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SUMMARY

The current literature indicates that the stimulation of relative growth rate (RGR) by an
elevated atmospheric CO; concentration (C,) is transient. The effects of a twice-ambient
C, on the RGR and related processes of Urtica urens 1.. were investigated to better
understand the mechanisms behind the growth response. Plants were grown
hydroponically without nutrient limitation in controlled-environment cabinets. Consistent
with studies of other Cs species , the initial CO,-stimulation of RGR of U. urens was not
sustained, declining within days of exposure to elevated C,. This decline in RGR was
caused mainly by a decreased leaf area ratio (LAR) due to a decreased specific leaf arca
(SLA); a reduction in the CO,-stimulation of net assimilation rate (NAR) made a
relatively small contribution. The effects of elevated C, on RGR, LAR, SLLA and NAR
were not attributable to interactions between accelerated plant size and ontogenetic drift
or the earlier onset of environmental constraints. The early changes in NAR and LAR
could not be explained by reductions in tissue N concentration or by current models of
plant growth which propose a central role for soluble sugars in down-regulating growth
by signalling the inability of sinks to use increased assimilate supply. A direct effect of
elevated C, on respiration was found, the causes and consequences of which were not
clear. It was suggested that the mechanisms behind growth responses to elevated C, are
still poorly understood, but might be improved if future research concentrated more on

morphological responses.
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CHAPTER 1

General introduction

1.1. Rising C, and climate change

Atmospheric CO; (C,), as well as other greenhouse gases such as water vapour and methane,
is largely transparent to what is predominantly short-wave direct solar radiation but absorbs
the subsequent long-wave radiation radiated or reflected from the earth's surface. In turn,
these gases re-radiate this energy both to space and to the earth, thereby in the latter case
raising the temperature of the ground and lower atmosphere to values conducive to life.
Measurements of the deuterium content of water in Antarctic ice cores, and of the CO,
concentration of air bubbles trapped within, indicate that the fluctuations in mean global
temperature over the last 160,000 years closely parallel the fluctuations in C, (Barnola et al.,
1987). It is probable, therefore, that C, is a major component driving global temperatures, and

hence temperature-dependent climatic variables such as wind and rain.

Since the 19th century, C, has been rising in a manner coincident with industrial activity.
Barnola et al. (1987) estimate the pre-industrial C, to have been in the region of 270 pmol
mol ™. Direct measurements of C, starting in 1958 at Hawaii show that concentrations have
increased logarithmically from 315 umol mol™ in 1958 to 354 umol moI” in 1989 (Keeling et
al., 1989), leading to concern that the past and present anthropogenic inputs of CO, into the
atmosphere are rapidly changing the earth’s climate. By the end of the next century, some
models predict a 2-fold rise in C, to about 700 umol mol”, with a 2.5 °C rise in mean global
surface temperature that will not be spatially homogenous (IPCC, 1990). Of particular
concern is that such climatic change is likely to include alterations in the quantity and

distribution of rainfall, and a greater frequency of severe weather events (IPCC, 1990).



1.2. Rising C, and plants

During their evolutionary history, terrestrial plants have experienced C,s far in excess of those
predicted for the next century and beyond. Carbonate concentrations and §C values in
geothite suggest that the advance of plants onto land about 420 million years ago took place
in an atmosphere containing CO, in excess of 5000 umol mol" (Yapp and Poths, 1992).
From this point forward, C, declined gradually, embracing the appearance of flowering plants
in the fossil record about 130 million years ago, and then stabilized so that for the last 25 - 65
million years plants have experienced a C, comparable to that of the present day and at a
concentration perhaps sufficiently low to induce the evolution of terrestrial C4 species for the
first time (Ehleringer et al., 1991). Whilst the magnitude of any future C, is therefore unlikely
to be a novel event for plants, it is arguable whether plants have the genetic capacity needed
to adapt to the unusually rapid rise in C, that is now taking place, or even whether present-

day plants have sufficient genetic memory to do so.

Rising C, could affect plants indirectly through the effects of temperature and of climatic
changes otherwise driven by temperature, or directly through its effects on major plant
physiological processes, particularly increased photosynthesis (Bowes, 1991), decreased
transpiration (Mott, 1991), and perhaps also decreased dark respiration (Wullschleger et al.,
1994). Both temperature-mediated and direct effects of C, will affect plant growth, with
important implications for both natural and artificial ecosystems. However, unlike the
projected increases in temperature, rising C, is inevitable, spatially homogenous, and
predictable (Jones and Wigley, 1990), and thus of particular research value. Moreover, any
direct effects of C, on the balance between photosynthesis and respiration will clearly have an
impact on the global cycling of carbon, and hence on the global climate itself. For these
reasons at least, an understanding of plant responses to elevated C, is needed if we are to

predict the ecological, agricultural and socio-economic impacts of climate change.



1.3. Rising C, and plant growth

Elevated C, increases the biochemical efficiency of photosynthesis in Cs plants and hence their
potential for growth. Accordingly, the dry weight of C; plants grown in elevated C, is nearly
always increased when compared at a common point of time to that of plants grown in
ambient C, (Kimball, 1883; Cure and Acock, 1986; Bazazz, 1990; Hunt et al., 1991; Den
Hertog et al., 1993, 1996; Poorter, 1993; Baxter et al., 1994a; Stirling et al., 1998). Net
photosynthesis is increased by CO; becausé carboxylation by rubisco is limited by the current
C., and because CO, competes with O, for the same binding sites on rubisco and hence
reduces oxygenation and subsequent photorespiratory carbon loss (Bowes, 1991).
Theoretical expectations of the initial increase in photosynthesis in individual leaves exposed
to twice-ambient C, range from 20 % if photosynthesis is limited by RuBP supply to 70 % if
photosynthesis is limited by the amount and/or activity of rubisco (Stitt, 1991). In practice,
the net CO, gain by both individual leaves and entire canopies will probably lic somewhere
between these two extremes, depending on species, environmental conditions such as the
supply of light and nutrients, and on the extent to which elevated C, reduces the stomatal

conductance.

By reducing stomatal conductance, elevated C, could in principle stimulate growth by
increasing the ratio of photosynthesis to transpiration (water use efficiency) (Bowes, 1993).
However, improvements in water use efficiency are likely to promote growth only in
conditions of drought stress (Bazazz, 1990), and the widely reported increases in dry weight
in elevated C, can be attributed primarily to increases in photosynthesis (Wong, 1979; Poorter
et al., 1988). The link from photosynthesis to growth involves a number of potentially limiting
steps in the partitioning and use of photoassimilate. In the simplest terms, a positive growth
response to elevated C, could result from the accumulation of additional soluble sugar as non-
structural carbon, for example in specialized storage organs, or it could result from the
deposition of structural material following use of soluble sugar in dark respiration (Rg).
Clearly, the accumulation of non-structural carbon will limit the immediate productive
potential of a plant since such carbon is not used to generate new resource-acquiring structure

(Wong, 1990). In contrast, an increase in structural material may or may not increase the



productive potential, depending on the way fixed carbon is partitioned and used within the

plant.

The central equation in plant growth analysis recognizes that an index of efficiency is needed
to compare the growth of plants independent of both their size and their duration of growth
(Evans, 1972):

Relative growth rate (RGR) = Net assimilation rate (NAR) * Leaf area ratio (LAR)

where RGR is the dry weight gain per unit time per unit dry weight (g g* d"), NAR is the dry
weight gain per unit time per unit leaf area (g m” d), and LAR is the ratio of leaf area to

plant dry weight (m* g™).

Despite the long and established history of use of this equation in studies of plant growth,
COs-enrichment studies and literature reviews of them have often persisted in trying to
quantify and compare the effects of elevated C, on growth in terms of the dry weight gain
after widely-different periods of time (Cure and Acock, 1986; Poorter, 1993). Nevertheless, it
is readily apparent from such studies that the increases in dry weight due to elevated C, are
not only highly variable, both between and within species, but also surprisingly moderate and
unlikely to reflect even the more conservative estimates of whole-plant net carbon gain.
Accordingly, studies that recognize the importance of RGR as an index of growth make it
clear that the stimulation of RGR in elevated C, is transient and occurs for only a short
duration in the early stages of exposure (Bazazz, 1990; Den Hertog et al., 1993, 1996;
Poorter, 1993; Baxter et al., 1994a; Fonseca et al., 1996; Stirling et al., 1998).



1.4. Research aims and outline of thesis

The principal aim of this thesis is to reach a better understanding of how and why C; plants in
elevated C, are unable to sustain a higher RGR in time. This will not only help to predict plant
responses in a future high CO, world, but may also target physiological mechanisms that
currently limit crop productivity. Studies which have analyzed RGR in elevated C, in terms of
its components often find limitations related to photosynthetic capacity (NAR) as well as
those that directly quantify the partitioning between leaf area and dry weight (LAR) (Bazazz,
1990; Den Hertog et al., 1993, 1996; Poorter, 1993; Baxter et al., 1994a; Fonseca et al.,
1996; Stirling et al., 1998).

However, the mechanistic bases that underlie the response of RGR to elevated C, are still far
from clear, partly because of the many problems encountered when trying to compare plants
grown in ambient C, with plants grown in elevated C,. A particular problem is that any
stimulation of RGR by elevated C, leads inevitably to larger plants when compared at any
common point of time. Hence, it is necessary to distinguish what could be direct responses to
elevated C, from changes associated with ontogeny or the earlier onset of some
environmental constraint to growth. This issue is extensively addressed in this thesis, partly by
analytical techniques such as allometric analysis, and partly by careful control and monitoring
of the conditions of growth. A similar general concern is extended to finding suitable and
comparable bases for the expression of data, since changes in tissue composition commonly

occur in elevated C,.

To make what are sometimes lengthy experimental chapters more manageable for the reader,
a separate chapter is included giving a detailed account of materials and methods (Chapter 2).
Also in Chapter 2, there is a brief description of Urtica urens and reasons for its selection as a
subject for study. Chapters 3 - 6 examine established and novel hypotheses that may explain
why plants in elevated C, are unable to sustain a higher RGR. Chapter 3 describes the growth
response of the plant to elevated C, within an experimental system typical of many CO,-
enrichment studies, so that the behaviour of U. urens can be compared to other, more

intensively-studied species.



The timing and nature of the responses observed in Chapter 3 largely determine the
experimental design common to Chapters 4, 5 and 6, where the early responses to elevated C,
are examined with regard to a more rigorous investigation of their mechanistic bases. The
early growth responses to elevated C, are described in Chapter 4. With reference to these
results, the roles of tissue N, soluble sugars and respiration are examined in Chapters 4, 5 and

6, respectively.

The role of soluble sugars is investigated in context of the extended hypothesis that the
decline in RGR in elevated C, is caused by the repression of photosynthesis due to the
accumulation of soluble sugars in leaves, resulting from an inability of sinks to utilize the
additional fixed carbon that is available from an increased activity of source leaves (Stitt,
1991; Van Qosten et al., 1994; Pollock and Farrar, 1996). As such, this hypothesis currently
stands as the only comprehensive explanation for a decline in RGR in elevated C,. The
concept that plants can be divided into regions that produce and export assimilate (sources)
and those that import assimilate for growth or storage (sinks) has a long and established
history as a working model of plant growth (Farrar, 1996; Pollock and Farrar, 1996).

In Chapter 7, investigation of the hypothesis is extended to an alternative experimental system
that similarly perturbs the sink-source balance, namely the imposition of N deficiency, in order
to assess the broader significance of sugar-represssion of photosynthesis as a mechanism
regulating plant growth in changing environments. The thesis ends with a general discussion

in Chapter 8.



CHAPTER 2

General materials and methods

2.1. Urtica urens as a subject for study

Urtica urens L. (the small or annual nettle) is one of four species in the dicotyledonous
family Urticaceae to be found in the British Isles, where it is wide-spread but most
common in eastern locations, around coasts and in cultivated ground with light soils
(Clapham et al., 1981). Grime et al. (1988) state that it is generally regarded as
doubtfully native and that, despite its recent decline as an arable weed, its range may be
expanding due to the creation of fertile disturbed habitats. These authors consider its
functional type (Grime, 1977) as between Ruderal and Competitor-Ruderal. Like its
close relative, Urtica dioica, U. urens is a Cs species (Grime et al., 1988) and possesses
stinging hairs that inject histamine and serotonin which act synergistically to cause the
well-known local odoema, itching and pain (Vickery and Vickery, 1981). Superficially,
U. urens closely resembles U. dioica, having simple, toothed, ovate, pedunculate,
decussate leaves and lateral spike-like inflorescences, but differs in many respects
including its annual life-form, its capacity to branch freely, its monoecious flowers, and
its reliance on seed as the sole means of regeneration. Also unlike the rhizomatous U.
dioica, U. urens has a simple profusely-branched tap-root system. Although sometimes
known as small nettle, in fertile conditions U. urens can assume the habit of a large bushy

plant up to 60 cm in height.

U. urens has been the subject of some ecological studies (more recent examples include
Cornelius and Markan, 1984; Boot et al., 1986; Mutikainen and Walls, 1995; Jornsgard
et al., 1996), but none involving elevated C.. Although its physiological characteristics
are generally little known, a number of general characteristics make U. urens a suitable
system for studying the responses of C; species to elevated C,, including (1) small seeds
(ca. 0.5 mg per seed) together with an annual life-form, conferring a relatively low

capacity to store carbon reserves so that responses to changes in C, are likely to be both



immediate and direct, and (2) large leaves (up to 70 cm®) borne in pairs, enabling many

replicatable destructive measurements of leaves to be made.

2.2. Growth conditions

Plants of U. urens were grown in a hydroponic culture system in controlled-environment
cabinets (Sanyo Gallenkamp, model SGC660/C/HQI) with a 16 h photoperiod, day/night
temperatures of 20/16 °C respectively, day/night water vapour pressure deficits (VPD)
of 0.7/0.54 kPa respectively (equivalent to 70 % relative humidity (RH)), and with a
photosynthetic photon flux density (PPFD) incident on the tops of plants at between 350
and 800 pmol m” s™ according to plant height. Light was provided by 250 W metal
halide lamps (Model HQI/NDL, FGL Lighting Ltd., Pinewood Studios, Bucks., UK)
supplemented by 60 W tungsten lamps.

Seeds of U. urens (Herbiseed, Wokingham, UK) were placed on absorbent paper
saturated with deionized water and incubated in darkness in ambient CO, at 20 °C for 6
d until plumule emergence, at which point seedlings were allowed light at 150 pmol m™
s’ PPFD. After a further 6 d, when cotyledons were approaching full expansion,
seedlings were secured onto polystyrene floats and distributed between 10 1 capacity
plastic troughs, such that roots were suspended in a 13 cm deep aerated full-strength
modified Long Ashton nutrient solution (Hewitt, 1966). The nutrient solution included
12 mM NOj’ as the sole source of available mineral N, 4 mM K*, and 1.35 mM PO,%,
and was modified with the addition of sodium metasilicate as a source of Si** (at 50 uM).
To minimize risk of nutrient deficiency, restricted root growth and mutual shading,
nutrient solutions were renewed twice to thrice-weekly according to plant size, and
plants were positioned so that physical contact between plants was avoided. The largest
ratio of root volume (measured by displacement of water) to nutrient solution volume
was never more than 0.2. Aeration and stirring of the nutrient solution were achieved by
pumping air through 30 cm long ‘air-stones’ (Aqua Air, Interpet, Dorking, UK) at a rate

of 1 1 min’.



The control of elevated C, was achieved using a flow regulator and infra-red CO,
analyzer (IRGA) (PP-Systems, Herts., UK), whereby the flow of CO, from an external
cylinder containing the pure compressed gas (BOC Ltd., Manchester, UK) into the
cabinet was adjusted automatically to match the measured cabinet C, to a predetermined
value. To reduce possible effects of cabinet variability on results, plants and CO, regimes
were switched between cabinets twice-weekly. At the same time, the positions of

individual plants within and between troughs were randomized.

2.3. Growth analysis

2.3.1. Classical growth analysis

From data obtained of dry weights and leaf area, the following components of plant
growth were calculated as mean values over a specified harvest interval, having first
paired replicates across harvests according to size (Evans, 1972; Hunt, 1978):

(1) Whole plant mean relative growth rate, ﬁGR, using the formula:

RGR = (log.DWy-log.DWh) / (t2-1)

where DW is the dry weight (g) per plant, log. is the natural logarithm, ¢ is time (d), and

the subscripts ; and , define DW and ¢ at the beginning and end of each harvest interval.

(2) Mean net assimilation rate, NAR, using the formula:

NAR = [(DW,-DWy) / (t2-11)] * [(108eLpz-108cLa1)(Las-Lay)]

where L, is the total leaf area (m?) per plant, and the subscripts ; and , define L, as well

as DW and ¢ at the beginning and end of each harvest interval.



(3) Mean leaf area ratio, EAR, using the formula:

LAR = [(La/DW)) + (La/DW5)] / 2

(4) Mean leaf weight ratio, LWR, using the formula:

LWR = [(Lwi/DW,) + (Lwo/DW5)] / 2

where Ly is the leaf dry weight (g) per plant, and the subscripts ; and ; define Ly as well

as DW at the beginning and end of each harvest interval.
(5) Mean specific leaf area, SLA, using the formula:
SLA = [(La/Lwi) + (Laz/Lw2)1 / 2

Using data obtained of organic nitrogen content per plant, the mean specific absorption
rate of nitrogen by roots, SARy, was also determined over specified harvest intervals
using the formula of Welbank (1962):

SARN= [(Npz-Npy) / (t2-11)] * [(108eR Twi-102eRTww1)/(RTw2-RTw1)]
where Np is the organic nitrogen content (mg) per plant, RTw is the root dry weight (g)
per plant, and the subscripts ; and , define Np, RTw and ¢ at the beginning and end of
each harvest interval.
2.3.2. Functional growth analysis
From data obtained of dry weights and leaf area, instantaneous values of whole plant
relative growth rate (RGR), and of its components net assimilation rate (NAR) and leaf
area ratio (LAR), were calculated following the curve-fitting approach of Hughes and

Freeman (1967). Their approach was modified to also derive instantaneous values of leaf

weight ratio (LWR), specific leaf area (SLA) and the specific absorption rate of N by
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roots (SARy) using data of whole plant organic nitrogen content. The selection of
polynomials to fit the time-course of logarithmically-transformed primary data (dry
weight of whole plant, leaf and root, leaf area and N content) followed the stepwise
method used by Hunt and Parsons (1974), whereby the chosen polynomial included the
highest-order term to be significntly different from 0 when analyzed by t-test (Zar, 1989).
Using this method, second-order polynomials (quadratic equations) were found to best
fit primary data of total dry weight per plant, leaf area per plant, leaf dry weight per
plant, and root dry weight per plant. A quadratic equation was also the best fit to data of
organic N content per plant in plants grown in elevated C,, but data of organic N content
in plants grown in ambient C, were best described by a linear equation. However, to
enable practical comparisons of curves, a quadratic equation was nevertheless applied, so

that in all cases:

log. DW = a + bt + of (egn. 1)
log. La =d + et + ﬁ‘2 (egn. 2)
log. Ly =g + ht + it2 (egn. 3)
log. Np =]/ + kt + [tz (egn. 4)
log. RTyww=m + nt + of (egn. 5)

where £ is time (d), the lower-case letters a - o are equation constants, log. is the natural
logarithm, DW is the dry weight (g) per plant, Ly is the leaf area (m?) per plant, Ly is the
leaf dry weight (g), Np is the nitrogen content (mg) per plant and RTy is the root dry
weight (g). From equations 1, 2 and 3, RGR, NAR, LAR, LWR and SLA were derived

as follows:

RGR = 38(logeDW)/8t = b + 2ct (egn. 6)
LAR =L,/DW = antiloge (egn. 2 - egn. 1) (egn. 7)
NAR =RGR/LAR =egn. 6/ egn.7 (egn. 8)
LWR =L,/DW = antiloge (egn. 3 - eqn. 1) (egn. 9)
SLLA =LAR/LWR =egn.7/egn. 9 (egn. 10)

From equations 4 and 5, SARy was derived after calculating instantaneous values of the

relative increase in Np (RNR) and the Np:root weight ratio (Np/RTw):

RNR = 8(logeNp)/dt = k + 2It (egn. 11)
Np/RTw = antiloge (egn. 5 - egn. 4) (egn. 12)
SARy =RNR/(Np/RTw) =egn. 11/ egn. 12 (egn. 13)
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t-tests were used to determine whether differences due to elevated C, between
corresponding pairs of constants (describing linear and quadratic terms) were

significantly different (Hughes and Freeman, 1967).

2.4. Allometric analysis

The growth and development of one part of a plant is often linearly related to the growth
and development of another part, at least for substantial periods of growth in constant
environmental conditions (Pearsall, 1927; Troughton, 1955). Such allometric

relationships can be described by the formula:

y = bX

where y and x are any two plant variates, and b and k are constants. The allometric
constant or coefficient (k) can be determined most practically as the slope of the linear

regression relating log. y to log. x:

log.y = loge b+ klogex

where b expresses the regression intercept of y when x is zero. Because the plant variates
are inevitably mutually-related, a geometric mean regression (GMR) will describe the
relationship better than a regression based on the more usual method of least squares
(Ricker, 1984). The slope (v) of a GMR is related to k by v = k/r where r is the

correlation coefficient (Ricker, 1984; Farrar and Gunn, 1996).

In many allometric relationships (for example shoot and root weights), v deviates from
unity, indicating an ontogenetic drift. The deviation of v from unity could also occur in
response to temporal environmental gradients, such as a progressive decline in nutrient
availability either due to the depletion of a non-renewed nutrient pool or due to the more
rapid utilization of replenished nutrients as plants increase in size. Comparisons at
common points of time between the effects of treatments (e.g. elevated C,) that also alter
the rate of increase in plant size carry the risk of confusing the effects related to plant

size with those of the treatments imposed. Allometric analysis therefore provides a means
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of distinguishing the genuine direct effects of the treatments that are under investigation.
To analyze changes in allometric relationships due to elevated C,, differences in v, the
vertical placement of the GMR line (its elevation), and any deviation of v from unity

were tested for statistical significance using Student’s t-test as described by Zar (1989).

2.5. Measurement of gas exchange in individual leaves

2.5.1. Photosynthesis, respiration and stomatal conductance to water vapour

The rates of CO, and H,O exchange in individual leaves were determined under
laboratory or growth conditions using an open combined CO,/H,O infra-red analysis
system and clamp-on leaf cuvette (CIRAS-1, PP Systems, Hitchin, Herts., UK). The
cuvette enclosed 2.5 cm” of leaf area and the air temperature inside the cuvette was
maintained at 21.5 = 1 °C. Temperature control was generally achieved by circulating
water via a temperature-controlled water-bath through a water-jacket surrounding the
cuvette, but in cases where measurements were made in constant (emperature
environments, fan-assisted dissipation of any proximal heat source was sufficient for
temperature control. The VPD in the air entering the cuvette was adjusted (using the
CIRAS control system) to give a VPD in the air within the cuvette during measurement
in the region of 1 - 1.2 kPa (50 - 60 % RH), depending on the rate of evapotranspiration.
Before each set of measurements, leaks were tested for and detected by observing rapid
fluctuations in Ry after blowing CO,-enriched air through a tube around the gaskets
sealing the leaf surface to the borders of the cuvette, and corrected by repositioning the

cuvette on the leaf.

The calculations used by the CIRAS software to determine the net CO, exchange rate
(CER) and the stomatal conductance to water vapour (gs) have been fully described
elsewhere (CIRAS operators manual, PP systems), and only relevant details will be given

here.
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Firstly, the transpiration rate (Er) is calculated from the mass flow of air entering the
cuvette per unit leaf area (W) and the water vapour pressure of air entering (e,) and

leaving (eq) the cuvette:

ET = [W*(eout - ein)} / (P - eout.)

where P is the atmospheric pressure. The net CER can then be calculated from the
difference in CO, concentration in the air entering (C;,) and leaving (C,y) the cuvette

with due account of the water vapour loading of Coy:

CER = Cin*w ™ Cout_*(w o ET)

The stomatal conductance to water vapour can also be calculated as the reciprocal of the

stomatal resistance to water vapour (rs) such that:

gs= ]-/rs= [eleaf = eoul) / (ET*P)] - Ty

where ej.r is the water vapour pressure within the leaf, which is assumed to be saturated
at leaf temperature, and ry, is the boundary layer resistance to water vapour, which was
given a value of 0.21 m” s mol™ as specified by the CIRAS operators manual to match

the type of cuvette.

The rate of net photosynthesis (A) was determined as the net CER at a defined PPFD
using a clip-on light source and spectrally-neutral filters, and with the flow-rate of air
entering the cuvette set to between 0.3 and 0.4 1 min" to give CO, differentials in the
region of 20 to 50 pmol mol . The same conditions were used to determine g,. Leaf dark
respiration (Ry) was determined as net CER in darkness, with the flow-rate of air
entering the cuvette set to 0.15 I min™ to give CO, differentials in the region of 5 to 10
pmol mol” and within the recommended range for maximum sensitivity (10 - 50 umol
mol™). Given that the infra-red analysis cells of the CIRAS operate with a through-flow
of air of 100 ml min”, a positive pressure within the cuvette was maintained during

measurement of Ry due to a surplus inflow of air of 50 ml min entering the cuvette.
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2.5.2. Construction and analysis of A/C; curves

The CIRAS software can calculate the intercellular CO, concentration (C;) at a given C,,
which enables the construction of a curve describing the response of A to C;, as
illustrated in Figure 2.1. C; is calculated using the equation of Von Caemmerer and

Farquhar (1981):

Ci = ((L((1.37*1p+1.6%1,)-0.5*Er))*Ca))-CER)/((1/(1.37*1+1.6*15))+0.5%Er)

where 1.37 defines ry, in terms of the ratio of diffusivity of CO, relative to water vapour
in the boundary layer, and 1.6 defines r; in terms of the ratio of diffusivity of CO, relative

to water vapour in air. All parameters have been previously defined in Section 2.5.1.

At saturating PPFD, which in leaves of U. urens is approached at 2000 pmol m™ s™ (Fig.
2.2), the A/C; response can be related to at least two component processes of
photosynthesis (Sharkey, 1985). Firstly, the amount and/or activity of rubisco can be
related to the slope of the initial, approximately linear region of the A/C; response curve
when A is saturated by RuBP but limited by C;. Secondly, the capacity to regenerate
RuBP, which may be determined by the light reactions of photosynthesis and/or by the
recycling of inorganic phosphate, is related to the magnitude of the asymptote when A is
saturated by both RuBP and C;. These processes can be quantified, respectively, as the
maximum rate of carboxylation limited by the amount and/or activity of rubisco (Ve max)
and the maximum attainable rate of photosynthesis at saturating light intensity and C;
(Amax). Using the approach of McMurtrie and Wang (1993), Vemax and An. were

derived as will now be described.
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Figure 2.1. The relationship between net CO, assimilation rate (A) and intercellular CO,
concentration (C;) at 2000 pmol m® s PPFD in a mature leaf of U. urens. C; was
calculated by a combined infra-red gas analysis system (CIRAS-1, PP systems, Herts.,
UK) according to the equation of Von Caemmerer and Farquhar (1981). The curve is
fitted to an equation describing a non-rectangular hyperbola (Thornley and Johnson,
1990).
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Figure 2.2. The relationship between net CO, assimilation rate (A) and photosynthetic
photon flux density (PPFD) at 1200 pmol m™ s C; in a mature leaf of U. urens. PPED
was varied using spectrally-neutral filters. The curve is fitted to an equation describing a
non-rectangular hyperbola (Thornley and Johnson, 1990).
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The rate of photosynthesis limited by the amount and/or activity of rubisco can be

expressed as (Farquhar et al., 1980):

A=W,(1-T"/C) - Ry,

where T™ is the CO, compensation point in the absence of day respiration (umol mol™)

described by:

]'" - O(O.SVo,max Kc/Vc.max Kc)
where Vo max i8 the maximum rate of oxygenation limited by the amount and/or activity of
rubisco, K. and K, are the Michaelis constants of rubisco for CO, (ubar) and O, (mbar)
respectively, and O is the partial pressure of O, (mbar), and where Ry is the day
respiration rate (umol m™ s™). W, is the RuBP-saturated rate of carboxylation (pmol m™>
s™) described by:

wc = Vc.max { [Cl / C1+Kc(1+O/Ko)]}

The rate of photosynthesis limited by the capacity to regenerate RuBP can be expressed
as (Farquhar et al., 1980):

A=W, (1-T/C)-Ry

where W, is is the RuBP-regeneration-limited rate of carboxylation (umol m? s)

described by:

W; = JCi/(4.5C:+7T/3)

where J is the potential rate of electron transport (uEq m™® s™) and 4.5C; assumes that

4.5 mol of electrons are needed to reduce 1 mol of CO,,.
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J can be solved as the smaller and positive solution of the non-rectangular hyperbola
relating J to PPFD (McMurtrie and Wang, 1993):

01 -( o +) )T+ Oljimax = 0

where 0 is the convexity of the non-rectangular hyperbola, o is the maximum efficiency
of light energy conversion (mmol mol™), I is PPFD (umol m? s7), and Juu is the
maximum potential rate of potential electron transport (uEq m™ s™). The potential rate
of photosynthesis at saturating PPFD and C; (P,) has been expressed as (Harley ez al.,
1992):

P, = J/ mol electrons needed to reduce 1 mol CO,,

Therefore the maximum attainable rate of photosynthesis at saturating PPFD and C;

(Amax) can be expressed as:

Aviax = Jnax [ 4.5

Vemax and Anax were estimated from the A/C; curves using C;s between 50 and 150 umol
mol™ for Vemar and between 250 and 1500 pmol mol™ for Amax, following the approach
of McMurtrie and Wang (1993) where the equations of Farquhar et al. (1980) are
modified to include experimentally-derived values and/or temperature (T, °C)
dependencies of photosynthetic processes. These parameters are: I'* = 1.7T (Badger and
Andrews, 1974; Farquhar, 1988), K. = 39.05exp(0.086T) (Harley et al., 1985; Wang et
al., 1991), K, = 506.52exp(0.086T)/T (Badger and Andrews, 1974; Farquhar, 1988),
and o = 0.385 (Farquhar and Von Caemmerer, 1982).
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Using the notation required by the software programme Fig.P (Biosoft, Cambridge),
V. max Can therefore be solved by the maximum likelihood method in the equation relating

A to C; as:

A={(1-((L.7*¥THCN* (Ve max* CHCi+(39.05*exp(0.086* T * (1+(210/((506.52*exp(0.086*T))/TH))) } Ry,

where Ry, is solved as the y-intercept (Wullschleger, 1993).

Amax Can be solved in the equation:

A={(1-((L.7*¥TYCY*((((0.385* I+ Amax-5qrt((0.385* [+ Argy)
A2-A*Q*T*0.385% Arma))/ (2*¥B))*CHNCHTH(1.T¥TY3)}- Ry,

where the value of Ry, is derived from the equation for V. max (Wullschleger, 1993), and 6
is solved as a parameter. From the A/C; response shown in Figure 2.1, the solutions to
the equations for Vemax and Apax when T = 21.5 °C are shown in Figure 2.3, with values

of 167.5 and 63.5 pmol m™ s respectively.
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Figure 2.3. Curves fitted to the data shown in Figure 2.1 from equations that describe
the relationship of net CO, assimilation rate (A) at saturating PPFD to both limiting and
saturating intercellular CO, concentrations (C;), allowing for solutions of the maximum
rate of carboxylation limited by the amount and/or activity of rubisco (Vemax) and the
maximum attainable rate of photosynthesis (Ama) respectively (McMurtrie and Wang,
1993). The calculated values of V¢ max and Apax are given in the text.

20



2.6. Measurement of gas exchange in intact shoots and roots

2.6.1. Basic design of system

Photosynthesis and respiration of intact shoots and roots were measured as net CO,
exchange (CER) in a constant temperature laboratory (20 °C) using an open system, the
basic layout of which is illustrated in Figure 2.4. Using a pump (Model B100 D/E,
Charles Austin Pumps Ltd., Surrey, UK), ambient air was drawn from a point about 8 m
above ground level, firstly through a 200 1 mixing barrel to buffer any external
fluctuations in C,, and secondly through a CO, control system (Fig. 2.5) before being
pushed through a humidity control system (Fig. 2.6) and into a combined shoot and root
cuvette (Figs. 2.7 and 2.8) at a flow-rate determined by manually-adjustable flow-
regulators with needle valves (KDG Mobrey Ltd., Sussex, UK). The CO, concentration
of the air-stream leaving the cuvette was sampled and determined using a bench
differential infra-red gas analyser (IRGA) (Series 225, ADC Ltd., Hoddesdon, UK) and
multi-channel switching unit (ADC Ltd.) after removal of water vapour in drying
columns containing layers of self-indicating CaSO,4 plus CoCl, (‘DRIERITE’, 8 mesh
size, W.A. Hammond Drierite Company, Ohio, USA) and CaCl, (0-10 mm, BDH
laboratory supplies, Dorset, UK). Air was transported within the system using PVC
tubing (Portex Ltd., Kent, UK).

2.6.2. Control of elevated C,

The basic layout of the CO; control system is illustrated in Figure 2.5. Ambient air was
drawn through a water trap cooled to 5 °C in a water-bath so that air was at
approximately constant temperature and water vapour pressure independent of
atmospheric conditions. CO, was then introduced into the air-stream after diluting with
N,, with the CO,/N, ratio determined by two model FC-260 4S mass flow controllers
and a model RO-28 control unit (Tylan General, UK), and with the entry of the CO,
mixture into the ambient air-stream controlled by a manually-adjustable flow-regulator.
CO, and N; were supplied from cylinders containing the pure compressed gas (BOC Ltd.,

Manchester, UK). After controlled humidification of the air-stream (Section 2.6.3),
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during which water was held at pH 5.5 using HCI and 2 mM 2-[N-Morpholino]ethane-
sulphonic acid (MES) to prevent absorption of CO, as HCO5', the CO, concentration in
the humidified air-stream was sampled and determined using a portable IRGA (Fuji), and
adjustments made to the mass flow controllers and needle valve so that the CO,
concentration was maintained at 700 + 40 pmol mol” without acute fluctuations. For
measurements made at ambient CO, concentrations, N, alone was introduced into the

ambient air-stream to account for effects of possible contaminants.

2.6.3. Control of relative humidity

The basic layout of the relative humidity (RH) control system is illustrated in Figure 2.6.
By extrapolation from the equation of Buck (1981) describing saturating water vapour
pressure as a function of temperature, it was calculated that a RH of 70 % at 21.5 °C
(the average air temperature of the shoot compartment during measurements of
photosynthesis) would be achieved if air is first saturated with water vapour at 15.8 °C.
Dried ambient or CO,-enriched air at 5 °C (Section 2.6.2) was therefore saturated with
water vapour by passing the air through water held at 16 °C. Humidified air was then
allowed to warm to constant room temperature (20 °C) in an equilibration vessel and
then to 21.5 °C inside the cuvette. This system of control resulted in 70 % RH in the
empty shoot compartment, measured using a portable digital thermohygrometer package
(Type THG-388, Fisher Scientific, UK).

2.6.4. Cuvette

A photograph of the cuvette used for measuring gas exchange of intact shoots and roots
is shown in Figure 2.7, and a diagram of it is shown in Figure 2.8. The cuvette was
constructed at the University of Wales, Bangor by Mr Gwynfor Williams, who also
contributed greatly to its design. It consisted of a 25 1 capacity shoot compartment made
from 6 mm polycarbonate and a 2.3 | capacity perspex root compartment which were
joined and supported by a free-standing perspex base plate. Both shoot and root
compartments were secured to the base plate using thumb-screw clamps and closed-cell
rubber gaskets (Foxon’s Angling Supplies, St. Asaph, Clwyd, UK), but could be readily

removed for access. PPFD was supplied at an intensity comparable to that in growth
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cabinets by a height-adjustable 250 W metal halide lamp (Model HQI/NDL, FGL
Lighting Ltd., Pinewood Studios, Bucks., UK) positioned directly above the shoot
compartment. Heat from the lamp was dissipated using water (at 32 mm depth) in a
perspex bath with fan-assisted cooling. Air inside the shoot compartment was mixed by a
vertically-aligned 25 cm long cross-flow fan with a maximum flow rate of 1.8 1 s (RS
Components Ltd., Northants., UK) placed in one of the corners of the shoot
compartment. During measurements, PPFD was measured intermittently using a portable
quantum sensor package comprising a model SKP215 sensor and model SKP200
measuring unit (Skye Instruments Ltd., Powys, UK), and air temperature was monitored
continually by a column-mounted shielded type-T thermocouple (RS Components Ltd.,
Northants., UK). Entry and exit of air to and from the shoot compartment were through
bulk-head connectors in the base plate, such that there were two exit ports positioned at
opposite sides of the shoot compartment, and a single entry port. The pressure in the
shoot compartment was measured using a pressure gauge connected to a third port in the
base plate, and was maintained at positive pressures at any flow-rate. Reference air for
the shoot compartment was provided by splitting the air supply before entry into the

cuvette.

The root compartment was filled with full-strength Long Ashton nutrient solution leaving
a 250 ml air-space to allow the exit of air (one port), and the solution was stirred by the
entry of air at the bottom (one port) through an 2.5 cm long ‘air-stone’ (Aqua Air,
Interpet, Dorking, UK). A replicate root cuvette was set up to provide reference air for
measuring root respiration. To avoid CO, absorption, the nutrient solutions were
adjusted to pH 5.5 using 2 mM MES-HCL The pH of solutions containing even the
largest measured root systems (up to 0.9 1 in volume) increased only slightly to pH 5.62
after 3 h.

Plants were fixed into position using a fixing plate (Fig. 2.9) that could be secured to the
base plate using thumb-screw clamps and closed-cell rubber gaskets (Foxon’s Angling
Supplies, St. Asaph, Clwyd, UK). Any remaining gaps between shoot and root
compartments (e.g. around the stem base) were sealed using a water-proofing putty

(Electrician water-proofing compound, Centaure MFG, Worcs., UK).
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2.6.5. Protocol for measurements

After fixing into the cuvette, plants were allowed 1 h to settle before measurements
started. During the second 30 min, possible leaks into compartments were tested for by
blowing COs-enriched air along the seals, and leaks between compartments were
discounted by ensuring that differential CO, readings from the root compartment were
stable before and after darkening the shoot. Photosynthesis was measured over a 30 min
period, after which the shoot compartment was darkened. After a further 30 min
equilibration, shoot and root respiration were measured also over a 30 min period. Using
this protocol, it was possible to measure gas-exchange in one plant grown in ambient C,
and one plant grown in elevated C, per day. Each plant received fresh nutrient solution,

and drying columns were renewed at least daily.

Flow-rates were adjusted to keep CO, differentials between 10 and 50 pmol mol”. The
net CER (pmol min™) was calculated from the flow-rates of air entering the shoot and
root compartments of the cuvette, and from the difference between [CO;] of the air

leaving each compartment and that of reference air for each compartment, by:

CER = CO, differential (umol mol™) * flow-rate (1 min™)

the gas contant (= 22.4)

The IRGA was calibrated using 700 pmol mol™ + 1 % standard CO, (CryoService Ltd.,
Worcs., UK). Standardized depletions at both ambient and elevated C, were conducted

to account for the decreases in differential sensitivity with increasing reference [CO,].

Total respiration (Rg) d' was estimated as dark CER min® * 1440. With a 16 h
photoperiod (Section 2.2), gross photosynthesis (Ag) d’ was estimated as illuminated
CER min™ * 960 plus Ry d”'. Consequently, net photosynthesis (A) d" was estimated as
Ag d" minus Ry d”
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Figure 2.4. Layout of a system designed to measure gas exchange in whole plants at
ambient or above-ambient C,. Ambient air is drawn using a pump through a mixing barrel
and then through a CO, control system before being pushed through a humidity control
system and into a combined shoot and root cuvette at known flow-rates. The [CO,] of
the air-stream leaving the cuvette is sampled and determined using an infra-red gas
analyser (IRGA) after removal of water vapour in drying columns.
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Figure 2.5. Layout of the CO, control in a system designed to measure gas exchange in
whole plants at ambient or above-ambient C.. Ambient air is drawn through a water trap
cooled to 5 °C in a water-bath so that air is at approximately constant temperature and
water vapour pressure independent of atmospheric conditions. After diluting with N,
CO; is introduced into the air-stream at a controlled rate and the [CO;] in the air-stream
is determined using a portable infra red gas analyser (IRGA) following controlled
humidification.
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Figure 2.6. Layout of the relative humidity (RH) control in a system designed to
measure gas exchange in whole plants at ambient or above-ambient C,. Dried ambient or
CO,-enriched air at 5 °C is saturated with water vapour by passing the air through water
held at 16 °C in a vessel placed in a water-bath. The humidified air is then allowed to
warm to constant room temperature (20 °C) in an equilibration vessel and then to 21.5
°C inside the cuvette to give 70 % RH.

Figure 2.7. Cuvette used for measuring gas exchange of intact shoots and roots of U.
urens.
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Figure 2.8. Diagram of a cuvette designed to measure gas exchange of intact shoots and
roots. See text for description.
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Figure 2.9. Diagram of a fixing plate designed to create a gas-tight seal between intact
shoots and roots, thus enabling separate measurements of gas exchange in a cuvette
previously illustrated (Figs. 2.7 and 2.8). The fixing plate has three sections that can be
securely clamped to the base plate of the cuvette’s shoot compartment. Closed-cell
rubber gaskets effectively seal the fixing plate as a unit to the base plate. Each section
has a slot and central hole to accomodate a plant stem, and gaps that remain around the
stem are sealed with a suitable putty.
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2.7. Measurement of non-structural carbohydrates

2.7.1. Extraction of soluble carbohydrates and starch

Soluble carbohydrates were extracted after Farrar and Farrar (1985). Plant material (up
to 2 cm® leaf area and ca. 0.2 g dry weight) was incubated sequentially in 5 ml 95 %
(v/v) ethanol for 1 h at 80 °C, 5 ml 95 % (v/v) ethanol for 19 h at 60 °C, and 5 ml
deionized water for 5 h at 25 °C. Extracts were decanted, combined and made up to 20
ml with 50 % (v/v) ethanol. Later analysis of additional extractions (5 ml 50 % (v/v)
ethanol for 6 h at 60 °C) of leaf and root material showed that 98 - 99 % of soluble

carbohydrate was extracted during the previous extractions.

Starch was precipitated with iodine after extraction in perchloric acid according to the
method of Lustinec et al. (1983). Leaf material remaining after extraction of soluble
carbohydrates was homogenized in 2 ml 32 % (v/v) perchloric acid and the homogenate
left to stand for 20 min at room temperature before vacuum filtration. 1 ml of the filtrate
was added to 3 ml of a solution containing 0.196 % (w/v) iodine, 0.28 % KI and 3 %
(w/v) NaCl, and the mixture left to stand for 30 min at 5 °C. The mixture was then
filtered, the first 1 ml under gravity flow and the remainder under vacuum. The filter disk
was washed sequentially with (1) a solution containing 0.84 % (w/v) iodine, 1.2 % (w/v)
KI and 3.2 % (v/v) perchloric acid, (2) a solution containing 67.2 % (v/v) ethanol and 2
% (w/v) NaCl, and (3) a solution containing 67.2 % (v/v) ethanol and 1 % (w/v) NaOH.
The washed disk was then placed in 5 ml 0.75 M H,SO,4 and left for 30 min at 100 °C.
The extract was decanted and made up to 10 ml with 0.75 M H,SO,.

2.7.2. Colorimetric measurement of total soluble carbohydrates and starch

Total soluble carbohydrates and starch were quantified spectrophotometrically according
to the method of Dubois et al. (1956). 1 ml 5 % (w/v) phenol and 5 ml concentrated
H,SO4 were mixed vigorously with a 1 ml aliquot (diluted if necessary) of carbohydrate
extract, containing < 200 pLg carbohydrate, in heat-resistant glass tubes. The mixture was
allowed to cool for 30 min, after which absorbance was read at 490 nm against an

ethanol, water or filter disk/0.75 M H,SO4 blank. Standard curves were prepared using
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sucrose (for ethanol and water extracts) or glucose (for starch extracts) at concentrations
between 10 and 200 pg ml’. The amount of soluble carbohydrate was measured in
sucrose equivalents, and the amount of starch was determined by multiplying the values

obtained in glucose equivalents by 0.9.

2.7.3. Measurement of total and specific soluble carbohydrates by HPLC

Species of ethanol- and water-soluble carbohydrates were isolated and quantified by high
performance liquid chromatography (HPLC) (Cairns and Pollock, 1986) using an
Aminex HPX 87C ion-exchange column (Bio-Rad, UK) and Shimadzu refractive index
detector. Inulin, stachyose, raffinose, sucrose, glucose, fructose and mannitol were used
as standards, Measurements were made over a 20 min retention time and peaks were

integrated using the Valuchrom software programme (Bio-Rad, UK).

Extracts of soluble carbohydrates, obtained as described in Section 2.7.1, were prepared
for HPLC as follows: 3 ml of extract was dried down overnight in a centrifugal
evaporator (Speed-Vac Concentrator, Savant) under vacuum supplied by a freeze-dryer
(Modulyo, Edwards, Sussex, UK). The residue was resuspended in 200 pl deionized
water and passed through an ion-exchange column consisting of two ca. 100 pl layers of
ion-exchange resins (Amberlite cation and anion exchange resins, Sigma Chemical Co.,
Dorset, UK) suspended above a glass wool plug within a 1 ml capacity pipette tip. The
column was flushed with 50 pl deionized water and any retained eluent expressed by
centrifugation for 1 min at 6,500 rpm; this process was repeated with a further 500 pl
water. After drying down the deionized eluent by centrifugal evaporation, the residue
was resuspended in 100 pl (ethanol extracts) or 60 pl (water extracts) deionized water
and passed, by means of centrifugation for 2 min at 6,500 rpm, through filter units with a
0.2 um pore-size. An aliquot of the filtrate was then overloaded into a 20 pl capacity
loop and allowed to pass through the Aminex exchange column. Degassed, deionized

water at 85 °C was used as the carrier solvent at a flow rate of 0.6 ml min™.
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2.8. Measurement of plant organic N

Whole-plant organic N was determined after conversion of organic N to ammonium by
acid digestion as described by Allen (1989). Dried plant material was ground in a
hammer mill through a 1.5 mm diameter sieve and mixed thoroughly. Dried ground apple
leaves were used as internal standards (Standard Reference Material 1515, National
Institute of Standards and Technology, Gaithersburg, USA). 50 - 250 mg of ground
plant material was placed in Kjeldahl tubes with 4.4 ml of a solution containing 10 M
HySO4, 55 % (v/iv) HO, (100 volume ‘Analar’ grade), 6.9 mM Se and 0.14 M Li,SO;4
(hydrated ‘Analar’ grade), and heated using a block digester at 120 °C for 1 h, 180 °C for
2 h, 250 °C for 1 h and finally at 360 °C until the solution cleared. After cooling, each
sample was diluted to 50 ml and then 1 ml further diluted to 100 ml.

The ammonium content of the samples was analyzed by cation chromatography using a
Dionex 2000i/SP system comprising a CS12 analytical column (Dionex, Camberley, UK)
with 20 mM methane sulphonic acid as eluent, and using conductivity detection with
auto self-regenerating suppression. Standards were prepared with NH4CL The recovery

of organic nitrogen from internal standards was 97 % =+ 6 standard deviations.

2.9. Measurement of soluble proteins

2.9.1. Extraction of soluble proteins

1.9 cm’® of frozen leaf material was rapidly homogenized in 1 ml ice-cold extraction
medium consisting of 50 mM HEPES-KOH (pH 7.4), 5 mM MgCl,, 5 mM NaHCO;,
1 mM ethylenediaminetetraacetic acid, 1 mM ethyleneglycol-bis(B-amino-ethyl
ether)N,N'-tetraacetic acid, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 2 mM
benzamidine, 2 mM e-aminocaproic acid, 5.7 mM phenylmethylsulphonylfluoride, and 65
mM dithiothreitol (Quick et al., 1991).
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2.9.2. Measurement of total souble protein

Total soluble protein was quantified spectrophotometrically according the method of
Bradford (1976). 50 ul of supernatant from the centrifuged crude extract was diluted
with 50 ul extraction medium and mixed with 5 ml assay solution consisting of 0.01 %
(w/v) Coomassie Brilliant Blue G, 4.75 % (v/v) ethanol, and 10 % (v/v) orthophosphoric
acid. The reaction mixture was left for 10 min before reading absorbance at 595 nm
against a blank containing 100 pl extraction medium (Model DMS 100 UV-visible
Spectrophotometer, Varian Techtron Pty Ltd., Victoria, Australia). Standard curves

were prepared using either bovine serum albumin or spinach rubisco (0.1 - 1 mg m1™).

2.9.3. Measurement of rubisco protein

Rubisco protein was determined after Hibberd et al. (1996a) using a densitometer and
integrating recorder (Vitatron, Fisons, UK) to scan rubisco large subunit bands isolated
by polyacrylamide gel electrophoresis (LLaemmli, 1970). 150 pl crude extract was mixed
with 50 pl loading buffer containing 1.88 M Tris-HCI (pH 6.8), 76.3 % (v/v) glycerol,
0.14 M sodium dodecyl sulphate, 10 % B-mercaptoethanol, and 0.02 (w/v) bromophenol
blue. The mixture was heated for 2 min at 100 °C before centrifugation for 2 min at
13,000 rpm. 10 pl of supernatant was loaded onto 1 mm thick polyacrylamide mini-gels
and run for ca. 60 min at constant voltage (200 V) using a vertical dual-slab
electrophoresis cell (Mini-Protean II, Bio-Rad, UK). The running buffer contained 24.8
mM Tris-KOH (pH 8.3), 1.4 % (w/v) glycine and 0.1 % (w/v) sodium dodecyl sulphate.
Proteins were concentrated in ca. 1 cm depth of stacking gel containing 5 % (v/v)
acrylamide/N,N'-methylene-bis-acrylamide, 0.1 M Tris-HCI (pH 6.8) and 0.01 % (w/v)
sodium dodecyl sulphate, and separated in ca. 5 cm depth of resolving gel containing
12.5 % (v/v) acrylamide/N,N'-methylene-bis-acylamide, 0.37 M Tris-KOH (pH 8.8),
0.02 % (w/v) sodium dodecyl sulphate and 14.2 % (w/v) sucrose. The stacking gel was
set with 0.07 % (w/v) ammonium persulphate (AMPS) and 0.07 % (v/v)
tetramethylethylenediamine (TEMED), and the resolving gel with 0.055 % (w/v) AMPS
and 0.055 % (v/v) TEMED.
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Small and large sub-units of rubisco ran as the two major bands, and were identified
initially by running purified spinach rubisco as a marker (Fig. 2.10). Bands were fixed
and stained for 14 h in a solution containing 0.2 % (w/v) Coomassie Brilliant Blue R-250
(Sigma, Dorset), 50 % (v/v) ethanol and 10 % (v/v) acetic acid, and destained for ca. 2 h
in a solution containing 20 % (v/v) ethanol and 10 % (v/v) acetic acid. Bands were
scanned at 616 nm to determine the areas of the absorption peaks. Standard curves were
prepared using spinach rubisco (1 - 5 g ul™), and the rubisco content of the samples
was quantified in terms of the rubisco large sub-unit, which ran as the more clearly-
defined band (Fig. 2.10).

The values obtained by this method for rubisco content (Table 5.5) were highly variable,
unusually high and almost certainly erroneous, since the amount of rubisco in leaves of
C; species usually reaches 20 — 25 % of total leaf soluble protein (Evans, 1989). The
sources of methodological error were difficult to locate, but may have resided in

variablity between gels causing leakage after loading of the rubisco extracts.

1 2 3 4 S5 6 7 8 9 10
M Leaf extracts Rubisco standards (png)
I II III Iv 50 40 30 20 10

LA

kDa

66

45
36

29
24

Figure 2.10. Polyacylamide gel showing the large (LSU) and small (SSU) subunits of
rubisco protein extracted from leaves of U. urens, where each leaf extract (lanes 2 — 5)
was taken from 1.9 cm” of leaf material. Bands are stained with Coomassie Brilliant Blue
dye and can be compared to molecular weight markers (M) (lane 1) and spinach rubisco
standards.
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2.10. Measurement of chlorophylls and carotenoids

To extract photosynthetic pigments, 1.9 cm® of frozen leaf material was rapidly
homogenized in 1 ml ice-cold 80 % (v/v) acetone (MacKinney, 1941). After vacuum
filtration of the extract, the filtrate was diluted with 80 % (v/v) acetone to produce a final
volume of 10 ml. To minimize degradation of pigments, extractions were performed on
ice and in dim lighting. Immediately after preparation of the extracts, absorbances over a
1 cm pathlength were read against acetone blanks at 663, 646 and 470 nm (Model DMS
100 UV-visible Spectrophotometer, Varian Techtron Pty Ltd., Victoria, Australia),
which allowed quantification (ug ml”") of chlorophyll a, chlorophyll » and total
carotenoids (xanthophyll and carotenes) according to the equations of Lichtenthaler and
Wellburn (1983):

Chlorophylla = 12.21*Ages - 2.81% Agss (egn. x)

Chlorophyll b = 20.13*Agse - 5.03* Ages (egn.y)

Total Carotenoids = {(1000*A470) - (3.27*egn. x) - (104*egn. y)} / 229

where A is the absorbance of light at a wavelength specified by numbers in subscript.
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CHAPTER 3

Physiological and morphological limitations to growth of Urtica urens in
elevated CO,. Distinguishing direct effects of CO, from

effects of ontogeny and environmental constraint

3.1. INTRODUCTION

An elevated atmospheric CO, concentration (elevated C,) increases the biochemical
efficiency of photosynthesis in C; plants and hence their potential for growth. Net
photosynthesis is increased by CO, because carboxylation by rubisco is limited by the
current C,, and because CO, competes with O, for the same binding sites on rubisco and
hence reduces oxygenation and subsequent photorespiratory carbon loss (Bowes, 1991).
Theoretical expectations of the initial increase in photosynthesis in individual leaves
exposed to twice-ambient C, range from 20 % if photosynthesis is limited by RuBP
supply to 70 % if photosynthesis is limited by the amount and/or activity of rubisco
(Stitt, 1991). In practice, the net CO, gain by both individual leaves and entire shoot
systems will probably lie somewhere between these two extremes, depending on species,
environmental conditions and on the extent to which elevated C, reduces the stomatal
conductance (Mott, 1991). By reducing stomatal conductance, elevated C, could in
principle stimulate growth by increasing the ratio of photosynthesis to transpiration
(water use efficiency) (Bowes, 1993). Since improvements in water use efficiency
probably only promote growth in conditions of drought stress (Bazazz, 1990), this effect

of CO, will not be considered further here.

The final yield return is, however, invariably less than even the most conservative
estimation of net CO, gain in twice-ambient C,. In principle, a proportional and sustained
increase in relative growth rate (RGR) of 20 % in a plant growing exponentially at, for
example, 0.2 g g d”' should result in an increase in dry weight of over 200 % after 4
weeks. This is considerably greater than the average 41 % increase collated by Poorter

(1993) for 131 Cs species grown in elevated C, for periods of similar or greater duration.
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From such observations, it can be deduced that the stimulation of RGR by elevated C, is
transient, and more detailed growth studies that have considered the time-course of RGR
in elevated C, make it clear that the stimulation of RGR is not only transient, but also
occurs in the early stages of exposure (Poorter et al., 1988; Bazazz, 1990; Den Hertog et
al., 1993, 1996, Poorter, 1993; Baxter et al., 1994a; Fonseca et al., 1996; Stirling et al.,
1998). Understanding how and why plants are unable to sustain a higher RGR will not
only help to predict plant responses in a future high CO, world (IPCC, 1990), but may

also target physiological mechanisms that currently limit crop productivity.

Plants grown for days, weeks or months in elevated C, frequently show potentially
growth-limiting changes in physiology and morphology compared with plants grown in
ambient C, when measured at the same point of time. These changes can include the
down-regulation of photosynthetic capacity in individual leaves (Long and Drake, 1992;
Sage, 1994; Van Qosten et al., 1995; Hibberd et al., 1996a), reductions in the
components net assimilation rate (NAR), leaf area ratio (LAR) and specific leaf area
(SLA) that partially describe RGR (Acock and Pasternak, 1986; Poorter, 1993; Stulen et
al., 1994; Gebauer et al., 1996; Roumet et al., 1996; Stirling et al., 1998), and decreased
tissue N concentrations (Garbutt et al., 1990; Stulen et al., 1994). However, because the
decline in RGR in elevated C, may reflect no more than the advancement in time of the
usual ontogenetic drift (Poorter et al., 1988; Poorter and Pothmann, 1992; Stirling et al.,
1998), there is now concern as to whether any of these responses are actually direct
effects of CO, or whether they are artifacts arising from accelerated ontogeny or from
interactions between accelerated plant size and environmental constraints such as the

supply of nutrients, water, light and even physical space (Arp, 1991).

Elevated C, has been shown to accelerate ontogeny including the development of leaves
(Cure et al., 1989) and the onset of flowering (Mortensen, 1987). Other developmental
shifts in physiology and morphology will almost certainly be coupled to plant size, which
is accelerated by the initial stimulation of RGR. Notably, RGR itself decreases with plant
size via changes in both NAR and SLA (Poorter and Pothmann, 1992). The findings of
the few studies that have looked specifically at the size-dependency of RGR in elevated
C. are not consistent, with some studies concluding that the decline in the CO,-

stimulation of RGR is at least partly independent of plant size (Fonseca et al., 1996), and
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others concluding that the stimulation is entirely size-dependent (Poorter et al., 1988;
Stirling et al., 1998). In a similar manner to RGR, tissue N concentrations generally
decrease with plant size, reflecting either an ontogenetic drift or a constraint of mineral N
supply brought about by a greater demand for N in larger plants in elevated C, (Coleman
et al., 1993). Significantly perhaps, RGR is highly sensitive to N supply via effects on
NAR, LAR and SLA (Poorter et al., 1990; Pettersson et al., 1993), as are other
potentially growth-limiting morphological characteristics such as the shoot:root ratio
(Gebauer et al., 1996) which is most often reduced in elevated C, (Hocking and Meyer,
1991; Rogers et al., 1992).

Both direct effects of CO, and effects related to plant size may share a common
mechanistic basis mediated by a shift in the balance between assimilate supply and use,
which may explain why leaves of plants growing in elevated C, typically accumulate non-
structural carbohydrates (Farrar and Williams, 1991). This accumulation of non-
structural carbohydrates may be responsible for photosynthetic down-regulation in
elevated C, via an inhibitory effect of soluble sugars on the expression of genes encoding
rubisco and other proteins involved in photosynthesis (Van Qosten at al., 1994), as has
been shown in a number experimental systems, such as by feeding glucose to leaves in
the transpiration stream (Krapp et al., 1991). Stitt (1991) cites much circumstantial
evidence to suggest that the demand by sinks for assimilate plays a central role in
regulating growth in elevated C, by determining the sugar status in leaves and hence the
rate of photosynthesis. In this way, reductions in NAR have been explained (Poorter,
1993), although many studies find no evidence of photosynthetic down-regulation in
elevated C, (Stirling et al., 1997). Once again, interactions between plant size and
environmental constraints such as mineral N supply (Sage, 1994) or pot size (Arp, 1991)
have been implicated in causing the photosynthetic response. An apparent down-
regulation of photosynthesis may also be seen if comparisons are made using leaves of
different developmental histories related to different plant sizes. For example, the same
order leaf of a larger plant may be more prone to self-shading during development and
may be at a different developmental stage, with concomitant differences in

photosynthetic characteristics (Besford et al., 1985).
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In this study, Urtica urens L. was exposed to elevated C, to determine which aspects of
growth-related physiology and/or morphology are directly attributable to elevated C..
Therefore, plants were grown in an experimental system aimed to ensure ample resource
supply, and where possible data were analyzed allometrically to account for possible
effects related to plant size. Single-leaf photosynthesis was compared using leaves of

comparable developmental stages at the individual-leaf and canopy level.
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3.2. MATERIALS AND METHODS
3.2.1. Growth conditions

Plants of U. urens were grown in a hydroponic culture system in controlled-environment
cabinets as described in Section 2.2. Seeds were germinated in ambient C,, and a
proportion of the seedlings received elevated C, (680 pmol mol”) immediately after
suspension in nutrient solution (12 days after sowing and with a seedling dry weight of
approximately 0.8 mg). Exposure to elevated C, continued for 26 d. After 5 d of growth
in nutrient solution, plants were selected for uniformity of shoot height and leaf
development within each CO, treatment, and marked for use in time-dependent
measurements. A number of plants falling outside this selection criterion were also left to
provide additional material for allometric analyses. Henceforth, the day at which

exposure to elevated C, began will be designated as day 0.
3.2.2. Growth analysis

Classical growth analysis was used to describe and quantify growth over the 26 d period.
Four plants were harvested at day 0, and four per treatment at days 10, 21 and 26.
Plants were separated into main-stem leaves and branch-stem leaves (unfolded leaves > 1
cm length), main-stem and branch stems (including folded leaves, leaves < 1 ¢m length
and inflorescences if present), and roots. Dry weights were determined after oven-drying
at 60 °C for at least 48 h. Total leaf areas of main-stem and branch-stems (all leaves > 1
cm length) were measured using a digital image analysis system (Delta-T Ltd,
Cambridge, UK).

From the data of dry weight and leaf area the following components of plant growth
were calculated for each harvest interval (days 0 - 10, 10 - 21, and 21 - 26) from
replicates paired across harvests according to size (Evans, 1972; Hunt, 1978): (1) Whole
plant mean relative growth rate, ﬁGR, (2) Mean net assimilation rate, FIAR, (3) Mean
leaf area ratio, LAR, (4) Mean leaf weight ratio, LWR, and (5) Mean specific leaf

area, SLA. Also, using data obtained for organic N content per plant, the mean specific
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absorption rate of N by roots, §ARN, was determined (Wellbank, 1962) for the harvest
intervals spanning days 10 - 21 and 21 - 26. The respective formulac used for the

calculation of these parameters are given in Section 2.3.1.

3.2.3. Photosynthesis in individual leaves

Measurements of net photosynthesis (A) were made at day 26 in the second-youngest
fully-expanded main-stem leaf. The approximate stage of leaf expansion was determined
using sequential measurements of leaf length and width. The light-saturated rate of
photosynthesis (A) was measured at 2000 umol m? s’ PPFD (approaching light
saturation of A; Fig. 2.2), using a combined CO,/H,O analysis system and clamp-on leaf
cuvette (CIRAS-1, PP Systems, Hitchin, Herts., UK) as described in Section 2.5.1.
Regardless of the C, experienced by plants during growth, measurements of Ag were
made at both ambient and 680 pmol mol" C, to give A at the C, of growth and also
allow calculation of the percent change in A due to elevated C, during measurement.
Ag was also measured at a range of intercellular CO, concentrations (C;) between 50
and 1300 pmol mol™ for the construction of A/C; curves (Section 2.5.2). The maximum
rate of carboxylation limited by the amount and/or activity of rubisco (Vemax) and the
maximum attainable rate of photosynthesis at saturating light intensity and C; (Anax) Were
derived from these curves following the approach of McMurtriec and Wang (1993), as
described fully in Section 2.5.2.

3.2.4. Organic N
Whole-plant organic N concentration was determined after conversion of organic N to
ammonium by acid digestion (Allen, 1989), as described in Section 2.8. Dried, ground

leaf, stem and root material from harvests made at days 10, 21 and 26 were combined

and mixed thoroughly to ensure even representation in sub-samples.
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3.2.5. Non-structural carbohydrates (soluble sugars and starch)

Four 0.5 cm” leaf disks were cut from a range of fully-expanded main-stem leaves and
four from a range of furthest-expanded branch-stem leaves (where present) at days 10,
21 and 26. Leaf disks were rapidly frozen in liquid N, and stored at -20 °C for
subsequent determination of soluble sugars and starch, as described in Section 2.7.
Soluble sugars were extracted (Farrar and Farrar, 1985) from frozen leaf material (total
area per sample = 2 cmz), having first been dried for 24 h in a vacuum desiccator
(Modulyo, Edwards, Sussex, UK) for dry weight determination. Starch was precipitated
with iodine after extraction in perchloric acid (Lustinec et al., 1983). Total soluble

sugars and starch were then quantified spectrophotometrically (Dubois et al., 1956).

3.2.6. Allometric analysis

Allometric analysis (Pearsall, 1927; Troughton, 1955) was used to distinguish between
direct effects of elevated CO, and effects related to plant size, as described in Section
2.4. Geometric mean regressions (GMRs) were fitted to logarithmically-transformed

data:

log.y = log.b+vlogx

where y and x were data of dry weight (including and excluding TNC in the case of
leaves), leaf area and organic N content. The GMR slope (v) was taken to represent the
allometric coefficient (Ricker, 1984; Farrar and Gunn, 1996) and the constant b
expresses the regression intercept of y when x is zero. To account for possible shifts in
allometric relations, a number of plants growing in ambient C, were left for harvesting
after day 26 at a size roughly comparable to that of plants growing in elevated C, at that

time.

3.2.7. Statistical analyses

For allometric analyses, differences in v, displacement of the GMR line (elevation), and

deviation of v from unity were tested for statistical significance using Student’s t-test as
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described by Zar (1989). Two-way (CO, and time) analysis of variance followed by
Tukey-tests were used to test for significant differences in RGR and its components,
non-structural carbohydrate concentration and organic N concentration. Significant
differences in photosynthetic responses were tested by Student’s t-test. All statistical
analyses were performed using the computer software package SPSS (Prentice Hall,

New Jersey).
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3.3. RESULTS
3.3.1. Plant growth

An increase in the dry weight per plant was evident in elevated C, after 3 weeks, with an
increase of about 100 % occurring primarily between 10 and 21 d; the increase was of a
similar magnitude 5 d later at final harvest (Fig. 3.1.A). Hence, RGR was increased
transiently, over only the 10 - 21 d harvest interval (Table 3.1). The leaf area per plant
was also increased by elevated C,, but the increase was only significant at day 26 (Fig.
3.B). Table 3.1 shows that RGR in elevated C, was augmented by increases in NAR but
constrained by reductions in LAR due to reductions in SLA rather than LWR. The 30
% stimulation of RGR in elevated C, resulted from a 100 % stimulation of NAR offset
by a 30 % reduction in LAR, whilst the subsequent decline in RGR resulted from a
much-diminished stimulation of NAR of 30 % with a 40 % reduction in LAR. SARy
was unchanged by in elevated C, over the 10 - 21 day harvest interval, but was

significantly reduced over the final harvest interval (Table 3.1).
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Figure 3.1. (A) Total dry weight and (B) Total leaf area of U. urens during 26 d of
growth in ambient (ca. 350 umol mol™) or elevated (680 pmol mol™) C,. Exposure to
elevated C, began at day 0 when plants were 12 d old. Data are shown as means (n = 4)
with standard error bars. Significant differences (p < 0.05) due to C, are indicated by
asterisks.
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Table 3.1. Classical analysis of growth of U. urens during 26 d in ambient (ca. 350 pmol mol' 1) or elevated (680 pmol mol™) C,, showing RGR
(mean relative growth rate), NAR (mean net assimilation | rate), LAR (mean leaf area ratio), LWR (mean leaf weight ratio) and SLA (mean
specific leaf area) over three harvest intervals, and also SARy (the mean specific absorption rate of N by roots) over two harvest intervals.
Exposure to elevated C, began at day 0 when plants were 12 d old. Data are shown as means (n = 4) + standard errors. Significant differences (p

< 0.05) due to C, are indicated by asterisks.

HARVEST INTERVAL (DAYS)

0-10 10- 21 21-26

4%

RGR (gg'd?
NAR (g m* dh)
LAR (m*g™)
LWR (gg"
SLA (m*gh)

SARy (mg g dh

Ambient C,

0.534 (+0.015)

24.0 (£0.91)

0.046 (£0.0025)

0.541 (+0.009)

0.081 (+0.0067)

Elevated C,

0.584 (+0.027)
294 (x2.12)

0.039 (+0.0027)
0.551 (£0.006)
0.079 (+0.0066)

Ambient C,

0.155 (+0.010)
8.19 (x0.37)
0.019 (+£0.0004)
0.592 (+0.007)
0.031 (+0.0009)
35.6 (+2.8)

Elevated C,

0.203 (£0.014) *
15.8 (x1.01) *
0.013 (x0.0002) *
0.611 (+0.003)
0.022 (+0.0067) *
38.2 (£2.6)

Ambient C,

0.324 (+0.004)
18.9 (+0.42)
0.018 (+0.0003)
0.573 (£0.005)
0.031 (+0.0006)
71.3 (¥2.4)

Elevated C,

0.277 (x0.023)
243 (£1.75) *
0.011 (x0.0003)*
0.568 (+0.004)

0.020 (x0.0003)*

574 (x4.9) *




3.3.2. Photosynthesis in individual leaves

Measurements of photosynthesis in the second-youngest fully-expanded main-stem leaf
are shown in Table 3.2. After 26 d in elevated C,, the light-saturated rate of
photosynthesis (As) was increased by about 60 %. Although the percent increase in
photosynthesis when photosynthesis measured at ambient C, was compared with
photosynthesis measured at elevated C, was significantly greater in plants grown in

elevated C,, neither V. max Or Apax were significantly affected by elevated C,.

3.3.3. Organic N

Organic N concentration per plant per unit dry weight (Np) was consistently reduced in
plants grown in elevated C, (Fig. 3.2), with reductions in the region of 20 % and 10 %
statistically significant at days 21 and 26 respectively. The significant reduction in Np at
day 21 but not at day 26 persisted after the subtraction from whole plant dry weight of

the weight of leaf total non-structural carbohydrates.

3.3.4. Non-structural carbohydrates

The concentrations per unit area of soluble sugars, starch and total non-structural
carbohydrates (TNC) are shown for main-stem leaves, branch-stem leaves and all leaves
in Figure 3.3. At day 10, there were no significant differences in the concentrations of
soluble sugars, starch or TNC in main-stem leaves. This was the case also for all leaves
since branch-stem leaves at day 10 were less than 1 ¢m in length and therefore not
included in the analysis. In leaves of plants grown in ambient C,, starch was present at
day 10 only, and at a concentration of about 2 g m™, but starch was present at all points
of harvest in elevated C, in both main-stem leaves and branch-stem leaves at respective

concentrations of about 8 and 3 g m™ at day 21, and 4 and 1 g m™ at day 26.

At days 21 and 26, the concentrations of soluble sugars in elevated C, were significantly
higher in all leaves. The accumulation of soluble sugars was greater in main-stem leaves
than in branch-stem leaves in both ambient and elevated C,, but the increases due to

elevated C, were most pronounced in main-stem leaves, amounting to more than 100 %.
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The increases in starch and soluble sugars so far described meant that TNC
concentrations in elevated C, were significantly higher at days 21 and 26 in main-stem

leaves, branch-stem leaves and all leaves.

3.3.5. Specific leaf area at individual harvests

SLA calculated at individual harvests was consistently reduced in elevated C,, and the
decrease was statistically significant at days 21 and 26 both before and after subtraction
of leaf total non-structural carbohydrates (TNC) from leaf dry weight (Fig. 3.4). The
reduction in total leaf SLA in elevated C, (Fig. 3.4.C) was caused by reductions in both
main-stem leaf SLA (Fig. 3.4.A) and branch-stem leaf SLA (Fig. 3.4.B), but reduced
SLA was most pronounced in branch-stem leaves. In both ambient and elevated C,, SLA

was lower in main-stem leaves than in branch-stem leaves.
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Table 3.2. Measurements of photosynthesis in the second-youngest fully-expanded main-
stem leaf of U. urens after 26 d of growth in ambient (ca. 350 pmol mol™) or elevated
(680 umol mol™) C,, showing the light-saturated rate of photosynthesis (As), the
percent increase in Ay when measured at both ambient and elevated C,, the maximum
rate of carboxylation (Vema), and the maximum attainable rate of light and CO,-
saturated photosynthesis (Amax). Data are shown as means (n = 4) + standard errors.
Significant differences (p < 0.05) due to C, are indicated by asterisks.

Ambient C, Elevated C,

At (umol CO, m? ™) 27.1 (+0.6) 43.6  (0.9) *
% increase in Aq measured at elevated C, 58.9 (£2.1) 67.7 (£2.3) *
Vemax (Mol CO, m™? s 115.6 (+4.0) 100.8 (+5.4)
Amax (umol CO, m? ™) 592 (+1.4) 60.4 (+1.8)
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Figure 3.2. Organic N concentration in whole plants of U. urens after 10, 21 and 26 d of
growth in ambient (ca. 350 pmol mol") or elevated (680 pmol mol’) C. N
concentration was calculated as a percentage of the dry weight including and excluding
the weight of leaf total non-structural carbohydrates (+/- leaf TNC). Data are shown as
means (n = 4) + standard error bars. Significant differences (p < 0.05) due to C, ( + leaf
TNC only) are indicated by asterisks. See text for further statistical comparisons.

47



81

MAIN-STEM LEAVES

BRANCH-STEM LEAVES

ALL LEAVES

m Ambient C,
O Elevated C,

AN *1E &
o 8 4 ¥ * 8 * 6 %
:;u“ 4 - 4 -
gzq ij Jj N Hj ] Jj ﬂ
.l ) L] NN B
12 12 - 12
-— @ * » E EI
e 8 - 8 - 8 - *
= # *
-gd_ U G i i D
’ o O & o] [
- 0 0 -
15-@ i , w-[E] 15-III
T 12 12 12 - * *
IE % *
2 84 8 — 8 -
0
N 1 3 0 T [
C!J o - o -
1 1 T 1 T T ] i T
10 21 26 10 26 10 26
Time (days) Time (days) Time (days)

Figure 3.3. Concentrations of (A,B,C) Soluble sugars, (D,E,F) Starch and (G,H,I) Total non-structural carbohydrates (TNC) in (A,B ,C) Main-
stem leaves, (D,E,F) Branch stem leaves and (G,H,I) All leaves of U. urens after 10, 21 and 26 d of growth in ambient (ca. 350 pmol mol Y or
elevated (680 pmol mol™) C,. Data are shown as means (n = 4) + standard error bars. Significant differences (p < 0.05) due to C, are indicated by

asterisks.
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Figure 3.4. Specific leaf area (SLA) in (A) Main-stem leaves, (B) Branch-stem leaves
and (C) All leaves of U. urens after 10, 21 and 26 d of growth in ambient (ca. 350 umol
mol™) or elevated (680 pmol mol") C,. SLA is calculated including and excluding the
weight of total non-structural carbohydrates (+/- TNC). Significant differences (p <
0.05) due to C, are indicated by asterisks. See text for futher statistical comparisons.
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3.3.6. Allometric relationships

Values of the allometric coefficient (v), the relative displacement of the geometric mean
regression (GMR) line (elevation), and the significance of any deviation of v from unity
are shown in Table 3.3. Elevated C, resulted in significant reductions in the elevations of
total leaf area against plant dry weight (allometric LAR), leaf area against leaf dry weight
and leaf structural dry weight (allometric SLA), and organic N content against plant dry
weight (allometric tissue N concentration). The actual GMR lines describing SLA and N
concentration are illustrated in Figures 3.5 and 3.6 respectively. However, elevations
were unchanged in regressions of total leaf dry weight against plant dry weight
(allometric LWR), branch-stem leaf area against main-stem leaf area, and shoot dry
weight against root dry weight (allometric S/R). Changes in v occurred in some
allometric SLA relations, and in the allometric S/R where v was significantly reduced in
elevated C,. The GMR line describing S/R can be seen in Figure 3.7. Ontogenetic shifts,
as indicated by deviations of v from unity, were evident as size-dependent reductions in

LAR, LWR and S/R, but not in total leaf SLA or tissue N concentration .
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Table 3.3. Allometric relations in U. urens grown in ambient (ca. 350 pmol mol™) or elevated (680 pmol mol™) C, for 26 d, showing the results
of analysis of geometric mean regressions (GMRs) describing logarithmically-transformed variables (x, y) of leaf area, dry weight (DW),
structural dry weight (SDW) and organic N content. The table shows the GMR slope (v, the allometric coefficient) with the coefficient of
determination (%) for each GMR in parenthesis, the relative elevation of the GMR line (T, | and = denoting an upwards, downwards and no
significant displacement of the GMR line), and whether v deviates significantly from unity (slope # 1). SDW is DW minus the weight of total
non-structural carbohydrate (TNC). *, ** and *** indicate significant differences due to C, at p < 0.05, p < 0.01 and p < 0.001 respectively; ns

indicates that differences are not significant.

Variable GMR slope (v) Elevation Slope # 1
loge y log. x 350 680 350 680 (350 680
Total leaf area (cm?) Plant DW (mg) 0.956 ©*3 0.912 ©%Nas |1 L owsx | sk
Total leaf area (cm?) Total leaf DW (mg) 1.000 ©*® 0.956 ©®¥9m |1 Lok [ o ns
Main-stem leaf area (cm?) Main-stem leaf DW (mg) 0.861 ©9 0.762 ©%B xx | T L et | Aok ok
Branch-stem leaf area (cm®)  Branch-stem leaf DW (mg) 0.902 ©%® 0.987 ©F®sx [ 17 L wsew | wre m
Total leaf area (cm®) Total leaf SDW (mg) 0.086 ©99 (g7 ©®)ns |4 | swk | ns
Main-stem leaf area (cm?) Main-stem leaf SDW (mg) 0847 ©FD o785 w7 4 woeE | B ..
Branch-stem leaf area (cm?)  Branch-stem leaf SDW (mg) 0,921 1“8 0.994 ©%9% [ R I
Branch-stem leaf area (cm®)  Main-stem leaf area (cm?) 1.999 ©98D 2,077 ©99ms [ = Hokk ks
Total leaf DW (mg) Plant DW (mg) p9se @R 955 = o = ok 5
Shoot DW (mg) Root DW (mg) 1.082 ©99 0.982 ©997) sxx | — — ok ns
Plant organic N (mg) Plant DW (mg) 0.994 ©999) 0.991 (0:999) s ¥ e ns
Plant organic N (mg) Plant DW minus leaf TNC 0.986 ©#9 997 @ |7 Lok 0 s
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Figure 3.5. Geometric mean regressions (GMRs) of logarithmically-transformed data of
leaf area and leaf dry weight (A,B,C) Including (denoted as DW) and (D,E,F) excluding
(denoted as SDW) total non-structural carbohydrates in leaves of U. urens grown for 26
d in ambient (ca. 350 umol mol™) or elevated (680 pumol mol™) C,. Relationships are
shown for main-stem leaves (A,D), branch-stem leaves (B,E) and all leaves (C,F). The
GMR slope (v), its relative elevation, and its coefficient of determination (+*) are given in
Table 3.3.
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Figure 3.6. Geometric mean regression (GMR) of logarithmically-transformed data of
organic N content of whole plants of U. urens grown for 26 d in ambient (ca. 350 pmol
mol™) or elevated (680 umol mol™) C,. The GMR slope (v), its relative elevation, and its
coefficient of determination (+*) are given in Table 3.3.

10

log, shoot dry weight (mg)
~

log, root dry weight (mg)

Figure 3.7. Geometric mean regression (GMR) of logarithmically-transformed data of
the dry weight of shoots and roots of U. urens grown for 26 d in ambient (ca. 350 pmol
mol™) or elevated (680 pmol mol™) C,. The GMR slope (v), its relative elevation, and its
coefficient of determination (+*) are given in Table 3.3.
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3.4. DISCUSSION
3.4.1. Plant growth

Consistent with studies of other C; species (Bazazz, 1990; Den Hertog et al., 1993,
1996; Poorter, 1993; Baxter et al., 1994a; Fonseca et al., 1996; Stirling et al., 1998),
elevated C, resulted in only a transient stimulation of RGR in U. urens, occurring for an
undefined duration at some time between 10 and 21 d (Table 3.1). The increase in dry
weight of about 100 % (Fig. 3.1.A) was considerably greater than the average increase
of 40 % collated by Poorter (1993) for a range of CO,-enrichment studies of similar
duration involving native herbaceous Cs species, and contradicts the conclusion of Hunt
et al. (1991) that native fast-growing annuals are amongst the least responsive (o
elevated C,. The differences in the growth responses between these earlier studies and
the present study may reflect differences specific to phylogeny or perhaps even soil
against hydroponic culture systems, since dry weiéht of the closely related Urtica dioica
in 700 pmol mol™ C, was increased by 90 % after 3 weeks of growth in a comparable

hydroponic culture system (Den Hertog et al., 1996).

In elevated C,, RGR was driven by increased NAR but constrained by decreased LAR
(Table 3.1). Similar opposing effects of NAR and LAR on RGR have been found before
(Gebauer et al., 1996; Roumet et al., 1996; Stirling et al., 1998). More unusually, the
stimulation of growth by elevated C, has been linked primarily to increased LLAR rather
than NAR (Kramer, 1981; Korner, 1991). In the present study, the early reduction in
LAR constrained the initial stimulation of RGR in elevated C,, and the subsequent
decline in RGR was more obviously linked to a reduction in NAR. A similar decline in
the magnitude of the CO,-stimulation of NAR has been noted in studies of other species
(Poorter, 1993; Stulen et al., 1994), including U. dioica (Stulen et al., 1994). In the
present study, however, plants grown in both ambient and elevated C, showed time- and
size-dependent increases in RGR and NAR, at least after the very early high values,
which represent a reversal of the trend usually observed in studies of similar duration
(Poorter, 1993; Stulen et al., 1994).
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3.4.2. Relationship between NAR and photosynthesis

An evaluation of the size-dependency of NAR in elevated C, requires a higher resolution
in time than was available here. Hence, it is not known if the decline in the CO,-
stimulation of NAR here reflected the advancement in time of the usual ontogenetic drift,
as has been the conclusion of the few studies that have addressed this question (Poorter
et al., 1988). Nevertheless, the decline in the CO,-stimulation of NAR between 21 and
26 d could not be linked to down-regulation of photosynthetic capacity, at least when
measured in the second-youngest fully-expanded main-stem leaf at day 26. The point is
clearly demonstrated because the stimulation of photosynthesis due to elevated C, was
not decreased in leaves of plants grown in elevated C, compared with those grown in
ambient C, (Table 3.2). The cause of the decline in NAR is not clear, but was unlikely to
be due to accelerated mutual shading by larger plants in elevated C, since all plants were
managed so that their canopies never overlapped. From observations of plants in situ, a
possible explanation lies in alterations in the angles of petioles such that light interception
is reduced per unit leaf area. In support of these observations, Poorter et al. (1988)
found an increased total leaf area relative to the projected total leaf area in Plantago
major grown in elevated C,. Similar alterations in canopy architecture may also explain
the findings of Smart et al. (1994), where the attenuation of light through wheat

canopies was less rapid in elevated compared with ambient C,.

The absence of photosynthetic down-regulation here, where care was taken to encourage
unrestricted plant growth (Section 2.2) and to compare leaves of similar developmental
histories, is consistent with the findings of other studies and the view that its occurrence
may be a product of environmental constraints (Arp, 1991; Sage, 1994; Stirling et al.,
1997; Harmens et al., 1998) and/or perhaps ontogenetic differences. Nitrogen-limitation
in particular has been blamed for many cases of photosynthetic down-regulation (Sage,
1994), and it is perhaps of significance that the present study clearly achieved non-
limiting N nutrition. That this was achieved is implicit in the allometric analysis of whole-
plant tissue organic N concentration (Np), whereby the allometric coefficient (v) relating
organic N content to dry weight was close to unity in plants grown in both ambient and
elevated C, (Fig. 3.6; Table 3.3). The stimulation of photosynthesis due to elevated C,

was in fact greater in leaves of plants grown in elevated C, (Table 3.2), but V. me and
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Anax did not change in a way which could, in principle, explain the acclimation of

photosynthesis (Table 3.2).

3.4.3. Direct and indirect effects of CO, on morphology

Consistent with other studies (Acock and Pasternak, 1986; Gebauer et al., 1996; Roumet
et al., 1996; Stirling et al., 1998), the decrease in LAR in elevated C, was entirely due to
reductions in SLA rather than LWR (Table 3.1; Fig. 3.4). The reduction in LAR
indicates that the fixed carbon available in elevated C, may not be not used as in ambient
C, to generate the equivalent leaf area. The observed balance between SLA and LWR in
elevated C, suggests that a proportion at least of the fixed carbon is exported to the sites
of leaf development, but is subsequently partitioned into weight rather than arca.
Moreover, the evidence here suggests that fixed carbon is used in leaves for the
production of structural weight, since the reductions in SLA persisted after the removal
of total non-structural carbohydrates (TNC) (Fig. 3.4). Other studies have also found
that TNC can not account entirely for the reduction in SLA in elevated C, (Acock and
Pasternak, 1986; Den Hertog et al., 1996). Accordingly perhaps, Thomas and Harvey
(1983) found that decreased structural SLA in elevated C, was associated with increases
in leaf thickness and in the number of cell layers in the leaf. However, there are also cases
where the reductions in SLA in elevated C, can be attributed entirely to the accumulation
of TNC (Wong, 1990; Poorter, 1993; Baxter et al., 1994a; Roumet et al., 1996).

The few studies that have looked at SLA allometrically (Gebauer et al., 1996; Stirling et
al., 1998) concluded that the reductions in SLA were either entirely ontogenetic, or
could be explained by interactions between plant size and environmental constraints,
particularly mineral N supply. Other environmental factors perhaps worthy of
consideration include the supply of light, which is well-known as a potent variable in
affecting SLA (Hart, 1988). For example, the light environment external to the canopies
of larger plants may be altered by the steep gradients of light typical within controlled-
environment growth cabinets (Chapter 4, Fig.4.1). Similarly, changes in SLA might also
reflect alterations in the distribution of light within a larger canopy. On an individual

plant level, the internal distribution of light may also explain why SLA in branch-stem
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leaves was consistently higher than that in main-stem leaves, in both ambient and

elevated C, (Fig. 3.4).

Instances where ontogeny was implicated in the SLA response were based on the finding
that the allometric coefficient (k, in these cases) was unaltered by elevated C,. In
agreement with those results, the allometric coefficient (v, essentially the same as k with
high correlation coefficients) for the regression of log. total leaf area against log, total
leaf dry weight was not significantly affected by elevated C, (Table 3.3; Fig. 3.5). This
insensitivity of v describing SLA for all leaves was the outcome of a significantly reduced
v describing SLA for main-stem leaves but a significantly increased v describing SLA for
branch-stem leaves. However, the regression describing SLA for all leaves in elevated C,
was significantly displaced downwards (Table 3.3; Fig. 3.5.), which must therefore
indicate an undetected reduction in v early in the experiment. Previous attempts to
analyze early changes in allometric relations have looked for differences in the regression
intercept b (Troughton, 1955), but this approach has been accorded little or no biological
significance because the intercept of a log-log regression is sensitive to units of
expression and is inevitably extrapolated beyond the available data set (Kavanagh and
Richards, 1941; Stirling et al., 1998). Since in the present study the elevations of
regressions were tested for displacement without recourse to their intercepts (Zar, 1989),
there is a strong case for concluding that elevated C, caused a reduction in both non-
structural and structural SLLA at some very early stage of growth, and, moreover, that
elevated C, continued to affect SLA even after this initial alteration in allometric
relations, since a subsequent increase in v might be expected otherwise to have restored

the regression line to the equivalent elevation found in ambient C,.

Stirling et al. (1998) have drawn attention to the fact that changes in allometric
coefficients due to CO, are generally seen only in larger plants and species. Such changes
may conceivably arise from shifts in allometric relations either inherent in the ontogeny of
the species, such as can be caused by the onset of flowering (Troughton, 1956), or
indicative that an environmental constraint, such as mineral N supply, has surpassed a
critical threshold. As in the present sudy, CO,-enrichment studies using allometric
analysis need to compare data sets that include plants of similar sizes, especially of the

largest plants, to properly account for these allometric shifts.
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3.4.4. Organic N

Elevated C, decreased the N concentration in whole plants (Np) by about 10 - 20 % (Fig.
3.2). Similar reductions in Np have been widely and consistently reported in other studies
(Luo et al., 1994; Stulen et al., 1994; Den Hertog et al., 1996). As was the case for
SLA, the regression relating log. N content to log. plant dry weight in elevated C, had an
unaltered allometric coefficient but a significantly decreased elevation (Table 3.3; Fig.
3.6), again indicating an early decrease in v followed by a sustained, albeit smaller, effect
on decreasing Np. This observation contradicts the suggestion of Coleman et al. (1993)
that decreased Np in elevated C, is size-dependent, reflecting either a usual ontogenetic
drift or the earlier onset of N limitation. Interestingly, no evidence was found even for an
ontogenetic shift in Np, since the slopes of these regressions did not differ from unity
(Table 3.3). This may be a feature of fast-growing herbaceous species during exponential
phases of growth, or it could point to general and potentially serious problems with the

inadvertent imposition of nutrient limitation under many experimental culture systems.

In some studies, the decrease in tissue N concentrations can be accounted for entirely by
dilution by total non-structural carbohydrates (TNC) (Kuehny et al., 1991; Chu et al.,
1992), but in others the decrease persists on a structural dry weight basis (Wong, 1990;
Den Hertog et al., 1996). Although in the present study it was not known if stems and
roots accumulated TNC in elevated C,, the decrease in tissue N concentration found at
single time-points persisted after subtraction of leaf TNC at day 21, but was no longer
statistically significant at day 26 (Fig. 3.2). However, allometric analysis of the same sets
of data support a conclusion that the reduction in Np was independent of leaf TNC, since
regression elevations remained significantly different after correcting for them (Table
3.3).

There are reasons to expect a reduction in Np in elevated C,, based on an increasing
understanding of the interdependence of C and N metabolism. Two lines of evidence may
be of particular significance, since together they address the primary processes that
determine Np, namely the uptake and assimilation of mineral N. Firstly, Gastal and
Saugier (1989) showed that the ratio of nitrate uptake rate to CO, assimilation rate

(NOs/A) decreases when A is increased above a certain threshold. In their experiment,
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NO; /A remained constant at both 200 and 440 pmol m? s PPFD, but was markedly
decreased at 875 umol m™ s™ PPFD. Further increases in A due to an elevation of C, had
no effect on Ny. These response characteristics held for a period of days until the
imposition of the next increment in A, which suggests that longer-term alterations in the
C/N ratio due to elevated C, are at least feasable. Secondly, De Cires et al. (1993)
demonstrated a negative relationship between the rate of nitrate assimilation rate (NOs»)
and A in leaves when A was varied by changing both PPFD and C,. Their measurements
of NOsa were based on the extractable nitrate reductase activity immediately after
measurements of A, so whether an altered NOsa/A could persist with longer-term
exposure to elevated C, is unclear. Any reduction in NOs 4/A when A is increased by C,
would be broadly consistent with the hypothesis and increasing evidence that nitrate and
CO, assimilatory processes compete for photosynthetically generated reductant (Le Van
Quy, 1991).

The physiological significance of decreased tissue N concentrations in elevated C, is
unclear, but it is known that whole plant organic N concentration is strongly and linearly
correlated to RGR through its components NAR, LAR and SLA (Poorter et al., 1990;
Pettersson et al., 1993). From the study of Petersson et al. (1993), where plant N
concentration was varied by different relative addidion rates of mineral N using the
method of Ingestad and Lund (1986), it can be estimated that a 20 % reduction in Np
was associated with reductions in RGR, NAR and SLA of 35 %, 27 % and 20 %
respectively. In particular, leaf expansion is strongly inhibited by an internal N deficiency,
and is notably more inhibited than is root extension (James et al., 1993). Changes in Np
may therefore explain the reductions in LAR in elevated C,, as well as reductions in the
shoot:root ratio (S/R) demonstrated here using an allometric approach to its analysis
(Table 3.3; Fig. 3.7) and in other studies where ratios have been compared at common

points of time (Hocking and Meyer, 1991).

Further evidence for a role of N in the growth responses to elevated C, can be found in
measurements of SARy (a crude estimation of the specific uptake rate of mineral N by
roots), which is often closely coupled to RGR (Stulen et al., 1994). However, in the
present study, SARyx was not increased in parallel with the stimulation of RGR between

days 10 and 21 as might be expected, and was markedly decreased between days 21 and
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26 where only a small reduction in RGR occurred, if at all (Table 3.1). These responses
of SARy to elevated C, can be explained by the progressively decreasing S/R (Table 3.3;
Fig. 3.7), which was unaffected in the experiments reported by Stulen ez al. (1994),
along with a relatively constant Np over time (Fig. 3.2) and with size (Table 3.3; Fig.
3.6). Reductions in S/R in elevated C, could therefore represent potentially growth-
limiting responses if the specific uptake activity of nutrients by roots is consequently
reduced, but further studies are needed that address more directly the effects of elevated

C. on nutrient uptake characteristics.

3.4.5. Non-structural carbohydrates

The accumulation of soluble sugars and starch found in leaves in elevated C, (Fig. 3.3) is
in agreement with most CO,-enrichment studies (Farrar and Williams, 1991). The
accumulation of total non-structural carbohydrate (TNC) occurred only at the beginning
and end of the 21 - 26 d harvest interval during which RGR was in decline, which is
consistent with the view that the TNC status of leaves reflects the status of assimilate use
by sinks and hence a sink-source (Section 1.4, p. 6) imbalance (Stitt, 1991; Pollock and
Farrar, 1996). Whilst the reduction in the CO,-stimulation of NAR at this time is broadly
consistent with the view that the accumulation of soluble sugars in leaves causes a down-
regulation of photosynthetic capacity and hence growth (Stitt, 1991; Poorter, 1993; Van
Oosten et al., 1994; Pollock and Farrar, 1996), the accumulation of soluble sugars in
main-stem leaves (Fig. 3.3.A) was not associated with reduced photosynthetic capacity,
Vemax OF Ame measured in a representative main-stem leaf (Table 3.2). Possible
explanations for the insensitivity of photosynthesis to soluble sugar status will be
discussed in Chapter 5, and explanations for the apparent independency of NAR on
photosynthetic capacity were suggested earlier (Section 3.4.2). Pollock and Farrar
(1996) also raise the possibility that soluble sugars play wider roles in the regulation of

plant growth, such as in morphogenesis.

3.4.6. Conclusions

The results of this study indicate that the reductions in specific leaf area (SLA) and tissue

N concentration are directly attributable to elevated C,, rather than to any effect of
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ontogeny or interactions between plant size and environmental constraints. Through its
effect on leaf area ratio (LAR), the reduction in SLA seems particularly important in
limiting even the early stimulation of relative growth rate (RGR) in elevated C,, whilst
the subsequent decline in the stimulation was more obviously linked to a reduction in the
CO,-stimulation of the net assimilation rate (NAR). The design of future CO,-enrichment
experiments may need more resolution to account for the very early onset of CO, effects,
as well as for the possible size-dependency of all measured responses. With such a
design, Chapters 4 and 5 investigate more fully the possible roles of organic N and

soluble sugars in mediating these early changes in growth in elevated C,.
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CHAPTER 4

Growth of Urtica urens in elevated CO;: 1. Early changes

and the role of organic N

4.1. INTRODUCTION

An elevated atmospheric CO, concentration (elevated C,) increases the biochemical
efficiency of photosynthesis in Cs plants and hence their potential for growth (Bowes,
1991). The growth responses of Urtica urens to elevated C, over a period of 26 d
(Chapter 3) are broadly consistent with those of other herbaceous C; species for periods
of similar or longer duration (Poorter et al., 1988; Bazazz, 1990; Den Hertog et al.,
1993, 1996; Poorter, 1993; Baxter et al., 1994a; Stirling et al., 1998). It is now clear
that elevated C, probably affects the growth of C; species in a highly characteristic
manner, whereby an early stimulation of relative growth rate (RGR), lasting for perhaps
no more than a few days, is followed by a decline so that RGR eventually approaches

that found in ambient C,.

The initial, transient stimulation of RGR means that the dry weight of a plant in elevated
C. will always be greater compared with that of a plant in ambient C, at any common
point of time. For both agricultural and ecological reasons, it is important to know
whether the increase in dry weight actually represents the full growth potential of a
species in elevated C,, as might be the case if the decline in RGR simply reflects the size-
dependent advancement in time of the usual ontogenetic drift (Evans, 1972; Givnish,
1986; Poorter et al., 1988), or of an environmental constraint on growth such as N
limitation. It follows that the mechanisms underlying the decline in RGR will also be
affected by ontogeny and environmental constraint, but only a few CO,-enrichment
experiments have investigated the possible size-dependency of responses (Chapter 3;
Poorter et al., 1988; Farrar and Williams, 1991; Coleman et al., 1993; Stirling et al.,
1998; Fonseca et al., 1996; Gunn et al., 1998), or have shown unambiguously that

resources did not become limiting during the experiment (Chapter 3).
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Similarly, few CO,-enrichment experiments have been designed in a way that allows
investigation of what are clearly early and dynamic changes in growth and growth-related
physiology (Den Hertog et al., 1993, 1996; Poorter, 1993; Van Qosten et al., 1994;
Fonseca et al., 1996), or have routinely attempted to establish comparable bases for the
expression of data, which can be affected, for example, by an accumulation of non-
structural carbon in elevated C, (Wong, 1990; Chu et al., 1991; Kuehny et al., 1991,
Baxter et al., 1994a,b; Wullschleger et al., 1994; Baxter et al., 1995; Den Hertog et al.,
1996). Moreover, the extent to which the increase in dry weight in elevated C, is caused
by an increase in structural material relative to non-structural carbon has received little
attention (Den Hertog et al., 1996), but may have major implications for future growth
potential (Wong, 1990). For example, an accumulation of the additional fixed carbon
available in elevated C, as non-structural carbon may reflect its under-utilization to drive
growth-related processes such as nutrient uptake and assimilation. For all of these
reasons, the questions as to whether and, if so, why the potential for growth in elevated
C., is not fully-realized remain largely unanswered, despite a large and expanding body of

literature on the effects of elevated C, on plant growth.

From the evidence available, a number of potentially growth-limiting changes in
physiology and morphology of plants grown in elevated C, can be identified. These can
include (1) the down-regulation of photosynthetic capacity in individual leaves (Cure and
Acock, 1986; Long and Drake, 1992; Sage, 1994; Van Oosten et al., 1995), (2) a
decline in the stimulation of net assimilation rate (NAR) (Chapter 3; Poorter et al., 1988;
Poorter, 1993; Stulen et al., 1994), (3) an inhibition of the rate of dark respiration (Rg)
(Gifford et al., 1985; Spencer and Bowes, 1986; Amthor et al., 1992; Poorter et al.,
1992; Ziska and Bunce, 1993; Bunce, 1994; Thomas and Griffin, 1994; Wullschleger et
al., 1994), (4) changes in the partitioning of leaf area and dry weight causing reductions
in leaf area ratio (LAR) and specific leaf area (SLLA) (Chapter 3; Acock and Pasternak,
1986; Poorter, 1993; Stulen et al., 1994; Gebauer et al., 1996; Roumet et al., 1996;
Stirling et al., 1998), and (5) decreased tissue N concentrations (Chapter 3; Garbutt et
al., 1990; Stulen et al., 1994). Of these changes, only the reductions in LAR, SLA and

tissue N concentration are reported with real consistency.
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In Chapter 3, allometric analysis was used to demonstrate for the first time that the
widely-reported reduction in LAR, which is driven by a reduction in SLA, can limit RGR
in elevated C, independently of both ontogeny and interactions between plant size and
environmental constraints. A decline in the stimulation of NAR was also found, but this
study was unable to address the possible size-dependencies of either NAR or RGR itself
due to their unusually discontinuous time-courses during the earlier phases of growth. In
the present study, plants were switched from ambient to elevated C, at a more mature
stage of growth when RGR and NAR may be more probably linear or declining, to
enable an investigation of the size-dependencies of their responses to elevated C,. By
monitoring growth responses more frequently and over a shorter period of time, the
timing and duration of these early changes in RGR, NAR and LLAR were determined with
more precision, with a view to investigating their mechanistic bases. In this respect, the
present chapter investigates the extent to which changes in RGR can be attributed to an
increase in structural material relative to non-structural carbon, and addresses the
hypothesis (stated and justified in the previous chapter) that the reductions in RGR, NAR
and LAR are closeley linked to a reduction in the concentration of organic N in plant
tissues. Chapters 5 and 6 will then investigate, respectively, the roles soluble sugars and

respiration in the early growth responses to elevated C, that are described here.
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4.2. MATERIALS AND METHODS

4.2.1. Growth conditions

Plants of U. urens were grown in a hydroponic culture system in controlled-environment
cabinets, as described in Section 2.2, but with the further modifications that the pH of the
nutrient solution was adjusted to 5.5 using NaOH and buffered with 2 mM MES, and
that the air bubbled through the nutrient solution was drawn from within the cabinets. In
order to reduce variability, plants were switched from ambient to elevated C, (700 umol
mol™) at a defined fresh weight of 8 g (+ a maximum of 0.75 g), having a shoot height of
7 - 8 cm and a dry weight of ca. 0.8 g. Plants varied as to the period of time taken to
attain this designated size, but were approximately 30 d (x a maximum of 4 d) old from
sowing, with RGRs of 0.161 g g fresh weight d™ (+0.006 standard errors) over a single
time interval spanning periods of 6 - 9 d preceding the switch. Plants were exposed (o
elevated C, for 10 d. Henceforth, the day at which exposure to elevated C, began will be

designated as day 0.

4.2.2. Growth analysis

At each harvest, plants were separated into leaves (unfolded leaves > 1 cm length), stems
(including folded leaves, leaves < 1 cm length and inflorescences if present), and roots.
Dry weight (DW) was determined after oven-drying at 60 °C for at least 48 h. To
determine the structural dry weight (SDW), the weight of total non-structural
carbohydrates (TNC) (soluble sugars and starch) was subtracted from the total DW.
TNC was measured as described in Chapter 5, Section 5.2.5, and the actual data of TNC
concentrations are also shown in Chapter 5 (Figs. 5.3 and 5.4). Total leaf area (all leaves
> 1 cm length) was measured using a digital image analysis system (Delta-T Ltd.,
Cambridge, UK).

Classical growth analysis (average values over distinct time intervals) was used to

describe and quantify crude changes in growth over the 10 d period. Five plants were

harvested at day 0, five plants per treatment at day 4, and five plants per treatment at day
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10. From the data of DW, SDW and leaf area, the following components of plant growth
were calculated for each harvest interval (days O — 4 and 4 - 10) from replicates paired
across harvests according to size (Evans, 1972; Hunt, 1978): (1) Whole plant mean
relative growth rate, RGR, (2) Mean net assimilation rate, NAR, (3) Mean leaf arca
ratio, LAR, (4) Mean leaf weight ratio, LWR, and (5) Mean specific leaf arca, SLA.
Using data obtained for organic N content per plant (Section 4.2.3), the mean specific
absorption rate of N by roots, SARy, was determined (Wellbank, 1962) for each
harvest interval. The respective formulae used for the calculation of these parameters are

given in Section 2.3.1.

Functional growth analysis (instantaneous values derived by curve-fitting) was used to
describe dynamic changes in growth over the 10 d period. From the harvests described
above and from additional harvests (one plant per treatment) made at days 1, 2, 3, 5, 6,
7, 8 and 9, instantaneous values of whole plant relative growth rate (RGR), and of its
components net assimilation rate (NAR) and leaf area ratio (LAR), were calculated
following the curve-fitting approach of Hughes and Freeman (1967). Their approach was
modified to also derive instantaneous values of leaf weight ratio (LWR), specific leaf
area (SLA) and the specific absorption rate of N by roots (SARy) using data of whole
plant organic N content. The functional approach used here is described fully in Section
2.3.2. Second-order polynomials (quadratic equations) were used to describe the primary
logarithmically-transformed data of dry weight, leaf area and organic N content. The
choice of polynomial followed the method of Hunt and Parsons (1974) as described in
Section 2.3.2. To assess the size-dependencies of RGR and NAR, RGR and NAR were

plotted against data of dry weight and leaf area.

4.2.3. Organic N
Organic N concentration in leaves, roots, stems and whole plants was determined by

measuring the ammonium concentration of acid digests of 50 - 250 mg of well-mixed

oven-dried material (Section 4.2.2) as described by Allen (1989) and in Section 2.8.
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4.2.4. Allometric analysis

Allometric analysis (Pearsall, 1927; Troughton, 1955) was used to distinguish between
direct effects of elevated CO, and effects related to plant size, as described in Section
2.4. Geometric mean regressions (GMRs) were fitted to logarithmically-transformed

data:

log.y = log. b+ vlogex

where y and x were data of dry weight (including and excluding TNC), leaf area and
organic N content. The GMR slope (v) represents the allometric coefficient (Ricker,
1984; Farrar and Gunn, 1996) and the constant b expresses the regression intercept of y
when x is zero.To account for possible shifts in allometric relations, a number of plants
growing in ambient C, were left for harvesting after day 26 at a size roughly comparable

to that of plants growing in elevated C, at that time.

4.2.5. Statistical analyses

Two-way (CO, and time) analysis of variance followed by Tukey tests were used to test
for significant differences in RGR and components thereof (days 0 - 4 and 4 -10), and in
organic N concentration at times when replication of data was available (days 0, 4 and
10). For functional analysis of growth, significant differences between corresponding
pairs of constants in the fitted equations were analyzed by t-test as described in Section
2.3.2. For allometric analyses, differences in v, the displacement of the GMR line
(elevation), and deviation of v from unity were tested for statistical significance using
Student’s t-test as described by Zar (1989). All statistical analyses were performed using

the software package SPSS (Prentice Hall, New Jersey).
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4.3. RESULTS
4.3.1. Plant growth

A vertical gradient of PPFD exists in controlled-environment cabinets. Elevated C, did
not affect the increase in height of plants over 10 d, so the increase in PPFD incident at
the shoot apex over time was similar for plants grown in both ambient and elevated C,
(Fig. 4.1).

Classical growth analysis

In elevated C,, the mean dry weight per plant, including and excluding total non-
structural carbohydrates (TNC), was about 20 % and 30 % greater at days 4 and 10
respectively (Fig. 4.2). RGR was significantly greater in elevated C, over both harvest
intervals, but the stimulation over the 0 - 4 d interval (about 14 %) was larger than that
over the 4 - 10 d interval (about 8 %) (Table 4.1). The mean leaf area per plant was
significantly increased by elevated C, at day 10 but not at day 4 (Fig. 4.2). Over both
harvest intervals, the increases in RGR due to elevated C, were driven by increases
in NAR but constrained by reductions in LAR (Table 4.1). Reductions in SLA were
responsible for the reductions in LAR, but the limiting effect of SLA on RGR
and LAR was counteracted by increases in LWR (Table 4.1). The 14 % stimulation
of RGR by elevated C, over the 0 - 4 d harvest interval resulted from a 22 % stimulation
of NAR offset by a 5 % reduction in LAR, whilst the subsequent decline in the CO,-
stimulation of RGR over the 4 - 10 d harvest interval resulted from a small reduction in
the size of stimulation of NAR (20 %) offset by a larger decrease in the size of reduction
in LAR (10 %) (Table 4.1). SARy was significantly greater in elevated C, over the 0 -

4 d harvest interval, but was unchanged over the 4 - 10 d harvest interval (Table 4.1).
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Figure 4.1. Shoot height of and photosynthetic photon flux density (PPFD) incident on
U. urens during 10 d of growth after switching plants from ambient (ca. 350 pmol mol™)
to elevated (700 umol mol™) C,. Exposure to elevated C, began at day 0 when plants
were approximately 30 d old. PPFD was measured at the shoot apex using a portable
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quantum sensor (Skye Instruments Ltd., UK).
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Figure 4.2. (A) Total dry weight (DW), (B) Total structural dry weight (SDW) and (C)
Total leaf area of U. urens during 10 d after switching plants from ambient (ca. 350 umol
mol™) to elevated (700 umol mol™) C,. Exposure to elevated C, began at day 0 when
plants were approximately 30 d old. SDW is the total DW minus the weight of total non-
structural carbohydrates (soluble carbohydrate and starch). Data are shown individually
(days 1, 2,3,5,6,7, 8, and 9), or as means (n =4 - 5) (days 0, 4, and 10) with standard
error bars, and are fitted by quadratic curves. Significant differences (p < 0.05) due to C,
at days 4 and 10 are indicated by asterisks.
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Table 4.1. Classical analysis of growth of U. urens after switching plants from ambient (ca. 350 pmol mol™) to elevated (700 pmol nlol'l) C, for
10 d at approximately 30 d of age (day 0). The table shows RGR (mean relative growth rate), NAR (mean net assimilation rate), LAR (mean
leaf area ratio), LWR (mean leaf weight ratio) , SLA (mean specific leaf area), and SARy (the mean specific absorption rate of N by roots)
over two harvest intervals (days 0 - 4 and 4 - 10). Values are calculated including and excluding the weight of total non-structural carbohydrates
(+/- TNC) in tissues. Data are shown as means (n = 4) + standard errors. Significant differences (p < 0.05) due to C, are indicated by asterisks.

HARVEST INTERVAL (DAYS)
0-4 4-10
Ambient C, Elevated C, Ambient C, Elevated C,

+ TNC
RGR (g g'dV 0.313 (x0.004) 0.358 (x0.009) *** [0.242 (x0.004) |0.262 (+0.001) *
NAR (g m?2 d™) 21.0 (20.28) 256 (x1.0) ** |164 (x0.46) [19.8 (20.09) **
LAR (m® g 0.0147 (+0.0003) | 0.0139 (+0.0003) * 0.0149 (x0.0002) | 0.0135 (+0.0002) **
LWR (g g" 0.568 (£0.012) 0.582 (x0.008) 0.532 (£0.003) |0.573 (£0.004) **
SLA (m* g 0.0260 (+0.0003) | 0.0240 (+0.0005) ** [ 0.0280 (x0.0003) [ 0.0235 (+0.0003) ***
SARy (mgg'd?) |60.9 (+5.6) 851 (#5.4) ** |68.1 (x2.2) 66.6 (3.1)
- TNC
RGR (gg'd? 0.318 (20.004) 0.361 (£0.010) *** |0.242 (x0.004) |[0.260 (+0.001) *
NAR (g m? d?) 20.2  (20.26) 244 (x0.94) ** 156 (20.43) |185 (20.19) **
LAR (m? g™) 0.0156 (+0.0003) | 0.0148 (+0.0002) * 0.0157 (+0.0002) [ 0.0143 (+0.0002) **
LWR (g g?) 0.563 (+0.011) 0.575 (£0.007) 0.528 (x0.003) |[0.567 (x0.004) **
SLA (m? g™) 0.0278 (+0.0004) [ 0.0258 (+0.0005) ** | 0.0296 (£0.0003) | 0.0253 (£0.0004) ***
SARy (mgg?d?) |[63.2 (25.8) 883 (#5.6) ** [70.5 (2.3) 69.0 (23.1)




Functional growth analysis

The quadratic equations fitted to logarithmically-transformed primary data of plant dry
weight, leaf area and leaf dry weight are shown in Figure 4.3, and of root dry weight and
organic N per plant in Figure 4.4. With the exception of organic N in plants grown in
ambient C,, where the equation of best fit was linear, all logarithmically-transformed
primary data were best described by quadratic equations. The patterns were the same
when the dry weights excluded TNC (data not shown). The linear and quadratic terms of
all fitted equations are given in Table 4.2. In elevated C,, the linear term was significantly
higher in equations describing the dry weight (including and excluding TNC) of whole
plants and leaves, and in the equation describing organic N content per plant. Of the
quadratic terms, only that in the equation describing organic N content per plant was

significantly affected by CO,, where a reduction was found in elevated C,.

The instantaneous values of relative growth rate and its components which were derived
from the terms given in Table 4.2 are shown, including and excluding TNC, in Figure 4.5
(RGR, NAR and LLAR), Figure 4.6 (LWR and SLA), and Figure 4.7 (SARy). In both
ambient and elevated C,, RGR and NAR declined over the 10 d period. Compared with
ambient C,, RGR in elevated C, was stimulated for only the first 7 d because the
magnitude of the initial stimulation of RGR was not sustained. However, the magnitude
of the initial stimulation of NAR in elevated C, was sustained for about the first 4 - 5 d,
and thereafter declined. The early decline in the CO,-stimulation of RGR was therefore
driven an by an early reduction in LAR in relation to an increasing LAR in ambient C,
over the first 4 - 5 d, whilst from this time onwards the continued decline in the

stimulation of RGR was more obviously driven by a decline in the stimulation of NAR.

The early reduction in LAR during the first 4 - 5 d in elevated compared with ambient C,
was driven by a reduction in SLA over the same period of time (Fig. 4.6), but this
constraint on RGR was moderated to a small degree by an increasing LWR in elevated
C.. SARy was stimulated in elevated compared with ambient C, for the first 8 d, but the
magnitude of the initial stimulation of SARyx was sustained for no more than the first
1 - 2 d and thereafter declined (Fig. 4.7).
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Figure 4.3. (A) Log. plant dry weight (DW), (B) Log. total leaf area and (C) Log. leal
DW of U. urens during 10 d of growth after switching plants from ambient (ca. 350
pmol mol™) to elevated (700 pmol moI™) C,. Exposure to elevated C, began at day 0
when plants were approximately 30 d old. Data are shown individually, and are fitted to
quadratic curves. The coefficient of determination (") for each curve, and the constants
(+ standard errors) describing the linear and quadratic terms in each equation are given in
Table 4.2.
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Figure 4.4. (A) Log. root dry weight (DW) and (B) Log. plant organic N content of U.
urens during 10 d of growth after switching plants from ambient (ca. 350 pmol mol™) to
elevated (700 pmol mol™) C,. Exposure to elevated C, began at day 0 when plants were
approximately 30 d old. Data are shown individually, and are fitted to quadratic curves.
The coefficient of determination (+*) for each curve, and the constants (+ standard
errors) describing the linear and quadratic terms in each equation are given in Table 4.2.
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Table 4.2. Functional analysis of growth of U. urens after switching plants from ambient (ca. 350 pmol mol™) to elevated (700 pmol mol™) C,
for 10 d at approximately 30 d of age. The table shows the constants b and c that describe the linear and quadratic terms, respectively, in

equations of the form: y = a + b + c* (Figs. 4.3 and 4.4) where y is data of dry weight (including and excluding total non-structural carbohydrates

(TNC)), leaf area and plant organic N content, and ¢ is time (d). Standard errors for b and ¢ are shown in parentheses. 7 is the coefficient of

determination for each equation. Significant differences (p < 0.05) due to C, between corresponding pairs of constants are indicated by asterisks.

Including TNC Excluding TNC
b Ca b c ¥ b c r
log. plant DW (g) 350 |0.329 (x0.0197) -0.0054 (£0.0019)  0.992 | 0.335 (+0.0205) -0.0058 (+0.0020)  0.992
700 |[0.392 (+0.0189) * -0.0094 (x0.0018)  0.994 [ 0.397 (x0.0194) *  -0.0098 (x0.0019)  0.993
log. leaf area (m®) 350 |0.374 (+0.0252) -0.0095 (£0.0024)  0.988 NOT APPLICABLE
700 |0.399 (+0.0260) -0.0112 (£0.0025) 0.987 NOT APPLICABLE
log. leaf DW (g) 350 |0.317 (x0.0185) -0.0058 (£0.0018)  0.992 | 0.325 (x0.0187) -0.0058 (+0.0018)  0.992
700 |0.386 (x0.0189) * -0.0094 (+0.0018)  0.994 | 0.392 (+0.0190) *  -0.0099 (+0.0018)  0.994
log. root DW (g) 350 |0.308 (+0.0269) -0.0071 (£0.0026)  0.981 | 0.310 (+0.0273) -0.0071 (+0.0026)  0.980
700 | 0.356 (+0.0282) -0.0088 (+£0.0027)  0.983 | 0.358 (+0.0283) -0.0090 (+£0.0027)  0.983
log. organic N (mg) 350 | 0.257 (£0.0216) -0.0006 (x0.0021) 0.990 NOT APPLICABLE
700 | 0.351 (x0.0209)** -0.0070 (+0.0020) * 0.992 NOT APPLICABLE
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Figure 4.5. Functional analysis of growth including (A,C,E) and excluding (B,D,F) the
weight of total non-structural carbohydrates (TNC) of U. urens during a 10 d period
after switching plants from ambient (ca. 350 umol mol™) to elevated (700 pmol mol™)
C.. Exposure to elevated C, began at day 0 when plants were approximately 30 d old.
Curves show (A,B) Instantaneous relative growth rate (RGR), (C,D) Instantaneous net
assimilation rate (NAR), and (E,F) Instantaneous leaf area ratio (LAR), and are solutions
of the quadratic equations fitted to logarithmically-transformed primary data (Fig. 4.3;
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Table 4.2) as described in Section 2.3.2.
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Figure 4.6. Functional analysis of growth including (A,C) and excluding (B,D) the
weight of total non-structural carbohydrates (TNC) of U. urens during a 10 d period
after switching plants from ambient (ca. 350 pmol mol”) to elevated (700 pmol mol™)
C.. Exposure to elevated C, began at day 0 when plants were approximately 30 d old.
Curves show (A,B) Instantaneous leaf weight ratio (LWR) and (C,D) Instantaneous
specific leaf area (SLA), and are solutions of the quadratic equations fitted to
logarithmically-transformed primary data (Fig. 4.3; Table 4.2) as described in Section
2.3:2,
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Figure 4.7. Instantancous specific absorption rate of N by roots (SARy), including (A)
and excluding (B) the weight of total non-structural carbohydrates (TNC), of U. urens
during a 10 d period after switching plants from ambient (ca. 350 umol mol™) to elevated
(700 pmol mol") C,. Exposure to elevated C, began at day 0 when plants were
approximately 30 d old. Curves are solutions of the quadratic equations fitted to
logarithmically-transformed primary data (Fig. 4.4; Table 4.2) as described in Section
2.3.2.
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4.3.2. Organic N

The concentrations of organic N per unit area in leaves (Np») are shown in Figure 4.8,
and per unit structural dry weight in leaves (Np), stems (Ngt), roots (Ngp) and whole
plants (Np) in Figure 4.9. In general, Nia and Ny declined over the first 4 d in both
ambient and elevated C,, but the decline was more pronounced in ambient C,, resulting in
a significantly higher Np» at day 4 in elevated C, (Fig. 4.8). However, elevated C, did not
significantly affect Ni. at day 4 (Fig. 4.9.A). At day 10, elevated C, did not significantly
affect Npa, but resulted in a significant reduction in Np. Small and statistically
insignificant increases in mean Ngr and mean Ngr at day 10 contributed to the lack of any
significant effect of elevated C, on Np at this time. Elevated C, did not significantly affect
Np during the 10 d period (Fig. 4.9.D).

4.3.3. Size-dependency of responses

In general, the declines over time in the CO,-stimulations of RGR and NAR (Fig. 4.5.A
and C) were less steep when RGR and NAR were plotted against the total dry weight
per plant and against the total leaf area per plant, but persited nevertheless (Fig. 4.10). A
summary of the allometric analyses describing the partitioning of dry weight, leaf area
and organic N is given in Table 4.3. The allometric coefficient (v) was affected by C,
only in the geometric mean regression (GMR) relating leaf area to leaf dry weight
(allometric SLLA), where a decrease in v was found in elevated C,. The decrease in v
describing SLLA was no longer significant when leaf dry weight excluded the weight of
TNC. Significantly decreased elevations were found in elevated C, in the GMRs
describing SLA and LAR (leaf area against whole plant dry weight). Significantly
increased elevations were found in elevated C, in the GMRs describing LWR (leaf dry
weight against whole plant dry weight) and Ni, per unit area (leaf N content against leaf
area). All other allometric relationships describing organic N concentration were not
significantly affected by C.. Neither the slope or elevation of the GMR relating shoot to
root dry weight (allometric S/R) was affected by elevated C,, regardless of whether or

not the dry weight included TNC.
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Figure 4.8. Organic N concentration per unit area in leaves of U. urens during 10 d of
growth after switching plants from ambient (ca. 350 pmol mol™) to elevated (700 pmol
mol™) C,. Exposure to elevated C, began at day 0 when plants were approximately 30 d
old. Data are shown individually (days 1, 2, 3, 5, 6, 7, 8 and 9), or as means (n =4 - 5)
(days 0, 4 and 10) with standard error bars. Significant differences (p < 0.05) due to C,
at days 4 and 10 are indicated by asterisks.
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Figure 4.9. Organic N concentration, expressed per unit structural dry weight, in (A)
Leaves, (B) Stems, (C) Roots and (D) Whole plants of U. urens during 10 d of growth
after switching plants from ambient (ca. 350 pmol mol™) to elevated (700 pumol mol™)
C.. Exposure to elevated C, began at day 0 when plants were approximately 30 d old.
Structural dry weight is the total dry weight minus the weight of total non-structural
carbohydrates (soluble carbohydrate and starch). Data are shown individually (days 1, 2,
3,5,6,7, 8 and 9), or as means (n =4 - 5) (days 0, 4 and 10) with standard error bars.
Significant differences (p < 0.05) due to C, at days 4 and 10 are indicated by asterisks.
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Figure 4.10. (A,B) Instantaneous relative growth rate (RGR) and (C,D) Instantaneous
net assimilation rate (NAR) as dependent on total plant dry weight (A,C) and total leaf
area (B,D) of U. urens during a 10 d period after switching plants from ambient (350
umol mol™) to elevated (700 pmol mol™) C,. Values of RGR and NAR and data of dry
weight and leaf area were derived from the quadratic curves shown in Figure 4.3.
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Table 4.3. Allometric relations in U. urens switched at approximately 30 d of age from ambient (ca. 350 pmol mol™) to elevated (700 pmol
mol") C, for 10 d. The table gives a summary of analyses of geometric mean regressions (GMRs) describing logarithmically-transformed
variables (x, y) of leaf area, dry weight (DW), structural dry weight (SDW) and organic N content. The table shows the GMR slope (v, the
allometric coefficient) with the coefficient of determination (%) for each GMR in parenthesis, the relative elevation of the GMR line (T, 4 and =
denoting an upwards, downwards and no significant displacement of the GMR line), and whether v deviates significantly from unity (slope # 1).
SDW is DW minus the weight of total non-structural carbohydrates (TNC). *, ** and *** indicate significant differences due to C, at p < 0.05, p
< 0.01 and p < 0.001 respectively; ns indicates that differences are not significant.
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Variable GMR slope (v) Elevation Slope # 1
log. y log. x 350 700 350 700 350 700
Leaf area (m?) Plant DW (g) 1.005 99 n.ggg @@ | ¢ 4 * ns ns
Leaf area (m%) Leaf DW (g) L.ogg ©590  pogp@Ms | S ns
Leaf area (m?) Leaf SDW (g) 1031 9% gGogsms | L wxx | ng ns
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4.4. DISCUSSION

4.4.1. Plant growth

Declining RGR

From 30 d of age onwards, both RGR and NAR declined progressively over time and
with increasing size, in both ambient and elevated C, (Table 4.1; Figs. 4.5 and Fig. 4.10).
The declines in RGR and NAR found here are consistent with the experimental evidence
in general (Evans, 1972; Poorter, 1993), unlike the unusually discontinuous time-courses
of them found in the previous chapter (Table 3.1). Workers including Givnish (1986) and
Poorter (1993) support the established view that increases in size involve an increasing
investment of fixed carbon in supportive tissues relative to productive tissues. Here, the
finding that the decline in RGR was essentially unaffected by the removal of TNC from
the total dry weight (Table 4.1; Fig. 4.5) is consistent with a decline in RGR that is
mediated by structural changes. However, the finding that these structural changes
involved a decline in NAR rather than LAR (Fig. 4.5) suggests that the decline in RGR
may be driven by changes in the way fixed carbon is used within productive tissues,
rather than by changes in the partitioning of fixed carbon between productive and

supportive tissues.

The effects of elevated C, on growth

The results reported in Chapter 3 (Table 3.1) indicated that the initial stimulation of RGR
in elevated C, was driven by increased NAR but constrained by an early reduction in
LAR, which in turn was due to a reduction in SLA without a significant alteration in
LWR. This pattern was confirmed here for mean values over the 0 - 4 d harvest interval
(Table 4.1) as well as for instantaneous values during this period (Figs. 4.5 and 4.6).
Consistent also with the results of the previous chapter, the CO,-stimulation of RGR
declined over time. Thus, although the RGR of plants in elevated C, was stimulated over
both harvest intervals during the 10 d period, the stimulation over days 0 - 4 was larger
than that over days 4 - 10 (Table 4.1). Similarly, the functional approach to growth

analysis described (inevitably) linear declines in RGR over time (Section 2.3.2), such that
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RGR in elevated C, declined more rapidly than RGR in ambient C,, and the initial
stimulation of RGR in elevated C, was sustained for no more than about 8 d (Fig. 4.5).
Very similar durations of the CO,-stimulation of RGR have been reported in studies of
similar design using other herbaceous C; species (Den Hertog et al., 1993, 1996; Stulen
et al., 1994; Fonseca et al., 1996).

A difference between the results here and those of Chapter 3 lies in the response
of NAR in terms of its impact on RGR. In the previous chapter, the decline in the CO,-
stimulation of RGR was linked specifically to a decline in the stimulation of NAR
without a further reduction in the early reduction in LAR (Table 3.1). In the present
chapter, however, no significant reduction in the CO,-stimulation of NAR could be
linked to the reduction in the CO,-stimulation of RGR over the 4 - 10 d harvest interval,
and instead RGR was constrained by a further reduction in LAR due to a reduction
in SLA (Table 4.1). A further difference between the results here and in Chapter 3 is
that LWR was significantly greater in elevated C, here (Table 4.1).

However, the functional analysis of growth provided a description of RGR and its
components more consistent with that reported in the previous chapter. Thus, a close
examination of the curves of RGR, NAR and LAR between days 4 and 10 (Fig. 4.5)
suggests that the reduction in the CO,-stimulation of RGR over this time may in fact be
coupled more closely to a reduction in the CO,-stimulation of NAR than to a further
decrease in the CO,-diminution of LAR (Fig. 4.5). It is possible, therefore, that a
reduction in the CO,-stimulation of NAR did occur, but only towards the end of the 10 d
period. Possible explanations for the discrepancies between the descriptions of growth
provided by classical and functional approaches will be discussed later in the present

chapter.
Specific absorption rate of N by roots
The mean specific absorption rate of N by roots, SARy, increased in elevated C, over

days O - 4, in parallel with the initial CO,-stimulation of RGR. However, the CO,-

stimulation of RGR over days 4 -10 was not coupled to any increase in SARy (Table
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4.1). Whilst this finding is inconsistent with the results of Chapter 3 where SARy was
never stimulated by elevated C, (Table 3.1), it is nevertheless consistent with the
conclusion reached in Chapter 3 that the mismatching of SARy to RGR in elevated C,
conflicts both with the close coupling that has been found in other CO,-enrichment
studies (Stulen et al., 1994), and with expectations of an up-regulation of N uptake in
response to increased assimilate availability (Gastal and Saugier, 1989). Small,
statistically insignificant decreases in Np (Fig. 4.9.D) and shoot:root ratio (S/R) (implicit
in the lower allometric coefficient describing it; Table 4.3) may explain this reduction in
SARy by elevated C,, as was concluded in Chapter 3 after a longer period of exposure
when the changes in Np and S/R were more pronounced and statistically significant
(Section 3.4.4). However, the changes in SARy, Np and S/R in elevated C, that are
suggested in the present chapter occur too late as to be involved in the early constraint
on growth imposed by decreased LLAR, and are otherwise poorly correlated to the later

reduction, if any, of the CO,-stimulation of NAR.

Structural growth

The effects of elevated C, on RGR and its components were essentially unaffected by the
removal of TNC from the total dry weight (Table 4.1; Figs. 4.5, 4.6 and 4.7). Whilst a
number of CO;-enrichment studies have accounted for TNC in the expression or
presentation of selected data of growth-related parameters, often with conflicting results
(Chapter 3; Acock and Pasternak, 1986; Wong, 1990; Poorter, 1993; Baxter et al.,
1994a; Den Hertog et al., 1996; Roumet et al., 1996), the present study is the first to
determine the overall impact of TNC accumulation on growth. As such, it is clear that
the CO,-stimulation of RGR, as well as its decline, can reflect not only the way fixed
carbon is partitioned, but more particularly the way fixed carbon is used in respiratory
processes. This information allows for a more precise targeting of CO,-sensitive
processes. For example, it was proposed in Chapter 3 that the CO,-diminution of LAR
indicates that the fixed carbon available in elevated C, may not be used as in ambient C,
to generate the equivalent leaf area, whilst the strong CO,-diminution of SLA relative to
LWR suggests that a proportion at least of the fixed carbon is exported to the sites of
leaf development, but is subsequently partitioned into weight rather than area. It is now

possible to deduce at least one key area limiting growth in elevated C,, namely the use
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and partitioning of fixed carbon in developing leaves. Clearly therefore, respiratory use
of carbon in elevated C, represents a target for future investigation, and will be dealt with

in Chapter 6.
Evaluation of the classical vs. functional approach

In general, there was close agreement between the descriptions of growth provided by
classical and functional analysis. However, the functional approach did suggest a late
reduction in the CO,-stimulation of NAR (Fig. 4.5), a reduction which was not found
using the classical approach (Table 4.1). A late response of NAR would be readily
detectable (but perhaps also exaggerated) by functional analysis by means of the
quadratic terms describing the relevant primary data of dry weight and leaf area (Fig. 4.3,
Table 4.2). In contrast, crude averages of NAR over days 4 - 10 obtained by classical
analysis will be relatively insensitive to short-term changes. More importantly perhaps,
the calculation of NAR by the classical approach assumes a fixed relationship between
leaf area and dry weight (Evans, 1972). Thus, major advantages of this and similar curve-
fitting functional approaches over the classical approach are that dynamic changes in
growth are more describable, and no such assumption is made in the calculation of NAR.
On the other hand, major disadvantages of the functional approach are that its
descriptions of growth are constrained entirely by the order of polynomial selected, and
that it is less amenable to statistical analysis due to the difficulties encountered when

attempting to compare fitted curves (Hunt, 1982; Poorter, 1989).

The first obstacle to an objective comparison of fitted curves arises if the primary data is
fitted best by polynomials of different order. Some workers have argued on biological
grounds for the fitting of a common order of polynomial regardless of the statistical
significance of the fit (Hurd, 1977). Others have argued that the statistical significance of
the fit stands as the only valid description of growth (Hunt and Parsons, 1974). Here,
this problem was largely avoided since second order polynomials were the best fit to the
primary data in both ambient and elevated C,, with single exception of organic N content
over time in ambient C, (Fig. 4.4). The next obstacle arises due to difficulties in

interpreting the significance of differences in the terms of non-linear polynomials,
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especially concerning quadratic and higher-order terms, since their variances do not

stand independently of one another (Hunt, 1982).

Because of these difficulties, little or no biological significance may therefore be implied
by the statistical insignificance of the quadratic terms (Table 4.2), which determine the
changes over time in RGR and its components. Coupled with the generally high
coefficients of determination describing the fits of the regressions to the primary data
(Table 4.2), there is some justification for considering that the time-courses of RGR and
its components calculated here using the functional approach are essentially correct
descriptions. However, it may also be prudent to acknowledge the argument of Wickens
and Cheeseman (1988) and Poorter (1989) that the functional approach used in the
description of short-term environmental changes carries the risk that dynamic, short-term
changes in growth will be undetected. Poorter (1989) recommends an analytical
approach that combines many of the advantages of the classical approach with those of
the functional approach. Whilst this synthetic approach has been used successfully in
similar studies of growth in elevated C, (Fonseca et al., 1996), the short-term responses

in that and the present study were very similar.

The size-dependency of RGR and its components

The results strongly suggest that the growth responses to elevated C, are genuine, direct

effects of CO,, rather than indirect effects of plant size. Thus, the time-dependent
declines in the CO;-stimulation of RGR and NAR persisted when RGR and NAR were
plotted against indices of size (Fig. 4.10). The same conclusion was reached by Fonseca
et al. (1996) for RGR (on a fresh weight basis) of Plantago major, but conflicts with
that of Poorter et al. (1988), for the same species, who found that the declines in both
RGR (on a dry weight basis) and NAR were negated when plotted against leaf area as a
index of size. An allometric approach to the analysis of LAR confirmed the findings and
conclusions of Chapter 3, such that the reductions in LAR and SLA in elevated C, also
occurred independently of size, since the GMR lines describing their allometric relations

were both significantly displaced downwards (Table 4.3).
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The effects of elevated C, on allometric relations persisted after the removal of TNC,
indicating that the reductions in LAR and SLA (for example), cannot be attributed either
to accelerated plant size or to an accumulation of TNC. This conclusion agrees with that
of Chapter 3, but conflicts with the few studies which have also attempted to account for
interference by both ontogeny and TNC within the same set of data (Den Hertog et al.,
1996), and with others which have investigated these factors in isolation to conclude that
the reduction in SLA can be explained entirely by ontogeny (Gebauer et al., 1996;
Stirling et al., 1998) or entirely by TNC (Wong, 1990; Poorter, 1993; Baxter et al.,
1994a; Roumet et al., 1996). Such conflicting evidence may arise because of differences
in analytical procedures. For example, Den Hertog et al. (1996) based their conclusions
by plotting SLA against plant dry weight (with all dry weight components corrected for
TNC), but offered no statistical analysis. Other studies have used the established
allometric approach to allow a more objective analysis of the size-dependency of SLA
(Gebauer et al., 1996; Stirling et al., 1998), but it was argued in Chapter 3 that the way

such workers have interpreted the results of allometric analysis may be flawed.

The argument proposed was that differences in GMR elevations indicated early changes
in v (Section 3.4.3). This view is partly substantiated here, since v describing SLA was
significantly decreased in elevated C, during the first 10 d of exposure, although,
contrarily, v describing LAR was not significantly decreased (Table 4.3). Whilst it is
likely that significant changes in the allometric relations describing LWR influenced the
allometric analysis of LAR, the usual allometric approach that fits only linear regressions
through data-sets is likely to miss what could be early, dynamic changes in allometric
relations. There may be a case for refining the allometric approach to address these early
changes, particularly in the description of the effects of environmental discontinuities. A
similar argument has already been discussed for the analysis of growth (Wickens and
Cheeseman, 1988; Poorter, 1989).
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4.4.2. The role of organic N

The concentration of organic N in whole plants (Np) was never significantly lower in
elevated C, during the 10 d of exposure (Fig. 4.9). In plant parts (Fig. 4.9), only the
organic N concentration in leaves per unit structural dry weight (N) was significantly
reduced by elevated C,, and only at day 10 after the early CO,-diminution of LAR but
possibly coincident with the decline in the CO,-stimulation of NAR. It is possible that the
reduction in Np found in Chapter 3 and frequently reported in studies of similar or
greater duration (Luo et al., 1994; Stulen et al., 1994; Den Hertog et al., 1996) requires
a more prolonged exposure to elevated C,, but the results of the present chapter make it
clear that reductions in Np have no role in causing the changes in NAR and LAR that
constrain growth in elevated C,. It is also clear that reductions in N;, have no obvious
role in causing the changes in LAR, but a role for Ny, in the response of NAR cannot be

precluded.

The significant increase in the organic N concentration in leaves per unit area (Np,) at
day 4 in elevated C, (Fig. 4.8) could perhaps be related to changes in the
photorespiratory cycling of N that will inevitably occur through the CO,-suppression of
photorespiration. Within seconds or minutes after exposure to elevated C,, lower rates of
photorespiration (Bowes, 1991) will mean that less organic N within the leaf is
committed to support photorespiration through the recycling of photorespiratory-
generated NH," via glutamate using the same pathway involved in NOs assimilation
(Keys et al., 1978; Somerville and Ogren, 1980). The commitment of N to
photorespiration is considerable, such that the flux of NH," through the pathway may be

as much as 10 times the rate of NOs™ assimilation (Wallsgrove et al., 1983).

From my own calculations, a flux of photorespiratory NH," through the pathway about 5
times greater than the rate of NO; assimilation can be estimated with a few basic
assumptions. Thus, a final C/N ratio of 8§ after 50 % of the initially available fixed carbon
has been released in the processes of dark respiration (Chapters 5 and 6; Amthor, 1989)
implies the assimilation of 0.8 mol NO; for every 24 mol CO, fixed in primary
carboxylation. In turn, for every 24 mol CO, fixed, 4 mol NH4" and 4 mol CO, would be

released in photorespiration given a typical stoichiometry of 3 for the ratio of
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carboxylation to oxygenation at ambient C, (Ogren, 1984). The CO,-suppression of
photorespiration is such that ratios of carboxylation to oxygenation could increase to as
much as 8 in twice-ambient C, depending on temperature (Laing et al., 1974; Ogren,
1984). Continuing the example given, this would reduce the photorespiratory release of
NH," to 1.5 mol for every 24 mol CO, fixed, such that the rate of photorespiratory NH,"

cycling would be reduced to less than twice the rate of NO;™ assimilation.

One possible consequence of reduced photorespiration in elevated C, may therefore be
an early, sizeable, but transient increase in the availability of amino-N in leaves for use in
processes other than photorespiration. After export, it is not inconceivable that the
additional N could even drive a transient stimulation of growth. Moreover, a lower
demand for N to support photorespiration may also explain why Ny, frequently declines in
the longer term in elevated C,. However, this view is clearly not consistent with the
increase in leaf organic N found at day 4 in elevated C, (Fig. 4.8). Perhaps the CO,-
suppression of photorespiration reduces N loss by NH4" volatilization from a cycle more
leaky than has been supposed (Wallsgrove et al., 1983), but clearly there may be a case
for future investigations into the possibility that early changes in processes linked to N

metabolism may be perturbed by elevated C, with significant physiological consequences.

4.4.3. Conclusions

The initial CO,-stimulation of RGR declined within 10 d of exposure to elevated C,, due
primarily to an early and sustained reduction in LAR, but probably also to a reduction in
the CO;-stimulation of NAR in the late stages of exposure. The changes in RGR, NAR
and LAR were direct effects of elevated C,, rather than indirect effects due to ontogeny
or interactions between plant size and environmental constraints. A possible role for
organic N in the initial CO,-stimulation of RGR has been suggested, but no convincing
evidence was found to support the hypothesis that the reductions in RGR, NAR and
LAR are caused by a reduction in the concentration of organic N in plant tissues. The
next chapter will investigate the role of soluble sugars in mediating these early changes in

growth.
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CHAPTER 5

Growth of Urtica urens in elevated CO,: 11. Early changes and the role

of soluble sugars in signalling a sink-source imbalance

5.1. INTRODUCTION

In Chapter 4, it was concluded that within 10 d of exposure to an elevated atmospheric
CO;, concentration (elevated C,) a reduction in the CO,-stimulation of net assimilation
rate (NAR) and a reduction in leaf area ratio (LAR) were both responsible for the decline
in the initial CO,-stimulation of relative growth rate (RGR) of Urtica urens. This
transient stimulation of RGR in elevated C, is consistent with other studies (Poorter et
al., 1988; Bazazz, 1990; Den Hertog et al., 1993, 1996; Poorter, 1993; Baxter et al.,
1994a; Fonseca et al., 1996; Stirling et al., 1998). In agreement with Fonseca et al.
(1996), the decline in the stimulation of RGR occurred at least partly independently of
plant size and therefore involved direct effects of elevated C, on processes limiting
growth. Since the independence of size-effects extended to both NAR and LLAR (Chapter
4), elevated C, may directly affect these components of RGR by the same or by different
mechanisms. In Chapter 4, no evidence was found to indicate a role of organic N
concentration as a signal in the decline in the initial CO,-stimulation of RGR. The present
chapter investigates the role of soluble sugars in causing the early changes in growth
described in Chapter 4, a hypothesis for which there is a large body of circumstantial
evidence (Stitt, 1991; Van Qosten et al., 1994; Pollock and Farrar, 1996), but remains

unproved.

In an extensive review of CO,-enrichment studies, Stitt (1991) argued that the growth
response to elevated C, is determined by the way in which the plant responds to a change
in the balance between the activities of sinks and sources (concepts defined in Section
1.4.3, p. 6), which is signalled by an increased amount of soluble sugar available due to
the stimulation of photosynthesis. There are three principal ways in which a plant could

respond to this additional soluble sugar. Firstly, the additional sugar could accumulate as
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non-structural carbon in existing, new, specialized or non-specialized sites of storage
(storage sinks), without consequence for growth other than the maintenance in time of a
CO,-stimulation of RGR. Such use of fixed carbon does not carry the potential to
increase the immediate stimulation of RGR further (Wong, 1990), but may nevertheless
be important to species which have evolved longer-term strategies to maximize their
survival and competitive ability. In this respect, Chapter 4 showed conclusively that
storage of non-structural carbon was not an important consideration in describing the

growth of U. urens in elevated C..

Secondly, the additional sugar could be used in the processes of dark respiration (Rq) and
deposited as structural material in regions of active cell division and expansion
(meristematic sinks). Such use probably underlies the stimulation of RGR in U. urens.
Unless elevated C, fundamentally alters the way in which both additional and existing
soluble sugar is used in Ry, such use should result at the very least in the maintenance in
time of a CO,-stimulation of RGR, but will carry the potential to increase the stimulation
of RGR further if it increases the production of new resource-aquiring structure such as
leaf area (Kramer, 1981; Korner, 1991). Any increase in structure will require a
proportional increase in R4 dedicated to its biosynthesis (Farrar and Williams, 1991).
Since there is now strong evidence that soluble sugars act widely at the level of gene
expression not only in the up-regulation of R4 to enable their use as respiratory substrate,
but also in the initiation of additional new sinks for their use (Farrar and Williams, 1991;
Pollock and Farrar, 1996), a transient accumulation of soluble sugars at the sites of
active growth could be expected to precede any CO,-stimulation of RGR. However, a
decline in the stimulation of RGR could occur if the accumulation of soluble sugars

affects morphogenesis, resulting perhaps in a reduction in LAR.

Thirdly, an inability to use the additional soluble sugars in either meristematic or storage
sinks could feed-back to down-regulate the rate of photosynthesis, thence NAR and
hence RGR (Poorter, 1993). The current view is that the down-regulation of
photosynthesis in elevated C, is caused by the accumulation in leaves of soluble sugars,
acting to repress the expression of genes encoding photosynthetic proteins such as
rubisco and chlorophyll-binding protein (Van Oosten et al., 1994; Krapp and Stitt, 1995;

Pollock and Farrar, 1996). Figure 5.0 shows a model that incorporates a number of core
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hypotheses to investigate the role of sink capacity in causing the decline in the CO,-

stimulation of RGR. The reasoning behind this model can be summarized as follows.

From the evidence and arguments presented by Pollock and Farrar (1996), a clearly-
defined sequence of events can be expected linking reduced NAR to an inability to utilize
all the additional assimilate available in elevated C,. In the first place, the rate of
assimilate use by a growing plant or plant part will be proportional to its rate of
respiration (Farrar and Williams, 1991). Therefore, an inability to utilize all the additional
assimilate available in elevated C, should manifest as a reduction in Ry relative to
photosynthesis, coupled closely to an accumulation of soluble sugars in sinks. It is
arguable that the more-or-less simultaneous measurement of all these parameters
provides one of the few quantitative approaches to the concept of sink capacity. Any
accumulation of soluble sugars in sinks in elevated C, may also have implications for
morphogenesis (Pollock and Farrar, 1996), including perhaps the determination of LAR
(Fig. 5.0).

With the assumption that movement of solutes in the phloem is by bulk flow driven by
turgor-pressure gradients (Munch, 1930), an accumulation of soluble sugars in sinks may
then result in the transmission in the phloem of an increased sugar concentration and
turgor pressure from the sites of unloading to the sites of loading. In turn, phloem-
loading may be inhibited in some way by the increased sucrose concentration and/or
turgor to cause an accumulation of soluble sugars in source leaves. Alternatively, an
increased sugar concentration in leaves could occur independently of any reduction in
sink capacity, if the sugars are needed to drive a higher flux of solutes in the phloem.
Sugar accumulation in leaves is widely and consistently reported in CO,-enrichment
studies (Chapter 3; Farrar and Williams, 1991), and may be responsible for the down-
regulation of photosynthesis due to repression of genes as described earlier (Van Oosten
et al., 1994; Krapp and Stitt, 1995). It is perhaps significant that such a role of sugars is
now firmly established in other experimental systems (Sawada et al., 1987; Krapp et al.,
1991; Paul and Driscoll, 1997). The consequent down-regulation of photosynthetic
capacity of individual leaves may then be manifest as a reduction in NAR and hence RGR
(Poorter, 1993). In this chapter, attempts are made to quantify the various components

of the model described above and illustrated in Figure 5.0. Together with the analysis of
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growth presented in Chapter 4, this information is used to try to answer the fundamental

question: Does sink capacity limit growth in elevated C,?

Additional assimilate not used

Decreased respiration : photosynthesis

Increased [soluble sugars] in sinks

Effects on morphogenesis?

\%

Increased [soluble sugars] in source leaves

Down-regulation of photosynthetic capacity

Decreased net assimilation rate

Figure 5.0. Hypothetical model to explain the consequence for net assimilation rate in a
plant unable to use additional assimilate available in elevated C,. The accumulation of
soluble sugars in sinks may perhaps also affect morphogenesis.

95



5.2. MATERIALS AND METHODS

5.2.1. Growth conditions

Plants of U. urens were grown in a hydroponic culture system in controlled-environment
cabinets. This chapter combines data from different but comparable experiments. Data of
responses at the individual-leaf level were obtained from plants grown strictly as
described in Section 2.2. These plants were switched from ambient to elevated C, (680
umol mol™) for 11 d at a defined shoot height of 7.5 cm (+ 0.5 cm), approximately 30 d
after sowing. Data on responses at the whole-plant level were obtained using a sub-set of
plants grown as described in Chapter 4 (Section 4.2.1). As was described in Section
4.2.1, these plants were switched from ambient to elevated C, (700 pmol mol™) for 10 d
at a defined fresh weight of 8 g (+ 0.75 g) (with a shoot height of 7 - 8 cm)
approximately 30 d after sowing. Henceforth, the day at which exposure to elevated C,

began will be designated as day 0.

5.2.2. CO; exchange in whole plants

Net photosynthesis (A) and dark respiration (R4) of intact shoots and roots were
measured as CO, exchange rate (CER) using an open system (Section 2.6.1).
Measurements were made in the laboratory, but under conditions of CO,, humidity,
PPFD, temperature and nutrient supply equivalent to those in the controlled-environment
cabinet (Sections 2.6.2,3 and 4). A and R4 of one plant grown in ambient C, and one
plant grown in elevated C, were measured each day as CER min’ (Section 2.6.5). The
calculation of gross photosynthesis (Ag) and the extrapolation of CER min™ to give daily
rates of A, Ag and Ry are described in Section 2.6.5. Other bases for the expression of
CER (e.g. s and as carbon flux) should be self-explanatory. Data were integrated over
the two time intervals used for classical growth analysis as described in the previous
chapter (Section 4.2.2), to give n = 4 (days 1 - 4) and n = 6 (days 5 - 10). To relate more
closely CO, exchange and growth, RGR of the sub-set of plants used for measuring gas
exchange was calculated for each time interval as the slope of the linear regression fitted

to logarithmically-transformed data of their structural dry weights.
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5.2.3. CO; exchange in individual leaves

Measurements of net photosynthesis (A) were made at days 0, 2, 6 and 10 on one of the
two paired leaves borne at the 5th node on the main stem (leaf number 5), using a
combined CO,/H,O analysis system and clamp-on leaf cuvette (CIRAS-1, PP Systems,
Hitchin, Herts., UK), as described in Section 2.5.1. The stage of leaf expansion was
monitored by measuring the area (Digital image analysis system, Delta-T Litd.,
Cambridge, UK) of paper leaf replicates. A was measured at the approximate PPFD
incident on the leaf under growth conditions (520 pumol m? s to give A at the C, of
growth and also allow calculation of the percent change in A due to elevated C, during
measurement. A was also measured at near-saturating PPFD (1000 umol m™ s™) at range
of intercellular CO, concentrations (C;) between 50 and 1300 pmol mol™ for the
construction of A/C; curves (Section 2.5.2). The maximum rate of carboxylation limited
by the amount and/or activity of rubisco (Vema) and the maximum attainable rate of
photosynthesis at saturating light intensity and C; (Amax) Were derived from these curves
following the approach of McMurtrie and Wang (1993), as described fully in Section
2.5.2,

5.2.4. Leaf total soluble protein, rubisco and photosynthetic pigments

Leaf disks were cut from leaf number 5 at day 11 and rapidly frozen in liquid N,. Soluble
proteins were extracted from 1.9 cm? frozen leaf material as described in Section 2.9.1
(Quick et al., 1991). Total soluble protein was quantified according to the method of
Bradford (1976) (Section 2.9.2). Rubisco protein was determined in the same extracts
(Hibberd et al., 1996a) using a densitometer to scan rubisco large subunit bands isolated
by polyacrylamide gel electrophoresis (Laemmli, 1970) and stained with Coomassie
Brilliant Blue dye (Section 2.9.3; Fig. 2.10).

Photosynthetic pigments (chlorophylls a and b, and carotenoids) were extracted in 80 %
(v/v) acetone from 1.9 cm* of frozen leaf material (MacKinney, 1941) and quantified
spectrophotometrically according to Lichtenthaler and Wellburn (1983). The procedure
is described fully in Section 2.10.
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5.2.5. Non-structural carbohydrates

Plants were harvested as described in the previous chapter (Section 4.2.2). Soluble
sugars were extracted from oven-dried and frozen plant material, sequentially in ethanol
and then in deionized water (Farrar and Farrar, 1985) (Section 2.7.1). Starch was
extracted from the material remaining after extraction of soluble sugars and converted to
glucose (Lustinec et al., 1983) (Section 2.7.1). For bulk determination of non-structural
carbohydrate concentrations in plant tissues (leaves, roots, stems and whole plants),
extractions of 30 - 40 mg well-mixed oven-dried material were analyzed according to

Dubois et al. (1956) (Section 2.7.2).

Non-structural carbohydrates and starch were also determined in defined leaf (1.9 cm? of
leaf number 5) and root (1 - 2 g fresh weight of root tips < 1 c¢m in length) tissues taken
at day 11 and rapidly frozen in liquid N,. For theses tissues, soluble carbohydrates were
analyzed using high performance liquid chromatography (HPLC) (Cairns and Pollock,

1986) (Section 2.7.3) to allow quantification of particular carbohydrate species.

5.2.6. Organic N

Both the method of determination and the actual data of the organic N concentration in
plant tissues have been described (Section 4.2.3) and shown (Figs. 4.8 and 4.9) in the
previous chapter. In the present chapter, measurements of organic N are included only in
the determination of the ratio of soluble sugars to organic N, and as a basis for the

expression of other data.
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5.2.7. Allometric analysis

Allometric analysis (Pearsall, 1927; Troughton, 1955) was used to distinguish between
effects of elevated CO, and size on photosynthesis and Ry, as described in Section 2.4.

Geometric mean regressions (GMRs) were fitted to logarithmically-transformed data:

log.y = log. b+ vlogex
where y and x were data of dry weight (including and excluding TNC), leaf area and
whole-plant CO, exchange. The GMR slope (v) represents the allometric coefficient
(Ricker, 1984; Farrar and Gunn, 1996) and the constant b expresses the regression

intercept of y when x is zero.

5.2.8. Source-sink differentiation

Within the broad definition of sources as regions that produce and export assimilate and
of sinks as those that import assimilate for growth or storage (Farrar, 1996), sources
were considered as leaves (unfolded leaves > 1 cm length) and sinks as stems (including
shoot apices, folded leaves, leaves < 1 cm length and inflorescences) and as entire root

systems.

5.2.9. Statistical analyses

Student’s t-test or two-way (CO, and time) analysis of variance followed by Tukey-tests
were used to test for significant differences in non-structural carbohydrates, in the
integrated data of whole-plant photosynthesis and respiration (Section 5.2.2), and in
photosynthesis in individual leaves. For functional analysis of growth, significant
differences between corresponding pairs of constants in the fitted equations were
analyzed as described in Section 2.3.2. For allometric analyses, differences in v, the
displacement of the GMR line (elevation), and deviation of v from unity were tested for
statistical significance using Student’s t-test as described by Zar (1989). Differences in
the slopes of linear regressions used in the analysis of data other than by allometry were
tested using the same approach (Zar, 1989). All statistical analyses were performed using

the computer software package SPSS (Prentice Hall, New Jersey).
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5.3. RESULTS

5.3.1. CO; exchange in whole plants

In both ambient and elevated C,, net photosynthesis (A) in entire shoot systems and
whole plants declined over the experimental period (Fig. 5.1). Similar declines over time
were found for the rate of dark respiration (Rqg) in shoots, roots and whole plants (Fig.
5.2). The data of photosynthesis expressed as shown in Figure 5.1, and expressed on
different bases, are shown in Table 5.1 as means derived by pooling the individual
measurements within two time intervals (days 1 - 4; days 5 - 10). Similarly integrated
data of Rq expressed as shown in Figure 5.2, and expressed on different bases, are shown
in Table 5.2. The declining values of both A (Fig. 5.1) and Ry (Fig. 5.2) contributed to
the large standard errors of the mean values derived by integration, and no significant
effects of elevated C, were found on either A (Table 5.1) or Ry (Table 5.2) in any plant

part or using any basis of expression.

Mean RGRs over each time interval of whole plants, shoots and roots of plants in the
sub-set on which measurements of CO, exchange were made are also shown in Table
5.1. Differences in mean values due to elevated C, were not statistically significant, even

over the 0 - 4 d interval.
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Figure 5.1. Net photosynthesis in entire shoots and whole plants of U. urens switched
from ambient (ca. 350 pmol mol™) to elevated (700 pmol mol™) C, for 10 d. Exposure to
elevated C, began at day O when plants were approximately 30 d old. (A) Net
photosynthesis in shoots during measurement in the light, expressed per unit leaf area
(and excluding root respiration), (B) Net photosynthesis in whole plants, expressed per
unit leaf area and calculated as the projected daily rate of net C uptake (including total
plant respiration), and (C) Net photosynthesis in whole plants, expressed per unit plant
structural dry weight (SDW) and calculated as in (B). Data are shown as individual
points. Data integrated as means over days 1 - 4 and over days 5 - 10 are shown in Table
5:1:
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Figure 5.2. Dark respiration in (A) Roots, (B) Shoots and (C) Whole plants of U. urens
switched from ambient (ca. 350 umol mol™) to elevated (700 umol mol™) C, for 10 d.
Exposure to elevated C, began at day 0 when plants were approximately 30 d old.
Respiration is expressed per unit structural dry weight (SDW) and calculated as the
projected daily rate of C efflux. Data are shown as individual points. Data integrated as
means over days 1 - 4 and over days 5 - 10 are shown in Table 5.2.
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Table 5.1. The rate of net photosynthesis (A) of intact shoots of U. urens switched from
ambient (ca. 350 pmol mol™) to elevated (700 pmol mol™) C, for 10 d at approximately 30 d
of age. A was measured as CO, uptake and is expressed as uptake occurring during
measurement in the light (umol m? s™) including and excluding root respiration (+/- RTRy),
and as the projected daily rate of C uptake (g d”) including total plant respiration, per unit leaf
area, dry weight (DW), structural dry weight (SDW) (= DW minus the weight of total non-
structural carbohydrates), and organic N. Data are shown as means + standard errors, with
means derived by pooling individual measurements made over two periods of time (n = 4 at
days 1 - 4;n =6 at days 5 - 10). Also shown are mean relative growth rates, RGR, over days
0 - 4 and days 4 - 10, of whole-plants, shoots and roots. RGR was calculated as the slope of
linear regressions of log. structural dry weight (SDW) over the appropriate time intervals,
using only the plants on which measurements of gas exchange were made. Data of RGR are
shown with the coefficient of determination (+*) for each regression in parenthesis.

Days 1-4 Days 5 - 10
Ambient C, | Elevated C, | Ambient C, | Elevated C,
Net photosynthesis (A)
umol CO, m? ! (-RTRy) |6.7 (£0.26) |7.9 (x0.97) |57 (x0.41) |6.3 (+0.38)
umol CO, m? s* (+RTRy) | 5.8 (x0.17) |7.0 (x0.98) |53 (20.39) |58 (%0.36)
gCm?d" 3.4 (20.12) |41 (20.61) [3.1 (x0.28) |3.4 (x0.25)
mg C g"' Shoot DW d 61.9 (£3.5) 71.9 (£8.0) 54.5 (£7.0) 53.0 (x4.9)
mg C g Shoot SDW d | 66.9 (#4.0) | 77.0 (+8.7) |57.7 (x7.4) |56.4 (+5.1)
mg C g” Plant DW d” 48.6 (£2.8) | 57.2 (6.6) 44.8 (£5.2) | 43.6 (£3.7)
mg C g Plant SDW d” 52.1(x3.2) |60.9(x7.1) |47.2(x54) |46.2(+3.9)
gCg' Leaf N d' 1.57 (£0.09) | 1.93 (0.24) | 1.74 (0.25) | 1.64 (+0.12)
g C g’ Shoot N d 1.20 (£0.07) | 1.47 (0.18) | 1.23 (£0.19) | 1.17 (0.10)
g Cg'Plant N d" 0.96 (x0.06) | 1.16 (x0.15) | 1.00 (x0.14) | 0.96 (x0.07)
Days 0 - 4 Days 4 - 10
RGR (mg SDW g' d?)
Whole plant 345 (0.985) | 400 (0.983) | 265 (0.995) | 243 (0.976)
Shoot 350 (0.983) | 407 (0.987) | 279 (0.995) | 248 (0.972)
Root 327 (0.985) | 373 (0.960) | 202 (0.956) | 215 (0.982)
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Table 5.2. The rate of dark respiration (R4) in intact shoots and roots of U. urens switched
from ambient (ca. 350 pmol mol™) to elevated (700 pmol mol™) C, for 10 d at approximately
30 d of age. Ry was measured as CO, evolution in the dark, and is expressed as evolution
occurring during measurement in the dark (umol m™ s™), and as the projected daily rate of C
evolution (g d) per unit dry weight (DW), structural dry weight (SDW) (= DW minus the
weight of total non-structural carbohydrates), and organic N. Data are shown as means =+
standard errors, with means derived by pooling individual measurements made over two
periods of time (n =4 at days 1 - 4; n =6 at days 5 - 10).

Days1-4 Days 5 - 10
Dark respiration (Ry) Ambient C, | Elevated C, | Ambient C, | Elevated C,
Shoot R4
umol CO, m* ™ 2.7 (0.17) [29 (x0.21) (2.1 (x0.06) |2.4 (x0.08)
mg C g Shoot DW d* 50.3 (x1.5) |[53.3(x1.9) |[38.2(x1.4) |40.2 (x0.4)
mg C g" Shoot SDW d" [543 (£1.8) | 57.1 (+2.3) | 40.4 (£1.5) |41.9 (x0.6)
g C g" Shoot N d 0.97 (z0.01) [ 1.09 (x0.06) | 0.85 (x0.04) | 0.87 (+0.02)
gCg'Leaf Nd® 1.28 (£0.02) | 1.42 (x0.08) | 1.21 (x0.06) | 1.23 (+0.05)
Root R4
mg C g"' Root DW d! 58.0 (£5.5) [59.0 (#5.7) |39.6(x3.4) |44.3(+2.2)
mg C g"' Root SDW d 60.5 (£5.8) [61.2(%6.0) [41.0(#3.5) |45.9(x2.3)
gCg' Root N d’ 1.20 (£0.04) | 1.18 (x0.10) | 0.88 (0.09) | 0.99 (+0.12)
Whole plant R4
mg C g Plant DW d 52.0 (£1.9) [54.6(x2.0) |[38.4(x8.2) |40.2(0.4)
mg C g Plant SDW d" 55.7 (22.4) |58.1(£2.4) |40.5(x1.6) |42.7 (x0.3)
g Cg"' Plant N d” 1.02 (£0.02) | 1.14 (£0.05) |[0.85 (£0.05) |0.89 (+0.03)
Ry as % of gross daily A
Whole plant Ry 51.7 (x1.6) | 49.3 (3.1) |46.9 (x2.0) |48.5 (+2.0)
Shoot Ry 39.4 (£1.3)  [38.1(x1.3) |38.7(x22) [39.2(x1.7)
Root Ry 12.4 (£1.0) | 11.1 (x1.8) 8.2 (+0.5) 9.3 (+0.6)
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5.3.2. Non-structural carbohydrates at the whole-plant level

The concentrations of non-structural carbohydrates in leaves, stems, roots and whole
plants per unit structural dry weight over the 10 d period are shown in Figure 5.3. The
concentration of soluble sugars in leaves was significantly increased by elevated C, at day
10 only, with the increase amounting to about 30 % (Fig. 5.3.A). Elevated C, did not at
any time significantly increase the concentrations of soluble sugars, starch or TNC in
either stems or roots. Starch was present in stems for only the first 4 d, and was never
detected in roots. The significant increase in whole-plant TNC at day 10 in elevated C,
was therefore due principally to the accumulation of soluble sugars in leaves. Figure 5.3
also shows the ratios of the amount of soluble sugars to organic N in leaves, stems, roots
and whole plants. The ratios were not affected by elevated C, except in leaves at day 10,

where the ratio was about 40 % greater.

The amount of non-structural carbohydrates per unit area of leaf over the 10 d period is
shown in Figure 5.4. In leaves, the patterns of the amounts of soluble sugar, starch and
TNC over time were essentially the same as those described previously on a structural
dry weight basis, with a significant increase in soluble sugars at day 10 of about 50 %
The amount of starch in leaves was highly variable, but in general starch persisted over
time in elevated C, in contrast to its progressive depletion in leaves of plants grown in
ambient C,. The amount of starch was never more than about 20 % of the amount of
soluble sugars, so that the time-courses of the amount of total non-structural

carbohydrate (TNC) in leaves reflected that of soluble sugars.

Elevated C, did not significantly affect the concentration of TNC (comprised solely of
soluble sugars) measured at day 11 in root tips (Table 5.3), although the TNC
concentration was greater in root tips than that at day 10 in whole root systems (Fig.
5.12.K). Inulin, stachyose, raffinose and mannitol were not detected in root tips, nor was
the carbohydrate species with a retention time coincident with that of glycerol, as was

detected in some leaf material (Section 5.3.5).
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Figure 5.3. Concentration per unit structural dry weight (SDW) of soluble sugars (A,E,LM), starch (B,F,J,N) and total non-structural
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Figure 5.4. Concentration per unit area of (A) Soluble sugars, (B) Starch and (C) Total
non-structural carbohydrates in leaves of U. urens during 10 d of growth after switching
plants from ambient (ca. 350 pmol mol™) or elevated (700 umol mol™) C,. Exposure to
elevated C, began at day 0 when plants were approximately 30 d old. Data are shown
individually (days 1, 2, 3, 5, 6, 7, 8 and 9), or as means (n = 4 - 5) (days 0, 4 and 10)
with standard error bars. Significant differences (p < 0.05) due to C, at days 4 and 10 are
indicated by asterisks.
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Table 5.3. Concentrations of non-structural carbohydrates in roots of U. urens 11 d after
switching 30 d old plants from ambient (ca. 350 pumol mol™) to elevated (680 pmol
mol™") C,. Data are shown as means (n = 5) + standard errors. Soluble carbohydrates
were identified and quantified by high performance liquid chromatography (HPLC).

FRACTION CARBOHYDRATE | CONCENTRATION (mg g”1 SDW)
Ambient C, Elevated C,

Ethanol-soluble Sucrose 1.5 (x0.2) 3.5 (#1.5
Glucose 19.5 (3.7) 33.4 (+9.3)
Fructose 17.3 (£2.6) 31.4 (+8.1)
Unidentified 8.5 (£0.9) 8.3 (£2.0)
Total 44.3 (x12.0) 70.3 (x16.0)

Water-soluble Unidentified 23.9 (£3.0) 19.5 (+6.8)

Total soluble 68.1 (x13.1) 89.7 (x19.3)

Insoluble Starch 0 0

Total non-structural 68.1 (£13.1) 89.7 (x19.3)
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5.3.3. Allometric analysis

A summary of the allometric analyses describing whole-plant CO, exchange is given in
Table 5.4, and examples of geometric regressions fitted to the primary data are shown in
Figures 5.5 and 5.6. No significant effects of elevated C, on the allometric coefficient (v)
were found, but in elevated C, the elevations were higher in the GMRs relating both A
and shoot R4 to leaf area (Fig. 5.5), and in those relating Ry in roots, shoots and whole

plants to their respective structural dry weights (Fig. 5.6).
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Table 5.4. Allometric relations describing specific rates of photosynthesis (A) and respiration (Rg) in intact shoots and roots of U. urens switched
at approximately 30 d of age from ambient (ca. 350 pmol mol™) to elevated (700 pmol mol™) C, for 10 d. The table gives a summary of analyses
of geometric mean regressions (GMRs) describing logarithmically-transformed variables (x, y) of A, Ry, leaf area, dry weight (DW), structural
dry weight (SDW) and organic N content. Table shows the GMR slope (v, the allometric coefficient) with the coefficient of determination () for
cach GMR in parenthesis, the relative elevation of the GMR line (T, | and = denoting an upwards, downwards and no significant displacement
of the GMR line), and whether v deviates significantly from unity (slope # 1). SDW is DW minus the weight of total non-structural carbohydrate
(TNC). *, ** and *** indicate significant differences due to C, at p < 0.05, p < 0.01 and p < 0.001 respectively; ns indicates that differences are
not significant.

Variable GMR slope (v) Elevation Slope # 1
log. y log. x 350 700 350 700 350 700
A (g CdYH Leaf area (m?) (865 RE=0910): g ggs@a-0MDg | | T ok k% ns
A (umol CO, min™) Leaf area (m?) 0:gag Wem=0%8 g ggyRm=0omiar | [ T ok “
Plant Rg (umol CO, min™')  Plant DW (g) 0.805 ®=a=09%  ( g33 R=q=09%)es | | T ok W& i
Plant Ry (umol CO, min)  Plant SDW (g) 0797 Bea=098)  gRygG=03Sm | | T ok ik ik
Shoot Ry (umol CO, min™) ~ Shoot DW (g) 1 R Sl I 1Y 5 el - B i
Shoot Rg4 (umol CO, min™™) ~ Shoot SDW (g) 0.846 R#1=0999) () g73 R+q=0990)2s | - Wk e
Shoot Ry (umol CO, min')  Total leaf area (m?) 0.883 (=1=0990) (936 Rsa=05%ne | | ik o ns
Root Ry (umol CO, min") ~ Root DW (g) 0.646 ®a=089 (75 ®sa=0350ms | | T e 5t
Root Ry (umol CO, min™") ~ Root SDW (g) (.643 $=a=08% g g0q Re=05gue | | T * *xk b




loge A (umol CO, min™")

log, shoot Ry (umol CO, min™')

log, leaf area (m?

Figure 5.5. Geometric mean regressions (GMRs) of logarithmically-transformed data of
leaf area against (A) Net photosynthesis, A, excluding root respiration, and (B) shoot
dark respiration (Ry) in U. urens switched from ambient (ca. 350 pmol mol™) to elevated
(700 pmol mol™) C, for 10 d when approximately 30 d of age. The GMR slope (v), its
relative elevation, and its coefficient of determination (#*) are given in Table 5.4.
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Figure 5.6. Geometric mean regressions (GMRs) of logarithmically-transformed data of
structural dry weight (SDW) against the rate of respiration in (A) Roots, (B) Shoots and
(C) Whole plants of U. urens switched from ambient (ca. 350 pmol mol™) to elevated
(700 pmol mol™) C, for 10 d when approximately 30 d of age. The GMR slope (v), its
relative elevation, and its coefficient of determination (+*) are given in Table 5.4.
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5.3.4. CO; exchange in individual leaves

Neither the rate of expansion or final area of leaf number 5 was significantly affected by
elevated C,, and full expansion of this leaf was attained 6 - 7 d after switching (Fig. 5.7).
The rate of net photosynthesis (A) in leaf number 5 in elevated C, was significantly
greater by about 30 % throughout the experimental period, when measured at the PPFD
incident on the leaf under the conditions of growth (Fig. 5.8.A). In both ambient and
elevated C,, A declined after full expansion of the leaf, and the stimulation of A due to
elevated C, increased over time. The mean percent increase due to elevated C, was
consistently higher in leaves of plants grown in elevated C,, but this was significant only
at day 3 (Fig. 5.8.B). Neither Vg max Or Amax, measured at days 6 and 10, was affected by
elevated C,, but the rates of both declined after full expansion of the leaf in both ambient
and elevated C, (Fig. 5.9).

5.3.5. Tissue composition at the single-leaf level

Total soluble protein, rubisco and photosynthetic pigments

The concentrations per unit area in leaf number 5 at day 11 of total soluble protein,
rubisco protein, chlorophylls and carotenoids are shown in Table 5.5. Neither total
soluble or rubisco protein was affected by elevated C,. The proportion of soluble protein
that is rubisco was unusually high, so that actual values of rubisco content are probably
erroneous (Section 2.9.3). Although the increases in mean chlorophyll @ and b contents
in elevated C, were individually insignificant, their combination meant that the total
chlorophyll content was significantly greater in elevated C, by about 15 %. Elevated C,

did not affect the ratio of chlorophylls a : b, or the amount of carotenoid pigments.
Non-structural carbohydrates

The concentration per unit area of total non-structural carbohydrates (TNC) in leaf
number 5 at day 11 was significantly greater in elevated C, (Table 5.6), but the

accumulation of TNC could not account for the reduction in specific leaf area of the

same leaf (Table 5.7). The accumulation of TNC in elevated C, was due principally to an
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increase in the amount of sucrose, whilst the amounts of glucose, fructose and starch
were not significantly affected. Inulin, stachyose, raffinose and mannitol were not
detected, but about half of samples analyzed by HPLC contained a carbohydrate species

with a retention time coincident with that of glycerol (data not shown or included).
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Figure 5.7. Leaf area expansion of one of the two paired leaves borne at the 5th node on
the main stem (leaf number 5) of U. urens during 7 d of growth after switching plants
from ambient (ca. 350 pmol mol™) to elevated (680 pmol mol’) C.. Exposure o
elevated C, began at day 0 when plants were approximately 30 d old. Data are shown as
means (n = 5) + standard error bars. At full expansion (days 6 - 7), leaf number 5 was the
youngest fully-expanded leaf.
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Figure 5.8. (A) The rate of net photosynthesis, A and (B) The percent stimulation of A
by elevated C, during measurement in a main-stem leaf (leaf number 5) of U. urens
during 10 d of growth after switching plants from ambient (ca. 350 pmol mol™) to
elevated (680 umol mol™) C,. Exposure to elevated C, began at day 0 when plants were
approximately 30 d old. Data are shown as means (n = 5) + standard error bars. PPFD
was incident on the leaf during measurement at 520 umol m™” s, a rate equivalent to that
under the conditions of growth. Full expansion of the leaf was attained at days 6 - 7.
Significant differences (p < 0.05) due to C, are indicated by aterisks.
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Figure 5.9. (A) The maximum rate of carboxylation (Vems) and (B) The maximum
attainable rate of photosynthesis at saturating light intensity and C; (Ana) in a main-stem
leaf (leaf number 5) of U. urens at days 6 and 10 after switching plants from ambient (ca.
350 umol mol™) to elevated (680 wmol mol™) C,. Exposure to elevated C, began at day
0 when plants were approximately 30 d old. Data are shown as means (n = 3 - 4) +

standard error bars. Incident PPFD was 1000 pmol m™ s™'. Full expansion of the leaf was
attained at days 6 - 7.
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Table 5.5. Concentrations per unit area of total soluble protein, rubisco protein,
chlorophylls @ and b, and total carotenoids in a main-stem leaf (leaf number 5) of U.
urens 11 d after switching 30 d old plants from ambient (ca. 350 pmol mol™) to elevated
(680 pmol mol™) C,. Data are shown as means (n = 5) + standard error bars. Significant
differences (p < 0.05) due to C, are indicated by asterisks. An example of a
polyacrylamide gel showing stained bands of rubisco protein after electrophoresis has
been shown previously (Fig. 2.10).

Ambient C, Elevated C,
Total soluble protein (g m™) 9.0 (x0.4) 8.0 (0.3)
Rubisco protein (g m™) 6.3 (1.0 51  (20.6)
Rubisco as % of soluble protein 72 (+13) 63 (=8)
Total chlorophyll (mg m™) 350 (x10) 410  (x20) *
Chlorophyll a (mg m™) 270 (x10) 320 (x20)
Chlorophyll b (mg m™) 81  («5) 95  (5)
Ratio of chlorophyll a : b 34 (x0.3) 3.3 (0.1
Total carotenoids (mg m?) 56 (+£3.3) 63 (£5.1)
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Table 5.6. Concentrations of non-structural carbohydrates in a main-stem leaf (leaf
number 5) of U. urens 11 d after switching 30 d old plants from ambient (ca. 350 umol
mol™) to elevated (680 pmol mol™) C,. Data are shown as means (n = 5) + standard
errors. Significant differences (p < 0.05) due to C, are indicated by asterisks. Soluble
carbohydrates were identified and quantified by high performance liquid chromatography
(HPLC).

FRACTION CARBOHYDRATE CONCENTRATION (g m?)
Ambient C, Elevated C,
Ethanol-soluble Sucrose 2.5 (+0.2) 5.1 (+0.9) *
Glucose 2.7 (0.1) 3.4 (+0.3)
Fructose 4.5 (x0.4) 5.4 (x0.4)
Unidentified 0.7 (x0.1) 0.5 (0.1
Total 10.4 (£0.7) 14.4 (£1.4) *
Water-soluble Unidentified 3.7 (x0.5) 3.3 (x0.4)
Total soluble 14.1 (£0.8) 1LY (=15) *
Insoluble Starch 1.1 (x0.2) 2.4 (x1.0)
Total non-structural 15.2 (x1.0) 20.1 (x1.7) *

Table 5.7. Specific leal area of a main-stem leaf (leaf number 5) of U. urens 11 d after
switching 30 d old plants from ambient (ca. 350 umol mol™) to elevated (680 pmol mol
"y C.. Specific leaf area is calculated including and excluding the weight of total non-
structural carbohydrate (TNC) (Tab. 5.3). Data are shown as means (n = 5) =+ standard
errors. Significant differences (p < 0.05) due to C, are indicated by asterisks.

SPECIFIC LEAF AREA (cm” g™)

Ambient C, Elevated C,
Including TNC 165.4 (=4.1) 130.2 (x9.1) *
Excluding TNC | 215.1 (+3.1) 172.5 (x12.1) *
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5.4. DISCUSSION

5.4.1. Whole-plant photosynthesis and RGR

Relative growth rates in both ambient and elevated C, were higher than the
measurements of net photosynthesis of whole plants might predict. The concentration of
C in plants typically ranges from about 35 - 46 % of the total dry weight (Rooney,
1994). Assuming that the concentration of C in Urtica urens is in the region of 40 %, a
representative RGR of 300 mg g’ DW d” (Table 5.1) requires a net C gain of 120 mg C
g' DW d. Clearly, the net C gain measured at approximately 50 mg C g’ DW d
(Table 5.1) is too low to account for the RGRs observed. One possible explanation for
this discrepancy may be differences in PPFD received by plants during the measurement
of CO, exchange and that received by plants during growth in controlled-environment
cabinets. Whilst care was taken during measurement to ensure an equivalent PPFD
incident at the shoot apex, similar attention was not given to giving an equivalent amount
of reflected PPFD, which may be considerable in the cabinet environment due to
reflective walls. A similar discrepancy between net C gain and RGR could have arisen if
the RGR of the sub-set of plants used in the measurement of CO, exchange differed
significantly from the RGR calculated for the total set. However, this explanation is
unlikely to apply here, since RGR of the sub-set (Table 5.1) was not lower than that of

the total set over comparable time intervals (Chapter 4, Table 4.1).

5.4.2. The CO,-stimulation of RGR

In contrast to the findings in Chapter 4, no significant CO,-stimulation of RGR was
found over days O - 4 (Table 5.1). Again, this discrepancy could be explained if the sub-
set of plants used in the measurement of CO, exchange differed from the total set.
Alternatively, the discrepancy may have arisen due to the different way in which RGR
was calculated (Sections 4.2.2 and 5.2.2), a difference in approach considered most
complimentary to the integrative analysis of whole-plant CO, exchange (Section 5.2.2),
and otherwise necessitated by the lack of replication in the present chapter at days 0, 4
and 10. In the next chapter, a functional analysis allowing calculation of instantaneous

RGR of the sub-set (Fig. 6.2; Table 6.2) shows a significant early CO,-stimulation of
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RGR similar to that found in Chapter 4 for the total set (Fig. 4.5; Table 4.2). Figure 6.2
also shows that the time-course of log. structural dry weight of plants in the sub-set was
not linear, with the result that values of +* for the linear regressions used to
calculate RGR in the present chapter were inevitably low. For these reasons, the
different way in which RGR was calculated, coupled to lower orders of replication,
probably accounts for the absence of any statistically significant CO,-stimulation
of RGR. Similarly perhaps, the integration of non-replicated data of photosynthesis and
repiration that were declining over time (Figs. 5.1 and 5.2) may have resulted in mean
standard errors sufficiently large to render small CO, effects statistically insignificant
(Tables 5.1 and 5.2). For these reasons, and respecting the statistical probability that
elevated C, did not affect either RGR or whole-plant CO,-exchange, the cautious
accordance of biological significance to what appear to be small effects of elevated C,
may be useful, at least for the composition of hypotheses that could be tested in future

experiments.

Following this line of argument, the responses of RGR, photosynthesis and respiration
to elevated C, can be described as follows. Over days 0 - 4, elevated C, increased whole-
plant RGR by about 15 %, due to a 16 % increase in RGR of shoots and a 14 %
increase in that of roots (Table 5.1). Regardless of the units of expression, net
photosynthesis of whole plants, integrated over days 1 - 4, was stimulated by elevated C,
by about 15 % (Table 5.1). Compared with the stimulation of RGR and photosynthesis,
elevated C, resulted in only a small stimulation (about 4 %) of dark respiration (R4) over
the same time interval (Table 5.2). Consequently, whole-plant Ry as a percentage of

gross photosynthesis was lower in elevated C, over days 1 - 4 (Table 5.2).

Described in this way, the results invite a number of observations. Firstly, a CO,-
stimulation of RGR over the first time interval of about 14 % would be entirely
consistent with a 15 % stimulation by elevated C, of net C gain per unit dry weight
(Table 5.1). As can be expected from the positive effects of elevated C, on
photosynthesis (Bowes, 1991), the rate of net photosynthesis (A) per unit area was
increased in whole shoot systems (Table 5.1) and in individual leaves (Fig. 5.8). The

larger and significant CO,-stimulation of A found in individual leaves (30 %) compared
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with the stimulation found in entire shoot systems (15 %, if any) probably reflects the
marked impact of the early reduction in LAR (Chapter 4) on constraining net C gain and
RGR in elevated C.,.

Other issues are raised if the suggested uncouplings between gross photosynthesis and Ry
and between Ry and structural RGR in elevated C, are genuine. The simplest explanation
for a reduction in R4 relative to photosynthesis is that a proportion of the additional
assimilate in elevated C, accumulates without respiratory use, perhaps reflecting a sink
incapacity (Section 5.4.3). However, other explanations are needed here, since no
accumulation of non-structural carbon occurred in plant tissues between days 1 - 4 in
elevated C, (Fig. 5.3). A reduction in Ry relative to photosynthesis could be a
manifestation of the respiratory inhibition of R4 by CO, that has been frequently reported
(Amthor et al., 1992; Bunce, 1990; 1992; 1995; Bunce and Caulfield, 1991; Gifford et
al., 1985; Spencer and Bowes, 1986; Thomas and Griffin, 1994; Ziska and Bunce,
1993;). This possibility will be investigated further in Chapter 6.

A disproportionately large CO,-stimulation of structural RGR relative to the CO,-
stimulation of R4 (Table 5.2) conflicts with the expectation that Ry will always be tightly
coupled to RGR (Farrar and Williams, 1991). However, other reports exist indicating
that the growth conversion efficiency of Ry is in some way increased by elevated C,
(Bunce and Caulfield, 1991; Ziska and Bunce, 1993). The possible effects of elevated C,

on functional components of Ry that relate to RGR will be examined in Chapter 6.

5.4.3. The decline in the CO,-stimulation of RGR

It was found in Chapter 4 that the reduction in the CO,-stimulation of NAR that was
partly responsible for the decline in RGR occurred towards the end of the 10 d period
(Fig. 4.5). As such, the sequence of events that would precede the decline in NAR as
predicted by the model given previously (Fig. 5.0) should be readily detectable within the
experimental window. Many components of the model were investigated using the total
set of plants (Chapter 4), and are not, therefore, subject to the problems relating to the
sub-set used in the measurements of whole-plant CO, exchange as discussed in Section

5.4.2. What evidence was found to support the hypothesis implicit in this model that the
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decline in the CO,-stimulation of RGR occurs due to the signaling by soluble sugars of a

sink-source imbalance?

Sink capacity and soluble sugar status in elevated C,

The first event predicted by the model (Fig. 5.0) is a reduction in Ry relative to
photosynthesis, coupled to an accumulation of soluble sugars in the actively respiring
sites. Notwithstanding the arguments presented in Section 5.4.2, there was no convincing
evidence to indicate that shoot, root or whole-plant Ry were reduced over days 1 - 4 as a
percentage of gross photosynthesis (Table 5.2). Consistent with this, no accumulation of
soluble sugars was found during or at the end of this time in shoots, roots or whole
plants (Fig. 5.3). Together, these measurements of CO, exchange and sugar status in the
early stages of exposure to elevated C, argue strongly against any role of sink capacity in
causing the later decline in the CO,-stimulation of NAR. Moreover, sink capacity has no

clear role in causing the early reduction in LAR in elevated C,.

Measurements of CO, exchange and sugar status in the later stages of exposure Lo
elevated C, (days 5 - 10), which should arguably be more relevant to the later decline in
the CO,-stimulation of NAR, also indicated that the ability of sinks to utilize additional
assimilate is not the factor responsible for the NAR response. Thus, Ry as a percentage
of gross photosynthesis over this time interval was unaltered by elevated C, (Table 5.2),
and the small increases in the concentrations of soluble sugars in roots and stems at days
10 - 11 (Fig. 5.3; Table 5.3) were not only statistically insignificant, but were also

evident after or at least coincident with the decline in the CO,-stimulation of NAR.

Photosynthetic capacity and soluble sugar status in elevated C,

By day 10, leaves in elevated C, accumulated soluble sugars despite the absence of prior
accumulation in sinks (Figs. 5.3 and 5.4). This suggests that the accumulation of sugars
may be mediated by processes occurring within (e.g. export) rather than outside (e.g.
sink capacity) the source leaf, but does not necessarily preclude the possibility that

sugars are causal in the reduction in the CO,-stimulation of NAR via the down-
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regulation of the photosynthetic capacity of individual leaves. However, the
accumulation of soluble sugars in a representative main-stem leaf (Table 5.6) could not
be linked to the down-regulation of photosynthetic capacity in this leaf, as indicated by a
sustained increase in the rate of photosynthesis of about 30 % (Fig. 5.8). Also, elevated
C, did not significantly affect either Vmax Or Ama in this leaf (Fig. 5.9), processes which
are likely to respond to changes in the amounts of photosynthetic proteins that are
sensitive to sugars through gene repression (Sharkey, 1985; Van Qosten et al., 1994).
Indeed, no significant effect of elevated C, on the amounts of soluble protein and rubisco
protein was found at day 11 (Table 5.5). These observations are consistent with those
reported in Chapter 3, where an accumulation of soluble sugars in leaves also occurred

without a reduction in photosynthetic capacity.

There are a number of possible explanations for the insensitivity of photosynthesis to
soluble sugar status, an observation that contradicts other CO,-enrichment studies (Van
QOosten et al., 1995) as well as studies using alternative means to increase the leaf soluble
sugar concentration (Sawada et al., 1987; Krapp et al., 1991; Van Qosten and Besford,
1994). In the first place, the response is probably threshold-dependent (Pollock and
Farrar, 1996, Hibberd et al., 1996b), and the threshold sugar concentration may not be
generally attained in CO,-enrichment studies where exposure to no more than twice-
ambient C, is standard practice. Secondly, chemical and spatial partitioning of sugars
both within and between cells and cell-types (Koroleva et al., 1997) can mean that the
additional sugars are effectively isolated from sensitive sites. In this respect, hexose may
be the principle chemical species active in the repression of photosynthesis (Van Qosten
et al., 1994; Koch, 1996), or it may be involved in a more complex signaling mechanism
such as the hexose:amino acid ratio (Paul and Driscoll, 1977). Similarly, only sugars
accumulating in the cytosol of mesophyll cells can be expected to act on photosynthesis
genes which are as yet known only to be nuclear (Van Qosten and Besford, 1994; Krapp
and Stitt, 1995). With regard to at least some of these explanations for the apparent
insensitivity of photosynthesis to soluble sugar status, it is perhaps significant that the
concentration of hexose sugars was not significantly increased by elevated C, (Table
5.6).
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Although the stimulation of photosynthesis in elevated C, was sustained at a similar
magnitude over time (Fig. 5.8.A), and although neither V¢ max 01 Apax Were significantly
affected by elevated C, (Fig. 5.9), the percent stimulation of photosynthesis by elevated
C. during measurement was consistently greater in leaves of plants grown in elevated C,,
at least for the first 6 d (Iig. 5.8.B). This increase, which was particularly marked at day
3, suggests early changes in the physiology of photosynthesis independent of soluble
sugars (Figs. 5.3 and 5.4). It is possible that relatively large early reductions in Vi max
and/or increases in Amax, Which could in principle underlie the observed response, were
not detected due to the timing of measurements. Similarly, elevated C, may have caused

early alterations in stomatal behaviour.

To conclude this subsection, no evidence has been found here to indicate that the decline
in the CO,-stimulation of RGR occurs due to the signalling by soluble sugars of a sink-
source imbalance. The results of Chapter 4 indicated no clear role for organic N in the

response. What other explanations can be proposed?

Alternative explanations for the decline in the CO;-stimulation of RGR

The CO,-stimulation of photosynthesis per unit area in individual leaves was sustained in
time, and was increased by about 30 % (Fig. 5.8). In contrast, the CO,-stimulation of
photosynthesis per unit area in entire shoot systems declined over time, and was never
increased by more than about 15 % (Table 5.1), if at all. Because the incidence of PPFD
per unit area was controlled during the measurement of photosynthesis at the single-leaf
level, but was not similarly controlled during the measurement of photosynthesis at the
whole-plant level, these observations strongly support the hypothesis, originally
proposed in Chapter 3, that changes in canopy architecture occur in elevated C, that
reduce the amount of PPFD intercepted by shoot systems and hence reduce the CO,-
stimulation of NAR. In support of the hypothesis, Poorter et al. (1988) found an
increased total leaf area relative to the projected total leaf area in Plantago major grown
in elevated C,. Similar alterations in canopy architecture may also explain the findings of
Smart et al. (1994), where the attenuation of light through wheat canopies was less rapid
in elevated compared with ambient C,, although a decreased attenuation could also be

caused by a reduction in SLA. Changes in canopy architecture could represent an
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important factor limiting the growth of plants in elevated C,. As such, the hypothesis
clearly demands a more direct investigation, and has received only limited attention in the

literature (Poorter et al., 1988).

5.4.4. Conclusions

From the evidence here, and from Chapter 4, it should now be clear that investigation of
the decline in the CO,-stimulation of RGR due to changes in LAR needs to be directed,
not at whether the additional fixed carbon is used in elevated C,, but at where and how it
is used. Whilst it is possible that an increased flux of soluble sugars through respiratory
processes in elevated C, could in some way alter the leaf morphology, the remarkable
finding that changes in R4 can be associated with reductions in LAR, even when plants
are exposed to elevated C, only during hours of darkness (Bunce, 1995), means that
sugars once again have no clear role in the LAR response. Rather, it seems that some
functional component of Ry is actually responsible for the partitioning of structural
carbon subsequent to the respiratory use of fixed carbon. The next chapter investigates
more fully the effects of elevated C. on Ry, using the measurements of respiration
presented here to analyze the responses of growth and maintenance respiration and

presenting new data for respiration of individual leaves.
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CHAPTER 6

Growth of Urtica urens in elevated CO;: II1. Early changes

and the role of respiration

6.1. INTRODUCTION

Plant dark respiration (Rg4), the net non-photorespiratory efflux of CO,, is the final result
of diverse physiological processes (Farrar, 1985). Predominant amongst these processes
is the evolution of CO, arising directly or indirectly from the network of reactions
involved in biosynthesis and energy production, which can be grouped into glycolysis,
the pentose phosphate pathway, the tricarboxylic acid cycle, and mitochondrial electron
transport. Energy generated by respiration can be used to drive nutrient uptake and to
maintain existing structure, whilst the new structure built from the products of
respiration is directly responsible for structural growth. However, other processes
contribute to the influx or efflux of CO, in darkness, including the dark fixation of CO,
by phosphoenol pyruvate carboxylase (PEPc) (Latzko and Kelly, 1983) and the evolution
of CO; during the formation of ethylene (Lieberman, 1979).

Many studies have found that Ry is affected in some way by elevated C,, with probably
the commonest response being decreased Ry. This inhibition of Ry can be a direct, short-
term effect in which Ry is reversibly decreased within minutes of exposing a plant or
plant parts to elevated C, (Bunce, 1990, 1994; Amthor et al., 1992; Ziska and Bunce,
1993; Thomas and Griffin, 1994), as well as an indirect, longer-term effect in which Ry is
irreversibly decreased within weeks or months of exposure to elevated C, (Gifford et al.,
1985; Spencer and Bowes, 1986; Bunce, 1990, 1994; Bunce and Caulfield, 1991; Ziska
and Bunce, 1993; Wullschleger et al., 1994). From the limited evidence available, it
appears that a longer period of growth in elevated C, can interact with the short-term
effect, so that the direct inhibition of Rq4 by elevated C, is either moderated (Thomas and
Griffin, 1994) or completely annulled (Bunce, 1990).
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Not all studies find decreased Ry in elevated C,. In the longer term, both unaltered
(Baxter et al., 1995) and increased (Azcon-Bieto and Osmond, 1983; Hubec et al., 1985;
Poorter et al., 1988) Ry have been reported. To add to these conflicting respiratory
responses, no convincing evidence was found in Chapter 5 that Ry was significantly
affected by elevated C,, when Ry of intact shoots and roots grown in elevated C, for 10 d

was compared to Ry of those grown in ambient C,.

As yet, both the mechanistic bases for and the physiological significances of these
different respiratory responses to elevated C, are unclear. In principle, it is possible to
reconcile the conflicting reports of the indirect, longer-term effects of elevated C, on Ry
in terms of our current understanding of respiratory function and control (Farrar and
Williams, 1991), such that, firstly, Ry is stoichiometrically linked to structural growth
rate, and secondly, Ry is up-regulated by substrate supply in a manner suggestive of
coarse control of respiratory enzymes by sugars. Hence, the different indirect effects of
elevated C, on Ry may simply reflect the characteristic time- and size-dependent changes
in relative growth rate (RGR) and carbon assimilatory capacity (Chapter 3; Chapter 4;
Poorter et al., 1988; Bazazz, 1990; Den Hertog et al., 1993, 1996; Poorter, 1993;
Baxter et al., 1994a; Fonseca et al., 1996; Stirling et al., 1998). Indeed, studies by
Azcon-Bieto and Osmond (1983) and Hubec et al. (1985) demonstrate clearly that
increased rates of leaf expansion and photosynthesis in elevated C, are closely coupled to

increases in Ry and leaf carbohydrate content.

However, the results of Chapter 5 suggested that Ry of shoots, roots and whole plants
was not significantly increased by elevated C,, despite significant increases in their
respective structural RGRs. Similar alterations to the relationship between Ry and RGR
were noted by Bunce and Caulfield (1991), who found that both decreased and unaltered
whole plant R4 can underlie CO,-stimulations of RGR. Because the results of Chapter 5
indicated that the proportion of carbon lost via respiration relative to carbon gained via
photosynthesis was probably unaltered by elevated C,, improvements in respiratory
efficiency may be an important component of any CO,-stimulation of RGR. In theory,
such improvements could arise if there are reductions in either or both the growth and
maintenance components of Ry (Thornley, 1970; Penning de Vries, 1975; McCree,

1982). Indeed, decreases in both growth and maintenance Ry have been reported in CO,-
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enrichment studies (Wullschleger et al., 1992; Wullschleger and Norby, 1992; Ziska and
Bunce, 1993), although different responses have also been found, including no change in

the growth component but an increased maintenance R4 (Thomas and Griffin, 1994).

Following the arguments of some workers (Amthor, 1991; Ryan, 1991; Wullschleger et
al., 1994), reductions in growth and maintenance Rq could be direct consequences of
decreased tissue N concentrations in elevated C,, which would lower the respiratory
costs associated with protein synthesis and turn-over. Although decreased tissue N
concentrations are frequently reported in CO,-enrichment studies (Chapter 3; Garbutt et
al., 1990; Stulen et al., 1994), no such decrease was found (Chapter 4) that could
explain the apparent perturbation in the relationship between RGR and Ry (Chapter 5).

Little is known of either the mechanistic basis for or the functional significance of the
direct effect. Recent work by Gonzalez-Meyer et al. (1996), using isolated soybean
mitochondria exposed to twice-ambient CO, concentrations, suggests that CO, acts
directly to inhibit the activity of key enzymes of the tricarboxylic acid cycle and
mitochondrial electron transport chain. Other explanations have included changes in
intracellular pH affecting respiratory enzyme activity, and increased dark fixation of CO,
by PEPc (Amthor, 1991). However, the existence of a direct effect of CO, on Ry can be
challenged on numerous grounds. Firstly, there are theoretical difficulties in accepting
that the respiratory apparatus in higher plants would have evolved a sensitivity to CO,-
repression in a soil environment used for their establishment which is characterized by
CO, concentrations between 3000 and 17,000 umol mol” (Lamborg et al., 1983).
Secondly, the CO,-inhibition of R4 has not been routinely reported despite an extensive
history of measuring respiration using oxygen electrodes and other systems where the
CO, concentration around tissues is not controlled and often increases dramatically
during measurement (J.F. Farrar, pers.comm.). Thirdly, any CO,-repression of R4 should
result in a reduction in the proportion of carbon lost via respiration relative to carbon
gained via photosynthesis; for this, the results of Chapter 5 provided little convincing
supportive evidence. Finally, the credibility of some reports of a direct effect has been
widely challenged due to probable flaws in experimental design and interpretation (J.F.

Farrar, pers.comm.).
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Notwithstanding the reservations expressed above, robust reports of a direct inhibition of
R4 by CO; clearly exist (Bunce, 1990, 1994; Ziska and Bunce, 1993; Thomas and Griffin,
1994). The remarkable finding of Bunce (1995), that a reduction in leaf area ratio (LAR)
can occur in response to elevated C, even when plants are exposed to elevated C, only
during hours of darkness, prompted the author to suggest a link between the CO,-
inhibition of R4 found in previous studies (Bunce, 1990, 1994) and the LAR response.
This could represent an important observation, since not only is a reduction in LAR a
widely and consistently reported effect of elevated C, (Chapter 3; Chapter 4; Acock and
Pasternak, 1986; Poorter, 1993; Stulen et al., 1994; Gebauer et al., 1996; Roumet et al.,
1996; Stirling et al., 1998), but now emerges as perhaps the principal limitation to RGR
in elevated C, (Chapter 4). '

The principal aim of the present chapter is to gain further insight as to if and how
elevated C, affects Rq. Following on from the observation made in Chapter 5 that a CO,-
stimulation of structural RGR occurred without a proportional increase in Rg, the data
(obtained as described in that chapter) are further analyzed here to distinguish growth
and maintenance Ry, and so determine the relative contribution of each functional
component to the apparent discrepancy between Ry and RGR. In order to determine
whether or not elevated C, inhibits Ry, a different analytical approach than that used in
Chapter 5 (Table 5.2) is taken to quantify the relationship between Ry and gross
photosynthesis, and new data is presented of measurements of Rq made on individual

leaves, which target specifically the direct response of Ry to elevated C,.
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6.2. MATERIALS AND METHODS

6.2.1. Growth conditions

Plants of Urtica urens were grown in a hydroponic culture system in controlled-
environment cabinets, and were switched from ambient to elevated C, (700 pmol mol™)
for 10 d at a defined fresh weight of 8 g (+ 0.75 g) (with a shoot height of 7 - 8 cm and a
dry weight of ca. 0.8 g), approximately 30 d after sowing (as described in Chapter 4,
Section 4.2.1). Henceforth, the day at which exposure to elevated C, began will be

designated as day 0.

6.2.2. CO; exchange in whole plants and individual leaves

Data of gross photosynthesis per plant (Ag) and Ry of intact shoots, roots and whole
plants were taken from the measurements made and described in Chapter 5, and were
expressed in units of mg C d' calculated by extrapolation of CO, exchange min®
(Sections 2.6.5 and 5.2.2; Tables 5.1 and 5.2).

Measurements of Ry of individual leaves were made both under laboratory conditions
and inside controlled-environment cabinets during the conditions of growth, using a
combined CO»/H,0 analysis system and clamp-on leaf cuvette (CIRAS-1, PP Systems,
Hitchin, Herts., UK), as described in Section 2.5.1. To investigate the direct effect of
CO; on Ry, measurements were made in the laboratory during the usual photoperiod of
growth, but with conditions of darkness imposed Before measurements started, an
equilibration period of 5 min was allowed after switching the portion of the leaf enclosed
by the cuvette from light (2000 umol m? s PPFD) to darkness. Rq was measured 4 and
10 d after switching in a range of main-stem leaves (numbered 4, 5, 6 and 8 according to
their order of appearance on the stem during growth). Measurements were made at
ambient and 700 pmol mol” C, to give values of R, at the C, of growth, and to allow
calculation of the percent change in R4 due to elevated C, occurring during measurement
in any given leaf. Stable step changes in C, were achieved within approximately 90 s,
after which an equilibration period of 5 min was allowed before Ry was recorded. To test

for reversibility of any CO, effect, the initial C, imposed on a leaf was different from one
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set of measurements to the next. Leaks were tested for and detected by observing rapid
fluctuations in R4 after blowing CO,-enriched air through a tube around the gaskets
sealing the leaf surface to the borders of the cuvette, and corrected by repositioning the

cuvette on the leaf,

Unreplicated measurements of Ry inside the controlled-environment cabinets were made
on leaf number 5 on the 8th d after switching, and were taken repeatedly at 15 min
intervals throughout the usual 8 h of darkness using one CIRAS system operating under
ambient C, and another under elevated C.. The C, inside the cuvette was controlled by
the CIRAS CO; control system to avoid the fluctuations in C, generated by the cabinet
control system (Section 2.2). Stomatal conductance to water vapour (gs) and the
intercellular CO, concentration (C;) were also recorded at the same times (Section
2.5.1).

6.2.3. Growth and maintenance respiration

Linear regressions of whole-plant, shoot and root Ry (per unit structural dry weight) on
their respective structural relative growth rates (RGRs) were used to estimate growth

and maintenance respiration after Thornley (1976):

y=a+bx

where y is Ry, X is RGR, a is the y-intercept when x = 0 and represents the rate of
maintenance Ry, and b is the slope and represents the coefficient of growth R,.
Instantaneous RGR was calculated using the functional approach described in Section
4.2.2, but using only the sub-set of plants used in the measurements of gas exchange
(Chapter 5).

6.2.4. Statistical analyses

Analysis of variance followed by Tukey-tests were used to test for significant differences
in single-leaf Rq. Differences in the slopes of linear regressions used in the analysis of

whole-plant Ry over time were tested for statistical significance using Student’s t-test as
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described by Zar (1989). For the functional analysis of growth, significant differences
between corresponding pairs of constants in the fitted equations were analyzed as
described in Section 2.3.2. All statistical analyses were performed using the computer

software package SPSS (Prentice Hall, New Jersey).
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6.3. RESULTS

6.3.1. Relationships between respiration and gross photosynthesis

Linear regressions of Ry of intact roots, shoots and whole plants against gross
photosynthesis per plant (Ag) are shown in Figure 6.1. Elevated C, did not significantly
affect the slopes of the regressions (Table 6.1) and so did not alter the amount of carbon
lost via Ry relative to the total carbon fixed by photosynthesis. As a proportion of Ag,
about 50 % of carbon fixed was lost via Ry, with shoot Ry accounting for about 43 %

and root Rq accounting for about 7 % (Table 6.1).

6.3.2. Growth and maintenance respiration

Figure 6.2 shows the instantaneous structural RGRs of roots, shoots and whole plants
derived from the quadratic curves fitted to primary data of their logarithmically-
transformed structural dry weights (SDWs). The constants describing the linear and
quadratic terms of each quadratic equation are given in Table 6.2. For roots, shoots and
whole plants, the linear term was significantly increased by elevated C,. Elevated C, also
led to significant reductions in the quadratic term for shoots and whole plants, but not for

roots.

Linear regressions of Ry against RGR so derived are shown in Figure 6.3. Values of the
extrapolated y-intercept (a, representing the rate of maintenance R4) and of the
regression slope (b, representing the coefficient of growth Ry4) are given in Table 6.3.
Neither term was significantly affected by elevated C,. For shoots and whole plants
grown in ambient C,, negative, clearly spurious, values of maintenance Ry were obtained
(Table 6.3).
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Figure 6.1. Relationship between the rate of dark respiration and gross photosynthesis
(Ag) in (A) Intact roots, (B) Intact shoots and (C) Whole plants of U. urens during 10 d
of growth after switching 30 d old plants from ambient (ca. 350 pmol mol™) to elevated
(700 umol mol™) C,. Data are calculated as the projected daily rate of C exchange and
are fitted by linear regressions. The slope and coefficient of determination (+*) for each
regression are shown in Table 6.1.
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Figure 6.2. Quadratic curves fitted to (A) Log. root structural dry weight (SDW), (B)
Log. shoot SDW and (C) Log. whole plant SDW over time, from which were derived
their respective instantaneous relative growth rates (RGRs) (D,E,F) for use in Figure 6.3.
Data are of U. urens during 10 d of growth after switching 30 d old plants from ambient
(ca. 350 pmol mol™) to elevated (700 pumol mol™) C,, and were obtained from plants
used exclusively in the measurement of gas exchange of intact shoots and roots. SDW
was calculated as dry weight minus the weight of total non-structural carbohydrates. The
coefficient of determination (+*) for each regression, and the constants (x standard
errors) describing the linear and quadratic terms in each equation are given in Table 6.2.
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Figure 6.3. Relationship between specific dark respiration rate and instantaneous relative
growth rate (RGR) in (A) Roots, (B) Shoots and (C) Whole plants of U. urens grown in
ambient (ca. 350 umol mol™) to elevated (700 pmol mol™) C,. Plants were switched
from ambient to elevated C, for 10 d when approximately 30 d old. Respiration is
expressed per unit structural C with the assumption that structural C is 40 % of the total
structural dry weight (SDW). RGR was determined from quadratic equations fitted to
primary data of SDW over time (Fig. 6.2; Table 6.2). Data are fitted by linear
regressions. The y-intercept, slope and coefficient of determination (/%) for each
regression are shown in Table 6.3.

137



Table 6.1. Slopes of the linear regressions describing the relationship between the rate of
dark respiration and gross photosynthesis (Fig. 6.1) in intact roots, intact shoots and
whole plants of U. urens during 10 d of growth after switching 30 d old plants from
ambient (ca. 350 pmol mol™) to elevated (700 pmol mol™) C,. The coefficient of
determination (+*) is given in parentheses.

Slope (dimensionless)

Ambient C, Elevated C,
ROOTS 0.064 (0.935) | 0.081 (0.936)
SHOOTS 0.435 (0.979) | 0.430 (0.972)
WHOLE PLANT | 0.500 (0.985) | 0.512 (0.975)

Table 6.2. Summary of selected terms of the quadratic equations fitted to loarithmically-
transformed primary data of root, shoot and whole plant structural dry weight (SDW)
over time from which instantaneous relative growth rates were derived for plants used
exclusively in the measurement of gas exchange of intact shoots and roots (Fig. 6.2). The
table shows the constants b and ¢ describing, respectively, the linear and quadratic terms
in equations of the form y = a + bt + c£*, where y is data of SDW, ¢ is time (d), and q is
the term describing y when ¢ = 0 (not shown). The coefficient of determination (r*) is
given in parentheses for each equation. Significant differences (p < 0.05) between
corresponding pairs of constants due to C, are indicated by asterisks.

log. SDW (g) | C. b ¢ r
ROOT Ambient | 0.362 (x0.033) -0.011 (+0.0032) 0.990
Elevated | 0.429 (+0.027) -0.016 (£0.0026) 0.994
SHOOT Ambient | 0.366 (+0.021) -0.006 (£0.0021) 0.997
Elevated | 0.456 (+0.032) * | -0.015 (+0.0031) * 0.994
PLANT Ambient | 0.364 (+0.020) -0.007 (£0.0020) 0.997
Elevated | 0.450 (£0.030) * | -0.015 (+0.0029) * 0.994
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Table 6.3. The y-intercepts (a) and slopes (b) of the linear regressions describing the
relationship between the rate of dark respiration and relative growth rate (Fig. 6.3) in
intact roots, intact shoots and whole plants of U. urens during 10 d of growth after
switching 30 d old plants from ambient (ca. 350 umol mol™) to elevated (700 pmol
mol”) C,. The coefficient of determination () is given in parentheses.

C. a (mgCg'Cd") |b (dimensionless) |7
ROOT Ambient | 30.3 0.390 0.636
Elevated | 72.3 0.229 0.612
SHOOT Ambient | -2.6 0.397 0.801
Elevated 70.2 0.168 0.677
PLANT Ambient |-17.3 0.470 0.871
Elevated | 63.0 0.208 0.808
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6.3.3. Respiration of individual leaves

Measurements, made on plants growing in ambient or elevated C, inside controlled-
environment cabinets during the hours of darkness, of stomatal conductance to water
vapour (gs), intercellular CO, concentration (C;) and the rate of dark respiration (Ry) in
leaf number 5 are shown in Figure 6.4. Stomatal conductance to water vapour was
higher during darkness than during the day (data not shown), and was consistently
suppressed by elevated C, (Fig. 6.4.A). The two marked depressions in g, common to
both CO, treatments may relate to defrosting events in the normal workings of the
controlled-environment cabinet, or to auto-calibration events in the normal workings of
the CIRAS system. Throughout the hours of darkness, elevated C, resulted in a higher C;
and a lower Ry (Fig. 6.4).

Measurements of Ry under laboratory conditions at days 4 and 10 in leaf number 5, as
well as in a range of other main-stem leaves, showed no significant reductions in Ry in
elevated C, (Table 6.4). However, irrespective of the C, experienced during growth, Ry
measured at both ambient and elevated C, in any given leaf was consistently and
significantly reduced by measurement at elevated C, (Table 6.5). For any leaf, the
percent reduction of R4 due to elevated C, during measurement was always greater at
day 10 (about 25 %) than at day 4 (about 15 %), and was not significantly affected by
the C, experienced during growth at any time (Table 6.5).

140



Tm Ambient C,
o~
'E Elevated C,
O
o
I
©
E
o
0.9
_ osJE
' 0.7 4 ©000000000000000000000000°0000  Elevated C,
o 0.6
E
— 054
2. 0.4 o, i
= - ®00c0cecreetteneoscneesss®esse Ambicnt C,
£ 034
024
®) 0.1
0 -
-0 45 -
| » C
: 4,0 - og0, 0,00 Ambient C,
1 3,54 Lo P PPy
00,00
E 304 e
o 251
O 204 o
S 154 % 0° ° 0 Eevated
o : 00400 O O, o evated C,
g 1.0 - °7 075 % 00 5 © 000
— 0.5 4 ° 5
al:u 0 T T T T T T T 1

Hours of darkness

Figure 6.4. (A) Stomatal conductance to water vapour (g;), (B) The intercellular CO,
concentration (C;), and (C) The rate of dark respiration (Ry) in a main-stem leaf (leaf
number 5) of U. urens during the hours of darkness on the 8th d after switching 30 d old
plants from ambient (ca. 350 pmol mol™) to elevated (700 umol mol?) C,. Data are
shown as individual points.
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Table 6.4. The rate of dark respiration in a range of main-stem leaves of U. urens 4 and
10 days after switching 30 d old plants from ambient (ca. 350 umol mol™) to elevated
(700 pmol mol’) C,. Data are shown as means (n = 3) + standard errors. The leaf
position number refers to its order of appearance on the main stem during growth. At
day 4, leaf number 4 was the youngest fully-expanded leaf. At day 10, leaf number 5 was
the youngest fully-expanded leaf.

DARK RESPIRATION (umol CO, m™ s™)
4 days after switch 10 days after switch
Position on main stem [ Ambient C, Elevated C, | Ambient C, Elevated C,

4.0 (x1.0) 3.7 (£1.3) | 2.6 (20.8) 2.3 (£0.6)
4.4 (+0.9) 3.8 (x0.4) |3.6 (x0.6) 2.8 (+0.8)
4.4 (+0.9) 42 (x1.0) |4.3 (x0.7) 3.4 (£1.0)
- - 4.1 (+0.9) 3.1 (x0.4)

oo N b A

Table 6.5. The percent reduction in the rate of dark respiration (Ry) when Ry measured
at elevated C, (700 umol mol™) is compared to Ry measured at ambient C, (350 pmol
mol™). Ry was measured in a range of main-stem leaves of U. urens 4 and 10 days after
switching 30 d old from ambient (ca. 350 umol mol™) to elevated C, (700 umol mol™)
in growth conditions. Data are shown as means (n = 3) =+ standard errors. Significant
differences (p < 0.05) from a 0 % reduction are indicated by asterisks. The leaf position
number refers to its order of appearance on the main stem during growth. The
developmental status of leaves is as described in Table 6.4.

% reduction of Ry when measured at elevated C,

4 days after switch 10 days after switch
Position on main stem | Ambient C, Elevated C, Ambient C, Elevated C,

18 (£3.8) * 15 (+4.5) * |31 (£2.0) * 29 (x2.7) *
17 (+6.7) 16 (#4.5) * |20 (#3.5) * 22 (£25) *
18 (x1.0) * 11 (+7.0) 28 (tl.6) * 26 (+1.8)
. £ 13 (#2.9) * 32 (#2.1)

oo N L B
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6.4. DISCUSSION

6.4.1. Growth and maintenance respiration in elevated C,

Possible alterations due to elevated C, in the usually tightly-coupled relationship between
R4 and structural RGR (Farrar and Williams, 1991) were suggested in Chapter 5. Similar
to the conclusions of other workers (Bunce and Caulfield, 1991; Ziska and Bunce,
1993), the CO,-stimulation of Rq was less than the CO,-stimulation of RGR might
predict, suggesting reductions in either or both the growth and maintenance components
of Ry¢. To my knowledge, growth and maintenance Ry in elevated C, have so far been
determined only for leaves. Such studies have reached the conflicting conclusions that
both components are decreased in leaves of Liriodendron tulipifera (Wullschleger et al.,
1992) and white oak (Wullschleger and Norby, 1992), or that maintenance Ry is
increased without alteration to growth Ry in leaves of soybean (Thomas and Griffin,
1994). The present study represents the first attempt to measure these components in
entire roots, shoots and whole plants exposed to elevated C, Furthermore, the
measurement and subtraction of total non-structural carbohydrate from all tissues
(Chapter 5) allows for an estimation of structural RGR (Fig. 6.2) and thus, in principle,
for a more precise investigation of growth Ry than is generally achieved in similar studies
where the imposition of an environmental variable can result in the dilution of dry weight

with non-structural carbon (Szaniawski and Kielkiewicz, 1982; Sawada et al., 1987).

As with the studies of Wullschleger et al. (1992), Wullschleger and Norby (1992) and
Thomas and Griffin (1994), estimations of growth and maintenance Ry were determined,
respectively, as the slope (b) and y-intercept (a) of linear regressions of Ry against RGR
(Thornley, 1976; Section 6.2.3; Fig. 6.3; Table 6.3). The single major difference lies in
the basis of expression for Ry and RGR, such that in the present study the basis is
structural dry weight (SDW), whilst a leaf area basis was used in the studies previously
cited of growth and maintenance Ry in leaves. However, the present study clearly failed
in its attempt to provide accurate or reliable values to compare growth and maintenance
Ry in ambient and elevated C,. Negative rates of a were extrapolated from the
regressions for shoots and whole plants (Fig. 6.3; Table 6.3), and the positive rates for

roots of approximately 30 and 70 mg C g" C d' (Table 6.3) are outside the range of 1 -
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10 mg C g' C d” collated by Penning de Vries (1975) for a wide range of species and

reports.

Linear regressions provided poor fits to relationships between Ry and RGR (Table 6.3),
but the data points were also widely scattered (Fig. 6.3). These results could have arisen
due to the combination of generally high variability in the measurements of Ry (Chapter
5; Fig. 5.2) and the possibility that instantaneous RGR was poorly described by the
curve-fitting approach used here, particularly with regard to the inevitable description of
RGR as a linear function of time (Section 6.2.3; Fig. 6.2). Moreover, there could be
more fundamental problems with some of the basic assumptions underlying the use of
regression analysis of Ry and RGR to determine growth and maintenance Ry. One
assumption is that maintenance Rq is independent of RGR, whilst there is good evidence
that maintenance Ry actually increases with RGR (McCree, 1982; Hay and Walker,
1989). Another potentially spurious assumption is that the relationship between Ry and
RGR is linear over time or with ontogeny. The relationships shown in Figure 6.3 suggest
the possibility that quadratic curves may provide better descriptions, although when
analyzed as such in the present study, extremely unrealistic rates of a were obtained,
particularly at elevated C, (data not shown). Other approaches to the determination of

growth and maintenance Ry (e.g. McCree, 1970) employ the same basic assumptions.

Notwithstanding the problems discussed in the previous two paragraphs, the present
study found no significant effect of elevated C, on either the growth or maintenance
component of Ry (Fig. 6.3; Table 6.3). However, the data do point to the possibility that
elevated C, may result in an increased maintenance Ry and a decreased growth Ry,
particularly in shoots, of U. urens. This observation perhaps merits future investigation in
the same or different species. Any decrease in the coefficient of growth R4y means a
corresponding increase in the ratio of the rate of dry weight (or leaf area) production to
the rate of substrate supplied (the conversion efficiency, Yg, as defined by Thornley,
1970). Since the synthesis of proteins and other nitrogen-rich organic compounds confer
a high respiratory cost compared with the synthesis of carbohydrates (Hay and Walker,
1989), increased Y in elevated C, has been linked to reductions in the amount of tissue
N relative to structural and/or non-structural carbon (Ziska and Bunce, 1993;

Waullschleger et al., 1994). However, no significant reduction in the concentration of
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organic N in shoots was found in Chapter 4, and there may perhaps be a case for seeking
alternative explanations for the apparent increases in Yg explicit and implicit in many
COs-enrichment studies (Chapter 5; Bunce and Caulfield, 1991; Wullschleger et al.,
1992; Wullschleger and Norby, 1992; Ziska and Bunce, 1993; Wullschleger et al., 1994).

6.4.2. Evidence for a direct effect of elevated C, on respiration

The findings presented in Table 6.5 add to existing reports of a direct, reversible
inhibition of R4 by elevated C, during measurement (Bunce, 1990, 1994; Amthor et al.,
1992; Ziska and Bunce, 1993; Thomas and Griffin, 1994). The 15 - 25 % reduction of
leaf R4 found here (Table 6.5) is consistent with the magnitude of respiratory inhibition
reported for leaves of Rumex crispus (Amthor et al., 1992) and soybean (Thomas and
Griffin, 1994). Although absolute values of leaf Ry of U. urens were high compared with
many species (J.F. Farrar, pers. comm.), they are credible, and equivalent rates have been
reported for other fast-growing C; herbaceous species such as soybean (Thomas and
Griffin, 1994). Also, measurements of shoot Ry made using a different analysis system

(Chapter 5) were very similar when expressed per unit leaf area (Table 5.2).

How can the direct inhibition of R4 by elevated C, be explained? The possibility of
measurement error must be a prime consideration, and this point is only reinforced by the
general acceptance amongst workers that a substantial portion of the existing evidence
(Amthor et al., 1992) is no longer credible because of leaks into and out of the system
used to measure CO, exchange (J.F. Farrar, pers. comm.). Leaks can be a particular
problem in differential analysis systems because the low flow-rates of air entering a
cuvette, which are needed to generate accurate and measurable CO, differentials from
the low rates of Ry characteristic of plant tissues, reduce the positive pressure within the
cuvette relative to the surrounding atmosphere. In this respect, the relatively high rates of
Ry found in leaves of U. urens (Table 6.4) meant that adequate differentials were
achieved together with a positive pressure due to a surplus inflow of air of 50 ml min™
entering the cuvette (Section 2.5.1). Nevertheless, leaks were tested for by blowing CO,-
enriched air around the gaskets sealing the leaf surface to the borders of the cuvette (K.J.
Parkinson, pers. comm.). With this method, any leak can be readily detected as a

subsequent increase in the apparent CO, assimilation rate measured by the analysis
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system. When measuring Ry in leaves of U. urens, leaks were occasionally detected, and

could always be excluded simply by a slight repositioning of the cuvette on the leaf.

Other problems that could arise using differential analysis systems to measure Ry at
different C,s include changes in the CO,-sensitivity of the infra-red analysis component
with increasing CO,, and changes in the extent to which CO, in the air destined for
analysis is diluted by water vapour from evapotranspiration. Both eventualities have been
carefully considered in the design of the CIRAS used in this study to measure Ry (K.J.
Parkinson, pers. comm.), and at present there seem no reasons to doubt that CO, in

some way inhibits leaf Ry during measurement (Table 6.5).

From the current literature, two mechanisms emerge as prime candidates to explain the
direct effect. The first of these is the direct inhibition of respiratory enzymes by CO,
(Amthor, 1991; Gonzalez-Meler et al., 1996). Whilst extremely high C,s in the region of
20 - 150 mmol mol™ are known to inhibit respiratory enzymes in various fruits (Knee,
1973; Monning, 1983; Kerbel et al., 1988), the recent study of Gonzalez-Meler et al.
(1996) is the first to show that respiratory inhibition can occur over C,s (360 - 720 umol
mol™) pertinent to studies of global climate change, and also well within the CO,
concentrations of 3 - 17 mmol mol” found in soils (Lamborg et al., 1983). From the
study of Gonzalez-Meler et al. (1996), it would appear that elevated C, inhibits the rate
of O, uptake by isolated soybean mitochondria, and inhibits the activities of at least two
respiratory enzymes, cytochrome ¢ oxidase and succinate dehydrogenase. However, their
study did not indicate whether the inhibition of O, uptake and enzyme activity manifests

as a decreased efflux of CQO..

The second possible mechanism is the increased dark fixation of CO, by phosphoenol
pyruvate carboxylase (PEPc) (Amthor, 1991), an enzyme for which a number of roles
have been suggested in C; plants, including the replenishment of intermediates of the
Krebs cycle destined for biosynthesis and the refixation of respiratory-generated CO,
(Latzko and Kelly, 1983). To my knowledge, no direct evidence yet exists to
corroborate or refute this hypothesis, although Thomas and Griifin (1994) reported
unpublished data suggesting that increased dark CO, fixation by PEPc may account for
some, but not all, of the respiratory inhibition by elevated C..
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For either mechanism to have physiological relevance during conditions of growth,
elevated C, must be shown to result in an elevated intracellular CO, concentration, or, at
the very least, in an elevated intercellular CO, concentration (C;). Consistent with this,
the C; calculated by CIRAS was always increased in elevated C, both during the
measurement of Ry in the laboratory (data not shown) and throughout the hours of
darkness within the controlled-environment cabinet (Fig. 6.4.B). Concern has been raised
(K.J. Parkinson, pers. comm.) as to whether CIRAS can reliably calculate C; in darkness,
due to the possible violation of some basic assumptions of the equation (Von Caemmerer
and Farquhar, 1981; Section 2.5.2) used for its calculation. Briefly, the basic premise
relevant to this concern is that the total transfer of CO, and water vapour between the
atmosphere and intercellular spaces within the leaf is governed only by the resistances to
their transfer imposed by the boundary layer of relatively still air surrounding the leaf (ry)
and the stomatal aperture (ry). Implicitly here, the resistance to their transfer imposed by
the cuticle (r.), which in most plants is large and in the region of 50 - 200 m* s mol®
(Fitter and Hay, 1987), is ignored. To calculate C;, a knowledge of 1, and r, specific to
the transfer of CO; is needed, and to achieve this, fixed ratios of the diffusivity of CO,
relative to water vapour through the boundary layer (1.37) and through the stomatal
pore (1.6) are applied to values previously obtained for ry, and r, specific to the transfer of
water vapour (transpiration). In the light, when stomata are generally open, r. represents
a negligible fraction of the total resistance to transpiration because the stomatal and
cuticular pathways run in parallel. However, in darkness when stomata are generally
closed, any resistance to transpiration that is not due to r, will be largely or entirely due
to r.. Because the equation for calculating C; does not include a parameter to model the
ratio of the diffusivity of CO, relative to water vapour through the cuticle, measurements

of both C; and r; in darkness by CIRAS are therefore unlikely to be reliable.

This view is certainly justified, but only so far as it can be substantiated by the perceived
wisdom that stomata close in the dark. In my attempts to measure Ry in leaves of U.
urens, the apparent stomatal conductance to water vapour (g is usually unaltered and
often increases when leaves are suddenly transferred from light to darkness for periods of
up to 30 min (data not shown). Since these measurements of R; were generally

conducted during the normal photoperiod, one possible explanation here is that stomatal
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behaviour in this species is governed by endogenous circadian rhythms, as is the case for
perhaps the majority of plants (Meidner and Mansfield, 1968; Willmer, 1983). However,
there are also reasons to believe that stomata in U. urens remain open throughout the
normal dark period, a characteristic found in certain other non-CAM plants such as
potato (Mansfield, 1976) and perhaps even a common and unique response of plants to

certain exigencies of hydroponic culture (e.g. excess water or lack of root restriction).

Figure 6.4.A shows values of apparent g, between 0.2 and 0.7 mol m™” s, several orders
of magnitude higher than the values for cuticular conductance between 5 and 50 mmol
m? s that can be extrapolated from the data collated by Fitter and Hay (1987).
Moreover, apparent g, was consistently higher during the night than during the day (day-
time data not shown), and increased markedly after lights were switched off (Fig. 6.4.A).
Coupled with the fact that the lower g, in elevated C, (Fig. 6.4.A) is entirely consistent
with the well-known effect of elevated C, to reduce stomatal aperture (Mott, 1991),
these observations argue strongly for significant stomatal opening in darkness, and thus
indicate that the values of C; calculated by CIRAS in darkness are probably true
reflections of the actual C; (Figure 6.4.B). It would appear, therefore, that the inhibition
of apparent R4 by CO, under physiologically real conditions (Table 6.5) could be due, at
least in principle, to a direct inhibition of respiratory enzyme activity by CO, (Amthor,
1991; Gonzalez-Meler et al., 1996). Nevertheless, the very real theoretical difficulties in

accepting such an effect (Section 6.1, p.129) remain.

6.4.3. Evidence for an indirect effect of elevated C, on respiration

Some studies indicate that a period of growth in elevated C, can diminish (Thomas and
Griffin, 1994) or even annul (Bunce, 1990) the direct inhibition of Ry by elevated C..
Here, however, no evidence was found for such a moderating interaction, since the
percent reduction of R4 by elevated C, during measurement was never significantly
different in leaves grown in elevated C, compared with those grown in ambient C, (Table
6.5). Unreplicated measurements of leaf Ry made overnight under the conditions of
growth suggested that the direct effect of CO, during measurement might persist to
cause respiratory inhibition during growth in elevated C, (Fig. 6.4.C). However, the

significant direct inhibition of leaf Ry by elevated C, during replicated measurement in the
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laboratory (Table 6.5) was not reflected in a significantly decreased Ry of leaves grown
in elevated C, (Table 6.4). Similarly, decreased Rq was not found in entire shoot systems
expressed per unit leaf area (Chapter 5, Table 5.2), and shoot Ry was not reduced as a
proportion of gross photosynthesis (Fig. 6.1; Table 6.1). Whilst it is possible that the true
respiratory response to elevated C, was in some way corrupted by measurement of Ry in
the laboratory, or that the occurrence of any CO,-inhibition of Ry at the C, of growth
may have gone undetected due to a highly variable base-line Ry and generally low orders
of replication (Fig. 6.1; Tables 5.2, 6.1 and 6.4), it is also possible that growth in

elevated C, indirectly increases Ry to counter the direct inhibitory effect.

The latter view is consistent with the findings of Thomas and Griffin (1994), where leaf
R4 was unchanged or even increased by elevated C, despite a persistent direct respiratory
inhibition during measurement. The conclusion reached by these workers was that leaf Ry
was increased by elevated C, due to an increase in the maintenance component of Ry,
which they attributed to higher respiratory costs associated with the synthesis, turn-over
and export of additional non-structural carbohydrates. Strong correlations between C,,
leaf R4 and leaf non-structural carbohydrate status are firmly established in the literature,
in both fully expanded (Azcon-Bieto and Osmond, 1983) and expanding (Hrubec at al.,
1985) leaves. Such correlations are also consistent with our current understanding of
respiratory control, such that Ry is up-regulated by substrate supply in a manner
suggestive of coarse control of respiratory enzymes by sugars (Farrar and Williams,
1991). Notwithstanding the problems discussed in Section 6.4.1, the present study at
least argues for further investigation into the possibility that maintenance R, in leaves and
shoots is increased by elevated C, (Table 6.3). Signalling agents other than sugars could
also contribute to a stimulation of Ry in elevated C,. One possible candidate here is
ethylene, production of which is stimulated by CO, (Horton, 1985; Philosoph-Hadas et
al., 1986) and which in turn generally stimulates Ry (Amthor, 1991). Moreover, the CO,
evolution that is coupled to the formation of ethylene (Lieberman, 1979) could add
significantly to the stimulation of apparent Ry. The possible wider role of ethylene in

plant responses to elevated C, is discussed in Chapter 8.
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6.4.4. Conclusions

This study argues strongly for a direct and sustained inhibition of Ry by CO, at Cgs
pertinent to studies of climate change, and at concentrations perhaps also relevant to
studies of below-ground processes such as root growth and seedling establishment. The
study also suggests that elevated C, might affect Ry in other, highly complex ways,
reflecting the different physiological processes which contribute to the net efflux of CO,
in darkness. Because it is often difficult to quantify each process independently, and
because the functional significance of some of the processes are not fully understood, the
implications of CO,-effects on Rq for plant growth are unclear. However. further
investigation into respiratory responses to elevated C, may carry the potential to reveal
mechanisms behind the characteristic growth-limiting changes in physiology and

morphology that cannot be satisfactorily explained by current models (Chapters 3 - 5).
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CHAPTER 7

The role of sugars in the down-regulation of photosynthesis and growth

following the withdrawal of mineral nitrogen

7.1. INTRODUCTION

Accumulation of soluble sugars in leaves can often be associated with reductions in their
photosynthetic capacity. This has been demonstrated or implied in diverse experimental
systems that apparently perturb the sink-source balance (Neales and Incoll, 1968;
Herold, 1989; Stitt, 1991; Pollock and Farrar, 1996), including cooling roots (Sawada et
al., 1987), feeding glucose directly to leaves via the transpiration stream (Krapp et al.,
1991), infecting leaves with biotrophic fungi (Scholes ez al., 1994), depriving plants of
mineral N (Paul and Driscoll, 1997), and raising the atmospheric CO, concentration (C,)
(Van Oosten and Besford, 1995).

In principle, the response of photosynthesis to sugar status can be explained by an
inhibitory effect of sugars on the expression of genes encoding key photosynthetic
proteins. Hence, the accumulation of sugars in leaves due to cold-girdling of petioles
decreased transcript levels of the small rubisco subunit, chlorophyll a binding protein,
and thylakoid ATP synthase (Krapp and Stitt, 1995). Similarly, feeding sugar to detached
leaves and leaf disks decreased transcript levels of the rubisco small subunit (Van Oosten
and Besford, 1994). It is now clear that photosynthetic genes are just some of many that
are sugar-responsive (Koch, 1996), such that sugars may play a key role in the regulation
and coordination of plant growth in general (Pollock and Farrar, 1996). The sugar-
repression of photosynthesis may perhaps represent a sensitive and common mechanism
to prevent harmful consequences of unlimited accumulation of both structural and non-
structural carbon, whenever the rate of assimilate supply exceeds its use in sinks.
Moreover, it may play a critical role in the mobilization of organic N reserves (stored, for
example, as rubisco protein in source leaves) following N deficiency (Paul and Stitt,

1993).
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However, the results reported in previous chapters of this thesis for plants exposed to
elevated C, suggest that an accumulation of sugars in leaves need have no effect on
photosynthetic capacity, and also that the down-regulation of growth may be related
more to morphological changes such as in the leaf area ratio (LAR), than to indices of
photosynthetic efficiency approximated by the net assimilation rate (NAR). Furthermore,
the accumulation of sugars in leaves was not preceded by an accumulation of sugars in
sinks, which has been predicted in theory (Pollock and Farrar, 1996; Chapter 5, Section
5.1), and which has also been found in practice using a model experimental system in

which the roots of single-rooted soybean leaves were cooled (Sawada e al., 1987).

It is possible that larger perturbations in the sink-source balance are needed to induce the
repression of photosynthesis by sugars, than are caused by exposure to the approximately
twice-ambient elevations of C, typical of CO,-enrichment studies. Nitrogen-deficiency is
a common occurrence in both natural and agricultural systems, and may conceivably limit
sink capacity by, for example, strongly inhibiting the expansion of leaves (James et al.,
1993). Accordingly, Paul and Driscoll (1997) found that the accumulation of soluble
sugars in tobacco leaves, induced by depriving previously N-sufficient plants of mineral
N, was closely followed by reductions in photosynthetic capacity and rubisco content.
Their observations provide evidence that the sugar-repression of photosynthesis may be

important in physiologically real systems.

Plants that have acclimated in the longer-term to elevated C, almost invariably
accumulate soluble sugars in leaves (Farrar and Williams, 1991), even when grown with
a non-limiting nutrient supply and without other environmental constraints (Chapters 3
and 5). Because this accumulation of soluble sugar can persist in time (Chapter 3), the
photosynthetic capacity of plants grown in elevated C, may be more susceptible to
down-regulation by sugars following the imposition of an environmental constraint that
increases the soluble sugar concentration further. In the present chapter, this hypothesis
is tested by withdrawing the mineral N supply of previously N-sufficient plants that have
acclimated to ambient and elevated C,. The questions are also asked as to whether the
down-regulation of photosynthetic capacity is preceded by an accumulation of sugars in

sinks as current models predict (Sawada et al., 1987; Pollock and Farrar, 1996; Chapter
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5, Section 5.1), and as to whether the sugar-repression of photosynthesis is indeed a
sensitive and common mechanism to regulate the growth of plants according to the

supply of resources.
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7.2. MATERIALS AND METHODS

7.2.1. Growth conditions

Plants of U. urens were grown in a hydroponic culture system in controlled-environment
cabinets as described in Section 2.2. Seedlings received ambient or elevated C, (680
pmol mol™) immediately after suspension in nutrient solution 12 d after sowing. The
nutrient solution contained 12 mM nitrate, the sole source of available mineral N. After
5 d, plants were selected for uniformity of shoot height and leaf development within each
CO, treatment. Plants grown in ambient and elevated C, were then switched to a nitrate-
free solution for 6 d at 36 d after sowing, following immersion of root systems in
deionized water for 3 min. In the nitrate-free nutrient solution, KNO; and Ca(NO;), were
replaced with K,SO4 and CaCl, in amounts sufficient to keep the concentrations of K*
and Ca®" the same, but with the consequence of raising the concentrations of SO,* and

CI' from 1.5 mM and 0.1 mM to 2.75 mM and 5.01 mM respectively.

Four plants grown in either ambient or elevated C, were harvested immediately before
switching to the nitrate-free solution (day 0). Four replicates from each of the four
treatments (ambient C, with and without N; elevated C, with and without N) were then
harvested at day 6, and a number of additional harvests from each treatment were made
during the days between. At each harvest, plants were separated into leaves (unfolded
leaves > 1 c¢m length), stems (including folded leaves, leaves < 1 cm length and
inflorescences if present), and roots. Immediately after harvesting, roots were rinsed in
2 1 deionized water for 2 min to dilute nutrients adhering to root surfaces. Dry weights
were determined after oven-drying at 60 °C for at least 48 h. Total leaf area (all leaves >
1 cm length) were measured using a digital image analysis system (Delta-T Ltd,
Cambridge, UK).

7.2.2. Growth analysis
Growth was analyzed using the classical approach, using the plants harvested at days 0

and 6. From the data of dry weight and leaf area, the following components of plant

growth were calculated for the single harvest interval from replicates paired according to
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size (Evans, 1972; Hunt, 1978): (1) Whole plant mean relative growth rate, EGR, (2)
Mean net assimilation rate, NAR, (3) Mean leaf area ratio, EAR, (4) Mean leaf weight
ratio, EWR, and (5) Mean specific leaf area, SLA. The formulaec used for the

calculation of these parameters are given in Section 2.3.1.
7.2.3. Gas exchange in individual leaves

Measurements of net photosynthesis (A) and stomatal conductance to water vapour (g,)
were made at days 3 and 6 in the youngest fully-expanded leaf of plants that were
subsequently harvested at day 6. The approximate stage of leaf expansion was
determined using sequential measurements of leaf length and width. The light-saturated
rate of photosynthesis (Aw) and g, were measured at 2000 pmol m? s' PPFD
(approaching light saturation of A; Fig. 2.2), using a combined CO»/H,O analysis system
and clamp-on leaf cuvette (CIRAS-1, PP Systems, Hitchin, Herts., UK) as described in
Section 2.5.1. Measurements were made at ambient and 680 pmol mol” C, to give A
and g at the C, of growth. Au was also measured at a range of intercellular CO,
concentrations (C;) between 50 and 1300 pmol mol” for the construction of A/C; curves
(Section 2.5.2). The maximum rate of carboxylation limited by the amount and/or
activity of rubisco (Vema:) and the maximum attainable rate of photosynthesis at
saturating light intensity and C; (Ama) were derived from these curves following the

approach of McMurtrie and Wang (1993), as described in Section 2.5.2.
7.2.4. Total soluble carbohydrates

Soluble carbohydrates were extracted from oven-dried plant material sequentially in
ethanol and then in deionized water (Farrar and Farrar, 1985) (Section 2.7.1).
Extractions of 30 - 40 mg sub-samples taken from well-mixed oven-dried leaf, stem and

root materials were analyzed according to Dubois et al. (1956) (Section 2.7.2).

7.2.5. Tissue nitrate

Nitrate was extracted after Cataldo et al. (1975) and measured using a model 93-3079
nitrate-selective electrode and a model 90-0029 reference electrode (Russel pH Litd.,

Fife, Scotland). Leaves, stems and roots were ground in a hammer mill through a 1.5 mm
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diameter sieve after oven-drying at 60 °C for 48 h. 100 - 150 mg of ground plant
material was incubated in 5 ml of water at 45 °C for 1 h, and centrifuged for 10 min at
3000 rpm. The supernatant was then decanted and made up to 10 ml for nitrate analysis
after the addition of 0.2 ml of 2 M (NH4),SO, to maintain a background ionic strength of
0.12 M. A standard curve was prepared using KNOs at concentrations between 0.1 and
100 mM. Measurements of standards and samples were stable after adding CI, the
principle anion that can interfere with the detection of NO; by electrode, at
concentrations of up to 0.6 mM. A significant proportion of the tissues harvested at day
6 of plants grown in both ambient and elevated C, with a continued nitrate supply were
lost prior to nitrate analysis, and no data of tissue nitrate concentration were obtained for

these plants at this time.

7.2.6. Source-sink differentiation

Within the broad definition of sources as regions that produce and export assimilate and
of sinks as those that import assimilate for growth or storage (Farrar, 1996), sources
were considered as leaves (unfolded leaves > 1 cm length) and sinks as stems (including
shoot apices, folded leaves, leaves < 1 cm length and inflorescences) and as entire root

systems.

7.2.7. Statistical analyses

Significant differences between mean values obtained at days 0 and 6 were analyzed by
ANOVA and Tukey-tests with C,, NO;™ and time as factors (SPSS, Prentice Hall, New
Jersey). The choice of polynomial to fit the time-course of data of soluble sugar and
nitrate concentration following nitrate withdrawal followed the method of Hunt and
Parsons (1974) (Section 2.3.2), and significant differences between corresponding pairs
of constants in the fitted equations were analyzed after Hughes and Freeman (1967)
(Section 2.3.2). All curves otherwise fitted to data were used only to indicate visual

trends, and were accorded no biological or statistical significance.
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7.3. RESULTS
7.3.1. Plant growth

Six d after the withdrawal of nitrate, both the total dry weight and total leaf area were
significantly decreased compared with those of plants grown with a continued nitrate
supply (Fig. 7.1). For nitrate-deprived plants, the reduction in dry weight (about 40 %)
was less than the reduction in leaf area (about 65 %), and independent of C,. Compared
with nitrate-sufficient plants grown in ambient C,, the dry weight and leaf area of plants
grown in elevated C, and similarly sufficent in N were not significantly different at day 0,

but both were significantly increased at day 6 by 80 % and 40 %, respectively (Fig. 7.1).

Mean relative growth rates and components thereof, averaged over the 6 d period, are
shown in Table 7.1. In nitrate-sufficient plants, whole-plant RGR in elevated C, was
significantly increased by about 70 % due to large stimulation of NAR (120 %), which
was partly offset by a smaller but still significant reduction in LAR (22 %). The
reduction in LAR due to elevated C, was due to a significant reduction in SLA without
any effect on LWR. The relative growth rates of shoots, leaves and stems, but not of
roots, were significantly increased by elevated C,, with the largest component of the

increase in shoot RGR being a 83 % stimulation of leaf RGR.

The withdrawal of nitrate from plants grown in both ambient and elevated C, resulted in
significant reductions in whole-plant I_{GR, but the reduction in RGR in elevated C. (36
%) was less pronounced than that in ambient C, (50 %). In both ambient and elevated C,,
the reductions in whole-plant RGR were caused primarily by reductions in NAR, but
were exacerbated by smaller, but significant, reductions in LAR. In turn, the reductions
in LAR following withdrawal of nitrate were caused primarily by reductions in SLA,
but were exacerbated by smaller, but significant, reductions in LWR. The magnitude of
these reductions in LAR, SLA and LWR were similar in both ambient and elevated C,,
amounting to about 15 %, 10 % and 5 % respectively. Therefore, the relatively moderate
reduction in RGR following withdrawal of nitrate in elevated C, was due to a smaller

reduction in NAR in elevated C, (24 %) compared with ambient C, (42 %).
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In both ambient and elevated C,, a reduction in the RGR of leaves was the largest single
component responsible for the reduction in whole-plant RGR following the withdrawal
of nitrate, amounting to 70 % in ambient C, and 46 % in elevated C,. In contrast,
withdrawal of nitrate did not significantly affect root RGR, and caused relatively small
reductions in stem RGR. The leaf area RGR was markedly reduced following
withdrawal of nitrate, by 124 % in ambient C, and by 80 % in elevated C,. The loss of
leaf area implicit in the negative value obtained for leaf area RGR in ambient C, probably
reflects observations of leaf senescence and abscission that were not apparent in elevated

C. during the 6 d period.

C, did not significantly affect the shoot:root dry weight ratio (S/R) either at day 0 or at
day 6 (Fig. 7.2).The S/R in nitrate-deprived plants was not significantly different at day 6
compared with that of nitrate-sufficient plants grown in either ambient or elevated C,
(Fig. 7.2.A,C). However, data from additional plants harvested between days 0 and 6
indicate that transient decreases S/R did occur at an earlier stage in plants grown in
ambient C,, although not in plants grown in elevated C, (Fig. 7.2). Accounting for the

weight of soluble sugars had no significant effects on S/R (Fig. 7.2.B,D).
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Figure 7.1. (A,C) Total dry weight (DW) per plant and (B,D) Total leaf area per plant of
U urens grown in (A,B) ambient (ca. 350 umol mol™) or (C,D) elevated (680 umol mol
1y C,. A number of plants were switched at 36 d of age (day 0) from a nutrient solution
containing 12 mM nitrate (+N) to one without nitrate (-N), the sole source of mineral N,
for 6 d. Data are shown as means with standard error bars (n = 4). Significant differences
(p < 0.05) due to nitrate are indicated by asterisks. The results of statistical analyses for
differences due to C, are given in the text.
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Table 7.1. Classical growth analysis of U.urens grown in ambient (ca. 350 pmol mol™) or elevated (680 pmol mol™) C, and switched at 36 d of
age (day 0) from a nutrient solution containing 12 mM nitrate to one without nitrate, the sole source of mineral N, for 6 d. The table shows mean
values over 6 d of RGR (mean relative growth rate), NAR (mean net assimilation rate), LAR (mean leaf area ratio), LWR (mean leaf weight
ratio) and SLA (mean specific leaf area). Data are shown as means (n = 4) + standard errors. Significant differences (p < 0.05) are indicated by
letters and numbers in superscript, where %/ and % show differences between nitrate treatments in ambient and elevated C, respectively, and
where /2 and */* show differences due to elevated C, with and without nitrate respectively.

091

AMBIENT C, ELEVATED C,
+ NITRATE - NITRATE + NITRATE - NITRATE
Plant RGR (gg'dh) | 0.145 (x0.019)*" | 0.073 (x0.017)® | 0.249 (x0.015)< | 0.160 (x0.012) *
NAR (gm?dh [105 (x0.62) *' |61 (2075 ® |233 (x022) ¢ |17.6 (x0.200 ¢
LAR (cm* g™) 138.6 (x2.7) *' | 1185 (x1.1) ® [108.3 (+4.3) <2 [92.1 (:3.6) *“
SLA (cm®g™) 266.4 (2.6) *' [2359 (1.9 ™ |2104 (x7.9 < |188.2 (z6.2)
LWR (ggh 0.519 (+0.008)*' | 0.493 (+0.002)* | 0.513 (x0.005)<" | 0.483 (+0.006)*
Root RGR (gg'dh | 0.129 (20.018)* | 0.062 (x0.019)* | 0.179 (£0.010)¢" | 0.127 (x0.013)°
Shoot RGR (gg'dh 0.148 (x0.009) *' | 0.075 (0.006)** | 0.262 (x0.017) | 0.167 (x0.015)“
Leaf RGR (gg'dh 0.131 (x0.007)*" | 0.039 (x0.001) " [ 0.240 (£0.017)% | 0.129 (x0.014)*
Stem RGR (gg'dh 0.175 (£0.007)*" | 0.123 (£0.012)** | 0.298 (+0.018) | 0.222 (x0.019)“
Leafarea RGR (m*m?2d™") | 0.111 (x0.011) *' |-0.027 (+0.005)° | 0.204 (+0.015)% | 0.044 (+0.013)*
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Figure 7.2. The ratio of shoot to root dry weight before (A,C) and after (B,D)
subtraction of soluble sugars in U. urens grown in (A,B) ambient (ca. 350 pmol mol™) or
(C,D) elevated (680 pmol mol™) C, over 6 d following withdrawal of nitrate (-N) from a
nutrient solution containing 12 mM nitrate (+N) as the sole source of mineral N.
Quadratic curves were fitted to the data only to indicate trends. Data are shown as means
(n = 4) with standard error bars, or as individual data points.
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7.3.2. Tissue nitrate, soluble sugars and gas exchange

Following withdrawal of external nitrate, plants grown in both ambient and elevated C,
became rapidly depleted of tissue nitrate (Fig. 7.3.A,D). For reasons given in Section
7.2.5, no data were available to show a comparable time-course of nitrate in plants
grown with a continued supply of external nitrate. C, did not significantly affect the rate
of nitrate depletion in any type of tissue, since the corresponding linear and quadratic
terms of the equations fitted to logarithmically-transformed primary data (not shown)
were not significantly different from one another (Table 7.2). The rate of nitrate
depletion in stems was noticeably slower compared with that in leaves and roots, (Fig.
7.6; Table 7.2). Both the initial (day 0) and final (day 6) mean nitrate concentration was
lower in elevated C,, but differences were significant (p < 0.05) only in leaves and only

when expressed on a leaf area basis (Fig. 7.3.A,D).

On a leaf area basis, the soluble sugar concentration in leaves of plants grown in elevated
C. compared with those in ambient C, was significantly higher at day 6 but was not
significantly different at day 0 (Fig. 7.3.B,E). In plants deprived of nitrate, only those
grown in ambient C, had significantly higher concentrations of soluble sugar in leaves at
day 6, compared with the corresponding nitrate-sufficient plants (Fig. 7.3.B,E).
However, data from additional plants harvested between days 0 and 6 indicated that a
transient increase in soluble sugar concentration did occur at an earlier stage in leaves of
plants grown in elevated C, (Fig. 7.3.E). Similar early increases in soluble sugar

concentration also occurred in leaves of plants grown in ambient C, (Fig. 7.3.B).

In nitrate-sufficient plants, the light-saturated rate of photosynthesis (A.) in the
youngest fully-expanded leaf was not significantly different at day 3 compared with that
at day 6, but As. was stimulated by about 50 % at elevated compared with ambient C,
(Fig. 7.3.C,F). The withdrawal of nitrate resulted in progressive reductions in Ag at both
ambient and elevated C,, but the reductions in Ay at elevated C, (45 % at day 3; 80 % at
day 6) were slightly more pronounced than the reductions in Ay, in ambient C, (38 % at
day 3; 70 % at day 6) (Fig. 7.3.C,F).
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Following withdrawal of nitrate, the changes in leaf soluble sugar concentrations per unit
structural dry weight (SDW) (Fig. 7.4.A,D) paralleled those previously described per
unit leaf area (Fig. 7.3.B,E). However, in nitrate-sufficient plants, expression of leaf
sugars per unit SDW meant that the effect of elevated C, at day 6 on leaf soluble sugars
on a leaf area basis (Fig. 7.3.A,D) was no longer statistically significant (Fig. 7.4.A,D).
At day 6, nitrate withdrawal resulted in significant increases in the soluble sugar
concentration in both stems and roots of plants in elevated C, (Fig. 7.4.E,F), but in stems
only of plants in ambient C, (Fig. 7.4.B,C). As was observed in leaves, data of soluble
sugars in stems and roots of additional plants, grown in both ambient and elevated C, and
harvested between days 0 and 6, indicated that larger, transient increases in soluble
sugars occurred in these tissues before day 6, particularly in stems (Fig. 7.4). The
quadratic curves fitted to the time-course of logarithmically-transformed data of soluble
sugar and nitrate concentration in leaves, stems and roots following withdrawal of nitrate
are shown in Figure 7.6, and the constants describing the linear and quadratic terms are

shown in Table 7.2. None of the constants were significantly affected by C,.

The reductions in Ay three d after withdrawal of nitrate (Fig. 7.3.C,F) were closely
coupled to reductions in Vemax and Am., but not to g, which was not significantly
affected at this time (Fig. 7.5). However, large and significant reductions in g, were
found at day 6, amounting to about 80 % in both ambient and elevated C,. The time-
course of the reduction in V.me paralleled that found for Ay (Fig. 7.3.C,F), so that
withdrawal of nitrate from plants grown in elevated C, resulted in slightly earlier, larger
reductions in Vemax compared with plants grown in ambient C, (Fig. 7.5). Thus, the
reduction in Vema at day 3 in elevated C, was by 41 % and was statistically significant,
and in ambient C, at the same point of time was by 36 % and statistically insignificant.
Likewise, the reduction in V. max at day 6 in elevated C, was by 67 %, and in ambient C,
was by 57 %. In contrast, the reductions in Anm.. Over time were similar in both ambient
and elevated C,. No significant effect of elevated C, on gs, Vemax OF Amex Was found in

plants supplied continually with nitrate.
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Figure 7.3. (A,D) Nitrate concentration in all leaves, (B,E) Soluble sugar concentration
in all leaves and (C,F) The light-saturated rate of photosynthesis in the youngest fully-
expanded leaf of U. urens grown in (A,B,C) ambient (ca. 350 umol mol™) or (D,E,F)
elevated (680 umol mol™) C, over 6 d following withdrawal of nitrate (-N) from a
nutrient solution containing 12 mM nitrate (+N) as the sole source of mineral N. Data of
nitrate concentration are shown as means with standard error bars (n = 4) or as
individual data points. No data were available for nitrate concentration in leaves of plants
sufficient in nitrate. Quadratic curves were fitted to data of leaf sugar concentration only
to indicate trends, and these data are shown as means with standard error bars (n = 4) or
as individual data points. Photosynthesis data are shown as means with standard error
bars (n = 3). Significant differences (p < 0.05) due to nitrate are indicated by asterisks.
The results of statistical analyses for differences due to C, and time are given in the text.
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Figure 7.4. Soluble sugar concentration per unit structural dry weight in (A,D) All
leaves, (B,E) Stems and (C,F) Roots of U. urens grown in (A,B,C) ambient (ca. 350
pumol molMor (D,E,F) elevated (680 pmol mol™) C, over 6 d following withdrawal of
nitrate (-N) from a nutrient solution containing 12 mM nitrate (+N) as the sole source of
mineral N. Structural dry weight is the total dry weight minus the weight of soluble
sugars. Quadratic curves were fitted to the data only to indicate trends. Data are shown
as means with standard error bars (n = 4) or as individual data points. Significant
differences (p < 0.05) due to nitrate are indicated by asterisks. The results of statistical
analyses for differences due to C, and time are given in the text.
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Figure 7.5. (A,D) Stomatal conductance to water vapour (g,), (B,E), The maximum rate
of carboxylation limited by the amount and/or activity of rubisco (Vema) and (C,F) The
maximum rate of light/CO,-saturated photosynthesis (Ana). Measurements were made in
the youngest fully-expanded leaf of U. urens grown in (A,B,C) (ca. 350 umol mol™) or
elevated (D,E,F) (680 pmol mol™) C, over 6 d following withdrawal of nitrate (-N) from
a nutrient solution containing 12 mM nitrate (+N) as the sole source of mineral N. Data
are shown as means (n = 3) with standard error bars. Significant differences (p < 0.05)
due to nitrate indicated by asterisks. The results of statistical analyses for differences due
to C, and time are given in the text.
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Figure 7.6. Quadratic curves fitted to logarithmically-transformed data of soluble sugar
and nitrate concentration in (A,B,E,F) All leaves, (C,G) Stems and (D,H) Roots of U.
urens grown in (A,B,C,D) ambient (ca. 350 pmol mol™) or (E,F,G,H) elevated (680
pmol mol™) C, over 6 d following withdrawal of nitrate (-N) from a nutrient solution
containing 12 mM nitrate (+N) as the sole source of mineral N. Data are expressed per
unit structural dry weight (SDW, being the total dry weight minus the weight of soluble
sugars), and also, in the case of leaves, per unit leaf area (A,E). The coefficient of
determination (rz) for the fitted equations and the constants (+ standard errors)
describing the linear and quadratic terms are shown in Table 7.2.
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Table 7.2. Analysis of the curves fitted to the time-course of logarithmically-transformed data of soluble sugar and nitrate concentrations in
tissues of U. urens following the withdrawal of external nitrate from plants grown in ambient (ca. 350 pmol moI) or elevated (680 pmol mol ™)
C. and previously sufficient in nitrate (Fig. 7.4). The table shows the constants b and ¢ describing, respectively, the linear and quadratic terms in
equations of the formy =a + bt + ¢, where y is data of soluble sugar or nitrate concentration, ¢ is time (d), and a is the term describing y when ¢
= 0 (not shown). The coefficient of determination (r*) is also given for each equation.

Soluble sugar concentration Tissue nitrate concentration

Cs b o ¥ b c ¥
LEAF (g m?) Ambient | 0.710 (x0.102) -0.0932 (+0.016) 0.837 -1.231 (x0.103) 0.148 (+0.017) 0.951

Elevated | 0.494 (+0.070) -0.0635 (£0.011) 0.851 |-0.902 (+0.136) 0.089 (x0.022) 0.912
LEAF (mg g’) Ambient | 0.628 (+0.098) -0.0893 (+0.016) 0.780 -1.314 (£0.111) 0.152 (+0.018) 0.955

Elevated | 0.447 (+0.076) -0.0694 (+0.012) 0.727 -0.949 (+0.142) 0.083 (+0.023) 0.930
STEM (mg g’) Ambient | 0.579 (x0.096) -0.0761 (+£0.015) 0.793 | -0.507 (+0.188) 0.034 (x0.019) 0.968

Elevated | 0.659 (+0.064) -0.0869 (+0.010) 0.917 |-0.913 (+0.148) 0.029 (+0.024) 0.952
ROOT (mg g") Ambient | 0.267 (£0.072) -0.0370 (+0.012) 0.557 -1.217 (£0.161) 0.097 (+0.018) 0.952

Elevated | 0.337 (£0.077) -0.0500 (+0.012) 0.604 |-1.369 (+0.167) 0.103 (+0.027) 0.962




7.4. DISCUSSION
7.4.1. Plant growth

The reduction in whole-plant RGR following the withdrawal of nitrate was due primarily
to a reduction in NAR and, to a lesser extent, in LAR (Table 7.1). This pattern is
markedly different from the reduction in the initial stimulation of RGR which occurs in
response to elevated C, (Chapters 3 and 4), where the impact of NAR was marginal
compared to that of LAR (Tables 3.1 and 4.1). These different responses of growth to

C. and N strongly suggest that they do not share a common mechanistic basis.

The results suggest that elevated C, may moderate the limitation to growth imposed by
N deficiency, since the reduction in whole-plant RGR due to withdrawal of nitrate was
less in elevated compared with ambient C, (Table 7.1). This moderation was apparently
achieved by the ability of plants in elevated C, to sustain a higher NAR following
withdrawal of nitrate (Table 7.1). Superficially, this maintenance of NAR in elevated C.
is not consistent with the earlier, larger reductions in Ay and Vme in leaves of nitrate-
deprived plants grown in elevated compared with ambient C, (Figs. 7.3 and 7.5).
However, the point has been made (Chapters 3 and 4) that measurements of
photosynthetic capacity of single leaves need not be strongly correlated with NAR. In
many cases, canopy photosynthesis and NAR may be determined primarily by factors
such as quantum yield (Baker et al., 1994) or even perhaps canopy architecture

(discussed in Section 3.4.2).

The absence of any significant decrease in shoot:root ratio (S/R) at day 6 following
withdrawal of nitrate conflicts with the extensive literature demonstrating unequivocally
that N deficiency causes a reduction in S/R (Brouwer, 1962; Wilson, 1988). This
decrease usually occurs due to a decreased shoot RGR coupled with an increased root
RGR, soon after the onset of N deprivation (Kuiper, 1988). Studies that impose a
limiting step-decrease in the external N concentration are likely to find a progressively
decreasing S/R with time, due to an increasing internal N deficiency linked to increasing

plant size (H. Harmens, pers. comm.). In contrast, studies that impose a steady-state
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tissue N depletion by decreasing the external relative addition rate of N (using the
technique of Ingestad and Lund, 1986) generally find that S/R eventually stabilizes at a
lower value as shoot and root RGR equalize (McDonald et al, 1986; Van der Werf et al.,
1993). In the present study, where mineral N was completely withdrawn from plants
previously sufficient in N, early reductions in S/R occurred that were no longer evident
at day 6 (Fig. 7.2.A), indicating a late reduction in root RGR relative to shoot RGR. One
possible explanation for this unusual response is that the withdrawal of external nitrate,
rapidly followed by the depletion of internal nitrate reserves to sustain growth, generated
an internal N deficiency so severe as to effectively halt growth within 6 d. Consequently,
existing root structure may have been mobilized to shoots to drive one final reproductive

effort before death.

Whole-plant RGR was found to be stimulated by elevated C, over a 6 d period when
plants were between 36 and 42 d old (Table 7.1). The timing of this stimulation was not
consistent with that reported in Chapter 3 for plants similarly supplied with nitrate, where
a CO,-stimulation of RGR occurred only over the 10 - 21 d harvest interval when plants
were between 22 and 33 d old (Table 3.1). Comparisons between the values of RGR
shown in Table 7.1 and those shown in Table 3.1 for the 21 - 26 d harvest interval,
suggest that the discrepancy can be ascribed to a particularly low RGR of plants grown
in ambient C, found in the present chapter. It is difficult to explain this inconsistency
except in terms of species variability, low replication, and sampling error inherent in the
classical approach to growth analysis, where variability at the beginning and end of each
harvest interval can be greatly amplified in the calculation of RGR and its components.
Variability and low replication may also explain why the S/R in nitrate-sufficient plants
was not significantly affected by elevated C, (Fig. 7.2). This result conflicts with the
prediction implicit in the allometric analysis of S/R presented in Chapter 3, that a
decreased allometric coefficient (v) describing the relationship between logarithmically-
transformed shoot and root dry weight (Fig. 3.7; Table 3.3) should manifest as a

reduction in S/R.
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7.4.2. Evidence for the sink-regulation of photosynthesis during N deficiency

Consistent with other studies where mineral N has been withdrawn from previously N-
sufficient plants, soluble sugars accumulated in leaves within a matter of days
(Thornsteinsson et al., 1987; Henry and Raper, 1991; Paul and Driscoll. 1997), and the
rate of photosynthesis declined in close association (Thornsteinsson e al., 1987; Paul
and Driscoll. 1997) (Fig. 7.3). The decline in photosynthesis could be related to
reductions in both Vemax and Anax (Fig. 7.5), and therefore to reductions in the activities
and or/amounts of photosynthetic proteins (Sharkey, 1985); this is entirely consistent
with a sugar-repression of photosynthesis mediated by an inhibition of gene expression.
Moreover, the reductions in Veme and Amax before any significant reduction in gs (Fig.
7.5) suggest that sugar-repression may be particularly important in the regulation of
photosynthesis during N deficiency. As was also indicated in the study by Henry and
Raper (1991), the results in the present study suggest that the accumulation of sugars in
plant tissues following a major disturbance to the sink-source balance is transient (Fig.
7.4), which supports the view that the sugar-repression of photosynthesis could play a
role in restoring equilibrium between the activity of sources and sinks (Pollock and
Farrar, 1996). However, the accumulation of sugars in leaves following withdrawal of
nitrate was surprisingly small (Fig. 7.3), particularly in relation to the rapid depletion of
tissue nitrate (Fig. 7.6) and the marked alterations in the components limiting plant
growth (Table 7.1). Thus, whilst the sugar-repression of photosynthesis may indeed play
a role in optimizing certain processes in response to perturbations likely to result in death
(Section 7.4.1), it is probably not a sensitive and commonly-employed mechanism by
which plants achieve sustainable growth in environments where the supply of resources
change more gradually in time and space, as has been proposed by some workers (Neales
and Incoll, 1968; Herold, 1989; Stitt, 1991; Pollock and Farrar, 1996).

If the accumulation of sugars in leaves occurs because the withdrawal of N in some way
reduces the capacity of sinks, theoretical considerations (Pollock and Farrar, 1996), as
well as observations in different experimental systems (Sawada et al., 1987), predict that
the accumulation of sugars in source leaves should be preceded by an accumulation of
sugars in sinks. Here, the early and probably dynamic changes in the sugar concentration

in tissues following withdrawal of nitrate may have meant that there were insufficient
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data to properly address the time-sequence of events, such that the accumulation of
sugars in leaves, stems and roots appeared only to proceed in parallel (Fig. 7.4).
Consistent with this view, the sequential changes in root and leaf sugars following root
cooling occurred within at least 4 d in single-rooted soybean leaves (Sawada et al.,
1987). Other N-deprivation studies have also lacked the necessary resolution in time to
address this question (Henry and Raper, 1991). As was concluded when plants were
switched to elevated C, (Chapter 5), investigations of the physiological consequences of
environmental perturbations to the sink-source balance may require a much smaller

experimental window, perhaps with a resolution of hours rather than days.

Although the time-sequence of events could not be determined here, the accumulation of
sugars in leaves was always greater than in stems and roots, and the accumulation in
roots was particularly small (Fig. 7.4). This pattern of sugar accumulation completely
contradicts that found by Henry and Raper (1991), where the sugar concentration in
tobacco tissue 5 d after withdrawal of N was highest in roots, second-highest in stems,
and lowest by far in leaves. Superficially at least, the pattern of accumulation found by
these workers also argues against the view that sink capacity limits photosynthesis during
N deficiency. However, taking a more mechanistic approach to sinks and their capacity
(Farrar, 1996), it becomes readily apparent that source leaves themselves represent major
sinks for fixed carbon. In this respect, the sink capacity of source leaves may be
especially sensitive to N deficiency, since they represent the principal sites for the
incorporation of carbon skeletons into amino-N (Smirnoff and Stewart, 1985; Huppe and
Turpin, 1994). An understanding of specific targets for N within the broader concept of
sink capacity can also suggest explanations for the patterns of sugar accumulation in
stems and roots. For example, James et al. (1993) demonstrated clearly that N deficiency
inhibits leaf expansion more than it inhibits root extension. Similarly, studies by Van der
Werf et al. (1992; 1994) indicate that, unlike shoots, root respiration and ATP
production are only marginally reduced when the rate of nitrate uptake is reduced by as
much as 90 %. Accordingly, in the present study, the reductions in shoot, stem and
leaf RGR following N withdrawal were more pronounced than the reduction in
root RGR (Table 7.1). To conclude this section, there is evidence which supports the

case for a role of sugars in the sink-regulation of photosynthesis in severe N deficiency.
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7.4.3. Interactions between nitrate deprivation and elevated C,

The accumulation of soluble sugars in leaves due to elevated C, alone was not large, with
increases from about 2 to 3 g m*at day 0, and from about 2.5 to 4.5 g m™ at day 6 (Fig.
7.3). Similarly small, often approximately 2-fold increases in the soluble sugar
concentration in leaves due to elevated C, have been reported previously, both when
averaged for all the leaves on a plant as here (Chapter 3, Fig. 3.5; Chapter 5, Fig. 5.4),
and when measured at the single-leaf level (Chapter 5, Table 5.6; Van Oosten and
Besford, 1995; Hibberd et al., 1996b; Harmens et al., 1998). Consistent at least with
some of these studies (Chapter 3; Chapter 5; Harmens et al., 1998), such increases in
soluble sugar concentration were not associated with the down-regulation of
photosynthetic capacity (Fig. 7.5), although clearly this conclusion based on the present
study alone would carry more weight if the soluble sugar concentration had been

measured in the same single leaf on which measurements of photosynthesis were made.

Whilst there are a number of possible explanations for the apparent insensitivity of
photosynthesis to the soluble sugar status of source leaves (Chapter 5, Section 5.4.3),
the generally moderate accumulation of sugars in leaves in elevated C, suggests that a
critical threshold sugar concentration is rarely attained in CO,-enrichment studies.
Consistent with this view, reductions in the carboxylation efficiency of a source-leaf of
barley grown in elevated C, were evident only when the soluble sugar concentration
exceeded 10 g m™ (Hibberd et al., 1996b). In the present study, the down-regulation of
photosynthesis following the withdrawal of nitrate (Figs. 7.3 and 7.5) required a
concentration of at least 6 g m? (Fig. 7.3). However, this value obtained as an average
for all leaves significantly underestimates the actual concentration of sugars in the main-
stem leaf on which measurements of photosynthesis were made, since it is evident from
results reported in Chapter 3 that branch-stem leaves, of which there were quantitatively

many more (data not shown), had lower sugar concentrations (Fig. 3.3).

Despite the higher leaf soluble sugar concentration in plants grown in elevated C,, there
was no convincing evidence to indicate that the accumulation of sugars in leaves
following the withdrawal of nitrate was larger or more rapid in elevated C, (Figs. 7.3 and

7.6). Rather, the lower linear term, in the quadratic equations describing the relationship
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between sugar concentration and time in elevated C, (Table 7.2) suggests that the rate of
sugar accumulation may even have been higher in ambient C,, although a high variability
in the data meant that differences were not statistically significant (p = 0.07, in the case
of sugar concentration per unit area). One possible explanation for this unexpectedly
moderate response in elevated C, could be that a greater proportion of soluble sugar was
used in growth, which was less reduced in elevated compared with ambient C, following

the withdrawal of nitrate (Table 7.1).

In the absence of any acceleration or increase in sugar accumulation following
withdrawal of nitrate in elevated C,, the results nevertheless indicated earlier, larger
reductions in photosynthesis in these plants compared with plants grown in ambient C,
(Fig. 7.3). Moreover, the CO,-mediated response to withdrawal of nitrate could be
linked more specifically to earlier, larger reductions in Veme (Fig. 7.5), rather than to
other processes that can limit photosynthesis, such as Apa and g, Given that Ve iS
closely related to the amount of active rubisco protein (Sharkey, 1985), and that,
amongst photosynthetic proteins studied so far, rubisco is particularly sensitive to sugar
repression (Van Oosten and Besford, 1994; Krapp and Stitt, 1995), signals other than
sugars may be involved here that at least contribute to the down-regulation of

photosynthesis.

Certainly, photosynthetic down-regulation mediated by rubisco can be induced without
the obvious involvement of soluble sugars in other experimental systems, such as when
barley leaves are infected with a fungal pathogen (Hibberd et al., 1996b) and when
Dactylis glomerata plants are grown continually with low external supplies of N
(Harmens et al., 1998). Similarly, the reduction in photosynthesis in soybean leaves
following root cooling was more clearly related to large increases in starch (up to about
15 g m™) than to increases in soluble sugars, which were never higher than about 3.5 g
m? (Sawada et al., 1987). Cave et al. (1981) suggested that physical disruption of the
photosynthetic apparatus by the accumulation of starch in Trifolium subterraneum leaves
was responsible for photosynthetic down-regulation in elevated C, in this, and perhaps

other, starch-storing species.
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Paul and Driscoll (1997) also questioned whether the generally moderate increases in
soluble sugars reported in both CO-enrichment and nitrate-deprivation studies are
sufficiently large to induce a photosynthetic response without the action of some
additional factor. Following nitrate withdrawal, stronger correlations were found
between photosynthetic capacity and the hexose:amino acid ratio than between
photosynthetic capacity and hexose alone, suggesting that some component of N
metabolism may contribute significantly to the response. Indeed, it is becoming
increasingly clear that C and N metabolic pathways are intimately linked at many levels
of physiological organization (Roy and Garnier, 1994 and papers therein). Major roles
have emerged for nitrate and amino-N in the coarse control of nitrate uptake (Touraine
et al., 1994), nitrate assimilation (Oaks, 1993), and C,4 photosynthesis (Yamazaki et al.,
1986). Whether there is a role for N metabolites in the regulation of C; photosynthesis
remains to be seen, but the results here suggest at the very least that the changes in tissue
nitrate following its withdrawal externally are much greater than the changes in soluble
sugars (Figs. 7.3 and 7.6). Moreover, the initially lower leaf nitrate concentration in
elevated C, (Fig. 7.3) followed by a decline in nitrate at a rate similar to that of plants
grown in ambient C, (Table 7.2) may have resulted in the earlier onset of a threshold
nitrate concentration below which a down-regulation of photosynthesis will occur.
However, it is also clear that the differences in the timing and magnitude of the
photosynthetic response, following withdrawal of nitrate in elevated compared with
ambient C,, were perhaps too small to allow any convincing elucidation of a mechanistic

basis mediated by either nitrate or sugars.

7.4.4. Conclusions

Following the imposition of a severe N limitation, evidence was found for the sugar-
repression of photosynthetic capacity which was coupled with a reduced NAR and RGR.
These findings suggest that the sugar-repression of photosynthetic genes can play a role
in down-regulating growth in physiologically-real experimental systems. However, the
severity of N limitation resulted in a surprisingly moderate accumulation of soluble
sugars in leaves, relative to the depletion of tissue nitrate at least. Consistent with the
views of Paul and Driscoll (1997), sugars may not be the only, or even principal, agent
involved in signalling N deficiency or other environmental variables that perturb the sink-

source balance. Moreover, it is possible that the sugar-repression of photosynthesis is in
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fact a drastic response to impending death, rather than a sensitive means of adaptation to
less severe, but often more ecologically-real, changes in environmental conditions such as

a gradual decline in mineral N availability or exposure to twice-ambient C,.
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CHAPTER 8

General discussion

8.1. Implications of the findings for existing climate change research and beyond

As primary producers, plants largely determine the structure of ecosystems through their
type, abundance and distribution. Understanding the likely effects of anthropogenic or
natural climate change on the structure of plant communities holds more than just an
ecological interest, since it allows for the implementation of strategies now that might
prevent or mitigate future loss of biodiversity from a biosphere whose present structure
is unprecedented in the earth’s history due to human activity, and probably unstable
(Naeem et al., 1994).

Various lines of research can contribute to the prediction of plant community structure in
a future changed climate. Perhaps foremost of these is the correlation of past climatic
changes with changes in the palaeoecological record (Huntley and Birks, 1983; Davis et
al., 1986). A similarly correlative approach, but without the added dimension of time,
can be found in attempts to match existing climatic and geographical zones with
structural (Raunkiaer, 1934; Holdridge, 1947), morphological (Box, 1981) and
physiological (Woodward, 1987) characteristics. However, none of these approaches can
account for the probability that the rapidity of the currently rising C, and temperature
(IPCC, 1990) is unprecedented in the evolutionary history and genetic memory of plants
(Bowes, 1993). It is therefore direct experimental investigation that is likely to provide

the approach of most predictive value.

Only a limited number of studies have had the facilities and resources to investigate the
long-term effects of climate change over years in realistic physical environments, and on
realistic model systems such as plant assemblages (e.g. Hebeisen et al., 1997) and entire
microcosms (e.g. Jones et al., 1998), and can therefore predict with any real certainty
how climate change will alter community and ecosystem structure. However, the findings

of these studies indicate that the impact of climate change could be considerable. For
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example, Hebeisen et al. (1997) found that prolonged exposure to elevated C, under
FACE (free air CO, enrichment) favoured growth of Trifolium repens over Lolium
perenne in a mixed sward, suggesting a future increase in the abundance and spread of
leguminous species. Similarly, Jones et al. (1998) reported that long-term exposure of
model terrestrial microcosms to elevated C, resulted in a major alteration in the
composition of soil fauna, which was attributed to the below-ground allocation of

increased photosynthetically-fixed carbon.

There have been relatively few studies investigating the effects of elevated temperature
as well as C,. A short-term study by Stirling ez al. (1998) on their effects on five native
annual species in semi-natural environments concluded that a variable but positive
growth response to elevated C, alone was generally increased at elevated C, and
temperature in combination. However, the predictive value of experiments that elevate
temperature are limited somewhat by the difficulties, unlike is the case for C,, in making
reliable models to predict either the magnitude or distribution of future increases in

temperature (Jones and Wigley, 1990).

Given the considerable financial costs involved in running long-term, large-scale CO,-
enrichment studies, it is perhaps inevitable that predictions of plant community structure
in a future changed climate have been and will be based on the cautious extrapolation
from a wide range of shorter-term, smaller-scale experiments such as are reported in this
thesis. As a predictive tool, the thesis has concentrated on plant relative growth rate
(RGR), which is an important component of competitive ability particularly in
environments relatively rich in resources (Tilman, 1988; Van der Verf et al., 1998).
Moreover, the capacity of plants to use CO, for growth represents an important factor
potentially mediating the rate and eventual magnitude of the currently rising C,, and
hence the earth’s future climate (IPCC, 1990).

As with studies of the growth of other herbaceous Cs species exposed to approximately
twice-ambient C, from seed or from an early age (Poorter et al., 1988; Bazazz, 1990;
Den Hertog et al., 1993, 1996; Poorter, 1993; Baxter et al., 1994a; Stirling et al., 1998),
it was found in Chapter 3 that an initial CO,-stimulation of the RGR of Urtica urens

declined at some ill-defined stage early upon exposure, so that the stimulation of RGR
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was lost after about 21 d (Table 3.1). Together with the extensive literature in which a
down-regulation of RGR in elevated C, is implied from more rudimentary approaches to
plant growth (Kimball, 1983; Cure and Acock, 1986; Hunt et al., 1991; Poorter, 1993),
these observations succeed in indicating that temperate herbaceous Cs plants may have
only limited impact on increasing community productivity or on mitigating rising C, and
future climate, but are otherwise so inconsistent between experiments (Arp, 1991) and
between and within species (Poorter, 1993) as to fail in any convincing prediction of

future community structure.

A more powerful predictive tool must lie in taking more functional or mechanistic
approaches to growth in elevated C.. Recognizing this, Hunt et al. (1991, 1993)
examined the growth responses to elevated C, of a range of herbaceous species grouped
into ecological classes according to their C-S-R functional type (Grime, 1977), and
concluded that growth was stimulated by elevated C, more in ‘Competitors’ than in
‘Ruderals’ or “Stress tolerators’. However, other studies which have investigated growth
and growth-related responses of annual species to C, within the context of the C-R-S
model have reached the conflicting conclusion that the model does not predict the
direction of either the photosynthetic (Stirling et al., 1997) or growth (Stirling ez al.,
1998) responses. Likewise, the relatively large growth response to elevated C, of U.
urens (Section 3.4.1), which is classified as between ‘Ruderal’ and ‘Competitor-Ruderal’
(Grime et al., 1988), conflicts with the conclusion of Hunt ef al. (1991) that native fast-

growing annuals are amongst the least responsive to elevated C,.

A more robust model that can explain the differential growth responses of plants to
elevated C, was proposed by Stitt (1991), such that CO,-responsiveness will be largest in
those plants that have the greatest capacity (sink capacity) to use the additional soluble
sugar available in elevated C, due to the stimulation of photosynthesis in source leaves.
Stitt (1991) discussed the extensive and convincing circumstantial evidence in the
literature that argues for a central role of sink capacity, which may be determined by
genotype or environment, in mediating the growth response to elevated C,. This
circumstantial evidence is supported by a well-developed mechanistic model, whereby
plants having a low sink capacity will accumulate soluble sugars in tissues, and their

accumulation in source leaves, a frequently-reported response to elevated C, (Farrar and
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Williams, 1991), will result in decreased growth due to photosynthetic down-regulation
following the sugar-repression of genes encoding key photosynthetic proteins (Stitt,
1991; Van Qosten et al., 1994; Pollock and Farrar, 1996).

A primary objective of this thesis was to investigate more rigorously the validity of this
model as a predictor of plant growth in elevated C,. No convincing supportive evidence
was found. At a purely descriptive level, it was evident in Chapters 3 and 4 that the
reduction in the CO,-stimulation of RGR of U. urens was more strongly coupled to a
decreased leaf area ratio (LAR) than to a reduction in the CO,-stimulation of net
assimilation rate (NAR), the component clearly related to photosynthetic capacity. At a
more mechanistic level, sugars accumulated in leaves in elevated C, but did not cause any
down-regulation of photosynthetic capacity (Chapters 3 and 5). Similarly, the
accumulation of sugars in leaves was not preceded by accumulation of sugars in sinks
(Chapter 5; Fig. 5.3), as predicted by theory (Fig. 5.0; Pollock and Farrar, 1996) and by
experiment using model systems (Sawada et al., 1987); neither was it preceded by
responses that might otherwise indicate a change in sink capacity, such as a reduction in
the proportion of gross photosynthesis used in respiration (Chapters 5 and 6). Moreover,
the reduction in LAR without an accumulation of sugars in sinks conflicted with the
suggestion of Pollock and Farrar (1996) that sugars could also play a role in determining

morphogenesis.

In Chapter 7, evidence was found for the applicability of the model in a different, but
nevertheless physiologically-real, experimental system whereby the sink-source balance
was perturbed by depriving plants of mineral N. However, the severity of the
perturbation, coupled with a surprisingly small accumulation of sugars in leaves (Fig.
7.3), suggested that the sugar-repression of photosynthesis may in fact be just one
component of a mechanism that, in annual plants at least, mobilizes reserves to drive one
final reproductive effort before death, rather than a sensitive and commonly-employed
mechanism by which plants achieve coordinated and sustainable growth in continuously
changing environments (Neales and Incoll, 1968; Herold, 1989; Stitt, 1991; Pollock and
Farrar, 1996).
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Alternative explanations were therefore sought in this thesis to explain plant growth
responses to elevated C,. The inevitable acceleration of plant size caused by even a
transient COp-stimulation of RGR raises the possibility that responses attributed to
elevated C, could in fact be due to ontogenetic drift or to the earlier onset of an
environmental constraint on growth. However, only few experiments have been designed
or analyzed in a way that can account for effects of plant size, or can directly investigate
the early changes in RGR that are implied in longer-term studies such as in Chapter 3
(Poorter et al., 1988; Fonseca et al., 1996; Stirling et al., 1998). Consequently, a
mechanistic understanding of responses to elevated C, has remained hypothetical, fuelled
only by reports of a wide range of potentially unrelated changes in physiology and

morphology (Sections 3.1 and 4.1).

In order to address these issues, a number of key methodological approaches were used
in the experiments reported in this thesis. Firstly, plants were grown with a supply of
nutrients intended to be non-limiting for growth at all plant sizes (Section 2.2). That this
was achieved, at least for mineral N, is implicit in the allometric analysis of whole-plant
tissue organic N concentration (Np), whereby the allometric coefficient (v) relating log,
organic N content to log. dry weight was close to unity in plants grown in both ambient
and elevated C, (Fig. 3.6; Table 3.3). Secondly, in Chapters 4, 5 and 6, relatively mature
plants were switched from ambient to elevated C, and their responses monitored on a
daily basis for 10 d. Such an experimental design represents a definite improvement in
terms of providing tighter correlative evidence between growth and physiology, but it
should be emphasized that the findings can be seen principally as a much-needed step
towards targeting rewarding areas for future climate change research. In agreement with
the study of Fonseca et al (1996) on Plantago major, it was found in Chapter 4 that the
COy-stimulation of RGR of U. urens persisted for no longer than about 4 - 8 d (Table
4.1; Fig. 4.5). Moreover, functional growth analysis suggested that the decline in the
CO,-stimulation of RGR started within a few days or perhaps even hours following
exposure to elevated C, (Fig. 4.5), and showed clearly that the principal component
responsible for constraining RGR in elevated C, was an early reduction in LAR (Fig. 4.5)
due to decreased SLA (Fig. 4.6). Evidence was also found for a relatively minor

reduction on the CO,-stimulation of NAR, but at a later time (Fig. 4.5).
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Thirdly, the possible size-dependencies of responses were routinely investigated using
allometric analysis (Tables 3.3, 4.3 and 5.4) or by plotting responses against indices of
size rather than against time (Fig. 4.10). From arguments presented in Section 3.4.3 and
supported in Chapter 4 for according biological significance to the elevations of
allometric regression slopes, the novel conclusion was reached that the reductions in
LAR and SLA were in fact a genuine effects of elevated C, rather than consequences of
accelerated plant size, contrary to the suggestions of some workers (Stirling et al.,
1998). Similarly, and contrary to the conclusions of Poorter et al. (1988) and Poorter
and Pothmann (1992), genuine effects of C, on both RGR and NAR were suggested by
the plots showing that the responses of RGR and NAR over time (Fig. 4.5) persisted

when plotted against indices of size (Fig. 4.10).

Having established that accelerated plant size probably does not account for the effects
of elevated C, on RGR and its components, Chapter 4 investigated the possible role of
plant organic N concentration (Np) in causing these responses (Section 3.4.4), a
hypothesis prompted by the finding that plants growing in elevated C, in the longer term
had a decreased Np (Fig. 3.2) independent of their size (Fig. 3.6). However, a role for Np
here was refuted on the grounds that no reduction in Np occurred during the early stages
of exposure to elevated C, (Fig. 4.9) when the initial changes in RGR, NAR and LAR
occurred (Fig. 4.5). However, it should be emphasized that decreased Np, a widely-
reported response of plants to CO»-enrichment (Luo et al., 1994), is likely to have wider
implications for plant growth and ecosystem functioning in general, for example through
lowering the food value of plant tissues for insect herbivores (Bezemer and Jones, 1998)

and retarding the rate of decomposition (Kampichler et al., 1998).

Finally, given that the rate of dark respiration (Ry) is stoichiometrically linked to the rate
of structural growth (Farrar and Williams, 1991) and that the responses of RGR, NAR
and SLA to elevated C, were unaltered by the removal of total non-structural
carbohydrates (Figs. 4.5 and 4.6), Chapter 6 investigated the possibility that direct and/or
indirect effects of elevated C, on components of Ry could be involved in the growth
responses. The results showed that elevated C, can cause a direct and reversible
inhibition of apparent Ry in both expanding and fully-expanded leaves (Table 6.5), a
finding reported by other workers for both leaves and whole plants (Bunce, 1990; 1994;
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Amthor et al., 1992; Ziska and Bunce, 1993; Thomas and Griffin, 1994). However, there
was some evidence, worthy perhaps of further investigation, that the direct inhibition of
R4 may have been off-set by an increase in the maintenance component of Ry (Fig. 6.3;
Table 6.3), and that the final consequence of respiration for growth in elevated C, may in

fact be a decrease in the coefficient of growth Ry (Fig. 6.3; Table 6.3).

Any decrease in the coefficient of growth Ry would mean an increase in the growth
conversion efficiency (Yg; Thornley, 1970). Increases in Yg are implicit in a number of
COq-enrichment studies, including Chapter 5, finding that the CO,-stimulation of Ry is
proportionately less than the CO,-stimulation of RGR (e.g. Bunce and Caulfield, 1991).
Current models of Ry (Amthor, 1986; Farrar and Williams, 1991) are probably
inadequate to predict how the effects of elevated C, on Ry will affect plant growth, but
their elaboration could lead to significant improvements in understanding how climate
change will affect the growth of plants and may even reveal novel aspects of the role of
respiration in plant productivity, the importance of which is widely recognized (e.g.
McCree, 1982).

8.2. Implications of the findings for future research

A logical progression of the findings of this thesis into future research would be an
investigation as to whether the early responses of U. urens to elevated C, are common to
other species, and also whether they can occur in more ecologically-real conditions, such
as when plants are grown in soil or under natural light. The potentially unusual stomatal
opening during the hours of darkness reported in Chapter 6 (Fig. 6.4) raises the
disturbing possibility that plants grown in hydroponics (or otherwise in controlled-
environment cabinets) could develop morphological and physiological characteristics
unique to these ecologically-unreal conditions. Moreover, investigations under such
conditions which aim to assess what are likely to be major impacts of reduced stomatal
conductance (g) in elevated C, on plant growth and ecosystem functioning in xeric

environments (Bazazz, 1990; Bowes, 1993), may have only limited predictive value.

It could also be argued that there is a case for conducting switching experiments, similar

to those described in Chapters 4, 5 and 6, on a species with lower inherent variability
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and/or using higher replication to enable a more rigorous testing of the hypotheses
presented here. Nevertheless, there is perhaps now room for renewed speculation as to
how elevated C, down-regulates RGR. In the first place, the experiments reported in
Chapters 3 - 5 indicate that changes in morphological characteristics, namely the
reductions in LAR and SLLA which are also consistently reported in other CO,-
enrichment studies (Acock and Pasternack, 1986; Poorter, 1993; Stulen et al., 1994;
Roumet et al., 1996, Stirling et al., 1998), constrain RGR in elevated C, more than
physiological characteristics such as NAR and the photosynthetic capacity of individual
leaves. Moreover, the changes in LAR and SLA reflected genuine alterations in
structure, since they persisted after the removal of total non-structural carbohydrates

(Chapters 3 and 4).

In view of these conclusions, the study of Bunce (1995) is remarkable in demonstrating
that these reductions in LAR can occur following exposure to elevated C, during the
hours of darkness only. This finding is entirely consistent with the conclusion reached in
this thesis that the immediate products of photosynthesis play no role in determining
morphogenesis (Chapter 5). Bunce (1995) has proposed a causal link between the
frequently-observed inhibition of Ry by elevated C, (e.g. Chapter 6) and the reductions in
LAR. It remains to be seen whether further investigations reveal a novel understanding

of a direct regulation of plant growth by CO,.

Further investigations of the reductions in SLA that underlie the reductions in LAR may
also help to target key aspects of physiology that constrain growth in elevated C,.
Moreover, it is becoming increasingly clear that both genotypic and phenotypic variation
in RGR is strongly linked to SLA within widely differing plant types and environments
(Tilman, 1988; Cambridge and Lambers, 1998; Pyankov et al., 1998; Van der Verf et al.,
1998). Some workers have reported increases in leaf thickness and in the number of cell
layers in leaves of plants exposed to elevated C, (Thomas and Harvey, 1983).
Preliminary and cursory investigation of transverse sections of individual leaves of U.
urens suggested increases in leaf thickness due to increases in the size of cells,
particularly in the length (perpendicular to the leaf surface) and volume of those forming
the palisade layer. The mechanics of leaf growth have been characterized mainly in terms
of the effects of light (Dale, 1988; Hart, 1988), and the effects of CQ, are not fully
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understood. At present, the effects of elevated C, on leaf expansion have been
investigated in terms of the generation of leaf surface area rather than thickness (Taylor
et al., 1994), although these authors did purport to show an effect of elevated C, on
increasing cell wall extensibility due to increased activity of xyloglucan
endotransglycosylase. Interestingly perhaps, the reduction in SLA reported in Chapter 5
for a single main-stem leaf (Table 5.7) was measured 11 d after exposure to elevated C,
when at the start of exposure this leaf was already nearly 80 % of full expansion (Fig.
5.7). This suggests that at least some of the SLA response to elevated C, occurs after the
stage of cell-division, and could mean that a significant proportion of the additional
assimilate available due to increased photosynthesis is not exported but deposited

directly as structural material in (for example) cell walls.

Another observation from this thesis that perhaps merits future investigation is the
possible relationship between the decline in the CO,-stimulation of NAR and alterations
in canopy architecture that reduce the amount of light intercepted by the canopy
(Sections 3.4.2 and 5.4.3). Such alterations could include reductions in the angles of
leaves relative to incident PPFD and physical distortion of the surfaces of leaves. From
cursory observations of U. urens plants in elevated C,, both possibilities perhaps deserve
future quantitative investigation. Van der Werf et al. (1998) has suggested that NAR
may be quantitatively more important than LAR in limiting RGR in dicotyledonous
species, whilst the reverse may be the case for monocotyledonous species. Whilst the
results reported in this thesis conflict with this view, they nevertheless indicate that
variation in NAR, as well as in LAR, may need explaining in terms of structural and

morphological characteristics.

The alterations in canopy architecture described above are reminiscent of the epinasty
and hypertrophy characteristic of plant responses to ethylene (Abeles, 1973; Lieberman,
1979). Respiration of fruits and possibly also of other plant tissues is also strongly
promoted by ethylene (Amthor, 1991). In fact, numerous lines of evidence support the
possibility that ethylene could play a role in plant responses to elevated C,. In the first
place, there are reasons to expect that elevated C, will result in an increased atmospheric
ethylene concentration, since C, is well-known as a promoter of ethylene synthesis and

activity (Philosoph-Hadas et al., 1986), within the range of C, (0 - 1000 pmol mol™)
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relevant to climate change research (Horton, 1985). Significantly, this range of C, is
much too low to induce the equally well-known inhibition by CO, of ethylene action and

ethylene-mediated responses in general (Lieberman, 1979; Sisler and Wood, 1988).

An increased atmospheric ethylene concentration could also arise from contamination of
CO; cylinders from which an elevated C, is usually maintained in experiments. This
possibility was addressed by Morison and Gifford (1984), who found that the amount of
ethylene in some ‘food grade’ CO, cylinders was sufficiently high as to completely annul
the positive effect of elevated C, (with ethylene removed) on growth. Although the
concentrations of ethylene found by these workers in ‘industrial grade’ CO, cylinders, of
the type used to maintain elevated C, in this thesis (Section 2.2) and probably the
majority of COp-enrichment studies, were lower by several orders of magnitude and
therefore unlikely to have any significant effect, their results did indicate that plant
growth is highly sensitive to atmospheric ethylene at concentrations between 0.02 and
0.06 pmol mol™. Moreover, their results showed that the ethylene-mediated reversal of
the usual stimulation of plant growth by elevated C, was associated with marked
reductions in SLA, lending support for a role of ethylene in more usual CO, exposure

systems.

8.3. Conclusions

The findings of this thesis add to an extensive literature pertaining to the effects of
elevated C, on plants. Perhaps their main contribution to this research area is to highlight
the probability that our understanding of the mechanisms underlying plant responses to
elevated C, is still rudimentary. This lack of understanding persists despite intensive past
and present research effort, and despite a common perception that the time has come to
dedicate funding towards other areas of plant and climate change research. Previous
studies that have investigated the mechanisms behind plant responses to elevated C, have
perhaps concentrated overmuch on molecular and physiological responses (e.g. Chapter
5). It now appears that changes in morphology may well provide a more rewarding
research area, not only with regard to improving our understanding of the effects of C,
and climate change, but also to reach a better understanding of how plants adapt to a

wide range of environmental variables. It is perhaps not without significance that the
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creation of plants with higher SLA is now considered a major goal within broad attempts

to improve plant and crop productivity (Lambers, 1998).
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