6|D7|D8|D9|D10
taxonomic assignment
rank
8 - (clade) Protostomia 71:79 |
75 - Domain Eukaryotal 91:81 ] \ ]
138 |- Domain Eukaryota2 97:99 | | |
216 |- Domain Eukaryota3 93:81 | I
57 - Domain Eukaryota4 94:81 \ \ \ \
456 | - Domain Eukaryota$ o881 [ | b | [ [ 1 [ | | I
71 - Domain Eukaryota6 58:75 \ \ ] \ \
12 Arthropoda Family Cyclopidae 100:86 | | --- ] \ | |
42 Arthropoda Family Cyclopidae 100:82 ]
85 Arthropoda Species Diaphanosoma 99:99 ..........
excisum
72 Arthropoda Genus Macrothrix|1 91:93
4 Arthropoda Genus Macrothrix2 100:99 \
5 Arthropoda Genus Macrothrix3 99:92 \ \
88 Arthropoda Genus Macrothrix4 99:96 | [
149 | Arthropoda Genus Macrothrix$ 99:91 |
516 Arthropoda Genus Macrothrix6 100:96 ]
363 Arthropoda Genus Moina 100:99
522 Arthropoda Order Lepidoptera 83.78
387 Arthropoda Order Lepidoptera 90:77 \
18 Arthropoda Order Opiliones 67:74 \ \
191 Arthropoda Superorder Holometabola 89:80 -
(Endopterygota)
460 Basidiomycota Genus Rhodotorula 99:92 | | -. ]
129 Cryptophyta Family Cryptomonadaceae | 95:81 \ \
89 Cryptophyta Family Cryptomonadaceae | 84:88 \ \- \
415 Heterokontophyta | Class Oomycetes 97:90 \
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16 Heterokontophyta | Class Oomycota 97:84 \ \ \ \
424 | Heterokontophyta | Order Peronosporales (8973 [ | | P o | | | | | [ [ [ | | | | [ [
44 Heterokontophyta | Order Thalassiosirales 99:89 \ \ - - \ \
102 Ochrophyta Family Bacillariaceae 97:89 -.. |
596 Ochrophyta Family Chordariaceae 93:82 ]
47 Ochrophyta Family Dictyotaceae 72:82 | \ \
91 Ochrophyta Order Desmarestiales 95:73 \ \ \
107 Ochrophyta Order Ectocarpales 83.75 ‘ ‘
113 | Rotifera Class Polyarthra 100:99 N
170 Rotifera Family Flosculariidae 75:81 -
1 Rotifera Order Ploimal 98:84 \ \
120 Rotifera Order Ploima2 99:84 .-.--
10 Rotifera Order Ploima3 95:83 | | \
82 Rotifera Order Ploima4 98:86 | |
90 Stramenopiles Infrakingdom | Heterokonts 95:84 \ \

OTU Richess 26 23 (26122 |17 |21 |18 |23 23|22 |16 |19 [15 |13
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Table 4.7. (continued) Taxonomic information per sample

Family Lowest Taxonomic QC:ID |S1 (S2 (S3 [S4 |S5 |S6 |S7 |S8 |S9 (D1 (D2 |D3 |D4 |D5 |D6 |D7 |D8 |D9 [D10
taxonomic | assignment
rank

B:12S

Cichlidae Genus Amphilophus 100:98

Cichlidae Genus Oreochromis] 100:100

Cichlidae Genus Oreochromis2 100:100

Cichlidae Subfamily Pseudocrenilabrinae | 100:100

Clariidae Species Clarias batrachus 100:100

Clariidae Species Clarias gariepinus 100:100

Cyprinidae Family Cyprinidae 100:91

Cyprinidae Species Cyprinus carpio 100:100

Cyprinidae Genus Osteochilus 100:100

Poeciliidae Species Gambusia affinis 100:100

Poeciliidae Genus Poecilia 100:95

Poeciliidae Species Xiphophorus hellerii | 100:100

OTU Richness

C: 16S

Canidae Species Canis lupus 100:100

Cyprinidae Species Cyprinus carpio 100:100

Cichlidae Genus Osteochilus 100:98

Cyprinidae Genus Rasbora 100:99

Suidae Species Sus scrofus 100:100 -

1 1 1 [0 |1 1 1 1 (4 |1 1 |1 1 1 |0 1 1 |1 1
Total OTU Richness 30 129 [30 |23 |23 |25 |24 |28 |38|24 [20]23 |18 [17]|26 |24 |21|21 21
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After filtering, the number of unique OTUs varied between sample sites and between markers

used. The COI data had the highest OTU richness, (average 19.7 OTUs per site), followed by

12S (average 3.05 OTUs per site), and 16S (average 1.05 OTUs per site). One site had many

more OTUs than others across all markers (S9), and one site had much less than other sites

(S4). The COI marker had the highest OTU richness, and 16S the lowest (Table 4.4.9 below).

Table 4.8 Summary statistics of OTU richness according to each marker category of all samples.

Marker Highest OTU Lowest OTU Average OTU SD of OTU
richness richness richness richness

COI 26 13 19.7 +3.64

128 11 1 3.05 +1.31

16S 4 0 1.05 +0.77

Total 38 17 24.5 +4.86

Although COI generated the highest OTU richness, this marker produced the lowest quality

BLAST hits (Table 4.4.10 below). The 12S and 16S markers both produced high quality
BLAST hits ranging from 91 — 100% identity (Table 4.4.10 below).

Table 4.9 Summary of OTU BLAST results for query cover and identity for each marker.

Marker Average Highest Lowest Average Highest Lowest
Query Query Query Identity Identity Identity
Cover Cover Cover

COI 92 100 58 86 100 73

128 100 100 100 99 100 91

16S 100 100 100 99 100 98
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Figure 4.13. Boxplots of OTU richness by lake zone for all markers. OTU richness from surface

samples categorised into either ‘limnetic’ (lake depth of >15 m, n = 5) and ‘littoral’ (lake depth of <15 m,

n = 4) lake zones. A = all markers, B = COI marker, C = 12S marker, D = 16S marker.

Based on the Two-Samples T-Test, there was no significant difference between Littoral and

Limnetic (Figure 4.13) samples for Total (p-value = 0.8109) or COI (p-value = 0.1094) data.

Based on the Unpaired Two-Samples Wilcoxon Test, there was no statistically significant

difference for 12S (p-value = 0.0572) or 16S (p-value = 0.240) data. There was a slightly

higher average OTU richness in the limnetic zone than the littoral zone for COI, but a slightly

higher OTU richness in the littoral zone for the 12S and 16S data (Table 4.4.11 below).

Table 4.10 OTU richness for each marker category according to lake zone.

Marker Total COI 128 16S
Lake Zone | Limnetic | Littoral | Limnetic | Littoral Limnetic | Littoral | Limnetic | Littoral
Count 5 4 5 4 5 4 5 4
Mean 27.4 28.2 23.6 20.25 3 6.25 0.8 1.75
Standard | 3.21 6.85 2.30217 | 3.20156 | 1.41 32 0.447 1.5
Deviation 3 2
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Figure 4.14. Boxplots of OTU richness by sample depth for all markers. Boxplots of OTU richness

from samples collected at different depths, categorised according to depth zone. Samples were categorised

into either ‘shallow’ (sample depth of 0 - 8 m, n = 5) or ‘deep’ (sample depth of 10 - 18 m, n =4).

Based on the Unpaired Two-Samples Wilcoxon Test, there was no significant difference

between Shallow and Deep (Figure 4.14) samples for Total (p-value = 0.243), COI (p-value =

0.397) or 16S data (p-value = 0.4237). There was however a statistically significant

difference in the 12S Marker data between Shallow and Deep samples (p-value = 0.0419), in

which there was a slightly higher OTU richness from Deep samples.

Table 4.11 OTU richness for each marker category according to lake depth.

Marker Total COlI 128 16S
Depth Shallow | Deep Shallow | Deep Shallow | Deep Shallow | Deep
Count 5 5 5 5 5 5 5 5
Mean 20.4 22.6 17 18.4 24 3.6 1 0.8
Standard 3.05 23 4.54 1.95 0.894 0.548 0 0.447
Deviation

170



There were seven significant clusters created in the NMDS plot (Figure 4.15 below), with a
total stress value of 0.137 (an NMDS ordination with a stress value closer to 0.05 indicates a

good fit, and closer to 0.3 indicates an arbitrary ordination, therefore 0.137 is a fair stress

value).
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Figure 4.15 NMDS plot and SIMPROF dendrogram of all OTUs from samples. (labelled DTAM,
meaning Danau Tamblingan, followed by the site name) and markers combined (Total) per sampling point
of Lake Tamblingan using normalised read counts (top) and the SIMPROF dendrogram showing

significant community clusters (bottom).
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Figure 4.16 below shows a map of Lake Tamblingan with surface sample points, and a
schematic diagram of the depth sampling points, both with colours corresponding to the

SIMPROF analysis overlaid. This figure highlights that the surface, and shallow samples,
exhibited statistically significant clustering, and that deeper samples clustered separately.

S1

Figure 4.16. Lake Tamblingan sample points with NMDS SIMPROF clusters. Map of Lake
Tamblingan and diagram of the different sampling points along the depth transect with the SIMPROF

statistical clusters imposed upon each point.
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The distance matrix derived from the Manhattan method showed no statistical impact of lake
zones (Adonis peRMANOVA, R’ = 0.10; P =0.089), however there was a statistical impact of

sample depth (Adonis permanova, R® = 0.22; P = 0.004).

OTUs Per Site By Sample Depth OTUs Per Site By Lake Zone
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Figure 4.17. NMDS plots of community composition according to lake variables. A: Sample Depth
and B: Lake Zone. Community composition is based on the normalised read counts per OTU of all
markers combined (COI, 12S, 16S) with respect to A: all reads for all markers with respect to sample
depth, B: all reads for all markers with respect to lake zones (limnetic or littoral). Ellipses signify the

automatically generated clusters when dividing data according to A: Shallow vs Deep and B: Littoral vs

Limnetic.
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4.5 Discussion

4.5.1 Addressing Aim 1: Assess the use of eDNA metabarcoding in a tropical lake.

The first aim of this study was to assess the use of eDNA metabarcoding in recording species
present in a tropical lake. The sampling of eDNA from Lake Tamblingan using Sterivex
filters stored on ice had some advantages and some challenges. The Sterivex filters allow
aquatic eDNA samples to be collected and filtered immediately using sterile syringes,
meaning that there is no opportunity for cross contamination between samples, or from
equipment, and that particles are captured from the water as quickly as possible. However,
the fine pore size of the Sterivex filters mean that a large amount of human effort is necessary
to force the desired volume of water across the filter membrane, which could only filter 500
ml per filter. Larger pore size filters may have been more suitable to this type of tropical lake
to allow a greater volume to be filtered. In addition, storing the filters on ice, and in domestic
style freezers overnight whilst the sampling trip was undertaken may have caused eDNA to
degrade, or be more prone to amplify human contamination. When comparing the
experimental samples from Lake Tamblingan with the positive control samples collected at
the Anglesey Sea Zoo, there was a much higher proportion of human DNA in the Lake
Tamblingan samples. The positive control samples were collected in containers, water stored
in the freezer the same day, and then filtered as soon as the containers had defrosted
(although this could also have been because of the higher density of non-human target eDNA
and slower degradation in a temperate aquarium environment compared to a wild tropical
environment where there was lots of human activity).

In terms of PCR amplification, variation was observed in the mean read count, and
standard deviation between PCR replicates for each marker, shown in Table 4.4.4. The same
samples were sequenced for each PCR replicate, using a different combination of PCR
indexes and library indexes, and so the variation in read count may be due to this approach,
or simply PCR stochasticity. This highlights the need to sequence PCR replicates separately
to try to account for stochasticity within DNA amplification.

The presence of human DNA was high in lake samples amplified with the 12S and
16S markers, although considerably lower in positive control samples from the Anglesey Sea
Zoo and Chester Zoo (the positive control samples were processed in the laboratory facilities
at the Molecular Ecology and Fisheries Genetics Laboratory, Bangor University, details of
which are described in Chapter 3: Universal Methods). This was unexpected, as the
laboratory facilities at Copenhagen University employ a more stringent approach to

laboratory cross contamination, including separate rooms for pre and post-PCR, unlike the
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facilities at Bangor University. Another possibility is that the collection and filtering of the
positive control samples by immediately freezing the water in containers after collection, and
then immediately filtering after defrosting, may have better preserved the non-human target
eDNA better than storing the eDNA samples from Sterivex filters on ice and in domestic
freezers until arriving at the laboratory where filters could be stored at -20°C.

Seven out of the fourteen fish taxon recorded from Lake Tamblingan (Green et al.
1978; Negara et al. 2015; and Bulelengkab, 2013) were recovered using this eDNA
metabarcoding approach. These included The Walking Catfish (C. batrachus), the African
sharptooth catfish (C. gariepinus), the Common Carp (Cyprinus carpio), two OTUs from the
Oreochromis genus, one OTU from the Osteochilus genus, one OTU from the Poecilia genus
and one OTU from the Rasbora genus. In addition to these taxa which had previously been
recorded in the literature, further OTUs were retrieved and from assigned to the Amphilophus
genus, the species Gambusia affini, and the species Xiphophorus hellerii. There were few
mammal species detected, but the OTUs assigned to mammal species that remained after
filtering made biological sense (Domestic Dog - Canis lupus and Wild Boar - Sus scrofus).
Over half of the previously recorded fish species were found, as well as other fish taxa
(Amphilophus, Gambusia affinis and Xiphophorus hellerii) which made biological sense
based on their distribution and description in the literature (Eidman, 1989; Siriwardena, 2010;
Sentosa and Wijadi, 2012; Sentosa ef al. 2013; Dahruddin et al. 2016), further discussed
below. It is impossible to know whether the undetected species listed in Table 4.4.7 that were
recorded by Green et al. (1978) and Bulelengkab (2013) (Anabas sp, Barbonymus
gonionotus, Barbodes microps, Chanos chanos, Monopterus albus, Xiphophorus maculatus)
were missing from the eDNA metabarcoding data because of a change in species composition
since that study was conducted, or because the approach employed herein did not detect them
(i.e. a false negative result).

Overall, although the eDNA metabarcoding of this aquatic lacustrine waterbody using
this approach recovered species expected from this lake, this study would have benefited
from a recent biodiversity surveys of this lake, using traditional methods for comparison. Due
to the patchiness of the species distribution observed here, it is likely that the sampling and
PCR approach (i.e. by doing PCRs on individual eDNA replicate extracts) would need to be

increased to ensure accurate detection of total biodiversity.
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4.5.2 Addressing Aim 2 - Compare OTU richness between different lake areas

The second aim was to compare OTU richness between different areas of Lake Tamblingan
based on the surface samples from different lake zones (littoral vs limnetic) and different
depths (shallow vs deep).

There was no significant difference in OTU richness between Littoral and Limnetic
samples for any of the marker combinations. However there was a slightly higher OTU
richness in the littoral zone than the limnetic zone for the 12S and 16S data, which aligns
with the known ecology of lakes as discussed in the introduction, that fish and other animals
use the cover of vegetation in the littoral zone and so spend more of their life cycle in this
zone of the lake.

There was no significant difference in OTU richness between Shallow and Deep
samples for the Total, COI or 16S data, but there was for the 12S data in which there was a
slightly higher OTU richness from Deep samples. As the COI marker mostly amplified
microfauna, meiofauna and microalgae which includes phytoplankton and zooplankton, it
would be expected that there would be higher species richness in shallow waters (euphotic
zone) than deeper waters, as phytoplankton and macrophytes (prey for zooplankton) survive
best in the light-rich euphotic zone. However, as the depth sampler was only deployed to the
maximum of 18m (due to the length of the rope used), only the euphotic epilimnion was
sampled. This may indicate that if depth samples had been collected past the thermocline of
29m into the aphotic zone, a difference in community structure could have been observed.
The slightly higher OTU richness for the 12S data from Deep samples may be due to less
eDNA degradation in the darker, colder depths, or this pattern could have just occurred by
chance due to a limited number of samples.

The null hypothesis, that there is no statistical significance between groups of
OTU richness within each category can there for be accepted in terms of Lake Zones for all
markers, and in terms of sample depth for all markers apart from 12S. A greater number of
samples, with more reliable preservation and individually amplifying filter replicate

extractions may have better illuminated these observed patterns.

4.5.3 Addressing Aim 3 — Assess evidence for fine-scale spatial community partitioning
The third aim was to assess the spatial distribution of eDNA and evidence for fine-scale
community partitioning according to sample sites across the surface and depth gradient of the
lake. The NMDS plot combined with the SIMPROF Analysis indicated that there were seven

statistically separate community clusters (Figure 4.15 and 4.16). The samples which did not
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fall into group clusters in the NMDS plot and SIMPROF dendrogram were S4 and S9 (red
and orange in Figure 4.15 and 4.16). Sample S9 had the highest OTU richness for all
markers, and sample S4 had the lowest for 12S and 16S, which may explain their separation.
Site S9 was close to a stream, and so may have a unique community profile and higher
species richness as the stream may host more fish species than the lake. The largest
significant cluster is shown in pink, composed of 9 samples which were all either surface
samples (S1, S2, S3, S5, S6, S7, S8, D1) or samples from near the surface (D2). The second
largest cluster was composed of 4 samples, all from deeper depths (D4, D5, D7, D9) shown
in purple, the third largest cluster was composed of 2 samples, both from deeper depths (D6
and D10) shown in yellow, and the final two clusters were only composed of one sample
each - D8 (green) and and D3 (blue), which both clustered nearer to the deep samples.

If there was no difference in the community composition across spatial points,
only one statistical cluster would have been found using the SIMPROF analaysis. The seven
unique clusters shows that there was a difference in community composition based on the
OTU table created from combining COI, 12S and 16S data. The clusters do make ecological
sense, in that the largest cluster grouped the majority of surface samples together, whilst
other clusters were formed from nearby depth samples at increasing depths.

The PERMANOVA test comparing shallow vs deep, and limnetic vs littoral
communities from the combined reads assigned to OTUs of all markers (shown in NMDS
plots in Figure 4.17) showed that there was a statistical impact of sample depth, but not of
lake zones. It would be expected that communities from littoral and limnetic zones would
differ due to the higher use of littoral habitats for structural shelter, however it may be that
the sample collection approach or quality of eDNA preservation was not sufficient to observe

significant differences.

4.5.4 Laboratory contamination

Low counts of reads removed in the custom % background filtering consisted of those
assigned to the Kissing Gourami (Helostoma temminkii), the glass fish genus Ambassis, the
Spanner Barb (Barbodes lateristriga) and the Striped Snakehead (Channa striata).
Helostoma temminkii is not known from this lake, although recorded in nearby Lake Buyan
(Green et al. 1978), Ambassis species are not known from this lake, and so these reads were
likely runover from lab contamination of very high read counts observed in other lakes
sequenced at the same time. Barbodes lateristriga and Channa striata reads were possibly

contamination from the positive control used from tissue of these species, although both
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Channa striata and a Rasbora species were recorded by Green et al. (1978) (Barbodes
laterstiga was previously placed in the Rasbora genus). Some reads were removed based on
their BLAST assignment, which may be actual eDNA from the lake, but may also be lab
contamination. These were assigned to Homo sapiens (found in high abundance in all
samples and also in low abundance in negative controls, and Gallus gallus (a known common
contaminant of PCR reagents (Leonard et al. 2007), found in only one sample of the Lake
Tamblingan data, not found in the Lake Tamblingan negative controls, but found in other

lake samples and some of their negative controls).

4.5.5 COI marker data

The COI data, created using a primer pair (Leray et al. 2013) which amplifies a 313 bp
fragment of the COI marker, was dominated by microfauna, meiofauna and microalgae.
Consequently, this primer pair is not recommended for the detection of vertebrates from
aquatic eDNA. There was minimal amplification of human DNA, but the BLAST hits for
each OTU were of generally low quality matches. These data were useful however in
examining patterns of community composition between points, and comparing OTU richness
between points.

The highest quality BLAST assignment with a Query Cover and Identity of 100:99
was assigned to for OTU4 for the freshwater arthropod genus Macrothrix (a close relative of
Daphnia), OTU363, assigned to the freshwater copepod genus Moina, and OTU113, assigned
to the Class level of Polyarthra. The lowest quality BLAST assignment accepted was 89:73,
matching to the Order Peronosporales (water moulds). The COI data created lower quality
hits than the 12S and 16S data, with Query Cover ranging from 8 — 100 (before removing all
assignments with a Query Cover of less than 55). There was very little amplification of
human DNA, and very low read counts in negative controls before final filtering. However,
there were some reads which were only found in negative controls, and some reads which
were still present in negative controls, even with 3% background filtering, and so these OTUs
were individually removed, (listed in Appendix 6). There were also reads found in the
positive controls from the Anglesey Sea Zoo, which were found across the main samples. For
example, OTU72, assigned to the genus Macrothrix was found in Lake Tamblingan samples
as well as the positive control sample. Reads assigned to this OTU72 from this positive
sample, ASZT2CN (from the Anglesey Sea Zoo in North Wales, 3,380 reads), was also in all
samples from Lake Tamblingan apart from S5 and D2 (average 251 reads + 66). This could
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be possible as species within the Macrothrix genus are found worldwide, and individual
populations are difficult to distinguish across countries (Neretina and Kotov, 2017).

Other OTUs were assigned to a variety of microfauna, meiofauna and microalgae
mostly common in freshwater environments. OTUs 12 and 42 within the Cyclopidae family
are copepods within the order Cyclopoida usually around 1 — 2 mm in size (Barnes, 1982).
Diaphanosoma excisum (OTU 85) is a ctenopod within the family Sididae and order
Cladocera of small crustaceans known as water fleas. OTUs 72,4, 5, 88, 149 and 516 are also
from this order of water fleas usually around 0.2 — 6 mm in size, as is OTU 363 assigned to
Moina, a genus of water flea similar to Daphnia (Forr6 et al. 2008). OTUs 522 and 387 were
assigned to Lepidoptera which includes moths and butterflies, within which many species are
semiaquatic with the larval stage developing under water (Ward, 1992). OTU 18 was
assigned to the order Opiliones, commonly known as harvestmen spiders, often found in
large aggregations of many individuals near water (Pinto-da-Rocha et al. 2007). OTU 191
was assigned to to the Superorder of insects Holometabola (or Endopterygota), covering
850,000 possible species within butterflies, flies, fleas, bees, ants, and beetles (Beutel and
Pohl, 2006). OTU 460 was assigned to the genus Rhodotorula which encompasses unicellular
pigmented yeasts, a common environmental inhabitant in many environments including water
(Wirth and Goldani, 2012). OTUs 129 and 89 assigned to the Family of Cryptomonadaceae,
which are common freshwater algae (Barnes et al. 2009). OTU 415, 16 and 424 were
assigned to Oomycetes, Oomycota and Peronosporales, a group of fungus-like eukaryotic
microorganisms known as ‘water moulds’ which can use rhizoids to attach their thallus to the
bed of stagnant or polluted water bodies (Sleigh, 1991). OTUs 44 and 102 were assigned to
the diatom groups Thalassiosirales (Alverson, 2014) and Bacillatiophyta, a universally
common group of microfauna, meiofauna and microalgae in aquatic habitats. OTU 596
(Chordariaceae), 47 (Dictyotaceae), 91 (Desmarestiales), and 107 (Ectocarpales) are brown
algae. OTU 113 (Polyarthra), 170 (Flosculariaceae), and 1, 120, 10, 82 (Ploima) are rotifers,
usually around 0.1 — 0.5 mm long, common in freshwater environments throughout the world
(Segers, 2007)). OTU 90 was assigned to Heterokonts, which are a group encompassing
algae, diatoms, water moulds and slime nets. These assignments therefore make ecological

sense, as they encompass a broad range of freshwater associated organisms.
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4.5.6 128 marker data

The 1285 data, created using a primer pair (Valentini ez al. 2016) which amplifies a ~ 120 bp
fragment of the 12S marker, was composed almost entirely of vertebrate sequences,
particularly teleost fish (as this primer pair was designed to do). Based on these data, I
recommend this primer pair is for the detection of fish from aquatic eDNA. Valentini et al.
(2016) compared the taxonomic coverage and resolution of their ‘teleo’ 12S primers with 12S
primers designed by Riaz et al. (2011) and Thomsen et al. (2012b) and found that their own
primers were more effective in amplifying teleost fish species (Valentini et al. 2016).
Comparisons between other 12S primers would be useful, such as the MiFish primers
designed by Miya et al. (2015).

There was significant amplification of human DNA, but the BLAST hits for
each OTU were of generally high quality matches. The dominant fish species were those
associated with aquaculture (Cichlids, Tilapia, Catfish and Carp), with remaining sequences
assigned to invasive fish (Mosquitofish, Green swordtail and Guppy). This is not surprising
based on the information available on the biodiversity and aquaculture fishery of this lake,
which relies on regular restocking of a variety of aquaculture fish. Within the 12S data, there
was a high quantity of reads assigned to the Amphilophus genus of Central American
cichlids, found in all samples with 100% query cover and 98% identity match to both the
cichlid fish Amphilophus amarillo and the Midas cichlid (Amphilophus citrinellus). Although
fish from within this genus have not been recorded from Lake Tamblingan, they are a
common aquaculture species in Bali, found in Lake Batur (Sentosa and Wijadi, 2012) and
nearby Lake Beratan (Sentosa et al. 2013), and so it is likely that this fish has also been
stocked into Lake Tamblingan for aquaculture purposes. There were also a high number of
reads found assigned to the Oreochromis genus of Tilapia fish, found in 17/19 samples.
Although the literature only mentions the Mozambique Tilapia (Oreochromis mosambicus)
found at Lake Tamblingan, there were three unique OTUs assigned to tilapia fish: OTU20
and OTU12 (both Oreochromis) and OTU15 (Pseudocrenilabrinae). All matched with 100%
BLAST Query Cover and Identity. The first possibility is that there is not enough variation
within the 12S marker region used to distinguish between different tilapia species, and that
three unique OTUs suggest there could be more than one species, possibly O. mossambicus
and O. niloticus, both introduced locally for aquaculture, or even three different species. The
second possibility is the OTU clustering approach split the same species into multiple OTUs.
In a similar way, the 12S OTUSS assigned to Cyprinidae, but with Query Cover and Identity
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of 100:91, and the 16S OTU36 assigned to Cyprinidae, but with a Query Cover and Identity
of 100:94. These could be the result of sequencing artefacts, OTU clustering issues, or
another Cyprinidae species than Cyprinus carpio. OTU19 matched with a Query Cover and
Identity of 100:100, but only to a genus level assignment to Osteochillus, due to the voucher
in the NCBI database only being described as ‘Osteochilus sp’. This OTU is likely to belong
to Osteochilus vitattus as recorded by Green et al. (1978). Neither the 12S gene or whole
mitochondrion of O. vitattus is available in the NCBI database. The Walking Catfish (Clarias
batrachus) and the African Sharptooth Catfish (Clarias gariepinus), both recorded from Lake
Tamblingan (Green ef al. 1978) were recovered from one sample point only (S9). This
sample point was also the only point from which the widespread invasives the Common Carp
(Cyprinus carpio) and the Western Mosquitofish (Gambusia affinis) were found. There were
two other invasive fish found, one within the Poecilia genus (fish within this genus are
known as Molly fish) and the Green Swordtail (Xiphophorus hellerii) in 2/19 and 6/19
sample points respectively. Although X. helleri was recovered from the 12S data, the
Southern Platyfish (X. maculatus) recorded by Green et al. (1978) was not (both have 12S
genes present in NCBI). The BLAST search resulted in a Query Cover and Identity of
100:100 matching to the top hit, X. hellerii. Other subsequent hits in the same BLAST result
list were observed matching to X. maculatus with an identity of only 92, and so it appears that
X. hellerii is the correct assignment out of the two for the observed OTU. Other studies
record X. hellerii at nearby Lake Beratan (Sentosa et al. 2013) and Lake Buyan (Dahruddin et
al. 2016). However, these two species can interbreed, producing fertile offspring (Schlosberg
et al. 1949), and so it may be the case that either Green et al. (1978) wrongly identified X.
hellerii as X. maculatus, or a hybrid was created, or alternatively, X maculatus was also
present and not detected or no longer present at the lake, as this study was undertaken almost
forty years ago. The sequence assigned to Poecilia (Query Cover : Identity = 100 : 95) most
represents a species of Molly, the Guppy, Poecilia reticulata, recorded from Lake
Tamblingan (Green ef al. 1978) and other Balinese lakes including nearby Lake Buyan
(Green et al. 1978), Beratan (Green et al. 1978; Whitten et al. 1996 Sentosa et al. 2013), and
Lake Batur (Green ef al. 1978; Sentosa and Wijaya, 2012; Budiasa et al. 2018).

4.5.7 16S marker data
The 16S data, created using a primer pair (Taylor et al. 1996) which amplifies a ~ 90 bp
fragment of the 16S marker, was composed of both mammals and fish, although OTU

richness was low overall, and samples were dominated by human contamination.
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The 16S metabarcoding data recovered fewer OTUs, although it did recover a Rasbora (a
genus of fish in the family Cyprinidae, native to freshwater habitats in South and Southeast
Asia, and Southeast China) species with 99% BLAST Identity to all of R. lateristriata, R.
sumatrana and R. elegans. It is therefore not possible to distinguish which of these species
should be assigned to this OTU, although it is most likely to be R. lateristriata based on the
literature. OTU7 was assigned to Bos taurus by MEGAN, although on inspection of the
BLAST hits, this OTU also yielded a Query Cover and Identity of 100:100 to B. primigenius
(Aurochs), B. indicus (Zebu Cattle), and Phascolosoma esculenta (a worm species commonly
used for biological derivatives in biochemical research e.g. Wu et al. (2014)). Bos taurus
DNA is a common contaminant in molecular pipelines (Leonard et al. 2007) due to the use of
Bovine Serum Albumin (also known as BSA or "Fraction V") in reagents. As this OTU
matched completely to all of these other species, it is likely that either the marker region
cannot distinguish between these species, or these sequences are the result of errors on NCBI,
or both. If this OTU was likely to be from local cattle, the local species Bos javanicus
domesticus (with 16S genes available in NCBI) should have been observed, and so although
there were no Bos taurus reads observed in the negative controls, this OTU was removed
from the analysis. Sus scrofa (Wild Boar or Pig) was also recovered from the metabarcoding
data, and is also a common laboratory reagent contaminant from gelatin used to purify Tagq
polymerases (Leonard et al. 2007). However, Wild Boar are native and fairly common in Bali
(Whitten ef al. 1996), and the top hits of the BLAST search were assigned S. scrofus from
publications focusing on wild boar rather than S. scrofus domesticus (Domestic Pig).
Additionally, no reads assigned to S. scrofa were observed in negative controls, and so this
assignment was left in the analysis, as was the assignment to Canis lupus (Domestic Dog), a
common sight around the Balinese lakes. None of the positive control tissue DNA (from the
porpoise Phocoena phocoena), or the positive control eDNA were found in any of the other
Lake Tamblingan samples, even though the P. phocoena DNA was present in very high read
count (882,802) in the corresponding positive control cell of the OTU table, suggesting that
the molecular workflow for the 16S dataset was less prone to ‘bleeding’ based contamination.
Before the removal of low quantity reads through bioinformatic filtering, the
16S marker also amplified the Convict Cichlid (Amatitlania nigrofasciata) known from the
lake system around Lake Tamblingan, and so this highlights the trade off in eDNA
metabarcoding of removing low quantity reads which may be generated from external
contamination, and retaining low quantity reads which may be generated from real, low

concentrations of target eDNA.
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4.5.8 Limitations of the study and potential improvements

There was one sampling point (S9) which was more diverse than others, with 11 OTUs
extracted from 12S data, 4 OTUs extracted from the 16S data, and 23 OTUs extracted from
the COI data (totalling 38), compared with an overall average of 24 OTUs from other
sampling sites. This sample point was particularly important for the 12S data, without which,
five OTUs corresponding to four species and one genus would not have been detected. This
may be due to the proximity of this sample point to the stream, where fish may prefer to
reside. This highlights the need for many samples to be collected across a lake body to detect
the resident biodiversity. This sample point was in the littoral zone close to the edge of the
lake, and so it may be the case that eDNA accumulated at this shallow nearshore point. Based
on the results presented here, it is unlikely that all biodiversity was detected using the
described approach, and that a higher number of samples across the surface and a different
depths, as well as a higher number of PCRs of separate extractions, would likely increase the
number of species observed.

If this study were to be repeated, there are several changes to the sampling approach
and molecular pipeline which may have resulted in better data. If sampling with remote
sensing equipment for environmental variables (such as temperature) was possible, data
richness of the samples taken at depth may have been improved. Another improvement
would be to take samples at more fine scale distances apart, e.g. a grid system of every 100
m, and also to take samples deeper than 18 m. As the lake is permanently stratified into an
oxygen depleted hypolimnion beginning at 29 m, it is expected that a more obvious
community divide would occur beneath this depth if eDNA is fairly localised to its source
individual. Additionally, if multiple temporal sampling events had been employed, the
chance of detecting total biodiversity would increase. Samples may have shown higher
quality read data if the filters had been immediately transported to the -80 °C freezer, rather
than storing filters on ice or in a 4°C freezer overnight.

This study could have been improved further by keeping subsamples separate,
to create true ecological replicates, processing these as individual extracts, and then as
independent PCR replicates separately (although this would triple the molecular work load
and cost of sequencing). Other eDNA studies have combined PCR replicates, as opposed to
combining ecological replicates, although the disadvantage of this approach is the lack of
ability to remove spurious sequences only found in one PCR. However, based on these

results, if a sequence has entered the sample through lab contamination, it is likely to be of
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such high read count that the source is obvious and these OTUs can be removed (such as the
human DNA observed herein).

Field negative controls were added by removing a new Sterivex filter from the packet
whilst at the side of the lake, and leaving it beside other samples whilst one sample was
filtered. The field negative was then processed in the same way as test samples to test for
contamination during the field sampling and transport phase. No water was filtered through
the field negative controls, to remove the possibility of contamination from external water
sources such as bottled water or distilled water taken from a laboratory. As Sterivex filter
units are single use, there was no opportunity for contamination to occur between filtering of
different samples, and so there was no need to filter clean water (e.g. distilled) as a negative
control. However, other studies have used distilled water in their field negative controls (e.g
Pilliod et al. 2013; Moyer et al. 2014), which may have generated a more faithful imitation of
a test sample.

Another inadequacy of eDNA metabarcoding is the failure of short primers to
discriminate between all species, as was observed herein. Incomplete barcoding information
in public databases is a common issue for all metabarcoding studies, and particularly for
under-studied areas such as Southeast Asia. These issues are further discussed in the General
Discussion, as many topics refer to both Chapter 3 and Chapter 4.

A further limitation of this study was the interpretation of reads assigned to species
which were used as positive controls. Several tissue samples were extracted from Malaysian
and Indonesian fish to validate that primers were able to amplify these targets (see Universal
Methods). To use up the remaining PCR wells, these extracts were added individually. A
better option would have been to create a mock community using these extracts, by diluting
them down to roughly that of the eDNA samples, and combining at equimolar ratios. This
would have prevented such high read abundances sequenced in the positive control samples,
and prevented the overspill contamination observed in other samples. It is impossible to
know, therefore, whether these reads observed in the lake eDNA samples were genuine, or
overspill from the positive controls. Based on this problem, I advise future studies to not
sequence target species’ DNA on the same sequencing run as eDNA samples which may
contain these target species, and to dilute positive control samples down to roughly that of

eDNA samples.
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Temporal replication at the same site would also improve the understanding of eDNA
information gained, confirming observed patterns. If repeated sampling was undertaken e.g.
monthly across the year, seasonal patterns may be observed.

Another challenge related to this type of study is the tendency of Indonesian
researchers to publish in Bahasa Indonesian, which (although of course natural and beneficial
to Indonesian speakers) caused difficulty in establishing ecological information regarding site
information and biodiversity present. For example, some studies only refer to ‘Ikan Lele’ or
‘Lele Dumbo’ (in Bahasa Indonesian) which only refers to the Clarias genus, not specific
species, e.g. Negara et al. (2015).

Based on research (Spens ef al. 2016, Chapter 2) generated after the sampling event
for this study occurred, the breadth of eDNA information may have been enhanced by the use
of a buffer such as Longmire’s solution rather than freezing of filters after eDNA collection.
The method of freezing samples was chosen to be logistically simpler in the field, and based
on the Qubit results available at the time of sampling after undertaking a methods comparison
study (Spens et al. 2016), freezing filters gave the highest overall concentration. However,
based on Spens et al. (2016), and experience in the field with regards to the logistics of
accessing suitable freezers and keeping samples cold enough during transport, the use of a
buffer injected into the filter, such as Longmire’s solution, is strongly advised. The use of a
buffer, or dry storage on silica gel or beads, has also been recommended by several other

studies mentioned in the Introduction (Chapter 1).

4.6 Conclusions

The number of reads per sample, and taxonomic community composition varied not only
between surface samples spaced 500 m apart, but also between samples collected along the
depth gradient only 2 m apart. This study demonstrates the necessity to undertake fine scale
sampling at less than 500 m between points when targeting aquatic eDNA in tropical
lacustrine environments. According to these data, if the objective of a sampling event is to
record total resident biodiversity, and maximise the likelihood of detecting as many extant
species as possible, 500 m distances or more between points is probably insufficient to
capture all contained variety of unique eDNA barcodes. Sequences of COI, 12S and 16S
barcodes recovered through metabarcoding of the aquatic eDNA samples of Lake
Tamblingan exhibited spatial clustering, and unique community profiles at particular sites.
This indicates that eDNA is not homogenously distributed across such a water body, and that

the signal from a particular individual may be undetectable at distances less than 500m from
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the source. This pattern has already been observed in previous studies discussed in the
Introduction section of this chapter (Eichmiller ez al. 2014; Yamamoto et al. 2016; Minamoto
et al. 2017; Davidson et al. 2017; O’Donnell et al. 2016; Hanfling et al. 2016). Hinfling et
al. 2016 found that most species were detected from shoreline samples of the lake, and they
suggest eDNA could accumulate on the shoreline. The highest number of OTUs detected
were from sample site S9, which could indicate that eDNA was accumulating at this shallow
edge of the lake where this sample was collected close to the shoreline, but more intensive

sampling would be necessary to verify this potential pattern.

The eDNA metabarcoding approach used here to survey extant biodiversity
was able to amplify a broad range of life from microfauna, meiofauna and microalgae to
large vertebrate fish. This has implications for food web analysis in which both the benthic
food chain and the grazer food chain can be monitored to assess such patterns such as the
impact of larger fish predators on lake eutrophication. Understanding the origin, state,
transport and fate of eDNA in varying environments is essential if this technique is to be
properly applied to ecological questions such as this. This aim will be better met by
comprehensive, replicated sampling surveys across a range of species and habitats, drawing
upon cross-disciplinary knowledge from e.g. microbiology and water quality monitoring.
Based on the data herein, eDNA community composition is highly localised, and exhibits
spatial variability at both the surface and depth gradients, meaning that future studies of
tropical lake biodiversity should employ a sampling approach which covers as many spatial
points as possible, focusing on shoreline sampling but including both surface samples and

samples taken at depth.
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Chapter 5

Assessing the freshwater biodiversity of the lakes of the
Malay Archipelago using eDNA metabarcoding
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5.1 Abstract

The Malay Archipelago contains some of the highest biodiversity in the world and has
particularly high freshwater ichthyofaunal diversity. In this study, the use of aquatic eDNA
metabarcoding to detect extant biodiversity from Indonesian and Malaysian lakes was tested
for the first time. Water was collected along transects of each lake, and filtered to capture
eDNA. A range of fish, mammals, amphibians, invertebrates, microfauna, meiofauna and
microalgae were detected with high confidence, including many native freshwater and
freshwater associated species, from common aquaculture fish to a rare primate thought
locally extinct. Nearly all species detected were known from the literature or could be
explained using biological knowledge of the area. The biodiversity and ecological
communities from different lakes and regions showed differences in species richness and
community composition, and also with respect to habitat variables including altitude, trophic
productivity, area, and maximum depth. The turbidity of some of these highly disturbed
Southeast Asian lakes proved challenging for filtering, however this study was an overall
success in demonstrating the feasibility of eDNA monitoring in Southeast Asian freshwater
habitats. Although improvements have been identified here when employing this type of
aquatic eDNA metabarcoding, this study proves the potential for this approach in monitoring
aquatic-associated species including invasive fish and molluscs from biodiversity hotspots

such as the mega-diverse Malay Archipelago.
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5.2 Introduction

5.2.1 Freshwater biodiversity of the Malay Archipelago

The Malay Archipelago is the largest archipelagic area in the world, constituting 25,000
islands covering six countries including Brunei Darussalam, Indonesia, Malaysia, the
Philippines, Singapore, and Timor-Leste. This archipelago stretches 6,100 km along the
equator and 3,500 km north to south (Encyclopaedia Britannica, 2018). For the purpose of
this study, Indonesia and Malaysia (which have the highest fish species richness of these
countries, shown in Figure 5.1.1 below) are the focus. Of particular interest within the Malay
Archipelago is the infamous Wallace Line, where the two continents of Asia and Australia
meet, which runs between Sulawesi and Borneo and Bali and Lombok. East of Wallace’s
Line, primary freshwater fishes such as cyprinids do not naturally exist, although a large
number of species have now been introduced (Coates, 1985; Coates, 2002). In tropical Asian
lakes, fish species richness is mostly predicted by lake area rather than other variables such as
temperature, pH and primary productivity which predict fish species richness in temperate
lakes (Amarasinghe and Welcomme, 2002). Indonesia is designated as one of the
megadiverse countries of the world, behind only Brazil (Collen ef al. 2014), with an
estimated 4,000 fish species, at least 1,000 of which are freshwater (Suwelo, 2004), figures
which are likely underestimated as new species are being discovered at a rate of around 200
species per year (Nelson, 1994). It is likely that actually more than 1,300 freshwater fish
species reside in Indonesia, with roughly 798 species from Sundaland, 68 from Wallacea, and
58 from Sahul zones of the country (Kartamihardja, 2015), numbers of which are shown in

comparison with other countries in Figure 5.1 below.

Freshwater Fish Species of the Malay
Archipelago
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Figure 5.1 Freshwater Fish Species of the Malay Archipelago. Species numbers from fishbase.org
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5.2.2 Importance of Lakes in Malay Archipelago

There is a lack of natural freshwater lakes, formed by glaciers, volcanic activities and
tectonic movements (as opposed to manmade reservoir lakes) in tropical Asia, with the
majority being found in Indonesia and the Philippines. Many of the existing lakes are
however, extremely important in terms of fisheries and aquatic biodiversity (De Silva, 2010;
Amarasinghe and De Silva, 2015). There are 840 major and 736 small lakes, as well as 162
major reservoirs and 1,341 small reservoirs in Indonesia (Kartamihardja, 2015).

Indonesia has three types of reservoirs, 1. field reservoirs (community authority, for water
supply), 2. irrigation reservoirs (local government authority, for agriculture) and 3.
multipurpose reservoirs (central government authority, for e.g. flood control, hydroelectric
power, irrigation and water supply) (Hardjamulia and Suwigno, 1988). The creation of such
reservoirs usually requires placing a dam across a river to artificially create a reservoir lake.
In areas such as Peninsular Malaysia where water resources are heavily impounded, many
people have been displaced after the creation of such dams and have adopted cage fish
farming as an alternative livelihood (De Silva, 2010).

Asia contributes 69% of the world’s inland capture fisheries and aquaculture
production, increasing by 43% from 2004 to 2010 with global growth almost completely
attributable to Asia (Amarasinghe and De Silva, 2015). The total fisheries production volume
of Indonesia alone was around 18.8 million metric tons in 2012, accounting for 47% of
Southeast Asian fisheries production, 57% of which came from aquaculture (Kartamihardja,
2015). As rice is such an important crop for Asian countries, integrated rice-fish culture is
practised in many countries including Indonesia (De Silva, 2010). Culture-based-fisheries
(CBF) involve the release of hatchery-produced seeds and juveniles into water bodies, where
they consume natural foods until reaching market size (Kartamihardja, 2015).

Fish contribute a plethora of fundamental ecosystem services, including regulating,
linking, and demand-derived services. Regulating ecosystem services include the regulation
of food web dynamics, nutrients, biodiversity, ecosystem resilience, redistribution of bottom
substrates, carbon flux and sediment processes. Linking ecosystem services include linkage
within aquatic ecosystems, between aquatic and terrestrial ecosystems, transport of nutrients,
inorganic compounds and energy. Demand-derived ecosystem services include the provision
of cultural services, food, medicine, disease control, aquatic plant control, reduction of waste,
recreational activities, assessment of ecosystem stress and resilience, revealing evolutionary
tracks and providing scientific and educational information (Holmlund and Hammer, 1999).

5.2.3 Threats to biodiversity within the lakes of the Malay Archipelago

2720



The main threats to lacustrine freshwater biodiversity are water pollution, flow modification,
habitat degradation, over exploitation, species invasions and environmental change, which
are particularly prevalent in the Malay Archipelago (further explained in Appendix 6 ‘How
can we conserve the imperilled freshwater ecosystems of Southeast Asia?’). Multipurpose
reservoir construction has accelerated over the latter half of the 20" century, mostly for
hydroelectric power, and agricultural irrigation, with fisheries becoming a significant
secondary use of these impounded waters (Amarasinghe and De Silva, 2015). Asian
lacustrine fisheries have a significant impact on rural livelihoods and nutrition of rural
people, but have not received adequate policy control, research, development, or technology
(De Silva, 2010; Amarasinghe and De Silva, 2015).

The inland waters of Indonesia are under one Fisheries Management Area and can be
used for fisheries and aquaculture development. Indonesia is one of the world’s top
aquaculture producers (Amarasinghe and De Silva, 2015). Stock enhancement and CBF of
inland waters are promoted by Southeast Asian countries, and particularly Indonesia, for fish
production, food security, income for fishers and human wellbeing (Kartamihardja, 2015;
Amarasinghe and De Silva, 2015). Of the 840 major lakes of Indonesia, there are 28 key
lakes for stock enhancement and restocking, including Lake Laut Tawar, Lake Toba, Lake
Singkarak, Lake Semayang, Lake Melintang, Lake Matano, and Lake Batur, all sampled in
this study (Kartamihardja, 2015).

In Peninsular Malaysia, water resources are heavily impounded, and a relatively large
number of ornamental fishes are produced for the export trade (Coates, 2002). Malaysia has a
modest open-water stocking programme of mostly Silver Barb (Barbonymus gonionotus),
Common Carp (Cyprinus carpio), Giant Freshwater Prawn (Macrobrachium rosenbergii),
Red Tilapia (Oreochromis niloticus red-hybrid) and River Catfish (Pangasius sp.) (Coates,
2002).

Stocking as recompense for decreasing fish populations often creates artificial
systems which are dependent upon a constant input of reared fish and may disguise
ecological patterns which consequently weaken the implementation of conservation
management (Holmlund and Hammer, 1999). In many cases, stocking can also cause
depletion of other economically valuable species, changes in nutrient balances, or
biodiversity decline (Holmlund and Hammer, 1999). With this type of stocking-based fishery
in lakes and reservoirs, increased fishing pressure, open access and unregulated fisheries are a
problem and are often associated with biologically incompatible reservoir water level

management (Petr 1995). Aquaculture in the form of cage culture or floating cages within
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lakes can increase phosphates and nitrates and lead to eutrophication (Pratiwi ef al. 2016).
Many environmental problems are associated with aquaculture in lakes and reservoirs,
especially due to inadvertent expansion of cage culture which when practices are over-
intensified, can cause deterioration of water quality, resulting in fish kills (Abery et al. 2005).
Other sources of nutrient loading come from agriculture and residential wastes, and so are
generally an indicator of human impact. Indonesian freshwaters suffer from a host of fishing
related threats, such as fishing by tipping large quantities of DDT or rotenone into the water,
electric fishing and underwater explosives. Additional pollutants from agricultural pesticides
and mineral extraction are a problem, particularly for lakes that are small or slow-flowing
(Whitten et al. 1996). Due to these types of threats to lacustrine ecosystems, there are fifteen
national priority lakes designated by the Indonesian government for rehabilitation in
Indonesia, listed here with lakes used in this study in bold: in Sumatra (Lake Toba,
Maninjau, Singkarak, Kerinci), in Sulawesi (Tondano, Limboto, Poso, Tempe, Matano), in
Kalimantan (Mahakam Semayang-Melintang-Jempang, Sentarum), in Papua (Sentani), in

Banten (Rawa Danau), in Bali (Batur) and in Central Java (Rawa Pening) (Haryani, 2016).

5.2.4 Environmental DNA for biodiversity monitoring of tropical lakes

Freshwater fauna is particularly sensitive to environmental change and disruption (Brander
2007; Dudgeon 2010), and consequently management agencies often use the status of
regional fish and amphibian biodiversity as ecosystem health indicators to prioritize and
assess management strategies (Sala ef al. 2005; Xenopoulos et al. 2005; Abell et al. 2008;
Giller et al. 2004). This relies on accurate population assessments in the field, including
species richness, diversity, distribution and abundance. Conventional methods of aquatic
bioassessment have depended upon catching individual organisms such as fish, using gill
nets, long-lining, traps, acoustic monitoring, baited remote underwater video (BRUV),
underwater visual census (UVC) and fisheries-dependent population surveys or electrofishing
(Murphy & Willis 1996; Bonar et al. 2009). These methods are destructive, labour intensive,
expensive, require taxonomic expertise, have bias, and cannot always give a complete picture
of biodiversity due to inefficiencies of sampling, meaning that false negatives may arise
concerning rare or elusive species (Lodge ef al. 2012; Argillier et al. 2013; Kubecka et al.
2009; Bayley & Peterson 2001; Mackenzie & Royle 2005). Conservation management and
ecological research can therefore be hindered when using these conventional methods if

changes in biodiversity cannot be rapidly assessed. One of the major priorities of the
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International Decade for Action ‘Water for Life’ programme which ran from 2005 to 2015 is
freshwater biodiversity conservation (UN, 2015). To understand the resource potential of
lakes, baseline data is needed to assess biological and non-biological natural resources, with
implications for the sustainable development of fisheries, tourism and conservation (Restu et
al. 2016).

In large lake ecosystems, established methods are currently inadequate to fulfil
legislative obligations such as the EC Water Framework (European Communities 2000).
There is a need for more concerted efforts to monitor fish catches in Southeast Asia, where
fish production and inland fishery statistics do not even differentiate between the type of
water body, even though the majority of inland fisheries for food fish production occur in
lacustrine waters in Asian countries (Coates, 2002; Amarasinghe and De Silva, 2015). To
understand the effects of anthropogenic impact such as mining pollutants on individual
species and the ecosystem as a whole, it is first necessary to understand what species are
present in a community, and consequently, which species may come into contact with such
impacts. The implementation of eDNA sampling could provide a viable solution to these
questions, allowing environmental biodiversity monitoring to inform regulators or managers
of conservation priorities, fisheries population patterns and the spread of invasive species.

Most aquatic eDNA studies have focused on the detection of single species using
species-specific markers, and only recently has the detection of species communities based
on eDNA metabarcoding become more common. Hénfling et al. (2016) detected 14/16
species recorded at Lake Windermere, compared with 4/16 detected by gill net surveys.
Valentini et al. (2016) detected amphibian and fish species from lakes and ponds using
eDNA where conventional surveys proved less successful, with an overall detection
probability of 0.97 and 0.58 respectively. Keskin et al. (2016) detected twenty-three species
of fish from a Turkish lake, five of which were reported for the first time. Civade et al.
(2016) using the same methods as Valentini et al. (2016), detected 21/26 taxa from three
eDNA metabarcoding samples, compared to 22/26 from seven cumulated traditional
sampling surveys of ponds, lakes and rivers. Evans ef al. (2017) detected all of the fish
species detected by traditional sampling from a pond in the USA and eleven additional
species not detected using traditional sampling. However, results varied depending on the
bioinformatic stringency employed. Most recently, Valdez-Moreno ef al. (2018) detected
seventy-five species of vertebrates including forty-seven fishes, fifteen birds, seven

mammals, five reptiles, and one amphibian from a Mexican lake. As discussed in Chapter 3,
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although there have been metabarcoding studies from the tropics from iDNA (Schnell et al.
2012), soil eDNA (Porazinkska et al. 2010; Yoccoz et al. 2012), and marine water targeting
microbiota (e.g Rusch et al. 2007), there have been few aquatic eDNA studies targeting
macrobial life. There have been tropical, aquatic, macrobial eDNA studies focusing on
single-species (Piaggio et al. 2014; Robson et al. 2016), marine systems (Bakker et al. 2017)
or single aquatic habitats with high biodiversity traffic (Ishige et al. 2017) and human
haplotype variation (Kapoor ef al. 2017). There are a number of very recent studies using
eDNA metabarcoding from natural freshwater bodies: Bélint ez al. (2017) detected twenty-
five species of frog from ponds in Bolivia, and Cilleros et al. (2018) detected 132 fish species
from Guianese sites. However, to our knowledge, this is the first aquatic eDNA

metabarcoding study of the mega-diverse Malay Archipelago.
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5.2.5 Study sites

Figure 5.2. Lake sample sites across the Malay Archipelago. Each lake site is shown by red pins.

Study sites were selected to cover a range of biogeographical points across the Malay
Archipelago, and to cover a range of geological lake formations, habitat variables and

anthropogenic impact, details of which are shown below in Table 5.1. All lakes were sampled
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from a boat, either via dugout canoe with no engine, small engine boats owned by local
fishermen, or tourist style engine boats depending on the protection levels and infrastructure
at each lake. The principal researcher (Alice Owusu-Evans) sampled the following sites with
the help of members of the Indonesian Biodiversity Research Centre (IBRC): Lake (Danau)
Batur, Lake (Danau) Beratan, Lake (Danau) Buyan, Lake (Danau) Semayang, Lake (Danau)
Melintang, Lake (Danau) Rawa Pening and Lake (Danau) Matano. The following sites were
sampled separately by members of the IBRC: Lake (Danau) Laut Tawar, Lake (Danau) Toba,
Lake (Danau) Singkarak and Reservoir (Waduk) Riam Kanan. Lake (Tasik) Chenderoh was
sampled by members of the Aquaculture Research Group at Universiti Sains Malaysia
(University of Science Malaysia). Members of the IBRC and USM are fully credited in the

Acknowledgements section.
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Table 5.1. Lakes sampled in this study and associated data from the literature. (Arthana, 2011; GPS Coordinate Converter, 2018; Hardjamulia and Suwigno,
1988; Haryani, 2016; Kartamihardja, 2015; Kurniawan and Subehi, 2016; LakeNet, 2003a; LakeNet, 2003b; LakeNet, 2003c; LakeNet, 2003d; LakeNet, 2003¢;
LakeNet, 2003f; LakeNet, 2003g; LakeNet, 2003h; LakeNet, 2003i; LakeNet, 2003k; Lehmusluoto and Machbub, 1997; Mardiah and Syandri, 2016; Ministry of
Environment Republic of Indonesia, 2012; Ministry of Environment Republic of Indonesia, 2012; Petr and Morris, 1995 Putri and Hadisusanto, 2016; Subehi ef al.
2017; Tjahjo et al. 1998; Saragih and Sunito, 2001; UNEP

2018; Whitten ef al. 1996; Wijopriono ef al. 2017.

Lake Lake Type Location Latitude Longitude Area | Volume Max Altitude Productivity
(km®) | (km’) | Depth (m) (m)
Batur Enclosed, Kintamani, Bali, S8 150" E 115°24'0" 16 0.82 88 1031 Mesotrophic-
caldera Indonesia (-8.2500) (115.4000) Eutrophic
Beratan Enclosed, Tabanan, Bali, Indonesia | S 8° 16' 0" E 115°10' 59" 3.85 0.049 22 1239 Mesotrophic-
caldera (-8.2667) (115.1833) Eutrophic
Buyan Enclosed, Buleleng, Bali, S 8°14'36.236" | E 115° 7' 18.148" 3.9 0.116 87 1217 Mesotrophic-
caldera Indonesia (-8.243399) (115.121708) Eutrophic
Tamblingan | Enclosed, Buleleng, Bali, S 8°15'26.96" | E 115°5'46.852 1.9 0.027 90 1200 Oligotrophic
caldera Indonesia (-8.2574889) (115.0963477)
Matano Tectonic East Luwu, Sulawesi, S2°29'29.431" | E 121°22'37.32" 164 98 600 382 Ultraoligotrophic
Indonesia (-2.4915087) (121.3770336)
Melintang Floodplain, East Kalimantan, S0°17'37.537" | E116°20'12.305" | 90 NA 5 10 Eutrophic
oxbow Indonesia (-0.2937602) (116.3367514)
Semayang Floodplain, East Kalimantan, S 0°18'4.873" E 116°39'19.206" | 240 NA 6.5 17 Eutrophic
oxbow Indonesia (-0.3013536) (116.6553351)
Rawa Floodplain, Samarinda, Java, S7°17'7.774" | E 110°25'55.801" | 25 0.052 14 470 Eutrophic
Pening semi-natural | Indonesia (-7.2854929) (110.4321671)
Singkarak Tectonic Solok and Tanah Datar, | S 0°37'9.348" | E 100°32'27.103" | 107.8 16.1 268 360 Oligo-
West-Sumatra, Indonesia | (-0.6192634) (100.5408621) mesotrophic
Laut Tawar | Tectonic Takengon city, Middle N 4°36'42.998" | E 96° 55' 24.999" 54.7 2.5 80 1200 Oligo-
Aceh, Aceh, Indonesia (4.6119439) (96.9236109) mesotrophic
Toba Enclosed, North Tapanuli, Karo N 2°47'9.883" | E 98°36'57.842" 1,130 | 240 529 905 Oligotrophic
caldera and Dairi regencies of (2.7860786) (98.6160674)
Aceh, Indonesia
Riam Reservoir Tiwingan Lama, Aranio, | S 3°31'54.358" | E 115°4'3.054" 92 1.2 50 25 Mesotrophic
Kanan Banjar, South (3.531766) (115.068201)
Kalimantan, Indonesia
Tasik Reservoir Perak, Malaysia N 4°58'18.788" | E 100° 57' 34.226" | 8.5 0.095 16.2 Mesotrophic
Chenderoh (4.9718855) (100.9595074)

209




5.2.6 Bali

Danau Batur

Lake Batur is the largest and deepest of the
four Balinese lakes (see Table 5.1 for
physical features), described as one of the
world’s largest and finest calderas (van
Bemmelen, 1970). Lake Batur has markedly
different physio-chemical features than the
other Balinese lakes (see Table 5.1), with a
much higher conductivity, and
concentrations of magnesium, bicarbonate,
chloride and sulphate, possibly due to the
proximity of the active volcano Gunung
Batur which most recently erupted in 1963

(Lehmusluoto and Machbub, 1997; Radiarta

2kmi

and Sagala, 2012; Sentosa and Wijaya,
2012; Haryani, 2016). The lake and its

Figure 5.3. Lake Batur. Google Satellite image
of Danau Batur, 2 km scale bar shown.

surrounding area is used by the local
community for agriculture, tourism and fisheries, including the use of Floating Net Cages,
particularly for tilapia (Lehmusluoto and Machbub, 1997; Arthana, 2011; Radiarta and
Sagala, 2012), and is an important water storage source (Arthana, 2011). Uncontrolled land
use change, particularly close to the lake’s beach has caused high volumes of pollutants to
enter Lake Batur (Arthana, 2011).

Non-native fish have been introduced to Lake Batur in an attempt to increase fishery
activity in the region, the most common being Nile Tilapia (Oreochromis niloticus) (Sentosa
and Wijaya, 2012). This species dominates fish catches with 63.96% of the catch according
to a 2011 study (Sentosa and Wijaya, 2012), followed by Mozambique Tilapia (Oreochromis
mossambicus) (13.63%) and the Yellow Rasbora (Rasbora lateristriata) (11.87%). However,
production of Nile Tilapia is decreasing due to infection with some potentially pathogenic
bacteria. The Grass carp (Ctenopharyngodon idella) was also introduced in 2009, a species
generally introduced for controlling aquatic weeds such as the Common Water Hyacinth
(Kartamihardja, 2012). In the same year, the Milk fish (Chanos chanos), (Eichhornia
crassipes) (Kartamihardja, 2012) was introduced. Other fish species described from Lake

Batur are shown in Appendix 7, although this is not exhaustive. Aquaculture activities in



Lake Batur are plenty, with Floating Net Cages (FNC) being implemented around the edge of
the lake since the 1990s, growing to around 560 FNCs managed by 950 fish farmers
(Suryaningtyas and Ulinuha, 2016). Higher nutrient concentrations were found closer to
settlements and aquaculture cages, indicating their effect on potential eutrophication
(Radiarta and Sagala, 2012). The use of organic and inorganic fertilizer has caused the
nutrient content in Lake Batur to increase so that it is now classed as eutrophic, with the
effect of nutrient, waste and pollutant influx exacerbated by the lack of an inlet or outlet

(Arthana, 2011).

Danau Beratan (Danau Bratan)

Lake Beratan is the shallowest of the enclosed lakes of
Bali (see Table 5.1), with a steep and rocky to the east
where the caldera wall remains, and gently sloping and
shallow to the west where there is a wave-cut platform
(Green et al. 1978). Lake Beratan is under heavy
pressure from recreational lake tourism related
activities, including the use of high-power motorboats
which cause engine oil pollution (Lehmusluoto and

Machbub, 1997). There is a temple, Pura Ulun Danu

1km

Figure 5.4. Lake Beratan. Google
(goddess of the lake) which offers a major tourist and

Satellite image of Danau Beratan, 1
religious attraction, and some small-scale agriculture
nearby (Lehmusluoto and Machbub, 1997). The water

1s weakly stratified (RTR 19.0, 41.5 and 72.6), with a particularly low conductivity, and

km scale bar shown.

shows signs of eutrophication. The Convict Cichlid (also known as the Zebra Cichlid)
(Amatitlania nigrofascia) is commonly found in Lake Beratan (Rahman et al., 2012; Sentosa
et al. 2013; Restu et al. 2016), one of more than nine species of fish that were introduced
since 1945 (Whitten et al. 1996), which are expected to be detrimental to the native fish
community original and local fishing activities. Beratan Lake is known to contain the entirely
endemic species Rasbora baliensis found only in this lake (Kottelat ez al., 1993; Whitten et
al. 1996) and so the presence of these introduced fishes and their impact on populations of
Rasbora baliensis is of urgent concern (Whitten et al. 1996). In 1990 recreational fishermen
noticed necrosis on the bodies of fish caused by a pathogenic bacteria, and by 1992, fish also
carried Lernaea parasites, thought to be a result of the introduction of unhealthy fish stock

and cumulative stress from pesticide loads (Whitten et al. 1996).



Danau Buyan

Lake Buyan is surrounded by rain forest, small-scale agriculture and quiet tourist
accommodation, with low level fishing activities taking place (Lehmusluoto ef al. 1997). The
northern shore is formed by the steep, forested caldera wall, and the southern shore is gently
sloping and cultivated, with a deepening basin to the west (Green et al. 1978). Lake Buyan is
thought to have previously been connected to Lake Tamblingan, and separated after a land
slide in 1818. Motorboats and water sports are banned on both lakes (Insight Guides, 2014).
Fisheries development at Lake Buyan has been implemented to aid economic empowerment
of the communities around the lake, nature tourism in the form of recreational fishing, and
biodiversity conservation (Restu et al. 2016).

A study from 2016 (Restu ef al.
2016) found nine species of aquatic
plants, and six species of fish
(Appendix 4). The composition of
the fish species found was
Amatitlania nigrofascia (Convict

Cichlid, 66%, introduced pest

Figure 5.5. Lake Buyan. Google Satellite image of Danau species), Ostheocillus hasselti (14%,

Buyan, 1 km scale bar shown the only native fish species),
Cyprinus carpio (Common Carp
13%), Oreochromis mosambicus (Mozambique Tilapia 5%), and Oreochromis niloticus (Nile
Tilapia, 0.3%). Nearby agricultural and tourist activities may have increased the nutrient load
to this lake, contributing to the growth of aquatic plants (Restu et al. 2016). Organochlorine
pesticide contaminants, i.e. DDT 5.02 ppb (parts per billion) and chlorotalonile 1.99 ppb
were observed from 55 sampling point of water taken from five sampling zones, although

neither were above maximum thresholds of 42 ppb (Manuaba, 2007).



5.2.7 Sulawesi

Danau Matano (Mantana)

Lake Matano (also known as Lake Mantana) is one of the ancient tectonic lakes found on the
island of Sulawesi, the deepest lake in Southeast Asia, and eighth deepest lake in the world,
at 590-600 m, with a cryptodepression of 218 m (see Table 5.1). It is the hydrological head of
the Matano-Mahalona-Towuti chain in the Malili Lakes system, thought to be 41-12 million
years old (Brooks, 1950; Whitten et al. 1987; Haffner et al. 2001; Nasution, 2016). It flows
into nearby Danau Mahalona, which in turn flows into Danau Towuti, before emptying into
the Gulf of Bone in east Sulawesi (LakeNet, 2003d; Herder et al. 2012). Lake Matano has a
sharp thermocline layer, and at 150-200 m deep, a clear physical and chemical gradient
where alkalinity and calcium increases two-fold, magnesium three-fold, iron and total
nitrogen ten-fold, ammonia twenty-fold, and manganese from undetected to 0.22 mg/1, while

sodium decreases from about 3 to 1.1 mg/l (Lehmusluoto and Machbub, 1997).

Figure 5.6. Lake Matano. Google Satellite image of Danau Matano, 2 km scale bar shown

There is an anoxic hypolimnion, with weak stratification (RTR 34.3) and 7.4 x 105 metric ton
of CH4 (Lehmusluoto and Machbub, 1997; Crowe et al. 2010). It provides a water source,
tourism attraction, fishing opportunities and is designated a World Heritage site and National
Tourism Park (Nasution, 2006), as well as a LakeNet Biodiversity Priority and WWF Global

200 ecoregion (LakeNet, 2003d). These ancient lakes harbour endemic radiations of a variety



of freshwater taxa, including fishes, molluscs, shrimps and crabs (von Rintelen et al. 2012),
which have provided model systems from which to explore the adaptive character of
intralacustrine radiations (von Rintelen ef al. 2004; Herder et al. 2006, 2008; Pfaender et al.
2010, 2011), behavioural specialization and filial cannibalism (Gray ef al. 2007, 2008a;
Cerwenka ef al. 2012) and male colour polymorphisms (Gray et al. 2008b; Walter et al.
2009) amongst other evolutionary topics. As an ultraoligotrophic lake with very low
productivity, its waters are crystal clear (Crowe ef al. 2008). Fish species found there include
Telmatherina sarasinorum (Nilawati et al. 2010), flowerhorns (Amphilophus sp., Herder et
al. 2012). There are fourteen endemic fish species, Te/lmatherina antoniae dominates the fish
population at Lake Matano, followed Glossogobius matanensis (Wirjoatmodjo et al. 2003;
Nasution, 2016). The high degree of endemism in the fish communities of Lake Matano and
its neighbours justifies the need for freshwater biodiversity conservation. Threats include a
hydroelectric power plant, ornamental fish trade, fishing, ecotourism, introduction of invasive
species, habitat degradation through soil erosion, logging, mining and agriculture, and
transportation, particularly from the nearby nickel industrial plant owned by PT Inco. PT Inco
is running the largest nickel laterite ore operation in the world in Sulawesi, with Lake Matano
being one of its sites (Nasution, 2006; Haryani, 2016). Deforestation poses a major threat to
the Malili Lake system, aggravated by government directed population relocation from
greater Sunda Islands to less densely populated areas of Sulawesi, possibly leading to
increased run-off, higher nutrient pollution and consequent eutrophication (LakeNet, 2003d).

Kalimantan

5.2.8 East Kalimantan, Borneo

Danau Melintang and Danau Semayang

Lake Melintang and Semayang are two of the cascading, floodplain, oxbow, eutrophic lakes
(Petr and Morris, 1995) connected to the Mahakam River along with Jempang, in East
Kalimantan. These lakes are shallow with a muddy, sandy floor (see Table 5.1), with a fish
community dominated by the Cyprinidae family (LakeNet, 2003¢e; Haryani, 2016; Kurniawan
and Subehi, 2016). The lakes connected by the Mahakam River have been particularly
affected by heavy metal pollutants, silting, and river-borne erosion, causing habitat loss,
disruption of reproductive processes in aquatic animals and the growth of water hyacinth
(LakeNet, 2003g; Kartamihardja, 2015; Hiryani, 2016; Kurniawan and Subehi, 2016).).
Around 75% of East Kalimantan has been assigned for coal mining (Green Peace, 2016), the

activity of which can be observed near Danau Melintang and Danau Semayang sampled in
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this study, through satellite imagery using Zoom Earth (2018), Google Earth (2018) and
Google Street View (2018) (Figure 5.7 below). The mining company ‘PT. Gema Rahmi
Persada’, (Desa Kotbangun2, Kotabangun, kutai kartanegara, East Borneo), operate the mine
site at nearby Kotabangun (Four Square, 2018) which appears to be responsible for the
visible red pollution entering the lake system, likely through acid mine drainage, which
creates contaminants in the form of acid, iron, sulphur and aluminium, which can cause loss
of aquatic life, and restricts stream use for recreation, public drinking water and industrial
water supplies (U.S. Environmental Protection Agency, 2018). Bright blue water in
abandoned open-pit mines are visible, likely an indicator of highly acidic waste water (Green
Peace, 2016). Indeed, there are reports of local people living on the nearby Santan River
abandoning their homes because of the level of degradation of the river and water quality,

which has deteriorated to the level that it is necessary for local people to buy bottled water.

Figure 5.7. Lake Semayang and Melintang. Google Satellite image of Danau Semayang and Melintang,

5 km scale bar shown.

Responsibility is shirked by the local mining company, PT Indominco Mandiri, (owned by
the larger Thai mining company, Banpu) who’s CEO has stated that mining activities
complied with environmental regulations (Mongobay, 2017; Tisnadibrata and Wiriyapong,
2016). A report from Greenpeace (2016) also describes intense mining impacts from PT
Mahakam Sumber Jaya (MSJ, Harum Energi Group), in other villages near the Mahakam

River, and the imprisonment of local farmers who peacefully protested against them.



Unsurprisingly, local populations of the critically endangered Irrawady River Dolphin

(Ocaella brevirostris) have decreased (Haryani, 2016).

Waduk Riam Kanan

Figure 5.8. Google Satellite image of Waduk Riam Kanan. 2 km

scale bar shown.

The Banjar Regency in
South Kalimantan is
dominated by rivers, with the
capital city, Banjarmasin,
known locally as Kota
Seribu Sungai (Indonesian:
City of Thousand Rivers).
Many people live around the
Martapura, Barito, and Riam
Kanan Rivers. Freshwater
fisheries are therefore an
important source of food
locally, with high demand
for fish, resulting in a high

level of local aquaculture activity (Hidayaturrahmah, 2017). The Riam Kanan reservoir was

constructed in 1973 (Kartamihardja, 2015) by damming the Riam Kanan River (MacKinnon,

1996) to act as a field, irrigation and electricity reservoir (Hardjamulia and Suwigno, 1988).

Floating-net culture began in 1986 (Hardjamulia and Suwigno, 1988; Rahman et al. 2017)

and nearby villages grow rice, peanuts and vegetables in small plots at the forest edge,

although it is nearby mining activities which contribute to sediment influx and pollution

(MacKinnon, 1996). In 2001, the Riam Kanan River hosted around 6,800 fishcages, which

decreased to 4,667 in 2006 as a result of fish mortality related to over intensification

(Rahman et al. 2017).



5.2.9 Java

Danau Rawa Pening

Lake Rawa Pening is a shallow, flood-plain,
semi-natural, eutrophic lake in Central Java.
Lying within an ancient caldera, Lake Rawa
Pening is a man-made lake, created by a control
dam on the Tutang river between 1921 and
1923, heavily exploited for fisheries and other
water related economic activities (bottom mud
and molluscs) and surrounded by large areas of
rice paddies and towns (Lehmusluoto and

Machbub, 1997). There is no current

2k management plan, and no acknowledgement by
Figure 5.9. Lake Rawa Pening. Google any government body of responsibility for
Satellite image of Danau Rawa Pening, 2km 112100 ment of the lake (UNEP, 2018).
scale bar shown However, Whitten et al. (1996) state that no area
of freshwater in Indonesia is better studied ecologically than Rawa Pening, with many early
studies of its physical, chemical, biological and sociological features. It is Indonesia’s oldest
reservoir, with an inlet through the Muncul estuary where many fish go to spawn (Whitten et
al. 1996), and an outlet to the Tuntang River (Lehmusluoto and Machbub, 1997). Invasive
Water Hyacinth (Eichornia crassipes, known locally as enceng gondok) infects 40-60% of
the lake surface (Hutarabat et a/, 1986; Lehmusluoto and Machbub, 1997; UNEP, 2018),
introduced as green manure into nearby rice fields (Whitten et al. 1996). The introduced
Anodonta woodiana can be found at Lake Beratan, where it is consumed for food (Whitten et
al. 1996). Fish yields dropped from 548 to 18 kg/ha between 1972 and 1980, likely due to
overfishing, but have recovered since 1980, possibly due to floating cages (Whitten et al.
1996). The lake is fed by nine rivers running down nearby slopes, and by a number of
internal springs (Irawan, 2016). Large amounts of allochthonous matter from the catchment
come from the nearby towns of Salatiga and Ambarawa which increase run-off of untreated
plastic and organic waste which pollute the lake inlets (Lehmusluoto and Machbub, 1997;
UNEP, 2018), as well as clogging from water hyacinth (Eichhornia crassipes) (Irawan,

2016). This lake also provides hydroelectric power, irrigation, recreational services, drinking



water and fishing activities (Irawan, 2016). The lake has no epilimnion, but a thermocline

which begins at the surface (Lehmusluoto and Machbub, 1997; UNEP, 2018).

5.2.10 Sumatra

Danau Singkarak

Lake Singkarak is a strike slip fault, tectonic,
oligotrophic lake (Petr and Morris, 1995)
located in Solok and Tanah Datar, West-
Sumatra, with a natural flushing system (inlet
from Dibawah lake via River Sumani/outlet
through Umbilin river), and functions as a
sediment sink (Lehmusluoto and Machbub,
1997). Lake Singkarak is a popular tourist
lake, part of an annual international tourist
event (Oktavia and Faoziyah, 2016). River
inlets come from the Sumpur River,

Paninggahan River, Raing River, Muara

Pingai River, Saning Bakar River and Sumani

Figure 5.10. Lake Singkarak. Google Satellite RiVer (Syandri, 1996), and Since 1998 the

image of Danau Singkarak, 2 km scale bar
s s outlet flows through a hydropower tunnel

(Mardiah and Syandri, 2016). Studies from

shown

2013 and 2016 found 19 fish species, belonging to 5 orders, 9 families, 16 genera (Syandri et
al. 2013; Oktavia and Faoziyah, 2016) (see Appendix 7). The lift net survey conducted by
Mardiah and Syandri (2016) yielded a total catch constituting of: Cyprinidae (42.10%),
Bagridae (10.52%), Osphronemidae (10.52%), Channidae (10.52%), Tetrodontidae (5.26%),
Anabantidae (5.26%), Mastacembelidae (5.26%), Chiclidae (5.26%), and Gobiidae (5.26%).
These were composed of bilih fish (Mystacoleucus padangensis) (81.17%), the Tinfoil Barb
(Barbonymus schwanenfeldii) (4.26%), the Hampala Barb (Hampala macrolepidota)
(5.34%), a barb species, (Anematichthys armatus) (1.70%), a crustacean species within the
Penaeus genus (6.68%), and the Humpback Puffer (Tetraodon palembangensis) (0.70%).
Lake Singkarak shows stratification (RTR 55.2 and 78.8), with a permanently or semi
permanently stagnant hypolimnion, and is likely meromictic from around 45- 50 m, meaning

around two thirds of the lake is oxygen depleted (Lehmusluoto and Machbub, 1997). Threats



to this lake include plans for abstraction for hydroelectric dam development and irrigation,

potentially causing mixing of the stratified layers (Lehmusluoto and Machbub, 1997).

Danau Laut Tawar

Lake Laut Tawar is a
large, tropical,
subalpine, eutrophic
lake located in the
eastern area of
Takengon city, Middle
Aceh, Aceh, Indonesia
(LakeNet, 2003j;
Lumbantobing, 2010;

Figure 5.11. Lake Laut Tawar. Google Satellite image of Danau Laut ~ Putri and Hadisusanto,
Tawar 2 km scale bar shown. 2016). The lake is a
water source and fishing
grounds for fishermen of the Gayoness people. There are at least 25 short tributaries flowing
into the lake, and only one outlet through the Peusangan River. The lake is surrounded by
almost barren pine forest, and mountains which reach above 200 m, and lies on a substrate of
granite rock (LakeNet, 2003;j; Putri and Hadisusanto, 2016). This lake has unique
environmental conditions, characterized by high light intensity throughout the year, low air
temperature, high rainfall and strong winds (Putri and Hadisusanto, 2016). Floating cage
culture activity is found in high amounts, increasing nutrient loads and decreasing
transparency. There is stratification, with an epilimnion 0 — 5m, metalimnion 5 — 8m, and
hypolimnion less than 15m. Threats include illegal logging, tourism, global warming and
other human activities, which have resulted in decreased water quality and quantity, possibly
adversely affecting fishes. The watershed is covered by forests, which are increasingly
affected by deforestation, and agricultural activities. (Putri and Hadisusanto, 2016). There is a
high level of endemism of freshwater fishes in North-western Sumatra compared to other
regions in Sundaland (Roberts, 1989; Kottelat, 1994), including four new species of Rasbora,
including the aptly named Rasbora tawarensis (see Appendix 7) (Lumbantobing, 2010).



Danau Toba

Danau Toba, spread across the North Tapanuli, Simalungun, Karo and Dairi regencies of
Aceh, Sumatra is the largest natural lake in Indonesia, and the largest volcanic lake in the
world (LakeNet, 2003k; Kurniawan and Subehi, 2016). It is a volcano-tectonic, oligotrophic

' ' lake (Petr and Morris, 1995)
formed as a caldera eruption
from Mount Toba around
75,000 years ago, (Ninkovich
et al. 1978), leaving the
‘pseudo-island’ of Samosir
island in the centre,
surrounded by hills and
mountains up to 2000 m above
sea level (LakeNet, 2003k;
Haryani, 2016; Pratiwi et al.
2016). There are 202 inlets to
the lake, 70 of which run year-
round (LakeNet, 2003k), and

Figure 5.12. Lake Toba. Google Satellite image of Danau Toba one outlet through the River

10 km scale bar shown. Asahan at Porsea to the Strait
of Malacca (Lehmusluoto and Machbub, 1997). The northern basin may experience periodic
circulation (RTR 31.1 and 61.1), but the southern basin has a clearer thermocline and
oxycline at 100-150 m, and so is more likely to remain stagnant throughout the year (RTR
25.0), with stratification at 140 — 50 m, and oxygen depletion at 0.061 mg/l (Lehmusluoto
and Machbub, 1997). There are 27 fish species listed from Danau Toba on Fishbase (2017a),
shown in Appendix 7. There are two endemic fish found in Danau Toba, Rasbora tobana
(Lumbantobing, 2010) and Neolissochilus thienemanni (Saragih and Sunito, 2001). Fish
surveys in 1990 showed a species composition dominated by Cyprinidae (Barbodes
gonionotus, Cyprinus carpio, Mystacoleucus padangensis, Barbodes binotatus and Rasbora
Jjacobsoni) (Wetlands International Indonesia, 1990) with a family distribution of 31.25%
Cyprinidae, 12.5% Clariidae, 12.5% Cichlidae, 12.5% Channidae, 12.5% Belontiidae, 6.25%
Aplocheilidae, 6.25% Poeciliidae and 6.25% Osphronemidae (Kurniawan and Subehi, 2016).
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The Common Carp was

introduced from 1905, along with

& the Mossambique Tilapia

0

U (Oreochromis mossambicus) in

HERg. the 1940s, and the Nile Tilapia

300 KgHa

200 K gHa (Oreochromis niloticus) by the
Ed 100 KgHa

1950s (Kartamihardja, 2012). The

0 Kg'Ha

Giant Gourami (Osphronemus

goramy) and Snake Skin Gourami
(Trichogaster pectoralis) were

also introduced in the 1920s,

although these did not become

S A
A d :

Figure 5.13 Variation of fish abundance in Lake Toba.

October 2005 (Wijopriono et al. 2017) heads of ‘bilih’ (Mystacoleucus

established (Kartamihardja,
2012). In 2003, around 3,000

padangensis) were introduced
to Lake Toba from nearby Lake Singkarak to increase the lake’s fish production, which
became dominated by these fish (Kartamihardja, 2012; Hedianto and Kartamihardja, 2014;
Kartamihardja, 2015; Kartamihardja et al. 2015). In 2013 however, an interesting
phenomenon occurred in which populations of M. padangensis sharply decreased, followed
by an increase of the introduced, and economically unprofitable Glassfish (Parambassis
siamensis) which preys upon the eggs of M. padangensis. Larger fish were found in the
Northern and Western areas of Samosir Island, and more often in deep water, and the Eastern
and Southern areas, and shallow waters contained smaller fish. There was a higher biomass
of fish in the Northwestern and Southwestern area of the lake, as shown by the heatmap in

Figure 5.13 above (Wijopriono et al. 2017).

5.2.11 Peninsular Malaysia

Tasik Chenderoh

Tasik Chenderoh is a reservoir lake located on the Perak River in the state of Perak,
Peninsular Malaysia. It is the oldest reservoir in Malaysia, created for hydroelectric power in
1930 (Dahlen 1993). It is a mesotrophic reservoir, with impacts on fish communities from

water level management and fluctuation, riparian land development, and housing
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developments (Ali, 1996). A
change in fish community
composition has occurred
after the impoundment of the
lotic ecosystem and
conversion to a lentic
ecosystem, and the
consequent anthropogenic
effects including water level
regulation, shoreline
development and the
installation of cage culture
(Ali, 1996). Fish species from
Tasik Chenderoh are shown

in Appendix 7. The highest

catch among commercial

Figure 5.14. Google Satellite image of Tasik Chenderoh. 2

species was for Puntioplites bulu

(14.1%), Mystus sp. (10.0%),

km scale bar shown.

Thynnichthys thynnoides (8.8%) and Channidae sp. (5.7%), and for non-commercial species
> 20% of the total catch were from Barbonymus schwanenfeldii, > 15% from
Cyclocheilichthys apogon, and > 10% Osteochilus vittatus (Kah-Wai and Ali, 2000). Perak is
one of the few states in Peninsula Malaysia which has implemented Inland Fishery
Regulations limiting the types of gear used in the fishing activity, controlling the use of
destructive fishing techniques including poisoning, electro-fishing and small mesh gill nets as

of the 1980s (Kah-Wai and Ali, 2000).
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5.2.12 Aims and Objectives

To our knowledge, this is the first study to use eDNA metabarcoding of lake water samples
from Southeast Asia. The broad aim of this study is to assess the potential of this low-effort
approach for multi-species fish detection and wider biodiversity of the lakes of the Malay
Archipelago, and examine whether patterns of species community composition and richness
vary with habitat variables in these freshwater systems. It is expected that larger lakes host
more species and areas East of the Wallace line have a distinctly unique community
composition, including an absence of cyprinid fish. We used previously published primer sets
targeting the COI, 128, and 16S regions of the mitochondrial genome. This study represents
the first targeted effort that demonstrates the effectiveness of an eDNA metabarcoding
approach for the detection and monitoring of Southeast Asian fish communities and aquatic

biodiversity.

Aims:

a) To assess the ability of eDNA to monitor aquatic biodiversity from each lake across the
Malay Archipelago based on OTU clusters amplified from eDNA samples.

b) To investigate how species richness and composition relate to lake habitat variables
including altitude, lake size, lake depth, productivity and region.

¢) To characterise how OTU richness, composition and species assignment relate to

biogeography, as eDNA information should reflect the presence of local species.

5.3 Methods

This study used eDNA metabarcoding to assess freshwater biodiversity. This is a multi-
species approach, by combining eDNA sampling with universal multi-gene metabarcoding,
so that broad biodiversity information can be generated without a priori information,
although amplification bias and primer specificity can limit reliability. This approach is in
contrast to single-species methods in which one, or several, species of interest are targeted
using species-specific primers, which yields less information and requires a priori
information about the target species, but may be more specific in terms of DNA
amplification. The eDNA sampling, laboratory and bioinformatic methods employed are
described in the Universal Methods (Chapter 4). For this study, the sampling effort was
designed to increase with increasing lake size, to allow for the levels of heterogeneity within

a single lake environment. A 750 ml sub-sample was collected every 500 m for 2.5 km using
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a plastic jug, and combined into a plastic bucket (both the jug and bucket were sterilised
using 20% bleach and rinsed with 70% ethanol prior to sampling). Each 2.5 km transect
therefore consisted of 6 x sub-samples from 0, 500, 1,000, 1,500, 2,000, and 2,500 m
combined into one large sample. From this one large sample, 3 x Sterivex filter replicates
were used to filter 500 ml each, totalling 1.5 L filtered from the 4.5 L collected. The rationale
for these 6 x subsamples being combined into one large sample was to cover the maximum
area for eDNA collection for the number of Sterivex filters available. The smallest lakes
sampled in this way (Danau Beratan and Danau Buyan) were only 2.5 km long, and so only
one transect (3 x Sterivex filters) was completed. Because of this, Danau Beratan was
sampled on three occasions a few days apart to check for consistency in eDNA results. The
largest lake, Danau Toba, is 100 km long, and so it was not possible to sample the entire
length of the lake, but instead 5 x transects were sampled in the North of the lake, and 5 x
transects sampled in the South of the lake, totalling 25 km (10 x 2.5 km transects) and 30 x
Sterivex filters. The number of transects which yielded acceptable metabarcoding
information are shown in Figure 5.16, 5.17 and 5.18 indicated by the lake name followed by

a number.

5.3.1 Statistical methods

An Analysis of Variance (ANOVA) was used to compare OTU richness between sites. Non-
Metric Multidimensional Scaling (NMDS) plots were created using vegan (Oksanen ef al.
2013) and ggplot (Wickham, 2016) in R using the Total Marker data category. NMDS plots
were created in combination with the Manhattan dissimilarity method for calculating a
distance matrix (chosen by vegan based on the dataframe of these OTUs). Several variables
were separately incorporated, consisting of Region, Area, Max Depth, Productivity and
Altitude. ‘Region’ was the geographic region of the lakes where the sample was collected,
either Bali (lakes Beratan, Batur, and Buyan), Sumatra (lakes Toba and Laut Tawar), Java
(lake Rawa Pening), Sulawesi (Lake Matano), Kalimantan (lakes Melintang, Semayang and
Riam Kanan) or Malaysia (the Chenderoh Reservoir). The ‘Area’ variable grouped lakes into
‘large, ‘medium or ‘small based on the area described from the literature, and the OTU
richness compared. Large lakes were those with an area of more than 100 km* (n = 3 lakes,
18 transects), medium lakes were those with an area 11 — 100 km? (n =4 lakes, 19 transects),
and small lakes were those with a maximum depth between 0 — 10 km? (n = 4 lakes, 10
transects). ‘Max Depth’ was the maximum recorded depth of the lake, either ‘deep’ with

maximum depth of more than 100 m (n = 2 lakes, 14 transects), ‘medium’ with a maximum
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depth of 21 — 100 m (n = 5 lakes, 19 transects), or ‘shallow’ with a maximum depth between
0 —20 m (n = 4 lakes, 14 transects). ‘Productivity’ was the trophic state of the lake identified
from the literature, either ‘eutrophic’, ‘mesotrophic’ or ‘oligotrophic’. ‘Altitude’ was the
height above sea level at which the lake resided, either ‘highland’ (altitude of > 1000 m
above sea level, n = 4 lakes, 13 transects), ‘midland’ (altitude of > 101 - 999 m above sea
level, n = 3 lakes, 17 transects) or ‘lowland’ (altitude of 0 — 100 m above sea level, n =4
lakes, 17 transects). A Permutational Analysis of Variance (PermANOVA) was also
performed on the NMDS OTU distance tables using ADONIS from the vegan package in R

with 999 permutations.

5.4 Results

Table 5.2. Summary of OTU richness.

Marker All COl 128 16S
Maximum OTU Richness 76 64 27 19
Average OTU Richness 39 31 6 3
Minimum OTU Richness 13 5 0 0

The highest OTU richness from all markers combined was 76 OTUs from a transect from
Lake Semayang, and the lowest was 13 from a transect from the Riam Kanan reservoir. The
highest and lowest OTU richness from the COI data was 64 from a transect from Lake

Semayang, and 5 from a transect from Rawa Pening respectively.
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Figure 5.15. OTU richness per lake. OTU richness for all markers combined per lake.

OTU richness was compared between groups using an Analysis of Variance (ANOVA) in R.

For all markers combined, there was a significant difference between lakes (P = 0.002).
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Table 5.3 OTU richness per lake. Average, minimum and maximum OTU richness per lake sorted in

descending order per category. Consistently low OTU richness was observed in Lakes Batur, Matano and
Riam Kanan, and consistently high OTU richness in Lakes Semayang, Chenderoh and Melintang.

Measure Lake All Lake 12S Lake 16S Lake COl
OTUs OTUs OTUs OTUs
Average Batur 15 | Riam Kanan 1§ Batur 0 § Batur 12
Average Matano 24 | Toba 2 | Matano 0 § Matano 20
Average Rawa 26 | Batur 3 | Rawa Pening 0 | Rawa Pening 21
Pening
Average Riam Kanan 33 | Matano 4 ) Toba 1 § Laut Tawar 26
Average Laut Tawar 39 | Rawa 5§ Riam Kanan 1§ Chenderoh 27
Pening
Average Beratan 42 § Laut Tawar Semayang 2 | Melintang 31
Average Toba 44 § Beratan Beratan 2 § Riam Kanan 31
Average Chenderoh 50 | Semayang 10 § Laut Tawar 5 § Beratan 32
Average Melintang 51 | Melintang 13 | Melintang 7 || Toba 42
Average Semayang 55 | Chenderoh 15 § Chenderoh 9 § Semayang 43
Max Batur 16 || Batur 3 )| Batur 0 § Batur 13
Max Matano 38 | Riam Kanan 5§ Matano 0 | Laut Tawar 30
Max Rawa 42 | Toba 6 | Rawa Pening 1§ Matano 31
Pening
Max Beratan 48 § Matano 7 )| Toba 2 )| Beratan 36
Max Riam Kanan 50 § Beratan 10 § Beratan Melintang 36
Max Toba 53 | Rawa 11 | Riam Kanan Chenderoh 38
Pening
Max Melintang 58 | Semayang 12 | Semayang 5 § Rawa Pening 39
Max Laut Tawar 71 | Melintang 14 | Melintang 8 | Riam Kanan 42
Max Chenderoh 72 | Chenderoh 23 || Chenderoh 16 | Toba 52
Max Semayang 76 || Laut Tawar 27 § Laut Tawar 19 | Semayang 64
Min Batur 14 § Matano 0 § Batur 0 | Rawa Pening 5
Min Riam Kanan 13 | Riam Kanan 0 J| Toba 0 § Batur 11
Min Matano 17 § Toba 1 | Matano 0 | Matano 13
Min Rawa 17 | Rawa 1§ Semayang 0 § Riam Kanan 13
Pening Pening
Min Laut Tawar 30 | Batur 3 J Riam Kanan 0 | Chenderoh 19
Min Toba 31 § Laut Tawar 3 | Rawa Pening 0 | Laut Tawar 23
Min Chenderoh 34 || Beratan 5 || Beratan 2 | Melintang 28
Min Beratan 37 | Chenderoh 6 § Laut Tawar 2 | Toba 29
Min Semayang 45 § Semayang 7 | Chenderoh 4 § Semayang 29
Min Melintang 46 | Melintang 12 | Melintang 6 | Beratan 30
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Lake Singkarak was removed from the analysis as samples were degraded due to an error
with the shipping provider from Indonesia to Europe. In the 12S dataset, only one OTU
remained from Lake Singkarak after filtering, with 936 raw reads assigned to OTU 100,
which returned ‘no hits’ from the MEGAN assignment pipeline and ‘No significant similarity
found’ using a BLAST with a ‘highly similar sequence’ search (megablast), and a range of
distantly related species with low quality BLAST criteria when using a search of ‘somewhat

similar’ sequences (blastn)’.

5.4.1 12§ Marker

There were 87 high quality OTUs produced after bioinformatic filtering shown below in
Table 5.4 of which 29 could be assigned to species level, and 40 could be assigned to genus
level, from 14 orders. Of the 14 orders, 13 were from the ray-finned fish class Actinopterygii,
and one from the class Mammalia. Taxonomic orders consisted of Anabantiformes (11),
Carangiformes (2), Characiformes (1), Cichliformes (12), Clupeiformes (2), Cypriniformes
(33), Cyprinodontiformes (4), Perciformes (7), Gonorynchiformes (1), Osteoglossiformes (2),
Scombriformes (1), Siluriformes (8), Synbranchiformes (1), Primates (1). The order with the
highest number of OTUs was Cypriniformes (33), one of the most abundant fish groups in
Southeast Asia. A transect from the Chenderoh Reservoir in Malaysia had the highest OTU
richness of 27, whilst a transect from Lake Matano and several from Riam Kanan had the
lowest of 0. Many of the fish species detected, both native and introduced, are economically
significant aquaculture or fisheries species. The Middle Eastern and African cichlid fishes
belonging to the Pseudocrenilabrinae subfamily, including the Oreochromis and
Sarotherodon genera were common across all lakes except for Semayang and Melintang in
Borneo, and particularly dominant in the Balinese lakes and Rawa Pening in Java (see Figure
5.16 below). The Common Carp (Cyprinus carpio) was also common, found in five lakes, as
was an OTU assigned to the Osteochilus genus, likely to be Osteochilus vittatus.

Lake Toba was almost entirely dominated by an OTU assigned to the Ambassidae
family (see Figure 5.16 below), very likely to be the introduced Glassfish Parambassis
siamensis. Similarly, the Chenderoh Reservoir was mostly dominated by the Perak River
Sprat (Clupeichthys perakensis), although at much lower read counts, with many more
coexisting species (Figure 5.16).

Reads from lakes Melintang and Semayang in Borneo were mostly dominated by an

OTU assigned to the Helostoma genus (most likely Helostoma temminckii).
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Clupeichthys perakensis
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Amphilophus
Oreochromini
Ampilophus 1

Cyprinus carpio hybrid
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Glossogobius 1

Barbichthys

Siluridae

Gobiopterus chuno

Cichla ocellaris

Anematichthys apogon

Mystacoleucus

Paraneetroplus synspilus x
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Figure 5.16. Taxa plot of 12S marker reads across all lakes. This plot was created using the top
50 most abundant taxa selected from the species level and higher depending on the filtering criteria.
Each lake shows a similar community composition, and it is clear that lakes in the same region (e.g.
the lakes of Bali and the lakes of Borneo) show a similar community composition. The reservoir
Riam Kanan was removed as it appeared blank in this taxa plot due to a lack of 12S reads.
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Table 5.4. Taxonomic assignments of 12S OTUs, and their presence per lake. The number of transects with a positive detection are shown in each coloured cell.
Colour coding is based on the total reads found from all samples from one lake after bioinformatic filtering but before normalisation. Red => 10,000 reads across a
single, orange = 5,000 — 9,999, yellow = 2,500 — 4,999, green = 1,000 — 2,499 and blue = 20 — 999. BA = Lake Batur, BE = Lake Beratan, BU = Lake Buyan, TO =
Lake Toba, RP = Lake Rawa Pening, SE = Lake Semayang, ME = Lake Melintang, RK = the Riam Kanan Reservoir, MA = Lake Matano, CH = the Chenderoh

Reservoir. Species with a * were accepted beneath the 90 - 98% identity threshold as they are the only species within the genus occurring in this geographic region.
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Order Family Genus / Species Common Name | BA | BE | BU | LT | TO | RP | SE | ME | RK | MA | CH
Anabantiformes Anabantidae Anabas testudineus* | Climbing Perch 2/4 | 2/3
Anabantiformes Channidae Channa micropeltes | Giant Snakehead 1/4
Anabantiformes Helostomatidae | Helostoma Gourami
temminckii*
Anabantiformes Osphronemidae | Osphronemus Gourami :-
Anabantiformes Osphronemidae Trichopodus Snakeskin
pectoralis Gourami
Anabantiformes Osphronemidae | Trichopodus Gourami 1/7
Anabantiformes Osphronemidae Trichopsis Gourami 1/7 1/3
Anabantiformes Pristolepididae Pristolepis Leaffish 4/4
Anabantiformes Pristolepididae Pristolepis Leaffish 1/3 | 3/3
Anabantiformes Telmatherinidae | Telmatherina Sail-fin 3/4
prognatha silverside
Anabantiformes Telmatherinidae - Sail-fin
silverside 2/4
Carangiformes Carangidae Decapterus Mackerel Scad
macarellus -
Carangiformes Carangidae Selar Big Scad 1/4
crumenophthalmus
Characiformes Serrasalmidae - Characiform 1/4
Cichliformes Cichlidae Amphilophus Cichlid e
Cichliformes Cichlidae Amphilophus Cichlid 3/4
Cichliformes Cichlidae Cichla ocellaris Peacock Bass 1/4
Cichliformes Cichlidae Paraneetroplus Cichlid hybrid 1/3
synspilus x
Amphilophus
citrinellus
Cichliformes Cichlidae: - Tilapia 2/2 1/3
Tilapiini - -
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ME | RK | MA |CH
Cichliformes Cichlidae Sarotherodon Tilapia
Cichliformes Cichlidae Oreochromis Tilapia
Cichliformes Cichlidae Oreochromis Tilapia 2/6 | 1/4 | 2/4
Cichliformes Cichlidae Oreochromis Tilapia
Cichliformes Cichlidae Pseudocrenilabrinae | Tilapia
Cichliformes Cichlidae Pseudocrenilabrinae | Tilapia
Cichliformes Cichlidae Pseudocrenilabrinae | Tilapia 2/6 2/4
Clupeiformes Clupeidae Clupeichthys Perak River
perakensis Sprat
Clupeiformes Engraulidae - Anchovy 2/3
Cypriniformes Cyprinidae Cyclocheilichthys Beardless Barb
apogon
Cypriniformes Cyprinidae Barbichthys laevis Sucker Barb 1/4 | 2/4
Cypriniformes Cyprinidae Barbonymus Barb fish 1/7
Cypriniformes Cyprinidae Barbonymus Silver Barb
gonionotus
Cypriniformes Cyprinidae Crossocheilus Algae eater
Cypriniformes Cyprinidae Barbonymus Tinfoil Barb - 3/4
schwanenfeldii
Cypriniformes Cyprinidae - Cyprinid fish -
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish 3/3
Cypriniformes Cyprinidae - Cyprinid fish 2/4 | 3/3
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish 4/7
Cypriniformes Cyprinidae - Cyprinid fish 2/3
Cypriniformes Cyprinidae Poropuntius Cyprinid fish -:
Cypriniformes Cyprinidae Poropuntius Cyprinid fish 3/3
Cypriniformes Cyprinidae Cyprinus carpio Common carp 1/1 2/4 1/6
Cypriniformes Cyprinidae Thynnichthys Bauk ketuk / 3/3 4/4
polylepis Bauk pipih
Cypriniformes Cyprinidae Hampala Cyprinid fish -
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BA |BE |[BU |LT |TO |RP |SE |ME |RK |MA |CH
Cypriniformes Cyprinidae Labiobarbus Cyprinid fish
Cypriniformes Cyprinidae Mystacoleucus Cyprinid fish 3/4
Cypriniformes Cyprinidae Neolissochilus Soro Brook Carp
soroides
Cypriniformes Cyprinidae Osteochilus Cyprinid fish
Cypriniformes Cyprinidae Osteochilus Cyprinid fish -_
Cypriniformes Cyprinidae Osteochilus Cyprinid fish 3/3 2/7 2/3 3/3
Cypriniformes Cyprinidae Osteochilus Cyprinid fish -
Cypriniformes Cyprinidae Osteochilus Kepiat / Pahat / 4/4 | 1/3 4/4
waandersii Umpan
Cypriniformes Cyprinidae Rasbora Cyprinid fish - 1/7
Cypriniformes Cyprinidae Rasbora Cyprinid fish 2/4
Cypriniformes Cyprinidae Rasbora Cyprinid fish
Cypriniformes - - - 7/1
Cypriniformes - - -
Cyprinodontiformes | Aplocheilidae Aplocheilus panchax | Blue Panchax 1/7
Cyprinodontiformes | Poeciliidae Gambusia affinis Western 1/7
Mosquitofish
Cyprinodontiformes | Poeciliidae Poecilia Guppy sp. 2/3
Cyprinodontiformes | Poeciliidae Xiphophorus hellerii | Green Swordtail 2/3 | 1/1 |47
Perciformes Ambassidae - Asiatic glassfish -
Perciformes Gobiidae Gobiopterus Goby 1/3
Perciformes Gobiidae Glossogobius Goby 1/3
Perciformes Gobiidae Glossogobius Goby 1/3
Perciformes Oxudercidae Mugilogobius Goby 1/3
Perciformes Eleotridae Oxyeleotris Marble Goby -
marmorata
Perciformes Gobiidae Pseudogobiopsis Bigmouth
oligactis Stream Goby
Gonorynchiformes Chanidae Chanos chanos Milkfish 2/7
Osteoglossiformes Notopteridae Chitala lopis Giant
Featherback
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BA |BE |[BU |LT |TO |RP |SE |ME |RK |MA |CH

Osteoglossiformes Notopteridae Notopterus Bronze

notopterus Featherback
Scombriformes Scombridae Auxis Tuna 1/4
Siluriformes Siluridae - 1/3
Siluriformes Bagridae Hemibagrus 1/3 3/4
Siluriformes Bagridae Mystus Catfish sp 1/4 |3/3
Siluriformes Bagridae Mystus Catfish sp -
Siluriformes Clariidae Clarias batrachus Walking Catfish 2/3 1/4
Siluriformes Loricariidae Pterygoplichthys Amazon Sailfin

pardalis Catfish
Siluriformes Pangasiidae Shark catfish sp 1/4
Siluriformes Pangasiidae - Shark catfish sp
Synbranchiformes Mastacembelidae - Spiny eel fish sp 1/3
Primates Cercopithecidae | Presbytis Mitred Leaf

melalophos Monkey

Total OTUs | 3 10 5 27 6 11 19 18 5 11 27
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5.4.2 16S Marker

There were 50 high quality OTUs produced after bioinformatic filtering, of which 19 could
be assigned to species level, and 36 could be assigned to genus level, from eight orders.
Taxonomic orders consisted of the fish groups Cypriniformes (33) and Cyprinodontiformes
(2); the amphibian group Anura (2); and the mammal groups Carnivora (4), Chiroptera (1),
Primates (2), Rodentia (1), Ruminantia (3), and Suina (1). OTUs which could be assigned to
species included a range of fish, amphibians and mammals.

The Chenderoh Reservoir in Malaysia and Lake Laut Tawar in Sumatra had the
highest OTU richness (20), whilst Lake Batur in Bali and Lake Matano in Sulawesi had the
lowest (0).

As discussed in Chapter 4, OTU 7, assigned to Bos taurus (Cattle) was removed from
the metabarcoding data from this analysis. This OTU matched with 100% Query Cover and
Identity to the Cattle (Bos Taurus), the Zebu (Bos indicus), the Aurox (Bos primigenius), and
the worm (Phascolosoma esculenta) (a species commonly used for biological derivatives in
biochemical research e.g. Wu et al. (2014). Although this is likely derived from true cattle
eDNA, it may either be a Genbank error or possibly an amplification of Bovine serum

albumin (BSA) used in the PCR set up.

224



000

Bali

Beratan 1
Beratan 2
Beratan 3

Buyan

ge'o

Proportions

050

G20

-00'}

Sumatra

Laut Tawar 1
Laut Tawar 2
Laut Tawar 3
Laut Tawar 4
Laut Tawar 5
Laut Tawar 6
Laut Tawar 7
Toba 2

Toba 3

Toba 4

Toba 10

Borneo

Lake transects and geographical areas

Melintang 1
Melintang 2
Melintang 3
Semayang 1
Semayang 2
Riam Kanan 1
Riam Kanan 3

Java

Rawa Pening 2

Malaysia

Chederoh 1
Chederoh 2
Chederoh 3
Chederoh 4

[ Cyprinus carpio

Thynnichthys polylepis

Felis

Canis lupus familiaris
B Puntioplites
B Babalus bubalis
B Felis catus
B Cyprinidae 10
B Sus scrofa

B Ctenopharyngodon idella

[ Osteochilus
B Rasbora 2
I Cyprinidae 11

|| Duttaphrynus melanostictus
B Capra hircus
[l Clyclocheilichthys

Barbonymus schwanenfeldii

[l Cyprinidae 14

Mystacoleucus
Bos taurus
Muntiacus

[l Rasbora argyrotaenia

Cyprinidae 12

|| Rasbora 1

Cyclocheilichthys apogon

[l Barbichthys

Rattus

[l Thynnichthys

Barbodes
Pipistrellus
Feliformia

Macaca fascicularis

Cyprinidae 13
Labiobarbus
Barbonymus
Cyprinidae 9

Aplocheilus panchax
Phrynoidis asper

Tor tambroides

Presbytis melalophos
Cyrpinidae 6
Cyrpinidae 8
Cyrpinidae 1
Cyrpinidae 2
Cyrpinidae 3

[l Cyrpinidae 4

[l Cyrpinidae 5

I Cyrpinidae 7

B Cyprinus

] Gambusia affinis
Others

Figure 5.17. Taxa plot of 16S marker reads across all lakes. This plot was created using the top 50

most abundant taxa selected from the species level and higher depending on the filtering criteria.

Several of the transects contained no 16S reads after filtering and so were removed from the taxa plot.

These were: Batur 1, 2, Matano 1, 2, 3, 4, Riam Kanan 2, 4, 5, 6, Rawa Pening 1, 3, Semayang 3, 4,
Toba 1, 5,6, 7,

8,9.
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Table 5.5. Taxonomic assignments of 16S OTUs, and their presence per lake. The number of transects with a positive detection are shown in each coloured cell.
Colour coding is based on the total reads found from all samples from one lake after bioinformatic filtering but before normalisation. Red => 10,000 reads across a
single, orange = 5,000 — 9,999, yellow = 2,500 — 4,999, green = 1,000 — 2,499 and blue = 20 — 999. BA = Lake Batur, BE = Lake Beratan, BU = Lake Buyan, TO =
Lake Toba, RP = Lake Rawa Pening, SE = Lake Semayang, ME = Lake Melintang, RK = the Riam Kanan Reservoir, MA = Lake Matano, CH = the Chenderoh
Reservoir. Species with a * were accepted beneath the 90 - 98% identity threshold as they are the only species within the genus occurring in this geographic region

16S
Order Family Genus / Species Common Name | BA |BE |BU |[LT |[TO |RP |SE |ME | RK | MA |CH
Cypriniformes Cyprinidae Barbichthys laevis* Sucker Barb 2/4
Cypriniformes Cyprinidae Barbodes Cyprinid fish 2/7 _-
Cypriniformes Cyprinidae Barbonymus Tinfoil Barb -: 4/4
schwanenfeldii
Cypriniformes Cyprinidae Barbonymus Cyprinid fish —-
Cypriniformes Cyprinidae Ctenopharyngodon Grass Carp
idella -
Cypriniformes Cyprinidae Cyclocheilichthys Cyprinid fish 1/3 | 3/3 -
Cypriniformes Cyprinidae Cyclocheilichthys Beardless Barb 2/4
apogon
Cypriniformes Cyprinidae Cyprinus carpio Common Carp 1/1 -
Cypriniformes Cyprinidae Tor tambroides Mabhseer
Cypriniformes Cyprinidae Labiobarbus Cyprinid fish
Cypriniformes Cyprinidae Mystacoleucus Cyprinid fish
Cypriniformes Cyprinidae Osteochilus Cyprinid fish 3/3
Cypriniformes Cyprinidae Puntioplites Cyprinid fish —- 3/3 4/4
Cypriniformes Cyprinidae Rasbora argyrotaenia | Silver Rasbora 2/3
Cypriniformes Cyprinidae Rasbora Cyprinid fish - -
Cypriniformes Cyprinidae Rasbora Cyprinid fish 6/7
Cypriniformes Cyprinidae Thynnichthys Cyprinid fish 1/3
Cypriniformes Cyprinidae Thynnichthys Bauk ketuk / 3/3
polylepis Bauk pipih
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
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Order Family Genus / Species Common Name | BA |BE |BU |[LT |[TO |RP |SE |ME |RK | MA |CH
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish
Cypriniformes Cyprinidae - Cyprinid fish -
Cypriniformes Cyprinidae - Cyprinid fish -
Cypriniformes Cyprinidae - Cyprinid fish 3/3
Cypriniformes Cyprinidae - Cyprinid fish -
Cypriniformes Cyprinidae - Cyprinid fish 2/4 | 2/3 -
Cyprinodontiformes | Aplocheilidae Aplocheilus panchax | Blue Panchax 1/7
Cyprinodontiformes | Poeciliidae Gambusia affinis Mosquitofish
Anura Bufonidae Duttaphrynus Asian Common
melanostictus Toad -
Anura Bufonidae Phrynoidis asper Asian Giant -
Toad
Carnivora Canidae Canis lupus familiaris | Domestic Dog
Carnivora Felidae Felis catus Domestic Cat 2/7
Carnivora Felidae Felis catus Domestic Cat 4/7
Carnivora Feliformia - Cat-like 1/4
carnivore
Chiroptera Vespertilionidae | Pipistrellus Bat 1/3
Primates Cercopithecidae | Macaca fascicularis Crab-eating 1/4
macaque
Primates Cercopithecidae | Presbytis melalophos | Mitred Leaf
Monkey -
Rodentia Muridae Rattus Rat 1/4
Ruminantia Bovidae Bubalus bubalis Water Buffalo 2/7 [ 1/10 2/4
Ruminantia Bovidae Capra hircus Goat
Ruminantia Cervidae Muntiacus Mutjac 1/7
Suina Suidae Sus scrofa Wildboar 1/3 1/10
Total OTUs | 0 5 2 20 5 1 4 9 3 0 20
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5.4.3 COI marker

The COI metabarcoding data created using the 313 bp fragment by Leray et al. (2013) was
dominated by microfauna, meiofauna and microalgae, and so based on these data is not
recommended for the monitoring of vertebrates through aquatic eDNA. There were eight
OTUs accepted to species level: Diaphanosoma excisum (a species of freshwater ctenopod
water flea in the family Sididae) Helostoma temminkii (Kissing Gourami: a common
Southeast Asian aquaculture fish species,), Selar crumenophthalmus, (Bigeye Scad: a marine
fish species), Brachionus calyciflorus (a freshwater planktonic rotifer species), Euchlanis
dilatata (another freshwater planktonic rotifer species), Eodiaptomus wolterecki (a freshwater
copepod zooplankton, containing two different OTUs) and Sinanodonta woodiana (Chinese
Pond Mussel).

The Chinese Pond Mussel (Sinanodonta woodiana) is native to East Asia, but is an
introduced species in the Indonesian islands of the Malay Archipelago (Bolotov et al. 2016)
likely through the ornamental pet trade (Ng ef al. 2015). This species was found from the
COI metabarcoding data presented here from Lake Laut Tawar in Aceh, Sumatra, where
according to Bolotov et al. (2016), it has not been previously recorded, although it was not
detected from Lake Beratan where it has been previously recorded (Whitten et al. 1996).

The Rasbora OTU found from the COI metabarcoding data from Lake Laut Tawar
matched with 100% query cover and 100% identity to a sequence which that the BLAST
matched to “Rasbora sp. ZAM-2010 voucher R3” and “Rasbora sp. ZAM-2010 voucher R2”
from a study from 2013 investigating the different Rasbora fish of Lake Laut Tawar, which
had all been classified as Rasbora tawarensis (Muchlisin, 2013). The Bahasa Indonesia
names for these three fish are Depik, Eos and Relo, which local fisherman categorised based
on size. Genetic investigation suggested that Depik and Eos were in fact variations of
Rasbora tawarensis, whilst Relo is another separate cryptic species (Muchlisin, 2013), which
the 313 bp barcode from the data herein matched to perfectly. This highlights the need for
more molecular barcoding of Indonesian fish to populate genetic records for biodiversity and
fisheries monitoring.

The zooplankton species Eodiaptomus wolterecki is native to the ancient lakes of
Eastern Sulawesi (Sabo ef al. 2008), and was only detected in the data herein from samples
from Lake Matano, Sulawesi. This supports the reliability of the metabarcoding approach

used within this study.
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Figure 5.18. Taxa plot of COI marker reads across all lakes. This plot was created using the top 50
most abundant taxa selected from the phylum level and higher. The reads placed into ‘Other’ consisted
of 1073 OTUs within the phyla Annelida, Arthropoda, Ascomycota, Bacillariophyta, Bicosoecida,
Bilateria, Blastocladiomycota, Chordata, Chlorophyta, Chrysophyceae, Cryptophyta, Choanozoa,
Cnidaria, Collodictyonidae, Dinophyceae, Eukaryota, Eumetazoa, Fungi, Jakobida, Metazoa, Mollusca,
Ochrophyta, Oomycetes, Opisthokonta, Phacophyceae, Platyhelminthes, Porifera, Proteobacteria,
Protostomia, Raphidophyceae, Rhodophyta, Rotifera, Stramenopiles and Streptophyta. Each lake shows
a similar community composition, with some phyla such as Bacillariophyta and Streptophyta only found

in specific lakes.



NMDS Plot

Stress = 0.214

40000

Region
Bali
& Java
—-&— Kalimantan

MDS2

—&— Malaysia
& Sulawesi

~ Melinng_2 Sumatra
xemayang_2 Melin®ang_3

| Melin®ang_1
Riam_Keanan_

Riam%rrqanf an_3

Riam_Keanan_4

—40000 -

Semayang_3

-50000 0 50000
MDS1

Figure 5.19. NMDS Plot of OTUs per region. A Non-Metric Multidimensional Scale Plot (NMDS)
created using the normalised read counts from the combined OTU tables from the COI, 12S and 16S
markers, grouped according to region (stress = 0.214).

The distance matrix derived from the Manhattan method showed a statistical impact of

Region (Adonis permanova, RZ = 0.407; P =0.001) on OTU community composition.

Generally, the lakes from individual regions clustered together, with some overlap. The only

lake from Java (Rawa Pening) had too few points to create an individual cluster, but points

were clustered with most overlap with the Kalimantan group. The Balinese lakes (Beratan,

Buyan, Batur) clustered together (orange), and were furthest away from the Chenderoh

samples (Malaysia). The Kalimantan (green) lakes also clustered together (Melintang,

Semayang and Riam Kanan). The two lakes from Sumatra (Toba and Laut Tawar) showed

unique spatial clustering, as did the samples from Chenderoh (Malaysia, turquoise) and from

Matano (Sulawesi, blue).
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Figure 5.20. NMDS plots of OTU community composition according to habitat variables. Altitude,
Productivity, Max Depth and Area. A Non-Metric Multidimensional Scale Plot (NMDS) created using the
normalised read counts from the combined OTU tables from the COI, 12S and 16S markers, grouped
according to region (stress = 0.214).

The most defined clusters according to a particular variable are seen in the NMDS plot of
OTU community by Altitude (Figure 5.20 A), in which the highland lakes cluster at the left
(red), followed by midland lakes in the centre (blue), and lowland lakes at the right
(green).The distance matrix derived from the Manhattan method showed a statistical impact
of all habitat variables on OTU community composition, Altitude (Adonis permaNOVA, R’ =
0.219; P =0.001); Productivity (Adonis permaNOVA, R?= 0.185; P =0.001); Max Depth

(AdOIliS PERMANOVA, R2 = 0201, P :0001) and Area (AdOIliS PERMANOVA, R2 = 0.178; P
=0.001).
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Figure 5.21 OTU richness per lake by specific markers. OTU richness by the COI marker (top), 12S

marker (middle) and 16S marker (bottom).
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The ANOVA comparing OTU richness between lakes showed a significant difference for
each marker combination used (all markers, P =0.00234; 12S marker, P = 0.0008, 16S
marker, P = 0.001, and COI marker, P =0.0002).
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Figure 5.22. OTU Richness by productivity. Lakes were grouped into ‘eutrophic’, ‘mesotrophic’ or

‘oligotrophic’ based on the description from the literature, and the OTU richness compared.

When comparing OTU richness between groups based on productivity (eutrophic,
mesotrophic and oligotrophic) there was no difference when analysing all markers combined
(P =0.323) or for COI alone (P = 0.056), but there was a significant difference between
groups for 125 (P = 0.013) and for 16S (0.043). There was a lower OTU richness for 12S and
16S 1n oligotrophic lakes, and a higher OTU richness in eutrophic or mesotrophic lakes. This
is the expected pattern, as oligotrophic lakes are less nutrient dense, and so support less plant

life and subsequent succession of biodiversity.
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Figure 5.23. OTU Richness by maximum depth. Lakes were grouped into ‘deep, ‘medium or ‘shallow’
based on the maximum depths described from the literature, and the OTU richness compared. Deep lakes
were those with a maximum depth of more than 100 m (n = 2 lakes, 14 transects), medium lakes were
those with a maximum depth of 21 — 100 m (n = 5 lakes, 19 transects), and shallow lakes were those with a

maximum depth between 0 — 20 m (n = 4 lakes, 14 transects).

The ANOVA comparing OTU richness according to lake depth showed no significant
difference when using all markers combined (P = 0.912), but a significant difference when
only using the 12S marker (P = 0.019), the COI marker (P = 0.095), and the 16S marker (P =
0.0326). For the COI marker, deep lakes had a greater OTU richness, and for the 12S and 16S

marker, shallow lakes had a greater OTU richness.
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Figure 5.24 OTU Richness by area. Lakes were grouped into ‘large, ‘medium or ‘small based on the area
described from the literature, and the OTU richness was compared. Large lakes were those with an area of
more than 100 km® (n = 3 lakes, 18 transects), medium lakes were those with an area 11 — 100 km’ (n=4
lakes, 19 transects), and small lakes were those with a maximum depth between 0 — 10 km® (n =4 lakes,

10 transects).

In tropical Asian lakes, fish species richness is mostly predicted by lake area rather than other
variables which predict fish species richness in temperate lakes (Amarasinghe and
Welcomme, 2002). There was no significant difference between area categories when
analysing all markers combined (P = 0.516) or COI alone (P = 0.233), but there was when
analysing the 12S marker (P = 0.006) and 16S marker (P = 0.007) alone. There was a higher
OTU richness in small and medium sized lakes compared to large lakes. This may be due to
the fact that there are interacting factors within this dataset, such as large lakes (Lake Toba

and Matano) also being oligotrophic.
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Figure 5.25 OTU Richness by altitude. Altitude’ was the height above sea level at which the lake
resided, either ‘highland’ (altitude of > 1000 m above sea level, n = 4 lakes, 13 transects), ‘midland’
(altitude of > 101 - 999 m above sea level, n = 3 lakes, 17 transects) or ‘lowland’ (altitude of 0 — 100 m

above sea level, n = 4 lakes, 17 transects).

The ANOVA comparing OTU richness according to altitude showed no significant difference
when using all markers combined (P = 0.088), or for the COI marker alone (P =0.122), buta
significant difference when only using the 12S marker (P =0.001), and the 16S marker (P =
0.012). For the 12S and 16S marker, lowland lakes had a slightly greater OTU richness,
although interestingly there was a higher OTU richness observed at either end of the altitude

scale, with medium altitude lakes showing a lower OTU richness.
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5.5 Discussion

This study illustrates the success of aquatic eDNA metabarcoding for the detection of the
vertebrate species of Southeast Asia. Many fish and mammal species were detected from
relatively few samples at sites which mostly have no temporal replicates. The combination of
markers used yielded a variety of taxonomic information, and was an important factor in

detecting the range of fish species observed.

5.5.1 Fish species

After filtering, the 12S marker detected almost entirely fish species, and also one mammal
species. Of the fish species detected from all lakes, many were either important fishery
species or grown for commercial aquaculture, as is expected due to the high density of stocks
of these species within lakes. In addition, several invasive species were detected, as well as
some rare native fish. Several species amplified using the 12S marker were also amplified

using the 16S marker, creating a higher level of confidence in these assignments.

5.5.2 Native fisheries and aquaculture species

Many OTUs were assigned to species which are important to either local fisheries,
commercial aquaculture, or sport fishing. Native fish detected which are used for these
purposes include the Climbing Perch (4dnabas testudineus), the Giant Snakehead (Channa
micropeltes), the Kissing Gourami (Helostoma temminckii), the Three-Spot-Gourami
(Trichopodus trichopterus), and the Common Carp (Cyprinus carpio).

The OTU assigned to an Anabas species (125) is very likely to be the Climbing Perch
(Anabas testudineus), as this is the only species of this genus occurring in Southeast Asia.
There are only two species within this genus, and only one of them A. festudineus occurs in
Malaysia and Indonesia, whilst the other, 4. cobojius is native to India and Bangladesh.

The Giant Snakehead (Channa micropeltes), is known from West Kalimantan, but no
literature was found describing this species from East Kalimantan where it was detected from
the eDNA samples (12S). It could however, have already existed unrecorded in the
Semayang / Melintang region, or been introduced from commercial or gamefish fisheries.
This species is however known from the Chenderoh Reservoir, but was not detected there
from this data (Kah-Wai and Ali, 2000; Hashim et al. 2012).

The Kissing Gourami (Helostoma temminckii) is known from Semayang and

Melintang where it was detected from the 128 data, and is native to Indonesia but commonly
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used in aquaculture (Haryono, 2006). The OTU (from the 12S data) assigned to the genus
Trichopodus first matched to Trichogaster, the old name for Trichopodus. This is likely to be
the Three-Spot-Gourami, Trichopodus trichopterus (previously Trichogaster trichopterus), a
common fisheries species found in Melintang (Haryono, 2006), Semayang (Haryono, 2006),
Laut Tawar (Muchlisin et al. 2009), Toba (Fishbase, 2017a), and Chenderoh (Hashim et al.
2012). The Common Carp (Cyprinus carpio) was detected in five out of eleven lakes (five
from 128 and two from16S data), four of which are lakes where this species had been
previously recorded - Buyan (Restu ef al. 2016; Green et al. 1978), Laut Tawar (Muchlisin e?
al. 2009; Muchlisin and Azizah, 2009; Muchlisin et al. 2010; Muchlisin, 2012), Riam Kanan
(De Silva, 1987) and Rawa Pening (Hutarabat ef al. 1986). The Common Carp was also
detected from Lake Semayang, although no mention of this could be found in the literature.
In addition, this species had been previously recorded from other lakes (Batur, Beratan,
Matano and Toba), but was not detected from this eDNA survey (Green et al. 1978; Sentosa
et al. 2013; Whitten et al. 1996; Versteegh, 2010; Wijopriono et al. 2010.

The 16S data detected the species Tor tambroides through the BLAST assignment by
MEGAN, however this is actually a misidentification according to Fishbase, and in fact refers
to Tor tambra.

Two OTUs from the Cyclocheilichthys genus were detected. In the Chenderoh
Reservoir, these were the Beardless Barb Cyclocheilichthys apogon (Kah-Wai and Ali, 2000;
Hashim et al. 2012) and another unknown species, possibly C. armatus (Hashim et al. 2012)
or C. heteronema (Kah-Wai and Ali, 2000; Hashim et al. 2012)

5.5.3 Endemic or rare native fish species

The eDNA samples (12S) detected the Sailfin Silversides endemic to the Malili Lake system
(Herder et al. 2008). These included the ‘Roundfin’ Sailfin Silverside fish, Telmatherina
prognatha which is endemic to Lake Matano (Kurniawan and Subehi, 2016), the only lake
from which the OTU assigned to this species was amplified. Another OTU from the
Telmatherinidae family was amplified from the Lake Matano samples, which could be one of
nine potential endemic species (Fishbase, 2017b). The Perak River Sprat (Clupeichthys
perakensis) is native to the Perak River which flows through the Chenderoh Reservoir
(Whitehead, 1985), the lake from which this OTU was detected from the 12S data. Two
OTUs assigned to the Poropuntius genus (from the 12S data) were detected from Melintang
and Chenderoh. One of these at least is likely to be Waander’s Bony Lipped Barb
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Poropuntius deauratus (Hashim et al. 2012), although there are three other Poropuntius
species in Indonesia, and two others in Malaysia (Fishbase, 2017b).

Two OTUs were detected (12S) from the Pristolepis genus, one from the Semayang —
Melintang system, and another from the Chenderoh Reservoir. This is likely to be Pristolepis
fasciata, the only species within this genus recorded from both Chenderoh (Kah-Wai and Alj,
2000; Hashim et al. 2012) and the Semayang — Melintang system (Haryono, 2006). However,
as two different OTUs were observed, divided between East Kalimantan and Malaysia, these
may be different species, or the same species with distinct haplotypes.

Two previously recorded ‘Barb’ species of Cyprinid fish were detected from the
Chenderoh Reservoir alone - the Beardless Barb (Cyclocheilichthys apogon) (16S) (Kah-Wai
and Ali, 2000; Hashim et al. 2012), and the Silver Barb (Barbonymus gonionotus) (125)
(Kah-Wai and Ali, 2000; Hashim et al. 2012). The Sucker Barb (Barbichthys laevis) (12S
and 16S) was detected from the Chenderoh Reservoir (Hashim et al. 2012), Semayang
(Haryono, 2006; Kurniawan and Subehi, 2016) and Melintang (Haryono, 2006). The Tinfoil
Barb (Barbonymus schwanenfeldii) was detected from the Chenderoh Reservoir (Kah-Wai
and Ali, 2000; Hashim et al. 2012), Melintang and Semayang (Kurniawan and Subehi, 2016),
through the 12S and 16S data, although this species was missing from Toba where it has been
previously recorded (Fishbase 2017a).

A species of the Crossocheilus genus known as ‘algae eaters’ was also found in the
Chenderoh Reservoir (12S), which could be one of seven species recorded from Malaysia.
Thynnichthys polylepis was detected from the 12S and 16S data from a combination of
Semayang, Melintang and Chenderoh with 100% Query Cover and Identity, although it is
Thynichthys vaillanti that has been previously recorded from the Semayang — Melintang
lakes (Haryono, 2006) and Thynnichthys thynnoides from Chenderoh (Kah-Wai and Alj,
2000; Hashim et al. 2012). This could be a misidentification of the species uploaded to
BLAST, a misidentification of the fish recorded in the visual survey, or it may be that both
species occur within this habitat.

The Hampala species detected from Riam Kanan (1285) is likely to be the previously
recorded Hampala Barb (Hampala macrolepidota) (Hardjamulia and Suwignyo, 1988). The
Labiobarbus species from the Chenderoh Reservoir (12S and 16S) could be either
Labiobarbus fasciatus (Hashim et al. 2012), Labiobarbus leptocheilus (Kah-Wai and Alj,
2000), or Labiobarbus lineatus (Kah-Wai and Ali, 2000; Hashim et al. 2012).

The Mystacoleucus species detected from the Chenderoh Reservoir (12S and 16S) is

likely to be Mystacoleucus marginatus, as has previously been recorded here (Hashim et al.
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2012). The Soro Brook Carp (Neolissochilus soroides), detected from the Chenderoh
Reservoir (125), was not recorded by Hashim ef al. (2012) in their study, although it was
recorded upstream in Lake Temengor. This species may have been unobserved in this 2012
study, or it may have expanded its range down the Perak River to the Chenderoh Reservoir. It
is also possible that eDNA from upstream Temengor travelled down to the Chenderoh
Reservoir, resulting in a positive detection without the local presence of this species.

There were four different Osteochilus OTUs with different distributions across lakes
(128 data). The first, only found in Lake Melintang could be the only species from this genus
recorded here - Osteochilus kappenii (Haryono, 2006), or any of the other species recorded
from nearby Semayang (Osteochilus vittatus, Osteochilus kelabau, Osteochilus
melanopleurus, or Osteochilus repang). The second, only detected from Laut Tawar, is likely
to be Osteochilus kahajanensis, endemic to Laut Tawar, and the only species within this
genus recorded here (Muchlisin et al. 2010). The third, found in Beratan, Laut Tawar, Rawa
Pening, Semayang and Melintang could be the widespread Osteochilus vitattus (Kah-Wai and
Ali, 2000; Hashim et al. 2012; Sentosa et al. 2013; Whitten et al. 1996; Dahruddin et al.
2016; Kurniawan and Subehi, 2016), which is likely to also be the Osteochilus species
observed from the 16S data from Laut Tawar, Melintang and Riam Kanan. The fourth, only
found from the Chenderoh Reservoir, could be Osteochilus melanopleurus, Osteochilus
microcephalus, or Osteochilus vittatus (Kah-Wai and Ali, 2000; Hashim et al. 2012). The
diversity and prevalence of this genus and the lack of species level assignment indicates the
need for more barcoding work of cyprinid fish from Southeast Asia. The OTU assigned to
Osteochilus waandersii (which initially matched to Puntioplites waandersii, the previously
accepted name) was detected from Semayang, Melintang and Chenderoh where it has been
previously recorded, or recorded nearby (Kurniawan and Subehi, 2016; Ikhwanuddin ef al.
2017).

There were three OTUs assigned to the Rasbora genus detected from the 12S data,
and two from the 16S data, also with different distributions across lakes. The first, from both
the 12S and 16S data, was found only in Beratan and Laut Tawar. This could be Rasbora
baliensis (Whitten et al. 1996) or the Silver Rasbora (R. argyrotaenia) (Sentosa et al. 2013).
The second Rasbora OTU from the 12S data was only found in Semayang. This may be a yet
unnamed species (Haryono, 2006), or it could be the Silver Rasbora (R. argyrotaenia) as
assigned from the 16S data to an OTU also only found in Semayang. The third Rasbora OTU
only found in Chenderoh (12S5) may be R. sumatrana (Kah-Wai and Ali, 2000) or R. tornieri
(Hashim et al. 2012).
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The OTU assigned to the genus Trichopsis (12S) is likely to be Trichopsis vittata
according to records, usually occurring in disturbed habitats such as paddy fields and ditches.
It has previously been recorded from Rawa Pening where it was also detected from this
eDNA data (Dahruddin et al. 2016).

The Blue Panchax (Aplocheilus panchax) was only detected from one inlet transect
from Laut Tawar (12S and 16S). 4. panchax was not recorded by a recent survey (Muchlisin,
2012), although it is a commonly observed fish across Indonesia and Malaysia. The
observation of A. panchax and G. affinis in one transect of Laut Tawar supports the idea that
eDNA is highly localised, as 4. panchax was often visually observed in the shallower waters
or small streams, and was not detected from the other six transects.

Three different Goby OTUs were detected from Lake Matano (12S), two
Glossogobius and one Mugilogobius. These could potentially be from Glossogobius
matanensis, Mugilogobius latifrons and Mugilogobius adeia (endemic to Lake Matano)
(Nasution, 2016). Other Goby species detected included the Marble Goby (Oxyeleotris
marmorata) from Lake Toba (12S) where it has previously been recorded (Wijopriono et al,
2010), and the Bigmouth Stream Goby (Pseudogobiopsis oligactis) from the Chenderoh
Reservoir (12S) where it has been known since 1940 (Herre, 1940). The Gobiopterus OTU
detected only from Rawa Pening (12S) is likely to be Gobiopterus brachypterus, the only
species within this genus recorded from this lake (Dahruddin et al. 2016).

Two species of Notopteridae fish were detected from the 12S data, The Giant
Featherback and the Bronze Featherback. These fish are important food sources (Santhanam,
2015). The native Giant Featherback (Chitala lopis) was only detected from the Chenderoh
Reservoir where it has previously been recorded (Kah-Wai and Ali, 2000), a species also
commonly caught for recreational angling. The Bronze Featherback (Notopterus notopterus)
was only detected from Rawa Pening where it has previously been recorded (Dahruddin ef al.
2016).

Several catfish OTUs were detected from the Semayang — Melintang lakes and the
Chenderoh Reservoir. An OTU from the Siluridae family was detected from Lake Semayang
only (12S), and an OTU assigned to Hemibagrus from Melintang and Chenderoh (12S).
These are most likely to be the previously recorded native aquaculture species, Hemibagrus
nemurus (Haryono, 2006; Hashim et al. 2012) and Mystus castaneus (Hashim et al. 2012).
The native Walking Catfish (Clarias batrachus) was detected from Beratan (Whitten et al.
1996, Green et al. 1978), Laut Tawar (possibly from Muchlisin ef al. 2010) and Matano
(Herder et al. 2012).
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Two Shark Catfish OTUs from the Pangasiidae family were detected from Semayang
and Chenderoh (12S), which may be the previously recorded unknown ‘Pangasius’ species
from Semayang by Haryono (2006), and Pangasius macronema from Chenderoh by Suyatna
et al. (2017). The BLAST result gave 100% Query Cover and Identity to Pangasianodon
hypophthalmus, Pangasius sutchi and an unknown Pangasius species.

A Spiny Eel fish species within the Mastacembelidae family was detected from Lake
Melintang only (12S). This could be (Macrognathus aculeatus) (Haryono, 2006) but is likely
to be another species from this family instead. As the BLAST identity was only 83%, and
there are three whole mitochondrial genome entries in NCBI for M. aculeatus, it is possible
that this OTU comes from either an unknown species from the Mastacembelidae family, or
from a species which does not yet have a gene reference present in NCBIL.

In the case of Lake Matano, it is interesting to note that no cyprinid fish were
detected. East of Wallace’s Line (where Lake Matano lies), primary freshwater fishes such as

cyprinids do not naturally exist, and so this was to be expected (Coates, 1985; Coates, 2002).

5.5.4 Introduced and invasive species

Other fish OTUs were detected from the eDNA samples from species which have been
introduced for fisheries, aquaculture, sport fishing, ornamental or pest-control purposes.
Some species have been introduced from other areas of Southeast Asia, Latin America or
Africa. These include the Snakeskin Gourami (7richopodus pectoralis), an Osphronemus
species likely to be the Giant Gourami (Osphronemus gouramy), the Midas Cichlid
(Amphilophus citrinellus), the Peacock Bass (Cichla ocellaris), the Nile Tilapia
(Oreochromis niloticus), the Mozambique Tilapia (Oreochromis mossambicus), the Western
Mosquitofish (Gambusia affinis), the Guppy (Poecilia reticulata), and the Green Swordtail
(Xiphophorus hellerii).

The Snakeskin Gourami (7richopodus pectoralis) was introduced from mainland
Southeast Asia (the Mekong basin in Laos, Thailand, Cambodia and Vietnam) for fisheries
purposes, although this has caused adverse ecological impact after introduction (Welcomme,
1988). This species was detected (12S) from Rawa Pening (Dahruddin et al. 2016),
Melintang (Haryono, 2006), and Semayang, but not from Matano (Versteegh, 2010) and
Toba (Thomas, 2005) where it has previously been recorded. According to records, the OTU
assigned to the genus Osphronemus is likely the Giant Gourami (Osphronemus gouramy),
introduced from mainland Southeast Asia for fisheries. It is known from Beratan (Sentosa et

al. 2013), Rawa Pening (Goeltenboth and Kristyanto 1994), and Toba (Whitten and
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Damanik, 2012), although this eDNA sampling only detected it from Riam Kanan (Tanjung
et al. 2013), and Chenderoh (Hashim et a/l. 2012) (12S). The OTU assigned to the
Serrasalmidae family detected from Lake Matano (12S) is likely to be Colossoma
macropomum, the only species within this family recorded by (Herder et al. 2012). This OTU
matched with 100% Query Cover and 100% Identity to both the Tambaqui (Colossoma
macropomum) and the Pirapitinga (Piaractus brachypomus). This could therefore, actually be
a hybrid 'cachamoto' of a cross of these two species, as has been created for aquaculture
purposes and introduced to Indonesia (Lopez and Anzoategui, 2012).

Several non-native cichlid fish species introduced from fisheries were also detected
from the 12S data. The Amphilophus species recorded from Lake Beratan is likely to be the
previously recorded Midas Cichlid (Amphilophus citrinellus) (Sentosa et al. 2013),
introduced from Costa Rica and Nicaragua. This species was also previously recoded from
Lake Batur (Sentosa and Wijaya, 2012; Budiasa ef al. 2018) and Rawa Pening (Dahruddin et
al. 2016) although not detected from these data. The Amphilophus OTU only detected from
Lake Matano is likely the hybrid ‘flowerhorn’ cichlid a man-made hybrid complex, allegedly
composed of parental species of the neotropical cichlid genera Cichlasoma, Amphilophus and
Paraneetroplus (Herder et al. 2012). This species is invasive within Lake Matano, spreading
rapidly, and posing a threat to native biodiversity (Herder et al. 2012).

Of all lakes sampled in this study, the Peacock Bass (Cichla ocellaris) has only been
recorded from the Chenderoh Reservoir (Hashim et al. 2012), which was also the only site
from which this species was amplified (12S). This is an alien species from Latin America,
introduced for game fishing. The OTU assigned to the hybrid Paraneetroplus synspilus x
Amphilophus citrinellus 1s a fish created in China and Taiwan, named the Red Parrot Fish. 4.
citrinellus has been recorded from Rawa Pening (Dahruddin ef al. 2016), and so this hybrid
fish is likely either the true species, or also present in addition.

Various Tilapia fish within the Pseudocrenilabrinae Superfamily were detected from
the 12S data across all lakes apart from Semayang and Melintang. These included eight
different OTUs, three of which were only found from Laut Tawar. It is likely that these
OTUs belong to the Nile Tilapia (Oreochromis niloticus), or the Mozambique Tilapia (O.
mossambicus), or some aquaculture hybrids of these Tilapia species which are commonly
introduced from Africa for aquaculture in Indonesia (Green et al. 1978; De Silva, 1987;
Muchlisin ef al. 2009; Muchlisin and Azizah, 2009; Wijopriono et al. 2010; Hashim et al.
2012; Sentosa and Wijaya, 2012; Muchlisin, 2012; Herder et al. 2012; Oktavia and Faoziyah,
2016; Mardiah ef al. 2016; Dahruddin et al. 2016; Budiasa et al. 2018).
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The Western Mosquitofish (Gambusia affinis) was only detected from one inlet
transect from Laut Tawar from both the 12S and 16S data. Gambusia. affinis is an invasive
species from North America, introduced to China (along with many other tropical countries)
in the early 1900s for mosquito control (Eidman, 1989; Siriwardena, 2010). G affinis is an
aggressive invasive species, associated with the decline or eradication of native fish
populations, as well as other non-target insect species, particularly damselflies. The Poecilia
OTU detected from Beratan (12S) is likely to belong to the Guppy, (Poecilia reticulata)
(Green et al. 1978; Sentosa and Wijaya, 2012; Budiasa et al. 2018). This is also an invasive
species introduced from Central America for mosquito control (Jordan, 2008). The Green
Swordtail (Xiphophorus hellerii) was also detected (12S) from Beratan (Sentosa et al. 2013),
Buyan (Dahruddin ef al. 2016, Green et al. 1978) and Laut Tawar (Muchlisin ef al. 2009;
Muchlisin and Azizah, 2009; Muchlisin et al. 2010; Muchlisin, 2012) where it has previously
been recorded. Similar to P. reticulata and G. affinis, X. helleri is an aggressive invasive
thought to be introduced for mosquito control and later maintained as an ornamental fish
(Maddern, 2009).

The problematic invasive Amazon Sailfin Catfish (Pterygoplichthys pardalis) was
detected (12S) where it has previously been recorded from Laut Tawar (Muchlisin ef al.
2009), but not where it was previously recorded from Lake Matano (Herder et al. 2012).

One Ambassidae OTU was detected from Lake Toba (12S) from all samples at very
high read counts per sample (between 531,201 and 164,315 reads with an average of 326,433
reads after bioinformatic filtering and custom 0.5% background filter, but before read
normalisation to 9,000 reads). This is highly likely to be the invasive alien discussed in the
Introduction, the Glassfish (Parambassis siamensis) introduced to Lake Toba in 2013
(Kartamihardja et al. 2015). The unintentional introduction of this species caused a sharp
decline in the local ‘bilih fish’ (Mystacoleucus padangensis) (Hedianto and Kartamihardja).

The Indo-Pacific, marine and freshwater species known as the Milkfish (Chanos
chanos) was detected from Laut Tawar (12S) where it has not been previously recorded,
although it is known from the local area of Aceh from the Pante Radja Canal, Aceh River and
Cut River (Muchlisin ef al. 2009). This species has been farmed in aquacultural ponds since
the 1400s — 1600s (FAO, 2018).

The Grass carp (Ctenopharyngodon idella) was detected from Rawa Pening (16S)
where it has previously been recorded (Dahruddin ef al. 2016) although not where it has been
previously recorded from Lake Laut Tawar (Muchlisin ef al. 2009; Muchlisin and Azizah,

2009; Muchlisin, 2012), Lake Toba (Fishbase 2017a), the Chenderoh Reservoir (Kah-Wai
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and Ali, 2000), Lake Batur (Kartamihardja, 2012), and Lake Beratan (Sentosa et al. 2013;
Whitten et al. 1996).

5.5.5 Unexpected fish species

The Mackerel Scad (Decapterus macarellus) and Bigeye Scad (Selar crumenophthalmus)
were detected (12S and COI) from Laut Tawar and Matano respectively. These scad species
are usually marine based, but could have been detected from these lakes as pollution from
cooking from nearby houses or local restaurants. The OTU assigned to Engraulidae (anchovy
fish) from Lake Semayang (12S) could be one of five species recorded from Indonesia:
Coilia lindmani, Coilia borneensis, Lycothrissa crocodilus, Setipinna melanochir or Thryssa
scratchleyi (Fishbase 2017b). Usually anchovy type fish are marine, although there are some
brackish and freshwater species. A tuna species within the Auxis genus was detected from
Lake Matano. Tuna are strictly marine species which cannot survive in freshwater, and so
this fish was likely a result of human waste pollution, as Auxis species such as A. thazard are

native to the marine waters of the Malay Archipelago and eaten locally (Rivai ef al. 2018).

5.5.6 Mammal species
There was one mammal OTU detected from the 12S data, also detected from the 16S data,
assigned to the Miltred Leaf Monkey (Presbytis melalophos) with 100% Query Cover and
Identity, found only from samples from the Chenderoh Reservoir. This monkey is an
endangered species (IUCN, 2018a), found from the rainforests of Peninsular Malaysia,
Borneo and Sumatra (Oates, et al. 1994), thought to be locally extinct (Davies and Oates,
1994). The mammal species detected from the 16S data were all native to Southeast Asia, or
are the expected domestic species. The domestic dog (Canis lupus familiaris) and the
domestic cat (Felis catus) were detected from a number of lakes, as is to be expected when
domestic dwellings occur close to the water. The Crab-Eating Macaque (Macaca
fascicularis) was detected from the Chenderoh Reservoir, a common species found in
Malaysia (Ong and Richardson, 2008). Two agricultural species were detected, the Water
Buffalo (Bubalus bubalis) from Laut Tawar, Toba and Chenderoh, and the domestic goat
(Capra hircus) from the Chenderoh Reservoir.

There was an OTU assigned to the Feliformia family detected from the
Chenderoh Reservoir samples, which matched with 100% Query Cover and 94% Identity to
the Spotted Linsang, Prionodon pardicolor. This linsang species does not occur in Malaysia,

although its close relative and the only other species within this genus - The Banded Linsang
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Prionodon linsang - does. Prionodon linsang does not have a 16S gene or whole

mitochondrial gene entry to NCBI, and so it is likely that this OTU belongs to this species. A

phylogenetic tree (Figure 5.26) was created using 16S sequences from all Feliformia species

extant from Malaysia (Mammals of Malaysia, 2018), which suggests that this OTU falls most

closely amongst the Prionodon genus.
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Figure 5.26. Phylogenetic tree of 16S mitochondrial gene regions of all Feliformia species from

Malaysia. This is a neighbour-joining tree was created using the Maximum Likelihood method based on

the Kimura 2-parameter model. Sequences were collected of the ~ 90 bp region of the 16S gene, using

sequences from NCBI. The Feliformia mystery sequence falls within the Prionodon branch, however its

position as sister to Prionodon pardicolor is not supported with a bootstrap value of <50%.
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5.5.7 Other vertebrates

The 16S data also detected the Asian Common Toad (Duttaphrynus melanostictus) from
Lake Toba and the Riam Kanan Reservoir, as well as the Asian Giant Toad (Phrynoidis
asper) from the Chenderoh Reservoir. These two frog species are common, and widespread

throughout Southeast Asia (Ngo and Ngo, 2013; IUCN, 2018b).

5.5.8 Challenges faced during this study

There were many challenges faced during this study relating to tropical field work, eDNA
sampling, bioinformatic processing and interpreting results with respect to the available
literature.

As the NCBI database is incomplete, and particularly lacking in species from
Southeast Asian countries, many species assignments are not yet possible. A certain species
may not exist in the database, or it may only have one gene sequenced which is not the target
gene. For example, Rasbora baliensis, an endemic cyprinid fish to Bali, has six entries to
NCBI, all of which are for COLl. In this study, Rasbora baliensis was not detected from any of
the Balinese lake samples. This could be due to 1) the absence of this fish in the lakes, 2) the
absence of eDNA from this fish in the water sampled, 3) the absence of amplification of the
target eDNA with the primers used, or 4) the absence of a voucher sequence in the database.
As the COI primers used in this study preferentially amplified microfauna, meiofauna and
microalgae, with very few Chordates amplified, it is impossible to know whether this result is
a false negative or true negative. Although several Rasbora species were amplified using 12S
and 16S markers, (at times with identities of 97-98%), as the NCBI database is lacking in
vouchers for 12S and 16S for this species as well as many others, it would not be possible for
a match to be found.

The dominant fish OTUs were within the cyprinid family, and many sequences were only
possible to assign at this level. Cyprinidae is the largest fish family, with 210 genera and
more than 2010 species, possibly making up around 20% of freshwater fishes, and 8% of all
fishes, the greatest centre of diversity being China and Southeast Asia (Berra, 1977; Nelson,
1994, Berra, 2001). Other studies have had success in discriminating between cyprinids using
eDNA metabarcoding using primers which target the cytochrome b gene. Keskin ef al. (2016)
identified 23 fish OTUs to species level from one lake in Turkey, 15 of which were within
the Cyprinidae family. For studies in Southeast Asian freshwaters, based on metabarcoding
with these primer pairs, it would be beneficial to use cyprinid specific metabarcoding

primers.
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For the COI data, there were 290,581 reads from 59 OTUs removed out of a total of
3,870,903 from 600 OTUs after initial bioinformatic filtering due to their low query cover (<
55), as well as 29,533 reads (4 OTUs) removed due to their presence in negative controls.
Although low quality BLAST hits were sometimes consistent in their appearance from
particular samples, it may be that they derive from chimeras or sequencing errors and so were
removed. For example, OTU63, assigned to the wading bird, the Common Sandpiper (Actitis
macularia), had a Query Cover of 30 and Identity of 84, but was only found in samples from
Lake Toba (5/10 samples). The first 10 hits of OTU63 all assigned to 4. macularia, although
the following 10 hits assigned to Canthophrys gongota, a freshwater fish in the loach family.
Similarly, OTU80, assigned to Bilateria (Query Cover 32, Identity 81) was only found in
samples from Lake Tamblingan (19/19). Although these low-quality reads showed some
consistency in their appearance in particular samples, they were removed from the analysis as
their assignments cannot be trusted, and they could be a result of sequencing error or
chimeras. There were only nine OTUs from the COI data which matched to their assignments
with Query Cover of 100 and Identity of 100.

Some species hits from the BLAST search resulted in a Query Cover of 100 and
Identity of 99 (accepted species level assignment) but were written with ‘cf.” between the
genus and species name e.g. Thermocyclops cf. taihokuensis. As this indicates that the
taxonomic assignment of the specimen was unclear due to preservation issues, only a genus
level (in this case Thermocyclops) was accepted.

It was not possible for the 12S marker used to distinguish between the
Pseudocrenilabrinae subfamily of African and Middle Eastern cichlid fish, as BLAST results
returned 100% identity and query cover for many different species within this subfamily.

Synonyms of some fish species made it difficult to assess the previously recorded
local ichthyofaunal biodiversity. For example, the Silver Barb (also referred to as the Java
Carp or Java Barb), Barbonymus gonionotus (the currently accepted name by fishbase.com
and IUCN) has nine different synonyms listed on fishbase.com. This species is sometimes
referred to as 'Barbodes gonionotus' (Kah-Wai and Ali, 2000; Wijopriono et al. 2010;
Kurniawan and Subehi, 2016), but was originally named Puntius gonionotus (Bleeker, 1849),
and later Puntius javanicus (Bleeker, 1855). Green et al. (1978) refer to this species as

Barbus gonionotus, whilst Hutarabat et al. (1986) use Puntius javanicus.
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5.5.9 Interpretation of the results

The aquatic eDNA sampling approach used here to monitor the freshwater biodiversity of
lakes in the Malay Archipelago was successful in amplifying a range of vertebrates and
invertebrate species. The 12S and 16S markers were most useful in identifying vertebrates,
whilst the COI marker mostly amplified microfauna, meiofauna and microalgae. It is unlikely
however that the sampling approach used was sufficient to detect all fish species present at
the time of sampling, as many more species were previously recorded from the literature per
lake.

The factors affecting OTU richness for the 12S and 16S markers which mostly
amplified vertebrate species were productivity (higher richness in eutrophic or mesotrophic
lakes), depth (higher richness in shallow lakes), area (higher richness in small and medium
sized lakes) and altitude (higher richness in lowland lakes). It is expected that eutrophic lakes
which have a higher trophic productivity would have a higher richness. It is also expected
that more shallow lakes would have a higher richness, as discussed in Chapter 4, most
biodiversity is found in the light filled shallow zones of the lake. It was however not expected
that smaller lakes had a higher OTU richness, as lake species richness is determined by size.
This pattern may have been observed due to the deeper lakes also being oligotrophic.
Lowland lakes may have had a higher OTU richness due to the increased influx of eDNA
from rivers, which do not generally enter high altitude lakes, especially isolated volcanic
calderas.

Some lakes which have higher OTU richness may be due to their influx of DNA from
rivers, e.g. Semayang / Melintang / Chenderoh, compared to isolated meromictic lakes e.g.
Toba / Matano / Batur. Reservoirs with rich ichthyofaunal diversity are thought to be
incapable of sustaining high fish yields, even in the presence of lacustrine or lacustrine-
adapted fish species (Amarasinghe and De Silva, 2015), which may be the case with regards
to the Chenderoh Reservoir, which showed a high ichthyofaunal diversity. The Chenderoh
Reservoir had consistently higher OTU richness than the other lakes sampled. This could be a
real pattern observed, possibly due to the presence of the Perak River flowing through this
reservoir, increasing the fish biodiversity present, or it could also be to do with the success of
the preservation of the filters at the time of collection. The samples from the Chenderoh
Reservoir were the only ones to be filtered and immediately shipped on dry ice to Denmark
where they were extracted at the GeoGenetics laboratory at the Natural History Museum of
Denmark. Other samples were either extracted in Indonesia at the IBRC laboratory and then

shipped to Bangor University, then to Copenhagen University, or, they were filled with an
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EDTA buffer and shipped to the Natural History Museum of Denmark (samples from Lake

Riam Kanan and the removed Lake Singkarak).

5.5.10 Possible improvements to this study

For the sampling strategy, a transect approach using a boat was implemented to allow rapid
sampling of the maximum area possible given the time, equipment, and ability to access the
lake habitat. However, it would have been most effective in terms of capturing total
biodiversity to sample each lake by sampling at regular points across the entire surface, at
depth, and also at more points around the edge of the lake.

If more lakes were sampled then patterns related to area / depth / productivity could
be better understood. Other factors were measured which were not included in the analysis
(pH, temperature, turbidity, dissolved oxygen, lake depth).

Nine OTUs assigned to the Cyprinidae family were detected from Beratan, Laut
Tawar, Semayang and Melintang. It was not possible to assign these OTUs to a lower
taxonomic rank, indicating the need for more barcoding work within the Cyprinidae family to
be done in Indonesia and Malaysia. The addition of a universal cyprinid primer would have
also been beneficial for this region where cyprinid diversity is particularly high. The 12S
primer which targets Teleost fish did not discriminate well between cyprinid fish OTUs, and
so was likely too broad for this highly diverse region.

Although the bioinformatic filtering of sequences according to their presence in at
least 2/3 PCRs will limit the number of false positives, it is likely that this technique does
create false negatives. After filtering, some OTUs were lost which had been assigned to
genus or species level. For example, when only filtering for a minimum of 2 copies in 2/3
PCR replicates, there were several OTUs from the 12S dataset which were removed. An
OTU from the Tasik Chenderoh data, assigned to the Devario genus, with 100% query cover
and 98% match to the Bengal Danio (Devario devario) was removed as this OTU contained
only 55 reads. This OTU is likely to actually belong to the Queen Danio (Devario regina)
known from the area in Perak (Ikhwanuddin ef al. 2017), but not found in the NCBI database.
There was also an OTU assigned to the Sumatran River Sprat (Clupeichthys goniognathus)
from the same lake with only 45 reads in total from two samples, and although this OTU
matched with 100% query cover and 100% identity, it is likely to be a wrongly identified
Perak River Sprat (Clupeichthys perakensis) sequence, the fish that is native to Perak, and a
species which matched to many thousands of reads from this dataset. Also removed after

filtering were six OTUs all assigned to Fuentesi's Wrasse (Pseudolabrus fuentesi) with 55
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reads in total, and 4-9 reads per sample, likely a result of background contamination from the
positive controls. An OTU assigned to the Javanese Rice Fish (Oryzias javanicus) with 100%
query cover and 100% identity, composed of 28 reads across four samples, all of which were
negative controls, was also removed. Another OTU only found in one negative control was
assigned to the Asian Common Toad (Duttaphrynus melanostictus), which is native to
Indonesia and Malaysia. Similarly, an OTU assigned to the Asian Water Monitor (Varanus
salvator) with 100% query cover and 100% identity, only found in one negative with only six
reads was removed. The removal of these OTUs may, in some cases, be creating false
negatives. However, a filtering system must be implemented which removes false positives,
and it is clear from comparing the OTU tables with either filtering for a minimum of two
copies, or filtering for a minimum of 20 copies, that removing OTUs with low read
abundance helps to remove the low read abundance ‘tails’ of OTUs clearly assigned to one
particular taxonomic level. It is unclear how these rare sequences appeared in the sample,
whether through lab contamination or aerial contamination whilst sampling. It is interesting
however that some of these rare OTUs assigned to local species only appeared in some
sample negatives, as opposed to many eDNA samples with some spill over into negatives.
These examples demonstrate that it is of uttermost importance to sequence negative controls
to understand where reads are occurring and not overestimate what diversity is present in the
data.

The only accepted detection for the Climbing Perch (Anabas testudineus) was from
Semayang and Melintang, although sequences were filtered from Lake Beratan, Riam Kanan,
Laut Tawar which may have been cross contamination from the positive control of the same
species. Therefore, to improve studies such as this, a non-native species should be used for
the positive control, or if native species are used, they should be incorporated into a mock
community of specific low concentrations. A similar pattern was observed by Hanfling ef al.
(2016), who also suggest this diluted mock community or different target species as negative

controls as a possible solution.

5.5.11 Suggestions for future eDNA research in the tropics

At lakes Semayang and Melintang, the high level of turbidity observed made processing the
water samples through the 0.22 um filters too difficult to allow a total volume of 500 ml to be
processed. At these sites therefore, only 100 ml could be filtered per Sterivex filter. For

future eDNA studies in the tropics, it may be beneficial to first use a wider pore filter

A1



followed by a fine pore filter, or use additional filters to allow a larger total volume to be
processed.

Although barcoding efforts (particularly of ichthyodiversity in Indonesia) are
ongoing, the COI barcode region continues to be the focus of barcoding attempts rather than
other mitochondrial regions which could be more suitable (such as 12S). If whole
mitogenome sequencing of biodiversity could be used in barcoding studies of this region, this
would provide greater specificity in public databases from which to compare eDNA

metabarcoding data (e.g. Dahruddin et al. 2016).

5.5.12 Implications of aquatic eDNA monitoring in Southeast Asia

Indonesian researchers note that lakes must be restored and protected to enhance their
ecosystem services, particularly those linked to other aquatic ecosystems (Haryani, 2016).
The use of eDNA metabarcoding, as demonstrated here, can provide a large amount of
taxonomic information from few samples collected within a short period of time. This study
used few samples across a small number of sample points. However, if a specific area of
interest were to be more intensively monitored (e.g. the Danau Sentarum National Park) over
many sampling occasions, this could provide extensive biodiversity data as a baseline from
which to then monitor changes over time as a result of either conservation protection, or
anthropogenic impact from the threats of hydrological dams, for example.

This study has shown the potential for eEDNA metabarcoding in monitoring the
distribution of invasive species, which are evidently a problem in Southeast Asian
freshwaters. More studies are needed to understand the role of exotics in the geographical
variability in lake and reservoir fish yields. Based on these data generated from eDNA
sampling of the lakes of the Malay Archipelago, invasive species are dominating lacustrine
environments, possibly at the cost of the exclusion of rare native species, or of native fish
which are significant for local fisheries. Another interesting and important avenue for future
research in fisheries and biodiversity conservation could be to assess the relationship between
stocking density and CBF fish yield, also with respect to rare species. It is thought that there
are density-dependent factors in force that create optimum levels of CBF production
(Amarasinghe and De Silva, 2015), something which could be monitored using eDNA
metabarcoding, particularly if relative read abundance can be used as a rough measure of
density.

Indigenous cyprinid species in Asia which occupy lower trophic levels play a

significant role in reservoir and lake trophic dynamics, and can withstand exploitation due to
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their high turnover rates. The stocking of commonly exploited African cichlid species mostly
leads to incomplete exploitation of predominant fishery sources (Piet and Vijverberg, 1998).
The use of eDNA metabarcoding could therefore also be useful in monitoring the response of
introduced fisheries species according to the levels of pre-existing ichthyofaunal diversity,
particularly of cyprinids.

Malaysia is one of the more affluent countries in Southeast Asia, and consequently
has better infrastructure than some other Southeast Asian countries. One asset of which, is the
permanent employment of an officer responsible for compiling statistics of aquaculture and
inland capture fisheries by the State Department of Fisheries in each district (Coates, 2002).
Malaysia also has the largest number of technical persons trained per country under the
International Network on Genetics in Aquaculture (INGA), with 38 persons compared to just
6 in Indonesia (De Silva, 2010). It is possible therefore that in Malaysia, the use of eDNA
sampling could be employed to monitor freshwater biodiversity through government
branches, as is beginning in Europe.

This study was conducted in the summer, in the dry season. Physiological
measurements however vary between wet and dry season - for example, temperatures at
Danau Batur range from 22 — 25 °C, pH 7.11 — 8.82 in the rainy season and 8.55 — 8.61 in the
dry season, DO 6.43 — 7.7 in the rainy season and 7.2 — 9.3 in the dry season, Turbidity is
3.39 — 5.13 NTU in the rainy season 2.4 — 3.7 NTU in the dry season (Suryaningtyas and
Ulinuha, 2016). It would therefore be interesting for a more intensive sampling strategy to be
implemented to allow temporal analysis with respect to these variables.

Future studies in Indonesia using eDNA could benefit from a more targeted approach
to explore specific local hypotheses relating to comparable areas of pollution or
anthropogenic impact. For example, in East Kalimantan, the Mahakam connected lakes
measured in this study (Melintang and Semayang) have nearby lakes which do not appear to
be as impacted by runoff from mining and logging. Using eDNA to assess microbial,
invertebrate and vertebrate diversity between these sites could help to illuminate the effects
of the rampant mining industry on biodiversity in this region.

Another possible future avenue for research is that relating to lake stratification.
Future stratification of Lake Batur, Matano and Toba is likely to be caused by climate
change, when increasing temperature and evaporation will shift the thermocline layers,

although this is not fully understood (Haryani, 2016).
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5.6 Conclusions

This study highlights the success of eDNA metabarcoding in monitoring the biodiversity of
Southeast Asia, particularly of ichthyofaunal species for the first time. Thousands of eDNA
reads were successfully amplified and assigned to many native, invasive and rare species of
conservation concern. Although there are improvements to be made on this sampling
strategy, it was overall successful in detecting some of the known biodiversity from this
mega-diverse region. Although patterns of OTU richness and community composition with
regards to habitat variables were observed, more sampling at both the temporal and spatial
scale as well as increasing the number of sites would help to further understand the role of

these features in driving patterns of local biodiversity.
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General Discussion
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6.1 Overview of experimental chapters

This thesis explores how eDNA sampling, combined with multi-gene metabarcoding and
next-generation sequencing can be used to monitor aquatic biodiversity in tropical regions
such as the Malay Archipelago. Firstly, I discuss the development of eDNA sampling and its
potential, pros, cons, and future development needed for implementation as a monitoring tool
in Southeast Asia with respect to the specific environmental and socio-political issues faced
in this region of the world. Secondly, I present a comparison of eDNA capture and storage
techniques with a custom protocol for eDNA extraction from an enclosed filter capsule used
in combination with a preservation buffer, which our results suggest yield better results than
other compared methods, and which can be implemented in eDNA sampling in the tropics.
Thirdly, I explore the spatial distribution of eDNA within a small tropical montane lake, and
find that taxonomic information as well as OTU richness varies between surface points only
500 m apart and depth points only 2 m apart, suggesting the need for a comprehensive spatial
approach to eDNA sampling to detect extant biodiversity in the tropics. Finally, I test the use
of eDNA metabarcoding to assess the extant aquatic species of lakes from the Malay
Archipelago, and compare taxonomic communities and OTU richness between areas based
on a range of habitat variables. I find that altitude, lake area, lake depth and trophic
productivity have an effect on community composition as well as OTU richness, and that
although eDNA metabarcoding was successful in detecting native, invasive, endemic and rare
species - there are many sampling, molecular, and bioinformatic challenges to be overcome
before this approach can reliably be used in monitoring aquatic species from biodiversity

hotspots such as Southeast Asia.

6.2 Aquatic eDNA collection techniques for biodiversity monitoring
When collecting eDNA samples from tropical lakes, filtering using a broad pore size filter
may be an optimal option, as the fine pore filters such as 0.22 um Sterivex filters easily clog,
limiting the volume to be processed. The higher the number of sampling sites, and the higher
the volume of water sampled, will improve the likelihood of detecting the extant biodiversity.
Similar to the work completed here in Chapter 2, other recent studies have also
compared aquatic eDNA capture and storage techniques. Djurhuus et al. (2017) compared
polyvinylidene difluoride (PVDF), polyethersulfone (PES), glass fibre (GF), polycarbonate
track etch (PCTE) and nanocellulose (NC) filters all of 0.2 um, and found no significant
difference in eDNA results. Another recent study (Majaneva et al. 2018) tested four different

preservation strategies (on ice, in ethanol, in lysis buffer and dry in silica gel), two filter types
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(mixed cellulose ester and polyethersulfone) and found that either dry storage or storage in
lysis buffer, and mixed cellulose rather than polyethersulfone gave the most consistent
community composition using metabarcoding. Serial filtration for size fractionation could
also be beneficial to separate different types of eDNA, capture different sections of a
biological community, or remove larger organic particles (Alawi et al. 2014; Bass et al.
2015), particularly relevant to the highly turbid waters of Southeast Asia, where agricultural
runoff is prevalent. Therefore, the ecological question, environmental habitat, specific
environmental sample type, and specific target organisms must all be considered when

planning the method of eDNA isolation.

6.3 The use of eDNA in wildlife and biodiversity monitoring in the Malay Archipelago

The Malay Archipelago of Southeast Asia has unique challenges relating to invasive species,
river impoundment, overexploitation and pollution (discussed in the draft manuscript in
Appendix 3). The use of aquatic eEDNA monitoring could provide valuable information
regarding the presence and distribution of particular species, and predict their response to
such threats.

Flow modification through river impoundment by e.g. hydrological dams for
hydropower present a huge problem for freshwater species in Southeast Asia, where 98 dams
are planned for construction by 2030 in the Mekong basin alone, with an additional 371 dams
already operational or under construction. An increase of this magnitude would require a 19-
63% expansion of agricultural land to preserve regional food security in the face of projected
fishery loss (Winemiller et al. 2016). Hydropower dams alter natural flow regimes with
consequences for water temperature, nutrient loads and sediment transport downstream, and
contribute to terrestrial and aquatic species and habitat loss, reduction of fishery yield and
deter fish migration (Stone 2011; Winemiller ez al. 2016, Welcomme et al. 2016). Pfleger et
al. (2016) investigated the impact of dams and barriers on the critically endangered Alabama
Sturgeon (Scaphirhynchus suttkusi) and near threatened Gulf Sturgeon (Acipenser oxyrinchus
desotoi) using eDNA, and found both species remained upstream of passage barriers.
Consequently, the authors recommended that the removal of the barriers to passage would aid
in the conservation of these species. One of the high priority topics in which aquatic eDNA
metabarcoding in Southeast Asia could be implemented therefore, is in investigating the

impact of hydrological dams on biodiversity.
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Water pollution is also a major threat to Southeast Asian freshwater habitats.
Overloading of nutrients from agricultural fertilizers can cause harmful algal blooms, which
can increase cyanotoxins and cause harmful bioaccumulation in aquaculture fish such as
tilapia (Greer ef al. 2017). Healthy freshwater ecosystems act as natural pollutant filters
(Chowdhury et al. 2016, Cochard 2017), which can be more economically effective than
industrial water filtration plants (Collen ef al. 2014). Another important avenue for aquatic
eDNA metabarcoding studies in Southeast Asia therefore, is in understanding the impact of
pollutants on freshwater biodiversity, and how more biodiverse habitats can act as natural
pollutant filters.

For this type of research to be conducted in Southeast Asia, high level molecular
infrastructure such as fully equipped PCR free laboratories and sequencing centres are
necessary. This either requires the presence of such facilities within the Southeast Asian
country, or the export of raw samples or DNA extracts to laboratories in other countries.
Exporting samples from some Southeast Asian countries can be challenging. The Indonesian
research permit process is strict, extensive and complicated, and the export of samples
extremely difficult. If infrastructure does not exist, and international collaborations are
necessary to implement eDNA metabarcoding, it is important for non-Indonesian researchers
to first establish thorough connections with Indonesian governmental bodies to navigate the

appropriate permit steps.

6.4 Future perspectives on eDNA metabarcoding

There is a much-repeated need for sequencing of mitochondrial barcode regions, or
preferably whole mitochondrial genomes, to populate genetic databases and consequently
improve the accuracy of species assignment, allowing species detection from eDNA using
popular barcoding primers (Ishige et al. (2017). Sequencing larger barcodes or whole
mitogenomes could be beneficial to eDNA metabarcoding studies for several reasons. Larger
barcodes, or whole mitogenomes could allow haplotype counts to be used for better
abundance estimates (Stat et al. 2017) rather than the approach of analysing read counts
which is prone to bias. In addition, databases for genes other than COI are severely lacking in
taxonomic coverage, and so there is an urgent need for reference libraries of other standard
barcodes to be expanded to increase the ability of short universal markers to match with
information in genetic databases (Leray and Knowlton 2015, Creer et al. 2016, Coisacc et al.
2016). It has also been suggested that investigators involved in metabarcoding studies should

plan to barcode representatives of their local biota as a part of their projects (Porter and
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Hajibabaei, 2018). Coissac ef al. (2016) argue that there is a need to continue, and in fact
accelerate global efforts to build not only the DNA barcode reference library of standard
barcodes, but also that of what the authors refer to as ‘extended barcodes’ to strengthen the
standard barcoding approach. Extended barcodes (see glossary), which can be created using
genome skimming, provide higher phylogenetic signal than standard barcodes, providing a
bridge between standard and metabarcoding studies that usually use particular target regions,
and provide a way to circumvent the often-biased approach of target enrichment with PCR
(Coissac et al. 2016).

In a recent study comparing shotgun sequencing and metabarcoding using mock
communities of freshwater macroinvertebrates, metabarcoding was less consistent than
shotgun sequencing, and failed to recover some species with higher abundances, whilst
shotgun sequencing results provided highly significant correlations between read number and
biomass in all but one species (Bista et al. 2018). However, whole genome shotgun
sequencing in metagenomic studies requires a large proportion of data to be discarded, and a
huge increase in sequencing output is required, resulting in a decrease in sample throughput
compared to metabarcoding. For example, Stat et al. (2017) performed shotgun sequencing
on marine eDNA samples and of the 22,300,000 sequencing reads obtained, only 14%
(3,122,000) could be assigned to anything using Blastn, and only 2.4% of those reads
(74,928) had assignments matched to eukaryotes, with 94.5% assigned to bacteria, and 3% to
viruses. Furthermore, of the 2.4% of eukaryotic reads, only 1.2% of these reads (899) were
assigned to fish, meaning that of the original 22.3 million reads, only 0.004% were assigned
to fish, demonstrating the unsuitability of shotgun sequencing in monitoring aquatic
vertebrates. This can be alleviated by combining shotgun sequencing with DNA capture array
technology (Liu ef al. 2016) to target specific organelles, and to hybridize and extract specific
genomic regions, subsequently reducing the size of the genomic target and increasing the
number of samples (Creer et al. 2016). The MinION™ sequencer continues to show promise
as an option in ‘benchtop’ genomics, and recently proven its potential in metagenomics.
Brown et al. (2017) used the MinION™ to sequence three types of low-complexity synthetic
communities from four bacterial species, a community with one relatively rare (1%) and
three abundant (33% each) components, and a mixture of genomic DNA from 20 bacterial
strains. They generated accurate taxonomic assignment of high-quality reads from the
MinlON approaching 99.5% and inferred community structure mostly mirrored the known

proportions of these synthetic mixtures.
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Clarity on the effect of bioinformatics processing of samples will provide a baseline
of information for eDNA studies to make standardised decisions regarding e.g. filtering for
sequences found in certain numbers of replicates, or a certain copy number which can
drastically change the final outcome of species lists (Evans et al. 2017a; Leray and
Knowlton, 2017). This type of filtering e.g. removing reads found with < 10 copies can
account for errors created by random sampling of rare sequences during the Illumina

sequencing process (Leray and Knowlton, 2017).

High uncertainty Low uncertainty

» Detected by a single marker
» Detected in a single sample

» Detected by multiple markers OR
in multiple samples

» Detected by multiple markers
AND in multiple samples

» Greatest certainty when species
physically captured

Low stringency High stringency

Figure 6.1 Bioinformatic stringency and taxonomic certainty. Conceptual diagram illustrating the
relationship between bioinformatic stringency and strength of certainty about the presence of species

detected with eDNA metabarcoding (Evans et al. 2017).

Evans et al. (2017) demonstrated this pattern, by metabarcoding aquatic eDNA targeting fish
communities with ‘low’, ‘moderate’ and ‘high’ bioinformatic stringency producing 21, 15,
and 8 fish OTUs (Operational Taxonomic Units, used as approximations for species, see
Glossary page 17) compared to the 10 from direct observations. Alberdi et al. (2017) go
further and test over 2,000 combinations of molecular and bioinformatic replication and
filtering, and showed that OTU number was greatly affected by the number of PCR
replicates, how samples are filtered across them, sequence copy number, and OTU clustering
threshold. However, Lahoz-Monfort ef al. (2016) suggest that removal of single PCR
detections as an ad-hoc filtering approach to account for false negatives or positives results in

biased estimation of occupancy, detectability and false positive rates, and that instead, prior
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information or additional data collection using other methods to perform ‘site occupancy-
detection modelling’ should be incorporated. Giguet-Covex et al. (2014), for example,
suggest that a sequence should only be considered if confirmed by at least two independent
PCRs, whilst those detected in only one replicate should be discarded or considered dubious,
although this can drastically reduce the number of species recorded (Evans et al. 2017a). The
interpretation and implementation of this information is yet to be consistently applied in

eDNA research.

When considering options for OTU clustering approaches, the appropriate choice is
complex due to either a lack of marker variation between individuals or species, and the
creation of spurious OTUs due to read errors from sequencing artefacts and chimeras (Sokal,
1963; Sneath and Sokal, 1973). These issues can artificially inflate biodiversity estimates,
invalidate rarefaction curves for alpha and beta diversity estimators, and disrupt the topology
of phylogenetic trees. In fact, contrary to the recognized 97% norm, a recent study suggests a
99-100% threshold is more appropriate (based on analysis of microbial communities, with
99% found to be best for full length 16S sequences and 100% found to be best for the V4
hypervariable region) (Edgar, 2018). However, the approach used in this study was criticised,
due to the consensus that the 16S gene is not suitable for delineating bacterial species, and,
using a higher threshold risks splitting sequences from the same genome into different OTUs
(Schloss, 2018). A recently suggested solution is the use of exact amplicon sequence variants
(ASVs) to replace OTU clustering altogether in marker gene data analysis (Callahan et al.
2017). When using OTU clustering approaches, benchmarked algorithms for quality control,
de-noising, chimera removal, OTU picking, subsampling, appropriate distance levels to
define OTUs, and a robust method for taxonomic assignment with statistical inference are all
required (Cristescu, 2014; Leray and Knowlton, 2017; Wilkinson et al. 2018). Initial OTU
delineation creates an estimation of species diversity, providing a framework for subsequent
taxonomic amendments, but the use of exact ASVs may be a better option for more

accurately assigning species.

6.5 Additional work
There was additional work undertaken during the investigations of this PhD which is not
featured in this thesis.

In 2014, the first field expedition was in Peninsular Malaysia, where a mesocosm

experiment was set up to test eEDNA degradation within the environmental habitat variables
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of Malaysia, and several lake sites were sampled using an ethanol precipitation method. The
mesocosm experiment used 12 x 45 litre buckets dug into the ground, with an equal
combination of 0, 1, 2, and 4 fish present. Water samples were collected before and after fish
were added, and after fish were removed at multiple time points using 15 ml centrifuge tubes.
This experiment was intended to test the accumulation of eDNA over time, and the
degradation of eDNA after the biological source was removed. However, amplification was
observed from some samples taken from 0-fish buckets, and no amplification was observed
from buckets containing fish. It appeared therefore that the results were unreliable, and so
this experiment was omitted from the thesis. These results could have occurred for several
reasons. Although lids were placed on the buckets each night and removed each morning to
prevent the nightly monsoon rainfall from causing flooding, there were occasions when it
was not possible to place lids on the buckets during the day when a sudden rainfall occurred.
This may have caused the resident fish to escape or move between buckets. Also, Kingfisher
birds were observed close to the buckets, and may have hunted the experimental fish,
removing them from experimental buckets. It is also possible that laboratory induced errors
caused amplification or non-amplification of unexpected samples. If this experiment were to
be repeated, a net covering could have been used over the mouth of the buckets to prevent
external predator influence, and a waterproof cover installed above the experimental area to
prevent the interaction of heavy rainfall. Additionally, rather than one 15 ml sample collected
per replicate bucket at each time point, multiple samples would have allowed for comparison
of results and allow for laboratory induced error.

The sampling of lakes in Peninsular Malaysia using ethanol precipitation was unsuccessful at
the point of amplification. The gel electrophoresis images of PCR products amplified from
these eDNA samples were either very faint or absent, and Qubit results were very low.
Sequencing of these samples showed little to no amplification of freshwater biodiversity, and
so this part of the study was omitted from the thesis. This could have been the result of a lack
of sample replicates per lake, or a lack of water volume, as one x 15 ml sample was collected
at roughly 1 km points around the edges of each lake. If this study were to be repeated, at
least three replicate samples would be collected per sampling point, and based on the results
from Chapter 4, the number of sampling points increased to every 200 m around the edge of
the lake. It may also be possible that samples were degraded during the shipment from
Malaysia to Bangor University, and then to Copenhagen University where the majority of the
laboratory work was processed. Samples might have degraded at several stages of the

sampling process 1) after filtering before being stored in the freezer, 2) after being stored in
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the freezer before extraction 3) after extraction when being transported from Indonesia to
Bangor and then again to Denmark. This may have been prevented if the eDNA samples
(which were filtered onsite) were immediately stored in a preservation buffer, as we suggest
in Chapter 2. This is in contrast to Valdez-Moreno et al. (2018) who extracted all samples
within 48 hours of filtering, and had good results, detecting 75 species of vertebrates
including 47 fishes, 15 birds, 7 mammals, 5 reptiles, and 1 amphibian.

Samples were repeatedly frozen and defrosted to test and develop the methods used to
amplify them, which may have compromised their DNA yield. If this study were to be
repeated, eDNA extracts would be diluted into several sub-extracts stored in PCR strips,
immediately frozen, and additional ‘test’ samples collected to test and develop molecular

approaches such as PCR conditions.

6.6 Limitations and suggestions for future improvements

Aquatic environmental DNA metabarcoding - much like other techniques used to survey
biodiversity - is an imperfect solution to a naturally complex challenge. There are biases at
every level of the pipeline, introduced through capture technique, primer choice, PCR
stochasticity, sequencing ability and OTU clustering. However, metabarcoding does generate
a vast amount of taxonomic information from relatively few samples, and when molecular
pipelines are thoroughly tested and developed, provides a fast and reliable method of
monitoring more biodiversity than could be detected using traditional methods (e.g. Thomsen
et al. 2012; Dejean et al. 2012; Michler et al. 2014; more examples in the General
Introduction section 1.5).

For eDNA capture, this study would have been improved by the use of a preservation
buffer injected into the Sterivex capsules. At the time of sampling, the initial Qubit results
from Chapter 2 (Spens et al. 2017) suggested that freezing the filters generated better DNA
yields, and so this option was chosen for the main sampling trip in 2015 which occurred
before the qPCR results were generated. The method of freezing samples was chosen to be
logistically simpler in the field, so that injecting a buffer using pipettes was not needed.
However, based on Spens ef al. (2017), and experience in the field with regards to the
logistics of accessing suitable freezers and keeping samples cold enough during transport in
tropical climates, the use of a buffer injected into the filter, such as Longmire’s solution, is
strongly advised. Other tropical aquatic eDNA studies have had success when using Sterivex

filters combined with, for example, RNALater as a storage buffer (Ishinge et al. 2017).
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In this study, 0.22 um polyethersulphone filters were used (Sterivex-GP Pressure
Filter Unit SVGPL10RC), which may not have been the optimal filter material for sampling
such water such as that of Lake Tamblingan which was fairly eutrophic and is therefore likely
to contain myriad microorganisms. As the 0.22 pm filter clogged easily when filtering some
of the more turbid lakes such as Semayang and Melintang, a broader pore size filter would
have allowed a greater volume to be sampled. A recent study has suggested that 0.8 um
filters may be the optimal size (L1 ef al. 2018), as there was little difference between 0.45 pm
and 0.8 um in DNA yield and probability of species detection, but using a 0.8 um filter
reduced filtration time by 36%. In addition, 0.8 um and 1.2 pm filters actually performed
better in terms of correlation between read counts and fish abundance. This could then allow
more water to be filtered per filter, increasing the probability of species detection by allowing
a greater volume of eDNA to be concentrated, and perhaps more areas of the same lake to be
sampled. If eDNA is mainly composed of whole cells, then these larger pore size filters
should be sufficient to capture the genetic information contained within aquatic eDNA
samples. This study also performed a pre-filter step using 20 um filters, then filtering the
expelled water through a 0.45 um, and found that this reduced filtration time by around 50%.
Another option could have been to be flexible with the amount of water filtered, e.g. anything
between 500 ml and 1.5 L depending on how quickly filters become clogged, as has been
employed by Agersnap et al. (2017). This may have allowed more water to be filtered from
very clear lakes such as Lake Matano, and possibly increased the detection probability of the
extant aquatic species.

For the molecular workflows, the addition of a human blocker oligonucleotide primer
may have aided in preventing human amplification. Although the use of human blockers in
combination with eDNA metabarcoding is not always employed, this approach may have
reduced the human contamination observed. A human blocker to complement the molecular
workflow of the 12S Teleost primers (Valentini ez al. 2016) has already been designed -
(teleo_blk: ACCCTCCTCAAGTATACTTCAAAGGAC-SPC3I) (Valentini et al. 2016), and
used by Sigsgaard et al. (2017). However, when considering the addition of a human blocker
to the PCR recipe, it is important to note that such an approach may not eradicate the
presence of human DNA, and may decrease the detectable diversity (Pifol ez al. 2015). For
example, Thomsen et al. (2016) observed human DNA in all samples, although a human
blocker was used in the PCR set up, designed to complement the 12S Teleost primers (also

used herin) (Valentini et al. 2016).
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Another challenge in the molecular workflow of aquatic eDNA analysis, is that when
working with such low quantity DNA as eDNA it seems somewhat inevitable that a certain
level of contamination may be expected, even when taking significant precautions to limit
such extraneous DNA. Thomsen et al. (2016) observed human, chicken, rock pigeon, duck,
and lionfish DNA in their Greenlandic marine eDNA samples, which are all likely to be false
positive results. Human DNA, DNA from positive controls, and DNA from the Saola
(Pseudoryx ngethinhensis) was observed in the OTU tables from Chapter 4 and 5. The Saola
DNA was only found from samples and negative controls extracted at the laboratories at the
Natural History Museum of Denmark, and so it is likely that this was from laboratory based
contamination carried over by genome sequencing being performed on this species by
another researcher. The reporting of such contamination should be standard practise, and if
carefully considered, should not impact the interpretation of genuine eDNA data, as was done
by e.g. Thomsen et al. (2016) and Stat ef al (2017). Based on the results of this thesis,
although aquatic eDNA is considered ‘modern’ DNA, it is of such low quantity, and easily
prone to contamination, that it would be beneficial to work in near-ancient DNA laboratory
conditions, and perhaps the stringency of laboratory rules should be based on the quantity of
DNA in the sample, rather than the age. For example, iDNA from leeches is carried within
the prey blood inside the leech at high quantities, and so should not need to be processed in
strictly clean labs, but filters containing trace DNA from water samples are no more likely to
cause contamination to clean lab environments than, for example, fragments of ancient bone
dug from the ground, or ancient lake sediment cores. A high degree of human DNA was
amplified from most of the lake samples from this thesis, which may have been prevented if
samples were processed in a lab area where no human DNA samples (or any samples at all)
were being amplified, and could possibly contribute PCR product contamination.

Another molecular limitation may have been in the pooling of aquatic eDNA samples
from the same lake, which may result in the loss of eDNA found in
low copy numbers, subsequently yielding a lower species richness (Sato ef al. 2017).
Therefore, it may be a better approach to individually extract different samples from within
the same lake, which would also allow the estimations of the means and standard deviation
amongst the replicates. However, Sato et al. (2017) who explore this suggestion refer to reads
which contribute < 0.05% of each sample which could be spurious assignments.

This study could have been improved further by keeping eDNA extracts of ecological
replicates separate, and PCR replicates separate, rather than combining eDNA extracts of

ecological replicates before PCR (although this would triple the molecular work load and cost
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of sequencing). On the other hand, other eDNA studies have combined PCR replicates, as
opposed to combining ecological replicates, although the disadvantage of this approach is the
lack of ability to remove spurious sequences only found in one PCR as was used in this
approach for Chapter 4 and 5. However, based on these results, if a sequence has entered the
sample through lab contamination, it is likely to be of such high read count that the source is
obvious, and these OTUs can be removed (such as the human and Saola DNA observed
herein).

Due to the high number of samples being processed for metabarcoding, the eDNA
extracts were set up for PCR in chronological order of collection per lake. However, this is
not a randomized and/or balanced approach. It has recently been suggested that molecular
methods should report the detailed design of sample processing in the laboratory, as this may
strongly influence the interpretability of results where confounding effects may occur (Balint
etal.2018).

At the bioinformatic step of the workflow, another limitation of this study was the
interpretation of reads assigned to species which were used as positive controls. Several
tissue samples were extracted from Malaysian and Indonesian fish to validate that primers
were able to amplify these targets (see Chapter 3: Universal Methods). To use up the
remaining PCR wells, these extracts were added individually. A better option would have
been to create a mock community using these extracts, by diluting them down to roughly that
of the eDNA samples, and combining at equimolar ratios. This would have prevented such
high read abundances sequenced in the positive control samples, and prevented the overspill
contamination observed in other samples. It is impossible to know, therefore, whether the
reads observed in the lake eDNA samples were genuine, or overspill from the positive
controls, and so all OTUs assigned to these species were removed from the analysis. Based
on this problem, I advise future studies to not sequence target species’ DNA on the same
sequencing run as eDNA samples which may contain these target species, and to dilute
positive control samples down to roughly that of eDNA samples, and to store positive control
DNA extracts in a separate box to eDNA samples.

As a short fragment of 12S (60-80 bp) and 16S (90 bp) was analysed, some amplicons
gave 100% full-length matches to multiple species, as is to be expected. An ad-hoc species-
level identification could be made in some cases where only few species exist within a genus,
based on the known geographic range of those taxa. However, future metabarcoding work
would benefit from markers of longer fragment lengths which may allow the delineation of

fish species with low variability in the 12S or 16S marker region used.
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It is likely that there are false negatives from the eDNA samples described in Chapter 4 and
5, as there were many more species described from the literature than were detected from the
samples. It may be that the bioinformatic filtering approach employed was too stringent. For
example, when considering OTU tables based on filtering a minimum of 2 copies of DNA
per PCR replicate, rather than 20 (as was used for the 12S and 16S data), there are species
which are likely to be real, local, eDNA signals which were then removed by the filtering
process. In the 16S data, the Convict Cichlid (Archocentrus nigrofasciatus) appears in sample
‘DTAMSY’ from Lake Tamblingan in Bali, which is supported by the literature (Candrawan,
2015) but this species was only detected from this sample, and only appears with 9 copies
found in 2/3 PCR replicates (with 100% identity and query cover BLAST result to this
species assignment), and so was removed. Additionally, if 1/3 PCR minimum threshold was
used, many more species would probably be detected, although this could compromise the
results in terms of false positives.

There were other issues related to BLAST and NCBI database problems. Some hits
show low identity, but can have consistent results to a particular taxonomic assignment,
giving more confidence in that assignment. For example, for 12S data, the sequence
ccectgtcaaacgcacaaaaatatataataaactagcactcgacaagaggaggcaagtcgtaa (OTU 102) with 767
reads before normalisation in a sample from the Malaysian reservoir lake, Tasik Chendorah,
returned ‘no hit” from the MEGAN assignment when using megablast, but when run using
blastn showed a list of matches. Of these matches, the top four hits were to fish in the
Crossocheilus genus, with perfect query cover but relatively low identities (91-92%),
possibly due to a lack of sequences in the database. Additional hits matched to other fish
from Asia within the Cyprinidae family, (in decreasing order of E value) Epalzeorhynchos
frenatus, (Rainbow sharkminnow), Lobocheilos melanotaenia (cyprinid fish from the
Mekong), Rectoris posehensis (cyprinid fish from Asia), Thynnichthys thynnoides (Tiny scale
barb), Epalzeorhynchos bicolor (Red-Tailed Black Shark) and Ptychidio jordani (the
ratmouth barbel).

In contrast, other ‘no hit’ sequences also included what appear to be chimeras, in
which the top sequences are highly inconsistent and of low quality. For example, an OTU
from the 12S data (OTU 100), with 936 reads in a sample from the Indonesian lake, Danau
Singkarak, with the sequence
ccececgecccactttaaatataaagecttaaataaatctaaacacaccegecaaggggaggcaagtegtaa returned ‘no hit’

from a megablast MEGAN assignment, but returned a list of matches when using blastn.
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These matched (in decreasing order of E value) to Silhouettea (genus of marine goby from
the Gobiidae family), Bacillus glycinifermentans (bacteria species), Favonigobius
gymnauchen (Sharp-nosed sand goby from the Gobiidae family), Mastacembelus
mastacembelus, (Euphrates spiny eel, from the spiny eels family - Mastacembelidae),
Microphis brachyurus, (Short-tailed pipefish from the seahorse and pipefish family -
Syngnathidae), Anoxypristis cuspidata (knifetooth sawfish, from the sawfish family -
Pristidae), Gobiodon histrio (marine goby species - road-barred goby, from the Gobiidae
family), A. cuspidata (as above), Fiji disease virus (a plant virus) and Salamandra atra (the
alpine salamander).

Some hits match to a particular species, when it may be the case that there is not
enough variation in the gene for resolution between very closely related species, e.g.
MEGAN assignment initially showed Pristolepis grooti (Indonesian Leaffish) in samples in
Lake Melintang and Lake Chenderoh, however it is its close relative P. fasciata, that is listed
in the literature at Lake Melintang, which also came up in the BLAST search, although
neither species matched 100%. These are the only two species in the Pristolepis genus in
Indonesia and Malaysia (according to Fishbase). There were two OTUs created matching P.
grooti, one which was only found in Lake Melintang and one which was only found in Lake
Chenderoh, implying that these may be separate species, or at least genetically distinct forms
of the same species.

In other cases, there were 100% match to many different species, such as OTU20 in
the 12S dataset, which matched to 100% to Sarotherodon galilaeus (Mango Tilapia),
Oreochromis niloticus, (Nile Tilapia), Oreochromis aureus (Blue Tilapia), and Sarotherodon
melanotheron (Blackchin Tilapia), as these species are closely related, and must have little
genetic variation within the 12S gene. Additionally, some species listed in publications had
taxonomic ambiguity, for example, when searching the literature for ‘Cyclocheilichthys de
Zwani’ recorded in Mardiah et al. (2016), Google Scholar returned no matches, although
there were 438 Google results, mostly in Bahasa Indonesian. A search on Fish Base for this
species returned n = 1 of a ‘Possible Scientific Name’ of Cyclocheilichthys dezwaani (Weber
& de Beaufort, 1912), for which the current true classification is Cyclocheilichthys armatus
(Kottelat and Lim, 1996). A similar problem occurred with another species listed in this
paper as ‘Puntius shwanefeldi’ but is actually now classified as ‘Barbonymus
schwanenfeldii’. Futhermore, there are what only appear to be spelling mistakes in some of
the literature, such as in De Silva (1987), who records ‘Ophicephalus seriatus’ in ‘Table 2.

The major reservoirs of Indonesia and their characteristics.” although in a Google search,

2R0



there are only two results for this species, and it is highly likely the author is referring to
‘Ophicephalus striatus’, the now outdated name for Channa striata.

Some sequences had very poor BLAST results, but were still assigned to a species or
genus by MEGAN. For example, in the COI data, OTU 476 was assigned to ‘Leptodactylus
sp’ (a genus of Neotropical leptodactylid frogs), but a query cover and identity score of only
51% and 80% were observed, and the subsequent hits matched to a mushroom, another frog
species, a weevil species and a bird species. In these instances, a new assignment was given
of ‘insufficient hit’, and were removed from the analysis.

Similarly, poor BLAST results were also observed where there were many hits for the
same species, such as from OTU 376, which was assigned to ‘Rhacophorinae’ but with only
19% query cover and 90% identity, but with highly consistent matches to Kurixalus
bisacculus (a Southeast Asian frog species).

There are methods, such as the recently created LULU algorithm (Freslev ef al. 2017)
which remove erroneous OTUs by combining information on sequence similarity and co-
occurrence patterns, without discarding rare but real OTUs. This may have allowed an
improvement in the species assignments of the OTUs generated.

When interpreting the results of the OTU tables generated by the DAMe pipeline after
MiSeq sequencing, there were challenges faced in understanding accuracy of the species
assignments generated by MEGAN. The consistency of species names of local fish species
proved problematic. Either old references refer to a name now not used (e.g. Green ef al.
1978 refers to Sarotherodon mossambica, now Oreochromis mossambicus), or slight
differences were observed in names such as Pristolepis fasciatus (synonym) and Pristolepis
fasciata (accepted name) (Fishbase, 2018). Old species names appear in BLAST searches
which are now out of use. Furthermore, some Indonesian publications only refer to
Indonesian, rather than Latin names of species, and when translating publications in Bahasa
Indonesia (the Indonesian language) to English, the names may have a different meaning in
each language. For example, ‘Ikan Zebra’ (used in Candrawan, 2017) in Bahasa Indonesia,
literally translates to ‘Fish Zebra’, or ‘Zebra Fish’, which in English would refer to Zebrafish
(Danio rerio), but in Bahasa Indonesia refers to the Zebra Cichlid, otherwise known in
English as the Convict Cichlid (Amatitlania nigrofasciata). Other studies only refer to the
common name such as ‘Ikan Lele’ or ‘Lele Dumbo’ which only refers to genus level

(Clarias), not specific species, e.g. Negara et al. (2015).

6.7 Implications of this work for eDNA monitoring and future suggestions
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The lack of species level assignments possible from OTUs generated in Chapter 4 and 5,
(particularly of cyprinid fish species), highlights the desperate need for an increase in
barcoding work, and possibly description of new species, in the mega-diverse region of the
Malay Archipelago. Barcoding work in Europe and North America is disproportionately
conducted compared to Southeast Asia, where biodiversity is significantly higher, and
anthropogenic threats such as deforestation, river impoundment and pollution are more
immediate. If future molecular work focused on barcoding of a range of mitochondrial
markers, and ideally whole mitogenomes, the relevance of metabarcoding work such as that
presented in this thesis would be significantly improved.

In Chapter 5, eDNA samples were collected along a transect by subsampling every
500 m for 2.5 km. It would be interesting for future work to compare the taxonomic
information generated from many subsamples pooled into one large sample, with processing
each subsample separately. It is likely that processing each sample separately would increase
the taxonomic and ecological information generated, but as with most ecological surveys, this
would be limited by time and resources.

The apparent highly localised nature of eDNA, further illuminated by the results of
the data presented in this thesis, has implications for biodiversity monitoring in Southeast
Asia. The monitoring of waters above and below hydroelectric dams, for example, could
provide useful information in SEA where hydropower dams present an increasing problem
for fish populations by blocking migration. There are 98 dams planned for construction by
2030 in the Mekong basin alone, with an additional 371 dams already operational or under
construction, with catastrophic results predicted for aquatic biodiversity (Winemiller et al.

2016).

6.8 Concluding remarks

Overall, this work has attempted to provide evidence of the applicability of aquatic
eDNA metabarcoding for monitoring biodiversity in tropical environments for the
improvement of conservation biology, monitoring of invasive species, and ecosystem level
analysis. | have demonstrated here that the detection of biodiversity from tropical lakes using
aquatic eDNA metabarcoding is possible, and present a sampling and molecular method to do
so. I show that eDNA is heterogeneously distributed with a tropical lake, and suggest that
sampling approaches include a fine scale approach when aiming to assess tropical diversity. |
provide evidence of the applicability of aquatic eDNA metabarcoding in the tropics, by

recovering native, invasive and rare species of conservation concern from relatively few
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samples. Finally, I show that this approach can uncover ecosystem wide patterns driving
species communities, based on a range of habitat variables. Aquatic eDNA for biodiversity
monitoring will be improved with further barcoding work, especially whole mitochondrial

genomes to populate genetic databases to monitor this mega-diverse region of the world.
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Extraction and identification of DNA from an environ-
mental sample has proven noteworthy recently in
detecting and monitoring not only common species,
but also those that are endangered, invasive, or elusive.
Particular attributes of so-called environmental DNA
(eDNA) analysis render it a potent tool for elucidating
mechanistic insights in ecological and evolutionary pro-
cesses. Foremost among these is an improved ability to
explore ecosystem-level processes, the generation of
quantitative indices for analyses of species, community
diversity, and dynamics, and novel opportunities
through the use of time-serial samples and unprecedent-
ed sensitivity for detecting rare or difficult-to-sample
taxa. Although technical challenges remain, here we
examine the current frontiers of eDNA, outline key
aspects requiring improvement, and suggest future
developments and innovations for research.

From sampling organisms to sampling environments

In 1966, the writers of Star Trek introduced intergalactic
battles, alien invaders, and technology beyond the realm of
reality. When the handheld Tricorder was used by Spock to
test unexplored habitats, little did the writers know that the
sci-fi technology to analyse an environment and its living
components from a small sample would become a reality in
just 50 Earth years. Free DNA molecules are ubiquitous,
released from skin, mucous, saliva, sperm, secretions, eggs,
faeces, urine, blood, root, leaves, fruit, pollen, and rotting
bodies and are collectively referred to as eDNA (see Glossary)
[1]. Any given environmental sample will contain myriad
eDNA and the information contained therein is now accessi-
ble owing to advances in sample preparation and sequencing
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technology. Today, science fiction is becoming reality as a
growing number of biologists are using eDNA for species
detection and biomonitoring, circumventing, or at least
alleviating, the need to sight or sample living organisms.
Such approaches are also accelerating the rate of discovery,
because no a priori information about the likely species
found in a particular environment is required to identify
those species. Those working on invasive species, commu-
nity and ecosystem processes underpinning biodiversity and
functional diversity, and wildlife and conservation biology
are likely to benefit the most through adoption of eDNA
techniques. Current barriers to the use of eDNA include the
requirement for extensive training in molecular biology and

Glossary

Amplicon: a fragment of DNA or RNA created by replication events or
amplification, either naturally or artificially, through, for example, PCR.
Ancient DNA (aDNA): DNA extracted from specimens that have not been
intentionally preserved for genetic analysis. Such samples are typically low
quality and can include specimens from museum collections, archaeological
finds, and subfossil remains of tissues or other DNA-containing sources (e.g.,
coprolites, hair).

Blocking primer: an oligonucleotide used to bind to DNA and overlap the
primer-binding sites, so that amplification of the undesired species is
prevented.

Chimera: sequences that arise during amplification combining DNA fragments
from two or more individuals.

Environmental DNA (eDNA): trace DNA in samples such as water, soil, or
faeces. eDNA is a mixture of potentially degraded DNA from many different
organisms. It is important to note that this definition remains controversial due
to the sampling of whole microorganisms that might appear in an environ-
mental sample. Although metagenomic microbial studies might use environ-
mental sampling, they cannot always be defined as true eDNA studies because
some methods first isolate microorganisms from the environment before
extracting DNA.

Metagenomics: sequencing of the total DNA extracted from a sample
containing many different organisms.

Operational taxonomic unit (OTU): the taxonomic level of sampling defined by
the researcher in a study; for example, individuals, populations, species,
genera, or strains. OTUs are generated by comparing sequences against each
other to form a distance matrix, followed by clustering groups of sequences
with a specified amount of variability allowed within each OTU (e.g., [67]).
Second-generation sequencing: sequencing technologies such as the Roche
GS series, lllumina Genome Analyser series, and lonTorrent series that
parallelise the sequencing process, producing thousands to billions of DNA
sequences in single sequencing runs.

ey
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As eDNA methods are rapid and cost effective,
studies aiming to detect invasive species such as
Asian Carp in
% the Great
Lakes are
. particularly
amenable to
using eDNA.

Through the use of eDNA (A) it is possible to obtain sequence information from the environment
without isolating the target species first, which may detect species where traditional sampling
has failed, (B) studies that necessitate rapid or multiple species detection are possible and ideally
suited, (C) combined with 2" Generation Sequencing, thousands or millions of sequences can be
produced simultaneously to analyse species diversity.

ATCTRACATCRCE]
GGACTITTICIAG
GRAGATGTARRACTA
TATTCATACATGTA
ATTCTACTIGITICG

T GLGGEGCTACAGT
[TTGAGGAGGATTT]
TATCATCGCCGCCC]

Primers can be designed to amplify
short fragments of degraded DNA
(80-250bp) of one, or many target
species using species-specific primers;
or as many species as possible using
universal primers. Often, mitochondrial
markers such as Cyt B or COIl are used
as barcodes.

Studies have shown
eDNA concentration to
be directly related to
number of individuals
in mesocosms and
natural ponds, but
many issues still need
to be addressed.

No. of individuals

DNA concentration

locations that describe dynamic relationships
between taxa and the environment could help
identify the role of niche-based stochastic

abundance. This type of information allows
researchers to ask questions related to ecosystem
processes.

130 140 150

LACGGCACACGCTTTTGTAATAATCTTCT

processes in shaping species distributions and

The use of 2" Generation Sequencing allows in
depth analysis through a variety of sequencing
methodologies that are not possible with
standard sequencing, such as the addition of
tags to amplicons (when samples are pooled) to
track which amplicons come from what sample;
the generation of thousands of sequences at
once which increases the reliability and scope of
analysis; and the ability to sequence information
in @ much more cost-effective manner.

TRENDS in Ecology & Evolution

Figure 1. Summary of (A) the concept of environmental DNA (eDNA), (B) promising applications of eDNA, and (C) the advantages of combining eDNA with second-

generation sequencing.

the subsequent genetic data analysis; however, the rapid
emergence of commercial companies specialising in eDNA
[e.g., SpyGen (http://www.spygen.fr/en/)] provides a way
around this analytical bottleneck.

As the technologies have improved, the ability to detect
trace quantities of eDNA and the breadth of environments
more readily accessible to researchers have increased dra-
matically (Figure 1). Although the field of metagenomics
(the study of many genomes) and metagenetics (the study of
many genes) has until recently been considered applicable

only to microorganisms, the idea of metagenetics in a macro-
bial sense is being applied to samples of eDNA in trace
amounts left behind in the environment by organisms which
are no longer present, as opposed to whole microorganisms
that have been used in the latter fields. Such an approach
facilitates community eDNA analysis [2] simultaneously
from across the kingdoms of life, including, for example,
plants, animals, fungi, and bacteria [3] (examples of which
are shown in Table 1). In addition, eDNA offers researchers
a glimpse of the DNA from elusive and endangered species,

359


http://www.spygen.fr/en/

Table 1. Examples of the wide range of eDNA applications

Application Studies of importance m

Applications with potential for conservation biology and policy-making decisions
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Blood meal Species detection DNA of rare mammals such as the elusive Truong Son muntjac (Muntiacus [58]
truongsonensis) identified in leeches collected in Vietnam

Faeces Population genetics Highly fragmented and isolated populations of giant panda (Ailuropoda [68]
melanoleuca) were analysed and landscape genetic patterns, divergence time,
and population structure identified

Honey Species detection Plant and insect DNA identified in just 1 ml of honey [69]

Seawater Species detection Harbour porpoise (Phocoena phocoena) and long-finned pilot whale [30]
(Globicephala melas) detected in the western Baltic

Snow Species detection Wolf (Canis lupus) DNA isolated from blood spots in the Italian Alps and Arctic [70,71]
fox (Alopex lagopus) DNA isolated from footprints

Soil Species detection Vertebrate mitochondrial DNA (mtDNA) identified in soil samples collected in [29]

a zoological garden and a safari park matched to the elephant and tiger
inhabitants, respectively
Applications with potential for ecology (including palaeo- and macroecology)

Cave sediments Reconstructing past flora Extinct biota identified from cave sediment in New Zealand, revealing two [42]
and fauna species of ratite moa and 29 species of plants from the prehuman era
Fresh water Species detection and Diversity of rare and threatened freshwater fish, amphibians, mammals, [28]

biomass estimation insects, and crustaceans was quantified in eDNA from small water samples

collected in lakes, ponds, and streams

Ice cores Reconstructing past flora Plant and insect diversity from the past million years was catalogued from [72]
and fauna deep ice cores in Greenland

Nunatak sediments Reconstructing past flora Reconstruction of vegetation from the end of the Holocene Thermal Maximum [43]
and fauna [6528 4 75 calibrated years before present (BP)] from bedrock protruding

through ice sheets (nunatak sediments)

Permafrost Reconstructing past flora Fungal, bryophyte, enchytraeid, beetle, and bird DNA identified in frozen [73,
and fauna, habitat sediment of late-Pleistocene age (circa 16 000-50 000 years BP) reviewed
conservation in 74]
Saliva/twigs Species detection DNA in saliva on browsed twigs identified browsing moose (Alces alces), red [75]
deer (Cervus elaphus), and roe deer (Capreolus capreolus), amplifying in some
samples up to 24 weeks after the browsing event
Applications with potential for the understanding of ecosystems
Air Invasive-species detection The presence of genetically modified organisms was detected from samples of [76]

air containing low levels of pollen

Detecting the chytrid fungus Batrachochytrium dendrobatidis, which is likely [77]
to be a primary cause of amphibian population declines, in water samples

The American Bullfrog (Lithobates catesbeianus) was successfully identified, [44]
showing that early detection of invasive species at low densities is possible

and has implications for management

Fresh water Wildlife-disease detection

Fresh water Invasive-species detection

undetected invasive species, and species in habitats where
they were previously unrecorded due to difficulty in locating

A substantial eDNA literature now exists, which we
draw on below to ask what will and could be achieved

such species or their active avoidance of conventional sam-
pling methods. To date, in addition to proof of principle,
eDNA studies have predominantly focused on species iden-
tification, as well as the detection of pathogenic, endan-
gered, invasive, genetically modified, and game species
and the reconstruction of diets and ancient communities
(Table 1).

Thereis now sufficient evidence that natural processes
continuously deposit DNA into the environment in ways
that make it possible to reconstruct ecological and evolu-
tionary processes from easy-to-collect samples. Open
questions include how accurate, unbiased, and detailed
the eDNA record is and how best to extract and analyse
the genetic information with the technologies currently
available today — points of particular relevance because
DNA degrades rapidly once exposed to oxygen, light,
heat, DNases, or water [4]. Like the related study of
ancient DNA (aDNA) (e.g., [5]), eDNA approaches re-
quire rigorous standards and controls, without which
the information obtained might not only be noisy, but
outright misleading.
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through the use of eDNA and how it will and could change
what we understand about species and ecosystems. To do
so, we discuss how eDNA approaches can be used to
examine timely questions in ecology and evolution and
consider how such insights might contribute to advances
in these fields. The recent surge in eDNA studies, facilitat-
ed to a large extent by recent technological advances in
affordable high-throughput sequencing, demands a cri-
tique of this emerging fields’ scope of application as well
as its limitations, to facilitate uptake of nascent opportu-
nities while maintaining scientific rigour. We highlight
particularly promising areas of eDNA research and evalu-
ate priorities for additional work.

Describing ecosystem-level processes

Realistic inferences and predictions about the impact of
environmental change on extant biota depend increasingly
on our ability to transcend boundaries among traditional
biological hierarchies in the wild, extending from individ-
uals to species, populations, and communities. The imple-
mentation of so-called ecosystem-based approaches [6],



which take a more holistic view than single-species studies,
is particularly amenable to eDNA, where trophic, energet-
ic, and terrestrial-aquatic interactions can be detected and
tracked. A recent demonstration of such functional links to
biodiversity [7] was among the first to link functional traits
and DNA metabarcoding studies. Using community traits
from metagenomic aquatic samples, significant differences
were detected between the community profiles derived
from the commonly used 16S rRNA gene and from func-
tional trait sets. Traits yielded informative ecological mar-
kers by discriminating between marine ecosystems
(coastal versus open ocean) and oceans (Atlantic versus
Indian versus Pacific). Another recent study [8] used eDNA
for a community analysis in an ecotoxicology setting. This
study examined the effect of elevated levels of triclosan, a
common antibiotic and antifungal agent used in many
consumer goods, on benthic invertebrate communities
through microcosm experiments, and observed a pro-
nounced loss of metazoan operational taxonomic units
(OTUs) due to increased levels of triclosan.

Key ecosystems underpinning plant biological produc-
tion and carbon and nutrient cycling can also be readily
characterised using eDNA washed from root systems [9],
generating insights into the dynamics of community struc-
ture and providing an ecological framework to investigate
functional links among root-associated fungi, environmen-
tal variation and ecosystem diversity, and associated ser-
vices. In this context, complementary multidisciplinary
approaches, such as combining eDNA with aDNA and
morphological analyses of micro- and macrofossils, show
particular promise for elucidating the impact of changing
climates on species and communities through time [3,10-
13]. Macroecology, for example, is undergoing a small
revolution as studies based on environmental samples
transform our understanding of microorganismal abun-
dance, range size, and species richness (e.g., [14-16]). Such
insights provide a major impetus for understanding the
distribution and drivers of diversity on our planet, from
megafauna to viruses, particularly in regions that are
difficult to study using more traditional methods (e.g.,
Antarctic lakes [17], deep-sea anoxic basins [18]).

One of the main advantages of eDNA approaches to
understanding ecosystems is the relative ease with which
eDNA samples can be collected, which enables researchers
to analyse the dynamics of community diversity through
time. Rather than looking at static snapshots that are
limited by the difficulty of observation, researchers can
now easily sample species in an area as often as geography
permits, creating what could be imagined as a ‘stop-motion
eDNA video’. Moreover, data derived from repeated sam-
pling of single locations could help identify the role of
niche-based and stochastic processes in shaping species
distributions and abundance [19].

Using eDNA to estimate relative abundance

A major opportunity provided by quantitative analysis of
eDNA is to move beyond measures of the presence—absence
of a species to its relative abundance in natural systems
[20,21]. Such abundance estimates are, however, not
straightforward. Although presence—absence measures
can provide useful indicators of biological diversity, they
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are often insufficient to link biological diversity to ecosystem
functioning [22]. Similarly, the ability to detect rare or
endangered species with confidence is of clear conservation
value, but mere presence does not necessarily indicate re-
cruitment or persistence in a given habitat. Rapid measures
of abundance or biomass across time and space would be
more informative and, importantly, can reveal seasonal
shifts in factors such as microhabitat use for feeding and/
or reproduction or refuge use, as well as impacts of predation
and competition. Approaches to date to estimate abundance
using eDNA include [20], which used eDNA to detect Asian
carp, and repeated sampling to generate an abundance index
thereof (see also [23—-25]); [26] showed that rank abundance
of recovered fish eDNA sequences correlated with the abun-
dance of the corresponding species’ biomass in a large meso-
cosm; whereas [27] extended this and used occupancy models
to correct for the fact that even eDNA has a less-than-perfect
detection probability. An additional way to estimate abun-
dance estimation is to base it on DNA concentrations.

The opportunity to estimate abundance based on con-
centrations of eDNA relies in part on the assumption that
the release of eDNA from faeces, secretions, or tissues is
correlated with the abundance or standing biomass of the
respective individuals. Although such correlations have
been demonstrated in a few studies (e.g., [28,29]), there
are three core challenges that must be overcome before
informative relative abundance data can be generated.
First, robust information on the persistence of eDNA in
the wild from a broad range of climates and habitats is
necessary. It is well established that eDNA decay rates
vary considerably under different environmental condi-
tions [30-32], which will result in biased estimates of
abundance. Second, our understanding of how environ-
mental factors, including digestive systems for faecal mat-
ter-based studies, affect eDNA concentrations needs to be
improved [33-36]. Finally, the assumption needs to be
tested that eDNA sequence copy numbers accurately re-
flect the original composition of DNA in an environmental
sample [37] and are not altered somewhere along the
analytical pipeline (Box 1).

Water sampling illustrates the complexity of interpret-
ing eDNA-based studies. Detection probability is likely to
be dependent on the interplay between the density of
target species, the amount of DNA released via excretion,
and variation in rates of dilution and diffusion depending
on the environment, temperature, microbial communities,
and the rate of DNA degradation, to name but a few of the
variables. In the studies performed to date (e.g.,
[25,28,32]), waterborne eDNA appears to yield near-real-
time, local, and reliable-but-noisy estimates of species
frequencies, although DNA concentration may fall to
sub-detectable levels once organisms are removed from
the environment over relatively short time spans (around
2 weeks in Northern European artificial ponds [28]). By
contrast, in soil or lake sediments, detectable traces of
plant and animal eDNA persist for centuries or millennia
(e.g., [33,38-41]) or even tens to hundreds of millennia
when frozen (e.g., [10,41-43]). Comprehensive replicated
sampling surveys are required to evaluate eDNA abun-
dance and dynamics across a range of species and study
sites.
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Box 1. Improving eDNA data recovery in the laboratory

Recent years have seen rapid improvements in sequencing
technologies and we are only beginning to see the associated
opportunities for eDNA research. However, continued improve-
ments to current eDNA protocols are conceivable for all aspects of
laboratory work.

Sequencing library preparation

Future eDNA studies are likely to take an increasingly metage-
nomic approach. Instead of PCR enriching a relatively small number
of markers before sequencing, the eDNA extract will be sequenced
in its entirety. If, however, PCR is avoided completely, libraries have
to be prepared directly from potentially highly degraded eDNA.
Most existing library preparation protocols are optimised for high-
quality DNA and are inefficient for highly degraded DNA [78-80]. To
overcome this limitation, eDNA methods can benefit from develop-
ments in the field of aDNA, which routinely produces potentially
relevant protocols in this regard (e.g., [79]).

Target enrichment

Until the sequence output of second-generation sequencing
platforms becomes sufficient to avoid informative marker targeting,
enrichment methods are needed. Although PCR represents the basic
option, hybridisation-based sequence capture might offer an
alternative [81]. With an ability to target short molecules, under
relatively permissive levels of mismatch [82] such methods might
bypass major disadvantages of PCR enrichment.

Blocking of undesired molecules

A further approach to increase the percentage of informative
markers is to prevent non-target molecules from being enriched and
sequenced by sequestering them with blocking oligonucleotides
(e.g., [83]). The approach has so far mostly been used to exclude a
relatively small set of contaminating molecules from being se-
quenced. However, as the amount of eDNA sequence data increases,
it is conceivable that ‘blocking libraries’ for common environmental
contaminants will be created. For example, blocking GC-rich mole-
cules can reduce the amount of bacterial DNA sequenced in a library.

Direct shotgun sequencing

The power of Illumina-based direct shotgun sequencing of bulk
insect samples was recently demonstrated [84], with subsequent
informatics recovery of informative markers from the output. By
avoiding the biases introduced by all target-enrichment strategies, as
sequencing costs drop and outputs increase, we might for the first time
obtain directly quantifiable data representing the unbiased compo-
nents of an eDNA extract. With the arrival of third-generation single-
molecule sequencers (e.g., Pacific Biosciences [85], Oxford Nanopore
GridlION™ and MinlON™ [86]) that remove the need for amplification
during library building, these benefits will increase yet further.

The potential to use eDNA sequencing as a high-through-
put means of obtaining measures of abundance across large
scales and many taxa simultaneously offers the promise
of detecting cooperative and competitive relationships
through robust tests of co-occurrence. Within the next 3-5
years, a coordinated global network of eDNA surveillance
and monitoring activities can be envisioned as proof of
principle is established across a range of environments
and their resident taxa, moving eDNA from an emerging
field to one at the forefront of biodiversity science. The
applicability of such data would provide a potential frame-
work for global ecosystem network prediction and enable the
development of ecosystem-wide dynamic models [22]. Such
analyses will, for example, allow exploration of long-stand-
ing issues relating to the nature and dynamics of shifts in
community assembly (e.g., [3,10,41-43]).

eDNA in applied conservation biology
One of the most attractive facets of eDNA is its potential as a
rapid and cost-effective tool for applied conservation biology,
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including early detection of invasive species and monitoring
of otherwise difficult-to-detect species. The use of eDNA as an
early-warning system for the detection of invasive species
[20,44-46] and pathogens [47] at low density, at any life stage
or season, and through ad hoc sampling of substrates as
diverse as ship ballast water, aquaculture transits, or habi-
tats at high risk can alert regulatory authorities before the
establishment of alien species. Indeed, the method has al-
ready demonstrated particular promise. The US Fish and
Wildlife Service, for example, have implemented an eDNA-
based approach to monitor invasive Asian carp in the Mid-
west, USA (Figure 2A), providing a labour- and cost-effective
alternative to traditional large-scale sampling methods such
as electrofishing and/or manual netting [20]. Uptake of
eDNA methodologies into biomonitoring of invasive species
for fisheries appears to be increasing, with events such as the
American Fisheries Society symposium in September 2013
entitled ‘Environmental DNA (eDNA) Analysis — a New
Genetic Tool for Monitoring, Managing, and Conserving
Fishery Resources and Aquatic Habitat’, which covered
the topics of Asian carp in the Great Lakes, the invasive
New Zealand mud snail, and the invasive African jewel fish
(https://afs.confex.com/afs/2013/webprogram/Session2539.
html).

Despite the promise of using eDNA as an early-warning
system, eliminating false positives remains a major chal-
lenge (see Box 2 for an extended discussion). The mere
presence of eDNA does not necessarily indicate the pres-
ence of the relevant organism, due to the potential for
eDNA dispersal (in particular for air- or waterborne eDNA)
or contamination. Where there is the potential for high
connectivity, such as in aquatic systems, this challenge
may be tempered if the study design incorporates risk
assessment of target eDNA emanating from sources such
as sewage and wastewater, bilge water discharge, excre-
ment from predatory fish or waterfowl, dead fish carried on
barges and boats from elsewhere, or even carry-over from
PCR and sequencing chemistries. For example, [48] shows
that invertebrate eDNA can travel up to, and potentially
further than, 12 km along river systems. In short, robust
control of false positives to assess and control for contami-
nation are critical in eDNA analyses, as is the case for
aDNA studies (e.g., [5]).

An extension to the use of eDNA in conservation biology
is its use in species monitoring through diet analyses
(e.g., [49,50]). Traditionally, diet analyses were performed
either by directly observing what an animal ate or by
collecting its faeces and examining prey fragments under
a microscope. These results were then used in ecological
studies of, for example, predator ecology, interspecific
competition, or niche partitioning. For some animals, how-
ever, these approaches are unfeasible, as is the case with
insectivorous bats, which prey aerially in the dark and
masticate or void the larger prey fragments. eDNA has
provided an alternative or complementary approach and
metabarcoding, in which second-generation sequencing is
performed on amplicons originating from faecal or other
bodily extracts amplified with tagged universal primers
[51] (Figure 2C), has made it more efficient and cost-
effective to obtain diet information on a large scale (e.g.,
[34,52—-55]; reviewed in [56,57]).
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(A)

Detecting a single known sequence

Research question

Is silver carp in the Mississippi River
basin? What is the abundance?

Design sampling strategy

Collected 3 x 15 ml water samples 25m
apart along a transect from 5 zones 1km
apart along the river

Collect and store sample

Scooped 15 ml of water into a sample
tube, add 1.5 ml of NaOAc & 33ml
ethanol, store at -20°

Extract DNA

Performed DNA extraction with
Qiagen’s QIAmp Tissue Extraction Kit

Amplify DNA

Silver carp specific primers used to
target mitochondrial region (cytochrome
b) through qPCR

Sequence DNA

Confirm specificity of the primer set, by

sequencing qPRC amplicons of all sites

positive for the gPCR using lllumina as a
sequencing platform

Search DNA database

Used BLAST for highly similar
sequences within the NCBI Genbank to
confirm silver carp specificity of
sequence generated

v

Estimate abundance

Used experimentally derived information
of the relationship between biomass and
eDNA copies

M %““ -

©

(B) @
Detecting a single unknown sequence Detecting many unknown sequences
Research question simultaneously
What mammal species are present in Research question

a Vietnamese nature reserve?

What insect species are eaten by two
free-tailed bat species in Swaziland?

Design sampling strategy

Collected Haemadipsidae leeches
from two nature reserves in the Thua Design sampling strategy
Thien Hue province Collected 120 faecal samples from the
entrance to bat roosts

Collect and store sample

Picked leeches from clothes or plants, Collect and store sample
placed directly into RNAlater buffer
in a container in the field

Added 96% ethanol, after 24 hours
poured away, added silica beads to dry

Extract DNA

Extract DNA

Digestion buffer added, Qiaquick

PCR purification kit to extract DNA QlAamp DNA Stool Mini Kit used to
extract faecal DNA
Amplify DNA +

Used mammalian primer set 16s3 and
16s4 with PCR to amplify mammal
DNA only, using blockers to prevent
human amplification

Amplify DNA

Insect generic COI primers modified
to “fusion primers” using 30 different
tags during PCR, enabling deep
Purify DNA sequencing of insect DNA, creating
unique primer combinations per
sample, allowing simultaneous
sequencing of many samples

Visualised amplicons on agarose gels,
purified positive amplicons using
Qiagen Qiaquick method, and cloned

using Invitrogen TA cloning kit +
* Pool DNA

Re-amplify DNA | Amplicons pooled |

Used vector primers M13F and M13R
to re-amplify purified DNA +

Sequence DNA

Sequence DNA | Deep sequencing performed using |

Roche FLX

Performed Sanger sequencing |

Search DNA database

Search DNA datak

Used BLAST for highly similar
Used BLAST for highly similar sequences within the NCBI Genbank
sequences within the NCBI Genbank

+ Identification
Identification
- - Dietary diversity (shown by number of
Truong son muntjac (Muntiacus sequences) from 25 and 24 different
truongsonensis) de?ected from one insect families identified in the two bat
leech, other species from other species, Chaerephon pumilus and
leeches Mops condylurus, respectively

T T
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Figure 2. Exemplary environmental DNA (eDNA) case studies illustrating three research questions and the experimental procedures followed. eDNA studies can be
designed in various ways to address the research question. (A) Detection and abundance estimation of invasive Asian carp in a water sample [20,87]. (B) Detection of
mammal species in leech blood meals [58]. (C) Detection of insect prey in bat faeces [34]. Each example follows a general framework (in bold) and a specific procedure (in

boxes).

Because predators or blood-sucking insects feed on bio-
diversity, collecting either faecal material or the insect
itself for molecular diet analysis can identify rare or cryptic
species that traditional monitoring methods such as cam-
era traps might miss. Recent studies on this include stom-
ach-content analyses of parasitic invertebrates such as
leeches [58] (Figure 2B), carrion flies [59], mosquitoes

[60], and ticks [61] to reveal their vertebrate hosts. In
one case, Vietnamese terrestrial leeches of the genus Hae-
madipsa revealed the presence of an endemic rabbit spe-
cies that had not been detected despite monitoring the site
for several thousand nights with camera traps [58].
Leeches are currently being used to search for the highly
endangered saola antelope in Vietnam and Laos [Saola
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Box 2. Sources of uncertainty from eDNA and how they can be overcome

Source 1. False positives (type | error: eDNA detected where target
species is not present) resulting from false detection of eDNA from
other sources, such as tributaries into a major river, ballast water
discharge, sewage and waste water, excrement from animals that
prey on the target species, dead target species carried on boats, or
unsterilised equipment (see [20,32,88]).

Solution 1. To ensure false positives do not occur via contamination
between samples when using the same equipment, equipment must
be sterilised thoroughly or, preferably, not reused [20]. Quality control
to avoid false positives should be implemented in the sampling
strategy; for example, blank samples can be taken into the field to
ensure contamination does not occur in the transport phase [20] and
samples can be taken from adjacent areas where target species are
known not to occur [20]. Sampling design should incorporate a risk
assessment of target and non-target eDNA.

Source 2. False positives resulting from PCR primers and probes
that do not have a high enough level of specificity, allowing the
amplification of ‘lookalike’ non-target DNA [32,45,88].

Solution 2. In silico testing of species-specific DNA-based probes
and primers, such as comparing sequences with the Basic Local

Working Group (2013) Conservation Through Collabora-
tion: Proceedings of the 3rd Meeting of the Saola Working
Group 2013 (http://www.savethesaola.org)].

Advantages of eDNA as an assessment tool
Although advances in technology can themselves propel
new conceptual insights, uptake will depend crucially on
the cost-effectiveness of any new tools and the ease and
efficacy of the approach. It is worth noting that, as with the
introduction of DNA barcoding sensu stricto [62], which
aimed to complement the Linnaean system of taxonomy,
eDNA will most likely exert a pervasive impact through its
integration with existing approaches rather than neces-
sarily replacing them. A study from 2012 [30] demon-
strates the advantage of this combined approach. By
evaluating the use of eDNA in detecting marine mammals,
it was shown that conventional static acoustic monitoring
devices that recognise echolocation were more effective in
detecting the harbor porpoise (Phocoena phocoena) in nat-
ural environments; however, eDNA detected the rare long-
finned pilot whale (Globicephala melas), demonstrating
how eDNA and conventional sampling can work together.
Recent work on eDNA from water samples (e.g., endan-
gered hellbender salamanders [Cryptobranchus a. allega-
niensis] [63]) demonstrates the benefits of eDNA analysis,
which not only is less labour intensive but, importantly, is
noninvasive, thereby minimising disruption to already
fragile microhabitats and reducing disease transfer and
stress to target species. Filtering of water samples in this
case enabled the reliable detection of target eDNA even
where specimens occurred at low frequencies (as also
shown in [28,30,31]). In the case of the hellbender sala-
mander, the greatest saving was in person-hours; whereas,
typically, large teams are required for traditional sampling
by rock lifting, a single researcher can collect and filter
water. Another example in this context examined direct
comparisons between eDNA and traditional estimates
based on auditory and visual inspection of the invasive
American bullfrog Rana catesbeiana [44]. Findings
revealed a higher efficiency of the former in both sensitivity
and sampling effort.
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Alignment Search Tool (BLAST), or using ecoPCR software, as well as
in vitro testing of probes and primers against target tissue-derived
DNA [32,88]; genetic distances should also be reported [20].

Source 3. False negatives (type Il error: eDNA not detected where
target species is present) resulting from insufficient sensitivity or
failure of methods to perform as expected [88].

Solution 3. Rigorous testing of primers against target species’ DNA
must be undertaken to ensure successful amplification, as well as
optimising protocols to be confident of species detection before
sample collection begins.

Source 4. The inability of eDNA to distinguish between live or dead
organisms [88], including digested or faecal remains of target
organisms derived from their predators (e.g., birds preying on fish).

Solution 4. Repeated temporal sampling of the same area will
alleviate this problem to some extent. Because dead bodies, predators’
faecal matter, or other introduced sources of DNA decompose and
degrade over time, a species that is permanently present in an
environment will still be detected after the introduced contaminants
have degraded beyond the point of DNA amplification. The study’s risk
assessment should include any visually observed dead organisms.

Various cost-effective and simple protocols can be
employed to enhance effectiveness. With a diverse array
of sampling (e.g., water/soil volume), concentrating (e.g.,
precipitation versus filters), DNA extraction (e.g., kits and
protocols), primer optimisation, and PCR protocols (e.g.,
efficacy of quantitative PCR [qPCR] [64]) available, it is of
high priority to compare their efficacy and application under
a range of biological and abiotic conditions [65]. Protocols
and sampling kits can be developed to enable citizen-science
approaches, such as that proposed by the Freshwater Habi-
tats Trust and partners (Spygen, ARC and University of
Kent) in the UK. In 2013 this group undertook an extensive
trial of the eDNA approach to test for the presence and
abundance of the endangered great crested newt (Triturus
cristatus) in British freshwaters. Results were promising
[93] and suggest that community engagement with eDNA
sampling is feasible; however, they, along with the stake-
holders, methodological developers, resource managers, and
policy makers, must be made aware of the current levels of
uncertainty associated with eDNA (discussed in Box 2). This
is critical when eDNA methodology is being used to inform
management or development decisions, such as those faced
by local planning authorities responsible for enforcing en-
vironmental regulations with regard to planning develop-
ments and endangered species.

The future of eDNA in ecology and wildlife monitoring
It is enticing to imagine the possibilities that eDNA could
open up, if advances in molecular ecology, bioinformatics,
and sequencing technologies continue to accelerate. The
main advantages of eDNA are rooted in its autonomous
nature; with a reduced need for human taxonomists, ecol-
ogists, or biologists, sampling can access inhospitable
environments, target elusive species, and provide a vast
reduction in labour costs. In the future, it may be possible
to implement mechanical sampling of eDNA, similar to
that of oil spill-sampling buoys or military sonobuoys.
When combined with the technology to transmit live data
such as that used by the US National Weather Service
(http://earth.nullschool.net/), technology currently being
developed by Oxford Nanopore Technologies to sample
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Box 3. Outstanding questions

e Can we catalogue the variables that will affect eDNA half-life and
can we set standards to determine whether the samples are
degraded past the point of use (e.g., [32,89])?

e How do we best preserve samples for later analyses of eDNA (e.g.,
[90])?

e What are the dispersive properties of eDNA in various environ-
ments (e.g., [33,91]) — how readily is eDNA transported between
horizons and environments (e.g., [92])?

e How can we more rapidly and cost-effectively analyse field

samples? One method still in the testing phase is a mobile DNA

sampler that sends results to the laboratory directly from the field

(http://www.environmentalhealthnews.org/ehs/news/2013/beach-

tests).

As with the field of metagenomics, how can we more powerfully

and reliably define and assign taxonomies to eDNA sequences?

e How quantitative is eDNA data — can conversion factors be
meaningfully implemented to account for sampling, biomass, and
amplification biases?

and analyse DNA using a handheld MinTON™ device, and
the current ongoing project to map the Earth’s surface in
3D (http://www.bbc.co.uk/news/science-environment-
16578176), it is not beyond the realm of possibility to
imagine a situation where eDNA videos could be recorded
in real time from automated sampling stations. Such
stations could remotely relay sequence information of
interest, with additional data overlaid, — including, for
example, water depth, hydrological or other environmental
movements, temperature, and pH — that could help identi-
fy how long eDNA had been in the environment and where
it was likely to have originated from. On a smaller scale,
this approach could be applied to human samplers target-
ing environments of interest, sampling eDNA, and remote
uploading information via smartphone, creating a network
of live biodiversity assessment, or the implementation of
‘eDNA traps’ similar to camera traps. On a larger scale,
this approach could be applied to the sampling of inacces-
sible habitats, such as the Arctic or the deep sea, by remote
samplers.

A more realisable goal in the short term is the potential
for the use of eDNA in population genetics, with, for
example, applications for conservation genetics and phy-
logeography. To date, to the best of our knowledge, such an
approach has not yet been attempted. If eDNA stores
sufficient population-specific information within molecular
markers (e.g., mitochondrial haplotypes), it is possible that
eDNA could be used directly for population genetic studies.
With repeated sampling across temporal and geographical
scales, this information could feed in to questions related to
biogeography or palaeoecology.

The next step for eDNA

eDNA has proven its worth in detecting not only common
species, but also endangered, undetected invasive, or elu-
sive native species. As with most technological advances,
limitations remain, as do many challenges that need to be
overcome to move beyond mere species detection (Box 3).
The potential implementation of eDNA approaches across
disciplines indicates that it will be critical not only to
sample, extract, and sequence eDNA in an efficient and
cost-effective manner, but also to handle and analyse
efficiently and reliably the typically massive data sets
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generated by second-generation sequencing platforms. Fu-
ture eDNA studies should aim to refine and improve the
processing, analysing, and organisation of what has been
referred to as a ‘tidal wave’ of sequence information [66].
Although detailed bioinformatic considerations are beyond
the scope of this review, they are crucial to consider when
conducting an eDNA study. Although eDNA methods ap-
plicable to a broad range of environments and their resi-
dent taxa are currently being tried and tested, work
remains to be done to ensure their reliability and repeat-
ability (Box 1), particularly with regard to false positives
and negatives (Box 2). The current evidence outlined above
indicates that such effort is warranted, with exemplary
eDNA studies including multiple approaches to address
such uncertainties (Box 2). eDNA is on the brink of making
significant contributions to our understanding of invasive
species, community and ecosystem processes underpin-
ning biodiversity and functional diversity, and wildlife
and conservation biology.
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Appendix 2

Comparison of capture and storage methods for aqueous
macrobial eDNA using an optimized extraction protocol:
advantage of enclosed filter

Spens, J., Evans, A R., Halfmaerten, D., Knudsen, S.W., Sengupta, M.E., Mak, S.S.,
Sigsgaard, E.E. and Hellstrom, M., 2017. Comparison of capture and storage methods for
aqueous macrobial eDNA using an optimized extraction protocol: advantage of enclosed
filter. Methods in Ecology and Evolution, 8(5), pp.635-645v
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Summary

1. Aqueous environmental DNA (eDNA) is an emerging efficient non-invasive tool for species inventory studies.
To maximize performance of downstream quantitative PCR (QPCR) and next-generation sequencing (NGS)
applications, quality and quantity of the starting material is crucial, calling for optimized capture, storage and
extraction techniques of eDNA. Previous comparative studies for eDNA capture/storage have tested precipita-
tion and ‘open’ filters. However, practical ‘enclosed’ filters which reduce unnecessary handling have not been
included. Here, we fill this gap by comparing a filter capsule (Sterivex-GP polyethersulfone, pore size 0-22 pm,
hereafter called SX) with commonly used methods.

2. Our experimental set-up, covering altogether 41 treatments combining capture by precipitation or filtration
with different preservation techniques and storage times, sampled one single lake (and a fish-free control pond).
We selected documented capture methods that have successfully targeted a wide range of fauna. The eDNA was
extracted using an optimized protocol modified from the DNeasy® Blood & Tissue kit (Qiagen). We measured
total eDNA concentrations and Cq-values (cycles used for DNA quantification by qPCR) to target specific
mtDNA cytochrome b (cyt b) sequences in two local keystone fish species.

3. SX yielded higher amounts of total eDNA along with lower Cg-values than polycarbonate track-etched filters
(PCTE), glass fibre filters (GF) or ethanol precipitation (EP). SX also generated lower Cq-values than cellulose
nitrate filters (CN) for one of the target species. DNA integrity of SX samples did not decrease significantly after
2 weeks of storage in contrast to GF and PCTE. Adding preservative before storage improved SX results.

4. In conclusion, we recommend SX filters (originally designed for filtering micro-organisms) as an efficient cap-
ture method for sampling macrobial eDNA. Ethanol or Longmire’s buffer preservation of SX immediately after
filtration is recommended. Preserved SX capsules may be stored at room temperature for at least 2 weeks with-
out significant degradation. Reduced handling and less exposure to outside stress compared with other filters
may contribute to better eDNA results. SX capsules are easily transported and enable eDNA sampling in remote
and harsh field conditions as samples can be filtered/preserved on site.

Key-words: capsule, eDNA capture, environmental DNA, extraction, filter, monitoring, quantita-
tive PCR, species-specific detection, water sampling method

Payment & Villemur 2005; Thomsen ef al. 2012; Rees et al.
2014). Aqueous eDNA is an emerging increasingly sensitive
technique for revealing species distributions (e.g. Jane et al.

Introduction

The realization that DNA from macrobiota can be obtained

from environmental samples (environmental DNA, eDNA)
started with excrements (Hoss er al. 1992) and sediments
(Willerslev et al. 2003). Over the last decade, the potential of
aqueous eDNA to identify a wide range of plants and animals
from a small volume of water has been realized (Martellini,

*Correspondence author. E-mail: micaela.hellstrom@su.se
tJoint first authors.

2015; Valentini ez al. 2016), early detection of invasive species
(e.g. Smart et al. 2015; Simmons ef al. 2016) and monitoring
rare and/or threatened species for conservation (e.g. Zhan
et al. 2013; McKee et al. 2015). Aqueous eDNA monitoring
provides possibilities to upscale species distribution surveys
considerably, because much less effort in time and resources
are required compared to conventional methods (Dejean et al.
2012; Davy, Kidd & Wilson 2015). Based on literature

© 2016 The Authors. Methods in Ecology and Evolution © 2016 British Ecological Society
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searches, we catalogue 49 studies successfully applying eDNA
from water samples to detect macro-organisms in aquatic
ecosystems, published between January 2005 and March 2015
(when this study was initiated; Table S1, Supporting Informa-
tion). To our knowledge, 39 additional empirical studies were
published since then, indicating a rapid rise of interest in this
research area (Table S2).

The field of eDNA is still evolving, and a consensus of cap-
ture, storage and extraction methods has not yet been reached
(Goldberg, Strickler & Pilliod 2015; Tables S1 and S2). In fact,
the diversity of methods is almost as high as the number of
research groups investigating this fairly new field of research.
To ensure reliable results of downstream applications such as
quantitative PCR (qPCR) and next-generation sequencing
(NGS), the quantity and quality of the starting material is cru-
cial. From our eDNA laboratory experience, we find that a
modified easy-to-follow extraction protocol resulting in high
yields is needed. Based on eDNA studies published so far
(Tables S1 and S2), we identify three pre-PCR key issues that
hold opportunities for improvement: (i) capturing sufficient
quantities of eDNA as quite a few studies report low amounts
of captured total eDNA, (ii) effectively preserving eDNA sam-
ples before extraction and (iii) lowering contamination risks
from collection to extraction of eDNA.

Comparative studies on aqueous eDNA capture and storage
techniques (i.e. optimal ways of preserving the eDNA captured
on the filters until extraction; e.g. Renshaw et al. 2015) were
based on the so-called ‘open filters’ (requiring handling, a filter
funnel and a vacuum pump; e.g. Liang & Keeley 2013; Turner
et al. 2014b) and ethanol precipitation (EP; e.g. Piaggio et al.
2014; Deiner et al. 2015). However, no enclosed filters were
included in previous comparative assays.

The Sterivex-GP capsule filter (SX), with a polyethersulfone
membrane, is a standard method for characterizing microbial
communities (Chestnut ez al. 2014) and for removing patho-
gens from water as the organisms are captured on the filter
membranes. To our knowledge, only two published aqueous
eDNA studies have used this filter to detect aquatic macro-
organisms (fish detection: Keskin 2014; Bergman et al. 2016),
and the technique has been successful to detect a wide range of
aquatic macro-organisms in Denmark and Belgium (M.
Hellstrom, M.E. Sengupta, S.W. Knudsen, D. Halfmarten.
unpublished, S1). The SX filter is enclosed in a capsule, which
reduces handling. A water sample can easily be filtered in the
field, saving time and facilitating fixation of the eDNA imme-
diately after capture. Additionally, downstream DNA extrac-
tion takes place within the filter capsules with no need for the
membrane to be removed or handled. We therefore test the
performance of SX compared to other more frequently used
eDNA capture methods (Table S1), under different storage
conditions, in an effort to address issues 1-3 above. To date,
there are no studies comparing SX to other capture methods
and multiple storage treatments. We aim to fill this gap, with
an experimental study comparing SX with four other capture
methods in a set-up with five typical storage treatments and
three different storage times (up to 2 weeks). The tested open
filter materials polycarbonate, cellulose nitrate and glass fibre

(GF) and the range of tested pore sizes (0-2-0-6 pm) are typical
of previous studies (Tables S1 and S2). We used an optimized
extraction protocol based on a commercial kit to increase
eDNA yields. To evaluate the usefulness of the SX and preser-
vation buffers in comparison with typically used methods
(Tables S1 and S2), we test the following Hy hypotheses:

Hyl. CAPTURE METHOD: SX is equally effective as
other tested eDNA capturing techniques in regard to DNA
quantity and quality measured as the total extracted eDNA
concentration [eDNA,,] and as Cqg-values (quantification
cycles, sensu Bustin et al. 2009) from two species-specific
qPCR assays.

Hy2a. STORAGE PRESERVATIVE: Storing filters with
a preservation buffer does not affect qPCR amplification
compared to immediate extraction or freezing at —20 °C
(no buffer added).

Hy2b. STORAGE TIME: There is no significant difference
in eDNA quality over time between SX and the other tested
capturing techniques.

Hp3. CONTAMINATION: There is no significant differ-
ence between SX and the other tested capture techniques in
occurence of false positives.

To test these hypotheses, we use an experimental set-up with
subsampling a single large homogenous sample of water from
a Danish lake. Subsamples are subjected to different eDNA
capture methods within the same day followed by different
storage treatments. A control site (fish-free pond) is sampled
using the same set-up. Each capture and storage treatment is
assessed using concentration of total eDNA as well as species-
specific PCR assays targeting pike Esox lucius L. and perch
Perca fluviatilis L. By testing Hy hypotheses (1-3), the multiple
opportunities for optimization of eDNA surveys held by the
use of SX may be empirically evaluated. Based on the results,
we suggest recommendations for improved capture, storage
and extraction to use for aqueous eDNA, taking remote and
harsh field conditions into consideration.

Materials and methods

STUDY SITES

We chose Gentofte Lake, Denmark (IN55-7435°, E12-5348°), as the
study site and a fish-free pond in Copenhagen botanical garden as a
negative field control (N55-6875°, E12-5746°). Gentofte Lake (26 ha) is
an alkaline clear water (Appendix S2) harbouring a wide range of fish
species, including pike and perch.

WATER COLLECTION

We retrieved 130 L of water from Gentofte Lake on 17 March 2015.
The water (4 °C) was collected at ¢. 30 points along ¢. 100 m of shore-
line close to the outlet of the lake. Additionally, we collected 40 L of
water from the control pond on 21 March 2015. The water was
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collected in sterilized 5-L buckets which prior to sampling were soaked
in bleach (5%) for 10 min, and then rinsed with laboratory-grade etha-
nol (70%). The containers were soaked repeatedly in lake water at a
location away from the collection point. Nitrile gloves were used during
cleaning, collection and filtration.

CAPTURE AND STORAGE

We carried out 41 different treatment combinations of the water sample
in total (Table 1, Fig. S1). We used five capture techniques, five storage
methods and three time regimes. All treatments were performed in trip-
licate. Apart from an in-house modified SX procedure (see Fig. 1), the
capture and storage methods were based on published sources
(Table S1). The capture methods (hereafter referred to with their abbre-
viations in square brackets) were as follows: (i) ethanol precipitation
[EP] (Ficetola et al. 2008), (ii) mixed cellulose esters membrane filters
including cellulose nitrate and cellulose acetate [CN]; Advantec 47 mm
diameter 0-45 pm pore size (Toyo Roshi Kaisha, Ltd., Tokyo, Japan),
(i) polycarbonate track-etched filters [PCTE]; Whatman Nucleopore
Membrane 47 mm diameter 0-2 um pore size (Merck KGaA, Darm-
stadt, Germany)], (iv) glass fibre [GF] membrane filters; Advantec
GA-55 47 mm diameter 0-6 um pore size (Toyo Roshi Kaisha, Ltd.,
Tokyo, Japan) and (v) sterivex-GP capsule filters [SX]; polyethersul-
fone 0-22 pm pore size with luer-lock outlet (Merck KGaA)]. Further
downstream, SX was divided into an extraction from the filter within
the capsule (SXcapsuLg), after removal of the storage buffer, and an
extraction from the removed preservation buffer within a centrifuge
tube (SXtyugg; see DNA extraction section below). The different stor-
age methods were as follows: (i) ethanol 99% 200 proof at room tem-
perature (RT), Molecular Biology Grade (Thermo Fisher Scientific
Inc., Waltham, MA, USA); (ii) Longmire’s buffer at RT (Longmire’s;
Longmire, Maltbie & Baker 1997); (iii) RNAlater at RT (RNA Stabi-
lization Reagent; QIAGEN, Stockach, Germany); (iv) no buffer, fro-
zen at —20 °C; and (v) no buffer, refrigerated at 8-10 °C. The three
time regimes between filtration and extractions were (i) within 5 hours
(5 h), (ii) within 24 h and (iii) after 2 weeks. Each treatment (n = 41)
was performed in triplicate. For each filter replicate, 1 L of lake water
was processed (0-015 L for EP). For each capture-storage treatment,
we included one negative control without lake water. Additionally, 1 L
tap water was run through each filter (0-015 L for EP) as a control to
detect potential contamination from the filtration facilities. For the
control pond, one sample per capture-storage treatment was processed
(n = 23). We captured eDNA from 155 subsamples and negative con-
trols altogether. The water samples were filtered or ethanol-precipitated
by a team of 10 researchers and the replicates of each treatment started
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at different times to avoid temporal bias of filtrations. Prior to DNA
capture, bench surfaces and all equipment were wiped with bleach
(5%) and laboratory-grade ethanol (70%). Prior to each collection of
subsamples, the water was mixed thoroughly in the 130-L container.
For the open membrane filter (GF, CN and PCTE), | L water samples
were vacuum-filtered (¢. 15-30 min) using Nalgene 250-mL sterile dis-
posable test filter funnels (Thermo Fisher Scientific Inc. USA). The fil-
ters were removed from the funnel with forceps and then placed in 5-
mL DNA LoBind® centrifuge tubes (Eppendorf AG, Hamburg, Ger-
many) that were either empty (if the time regime was 5 h or the storage
method was freezing) or contained preservation buffer. For all treat-
ments and downstream applications, Eppendorf DNA LoBind® tubes
were used in order to avoid up to 50% retention of DNA by the plastic,
which is a documented problem especially for short DNA fragments
(Gaillard & Strauss 1998; Ellison ez al. 2006). For the SX filters, 1 L of
water was slowly (¢. 10 min to avoid tearing of filters, following manu-
facturer’s recommendations) pushed through each filter capsule using a
prepacked sterile 50-mL luer-lock syringe. Remaining water in the SX
was removed by pushing air through the filter until dry, also using the
syringe. The outlet ends of the filters were closed with MoBio outlet
caps (MOBIO Laboratories, QIAGEN) and 2 mL preservation buffer
was pipetted to the inlet end using filter tips. The inlet ends were closed
with inlet caps (MOBIO Laboratories, QIAGEN) and both ends were
sealed with parafilm whereafter the capsules were inverted vigorously.
The frozen samples and the (5 h) and (24 h) EP samples were placed at
—20 °C until extraction, while the non-treated samples (5 h) were
placed in a refrigerator and extracted directly after the filtering session.
Samples containing buffers were stored at RT until processed. The
(2 weeks) EP samples were frozen for 24 h prior to extraction to allow
for precipitation. In total, we processed 96-135 L of water from the lake
(32 treatments x 3 replicates x 1 L + 3 EP treatments x 3 repli-
cates x 0-015 L) and 20-045 L of water from the control pond (20
treatments x 1 replicate x 1 L +3 EP
cates x 0-015 L; Table 1).

treatments x 1  repli-

MOLECULARLABORATORY CONDITIONS

DNA extractions and qPCR assays took place in the laboratories at
the Centre for GeoGenetics, University of Copenhagen, Denmark.
The facilities are designed for handling environmental samples requir-
ing the most stringent precautions to avoid contamination. Pre-PCR,
extraction and PCR facilities are located in separate designated rooms
with positive air pressure. Laboratory coats are changed between
rooms. Prior to any work in the laboratory, all surfaces are washed
with 5% bleach and 70% ethanol. After completing extractions

Table 1. Outline of the number of samples processed per capture and storage treatment (negative control pond in parentheses)

Storage
Frozen Ethanol Longmire’s RNAlater Frozen Ethanol Longmire’s RNAlater

Refrigerated
Capture Sum Sh 24 h 2 weeks
SXcAPsULE 275 3 3 3 3 3() 3 3 3 3
SXtuBE 18(3) 3D 3(1) 3() 3 3 3
Cellulose nitrate 15(5) 3() (1) ) )] )] 3 3 3 3
Glass fibre 27(5) 3D 3 3 3(1) 3(1) 3 3 3 3
Polycarbonate 27(5) 3(1) 3(1) 3(1) 3(1) 3(1) 3 3 3 3
Precipitation 9(3) 3 3(3) 3
Total 123 (26)

Sterivex, eDNA extraction within capsule (SXcapsurg); Sterivex, eDNA extraction from buffer in tube outside capsule (SXtygg)-
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DNA extraction: DAY 1

[
SX SX I CN, PCTE, GF I CN, PCTE, GF
No Buffer Buffer | Buffer 1| No Buffer
Frozen or Ethanol or 1 Ethanol or 1| Frozen or
Refrigerated || Longmire’sor || Longmire’s or || Refrigerated
*) RNAlater I RNAlater I EP
& e
& 1 \ Jl ~ l N l
1) Wipe outside of Sterivex capsule/filter container with 5% bleach, let dry, wipe with 70% EtOH.
2) Take caps off Transfer | Keep | | Transfer filter |
SX buffer : buffer : : to 5-mL tube. |
(SXcAPSULE). (SXTUBE) I and I Letdry :
Let filter dry, toa2-ml | proceed | | upside-down |
inside the SX- LoBind | tonext | | inflow hood |
capsule, tube, using | | step. | | with lid open. |
standing a2-mLluer |-~ F——————~
vertically, inlet lock
side down, in a syringe.
sterile tube
rack. Use blot
paper
underneath.
_—_—_ - M o - - - -
3) ! Spin at 6000 x g (8000 rpm) | gg'g;:ﬂfg?f’s; g
; for 30-45 min in a micro- I 0oL ot g
I centrifuge 24 x 2-mL. | ?)' -n:j Ilro %r.
I' Discard liquid. Let pellet dry. Iscard fiquid,
let pellet dry.
l ﬂ ‘V' 1
r—-——=-—-—-- a
4) Close Sterivex outlet Add mix of 180 | | Place the dried || Add mix of Add mix of
end with cap. uL ATL + 20 | filter in the [| 720 uL ATL 720 L ATL
Carefully, through ML prot K mix : tube with the : + 80 pL prot and 80 pL prot
the inlet end of the to pellet. Close I pellet. Add mix I K directly to K to pellet,
tube, pipet a mix of tube and seal | of 720 uL ATL | the filter. dissolve pellet
720 yL ATL + 80 pL with parafilm. | +80 uL protK || Close tube, and transfer to
prot K directly to the | directly tothe || seal with a 2-mL DNA
filter. Close both | filter. Close I parafilm. LoBind
ends with caps and | tube and seal | Eppendorf
seal with parafilm. I_with parafilm. : tube.
5) Incubate in 56°C for 24 hours. Agitate using a rotor.
Fig. 1.
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DNA extraction: DAY 2

SXTUBE

Buffers

SXcAPSULE

Buffers or Frozen or Refrigerated

g 1

6) Handshake
capsule x5

2

7) | Remove ALL the liquid from |
the inlet with a luer lock
syringe. Measure the volume,
transfer to 5-mL LoBind tube

1 ]

CN, PCTE, GF

CN, PCTE, GF EP

Buffers Frozen or Refrigerated
3 s g
< .
<
- ___ M
Vortex 15 s. |

I S b l_

8)

Add Buffer AL and ice-cold molecular-grade EtOH to the sample with the ratio
Sample: EtOH: Buffer = 1:1:1

| |

4 |

Fig. 1. Flow chart illustrating the modified environmental DNA (eDNA) extraction protocol based on DNeasy Blood & Tissue Kit (QIAGEN,
Carlsbad, CA, USA). *) Capture: SX, Sterivex-GP polyethersulfone capsule filters, Note that SXcapsur g and SXtygg are treated as separate sam-
ples from step 2. CN, cellulose nitrate; PCTE, polycarbonate track-etched; GF, glass fibre filters; EP, ethanol precipitation. Storage: Frozen at
—20 °C, Refrigerated are samples stored at 8-10 °C and processed within 5 h. Steps 9-26 see Appendix S1.

involving guanidiumthiocyanate, surfaces are washed with 70% etha-
nol (to avoid reactions between chlorine in the bleach and guanidi-
umthiocyanate in two of the buffers provided with the Qiagen kit), 5%
bleach and then 70% ethanol. All extractions of eDNA took place in
laminar flow hoods which were UV-treated before and after extrac-
tions. Every night, the entire facilities are automatically UV-
treated for a 2-h period.

DNAEXTRACTION

We extracted the eDNA using the extraction protocol outlined in
Fig. 1 and Appendix S1. The SX filters containing preservation buffers
underwent two extractions, one extraction from the buffer and one
extraction within the filter capsule after it had been emptied of buffer
(hereafter referred to as SXyupg and SXcapsuLg)- Altogether, 179 (24
SXrtuge t 155 (see ‘Capture and storage’ section above) samples from
the study lake and the control pond were extracted. We measured
[eDNA/] in each extraction using a Qubit 1.0 fluorometer (Thermo
Fisher Scientific Inc.) applying the high-sensitivity assay for dsDNA
(Life Technologies, Carlsbad, CA, USA).

QUANTITATIVEPCR

For the qPCR assays (e.g. Wilcox et al. 2013), two species-specific Tag-
Man primers/probe sets were used targeting 84 and 89 base pair frag-
ments of the mitochondrial cytochrome b (cyt b) gene in pike and
perch, respectively (Table S3). Species specificity of the assays was
tested on extracted DNA from non-target species (Table S3) using the

qPCR set-up described below. These non-target species did not gener-
ate any amplification signals. The optimal ratio of probe: primer con-
centration was tested prior to the study. The final PCR set-up to detect
the target species was as follows: pike — 5 pL template DNA, 12-5 puL
TagMan Environmental Master Mix 2-0 (Life Technologies), 3 pL for-
ward primer (10 pm), 2 pL reverse primer (10 pum) and 3 pL probe
(2-5 um); and perch — 5 pL template DNA, 12-5 pLL. TagMan Environ-
mental Master Mix 2-0 (Life Technologies), 0-5 pL forward primer
(10 pm), 2.5 pL reverse primer (10 pm), 3 pL probe (2-5 pm) and
1-5 pL UV-treated laboratory-grade water. The TagMan qPCRs were
performed on a Stratagene Mx3005P (Thermo Fisher Scientific Inc.)
using thermal cycling parameters of 50 °C (5 min), 95 °C (10 min) fol-
lowed by 50 cycles of 95 °C (30 s) and 60 °C (1 min). For each plate,
no-template controls (NTCs) and positive/negative tissue extracts were
run alongside the samples. All filtering and extraction negatives were
included in the qPCR assays. Additional qPCR replicates were run in
order to detect effects of freezing and thawing of the samples. To check
for PCR inhibition in the lake, separate qPCR assays for both species
following the protocols above were performed in a dilution series
(I:1,1:2,1:10and 1 : 20) of extracted DNA on four samples repli-
cated twice plus two positive and two negative controls to determine
any deviation of the amplification curves. The dilution series did not
indicate inhibition.

DATA ANALYSIS

To compare detection probability (i.e. diagnostic sensitivity) between
eDNA capture methods, the proportion of positive qPCR replicates
was calculated for each target species. Positive samples were analysed
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using multivariate decision trees and univariate tests of ‘no-effect’ null
hypotheses. To explore the effect of capture and storage on qPCR Cq-
values, Chi-square Automatic Interaction Detector (CHAID) decision
tree was used. CHAID is a nonparametric tree-building method that
can handle multivariate categorically induced quantitative responses
(IBM Corp. (2013)). It defines optimal multiway splits and adjusts for
Bonferroni. The main advantage of this approach is to analyse a data
set all-in-one (rather than manually splitting the data into user-selected
subgroups and thereafter choosing and performing multiple tests). The
approach offers a number of other advantages including its ability to
handle categorical (ordered, nominal) data types well and to model
nonlinear relationships without having to specify a priori the form of
the interactions. A CHAID tree produces an overview, grouping or sin-
gling out the factors that predict the variation in the response variable.
Categorical variables (capture method, storage treatment and storage
time) were used as model predictors, and Cg-value from qPCR was set
as the response target. Two trees were generated: the first targeting
perch and the second pike. Tree depth, that is the maximum number of
branching levels, was set to two (realized from ten 50/50 split valida-
tions) to reduce overfitting.

For a univariate test of Hy (1-2a,b), first a Wilcoxon signed-rank test
for paired samples was applied to determine whether [eDNA,,] and
Cq-values attained using SXcapsurg differ significantly, from any of
the other tested capture methods (CN, GF, PCTE, EP and SXtygg).
Secondly, SX, GF and PCTE filter results were tested for signs of
eDNA degradation over time, that is detecting any significant differ-
ence in Cq-values or [e(DNA,] between 24 h and 2 weeks of storage.
Wilcoxon signed-rank test was used as data exhibited non-normal dis-
tributions. Thirdly, guided by results from the CHAID trees, results
from SXcapsuLg stored in ethanol or Longmire’s were tested (Mann—
Whitney) for differences in Cg-value against SXcapsurg Without
preservation buffer. The CN filter group was reduced, as the planned 1-
day storage treatment was omitted due to filtering time constraints.
The mean difference in Cg-value and associated 95% CI of all gPCR
replicates was calculated. All statistical analyses were performed using
spss IBM Corp. (2013).

Results

SPECIESDETECTION

Altogether 713 qPCR samples, including controls, were anal-
ysed. No samples were discarded. Perch and pike were both
detected in most of the qPCR runs from the study lake (314 of
365, Fig. 2). For both species, SXtygg showed the highest
overall detection rate (95% perch and 96% pike) and EP the
lowest (89% perch and 56% pike; overall difference SXtypg #
EP: Pearson y° (1, n = 62) = 6-9, Fisher’s exact P = 0-02).

CAPTURE METHOD

A CHAID tree multivariate predictive model was successfully
generated from perch Cg-values. Capture method was the best
overall predictor of Cg-values, better than storage media or
storage time. In general, the lowest Cq-values were generated
from SXcapsuLg samples in comparison with other capture
methods (Fig. 3a). We validated the fundamental first-level
outcome from this multivariate model for perch with new data
in the build of a second CHAID tree, modelling pike Cq-values
(Fig. 3b). In this second variant, capture was also the best

[ ]PERCH

[ |Pike

100 %

Detection rate
(&)
o

n=[2| n=u4| n=48 n=P7| n=B6 nl=(8

T T T T T

SXcapsute ! SXtuse CN GF PCTE EP
(0:22 ym) (0-45 ym) (0-6 pm) (0-2 ym)

Capture method

Fig. 2. Detection rate using quantitative PCR (qPCR; study lake).
Blue bars and clear bars show positive detections of perch and pike,
respectively. Pore size of filters within parentheses. SXcapsuLg, Steri-
vex, extraction within filter capsule; SXtygg, Sterivex, extraction in
tube outside capsule from removed preservation buffer; CN, cellulose
nitrate; PCTE, polycarbonate track-etched; GF, glass fibre; EP, etha-
nol precipitation. Error bars represent standard errors; » indicates
number of trials pooling all replicates for each method and both species
combined. 1Deviating from protocol, 12 SXcapsuLg replicates were
over-vortexed and tested mainly negative. If these 12 over-vortexed
samples are omitted, the detection rate estimate for SXcapsurLr
increases to 100% for perch and to 91% for pike.

predictor of Cg-values and SXcapsuLg tied with the CN and
GF filters in the lowest value category.

The fundamental first-level outcome of both the CHAID
tree multivariate predictive models was supported in a one-by-
one comparison of capture methods including both species and
all treatments. Overall, SXcapsurg Was more efficient than the
other capture methods apart from CN. SXcapsyrg yielded
significantly higher [e(DNA] and lower Cqg-values (Table 2).
SX samples contained up to 118 ng total eDNA pL ™' and
most SXcapsure amplified before 36 cycles (Fig. 4). [eDNA (]
from the fish-free control pond showed a similar pattern, being
higher for CN and SXcapsurg compared with GF and PCTE
(Mann-Whitney U =12, n; =n, =10, Fisher’s exact
P = 0:003), but with no Cq-values from qPCR as target species
were not present. Overall, capture method and [eDNA,] were
fundamental predictors of Cq-values (Fig. 4).

STORAGE PRESERVATIVE

SX-specific storage results are singled out and illustrated in
Fig. 5. SXtygg samples treated with RNAlater, a significant
predictor of poorer Cg-values in the CHAID trees, were least
successful. For SXcapsuLg, preservation in ethanol or Long-
mire buffer improved Cq-values for perch in comparison with
frozen, 5 h and preservation in RNAlater (Figs 3a and 6).
Also for both species pooled, these two buffers (ethanol or
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(a) n=118 n=109 (b)
Perch Ll | L. Pike
39-3 +0-3] 36-7 +0-2

CAPTURE METHOD
P<0-001 F =316

CAPTURE METHOD
P<0001 F=202

I
SXcapsuLE

sxTUBE,;CN, GF, EP p;CTE stAPSUL:E, CN, GF SXrust PCTE
n=25 n=67 n=26 n==67
MIL.L Llllllll-. \ﬁL -IIII-___
36-8 +0-5 39:5 +0-3} 41-2 +0-4 35:6 +0-2
| | |
STORAGE TIME TIME STORAGE
P=0-02F =135 P= 0-0?2 F=12-3 P=0-001 F=15-0 P=0-001F =212
Ethanol Refrigerated, Refrigerated, Frozen
or Frozenor s24h 2w <24h 2w Ethagol or Lc’)ng ire, RNAlater
Longimire RNIAIater | r |
n=12 ||[n=13 |n=32 ||n=35 ||n=15 || n="11 n=26 ||n=11
III- IIIIIII \-I“¢ _.lll.!._ IIII IIIII % \_ulll-
35-2 +0-4/|38-3 +0-7|| 38-4 +0-4]|40-4 +0-4||40-1 +0-4||42-7 +0-6 37-2 +0-3/|40-1 +0-5

Fig. 3. Chi-square Automatic Interaction Detector decision trees relating three categorical variables (capture method, storage treatment and storage
time) as model predictors for Cg-values as response target (study lake). (a) Perch. Best predictor was capture method, followed by storage time, and
finally, storage treatment. (b) Pike. Best predictor was capture method followed by storage treatment. SXcapsurg, Sterivex, extracted within capsule;
SXrugE, Sterivex, extraction in tube outside capsule; CN, cellulose nitrate; GF, glass fibre; PCTE, polycarbonate track-etched fibre; EP, ethanol pre-
cipitation; h, hours; w, weeks. Blue bar charts indicate relative size distribution of Cg-values within each category before split. Number under bar
charts indicate mean Cq-value for the given category + SE.

Table 2. SXcapsurg in comparison with other eDNA capture methods

SXcapsuLg comparison of Cg-values (SXcapsurg comparison of [eDNA])

Capture Pairs of n P Significance*® zZ Rank

SXtUBE 33(18) 1x 107535 x 1074 Rk (k) —44(-3-5) SXcapsuLe < SXtuse SXTUBE)
GF 50(27) 7 x 10732 x 107%) (kb —2.7(—4-3) SXcapsuLe < GF (>GF)

PCTE 44(27) 1x 10756 x 1079 ok (k) —4-4(—4-5) SXcapsuLe < PCTE (>PCTE)
EP 1309) 1x103@8 x 1073 ok (¥) —3.2(=27) SXcapsuLe < EP (>EP)

CN' 29 (15) 0-32(0-55) N.S.(N