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s ABSTRACT

- The "tobacco horﬂﬁgrm, Manduca sexta, was redred under
laboratory conditions on an artificial wheat-germ diet under
‘:diapaﬁse-averting énd diapause-inducing phbtoperiods; Two
types of fluorescent light sources {Indersun and Blacklight
blue) were used for each of thé photoﬁeriods.- Ogservations
were madé on larval growth, pupal wéight and selected biomo-

. : v -

lecules. Proteins, free amino acids and%¥sugars were charac-

terized"in‘thecSthAlarval and pupal instars. Osmolality of

< .
the hemolymph was alsoc monitored as a.function of-the exper-

imental regiﬁeg used in this study.

- The results demonstratefthat diapause-inducing photoper-
.iod eombined with Blacklight 'blue- proﬁote maximum larval
growth 'as compared to other .rearing conditions. -Pupal
weigh. is significantly ingi;enced’by photoperioa. Pupae in
diapadse (short-day photoperiod) are heavier than their non-~
diaﬁause‘(long-déy photoperiod) counterparts,

&he age of instar is the determining factor in:&gfluenc-.
ing the pfétein concentration .of the he@olymph,of.g. sexta.
,Protein concentration of .the hemolymph generally. rises
throughout the érogression 0of the 5th larval instar, falls

at molting and early pupal.life, followed by a rise'uhder

non-diapause conditions and a decline under diapause condi-

- iv -
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tions. The gqualitative distribution of hemolymph proteins

in M. sexta is variously influenced by photoperiod and light

*.quality as evidenced in terms of the concentration of bands

 detected in the hemolymph.

The light quality regimen}zas slightly modified by using

filters and free amino acids jwere then determined from the

hemolymph. Serine, glycine,.}Qlutamine,--alaninetf proline,
ofnithiné and citrullihe{shdw changes in response to ph;to-'
_ periodic diapause induction in M. sexta. Particularly, lev-
els of serine were.highe;“in diapause—_p}ogrammed inseété.
Arginine and_lysine‘were influenced by light guality. Lev-
els "of arginine and lysine were higﬁe? in the early pupae

reared under LD and SD IND-UV conditions.

Levels of treha;ose and glucose 'in the hemolymph of

i

M. sexta were monitored using HPLC. The results show that,
_trehalose levels‘in:the heﬁdlymph were cohgisﬁently higher ~
Min diapaﬁse-pfogrhmmed tobacco hornyorms: but also show vay;
iations with respect to  light quality. Glucose lévelé in
the heﬁélymph chanée‘ with rgspect to the age 6;’ instar’. '
Levels of glucose fall by the end of the 5th instar, rise-@n
the early.pupae,and again decl;ne.in the late pupae._
Chﬁnges in the osmolglity values'ofrﬁhe hemolymph of -
M...sexta do not ref}ecf the -changes in .the biomg%gFules
characterized in_this'étudy in response’ to various rearing

conditions since factors such as metabolites and other com=-

ponents of the heéemolymph were not characterized.

-



_ Thls study has ?emonstr@ted that light quallty is an
7. EX

; 1mportant dimension of 1nse€t photoperlodzsm and dlapause
’r-‘\ 1 . *
N phy31ology of 1nsects This" work adds a new dlmen51on to

our understandlng of the llght requlraments of 1nsects.

- i -
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* Le sphynx du tabac, Manduca sexta, a été élévé en labo-.

r

ratoire sur un régime artificiel a base de germe.de blé: On -~
: A

* \\‘ - kS J—
s e s .- .t . b .
a utilisé deux photopériodes, une prevenan} la diapause ‘et =~
1} . . \~""-|\_'r/‘
1'autre la favorisant; et deux types de lumiére fluorescente
.

(Indorsun et Blackiight blhe). Cn a é£udié le développgment
des ;arﬁes, mesure le-poi@é des pupes et observé certaines
Biomolécules. Les protéineé, les aciégs aminés lib;eq.et
les sucres ontlété.caracﬁé:isés dans l'hémolymphé des ' larves

de Séme stadé et des pupes. L'osmolalité dé'l'hémolymphé a

¥ . . L3N

eté aussi caracterisée . en fonction des conditions
éxpérimentales.

Les résultats . démontrent que la photopériode favorisant

la diapause combinée avec la* lumiére ' Blacklight blue a

favorisé le développment larvaire de M. sexta au .maximum.
: - *

Le poids des pupes a été influencé significativement par la

photopéfiodé. Le poids des pupeé en diapause était plus

élevé Qué celles qui ne l'était pas.

L'age du stade a été le facteur détérminant envers la

gomposﬁtion des protéines de 1l'hémolymphe de M. sexta. 'Lgs
protéines de 1'hémolymphe ont été généralement abondantes
durant le 5eme stade larvaire, elles ont diminuées a 1ajﬁue

larve-pupe pow ensuite,iggmenfEE’sous des conditions d'ab-

- vii -
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isence de - dlapause alors qu' an observalt une réduction sous

”

f‘&es condltlons de dlapause. Le distribution qualitative des

protelnes de 1' hemolymphe de M. gexta a ete 1nf1uencee par
la photoperlode et la quallte de la lumlere comme l 1nd1que

Iéi concentratlon ~de Dbandes prote1ques detectees daps

1' hemolymphe i ‘

On a modlfle la quallte de la lumlere a1’ aide de fil-

o

tres aprés quoi on a.deéterminé le profil des acides aminés

.

‘libres de 1l'hémolymphe ‘de M. sexta. La sérine, la glycine,

la glutamine,.'l'alanine, la proline, 1l'ornithine et la

citrulline ont réagi a l'induction de 1la diapause. pho-.
. . 4

-

topériodique chez M. sexta. Les niveaux de serine ont été

particulierement élévés sous des conditions de diapause.

o

Py
L'arginine et la lysine ont été plus élevés dans les jeunes

pupe% élevés sous des conditions LD et IND-UV.

]

Le composition du tréhalose et du glucose dans
/‘\ .

L'hémolymphe‘de M. sexta a ééé déterminée fpar 1'HPLC. Les™

résultaés_indiquent gue la concefitration tréhalose dans
1'hémolymphe a été élévée sous des condi ions de diapause
provoqueée; cepéndant les niveaux de tréhalose ont également
changé en fonction de la gqualité de la luwiére. La concen-

tration du glucose dans 1l'hémolymphe a varié en fonction de

l'age du stade. La concentration du glucose diminué a la

- fin du 5éme stade, augmente au debut du stade pupe et dimi-

nué a nouveau vers la fin de ce stade.



e
.
N
s
ap
1]

Les variations dans 1l'osmolalité de 1'hémolymphe de

éfM sexta ne reflétent pas lés changeméntS‘dé biomoléculesr'

l

caractérisées dans cette etude en fonction des condltlons
4’ eleqage puisqgue les dlfferents metabolltes et autre compo—l
santes de 1' hemolymphe n'ont pas ete etudles
3

Cette étude a demontre que 1a quallte de la lumiére est
une importante dimension du photopériodigmé cbez:,kéé
insectes et pour la physioldéie de 1a diapau8q. lCe fraéail
ajouté une nouﬁelle dimension a -notre “compréhension ' des

T

besocins en lumiére des insects.

5 '
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Chapter I

INTRODUCTION .

A
The -@ffects of light and photoperiod on, insect develop-
.

ment have been extensively'investidated 'yet not much 1is-

~ known about the fundamental changes that occur ‘at-.the hemo-

lymph level under various 1light regimes. The 'predlctlve
rather than indicative nature of - the action of photoperlod
on the developmental pattern of insects is of partlcular
51gn1f1cance with respect to fgrecastlng upcomlng unfavora-

bleveﬁvironmental conditions. This makes it neéessary‘for

the animal - to adjust its behaviour and physiology to an

u

" optimal state which will: help survival as’ well as ensure

successful adult emergence and hence reproductlve success.
This can be achleved by behav1oural adaptations such as bur-
rowlng in the scil and by metabollc_adaptatlons. ’

The present study was undettaken‘ te elﬁcidate' the
effecte of diapause—indgcing and developmeht-promoting pho-
toperiods on some‘Vitel biomelechles_euch as proteine, free
amiho_ acids and sugaxs in the tobacco hornworm, Mandu-
ca §g§t§ (LepidottétaL Sph&ﬁgidae)“ It wa; expected that
photopericd, by virtue of its pregg;}ive clue for anticipa-

tory regulation in M. sexta, would bring about physiologieal

N

_changes in, these biomolecules and thus additional informa=- -



2
tion would be generateé‘on.the‘ohysiological aspects of dia-
pause in thié.species  Aitﬁoogh a lot of .information is
avallable on the phy51ology, biodhemistry and endocrinology
of non- dlapause tobacco hornworms and on the_endocrlnology
of diapause in M. sexta, there have been,surprlslngly no
reports on ot;.her aspects of ‘diapé.l:tse physiology of this
insect épeoies?

Another  dimension of the photobiology of th insect
considered io this study. was light quality. Most ph toperied

controlled experiments done in the laboratory use fluores-

_I -,, '

o cént lighting as the sole source of illumination, a source
‘which varies widely, with respect to spectral quality and
ihtonsity from solar light. Hehce, a oolar Simulating light
was compared w1th an ultraviolet emitting light source in
experiments to study the 1nfluence of light guality on some
_physiological aspects of M. sexta.

The information generated by lthis thesis should %;ve
some idea of the physiological-e§fects of photoperiod and
light quality .and help elucidate the effecfs of light gquali-
ty in this process.

The objectives of this study were, therefore, to deter-
mine the effects of (a) non-diapause and oiapauseﬂinducing
photoperiods and (b) light quality on the growth of M. sexta
and morg specifical%y oovvariations io#protein, free amino

acid and sugar levels.
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. Chapter II
v :
- _ LITERATURE ?ééIEW

'Light-ismghg most i@portant environmental ‘factor, after

~foeod, in controlling bodily functions of many organisms.

Some animals have an absolute requirement for light and its
various facets lik?//fafé sity, periodism and quality in

order to sustain develqpmenq and reproduction. This is par-

tiéularly true for insectéf(Beck, 1980) and birds (Menak-

er, 1972). On the other hand, animals that live in complete

darkness are not equipped to cope with direct solar radia-

tion. -~ .

-

Insects yéry in thelr photoresponses’ because. of their

- ecological diversity (Philogéne .and Mcleil, 1984). Depend-

r

on their respective niches, even insects from closely

.P (% .

- related taxa may have very different light requirements.

2.1 Artificial Light
Although the sun is a good bright source of visible

radiation, for practical reasons, artificial light =sources

L

such as_iﬁcandescent, flucrescent, and arc: lamps are best
suited for experimental work. The informatidn available,

today. in ‘insects' réaction to light is largely base?. on
experiments using artificial sources of lighf, particularly

hl

.
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in photoperiod controlled experiments ‘(Philogéne qné

a

Mcﬂeil, 1984). Fluorescent lamps are wideli'ﬁsed for.illu-
mination, which, with respect to spectfal‘quality and inten-
sity differ widely from solar light. However, the dissimi-
larfty_between normal and artificial light'has far-reaching
conseé{zences'_ for the interpretation an?xtrapolation ‘of

expériments carried lout with incandesceft and fluores®ent

‘light séurces (Shields, 1980). Yet experimenters generally

fail to.chafacterize the spectrum of their light ' sodrce or
the energy flu*‘(PhilogéneL 1982). Thus, it is necessary
thaf.light quéiity apd intensity of the artificial light
source should ot be ignored as the 1atte;'s effects,on pho-
torespoﬁses at the behavioral, ph&éiological and.bioqhemical

levels are largely -unknown. Even within the types of

" fluorescent lamps available to the experiﬁentorh the spec-’

-tra]‘output of different fluorescent lamps 1is quite differ-
ent. The spectral biases of some fluoresgent lamps available -»
in ;he market are shown in Eigure 1. Recently so%e manufac}
turers have developed fluorescent lamps éhaf qén siﬁg;éfe,
to some extent, natural outdoor light. For example, Vita-
ﬁite (Dgro-Test Corp., North Beréen, N:Jﬂ) and Ihdorsun

F20T12/1DS (Verd-A-Ray Corp., Hightstown, N.J.).



Figure 1: The spectral distribution of scme fluorescent light soufqes.
(FranThams and Philog2ne, 1979).
A: Natural light, eompared with fluorescent lamp.
B: Blacklight blue fluorescent.
C: Daylight fluorescent.
D: Cool White fluorescent,

The spectral distribution of Indorsun fluorescent is not
available. -
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2.2  Influence of Light on Insect Developmené\' '_‘é

_InsectSJpqssess photoreceptors_such a5 the unicorneal

" simple eyes (ocelli and stemmata) and the compoﬁnd eyes.

But extraretinal photoreception is also presént such as the
neurosécretory cells of various pgrts of the brain,.the sub-
oesophageal ganglién and the abdominal ganglia - (Saun-
ders, 1982). Pigménts sﬁcﬁ‘ - as carotenoids,‘ caroteno-
proteins, flavins a;d polycyclic éuinoneS' have been
imﬁlicated in eﬁtraocular photoreception (Philogéne and

McNeil,\1984). Action spectrg-spudies”have—shown‘that these

compounds are generally most sensitive~}o the blue portion

. 0f the light spectrum {(Truman, 1976; Lees, 198l1). Spectral
. )‘ . .

"sensitivity for the photoperiodic response has been reported

in many' insect species (Saunders, 1982). Most terrestrial
insects are subjetted to the presence of light thrbughout
their life cycle. Light periodicity‘(photdperiod); quaiity,
and intensity have been shown to affect insect deﬁelopment
in various ways, althSLgh very little work has Been'done on
this dspect.‘of rnsecf physiology... Most evidence on the
effects of light én insects avallable to date concerns
iqsect photoperiodism and details pertaining to the circ;di-
an rhythms and bioiogiqal clocks (Beck, 1980; Saun-
deéé, 1982). .
Photoperiod comprises a period of illumination, the pho-
tophase, followed by a period of relative darkness, the sco- .
tobhasé, measured as the number of hours and. minutes elaps—

ing between sunrise and sunset (Beck, 1980).
. s, - .



2.3 Diapause | |

Diapause may be defined as a state of arréstéd develop~
ment usually.athspecies specific sgageg in thE‘iﬁsect‘E_life
cycle, the onset of which is bréﬁdht about by the environ-
mental faetors which, although signalling the‘appréach of
.unfavorable conditions, are not, fin "theﬁselves adversg
(Saunders,_1982). "It is thus é case of anticipatofy'régula-
tion (Philogéne, 1983). | |

Although many definitions of diapause have been coined
(Wheeler, 1893; ﬁénneguy, 1904;-Shel£ord, 1929; kay, 1962;
Muller, 1965, 1970; Mansingh, 1971) there has been much

confusion about def&ning the phenomenon;ﬁPhilogéne, 1983).

Shelford's (1929) definition of diapause as the spontaneous’

1

arrest in developmentfwhich doés not respond. immediately to

a change in the environment and the term 'quiescence' for

cases in which development is temporarily inhibited due to-

immediate unfavorable environment has found some acceptance

and use (Andrewartha, 1952; Danilevskii et al.,1970 Har-

vey, 1962; Lees, 1956; Tauber and fauber,'1973, 1976{ deW~
ildé, 1962). However, Shelfofd's dgfinition is actually
inadeqhﬁte (Phiiogéne, 1983). |
On.the.othgr hand, guiescence is the state of dormancy
directly imposed by _the adverse conditions, and recovery
occurs soon afpe;. these restrictions are removed (Saun-

ders, 1982). - g

o



2.3.1 . Factors ImMducing Diapause

-~

2.3.1.1 Photoperiod

The major factor inducing diapause is photoperiod. Beék
(1980)‘has classified insect diapause intohfouf broad caﬁ—
egories depending on the ;ype of diapause induction curve
they exhibit : Type 1 or long-day resﬁonse; Type Il or the
short-day response; Type III or the short-day-long-déy
response and nge IV or the ab;;n;e of.diapause gver a very
restricted range cf long photophases. -

. Anéther factor which seegs to be neglected in ﬁost stud-
fes dﬁ‘Qiapause ﬁs the spectral quality of light. Most pho-
topericdic experiments condycted in the laboratory.use arti-
ficial lighting which, adg described earlier, with respect to
épectral .quality and inténsity differ widely from solar
light: Light quai;ty has ﬁeen shown to have an influence on
insect diapause. Kogure, aé early as 1933,  reported that
98% of adult silkworms, raised ﬁhder the influence of blue-
violet radiation (350~410 nm) léid diapaﬁse eggs. Recently,

Thoms and Philogéne (1979) found that in the cabbage white

butterfly Pieris rapae, léng photoperiod diapause (15L:éD)

‘can be completely averted under high ultraviolet light con-

ditions.

o
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2.3.1.2 Temperature

4

~insects is temperature (Beck,”1980). Temperature exerts a

two-fold effect on diapause induction, depending on whether
' - |

it is constant or fluctuating through a daily cycle. At con-
stant environmental temperature, the& critical daylendth dis-

played by populations of experimental insegts is changed

.depending on the.temperature employed. The ®xact effects of

different constant temperatures on critical daylengths dif-

. fer widely among species. The diapaus espense may be

eliminated" at high temperatures wpile temperatureé

!

exert an 6pposite effect (Saunders, 1980). Ctn the other

, very few insects experience constant temperature con-
ditions within their natural environment. The envﬁronmental

. . ) . . ",":' )
temperatures tend to fluctuate through a daily cycle and the

substitution of thermoperiodic signals for photoperiodic

signals or the interaction between the- -two has been shown to *

influence diapause induction in some insects {Beck, 1980).

2.4 Physiplogy‘of Diapause

< -
-

2.4.1 Insect Growth and Development in Relation to

Diapause .

!

The effects of diapause-inducing photoperiod on insgét

growth and development has been studied by many workers

(reviews by Beck,-lQBO; Séundérs, 1982) .+ Relatively slow

_

growth is freguently associated with diapause programming

The ' other factof_ inflﬁﬁifing diapause induction in
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photoperiods, but as Beck (1980) has pointed out, there are
. many exceptions tp warrant any generalizétion.. Thus, under
diigausenindhcing phdtbperiod, that is, short days, larval

development of the viceroy butterfly, Limenitis archippus is

much - slower °as compared' to their nqn—diapause programmed
counterparts (Clark ahd Platt, 1969). Similar results have
been obtained for the flesh flies, Sarcophaga spp. (Denling-
er, 1972 A'Saunders, 1972y, the rice stem borer, gg;;

lo suppressalis (Fukaya apd Mitsuhashi, 1961), "the redbanded

leafroller, Argyrotaenia velutinaha (Glass, 1963}, the cabQ
He ' g ‘ . .
bage butterfly, Pieris brassicae (Clare 68} and the sun-

flower moth, Homoeosoma electellﬁm'(c ippendale and Kikuka-
wa, 1983). ©On éhe_other hana, diapause-inducing short-days
héve been shown to hasten development in insectg such as the
southwestern corn borer, Diatraea grandiosella (Kikukawa and

Chippendale, 1983), the tussock "moth, Dasychira pudibunda

(Geyspitz, 1953), %the wébwqrm, Crambus tutillis (Kamm, 1972}

and the odonatan, Tetragoneuria cynosura (Lutz, 19?4):

Moredver, insects whose life cycle include a facultative, -
phdtoperiodicaily induced diapause display unaffected growth
irreéﬁebtive of .photoperiod‘ (Beck, 1980). This has been
reported in insects such as the tobacco zhornworm,- Mgggg-'
gg,ég&;g (Bell gﬁ al.,1975). . Photoperiod'(short—dﬁys) may
accelerate larval growth in species in which diapause }s
oblibafory, that is, not induced' by photéperiod

{Beck, 1980). The relationship' between diapause-inducind

4
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photoperiocd and grcwth is far from clear. That photoperiod

can act on developmental rate, independently from diapause

‘Hihduction has been Egown in the flesh’ flies, Sarcogha-'

w

. ga argyrostoma (Saunders, 1876). The spec1f1c physloloqlcal

mechanlsm(s) by which diapause-~inducing or dlapause avertlng

L

photoperlods can influence developmental rate remalns to be
‘." { N

researched
k.

Although . studles have been 'done oh' theﬁ:

1

. of

dlapause 1nduc1ng photoperlod on the developmental r te of

insects, very few studies have concerned themSelves with

-

growth and development measured, in terms of welght galn.
This is important because rate of weight gain is a good
indicator of growth (measured as live weight). Parameters’
such as the number of days regquired to attain a specific
growth stage and the number of.ihsmars‘occurrlng in a Eéfé'
ticular stage may not be adequate to“represent growth.

*Thus, the full érOWn pre-dlapause larvae of the sunflow-

er moth, Homoegsoma electellum are reported to be signifi-

cantly heavier than ‘the egquivalent non-diapause larvae
(Chippendale and Kikukawa, 1983), but thic effect in the
former 1is achieved by a decrease in the growth rate.
Di apause-programmed larvae of the cabbage butterfly, Pier-
is brassicae are heatier than their non-diapause programmed.
counterparts (Claret, 1968), and this is achieved by length-
ening of the 3rd and 4th larval instarns. Obviously, this .

-

3 . .
aspect of insect development needs careful examination.



{Agosin, 1978).

. & " '
2.4.2 Proteins din Insects . ' S o

.

Proteiss .are the most abundant organic molecules in

-cells, bonstituting 50 per cené or more of their dry weight.

Insects contain a variety of proteiﬁs in their hemolymph and
tissues which have been studied extensively in attempts to

relate their presence to particular events in the ‘insect’'s

-

life cycle, The literature on insect hemolymph"has been

very* well reviewed by Wyatt (1961,1480), Gigzﬁrt and
),

Schneiderman (1961), Florkin apdf;Jeuniauk (197 Agosin

wh

(1978), Wyatt and Pan (1978), and Hagedorn- and Kunkel

(1979). .The physicochemical- properties of wvarious insect

‘proteins have been described ana_with the advent of sensi-

tive and efficient analytical technigues, much brogress is

being made in éharacterizing the proteins fdéund in insect -

hemolymph énd tissues. Sqmé of the well characterized
insect .proteins include various . contractile protéins,
fibroins,-integumentar& proteins, collagen, chroﬁosomai pro-
teins, iqterstitial proteins, carrier prote?hs, storage pro-
teips, vitellogenins, enzymes and some peptide "hormones

¥

Thes protein content of the hemolymph, both guantitative-

ly and qualitativély, has been a subject of many extensive

'

investigations (Wyatt and Pan, 1978).> The number of differ-
ent protein fractions is highly wvariable, according to the

species, paste:(Lue and Dixoh, 1965), sex (Stephen and Ste-

inhauer, 1957;7Kﬁlkarni'ahd Mehrotra, I970), diet (Bodnaryk . -
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and Morrison, 1966;. Dahlman, 1969); lsta'rvation (Feir and
Krzywda, 1969) end ontogenetic Tetage' (Florkio and Jeo-
nlaux 974) Much of rhe‘work done in Lepidoptera'ie on.
Saturnlldae and the results indicate that the total proteln
content of the hemolymph 1noreases durlng the successive
larval stages, but is decreased in the adults These chang-

1
k)

es .have been observed in electropherograms Aas an increase in .
J

~the number and concentrat1on of discrete bands whlc}@ach a

maximum in the pupae. . Some modification due to the larval-
molt cycle have also been reported by Laufer {1960}).. ‘
Chippendale (1970):reported that the pretein concentra-

tion of the, hemolymph of the southwestern corn borer, Dia-

traea grandiosella increased markedly during: the last two

larval stages before falling sharply doring“-the ~pharate
puﬁal stage before declining at the onset of‘metamorphosis.
The "fat body and midgut are major larval tissues that are
capagle of high rates of protein syhthesis and both‘have
large :surface areas exposea. to hemoiymph‘.for chemical

exchanges (Chippendale and Kilby, 1970)? Similar results

have been reported for the fifth instar Bombyx mori® and Man-

duca sexta larvae (Wyatt et g; 1956 Dahlman, 1969).

The existence of cyclic changes in hemolymph proteins
due to molting is a characteristic feature of insects. A— "
regular increase in the number of protein fractions in the

pharate stage and a reductlon after. moltlng have been -

observed in the tomato hornWOrm, Protoparce quinquehaculata ~

¥ ' -

 J
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in the 3rd, 4£P and Stﬁ‘larvél iﬂs%ars (Hudson,jigss). USpe-
ciflic i~ﬁstar proteins have been re.por't.ed. in a ﬁumbér of
insects.(Lbﬁéhton and Weét, 1865). Also, specifi& larval
stage proteins are known to occur; for example, calliphorin

.in the’ blowfly, Calliphoré erythrocephala (Greville

et al.,h 1967 Munn ard Greville,J1969), manducin in the

tobacco hornworm, Manduca sexta (Kramer t al.,1980) and

arylphorin in the giant silkmoth, Hyalophora cecropia and

the silkmoth, Bombyx mori (Tojo t al.,1978,1980 Ielfer

+

g; al.,1983). The synthesis and uptake'of storage proteins.

hl

have been shown to be under hormonal control (juveniléfhor-‘

mone and ecdysone) in some insects (Butterworth et al h1§79

1 -

Sass and Kovacs, 1980). ‘ y -

2.4.2.1 Proteins in Relation to Diapause

r

Appreciablé stabilityfin the protein composition of the
hemolymph‘is typical Qf insect diapause. - Telfer and Wil-
liams (1953,1960) found that there was very little change in

the proteih' composition of the heﬁolymph_ of .Hvalopho-
ra cecropia pupae in diapause. They observed a lower incor-

poration of labelled glycine into the hemolymph proteins of
)diapause pupae than into that of developing adults. Their

results suggestéd that amino acid incorporation of the pupae

.

in diapgﬁse was either in equilibrium with protein degrada-

‘tion, ‘or that it resulted from energy-reguiring exchange,

. Ld
—

reactions (Chipﬁendale'and Beck, 1966). Consistency in the

protein compoesition of the hemeclymph was also reported in

b
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the pupae of Pieris brassicae (Chippendale and Kilby, 1969),

and pfepupal Ostrinia nubilalis in diépauée {Chippendale and

N

Beck, 1966).
. It is interesting to note éhat RNA anq protein synthesis
declined du;ing the .first two weeks of diapause in helioth-
is zea pupae, but only RNA synthesis increased during sus-

tained ‘diapause (Keeley, 1983). In c¢ontrast, protein

‘synthesis was low throughout diapause and increased in cor-
i

.
-~

‘respondence with diapause termination. - Keeley (1983) sug--

gested that  biosynthetic processes were suspendéd at the

trénslational level éuring diapause ih g.'ggg, whereas the
N . .

capaciﬁy for traﬂgcniptional‘activitieé were only briefly

interrupted sﬁbétly-éftef‘pupatioﬁ, then continued at an

only " slightly reduced level during the remainder of dia-

pause. . .

bl

In 'the;;diapause-programmed third=-instar larvae of the

Ylesh fly, Sarcophaga crassipalpis, hemolymphqprotein con-

‘centration was nearly twice as high than in non-diapause-

programmed larvae of the same age (Adedokun and Denling-

“er, 1985). .They suggested that these differences in protein

synthesis or storage were liﬁked to the developmental fate
o - ‘ . r

of the larvae. Luzev and Belozerov (1278) reported that

there was an increase in the concentration ¢f hemolymph pro-

"

teins .as well as an increase in the density. of many protein

fractions in the pine moéh, Dendrolimus pini larvae toward

the.end of pre-diapause development.“ With the onset of dia-
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pause, there was a stability of the prétein profile, which .

remained conqtaﬁt "throughout Jdiapause. 'dMoreover; theéé'

authors reported that the coﬂcentr tion of proteins in the

hemolymph f%creased appreciably during diapause. Luzev{and

‘Belozerov (19;8)' attributed this £o cessation of~ larval

growth during &iapause aﬁd the-asséciated inﬁibition of pro-
tein utilization in the hémolymphidf D. pini larvae.

Specific diapause associated éroteins have been reported

in some insects in diapause. Three diapause:associated prof

teins have been found in the females of the Colorado potato
. RN » S

beetle, Leptinotarsa decemlineata,;an insect with adult dia-

pause (deLoof and deWilde, 1970). Recently, a dominmant fat

body protein has been associated with larval diépause in the

southwestern corn borer, Diatraea grandiosella (Brown and

Chippendale, 1978). This low molecular weight diapause-
associated protein was found to be a single peclypeptide
chain with compact globdlér structure (Dillwith and Chiﬁpen-

dale, 1984): A dominant soluble protein in the hemolymph of

diapause larvae of the codling moth, Cydia pomonella has
been‘reborted by Brown (1980). -

In the ccdiiﬁg moth and the Colorado potato beetle, the
diapausenaésociated proteins were shown to be controlléd by
photoperiod (Brown, 1980; Dortland, 1978). gurthermore:
data suggests that in the Colorado potato beetle, the south-
western. corn borer and the codling moth, regulation of
dia;ausé-associated proteins is mediated by juvenile hqrmoné

(deLoof, 1972; Erown, 1980; Yin and Chippendale, 1976).

e
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- ..* The primary functions of diapause-associated proteins _
are storage reserves (Brown, 1980;. Dillwith and Chippen- .

aale, 1984; Turunen and Chippendale, 19%9), maintenance and 1;‘
rebﬁlatfon bf diapauserxas a juvenile hormone binding pro- a
tein){Brown and Chippendale, 1978; Turunen and Chippen-
dalg, 1980), and as antifreeze énd nucieators-(Horwéth andﬁ
thermal regulation of_the latter have been sho&n'in Meracan-
tha contracta (Duman, 1977), Teﬁebrio mol;tor {Patterson and

: / .
Duman, 1978) and Dendroides canadensis (Duman, 1980 Horwath

and Dhman, 1983).

A

2.4.3 Amino Acids in Insects

One of the characteristics of insect;héﬁolymph is ité
high concentration of free amince acids. In fact, insect
hemolymph ceontaing more aming acids than in any othér animal
studied so far (Mansingh and Bagaya, 1971)5F'The term "ami-
noacidemia" has been used in thefliterature to aescribe this
characteristic of insect heméiymph (Duchateau and Flor-
kin, 1958). This aminoacidemia is especially pronounced in
the ordef Lepidaptera'(Florkin and Jeuniaux, 1974). Pro-
line, glutamine and c¢ne of the positively charged amino
acids=(a;giniﬁé, histid;ne and lysine) are usually present
in high titres in the Hémolymph of holometabolous insects
(Florkin and Jeuqiaux, 1974; Jungreis[ﬁIQBO): Although the
major.function of free amind acids is in prdtein synthesis,

ra

it ‘is evident that they may have other important roles to
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play because; for the most part, the supply of free amlno

acids is in- large excess of the demand for them (Florkln and

AJeunlaug, 1974). Amino acids can Be important in various

aspects of intermediary metabolism in insects.
N ' . : ‘ o . -
Free amino acids such as arginine may function to store
energy in the form of the phosphagen, arginine phosphafe in

some insects whén it a&cepts a. phosphate group from ATP

"' (Corrigan, 1970). 'Tyrosine serves as a precursolr for com-

pounds which are involwed in sclerotization and meLanization
of the cuticle (Richards, 1978). Glutamate and ¥-amino
butyric acid {GABA) are putative transm;rters at the insect
neuromuscular Junctlon (Pichon, 1974). Glyc1ne and some
other amine ae¢ids have been 1mp11cated in detox1f1cat10n of
Xenobiotic acids ' by conJugatlon (Dauterman 'end hodg-
soh, 1978). Proline has been 1mp11cnted in energy produc—
tion (Bursell, 1978;‘Sacktor 11976)

. Buck (19&3) has“suggegted that amino acids might‘make a
small,eontribution to the buffering capacity of the insect

-

hemolymph ‘but histidine is the orl; amino ac12 whlch may be

,glgnlilcant buffer in the physiological pH range (pH 6= B)

(Lehringer, 1975). Amino acids may also be involved in osm-
oregulétion' in some aguatic insects (Buck, 1953;
Moens, 1975). An inverse relationship of flectuations in

the hemolymph concentration of free histidine,and the seri-
cigenous amino acids such as glycine, asparagine, glutamine,

serine, threonine and proline during silk spinning.gn the

[

I

Lt
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silkworm, Bombyx éori, haa'beenjEuggested to maintain the
osmotic pressure of;the hemolympn at a.fairly constant level
(Jenniaux, 1971). . |

The free amino acids of inseet hemolymph are in a‘dynam-
ic.state influenced by demand and supply. Jungreis (1980)
has stated that amino acids in the hemolym;h are regulated
and that although some amino acids such as hlstldlne appear
to be "stored" in the hemolymph, most are” dynamically main-
tained. ‘Rapid exchange of amino ‘acids must.” occur Eetween
those presént in 'the hemolympn and those localized intracel-
lularly (Jungreis, _1980). . In general, arginine, histidine,
isoleucine, leucine, lysine, methicnine, phenylalanine,
threonine, tryptophan, and valine‘age essential and must be
‘Present:in the diet of insects (Corrigan, . 1970). The non-
essential amino acids can be synthesized by the insect in’
‘sufflClent quantltles for normal growth and development.

Attempts have been made to relate free amino acid titres
in the hemolymph or the body of insects to factors such as
developmental changes _ hler et .ai.,1971), *the formulation
of chemical based tissue culturexmedia for insects (Ste-‘
vens, 1961), the determination of an insect'e”physiological
condition {Pickett and Friené, 1966); Jthe féie' of amino
ac1ds in the blood osmotic pressure regulatlon (Leader and '

Bedford, 1972) and to insect taxonomy and phylogeny (Sut~
cliffe, 1963).



However, the significance ofuhigﬁ coécentrati&n of free
amine acids in;inseét hemblymph is still not fully under-
stood. ' The titres of free amino acids in the insect hemo-
lymph are maintained in a dynamic state not only by supplf
.and demand but also by_intefcogversion betweeﬁ farious amino
acids in fhe heﬁolymph. A homeostatic mechanism fo}.the
main?enanée of the hemolymph-free-aminoracids has been sug-

.gested by some authors. Recent -evidence includes that of

Bosgquet (1977) on the saturniid, Philosamia cynthia walkeri

and of Collett (1976) on the blowfly, Callipho-

ra §£ythroceohala. Hemocytes have also been implicated in

the homeostasis in regards to plaéma glutamate and aspartate
S b -
in the blowfly, C. vicia (Evans and Crossley, 1974).
S
some insects, the total concentration of free amino acids

.In

declines. during larval devélopment while in others &t is

maintained at a relatively constant level (Chen, 1971). In

insects, the excess nitrogen must be excreted or stored in a
- - .

non~toxic form, and uric acid is the major end product. of
nitrqég; metabolism. Ammonia, urea and amino acids may also

be excreted by some species (Bursell, 1967; Cochran, 1975).

2.4.3.1 Amino Acids in Relation to Diapause
The levels of free amino acids as a causal factor in, the

initiation or termination o£ diapause have been taken into

consideration in at least two studies. Wiygul et al.(1974)

stated that adult boll weevils, Anthonomus grandis grandis

fed on cotton bolls had higher levels of certain amino acids

»
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than had those that had fed on cotton squ;res. Because
boll—feedgng contributes té diapauéé~ initiafion (dietary
effect)(LloyA‘gg al.,1967), high levels of these anino acids
were implicated in diapause initiation. .In an&ther report,
MacFarlane and Hogan (1966) stated that the levels of gluta-

mine increases 'in thé-diapausé eggs of the cricket, Teleo-~

gryllus commodus following -diapause development- accelerat-

ing treatments of ammonia or expoéu;e to 12 °C. This led
Fhem to sugqest that glutamine levels were criticéi for dia-
ﬁause termination. ' -

Amino acids might play same special role.in the surviﬁal.
of insects in diapause. LaFage et al.(1974) reported that
the proportions of mahy‘amiﬂo‘acids in,whole body hydroly-

zates of diapause and non-diapause larvae of the pink boll-

-

worm, Pectinophora ggééygiglig, were significantly differ-
eﬁt. E?S?e authoré_suggested Ehat amino ;cids are involved
in somé ;épect of diapause-phy;iology, perhaps in ehergy
production. Duchateau .and Florkin (1958) conducted micro-
biological amino-acid determinations‘oﬁ the hydrolyzed dig-
lysate of the hemolymph of many insects and conciuded that
there was le;s variability ;p the levels of amino acids in
the hemolymph df diapauSg pupae of aifferent species. than
there was in that of.nog-diaﬁaﬁse (growing)'l;rvae.

The titres of alanine in particular were gquite variable
among pupae in diapause. Somme (1966, 1967) reporéed that

alanine accumulates during low temperature storage or during

-
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anoxia in several insects including diapause larvae of a

'qrain moth, Nemapogon ﬁersonellus and diapause pupae cf the

cabbage butteffly,.Pieris brassicae. Mansingb (1967) deter-

. ‘'mined the concentrations of free amino acids in the various

developmental stages of both non—aiapause and diapause pro-

grammed Antheraea pernyi and reported that only proline and
histidine differed in their paftern of qﬁantiﬁative‘chéﬁgés

during the metamorphosis of non-diapause and diapause gener-
ations. Although histidine was at its:low' level in non-
diapause pupae and proline was lower i the non-diapause

pupae than in the.pharate adults, both of these amino acids

increased during diapause. Levels of alanine, arginine,

glutamine, lysine and threonine also increased during dia-
pause. The increase in alanine and proline accounted for

thezmajor portion of the increase in the total freg amino

racid concentration. Mansingh °~ (1967) suggested AFat™ the

increase in alanine was a result of anaerobic metabolism.

Accumulation of alanine in. cold exposed insects in dia-

pause has also been reported (Morgan and Chippendale, 1983;

Hansen and V4ik; 1975), and it has been suggested that at low
temperature, alanine may accumulite due to a stress-related

increase in anaerobic energy /metabolism (Meyer, 1974; Man-

‘

singh, 1967). Suzuki et gi.(19é4) reported a large increase

-

in alanine content at the initiation of embryonic diapause

in the eggs of Bombyx mori. The levels of alanine decréa§ed

at the termination of diapause.. Alanine and glutamine show"

v.‘

5
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a significant change'in diapause eggs of the cricket, Teieo-

gryllus commodus (MacEafiane and Hogan, 1966).

ngh titres of some amino aczds have been reported in

\
e 4

" overwintering insects in diapause. Particularly, serine‘has

been reported to acdcumulate at moderate temperatures in the

Eurcopean corn borer, Ostrinia nubilalis and the southwestern

corn porerJ Didtraea grandicsella larvae in diapause (Morgan

and. Chippendele, 1983) In many wof the early studies of

amino egids in' the hemolymph of insects- in diapause, thé

-qitfe//ef serine was however not reported. Nevertheless,

hﬁgher titres of serine in the_hemolﬁmph.of diapayse larvae

of the pink Bollw0rm, P. gossypiella and diapause pupde of

Antheraea pernyi and Heliothis armigera have been recorded
. i . . .

(Rostom ‘et al.1972 Mansingh, 1967; Boctor, 1981). Notable

observations were those of Mitsuhashi - (1978), who reported a

very high titre of serine (65 mM} in'the hemolymph of dia-

* pause latvae of the rice stem borer, Chilo suppressalis. and

a high titre of "~ serine (30 mM) in the hemolymph of post-

diapause pupae‘of Mamestra brassicae. Morgan epd Chippen-
. . 3 -
dale {1983) have suggested that 1large amounts of serine 1in

overwintering diapause larvae or pupae of D. grandiosellsa,
9

O. nubilalis, C. suppressalis and M. braseicae'may be used

4 ~o.

during post-diapause development for the synthesis of uric
{4,

acid and other purlnes ‘Their suggestion followed from the
-

_observations of TOJo and Hirano (\966 1968) who reported

that uric acid is synthe51zed at a high rate during post-

#

wnt
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diapause development of g.'suppréssalis and M brassicae.

- o . )
It _has also been reported that cleavage of 3£:jrbon ‘from

serine yields glycine and a one carbon fragment ich is 'the

sourﬁe of formic acid (Cochrén,-1975; Corrigan, 1970)l

De nove synthesis of 1 mol of. uric acid requires.Z mol of

- formic acid and 1 mol of .glycine. Additioqally requifed,
nitrégen may be derived from glutamine and aspartic acid

{Cochran, 1975; Cofrigan, 1970).

Accumulation of proline has  been observed in the hemo-

[

lymph of overwintering Ostriniaenubilalis larvae in diapause

.\ :
. (Morgan and Chippendale, 1983). Cold-hardened 0. nubilalis
can ‘survive ffeezing (Henec and Beck; i960).- Storey

et-al.(1981) stated that .in the freeze-tolerant Euro-

sta solidaginis precline accumulated at -5 °C te 57 mmol/kg

- +

body weight, whereas alanine accumulated to only 3 mmol/kg.

Proline and alanine also accumulated in the hemolymph of
rnyi,

h. pe and the wax moth, Galleria mellonella during

exposure to low. temperature (Marek, 1979; Mansingh, 1967).

-

Hdwever, according to Sﬁzuki et al.(1984), pfolinehéontent
was low during'the initiation and maintenance of embryonic’
diapaﬁse of E. mori, bug‘increasgd-dufing terminaéion,“Pro-
line accumulated during the period of diapause termination
,EOula-" be oxidized .Ehroughout embryogenesis _(Suzuki
et gl.;1984). The latter also suggested that the accumula-

tion of alanine or proline may also lower ghé supercooling

‘<}oint of B. mori eggs, but in non-diapause éggs, concentra-
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tions increased 'Hﬁring early embryoéeneais and -they
. approached the same level as in non-diapahee eggs at the ehd
of diapause (Suzuki et al-,1984). However, these authors
could not offer any conciusion abaut the'ehemophysiological

-

role of this amino acid in the egg diapause of B. mori. It

is possible that high concentrations of some amino acids in
the hemolymph of «dnsects in diapause are of adaptive advan?.
tage for survival during adverse environmentad tonditions

which normally prevail during diapause.

2.4.4 Carbohydrates in Insects
The carbohydrates, or saccharides, ° are most -simply

defined as polyhydroxy aldehydes or keténes and thelr deer»

atives. Insects, in addition to "pure" polyhydroxy aldeh-

4 »

ydes and ketones present as monomers {monosaccharides) or
polymers (di-, oligo-, ang polysaccharides), contain derived
carbohydrates, in which the monomer has been modified chemi-

"cally to various degrees; and conjugated carbohydrates, in

<

which pure and derived carbohydrates are combined with other .

non-carbohydrate molecules.  Carbohydrates form one of the

principal classes of organic compounds that are found in

insects and contribute to” the structure and function of
. ' s

their tissues, and can be_found in the nuclei, cytoplasm,
“and membranes of cells, as well as in the extracellular
hemolymph and supporting tlssues (Chlppendale 1878).

The mqiﬂgtbundant monosaccharlde in insects is D-glucose

while the mest abundant disaccharide is the nonreduc1ng tre—.

Wy

-

A
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halose ( a-p-glucopyranosyl- a-D=-glucopyranoside) which con-

L]

tains two. D-glucose residues. It is non-reducing, because .

-

the anomeric cafbon atoms of both glucose moieties are bound
in the glyc051d1c llnkage The exlstence of trehalose in

insect hemolymph was. flrst reported by wYatt and Kalf

(1§56,1957), Howden and Kilby (1956) and Evans and Dethier

{1937). According to Wyatt (1961), trehalose has been iden-

piffed in every insest species that has been appropriately
examihed,‘although‘if could not be detected in some deveiop-
mental stegés of some species.

‘ Generally, levels of trehalose Are highér than the lev-
els of glucose in the inseet hemoiympap buﬁ.thefe are excep-

tions (Wyett; L961)} The absence of trehalose from the
S g

&

‘hemolymph of larval Phormia'fegina (Evans and Dethier, 1957

Wimer, 1969), trace amounts in Agria affinis (Barlow:and .

House, 1960), and its probable absence in the earwig, Aniso-

labis littorea (Leader and Bgdford 1972) suggest that tre-

halose may not be®an all 1nclu51ve characterlstlc of insects

as suggested by Florkln and Jeuniaux ({1974) while its proba-

ble occurrence in the scorpion, Androctonus australis
'.'_‘!‘ . I .

(Bricteux-Gregoire et al.,1963) and the centipede, Cormoce-

gt +

'phalus rubrlceps (Bedford and Leader, 1975) suggest that it

'may not be exclusive. Other trehalose contalnlng organisms

L

besides 1insects are,bacterla, alqae, yeasts, fungi, nema-
todes, annelids, and crustaceans. A few ferns and seed
L1 . al
¥

plants  have also been shown to . contain trehalose

(Elbein,.1974). ' -
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Thererhave been many studies on the biosynthesis of.éfe-
halose in insects (Treherne, 1958; Eriedman, 1967; Jungreis
anéifwyatt, 1972; Wyatt, 1961). . Fat body g}yqoggn and

dietéry glucose are its two important substrates. Treherne

(1958) demonstrated that when D-glucose was injected dinto

adulé Schistocerda spp., oyér H0% of the radioactiVity
recovered from the hemolymph lé min later are found in tre-
halose\gnd this indicates a very efficient convérsién mecha-
nism, Candy‘and.Kilby (1961) further showed that glugose is
readily c¢onverted into trehalose by the fat body ﬁémogenates

of Schistocerca and described the .enzymatic steps involved

in the synthesis of trehalose. It has been shown that the

highest—rate of trehalose synthesis occurs in the fat body,
particularly: in the «c¢ytosol of fét body cells’ (BaiTI
ley, 1975). .

The;e are vari;us mechanisms operating‘ in insects tés
regulate biosynthesis of trehalose. Trehalose - 6-phosphate
synﬁhetase is controlled by‘véfious factors such as the con-

. . . 24
centration of glucose 6-phosphate, intracellular Mg , and

trehalose (Steele, 1981l). Glucose derived from th €L is
converted\either into §lycogen or trehalose; when the treha-

lose S-phosphate synthetase reaction is not subject to feed-

[}

back control by trehalose, gluéqsg &-phosphate is preferen-
tially converted into trehalose. 'ﬁith'increasing synthesis

of ﬁrehaloseA the trehalose 6-phosphate synthetase reaction

¥

is gradually shut-off because of feedback inhibition

EUL T
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(Stegle,-.1981; Friedman, 1967,1978)" Tﬁ;g causes the con-
‘centration .of both giucoée é—phosphéée and UDR to'rise and
'thié‘activates glycaéén synthesis. frehalose$levels-in the
hemolymph are.also regulé;ed*ihomeostatically ‘by‘ metabdlic
énd he;ﬁonél COnffols operaiing_on its synthesis ané hydro-
lysigu (Ch@pﬁendale, 1978). Trehélose is an ihportant
reserve dis;;cparide because it 1s readily hyd;olyzed to

glucose which is in turn oxidized. to provide energy for the

various energy reqqir;ng ﬁrgcesses in insects.
- .
2.4.4.1 Trehalese in Relation to Diapause )

It is geéerally accepted;that, iﬁ many insects in dia-
pause, glycogen is converted into sugar alcohéls such as
glycerol and/or sorbitol (Asahina, 1569);'hOWever, this may
not be a general adaptive mechanism in.insecﬁs overwintering
in diapause. - fh some insects, sugar alcohols do ngk accymu-
late apbreciably.during diaéause although hemolymph treha-
lose concentratién is considerably elevated concomitant Qith
a decrease in fat bdgy glycegen (Asahina and Tanno, i964;
Hayakawa and Chino, 1981).' The examples of insects overwin-

tering in diapause which accumulate br‘héve higher levels of

trehalose include: the poplar saw fly, Trichiocampus populi

(Asahina and Tanno, 1964), the beetle, Popilius disjuggtﬁs
(Rains and Dimock, 1978); the Antarctic midge, Belgi-
ca antarctica (Baust and Edwards, 1979), the Eabbage but-

terfly, Pieris brassicae (Moreau et al.,1981), the goldenrod

gall f£ly, Eurosta solidaginis (Storey et al. 198l), the

e
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silkmoth, Philosamia cgnthia (Hayakawa and Chino, 1982) and

the soybean pod borer, Leguminivora.glycinivorella {Shimada

et al.,1984). However, accumulation of trehalose may not
e - , _

correlate well with diapause in some insects (Wyétt, 1961).

* Ekampleé are diapause eggs of the silkmoth, BombyxX mori

(Yamashita, 1965) and” diapause pupae of the giant silkmoth,

Hyalophora cecropia (Wyatt, 1961).

" The primary role of: trehalose in overwintering insects

is cryoprotection, as has been demonstrated in the overwin-

‘tering prepupae of T. populi (Asahina -and Tanno; 1964) and

other insect species stu@iéd so far. In Some insects, tre-
halose is not the sole cryoprotectant, but is present in

assogiation with cryoprotective molecules such as gl?cerol

'and sorbitol. High levels “f trehalose in insects in dia-

pause can also function 'as a reserve -disaccharide (energy

reserve) to meet the limited' eﬁérgy demands of diapause

maintenance and also for post-diapause development (Chippen-~

dale, 1978). Trehalose can be readily brdken down by the-

enzyme trehalase into glucose which can be utilized as a

substrate for polyol synthesis.

Hayakawa and Chino (ls@l) proposed two categories for

insects in diapause.in terms of carbohydrate metabolism: the
sugar alcohol accumulating type and the trehalose accumulat-
ing type. ?here are also insects which accumulate neither

pelyoels nor suéars (Baust and.Morrissey, 1975).

St

&
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.Numerods papers have appeared ,on carbohydrate.metabolism
and regulatiqn ;E inseéts (Steelé, 1983). However, there
has been no atfémpt tc correlate the changes in the levels
_ s
of * trehalose to diapaqse—inducing environmental <triggers
. such as short-day photoperiods. Thig is important due.to
the fact that photoperiodic cues are predict&ﬁe in nature
while température ~cues are': indicative in | natﬁre
(Baust, 1982).

2.5 MANDUCA SEXTA T

The Fobacco hornworm, Manduca sexta (Legidopt-
era : Sphingidag).is a multivol%iﬁe leaf feedef that graws“
rapidly up fo 10 g in the larval-s£age and is considered to
be a serious pest of commercial tobacco plants in-the United
States, southern Ontario and Quebec (Stewart, 1981). There

/
are one to four generations per year, depending on the lapi—
tude (Davidson and Lyon, 1979). M. sexta enters diapause as
a pupa in the soil and adults emerge in the spriﬁg, mate and
ovipotsit (DaQidson and Lyon, 1979). The lif® cycle lasts 60_
to 70 days (Bell and Joachim,‘1976)tw'&he larvae of M. sexta
Qndergé'fivé inétars {four moults) duriqg their development:
Larval deyelopment requi}es about 30 days, a period during
which lafvae wil% consume abqut'BS g artificiad diet {Bell
and Joaéhim, 1976). The bulk of this conéumpéion-occurs

during the fourth and fifth instars. Fifth instar larvae

can weigh between 5 and 10 g. Prepupae construct a pupation

-
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chamber and pupate within 12 to *24 hours (Nijhout and Wil-
':;liams,:197&). In non-diapause insects, the 1life ‘cycle
’reqnire aoout SQ dayi, whereae insects in diapause require
about 130 days to complete developmeht (Bell et al.’ 1975).

’ ‘Ihe tobacco hornworm\tas become a choice experimental
‘insect because of its large size- and rapid rate of develop-
ment (Bell and Joachim, f976). Many physiological studies

have been done on the tobacco hornworm because of its ease

- eof rearlng ‘on synthetlc diet. Manduca sexta is particularly

suited for studies on the physiology of diapause because it
. - _ hY ' .
enters diapause facultatively in response to short day pho-

r

toperiods (Bell et al.,1975). The large size of the larvae

.doring the final instarsfacilitates'surgical manipulations
of the nervous and endocrine -system and provides large quanF
Vt1t1es of experlmentar material such as the hemolymph and
body tissues which are usually reéulned in adequate guanti-

ties for biochemical analyses. M. sexta has also been used

for extensive endocrinological and ultrastructpral studies.

25,1 Diapauee in Manduca sexta

Photoperiod 1is the primary factor inducing diapauee in

M. sexta. Rabb (1966) studied the photoperiodic response in

laboratory populations reared on tobacco and found that dia-ﬂ

pause could 'be induced by exposing only the last two larval

instars to short days (13L : 11D),. whereas long day

(15L 9D) treatment durlng the last instar only was suffl-

c1ent to prevent dlapause Thus, determlnation of diapause

/
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in M. sexta appeared alsos to be ‘dependent on photoperlod

encountered during the last one or two larval 1nstars, indi-
catlng/ extraordlnary photoperlodlc responsiveness (Bell
et al.,1975),., The‘lnten51ty or duration of photopericdical-
ly iﬂéuéed diapapse in ﬂ.:§g§£§ varie& with the”induEt{ve
pﬁotoperiod in which the qunworms were reared:during the

sensitive perIod (Bell et al.,bl1975 Denlinger and Brad-

field, 1981). Insects reared in longer diapause-inducing

photoperiods within a range of 12 to 13.5 hours remaL@ed in

diapause longer than those reared in shorter photoperiods
(Bell et al.,1955){ It was reported that the shortest pho-
topériod used (12L : 12D) 1nduced dlapause with a mean dura;‘
tio of 105 days as compared to 140 days in the group reared
under.13.25L.: 10.75D. ©On t%e.basis of reciprocal transfers
between shqft— . and long- day photopericds, Denliqger and
Bradfield (1981) reported that short daylength throughout
embryonic and lafval development results in a high incidence
of diapadée ef short. duration. Hornworms transferfed fpom
long- to shoft-day conditioens at later stages of larval
development enter diapause at a lower ra;e,'but the result-
ing diapause is of longer duration®(Denlinger and Brad-
field, 1981).

Manipplations such as partial starvation and low rearing

temperature (20 °C) to increase delelopmental time (and‘thus

" increase period of exposure to light regime) consistently

supported the model that diapause duration is inversely

-

2,
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roughlly investigated (Bowen et al.,1984,1985 Bradfield and

‘icance.

.. .. ' " : 33 ‘

'related to the number -of short -day cycles received by the

hornworms (Denllnger and Bradfield, 1981). However, Bell
2%.al (1975) reported that temperatures of 26 to 30 °C were
most favorable for‘th#ﬁph@toperiodic induction of diapause.
At a'lower“temperature (21 bc); the dritical photoperiod and.
a:gbause incidence were decreaged. Qﬁere was no difference
in the rate of larval‘development of hornworms reared—in
diapause~inducing and diapause-preventing photoperiods’ (pre; )
sﬁmably between 26 and 30ﬂ°C).' fhotoperiodic sensitivity
for diapause was reported fo extend from the "late embryo to
the end of larval feedlng but showed considerable fluctua-
tion dur}ng development w1th maximum sen51t1v1ty eccurrlngn

just before ‘egg hatch and. durlng~ larval growth (Bell
oy .

et al.,1975). Thus, the tobacco hornworm displays the type-

L

-1 or long-day response to photoperiod -(Beck, 1980).

The endocrinclogy of diapause in M. sexta has been tho-
v ) "

‘Denlinger, 1980). . However, there have been no studies done’

on the physiology of diapause in M. sexta. To date there is,

no information available about the biochemical changes or

metabolic adjustments associated with the state of diapause

in M. sexta and thus the current study is_of primary signif-

1‘ r".
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Chapter III

MATERIALS AND METHODS

3.1 Experimental Conditions ‘and Insect Rearing

The tobacco hornworms, M. ggggé used fd; fhié éfudy were
from our'léboratory cglture originally obtained from Carol¥-
na Bio}dgiéal Supply Co., N. Carolina. Edggs were collected

from’ the undersurface of the leaves of bottedh tobacco

plants,, Nicotiana tabacum or potted tomato plants, Lycoper-

_ &
sicon esculantum. The eggs were placed in petri dishes
(100mm dia. X 15mm ht.) lined with moistened filter paper

which is required to prevent dessication and thus facilitate

hatching. Insects were reared according to " methods

'dqscribed'by Bell and Joachim (1976) and Stewart {1981) with

-

modifications in the lighting schedule as shown in Table 1.

y 0] . e - A
.Under diapause-inducing conditions, all hornworms entered

diapause. - The spectral distribution of Indarsuq light is$
akin to S%Plight while the Bla¢klight-blue has a high po?-
tion of  long wave ultraviolet (>356 nm).. Theré was.some
spectral dverlap ‘between these two light sources.w ‘This
experimental protocol was thus slightly modified for insects
used for hemolymph free,ﬁhino acid analysis.“

‘In order to dgterﬁine the effects of ultréqiolet light

. : Coan ..
on the hemolymph free amino acids of M. sexta, the Indorsun

AR



L1y

Table 1: The experirﬂental canditions used for rearing the tobacco

hormworm, Manduca sexta.

e

-
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. fluoreséent was supplemented (.Jith a Blacklight bl\ﬁe fluores-

cent, thus eliminating the spectral overlap in. the .near-UV

-

region. of the spectrum. This lightiﬁg situation is referrqd

to as Indorsun+UV. . Ultraviolet was excluded from the Indor-‘

sun+UV regimen by placing.Kodak Wratten 2B filters (400 nm

UV cutoff) (Eastman Kodak Co., Rochester, N.Y.). This is’

referred to as Indorsun-UV.

Newly émerged larvae were individdally transferredv to

diet cubes placed in clear, polystyrene Drosophila culture

tate ventilation and prevent condensafion of moisture. When
laid on their sides, these vials were large enough to accom-

modate all instars &;ﬁJjnf\pracco hornworm Larvae were

: o
transferred to._;hé v.lals%s:.ng fine camel halr brush or

broad pliable forgeps to mlnlmlze.damage ‘to the early 1nstar

. insects. The wvials were then blaced in enamel trays (60

cm X 30 cﬁ) Theé diet used was a wheat germ based merldlc
diet as descrlbed by Stewart (1981}, but w1thout dried
tobacco leaves (Appendix A). °

Fifty insecﬁs were reared under each of‘the'appropriate

. ]
experimentél ‘condrtions in Environator incubators. Neo-

nates were weighed daily from day of hatchlng until thef

weqp late prepupae (é/;ut 15 days) on a Mettler balance.

. Periodically, the incubators, working area and the balance

were disinfected with Hinks-Byers solution (Hinks and

Byers, 1976) to reduce the incidence of microbial contamina-

. ‘vials (10 cm ht. X 3.3 cm dia.) with foam plugs to.facili-
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tiop."initiaily, eférylﬁwb days,.unused diet and frass were
femoved from thg vials and the-iarvae were given a fresh
cube of diet. Later on, for the 5th instar larvae, ‘diet was

. A .

‘given and frass removed everyday. If any fungal or migrobi?
al contaminatioq;was observed on the unused diet, frass or
larva, the insect was transferred fo a new container.

Prepﬁpal‘hprnwo;ms weré provided with vefmigﬂiite‘for'
pupa%ion. The vials were wrapped“in thick pager since horn-
worm prepupae féqﬁire dérkness to complete the“pupation prg;
cess (Bell énd anchim, 1976). The vials were checked at
two day intérvals fof completely tgnned and scferotfzéd
pupae. Fuliy formed pupae were trgnsferred to thgir origi-
nal experimenté; condition or 60 X 60 X 48 cm screened cageé
for adult emergéhce. A tobacco or‘tomato plant was prévided
és an;ovipoéition csite. The &adults were fed with 20% suc-
rose éolufion. At tw&lday intervals, eggs were colieéted,

the sucrose solution replaced, and the pupal cases and dead

adulté were removed from the cages,

[ 5]
o)

Insect Sampling and Hemolymph Collection
Larvae were samnled 'randomly from a synchronoﬁs popula-.
tion of insects of the same instar and the same "day of ins-

tar" as defined by Nijhout and Williams (1974) and Nijhout

(1981).‘ The "day of instar” will from now on be referred to
as the "age of instar". Selected larvae were usually uni-
form .in their size. Larvae were first wiped clean with

"Kleenex tissues.

\
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Pupae were also randomly sampled from a synchfonously
pupated population of‘ mﬁgggggg\wkzhp Jage of insggrl'was
épunted from the ééy of pupal moult. Pupae were usuai}yv
uriform in size and free from any deforﬁities.‘
Hemolymph was éollecged in 15 ml glass centrifuge tubes
precooled in an ice bath. Latrval hemplymph was collected by
clipping off the tip of the hord;¥ith a pair of fine surgi-
cal scissors. Hemoiymph was, very gently expressed in the
centrlfuge tubes on ice. Only clear hemolymph was collected
and care was taken to avoid any. contamination from the gut
contents of -the larvae. Pupal hemolymph was collected by
cllpplng off the tongue case {proboscis) and the hemolymph
.Qas expressed 1m centrlfuge tubes on ice. Again, care was
taken to prevent contamlnatlon f:om the gut contents and éﬁe
meconium which consists, of metabolic/nitrogenous wast@s.‘
About 1.0 to. 2.5 ml of heﬁolymph was collected from the
insects depending on the instar, the age of instar and the
number of ingects sampled. A‘few crystals of phenylthiourea
(0.5-1.0 ug) were added to inkjibit tyrosinases which bring
about melanization of the hemolymph thus altering its phys-
lioldgical statu; and réndering it unfit for physiological
work. Hemolymph was centrifuged 'at 800 Xg for‘15 min at
. room temperature to remove any hemocytes or fat body cells.
The tubes were sealed with Parafilm and frozen rapidly in a

freezer (-15 °C). Frozen hemolymph, kept as such to a maxi-

mum of 4 weeks, was thawed in cold water before use. In



Ay

) - - : : el 39
o

some cases, freshly céllected hemolymph was used for ;nalyt-

ical purposes. Rapid 'freezing minimized any physiological

alterution. .

3.3 Hemolymph Proteins

Hemolymph was pooled from about 30 larvae qr'ZS phpae
for each experimental conditions and’rapidiy.ffozen for lat-

er use.

3.3.1 Heﬁolymph.Protein Concentration

Hemolymph protein concentration was determined by the

.

Biuret Assay (Gornall et 2l-,1949).' - 0.25 ml of fresh or

. thawed hemolymph was mixed with 0.75 ml of distilled water.

To this, 4.0 ml of the ?iuret'reagent was' added and briefly
mixe? dn.a vortex mixer. The reaction mixture was allowed
to stand ét roém temperature (24-25 °C) for 30 min to allow
color dével&pment. A blank consisted of‘i.O ml of distilled
water and 4.0.ml of the Biuret reagent. After‘BO min, 1.5
mi of the mixture was taken in spectrophotomefer cuvettes
and the ébsorbance measured aéains# the blank rin a Pye-

Unicam SP-100 uv speét;ophotoﬁeter at the wavelength of 550

nm. Protein levels in the hémolymph were determined by com-

paring the absorbance values with a standard curve made from

known amounts of bovine serum albumin.

v
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3.3.2 Electrophoresis

The sodium dodecylsulphate polyacrylamide gel . electro-

‘phéresis_(SDS-PAGE) technique described: by Léémmli (1870)

was modified to analyze hemqlfmph proteins. Sample prepara-
tion was done as follows : 20Q ul of fresh or théwgd'hémo-
1ymph were mixed with 20 ul of‘zoi'(v/v) Triton X-100 Qn ice
for 1 hour. Then, 100 ul of 10% (w/Vv) sodium dodecyléu;p-

hate, 10 ul of 2-mercaptoethanol, 200 ul of 50% (v/v)-gly-

cerol and 10 ul of 0.002% (w/v) bromophenol blue were added

and briefly wortexed. Final volume (1.0 ml) was made by
adding sample buffer (1.5 M Tris- HC1l buffer, pH 8.8, 25
?C). Following this, the sanples .were heated in a boiling

|
: il :
water bath for 8 min to ensure denaturation of-all proteins.

 Samples were allowed to cool to room temperature (25 °Cj.

Prior to loading for electrophoresis, the samples were cen-

trifuged at'7000-Xg for 2 min at 25 °C to get all the lu-

r

tion to the bottom of the microcentrifuge tube. 40 pg of
. /- ' a t
protein were loaded in each lane on the gel.

Vertical slab gel electrophoresis was done using d-Hoe-

, . . )
fer SE400 apparatus (Hoefer Scientific: Instruments, San

V.. . .
Fransisco, California). A 15% reseolving and 5% stacking gel

was used. The reagents:used_fof electrébhoresis are listed

in-Appendix B. The gél was transferred to a glasé trough
r

and the proteins stained and fixed with 0.5% (w/v) Coomasie

blue R-250 in 7% (v/v) acetic acid and 40% (v/v) methanol

for 30 min (Hames and Rickwood, 1981). Destaining was done

i
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with a solution containiﬁg‘s%.(v/v)‘methanol.and 7.5% (v/Vv)
aeﬁtic acid to clear the gel of excess sﬁain. A'serie; of
changés with fresh destaining solution were given‘initiallb
bt_hoﬁrly intervals until the gel was clear‘eﬁough to.facil-
itate protein identification. Both staining and destaining
wére done aé room temperature on a slow,shaker. . -
Destained gels were transferred to a‘glass plate for
safe haﬁdling and to avoid breakage. Gels were wr;pped in
saran' wrap and stored in the,refrigegétor at 5 °C.. Des-
tained gels were photographed using an orahge filter and

then scanned on a Beckman DU-8 Spéctrophotometer with gel

scanning systém { Beckman Instrumentg,lnc._Berkeley, Califor- -

nia). Scanniﬁg’ was done at 550 nm waveiength. Relative

mobility (Rf = ratio of distance migrated by the protein to

distance migrated. by the tracking dye) was calculated and
molecular weights were déterminéd by running a series of

- .\ . 1}
protein standards. obtained £from Sigma -Chemical Co. {St-

Louis, MO). A typical molecular weight standard curve is

given in Figure 2. A hemolymph protein profile is shown in

Fiéure 3. For simplicifyy the term "protein" rather than
"polypeptide" has béen used withfﬁhe-uﬁdéfstanding‘that not .
all proteins reported are nécessarily the functional form.

LAt
w';lf’ *



Fiw 2:

Sem:.log plot of molecular weight standards agamst relative
mobility in a 15% polyacrylanude gel. Standards were
chtained fram Sigma Chgrucal Co., St. Louis, Ml?':SOUI‘l

The standards are : ‘ |

' 1) Bovine Serum Albumin (M.W. 66,000)

2) Egg Allagnin (M.W. 45,000)

3) G-3-P Dehydrogenase (M.W. 36,000)

4) Carbonic Anhydrase (M.W. 29,000)

5) Trypsinogen 4M.W. 24,000) o

6) Trypsin InhiBitor (4.W. 20,100)

¢ o
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Figure 3: SDS-Polyacrylamide gel electrophoresis of proteins in the
hemolymph of Sth instar Manduca sexta larvae.
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3.4 Hemolymph Free Amino Acids -

Eresh hemolymph was pooled ?rom about 25 larvae or 25-30

pupae for each experimental conaltlon to determlne free ami-

no acids. Thls was followed by centrifugation at 360 Xg for

2 min at room temperatpre (25i°C) to precipitate hemocytes.

- : /
Microscopic examination of the hemolymph revealed that it

- was cell-free. Norleuc1ne was added as an internal standard.

! 1
H
and the amino acid recoveries corrected accordingly., Sample

pneparatlon was - done as follows : 400 ul hemeclymph was
deprotelnlzed by- adding 3.0 ml of cold 57 aqueous trlchlo-
roacet;c acid and.brlefly mixing on a Vortex {Morgan and.
‘Ghippendale, 1983). '

‘Amino acid enaiysis.of the egtracts was aohievéd with ;
Beckman Autometic Amino Acid Analyzer, Model lél MB with
Model '126 data syStem‘(Beckman Instruments, Inc. Berkeley, -
ﬁalifornia). A three buffer,hsingle coiumn method for the -
analysis&of physiological fluids was used'(Bensoncau& Pat- -
terson, 1971). Extracts were transferreé\.to 20 ul sample
loops wh;ch wene then loaded on ‘the autoinjector of the ana-
lyzer. & Beckman 121 MB instrument control program for
physiological fluid analysis was used. Amino acids were
e.luted from a 2.8 mm X 100 _mm.»column packed - with Durham
‘resin (DC 4A, size S w 10.5 w) u;th a series of three buff-
.ers. thhlum citrate buffer (pH 2 83 C.2 N; 3.7, O’//N

3.75,1.0 N) was used as.the elutlng agent at a flow rate of

10.0 ml/h and the column tempefature was raised from 38 °C
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tp‘67'°C over 66 min from -injection. Ninhydrin was useéd as

the detection agent at a flow rate of 5 ml/h and. Lithium. -

hydroxide (0.3 N) was used as the regenerating agent at a

£1%w rate of 10 ml/h. |

Ninhydrin, a powerful oxidizing agent, causes oxidative

-

decarboxylation of amino acids, producing carbon dioxide,

ammonia :rd an aldehyde with one less carbon atom than the

parent apino acid. The reduced ninhydrin then reacts with

~

the liberated ammonia, forming a bluefpurple complex which

‘ maximally absorbs at 570 nm. Whereas most of the amino

L}

acids give purple colors, certain imino acids such as pro=

line and hydroxyproline give yellow colors Qith ninhydrin

maximally absorbing at 440 nm (Harper et al.,1977). Hence,

colorimetric_deterﬁinatién-was done at a dual wayelength of
440 nm and S?O nm. Arrepfesentative chromatogram is shown
in Figure 4. Commercial amino ‘acid standards .(HamiltoH;
U.S.A.) were_rﬁn after every six injections and the amino
acid qﬁantification was doﬁe-using a Beckman‘System AA Com-

puting Integrator.

3.5 Hemolympﬁ Sugars

Hemolymph was pooled from about 15-20 1ar§ae or 15 pupae
for each expériméntal_condition. The methods used by Baust
and Edwards (1979) were-modified for sugar extraction from
the hemolymph. Freshlhemolymph was diluted wifh H;sfiLled

_water in'a proporticon of 1 : 1 (v/v) and mixed briefly on a

-

o

3t
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Ci:mrcmatogram of free amind acids present in the hemolymph
'iofMarﬂucasexta Ebct.ractswereanalyzedmaBeckman .
,Aut.cmatlc AmJ.no acid Anax,,rzer with the 121 MB J.nstrmnent
control program for phy51ologlcal fluid analysis.

The amino acids are:

1) Aspartic acid _ 14) Cystathionine
2) Threcnine _ 15) Isoleucine -
3) Serine : .16) Leucine
4) Asparagine ' 17) Tyrosine
5) Clutamic acid 18) Phenylaldanine
6) Glutamine - BT "S- S
7) Proline - _ 20) Tryptophan
8) Gycine , , .. 21) Ammonia .
9) Alanine = ©° 22) Ornithine
~10) Citrulline - | © 23) Iysine .
'11) Alpha butyrlé_acid' ‘ 24‘) Histidine
12) valine . © 25) Arginine

13) Methionine

Ty
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Vortex. . A known émount of trehalose was added as an inter-

-

' nal standard and the ‘recoveries were estimated by equating

with a duplicate sample. The extraction effiqiency was over
‘ - - . v
90%. The mixture was pa#tigioned against an equal volume of

chloroform : methanol (2 : l,ﬁfv) in a flask af room temper-.
. J . . T
atureg (25 °C) -and then deproteinized by adding’ 20 ul/ml

+»

aqueous phase each of 15} potassium. ferricyanide (w/v)'and'

q .
'then centrifuged at 800 Xg for 30 min at rdom temperature to

/}p% Zinc sulphate (w/v) followed by mixing. The mixture was

'precipitate the solids.’ Thg superﬂétaht.exfracts were aspi-
;ated for 60 min at 80 °C in a rotarf flash evaporator
(Buchi, lSwitzerland) to voiatalize the organic.-soivenﬁs.
This was followed by déionization.by adding a few grains
(approximately 0.5 mg/ml of extréct) of lanaiytical gr;de
Rexyn (H-OH) resin (Fisher Scientific Co.,N.J.)ﬂ The deion-
ized exéracts were filtered through a 0.4‘um' inert nylon
filter (SchLeicher and Schuell, Inc.,N.H.) and stored iﬁ a
refrigerator at 5'°¢ before analysis.

Analysis of sugars in the ﬁémolyﬁph e#tracts was accom-
plished by a Beqkman High Préssu;e Liguid Cﬁromatography
(HPLC) system.(Beckman_Instfuments;‘Ipcm,Berkéley,.Califor-'
nia): Two Model 110A piston pumps conérolfed by. a Moéel 420
System Programmer, delivered the solygnts Qver a mixing

chamber to the top of the Cblﬁmn. Mean'Ebiumn préssuré was

250 psi. Injection was performed b& a’ Sample Injection

Valve (Model 210, Altex, Berkeley, CA) fitted with a 20 ul
{

L

@

s
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loop. An Ultrasil-A@iné column (Altex) .(250 mm-X 4.6 mm
i.%particl_e. size 10 ¥ ) was‘used to separate sugars.
. L N
“Sugars were EBnitored with a Model 165 Variable UV-VIS
Detector. ;The analytigal protocol was described by Binder
(1980). HPLC grade acetonitrileland water (fisher S?ientif—
ic. Co.,N.j.) in a proportioﬁ of 75 : 25 (vol/vol) were'
'pumped at a flow rate of 2.0 ml/min at room temperature (25
°C)}. Since ca;bohydrates absorb only at wavelengths lower
fhan 200 nm, Gery high demands éfe_plaqed on the purify of
the sblvent, because the "~ acetonitrile itself beglné to
a#sorb very strongly in' this region. For all sugars: the
agéorption‘maximum lies between 182 and 188 nm and at this.
wavélengﬁh, the influence‘of Ehe stféng absorp?ion of ace-
tonitrile becomes noticeable. Mor;over, when de&reésing the
wavelanéth, the noise ;f tﬁérdétector signal increases rap-

idly. . Therefore, UV detectibn of sugars was done at 192 nm,

A
-

the slight loss in sensitivity beiné offset by the higher

concentrations of .trehalose and glucose in the extracts.

<

Cgmmercial standards of trehalose and glucose obtained
?}om éigma Chemical Co. (St.-Louis, MO) were run under iden-
tical qpalytical conditions and the chromatograms were eval-
vated with reference to Standard retention time .and peak
heiéhf:_ A typical chromatogram is shown in Figgre.S.'

L
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Figure 5: HPLC chromatogram of tfehalose and glucose present «in the
hemolymph of Manduca sexta. . . :

1} Glucose
2) Trehalose .
1.0 AUFS: One AbSorbance Unit Full Scale.
A Beckman HPIC system was used.
Mobile phase: Acetanitrile/Water (75/25).
~ Flow rate 2.0 ml/min. o
Colum: Ultrasil-Amino (250 mm X 4.6 mm i.d.)
UV detection at 192 rm wavelength, |
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3.6 Hemolymph Osmolallty

-

Hemolymph was pooled from about 10 larvae or 10 pupae
‘for each experlmental.céndltlon and centrlfuged at SQO Xg
for 15 min at room tempefature”to sediment the cellular
material. ‘ A : .

Osmolality is-an expréssion of'the‘tgéal concentration
of dissolved particles‘in a solption without regard for the

1

particle size, density, configuration, or electrical charge.

Osmolality can be measured indirectly because of the fact

that the addition of sclute particles to the solvent changes
thg free energy ‘of, the solVent[ﬁblecules which results in a
modification of the ca;dinél propéftieg of the solvent éuch
as vapor pressure,.freezing peint an& boiling‘point.. Any
chéﬁges in the levels of proteiﬁs, free amino acids or sué-
ars in the hemolymph should, the;efore be partially refiect-
ed by c%anges in theloSmolality of the hemolymph.

A Wescor Modei 5100C Vapof Pressure Osmometeé (Wescor,

Inc. Logan UT) was used to measure hemolymph osmolallty

Fl

8 yl of fresh hemolymph was plpetted onto the sample dlsc in

"the sample sllde of the osmometer using a Wescor micropi-
pette. Then the sample slide was inserted into the osmome-
ter and after the prbcessing time of 50 seconds, direct
readlngs cof the osmolallty were obtained for the sample.

Prior to the actual analy51s the osmometer, was thermally
balanced and stabilized at room temperature (25'°C) for 24
hours, fo}iowed by standardization with W¢éco; Osmblality

Standards. ' ' C N



3.7 Stat%étical Analysis.of Results ‘
The éxberimental design used was a factorial in fandom-
ized bloéks’(Photoperiod X‘Light-éuality‘x Age of Instar).
Data.collected from experimeﬁfs were subjectga to an énély-
sis of #ariance. An Amaahl 470/V7A processor running the
IBM VM370/CMS system_eﬁni%ersity of Ottawa) and the Statis-
fical Package for éocial Sciences (SPSS) were used to ana-
-lyze the data. 'Statistiqal significancgs og differences
were estimated by Duncan's Multiple Renge Test,' P <« 0Q.05-

- |{Nie et al.,1975).




Chapfer IV.

RESULTS -

4.1 .Larval Growth
-. Larval growth is signif;cantly infl@enced by photopef-
iod, 1light guality and“the age of instar.(F=§3.38,d.f.?1;
F=23.98,d.f.=1; F=460.20,d.f.=14; respectively. P< .05).
.Photﬁbéridd/age'andﬂlight quality/age interactions are also
significgnt (F=2.98,d.f.=14; F=5.37,d.f.=14;. respective-
I';y..P%';oS).' | |
ﬁigure 6.shows the Qrowth curves ‘for larvae reared under
pombihétions of “tong day-Indorsun (LD-IND), Long day-
Blacklight blue (LD-BﬁB), Short day-Indorsun (SD-IND) and
Short &ay-Blacklighﬁ bluer(SD:BLé)‘. The ggneral'trend with
..respect to live weight over the larval life for ;hege four
rearing conditions is LD-IND < LD-BLB < SD-IND < SD-BLB. .
Maximum mean weighté attainqd by the lhrvae on day 15 under
LD-IND, LD-BLB, SD-IND and SD-BLB were 5.01, 6.76, 6.44 and
7.49 g respectively. Statistical significances of differ-
gnceé of means, as eﬁtimated bf Duncan's Muitiple Range Test

(P < 0.05) are shown in’ Appendix C.



Fi E 6 Develogrent of the tobacco hormworm larvae under dlffe_rent
conditions of photoperlod and lJ.ght.
ID-TND: Lang day—Indorsun
. ID-BIB: Long day—Blackl:.ght blue
SD-IND: Short day—Indorsun '
SD-BLB: Short day-Blacklight blue
) Standard deviations are given in Appendix C.

at



Mean weight (gm)

. '@—® SD-BLB
o—0O LD-BLB
A—aA SD-IND

_a—>5 LD-IND
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4.2 Pupal Weight
Ppotoperiod--alone had a s;gnificanf effect on pﬁpal
weight (F=5.38,d.f.=1; P< .05). The variations in pupal
weights (day.S)laccording to the rearing conditions foliewedx
a pattern similar to tha;.of_the,larvae.7 Pupae reared under
LD-IND weigh,-on‘an average, 4.12‘g-(S.D.=0.98; n=42) whilé
those reared under LD-BLB "weigh 4.39 g (S.D.=0.56; n=45).
SD-IND and SD-BLB rearsd pupae weigh- 4.58 g (S.D.=0.75;
n=j7) and 4.90 g-*(S.D.=0.75: n=38), reépectively. However
the differences between values for LD-BLB and SD-IND pupae,

-as estimated by Duncan's Test (0.05 level) were not statis-
' . : - -

' i T
tically different. o : (

4.3 Hemolymph Protein Conceﬁt;ation

.The mean , hemolymph protéiﬁﬁ concentration of ﬁ. sexta
reared under different conditions is shown in Table 2. A
statisticai anaiysis of the Qata obtained shows'th&t.protein
concentration of the hemolymph is sigﬁificantly influenced
by the age df;instar (F=44.11,é.f.=6; P< .05), Interaétion
betweer photoperiod/age of inétar, light guality/age of ins-
.tar, and photoperiod/light quaiity/age.o{ ipséar are statis-
tically significant (F=7.81,d.f.=6; F=2.80,d.f.=6; F=2.84,
'a.f.=6; réspgctively. P< .05). The meah'hemolymph prétein
concentrgtion of M. sexta larvae T{Day l,Sth_instér)'reared
under tD-IND, LD-BLB, SD-IND "and SD-BLB are 1e.6, 22.33,

.16.67 and 20.33 mg/ml,-r?spective;y. A decline on day 2
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Table 2: The hemolymph protein cor;pe.ntratim of the tabacco hornworm,
"Manduca sexta reared under different experimental.conditions.
Hemolyrph was pooled fram 25-30 animals. Determinations were
. made by the Biu.retJAssay with Bovine serum albumin as a

Values-are reported as Mean (S.D. of Mean) of th-reeanalyses.
Values followed by the same letter in the colum indicate no

i significant difference at-the 0.05 level (Duncan's Maltiple
. ~ Range Test}. ) |

X
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occurred under LD IND and. LD BLB to 14.0 and 11.0 mg/m%l_

respectlvely By contrast hemolymph protein concentratlon

‘rose in SD IND and SD- BLB condltlons to 22 0 and 21 5 mg/ml

respectlvely Oon ﬁaay 3, protein leyels in the hemolymph
rose under‘-Lﬁ-IND and LD-BLB condiﬁionéﬁ whereas 'they.
remained etable-under'SD—IND andLSD-BLﬁ.‘ Day 41is'charae;
ferized by)sharp increﬁ%es %d'preteinj%dtres under all con-
ditions, parficularly under'SD-IND:end SD-BLB regimen. A
further rlse in the. proteln concentratlon of the hemolymph
of\M. sexta was‘seen on day 5, the prepupal 1nstar, under

all conditions of rearing. Proteln concentratlonu‘ln the

hemoclymph of early pupae. ((Day 5, pupal_-instar) ‘decreased

slightly except under SD-IND, when a slight ‘rise was evi-

dent. However, it was not statistically signifidaﬁt: .10
. . )

day bld developing bupae again show a'rise in protein con-

centration of the hemolymph under LD-IND and LR-BLB to 37.0

and 34.3 mg/fl respectively.ﬁmln contrast, protein coneen_

tration fell der SD~IND ‘to 28.0 mg/ml and remained con-

” \ .
stant under SD-EAB at 26.3 mg/ml (Table 2).

4.3.1 Hemolymph Protein Profile

’Figure‘7 shows.the hemolymph protein profile or 5th ins=
tar day 1I M. sexta reared under various condltlons " Under
ﬁD-IND, several protein bands were detected in the hemo—
lfmph. Under LD-BLB conditions, some bands :ere detected-in

the hemolymph. “Levels of band 4 and 8 are trace in -the

hemolymph. However, in this population, there is a major

]



-

_ 1% 7: Electrophoregram showing qualitative distribution of proteing

o f

in the hemolymph of day 1, 5th instar Manduca sexta under
different rearing conditiens. -

40 ng of protein was loaded in each lane and: %s&nples were -

rnmn on the same gel. Destained gels were scanned at 559 nm

‘'wavelength on a Beckman U-8 gel scanner. Hemolymph was pooled

fram 30 ihsects. ' . >
1: ID-DID
2: 1D-BIB
3: Sp-IND
4: SD-BIB

~
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-

.rise in the concentfetion of bands 9 and 10, Which_are.lbw

moLeculer,weight proteins{ There are some changes in. the
levels of other proteins. In the diapause pfogrammed SD-IND
insects, there ere.some protein bands detected in the hemo-

lynph, with absence of band 9.and 10. Levels of other pro-
teins show slight 'chénge.'- Under éD—BLBV,condition,- some

’

bands were detected in the hemolymph and as compared to'

I

SD-IND, there are mlnlqi} changes in the levels of proteln

4

bands in the hemolymph

~
Flgure 8 showg the hemolymph proteln profile of 5th ins-

+

tar day 5 tobacco hornworms reared- under different condi-
tions of photoperiod and light. Under_ all rearing condi-

tions (LD-IND, LD-BLB, SD-IND and SD-BLB)}, there are several
L :

. -

protein bands detected in the hemolymph of ‘M. sexta. Nota-

ble differences are’ seen in the concentration of band 2,

" which could be thé storage protein manducin. This is the
v T

rmajdf hemolymph brotein in the . tobacco hornworm prepupae,
constituting over B80% of the hemolymph' protéin prgé}le.

[Under LD~ IND, levels of manducin ere iewer in the‘hemolymph

-~

'jas ompared to other/;earlng ‘conditions. There is almost a
SOA rise in the concentratlon of thls band 1n LD BLE popula-'
. 4

_tion. Mhder SD-IND and SD-BLBL there is about 40% and 30%

;isejiq thewievele of’manducin,‘respeﬁtively. Other protein

/, .

bands show negligiblé. changes. \ '_

The hemolymph proteln prof1 e of M serta .pupae (day 5)

reared under different condltlons 15 shown -in Flgure 9

—r



Figure B8:

Qualitative distribution of proteins in the hemolymph of
day 5, 5th instar Manduca sexta reared under various conditions..

.40 ug of piotéin was loaded in each lane and all samples were run
" on the same gél. Destained gels were scanned at 550 mm wavelength

to obtain thlS proflle A Beckman DU-8 scannlng system was used.

'Hemolymph was ' pooled frcm 30 larvae. .

1: ID-IND

2: ID-BLB \
3: SD-TND :
4. SD-BIB

&
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Fi E‘E'g Qualltaf:we distribution of protems in the hemolymph -of day 5
pupae of Manduca sexta reared. under dlfferent conditions.
40 ng of protein was loaded in each lane and all samples were
. . -xun on the same gel. After destaining, gels were scanned at

350 nm on a Bec:krhan DU- -8 gel scannmg systan LIemolym;_:]@v»ms '
led frcn. 25 anlmals

1: ID-IND
2: ID-BIB
' 4": SD-BLB
: y
\
N
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There aredsome differences in the“levels'ef differen

. .

" tein fractions under var;ous rearlng condltlons Under .

hDefND band 1 is a major proteln‘band in the hemolymph
. J

thlle levels of- other protelns are lower in the proflle As

.compared to thlS under LD- BLB there is some change in- the

resolutlon of band 1 and there 1s _a. rlse in the levels of

band-?,'3, 4,/5 and-.6. Under dlapause programmlng SD- IND

.

 C0nd1t10nS, the{elis'a rise in thelconcentratlon of band 1,

¢

'2 and: 6 w1th a slight change 1n other proteln bands 1n the

. hemolymph As compared to’ thls ‘in SD BLB pcpulat;on there

&

is a sllght ‘fall in the concentratlon of band 1 é%d a rlse.

in the levels of band”2 in the hemolymph.

The protein profile of the hemolympn of hdrnworm‘pupae

(day 10) reared under various conditions of photoperlod and

light are shown in Figure 10. There are eeveral proteln

bands detected in the hemolymph of M. sexta reared under

LD-IND, LD-BLB; SD-IND and'SD-BLB, with'some changes in.the

.

C . s
-concentration of 1nd1v1dual protein fractlons There are

'Some’differences-ln the ‘evels of band 2, which could be the

P

o

concentraﬁlon of .other 1nd1v1dual proteln bands 1n the hemo-

lymph Qf'insectsfreared under variouS'conditions.

. pro-

. Storage'PrOUﬁiﬁ manducin. There .are mlnlmal changes in the

LAY
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condltz.ons '
40 g protem was loaded each lane and all samples were
run on the- gei ‘Destained- gels were scanned at 550 nm
wavelength on a Beclma.n Du-8 gel scanner. Hemolymph was pooled
‘fram 25 msects R e : .
1 1D e "
2: ID-BLB S . o .
. ¢ . ) ! . r R
) 3: SD-IND ' ’ N . 2 > i \ ,
A - . K-S
’ ‘.- ' . 4\‘
A . v
2 v,
S 0 .
] ," ?‘ R %“’
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- . ) . [
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Fiﬂ' ¢ 10: Qualltatlve dlStrlbuth'l of protems in the hamlynph of day 10
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4.4  Hemolymph Egee Amihé Acids

The titres of free aminé acids found in the hemolymph of
M. §3§§g reared under qifferentcexperimentsl’conditions are
.shownl 55 stles‘3-6f Statistical anaiysis de _the'-data
.obtsined shoW® that photoperiod;ahﬂ the age of instar are
the important fsctors_ which- sign;fieantly influence the.
titres of many free amino_ acids in the hemolymph , of
M. sexta. Light guality also has a signititant effect on a
few amino scids in the hemolyﬁph of the tobacce heanOrm.
The analysis of. variance of the main effects'ss weil'as var-
ious inte;ections‘between the main effects for various free
amino acids féund in the hemolymph of the tobacco hornworm -

are given in Appendix D..

. . : s
In the 5th instar, day 1 darvae reared.under LD IND+UV

(Table 3) the most abundant fzee amlne ac1ds ere serine
(24 2-mM), glyc1ne (12.8 mM), prollne (18 mM) and ¢gluta-
mine < (13 7 mM) followqb by ralanine (8 3 mM) h1st1d1ne (7.9
mM), threonlne (7.3 mM) and ly51ne (6.9 mM). Insects reared
under LD IND-UV do not show any s1gn1f1cant dlfference frem

.IND+UV population. Under dlapause 1nduc1ng SD IND+UV condi-
tions, the mest.abundant amino acrds;are ser;ne.(17.6 mM)

g T o
and glycine (12.5 .mM), . followed by proline (9.2 mM) and his-

tidine (6 O mM) . Levels-'f proline Ere siqnifieantly'lowef

JP

d?veloplng cOndltlons 'Under

S t—
than in 1nsects reared unde

. Sb IND UV, condltlons hornwor have higher levels of serlne,

(21.5 mM) glyc_ne (13 1 mM) and glutamlne (8 7 mM),

. ’ , ~
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Table 3:

Titres of free amino acids present in the hemolymph of day 1,
Sth' instar Manduca sexta reared under different conditims‘.
Henolynph was pooled from 25 animals. Ex't.racts were analyzed
on a Beckman Autcmatlc Amino Acid Analyzer. - ,
Values are reported as Mean (S.D. of Mean) of three analyses.
Values followed by the same letter for each amino acid

* indicate no 51gn1f1cant dlfference at the 0.05 level (Duncan's

Miltiple Range 'I‘est)
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e

Henolynq:h free amino acids (nM) mtheSth:.nstar daylManducasexta
reared under various cand:.tmns :

-

Aminoacin} ID-II;ID-I-I,N ID IND-UV . SD INDHWV ' SD IND-UV
e :

A.lan:l.ne 8.30 (1{871° 6.38 (0.46® 4.72 (0.28)% 7.09 (2.50)°"
- Arginine 3.20 (0450)° 3.01 (0.25% 2.25 (0.50)%® 2.10 (0,34)°
- ‘Asparagipe 4.16 (1{300* 4.96 (2.50f 2.26 (0.73)* 2.45 (0.52)°
-Aspartic acid _.0.46 (0J06)> 0.42 (0.017 0.28 (0.03)* 0.28 (0.02)°

Citrulline 0,26 ° 0,13 * .0.80 (0.50)

Cystathionine 2.62 (0.67n° 1.75 (0.28% 1.26 (0.1:)% 1.46 {0.44)°

Glutamic acid 235 0317 1.37 (0.76f° 1.12 (0.54)% 1.44 (0.62%°

Glutamine 13.77. (6.30) 8.81 (3.38% 6.01 (2.90% 8.71 1.271°
Glycine ' 19,80 (6.70)° 14.63 (0.60f 12.51 (1.36) 13.11 (2.7n)°
_Histidine 7.91 (1.811° 6.70 (0.54F® 6.01 (0.61)" 5.61 (0.21)"

Tsolbucine 1.22 (0.13)° 1.49 (0.02F o0.§3 (0.271* 0.83 (0.18)°

Leucine '3.01 (0.36% 2.95 (0.25} 2.37 (0.64}7 2.17 (0.83)°

Lysine - - 6.90 (0.91)% 5.77 (1.22F 5.36 (0.60)% 6.03 (1.13)"
‘Methicnine 2.44 (0.53)" -2.05.(0.28f. 1.83 (0.0m° 2.11 (0.51)"

Ornithine 3.65 (4.15) 2,50 (2,05) 1,75 (2.21) 4.67

Phenylalanine ©1.10 (0.28)° 1,07 (0.22 0.47 (g.16)* 0.56 (0.05)°

Proline .18.97 (3.76)" 18.18 (6.920 9.22 (3.8)* 7.93 (1.02)°

Serine £ 24.21 (1.51)" 20.53 (6.42} 17.60 (2. 21" 21.54 (4.45)°

Threonine '7.36 (2.020° 4.83 (1.45f" (0. 1) 4.09 (0.66)°

Tyrosine 2.67 (0.41> 2.49 (1.0af  2.13\0.71% 1.87 (0.52)°
valine '5.03 (0.16)° 5.24 (0.377 3.22 jp.57M° 3.35 (0.78)°
- Total ' 133L2’4 (24.42f 115.24 (6.0} 84.28 (d.30F 95.14 t4.§'1)°

“ - - .
. - ' \ “a

* indicates ‘t;r;&;:‘ .
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llowed by proline (7 9 mM), alanine (7.0rmM)[§;dFZYSine

L4

- -

(6.0 mM), altheugh not statlstlcally dlfferent from . those

'reared under SD IND+UV.

1’ : ’ " .
In the prepupae (Sth 1nstar day 5) (Table 4)'reared

under LD IND+UV the most abundant amino acids in ‘the hemo-

» - °

- lymph are hlstldlne (12. 8 mM), glyc1ne (12 5 mM) and serine

(11 8 mM). ' Levels of prol;ne ser1ne and-glutamlne are very

low as compared to thetearly Sth 1nstar insects. VUnder LD
V .

'IND-UV, titres of histidine (11 4 mM),,serlne (9:4 mM) and

a
—r

glycine (9.1 mM) are lower, although not_statisticaLlyfsign
nificant from those :eared under IND+UV. In the prepupae
reared under SD IND+Uv; levels of serlne (10.5 mM) and pro-

r

cine and glutamlne decllne sllghtly in the hemolymph "Under

line (0.8 ﬁM) rise slightly, while levels of hlstldlne, gly-.-

sSD IND UV condltlons, tltres of serlne (11. 2 mM), hlstldane'{

{(11.7 mM}, glyc1ne (3 9 mM) and prollne (O 9 mM) rise 1n the

K hemolymph. Howevef the changes are not statlstlcally 51g-

. . M \/"_"
nificant. Other free ' amino ac1ds in the nemolymph

. slight changes; _
In the early pupae (Day 5) (Table S), reared undei LD

‘

.1ND+UV the most abundant amino ac1os in the hemolymph are

serinew(lﬁ 0 mM) ly51ne (14. 4 mM) and arqinine (13 4 mM)

o

folﬂbwed by hlStldlEE“LB 7 mM), prollne (5 9 mM) and- giuta-‘

Lt mine (5.6 mM). -In %hls stage levéis of arglnlne are much
‘ )’
higher as comnpred to the larval instar Insects neared

undex LD IND- UV as compared to IND»UV haVe hlqhe* Levets

T

.‘é
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Table 4: Ti - of ‘free amino acids present in the hemolymph of: day 5,
. 5th nstar Manduca sexta reared under different condlt_lons
' Hemo, yﬁ was pooled from 25 msects Eb{t.racts ‘were analyzed '
o . on a Beckman Autamatic Amino Acid’ Analyzer. ¥ '_ & . e
\\l ' , 'Values are reported as Mean (S.D. of Mean)- of three - -~ ;
N ' 3 : detemu.natlons R
' ) R Values followed by the same 1etter“£or each .amino ac1d .

‘) indicate no s:.gm.flcant dlfference at the 0.05 level

- . . (Duncan's mlt:Lple Range Test) oo

r’ ~—
- ‘
B -- a}". . 4 oz

Y

o
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Amino acid 1D TNDHUV 1D IND-V \ SD INDHV
Alanine 11.80 (1.100%  1.34 (0.23)* 1.29 (0.62)* 1.11 {0.35)°
Arginine 0.70 (0.83)* '1.33 (0.96)® 0.94 {0.29)% 0.76 (0.65)°
Asparagine 0.92.(0.32) 0:96 (0.62) 0.57 1.10 (0.60)
Aspartic acid 0.25 (0.03)%  0.22 (0.03* 0.30 (0.25* 0.23.(0.03)"
Citrulline 0.30 * . * o
Cystathionine 0.40 (0.28)%  0.51 {0.54)% 0.32 (0.10)® 0.31 (0.32)7
Glutamic acid 2.05 (1.68)%  1.41 (0.10)* 1.34 (0.95% 1.80 (0.4})°
Glutamine 4.44 (0.17%  3.90 (1.46)% 3.21 (2.08)% 3.95 (0.43)°
Glycine 12,57 (9.1)%  9.13 (6.57)% 9.04 (10.42f 13.52 (10.09f -
Histidine 12.84 (1.30)% 11.45 (1.80)% 10.70 (0.58)® 11.71 (2.64)"
Isoleucine 0.91 (0.58)%  1.17 (0.38)* 0.87 (0.69)> 1.01 (0.55)"
Leucine 0.99 (0.70)%  1.43 (0.3 0.97 (0.84)> 0.81 (0.84)°
Lysine 1.90 (0.35)%  1.64 (0.4®)% 1.62 (0.72)* 1.57 (0.62)°

" Methionine 1.80 (0.66)%  1.13 (0.57)% 1.23 (0.53)® 1.02 (0.35)°

Y. Ornithine 2,19 0.13 - 2.53 0.41
Phenylalanine 0.72 (0.32%  0.58 (0.49) 0.75 (0.59% 0.71 (0.36)°
Proline 0.70 (0.16)° 0.72'50.54)a 0.85 (0.22)* 0.91 (0.34)"
Serine 11.85 (5.02)2  9.46 (1.77)2 10.55 (3.25)% 11.26 (4.83)°
Threonine 2.54 (3.46)°  0.70 (0.21)° 4.26 (6.79)% 1.1 (1.12)°
Tyrosine . 1.26 (0.66)%  2.22 (0.16)* 1.40 (0.36)% 1.47 (0.94)°
Valine 2.55 (1.72)%  2.44 (1.53)% 2.23 (1.58)% 1.75 (2.09)°
Total 59.33 (12.85) 50.64 (4.58)2 52.65 (15.93f .55.60 (10.53f
~ * indicates ‘trace'.
C
-4
e SN

‘\

Hemolymph free amino acids (mM) in the 5th instar, day 5 Manduoa/sexta
reared under various conditions.

SD INDHIV
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Table 5: .Titres of free amino acids present in thé hemolymph of day 5,
pupae of Manduca sexta reared under different conditions.
Hemolymph was pooled from 25 insects. Extracts were analyzed
on a Beckman Autamatic Amino Acid Anélyzer. L y
Values are reported as Mean (S.D. of Mean) of three analyzes.

- Values followed'bylthe same. letter for eacH amino acid

indigate no significant difference at the 0.05 level (Duncan’s
Miltiple Range Test). ‘

1



Hemolymph free amino acids (mM) in
reared under variocus ccndlt:.cns

(L

T

the pupal instar, day 5 of Marduca sexta

. .

L]
”

Y

Amino acid LD TNOHWV 1D RO~V SD MOV SD-IDAN..
Alanine 169 (0.11)° * 2.37 (0.59>  2.20 (0.86)" 2.09 (0.44)"
Arginine 13.40 (0.59)° 17.74 (2,707 12.49 (1.37f 12.74 (1.95)"
Asparagine * . * *
Aspartic acid 0.13 (0.02)° 0.18 (0.06)"  0.15 ©.0n> 0.31 (0.05)°
Cit.rul]_i.ne *{ * i - * a
Cystathionine 0.45 (0.060%  0.67 (0.29)>  0.51 (0.36)° 0.49 (0.19)"
clatamic acid 2.91 (0.99)%  3.91 (105"  2.74 2.29)° 4.12 (2.92)°
Glutamine 5 69 (0.94)° 8.3 (L64)°  6.76 (1.52)° 6.64 (1.41)°
Glycine 308 (0.09)° 5.52 (0.72°  4.02 (0.99)" 4.64°(1.82)°
Histidine 8.70 (0.98)° 12.32 (3.00°  8.65 (0.85)° 8.85 a.7n°
Isoleucine  1.78 (0.16)% 2,53 (0.59)°  2.24 0.53> 2.42 (011"
Leucine 175 (0.08)  2.38 (0.43)%  2.19 (0.70° 2.43 (0.50)"
‘Lysine 14.40 (0.21% 2058 (3.29)° 15.36 (1.84)° 16.72 (1.80)
Methionine  0.99 (0.0 1.22 (0.18)"  1.42 ©.28)° 1.41 (0.32)°
Omittljm * & * - *
Phenylalanine 0.57 (0,00 0.73 (0.12)°  0:63 0.12)° 0.57 ©.13°
Proline 598 (0.61)° 9.52 (1.50)°  6.25 (1.06)" 9.23 2.18)°
Serine ° 16.03 (9.06)% 7.67 (4.46)" 15.43 (9.05)> 17.98 (4.84)"
toeire | 3.25 0.15)% 4.3 (0.70°% - 3.48 (L5N° 3.24- (LI
Tyresine 3.57 (0.90)°  4.39 (1.83)>  2.27 (1.90)° 2.39 (2.08)"
valine 6.09 (0.46)° 8.25 (2.521°  7.08 (1.09) * 8.01 (0.54)°
" Total 91.38 (10.04] 112.79 (14.94] 93.86 (12,571 '104.22 (19.60}

* indicates 'trace’'.
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, - 68
of lysine (20.5 mM), arginine (17.7 mM). and histidinel(12.3
-mM),  fol owed- by prolip‘el_'.(g.'s mM), . glutamine (8.3 mM),
serine ts.ﬁ mM) and ‘vaiine"(8.2‘ mM) in their hemoiymph,
Levels of arginine, proline and lysine are éign;ficantly
higher in the hemoiymp@. In SD IND+UV ;eared pupae, levels
of serine are highe:,_yhereas lévels of'proline, lysine,
histidiﬁe, glutamine and Frginine are lower, as. ;ompared to
thé develqping hornWOrW pupae” UnderGSDvINﬁdUV conditions,
levels of serine (i7.9 mM}, proline (9.2 mM), iysine (16.7
mM) and arginine (12.7 mM) rise slightly whilé other free
amino acids show minimal change.

" In day 10 pupae (Table 6), under LD IND+UV, titres of
Iysine (15.5 mM), arginine (12.5 mM), hiétf&ine (11.5 mM),
proline (11.0 mM) and serine (10.3 mM) are abundant, fol-
lowed by glutamic agid (©.2 mM), valine (6.6 mM) an@ gluta-
mine (6.8 mM). As jampared té this, under LD';ND-UV condi-
tions, levels of serine, lysine and .arginine rise and levels
of proline, histidine and glutamic acid are lower in ‘the
‘hemolymph. Undeg diapausé—inducing SD IND+UV, titres of
serine (15.6 mM) rise in the hemolymph and-levels of pro-
line, lyéine, histidine and arginine are lower as compared
‘to developing pupae. In SD iND—UV population, titres of
serine (25.2 mM) are significantly higher in the hgmo;ymp?.
-Levels of preocline (6.8 mM), lysine {(17.2 mM) and histidine
(9.2 mM) are slightly higher in the hemolymph. Titres of

other free amine acids show minimal changes in the hemo-

lymph.



<

Table 6:

-

Titres of free amino acids present in the hemolyrph of d;ay 10,
pupae of Manduca sexta reared under different conditions.
Hemolymph was pooled fram 25 animals. Extracts were analyzed

on_a Beckman Autamatic Amino Acid Analyzér.'

Valles are reported as Mean (S.D.of Mean) of three determinations.
Values followed by‘the-san'e letter for each amino acid indicate
no significant difference at the 0.05 level (Durican's Multiple
Range Test?}.‘ '




Bemolymgh free amino acids (M) intt:e;upalinsté.r,ﬂaylﬂofﬁaiﬂucasexta
reared under various conditions.

Amino acids LD INDHN . LD WDV -SD NDHIV SD INp-UV
Alanine 3.46 (2.30)° 290 (1.50)°  2.28 (132" ©2.03 (172
Arginine 12.57 (.07  14.93 (2.000%  13.38 (3.05)°  13.14 (0.3)°
Asparagine * - " * : ' ) ’
Aspartic acid  0.32 (0.13°  0.21 (0.040  0.13 (004"  0.17 0:10)™"
Citrulline 1.62 . . o
Cystathionine 0.70 (0.24)%  0.45 (0.18)"  0.56 {0.30)°  0.43 (0.08)"
clutamic acia  9.22 (3.85)°  8.06 (0.18)°  2.71 (1.6n®  1.80 (1.22)°
Glutamine 6.83 (L3N 7.4 081" 5.5 2.3 4.20 (0.99)°
Glycine 574 (0.30)°  4.82 0.90%°  4.65 (120" 3.97 (0.48)°
Histidine 11.56 (2.86)>  9.87 (L7 8.50 (273> 9.24 (1.31)°
Isoleucine 1.71 (0.18)>  1.54 (0.35)" 1.74 (0.43)° 2.03 (0.20)"
Leucine 2.17 (0.78)%  1.94 (0.831>  1.63 (0.45)°  1.76 (0.06)°
Lysine 15.56 (17> 17.52 (.41 15.58 (3.70)°  17.23 (1.25)
Methionine 0.77 (0.22°  0.57 (0.10°  1.35 (0.09°  1.58 (0.20)"
Ornithine 0.63 (0.67) 0.60 0.08 *
phenylalanine  0,89.(0.36)°  0.68 (0.05)°  0.47 (0.15)°  0.56 0.1n°
Proline 11.06 (3.93)>  B.56 (3.45)°>  6.03 (2.55)"  6.80 (1.38)°-
Serine 10.35 (1.80)%  13.26 (2.05)%  15.64 (3.3n°  25.36 (7.64)"
Threcnine .60 (2.21)°  4.34 (1L.o0)>  2.93 (1.15)°  2.74 (0.96)"
Tyrosine 3.20 (2.35)°  3.24 (2.65)°  2.34 (2.03)"  2.50 (1.48)"
valine 6.65 (2.75)%  4.92 (1.28)°  6.61 (2,26  8.04 0.7D)°
N ’ . - '
Total 108.36 (4.86)°) 10569 (12.86f = 92.15 (20.46f 103.61 (9.01)°

* indicates

'trace'.
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4.5 Heﬁolymph Trehalose and Glucose ™

The hemolymph trehalose and glucose concentration of

a

A -
‘M. sexta at different times in the 5th larval and pupal ins-

“tars arglshOWn in Table 7. Statistical analysié of the data
“shows thaf trehalose levels in the hemolymph of M. sexta are
signific;ntly'infiuenced by photoperiod and the agé oé ins-
tar (F=18.1, dff.=1; E=16.97, 4.f.=3; respectively.
P« .05).; Light ality alone does not show any statistical
'significahce {; affectﬁng hemolymph ;rehaiése levels.‘ How-
ever, interaction between 1fhht‘ quality/age of instar 1is
significant (F=3.09,d.f.=3; Psl.OS)\: blucose levels ;n‘thé
hemolymph of g. sexta are influenced sigpifi?antly by the
age of instar alone (Flé.OB,d.f.;B; P« .65).

On the lst day of the 'final larval instar reared under
LD-iND, trehalose and glucose levéls are 3.38.ug/ml and

2.94 pg/ml, respectively (Table 7). In the LD-BLBE reared

insects, the respective lévels are 4.15'ug/ml and

4.67 ug/ml, indicating a rise under BLB conditions. In"th%

SD-IND reared.Jdarvae,, the titres of trehalose and glucose
L

are 5.47 uyg/ml and 2.22 ug/ml, respedtgvely. Under SD-BLB
conditions, the levels of trehalose and glucose are

6.90 yg/ml and 3.47 ug/ml, regﬁectively. Particularly, in
13 - .
these insects, levels of trehalose are higher as compared to

L]
» g

insects reared under other conditions.
,In the hornworm prepupae (5th instar, day 5} reared

under LD-IND and LD-BLB, levels of trehaloée and glucose are

)

B T



.‘ A '

Table 7: Trehalose and glucose levels in the hemolymph of Manduca sexta

reared under different experimental conditions.

Hamlyrrqf:h was pooled fram 15-20 animals. Analysis of the sugar

extracts' were done cn at Beckman HPLC system with an Ultrasil-

Amino colum. v _

Values are reported as Mean (S.D. of Mean) of three analyses.
),Values followed by the same letter in the colum indicate no

significant-difference at the 0.05 level (Duncan's Multiple

Range Test). )
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. : (R s
lower in the hemolymph as!.compaxed to the early 5th instar
" insects. SD-IND reared prepupae particularly have -higher

ieve;s-of trehalose (3.51 ng/ml) as ?ompéqed to--other réar-
ing . conditions. Levgls of glucose are not sigﬁificantly
different. Under SD-BLB con&ition, hémolymﬁbllevels of tre-
halose and glucbse are 3.11 pg/ml and 2.87 pg)ml, respec-

R

tively. . - . 5 ‘ ! N
kN

In the eérly.pupaeA(Day S),-réargd under LD-IND, LD-BLB,
 SD-IND' and snfsqé,'the:e'ane mihimal chanéés in the titres
oé trehalésé'aﬁd glucose. These changes:are-stééistically
not'significant.‘ In.the day 10 pﬁpae reared under. LD-IND,
the levels . pf' trehalose and glucose are 2.49 ué/ml and
2.02 UG/hl; respectivéiy while under LD-BLB, the'resﬁéctive
leval; are- 1.64 ugs/ml and 1.63 ug/ml. Under diapause-
. .

inducing SD—IND coqgi;idns, t§%fes of trehalose‘and glucose
are 4.66 ug/mlrand 1,57 ug/ml reéﬁectively. In SD-BLE popu- -’

lation, there are minimal changes in ;he leVels‘of_trehalose

\

-

- and glucose in the hemolymph. -The sfatisticai' analysié
shows 'that values. for hemolymph glucose are statisticaily
§imilar; .The levels of trehalose and glucose, as a fanction
of photoperiod, are shown in Figure 11 "and. 12, respective%y.
4.6 Hemolymph Osmolality ‘~

The var;ations in the‘hémolymph osmolality of M. sexta
reared under different coﬁditions at various times in the

5th larval and pupal instars are given in Table 8.



[

" Pigure 11: Levels of trehalose in the hemolymph of the tobacco hormworm,
) _as a functian of photoperiod. — ° '
‘ Hemolymph was pooled frem 20 animals, Analysis of the extracts
- was accamplished by a Beckman HPIC system on an Ultrasil-Amino
column. Values for light quality were ccnb.med

1 3
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Figure 12: Levels of glucose in the hemolymph of the tobacco hormworm,

_ as a functlcm of photoperigd. | |

.- Hamlymph was pooled from 20 insects. Apalysis of the sugar
ettracts was done by a Beckman HPLC system with an Ultrasil-
Amino colum. Values for light quality were combined. '
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‘Statistical treatment of the data shows that Bsmblality of

‘the hemolymbh of M. sexta is influenced by the age of instar

alone” (F=4.99, d.f£.=3; P< .05) and the interaction between

photopériod/light quality ‘and photoperiod/age of instar are
;iso sign?ficant (F=7.60,d.f.=1; F=5.05,d.fu=3; respective-*
ly. P< .05). ' |

On day 1 of 5th larvgl instag, mean hemolymph osmolality
values under LD—IND{';.T{P;ISQB.I;'B.;, SD-IND and SD-BLB are 428, 356,
435 and 450 mMol/Kg’ .j‘;i‘f;e-spe'g;__t}i_yevly. By the end of the 5th
lé?val instar, oségLaiigyaéélués are 400,7332,“292 and 369

7]

mMol/RQ'respectiveiysghd:shéﬁ some differences between tﬁe
-grbubs. In the‘gariy pupal-(Day‘B) hemolymph, osmolality of
the hemolymph show some variabil}f&, but the wvalues between
the groups are statistiéally not different. In day 10
pupae, hemolymph osmoiglity undér-LD-IND, LD-BLB, SD~IND and
SD-BLB are 469, 375, 326 and 335‘ﬁMol/kg_respeqtively and
show statistical variabiifty betwéen’different experimental

groups.,.



2

b

Table 8: -

e

r )
Hemolymph osmolality of Manduca sexta reared under different.
experimental conditions. ‘

Hemolymph was pooléd from 10 animals. Osmolality determinations
were made on a Wescor Vapor Pressure Osmometer. ‘

]
- Values are reported as Mean (S.D. of Mean) of three analyses.

7 0

Values followed by the same letter in the column indicate no
significant difference at the 0.05 level (Duncan's Miltiple
Range Test). '
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Chapter V
DISFUSSION

i
\n

This study has demons%;ited that photoperiod and gquality
of light are two importan%'aspects of the 1ig£t ;eéﬁirements-
of M. sexta. Larval grﬁ@th, pupal weight, heﬁgiympﬁ protein
concentration, hemplymph protein profile, . some f{free aminq
acids, hemolymph trehalose and glucose, and hemolyhph osmo-
lality are-variously influenced by phdtoﬁeriod, light'qualiw
ty and the age of instar. These are diécussed below..
5.;" Larval Gfgwth and Pupal Weight of Manduca sexta \

| The results Rresented here show tﬂat larval grbﬁth,
measured as live weight,:is significantly.ianuenced.by ph;-
toperiod and ligﬁt gquality. A;though larvae reared under
the - experimental' photoperiod-light quality regimes showed
similar trends of growth, there were significant differences
among different_éroups., Litt{g is currently known of the
specif;c phy;iological mechanisms by which photoperiodic
stimuli may influence either growth rrates or pathways of
differentiation, but some generalizations have been AEaQn by
Beck (5980_. There may be rate-controlling effects on ‘hoy-,
mone syhthjkisand release, as have been poétulated in cases

\
where photoperiod appears to influence the neurcendocrine

-
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system. Photoperiodic responses coulds also be- mediated -

4
.

Ehrough the inflﬁence of photoperiodic signals on the'tehpo—

N )

" ral relationships such as hormone-controlled processes

Y

(Beck, 1980). The higher growth of M. sexté{larvae_féared
under UV gonditions could be due td -changes kirl hormonal

-milieutharticularly those hormones whiéh.regulaté metabo-
lism and growth. \ 3 D _ )

Larvae, reared under non-diapause inducing photoperiod’

and ultraviolet light (LD-BLB) exhibit more growth as com-

pafed with those reared under the same pHotopériéd but
-
‘Indorsun fluoroscent light which has a "complete" spectral
SN :

distribution as natural light. The effect of spectral qual-:

ity-1s thus clearly evident in modifying larval growth in

-

'-\. M. sexta.

Y

épectrél sensipivity‘qf the bho;operiodic respgnse ﬁas
‘been studied for a number'of iﬁsects by different authors
-(see Saundérg, 1982). These studies.show that most species
are Sp?imﬁlly-sénéitive.to liggt in the blue-greéﬁ region of
the spectrum and largely insenéitive to red. However,ithgre
is a considerable diversity among digfgreﬁt species.studiéd
so fér. More direct ;vigencé'of hormonal modification in
insects by Specfral fquality, if ény, is still lackingy.
Light gquality ha% beei\éhown to influence larval develoﬁmenf

time for Pieris brassicae (Vuillaume et 1.,1972) although

larval growth, as gain in live weight, was not determined.

These authors reported a shortened developmental time at 20
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°C in larvae reared under red rather than white light during
the photophase. Claret (1972) modified .the spectral guality.
regimes %0 rear P. brassicaerusing filters to eliminate any

effects of teﬁberature due to 'radiant heating and found no

differences in developmental time. However, studies done by

Allot and Weinzaepfel (1976) confirmed the results obtained

by Vuillalme et al. (rrng) Here again, noqattempts were
made to characterlze any chégges in larval rowth. Thoms

and Philogéne (1979) reported that under a 15/9 (L/D) photo-
period the developmental. -rate, of‘ P.,'rapae larvae varied
under different light sources used but did rot attempt to
dlrectly address the questlon of rate of larvak growth.

It seéms concelvable ‘thdt in M. '§g§£§, ultrav1olet-llght
?Blackllght plue) may stimulate growth by brfhging about
changes in 1its metaboliem through hermonal medification,
elthough the nature of these changes, if any, needs to be
studied. As will be discussed later-in this chapﬁer, light
gualitw does have an effect %n biomolecules such as hemo-
lymph proteins and some amino acids.

M. sexta larvae reared under diapause inducing photoper=~
iod and Indorsun (SD-IND), again, Fxhlblt enhanced growth
(as weight gain) as conpared to those raised under LD-IND.
The higher growﬁh rate under SD-IND is obviously the result
of auiiapeuse inducing photoperiod. Phdtoperiodic induction
"of diapause is a very well studied aspect of insect develop-

‘v

ment. Diapause. in M. sexta is induced by short-day photo-
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.periods of less Afhan 13.5 hours (Bell et al.,

Under

SD . conditions, M. sexta larvae could be accumulating more>

nutrient meserve;\of proteins, amino abias and‘c;rboh rates‘
for the met;Lolic rééuirements of diapause maintenan_g and
possibly also for later use during post-diapause de élép-
ment. -The exact mechanism{s) by which ‘this may oteur
remaing to be reseérched. Higher ;evgls of hemolyﬁph.pro-
teins, some free amino acids and trehalose were detgcted in
diapause~programmed M. sexta larvae (discusséd latery.
Chippendale and Kikukawa ~{1983) éeported that gnder

diapause- inducing photoperiod, fully grown larvae of the

i

sunflower moth, Homoeosoma electellum are significantly

heavier than the eguivalent non-diapause larvae. However,

these~ authors did not provide any physiological basis for’

-

such a difference in larval érowth. Diapause programmed

[

larvae of Pieris brassigae sho* an increase in weight ove

,rJ,\

their non-diapause countérparts (Clanef, 1968). . .
Lar&ae reared under diapause-inducing photdperiod and
Blacklight blue{(SD—BLB) are heavier.gpan those reared under
all other rearing conditions: In-fﬁis group of insects,
photopericd as well aé light quality seem to play a role in
influencing larval growth. The results would suggest that
diapausg-inductién along’with logg wave UV are complemehtary
in stimulating growth of M. ggﬁgg‘bossibly thréugh influénce
on hormones which play a role.in regulation of metabolisﬁ

and growth. More work needs to be done in characterizing
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the changes in hormones, if any, due ‘tb photOp;riod 'and
spectral quality in M. sexta. ‘ | |
| The trend in pupal weights obtained followed the same
< pattern as that for larvae reared un@er.equiGalentjcondi—

%

-tions of photoperiod and light Juality. owever, the slight
decline ‘in*pupal 'weigl'hts on qay 5 ofzal life is mg\\inly
due to, loss of moistlre during the prepupél wanderiﬁg stage.
Pupal weight variations do not show any étatistical Sigﬁifin

cance suggesting that photoperiod and light quality‘are only

critikal duriﬁg the ﬂeriod of active larval growth.

5.2 Hemolymsz Protein Concentration

Hemolymph proteip concentration of ﬂ! Egggg.is:éignifi-;
cantly influenced by the.age of instar. A two-way intefaci
thﬁihmtween-photoperiod/age of Jﬁstar,.énd-light quality/
age of instar are significant, while a three-way ANOVA
between photoperiod/light'quglit?/age o%linstarfis.also sig-
nificant. The biological significance. of' the s?atistical

interactions are discussed later. L

The changes in the concentration of proteins found 1in
the_heﬁolymph of tobacco. hornworms reared under LD-IND are
céhsistaﬁt with the resulté of ;ther workers. Gilbert and
Schneiderﬁan (1961) reported that the pfotein concentraéioni
of the hemolymph incre&sed during successive lgrval stages

of Lepidoptera. Hudson (1966) found that a cycle of change

in the hemdlymph protein was repeated over the molting cycle



. L 82

of the tomato hornworm, M. gquinquemaculata larvae and Dahl- .

man {1969) reported a cyclical pattern of hemolymph protein
concentration in M. sexta larvae. He reported a step-like”
increase in protein concentration between instars and linear

increaseg within inStars of the tobacco hornworm illustrat-}

that biochemical differentigﬁion was occurring in suc-

cefgsive instars. "

Under LD-~IND conditions, 5th larval and the pupallins—
tars show considerable yariaﬁility in titres of p}oteins in
thenhemélymph. The fluqtua;&gns in the protein concentra-.
tion of the hemolymph of hornworms co;ld be the resulf of

: \
rapid growth of various- tissues, especially fat body, during

this time. Martin et al. (1971) have reported that fat body
cells oﬁ\late larval instats of Calliphora stygia make up
hemolymph proteins. The higher céncentfation -0f protein
- found in 5th instar, day % and day 5 Manduca larval hemo-
lymph 1is rglated to the upcoming inactive molting period.
The increased céncentrations-of protein could serve as a
nutritional sourcé, as'é_source of amino acids fof pro;ein
sypthesis (éreene and Dahiman, 1973). The largg puild-uﬁ is
sgential because the energy reéuired during metamorphosis
musg' be derived from endogenous sourcés (Pant and Agra-

wal, 1965). ) o 4

The decrﬁase in hemolymph protein concentration in the
. { !
early pupae can be explained by events in the preceding pre-

pupal stage during which, after attaining maximumm dgrowth,

-

T~
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“the larvae. stopped feeding ang voided their gut contents.

The "wandering" activity consumed energy which. must come
from sources in the hemolymph or from some other food depot
(Wyatt, 3961). .ﬁoreover, some‘additionel selective absorp-
tion of hemolymph preteins by the tissues could also have

occurred (Wyatt; 1961; Loughton and West, }965).

The increase.in protein concentration in the 10 day old
+ . 1 .

developind pupae raised-under LD-IND conditions coulq:be the
‘result of extensive syntheeis, a process required for.the
eventual synthesis of adult tissues in situ (Loughton and
West, 1965) or possible direct:incorporaticnlgnto adult tis-

4

sues (Dahlman, 1974).
* in the hornworms reared under non-diapausé inducing pho-
topewiod and Blacklight blue (LD-BLB), as compared to

LD-IND, the differences observed intthe-hemolymph protein

concentration in the 5th instar larvae and the pupae appear .

to be related to ultraviolet light in the Blacklight blue

fluorescent

The interaction between light quality and age of instar

is significant suggesting that ultraviolet light does have

an effect during certain periods of larval and pupal devel-

opment. The interaction is evident on day 5 .of the final

larval instar, which is the'phy51ologicelly critical‘time in

larval life. Day 5 of the 5th }nstar larvae is character-
ized by "wandering" and preparation for the metamorphic
molt. ° Manifestation ,Qf diapause _(ih diapause-programmed

w

insects) also occurs shortly after this|stage.

—_—

83
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Hornworm Barvae reared under diapause-inducing photoper-
iod and Indorsun-light (SD-IND), again, do not éxhibit a

statistically significant change in their hemolymph protein
. ’ EY :

concentration, although a photoperiod/age of instar interac-

tion does show signifibance. In the 10 day old pupae in

diapause, as compared to those which were reared as larvae
¢

ﬁgnder LD-IND conditions; titres of protein are lower in the

hemolyﬁph. Howevér,*fhe'overall levels of -protein ﬁre high-
er throughout the 5th larval. and early pﬁpal_ instars,
although not statistically significantn

Many physiclogical stﬁaies on 1insect diapause haée
focussed on proteins in' the hemolympﬁ. Stability in the
protein qomposit}an of the hemolymph is typical of insect

diapause. For example, Hvalophora cecropia pupae. (Telfer

and Williams, 1953), pupae of Pieris brassscae (Chippendale’

» and Kilby, 1969 Claret, 1969) and Dendrolimus pini (Luzev

~

and Belozerov, 1878). On the contrary, nc changes were

fouﬁd in the protein composition of the'hemolymph of the

-

European corn borer, Ostrinia nubilalis prepupae in diapause

fhat_had been reared under different photoperiodic regimes
(Chippegdqle and Beck,. 19667). Thesé‘éathors‘sﬁggested that
inlg. nubilalis, there is apparently,little metabglic activ;
ity in the hemclymph until the.start of the post-diapause
molting cycle. The results presented here show thét a simi- -
lar situation exists in the tobacco hornworms- reared under

diapause inducing conditions.
’ . B
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~In the hornworms reared under SD-BLB . conditions, the

hemolymph protein concentration is not signifﬁcantly diffep-

ent from'SD-IND, except on &ay 3 and da? 4 of the 5th larval

‘instar. ‘These differences in protein concentration between

groups reared under Indorsun and Blacklight blue are due to

differenqes in the spectral qualﬁty, however, the role
—-’ﬁiayed by light quality in-influenciﬁb_the hemolymph protein
concentration is ﬁ6t understood. Oﬁefall analysis of_ﬁari-
ance of.the data is not statiStically significant for light
quali;y alone as a main effect. An interaction between
light quality/aggw;f'in§tar is signi?f&ant, thus eﬂphasizing
that, ultravigiet light has an effect.during certain periods

in .the larval/pupal instars of M. sexta.

5.3 Hemolymph  Protein Profile

5.3.1 Effects of Photoperiod

Studies on M. sexta show that in this insect, nb specif-
ic diapauge associgted proteing;ﬁere_detected although there
are some changes in the éverall hemolymph protein pFofile as
weli as tbe concentratioﬂ of individual‘protein bandé in the
profile witi respect to photoperiod. Day 1 of the 5th ins-
tar hornworms reared under LD-IND and SD-IND conditions show
wide differences in the hemol&mphlproﬁeiﬁ profile. Of par-
tiﬁular interest is the absence of two low molecular weight

weight protein bands (#9 and 10) of molecular weight below

10 kD in the heémolymph of diapause-programmed' ( SD-1IND)



86
. insects. These bands could be amino acid storage peptides
{Chen, }971) and could be used as metabolic reserves in
~developing tobacco hornworms. However, evidence for such a
function in this inseét_is still lacking. Alternatively,
these bands could be the result of proteolytic breakdown of
hemolymph protein(s) during sample preparation and/or analy-
. - ) *
sis. :
\- . : ‘ «
In " the prepupae, on day 5 of the 5th la;val instar
reared under LD-IND and SD-IND conditions, a soméwhat simi-
‘lar protein profile is seen. . However, the concentration of
band 2 (manducin) is increased sharply in the profile. A
dramatic increase in the manducin content in the last larval

-

instar of M. sextd has been reported by Kramer et al.(1980).

- : ) » - ®
These authors have reported that manducin constitutes at

least Bd%.of.the,total hemolymph proteins and appears to be
a storage form for amino .acids sequestered during larval.
life to be used for construction of the-adult animal. Under
diapause-inducing condition (SD-IND)}, the concentration of
manducin is about'40% higher:tﬁan in the hemolymph of devei-
oQing ({LD-IND) hornworm prepﬁpae.
' It has been suggested that a specific titre of- juvenile
_ hormone (JH) and ecdysoné brings about the triggering of
mRNA and lead; to the biosyﬁﬁhesis'of proteins and their
subsequent releafe in the hemolymph. JH has actually been
shown:to regulate protein synthesis ‘in the fat body (Wgétt

and Pan, 1978; Laufer and Borst, 1983):

N



. o ‘ . | X . - 87
In the early pupae (day 5), an increase in the number of
proteln bands was seen in insects reared under LD-IND and
SD-~IND conditions. There is a slight ihcrease in the con-
eentration of some proteins under diapause-iﬂducing-condi-
tions,l suggesting’ tha.'ll: these proteine may be used as ‘an'
‘energy reserve for diepause maintenance and/or post-diapause
development; The slight increase in.tﬂe number of protein
bands in éhe early pupae is probably the refdit of massive

v reordahization taking place in the early bupal life. ' Chip-
pendale and'Beck.(1966) studied changes in the‘hemolymph_

. .

. proteins during the pupal molting cyclebof EEEEFuropeaﬁ corn

borer 0. nubilalis and concluded that in this insect, histo-

W¥is had contaminated the hemolymph causing some inconsis-

:"tengy of the electrophoretic pattern. '
In the 10-day old pupae under LD-IND ahq_SﬁFiND ‘condi-
‘tieons, there is no change ;n the ndmber of bands detected in
* the hemolymph. However, under dia;ause-inducing cenditions;
the concentration of some Bands is higher in the hemolymph
as compared to LD-IND pupae; Thig) suggests that these pro-

telns may be used as metabol;c reserYes for future use.

However, this has to be viewed ogether with the modifica-
'3 /,_,.—

tions in other biomolecules such as aminc dacids, carbo-
. hydrates and lipids. An increase in the concentration of
the hemolymph proteins towards the end ofl prediapdusiné‘-

period was also reported in the pine moth, Dendrolimus pini

larvae (Luzev and Belozerov, 1978). ~

a - . "
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W

5.3.2 Effects of Light Quality

Light quallty has some 1nf1uence on the protexn comppsi-

.tion of the Jemolymph of M. sexta. There are some differ-

ences in the hemolymph protein profile in  the hornworms‘
reared .under Indorsun; which has a speétral_ distribution
close to the solar spectrum and under Biacklight blué, which
has a high-po;tion-of long wave ultraviolet (350 nm)_4 Qn
day l'ef the 5th larval instar, undef LD-IND and LD-BLB, it’

appears that light guality has an influence on the hemolymph

protein profile. There 'is a drastic rise 4n the two low-

"molecular weight'-bands (#9 and 10) under BLB condition.

This increase in these protein bands is, at the present
time, unexﬁlainable. it is necessary to characterize these
bands, and to eluc1date their role in metabolism.-of develop-

ing insects, before any conclusion c¢an be drawn about the

effects of uv light on the hemolymph protein profile of

M. sexta. It is interesting to note that these two bands
- . ”"c .
are absent in diapause-programmed ‘insects. Alternatively, .

as p%&nted out eaFlier, these ‘bands could be the result of
proteolysis during sample preﬁa;atioh and/or analysis.

In the prepupae (day 5, 5th instar), ,there are no dif-
ferences ,in the number of proteins detected in the hemolymph
of hornworms reared under all rearing conditions. However

under LD~-BLB, as compared to LD~IND, there is almost a SO%

rise, in the concentration of band 2 (manducin).in the pro;

file. Ultraviolet light, under developing conditions, does

\/,J



v

89

-
seem to influence the concentration of band'2 in the hemoj

“lymph. - The exact mechanism{s) by which this‘ may occur
:remains. to be researched. Under diapause-inaucing condi-
tiohs;YSD-IND and SD-BLB) there is a -negligible thaggE'in
the profiie' .- -

In the Day 5 and Day 10 pupae reared under .LD-IND,

LD- BLB SD- IND. and  SD-BLB condltlons there .ar .mln;mal'

cHanges 'in the hemolymph protein profile of M Eégu This
suggests that llght guality has an effect durlng the eriod
cof actlve larval growth ‘ .

It, therefore, appears that light quaiitjlhaeuan appre-
cteblg' effect on -the physiology of the hemolymph of
M. sexta. Spectral sensitivity %or the“photoperiodic
response has been reported in many insects (Saunders,‘1982)
and Chapman (19715 has suggested that only the short yavel-
engths are involved in the phetoﬁeriodic reaction in most

insects.

Since hormones such as juvenile hormone, ecdysone and
[} . . - .

certain neurosecretiohs_from the median neurosecretory ceils
of the brain {(Thomsen and Moliet, 1963; Hill, 1962) have
been implicated in the regulation of protein synthesis/
uptake in insects, characterization of such hormones in
,response to different photoperiod and 1light conditions:

should yield valuable informatidn on the role played by -

light in the physiolegy of .insects.
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fhe_SDS-PAéE‘éystem used in this study allowed separa-
tion of several proteins in the hemoiymph of M. sexta reared
under different expérimental conaitions. However, there are
certain limitations to the system which should aiso be_dis-
cussed here (Housemanf pe;sonal communication). It is
important that:the proteolytic bteakdown of hemolymph pro-

teins should ‘he minimi;ea by use of lo& temperatdfes during

sample preparation and analysis. Proteelysis in the sample

.may.contribute to incopsistent separation on the gels'and/or

result in low molecular weight.bands in the profile. 1t is
also ﬁossible that direc£ comparison between protein separa-
tions on two different gels may not be accurate because of
the differences between the géls used. Factors such as
feagent pufity, period of storage, degassing and temperaturé
can influence the gel structure and may result in differenc-
es in mbbility of the protein bands in the sample. Consis=
tency in the staininé ‘and destaining procedure i§ also
important. The porosity of . the ﬁolyacrylamide gel can
influencé the separation of proteins of a wide range of
molecular weights. H?gh densitf (low porosity} gels may
excludg some high molecﬁlar weight proteins. “©bviously,

these factors should be carefully consfdergd when usiﬁg

SDS-PAGE for analyzing hémolymph proteins.
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5.4 Hemolymph Free Amino Acids' -

5.4.1 .. Effects of Photoperiod .

The results show that high titres~of serine.(20-24 mbé) -
are present in the\early S5th insrar‘developing hornworms
under both IND+UV and IND-UV conditions. By the end of the
5th larval instar, ,h the ritres dropped sharply and increased
slightly in the early (Day 55 and.late (Day 10) pugsﬁ hemo-
lymph, with some varlatlon under IND+UV and .IND-UV condl—
tions. In the'early Sth instar dlapause programmed horn-
worms (SD) reared under IND+UV and IND-UV, the titres of
serine were not significantly difrerent than those reared
under deveioping_(diapause—averting) conditaons{ Howeyer’
unlike developing insects, the titres of'serine did not drop
sharply but”™ slightly by the end ofj the 5th 'laryallinstar
(Day 5) and in the early Pupae rose to early Sth instar lev-‘
ele with'variations under the two light regimes used. In
the 10 day old pupae 1n dlapause the 1evels'of serine rose
even hlgher compared to the developing insects. The‘most
51gn1f1cant rise was observed in pupae under IND-UV condi-
tions. However, in some cases, the differences obserﬁed
were not statisticarly significant, mainly becausé»of higher
variation in the data. This shows that titres of serine in
the hemolymph of M. sexta are dependent on tﬁe developmental
program of the pornworm,.whether diapause or non-diapause,
and may play an imporpant role in the ppysiology of diapadse

" in this' insect. High titres of serine have also been
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reported in- the hemglymph of pink' bollwofms, Pectinopho-~

ra gossyplella 1n dlapause and dlapause pupae of Anther-

'aea Eernyl and Heliothis armigera. (Rostom et al.,1972 Man-

~singh, 1967; Boctor, 1981). A very high tStre of serine (65

‘mMj in the hemolymph of Chilo suppressalls larvae in dia-

pause and high levels of serine (30 mM) Ln the hemolymph of

post-diapause Mamestra brassicae pupae have been reported

(Mitsuhashi,

‘¢

1978). High levels of serine have also been

reported in ovenwintering Diatraea grandiosella and Ostri-

nia nubllalls in dlapause (Morgan and Chippendale, 1983).

»

Morgan and Chlppendale (1983) have suglested that large -

- -,

amounts of serine in overwintering larvae or pupae of these

o . " |
insects may be used \i&ring’ post-diapause - development for

s&ﬁfhesis of

uric acid and purines (Tojo and Hira-

no, 1966,1968).

The results suggest that a similar situ-

" ation probably exists in M. sexta in diapaasg.

[ *3

Moderate titres of glutamine and low levels of aspartic

acid are detected in the hemolymﬁh of M. sexta Wwith consid-

L]
erable wariation®

developing and

)regimes. Levels ~

significantly

in

during'the age‘bf instar as well as under

diapause—inducfng photoperiod and light

of glutamine have been reported to change

diapause eggs of the cricket, Teleogryl-

lus commodus and in non-diapause eggs of the silkmoth, Bom-

y mori (MacFarlane and Hogan, 1966 Suzuki et al.,1984),

Morgan and Chlppendale (1283} have reported high titres of

glutamine and aspartic acid in the'field-collected, overwin-
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tering O. nubilalis and concluded that the increase in glu-
tamine' may have resultéd' from the action of glutamine
synthetase on glutamate apd ammonia;'thug_fﬁaicating a high-
er rate of ammonia production in Q. nubilalis in diapause:
It has been proposed that glutamic acia and glutaminé may be -
utilized for energy production in insects (Sacktor, l9§1).
The levels of proline were higher in the early 5th ins-
tar Manduca larvae under both photoperiods and lights‘and
}@en remained moderate throughout the rest of la}val and

pupal life under study and exceeded. 15 mﬁ at certain times

lin the hemolymph. The titres of proline reported here are

in‘géneral'agrgement with those in the hemolymph of overwin- -
: . .

tering larvae ' of O. nubilalis {Morgan and Chippen-

dale, 1983). Cold-hardened ©O. nubilalis in . diapause c¢an ..
survive fréezing {Hanec and Beck, 1960). In the freeze tol--

erant gallfly Eurosta solidaginis larvae, Storey et al.

(1981) reported an ‘accumulation of proline. and alanine.
These amino acids also accumulated in the hemelymph of cold-

exposed Antharaea pernyi and Galleria melonella pupae in

—

diapause (Marek, 1979 Mansingh, 1967). Titres of proline
were moderate %n the}hemolymph of M. sexta and did not show

o
any accumulation. This is because these insects were not

exposed to low rearing temperatures.

The abundance of some of .the ‘amino - acids (sérine, .

lysine, histidine, arginine and glutamine) in the hemolymph
of diapauses programmed hornworms may help them to survive

-
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the cold temperatures that.normélly prevail during diapause.'

Titres of aﬁiﬂo agids in the hemolymph can ﬂg infl&enced by

~changes iqntme_}evgls of.carbo@yﬁrates aqd %héirrmetqpolic

~ . intermediates and lderivatives { Somme, 19673; Chino, 1958).

Gluccose and its metabolic intermediates can provide carbon

skeleton Eor the  synthesis of amino acids in insects (Man-
'singh,‘ 1964).

. The changgsl_in‘ alanine and proline under diapause-

inducing andldeveloping EOnditions suggests.the presence of

, a proline- alanine pathway as in ﬁhé diépause- eggs of

"B. mori (Suzuki et al.,l1984) and in flight muscle and fat

- 5

~

body of the tsetse fly, Glossina mg;sif%ns (Bursell,
Bursell and Slack, 1976; Hoek et al.,1976 Olembo and Pear-
son, 1982). It is one of the important ﬁathways in energqy
ﬁroduction via the oxidative degradation of amino acids
(Lehninger, 1975). Similarly, the pre%énce of Ernithihe and
Citr;}line in M. sexta. hemolymph suggesté the existance of
‘an ornithine-citrulline path in this species similar to that
suggested in Heliothis‘armigera (Boctor, 1i981). This path-

.

way 1s of significance in urea synthesis via the urea cycle

(Lehninger, 1975). 'However, evidence for such a pathway in

‘
insects 1is limited (Inokuchi;gg al.,1969 Chen, 1971) and
direct evidence for the existance of proline-alanine and
ornithine-citrulline pathways in M. .sexta 1is still lacking:
. It seems conceivable from the foregoing discussion that,

- in M. sexta, amino acids such as serine, glycine, glutamine,
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Qlanine, preoline, ornithiné and citrulline sﬁow changes in
response to photoperiodic induction of diapause and tQEE, in
some cases, there is consideragle-variaﬁion according to the
light quality. Following <this, when winter conditions
ensué, further biochemical changes must take pla;e to ensure
survival and successful post-diapause adult emeréénce; More
work needs to be dgge on this aspect of diapause in M. sexta
and should provide usefgl insigﬁt into such mechanisms in

insects in general. : ' A

—_——

S.4.é ‘Effects of Light Qualify -

| The results provide some explanation of the role played
by ligﬁt guality on hemolymph free amino acid titres. Until
now no studies had focussed on this aspect of insect photop-
efiodism and diapause physio&ogy. There is signifiéanp'var-
iation in some hemolymph frgg amino aciéé in hornworms .

reared under Indorsun+UV, which has a spectral distribution

LT

close to that.of natural light agq Indorsun-UV, in which-fhe
qltrav,iolet component of light is filtered off at wavel-
engths above 400 nm. Light quality and intensity act at
several levels Qﬁich remain to be properly identified. The
liké;y sites .are the simpie eyes (ocelli and stemmata)
'(Singléton-Smith, léBO),' the compound eyes (Bernard, 1979;
Wolken, 1975) and more importantly extraretinal ﬁhotorecep—
. tors such as the neuroéedéetroy cells of the brain, the sub-
oesophaéial ganglien and the abdominal ganélia (Saun-

ders, 1982). In M. sexta, the neurosecretory system coupled

-
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W1th a photosen51t1ve plgment receptor has been suggested as‘

a2 site of photoreceptlon (Bell et gﬁ, 1975) Pigments such

as carotenoids (Rothschild et al.,1975), caroteno-proteins
(Veerman, 19?0); flavins. (NinnEman,.IQBO) and ‘polycyclic
guinones @Baeks and Camerocn, 1973) ha;e- been implicated.
Another level at which light Quality and intensify could act
is the cuticle whlch has plgments such as biliverdin that

absorb ultrav1olet over, the entire body surface. Long wave‘

ultravlolet hes been reported to induce melanization in the .

" cabbage worm, Fieris rapae‘(Thoms and - Philogene, 1979), a

process'in which tyreeine plays a role;via DOPA polyphenol
exidase and decarboxylase ’(Wigg;eswofth,’1972; Hori
et al.,1984). An . intermediate in tryptophan 'cateﬁolisﬁ,
S-H;drogykynurenine, is_utilieed by some insects as a pre-
cursor of pigments known as ohmOchromes {Lehninger, 1975),

It is also possible that exposure to ultraviolet llght could
induce stress in the hornworms and thus ghanges in hemolymph
free amino acids could have occurred becausefeﬁ_their role

in energy metabeclism in some insects. -

5.5 Hemolymph Trehalose and Glucose, .

5.5.1 Effects of Photoperiod
The results presented here demonstrate that photoperiod
and age of instar are the most important factors influencing

trehalose and to a lesser extent glucose'levels in the hemo?

-lymph. Uhder LD photoﬁeriod,'trehalose levels in the hemo-
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1yﬁph are consistently lower than from those under SD photo-
. . , - +
period (Figure ). . This shows that trehalose levels are

1

regqulated, at least partly, by photoperiod. The diépause-

inducing photoperio& must program the levels of trehalose -

wh;ch, along with glycogen, isfthe storage fofm qf carbo-
hydraﬁe fuel {hfmany insect§ (Wyatt; 1561). Treha%psé is
readily broken dowﬂ by the enzyme trehalase intofgluCASe,
which is fhe mefabolizable source of energy required by
insects. High’ieve}s of trehéioge in diabaése-programmed or
in insects in diapause have been reported in a number of

insect species: Trichiocampus populi (Asahina and Tan-

no, 1964), Popilius disqunctus (Rains and Dimock, 1978),

Phylosamia cynthia ricini and pryeri (Hayakawa and Chi-

-

no, 1981), Pieris brassicae (Chippendale, 1978 Moreau

et al.,1981), Belgica antarctica (Baust and Edwards, 1979),

Eurosta solidaginis (Baust and Lee, 1981 Storey
et al.,b1981) and Legquminivora glycinivorella { Shimada
et al.,b1984).

Higher levels of blood trehalose fqund in diapause-
programmed M. Egﬁgg.suggest that this disaccharide may serve
aé a reserve source of energy for diap?use maintenance and
post-diapause devefopment; In diapaﬁsing iﬁsects, trigly-
cerides, glycogen aﬁd trehalose and to a lesser extent pro-

teins and amino acids accumulate in the fat Body and hemo-

lymph .during the active feeding period which precedes the

onset of diapause (Chippemdale, 1978).° Glycogen and treha-
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lose reserves. are utilized preferentiélly during the early
stageé of diapause to supply glﬁcose to meet the limited
energy demaﬁds and serve as precursofs for the synthesis of _
polyhydric alcohols which Cdntribute to incréased coldhardi-

- .

" ness ‘(Chippendale, 1978). waever, Wyatt (1961) has stated

that in 'instances such as Bombyx mori eggs and Hyalopho-

ra cecropia pupae, accumulation of trehalose is generally

not well correlated with diapause.

The role of trehalcse as a cryoprotectaﬁt has beéen
clearly shown: in the overwidtgring prepupal sawfly,
T. ggguli and other insect%. ‘ Direc? evidensf of such a
function in M. sexta is still lacking. The present results
" raise the question of the role of photoﬁériod as an environ-

e !

mental cue to bring about changes in trehalose levels in

diapauSe or non-diapause insects. E

| Hemolymph glucose levels, however: do not show any cor---
responding trend in response to photoperiod' (Figure.12).
Levels, of glucose are higher in the early 5th instar devel-
oping larvae and fall substantlally by the end of the ins-
tar. This could be because of active qlucose metabolism in
the developing larvae. Glucose could be actively used for

synthesis of trehalose. Immediately’-aftéf t?e molt,
M. sexta larvae undergo a phase of physiologital adjustments )
which need an immediate energy source. In the early devel-

oping pupae, levels of glucose fise again slightly_ and

decline in 10'day old pupae. This is most likely 'the result
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of metabolic adjusfments after the larvalTpupal molt and the
subseguent use of glucose for trehalose syntﬁesis as well as
metabolism. ’

Bloéd glucoge .léyeis of <diapause-programmed M. sexta
show aﬁ igteréétingly reverse tfend with respect to their
titres. In the early 5th instar (Day 1), glucose levels are
lower than in those‘which are contiﬁuousiy develgping. It
is possible that under diapause-inducing éonditioné, lesslof
glucose-derived eﬁergy 1s reguired. Alternatively, glucose
could be used in synthesis’ of trehalose as a metabdlic .
reserve for later use; _At‘the end ok the instér (Day 5),
glucose levels in the hemol&mph fall slightly, but remain
higher than in developin@ insects. In the early diapause
pupae, levels of glucose drop ‘sharply to a level lower than
in eafiy,geveloping pupae. This would indicate that more
and more of glucose 1is béiné used in treéhalose synthesis.
~In-the 10 éay”old pupae in diapause, plasma gluccse levels

rise slightly to the level found in the 10 day old develop--
ing pupae. ) '

The patterns_&f hemolymph trehalose and glucose levels
reported in this st@dy'are in genéral agreement with data
obtained féf other in$§éts {Wyatt, 1961; Chippendale, 1978;
Tate and Wimer, 1974). However, the titres reported here
are lower than those reported for devefoping, diet~fed

M. sexta (Dahlman, 1975). The probable reason for this

could be one or more of the following: 1) The trehalose/

¥
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* glucose levels are at “least parfially S?pendent upon the

physiological milieu of the insect being studied. The horn-

+

worms used in this study Wefé ;aised on a different photo-
periodic regime and light qu;lity éhhn Whag was used by
Dahlman . (1975). Thus, although thé sugar poﬁtent of the
artificial diet used ‘in this éfudy (Yamamoto; 1969; Stew-
art, 1981) was guite similar to the.‘a used by Dahlman
(1975), .the physiolégical state oé the h.rnworms'must be
different. 2)~ The extraction procedure used {Baust and -

Edwards, 1979) was  different 'from that used .by Dahlman

<

(1975); The solvent extraction procedure used_ here has been
S i .

al.,1971) with different degrees of

widely used (Nettles et

" modifications. Nettles et Q;:(lQ?lf reported that extrac-

’ tién withfchlofofofm- methanol and ethanol followed by imme-
‘diéte_deionization reduced. the conversion-of trehalose to
glucose. However, these authors were unable to dgtefmine
whether extréction with'* chloroform-methanol, or<iﬁmediate

deioniza%éon, or a combination of both were responsible for

minimizing the conwefsion of trehalose to glucose. Obvious-

ly, this factor should be carefully considered during carbo-

Y

hydrate extraction from biological samplés. 3) The.analyt-

ical procedure used by Dahlman (1975) was enzymatic, thus

4

allowing more'specificity. Kramer et al.(1978) have report- -
ed a gquantitative spectrophotometric method for trehalose
determination using gel-permeétion chromatography and the

L]

anthrone colorimetric’ procedure. However, in this method,

~
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enzymatic (trehalase) and non-enzymatic  components of the

hemolymph such as monosaccharides, disaccharides and nucleo-

tides may interfere in trehalose determination.- Recently,

quantitative gas-liqﬁid chroﬁatography and gas chromatogra—
phy have been used for separating and.‘quantifying carbo-
hydrates.from insect material (Leguellec gt al., 1982 Moreau
et al:,1982,1984 Binder et al.,1984). This stgay has’ taken

‘the new aﬁproach of using HPLC which provides for rapid sep-

S

aration of-'sugars, which are also easy to quantitate. This

\ -

. system is suitable for routine analysis, because, except for:

lthe separation of solids contained in the'extracts,.no fur-
ther treatment of the sample ‘is necessary (Bidder" 1980).
The relatlvely higher titres reported for glucose may be due
to some conversion’ of: trehalose- to glucose during sample
preparation-and/or analysis.

" One- aspect. which needs. to be studied in precise details
is the oossible regulation of trehalose cy-photoperiod. _ Two
facets of this which should be considered is the syntﬁesis
of-trehaiose'and the degradation of trehalose in the insect
_body Enzymatmc regulatlo; of carbohydrate metdbollsm via
metabolltes ions, and hormones control the rate of inter-
conversion of ‘glycooenf trehalose aﬁd élucose {(Chippen-
dale, 1978).‘ The hormonal aspects ‘of trehéloee synthesis

seems tolbe a poSsrbility in the regulation of trehalose

levels by photOperiod. The corporaagardiaca of the nedrbeﬁi

.docrine system of some insects have been shown to have a

.. o ' .
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hyperglycemic hormone (Steele, 1961; 1976). Sél{gp extracts
of the corpora cardiaca of the American cockroach, Peri-

-
X

. &
planeta americana caused an increase in the titre of hemo-

lymph trehalose and a_concommitant decrease in fat body gly-

cogen after it was injected ' into adult males._ The

hyperglycemic hormone has been renorted in several other

insect species such as Blaberus discoidalis, Phormia regina, .

Calliphora erythrocephala, C. morosus and Leucophaea maderae

(Steele, 1983): The hormone is synthesized in the ingrinsic

neurosecretory cells of, the corpora cardiaca or in the cere-
- :

bral neurosecretory cells which are directlthonnected_to
the corpora cardiaca. The hormone appears. to att through
cAMP to activate,glycogen phosphorylase ‘(Chippendale, 1978);

Of particular interest is the report by Tager et al.(1976)
s ’ . - -
that aguepus extracts of corpus cardiacum- corpus allatum

complexes of the adult‘M. seéxta produce both hyperglycemia

.o

and hypoglycemia when injected into the larval.fprm of the
. - - )

same species. The corpora cardiaca are dependent for their
activity on ‘the photosensitive nedrosecretory cells - of the
insect brain (Philogéne and Magsalski, 1976). In the blowf-

ly, releasé of the hyperglycemic hormone from the corpora

cardiaca is under nervous control (Mordue et al.,1980). Our

‘understanding of photoregulation in insects most likely
: ‘ P

depends on understandingxthe trigger mechanisms of hnrmonal/

- .

neurosecretory centres. . '

&
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There have been no studies done on regulation, if any,

v .

of. trehalase in vivo is poorly understood. The median neu-

rosecretory cells in the brain of C. erythrocephala have

been shown to have a factor with hypotrehalosemic activity

and have been shown to reduce the levels of trehalose in the
hemolymph (Chen and Frledman 1977' Steelé ' 1983). Inves-
tlgatlon of corpora cardlaca act1V1ty with respect to photo-
period to ascertain the rele of the latter in trehalose reg-

ulatlon would seem to be a promising avenue. to folrbw

.5.5.2+ Effects of Light Quality

Although, i;gh; quality does not seem £d havé_a statis-
tically significanf'effect on hémolymph trehalose and glu-
cose levels, the overall levels of ‘trehalose méy be  a
reflectioﬁ cof metabolic stress which may be induded £y con-

or

tinuous exposufe to _ultraviolet. An interaction Betwéen
light Quality,and the age“of instar is statistically signif-
icant for hemolymph trehalose suggesting the influence of
light quality only during some critical periods in the life

of M. sexta. However, the significance of such changes in

trehalose levéls.in M. sexta needs Yo be researched further.

P

of trehalose catabolism in the insect system. The activity'

*



5.6 Hemolymph Osmolallty - ’ ' ) ‘ .

'In M. EEEEE, osmolal;ty of the hemolymph i's 51gn1f1cant--
ly 1nfluenced by age of 1nstar Photoperlod/llght quality
and photoperlod/age of 1nstar are partlcularly 51gn1f1cant
(2-way ANOVA, P < 0.05). ‘I“Iemolymph osmolality is -an expres-

sion of'thé.total concentration of aniohs and catlons in%the

plasma without regard to particle size den51ty or conflgu-

ration. ' Insec hemolYmph largely contalns 1norgan1c compo-

n

nents . and 'rganic -cemplexes of metallic erements.‘ The
organic pO”thn of the hemolymph-is made up of free amino
ac1ds,. non-protein nitrogenous. compounds, organic acids,

earbohydrates“ and related substances, lipids, proteins and

—.enzymes, pigments andfvé:ious insect hormones (Wyett,-l§6l).

* The extent to which solute concentration varies in the hemo-

flymph is reflected in the wide range of hemolympH osmolality

. v

values ' in insects. Since proteins, amino ‘acids,. carbo-

hydrates and flipids ‘orm the major constituents of hemo-

nr»

lymph, changes in these blomolecules should reflect in osmo-

lality . of the hemolymph. ‘For example, in the Japanese '

caterpillar, Monema flavescens, the fall'in waQer_contenl of’
the hemolﬁm;ﬁ frem 90 per ctent in . the feeding larvae to 75
per cent in the overﬁ{ntering prepupae has 'been attributed
toHChanéeé in the preductlon of some solute such, as glycerol
(Asahina et gl.,1954).:

In M. sexta hemolymph, changes in osmolality do not

reflect theé various changes in proteins,. free amino acids
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and sugars contrary to what Gas expected. Only fhe agelof
instar'seems té be a siénificant factor influeﬁcing”hemo-;
lympﬁlésmolality in the hornworms and may BeAthe_commqn lgnk
with éhanges in the various components studied. Significant
interactifns Jﬁetween photoperiod/light v quality and
photoperiod/age of instar further éémpiicate the situé%ion
suggesting that some form- of regulation of the osmolality,
directly or passively; may be taking place in the hémolymph

of M. sexta. However, changes in the other components of

the hemolymph such as‘ lipids, free carbohydrate related

substaﬁces (for instance élycerol)f-organic acids, pigments
and other.inofganic cogstituents and their metabolites'were
not mohitored and it is likely.that changes in these might
have also contributed to variability in the hemolymph osmo=

lality of M. sexta. ChangEi_in some biomolecules such és

proteins, amino acids and sugars could be comﬁensated by

_changes in ‘other biomoclecules. - Moreover, possible changes

4

in the hemolymph volume in insects can also influence the

“overall -levels wof various biomolecules in the hemoiymph.

ﬂemolymph is a dynamic tissue such that the ca.a ity for
delivéry'in the' open circulatory system of insects compares.
favorabiy.with the closed circulatory system of higher ani- -
mals (Jungreis, 1980). It would: be of interest to ‘monitor
and characterize'ali.the hemolympﬁ.compOnents of M. sexta
reared under different.'pﬁotOperiod;c and light regimes

before any conclusions can be drawn about regulatioh of

-
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hemolymph osmolélity and its role in bringing about metabol-

ic homeostasis. Moreover, consideration should also be giv-

A
en to metabolic turnover of various biolegical molecules in

o s

the hemolymph of M. sexta.

+

P o

1)
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’ ' Chapter VI

SUMMARY AND CONCLUSIONS

.

+This study has focussed on the gquestion of whether non-
‘diapause and diapause inducing photoperiod and spectratl
gquality of fluorescent light have an effect on the growth

and crucial biomolecules namely proteins, free amino acids
and sugars in the tobacio hornworm, M. sexta and if so, what

- .

is the physiological sig%ificance of these changes. Several

dis%inct differehces, and a few areas of no apparent'differ-
ence, were séeﬁ under different eﬁperia;ntal‘conditions

1) Larval Growth: Teobacco ﬁornworms attained maximuh
growth, expreséed,asnlive weight, under Shortday-Blacklight
blue | (SD-BLB) regimen, followed by Shortdhy—lhdorsun
(SD=-IND) and Longday-Blacklight blue (LD-BLB) as compared to
Longday-Indorsun (LD=IND) reared inseéts. Further research
.15 ‘regquired on the influence of light qu%lity on larval
growth. | o

2) Pupél w§igbpj Pupal weight is significantly influ-
enced by photoperiod. Although not statistically different,
pupae in diapause are heavier than- their non—diapaus; count-
erparts.

3) Hemolymph Protein Concentration: The age of instar

is the determining factor in protein concentratidsn of the

r
< - -

r
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hemolymph. Interacticns betwéen'phqtoperiod/agé of instar,
light qualit?/agg of "instar and photﬁperiod/light quality/- -
age 6f instar are also of significance. Protein COACentra-
tion of the hemolymph genegally'rises throughout the'bro-
gression of the 5th larval instar, falls at mqlting \and
early pupal life followed by a rise ﬁndeginon-diébaus; cph;
ditions and a decline under diabadse conditioné in M. sexta.
However, this patfern is varigusly modified by‘light'quéli-
ey, .‘ . ~ ) .

4) Hemolymph Protein Profile: Qualitative distribution
of hemoliymph proteins in M. sexta are variously influenced
by photoperiod "and light guality at different times in its
larval and pupal life. This is evideﬁced in terms of the
concentration of individual protein bands in the hemolymph.

5) Hemolymph Free Amino Acids: Photoperiod, lidht gual-
ity and age of instaf éignificantly inf%uencg various free
amino acids in the hemolymph of M. ggé}g.‘ Particularly,
amino acids such as serine, glycine, g&utamine, alanine,
proline, ornithine.and citrulline show changes in respcnse
to photopericdic diapause inducE}on and appeaf to be physio-
logically importént. Arginine and lysine are particularly
influenced by light quality.

6) Hemolymph Trehalose and Glucose: Levelsg;f trehalose
and glucese in the hemolymph are in{luenéed by photoperiod -

and age of instar. Quality of light has no apparent effect.:

-Generally, trehalose levels in the hemolymph are higher
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under diapause-inducing photoperiod but 'show variations with
respect_ to liéht quality. Light guality/age of instar

. . )
interact significantly. Glucose 1levels in the hemolymph

cﬁange according t§ tﬁé age of instér. Higher ;pvels of
trehalose under diapause-inducing regimen suggest the impor-
tance and possible use of this aisaccharide as ; metabolic
energy reserve.

8) Hemolymph Osmolality: 'Age of instar has a sigrnifi-
cant effect on the osmolality. of the hemolym?ﬁ.
Photoperiod/llght quality and phot;period/age qf instar are
aléo of significance. <Changes in hemolymph osmolality of

‘-
M. sexta do not necessariiy reflect the changes in the biom-
clecules characterized in this study in response to. various
rearing conditions since factors such as metaboliteé. and
other tompﬁnents of the hemolymph wetre not characterized.
The dynamics of the varioﬁs hemolymph constituents should be

monitored to study metabolic homeostasis in the tobacco

hornworm, M. sexta.
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Appendix A '

“ 4

) The constitution of the wheat germ based meridic diet used to rear
labaratory ‘colenies of tobacco hornworms (from Stewart, 1981).

' Ingredients - ' Weight (g) ™
.' ' - 3 ' e s
wheat germ -, S " 50.00 -
Casein . 3 : 22.50
Sucrose o R 20.00
Brewers'yeast . o .  15.00 _ -
Wesson's salt mixture ' ' 7.50
Ascorbic acid : " . 2.00. *
. Sorbic acid - e o 0.75
Metlmyl-p—hydrmqvbe_nzoate - ' " 0.50-
\  CholSsterol | - 0.25
Vltarm.ns ' ' . (mg)
Nicotinic acid ‘¢ ..., . ... .. . 5.00° .
Calcium pantothenate  .** . -«~/' A s 5.00
‘Riboflavin - L, e T 2080
‘Thiamine HC1 - - S .. - 165
Pyrldcx:me HC1- o " 1.65
' Folic acid ) 0.10
) mictin . ' ' 0.10
<. agar o . » 11000 g
. Fopmalin - . _ 10.00 ml
" Raw linseed oil - o ‘% ,2.00 ml
. Distilled water - - *750.00 ml
a8
o+ . " . '



Aprendix B

Reagents ‘used in preparation of polvacrylamide qgels and

(Hames and Rickwood, 1981).

.

A. . 40% Acrylamide monorer solution .
Acrylamide o 39.00°
Bis' 1.00
Glycerol l 20,00
.Distillléd water to make 100.00
B. Resolﬁi.ng gel buffer solution (1.5 P:I Tris-HC1)
Tris 18,30
HC1 (12 M) ‘ 6.00
10% Sodium dodecylsulp}}ate 4:00
-Distilled water to make 100.00
Adjust pH q’tc?‘ 8.8
c. = . _,Stack.i.ng‘gél--buffer' s.olution (0,25 M Tris—HCi)
T | tris T 3.00
10% Sodium dodecylsulphate 4.00
' HE1 (12 M) o 2.00
Distilled water to make 100.00
Ac"lijust pi{ to - 6;é
p, . kléctrode buffer
L | Tris 3.00
Glycine " 14.40
. 10%.Sodiyn dodecylsulphate 4,00
| Dlstllle& ter -to make ‘ 1000.00.
. Adjust PH t‘z 8.8

144

SDS-PAGE.
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ml

ml

ml .
ml o
ml

ml
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ml
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Appendix B

To make 15% Resolving gel far SDS~PAGE :

Reagent A . . 14.00 ml

Reagent B 0 12.00ml

TEMED : 11.50 ul i
~ Ammonium persulphate 0.0? g

Distilled water . 20.00 ml

To make 5% Stacking gel for SDS-PAGE :

Reagent A 4,00 m1

Reagent C - . .10.00 ml
- TEMED ~ ' 100.00 ul
Amuonium persulphate 0,02 g

Distilled water ° © 23,00 ml

* All reagents were 6f 'Electrophoresis Grade' obtained fram Bio-Rad Laboratcries,
r . - . i .
Richmond, California. : ) o .

/‘ . ) * R —
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‘ Smrnary of the analy51s of- variance of the data obtalned for titres of free _
‘amino acids present in.the hamlymph of Manduca sexta reared under different
conditions. Values shcwn are F, values (P< 05)

A: Main Effects

Amino acid . Photoperiod "~ Light Qualiﬁy . N Age of Instar
. d.f.:-1) 0 (d.£irl) A S {a.f.:3)

Alanine .~ 3.46° o 0.028 -  a1l46
Arginine = . . - '6.98 Co . 54 263,28
Asparagine 6.5 . .. 0, 71 L ' 51.41
Aspartic acid - 4.43 - . & 0. 05 : L e.24
citrulfine 000" . o0 1.8
Cystathienine 8.68 R Y A 1 47.56
Glutamic afid 14.50 6.02" S 1533
Glutamine & | 5.28 | - 0.05" | © 12.04
_Glycine . 0.86 . " 0. 06* : 12,50 -

;Histidine -, - 70 - . . 004 : 17.15 0

“ Isoleucine 0. 11 | ' 0. 96 " : 26.58
. Leucine - 1500 | . 0.04" 15.32
Iysine - .  1.47 CeS0 23526
Methionine - 4.03 e O 00 f 240
Omnithine . .  0.82 S £ A -
' Phenylalanine 6.42, - 0.02" ‘ - 0.93 ©
“Proline . . 17.10 . 0.200 : 42.81
serire - 3.42° - 0.22 ‘ 8.32 ©
threcnine . 1.86° . . | 1,327 X 2.82
«Tyrosine 3.8 - 0.25 - L "\','2.54*
Valirie ©0.06" S asyt  28.67

* indicates 'Not Significant’'.
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SLmnary of the analysis of varlance of the data obta:.ned for tltres of free
amino ac1.ds present 1n the he‘rblymph of Manduca sexl:a reared under dlfferent

* indicates- "Not Si‘c;n"if icant'.

4

conditicns. Values shown are F values (P<. 05) -3 oo
‘B: Interactlms . . '
.
X 'A'mir_ao acid K Phdt.qiériod - Photoperlod ngh't Quality - 'Photoperiod
'_ : Light Qlj'jg_lity Age ofonstar" A_ge’of }instar : -'Light éuality
. (d.f.: 1) (@£ s (@3 Agé o §n$ta£
. . L4 (@.f.: 3) -
- AT
Alanine 198" 0.88" 0.24 2.36*

Arginine .4.54 2.,05" 1.45 1.15% -
Asparagine 0.00* 5.43 0.27% 0.24*

" Aspartic acid - 0.87* 2,54 1.04 0.46*
Citrulline 5.64 2.57" 2.98 1.58*
Cystathicnine 1.20* 3.75 1.20° - 2,47
Glutamic acid | 0.65% 10.92 0.98 - 0.07*
Glutamine " 0.24* 1.83 > 0.63 2.97
Glycine 1.26* 0.54 0.27 ~  0.55*
Histidine - 0.30* 0.16" 1.43 1.81*
Tsoleucine 10,20 1.95" 1.09 0.73*
Leucine - ~0.04* 1.21" 0.52 0.18*
Iysine . 0.62* 0.38" 3.66 2.05*
Methionine - 0.51% 4.66 0.16 1.24*
Ornithine 0.10* 0.61° 0.17" 0.06*

" Phenylalanine 0.21% ©3.13 0.18 ‘" 0.40*
Proline , 0.12% 8.81 1.56 0.32*

" Serine ‘ 5.74 2.90 1.85 0.30%
Threoning™ 03" 1. 42 ' 0.8a* % 0.80%
Tyrosine 0.21* 046 0.16 . .0.08* .
Valine ' 0.17% R Y 0:d3* . T2t
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