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Abstract
Discovering mechanisms of plant–virus–vector interactions is fundamental to understand their ecology and evolution and to 
apply this knowledge in plant protection. To study the influence of varying Barley yellow dwarf virus (BYDV) transmission 
efficiencies on host plant preference of Rhopalosiphum padi (L.) clones, we performed host choice experiments with two 
barley cultivars (BYDV susceptible cv. ‘Rubina’ and BYDV tolerant cv. ‘Vixen’) including healthy and virus-infected plants. 
For the susceptible barley cultivar ‘Rubina’, aphid clone R07 (high transmission efficiency) preferred BYDV-infected over 
healthy host plants after 24 h, while clones D10 (medium transmission efficiency) and R09 (low transmission efficiency) 
preferred neither host. In contrast, BYDV infection of ‘Vixen’ did not affect the plant’s appeal for aphid clone R07. Host plant 
access, indicated by ingestion and observed by electrical penetration graph technique for a period of 2 h, was facilitated on 
BYDV-infected cv. ‘Rubina’ for the clones R07 and D10, whereas an opposite effect was observed for the clone R09. For R07 
and R09, the difference was not visible after a period of 5 h. As observed earlier for BYDV-infected wheat, enhanced emission 
of volatile organic compounds associated with virus-induced attraction was detected for BYDV-infected cv. ‘Rubina.’ It is 
concluded that host plant preference is possibly linked with a high BYDV transmission efficiency as observed for the clone 
R07, leading to a fitness advantage of this clone as indicated by early increased ingestion. This advantage is not present on 
BYDV-tolerant genotypes most likely due to the absence of infection symptoms.

Keywords Rhopalosiphum padi · Barley yellow dwarf virus · Aphid–virus–plant interaction · Induced volatiles · Aphid 
clone · Host–plant selection

Key message

• Aphid populations of a species are composed of different 
clones that may differ in their skills. Here, it is studied 
how clone-specific BYDV transmission efficiency may 
affect host preference of the aphid species Rhopalosi-
phum padi.

• Changes in volatile emission due to Barley yellow dwarf 
virus infection in a susceptible cultivar only attract 
the clonewith a high transmission efficiency for BYDV.

• Our data indicate that this skill may provide ecological 
benefits for such aphid clones.

• A tolerant BYDV-infected barley variety does not attract 
these clones.
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Introduction

The interactions between plants, plant viruses and arthro-
pod virus vectors are multitrophic and complex. Discover-
ing the mechanisms mediating these interactions is fun-
damental for understanding their ecology and evolution 
and for the implementation of this knowledge in plant 
protection, e.g., for the assessment of tolerant/resistant 
plant varieties. One aspect is that virus infection changes 
plant physiology which affects the biology of insect vec-
tors. Positive vector responses such as attraction to virus-
infected plants may be advantageous for the virus by pro-
moting its spread as has been shown for the interaction of 
different aphid species with plants infected by persistently 
transmitted and phloem-located viruses (summarized in 
Dáder et al. 2017). Another aspect is that the efficiency of 
virus transmission can differ significantly between clones 
within a species, as has been shown for Rhopalosiphum 
padi and Sitobion avenae and the Barley yellow dwarf 
virus (BYDV) (Habekuss et al. 1999; Bencharki et al. 
2000).

Aphids find their host plants by using plant volatile 
organic compounds (VOCs) for orientation (Powell et al. 
2006). Depending on the host range of the aphid species, it 
uses specific VOCs as host and non-host cues during host 
finding. In some cases, aphids respond to increasing con-
centrations of individual compounds; in other cases, only 
ratios between different compounds in a mixture seem to 
be of importance for host identification (Bruce et al. 2005; 
Döring 2014). Plant-emitted VOCs also depend on the 
physiological status and may act as an indicator for host 
suitability. For example, in the bird cherry-oat aphid R. 
padi, susceptible wheat plants infected with BYDV were 
shown to be more attractive for aphids than non-infected 
plants (Ingwell et al. 2012), leading to shorter develop-
ment times of the aphids (Jiménez-Martínez et al. 2004a). 
Subsequent work of Jiménez-Martínez et al. (2004b) and 
Medina-Ortega et al. (2009) showed that non-viruliferous 
R. padi preferred the odor of susceptible BYDV-infected 
wheat cultivars over healthy plants, whereas there was no 
preference for a transgenically modified tolerant wheat 
line.

The BYDV strain PAV of the genus Luteovirus is a 
persistently transmitted and phloem-located virus that is 
transmitted, e.g., by the aphid species R. padi (Slykhuis 
1967; Jensen 1969). Transmission takes place when 
aphids are secreting saliva into sieve elements at the point 
of initial sieve element penetration (Prado and Tjallingii 
1994; Gray and Gildow 2003; Tjallingii 2006). The Bar-
ley yellow dwarf disease, caused by BYDV, infects bar-
ley as well as a large number of other cereals worldwide 
(D’Arcy 1995). Symptoms of a BYDV infection in barley 

are stunting and characteristic leaf discolorations (Rochow 
1961), while on the cellular level phloem degeneration is 
observed for susceptible plants together with a decreased 
size of sieve elements and xylem vessels (Esau 1957; Paul-
mann et al. 2018). In order to control the spread of vec-
tor transmitted viruses, to reduce plant infection and to 
prevent BYDV-associated economic losses, tolerant geno-
types can be used. BYDV tolerance in cultivated barley is 
mediated by the genes Ryd2 (Schaller et al. 1964), Ryd3 
(Niks et al. 2004) as well as additional quantitative trait 
loci (QTL; Scheurer et al. 2001). Ryd2 has been integrated 
into several barley cultivars, e.g., ‘Vixen’ (Parry and Hab-
good 1986).

Until now, the influence of genetic variation of aphid 
clones within an aphid species (Loxdale, 2008) has not 
been taken into account when observing host choice and a 
response to virus infection. Aphid clones show variations 
with regard to different parameters like host range (Ferrari 
et al. 2006), aphid behavior (Braendle and Weisser 2001) 
as well as in their efficiency to transmit viruses like BYDV 
(Habekuss et al. 1999).

In this study, we studied healthy and BYDV-infected sus-
ceptible and tolerant barley genotypes with three selected R. 
padi clones, differing in their ability to transmit BYDV, to 
answer two questions:

 (i) Does breeding-based BYDV tolerance of a bar-
ley genotype influence the host choice of R. padi 
between healthy and BYDV-infected plants?

 (ii) Is R. padi preference for a BYDV-infected susceptible 
barley genotype affected by the ability of that aphid 
clone to transmit BYDV?

Materials and methods

Aphid rearing

Rhopalosiphum padi clones R07 and R09 were collected in 
2001 in Russia near St. Petersburg, and D10 was collected 
in 2000 near Flensburg in Germany. After they were col-
lected, all clones were separately reared in a parthenogenetic 
state in perspex cages with large gauze-covered windows on 
14–28-day-old plants of Hordeum vulgare cv. ‘Rubina’ in 
a greenhouse. Environmental conditions were set to 20 °C 
with a 16-h:8-h light/dark regime. BYDV-PAV-infected 
aphids were reared in a growth chamber under comparable 
environmental conditions as described above.

Plant materials

Hordeum vulgare cv. ‘Rubina’ (BYDV-susceptible) and H. 
vulgare cv. ‘Vixen’ (Ryd2-tolerant) plants were grown in 
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a greenhouse at 20 °C under artificial lightning to main-
tain a 14-h:10-h L/D period. At the two-leaf stage (BBCH 
12), plants of each genotype were infested with virus-free 
(sham) and viruliferous aphids (carrying BYDV-PAV; Šip 
et al. 2006) of the R. padi clone R07, respectively, using 
custom-made insect clip-cages with five aphids/plant. To 
ensure a sufficient virus transmission, an incubation period 
of 48 h was used (Gray et al. 1991). Subsequently, aphids 
were removed mechanically and all plants were sprayed with 
an insecticide (Confidor®; Bayer, Germany, concentration 
0.035%). Treated plants were cultivated in a growth chamber 
under environmental conditions as described above.

After an incubation period of 4–5 weeks, experiments 
were conducted using BYDV-infected ‘Rubina’ plants that 
showed infection symptoms (stunted growth and yellow dis-
coloration of leaves). Symptom based selection of BYDV-
infected plants was not possible for the tolerant plant geno-
type ‘Vixen’ due to the absence of infection symptoms.

DAS‑ELISA

The BYDV infection status of all plants from both genotypes 
was tested by using a double-antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) to ensure that 
BYDV plants were infected and sham plants are free of 
BYDV infection. For DAS-ELISA, 50 mg leaf material 
of each plant was collected and tested according to Clark 
and Adams (1977) using a polyclonal antiserum (against 
BYDV-PAV) produced at the Julius Kühn Institute (JKI). 
After 1 h of incubation with the substrate (p-nitrophenyl 
phosphate), extinction (EXT) was measured at 405 nm with 
a microtiter plate absorbance reader model Sunrise (Tecan 
GmbH, Grödig/Salzburg, Austria). The extinction inten-
sity is a measure of the relative virus content/titer. Lyophi-
lized leaf samples of healthy barley plants were included 
as ‘negative controls’ in the test. The threshold for a posi-
tive BYDV-PAV infection was calculated at EXT of > 0.06 
( x(mean negative control) + 3 ∗ STD ). In the different 
choice experiments, plants with an EXT value below the 
threshold were excluded from further analysis.

BYDV transmission test

Randomly selected adult apterous aphids of the R. padi 
clones R07, R09 and D10 from the JKI were collected, and 
BYDV-PAV transmission tests as reported by Habekuss 
et al. (1999) were conducted on H. vulgare cv. ‘Rubina’. 
The infection rate (percent infected plants) as well as the 
virus titer of the infected plants was determined by using 
DAS-ELISA (see above). Three independent replications 
were conducted with approximately 50–60 plants each.

Aphid behavior observed with the electrical 
penetration graph technique

Randomly selected adult apterous aphids of the R. padi 
clones were prepared for behavior observation by EPG 
measurements (Tjallingii 1978) as previously described 
(Schliephake et al. 2013). EPGs of the R. padi clone R07 
were recorded on the H. vulgare genotypes ‘Rubina’ and 
‘Vixen’, while the R. padi clones R09 and D10 were only 
placed on H. vulgare cv. ‘Rubina’. Aphids were placed on 
the lower side of the youngest mature leaf, the EPG record-
ing period was set to 5 h, and recording was started directly 
after all aphids were placed on respective leaves. For the 
EPGs, the GIGA-8 EPG amplifier and EPG stylet software 
(EPG Systems, Wageningen, The Netherlands) were used. 
Data analysis was conducted with the EPG stylet analy-
sis module, and EPG waveform identification was done 
according to Tjallingii (1978) and Tjallingii and Hogen 
Esch (1993), using the Excel-based analysis tool (version 
10.8, Schliephake et al. 2013). For every test, new plants 
and aphids were used with n = 16 for each aphid clone/
plant cultivar/treatment. Only those recordings that showed 
plant contact by the aphid within the first hour were ana-
lyzed. In total, four parameters (s_Np—summed duration 
of the absence of contact of the aphid’s stylet with the plant 
(termed non-penetration); s_C—summed duration of stylet 
pathway activities inside the apoplast including short cell 
penetrations; s_E2—summed duration of ingestion of sieve 
element sap from sieve elements; s_F—summed duration of 
penetration difficulties) were selected for treatment compari-
son due to their basic relevance for host plant acceptance and 
accession. The duration of the respective EPG parameters 
was summed up at hourly intervals over the recording time 
of 2 and 5 h.

Choice test

To observe short-term host choice (2 h, Jiménez-Martínez 
et al. 2004b) and long-term host preference (24 h) of the 
single R. padi clones, dual-choice tests were conducted. For 
this purpose, a choice arena (see Fig. S1 for arena design) 
was developed out of a plastic food box with side lengths of 
5 cm × 9 cm, a height of 6 cm and an inner volume of 258 
 cm3. Holes were cut in a height of approximately 3 cm and a 
spacing of 3 cm in the opposite longer sides of the container, 
and intact mature leafs that were still attached to the plant 
were pulled through the holes (one from a healthy and one 
from a virus-infected plant). The holes were subsequently 
sealed with foamed plastic. To allow aphids to climb toward 
the leaves, the inner walls of the plastic container between 
the holes were covered with filter paper. Thirty randomly 
selected adult apterous aphids were collected from virus free 
H. vulgare cv. ‘Rubina’ and were placed in the centre of the 
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container. R. padi clone R07 was tested on the H. vulgare 
genotypes ‘Rubina’ and ‘Vixen’, while the R. padi clones 
R09 and D10 were tested on H. vulgare cv. ‘Rubina’, only. 
Aphids on the leaves were counted in intervals of 15 min 
during the first 2 h and again after 24 h. Choice tests were 
randomized and conducted under greenhouse conditions 
(cf. aphid rearing). Two independent replications were con-
ducted for each aphid/plant combination with n = 15 for each 
replication.

Analysis of volatile organic compounds

To compare the volatiles of virus-free and infested barley 
plants, the air of the headspace was collected from the differ-
entially treated BYDV-PAV-infected vs. uninfected ‘Rubina’ 
plants. Only one plant was grown in one pot, since an analy-
sis of infected vs. uninfected ‘Vixen’ and ‘Rubina’ plants 
grown with 11 plants per pot, allowed to separate the plant 
cultivars ‘Vixen’ and ‘Rubina’ from each other on the basis 
of their volatile emissions by PCA, but a discrimination of 
sham and BYDV-infected plants was not possible. Detailed 
information about the volatiles analysis of H. vulgare cv. 
‘Vixen’ and ‘Rubina’ (BYDV-infected and sham) is provided 
in supplementary material.

The abiotic conditions during headspace collections were 
20 °C ± 1 °C, about 50% ± 5% relative humidity (RH) with 
daylight. Plant volatile collections were started between 
9:00 and 12:00 o’clock local time. The entire setup was 
wrapped in a flexible polyethylene bag (Toppits ®, Cof-
resco Frischhalteprodukte GmbH & Co. KG, Minden, Ger-
many). The bag was closed at the top by a cable tie. Prior 
to tightly closing the top, two Teflon tubes were inserted 
into the opening. Through one of these devices, an adsorp-
tion tube (5 mg activated charcoal filters, Gränicher and 
Quartero, Daumazan, France) was inserted into the bag. 
Air was pulled through the adsorption tube with the use of 
an air-sampling pump (SKC 224-PCXR8KV series, SKC 
Inc., Houston, TX, USA) for 24 h at 0.5 l/min. The flow 
was measured by a battery-operating flowmeter (Aalborg® 
Model GFM17, 0–1000 ml/min He, Aalborg Instruments 
& Controls Inc., NY, USA). Through the other tube, char-
coal-filtered air could passively enter into the experimental 
setup. The VOCs were eluted from the filters with 50/50% 
methanol/dichloromethane containing an internal standard 
(1 ng/µl 1-bromooctane, Aldrich, purity 97%). The samples 
were stored at −20 °C. Prior to analysis by gas chromatogra-
phy (see below), the eluted samples were concentrated under 
a stream of nitrogen to a volume of approx. 6 µl.

Extracts sampled from single plants were analyzed by gas 
chromatography–flame ionization detection (GC–FID) using 
an Agilent gas chromatograph 6890 N, fitted with a Mach-
erey–Nagel Optima-5 column (30 m × 0.25 mm i.d., film 
thickness = 0.25 μm). Detector and injector temperatures 

were set at 250 °C. The following oven temperature pro-
gram was used: heating from 45 to 210 °C at a rate of 3 K/
min. This final temperature was held for 21.5 min. Carrier 
gas was hydrogen with a constant flow rate of 1.1 mL/min 
(splitless). Mass spectrometry was performed using a Single 
Quadrupole Agilent MSD 5975B/GC 6890 N using the same 
column and oven temperature program as above. Helium 
was used as carrier gas with a flow rate of 1 mL/min. Mass 
spectra were recorded in EI + mode. The ionization energy 
was set to 70 eV.

Identification of the detected compounds was based on 
their relative retention times and their mass spectra in com-
parison with those observed for pure standard substances. 
The other compounds were tentatively identified by com-
parison of mass spectra and retention indices (calculated 
according to van den Dool and Kratz (1963)) with those 
recorded in the Adams and NIST mass spectral databases 
and the previously published data (Adams 2014; NIST 
Chemistry WebBook 2002). The retention indices of indi-
vidual components were calculated using a series of n-alk-
enes (C8–C40). Compounds for which proper identification 
was not possible were defined as “unknown” and included 
in the analysis. Relative proportions of volatile organic com-
pounds were calculated by setting the sum of all selected 
compounds to 100%.

Statistics analysis

For analyzing extinction values of BYDV-PAV-infected 
plants (EXT > 0.06) infested by different R. padi clones, 
mean values were compared by analysis of variance follow-
ing the post hoc mean value comparison according to Tukey 
HSD (α = 0.05). BYDV-PAV infection rates were compared 
pairwise by using the Chi-square test. For analyzing choice 
test results, aphid numbers on sham and BYDV-infected 
plants were grouped for the respective time points with 
regard to clone and plant genotype and were first checked 
for normal distribution with the Shapiro–Wilk W test before 
applying a t-test (two-tailed). Due to the absence of normal 
distribution, a Mann–Whitney U post hoc test was used to 
compare aphid behavior data from EPG recordings after 
EPG parameter analysis by an Excel-based analysis tool 
(version 10.8, Schliephake et al. 2013).

Statistical tests were conducted by using R and R Studio, 
version 3.6.2 (R Development Core Team, 2008), includ-
ing the packages ‘car’ (Fox and Weisberg 2019), ‘lsmeans’ 
(Lenth 2016) and ‘emmeans’ (Lenth et al. 2019).

Differences in quantities of individual compounds among 
the different treatments were compared by Mann–Whitney U 
post hoc tests corrected by Benjamini–Hochberg. Addition-
ally, we analyzed the chemical dataset by a principal com-
ponent analysis (PCA) (Wold et al. 1987) using the software 
program SIMCA-P 14.1 (Umetrics AB, Umeå, Sweden). 
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The results of a PCA are usually discussed in terms of the 
loading plot, which describes the relationships between the 
variables with regard to the PCs (Eriksson et al. 2001).

Results

Differences in BYDV‑PAV transmission 
between aphid clones

In order to measure aphid clone-specific virus transmission 
efficiency, plants were infested by BYDV-carrying aphids of 
different clones. Relative BYDV-PAV virus titer was meas-
ured by DAS-ELISA. Replicated infection experiments were 
combined for further analysis of the infection rate and the 
relative virus titer because statistical comparison of replica-
tions from one aphid clone by t-test did not show any sig-
nificant differences with regard to extinction. The pairwise 
comparison of infected and uninfected plants by Chi-square 
test shows that the infection rates differ between plants that 
were infested by R. padi clones D10 (n = 156, Infection 
rate 57.7%) and R07 (n = 153, Infection rate 90.2%) (χ2 (1, 
n = 309) = 42.19, p < 0.001) and between the clones R07 and 
R09 (n = 166, infection rate 53.6%) (χ2 (1, n = 319) = 51.92, 
p < 0.001) revealing the highest infection rate for R07. No 
difference with regard to infection rate was detected between 
the clones D10 and R09 (χ2 (1, n = 322) = 0.54, p = 0.46). 
One-way ANOVA was conducted to compare the effects of 
R. padi clones (D10, R07 and R09) on BYDV-PAV virus 
titer of plants (Fig. 1). Extinction depended significantly on 
the aphid clone (df = 2, F-value = 361.53, p < 0.001). Post 
hoc test comparison (Tukey HSD) indicated that the mean 

extinction values differ significantly between the three aphid 
clones tested (Table 1) with the highest extinction for R07 
and the lowest for R09. In summary, the R. padi clone R07 
showed the highest infection rate and plants infected by 
BYDV via R07 showed the highest relative virus titer.

Susceptibility of H. vulgare genotypes to aphid 
clones

EPG recordings were conducted to study potential basic 
differences in host plant acceptance and accession of dif-
ferent R. padi clones within both treatments (sham and 
BYDV-infected) of the plant cultivars used. While a pro-
longed period without plant contact (s_NP) indicates a lower 
acceptance of the host, increased pathway activities of the 
stylet (s_C) and penetration problems (s_F) indicate difficul-
ties in finding the sieve elements, while decreased ingestion 
indicates difficulties in establishing a long-term feeding site. 
An increase of ingestion (s_E2) indicates access to sieve 
elements.

Significant differences (p < 0.05, Mann–Whitney-U test) 
between treatments (Table 2) were observed after 2 h of 
recording for E2 for all clones and plant genotypes. Ingestion 
from BYDV-infected plants increased for aphid R07 and R10 
on cv. ’Rubina’ and decreased for R07 on cv. ’Vixen’ and for 
R09 on cv. ’Rubina’. While the observed difference between 
the two treatments was detected after a 5-h period for D10 as 
well, this difference got lost for other clones on the respec-
tive H. vulgare cultivars. No other significant differences for 
aphid behavior were observed for the clones D10 and R09. 
However, R07 showed increased penetration problems after 
2 h on BYDV-infected ‘Rubina’ and pathway activities of 
the stylet are decreased after 5 h on BYDV-infected ‘Rubina’ 
and on sham ‘Vixen’ plants.

Based on the percentages of the respective behavio-
ral parameters (Fig. 2), strong variations can be observed 
between the clones on sham and BYDV-infected plants. For 
example, the percentage of s_E2 for R07 and D10 on sham 
plants cv. Rubina is lower than for clone R09 at both time 

Fig. 1  Relative virus titer  of BYDV measured by DAS-ELISA and 
displayed as extinction in leaf samples of H. vulgare cv. ‘Rubina’ 
after inoculation with R. padi clones D10 (n = 90), R07 (n = 138) and 
R09 (n = 80), respectively. The red dot indicates the mean and black 
lines the median, and whiskers show the upper and lower 1,5xIQR 
(interquartile range). Statistical test: ANOVA, Tukey HSD post hoc 
test: p < 0.001. Different letters indicate significant differences

Table 1  Influence of R. padi clones on relative virus titer (mean 
extinction values) of infected H. vulgare cv. ‘Rubina’ plants

Relative virus titer was measured in leaf tissue by using DAS-ELISA, 
and mean values were compared by using post hoc test. Means on the 
same column followed by different letters are significantly different 
(Tukey HSD; p < 0.05). N indicates the number of plants successfully 
infected by respective clones, and SD indicates standard deviation

R. padi clone N infected Mean EXT 
[405 nm]

SD

R07 138 2.58a ± 0.38
D10 90 1.87b ± 0.63
R09 89 0.80c ± 0.47
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points. While the proportion is higher for both clones on 
BYDV-infected plants, the proportion of s_E2 decreases for 
R09. Also striking is the high proportion of s_C for R07 on 
BYDV-infected plants of cv. ’Vixen’ and the high propor-
tion of s_NP for clone R09 on BYDV-infected plants of cv. 
’Rubina’.

Short‑term and long‑term host choice of single R. 
padi clones

In order to test the influence of BYDV infection on host 
choice of aphid clones on the H. vulgare cvs. ‘Rubina’ and 
‘Vixen, choice tests were conducted for a period of 2 and 
24 h. During the observation period of 2 h, aphids on leaves 
were counted in intervals of 15 min. There was no prefer-
ence for either plant treatment (BYDV-infected or sham) 
by any aphid clone during the observation period for the 
cultivars tested (Fig.  3; ANOVA, Tukey HSD post hoc 
test: p > 0.05). In contrast to the first 2 h, significant differ-
ences were detected regarding plant preference after 24 h 
(Fig. 4). In this context, the R. padi clone R07 significantly 
prefers BYDV-infected cv. ‘Rubina’ (Fig. 4a, two-tailed 
t-test: *p < 0.01, n = 9–15). Infected plants of both cultivars 
showed a high virus titer, but a significantly higher relative 
titer was detected for the cv. ‘Vixen’ (Fig. S2). With regard 
to differences when observing host choice of the clones D10, 
R07 and R09 on cultivar ‘Rubina’ (Fig. 4b, two-tailed t-test: 
*p < 0.01, n = 8–15) only R07 shows a significant preference 
for the virus-infected plants as described above. However, 

there appears a slight, but not significant, tendency for the 
clone D10 to prefer BYDV-infected plants. 

Volatiles analysis of H. vulgare cv. ‘Rubina’ 
(BYDV‑infected and sham)

A principal component analysis (PCA) was used to compare 
the volatile patterns of plants of the cultivar ‘Rubina’ not 
infected and infected with BYDV-PAV with respect to the 
relative quantities of their volatile compounds (relative to the 
sum of quantities of all compounds). In this trial with single 
potted ‘Rubina’ plants, the PCA (Fig. 5) explained a total of 
67.6% of the variance of the data with 52.7% by the first and 
14.9% by the second principal component. The score plot 
(Fig. 5a) of the relative amount of volatile compounds of the 
two different treatments showed that non-infected ‘Rubina’ 
plants (R−) cluster together and infested ‘Rubina’ plants 
(R +) cluster together based on their chemical profiles. In 
the loading plot, variables not explaining the separation of 
the clusters are generally located toward the zero origin and 
the more important variables are located on the periphery 
of the plot (Fig. 5b). The location of Z-linalool oxide and 
copaene on the left side and hexanal or hexyl formate on 
the right side of the PC1 axis indicates important variables, 
which are responsible for the separation of infected plants 
from non-infected plants. The PCA presented here reveals a 
strong shift in the relative proportion of the compounds due 
to infestation by BYDV. Table 3 shows that most compounds 

Fig. 2  Percentage of behavioral 
parameter duration during the 
recording periods of 2 h and 
5 h for the R. padi clones R07, 
D10 and R09 on sham-treated 
and BYDV-infected plants of 
the H. vulgare cv. ’Rubina’ 
and ’Vixen’. The parameters 
s_Np (non-penetration), s_C 
(stylet pathway activities), s_E2 
(ingestion of sieve element sap) 
and s_F (penetration difficul-
ties) were selected for treatment 
comparison
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are emitted in significantly higher proportions in infested 
plants compared to non-infested plants. 

Discussion

Complex interactions between plants, insect virus vectors 
and viruses can have different outcomes depending on the 
benefit for the involved organisms and the capability of an 
organism to respond/or not to respond to the other actors. 
Jiménez-Martínez et al. (2004a) have shown that virus-sus-
ceptible wheat plants infected with BYDV are more suit-
able as hosts for R. padi than non-infected plants, leading to 
shorter development times of the aphids. In that case, non-
viruliferous R. padi preferred the odor of susceptible BYDV-
infected wheat cultivars over healthy plants after a period of 
2 h, whereas there was no preference for a transgenic tolerant 
wheat line (Jiménez-Martínez et al. 2004b; Medina-Ortega 
et al. 2009). In contrast, R. padi on barley showed no differ-
ence in host preference within the first 2 h for susceptible 
sham or BYDV-infected plants of the susceptible cultivar 
‘Rubina.’ A significant, clone-specific host preference for 
R. padi was detected after a duration of 24 h for clone R07. 
Although aphids in our experiments needed more time for 
host selection, observations for the aphid clone R07 (which 
has a high BYDV transmission efficiency) are similar to 

previous findings on wheat (e.g., Jiménez-Martínez et al. 
2004b; Medina-Ortega et al. 2009). Comparable plant–vec-
tor–virus interactions have also been observed in a different 
vector plant system: volatiles from potato plants infected 
with potato leafroll virus attracted and arrested more aphids 
of the main virus vector Myzus persicae compared to healthy 
plants (Eigenbrode et al. 2002).

When offering sham and BYDV-infected plants of the tol-
erant cultivar ‘Vixen’, there was no preference of the clones, 
including R07, to infest BYDV-infected plants. Although 
the virus titer of the infected plants was high in both varie-
ties, it is not this but rather the intensity of the symptom 
expression and here, finally, changes in the blend of volatile 
compounds (Jiménez-Martínez et al. 2004b) that cause vari-
ations in aphid behavior. The absence of volatile changes 
in infected ‘Vixen’ (a tolerant cultivar in which jasmonic 
acid is not produced after BYDV infection: Paulmann et al. 
2018), illustrates the major role of jasmonic acid for volatile 
induction in plants (Boland et al. 1995).

Since BYDV infection of ‘Rubina’ plants induced dif-
ferences in the aphid response, we compared singly pot-
ted sham and BYDV-infected ‘Rubina’ plants and found 
clear differences in the volatile emission between these two 
groups. Virus infection enhanced the emission of many com-
pounds including aromatics, green leaf volatiles, monoterpe-
nes and sesquiterpenes. The majority of these volatiles were 

Fig. 3  Mean number of aphids per leaf on BYDV-infected and non-
infected (sham) H.  vulgare observed during 120  min after aphids 
were introduced. The R. padi clone R07 (high BYDV transmis-
sion efficiency) was tested on a the susceptible cv. ‘Rubina’ (n = 15) 
and b on the tolerant cv. ‘Vixen’ (n = 9). Two further R. padi clones 

c D10 (medium BYDV transmission efficiency) (n = 8) and d R09 
(low BYDV transmission efficiency) (n = 15) were exclusively tested 
on cv. ‘Rubina.’ Statistical test: ANOVA, Tukey HSD post hoc test: 
p > 0.05. Error bars indicate standard deviation
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already found by Bukovinszky et al. (2005), Piesik et al. 
(2010, 2011) and Wenda-Piesik et al. (2010), who studied 
the effect of damage, insects and fungal infestation, respec-
tively. The PCA presented here revealed a strong shift in the 
relative proportion of the compounds after BYDV infection, 
suggesting that barley reacts in a comparable way to wheat 
when infected with BYDV (Jiménez-Martínez et al. 2004a). 
Medina-Ortega et al. (2009) demonstrated an attractive 
effect for individual components such as Z-3-hexenyl ace-
tate, undecane, decanal and E-beta-caryophyllene, detected 
for infected wheat plants, on R. padi. Our volatile analyses 
revealed similar, but not identical differences for the barley 
cv. ‘Rubina’. The observation that BYDV-induced changes 
of the volatile composition of wheat and barley do not com-
pletely overlap suggests that only a few of those compounds 
may be sufficient to attract the aphids.

We assume that a clone-specific response to BYDV-
infected cv. ‘Rubina’, as occurred for R. padi clone R07 
when compared with D10 and R09, may be explained by 
different clone-specific sets of olfactory receptor genes, a 

gene family with, e.g., 45 candidates found in Aphis gossypii 
(Cao et al. 2014) and 79 candidates in Acyrthosiphon pisum 
(Smadja et al. 2009). Genetic characterization of R. padi 
clones has revealed different genetic clusters for Chinese 
(Duan et al. 2017) as well as for British (Morales-Hojas 
et al. 2019) populations, indicating genetic diversity between 
clones. Clone-specific sets of chemoreceptors might vary as 
a result of spontaneous mutations as well as long-term adap-
tation as proposed by Park and Hardie (2002) with regard to 
morphological changes during aphids´ life cycle.

The preference for BYDV-infected plants, together with 
its high BYDV transmission efficiency, could give a fitness 
advantage to aphid clone R07. Mowry (1995) showed a posi-
tive correlation of the virus titer with the systemic spread 
of potato leafroll virus. R. padi clones may benefit from the 
ability to successfully detect, acquire and transmit BYDV, 
as BYDV infection of wheat accelerates nymphal develop-
ment and increases total fecundity (Jiménez-Martinez et al. 
2004a; Porras et al. 2018). Increased fecundity appears to be 
the result of a significant increase of essential amino acids 
in response to BYDV infection (Porras et al. 2018). Accel-
erated nymphal development as well as increased fecundity 
leads to an ecological advantage due to the rapid develop-
ment of large populations that might compensate predation 
easier although predator species respond differently to cereal 
aphid population size, i.e., not all predators prefer to feed 
on big populations (Sunderland & Vickerman, 1980). In the 
context of predation risk, Kersch-Becker and Thaler (2015) 
show that aphids feeding on aphid-resistant plants have a 
reduced risk of becoming prey of a predator when compared 
with aphids feeding on susceptible plants. They concluded 
that this effect is a result of a strong jasmonate plant defense 
in resistant plants. As described, Paulmann et al. (2018) 
observed that BYDV infection in BYDV-susceptible plants 
leads to an increase in jasmonate production, possibly caus-
ing an anti-predatory effect as observed by Kersch-Becker 
and Thaler (2015), which has to be proven in further stud-
ies. A BYDV-induced production of jasmonic acid is not 
observed in the BYDV-tolerant cultivar ‘Vixen’ (Paulmann 
et al. 2018), and it can therefore be assumed that there is no 
anti-predatory effect.

Jasmonic acid (JA) and jasmonic acid isoleucine con-
jugate (JA-Ile), e.g., found in soybean (Yates-Stewart 
et al. 2020), are involved in host plant resistance and were 
described to be induced in BYDV-infected ‘Rubina’ (Paul-
mann et al. 2018). We observed a host preference of such 
plants by the clone R07 with an increased ingestion on those 
plants when compared with sham-treated plants. These 
observations suggest that there is a suppressed or no host 
response to JA and JA-Ile. This could be based upon viral 
suppressors of RNA silencing (VSR) that enhance aphid 
performance, as shown for the interaction of the Cucum-
ber mosaic virus (CMV), Nicotiana benthamiana and 

Fig. 4  Mean number of aphids per leaf on BYDV-infected and non-
infected (sham) H. vulgare after an incubation period of 24 h. a The 
R. padi clone R07 (high BYDV transmission efficiency) was tested on 
the susceptible cv. ‘Rubina’ (n = 15) and on the tolerant cv. ‘Vixen’ 
(n = 9). b Two further R. padi clones D10 (medium BYDV transmis-
sion efficiency) (n = 8) and R09 (low BYDV transmission efficiency) 
(n = 15) were tested with R07 on cv. ‘Rubina.’ To make it easier 
to compare the different treatments, we have included R07 on cv. 
‘Rubina’ in both figure parts. The red dots show the mean and black 
lines the median number of aphids. The whiskers show the upper and 
lower 1,5xIQR (interquartile range). Asterisk (*) mark significant dif-
ferences. Statistical test: Two-tailed t-test: p < 0.01
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Myzus persicae, whereat CMV infection enhances aphid 
performance (Westwood et al., 2014). In BYDV-PAV, the 
P4 movement protein was revealed to function as a main 
VSR (Fusaro et al. 2017). While D10 might benefit from 
a comparable BYDV infection related effect on the host as 
R07, the clone R09 showed a contrary response with sig-
nificantly longer ingestion on sham-treated plants. Clone-
specific differences might be related with the expression 
of different sets of salivary effectors that are secreted into 
SEs and interfere with plant defense responses, as recently 
shown for the pea aphid (Boulain et al., 2019). Except for 
D10 where ingestion-related differences occurred at 5 and 
2 h, those for D10 and R09 disappeared already after 2 h.

Surprisingly, ingestion was significantly impaired for 
R07 on the BYDV-infected tolerant cv. ‘Vixen’, indicated 
by a reduced ingestion period in comparison with sham-
treated plants. BYDV infection also leads to increased JA 

production in ‘Vixen’, as has been shown for abiotically 
challenged plants (Paulmann et al. 2018). We hypothesize 
that host-associated R proteins as part of the Ryd2-BYDV 
tolerance mechanism recognize VSRs that inhibit the 
activity of ARGONAUTE proteins as part of the antiviral 
RNA silencing pathway, thereby activating plant defense 
responses (studied in Moon and Park 2016), which would 
negatively affect R. padi. However, also on the susceptible 
cv. ‘Rubina’ the R. padi clone R07 does not only benefit 
from BYDV infection regarding increased ingestion, but 
shows increased stylet penetration problems during the first 
2 h of recording when feeding on BYDV-infected plants.

Based upon our findings, we conclude that planting of 
the BYDV-tolerant barley cultivar ‘Vixen’ might have mul-
tiple benefits for farmers. Besides a lower impact on yield 
due to BYDV infection, the lower attraction of aphid virus 

Fig. 5  Analysis of the volatile pattern of differently treated barley 
plants (Trial 2, one plant grown per pot). a Score plot and b load-
ing plot from principal component analysis (PCA) based on relative 
amounts of volatile compounds (% of the total measured emission of 

compounds) of ‘Rubina’ sham (R−) and BYDV-infected (R+) plants. 
The ellipse shown in the score plot defines the Hotelling’s T2 confi-
dence region (95%)
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Table 3  Variation of the 
phytochemical compositions 
(%) of sham (R-) and BYDV-
infected (R +) barley plants of 
‘Rubina’

M Non-infected SE( ±) M Infected SE( ±) P Direc-
tion of 
effect

Unknown 1 0.000 0.000 0.005 0.005 ns
2-Butanone oxime 0.000 0.000 0.004 0.006 ns
Hexanal 0.018 0.008 0.008 0.006 ** R−
4-Butanol-2-one 0.004 0.007 0.041 0.019 *** R+ 
Furfural 0.008 0.006 0.009 0.005 ns
4-Hydroxy-4-methyl-2-pentanone 0.003 0.004 0.007 0.003 ns
Z-3-Hexenol 0.012 0.014 0.050 0.023 ** R+ 
Unknown 2 0.062 0.020 0.057 0.009 ns
Hexyl formate 0.368 0.116 0.269 0.041 * R−
1-Methoxy-2-propyl acetate 0.049 0.041 0.042 0.023 ns
o-Xylene 0.108 0.025 0.117 0.019 ns
2-Heptanone 0.148 0.029 0.130 0.023 ns
Heptanal 0.043 0.027 0.045 0.018 ns
2-Butoxyethanol 0.001 0.003 0.009 0.014 ns
E,E-2,4-Hexadienal 0.010 0.008 0.023 0.011 * R+ 
Hexylene glycol 0.051 0.080 0.114 0.097 * R+ 
1-Butoxy-2-Propanol 0.004 0.005 0.011 0.006 * R+ 
Unknown 3 0.020 0.008 0.022 0.008 ns
Benzaldehyde 0.200 0.076 0.223 0.045 ns
Unknown 4 0.089 0.020 0.073 0.021 ns
1,3,5-Trimethylbenzene 0.045 0.024 0.052 0.029 ns
1-Heptanol 0.076 0.035 0.031 0.010 * R−
Unknown 5 0.028 0.030 0.024 0.021 ns
1-Octen-3-ol 0.012 0.012 0.052 0.018 *** R+ 
Phenol 0.060 0.021 0.073 0.020 ns
6-Methyl-5-hepten-2-one 0.015 0.018 0.025 0.011 ns
1,2,4-Trimethylbenzene 0.035 0.045 0.015 0.015 ns
E,E-2,4-Heptadienal 0.001 0.004 0.005 0.009 ns
Octanal 0.408 0.238 0.496 0.295 ns
Unknown 6 0.206 0.106 0.091 0.032 * R−
Z-3-Hexenyl acetate 0.005 0.015 0.021 0.023 * R+ 
Hexyl acetate 0.025 0.020 0.057 0.048 * R+ 
2-Ethyl-1-Hexanol 0.153 0.049 0.143 0.104 ns
Unknown 7 1.296 0.777 1.470 0.750 ns
Unknown 8 0.253 0.418 0.583 1.204 ns
Benzyl alcohol 0.112 0.067 0.184 0.107 * R+ 
m-Pyrol 0.045 0.025 0.058 0.041 ns
3,5,5-Trimethyl-1-hexanol 0.059 0.025 0.130 0.054 ** R+ 
Unknown 9 0.097 0.068 0.198 0.078 * R+ 
E-2-Octenal 0.140 0.084 0.234 0.121 R+ 
Acetophenone 0.231 0.149 0.421 0.283 * R+ 
Unknown 10 0.055 0.041 0.090 0.046 ns
Z-Linalool oxide 0.240 0.150 0.466 0.217 ** R+ 
Linalool 0.151 0.101 0.202 0.124 ns
Unknown 11 0.133 0.091 0.326 0.195 ** R+ 
(E,E)-3,5-Octadien-2-one 0.033 0.032 0.013 0.034 ns
Unknown 12 0.106 0.095 0.222 0.143 * R+ 
Undecane 0.060 0.105 0.315 0.262 ns
Nonanal 2.355 0.963 3.824 1.407 * R+ 
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Table 3  (continued) M Non-infected SE( ±) M Infected SE( ±) P Direc-
tion of 
effect

Unknown 13 0.037 0.031 0.098 0.053 ** R+ 
Unknown 14 0.038 0.019 0.073 0.025 ** R+ 
Unknown 15 0.176 0.123 0.422 0.201 ** R+ 
Cosmene 0.222 0.116 0.660 0.145 *** R+ 
Unknown 16 0.231 0.132 0.534 0.233 ** R+ 
Unknown 17 0.046 0.028 0.116 0.044 ** R+ 
Unknown 18 0.111 0.050 0.232 0.097 ** R+ 
Unknown 19 0.056 0.036 0.154 0.072 ** R + 
Unknown 20 0.217 0.108 0.493 0.160 ***  + 
Unknown 21 0.242 0.116 0.511 0.141 *** R+ 
4-Methyl-undecane 0.278 0.121 0.582 0.149 *** R+ 
2-Methyl-undecane 0.457 0.184 0.880 0.195 *** R+ 
Unknown 22 0.050 0.075 0.209 0.106 ** R+ 
3-Methyl-undecane 0.375 0.152 0.785 0.194 *** R+ 
Menthol 0.022 0.021 0.055 0.057 ns
Unknown 23 0.133 0.051 0.231 0.163 ** R+ 
Unknown 24 0.053 0.031 0.140 0.047 *** R+ 
Alpha-terpineol 0.249 0.115 0.497 0.203 * R+ 
1-(2-Butoxyethoxy)-ethanol 0.174 0.077 0.442 0.207 *** R+ 
Methyl salicylate 0.037 0.020 0.155 0.198 *** R+ 
Dodecane 2.130 0.764 3.442 0.576 ** R+ 
Decanal 0.059 0.026 0.301 0.108 *** R+ 
Carveol 0.071 0.035 0.180 0.072 ** R+ 
2,6-Dimethyl-undecane 0.375 0.165 0.806 0.141 *** R+ 
Benzothiazole 0.055 0.031 0.137 0.034 *** R+ 
Unknown 25 0.035 0.021 0.089 0.045 ** R+ 
Unknown 26 0.003 0.010 0.047 0.062 ns
Unknown 27 0.066 0.029 0.130 0.023 ***
4-Ethyl-dodecane 0.076 0.043 0.169 0.048 *** R+ 
E-2-Decenal 0.004 0.009 0.032 0.008 *** R+ 
2-Methyl-dodecane 0.095 0.039 0.165 0.026 ** R + 
Unknown 28 0.054 0.037 0.080 0.027 * R+ 
3-Methyl-dodecane 0.077 0.031 0.134 0.021 ** R+ 
Unknown29 0.024 0.016 0.062 0.015 *** R+ 
Bornyl acetate (isobornyl acetate) 0.017 0.007 0.038 0.012 ** R+ 
1-Methylnaphthalene 0.028 0.014 0.057 0.016 ** R+ 
Tridecane 0.233 0.075 0.300 0.050 * R+ 
Undecanal 0.003 0.006 0.013 0.012 ns
Unknown 30 0.020 0.009 0.034 0.008 ** R+ 
Unknown 31 0.011 0.007 0.011 0.006 ns
2-Undecenal 0.019 0.008 0.021 0.004 ns
3-MethyI-tridecane 0.000 0.000 0.018 0.021 ** R+ 
2-Methyl-propanoic acid 0.021 0.006 0.020 0.004 ns
Copaene 0.001 0.002 0.010 0.005 *** R+ 
Farnesane 0.021 0.009 0.160 0.192 *** R+ 
Tetradecane 0.077 0.018 0.074 0.010 ns
Hexahydropseudoionone 0.009 0.005 0.013 0.002 ns
Dodecanal 0.005 0.006 0.007 0.005 ns
E-beta-Caryophyllene 0.004 0.005 0.001 0.002 ns



227Journal of Pest Science (2022) 95:215–229 

1 3

vectors with a high BYDV transmission rate would reduce 
the spread of BYDV from infected plants.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10340- 021- 01367-2.
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