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Abstract

Previous studies have demonstrated that the agricultural antibiotic jinggangmycin (JGM) stimulates reproduc-
tion in the brown planthopper Nilaparvata lugens Stal and that the stimulation of brown planthopper reproduc-
tion induced by JGM is regulated by the fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC) genes.
However, a key issue in the stimulation of reproduction induced by pesticides involves the growth and develop-
ment of oocytes. Therefore, the present study investigated oocyte changes via transmission electron micros-
copy (TEM) and changes in hormone levels (juvenile hormones (JH) and 20-hydroxyecdysone (20 E)) in
JGM-treated females. TEM observations showed that the size of the lipid droplets in the oocytes of JGM-treated
females, compared with those in the oocytes of the control females, significantly reduced by 32.6 and 29.8% at
1 and 2d after emergence (1 and 2 DAE), respectively. In addition, the JH levels of JGM-treated females at 1 and
2 DAE were increased by 49.7 and 45.7%, respectively, whereas 20 E levels decreased by 36.0 and 30.0%, re-
spectively. We conclude that JGM treatments lead to substantial changes in lipid metabolism, which are directly
and indirectly related to stimulation of reproduction of brown planthopper together with our previous findings.
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The brown planthopper, Nilaparvata lugens Stil, is not only the
most serious pest in Asia but also a classic example of a pest exhibit-
ing pesticide-induced resurgence. Potential causes of resurgence oc-
currence mainly involve in the mortality toward beneficial
organisms and stimulation of reproduction of brown planthopper
caused by pesticides. Intensive studies have been conducted on the
pesticide-induced stimulation of reproduction in the brown
planthopper. Among the pesticides shown to stimulate reproduc-
tion, jinggangmycin (JGM) is an unexpected example. JGM, a prod-
uct of Streptomyces var jinggangen, is used in the control of rice
sheath blight (RSB; an important disease of rice) caused by
Rbizoctonia sollani in China (Peng et al. 2014). This fungicide is
commonly applied two or three times during growing seasons,
through leaf spraying at commercial rates of 125-175g.a.i ha ', In
rice fields, RSB typically co-occurs with the brown planthopper.
Thus, the study of the JGM-induced stimulation of brown
planthopper reproduction has important implications for harmoni-
ous control of rice pests.

JGM stimulates reproduction in the brown planthopper, N. lugens
Stal (Wu et al. 2001, Jiang et al. 2012), which is an issue worthy of
concern because JGM is commonly overused given its low toxicity,
lack of environmental residue, and low cost. Overuse of this antibiotic
may result in an agricultural disaster in the form of uncontrollable
rice pest resurgence, such as resurgence of the brown planthopper.
Previous reports of pesticide-induced resurgence of the brown
planthopper or mechanisms stimulating its reproduction have mainly
involved insecticides (Reissig et al. 1982; Gao et al. 1988; Wang et al.
1994, 2010; Yin et al. 2008; Ge et al. 2010a, 2011) and of fungicide-
induced resurgence of insect pests are relatively less. Some pesticides
stimulate reproduction of other species of planthopper guild besides
brown planthopper. For example, triazophos (TZP) stimulates the
white-backed planthopper, Sogatella furcifera Horvath, and the small
brown planthopper, Laodelphax striatella Fallen (Zhang et al. 2014).
In addition, pesticides induce changes of stress in arthropod pest spe-
cies (Guedes et al. 2016). For example, TZP enhanced thermotoler-
ance of brown planthopper (Ge et al. 2013).
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Recent studies demonstrate that the stimulation of brown
planthopper reproduction induced by JGM is regulated by the fatty
acid synthase (FAS) and acetyl-CoA carboxylase (ACC) genes
(Zhang et al. 2015, Li et al. 2016). FAS is a large homodimeric en-
zyme with seven active sites necessary for the repeated, cyclical addi-
tion of acetyl moieties to growing fatty chains (Li et al. 2016).
Animals obtain fatty acids in their food streams and produce satu-
rated and monounsaturated fatty acids via FAS-catalyzed de novo
synthesis. RNAi knockdown of FAS significantly decreases the fatty
acid content of the ovary and fat body of the brown planthopper (Li
et al. 2016). However, the effect of JGM on oocytes in the brown
planthopper ovary is not clear. The changes in the oocytes of brown
planthopper females treated with JGM have attracted attention be-
cause the development of oocytes is directly related to fecundity.
Therefore, we observed the structure of oocytes in ovaries of females
treated with JGM via transmission electron microscopy (TEM).
In addition, oocyte maturation is regulated by hormones such as
juvenile hormone (JH) and 20-hydroxyecdysone (20 E). Thus, we
measured changes of JH and 20E levels.

Materials and Methods
Rice Variety, Insects, and JGM

The rice (Oryza sativa L.) variety Yangjing 805 (japonica rice) was
used for each trial because this variety of rice is commonly planted
in Jiangsu Province, China. The seeds were sown outdoors in stan-
dard rice-growing soil in cement tanks (height 60 cm, width 100 cm,
and length 200cm). When the seedlings reached the 6-leaf stage,
they were transplanted into plastic pots (25-cm diameter, 35-cm
height), with 4 hills per pot and 3 plants per hill. The rice plants
used in the experiments were at the tillering stage.

The brown planthoppers used in the experiments were obtained
from a stock population maintained at the China National Rice
Research Institute (CNRRI; Hangzhou, China). The brown
planthoppers were reared in an insect nursery on rice plants that
were covered with cages. The insects were reared under natural con-
ditions in cement tanks at Yangzhou University from April to
October and in a greenhouse in the winter. Prior to the experiments,
to ensure a sufficiently large population for release, two generations
of growth were allowed to occur in the brown planthopper colony
in an insectary with a controlled temperature and photoperiod
(28 =2°C and a photoperiod of 14:10 [L:D] h), without insecticide
application. Technical grade JGM (C,oH3503N; 61.7%) was sup-
plied by Qianjiang Biochemical Co. Ltd. (Haining, Zhejiang,
China).

Spray Treatment

In total, 200 third-instar brown planthoppers per pot were released
onto the rice plants at the tillering stage. Third-instar nymphs were
used because many studies have demonstrated that these nymphs
represent the key stage for pesticide-induced stimulation of repro-
duction in the brown planthopper (Yin et al. 2008, Jiang et al.
2012). Twenty-four hours after insect release, the potted plants were
sprayed with 200 ppm JGM diluted with tap water (because JGM is
water-soluble) after the addition of 10% emulsifier (ABS-Ca, an ad-
juvant; Jinglin Chemical Co. Ltd., Nanjing, Jiangsu, China) to re-
duce surface tension on the leaves. Control plants at the same
developmental stage as the treated plants were sprayed with tap wa-
ter and the nonactive substance (emulsifier). The treated and control
plants were then covered with cages (screen size: 60 mesh). Each
treatment was replicated thrice (3 pots), and the plants were
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distributed in a randomized pattern. The nymphs developed to the
final fifth-instar stage (48 h after spray) on both the treated and con-
trol plants. The nymphs were collected and placed in glass jars (di-
ameter 5cm, height 10cm) with untreated rice plants. The adult
females were collected 1 and 2 d after emergence (1 and 2 DAE) to
dissect the ovaries of adult females and to measure hormone levels.

TEM Observation of the Ovaries

Fifteen adult females at 1 and 2 DAE were soaked in 0.1 mol liter ™
phosphate buffer solution and placed in a 4°C refrigerator. Three
days later, the ovaries of the females were dissected and placed in a
test tube, followed by the addition of 2.5% glutaraldehyde
(0.1 molliter™* phosphate buffer solution, pH 7.3). The tubes were
stored in a 4°C refrigerator. Ovary samples were fixed in 2.5% glu-
taraldehyde at 4°C for over 2h, after which the fixative solution
was discarded, and the samples were washed three times with phos-
phate buffer solution (pH 7.3). The samples were then fixed with
1% osmium tetroxide for 2 h, rewashed thrice with phosphate buf-
fer solution (PBS), dehydrated with graded concentrations of ethanol
(50, 70, 80, 90, and 100%), and washed with acetone. After soaking
with a 1:1 mixture of acetone and resin for 1h, the samples were
soaked with a 1:2 mixture of acetone and resin for 2 h and embed-
ded with pure resin and sliced using an EMUCS frozen ultramicro-
tome (Leica Microsystems Ltd. Co., Germany). The slices were
observed and photographed with a Tecnai 12 TEM (Philips-FEI Co.
Ltd., Holland) after staining with uranyl acetate and lead acetate.
The size of lipid droplets in the oocytes was measured with
Photoshop.

Measurement of JH and 20 E Levels in Females

JH and 20 E regulate the reproduction of insects. Therefore, we
measured changes in these hormones. JH and 20 E levels were quan-
tified via enzyme-linked immunosorbent assay (ELISA) according to
method of Spearow (1987). ELISA kits for JH and 20 E were pro-
vided by the Shanghai QiaoDu Biotech Co., Ltd. Female specimens
were rapidly frozen with liquid nitrogen after the addition of
0.01mol PBS (0.24g KH,PO4+ 1.44g Na,HPO4 +8.0g NaCl+
0.2 g KCI + 800 ml water, adjusted pH to 7.4 with HCl and HaOH,
brought to 1 liter with water). The samples were then ground with a
homogenizer after the addition of 0.01 mol PBS and centrifuged at
3,000 rpm for 20 min. Then, the supernatant was collected. The pro-
cess of measuring JH and 20 E involved the following steps: 1) dilu-
tion of the JH or 20 E standard and sample addition (10 standard
wells were arranged in a microtitration plate; 100 ul of the JH or 20
E standard was added to the first and second wells after the addition
of 50 pl of a standard dilution solution and evenly shaken; 100 pl of
the solution from the first and second wells was then added to the
third and fourth wells after the addition of 50 ul of a standard dilu-
tion solution and evenly shaken, and so on; and finally, 50 ul of the
solution from the 9th and 10th wells was removed). 2) Sample addi-
tion: control (without sample or standard sample addition) and sam-
ple wells were arranged, and 10 pl of a sample solution was added
after 40 pl of a standard dilution solution and evenly shaken. 3)
Incubation: plates covered with plate closure membranes were incu-
bated at 37°C for 30 min. 4) Washing: the membrane was uncov-
ered; the solution was removed; washing liquid (provided by ELISA
kits) was added and removed after 30s; and this process was re-
peated five times. 5) Enzyme addition: 50 pl of ELISA reagents was
added per well (except for the control wells) followed by incubation
and washing; this procedure was repeated once. 6) Color develop-
ment: 50 pl of coloring reagent A (provided in the ELISA kits) was
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Fig. 1. Brown planthopper ovaries at 2 DAE for JGM and control. A: JGM treatment, B: Control, DAE: days after emergence.

added to each well; 50l of coloring reagent B (provided in the
ELISA kits) was added, followed by even shaking and development
at 37°C for 15 min in the dark; and finally, 50 pl of stop solution
was added per well (from blue to yellow). 7) Measurements: the ab-
sorbance value (OD) at 450 nm was detected using a microplate
reader (Labsystems Multiskan MS, Model 352, Finland).

Statistical Analyses

The normality of the distribution and the homogeneity of variance
(determined using the Bartlett test) were verified prior to performing
analysis of variance (ANOVA). Two-way ANOVAs (JGM treatment
and days after adult emergence (DAE)) were conducted for the size
of lipid droplets in oocytes and the levels of JH and 20 E. Multiple
comparisons of means were performed using Fisher’s protected
least-significant-difference tests. All analyses were conducted using
the data processing system of Tang et al. (2002).

Results

Effect of JGM on Ovary Development in Adult Females
Ovary development occurred faster in JGM-treated females than in
the control females, and the resultant number of mature oocytes was
also increased compared with that of the control females (Fig. 1).

Changes in the Size of Lipid Droplets in the Oocytes of
JGM-Treated Females

The size of lipid droplets in the oocytes of JGM-treated females was
significantly smaller than that of the control females (F=53.5;
df=1, 32; P=0.0001; Figs 2 and 3). The diameter of lipid droplets
(DLD) at 1 and 2 DAE following JGM treatment was decreased by
32.6 and 29.8%, respectively. A significant effects of DAE and the
interaction between JGM and DAE on the DLD (F=164.9; df =1,
32; P=0.0001 for DAE; F=7.6; df =1, 32; P=0.01 for interaction
effect) were noted. The DLD at 2 DAE, compared with that at 1
DAE, was significantly reduced by 50.5 and 48.4% in the JGM and
control groups, respectively.

Effect of JGM on JH and 20 E Levels

JH levels in JGM-treated females, compared with those in the con-
trol females, were significantly increased (F=100.4; df=1, 8;
P=0.0001; Fig. 4). JH levels at 1 and 2 DAE under JGM treatment
increased by 49.7 and 45.7%, respectively, compared with the con-
trol. No significant effects of DAE and the interaction between JGM
and DAE on JH levels were noted (F=2.0; df=1, 8; P=0.19 for
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Fig. 2. The size of lipid droplets in oocytes in the ovaries of JGM-treated and
control brown planthopper females. The bars of the histogram represent the
values indicated on the Y-axes, and the error bars represent the standard er-
ror of the mean (SEM). Bars annotated with the same letter within the same
day after emergence are not significantly different at the 5% level.

DAE; F=0.38; df =1, 8; P=0.55 for interaction effect). In contrast
to JH levels, 20 E levels in JGM-treated females, compared with
those in control females, were significantly reduced by 36.0 and
30.0% at 1 and 2 DAE, respectively, (F=309.6; df=1, 8;
P=0.0001; Fig. 5). No significant effects of DAE and the interac-
tion between JGM and DAE on 20 E levels were noted (F=10.67;
df=1, 8; P=0.44 for DAE; F=3.0; df=1, 8; P=0.11 for interac-
tion effect).

Discussion

Isobaric tags for relative and absolute quantitation (iTRAQ) proto-
cols applied to JGM-treated females have demonstrated that the ex-
pression of several proteins, such as cell division control-related
protein 1, fatty acid synthase (FAS), acyl-CoA-binding protein, and
cell division cycle protein 37, is up-regulated (Li et al. 2016).
Measurement of fatty acids revealed significant increases in several
acids in JGM-treated females; dsFAS reduces the fecundity of JGM-
treated females and the concentrations of several fatty acids in the
ovary and fat body (Li et al. 2016). The TEM observations per-
formed in the present study revealed that lipid droplets were signifi-
cantly reduced in the oocytes of JGM-treated females compared
with those in the oocytes of the control females, indicating that
JGM promotes metabolism of fatty acids.
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Fig. 3. Oocytes in the ovaries of JGM-treated and control females at 1 and 2 DAE. LD is lipid droplets. A: 1 DAE for JGM treatment, B: 2 DAE for JGM treatment, C:

1 DAE for the control, D: 2 DAE for the control.

The biological roles of insect fatty acids are highly significant
and diverse. Fatty acids are associated with reproduction in insects
(Thiery et al. 1995, Kamoshida et al. 2012). Fatty acids enter the
well-known energy storage and production pathways. In addition to
homeostatic metabolism, fatty acids support flight, reproduction,
and long-term diapause and estivation. Fatty acids are also involved
in alternative pathways unrelated to energy metabolism. These path-
ways change the structure of the fatty acids and carry them from
one area of biological significance to others, including roles as
waxes, pheromones, eicosanoids, and components of defensive se-
cretions (Stanley-Samuelson et al. 1988, Watts et al. 2003, Sayah
2008, Alabaster et al. 2011, Vrablik and Watt 2012). Among vari-
ous biochemical processes, the B-oxidation of fatty acids plays
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specific physiological and biochemical roles in addition to its role in
supplying energy for insects or other animals. For example, f-oxida-
tion of lipids is required for the generation of oocytes in mice.
Moreover, the addition of L-carnitine during ovarian follicle devel-
opment in vitro increases lipid metabolism and improves oocyte de-
velopment (Dunning et al. 2011). Such observations of the cytology
of oocytes verify that FAS regulates the JGM-induced stimulation of
brown planthopper reproduction.

Insect hormones regulate the growth and development and fe-
cundity of insects (Koolman 1989, 1999,
Rauschenbach et al. 2001, Wang 2004) and control egg laying and
guarding in the lace bug (Tallamy et al. 2002). Additionally, insect

Comas et al.

hormones can induce acetylcholinesterase activity in a Drosophila
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Fig. 4. JH levels in JGM-treated and control adult females. The bars of the his-
togram represent the values indicated on the Y-axes, and the error bars repre-
sent the SEM. Bars annotated with the same letter within the same day after
emergence are not significantly different at the 5% level.
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Fig. 5. 20E levels in JGM-treated and control adult females. The bars of the
histogram represent the values indicated on the Y-axes, and the error bars
represent the SEM. Bars annotated with the same letter within the same day
after emergence are not significantly different at the 5% level.

cell line (Cherbas 1977). Among these hormones, JH regulates the
synthesis of vitellogenin (Vg). JH stimulates Vg biosynthesis in female
fat body and follicle cells and stimulates uptake by oocytes from the
hemolymph in growing follicles (Nation 2002). Thus, we measured
the changes in JH and 20 E levels. 20 E regulates the fecundity of
adult insects in concert with JH (Ye et al. 1999, Wang 2004).
Ecdysterone induces two activities (acetylcholinesterase and B-galacto-
sidase) of cell lines of Drosophila melanogaster (Best-Belpomme &
Courgeon, 1980). Thus, the continuous presence of a subthreshold
concentration of ecdysterone provokes the maturation of the cell
which become able to respond to the hormonal stimulus by a quicker
and higher enzymatic induction (Best-Belpomme & Courgeon, 1980).
However, altosid (a juvenile hormone analog) abolishes the effects of
the ecdysterone-induced maturation (Best-Belpomme & Courgeon,
1980). This shows that JH or 20 E regulates growth and development
of insect via metabolism. Studies show that molecular mechanisms of
pesticide-induced stimulation of reproduction of brown planthopper
are also involved in metabolic pathway (Jiang et al. 2016, Zhang et al.
2015, Li et al. 2016). In this context, the hormonal changes in insects
after pesticide application are very interesting. This study showed that
JGM enhanced JH levels in brown planthopper females but reduced
20 E levels. In adult females, JH promote fecundity. However, the re-
lationship between increased JH titers in adult females after insecticide
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treatment and fecundity depends on the insect species. JH titers in
adult female Tryporyza incertulas Walker developed from larvae feed-
ing on rice plants treated with imidacloprid were significantly in-
creased, and the number of eggs laid by these females was also
significantly increased (Wang et al. 2005). However, Chilo suppressa-
lis (Walker) does not exhibit a consistent trend between the increase
in JH titers and the fecundity of female adults after foliar spraying imi-
dacloprid (Yu et al. 2007). Some insecticides, such as triazophos and
deltamethrin, enhance JH titers and Vg mRNA expression levels,
while suppressing JH esterase (JHE) expression levels (Ge et al.
2010b). JHE potentially plays a key role in the metabolism of JH (de
Kort and Granger 1996). The tested insecticide suppressed JHE ex-
pression, enhanced JH levels, and resulted in an increase of fecundity
in brown planthopper females.
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