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Introduction
Insccts are sensitive to chemical aspects of their environment. particularhy
with regard to host and mate location. Aphids can select individual or a few
closely related host plant species {rom a wide range of nonhost vegetation (63,
71). This selection relies upon the detection of secondary plant compounds as
well as primary metabolites associated with the physiological condition of the
host plant (82). Use of long-range volatile chemical cues in aphid-plant and
aphid-aphid interactions was formcerly considered unlikely (78. 108). Never-
theless, recent work reviewed here demonstrates that olfaction plavs o more
extensive role in the chemical ecology of aphids than previously thought.
The study of aphid chemical ecology involving volatile semiochemicals.
particularly pheromones. has been greatly enhanced by the development of
clectrophysiological recordings from aphid antennae, using the electioun-
tennograph (EAG) and single-cell recording (SCR) methods. SCR directly
coupled to high-resolution Capillary column gas chromatography (GC-SCR)
provides a powerful tol 1or locating the active components in bebaviorally
active samples (154). Analysis by other highly sensitive technigques such as

H
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combined GC sy spectiometny (GC-MS) enables caompounds Lo be adentt
fied. synthesized. and made available for use in further behavorad and
4 an then benelit fron sophisteated

ccalogical studies (125}, These studies ¢ N
s b3l

behavioral assays emploving alate ar apterous aphids
Y y v’ 3 r i T |

"t q < . > TR 54 ~ . 5 1ol

Significant ads ances have been made in understanding e aphid cheas R

1 § % s } . . : ] 3 5
ceology relatimg (o teractions with nonvolatife semiochemicals (820150

These compounds are invalved i processes ranging fram the detection ol host
plant acceptabifity prior o setthng © determining approprigiencss ol the
composition of the phlocm - e

Aphid pherosnones were reviewed i 1977 llﬂ.‘fl. Sice then. the studs .‘1
phcmnmncqm-di;umi aggregation has advanced litdde, and this review does
not deat with s subject specificaliy . However, there has been considerable
progress in understanding the mature and role of sex pheromones Aphud alarm
pheromones wete fully reviewed i 1984 (1101 so-dpart lmm'im:wln- wn
explanations. only developments made since then wie «h\cu\.\ch here. -\‘\.:\
becoming apparent in other arcas of chemical ccology (371 .xplnr.l phet
omones often do not act alone. This review presents examples of the invalve
ment of other semiochemicals. principally from the host plant

The importance of chemical ccology in tritrophic interactions. ]-‘mh'ul.nl;\
between aphids and aphidiid parasitord wasps has ulx(.»"hujcn dgnonxmmi ! 13,
132, 133, 138). Although chemical tedies are insufficient for a tull lv\n;\'\,
some examples are presented of tritrophic interactions medzated by aphid
semiochemicals. ‘

Aphids are the major insect pests of temperate Zlgl'lk"lllllll'c. \ 5
cither directly by feeding or by transmitting plant virus diseases (0 M‘ “f‘
study of aphid chemical ecology offers ncw opportunities for improvementis in
control (271, and where relevant. these aspects are described

causing dumage

Perception of Semiochemicals
The aphid semsory system was reviewed ;cccr.ltly (2): The crary
the placoid sensilla on the aphid antenna (Figure ) was '.u”\'; ~.uj
ablation and behavioral experiments (107. 118) and confirmed by
electrophysiological recording techniques. Howc.\'cr. becitise '»&!-;x-; are v.-c?-
atively few olfactory neurons. there has been limited success with the EAG.
Thus,' although stable preparations can be obtained (h;n} will survive {or
several hours, the amplitude of the response is small. Stimulation of the
antennac of the pea aphid. Acvethosiphon pisunt; the \‘c!‘ch aphid. M -:v:ur.»;
viciae: and the peach-patato aphid. Myzus persicac, with the alarm pher
omone elicited EAGs of only 200-500 pV (154, 161, '(‘_ﬁ'

More detailed information can be obtained using SCR. This technigue bis

ollactory nature of
aested by

usimg

demonstrated the respanse ol anennal receptors o plant volatifes 113, 31 and
to alarm and sex pheromones (25 37 31). Sereenng of more than 70 volaule

+ helied . orimary thmaria of the currant-letuce
compounds led o the whiet that the primary rhimaria of the ¢
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Frewre I Diagramn of an aphicd anteona show i oltacton sensitba Uy Distal prmnaey thimanum,
(741 proximal prmary rhiranum: (C) sccondany vhinara, (O3 contact Chemerecepion thae 0.2
mimd.

aphid. Nasonovia ribix-sigri. were general odor receptors (13) However.
studies on other aphids have not confirmed this hypothesis, and mdeed many
of these cells show a high degree ot speciticny for their key compounds. The
high stmulus concentrations used in the lettuee aphid studies may account for
the observed generalist responses. sinee at such levels. cven specialized
receptors may show some response 1o other compounds.

An important difference between alate and apterous aphids is the greater
abundance of secondary thinaria on the antenna of the alate morphs. suggest-
ing their involvement m host location and mate sclection. The secondary
rhinaria of the male were proposed to be responsible for sex pheromone
detection (34, 88, 120). and this has been confirmed by single cell recordings
(SCR) (27). The secondary rhinaria of alate virginoparae have also been
shown to respond to plant volatiles (L. J. Wadhams & C. M. Woodcock,
unpublished data).

Once aphids have landed on a plant, selection or rejection may be associ-
ated with gustatory receptors. In addivon to the trichoid sensifla on the
terminal processes of the antenna (2) (Figure 1), sensilla located on the tarsi
(). Hardie & 1. 1. M. Fosbrooke. unpublished duta) and the epipharangeal
organs {93, 137) may be crucial. The labial tip pegs. once thought to have a
gustatory role. are now known to be mechanorcceptors (148, 136). However.
this area has received little attention. Preliminary studies have shown that
clectrophysiological responses 1o the antifeedant (—)-polveodal can be
obtained from sensifla on the terminal process of the antenna (L. 1. Wadhams,
unpublished data),

Sex Pheromone

In the early 19705, Pettersson (119, 120) demonstrated that oviparous females
i the genus S hizaphis attracted males by means of o volatile sex pheromone
released from the hind tbiae. Marsh (87, 88) hater showed that sex pher-

omones aiv produced by M. victae and A pision, and more recent studies

-
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CKETT ET AL
i i aphi MEEEN
ha vealed thetr existenee 1 «everal other aphid species (4. 121, LSy
1 ex pheromone ix produced and released by glandular cells underiving
o) ) - © el qcic legs Fap M viciae. using
porais plagues on the tbue of the metathoracic legs Far

colvent extracts ot the ubue, GC-SCR analysis on the secondary hinata nl‘
males. followed by GOAIS and syathetie studies., dL‘I'n(\ll\'ll':\lL‘d that the .\cl\
pheromone o this aphud comprised svnergistic mixture “‘4 1~h%'qm«‘molcl-
penoids (41 148 78, TaR-nepetatactone () and ( )-(II\’A;L\.,'/'.\_',ul\)-nc;T—
ctalactal (11 (Frgure 2y (25, W These (wo compounds, an ditfermg vatios.
aiso show n to be presentm AL pistm: M. ]’(‘I'\'iul('; the hlack bean aphid.,
Aphis fabac. and the creenbug. Sclwzaphis graminum 12().. 17) Hn\-\ \l\u
oviparac of the damson-hop aphid. Phorodeon IHIHH‘I/I. were found to proc ka
only (dak .78 Tas-nepetalactol ¢19) Although this pheromone has not yct
: Charctertzed at Clo researchers believe the aphid produces a

WEre

been fully
mnure ol
Volatiles collected trom atr above oviparous M. : ‘ ‘

A porous polsmer contaned signiticantly grci.ll.cr pmp«')rtmnx of nepe {.\Al.ulom
leo extracts. In addition, while only @ small amount

e 1S and LR diastercoisomers (HHL Fgare 29, .
viciae by entrinment onto

1 than were found in the | ' i) \
of nepetalactone (1-1ng aphid) was obtained from these extracts (25). (hc
by calling femitles exceeded 200 ngrday (67). Indeed. for

amount produced | . :
; ‘ Faminem, only the air entramnment

¢ . Myous persicae and S, g

LOME species . SRR = one
able amounts of pheromone. This finding suggests that.

thad yiclded detect . e '
: tion of nepetalactol s continuous. probably from a

that a proportion of the nepetalactol is .\CL]L'ICHHHH)'
oxidized to nepetalactone Laboratory s(udigs. u.\'ir_mg Imalc hCh&l\'\\Ol\'L'l] m
sponses (o monitor pheromonce relcase by oviparac, nu,hcuﬁlcd l.h‘al_ ‘rd‘c.a:\ \1.\
aspecific part of the photophase (45, 87. 88, IJ)\)A This has u-n
for which only trace amounts of the lactol were

during calling. produc

plveoside precursor. and
£h

restricted to
confirmed in S, graminim. ‘ -4 e
W samples obtained when females were not calling

found in air entrammet '
viciae also appears to be age dependent. and

(27). Pheromone release n M.

OH X Y

; \o /\\ N o
il 1

W

o

7
.

g

15; X=H, Y=0H

1R; X=OH, Y=H
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Table 1 Composition af aphid sex pheromanes

Species Ratior ot 111

Aphus fabae 291
Megowra viciae (day 2 6) 4100
day 708 2.1
Acvethosiphon pisam [
Sutobion avenae ta
Nitobion fragariae I
Myius pervcae 2
Schizaphis graminum 1.8
o o daS 7S TR nepetalactone. It

O CIR HaN T8 TaR -nepetalactal

hath nale response and pheromone release reach a maximum on the sixth day
of adulthood (67, 87, 88). In addition. the ratio of the two compounds
changes markedly on day six (Table 1). although the function of this change is
unknowin.

Electrophysiological recordings from the sccondary rhinaria of males of all
the species studied ., including P. hunudi. have shown the presence of special-
ized olfactory cells that respond separately to compounds | and H (27). which
would enable the insect to discriminate between different ratios of the two
pheromone components. Although the role of these receptors i 2. haneeli s
unclear. this aphid has other cells that respond to compound I in the
secondary rhinaria. The ubiquity of compounds I and 11 in the sex pheromones
of many aphids (Table 1) may give rise to interspecific mating behavior.
ILaboratory studies have shown that olfactory attraction of male aphids to
calling oviparac was not necessarily species-specific (88. 120). However.
male S. gramimum could differentiate between different biotvpes of the same
species (46). Attraction of . graminum and M . vicize males 1o oviparae from
different species was also examined in the olfactometer. [n many cases. the
level of response correlated directly with the known ratios of compounds 1 and
I1. and there was a reduction in the interspecific interactions as the pheromone
blend becamce less like the conspecific ratio (27). Similur results were
obtained in mating assays using synthetic pheromone with A faubae, M.
viciae. and A. pisum (67).

Aphid sex pheromones were thought to act over only a short range and this
belief. together with the observed interspecific interactions. led 10 the sucees-
tion that. in order to provide a high degree of species specificity. males would
first need to Jocate the primary host and then search locallv for conspecific
calling females (59, 60, 144). However, recent ficld trials have shown that
males can be selectively attracted to pheromone-baited trups Thus, water
traps contuining synthetic la€tol tcompound 1) attracted only tale 2. T
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(19 Snmi‘nf_\', unnpmlml 1 was an cffective lure Tor the male l\l;wkhcn'_\w
cereal aphid. Stobion fragariae (J. Hardie & S. 1°. Nottmgham. unpublished
datn These resilts suggest that the carly laboratory studies did not accuratety
retlect the situation in the ficld and that sex pheromones may be myvalved in
long ange mate location. However, these ficld studies do nat exclude a role
for fost plant volatiles inospecies diserimination duting mate sclection. In-
deed  Camphell et al (19) have shown that an extract ol the bark of the
primany hose i cerasifera was an excellent synergist for pheromone 1.
both m the taboratory and in the field.

Dawson of al (23) suggested that aphid sex pheromones may also act as
Karomones i attracting predators and parasitowds. In-an- expenment to
ohaerve the response of ficld-flying male aphids to svithetic sex pheromone,
female bracomd parasitoids (Praon spp.) were caught in the water traps,
ndicating that they use these compounds i host location (68).

Alarm Pheromone

The alarm pheromaone is released from the cornicle secretion when aphids are
attacked by predators or parasitoids and results in various types of defensive
or avoidance behavior such as dispersal (110) or even attack (2a). As identi-
hed by independent groups. the pheromone for seseral aphid species com-
prises the sesquiterpene hydrocarbon (£)-B-famesene (EBEF) (8. 43, 138). The

spotted alfalfa aphid, Therioaphis maculata, pheromone comprises another

wesquiterpene hydrocarbon, (—)-germacrene A (10, 115). and for A viciae,
monoterpenes. particularly (—)-a-pinene, synergize the activity of LEBE
(128).

Excision studies indicated that the sixth antennal segment s involved i
alarm pheromone response (107, 139). which has been contirmed for several
aphid species by SCR studies on the distal primary rhinarium thiguic 3. The
twrnip or mustard aphid. Lipaphis (Hyadaphis) erysimi. responds to its own
cornicle droplet but not to the EBF content alone (106, 1091 A vacuum
Jdisitllate from the aphid was highly active in causing dispersal af settled
colonies (31} GC-SCR studies on the proximal primary rhinarium (Higure 4)
Cowed eolls hat. although they did not respond to EBE. were stimulated by
other components ol the distillate. The additional components were ientified
as allvi. 2-buny . 3-butenyl, and 4-pentenyl isothiocyandtes. which presum-
ably arose (hrough action of thioglucosidase (myrosinaset CNZyIes by
Catabolism of glucosinolates sequestered from the crucifer
Indeed. this work showed that L. ervsimi has its own thioght
purpose. The isothiocyanates. although not active alone.

iy when combined with EBFE. even for single aphids.
¢ niobile under the influence of the naturd phe ‘I me This

ISP L il mn

ot host plant,
cosiduse tor this
vave Tull alarm
which do not

aphids can determine the proxinity s
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deumonll 35 s 2 O ; - ¢
1 tiers Response ol olfactory cells from three aphid species 1o (/7 tarnesene at W ¢
pehisiad pomany thinara; {top) 8 brassicae: tmuddle) A fabae. thotom) P D (C M.
Wooodench. uapublished data). Black bay represents a 1-s stimulation

credsed release of isothiocyanates caused by their feeding and. as a result,
dispeise more readily. For A. fabae, host-plant conumun\d\* have also been
shown o svnergize (he activity of EBE (30).

S ET R an ubiguitous plant component. The hop. Humudus lupulus. con
s relatively high proportion of EBE but, although P luanudi cmploys
l':lﬁl' As s :i|:ﬂ'1.n pheromone. this aphid colonizes Im|;\' and 1s a major pc,\_'l,
Exatimanon of other volatile components of the hop plant revealed that
severdl sesquiterpene hydrocarbons biosynthetically related to EBE, particu
'J‘“"l,\‘ IS "/%‘C:H'_\'Oph’\'llcnc, inhibit the activity of the pheromaone (293, Thus.
fi::}\“Il‘?ll’;;:“hfflllﬂi to detect lhg difference between an aphid. which produces

s EBEand the plant, which produces the pheromone inhibitor as well.

Investigations of 4 wi . s
: & wide range of plants revealed a similur pictare, although

peperally jower Jeyve :
Norncihel Flevels of these sesquiterpene hydrocarbons were found (126)
INCIRCUIETCNS . 3 . = .
: ONC plant, Solaman berthawdiii. a close relative of the con
e il ot 1w !

Fordist v pel B

[T .
Stk tiherosunt, was tound to retease BRI from it long

richo be 2 o '
WMmes 1o such g w ty that the aph I perceived 1t separatel

.
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s o
i TRITED [ u ol |anJ Wit U Bk L mdlxlx i I i

Fvire 4 Coupled G SCR on Lo simi proximal primary thinarm. (fopd i chromatogram
of 4 vacuum distillate of Lo ervsimi, (bottont) corresponding impulse Trequency responses of

olluctory cells.

from the caryophyllene produced in the rest of the leal (48). Thus. the aphids
responded by displaying typical alarm behavior and were repelled by l_hc
leaves. 1 agreement with earlier work in which plant leaves were treated with
synthetic EBE (159, 160). Another study (33) showed that the total sesquiter-
p.cnc fruction from S. berthaultii caused a general (li\llll'hn%nf&.‘ rather than the
tpical alurm  response reported  previously for the l:“lr' !an. type B
(richomes. A subsequent suggestion was that the content ol EBE in type B
trichomes arises from adsorption from type A trichomes. which contuin large
amounts of EBF together with the other sesquiterpenes (3). However.
accompany EBE and mhibitany alurm response. A
as reported originally (48) that the type B
dlone. while the main sesquiterpene
alarm  pheromone inhibitor (—)-B-
at high concentritions i other be-

caryophyllene would then
more likely explanation s,
tichomes release low levels of EBF
content of the plant includes  the
caryophyllene. and that this mixture
havioral effects.

T ' : weberesient by hivbridizs
‘Uhe prospeet Tor improving aphid resistance 1n 5 e S DY hivbridiza-
o owith S berthardtii wo increase levels of 1B 1S pesiiCinsdered (53)

CHENICAL COLOGY OF APHIDS

The biosynthesis of EBE s presumabiy acsimple enzymic step from farmesyl
pyrophosphate. which is prodieed generally by plants. This process iy offer
a target for crop-plant mwdification by molecular gencties. but the wite ol
production of the EBE waould need to be sepavate from that of the endogenans
generation of carvophyllene. For success apamst aphids. the type Borochone
refease system may also be required (124) Because the assumed precuisor of
ERE s present in plants. sequestration could provide an cconomie route (o
for aphids. Indced. aphids bred through many - pencrations onaatific
medium do not produce the aliarm pheramaone (HL van Edens personal
communication). However. farmnesvl pyrophosphate. which as also ughly
unstable, would probably not he present i significant wmaounts i the phlocm,
and further studics indicate that addinon of acctate to the aruficial medim
restores production of the pheromone (L van Emden & 1A Pcken
unpublished data). '

The aphid alarm pheromone can probahly attract predators or parasitoids.
but this hypothesis has not been proven (105a). Howcever, the inhihitor
(— 4-B-caryophyllene has been shown to attract the green lacewme.
soperla carnea, (47) and may also enhance predation becausce it reduces aphid
dispersal on attack (126). A. pisian. parasitized by Aphidins ervi. responded
to the alarm pheromone or an approaching cocemelhd predator to a lesser
extent than when unparasitized. This is said to be the first practicat example ol
adaptive host suicide behavior in connection with parasitism (38a. 90).

Other 1somers are known to accompany EBE in aphids (128). and vari-
ations in ratios have been investigated in different morphs (64). This work.
and the further finding that topical doses of EBF cause morphologicul
changes, led to the suggestion that alarm pheromone components had addi-
tional hormenal functions (6la. 62) These functions have an endogenous
nature and are not directly concerned in chemical ccology. However. aphids
employ juvenile hormones (66) that arce structurally related to EBE. and EBI-
and analogs are known to have juvenile harmone-like effects on aphids (89),

Soon after the first alarm pheromone idenufication. clegant structure actiy -
ity studies demonstrated that EBF was substantially more active than any of
the other farnesene isomers. However. the (7 )-norfarnesene analog. which
has similar stereochemistry but with one fewer carbon atom, was almost as
cffective as EBF (9). Replacement of hvdrogen with fluorine in EBI gave a
highly active and, in spilc'()f the increase in molecular weight, more volaule
analog, the 1,1, 2-trifluorofarnesenc. hut this compound was chemically un-
stable (11). The stable and more casily svathesized 1. l-difluoronorfarnesenc
was also prepared, and its activity conipared with the unfluorinated norfar-
nescne (Figure S).

Although it was clearly demonstruted that the wlarm celfect of LBI alone
would not be useful in crop protection (16, 72), Liboratory studics
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Frewe 5 Aty of alarm phrromaone CFBT 1 mnd analogs st M persac pereent ol

| i flefed 1100 {3 Lpnesein Cotndo e 1 menarmesene. i 1

aphids responding after
dittuoronoplarmesene (€M Waodeock, anpubilishiod e

sequently showed that the increased mobihity cansced by synthetie pheramond
could improve the pick upof pesticides (330, Sinnlar results were achies cdm
the ficld using a formulation comprising an cmulsitiahle congentrate of the
one 1 a volatle hydrocarbon propetiant.

pesticide together with the pheron
system (50). In the glass-

applicd with an experimental clectrostatic spraying
house. EBF also improved comral of 1he lrghly rcsistanh aeiion o8 melon
aphid, Apfis gossypii. by increasing the pick up of S M .(h'c funngal
pathogen Verticillium lecanii (50, 73). fn China, the :ukhl{uﬂ of EBE o
commercial aqueous formulation of fenyvalerite reportedly unprQ\‘ul Kl i
ficld trials on an aubergine crop using conventional hydraahe ?pm_\mg
system (163), but this farmulation gave poa results in the United Kingdom
(B. ]. Pyc, personal communication).

Laboratory studies indicate that just a few milligr ;
within the crop are sufficient 10 clicit a maximum alarm [k:.\PUH\L“\\I\l‘! i‘l”
aphid such as M. persicae, but chemical detection of EBE at lhuxc'h.\k \
within the canopy 1$ extrernely difficult. Flowevets the Muorinated anadoy
|, 1-difluoronorfarnesenc can be detected at very low lcvn_‘l ;
clectron-capture detector with GC and may help in devising '"'3”“""“""‘_‘“‘“'
tions that could be used reliably with hydraulic systems (1. Further work on
interactions between host plants and the alurm pheromatic ~m:l..“ ZH-W-T‘H
tribute; for example, although an agueous formulation of EBF chicited no

. ained when the
alarm response with L. ervsumt. @ high response 8 s DA l'tr =
with the plint-derived synergist allyl isothiocy:

anis of EBF released

« by means ol dn

formulation was combineil

e S : = - of its reported 1oy
Use of EBF in the field to control aphids by lnczlll\“’*‘ MM
has been suggested (64) and a related patent has been nlcQ (f:v -Lni g
EBF does not appear 10 exploit the promiise ol SO r‘ \.“ SR
treatment levels would be req ired well above HHGSE emplayes

s becainse
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ventonil msecticides. A further comphication in the use of EBF in aphid
commet e WAt thw alarm  response 18 greatly reduced i aphids resistant to
wnseuti pdes (320 Although the reason for such @ link 15 not obvious, com-
oy used ;||1huuk"\ such as pn'imic:u'h u-[mlmll_\ mduce alarm pheromone
release Apann, haweyer, insecticrde -susceptible aphids respond more readily

WRED

ot [.ocation /\,“/(' U/' Plant Volatiles

faily studies suppested tha chemneal cues. detected anly after visually
miedated random landings on plants. resulted in welection af the host plant
(7R 79, 105). However, the idea that olfactory cues play no partin host-plant
<election prior (o fanding 1s now being quc\nunod. and cxperimental cvidence
1o support an olfactory role is accumulating. Several stdies have demon-
stratedd the response of aphids to plant volatiles in the Tahoratory - and although
Tones (75) n'pnrlm! cquivocal results with A, fabace. Alikhan (1) showed that
this aphid did i fact respond to host-plant adors. Similarly. A LOSSVPIT Was
atracted 1o host-plant material (Cucurbita pepo ov Thunbergia laurifolia).
while the nonhost Lantana camara appeared to be repellent (131).

The ortentation responses of apterous Cryplomyzis korschelti were studied
with o locomotion-compensator bioassay and demonstrated a positive upwind
anemotaxis mediated by the ador of the summer host, Stachvs svlvatica (153).
Although the walking speed did not change. displacement from the starting
point, track straightness. walking time, and distance moved upwind were
signilicantly greater in the presence of host odor than in clean air or air
carrying the odor of the nonhost, S. aberosun. Fhese authors concluded that
olfactory cues are utilized in host-plant location More recent work using a
lincar track olfactometer showed significant responses of apterous and alate
A. fabae 1o the summer host Vicia faba (116). Alatac of the cabbage aphid,
Brevicoryne brassicae, were also attracted o volatiles from their host plant
Brassica oleracea. This result is in agreement with the previous findings
(1210 that B. brassicae summer alates responded o volatiles from Brassica
napus. Although Petiersson (121) concluded that the volatile isothiocyanates
Werapo: the active factors. clectrophysiological recordings from the proximal
primary thinaria of the crucifer specialists B. brasxicae and L. ervximi have
shiown the presence of cells that respond specifically to these compounds (31,
'| l(ﬂ-_ Alate virginoparae of A. fabac also posscss receplors sensitive o
isothiocyanates, although these compounds are not associated with therr host
plants. “U.\\'L‘\’Cr. while both B. brassicae and L. ervsimi were attracted by
"-hlflk‘ny_l isothioeyunate. A fubae was repelled (116). Thus, in Looervsimi,
the '-‘“Fhmc_\'an;tlc,\: play a dual role in host location and as alarm pheromone
SYnergists.

Peuerss = _
SO0 (118). in a comprehensive laboratory study on gynoparac and
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il the bird-cherey-oat aphid. Riopalosiplam pacdi, demonstrated attrac-
tie fe winter hast, Prets padies, at not o the nonhosts Prynns cerasis
an rdaer. Stmilarly . males ot the hop aphid. P Juamada, responded 1o
I ad twaes fronn thetr prmary host 1. cevasifera, and an ether extract of

e ant's bark was shown 1o be active. In addition, a suxture ol the bark
extr Cand synthetic sex pheromone was signihicantly more atracuy e than the
pheramone alone (149 However, A fabae gynoparae did not respond 1o
volanles from the primary host spindic. Frwonvous curopaens, even after 72-h
starvation (Ho).

Few hield studies have examined the role of plant volatiles m host location
by aphids. Pettersson (1220 exiimined the effect of benzaldehyde on gy no-
parae ot Ko peadi and ol the glucosinolate sinigrin on summer alates of /.
Draxvicae using baited water taps. In both instances. the results mdhicated an
ador-enhanced cateh. Presumably, the involatile simgrin released volatile
components by hydrolysis: Simifar expeniments with the willow-carro aphid.
Cavartetla acgopodii. demonstrated a - significantly greater catch m traps
treated with the monaterpenoid (4)- or (—)-carvone (20) Simultancous
release of a biosynthetically related compound. linalol, significantly reduced
trap catch, afthough limalol alone was inactive. Thus, the linalol apparently
musked the attraction of the carvone. lateresungly. Imalol was found o
Coondate celle on the proximal primary rhinarium of Noeibis nigri (13).
Loborators wodies with AL Jabae apterae and alatae have shown  that

isothiocy anates can misk the attractivencss of leaves of this species™ host

plant (116, P Jnadi 3150 possesses receplors on its antenng that respond to
isothiocyanates (C. M. Woodcock, unpublished datal. and in the ficld.
application of a slow=elease isothiocyanate formulation 0 hops decreased
colonization by spring migrants (C. A M. Campbell. personal communica-
tion). Recent field experiments showed signiticant catches of male 2. humuli
i water traps treated with an cther extract of 2. cerasifera when the taps
were placed 20 m outside the hop garden. Within the crop. the extract alone
wis not active but synergized the attractivencss of the sex pheromonce (19).
This effect was short ived, sugeesting that the compounds involved were
cither highly volatile or unstable.

e, « role is being demonstrated lor plant volatiies 1 dong-range host
wever, during this phase of flight. aphids respond strongly 10
(84). The interaction of visual and odor cues Was emphasized in
the field study with €. aegopodii by the observation that carvone-haited
v ¢ than transparent THEPSS which were in trn

Moimdda] SO U

yellow traps were more etfectiv
tective than black traps (20). In addition. prelinunary results suggest

maore ef _ :
thut approaches to plant-n imicking visual targets by fying aphids can be

by olfactory stumiuli (S. b Nottimghan & 1 Hardie, unpublished

moditie
nodiiied

Jata).
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Host Selection  Serling and Feeding Betiavior

Recent reports have extensively covered the effects of aphid feedimg on plans
(96 9% The sequence of behavioral events leading to setthng and colaniza-
tion has been reviewed (82). as has the location of the sustatory receptors
involved i contaet chemosensory mteractions (2 However a rale Tar the
antennal olfactory receptors i this phase must not be exeluded becase the
compaunds mvolved often have moderate volatlites

Central to the investigation of aphid-plant mtcractons relited o settling
and feeding has been the development of clectiical monttorimg of prohimg
activity . This technigue was originally introduced by Mok can & Kinsey (92),
who used an AC amplificr o detect resistance chinges e the plant-insedt
system as the styvlets penctrated plant tissue. Further desclopments were made
(149) in which changes in both resistapce and clectiomntine foree were
measured with a DC amplifier, and the subject was recenitly reviewed (152,
152a). Various patterns in the clectrical penctration grapli (1P have heen
assoctated with difterent phases of stylet penetration. salivanon, and feeding
(80, 94, 143, 150, 151).

Electrical recording systems have been emploved tor investigating host-
plant resistance to aphids. Early studies with S gramiennt an resistant and
susceptible sorghum. Sorglum bicolor. suggested resistance related to chem-
ical composition of the phloem sip (18). Subseqguent stiudies with this aphid
on other cercals. oo wheat (Trivictan aestivion ). obtamed stiilar results and
linked these o other manifestations of aphid resistance (1120 136). The
effects of leat excision. which increased feeding on resistunt cultivars, were
determined. and accompanying changes in chemical composition led (o the
conclusion that the amino acid content s not primarify volved i aphid
resistance (103). although polysaccharide integrity or composition may have a
bearing (155). Indeed. a role for plant matrix polvsacehurides had alrcady
been evidenced by behavioral and electrical recording in artificial feeding
studies with varicus polvsaccharides (17). Recent work using the DC system
with M. persicae and N. ribis-nigri on susceptible and resistant lettuce,
Lactuca sarivunn. has examined fine aspects of the associated EPGs. In this
case, resistance appears to involve both mesophyvil and phlocm components
(104).

Aphid sctthing and feeding have also been widely studicd without recourse
to clectrical monitoring systems. Indeed. the dentification of the chenmical
components involved has mostly been accomplished inassociation with
behavioral studies. whether they were related to resistance i plant cultivars or
to general interactions with host plants (40, 50, X2} Although probing
behavior can correlate well with cultivar resistance (521, this may not always
be the case (611 Thus. there is considerable scope for hinking chemical

analysis with clectpical recording
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|eal-surface composition has lang heen known iontluence aphid setthng.
For example. the [Tavonoid glucosude phlorizin from species n the apple
genus Malus is a probing stmulant for the green apple aphid., Aphis pomi, and
the apple grass aphid. Rhopalosipheon sertiom (81, but wus a probing
deterrent to aphids such as M. persicae and the Targe American raspberry
aphid, Amphoraphiora agathonica. which do not specialize on apple (102).
Other groups of compounds hiave been maphicated (76, 77). hut work has
mamly been directed at the secondary (summer) hoste with few stirdies of the
primary host.e.g peach. Prunus (Amvpdalies) persica lor M persicad | 146).

Total extraction of plant tissues shows that @ greater range of compounds is
involved . Included here is the analvsis of oxpressed sap. because unless
scrupulous care is taken o climinate contuiiition, one cannot define the
origin of the compounds. Phenolic acids. particalarly the calfeoviquimic
acids. were investigated i lettuce cultivars susceptible and resistint to the
lettuce root aphid. Pemphigus bursarins. Isochlorogenic acid levels and the

activity of phenylalanine-ammonta lyase. @ key enzyme in the hiosynthesis of

such phenylpropanoids. correlated with resistance to aphids (21,

Compounds isolated from whole tissue or expressed sap can be tested by
incorporation mto an artificial diet encapsulated by a synthetic membranc
through which aphids can feed (100, 10D This approach was used to
demonstrate feeding-deterrent activity of the tlavon-3-ol catechin, a precursor
of polyphenalic compounds such as the condensed tannins, against the rose
aphid. Macrosiphum rosae (117). The fevel of catechin in buds from cultivars
of its primary host genus Rosa had previously been found to correlate with
reduced feeding (95).

Isothiocyanates and other compounds resulting from catabolisny of gluco-
sinolates. typical components of the Cruciterac. during damage have already
been mentioned. This chemistry alsa has @ role m setthing and colonization.
For example. sinigrin (allylglucosinolatel. i powerful phagostimulunt for the
crucifer specialists B. brassicae andd 1 ervennr, could be tolerated by the
polyphagous M. persicae but deterred the noncruciier feeders A fabae and A
pisum (111}, Because contact chemosensory interactions are implicated at this
stage. the nonvolatile glucminola!c.\ are probably mvolved directly. Howewv-
er. the eatabolites might be the active agents. by release at, or in the vicinity
of . the aphid receptor. Indeed, thioglucosidise cnzymes capable of releasing
isothiocyanates are found in both 8. brassicae (913 wnds Lo Enysent (310,
Prc]cncn’cm in aphid fceding may also occur within cructier species (38} and
cultivars (130). related 1o fine difterences i ejucosinolate levels.

Mydroxamic  acids,  particularly 2.4 ..m,}m-m‘y-’/’-mctlmx_\‘—ll -1 .4-

henzoxazin-3(4H)-one from corm. Zea piavs, and other cereals. have de-

leterious elfects on the develvpment ol cereal aphids such as the rose-grain
il AMeronedophinm dirfode 03 Fhose compounds iy act pencially in

CHEMICAL FCOLOGY OF APHIDS S|.

Grainneae (Poaceac) against this aphid (1133 Some studies have examined
the hiochenneal made of acton (L1 A carrelation between hydroxamic acid
levels i cotedls and sesistance 0 R padi and 1o the grain aphid, Sitobion

grde. D also been clamed (70 1470 However. further work s needed
heciise no cofrelation was Toumd between resistance of difterent maize
culiin s o thie comn leat aphid. Rhopalosiphum maidis (6). Feeding de-

fetreney ol
campounds was also mvestigated thiough incorporation of these compounds

clagitanmins, phenolic acid hvdralysis products, and related

o an athcrl diet (700 AL poson was Teast sensitive ML persicae -
termeduate. and 8. gramimon most sensitive, pacticalarly to ellagie acid. As i
feeder on Granuneae. S gramamen is likelv (o be poorly adapted to defense
syatens based on polyphenolics. whigh e more pronounced i other plant
famihes. Y

Vanous compounds with antifeedant activity have been idenutied from
plants, particulaly where the aphid is adapted 1o other unrclated species.
Thus. several dierpenaid acids i the Tibdane class, ¢ g 18-hydroxygrindelic
actd from Chevsothamnus natscosuy (Compositac), were very active against
S eramimen. which feeds on plants in the Gramincace (135). Also highly
active against . graminon was the spiroabictane diterpenoid. plectrin, from
the abiate Plectranthus barbams (85). However, some Gramineae produce
potent detensive compounds, and the alkaloid gramine. produced in the genus
Pliclaris. is ainantifecdant for both S eraminum and K. padi (164). In grasses
such as Lolienr spp.and Festea spp.. Tungal endophytes of grasses in the
genus Acremonium produce various alkaloids including peramine, which
prevents sup ival ol 8. graminum (141). )

When mcorporated intoan artificial diet, several potentially systemic
quinalizidine alkalonds and the indolizidine alkaloid castanospermine were
found (o be antifeedants for A. piswm (42). However, since aphids would be
expected o he more readily deterred from feeding on artificial diet than on
plants, @ range of general antifeedants was (ested against M. persicae when
these compounds were apphicd o leal surfaces (57). At moderate application
rates. several of these compounds. including hydroxamic acids, lipophilic
amides. and A-tricarbonyl campounds. were inactive, as was the tetranor-
triterpenoid aradirachtin isolated fram the neem tree, Azadirachia indica (14,
83 Indeed. the later compound was only active when presented in an
artificial diet and at levels that caused phytotoxicity when applied systemical-
by 1o plants (340, Studies an i series of quassinoids showed quassin to have
some activity. but the most @ctive, isobrucein A, was phytotoxic (129).

Of the drimane antifecdants (Figure 6), (—)-polygodial from the water-
pepper. Polveonum hyvdropiper. teduces seutling by M. persicae as well as the
acquisition ol the senupersistent beet yelows virus and the nonpersistent
potato virus Y (51 o strueture-acuvity studies on a series of plant-derived
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and synthetic denmanes. (- 1-warburganal from the East Afvican tree Warbur-
lso showed high activity (4). Interestingly. the synthetic

e ugdnd:
veodial had identical activity to that ot the natural com-

cnantion
pound. The drimanes also show some phytotoxicity. but the possibility of
quch effects interfering with scttling was climinated by running parallel
studics using artificial dicts.

Extraction of = polygodial from £. hydropiper by means of hiquefied
carbon diovide vielded material for a ficld trial against the persistently
transmitted h;u‘lc_; vellow dwarf virus, principally vectored by R, pacdi. Under
conditions of high pest and discase pressure, three two-weekly treatments of
{—)-polveodial at S0 o ha creased the yield by over [ ton/ha. which wus
similar to that achicved by the conventional broad-spectrum insecticide cyper-
methen (24, 1271 As with EBF. the drimanc antifeedants are hiosynthesized
from farnesyt pyrophosphate. and investigators are attempting to isolate the
enzyinies. particulurly those involved in the cyclization reaction that produces
tie deimane sheleton Molecular genetics could be used to develop these
antfecdant effects (33)

The influence of the alarm pheromone on feeding has also heen in-
jouted. Although the insects continue to probe (58). prabe duration is
reduced (123) Attempts have been made to overcome the extreme volatihty
of the compound by producing derivatives that would release the pheromone
by slow decomposition. However, although such compounds showed anti
wed i the most active were a series of high-molecular-weight

i {act unable to release Ph“”’m“”c {42, 23) These

4 nds were also eifective against transmission of ROBEGN semipersis
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tent plant viruses (49), and the most active derivitive was used successtully
against bacley vellow dwarf vipus transmission in the ficld (28)

FFaty acids, particulardy dodecanoic acids. can reduce aphid setthng on
Jeaves (140). Acquisition (and thereby transniission) of semipersistent and
persistent viruses s also decreased. but s incrcased Tor the nonpersistent
potato virus Yo Unlike (= )-polygodial and the alarm pheramone derivatives.,
the tauy acids work slowly and allow virus to be tansmitied hefore the aphid
is deterred from feeding. This effect is also observed with cortain aphid-
reststant potato varieties (35). Noncetheless. under ficld conditions. the
application of dodecanoic acid has been somewhat successtul m reducing the
level ol AL fahae colomzation on sugar beet (70). Certain mineral ol are wlso
known to reduce aphid colonization of plants and virus discase tansmission
(Y. 142)

Purcly svathetic compounds can also indirectly affect aphid chemical
ceology. For example, application of herbicides (80) or plant growth regula-
tors (41) can reduce aphid colonization, the latter probably by increasing the
pectin barrier to stylet penetration. Increased levels of mitrate caused reduced
infestation of §. graminam on barley. probably by causing an increase in the
alkaloid gramine (137). Also, the effects of air pollution. particularly sultur
and nivogen dioxides, stimulate development off A Jubace (39).

Conclusions

The demonstration that aphids can respond to olfactory cues by orientated
fheht in the field is particularly exciting. Many of the recent advances
involving aphid olfaction have been achicved by means of sophisticated
sensory. chemical, and behavioral techniques requiring close interaction be-
tween the scientific disciplines. The future may sce greater use of these
approaches to investigate aspects of aphid chemical ccology involving gusta-

tory cuces.
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PERSPECTIVES AND OVERVIEW

The evolution of resistance to insecticides and acaricides by arthropod pests
can be viewed and studied from (wo contrasting perspectives. At i fun-
damental level. resistance provides an almost ideal model of adaptation to
withstand severe environmental stress. Work on the g¢enctic (127 129).
biochemical (30, 82). and more recently . the molecukar hasis of resistance
mechanisms (32) has cust fight on the nature of this adaptation in severad
inscct species. leading in some cases to diagnostic assays for speciic genes or
gene products (3. 22, 45). Smularly. population geneticists have exploited
opportunities to analyze the selection of resistance - laboratory and field
experiments (94, 95). and 0 predict. using theareticul models. how fast
resistance genes are likely o evalve under different pesticide exposure re-
gimes (115, 120).

Unlike most evolutionary phenomena. however, resistance is also of great
practical and economic sigmiicance. Not only have resistant species increased
g[(;a[]) in number (36). but the sey erity and extent ol same resistance prob-

lems has increased alurmmgly. For example. in some populations of the

diamondback moth. Plutella xvlosiella (61, and Coloradao potato beetle. Lepri

notarsa decemlineata (300, 0esistance w virtwally all avatlsble msecnerdes has
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