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Abstract: The brown planthopper, Nilaparvata lugens (Stal)[BPH], is a damaging pest of rice in
Asia. Insecticides and rice varietal resistance are widely implemented BPH management prac-
tices. However, outbreaks of BPH have been linked to excessive insecticide use—challenging
the compatibility of these two management practices. IR62 is a variety with resistance against
BPH, the whitebacked planthopper, Sogatella furcifera Horvath [WBPH], and the green leafhopper,
Nephotettix virescens (Distant)[GLH]. We compared BPH responses to IR62 and to the susceptible
variety IR64 treated with buprofezin, carbofuran, cartap hydrochloride, cypermethrin, deltamethrin,
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ulated egg laying, and carbofuran increased nymph biomass, but these effects were reduced on IR62.
Planthopper populations were ten times higher on deltamethrin-treated rice than untreated rice in a
screenhouse experiment. Host resistance failed to buffer against this insecticide-induced resurgence
in BPH and WBPH. However, IR62 reduced the effect in GLH. Rice treated with cypermethrin and
fipronil had reduced yields compared to untreated controls, suggesting possible phytotoxic effects.
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The brown planthopper, Nilaparvata lugens (Stal)[BPH], is among the most damaging
pests of rice in Asia [1]. BPH occurs throughout the year in tropical Asia where farmers
can produce between one and three rice crops per year. At optimal temperatures, the
planthopper completes about three generations per crop, thereby, rapidly building up
populations in regions of intensive rice production [1,2]. Furthermore, BPH populations
respond to high levels of nitrogenous fertilizers by increasing feeding efficiency, growth
rates, development rates, and reproductive output—thereby further enhancing population
growth [3,4]. During the northern hemisphere spring, planthoppers migrate from tropical
Asia to Korea, Japan, and Northeastern China where large numbers of planthoppers can
sometimes overwhelm natural enemies, thereby causing extensive damage to early-season
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[HPR]) to the planthopper based on conventional crosses between naturally resistant
traditional landraces and high-yielding rice varieties [8]. Resistant varieties have been
deployed to farmers’ fields since the 1970s; however, BPH populations can often rapidly
adapt to this resistance—a phenomenon known as ‘virulence adaptation’ [9-11]. Currently,
there are several resistance genes available from rice landraces and wild rice species, such
that virulence adaptation, can now be better managed [12]. The second most prominent
BPH management method is the use of chemical insecticides [2,13,14]. The development of
insecticides is mainly conducted through private companies. Beginning in the early 2000s,
large increases in the trade and use of insecticides have been reported throughout Asia [2].
Furthermore, trends suggest that farmers increasingly apply insecticides prophylactically
and these applications are not in response to observed high pest densities as recommended
by Integrated Pest Management (IPM) principals [2,15,16]. Several detailed studies have
shown that some commonly-used insecticides actually enhance the growth rates of BPH
populations and, in many cases, will ultimately lead to localized outbreaks of BPH in
farmers’ fields [17-27]. The deployment of resistant rice and the prophylactic application
of insecticides might therefore be antagonistic to achieving successful BPH management.
Furthermore, where farmers conduct prophylactic insecticide applications, HPR cannot
achieve one of its principal objectives, that of reducing pesticide inputs and maintaining
a healthy rice environment [12]. Indeed, in such cases, resistance can become simply an
‘insurance’ against insecticide-induced BPH outbreaks and may inadvertently contribute
to an overuse of insecticides.

The mechanisms by which insecticides lead to BPH resurgence have received consid-
erable research attention. Recently, Wu et al. (2020) [27], reviewed much of the available
information. Resurgence has been noted across a wide range of insecticide products that
have two main effects in the rice ecosystem. Firstly, certain insecticides enhance the feeding
rates, growth rates, development, reproductive output, and migration potential of BPH
either through direct effects on planthopper physiology, known as hormesis, or indirectly,
by inducing susceptibility in the host plant (i.e., by lowering phenol concentrations and
enhancing sugar mobilization) [18,28]. Secondly, many insecticides will have a greater
effect in reducing natural enemy populations than in reducing BPH populations, thereby
depleting the pest regulation capacity of the rice ecosystem [29-34]. The higher susceptibil-
ity of natural enemies to insecticides compared to BPH and other pests has been attributed
to a greater mobility of natural enemies and, thereby, higher probabilities of exposure
to the insecticides; furthermore, many predatory and parasitic arthropods have slower
population growth rates than BPH [35], which reduces the potential for natural enemies to
develop insecticide resistance.

Horgan (2018) [12] reviewed studies where insecticides were applied to both resistant
and susceptible rice varieties to compare effects. In many cases, insecticides reduced the
effectiveness of resistance; however, relative resistance was often maintained across test
varieties—albeit with some minor exceptions [28,36,37]. However, only ten published
studies have examined the combined effects of host resistance and insecticides on BPH
population development [18,20,31,37-43]; a further three studies examined effects on the
white-backed planthopper, Sogatella furcifera Horvath [WBPH], an increasingly common
pest of rice in Asia [28,36,44]. Only seven of these studies have been published since 2000,
and, to our knowledge, there have been no published studies since 2018 that compare the
actions of insecticides on BPH-susceptible and resistant rice (based on records retrieved
using Google Scholar). As a consequence, information on interactions between currently-
effective BPH resistance genes, and commonly used insecticides, is largely unavailable.
Based on the materials (rice varieties and insecticides) used in previous studies, there is
clearly a need to further examine the possible synergistic and/or antagonistic effects of
combining host resistance and insecticides for BPH management.

In the present study, we examine the effects of seven widely available insecticides
on the integrity of resistance in rice against BPH. We selected a rice variety, IR62, with
relatively strong resistance against BPH populations from across Asia [11,45]. This variety



Crops 2021, 1

168

possesses the Bph3 and Bph32 resistance genes derived from the Indian landrace PTB33.
Because of its relatively high effectiveness, IR62 and doner varieties with the Bph3 locus
containing either the Bph3 or Bph32 resistance genes have been extensively studied in
recent years [46—48]. We also selected insecticides that are currently used to manage insect
herbivores in rice in Asia. Many of the products are not specifically recommended for use
against BPH; however, resurgence is often the result of applications against other insect
pests (i.e., BPH is a secondary pest), and particularly against rice leaffolders [49]. We
examined the indirect, plant-mediated effects of insecticides on BPH because our focus
was on possible insecticide-plant interactions, as well as on direct insecticide effects on
BPH. Therefore, we conducted our experiments in greenhouses and in a screenhouse
that were largely free of natural enemies. Furthermore, because of possible phytotoxic
effects of insecticides on rice plants [50,51], and the potential role of such phytotoxicity
in determining BPH-rice interactions [49], we also assessed insecticide effects on plant
growth and yields in the screenhouse. We discuss our results in terms of applying HPR
and insecticide treatments according to IPM principles.

2. Materials and Methods
2.1. Herbivore Species

BPH were obtained from colonies reared at the International Rice Research Institute
(IRRI) in the Philippines. Planthoppers were initially collected in 2009 from rice fields in
Laguna Province. The founder population (ca 500 individuals) was placed in wire mesh
cages of 120 x 60 x 60 cm (H x W x L) under greenhouse conditions (temperatures [T]
25-37 °C; 70-90% relative humidity [RH], 12h:12h day:night [D:N]) and was continuously
reared on >30 days after sowing [DAS] rice plants (variety = TN1). Feeding plants were
replaced every two weeks. The colony received periodic (each year) introgressions of
wild-caught individuals from the same collection sites. BPH from the Laguna Province
have been screened for virulence and are largely adapted to feed on rice varieties with the
Bph1, bph2, bph5, bph7, Bph18, Bph25, and Bph26 genes [11,45]. The colonies were also tested
for levels of resistance to insecticides and have moderate resistance to imidacloprid and
high resistance to BPMC [52].

2.2. Plant Materials

We used two varieties in our experiments. IR62 was selected as a variety with high
resistance to BPH populations throughout South and Southeast Asia [53]. Resistance in
IR62 was derived from PTB33 and is attributed to the Bph3/Bph32 resistance genes [48,53].
BPH has reduced feeding, lower weight gain, slower development, and reduced egg-laying
on IR62 compared to susceptible varieties [4]. The variety also has moderate resistance
to WBPH and to the green leathopper, Nephotettix virescens (Distant) [GLH] [45,54]. Fur-
thermore, resistance derived from PTB33 and associated with the Bph3 locus appears to
be highly durable, since BPH populations with virulence against PTB33-derived varieties,
including IR62, are still rare despite over 30 years of deployment in regions of Mindanao
(Philippines) and in Cambodia [55]. The variety IR64 was selected as a susceptible vari-
ety. IR64 has the Bphl gene for resistance, but BPH populations throughout Asia have
adapted to this gene [11,53]. Nevertheless, IR64 has additional quantitative resistance that
contributes to tolerance (i.e., a relatively high capacity to withstand damage) of BPH in
the variety [56]. IR64 was released by IRRI in 1985 and is considered a mega-variety in
Asia [57]. Because of its popularity, the variety has been enhanced using marker-assisted
breeding to incorporate traits such as flood tolerance (i.e., IR64-Subl, released in 2009) [57].
For our experiments, seeds of both varieties were acquired from the IRRI-germplasm bank.

2.3. Insecticides

We used seven insecticides in our experiments. The insecticides were selected based
on their availability at IRRI. Buprofezin (2-tert-butylimini-3-isopropyl-5-phenyl-3,4,5,6-
tetrahydro-2H-1,3,5-thiadiazin-5-one) (255C; 200 mL ha~1) contains the growth regulator
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thiadezine and is used against planthoppers and leathoppers in rice. It is the recommended
insecticide to combat high densities of planthoppers in rice because it has relatively low
toxicity to natural enemies [58]. We used two synthetic pyrethroids, cypermethrin (cyan-
(3-pheboxyphenyl)-methyl-(3-CS,2-dichloroethenyl)-2,2-dimethyl cyclopropane carboxy-
late) (10EC; 800 mL ha~!), and deltamethrin ((S)-cyano-3-phenoxybenzyl (1R,3R)-3-(2,2-
dibromovinyl)-2,2-dimethyl-cyclopropane-carboxylate) (25EC; 500 mL ha~!); cypermethrin
has been commonly used in rice production to combat rice tungro virus that is transmitted
by rice leafthoppers [59]. Deltamethrin is a broad-spectrum insecticide that is also some-
times used to manage leafthoppers. Both pyrethroids were previously noted to cause BPH
resurgence [39,60,61] and are currently not recommended for use in rice [62]. Neverthe-
less, cypermethrin and deltamethrin are still commonly used on rice in some countries,
including Indonesia and Bangladesh [13,14,61]. For this reason, we included both products
in our experiments. We used the carbamate insecticide carbofuran (2,2-Dimethyl-2,3-
dihydro-1-benzofuran-7-flmethyl-carbamate) (3G; 3 kg ha™') as a systemic insecticide
that is sometimes recommended for control of rice pests including planthoppers [63,64].
Carbofuran has been banned in the European Union, the USA, and Canada, but is still used
in much of Asia [65]. We used thiamethoxam 20% + chlorantraniliprole 20% (3-[(2-chloro-1,3-
thiazol-5-yl)methyl]-5-methyl-1,3,5-oxadiazinan-4-ylidene nitramide + 5-bromo-N-[4-chloro-2-
methyl-6-(methylcarbamoyl)phenyl]-2-(3-chloropyridin-2-yl)pyrazole-3-carboxamide) (40 WG;
75 gha~1),i.e., a combined neonicotinoid and diamide product, as a further systemic in-
secticide. The product is absorbed through the plant to give broad-spectrum control of rice
pests [66]. Finally, we used fipronil (5-Amino-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-
4-(trifluoromethanesulfinyl)-1H-pyrazole-3-carbonitrile) (50SC; 500 mL ha~!) and car-
tap hydrochloride (S-[3-carbamoylsulfanyl-2-(dimethylamino)propyl] carbamothioate-
hydrochloride) (a nereistoxin analogue) (50SP; 400 g ha™!) as two broad-spectrum in-
secticides commonly used to control leaffolders in Asian rice [67-70]. All insecticides
were applied at recommended rates with quantities estimated based on the surface soil
area of each experimental unit. Insecticides were applied by trained pesticide applicators
using standard protective equipment, in a well-ventilated environment (an insect screen-
house). Any evaluations of treated rice plants were conducted at a minimum of 3 days
post-application.

2.4. Effects of HPR and Insecticides on BPH Preferences

We assessed the effects of the insecticides on oviposition by BPH in a multichoice and
in binary choice bioassays. For both tests, seedlings of IR62 and IR64 were planted individ-
ually in #0 pots (5 x 5 cm: H x Diameter) in a greenhouse (T = 25-37 °C; RH = 70-90% D:N
=12 h:12 h). At 27 days after sowing (DAS), the seedlings were treated with one of each
of the seven insecticides as described above, or were sprayed with water (i.e., untreated
control). We used water as a control because some of the products were diluted with water.
Plants were returned to the greenhouse at 30 DAS. For each variety in the multichoice
bioassay, eight plants at 30 DAS—one for each treatment—were placed together in a wire
mesh cage of 120 x 60 x 60 cm (H x W x L). The plants were arranged in a circular
configuration, each separated by 10 cm such that adjacent plants did not touch each other
or the cage walls. The cages were replicated five times for each rice variety, with plants
positioned randomly during each replication. Twenty gravid female N. [ugens were placed
at the center of each cage and allowed to lay eggs for 3 days, after which all adults were
manually removed from the cages. Eggs were allowed to develop in the plants for a further
4 days, after which the plants were collected, wrapped in moistened tissue paper and
stored in a refrigerator. Within 5 days, all plants were dissected under a stereo microscope
(Nikon SMZ-2B, Tokyo, Japan) to count the egg clusters. Egg clusters were removed from
the plant tissues and the numbers of eggs per cluster were recorded. The total number of
eggs was estimated as the sum of eggs per plant from all clusters.

For the binary choice tests, one plant (either IR62 or IR64) for each insecticide treatment
was placed together with a control (untreated) plant of the same variety, in an acetate cage
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0of 30 x 25 x 50 cm (H x W x L) (i.e., two plants per cage). This produced 14 treatment
x variety combinations (7 insecticides x 2 varieties). Each combination of plant pairs
was replicated three times with cages positioned randomly on greenhouse benches and
replicates of each combination pair placed in separate greenhouse compartments. Five
gravid females were placed between the two pots in each cage and allowed to move within
the cage and lay eggs. After 3 days, all adults were manually removed from the cages. The
plants were collected 4 days after removal of the adults to allow the eggs to develop. Plants
were placed in moist tissue paper and stored in a refrigerator until clusters and eggs were
counted under a stereomicroscope (as described above). For both bioassays, the replicates
were each placed in separate greenhouse compartments (i.e., 5 or 3 blocks).

2.5. Effects of HPR and Insecticides on BPH Fitness

We conducted two BPH antibiosis tests in the greenhouse. We examined egg laying
by gravid females on each variety and for each insecticide treatment using an oviposition
test. At 30 DAS, treated and control plants were individually caged by placing an acetate
tube 45 x 5 cm (H x Diameter) with a mesh top over each pot. A recently mated, gravid
BPH was placed inside each cage through a slit in the acetate and was allowed to feed and
oviposit. After 3 days, the females were manually removed from the cages. Plants were left
for 4 days to allow eggs to develop. The plants were then collected and dissected under a
stereo microscope to count the clusters and eggs (as described above).

We examined the effects of host resistance and insecticide treatments on BPH nymphs
in a survival test. At 30 DAS, treated and control plants were individually caged as
described above. Recently emerged nymphs (<2 instar) were collected from the colony
using a suction-pooter and placed inside the cages at a density of ten per cage through a
slit in the acetate. The nymphs were allowed to feed and develop for 15 days, after which
the number of survivors and their developmental stages were recorded. For both bioassays,
plants were dried in a forced draft oven at 60 °C for 7 days and were weighed. For the
survival bioassay, the nymphs were also dried and weighed to estimate dry biomass and
thereby control for varying consumption of plant liquids. Both bioassays were replicated
five times (i.e., 8 treatments x 2 varieties x 5 replicates = 80 pots per bioassay), with each
replicate placed in a separate greenhouse compartment (i.e., 5 blocks).

2.6. Effects of HPR and Insecticides in a Screenhouse Environment

The combined effects of insecticide treatments and HPR were investigated using rice
plants grown in an insect-proof screenhouse. The screenhouse consisted of six concrete
bays (dimensions 26.6 x 2.5m (L x W)) filled with flooded paddy soil. Temperatures in the
screenhouse varied between 21 and 34 °C, and RH varied between 70 and 90%. Rainwater
could pass through the screenhouse roof: during the experiment, 160 mm of precipitation
was recorded, representing the Philippines dry season. The screenhouse had no artificial
lighting (i.e., D:N =12 h:12 h).

In one of the bays, translucent plastic barriers were erected to delimitate five exper-
imental blocks of 1.50 x 3.00 m. Each block was further divided into eight cubicles of
0.75 m? using the same plastic materials. The barriers were supported by bamboo stakes
and reached a height of 1.50 m and a depth into the paddy soil of approx. 0.30 m. After the
barriers were installed, two 23 DAS seedlings each of IR62 and IR64 were randomly trans-
planted to each cubicle at 25 x 25 cm spacing. We used a standard fertilizer regime to sim-
ulate farmers’ fields. The seedlings were treated with ammonium sulphate at 100 kg ha™!
split equally into three applications (i.e., one basal and two top dressings). Solophos and
muriate of potash was also applied at 20 kg ha~! as a basal application. Plants were contin-
uously watered and the cubicles were manually weeded until rice plants were harvested.
Cubicles in each of the five blocks received one of the eight treatments (seven insecticides
and a control). Treatments were randomly assigned to cubicles within blocks. The insecti-
cide applications were made at 30 and 60 DAS, to simulate farmer practices under intensive



Crops 2021, 1

171

rice production systems where farmers apply insecticides > two times [14]; however, in
our experiment, we did not mix insecticides.

Rice herbivores, including BPH, WBPH, and GLH, occurred at low densities in the
screenhouse. Therefore, at the opposite end of the screenhouse (separated by a distance
of 20 m), a bay with >50 DAS TNI1 rice plants was infested with high densities of BPH
(approx. 200 BPH plant~!). This acted as a potential source of planthoppers to attack
the treated IR62 and IR64 plants in our experiment. Natural enemies were largely absent
from the screenhouse because of the insect-proof cladding (1 mm x 1 mm mesh bore).
Microparasitoids (Oligosita spp. and Anagrus spp.) that could pass through the screen
occasionally attacked planthopper eggs in the screenhouse (estimated 5-10% of eggs
parasitized, unpublished data).

The IR62 and IR64 plants were continuously monitored to assess grain maturation.
When about 85% of the rice grain was mature, any arthropods on the plants were collected
using a vacuum sampler and stored in plastic vials. The plants were then destructively
harvested by carefully pulling the plant from the soil to maintain intact roots. The plant
roots were washed under running water and each plant was placed inside a paper bag.
The plants and arthropods were then dried in a forced draft oven at 60 °C for 7 days and
weighed. Arthropods were separated by species and counted. The plants were separated
into roots, shoots, and panicles, and the numbers of reproductive and vegetative tillers
were recorded. Rice grain was removed from the panicles and separated as filled and
non-filled grain. The dried grain was counted and weighed.

2.7. Data Analyses

The numbers of egg clusters and eggs laid in rice plants during the multichoice test
were analyzed using univariate general linear models (GLM) on ranked (within replicate)
data. Separate analyses were conducted for IR62 and IR64 plants. Data from the binary
choice bioassays were analyzed using paired t-tests. The numbers of egg clusters and eggs
laid in treated and non-treated plants during the oviposition bioassay were compared using
univariate GLM with plant biomass initially included as a covariate, but later removed
because it had no significant effect. Cluster and egg numbers were ranked within blocks
before analyses. Average cluster size was estimated by dividing the number of eggs in each
plant by the number of clusters. Cluster size was analyzed using univariate GLM, removing
the block effect. Similarly, the proportions of surviving nymphs and nymph biomass from
the survival bioassay were analyzed using univariate GLMs, initially including plant
biomass as a covariate. Data from the survival bioassay were ranked before analyses.
Too few nymphs survived under some treatments to examine development rates or the
sex of surviving adults. We estimated the combined effects of HPR and each insecticide

X" as -((fitness on untreated IR64 — fitness on x-treated IR62)/fitness on untreated IR64).

To estimate the effect of the insecticide alone, we removed the effect on HPR which we
estimated as fitness on untreated IR62 — fitness on untreated IR64. Fitness was assessed
from the oviposition bioassay as the numbers of eggs laid, and from the survival bioassay
as nymph biomass. Where nymph mortality on insecticide-treated IR64 plants approached
100%, HPR effects were regarded as insignificant.

We also examined combined and insecticide effects from the screenhouse data based
on densities of BPH and WBPH (see below). Effects were calculated using insecticide and
HPR combinations for each replicated block (N = 5). Estimated effects were compared
across treatments using univariate GLMs. Because three herbivores (BPH, WBPH, and
GLH) occurred in our screenhouse plots, we used a split-plot multivariate GLM to analyze
herbivore densities. Total planthopper and leafhopper biomass and density, and plant
growth parameters (tiller number, biomass, yield, grain number, proportion of grain
unfilled, and grain size) were analyzed using split-plot univariate GLMs. The covariate
plant biomass was initially included in analyses of the effects on herbivores, but had no
effect and was subsequently removed. Similarly, the covariate herbivore biomass was
initially included in analyses of plant growth parameters, but had no effect and was
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subsequently removed. The combined effects of insecticide and HPR and the separate
effects of each insecticide (calculated as indicated above) on BPH and WBPH were also
analyzed using univariate GLM.

Post-hoc Tukey tests were applied to all significant treatment factors. Residuals were
plotted following all parametric analyses and were found to be normal and homogenous.

3. Results
3.1. Effects of HPR and Insecticides on BPH Preferences

Treatments affected the number of clusters and eggs that were laid in IR62 plants
(ranked clusters and eggs: Fy 3, = 4.738, p < 0.001), and in IR64 plants (clusters: F7 3, = 6.229,
p < 0.001; eggs: Fy 30 =7.757, p < 0.001) (Figure 1A,B). Fewer eggs were laid on IR64 plants
treated with the pyrethroids (cypermethrin and deltamethrin), fipronil, and thiamethoxam-
chlorantraniliprole compared to plants treated with buprofezin, carbofuran, and cartap
hydrochloride (Figure 1B). Cypermethrin-treated IR62 plants also had fewer eggs than
buprofezin-treated IR62 plants (Figure 1A). Although BPH females tended to lay fewer
eggs in many of the insecticide-treated rice plants in the binary choice experiments, there
were no statistically significant differences between the numbers of eggs laid in treated-IR62
(t ranges from —0.746 to 3.186, p > 0.05) or treated-IR64 (t ranges from —0.108 to 2.789,
p > 0.05) compared to corresponding non-treated plants (Figure 1C,D).

IR62 IR64
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Figure 1. Results from multichoice (A,B) and binary choice (C,D) bioassays conducted in the
greenhouse. Bioassays were conducted separately for IR62 (A,C) and IR64 (B,D). Plants were treated
with one of seven insecticides (A to G) as identified in the legend. Control plants were sprayed with
water. Error bars are presented (N =5 for (A,B), N = 3 for (C,D)). Lowercase letters (a—c) indicate
homogenous treatment groups (Tukey p < 0.05).

3.2. Effects of HPR and Insecticides on BPH Fitness

More eggs were laid on IR64 plants than on IR62 plants, but BPH produced similar
numbers of egg clusters on both plants. The lower numbers of eggs in IR62 were due to
smaller clusters on the variety (Table 1). The numbers of eggs and clusters were affected
by insecticide treatment with fewer eggs and clusters on cypermethrin-treated, fipronil-
treated, and thiamethoxam-chlorantraniliprole-treated plants than on plants under the
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remaining treatments (Table 1). The treatment-effects were not affected by host variety (i.e.,
interactions were non-significant Table 1). Insecticide treatments had no effect on cluster
size in the bioassay (Table 1). There was no significant effect of combined insecticide and
HPR (Fg 28 = 0.449, p = 0.840) on observed changes in egg laying during the bioassay, but
the estimated insecticide effect was greater for thiamethoxam-chlorantraniliprole, fipronil,
and cypermethrin than for buprofezin, cartap hydrochloride, and carbofuran (Fg »g = 3.140,
p = 0.018: Figure 2A).

Table 1. Results from greenhouse oviposition and survival tests with IR62 (resistant) and IR64 (susceptible), each treated

with one of seven insecticides. Numbers are means &+ SEM (N = 5).

Treatments Egg Clusters Eggs Cluster Size Nymph Survival  Nymph Biomass (mg
(Number Plant~1) 2 (Number Plant~1) 2 (Number of Eggs) 1 (Proportions) 2 Dry Weight Plant—1) 1.2
IR62
Buprofezin 12.40 + 1.40° 50.40 +9.04 P 3.93 +0.36 0.00 4 0.00 2 0.00 4 0.00 2
Carbofuran 13.00 +0.89 P 53.80 +4.21° 417 £0.26 0.64 +0.64 4 1.54 + 15449
Cartap 13.60 +0.75° 52.00 + 4.86 P 3.82 +0.29 0.28 £ 0.28" 15141510
hydrochloride
Cypermethrin 6.20 = 1.692 20.00 + 6.08 2 3.16 £0.23 0.02 £0.022 0.02 +£0.022
Deltamethrin 13.60 & 1.60 ° 4340 +5.66° 3.38 + 0.69 0.40 + 0.40° 120 4+1.20°¢
Fipronil 520 + 1.46 2 2240 47352 3.93 + 0.64 0.00 +0.002 0.00 4 0.00 2
Thiamethoxam- 3.80 +0.862 17.00 + 4352 447 +0.32 0.00 4 0.00 2 0.00 4 0.00 2
chlorantraniliprole
Control 12.60 +1.03° 49.00 +7.16° 3.88 4 0.54 0.80 +0.80 4 292 +2924
IR64
Buprofezin 21.00 + 1.64 109.40 + 13.46 556 + 1.17 0.00 + 0.00 0.00 + 0.00
Carbofuran 18.20 + 4.04 98.80 + 29.39 524 + 0.74 0.86 + 0.86 420 + 4.20
Cartap 21.40 + 6.19 114.60 + 31.41 5.49 + 0.64 0.10 +0.10 0.45 + 0.45
hydrochloride
Cypermethrin 3.80 +2.33 19.80 & 11.55 550 + 0.58 0.00 =+ 0.00 0.00 + 0.00
Deltamethrin 15.60 & 2.09 75.00 + 15.81 473 +0.69 0.40 + 0.40 2.01 4+ 2.01
Fipronil 3.80 + 0.86 21.00 + 5.52 5.46 + 0.80 0.00 + 0.00 0.00 + 0.00
Thiamethoxam- 2.60 +0.75 8.00 +2.12 373+ 133 0.00 4 0.00 0.00 4 0.00
chlorantraniliprole
Control 17.40 + 3.64 75.20 + 23.44 426 +0.73 0.86 + 0.86 3.60 + 3.60
F-treatment 3 19.898 *+ 19.898 *** 0.541 1 133.811 **+ 108.451 **+*
F-variety 3 2.596 1 7.607 ** 7.471 % 1.080 ™ 0.008 ™
F-interaction 3 1.840 ™ 2.034 7 0.610™ 4.902 *** 9.496 ***

1. Lowercase letters (*"4) indicate homogenous treatment groups (for IR62 and IR64 combined); 2: Data were ranked within blocks before
analysis; 3. DF = 1.64 for varieties, 7.64 for treatments and interactions; ™ = p>0.05 *=p <0.01, ** =p < 0.001.

Nymph survival and biomass were not affected by rice variety (Table 1). Buprofezin,
fipronil, thiamethoxam-chlorantraniliprole, and cypermethrin reduced survival to 0% in the
bioassay, and all insecticides except carbofuran resulted in lower survival and biomass than
on untreated plants (Table 1). There were significant interactions because of higher nymph
mortality and a resulting lower biomass on carbofuran-treated IR62 compared to untreated
IR62 but lower mortality and a higher biomass of nymphs on carbofuran-treated IR64
than on untreated IR64 (Table 1). There was no significant effect of insecticide treatment
(Fep8 = 0.946, p = 0.479) on observed changes in nymph biomass during the bioassay;,
but the estimated combined effects of pesticide and HPR was greater for thiamethoxam-
chlorantraniliprole, fipronil, cypermethrin, and buprofezin than for cartap hydrochloride
and carbofuran (Fg 73 = 5.699, p = 0.001) (Figure 2B).
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Figure 2. Estimated combined effects of HPR and insecticide (P + HPR: black bars) and estimated pesticide effect alone
(P: grey bars) on (A) egg laying, and (B) nymph biomass in greenhouse bioassays. Effects are indicated as proportional
changes in fitness parameters compared to untreated IR64. Negative numbers indicate reduced fitness. Standard errors are
indicated (N = 5). Lowercase letters (a,b) indicated homogenous treatment groups based on Tukey pairwise comparisons
(p < 0.05) (see also Table 1).

3.3. Effects of HPR and Insecticides on Planthoppers and Leafhoppers

Plants in the screenhouse were colonized by BPH, WBPH, and GLH. Densities for
each species were similar on IR62 and IR64 (Wilk’s A = 0.994, p = 0.952). There was a
significant treatment effect on all three species (Wilk’s A = 0.586, p = 0.049) because of high
densities on deltamethrin-treated plants (Table 2). The numbers and biomass of all three
species combined were also greater on deltamethrin-treated plants than on the remaining
treatments (Table 2). Host resistance reduced GLH densities under the deltamethrin
treatment, but had no apparent effect on densities under the other treatments (Table 2).
There were significant combined effects of HPR and insecticide on the numbers of BPH
(Fo,24 =2.686, p = 0.039) and WBPH (Fg 24 = 2.482, p = 0.052); this was almost exclusively due
to the resurgence effect of deltamethrin on the planthoppers (BPH: Fg 54 = 2.686, p = 0.039;
WBPH: Fg 94 = 2.482, p = 0.052) (Figure 3).



Crops 2021, 1

175

Table 2. Densities and biomass of planthoppers and leafhoppers on IR62 (resistant) and IR64 (susceptible) rice plants under
seven insecticide treatments and on control, untreated plants. Numbers are means + SEM (N = 5).

Density of Biomass of
Treatment BPH Density WBPH Density GLH Density Planthoppers and  Planthoppers and
(Number Plant-1) 1 (Number Plant-1) 1 (Number Plant~1) 1 Leafhoppers Leafhoppers
(Number Plant-1) 1 (mg Dry Weight) !
IR62
Buprofezin 15.40 + 3.02 0.30 £ 0202 0.80 + 0.512 1670 £3.212 331+1.00°
Carbofuran 8.00 +3.702 0.60 +0.372 0.30 +0.122 8.90 + 3582 243 + 1472
Cartap. 68.70 + 49.34 2 1.10 + 0532 030 +0.20 70.10 + 49.15 2 7.44 +3312
hydrochloride
Cypermethrin 18.60 4 6.09 2 1.70 +1.342 0.20 +0.122 20.50 + 7.282 481 + 1422
Deltamethrin 314.20 4+ 179.98 ® 27.60 & 20.25P 1.00 4 0.69 P 342.90 4 199.74 ® 36.78 +10.61°
Fipronil 5.90 + 4.36 0.10 £0.102 0.20 +0.202 6.20 + 4.402 097 +0.382
Thiamethoxam- 5.60 +£2.352 0.10 +0.102 0.40 4 0.29 2 6.20 +2.182 1.21 40442
chlorantraniliprole
Control 33.20 + 4.60 2 1.10 + 0.402 1.10 + 0.56 @ 35.40 +4.792 8.34+350°
IR64
Buprofezin 1430 + 3.22 0.40 + 0.19 1.00 + 0.55 15.70 + 3.56 519 + 1.32
Carbofuran 9.80 + 4.43 0.40 + 0.29 1.90 + 1.1 12.10 + 5.08 3.05 + 1.31
Cartap. 24.20 + 14.05 1.00 + 0.61 0.30 & 0.20 2550 + 13.87 397 +£1.23
hydrochloride
Cypermethrin 12.20 + 2.63 0.80 + 0.58 0.30 + 0.30 13.30 + 3.00 328 +1.13
Deltamethrin 318.50 + 202.28 27.30 + 23.70 410 +2.29 349.90 + 225.78 36.32 + 12.71
Fipronil 13.10 4 10.56 0.70 + 0.25 0.90 + 0.56 14.80 + 10.65 1.40 + 0.52
Thiamethoxam- 6.20 + 3.07 0.40 +0.19 0.10 +0.10 6.80 = 3.07 0.81 +0.35
chlorantraniliprole
Control 24.20 + 1.93 1.30 £ 0.60 1.00 £ 0.35 26.50 + 2.00 6.56 + 0.87
F-treatment 21.092 *** 13.157 *** 2.859 * 19.985 *** 63.428 ***
F-variety 0.130 ™ 0.001 1 1.456 0.106 ™ 0.319 1
F-interaction 0.127 s 0.008 1 3.059 ** 0.116 ™ 0.315 ™

1 Lowercase letters (*?) indicate homogenous treatment groups (for IR62 and IR64 combined); DF = 1.79 for varieties, 7.79 for treatments
and interactions; ™ =p > 0.05, * = p < 0.05, * =p < 0.01, ** =p < 0.001.
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Figure 3. Estimated combined effects of HPR and insecticide (P + HPR: black bars) and estimated
pesticide effect alone (P: grey bars) on (A) BPH densities, and (B) WBPH densities on IR62 in the
screenhouse. Effects are indicated as proportional changes in planthopper densities compared to
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untreated IR64. Negative numbers indicate reduced densities, positive numbers are increased
densities. Standard errors are indicated (N = 5). Lowercase letters (a,b) indicate homogenous
treatment groups based on Tukey pairwise comparisons (p < 0.05) (see also Table 2).

3.4. Direct and Indirect Effects of Insecticides on Rice Development

IR62 plants had more tillers and attained a greater biomass than IR64 plants in the
screenhouse (Table 3). IR62 grain matured faster and plants were harvested earlier than the
IR64 plants (Table 3). IR62 plants also produced more grain (number of grain), and had
higher yields than IR64, but had smaller grain and more unfilled grain than IR64 (Table 3).

Table 3. Rice growth parameters for IR62 (resistant) and IR64 (susceptible) under seven insecticide treatments and for
control, non-treated plants in a screenhouse environment. Numbers are means + SEM.

. 1 Plant Biomass  Time to Harvest Welght . Number o.f Unfilled Grain 1000 Grain
Treatment Tiller Number (¢ Dry Weight) 1 (Days) 1 of Filled Grain  Filled Grain (Proportion) ! Weight 1
gLy ielg v (g Dry Weight) 1 (1000s) ! P &
IR62
Buprofezin 26.60 + 2.06 2P 46.43 + 3.85 2 7990 +1.682¢ 5776 £6.83% 361+0612 01140032 2008 +0422
Carbofuran 29.00 + 1.06 2P 55.46 + 3.57b 77.20 + 0.80 2P 7448 £ 691P  446+0612 011+£0012  21.034+0.54°
h Cartap 28.20 4+ 3.272b 48.96 +4.70 20 79.20 +1.53° 6430 +£7.12% 4154064 0.12+0.01°  2023+0.652
ydrochloride
Cypermethrin 28.70 4+ 3.012 49.57 + 5.622 77.60 + 1.03 P 603248222  410+067%® 014+0.022  19.65+0.762
Deltamethrin 2620 + 3452 4592 4+ 5.882 7840+ 1.082> 5698 +8323 37940472 01240012 2030 + 0.63%
Fipronil 23.80 4+ 1.76 2 46.07 + 6.57 77.00 + 1.79 ab 52.66 £3.902  318+£0322 0.13+£0.022 2128+ 047P
Thiamethoxam- o 55 4y 500 4547+420b  7720+102°  5777+688%  408+£061b  0.13+£0027  20.19 £ 0.67%
chlorantraniliprole
Control 31.20 +2.47b 54.01 4 5.55P 77.20 + 0.80 2P 7045 +520°  396+0362 0.124+0.022  20.76 + 0.50 2P
IR64
Buprofezin 23.40 + 2.50 50.64 + 7.47 83.50 + 1.24 50.80 + 9.52 2.70 + 0.54 0.08 4 0.01 22.77 +0.39
Carbofuran 20.40 + 0.97 4591 + 1.41 85.40 + 0.73 4951 + 3.12 2.63 +0.23 0.06 + 0.00 22.95 4+ 0.36
N Cartap 21.20 + 0.75 43.36 + 2.85 85.20 + 1.40 42.73 + 5.79 2.38 +0.26 0.15 + 0.07 20.50 + 2.34
ydrochloride
Cypermethrin 19.90 =+ 0.89 39.68 + 2.72 87.10 + 1.35 39.20 + 5.52 2.50 + 0.28 0.08 + 0.02 21.71 4+ 0.70
Deltamethrin 19.80 + 1.81 43.25 + 357 84.60 + 0.68 47.10 + 4.96 2.77 +0.24 0.08 4 0.01 23.14 +0.12
Fipronil 21.20 4+ 1.74 46.97 + 3.11 84.50 + 0.89 48.88 + 3.92 2.74 + 027 0.08 + 0.01 2247 4+ 0.42
Thiamethoxam- 5 ) | 5 g7 54.04 + 4.65 83.80 + 1.96 55.94 + 5.46 3.47 + 053 0.10 + 0.01 22.65 + 0.72
chlorantraniliprole
Control 21.60 + 0.76 46.78 + 3.42 86.00 =+ 0.96 49.40 + 5.43 2.67 £ 0.29 0.08 + 0.01 22.83 4 0.49
F-treatment 4.100 ™ 3.410 ** 2.253 18 5.150 *** 2.555 * 3.923 ** 4.924 #*+
F-variety 168.232 *** 7.665 * 547.500 *** 104.356 *** 118.242 *** 32.308 *** 106.597 ***
F-interaction 5.980 *** 6.113 *** 4.824 5.760 *** 2.921 ** 2.769 ** 2,552 *

L. Lowercase letters (*?) indicate homogenous treatment groups (for IR62 and IR64 combined); DF = 1.79 for varieties, 7.79 for treatments
and interactions; ™ =p > 0.05, * = p < 0.05, ** =p < 0.01, ** =p < 0.001.

Insecticides affected plant growth directly and indirectly (through increased planthop-
per densities). Plants treated with cypermethrin and deltamethrin had fewer tillers, had a
lower biomass, and under cypermethrin had lower yields than untreated plants (Table 3).
Plants treated with fipronil also had reduced yields, due to lower grain numbers compared
to untreated plants (Table 3). Although yields were not affected, treatment with cartap
hydrochloride increased the proportion of unfilled grain compared to untreated plants
of both varieties. Cartap hydrochloride and cypermethrin also caused a delay in grain
maturation on IR62 and IR64, respectively, relative to thiamethoxam-chlorantraniliprole
treated plants (Table 3).

There were several significant interactions: tiller numbers on both plants were similar
under buprofezin, fipronil, and thiamethoxam-chlorantraniliprole treatments, but were
otherwise higher on IR62 (Table 3); biomass was lower on IR64 under carbofuran and
cypermethrin treatments but was otherwise similar on both plants (Table 3); buprofezin
delayed grain maturation on IR62, but maturation was otherwise faster on IR62 compared
to IR64 (Table 3); yields under buprofezin, fipronil, and thiamethoxam-chlorantraniliprole
were similar for IR62 and IR64, but otherwise yields were higher on IR62 (Table 3); grain
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numbers were higher on IR62 than IR64 except under fipronil treatments (Table 3); the
proportions of grain unfilled were higher on IR62, but were similar between varieties under
the fipronil treatment (Table 3); 1000-grain weight was higher in IR64, but similar on both
varieties when treated with cartap hydrochloride (Table 3).

4. Discussion

Our results, using a highly resistant rice variety and some commonly used insecticides,
indicate a range of possible effects on planthoppers and rice plants by combining these two
management practices.

4.1. Synergies

The most predictable effect of combining HPR and insecticides is a synergy in reduc-
ing BPH numbers. This is suggested because planthoppers are weakened by the host’s
resistance and should, therefore, be more susceptible to the toxic effects of insecticides [40].
Using spray towers over potted plants, Heinrichs et al. (1984) [40] examined the combined
effects of a range of insecticides (that included carbofuran) with resistance by comparing
BPH mortality on six resistant and two susceptible rice varieties. Their results indicated
that mortality was greatest when insecticides were applied to BPH on resistant varieties.
The effects were similar when the study was repeated with WBPH for three insecticides
(including carbofuran) on the resistant variety N22 (Wbph1 gene) [40]. In our study, host
resistance reduced egg laying and nymph biomass on non-treated IR62 compared to non-
treated IR64. Egg laying was also reduced on plants treated with cypermethrin, fipronil,
or thiamethoxam-chlorantraniliprole (Table 1). Based on the results of our choice and
no-choice oviposition bioassays, cypermethrin acted mainly as a deterrent of gravid fe-
males, whereas fipronil and thiamethoxam-chlorantraniliprole directly reduced egg laying.
Despite similar BPH responses to both the insecticides and resistant host, there were no ap-
parent synergies between any of these insecticides and resistance in reducing egg numbers
in the oviposition bioassay. In contrast to these three insecticides, our bioassays indicated
that buprofezin, carbofuran, and cartap hydrochloride can lead to higher numbers of eggs
on treated plants compared to untreated plants (Table 1). These effects were not statistically
significant and may be exaggerated because bioassays were conducted over relatively
short time scales. For example, planthoppers will sometimes respond to stresses, such as
high temperatures, by increasing oviposition rates [71,72]. Furthermore, the stimulation of
egg-laying by these chemicals was not apparent in our screenhouse experiment (Table 2).
Nevertheless, our results do indicate that host resistance reduced the magnitude of any
stimulatory effect on oviposition: egg numbers on buprofezin-treated, carbofuran-treated,
and cartap hydrochloride-treated IR64 in the no-choice bioassay were twice as high as on
the corresponding IR62 plants. In cases such as these, the resistance of IR62 functions as a
buffer, or ‘insurance’, against possible undesired pesticide effects [12,38].

Although buprofezin appeared to stimulate oviposition, the growth hormone had a
strong impact on nymph development, leading to zero survival of exposed nymphs in our
greenhouse bioassay. Cypermethrin, fipronil, and thiamethoxam-chlorantraniliprole also
reduced nymph survival to zero in the greenhouse bioassay (Table 1). Where insecticides
have such high efficiencies, any fitness losses to BPH due to host resistance then become
redundant. Unlike buprofezin, carbofuran also stimulated nymph biomass on IR64 in the
survival bioassay (Table 1); however, nymph biomass was lower on carbofuran-treated IR62
than on non-treated IR62, indicating that the host’s resistance buffered against undesired
stimulatory effects on BPH, and may have functioned synergistically to augment mortality
and slow BPH growth. Such buffering allows insecticides to be used against other pests
without inducing secondary outbreaks of non-target pests. In our screenhouse experiment,
herbivore densities were generally low on both IR62 and IR64 for most treatments (except
deltamethrin) and were below threshold densities for insecticide applications—which
are normally about 25-50 planthoppers per hill [13,73]. Under such low densities, it was
not possible to observe the impact of host resistance on planthopper population build-
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up. There was some indication of higher densities on cartap hydrochloride-treated IR62
in the screenhouse, which may be related to the stimulatory effects of the product on
egg laying, and the low mortality of nymphs on cartap hydrochloride-treated plants as
observed in the greenhouse bioassays (Table 1). Field studies from the Philippines have
indicated that IR62 effectively reduces BPH densities during wet and dry seasons [4].
However, farmers are rarely aware of which anti-herbivore resistance their rice varieties
possess, and frequently apply pesticides regardless of resistance, thereby reducing their
farm profits [38,41]. For example, Joshi et al. (1992) [41] reported widespread outbreaks of
BPH on IR62 in Mindanao, Philippines, after applications of decamethrin (a pyrethroid) to
the resistant variety. Where such resurgence-causing insecticides are applied, resistance
seems to be often incapable of reducing the stimulatory effects of the insecticide and it
loses its capacity to buffer against outbreaks.

4.2. Antagonisms

Several insecticides are associated with increasing densities of planthoppers, and
with resurgence outbreaks in farmers’ fields [27,29,30,41,49,61,74]. Indeed, patches of
‘hopperburn’ (i.e., dead rice plants resulting from planthopper damage) are often an
indicator of high insecticide use in tropical Asia [2,14]. In many cases, these resurgence-
causing insecticides were once effective in reducing planthopper densities, but over time,
populations developed resistance against the products. The resulting low toxicity can
then have a stimulatory effect on planthopper feeding and development [21,23,24,27,43].
This may be through hormesis, which is a direct response by the planthopper to low-level
exposure to the toxic chemical, or it may result from physiological changes to the rice plants
that ultimately benefit the planthopper [18,49]. In our screenhouse study, we induced a
resurgence outbreak of BPH, WBPH, and, to a lesser extent, GLH on deltamethrin-treated
rice plants (Table 2). The combined densities of all three herbivores increased almost
10 times on the treated plants. Furthermore, herbivore biomass increased by between four
and six times. Although the resurgence effects of deltamethrin have been documented
in previous studies [20,29-31,39,75], we could not predict from our greenhouse studies
that any such outbreak would occur. Egg laying was unaffected by deltamethrin in our
choice and no-choice experiments and nymph survival and development both declined
on deltamethrin-treated rice in the survival bioassay (Table 1). The massive increases in
planthopper densities on deltamethrin-treated plants in our study seem to result from
a heightened attraction of adult BPH and WBPH to the plants [49], particularly since
numbers were so low on all other plants, including both treated and non-treated plants.
However, once on the plants, planthoppers also apparently had enhanced fitness. Cuong
et al. (1997) [31] observed higher population densities of BPH on deltamethrin-treated
rice in Vietnam, albeit with lower-level increases on resistant varieties. Furthermore, in a
greenhouse study, Azzam et al. (2009) [20] found that deltamethrin reduced pre-oviposition
times, increased the duration of oviposition, and increased egg hatchability and female
longevity. Nanthakumar et al. (2012) [43] further showed that deltamethrin increased BPH
feeding efficiency on resistant and susceptible rice plants, as determined through honeydew
production and population size. In studies with WBPH, Salim and Heinrichs (1987) [36]
showed deltamethrin to increase settling (antixenosis), feeding, and population growth;
and Suri and Singh (2011) [28] showed deltamethrin to increase WBPH reproductive rates
and nymph survival. In our study, the observed resurgence of planthoppers was similar
on both varieties, indicating, as was previously noted by Joshi et al. (1992) [41], that
resurgence-causing pyrethroids are antagonistic to resistance in IR62.

Though not statistically significant, cartap hydrochloride also increased BPH numbers
on IR62, but not on IR64, in our screenhouse study. This indicates that the product may
also be antagonistic to the host’s resistance mechanisms. The stronger effect on IR62 may
be related to the differences between IR62 biomass, growth rates, and anatomy (i.e., a
larger plant with higher tillering), compared to IR64 (Table 3). Once resistance is no longer
effective because of chemically-enhanced BPH fitness, these plant characteristics, which
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have been related to observed preferences in BPH and other sap-sucking insects [3,49],
could further accelerate the build-up of BPH populations on cartap hydrochloride-treated
plants. To further test this idea, experiments could be conducted using near-isogenic rice
lines that differ mainly in the presence or absence of tagged resistance genes [76]. Such
tests would avoid confounding differences in plant anatomy between test varieties. IR62
resistance to BPH has been well studied [4]. The variety is also resistant to WBPH at
older plant stages [54]. Therefore, in our study, deltamethrin was also antagonistic to
this WBPH-resistance (Table 2). However, BPH feeding also facilitates WBPH population
growth [54,77] and there may have been added indirect, plant-mediated effects [77] that
augmented WBPH populations on both varieties in our experiment. IR62 is also resistant to
GLH [45]. In our experiments, GLH densities also increased on deltamethrin-treated plants,
but the effect was only apparent on IR64. Therefore, GLH-resistance in IR62 apparently
buffered against deltamethrin-associated increases in GLH on the variety, as was also
noted from field studies in Vietnam [31]. Deltamethrin is currently not recommended for
use in rice [20,28,78]; however, the product continues to be marketed in rice-dominated
regions throughout Asia [13,14,79]. Although cypermethrin has been associated with BPH
outbreaks and was consequently removed for use on rice in Thailand and Vietnam [62],
we did not observe cypermethrin-induced resurgence in our screenhouse experiment.
Nevertheless, cypermethrin has been associated with resurgence of BPH in South Asia [61],
and we have noted stimulatory effects of cypermethrin on other rice herbivores in the
Philippines (Horgan, unpublished data).

4.3. Phytotoxicity

Phytotoxicity is relatively common following applications of insecticides [18,28,50].
Phytotoxic effects may change a plant’s physiology, without consequences for crop yields.
However, such changes to plant physiology could have indirect effects on herbivores. For
example, deltamethrin, methyl parathion, and quinalphos produce increases in total sugars
and reducing sugars, as well as increasing the protein contents of the rice leaf sheath and
leaf blade [28]. Several insecticides also reduce plant phenols in rice—which increases the
rice plant’s susceptibility to BPH and other insects [27]. In our screenhouse experiment, we
noted several changes to rice anatomy and yields. Importantly, we noted that cypermethrin
and fipronil both reduced rice yields (Table 3). This was not due to indirect herbivore
effects, because planthopper and leafthopper densities were consistently low on rice treated
with these insecticides. The effects therefore probably resulted from direct phytotoxic
effects on the plants. Furthermore, these effects were most pronounced on treated IR62
plants. Other minor effects on grain production included increased proportions of unfilled
grain in cartap hydrochloride-treated plants, and delays in grain maturation on cartap
hydrochloride-treated and cypermethrin-treated plants (Table 3). Despite the high densities
of BPH and WBPH on deltamethrin-treated plants, yields were not significantly lower than
in control, non-treated plants. Both IR62 and IR64 have been noted for their high tolerance
to BPH damage, particularly under high nitrogenous fertilizer applications [3,4,56] as used
in our screenhouse experiment. Therefore, where plants have high tolerance to damage,
applying insecticides could also result in profitability losses on rice farms, and in the case
of insecticide-induced pest population increases, tolerance might buffer against subsequent
yield losses. There are few reports of the phytotoxicity of insecticides to rice: carbofuran is
toxic to rice at high concentrations, but may also enhance the growth of rice plants through
interactions with nitrogen-fixing bacteria in the rhizosphere [80]. Future studies could
more carefully assess field-grown plants for possible phytotoxic effects, particularly if
insecticides have the potential to directly reduce yields.

4.4. Management implications

Global trends suggest that resistance in rice has failed to reduce insecticide appli-
cations [2]. This may be due to aggressive marketing by agrochemical companies and
strategies to increase pesticide sales, such as promoting prophylactic applications [16]. Be-
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cause we selected our test insecticides (except the pyrethroids) without any a priori criteria,
our results suggest that many currently used insecticides probably have some negative
effects on yield, either directly through phytotoxic effects, or indirectly by inducing pest
resurgence. Furthermore, our results indicate that even where pests reach high densities,
as on deltamethrin-treated plants in the screenhouse, these densities do not necessarily
lead to significant yield reductions.

Among the products we used, buprofezin, although it had little effect on oviposi-
tion, was effective in reducing nymph survival. Furthermore, there were only minor
apparent phytotoxic effects on the rice plants. Buprofezin has a low toxicity to natural
enemies in rice fields [58] and is therefore the most compatible of the insecticides with
strategies to increase rice field biodiversity and restore ecosystem services [32-34,81,82].
Thiamethoxam-chlorantraniliprole was also effective in reducing both oviposition and
nymph survival and had no apparent toxic effects on rice plants. However, thiamethoxam-
chlorantraniliprole and other neonicotinoids, although moderately toxic, can have severe
effects on beneficial hymenopteran parasitoids [83], although they have apparently low
toxicity to predatory mirid bugs [84]. The remaining insecticides either directly reduced
yields, or were associated with higher BPH biomass or densities in our experiments.

We noted few synergies with HPR, although nymph biomass and/or survival was
lower in cartap hydrochloride and carbofuran-treated IR62 plants compared to correspond-
ing IR64 plants. Meanwhile, cartap hydrochloride and deltamethrin were antagonistic
to resistance in IR62 in the screenhouse experiment. Among the strongest effects of HPR
was to act as a buffer against GLH population build-up on deltamethrin-treated IR62, and
against carbofuran-induced increases in BPH nymph biomass in the survival bioassay.
Therefore, HPR may play a role in reducing the possibilities of secondary outbreaks of
BPH and other insects. The combined use of HPR and targeted insecticides against BPH
creates redundancy in the rice field and counters measures to manage insecticide resistance
and virulence by unnecessarily exposing plant protection products to evolving pest pop-
ulations. HPR (and host plant tolerance) can be effective against target pests as revealed
in previous studies [4] and could be incorporated into other pest management practices,
particularly agroecological practices such as ecological engineering, with which it is highly
compatible [81,85,86].

5. Conclusions

Based on our results and the results of previous studies, HPR and the application
of chemical insecticides against BPH rarely produce synergistic effects. Antagonistic
effects, where chemicals caused increases in BPH fitness or populations on resistant rice,
were more apparent in our study. In particular, deltamethrin caused an outbreak of
BPH in our screenhouse study. Nevertheless, HPR can buffer against the insecticide-
induced enhancement of herbivore fitness (hormesis) and potentially reduce possibilities of
secondary outbreaks, as was suggested from results with cartap hydrochloride in our study.
Based on our results, we suggest that carbofuran, cartap hydrochloride, cypermethrin,
deltamethrin, and fipronil should be avoided in rice, particularly in the Philippines (where
this research was conducted), due to their resurgence-causing potential or because of direct
reductions to rice yields.
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