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Pathogenic infection on plants may affect interactions of host-plants with their herbivores, as well

. as the herbivores with their predators. In this study, the effects of infection by pathogenic bacterium

. Xanthomonas oryzae pv. oryzae (Xoo), which causes a vascular disease in rice, on rice plants and

. consequent interactions with a rice herbivore, brown rice planthopper (BPH) Nilaparvata lugens, and
its major predator, Cyrtorhinus lividipennis, were investigated. The results showed that the rice plants
exhibited increased resistance to BPH only at 3 d post-inoculation of Xoo, while the Xoo infection

did not affect the development and fecundity of BPH. BPH exhibited a higher preference to Xoo
infected rice plants, whereas C. lividipennis preferred the Xoo infected rice plants after BPH fed, but
preferred healthy rice plants without BPH fed. Volatile organic compounds emitted from Xoo rice were
significantly higher than those from healthy rice plants, Xoo infection on BPH fed plants caused rice
plants to emit more the herbivore-induced plant volatiles, while all of these changes correlated to

the temporal dimension. These results demonstrated that Xoo infection significantly influenced the
interactions of rice plants with two non-vectors, BPH and its predator, although these effects exhibited
in a temporal pattern after infection.

In nature, plants are attacked by a multitude of predators, including herbivorous arthropods and plant patho-
gens"2. In response, plants have evolved defense strategies that enable them to recognize herbivores or pathogens®
and, as a consequence, in many cases, reduced the extent of resulting damage®.

Several recent studies have shown that complicated interactions exist between pathogens and herbivores that
feed on the same plant, in addition to their independent effects on the host plant®. A range of physical or chem-
ical defense responses can affect the performance of herbivores, and even impact the herbivore community®.
In addition, pathogen infection alters the emission of volatile organic compounds (VOCs) or visual cues, both
of which have important roles in mediating ecological interactions among plants and insects'®"". The VOCs are
diverse compounds and are also known to have a strong ecological significance'®. Herbivore species respond dif-
ferently to infection of plant pathogens; thus, pathogen attack can result in complicated effects on insect commu-
nities of the host plant®!>!6. For example, endophagous insects exhibited different preferences for the infected and
uninfected parts of the creeping thistle Cirsium arvense when treated with a rust fungus Puccinia punctiformis,
although this treatment had no effect on ectophagous insects!”. Furthermore, the herbivore-induced plant vol-
atiles (HIPVs), which are considered to be an important ecology function of attracting the herbivores’ natural
enemies'®!$, and could be affected by plant pathogens infection. Some research reported that the change of HIPVs
caused by pathogens infection did not affect the preference of nature enemy®, while it has been reported higher
rates of parasitism of aphids were found on the endophytic fungi infect Italian ryegrass Lolium multiflorum®.

Similarly, damage inflicted by herbivorous insects induces chemical and physiological changes in plants, which
affects the pathogen infection. Physiological changes in cotton seedlings caused by previous exposure to spider
mites, Tetranychus urticae, reduced the probability of infection and severity of the symptoms caused by the wilt
fungus Verticillium dahliae". Feeding by the white-backed planthopper, Sogatella furcifera, induced resistance to
rice blast caused by Magnaporthe grisea*-?. In contrast, the susceptibility of willow towards infection by the rust
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Melampsora allii-fragilis was increased by feeding by the leaf willow beetle, Plagiodera versicolora, as indicated
by a higher number of rust sori on leaves adjacent to feeding-damaged leaves*. Furthermore, pre-infestation by
S. furcifera conferred resistance to bacterial blight caused by Xanthomonas oryzae pv. oryzae (Xoo) in rice plant,
while infestation by the brown planthopper (BPH) Nilaparvata lugens (Stal), did not significantly reduce the
incidence of bacterial blight symptoms®.

Furthermore, the interaction between a pathogen and a herbivore depends on the timescale, given that the
systemic acquired resistance induced by pathogens needs time to develop and recede?®?”. A temporal scale exper-
iment showed that P. versicolora avoided feeding on leaf tissue of the willow hybrid Salix x cuspidate with rust
fungus M. allii-fragilis infection; infected leaves were avoided at all the times tested (at 8, 12, and 16 days after
infection), whereas symptom-free leaves were only avoided at 16 days after infection?. Research of the impacts of
pathogen attacking of plant on herbivore communities on the temporal scale can help us to gain insight into the
interactions between pathogens and herbivores and, therefore, is useful for protecting plants of economic value
from herbivorous pests®%.

In this study we investigated the temporal change of preferences of BPH and its major predator Cyrtorhinus lividipennis
Reuter and BPH performance (development and reproduction) in rice plants after Xoo infection at different stages
of infection (1-5d, 10d and 15d). We also examined whether Xoo infection altered plant-derived chemicals that
mediate interactions between the host plants, BPH, and their predator, and whether Xoo infection influenced the
host location behavior of non-vector BPH and their predator. Furthermore, Electrical Penetration Graph (EPG)
technology was applied to investigate the temporal change of the resistance level of rice to BPH after Xoo infection
and to explore the relationship between these complicated plant-based ecological communities.

Results

BPH feeding behavior. The EPG analysis showed that, at 3 d after inoculation, there were significant differ-
ences in the parameters of BPH feeding behavior between Xoo treatment and control healthy groups. The total
duration of np waveform was significantly longer than on healthy rice (t=2.42, p=0.031) (Fig. 1¢) and the time
interval to the first N4a waveform appear was 3.2 times longer than that on healthy rice (Fig. 1a). In addition,
the total number of ph waveforms of BPH on infected rice plants was significantly more than that on healthy rice
plants (t=2.48, p=10.009) (Fig. le), whereas the total duration of N4b waveforms of BPH on infected rice plant
was less than that on healthy rice plant (t=3.52, p=10.002) (Fig. 1b). These differences indicated that BPH took
more efforts to puncture the rice plants surface during the feeding process, and fed for less time on phloem from
infected rice plants at 3 d post-inoculation. In contrast, except the total number of ph waveforms of BPH on 5d
post-inoculation (t=2.37, p=0.027) and 6 d post-inoculation (¢ =2.21, p=10.039) (Fig. le), most of other the
parameters of BPH feeding on infected rice plants in other days post-inoculation were similar to those of BPH on
healthy rice plants (Figs 1 and 2; Table S1).

Fecundity and development of BPH. The data showed that Xoo infection had no significant effect on the
performance of BPH. The fecundity and hatchability of BPH on infected rice plants were similar to those of BPH
on healthy rice plants (Table 1). In addition, the duration of 3-5 instar and the total duration from 3th instar to
newly emerged adult BPH were similar between infected and healthy rice plants (Fig. 3).

Herbivore behavior. Two-choice tests were performed to assess the host preference and location behavior
of BPH in response to Xoo-infected and healthy rice plants. The results of semi-natural foraging experiments
showed the number of BPH presented on infected rice plants at 15 d post-inoculation were 2-4 times more than
that on healthy rice plants (2h, t=3.34, p=0.012; 4h, t=3.97, p=0.005; 8 h, t =4.26, p=0.004; 12 h, t =4.82,
p=0.002; 24h, t=2.59, p=0.036; 48 h, t =2.54, p=0.038), while there were no significant differences between
infected and healthy rice plants at other time points (Fig. 4). The results of the H-tube choice experiment revealed
that adult female BPH exhibited preferences to infected rice plants at 5d (X?=24.60, p < 0.0001) and at 15d
(X?=5.07, p=0.024) post-inoculations, whereas there were no significant differences at the other time points
(Fig. 5a).

Predator behavior. Without BPH feeding, C. lividipennis adults exhibited a significantly higher preference
to the healthy rice plants at 5d post-inoculation (X?=4.25, p=0.039), whereas at other time points no significant
differences were observed between infected rice and healthy rice plants (Fig. 5b). In contrast, after rice plants were
fed by with BPH, C. lividipennis adults showed a higher preference for Xoo infected rice at 10d post-inoculation
(X?=12.19, p=0.0005) and there were no significant differences detected between infected rice and healthy rice
at other time points (Fig. 5¢).

Analysis of VOCs. More than 70 VOCs were detected with GC/MS (Table S2) and among these VOCs, terpe-
nes, aldehydes, ketones, and esters which play a significant role in affecting the behavior of BPH and C. lividipennis'®
and some high amount and highly volatile hydrocarbons were shown in our figure. In our study, without BPH
feeding, the amount of a-Pinene (¢t =20.00, p=0.0003), Camphene (t=12.04, p = 0.049), 3-Phellandrene
(t=3.5, p=0.039), 3-Hexanal (=3.79, p=10.032) and 1-Butanol,3-methyl-,acetate (t=4.16, p =0.025) from
Xoo-infected rice at 5d post-inoculation, and amount of D-Limonene (¢t =4.86, p=0.005), Camphene (t=6.05,
p=0.008) and Heptane (t=2.67, p=0.044) at 10d post-inoculation were significantly higher than those
from healthy rice plants, and the amount of Camphene is only half than those from Xoo-infected rice at 5d
post-inoculation. However, except n-Decanal (t=2.79, p = 0.038) the amounts of all VOCs from Xoo-infected
rice at 15d post-inoculation didn’t have significantly difference to those of healthy rice plants (Fig. 6). In con-
trast, with BPH infection, the amounts of three hydrocarbons, 2,4-Dmethyl-heptane (t=3.20, p=10.018),
2,6,10-Trimethyl-dodecane (t=2.78, p=0.032) and «-Pinene (t=6.29, p=0.0007) from Xoo-infected rice at 5d
post-inoculation were significantly higher than those from healthy rice and the amounts of Tridecane (t=3.37,
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Figure 1. BPH activities as identified by electrical penetration graph (EPG) recordings within the first 12h
at 1 to 6 days after Xoo infestation (mean -+ SE, n =9-15). PI: plants infected by Xoo. (a) Time interval to the
1st N4a. (b) Total duration of N4b. (c) Total duration of np. (d) Total duration of ph. (e) Total number of ph.
Waveform: np (non-penetration), ph (path way waveform), N4a (Sieve element salivation), N4b (ingestion in
phloem). Asterisks show significant differences from the control group (*p < 0.05; **p < 0.01).

p=0.028) significantly lower than those from healthy rice; Higher amount of a-Pinene (t=11.25, p <0.0001),
3-Hexanal (t=2.35, p=0.047) and 2,6,10-Trimethyl-dodecane (t=2.75, p = 0.025) from Xoo-infected rice
were detected at 10d post-inoculation and the amount of a-Pinene was about 1.6 times more than those from
Xoo-infected rice at 5d post-inoculation (Fig. 7).
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Figure 2. BPH activities as identified by electrical penetration graph (EPG) recordings within the first 12h
at 10 and 15 days after Xoo infestation (mean 4 SE, n =9-15). PI: plants infected by Xoo. (a) Time interval

to 1st N4a. (b) Total duration of N4b. (c) Total duration of np. (d) Total duration of ph. (e) Total number of ph.
Waveform: np (non-penetration), ph (path way waveform), N4a (sieve element salivation), N4b (ingestion in
phloem).
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Table 1. Fecundity and hatchability of BPH on infected rice and control rice plants. Note: The number of
BPH eggs (mean £ SE, n =6, 2 female and 2 male BPH adults oviposited for 10 days). Hatching rate of BPH
(mean =+ SE, n=6).
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Figure 3. The duration (mean & SE, n=>5) of BPH nymph of 3th instar, 4th instar, 5th instar and the total
duration from 3th instar to newly emerged adult on healthy and infected rice plants. PI: plants infected by
Xoo for 5 days.
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Figure 4. The number (mean =+ SE, n =7-8) of female BPH adults in two-choice assays between healthy
rice plants and rice infected by Xoo in semi-natural foraging experiments. PI: plants infected by Xoo.
(a-d) the number of the BPH on plants at 3, 5, 10, 15 days after treatment with (dark line) or without (orange
line) Xoo. Asterisks show significant differences among the treatments (*p < 0.05).
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Figure 5. The number of BPH and C. lividipennis attracted by volatiles released from the different rice
treatments. (a) The number (mean + SE, n=6-10) of macropterous BPH female and male adults in H-tube
tests between healthy rice plants and rice plants infected by Xoo at different days. (b) The number (mean =+ SE,
n="7-9) of C. lividipennis adults in H-tube tests between healthy rice plants and rice plants infected by Xoo at
different days. (c) The number (mean + SE, n=6-8) of C. lividipennis adults in H-tube tests between healthy
rice plants and rice plants infected by Xoo after fed by BPH. PI: plants infected by Xoo. CL: C. lividipennis.
Asterisks show significant differences among the treatments (*p < 0.05; **p < 0.01).

Discussion

Many studies have shown that the pathogen infection can affect the performance and preference of herbivorous
insects!®*%31 and that this influence, although variable, can have a systemic effect beyond the infected site***32. In
this study, we investigated whether the infection of pathogen Xoo could affect the performance and preference of
BPH as well as the preference of its predator C. lividipennis, at 1d, 3d, 5d, 10d, 15d post-infection.

In our study, the fecundity and developmental duration of BPH showed no obvious change on Xoo-infected
rice, but the EPG data showed that Xoo infection affected the feeding behavior of BPH on rice plant at 3d
post-infection. BPH feeding can be divided into two main categories based on the EPG waveforms*’. The first
category, revealed by the np, ph, and N5 waveforms, represents the phase of BPH finding the feeding site to reach
the sieve element, and the second category represents ingestion activities in the sieve element, including N4a and
N4b waveforms**. Therefore, the longer first phase and the shorter second phase showed that BPH spent more
time beginning ingestion and less time ingesting phloem on Xoo-infected rice 3 d post-inoculation, indicating
an obvious resistance in Xoo-infected rice 3 d post-inoculation. It has been suggested that constitutive chemicals
and inducible defenses are activated by pathogen infection, including the production of secondary metabolites
and structural changes in the plant tissue®**” and that these defense mechanisms increase the resistance of the
plant to herbivore attack, affecting the feeding capacity of the insect®, but these obvious differences were only
detected at 3d post-inoculation in this study supports the classical theory that pathogen infection induces the
systemic acquired resistance of a plant, which varies with the time since inoculation and recedes after a certain
period®. This also explains that the fecundity and developmental duration of BPH showed no obvious change on
Xoo-infected rice at 3 d after inoculation since systemic acquired resistance have already receded. Several studies
have shown that pathogen infection of plants had impacts on the performance of herbivore, while the impact of
host plant pathogens on different insect species ranged from negative to positive®**>¥-4, Tack et al. reported that
insect species reacted differently to the presence of the same plant pathogen, Erysiphe alphitoides, which caused
powdery mildew in oak, Quercus robur. Fungal infection reduced the growth rate, growth efficiency, and pupal
mass of the free-feeding caterpillar, Acronicta psi. In contrast, it increased the growth rate, decreased the develop-
mental time, and increased the parasitism rate of the leaf miner, Tischeria ekebladella®. Infection of single leaflets
of tomato by Pseudomonas syringae pv. tomato have no effect on Helicoverpa zea larva®.

Our results also showed that the preference of BPH was affected in a temporal pattern after Xoo infection. BPH
exhibited a higher preference for Xoo-infected rice plants only at 5d after and 15d post-inoculations in the H-tube
choice experiments. To further reveal the mechanism behind this preference change, we analyzed the amount of
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Figure 6. The amounts of volatile compounds (% of internal standard + SEM, n = 3-4) emitted from health
rice and rice infected by Xoo at 5d,10d and 15 d. PI: plants infected by Xoo. (a) Terpenes. (b) Aldehyde, ketone
and esters. Asterisks show significant differences among the treatments (*p < 0.05; **p < 0.01).

VOC:s released after Xoo infection, given that VOCs are the key for understanding the preference change of her-
bivores. Our results indicated that the amounts of some VOCs, including terpenes and green leaf volatile play a
significant role in affecting the behavior of BPH'®, changed significantly on a temporal scale. Amounts of terpenes
and green leaf volatiles in pathogenic-infected rice plants were significantly increased at 5d post-inoculation and
then decreased to the levels of healthy rice plants. It seems that initially high amount of VOCs attracts BPH and
after that, the proportion of different VOCs plays an important role in attracting BPH*'***. However, the function
of the amount and proportion of VOCs in terms of attracting non-vector BPH requires further investigation.
These results also prove the fact that pathogen affection alters plant VOCs emissions and as a consequence this
alteration affects the interactions between the host plant and its herbivores. These changes are known to influence
the olfactory responses of insects by either inhibiting or enhancing their attraction and/or oviposition*-*%. It has
been suggested that avoidance of oviposition by herbivorous insects on leaves infected by a fungal pathogen is
an adaptive strategy to aid the fitness of the offspring®. Disease-induced plant VOCs were repellent to aphids,
and 2-pentadecanone was the key semiochemical underpinning the repellent effect®!. Furthermore, our results
indicated that the preference of insect varies after pathogen infection on the time-scale. This preference variation
may ensure the dispersal of pathogens to other host plants via the attraction of insect vectors®*>*, or decreasing
the attraction of non-vectoring insects®.

Furthermore we observed that in the semi-natural foraging experiment, the BPH showed a preference only
for Xoo-infected rice plants at 15d post-inoculation. This result suggests that not only plant VOCs, but also other
cues may be involved in host location by BPH, such as visual cues, either alone or in combination with VOCs.
Ponzio et al.* suggested that, in wasps, VOC-mediated foraging should be labile when the VOC signal was not a
reliable indicator of the attacking species or when the wasp was not able to distinguish subtle differences in VOC
blends*. The VOCs emitted from plants induced by non-hosts could be attractive to Cotesia glomerata wasps; for

SCIENTIFIC REPORTS | 6:26043 | DOI: 10.1038/srep26043 7



www.nature.com/scientificreports/

2501 *k Bl 10d healthy rice+BPH
mm 5DPI+BPH
Em 10DPI+BPH

2007 ] 15DPI+BPH

150

1004

Relative amount (% of IS peak area)
13,
o

B 10d healthy rice+BPH
Bl 5DPI+BPH
3 Bl 10DPI+BPH
2 80 [ 15DPI+BPH
x
[
[
Q
%)
% 604
X
b *
3 404
£
«
o
2
8 g * *
7] *
«© %
o I || I
& N Y > > > 3 3 g 3
a_,,o é“* e@ﬁ o@o & go.,o q’(’ré‘ go"’o 0@* & \o°°
S Je"‘\ S & & & 7,«”’6 “&“‘ (\t}? <
W ? 3
Qév 'Lpo A w@:\ Q@.‘?
&' o &' N
< @ RS
¥ & ]
@ °

Figure 7. The amounts of volatile compounds (% of IS peak area + SEM, n = 3-5)emitted from healthy rice
induced by BPH feed and rice infected by Xoo at 5d,10d and 15 d, meanwhile, have suffer from BPH feed
for 24 h. PI: plants infected by Xoo. (a) Terpenes. (b) Aldehyde, ketone and esters. Asterisks show significant
differences among the treatments (*p < 0.05; **p < 0.01). Some materials didn’t appear in this figure, because
they were too few to detect in these sample.

example, infection with the cucumber mosaic virus alters the host-plant phenotype both visually and chemically
and these changes influence plant interactions with vector and non-vector insects'.

Previous studies have shown that the plant pathogenic attacking affects the HIPV's release. The herbivore-fed
maize plants at 72 h post-infection with a necrotrophic fungus Setosphaeria turcica emitted 47% less volatiles
than the plants without fungus infection'®, but Spodoptera littoralis’ natural enemy Cotesia marginiventris and
Microplitis rufiventris was still able to locate their host when infected with fungus and responded equally to
healthy and infected plants at 72 h post-infection'. Our study indicated that Xoo infection affects C. lividipennis
preference and that the effects of plant-pathogen-insect interactions vary on the time-scale after the infection of
pathogen Xoo reveled by two behavioural experiments (C. lividipennis preference after Xoo infection with BPH
feeding treatment or not). First, without BPH feeding, C. lividipennis showed avoidance behavior in response
to rice plant at 5d post-inoculation. This avoidance behavior can be associated with the high amount of VOCs
released from Xoo-infected plants at 5d post-inoculation, suggesting that the amount of VOCs released would
affect the behavior of natural enemy even if the absent of pest harm. In addition, the other behavioral experiments
indicated that after BPH feeding, C. lividipennis prefered the rice plants at 10d post-inoculation, although the C.
lividipennis responded equally at other time points examined. This result is consistent with that plants released
significantly more HIPVs at 5d and 10d after Xoo infections; and at 10 d post-infection, the amount of terpenes
(a-Pinene) and green leaf volatiles (3-Hexenal) reached the highest amount.

In summary, our study established the fact that the Xoo infection had an obvious effect on the feeding behav-
ior, but not the performance of BPH, and the variation of VOCs and HIPVs after Xoo infection lead to the changes
of the preferences of BPH and of its natural enemy C. lividipennis on the temporal dimension. Our results pro-
vided insight into the temporal variability of interactions between plants, pathogen, and insects, as well as the
information of plant resistance to pests and diseases, and given more cues to help us to know the role of odor
which rice release to used for C. lividipennis and BPH to find the host, which will contributed to understanding
of plant-based communities.

SCIENTIFICREPORTS | 6:26043 | DOI: 10.1038/srep26043 8



www.nature.com/scientificreports/

n

Figure 8. Disease symptoms of bacterial blight. (a) The control rice flag leaf. (b-d) Disease symptoms of
bacterial blight at 5, 10, 15 days post inoculation with Xanthomonas oryzae pv. oryzae (Xoo), respectively.

Methods

Plant and insect cultures, and bacterial inoculations.  The rice variety used in this study was Minghui
63 (MHS63), a restorer line of Indica rice (Oryza sativa L.). The pre-germinated seeds were sown in clay pots
[10cm (diam) x 8 cm (height)] in a greenhouse under natural light conditions at 28 + 4 °C and with 70-80% rela-
tive humidity (RH). Each pot contained one seed supplied with 0.5 g compound fertilizer (N:P:K =14%:16%:15%)
and was watered daily. Sixty-day-old plants were used for all experiments.

BPH and C. lividipennis were collected from rice fields in Wuhan, China. They were continuously reared on
the TN rice variety (a variety susceptible to BPH) in net cages in the same greenhouse.

Xoo strain XG-25 (race 4), which is virulent to MH63, was used in this study. The colonies were maintained
in potato-sucrose-agar medium at 4 °C for routine work. A single colony was inoculated in lysogeny broth liquid
medium and grown at 220 rpm for 10 h at 37 °C. The bacterial suspension was then normalized to a concentration
of approximately 108 colony-forming units (cfu) ml™" in sterilized distilled water, and used for rice inoculation.

The rice plants were inoculated by spraying the bacterial suspension until runoff and the control rice plants
were treated with sterile lysogeny broth liquid medium. After inoculation, the rice plants were maintained in a
cabinet (30 £ 1°C, RH =90 4 5%, 20000 1x light intensity) for 12h, and then transferred to a greenhouse and
grown under the same conditions as previously described. Xoo-infected and healthy rice plants at 1, 3, 5, 10, and
15 days after inoculation were used for data collection, and obvious disease symptoms will be visible on the rice
plants about at 4-5 days after Xoo-infection (Fig. 8). To make sure plants with the same infected level, the rice
plants which have almost same disease symptoms were used for herbivore performance (5d post Xoo-infected
rice plants) and VOC:s collection (5d, 10d, 15 d post Xoo-infected rice plants).

Feeding behavior of BPH. Rice plants at 1-6, 10, and 15 days after inoculation of Xoo were used in this
experiment. The feeding behavior of macropterous adult female BPH was recorded using a Giga-4 DC EPG
equipment (Wageningen Agricultural University, Wageningen, Netherlands). A 3-cm long and 18.5-mm diame-
ter gold wire was connected to the dorsum of the insects with conductive silver glue; the wired insects were then
carefully placed onto the stem of the rice plants. The gain of the amplifier was 50 x and the plant voltage was set
to an output voltage of =5 Vs. The EPG waveform of BPH performance in rice plants was recorded with Style+b
software (Wageningen, Netherlands) for 13h in a Faraday cage, and the waveforms from the first 12 h were used
for data analysis.

All EPG recordings were conducted at 25+ 2°C, 60 & 10% RH, and 12 variables were used to analyze the
feeding behavior of BPH. Data represented the average of 9-15 replicates. EPG waveforms were identified and
categorized according to the method described by Seo et al.** and Ghaffar et al.#*. Based on their occurrence
sequences, a series of parameters representing different biological information were selected to reveal the impact
of Xoo infection on BPH feeding behavior*®.

Herbivore performance. To test whether BPH developing performance on the rice plants was influenced by
Xoo infection, the development and fecundity of BPH on healthy and infected rice plants were determined. Rice
plants at 5 days after inoculation of Xoo were used for the following experiments. Ten newly emerged third-instar
BPH nymphs were released into a plastic tube (2 cm in diameter, 10 cm in height) containing a single rice pot. The
BPH nymphal instars were recorded daily until all BPH nymphs had emerged. In another experiment, two pairs
of newly emerged brachypterous female and male adults were released into a single rice pot covered with a plastic
tube (13 cm in diameter, 50 cm in height), and the adult BPH were removed after 10 days. The number of hatched
nymphs and unhatched eggs resulting from each pair of BPH were recorded daily. The data collected were the
average of 5-6 replicates.

Rice plant preferences of BPH and C. lividipennis. In semi-natural foraging test, ten gravid adult mac-
ropterous BPH females were introduced into a cage (40 cm x 40 cm X 70 cm) containing four plants (two infected
rice plants and two healthy rice plants) and the number of BPH on each rice plant was determined at 1, 2, 4, 8, 24,
and 48 h after their introduction.
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To further confirm the previous results, in a parallel experiment, a sealed system was set up comprising two
plastic tubes (13 cm in diameter, 60 cm in height) individually containing one of a pair of two plants (an infected
rice plant and a healthy rice plant). Two H-tubes similar to those described by Khan et al.>” were attached to each
of the plastic tubes. These two H-tubes were connected by another tube (5 cm in diameter, 20 cm long, with a hole
of 1 cm in diameter in the middle to release the insects). Ten female and ten male macropterous adult BPH were
introduced into the H-tube. The number of BPH in each tube was counted at 30 min after their introduction.

The impact of Xoo infection on the preference of C. lividipennis, a predatory natural enemy of BPH, to rice
plants was tested by H-tube choice assays®. After each rice plant was infested with 15 gravid female adults for
24h, BPH were removed before experiment, then ten C. lividipennis adults were introduced into the H-tube for
each test, and the number of C. lividipennis in each tube was counted 10 min later. Corresponding control experi-
ments of rice plants without BPH feeding were performed to investigate whether the preference of C. lividipennis
was affected only by the VOCs change. Each experiment was repeated 6-10 times.

Collection and analysis of plantVOCs. Plant VOCs were collected with a closed loop dynamic headspace
sampling system, similar to the method described by Sun ef al.*®. One milliliter of n-Hexane (Tedia, USA) was
applied to elute VOCs from absorbent traps and 1300 ng Nonyl acetate (Sigma, Switzerland) was added to each
sample as an internal standard. VOCs emitted from the Xoo infected rice and control rice plants were collected for
24h (16hin light and 8h in darkness) at room temperature; BPH-induced plant volatiles from rice plants (each
rice plant was also infested with 15 gravid female adults for 24 h) were collected for 81 in the light (20000 1x) as
described by Lou et al.%. Each treatment contained three to five biological replicates.

Gas chromatography-mass spectrometry (GC/MS) analyses of VOCs were performed on a QP-2010 GC/
MS instrument (Shimadzu, Japan) equipped with an HP-5 MS fused-silica column (30 m x 0.25mm X 0.25pm).
(Agilent Technologies, http://www.agilent.com). Helium (1 ml/min) was used as the carrier gas, and the initial
oven temperature was 40 °C, held for 1 min, ramped at 8 °C min™! to 300 °C held for 5 min. VOCs were identified
by comparing their GC retention indices and MS spectra with those from the NIST11 library. The Retention index
for each compound was determined using a series of straight chain alkanes (C7-C30) as standards.

Data analysis. The EPG data, BPH performance, plant VOCs, and the foraging behavior in semi-natural
experiment were analyzed by Student’s ¢-test to detect the difference between each treatment of Xoo infected rice
and healthy rice. Chi-squared tests were used to evaluate the differences between H-tube behavioral responses of
the BPH and C. lividipenni.
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