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Simple Summary: Planthopper outbreaks in rice are associated with excessive fertilizer applications.
Public research has focused on developing resistant rice to combat these outbreaks. However,
to preserve ecosystem resilience, natural enemy efficacy should be maintained on resistant and
susceptible rice. We examined the impact of egg parasitoids on planthoppers (Nilaparvata lugens
(Stal) [BPH] and Sogatella furcifera (Horvath) [WBPH]) and a leafthopper (Nephotettix virescens (Distant)
[GLH]) in field plots of resistant (IR62) and susceptible (IR64) rice under low and high nitrogen. GLH
and WBPH were more abundant in low-nitrogen plots during dry (GLH) and wet (GLH, WBPH)
season sampling at an early crop stage. GLH were also more abundant on IR64. Parasitoids killed
between 24 and 52% of planthopper eggs during exposures in trap plants. Parasitism by Oligosita
and Anagrus wasps was higher on IR64 (BPH eggs) and in high-nitrogen plots (Oligosita spp. on BPH
and WBPH eggs; Anagrus spp. on BPH eggs). Parasitism by Anagrus spp. was associated with the
presence of honeydew and was highest where honeydew was derived from BPH feeding on IR62;
these effects were only observed under high nitrogen. Results suggest that honeydew from IR62
favors parasitoids when plants are most vulnerable (i.e., under high nitrogen), thereby countering
nitrogen-induced declines in host resistance.

Abstract: Host plant resistance is the most researched method for the management of planthoppers
and leafhoppers in tropical rice. For optimal effects, resistance should be resilient to fertilizer
inputs and work in synergy with natural enemies. In field plot experiments, we examined how rice
resistance and fertilizer inputs affect mortality of planthopper and leathopper eggs by hymenopteran
parasitoids. We used IR62 as a variety with resistance to Nilaparvata lugens (Stal) [BPH], Sogatella
furcifera (Horvath) [WBPH] and Nephotettix virescens (Distant) [GLH], and IR64 as a susceptible control.
The herbivores were more abundant during wet season sampling in low-nitrogen plots. During this
study, parasitoids killed between 31 and 38% of BPH eggs and 24 and 52% of WBPH eggs during four
days of field exposure. Parasitism, mainly due to Oligosita spp., was generally higher in high-nitrogen
and IR64 plots. Similar densities of eggs in exposed plants suggest that these trends were mediated
by semiochemicals and therefore support the Optimal Defense Hypothesis. Honeydew from BPH
on IR62 had more xylem-derived wastes than honeydew on IR64. We applied honeydew from both
varieties to sentinel plants. Parasitism by Anagrus spp. was higher on plants of either variety treated
with honeydew derived from IR62; however, the effect was only apparent in high-nitrogen plots.
Results suggest that Anagrus spp., by responding to honeydew, will counter the nitrogen-induced
enhancement of planthopper fitness on resistant rice.
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1. Introduction

Rice is the main staple food for over 50% of the world’s population and is mainly
produced in Asia [1]. Much of that production occurs in intensified lowland agroecosys-
tems [1,2]. Pressures to increase rice production to feed Asia’s growing population have
led to further intensification through the expansion of rice production into previously
natural areas, the adoption of high-yielding rice varieties, a high use of chemical fertilizers,
and an increase in the frequency of pesticide applications [3]. However, high fertilizer
inputs increase the susceptibility of rice to several insect herbivores, and particularly to
phloem-feeding herbivores [4-6]. Furthermore, several studies have associated insecticides
with increases in the frequency of planthopper and leafthopper outbreaks across Asia [7-12],
with insecticide-related mortality of natural enemies representing a major mechanism
underlying these outbreaks [9,13-16]. Sustainable pest management strategies that main-
tain or enhance natural enemy abundance and activities, particularly under a high use of
inorganic fertilizers, are therefore required for intensified rice production systems.

Recent public research has focused on two main strategies for planthopper and leathop-
per management. Firstly, research into the development of planthopper- and leafthopper-
resistant rice varieties has begun to use novel molecular tools to search for and incorporate
resistance genes from traditional varieties and wild rice species into modern, high-yielding
rice varieties [17]. To date, over 60 genes for resistance to rice planthoppers and over
20 genes for resistance to leafthoppers have been identified. A large number of rice vari-
eties with resistance have been tested, or released to farmers [18,19]. Secondly, because
insecticides were associated with a decline in regulation services provided by the natu-
ral enemies of rice herbivores, research into conservation biological control has gained
traction in several Asian countries [20-24]. In particular, researchers have investigated
possibilities to incorporate functional plants into rice ecosystems to augment natural enemy
abundance and diversity and to improve natural enemy efficacy in regulating key rice
herbivores. Research from China, Vietnam, Thailand, the Philippines, Bangladesh and
Cambodia has indicated that, by planting flowering crops on rice levees (also known as
bunds), the abundance and diversity of natural enemies can be increased [20-25]. For
example, nectar produced by bund flowers is thought to sustain the free-living stages of
egg parasitoids [26].

Despite recognizing the importance of supplementary foods for natural enemies, little
is known about the effects of honeydew on parasitism in rice ecosystems. Planthoppers and
leafthoppers produce honeydew as a waste during feeding. Honeydew is excreted through
the anus and often coats the host plant surface close to feeding locations (i.e., mainly around
the stem base when rice is attacked by planthoppers) [27]. The composition of honeydew
is strongly influenced by the rice variety on which planthoppers or leathoppers feed, and
particularly on whether the variety is resistant or susceptible to planthoppers [28-30]. For
example, honeydew produced from planthoppers feeding on susceptible rice is mainly
derived from phloem feeding, whereas planthoppers on resistant rice often produce honey-
dew that is predominantly derived from xylem feeding and is, therefore, likely to contain
fewer nutrients [30]. Furthermore, honeydew composition is affected by crop fertilizer
levels; for example, planthoppers feeding on rice grown in high-nutrient soils increase
their phloem-based feeding (compared to xylem-based) and produce larger quantities of
honeydew [31]. Honeydew represents a significant nutrient source for the parasitoids of
phloem-feeding herbivores, such as aphids, in other cereal systems [32-35]; however, to
our knowledge, the role of honeydew as a food for the parasitoids of rice planthoppers or
leafhoppers has not yet been studied.
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A small number of studies have quantified planthopper egg mortality due to para-
sitoids in fields with different rice varieties or fertilizer rates [5,22,36-38]. These different
field experiments have produced inconsistent results [22,37,38] that, to some extent, may
be due to the many varieties used in the studies. In particular, the semiochemicals derived
from different varieties of rice during herbivore attacks likely vary in their effectiveness
as synomones that ‘call in” defending parasitoids [37]. However, semiochemical profiles
might also change in response to resource availability (i.e., nitrogen, light, and water), often
with plants increasing their defenses where conditions are most favorable for growth (i.e.,
Optimal Defense Hypothesis [39]). These ideas suggests that semiochemicals could be
optimally matched with biocontrol agents through plant breeding or nutrient management
to increase parasitoid-mediated mortality of insect pests in intensified field crops [40—43].
Where parasitoids also gain a sugar source by feeding on honeydew, the correct blend of
semiochemicals may interact with honeydew quality (i.e., available nutrients, consistency,
or related kairomones) to further increase parasitism rates.

In the present study, we examine interactions between rice resistance to planthoppers
(Nilaparvata lugens (Stal) (BPH) and Sogatella furcifera (Horvath) (WBPH)) and a leafthopper
(Nephotettix virescens Distant (GLH)) and mortality due to egg parasitoids under varying
soil nitrogen regimes. We examined whether parasitism of planthopper eggs was greater
in fields with high-nitrogen applications as predicted by the Optimal Defense Hypothesis
and suggested by evidence of semiochemical lures for egg parasitoids. We also hypoth-
esized that parasitoids would respond to differences in the composition of planthopper
honeydew by parasitizing a greater number of eggs in fields of susceptible rice and under
higher levels of soil nitrogen (i.e., where honeydew has a higher nutrient content and is
less watery). Previous studies have indicated that egg parasitoids have increased fitness
(e.g., female longevity [26]) after feeding on high-nutrient solutions, such as nectar and
honeydew (compared to water), ultimately increasing parasitoid effectiveness as biological
control agents [44-46]. We therefore predicted that higher proportions of planthopper
eggs would be parasitized in fields of susceptible rice and under relatively high-nitrogen
fertilizer inputs, at least partially in response to honeydew on the plant surface. We tested
these predictions by exposing sentinel plants (susceptible and resistant to planthoppers)
with planthopper eggs in replicated field plots planted with a highly resistant (IR62) and
a susceptible (IR64) rice variety under two levels of nitrogenous fertilizer. We also ma-
nipulated honeydew coatings on sentinel plants by adding or removing honeydew, or by
transferring honeydew between resistant and susceptible plants. We discuss our results in
terms of better integrating host plant resistance into conservation biological control for rice
planthoppers in tropical Asia.

2. Materials and Methods
2.1. Herbivore Species

We conducted experiments with the brown planthopper (BPH), the whitebacked
planthopper (WBPH), and the green leafhopper (GLH). To prepare sentinel plants, we
used gravid females of each species taken from colonies maintained at the International
Rice Research Institute (IRRI) in the Philippines. The GLH colony was initiated in 2008
with approximately 500 individuals collected from rice fields in Laguna Province, Luzon.
The BPH and WBPH colonies were initiated in 2009, each with 500 individuals collected
from the same fields in Laguna Province. Colony initiation and maintenance were the
same for each colony. The founder populations were placed in separate wire mesh cages of
120 x 60 x 60 cm (H x W x L) under screenhouse conditions (temperatures = 25-37 °C;
relative humidity = 70-90%; 12 h:12 h, D:N). The planthoppers and leafthoppers were
continuously reared on a susceptible rice variety (variety = Taichung Native 1 [TN1])
at >30 days after sowing (DAS). Feeding plants were changed every one or two weeks.
BPH from Laguna are virulent against rice with resistance derived from the Bphl, bph2,
bph5, bph7, Bph18, BPH25 and BPH26 genes; WBPH are virulent against WophM1 and
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WbphM?2 [47]. Colonies had been maintained for between 35 and 45 generations before use
in the experiments.

2.2. Plant Materials

We used two rice varieties in our experiments. IR62 is a highly resistant, ‘modern’
variety that was released by IRRI in 1984. The variety has high resistance to BPH popu-
lations from South and Southeast Asia [48]. IR62 is also resistant to WBPH and GLH in
the Philippines [47]. However, resistance against WBPH is predominantly expressed after
maximum tillering [31]. Resistance in the variety was derived from the Indian landrace
PTB33 and is likely associated with the Bph3 locus, which contains the Bph3 and/or Bph32
resistance genes [49,50]. Although several varieties with PTB33 as a resistance donor were
released by IRRI, IR62 appears to have particularly strong resistance to planthoppers and
has maintained its resistance for over 30 years [49]. IR64 was used as a susceptible control
variety in our experiments. IR64 was released by IRRI in 1985. Since then, the variety has
become a mega-variety in South and Southeast Asia, largely due to its high-quality rice
grain [51]. Because of its popularity, several beneficial traits, including flood tolerance,
have been incorporated into IR64 using marker-assisted selection [51]. IR64 contains the
Bphl gene for resistance, as well as quantitative resistance and tolerance [52]. However,
widespread exposure of the Bphl gene over three decades throughout Asia has resulted in
a high proportion of planthopper populations with virulence against the gene, such that
the variety is now susceptible to BPH [48]. Seed of both varieties was acquired through
the germplasm bank at IRRI. Recent greenhouse studies have verified that, compared
to IR64, the resistant variety IR62 reduces planthopper population or biomass build-up
over successive generations after initial infestation [53]. Furthermore, research using field
cages indicates that IR62 prevents ‘hopperburn’ (i.e., planthopper-induced death of rice
plants) [54].

2.3. Field Plot Design

Field experiments were conducted during the 2013 dry (DS) and wet (WS) seasons at
the Ecological Function Experimental Platform (EcoFun) of the IRRI Experimental Field
Station in Los Bafios, Philippines. The EcoFun plots have been described in detail by
Horgan et al. (2019) [22]. At the time of the experiments, the platform consisted of six
rice fields divided into 18 plots of 33 x 12.5 m (L x W). Separate subirrigation channels
were installed around each plot. These connected to the main field canals for irrigation
and drainage, but prevented leakage of nutrients between adjacent fields or between plots
within each field. The field plots were treated with one of three nitrogen levels each season.
These were: zero added nitrogen (0 kg N ha™'), 60 kg N added ha~! and 150 kg N added
ha~!. Nitrogen (ammonium sulfate) was applied as four top dressings (basal, mid-tillering,
panicle initiation and at one week before flowering). Solophos, muriate of potash and
zinc were applied basally with the ammonium sulfate. The present study was conducted
only using the 0 kg and 150 kg N ha~! plots (i.e., 12 plots). During 2013, these 12 plots
were each divided into four subplots of 8.25 x 11 m, with two subplots each planted with
either IR62 or IR64 (varieties were assigned randomly to subplots). Seed was initially
sown to low-density, dry seedbeds in a screenhouse, and the ‘seedlings’ (early-tillering
stage) were transplanted, 28 days later, as one plant per hill to the puddled field plots.
Hills were spaced at a distance of 10 cm in half of the subplots and 20 cm in the other half
(i.e., IR62 and IR64 plots were each planted at high and low density). For the purposes of
this research, experiments were conducted only in the low-density subplots. Furthermore,
sampling was conducted at the maximum possible distance from bund vegetation. No
pesticides were used in the fields at any time during the experiments. Light weeding was
conducted by hand at the beginning of each cropping season. All experiments described in
this study were conducted during the rice tillering stage of each crop (i.e., <45 days after
transplanting [DAT]; late February in the DS, early August in the WS), which corresponded
with the time of maximum parasitoid activity in the fields (Horgan, unpublished data).
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2.4. Sampling of Free-Living Insects

Planthoppers, leathoppers and free-living parasitoids were collected from the rice
plots using sweep-nets at 30 DAT. During sampling, ten sweeps of an entomological
sweep net (rim diameter = 45 cm) were taken at each subplot (2 varieties X 2 nitrogen
levels x 6 replicates x 2 seasons = 48 samples). The collected insects were transferred to
70% alcohol and were cleaned in the laboratory under a stereo microscope (Nikon SMZ-2B,
Tokyo, Japan). Planthopper, leathopper and egg-parasitoid species were identified to
species or genus (parasitoids) and counted.

2.5. Parasitism of Planthopper and Leafhopper Eggs

In order to quantify parasitism rates under different nitrogen levels, IR62 and IR64
plants infested with planthopper or leafhopper eggs were exposed in the experimental
plots. The IR64 and IR62 plants were initially sown to seed beds in a screenhouse and, at
28 DAS, were individually transplanted into pots of 5 x 5 cm (H x diam) with zero-added
nitrogen or with nitrogen equivalent to 150 kg ha~!. The pots were individually covered
within mylar cages of 45 x 10 cm (H x diam), each with a mesh top. At 50 DAS, five female
and five male BPH, WBPH or GLH from the colonies were placed into the cages (each
plant with a single herbivore species). The females were allowed to lay eggs in the plants
for 24 h after which the adults were removed. Three plants of each variety, each plant
with eggs of one of the herbivore species, were exposed in the field subplots each season
(i.e., 3 species x 2 varieties X 2 nitrogen levels x 6 replicates = 72 plants per season). The
potted plants were placed in subplots with the corresponding variety and nitrogen level.
A set of not field-exposed, control plants (i.e., 3 insect species x 2 varieties x 2 nitrogen
levels x 5 replicates = 60 pots) were maintained in a screenhouse. The control plants were
used to verify that eggs were not parasitized before transfer to the field plots. We also used
the controls to assess egg laying by each herbivore species as a response to variety and
nitrogen level.

After 4 days, the field-exposed plants, and control plants that were maintained in the
screenhouse were collected. The plants were removed from their pots and the roots rinsed
under tap water. The roots were then wrapped in moistened paper towels. Each plant was
stored in a test tube of 200 x 25 mm (H x diam). Tubes were wrapped with carbon paper
and a translucent vial was placed at the top of each tube to attract the hatched insects to
the light (i.e., to the vial). Fourteen days after collection, the tubes with the plants were
placed in a freezer at —20 °C. The plant samples were dissected under a stereo microscope
(Nikon SMZ-2B, Tokyo, Japan) and the numbers of eggs, hatched herbivores and parasitoids
(free-living adults and parasitized herbivore eggs) were recorded. Parasitoid species were
differentiated by the color of the eggs: orange eggs = Gonatocerus spp., reddish-brown
eggs = Anagrus spp., yellow eggs = Oligosita spp.; white colored eggs were regarded as
unparasitized (leathopper and planthopper eggs). This color-based identification method
is regarded as effective for assigning a genus to the parasitoids, but not for determining
species [55]. However, emerged adult parasitoids were identified to the species level.

2.6. Honeydew and Its Effects on Egg Parasitism

To compare honeydew production by BPH on IR62 and IR64, we first conducted a
greenhouse experiment. Plants (IR62 or IR64) were sown to pots of 5 X 5 cm (H x diam)
with zero-added nitrogen or with nitrogen equivalent to 150 kg ha—!. At 14 DAS, plastic
chambers (5 x 10 cm: H x diam) were placed around the base of each plant. Each chamber
had a hole at the base and at the top, through which the plant passed, with a cotton plug
used to seal the top hole around the plant [28]. Filter paper (Whatman No. 1) treated with
bromocresol green, was placed at the base of each chamber. Bromocresol green indicates
honeydew as blue-rimmed, alkaline spots and white-rimmed, acidic spots. The blue spots
represent phloem-derived honeydew and the white spots, xylem-derived honeydew [30].
At 15 DAS, a single, pre-starved (2 h) gravid brachypterous female was confined to each
chamber. The planthoppers were allowed to feed for 24 h after which the filter papers were
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collected and photographed with a Nikon D90 (12.3 megapixel) digital camera (Nikon Corp.,
Tokyo, Japan) on an illuminated bench. The areas of all spots were measured from the images
using Image-] version 1.48 (National Institute of Health, Bethesda, MD, USA). The bioassay
was replicated five times (i.e., 2 varieties x 2 nitrogen levels x 5 replicates = 20 pots).

We assessed the influence of honeydew from the different varieties on parasitism in
the field plots. Sentinel plants infested with BPH eggs were prepared as described above.
After the adult BPH had been removed, honeydew was removed from the plant surfaces
by rinsing and wiping the plants with a wet paper towel. Plants were divided into three
groups. The first group had honeydew collected from BPH feeding on the same variety
applied to the stem surface of each plant (e.g., host plant = IR62, honeydew = IR62). A
second group of plants had honeydew collected from BPH feeding on a different variety
applied to the stem surface (e.g., host plant = IR62, honeydew = IR64). The honeydew
that was applied to the plants was collected by attaching parafilm sachets [29] of 5 x 5 cm
(H x W) with five gravid females inside, to plants of either IR62 or IR64 under each nitrogen
regime. After 36 h, the honeydew was removed from the parafilm using micropipettes
and was applied to the stem surface of the sentinel plants. During the dry season, 12 uL
of honeydew was applied to each plant; during the wet season, 10 uL of honeydew was
applied. The honeydew was dripped over the base of the plants and allowed to air dry.
A third group of plants had no honeydew applied to the surfaces (i.e., honeydew was
wiped off). Plants (with and without honeydew) were then exposed in the corresponding
subplots (i.e., matching variety and nitrogen level). After 4 days, the plants were collected
and processed as described above. The experiment was replicated 6 times each season (i.e.,
3 treatments [with honeydew from planthoppers on the same variety, with honeydew from
planthoppers on a different variety, and without honeydew] x 2 varieties x 2 nitrogen
levels x 6 replicates = 72 exposed plants per season).

2.7. Statistical Analyses

The relative abundance of BPH, WBPH, or GLH and of the free-living stages of egg
parasitoids, as well as parasitism rates estimated using sentinel plants with different her-
bivore eggs or under different honeydew treatments were analyzed using Generalized
Linear Mixed Models (GLMM) with Template Model Builder (TMB) or Generalized Lin-
ear Mixed-Effects Models (GLMER) adequate for the split-plot field design. In cases of
overdispersion, the beta-binomial distribution was fitted to the GLMMTMB models. After
checking for overdispersion and randomness of the residuals, the most suitable models
were selected according to the value of the Akaike Information Criterion (AIC) for each
model. Parasitism rates were estimated as the number of parasitized eggs divided by the
total numbers of emerged nymphs and the total number of parasitized eggs (including
all parasitoids). This eliminated from the calculations possible non-viable eggs, or eggs
consumed by predators. Because parasitism by different species is contemporaneous, we
assessed the effects of calculating parasitism using only available eggs for corresponding
species (e.g., emerged planthoppers and eggs parasitized by Anagrus spp. as the denomina-
tor for the calculation of Anagrus spp. parasitism rates). Calculations based on available
eggs increased calculated parasitism rates, but did not affect patterns across varieties or
nitrogen levels; therefore, we used viable eggs as the denominator in calculations. This
assumes that parasitism by conspecific or congeneric parasitoids did not limit parasitism by
any species. This also allowed us to sum parasitism rates from different parasitoid species
to estimate total mortality of eggs from all parasitoids combined. We also checked for
multicollinearity of parasitism rates by Oligosita spp. and Anagrus spp., this examination
of the data also found no correlations; therefore, egg parasitism by these two species was
analyzed separately. Total honeydew production and the proportions of xylem-derived
honeydew were examined using Generalized Linear Models (GLM) with a Gaussian and
Binomial distribution, respectively. All data were analyzed using R v4.0.2 [56].
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3. Results
3.1. Arthropod Community

Planthoppers and leathoppers were more abundant during wet season sampling
compared to the dry season (BPH: x? = 21.656, p < 0.001; WBPH: x? = 46.985, p < 0.001;
GLH: x? =29.568, p < 0.001: Figure 1A,B). WBPH was the most abundant herbivore. There
was no apparent variety effect on BPH (x> = 0.364, p > 0.05) or WBPH (x° = 1.392, p > 0.05)
abundance in the field plots; however, more GLH (x? = 20.838, p < 0.001) were captured in
sweep nets at the IR64 plots. More GLH (x? = 7.102, p < 0.01) were captured in low- than
in high-nitrogen plots (Figure 1A,B); but captures of BPH were not affected by nitrogen
level (BPH: x? = 0.058, p > 0.05) (Figure 1A,B). There was a significant season—nitrogen
interaction for WBPH (x? = 8.196, p < 0.01) because of higher captures in low-nitrogen plots
than in high-nitrogen plots during the wet season, but not the dry season (Figure 1A,B).

Free-living Herbivores

Dry Season Wet Season
120 BPH
B
@ 100 + A s Season = ***
Q. 74
SE wf Klew | o
. S 60 | l:l WBPH | SxNitrogen =
22 E GLH GLH
5 % 40 B Season = ***
z 033 Nitrogen = **
> 204 b Variety = ***
0 ——EE—EE—EE ‘ ‘ ‘ ‘ ‘
IR62-0  IR64-0 IR62-150 IR64-150 IR62-0  IR64-0 IR62-150 IR64-150
Free-living Parasitoids
Dry Season Wet Season
10 C D Oligosita
%_ 8 Season = ***
— b -
R VA oiigosita spp. Anagrus
B | Season =
2% |:| Anagrus spp. Gonatocerus
c .
g % 44 E Gonatocerus spp. § Season =
Z o
0 = ‘ : ; T ‘ ‘ :
IR62-0  IR64-0 IR62-150 IR64-150 IR62-0  IR64-0 IR62-150 IR64-150

Variety and Nitrogen

Figure 1. Numbers of planthoppers (A,B), leafhoppers (A,B) and free-living egg parasitoids
(C,D) collected at plots of resistant (IR62) and susceptible (IR64) rice under low (gray bars: 0
added) and high (yellow bars: 150 kg N ha1) levels of nitrogenous fertilizer. Sampling was
conducted using sweep nets during the 2013 dry (A,C) and wet (B,D) seasons. Standard errors
are indicated (N = 6); note differences in scales; results of GLM are indicated as ** = p < 0.05 and
*** = p < 0.001; BPH = brown planthopper, WBPH = whitebacked planthopper, and GLH = green
leathopper; S = season.

Egg parasitoids were also more abundant during wet season sampling (Oligosita spp.:
x> = 72.667, p < 0.001; Anagrus spp.: x> = 9.075, p < 0.01; Gonatocerus spp.: x> = 84.525,
p <0.001: Figure 1C,D). Oligosita spp. (mainly O. sp. nr aesopi) and Gonatocerus spp.
(mainly G. sp. nr. orientalis) were the most abundant egg parasitoids. At least two Ana-
grus spp. (including A. flaveolus and A. optabilis) occurred at relatively low numbers in
the plots (Figure 1C,D). More parasitoids were captured in low-nitrogen plots; however,
there was no statistically significant effect of nitrogen (3.088 > )(2 > 0.142, p > 0.05) or
variety (0.740 > x? > 0.344, p > 0.05) on captures of any of the three parasitoid groups
(Figure 1C,D).
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3.2. Parasitism of Planthopper and Leafhopper Eggs

Egg laying by planthoppers was not affected by variety and was consistent between
the two seasons that we used sentinel plants (Table S1). BPH laid 100.15 + 4.03 eggs per
plant; WBPH laid 65.92 £ 5.25 eggs per plant. All three hoppers tended to lay more eggs
in nitrogen-fertilized plants, but the effects were only significant for GLH (x> = 8.372,
p < 0.01). During our experiments, GLH laid significantly fewer eggs during the wet season
experiments (DS = 101.53 £ 15.00; WS =19.93 £ 3.75: X% =62.987, p <0.001) (Table S1). Eggs
maintained in the screenhouse were not parasitized, indicating that all reported parasitism
occurred during field exposures.

Egg parasitoids caused 31.04 £ 4.01% mortality of BPH eggs during the dry season and
38.88 4 2.96% during the wet season exposures. There was no effect of nitrogen (x? = 3.110,
p > 0.05) on parasitism levels. There was a significant season—variety interaction (4.293,
p = 0.038) because of higher parasitism of eggs in IR64 than IR62 during the wet season
exposure, but not during the dry season (Figure 2A,B).
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Figure 2. Effects of nitrogen (0 or 150 kg ha~1 of nitrogen) and variety (IR62: resistant and IR64:
susceptible) on percentage parasitism of BPH (A,B), WBPH (C,D) and GLH (E F) eggs in rice field
plots. Experiments were conducted during the dry (A,C,E) and wet (B,D,F) seasons of 2013. Stan-
dard errors are indicated (N = 6); results of GLM are indicated as ns = p > 0.05, * = p < 0.05 and
** = p < 0.001. BPH = brown planthopper, WBPH = whitebacked planthopper, and GLH = green
leafhopper; S = season, N = nitrogen and V = variety.

Parasitism of WBPH eggs was lower in the dry season (23.63 + 3.98%) than the
wet season (51.96 + 4.81%) (x> = 12.666, p < 0.001: Figure 2B,C). There was a tendency
toward higher parasitism of WBPH eggs in high-nitrogen plots. However, the three-way
[season-variety—nitrogen] interaction was significant (x*> = 4.871, p = 0.027) (Figure 2C,D).

Parasitism of GLH eggs was low during the dry season exposure (7.08 + 2.23%),
with a non-significant increase during the wet season exposure (26.83 + 6.71%: x? = 1.607,
p = 0.209) (Figure 2E,F). Oligosita spp. (mainly O. sp. nr aesopi) were the main parasitoids. In
both seasons, egg parasitism was higher on IR62 plants under low nitrogen, but higher on
IR64 plants under high nitrogen (x? = 15.852, p < 0.001: Figure 2C,D). We will not consider
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parasitism of GLH eggs further in this study because of low parasitism rates during the
dry season exposure and low numbers of eggs laid in sentinel plants in the wet season
(Table S1).

Parasitism rates of WBPH (x? = 32.814, p < 0.001) and BPH (x* = 13.168, p < 0.001)
eggs by Anagrus spp. were significantly higher during the wet season compared to the dry
season exposure (x> = 13.168, p < 0.001: Figure 3A,B). A higher proportion of BPH eggs
were parasitized on IR64 compared to IR62 (x? = 6.527, p < 0.01), but the same variety effect
did not occur for WBPH eggs (x> = 0.570, p > 0.5: Figure 3A,B).
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Figure 3. Effects of nitrogen (0 or 150 kg ha=! of nitrogen) and variety (IR62: resistant and IR64:
susceptible) on parasitism of WBPH and BPH eggs by Anagrus spp. and Oligosita spp. in field plots.
Experiments were conducted during the dry (A,C) and wet (B,D) seasons of 2013. Standard errors
are indicated (N = 6); results of GLMs are indicated as * = p < 0.05 and *** = p < 0.001. BPH = brown
planthopper and WBPH = whitebacked planthopper.

Parasitism of WBPH eggs by Oligosita spp. was marginally higher in the high-nitrogen
plots (x* = 4.454, p < 0.05), but the same effect did not occur for BPH eggs (x* = 0.389,
p > 0.05: Figure 3C,D). Egg parasitism by Oligosita spp. was not affected by season, variety
or interactions during sampling (Figure 3C,D).

3.3. Honeydew and Its Effects on Parasitism

BPH produced less honeydew when feeding on IR62 compared to IR64 and honeydew
produced on IR62 was mainly derived from xylem feeding (Table 1).

Table 1. Honeydew production by BPH on IR64 (susceptible) and IR62 (resistant) rice plants. Num-
bers are means &+ SEM (N = 5).

Honeydew Production Variety and Nitrogen x2-Values !
IR62 IR64 Variety Nitrogen
0 Added N 150 kg N ha—1 0 Added N 150 kg N ha—1
Total (mm?) 0.31 £ 0.08 0.44 = 0.09 1.20 + 0.07 0.99 £ 0.15 51.173 *** 0.186 ns
Xylem Derived (proportion) 0.85 £0.10 0.65 £ 0.10 0.10 £ 0.03 0.20 = 0.08 38.908 *** 0.284 ns

Lns= p > 0.05; *** = p < 0.001; variety—nitrogen interactions were non-significant.



Insects 2022, 13, 251

10 of 19

Parasitism of BPH eggs by Anagrus spp. was relatively low during the dry season
exposure but higher during the wet season exposure (x? = 24.833, p < 0.001). There was
a significant nitrogen-honeydew interaction (x> = 8.558, p = 0.014) because of higher
parasitism by Anagrus spp. of BPH eggs on plants with IR62-derived honeydew than
on plants without honeydew in high-nitrogen plots (irrespective of variety), but similar
parasitism levels on plants with different honeydew treatments in low-nitrogen plots
(Figure 4A,B).
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Figure 4. Parasitism of BPH eggs by Anagrus spp. (A,B) and Oligosita spp. (C,D) on plants with
one of three honeydew treatments (IR62-derived honeydew added = hatched bars; IR64-derived
honeydew added = cross-hatched bars; honeydew removed = open bars). Sentinel IR62 (resistance)
and IR64 (susceptible) plants with BPH eggs were exposed in field plots with low (0 added) and high
(150 kg ha=1) nitrogenous fertilizer during the dry (A,C) and wet (B,D) seasons of 2013. Standard
errors are indicated (N = 6); results of GLMs are indicated asns =p > 0.05, * =p < 0.05, ** = p < 0.01
and *** = p < 0.001.

Parasitism of BPH eggs by Oligosita spp. was similar during the dry and wet season
exposures (x> = 2.085, p = 0.149). A higher proportion of eggs were parasitized in IR64
plants (x? = 5.986, p = 0.014) and under high nitrogen (x> = 8.522, p = 0.004). Honeydew
treatments had no significant effect on parasitism by Oligosita spp. (x> = 5.010, p = 0.082)
(Figure 4C,D). The covariate ‘egg density’ significantly, positively influenced parasitism
rates (x> = 77.133, p < 0.001).

4. Discussion

During our experiments, parasitism by Oligosita spp. was often higher in field plots
under high nitrogen (Table 2). Rice plant growth rates increase under high-nitrogen condi-
tions and plants under high nitrogen are more susceptible to a range of pests, particularly
sap-sucking pests [4,6,31,36]. Although we did not quantify or qualify volatiles emitted
from rice under low or high nitrogen, the higher parasitism by Oligosita spp., despite
relatively constant egg numbers in exposed trap plants (Table S1), suggests that eggs in
high-nitrogen plants were more attractive to the parasitoids. This supports the Optimal
Defense Hypothesis, and indicates a possible positive feedback mechanism contributing
to the regulation of planthopper populations in the rice crop. Parasitism of eggs in IR64
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(susceptible) by Oligosita spp. and Anagrus spp. was also sometimes higher than eggs in
IR62 (resistant) (Table 2). This further suggests that parasitism was directed to the more
vulnerable plants, and, because of relatively constant densities of eggs in those plants dur-
ing our experiments (Table S1), that the effect was probably mediated by semiochemicals.
For Oligosita spp., the effect was independent of the presence or composition of honeydew
on the plants (Table 2); however, for Anagrus spp., there was evidence that honeydew is
associated with higher parasitism rates, and the effect was most apparent for IR62-derived
honeydew under high-nitrogen conditions (Table 2). This represents a further feedback
mechanism that directs parasitoids to resistant rice plants when these are most vulnerable
to planthopper attack (Table 2). We discuss these results in the context of the multiple
factors influencing parasitism rates in rice field plots.

Table 2. Summary of results from field experiments on the effects of variety (IR62= resistant or IR64
= susceptible), nitrogenous fertilizer level (low = 0 kg N ha~! or high = 150 kg N ha~!), honeydew
(IR62-derived, IR64-derived, or no honeydew) and their interactions on parasitism of planthopper

and leafhopper eggs.
Herbivores ! Parasitoids ]‘E]fe}l:::}z’ 1\:21;;:§in Esf?::to ;,1 2 Interaction Effects 2 (]Eég(;gv]:r?::el; }2’
Abundance in
sweep-nets
BPH ns ns WG *** ns
WBPH ns - - Low nitrogen x WS **
GLH IR64 *** Low ** WS % ns
Oligosita spp. ns ns WG = ns
Anagrus spp. ns ns WS ** ns
Gonatocerus spp. ns ns WS % ns
Parasitism of eggs
in sentinel plants
BPH All combined - ns - IR64 x WS * ns
WBPH All combined - - - Variety x nitrogen x ns
season *3
IR62 x low nitrogen;
GLH All combined - - ns IR64 x high nitrogen ns
%%
BPH Oligosita spp. ns ns ns ns ns
WBPH Oligosita spp. ns High * ns ns ns
BPH Anagrus spp. IR64 ** ns WG *#* ns ns
WBPH Anagrus spp. ns ns WS % ns ns
Parasitism of eggs
in sentinel plants
(honeydew)
BPH Oligosita spp. IR64 ** High *** ns ns ok
IR62-derived
BPH Anagrus spp. - ns WS % honeydew X high ns

nitrogen **

1: BPH = brown planthopper, WBPH = whitebacked planthopper, GLH = green leafhopper, and WS = wet season;

2

:ns=p>0.05*=p<0.05 *=p<0.01, ** =p <0.001; - = factor involved in significant interaction; levels
associated with highest proportions of eggs parasitized are indicated for each significant factor; 3: levels are not
highlighted for significant three-way interactions.

4.1. Variety and Nitrogen Effects on Planthopper and Leafhopper Abundance

Several previous studies of IR62 have indicated that the variety has strong antixenosis
and antibiosis defenses [49,54,57]. In greenhouse and field cages, the build-up of BPH pop-
ulations on IR62 is curtailed over successive generations and populations may eventually
collapse, even in the absence of natural enemies [58]. Our experiments were conducted on
relatively young plants because maximum egg laying by BPH and WBPH occurs in young
plants [59] and egg parasitoids are most abundant at early crop stages [38,60]. We found
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no significant effect of variety on egg laying by either planthopper species, or by GLH
(Table S1); however, recent studies have shown that egg laying by BPH under no-choice
conditions is heavily affected by the host of the female parent (i.e., TN1 in this study), with
reductions in egg laying apparent as a lack of successive oviposition cycles [61]. The success
of IR62 therefore relies on effective suppression, or losses in the reproductive potential of
early generations of nymphs produced by immigrating females, which occurs during early
crop stages. Variety effects may be more apparent at later crop stages, but these effects are
initiated in the early crop. Therefore, a lack of apparent variety effects on planthoppers in
our field plots (Figure 1A,B) may be due to the early crop stage at which sampling was
conducted, but could also be due the low captures (BPH), and only late-stage resistance in
IR62 to WBPH [31]. In contrast to planthoppers, GLH was, as expected, less abundant in
plots of IR62 (Figure 1A,B).

A number of studies have shown that the fitness (survival x reproduction) of BPH,
WBPH and GLH increases under high nitrogen [54,59,62,63]. Based on these reports, we
expected that planthopper and leafhopper densities would be higher in high-nitrogen plots;
however, sweep-net sampling indicated that GLH were consistently more abundant in the
low-nitrogen plots (Figure 1A,B); WBPH were also more abundant in low-nitrogen plots
during the wet season (Figure 1B). These results agree with results from previous sampling
at the same plots in different years as reported by Horgan et al. (2019) [22]. The lower
abundance of WBPH and GLH in low-nitrogen plots, despite clear benefits of high nitrogen
for these species, suggests that mortality is higher in high-nitrogen plots. Outbreaks of BPH
have been associated with excessive fertilizer use [4,64]; however, nitrogenous fertilizer
had no apparent effect on BPH numbers in our study (Figure 1A,B). A lack of apparent
effects in our study may be because the species occurred at low densities (generally below
economic threshold densities), and, as with variety effects (explained above), the effects of
nitrogen may be more apparent during later crop stages when second- or third-generation
planthoppers occur [4,5]. Nevertheless, our study did find significant variety and nitrogen
effects on egg parasitism.

4.2. Nitrogen Effects on Egg Parasitoids

Hymenopteran parasitoids cause significant mortality to planthopper eggs [65-67].
Using field cages in Indonesia that excluded different components of arthropod natural
enemy communities, Claridge et al. (2002) [65] estimated that egg parasitoids reduced
BPH populations by approximately 50%, with predatory bugs and spiders further reducing
populations to below 1% of their potential. Furthermore, a number of studies have indicated
that egg parasitoids respond to egg densities at plant and batch scales [66,68,69]. In the
present study, egg parasitism by Oligosita spp. was also density dependent at the plant
scale (Table 2). Adult Oligosita spp. and Gonatocerus spp. occurred in higher numbers at
low-nitrogen plots, where phloem-feeding herbivores were also more abundant (Figure 1D).
However, the parasitism of eggs in sentinel plants was generally higher in high-nitrogen
plots (i.e., Oligosita spp. with WBPH—Figure 3; Oligosita spp. with BPH—Figure 4; Anagrus
spp. with BPH—Figure 4). Discrepancies between the results of sweep-net sampling and
sentinel plants are probably due to the diversity of Oligosita, Anagrus and Gonatocerus
species in the rice ecosystem. For example, Gonatocerus spp. were relatively common
in sweep nets in the wet season, but egg parasitism by Gonatocerus was low (i.e., <1%)
each season, suggesting that most of the Gonatocerus spp. captured in sweep nets were
parasitoids of arthropod eggs other than BPH, WBPH or GLH.

Barrion et al. (1981) [70] identified several egg parasitoids of planthopper and leathop-
per eggs in Luzon that included Mymar tapobanicum (Ward) and Polynema sp. (Mymaridae),
and Stephanodes sp. (Trichogrammatidae) that we did not detect among parasitized eggs.
Furthermore, Sann et al. (2018) [71] have shown that the diversity of Anagrus and Gonato-
cerus species that parasitize BPH and GLH (and presumably WBPH) in the Philippines is
underestimated because of the occurrence of several cryptic species. Because the results
from sentinel plants are directly related to parasitoid function, our results indicate that
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egg parasitism by Oligosita spp. in particular is higher under high-nitrogen conditions
(Figures 2—4) and therefore likely stabilizes nitrogen-induced increases in planthopper
populations. Although the number of WBPH eggs in sentinel plants was not statisti-
cally significantly affected by nitrogen content (Table S1), slightly higher numbers in the
high-nitrogen plants, together with apparent density dependent parasitism [66,68,69],
may have contributed to the higher rates of parasitism estimated for high-nitrogen plots;
however, the association was not apparent in all experiments (Table 2), thereby suggest-
ing that semiochemical lures also contributed to the effect in all cases. Because Oligosita
spp. were the most abundant parasitoids and are responsible for higher parasitism rates
compared to other parasitoids (i.e., Anagrus spp.) in Philippine rice fields, and based
on evidence for the involvement of semiochemical lures, then our results support the
Optimal Defense Hypothesis.

4.3. Variety Effects on Egg Parasitoids

Unlike the parasitoids of free-living herbivore stages, egg parasitoids must encounter
immobile life-stages that do not, by themselves, damage the host plant [33]. In the case of
BPH, WBPH and GLH, the eggs are further concealed beneath the host parenchyma [55].
Egg parasitoids therefore rely on a range of chemical cues to locate their hosts. These
are mainly induced volatiles emitted from herbivore damaged plants [37,72-74]. For egg
parasitoids, volatile-inducing damage is predominantly related to feeding activities of
the adult planthoppers or leafthoppers, although parasitoids will also respond to cues
emitted after attack by planthopper nymphs [74]. Much recent research has focused on
identifying the volatiles emitted from BPH damaged rice plants [37,75,76]. However, there
is still little knowledge of the chemical ecology of egg parasitism. Lou et al. (2005) [74]
have shown that the egg parasitoid Anagrus nilaparvatae Pang et Wang is attracted to rice
plants on which BPH are feeding; several plant volatiles appear to play a role in this
attraction. Furthermore, rice plants treated with jasmonic acid (JA) have been shown
to emit a range of volatiles associated with the attraction of A. nilaparvatae, and BPH
eggs in rice plants that are surrounded by JA-treated plants are more vulnerable to the
egg parasitoid [73]. However, Lou et al. (2006) [37] have also shown that the range and
number of volatiles emitted from rice are strongly influenced by variety. In a comparative
study, A. nilaparvatae parasitized fewer eggs on IR26 and IR64, both varieties with the
Bph1 gene for resistance, compared to eggs in susceptible varieties without BPH resistance
genes [37]. Parasitism was also generally higher in JA-treated susceptible plants compared
to JA-treated resistant plants [37]. Volatile blends therefore strongly influence parasitoid
attraction to infested plants.

We predicted that parasitism of eggs in IR64 would be higher than in IR62. We based
our predictions on previous research by Lou and colleagues [37] that suggested resistant
plants may be less attractive to egg parasitoids, and on the likely lower densities of eggs on
resistant rice. However, we also expected that IR62, which has high antibiosis defenses,
would either have a lower requirement for semiochemical lures, compared with susceptible
varieties, or would release fewer volatiles during attack because of resistance-induced
changes in planthopper feeding behaviors. In support of our predictions, we found that
total parasitism of BPH eggs was higher on IR64 than IR62 during the wet season exposures
(Figure 2, Table 2). Furthermore, parasitism of BPH eggs by Anagrus spp. was higher on
IR64 than on IR62 (Figure 3A,B, Table 2), with a tendency toward higher Oligosita spp.
parasitism on IR64 in the same experiment (Figure 3D), and significantly higher Oligosita
spp. parasitism on eggs in IR64 in the honeydew experiment (Figure 4, Table 2). Parasitism
of WBPH eggs by Oligosita spp. also tended to be higher on IR64 (Figure 3). As discussed
previously, higher parasitism of eggs in IR64 cannot be attributed to density effects at
the plant level (Table S1). It is more probable that the differences are associated with the
dissimilar behaviors of planthoppers on the varieties. As indicated in a previous study,
whereas BPH oviposit similarly on IR62 and susceptible varieties during initial oviposition
cycles, the feeding behavior of adult females on resistant and susceptible varieties differs
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considerably [61]. Planthoppers on resistant rice will probe more than on susceptible rice,
they also have shorter feeding bouts and produce less honeydew [77]. Each of these factors
could influence the nature of volatiles emitted from infested rice plants and ultimately affect
egg parasitism. We examined the potential for one of these possible factors, honeydew
composition, to influence parasitism rates.

4.4. The Role of Honeydew in EQg Parasitism

We found that the BPH on IR62 produced less honeydew and the honeydew had higher
proportions of acidic xylem-derived materials than honeydew produced on IR64. Honey-
dew is a sweet and sticky substance that contains sugars [78]. However, the honeydew of
planthoppers also contains a range of other chemicals including proteins of insect, plant and
bacterial origin [79], plant hormones, including feeding inhibitors [80], and plant defense
elicitors of insect or microbial origin [76,79]. BPH honeydew has recently been shown to
also contain microbial symbionts that enhance rice defenses against insects and diseases,
which may ultimately induce rice volatiles that attract natural enemies [76]. Honeydew is a
rich source of nutrients for the insects that consume it [34,45,81]. Indeed, recent evidence
suggests that honeydew is often the main food source for aphid parasitoids even in the
presence of diverse nectar sources [35]. Furthermore, honeydew may include host-location
kairomones or function as a stimulator of oviposition for parasitoids [32,45,82].

We found no evidence that honeydew plays a role in the attraction of Oligosita spp to
infested plants (Figure 4C,D, Table 2). However, honeydew did play a role in parasitism
by Anagrus spp. (Table 2). We found that egg parasitism by Anagrus spp. was higher on
plants with honeydew than on plants without honeydew; however, the effect was only
apparent for plants in high nitrogen pots/plots. Because Anagrus spp. parasitized more
eggs on IR64 (Figure 3A,B), we expected that honeydew from IR64 would also be most
attractive to the species. However, the parasitism of eggs in high-nitrogen plants (either
IR62 or IR64) with IR62 honeydew was consistently higher than in high-nitrogen plants
with IR64 honeydew (Figure 4A,B). However, in our experiments, we used equal amounts
of honeydew on susceptible and resistant plants; under natural conditions, the quantities of
honeydew on IR62 plants would be considerably lower than on IR64 plants (Table 1)-which
may explain why Anagrus spp. parasitized more eggs in the IR64 plots. Anagrus spp. may
also prefer plants based on the availability of nutrients in the associated honeydew, as
suggested by the relatively strong nitrogen effect in the experiment (Figure 4A,B, Table 2).

The mechanisms leading to higher parasitism on plants treated with IR62-derived
honeydew compared to equal amounts of IR64-derived honeydew are difficult to suggest.
Parasitoid behaviors are complex and it may be that IR62-derived honeydew provides
nutrients to parasitoids in a more diluted form (because xylem-derived honeydew contains
more water) possibly avoiding the need to clean mouth and body parts [78] and reducing
searching and handling times. IR62 honeydew may also have higher levels of JA, specific
volatiles, or sucking inhibitors that directly or indirectly attract parasitoids. As indicated by
Luo et al. (2006) [37], the nature of volatiles emitted from rice plants is difficult to predict
and the volatile blends emitted are not grouped according to resistance levels. Future
studies that compare several resistant and susceptible varieties for their honeydew-related
effects on parasitism are required to better understand these complex interactions and
to test general hypotheses concerning egg parasitism in crops of resistant rice. However,
our results do indicate that Anagrus spp. respond to honeydew in high-nitrogen plots,
and that honeydew from resistant rice is not necessarily unattractive or otherwise less
beneficial to egg parasitoids. Furthermore, higher egg parasitism associated with IR62-
derived honeydew (Figure 4A,B), when these plants become more vulnerable under high
soil nitrogen regimes, may compensate for the normally low attraction of parasitoids to
resistant IR62 plants (Figure 2).
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4.5. Incorporating Resistance into Agroecological Designs for Rice Ecosystems

To our knowledge, only one study has examined the combined effects of host re-
sistance, nitrogen inputs, and conservation biological control on rice planthoppers and
leafhoppers [22]. In that study, using the same platform as in the present study, researchers
found that planting bunds with mung bean (Vigna radiata (L.) R. Wilczek) was associated
with higher numbers of Oligosita spp. in sweep-net samples from adjacent rice; the effects
were stronger when planted bunds were adjacent to high-nitrogen plots [22]. Meanwhile,
bunds planted with mung bean had no significant effect on the abundance of Anagrus spp.
parasitoids, but parasitism of eggs in high-nitrogen plots was higher where the plots were
adjacent to bunds planted with sesame (Sesamum indicum L.) or where bund weeds had
not been removed [22]. In greenhouse studies, Zhu et al. [26] indicated that sesame in
particular is associated with improved parasitism rates of A. nilaparvatae. In a further field
study, Vu et al. (2018) [24] found that parasitism of BPH eggs in sentinel rice plants declined
at increasing distances from patches of lady finger (Abelmoschus esculentus (L) Moench) and
into rice fields. The effect was largely due to Oligosita spp. egg parasitism. The role of
non-rice habitat for egg parasitoids is now well established, particularly for Anagrus spp.
(mainly A. nilaparvatae) in China, and Oligosita spp. in the Philippines [20,22,26,83,84]. In
our system, Oligosita spp. were generally abundant and are probably more mobile in rice
production landscapes, whereas Anagrus spp. appear to be rice field specialists. Our results
suggest that the main Anagrus spp. parasitoids in our study system are also affected by
the availability and quality of honeydew coating infested rice plants. This may explain
why bund vegetation seems to affect Anagrus spp. less than Oligosita spp. [22] and why
Anagrus spp. are more severely affected by insecticides compared to Oligosita spp. [69].
Recent studies have shown that honeydew can be contaminated by pesticides [85], which
may increase the vulnerability of species such as Anagrus spp. to insecticide treatments
(but see Heinrichs et al. 1982 [67]).

5. Conclusions

Egg parasitism is a significant source of mortality that contributes to the regulation
of BPH, WBPH and possibly GLH populations in rice. Egg parasitism is generally greater
in high-nitrogen field plots, representing a potential constraint on the nitrogen-induced
enhancement of planthopper and leafthopper fitness and supporting the Optimal Defense
Hypothesis. Two abundant parasitoid groups, Oligosita spp. and Anagrus spp., are active
in Philippine rice fields. The abundance of Oligosita spp. in rice fields and consequent
egg parasitism have been shown to increase close to vegetation patches [22]. Meanwhile,
Anagrus spp. respond to honeydew produced by planthoppers on high-nitrogen rice plants
through increased egg parasitism rates. Parasitism of eggs was frequently higher on IR64
(susceptible) than IR62 (resistant) rice plants; but a preference for honeydew from IR62 sug-
gests that Anagrus spp. work in synergy with the resistant variety to dampen planthopper
population responses to high nutrient availability. This effect could prolong the durability
of resistant rice against emerging virulent planthopper and leathopper populations.
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/ /www.mdpi.com/article/10.3390/insects13030251/s1. Table S1: Oviposition by planthoppers
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(0 added N) and high (150 kg N ha™1) nitrogen.

Author Contributions: Conceptualization, EG.H. and A.P.-C.; methodology, FG.H. and A.P-C,;
formal analysis, FG.H. and A.P--C.; investigation, F.G.H. and A.P.-C.; resources, F.G.H.; data cura-
tion, EG.H. and A.P.-C.; writing—original draft preparation, FG.H. and A.P--C.; writing—review
and editing, FG.H. and A.P--C,; visualization, F.G.H.; supervision, F.G.H.; project administration,
F.G.H.; funding acquisition, FG.H. All authors have read and agreed to the published version of
the manuscript.


https://www.mdpi.com/article/10.3390/insects13030251/s1
https://www.mdpi.com/article/10.3390/insects13030251/s1

Insects 2022, 13, 251 16 of 19

Funding: This research was funded by the Bill and Melinda Gates Foundation (Cereal Systems
Initiative for South Asia [CSISA]: OPP52303) and the Global Rice Science Platform (GRiSP) under the
directorship of Achim Dobermann.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: The authors thank Maria Liberty Almazan, Fame Ramal, Arriza Arida, Car-
mencita Bernal, Alberto Naredo, Reyeul Quintana, Vincent Virtudes, Marol Recide, Jenyrose Geronda,
and Ellen Genil for assistance during this study, and Andy Wilby (Lancaster University) for read-
ing drafts of the manuscript. We thank two anonymous reviewers for helpful comments on the
manuscript. The contributions of Rodante Abas (sadly deceased) during three decades of ento-
mological research at IRRI are gratefully acknowledged. Rice lines were supplied through the
Genebank of IRRIL

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Muthayya, S.; Sugimoto, ].D.; Montgomery, S.; Maberly, G.F. An overview of global rice production, supply, trade, and
consumption. Ann. N. Y. Acad. Sci. 2014, 1324, 7-14. [CrossRef] [PubMed]

2. Maclean, J.L.; Dawe, D.C.; Hettel, G.P. Rice Almanac; International Rice Research Institute: Metro Manila, Philippines, 2002.

3.  Horgan, EG. Integrated pest management for sustainable rice cultivation: A holistic approach. In Achieving Sustainable Cultivation
of Rice: Cultivation, Pest and Disease Management; Sasaki, T., Ed.; Burleigh Dodds Scientific: Cambridge, UK, 2017; pp. 309-342.

4. Hu, X.-E; Cheng, C.; Luo, F; Chang, Y.-Y.; Teng, Q.; Men, D.-Y; Liu, L.; Yang, M.-Y. Effects of different fertilization practices on
the incidence of rice pests and diseases: A three-year case study in Shanghai, in subtropical southeastern China. Field Crop. Res.
2016, 196, 33-50. [CrossRef]

5. Lu, Z,; Villareal, S.; Yu, X.-P.; Heong, K.L.; Hu, C. Biodiversity and dynamics of planthoppers and their natural enemies in rice
fields with different nitrogen regimes. Rice Sci. 2006, 13, 218.

6. Awmack, C.S; Leather, S.R. Host plant quality and fecundity in herbivorous insects. Annu. Rev. Entomol. 2002, 47, 817-844.
[CrossRef] [PubMed]

7.  Heinrichs, E.A,; Viajante, F.,; Aquino, G. Resurgence-inducing insecticides as a tool in field screening of rice against the brown
planthopper. Int. Rice Res. Newsl. 1978, 3, 10-11.

8.  Heinrichs, E.A,; Reissig, W.H.; Valencia, S.; Chellliah, S. Rates and effect of resurgence-inducing insecticides on populations of
Nilaparvata lugens (Homoptera: Delphacidae) and its predators. Environ. Entomol. 1982, 11, 1269-1273. [CrossRef]

9.  Wu,J,;Ge, L; Liu, E; Song, Q.; Stanley, D. Pesticide-induced planthopper population resurgence in rice cropping systems. Annu.
Rev. Entomol. 2002, 65, 409-429. [CrossRef]

10. Wu,]; Wang, A.; Xu, J.; Yang, G.; Qiu, H; Li, D.H. Studies on stimulating effect of two selective insecticides on the number of egg
laid by rice yellow borer, Tryporyza incertulas (Walker) and their effects on biochemistry of rice plants. Sci. Agric. Sin. 2003, 36,
1163-1170.

11.  Wu, J.-C,; Qiu, H-M,; Yang, G.-Q.; Liu, J.-L.; Liu, G.-].; Wilkins, R.M. Effective duration of pesticide-induced susceptibility of rice
to brown planthopper (Nilaparvata lugens Stal, Homoptera: Delphacidae), and physiological and biochemical changes in rice
plants following pesticide application. Int. . Pest Manag. 2004, 50, 55-62. [CrossRef]

12.  Wu, J.-C,; Xu, ].-X,; Yuan, S.-Z,; Liu, J.-L,; Jiang, Y.-H.; Xu, J.-F. Pesticide-induced susceptibility of rice to brown planthopper
Nilaparvata lugens. Entomol. Exp. Appl. 2001, 100, 119-126. [CrossRef]

13.  Chelliah, S.; Heinrichs, E.A. Factors affecting insecticide-induced resurgence of the brown planthopper, Nilaparvata lugens on Rice.
Environ. Entomol. 1980, 9, 773-777. [CrossRef]

14.  Fabellar, L.T.; Heinrichs, E.A. Toxicity of insecticides to predators of rice brown planthoppers, Nilaparvata lugens (Stal) (Homoptera:
Delphacidae). Environ. Entomol. 1984, 13, 832-837. [CrossRef]

15.  Fabellar, L.T.; Heinrichs, E.A. Relative toxicity of insecticides to rice planthoppers and leafthoppers and their predators. Crop Prot.
1986, 5, 254-258. [CrossRef]

16. Cuong, N.L,; Ben, P.T.; Phuong, L.T.; Chau, L.M.; Cohen, M.B. Effect of host plant resistance and insecticide on brown planthopper
Nilaparvata lugens (Stal) and predator population development in the Mekong Delta, Vietnam. Crop Prot. 1997, 16, 707-715.
[CrossRef]

17.  Fujita, D.; Kohli, A.; Horgan, F.G. Rice resistance to planthoppers and leathoppers. Crit. Rev. Plant Sci. 2013, 32, 162-191.
[CrossRef]

18. Horgan, FG.; Almazan, M.-L.P,; Vu, Q.; Ramal, A.F; Bernal, C.C.; Yasui, H.; Fujita, D. Unanticipated benefits and potential

ecological costs associated with pyramiding leafthopper resistance loci in rice. Crop Prot. 2019, 115, 47-58. [CrossRef]


http://doi.org/10.1111/nyas.12540
http://www.ncbi.nlm.nih.gov/pubmed/25224455
http://doi.org/10.1016/j.fcr.2016.06.004
http://doi.org/10.1146/annurev.ento.47.091201.145300
http://www.ncbi.nlm.nih.gov/pubmed/11729092
http://doi.org/10.1093/ee/11.6.1269
http://doi.org/10.1146/annurev-ento-011019-025215
http://doi.org/10.1080/09670870310001630397
http://doi.org/10.1046/j.1570-7458.2001.00854.x
http://doi.org/10.1093/ee/9.6.773
http://doi.org/10.1093/ee/13.3.832
http://doi.org/10.1016/0261-2194(86)90059-1
http://doi.org/10.1016/S0261-2194(97)00068-9
http://doi.org/10.1080/07352689.2012.735986
http://doi.org/10.1016/j.cropro.2018.09.013

Insects 2022, 13, 251 17 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

Widawsky, D.; Rozelle, S.; Jin, S.; Huang, J. Pesticide productivity, host-plant resistance and productivity in China. Agric. Econ.
1998, 19, 203-217.

Gurr, GM,; Lu, Z,; Zheng, X.; Xu, H.; Zhu, P; Chen, G.; Yao, X.; Cheng, J.; Zhu, Z.; Catindig, ].L.; et al. Multi-country evidence
that crop diversification promotes ecological intensification of agriculture. Nat. Plants 2016, 2, 16014. [CrossRef]

Ali, M.P; Bari, M.N.; Haque, S.S.; Kabir, M.M.M.; Afrin, S.; Norwin, F; Islam, M.S.; Landis, D.A. Establishing next-generation pest
control services in rice fields: Eco-agriculture. Sci. Rep. 2019, 9, 10180. [CrossRef]

Horgan, F.G.; Crisol Martinez, E.; Stuart, A.M.; Bernal, C.C.; de Cima Martin, E.; Almazan, M.L.P; Ramal, A.F. Effects of vegetation
strips, fertilizer levels and varietal resistance on the integrated management of arthropod biodiversity in a tropical rice ecosystem.
Insects 2019, 10, 328. [CrossRef]

Sattler, C.; Schrader, J.; Flor, R.].; Keo, M.; Chhun, S.; Choun, S.; Hadi, B.A.; Dettele, J. Reducing pesticides and increasing crop
diversification offer ecological and economic benefits for farmers—A case study in Cambodian rice fields. Insects 2021, 12, 267.
[CrossRef] [PubMed]

Vu, Q.; Ramal, A.F,; Villegas, ].M.; Jamoralin, A.; Bernal, C.C.; Pasang, ].M.; Almazan, M.L.P.; Ramp, D.; Settele, J.; Horgan, F.G.
Enhancing the parasitism of insect herbivores through diversification of habitat in Philippine rice fields. Paddy Water Environ.
2018, 16, 379-390. [CrossRef]

Shanker, C.; Mohan, M.; Sampathkumar, M.; Lydia, C.; Katti, G. Selection of flowering forbs for conserving natural enemies in
rice fields. Biocontrol Sci. Technol. 2013, 23, 480-484. [CrossRef]

Zhu, P; Gurr, GM,; Ly, Z;; Heong, K.; Chen, G.; Zheng, X.; Xu, H.; Yang, Y. Laboratory screening supports the selection of sesame
(Sesamum indicum) to enhance Anagrus spp. parasitoids (Hymenoptera: Mymaridae) of rice planthoppers. Biol. Control 2013, 64,
83-89. [CrossRef]

Sogawa, K. Studies on the feeding habits of the brown planthopper. II. Honeydew excretion. Jpn. J. Appl. Entomol. Zool. 1970, 14,
134-139. [CrossRef]

Paguia, P.; Pathak, M.D.; Heinrichs, E.A. Honeydew excretion measurement techniques for determining differential feeding
activity of biotypes of Nilaparvata lugens on rice varieties. J. Econ. Entomol. 1980, 73, 35-40. [CrossRef]

Pathak, PK,; Saxena, R.C.; Heinrichs, E.A. Parafilm sachet for measuring honeydew excretion by Nilaparvata lugens on rice. J.
Econ. Entomol. 1982, 75, 194-195. [CrossRef]

Yesuraja, I.; Mariappan, I. Feeding behavior of green leathopper (GLH) on rice varieties resistant to rice tungro. Int. Rice Res.
Newsl. 1991, 16, 15.

Horgan, EG.; de Freitas, T.ES.; Crisol-Martinez, E.; Mundaca, E.A.; Bernal, C.C. Nitrogenous fertilizer reduces resistance but
enhances tolerance to the brown planthopper in fast-growing, moderately resistant rice. Insects 2021, 12, 989. [CrossRef]
Bouchard, Y.; Cloutier, C. Role of olfaction in host finding by aphid parasitoid Aphidius nigripes (Hymenoptera: Aphidiidae). J.
Chem. Ecol. 1985, 11, 801-808. [CrossRef]

Fatouros, N.E.; Dicke, M.; Mumm, R.; Meiners, T.; Hilker, M. Foraging behavior of egg parasitoids exploiting chemical information.
Behav. Ecol. 2008, 19, 677-689. [CrossRef]

Jonsson, M.; Wratten, S.D.; Landis, D.A.; Gurr, G.M. Recent advances in conservation biological control of arthropods by
arthropods. Biol. Control 2008, 45, 172-175. [CrossRef]

Luquet, M,; Pefialver-Cruz, A.; Satour, P.; Anton, S.; Cortesero, A.-M.; Lavandero, B.; Jaloux, B. Aphid honeydew may be the
predominant sugar source for Aphidius parasitoids even in nectar-providing intercrops. Biol. Control 2021, 158, 104596. [CrossRef]
Horgan, F.G. Integrating gene deployment and crop management for improved rice resistance to Asian planthoppers. Crop Prot.
2018, 110, 21-33. [CrossRef]

Lou, Y;; Hua, X.; Turlings, T.C.J.; Cheng, J.; Chen, X.; Ye, G. Differences in induced volatile emissions among rice varieties result in
differential attraction and parasitism of Nilaparvata lugens eggs by the parasitoid Anagrus nilaparvatae in the field. J. Chem. Ecol.
2006, 32, 2375. [CrossRef] [PubMed]

Nalini, R.; Gunathilagaraj, K.; Uthamasamy, S. Interaction among resistant rice genotypes, whitebacked planthopper Sogatella
furcifera (Horvath), and egg parasitoid Anagrus nr. flaveolus. Int. Rice Res. Notes 2005, 30, 29-30.

McKey, D. Adaptive patterns in alkaloid physiology. Am. Nat. 1974, 108, 305-320. [CrossRef]

Kvedaras, O.L.; An, M,; Choi, Y.S.; Gurr, G.M. Silicon enhances natural enemy attraction and biological control through induced
plant defences. Bull. Entomol. Res. 2010, 100, 367-371. [CrossRef]

Liu, J.; Zhu, J.; Zhang, P; Han, L.; Reynolds, O.L.; Zeng, R.; Wu, ].; Shao, Y.; You, M.; Gurr, G.M. Silicon supplementation alters
the composition of herbivore induced plant volatiles and enhances attraction of parasitoids to infested rice plants. Front. Plant Sci.
2017, 8, 1265. [CrossRef]

Gontijo, L.; Cascone, P.; Giorgini, M.; Michelozzi, M.; Rodrigues, H.S.; Spiezia, G.; Iodice, L.; Guerrieri, E. Relative importance of
host and plant semiochemicals in the foraging behavior of Trichogramma achaeae, an egg parasitoid of Tuta absoluta. ]. Pest Sci.
2019, 92, 1479-1488. [CrossRef]

Ali, AN.; Wright, M.G. Response of Trichogramma papilionis to semiochemicals induced by host oviposition on plants. Biol. Control
2021, 154, 104510. [CrossRef]

Fuchsberg, J.R.; Yong, T.-H.; Losey, J.E.; Carter, M.E.; Hoffmann, M.P. Evaluation of corn leaf aphid (Rhopalosiphum maidis; Ho-
moptera: Aphididae) honeydew as a food source for the egg parasitoid Trichogramma ostriniae (Hymenoptera: Trichogrammatidae).
Biol. Control 2007, 40, 230-236. [CrossRef]


http://doi.org/10.1038/nplants.2016.14
http://doi.org/10.1038/s41598-019-46688-6
http://doi.org/10.3390/insects10100328
http://doi.org/10.3390/insects12030267
http://www.ncbi.nlm.nih.gov/pubmed/33801159
http://doi.org/10.1007/s10333-018-0662-y
http://doi.org/10.1080/09583157.2013.772560
http://doi.org/10.1016/j.biocontrol.2012.09.014
http://doi.org/10.1303/jjaez.14.134
http://doi.org/10.1093/jee/73.1.35
http://doi.org/10.1093/jee/75.2.194
http://doi.org/10.3390/insects12110989
http://doi.org/10.1007/BF00988307
http://doi.org/10.1093/beheco/arn011
http://doi.org/10.1016/j.biocontrol.2008.01.006
http://doi.org/10.1016/j.biocontrol.2021.104596
http://doi.org/10.1016/j.cropro.2018.03.013
http://doi.org/10.1007/s10886-006-9151-7
http://www.ncbi.nlm.nih.gov/pubmed/17061169
http://doi.org/10.1086/282909
http://doi.org/10.1017/S0007485309990265
http://doi.org/10.3389/fpls.2017.01265
http://doi.org/10.1007/s10340-019-01091-y
http://doi.org/10.1016/j.biocontrol.2020.104510
http://doi.org/10.1016/j.biocontrol.2006.10.009

Insects 2022, 13, 251 18 of 19

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

Wickers, FL.; van Rijn, P.C.J.; Heimpel, G.E. Honeydew as a food source for natural enemies: Making the best of a bad meal? Biol.
Control 2008, 45, 176-184. [CrossRef]

Tian, J.C.; Wang, G.W.; Romeis, J.; Zheng, X.S.; Xu, HX,; Zang, L.S.; Lu, Z.X. Different performance of two Trichogramma
(Hymenoptera: Trichogrammatidae) species feeding on sugars. Environ. Entomol. 2016, 45, 1316-1321. [CrossRef]

Horgan, EG,; Srinivasan, T.S.; Bentur, J.S.; Kumar, R.; Bhanu, K.V; Sarao, P.S.; Chien, H.V.; Almazan, M.L.P; Bernal, C.C.; Ramal,
AF; et al. Geographic and research center origins of rice resistance to Asian planthoppers and leafhoppers: Implications for rice
breeding and gene deployment. Agronomy 2017, 7, 62. [CrossRef] [PubMed]

Horgan, F.G.; Ramal, A.E; Bentur, ].S.; Kumar, R.; Bhanu, K.V,; Sarao, P.S.; Iswanto, E.H.; Chien, H.V.; Phyu, M.H.; Bernal, C.C,;
et al. Virulence of brown planthopper (Nilaparvata lugens) populations from South and South East Asia against resistant rice
varieties. Crop Prot. 2015, 78, 222-231. [CrossRef]

Pefialver Cruz, A.; Arida, A.; Heong, K.L.; Horgan, FE.G. Aspects of brown planthopper adaptation to resistant rice varieties with
the Bph3 gene. Entomol. Exp. Appl. 2011, 141, 245-257. [CrossRef]

Nguyen, C.D.; Zheng, S.-H.; Sanada-Morimura, S.; Matsumura, M.; Yasui, H.; Daisuke, F. Substitution mapping and char-
acterization of brown planthopper resistance genes from indica rice variety, ‘PTB33’ (Oryza sativa L.). Breed. Sci. 2021, 71, 5.
[CrossRef]

Mackill, D.J.; Khush, G.S. IR64: A high-quality and high-yielding mega variety. Rice 2018, 11, 18. [CrossRef]

Alam, S.N.; Cohen, M.B. Detection and analysis of QTLs for resistance to the brown planthopper, Nilaparvata lugens, in a
double-haploid rice population. Theor. Appl. Genet. 1998, 97, 1370-1379. [CrossRef]

Horgan, F.G.; Pefialver-Cruz, A. Compatibility of insecticides with rice resistance to planthoppers as influenced by the timing and
frequency of applications. Insects 2022, 13, 106. [CrossRef] [PubMed]

Horgan, EG.; Pefialver Cruz, A.; Bernal, C.C.; Ramal, A.F,; Almazan, M.L.P.; Wilby, A. Resistance and tolerance to the brown
planthopper, Nilaparvata lugens (Stal), in rice infested at different growth stages across a gradient of nitrogen applications. Field
Crop. Res. 2018, 217, 53-65. [CrossRef] [PubMed]

Shepard, B.M.; Barrion, A.T.; Litsinger, J.A. Friends of the Rice Farmer: Helpful Insects, Spiders and Pathogens; International Rice
Research Institute: Metro Manila, Philippines, 2000.

R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing; R-Project: Vienna,
Austria, 2020.

Ferrater, ].B.; Naredo, A.L; Almazan, M.L.P,; de Jong, PW.; Dicke, M.; Horgan, F.G. Varied responses by yeast-like symbionts
during virulence adaptation in a monophagous phloem-feeding insect. Arthropod-Plant Interact. 2015, 9, 215-224. [CrossRef]
Horgan, EG.; Garcia, C.P.F; Haverkort, F; de Jong, PW.; Ferrater, ].B. Changes in insecticide resistance and host range performance
of planthoppers artificially selected to feed on resistant rice. Crop Prot. 2020, 127, 104963. [CrossRef] [PubMed]

Horgan, FG,; Srinivasan, T.S.; Naik, B.S.; Ramal, A.F,; Bernal, C.C.; Almazan, M.L.P. Effects of nitrogen on egg-laying inhibition
and ovicidal response in planthopper-resistant rice varieties. Crop Prot. 2016, 89, 223-230. [CrossRef] [PubMed]

Watanabe, T.; Wada, T.; Salleh, N.M.N.b.N. Parasitic activities of egg parasitoids on the rice planthoppers, Nilaparvata lugens (Stal)
and Sogatella furcifera (Horvath) (Homoptera: Delphacidae), in the Muda Area, Peninsular Malaysia. Appl. Entomol. Zool. 1992, 27,
205-211. [CrossRef]

Horgan, F.G.; Arida, A.; Ardestani, G.; Almazan, M.L.P. Elevated temperatures diminish the effects of a highly resistant rice
variety on the brown planthopper. Sci. Rep. 2021, 11, 262. [CrossRef]

Vu, Q.; Quintana, R.; Fujita, D.; Bernal, C.C.; Yasui, H.; Medina, C.D.; Horgan, F.G. Responses and adaptation by Nephotettix
virescens to monogenic and pyramided rice lines with Grh-resistance genes. Entomol. Exp. Appl. 2014, 150, 179-190. [CrossRef]
Zhou, X.; Xyu, H.; Zheng, X,; Yang, Y.; Chen, L.; He, J.; Lyu, Z. Population dynamics of white-backed planthopper and its
predatory spiders in hybrid rice fields with different nitrogen regimes. Acta Agric. Zhejiangensis 2012, 24, 865-869.

Horgan, F.G.; Crisol, E. Hybrid rice and insect herbivores in Asia. Entomol. Exp. Appl. 2013, 148, 1-19. [CrossRef]

Claridge, M.E; Morgan, J.C.; Steenkiste, A.E.; Iman, M.; Damyanti, D. Experimental field studies on predation and egg parasitism
of rice brown planthopper in Indonesia. Agric. For. Entomol. 2002, 4, 203-209. [CrossRef]

Sivapragasam, A.; Chua, T.H. Functional response of the brown planthopper egg parasitoids Anagrus nr flaveolas (Waterhouse)
and Oligosita sp. (Walker). MARDI Res. . 1992, 20, 161-165.

Heinrichs, E.A.; Aquino, G.B.; Chelliah, S.; Valencia, S.L.; Reissig, W.H. Resurgence of Nilaparvata lugens (Stal) populations as
influenced by method and timing of insecticide applications in lowland rice. Environ. Entomol. 1982, 11, 78-84. [CrossRef]

Ma, M.-Y,; Peng, Z.-P.; He, Y. Effects of temperature on functional response of Anagrus nilaparvatae Pang et Wang (Hymenoptera:
Mymaridae) on the eggs of whitebacked planthopper, Sogatella furcifera Horvath and brown planthopper, Nilaparvata lugens Stal.
J. Integr. Agric. 2012, 11, 1313-1320. [CrossRef]

Horgan, EG.; Ramal, A.E; Villegas, ] M.; Jamoralin, A.; Bernal, C.C.; Perez, M.O.; Pasang, ] M.; Naredo, A.I;; Almazan, M.L.P.
Effects of bund crops and insecticide treatments on arthropod diversity and herbivore regulation in tropical rice fields. J. Appl.
Entomol. 2017, 141, 587-599. [CrossRef]

Barrion, A.T.; Pantua, P.C.; Bandong, J.P; dela Cruz, C.G.; Raymundo, FA.; Lumaban, M.D.; Apostol, R.E,; Litsinger, ].A. Food
web of the rice brown planthopper in the Philippines. Int. Rice Res. Notes 1981, 6, 13-15.

Sann, C.; Wemheuer, F; Beaurepaire, A.; Daniel, R;; Erler, S.; Vidal, S. Preliminary investigation of species diversity of rice hopper
parasitoids in Southeast Asia. Insects 2018, 9, 19. [CrossRef]


http://doi.org/10.1016/j.biocontrol.2008.01.007
http://doi.org/10.1093/ee/nvw106
http://doi.org/10.3390/agronomy7040062
http://www.ncbi.nlm.nih.gov/pubmed/32704393
http://doi.org/10.1016/j.cropro.2015.09.014
http://doi.org/10.1111/j.1570-7458.2011.01193.x
http://doi.org/10.1270/jsbbs.21034
http://doi.org/10.1186/s12284-018-0208-3
http://doi.org/10.1007/s001220051031
http://doi.org/10.3390/insects13020106
http://www.ncbi.nlm.nih.gov/pubmed/35206680
http://doi.org/10.1016/j.fcr.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29503500
http://doi.org/10.1007/s11829-015-9373-0
http://doi.org/10.1016/j.cropro.2019.104963
http://www.ncbi.nlm.nih.gov/pubmed/31902971
http://doi.org/10.1016/j.cropro.2016.07.033
http://www.ncbi.nlm.nih.gov/pubmed/27812236
http://doi.org/10.1303/aez.27.205
http://doi.org/10.1038/s41598-020-80704-4
http://doi.org/10.1111/eea.12149
http://doi.org/10.1111/eea.12080
http://doi.org/10.1046/j.1461-9563.2002.00141.x
http://doi.org/10.1093/ee/11.1.78
http://doi.org/10.1016/S2095-3119(12)60128-2
http://doi.org/10.1111/jen.12383
http://doi.org/10.3390/insects9010019

Insects 2022, 13, 251 19 of 19

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Lou, Y.-G.; Cheng, ].-A. Host-recognition kairomone from Sogatella furcifera for the parasitoid Anagrus nilaparvatae. Entomol. Exp.
Appl. 2001, 101, 59-67. [CrossRef]

Lou, Y.-G.; Du, M.-H,; Turlings, T.C.J.; Cheng, J.-A.; Shan, W.-F. Exogenous application of jasmonic acid induces volatile emissions
in rice and enhances parasitism of Nilaparvata lugens eggs by the parasitoid Anagrus nilaparvatae. . Chem. Ecol. 2005, 31, 1985-2002.
[CrossRef]

Lou, Y.-G.; Ma, B.; Cheng, J.-A. Attraction of the parasitoid Anagrus nilaparvatae to rice volatiles induced by the rice brown
planthopper Nilaparvata lugens. . Chem. Ecol. 2005, 31, 2357-2372. [CrossRef]

He, X.; Xu, H.; Gao, G.; Zhou, X.; Zheng, X.; Sun, Y.; Yang, Y,; Tian, J.; Lu, Z. Virus-mediated chemical changes in rice plants
impact the relationship between non-vector planthopper Nilaparvata lugens Stal and its egg parasitoid Anagrus nilaparvatae Pang
et Wang. PLoS ONE 2014, 9, e105373. [CrossRef] [PubMed]

Wari, D.; Kabir, M.A.; Mujiono, K.; Hojo, Y.; Shinya, T.; Tani, A.; Nakatani, H.; Galis, I. Honeydew-associated microbes elicit
defense responses against brown planthopper in rice. J. Exp. Bot. 2019, 70, 1683-1696. [CrossRef]

Kimmins, EM. Electrical penetration graphs from Nilaparvata lugens on resistant and susceptible rice varieties. Entomol. Exp. Appl.
1989, 50, 69-79. [CrossRef]

Price, PW.; Bouton, C.E.; Gross, P.; McPheron, B.A.; Thompson, ].N.; Weis, A.E. Interactions among three trophic levels: Influence
of plants on interactions between insect herbivores and natural enemies. Annu. Rev. Ecol. Syst. 1980, 11, 41-65. [CrossRef]
Zhu,].; Zhu, K,; Li, L.; Li, Z,; Qin, W,; Park, Y.; He, Y. Proteomics of the honeydew from the brown planthopper and green rice
leathopper reveal they are rich in proteins from insects, rice plant and bacteria. Insects 2020, 11, 582. [CrossRef]

Shigematsu, Y.; Murofushi, N.; Ito, K.; Kaneda, C.; Kawabe, S.; Takahashi, N. Sterols and asparagine in the rice plant, endogenous
factors related to resistance against the brown planthopper (Nilaparvata lugens). Agric. Biol. Chem. 1982, 46, 2877-2879.

Tena, A.; Wickers, FL.; Heimpel, G.E.; Urbaneja, A.; Pekas, A. Parasitoid nutritional ecology in a community context: The
importance of honeydew and implications for biological control. Curr. Opin. Insect Sci. 2016, 14, 100-104. [CrossRef]

Bargen, H.; Saudhof, K.; Poehling, H.-M. Prey finding by larvae and adult females of Episyrphus balteatus. Entomol. Exp. Appl.
1998, 87, 245-254. [CrossRef]

Dominik, C.; Seppelt, R.; Horgan, EG,; Settele, ].; Vaclavik, T. Landscape composition, configuration, and trophic interactions
shape arthropod communities in rice agroecosystems. J. Appl. Ecol. 2018, 55, 2461-2472. [CrossRef]

Sann, C.; Theodorou, P.; Heong, K.L.; Villareal, S.; Settele, J.; Vidal, S.; Westphal, C. Hopper parasitoids do not significantly benefit
from non-crop habitats in rice production landscapes. Agric. Ecosyst. Environ. 2018, 254, 224-232. [CrossRef]

Calvo-Agudo, M.; Tooker, ].E; Dicke, M.; Tena, A. Insecticide-contaminated honeydew: Risks for beneficial insects. Biol. Rev.
2022. online early. [CrossRef]


http://doi.org/10.1046/j.1570-7458.2001.00891.x
http://doi.org/10.1007/s10886-005-6072-9
http://doi.org/10.1007/s10886-005-7106-z
http://doi.org/10.1371/journal.pone.0105373
http://www.ncbi.nlm.nih.gov/pubmed/25141278
http://doi.org/10.1093/jxb/erz041
http://doi.org/10.1111/j.1570-7458.1989.tb02317.x
http://doi.org/10.1146/annurev.es.11.110180.000353
http://doi.org/10.3390/insects11090582
http://doi.org/10.1016/j.cois.2016.02.008
http://doi.org/10.1046/j.1570-7458.1998.00328.x
http://doi.org/10.1111/1365-2664.13226
http://doi.org/10.1016/j.agee.2017.11.035
http://doi.org/10.1111/brv.12817

	Introduction 
	Materials and Methods 
	Herbivore Species 
	Plant Materials 
	Field Plot Design 
	Sampling of Free-Living Insects 
	Parasitism of Planthopper and Leafhopper Eggs 
	Honeydew and Its Effects on Egg Parasitism 
	Statistical Analyses 

	Results 
	Arthropod Community 
	Parasitism of Planthopper and Leafhopper Eggs 
	Honeydew and Its Effects on Parasitism 

	Discussion 
	Variety and Nitrogen Effects on Planthopper and Leafhopper Abundance 
	Nitrogen Effects on Egg Parasitoids 
	Variety Effects on Egg Parasitoids 
	The Role of Honeydew in Egg Parasitism 
	Incorporating Resistance into Agroecological Designs for Rice Ecosystems 

	Conclusions 
	References

