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Abstract

The Vat resistance gene (in Cucumis melo L.) inhibits the transmission of non-persistent viruses by Aphis gossypii
Glover, but doesnot affect transmission by Myzuspersicae (Sulz.). To seewhether thisdifferencewas behaviourally
determined, we investigated the stylet penetration behaviour of these two aphid species by recording EPGs
(Electrical Penetration Graphs) of 8 and 20 min on two sets of susceptible and resistant isogenic melon lines.
During the 20 min EPG study, inoculation with CMV (Cucumber Mosaic Virus) was aso investigated. For both
sets of isogenic lines, the two aphid species were able to detect the presence of Vat. The mean duration of individual
intracellular punctures on the resistant genotypes was significantly reduced for both M. persicae and A. gossypii
(=10% and —8% respectively for duration of pattern ‘pd’ in the 20 min experiment); this reaction appeared faster
for M. persicae, a species for which melon was not a suitable host-plant. Therefore, in contrast to Vat's anti-
transmission effect, this behavioural effect was not aphid species-specific. Also, the frequency of intracellular
punctures on the resistant genotypes was significantly reduced in A. gossypii (but not in M. persicae): on average,
this frequency dropped from ~0.65 pd.min—? on the susceptible genotypesto ~0.5 pd.min—! on the resistant ones.
It was concluded that (intracellular?) chemical cues were detected very early by aphids probing on the resistant
genotypes carrying the Vat gene. However, acomprehensive analysis of the behavioural traits of both aphidson the
two genotypes could not alone account for the complete inhibition of transmission which was found only to occur
for A. gossypii on resistant genotypes. None of the differences detected (between aphid species or between plant
genotypes) could account for the Vat phenotype, although they may explain quantitative differencesin transmission
efficiencies between aphid species. It was thus concluded that Vat effect was primarily chemically mediated.
Finally, someintracellular punctures bearing typical subphases have been identified in both aphid species and were
designated as ‘long potential drops' (pd-L). For A. gossypii, these were observed early after plant contact and their
mean duration was twice that of standard intracellular punctures (~8.5 s vs ~4.2 s). Although not necessary for
CMV inoculation, the duration of such phases was positively correlated with a high transmission efficiency by A.
gossypii on the susceptible genotype. The nature of this pattern and a putative mechanism of action of the Vat gene
are discussed.

Abbreviations: CMV — Cucumber mosaic virus; EPG — Electrical penetration graph; NS — Not significant; pd —
potential drop; R — Resistant; S — Susceptible; Vat — Virus aphid transmission (resistance gene).

Introduction ton and cucurbits are the most important (Khush and
Brar, 1991; Leclant and Deguine, 1994). However,
Aphis gossypii Glover, the cotton/melon aphid, causes host-plant resistance to this species has been investi-

direct and indirect damageto many crops, of which cot- gated almost exclusively on cucurbits (Mac Carter and
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Habeck, 1973; Kennedy et al., 1978; Lecoq et al.,
1979; Shinodaand Tanaka, 1989; Kishabaet al., 1992;
Collinsetal., 1994), and only part of thiswork hasbeen
focused on resistance to virus transmission (Lecoq et
al., 1979, 1980; Kishaba et al., 1992) and its genetic
determinism (Pitrat and Lecoq, 1980, 1982). Such a
resistanceto virustransmission hasto be distinguished
both fromresistanceto thevector (classical insectresis-
tance) and from resistance to the virusitself. All three
componentsresultin an overall protection against viral
diseases, although through completely different mech-
anisms, which arelargely unknownfor the vector asso-
ciated resistances. In the melon species Cucumis melo
L., resistanceto A. gossypii was described in the early
1970s (Kishaba et a., 1971), and led to the release
of commercial cultivars bearing the AR (Aphid Resis-
tance) gene (McCreight et al., 1984). However, it was
only afew yearslater that resistanceto CMV transmis-
sion wasidentified in this species (Lecoq et al., 1979),
and the monogenic dominant gene responsiblefor this
trait was named ‘virus aphid transmission resistance’
(symbol Vat).

Very little is known of the mechanisms of resis-
tance to virus transmission by aphids. The Vat resis-
tance to the aphid itself seems to be mediated by
extractable chemical factors, disturbing aphid feeding
behaviour both at the phloem and pre-phloem levels
(Chen et a., 1996a). However, the most common
behavioural analysescarried out by the Electrical Pene-
tration Graph (EPG) method (Tjallingii, 1978) to study
plant resistance to aphids are focused on atime-range
measured in hours (usually 2-16), and are not per-
tinent for many virus transmission studies. Although
early papers were published in this area (Hodges and
McLean, 1971; McLean, 1977, Simons et a., 1977;
Holbrook, 1978), recent works have clearly demon-
strated the value of electronic monitoring of aphid
behaviour in virus transmission studies, either for cir-
culative viruses (Scheller and Shukle, 1986; Shukle et
al., 1987; Fereres et a., 1990; Prado and Tjalingii,
1994) or for non-persistent transmission (Powell,
1991, 1993; Powell et a., 1992, 1995; Perez et al.,
1996).

A study of the feeding behaviour of A. gossypii
on melons containing the AR gene has already been
published (Kennedy et al., 1978), but it was not relat-
ed to virus transmission and was not performed using
the morerecent and precise EPG technique. Therefore,
and this was planned independently in two locations
(Lyon, France and Madrid, Spain) with different bio-
logical material, EPG experimentswere carried out on

atime-scale (8 and 20 min) more appropriate for cor-
relation with non-persistent virus transmission, where
the Vat-sensitive vector species A. gossypii was com-
pared to Myzus persicae (Sulz.), a vector species not
affected in its transmission efficiency by the presence
of the Vat gene (Lecoq et al., 1980). In both exper-
iments, aphid probing was compared on two sets of
near-isogenic linesdiffering by the presence or absence
of the Vat gene. The questions underlying these stud-
ies were related to short term host-discrimination (are
these aphids able to detect quickly the presence of Vat
gene products in the resistant lines?) and to differ-
ential probing behaviour of the two species (is there
a behavioural difference between M. persicae and A.
gossypii that might be related to the differential ability
to transmit non-persistent viruses to Vat-genotypes?).

Materials and methods
Insects

In EPG Experiment 1, the aphids used werei) an Aphis
gossypii clone labelled Ag-LM02-Cm, obtained from
clone NM1 (G. Labonne, INRA Montpellier) collect-
ed on melon (C. melo) and described as clone 13 by
Lupoli et a. (1992), and ii) a Myzus persicae clone
Mp-LCO02-Vf, which was derived from a partheno-
genetic rearing on broad bean Viciafaba L. (Y. Bouch-
ery, INRA Colmar, France). A. gossypii was reared on
susceptible melon plants cv. ‘Vedrantais' (21°C; L:D
16:8). As melon is not a suitable continuous host for
M. persicae, thisaphid wasreared on V. faba seedlings,
cv. ‘Aguadulce’, in the same parthenogenetic-inducing
conditions.

The aphids used for Experiment 2 (EPG-virus
transmission assay) were from a clone of A. gossypii
derived from a single virginoparous aptera collected
onmelonat ‘El Ejido’ (Almeria, Spain), and aclone of
M. persicae also derived from a single virginoparous
aptera collected at ‘El Encin’ (Alcala de Henares,
Madrid, Spain). A. gossypii wasreared on melon plants
cv. ‘Regal’, whereas M. persicae was reared on pepper
plants (CapsicumannuumL.) cv. ‘ Yolo Wonder’. Both
clones were reared at 22°C (day) and 16°C (night),
under a16:8 (L:D) photoperiod.

Plants

In Experiment 1, plantsused wereC. melo cv. * Vedran-
tais (susceptible line) or resistant cv. ‘Margot’ (from



source Pl 161375). These lines were near-isogenic (9
backcross generations on the susceptible parent), and
seeds were kindly provided by Dr Michel Pitrat from
INRA Avignon. For aphid rearing and EPG exper-
iments, plants were cultivated in soil pots at 21°C
and 80% r.h. under 16:8 (L:D) photoperiod in growth
chambers, and used at the 4-leaf growth stage.

In Experiment 2, the melon plants were also two
highly isogenic susceptible and resistant melon lines,
that have been obtained within the Cucurbitaceae
breeding program of Sluis& Groot Sandoz Seedsat ‘ El
Ejido’ Research Station (Almeria, Spain). The suscep-
tible parent was of the ‘Galia type, and the resistant
source was the same Pl 161375 line. The seeds were
kindly supplied by J.I. Alvarez. Plants were cultivat-
ed in soil pots in an environmental growth chamber
at 14:10 (L:D) photoperiod, at a temperature of 26°C
(day) and 20°C (night), and were used at the 2—-3 |eaf
growth stage.

It is therefore probable that the two resistant lines
used carry the same Vat gene, which confersthem both
resistanceto the aphid vector and to virustransmission.

Virus

The CMYV isolate used in Experiment 2 was the Val-
CMV-24 described by GarciaLuque et al. (1984), and
kindly supplied by Prof. JR. Diaz-Ruiz (CIB-CSIC,
Madrid, Spain). This CMV isolate was obtained from
melon plants collected at Vaencia (Spain). The virus
was kept asdried leaf tissue at 4°C.

CMV source plants

A virus infected source plant was used for acquisi-
tion of CMV in Experiment 2. Susceptible melons, cv.
‘Canary yellow’ were mechanically inoculated with
the virusat the cotyledon stage. The plants developing
the characteristic mosaic symptomswere used as virus
source plants three weeks after inoculation.

EPG and virus transmission

The two experiments described were performed inde-
pendently in two laboratories on different biological
material (aphid clones and plant lines), and only then
analysedin parallel. Thisexplainsthedightly different
set-ups and methodol ogiesof analysis. EPG amplifiers
used were from Wageningen Agric. Univ. (Entomolo-
gy Dept.). For both experiments, EPG recordingswere
acquired at 100 Hz throughaMacAdios A/C-converter
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card and aMaclntosh acquisition software (G. Febvay,
unpubl.); voltage adjustment was set to positive val-
ues during the first seconds of recording (all patterns
shown were recorded using this standard set-up).

Experiment 1 (EPG). A. gossypii and M. persicae lar-
vae were reared at low density to adulthood on sus-
ceptible host. The day before the experiment, young
adults were wired with 3 cm long x 18 um (2) gold
wire and kept on the host plant overnight. Before the
EPG experiment, aphids were starved for one hour in
Petri dishes with moist filter paper, and then put on
test plants by groups of 4 (from one species, 2 on sus-
ceptible and 2 on resistant melon plants). Aphidswere
first correctly positioned on plants, and then gently
pulled up and down by their wiresto synchronisetheir
access to plant (critical for the planned 8 min record-
ing). Because of highindividual variability, actual time
before probing lasted 0 to 5 min, and such a parameter
was judged quite artifactual, and was not taken into
account in analyses (Van Helden and Tjallingii, 1992).
Therefore, after recordings (10-20 min),an8-minslice
was cut from each EPG trace, beginning 1 sbeforefirst
pattern A (electrical contact with plant tissues). Those
few aphids which did not probe in 10 min were dis-
carded. After completion of arecording series, aphids
werediscarded and replaced by individual sof the other
species, on the same plant (and plants were changed
after two series). Recording sessions were run daily
from 10 amto 4 pm, and at least 28 valid repeats were
finally analysed for each treatment.

Experiment 2 (EPG-virus transmission). Aphids were
alsoreared at low density on susceptible plants. Young
adult aphids were collected and wired to a 3 cm long
x 20 pm () gold wire. Then, aphids were kept in
small plastic boxes and starved for one hour. Aphids
were placed on the youngest fully expanded leaf of the
CMYV source plant and were subjected to avirus acqui-
sition access period of 5 min. Afterwards, the wiring
was completed by attaching the wired aphid to a cop-
per wire 3 cm long. Finaly, the viruliferous aphids
were connected to the monitor probes and placed on
the test plants ready to start the EPG recording. EPGs
were recorded immediately after placing aphids on the
test plants. Once the recording was completed, the
plants and aphids were replaced by the following set.
Only one aphid was allowed to probe on each test plant
to determine the occurrence of CMV transmission by
the aphid. Series of four sets (two aphid species-two
melon lines) were monitored sequentialy. Test plants
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Myzus persicae

m— 3|l time bars: 1's

A
post-A

A/C

Figure 1. Examples of identified EPG patterns for the two aphid species used in this study, Aphis gossypii (Ieft) and Myzus persicae (right).
Timescaeisshown and issimilar for al patterns; Y scale (Volts) depends on amplifier gain and circuit properties during each recording, and is
not strictly comparable in al figures. pd subphase nomenclature is that previously used by Powell et a. (1995), and has been retained for pd-L
by homology.
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were fumigated (Imidacl oprid®, Bayer), transferred
to aphid-proof cages in a greenhouse and checked for
CMV symptoms after 2—3 weeks. Previous experi-
ments showed that symptomatic plants of the melon
lines used for these experiments were always infected
with CMV, asassessed by ELISA (Ferereset al., 1995).
EPGs were recorded for 20 min and all those aphids
that did not start probing in 3 min were discarded. The
non-probing time before a first probe was produced
was excluded from data analysis to avoid high indi-
vidual aphid variability. At least 25 recordings were
analysed for each treatment.

For both experiments, analysis of EPG traces was
achieved with the MacStylet software (Febvay et d.,
1996), and cal cul ation of standard or specific EPG vari-
ables on the identified patterns (Table 1; see results)
was performed with commercial spreadsheet and the
statistical softwares Statview 4 and SuperAnova 1.11
(Abacus Concepts, 1989). EPG variablesfor thediffer-
ent treatmentswere analysed using the Mann-Whitney
U-test or an Anova, depending on data distribution.
Patternsinterrupted by the end of the experiment were
included in al calculations, but were marked in the
statistical files and the consistency of results (with and
without these interrupted patterns) was checked. Only
pattern C was affected by this bias, and mainly in the
shorter experiment; means and significance of differ-
ences varied between the two modes of calculation,
but thefinal trendsdisplayed in our tableswere always
conserved.

Results
EPG patterns

After data collection, al EPG traces were viewed for
recognition of patterns potentially useful in our short
term analysis. In addition to standard patterns np, A,
B, C and pd (Tjallingii, 1988), we defined a priori 5
more ' patterns' or variants (scored for both aphids), as
illustrated in Figure 1 and Table 1.

For Experiment 1, all statistics were calculated on
all patterns, but only the relevant variables are pre-
sented in subsequent tables. B pattern was retained, as
indicative of an identifiable salivary sheath secretion,
but patterns A, post-A or A/C were not further used
because they were both not statistically discriminating
and of unknown biological significance. Concerning
potential drop patterns, we defined two additional sub-

classes, that were clearly identifiable with both aphids:
the first one was the ‘long potential drop’ pattern,
labelled ‘pd-L’, which was recently analysed for its
correlation with potyvirus transmission (Powell et al.,
1995); the second was labelled ‘pd-Z’ (abnormal pd)
and defined as potential drops somehow interrupted
by other behavioural items or unidentified ‘noise’, as
illustrated in Figure 1. Very often, long potentia drops
occur as the first intracellular puncture after probing
of the aphid, especially with A. gossypii (Figure 2),
and display a characteristic sub-structure (Figure 1),
with a subphase 113 containing several archlet/pulse
structures (2 Hz) in addition to the background wave-
form (12-14 Hz); we used this arbitrary criterion (3
pulses or more) to differentiate pd-L from pd. Fig-
ure 3 shows the distribution of pd durations in both
aphid species; for A. gossypii, pd duration was clear-
ly bimodal, and this was mainly determined by the
length of phase 113 (correlations between lengths of
pd and pd-113 was 0.98 for A. gossypii, and 0.94 for
M. persicae). However, whereas phase pd-112 was also
significantly lengthenedin pd-L (vspd) for both aphids
(whatever the melon genotype; datanot shown), for M.
persicae, thefirst phase of potential drops(pd-111) was
significantly shortened in pd-L punctures (Anova, p =
0.0001). This may be taken as an indication of distinct
structure for pd and pd-L, even in M. persicae where
distribution of total durationswas not clearly bimodal
(Figure 3).

In contrast to pd-L which bears a biologica iden-
tity, pd-Z was only useful statistically in filtering off
undesirable ‘noise’ from standard pd patterns; the sta-
tistical analysisof pd-Z revealed no significant feature,
and it was not considered further in our EPG tables.
Thelast non-classical pattern scored in our experiment
was apatternlabelled * upd’ (Figure 1). Although con-
sisting of aclear potential drop in both aphid species,
thereisno indication of homology to other pd patterns
(i.e. representative of a cell puncture). It is never a
frequent event (Table 3, Table 5), but may be defined
asashort (usualy < 1s) and small (lessthan onethird
of astandard pd; Figure 1) potential drop. Unlike true
potential drops, it has no specific sub-structure other
than a characteristic high frequency (15-16 Hz for A.
gossypii and 13-16 Hz for M. persicae).

From a descriptive point of view, A. gossypii and
M. persicaedisplayed very similar (and mostly homol-
ogous) patternsin their first contactswith the plant tis-
sues. The only qualitative traits that could distinguish
the two species are the regularity of pd-L structure
(clear-cut and longer in A. gossypii), and thefeatures of



Table 1. Definitions of patterns scored in EPG analyses, and of non classica early EPG variables
used (see Figure 1 for pattern examples)

Label of pattern or
varigble

Definition! of pattern or variable

patterns
A
post-A
B
C
pd
pd-L
pd-Z
ppd
AlC
np

variables

d-pdl
d-pd-L1
d-npl

t-pdl
t-pd-L1
t-npl
At-pdlnpl

high amplitude pattern [establishment of electrical contact]

transient return to low voltage after electrical contact

periodic waves [secretion of gelling saliva]

composite extracellular signal [intercellular stylet pathway]

“standard” potential drop [stereotyped intracellular puncture]

long potential drop [intracell. punct. with specific sub-pattern structure]
abnormal or modified potential drop (not pd, not pd-L)

short and small “potential drops” (see text for comments)

unidentified high amplitude segments in C (pathway) pattern

absence of electrical contact [non penetration]

duration of first pd (from al pdsie pd, pd-L, pd-Z)

duration of first long pd (pd-L 1)

duration of first non-penetration period (after start of recording/probing?)
time of occurrence of first of any pd (from start of recording/probing?)
time of occurrence of first long pd (from start of recording)

time of occurrence of first non penetration period (from start of recording)
delay between first intracellular puncture and next non-penetration phase

IMost patterns and behavioural interpretations [between brackets] as defined by Tjallingii (1988).
2recordings were processed to start at first probe.
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Figure 2. Evolution of duration of the first five intracellular punctures for both aphid species, according to their rank of occurrence in the
probing sequence (pd & pd-L included; data from Experiment 1); plots are mean values and standard errors.



528

Aphis gossypii Myzus persicae
1 1 1 1 1 1 1 p 1 1 1 1 1 1 1
60 F 7
f 5%
2501 - S50+
S c
2 ] L Sa0-
%40 40 |/|
=
5 30 - T30 1
.y ES
g 20 B 520
o
:
210 - 310 7
1] T T T T T T T 0 ol T T T T
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Duration (s) pd. L Duration (s)
1 1 L 1 1 1 1 1 1 1 1 1 1 1

60 B 60 7 -
2 8
G50 I S50 -
= (=3
k=3 =3
T40 1 T 40 o
5307 5307 -
(=% (=%
gzo- - gzo- -

0 T T T T T T 0 T T T T T T T

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Duration (s) Duration (s)

90 1o 3 1 1 aal L | P 160 - 1 1 L 1 1 1
gao- ( @ 140 7 -
s 707 r S 120 -
£ o0 L phase llg £ _
€ 50 - g
3] (pd & pd-L) 5 41 .
c‘i"so- [ g 60 L
3 3 [
£ 201 L é 40 1 -
S
Z 10 1 - Z 207 -

0 T T -t 7T T r Or T | B B B S ey e |

0 2 4 10 12 14

6 8
pdilz duration (s)

0 2 4 8 10 12 14

6
pdllg duration (s)

Figure 3. Distribution of potential drop duration for both aphid species (Ieft/right) and potential drop type (upper row: pd / middle row: pd-L).
The lower row plots the distribution of durations of subphase |13 for both pd types; data from Experiment 1.

upd (clearly square-shaped in M. persicae; see Figure
1). No obvioushbiological correlation could be derived
from these differences.

In Experiment 2, al the EPG traces were aso
closely reviewedin order toidentify and quantify those
patternsof potential biological significance, amongthe
standard patterns and those described for Experiment
1. Since the time limits of certain patterns such as A
or B were difficult to establish, we decided to include
them hereas part of waveform C, ascommonly donein
EPG analysis. Concerning potential drop patterns, we
defined and computed pd-L, pd-Z and upd using the
same criteria as described for Experiment 1. The typi-
cal appearanceof pd-L asthefirstintracellular puncture
in the probe was again more frequently observed for
A. gossypii than for M. persicae. In M. persicae traces,

pd-L occasionally appeared as the second intracellular
puncture after probing, or even at a later stage. This
was also the case in Experiment 1 (comparet-pd1 and
t-pd-L 1, Table 3), and the difference between the two
species appears clearly in the sequential plot of Figure
2.

Satistical analysis of individual pattern segments

For Experiment 1, Table 2 gives the mean durations
and U-test analysis of theindividual pattern segments.
The duration of standard intracellular punctures (pd)
appears to be shortened, dightly but significantly (—
3.5%), for M. persicae on the resistant genotype, but
not for A. gossypii. The trend was similar for the long
potential drops pd-L (A. gossypii, NS; M. persicae, —



7%, p = 0.067). In addition, our analysis of sub-phase
structure in Experiment 1 showed that the main con-
tribution to the shortening of pd duration on resistant
plants with M. persicae (Table 2) was due to phas-
es 11 and 112 (Anovas, 111: S1.75s R 166 s, p
= 0.0076; 112: S0.96 s, R 0.88 s, p = 0.0074), and
not to phase 113 (Sor R 1.4 s, p = 0.68; Anova NS).
For other patterns, individual durations revealed sig-
nificant differences between melon genotypesonly for
upds of A. gossypii and for pathway (C) activities of
M. persicae (Table 2): in this 8 min experiment, the
probing sequences of M. persicae were much longer
on susceptible than on resistant plants.

Table 4 shows the mean duration of the individual
patterns scored in the EPG-virus transmission experi-
ment. Here again, M. persicae displayed shorter intra-
cellular punctures on the resistant melon genotype (pd,
—9.8%; p = 0.0001). However, in contrast to Experi-
ment 1, A. gossypii performed also significantly shorter
pd on the resistant genotype (—7.8%; p = 0.0001). The
different experimental durations may be responsible
for the shorter mean pd duration for A. gossypii on
the resistant genotypein Experiment 2. Thisis consis-
tent with a correlation analysis done for Experiment
1 (duration of pd vs its time position in the 8-min
acquisition sequence; data not shown), which showed
adightly positive slope for both species, as well as a
higher slope for the susceptible genotype than for the
resistant one. Thereseemsto bea‘normal’ lengthening
of intracellular punctures, that ismarkedly impaired on
the resistant genotype; this may indicate an adaptation
of punctureto internal stimuli of host-plant. A similar
reduction was observed again for the long intracel-
lular punctures (pd-L, Table 4). Both aphid species
exhibited a shorter pd-L when probing on the resistant
genotype (—12.3%, p = 0.015 for A. gossypii; —3.8%,
p = 0.12 for M. persicae). There was no evidence
that aphids displayed any difference on susceptible vs
resistant melon genotypes when the other behavioural
variables were tested (upd, np or C). We noted how-
ever that the C patterns lasted longer over time on the
susceptible genotype. The last probe accomplished by
A. gossypii inthe 20 min recordingslasted morethan 6
minin 66.7% of the EPG recordingson the susceptible
genotype and only in 43.3% on the resistant genotype
(resp. 39.3%and 35.7%for M. persicae). Thus, the Vat
gene seems again to alter the ‘normal’ evolution of the
aphid feeding process. Also, it should be pointed out
that M. persicae succeeded in reaching the sieve ele-
ments and achieved phloem ingestion (waveforms E1
and E2 were observed) in 2 of the 25 EPGs recorded
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on the susceptible genotype. A. gossypii was unableto
reach the phloem in the time of study (20 min).

Sandard and sequential EPG variables

Table 3 reportsstatistical information on standard EPG
variables for Experiment 1, including the frequencies
of patterns in individual recordings, their total dura-
tion, and some additional variables related to early
aphid/plant contact, asdefinedin Table 1. For M. persi-
cae, themean number of patternsC and npincreased on
theresistant genotype (i.e. probing was moreinterrupt-
ed on resistant plants), and occurrence of ppd differs
between genotypes (although showing an increase for
A. gossypii and a decrease for M. persicae on resistant
plants). In addition, M. persicae showed more distinct
salivation waveformson the resistant genotype (3.3 vs
2.2 B phases per 8 min), a feature not displayed by
A. gossypii. Conversely, the frequency of intracellular
punctures decreased by 30% when A. gossypii probed
on resistant melon (not for M. persicae). The second
part of Table 3 concernstotal duration of each pattern
during the 8 min probe, and no clear trend could be
observed with such variables (except for ppd with M.
persicae, reflecting the difference already mentioned).
However, one might observe the large difference in
non-penetration time between A. gossypii and M. per-
sicae: morethan two interruptions (np) occurred for A.
gossypii, representing more than 2 min outside plant
tissues, whereas M. persicae frequently displayed one
continuous penetration, especially on susceptible mel-
ons, and mean non-probing duration did not exceed
oneminute. Finally, thethird part of Table 3 showsthat
none of the early parameterswere ableto discriminate
melon genotypes significantly: for both aphid species,
the first intracellular punctures (either pd or pd-L) did
not differ in duration or in time of occurrence, as was
the case of the first stylet withdrawal from plant tis-
sues (d-npl and t-npl), or for the time lag between the
first intracellular puncture and the next end of probe
(At-pdl/npl).

Table 5 reportsthe frequency and cumulative dura-
tion of the behavioural patterns associated to individ-
ual recordings for Experiment 2, as well as two of
the early-occurring variablesbearing potential virolog-
ical interest (Table 1). Both aphid species exhibited an
increased probing/non-probing frequency ontheresis-
tant genotype, i.e. higher frequencies of C and np pat-
terns (not significant). This behaviour appeared to be
associated with alonger probing time (C: A. gossypii.
p = 0.024, M. persicae NS) and a shorter non-probing
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Table 2. Experiment 1 — EPG variables related to mean duration (s) of individual events scored for the two aphid species A. gossypii and M.
persicae on susceptible (Védrantais, S) and resistant (Margot, R) melon lines

Aphis gossypii Myzus persicae
S R test S R test
Variables Meen 4+ n Mean + n p! Memn +E n Mean +E n p

© © © ©

Gaussian variables
pd 4.10 007 149 417 009 98 043 426 005 209 411 0.06 146 0.045
pd-L 857 028 47 819 032 42 016 655 022 24 610 019 31 0.067

Median range? n Median range n p Median range n Median range n p
© C) © ©

non Gaussian variables
upd  0.73 3.77 11 127 28 18 0027 108 317 55 098 318 15 0.37
np 44 211 60 38 158 57 0.80 41 48 8 29 229 25 022
B 57 83 152 6.9 79 147 032 14 138 68 11 76 90 0.18
(o 32 472 100 52 454 85 0.38 417 459 39 184 460 53 0.0001

IMann & Whitney U-test performed on all variables; probability of test underlined only if lower than 5% (equality rejected between R and
Slines).
2 range: max value —min value.

Table 3. Experiment 1 — general EPG variables related to individua recordings: number of patterns occurring in the 8-min period, total
(cumulative) duration of patterns, and specific variables related to first contacts with plants

Aphis gossypii Myzus persicae
S R test S R test
Variables Mean range! n Mean range n p? Mean range n Mean range n p
Number variables
B 52 12 30 54 10 28 059 22 5 31 33 10 28 0.028
CcC 33 6 30 30 5 28 066 13 1 31 19 3 28 0.002
np 25 7 30 22 5 28 068 03 1 31 09 4 28 0.003
pd 50 14 30 35 10 28 0050 6.5 12 31 53 13 28 0.16

pd-L 16 4 30 15 4 28 083 08 3 31 11 6 28 0.60
ppd 0.4 6 30 06 5 28 0.037 18 7 31 05 2 28 0.001

Total duration variables (s)
B 62 190 30 73 207 28 0.093 46 235 31 50 136 27 010
CcC 24 345 28 254 410 27 074 372 238 30 345 423 28 026
np 159 315 25 135 399 23 0.22 40 53 9 63 328 18 092
pd 21 56 29 16 39 25 o021 29 52 30 22 56 27 0.072
pd-L 16.1 33 25 176 38 22 058 93 20 17 111 32 17 096
upd 2.8 4 22 8 11 095 30 8 22 17 5 11 0.017

]

Other (early) variables (s)3

d-pdl 81 10 30 82 12 28 0.77 51 6 31 49 5 28 0.63

d-pd-L1 88 8 27 96 8 23 019 6.5 4 17 6.3 28 17 067

d-npl 73 209 25 53 143 23 011 a4 48 8 51 229 17 042

t-pdl 18 78 30 42 169 28 0.16 33 9% 31 46 281 28 0.52

t-pd-L1 18 78 27 36 134 23 0.16 65 287 17 51 279 17 013

t-npl 78 433 25 104 373 23 0.19 196 445 9 147 398 17 0.37

At-pdl/npl 60 412 25 66 232 23 017 165 34 9 125 378 17 037

1 range: max value — min value.

2 Statistical test performed for al variables: Mann & Whitney (U-test); probability of test underlined only if lower than 5% (equality
rejected between R and Slines).

3 Asdefined in Table 1.
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Table 4. Experiment 2 — EPG variables related to mean duration (s) of individual events scored for the two aphid species on susceptible

(Galia, S) and resistant (R) melon lines

Aphis gossypii Myzus persicae
S R test S R test
Variables Meen +S n Mean +SE n pt Mean +SE n Mean +SE n p
C) C) C) S
Gaussian variables
pd 412 004 409 38 005 313 <0.0001 369 004 366 333 003 342 <0.0001
pdL 88 045 25 774 040 25 0.015 629 015 35 605 017 34 012
Median range? n Median range n p Median range n Median range n p
C) C) C) ©
non Gaussian variables
pwpd 124 154 33 129 174 38 029 106 139 47 106 162 5 035
np 41 219 75 43 630 105 0.50 40 162 82 43 208 93 049
C 142 1195 103 99 1129 126 0.28 152 1194 99 124 1099 117 0.23

1 Mann & Whitney U-test performed on all variables; probability of test underlined only if lower than 5% (equality rejected between R and

Slines).
2range: max value —min value.

time(np, A. gossypii. p=0.019; M. persicaeNS) onthe
susceptible genotype. Here again, A. gossypii showed
an increase in the frequency of standard cellular punc-
tures (pd) when probing on the susceptible genotype
(+22%; p = 0.045), aswell asalonger meantotal dura-
tion of these pd (+29.0%; p = 0.004). Although M. per-
sicae exhibited a similar trend for these variables (pd
frequency +5.2% and total pd duration +14.6% for the
susceptible genotype), differenceswere not statistical -
ly significant. A. gossypii and M. persicae displayed
similar frequencies and cumulative duration of long
potential drops(pd-L) on both melon genotypes. Final-
ly, the early-occurring variables were only marginally
altered: on the resistant genotype, both aphid species
were somehow delayed in displaying thefirst potential
drop (t-pd1) and probing seemed to be interrupted ear-
lier after thefirst intracellular puncture (At-pdl/ npl).
For A. gossypii, the mean value of these two early-
occurring variables was about twice as long on one
genotype as on the other, but individua variability
was very high and differences were not significant
(Table5).

Correlation with virus transmission

A. gossypii transmitted CMV to 12 of the 30 suscepti-
ble melon plants (40% transmission efficiency), while
none of the resistant plants became infected. M. persi-
cae was much less efficient, since only two of the 50
melon test plants became infected (one of each of the

25 resistant and 25 susceptible plants). Thisisin total
agreement with previous data on the specificity of the
Vat gene (Lecoq et d., 1979; Ferereset a., 1995).

Therelationship between the transmission of CMV
and the behavioural variableswas analysed only for A.
gossypii on the susceptible genotype. Table 6 shows
the mean duration of the individual behavioural pat-
terns on infected vs non-infected melon plants. An
increase in the duration of long potential drops (pd-
L; +29.5%) was observed for the plants that became
infected. Thistrend isconfirmed by acorrelation analy-
sis between pd-L duration and transmission efficiency
(not shown): the longest intracellular punctures (pd-L
> 9 s) were very significantly associated with a high
transmission efficiency (y? = 13.2, p = 0.0003). How-
ever, CMV transmission was not aways associated
with pd-L pattern, and in 4 out of the 12 plants that
became infected, no pd-L could be identified. No dif-
ferences were noticed for other EPG patterns when
infected and non-infected test plants were compared
(Table 6).

The frequencies and the cumulative duration of the
behavioural patterns associated with individual aphid
recordsof A. gossypii probing on the susceptible geno-
type after virus acquisition were also computed and
statistically analysed for comparison between infected
vs non-infected plants (data not shown). No signifi-
cant differencesbetween treatmentswerefound for any
variable, although an increased activity of the aphids
on plantsthat became infected has been noticed. Also,
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Table 5. Experiment 2 —general EPG variables related to individual recordings: number of patterns occurring in the 20-min period, total
(cumulative) duration of patterns, and specific variables of virological interest related to first contacts with plants

Aphis gossypii Myzus persicae
S R test S R test
Variables Mean rangel n Mean range n p? Mean range n Mean range n p

Number variables
C 35 8 30 42 9 016 42 7 25 47 8 25 064
np 35 10 30 45 8 0.088 4 8 25 47 8 25 051
pd 134 19 30 105 18 0.045 145 26 25 137 19 25 089
pd-L 0.83 2 30 083 2 30 097 15 6 25 14 6 25 0.82

ppd 1.1 3 30 13 5 30 08 19 6 25 24 6 25 022

888

Total duration variables (s)
C 105 471 30 974 604 30 0024 9% 510 25 969 683 25 081
np 142 471 29 227 649 30 0019 204 510 24 231 683 25 081
pd 56 86 30 39 76 30 0004 53 97 25 46 66 25 0.29
pd-L 74 19 21 64 16 20 039 92 3% 19 85 38 21 057
pd+pd-L 63 96 30 46 91 30 0004 63 86 25 54 62 25 0.26
ppd 1.2 32 22 16 61 21 051 21 75 19 25 6.7 22 033

Other (early) variables ()3
t-pdl 13 81 30 24 248 30 0.37 9.7 4 25 123 64 25 093
At-pdl/npl 460 1099 30 197 1108 30 025 232 1177 25 166 558 25 0.92

Irange: max value — min value.

2 statistical test performed for al variables: Mann & Whitney (U-test); probability of test underlined only if lower than 5% (equality
rejected between R and Slines).

3 Asdefined in Table 1.

Table 6. Experiment 2 —variablesrelated to mean duration (s) of individual patterns of A. gossypii
on infected and non infected susceptible test plants

Aphis gossypii
Infected Non infected test
Variables Mean +SE n Mean +SE n pt

©® ©®

Gaussian variables
pd 4.05 0.06 189 4.19 0.09 220 0.085
pd-L 10.48 1.17 8 8.09 0.22 17 0.009

Median rang? n  Median range? n p
() ()

non Gaussian variables
upd 1.37 1.36 9 1.19 1.44 24 0.32
np 38.7 215 40 47.2 152.2 35 0.087
C 140.9 1125 49 176.4 1195 54 0.45

1 statistical tests performed: t test on Gaussian distributions (pd-L is almost Gaussian), Mann &
Whitney test on all other variables; probability of test underlined when significant (<5%).
2 range: max value —min value.

themean timerequired by A. gossypii until thefirst cell longer extracellular penetrations, and therefore intra-
was punctured (t-pdl) was twice as long for the non- cellular punctures immediately after the beginning of
infected plantsasfor theinfected plants, but variability a probe could increase the efficiency of virusinocula-

was high (p=0.50). Aphidscould losethevirusduring tion.



In spite of the mentioned correlation, not enough
data were available for many variables and therefore,
further experiments should be carried out to ascertain
whether some other EPG variables (such as pd-L sub-
phases ...) are clearly and causally associated with
CMV inoculation.

Discussion / conclusion

To our knowledge, this paper displaysthefirst detailed
analysis of individual potential drop durations in
aphids. Also, the overall agreement between analyses
from both experiments confirms the phenotypic iden-
tity of the two Vat-containing genotypesanalysed. The
between-experiment variability, although low, might
result from either i) susceptible genotype background
(Vedrantais vs Galia), ii) aphid genotype (clonal vari-
ability) or iii) experimental environment (differences
inaphid pre-treatmentsor handling conditions). There-
fore, comparing data between experiments must be
carried out with extreme care, as these three factors
may not be distinguished.

Oneof the questionsthat led to thiswork hasclearly
been answered: both aphid species, either sensitive or
not to Vat as a virus vector (A. gossypii vs M. persi-
cae), are able to detect the presence of the Vat gene
in a very short period (i.e. less than 8 min of con-
tact). The two species did not react similarly: both
aphids reduced the individual duration of their intra-
cellular punctures (both pd and pd-L), but the trend
was higher and the reaction time waslower for M. per-
sicae (—10% and detectable in 8 min, vs —8% and 20
min for A. gossypii ). However, A. gossypii, but not M.
persicae, added to this reaction a clear decrease in the
frequency of intracellular punctures (pd) on the resis-
tant genotype. Thelatter trait might berestricted to the
early contact with resistant plant, since it was more
pronounced in the 8-min experiment (—30%) than in
the 20-min experiment (—22%), and may be influenced
by short term adaptation of A. gossypii to probing on
theresistant genotype, on which the phloemtissuesare
readily reached by thisaphid (Chen et al., 1996b); how-
ever, the decrease in pd frequency was still detectable
ina2 h EPG experiment (Chen et al., 1996b).

Another interesting point was that recognition of
the Vat genotype did not occur on first contact with
the plant, revealing that both aphids displayed a‘ reac-
tion time' in this process. In none of the two experi-
ments were the * early variables' significantly discrim-
inant (Tables 3 and 5). This could reflect the need
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for an integration of the chemical signal on which
Vat resistance seems to be based, since active (deter-
rent) extractable factors were identified in the sap of
resistant plants (Chen et al., 1996a). Thisis again in
agreement with the altered pd duration on Vat plants,
which needs some time to develop, especially with A.
gossypii. Whether the product of the Vat geneis present
intracellularly or extracellularly cannot be answered
conclusively here, but the clear ateration of variables
associated with cell punctures, together with the pres-
ence of deterrent activity in the phloem of resistant
plants (Chen et a., 1996a) could be an indication of a
symplastic expression of Vat. The other main question
was whether the behavioural differences between A.
gossypii and M. persicae, and of A. gossypii probing
on R vs S genotypes, could account for the species-
specific Vat effects on virus transmission. This ques-
tion cannot be answered as clearly asthefirst one. The
total resistance to CMV transmission by A. gossypii
in our experimental conditions suggests the presence
of extra-behavioura factors, as none of the differences
observed here can explain such an absolute effect: i) all
the described patterns have been identified in al of the
4 gituations tested, and no obvious qualitative differ-
ence can be related to virus transmission, ii) although
guantitative differences were detected (dight shorten-
ing of pd and decreasein pd frequency), itisbiological-
ly doubtful that they could lead to completeinhibition
of transmission in the A. gossypii / R-plant combina-
tion, and, iii) none of the early variablesthat should be
correlated with non-persistent virus transmission were
significantly altered by the presence of the resistance
gene.

If not behaviourally, Vat inhibition of vira trans-
mission should therefore be chemically mediated,
which isin agreement with the chemical determinism
of the antixenotic response of A. gossypii to Vat plants
(Chen et al., 19964). Also, Powell et al. (1995) con-
cluded in non-behavioural causesfor the enhancement
of potyvirus transmission by pre-acquisition starva-
tion, which may implicate an unknown chemical medi-
ation of non-persistent virus acquisition and release.

Nevertheless, rgjecting the strict behavioural origin
of Vat (anti-transmission) activity towards A. gossypii
doesnot precludeall influence of feeding behaviour on
virus transmission efficiency. As this experiment and
others show (Lecoq et al., 1979; Fereres et al., 1992;
Fereresetal., 1995), M. persicaeisamuch|essefficient
vector than A. gossypii for CMV inoculation. Inreality,
many behavioural traits differentiate the two aphidsin
both experiments, some of which may have apotential
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influence in virus transmission. The most important
of these traits is probably related to the structure and
occurrenceof pd-L, whichwasshorter (average6svs8
s) and much lessstereotyped for M. persicaethanfor A.
gossypii. In addition, pd-L amost aways appeared as
thefirst pd for A. gossypii (in 10-40s), whereasfor M.
persicae, it only appeared after about 1 min and asthe
second or later pd. Bearing in mind the potential influ-
ence of pd-L length on inoculation efficiency (Table 6
and correlation analysis), thismay partially explainthe
differencesbetween thetwo species: M. persicaecould
lose part of its infectious load before the occurrence
of an ‘efficient’ cell puncture. This may also apply
to a lesser extent to A. gossypii on susceptible mel-
ons, where non-transmitting aphi ds spent slightly more
time before a cell puncture than transmitter aphids (t-
pd1 data, not shown; the same trend was detected with
t-pdl value for A. gossypii on the resistant genotype,
Tables 3 and 5). These points emphasise the possible
importance of pd-L in aphid vector biology, and may
suggest a need for strict intracellular contact to allow
any viral inoculation, as it was previously shown for
viral acquisition (Lopez-Abellaet a., 1988; Powell et
al., 1995) and partialy for potyvirusinoculation (Pow-
ell, 1991). Thebiological significance of such aspecial
puncture is still unknown, but it apparently appeared
on average only once during the global probe, regard-
less of its duration (unlike standard pd; Tables 3 and
5). Ispd-L histologically (epidermal cells?) or behav-
iourally determined ? Are there elementary behaviours
(ingestion, egestion, salivation . . .) associated with its
characteristic subphases? Finally, could it be function-
ally differentiated from other pds? (e.g. more devoted
to host plant recognition, when shorter pds could better
correspond to tissue recognition events?) These ques-
tions will remain open until specific experiments are
conducted to define more clearly these long intracellu-
lar punctures.

Other traits, less related to virus transmission, do
differentiate the two aphid species. M. persicae might
be described as a more ‘reactive’ species than A.
gossypii, as it reached the first phloem phase in less
than 20 min, and detected the Vat gene product earlier,
eventhough melonisnot ahost plant for thisspecies. In
Exp. 1, M. persicaeal so spent much moretime probing
(whatever the plant genotype, Table 3); this was not
the case in Exp. 2 however (Table 5), and may reflect
differences in aphid clones or pre-treatment between
experiments (beans vs peppers, starvation time .. .),
as do the differencesin pd durations for M. persicae
(-15% in Exp. 2 as compared to Exp. 1).

It must be noted that the callose-mediated inter-
action identified by Shinoda (1993) in another aphid-
resistant melon genotype still has to be tested specifi-
caly in our Vat model. However, neither behavioural
nor chemical indication for such an induced reaction
was identified in the Margot line (Chen et al., 19964,
1996b). In addition, the only cue to an interference
with cell-wall/ pathway activities in our experiments
was observed in Experiment 2 (total C duration signif-
icantly reduced in R, Table 5) but not in Experiment 1
(total C duration, Table 3); due to the different exper-
iment durations, this might be caused by alag in the
development of a cell wall reaction. Nevertheless, the
importance of thefirst minutes or even seconds of con-
tact for non-persistent virus transmission makesit hard
to rely on an induced, and therefore delayed, reaction
for explaining Vat activity. Furthermore, no informa-
tion is available on the susceptibility to virusinocula
tion of the melons used by Shinoda et al. (1993), and
it has been shown that antixenosis and Vat phenotypes
might be inherited independently in melon (Fereres et
al., 1995), precluding further comparisons with our
genetic material.

Finally, atentative working hypothesismay be pro-
posed for Vat activity on virus transmission: Vat is not
able to inhibit virus uptake by A. gossypii in mechan-
ically inoculated resistant plants (Lecoq et al., 1979;
Fereres et a., 1995), and therefore acts only on the
inoculation phase of many unrelated non-persistent
viruses, thus, the Vat gene ‘product’ might be active
through an inhibition of virus release (not specific
of the virus), necessitating an interaction with some
specific component from aphid origin (present in A.
gossypii but notin M. persicae, either from stylet struc-
tural components or from salivary secretions). This
hypothesis may be tested through the decomposition
of the three partners of the interaction (plant, virus,
aphid), and the Vat gene appears to be an interest-
ing tool for an understanding of the specificities of the
molecular interactionsat the stylet tip. Thefact that Vat
is efficient on viruses differing widely in their trans-
mission mechani sms (potyviruses, cucumoviruses. . .)
may help to focus on the common components of such
interactions. The interaction of stylet surface compo-
nentswith the virus-encoded ‘ bridge’ macromolecules
(helper components or capsid domains . .. ) might be
the target sites of such loosely specific phenomena
related to non-persistent virus transmission, as the
present Vat inhibition, or the well-known enhancement
by pre-acquisition starvation (Powell, 1993; Wang and
Pirone, 1996).
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