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ABSTRACT

Burrows, M. E., Caillaud, M. C., Smith, D. M., Benson, E. C., Gildow, F.
E., and Gray, S. M. 2006. Genetic regulation of polerovirus and luteovirus
transmission in the aphid Schizaphis graminum. Phytopathology 96:828-
837.

Sexual forms of two genotypes of the aphid Schizaphis graminum, one
a vector, the other a nonvector of two viruses that cause barley yellow
dwarf disease (Barley yellow dwarf virus [BYDV]-SGYV, luteovirus and
Cereal yellow dwarf virus-RPV, polerovirus), were mated to generate F1
and F2 populations. Segregation of the transmission phenotype for both
viruses in the F1 and F2 populations indicated that the transmission
phenotype is under genetic control and that the parents are heterozygous
for genes involved in transmission. The ability to transmit both viruses
was correlated within the F1 and F2 populations, suggesting that a major

gene or linked genes regulate the transmission. However, individual
hybrid genotypes differed significantly in their ability to transmit each
virus, indicating that in addition to a major gene, minor genes can affect
the transmission of each virus independently. Gut and salivary gland
associated transmission barriers were identified in the nonvector parent
and some progeny, while other progeny possessed only a gut barrier or a
salivary gland barrier. Hemolymph factors do not appear to be involved in
determining the transmission phenotype. These results provide direct
evidence that aphid transmission of luteoviruses is genetically regulated
in the insect and that the tissue-specific barriers to virus transmission are
not genetically linked.

Additional keywords: circulative nonpropagative transmission, insect
genetics, real-time reverse transcription-polymerase chain reaction.

Insects are vectors for a large number of plant and animal
viruses (16). There is considerable information available on the
genetics determining the mechanism of virus infection and repli-
cation cycles, as well as information about how viruses move
through the insect host (e.g., barriers, tissue specificity, sites of
replication). However, relatively little is known about the genetic
control of the transmission process in the insect (18). How insect—
virus interactions involving virus recognition by attachment to
and endocytotic movement through insect tissues are regulated by
insect genes is unknown. Currently, the most common methods to
disrupt the virus transmission between hosts are to eliminate the
insect or to develop virus resistant hosts. While immune or resis-
tant hosts control the spread of some viruses, this is not an option
for most viruses. Attempts to eliminate the vectors remain a widely
employed, but often ineffective strategy. Furthermore, increased
insecticide use is often associated with increased environmental
risk and increased production costs. Therefore, current control
options for most viruses transmitted by aphids in a circulative
manner are limited. The development of new control strategies
utilizing innovative options would be facilitated by an improved
understanding of the genetics of virus transmission.

The family Luteoviridae includes the following economically
important viruses: Barley yellow dwarf virus (BYDV, luteovirus),
Cereal yellow dwarf virus (CYDV, polerovirus), Potato leafroll
virus (PLRYV, polerovirus), Soybean dwarf virus (luteovirus), and
Pea enation mosaic virus (enamovirus). These viruses are trans-
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mitted by aphids in a circulative, nonpropagative manner, and
many of the virus species are transmitted specifically by one or a
limited number of aphid species. The circulative route of virus
movement through the aphid body has been well-characterized
(11-13). Ingested virions are actively transported across the gut,
either hindgut or midgut depending on the virus—aphid combi-
nation. Ultrastructural studies indicate that uptake and transport of
the virus through the gut is an active receptor mediated endo-
cytosis process, but the putative receptors mediating this process
remain to be characterized (18,29). Although the gut has been
shown to be a barrier to transmission of CYDV in Metopolophium
dirhodum (Walker) (12) and PLRV in Myzus persicae (Sulzer)
(45), it does not appear to be the principal barrier in most virus—
aphid combinations. Aphids that are not vectors can often acquire
particles through the gut barrier and retain virus in the hemo-
lymph (13,44).

Once virus particles pass through the hindgut barrier into the
hemocoel, little is known about the role of the hemolymph in
facilitating or preventing virus transmission. The aphid endo-
symbiont, Buchnera spp., is known to produce copious amounts
of the protein symbionin, a homolog of Escherichia coli GroEL,
which binds to luteoviruses and other viruses that are transmitted
in a circulative, nonpropagative manner (1,9,52). It has been
postulated that when symbionin binds to virus in the hemolymph
it may protect the virus from the aphid immune system, which is
presumably involved in the recognition of nonself particles in the
hemolymph. Little is known about aphid immune responses or
about insect immune responses to viruses (3,18,30,56).

Virus particles must move from the hemolymph through the
accessory salivary gland in order to be transmitted during feeding
(10,14,37). Virus particles pass through the extracellular basal
lamina and bind to the basal plasmalemma. Transmissible virions
are endocytosed in coated vesicles, fuse with the apical plasma-



lemma, and are released into the salivary canal (18). The putative
receptors regulating virus recognition and transport at the acces-
sory salivary gland have not been characterized.

The aphid Schizaphis graminum (Rondani), commonly known
as the greenbug, is a major pest of grain crops and a vector of
BYDV and CYDV. It has been a useful model insect for studies
on plant resistance, insecticide resistance, and plant responses
(28,41,43). A primary attribute is the ability to induce sexual
forms in the laboratory facilitating crosses between compatible
but genetically different individuals (42). Progeny can be main-
tained indefinitely as parthenogenetically reproducing genotypes,
allowing multiple experiments on genetically identical individu-
als, an opportunity that does not exist with other insect vectors.
Although parthenogenetic reproduction does not ensure complete
genetic stability (31), several phenotypic traits, including virus
transmission, have been shown to be stable over many generations
(40).

The goal of our study was to develop and characterize the F1
and F2 progeny of a cross between two genotypes of S. graminum
that differ in their ability to transmit the RPV strain of CYDV and
the SGV strain of BYDV (34). The hybrid aphid genotypes were
used to study the genetic control of virus transmission phenotypes
at each step along the circulative pathway and to develop an ex-
perimental system that would facilitate the identification of aphid
genes and gene products that regulate the circulative transmission
of plant viruses. We also used real-time reverse transcription-
polymerase chain reaction (RT-PCR) to characterize vector and
nonvector aphid genotypes for their ability to retain CYDV over
time.

MATERIALS AND METHODS

Aphid genotype maintenance and generation of F1 and F2
crosses. Virus-free genotypes of S. graminum, M. dirhodum, and
Rhopalosiphum padi (L.) were maintained as described by Katsar
and Gray (27). The two S. graminum genotypes used as parents
were described previously (20). Genotype F (Sg-F) (39) was pro-
vided by J. Burd (USDA-ARS, Stillwater, OK) and is an efficient
vector of BYDV and CYDV (17). Genotype SC (Sg-SC) was
collected in South Carolina and is an inefficient vector of BYDV
and CYDV (17). To induce sexual forms for mating, aphids colo-
nizing caged barley plants were transferred from growth cham-
bers maintained at 20°C (18-h light) to chambers maintained at
15°C (12-h light) or 13°C (11-h light) and observed weekly for
males and sexual females. To make the F1 cross, virgin female
Sg-SC were placed in cages with male Sg-F. Sg-SC does not pro-
duce males, and thus a reciprocal cross was not possible. To gen-
erate the F2 cross, F1 genotypes were placed in environmental
conditions to induce sexual aphids. Resulting virgin females and
males were mated randomly. No matings of the same genotype
were permitted. Eggs were collected as described by Via (54) and
stored for 3 months at 0 to 4°C. Eggs were placed in dishes con-
taining moist filter paper and fresh barley tissue and incubated at
20°C. First instar nymphs that hatched and survived were indi-
vidually transferred to barley plants and allowed to develop par-
thenogenetically reproducing genotypes that were maintained as
described previously (27).

Virus transmission assays. Oat (Avena byzantina K. Koch cv.
Coastblack) plants inoculated with RPV or SGV 4 to 5 weeks
prior were used as source tissue. Transmission assays were per-
formed as described by Gray et al. (20). Transmission tests for each
F1 genotype were repeated three to five times over a 12-month
period. Transmission tests for each F2 genotype were repeated
two to four times over a 6-month period. Transmission efficiency
was calculated as the percentage of plants infested with viru-
liferous aphids that become infected.

Microinjection of virus into aphids. To determine if the barrier
to transmission was associated with virus movement across the

hindgut, purified RPV was injected directly into the hemocoel of
the parental genotypes, Sg-F and Sg-SC, as well as three F1 and
nine F2 genotypes that were inefficient vectors. If the hindgut was
a transmission barrier, we expected the virus transmission effici-
ency to be increased following virus injection relative to the trans-
mission efficiency following an acquisition feeding period on in-
fected plants. Purified RPV (25) was diluted to a concentration of
40 pg/ml in 0.1 M (K,H/NaH,) PO, and injected directly into the
hemocoel of the aphid. SGV was not used for injection studies
due to the difficulty in obtaining sufficient quantities of purified
virus. Fourth instar or apterous adult aphids were immobilized on
a small vacuum tube, and less than 0.1 pl of purified virus was in-
jected into the hemocoel dorsally at the thorax-abdomen junction
using needles drawn from glass microcapillary tubes and attached
to a Pico-injector apparatus (PLI-100, Medical Systems Corp.,
Greenvale, NY). Injected aphids were allowed to recover in plastic
dishes containing moist filter paper for ca. 1 h before being
transferred to healthy oat seedlings for a 4- to 5-day inoculation
access period (IAP). Five aphids were transferred to each of 8
to 12 oat plants in each treatment. Following the IAP, plants
were fumigated, moved to a greenhouse, and observed for the
development of virus symptoms for 4 to 6 weeks. Asymptomatic
plants and plants expressing mild symptoms were tested by
double-antibody sandwich enzyme linked immunosorbent assay
(ELISA). Sg-F was included in all injection experiments as a
positive control. Injection experiments were repeated seven to
nine times for each F1 genotype and five to seven times for each
F2 genotype.

Serial transmission experiments. To investigate the quantity
of virus acquired and retained by aphids that differ in their ability
to transmit RPYV, a series of serial transmission experiments were
undertaken. Two nonvectors, Sg-SC and M. dirhodum, and two
vectors, Sg-F and R. padi, were compared. Source tissue was cut
into 3- to 4-cm sections and randomly sorted into covered plastic
dishes. Fourth instar and adult apterous aphids were placed in the
dishes and allowed a 48-h acquisition access period. Five aphids
of each species were randomly chosen and frozen individually at
—80°C for real-time RT-PCR (described below). The remaining
aphids were caged, five per plant, on 6-day-old oat seedlings,
allowed a 48-h IAP, and the process was repeated until all of the
aphids were sampled or deceased. Oat plants were fumigated,
placed in the greenhouse, and observed for symptom development
as described previously.

Quantification of virus in whole aphids and in aphid hemo-
lymph. In an attempt to quantify the efficiency of virus move-
ment through the hindgut into the hemolymph of vector and non-
vector S. graminum genotypes, real-time RT-PCR (described
below) was used to determine the relative amounts of virus in-
gested by individual aphids and the amount of virus accumulating
in the aphid hemolymph. R. padi and M. dirhodum were used as
controls for these experiments. R. padi is an efficient vector of
RPV and the hindgut is not a barrier to transmission (12). M. dir-
hodum is not a vector of RPV and the hindgut was reported to be
the principal barrier to transmission (12).

Aphids were fed on RPV-infected or healthy oats for 48 h.
Hemolymph samples were obtained by removing all six legs from
an aphid. Legs contain hemolymph, are easily collected, and
represent a standardized sampling unit that is unlikely to be con-
taminated by virus from the gut. The remainder of the aphid body
was sampled to confirm the aphids fed on source tissue and to
determine the total amount of virus ingested. Any drops of hemo-
lymph that exuded from the body as the legs were removed were
included with the body, not the legs, for consistency of sampling.
The legs and the body were placed in separate tubes containing
50 ul of diethylpyrocarbonate (DEPC)-treated water and flash
frozen in liquid nitrogen and stored at —80°C. Tools used to col-
lect the legs, including a paintbrush and tweezer, were cleaned
between each sample by vigorously agitating them in a solution
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of 5% lauryl sulfate and then in a solution of 10% bleach (5.25%
sodium hypochlorite stock solution). Tools were rinsed in distilled
water and dried with a clean kimwipe. Parafilm was used as a
clean surface on the microscope stage and changed between each
aphid genotype. The legs and bodies of 10 individual aphids that
had fed on RPV-infected tissue were collected for each aphid
genotype in each experiment. Two aphids that had fed on healthy
tissue were included in each experimental treatment as negative
controls.

RNA extraction and cDNA transcription. A modified trizol
extraction procedure was used to extract total RNA from whole
aphids or aphid legs. Two hundred microliters of Tri-Reagent
(Molecular Research Center, Inc., Cincinnati, OH) was added to
the frozen legs or body and the mixture was allowed to thaw on
ice and then homogenized with an RNase-free pellet pestle
(Kontes, Vineland, NJ). The solution was vortexed and incubated
at room temperature for 5 min. Forty microliters of chloroform
was added and the solution was vortexed and incubated at room
temperature for 2 to 3 min. Following centrifugation at 10,000 x g
at 4°C for 15 min, the supernatant was transferred to a new tube.
One hundred microliters of isopropanol and 25 ug of glycogen
(Ambion, Austin, TX) were added to precipitate the nucleic acid,
and the solution was briefly vortexed. Samples were stored over-
night at —20°C and then centrifuged at 16,000 x g for 30 min at
4°C. Pellets were washed with 70% ethanol, dried, and resus-
pended in 50 ul of DEPC-treated water (aphid bodies) or 8 ul of
DEPC-treated water (aphid legs). Prior to reverse transcription,
the nucleic acid samples were treated with DNase to remove re-
sidual genomic DNA (DNA-free, Ambion) according to manufac-
turer instructions. To generate cDNA, 3 or 8 pul of RNA extracted
from the aphid bodies or aphid legs, respectively, was added to a
20-ul reverse transcription reaction with oligo (dT) and random
hexamer primers as provided in the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA). The cDNA reactions were
incubated for 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C.
The real-time PCR step used 3 pl of cDNA from the whole aphid
reactions or 8 ul of cDNA from the aphid leg reactions in a 25-pl
reaction creating a cDNA population representing all RNAs in-
cluding viral RNA.

Real-time RT-PCR. To quantify the amount of RPV ingested
by an aphid and/or moving across the hindgut into the hemocoel,
the amount of viral cDNA represented in the total cDNA pool was
specifically amplified using real-time PCR. Primer and TagMan
probe sequences were designed using RPV GenBank sequences
L25299 and NC_004751 with the assistance of Beacon Designer
3.0 (PREMIER Biosoft International, Palo Alto, CA) and vali-
dated (5) using Lasergene software (DNASTAR, Inc., Madison,
WI). The best set of primers and probe (5) was chosen from the
coat protein region (3744 to 4364 bp). These do not recognize
sequences from other species of BYDV, including PAV (acces-
sions X07653, X56050, and NC_002160) and SGV (accessions
U06865 and U06866). The forward primer (RPVFp3) sequence
was 517 AATCAATAAGTTCACAATCACCAA-3'. The reverse
primer (RPVRp3) sequence was 5'*7-CACCGTTCCCTTTGT-
AAAGAA-3'. The TagMan probe RPVTmp3 (5'-FAM-*'CG-
GAGCTTCCCAGCGAAGATGATC-TAMRA-3") was labeled on
the 5" end with fluorescent reporter dye FAM and quenched with
TAMRA (Integrated DNA Technologies, Coralville, IA) on the 3’
end. PCR analyses were performed according to manufacturer in-
structions with the iQ Supermix (Bio-Rad), except that PCR
volume was 25 pl. Real-time PCR parameters including annealing
temperature and concentrations of primers (200 nM forward and
reverse) and probe (100 nM) were optimized to give >90% reac-
tion efficiency (data not shown). The PCRs were cycled in an
iCycler (Bio-Rad) using the following parameters: 1 cycle at
95°C for 3 min, 40 cycles at 95°C for 15 s, and 62°C for 1 min.
Since there was little variation between wells when run in tripli-
cate in the initial experiments, duplicate wells were run for the
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majority of the assays to reduce overall costs. A water control was
included on each plate. Healthy aphid controls were completed
for each genotype. Aphids spiked with known quantities of RPV
exhibited 0.4 to 1.4% variation in the amount of RPV detected
using real-time RT-PCR. The total amount of RNA extracted from
individual aphids or aphid legs was too small to be quantified
with a spectrophotometer, so the amount of variation in extraction
efficiency between samples was not determined.

Real-time PCR products were initially run on gels to check for
the specificity of the expected 122-bp product. Products obtained
from viruliferous aphids were also sequenced to determine that
only the RPV sequence was being amplified. No contaminating
aphid or plant sequences were observed on the gels or in the se-
quenced products (data not shown).

Quantification of RPV in aphids and hemolymph samples.
An absolute quantification method (6) was used to determine the
amount of RPV RNA in each sample. Briefly, the 122-bp PCR
product was gel-purified (Ultra Clean 15 DNA Purification Kit,
MO BIO Laboratories, Inc., Solana Beach, CA) and a T7 pro-
moter was ligated onto the PCR fragment with the Lign’Scribe
Kit (Ambion). An additional PCR was performed to amplify the
ligated PCR product, and then RNA was transcribed with the
MAXIscript Kit (Ambion). RNA transcripts were treated with
DNAse, precipitated twice, and quantified with a spectropho-
tometer. Transcripts were aliquoted in 5-pl volumes and stored at
—80°C. A standard curve of at least six dilutions, which encom-
passed the linear range of the samples, was generated from viral
RNA transcripts and included on each PCR plate, along with a
water control (6). The concentration of RPV within each sample
was calculated by the iCycler iQ Optical System Software version
3.1 (Bio-Rad) and adjusted for dilution. The assay could reliably
detect a minimum of 500 copies of RPV in a PCR sample (data
not shown).

To determine the reproducibility of the real-time assay, two
separate cDNAs were generated from the same RNA extraction
for each aphid in the serial transmission experiments. These were
consistently parallel and the means overlapped. Therefore, these
data were combined and treated as two separate replications of
the experiment for statistical analysis. RNA did not degrade sig-
nificantly over time, as generation of cDNA from the same RNA
samples after 3 months gave the same results as generation of
cDNA shortly after extraction. Only one cDNA was prepared for
the hemolymph experiments due to limited amount of source
tissue and the fidelity shown in previous experiments.

Statistical analysis. Analysis of virus transmission data was
performed with the Statistical Analysis System version 9.1 (SAS
Institute Inc., Cary, NC). Means and standard errors were gen-
erated using PROC MEANS. Raw transmission efficiency data
were transformed with arcsine(x). Genetic variability among F1
and F2 genotypes was examined by analysis of variance using
PROC MIXED with aphid genotype as a random factor. The
genetic correlation between RPV and SGV transmission was esti-
mated separately in the F1 generation and the F2 generation, as
product-moment correlations of genotype means, r., (55) using
PROC CORR. The transmission efficiency of RPV and SGV for
individual genotypes was compared using a scaled chi-square test
(32). For the serial transmission experiments, the concentration of
RPV in individual aphid bodies was logo-transformed and the
slopes generated with PROC REG. Slopes were compared using
PROC GLM.

RESULTS

F1 genotypes and virus transmission efficiency. Two hundred
and fifty-one fertilized eggs were collected from a cross between
female Sg-SC and male Sg-F. Of these eggs, 46 hatched and a
total of 13 F1 hybrid nymphs survived to establish partheno-
genetically reproducing genotypes.



The mean transmission efficiency of RPV and SGV for the F1
hybrid population was 45 and 41%, respectively, and intermediate
between the two parents, Sg-SC (0%) and Sg-F (84% RPV and
79% SGV) (Fig. 1A). There was significant variation among the
F1 genotypes for the transmission of RPV (0 to 83%, Fj,5 =
9.66, P < 0.001) and SGV (2 to 90%, Fi,4 = 6.29, P < 0.001),
indicating the parents are not fixed for all loci involved in
transmission. The RPV transmission efficiency for five of the F1
genotypes (F1-2, F1-4, F1-5, F1-9, and F1-10) was similar to the
transmission competent parent (Sg-F), whereas three genotypes
(F1-1, F1-8, and F1-13) were similar to the nonvector parent, Sg-
SC. The remaining F1 genotypes exhibited RPV transmission
efficiencies intermediate between the parents (Fig. 2). The trans-
mission efficiency of RPV and SGV was correlated in the F1
(tem = 0.59, P < 0.001) (Fig. 3A), suggesting that one major gene
or a set of closely linked genes affects transmission of both
viruses. However, the F1 genotypes did not always behave
similarly for the transmission efficiency of both viruses. Six of the
F1 genotypes (F1-3, F1-7, F1-9, F1-10, F1-11, and F1-12) dif-
fered significantly (P < 0.05) in their ability to transmit RPV and
SGV (Fig. 2).

F2 genotypes and virus transmission efficiency. Eleven of the
thirteen F1 genotypes were reared under the environmental condi-
tions that induced sexual forms in the parents. Five of the F1
genotypes (F1-1, F1-4, F1-5, F1-9, and F1-11) produced males,
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and nine of the F1 genotypes (F1-1, F1-2, F1-3, F1-4, F1-5, F1-7,
F1-9, F1-10, and F1-11) produced females. Genotypes F1-6 and
F1-8 did not produce any sexuals. Males and females were ran-
domly mated to produce an F2 generation. One thousand ninety-
three fertilized eggs were collected from multiple random crosses,
209 eggs hatched, and 51 individual F2 genotypes produced
parthenogenetic reproducing genotypes.
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Similar to the F1 population, there was significant variation in
transmission efficiency of RPV and SGV among the F2 genotypes
(RPV F52,155 = 326, P < 0001, SGV: F52,155 = 44, P < 0001)
(Fig. 4). Transmission efficiency for RPV and SGV ranged from 0
to 100%. The mean transmission efficiency was 45% for RPV and
41% for SGV, and there was no directional dominance toward
either parental genotype (Fig. 1B). Again, the transmission effi-
ciency of RPV and SGV was correlated (r.,, = 0.57, P < 0.001)
(Fig. 3B); however, the majority of F2 genotypes differed sig-
nificantly in their ability to transmit RPV and SGV (P < 0.05, 30
of 51 genotypes).

Barriers to transmission in S. graminum genotypes.
Injection of purified RPV into Sg-F resulted in transmission
efficiencies similar to those when the aphids acquired virus by
feeding on infected tissue (Tables 1 and 2). While acquisition of
virus from feeding on infected tissue has rarely resulted in Sg-SC
transmitting virus in hundreds of trials over the past 5 years,
injection of purified RPV into the hemocoel increased the mean
transmission efficiency from 0 to 15% (Table 1). These results
indicate that if higher concentrations of the virus accumulate in
the hemocoel, i.e., move across the hindgut barrier, then virus
movement through the accessory salivary glands can occur, albeit
at a lower rate of efficiency than in the vector, Sg-F.

Similar to the results with Sg-SC, injection of purified virus
into the hemocoel of the three F1 genotypes (F1-1, F1-3, and F1-
8), which were inefficient vectors of RPV (Fig. 2), resulted in
only slight increases in transmission efficiency relative to feeding
assays (Table 1). The accessory salivary gland is the principal
barrier to transmission of RPV in these genotypes.

Injection of purified virus into three F2 genotypes (F2-E1, F2-
G5, and F2-12) with intermediate levels of RPV transmission
efficiency (25 to 40%) relative to Sg-F (67%) and Sg-SC (<1%)
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acquisition of A, Cereal yellow dwarf virus-RPV (RPV) and B, Barley yellow
dwarf virus-SGV. The transmission phenotypes of the original parents (Sg-SC
and Sg-F) are noted on the x axis, and Sg-SC x Sg-F F2 genotypes are
arranged from left to right in both A and B in order of increasing efficiency of
RPV transmission. After a 48-h feeding acquisition on infected source plants,
five fourth instar or adult aphids were placed on each of 16 oat plants and
allowed a 5-day inoculation access period. Bars represent the mean of two to
four replicates. Error bars indicate the standard error of the mean.
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also did not significantly increase the transmission efficiency
(Table 2). However, injection of purified RPV into the hemocoel
of six F2 genotypes (F2-C1, F2-C2, F2-D2, F2-K2, F2-M1, and
F2-P1) that were inefficient vectors similar to Sg-SC did result in
increased transmission efficiency with mean transmission effi-
ciency ranging from 19 to 55% (Table 2). This suggests that hind-
gut does play a role in reducing the movement of ingested virus
into the hemocoel of these genotypes. The transmission efficiency
of genotype F2-C2 following virus injection was comparable to
the competent parent Sg-F, suggesting that the hindgut is the
principal barrier to virus movement in this genotype.

Real-time RT-PCR of aphid hemolymph. To further test the
hypothesis that the hindgut can restrict the movement of virus into
the hemocoel, relative amounts of ingested virus and acquired
virus, i.e., virus moving into the hemocoel, were determined using
a real-time RT-PCR assay. Virus levels were measured in three
inefficient vector genotypes of S. graminum: F2-C2, which ap-
peared from the injection experiment results to have an active
hindgut barrier, and Sg-SC and F2-K2, which appear to have less
active hindgut barriers. We also used another inefficient vector of
RPV, M. dirhodum, that was reported to have a hindgut barrier to
virus movement (12). Sg-F and R. padi served as positive con-
trols; both are efficient vectors of RPV that would not be expected
to have any measurable hindgut barrier to virus movement.

Within a given experiment, the amount of virus in the bodies of
the various aphid species and genotypes was comparable (Fig. 5).
This indicates that all aphids ingested similar amounts of virus
and that feeding behavior or ability to extract virus from infected
phloem tissue did not contribute to differences in transmission
efficiency. Analysis of the data revealed a significant experiment—
treatment interaction (P = 0.002) indicating that, as expected, the
amount of virus acquired by each genotype varied between ex-
periments. This can be attributed to several factors including the
quality and virus distribution within the source tissue, and feeding
activity of individual aphids during the 48-h acquisition access
period. This interaction prevented pooling of the data across
experiments.

Virus was detected in the hemolymph of all aphid species and
genotypes albeit at several orders of magnitude less than in the
bodies. Mean levels of virus in hemolymph was similar for most
of the aphid species and genotypes regardless of their vector com-
petency with the exception of genotype F2-C2, which consistently
had a significantly lower amount of virus in the hemolymph.
Furthermore, in 11 of the 30 individual F2-C2 aphids tested over

TABLE 1. A comparison of transmission efficiency of parents and Sg-SC x
Sg-F F1 hybrids after injection of purified Cereal yellow dwarf virus
(CYDV)-RPV into the aphid hemocoel or feeding on source plants infected
with CYDV-RPV#

Sg-SC x Sg-F Fl

Sg-F Sg-SC Fl-1 F1-3 F1-8
3/12 3/8 1/8 118 112
6/8 1/8 08
5/8 5/8 3/8
6/8 s/8 018 4/8 218
5/8 017 018 3/8 177
2/8 1/8 0/9 0/4 /11
4/8 o017 018 118 08
4/8 08 18 1/8 1/8
4/10 1/10 1710
6/8 017 18 08
RPV injection ~ 54+6 15+7 5+2 27+9  13+4
45/86)  (L1/71)  (@&/75)  (15/52)  (9/70)
RPV feeding 83+4 0+0 242 18+4 6+6
(163/196)  (1/195)  (1/75) (9/54)  (4/66)

4 Mean percent transmission * standard error. The number of plants infected
with virus/the number of plants infested with viruliferous aphids (five aphids
per plant) is in parentheses.



the three experiments, the level of virus in the hemolymph was
below the level of detection of the assay (ca. 500 copies). These
aphids were not included in the calculation of the means shown in
Figure 5. Virus levels below the detection limit were only found
in 9 of the 130 other aphids examined in these experiments.
Acquisition and retention of RPV after feeding acquisition.
The experimental evidence suggests that the hindgut is not a
principal barrier to virus movement in most of the inefficient vec-
tor genotypes. Therefore, in the aphid genotypes with low virus
transmission efficiency, either the virus must be blocked from
movement into the accessory salivary glands or it is degraded or

inactivated in the hemolymph. In an attempt to quantify the rate
of virus loss from vectors and nonvectors over time, the amount
of virus acquired and retained was measured using real-time RT-
PCR in two nonvector aphids, M. dirhodum and Sg-SC, and two
vector aphids, R. padi and Sg-F. All aphid species and genotypes,
regardless of vector status, acquired and retained virus over the
course of the experiment (Fig. 6). The rate of virus degradation or
loss due to feeding as measured by the slope of the regression
lines was similar for all four aphids and in both experiments (P >
0.500). The vector species continued to transmit virus near to the
end of the experiment (Table 3). Although the transmission effi-

TABLE 2. A comparison of transmission efficiency of parents and Sg-SC x Sg-F F2 hybrids after injection of purified Cereal yellow dwarf virus (CYDV)-RPV
into the aphid hemocoel or feeding on source plants infected with CYDV-RPV?

Sg-SC x Sg-F F2 clone

Inefficient® Intermediate®
Sg-F F2-C1 F2-C2 F2-D2 F2-K2 F2-M1 F2-P1 F2-El F2-G5 F2-12
4/8 178
10/11 11/12 1/12 8/13 5/13
8/8 2/8 3/8 . 3/8 4/8 3/8
5/8 0/8 0/8 1/9 0/8
4/8 3/9 4/9 2/10 0/12 4/9
1/3 1/4 2/4
4/7 1/8 1/9 1/8 1/8
6/10 3/8 5/8
8/9 6/8 4/8 1/10 377
5/10 2/10 1/10 2/10
7/10 4/8 3/8 2/8 3/6
5/8 2/8 518 6/8
7/8 3/8 4/8
5/8 2/10
517 3/8
4/10 8/12 0/12
3/9 217 0/8 2/8 2/8
6/8 077 4/8 3/6
RPV injection 64+5 29+8 55+11 215 21+£10 19+6 34+9 36+7 22+8 4417
(97/150) (12/41) (32/52) (9/46) (15/66) (10/53) (19/63) (15/42) (9/42) (26/59)
RPV feeding 67+4 3+3 6+0 0+0 0+0 0£0 6+6 25+8 33+6 40+ 16
(195/283) (1/32) (3/48) (0/32) (0/32) (0/32) (2/30) (16/63) (16/48) (19/47)

2 Mean percent transmission * standard error. Calculated as the number of plants infected with virus / the number of plants infested with viruliferous aphids (five

aphids per plant) in parentheses.

b Transmission efficiency of F2 clones was classified as inefficient or intermediate after feeding on CYDV-RPV-infected source plants.

11

-
o
1

w
1

Copies of RPV (Log,,)

L2
1

4

m Bodies
0O Hemolymph

M. dirhodum R. padi

Sg-SC

Sg-F F2-K2 F2-C2

Fig. 5. Real-time reverse transcription-polymerase chain reaction (RT-PCR) of bodies and hemolymph from 10 individual aphids of six aphid genotypes:
Metopolophium dirhodum, Rhopalosiphum padi, Schizaphis graminum genotype SC (Sg-SC), F (Sg-F), and Sg-SC x Sg-F F2 hybrid genotypes F2-K2 and F2-C2.
Aphids were fed on oat tissue infected with Cereal yellow dwarf virus-RPV for 48 h before dissection and RNA extraction. Real-time RT-PCR methods are
described in the text. Error bars represent the standard error of the mean.
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ciency of vector aphids did decrease at the later time points in
most experiments, this was not associated with a decrease in RPV
concentration measured within the aphids. The nonvector species
did not transmit virus at any time point.

DISCUSSION

We found that the transmission of the related BYDV-SGV and
CYDV-RPV is a genetically controlled, heritable trait in S. grami-

num. The genetic control of plant virus transmission by insect
vectors was recognized in early studies of virus—insect interac-
tions. Storey (47) was the first to determine that populations of
the leathopper Cicadulina mbila Naude differed in their ability to
transmit Maize streak virus (family Geminiviridae, genus Mastre-
virus), and phenotypes could be maintained by continued breed-
ing of individuals with the same transmission phenotype. A limi-
tation of most virus—vector genetic studies is the inability to
maintain genetically identical populations for extended periods of

M. dirhodum R. padi
10
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Fig. 6. Real-time reverse transcription-polymerase chain reaction of aphids fed on Cereal yellow dwarf virus-RPV-infected oat plants for 48 h and then serially
transferred to healthy plants. Nonvector aphids A, Metopolophium dirhodum and B, Schizaphis graminum genotype SC. Vector aphids C, Rhopalosiphum padi and
D, Schizaphis graminum genotype F. Five aphids were sampled at each time period and processed individually. An absolute quantification method was used to
determine the concentration of RPV. Two independent cDNA reactions were performed and treated as two experimental replicates. Error bars represent the

standard error of the mean. Data were log;o-transformed before statistical analysis.

TABLE 3. Transmission frequency of Cereal yellow dwarf virus-RPV during serial transmission experiments with Metopolophium dirhodum, Schizaphis
graminum clone SC (Sg-SC), Rhopalosiphum padi, and S. graminum clone F (Sg-F)?

Transmission frequency in days after feeding acquisition

Aphid Experiment 0 2 4 6 8 10 12 14 16 18 20 22
M. dirhodum 1 0/26 0/14 0/10 0/7 0/7 0/5 0/4 0/2
2 0/24 0/15 0/11 0/10 0/7 0/7 0/4 0/2 0/1
Sg-SC 1 0/32 0/28 0/24 0/20 0/13 0/10 0/4
2 0/40 0/31 0/26 0/23 0/11 077 0/4 0/2
R. padi 1 35/35 30/30 24/25 24/24 20/20 18/18 15/15 11/11 4/9 0/6 6/6 0/2
2 40/41 34/35 25/26 20/20 14/14 5/5 212
Sg-F 1 23/48 8/27 3/25 1/9 0/4 0/1
2 522 11/15 7/11 177 1/5 0/3

4 Results are given as the number of positive oat plants per number of plants inoculated with five aphids per plant.
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time. With aphids, we cannot only cross aphid genotypes via sexual
recombination, we can maintain genotypes asexually and perform
multiple, repeated experiments on the same genotype for an in-
definite period. Although there is some evidence of somatic muta-
tions in clonal lineages over time (31), genotypes can be main-
tained for extended periods with stable transmission phenotypes
(40).

Our data indicate that the transmission of luteoviruses by
S. graminum is a multigenic trait. There was significant genetic
variation among the F1 and F2 genotypes for their ability to trans-
mit RPV and SGV. This suggests that the parents are not fixed at
all loci involved in transmission, which is expected for field-col-
lected animals (as opposed to animals from inbred colonies in the
laboratory). The mean transmission efficiency of the F1 and F2
genotypes in our study was intermediate between that of the mean
transmission efficiency of the parents, indicating no directional
dominance for either RPV or SGV transmission. This also indi-
cates that transmission phenotype is inherited in an additive,
rather than a dominant or epistatic, manner. Papura et al. (36) and
Dedryver et al. (7) have investigated the BYDV-PAV transmission
phenotype of F1 populations of Sitobion avenae generated from
crosses between genotypes that differ in transmission efficiency
or from selfed inefficient vectors. Similar to our results, the indi-
vidual F1 genotypes varied in their ability to transmit BYDV-PAYV,
allowing them to conclude that transmission phenotype is poly-
genic, with a degree of additivity among the genes involved (7).
In leafthoppers, breeding of individuals with different transmission
phenotypes revealed the transmission of maize streak was in-
herited as a simple dominant Mendelian factor that was linked to
the sex of the insect (47). Others have investigated the genetics of
circulative nonpropagative and circulative propagative virus trans-
mission in leathoppers and not all are controlled by a single domi-
nant gene (57). The susceptibility or refractiveness of Aedes spp.
and Culicoides spp. to viral diseases has generally been found to
involve one major gene, with minor genes affecting the interac-
tion in some cases (22,26,33,49). However, in other systems,
vector competence is multigenic (50,51). The inheritance of sus-
ceptibility to dengue-2 virus is different in Aedes albopictus and
A. aegypti (21,22). It is clear that the genetics of virus transmis-
sion is specific to virus—insect combinations and no generalities
can be inferred.

We found a statistical correlation between the transmission of
RPV and SGV, suggesting that some of the genes involved in
transmission could be shared. However, individual genotypes
transmitted RPV and SGV at significantly different rates. We
speculate that genes involved in transmission could include pro-
tein receptors associated with virus recognition and cellular trans-
port, hemolymph factors, and contributions from endosymbionts,
some of which would interact with both RPV and SGV in the
same manner, and others that may discriminate between the two.
This is the first evidence to our knowledge that the transmission
of two related viral species can be controlled by different genes
within the same insect genotype, and these genes can be inherited
independently. Preliminary estimates of the number of genes in-
volved in our system indicate there are very few aphid genes con-
trolling luteovirus transmission (unpublished data). This suggests
that a mapping strategy to identify genes would be successful.
The genotypes developed here will be useful in that effort.

The location of the transmission barrier (gut or salivary gland)
within the aphid is important for understanding the movement of
virus through the aphid and where the genes involved in trans-
mission may function. Storey (48) was the first to demonstrate
that transmission-inactive leathoppers were unable to transmit a
circulative virus due to a block in the virus movement from the
gut to the hemolymph. In A. aegypti, gene candidates for the
transmission of Plasmodium and dengue-2 virus have been identi-
fied, many of which are differentially expressed in the gut (15,
35). Aphid proteins which bind to luteoviruses in vitro have been

isolated and in some cases identified (9,29,46), but it is unknown
how they function with respect to virus transmission. We used a
combination of injection experiments and real-time RT-PCR to
show that transmission barriers present in the parents were sepa-
rated in the progeny. The vector parent, Sg-F, is not postulated to
contain a barrier to transmission. However, there is evidence to
suggest that a partial barrier may exist. First, the transmission of
BYDV and CYDV by Sg-F averages 60 to 80%, but does not
often approach rates of 100%. RPV transmission rates of 100%
are regularly achieved with the vector R. padi (Table 3) (40).
Additionally, several F2 genotypes transmitted RPV and SGV at a
rate of 100%. Although there were fewer trials for the F2 geno-
types than for Sg-F, these results suggest that Sg-F is not homo-
zygous for all genes facilitating transmission. A combination of
the gut and salivary gland barriers were found to prevent trans-
mission of RPV in the nonvector parent Sg-SC based on the re-
sults of injection experiments. The amount of RPV in the hemo-
lymph of Sg-SC could not be distinguished from vector genotypes
using real-time RT-PCR, demonstrating the gut is not an absolute
barrier.

If the barriers to transmission operating in Sg-SC are under
genetic control, then they will likely segregate in the F1 and F2
hybrid populations. In the three F1 genotypes tested and in the
majority of the F2 genotypes, injection results were similar to Sg-
SC, indicating the principal barrier to transmission was not the
gut. A partial, but not complete, barrier to transmission in the gut
was identified using injection in genotype F2-C2, and this result
was confirmed using real-time RT-PCR. As described previously,
we did not have an internal control for hemolymph RNA levels
and some of these low levels of virus could have been due to less
than optimal RNA extraction or quality, but it is unlikely that this
is solely responsible for the low levels of virus detected in the
genotype F2-C2. Further experiments with F2-C2 have suggested
that the gut barrier is overcome by feeding aphids on highly
concentrated, purified RPV (F. Gildow, unpublished data). The
gut has been shown to be a barrier to transmission of BYDV-RPV
in M. dirhodum based on recovery of viable virus from the hemo-
lymph (12) and a barrier to a strain of PLRV in Myzus persicae
based on injection of virus into the hemocoel (45). However, the
gut does not appear to be a principal barrier in most virus—aphid
combinations (12), and we did not observe a gut barrier to the
movement of RPV across the gut in M. dirhodum in our study
using real-time RT-PCR of aphid hemolymph. Real-time RT-PCR
is a much more sensitive technique than that used previously (12),
and does not distinguish between viable and nonviable virus
particles. Additionally, transmission efficiency can be related to
the amount of virus acquired from source tissue, and titer within
the aphid (19,38). The gut may serve as a rate-limiting barrier to
transmission, i.e., allowing virus to pass, but limiting the move-
ment of virus and thus lowering transmission efficiency. This
seems to be the case with genotype F2-C2.

The role of the hemolymph in permitting or preventing virus
transmission is not known. Previous studies have used immuno-
logical techniques (ELISA) to study acquisition and retention of
luteoviruses by aphids (4,8,23,24). In these studies, virus is ac-
quired by the insect and immunological detection decreases
rapidly over a period of 1 to 2 weeks, suggesting the virus is de-
graded or otherwise altered. We used real-time RT-PCR to show
that aphids acquired and retained virus in their bodies for up to
24 days. A rapid degradation of viral RNA was not detected and
since unprotected RNA would not be stable, a degradation of
virus particles is not a likely reason to explain the loss of
transmission in this system. The transmission of virus by vector
aphids decreased slightly over time, but this was not associated
with a decrease in virus concentration within the aphid. Note that
we were detecting viral RNA, not coat protein. To explain previ-
ous immunological results, we can speculate that viral capsids
could be altered by factors in the gut or hemolymph, masking the
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epitopes required for antibody recognition. The aphid endosym-
biont Buchnera is known to produce symbionin, a homolog of
E. coli GroEL, which can bind nonspecifically to luteovirus and
other viruses that are transmitted in a similar manner (1,2,9,
52,53). It has been postulated that symbionin can protect viruses
from degradation during movement through the aphid (52,53).
The parental genotypes used here and other S. graminum geno-
types tested do not harbor known secondary symbionts, although
they do contain Buchnera spp. (N. Moran, personal communi-
cation). The virus must pass through the gut via formation of
vesicles in the apical plasmalemma (11,12,18). This process, or
chemical alterations in the hemocoel, could alter the viral capsid
structure. Additionally, the aphid immune system is presumably
involved in the recognition of nonself particles in the hemolymph
and could play a role in sequestering or altering virions. Very little
is known about insect immunity, and immunity against viruses in
particular (3,18,30,56).

While it has long been suggested that virus transmission was at
least partially under genetic control, this study offers direct evi-
dence not only that multiple genetic factors regulate the circula-
tive transmission of plant viruses, but also that different loci regu-
late the circulative transmission of two related virus species that
share a common vector and mechanism of transmission. Further-
more, this is the first example to demonstrate that multiple geneti-
cally controlled barriers to circulative transmission can exist with-
in an aphid species and that these different barriers can be isolated
using a genetic strategy. Additionally, we have shown that virus is
not degraded in the hemolymph as a mechanism of preventing
virus transmission by nonvectors. Previous work has demon-
strated the utility of S. graminum as a workable genetic system for
looking at the genetics of host and insecticide resistance (28,43).
Our work now demonstrates the utility of this aphid as a model
for investigating the genetics and genomics of circulative plant
virus transmission. Through these studies, we will be able to
better understand the specificity of vector—virus interaction and
the evolution of this interrelationship.
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