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ABSTRACT

The review of literature showed that nutritional studies
have been made on a number of inseets but that the phytophagous
inpects have largely remained neglected, there being very few
éxzmples of these insects having been succegsfully reared on gyn-
thetic dietss Stress has been laid upon the qualitative and
quantitative formulation of synthetic diets containing the essential
nutrients, the various substances necessary as feeding gtimuli, and
possessing an acceptable physical texture.

The larva ' of a phytophagous ingect, Pierig brasgsicag L., was
therefore gelected as the subject of the present investigations.

It is a pest of economic importance almost all over the world, and
has the asdvantage of being readily reared in the laboratory at all
times of the year.

A semi-gynthetic diet was devised, the 'unknown' factor of
which was cabbage leaf powder, included in the diet after attempts
to produce a purely synthetic diet had failed. A leaf powder
econcentration of 2 grams per 25 grams of medium wes the optimum
required by the eaterpillars. The nutritional wvalue of various
substances was assessed by inclusion in, or omission from, this
bagic diet.

In the case of sugars, the effects of various pentoges,

hexoses, di=-, tri-, and polysaccharides and alsoc one of the sugar
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alcohols, mannitol, were examined. It was found that sucroge was

a strong phagostimulant as well as apparently being nutritionally
egsential., The performance of lervae on diets containing glucose
or fructose was poor, and this was contrary to mogt of the findings
of various anthorss On the other hand, pentoses, usually congidered
to be poorly utilised by ingects, proved almost as good as sucroge
in the diet, and an equimolecular mixture of glucoge + fructose was
algo found to be equally effective. A sucrose concentration of

500 mgm. per 25 grams of medium was found to be adequate, and thig
was in reasonsble agreement with the sugar requirements of thoge
other phytophagous ingeets for which publighed results are available.

The work of a number of amnthors ghowed that mustard oil gluco-
sides are responasible for evoking the feeding responge in Eiepig
bragsicag L. larvae, whereas, in the present investigation the
inclugion of sinigrin - a mugtard oil glucoside - in the diet did
not produce any significant improvement in the performance of the
larvae. Variations in the sinigrin concentration in the diet also
falled to give a positive response.

The guantitative nitrogen requirements of the insect were
studied using casein as the protéin gource. The omigsion of casgein
from the diet resulted in gignificantly lower larval weights and
proportionately fewer larvae moulting than in the case of larvae

roared on diets containing casein. The fifth instar larvae ingested
significantly lower amounts of food when casein was omitted from the
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diet., The concentration of casein in the diet finally adopted
ley within the range of concentrationg used in the diets of other
phytophagous ingects studied by other workers.

Cystine, one of the amino acide not normally included in the
bagic 1ligt of ten essential amino ascids, has been ghown by various
anthors to be connected with successful moulting in some non=
phytophagous insectss In the present studies, the addition of
cystine in the diet produced a proportionately higher percentage of
larvae moulting in the earlier instars, and its omigsion from the
diets of the fifth ingtar larvae caused emergence failures in the
adults subsequently produced. Thig appears to be the first obger—
vatlion of such an effect in a phytophagous ingect.

The effects of § ~carotene, B viteming and ascorbic acid were
studieds The only detectable effects being retarded larval growth
with the addition of § -carotene, and a higher mortality resulting
from the inclusion of ascorbic acid. These results are very
curious as all these materials have been added with advantage in
the diets of various insects, particularly phytophagous ones, hut
the poseibility of their effects being completely obgeured in
these ghort term experiments wag discussed.

HMogt of the insects studied have been shown to require
cholesterol in their diets. Hence, cholesterocl and g -sitosterol

were incorporated in the diets for Pieris brassicse L. in two
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different concentrations. The higher concentration of 500 mgm.
per 25 grams of medium proved deleterious, while the lower one

(50 mgm. per 25 grems of medium) produced no detectable improvement,
although this concentration was more or less in agreement with the
requirements of thoge of other phytophagous ingects studied
previougly. Similarly, the inclusion of Ogbourne and Mendel salt
nixture in the diet did not produce any observed effects.

Ager is commonly used in formulating artificial diets and in
some cages it 1s sald to affect food consumption. Nutrient ager
wag tried at different concentrations and a level of 2 per cent
wag found to make the diet cohegive and manageable. In thig cage
no effect on food congumption was observed.

Cellophas was incorporated in the diet to give the medium a
leaf like structure but it absorbed too much water, and the medium
dried up very quickly. Celluloge powder, however, proved ugeful
in inereasing the amount of food consumed on the artificisl diet to
the level of that on cabbage. The addition of cellulose lowerad
the coefficient of utiligation congiderably, and it was not found
possible to correct this without affecting the consumption values.
On the other hand, the coefficient of growth was mach higher on
celluloge diet than on cabbage, the coefficient of metabolisgm being
correspondingly lower. Although the celluloge diet maintained
adequate growth of the larvae in these short term experiments, yet
the dietary characteristics of cabbage could not be completely

reproduced.
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CHAPTER I

INTRODUCTION AND REVIEW OF LITERATURE

A. GENERAL

It is a well known fact that insects are able to obtain the
chemicals necessary for the maintenance of life from a vast range of
materials. The feeding hebits and dietary requirements of insects
have long been of interest to the academic entomologist and some of
the findings made in this field are proving of practical value in other
studies. Standardised diets for experimental insects are an important
congideration in many genetic, physiological and toxicological invest~
igationg and in the sphere of economic entomology the connection between
ingect feeding, nutrition and such important factors as plant rasistance,
to quote but one example, have attracted a good deal of attention.

Many insects are of direct economic importance by virtue of the
food materials to which they are adspted. .As a result, some of these
pests (those attacking various stored products being a good example)
have attracted a good deal of attention from nutritionel physiologists.
However, in the case of one major group of pests, the ingects attacking
growing plants, the amount of fundamental information on mutritional
requirements is comparatively emall. DMuch of the information available
is found in very recent publications and the reasons for the compara
tively new development of thig field are discussed later. There is no
doubt that much valuable data on the feeding and nutrition of thig
large group of ingect pests remain. to be collected.

il
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lany of these pests are larval forms, a large proportion of which
belong to the Lepidoptera. One example was chosen as an experimental
animal for this present contribution to the study of phytophagous
insect nutrition, this was the almost ubiquitous pest of crucifers, the
larva of the large cabbage white butterfly, Pleris bragsicag L.

The number of publications dealing with various aspects of ingect
nutrition as a whole has also grown very rapidly over the past 10 to
15 years and there are already several reviews dealing with various
agpects of this large amount of literaturs. Prior to the recent
interest in this field, the first major review was that of Uvarov
(1928) who included in his work a comprehensive account of the chemical
compogition of insects and of t.h.eir produoté, together with the major
information available at that time on the physiology and biochemistry
of feeding and metabolism. The ingects which had then been most
thoroughly studied were Drogophila and the cockroach for which rather
inadequate synthetic diets had been devised.

In recent years outstanding reviews of the modern findings have
included publications by Trager (1953), Lipke end Fraenkel (1956),
Gilmour (1961) and Houge (1961, 1965a) who heve dealt with insects in
general, and by Priend (1958) who haé concentrated on phytophagoug
insects. It is the purpose of thig present review to bring these
" publications up to date whére necessary and to summerise the major

findingg in this field.
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The main obstacles in nutritional studies have always been the
lack of proper rearing techniques and the lack of chemically defined
diets, Friend (1958) and House (1961) emphasised the need for a know-
ledge of the exact chemical composition of the diet and for the ability
to vary the composition precisely in order to examine the consequent
effects upon the insect. They also stressed the need for making the
diet chemically and physically attractive for the insect in order o
evoke satisfactory feeding responses. These needs are felt most
strongly in the case of the investigations on phytophagous ingects
becaunpe of the great difficulty of obtaining nutritional data by eny
means other than the use of artificial food. Thus, it is not pogeible
to control to any great extent the composition of the plant itgelf in
order to study the effects of these variations on the inseet. Further—
more, the straightforward analysis of the plant material most suitable
for an insect's development is of restricted value, partly because of
the linitations of analytical techniques and partly beceuse of the
largely unknown fluctuations in composition imposed on the plant by
such factors as soil,- weather and even time of day. To quote one
example, Uvarov (1928) has reviewed the early work on silkvworm nutrition
which ghowed how mulberry leaves vary greatly in their phosphate, sucar
and protein content according to whether they are picked during the
evening or at day-break. Similarly, soil fertilisation has been
shown to influence the development of phytophagous insects, this work

being well reviewed by Lipke and Fraenkel (1956). Studies on ingect
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resigtance in plints suggest that in some cases particular varieties
may have foliage which is nutritionally inadequate for some ingect
specless This probably extends to different leaves on the same plant
gince the chemical composition of leaves chenges as they age and many
ingects show a definite preference for leaves at a particular stoge.

Therefore, the study of the nutritionsl requirements of phyto~
phagous insecte on the basis of leaf analysie presents the investigator
with a host of variables over which he has no more than partisl control.
The dévelepmemt of artificial diets would seem to be an egsential stage
in the progress of this field of entomology. Bven this approach,
however, is greatly complicated by the physiological variation of the
insect itself. For example, Beck (1956b) has shown variations in the
requirements for sugar in different larval stages of the Buropean comn
borer, Ogtrinis (Pyrausta) nubilelig Hbn., The difficulties of
formulating a diet which is suitable and acceptable to the insect from
both the chemical and physical point of view are therefore conglderable,
and these difficulties have been reviewed in some detail by Friend
(1955)+

As a result, there are comparatively very few really successful
studies made on phytophagous insects. The notable examples being:

Buropean corn borer QOgtrinis nubilalis Hon. (Bottger 1942, Beck gt gl.
1949, Chippendale and
Beck 1964

Pink bollworm £octinophors gogswypiells (Saunders)(Vanderzent

1957)
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Boll weevil Anthonomus grandig (Boh.)(Vanderzant 1965)

Aglatic rice borer Chilo guppressalis (Walker)(Ishii gt gl 1959,
Kameno 1961)

Desert locust Schistocerca gregerig (Forsk.)(Dedd 1960a)

Migratory locust Locugta micpatorig L. (Dadd 1960a)

Onion maggot Hylenve gntiqus (Meig,)(Friend 1956)

Peach and potato aphid Myaus persicae (Sulzer)(Dadd and Mittler 1965)

The nutritional studies on insects have shown that their quali~
tative requirements are more or less uniform in all species examined
and that these are not very different from the requirements of other
types of animals (Trager 1953). The substances required include,
generally, water and certain minerals, carbohydrates, fats or proteins,
gterols end B vitemins, However, Dadd (1957) was first to show a
dietary requirement for A and C vitaming in locusts in addition to the
usual B viteming.

More or lese chemically defined diets have been developed for
quite a few insects and the results obtained up to 1954 have been
tamiatad by Albritton (1955). Although during the past decade a
fair knovledge has been obtained concerning the nutritional require-
ments of several specles, in some cases additional chemicals may be
required in diets in order to elicit the correct feeding response in
the ingects  Uvarov (1928) mentioned that insects ecould be guided to

" their naturel food by the tastes and odours of various chemical
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substances which in themselves have no nutritional value. Similarly,
Fraenkel (1953) stated that "the plants differ in the presence or
abgence of odd chemical substances like glucosides, essential oils,
alkaloidg, ssponing or tamning which determine the host specificity of
a food plant by acting as chemical gtimuli®s Thorsteinson (1955)
reviewing the chemotactic basis of host specifiecity quotes Grevillius
(1905) who induced the larvae of the browm=tail moth, Buproctis
ghyveorrhos Le (Nyemis phasorrhoes) (Donov.), to feed on otherwise
unaceeptable plants by smearing their leaves with a paste containing
temnin from chickweed (S8tellaris sp.), the usual host plent of the
ingect. Verschaffelt (1911) and Thorsteinson (1953) showed that
larvae of Lieris brassicae L., Blerls rapae L. and Plutells maouli~
begnnig Curt. will feed on plants containing mustard oil glucosides.
Thorsteingon (1956), however, states that "various nutrients have an
independent stimulus for inseet feeding and that all the chemical
congtituents of leaves,whether nutrients or not, may contribute to
selectlion, acceptance or rejection of food", and he reported sucrose
acting as a phagostimlant in seven polyphagous species of ingects.
Ito (1950) shoved similar results with sucrose in Bombyx mori L.

In fact, the relative importance in insect feeding of non-nutritional
chemicals or 'token stimuli' when compared with the general nutrient
composition of the leaf is a subject upon which there has been some

congiderable controversy. This controversy has been well reviewed by
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Thoreteingon (1960) and since it lies meinly beyond the scope of the

present investigation a detalled account is not included here.

B, ALITATIVE REQUIREMENTS

1. Cexbohvdrates.

The qualitative raquiramenté for different sugars which can
support the growth and development of an ingect are given in Table 1.

There are a few insects in which it hae been shown that earbo~
hydrates in .aome form are an essential part of the diat, examples
being, Zenebrio molitor L., Anagests (Zphestis) kuehniells Zell.,
Orvzaephilus surinamengig (L.) (Fraenkel and Blewett 1943a,b; Fraenkel
2t 21.1950, Leclerq 1948), adults of Calliphors yicini (=exybhvo-~
gepbala) (Meigs) (Fraenkel 1936) and Agris (Egeudosarcophaga) affinis
(Fall.) (House 1954, 1956)s On the other hand Tribolium confusum
(Duve), Lagioderms gerricorne (Fab.), Btinus tectus Boleld, Attazenug sp.,
and the larvae of Phormia reging Meig., Calliphore yicins (Meig.),

Aedes gegypti (L.) and Muges domesticg Le do not require any carbo~
hydrate in their diets, although they can utilise some of the sugars if

present (see Table 1) (Fraenkel and Blewett 1943a,b; Moore 1946,
McGinnis gt g1.1956, Sedee 1956, Akov 1962, Brookes and Fraenkel 1958),
From the information available it cen be seen that generally

pentoses were not required or were very poorly utilised; vhereas,

hexoses, trisaccharides, disaccharides and polysaccharides were, with
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Xylose
Arabinose
Ribose
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Glucose
Fructose
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TRISACCHARIDES
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Mgltose
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6
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e
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12.
13.
14.
15.
16.
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19.
20.

2l
22.
2R3+
Rhe

25
264
27,
28,
2%
30.
31.
32,

Koy to Table 1

+ utiliged
- not utilised :
? doubtful; addition may prove beneficial

Schigtocerce gregaris (Forsk.) (Dadd 1960b)

Locugte migratoris L. (Dedd 1960b)

Helanoplug k&ﬂ&iﬁ.’ﬂfﬁ (Say) (Brown 1937)

Blatells germanica (L.) (Noland and Beumann 1949)

8 (Le) (Fraenkel and Blewett 1943a,b)

Stegoblum
Lyctug sp. (Parkin 1936)
(L.) (Fraenkel and Blewett 1943a,b)

0

Ignebrio molitor L. (Evans and Goodliffe 1939, Leclercq 1948 and
Fraenkel gt g1.1950)

Anthonomug gprandig (Boh.) (Vanderzent 1965)

Ogtrinis nubilalig Hon, (Bottger 1942, Beck 1950 end Beck gt al.

1949
Prodenis epidanig Cram. (Crowell 1941)
2ierig bragsicag L. (Evans 1939)
Aglais urticae L. (Bvans 1939)
Phalera bucephals L. (Evans 1939)
Galleria mellonellg L. (Dedd 1964)
Plodig interpunctells (Hbn.) (Fraenkel and Blewett 1946Db)
Anpgagte Zell. (Fraenkel and Blewett 1946b)

Ephegtig m&ﬂ}g Hbn.) (FPraenkel and Blewett 1946b)

Cadra (M? mi;gug Wlk, (Fraenkel and Blewett 1946b)

Agpig affinig (Fall.) larva (House 1956, House and Barlow 13235

b

Agrie affinig (Fall.) adult (House 1956)

Calliphors yicina (Meig.) adult (Fraenksl 1936)

Calliphopa yicina (Meig.) larva (Sedee 1956)

Phormig regina Meig. adult (Rasso and Fraenkel 1954, Evans and
Dethier 1957)

Phormia reging Meig. larva (McGinnis gt g1.1956)

Mugcs domestics L. larva (Brookes and Fraenkel 1958)

Yugca domegticg L. adult (Monroe 1960)
Anagtrepha ludeng (Loew.) (Baker gt sl.1944)

WWM ig. (8 1956)
Aedeg gegyptd (L.) (Akov 5952) e,
g L, (Bertholf 1927)

dpig
Hyzug pergicee (Sulzer) (Dadd and Mittler 1965)
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& few notable exceptions, utilised in almost all cases.

A more detailed discussion of gome of the findinge recorded in
Teble 1 will be left until a later chapter when comparisons can be
made with the results of the present work on Plerig brassicag L.

2+ Nitrogen compoundg.

All ingects require nitrogen for their development and growth and
it is ueually supplied in artificial dlets in the form of the proteings
cagein and egg albumen, or as individual emino acids. Cagein, because.
of it ready availability in standardised form, is the protein mogt
frequently used in compouﬁd:lng ingect dietes Thus casein hag been
uged in ptudies on Blatells germsnicg (L.) (Noland and Baumann 1949,
Agtagooug epe (Moore 1946), Lasioderms gexricorng (Fab.), Siegobiun
paniceun (L.), Dermestes meculatug Deg., Orvzagphilug surinamensls (I.),
Ptipug tectus Boield (Fraenkel and Blewett 1943a,b), Tensbric melitor L.
(Fraenkel gt 21.1950), Anthonomug grandig (Bohs) (Vanderzant gf pl.1962),
Ogtrinis nubilalis Hbn, (Bottger 1942, Beck et gl1.1949, Beck and Stauffer
1950, Chippendale end Beck 1964), Pectinophora gossypiells (Saund.)
(Vanderzent and Reiser 1956b), Ansgaste kuehniells Zell., Ephestis
slutells (Mon.), Cadre gautells Wlk., Elodis interpunctells (Hmn.),
Tineolg bigselliells (Hum,) (Fraenkel and Blewett 1946e,b), Bombvs moxi L.
(Ito 1960), Galleris mellonells L. (Dadd 1964), Drogophils melanogaster
Meig. (Seng 1956), Aedes gegypti (L.) (Akov 1962), Phormis peging Meig.
(MeGinnis ot g1.1956).
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In pome ingtances casein alone is an insdequate source of organic
nitrogen and in the locusts, Schigtocercs gregaris (Forsk.) and Logcugte
migrgtorig L., for example, satisfactory development required a diet
having a mixture of casein, egg albumen and peptone (Dadd 1960a).

The nitrogen requirements can also be satisfied with amino acids
and basically, the insects require the same ten amino acids clagsified
as esgential for the rat, namely arginine, lysine, leucine, igoleucine,
tryptophan, histidine, phenylalanine, methionine, valine and threonine.
The work on which this general conclusion is baged has been tabulated
in the recent review of House (1965a) who has also noted the few known
ingtences of departures from this basgic requirement. In Tpibolium
gonfuaum (Duv.) it was shown that a mixture of 19 erystalline amino
acide known to occur in casein satisfied the nitrogen requirements of
the larvae equally as well as purified casein (Lemonde and Bernard
1951a), However, this is not aluwsys readily shown and Dadd (1961b)
for example, failed to adequately replace the protein content of hig
nigratory locust diet with a gimilar mixture of nineteen amino acids.

3. Uitgming.

For a long time the view, that ingects require vitaming only of
the B~group, was generally accepted and most of the work was confined
to the clagsification of the B vitaming into essential or non-éesential
for a particular ingect. Thig work is summarised in Table 2 for ease

of reference.
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7
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10.
11.
12,
13.
14.
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16,
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18,
19,
0.
1.
224
23
7
25
26|
27,
28,
29.
30 e
31.

Kevy to Table 2

+ essential
- not essential
+? not essentisl but addition may prove beneficial

Akov (1962)

Blewett and Fraenkel (191.4;
Brookes and Fraenkel (1958
Buddington (1941)
Chippendale and Beck (1964)
Chippendale gt gl.(1965)
Cooper and Fraenkel (1952)
Dadd (1961a)

Dadd (1964)

Fraenkel and Blewett (1943c;
Fraenkel and Blewett (1946a
Fraenkel and Blewett (1946b)
Fraenkel and Blewett (1946e)
Fraenkel and Blewett (1947a)
Fraenkel gt al.(1950)
Friend end Patton (1956)
Haydak (1949)

House (1949%a)

House (1965a)

Houge and Barlow (1958)
Ighii and Urushibara (1954)
Kedner and La Fleur (1951) reported by House (1965a)
McGinnis et gl.(1956)

Moore (1943)

Moore (1946)

Noland gt gl.(1949)

Ouye and Vanderzant (1964)
Perry snd Miller- (1965)
Sang (1956)

Stride (1953)

Vanderzant (1959)
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However, Dedd (1957) wes the first to show that B~carotene
(a precursor of vitamin A) was essential for adequete growth and pige
mentation in an inseet, in this case the desert locust, Schistocercs
Lrogaris (Forsk.). Vitamin A acetate was an adequate subgtitute for
e-carotene as far as the growth effects were concerned but not for
pigmentation. Dadd (loec. cit.) postulated an unknown essential
factor which could be derived from Q-carotene or vitamin A,

On the other hand vitaming A and D were tried in the diet of
Iribolium gonfusum (Puv.) and Agenthoscelideg obtectug (Say) tut did
not prove of value (Chiu and MeCay 1939). However, House (1965¢)
gsupported Dadd's findings when he ghowed that dietary vitamin A
acetate apparently accelerated the growth rate in the larvae of Agris
affinig (Fall.) and enabled the adults subsequently obtained to

produce younge
Dadd (1957, 1960d) has also shown that ascorbic acid (vitemin C)

is essential for normal growth and development in Schistocercs gregaris
(Forgks) and this finding has recently been confirmed in seversl other
specles, notably in the boll weevil, Anthonomus grandig (Boh.), the
bollworm, Heliothis zes (Boddie), and the selt marsh caterpiller,
Egtigmene screa (Drury) (Venderzant et gl.1962), the Buropean corn
borer, Ogtrinis pubilalig Hbn., (Chippendale and Beck 1964), the rice
stem borer, Chilo guppresgalis (Wlk.,) (Kemeno 1964) and the cabbage
looper, Irichoplugis ni (Hbn.) (Chippendale gt gl.1965).
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4 number of insects, however, have been reared satisfactorily on
diets in which ascorbic acld was excluded and in other cases it has
been suggested that thig vitamin merely performs a phagostimulant
function (Thorsteinson 1956, House 1965a).

Le Egtge

Studies on the fat requirements show that only a few ingects have
e special need for this material in their diete (Friend 1958). Most
of these ingects are lepidopteran and their requirements caen be met by
the addition of pure linoleic acid or one of the natural oils containe
ing linoleic acid (e.ge. corn oil or wheat germ oil). This requirement
has been demonstrated in the Buropean corn borer (Beck st £81.1949),
the bollworm (Vanderzant and Reiser 1956b) and Anagagta kushniells Zell.,
Ephegtis elutells (Hbn.) and Cadys gautells Wlk. (Fraenkel and Blewett
1946d, 1947v). In addition an identical fat requirement hag been
demonstrated in two igolated examples of the ecyclorrhaphous flies,
Agrig affinlg (Fall.) (House and Barlow 1960) end Calliphors yicins
(Meig.) (Sedee 1956).

5. Sterols.
House (1965a) showed that all tut one of the insects studied up to
the time of his review require a sterol in their diets, the only

exception being Ctenolepigma sp. (Clayton gt gl.1962). The sterol
which best fulfills the immediate needs of inseets is apparently
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frequently cholesterol and Levinson (1962) demonstrated that s variety
of phytophagous gpecies distributed among the Coleoptera, Diptera,
Hemiptera, Hymenopters, Lepidoptera and Crthoptera can convert the
sterols of their food into cholesterol, whereas, non-phytophagous
ingects like Dermegteg or Attagenug are incapable of doing this. He
added that cholesterol weg required for larvel growth and reproduction.
However, in gome ingects cholesterol has been shown to be less
suitable than various other sterols of plant origin. Thus, the silke-
worm, Bombyx mopri L. cannot be reared on a sterol-free diet and
although cholesterol when added to this diet, results in improved
survivel and growth, the effect of a number of plant sterols is very
much more marked (Ito gt 21.1964). They suggested that the dietary
sterolé were primarily nutritional requirements but also played a
minor part as phagoatiﬁulants. On the other hand, Dadd and Mittler
(1965) feiled to improve growth of the aphid , Myzug persicee (Sulszer)
with the inclusion of chclesterol in the diet, rather, the incorporation

of cholesterol suspension retarded growth.

6o Minerels,

The minersls in insectan synthetic diets are usually provided by
the inclugion of one of the well~known mammelian salt mixtures and
comparatively few ettempts have been made tb study the relevant effects
of different minerals. However, Dadd and Mittler (1965) showed that

in the abgence of magnesium chloride and potassium phosphate the larval
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growth of the aphid, Mymug pergicae (Sul;er) was stopped. Potassium,
phosphorug, magnesium and godium have been termed as essential for the
development of Drogophils melsnogagter Meig. (Sang 1956) and zine was
found to be an essential trace element for Tgnebrio molitor L. (Fraenkel
1958)s  Satisfactory growth of locust nymphs was obtained with four
saltg compriging the eight radicals Na, Ca, K, Mg, 003, C1, PO4 and SOI4
(Dadd 1961b). Magnesium was shown to be the only indispensable mineral
for proper growth of the boll weevil (Vanderzent 1965).

Reduction in larval weight, reduction of reletive growth rate,
increased larvel mortality and delayed pupation were noticed in the
larvse of Pleris braggicae L. fed on the leaves of piants showing
gymptoms of deficiency of nitrogen, phosphorus, potassium or iron
(Allen and Selman 1957). House and Barlow (1965) have shown the
importance of the inorganic composition of the food of insects by
introducing cobalt, copper, manganese and zine into a new salt mixture
added to the diet of Agpis affinis (Fall.). The body weight and
protein content of the larvae reared on the diet gith the new mixture
were: superior to that of larvae reared on the same diet with the
addition of a commercial salt mixture,and in fact equalled that of

larvae reared on pork liver.

7+ Other gubgtanceg.
a) Agar
Ager hag been in common uge for formulating the diets for.:lnsac‘bs.
Bottger (1942) end Beck gt al.(1949) used it as an inert carrier in the
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diet of the Buropesn corn borer. Tanton (1965) mainteined that a
guiteble physical texture of the medium incressed the inteke of gyn=-
thetie food and he tried to achieve this with agar in the diet of the
mastard beetle, Phaedon gochlearisg (Fab.). Ager wss also used in the
diet of pilkworm by Ito (1960).

b) Cellulose

The usge of cellulose for making up the 'roughage' or 'bulk' in a
geynthetic diet ig frequently reported in the literature, two of the
mogt recent examples being diets for the cabbage looper (Chippendale
gt 81.1965) and the wax moth (Dadd 1964).

Cellulose may be obtained in various forms and one of these, called
Cellophas, can be readily formed into sheets. It was used by Stride
(1953) to give a proper structure to the diet cf Carpophilus hemipterug L.
and becange of ite physicel properties he suggested its use in gynthetic
diete for leaf eating insects.

An slternstive method of obbtaining celluloge in a 'leaf-like' form
hes been used by Niimurs and Ito (1964) in their study of phagogtimilants
for silkyorm. The larvae were fed on gucrose impregnated on filter

paper previously heated to 200°C for fifteen hours.

C. UANTITATIVE REQUIREMENTS
The quentitative inter_relationships of the consgtituents of a diet
may have a marked effect on the insect. [Even the essential nutrients

in insppropriate proportions can adversely affect the growth and
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development of an insect as has been well shown in the case of the
Buropean corn borer (Beck 1956b), the pink bollworm (Vanderzant and
Reiger 1056a) end in that of Celerio euphorbige (L.) larvae (House
1965b) .

1. Carxbohvirates.

There ig little detailed information in the literature on the
optimum quantities of carbohydratesrequired in the diets of various
ingects. Table 3 is a summary of data from some of the publighed
work in which carbohydrate quantities have been varied in artificial
diets.

The table dealg solely with the total percentage amount of carbo=-
hydrate used by various amthors, since more detailed information on
the quantitetive inter relationghips of individual carbohydrates in
ingect diets lg extremely scarce. Furthermore, the percentage values
quoted are not necessarily the optimum levels of carbohydrate for the
growth and development of a particular ingects An suthor may have
usged only two concentrationg, the figure quoted in the table being the
one which gave the best results. The value of these figures is also
affected by the fact that In most cases authors have not attempted to
separate the optimum concentration of sugar required from a purely
nutritionel point of view, from that required for a diet to exert its
maximm phagostimlant effect.



Tineols h;l_gsglliﬂ%a (Bum. )
0, Me
Calliphora yicins (Meig.) (larva)
Phormis regins Meig. (larva)
_ﬂgﬁ asgypti (L.)

serricorne (Fab.)
_m:: Lectug Boield.
Tribolium confugum (Duv.)

Agrig affinig (Fall.)

Total %age of
carbohydrate
in the diet

Not required
1

= S =z = 3 =
s 2 =2 3 3 =

45% starch
used in the)
diet )
Not essential

)
)
)
)

Optimam growth

on 0,5

Drogophils melsnogaster Meig.(larva) 0.75

Pectinophors gogsypiells (Saund.)

Ostrinis nubilalig Him.

Anthonomis grandig (Boh.) (larva)

2.5
46
0.7
5.3
3.5

carbohydrate

Although devel=-
opment slowed
in its absence

glucose

fructose

glucose (amino
acid medium)
sucrose (casein
med ium)

early )fructose,
ingtars)

late )glucose or
ingtars)sucrose

fructose,maltose
Or sucroge

Author

Moore (1946)

Gay (1938)

Fraenkel and Blewett (1946a)
Sedee (1956)

McGinnie g_? 21.(1956)

Akov (1962

Fraenkel and Blewett (1943e,b)

“Proshkel and Blewett (1943a,b)

Chin and McCay (1939)

House and Barlow (1956)

Seng (1956)
Vanderzant (1957)
Venderzant and Reiser (1956b)

Beck (1956b)

Vanderzant (1965)



TABLE 3 (Continued)

Species

Myzag pergicag (Sulzer)
Hylemyve gntigug (Meig.)
Schistocercs grecaria (Forsk.)
Locusts migratoris L.
Blatells germanica (L.)

Galleris mellonellg L.
Stegobium paniceum (L.)
Oryzaephilug gurinamengig (L.)
Plodig interpunctells (Him.)
Ephegtis elutellg (Fim.)
Cadrg gautells Wik,

Anagasta kuelmiells Zell.

Falorug ratzeburgi Wissman
Ienebrio molitor L.

Totel fage of
carbohydrate
in +the diet

Approx.

10=20

2 (dry)
26 (dry)
26 (dry)

32
65 (dry)
25 (wet)

3545 (dry)
45=50

45=50

33-66 (wet))
50=80 (dry))
5080

5080

66 (wet))
80 (dry))
80

80=85

Nature
of
carbohydrate

sucrose
dextrose
glucose, sucrose
glucose, sucrose
glucoge, dextrin
sucrose, lactose,
dextrin

glucoge

glucose

starch or
glucose

starch or
glucose

glucose

glucose
glucose
glucose

glucose, starch
glucose, starch

Author

Dedd and Mittler (1965)
Friend (1956)

Dadd (1960¢)

Dadd (1960¢)

Folend gt gl.(1949)

House (194%9a)
Dadd (1964)
Dadd (1964)

Fraenkel and Blewett (1943b)

Fraenkel and Blewett (1943b)
Fraenkel and Blewett (1946b)

Fraenkel and Blewett (1946b)
Fraenkel and Blewett (1946b)
Fraenkel and Blewett (1946b)

Cooper and Fraenkel (1952)
Fraenkel gt gl. (1950)
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. In gpite of all these qualifications certain tentative conclusions
are probably valid. At one end of the scale are ingects feeding on
organic debris of various sorts, such as carrion, fur, wool and blood,
which can be reared in the abgence of carbohydrate or on very low levels
of this material. At the other end of the scale are the highly
adepted stored products pests which seem to have become dependent upon
a very high level of carbohydrate, values in excess of 50 per cent
being optimal in gynthetic diets.

Phytophagous insects seem to require a moderately low percentage
of carbohydrate in their diet and this may be due to the fact that the
major congbituent of their natural diet is water. Insects like the
cockroach and the wax moth seem to lie mid way between the phytophegous
group and those living on high carbohydrate food.

2. Nitrogen. A

The total percentage nitrogen supplied in synthetic diets for
various insects is given in Table 4. The seme qualifications apply to
the figures quoted in this table as to those of Table 3. However,
again tentative conclusions can be drawn in this case.

Ingeets feeding normally on protein riech food, such as the larder
beetle, fly larvae and clothes moth larvae are obviously best reared on
protein rich synthetic dietes At the other end of the scale are the
phytophagous insects which appear to requireavery low percentage of
nitrogen because of the high proportion of water which must be supplied



Ealorug maﬁham Wissman
Ienebrio molitor L

Anagagta kuelniells Zell.

Total Zage
'nitrogen’
in the diet”

1
1.9
2.1
2642
3
2:9=3.7
2
15
15-45

10

Approx. 20

Nature of
nitrogen

compounds

casein

amino acid mixture
amino acild mixture
amino acid mixture
amino acid mixture
cagein

casein

casein

brain protein, cas-
ein, cotton seed
protein, fibrin,
gluten whegt, gly-
cine, lactalbumen,
liver protein, pea-
mat protein, soybean
protein

amino geid mixture
casein

casein, lactalbumen,)
peamat protein )
casgein

cagein

Author

Akov (1962)

Vanderzant (1965)

Vanderzant (1957)

Friend (1956)

Dadd end Mittler (1965)

Chlppendale and Beck (1964)

Sang (1956)

Dadd (1964)

Chin and ¥MeCay (1939), Fraenkel
and Blewett (191.3&,1:3

Lemonde and Bernard (1951b)
Cooper and Fraenkel (1952)
Fraenkel gt gl.(1950)

Fraenkel and Blewett (196b)
Fraenkel and Blewett (1943b)



Species : n;ltrogm ) nitrogen Anthor

Blatella gerugnics (L.) casein, yeast Haydek (1953)

cagein or amino Houge (194%9a)

acid mixture
Bombyx mord L. (larva) 27-30 dry casein Ito and Horie (1962)
Phormis rezing Meig. (larva) g amiminwid nixh:reg MeGinnis ot a1, (1956)

case
Calliohors wigina (Meig.) (larve) ég ;;; casein Sedee (1956)
Domestes wulpinug Fabe bhed casein, eystine, Gay (1938)
Stezobium panicaum (I.) 45 casain Fraenkel and Blewett (1943b)
0  gurinamensig (L.) 45 casein Froonkel and Blewett (1943b)
Pginug tectng Soleld. 45 casein Fraenkel and Blewett (1943b)
Tinecls {Hum,) Approxe 45 casein, yeast Praenkel and Blewett (1946a)
Myges domegtica L. (larva) kpprox. cagein ﬁ;gjrloe ii}‘i'g? 5 Perry and

i ” 5

*Figures represent the percentage of the compounds listed in colum 3
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in the diet,

3¢ Yitgning.
The quantitative amounts of B vitaming in various synthetic diete

are given in Table 5. However, in addition to B vitaming the ingectpg
may require vitaming A or C for their development. The larvae of the
boll weevil did not develop to adults when the eggs were obtained from
the parents fed on a dlet containing less than 0.05 per cent ascorbic
acid (Venderzant gt 21.1962); the Burcpean corn borer required 0.5

per cent ascorbiec acid in its diet (Chippendale and Beck 1964); ascorbic
acid at the rate of one per cent of the dry diet increased survival
egpecially in the late stages of the larvae of the silkworm and proved
to be a relatively strong stimulant for feeding of the larvae (Ito and
Horie 1962); 0.2 to 0.4 per cent was found to be essential in the diet
of Chilo guppresselis (Wlk,) (Kemano 1964), and 0.5 per cent in that of
the cabbage looper, Trichoplugie ni (Hin.) (Chippendale et 2l.1965)
In the diet of the desert loecust, Schistocerca gregarig (Forsk.), -
omiggion of ascorbic acid caused complete mortality of hoppers by the
fourth inster. Omission of B-carotene also caused high mortality in
the early insters and the surviving nymphs which reached the fifth
ingtar lacked yellow colouration (Dadd 1957), Dadd used agcorbic zcid
and Q-ce,rotene at concentrations of 0.44 per cent and 0,11 per cent

regpactively.



Specles

Ixiboliun confugun (Duv.)
Muges domestics L.

Brogophiles melanogagter Meig.

JHylenve antiqua (Meig.)

Pectinophors gogsypiells(Sannd.)

Aedes gezvptd (L.)
Zenebrio molitor L.
Ixichoplugis ni (Hbn.)

Schigtocorcs grogarig (Forsk.)

Anthonomug grandlg (Boh.)
Iineols bisselliells (Hum,)
Loglodermg gerricorng (Fab.)
Stegobiun paniceum (L.)
Myzus pergicas (Sulger)
Paloms retgeburgl Wissmen
Salleris mellonells L.
Ogirinia nubllalig Hbnm,
Blatells germanics (L.)

Author

Fraenkel and Blewett (19/7a)
Houaé and Barlow (1958)
Sang (1956)

Friend and Patten (1956)
Ouye and Vanderzant (1964)
Akov (1962)

Fraenkel gt al.(1950)
Chippendale ot gl. (1965)
Dedd (1961a)

Vanderzant (1965)

Fraenkel and Blewett (19/6a)
Blewett and Fraenkel (1944)
Blewett and Fraenkel (1944)
Mittler and Dadd (1962)
Cooper end Fraenkel (1952)
Dadd (1964)

Chippendale and Beck (1964)
House (1949a)



4e Datg and fatty acidg.

Not much work has been done on the requirements for fats and fatty
acids in ingects. However, these have been included in the diets of
a few insects. For ingtance linoleic acid or a mixture of linoleic,
oleic and linoleinic together with & small amount of various fully
saturated acids, was found to be a necessary component of the diet of
the locusts (Dadd 1961b), linoleic and linoleinic acids being used in
the concentration of five milligramg per gram of the diet., Similarly,
0425 gram corn oil was used per 100 grams of medium for Pegtinophors
Zogsypiells (Saund.) larvae since linoleic acid makes up about 58 per
cent of the commercial com or 'Mazola' oil (Vanderzent and Reiser
1956a,b), while Beek (1950) used one per cent linoleic acid in the diet
of the Buropean corn borer Ogtrinis pubilalis Hbm, In the cabbage
looper, Irichoplugie ni (Hbn.) certain lipids were shoun to contain a
wing development factor and a lipid extract of cabbage tissue used ‘a'b
the rate of 0,06/ gram in 100 grams of the medium gave satisfactory
results. However, Ishii and Urughibara (1954) could not find any fat
requirements in the larvae of the rice stem borer, Chilo gimplex Butler.

5« Sterols.

The work on requirements for sterols in different insects has been
reviewed very recently by House (1965a). It sppears that ingects are
generally supplied with cholesterol in artificial diets, but the

quantities vary in different species. A few exemples may be quoted



wlfe

to show the optimum percentage of cholesterol in diets for various

species (Tahble 6).

6+ lineralg.

The quanﬁ:ltative requirements for minerals in the diets of ingects
have not been given much attention and the published work does not lead
to any general conclusions. However, Fraenkel (1958) found that the
zine concentration may be » limiting factor for the growth of Tengbrio
molitor L. with 6 p.p.ms required for optimal growth, but as little as
0;37 pspems giving a growth response. The potassium requirements fell
between 1.7 and 2.9 per cent of the diet.

The diet of Hylemys antiqus (Meig.) contained a 0.2 per cent mixture
of various mineral salte (Friend 1956). The aphid , Mygzug persicae
(Sulzer) required 43 to 85 milligrams of phosphate, 35 to 70 milligrems
of potassium and 25 to 30 milligrams of magnesium chloride per 100 milli-
litres of the diet (Dadd end Mittler 1965).

Dedd (1961b) obtained satisfactory growth of locust hoppers on a
diet with a simplified salt mixture. This mixture included sodium
carbonate, calcium chloride, potassium phosphate and magnesium sulphate
mixed &t 20, 15, 50 and 15 parts by weight respectively. A medium
containing 1.2 per cent of salts seemed to have an optimum effect on
the development of the pink bollworm, Pectinophors gossyplells (Seund,).
(Vanderaznagt.l}iéggi). The boll weevil's (Anthonomug grandig (Boh.)
needs were satisfied by 0.1 per cent megnesium sulphate in a gynthetic
diet. Doubling this amount camsed higher mortality and ommission



Species

Drosophils melanogaster Meig.

Aedes segvptl (L.)

Hylemvy antiqua (Meig.) (larva)

Muges domegticg L. (larva)

Pectinophors gossypiells (Saund.) (larva)

Bg m La d
T e 1 (fn.) (Larvae)

Dermestes maculatug Deg.
Schigtocercs gregarig (Forsk.)
M Zell.’
Ephegtis elutells ?th.),

Cadra cantells Wik.,

Ladrs
Plodig interpunctells (Hbn.) and

Ostrinia nubilalig Hbn. (larva)

Total fage
chelesterol
in the diet

0,01 to 0,05
0.02 to 0,032
0.1

0.2

0,01 to 0.3

0.3

0,32
0.84

Author

(Sang 1956)

(Akov 1962)

(Friend 1956)

(Monroe 1962)

(Vanderzant and Reiser 1956b)

(Ito gt gl-1964, Chippendale
et al.1965)

(Levinson 1962)
(Dadd 1960Db)

(Fraenkel and Blewett 1943d,
1946d, Beck 1950)
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resulted in smaller adults, slower development and again a lower
survivel (Venderzant 1965).

7+ Qther gubgtanceg.
a) Agar
Tenton (1965) showed that an increase in the agar concentration of
the diet of the mustard beetle, Phaedon goghlearisg Fab., proved
beneficial. Quantities of up to 6 per cent agar were tried and the
highest amount of food was congumed at that level.

D. COMPARISON OF DIETS

hg artificiel diets are developed for verious inseets it becomes
essential to have precise methods of eveluating these diets in comp-
arison with one another and with the natural food. One method of
achieving this is to obtain some quantitative estimate of the proportion
of food actually utilised by the ingeet for energy production snd the
building of body tissues.

The first attempt made in this direction was thet of Bvans (1939)
who calculated three parameters which he termed the coefficients of

utilisation, growth and metabolism. These were derived as followssw
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Coefficient of utiligation = A - B
A
L

Coefficient of growth =
A-B
Coefficient of metabolism = (A = B) - C
A -B

wheret =
A = Dry weight of food consumed
B = Dry weight of faeces produced

C = Increase in dry weight of larvae

Four epecies of ingects were used, these being Phalers .‘mmhaln L.
which was fed on hornbesm foliage, Malagogoma neugtris (L.) fed on
willow ‘foliage, Aglalg urticee L. fed 6n nettle and Plerig brassicse L.
fed on cabbage leaves. It was noticed that the larvae of the gpecies
studied utiliped and congumed food at very different rates. The
emounte of carbohydrate, fat and ash utilised per gram of larva per day
varied very much in the four species. _

Davey (1955) investigated the amounts of food eaten by thé hoppers
and edults of Schigtocerca gregaris (Forsk.) end showed that the
coefficient of utilisation falls from 78 per cent in the‘firat ingtar
to 35 per cent in the fifth instar. The food consumption per hopper
inereased with the number of hoppers per cellge.

Dadd (1960e) found that in the locust, Schigtocercs gresaris

(Forske), growth could oceur on diets lacking yeast, sugar and wheat
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germ oil, (the only dietary components found to have phagostimilatory
properties), and it eppeared that special gustatory stimuli were
necessary for initlating feeding activity in hungry hoppers. So, he
compared the amounts of various complete diets eaten and the faeces
produced from theme. No major differences in feeding attributable to
palatabllity were apparent, but the amounts of food taken were found to
be related to differences in utilisability. With both the species; i.e.
Schigtocerce and Locugta, the lower the utilisability of the food the
greater the amount eaten and for a range of diets of various utilig~
abilities, including fresh grass, the values obteined by multiplying
the amount eaten (dry weight) by the coefficient of utilisation were
similar for each gpecies. He suggested that the amount of food saten
appears to be largely regulated by ite overall utilisability.

Smith (1959) fed the migratory grasshopper, Melsnoplus bilituratus
(Walker) » on either wheat, western wheat grass or ocats for 40 days
after hatching, The amounts of wheat and western wheat grass consumed
were gpproximately equal and were twice that of oats. The final
weighte of hoppers were less on oate by about one-third. Overall
utiligation was 32 per cent on each of the three foods. The coefficient
of growth was 38 per cent for oats, 32 per cent for wheat and 27 per
cent for western wheat grass and was negatively correleted with the
amount of food utilised. S;:, the various criteria indicated that
the wheat was a good food.
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Waeldbenr (1964) caleulated the consumption, digestion and
utilisation of solanaceous and non solanaceous plants by larvae of the
tobacco hornworm, Protoparce gexts (Johan.)s The coefficient of
growth wes higher on golanaceous plents i.e. potato and Solgnum
dulcamara (where it was 64 and 64.4 per cent respectively), but it was
only 53¢4s 47.9 and 3845 per cent respectively on the non solanaceous
plents, larazgeum officingle, Arctium minug and Verbagoum thapgus.

Ee CONCLUSION

Obviougly much information has been obtained on the requiremehtb
of ingects by carefully controlled feeding tests, and congiderable
gkill hag been developed in rearing, often aseptically, insects on
gynthetic dietss Few insects, apparently, prefer such diets in place
of their natural diets. However, the information obtained with these
chemical diets is applied by the worker or the dietician in selecting
combinations that supply the optimum deily quantities of protein,
vitaming and other dietary essentials.

One conclusion to be drawn from this review is that comparatively
little hag been done asg far as nutritional studies on phytophagous
ingects are concermed. Thig was the major governing factor in the
choice of the cabbage white butterfly larve as the subject of the
present investigation. Moreover, this particular phytophagous insect

is a pest of economie importance all over the world and also hag the
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advantage for this type of work of being readily reared in the
laboratory at all times of the year.

There is exceedingly little published information on the mutrition
of this ingect which could provide a storting point for this works
It was not possible to take up all the aspects simultanecusly, although
an attempt has been made to investigate, as far as possible, the basic
food requirements of the larvee and to evolve a chemically and physicelly
suitable diets This has, to some extent, involved investigationg into
the phagostimilent effects of certain nutrients. An attempt has been
made to evaluate quantitatively the requiremente for several compenents
of the insect's diets and also to provide a quantitative comparison
between pome of the diets formulated and the insect's natural food.



CHAPTER II
MATERIALS AND METHODS
A+ MASS CULTURE TECHNIQUES

The ingects used in this work were all descendants of an original
culture of butterflies reared from eggs supplied by Dr. Wed.l. David
of the Agricultural Research conncilglo? Ingeet Physiology, Cambridge.

1s Zhe Adults.

The gulture of adults was maintained in a cage measuring 40 x
30 x 36 inches highs The top of the cage and one of the 30 inches
wide walls were made of terylene netting stretched on light wooden
fremeg. The other sides were made of glass and the floor made of
hard-board. Access to the cage was through a sleeve fixed in the
lower half of the terylene covered side (Plate 1).

The cage was placed in a greenhouse to allow maximum daylight tut
supplementary sources of light, as deseribed by David and Gardiner
(1952, 1961a), were provideds These consigted of two Mazda fluorescent
80 watts daylight strips set to a sixteen-hour dey length and a Philips
400 vatts mercury fluorescent reflector lemp which was used to give a
sunlight effect on cloudy days.

The gresnhouse was heated during the winter by means of a Humex
Autoheat fan heater. No attempt at strict temperature control was
made, the variation during the course of a year being from 13°C 4o 28°C.



FLATE 1
Showing cage containing the culture of adult butterflies.
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The utterflies were fed .on a 10 per cent solution of honey in
waters. This vas placed in 2 x 3/8 inch epecimen tubes which were
fixed to perspex artificial 'flowers' of the type deseribed by David
and Gardiner (1961b). These 'flowers' were arranged in groups of
foury and each group (Plate 2) was made from a perspex plate 1/8 inch
thick and 4 inches square. Four holes were drilled in this plate for
the four honey tubes, the centre of each hole being 1 inches from the
ecorregponding corner of the plates This hole was approximately 3/8
inch in dismeter and was surrounded by a blue or yellow painted circle
1} incheg in diameter. This coloured eircle was in its turn sur-
rounded by a white painted band, half an inch in width. The flovers
were painted blue or yellow as the tutterflies are attracted to these
two colours (David and Gardiner 1952, 1961b). Usnally four groups of
flovers were placed In the cage at two different levels each supported
by a vod fixed below in a pot. The tubes and the flowers were cleanad
regularly and fresh honey solution was added every day.

Eg__ga were obteined by placing either young potted cabbage plents
or large cebbage leaves in the cage, David and Gardiner (1962) having
shown the necessity for bringing the fore-legs. into contact with the
cabbage tissue in order to evoke oviposition.

2e Lhe Caterpillars.
The leaves on which the eggs were laid were taken out of the cage
and were kept in the greenhouse in gmall round tins, three incheg high



PLATE 2
Showing groups of artificial flowers.
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and with a diameter of eight inches. On hatching, the caterpillars
were fed on cabbage leaves and when they entered the fourth ingtar the
ting vere covered with terylene netting to prevent escapes. The fifth
ingtar caterpillars were transferred to large biscuit tins measuring
104 x 104 x 12 ﬂmhes high in each of which was placed a plece of wire -
gauze resting about three inches from the bottom. The caterpillars
and the cabbage leaves remained a;ove the gauze, while the faeces
dropped through and were regularly removed. These ting were also
covered with terylene netting. The caterpillars were allowed to
pupate ingide the large ting and the adults on emergence were trang-
ferred to their cages The ting were thoroughly washed and cleaned

before use with each new bateh of caterpillars.

B. EXPERIMENTAL CULTURE TECHNIQUES

1. Laboratory Rearingg.

For experimental purposes caterpillars were removed from the _
culture and placed on the media under investigation which were contained
in glass tubes. The size of the tubes used depended upon the stage in
the larvel life under investigation, small caterpillars being maintained

'in 3 x 1 inch tubes and the lagt instar in 8 x 13 inch tubes. If the
caterpillars were to be kept for a long time on the media, the tubes
along with the media were autoclaved for twenty minutes at a pressure
of ten pounds per square inch, the temperature being 115°C. The tubes

were always plugged with non-gbsorbent cotton wool and sterilized -

absorbent gauze.
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For the experimentg designed to investigate the amount of food
congumed and utilised by the caterpillars, only the fifth ingtar larvae
vere uged and they were allowed to feed on the media for twenty four
hourss In these experimentg the media were poured into glass petri
dighes 13 inches deep and with a diameter of 1 7/8 inches. Each dish
was covered with terylene netting, after adding the larvae, and was
placed in the insectary at a temperature of 28 g 2°C. under
fluorescent lights which gave a sixteen=hour day length.

a) Leaf powder

Cabbage leaves were subjected to stesm over a water bath for five
mimutes in order to kill the enzymes, and were then dried in an oven  —
overnight at a temperature of I.D°C. The dried leaves were ground into
powder which was then used to make the media. Freeze dried cabbage
was also used to make the leaf powder and in this case, it was oven
dried without any previous steam treatment. The response of the larvae
wag not affected by the method of preparation of the leaf powders

b) Vitaming

B viteming were weighed and dissolved in distilled water,

appropriate quantities of the solution being used in making media.
c) Mixing
All the ingredients of each medium, with the exception of ager

and viteming, were weighed, stirred together while gtill dry and
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ground with a pestle and mortar for thorough mixing. HNutrient agar
was always dissolved in the required amount of distilled water with
the ald of a boiling water bath and then added to the rest of the
ingredients while hot. After qoql:ln__g .)tho specified quantity of
vitamin golution was added and the complete medium thoroughly mized:
Small quantities of the medium were mixed by hand and lerger quantities

were mixed in an M.8.E. 'Atomix' homogeniger.

C, HETHODS OF RECORDING RESULTS

1, Meagurement of Larvel Weight.

a) Live weight of caterpillars

in estimate of the growth of the caterpillars on a given medium
was obtained by weighing them on a torsion balence (100 x 0.2 mgm.)
at the beginning and end of the experimental period.

b) Dry weight of saterpillars

The utilisation of food was measured on the basis of dry weight
readings. The caterpillars were dried at 110°C for sigteen houre,
then removed from the oven, placed in a desiccator, and finally weighed
on the torsgion balance.

In order to measure the dry weight gain during the course of &an
experiment, Initial dry welghts are required in additioh to final dry
weights. These initial dry weights, obviously, have to be estimated
and for this purpose a larval drying factor was caleulated at the
beginmning of each experiment. In order to obtain this factor a batch
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of approximately twenty larvae, which were as similar as possible to
the experimental larvae, was  removed from the same stoek culture.
After recording the individual live weighte of these larvae, they were
dried to constant weight at 110%. The drying factor was simply the
ratio of dry weight to live weight and could be used to estimate the
initial dry weights of experimental larvae with known live weights.

In order to do this the live weight. of each caterpillar was multiplied
by the average drying factor for the caterpillars of that par'bicular‘
batch,

The consumption of food by the larvae and their consequent

production of faeeal material were measured in one of the two ways,
either gravimetrically or colorimetricelly.
&) Grevimetric method

Food consumption was measured directly by subtracting the final
dry weight of the medium at the end of a particular a:qaerimént from the
estimated dry weight of the same medium at the beginning of the
experiment. The estimated initial dry weight was obtained by the use
of a drying factor in an identical manner to that deseribed for est-
imating the initial dry weight of larvae. Faecel production wasg
obtained by earefully colleeting all faecal material and drying it to
congtant weight.
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b) Colorimetric method
An alternative method of measuring food consumption was alego used,
the colorimetric method of McGinnis and Kasting (1964a,b). This
method avoide the necessity for estimating initial dry weights for the
media by means of a drying factor, and also avolds the direct measurement
of the finel dry weighte of the media. A lmown amount of chromic oxide
~(Cr203) vas mixed with the medium and at the end of each experiment the
faeces were collected, dried and the faecal concentration of Gr203
satdmateds  The welght of Or,0, remaining in the insect was also
measured and the dry matter consumed was calculated according to the
following formulas-
(CF_x WF) + WOI .. Dry weight of food consumed
CM
wheret =
CF = Concentration of 0r203i.n faeces
CM = Concentration of Cro04in medium
WF = Weight of faeces
WCI = Weight of Crg03 in ingect

411 concentrations were expressed in micrograms per milligram
and all weights in milligrams.

The concentrations of chromic oxide were measured with an 'Eel!
portable cclorimeter using the Ilford 625 (maximum 540 m.t. transmission)

filter: A calibration curve was prepered by measuring the ebsorbance



of a lmown quantity of chromic oxide in the medium. For this purpose
chromic oxide wag included in several batches at concentrations of 15,
35y 55 end 75 milligrams per gram of the medium. After drying, semples
of twenty milligrams were taken from each concentration and digegted
according to the method prescribed by MeGinnis and Kasting (19642,b).
Using the calibration curve derived in this way (Figure 1) the cone
centration of chromic oxide in dried samples of faeces and media could
readily be estimateds A full account of the digestion procedure has
been given by McGinnis and Kasting and is repeated here in Appendix T.
Kagting and McGinnis (1965) have also evolved a radioisotopic method
for measuring the consumption of food in ingeets. But in theiyr
experiments with Agrotis orthogonis Morr. larvae they found that results
obtained by all the thres methods memely,gravimetric, colorimetric and
radioigotopic, agreed well with one another.

Certain of the media were compared with one another on the basis
of the smount of material ingested by larvee in a given time. The
method adopted was to incorporate a dye into the medium and then to
digsect out the guts for exemination after a known feeding time. In
the initial experiments neutral red was mixed with the medium, at a
concentration of 0.1 per cent by weight, to impart a red colour easily
detectable in the gut. However, the colour chaﬁged to orange in the
mid gut due to a high pH in that region and subsequently, therefore,
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neutral red was replaced with carmine which maintained its original
colour throughout.

The relative amounts of coloured food ingested were assessed by
recording the extent of the coloration of the alimentery canal of the
caterpillars. The system of scoring the relative extent of the
coloration that was adopted was similar to that deseribed for aphids
by Mittler and Dadd (1963). Arbitrary values of 0, 4, 1, 13, 2, 21
or 3 were allocated to the individual guts examined under a dissecting
microgeope. Although the seven colour grades were part of a
continmuous series, they ecould be defined as follows (see also Figure 2)t

0 - guts in which the red stain was not observable.

4 = some red colour in the fore gut or a just discernible
pink coloration in the anterior part of the mid gut.

1 - fore gut and/or one quarter of the mid gut coloured.
1} « half of the mid gut coloured.
2 « gbout three quarters of the mid gut coloured.

2% = coloration observed in about three quarters of mid gut
in addition to hind gut and/or fore gut.

3 = the entire sglimentary canal is gtained red.



e

COLOUR SCORE




CHAPTER III

THE DEVELOPMENT OF A BASIC DIET

The need for devising a suitable synthetic diet has been
emphagiged in Chgpter I, this chapter describes attempts directed
towards this goal i.e. evolving a suitable diet for the caterpillars

of the large cabbage white tutterfly, Pieris brassicae L.

A ORIGIML FORMILA

The first ayntﬁe;tic diets tried were modified from one supplied
by Migs Arlene McMorrsn of the Ingect Pathology Research Institute in
Sault Ste. Marie, Ontario, Canada. This diet had originally been
used in Cenada for rearing pine shoot moth larvae and had the following
compogition.
1. Digtilled water 110,0 ml.
2+« Ten Pinug reginoga buds or equivalent in eurrent shoots 30,0 gms.
3. Cagein (.vitamin free) 17.5 gms.

4e 4 M. potassium hydroxidé (Mol. wt. 56.1) Re5 ml,
5. Alphacel (non-nutritive hulk) 2.5 gms.
6. Wesson's salt mixture 5.0 gms.
7+ Sucrose 17,5 gmaa
8, Wheat embryo 15,0 gms.
9. Choline chloride ' 05 gm.

-3/



* 10, Vitanin solution
11, Agcorbic acid
12+ Methyl para hydroxy benzoate
13. Aureomyein

5.0 ml,
20 gms,
0.75 gm,
0415 gme

14e 1245 grams nutrient agar dissolved (heated over steam or in

beaker immersed in boiling water) in 320 ml, water.
This is added to mixture while hot.

* Yitemin solution
Digtilled water 100 ml.
Niacin 100 mgme

Calecium pantothenate 100 mgm,
Riboflavin 50 mgm,
Thiamine hydroxide 25 mgm,
Pyridoxal hydrochloride 25 mgm.

Folic acid 25 mgme
Biotin 2 mgm,
Vitamin B-12 042 mgm,

An attempt was made to find out the qualitative and quantitative

requirements for different materials by eliminating and ineluding

verious ingredients and by changing their concentrationg in the diet.

Tests vith different modifications were conducted by allowing the

cabbage white caterpillars to feed on them and observing the effect



on' the growth, development and mortality of the test ingectss -

B. MODIFICATIONS

Obviougly pine buds were not required for Eieris W L,
larvae and initial attempts were made to rear second and third ingtar
larvae on Mige McMorran's diet with this plant material excluded.
Survival was extremely poor and the addition of the musterd oil gluco~
side, sinigrin, did not significantly improve the situation (diets
noss 1, 3, 5, 6, 7, 8, 23, 24, 25, 26, 27, 28, Table 7), although this:
subgtance is sald to induce the chemotactic response to food by the
larvae (Reviewed in Chapter I),

Following the negative results with sinigrin attempts were made
to modify the physical structure of the medium by meking it into a
form which imitated in structure the plant leaf (Table 7, nos. 1 and 3).
This was accomplished by adding cellophas B (a sodium carboxymethyl
cellulose - a product of I.C.I.) which was sufficiently viscous to
enable the material to be spread as thin membrenous sheets. The
result was very disappointing, since the cellophas abgsorbed such
enormous quantities of water that it wes not possible to prevent the
diet drying up overnight.

Several attempts were then made to bring about an .improvemant
by altering the relative amounts of the originasl congtituents of the
diet, e.ge casein (Table 7, nos. 13 and 14), sucrose (nos. 23, 26, 29

and 32), nutrient agar (nos. 21 and 22); by introducing new ingredients,
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@+ge cystine (nos. 18, 19, 20, 23, 24, 25, 29, 30 and 31); and by
chenging the pH through altering the concentrations of potassium
hydroxide (nos. 15, 16 and 17) or adding hydrochloric acid (no. 17).

411 the constituentg of the various diets are given in Table 7
and the results obtained from these diets are summarised in Table &,
Thirty three variationg of the basic diet were tried but the results
remained diseppointing.

C. INCLUSION OF PLANT MATERIAL

Since no information on nutritional requirements can be obtained
if the ingects fail to survive, a decision to incorporate plant
material had to be made at this stage.

A powder was prepared from cabbage leaves as detailed in Chapter Il
and a fresh stert was made on the selection of nutrients to Incorporate
with the minimum quantity of cabbage leaf powder in order to meke a
suitable diet for the larvae.

The experiments were started with first instar caterpillars
becausge their initial weights were so uniform, but it wes very difficult
to handle these minute creatures and weighing errors may be significantl,
large in proportion to the small total weights. Therefore, third
ingtar caterpillars were subsequently used becauge they were compara-
~ tively convenient to handle and weigh, and the weights were still

moxe or legse uniform.



Diet No. of
No, larvae
uged
1
2 8
e3 5]
4 (3
5 6
6 9
T 9
8 9
9 10
10 10
11 10
12 10
13 10
14 10
15 10
16 10
17 10
18 10
19 10
20 10
21 10
22 10
23 6
24 6
25 6
26 6
27 6
28 6
29 6
30 6
31 6
32 6
23 6

Deaths after days

2

4

6

8 10 12

Change in the weight of the
surviving larvee

- Medium spread over glass sheets dried completely in 48 hours
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gained app. 3 times (one larva)
gained app. 3 times (2 lavvae)

only one larva gained a little
weight but died ultimately
very little gain in two larvee
only ;

no gain

lost weight

lost weight

FfE s Frrsrrel i

one lerva lived for 10 days and
gained 30.1 mgm.

one continued but gained only
47T mgme in 10 days

one continued and gained 11,9
mgm. in 10 days
one continued and gained 33.9
mgm, in 10 days

lost weight

+When diet no. 3 was spreaed over 27 cellophas sheets, it dried
completely in 48 hours and all the lervae were dead
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In all, 17 diets (Table 9) were tried on first inster larvee
and 59 (Table 10) on third instar larvae. The results with these,
hovever, are reported in the following sections. The outcome of
thig work was a diet which gave the optimum growth end survivel and
wag uged as a standard for comparigon with the results of further
experiments. It ig no., 16 in Table 10 and may be called the
'normel' dilet or the 'basal' dist.
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Diet

No.

b I

Digtilled water
25 ml.
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Nutrient agar

0.5 e

e

+ + +
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Cabbage leaf
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powder 2 gm.
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Sucrose

05 gn.
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0.02
0.05

Casein
0.875 gm.
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Ethyl p-hydroxy
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Lecystine

50 mgm.

200
100

++++\r}’|++++ %gg%

+ 4+ + 4+

+

+ ginigrin 1 ml. (2ngm.
digsolved in 10 ml.
water)

medium gpread over filte
peper

+ 100 mgm. ascorbic acid

+ 25 mgm, @e-carotene

+ 100 mgm. ascorbic scid
and 25 mgme @e-carotene

+ 25 mgm, @ -carotene

+ 10 mgm. @ ~egarotene

+ 500 mgm. cholegterol

+ 250 mgm, Ogbourne and
Mendel salt mixture

+ 0.5 gm. glucose

+ 0.5 gn. fructose

+ 0.25 ml, B Vitamin
solution
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Kev to Table 10

+ denotes the amount as given at the top of the column,
Variations from this amount are denoted by figures in
appropriate lines.

- denotesg compound omitted from the diet.

The congtituents of the normal diet (no, 16) make up a
final weight of about 25 grams of the medium. Hence,
all the additiong or alterations to this diet are

referred to as per '25 grams of medium'.
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CHAPTER IV
ALITATIVE ANTITATIVE NUTRIENT RECUIREMENTS

A. CARBOHYDRATES

1. Sugarg.

a) Qualitative requirements

The nutritional importaﬁce of the different sugars for Pleris
bragsicae L+ larvae was examined by including each one in turn in
the bagael diet in place of sucrose. All these experiments were
conducted on third ingtar caterpillars fed on different diets for four
days, after which their percentage mortality was recorded. The com=
position of the dilets is glven at nos. 16, 22, 23, 33, 39, 40, 41,
42y 43y 45, 45y LTy 48y 49, 50, 55, 56, 57, 58 and 59 in Table 10 in
Chapter III, The results are presented graphically in Fig. 3 with
confidence limits plotted at the 5 per cent level.

It is clear that the omission of all sugars from the diet
resulted in a significantly greater mortality indicating that sugars
play an essential role in the diet of these ingects. The inclusion
of sucroge in the diet showed a mortelity of only 6.6 & 5.6 per cent
which vas significantly lower then on diets containing any other suger
excepting melibloge, a mixture of glucose + fructose, and probably
mennose and mennitol. In these cases there was a higher mean mort-
ality then in the case of sucrose but the differences are not signi-
ficant.
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The inclusion of glucose, fructose or lactose in the diets
resulted in a mean mortality above 35 per cent, which was signi-
ficantly greater than that obtained with suerose, melibiose, the
glucoge + fructose mixture, mannose or mannitol. All other sugars
gstudied produced mean percentage mortalities which were not
significantly different from one another, the probable values lying
between the limits of about 17 and 5145 per cent. These arbitrery
groupings may be summarised as follows:

Group I sucrose, melibiose, glucose + Mortality minimal
fructose and probably mannose
and mannitol
Group II melezitose, raffinose, maltose, Mortality significantly
trehaloge, cellobiose, glycogen, greater than sucrose;
gtarch and galactose overlaps remainder of
Group I
Group IIT glucoge, fructose and lactose Mortality overlaps
Group II but signifi-
cantly greater thsan all
of Group I
- It is thought necessary to qualify the results for mannosge
and mannitol since the mean valueg in these two cases are based on
only 25 larvae (5 batches of 5 larvae) and the confidence limits are
therafore large.

Preliminary experiments have elso been carried out uging
pentoge sugars in the diet and these results are also subject to the
same qualification. No mortality occurred in larvae reared on diets

containing arabinose or xylose and only 12 per cent mortality in
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larvae reared on diets containing ribose. It, therefore, appears
at thig stage that these three pentoges might also be included in
Group I, above. The significance of these results will be discussed

later.

b) Quantitative requirements for sucrose

An investigation was made of the optimum quantity of sucrose
required in the basal diet. A range of 1 concentrations was tried
between ‘0 to 1 gram per 25 grams of medium (nos. 16, 25, 26, 28, 29,
30, 31, 32, 33, 34, 35, 36, 37 and 38 in Table 10 in Chapter III),
Third ingtar caterpillars were fed on these dlets for four days and
then the percentage mortality on each diet was recorded. The resulis
are represented in Fig. 4 ﬁith confidence limits plotted at the 5 per
cent level,

The results showed that 500 milligrams suerose per 25 gramg of
medium was the optimum quentity. Concentrations higher than 500
milligramg did not decrease the mortality while the lower ones sghowed
a significantly higher mortality, the values increasing steéd:lly with
e decrease in sucrose concentration. At concentrations of 25 milli-

grams per 25 grams, or less, the mortality was very high.

¢) Phagogtimulant action of sugars
To ascertain the phagostimulant action of sugars third ingtar
caterpillars were allowed to feed on very similar diets to those

used to investigate the relationghip between dietary sugars and
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Fig. /4 Showing larval mortality on diets containing sucrose at different concentrations.
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mortality. The only difference was the addition of 3 gramg of
celluloge powder per 25 grams of the medium in each case ag this
made the medium more suitable physically (see later). Ten cater-
pillars were used in each case and after two hours feeding they
were dissected to record the colour score in the gut according to
the method desecribed in Ghap'bgr II. The meximum possible score
wasg 30 and in Table 11 are given the scores on each diet.

It is clear from Table 11 that diets without any sugar and
thoge with fructose, glucose + fructose, lactose, galactoge or
gtarch felled to provoke any feeding reamction in the caterpillars
during a period of two hours. A little response was shown to
diets containing meliblose, trehalose, maltose, glucose, glycogen,
raffinoge, melezitose and cellobiose, whereas, the highest amount
wag eaten from the diet with sucrose in it. Thus, the role of
sucrose as a phagostimulant is quite obvious. Furthermore, although
melibloge and the glucose + fructose mixture were almost as important
ag sucrose for survival of the caterpillars, they failed to give
any indication of their action as phagostimulants.

Further experiments were ccnciucted to investigate whether,
or not, sucrose was capable of maintaining sustained feeding, Only
two diets were tried in this case, one with sucrose and the other
withouts Ten caterpillars were used for each reading and the

colour scores were recorded in the same way after 2, 4, 6 and 12



Dietary sugar

No sugar

Fruectose

Glucosge + fructose

Lactose
Galactose
Starch
Melibioge
Trehalose
Maltose
Glucose
Glycogen
Raffinoge
Melezitosge
Cellobiose

Suerose

Colour score

0
0
0
e
0
0
0
1
R
2
3
3
4

4e5
13.5
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hours of feeding on a particular diet. It was observed that
feeding started sooner on the sucrose containing diet and at the
end of 12 hours the overall colour score was 92 per cent of the
maximum possible. This suggests that the caterpillars have been
eating the food elmogt econtinuougly. On the other hand those
feeding on the diet lacking sucrose showed only about 58 per cent |
of the maximum pogsible score. These results conflrmed the phago-
gtimlant action of sucrose in the diet of the caterpillars of
Pleris brassicse L. The significance of these findings will be
digeussed further in Chapter VI,

2+ Sinigrin.

a) Qualitative requirements

Sinigrin ies a mustard oil glucoside which is said to be the
chenical respongible for stimulating the feeding of the caterpillars
of Pigrig bragsicae L. and the published work on this topic has
been reviewed in Chapter I+ The present experiments were designed
to investigate its effect on the caterpillars feeding on artificial
dietes Two diets were prepared, one with ginigrin and the other
without it (nos. 2 end 4, Table 10, Chapter III)., Thirty, third
ingtar caterpillars were fed on each diet for four days and
obgervations on mortality, moults and weights were made. On both
diets the mortality was nil and in each cage 14 of the larvae
moulted o the fourth ingtar. The final weights weres-



—df-

On the diet containing ginigrin 15.27 & 2.09 mgm.
On the diet without sinigrin 15,04 & 1,67 mgm,

These results showed no significant differancaé and the initial
welghts were the seme in each case, therefore, the addition of
sinigrin had no effect whatsoever on the growth and development of
the caterpillars. This lack of regponse to sinigrin on the part
of the caterpillars could be due to the presence of leaf powder in .,

fEA

the dlet which might contain sufficient materisl to make the
additional sinigrin ineffective. However, further experiments
were continued with different quantities of sinigrin and thege are
raported below,

b) Quantitative requirements

Media were made up containing ginigrin at concentrations of
Oy 245 and 25 milligrams per 25 grams (nos. 16, 51 and 52, Table 10,
Chapter III)s Fifteen third instar caterpillars were fed on sach
diet for four days and then their weights, moults and deaths were
recorded. The results are summarised in Table 12,

The results recorded in Table 12 did not show any significant
difference in weight, deaths or moults of the caterpillars.
However, to econfirm these results another experiment was designed
in which only the lower concentration of ginigrin was compared with
the 'basal' diet. All of the 25 caterpillars fed on each diet lived



Diet with
no 25 mgm. 25 mgm.
ginigrin ginigrin ginigrin

No. of caterpillars used 15 15 15
No. of caterpillars dead 1 0 0
Nos of caterpillars moulted 8 10 8
Percentage moults 33,3 66.6 53,3 *

Average ue:)lgh‘b per caterpillar 14.9 £ 1.9 18,6 £ 5.6 18,3 & 4.8
mgme L

*The initial weights were uniform and these
figures therefore indicate the relative weight
gaing of the larvae.



but none moulteds The mean weights at the end of four days were
20,1 & 1.6 milligrams on sinigrin and 20.2 &£ 1.8 on that without
ginigrin,

It suggested therefore, that the caterpillars neither responded
to concentration chenges of ginigrin in the diet, nor showed any
adverse effects ariesing from the omission of sinigrin since there
wag no gignificent difference in weights, percentage moults or
mortality of the caterpillars.

B. PROTEINS AND AMINO ACIDS

1s Cagein.
a) Qualitative requirements

Casein is often used as the protein source in the diets of
ingecte and in the pregent studies 'fat and vitamin free' casein has
been used throughout.
(i) First instar caterpillars: The caterpillars were put on media
with end without casein (nos. 14 and 16, Table 9, Chapter III),
Newly hatched caterpillars were sllowed to feed on the media for
four days and then weighed individually, Obgervations on mortality
end moulting were also recorded. The results are summarised in
Table 13.

These results on the mortality end moulting on the two diets
were tesgted in each case by means of a twofold frequency test.

This showed no significant difference in the mortelity on the diets



Diet Diet

with without
casein casein
Noe« of caterpillars used 240 180
Nos of caterpillars dead after
4 days i 57
Mortality percentage 2946 31.7
Total weight of the living
caterpillars (mgm.) 142.5 8643
dverage welght of one caterpillar
mgm. ) 0484 £ 0,07 0,70 & 0,06
No. of caterpillars moulted 110 53

Percentage moults 65.1 431
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but the value of X2 was very highly significant in the case of the
moultg (P £0,001). Furthermore the omission of casein from the
diet resulted in larvae with a significantly lower mean weight.
The addition of casein therefore,had a positive effect on growth
and development of the first instar caterpillars.

(i1) Third instar ceterpillars: Newly moulted caterpillars of the
third ingter were weighed and put on the media (nos« 1 and 4,
Table 10, Chapter III). They were allowed to feed for four days
and then weighed individually. Moulting and mortelity was also
recorded and the results are summarised in Table 14. The initial
weights were uniform and therefore, once asgain, the final weights
recorded in the table provide a quantitative indication of the
weight gain on these media.

The results recorded in Table 14 did not reveal any significant
difference in the final weights of the caterpillars, yet moulting' '
vas: sgignificantly higher (P 4 0,01) in the case of the caterpillars
reared on the casein diet. |
(111) Fifth inster caterpillars: Ten caterpillars of the fifth
instar were fed on similar media to those used for the first and
third ingtar caterpillars but with the addition of cellulose powder.
The caterpillars were starved before being placed on the media and
then they were ellowed to feed for 24 hourse The results are
reported in Table 15.



No, of caterpillars used

No, of caterpillars dead after
4 deys

Totel weight of the living
caterpillars (mgm.)

Aversge weight per caterpillar
mgm. )

No. of caterpillars moulted

Percentage moults

56349

18.8 ¢ 2.0
22
7343

Diet
without
cagein

30
0
464l

15.5 & 1.9
10

3343



Larval weights on Larval weights on
diet with casein diet without casein
Initial Fingl Increase Initial Final Inerease
Cater- calculated dry in dry calenlated dry in dry

pillar dry wt. wt. wt. dry wt. wh. wt.
No. (mgm. ) (mgm,) (mgm.) (mgm, ) (mgm.) (mgm.)
1 12,30 15,25 2:95 8.92 11.30 2.38
2 16.12 20,00 3.88 13.95 12,80 -
3 11.46 16425 4s"79 10,66 930 -
4 12.84 17.95 5.11 13. 5'} 13.00 -
5 9.98 12.35 237 12.44 11.60 o
6 11.33 9.80 - 15,46 18,45 2:99
) 11.58 14465 3,07 17.86  15.00 -
8 13.63 10.80 - 11.78 10,75 -
9 12,20 14450 2,30 13,18 10,90 -
10 11,99 13,50 1.51 8.57 8455 -
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It ig clear from Table 15 that the ;zatarpillara on the casein
dlet have put on weight while those on that without casein have lost
weight although all the caterpillars have been eating food excepting
the caterpillar no. 6 on the cegein diet and no. 8 on the other
which did not produce any feecal pellats.

From all these results it is clear that the ecaterpillars of the
cabbage white butterfly required a dietery source of protein for
their growth end development and that the cabbage leaf powder was
not sufficient to fulfill the protein requirements.

b) Quantitative requirements

A group of thirty larvee were put on to each of two different
concentrations of casein in the diet (nos. 3 and 4, Table 10, Chapter
III). Newly moulted third ingtar larvae were put into five tubes
on each diet with six larvae per tube. They were allowed to feed
for four days and then their weights, moults and deaths were recorded
and the results are summarised in Table 16. The initial weights of
the larvae were also recorded and these were almogt congtant, there-
fore the finel weight is pmpoﬁimﬂ to the weight gain.

The obgervationg recorded in the table do not show any
gignificent difference in the weights of the caterpillars or the
percentagemoults. Thus, doubling the smount of casein, apparently,
had no effect, and therefore, the 0.875 gram of casein per 25 grams
of medium was selected as being quite satisfactory for the development

and growth of the larvae.



Diet with
1.75 feaii

No. of caterpillars used

e weight per caterpillar 1hed £ 1a3

fage moults

Diet with
0.87 gm.
cagein
30

15.0 + 1.7

14
4646
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2+ Cygtine.
a) Qualitative requirements

'~ Cystine is not included in the list of the ten essential
amino acids, although it has been used as a supplement in the diets
of a few insectss Thus, in the case of Aedeg gegypti (L.) its
omigsion from the diet inhibited pupation (Golberg and Défeillon
1948, 8ingh and Brown 1957). Similarly, Kasting and McGinnis (1962)
determined the amino acid requirements of Agrotig orthogonia Morr.
by injecting gluooae-U-Guf into fifth ingter caterpillars, and
concluded that cystine was nmutritionally essential in that insect.
Lack of cystine in the diets had a deleterious effect on moulting
in Bletella germenics (L.) (House 1949b) and Phaeniela (Lucilis)
sericata (Meig.) (Michelbacher gt al.1932), also on the growth of
lervel Cglliphors yigina (Meig.) (Sedee 1956).

With these findings in view, observations were made on the
effect of eystine on Pierig bragsicse L. caterpillars. For thig
purpoge cystine was included in the diets of the third instar
caterpillars in the first ingtance (no. 4 and 6, Table 10, Chapter III),
Thirty newly moulted third instar caterpillars, each of similar
welght, were released on eagh medium,  The media were enclosed in
twelve tubes, each containing five caterpillars. The observations
on development, mortality and moulting were recorded after four days

and these are gummariged in Table 17.



I4ABLE 17
Lffect of cvgtine on third instar caterpillarg

Diet Diet
with without
cyatine cystine
No. of caterpillars used 30 30
Deaths 0 0
Average final weight per
ecaterpillar (mgm.) 2064 £ 246 11,6 & 1.1
Moults 19 i

Percentage moults 6343 33
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The results in Table 17 clearly indicate the sguperiority of
the cystine diet, the weights of the caterpillars and the percentage
moults being significantly higher on this diet.

In order to examine the possible effect of cystine on pupation
and emergence of adults, similar diete were fed to fifth ingtar
caterpillars. Twenty newly moulted fifth instar caterpillars were
put on each diet i.e. that with cystine and that without cystine.
They were allowed to grow on the diete until pupation, The diet
was changed when necessary il.ee either when it had become too dry
or at the first appearance of fungal contemination. The results
are recorded in Table 18,

The X2 value calculated for the comparison between successful
pupations on the two diets is glightly less than that required to
indicate significance at the 5 per cent level. However, once the
pupal period was completed the number of emergence fallures on the
diet lacking cystine was significantly higher than on the diet
containing this amino acid.

The appearance of these emergence failures ls shown in Flate 3
and a digcussion of this phenomenon is reserved for a later chapter.

b) Quantitative requirements

It has been shoun above that the addition of cystine improvad
the diet, end this was investigated quantitatively. TFor thig
purpoge five concentrations of cystine were tried i.e. 25, 50, 100,

200 and 400 milligrams per 25 grams of medium (nos. 6, 8, 9, 16 and



Larval mortality

Buccessful pupation

Partial pupation

Perfect emergence

No.

#age
No .

%age
Noe

hage
No .

%age

Diet Diet
with without
cystine cystine
8 8
40 40
11 6
91.6 50
1 6
8.3 50
10 1
90.9 16.6
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Showing:

A

B
C
D

Normal pupa
Emergence failure of adult from an apparently normal pupa
Partiel pupation

Adult emerged with crippled wings



PLATE 3
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17, Table 10, Chapter III). The experiment was conducted in the
ugual way with thirty larvae of the third instar, placed on each
diet for four days. The obgervations recorded on the final weights
of the larvae, their mortality end moulte are a_:mmar:lsod in Table 19.

The results recorded in Table 19 show that there is no
significant difference between the weights of the caterpillars on
all these media and all the caterpillars grew equally satisfactorily
on all the diets, except for the moults. The numbers of larvae
moulting on the 50, 100, 200 and 400 milligrams per 25 grams
concentrations of cystine were not gignificantly different from
one gnothers However, the value of X2 for the numbers of lervae
moulting was significantly higher on these media as compared to that
with 25 milligrams of cystine.

This, once again confirmed the connection of cystine with the
process of moulting and 50 milligrame of eystine in 25 grams of
medium wes found to be a perfectly adequate concentration ag ths
higher concentrations did not bring any further improvement in

weights or moults.

C. VITAMINS
1. Carotene.
a) Qualitative requirements
It ves as recently as 1957 that Dadd first showed the dietary
importence of @-carotene (a precursor of vitamin 4) for adequate

growbh end pigmentation in the desert locust, a phytophagous insect,



Amount of cystine per 25 gm. of medium (mgm.)

25 50 100 200 400
No. of larvae used 30 30 30 30 30
Deaths 0 & 0 0 0
Av e weight per larva
mgm. ) 17,7 £ 2.1 0.4 3 1.5 20.92 2.4 19.2 % 2.9 20.93z 2.2
Moults i} 21 19 16 21

%age moults 36.7 70,0 6343 53.3 70,0



In the present studies, 6 ~garotene was included to examine its
effect on the caterpillars and diets with and without ¢ ~carotene
were prepared (no. 6 and 11, Table 10, Chapter III). Thirty
caterpillars of the third ingtar were allowed to feed on each of
thege diete for four days and then their weights, and the numbersg
of deaths and moults recorded. The data are summarised in Table 20,

The results recorded in Table 20 show that neither the final
weights nor the number of moulted ' .- caterpillars were signifi-
cantly affected by the inclusion of@—oaro‘bene in the diet.
However, there was a mortality of 13.3 per cent on the diet conw
taining § -carotene and no deaths when -the carotene was omitted.
Thug addition of @-carotene to the diet did not bring about any
significant improvement.

b) Quantitative requirements

Two quantities of @-carotene viz, 10 milligrame and 25 milli-
gramg per 25 gramg of medium were tried and the effect of thege
concentrations was compared with that of the 'normal' diet without
¢ wcarotene (nos. 13, 14, and 16, Table 10, Chapter III), Thirty,
third instar caterpillars were allowed to feed on each of thege diets
for four days and then the obgervations were recorded on the different
aspects which are summarised in Table 21.

The results recorded in Table 21 reveal that the survival wag
equally good on all the diets. There was no significant difference

in the larvel weights on the two @ =carotene diets but these were



Diet
with
Q ~carotene
. Nos of caterpillars dead ' 4
%“age mortality 13.3
Average weight per caterpillar
mgm, ) 1645 £ 9.3
No. of caterpillars moulted 7

Zage moulte 2649

Diet
without
@ «garotene

0
0

1942 ¢ 2.9
16
5343



Normal +
Normal diet @-carotena

10 mgm.
NHos of caterpillars dead 0 1
%age mortality 0 3e3
Average weight per larva NVed £ 145 1he2 £ 2.0
mgm. )
No. of larvae moulted 21 5
#age moults 70 17.2

Normal +
‘{S =garotene
25 mgm,

1
3.3
16.6 & 2.0
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significantly lower than those on the normal diet. Similarly the
number of larvae which had moulted was significantly higher on the
normal diet than on the twoe ~carotene dietes but there was no differenc
in the proportion of moulted larvae between the two ¢ -=carotene diets.
It indicates that the two quantities of@ ~carotene tried did not have
any effect on the development of caterpillars; rather the growth was
retarded with the addition of w~carotene at the two concentrations

tried.

2¢ B yitgming.
The mixture of B vitaming was prepared according to McMorran

(1964 ) and used in various diets during the course of the invesgti-
gations. The congtituents of this mixture are given in Chapter III,
a) Firgt ingtar caterpillars

Vitamin B mixture was added to the diet of the first ingtar
caterpillars (no. 16 end 17, Table 9, Chapter III), Sixty newly
hatched caterpillars were put on each diet for four days and then
they were weighed individually and observations on mortality and the
number of larvae which had moulted were recorded. Thedata are
summarised in Table 22.

The observations recorded in Table 22 did not show any signiw
ficant difference in the weights of the caterpillars, the number of
larvae which had moulted or the mortality on the diets. Hence, in the
presence of leaf powder, at least, the addition of B vitamins eppears

to be unnecessary.



Diet with
B vitaming
Nos of caterpillars dead 2
Tege mortality 333
Av e welght per caterpillar
mgme ) 0,20 ¢ 0,09
No. of caterpillars moulted 47

#age moults 81.0

Diet without
B vitaming

0
0

0.99 £ 0,13
52
8647
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b) Third instar caterpillars

The mixture of B vitaming was also tried in the diet of the
third ingtar caterpillars. The newly moulted caterpillars were
allowved to feed o two diete of eimilar compogition to those of
the previous experiment (no. 16 and 27, Table 10, Chapter III) for
four days and then their welghts were recorded individually and the
number of larvae which had moulted and the deaths noted. The data
collected is summarised in Table 23.

The remltsl recorded in Table 23 did not indicate any difference
in the final weights of the larvae, the percentage moults or deaths
on the diets in any of the experiments excepting Experiment no, I1I,
where the megn weight per larve waes significently higher in the case
of thoge feeding on the diet containing a mixture of B vitamine.
However, the pooled results of all three experiments did not show
any gignificant difference in the recorded figures. Thus; it can
be gald that the addition of B vitamins to the diet did not improve
the medium to give a significant difference in development of the
third instar larvae.

3+ Ascorbic scid (Vitenin C).

Ageorbic acid was incorporated in the diet for third ingtar
caterpillars to examine the effect on the development of the larvae.
Thirty newly moulted third instar caterpillars were put on each diet

i.cs one containing the ascorbic acid and the other without it (no. 6



Bxperi-
ment

II

III

Pooled
resultes

Diet

Vit.
Nor.
Vit.
Nor.
Vit.

Nor.

Vit.

Nor.

No. of larvee

uged

30
30
15
15
25
25

70
70

dead

1
0
2
0
0
0

w

Zage No. of
mort- larvae moults
ality moulted

3.3 22

0 22
13.3 13

0 14

0 6

e 0

4e3 41

0 36

%age

7549
7343
100

93.3

24
V]

61.2
514

Vit, = diet containing B vitaming

Nor. = 'normal'! diet

Average
weight of
each larva

(mgm, )

2046 £ 2.2
18,8 & 2.0
1945 & 3.6
247 & 645
2440 & 1.6
0.2 & 1.7

2.7 & 1.3
206 & 1.7
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end 10, Table 10, Chapter III)s The caterpillars were taken off
the diets after four days and weighed individually. Observations
on the number of eaterpillars moulted and those dead were also
recordeds The results are summarised in Table 24.

The results recorded in Table 2/ did not reveal any signi-
ficant difference in the larval weights and ' percentage  moults
on either diet. However, the mortality was 26.7 per cent on the
ascorbig)diet, while 1t vas nil on the other. Thus, the sddition
" of ascorbic acid had a glightly adverse effect in terms of
mortality.

Le W@.ﬁﬁm

An experiment was conducted to examine the combined effect
of vitaming A and C on the development of third ingtar caterpillars
and the results were compared with those from a diet without thege
vitaming (no. 6 and 12, Table 10, Chapter III), Observations
recorded after four days of feeding are summariged in Table 25,

The results in Table 25 show that the combination of ascorbic
acid and @ ~carotene had a deleterious effect as it gave 26.7 per
cent mortality and only 16.7 per cent moults, whereas, these values
were nil and 58,3 per cent respectively on the other diet. The
larval weights on the vitamin e¢ontaining dlet were also significantly

lower than those on the diet without ascorbic acid and %-carotene.



No. of caterpillars dead
%“age mortality

Average weight per larva
mgms )

Noes of larvae moulted

Tage moults

Diet with
ageerbic ageid

8
26.7

W4 1 344
15
6842

Diet without
ageorbic acid

0
0

19.2 & 2.9
16

5343



No. of caterpillars usged
Fo. of ecaterpillars dead
fage mortality

Average weight per larva
mgms )

Hos of larvae moulted

$age moults

Diet without
@ -garobene
end vit. C

60
0

0

19.8 + 2.0
35
5843

Diet with
é-sarotene
and Vitvo G

30
8

26.7

15,0 ¢ 1.9
5
16.7



D. STEROLS

It has been ghown in Chepter I that the inclusion of cholasterol
in synthetic diets for ingects 1s a common practice, although in gome
caseg other sterols have proved better than cholesterol or at least
can replace dietary cholesterols In the present investigations the
effect produced by two dietary sterols, namely cholesterol and the
naturally occurring plant sterol @-aitoaterol, was studied.

Two concentrations of egch gterol i.,e. 500 and 50 milligrams
per 25 grems of medium (nos. 15, 44, 53 and 54, Table 10, Chapter III)
were tried with third ingtar caterpillars and these were compared
with the 'normal' diet., Cholesterol was also used at a concentration
of 125 milligrams per 25 grams of medium in the diet of fourth instar
caterpillars. The observations recorded on larval weights, number
moulted  and mortality are given in Table 26.

1t is clear from the results that larval weights and moulting
were gignificantly lower on the diete containing 500 milligrams of
cholestercl or sitosterol than those on the normal diet. However,
there was no significent difference in weights, percentage moults or
mortality between larvae reared on normal diet and those reared on
the diet containing 50 milligrams of either sterol.

In the case of the 125 milligrams concentration of cholestercl
there was no significent difference in the mean larval weights of the
fourth instar caterpillars on either diet (i.e. with or without



Experi-
ment
No.

Diet
with
sterol

Tg;;% ingtar
Cholegterol

II

I1I

F
v

Normal
Sitostercl
Normal
Cholesterol
Sitosterol

Normal

Cholestorol
Normsal

Cuantity
of sterol
used per
25 gm. of
medium -

(mgm. )
500

500

50
50

125

Mean
initial
larval
weights

(maﬁ.)
5.8 & 0.2
5. + 02
5¢5 & Cud
6.0 - N 0.3

10,0 b 1.1
9.8 & 1.3

8.9 £ 1.1

254 ¢ 1.0

25.4 & 1.2

Mean final
larval
weights

9.8
2.4

93
28.3
20.0
22.9
2.2

38.6
38.9

(mgm.)

£ 1./
t 1.5
t 1.4
£ 5.7
t 1.4
& 343
& 2.0

+ 6.3
+ 4e3

No. of
used dead
30 2
30 0
25 2
25 2
25 3
25 0
25 0
25 i3
25 3

Percentage
caterpillars mortality

646

52
12

Ho. of
larvae
moulted

12
13

Percentage
monlts

(@]

54e5
52.0
36.0
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chelesgtorol) but the mortslity was significantly higher on the
cholesterol containing diet.

Thus it can be coneluded that 500 milligrams of cholesterocl
or @-uaitostml in the diet adversely affected the growth and
development of the caterpillars, whereas, concentrations of 50
milligrems per 25 grems of medium had no obgerved effect at all,
The concentration of 125 milligrams did not affeet the growth
but had an edverse effect shown in terms of a high mortality.

B, MWINERALS

Only one salt mixture nemely 'Ogbourne end Mendel salt
nixture! was included in the diet in the concentration of 250
mililigrans per 25 grams of medium and ite effect was comparsed with
that of 'normal' diet (no. 16 and 21, Table 10, Chapter III),
Twenty five third inetar caterpillars were fod on each diet for
four days and then their weighte,percentage” moults and deaths
wvers recordeds The results are summarised in Table 27.

The results recorded in Table 27 do not show any significent
difference in mean larvel weights,percentage” moults or mortality
on either diet, Hence, the addition of salt does not geem to
have any effect on the growth and development of third instar

larvae.



No, of larveedead
No. of larvae moulted
Percentage moults

Mean initial larvael weighte
(mgm-)

Mean fingl larval weights
(mgm.)

8.9 & 1.1

212 £ 2.0

10
4146

848 & 1.1

18.9 & 2.4
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F. OTHER SUBSTANCES

1. Agar.

Agar hag been uged in the diets of many ingeects and very
recently it has been ghown to contribute towards the physical
structure of the diet of Phgedon goghlearise Fab., where the amount
of food eaten increased with the concentration of agar in the diet
(Tenton 1965). In the present studies nutrient agar was sdded to
produce a diet of a consigtency acceptable to the caterpillars. It
was used, in the first instance, in the diet of first instar cater-
pillars, where the concentration of agar was veried while that of
the cabbage leaf powder remained congtant, this diet consisting
only of these two subgtences and water. Five concentrations of
agar were tried and the compogition of all the five diets is given
at noge 1 to 5 in Table 9 in Chapter III, The caterpillars were
kept individually in separate tubes and there were five tubes
containing each diet. The larvae were weighed individually before
and after feeding on the experimental diets for three days. The
resulis are presented below

Agar concentration (%age) 1 1.5 2.0 2.5 3.0

Mean weight gain (mgm,) 2,20 2,20 3.7 2,22 2.00

Overall mean staerting weight 2.53 mgn.
These observations did not reveal any significant difference in

larvel weight gaing or mortality. Therefore, any of these
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concentrations of agar could be adopted for inclusion in further
experiments but it was noticed that higher eoncentrations tend to make
the medium sticky and somewhat unmeanageable. For practical con-
venience, therefore, a concentration of 2 per cent was adopted for

all subsequent experiments.

2. Lelluloge.

Celluloge ig added to make the 'bulk' and it is not an
egsential nutrient. In gome of the early experiments filter paper
was uged to provide a feeding surface, or In other words the medium
was gpread over the filter paper to give it, very approximately, the
gtructure of a leaf (nos. 4 and 5, Table 10, Chapter III), The
compogition of the diet was the same in both the cases, tut whereas
in nos 5 the medium was spread over a filter paper, in no. 4 it was
gimply poured into tubes. Thirty, third ingtar, caterpillars were
alloved to feed for four days in each c#se and then their weights,
percentage moults and deaths were recorded. The results are
gummariged in Table 28,

The results recorded in table reveal that the larval weights
were gignificantly lower on the medium gpread on filter paper and
there was no significent difference in the value of X° caleulated
for the mortalities or the percentage moults on either medium. It
is evident, therefore, that filter paper did not help to produce any
improvement, but probably made it difficult for the caterpillars to
ingest the food.



Nos of caterpillars used
Noe. of caterpillars dead
Nos: of ceterpillars moulted
Fage moults

Aver weight per larva
"t

Medium gpread
over filter

paper
30
0

20
6647

11.4 : 1.2

Medium alone

20
0
14
4647
15.0 & 1.7
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Further experiments on the effect of inclusion of cellulose
powder in the diet on feeding and food consumption of the cater~
pillars were conducted and the results are reported later in
Chapter V.

3+ Cabbage leaf powder.

a) First instar caterpillars

After the failures with the purely synthetic diet (Chapter III)
the cabbage leaf powder was included and initial obgervations were
made with first instar caterpillars. A pilot experiment was carried
out using only leaf powder, sucrose snd agar (nos. 11 to 15, Table 9,
Chapter III) in the media and the results suggested that the cater=
pillars would survive reasgonably well on the diet when leaf powder
concentration was as little as 8 per cent.

Having establighed that the caterpillars would not thrive on the
synthetic diet lacking leaf powder it became equally important to be
certain that development was sub=-optimel on a diet of leaf powder
lacking supplementary gynthatic nutrients. Accordingly, the develop~
ment of caterpillars on the 8 per cent leaf powder-agar-sucrose diet
was compared with that on cabbage. The results are shown in
Table 29,

These results suggest that although the majority of larvae on
the agar diet did in fact survive for a week or more, there was

very little feeding taking place. After the first two days or so



Day of No. of surviving Average weight per larva

foeding

let
2nd
3rd
4th
5th
6th
7th
gth
9th
10th
11th

caterpillars on
Med.

40
39
39

Cabb.
40
37
37
37
35
35
35
35
35
35
35

Medium e Cabbage
0.3 042
Cud 0.5
046 1,0
047 1ed
0.9 38 ¢ 0.3
0.9 4e8 & 044

1.1 £ 0.3 10,6 £ 14

1.1 £ 0,3 20,52 2.3

1.0 £ 0.2 30.0 ¢ 3.7

0.9 & 0.2 68,8 ¢ 1042

0.9 2 0.2 98,1 & 10.2

Percentage
mortality
Med. Cabb.
€] 0
2e5 745
2e5 . N5
25 75
10,0 12,3
17.5 123
22.5 123
27.5 12.3
5 2.3
27:5 12,3
35,0 12.3
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the mean weight remained congtant.
b) Third ingtar caterpillars

An experiment was then conducted to determine the optimum
anmount of leaf powder required to supplement the normsl gynthetic
diet (nos. 7, 16, 18, 19 and 20, Table 10, Chapter III), Third
ingtar larvee were used in batches of 30 individuals and obgervationg
recorded after four days' feeding are given in Table 30.

The results in Table 30 indicate that the diet containing only
one per cent leaf powder was totally inadequate, giving 100 per cent
mortality; 2 per cent was similar with 90 per cent mortality. On
the 4 per cent leaf powder diet, again the mortelity was very high
(6646 per cent) and the larval weighte significantly lower than those
on higher concentrations. There was no significant difference
between the larvel weights or the values of X2 for moulting or
mortality at either of the higher concentrations (8 and 16 per cent)
nor were these significantly different from the corresponding values
on cabbage leaves, with the exception of the moults which were
significently higher on cabbage. The concentration of & per cent
was taken as the most suitable minimum for inclusion in the diets
for the caterpillars.

The moulting in the case of larvae feeding on cabbage occurred
one day earlier than in the case of those on artificial diets. The
weights vere recorded immediately after moulting and therefore the

results in Table 30 show that there was no difference in the weights



Leaf
powder
CONoan=
tration
dn' the
medium

1E

2

R R

16%
Cabbage®

NO s of
larvae mortality
dead :

30
27

20
0
0
0

fage

100

6647

NO. of

larvae moults

moulted

0
2
10
19
26
30

fage

6343
86.7
100

Average

larval

weights -
(mgm. )

0
12.9
15,1 & 2.1
20'.4‘3 26
2544 & 5l
2346 & 2.0

"Weight results recorded at time of moult (see text)
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of the newly moulted fourth ingtar larvae whether reared on the
artificial diet or on cabbage. However, the weights of the cabbage

fed larvae in Table 30 were recorded one day earlier than the other
weights.

4+ Ethyl para-hvdroxy benzoate.

This chemical was added to the diets merely as a fungicide
and ig of no nutritional value. The recommendations of Meliorran
(1964 ) were followed and 37.5 milligrams added per 25 grams of
medium. No experiments were carried out on the effects, if any,

of varying this quantity.



CHAPTER V

CONSUMPTION AND UTILISATION OF FOOD

Mogt of the techniques for quantitatively evaeluating ingect
diets in terms of consumption and utilisation are of recent or;gin
and much of the published work has been reviewed in Chepter I,
Usually, this type of work has been carried out solely on natural
foods, tut the present investigation was undertaken to evaluate
the semi-gynthetic diet developed for the larvae of EBieris brasgicae L.,
in comparison to the natural food of the insect and to try, if

pogsible, to improve the diet.

A+ CONSUMPTION AND UTILISATION ON THE SEMI-SYNTHETIC DIET

Firsgt of all the 'normél' medium was compared with the natural
food, the experimental teclmiques being those deseribed in Chapter II.
Twenty-five fifth ingtar caterpillars were placed in batches of five
on each diet for 24 hours end the amountg of food consumed and faeces
produced vere measured.

The results are recorded in Table 31 and they show that the
food .consumption, faecal production and larval weight gains were
significantly higher on cabbage, tut that the coefficient of utilise
ation on cabbage was significently lower. The result obtained in

this experiment for the coefficient of utilisation of cabbage is an

b2



Mean dry weight (mgm.) Medium '

Food congsumed by batch of 5 larvae 75.9 & 58.0

Faeces produced by batch of 5

larvae 368 & 27.3
Food utilised by batch of 5

larvae ' 39.1 ¢ 30,8
Caleculated initial dry weight per

larva 1005 3 009
Fingl dry weight per larva 13.3 & 2.5

Coefficient of utilisation (Zage) 50.9 £ 2.4

‘v~ Cabbage

300.9 & 60.0
R22:3 & 3342
78-6 2 40.3

10.5 & 0.9
260 ¢ 343
25!4 A 9.0
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anomelous one, since subsequent experimentation failed to confirm
this low velue of 25.4 & 9.0 (see below) and no explanation can
be offered.

It was clear from these results that the medium could only
bacome gtrictly comparable to cabbage if the larvae could be made
to ingest the medium in far larger aemounts. The work of Dadd
(19609) suggested that the consumption of food may be controlled
direq‘bly in gome circumstances, by the amount of food that an
ingect wae able to pass through the gut.

In other words the hypothesis was put forward that the low
congumption figures for Piepis bragsicae L. larvae fed on the
artificial medium were, in part at least, the result of a purely
physical failing in the congtitution of the diet, perhaps a lack
of 'bulk' or 'roughage'.

An experiment was designed to test this hypothesis by adding

'roughage' in the form of mutritionally inert cellulose powder.
Five gramg of cellulose powder wers added to the 'mormal' medium
and varying amounts of water were used to examine the effect of
diets of different consistencies in comparison with cabbege. The
following diets were prepared and 25 fifth instar caterpillars were
allowed to feed on each diet, in batches of five, for 24 hours,
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Diet A = Normal medium

Diet B~ @&~ ® ° 4 5 gm, cellulose

Diet C = M " + n " + 5 ml. water
Diet D~ " " $ * o + 15 ml, water
Diet E -~ ® " + W " + 25 ml. water

Diet F - Cabbage leaves

The results, recorded in Table 32, show that the amounts of
food consumed and faeces produced on diets A and D were not gigni-
ficently different from one another and were significantly lover
then those on diets B and C. These latter were not significantly
different from one another in terms of these factors. Inthe case
of diet E these values were extremely low, presumsbly because the
diet was too moigt. The emall weight of faeces produced by each
layve on diet E, in most cases scarcely differed from the equally
small weight of food consumed. This diet was, therefore, quite
unsuitable for the larvae and it ié impossible to calculate a
meaningful coefficient of utilisation. The coefficient of utilise
ation on diet & was significantly higher than those of diets B and
C but was not significantly different from that of D.

Because of the discrepancy between the coefficient of
utilisation recorded for this series of experiments and the low
result recorded previously for cabbage, two confirmatory experiments

were carrled out with the sole purpose of comparing the cabbage



A

Food consumed” 128.4 & 87.0
Faeces produced® T2e5 & 4240
Food utilised® 559 &£ 4144

Coefficient of 420 £ 7.9
utilisation (Zage)

66402 £ 21401  485.2 £ 122.5 122.4 & 85.5
5476 £ 1777 400.,6 £ 21.5 93.6 & 0.9
116.6 £ 49.5 8.7 2 15.9 28.8 £ 17.0
17.6 2 3.9 17.7 2 2.8 el £ 10.8

*Dry weight in mgm. per 5 larvae

15.2 £ 15.3
1646 & 16.7

F
580.5 ¢ 47.8
308.7 & 16.8
271.7 £ 33.1
46T 2 2.1
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coefficient with that of the medium containing 5 grams of cellulose
powder (Diet B above). The coefficients of utilisation were as
follows and these were caleulated from readings on 10 individuel ‘erVae

in each case.

Bxperiment I Medium 22.8 &+ 3.4
Cabbage 37.7 & 11.5
Experiment II Medium 17.3 £ 243
Cabbage 43.7 ¢ 16.2

The diet with additional cellulose was quite comparsble to
cabbage in téme of the emount congumed by the larvae and the
probiem wag, therefore, to regain the higher value for the medium
coefficlent of utilisation in order to make the two diets completely
cmpérable. In an attempt to raise the medium coefficient without
lowvering the food consumption intermediate quantities of cellulose,
between 0 and 5 grams were added to the diet.

The results of these experiments are given in Table 33,

These ghow that any lowering of the cellulose content below 5 grams
per 25 grams of medium resulted in a significant decrease in the

amount of food consumed. On the other hand, the cellulose content
had to be reduced to only 1 gram per 25 grams of medium before any
eignificant rise in the coefficient of utilisation was obtained and
even then, the value was significantly lower than that for cabbage.

Thue, the attempt to reproduce the cabbage characteristics in the



Cellulogs
added
( ng)

N W N = O

4L+ 3
gn. Potato
starch

24 2
ghle Potato
starch

No., of Mean initial Mean weight gain in larvae

indivi-
dual
larvae
2
11
15
16
22
10

15

waight of
larvae
(mgm- )

15,0 - 1.6

19.2 £ 2,4

19.5 & 1.9
6.7 £ 3.5
18,3 & 2.5
20.2 ¢ 3.0
17.1 & 1.7

1306 2 0.9

Total
(mgm.)

4e5 £ 2.3
6.8 2 2.9
Lol 2 2.2
5.1 2 1.9
a2 z 1.5
10.6 & 3.7
4eD & 244

1.2 & 0.3

Fage

2846 & 13.6
31.7 £ 11.9
.3 ¢ 5.4
2.9 ¢+ 8,5
23.1 £ 7.0
49:6 & 13.4
2.9 £ 12.0

9-1 & 1.0

Food
consumed

(mgm.)
29.1 & 7.1
381+ 99
29.1 2 6.6
4346 % 145
48.2 + 8.3
32.0 4+ 23.3
4he5 2 1440

30.8 & 5.5

All weights are dry welghts

Faeces
produced
(mgm.)
15.6 £ 3.9
26,0 £ 6.7
22.6 £ 5.4
3972 9.8
37.1 £ 5.8
65.0 £ 2.1
36.8 £ 11.2

216 2 4O

Coefficient
of
ntiligation
(Tage)
463 & 1.7
31.2 £ 5.0
21.0 - .4 4.6
1.6 £ 4.0
. & 5.0
1705 £ 2.0

1643 ¢ 4.0

30-6 + 6.6
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artificial diet was not successful, if cellulose was omitted from
the medium the cénsumption was too low, and if 5 grams of cellulose
per 25 gramg of medium were asdded, the consumption discrepancy was
corrected but the coefficient of utilisation falls to too low a
value. .

The effect of other polysaccharide lmateri#ls was congidered
and potato starch was also included togeil,har wii;h cellulose at
two different concentrationg. As is clear froﬁ the results in
the tsble, the‘ addition'of starch had no .effect and all the values
on cellulose plus starch diets were not significantly different
from thoge on the corresponding commentrations of cellulose alone.

The increased food consumption obtained by edding 5 granms
cellulose to the diet resulted in a significant increage in both
the abgolute weight gain and the percentage weight gain of the
larvee as compared to those of larvae reared on other cellulose
containing diets or on the 'normal' diet.

The corresponding figures for parallel experiments carried out
on cabbage are given in Table 34 There wag good agreement between
the batches of larvae for the various values obtained except in the
cage of experiment D, In this case the faecal production had a
gignificantly higher value than that for B and ag a congequence the
coefficient of utilisation was significantly lower. Neverthelegs,
with this reservation in mind, it was felt that in view of the sgmall

numbers in each bateh, pooled results for these observations on



Experi-
ment

Q w &

FPooled

No, of Mean initisl Meen weight gain in larvae

indivi~
dual
larvae
9
10
9

92

weight of
larvae
(mgm. )

19.8 & 3.3
2402 £ 845
22.8 £ 23

22.2 £ 2.7 .

Total
(mgm. )

15.5 & o3
10.0 & 3.2
19.9 ¢ 4.3
15.7 2 2.7

%age

TTe7 £ 143
4l.d & 13.5
87.2 & 19.0
7.7 £ 11.1

Food
congumed
(mgm- )

80.2 ¢ 19.9
85.1 & 25.8
80.7 £ 22.4
8l.3 & 19.4
8l.8 2 9.3

1) All weight values are in terms of dry weights

Faeces
produced

(mgm.)
49.4. & 8.8
306 £ 6.5
368 ¢ 11.5
5643 & 10.4
517 £ 8.9

2) Ewperiment A was originelly designed to discover the food

consumption and calculate the coefficient of utilisation, and

therefore larvae were not dried and their weights are not given

in the table.

Coefficient
of
vutiligation
(%age)
37T &£ 11.5
43.7 &£ 21.6
52.9 &£ 11.5
2845 - 10.6

40-5 . 3 6.5
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cabbage would be of value, These are given in the table and it
will be seen that the pooled coefficient is not significantly
different from the values obtained in previous experiments (Table 32).
Neither the absolute weight gain, nor the percentage weight
gain on cabbage are significantly different from those obtained
with the diet containihg 5 grams of celluloge per 25 grams of
medium,
In view of the difference in the coefficients of utilisation,
| thege results suggest that a greafer proportion of the utilised
celluloge diet 1s used by the larvae for weight gain. Thigs is
best illustrated by the coefficients of growth and metabolism
_ealculated f?omthe same data that wae used in compiling Tab}e 33
and 34.
Medium Caebbage
Coefficient of growth (fage) 73.0 £ 90 4145 2 849
Coefflcient of metabolism (Zage) 2649 £ 940 58,5 & 8.9
(For the method of calculation see Chapter 1I) |

Thege results will be further discussed later.

A few experiments were undertaken to examine the sghort term
effects of the omlssion of the major essential nutrients on these
verious methods of essessing tha.perforhance of the animals on the
diets. The results of excluding sucrose from the diet are shown

in Table 35. Four grams of cellulose were added per 25 gramg of

~



Dry weights (mgm.)

Mean initial weight per larva

Meen weight gains ETotal
(%age

Mean food congumed

Mean faeces produced

Coefficient of utilisation (Zage)

Diet with
sucrose

15.4 & 2.3
5¢3 & Ll
31.7 ¢ 21.2
5946 £ 2645
151 ¢ 7.9
e & hed

Diet without
gucrose

lied & 25
3¢5 & 342
22,2 & 13.8
5349 £ 2943
95 & 4ab
18.4 & 4ed
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medium in each casge and ten larvae were fed on each diet for 24

hours. The results showed that the omission of sucrose from the
diet had no real effect on larvae fed for this short period.

Heving exemined the effects of the carbohyirate congtituents
of the diet, a brief examination of the other major nutrients, the
proteing end emino acids, was made. Cagein or cystine, or both,
were omitted from the diet and the effect on larval weight geing,
food congumption and food utilisation was reocrded. All the diets
contained 4 grems of added celluloge per 25 grams of medium and ten
larvae were fed on each diet for 24 hours. The results are shown
in Table 36.

The omigsion of casein, or both casein and cystine together,
resulted in loss of weight and reduced the consumption of feod
without affecting the coefficient of utilisation., Omigsion of
cystine alone had no effect on these factors and the values obtained
were comparable to those on the diet containing the corregponding
concentration of cellulose powder.

Thege results will be further discussed later.

5+ Zffect of leaf powder.

Attempis to meagure in a gimilar way the influence of leaf
powder all failed since on omitting this material from the diet food

congumption ceased.



Diet without Diet without Diet without
Mean dry weights (mgm.) eystine casein casein and
cygtine

Initiel weight per larva 12,3 +# 1.2 11.8 3% 1.0 12,6 & 2.0

Weight gain (Total 3.2 2 1.1 Lost weight
E%age 2644 2 8.3 Logt weight
Weight loss (Total - le4 £ 0.6 1.8 & 0,8
g%aga - 11.9 & 466 10,7 & 446
Food congumed 391 & 2:3 19492 5.5 1872 5.8
Faeces produced 30.7 & 549 1ded £ 3.0 15:.72 5.1

Coefficient of utiligation
(Zage) 25,9 & 12,2 29.5 & 7.3 29,7 & 18,2



CHAPTER VI

DISCUSSION

In Chapter I it hag been ghown that studies on the nutrition
of ingects benefit congiderably from the use of artificial diets,
although this approech does, nevertheless, raise numerous problems
end difficulties. Stress has been laild upon three major congider-
ations. These being, the introduction of the substances necessary
as feeding stimuli, the qualitative and quantitative incorporation
of the esgential nutirients into the diet, and the production of a
maedium with a physical texture which is acceptable to the insect.

There are two types of meterials which act as feeding gtimunli
for ingects, those substances which have a nutritional value in
addition to their phagostimulant effect, and those substances whose
effect appears to be solely on the gengory receptors of the ingect.
These latter are often termed 'token stimuli'. In the larvae of
Pierig bragsicae L. sucrose seems to act as a phagostimulant, since
the results of the 'colour score' work showed that the larvae started
eating earlier on the diet containing sucrose than on those without
sucrose. Thig finding conforms to that of Ito (1960) in the case of
the gilkworm larvse.

The results which have been reported earlier, clearly indicated
that cabbage white larvae offered artificial diets containing various

sugars showed a marked reluctance to begin feeding on diets containing

=69
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any sugar other than sucrose. The substances showing weak phago-
stimulant effects all contained glucose molecules linked in various
ways, these were the monosaccharide glucose itself, the disaccharides
trehaloge, maltose and cellobiose (each of which congists solely of
glucose molecules), the trissccharides melezitose and raffinose, end
the glucose polysaccharide glycogen. With the exception of glucose,
none of the monosaccharides apparently indiced feeding during the
2 hour period of the experiment. |

The conclugion that was dravn was that diets containiﬁg sucrose
were initially far more acceptable then other diets to larvae trang~
ferred from cabbage. However, the curioug fact emerged that these
gucrose containing diets did not maintein their superiority over a
2/, hour feeding period. Measursments of the total quentity of
food consumed during a 24 hour period falled to reveal any significant
difference between sucrose containing and suecrose~free diets. This
suggests perhape that on sucrose deficlent diets the larvae failed to
feed initielly, but subsequently responded to hunger stimulation and
in faect, their food intake caught up with that of sucroge fed larvae
during the first 24 hours. Results after 12 hours show that on a
sucrose~free diet the colour score has reached 60 per cent of the
maximum possible level. The interrelations of phagestimulation,
hinger stimulation and food intake will obviougly merit further
detailed investigation.
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The prolongation of the feeding period on the sucrose-free
diet to four days resulted in a very much higher mortality among
larvae as compared to those feeding on a sucrose containing diet.
Thie strongly suggeste that the phagogtimulant action of sucrose end
its nutritional velue are both of congiderable importance to the
ingect. The larvae may have eaten the non-gucrose diet in order
to spatisfy a hunger stimulus over a long period of four daye tut it
failed to adequately support life and maintain growth of the cater-
pillars.

In general, the results with other sugars in the present
gtudieg support those observations recorded on different insects
by various anthors (reviewed in Chapter I) but there do exist some
differences. The most outstanding difference was the response to
the glucose molecule which appears to be the preferred sugar of
almosgt all the various species of ingects invéstigatad by other
workers. Although, as shown above, the glucose molecules oceur in
combination in a1l sugare showing a phagostimulant effect on the
larvae of Pierig bragsicae L., sucrose was seversl times more
effective than uncombined glucoses In this respect these results
seem to be in agreement with those on the silkworm (Ito 1960).
Fructose, which evoked no responge from the larvae of the cabbage
white utterfly, was shown by other authors to be almosgt ag equally

attractive as glucose for other ingects. In this case the results
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differed completely from those recorded by Ito (log git) on the
gilkvorm larvae where fructose was almogt as good a phagostimulent
as sucrose.

Differences between ingects of widely differing taxonomie
groupg and feeding habits are not perhaps altogether surprising.
Rather more striking are the differences shown between the tabbege
white larvee and the silkwoym, ingects belonging to the same order
(Lepidoptera) both of which are leaf feeders. A survey of this
tople in leaf feeding ingects, made in conjunction with analytical
gtudies on the host plents, might prove of some interest.

Ag far as the token ptimuli are concerned, Verschaffelt (1911)
and Thorsteinson (1953) showed that larvee of Pieris bressicse L.,
Pierie rapee L. and Plutells maculivennig Curt. will feed on plantg
containing mustard oll glucosides. In the present investigction,
however, ginigrin - one of the main mugtard oil glucosides of cabbages .
failed to evoke any detectable response in the larvae of Eloris
bragsicag L. and their performance on the diets containing sinigrin
wag not gignificantly different from that on diets lacking thig
glucogide. Variations in the ginigrin concentration in the diets
algo failed to give a positive response.

Thig lack of effect exhiblted by sinigrin was unexpected
because the publighed work leaves little doubt that thig chemieal
does etimulaio the sensory apparatus of Plerig larvae. The unpub~

lighed work of Hugsain (1963) is of interest in this connection.
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He allowed larvee to feed on agar containing various concentrations
of ginigrin and counted the number of faecal pellets produced. He
gshowed an increase in the faecal count proportional to the sinigrin
concentration up to a level of 31.2 pe.pems From 31.2 p.spems to
250 pepeme the faecal count remained constant and above 250 pepsm.
the count declined in proportion to the increasing conecentretion.

There ie no doubt that the leaf powder preparation containg
sinigrin, and the effect of adding sinigrin to diets containing leaf
powder may therefore well be expected to be edverse. One might
ascume that the selection of the optimum gquantity of leaf powder
was in effect a selection of the optimum quantity of sinigrin.
However, if this were the case the addition of 100 p.pem.s ginigrin
to diets lacking leaf powder should have brought about some improve-
ment. Fo ingestion occurred on the diet lacking leaf powder whether
sinigrin or sucrose were added individuslly or as a mixture, Thig
1g contrary to the finding of Hugsain (1963), who showed an inereased
faecal count when larvae were fed on agar to which sinigrin or mucrose
was added, and a very greatly inereesed count when both were added
together.

There are at least three possible explanations for the function
of leaf powder in this comnection. Firstly, it may provide yet
another phagostimulant in the absence of which sucrose and sinigrin
are non-functional. This is contrary to all previous published

work on the effect of sinigrin and also contrary to the findings of
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Huggain (log,git) described above. Secondly, it may provide some
additional subetance which modifies the effect of sinigrin and/or
sucrose although not itgelf a phagostimulant. In this connection
it ig interesting to note the contention of Verschaffelt (log.git)
that it was the mugtard oil derived from the glycolysis of the
glucosides which was physiologically active and that the enzyme
myrosginasge, derived from damaged plant tissue, was necessary for
the production of the phagostimulant mugstard oil. However, Hugsain
(log.cit) disputes this finding., He observed an increased faecal
count when pure sinigrin was included in the agar fed to the larvae,
but found that pure mustard oils were repellent. The third, and
possibly most reasonable explanation of the function of the leaf
powder, is that the artificial mixture of nutrients prepared in
these experiments differs from the pure agar used by Hugsain in
being unpalatable to the larvae. In other words we are dealing
here not merely with the absence of phagostimulants but with the
pregence of some repellent property. Sucrose and sinigrin fail to
adequately magk this repellency, whereas, leaf powder is successful
in this respect.

Turning now to the nutritional importance of the congtituents
of the diet, the review of the literature has shown that many ingects
can live without carbohydrates in their diets, although they can
utilige some of the sugars if they happen to be present in the diet

(Chepter I)s In the cage of a few stored products pests some
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carbohydrate in the diet is essential for adequate growth and
survival, In view of the results given in this present work, it
may well be that the list of insects for which some carbohydrate is
egsential may have to be extended to include Plerig bragsicas L.

It hag been shown that mortality inereases very congiderably if suger
is excluded and the facts already discussed strongly discount the
view that this is merely an effect brought about by the absence of
phagostimulation. Furthermore, the value of various sugars for
mainteining low mortalities (Fig. 3) in no way corresponds with
their value es phagostimulants (Table 11). In fact, other phyto-
phagous ingects may -well require adequate quantities of certain
sugars as an essential part of their diet, glucose and sucrose being
particularly important from this point of view. Thus Beck (1956a,c,
1957) showed that larval growth in Qgtrinis nubilalis Hin. wae
positively correlated with the sugar content of the host tissues and
that feeding activity was prolonged in proportion to the suger
content of the diet.

From the review in Chepter I, it is elear that pentoses are
usually said to be very poorly utilised by insects in general,
although xylose ig utilised by some Diptera and ribose hag been
shovn to be utilised by the boll weevil, Anthonomug grandig (Boh.)
(Venderzent 1965). In preliminary experiments arabinose and xyloge
were shown to be utilised by Pierig bragsicse L. larvae which

continmued feeding on the diets containing these sugars for more than
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four days without showing any mortelity or other adverse effect.
Similarly, ribose eupported life and the mortality was not signi-
ficently different from that on the sucroge diet. These results
with pentoses are based on only five replicates of five insects in
sach case and are obviously in need of confirmation. If thia con-
firmation is fortheoming, the resulte are surprising since the
gbtatement is frequently made that pentoses are poorly utiliged.
However, Table 1 illustrates how few ingects have been examined from
this point of view and proof of their value for Plerig brasgsicae L.
would suggest that a comparstive examination of other gpecies might
well be profitable.

Of the hexoses, glucose and fructose each have high nutritive
velues for mogt insects (Gilmour 1961) but the results with Pierig
bragsicae L. larvae are just the reverses In fact, Figure 3 ghows
that with one exception, no hexose monogaccharides showed any
individual promise as an adequate replacement for suerose in the
diet. The one exception was mannose which has previously been
shown by other authors to adequately provide carbohydrate in the
diets of the desert locust, the boll weevil and some Diptera (Table 1).
The experiments with the cabbage white butterfly 1g,rvae suggest that
magnnose and its aleohol, mannitol, are suitable replacements for
dietary sucrose, although these results are subjeet to the game
regervations as applied to those obtained with pentoses. Galactose

has been successfully used in the diets of various ingscts (Table 1)
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but with cabbage white butterfly larvae its use produced a
gignificantly higher mortality than that on a sucrose diet. A
very interesting result is that shown for an equimolecular mixture
of fructose and glucose which proved as good as sucrose in the diet.
The results obtained with digaccharides and trisaccharides
(see Fig. 3) cannot be completely explained on the basis of the
chemistry of the individual sugars. If one assumes that the
sucroge molecule is the ideal sugar as far as thig ingeet's nutrient
requirements are concerned, it is not surprising perhaps that an
equimolecular mixture of glucose and fructose is just as success=
fully utiliged. Sucrase is a widely oécurring digestive anzyme of
ingects and it may be postulated that ingested sucrose is readily .
broken down to an equimolecular glucose end fructose mixture in the
gut.  On this basis the results obtained with the trisaccharides
are not too inexplicable. One need not postulate unusual enzymes
in order to suppose that raffinose cen be hydrolysed completely to
galactose, glucose and fructose molecules and melezitose to fructose
and two glucose molecules. Both trisaccharides were shown to be
nutritionally inferior to either the sucrose molecule or the glucosee=
fructose mixture and it could be postulated that this was due to a
contamination or imbalance of the necessary constituents, resulting
from the presence of the galactose molecule in the case of digested
raffinose, and the extra glucose molecule in the cage of melezitose.

The three disaccharides maltose, trehalose and cellobiose all yield
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only glucose molecules on hydrolysis and it will be seen in Figure 3
that the percentage mortality obtained on diete containing one of
these sugars did not in fact show any egignificant difference from
that on diete containing glucose alone. The same is true of the
polysaccharide glycogen which ylelds only glucose on hydrolysis.

The anomalous results are thoge obtained with the disaccharides
melibiosge end lactose. Melibioge in the diet resulted in a low
percentage mortality, which did not differ significantly from that
obtained using suerose, or the glucose~fructose mixture. Melibiose
on hydrolysis yields one molecule of glucose and one molecule of
galactoge, and since survival ig gignificantly higher than on the
diets conteining glucosge alone, this may suggest that the galactose
molecule 'improves' the glucose molecule from a nutrient point of
view. However, lactose algo ylelds one molecule of glucose and one
molecﬁle of galactose on hydrolysis, and yet the mean mortality using
this disaccharide in the diet was the highest recorded in all the
experiments, except those excluding sugar altogether. One can
gpeculate further on this anomaly. Melibiose is hydrolysed by an
K =galactosldase, whereas lactose requires a @-galactoaidaae for
ite digesti-on. The former enzyme does seem to be of more common
oceurrence than the latter in the Insecta (Gilmour 1961). Further
evidence on this point can be obtained by measuring the mortality
on a diet containing an equimolecular galactose~glucose mixture, and

by assaying the enzymes of the alimentary cansl in this insgect.
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The quantitative sugar requirements of the larvae were
exsmined uging guerose in the diet over a range of 0 to 1000 mgm,
per 25 grems of medium. The results showed that 500 mgm. or 2 per
cent wag the optimum concentration. Thig ig in reagonable agreement
with the results obtained for other phytophagous insgects, studied

. and Reiger ' X
by different euthors. Thus, Vanderzant/(1956b) used 4 to 6 per
cent gucrose in the diet of the pink bollworms Beck (1956b) used
0.7 to 5.3 per cent glucoge, fructose or sucroge for the European
corn borer; and Venderzant (1965) included 3.5 per cent fructose,
maltose or sucrose in the diet of the boll weevil. A study of
Table 3 reveals that phytophagous ingecte, generally, require a low
percentage of carbohydfatos in their diet. Any variation in conw-
centration outgide the rather restricted range would probably result
in the same adverse effects on the ingects as have been ghown in
the cage of Plerig bragsicae L. larvae.

Similarly, the nitrogen requirements of Pleris brassicae L.
larvee agree with those of other phytophagous insects studied so
fer. It has been shown in Chapter I that phytophagous ingects
generally, require a low dietary concentration of protein which
apparently, normally, lies between 2 and 4 per cent, and in the
present investigation about 3.5 per cent concentration proved
adequate.

Ighii gt al.(1959) showed that the larvae of the rice stem

borer Chilo suppresealis (Wlk.) required a higher range of
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concentration (the minimum level being 4 per cent) of casein in
their diet throughout their 1ife, whereas, Beck (1956b) demonstrated
a requirement for a higher protein concentration (casein 5.3 per
cent) in the early ingtars, and a lower concentration (0.7 per cent)
in late ingtars in the larvae of the European corn borer. Back
(1956a) also showed that newly hatched larvae preferred to settle
on a diet with a high protein content. In the present studies
guch effects were not fully investigated, yet the concentratibn of
cagein was increaged in the case of the diet of third instar larvae
wlthout any detectable improvement in their performance. The
omigsion of casein from the diets of the first instar larvee
advérsely affaected their growth, resulting in significantly lower
larvel welghts end a reduction in the number of ingects moulting.
The third ingtar larvae did not show any significant lowering of
weight gain but the proportion of insects moulting was significantly
lover on the diet lacking casein. In the fifth ingtar larvae the
amount of food consumed was also affected, a significantly lower
amount being ingested on diets lacking cagein. This resulted in an
actual logs of more than 10 per cent of the body weight of the larvae.
The adventages gained by including cystine in the diet have
alreedy been describeds The nutritional singificance of thig amino
acid for ingects is still a matter of some debate. Attention has

been drawn to the work of various anthors suggesting that the
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pregence of cystine is connected with successful moulting in some
of the non-phytophagous insects, particularly within the Diptera
(Chapter IV). It is not normally regarded as an essential amine
acid in the accepted sense. Kasting and MeGinnig (1962),' howeter,
determined the amino acid requirements of Agyotis m&tﬁ Morr.
by injecting glucose~U-C~l/ into fifth iIngtar caterpillars and
concluded that the amino acids which were subsequently shown to
have failed to take up any radioactivity were nutritionally
egsential. Included among these amino acids was cystine. Thig
wag an indirect method and did not show whether or not dietary
ceystine actually had any physiclogical effect on the ingect.

In the present investigation, the addition of ecystine resulted
in gignificantly higher mean final weighte for the third instar
larvae and also gave a significantly higher walue for the percentage
of insects moulting. In the fifth instar caterpillars, its effect
wag not clear up to the time of emergence of adults from the pupae.
The fifth ingtar larvae did not show any significant reduction in
food consumption, faecal production, coefficient of utilisation, or
weight gain on the food from which eystine was excluded. Succegs-
ful pupation occurred on the diets lacking cystine, but the number
of emergence fallures was significantly higher on those diets in
comparison with pupae from larvae reared on diets containing cystine.
This appears to be the first obgervation of guch an effect in a

and Grisgdale
phytophagous insect. McMorran /(196) reared the larvae of Pieris



xapag L. on a semi=-gynthetic diet and reported that a high per-
centage of male adults had crippled wings which the addition of

corn 0il or soybean 0il could not prevent. This may well be due

to lack of cystine in the diet since the deformities deseribed by '
Md"iorz;an geem gimilar to those obgerved in the present studies.
However, it must be pointed out thaet David and Gardiner (1965) have
recently reported 80 per cent emergence of adults reared on Mcllorran's
diet,

It was not possible to make a detailed qualitative and
quantitative study of the effectes of all the dietery components on
the development of the ingect in the limited period of time avail-
able. Neverthaless, a survey of other possibly importent dietary
factors was mede and some congideration was given to the vitaming
and gterol requirements of Pierig brasgicae L. larvae. Thus,

P ~carotene (a precursor of vitamin A) was tried in two different
concentrations but its addition resulted in retarded growth of the
larvae. Barlier Chiu and McCay (.1939) had included vitamin A in the
diets of Tribolium gconfugum (Duv.) and Acenthogcelides obhectug (Say)
but without any effeect. On the other hand, Dadd (1957) reared the
nevly hateched nymphs of the desert locust to adults and showed that

g ~carotene or vitamin A acetate was essential for edequate growth
end pigmentation., House (1965¢) supported this view by showing that
vitemin A acetate accelerated the growth rate in the larvae of Asris

affinig (Fall.). No such requirement could be shown in the present
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gtudies. Inclusion of a mixture of B vitamins in the diet had no
effect at all, although B viteming have been included with adventage
in the diete of various insects studied by different authors (Table 2).
Pogeibly the added B vitamins did not have any effect because the
larvee were obtaining the necesgary factors from the cabbage leaf
powder. However, it must be emphasised that the object of the
experiments which have been described was to detect short term effects
of deficiencies in the diet and to this end all experiments were con=-
ducted over a maximum of four days. On this basis, one cannot dig-
count the pogsibilities of more subtle responses to vitamin concen- S
trations. Effects such as those desecribed by Dadd on locust pig-
mentation would not reveal themsgelves inehoft term experiments of
the type described sbove. More conclusive date will be obtained
from long term rearing experiments on vitamin-contaeining and vitumine
free diets.

Agcorbic acid (vitemin C) was first incorporated into the diet
of a phytophagous ingect by Dadd (1957) using the desert locust and
gince then ite importance has been stressed in the diets of several
other species of mainly phytophagous insects. At the same time a
nunber of inéects have been reared satisfactorily without this
vitamin and in other cases it has been suggested that it merely
performsg & phagostimulant function (Chapter I). In the present
investigation, however, ascoprble acid did not improve the diet but
its addition, In fact, resulted in a more than 25 per cent mortelity
of the larvae, as compared to zero mortality on the diet lacking {

thig vitamin. This result is very curious since the weight
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gaing of larvae were not affected by the incorporation of ascorbic
acid into the dlet, This suggests, therefore, that one is not
desling with any repellent effect of this material in the diet, and
experiments on food consumption would check thig concluaioﬁ. In
Chspter I & was shown that where ascorbic acid hag been found ‘_!:.o
produce a beneficial effect, it has usually been Incorporated inte
the diets at a concentration of between 0.2 end 0,5 per cent and in
these present studies 0.4 per cent was used. Although no reference
to the 111 effects of overdoging with vitemin C hag been found in
the literature, it is possible that in this case a congiderable
proportion of the amount of this vitamin present in cabbage, sur-
vives the treatment by which leaf powder iz made. It may well be
that the added leaf powder contained the optimum quantity of the
vitamin for the larvae, and in fact, the game argument may be aspplied
here as was uaeﬁ in the ecage of ginigrin discussed above.

Only a few ingects have besn shown to require fats or fatiy
acidg in their diets, and these requirements have not been investi-
gated in the present study on the larvae of Pierls braggicae L.

The only relevant data which have been obtained are that when wheat
embryo, which containg fatty acids shown to be essential in gome
Lepidoptera, = ' was incorporated into the diet when attempts were
nmade to exclude leaf powder; these attempts were a failure
(Chapter III).
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The effects of incorporating cholesterol and g -gitogterol
in the diet of Pierig brassicse L. larvae were examined, since the
mejority of insects have been shown to require a sterol in their
diet. However, no improvement in the diet could be brought about
in the present studies and in fact, a concentration of about 2 per
cent of either sterol adversely affected the growth and development
of the larvae. The lower concentration of 0,2 per cent did not
produce any observed effect, although this concentration was more
or less in agreement with the requirements of other phytophagous
ingects studied in the past (Table 6). The higher concentration of
2 per cent was perhaps an excessive quantity, and the adverse effects
might have occurred as a result of overdoging, On the other hand,
Dadd and Mittler (1065) failed to improve the growth of the aphid
Myzug persicae (Sulzer), with the inclusion of cholesterol in the
diet and, in faet the incorporation of cholesterol suspension
retarded growth. One might expect that in the case of plant feed-
ing ingects § -sitosterol would be of more importance in the natural
diet than cholesterol. However, the present studies have failed to
demongtrate that any benefit is to be derived from either sterocl in
an artificisl diet for this species. Here again one must emphasise
that it is impossible to conclugively prove a negative result using
a diet containing a constituent of unknown composition such as leaf
powder. Conclusgions can only be drawn with confidence on the bagis

of experiments showing pogitive results.
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This argument cen equally be applied to the failure to
apparently improve the diet by including the Ogbourne and Mendel
galt mixture.

It has been shown in Chapter I that although nmutritional
studieg have been carried out on a number of phytophagous insects,
yet there are only a few successful examples in which purely syn~
.thetic diets have been used, all the rest of the findings being
based on semi-synthetic dietse In the present investigations when
all efforts to make a sultable synthetic diet had failed, the inclusion
of cabbage leaf powder seemed the only poseible way in which the diet
could be modified at this stage in order that the larvae could feed
and grows Though it had certain disadvantages, and it was difficult
to egtabligh the role of certain materials which may be present in
the leaf powder and which, if required by the larvae at all, are
only required in very small quantities, nevertheless, it has made
poseible a comparison of the growth and development of larvae on
different diets. The results for sugars, casein end cystine are
conclusive. These substances proved necessary even in the presence
of cabbage leaf powder, since an agar medium containing only leaf
powder failed to support lifes On the other hand, attempts to
replace cabbage leaf powder have failed, although further investi-
gations may ultimately lead to the total exclusion of thig material
from the diete Analysis of the cabbage leaf might be helpful

although this has its difficulties ag outlined in Chapter I and at
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this stage we do not know what vital role is performed by the leaf
powder or its various constituents.

Apart from other considerations the importance of the physicel
sultability of the diet, particularly for phytophagous insects, hag
been stressed by various authorse In the present studies one of
the materials used to give a suitable texture to the medium wag
nutrient agars It was included to make a cohesive diet which was
leasy to handle. Tanton (1965) showed that the consumption of food
inereaged with inereased agar concentration in the diet of the
mustard beetle, the highest concentration used being 6 per cent.

In the present investigation no such correlation could be demon=
gtrated. Other congtituents of the diet were ghown to have a far
more important end over riding effect on consumption, and the
ingects showed little ability to diseriminate between agar concen-
tretiong over the range testeds The concentration of 2 per cent
used in these studies was selected for the advantages gained in hande-
ling the materiel rather than for any mutritional advantage to the
ingect.

The other substance used es a major influence on physical
texture was cellulose which was used in two formg. One fomm was
cellophas, which was incorporated into the diet to give it a leaf
like structure as suggested by Stride (1953), but it proved a total

failure as it abgorbed too much water and the medium dried up very

quickly. The other form, which proved of great value, was celluloge
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powder. The consumption of food on the 'mormal' diet was low
compared with that on cabbage, and the addition of cellulose proved
highly beneficial in increasing thig consumption to the level of
that on cabbage. The significantly lower consumption on the
'normal' diet was perhaps due to the lack of 'tulk' or 'roughage',
a defieclency which was made up by the celluloge powder used at 5
gramg per 25 grams of medium.

The food consumption appears, from the data given in Tables
32 and 33, to be inversely related to the nutrient value of the
diet i.e. the *richer' the diet, the less the mnimal congumes, and
this is a situation with parallels in the field of vertebrate
nutrition (for rats see Plekarska 1964; for cattle see Meyer gt gl.
1956). The relationship ig not a matter of direct proportionality,
however, this being well illustrated by the very marked increase in
congumption when the cellulose content is raised from 4 grams to
5 gramg., There is however an exactly parallel rise in faecal
production, and the total weight of food utilised (i.e. weight of
food consumed = weight of faeces) by larvae fed on the diet con-
taining 5 grams cellulose does not differ significantly from that
utilised by larvae-fed on the medium containing / grams celluloge,
or in fact by those fed on the normal medium.

The fact that the coefficient of utilisation falls in value
when cellulose is added to the diet is thus apparently due golely

to the change in the weight of food consumed, not to any change in
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the weight of food utilised, and this serves to emphasise the
wholly inert role of cellnlose nutritionally. In other words,
it eppears to control only the amount of food passing through the
gut, and does not affect the amount absorbed by the ingect from
the gut.

Some of the observations, however, suggest that the affect of
adding cellulose is a little more complicated then has so far been
.impliad. If the amount of food passing through the gut is contrelled
golely by the animals' need for a given weight of mutrients, the
very gudden increase in food consumption resulting from adding 5
grams of cellulose to the diet rather than 4 grams ig difficult to
explain. This additional quentity of cellulose produced only a
gmall (245 per cent) decrease in nutrient concentration, but an
extremely large increase in consumption. One possible explanation
night be that it is the concentration of individual nutrients which
ig importent rather than the total welght of nutrients. Asg the
medium is diluted with cellulose the concentration of some of the
nutrients, present in small amounts initially, may drop to a point
at which the animal is unable to abgorb them efficiently. On this
bagis one might speculate that the greatly increased food congumption
is the animal's response to this apparent secareity of essentigl
chemicals. Data concerning hoth the nutrient content of the fasces,
and the effect of celluloge on the rate of passage of food through

the gut would be of interest in this connection.
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This, of course, implies a quite different role for cellulose.
Although mitritionally an inert compound in the striet sense it
wonld be playing a nutritional role in influencing the relative
availabllity of compounds required by the ingects One might expect
that as a result the compogition of that proportion of the food
utilised by the larvae would algo be affected by the cellulose
dilution, and in this comnection it 1s interesting to note the
greatly increased weight gain of the larvae reared on the dist cone
taining 5 grams celluloge. Since the amount of food utilised has
not changed as a result of adding cellulose, it geems a reasonahle
asgumption that this increased weight gain must result from some
change in the compogition of the food utiliged. In other worde
one effect of adding 5 grams cellulose appears to have been to increase
the coefficient of growth, with a consequent lowering of the co-
efficient of metabollsm.

If these speculation: have any validity then the mechanism by
which celluloge controls the uptaeke of food by the caterpillar is
not, as suggested originally, a purely physical one, but is partly
at leagt chemical, the mechanism involving not the concentration of
celluloge itself, but the effeet which it has on the concentration
of other dletary congtituents.

Thus it has been found possible to adjust the dlet in order
to achieve & larval inteke comparable to that on cabbage even though

our undergtanding of the underlying mechanisms is very incomplete.
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A good deal of progress has yet to be made before this diet could
be considered comparable to cabbage in other respects. The co-
efficient of utilisation of cabbage is /0.5 per cent for the fifth
ingtar caterpillars, a figure which compares closely with the pube
lighed velue of 4l. per cent for fifth ingtar larvae of Phalera
bugephala L. reared on hormbeam. In the case of the diet con-
taining 5 grams cellulose, only 17.5 per cent of the diet was
‘utiliaed and any attempt to improve this figure had a detrimental
affect on food consumption.

The major requirement here is to incresse the total weight of
food utilised in the diet. The problem, therefore, becomeg much
more complicated since one moves a stage further in attempting to
control not the ingestion of food, but its sbgorption by the larveae.
The coefficient of growth is very much higher on the celluloge diet
than on cabbage and the coefficient of metebolism, therefore, much
lowers The central problem to be pursued in these nutritional studies
hag, therefore, become that of discovering the edjustments which mugt
be made to 2 diet in order to contreol the nse to which the larva puts
the food ingested.

A much greater smount of deteiled information on the quanti-
tative inter relationships of the materials utilised by the mabbage
white larvee ig obviously recuired. The related problem of the
role of leaf powder remaing umsolved and the amthor is acutely aware

of the need for further study of these problems together with
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clarification of many points of detail. Many of the limitations

of this work have been imposed by limitations of time and it ip

hoped to pursue these investigations in the near future.



SUMMARY

1) The literature on nutritional studies on ingects hag
been reviewed and the need for devising a suitable synthetic diet
for these studies has been gtressed. Attempts to produce a
wholly gynthetic diet for Pierig breggicse L. larvae all proved

a failure.

2) After a series of experiments, a semi-gynthetic dict
containing cabbage leaf powder wag evolved, which could support
the 1life and maintain the growth of the eaterpillars. A leaf
powder concentration of 8 per cent or 2 grams per 25 grams of
medium was the mogt suitable, as the concentrations lower than
this produced a very high mortality and the higher ones did not
show any improved effect.

3) Sugars were found to be nutritionally essential in the
diet and out of 18 sugars tried sucrose was found to be the mosgt
suitable as it had a comparatively higher nutritive value in
addition to acting as a phagostimulant. The optimum concentration
of sucrose in the diet was 500 mgm. per 25 grams of medium.

4) In contrest to the previously published data of other
authors, sinigrin - a mustard oil glucoside - failed to evoke any
feeding response in the larvae fed on the semi-gynthetic diet in
these investigations.

92~
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5) Casein wag found to be veluable as a nitrogen source.
Its omigsion produced larvas with comparatively low final welghts
in the early ingtars, and resulted in loss of weight in the fif'th
ingtar caterpillars. A concentration of 0,87 grama per 25 grans
of medium was found to be adequate.

6) The addition of cystine to the diet resulted in a
greater proportion of the larval population moulting and its
omiaaiqn from the diet of the fifth ingtar caterpillars caused
failures in the subsequent emergence of adults from the pupse.
The adults which were produced frequently showed various deformities.
A concentration of 50 mgm. of cystine per 25 grams of medium was
found to be adequate for the larvae.

7) The addition of F ~carotens to the diet retarded the
grovth of the larvae.

2) B vitaming did not produce any observed effect on
larvae reared on the semi-gynthetic diet.

9) The addition of ascorbic acid (vitamin C) to the diet
had an adverse effect on the larvae, producing a high mortality,.
10) A concentration of 500 mgm. per 25 grams of medium of
cholesterol or § -gitostercl adversely affected the growth and
development of the caterpillars, whereas, a concentration of

50 mgm, per 25 grams of medium did not produce any obgerved
effects,
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11) Minerals added in the form of the Ogbourne and

Mendle galt mixture did not produce any detectable effects.

12) & concentration of 2 per cent of mutrient agar helped
in making the diet e¢ohesive and manageable end perhaps provided
a better feeding surface for the larvae as well.

13) Attempts to give a leaf 1like structure to the diet

by adding cellophas were a failure since the diet abgorbed
enoymous quantities of water and dried up overnight.

14) Cellulose powder proved very useful in providing
"bulk' and it increased the consumpiion of food when incorporated
into the 'mormal' medium although 1t lowered the coefficient of
utilisation of food.

15) The absolute weight gains and percentage weight gaing
of larvae fed on diets containing 5 grams of cellulose powder per
25 grems of medium, were comparable with thoge feeding on cabbage.
16) The coefficient of utiligation of food and that of
metabolism on the cellulose diet were significantly lower than
those on cabbage but the coefficient of growth was higher on the
cellulose diet.
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Digsolve 10 grams of sodium molybdate in 150 ml., of distilled
water; slowly add 150 ml, of concentrated sulphuric acid. Slowly
add with stirring 200 ml, of 70 per cent perchloric acid.
Colouz-developing reagents

A freshly prepared solution of diphenylcarbazide, 0,25 per
cent (W/V), in 50 per cent acetone.

Erogedures

1) Weigh a sample containing 150 to 1,200 }*g; of Gr203
into a 100 ml. kjeldahl flagk.

2) Ad@ 10 ml, of digestion mixture and heat for 30 mimutes
on a micro~kjeldahl digestion rack. In the first 15 minutes the
colour chenges from green to yellow or orange.

3) Remove from heat and cool to room temperature.

4) Dilute the digest to 500 ml. with distilled water.

5) Transfer 5 ml, of the diluted digest to a 12,5 ml,
colorimeter tube and add 4.5 ml. of 0425 N sulphuric acid.

6) Add 0,5 ml, of colour-developing reagent with a hypo-
dermic syringe (1 ml, capacity).

7) Allow at least 3 minutes for colour development, and
meagure the absorbance at 540 m M againgt a blank consisting of
945 mle of 0.25 N sulphuric acid and 0,5 ml. of colour-developing

reagent.





