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CHAPTER 1

INTRODUCTION

The. greenbug, Schizaphis graminum (Rond.), is an aphid which causes

great ‘damage to wheat, barley and other'smallvgrainS'oVer‘iarge areas of
Europe, part of Asia, and North and South America., In the}United‘States,
the'greenbug causes damage in the central and southeastern ‘states each .
year and-is=consideredias one of the most'serious pests. It has.been.
reportéd.that -damages of up to 50 million bushels of grain have occurred
in-a yeax. .

There are winged and wingless forms of the greenbug, All the wing-
less forms are females and they give birth to;li?ing‘young. - Greenbugs
reproduce continuously throughout the yearvin the :southern states.
Farther north, on:.the approach of cold weather, winged males and females .
are produced, and after mating these females lay eggs. The eggs pass-
the winter on the.leaves of plants on which they were laid and,hétchlin—,
to wingless females early in the spring. Greenbugs are pale green when
newly hatched, and develop a dark green.stripe on .their backs when fully
grown, The females start to give birth to living young. from.6 to 30
days after ‘hatching, and continue to reproduce for 20 to 30 days;;each,
producing 50 to 60 progeny. In Oklahoma and Texas greenbugs‘may have
more than 20 generations a year.

The useiof conventional insecticides has been the primary means for

control of the greenbug. Parathion and certain other phosphorus-contain-



ing insecticides have been.most effective for this purpose., However, a
growing concern éxists about ‘the persistence.of these conventional syn-
thetic insecticides in soil and ‘water. Their tendency to become incor-
porated into biological systems has been a major drawback for: the use of 
-thesersynthetic insecticides in recent years. The careful use.of new
synthetic chemicals which have been developed to minimize these .charac~
teristics may not solve these problems associated with pesticides. In-,
sects may. still be able to develop resistance to the chemicals. New
insecticides .may still be toxic to man.and livestock_and“might,kili;
other harmless and beneficial ‘insects, 4Furthérm0re,»the rapid rate of .
reproduction of greenbugs and the high cost for the application of in-
secticides have made.this control method less practical. .

Another method for the contfolﬂof.insects is theﬁdevelopment of
resistant ‘varieties of crop plants by breeding{ The resistant varieties
have characteristics which enable a plant to evade, tqlerate‘or recover .
from the attacks of .insects under conditions that would result in greater\
injury.to -other plants of the same species. This is one of the most,
economical ‘insect control measures because no_special effort or expense’
is necessary on the part of the grower. Only-limited progress has been.
made in this area for the control of greenbugs in crop plants: The ap-
pearance of new-biotypes of greenbugs which the resistant ‘varieties
developed -earlier do not.have resistance has also slowed advances in
this field. The search for a biochemical factor respomnsible: for green-
bug resistance in crop.p1an;$vis*necessary in order :to make advances in.
this. area. More‘definité approaches for selection of resistant varieties-
can be.made once. these factors are elucidatéd.‘

The objectives of the present study.are two ‘fold: first, to charac-



terize the biochemical differences between the resistaﬁt,and‘SUSCéptible
varieties, and to, determine if these differences are responsible for the.
resistance ‘to the gpeenbug;aand second, to determine the difference in_
effects of greenbugs on.resiétan;,and susceptible varieties since. the.
physiological response of the plant following insect ‘attack has a bear-

ing on varietal ‘resistance.



CHAPTER - II
REVIEW OF LITERATURE:
Early Investigations on.the Mechanism of ‘Insect Resistance-

The internal condition of .the plant.has long been recognized as a.
factor‘affeéting the plant-insect relationship: Biochemical constituents:
~of _the plant;may'renden the plant unattractive or repellenﬁ;or‘unsuited
to the food requirements of'the»insects.{ As early as 1916; Comes (1)
suggested that acidity might be the plant's defense against itsgenemies.
The receptivity to.insects in a given organ increased with the quantity
Qf reducing éugars, aﬁ@ resistance increased with organic acids., The
level of organic acids decreased in the vegetative tissues as thexquan—
tity of reducing sugar increased. The reducing éugars,inithe plant:
tissue were thought tq\be the major food sought by insects. Bruce,(2),;
in 1920, considered that ;hexodor,and'tastenof'the plant ‘might be attrac~
tants to insects. Oligophagous insects feeding on various species of
Cruciferae, Umbelliferae and Compositae were found . to be associated with -
thesé factors. Bruce also suggested that there was some attribute.of"
plants perhaps an odor which the insect could recognize in.a general way
and not as a.specific characteristic of some single plant‘species or.
genus., Thev'botanical instinct' of insects was.thought to,bekjust an -
extreme_powet of recognition of. this sort, Davidson (3) suggested that
vthe varying consfitution and concentration of cell sap.in different

plants was:an important factor for the biology and physiology of aphids. :

L



The more favorable: development and'reproducﬁion'of_aphids5on;certain'
plants was probably associated with the nature of cell sap. Lees (4)
cited 14 cases. in which the internal conditipn of the plants was corre-
lated with the susceptibility to»insect attack,. gnd‘he suggested that"
thg susceptibility of some plums to.aphid attack might be due to the
high nitrogen content in these plums, The higher supply of nitrogenous:
food was considered likely to give a‘higher‘reproductionypower to the
insect. Chemicalswin‘woqu was considered . by Fullaway (5) as a.factor:
for the:resistance of certain woods to termites, The hard woods were.

- found to be attacked by termites as freely as the soft woods, and exam-
inations indicated that it was chemical rather than physical factors
which made some woods resistant. Andréws (6) reported that the high
ratio of ‘potash to phosphoric acid in the leaves of some tea plants.
might be responsible for their resistance to the attack of -the tea mos-
quito. Resistance might be due to the dislike of taste of these tea
leaves by the insects sincefthe-leaves were sampled by the insects but
feeding was noﬁtrepeated, Osmotic concentrations of .host plants was

- suggested by Carter '(7) to be related to the susceptibility to the at-
tack by the.sugar-beet leafhopper. This insect avoided extremely high
sap concentrations if more suitable food was available:. It was found |
that plants having a higher.concentration were abandoned for those
havihg a lower concentfation by the insects in a 'small-area where the
two ‘growth, forms of ;he-same’species were present. Carter's data also
indicdted that, should,anothervhost;planp.appear which has a more suit=
able concentration, the.original host is then abandoned and the new host.
supports. the greater population.

Withycombe (8) observed that susceptible sugar cane was more attrac-.



tive to the sugar cane froghopper and suggested that the water:content
of plant ‘was involved in insect resistance., .

Cane.leaves with subﬁormal’water.content contained carbohidrates in
a less advanced stage of coﬁdensation and.consequeﬁtly;more water-soluble
and more easily available to the insect .than those of normal caﬁe'leaves.
Other conditions such as reduced amount.ofwlignifiedftissue,'less tannin,
content and reduced acidity might be favorable .te the froghopper; .how-.
ever, all these factérsihad.been reported to be unreiated;to:plant,re—
sistance to this insect (8). Mumfopd (9) suggested thaﬁ amount 6f re-
ducing sugar was related to the resistance of sugar-cane to froghopper.
The excess sugar was stored in:the leaf of the sugar-cane.in the form of
starch during the day, 'and the starch was converted intoureduéing’sugar
at .night. It Was:at‘night, Whénjthese reducing sugaIS'Were most abund-
ant, that the froghopper -fed. Disturbance in the metabolism of ' the
plant, caused by conditions such as drought, resulted in an increase of
-reducing sugar as degradation products; it was suggested that this might
be the reason why diseased or damaged canes were said to be more attrac-.
tive te the froghopper.. The: susceptibility of the cotton plant'te the
attack of sap-feeding insect pests such as.various spécies of thrips was-
reported by Mumford (10) to be related to the water balance of the
plant. It was observed that»plaﬁts.suffering from water .shortage were.
definitely more‘attractiveito the attacking thrips.

Mumford -(11), later in 1930, studied .the curly top disease:of sugar
beets. This disease‘'is transmitted by the;beet.leafhopﬁer; It was. found
that sugar beet strains which were more susceptible ;ovthe~curiy-top
disease were also more susceptible.to the attack of beet leafhopper. .

Physical-chemical measurements of the sap showed thatfthe refractive



index ‘was invariably greater in. the resistant strain:- The .freezing
point depression of sap was greaterfiﬁ-the_young leaves.and roots of the
susceptible.strain than ‘in. those of the resistant strain, The results.
suggested that the .sap from the resistant beet was lowervin-fotal solids’
and non-eléctrolytes, and more concentrated -in:electrolytes -than the sap.
from the susceptible beet: The observed differences in pH were small,
but ‘there was a general tendency towards greater acidity in the leaves.
of ‘the resistant ‘as compared with the susceptible strain. This observa-
tion was. in harmony with Comes' sﬁggespion (1) that.acidity was the:

" plant's defense against its insect enenies. chpmparisonvofrthe nitro-
gen content of tHe.sap in the.susceptible and resistant strain of both
healthy and diseased plants showed that the amount of nitrogen, in the

sap of plants of ‘the suséeptible,straiﬁ was. greater, both in the young
leaves and in the roots, than in the corresponding portions of healthy
and diseased plants of the resistant strain. In both strains the nitre-
gen content was increased markedly by the disease.. Concentrations of
reducing sugars, sucrose, :and alcohol-soluble solids in the leaves of
healthy susceptible plants were found to be higher.than those in the
resistant strains. The starch content was lower in the.susceptible
plant, Insect infestations and the resulting curly top disease had.dif-
ferent ‘effects on the»chgmical'conténﬁs-ofhthe susceptible ‘and resistant’
strains, In the susceptible st:ain, the disease increased the quantity
of sugars in thefléaves and reduced the quantity in thefréotssthe loss
in one casé'possibly accounting for the .gain ' in.the other; wheréas,in the
resistant ‘strain. the diseasge decreased the -quantity of .sugar in both
leaves and roots, ' Such an.accumulation of sugars.in the exposed .parts

of the susceptible plant would render the plant a‘'more favorable hest to



the leafhopper.. Susceptible.strains also contained alcohol-soluble:
solids in greater concentration than the -resistant strain in'fhe leaves.
and roots of healthy andfdisegsed\plantss The leafhopper was said to be’
attracted:to these alcohol~sqlub1ersolids, and in .the leaves of the:
sugceptible strain these solids increased with a.severe’attack.of ‘the.

disease.

Chemical Stimulants:or Repellents in Food

Plants-as a Mechanism of Reésistanceé"

The respohse-of insects to chemical att:actants'and*repelleﬁts\in'
plants has been.considered 'to .constitute the chief mechdnism of prefer-.
ences as part of insect resistanqej. Organs . suitable for the reception
of odors are known:to. occur on various parts of the;inSecpsi=bodies but
are most common on.the antennae and, to lesser extent, on the maxillary.
and labial palpi. Organs of taste are located about the ‘mouth, especial-.
ly on.the.palpi, but also on the tarsi of the front legs and less often.
on the antennae (12).

Fraenkel (13) proposed that the main function of .secondary plant’
'substances, such as glucosides,fsaponins;'tannins,ialkaloids, essential
o0ils and organic.acids was.to attract or repel,insectsq_ The role of
these substénce in the;metabolism of plants-had never been -satisfactorily
explained; but in view of théir infrequent .occurrence -and of differences
in their chemical constitution, it was almost inconceivéble that'they-
play a function in the basic metabolism of plants. The bgsic?foodtre—
quirementsjfor,all’insects»wéxe considered very similar, . These include .
amino acids, carbohydrates, vitamins_and;minerals, Most living cells

including those of plant tissues contain these substances: Therefore,.



Fraenkel  assumed, that:all plants:could provide sufficient feod for in-
sects, and'the insects,couldvdevelop.equallY’welI‘ﬁn any leaves if“they}
eat a.sufficient quantity. The.differences in chemical composition with
respect’ to the primary substance.could not.be considered-responsible‘fbr
the choice of food plant on.the part of the insect: It was suggested
that the food specificity of insects was based .solely on the presencé or
absence ‘of the secondary. substances in.plants-which served-as repellents
or attractantsAto_insec;s;‘ The resistance, or susCeptibility within plant .
families:suchtas Cruciferae,.Umbglliferae,:Solanaceae;.Leguminosae,
Moraceae and Gramineae to insects was attributed te the.presence.or ab-.
sence of these secondary substances in the planti:

Kennedy (14) later proposed a ''dual discriminétionﬁithebry of .aphid
host selection. He posﬁulated that in additidn to specific stimulatory
substancesz(secondary plant substances of no nutritive wvalue but govern-
ing botanical preferenceé),‘primary_plant'éubstancésﬁsuch,as'amino aqidS.
which are of ‘fundamental metabolic '(nutritional) importance to both:
plant and insects also played .a major part in.aphid host relations.

These primary plant substances might serve as feeding stimulanté for the
aphid. Carbohydrates, free amino acids and other dietary components.
were.found to serve as feeding stimulants for the milkweek bug . (15).
Maintenance of feeding was primarily dependent on the sernsory input from.
chemoreceptors situated 'in. the stylets. Sugars and.amino acids in the
milkweek seed coat played a role in determination of feeding.

The resistance of Solanum polyadenum to the attack .of potato‘flea

beetle 'was shown by Sleesman. (16) te be. due to the disagreeable odor of
an oil or ester on the.upper and lower leéaf surface.and also on the stem

parts, The odor is very strong on the younger leaves but much less pro-
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nounced on the lower, mature leaves. This odor may be the restricting
factor for the slight amount.of feeding on-the younger foliage of this-
species. When adult beetles were confined in laboratory cages!/they fed
more readily upon younger leaves washed with soap and water to remove
the oil than on the mature.leaves which normally are'the more attractive,

Geraniol :and eugenol were fqund to, be the primary.attractants.for
the Japanese beetle. (17). Other ‘compounds found also to be attractive
to the Japanese beetle were: alcohols; such as,citronellolﬁ;and.phenyl:
ethyl alcohol; fatty. acids, such as caproic acid, propionic -acid and g
valeric%acid;.essentiél’oils, such as pimento oil, citronella, bay oil,
coriander, cloves, sassafras, rose geranium, lemon grass and linaloe;
esters and.aldehydes, such as methyl salicyate and benzaldehyde. All-
These wefe of~piant‘origin. Mixtprés of these attractants were on the.
wholea more attractive than:any single component. Plants immune to the 7
attack of Japanese beetle have a characteristic repellent odor which
keeps the beetle away. (18).

Leafhoppers were found to be attracted to .cranberries (19). " The
susceptibility of cranberry. varieties can be classified according to
their attractiveness to this insect. Sugar-cane varieties susceptible
" to froghoppers were alspo more attractive to this insect due to the
occurrence of an attractive>odor (20).( Analysis of the plan;fextract
revegled two attractants, both of which occurred in varying quantities
in the plant. One of the attractants.was sucrose while the other was
reéponsible for the attractive 'grassy' odor of the plant. .

European corn borer was.attracted to the host’corn plant by some
odorous constituent elaborated within the plant (21). Steam distillation

of the corn plant provided a substance to which the adult .insect showed-
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a marked attraction when tested in an olfactometer. Research indicated
that this attractant may be.an essential oil'of the cgrn’plant broducé&
in the small epidermal cells-found. in gfeatest numbers over the vascular
bundles.of the corn leaves,:. Silkworms were found to be attracted by ;he_
extracts of their hest plant (22). The plant.extracts.contained three-
stimulants. Thglfirst'stimulant.was,identified as‘B,Y-hexenel which
attracted the larvae onto the plant leaves.. fThe second stimulant ‘found
in thefmethaﬁolfsolub1e~fraction of the extract induced the biting re-.
sponse. of the larvae and was cdmﬁosed‘ofvBesitosterbl,and isoquercitrin.
The third factor stimulated the continuous swallowing of -the larvae and’
~ was present,in-the:Wateresolublenfraction but was insoluble:.in methanol:
This stimulant was found to consist of cellulose, sucrose, inositolqiinf
organic .phosphate and silica -(23).

The food 'plant selection of the diamond-back moth was determined by,
the presence of a feeding stimulant, mustard oil‘gluqoéide; and feeding
inhibitors in the plant. The free mustard oil was alsp -a very important .
factor’for the host selection of this insect, The: odor of'this essen-
tial oil may inhibit the dispersive tendencies of the larvae and prevent’
them from wanderiﬁg away ffom the food plant (24).: Isothiocyanate was
found to .be the most significant oviposition stimulant. for the diamond--
back moth (25)., More eggs were deposited»on\plahts.that}contained
isothiocyanate, Depletion of isothiocyanate content;by.sulfurfdeficient‘
plant nutrition redu¢ed attractiveness of host plants as egg substrates.

Folsom (26), ‘using a~chemotropometer,"testedzthe atﬁraqtiveness of
cotton te boll weevil, ‘The-boll weevil reacted>differently to differentﬁ
varieties of cotton. It was found that-Sea Island cotten was'more‘suSv

ceptible to boll weevil attack than American, upland cotton, and. Egyptian



cotton still greater. Analysis of the steam distillate “from cotton.
planfs-showed that ammonia.and trimethyamine were the principal .volatileé
constituents,b These two chemical substances proved to be strong atttrac-
tants of the boll weevil., Water extracts of all cottonrplant parts were
found to contain a chemical substance which caused the ceasation of
locomotion together with a feeding stimulation for the boll weevil (27),
This chemical substance was defined as an arrestant and feeding stimulant™
since .no apparent attraction was evident uﬁiess thevinseét,camé,in'con-'
tact with the extract.. Thexreprodﬁctive;tissue'of,the cotton plant con-
tains the highest concentration of this.arrestant'and feeding.spimulant.

: Thié compound7was also found'togbe present in high éqncenpfati@n,in the -
exterior layers}of the plant tissue. The weevil must actually come into
contact with_thiéTChemical¢sﬁbstancerbefore‘the arresting and'féeding
response is initiated. This substance is specific to cotton because
boll weevils were not arrestéd or stimulatéd to feed on water extracts’
from other plants. A repellant was fqund‘inxthervolatile fraction of
cotton extracts after the arrestant and feeding stimulant had been.
evéporated’(28)n This substance_was:an,oily material and fairly heat'
stable, retaining considerable activity after being‘heated'at_liooc for.
ten minﬁte__se Repellency-appeared to be associated with the‘highly»l
piquant odor of this material siﬁce»physical‘contact of the material

was not‘necessary._

A mustapd‘oil glucoside, sinigrin, was found to be a specific
stimulant*foﬁ host selection of .the cabbage:aphid (29).: Differences in:
waxinéSS'ofnplantsvalsp occurred between, species .in the genus'Brassica
and might be correlated with relative susceptibility to cabbage aphids.

Qualitative and quantitative differences in cytoplasmic wax contents
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might -also be of some importance.. Susceptible.plants contdined either
15 ;‘nonacosanone or 15-nonacosanol, the ketone ‘and alcoﬁolifrom n-nona-
cosan. Resistant?plants,did not - contain these compounds (29).

Plant phospholipids were found to be feeding stimulants for grass-
hoppers (30). ' These plant:phOSPthipids‘were“isolated from wheat germ.
0il by chromatographic techniques., The lecithins and phosphatidyl
inositol were showﬁlto evokevstriking_feeding:activity_from older nymphs
and adults fo two species of ‘grasshoppers: This feeding activity was
much, more pronouncéd in the . male nymphs than in.the female nymphs. -

The resistance of cacao to thrips was reported to. be é;préferenqe*
phenomenon (31). Food preference tests.with leaf discs in the laboratory
indicated ‘that thrips larvae showed:a significant preference for feeding :
on leaves of the standard control.type: rather than on those of the re-
sistant type.. Obligatory food tests in the laboratory with individual -
leaves showed, in comparison with the standard types, thrips larvae and
adults found the resistant type unpalatable and.few larvae were able to
complete their development.

In a study of ‘the wireworm's response to chemical stimulation,
Thorpe and Crombie (32) found that aqueous plant extracts of potato tub-
ers, carrots, sugar-beet tap roots and wheat,stimulated‘thg biting of
this insect. JThe aqueous extracts contdined glucose, fructoese and su-
crose. Other chemical substances causing biting were fats-and fatty
acids such as triolein, oleic acid, liholic;acid,and‘linolenicvacid.
The~orientatibn»response of the wireworm was found .to be elicited by:
glucose, sucrose, asparagine, glutamine and peptone,

A stimulant was>isolated'from‘potato and'related‘plantsiof the

family Solanaceae by Yamamoto and Fraenkel (33). Preliminary characteri- -
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zation indicated the‘materiél to be a.glycdsidicgsubstance, but its com~
plete chemical identity waslnot‘éluCidatedw"In‘the presence of this
Jsubstance~the'potatd‘hornworm a;;dckeﬂifilter‘paper;'1ettUCe 1eavésaor'f
artificiallagar;diets‘butfogly,when{certain nutfients, particularly
sugars,;were_also.preSen;I The material was also active as a feeding
,stimulantifor'the;Colorado,pgtato'beetle‘whichﬂfeedS‘onupiants of the
same family,

Silica depositioﬁs in wheat plant tissue may;be one‘ofathevfacﬁors
related to resistancéfof'certainfvarieties fofHessiaanly attack (34).,
Thg resistant varieties appea:gd to have a much more complete-and even
distribution of silica deposits in their surface than those of the sus-.
ceptible varieties. Studies on.the asiatic-rice borer also reﬁealed
that‘silica(céntent‘was'felated~to the resistance'of rice varietieéito'i
this insect .(35). High silica content in the plant seemed to interfere
with feeding and boring of the 1arvaewand‘cou1dvcause‘&éfacingvof*their
mandibles. The silica deposits in various parts of barley plants. were
determined. by Lanning (36) in an attempt to find the .factors responsible.
for greenbug resistance. Thg results ;showed no direct ‘'relationship
between total:silica content in barley apnd resistance. Refai Ei.iié (37)
found,a‘direct,relationship between thg'hemicellulose‘contentfin\the
wheafuplant stem and the degree of resistanceftb attdack. by the Hessian
fly., In resistant.varieties~the;tiSS@es were tough, enough, due to the
presence of a‘large amount of hemicellulose, to preven;*normal‘féeding
of the larvae. Resistance to the insect might be aséaciated with in-

~ability of the'insect:tb obtain juices from the plant;
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Presencé of Toxic Substancés in Food

Plants .as a Mechanism of Resistance.

Somezspecific chEmicals'present in resistant plantS'may.gétwasv
metaboli¢ inhibitors gnd,cause.deleterious,éffec;é'on the insects feed- .
ing on them. This*has,been,suggested‘asfthe Bgsis for -high insect mor-
tality and other related phenomenam..Béck.ggngl, (38) studied ‘the re-,
sistance of corn‘plants‘to‘Eurpran corn borer and concluded that:the
resistance~wasidue‘tozthe;présenéé of some toxi¢ substances in the re-
sistant plant., Additionﬁof}both,ghe juice and ether'soluble»portion;of
the.aqueQuS,exfract'from resistant";o‘susgeptibleacdrn plant reduced
larval survival to, approximately half*ofuthatrﬁound on plants treated;
with distilled water. Addition ofijuiée or .extract from susceptible"
plants . te resistant plants. had no effect on larval survival (39).. An
ethervsolublé substance termed. Resistant Factor A (RFA) Waskisolatéd-'
from corn, plants.and identified as 6*methoxy—2(3)-beﬁzoxazolinoﬁe‘
(6MBOA) . This substance ﬁaS'found to have inhibitory effect on the
growth. of the corn borer larvade, Corn leaves contained .the highest"
level of the factor and the mature portion of the‘stem;contained:very
low levels. Incorporation of this -substarce into synthetic diets in-
hibited completely the growth,of larvae. Anothér growth inhibitor was.
found in the ether-insoluble fraction of .the aqueéous extract. This
chemical substance was termgdeesiStant Factor B_(RFB) and accounted for:
the cother half of growth.inhibitory activity of .the aqueous extract.
The.precurSOr ofoFA,‘2,4—dihydrdxy-7—methexy—l,4—benzoxazine-3—one,%was
also isolated from theicorn«plants. The inhibitory activity of this
precursor .was found.to be half of RFA (40). Correlation was. found

between .the amcunt of RFA produced by 1l ‘inbred.strains. of maize at the
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whorl stage‘of plant¢devélopﬁent and the fiéld’rating of resistance of
the inbred strains to the la;vaé.of the ‘European ‘corn borer. . Highly re-~
sistant inbred'liﬁes yieldedzabout 10. times more RFA than theﬁhighly
susceptible inb;ed,strains. The contént .of RFA of.inbred strains of-
maize may serve as anuihdicator Qf’the degree .of 'resistance.a given in-
bred strain may express in the field (41).:

Resistance -of pine\tree;tofthe needlé-eating pests, sawfly larvae.
and butterfly cgterpillars, wasafound.té be due. to the presence of an
essential oil in the oleoresin excreted frqm;pine needles. (42): This
essential 0il was toxic to the .growth of these pests, and the physio—:
logicaily healthy trees excreted much. more of thié oleoresin than the
weakened ones,. Saponins were considered as possible factors for resist-
ance of bean, to insects (43). A mixture of saponins isolated from. a
resistant variety of bean inhibited the development‘éfibeetles while .
those from théisu5ceptible vériety shgwed.no'effecty Alkaloid-glycosidés,
in the Solanum.species were found.to 'have toxic effects on.the Colorado
beetle larvae. It .was assumed, that these alkaloid-glycosides induced a.
blocking .of ‘the steroid metabolism and affected the;resorption df.the
phytosterins that were indispensable for the insects. Disturbance in.
feeding and fertility was observed when’1arvae,werehfeeding‘on,thg;
Solanum varieties (44). The major alkaleid constituents secreted by
Nicotiana species were identified as anabasine‘and‘norﬁicotine (45).
Resistance of these plants to the green, peach aphid was due to the toxic '
activity of .these alkaloids'onlinsegt;growtha(46). Lupine varieties fe-
sistant to, pea .aphid also contained alkaloids toxic .to the aphid, while :
the susceptible varieties lacked these substances, (47). Infiltration of

alkaloids isolated from resistant varieties into the leaves of suscepti-
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ble»varietieé.cauéedja nearly complete death‘afuadul;ﬁaphidsvan@’la;vaé
feeding on the'infiltratgd leaves, .Theamortality.fo;:thefcontrél was -
found to be negligible,

Lichtenstein et .al. (48,49) isolated 2-pheqyethyligothiocyanate from
thekédible.part’of‘turnips and 5-allyl-l-methoxy-2,3-methylenedioxy-
benzene from parsnips. " These chémicals.were found td.have‘insecticidal
properties and occur naturally in these plant tissues. Derivatives of -
benzoic acid and salicylic acid which.ére toxic,to’thé larvae of rice
stem borer werée found in rice plants (50).  Phaseolunatin and related
cyanogenetic glycosideé were isolated from leaves of bush andﬂlima beans
(51), At high conéentrations, phaseolunatin acted as an inhibiter fdr
Mexican bean beetle, and was.suggested ‘as a possible factor for resist-
ance égainsttthis;insect;

Papef,chromatographic separatiqn of compounds.in the extracts of the

potato plant showed that the Heterodera rostochiensis Woll resistant

varietiés-had more totgl*phenols,’O—dihydrdphenols‘aﬁd flavenols than-
those of the susceptible plants (52). Deposits of calcium oxalate in.
the phloem parenchyma cells.of tea plants was creditgd’for thé basis of
red spider resistance. (53). Other examples of insect.resistance due to
the presence of toxic substances in the host plants were found in the:
resistance of wheat to pale western cutworm (54),'rutabaga to the

cabbage maggot.(55), and asparagus to nematodes. (56).
Nutritional Deficiencies as a Factor in Resistance

The-foodvrequirements of ‘insects. for growth and reproduction differ
greatly among different species of insects; but generally-they include.

protein, carbohydrate, free amino acids, and certain vitamins or vitamin-
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like suﬁétanqes, Different varieties of a single host species may differ
in quality, quantity or;availability;of food for the insect; and they do
not all serve equally well for. food when measured by the maintenance,of
the insect population, Thevlength'of life, death rate, size and fecun--
dity of insects are affected by nutritional factors. The life of the
insect is usually shortened and death most frequently occurs before
reaching the.adult stage when it.feeds on resistant plants. The size and
fecundity of the insects reared on.resistant plants are also smaller and.
lower than those on.the susceptible ones.

In an investigation of European corn borer resistance BeCkugEtgiﬁ
(57) repnrted that growth. and .survival of this insect was improved by
treating corn leaves with sucrose solution prior to feeding to the
larvae. The decrease in'larval mortality_apprqximaté’pardlleled thé.in—
crease in percentage of sucrose used. A saccharotroépic behavior response
of .the corn borer larvaeywas alsn found (58). The borer tended to con-
centrate its feeding on the tissue.containing the highest level of sugar.
In addition, a number of amino -acids were found to have ‘significant ef-.
fects on the feeding behavior of the larvde. Average feeding durétion
was increased by L-alanine, DL-o-amino-n-butyric acid, L-serine, and
L-threonine. A negative effect on feeding was observed with L—tryntophan,
L-arginine and B-alanine (59). Concentrations of B-vitamins or.inorganic
salts had no effect on the feeding behavior of the larvae, - Howevér, a’
weak response to. increasing level of protein and corn oil was observed,
the larvae tending to.select diets high in either of these substanceés
(60). These findings suggested that amounts’ and kinds of food material -
available in the host'corn plant might.be' important in resistance to the.

Eurcpean .corn, borer.
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Different‘parts;af the same plant"may have difﬁerent“quanfities;of“
food'available either in fotaljamountfor_in"respeqt to certain kinds.
Plant-feeding insects frequently feed on meristem tissues of plant'whicﬁ. :
are richer-in certain proteins than arezother’parts'of~the plaﬁ;, kDahms‘
and Painter (61) found that reproduction of pea aphids rearéd;oﬁ flower-"
ing stems of alfalfa was'greater than fhose on_thé vegetative branches
of the same plant, and they suggestédithatvnutritfénal factorssmight‘be
related to resistance. Kennedy .(14) stated‘that'Fraénkel'suassumption
(13) that all plant leaves. can provide uniform nutritional substances
for insect growth.cannot be applied .to the aphids. ' Aphids de net eat:
leaves; the only nutrients, directly available to them,aré‘those_dissolvéd
in the 'sap or in transit from one part of the plant to another. It has.
been shown that contents of the sap varied gfeatly thyoughvthe.cycle of
growth, maturity and senescence of the foliage onvthe;plant‘s Growth, of
aphids'was found to be,related to the nutrients in the sap (14). Maltais
and Auclair (62) determined the;nitrogen.and'sugar content of three sus-
ceptible pea varieties and three resistant varieties at various stages
of growth., - The susceptible varieties contained more nitrogen.and less
sugar than the resistant‘varieties,'and the\sugar—nitrogen‘ratio was-
23.4 to 63.4 per cent higher in‘resistant‘ﬁarieties.; Aphidsireared on
the susceptible varieties of pea had.a higher growth rate than those
reared .on the resistant:varieties.. The rate of feedingvon‘thg suscepti-
ble varieties was found to be higher and therefore contributed to the,
faster -rate of aphid growth. Honeydew from aphids feeding on suscepti-
ble varieties usually contained a slightly higher concentration of freg
amino acids (63). Using paper chromatography, Auclair et al.: (64)

analyzed the amino acids in juice extracts of two varieties of peas and
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of pea aphids feediﬁg on ‘these varieties. Eleven free.amino'acids were
found in the plant juice extracts, and:lS in the pea ‘aphid extracts, .
Amino acids with higher molecular weights such as tryptophan and tyrosine
were absent of-present only in traces in .the plants analyzed, but they
were found in aphids feeding on these plants. Quantitative differences:
in.the amino acids~wére observed in the two varieties of peas. The-sus-
ceptible wvariety containéd.a’higher-concentratiog of free amino .acids
than the resistant one, with the exception of proline., Proline was.
present in a higher concentration in the resistant variety. The quanti-
tative differences ‘in. amino acid coﬁtent"were,suggested as factors in
resistance or susceptibility to infestation by aphids. Aphids ‘feeding
on resistant;varietieﬁ may not obtain énough of each essential amino
acid per wunit of time to sustain dptimal_growth'and reproduction. This'-
would cauée,the totaliaphid,pdpulétioﬁ on reSistant‘varieties to be
usually smalle:;than-;hat on.susceptible varieties (65). In the list of .
amino acids identified, glutamine, asparagine and homoserine Qere conr
sistently in higher concentration in all susceptible varieties-téstéd.
Pea~leavés treated with these three amino:aéids increased aphid growth
significantly and to a greater extent than with most othér'single-amino
acids. They appeared to play a key role in influencing the degree of
susceptibility or resistance of pea varieties to aphid,at;t’ac;k‘(éé)°

The glucose content in a tobacco variety susceptible'to green peach.’
aphid was found to be much higher than that in the resistant variety,,
but ‘the significance of this‘differencé to plant ‘resistance.was uncer-
tain (67), Marble .et al. (68) found that the spotted alfalfa aphid con-
tained 1.5 to 5.5 times the quantity of free amino acids as alfalfa. |

Aphids feeding on susceptible alfalfa variéties agcumulated-7‘to 10



21

times more B-aiénine and‘ethanolamine:than,that,was'found in the alfalfa.
tissue, while aphids feeding on resistant alfalfa varieties contained
little or none of these?compounds,= No conclusive differences in émino
compounds were apparent that distinguished resistant from suscepﬁible'
plants. The effects of environment on‘amino acid content-weré signifi—
cant. - Resistance of corn to the corn leaf aphid was found to be related
to the éarotene'conténtbof the corn plant (69). Susceptible corn varie-
ties contéined greater amounts of -carotene than.the resistant varieties.

One of the factors for resistance of plants to nematodes is also
nutritional (56). Resistant plants were mnot suitéble for the growth of
nematodes as they failed to supply some nutrient ﬁécessarylfor survival
of the parasites., . Knapp EE“E;.’(7O)'examined the free and bound amino
acids from.silks of corn earworm fesistant and’ susceptible varietiesg of .
corn.plant.: Equal numbers of free and.bound amino acids were found in-
all varieties tested; however, a‘greatei concentration of bound amino
acids and a higher pefcentage‘of reducing sugar were found in the sus-.
ceptible varieties.,

Resistance to the' wheat 'stem sawfly was at;ributed to differences’
in amino acid content in wheat varieties (71). ‘Resistancé‘of wheat to
Hessian fly attack was fqund-to be related tq.thelalluIOSe,content in
the plants-(72). This compound was present in the susceptible varieties,
absent in the resistant ones and present to a lesser ‘extent in the semi-’
resistant varieties. Sorbitol was found in the susceptible varieties. |
only. A low level of 1inoLeic.acid,in-the host plant was found to be,
associated ‘with the sterility of-female sugar beet webworms, and thus

contributed to the resistance against this insect*(73).



CHAPTER III
METHODS AND MATERIALS
Plant Materials’

Barley varieties, Will and Rogersv(Hordeum vulgare:L,), which were

‘resistant ‘and susceptible respectively to the attack of greenbugs were
"used for theianalysis‘of volatiles and for biological assays. For the.
determination of hydrogen ion concentrations, Will, Rogers and isogenic
lines of five groups consisting of resistant and susceptible varieties.
were .used. These plants were harvested when they were 14 days old.

Isogenic A (resistant) and Isogenic ‘B (susceptible) as well as Will .
andrRogers were used for the analysis of auxins. Oneqhalfwofvthe plants
in each variety were infested with,greenbugs‘when the .plants reached the 
age of 7 daysa Both uninfested and infested plants were harvested when
they were: 14 days old.

Forrtﬁe analysesbof free amino acids, sugars and organic.acids, and
the determinations of water cOntent;; will, Rogers,'IsogeniQ?A and
Isogenic B were used, Some of the plants in each varietyuwere,ipfestéd_
with greenbugs when they were 7 days old. Plant samples were collected
at ages 7 days; 14 days, 21 days and 28 days. The greenbug-infested
plants as well as the uninfested controls were harvested.

All plant materials used in this study were grown in a greenhouse.



23
Gas-Liquid Chromatography.

A modified BarbefiColman Model»SOOO‘gas-chromatégraph‘equipped with
a hydrogen flame‘detector‘waé~u5ed for ‘all the gas~liquid chromatographic:
analyses. in this study. The modification cqnsistéd;;f‘anuovenxand:inf-
Jection port of the same dimensions as used on .the gas chromatograph-~.

mass .spectrometer .combination instrument_(74,75).

Volatile Compounds in.the Susceptible "and

Resistant:Varieties of Barley

Steam Distillation of Volatile Compounds

' Five hundred grams of fresh leaves.werelcuf into short lengths and
put into a 3000 ml}Pyrex round-bottom flask. The distillation was.
carried .out at 20mm pressure and at‘a temperature not greater than,4OQC;
The vapors passed :through a spiral glass condenser; two flaéks'immersed'
in -an ‘ice-salt bath, and’finally into a trap cooléd with dry ice. The
condénsates from the flasks were combined and extracted three-times with
diethyl ether. The ether was anhydrous analytical grade. The ether ex-.
tracts*were‘combinéd;‘satdrated»with anhydrdus sodium sulfate andicénf
centrated by passing a .stream of nitrogen gas onto the extracts: Vola~
tile.componenfs in the extracts were then ready to be analyzed by:the
gasfliquid chromatograph and the combination gas chromatograph-mass -

spectrometer.

Gas-Liquid Chromatqgraphytqf the:VolatilelComponentsf

The column used for gas-liquid chromatography was packed according

to- the technique developed by Horning et al. (76).' Acid-washed 60-80
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mesh Chromosorb G purchésédzfrom,Applied Sqience{Labofatpfies; Phila-
delphia was used as‘thelsuppdrting ma;efial:fon the liquid phase. . Carbo—’
wax 20M,‘also purchased from Applied SéiegcevLaboratories, wasaemployedv
as the stationary phase. Qne:hUndred milliliters of 25% solution of
Carbowax 20M in chloroform were added to 20 g of;ChromQSOtb'G..;Vacuum'A
was applied and, after 30 minutes, the'excess,solution was removed by
filtration. The packing material was spread on.a filter péper.to'air‘
dry, then dried in the oven at 80°C. A 5 ft, x~1/4 in. coiled glass
column designed to fit .the mass spectrometer was carefully washed and.
silanized before péckingg The coated support was packed inte. the colimn
with light tapping and the aid of .a water aspirator connecteéed . to the
opposite end of the column. . The packed column was-then conditioned at
150°C for 72 hours. |
The-samples were chromatographed with an.initial column temperature
of 60°C and an iniﬁial.isothermal!period’of;SO»min,, and’ thereafter
programmed atfloclmine to 150°C. Otﬁer parameters were: injection port
at lSOOC; detector at,ZOOOC and carrier:.gas at 55ml/min, Thg-sample
volume was 4 microliters. Volatile compounds in the ether extracts were
identified by their retention times. For quantitative determination of
the.compounds, peak'érea was measured by a.planimeter and compared with 

the area given by a known amount .of -the respective standard,

Gas Chromatography-Mass-§pectromet:y of the Volatile Components.

A prototype of the LKB 9000 combination gas chromatograph-mass:spec=
trometer instrument was-used (74). The 25% Carbowax 20M column used in’
the gas-liquid chromatographic ‘analyses was also used here, The column.

temperature was initially at;60qC; and programmed to 150°¢C at 1Q/min,
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after 30 min. of an initial isothermal period. The molecular'separatar
. was kept‘atJZOOOC;'the ibn_source, 3lO°C; and the flash heatér; 2000C;
Thefionizing.currént_wasvmaintained.at‘20 amp., ‘with the iéﬁizatioq volt~
.age at 70-eV and the electron multiplier voltage:at 1,7 ka - The  accel-
erating voltage was.3,5 kV. |
Mass spectra were obtained as the peaks appeared on the;TICl‘re—
corder serving as the monitor for the GLC unit. Background mass spectra:
derived mainly from the column liquid phase were always recorded and
subtracted from the 'sample.spectra, Volatile components were identified -

by their molecular-ions, fragmentation patterns and GLC retention times.

Free Amino Acids, Sugars and Organic.Acids in the

Susceptible and -Resistant Varieties-of_Bérley
Extraction .

Twenty. grams of fresh leaves were cut into small "pieces, treated
with;liquid’nitrogen and ground to fine‘powder with a pestle in a mortar.
The plant material was then extracted‘with.SOZ aqueous 'ethanol at. room
temperature for 10 min. The extract wés(centrifuged and .the supernatant’
liquid .collected. The resi&ues were refextracted‘;nd‘the;fractions'
bulked. The final volume of 80%-ethanol was, 200 ml. The»alcohol waé
removed in, vacuo on a rotary evaporator, and the aqueous residue was

filtered. The: filtrate was a. clear yellowish-green solution.

lTIC Total Ion Current (proportional to total no. of ion formed,
and consequently to amount of compound).
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Fractionation and Purification

Two ion-exchange columns were arranged in serieg, The»firs;€column-
was packed with,cation—eiChange‘resin, Dowex 50Wx8‘(Hf), 50 to 100 mesh,
and the .second one with anion-exéhange resin, Dowex 1x10 (Cl-); 200-400
mesh,  The columns were 1.5 cm in diameter and 25 cm in. length. Aliquots
of the aqueous plant extracf were passéd throﬁgh the columns with the
flow rate adjusted to 5 ml per minute., After the. extract had passed
through, the columns were Wéshed with_distilléd water with the_ﬁeutral
effluent from the second column being collected along with the distilled
water washings. - This neutral fraction contained the sugars. The columﬁs‘
were than separated and the amino .acids were displaced from the Dowex 50
column with 2 N NH40H. - The organic acids were eluted from the Dowex 1.
column with 0.1N HCl. ' The three groups of compounds separated-in‘this
way were dried on a rotary evaporator at‘409C‘and'made'up;to‘the stand-

ard volume. (5 ml) (77).

Thin—layer\Chromatographyuof‘Amino‘Acids, Sugars and Organic Acids

Thiﬁ—layerzplates-of.O,S mm in thickness were prepared according to
Stahl (78)° Glass plates.of 20 x 20 ém‘were coated with a;suSPension of .
specific .supporting material -and solvent using a commefcigl.apparatus
(Brinkmann.and Co.). The plates were allowed to ‘air dry, and then.
activated in an oven at 110°% - 12090 for three hours before use,

Two.dimensional thin-layer chromatography was used to analyze the
amino acids. Thin-layer plates were prepared by mixing 10 g .of MN 300
Cellulose((Macherey,’Nagel»and“Co.,'Germany);'4\gvof Siiica Gel G

(Brinkmann_and Co,)'and 80 ml of distilled water, blen@ing for 30 seconds

in a Waring blender and spreading the resulting uniform suspension over



the glass plates in the usual manner (79). The sample was-applied to.
the origin with a micropipette. Each'sample,applicdtion was dried at a‘
teméerature not. exceeding 40°C, Plates were, developed once. in phenol~-
water (80:20, w/w) in the firsttdimension (6 hr), andithen’dried over-
night at 40°C to insure adequate removal of phenol. In the second di-
mension the plates were developed twice in butanol- 96% acetic .acid-
water (5:1:4, v/v/v) (4 hrs!in'each run).

Amino acids were detected by épraying with 0,5% ninhydrin in 95%
ethanol, air drying the plate and then heating it atilOSOCifqr 5 min.

Sugars were analyzed by thin-layer chromatography on Silica Gel G
impregnated ‘with sodium,monohydrogeniphosphate in phosphoric acid.
Plates were prepared with a suspension of 50 g Silica Gel G and 110 ml
in 0.1M H,PO

4 4
Sugar samples.aﬁdustandards,(lo - 20 ug) were applied on the plate with

0.3M Na,HPO was coated on 20 x 20 cm glass plates (80).

2

micropipettes. The plates were developed twice by the ascending téech-
nique in a solvent system containing formic acid—methy»ethyl'ketone—t;
buténoliwatér;(15:30:40€15, v/v/v/v). Freshly. prepared solution of 0,5
ml’anisaldehydeﬁin 9 ml of 957 ethanol with addition of 0.5 ml'qonéené
trated sulfuric acid was used to detect the sugars on the plates. This
detecting reagent was. very gensitive (0.05ug of sugar) and gave charac-
teristic colors for the su_lg_a,rs_’-;s

Organic acids were separated and‘identified4by-thin—layer-chromatog-
raphy on Silica Gel G plates. The‘501vent,system"used’cogtéined
n-butanol-formic acid-water (6:1:1, v/v/v). The’spraying>reagent for
the organiciacids contained -0.04% alcoholic 'solution Of,bromocfesol

greenvadjustédito pH 5.5 (81).
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Quantitative Determination of the Total Soluble Sugars

The total soluble sugars in the purified extracts were determined by
the procedure described by Néle$\4§§gghgl:f(82); An aliquot of the
extract was diluted to obtain a sugar concentration of .approximately
50ug per-2 ml of solution., A 2 ml portion of the diluted extract was
pipetted into a test tube, and 0,125 ml of 80% aqueous phenolv(w/w),was
added. Five milliliters ofuconcentrated;sulfuric.acid,were_then added
rapidly with the acid stream being directed to the liquid surface.in the
test tube. Af;er approximately 10 minutes, each tube was. shaken and the-
rack of tubes were.placed in a water=bath'at=28°Cﬁfor 20. minutes., The;
resulting color was read in a spectrophotometer ét a .wave. lerigth of-

490my .,

Gas-Liquid Chromatography of the Monosaccharides’

Monosaccharides in the sugar fraction of the extracté'were deter-
mined ‘quantitatively by gas-liquid chromatography using the method
described by Sawardekervia__t__&;__é (83), Alditol acetates of the . mono-
saccharides were. prepared according to the method of Abdel-Akher et al,.
(84). One ml 1% aqueous solution of sodium borohydride was added to 1l
ml of 5% aqueous solution of sugar, and the mixture was held at room’
temperature for 3 hrs. Excess borohydride was neutralized with acetic
acid (glacial), and the solution evaporated to dryness. The dry residue
’was refluxed for 4 'hours with a mixture containing equal amounts of
~ acetic anhydride and pyridine (1 ml/100 mg of sugar).. The solution was
cogled, concentrated to a standard volume (1 ml) and injected directly
in.the gas chromatograph for analysis.

A 20 ft. x 1/4 in. coiled glass column packed with 5% ECNSS-M
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Ccyanoethyl'silicqne) coated on 100 - 120 mesh Gas~Chrom Q, both pur-
chased from Applied Science Laborateries, State:Collége,'Pa,,'was em- .
ployed?forlthe]analyses; The samples were chromatdgraphed with a column
témperatureﬂat‘l95°c, injector .temperature at ZZSQC and detector temper-
ature at 25000; The: carrier gas was kept at 55 ml/min,j The volume. of -
samples injected was 2 microliters.

- Arabinol acetate was chosen as an internal standard. Linear re-
sponse. was obtained for the ratio 6f peak area to the amount of arabinol
acetate when varying amounpé of arabinol aCetate.were,chfomatographed;-
Amount of .a monosaccharide in thé,extract‘was determined by direct com-
parison of peak area of the unknown with that of the corresponding

standard of known amount. - The peak area was measured by a planimeter, .

guantitative_Analysis‘of the Free Amino Acids

The quantity of each free amino acid present in the - amino acid
fraction of the extracts was detérmined by automatic‘amino acid analysis.
Because of their high concentration present in the. extracts, thg amounts .
of aspartic acid, threonine, serine,.asparagine and glutamine were de-
termined by a.Beckman Model 120 C Amino Acid Analyzero‘ Norléucine was
used as-an-internal standard. The other amino acids were determined by

a.Technicon Amino‘Acid-Aﬁtoanalyzera

Free and Bound Auxins in the Susceptible

and Resistant Varieties of Barley
Extraction

The general procedure for the extraction and’purification of .indoles

outlined by Maxwell and Painter‘(85) and Larsen (86) was followed. A
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schématic diagram of ‘the procedure is shown in-Eiguré 1. The "free"
indoies were isolated from plant materials after 3 hours of extraction.
with 95% ethanol. The residual plant materials were further extracted-
with 95% ethanol for 45 hours to isoldte the. 'bound” indoles. Both-
groups of indoles were further purified according to thé scheme ‘in

Figure 1. .

ThineLayer:Chpomatognaphy;of the Indoles

Thindiayer:plates were prepared by coating the 20 x 20 cm glass’
plates with a slurry of 50 g Silica ‘Gel G and 110 ml 0.3M Na2HP04 in

0.1M H_PO The plates were allowed to stand at room temperature for

374"
1 hour;vand'then’dried in an oven at llOOC for 3 hours. Samplés of
indole extracts and standards were applied on.the plate with micropip~-
ettes; The size of sample.used was 10 to 20ug. The plates were devel-
oped by ascending_technique‘in a solvent system containing chloroform-
96% acetic acid (95:5; v/v). ‘Indoles were detected by spraying the:
plates with Ehrlich reagent (1% solution of p—dimethylaminobenzaldeﬁyde

in 96% ethanol) and.placing for 3 to 5 min. in a vessel saturated with.

hydrochloric acid vapor (87).

Gas-Liquid, Chromatography of the Indoles -

Quantitative.determinatipn of the indoles was accomplished by gas-.
liquid chromatography. Indoles were first methyléqad with diazomethane,
_ and’theirﬂt;ifluorqacetyl derivatives were preparéd'according to the:
method described"by\Brook gggiig (88). Omne mg of indole was dissolved
in 3 ml of anhydrous ethyl acetate in a test tube, and 0.5 ml of

trifluorocacetic anhydride (TFA) and a small amount of anhydrous sodium



Figure 1. Scheme of Extraction and Purification of Indoles
from Plant Material :
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Sample (Lyophilized tissue)
Extract with 95% ethanol
Filter
Wash residue
Regidue Alcéholic extract
(Discard) Remove ethanol under
vacuum
Aqueous extract
Centrifuge
Clarified Chlorophyll and
aqueous extract other residue
Acidified to (Discard)
pH 3.0 with
0.1 N phosphoric
acid
Extract with
peroxide free ether
in separatory funnel
Aqueohs Layer Ether'extract
(Discard) '

Dry

Remove ether
under vacuum

residue
Taken up in acetonitrile=-

hexane(1:1), shaken in
separatory funnel

] .
Acetonitrile layer

Evaporate to
dryness

Residue containing indoles
Dissolve in two ml of
ether

Hexanelfraction
(fats, waxes, pigments)
(Discard)
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sulfate were added. The tube was capped, and the solutioﬁ agitéted‘by~a
magnetic stirrer for one hour at room temperature, The solvent 'and the
excess TFA were tﬁen“removed,under reduced préssure, and the residue was .
dissolved in 1 ml of ethyl acetate.

A 10 ft. x 1/4 in. coiled glass éolumn packed with 3% QF-1 (tri-
fluoropropyl methyl silCone) liquid phase coatéd:on 100 - 200 mesh Gas-
Chrom Q, both purchased from Applied Science Laboratories, State College,
Pa., was used for the analysis. The samples were analyzed with the.
column temperatﬁre at 165°C, injector-témperature,at”lSOocg and detector

temperature at 200°C. The volume of samples injected was 2 microliters.

Water Content of the Resistant and

Susceptible Varieites -of Barley-

Determination of Water Content

Fresh leaves and stems were cut into small pieces and placed in a
platinum container of known weight. The p1antvmaterial and the con--
tainer were weighed, and dried in an«oven\at‘lOOOC for 24'hours,‘ The
dry plant material and container were weighed again, and the water con-

tent of the plant was determined.

Hydrogen Ion Concentrations in the Resistant .

and Susceptible Varieties of Barley »

Preparation of Cell Saps and Determination of pH

Fresh leaves.of the plants were cut into short lengths. Cellﬁsa§5'
were obtained by disintegrating plant material with a homogenizer with-

out addition of any liquid. Hydrogen ion concentrations of the cell
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saps were determined witﬁ a.Sargent Model DR pH meter.

Secretions of Greenbug to the Host

Plant During Feeding
Materials

Radipactive ‘greenbugs were produced by infesting a small pot' of
Rogers barley plants with greenbugs and' placing them inside a photosyn~--
thetic,chémber in a-14CO2 atmosphere produced by adding Bal4C03.and
1IN H_SO, to the side arm. After 48 hours, the plahts were taken-out‘of

2774
the chamger, ‘and the greenbugs removed;fromythe plants. These greenbugs_‘
were .theén transferred to another pot of barley plaﬁtsd_ The plants and |
the greenbugs were then kept inside a dark chamber -in order to: stop the
photosynthesis occurring in the plant, ' Greenbugs were removed from the '
plants after 24 hours, and the necrotic aréaslon the plant ‘leaves. re-

sulting from the feeding of -these radioactive greenbugs were excised

and extracted with 807 ethanol at room' temperature,

Extraction and Fractionation,

The method used for.the extraction of free amino acids and ‘sugars
was followed. The extracts were fractionated inta free amino acids and

sugars fractions following the procedure previously described.

Identification_of Radioagtive‘SubstanceS‘in‘the Extracté

Components in the free amino acids.frac;iOn>of'the extract were.
separated and identified by two-dimensional thin-layer chromatography
on plates coated with a mixture of cellulose and Silica Gel G (5:2).

Metheod for-the preparation of.the thin-layer plates was described in
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page 26. The plates were developed once in‘phenol—water (80:20,w/w)‘in
the first dimensioﬁ and then twice in n-butanol-'96% acetic‘acid—-watér
(5:1:4, v/v/v) in thelsecond\dimension,,vRadioactive comp§unds‘on the
thin-layer chromatégram were detected by aﬁtoradiography.

Similar methods were‘employed toridentify the radioactive substapces
in the sugar fraction of the extract. One dimensiOnal\thin-layer chro-
matogram was used.. Thinvlayer plates were_develdpediin a solvent system
containing formic acidimethylethyl ketone:terbutanol :water (15:30:40:15,
viviv/v). Autoradiography was also used:;d detect radioactive.compoﬁnds
oﬁ the thin-layer.chromatograms.

~

Comparison of Chemical:Substanceés in the Resistant’
and Susceptible Barley Varieties by the.

Technique_ovaiologiCal Assay

Extraction and Fractionation

The procedure employed for the extraction and fractionation of the
plant ‘materials was the same as the one described for the‘fréeyamino

acids, sugars and organic acids.

Biological Assay .

The biological assay experiments using greenbugs were performed, by
the Entomology Department. Different fractions of the plant ‘extracts
were inceorporated into the standard synthetic'diets for the greenbug
developed by Dr: Donald C. Cress of .the Entomology Department (89).

The growth of gréenbugs feeding on the modified synthetic diets was

méasured by their weight .and number of progeny they -produced.



CHAPTER IV.

RESULTS AND DISCUSSION

Volatiles of Greenbug-Resistant and

Susceptible Barley Varieties

Several methods of collecting the‘volatiles~9f the\barléy.plants~
have been studied. Steam distillation at atmospheric pressure.had been
a conventional method used»fbr collecting volatiles .of plant materials
for many years. More recently, this»methodﬂhas:been found unsuitable,
because of the formation of artifacts due-to,thérmal decomposition of
iess'stagle‘compounds,‘ The lower-alcohols and ketones ‘are fOrmed‘quite.v
readily from comparatively simple and common precursors, such‘as_pecfin,
amino acids and sugars, which are present 'in . all plant materials (90).
The straight chain; saturated, and unsaturated aldéhydes,areﬂformed
readily from oxidative degradation of the liﬁidé (91). Aeration of -
fresh plant»mate:iéls by sweeping with a gas o# vapor ‘stream and con-
densation in cold'traps‘was suggested. - This method of samble’collection-
was found to be Satisfactory, but -also time consuming, mofe‘than,24"
hours were required :to collect enough samples for analysis, and forb
efficient collection a large number of traps were necessary. In the
present .study, steam distillation at reduced pressure was found to‘be/
the most sa;isfactdxy method. Thermal decompositién of the!less_stable
compounds  was prevented by working at ‘low temperature. Gas-liquid

chromatographic analysis showed this method :collected the same number .of

36
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volatiles as,ﬁhezaeratibn‘method, but with greater inténéi;y’quanti—
tatively, Some studies were made with different 'liquid stationary phases.
for gas-liquid chromatography.;»Thé 1iquid pﬁases, Ucon Polar, Apiezon L.
and Qarbowax.20M;we1.:e,,employeda The best conditions of operations were
obtained using a.5 ft. x 1/4 in. 25% Carbowax '20M column. . It was aléd
foundvin these studies;thatpisothermal"operatioﬁ was not sufficient to.
~provide .the degree ofvresolution nécessary‘for,identification'purposesg
Analysis of the volatiles under isothermal conditions showed. the resolu-
tion of only 20 component peaks. Comparisons between runs made under
isothermal and temperature programmed conditions showed great improve~
ments in resolution and separating power in,the’teméerature programmed
conditions. Under temperatﬁ;e programming conditions the numbervof refg
solﬁéd,components-was more thaﬁ 40.: Typical chromatograms of volatiles
of Will and Rogers barleys runnunder_temperature-prdgrammediconditions.
were shown in Figure 2, Comparisons:of the Will and Rogers barley
samples showed that they were qualitatively similar, both containing
41.component peaks.

Table I lists the retention time and the.approximate relative per-=
centage abundance of each\component‘peak’in\Will~and~Rogers,samplés.
The quantitative estimation was made by relating individual peak,aréa
to the total area under the curve., Of the 41 peaks present, 11 were
greater than 4% in relative abundance, and were arbitrarily defined as
major .volatiles. Among these, component peaks 3, 5, 12 and l4~w§re |
found"to have significant higher pércentage in Will barley than'iﬁ'RQgerl
barley, whereas component peaks 19, 39 and 41 were higher in Rogers.
‘barley thgn in Will barley. This result would indicate that, although

the volatiles of Will and Rogers were found to be similar qualitatively,



Figure 2. Gas=-Liquid Chromatography. of Volatiles of Resistant
» and Susceptible Barley Varieties on a 5 Ft. x l/h
In. 25% Carbowax 20M Column with Initial Isother-
mal Temperature of 60°C for 30 Min, and Programm-
ing at.1°C/Min. to Final Temperature of 150°C

<

A. Volatiles of Will (resistant)

B. Volatiles of Rogers (susceptible)
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TABLE I -

RETENTION TIME AND RELATIVE ABUNDANCE OF VOLATILE
'COMPONENTS OF WILL AND ROGERS VARIETIES

"Peak . Retention = Relative Abundance  Peak Retention  Relative Abundance
No. . Time L S " No. =~ Time - = oo A
G S B Will - Rogers . o o Will __._Rogers
= (min) - (per cent) - © (min) = - (per-cemt) .
1. 3 0.7 Lbh o 21 97.5 - '0.18 LT
2. 48 - -~ 88 101 .. .. 22, . 99.5 - | 2.
3, - 6.2 ‘ L 5.3 2.4 230 1ok B B Y 1.4
ok 7.7 - 9.9 T.ko 24k, - 108.5 0.18 2.7
5. 9.5 8.5 2.0 25. 111 2.5 20T
- 6. 11 3.5, LT | 26. 114 , 1.8 - 1.01
. 13.5 2.8 2.4 27. 117.5 - 1.1 ‘1.01
8. 15.5 0.71 L0l - 28. 121 - 1.1 0.34
9. - -18.5 5.3 3.4 .29, 124 1.1 10,67
- 10. 2L 2.5 a7 3. . l2g - - L1 1.4
11. 29 2.1 ~1.01 31, 132,50 2.1 1.0
12 32 46 . .2.7 32, 0 135 o 0.TL 21,0
13 39 1.1 0.67 S 33007138 . 9% T LT
14 L7 7.8 3.4 . - 3k, 12,5 Lk L 0.67
15 .56 B Byt 0.67 35, 146,57 . 0.18%% - 0.6T7
16. 62.5 1.1 0 2.4 36. - 150 0.TL 0.7
17 7L k2 3.0 37. - 154 1.1 2.7
18 -~ T7.5 0.71  0.34 38.. 156 0.35 2.0
19 --84.5 1.8 -~ 5.1 39, 161.5 4.6 - A11.8
20 95 R O 15 4o. - 175 1.1 . 1.01
s : . k1. 184 0.35 , 5.1

ot
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they were different quantitatively.  Volatiles that migh;‘act.as\ré-
pellents or as -attractants may be»present‘in both Will ‘and Rogers bar-.
leys but in different concentrations. Repellents may exist in larger
quantities in Will barley than in Rogers barley while attractants may,bev
present in larger quantities in Rogers: barley thén in Will barley.

Identification . of some of the volatile cqmponénts‘aﬁd their apprexi-.
mate concentrations in Will and Rogers barleys were shown in.Table II.gv
The approximate concentrations were determined by direct comparisons of
peak areas of unknown samples with those of the\reference‘samples of
known amounts. Of these identified volatiles, only ethyl acetate. ap-
peared to be appreciablj:different in concentratioﬁ in ‘Will and Rogers
barleys. It has been found recently that the occurrence of ethanol in
the‘sampleé’can £e,at'least partially attributed to the presence of,this
compound in trace amount in the ether used for the extraction of the.
steém distillates (92). Thérmassrspectra of thesé'identiﬁied'volgtiies
and their corresponding refefence}compounds are shown in Figures 3,.4,’
5, 6 and.7. A number of compounds. found were not~characterizéd,'even/
thoughvmasé_spectra were obtained.

Figure 8 shows the effects of these identified'volatileucomponénté.
on.the growth of greenbugs. Volatile components at cdnqeﬁtrations,
approximately,equivalent“tojthat‘in’the Rogers barley were incorporated
individually into the standard synthetic diet for the greenbug;'ahd'the
growth. of ‘greenbugs was measuredfby_théir weights and the number -of
prégeny they produced, None of these volatiles were found to have sig-
nificant effects.

Effécts,of steam distillates~COntaining_allithe volatile‘cbmponents,

from Will :and Rogers barleys on the growth of greenbugs are shown in.



TABLE II

* IDENTIFICATION AND APPROXIMATE CONCENTRATIONS OF SOME

VOLATILE COMPONENTS OF WILL AND ROGERS VARIETIES

Refémeﬁce' : 4 Approximate'

Sample Identification Sample Peak
Peak No. ' Retention - Compound Concentration
o Time Retention Lo R R
il “Time S Will Rogers ‘
o - (min) (min) ~ (pg/g dry weight) .
1. acetaldehyde 3 3 v 0.2 0.3
2. ethyl formate 1.8 4.8 - e © 2.0
3. ethyl acetate 6.2 6.2 - Lo 0.5
L. ethanol 1.7 7.7 2.0 1.5
10. n-butanol - 2y

2L ~.0.5 0.5

ot



Figure 3. Mass Spectra of Standard Acetaldehyde, Acetaldehyde
from Will Barley and Acetaldehyde from Rogers Bar-
ley
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Figure'h. Mass Spectra of Standard Ethyl Formate, Ethyl Formate
from Will Barley and Ethyl Formate from Roger Bar-
ley : ‘



100 g

.
o

5

Relative Inténsity
o\
o)

)
O

Standa:d Ethyl Forméte

100

[0 0]
O

5

Relative Intensity:
')

n
(®]

10

100

o
(e}

g

Relative Intensity
o
S

N
Q

Ethyl Formate from Rogers Barley

L6



Figure 5. Mass Spectra of Standard Ethyl Acetate, Ethyl Acetate
from Will Barley and Ethyl Acetate from Rogers Bar-
ley
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Figure 6. Mass Spectra of Standard Ethanol, Ethanol from Will
Barley and Ethanol from Rogers Barley
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Figure T+  Mass Spectra of Standard n-Butanol, n-Butanol from
Will Barley and n=-Butanol from Rogers Barley



=
o

10

Standard nQButanol
& 8¢ | -
ol
g
3 .
g 6
gv
ol
8 Lg
L)
=
, M
oq ™
‘ i ll.. wuls
10 20 30 Lo 50 60 70 80 90 -
E
100p=
: n-Butanol from Will Barley'
> ;
8 8
8
a
R
o
.z
2 ud
"-I
& M
28 | » ! , Th
l ' ln H “l | 21,
Y | ) 4 T T 14 -
10 20 30 4o 50 60 T0 80 90
~ M/E . '
10 .
n-Butanol from Rogers Barley
;; 8¢}
g
o
J 6Cb
5
2
A ug
o | M-
2¢ l Th o
u ‘Jh ll h[u i
20 30 e} §O go 70 195 30 '



Figure 8, Effect of Volatile Compounds on the Growth of Green-
bugs Feeding on Artificial Diets for Twenty Days

Alphabets represent the following: A = acetaldehyde, B =
ethyl formate, C = ethyl acetate, D = ethanol, E = n~-butanol,
CH = control,

Concentrations of compounds used were equivalent to the
levels observed in Rogers Barley.
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Figure 9, Steam distillate from Rogers barley stimulated the' growth of -
greenBUgs much more than that from Will barley, But at 50% dilution .of
;he original concentrations, the Will volatiles iqéreased the .growth
much more effectively than the Rogers volatiles. . Thiszobsetvétion may
be explained by the unknown volatiles which were present 'in different
concentrations in Will and Rogers varieties. . If 'the volatiles present
in higher concentrations in Will are repellents, the decrease of these
concentrations in the diluted Will volatiles used in the artificial diet"
would probably result the. increase of stimulatory effect on the growth
and reproduction of the greenbugs; and conversely, if the volatiles
present in higher concentrations in Rogers are’attractants, thebdecrease
of these concentrations in the diluted Rogers.volatiles used in the

- artificial :‘diet :would cause the decrease of stimulatory effect on the-

growth and reproduction of the greenbugs.

Water Content of -the Resistant and

Susceptible Barley Varieties

Correlations between aphid behavior and plant water status had been.
observed by other workeré; It is generally agreed that the feeding .and
reproduction of aphids are influenced by thg water content of the ‘host’
plant. Response of aphids to the shortage of wateér in the host plant’
varied .with the species of .aphid as well as the species of the host..
plant (93). Water shortage had beneficiary effects on some ‘aphids owing
to the increase of concentration of solutes in.the sap. Nevertheless,
on -the insectslwhiéhvdépehd éonsiderably.onxthe_tﬁrgor pressure for:
feeding, water shortage had harmful effects (94). These aphids.begame“

restless, and their fecundity was diminished, because the.assistance in.



Figure 9. Effect of Volatiles Extracted from Resistant and Sus-
ceptible Barley Varieties on the Growth of Greenbugs
Feeding on Artificial Diets for Twenty Days

Alphabets represent the following: A = volatiles from Will
(resistant), B = volatiles from Rogers (susceptible), C = volatiles
from Will at 50% concentration of A, D = volatiles from Rogers at
50% concentration of B, CH = control.
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foed uptake provided by .the sap pressure was reduced. Greenbugs were

found to be favored by the low water content of host plants resulting

from low rainfall during drought periods (95). Therefore, it was sus-
pected that the. greenbug-resistant varieties may have a higher water -

contént than the susceptible varieties.

The water content of the uninfestéd susceptible and resistant
barley varieties as well as the greenbug-infested ones is listed in
Table III. The water content is expressed on a fresh weight basis. No -
significant difference was observed between the greenbug-resistant and
susceptible varieties, A drastic reduction of water contént of the sus- -
ceptible barley after two weeks of greenbug infestation was.found. All:
the susceptible plants were completely dead after 3 weeks of greenbug
infestation. Resistant varieties showed a ‘small decrease of water con-
tent after 3 weeks of infestation. The more mature plants of all varie-
ties contained less water than the younger ones probably owing to an in-

crease of thickness of .cell wall and dry mattér in these maturing plants.

Hydrogen Ion Concentration of ,the Resistant..

and Susceptible Barley Varieties

Hydrogen ion concentration in the cell sap of plants has long been.
considered to affect the insect-host plant relationship. Acidity of .the
plant has been suggested as the plant's defense against its enemies (1).
Resistance of the plant to  insect attack increased with increasing or-
ganic acid contentﬁof‘the plant. Leaves of the sugar beets resistant-
‘to.leafhoppers were found to be more acidic than those of the suscept-
ible ones (11), = Studies of the feeding habits of the leafhoppers showed

the leafhoppers concentrated on artifically prepared fopd that was alka-



TABLE III

WATER CONTENT: OF UNINFESTED AND INFESTED RESISTANT AND SUSCEPTIBLE VARTETIES -

Age of Will - / ___Rogers . . __. Isogenic A - - .. _.Isogenic'B _
- Barley = Uninf,. - Inf, - Uninf. Inf, - Uninf, - Inf, . Uninf. - Inf.-

. ( per cent / g fresh weight)f
1 Week S - o . R I R TR
Uninf. 90.5 . 9t2 . 903 . 90.2

2 Weeks- : . o i B . 3 ’ } :
Uninf. 91,1 o , 90. k% » 90.5 90,8 iy
Inf. 1 Wk , 90.8 - - 90.7 - ~.90.2 R ' 91.0

3 Weeks : S , : PR o . '
" Uninf, 0 90.0 . 90.1 902 g0l
Inf, 2 Wk 8.9 . 703 T 900 T 71.2

4 Weeks - » a : R R _
Uninf. 89.5 - 89.3 , . 88.9 o 88.7 R
Inf. 3 Wk ,‘ - 849 , dead g86.1 o dead

63



60

line in reaction (96), The pea aphid was.found,té"be capable.of dis-

. criminating betweeﬁ'as-little‘as 0.3 to 0.6 of:a pH‘uﬁit when feeding

on artificial :diets (97). Cress (89) obsefved the best greenbug develop-'
ment when the greenbugs were rearedﬂon’an,artificial'diep’having:a pH

of 7.6 compared to those with a more acidic pH,

Table IV shows thé.reSultxof the présent study.on pH-in the cell’
saps of -several linesiof barley plants: Small differences in pH were
observed between the greenbug-resistant and greenbug-susceptible varie-
ties; however, a statistical analysis of the results by the t test'show-

ed that these differences were not significant,

Auxin Content 'of Resistant and.

Susceptible Barley Varieties -

Earlier workers have .shown correlations between auxin content .in
the.plantéénd aphid resistance. Maxwell and Painter (85) observed that:
wheat, barley énd alfalfa vérieties‘resistant to greenbugs contained’
lower concentrations of free auxins than the,cofrespondigg susceptible
varieties. The suscéptigle varieties had at least one more neutral
auxin'present'than‘did the resistant ones., The honeydew and ether ex-~
tracts of the aphids feeding on the susceptible varieties-also had
larger .amounts of auxins than those of aphids feeding on the resistant
varieties (98,99). Thegsameuworkers'found that .short periods of aphid
infestation significantly reduced the acid auxin content of: the suscept-—
ible varieties but had very little effect on the total ‘auxin content 'of .
the resistant varieties, Thg aphids were said ta be able to remove
significant ‘amount .of ‘auxins from the susceptible varieties and were

unable to do so from the resistant plants. It was suggested that this



TABLE IV

COMPARISON OF'HYDRDGEN‘ION CONCENTRATIONS BETWEEN
RESISTANT AND SUSCEPTIBLE.VARIETIES

Isogenic Lines

Resist, ( ) (
-Group Line = or (1 2)
Suscep. pH pH Ave, E Test
6548302 (s) 5,94 6,01 5.98 1o
I 654832=3  (r) 54 65 5.8k 5.75 sign,
1 654833-2  (s) 5,98 5,84 5,91 no sign.
654833-7 - (r) 5491 5¢Th 5,83 diff.
654835-1  (s) 5.87 . 5.79 5.8%
6548352 () 5499 5,81 5490 no
IT1 654835-3 (s) 5091 6,01 5.96 ‘sign,
654835-4 (x) 5,87 5.73 5,80 = diff.
654835=5  (r) 5+79 5.98 548k
654835=6 () 6. 19 5,91 6. 06
6548L43<3  (s) 5.87 5.87 no
v 654843-8 (x) 5¢95 5.86 5,91 ‘sign,
65484%-9 (r) 5.73 6.01 5.87 diff,
v 6548441 ES) 5.76 5,73 5.75  -no sign.
6548L4-8  (z) 5076 _ 5.76 diff.,
| v_non;Isogenic Lines
5-20-2 (r) 5,97 5.91 5.93
Will 5-20=-L (r) 5.89 5.71 5, 80 no
5=20=T (x) 6.02 5.84 5.9% _
' sign.
5=20=10 (s) 5.79 5.91 5.83
Rogers5-20-11 (s) 5.87 5.87 - 5.87 diff.
5=20~15 (s) 5.81 5.82 ‘
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result indicated that'thg difference between the resistant’and suscept-
ible plants-may'be,relatéd tolthe.availability‘offphidem,material.to‘the
aphids. Auxins might exist in greatep‘conqéntratipnswin‘the_phloem.
Recently, King (100) observed'that'uninfested,gréénbug—resistant’and
susceptible barley varieties had ‘the same level of "freé"'and "bound" .
indoles,‘and that greenbug infestation increased the ‘amount of-;otal
indoles significantly-in both varieties. Theslevels.of "boﬁnd".indoles;
were about the same .in these two greenbug-infested varieites; however,
the.level of the 'free" indoles in the infested susceptible: variety was.
much higher than that of the infested-fesistant variety,.aﬂd_the result-
ing total indoles in the former was about 1.5 times as great as the total
of the latter.

In the present study the auxin content of tﬁo’uninfestéd greenbug-—.
resistant and two uninfested greenbug-susceptible barley varieties as’
well as the greenbug-infestedgplants»ofwthese varieties~weré‘analyzed”
by,thin7laye;-chromatography_and gas-liquid chromatography; The results
‘ of thinf1ayer»chromatography,and the‘identification.of~the auxins are-
shown in Figures 10 and 11, . Indoleacetonitrile,'indélebutyric-acid,
indolepropionic acid,‘indoleaqetic acid, indole-3-aldehyde and indole .
were found in the uninfested "free" and "bound" fractions of all ‘varie-
ties .tested. Quantitative composition of. auxinsg were determiﬁedrby‘
gas-liquid chromatography. Auxins were anélyzed as their methylated
trifluoroacetyl derivatiﬁes (TFA). The liquidustationary‘phase‘used‘
was 3% QF-1. The best resolution was obtained when the.column tempera-
ture waslmaintained at 16590,k Typical’chromatogramS'of‘méthyla;ed'tri—
fluoroacetates‘of indoles of .uninfested -Isogenic ‘A and‘Isogeniafﬁ

varieties are shown in Figure:12, The concentrations of the individual



Figure 10. Thin-Layer Chromatogram of "Free" and "Bound" Indoles
-of Uninfested Resistant and Susceptible Barley Va-
rieties

Abbreviations: IND = indole,vIAN = indoleacetonitrile, IBA =
indolebutyric acid, IPA = indolepropionic acid, TAA = indoleacetic
acid, I3H = indole-3-aldehyde, IpyA = indolepyruvic acid.
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Figure 11, Thin-Layer Chromatogram of "Free" and "Bound" Indoles

of Greenbug-Infested Resistant and Susceptible Bar-
ley Varieties

Abbreviations: IND = indole, IAN = indoleacetonitrile, IBA =
indolebutyric acid, IAA = indoleacetic acid, I3H = indole~=3-alde-
hyde, IPA = indolepropionic acid, IpyA = indolepyruvic acid.
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Figure 12, -Gas=-Liquid Chromatography of Methylated Trifluoro-
acetates of Indoles on a 20 Ft. x l/4 In. 3% QF~
1 column at 165°C

A. Indoles of uninfested Isogenic A (resistant)
B. Indoles of uninfested Isogenic B (susceptible)
Abbreviations: IND = indole, IAN = indoleacetonitrile,

IBA = indolebutyric acid, IPA = indolepropionic acid, IAA =
indoleacetic acid, I3H = indole=3-aldehyde.
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components present in the samples analyzed are shéWn in Iéble;V. ,The'
indole concentrations are expressed on dry weight basis. Asvcaqibe seén
in the table the conténts of ."free" and "bound" indoles of the.uninfest-
ed susceptible varieties were similar to those of the'uninfestéd:resist?
ant ‘'varieties. Greenbug infestation was-fdund,to increase the amount of -
total indoles significantly in all varieties as reported by King (100);
however, the increases of "free' and "boﬁnd"'indoles in the -infested
susceptible varieties were not different from tﬁose'bf,the infested re-
sistant varieties, and the resulting total indoles were ‘at the same 1eve1
in ali the varieties. The increase .of auxin levels in the infeSted’
plant’had been explained as the.result of increased production of de- .
creased.destruction‘of;auxins'in.the plant.. Substances secreted into
the plant by the.greenbugs might‘act as inducers to inactivate the in-
hibitor of the enzymes involved in aqxih:production;.Qr.they’mightfacf‘
as inhibitors to inhibit the enzymes responsible for auxin destruction
(101). | |

‘The‘high level of "free" auxins found in the susceptible plants
after greenbug infestation was suggested as the reason for the damage
in the host plant caused'by,the aphids (100), since. high auxin concen-
tration was. found to be deleterious to plant ‘growth. (102). This ex-
planation of .the greenbug damage to the susceptible plants isvconsidered
inadequate, because the present studyidemonstrated»that;ﬁhe greenbug-.
infestedarésiStant plants have the same level of '"free': auxins as the
infested sﬁsceptible piants. The results obtained by Libbert et ‘al,
(103) in the studies of auxin metabolism would Suggest-thatﬁthe large
amount of "free' auxins found in the»infésted*plants.may not ‘be related

to the.damage to the plants caused by aphid infestation, Libber;“ggﬁgk;'



TABLE V '

AUXIN CONTENT OF UNINFESTED AND INFESTED RESISTANT AND SUSCEPTIBLE VARIETIES

Compounds S OWill .~ - ‘Rogers Iso-A = Iso~B

Uninfested Infested Uninfested Infested Uninfested: Infested ' Uninfested = Infested

Free Bound Free  Bound Free ‘Bound Free Bound . Free Bound Free Bound Free Bound ~“Free - Bound

- SR ( vg / & dry weight) :
A 1.6 2.0 7 L7 15.3% 2,7. 3.0 7.6 5.3 1.8 0.7 56 33 LT 0.9 67 2.5

IPA 1.4 2.0 1.9 0 1.6 0.9 Lo 1.k 1.5. 0.3 %8 1k 1.9 0.5 2.0 1.8
1AN 1.6 2.3 k2 1.1 0.5 0 5.3 2.0 0.1 0.2 18 2.6 0.3 04 31 0.7
IBA 6.6 5.0 6.6 6.6 6.9 2.2 8.5 6.4 3.2 L2 L0 27 = 3.5 02 54 2.6
D 0.7 0.9 1.8 k9 L4 L3 22 1.2 1.0 04 26 L1 L5 0k 32 0.7
I3 L9 O 2.3 120 108 o 162103 1.6 9.0 178 181 90 61 152103

TOTAL =~ 16.8 12.2 “41.0 39._'9 239 7.3  L41.7 26.6 15.2 1.7 36.6 29.2 - 17.9 8.1 35.6 18,6

IAA = indole acetic acid; IPA = indole propionic écid; IBA = indole'butyrié acid; IAN = indole acetonitrile;
IND = indole; I3H = indole-3-aldehyde; Iso-A = isogenic A (resistant); Iso-B = isogenic B (susceptible)

0L
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(103) found‘that?thg epiphytic bacteria which usually liﬁe‘at~the pléﬁtL
surface of the higher plants had the»greates;'ability to form indole-
acetic acid from‘tryptdphan amoﬁg,a11~plant;organiéms. The: conversion
of tryﬁtdphan‘tq indoleacetié acid\in the plant by plant enzymes was.
very slow, and the efficiency was. far less than ;Hat by the epiphytic
bacterié. Sterile plants. grown from;seeds that had been 'sterilized with
»ethanol'and‘bromine water contained indoleacetic acid in a“quantipy very
much less than the non-sterile plants. The major part of auxins which.
was found in the extracts of .non-sterile plants was not produced by the.
plant but by the epiphytic bacteria. It was suggested also that part of
the auxins found in the extracts of non-sterile plants was produced by.
the epiphytic bacteria during extraction, because.thevextfactiop of non-
sterile plants in presence of antibiotics (chloramphenicol’qr\stréptoﬁy—
cin) yielded lesg indoleacetic 'acid than the one in absence of anti-
biotics, High amounts of bactéria—produced auxins were shown'to be
normdlly present on higher plants; however, the effect of'these«auxiné
on.the plaﬁt was nét'known.a In¥view of these repOrts,it\wouid not be
unreasonable to suggest that 'the large amount of éuxins found in the
extracts of the greenbug-infested plants'may-be~the auxins produced in
greater quantities by the epiphytic bacteriae, stimulated~perhaps by

the greenbug's,infestation. - These auxins may not necessarily be»involVedlr

with the aphid's .damage in the plant.

Free Amino Acid Contént of Susceptible

and Resistant Barley Varieties

The free amino acid compoesition of .alcoholic extracts of the four:

barley-varieties,”Will‘(resistg),‘Rogers (suscept;), Isogenic A ‘(resist,)



o

and‘Isogepic‘B (suscept.) were énalyzed by.thin—léYér.chromatography, -
Twenty amino acids were found in all the varieties. No significant .
qualitative difference was found between the resistapt.and susceptible-
varieties, with the exception that two unknown,compouﬁds found in Rogers
barley‘were.not detécted in wWill, Isogenic‘A or Isogenic B. The same
tweﬁty amino acids were found in the greenbug-infes;ed barleys. Never-
theless, the.chromatograms of the infested barleys, especially the sus-
ceptibles ones, were not as intense as the uninfested ones: This indi- =
. cates that there was a decrease.of free amino acid concentragion,after
greenbug infestation and that this decrease occurred to a ‘greater extent
with the susceptible varieties. The reconstructed typical '2-dimensional
thin-layer chromatograms of Will :and Rogers barleys are shown in~Figures
13:and‘14.« |
Amino acid content was also determined quantitatively by automatic
amino -acid analysis. Figurej15 shows a reconstructed typical chromato-.
gram.of free amino acids of uﬁinfestedsone-week,old“Rogersvbarley, . The
change of free amino -acid composition of the uninfested’barléyvvarieties
during the growth period from 1 week to érweéks as well as thése_of the
greenbug-infested barleys at this period are shown in TablestI.and'VII.‘
In all varieties tested, the concentration of total amine compounds was.
found to be higher in the younger plants, anq it‘decreased'as the plants
grew, The total-.amino compounds was also found to be higher.in the sus-
ceptible varieties than in.the resistant wvarieties at all stages of -
growth, ,Ihqureenbﬁg*infested barleys,1especially‘those susceptibie;
were found to exﬁibit a sharp reduction of total amino compounds follow-
ing 1 week of-infestation, - Figure 16 shows the amount of total aminob

compounds present in the uninfested and infesteéd:barley varieties at



Figure 13. . A Typical Two=Dimensional Thin-Layer Chromatogram
of Free Amino Acids of Will Barley (Resistant)
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Figure 14. A Typical Two=Dimensional Thin-Layer Chromatogram
of Free Amino Acids of Rogers Barley (Susceptible)
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Figure 15. A Reconstrﬁcted Typical Chromatogram of Free Amino
Acids of Uninfested Rogers Barley (One Week 01d)
Analyzed by Automatic Amino Acid Analyzers

The first five amino acids, aspartic acid, threonine, serine,
asparagine and glutamine were analyzed by a Beckman Model 120 C
Amino Acid Analyzer. The other amine acids were analyzed by a
Technicon Amino Acid Autoanalyzer.  Parameters for the Beckman
Amino Acid Analyzer were: A

column size - 0.9 x 69 em

resin type - Beckman Type AA-15

height of resin column = 53 cm

column flow rate - 50 ml/hr

column back pressure = 290 psi

buffer = pH 3.25

temperature = 30°C.

Parameters for the Technicon Amino Acid Autoanalyzer were:
column size - 0.9 x 133 cm

resin type - Type B Chromo<Beads'

height of resin column - 129 cm

column flow rate - 30 ml/hr

column bsck pressure - 300 psi

buffer - pH 2.785 to pH 5.00

temperature - 60°C.
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TABLE VI~

FREE AMINO ACID COMPOSITION OF UNINFESTED AND INFESTED WILL AND ROGERS VARIETIES
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TABLE VII

FREE AMINO ACID COMPOSITION OF UNINFESTED AND INFESTED ISOGENIC A AND ISOGENIC B VARIETIES

- Infested :

Uninfested

Amino

Isogenic B

T3

enic'Av

'Isog

2 Wk 3

Isqgenic B

2 WK 3 Wk G WK

Isogenic A

"2 Wk . 3 WK

T

TV

T Wk

 Age:

- Time Inf:

Acid

Wk & Wk
W3 Wk

Wk LWk
Wk 3 Wk

1wk 2

1wk 2

S mOIE/ g dry ﬁeighf )

o ,..,Oz).h.e.h.12211./130302m

oo T YT YT YT YT YO YUY
R AR R R R R
[T T TN T TR T IR T PR TO TR T VIR TR )
LR LR EE

[ 3

082814 32:}2 32287.&50

30131010000011 ton{

. h*zzo/nu:z1.h*1.zz1‘9_0,b,oAC1;v|=

1662).—.5026 0160227]4

512220]41010081001 .

L

..zz1;hq9hzzo/0,b (e} Oﬁunuqlﬁvl.u_b

R © AHO NO. 9_1.1‘1an.4 1.nv1;uw.

02850872175029%27

...u8h66h1h3231393r2h

ao/o/AuzJL»vIQvotb o/Q:b,o,01;:znv

9251.‘4063110252111 .

0

6 7:):)|46 97590(466 266

O.h.6h-.l40211101|40018

40040nnomoyonante

05.156133131383020
o T ON

HAO N\ N\ A0 96708 72 3|466

1‘o0,m A O 1.9hnv1.zz1‘nu1;nu
FYR= RN o

26]4 3.&.6 79288 37:}‘4 06.
oonzhw:Johnuvl1.1.1.nu1;:)1.nu1.mw

SN QYD ANt n § o
83]4530321101.40 rom

SRt Rt 00000 en

8]4662)1:)31 M= U\ r27

77]402)0)-—.6937360122 :

@ ¢ o o o e .o
1;hwvlﬂv1 Homrm o~ O O

i
~
R
4 .
B H M EDNG~N0 IJHO DN 0 )
£ U B~ o
AEAJ0BESRINEERR S

.dead
‘dead; -

Total

80



Figure 16. Change of Concentration of Total Free Amino Compounds
in Uninfested and Infested Susceptible and Re-
sistant Barley Varieties at Different Ages

A. In Will (resistant) and Rogers (susceptible)

B. In Isogenic A (resistant) and Isogenic B (susceptible)
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different growth periods. Among the list of amino acids identified;‘
aspartic acid, threonine, serine, asparagine + glutamine, glutamic acid,
histidine and arginine were found to be present in higher.concentrations:
in . the susceptible varieties than in the.resistant varieties. The con-
centration of élaninevwas-found to be higher.in the resistant ‘'varieties.
Aspartic acid together with asparagine and glutamine were the major com-
ponents of the amino compounds: The concentrations of these amino acids
found in the uninfested and infested barleys at the different 'growth.
perieds are shown in Figures 17 and 18, The decreases of these amino
acids in the older plants and in the infested ones were quite parallel
to those of the total amino compounds. These results are comparable to
those of Auclair and Maltais (64) who found the free amino ‘acid concen-
trations were higher in the pea varieties suéceptible to pea-aphid than
in the reéistant ones. Cohcentraﬁions“of,glutamine, asparagine -and

" homoserine were found to be’cqnsistenﬁly lower in the.resistant pea
plants. The growth of pea aphid was incneaséd significantly when pea
leaves were treated with these three amino acids, They ancluded'that'
free amino acids werefnutritional requirements for the péa,aphids, and
that the low concentration of the amino acids in the resistant ‘plants
caused the slower rate of growth and reproduction of the aphid. It was
also suggested that glutamine, asparagine and homoserine may play a.kéy
role in influencing the degree of susceptibility or resistance of pea-
varieties to aphid attack (66). Marble et'al. (68) determined the free
amino.acidkconcentfation in several alfalfa varieties, some'suséeptible
and some resistant to. the spotted alfalfa aphid. He found that ‘the
susceptible &arieties contained the:higher concentrations. He also ob-

served that asparagine, which ranged from 30 to 70%Z of the total amino-



Figure 17. Change of Concentration of.Aspartié Acid in Uninfested
and Infested Susceptible and Resistant Barley Varie-
ties at Different Ages

A. In Will (resistant) and Rogers (susceptible)

B. In Isogenic. A (resistant) and Isogenic B (susceptible)
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Figure 18. Change of Concentration of Asparagine + Glutamine
-in Uninfested and Infested Resistant and Sus=
ceptible Barley Varieties at Different Ages

A. In Will (resistant) and Rogers (susceptible)

B. In Isogenic A (resistant) and Isogenic B (susceptible)
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" nitrogen, was the principal source of free amino acid nitrogen in alfal-

fa. Dadd et al. (104) found that growth of the aphid; Myzus pericae-

(Sulzer), fell sharply when the amino acid level was reduced from 3% to
2% on the artificial diet,

Based on the results of the present'study,,it'wouid appear that the
concentration of the total aminp compounds in the barley plants ‘may. be
related to -the susceptibility of barley varietieS’to greenbug attack.
However, the balance of.the proportions of individual amino acids should
;be considered also as apother possible factor. Corpect.proportions were
fouﬁd necessary within some classes of nutrients especially amino acids
(105). Banks.and Macaulay (106) suggested that composition;of the nitro-
gen fractioﬁ in.two varieties of bean might account for the different
fecundities of the aphid,,éggig_fgﬁggi.

The effects of ‘the free amino acids extracted from Will and‘Régers
on the growth.and reproduction of greenbugs are shown in.Figure 19.
Portions of amino acids in the standard artificial diet .for the greenbug
were substituted with equivalent amounts of amino acids extracted from
Wiil and Roger barley, Thevgrowth;gf greenBugs on the modified diets
was measured by their weight and the number -of progeny they préduced.'
It was found that amino acids froﬁ both varieties had slight inhibitory
effects. Figure 20 shows the growth.of greenbugs on modified diets in .
which the.concentration of each amino acid was different from that
normally used in the standard diet. The concentration of amino acids
normally used in the,staﬁdard;diettwas estimated to be approximately 40
times. of that'found/in the leaf tissue of the barley plant; therefore
the following 3 different concentrations of each amino aéids:were'used:

1) the same concentration as foupd in leaf tissue of Rogers, 2) ten



Figure 19. Effect of Free Amino Acids Extracted from Will and
Rogers on the Growth of Greenbugs Feeding on
Artificial Diets for Twenty Days '

Alphabets represent the following: A = free amino acids
from Will (resistant), B = free amino acids from Rogers (sus-
ceptible), CH = control.
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Figure 20, Effect of Different Amino Acids Concentrations on
the‘Growth of Greenbugs Feeding on Artificial
Diets for Twenty Days

Alphabets represent the following: A = amino acids concen-
tration used equivalent to that observed in Roger leaf tissue,
B = amino acids concentration used equivalent to 10 x that ob-
served in Roger leaf tissue, C = amino acids concentration used

equivalent to 100 x that observed in Roger leaf tissue, CH =
control,
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times the concentration -found in Rogers leaf tissue and 3) one hundred
times the concéntration foupdfin Rogers leaf tissue,  All of these
modified dieﬁs were found to inhibit the growth of the greenbug signifi—
cantly, and thelinhibitory effect was increased with -the inérease‘in
concentration of the amino acids. The results indigated that the‘pooﬁ,
growth of the greenbug may noét be:caused by-low»céncentrations*of the .
amino acids. It may be that ‘'amino acid imbalance.is responsible for.the/
poor growth.of the greenbugs, and thus may be related to xésistance.
Besides being reqﬁired as nutrients the free amino acids:haVe,beent
‘sh0wn to act 'as feeding stimulants, Amino acids either alome or ‘in com-.
bination with .other chemicals were found to stimulate feeding activity
of insects (ld?).v Beck .and Hanec.(59) found that free amino~aéids in=-
creased the. feeding duration of the,Eufopgan,corn borer. An "amino -
acids receptor" which enables the insect to perceive these,comppunds had

been. found in Crustaceaé»(lOS).

Sugar .Content of Susceptible-and-

Resistant Barley Varieties

The composition of sugars in the resistantbandfsuScéptible barley
varieties was determined qualitatively by‘thinvlayer~chromatography,
Ribose, .xylose, fructosé,'glucose,,galact0se, sucrose and ‘lactose were
found in-all the varieties tested. . There was no qualitative difference
between the susceptible and resistant varieties, The same sugars were
found in the greenbug-infested barley plants.: The intensitiés of the-
chromatograms indica;ed»only:slight*difference,of»condentrations‘between
uninfested and‘infested:barleys.? Figure 21 shows a‘typical thin-layer

chromatogram of sugars of the susceptible and 'resistant barley varieties.



Figure 21. A Typical Thin-Layer Chromatogram of Sugars of Un-
infested Resistant and Susceptible Barley Varie~
ties (Two Weeks 01d) »
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The total soluble carbohydrates present in the plarnt extracts were.
determined by.the phenol—sulfuric“acid method. Table VIII and Figufe 22
show the.amount of total soluble carbohydrates in the resistant and sus-
ceptible varieties and the changes:during,grOWth and greenbug infestd-
tion. In the younger plants, only small differences were found between
the susceptible and resistant varieties; however,'in the older plants,
the susceptible varieties-had nearly deuble the amount ‘of soluble car-
bohydrate than.the resistant ones. Greenbug infestation -caused a de-
crease.of ‘soluble carbohydrates -in .both. resistant and susceptible varie-
ties but to a greater extent.in the susceptible-ones.

Monosaccharide composition was determined by gas-liquid chromato-
graphy.' The monosaccharides were converted to their alditdl acetyl.
derivatives before analysis, . The best resolutions were obtained when 5%
ECNSS-M was used as stationary liquid phase: Typical chromatoegrams of
alditol -acetates of monosaccharides of uninfestéd Will and Rogers varie-
ties (4 weeks old) are shown in Figure 23, The concentrations of mono-
saccharides in the uninfested resistant and susceptible barley varieties
at different growth periods as well as the greenbug-infested .ones are
shown in Tables IX and X. "The changes of total monosaccharide concen-
trations of uninfested and infested barley during growth were plotted :
and are shown in Figure 24. Only slight differences between .resistant
and susceptible varietiés appeared in'the l-week and 2-week old samples.
In contrast to the amino acid concentration, the concentration of sugars
in the two uninfested susceptible varieties, Rogers and Isogenic B,
started to increase at the 3-week stage and increased very rapidly at
the period from 3-weeks to 4-weeks. The concentration in one of the

resistant ‘varieties, Will, remained quite constant during the growth



 TABLE VIII

AMOUNT OF TOTAL SOLUBLE CARBOHYDRATE IN UNINFESTED AND
INFESTED RESISTANT AND SUSCEPTIBLE VARIETIES ‘

Age of - ' CWill o . Rogers Isogenic A ‘ ‘ _ Isogenic' B
Barley « . : a , ,

Uninf, Inf, Uninf, Inf. Uninf. . Inf. VUninf. Inf.

o d;(~mg /,grdfy weight )

1 Week o - . : : . .
Uninf. 20.5 : 22.5 _ 12,5 1Q’

2 Weeks ' : o ) . S : : S
Uninf., © 22.0 . 25.0 105 105 '

'3 Weeks , _ B o g
Inf. 2 Wk _ 22,1 L ‘ 16.5 . , 17.1 s SRR R 4.3

4 Weeks - : o : : '
Uninf. . 20.1 - bo.2 34,3 : _ 63.4 : :
Inf, 3 Wk ‘ : 19.6 dead S 26.6 o : desd

3



Figure 22. Change of Concentration of Total Soluble Carbohydrates
in Uninfested and Infested Susceptible and Resis~
tant Barley Varieties at Different Ages

A. In Will (resistant) and Rogers (susceptible)

B. In Isogenic A (resistant) and Isogenic B (susceptible)
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Figure‘23. Gas-Liquid Chromatography of Alditol Acetates of
Monosaccharides on a 20 Ft, x 1/4 In. 5% ECNSS-
M Column at 195°C

A, Monosaccharides of uninfested Will (resistant, 4 weeks
old)

B. Monosaccharides of uninfested Rogers (susceptible, L
weeks old)
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TABLE IX

MONOSACCHARIDE COMPOSITION OF UNINFESTED AND INFESTED WILL AND ROGERS VARIETIES

' - _Uninfested S k . Infested _' e
Compound o win _ Rogers W pegers
Age: - TWk 2Wk 3 Wk LWk _1 Wk '_L—h'—z Wk 5 Wk - 2Wk 3wk LWk 2"“wk_s_3 Wk b Wk
. Time:Inf: e == ee | ee 1wk 2Wk 3Wk - 1Wk 2Wk 3Wk
( mg / g dry weight )
Ribose trace V trace trace trace  trace trace trace trace _->tracé_ 0;21 10.12 : tracé 0.07 :de“ad.'
Xylose S 0.32  0.35 0.19 0.17 0.52 0.38 0.26 . 0.18  0.22 0,17 o.1o’, 0.22 0,17 dead
Fructose 290 1.38 1.30 2.78 2.32 0,30 2.32 ’9.727 0.56 3.2k 2,84 v1.52 5.4 ﬂ'dead‘
Galactose trace 0.4 0.36 0.4+ 033 0.24 Ok 0.22  trace 0.4k 0,24 - trace 0.07 desd
Glucose | 3.35  3.28 570 3.9 4.8 2.12 7.35 14.05 . 2,03 2.64 3.5  0.68 k.12 dead
Total 6.5 S5 T.55 6.5 B.06 3.4 10.36 2436 2.81 6.46 6.82  2.h2 9.76  dead

c01



TABLE X

MONOSACCHARTDE COMPOSITION OF UNINFESTED AND INFESTED ISOGENIC A AND ISOGENIC B VARIETIES

’ Uninfested o - | T Infested :

Compound  ~ . .y s o sogenic B __ fTsogenic A Isogenic B

Age: T T W T TW oW SW T TV S wWe I TV S W T

Time Inf: == oe e oe e e Tee e 1wk 2WE O3We 1Wk 2Wk 3V

(mg/ g dry veight )

Ribose trace trace trace 0.21 0,17 trace trace 0.18"  trace ,rtracé 0.09  trace 0.16 dead
Xylose '1.07 - 0.18 0.16 060 0.42 0.48" trace  0.18 048 0.40 trace 0.k 0.16 desd -
Fructose 2.64 '. 1.36 6.14 8.60- 3.62 3.56 '5'.2 15.2,1};“ 2.20 ‘2.62 '5._62‘ 3.18- :2'.-73  dead :
Galactose 0.22 : 0;33_ 0.11 = 0.7k  trace 0.4k 0.26 6.63 0,227 0.33 fr&_ce ‘trace trace = dead -
Glucose 6.05 270 3.28 12.98 178 1.97 T.46 29.35  0.87. 6.57 8.6 5.9 5.00 dead
Total 9.98 u60 9.68 25.13  5.98 6.39 12.9% 45.58 377 9.93 14,48 9 8.1() dead -

o1



Figure 24, Change of Total Monosaccharide Concentration in Un~
infested and Infested Susceptible gnd Resistant
Barley Varieties at Different. Ages
A. In Will (resistant) and Rogers (susceptible)

B, 1In Isogenic A (resistant) and Isogenic B (susceptible)
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period :from.one to four weeks. In the other oné, Isogenic A, the con-
centration of -sugars increased.gradually. The concentrations in the
4-week sample were much higher in the susceptible varieties than in:the
resistant ‘varieties. There were some decreases of .concentrations in.the
greenbug-infested samples.. Glucose and fructose were the main components.
in the monosagcharides. However, the concentrations of these two sugars
shown in Table IX and X are approximate quantities, sincé fructose was.
detected as mannose (TLC showed-an absence of mannose from the samples)
and glucose in this gas chromatographic system. . Reduction of ‘fructose
yielded mannitol and~g1ﬁcit01;>and that of glucose, glucitol., Equal
amounts of mannitol and glucitol were assumed to have resulted from
fructose, and therefore, the actual amount of fructose present in the.
sample was calculated as twice the amount of mannitel detected; and the.
actual amount of glucose, as the amount of gluci;ol detected minus the
amount of mannitol detected, Figures 25 and 26'show'theiconcentrations
of glucose and fructose in the samples. The changes of .concentrations
of .these 2 sugars in the uninfested resistant and susceptible barleys
during growth as well as in the infested plants.were.quite comparable

to those of the total monosaccharides and the total soluble carbohy~- -
drates, The uninfested susceptible varieties had also much higher con-
centrations of glucose and fructose than the uninfested resistantvvarie—
ties,

The effects of sugars extracted from resistant and susceptible.
barley plants. on the growth of greenbugs are shown 'in Figure 27. The:
greenbugs were grown on modified -artificial diefs in which part-of the
sucrose normally used was replaced with equivalent amounts of .sugars"

extracted from Will and Rogers barleys. Sugars from beth varieties had



Figure 25, Change of Glucose Concentration .in Uninfested and
Infested Resistant and Susceptible Barley Varie~
ties at Different Ages

A. In Will (resistant) and Rogers (susceptible)

B. In Isogenic A (resistant) and Isogenic B (susceptible)
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‘Figure 26. ’Change-of Fructose Concentration in Uninfested‘and
Infested Resistant and Susceptible Barley Varie~
ties at Different Ages ‘

A, In Will (resistant) and Rogers (susceptible)

B. In Isogenic A (resistant) and Isogenic B (susceptible)
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Figure 27. Effect of Sugars Extracted from Resistaﬁt and Sus=
ceptible Barley Varieties on the Growth of Green-
bugs Feeding on Artificial Diets for Twenty Days

Alphabets repfesent the following: A = sugars from Will
resistant), B = sugars from Rogers (susceptible), CH = control.
2 ; ?
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a stimulatory effect .on groﬁth and reproductlon of the. greenbugs' how-
ever, the effect caused by Rogers was greater than- that caused by. W111
These results gave a strong indication that'therdifferences in sugar
may a1so play a role in gregnbug‘résistancé in batley varieties. It ‘is
evident that:sugars are required nutrients-fbr the -greenbug. Since; in
the artificial diet for theEgreenbug,,a'véry high concentration of su-. -
crose, 35%, was needed in order to_obtain’qptimum growthvof the green-

bugs (89). Carbohydrates.have,beenlfound to be important ‘also in the

grthh‘ofwTrgggggrma g;anaripm_(109)! and fecundity of»Lampg;fa.equggtris
(F.) (110). |

Sugars may also be chemical feeding requireménts'which act ‘as
phagostimulants. Insects feeding on.plants were found to bé able to
perceive sugars, A '"glucose receptor' and a "sucrose receptor" was:
found in the maxillary palpi-of;the>silkworm (111). These twé‘sugarS’
bhad’considerablelsignificance'inhthe regulation of feeding‘intthis.in—
sect’ |

In studies of resistance‘of‘pea{varieties;to“pea aphids,_MaicaiS'
and Auclair (62) found the suéar content of thg\resistant‘varieties\were
higher than in‘the susceptible varieties, They concluded that sugars
would apparently be considered -unnecessary ox slightly utilizaﬁle sub~-
stances for pea -aphid development, However, the nutritional requirements

of the pea aphid may not necessarily be the same as of the greenbug.

Organic.Acids of the Resistant and

Susceptible Barley Varieties

The-compositioh of organic acids in the resistant and susceptible

barley varieties was detérmined by thin-layer chromatography. - Figure ZB



Figure 28." A Typical ThinvLayer’Chromatogfam.of Organic Acids
of Uninfested Susceptible and Resistant Barley
Varieties (Two Weeks 01d)

Numbers represent the following: 1l = aconitic acid, 2 =
succinic acid, 3 = malic acid, 4 = citric acid, 5 = tartaric
acid, 6 = quinic acid. "
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shows a typical chromatogram of the organic acids in.the uninfested 2-
.week old barleys. Qualitative differences'wefe not found between the
resistant and suscéptible varieties, and judging from the intensities of
the chromatograms there were also no quantitative :differences. Aconitic.
acid, succinic acid, malic acid, citric acid, tartaric acid and quinic.
acid were found in Will andeogersvbarleys;‘however,_tartaric.gcid!was‘
not ‘detected in, Isogenic A and Isogenic B, Malic.acid‘appeared to be the.
major component in all varieties., . The same organic acids were detected
in the greenbug-infested plants. No significant difference in organic,
acid concentration between .the infested and ‘uninfestéd barleys was ob-
served since the density of -the chrOmatdgram#.appearéd to ‘be similar,
Therefore, the drganic\acids are unlikely to be important in influencing

the susceptibility or resistance of barley to greenbug attack.
Secretions of Greenbug to the Host Plant ‘During Feeding

Three radioactive substanéeévﬁefe found.by autoradiography on. the.
thin-~layer chromatogram of the sugar fraction from.plants that had been
infested by radiocactive greenbugs. Only one radioactive substance was
found in the amino acid fraction of these.plant materials. The radio-.
active compouﬁds in the sugar fraction were identified as sucrose,
galactose and erythrose, and the one.in the amino ‘acids fraction was
identified :as L-cysteic acid by additional thin—layerfchromatography,.
Identifications of these;compouﬁas.by thin~layer chromatqgraphy are:
shown in Figures 29 and 30. The sucrose and galactose may.originate"
from the plant in which these two sugars were also present. Erythrose
was not found in the plant; however, 'it may be a 'product from the.degra-

dation of glucpse is present in.the plant in great .amounts, Cysteic acid



Figure 29. Two=Dimensional Thin-Layer Chromatogram of Radioactive
Substance in the Free Amino Acids Fraction and a
Standard E-Cysteic Acid '
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Figure 30. Thin-Layer Chromatogram of Radioactive Substances
in the Sugar Fraction and Standard Sugars
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was not found in the plant, but it is reported in the literature,(llZ)
that chteicgécidvcan be forméd’from cysteine; and cysteinevfrom methion~
ine. Bofh methionine and cysteine were found in the barleyuplants-and
were used in the artificial1diet\for the greenbug. Therefore, it might .
be suggested that cysteic acid was formed from methionine and cysteiﬁe»
by thé greenbug and.secreted into‘the.plantudurigg,feeding., Tbe_effect
of -.cysteic acid on plant is not known. Kloft (113) found the amino
acids,—giycine; alanine, asparagine and glutamié acid in the ‘saliva of"
the aphid, M. ascalonicﬁg3 énd attributed-Host’injury,to these amino
acids. Thg;piercing of plant cells by ﬁhe styleté of the aphids . was
found .to cause a shortening 6f,the time of plasmolysis in cells lying
close to the point .of injection and an increase of streaming in the cell.
plasma. The 1increased cell plasma-streaming was thought to be caused by
the:émino acids iﬁ:the aphidsf.saliva; Feeding,of;fheée cémpoqndsfto
uninfested,plants caused some disturbance of,water uptake .and tfaspira-
tion. The presenceanxamino‘acids has élso been cdnfirmed in the saliva

of other .aphids-  (114,115)."
Conclusions

Informafion obtained from this investigation suggest some general
conclusions about the factors‘whichvmaynbe.involved in greenbug resist-.
ance}in‘the‘barley plant, aﬁd-thebéffects of the greenbug on the. host
plant.

Quantitative differepceS'of the volatiles between susceptiblé and
resistant varieties indicated that preference,and¢non—preferénce may be
one of the mechanismg for greéqbug,resisgancé in barley. Susceptible

varieties might possess high concentrations of volatile chemical attract-

J
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ants and:low-concentrations of repellents while the resistéht vaiieties
may. contain high copcentrations of repellgn£ and‘1ow cqncéntratiohs,
attractants. The volatile components which differed quantitatively in.
susceptible and resistant varieties were not identified in this investi-
gation,

The higher concentrations of‘free.aminésacids and’ sugars found in
the 'susceptible varieties suggest that nutritiqnal factors may be‘in—-
volved. in resistance., Free amino acids and sugars may.be required for
the.ﬁutrition of the greenbug. Poor growth of greenbﬁgs,on the resist~.
ant‘varieties’may be.caused by the. low concentrations of these nutrients
in thesé,varieties; The balance between these two groups.of compound;
as well as the balance withinka;singleggroup, especially- amino écids,
might'also be important. Sugars and aminolacids‘may.haVe,synergistic in=-
teraction..vA plant”maj therefore, elicit more intense sensory réactions_
in an.insect ‘than merely.the sum of. the reactions to'each'of}its con-
stituents. Maltails and Auclair (62) found a.relationship.befween the:
ratio of tdtal'sugar to £Otal‘nitrogen in the.pea plant.and pea ‘aphid.

- resistance. Sugars and amino acids may.also act as chemical feeding.
requirements.as well as being nutritional requirements. ''Sugar receptor'
and “amino acid recepton"'arelknbwn‘to be present in someé insects.

It is doubtful if the}preéencefof toxic substances in .the resistant .
barley can be involved in greenbug resistance, since greenbugS‘can feed
on the resistant varigty forka’periodiof=time and occasionally mature on
tﬁeereSistant plants. ' These greenbugs méy have reduced size and fecunv'
dity, but it‘wou1d~not_appear to be the:result 'of poisons, Aucléir (r16)
showed that pea aphids feeding1on”fesistént'pea‘varieties were compar=

able with aphids starved for 10 hours daily, and disproved the hypothesis
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that suﬁstancés toxic;ﬁo?aphid”are7presen;.inrthé*resiétaﬁt:hgst; How~
ever, Todd et al. (118)3demonstratéd the»toxicitY'0£ ?hen9I1c-aﬁde1évo-.
noid compoundé to thesgréenbug,,aﬁd.suggested the presence.of these coﬁ*
pounds 1in barlgy plants may'Bé:invblved in the resistance of some barley
varieties to greenbugég
The stunting effect on host plants caused by greenbug feeding may

" result. from the removal of essential food, water.and ﬁinéraIS‘from the
plant. Reductions of sugar andﬁfree\amino acid cdncentrationS‘in sus=-
ceptible barleys resulting from greenbugliﬁfestation‘wefeuobserved-in’
the present investigation. Carter (117) had also observed depletion of
carbohydrates in the plants following aphid infestation. Depletion‘ofﬁ
carbohydrate .caused .the féduction of .root yield, and this was. suggested
as the-méin=cause of the early wilting of plahtfattacked by aphids,, The
: secretion.of’substances which may be toxic to planthgroﬁfh into the
plantibylthe aphids during feeding remains as anothér péssibility for
the aphids stunting of host plants, Maxwell and;Painfer (99) proposéd
that the stunting effect in the plant ‘might be caused by the reduction
of critical levels of plant hormones.extracted and excreted by aphids .
during feeding. King (100) suggested the stunting effect was caused by
the drastic increase of "free" auxins in the sqsceptiblé plants follow-.
ing infestation. These tWo;hypothesés would seem unlikely since. the
present investigation indicated that .auxin 1evels.iﬁ both,gf_thg.sus—'
ceptible and resistant varieties increased following greenbug infesta-
tion, and the increases of "free“‘auxins in>thelsusceptible varieties
were not significantly}diﬁferent from those‘in.reéistan;‘varieties.

| vThis‘propbsal’of mechanism for the greenbug resistance in barley

plants is in harmony‘with.Kennedy's "dual‘disCriminaﬁion" theory (l4).
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which suggested that, in addition to specific stimulatory'substances of
no nutritive value which govern botanical preferences, primary substances
such as amino acids which are of nutritional importance to plant and.in-

sect alike, also played a major role in aphid-host relationms.



CHAPTER V
SUMMARY -

Qualitative and”quantitativegcomparisoné“of chemi¢al substances
existing in the1greenbugereéistant"and susceptible varieties of barley-
were ﬁade in order to characterize the differences betweenhthese,two-
varieties. Volatiles were éollécted by steam distillation of the bariey
leaves. Gaé;liquid‘chromatography;and gaé chromatographyvméss'spectro-
metry were employed for the separation and identificaﬁion of.theucomponi
ents, More.thaﬁ.40 compoundé weré’observed,ZYNO“qualitative differencé
of these ‘compounds waé-found between the susceptible and resistant
varieties;vhoweVer,"quantitgtive-differences were‘obserVed;

Hydrogen~ion cdncentnatioqé of celi.saps from'severai varieties of
barleyrwere»deterMined, but no significant differénqe‘wasgobtained.
between .the resistant;and‘suSCeptible'varieties.” Water content of the
barley plants was also determined. The uninfested barleys were not.
significgntly different;_bﬁt'the‘gréenbug—infested Susdeptible'varieties
had'reduéed‘waterzcontént following greenbug infestation.

Comparisons of the "free" and "bound" indqleq-oflthe:suscéptible
and;resistant barleys were also made. Thin-layer chromatography and
gas liquid chromatograﬁhy we;éfgged-for:the analyses.: Quaiitative and .
quantitative differénceS‘weré not‘founa'betWeen?thg tWolvafieties. ' The
greenbug—infesfed plapts had‘increaséd.cdncentratiqns of indqlés, but

the increases were.alsp the same for ‘the 2“variet;es.
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free.aminq acids were extracted from the plant with 80%-ethan01 and
purified throughvaﬂcation—exchange'column.7'Thin-1ayef chromatégraphy,

- was -used for quaiitative determination. :The quantitative compoéitionS‘
weré'detérmined by au;omatic*gmind acid analyses. ’Only‘quantitétive“
'differences were found between susdep;ib%e and‘resistant‘varieties. . The-
susceptible varieties had'ﬁﬁch higherrconcentrations‘than'the resistant’
varieties. . Greenbug-infested sﬂégeptible;varieties showed a sharp re-.
duction of free amino acids.

Sugars’were extracted with 807 ethanol and purified.byuelgting .
through;an'catiOnfethange-cdlumn connéctéd‘to an anion—exghangélcolumn.;
Thinvlayér chromatography showed‘no qualitatiVeﬂdifférence%between the .
‘resistant énd suSceptible=varieties; but“gas—liduid-chromatqgraphy.iﬁ4
dicated ‘that 'the cdncentrationslof sugafs were‘mucﬁ higher. in the sus-"
ceptible variéties than in.the;resisténﬁ varietiesjin.the mqre‘mature
plants. Greenbug-infested susceptible varietievaére aléO;found,to have
decreased‘émoun;~qf;sugars. |

Analysis-of,the.organic acids‘of_the resistant ‘and susceptible;
varieties by thin-layer chromatography did not éhow,any,qualitative_or
' quantitaﬁive difference between the two varieties.

Secretions of greenbugs into»thekhost‘plants,during'féeding‘wefe’
studied by radioactive trdcing method, -Three sugars and oﬁe'amino:aéid,
wére detected by thin—laYer chromatography and ‘autoradiography. Effects
of some of these cémpounﬁé on plants are 'not known.

The mechanism of greenbug resistance in barley plants is suggested -
to ‘be prefereﬁqe‘and non-preference caused By theﬂdifference«pfjéoncénr
trations of voldtile componeﬁﬁs in the resistant and’susceptibie Qarie_

ties; and malnutrition owing to the low concentrations of the nutrients.
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such as>amin6'acids1and‘sugars‘preseﬁt inﬁthe.résistant*varieties. The-
balance between the free amino acids .and sugars may also be important

in resistance in barley to the greenbug.
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