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Genetic Variation May Have
Promoted the Successful
Colonization of the Invasive Gall
Midge, Obolodiplosis robiniae,
in China
Yan-Xia Yao, Xing-Pu Shang, Jun Yang, Ruo-Zhu Lin, Wen-Xia Huai and Wen-Xia Zhao*

Key Laboratory of Forest Protection of National Forestry and Grassland Administration/Research Institute of Forest Ecology,
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Invasive species often cause serious economic and ecological damage. Despite
decades of extensive impacts of invasives on bio-diversity and agroforestry, the
mechanisms underlying the genetic adaptation and rapid evolution of invading
populations remain poorly understood. The black locust gall midge, Obolodiplosis
robiniae, a highly invasive species that originated in North America, spread widely
throughout Asia and Europe in the past decade. Here, we used 11 microsatellite DNA
markers to analyze the genetic variation of 22 O. robiniae populations in China (the
introduced region) and two additional US populations (the native region). A relatively
high level of genetic diversity was detected among the introduced populations, even
though they exhibited lower diversity than the native US populations. Evidence for
genetic differentiation among the introduced Chinese populations was also found based
on the high Fst value compared to the relatively low among the native US populations.
Phylogenetic trees, structure graphical output, and principal coordinate analysis plots
suggested that the Chinese O. robiniae populations (separated by up to 2,540 km)
cluster into two main groups independent of geographical distance. Genetic variation
has been observed to increase rapidly during adaptation to a new environment, possibly
contributing to population establishment and spread. Our results provide insights
into the genetic mechanisms underlying successful invasion, and identify factors that
have contributed to colonization by an economically important pest species in China.
In addition, the findings improve our understanding of the role that genetic structure
plays during invasion by O. robiniae.

Keywords: genetic diversity, genetic differentiation, genetic structure, population colonization, invasion success

INTRODUCTION

Obolodiplosis robiniae (Haldeman, 1847) (Diptera: Cecidomyiidae) is a North American species of
gall midge that has recently been extensively introduced throughout Asia and Europe (CABI/EPPO,
2011) and is continuously expanding its range (Cierjacks et al., 2013; Stalazs, 2014; Badmin, 2016;
Kostro-Ambroziak and Mieczkowska, 2017). It is specifically associated with host plants from
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the genus Robinia (Fabaceae) (Stalazs, 2014). Its main host
is Robinia pseudoacacia although it is occasionally found on
R. pseudoacacia cv. ‘Frisia’ (Badmin, 2016). The gall midge
causes leaf rolling and premature leaf shedding, resulting
in the deterioration of the host and increased susceptibility
to other pests, including wood borers such as longhorn
beetles (Yang et al., 2006).

Obolodiplosis robiniae was first recorded in China
(Qinhuangdao City, Hebei Province) in 2004 (Yang et al.,
2006) and has since spread extensively. Its primary host
(R. pseudoacacia) has been planted extensively across China, and
O. robiniae is now found in most of these areas (Shang et al.,
2015a). Chinese O. robiniae populations may produce between
four and six generations per year (Wang, 2009; Mu et al., 2010;
Shao et al., 2010; Liu, 2014), which is significantly higher than the
rate in regions beyond China. For example, O. robiniae produces
three to four generations per year in Italy (Duso et al., 2005)
and Serbia (Mihajlovic et al., 2008), and a maximum of three
generations per year in Korea (Lee et al., 2009).

Genetic diversity and population structure are important
factors affecting the colonization of invasive species (Amouroux
et al., 2013; Horst and Lau, 2015; Zhao et al., 2015). Invasive
species often exhibit low genetic diversity during founding
events, as new habitats are typically colonized by only a few
individuals, representing a small proportion of the allelic diversity
present in the source population (Nei et al., 1975; Tsutsui
et al., 2003). However, when the founding individuals originate
from multiple source populations, the genetic diversity of the
founder population can be relatively high (Davis, 2009). This can
contribute to invasion success by facilitating local adaptation to
new environments and increasing new trait diversity (Facon et al.,
2006). Besides, the invaders can rapidly evolve in isolation from
other individuals of the same species when they were introduced
into the new environments (Lee, 2002; Launey et al., 2010).

DNA-based molecular markers have been extensively used
to examine the genetic diversity and population structure of
a wide range of species. Microsatellite DNA markers (simple
sequence repeats, SSRs) are suitable for routine genetic diversity
analyses (Varshney et al., 2007; Kong et al., 2014; Kim et al.,
2017), as they are ubiquitous among eukaryotes (Sharma et al.,
2007), co-dominantly inherited, and highly polymorphic (Zong
et al., 2015). Moreover, microsatellite analysis can yield valid
results and improved phylogenetic trees compared to analyses
involving other molecular markers (Schemerhorn et al., 2015).
Due to their feasibility and practicality, microsatellite markers
have been widely used in population genetics and ecological
studies of various insects (Bonizzoni et al., 2000; Mezghani-
Khemakhem et al., 2012; Anjos et al., 2016; Retamal et al., 2016;
Duan et al., 2017; Kim et al., 2017; Simonato et al., 2019),
including several invasive gall midge species (Bentur et al., 2011;
Amouroux et al., 2013).

Previously, Shang et al. (2015b) investigated the genetic
variation among Chinese O. robiniae populations using a
partial mitochondrial DNA cytochrome c oxidase subunit I
(COI) sequence marker. However, only 10 individuals exhibiting
haplotypic variation and a mere four haplotypes were detected
in 560 O. robiniae samples. Thus, the genetic mechanisms

behind successful invasion, the genetic structure in the process
of colonization, and the phylogenetic relationships among the
Chinese O. robiniae populations remain poorly understood.

Accordingly, to gain further insight into the genetic structure
of the Chinese O. robiniae populations and ascertain how
the species has spread widely in new regions, we used 11
microsatellite markers to analyze the genetic structure of 22
Chinese O. robiniae populations. Two native populations from
the United States (US) were also assessed based on the same loci
for comparison with the Chinese populations, in order to explain
how genetic diversity is altered during the invasion process.

MATERIALS AND METHODS

Sample Collection
We collected the gall midge larvae and pupae contained
within rolled leaves of host trees growing in 22 cities across
China (Figure 1). Generally, the rolled leaves were randomly
picked from different trees; however, when infestation was low,
individual trees were singled out for sample collection. Following
collection, the rolled leaves were immediately transported to the
laboratory in 60 cm × 40 cm plastic bags, in which they were
maintained until adult emergence. From the samples collected
at each location, 20 larger adults were selected, placed into a
1.5-mL centrifuge tube, and stored at −20◦C for subsequent
DNA extraction. Additionally, eight O. robiniae adults from
two regions of the United States were obtained from the
Quarantine Lab at the Institute of Forest Ecology, Environment,
and Protection in the Chinese Academy of Forestry. Details of the
sample collection and population codes are listed in Table 1.

DNA Extraction and Microsatellite
Analyses
Genomic DNA was extracted from the entire O. robiniae body
following the instructions described by Zhou et al. (2007) and
stored at −20◦C until needed. The 14 microsatellite loci (W3,
W5, W8, W29, W31, W33, W35, W41, W46, W82, W83, W116,
W126, and W132) developed by Yao et al. (2015) were initially
selected to analyze the genotypes of 20 individuals per collection
site (the exception being Zhengzhou, for which 16 individuals
were analyzed) (Table 1). For each sample, we attempted to
amplify all 14 loci; however, after two attempts, we were unable
to amplify five loci (W29, W35, W41, W46, and W116) for many
individuals; thus, these loci were not used in subsequent analyses.
However, we assessed the applicability of two additional loci (W6
and W107; GenBank numbers: KP260520 and KP260530) that
were not characterized by Yao et al. (2015), and we detected
sufficient polymorphism among the analyzed samples. Hence, a
total of 11 loci were used to genotype 444 O. robiniae individuals.

Microsatellite amplifications were performed in a 15 µL
reaction volume containing 1 µL genomic DNA (10 ng), 1 µL
of each primer (5 µmol/L), 7.5 µL 2X Taq PCR Master Mix
(TIANGEN, Beijing, China), and 4.5 µL ddH2O. The forward
primer of each primer pair was labeled with a fluorescent
dye (HEX, ROX, FAM, or TMARA; Sangon Biotech, Shanghai,
China). The microsatellite cycling protocol was: 5 min at 95◦C
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FIGURE 1 | Geographic locations of the 22 Chinese Obolodiplosis robiniae populations sampled. Population codes are listed in Table 1. (The source map was
downloaded from the website http://www.webmap.cn/commres.do?method=dataDownload).

(initial denaturation step); followed by 30 cycles of 94◦C for
30 s, 53◦C (W3, W5, W6, and W8) or 56◦C (the remaining
loci) for 45 s, 72◦C for 45 s, extension at 72◦C for 10 min,
and finally maintained at 16◦C. PCR products were examined
using a DNA analyzer (Applied Biosystems, Waltham, CA,
United States) and the results were analyzed using Genotyping
was carried out using a 3730xl automated DNA sequencer
(Applied Biosystems, Waltham, CA, United States). Alleles were
scored using GeneMarker software version 2.2. (Softgenetics
LLC, State College, PA, United States).

Data Analyses
Genetic diversity was estimated by basic statistical analyses
including number of alleles (Na), effective number of alleles
(Ne), Shannon’s information index (I), observed heterozygosity
(Ho), expected heterozygosity (He), and Nei’s (1973) expected
heterozygosity (Nei), which were calculated using GenePop
software version 4.3 (Rousset, 2008); genotype number (GN),
gene diversity (GD), and polymorphism information content
(PIC) were calculated using PowerMarker software version V3.25

(Liu and Muse, 2005). F-statistics and gene flow for each locus
across populations were performed using PopGene software
version 1.32 (Yeh et al., 2018). Deviations from the Hardy–
Weinberg equilibrium (HWE) based on the Markov chain
algorithm (10,000 steps) and linkage disequilibrium (LD) (10,000
permutations) were also examined by GenePop software. The
genetic relationships between populations were assessed using
a neighbor-joining dendrogram generated by PowerMarker and
Molecular Evolutionary Genetics Analysis across Computing
Platforms (MEGA X) (Kumar et al., 2018).

Populations differentiation was assessed by pairwise Fst values
(based on 999 permutations) and gene flow (Nm) through
AMOVA (analysis of molecular variance) approach which were
performed using the Arlequin program version 3.5 (Excoffier
and Lischer, 2010). The analyses can estimate variance and
partitioning of the within- and among-population. Genetic
structure analysis was performed with 100,000 Markov Chain
Monte Carlo repetitions after a burn-in period of 200,000
interactions for each group number (K) using STRUCTURE
software version 2.3.4 (Pritchard et al., 2000). The number of
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TABLE 1 | Location of Obolodiplosis robiniae populations and the sample size used in this study.

Number Code Site Latitude (N) Longitude (E) Altitude Sample size

(1) BJ Beijing 40◦00.184′ 116◦14.363′ 76 20

(2) CC Changchun, Jilin 43◦53.851′ 125◦16.329′ 218 20

(3) CD Chengdu, Sichuan 30◦38.245′ 104◦07.334′ 510 20

(4) DD Dandong, Liaoning 40◦06.906′ 124◦21.536′ 33 20

(5) DL Dalian, Liaoning 38◦58.531′ 121◦36.800′ 67 20

(6) DY Dongying, Shandong 37◦26.366′ 118◦34.448′ 17 20

(7) GY Guiyang, Guizhou 26◦33.531′ 106◦45.003′ 1090 20

(8) HF Hefei, Anhui 31◦52.824′ 117◦11.639′ 39 20

(9) NJ Nanjing, Jiangsu 32◦03.426′ 118◦50.820′ 90 20

(10) QD Qingdao, Shandong 36◦03.367′ 120◦20.934′ 24 20

(11) QH Qinhuangdao, Hebei 39◦56.161′ 119◦35.411′ 17 20

(12) SY Shenyang, Liaoning 41◦50.438′ 123◦25.690′ 51 20

(13) TA Taian, Shandong 36◦12.225′ 117◦07.104′ 208 20

(14) TS Tianshui, Gansu 34◦21.405′ 106◦00.034′ 1460 20

(15) TY Taiyuan, Shanxi 37◦54.592′ 112◦31.811′ 798 20

(16) WH Wuhan, Hubei 30◦36.733′ 114◦17.772′ 40 20

(17) XA Xian, Shaanxi 34◦15.474′ 108◦58.938′ 428 20

(18) YA Yanan, Shaanxi 36◦35.633′ 109◦29.535′ 1121 20

(19) YC Yinchuan, Ningxia 38◦28.933′ 106◦11.983′ 1115 20

(20) YK Yingkou, Liaoning 40◦12.432′ 122◦04.413′ 15 20

(21) YT Yantai, Shandong 37◦32.024′ 121◦25.657′ 9 20

(22) ZZ Zhengzhou, Henan 34◦48.509′ 113◦42.266′ 95 16

(23) US_f Finger Lakes, NY, United States 42◦45′ −76◦41.4′W – 5

(24) US_g Goat Island, NY, United States 43◦48′ −79◦42′W – 3

subpopulations (K) was assumed to be from 1 to 22, without
admixture and with correlated allele frequencies. To determine
the most likely number of subpopulations, the optimum K-value
was obtained by calculating the 1K value (Evanno et al., 2005).

In addition, the Mantel test was conducted using the
GenALEx 6.5 program (Peakall and Smouse, 2012) to determine
correlations between Nei’s genetic distance [was calculated using
GenePop software based on Nei (1978)] and both geographical
distance (km) and altitude (m). Significance was assessed by
conducting 999 permutations. Moreover, a principal coordinate
analysis (PCoA) was conducted using the same software.

RESULTS

Microsatellite Polymorphism and
Diversity
In this study, locus polymorphism and diversity were determined
based on 22 Chinese populations using 11 microsatellite markers,
with each population consisting of 20 individual samples
(except Zhengzhou, with 16 samples) (Table 1). Amplifying
these microsatellite markers loci led to 436 polymorphic bands
(Supplementary Table S1), representing 202 genotypes, ranging
from 3 to 54 per primer pair. As shown in Table 2, there were
72 alleles among the 22 populations; the number of alleles (Na)
observed per locus varied from 2 (W83 and W107) to 14 (W3
and W5), with a mean of 6.5 per locus. The effective numbers
of alleles (Ne) varied from 1.4087 (W83) to 7.9971 (W3), with

an average of 3.7255 per locus. The gene diversity index (GD)
per locus ranged from 0.2901 (W83) to 0.8755 (W3), with an
average of 0.6511, indicating that a high level of information was
provided by the 11 microsatellite markers. Shannon’s information
index (I) ranged from 0.4767 (W83) to 2.2573 (W3), with
a mean of 1.3188. The polymorphism information content
(PIC) for the microsatellite loci ranged from 0.2494 (W83)
to 0.8627 (W3), with an average of 0.6031. The observed

TABLE 2 | Polymorphism of microsatellite loci across Chinese O. robiniae
populations.

Locus Na GN Ne GD I Ho He PIC

W3 14 54 7.9971 0.8755 2.2573 0.7477 0.8760 0.8627

W5 14 42 5.8768 0.8295 1.9743 0.7067 0.8308 0.8085

W6 4 6 2.2687 0.5601 0.9575 0.3471 0.5599 0.4973

W8 7 18 4.3609 0.7712 1.6184 0.3701 0.7716 0.7367

W31 5 14 4.2747 0.7661 1.5224 0.6697 0.7669 0.7281

W33 7 20 3.6391 0.7249 1.4660 0.6506 0.7260 0.6835

W82 5 12 3.3448 0.7010 1.3193 0.3532 0.7018 0.6487

W83 2 4 1.4087 0.2901 0.4767 0.3005 0.2905 0.2494

W107 2 3 1.6205 0.3829 0.5710 0.2271 0.3833 0.3096

W126 4 6 2.0018 0.5005 0.7223 0.4398 0.5010 0.3809

W132 8 23 4.1874 0.7603 1.6214 0.4207 0.7621 0.7284

Mean 6.5 18.3636 3.7255 0.6511 1.3188 0.4757 0.6518 0.6031

Number of alleles (Na), genotype number (GN), effective number of alleles (Ne),
gene diversity (GD), Shannon’s information index (I), observed heterozygosity (Ho),
expected heterozygosity (He), polymorphism information content (PIC).
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heterozygosity (Ho) ranged from 0.2271 (W107) to 0.7477 (W3)
and expected heterozygosity (He) ranged from 0.2905 (W83) to
0.8760 (W3). For each locus, both Na and Ho values markedly
changed among populations, whereas, He value minorly altered
(Supplementary Figure S1). In addition, when we evaluated
the within-sample HWE deviations for each locus across all 22
Chinese populations using the Markov chain algorithm (10,000
steps), we detected significant deviation from the expected value
(p < 0.05) in 68 of 242 tests (28.10%) (Supplementary Table S2).
Examination of genotypic LD between all pairs of alleles across
all 22 populations, based on a permutation procedure (10,000
permutations), revealed a significant LD (p < 0.05) in 251 of 1210
tests (20.74%) from 11 loci in the 22 Chinese populations.

Population Genetic Diversity
The genetic diversity of 22 Chinese populations and two US
populations was assessed. Six indices of genetic diversity (Na,
Ne, I, Ho, He, and Nei) were evaluated. As shown in Table 3,
for each Chinese population across all loci, the means of the
above indices except Na were moderately or considerably lower
than those of the native US populations, although the sample size
of the Chinese populations (40) was markedly higher than that
of the US populations (8). Regarding the three most important

indices, I, He, and Nei, the lowest Chinese values (I = 0.7847,
He = 0.4279, Nei = 0.4172) occurred in the DY population, and
the highest (I = 1.1103, He = 0.6162, Nei = 0.6008) in the TS
population. Increased values of these three indices occurred in
the SY (I = 1.058, He = 0.6157, Nei = 0.6003), YT (I = 1.0761,
He = 0.5825, Nei = 0.5677), and DD (I = 1.016, He = 0.5895,
Nei = 0.5748) populations. The inbreeding coefficient (Fis) ranged
from −0.0295 (TY) to 0.2011 (CD), with significant various
observed for each locus among populations. Both US populations
exhibited high He values of 0.6544 (US_f) and 0.6606 (US_g).

Genetic Differentiation in the Chinese
Populations
The Fst per locus ranged from 0.1357 to 0.3770, with an average
of 0.1994, and the Fis per locus ranged from −0.0037 (W3)
to 0.3364 (W82) with an average of 0.0873 alleles per locus
across populations (Table 4). Gene flow (Nm) ranged from 0.3093
at W31 to 1.5921 at W33 and averaged 1.0036. Meanwhile,
the pairwise Fst (p < 0.001) values (Supplementary Table S3)
between populations ranged from 0.022 (HF and WH) to 0.377
(BJ and GY), with an average value of 0.183. A total of 135
of the 213 Fst values (63.38%) were >0.15, while 48 (22.54%)
were >0.25, which suggests that significant genetic differentiation

TABLE 3 | Genetic diversity of the O. robiniae populations across 11 microsatellite loci.

Code Sample size Na Ne I Ho He Nei Fis

BJ 40 3.3636 2.375 0.868 0.4591 0.4928 0.4805 0.0445

CC 40 3.7273 2.5568 0.9673 0.4364 0.5425 0.529 0.1751

CD 40 3.4545 2.1684 0.8976 0.4136 0.531 0.5177 0.2011

DD 40 3.5455 2.651 1.016 0.5591 0.5895 0.5748 0.0273

DL 40 3.1818 2.3375 0.8675 0.5636 0.5026 0.49 −0.1503

DY 40 3.2727 2.2412 0.7847 0.4409 0.4279 0.4172 −0.0569

GY 40 3.5455 2.0894 0.8164 0.3864 0.4705 0.4588 0.1578

HF 40 3.1818 2.5997 0.9554 0.4909 0.5742 0.5599 0.1232

NJ 40 3.8182 2.4202 0.9633 0.4364 0.5408 0.5273 0.1724

QD 40 3.3636 2.2096 0.8265 0.3682 0.4647 0.4531 0.1874

QH 40 3.6364 2.2661 0.9192 0.5318 0.5233 0.5102 −0.0423

SY 40 3.7273 2.797 1.058 0.5455 0.6157 0.6003 0.0914

TA 40 3.3636 2.0576 0.8347 0.439 0.4792 0.4672 0.0603

TS 40 4.0909 2.8428 1.1103 0.5045 0.6162 0.6008 0.1602

TY 40 3.6364 2.3278 0.9101 0.5273 0.5253 0.5122 −0.0295

WH 40 3.7273 2.5723 0.9797 0.5256 0.5599 0.5459 0.0371

XA 40 3.5455 2.535 0.9503 0.5182 0.5492 0.5355 0.0323

YA 40 3.8182 2.7608 0.9798 0.4199 0.5355 0.5221 0.1958

YC 40 3.8182 2.4284 0.9586 0.467 0.5369 0.5234 0.1078

YK 40 4.4545 2.6524 1.0623 0.4682 0.567 0.5528 0.1531

YT 40 4.2727 2.9205 1.0761 0.5081 0.5825 0.5677 0.1049

ZZ 30 3.4545 2.3364 0.912 0.4516 0.5346 0.5168 0.1261

CN mean 40 3.6363 2.4612 0.9415 0.4755 0.5346 0.5192 –

US_f 10 4.0909 3.2336 1.1472 0.5 0.6544 0.5875 0.1489

US_g 6 3.0909 2.6363 0.9632 0.5152 0.6606 0.5505 0.0642

US mean 8 3.5909 2.935 1.0552 0.5076 0.6575 0.569 –

Number of alleles (Na), effective number of alleles (Ne), Shannon’s information index (I), observed heterozygosity (Ho), expected homozygosity (He), Nei’s (1973) expected
heterozygosity (Nei), inbreeding coefficient (Fis).
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TABLE 4 | Summary of F statistics and gene flow for each locus.

Locus Fis Fst Nm

W3 −0.0037 0.1487 1.4307

W5 0.0026 0.1460 1.4629

W6 0.0040 0.3770 0.4130

W8 0.2929 0.3198 0.5317

W31 −0.0441 0.1603 1.3093

W33 −0.0364 0.1357 1.5921

W82 0.3364 0.2379 0.8007

W83 −0.1980 0.1367 1.5792

W107 0.3182 0.1402 1.5337

W126 −0.0165 0.1379 1.5634

W132 0.2870 0.2230 0.8745

Mean 0.0873 0.1994 1.0036

Gene flow (Nm) estimated based on Nm = 0.25(1 – Fst)/Fst.

TABLE 5 | Population genetic variance revealed by 11 microsatellite loci
through AMOVA analysis.

Sum of Mean Variance
Degree of squared squared component Percentage

Source freedom deviations deviations estimates of variation

Chinese populations

Among populations 21 622.846 29.659 0.665 18%

Among individuals 414 1371.394 3.313 0.353 10%

Within individuals 436 1136.500 2.607 2.607 72%

Total 871 3130.740 3.624 100%

Fst 0.183 0.001

Nm 1.113

P-value <0.001

US populations

Among populations 1 7.496 7.496 0.354 9%

Among individuals 6 29.067 4.844 1.047 25%

Within individuals 8 22.000 2.750 2.750 66%

Total 15 58.563 4.151 100%

Fst 0.085

Nm 2.685

P-value <0.03

exists among the sampling sites and there is some restriction
in gene flow between them (Table 4). The most noticeable
genetic differentiation occurred between BJ and GY (Fst = 0.377),
followed by GY and QH (Fst = 0.372), then DY and QH, DY
and GY (Fst = 0.361 for both). According to the coefficient of
genetic differentiation (Fst = 0.1830, p < 0.001), genetic variation
within populations (81.66%) was substantially higher than that
among populations (18.34%) (p < 0.001) (Table 5). Gene flow
(Nm) ranged from 0.414 (BJ and GY) to 11.05 (HF and WH)
(Supplementary Table S4), with an average of 1.113 (Table 5).
All investigated loci contributed to the population differentiation
(p < 0.001 for each individual locus). Regarding the native US
populations, they had a relatively low Fst value (0.085, p < 0.03),
a high Nm value (2.685), and variation within populations of
91%, while variation among populations was 9% (p < 0.02). This
further indicates the existence of extensive genetic differentiation
among the introduced populations.

Genetic Relationships and Population
Structure Analysis
A dendrogram depicting the genetic relationships among the 22
Chinese populations was constructed based on the microsatellite
data (Figure 2). The populations were divided into two main
clusters, and each cluster was further separated into several
sub-clusters. Group I contained populations from Northeast
China (Jilin Province) to Southwest China (Guizhou Province),
including Liaoning (YK, DL), Jilin (CC), Shanxi (TY), Shaanxi
(YA), Shandong (DY, QD), Henan (ZZ), Sichuan (CD), Hubei
(WH), Anhui (HF), and Guizhou (GY) provinces. Group II
contained populations from North China (with the exception
of the NJ population), including Beijing (BJ), Liaoning (SY,
DD), Hebei (QH), Shandong (YT, TA), Shaanxi (XA), Gansu
(TS), Ningxia (YC), and Jiangsu (NJ) provinces. Besides, some
subdivided populations were clustered according to their spatial
distribution, such as GY, HF, and WH located in the south of
southern China, which clustered together in group I, whereas
TA, DD, BJ, and QH located around Bohai Bay clustered
together in group II.

The 436 Chinese O. robiniae samples were further assessed
for population stratification using STRUCTURE software.
Microsatellite data were analyzed with possible cluster numbers
(K-values) ranging from 1 to 22. 1K was clearly maximized
when K = 2 (1K = 4298.3743), indicating the occurrence
of two distinct groups among the 22 populations (Figure 3),
which validates the dendrogram-based grouping, and the second
clade was grouped according to approximate geographical area.
These results suggested different degrees of introgression in the
populations, detected as differences in allelic frequencies among
the populations. In addition, greater structuring (K = 3) revealed
that QD, GY, and TY in group I had certain structural similarities
to YT, SY, NJ, YC, and XA in group II.

In addition, PCoA based on the marker genotypes also
revealed two distinct clusters of the Chinese populations
(Figure 4), which were partly related to their geographical regions
(group II contained populations from North China). The Mantel
test revealed non-significant negative correlations between Nei’s
genetic distance (Supplementary Table S5) and geographical
distance (km) (r = −0.02, P = 0.456; Supplementary Figure S2),
and between Nei’s genetic distance and altitude (r = −0.026,
P = 0.419; Supplementary Figure S3), which indicates that
genetic differentiation in the 22 Chinese populations may not be
caused by geographical isolation.

DISCUSSION

In the present study, we detected a high degree of polymorphism
among the assessed microsatellite loci. We also identified
a relatively high level of genetic diversity among Chinese
O. robiniae populations across all loci, with the average expected
heterozygosity (He) and Nei’s (1973) expected heterozygosity
(Nei) being 0.5346 and 0.5192, respectively. The highest He
was 0.6606, which occurred in the US_g population despite
the fact that it consisted of only three O. robiniae individuals.
Nonetheless, He, Nei (Shang et al., 2016), gene diversity index
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FIGURE 2 | Unrooted neighbor-joining dendrogram of the 24 O. robiniae populations based on Nei’s distance using the allele frequencies of 11 microsatellite loci.
Green represents the subpopulations of group 1, red represents the subpopulations of group 2, and blue represents the US populations.

FIGURE 3 | Graphical output of the STRUCTURE analysis representing hierarchical data analyses to determine the number of genetic subpopulations (K) of
O. robiniae. Each individual is represented by a single vertical bar.

(GD), and polymorphism information content (PIC) (Ren et al.,
2014) are minimally influenced by sample size. Our results
indicate significant differences in genetic diversity within the
Chinese populations, as well as between the native and invasive
populations. Shang et al. (2015b) detected a relatively low level
of genetic diversity among Chinese O. robiniae populations using
a COI marker. This discrepancy suggests that COI markers may

be less suitable than microsatellite DNA markers for population
analyses of a new invasive species, such as Chinese O. robiniae,
as is the case with another invasive cecidomyiid, Procontarinia
mangiferae (Amouroux et al., 2013).

The relatively high level of genetic diversity has likely
contributed to the spread of O. robiniae across China in the past
decade to the extent that this species is now established in most
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FIGURE 4 | Principal coordinate analysis (PCoA) of 436 Chinese O. robiniae individuals showing two distinct clusters of populations. Each population is represented
by a diamond. Coord.1 (39.51%) and Coord.2 (17.63%) refer to the first and second principal component, respectively.

regions where its host exists (Shang et al., 2015a). O. robiniae
has a short history in China, with initial detection occurring
in 2004 (Yang et al., 2006), whereas its host was introduced
over a century ago (Xu and Yang, 2006). Moreover, for the 22
Chinese populations analyzed, our results show a relatively high
level of genetic differentiation (Fst = 0.1830) among populations
from sites separated by distances of up to 2,540 km. Hence,
the relatively high genetic diversity likely caused by significant
differentiation among populations has been conducive to the
rapid colonization and establishment of O. robiniae in China, and
it is an important factor contributing to the successful invasion
of O. robiniae.

The observed population differentiation likely resulted from
rapid evolution during adaptation to the new environment.
Invasive species may evolve rapidly in response to selection
pressures driven by novel habitats (Sakai et al., 2001; Lee, 2002;
Ochocki and Miller, 2017), and such rapid genetic adaptation
might be important for invasive species (Shine et al., 2011) in
order to increase fitness and invasion success (Suarez and Tsutsui,
2008; Roux and Wieczorek, 2009). Increasing the success of both
their initial establishment and subsequent range expansion is
a particularly effective strategy for introduced populations, as
was shown for several invasive species during their colonization
processes (Simberloff et al., 2013; Ochocki and Miller, 2017; Wu
et al., 2019). Hence, differentiation among Chinese populations
was likely accelerated by the rapid evolution of adaptations to the
new environments, promoting successful invasion by O. robiniae.

Furthermore, high levels of genetic diversity in an invasive
species might be caused by multiple introductions or large
founding populations. It is thought that multiple introductions are
associated with increased diversity because they supply increased
variation and new genetic communities (Dlugosch and Parker,
2008). Multiple introductions are considered to produce invasive
populations that are much more genetically diverse than a single
source population (Sakai et al., 2001). As such, the successful
establishment and invasion of many invasive species have been

attributed to multiple introductions (Meixner et al., 2002; Kolbe
et al., 2004; Cheng et al., 2008; Zalewski et al., 2010; Michaelides
et al., 2018). For O. robiniae, in light of the short history in China,
its high genetic diversity and colonization success might be also
related to multiple independent invasive events.

Many studies have shown that the genetic structures of
invasive species are well developed in their new ranges (Zeisset
and Beebee, 2003; Herborg et al., 2007; Rollins et al., 2009;
Zalewski et al., 2010). Indeed, the genetic diversity of invasive
species is often higher than that of native populations (Marrs
et al., 2008). In light of this, our neighbor-joining dendrogram
and Bayesian STRUCTURE (K = 2) analyses indicated that
the Chinese O. robiniae populations are divided into two
independent clusters, although this division appears to be
unrelated to geographical distribution. Meanwhile, gene flow
was found among some Chinese populations, with QD, GY, and
TY in group I having highly similar structures to YT, SY, NJ,
YC, and XA in group II. In addition, some subgroups (GY, HF,
and WH; TA, DD, BJ, and QH) were clustered according to
their geographical distribution, which likely represents different
routes of spread in the new environment. Furthermore, our
results revealed that each group of the Chinese O. robiniae
populations exhibited differences in geographical distribution
and genetic distance, suggesting that the two groups do in fact
represent two different sources. This implies the introduced
populations likely experienced two independent invasive events,
which initially shaped the genetic structure of the Chinese
O. robiniae populations.

On the other hand, the fact that the division of the two
groups was unrelated to geographical distribution (particularly
for group I, which contained numerous genetically similar
populations located in different geographical regions) suggests
that human activity is likely another important contributing
factor. Transport, business trips, and long-distance vacations
have recently increased not only in frequency but also in distance.
High levels of human-mediated dispersion can increase the
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genetic diversity of an invasive population, thereby substantially
modifying the genetic structure and potential management units
(Perkins et al., 2013); these factors decrease the success of control
measures for O. robiniae populations.
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Transgenerationally Regulates
Cuticular Melanization in the Pea
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Key Laboratory of Integrated Pest Management on Crops in Northwestern Loess Plateau, Ministry of Agriculture, Northwest
A&F University, Xianyang, China

Maternal phenotypic regulations between different generations of aphid species help
aphids to adapt to environmental challenges. The pea aphid Acyrthosiphon pisum has
been used as a biological model for studies on phenotypic regulation for adaptation,
and its alternative phenotypes are typically and physiologically based on maternal
effects. We have observed an artificially induced and host-related maternal effect that
may be a new aspect to consider in maternal regulation studies using A. pisum.
Marked phenotypic changes in the cuticular melanization of daughter A. pisum were
detected via tyrosine hydroxylase knockdown in the mothers during their period of
host plants alternations. This phenotypic change was found to be both remarkable
and repeatable. We performed several studies to understand its regulation and
concluded that it may be controlled via the dopamine pathway. The downregulation
and phenotypes observed were verified and described in detail. Additionally, based
on histological and immunofluorescence analyses, the phenotypic changes caused
by cuticular dysplasia were physiologically detected. Furthermore, we found that this
abnormal development could not be reversed after birth. Transcriptome sequencing
confirmed that this abnormal development represents a systemic developmental
failure with numerous transcriptional changes, and chemical interventions suggested
that transgenerational signals were not transferred through the nervous system. Our
data show that transgenerational regulation (maternal effect) was responsible for the
melanization failure. The developmental signals were received by the embryos from
the mother aphids and were retained after birth. APTH RNAi disrupted the phenotypic
determination process. We demonstrate that non-neuronal dopamine regulation plays
a crucial role in the transgenerational phenotypic regulation of A. pisum. These results
enhance our understanding of phenotyping via maternal regulation in aphids.

Keywords: Acyrthosiphon pisum, L-DOPA, RNA interference, maternal effect, tyrosine hydroxylase, phenotypic
plasticity
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INTRODUCTION

Environment-induced phenotypic changes are observed in
many animal species and are an important physiological
strategy that enables them to cope with environmental threats.
Aphid species are normally serious agricultural pests that are
highly adaptable (Van Emden and Harrington, 2017). The pea
aphid Acyrthosiphon pisum (Harris) is utilized as a biological
model of insect–plant interactions, phenotypic plasticity, and
in symbiosis studies (Braendle et al., 2006). A. pisum has a
transgenerational regulation system, and the biological features
for their daughters can be modified between generations as
different phenotypic development pathways, such as winged
(alatae)–wingless (apterae) and sexual–asexual morphs, are
determined by the mothers (Braendle et al., 2006; International
Aphid Genomics Consortium, 2010). Winged and wingless
A. pisum show diversity in their morphological, physiological,
and behavioral features (Wratten, 1977; Sack and Stern,
2007). Furthermore, sexual and asexual individuals within this
species differ mainly regarding their reproductive patterns and
morphology (Miura et al., 2003). However, the mechanisms
underlying the phenotypic regulations between different aphid
generations are not yet fully understood.

The phenotypic controls and regulations of aphids are
determined by the mother’s generation (Van Emden and
Harrington, 2017). Asexual aphids parthenogenetically produce
embryos that develop directly within them. They can regulate
organ and tissue formation patterns that are related to the
different phenotypes of their daughters. For example, in A. pisum,
wing and sex determination occur prenatally (MacKay and
Wellington, 1977; Brisson, 2010); therefore, the phenotype
of the aphids does not tend to change within a single
generation in response to environmental changes (Brisson,
2010). The phenotypic regulation system of the mother aphids
is primarily based on environmental conditions, such as
temperature, photoperiod, physical contact (aphids density), and
host nutrition status (Braendle et al., 2006). Maternal effects
are observed in many aphid species and affect more than one
generation (Zehnder and Hunter, 2007; Jeffs and Leather, 2014;
Hu et al., 2016). Besides phenotypic regulations, biological and
ecological features such as population dynamics, fecundity, and
interspecies relationships (with ant and parasitoids) may be
maternally regulated (Zehnder and Hunter, 2007; Tegelaar et al.,
2013; Slater et al., 2019). Previous studies of transgenerational
signal transmissions showed that there was little or no yolk in
the viviparous oocytes and embryos, and no chorion. This was
most likely because in addition to being dispensable, an eggshell
could interfere with the maternal provisioning of the developing
embryos (Bermingham and Wilkinson, 2009; Ogawa and Miura,
2014). In studies of the physiological basis, however, juvenile
hormone (JH) and insulin pathways were found to possibly
contribute to this regulation, but studies in which JH titers
were manipulated have shown inconsistent results, and further
research is required (Braendle et al., 2006; Huybrechts et al., 2010;
Ishikawa et al., 2012). In brief, maternal effects play important
roles for aphid environmental adaptations, but their mechanisms
are still unclear.

The environment-induced morphs of aphids exhibit biological
and physiological differences in many respects, including their
cuticular sclerotization and melanization levels (Ishikawa and
Miura, 2007). Insect cuticles are primarily composed of regular
arrangements of catecholamines (for melanization), lipids, cuticle
proteins, and chitin; they are present in various cuticular
layers, and interact with each other (Filshie, 1982; Vukusic and
Sambles, 2003; Moussian et al., 2006; Arakane et al., 2009;
Gorman and Arakane, 2010; Noh et al., 2016). Physicochemical
interactions among them constitute the foundation of cuticle
formation, body shape, and surface appearance (Filshie, 1982;
Wigglesworth, 1990; Anderson, 1966, 2011; Van de Kamp and
Greven, 2010). The production of catecholamines eventually
leads to pigment depositions in the exocuticle or epicuticle
layers, and tyrosine hydroxylase (TH; the rate-limiting enzyme of
dopamine biosynthesis) plays an important role in melanization
regulation (Arakane et al., 2009; Noh et al., 2016).

Previous studies have described the melanization process
for cuticular sclerotization and melanization of insects
(catecholamine metabolize), which can be summarized as
follows. In the cuticle, TH converts tyrosine into L-3,4-
dihydroxyphenylalanine (L-DOPA) in the epidermal cells.
Thereafter, L-DOPA decarboxylase (DDC) converts L-
DOPA into dopamine. Acyldopamines, N-acetyldopamine
(NADA) and N-β-alanyldopamine (NBAD), are synthesized
from dopamine via the actions of the arylalkylamine-N-
acetyltransferase (aaNAT) and NBAD synthase (ebony),
respectively, and are transported to the extracellular tissues.
Laccases (laccase 2, lac2) catalyze melanization (pigmentation)
and sclerotization in the cuticles and other tissues (Suderman
et al., 2006; Noh et al., 2016). Numerous insect species that
were subjected to TH RNA interference (RNAi) treatments
were shown to exhibit a pale body color (Gorman and
Arakane, 2010; Ma et al., 2011; Lee et al., 2015). L-DOPA
and dopamine are key chemicals upstream of catecholamine
regulatory system.

The L-DOPA, which is functional upstream in animal
melanization regulatory and nervous systems, is also found in
plants, including the broad bean Vicia faba, the hosts of A. pisum.
Pea aphids attack a variety of legume crops, including V. faba,
white clover (Trifolium repens), and alfalfa (Medicago sativa)
(Kanvil et al., 2014). V. faba are known to contain high levels
of L-DOPA (Longo et al., 1974; Ingle, 2003; Zhang et al., 2016),
which is a non-protein amino acid that participates in numerous
plant and animal metabolic processes (Wise, 1978; Smeets and
González, 2000) and also functions as an important secondary
metabolite in plant chemical defenses against herbivores (Huang
et al., 2011; Zhang et al., 2016). However, adapted pea aphids
can sequester L-DOPA and use it for wound healing and UV-A
resistance, which are processes related to melanization (Zhang
et al., 2016). The L-DOPA environment could, thus, be important
and aid the pea aphid in its adaptations for survival. This
could occur either by balancing the L-DOPA self-synthesis and
assimilation for stabilizing metabolic processes or by modifying
the L-DOPA/dopamine biometabolic pathway. We have aimed to
study in detail the transcriptomic profiles of the candidate genes
in this pathway.
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In the present study, we have detected remarkable and
repeatable RNAi-related phenotypic changes in A. pisum,
under hosts alternations. The phenomenon has been observed
in response to A. pisum TH (APTH) knockdowns in the
nymphs of RNAi-treated mothers during the period of
transition between host plants (with high L-DOPA to low
L-DOPA content). In response to this treatment, perturbations
of the cuticle melanization and nymph development were
observed. RNAi is widely used in gene function studies
(Hannon, 2002), but its repression efficiency varies considerably
among different insect species (Singh et al., 2017). Studies
have shown that dsRNAs in the body fluid of A. pisum can
be degraded, resulting in variable genetic downregulations
(Huvenne and Smagghe, 2010; Christiaens et al., 2014;
Singh et al., 2017).

To elucidate the mechanisms underlying the unexpected
phenotypic changes in A. pisum, we investigated the
transcriptional changes in the target genes, in response to
the APTH-RNAi, and subsequently analyzed the L-DOPA
and dopamine levels using liquid chromatography–mass
spectrometry (LC/MS). We also performed detailed analyses
of the phenotypic and biological changes in the nymphs,
to compare the induced phenotypic changes and normal
maternal phenotypic regulations. Histological examinations,
immunofluorescence detection, transcriptomic analyses, and
chemical interventions were also performed to understand
the regulatory mechanisms underlying these transgenerational
phenotypic changes.

MATERIALS AND METHODS

Insects and Plants
Red A. pisum were collected from M. sativa plants in Lanzhou,
Gansu Province, China (N36◦07′7′′, E103◦42′20′′; Aug 2015)
and reared on V. faba in Shaanxi, China, for approximately
5 years. Prior to the experiments, the aphids were cultured in
low densities on V. faba and T. repens under long-day conditions
(16:8 h L:D; 20 ± 1◦C) for more than 30 generations at the Key
Laboratory of Applied Entomology, Northwest A&F University,
Yangling, Shaanxi, China.

Only wingless aphids were used in the experiments. They
were replenished by rearing all the insects at densities in
excess of 30 aphids/plant, for more than three generations.
The aphids during the host transition period were used for the
RNAi experiments. The newborn aphids (approximately
100 individuals for each experiment) on the V. faba
(high L-DOPA content; Supplementary Figure S10) were
immediately transferred and reared on T. repens (low L-
DOPA content; Supplementary Figure S10) until they
reached the adult stage. Phenotypic changes could also
be observed in the A. pisum reared on M. sativa (also
low L-DOPA content) during host plant alternations and
RNAi from V. faba. However, given the impracticality of
working with the much smaller M. sativa leaves, we selected
T. repens (fit-size leaves for cells of 24-well plate) for the
further experiments.

RNAi of APTH in A. pisum
The dsRNA of APTH was prepared for downregulation
investigations, to modify the biosynthesis of L-DOPA. The
dsRNA of the lymphotoxin-alpha gene (lta; Gene ID: 16992)
of Mus musculus was used as a control (Chen et al., 2016).
The synthesis and delivery methods (Barron et al., 2007;
Zhang et al., 2016) of the dsRNAs are detailed in S1.1
(Supplementary Material), and the primers used to synthesize
the APTH and mus-lta dsRNAs (designated as ds-TH1, ds-TH2,
and ds-lta, respectively) are shown in Supplementary Table S1
and Supplementary Figure S1.

L-DOPA and Dopamine Extractions and
Assays
The injected aphids were reared on T. repens for 72 h
after treatment and subsequently collected for LC/MS analysis.
Newborn nymphs (within 30 min after birth) were collected from
mothers between 72 and 96 h after the dsRNA treatments and
prepared for LC/MS analysis. This methodology is detailed in
S1.2 (Supplementary Material).

Observations of Phenotypic and
Biological Changes
Phenotype Determination
Treated mothers and newborn nymphs were reared separately.
Images of the mothers were captured 72 h after injection, whereas
those of the nymphs were captured at each developmental
stage. Individuals were prepared for imaging. Digital images
were acquired using a Panasonic DMC-GH4 digital camera
(Panasonic, Osaka, Japan) and a SDPTOP-SZN71 microscope
system (Sunny, Hangzhou, Zhejiang, China).

Biological Parameters
The following biological parameters of the treated mothers (ds-
TH and ds-lta) and their daughters were analyzed: proportion
of abnormal producers (mothers); life span, survival rate, and
duration of development for each stage (nymphs). This is further
detailed in S1.3 (Supplementary Material).

Video Recording
Newborn (first instar) and new molted (second instar) nymphs
were prepared for video recording (see S3 for more information,
Supplementary Material).

Analysis of the Cuticle Morphology
Histological sectioning, staining (HE) and immunofluorescence
were performed for abnormal (including low-tanning and over-
tanning nymphs; Supplementary Figure S11) and control
nymphs obtained from the ds-TH and ds-lta treatments,
respectively. Five samples of the second thoracic (T2) segments of
the third-instar of A. pisum from each treatment were selected for
hematoxylin–eosin (HE) staining, and five samples of the cross-
sections of the T2 segments of the third-instar nymphs from
each treatment were selected for immunofluorescence assays.
Transverse longitudinal sections, from the head to the tail, of the
treated mother aphids were also collected 48 h after the dsRNA
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injection for immunofluorescence experiments. The method is
detailed in S1.3 (Supplementary Material). Digital images were
acquired using a Nikon DS-Ri1 camera (Nikon, Tokyo, Japan), a
Nikon 80i microscope system (Nikon, Tokyo, Japan), and Nis-
Elements v. 3.22.14 (Build 736, Nikon, Tokyo, Japan). Cuticle
thickness was determined from the digital images. All images
showing CyTM3 fluorescence were captured and filtered using
the default settings (brightness, contrast, and saturation) of
software for comparison.

Transcriptome Sequencing
To analyze the systemic transcriptional changes between the two
phenotypes, abnormal (including low-tanning and over-tanning
nymphs; Supplementary Figure S11) and control nymphs
obtained from the ds-TH and ds-lta treatments, respectively,
were prepared for transcriptome sequencing. Since the embryos
(inside the nymphs) could affect the transcriptomic data,
the individuals were dissected and only the head with the
antennae and legs were collected (Supplementary Figure S12).
Approximately 400 samples from three developmental stages
per treatment were frozen in liquid nitrogen for RNA
extraction. As the RNA content in each sample tissue was
relatively low, only one RNA sample per treatment (ds-
TH and ds-lta) was successfully prepared. Extracted RNA
was sent to the Wuhan Bioacme Corporation (Wuhan,
China;1) for transcriptome sequencing and preliminary analysis
(Supplementary Table S3). We also selected candidate genes
(demonstrating relatively highly changed expression patterns)
and analyzed the transcriptional changes in the newborn
daughters of the abnormal nymph producers on the 3rd day after
the dsRNA treatment. The sample collection protocol is detailed
in S1.1 (Supplementary Material).

Testing the Dopamine Transition Signals
of the Nervous System
The dopamine/L-DOPA biosynthesis inhibitor (metirosine)
and dopamine receptor antagonists (SCH23390, Sulpiride and
Pimozide) were injected into A. pisum to investigate the
transition signals of the nervous system underlying this
transgenerational phenomenon. The method is detailed in S1.4
(Supplementary Material), and the daughters of the treated
aphids were reared for phenotypic detection (as described in
section “Observations of phenotypic and biological changes”).

Statistical Analyses
APTH transcriptomic data from the different treatments
and aphids were subjected to Mann–Whitney U-tests (non-
parametric). Values of the chemical amounts, body lengths,
and developmental times were subjected to one-way analysis
of variance. Differences among means were calculated using
Duncan’s test at a significance level of P < 0.05. Quantitative
analyses of the L-DOPA and dopamine and the proportions of
the abnormal nymph producers were subjected to a Student’s
t-test where P < 0.05 indicated significance. The survival data

1http://www.whbioacme.com

were analyzed using an χ2 test where P < 0.05 also indicated
significance. All data were processed using SPSS v. 22 (IBM Corp.,
Armonk, NY, United States). Immunofluorescence images were
obtained and analyzed using CaseViewer (V 2.0, 3DHISTECH
Ltd., H-1141 Budapest, Hungary). Charts and diagrams were
constructed with Microsoft R© Excel 2016 MSO (16.0.4266.1003;
Redmond, WA, United States) and GraphPad Prism (V 8.0.2; San
Diego, CA, United States).

RESULTS

APTH Knockdown by RNAi in the Mother
Aphids
Differences in APTH Repression in Different Parts of
A. pisum
After the injection of dsRNAs (ds-TH1, ds-TH2, and ds-lta)
into A. pisum, a significant reduction in the expression of
APTH-RNAi was observed in the head on the second day
(Figure 1A; P values are marked between the bars). In contrast,
no significant transcriptional differences were detected in the
abdomen (Figure 1A; P values are marked between the bars)
or the whole body (Figure 1A; P values are marked between
bars). Additional experiments with more replicates revealed
that the abdominal APTH expression was unstable with the
ds-TH1 and ds-TH2 treatments (Figure 1A; P values are
marked between bars).

For more information and physiological background,
the transcriptional differences in the expression of APTH
between the different developmental stages are shown in
Supplementary Figures S2,S3 (head and abdomen, respectively)
and the expression changes of DDC under APTH-RNAi are
shown in Supplementary Figures S5,S6.

Duration of APTH Repression in the Heads of
A. pisum
The downregulation of APTH in the head was relatively stable,
and therefore, we analyzed the duration of APTH repression
in the head. No significant reduction in APTH expression was
detected in the heads of the dsRNA-treated aphids on the first
day (Figure 1B; P values are marked between the bars). The
dsRNA treatment reduced APTH expression on days 2 and 3
(Figure 1B; P values are marked between the bars). Thereafter,
APTH expression was indistinguishable from that of the control
individuals (Figure 1B; P values are marked between the bars).
Additionally, the ds-TH1 treatment was slightly more effective
than the ds-TH2 treatment.

L-DOPA and Dopamine Content of Mother Aphids
With APTH Downregulation
LC/MS results showed that the L-DOPA content significantly
decreased in aphids with APTH downregulation (t = 3.908,
df = 34, P < 0.001; Figure 1C). A significant decrease
in dopamine was also observed under the same conditions
(t = 3.438, df = 34, P = 0.002; Figure 1D).
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FIGURE 1 | Tyrosine hydroxylase RNAi in Acyrthosiphon pisum. (A) APTH transcriptional response to APTH RNAi in the head, abdomen, and whole body. n.s.
indicates no significant difference according to Mann-Whitney U-test (non-parametric; *P < 0.05, **P < 0.001). Irregular APTH transcriptional response to APTH
RNAi in the abdomen. n.s. indicates no significant difference. (B) Effect of RNAi suppression on APTH expression. n.s. indicates no significant difference according
to Mann-Whitney U-test (non-parametric; *P < 0.05, **P < 0.001). Differences in L-DOPA (C) and dopamine (D) levels between aphids treated with APTH and those
treated with lta RNAi. Each value represents the mean ± SEM; n.s. indicates no significant difference according to Student’s t-test (**P < 0.001).

TH Protein Analysis Using RNAi in Mother Aphids
The presence of the TH protein in the mother aphids
and embryos treated with ds-TH and ds-lta was
determined by immunofluorescence. Proteins were
observed to be immune-positive in the mothers’ cuticles
and mostly in the embryos (Figure 2). Compared with
the control treatments, in TH-RNAi–treated aphids,
the TH fluorescence was detected only sparsely in the
cuticles (Figure 2A). The fluorescence outline (red) of
the head was difficult to identify in individuals with
APTH downregulation.

Differences in immunofluorescence could also be observed in
the embryos (Figures 2C,D). All embryos that could be identified
in the longitudinal cuttings were collected and arranged by
size for further comparison. Differences in the TH protein
distributions could be detected in the embryo cuticles during
the late developmental stages (from 15× to 30×; 400–1000 µm)
between the two dsRNAs treatments, especially in the red
fluorescence outlines (cuticle) of the embryo bodies. However,
based on the detection of a strong fluorescence inside the
embryos after the two treatments, we assume that the TH protein
levels were not affected in the nervous system (Figures 2C,D).
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FIGURE 2 | TH immunofluorescence of treated mothers. The distribution of TH protein in lta dsRNA treated (A) and APTH dsRNA treated (B) adult aphids was
determined by immunofluorescence. Anti-TH antibodies were detected using Cy3-conjugated rabbit IgG antibodies (red); Nuclei were stained with DAPI (blue). Head
and cuticle were magnified and showed (ds-lta: head, A-1, cuticle, A-2; ds-TH: head, B-1, cuticle, B-2). All longitudinal slitting embryos inside [13 embryos/5
mothers from ds-lta treatments, (C); and 10 embryos/5 mothers from ds-TH treatments, (D)] were selected and ordered by sizes. Transverse longitudinal sections
from head to tail of Acyrthosiphon pisum samples (E).
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Original images and more replicates are provided in the
supplemental information (original images.rar).

Phenotype Observations
Compared with the normal control mothers, the fourth-
instar mothers with APTH knockdown did not differ in
appearance. However, phenotypic alterations were observed
in their daughters. The melanization levels in the heads,
antennae, corniculi, and legs of the nymphs were substantially
lower than those of their mothers (Figure 3A). Their legs
were markedly curved and could not support their bodies
(Figures 3Ae, Af). Low melanization levels were also evident
in their exuviae (Figures 3Ai, Aj). After 8 d, most of the
abnormal nymphs that reached the third instar failed to
mature to the next developmental stage, whereas the control
nymphs continued to develop into adults (Figure 3Ak).
Excessive tanning could also be detected in the legs of the
nymphs derived from the TH-RNAi mothers. Abnormal tanning
(low- and over- tanning) may lead to a failure to molt
(Supplementary Figure S11). The unabsorbed and unshed
exuviae succumbed to fungal infections while still attached to the
body (Supplementary Figure S11).

In the development monitoring experiments, the nymphs
from the mothers subjected to the two treatments displayed
differences in their body sizes and survival rates, during the
10-day monitoring period (Figure 3B; the original images
are provided in supplemental information, original images.rar).
A reduction in melanization was also detected by monitoring
the early tanning after nymph molting. Nymphs subjected
to different treatments and molting simultaneously exhibited
very different tanning rates. Control aphids tanned faster
than those treated with ds-TH (Figure 3C; original video
1: 1 instar 50X.mkv; original video 2: 2 instar 20X.mkv;
Supplemental information). In addition, abnormal nymphs
developed by day 7 after the TH dsRNA injections (ds-
TH1 and ds-TH2) showed that most of the abnormal aphids
were low-tanning individuals. However, two control nymphs
with abnormal tanning were also observed on days 3 and
6 (Figure 3D).

Transcriptional and Biological Analyses
of the Daughter Aphids
APTH Expression Analysis
APTH transcription levels in the daughter aphids were not
affected by the RNAi treatments in the mothers. APTH
expression levels in the newborn daughter nymphs (within
30 min after laying and no feeding) did not significantly change
over 3 days after the dsRNAs treatments (Figure 4A; P values are
marked between the bars).

L-DOPA and Dopamine Levels
There were no significant differences in the L-DOPA and
dopamine levels between the nymphs laid by the mothers from
the ds-TH and the ds-lta treatments (L-DOPA: t = −0.479,
df = 28, P = 0.636; Figure 4B; dopamine: t = 0.284, df = 28,
P = 0.778; Figure 4C).

Development Time and Body Size at Each Stage
The development times of the abnormal nymphs derived
from the APTH-RNAi–treated mothers were significantly longer
(without antenna) than those of the control nymphs in the first
and second instars (1st instar: F = 52.139, df = 2, 56, P < 0.001;
2nd instar: F = 158.137, df = 2, 62, P < 0.001; Figure 4D).
In contrast, the development times of the healthy nymphs (no
obvious phenotypic changes) derived from the ds-TH–treated
mothers did not significantly differ from those of the control.
The survival rates of the abnormal third-instar nymphs were
extremely low, and very few of these nymphs reached the fourth
instar. The surviving nymphs from both the treatments had
similar development times in the third instar (t =−1.418, df = 47,
P = 0.163; Figure 4D).

The body sizes of the abnormal nymphs derived from the ds-
TH–treated mothers were significantly smaller than those of the
healthy individuals derived from these mothers (ds-TH) and of
the control nymphs (ds-lta). This phenomenon was observed at
all three developmental stages examined (1st instar: F = 8.978,
df = 2, 66, P < 0.001; 2nd instar: F = 37.569, df = 2, 62, P < 0.001;
and 3rd instar: F = 63.932, df = 2, 64, P < 0.001; Figure 4E and
Figure 3B).

Lifespan and Survival Rates at Each
Developmental Stage
The survival rates of the nymphs derived from the ds-TH–treated
mothers were significantly lower than those of the control aphids
in the first three developmental stages (1st instar: χ2 = 21.664,
df = 1, P < 0.001; 2nd instar: χ2 = 56.895, df = 1, P < 0.001;
and 3rd instar: χ2 = 140.132, df = 1, P < 0.001; Figure 4F). No
abnormal nymphs (individuals showed low-tanning and over-
tanning) reached the fourth instar. However, all healthy nymphs
(ds-TH) survived through the last two stages. The lifespan of the
abnormal nymphs was only half that of the control nymphs, and
the difference was significant (t = −15.135, df = 60, P < 0.001;
Figure 4G).

Cuticle Morphology in the Daughter
Aphids of Treated Mothers
Histological analysis of the cuticle sections revealed that
the cuticles of the daughter aphids (ds-TH) consisted of
thinner layers (cuticle and epidermis, t = 7.104, df = 50,
P < 0.001; Figure 5B) than those of the controls (ds-lta). Tissue
abnormalities were also observed in the cuticle layers (Figure 5).
The distinct cuticle layers were detected in the control nymphs
(Figure 5C) but were indistinguishable from those derived from
the ds-TH–treated mothers (Figure 5D). The microstructures of
the epidermal cell layers in the latter (ds-TH) were also poorly
defined (Figure 5).

The distribution of the TH proteins in the cuticles of
the healthy and abnormal daughters was determined by
immunofluorescence. Although the TH staining could be
observed in the cuticle epidermal cells of the nymphs in
both treatments (Figures 5E,F), the distribution of the
TH protein was irregular in the cuticles of the abnormal
nymphs (Figure 5F).
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FIGURE 3 | Low or abnormal melanization in nymphs of Acyrthosiphon pisum. The second-instar nymphs selected for comparison were 12 h old (A). Appearances
of control (WT, wild type) and abnormally melanized aphids (a,b); relative differences in melanization of the cornicles of WT and abnormally melanized aphids (c.d);
relative differences in melanization of the legs of WT and abnormally melanized aphids (e,f); relative differences in melanization in the antennae of WT and abnormally
melanized aphids (g,h); relative differences in melanization of the exuviae of WT and abnormally melanized aphids (i,j); relative differences in the appearances of WT
and abnormally melanized aphids of the same age (8 d post-hatching; k). Comparison of wild type (WT) and abnormally melanized aphids after 8 d of monitoring (B);
comparison of early melanization in WT and abnormally melanized aphids after 3 h of monitoring (C); the arrow indicates an abnormal nymph at day 8; the red
arrowhead indicates an abnormal melanin deposit and the black arrowhead indicates a melanin deposit in the control. Proportions of abnormal melanization in all
nymphs after 7 d of monitoring mothers treated with different dsRNAs (ds-TH1, ds-TH2, and ds-lta, D); abnormal nymph producers selected from mothers treated
with ds-TH1 and ds-TH2.

Relative Differences in Gene Expression
Based on Transcriptome Sequencing
The transcriptomic results showed the transcriptional changes
of the numerous genes between the two different daughter
aphids. Heatmaps were constructed using candidate genes from
cuticle proteins, melanization pathways, and chitin biosynthesis.

The results showed differences in the transcription levels of
these genes between the abnormally tanned (low- and over-
tanned) and healthy individuals. The cuticle protein genes
(CPs) were either upregulated or downregulated in response
to the ds-TH treatment (Figure 6A). The transcription levels
of the several candidate melanization genes were also altered.
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FIGURE 4 | Transcriptional, biochemical, and biological analyses of abnormal Acyrthosiphon pisum nymphs. (A) APTH transcription levels in 3-d-old nymphs derived
from mothers treated with different dsRNAs. n.s. indicates no significant difference according to Mann-Whitney U-test (non-parametric; *P < 0.05, **P < 0.001).
Relative differences in L-DOPA (B) and dopamine (C) levels between healthy and abnormal nymphs. n.s. indicates no significant difference according to Student’s
t-test. Comparative differences in development time (D) and body length (E) among healthy and abnormal nymphs derived from mothers treated with ds-TH and
ds-lta. Different letters within the same fig indicate significant differences in the values (ANOVA; Duncan’s test; P < 0.05), n.s. indicates no significant difference. N.D.
(in D) denotes no data. Differences in survival rate (F) between healthy and abnormal nymphs derived from mothers administered ds-TH and ds-lta; differences in
lifespan (G) between healthy and abnormal nymphs derived from mothers treated with ds-TH and ds-lta. ** in F indicates significant differences in the values (χ2 test;
P < 0.001). ** in G indicates significant differences in the values by Student’s t-test (P < 0.001).
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FIGURE 5 | Histology and TH immunofluorescence of daughters. Hematoxylin and eosin (H&E)-stained transverse sections of the cuticle at segment T2 (A) from
third-instar pea aphid (Acyrthosiphon pisum) at × 10 and × 100 magnification. (B) Relative differences in cuticle thickness between healthy and abnormal aphids.
Each value represents the mean ± SEM; Student’s t-test (**P < 0.001). (C) H&E-stained histological sections of healthy nymphs (control). (D) H&E-stained
histological sections of nymphs with abnormal cuticles. The distribution of TH protein in the cuticle of healthy (E) and abnormal (F) aphids was determined by
immunofluorescence (× 20 and × 90.4 magnification). Anti-TH antibodies were detected using Cy3-conjugated rabbit IgG antibodies (red, E-1 and F-1, × 90.4
magnification); Nuclei were stained with DAPI (blue, E-2 and F-2, × 90.4); and merged images are shown in E-3 and F-3 (×90.4 magnification).
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However, the expression levels of TH, the target gene of dsRNA,
remained unchanged (Figure 6B). Only a slight alteration in
the transcription levels was observed for chitin biosynthesis
genes (Figure 6C).

Transcriptional verification by qRT-PCR of the selected
candidate genes that exhibited relatively large exchange rate
changes. The transcriptional results (qRT-PCR) showed
different results from those of the transcriptomic data. Some
results were similar, such as changes to XM_001949658.5
and XM_029488103.1 (XM_001949658.5, t = −3.168, df = 4,
P = 0.034; XM_029488103.1, t = −3.887, df = 4, P = 0.018;
Figure 6D). However, some other results of selected candidate
genes that exhibited strong up- or downregulations in the
transcriptomic analysis did not show a significant change in our
transcriptional verifications (XM_001946681.5, t = 0.002,
df = 4, P = 0.999; NM_001163201.1, t = 1.354, df = 4,
P = 0.247; XM_003247688.4, t = 11.416, df = 4, P = 0.201;
NM_001326676.1, t = 5.681, df = 4, P = 0.809; XM_001944914.5,
t = 0.807, df = 4, P = 0.465; Figure 6D). Additional details are
available in Figures S12–S16 and the Supplementary Material
(Transcriptome sequencing.rar).

Injection of a Dopamine Biosynthesis
Inhibitor and Receptor Antagonists
To investigate whether dopamine-related pathways of the
nervous system were involved in this transgenerational control
system, we treated individual specimens with an inhibitor
of dopamine biosynthesis or with receptor antagonists. Only
individuals treated with the dopamine biosynthesis inhibitor
(metirosine) gave birth to abnormal nymphs. We found that
7 of the 32 mothers were abnormal nymph producers, and
phenotypic changes were detected in their daughters (Table 1).
All individuals treated with dopamine receptor antagonists
(SCH23390, Sulpiride and Pimozide) gave birth to normal and
healthy offspring (Table 1). Typical low melanization of nymphs
(no over-tanning individual found) were observed in metirosine-
treated samples; this was similar to the phenotypic changes
described previously in the daughter aphids of mothers with
APTH knockdown (subsection “Phenotype observations”).

DISCUSSION

Many of the phenotypic features of A. pisum are maternally
determined and can lead to phenotypic changes in their
daughters. In this study, artificially induced (RNAi) and
host-related (under host transition period) transgenerational
phenotypic regulations inA. pisum were observed. These findings
are particularly useful for furthering our understanding of the
mechanisms underlying the phenotypic determination in aphids.
We detected strong, predictable, repeatable, and consistent
phenotypic changes in the daughter aphids of the treated
individuals. Low and high levels of cuticular melanization and
sclerotization were detected in the nymphs. The periods of host
transition, from feeding on V. faba (high L-DOPA content) to the
T. repens (low L-DOPA content), and simultaneous treatments
with APTH (converts L-tyrosine to L-DOPA) dsRNAs were both

essential for this phenomenon. We suggested that the maternal
effects played an important role, and a transgenerational system
based on dopamine/L-DOPA signals between the mother and
embryos could exist. This transgenerational regulation may be
related to the phenotypic plasticity of the pea aphid but requires
further investigation to improve our understanding.

TH, the target gene silenced by RNAi in this study, is
a key regulatory enzyme upstream of melanization pathway
(Hearing et al., 1980; Ma et al., 2011). Irregular and disordered
transcriptional feedback in the abdomen showed strong but
unclear dopamine-related regulation response patterns, and we
hypothesize that this reaction was caused by the introduction
of the APTH dsRNA. In this experiment, the dietary intake of
the L-DOPA in the aphids was markedly reduced (host change).
This severe reduction in L-DOPA assimilation could promote
a reorganization of the internal biochemical environment. The
reduction in L-DOPA content may have triggered endogenous
L-DOPA biosynthesis and maintained its downstream reactions.
The dopamine pathway is moderately susceptible to imbalances,
and even weak interference from exogenous dsRNA could disrupt
the transmission of molecular signals and cause irregular and
disordered expression feedback of APTH in A. pisum.

Further analysis of the distribution of TH confirmed that
APTH was downregulated in the insect cuticle and explained the
irregular transcriptional feedback in the abdomen. Distribution
differences of TH were detected in the developing cuticle tissues
of the embryos. These results are consistent with the findings
from a study using microarrays and A. pisum (Rabatel et al., 2013)
and another study showing that external dsRNA could spread
throughout the whole body in aphids (Wang et al., 2015). The
nervous systems in embryos with strong positive fluorescence
might be responsible for the irregular expression in the abdomen,
and it is also possible that the dopamine-based neurological
systems displayed strong feedback to the RNAi performance.

When APTH transcription was modified in the mothers, the
disordered melanization phenotype was subsequently detected
in the daughters. This indicated that the melanization failure
is a systemic disorder of the daughter aphids’ cuticle. Studies
on the biological parameters from the abnormal aphids
revealed that a maternal effect might determine this phenotype.
Combining the results of APTH transcription detection and
L-DOPA/dopamine content assays, which did not exhibit
any significant differences, for the abnormal daughters, no
transgenerational RNAi was observed. Furthermore, treated
mothers continued to produce abnormal offspring even after
the APTH-RNAi effect had weakened or disappeared altogether.
Consequently, the phenotypic changes in the daughters may
show long-term persistence and, generally, are irreversible. These
conflicting results reflect the complexity of this phenomenon.

Furthermore, the daughter aphids with the abnormal
phenotypes could not revert to the normal phenotypes at
any subsequent stage in their lives, suggesting that these
phenotypic changes were not directly induced by the RNAi
(which could be recovered). Further experiments with the
nymphs, including transcriptional analysis, L-DOPA/dopamine
content analysis, and transcriptome sequencing, supported this
conclusion. Melanization rate, body size, development time at
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FIGURE 6 | Transcription analysis of daughters. Heatmaps of transcriptional differences in the candidate genes associated with cuticle proteins (A), melanization (B),
and chitin biosynthesis (C). Data were obtained from transcriptome sequencing of healthy and abnormal Acyrthosiphon pisum nymphs. Each sample prepared for
RNA extraction consisted of more than 400 aphids without abdomens. Hierarchical clustering was performed using the Euclidean distance and the average linkage
method. Transcription changes of selected genes from transcriptome results in new born aphids (whole body) were verified by qRT-PCR (D), samples were collected
from new daughters of abnormal-nymph-producers at the 3rd day after treatment. n.s. indicates no significant difference according to Student’s t-test (*P < 0.05).
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TABLE 1 | Abnormal offspring detection of Acyrthosiphon pisum under dsRNAs and chemicals (dopamine biosynthesis inhibitor and receptor antagonists) injections.

Descriptions Proportion of abnormal daughters (abnormal aphids/all daughters)

Day 3** Day 4** Day 5**

dsRNAs ds-TH1* (dsRNA of APTH) 66/143 (46.15%) 51/116 (43.97%) 37/87 (42.53%)

ds-TH2* (dsRNA of APTH) 21/130 (16.15%) 39/128 (30.47%) 42/132 (31.82%)

ds-lta* (dsRNA control) 1/100 (1.00%) 0/95 (0) 0/113 (0)

Chemicals Metirosine (dopamine biosynthesis inhibitor) 30/106 (28.30%) 11/119 (9.24%) 11/131 (8.40%)

SCH23390 (D1 antagonist) 0/97 (0) 0/109 (0) 0/102 (0)

Sulpiride (D2 and D3 antagonist) 0/73 (0) 0/90 (0) 0/90 (0)

Pimozide (D2, D3, and D4 antagonist) 0/90 (0) 0/63 (0) 1/101 (0.99%)

Saline (0.9%) (control) 0/146 (0) 0/123 (0) 0/101 (0)

*See Figure 3D for more details about dsRNAs injections. **After injections.

each stage, and lifespan were markedly different between the
abnormal and control nymphs. The abnormal aphids are born
with signals that determine their future developmental patterns.
This phenomenon is similar to the determination of wing and
sexual dimorphism in aphids and is manifested as a maternal
effect (Braendle et al., 2006; Dombrovsky et al., 2009; Brisson,
2010). Winged and sexual individuals differ from the typical
parthenogenetic individuals in terms of their biological traits and
appearance, including cuticular sclerotization and melanization
(Kring, 1977; Ishikawa and Miura, 2007; Brisson, 2010). These
differences are based on L-DOPA/dopamine reactions, and
consequently, winged aphids are normally heavier than wingless
aphids (Ishikawa and Miura, 2007).

We assumed that there was a connection between this
induced phenotypic change and natural phenotypic regulations,
as they may share a similar regulation pathway. Combining
the results discussed above, several similarities were observed
between our induced phenotypic changes and the natural
maternal dimorphisms: (1) a certain proportion of the nymphs
showed phenotypic changes (Figure 3; Müller et al., 2001; Wang
et al., 2016); (2) the appearance of anomalous phenotypes in
the offspring decreased over time, possibly because of signal
attenuation in the mothers (Figure 3; Sutherland, 1969; Müller
et al., 2001); and (3) the observed phenotypes in the transformed
nymphs were generally permanent and irreversible (Figure 3).
These similarities suggest that the phenotypic changes induced
by the maternal APTH-RNAi was an atypical maternal effect
in aphids. The fact that densely stimulated (physical contact)
mothers can produce winged nymphs (irreversible phenotypic
changes), whereas nutritional or photoperiod stimulations
may induce mothers to generate sexual nymphs (irreversible
phenotypic changes), reflect their adaptations to environmental
changes (Nunes and Hardie, 1996; Miura et al., 2003; Sack and
Stern, 2007; Dombrovsky et al., 2009).

The transcriptome sequencing results supported our
hypothesis, as numerous transcriptional changes were observed,
but candidate melanization gene expressions were relatively
stable between the two samples. Heatmaps revealed no obvious
differences between the abnormal and control nymphs with
respect to the expression of the numerous candidate melanization
genes (including TH) upstream of melanization regulation. In

contrast, several genes downstream from APTH, including
laccase-like, yellow-like, and dopamine N-acetyltransferase-like
(Andersen, 2010), were either upregulated or downregulated
in the abnormal nymphs in comparison to that in the control
nymphs. Several CPs (Andersen et al., 1995) exhibited obvious
changes between the abnormal and control nymphs, and
these observations corroborated the identified microstructural
collapses of the cuticle. The abnormally transcribed genes may
be essential for cuticle formation, and their disruptions could
cause the cuticle structures to collapse. The expression levels
of several candidate chitin biosynthesis genes (Merzendorfer,
2006) in the abnormal nymphs were also slightly altered
relative to those in the control nymphs. Our transcriptome
sequencing results showed more changes than those that could
be transcriptionally verified (Supplementary Figure S16). We
also verified the transcriptional changes of the candidate genes
(selected from transcriptome data) in the newborn aphids
by qRT-PCR and found that while some candidate genes
showed results similar to the transcriptome analysis (such as
XM_001949658.5, XM_029488103.1, and XM_003247688.4),
other genes (such as NM_001326676.1 and XM_001944914.5
of the melanization pathway) did not. We suggest that some
genes might be directly regulated by the mothers, and daughter
aphids that are born with transcriptional anomalies would not be
able to revert to healthy individuals during further development
processes. In contrast, other transcriptional changed genes may
be downstream regulated after birth, and consequently, changes
in their expression levels may not be detected in present study.
However, the inefficiency of the RNAi of A. pisum made it
difficult to further confirm the functions of the candidate CPs
and reproduce the desired phenotypic change within a single
generation by modifying these genes.

The malfunctioning cuticular layer observed with the
transcriptional changes directly explained the physiological
causes of these phenotypes. Cuticular dysplasia with
microstructural collapse in A. pisum could result in abnormal
melanization, which manifests as poor tanning. Analysis of the
histological sections indicated that the cuticle and epidermal
cells had thinned considerably, and there were anomalies in
the cuticle layer, which is the site of melanin precipitation
(Brey et al., 1985; Moussian, 2013). Malformed cuticular layers
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cannot support melanization, even with enough substrates (L-
DOPA and dopamine) and fully functional enzymes (including
TH). Therefore, abnormal melanization may account for the
observed phenotypic changes. The presence of the TH protein
negated the RNA intergenerational interference and the irregular
distribution of the TH protein provided evidence for the collapse
of the cuticle structure. A malfunctioning cuticle layer would not
support melanization, regardless of whether the substrates and
key enzymes were sufficient and functional, respectively.

We hypothesized that L-DOPA, the reaction product of TH
and one of the key chemicals that differ among A. pisum
individuals, plays an important role in trans-generational
regulation. In the present study, we observed the phenotypic
changes in response to the changing levels of L-DOPA intake
(host plant alternation) and L-DOPA self-synthesis modifications
(APTH-RNAi). Our results suggest that L-DOPA and dopamine
(the neurotransmitter derived from L-DOPA) might participate
in the intergenerational signal transmission system. An L-
DOPA/dopamine-based developmental signal is transmitted
from the mothers to the embryos and determines the future
developmental patterns of the nymphs. In this study, a disordered
signal induced by APTH dsRNA was received by the embryos and
caused pathological phenotypic changes thereafter.

The transgenerational signal might not be transmitted via
the nervous system (dopamine and its receptors). Studies
have shown that physical contact induces wing dimorphism
in aphid offspring (Gallot et al., 2010; Vellichirammal et al.,
2016), and this stimulation could affect the dopamine pathway
(Supplementary Figure S8). However, the results of chemical
intervention confirmed that transgenerational signals were not
transferred through dopamine receptors and that only the
dopamine biosynthesis inhibitor could induce similar phenotypic
changes in the daughter aphids. Combined with the essential
conditions of the host plant alternations (L-DOPA intake
considerably reduced), L-DOPA/dopamine reductions must
be the key factor, but dopamine receptor-based neurological
regulation is not involved in this transgenerational phenotypic
regulation. We suggest the presence of another downstream
pathway, which is regulated by dopamine/L-DOPA content, that
acts as a transgenerational signal between the mothers and
embryos. Further research is required to fully understand this
non-neuronal dopamine regulation.

We utilized RNAi and found that it could induce strong
phenotypic changes in A. pisum. Variable RNAi efficiencies in
aphids have previously been reported (Christiaens and Smagghe,
2014; Christiaens et al., 2014; Sapountzis et al., 2014; Singh
et al., 2017; Cao et al., 2018). This investigation, however, has
demonstrated a successful case for aphid RNAi based on the
downregulation results of our target gene.

The aphid phenotypes observed were indicative of the
complexity and flexibility of the transgenerational regulations.
The present study shows that maternal phenotypic regulation
systems of A. pisum can be affected in certain conditions,
based on the transcriptional modifications. Mother aphids
determine the developmental patterns of their daughters, and
the dopamine pathway regulation is likely to be involved in
cuticular development in daughter aphids via a pathway that does
not depend on dopamine receptor-based neurological regulation.
L-DOPA, the key chemical in this process, is present in both
plants and aphids and functions in the physiological regulations
of this process. However, how mother aphids transmit signals
to their embryos and how the embryos receive them remains
poorly understood. Future studies should focus on determining
the genes that may be involved in this process.
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In insects, imaginal disk growth factors (IDGFs), an important component of the
glycoside hydrolase 18 (GH18) family of chitinases, have been reported to be associated
with the maintenance of the cuticle and molting. However, there is little knowledge of
their function. In this study, imaginal disk growth factor 6 (Idgf6), which is an Idgf, was
first identified and cloned from the guava fruit fly Bactrocera correcta (Bezzi) (Diptera:
Tephritidae), one of the most serious pest insects in South China and surrounding
Southeast Asian countries. This gene encodes IDGF6 protein with a conserved domain
similar to ChiA chitinases, the glycoside hydrolase 18 (GH18) family of chitinases,
according to NCBI BLAST. Phylogenetic analysis indicated that all Idgf6s were highly
conserved among similar species. Subsequent temporal expression profiling revealed
that Idgf6 was highly expressed in both the late-pupal and mid-adult stages, suggesting
that this gene plays a predominant role in pupal and adult development. Furthermore,
RNA interference experiments against Idgf6 in B. correcta, which led to the specific
decrease in Idgf6 expression, resulted in larval death as well as adult wing malformation.
The direct effects of Idgf6 silencing on B. correcta indicated its important role in
development, and Idgf6 might be further exploited as a novel insecticide target in the
context of pest management.

Keywords: Bactrocera correcta, imaginal disk growth factor 6, RNA interference, death, wing malformation

INTRODUCTION

The epithelial apical extracellular matrix (ECM) is a specialized structure comprising secreted
or transmembrane fibrous proteins and polysaccharides, whose composition varies widely, from
chitinaceous cuticles of insects to cellulose in plants (Özturk-Çolak et al., 2016; Vuong-Brender
et al., 2017; Cosgrove, 2005). Cuticle of insects is an exoskeleton covering the body and internal
organs as an epithelial surface Exoskeleton is essential for controlling body shape, epithelial barrier
formation, and epidermal wound healing and protects cells from direct contact with pathogens,
toxins or pesticides (Galko and Krasnow, 2004; Yoshiyama et al., 2006; Moussian and Uv, 2010;
Uv and Moussian, 2010; Turner, 2009; Toshio et al., 2010). It also further provides a challenge to
maintain homeostasis of body fluids (Jaspers et al., 2014). Moreover, recent work has established an
important role of the ECM in shaping various organs, such as Drosophila wings (Fernandes et al.,
2010). Based on the conservation of amino acid sequences, several conserved motifs and protein
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folding, chitinase has been divided into two families, named
family 18 and family 19 glycosyl hydrolases (Coutinho and
Henrissat, 1999; Henrissat, 1999). The glycoside hydrolase 18
(GH18) family, due to its characteristic glycol-18 domain,
is a key family in insects that is widely distributed in all
kingdoms, including bacteria, plants and animals (Tsai et al.,
2001; Zhu Z. et al., 2004; Zhu et al., 2008a; Arakane and
Muthukrishnan, 2010; Zhang et al., 2011a; Huang et al., 2012;
Hussain and Wilson, 2013). Previous studies have shown that
insects utilize multiple GH18 family chitinolytic enzymes for
degrading, remodeling and binding to chitin and possibly for
chitin synthesis (Zhu Q.S. et al., 2004).

Polypeptide factors with mitotic activity in invertebrates
were first reported to be encoded by imaginal disk growth
factors (IDGFs), belonging to group V chitinase, which are
an important member of the GH18 family (Žurovcová and
Ayala, 2002). Idgfs were originally identified and isolated from
Drosophila S2 or imaginal disk cells on conditioned media
(Kirkpatrick et al., 1995; Kawamura et al., 1999). In Drosophila
melanogaster, there are six genes encoding IDGFs including
Idgf1, Idgf2, Idgf3, Idgf4, Idgf5, and Idgf6 (Kirkpatrick et al.,
1995; Kawamura et al., 1999; Bryant, 2001; Varela et al.,
2002). According to previous studies, in imaginal disk cell
culture, Idgfs promote growth, proliferation, cell polarization,
and motility (Kawamura et al., 1999). Some IDGFs are required
for normal ECM formation, larval and adult molting or
innate immune responses and wound healing (Zhang et al.,
2011b; Kucerovaa et al., 2016; Pesch et al., 2016; Broz
et al., 2017). Some studies have focused on the function of
individual Idgf genes; for example, by individually knocking
down genes in cuticle-secreting tissues, a large number of
Idgfs have been shown to be involved in cuticle molting
during the larval and pupal stages. This result was then
supported by gene-specific spatial-temporal expression profiles
and by developmental lethality profiles upon gene knockdown.
Moreover, after the genes were knocked down, the mutants
were highly susceptible to mechanical stresses and bacterial
infections (Pesch et al., 2016). The non-enzymatic Idgfs play an
important role in protecting newly synthesized cuticle matrix
from degradation, which can stabilize and expand the size
of ECM in larvae (Pesch et al., 2016). The target gene of
our study, Idgf6, is one of the first identified Idgf genes;
Idgf6 was isolated by Kirkpatrick et al. and localized on the

second chromosome at 53D (Idgf6 is synonymous to Cht13
and DmDS47) (Kirkpatrick et al., 1995; Zhang et al., 2011b).
Pesch et al. investigated the molecular network in Idgf6 RNAi-
induced mutants and showed that Idgf6 RNAi-induced mutants
exhibited the strongest lethality and most severe cuticle defects
among other mutants (Pesch et al., 2016). Idgf6 is critical
for larval cuticle barrier formation and protection against
invasive microorganisms and mechanical stresses (Pesch et al.,
2016). Overall, few studies of this gene have focused on larval
development, and knowledge of this gene in insect pupal and
adult development is limited.

The guava fruit fly Bactrocera correcta (Bezzi) (Diptera:
Tephritidae) is an economically important insect pest that
is widely distributed in South China and other surrounding
Southeast Asian countries (Liang et al., 1996; Drew and
Raghu, 2002). This fruit fly infests a wide variety of types of
commercial fruits, including guava, mango and peach, and
vegetables in tropical and subtropical regions of the world (Liang
et al., 1996; Bezzi, 1916; White and Elsomharris, 1992). Due
to its polyphagous nature, along with its highly adaptive,
reproductive and dispersal capabilities, it is considered
to be a highly invasive fruit pest species that has been
listed as a quarantine pest species by many countries and
regions (White and Elsomharris, 1992). Therefore, the
control of the guava fruit fly is thus increasingly important.
Insect cuticle and molting have been the focuses of pest
control research; consequently, clarification of insect Idgf
gene expression should provide new knowledge that is
useful for pest control (Togawa et al., 2007). Although
Idgfs have been studied systematically in model insects
such as D. melanogaster, relevant information is limited
inB. correcta.

In the current study, we first cloned and identified the
full-length cDNA of Idgf6 from B. correcta, and previously,
little was known about Idgf6 in nonmodel organisms.
We then analyzed the temporal expression pattern of
Idgf6 in eight different developmental stages of B. correcta
using qRT-PCR. RNA interference technology was applied
to explore the function of Idgf6 in B. correcta at larval
and adult stages. The Idgf6 gene was found to play an
important role in fruit fly development. Silencing of
the Idgf6 gene resulted in larval death and adult wing
malformation. Our data reveal a critical role for Idgf6 in

TABLE 1 | Primers used for cloning, real-time qRT-PCR amplification and dsRNA synthesis.

Gene Primer Sequence Size (bp)

Bc 18s rRNA-rt 18s-rt-F 5’- GCGAGAGGTGAAATTCTTGG -3’ 192

18s-rt-R 5’- CGGGTAAGCGACTGAGAGAG -3’

Bc Idgf6-rt Idgf6-rt-F 5’-CGGACGAGAAGAGCAGC-3’ 176

Idgf6-rt-R 5’-GGCACGCAGTATGGGAT-3’

Bc cloneIdgf6-1 Idgf6-whole seq-F 5’-GCGTGTATTTGCTTGTTG-3’ 1398

Idgf6-whole seq-R 5’-CGCAGTATGGGATATTTATC-3’

Bc dsIdgf6 Idgf6-dsRNA-F 5’-AGCTGCCCTTGCGTGTAT-3’ 542

Idgf6-dsRNA-R 5’-GAACCATCAGCGCCTTCA-3’
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FIGURE 1 | Protein sequence alignments of IDGF6 proteins in Drosophilidae and Tephritidae fruit flies based on NCBI BLAST results. The alignments that present
one predicted and conserved domain similar to ChiA chitinases, the glycoside hydrolase 18 (GH18) family of chitinases. Asterisks and star indicate the positions of
residues that have been shown to be required for catalytic activity in bacterial chitinase (Watanabe et al., 1993). For the species both in Drosophilidae and
Tephritidae, the second and third (star) match the required residues in chitinases, but the fourth (asterisks) is E in chitinases while Q in IDGFs. As for the first
(asterisks), in Drosophilidae it is S, which matches the required residues in chitinases, but in Tephritidae it is G. All species IDGF sequences contain single consensus
motif (arrowhead) for N-linked glycosylation (Kirkpatrick et al., 1995) that is missing in chitinase.

Frontiers in Genetics | www.frontiersin.org 3 May 2020 | Volume 11 | Article 45134

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00451 May 4, 2020 Time: 17:33 # 4

Zhao et al. Idgf6 Affects Bactrocera correcta Development

insect development and thus provide new insights into
pest management.

MATERIALS AND METHODS

Experimental Insects
The B. correcta population used in this study was collected
from Yunnan Province and was cultured in the laboratory
at 25 ± 0.5 ◦C with 65 ± 5% relative humidity under a
14 h light/10 h dark photoperiod. All adults were maintained
under the same conditions before starting the experiments
to ensure the consistency of the experimental materials. The
population had been cultured for approximately 10 generations
to eliminate the influence of the local environment. The
insects were fed artificial diets as previously described (Yuan
et al., 2006). Two hundred individuals were maintained in
three insect rearing cages (45 cm × 45 cm × 50 cm) in
this experiment.

For temporal expression analysis, we collected samples from
different stages: 1st instar larvae (2-day-old indicates 2 days
post hatching), 3rd early instar larvae (5-day-old), 3rd instar
larvae (7-day-old), early pupae (1-day-old indicates 1 day post
pupating), medium pupae (5-day-old), late pupae (9-day-old),
early adults (1 day post eclosion), and late adults (10 days post

eclosion). Each stage had five replicates, and different numbers of
individuals at each stage were collected to detect the expression
because of different sizes of insects. Fifty individuals for 1st
instar larvae, thirty individuals for 3rd instar larvae and all the
pupa stages, ten for the adult stages. For the functional study,
five replications were performed for each treatment, and each
replicate contained 30 larvae. And for the functional study of
the larval stage and adult stage, we obtained samples from 3rd

instar larvae and 2-day-old adults, respectively. The samples were
immersed in an RNA storage reagent (Tiangen, Beijing, China),
immediately frozen with liquid nitrogen and stored at −80◦C for
further experiments.

Bioinformatics Analysis
RNA Extraction, Reverse Transcription, and cDNA
Synthesis
RNA was extracted from the whole body using the RNAsimple
Total RNA Kit (Tiangen, China) in accordance with the
manufacturer’s protocol. The extracted RNA was immediately
dissolved in RNase-free water, and then was checked for
quality, concentration, and purity using a NanoVue UV–
Vis spectrophotometer (GE Healthcare Bio-Sciences, Uppsala,
Sweden) at 260 and 280 nm. RNA integrity was checked by
1% agarose gel electrophoresis at 180 V for 16 min. Five
biological replicates were conducted per treatment. Finally,

FIGURE 2 | Phylogenetic analysis of Idgf6 using the maximum-likelihood method in RAxML. One hundred bootstrap iterations were conducted to obtain branch
support values. The B. correcta Idgf6 sequence we obtained is labeled with a red triangle. The amino acid and nucleotide sequences were downloaded from NCBI.
The accession numbers of the genes are designated with the corresponding abbreviations and are listed in Supplementary Table S1.
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first-strand cDNA was synthesized from 1000 ng of total
RNA using the PrimeScript@ RT reagent Kit with gDNA
Eraser (Perfect Real Time) (Takara, Japan) following the
manufacturer’s instructions.

ORF Cloning of B. correcta Idgf6 and Sequence
Analysis
To verify the ORF of Idgf6 in B. correcta, primers were
designed based on the conserved regions of Idgf6 in B. oleae,
Ceratitis capitata, and D. melanogaster (sequence from GenBank)
and the sequence of Idgf6 from the B. correcta transcriptome
(No. MK450457). DNAMAN v.6.03 (Lynnon Biosoft, San
Ramon, CA, United States) was used for sequence alignment.
The primers for cloning are listed in Table 1. The open-
reading frame (ORF) sequence of Idgf6 was amplified using
PrimeSTAR high-fidelity DNA polymerase (Takara, Dalian,
China) following the manufacturer’s protocol. The PCR products
were isolated, purified and ligated into a pGEM-T Easy vector
(Promega, Beijing, China) and sequenced by a company (BGI,
Beijing, China).

The ORF and conserved domain were identified with ORF
Finder software1 and NCBI BLAST results2. To predict the
conserved domains of B. correcta Idgf6, Idgf6 protein sequences
from 23 species in Drosophilidae and Tephritidae were collected
by BlastP in GenBank (Supplementary Table S1) and aligned
with the sequence of B. correcta Idgf6 with ClustalX 2 software
and GeneDoc 2.7.0 (Nicholas et al., 1997; Larkin et al., 2007).

Phylogenetic Analysis
The integrity of homologous amino acid sequences of other
species was retrieved from the NCBI server. Sequences were
first aligned by the conserved sequences using Geneious v10.22
(Kearse et al., 2012), and then phylogenetic analysis was
performed using the maximum-likelihood method with RAxML
software (Stamatakis, 2014). One thousand bootstrap iterations
were conducted to obtain branch support values.

Temporal Expression Pattern of Idgf6 by qRT-PCR
Following first-strand cDNA synthesis of Idgf6, qRT-PCR was
performed using SYBR

R©

Premix Ex TaqTM II (Tli RNaseH Plus)
(Takara, Japan) on an ABI 7500 instrument (United States). The
thermocycler conditions were 95◦C for 30 s, followed by 40
cycles at 95◦C for 5 s and 52◦C for 34 s. Melting curve analysis
was performed at the end of each expression analysis using the
following conditions: 95◦C for 15 s, followed by 52◦C for 60 s.
The sequences of the qRT-PCR primers used for the reference and
target genes are described in Table 1. The relative expression level
was calculated using the 2−11CT method (Chen and Wagner,
2012), with 18S rRNA as the reference gene (Gu et al., 2019). Fold
changes were determined after the relative expression values were
standardized using the lowest value.

Silencing of Idgf6 by RNAi
Double-stranded RNA of Idgf6 (dsIdgf6) was used to knock
down Idgf6 expression, and double-stranded RNA of green

1http://www.ncbi.nlm.nih.gov/gorf/gorf.html
2http://blast.ncbi.nlm.nih.gov/Blast.cgi

fluorescent protein (dsGFP) was used as the negative control. We
synthesized dsRNAs with the T7 RiboMAX Express RNAi system
(Promega, United States) using specific primers containing a T7
promotor sequence (Table 1). Then, dsRNA was purified using
phenol, chloroform and ethanol, according to the manufacturer’s
instructions, and dissolved in RNase-free water.

The 3rd early instar larvae (5-day-old) of B. correcta were
collected and placed into a 50 ml tube with 3 holes on the
lid. Five replications were performed for each treatment, and
each replicate contained 30 larvae. Three grams of artificial
diet material with 30 µl of a dsRNA solution was used for
feeding, and the concentration of the dsRNA solution for the
primary exposure was 1000 ng/µl. The larvae were first fed
with dsGFP and dsIdgf6 for 48 h, and then transferred to a
new artificial diet with the same treatment for another 48 h.
After 96 h, the larvae developed to maturity. Larval mortality
was counted, and larval body size was measured; 5 larvae were
killed for RNAi efficiency detection. The remaining individuals
were fed until the adult stage was reached and were used for
phenotype observation on the 2nd day after emergence. The
mortality of emerged individuals was recorded twenty days after
the flies emerged.

Statistical Analysis
All experiments included five biological replicates. Statistical
analysis was performed using SPSS 20 (IBM Corporation,
United States). One-way ANOVA followed by Tukey’s HSD
tests was applied to gene expression data to test for significant
differences among different developmental stages, and the

FIGURE 3 | The expression of Idgf6 at eight developmental stages of
B. correcta. The eight developmental stages examined include the 1st instar
larvae (L1, 2-day-old indicates 2 days post hatching), 3rd early instar larvae
(L3-1, 5-day-old), 3rd instar larvae (L3-3, 7-day-old), early pupae (P-E,
1-day-old indicates 1 day post pupating), medium pupae (P-M, 5-day-old),
and late pupae (P-L, 9-day-old), early adults (A-E, 1 day post eclosion) and
late adults (A-M, 10 days post eclosion). The results are presented as the
relative expression after normalization against the endogenous 18S rRNA
gene. Expression is relative to the gene expression in 1st instar larvae
(assigned a value of 1), and the same letter means there are no significant
differences. Different letters above the bars represent significant differences at
P < 0.05, as determined by ANOVA followed by Tukey’s HSD tests.
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means were separated using a least significant difference test
at a significance level of P < 0.05. An independent samples
t-test (P < 0.05 and P < 0.01) was used to determine the
significance of differences between the treatment and control
in the dsRNA injection assay. All data are expressed as
mean ± standard error (SE).

RESULTS

Cloning and Characterization of Idgf6
Idgf6 (GenBank accession no. MK450457) was cloned from
B. correcta. Five ORFs, which were 1254 bp encoding 465 amino
acids, were identified. Preliminary predictions of the conserved
domains of the IDGF6 protein with NCBI BLAST showed
that one conserved domain similar to ChiA chitinases, the
glycoside hydrolase 18 (GH18) family of chitinases was predicted
(Figure 1). Compared to the Drosophila species, which has one
amino acid substituent, there are two amino acid substituents in
the Tephritid fruit flies, which can eliminate the catalytic activity
of chitinase (Figure 1). Besides, among all the Tephritid fruit flies,
we found that there was one type of gene with the same domain
as the phylogenetic tree (Figures 1, 2). Nucleotide sequence
analysis revealed that the Idgf6 of B. correcta had the highest
identity with a homolog from B. dorsalis (96.73%), followed by
the Idgf6 of B. oleae (92.82%), Zeugodacus cucurbitae (90.67%),
and B. latifrons (88.52%). Compared to the similar Drosophila

species, the sequence had the highest identity with Idgf6 of
D. navojoa (73.44%).

Using the protein sequences, we analyzed the phylogenetic
relationships between Idgf6 in B. correcta and other Idgf6s with
the maximum-likelihood method. The phylogenetic tree revealed
the relationship between insect Idgf6s (Figure 2). All Idgf6s
were highly conserved among similar species. The Idgf6 in
B. correcta was clustered close to that in B. dorsalis. We clearly
observed that Idgf6s of the Tephritid fruit flies and the Drosophila
fruit flies were clustered in two branches of the phylogenetic
tree. The amino acid sequence alignment and evolutionary
relationship suggested that Idgf6s were highly conserved among
the Tephritid species.

Expression of Idgf6 in Eight Different
Developmental Stages of B. correcta
Using qRT-PCR, the expression levels of Idgf6 differed
significantly in certain developmental stages (Tukey HSD
tests: P < 0.05). In the larval stage, Idgf6 was expressed in the 1st

instar and tended to stabilize until the 3rd instar. In the pupal
stage, a lower level of mRNA expression was detected in early
pupae, and its expression rose during medium pupae and reached
the second highest level in late pupae (P = 0.000). In adults,
the relative expression of Idgf6 in late adults was significantly
higher than that in early adults, and the highest expression level
was measured in late adult individuals (P = 0.001). Overall,

FIGURE 4 | Effect of silencing Idgf6 in B. correcta. (A) The relative expression level of Idgf6 after feeding dsIdgf6. (B) Larvae survival rate after exposure to dsRNA.
(C) Larval body sizes after exposure to dsRNA. All the fruit flies in the functional study shown in Figure 4 were 5-day-old 3rd early instar larvae exposed to dsRNA at
a concentration of 1000 ng/µl for 96 h at 25 ◦C. Five replicates were conducted and the data were presented as mean ± SE. **indicates a statistically significant
difference in Idgf6 mRNA expression between the dsIdgf6 group and the control dsGFP groups (t-tests: P < 0.01). *indicates a statistically significant difference in
survival and body length between the dsIdgf6 group and the control dsGFP group (t-test: P < 0.05).
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within each stage, Idgf6 expression is gradually up-regulated
and specially enriched at the late (Figure 3). The different
expression levels indicate that Idgf6 has special physiological
roles in different developmental stages.

Knocking Down Idgf6 Caused Larval
Death and Adult Malformation of
B. correcta
The Functional Study of the Larval Stage
After 3rd early instar larvae of B. correcta were exposed to dsIdgf6
at 1000 ng/µl for 96 h, the mRNA expression level of Idgf6
was significantly reduced by 41.2% (P = 0.008) (Figure 4A).
We also investigated the phenotypic changes of recipient insects
after dsRNA treatment. Obvious increases in mortality were
observed in treatment groups throughout the feeding period
which increased by 37.8% as compared to the control dsGFP
group (Figure 4B). Then, we measured the body size after
feeding. The body sizes of surviving larvae in dsGFP and
dsIdgf6 groups were 0.7438 ± 0.1636 and 0.6861 ± 0.1452
after feeding, respectively. Thus, body size for the dsIdgf6 group
decreased by 8.4 % when compared to the control dsGFP group
(Figures 4C, 5A).

The Functional Study of the Pupal Stage
After all the fruit flies emerged, some individuals per treatment
were found to exhibit two types of malformation compared
with individuals fed dsGFP (Figures 5B,C). One type led to
smaller body sizes, which accounted for 13.33%, and the other
resulted in partly extensible wings, accounting for 6.67%, which
led to a loss of flight capacity (Figures 5D,E). During subsequent
development, 100% of deformed adults died before sexual
maturity, approximately 5 days after emergence. In addition,
there were no dead or malformed flies in the control groups, and
all the flies lived for more than half a month.

DISCUSSION

In this study, the full-length cDNA sequence of Idgf6 was
cloned from B. correcta. There is one predicted and conserved
domain in B. correcta Idgf6 protein similar to ChiA chitinases,
the glycoside hydrolase 18 (GH18) family of chitinases was
predicted. In D. melanogaster, IDGFs have eight-chain alpha/beta
barrel fold associated with GH 18 chitinase, but they have a
known amino acid substituent that can eliminate the catalytic
activity of chitinase (Kawamura et al., 1999). However, we
found there are two amino acid substituents in the Tephritid
fruit flies (Figure 1), which may play a similar role in
eliminating the catalytic activity of chitinase. The presence
of Chi A domain may indicate that Idgf6 evolved from
chitinases and gained new functions as a growth factor with
the interaction of cell surface glycoproteins (Kawamura et al.,
1999; Varela et al., 2002). Finally, using Idgf6 nucleotide
sequences of Drosophilidae and Tephritidae in GenBank,
we applied the maximum-likelihood method to obtain a
phylogenetic tree. Idgf6 in B. correcta has high identity
with homologues in other Tephritid fruit flies (Figure 2),

FIGURE 5 | B. correcta larval and adult malformed individuals after silencing.
(A) Malformed phenotype of larvae after feeding dsGFP and dsIdgf6. (B) Front
view of the phenotype of adults after feeding dsGFP. (C) Side view of the
phenotype of adults after feeding dsGFP. (D) First type of malformed
phenotype observed in adults after feeding dsIdgf6, which resulted in partly
extended wings. (E) Second type of malformed phenotype of adults after
feeding dsIdgf6, which led to smaller fruit flies.

and Idgf6 in B. correcta has the closest relationship to
B. dorsalis Idgf6.

Idgf genes play an important role in promoting growth,
proliferation, cell polarization, and motility (Kawamura et al.,
1999). In the present study, an examination of the temporal
expression pattern of Idgf6 revealed that the gene was detectable
throughout the development of the insect and highly expressed
in the late pupa and adult stages, with lower expression observed
in other stages. These results indicate that this gene may play
an important role in the whole stage of insect development,
mainly in the pupa and adult stages. This result is consistent
with previous findings in D. melanogaster, in which analysis of
DS47 (IDGF6) protein production and mRNA expression during
fly development indicated that both are present throughout
the entire D. melanogaster life cycle, but are relatively lower
in the embryos stage (Wang et al., 2009; Pesch et al., 2016).
Idgf6 is expressed in the cuticle producing organs, the mouth
hooks, the epidermis, the tracheal system and the posterior
spiracles, and especially in larvae, its message is made in the
fat body and by hemocytes and secreted into the hemolymph
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(Kirkpatrick et al., 1995; Pesch et al., 2016). Besides these,
it’s very interesting that within each stage, Idgf6 expression is
gradually up-regulated and specially enriched at the late, which
may match its special requirement for molting into the next stage
(Pesch et al., 2016).

Idgf6 was depleted at the larval stage, which caused partial
larval death and adult wing malformation. However, the
percentage of malformation was low, and the potential
overlapping function between the six IDGF proteins could
contribute to the incomplete penetrance in the RNAi
experiments. These experimental results imply that Idgf6
in B. correcta is related to larval mortality and adult wing
development. Insect body contains hard, insoluble chitin,
which is part of the exoskeleton, trachea, and the peritrophic
membrane (PM) that surrounds the midgut food (Merzendorfer
and Zimoch, 2003). Chitin is found in a number of different
structures in addition to the cuticle and PM (Wilson and Cryan,
1997) whose synthesis occurs throughout insect development,
including embryonic, larval, pupal and adult stages (Zhu Q.S.
et al., 2004). Chitin in organs provides protection to insects
against environmental and mechanical injuries, but it limits
the growth and development of insects. Thus, the cuticles
and PM are degraded periodically and reshuffled to allow
growth and development (Merzendorfer and Zimoch, 2003).
Insect chitinase plays a key role in degrading chitin in the
old cuticles and PM during the larval molting and purulent
process, and chitinase also plays a defensive role to prevent
bacteria and fungi from penetrating PM. Therefore, in this
study, knocking down the Idgf6 gene in the larval stage may
result in a decrease in the ability to degrade chitin in the
old cuticles and a limitation in body size elongation. The
decline in defensive ability makes the larvae susceptible to
infection by bacteria, fungi, etc., resulting in an increase in larval
mortality. According to a previous study, chitin is associated
with wing joints in B. dorsalis, so it is speculated that the
malformation of the adult wing after interference is related to
this (Gu et al., 2019).

The GH18 genes of chitinases have potential use for pest
management as biopesticides (Kramer and Muthukrishnan,
1997). Homologues of these genes exist in parasites and pests
harmful to mankind and agriculture, such as mosquitos, lice
and spotted wing Drosophila (Zhang et al., 2011b; Eichner
et al., 2015; Fan et al., 2015). Insect chitinase genes have
been suggested as targets for gene silencing via RNAi and
have also been proposed as appropriate candidates in host-
mediated silencing of pest genes (HMSPGs) for the control
of diseases and insect pests of date palm (Zhu et al., 2008c;
Niblett and Bailey, 2012; Al-Ayedh et al., 2016; Su et al.,
2016; Cao et al., 2017). Therefore, it is of interest to focus
on the functions of the genes involved in development and
reproduction for future pest control. The target gene in our
study, the Idgf6 gene, provides a new target for a gene-
specific search of pesticides, because the epithelial barrier was
damaged and caused premature death of animals, and it is
more sensitive to pathogenic infections. Blast searches showed
that parts of the N-terminus of Idgf6 were not conserved
among insects, providing a specific target for insecticides.

This opens the possibility to search for small molecules
that may inhibit the function of insect species-specific Idgf6
without affecting beneficial organisms. Chitin-ECM is the most
important insect barrier against any environmental stresses.
Hydrolase enzymes affecting function and the ECM protection
system provide new strategies to eliminate already problematic
animals in larval stages and prevent the growth of next
generation pests (Pesch et al., 2016). Our research implies
that silencing the Idgf6 gene can cause larval death and
adult wing malformation. Our findings indicate an essential
role of Idgf6 in larval mortality and adult wing development.
Additionally, our results provide new insights into the function
of Idgfs family members and may reveal a new potential gene
for pest control.
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Animals have developed numerous strategies to contend with environmental pressures.
We observed that the same adaptation strategy may be used repeatedly by one
species in response to a certain environmental challenge. The ladybird Harmonia axyridis
displays thermal phenotypic plasticity at different developmental stages. It is unknown
whether these superficially similar temperature-induced specializations share similar
physiological mechanisms. We performed various experiments to clarify the differences
and similarities between these processes. We examined changes in the numbers and
sizes of melanic spots in pupae and adults, and confirmed similar patterns for both.
The dopamine pathway controls pigmentation levels at both developmental stages of
H. axyridis. However, the aspartate-β-alanine pathway controls spot size and number
only in the pupae. An upstream regulation analysis revealed the roles of Hox genes and
elytral veins in pupal and adult spot formation. Both the pupae and the adults exhibited
similar morphological responses to temperatures. However, they occurred in different
body parts and were regulated by different pathways. These phenotypic adaptations are
indicative of an effective thermoregulatory system in H. axyridis and explains how insects
contend with certain environmental pressure based on various control mechanisms.

Keywords: environmental adaptation, Harmonia axyridis, melanization, multicolored Asian ladybird, phenotypic
plasticity

INTRODUCTION

Many animal species including insects modify their morphology to adapt to rapidly changing
environmental conditions. Similar physiological and biological characteristics may be observed
more than once within the same species. The multicolored Asian ladybird Harmonia axyridis
(Pallas) is a ubiquitous insect pest predator that displays number of color patterns (Tan, 1946;
Koch, 2003; Michie et al., 2010). The pupae present with only one gradually changeable melanic
spot pattern, with an orange background and numerous dark spots. In contrast, the adults have
discrete elytral patterns with background and spot color either orange or black. This plasticity is

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 May 2020 | Volume 8 | Article 30042

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.00300
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00300
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00300&domain=pdf&date_stamp=2020-05-08
https://www.frontiersin.org/articles/10.3389/fcell.2020.00300/full
http://loop.frontiersin.org/people/923000/overview
http://loop.frontiersin.org/people/239136/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00300 May 6, 2020 Time: 19:47 # 2

Zhang et al. Similar Adaptation Within One Species

affected by both temperature and genetic background (Majerus
et al., 2006; Michie et al., 2010, 2011; Knapp and Nedvěd,
2013). Recent studies established that the pnr gene determines
elytra pattern background color in various color forms in
H. axyridis (Ando et al., 2018; Gautier et al., 2018). However, the
physiological and molecular mechanisms regulating thermally-
induced spot size, shape, and number remain unclear.

The spot patterns of H. axyridis f. succinea are highly
polymorphic across seasons and are temperature dependent.
Seasonal phenotypic plasticity is advantageous for predictable
environmental changes (Majerus et al., 2006; Michie et al.,
2010, 2011; Knapp and Nedvěd, 2013). The adults and the
pupae have low melanic body color (fewer and smaller spots)
at high temperatures (Michie et al., 2010, 2011). This plasticity
of body spot patterns to temperature is a thermal adaptation
in H. axyridis. Dark-colored individuals rapidly increase their
body temperature to warming by solar irradiation (Trullas et al.,
2007). Similar thermal polyphenisms occur in butterflies and
Drosophila. Cuticular melanization increases with decreasing
temperature (Roland, 1982; Kingsolver, 1987; Gibert et al., 2000,
2016; Solensky and Larkin, 2003).

The numbers, sizes, and colors of the spots vary on the
pupal dorsal cuticles and the adult elytra in H. axyridis f.
succinea (Michie et al., 2011). Studies have shown that tyrosine-
mediated cuticle pigmentation (melanization) plays a major
role in cuticular melanin formation in numerous insect species
(Michie et al., 2011; Sun et al., 2018a,b).

Insect cuticular melanization pathway is conserved among
species. Tyrosine hydroxylase (TH) converts tyrosine to 3,4-
dihydroxyphenylalanine (DOPA), and DOPA decarboxylase
(DDC) converts DOPA to dopamine. The latter is a substrate for
N-acetyldopamine (NADA) and N-β-alanyldopamine (NBAD)
synthesized by arylalkylamine-N-acetyltransferase and NBAD
synthase (ebony), respectively. N-acetyldopamine and NBAD are
transported extracellularly and catalyzed by laccases (laccase 2,
lac2) in cuticular melanization (pigmentation) and sclerotization
(Suderman et al., 2006; Noh et al., 2016). Dopachrome is
catalyzed by enzyme yellow to 5,6-dihydroxyindole-2-carboxylic
acid, which polymerizes DOPA melanin. Aspartate decarboxylase
(ADC) converts aspartic acid to β-alanine. The latter and
dopamine are key substrates for ebony in NBAD formation. ADC
and ebony downregulation limits β-alanine synthesis for NBAD
production, leads to the accumulation of the melanin substrate
dopamine, and enhances melanization (Borycz et al., 2002; Dai
et al., 2015; Miyagi et al., 2015). Previous studies have shown that
ebony and yellow determine spot patterns in numerous insect
species (Wittkopp et al., 2002; Parchem et al., 2007; Futahashi
et al., 2008, 2010; Wittkopp and Beldade, 2009; Arakane et al.,
2010; Sharma et al., 2016).

Harmonia axyridis, that selected to investigate in this
experiment, has been deployed as a biological control agent
worldwide (Coderre et al., 1995; Dreistadt et al., 1995; Brown
et al., 2007). The potential ecological impacts of introduction
of H. axyridis must be considered (Koch, 2003; Koch and
Galvan, 2007). Its environmental adaptation mediated by thermal
phenotypic plasticity could be one reason that accounts for its
global dispersal and possible negative ecological impact.

Thermal phenotypic plasticity is a major factor contributing
to H. axyridis polymorphism. It is highly diverse and is directly
induced by environmental stimuli. Melanic spot specialization is
similar between pupae and adults. In this study, we examined the
spot patterns in H. axyridis and their transcriptional regulation.
The aims of this study were to compare thermally driven
morphological changes at the phenotypical, physiological, and
molecular levels in H. axyridis and to elucidate the mechanisms
regulating its pigmentation patterns. Furthermore, we intended
to compare the regulation differences of melanic spots formation
between pupal dorsal cuticle and adult elytra to test our
hypothesis that superficially similar phenotypic specification can
be regulated through different molecular pathways.

MATERIALS AND METHODS

Insects
Multicolored Asian ladybird (H. axyridis; orange background
with dark spots; f. succinea) were maintained in a laboratory
(Yangling, Shannxi, China) at 27.5 ± 1◦C, 50% relative humidity
(RH), and a photoperiod of 14-h light and 10-h day cycle for
>2 years. The beetles were reared on pea aphids (Acyrthosiphon
pisum) fed with broad bean (Vicia faba).

Similar Morphological Change Patterns
Pupae
H. axyridis f. succinea larvae were reared at 15, 17.5, 20, 22.5,
25, 27.5, 30, 32.5, and 35◦C (50% RH, 10,000 lx, 16L:8D)
and prepared for sample collection and images analysis. Pupal
samples were collected for both whole-body and segmental
melanic spots analyses. Melanin spots of H. axyridis are color-
uniform and have defined edges between them; therefore, the
melanin levels can be calculated based on spots area proportion
from images by pixels.

Top-, front-, and side-view images of the pupae ≥12 h post-
pupation were captured with a Panasonic DMC-GH4 digital
camera (Panasonic, Osaka, Japan; shutter speed: 1/250; aperture:
F4.0; ISO: 320; picture style: faithful 0,0,0,0; white balance:
color temperature, 3,000 K, AF mode: manual focus; metering
mode: center-weighted average) coupled to the SDPTOP-SZN71
microscope system (Sunny, Hangzhou, Zhejiang, China; halogen
lamp light temperature: 3,000 K). The percentages of spots on the
whole body were calculated in ImageJ (v. 1.51j8; Wayne Rasband;
National Institute of Health, Bethesda, MD, United States) and
based on the spot area pixels proportions of whole-body pixels
(projected areas, Supplementary Figure S3C). The melanin
levels in all segments were also calculated (based on the spot area
pixels proportions of all pixels for each segments).

First, the perimeter of the pupae (projected areas of dorsal
position) was detected, and the pixel numbers inside the outline
were calculated. Second, the edge of each melanic spot was then
detected, and the pixels for each spot were calculated. Third, the
total spot area for all spots and the percentage of this area to the
whole-body area were calculated. At least 100 individuals were
prepared for spots analysis of each temperature treatment.
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Adults
Harmonia axyridis f. succinea larvae and pupae were reared
at 15, 20, 25 and 30◦C (50% RH, 1,000 lx, 16L:8D) and
prepared for adult sample collection. Adult samples of both sexes
were prepared for melanic spots area proportions analysis (as
described in section“Pupae,” Supplementary Figure S3C).

Adults of both sexes at ≥12 h post-eclosion were separated for
imaging. The forewings (elytra) and hindwings were removed.
Images of the elytra and top views of the wingless bodies were
captured for analysis of the melanic spot area proportion. Melanic
spot area proportion using the same equipment as for the pupae
(section “Pupae”).

The proportions of spots on the elytra and melanin on
the abdomens were calculated in ImageJ and based on the
proportions of spot area pixels as described in section “Pupae.”
At least 50 individuals were prepared for melanic spot analysis of
each sex and temperature treatment.

To generate an average spots pattern, at least 15 separate
images for each treatment were selected (adjust size and
body orientation). After ensuring the following settings, the
images were processed in Photoshop software (v. 13.0 × 64;
Adobe, Mountain View, CA, United States): (1) set another
14 layers (including background image) of the basic images;
(2) copied another 14 images in to each layer; (3) set:
opacity: 100%,and fill opacity: 100% for all layers; (4) selected
blend modes: screen, and obtained a preliminary overlaid
image; (5) adjusted image: Brightness: -100, contrast: 30, and
obtained a final image.

Physiological Regulatory Mechanisms
Modification of Target Gene Expression by RNAi
H. axyridis f. succinea transcriptomes (mixed samples with
eggs, larvae, pupae, and adults) were sequenced before the
experiments. Transcriptome sequencing and preliminary analysis
were performed by Wuhan Bioacme Corp. (Wuhan, Hubei,
China; http://www.whbioacme.com; Hiseq 4000 (PE150/125);
NGS; 12 Gb clean data obtained). Target gene sequences (HaTH,
MK584934.1; Halac2, MN650656; Hayellow, MN650659; Hatan,
MN650658; HaADC, MN650660; and Haebony, MN650657)
were obtained from H. axyridis transcriptome sequencing (open
reading frames; ORF) and uploaded. Transcriptional analysis
of the target genes under different temperature treatments was
performed to detect correlations. This method is described in
detail in Supplementary Material S1.1. The results are shown in
Supplementary Figure S1.

The dsRNAs of the target genes were prepared in a T7
RiboMAX System (Promega, Madison, WI, United States). Two
targets were selected for the RNAi. The primers used in the
synthesis of the two dsRNAs are listed in Supplementary
Table S1. Twelve-hour, fourth-instar larvae and pupae were
injected with 250 nL dsRNA (∼100–5,000 ng µL−1) for each
of the target genes. A non-ladybird-related GFP gene was used
as a control (Chen et al., 2016). The delivery of the dsRNAs
is described in Supplementary Material S1.1. RNAi efficiency
was measured by RT-Q-PCR (Supplementary Material S1.1).
Effective dsRNAs were prepared for the subsequent experiments.

Phenotypic Observations
After dsRNA injection, the beetles were reared for pupation or
eclosion. Treated individuals were prepared for the imaging of
their melanin spots 12 h after ecdysis. Experiments conducted
at 27.5◦C. Digital images were acquired for phenotypic analysis
(section “Pupae”). Adobe Photoshop CS6 (v. 13.0 × 64; Adobe,
Mountain View, CA, United States) was used to remove
the color channels.

Simulation of Dynamic Melanin Spot Changes in
Pupae at Constant Temperature by Transcriptional
Regulations of HaADC and Haebony Genes in the
Aspartate-β-Alanine Pathway
To further confirm the critical role of genes in the aspartate-
β-alanine pathway (HaADC and Haebony) in spots pattern
regulation, we intended to reproduce melanin spot patterns
induced by transcriptional modification (RNAi) at 32.5◦C.

H. axyridis f. succinea larvae were reared at 32.5◦C (50% RH,
1,000 lx, 16L:8D) to lower their melanin levels and prepared
for injection with ds-Haebony and ds-HaADC (250 nL for
each individual; ds-Haebony: 125, 250, 500, 1,000 ng µL−1;
ds-HaADC: 500, 1,000, 2,000, 4,000 ng µL−1). A non-ladybird-
related GFP gene was used as a control (250 nL, 5,000 ng µL−1).

Cuticle Morphology
Histological sectioning and staining (hematoxylin–
eosin; H&E) of pupae and adults were performed for
cuticle morphology analysis. The protocol is described in
Supplementary Material S1.2.

Immunofluorescence and in situ Hybridization
The distribution of key molecules (mRNA or protein) were
analyzed to prove the connection between phenotypes
and the regulation of key pathways. Tyrosine hydroxylase,
the key cuticular melanization protein, was prepared
for immunofluorescence. HaADC was selected for
in situ hybridization. The protocols are described in
Supplementary Material S1.3.

Upstream Spot Pattern Regulation
We screened and analyzed the upstream regulations of spots
formation between the pupal and adult stages of H. axyridis, as
supplementary evidence of the regulation differences between the
two developmental stages.

Three Hox genes (Ultrabithorax, Ubx, MN927185; Abdominal-
A, Abd-A, MN927187; and Abdominal-B, Abd-B, MN927186)
associated with thoracic and abdominal segment formation were
screened and prepared for a pupal spot pattern control study.
For the adult experiments, elytral vein lengths were measured
and the Rhomboid (Rho) gene associated with vein formation was
prepared for an elytral spot pattern control study. The protocols
are described in Supplementary Material S1.4.

Measurement of Veins of Elytra With Different
Melanin Level
First, the R color channel was removed to enhance the vein
contrast to the background (Figure 5C-2); then we measured the
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length of the first vein (from the left, line a of Figure 5C-2) and
the second vein (from the left, line b of Figure 5C-2) by pixels.
Finally, the ratio of b to a (b/a) was calculated (Figure 5C-3).

Statistical Analyses
Melanin spot analyses under the various thermal treatments
were subjected to one-way analysis of variance in SPSS (v. 22;
IBM Corp., Armonk, NY, United States). Significantly different
treatment means were identified by Duncan’s test (P < 0.05).
Immunofluorescence and in situ hybridization images were
obtained and analyzed with CaseViewer v. 2.0 (3DHISTECH Ltd.,
Budapest, Hungary).

RESULTS

Similar Dynamic Changes in Pupal and
Adult Melanin Spots With Temperature
In the pupae, the spot numbers and sizes decreased with
increasing temperature (Figure 1). Under all temperature
treatments, the largest spot was detected on the A3 segment
(Figures 1A,B). In contrast, virtually no pigment spots were
observed on the A1 segment; their frequency of occurrence was
only 8% even at the lowest temperature (Figure 1A).

In the adults, the spot numbers and sizes also decreased
with increasing temperature. The spot areas decreased with
increasing temperature. Certain spots disappeared altogether
(Figures 1C,D). Female adults had more and bigger melanin
spots than male adults (Figure 1C). The data and statistical
analyses are shown in Supplementary Figures S1–S4.

Phenotypic Similarities and Differences
Under Certain Molecular Regulatory
Pathways (RNAi)
All candidate genes were successfully downregulated
(Supplementary Figure S5). Four of the six genes (Halac2,
HaTH, HaADC, and Haebony) presented with melanization-
related functions at both developmental stages. Similar
phenotypic changes were detected in both the pupae and
the adults under Halac2 and HaTH RNAi (dopamine regulation
pathway). Different phenotypic changes were detected between
the pupae and the adults under HaADC and Haebony RNAi
(aspartate-β-alanine regulation pathway).

Similar Phenotypic Changes
Melanization decreased with increasing dsRNA dose under
Halac2 RNAi and HaTH RNAi (Figure 2). These treatments
induced similar phenotypic changes in both the pupae and the
adults. Spot pigment (melanin) intensity diminished in response
to these treatments (Figure 2D). Intermediate individuals
confirmed that neither spot size nor number was affected by
RNAi exposure (Figures 2A,D). Color fading was the main effect
of Halac2 and HaTH downregulation in the pupae.

The phenotypic changes observed in adults under Halac2 and
HaTH RNAi resembled those seen in pupae (Figures 2B,C,E).
The melanin spots on the elytra, pronota, and abdomen were

faded (Figures 2B,C). However, the numbers and sizes of the
spots, even if without melanin, were not affected by any RNAi
treatment. The edges of the spots were discerned with a blue
channel filter (Figure 2E).

Phenotypic Differences Between Pupae and Adults
Pupae
Melanin spot numbers and sizes increased to more-or-
less the same extent under both the HaADC and Haebony
RNAi treatments (Figure 2D). The other parts of the
cuticle remained orange. The A1 segment was the last to
undergo pigmentation in response to HaADC and Haebony
downregulation (Figures 2A,D).

Adults
The phenotypic changes in the adults under HaADC and
Haebony RNAi did not involve melanin pattern alterations
(Figures 2B,C). No obvious changes in spot size or number
were observed under any of these treatments. Dark melanin line
observed along the edge of the elytra was the only phenotypic
changes. The borders of the melanin spots at the edges of the
elytra were blurred. The entire elytra background turned orange-
grey at the same post-emergence stage (Figure 2E).

Simulation of Dynamic Melanin Spot
Changes in Pupae at Constant
Temperature
Dynamic melanin spot changes were simulated by molecular
regulation at a constant 32.5◦C. Compared with the control,
the insects administered with various dsRNA concentrations
presented with variable melanin spot patterns. In the treated
pupae, the melanin spot numbers and sizes increased with dsRNA
dosage (HaADC-RNAi: F = 70.911; df = 4, 141; P < 0.001;
Haebony RNAi: F = 109.171; df = 4, 135; P < 0.001; Figure 3).
Enhanced pigmentation was observed for the T1 segments
(pronotum) and the forewing (elytron) buds. The A1 segment
was the last to undergo pigmentation under RNAi (Figure 3A).

Distribution Analyses of the Target
Molecules in Two Regulatory Pathways
Tyrosine hydroxylase and ADC (the first step in aspartate-
β-alanine and tyrosine-dopamine pathways) were selected to
analyze the reactions in the cuticular tissues (Figure 4A).
Tyrosine hydroxylase was localized to certain locations in
the new cuticle where melanin spots develop after pupation
(Figures 4B–D; white arrows). Relatively weak fluorescence was
detected in the unpigmented area (Figure 4D; blue arrows).
Tyrosine hydroxylase distribution matched that of the melanin
spots on the elytra of newly-emerged adults (Figures 4F–G).
HaADC mRNA distribution in the cuticle matched that of
TH protein. Relatively stronger fluorescence was noted for the
unpigmented position (Figure 4E). There was no clear HaADC
distribution specificity in the elytra. However, comparatively
weaker fluorescence was observed in the area with melanin spots
(Figure 4H). HaADC mRNA was detected only in the in dorsal
epidermis. In contrast, no fluorescence was measured in the
ventral elytral cuticle (Figure 4H).
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FIGURE 1 | Melanin spots dynamic changes (spots size and numbers) of pupae (A) and (B) and male and female adults (C) and (D) with temperature. In (A) and
(C), the average area ratio (size) of each spot is marked by colors on the left side of each sketch. Values (one spot area/dorsal area) are indicated by a heatmap with
different colors (gray (0%)-yellow-brown-black). Occurrence frequency of each spot at particular temperature observed in our samples are marked on the right of
each sketch. Spots with 100% occurrence frequency at particular temperature are marked with a green edge. Those with 0% occurrence frequency are marked by a
red “×.” In (B) and (D), images (at least 15 images of similar size and positio) of pupa or elytra from the same temperature were overlaid to generated an average
spots pattern. Randomly selected images of pupae and adults with different spot patterns are shown in (E). See Supplementary Figures S2, S3 for more details.
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FIGURE 2 | Phenotypic changes in Harmonia axyridis under RNAi of candidate melanization genes. Pupae (A) and female adults (B) treated with different dsRNA
concentrations. Male adults treated with highest dsRNA concentration (C). Experiments conducted at 27.5◦C. Mortality of samples and phenotypes of corpses
shows in Supplementary Figure S5. Low melanic A1 segments have been indicated using dotted boxes in HaADC and Haebony RNAi; and spots areas are
marked in translucent purplish red of HaTH and Halac2 RNAi (D). For adult elytra, red and green channels were removed to show phenotypic changes of Halac2 and
HaTH RNAi (E); and white arrows indicate locations without any spots, black arrows indicate spot positions, red arrows indicate spot edges (inside the enlarged blue
boxes). Concretions of dsRNAs are indicated under each sample, blue arrows indicate explanate elytron margins. Scale bars = 1 mm. See Supplementary Figure
S4 for more details on repression of candidate genes under RNAi.

Upstream Regulation of Spot Formation
Roles of Selected Hox Genes in Spot Patterns of
Pupae
Pupal spot patterns were strongly influenced by the selected Hox
(Ha-Ubx, Ha-Abd-A, and Ha-Abd-B) RNAi in the thoracic and
abdominal segments (Figure 5A). Spots were detected in the A1
segment (which is normally devoid of spots) and decreased in
T3 underwent Ha-Ubx RNAi. The spots on the A2 segment were

enlarged. Ha-Abd-A downregulation caused the spots on the A2
segment to disappear. The spots on the A3 segment shrank while
those on the A4 segment enlarged. Ha-Abd-B downregulation
enlarged the spots on segments A3, A4, and A5.

Association Between Elytra Veins and Spot Patterns
The four main elytra veins had more branches in the
melanized (spotted) areas than the unspotted areas (Figure 5C).
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FIGURE 3 | Simulation of melanin spot patterns at high temperature (32.5◦C) in pupae. Melanic spot pattern (A) and melanin level (B) changes under HaADC and
Haebony RNAi were analyzed. Different letters indicate statistically significant differences (analysis of variance; Duncan’s test; P < 0.05). A1 segments marked in red
dotted box in (A). Experiments were conducted at 32.5◦C, at which pupal melanization is extremely low (WT of A). Scale bars = 1 mm.

The ratios of the second veins (b) to the sutural veins (a)
are relatively higher in elytra with low melanization. The
melanin level was significantly negatively correlated with b/a
vein length ratio (Pearson correlations = -0.843; P < 0.001;
Figure 5C). Downregulation of the vein formation-related gene
Ha-Rho resulted in elytra shrinkage and folding and spot
enlargement (Figure 5D).

DISCUSSION

Both the pupae and adults of H. axyridis display similar
phenotypic plasticity when they developed at diverse
temperatures. To determine if these phenotypic modifications
in response to ambient temperature are sharing a same
regulation system or not, we examined whether pupae and adults
exhibit similar responses to temperature changes and whether
their thermal phenotypic plasticities are regulated by similar
molecular regulatory mechanisms. Here, both pupal and adult
H. axyridis f. succinea displayed similar morphological structures
dependent on temperature during development. However, the
reaction mechanisms occurred in different body parts (dorsal
cuticle and elytra) and developmental stages (pupa and adult)
and were partly regulated by different molecular pathways

(the aspartate-β-alanine pathway only functions in pupae). This
superficially similar phenotypic adaptation among different body
parts in H. axyridis enables the insect to cope with environmental
pressure and abiotic stress.

The multicolored Asian ladybird H. axyridis presents
thermally-induced cuticular color pattern plasticity in its pupal
and adult stages (Michie et al., 2010, 2011). The color patterns
of H. axyridis and other ladybird species may warn predators
(Daloze et al., 1994; Dolenska et al., 2009; Prùchova et al.,
2014), mate choice (Osawa and Nishida, 1992; Ueno et al.,
1998) and enable it to contend with ambient temperature change
(Trullas et al., 2007). Thermally controlled melanism has been
reported for birds, snails, and other insects (Roland, 1982;
Kingsolver, 1987; Lecompte et al., 1998; Gibert et al., 2000;
Solensky and Larkin, 2003; Sharma et al., 2016; Galván et al.,
2018). Dark cuticular pigmentation enables beetles to absorb
heat rapidly at low temperatures, whereas low pigmentation
levels reduce thermal absorption at high temperatures. Infrared
thermal imaging confirmed these conclusions (Supplementary
Figure S2A). The modification of cuticular melanization is an
effective strategy for thermal adaptation.

Both the pupae and adults could regulate cuticular
melanization level by controlling the numbers and sizes of
their spots naturally for thermal adaptation. Various tissues
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FIGURE 4 | Localization of tyrosine hydroxylase (TH) and aspartate decarboxylase (HaADC mRNA) in the pupal epidermis (A–E, molecular pathway is shown in (A)
and elytra of adults (F–H). H&E-stained histological sections of the A3 abdominal segment of pre-pupae (B) and pupae (C) of Harmonia axyridis with spot locations
indicated. Two elytra were separated from one newly emerged adult. One of the elytra was collected for H&E-stained histological sections (F-1) and TH
immunofluorescence assay (G). The other elytra was used for spot detection based on symmetry (F-2). Pre-pupa (E) and elytra (H) prepared for in situ hybridization
of HaADC were collected from another individuals. White arrows indicate melanin spot location (and blue arrows indicate non-melanic position. Anti-TH (rabbit)
antibodies detected with CyTM3-conjugated rabbit IgG antibodies (red) (D,G). Localization of HaADC mRNA detected by in situ hybridization (probes used:
Supplementary Table S1). Nuclei stained with DAPI (blue). Magnifications of the melanin spots (E-2) and a non-melanic position (E-1). White arrows with numbers
in (G-1) indicate melanin spot locations and blue arrows indicate non-melanic positions (blue). Position numbers of (G-2) and (G-3) correspond 1:1.

exhibiting thermosensitive melanic reaction were usually
attached to the external integument and cover the body in
different stages. The adult abdominal dorsal cuticle was covered
by the elytra and lost its thermal sensitivity (Supplementary
Figure S4E). This finding corroborates the hypothesis that
melanic reaction, manifested by the regulation of spot size and
number, is used for thermal adaptation in H. axyridis. Pupae
and adults exhibited similar melanic responses to temperature
changes in the form of changes to their spot patterns.

Melanization is the biochemical basis for this phenotypic
plasticity (Suderman et al., 2006; Noh et al., 2016). Dopamine

pathway was similar for both developmental stages. The
candidate melanization genes undergo dynamic transcriptional
changes at contrasting temperatures (Gibert et al., 2016,
2007). Knockdown of the dopamine pathway genes strongly
influenced pigmentation (darkness) in both the pupae and
the adults, but their spot shapes and numbers remained
unaffected. These findings verified that candidate genes encoding
melanin accumulation were functionally similar at both
developmental stages and generated substrates for downstream
dark pigmentation. However, they did not control either spot
size or spot number.
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FIGURE 5 | Upstream regulations of spots formations in pupae and adults. Cuticular spot pattern changes under selected Hox genes (Ha-Abd-A, Ha-Abd-B and
Ha-Ubx) RNAi of Harmonia axyridis pupae (A,B). Connections between elytra spots and veins (C,D) and the hypothesis regarding the transformation of melanic
tissues on abdominal cuticle (pupa, left) and elytra (adult, right) into spots-shape during adaptation process (E). More branches observed in spot positions; dot lines
in red indicated mean vein and branches, and spot positions are marked in green (C-1). The ratio of the second vein (b) and the sutural vein (a) is relatively higher in
elytra with low melanization (C-2,C-3); red arrows indicate the lengths of second veins and are different among elytra. Rhomboid gene (Ha-Rho) downregulation
caused shrinkage and folding of elytra, and enlarged spots (D). The different original hypothesis of melanin spots of dorsal cuticle (pupa) and elytra (adult) are shown
in (E). Scale bars = 1 mm.
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The genes of the aspartate-β-alanine pathway regulated
cuticular melanic spot distribution patterns in the pupae but
not in the adults of H. axyridis. Knockdown of these genes
resulted in melanin spot enlargement and number increase in
the pupae. We propose that the aspartate-β-alanine pathway
is the key regulatory pathway for pupal cuticular melanin
spot deposition in H. axyridis. Our spot simulation experiment
strongly supports this conclusion. The two relevant genes in
this pathway were upregulated prior to pupation in response
to temperature increases (Supplementary Figure S1). However,
knockdown of the genes degrading melanin did not affect the
elytral spots in adult H. axyridis. Thus, we conclude that the
superficial spot patterns of pupal and adult H. axyridis could be
regulated by different molecular pathways.

Tyrosine hydroxylase and ADC are the key enzymes upstream
of the dopamine regulation pathway and the aspartate-β-alanine
regulation pathway, respectively. The distribution of TH and
ADC differed between the adults and the pupae (pronota:
Supplementary Figures S7, S8). In the pupal cuticle, fluorescence
difference between TH distribution between the melanic and
non-melanic tissues were observed, while HaADC fluorescence
between the melanic and non-melanic tissues of the elytra
was generally at the same level. This result supported our
experiment that modifying HaADC and Haebony did not enlarge
the elytral spots. HaADC had no positional specificity in the
elytral cuticle cells. This finding was also supported by the
observation that the aspartate-β-alanine pathway had negligible
effect on the elytral spots.

Early pigmentation indirectly indicated the regulatory
differences between the developmental stages of H. axyridis in
terms of color pattern formation. In the early pigmentation
phases, the newly-emerged adults exhibited asynchronous
melanization among their various organs (pronotum and
elytra; Supplementary Figures S10B,C). In contrast, pupal
spot formation was almost synchronized among cuticle of
thorax, abdomen and wings (Supplementary Figure S10A).
Transcriptional analyses indicated that HaADC and HaTH were
strongly upregulated in the pronota, elytra, and abdominal
cuticle during pupal and adult development (Supplementary
Figure S9). These results support our expectation that pupal and
adult spot patterns were regulated differently.

Regulatory differences in color pattern formation were also
observed among various H. axyridis color forms. Compared with
the orange-colored (f. succinea) individuals, the genetically dark
background forms, f. conspicua and f. spectabilis, also have pupal
cuticles with an orange background; their melanization decreases
with increasing temperatures similar to that observed in the
orange background form (succinea; Supplementary Figure S2E).
Thus, the pupal melanic modification system is conserved among
the various H. axyridis forms determined by the pannier gene
(Gautier et al., 2018), while their adult counterparts have entirely
different elytra. Therefore, cuticular melanization in pupal and
adult elytra might be controlled by different regulatory systems.

During adaptation, pupal abdominal and adult elytral
spots may be synthesized from various melanic organs/tissues
precursors. The results of our experiment involving the upstream
regulation of spot patterns supported this speculation. In the

pupae, the thoracic and abdominal spots could be changed in
the forward or reverse direction under selected Hox RNAi (Ha-
Ubx, Ha-Abd-A, and Ha-Abd-B; Figure 5B). These hox genes
regulate segment formation (T2, T3 and A1-A7; Supplementary
Figure S11; Hughes and Kaufman, 2002). Cuticular spots change
under transcriptional Ha-Ubx and Ha-Abd-A regulation in
insects (Gibert et al., 2007). We believe the pupal spots are
transformed from the circular melanic regions at the edges
of each segment (Figure 5E). In contrast, elytral spots were
strongly associated with elytral second vein length and position
along the apical–basal axis of wings. Ha-Rho downregulation
enlarged elytral spots. This effect corroborates the connection
between the elytral veins and spots. We proposed that the elytral
spots formation might be connected to the elytral veins, but
still need more evidences (Figure 5E). These melanic features
are also found in various body parts of other insect species:
wings (True et al., 1999; Shevtsova et al., 2011; Tomoyasu, 2017;
Nijhout and McKenna, 2018); and abdomen (Hollocher et al.,
2000; Brisson et al., 2005; Ahmed-Braimah and Sweigart, 2015;
Miyagi et al., 2015). In H. axyridis f. succinea, however, they are
thermosensitive and form spots. On an evolutionary timescale,
environmental stress (thermostimulation and solar radiation)
causes these distinct cuticular melanic areas to be similar and
reacting to temperature when certain parts are exposed to these
stimuli at various developmental stages.

Here, we assumed this superficially similar adaptation could
occur in response to universal physical or chemical solutions,
key environmental pressure, and time- or position-specific cuticle
directly subjected to this pressure. Under these preconditions,
similar strategies may potentially be selected to deal with
environmental challenges based on a universal solution but via
different molecular and physiological regulatory mechanisms.

CONCLUSION

In the present study, we confirmed that there are differences
in regulation of melanin pattern between pupal and adult
H. axyridis. Our data suggest that these similar adaptation
strategies in melanin level regulation enable the insect to contend
with temperature stress, albeit in different body parts in different
developmental stages. Similar ecological adaptation strategies
might be selected in the same animal species multiple times
to cope with certain natural pressures. Further evidence for
this biological strategy selection in other animal species is
required to confirm its universality. This work may also help to
clarify H. axyridis adaptation to its ambient environment and
explain the observed variations in the distribution patterns of
its melanin spots.
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Polyploidy cells undergo the endocycle to generate DNA amplification without cell
division and have important biological functions in growth, development, reproduction,
immune response, nutrient support, and conferring resistance to DNA damage in
animals. In this paper, we have specially summarized current research progresses in
the regulatory mechanisms of cell polyploidy in insects. First, insect hormones including
juvenile hormone and 20-hydroxyecdysone regulate the endocycle of variant cells in
diverse insect species. Second, cells skip mitotic division in response to developmental
programming and conditional stimuli such as wound healing, regeneration, and aging.
Third, the reported regulatory pathways of mitotic to endocycle switch (MES), including
Notch, Hippo, and JNK signaling pathways, are summarized and constructed into
genetic network. Thus, we think that the studies in crosstalk of hormones and their
effects on canonical pathways will shed light on the mechanism of cell polyploidy and
elucidate the evolutionary adaptions of MES through diverse insect species.

Keywords: endocycle, juvenile hormone, 20-hydroxyecdysone, mitotic/endocycle switch, cell cycle

INTRODUCTION

Cell polyploidy generated by endocycle is a cell cycle variant that undergoes multiple rounds
of nuclear genome duplication in the absence of cell division (Zielke et al., 2013). In canonical
mitotic cell cycles, cells pass through Gap 1 phase (G1), synthesis phase (S), Gap 2 phase (G2)
and end in mitosis (M), thus the genetic materials of the mother cell are duplicated and delivered
to two daughter cells (Figure 1A). However, in endocycles, cells increase their genomic DNA
content without cell division (Lee et al., 2009). Two variations of endocycle are endoreplication
and endomitosis (Zielke et al., 2013). Endoreplication consists of successive Synthesis phase to Gap
phase that completely skips mitosis (Lee et al., 2009; Maldonado et al., 2019; Figure 1B). Cells that
undergoes endoreplication result in a single, enlarged, polyploid nucleus (Calvi, 2013). A special
type of endoreplication is re-replication, in which DNA is initiated multiple times at individual
origins of replication within a single S phase, provoking site-specific replication of an unique
sequence (Lee et al., 2009; Figure 1B). Thus highly amplified and underreplicated DNA sequences at
different loci form supersized multifiber-like chromosomes called polytene chromosomes (Stormo
and Fox, 2017). While, endomitosis consists of G1, S, G2, and partial M phases, which produces
cells with a single giant nucleus, which may subsequently fragment into a multinuclear appearance
(Zielke et al., 2013; Figure 1B).

The biological purposes of endocycle include tissue growth, blood-brain barrier formation,
immune response, nutrient support, and conferring resistance to DNA damage based on tiss
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FIGURE 1 | The processes of mitotic cycle and endocycle. (A) The mitotic
cycle comprises Gap 1 phase (G1), synthesis phase (S), Gap 2 phase (G2),
and mitosis (M) phase. (B) The endocycle have two variations, endomitosis
and endoreplication. Endomitosis consists of G1, S, and G2 phases and only
a partial M phase. Endoreplication consists of repeated successions of S to G
phase that completely skips mitosis phase. Re-replication is a special type of
endoreplication, in which DNA replication is initiated multiple times at
individual origin of replication within the same S phase.

types and developmental stages (Lilly and Spradling, 1996;
Zhang et al., 2014; Lynch and Marinov, 2015; Bretscher and
Fox, 2016; Wu et al., 2018; Zülbahar et al., 2018; Maldonado
et al., 2019). Endocycle is considered a low-cost strategy to
increase the cell and/or tissue size and efficiently produce massive
molecules needed for specific functions, which avoids spending
more time, materials, and energy to go through complete mitotic
cycles (Edgar and Orr-Weaver, 2001; Lynch and Marinov, 2015;
Maldonado et al., 2019). Thus, polyploidy cells have advantages
in the adaptation of organisms to environment; however, they
can also have detrimental effects on fertility and fitness owing
to genomic instability, mitotic and meiotic abnormalities, and
gene expression and epigenetic changes (Zhimulev, 1996; Van
de Peer et al., 2017). On the other hand, unpredicted cell
polyploidy is closely related to the development and progression
of cancer in mammals (Storchova and Pellman, 2004; Davoli and
de Lange, 2011; Fox and Duronio, 2013; Coward and Harding,
2014). Clinically, endocycle and polyploidy have been observed
in cancerous tissues, with their occurrence ranging from 11% in
stomach carcinoma to 54% in liver adenocarcinoma (Storchova
and Pellman, 2004; Shu et al., 2018). Therefore, these findings
provided important clues for revealing the essential roles of
polyploidy in normal development and tissue, homeostasis, as
well as the relationship between polyploidy and the progression
of cancer in vertebrate animals.

Previously, some scientists have summarized the key genes
that play a role in cell polyploidy and mainly focus on the
cell division arrest. The interactive regulation of E2f1, cyclin
E, and cyclin-dependent kinase (CDK) promote endocycle
occurrence through bypassing many of the processes of mitosis
in insects and mammals (Zielke et al., 2013). And the biological
purposes of cell polyploidy in many different organisms are

generally discussed (Edgar and Orr-Weaver, 2001; Lee et al.,
2009; Fox and Duronio, 2013). Insects as the biggest groups
in invertebrates have common phenomena of cell polyploidy;
however, a thorough summary of previous studies involving in
more extensive insect species is lacking except in Drosophila.
Here we review the cells types with polyploidy and recent
progresses in the regulatory mechanisms of cell polyploidy
in insects with special emphasis on the aspects of hormones
action and environmental stimuli. In addition, we constructed
a regulatory network based on previous and recent reported
signaling pathways involved in MES. Finally, we proposed a
promising MES study system and potential directions in cell
polyploidy study in insects.

POLYPLOID CELLS IN INSECTS

Polyploidy is commonly observed in highly metabolic tissues or
cells in both complete and incomplete metamorphosis insects
(Table 1). The fat body, midgut, muscle, Malpighian tubules,
and nurse cells are the most reported tissues or cells with
polyploidy (Zhimulev, 1996; Lee et al., 2009; Wu et al., 2018;
Maldonado et al., 2019). The ploidy levels ranged from 4C
in the fat body cells of Locusta migratoria to 2048C in the
salivary glands of Drosophila and varied from 4C to 64C in
different cells of single tissue (Hammond and Laird, 1985;
Guo et al., 2014). Most of these polyploid tissues or cells can
rapidly and massively synthesize proteins upon necessity during
development, reproduction, immunity, flight, and other life
activities (Ray et al., 2009; Fox and Duronio, 2013; Rangel et al.,
2015; Wu et al., 2016).

In the fruit fly Drosophila melanogaster, larval growth is
achieved primarily via endoreplication (Edgar and Nijhout,
2004). Most Drosophila larval tissues are composed mainly
of polyploid cells including the salivary glands, fat body,
germline cells, subperineurial glia, epidermis, gut, trachea, and
Malpighian or renal tubules (Lee et al., 2009). The giant salivary
gland cells undergo about 10 endocycles, resulting in polytene
chromosomes (Hammond and Laird, 1985; Maldonado et al.,
2019). In adult Drosophila, the maximum polyteny level is 64C
in the midgut and 256C in Malpighian tubules, respectively
(Lamb, 1982). Drosophila papillar cells become polyploid and
naturally accumulate broken acentric chromosomes but do
not apoptose/arrest the cell cycle, thus they can divide and
survive despite high levels of DNA breakage (Zhang et al.,
2014; Bretscher and Fox, 2016). The fat body generates
polytenic cells through re-replication (Juhasz and Sass, 2005).
In the female germline, nurse cells become polyploid during
oogenesis, enabling them to provide vast amounts of maternal
messages and products for the developing oocyte, whereas
the somatic follicle cells that surround the egg undergo only
three endocycles from stages 7–9 to reach a ploidy level
of 16C, which facilitates the high levels of functional gene
expression needed for reproduction (Calvi and Spradling,
1999; Royzman et al., 2002). Interestingly, the subperineurial
glia expand enormously and become polyploid undergo both
endoreplication and endomitosis, allowing it to accommodate
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TABLE 1 | Tissues or cells with polyploidy in insects.

Order Species Tissue/cell type Function References

Diptera Drosophila melanogaster Brain/subperineurial
glial cells

Blood-brain barrier Unhavaithaya and Orr-Weaver, 2012;
Zülbahar et al., 2018

Ovary/nurse cells Provide vast amounts of maternal messages
and products for the developing oocyte

Royzman et al., 2002

Ovary/follicle cells Oocyte maturation and egg chamber
development/eggshell gene amplification, DNA
damage resistance

Calvi and Spradling, 1999

Papillar cells Repress the apoptotic response to DNA
damage

Zhang et al., 2014; Bretscher and Fox,
2016

Salivary glands Synthesis and secretion glue proteins Hammond and Laird, 1985; Buntrock
et al., 2012

Fat body – Juhasz and Sass, 2005

Hindgut/rectal papillae – Fox and Duronio, 2013

Trachea – Fox and Duronio, 2013

Malpighian tubules Absorb water, solutes, and wastes and excrete
them as nitrogenous compounds

Lamb, 1982

Renal tubules – Fox and Duronio, 2013

Epidermis – Fox and Duronio, 2013

Mechanosory
bristle/shaft cells

– Audibert et al., 2005

Mechanosory
bristle/socket cells

– Audibert et al., 2005

Calliphora erythrocephala Ovary/nurse cells – Ribbert, 1979

Aedes aegypti Midgut Immune response Ray et al., 2009; Maldonado et al., 2019

Culex pipiens Midgut Immune response Ray et al., 2009; Maldonado et al., 2019

Anopheles gambiae Ovary/nurse cells – Zhimulev, 1996

Anopheles albimanus Ovary/nurse cells – Zhimulev, 1996

Chironomus tentans Salivary glands – Zhimulev et al., 2004

Orthoptera Locusta migratoria Fat body (female) Massive synthesis of vitellogenin Guo et al., 2014; Wu et al., 2016; Wu
et al., 2018

Fat body (male) – Ren et al., 2019

Fat body-like tissue – Ren et al., 2019

Ovary/follicle cells Oocyte maturation and egg chamber
development

Wu et al., 2016; Wu et al., 2018

Coleoptera Tribolium castaneum Midgut/intestinal stem
cells

– Parthasarathy and Palli, 2008

Lepidoptera Ephestia kuehniella Malpighian tubules – Buntrock et al., 2012

Silk glands High silk production Buntrock et al., 2012

Wing epithelium Increase cell size Edgar and Orr-Weaver, 2001

Spodoptera frugiperda Ovary – Meneses-Acosta et al., 2001

Hymenoptera Apis mellifera Malpighian tubules – Rangel et al., 2015

Brain – Rangel et al., 2015

Stinger – Rangel et al., 2015

Leg – Rangel et al., 2015

Thoracic muscle – Rangel et al., 2015

Flight muscle – Rangel et al., 2015

Bombus terrestris L. Mandibular muscle
(haploid male)

Keep pace with females in terms of muscular
metabolic activity and efficiency

Aron et al., 2005

Thoracic muscle
(haploid male)

Keep pace with females in terms of muscular
metabolic activity and efficiency

Aron et al., 2005

Leg muscles (haploid
male)

Keep pace with females in terms of muscular
metabolic activity and efficiency

Aron et al., 2005

Solenopsis invicta Whole body Body size and behavior Scholes et al., 2013

Pogonomyrmex badius Whole body Body size and behavior Scholes et al., 2013

Camponotus floridanus Whole body Body size and behavior Scholes et al., 2013

Atta texana Whole body Body size and behavior Scholes et al., 2013
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growing neurons, while simultaneously maintaining the blood-
brain barrier, which otherwise would be disrupted through
cell division (Unhavaithaya and Orr-Weaver, 2012; Zülbahar
et al., 2018). During Drosophila pupal development, shaft
and socket cells that form parts of the mechanosory bristle
undergo two or three endocycles to produce cells with
8C or 16C DNA (Audibert et al., 2005). Therefore, the
extensive cell polyploidy in Drosophila variant tissues and
developmental stages displays the cellular potentials to remodel
for various functions.

Polyploidy cells are also found in variant complete
metamorphosis insect species. In mosquitoes, polyploidy
cells arise in the anterior and posterior midgut of Aedes
aegypti, yet only in anterior midgut of Culex pipiens during
larval development (Ray et al., 2009). These polyploid midgut
cells facilitate the fast production of immune proteins in a
process known as priming (Maldonado et al., 2019). Polyploid
chromosomes are formed in ovarian nurse cells of Anopheles
albimanus and polytene chromosomes are formed in ovarian
nurse cells of Anopheles gambiae and salivary glands of
Chironomus tentans (Zhimulev, 1996; Zhimulev et al., 2004).
In the Calliphora erythrocephala, nurse cells also developed
polytene chromosomes post inbreeding and artificial selection
(Ribbert, 1979). In the honey bee Apis mellifera, the Malpighian
tubules is the most highly polyploid secretory cells, and the brain,
stinger, leg, thoracic muscle, and flight muscle also generate
polyploid cells (Rangel et al., 2015). In the bumble bee Bombus
terrestris L., cells in mandibular, thoracic, and leg muscles of
the haploid male undergo one round of endoreduplication
to become functionally diploid and get comparable size and
function to those of the diploid female (Aron et al., 2005).
Ploidy levels between and among worker castes of four highly
polymorphic ant species, red imported fire ant Solenopsis invicta,
Florida harvester ant Pogonomyrmex badius, Florida carpenter
ant Camponotus floridanus, and Texas leaf-cutting ant Atta
texana, are positively related to worker size, suggesting that
worker task performance might benefit from endoreplication
of certain tissues (Scholes et al., 2013). In the red flour
beetle Tribolium castaneum larval stages, intestinal stem cells
(ISC) conduct endoreplication for adult midgut polyploidic
epithelium formation (Parthasarathy and Palli, 2008). In the
flour moth Ephestia kuehniella, cells of Malpighian tubules
and silk glands undergo endocycle through all larvae instars,
and even, in the last instar, larvae nuclei are polyploid with a
high DNA content, provoking a branched nucleus (Buntrock
et al., 2012). In Spodoptera frugiperda sf9 ovarian cells, cell
cycle arrests in G2/M phase to generate polynucleated cells
(Meneses-Acosta et al., 2001).

In the migratory locust, Locusta migratoria, an incomplete
metamorphosis insect species, fat body cells of female adults
undergo extensive DNA replication to produce from 4C to
64C polyploidy cells during vitellogenesis. These polyploidy cells
support the rapidly massive synthesis of vitellogenin, the main
proteins in egg maturation, for dozens of oocytes in every
gonadotrophic cycle. Besides, female locust follicle cells also
undergo high levels of endoreplication during oocyte maturation
to synthesize chorion protein for success chorionogenesis

(Kimber, 1980; Guo et al., 2014; Wu et al., 2016, 2018). While
in the male locust, the abdominal fat body (FB) undergoes
endocycle and generates 4C to 8C polyploidy cells, while
the fat body-like tissue (FLT) surrounding testis follicles is
dominated by diploid cells instead of polyploidy cells (Ren et al.,
2019). Thus, similar or same tissues in one species display
different polyploidy levels between both genders or in different
hemocal locations.

Both polyploid and polytene chromosomes originate by the
endocycle. In the polytene chromosomes, the replicated sister
chromatids remain attached and aligned and the chromosomes
become visible. In polyploid cells, the replicated chromosome
copies are dispersed and the chromosomes are not visible
in the nucleus (Frawley and Orr-Weaver, 2015). Therefore,
polytene chromosomes are specialized polyploid chromosomes.
Transition between polytene and polyploid chromosome have
been studied in Drosophila ovarian nurse cells (Bauer et al., 2012).
Condensin II drives axial compaction and therefore force apart
chromatids destroying a typical polytene chromosome structure,
thus, polyploid chromosome are formed in the nurse cells (Bauer
et al., 2012). It seems that polytene chromosomes formation
are energy-saving to mainly skip duplicating heterochromatic
regions, while polyploid chromosomes are advantageous to
massively duplicate any gene upon necessity although its
formation needs more energy (Frawley and Orr-Weaver,
2015; Stormo and Fox, 2017). Thus, we speculated that
the use of different endoreplication strategies might indicate
an adaptive trade-off between energy consuming in DNA
amplification and the tissue demands for specific protein
syntheses. Taken together, the extensive occurrence of cell
polyploidy in variant insect species provide excellent study
materials to decipher the regulatory mechanisms of endocycle in
the light of evolution.

GENETIC NETWORK IN ENDOCYCLE

Although significantly different from the conventional cell
cycle, endocycle uses regulatory pathways that also function in
diploid cells (Lee et al., 2009; Calvi, 2013). Cyclin-dependent
kinase (Cdk) 4/6 form an active complex with Cyclin D
(CycD), phosphorylate and inactivate retinoblastoma protein
(Rb), releasing transcription factor adenovirus E2 factor-1
(E2f1) from Rb-mediated repression (Swanson et al., 2015;
Tigan et al., 2016). Cyclin E (CycE), which is activated by
E2f1, together with cyclin-dependent kinase 2 (Cdk2), triggers
S-phase by phosphorylating Sld2 and Sld3, which then recruit
Dpb11 to replication origins, thereby activating the Mini-
chromosome maintenance (Mcm) 2–7 DNA helicase (Zielke
et al., 2011; Tanaka and Araki, 2012; Bell and Kaguni,
2013). Together with the origin recognition complex and
Cdt1 (Cdc10 protein-dependent transcript 1), Cdc6 loads
Mcm proteins onto DNA at the origins of replication to
facilitate the formation of stable prereplication complex in
G1 phase, thereby licensing these sites to initiate DNA
replication in S phase (Sun et al., 2013; Wu et al., 2016;
Figure 2).
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FIGURE 2 | Juvenile hormone (JH) regulation of the endoreplication.
JH-Met/Tai ligand-receptor complex directly activates the expressions of cell
cycle genes including minichromosome maintenance proteins 4 and 7 (Mcm4
and 7), cell division cycle 6 (Cdc6), cyclin-dependent kinase 6 (Cdk6), and
adenovirus E2 factor-1 (E2f1) to regulate endoreplication and cell polyploidy.
Met, Methoprene-tolerant; Tai, Taiman; CycD, cyclin D; Cdk2 and 4,
Cyclin-dependent kinase 2 and 4; Rb, retinoblastoma; CycE, cyclin E; Cdt1,
Cdc10 protein-dependent transcript 1; Mcm2, 3, 5, and 6, minichromosome
maintenance protein 2, 3, 5, and 6.

ENDOCYCLE GOVERNED BY INSECT
HORMONE

Juvenile hormone (JH) and 20-hydroxyecdysone (20E), as two
dominant hormones that are involved in insect development,
metamorphosis, and reproduction, play key roles in the
regulation of cell polyploidy by binding to their respective nuclear
receptors to initiate the expression of cell cycle genes (Fallon
and Gerenday, 2010; Jindra et al., 2013; Yamanaka et al., 2013;
Guo et al., 2014; Moriyama et al., 2016; Wu et al., 2016, 2018;
Maldonado et al., 2019). Many studies have confirmed that the
two hormones can regulate cell polyploidy in insects.

Juvenile hormone is a sesquiterpenoid produced by
the corpora allata, and functions in cells by inducing the
heterodimerization of its receptor, Methoprene-tolerant (Met)
with Taiman (Tai). Met and Tai form a functional receptor to
control insect development, metamorphosis, and reproduction
(Jindra et al., 2013; Wang et al., 2017). The migratory locust,
Locusta migratoria is the most well-studied insect species in the
JH regulation on cell polyploidy. The adult fat body undergoes
extensive DNA replication to highly polyploidy cells during
vitellogenesis for successful reproduction under the regulation of
JH (Nair et al., 1981; Oishi et al., 1985). In an effort to elucidate
the mechanisms of JH action on female reproduction, digital
gene expression profiling was employed to identify differentially
expressed genes in JH-deprived fat bodies and those further
treated with a JH analog (JHA). DNA replication pathway was
identified as the top one “hit” after JHA treatment by Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses (Guo
et al., 2014). Further study revealed that Met binds directly on

the E-box (CACGTG) or E-box-like (CACGCG) motifs in the
promoter regions of Mcm4, Mcm7, and Cdc6 to activate the
transcription of these genes, which promotes the endoreplication
of fat body cells (Guo et al., 2014; Wu et al., 2016). In addition,
JH-Met/Tai complex directly activates the transcription of Cdk6
and E2f1, and depletion of Cdk6 or E2f1 results in significantly
decreased the cell polyploidy level, precocious mitotic entry for
multinuclear appearance, and increased cell numbers in the fat
body cells (Wu et al., 2018; Figure 2). These results indicate that
JH is able to directly activate several cell cycle genes to enhance
endoreplication process.

The ecdysteroid is also involved in cell cycle regulation in a
different way from JH. The major ecdysteroid in insects such as
20E not only promotes molting at juvenile stages but also affects
lifespan, learning, stress-induced responses, sleep regulation,
social interactions, and sexual behavior in adults (Yamanaka
et al., 2013). 20E mediate the switch between endocycle and
site-specific endoreplication by binding to the ecdysone receptor
(EcR) (Maldonado et al., 2019). Importantly, 20E also regulates
DNA replication and polyploidy during insect metamorphosis
(Sun et al., 2008). Correlations between epidermal DNA synthesis
and hemolymph ecdysteroid levels have been revealed in the
tobacco hornworm Manduca sexta and Calpodes ethlius (Wielgus
et al., 1979; Dean et al., 1980). In Plodia interpunctella, imaginal
wing cells arrest in G2 phase post 20E treatment by inducing a
sharp decrease in the levels of cyclin A and B expression (Mottier
et al., 2004). In cell line C7-10 from the mosquito Aedes albopicus,
20E application resulted in cell arrest in the G1 phase (Gerenday
and Fallon, 2004). Further studies suggest that 20E treatment
increases the expression of Cyclin E-Cdk2 inhibitory protein
DACAPO, while decreases the expression of cyclin A (Fallon and
Gerenday, 2010). In the wing discs of silkworm Bombyx mori,
20E directly activates c-Myc transcription, which subsequently
stimulates the expression of cell cycle core regulators, including
cyclinA, cyclinB, cyclinD, cyclinE, Cdc25, and E2F1 genes to
promote endocycle progression and cell polyploidization during
metamorphosis (Moriyama et al., 2016; Figure 3). These studies
indicate that 20E promotes cell proliferation in low titer and
initiates cell cycle arrest in high titer (Koyama et al., 2004;
Moriyama et al., 2016). Thus, actions of 20E on cell polyploidy
vary in different insect species in a dose-dependent way.

However, the interactions between JH and 20E in cell
polyploidy regulation are still largely unknown. Classically,
20E counteracts on the function of JH during molting and
metamorphosis (Liu P. C. et al., 2018; Liu S. et al., 2018). Studies
of JH and 20E actions on cell polyploidy focus mainly on the
aspects of DNA reduplication enhancement and cell division
arrest, respectively. JH and 20E may jointly coordinate the timing
of DNA reduplication and cell division during MES process.

ENVIRONMENT-EVOKED ENDOCYCLE

In response to pathogen, wound, and aging, some tissue cells are
re-programmed, exiting their mitotic cell cycle to differentiate
into polyploidy cells (Zielke et al., 2013). In Drosophila, ovarian
pseudonurse cells raised the frequency of polytene chromosomes
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FIGURE 3 | 20-hydroxyecdysone (20E) regulation of the cell cycle
progression. In Drosophila melanogaster, 20E-EcR positively regulates
Tramtrack (Ttk) to transit the endocycle to mitotic cycle. In Bombyx mori, 20E
promotes cell cycle progression through activation of c-Myc. In Plodia
interpunctella, 20E induces an arrest of cells in G2 phase by decreasing the
expressions of cyclin (Cyc) A and B. In Aedes albopictus, 20E application
results in an accumulation of cells in G1 phase by decreasing CycA and
increasing Dacapo (DAP) expresisons. EcR, ecdysone receptor.

in response to low temperature and protein-rich food (Mal’ceva
et al., 1995). In Anopheles albimanus, the increase of cell DNA
synthesis after challenged with different microorganism and
Plasmodium sp. is considered as an adaptive immune response,
which can be recalled quickly in next exposure to the same
pathogens (Hernández-Martínez et al., 2013; Contreras-Garduño
et al., 2015). In the adult Drosophila epidermis and hindgut,
post-mitotic differentiated diploid cells respond to wounding by
entering the endocycle, and this process is called wound-induced
polyploidization (WIP) (Losick et al., 2016). In the honey bee
Apis mellifera, endoreplication levels change with worker age in
a tissue-specific manner, and there is a surprisingly significant
decrease in cell ploidy in the leg and the thoracic muscles with
aging (Rangel et al., 2015).

On the other hand, the mitotic cell cycle can be activated in
some insects post stimuli. In Aedes albopictus, midgut generates
an increase in regenerative cells after chemical and bacterial
damages (Janeh et al., 2017). Besides, cell proliferation has
been tested in Aedes aegypti midgut post viral infections and
oxidative stress (Taracena et al., 2018). In Drosophila, starvation

reduces E2f1 mRNA levels and blocks endocycling in salivary
glands, whereas overexpression of E2f1 restores endocycles in
starved fruit flies (Zielke et al., 2011). Inhibition of the target
of rapamycin (TOR) in Drosophila prothoracic gland causes
nutrient-dependent endocycle inhibition and developmental
arrest (Ohhara et al., 2017). Thus, cell polyploidy displays
adaptive plasticity to respond to unpredicted environment
changes through remodeling the mitotic cycle to endocycle.

MOLECULAR MECHANISMS OF
MITOSIS/ENDOCYCLE SWITCH

Cells switch from the mitotic cycle to the endocycle response
to developmental signals or environmental stimuli, and
become polyploidy rather than proliferation. This intermediate
process is defined as the mitosis/endocycle switch (MES). The
thrombopoetin and the Notch pathways have been identified
as the major regulators of the mitotic-to-endocycle switch.
The thrombopoetin pathway acts during differentiation of
megakaryocytes, and the Notch pathway acts during the
oogenesis and differentiation of trophoblasts (Zimmet and
Ravid, 2000; Deng et al., 2001; López-Schier and St Johnston,
2001). Besides, the JNK pathway is also demonstrated to be
required to promote mitosis prior to the transition, independent
of the cell cycle components acted on by the Notch pathway
(Jordan et al., 2006). In follicle cells, the Notch pathway stops
proliferation and promotes a switch from the mitotic cycle
to the endocycle (Sun and Deng, 2007). In contrast to Notch
signal, Hedgehog (Hh) signal appears to promote follicle cell
proliferation (Zhang and Kalderon, 2000).

The Notch signaling pathway in Drosophila follicle epithelium
is a key upstream regulator of the MES. The ligand Delta
expressed by oocytes activates the Notch receptor in follicle
cells (Deng et al., 2001). Notch activity leads to downregulation
of String (STG) and Dacapo (DAP), and upregulation of
Cdh1/Fizzy-related (FZR) (Jordan et al., 2006). STG is a G2/M
regulator Cdc25 phosphatase that removes inhibitory phosphates
from Cdk1, allowing it to associate with CycA and CycB and
initiate mitosis (Zielke et al., 2013). CycB-Cdk1 in return activates
the STG by phosphorylation, which creates a positive feedback
loop (Zielke et al., 2013). The activity of CycB-Cdk1 is further
inactivated through phosphorylation (Welburn et al., 2007).
Cdk1 can be phosphorylated on Tyr15 by Wee1 kinase, and on
both Thr14 and Tyr15 by Myelin transcription factor 1 (Myt1)
kinase (Parker and Piwnica-Worms, 1992; Mueller et al., 1995).
Interestingly, Wee1 is phosphorylated and thereby inactivated
by CycB-Cdk1, which creates a double negative feedback loop
(Tang et al., 1993). CycA/CDK directly activates the Myb-
MuvB (MMB) complex to induce transcription of a battery
of cell cycle genes required for mitosis. AuroraB (AurB) is
an MMB regulated gene, and knockdown of AurB and other
subunits of the chromosomal passenger complex (CPC) induced
endoreplication (Rotelli et al., 2019). Down-regulating of the
CycE/CDK complex inhibitor DAP releases CycE/Cdk2, thus
blocks S phase initiation (Zielke et al., 2013). FZR is a regulator of
the APC ubiquitination complex that degrade CycA and CycB,
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thereby reinforcing the block to mitosis (Zielke et al., 2013).
FZR is negatively regulated by the homeodomain gene Cut, but
Cut does not seem to regulate String (Stg) (Sun and Deng,
2005, 2007). String/Cdc25 and the transcription factor Cut are
repressed by a zinc-finger transcription factor Hindsight (Hnt)
(Sun and Deng, 2007). However, during oogenesis, Notch in
Drosophila follicle cells is down-regulated and cooperate with
Tramtrack (Ttk), a transcription factor that induces endocycle
exit and entry in site-specific endoreplication (Sun et al., 2008).
In the Drosophila bristle lineage, Ttk downregulates Cyclin E
expression and is probably involved in the exit of the cells from
the cell cycle (Audibert et al., 2005; Figure 4).

Hippo pathway in the Drosophila nervous system has
been reported to be involved in the MES. Yki, an essential
transcriptional activator of Hippo pathway, is required to
establish the correct ploidy and is partly post-transcriptionally
regulated miR-285. miR-285 is an upstream regulator of the
Hippo pathway, which can directly target Yki cofactor Multiple
Ankyrin repeats Single KH domain (Mask) to suppress Yki
activity and down-regulates the expression of its downstream
target cyclin E (CycE). Disturbance of CycE expression in
subperineurial glial cell (SPG) causes abnormal endoreplication,
which leads to aberrant DNA ploidy and defective septate
junctions (Li et al., 2017). Moreover, the N-terminal asparagine
amidohydrolase homolog Öbek counteracts the activity of Yki,
as well as the activity of the fibroblast growth factor (FGF)
receptor Heartless in glial cells to limit endoreplication and
the consequent appearance of extra nuclei. However, other
dividing cells are not affected by alteration of Öbek expression
(Zülbahar et al., 2018). Cooperative activation of Yki and JNK

FIGURE 4 | Regulation of mitotic/endocycle switch. In the Drosophila follicle
cell, Notch signaling pathway is a key upstream regulator of the
mitotic/endocycle switch (MES). Activated Notch protein by the ligand Delta
from oocytes terminates follicle cell proliferation and promotes MES by
downregulating String (STG) and Dacapo (DAP) and upregulating FZR. In the
Drosophila glial cell, Hippo signaling pathway is involved in MES. miR-285
suppresses Yki-Mask dimer activity by targeting Mask to downregulate cyclin
E (CycE). Moreover, the N-terminal asparagine amidohydrolase homolog Öbek
counteracts the activity of Yki and Heartless to limit endoreplication. FZR,
Cdh1/Fizzy-related; Yki, Yorkie; Mask, Multiple Ankyrin repeats Single KH
domain; Hnt, Hindsight; Ttk, Tramtrack; Cdk1 and 2, Cyclin-dependent kinase
1 and 2; Myt1, Myelin transcription factor 1; CycA and B, cyclin A and B;
Diap1, Drosophila inhibitor-of-apoptosis protein 1; AurB, AuroraB.

upregulates Drosophila inhibitor-of-apoptosis protein 1 (Diap1)
prevents mitotic entry by downregulating G2/M cyclin CycB,
thereby inducing endoreplication (Cong et al., 2018). The protein
level of Drosophila CycB is mediated by ubiquitination-mediated
degradation, and Diap1 contains a RING domain and acts as an
E3 ligase that could cause ubiquitination-mediated degradation
of CycB in either direct or indirect manner (Xu et al., 2009;
Shabbeer et al., 2013; Cong et al., 2018; Figure 4).

A recent study in the migratory locust Locusta migratoria
reported that FB cells undergo endocycle and become polyploidy,
while FLT cells undergo rounds of mitotic cycle and dominated
by diploid cells at the same developmental stages during
male adult maturation. FB-FLT cells displayed different cell
cycle strategy at the same developmental stages, avoiding the
interference of developmental programming. Further analyses
of comparative transcriptomes of FB-FLT provided valuable
candidate cell cycle genes and transcription factors to investigate
the molecular mechanism of MES (Ren et al., 2019). Probably, the
FB-FLT of locust is one of novel promising systems to study MES.

The developmental signals and environmental stimuli can
affect the performance of the MES. In endocycling cells,
promoters of pro-apoptotic genes are silenced rendering them
insensitive to DNA damage (Mehrotra et al., 2008). Starvation
induces the pause of the M/E switch in Drosophila follicle
cells, blocking the entry of egg chambers into vitellogenesis.
Paused MES is induced by a reduction of insulin signal and
involves a previously unknown crosstalk among FoxO, Cut,
and Notch. FoxO is dispensable for the normal M/E switch.
However, in paused MES, FoxO activates Cut expression cell-
autonomously in follicle cells (Jouandin et al., 2014). Besides,
MES regulation may vary in different tissues or cell types. The
mitotic cyclins in endocycling follicle cells are regulated only
by ubiquitin-dependent degradation, whereas in salivary glands,
transcription of mitotic cyclins is terminated concomitantly
with up-regulation of Fzr (Zielke et al., 2008; Maqbool et al.,
2010). The suppression of mitotic regulators in endoreplicating
salivary glands is mediated, at least in part, by the transcriptional
repressor E2F2 (Zielke et al., 2011). Besides, Notch controls
the switches of different cell cycle programs in follicle cells, yet
the nurse cell endocycles are normal in Notch mutant clones
(Lilly and Duronio, 2005).

In brief, Drosophila follicle cells and glial cells are two well-
studied systems and locust FB-FLT would be a novel promising
system to investigate the molecular mechanisms of MES (Sun
and Deng, 2007; Li et al., 2017; Cong et al., 2018; Zülbahar
et al., 2018; Ren et al., 2019). Developmentally controlled
MES were regulated by Notch and Hippo signaling pathway;
however, the environmental-stimulated MES have probable
specific mechanisms which are condition-dependent.

PROSPECTS

Insects are the best models to study regulatory mechanisms
of polyploidy, compared to vertebrates and plants. First,
polyploidization can be observed at larvae and adult stages
in both complete and incomplete metamorphosis insects.
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Second, cells in different tissues of insects undergo endocycle
during particular developmental stages or response to
environmental stimuli.

Insect hormones play critical roles on cell polyploidy
progression. JH promotes cell polyploidization by directly
upregulating several DNA replication genes (Guo et al., 2014;
Wu et al., 2016, 2018). However, whether JH also acts on cell
division genes remains to be studied. Besides, the role of 20E
played in cell cycle regulation is unclear, and the target genes
of 20E in cell cycle process are also largely unknown. In some
processes, JH plays a critical role in defining the action of 20E,
and 20E also affects the function of JH (Jia et al., 2017; Liu P. C.
et al., 2018; Liu S. et al., 2018). In addition, JH and 20E are
reported to regulate MES-related genes and miRNA (Gerenday
and Fallon, 2011; Dong et al., 2015; Wang et al., 2016; Song et al.,
2019). Therefore, the crosstalk of JH and 20E in cell polyploidy
regulation through MES need to be further investigated to
clarify their biological functions and adaptive mechanisms to
developmental programming and environmental changes.

Because MES is regulated by several canonical pathways,
further studies should be conducted to decipher the relationships

of these pathways and their interactions orchestrated by
hormones. In addition, we attempt to answer whether these
pathways are conserved in the regulation on MES in different
tissue cells and diverse insect species. Therefore, studies of cell
cycle genes and related pathways will shed light on the evolution
of cell polyploidy and provide more target genes for pest control.
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Besides the function of preventing metamorphosis in insects, the juvenile hormone
(JH) plays a role in female reproduction; however, the underlying mechanism is largely
unknown. The methoprene-tolerant (Met) protein belongs to a family of basic helix-loop-
helix–Per-Arnt-Sim (bHLH-PAS) transcription factors and functions as the JH intracellular
receptor. In this study, two full length cDNAs encoding Met (CsMet1 and CsMet2)
were isolated from the rice stem borer, Chilo suppressalis. Structural analysis revealed
that both CsMet1 and CsMet2 exhibited typical bHLH, PAS-A, PAS-B, and PAC
(PAS C terminal motif) domains. Comparative analysis of transcript level using reverse
transcription-quantitative PCR (RT-qPCR) revealed that CsMet1 was predominant in
almost all examined developmental stages and tissues. Treatment with methoprene
in vivo induces the transcription of both CsMet1 and CsMet2. Notably, injection of
dsCsMet1 and dsCsMet2 suppressed the expression levels of vitellogenin (CsVg) and
Vg receptor (CsVgR). These findings revealed the potential JH signaling mechanism
regulating C. suppressalis reproduction, and provided evidence that RNAi-mediated
knockdown of Met holds great potential as a control strategy of C. suppressalis.

Keywords: Chilo suppressalis, juvenile hormone, methoprene-tolerant, vitellogenin, vitellogenin receptor, RNAi

INTRODUCTION

The rice stem borer, Chilo suppressalis (Walker) (Lepidoptera: Crambidae), is one of the most
serious rice pests in Asia, Middle East, and southern Europe, and causes large crop losses
through feeding on the stems of rice. In China, the change of cultivation patterns has led to the
frequent outbreaks of C. suppressalis in recent years (Mao et al., 2019). To date, spraying chemical
insecticides remains the primary strategy for controlling C. suppressalis. However, intensive use
of insecticides has driven C. suppressalis to develop resistance to a wide range of insecticides (Su
et al., 2014; Lu et al., 2017; Yao et al., 2017). Hence, the development of RNA interference (RNAi)-
mediated disruption of reproduction represents an alternative control strategy of C. suppressalis
(Miao et al., 2020).
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Insect reproduction is intricately regulated by three hormones,
including the juvenile hormones (JHs), ecdysteroids, and insulin
(Smykal and Raikhel, 2015; Roy et al., 2018; Al Baki et al.,
2019). JH exerts its function through its intracellular receptor
methoprene-tolerant (Met), a member of the family of the
basic helix-loop-helix (bHLH)-Per-Arnt-Sim (PAS) transcription
factors (Konopova and Jindra, 2007; Jindra et al., 2013, 2015).
Since the first characterization of Met in Drosophila melanogaster
(Wilson and Fabian, 1986), Met has been identified from a
broad range of insect species, such as Aedes aegypti (Wang
et al., 2007), Tribolium castaneum (Konopova and Jindra, 2007),
Nilaparvata lugens (Lin et al., 2015), and Helicoverpa armigera
(Ma et al., 2018). Interestingly, two Met paralogs, Met and
Germ cell-expressed (Gce), are present across 12 Drosophila
species (Baumann et al., 2010a,b). While mosquitoes and beetles
possess only a single gene, two Met genes have also been
identified in several Lepidopteran insects, including Danaus
plexippus (Zhan et al., 2011), Operophtera brumata (Derks et al.,
2015), and Bombyx mori (Guo et al., 2012; Suetsugu et al.,
2013; Kayukawa and Shinoda, 2015). However, the role of two
Met genes in the reproduction of Lepidopteran insects remains
largely unknown.

The reproductive success of insects depends on vitellogenin
(Vg) biosynthesis and uptake of Vg into developing oocytes
mediated by vitellogenin receptor (VgR). Recently, we have
characterized the C. suppressalis CsVg and CsVgR at the
molecular levels (Huang et al., 2016; Miao et al., 2020). In this
study, full-length cDNAs of two paralogous Met genes (named
as CsMet1 and CsMet2) were isolated from C. suppressalis. We
report the structural features and temporal–spatial expression
patterns of CsMet1 and CsMet2. Furthermore, RNAi was
employed to reveal the role of CsMet1 and CsMet2 in the
regulation of CsVg and CsVgR.

MATERIALS AND METHODS

Insects Rearing and Sampling
Chilo suppressalis larvae was collected from rice stubbles of
Yangzhou (32.39◦N, 119.42◦E) in 2013, and reared on an artificial
diet in an incubator at 28± 1◦C, 70± 5% RH, and a 16-h light/8-h
dark photoperiod.

To examine the developmental expression profiles of CsMet,
individuals were collected from larvae (third, fourth, fifth, and
sixth instar), pupae at intervals of 2 days from pupation, and
adults at intervals of 12 h from eclosion. For tissue expression
analysis, tissues (including head, epidermis, midgut, hemolymph,
and fat body) were dissected from the fifth-instar larva. All the
samples were frozen immediately in liquid nitrogen and stored at
-80◦C until RNA isolation. Each experiment was performed with
three biological replicates containing three to 10 individuals.

RNA Isolation, RT-PCR, and RACE
Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, United States). First-strand cDNA was synthesized
from total RNA using the PrimescriptTM First-Strand cDNA

Synthesis Kit (TaKaRa, Dalian, China) according to the
manufacturers’ instruction.

The amino acid (aa) sequences of B. mori BmMet1 (GenBank:
NP001108458) and BmMet2 (GenBank: BAJ05086) were
searched against the transcriptome database of C. suppressalis in
Insect Base1, and specific primer pairs were designed based on
the sequences of putative transcripts (Table 1). PCR reactions
were performed with LA TaqTM DNA polymerase (TaKaRa,
Dalian, China). To obtain full length cDNA sequences of
CsMet1 and CsMet2, 5′-RACE and 3′-RACE were conducted
using the SMART RACE cDNA Amplification Kit (Clontech,
Mountain View, CA, United States), following the manufacturers’
instructions. Gene specific primers (GSPs) used for RACE are
listed in Table 1.

Molecular Cloning and Sequence
Analysis
RT-PCR and RACE products were subcloned into the pMD18−T
vector (TaKaRa) and sequenced. The molecular mass and
isoelectric point (pI) of the deduced protein sequences were

1http://www.insect-genome.com/

TABLE 1 | Oligonucleotide primers used for RT-PCR, RACE, RT-qPCR, and RNAi.

Primer name Sequence (5′ to 3′) Description

W988Met1 F ATGACATCATTGACTGGAGC CsMet1 RT-PCR

W989Met1 R GGATTACAGGATTTCAGTTTCTGA

W71Met1 R CAACAGGCAGTCAGTCACCAAGT CsMet1 5′-RACE

W72Met1 R TGACATCATTGACTGGAGCCACTG

W73Met1 F TGTTGGTGTAGATTATGGGCGACG CsMet1 3′-RACE

W74Met1 F AAGTGGTGCAAGAAACTGGTGTCC

W990Met2 F AGAGAGATTCGAAACAAAGCG CsMet2 RT-PCR

W991Met2 R TCGTTTGTACCAACACTGTC

W75Met2 R CCAGCATTTCGGCGACCTTGTTCTT CsMet2 5′-RACE

W76Met2 R CCAGTTCACCGATGGATTGGTTCAG

W77Met2 F GTGTTCGTGGGCATTGTCCGCTTGG CsMet2 3′-RACE

W78Met2 F TTTAGTCGGTGAGTCCTGCTATCGT

EF1-α F TGAACCCCCATACAGCGAATCC RT-qPCR

EF1-α R TCTCCGTGCCAACCAGAAATAGG

W465Met1 qF TGGCTTCCTCGAGATTGACA RT-qPCR

W466Met1 qR TCCTGATGCTACCCCAGATG

W469Met2 qF CAATCCATCGGTGAACTGGC RT-qPCR

W470Met2 qR GTTGAGTATGGACAGCAGCG

W84VgR F AGCCACTTCCCTACCTCCTA RT-qPCR

W85VgR R TAAGGCATTGGGGACTCGTT

W976Vg F AGCTCAGTCCGCTAAATGGA RT-qPCR

W977Vg R GCCCAGTTCGTGGTGTCTAT

W463Met1 iF TAATACGACTCACTATAGGGTCTGAC
ATAGTGCACGCTCC

CsMet1 RNAi

W464Met1 iR TAATACGACTCACTATAGGGTGTGCG
TACCCTTCTGACAC

W467Met2 iF TAATACGACTCACTATAGGGCAGGGG
GCTCATTGTGGTAG

CsMet2 RNAi

W468Met2 iR TAATACGACTCACTATAGGGGTGCCG
CGTTCTATACTCCA
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FIGURE 1 | Amino acid sequence alignments of CsMet1, CsMet2 and other representative insect Mets. Met sequences were obtained from the following GenBank
entries: NP001108458 for B. mori BmMet1, BAJ05086 for B. mori BmMet2, AAC14350 for D. melanogaster DmMet and NP 001092812 for T. castaneum TcMet.

predicted by using the online ExPASy proteomics server2.
Conserved domains were predicted by NCBI conserved domain
search tool3 or by alignment to other published insect Mets.
A phylogenetic tree was constructed with MEGA 7.0 using the
neighbor-joining method with a p-distance model and a pairwise
deletion of gaps (Kumar et al., 2016). The reliability of the NJ

2https://web.expasy.org/protparam/
3http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi

tree topology was statistically evaluated by bootstrap analysis with
1000 replicates.

Reverse Transcription-Quantitative PCR
(RT-qPCR)
Reverse transcription-quantitative qPCR reactions were
performed on the Bio-Rad CFX-96TM Real-time PCR
system using TB GreenTM Premix Ex TaqTM (Takara,
Dalian, China) following the manufacturers’ instructions.
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FIGURE 2 | Phylogenetic relationships of CsMet1, CsMet2 and other insect Mets. The neighbor-joining tree was constructed by MEGA 7.0. Numbers indicated
bootstrap support values (%) based on 1,000 replicates. Sequences were retrieved from GenBank protein database.

GSPs used are listed in Table 1. The stably expressed gene
encoding EF1-α was used as a reference gene (Hui et al.,
2011; Meng et al., 2019). The mRNA levels were normalized
to reference gene with the 2−11CT method (Livak and
Schmittgen, 2001). The means and standard errors for each
time point were obtained from the average of three biologically
independent samples.

Methoprene Treatment
To study effects of JH on expression of CsMet, newly
emerged adult females were injected with 1 µL JH analog
methoprene (3 µg/µL, Sigma–Aldrich, St. Louis, MO,
United States) or same volume of acetone as control. Insects
were collected for RT-qPCR analysis at 1, 6, 12, and 24 h
after treatment, respectively, and experiments contained three
biological replications.

RNA Interference
Double-strand RNAs (dsRNAs) against CsMet1 or CsMet2
were synthesized using TranscriptAidTM T7 High Yield
Transcription Kit (Thermo Fisher Scientific, Waltham, MA,
United States). GSPs for dsRNA synthesis are listed in Table 1.
Using a Nanoliter 2010 injector system (WPI, Sarasota, FL,
United States), 1 µL solution of dsRNA (3 µg/µL) was

injected into the abdomen of 6-day-old female pupae under
a stereomicroscope. Equal dose of dsRNA for enhanced
green fluorescent protein (EGFP) was injected as a control.
A total of 40 pupae were injected per treatment, and each
treatment was performed in triplicate. The treatment was
repeated in newly emerged female adults (within 24 h),
and insects were collected at 24 and 48 h after injection,
respectively, for expression analysis of CsMet1, CsMet2, CsVg,
and CsVgR by RT-qPCR.

Data Analysis
The statistical analysis was done using graphpad.prism.6 by one-
way analysis of variance, followed by student’s t-test. All data are
presented as the mean± SE.

RESULTS

Sequence and Structural Analysis of
CsMet1 and CsMet2
The full length CsMet1 cDNA (GenBank accession number
MN906993) was 2673 bp, with a 460 bp 5’-terminal untranslated
region (UTR), a 1587 bp open reading frame (ORF), and a 626 bp
3′-UTR. The deduced CsMet1 protein contained 528 aas with a
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FIGURE 3 | Expression profiles of CsMet1 (A) and CsMet2 (B) in different developmental stages and various tissues from 5th instar larva. 3L: 33rd instar larvae; 4L:
4th instar larvae; 5L: 5th instar larvae; 6L: 6th instar larvae; PP: prepupae; 1P: 1-day-old pupae; 3P: 3-day-old pupae; 5P: 5-day-old pupae; 0hA: newly emerged
female adults; 12hA: 12-h-old female adults; 24hA: 24-h-old female adults; 36hA: 36-h-old female adults; 48hA: 48-h-old female adults; 60hA: 60-h-old female
adults; 72hA: 72-h-old female adults. Bars not sharing a common letter are significantly different.

FIGURE 4 | Relative mRNA levels of CsMet1 (A) and CsMet2 (B) in the whole body insects after methoprene treatment in newly emerged female adults. The bars
represent mean ± SE of three biological replicates. Asterisks indicate the significant differences between the groups (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FIGURE 5 | Knockdown of CsMet1 and CsMet2. dsRNAs were injected into 6-day-old female pupae followed by the second injection into the newly emerged
female moths. The expression levels of CsMet1, CsMet2 (A), CsVg (B), and CsVgR (C) in whole body insects were examined at 24 h and 48 h after treatment. The
bars represent mean ± SE of three biological replicates. Asterisks indicate the significant differences between the groups (*P < 0.05, **P < 0.01, and ***P < 0.001).

predicted mass and pI of 60.34 kDa and 8.35, respectively. The
2824 bp CsMet2 cDNA (GenBank accession number MN906994)
contained an 85 bp 5′-UTR, a 2598 bp ORF encoding an 865 aa
residue protein with a molecular mass of 97.37 kDa and a pI of
6.68, and a 141 bp 3′-UTR.

Structural analysis showed that the deduced protein of
CsMet1 and CsMet2 had conserved domains of bHLH-
PAS protein family including bHLH (DNA binding and
dimerization regions), PAS-A (dimerization region), PAS-B
(ligand binding and dimerization region), and PAC (PAS C
terminal motif) domains (dimerization region) (Figure 1).
Alignment of aa sequences demonstrated that CsMet1 shared
identity with other insect Met orthologs including B. mori
BmMet1 (60.98%) and BmMet2 (21.88%), D. melanogaster
DmMet (27.49%), and T. castaneum TcMet (28.30%). CsMet2
shared 20.55, 44.19, 17.19, and 22.90% identity with BmMet1,
BmMet2, DmMet, and TcMet, respectively. The aa identity
between CsMet1 and CsMet2 was 21.71% (Figure 1).
Phylogenetic analysis revealed that CsMet1 and CsMet2

were clustered into Lepidopteran group 1 and group 2 Met,
respectively (Figure 2).

Temporal and Spatial Expression of
CsMet1 and CsMet2
The temporal expression patterns of CsMet1 and CsMet2
were detected from third instar to 3-day-old female adults
and determined by RT-qPCR analysis. The results showed
that the transcription level of CsMet1 and CsMet2 was
detectable during all selected developmental stages. Specifically,
the expression of CsMet1 was relatively stable in the larval
stage, sharply decreased in the prepupal stage, maintained at
a low level during the pupal stage, and reached a peak in
12-h-old female adults (Figure 3A). The expression of CsMet2
gradually increased from fourth instar to 5-day-old pupae. In
the adult stage, the highest and lowest expression levels of
CsMet2 were observed in 48-h-old and 72-h-old female adults,
respectively (Figure 3B).
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FIGURE 6 | Effects of RNAi-mediated knockdown of CsMet1 and CsMet2 on ovary development with dsEGFP as a control. The ovaries were dissected from female
adults at 24 h after the second injection of dsEGFP (a1, a2), dsCsMet1 (b1, b2) and dsCsMet2 (c1, c2).
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Analysis of the spatial expression profiles of CsMet1 and
CsMet2 in fifth-instar larva showed that CsMet1 was highly
expressed in head, hemocytes, and midgut, while relatively low
expression was observed in epidermis, fat body, and malpighian
tube (Figure 3A). The highest expression level of CsMet2 was
observed in hemocytes, followed by head and Malpighian tube,
whereas low expression was observed in epidermis, fat body, and
midgut (Figure 3B).

Effect of JHA Treatment
To examine whether CsMet1 and CsMet2 were regulated by
JH, JHA methoprene was injected into the newly emerged
female adults. Compared with control, the results showed that
CsMet1 expression was upregulated by 2.74, 2.41, and 1.63
times at 1, 6, and 12 h after injection, respectively (Figure 4A).
Similarly, transcription level of CsMet2 was increased by 1.95,
1.45, and 3.68 times at 1, 6, and 1 2 h post-treatment,
respectively (Figure 4B).

Effects of RNAi-Mediated Knockdown of
CsMet1 and CsMet2
To explore the role of CsMet1 and CsMet2 in the regulation
of CsVg and CsVgR, female adults were collected at 24
and 48 h after the second dsRNA injection, respectively.
The transcript level of CsMet1 in dsCsMet1-injected female
adults was suppressed by 78.74% (24 h) and 70.32% (48 h)
compared with dsEGFP-injected insects, whereas the
expression of CsMet2 was significantly reduced by 94.69%
(24 h) and 92.79% (48 h) (Figure 5A). Meanwhile, RNAi-
mediated suppression of CsMet1 and CsMet2 decreased CsVg
expression by 70.85 and 44.37% at 48 h post-treatment,
respectively (Figure 5B). CsVgR expression in the dsCsMet1-
treated and dsCsMet2-treated group decreased significantly
by 52.91 and 62.98% at 24 h post-injection, respectively
(Figure 5C). Furthermore, phenotypic observation revealed that
silencing of both CsMet1 and CsMet2 resulted in suppressed
ovarian development with decreased number of mature
follicles (Figure 6).

DISCUSSION

The important roles played by JH in insect development
and reproduction prompted the study on JH signaling, and
the breakthrough had been the identification of transcription
factor Met as an intracellular receptor for JH (Charles et al.,
2011). Binding of JH to Met triggers dimerization of Met
with another bHLH-PAS protein Taiman (Tai) to form a
functional complex, which interacts with JH response elements
(JHREs) of target genes (Smykal and Raikhel, 2015). While the
Met null allele was expected to result in a lethal phenotype,
the paralogous Met gene in D. melanogaster, Gce, ensured
survival of the met null mutants (Baumann et al., 2010a,b).
Similarly, two Met genes were also recently identified in several
Lepidopteran insects (Zhan et al., 2011; Guo et al., 2012;
Suetsugu et al., 2013; Derks et al., 2015; Kayukawa and Shinoda,
2015). However, only a single Met gene was found in those

from other insect orders including A. aegypti (Dipteran, Wang
et al., 2007), T. castaneum (Coleopteran, Konopova and Jindra,
2007), Blattella germanica (Blattarian, Lozano and Belles, 2014),
N. lugens (Hemipteran, Lin et al., 2015), Sitodiplosis mosellana
(Dipteran, Cheng et al., 2018), and so on. In this study,
we isolated two paralogous Met genes, CsMet1 and CsMet2,
from C. suppressalis. Both proteins showed conserved domain
organization of bHLH-PAS protein family (Ashok et al., 1998;
Kayukawa and Shinoda, 2015; Ma et al., 2018). Phylogenetic
analysis revealed that CsMet1 and CsMet2 were clustered into
Lepidopteran group 1 and group 2 Met, respectively, providing
further evidence of the occurrence of Met gene duplication in
Lepidopteran insects.

The temporal and spatial expression patterns of a gene
may provide hints as to its function. In this study, we
found a marked reduction in expression levels of CsMet1
in the prepupae stage, supporting its involvement in larval–
pupal metamorphosis. Similar results were also observed in
HaMet1 of H. armigera (Ma et al., 2018) and SmMet of
S. mosellana (Cheng et al., 2018), and was in agreement with
the fact that JH exerts its anti-metamorphic effect through
its receptor Met (Parthasarathy et al., 2008; Li et al., 2019).
CsMet2 transcript was hardly detected during the larval stage,
and its expression reached the peak in 48-h-old female adults,
suggesting that CsMet2 was involved in JH signaling in adults,
as had been reported for BmMet2 in B. mori (Kayukawa
and Shinoda, 2015). For tissue expression, CsMet1 was highly
expressed in larval head, midgut, and hemocytes, whereasCsMet2
showed the highest expression in larval hemocytes. Interestingly,
the temporal and spatial expression analysis revealed that
CsMet1 was dominant at almost all developmental stages and
in all tissues examined. This result was somewhat different
from the observation in B. mori that BmMet2 transcript
was more abundant than BmMet1 transcript in the adult
stage (Kayukawa and Shinoda, 2015). Whether CsMet1 played
a more important role in C. suppressalis needed further
study in the future.

Juvenile hormone plays a crucial role in insect reproduction,
but its molecular mode of action only became clear recently.
It has been reported in H. armigera, Diploptera punctata,
N. lugens, and S. mosellana that Met is significantly upregulated
by JH III or JHA methoprene (Marchal et al., 2014; Zhao
et al., 2014; Lin et al., 2015; Cheng et al., 2018). Our
hormone treatment results also indicated that CsMet1 and
CsMet2 expression was upregulated after JHA methoprene
treatment. Further RNAi analysis revealed that knockdown of
CsMet1 and CsMet2 resulted in significant decline of both CsVg
and CsVgR expression in female adults, leading to decreased
number of mature follicles in ovaries. Similarly, expression of
Vg is regulated by JH via Met in A. aegypti, H. armigera,
D. punctata, N. lugens, and Bactrocera dorsalis (Zou et al.,
2013; Marchal et al., 2014; Lin et al., 2015; Ma et al., 2018;
Yue et al., 2018). Downregulation of VgR transcription as
well as suppressed ovarian development were also observed
in dsMet-treated H. armigera and Colaphellus bowringi (Ma
et al., 2018; Liu et al., 2019). Whether expression of Vg and
VgR were directly regulated by Met was not well known.
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It had been recently reported that knockdown of Krüppel-
homolog 1 (Kr-h1), a direct target of JH-Met signaling, also
decreased VgR expression in C. bowringi (Liu et al., 2019). On
the other hand, Met is also a repressor of 20E pathway gene
expression. It is likely that Met regulated the relative genes of
20E pathway (Zhao et al., 2014), which contributes to vitellogenis
to some extent. Further study needs to be carried out to confirm
these presumptions.
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Insect population dynamics are closely related to ‘human’ ecological and economic
environments, and a central focus of research is outbreaks. However, the lack of
molecular-based investigations restricts our understanding of the intrinsic mechanisms
responsible for insect outbreaks. In this context, the moth Dendrolimus punctatus
Walker can serve as an ideal model species for insect population dynamics research
because it undergoes periodic outbreaks. Here, high-throughput whole-transcriptome
sequencing was performed using D. punctatus, sampled during latent and outbreak
periods, to systemically explore the molecular basis of insect outbreaks and to identify
the involved non-coding RNA (ncRNA) regulators, namely microRNAs, long non-
coding RNAs, and circular RNAs. Differentially expressed mRNAs of D. punctatus
from different outbreak periods were involved in developmental, reproductive, immune,
and chemosensory processes; results that were consistent with the physiological
differences in D. punctatus during differing outbreak periods. Targets analysis of the
non-coding RNAs indicated that long non-coding RNAs could be the primary ncRNA
regulators of D. punctatus outbreaks, while circular RNAs mainly regulated synapses
and cell junctions. The target genes of differentially expressed microRNAs mainly
regulated the metabolic and reproductive pathways during the D. punctatus outbreaks.
Developmental, multi-organismal, and reproductive processes, as well as biological
adhesion, characterized the competing endogenous RNA network. Chemosensory and
immune genes closely related to the outbreak of D. punctatus were further analyzed in
detail: from their ncRNA regulators’ analysis, we deduce that both lncRNA and miRNA
may play significant roles. This is the first report to examine the molecular basis of
coding and non-coding RNAs’ roles in insect outbreaks. The results provide potential
biomarkers for control targets in forest insect management, as well as fresh insights
into underlying outbreak-related mechanisms, which could be used for improving insect
control strategies in the future.

Keywords: forest insect, outbreak, whole-transcriptome sequencing, lncRNA, ceRNA
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KEY MESSAGE

Understanding how an outbreak of insects happens is a key
topic of forest pest research, but the underpinning molecular
mechanisms remain unclear. We systemically analyzed the
gene expression differences and their non-coding regulators,
and deduced the corresponding developmental, reproductive,
chemosensory, and immune processes as key terms related to pest
outbreaks of a moth. This work deepens our understanding of
outbreak-related mechanisms and supplies potential biomarkers
or control targets for forest insect management.

INTRODUCTION

As the most abundant and diverse animals on earth, insects
play important roles in ecosystems, and their population
dynamics are closely related to humans’ ecological and economic
environments. Outbreaks are the central focus of insect
population research, long attracting the attention of both
entomologists and ecologists (Hunter, 1995). Investigations on
why insect outbreaks occur have been performed, considering
such reasons as nutrition (Quezada García et al., 2015), natural
enemies (Berryman et al., 1987), environmental factors (Veran
et al., 2015; Fuentealba et al., 2017), host resistance (Elderd
et al., 2013), and population interactions (Lu et al., 2010).
Yet, in the same habitat, only small numbers of species may
undergo an outbreak, while most of the other co-occurring
species maintain low and stable population sizes within the
community (Alison, 1991). This indicates that outbreaking
species may respond to changes in biological and/or abiotic
factors differently from that of non-outbreaking species, and
the former may have an intrinsic motivation differing from the
latter (Myers, 1993). To date, the physiological responses of
outbreak species to some factors have been heavily researched
(Berryman, 1988; Veran et al., 2015); however, the molecular
basis of these responses is still unclear, which limits our
understanding of the intrinsic mechanisms responsible for
insect outbreaks.

Dendrolimus spp. (Lepidoptera; Lasiocampidae) are major
destructive pests of conifer forests (Xiao, 1992) and Dendrolimus
punctatus Walker is the most widely distributed species in China
(Chen, 1990; Billings, 1991; Luo et al., 2018), making it the
most important pine tree defoliator. Notably, D. punctatus is a
periodic outbreaking species; once it outbreaks, the caterpillars
feeding on pine needles can quickly cause the large-scale
destruction of pine forests, in a phenomenon called “Fire
without smoke.” D. punctatus present different physiological
characteristics during different outbreak stages. During the low-
density latent period, the egg production and female ratio
of D. punctatus are maintained at a certain level; during
the ascending period, the egg production, female ratios, and
population density increase considerably, with the degree of
population aggregation also increasing; in the declining period,
the body size, emergence rate, and female ratio of pine caterpillars
all decrease to very low levels, while their rates of parasitism
rise to a high level, additionally, their density drops rapidly to

a very low level (Billings, 1991; Zhang et al., 2002). Collectively,
these characteristics indicate that population density and several
physiological characteristics, such as reproduction, immunity,
or chemosensory system, are closely linked to the outbreak
stages of D. punctatus. Outbreak of other insects also infer the
importance of these physiological characteristics (Guo et al.,
2011; Wang et al., 2013). Thus, D. punctatus offers a good model
insect for investigating forest outbreak mechanisms, though
the genetic mechanisms underlying this phenomenon remain
generally unexplored.

With the advent of modern sequencing technology and
acquisition of genomic information on outbreaking species,
studies of insect outbreak mechanisms can now move from
their ecological and physiological levels to understanding their
basis at the molecular level (Kang et al., 2004; Wang et al.,
2014). Accordingly, it is essential to investigate the molecular
mechanisms that drive the occurrence of outbreak insects at
multiple stages of an outbreak. Furthermore, biological processes
are regulated not only by protein coding genes but also
by non-coding RNA (ncRNA), such as microRNA (miRNA),
long non-coding RNA (lncRNA), and circular RNA (circRNA)
(Costa, 2005; Hansen et al., 2013; Beermann et al., 2016;
Hombach and Kretz, 2016). The miRNAs—small ncRNAs of
20–30 nt—are well-known regulators of insect development
and reproduction (Wei et al., 2009; He et al., 2016; Belles,
2017; Roy et al., 2018). LncRNAs are ncRNA longer than
200 bp (Amaral et al., 2008; Chen et al., 2016; Wu et al.,
2016), which play important epigenetic regulating functions
because they can form complexes with chromatin regulators at
appropriate genomic regions in the cis and trans forms (Kretz
et al., 2012; Mercer and Mattick, 2013). The circRNAs are
newly discovered ncRNAs that form rings without the 5′-cap
and 3′-polyadenylated tail (Wilusz and Sharp, 2013; Ling-Ling
and Li, 2015), and they can originate from exons, introns, or
intergenic regions (Zhang et al., 2013; Jeck and Sharpless, 2014;
Li et al., 2015). Both lncRNAs and circRNAs can regulate gene
expression through lncRNA/circRNA–miRNA–gene networks
and they are also called “miRNA sponges” (Hansen et al., 2013).
In particular, circRNA can regulate the splicing, transcription,
and expression of genes, and subsequently regulate physiological
characteristics (Li et al., 2015; Wang et al., 2017). With the
development of next-generation sequencing technologies and
bioinformatics, it is now possible to explore the molecular
basis of dynamic population changes of outbreaking insects
and to analyze the various regulators and modifiers of gene
expression levels, such as miRNA, lncRNA, and circRNA, as
well as the networks formed among different regulators and
protein-coding genes (Yvonne et al., 2014; Li et al., 2017a;
Wang et al., 2019).

In this comprehensive study, high-throughput whole-
transcriptome sequencing was performed using populations of
D. punctatus at low-density (latent period) and high-density
(outbreak period) to systemically explore the molecular basis of
different physiological characteristics during these two periods
and to identify the involved regulating lncRNAs, circRNAs,
and miRNAs. Furthermore, the chemosensory and immune
genes and their regulating ncRNAs, which maybe closely
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linked to outbreak stages of D. punctatus, were analyzed in
detail. This study is the first to not only identify the ncRNAs
in D. punctatus but also explore the coding and non-coding
RNA-based molecular mechanisms of forest insect outbreaks.
These results will enhance our understanding of the unique
ecological and evolutionary characteristics of the population
dynamics-related mechanisms of outbreak insects.

MATERIALS AND METHODS

Sampling, RNA Extraction, and RNA
Quantification
Dendrolimus punctatus pupae of different densities during
different outbreak stages (low-density latent period and high-
density outbreak period) were collected from Quanzhou, Guilin
City, in Guangxi Province, China. The low-density insects
was collected from an area where less than 10% of the
trees were damaged by D. punctatus, and the insects were
rare on the damaged trees; the high-density insects was
collected from an area where more than 80% of the trees
were damaged by D. punctatus; many insects were visible on
these pine tree and so they were easy to collect. These two
sampling areas were located in two neighboring villages of
the same town (low-density D. punctatus: ca. N25◦58′4.72′′,
E111◦14′47.19′′; high-density D. punctatus: ca. N25◦49′36.90′′,
E111◦21′21.95′′). All the sample specimens were collected from
host Masson pine (Pinus massoniana) trees (ca. 10-years old)
Approximately 50 pupae were collected from each low- or
high-density population, and maintained in our laboratory
under a 16-h light:8-h dark photoperiod at 26 ± 2◦C and
50% ± 10% relative humidity. Newly emerged male and
female D. punctatus were collected and immediately frozen in
liquid nitrogen. Four groups were used: males of low-density,
females of low-density, males of high-density, and females
of high-density. Three biological replications were prepared
for each sample.

Total RNA per sample was extracted using TRIzol
(Invitrogen, Carlsbad, CA, United States). RNA degradation and
contamination, especially with DNA, were checked using 1.5%
agarose gels. The concentration and purity of RNA were both
measured by a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, United States), and its
integrity was assessed using the RNA Nano 6000 Assay Kit of
the Agilent Bioanalyzer 2100 System (Agilent Technologies,
CA, United States).

Library Preparation for lncRNA-Seq,
Clustering, and Sequencing
From each sample, a total of 1.5 µg RNA was used as input
material after first removing the ribosomal RNA (rRNA) with
the Ribo-Zero rRNA Removal Kit (Epicentre, Madison, WI,
United States). Sequencing libraries were generated using the
NEBNext R© UltraTM Directional RNA Library Prep Kit for
Illumina R© (NEB, United States), by following the manufacturer’s
recommendations. Unique index codes were added to attribute

the sequences to each sample. Briefly, fragmentation was carried
out using divalent cations under an elevated temperature in
the NEBNext First Strand Synthesis Reaction Buffer (5×). First-
strand cDNA was synthesized using a random hexamer primer
and reverse transcriptase; next, second-strand cDNA synthesis
was performed using DNA polymerase I and RNase H. The
remaining overhangs were converted into blunt ends through
exonuclease/polymerase activities. After the adenylation of the
DNA fragments’ 3′ ends, NEB Next adaptors with hairpin-loop
structures were ligated to them to prepare for the hybridization.
To select insert fragments that were preferentially 150–200 bp
in length, library fragments were first purified with AMPure
XP beads (Beckman Coulter, Beverly, MA, United States).
Then, 3 µL of USER enzyme (NEB) was used with the size-
selected, adaptor-ligated cDNA, at 37◦C for 15 min, before
running the PCR. Then, the PCR was performed using Phusion
High-Fidelity DNA polymerase, universal PCR primers, and an
index (X) primer. Ensuing PCR products were then purified
(AMPure XP system) and library quality assessed on an Agilent
Bioanalyzer 2100.

The clustering of index-coded samples was done in an acBot
Cluster Generation System, with a TruSeq PE Cluster Kitv3-
cBot-HS (Illumina), according to the manufacturer’s instructions.
After this cluster generation, the library preparations were
sequenced on an Illumina HiSeq platform, and paired-end
reads were generated.

Library Preparation for Small RNA-Seq,
Clustering, and Sequencing
For the small RNA library preparation, 1.5 µg of total RNA
per sample was used with an NEBNext R© Multiplex Small
RNA Library Prep Set for Illumina R© (NEB), by following the
manufacturer’s recommendations, to which index codes were
added to attribute the sequences to each sample.

Briefly, the 3′ SR and 5′ SR adaptors were ligated, and
M-MuLV reverse transcriptase was used to synthesize the first
stand chain. Then, PCR amplifications were performed using
Long AmpTaq 2 × Master Mix, an SR primer, and an index
(X) primer. PCR products were purified on 8% polyacrylamide
gels (run at 100 V, for 80 min). DNA fragments of 140–160 bp
(i.e., length of small ncRNA plus the 3′ and 5′ adaptors) were
recovered and dissolved in an 8-µL elution buffer. Finally, all
the PCR products were purified by the AMPure XP system, and
library quality assessed.

The clustering of these index-coded samples was performed
in a cBot Cluster Generation System, with a TruSeq PE Cluster
Kit v4-cBot-HS (Illumina), according to the manufacturer’s
instructions. After this cluster generation, each library
preparation was sequenced on an Illumina HiSeq 2500 platform
and 50-bp single-end reads generated.

Quality Control
Raw data (i.e., raw reads) in the ‘fastq’ format were first
processed using in-house perl scripts. In this step, clean data
were obtained by removing from the raw data those reads
containing adapters and poly-Ns, as well as any low quality
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reads. Additionally, the Q20, Q30, GC-content, and sequence
duplication level of the clean data were calculated. For small
RNA-Seq data, reads were trimmed and cleaned by removing
sequences shorter than 15 nt or longer than 35 nt. Finally, at
least 16.28 Gb of clean data for each lncRNA sequencing sample,
with a Q30 > 92.99%, and more than 14.30 Mb of clean data
for each small RNA-Seq sample, with a Q30 > 99.43%, were
obtained. All downstream analyses were thus performed using
only high-quality clean data.

lncRNA Identification
The transcriptome was assembled using StringTie (v1.3.1)
software1, based on the reads mapped to the reference
genome of D. punctatus (Daehwan et al., 2015; Pertea et al.,
2016). The assembled transcripts were then annotated using
the gff compare program2. The unknown transcripts were
used to screen for putative lncRNAs. To sort the ncRNA
candidates among the unknown transcripts, four computational
approaches, namely CPC/CNCI/Pfam/CPAT, were combined
and used (Lei et al., 2007; Kai et al., 2013; Liang et al., 2013;
Finn et al., 2014). Those transcripts exceeding 200 nt in
length, and having more than two exons, were selected as
lncRNA candidates (Kelley and Rinn, 2012; Lv et al., 2013);
these were further screened using CPC/CNCI/Pfam/CPAT,
which has the ability to distinguish not only protein-
coding from non-coding genes but also different types of
lncRNAs—including lincRNA, intronic lncRNA, anti-sense
lncRNA, sense lncRNA.

miRNA Identification
Use the Bowtie tools software (Langmead and Salzberg, 2012),
clean reads were used as queries against the Silva, GtRNAdb,
Rfam, and Repbase databases for sequence alignments, and
to filter out rRNA, transfer RNA, small nuclear RNA,
small nucleolar RNA, other ncRNAs as well as any repeats.
The remaining reads were used to detect miRNAs through
comparisons with D. punctatus genome (Zhang et al., 2020) and
known miRNAs from the miRBase (v21)3, and novel miRNA
were predicted by miRDeep3 (Friedländer et al., 2012).

CircRNA Identification and Target
Prediction
CircRNA Identifier (CIRI) was used to predict the circRNAs
(Yang Y. et al., 2017). CIRI scans the SAM files, twice. In the first
scan, CIRI detects junction reads of circRNA candidates, by using
paired-end mapping and GT–AG splicing signals. Then, it re-
scans the SAM alignment to eliminate false-positive candidates
derived from incorrectly mapped reads of homologous genes
or repetitive sequences. We used the miRanda (Doron et al.,
2008) and RNA hybrid (Rehmsmeier et al., 2004) tools for
predicting circRNA target miRNAs and the corresponding target
genes of miRNAs.

1https://ccb.jhu.edu/software/stringtie/index.shtml
2http://ccb.jhu.edu/software/stringtie/gffcompare.shtml
3http://www.mirbase.org/

Expression Analysis
StringTie (v1.3.1) was used to calculate the fragments per kilo-
base of exon per million fragments mapped (FPKM) values,
for both lncRNAs and coding genes, in each sample (Pertea
et al., 2016). Gene FPKMs were computed by summing the
FPKMs of transcripts in each gene group; FPKMs were calculated
based on the length of the fragments and the read counts
mapped to this fragment. The expression levels of miRNA and
circRNA were each quantified using TPM (transcript per million)
(Fahlgren et al., 2007).

Differential Expression Analysis
The differential expression analysis was performed using the
‘DESeq’ (v1.10.1) (Anders and Huber, 2012). DESeq provides
statistical routines for determining differential expression in
digital gene expression data, by using a model based on
the negative binomial distribution. The resulting P-values are
adjusted using the Benjamini and Hochberg’s approach (Haynes,
2013) for controlling the false discovery rate (FDR). Genes with
an adjusted P-value < 0.01 and absolute value of log2 (fold-
change) > 1 were designated as differentially expressed.

Gene Functional Annotation
The mRNAs and targets of ncRNAs were queried in a BLAST
algorithm-based search against the NR, SWISSPROT, KEGG, and
KOG databases (using cut-off threshold of 1e-5), from which
the most similar sequence targets were selected for functional
annotations. Then, the molecular functions, biological processes,
and cellular components of the genes were assigned a gene
ontology (GO) annotation by Blast2GO (Stefan et al., 2008). The
GO enrichment analysis of differentially expressed genes (DEGs)
was carried out using the ‘topGO’ (Alexa and Rahnenfuhrer,
2010), and KOBAS software (Xie et al., 2011) was used to test for
the statistical enrichment of these DEGs in KEGG pathways.

Competing Endogenous RNA (ceRNA)
Network Analysis
Differentially expressed ncRNAs and mRNAs between low-
and high-density D. punctatus groups were also analyzed. The
miRNA response elements were first identified, by screening the
circRNA, lncRNA, and mRNA sequences. Then, the STRING
database (Cytoscape 3.4.0) was used to identify protein–protein
interactions among the products of these DEGs.

Validation by Real Time Quantitative PCR
(qRT-PCR)
To verify our RNA-Seq results, a total of thirteen DEGs, three
lncRNAs, three miRNAs, and three circRNAs, were randomly
selected to detect their respective expression levels by qRT-PCR.
The RNAs used for this validation were the same as those of
Illumina-sequenced RNAs. PimeScipt RT reagent Kit (TaKaRa,
Dalian, China) was used to synthase cDNA (for mRNA, lncRNA
and circRNA) with random hexamers. Mir-XTM miRNA First
Strand Synthesis and the SYBR R© qRT-PCR Kit (Takara, Dalian,
China) were used to synthesize the DNA template for miRNA,
for which miRNA primers were designed according to the Kit’s
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manual. The qRT-PCR was carried out with the SYBR Green PCR
kit (TaKaRa, Dalian, China). Beta-actin (for mRNA, lncRNA, and
circRNA) and U6 (for miRNA) served as controls. All primers
used for qRT-PCR can be found in Supplementary Table S1.
All qRT-PCR reactions were performed in a Roche LightCycler
480 (Stratagene, La Jolla, CA, USA), using this program: 2 min
at 95◦C, 40 cycles of 20 s at 95◦C, 20 s at 58◦C, and 20 s
at 72◦C; finally, a melting curve analysis (58◦C to 95◦C) was
conducted to evaluate the specificity of obtained PCR products.
Ct values were calculated in Roche qPCR software (v1.5.1) by
applying the second derivative method. Each PCR reaction was
done in triplicate. Data are presented as the log2 (fold-change) in
expression and were compared with RNA-Seq results.

RESULTS

Overview of Sequencing and ncRNA
Predictions
In all, 209.24 Gb of clean data with a Q30 > 92.99% were
obtained (Supplementary Table S2), and this data mapped
onto the D. punctatus reference genome assembly, by using
HISAT2 (Daehwan et al., 2015; Supplementary Table S3).
A total of 55,684 lncRNAs were predicted, most of them
being lincRNAs (41,324; 74.2%), followed by intronic-
lncRNAs (7,384; 13.3%), antisense-lncRNAs (4,120;
7.4%), and sense lncRNAs (2,856; 5.1%) (Figure 1A).
For the lengths of lncRNA and mRNA, they had similar
distribution patterns (Supplementary Figures S1A,B)
but more of the mRNAs contained four or more exons
(Supplementary Figures S1C,D). Most of the ORFs were
shorter than 100 bp from the lncRNA, yet longer than
200 bp from the mRNA (Supplementary Figures S1E,F).
Additionally, the mRNAs were characterized by more isoforms
than were lncRNAs (Supplementary Figure S1G), indicating
the former are more complex than the latter. Finally, the
expression levels of lncRNAs and mRNAs were generally similar
(Supplementary Figure S1H).

Overall, 15,698 circRNAs were predicted in D. punctatus
according to CIRI, with most of these derived from
exons < 3,000 bp whereas most of those derived from intergenic
regions were longer than 3,000 bp (Figure 1B). Compared
with mRNAs, the expression levels of circRNAs were higher
(Supplementary Figure S2).

For the miRNAs, 193.67 Mb of clean reads were acquired,
with at least 14.30 Mb per sample, and their Q30 was > 99.43%.
From them, any reads less than 15 nt and longer than 35 nt
were first removed, the remaining reads were mapped onto the
D. punctatus reference data (Supplementary Table S4). This
yielded 3,738 miRNAs, of which most were between 20 nt and
22 nt (Figure 1C); however, the length distributions of known
and novel miRNAs differed (Supplementary Figures S3A,B).
The first nucleotide bias analysis indicated that as the total length
of a miRNA increased, so did the bias for U serving as the first
nucleotide (Supplementary Figure S3C). Additionally, there was
evidence of miRNA nucleotide bias at the last position for U and
C (Supplementary Figure S3D).

Expression Differences and Functional
Analyses of Coding RNAs Between Low
and High Density D. punctatus
To analyze the molecular responses of D. punctatus during
different stages of outbreaks, we compared and selected the
DEGs using DESeq (Anders and Huber, 2012). The DEG
numbers indicated that the differences between sexes in
D. punctatus (occurring at both low and high densities) were
much greater than those found between densities (both male and
female) (Table 1).

Then we focused on analyzing gene expression differences
in D. punctatus from different outbreak stages. An MA
plot of the differences between low- and high-density
insects showed the more DEGs in males than females
(Supplementary Figures S4A,B). The GO annotation of
DEGs in females at low- versus high-density mainly focused
on multicellular organism process, developmental process,
multi-organism process, reproduction, and immune system
process (Figure 2A). The top-10 enriched GO terms for DEGs
between low- and high-density female insects revealed that, apart
from basic metabolic processes, also included were olfactory-
related sensory perception of smell, regulation of postsynaptic
membrane potential, chromatin silencing at rDNA (Table 2).
These differences indicated that D. punctatus females from
high-density and low-density populations mainly differ on their
development, reproduction, immunity, and olfaction. To detect,
in greater detail, further possible differences between low- and
high-density insects, we analyzed the up- and down-regulated
genes separately. According to their GO enrichment results, this

TABLE 1 | Numbers of differentially expressed coding and non-coding RNAs between sexes and population densities of Dendrolimus punctatus.

mRNA lncRNA miRNA circRNA

DEG Set all up down all up down all up down all up down

Low-♀: Low-♂ 6470 3388 3082 473 122 351 581 152 429 77 62 15

High-♀: High-♂ 8309 4144 4165 954 417 537 288 40 248 80 55 25

Low-♀: High-♀ 561 333 228 138 59 79 347 161 186 39 28 11

Low-♂: High-♂ 1371 895 476 169 89 80 239 107 132 81 36 45

Low, samples from low density; High, samples from high density; all, the number of total DEGs; up, the number of up-regulated DEGs; Down, the number of donw-
regulated DEGs.
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FIGURE 1 | Characteristics of non-coding RNAs in Dendrolimus punctatus. (A) Classification of the predicted novel lncRNAs; (B) length distribution of the circRNAs;
(C) length distribution of the miRNAs.

activity was very different between low- and high-density females
of D. punctatus: the latter’s up-regulated genes were involved
in biological regulation, localization, response to stimulus,
signaling, developmental process, multi-organism process, and
reproduction (Figure 2B); however, the down-regulated genes
of these high-density females were involved in multicellular
organism process, development process, multi-organism process,
reproduction, reproduction process, and immune system process
(Figure 2C). Thus, the low-density D. punctatus females have
better developmental, reproductive, and immune capabilities.

For males of D. punctatus, a GO term analysis of DEGs
between those at low- and high-density revealed they differed
significantly in developmental process, multi-organism process,
reproduction, and immune system process, as well as the
presynaptic process involved in chemical synaptic transmission
(Figure 2D). Up- and down-regulated DEGs between low-
and high-density males of D. punctatus showed different
characteristics from the females. The up-regulated genes
were involved in biological regulation, localization, response
to stimulus, and signaling (much like females), but no
developmental and reproductive processes were evidently
enriched. Additionally, the presynaptic process involved in
chemical synaptic transmission was represented to a higher

degree in up-regulated DEGs than among the total genes
(Figure 2E). The down-regulated genes were similar to those
of females, in that they were mainly involved in multicellular
organismal process, developmental process, multi-organism
process, reproduction, and immune system process (Figure 2F).
These results indicated the low-density males of D. punctatus
put more energy into development, production, and immune
functions than high-density conspecific individuals, while the
males at high-density allocate more energy into basic metabolism
and olfactory functions.

Functions of Non-coding RNAs in the
Differential Characteristics of Low- and
High-Density D. punctatus
To analyze the functions of ncRNAs (lncRNA, miRNA, and
circRNA) in regulating the outbreak of D. punctatus, the
differentially expressed ncRNAs were first identified. Using
a cutoff of fold change ≥ 2 coupled to an FDR < 0.05,
we distinguished 473 and 954 differentially expressed
lncRNAs between sexes of D. punctatus from low- and
high-density populations, respectively; and likewise, 138
and 169 differentially expressed lncRNAs between low- vs.

TABLE 2 | Enriched GO term of DEGs (differentially expressed genes) between low- and high-density female Dendrolimus punctatus.

GO.ID Term Annotated Significant Expected KS

GO:0006278 RNA-dependent DNA biosynthetic process 331 7 4.9 <1e-30

GO:0090305 nucleic acid phosphodiester bond hydrolysis 342 7 5.06 <1e-30

GO:0015074 DNA integration 90 1 1.33 <1e-30

GO:0090304 nucleic acid metabolic process 1933 25 28.62 4.0e-28

GO:0043551 regulation of phosphatidylinositol 3-kinase activity 27 1 0.4 5.5e-13

GO:0006334 nucleosome assembly 47 1 0.7 1.7e-08

GO:0006259 DNA metabolic process 709 10 10.5 4.8e-05

GO:0050911 detection of chemical stimulus involved in sensory perception of smell 96 0 1.42 0.00098

GO:0060078 regulation of postsynaptic membrane potential 11 3 0.16 0.00106

GO:0000183 chromatin silencing at rDNA 14 1 0.21 0.00312

Annotated, Annotated gene numbers of the term; Significant, Annotated DEGs numbers of the term; Expected, expected numbers of annotated DEGs numbers of the
term; KS, significant statistics of the term.
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FIGURE 2 | GO annotation of the DEGs (differentially expressed genes) identified between low- vs. high-density Dendrolimus punctatus. (A–C) For females: total
DEGs (A), up-regulated genes (B), and down-regulated genes (C). (D–F) For males: total DEGs (D), up-regulated genes (E), and down-regulated genes (F).

high-density D. punctatus in females and males, respectively
(Table 1). According to a Volcano plot of DEGs targeted by
mRNAs and lncRNAs, the ratio values of differently expressed
lncRNAs to mRNAs between low- and high-density areas
(Supplementary Figures S5A,B) was higher than those between
females and males (Supplementary Figures S5C,D); this
indicated a stronger regulatory role of lncRNAs in generating
differences found between low- and high-density insects than
those between sexes. Applying the same cutoff criteria as above,
77 and 80 differentially expressed circRNAs between sexes of
D. punctatus from low- and high-density areas, and 39 and 81
differentially expressed circRNAs between low- vs. high-density
D. punctatus in females and males were identified, respectively
(Table 1). Likewise, for differentially expressed miRNAs, 581 and
288 of them were found between female and male D. punctatus
from low- and high-density populations, respectively, with 347
and 239 identified between low- vs. high-density D. punctatus in
the females and males, respectively (Table 1).

Next, the targets of differently expressed ncRNAs between
low- and high-density D. punctatus insects were further
analyzed to explore the regulating roles of ncRNAs during this
insect’s outbreaks. The lncRNAs may regulate the associated
mRNA genes of neighboring (cis target) and overlapping

(trans targets) (Li et al., 2017a). Hence, both the cis and
trans targets of lncRNAs were predicted and analyzed. For
females, the cis targets of differentially expressed lncRNA
between low- and high-density insects were mainly involved
in developmental and multi-organism processes, reproduction,
and behavior, while the trans targets were involved in
biological regulation, response to stimulus, signaling, and cellular
component organization or biogenesis (Figures 3A,B). The
differently expressed mRNAs (Figure 2A) and the targets of
differently expressed lncRNAs between low- and high-density
females of D. punctatus were both involved in metabolism,
development, and reproduction; however, their enriched GO
terms revealed some divergence, in that mRNAs were more
specific to the immunity term, whereas lncRNAs’ targets were
more specific to the behavior term. For males, the cis targets
of differentially expressed lncRNAs between low- and high-
density insects were mainly involved in reproduction and the
presynaptic process involved in chemical synaptic transmission,
while the trans targets participated in multicellular organismal,
developmental, and immune system processes, as well as
reproduction and cell killing (Figures 3C,D). In sum, the GO
terms of differently expressed mRNAs and targets of differently
expressed lncRNAs from male insects at low- and high-density
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FIGURE 3 | GO annotation of the targets of differently expressed non-coding RNAs identified between low- vs. high-density Dendrolimus punctatus. (A–D) lncRNAs:
cis (A) and trans (B) GO annotations of differentially expressed lncRNAs between D. punctatus females from the low- and high-density populations. Likewise, cis (C)
and trans (D) GO annotations of the differentially expressed lncRNAs between D. punctatus males from the low- and high-density populations. (E,F) miRNAs: GO
annotation of the targets of differentially expressed miRNAs between low- vs. high-densities in females (E) and males (F). (G,H) circRNAs: GO annotation of genes
targeted by the differentially expressed circRNAs between low- vs. high-densities in females (G) and males (H).
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were coincident, indicating a primary regulator role for lncRNA
in D. punctatus outbreaks.

The respective functions of miRNAs related the differing
characteristics of low- and high-density populations of
D. punctatus were then analyzed. In females, there were fewer
target genes of differentially expressed miRNAs between low-
and high-density D. punctatus than targets of all the miRNAs
in the immune system process (Figure 3E). Because miRNAs
play negative regulatory roles on their target genes (Ghildiyal
and Zamore, 2009), these results indicated that miRNA play
more regulatory roles in the low-density insect. In males, fewer
target genes of differentially expressed miRNAs between low-
and high- density D. punctatus populations were found than
targets of all the miRNAs in both the multi-organism process
and reproduction terms (Figure 3F). This indicated that these
miRNAs function in metabolic and reproductive adjustments
that occur between low- and high-density males of D. punctatus.

The targeted genes of differentially expressed circRNAs
between low- and high-density populations of D. punctatus
were also analyzed. In females, these mainly participated in
the biological process category of development, the cellular
component category of synapse and cell junction, and the
molecular function categories of transporter, signal transducer,
and molecular transducer activities (Figure 3G). In males, they
were primarily involved in the cellular component category of
synapse and cell junction, as well as molecular function categories
of protein binding and signal transducer, molecular transducer,
nucleic acid-binding transcription factor, and transcription
factor activities (Figure 3H). These results revealed the
different targeted genes of the differentially expressed circRNAs;
interestingly, the category synapse and cell junction was enriched
in both comparisons.

To verify the RNA-Seq data, we selected thirteen mRNA,
three lncRNA, three miRNA, and three circRNA randomly.
Their respective fold-change values in expression between low-
and high-density D. punctatus were tested by qRT-PCR. These
results verified the reliability of the initial set of RNA-Seq results
(Supplementary Figure S6).

Construction of ceRNA Networks in
D. punctatus
The circRNAs, lncRNAs, and mRNAs may bind to the same
miRNA response elements competitively in a regulatory network,
which is referred to as a ceRNA network (Salmena et al., 2011).
Figure 4A shows the total numbers of differentially expressed
coding and ncRNAs in different situations. The ratios of ncRNAs
targeting DEGs between low- and high-density populations are
higher than those between males and females, indicating the
regulatory functions of ncRNAs were stronger in the outbreak
process than between sexes. Then, to derive a ceRNA network, we
screened the relationships between miRNA vs. mRNA, miRNAs
vs. circRNA and miRNAs vs. lncRNA (Supplementary Table S5),
using the following parameters: number of miRNAs interacting
with the candidate ceRNAs > 5 and P < 0.05 (Li et al., 2014).
From this, a total of 55,707,481 ceRNA relationships with 41,508
nodes were obtained. With such a complex network, it was

necessary to extract the critical RNAs and perform a follow-up
analysis: score for all the nodes in the network were obtained and
the top 10% of nodes were kept for further examination. A GO
annotation of these critical RNAs indicated their involvement
in developmental, multi-organism, and reproduction processes,
as well as biological adhesion (Figure 4B), and these GO terms
also figured prominently among the DEGs distinguished between
low- and high-density D. punctatus populations. Taken together,
these results indicated that an operating ceRNA regulatory
network is crucial during insect outbreaks.

Differently Expressed Chemosensory
and Immune Genes Between Low- and
High-Density D. punctatus and Their
ncRNA Regulators
The chemosensory and immune system closely related to the
physiological characteristics during different outbreak stages of
D. punctatus, as indicated in the previous research (Billings, 1991;
Zhang et al., 2002). Our transcriptomic results also illustrated
their critical roles in the outbreak process of this defoliating
insect. Accordingly, we further analyzed these two gene families
in low- and high-density D. punctatus. Heatmaps (Figure 5)
showed that relative expression levels of chemosensory and
immune genes not only differed greatly between sexes, but
also between individuals at low-and high-density, especially
in male insects.

Then, we investigated in depth the differently expressed
chemosensory and immune genes between low- and high-
density D. punctatus and their ncRNA regulators. In females, the
expression of five chemosensory genes was statistically different
between low- and high-density D. punctatus (Figure 6A): it was
greater for DpunCSP8 and DpunOBP20 in low-density females,
but greater for DpunOBP22, DpunOBP46, and DpunOR56 in
high-density females. 14 lncRNAs contained DpuncCSP8 as their
target (Supplementary Figure S7A), yet only MSTRG.120627.1
was expressed significantly higher in high-density females
(Figure 6B). Eight, six, and six lncRNAs respectively contained
DpuncOBP20, DpuncOBP22, and DpuncOBP46 as targets
(Supplementary Figures S7B–D), but none of these lncRNAs
were expressed in a significantly different way between low- and
high-density females. Six miRNAs contained DpuncOR56 as
their target, of which three were significantly down-regulated in
females at high-density (Figure 6C, Supplementary Figure S7E),
the reverse of DpunOR56’s expression. Three immune genes,
Serpin-4L, DpunGap11, and DpunTalin1, were found expressed
significantly higher in high-density than in low-density
females of D. punctatus (Figure 6D). No ncRNA regulator
could be found for Serpin-4L. Eight lncRNAs contained
DpunGap11 as a target (Supplementary Figure S7F), with only
MSTRG.146927.1 expressed at a significantly higher level in the
high-density than low-density females (Figure 6E). DpunTalin1
was target of one lncRNA (Supplementary Figure S7G), one
miRNA (Supplementary Figure S7H), and seven circRNAs
(Supplementary Figure S7I); however, none of these ncRNAs
were expressed in a significantly different way between low- and
high-density females.
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FIGURE 4 | (A) Total numbers of differentially expressed coding and ncRNAs in four situations tested; (B). GO annotation of critical genes in the ceRNA network.

Next, we considered the situations of low- vs. high-density
males of D. punctatus, finding more differently expressed
chemosensory or immune genes in males than females
between low- and high-density populations of D. punctatus
(Figure 7). Ten chemosensory genes were expressed at
significantly differently levels between low- and high-density
males of D. punctatus (Figure 7A): DpunCSP7, Dpund17,
DpunIR21, and DpunIR25a were expressed more in low-
density males, whereas DpunCSP19, DpunOBP1, DpunPBP1,
next-OR60, and DpunSNMP1 were all expressed more in
high-density males. Among these chemosensory genes, an
lncRNA regulator, MSTRG.120685.1, of both DpunCSP17
(Figure 7B) and DpunCSP19 (Figure 7C), had significantly
more expression in high-density males, as did another
lncRNA regulator, MSTRG.120685.1, of next-IR1 (Figure 7D);
DpunPBP1 was regulated by 30 lncRNAs (Figure S8E),
of which eight were expressed significantly more in high-
density males (Figure 7E). The ncRNA regulators of other
chemosensory genes did not undergo a significantly different
level of expression between low- and high-density males of
D. punctatus (Supplementary Figure S8). Eleven immune
genes were expressed significantly and differently between
low- and high-density male D. punctatus (Figure 7F), of
which six were down-regulated and five were up-regulated
in high-density males. Among these immune genes, the
lncRNA regulator, MSTRG.156626.2, of DpunCASP3
(Figure 7G), was expressed significantly more in low-
density males, as was the miRNA regulator, asu-miR-34-5p,
of DpunKn (Figure 7H). Similarly, another miRNA regulator,
unconservative_000344F_pilon_5149037, of DpunCLIP-serpin
3 (Figure 7I), had significantly greater expression in high-
density males, as did the lncRNA regulator MSTRG.226902.1 of

DpunSerpin easter-L (Figure 7J) and both lncRNA regulators,
MSTRG.165722.1 and MSTRG.165710.3, of DpunPGRP2
(Figure 7K). Finally, DpunHemocytin and DpunHemocytin-2
were both regulated by a miRNA that was expressed significantly
higher in low-density males (Figures 7L,M). The ncRNA
regulators of other immune genes did show any significantly
expressed differences between low- and high-density males of
D. punctatus (Supplementary Figure S9).

DISCUSSION

Insect species that experience outbreaks undergo extreme
fluctuations in population density and consequently are
capable of exerting substantial ecological and economic
effects over large areas (Baltensweiler and Fischlin, 1988;
Pener and Simpson, 2009). Understanding the large-scale
and long-term dynamic mechanisms of outbreaking insects
is therefore necessary to develop effective management
strategies to mitigate these occurrences. Hence, in this
study we employed whole-transcriptome sequencing and
bioinformatics technology to comprehensively analyze the
outbreak-related functions of coding and ncRNAs profiles and
ceRNA networks in a typical forest insect pest, the defoliating
moth D. punctatus.

Currently, molecular mechanism-related studies of
D. punctatus outbreak characteristics remain limited to mRNAs
(Yang et al., 2016; Yang C.H. et al., 2017; Zhang et al., 2016,
2018), while the study of ncRNAs in forest insects is generally
limited. Our study is the first to identify and quantify expression
levels of lncRNA, circRNA, and miRNA in D. punctatus. We
identified 55,684 novel lncRNAs, in addition to 5,698 novel
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FIGURE 5 | Expression of chemosensory genes (A) and immune genes (B) in male and female Dendrolimus punctatus from low- and high-density populations.
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FIGURE 6 | Differently expressed chemosensory and immune genes and their
significant differently expressed non-coding RNA regulators between low- vs.
high-density females of Dendrolimus punctatus. (A) Differently expressed
chemosensory genes; (B) significant differently expressed lncRNA regulator of
DpunCSP8; (C) miRNA regulators of DpunOR56; (D) differently expressed
immune genes; (E) significant differently expressed lncRNA regulator of
DpunGap11.

circRNAs and 3,521 novel miRNAs. Furthermore, differentially
expressed coding and non-coding RNAs were identified between
the low- and high-density D. punctatus populations, for which

functional annotations revealed their specific regulatory roles in
this pest’s outbreaks.

Firstly, the differentially expressed mRNAs related to
D. punctatus population density were investigated. The
differences arising between low- and high-population
densities in males and females were various. In females, the
DEGs were mainly involved in metabolism, development,
reproduction and immunity, while in males, in addition to
metabolism, development, reproduction, and immunity, the
DEGs contributed to synapse junctions. Reproduction and
immunity differences between low and high density of both
sexes are consistent with other research in which fertility and
parasitism rates differed during the non-outbreak and outbreak
stages of D. punctatus (Zhang et al., 2002). The synapse is
involved in neuron-related activities, such as learning and
memory (Priyamvada et al., 2009; Fiumara et al., 2015). We posit
that the differences in synaptic capabilities found between low-
and high-density male insects reflect their varied neural activities.
In this way, the molecular basis of differences in physiological
traits of low- and high-density D. punctatus could be outlined.

The ncRNAs appear to play important roles in cellular
functions, particularly in organismal responses to biotic and
abiotic stresses (Gomes et al., 2013), and our results suggest
the regulatory functions of ncRNAs in insect outbreaks are
also significant. The lncRNAs participate in the regulation of
different biological processes, albeit in disparate ways (Long
et al., 2017; Marchese et al., 2017). Our results indicate that
lncRNAs have regulatory functions during the outbreaking
process of D. punctatus. In females of D. punctatus, the targets of
differentially expressed lncRNAs between low- and high-density
populations were mostly involved in metabolism, development,
reproduction, and behavior. These functions are similar to those
of their differently expressed mRNAs. Additionally, in males,
the functions of the targets of differentially expressed lncRNAs
were consistent with those of differently expressed mRNAs.
Consequently, we conclude that lncRNAs are the primary ncRNA
regulators of molecular differences that arise in this insect when
its population is at low versus high density. The regulatory
functions of lncRNAs during insect reproduction have been
demonstrated (Wen et al., 2016; Maeda et al., 2018), and our
work here indicates that reproductive regulation of lncRNAs can
also affect different stages of insect outbreaks. Immune-related
regulatory functions of lncRNAs are extensively researched in
animals and humans (Atianand et al., 2017; Chen et al., 2017;
Mowel et al., 2018), but a focus on insects has been limited. Our
results demonstrated that immune-related regulatory functions
of lncRNAs also operate in insects, and this may, in part, explain
the resulting different immune capabilities of low- and high-
density individuals of D. punctatus.

The circRNA revealed the existence of different regulatory
functions between sexes in low- and high-density D. punctatus
populations, but they both participated in synapse and cell
junction. This result is consistent with previous findings in which
synapse regulation was determined to be a vital function of
circRNAs (Westholm et al., 2014; You et al., 2015). As newly
found ncRNAs, research on the functioning of circRNAs remains
limited to humans and a few vertebrate species (Li et al., 2017b;
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FIGURE 7 | Differently expressed chemosensory and immune genes and their significant differently expressed non-coding RNA regulators between low- vs.
high-density males of Dendrolimus punctatus. (A) Differently expressed chemosensory genes; (B–E) significant differently expressed non-coding RNA regulators of
chemosensory genes in (A). (F) Differently expressed immune genes; (G–M) significant differently expressed non-coding RNA regulators of immune genes in (F).

Xiu et al., 2019; Zhang et al., 2019). The regulatory functions of
circRNAs in insects during changes in their population density
deserve further research.

Being important epigenetic regulators of mRNA translation,
miRNAs’ involvement is implicated in many critical biological
processes, such as learning, reproduction, development,
metabolism, immunity, and aging (Priyamvada et al., 2009; Nan
et al., 2012; Fiumara et al., 2015; Mehta and Baltimore, 2016; Ling
et al., 2017; Meuti et al., 2018; Roy et al., 2018). However, miRNAs
often operate in networks (Guo et al., 2016), and genome-wide
analyses of miRNAs can help to reveal the complexity inherent
to these networks (Li Y. et al., 2017). Our whole-transcriptome
sequencing of both coding and non-coding RNAs could facilitate
the identification of miRNA and miRNA–mRNA interacting
pairs in D. punctatus. Functional annotations of the target

genes of differentially expressed miRNAs indicated they are
chiefly involved in regulating the immune and reproductive
pathways during outbreaks of D. punctatus. Further functional
analyses are essential to confirm the roles of miRNAs in
insect outbreaks.

The “ceRNA hypothesis,” proposed by Salmena et al. (2011),
describes how lncRNAs or circRNAs could inhibit miRNAs to
positively regulate targeted mRNAs, by unifying the functions
of several coding and ncRNAs. No ceRNAs were previously
reported in D. punctatus, and so here we analyzed the ceRNA
network related to D. punctatus outbreaks for the first time.
Key genes analysis of the D. punctatus population density-related
ceRNA network indicated that the developmental process, multi-
organism process, reproduction process, and biological adhesion
were components of its ceRNA network. These findings provide a
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theoretical basis for further investigations of the outbreak-related
mechanisms of D. punctatus and other similar insects.

Besides the basic metabolic processes, our results indicated
that chemosensory and immune genes play important roles in
outbreak of D. punctatus. We found that chemosensory and
immune genes that were differently expressed between low-
and high-density D. punctatus characterized the males more
than females. The lncRNAs were the main regulators for these
DEGs, yet miRNA regulators were also found in several of
these genes. Most of these lncRNA regulators had the same
expression pattern as their mRNA targets, but some of them
also showed reverse expression patterns vis-à-vis their mRNA
targets, such as lncRNA MSTRG.120685.1 and DpunCSP17.
These results suggest a complex regulation effect imparted by
lncRNAs (Rinn and Chang, 2012). miRNA can regulate the
olfactory activities of insects (Guo et al., 2018), and we also found
that olfactory receptor was regulated by miRNAs in D. punctatus;
but the regulatory roles of miRNA for immune gene were more
comment in D. punctatus. Most of these miRNAs’ expression
patterns were the opposite of their mRNA targets, a finding
consistent with other research (Ghildiyal and Zamore, 2009).
Nevertheless, some unexpected cases were also found in our
study. For example, the expression levels of miRNA regulators
of DpunHemocytin and DpunHemocytin-2 as well as those these
two genes were all down-regulated in the high-density population
of D. punctatus insects. The reasons for these unexpected results
may be inaccurate target predictions (Riffo-Campos et al., 2016)
or that the miRNA acts as a subsidiary regulators of these genes,
highlighting the need for further mechanistic research. Our work
indicates that ncRNAs are crucial regulators during outbreaks
of D. punctatus, but the mechanisms underpinning interactions
between differently expressed genes and their ncRNA regulators
merits further investigation.

CONCLUSION

In this study, we elucidated the coding and non-coding profiles
of control and outbreak insects from a whole-transcriptome
analysis. The results indicated that the physiological differences
between low- and high-density D. punctatus matched well to
the functions of identified DEGs. Accordingly, we may deduce
that reproduction, immunity, and multi-organism processes,
and the chemosensory system, are the key signal pathways
involved in this insect’s outbreaks. Analysis of three kinds of
ncRNAs suggested that lncRNAs are the primary regulators,
while miRNAs function mainly in the immune and reproduction
adjustments made at different outbreak stages in D. punctatus.
Further analysis of those chemosensory and immune genes
closely related to outbreaking D. punctatus showed that its
males contain more DEGs than do females between low- and
high-density insects, and by analyzing their non-coding RNA
regulators we deduced that lncRNA and miRNA play important
roles during the outbreak process. To the best of our knowledge,
this is the first report to have examined lncRNAs, circRNAs,
miRNAs, and mRNAs expression levels and their functions
in an outbreaking insect species. These findings increase our

understanding of ceRNA networks and can generally aid and
guide further exploration of their regulatory functions in key
physiological processes required for insect outbreaks to emerge.
However, the outbreak of an insect population is a complicated
process: the regulatory relationships among the factors we
identified above, along with initiating factors of this process,
remain unclear, and so further functional-related research on
these key DEGs and their non-coding regulators is necessary.
Our work provides new and timely insights into the mechanisms
underlying insect outbreaks that could inform control strategies
to mitigate them.

DATA AVAILABILITY STATEMENT

Raw reads from sequencing are deposited in the Sequence Read
Archive (SRA) database with NCBI accessiona SRR10481893–
SRR10481916.

AUTHOR CONTRIBUTIONS

ZZ and SZ designed the research. SZ, SS, ZY, XK, and FL, collated
the sample, performed the research and/or analyzed the data. SZ
wrote the manuscript. ZZ revised the manuscript. All authors
reviewed the manuscript.

FUNDING

This research was funded by the National Key Research
and Development Program of China (2017YFD0600102),
The Fundamental Research Funds for the Central Non-
profit Research Institution of CAF (CAFYBB2017QB003),
The National Key Research and Development Program of
China (2018YFC1200400), and The National Nature Science
Foundation of China (31670657).

ACKNOWLEDGMENTS

We thank Charlesworth Author Services for English
editing of this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00369/
full#supplementary-material

FIGURE S1 | Structural features and expression comparisons of lncRNAs and
mRNAs in Dendrolimus punctatus. (A) Lengths of lncRNAs; (B) lengths of mRNAs;
(C) exon numbers of lncRNAs; (D) exon numbers of mRNAs; (E) ORF lengths of
lncRNAs; (F) ORF lengths of mRNAs; (G) the alternatively spliced isoforms of
lncRNAs and mRNAs; (H) the expression levels of lncRNAs and mRNAs.

FIGURE S2 | FPKM comparisons for the mRNAs and circRNAs.
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FIGURE S3 | Characterization of miRNAs in Dendrolimus punctatus. (A,B) Length
distributions of known (A) and novel (B) miRNAs identified in this study; (C) first
nucleotide bias of miRNAs; (D) nucleotide bias analysis at each miRNA position.

FIGURE S4 | MA plot of the differences between low- and high-density
Dendrolimus punctatus in females (A) and males (B).

FIGURE S5 | Volcano plot of mRNA and lncRNA-targeted DEGs in Dendrolimus
punctatus between low- vs. high-density population in females (A), males (B), and
between sexes in low- (C) and high- (D) density populations.

FIGURE S6 | Real-time PCR validation of the RNA-Seq data. The x-axis shows
the RNA names, and the y-axis is their log2 (fold change) based on the ratio of
high-density and low-density insects.

FIGURE S7 | All non-coding RNA regulators of differently expressed
chemosensory and immune genes between low- vs. high-density females of
Dendrolimus punctatus. (A–D) lncRNA regulators of DpunCSP8, DpunOBP20,
DpunOBP22, DpunOBP46; (E) miRNA regulators of DpunOR56; (F) lncRNA
regulators of DpunGap11; (G–I) lncRNA, miRNA, and circRNA regulators of
DpunTalin1.

FIGURE S8 | All non-coding RNA regulators of differently expressed
chemosensory genes between low- vs. high-density males of
Dendrolimus punctatus. (A,B) lncRNA and circRNA regulators of DpunCSP7;

(C–F) lncRNA regulators of DpunCSP17, DpunCSP19, DpunCSP21, and
DpunIR25a; (G,H) lncRNA and miRNA regulators of DpunNext-IR1; (I–K) lncRNA
regulators of DpunPBP1, DpunNext-OR60, and DpunSNPM1.

FIGURE S9 | All non-coding RNA regulators of differently expressed immune
genes between low- vs. high-density males of Dendrolimus punctatus. (A,B)
lncRNA and circRNA regulators of DpunCASP3; (C,D) lncRNA and miRNA
regulators of DpunKn; (E,F) lncRNA and miRNA regulators of DpunCLIP-serpin 3;
(G,H) lncRNA regulators of DpunSerpin easter-L and DpunPGRP2; (I) miRNA
regulators of DpunHemocytin; (J,K) lncRNA and miRNA regulators of
DpunHemocytin-2; (L,M) lncRNA and circRNA regulators of DpunAPn6; (N,O)
lncRNA and miRNA regulators of DpuncAMPkc2.

TABLE S1 | Primers used for the gene expression validation with Real-time PCR.

TABLE S2 | Summary of the sequenced data for D. punctatus.

TABLE S3 | Sequence alignment results for the comparison of sequencing data to
selected reference genomes.

TABLE S4 | Sequence alignment results for the comparison of sequenced
miRNAs to selected reference genomes.

TABLE S5 | circRNA, lncRNA, and mRNA gene numbers that
correlated to miRNA.
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DNA Methylation and Demethylation
Are Regulated by Functional DNA
Methyltransferases and DnTET
Enzymes in Diuraphis noxia
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J. Christoff Truter and Anna-Maria Botha*

Department of Genetics, Stellenbosch University, Stellenbosch, South Africa

Aphids are economically important insect pests of crops worldwide. Despite resistant

varieties being available, resistance is continuously challenged and eventually broken

down, posing a threat to food security. In the current study, the epigenome of two

related Russian wheat aphid (Diuraphis noxia, Kurdjumov) biotypes (i.e., SA1 and SAM)

that differ in virulence was investigated to elucidate its role in virulence in this species.

Whole genome bisulfite sequencing covered a total of 6,846,597,083 cytosine bases

for SA1 and 7,397,965,699 cytosine bases for SAM, respectively, of which a total of

70,861,462 bases (SA1) and 74, 073,939 bases (SAM) were methylated, representing

1.126 ± 0.321% (SA1) and 1.105 ± 0.295% (SAM) methylation in their genomes. The

sequence reads were analyzed for contexts of DNA methylation and the results revealed

that RWA has methylation in all contexts (CpG, CHG and CHH), with the majority of

methylation within the CpG context (± 5.19%), while the other contexts showmuch lower

levels of methylation (CHG − ± 0.27%; CHH − ± 0.34%). The top strand was slightly

(0.02%) more methylated than the bottom strand. Of the 35,493 genes that mapped,

we also analyzed the contexts of methylation of each of these and found that the CpG

methylation was much higher in genic regions than in intergenic regions. The CHG and

CHH levels did not differ between genic and intergenic regions. The exonic regions of

genes were more methylated (±0.56%) than the intronic regions. We also measured the

5mC and 5hmC levels between the aphid biotypes, and found little difference in 5mC

levels between the biotypes, but much higher levels of 5hmC in the virulent SAM. RWA

had two homologs of each of theDNAmethyltransferases 1 (DNMT1a andDNMT1b) and

DNMT3s (DNMT3a and DNMT3b), but only a single DNMT2, with only the expression

of DNMT3 that differed significantly between the two RWA biotypes. RWA has a single

ortholog of Ten eleven translocase (DnTET ) in the genome. Feeding studies show that

the more virulent RWA biotype SAM upregulate DnDNMT3 and DnTET in response to

wheat expressing antibiosis and antixenosis.

Keywords: whole genome bisulfite sequencing, DNMT and TET, global methylation (5mC), global

hydroxymethylation (5hmC), Russian wheat aphid
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INTRODUCTION

Diuraphis noxia (Kurdjumov, Hemiptera: Aphididae—or Russian
wheat aphid, RWA) biotypes are morphologically similar, yet
display vast differences in their capacity to damage wheat
cultivars upon feeding (i.e., their virulence) (Botha, 2013). In
South Africa, the virulence of the four wild type and the mutant
RWA biotypes is as follows in order from least to most virulent:
SA1 < SA2 < SA3 < SA4 < SAM (Swanevelder et al., 2010;
Jankielsohn, 2016). Despite the emergence of new RWA biotypes
in South Africa (Tolmay et al., 2007; Jankielsohn, 2011, 2016),
and other parts of the world, including the United States of
America (USA) (Haley et al., 2004; Burd et al., 2006; Randolph
et al., 2009) and Argentina (Clua et al., 2004), the molecular
mechanism(s) underlying the development of new biotypes is
currently unknown (Shufran and Payton, 2009; Botha et al.,
2014a). The known genealogy of SA1 and SAM (Swanevelder
et al., 2010), their genetic similarity (Burger and Botha, 2017) and
their position on either end of the virulence spectrum, renders
them particularly useful in the present study, to improve the
understanding of the process of biotypification. The possibility
of a link between RWA methylation and biotype virulence has
previously been suggested (Gong et al., 2012; Breeds et al.,
2018). In 2012, Gong et al. investigated the methylation of
four genes encoding salivary gland proteins (putative effector
genes) in RWA biotypes US1 and US2, and found these genes
to be differentially methylated in the different biotypes. In the
initial investigation of South African RWA methylation (Breeds
et al., 2018), the different biotypes exhibited different banding
patterns (after restriction of their DNA with methylation-
sensitive enzymes), methylation levels andmethylation trends, all
of which support a role for methylation in biotypification.

The epigenetic modification of DNA methylation involves
the covalent addition of a methyl group to the 5′ position of
cytosine (Glastad et al., 2011; Lyko and Maleszka, 2011). In
insects, methylation occurs predominantly within genes (Walsh
et al., 2010; Zemach et al., 2010; Glastad et al., 2011; Lyko and
Maleszka, 2011), where to date it is reported to perform two
major functions. Firstly, intragenicmethylation affects alternative
splicing by recruiting or interfering with different DNA binding
factors (Hunt et al., 2013b; Glastad et al., 2014; Yan et al.,
2015), and secondly, it prevents the initiation of spurious
transcription at cryptic binding sites within genes (Hunt et al.,
2010, 2013a,b). Three classes of DNAmethyltransferase (DNMT)
proteins are involved in methylation of DNA and these perform
different functions, with DNMT3 and DNMT1 establishing and
maintaining methylation patterns, respectively, but with a less
clear function for DNMT2. This class is known to show strong
conservation in sequence and is suggested to be an ancient DNA
methyltransferase that changed its substrate specificity from
DNA to tRNA (Sunita et al., 2008; Iyer et al., 2011; Jurkowski
and Jeltsch, 2011; Raddatz et al., 2013). Insects have a variety of
combinations of the DNMT genes, with some lineages having
lost one (e.g., Bombyx mori and Triboleum castaneum) or two
(e.g., Drosophila melanogaster and Anopheles gambiae) classes
of DNMTs, and others having multiple homologs (e.g., Apis
mellifera, Nasonia vitripennis, and Acyrthosiphon pisum) within

a certain DNMT class (Kunert et al., 2003; Marhold et al.,
2004; Walsh et al., 2010; Xiang et al., 2010; Glastad et al., 2011;
Feliciello et al., 2013). Despite their important function in DNA
methylation, knowledge of RWA DNMTs is still lacking.

DNA methylation is removed through the process
of demethylation, which can occur both passively and
actively, with 5-hydroxymethylcytosine (5hmC) being a
measurable intermediate of one of the active demethylation
pathways (Branco et al., 2012; Kohli and Zhang, 2013).
Hydroxymethylcytosine is formed through the oxidation of 5mC
by ten-eleven translocation enzymes (TETs) (Tahiliani et al.,
2009; Shen et al., 2014). The presence of 5hmC has only been
reported in a few insects including A. mellifera, T. castaneum, N.
vitripennis and D. melanogaster (Cingolani et al., 2013; Feliciello
et al., 2013; Wojciechowski et al., 2014; Delatte et al., 2016;
Pegoraro et al., 2016; Rasmussen et al., 2016). To determine
the presence and extent of 5hmC in the RWA, an antibody
specific to 5hmC was used, providing the first insight into
RWA demethylation.

The objective in this study was firstly to sequence and
compare the epigenome of RWA biotypes SA1 and SAM, and
determine the level, location (e.g., intergenic or genic, exonic
or intronic), and contexts of DNA methylation (i.e., CpG,
CHH, CHG) within the genomes of these RWA biotypes with
differential virulence. Secondly, to quantify global methylation
(5mC) and demethylation (5hmC) in the South African biotypes
with shared genealogy; and thirdly, to characterize the DNA
methyltransferases (DNMTs) and ten-eleven translocase enzyme-
like (TET) genes and expression in these aphids, to relate these
observations to the reported difference in virulence levels of the
South African RWA biotypes SA1 and SAM.

MATERIALS AND METHODS

Aphid Rearing
For whole genome bisulfite sequencing and measurement of
global methylation (5mC) and hydroxymethylation (5hmC)
levels, colonies of apterous parthenogenetic female aphids of
South African RWA biotypes SA1 and SAM were separately
established in BugDorm cages (MegaView Science Education
Services Co. Ltd., Taiwan) in an insectary with the following
conditions: 22.5± 2.5◦C, 40% relative humidity, and continuous
artificial lighting from high pressure sodium lamps as previously
described (Breeds et al., 2018). In all instances triplicate colonies
of each biotype were established. Stock colonies of RWA biotype
SA1 were maintained on the wheat line Tugela (susceptible)
and biotype SAM on the near isogenic wheat line Tugela-Dn1
(resistant). To avoid any environmental effects due to feeding
on different wheat plants, aphid biotypes were transferred to the
susceptible cultivar “SST356” 1 month prior to DNA extraction
for the whole genome bisulfite sequencing. In all instances,
treatments were conducted using separate BugDorm cages in
triplicate (n= 3× 2).

For DnDNMT expression analysis (0h), RWA biotype SA1
was maintained on the “SST 356” wheat cultivar (susceptible),
while the highly virulent SAM biotype was maintained on “SST
398” (RWA resistant), and then transferred to the susceptible
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“SST 356” wheat cultivar 1 month prior to RNA extraction and
cDNA synthesis.

For the RNAseq analysis, colonies of apterous parthenogenetic
female aphids of South African RWA biotypes SA1 and SAM
were separately established in BugDorm cages (MegaView
Science Education Services Co. Ltd., Taiwan) in an insectary with
the following conditions: 22.5 ± 2.5◦C, 40% relative humidity,
and continuous artificial lighting from high pressure sodium
lamps as previously described (Breeds et al., 2018). RWA biotype
SA1 was maintained on the wheat line Tugela (susceptible)
and biotype SAM on the near isogenic wheat line Tugela-
Dn5 (resistant). Multiple individual replicates, consisting of 50
aphids of various life stages, were collected for each biotype.
Collected aphids were flash frozen in liquid nitrogen and RNA
was extracted following the protocol of Qiagen’s RNeasy RNA
extraction kit performing the optional on column Qiagen DNase
treatment. Extracted RNA was assessed for quality through both
bleach-gel electrophoresis (Aranda et al., 2012) and with an
Agilent 2100 Bioanalyser using the RNA Nano 6000 kit (Babu
and Gassmann, 2016). Three RNA samples, from each biotype,
representing three biological repeats, with the highest RIN values
(at least above 7) were used in subsequent analysis.

For theDnDNMT andDnTET host-shifts, RWA biotypes SA1
and SAM were maintained on the susceptible “SST 356” wheat
cultivar, and then transferred to either near isogenic wheat lines
Tugela (susceptible), or Tugela-Dn1 (resistant), or Tugela-Dn5
(resistant) prior to RNA extraction and cDNA synthesis. Aphids
were sampled at 0, 6, and 48 h post host-shifting. In all instances,
treatments were conducted using separate BugDorm cages using
separate plants in triplicate (n= 3× 2).

For the quantitation of DNMT proteins, both biotypes
were maintained on the “SST 356” wheat cultivar before
protein extraction. In all instances, treatments were conducted
using separate BugDorm cages in triplicate (n = 3 × 2).
All SST cultivars were obtained from SENSAKO (Pty) Ltd.,
(South Africa).

Identification, Cloning and Sequencing of
RWA DNMTs and Ten Eleven

Translocation-Like (TET-Like) Genes
DNMT and TET sequences of the pea aphid (Acyrthosiphon
pisum) were obtained through GenBank and used as BLAST
(Altschul et al., 1997) queries against the NCBI’s non-redundant
(nr) database to obtain homologs from the Class Insecta. The
obtained sequences were then aligned usingMAFFT v.7.4 (Katoh
and Standley, 2013) and through use of maximum parsimony the
obtained sequences were phylogenetically rendered through use
of PAUP v4.0a136.

Primers were designed (Table S1) to amplify the transcripts
of identified RWA DNMTs and TET-like genes using Primer3
(Rozen and Skaletsky, 2000). The primers were then used in a
primer BLAST analysis against the RWA SAM biotype reference
genome (GCA_001465515.1) to ensure they only matched genes
of interest. RNA extractions and cDNA synthesis were performed
for both RWA biotypes SA1 and SAM as previously described
(Burger et al., 2017).

PCR reactions for sequencing were performed using Phusion
High-Fidelity DNA Polymerase (NEB) and following the
manufacturer’s protocol. PCR products were then ligated into
the pTZ57R/T vector (InsTAclone PCR cloning kit, Thermo
Scientific) overnight at 4◦C. For PCR reactions showing
non-specific amplification, gel fragments containing bands
of the expected product size were excised and subjected
to five freeze-thaw cycles (liquid nitrogen/60◦C oven)
in 20 µl of distilled water and the obtained DNA was
quantified through spectrophotometry (NanoDrop 2000,
Thermo). Based on these results, differing amounts of
freeze-thawed DNA were used, in accordance with the kit’s
recommendations on the optimal quantity of PCR product
for ligation.

Transformation of DH5α competent cells (Thermo
Scientific) was performed through heat shock following the
manufacturers’ protocol and recombinant colonies were cultured
and screened as previously performed (Burger et al., 2017).
Plasmid minipreps (derived from at least one colony per PCR
product) were submitted to the Central Analytical Facility (CAF)
of Stellenbosch University for bi-directional Sanger sequencing
using universal M13 forward and reverse primers (Table S1).

After Sanger sequencing, raw sequences were imported
into Geneious v.9.1.8 and trimmed on either end to
remove poor quality or ambiguous base calls. A VecScreen
BLAST (http://www.ncbi.nlm.nih.gov/tools/vecscreen/) was
then performed using the trimmed sequences to remove
any vector DNA. The sequences for both SA1 and SAM
biotypes (at least one forward and one reverse per PCR
product) were aligned with the respective gene from
which primers were designed using Primer 3 (Sievers et al.,
2011).

Sequencing, Transcriptome Assembly, and
Quality Control
RNA samples were sent for sequencing at Macrogen Inc., South
Korea where six libraries were prepared using the TruSeq
Stranded mRNA Sample Preparation Guide, Part #15031047
Rev. E. Paired-end library construction was performed using the
Illumina TruSeq strandedmRNA kit and the subsequent libraries
were sequenced on the Illumina NovaSeq 6000 system to obtain
100 bp paired-end reads for three replicates of both theDiuraphis
noxia SAM and SA1 biotypes.

Raw reads obtained from the NovaSeq 6000 system were
analyzed through use of FASTQC (Andrews, 2010) and trimmed
of all poor quality reads and sequencing adaptors through
use of Trimmomatic (Bolger et al., 2014). The trimmed reads
were then used to perform a strand specific de novo assembly
through use of the Trinity software suite (Haas et al., 2013). The
assembled transcriptome’s quality was assessed through mapping
the reads back to the assembled transcripts using Bowtie2
(Langmead and Salzberg, 2012), and to assess the percentage
of reads utilized to construct the transcriptome. A BUSCO
v4.2 (Simão et al., 2015) analysis was also performed using the
Insecta homolog set (accessed on 2020/02, https://buscos.ezlab.
org/datasets/prerelease/viridiplantae_odb10.tar.gz) to establish
the number of represented essential orthologs. To assess if
sequencing depth was adequate to generate a high quality de
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novo assembly, successively increasing sub-samplings of total
sequencing data for individual samples were performed and
assembled separately. These were then compared through the use
of BLASTx to the NCBI’s nr (protein) database, and the SwissProt
uniprotKB and TrEMBL databases to assess the number of full-
length BLAST matches obtained for the assembled transcripts
from the differently sized assemblies.

Basic statistics such as the number of transcripts, transcript
average length, transcript average %GC content, transcript N50
and transcript Ex90N50 were also calculated. All transcripts
were analyzed through use of OmicsBox v1.2 (OmicsBox—
Bioinformatics Made Easy, BioBam Bioinformatics, March
3, 2019, https://www.biobam.com/omicsbox) by performing
BLASTx and BLASTn searches, respectively to the NCBI’s nr and
nt databases (accessed on 2019/08/21). Blast2GO (Götz et al.,
2008) was then used to assign gene ontologies (GO) and KOG
terms to all transcripts.

To compare the differential gene expression between the least
and most virulent biotypes, transcript abundance quantification
was performed using RSEM (Li and Dewey, 2011) for each
sample using the obtained de novo transcripts. Average
expression and the coefficient of variation was calculated per
gene for the two biotypes SA1 and SAM separately. For this
purpose FPKM (fragments per kilobase of transcript per million)
values were used but also estimated by RSEM. We also identified
differentially expressed (DE) genes between biotypes SA1 and
SAM using edgeR (Robinson et al., 2010) based on gene-level
expected counts estimated by RSEM. Only genes with greater
than two counts-per-million in at least three samples were
retained for DE analysis and we considered genes DE if they
had a fold-change (FC) ≥1.5 and p < 0.05 after adjusting for
multiple testing using the Benjamini–Hochberg (BH) procedure
(Benjamini and Hochberg, 1995).

Augustus v3.3.3 (Stanke et al., 2006) was utilized to predict
protein coding genes from the assembled transcripts using the
Acyrthosiphon pisum (pea pahid) training set. Through use of
a Trinity provided script, the GATK v.3.8 pipeline for variant
calling (Van der Auwera et al., 2013) was applied between the
transcripts from the biotypes. Variants were accepted as true
if they possessed an FS score above 30 (Phred-scaled p-value
using Fisher’s exact test to detect strand bias) and a QD score
<2 (Variant Confidence/Quality by Depth). Variants were also
required to be present in all 3 biological replicates of one biotype
and absent in all 3 biological replicates of the other biotype.

Analysis of DNMT and TET Expression
For DNMT gene expression analyses, 20 apterous aphids were
collected in triplicate for each biotype (3 × n = 60) and their
heads were removed with a liquid nitrogen-cooled scalpel by
cutting carefully posterior to the prothorax (Figure S1) and RNA
was extracted as previously described (Burger et al., 2017). cDNA
synthesis was performed using the iScriptTM cDNA Synthesis kit
(BioRad) in accordance with the provided protocol, applying 350
to 400 ng of total RNA as template per 20 µl reaction.

For the host-shift experiment, RNA was isolated from
apterous aphid whole-body homogenates prepared using
a micro-pestle in liquid nitrogen cooled Eppendorf tubes.

Each treatment was represented by three biological replicates
consisting of 30 aphids each (n = 90). The frozen aphids were
ground with micro-pestles and RNA was extracted using RNeasy
Mini Kit (Qiagen), following the manufacturers recommended
protocol for insect material. cDNA synthesis was performed
using SensiFAST cDNA Synthesis Kit (Bioline), with 200 ng of
input RNA.

Primer pairs for RT-qPCR (Table S2) were designed using
Primer3 from the CDS regions of the RWA sequenced DNMTs
and TET to yield products of between 100 bp and 200
bp in size. Primers were used in a primerBLAST analysis
against the assembled RWA SAM biotype reference genome
(GCA_001465515.1) to ensure they only matched the DNMT
and TET genes from which they were designed. The relative
expression of DNMT1, DNMT2, and DNMT3 (in sampled aphid
heads of the RWA biotypes SA1 and SAM), as well as the
relative expression of DnTET (whole aphids of RWA biotypes
SA1 and SAM that underwent host-shifts) was quantified as
previously described (Burger et al., 2017). All samples and
standards were quantified in triplicate along with a no template
control as a measure of contamination. A five point, two times
serial dilution of a zero-hour SA1 sample was used to generate
quantification standards. The relative expression of DnDNMT3
and TET were calculated using Pfaffl’s mathematical model
(Pfaffl, 2001) for each time point (0, 6, and 48 h). A CFX96
Real-Time System (Bio-Rad) was used to perform the real-time
PCR analysis. Each reaction started with a denaturation step at
95◦C for 3min, followed 40 cycles of amplification, consisting
of a denaturation step at 95◦C for 10 s, an annealing step at the
relevant temperature for each primer set (Table S2) for 30 s, and
an extension step at 72◦C for 30 s. A melt curve analysis was also
performed for each reaction, to verify the absence of non-specific
amplification: The incubation temperature was increased in 5 s
intervals, 0.5◦C at a time, from 65 to 95◦C. The ribosomal genes
L27 and L32 were used as reference genes as they have previously
been shown to be constitutively expressed, respectively, in RWA
and the pea aphid (Shakesby et al., 2009; Sinha and Smith, 2014).

Measuring DNMT Protein Activity
For the extraction of aphid protein, three replicates of 150
apterous aphids (n = 450) of biotypes SA1 and SAM
were collected, flash-frozen and stored at −80◦C until
use. A micropestle was used to grind aphids into a fine
powder, to which 100 µl phosphate buffered saline (50mM
NaH2PO4, 50mM Na2HPO4 and 150mM NaCl, pH 7.5), 10 µl
phenylmethylsulphonyl fluoride (1mM) and 10 µl dithiothreitol
(1mM) were added. Homogenized mixtures were centrifuged
at 15 000 rpm (4◦C) for 10min to pellet the cell debris and
the resulting supernatant was transferred to a clean Eppendorf
tube. Protein concentrations were quantified using the Bradford
protein assay (Bradford, 1976) with Bovine Serum Albumin as
standard (BioRad, USA), and the Glomax R©-Multi Detection
plate reader (Promega, USA) as described by Rylatt and Parish
(1982).

DNA methyltransferase protein activity was quantified
following the guidelines provided with Abcam’s colourimetric
DNMT Activity Quantification kit (Abcam, UK), and using

Frontiers in Genetics | www.frontiersin.org 4 June 2020 | Volume 11 | Article 45294

https://www.biobam.com/omicsbox
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


du Preez et al. Methylation in Closely Related RWA Biotypes

the maximum recommended amount of nuclear extract, 5
µl (ranging from 7.69 to 10.96 µg, standardized using the
formula below) of each of the three biological replicates per
biotype (n = 3). DNA methyltransferase activity in OD/h/µg
(optical density/hour/microgram) was calculated using the
formula below.

Protein activity =

(

Sample OD − Blank OD
)

[

Protein amount (ug) x hour
] x 1000

An ANOVA was performed to test for significant differences
between the sample means, with the level of significance set at
p ≤ 0.05.

Quantifying Levels of Global Methylation
(5mC) and Hydroxymethylation (5hmC)
Global levels of methylation were determined utilizing a
colourimetricMethylatedDNAQuantification kit (Abcam) using
150 ng DNA of the three biological repeats per biotype (n
= 3). A slight modification of the protocol was followed in
the “methylation capture” section, whereby incubation of DNA
and diluted capture antibody was performed for 15 h at room
temperature in the dark to allow for optimal antibody binding, as
opposed to 1 h at room temperature. The final plate incubation,
after addition of the developer solution, was carried out for the
maximum recommended time of 10min. Absorbance at 450 nm
was read in triplicate (n = 9) within five min of adding the stop
solution, using the Glomax R©-Multi Detection System. Relative
methylation levels were calculated for each sample using the
following formula:

Relative 5mC %

=

(

Sample OD − Negative control OD
)

/S
(

Positive control OD − Negative control OD
)

x 2/P
x 100

where 5mC is 5-methylcytosine, OD is optical density, S is
the amount of sample DNA in ng and P is the amount of
positive control in ng. An ANOVA was performed to test for
significant differences between the sample means, with the level
of significance set at p ≤ 0.05.

Global hydroxymethylation levels were quantified using
a colourimetric Hydroxymethylated DNA Quantification kit
(Abcam), in accordance with the provided protocol. Freshly
extracted DNA sample from each biotype were loaded in
triplicate (n = 3), and standardized using the formula below
(refer to S, the amount of sample DNA). The final plate
incubation was carried out for 10min, where after absorbance
at 450 nm was read using the Glomax R©-Multi Detection System.
Relative hydroxymethylation levels were calculated for each
sample using the following formula:

Relative 5hmC %

=

(

Sample OD − Negative control II OD
)

/S
(

Positive control OD − Negative control II OD
)

x 5/P
x 100

where 5hmC is 5-hydroxymethylcytosine, OD is optical density,
S is the amount of sample DNA in ng and P is the amount of
positive control in ng. An ANOVA was performed to test for
significant differences between the sample means, with the level
of significance set at p ≤ 0.05.

Statistical Analysis
Microsoft Excel (2010)/XLSTAT Premium (Addinsoft Inc. USA)
were used for the statistical analysis, and SigmaPlot (2001)
was used to plot graphs showing the average readings and
standard deviation. An ANOVA was performed to test for
significant differences between the sample means, with the level
of significance set at p ≤ 0.05. The model assumptions of
ANOVA (i.e., homoscedasticity and normality of the residuals),
were tested for using Levene’s test and the Shapiro-Wilk test,
respectively (significance set at p ≤ 0.05 for both tests). If the
ANOVAnull hypothesis—that themeans of the treatment groups
are equal—was rejected, a Fisher’s LSD test was then performed.

Whole Genome Bisulfite Sequencing
(WGBS) and Analysis
A total of 100 apterous female aphids of South African
RWA biotypes SA1 and SAM were used for DNA extraction
performed as described previously (Burger and Botha, 2017)
(GenBank ID GCA_001465515.1; BioProject PRJNA297165).
Three independent biological repeats of each biotype were
conducted of each biotype (n = 3). Samples consisting of 2 µg
DNA, of both RWA biotypes SA1 and SAM were submitted
to Macrogen Inc., South Korea for bisulfite treatment, library
preparation and sequencing.

DNA samples were treated with the EZ DNA Methylation
Lightning kit (Zymo Research) and used to construct the
sequencing library utilizing the TruSeq DNA Methylation
Library KitTM (Illumina) (n = 1) or Accel-NGS R© Methyl-Seq
(Swift Biosciences) for Illumina (n = 2), 5′ tags were generated
through random priming, followed by selective 3′ tagging.
Illumina P7 and P5 adapters were ligated through amplification
to the 5′ and 3′ ends, respectively. The Illumina HiSeq X platform
was used to sequence the bisulfite treated samples.

The obtained sequencing data was analyzed for quality using
FastQC (Andrews, 2010). After inspecting the adapter content,
per base sequence content, and per base sequence quality,
Trimmomatic (Bolger et al., 2014) was used to remove adapter
sequences and trim the paired-end reads for quality. A sliding
window over 15 bp was used to trim for a quality score of 20,
along with a headcrop of 10. The Illuminaclip parameter was used
to search for and remove adapter sequences from the reads. After
trimming, all reads were filtered for a minimum read length of
40 bp.

The Bismark software program (Krueger and Andrews, 2011)
was used to analyze the methylation status of the trimmed
and filtered sequence reads. Using the RWA SAM biotype
reference genome (GenBank ID GCA_001465515.1; BioProject
PRJNA297165), the observed over expected number of cytosine
bases for each methylation context was calculated as follows:

CpG O
E
=

FCpG

FC .FG

CHG O
E
=

FCAG + FCTG + FCCG

3(FC .F1−G.FG)

CHH O
E
=

FCAA + FCAT + FCAC + FCTA + FCTT + FCTG + FCGA + FCGT + FCGG

9(FC .2F1−G)
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FIGURE 1 | (A) Phylogenetic analysis of the DNMT1 amino acid sequences from eight Hemipterans species using MAFFT v7.4 and Paup v4.0a136. Included in the

analysis are Acyrthosiphon pisum, Bemisia tabaci, Cimex lectularius, Diaphorina citri, Diuraphis noxia, Halyomorpha halys, Myzus persicae, and Nilaparvata lugens;

(B) Comparison of the DNMT1 gene sequence from the different hemipteran species in (A), showing the level of conservation on gene sequence level; and (C)

Comparison of the conservancy on functional motifs within the DNMT1 gene sequence from the different hemipteran species in (A). Indicated are functional and/or

structural motifs.

Where F represents the frequency of the subscripted
nucleotide/dinucleotide/trinucleotide, in the reference genome.
As a reference genome is not available for biotype SA1, the
calculations were only performed for biotype SAM.

The R-package DSS-single (Wu et al., 2015) was used to

calculate which genes are significantly differentially methylated

(p-value < 0.05) between SA1 and SAM from the WGBS

data. For the analysis, only genic CpG loci, with at least a

ten times coverage in both biotypes, across all three repeats

were considered. This amounted to 613,730 CpG sites. A Wald

test (Wald, 1943) was conducted for differentially methylated

loci with the DMLTest function. The optional “smoothing”

algorithm of this function, which uses methylation data of nearby

loci to generate “pseudo replicates” is only recommended for

datasets where methylation loci are dense (Feng et al., 2014).

Due to the high AT content and low methylation levels in

RWA,methylation loci are sparse and the “smoothing” algorithm

was not employed. The CallDMR function was then used

to identify differentially methylated regions using information

from the differentially methylated loci, such as the number of

CpG sites in a region and the percentage of sites in a region

scored as significant. This information is used to calculate a

combined score for each region, referred to as an area statistic,

which can be used to sort regions based on the degree of

differentiation in CpG methylation (Wu et al., 2015). The

Blast2GO suite (Conesa et al., 2005; Conesa and Götz, 2008) was

used to search for the gene ontologies (GO) and KOG terms

(Burger and Botha, 2017) of genes containing a differentially
methylated region.

RESULTS

Classes of DNA Methyltransferases in RWA
The BLASTp analysis performed using the insect DNMTs
against the RWA proteins, revealed three DNMT subfamilies.
Comparison of the DNMTs of RWA with other aphids (i.e.,
A. pisum and Myzus persicae), as well as with other distant
hemipteran species (i.e., Bemisia tabaci, Cimex lectularius,
Diaphorina citri, Halyomorpha halys, and Nilaparvata lugen)
confirmed that as with other hemipterans, RWA have three
DNMT subfamilies of genes, i.e., DNMT1, DNMT2, DNMT3
(Figures 1–3). With the DNMT1 and DNMT3 sequences, those
from RWA were mostly similar to that of M. persicae and
then A. pisum, than to the other hemipterans included in the
study. Whereas, those from N. lugens (the brown planthopper)
and D. citri (Asian citrus psyllid) the most distant from the
plant aphids. In the case of DNMT2, the separation was
less distinct. These observations were strongly supported by
bootstrap values.

Further sequence analysis revealed that the RWA had two
homologs of each of the DNMT1s (DNMT1a and DNMT1b)
and DNMT3s (DNMT3a and DNMT3b) (Figures 1A, 3A), but
only a single DNMT2 (Figure 2B) protein. The RWA DNMTs
contained several functional motifs that were recognizable and
contributing to the ascribed function, all shared between the
plant aphids (Figures 1C, 2C, 3C).

To assess whether the DNMTs differ between RWA biotypes,
an alignment of the DNMT sequences obtained between the
SA1 and SAM biotypes was conducted which revealed 36 SNPs
between the biotypes (Figures S2–S7).
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FIGURE 2 | (A) Phylogenetic analysis of the DNMT2 amino acid sequences from eight Hemipterans species using MAFFT v7.4 and Paup v4.0a136. Included in the

analysis are Acyrthosiphon pisum, Bemisia tabaci, Cimex lectularius, Diaphorina citri, Diuraphis noxia, Halyomorpha halys, Myzus persicae, and Nilaparvata lugens;

(B) Comparison of the DNMT2 gene sequence from the different hemipteran species in (A), showing the level of conservation on gene sequence level; and (C)

Comparison of the conservancy on functional motifs within the DNMT2 gene sequence from the different hemipteran species in (A). Indicated are functional and/or

structural motifs.

FIGURE 3 | (A) Phylogenetic analysis of the DNMT3 amino acid sequences from eight Hemipterans species using MAFFT v7.4 and Paup v4.0a136. Included in the

analysis are Acyrthosiphon pisum, Bemisia tabaci, Cimex lectularius, Diaphorina citri, Diuraphis noxia, Halyomorpha halys, Myzus persicae, and Nilaparvata lugens;

(B) Comparison of the DNMT3 gene sequence from the different hemipteran species in (A), showing the level of conservation on gene sequence level; and (C)

Comparison of the conservancy on functional motifs within the DNMT3 gene sequence from the different hemipteran species in (A). Indicated are functional and/or

structural motifs.

We used the transcriptome data to investigate the expression
pattern of known methylation genes in RWA biotypes SA1 and
SAM (Figures 5, 6).We again found the full complement of DNA
methyltransferases which was expressed in different transcript

levels, with minimal differences in DnDNMT1 and DnDNMT2
between the RWA biotypes, with fewer DnDNMT3 transcripts in
the more virulent SAM (9.51 ± 6.9) than in the less virulent SA1
(31.45± 2.4) (p= 0.006).
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FIGURE 4 | (A) Phylogenetic analysis of the N6-methyl adenine demethylase (TET-like) amino acid sequences from eight Hemipterans species using MAFFT v7.4 and

Paup v4.0a136. Included in the analysis are Acyrthosiphon pisum, Bemisia tabaci, Cimex lectularius, Diaphorina citri, Diuraphis noxia, Halyomorpha halys, Myzus

persicae, and Nilaparvata lugens; (B) Comparison of the N6-methyl adenine demethylase (TET-like) gene sequence from the different hemipteran species in (A)

showing the level of conservation on gene sequence level; and (C) Comparison of the conservancy on functional motifs within the N6-methyl adenine demethylase

(TET-like) gene sequence from the different hemipteran species in (A). Indicated are Tet_JBP_2, DNA N6-methyl adenine demethylase, zf-CXXC, TMHMM, and Zinc

finger-containing motifs.

To measure whether the observed SNPs had any bearing on
gene expression between less and more virulent RWA biotypes,
the expression of aphid head DNMTs among the RWA biotypes
was also investigated. Biotype SAM’s DNMT1 expression was
higher than that measured in biotype SA1, but the difference
in expression was not significant (p-value = 0.416 for L27 and
0.362 for L32), as was the expression ofDNMT2 (Figure 5A). The
expression of DNMT3 however showed the most inter-biotype
variation of the three DNMT subfamilies, and revealed that the
DNMT3 expression levels of SAM (most virulent aphid biotype)
were significantly lower than that measured in SA1 (Fisher’s LSD
test; p-value of ≤ 0.1).

To establish whether the difference in the DNMT gene
expression equates into measurable differences in total DNMT
protein activity, the DNMT protein activity was determined
(Figure 5B). The concentration of DNMT protein activity within
the biotypes ranged from 44.80 to 53.54 OD/h/µg, with biotype
SAM exhibiting the lower DNMT protein activity of the biotypes.
However, the DNMT protein activity levels did not differ
significantly between the biotypes (p ≤ 0.05).

Sequence Analysis and Expression of
DnTET in RWA Biotypes
To shed light on the observed difference in global demethylation
but not methylation levels, the TET (N6-methyl adenine
demethylase) genes responsible for oxidation within the
methylation pathway were studied (Wojciechowski et al.,
2014). We were able to isolate and sequence the DnTET
ortholog from RWA. Comparison of the DnTET (N6-methyl

adenine demethylase) protein sequences in RWA with other
aphids (i.e., A. pisum, M. persicae) and with other distant
hemipteran species (i.e., B. tabaci, C. lectularius, D. citri, H.
halys, and N. lugen) confirmed that all these species have
recognizable TET-like sequences in their genomes (Figure 4).
Clustering of the sequences group the aphids closer to each
other than to the other hemipterans, with strong bootstrap
support (Figure 4A). Further analysis revealed that unlike
A. pisum and some of the other hemipteran species, RWA
has only a single form of TET (Figure 4B), which contain
several functional motifs including DNA N6-methyl adenine
demethylase (Figure 4C).

We also used the transcriptome data to investigate the
expression pattern of the TET (N6-methyl adenine demethylase)
genes responsible for oxidation within the methylation pathway
in RWA biotypes SA1 and SAM (Figure 6C). We found more
DnTET transcripts in the more virulent SAM (5.81 ± 0.38) than
in the less virulent SA1 (2.59± 2.3) (p= 0.014).

Expression of DNA Methylation Genes
During Feeding Studies
To assess further whether the sequenced DnDNMT and DnTET
genes expressed in RWA biotypes SA1 and SAM, differ when
challenged with different host plants, the RWA biotypes were
reared on susceptible host plants (n = 3) (Table 1) and
then moved to two resistant wheat cultivars (Tugela-Dn1 and
Tugela-Dn5). The lines were selected based on the fact that
they are near isogenic and differ only with regard to the
resistance gene present (i.e., Dn1 expressing antibiosis—harmful
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FIGURE 5 | (A) Comparison of the average relative expression (R mean) of DNMTs in South African RWA biotype heads. Fold changes in expression are shown

relative to the SA1 samples, the expression of which was set at 1. DNMTs expression is presented when normalized against the reference genes L27 and L32,

respectively, and the error bars indicate standard deviation. Different alphabetical letters indicate statistical significance (p ≤ 0.05). (B) DNA Methyltransferase protein

activity (OD/h/µg) measured in South African RWA biotypes SA1 and SAM, with error bars indicating the standard deviation.

TABLE 1 | Relative expression of DNMT3 and TET in RWA biotypes SA1 and

SAM when feeding on a susceptible cultivar SST.

Relative gene

expression

Aphid biotype

SA1 SAM

Reference

genes

Lr27 Lr32 Lr27 Lr32

DNMT 0.852 ± 0.126 0.734 ± 0.084 1.308 ± 0.531 0.749 ± 0.221

TET 0.758 ± 0.114 0.652 ± 0.072 1.222 ± 0.304 0.721 ± 0.223

Lr27 and Lr32 was used as reference genes.

to the aphid and Dn5 expressing antibiosis and antixenosis—
non-palatable) (Figure 7). The measured DnDNMT expression
increased significantly in both aphid biotypes when challenged
with a new feeding environment (i.e., Dn5 expressing both
antibiotic and antixenotic) (p ≤ 0.05). The relative expression
almost doubled in the less virulent biotype SA1, but even more in
the more virulent biotype SAM (± six-fold Lr27; ±11-fold Lr32)
within 6 h after host-shifting.

To assess whether the sequenced DnTET gene was also
differentially expressed in RWA, biotypes SA1 and SAM during
feeding after host-shifting, the expression of DnTET was also
measured (Figure 8). ThemeasuredDnTET expression increased
slightly but not significantly after 6 h in the less virulent SA1
biotypes when challenged with theDn5wheat line (antibiotic and
antixenotic) (p > 0.05), but significantly in SA1 after 48 h when

challenged with the antibiotic wheat line Tugela-Dn1 (Lr27) (p≤
0.05). In contrast, theDnTET expression of virulent biotype SAM
remained the same when challenged with the antibiotic wheat
line Tugela-Dn1, but increased significantly within the first 6 h
after host-shifting from the susceptible Tugela to the wheat line
containing the Dn5 resistance gene (p ≤ 0.05).

Global Methylation and
Hydroxymethylation Quantification
To quantify the global levels of methylation (5mC) and
dehydroxymenthylation (5hmC), antibodies specific to these
(i.e., 5mC and 5hmC) were used. The use of the 5mC
antibody revealed similar levels of global methylation between
the less virulent SA1 and more virulent SAM biotype, with the
measured levels, ranging between 0.14 and 0.16% (Figure 9).
The hydroxymethylation levels, however differed significantly
ranging from 0.12 to 0.46% (Figure 9), with biotype SA1
displaying the lowest, and biotype SAM displaying the highest
5hmC levels, respectively (p ≤ 0.05).

Whole Genome Bisulfite Sequencing
The whole genome bisulfite sequencing produced a total of
6,846,597,083 raw reads for SA1 and 7,397,965,699 raw reads for
SAM, respectively, of which a total of 70,861,462 bases (SA1) and
74,073,939 bases (SAM) were methylated, which represents 1.126
± 0.321% (SA1) and 1.105 ± 0.295% (SAM) methylation in the
genome (Tables S3, S4). The sequence reads were analyzed for
contexts of DNA methylation within the genome (Table S5) and
the results revealed that RWA has methylation in all contexts
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FIGURE 6 | Differential gene expression between RWA biotypes SA1 and SAM. (A) SA1 and SAM gene expression as log10 fragments per kilobase of transcript per

million mapped reads (FPKM) average over three biological replicates for transcripts retained for differential expression (DE) analysis with edgeR (n = 64,214).

Benjamini-Hochberg (BH) corrected p > 0.05 and absolute fold change [FC] > 1.5). (B) Comparison of number of transcripts expressed in SA1 and SAM. (C)

Significant differences were observed in the expression of DnDNMT3 and DnTET in SA1 and SAM; edgeR; BH corrected p > 0.05 and absolute fold

change [FC] > 1.5.

(CpG, CHG, and CHH), with the majority of methylation
within the CpG context (±5.19%), while the other contexts
showmuch lower levels of methylation (CHG—±0.27%; CHH—
±0.34%). The reads were then subjected to quality analysis,
aligned and mapped to the RWA biotype SAM reference genome

(GenBank ID GCA_001465515.1; BioProject PRJNA297165). Of
the methylated reads, most of the methylation was located
in genic regions (±1.58%), but intergenic methylation was
also present (±0.808%) (Table S6). Methylation was evenly
distributed between both strands, with the top strand only
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FIGURE 7 | A comparison of the average relative expression (R mean) of DnDNMT of South African RWA biotypes after transfer to different host plants after 6 and

48 h of feeding. Fold changes in expression are shown relative to the SA1 samples, the expression of which was set at 1. DnDNMT expression is presented when

normalized against the reference genes L27 and L32 respectively, and the error bars indicate standard deviation. Different alphabetic letters indicate significant

differences (p ≤ 0.05).

FIGURE 8 | A comparison of the average relative expression (R mean) of DnTET of South African RWA biotypes after transfer to different host plants after 6 and 48 h

of feeding. Fold changes in expression are shown relative to the SA1 samples, the expression of which was set at 1. DnTET expression is presented when normalized

against the reference genes L27 and L32, respectively, and the error bars indicate standard deviation. Different alphabetic letters indicate significant

differences (p ≤ 0.05).
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FIGURE 9 | Comparison of global 5 mC (black) and 5 hmC (gray) levels of the

South African RWA biotypes. The error bars indicate standard deviation and

different alphabetic letters indicate significant differences (p ≤ 0.05).

containing 0.02% more methylated calls than the bottom
strand (Table S7). Within genes exonic regions were found
to be overall more methylated (±0.56%) than the intronic
regions (Table S8), and the most represented context of
methylation (i.e., CpG, CHG, or CHH) was in the CpG context,
followed by the CHG context, with the least in the CHH
context (Table S9).

Using the SAM biotype reference genome, the observed
over expected number of cytosine bases were also calculated
(Figure 10). This is commonly seen for the CpG context, denoted
as CpGO/E (Hunt et al., 2010), with the data on all three contexts
of cytosine methylation available from the Bismark pipeline,
the other, often overlooked CHGO/E and CHHO/E ratios were
also included in this study. After calculating these ratios, it
was revealed that the observed CpG context, unlike with the
other contexts was lower than expected (Figure 10). This is
particularly so for the observed CpG context in exonic regions
(Figure 10A).

After analysis, we identified 40 differentially methylated genes
(DMEs) when we compared the genes that were differentially
methylated between the less and more virulent biotypes
(Figure 11; Figures S8A1-3, B1-9, C1-13). Even though based
on broad functional categories, the differences between the least
virulent SA1 and most virulent SAM seems minimal (Figure 11),
further analyses of their involvement into biochemical pathways
revealed that these DMEs had distinctly different predicted
functions (even when involved within the same pathway,
Figures S8A1-3). Interesting examples include the selective
methylation of genes in more virulent SAMs, but not SA1, which
include include DMEs involved in the irinotecan metabolism
(Figure S8A3); metabolism of cytotoxicity by cytochrome
P450 (Figures S8C10, C11); steroid hormone biosynthesis
(Figure S8C2) and wax biosynthesis (Figure S8C).

DISCUSSION

Integrated pest management programs against RWA depend
heavily on the breeding of wheat cultivars that provide
resistance (Tolmay et al., 1997; Smith and Clement, 2012;
Botha, 2013; Sinha and Smith, 2014). The effectiveness of these
cultivars, however, is often short-lived as aphids overcome
the resistance they impart (Botha et al., 2005, 2010; Tagu
et al., 2008; Sinha and Smith, 2014). Understanding how
new aphid biotypes develop, as well as the mechanisms they
employ to exert their virulence enabling them to breakdown
plant resistance, are of utmost importance if resistant cultivars
are to be used to their full potential (Botha et al., 2014a).
The availability of the highly virulent mutant RWA biotype
(SAM) (Swanevelder et al., 2010), alongside South Africa’s
naturally occurring biotypes (SA1, SA2, SA3, and SA4) (Walters
et al., 1980; Tolmay et al., 2007; Jankielsohn, 2011, 2016)
presents a unique opportunity for the study of biotypification.
Despite having developed from SA1, which only renders dn3-
containing cultivars susceptible (Jankielsohn, 2011), SAM has
the remarkable ability to overcome the resistance of all the Dn
genes that have been introduced and/or documented (Botha,
2013; Botha et al., 2014a). SAM thus serves as a model to resolve
aphid biotypification.

In the present study, we investigated the DNMT protein
family, as they catalyze the covalent addition of a methyl group to
the 5′ position of cytosine in the methylation pathway. DNMT2
seemed the most conserved with only a single form of the protein
responsible for stabilizing tRNA and the regulation of protein
synthesis in response to environmental cues (Becker and Weigel,
2015). In contrast, DNMT1 and DNMT3 with two forms each,
are responsible for maintaining and establishing methylation
patterns, respectively (Goll and Bestor, 2005; Goll et al., 2006;
Jeltsch et al., 2006). Owing to the important role of these
proteins in changing methylation patterns, it is not surprising
that variations in these genes occur. RWA is also not the only
insect showing multiple homologs within a specific DNMT class.
Some insect lineages were shown to lack one (e.g., B. mori and
T. castaneum) or two (e.g., D. melanogaster and A.gambiae)
classes of DNMTs, while others have multiple homologs (e.g., A.
mellifera, N. vitripennis and A. pisum) within a certain DNMT
class (Kunert et al., 2003; Marhold et al., 2004; Walsh et al., 2010;
Xiang et al., 2010; Glastad et al., 2011; Feliciello et al., 2013).

The limited available literature on aphidDNMTs prompted an
investigation into the baselineDNMT expression (i.e., expression
of aphids not challenged with resistance) of South African
RWA. It is widely assumed that the insect DNMTs have the
same functions as their mammalian orthologs (Wang et al.,
2006; Glastad et al., 2014). DNA methyltransferase 3 (DNMT3)
was the only gene of which the expression was significantly
different between the two RWA biotypes. DNMT3 has long been
known as a de novo methyltransferase (Okano et al., 1999; Goll
and Bestor, 2005), which establishes new methylation patterns
by methylating previously unmethylated sites (Kunert et al.,
2003; Schaefer and Lyko, 2007). The DNMT3 expression of the
virulent biotype used in this study, SAM, is down-regulated
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FIGURE 10 | DNA methylation context. The calculated observed over expected number of cytosine bases in the genome of RWA. (A), CpG(O/E) (B), CHG(O/E), (C)

CHH(O/E).

in comparison to the less virulent biotype, SA1, and this
decrease in expression could therefore be advantageous from a
virulence perspective.

A role for DNMT3A in the facilitation of transcription has
also been identified, with DNMT3A-dependent methylation of
gene bodies promoting transcription by antagonizing polycomb
repression (Wu et al., 2010). Although the aphid effector genes
are yet to be identified (Botha et al., 2005, 2014b), it is possible
that they contain DNMT3A binding sites within their gene

bodies, and that their transcription could be facilitated by
DNMT3A binding and subsequent methylation. In the current
study, SA1’s DNMT3A expression, and therefore DNMT3A
protein production, is up-regulated in comparison to the more
virulent biotype. The fact that SA1 has higher DNMT3A
expression (and perhaps greater effector protein production)
under unchallenged conditions, may provide some insight into
why SA1 is the least virulent biotype. Therefore, quantifying
the DNMT3A expression of aphids challenged by resistance may
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FIGURE 11 | Differentially methylated genes (DMEs) differ in numbers between the less virulent biotype SA1 and more virulent SAM when group in broad biological

process categories.

yield valuable information on DNMT3A’s possible involvement
in effector transcription.

Other functions of DNMT3 include its role in the removal
of 5mC and 5hmC (Chen et al., 2012, 2013) and a proposed
involvement in the maintenance of methylation, by being able
to “methylate sites missed by DNMT1 activity” (Jones and
Liang, 2009). However, as the DNMT3-mediated removal of
5mC and 5hmC is dependent on certain redox conditions
(Chen et al., 2012, 2013), and has only been shown to occur
in vitro (Chen et al., 2012, 2013), it is difficult to draw
conclusions regarding the DNMT3 expression and its potential
demethylating and dehydroxymethylating activities in RWA. The
DNA methyltransferase 3 protein is assumed to help maintain
methylation in densely methylated areas of mammalian genomes
(Jones and Liang, 2009).

The hydroxylation of methylated cytosines by TET enzymes,
resulting in the formation of 5hmC, is one of various active
demethylation mechanisms (Tahiliani et al., 2009; Branco et al.,
2012). The initial functional characterization of TETs was
performed in mammals, which have three TET enzymes, namely
TET1, TET2, and TET3 (Iyer et al., 2009; Tahiliani et al., 2009).
In contrast to this, invertebrates possess only a single TET
ortholog (Pastor et al., 2013; Wojciechowski et al., 2014), which
has been identified in insects containing hydroxymethylation,
including A. mellifera (Cingolani et al., 2013; Wojciechowski
et al., 2014), T. castaneum (Feliciello et al., 2013), N. vitripennis
(Pegoraro et al., 2016) andD. melanogaster (Dunwell et al., 2013).
In 2014, Wojciechowski et al. functionally characterized the A.
mellifera TET ortholog, AmTET, and concluded that, like the
mammalian TETs, AmTET is capable of hydroxylating 5mC to
form 5hmC. This provided the first evidence that TETs play a
similar role in insects, as they do in mammals. The presence
of measurable amounts of 5hmC in the RWA biotypes tested,

suggests that at least one active demethylation pathway (i.e.,
hydroxylation of 5mC by TET) is present in RWA, as confirmed
in the current study when we sequenced theDnTET ortholog.We
then studied the expression of this gene in the RWAbiotypes after
challenging the aphids through differential feeding, as this was
previously shown to be perceived as stressful (Burger et al., 2017).
Interestingly, when SA1 feeds on wheat with an antibiotic mode
of resistance (e.g., Tugela-Dn1), an oxidative burst (elevated
H2O2) occurs at the feeding sites (Botha et al., 2014b; Burger
et al., 2017), and the expression of DnTET more than doubles.
Whereas, when SA1 feed on wheat expressing both antibiosis and
antixenosis (e.g., Tugela-Dn5), not only is the aphid challenged
by the elevatedH2O2 but also by volatile substances thatmake the
wheat unpalatable (Botha et al., 2014b), resulting in the tripling
of DnTET expression. A similar trend is not observed with the
expression of DnTET in SAM. Biotype SAM feeding, however,
is not associated with an oxidative burst or increased peroxidase
activity levels, because SAM “avoids” detection by wheat hosts
(Botha et al., 2014a).

In the present study, we also studied the epigenome of
RWA biotypes SA1 (least virulent SA biotype) and SAM (most
virulent SA biotype). The whole-genome bisulfite sequencing
indicated that the genomes of these biotypes were globally more
methylated (i.e., 1.126 ± 0.321% for SA1; 1.105 ± 0.295% for
SAM) than previously reported for insect genomes. For example,
the global methylation levels of A. mellifera (Lyko et al., 2010),
B. mori (Xiang et al., 2010), the ants Camponotus floridanus and
Harpegnathos saltator (Bonasio et al., 2012) and N. vitripennis
(Beeler et al., 2014) are all between 0.1 and 0.2%.

However, when quantified using the antibody-based methods,
the global methylation levels (0.14–0.16%) are in line with
other reports of insect methylation. Panikar et al. (2015)
investigated adult D. melanogaster methylation, also through an
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antibody-basedmethod, found the adultD.melanogaster genome
to be ∼0.5% methylated. Russian wheat aphids thus have low,
but detectable levels of methylation which are∼0.2 to 0.4-fold of
that of the model organism D. melanogaster, as measured using
the same technique, which allows a more direct comparison.
Although other authors have reported lower levels of adult D.
melanogaster methylation using bisulfite sequencing (0% – Lyko
et al., 2000), liquid chromatography tandem mass spectrometry
(0.034% – Capuano et al., 2014) and thin layer chromatography
(0.05–0.1% – Gowher et al., 2000).

The sequence reads were analyzed for contexts of DNA
methylation within the genome and the results revealed that
RWA has methylation in all contexts (CpG, CHG and CHH),
with the majority of methylation within the CpG context
(±5.19%), but still notable methylation in the other contexts
(CHG—± 0.27%; CHH—± 0.34%), withmost of themethylation
located in the genic regions. A similar finding was recently
reported by Mathers et al. (2019) in the green peach aphid,
Myzus persicae. The authors found that exons are highly enriched
for methylated CpGs, particularly at the 3′ end of genes. Their
findings also alludes to sex-biased differential methylation of
genes involved in aphid sexual differentiation.

The model organisms, mice (Mus musculus) and zebra fish
(Danio rerio), showed very low levels of CHH and CHG
methylation (1% and lower) when compared to the 74.2% and
80.3% CpG methylation observed, respectively. Low levels of
CHG (0.26%) and CHH (0.17%) were also reported for the
honeybee (Apis mellifera) (Feng et al., 2010). In another insect
example, the over expression of DNMT2-like protein in fruit flies
(Drosophila melanogaster) resulted in observable CpT and CpA
methylation (Kunert et al., 2003).

We also wanted to assess whether the DNA strands (top vs.
bottom) were methylated equally and found that the top strands
were slightly more methylated (0.06%) than the bottom ones.
However, interestingly the difference between the methylation
of the top and bottom strands were significantly more in
the more virulent SAM (0.09%), than SA1 (0.02%). This was
not an unexpected finding, as biotype SAM was previously
found to exhibit the highest level of hemimethylation (at the
external cytosine) when its methylation was investigated using
the Methylation-Sensitive Amplification Polymorphism (MSAP)
technique (Breeds et al., 2018). Hemimethylated DNA arises
during DNA replication, as the newly synthesized daughter
strand contains unmodified cytosines (Jeltsch, 2002; Goll and
Bestor, 2005). When the levels of 5-hmC were measured using
the antibody based method, earlier observations (Breeds et al.,
2018) were confirmed, as the levels of 5hmC differed significantly
between the aphid biotypes, with SAM much higher than that
measured in the less virulent SA1 (p < 0.05; Figure 9).

Analysis of the 40 differentially methylated genes (DMEs)
revealed that the less and more virulent biotypes had distinctly
different DMEs. As previously indicated, DMEs in the more
virulent biotype SAM include DMEs involved in the irinotecan
metabolism where is it seemingly regulates the conversion
between SN-38 and SN38G which regulates secretion. SN-38
produced in the body by carboxylesterase is the active metabolite
of irinotecan (Fujita et al., 2015), with its mechanism of action

thought to be its interaction with the cleavable complex of DNA
and a nuclear protein topoisomerase I. This then results in a
blockade of DNA replication (Hsiang and Liu, 1988; Hertzberg
et al., 1989) which causes double-strand DNA breakage and
cell death. This process may be linked to the metabolism of
xenobiotics by cytochrome P450 and ascorbate and aldarate
metabolism that may enable SAM to counter its feeding
environment better than its parent, the less virulent SA1. In
locusts, it was demonstrated that an ascorbate-recycling system
in the midgut lumen can act as an effective antioxidant defense in
caterpillars that feed on prooxidant-rich foods, emphasizing the
importance of a defensive strategy in herbivorous insects based
on the maintenance of conditions in the gut lumen that reduce or
eliminate the potential prooxidant behavior of ingested phenols
(Barbehenn et al., 2001). Interestingly, more virulent SAM also
selectively methylates genes associated with steroid hormone
biosynthesis and wax biosynthesis, both pathways producing
chemicals that affect the physiological processes associated with
insect development and insect survival (Niwa and Niwa, 2016).
The less virulent SA1 have DMEs associated with the glutathione
biosynthesis which may signal stress responses.

Collectively, the results suggest that RWA biotype SAM has a
greater capacity to actively methylate/demethylate its DNA than
its parent SA1. Thus, it can be concluded with fair confidence that
SAM undergoes more methylation/demethylation than its parent
biotype SA1. However, the question that remains is whether this
ability to actively methylate/demethylate occurs at specific sets
of genes depending on the environmental cue/stress RWA is
faced with, as opposed to occurring globally (although global,
genome-wide demethylation was measured). As gene bodies
are the predominant sites of methylation in insects (Zemach
et al., 2010; Glastad et al., 2011; Lyko and Maleszka, 2011),
it is likely that it is in these regions that methylation will be
removed. Also, removal of intragenic methylation of certain
genes may alter the transcripts that are produced, by exposing
cryptic binding sites or intragenic promoters (Maunakea et al.,
2010; Hunt et al., 2013a) and/or affect the splice variants that
are produced, through methylation’s involvement in alternative
splicing (Lyko and Maleszka, 2011; Shukla et al., 2011; Bonasio
et al., 2012; Maunakea et al., 2013; Glastad et al., 2014; Yan
et al., 2015). As demethylation can occur in a matter of
hours (Glastad et al., 2011), the greater capability of SAM
to demethylate its genome, may provide SAM with more
flexibility to adapt to changing environments, and therefore
may underlie SAM’s ability to overcome plant resistance.
However, this is an aspect that requires further investigation
in future.
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Steroid hormone signaling contributes to the development of multicellular organisms. In 
insects, ecdysteroids, like ecdysone and the more biologically-active derivative 
20-hydroxyecdysone (20E), promote molting and metamorphosis. Ecdysone is 
biosynthesized in the prothoracic gland (PG), via several steps catalyzed by 
ecdysteroidogenic enzymes that are encoded by Halloween genes. The spatio-temporal 
expression pattern of ecdysteroidogenic genes is strictly controlled, resulting in a proper 
fluctuation of the 20E titer during insect development. However, their transcriptional 
regulatory mechanism is still elusive. A previous study has found that the polyadenylated 
tail [poly(A)] deadenylation complex, called Carbon catabolite repressor 4-Negative on 
TATA (CCR4-NOT) regulates the expression of spookier (spok), which encodes one of the 
ecdysteroidogenic enzymes in the fruit fly Drosophila melanogaster. Based on this finding, 
we speculated whether any other poly(A)-related protein also regulates spok expression. 
In this study, we reported that poly(A) binding protein (Pabp) is involved in spok expression 
by regulating nuclear localization of the transcription factor molting defective (Mld). When 
pabp was knocked down specifically in the PG by transgenic RNAi, both spok mRNA 
and Spok protein levels were significantly reduced. In addition, the spok promoter-driven 
green fluorescence protein (GFP) signal was also reduced in the pabp-RNAi PG, suggesting 
that Pabp is involved in the transcriptional regulation of spok. We next examined which 
transcription factors are responsible for Pabp-dependent transcriptional regulation. Among 
the transcription factors acting in the PG, we  primarily focused on the zinc-finger 
transcription factor Mld, as Mld is essential for spok transcription. Mld was localized in 
the nucleus of the control PG cells, while Mld abnormally accumulated in the cytoplasm 
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INTRODUCTION

Ecdysteroids, like ecdysone and the more biologically-active 
derivative 20-hydroxyecdysone (20E), regulate several biological 
events in insects (Niwa and Niwa, 2014; Uryu et  al., 2015). 
The 20-hydroxyecdysone titers are temporally changed during 
insect development, where proper fluctuations of 20E titers 
are essential for insect development (Riddiford, 1993; Nijhout, 
1994; Bellés, 2020). Ecdyone is biosynthesized in an endocrine 
organ named the prothoracic gland (PG) via several steps 
catalyzed by step-specific enzymes (Niwa and Niwa, 2014). 
The enzymes are encoded by a group of genes often called 
the Halloween gene (Rewitz et al., 2007). Therefore, the regulation 
of ecdysteroidogenic genes expression is essential to achieve 
proper fluctuations of 20E titers (Niwa and Niwa, 2016). 
However, the molecular mechanism by which the expression 
of ecdysteroidogenic genes is regulated is yet to be fully elucidated.

Previously, we have reported that polyadenylated tail [poly(A)] 
degradation complex, called Carbon catabolite repressor 
4-Negative on TATA (CCR4-NOT) is involved in the regulation 
of ecdysteroidogenic gene expression in the fruit fly Drosophila 
melanogaster (Zeng et  al., 2018). By knocking down the  
gene phosphoglycerate kinase promoter directed over production  
(Pop2), which encodes a vital component of the CCR4-NOT  
complex, specifically in the PG, D. melanogaster animals show 
a larval-arrested phenotype. Furthermore, the expression levels 
of some ecdysteroidogenic genes are strongly decreased in these 
animals. Based on this finding, we  hypothesized that other 
poly(A) related protein(s) may also contribute to the expression 
of ecdysteroidogenic genes.

In this study, we  revealed that poly(A) binding protein 
(Pabp) contributes to the expression of ecdysteroidogenic genes. 
The knockdown of the pabp gene in the PG caused first  
instar-arrest and a decrease in ecdysteroidogenic gene expression, 
especially spookier (spok). Interestingly, the nuclear localization 
of the transcription factor molting defective (Mld), a 
transcriptional activator of spok, was disrupted in PG cells of 
pabp-RNAi larvae. Our results suggest that Pabp positively 
regulates ecdysteroidogenic gene expression by regulating 
ecdysteroidogenic transcription factors.

MATERIALS AND METHODS

D. melanogaster Strains
D. melanogaster flies were reared on a standard agar-cornmeal 
medium at 25 or 17°C under a 12:12  h light/dark cycle. w1118 
served as a control strain. phm-GAL4#22 (a gift from 

Michael B. O’Connor, University of Minnesota, MN; McBrayer 
et  al., 2007; Yamanaka et  al., 2013) was used as the strain to 
drive forced gene expression in the PG. UAS-dicer2 (#24650) 
was obtained from the Bloomington Drosophila Stock Center. 
UAS-pabp-IR (#22007) and UAS-mld-IR (#17329) were obtained 
from the Vienna Drosophila Resource Center. Transgenic RNAi 
experiments were conducted by crossing these UAS RNAi lines 
with w, UAS-dicer2, and phm-GAL4#22/TM6 Ubi-GFP. A strain 
carrying the 1.45 kb spok promoter-fused GFP cassette (spok>GFP) 
was previously described (Komura-Kawa et  al., 2015).

Generating Anti-Mld Antibody
Rabbit polyclonal anti-Mld antibody was raised against the 
peptide: NH2-MSANRRRRSASAASSIAAET-COOH, which 
corresponds to 1–20 amino acid residues of the mature Mld 
protein (Neubueser et  al., 2005).

Immunostaining
Immunostaining of prothoracic glands was performed as described 
previously (Imura et  al., 2017). Briefly, dissected larval tissues 
were fixed in 3.7% formaldehyde in phosphate-buffered saline 
(PBS) for 30  min at room temperature. Samples were then 
washed with PBS  +  0.3% Triton X-100 (Nacalai tesque, Kyoto 
Japan) and incubated overnight at 4°C with primary antibodies: 
rabbit anti-Mld antibody (1:200), guinea pig anti-Spok antibody 
(1:200; Gibbens et al., 2011), rabbit anti-Phantom (Phm) antibody 
(1:200; Parvy et  al., 2005), rat anti-Ventral vein lacking (Vvl) 
antibody (1:3,000; Anderson et al., 1995), and guinea pig anti-POU 
domain motif 3 (Pdm3; 1:100; Chen et al., 2012). As fluorescent 
secondary antibodies, we used goat anti-guinea pig Alexa Fluor 
488 (Life Technologies, Carlsbad, CA, USA) and goat anti-rabbit 
Alexa Fluor 555 (Life Technologies, Carlsbad, CA, USA). The 
secondary antibodies were diluted 1:200 and incubated for 2.5 h 
at room temperature. Nuclear stains used in this study were 
4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, 
MO, USA) and TOPRO3 (Thermo Fisher Scientific, Waltham, 
MA, USA). For DAPI staining, after the incubation with the 
secondary antibodies, the samples were washed and then incubated 
with 1 μg/ml (final concentration) of DAPI for 1 h. For TOPRO3 
staining, the samples were incubated with the secondary antibodies 
along with 10  μg/ml (final concentration) of RNase A (Takara 
Bio, Kusatsu, Japan). The samples were then washed, followed 
by the 1-h incubation with 10  μm TOPRO3 (Thermo Fisher 
Scientific, Waltham, MA, USA). Confocal images were captured 
using the LSM 700 laser scanning confocal microscope (Carl 
Zeiss, Oberkochen, Germany). Images were processed using 
the ImageJ software (Schneider et  al., 2012).

of pabp-RNAi PG cells. In contrast, pabp-RNAi did not affect the nuclear localization of 
other transcription factors, including ventral vein lacking (Vvl) and POU domain motif 3 
(Pdm3), in PG cells. From these results, we propose that Pabp regulates subcellular 
localization in the PG, specifically of the transcription factor Mld, in the context of 
ecdysone biosynthesis.

Keywords: poly(A) binding protein, nuclear localization, insect development, ecdysone biosynthesis, Halloween gene
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Quantitative Reverse  
Transcription-Polymerase Chain Reaction
RNA was isolated from the whole bodies of the second instar 
larvae using the RNAiso Plus reagent (TaKaRa, Shiga, Japan). 
Genomic DNA digestion and cDNA synthesis were performed 
using the ReverTra Ace qPCR RT Kit (TOYOBO, Tokyo, Japan). 
Quantitative reverse transcription-polymerase chain reaction 
(qRT-PCR) was performed using the THUNDERBIRD SYBR 
qPCR Mix (TOYOBO, Tokyo, Japan) with a Thermal Cycler 
Dic TP800 System (TaKaRa, Shiga, Japan). Serial dilutions of a 
plasmid containing the open reading frame (ORF) of each gene 
were used as a standard. The expression levels of the target 
genes were normalized to an endogenous control ribosomal 
protein 49 (rp49) in the same sample. Primers amplifying noppera-bo 
(nobo), neverland (nvd), shroud (sro), spok, phm, disembodied 
(dib), shadow (sad), and rp49 have been described previously 
(McBrayer et  al., 2007; Niwa et  al., 2010; Enya et  al., 2014).

GFP Reporter Assay
A spok promoter-driven GFP reporter assay was performed 
as described previously (Komura-Kawa et  al., 2015). Briefly, 
spok>GFP/CyO Act-GFP; UAS-deicer2, phm22-GAL4/TM6 

Ubi-GFP was established and crossed with UAS-pabp-IR. Eggs 
were laid on grape plates with yeast pastes at 25°C for 2  h. 
The GFP-negative first instar larvae were picked up and 
transferred into vials with standard cornmeal food. They were 
dissected 60 h after egg laying (AEL) and then immunostained.

RESULTS

Pabp Plays an Essential Role in the PG 
During Larval Development
To examine the importance of Pabp in the PG, we  observed 
the developmental progress of pabp-RNAi larvae, for which 
we  used a PG-specific driver (phm22-GAL4, hereafter phm>) 
to knock down pabp expression by transgenic RNAi. We  found 
that PG-specific pabp-RNAi caused a larval-arrest phenotype. 
Eighty eight percent of phm>pabp-RNAi animals were arrested 
at the second larval instar and even 132  h AEL or later, while 
only few animals molted into the third larval instar or pupariated 
at the same time point (Figures  1A–C). The arrested second 
instar larvae failed to pupariate and died. This result suggests 
that the Pabp function in the PG is essential for larval development.

A

C

B

FIGURE 1 | Pabp function is required in the PG for larval development. Phenotypes caused by PG-specific pabp-RNAi at 132 h AEL. (A) Whole bodies of the 
control and RNAi larvae. Scale bar: 5 mm (B) Magnified intensity of Figure 1A. Scale bar: 2 mm. (Left) phm>dicer2, + larvae molted in the third larval instar as 
judged by the branched morphology of the anterior tracheal pits (yellow arrowheads), typical features of third instar larvae. (Right) phm>dicer2, pabp-IR larvae raised 
at the second larval instar and exhibit singular insertions of anterior tracheal pits. (C) The developmental progression of phm>dicer2, + (N = 41) and phm>dicer2, 
and pabp-IR (N = 49) animals at 132 h AEL. L2: second instar larva, L3: third instar larva.
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FIGURE 2 | Continued 
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PG-Specific Knockdown of pabp Strongly 
Reduces the Expression of 
Ecdysteroidogenic Enzyme Genes, 
Especially spookier
Next, we  examined whether pabp knockdown in the PG changes 
the expression of ecdysteroidogenic genes. We conducted qRT-PCR 
to examine the expression levels of seven ecdysteroidogenic genes 
(Chávez et  al., 2000; Warren et  al., 2002, 2004; Niwa et  al., 2004, 
2010; Namiki et al., 2005; Ono et al., 2006; Yoshiyama et al., 2006; 
Chanut-delalande et  al., 2014; Enya et  al., 2014) in the second 
instar larvae of control and pabp-RNAi animals. The expression 
levels of all ecdysteroidogenic genes examined were suppressed in 
pabp-RNAi animals. However, specifically, the suppression levels 

were different among these seven genes. In particular, the suppression 
level of spok, encoding an ecdysteroidogenic cytochrome P450 
enzyme, substantially decreased (Figure  2A). Consistent with this 
result, the Spok protein level also substantially decreased in the 
PG of pabp-RNAi animals as compared to control animals, while 
the protein level of another ecdysteroidogenic P450 enzyme Phm 
was only slightly affected (Figures  2B,C).

To determine whether spok expression is transcriptionally 
and/or translationally disrupted in the pabp-RNAi animals, 
we conducted a GFP reporter assay in vivo. The spok enhancer 
region, which is sufficient for spok transcription in the PG, 
has been identified in our previous study (Komura-Kawa et al., 
2015). We  found that the spok enhancer-driven GFP level was 

FIGURE 2 | Expression analysis of ecdysteroidogenic genes. All photos are single-plane confocal images. (A) Relative expression levels of seven ecdysteroidogenic 
genes in phm>dicer2, pabp-IR at 60 h AEL compared to controls (phm>dicer2, +) based on the quantitative reverse transcription-polymerase chain reaction (qRT-
PCR; N = 4). RNA was isolated from the whole bodies of the second instar larvae. (B) Immunostaining of the PG cells from phm>dicer2, + and phm>dicer2, and 
pabp-IR second instar larvae at 60 h AEL with antibodies against Phm (magenta) and Spok (green). (C) Quantifications of fluorescence intensities of Phm and Spok 
in the PG (each N = 3). Error bars represent standard deviations. *** and n.s. indicate p < 0.001 and non-significance (p > 0.05), respectively, by Student’s t-test. (D) 
Fluorescence images of the PG cells from phm>dicer2, + and phm>dicer2, pabp-IR larvae with spok enhancer/promoter-driven nuclear localized-GFP construct 
(spok>GFP) at 60 h AEL. (E) Quantification of GFP fluorescence intensity in the PG nuclei (N = 4). The bar plots are drawn in the same manner as (C). PG cells are 
immunostained with anti-Phm antibody (magenta). Scale bar: 20 μm.

FIGURE 3 | Evaluation of newly-generated anti-molting defective (Mld) antibody. Magnified image of prothoracic gland (PG) cells. All photos are single-plane 
confocal images. Tissues were stained with anti-Mld antibody (magenta) and 4',6-diamidino-2-phenylindole (DAPI; blue). Representative nuclei are outlined by 
dashed lines. Mld signals were detected in the nuclei of the PG cells of phm>dicer2, + (yellow arrow) at 36 h after egg laying (AEL). In contrast, the signal 
disappeared in phm>dicer2 and pabp-IR. Scale bar: 10 μm.
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almost diminished in PG cells of pabp-RNAi animals, suggesting 
that pabp knockdown disrupts spok transcription (Figures 2D,E).

Reduction of the Expression of spok 
Correlates With Mislocalization of Its 
Transcriptional Activator Mld
To analyze the molecular mechanism of suppression of spok 
transcription, we  focused on the transcription factor Mld. Mld 
is a zinc-finger type DNA binding protein involved in ecdysone 
biosynthesis in the PG (Neubueser et  al., 2005). Moreover, 
we have previously reported that Mld is crucial for transcription 
of spok, acting on the upstream region of the spok gene locus 

(Danielsen et al., 2014; Komura-Kawa et al., 2015). In this study, 
we newly-generated an anti-Mld antibody to visualize Mld protein 
in vivo by immunostaining. Before the immunostaining experiment, 
we  examined the specificity of the newly-generated anti-Mld 
antibody. We  observed that the Mld signal was observed in the 
nucleus of PG cells in control animals. In contrast, the Mld signal 
in the PG nucleus disappeared in mld-RNAi animals (Figure 3), 
confirming that the immunostaining signal in the PG nucleus 
corresponds to Mld protein localization. We  then conducted 
immunostaining with an anti-Mld antibody against pabp-RNAi 
PG cells. Surprisingly, we  found that nuclear localization of 
Mld was disrupted in the pabp-RNAi PG cells, although Mld 
is localized in the nucleus of control PG cells (Figures  4A,B). 

A B

C
D

E
F

FIGURE 4 | Subcellular localization of transcription factors in the PG cells. All photos are single-plane confocal images. (A,C,E) Immunostaining of the PG cells 
from phm>dicer2, + and phm>dicer2, pabp-IR second instar larvae at 60 h AEL with the antibodies against Mld (green), POU domain motif 3 (Pdm3; magenta), 
Ventral vein lacking (Vvl; magenta), respectively. Dashed lines indicate the shape of nuclei. (A) Nuclei are stained by TOPRO3 (magenta). Bottom panels are single 
channels of Mld (grayscale). Scale bar: 5 μm. (B,D,F) Quantifications of fluorescence intensities of Mld (N = 5), Pdm3 (N = 3), and Vvl (N = 3) in the PG nuclei. Error 
bars represent standard deviations. ***, ** and n.s. indicate p < 0.001, p < 0.005 and non-significance (p > 0.005), respectively, by Student’s t-test.
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These results suggest that Pabp regulates the transcription of 
spok by mediating the nuclear localization of Mld.

Next, we  examined whether such mislocalization is selective 
for Mld, but not for other transcription factors in PG cells. To 
address this issue, we  examined the nuclear localization of two 
other transcription factors such as Vvl and Pdm3, in the pabp-
RNAi PG cells. Vvl is a POU-domain transcription factor involved 
in the regulation of the transcription of all known ecdysteroidogenic 
genes in PG cells (Danielsen et  al., 2016). Pdm3 is also a 
POU-domain transcription factor that is enriched in PG cells 
(Ou et  al., 2016), whereas, its role in PG cells has not yet been 
elucidated. An immunohistological analysis using anti-Vvl and 
anti-Pdm3 antibodies revealed that nuclear localization of Vvl 
and Pdm3 was maintained in the nucleus, even in pabp-RNAi 
PG cells. Nevertheless, the Vvl signal did slightly decrease 
(Figures  4C–F). Taken together, these results suggest that Pabp 
regulates the nuclear localization specifically of Mld.

DISCUSSION

In this study, we  revealed that Pabp is required for the nuclear 
localization of the ecdysteroidogenic transcription factor Mld. 
First, the PG-specific knockdown of pabp reduced 
ecdysteroidogenic gene expression, especially that of spok. Second, 
that reduction of spok expression correlated well with the 
mislocalization of its transcription factor Mld. Third, mislocalization 
did not occur for all transcription factors but did occur specifically 
for Mld. In conjunction with our previous data showing that 
Mld is crucial for inducing spok expression through the 
Mld-response element in spok promoter region (Uryu et  al., 
2018), we propose that Pabp positively regulates spok expression 
via mediating nuclear localization of Mld in PG cells (Figure 5).

The predicted ORF of mld encodes a protein that belongs 
to the family of the zinc-finger associated domain (ZAD) containing 

C2H2 zinc-finger proteins (ZFPs; Neubueser et  al., 2005). A 
previous study has shown that modification or depletion of ZAD 
disrupts nuclear localization of ZAD-ZFPs (Zolotarev et  al., 
2016). In conjunction with our observation, this fact raises the 
possibility that ZAD may be  involved in the Pabp-dependent 
nuclear localization of ZAD-ZFPs, whereas, this hypothesis has 
yet been experimentally examined. It would also be  intriguing 
to examine whether the subcellular localization of Ouija board 
(Ouib) and Séance (Séan), other ZAD-ZFP transcription factors 
of spok and nvd, respectively (Komura-Kawa et  al., 2015; Uryu 
et al., 2018), are also affected by pabp-RNAi. Currently, we failed 
to generate anti-Ouib and anti-Séan specific antibodies.

This is the first report showing a novel function of Pabp 
in controlling the nuclear localization of a transcription factor 
for ecdysone biosynthesis. In the last decade, several transcription 
factors for ecdysone biosynthesis have been identified (Niwa 
and Niwa, 2016), while the regulation of subcellular localization 
of these transcription factors has not been rigorously studied; 
except DHR4 (Ou et al., 2011). Pabp and other poly(A)-related 
proteins might be  critical research targets for understanding 
the nuclear and cytoplasmic translocation of ecdysteroidogenic 
transcription factors in the future.
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FIGURE 5 | Model of the Pabp function contributing nuclear localization of 
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Post-translational modifications (PTM) such as methylation, acetylation,
phosphorylation, and ubiquitination of histones and other proteins regulate expression
of genes. The acetylation levels of these proteins are determined by the balance of
expression of histone acetyltransferase (HATs) and histone deacetylases (HDACs). We
recently reported that class I HDACs (HDAC1 and HDAC3) play important roles in
juvenile hormone (JH) suppression of metamorphosis in the red flour beetle, Tribolium
castaneum. Here, we report on the function of a single class IV HDAC member,
HDAC11. Injection of dsRNA targeting T. castaneum HDAC11 gene into newly
molted last instar larvae induced knockdown of the target gene and arrested larval
development and prevented metamorphosis into the pupal stage. Dark melanized areas
were detected in larvae that showed developmental arrest and mortality. Developmental
expression studies showed an increase in HDAC11 mRNA levels beginning at the end of
the penultimate larval stage. These higher levels were maintained during the final instar
larval and pupal stages. A JH analog, hydroprene, suppressed HDAC11 expression
in the larvae. Sequencing of RNA isolated from control and dsHDAC11 injected
larvae identified several differentially expressed genes, including those involved in JH
action, ecdysone response, and melanization. The acetylation levels of core histones
showed an increase in TcA cells exposed to dsHDAC11. Also, an increase in histone
H3 acetylation, specifically H3K9, H3K18 and H3K27, were detected in HDAC11
knockdown larvae. These studies report the function of HDAC11 in insects other than
Drosophila for the first time and show that HDAC11 influences the acetylation levels of
histones and expression of multiple genes involved in T. castaneum larval development.

Keywords: juvenile hormone, epigenetics, histone deacetylase 11, histone H3, dsRNA

INTRODUCTION

Two major insect hormones, ecdysteroids (20-hydroxyecdysone, 20E, is the most active form) and
juvenile hormones (JH) regulate many aspects of insect life, including postembryonic development
(Riddiford, 1996; Wyatt et al., 1996; Hartfelder, 2000; Singtripop et al., 2000; Min et al., 2004;
Giray et al., 2005; Hrdy et al., 2006; Futahashi and Fujiwara, 2008). These hormones have been
extensively studied because of their involvement in the regulation of multiple biological processes,
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including diapause, reproduction, and polyphenism
(Wigglesworth, 1934; Riddiford, 1994, 2012). Juvenile hormones
are sesquiterpenoids secreted by the corpora allata that mediate
a variety of functions in insects (Jindra et al., 2013). The
JH signaling cascade is a complex molecular process that
includes multiple players such as JH receptor, Methoprene-
tolerant (Met) (Wilson and Fabian, 1986; Konopova and Jindra,
2007) and, its heterodimeric partner, SRC, steroid receptor
co-activator homolog (Li et al., 2011; Zhang et al., 2011).
The JH-receptor complex binds to the juvenile hormone
response elements (JHRE) present in the promoters of JH-
response genes and regulate their expression (Kayukawa
et al., 2012; Cui et al., 2014). 20-hydroxyecdysone binds to
a heterodimer of two nuclear receptors, ecdysone receptor
(EcR) and ultraspiracle (USP) and ecdysone response elements
present in the promoters of ecdysone-induced transcription
factors including E75, E74, Broad complex (BR-C) and E93 and
regulate their expression (Palli et al., 2005). These ecdysone
induced transcription factors, in turn, regulate expression of
multiple genes important for growth, development, molting and
metamorphosis (Riddiford et al., 2000).

Hormones represent attractive targets for the development
of environmentally friendly insect control methods. Hindering
this effort is the lack of knowledge on the molecular basis of
hormone action. Research in epigenetics-based gene regulation
has facilitated the discovery of various post-translational
modification mechanisms (PTM) such as methylation,
acetylation, phosphorylation, and ubiquitination. The role
of acetylation in the regulation of 20E induced gene expression
in Drosophila melanogaster has been reported (Bodai et al.,
2012). The CREB-binding protein (CBP) mediates acetylation
of histone H3K27 and antagonizes “Polycomb” silencing in
D. melanogaster (Tie et al., 2009). The CBP also functions
in regulating the expression of hormone response genes in
Tribolium castaneum (Roy et al., 2017; Xu et al., 2018) and
Blattella germanica (Fernandez-Nicolas and Belles, 2016).
Since acetylation is a key component in the regulation of gene
expression, we decided to explore the function of histone
deacetylases (HDACs) in the red flour beetle, T. castaneum.
Recent findings from our lab have demonstrated that class I
HDACs (HDAC1 and HDAC3) play important roles in JH
suppression of metamorphosis in T. castaneum (George et al.,
2019; George and Palli, 2020). Here, we focused on the function
of sole class IV HDAC member, HDAC11 (TC007473), to study
its role in T. castaneum development.

Human HDACs identified to date can be grouped into four
classes; Class I-IV based on their structure, phylogeny, and
function. Class I HDACs are ubiquitously expressed and play
essential roles in proliferation, whereas classes II and IV have
a tissue-specific function (Lehrmann et al., 2002). HDAC11
first described in 2002 is a unique member class IV HDAC
family since it is not homologous with RPD3 or HDA1 yeast
enzymes (Gao et al., 2002). Selective/class-specific inhibitors
targeting HDAC11 have been developed for treating patients
with myeloproliferative neoplasms (MPN) (Yue et al., 2020).
HDAC11 shows some sequence similarity to class I and II
HDACs and is highly conserved in invertebrates and plants

(Yang and Seto, 2008). HDAC11 depletion in neuroblastoma cell
lines induces cell death mediated by apoptotic programs (Thole
et al., 2017). HDAC11 knockout study in mice identified an
age-dependent brain region-specific function in regulating FEZ1
(fasciculation and elongation protein zeta 1), a gene associated
with schizophrenia (Bryant et al., 2017). HDAC11 knockout
mice showed resistance to high-fat-diet-induced obesity and
metabolic syndrome, suggesting that HDAC11 functions as a
critical metabolic regulator (Sun et al., 2018). However, not
much information is available on HDAC11 function in insects.
Functions of D. melanogaster histone deacetylases were studied
by RNA interference and microarrays and showed that HDAC1
and HDAC3 control expression of genes involved in multiple
processes including lipid metabolism, cell cycle regulation and
signal transduction (Foglietti et al., 2006). However, three other
HDACs tested did not show any detectable functions (Foglietti
et al., 2006). Also, overexpression of HDAC 3, 6 or 11 suppressed
CGG repeat-induced neurodegeneration in D. melanogaster
Fragile X Tremor Ataxia Syndrome model suggesting that
HDAC activators might be used to repress transcription of
fragile X syndrome gene (Todd et al., 2010). In the current
studies, we employed RNAi, RNA sequencing, and RT-qPCR
to elucidate the role of HDAC11 in T. castaneum. Knockdown
of HDAC11 during the larval stage induced arrest in larval
development, melanization, and mortality. RNA isolated from
T. castaneum larvae injected with double-stranded RNA (dsRNA)
targeting the gene coding for HDAC11 (dsHDAC11) or dsmalE
(a control dsRNA targeting E. coli malE gene) was sequenced,
and differential gene expression analysis was conducted. Genes
involved in hormone action and multiple biological processes
such as melanization were identified as differentially expressed
genes in HDAC11 knockdown larvae.

MATERIALS AND METHODS

Insects and Cells
Insects (T. castaneum, GA-1 strain) (Haliscak and Beeman,
1983) were maintained in a Percival incubator set at 30◦C and
65 ± 5% relative humidity with complete dark conditions on
organic wheat flour (Heartland Mill, Marienthal, KS) mixed with
10% baker’s yeast (MP biomedicals, Solon, OH, United States).
The T. castaneum cells, BCIRL-TcA-CLG1 (TcA), were cultured
in EX-CELL 420 (Sigma-Aldrich, St-Louis, MO, United States)
medium supplemented with 10% Fetal Bovine Serum (FBS,
VWR-Seradigm, Radnor, PA, United States) at 28◦C as described
previously (Goodman et al., 2012).

Hormone Treatments
Both S-Hydroprene (Ethyl 3, 7, 11-trimethyl-2, 4-
dodecadienoate) and JH III were purchased from Sigma-Aldrich.
The hydroprene was dissolved in cyclohexane at 2 µg/µl
concentration and one microliter of this solution was applied
on the integument of each last instar larva. One microliter of
cyclohexane solvent alone was applied to each control larva. For
cell culture experiments, JH III was prepared in DMSO at 10 mM
concentration and one microliter per ml of culture medium was

Frontiers in Genetics | www.frontiersin.org 2 July 2020 | Volume 11 | Article 683118

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00683 July 1, 2020 Time: 18:37 # 3

George and Palli HDAC11 Function in Tribolium

added to achieve a final concentration of 10 µM. Control cells
were treated with the same volume of DMSO.

Double-Stranded RNA Synthesis
(dsRNA), RNA Isolation, cDNA Synthesis
and Quantitative Reverse Transcription
PCR (RT-qPCR)
T. castaneum HDAC11 ortholog was identified using the
D. melanogaster HDAC11 sequence available at the FlyBase
(Thurmond et al., 2019). Specific primers targeting two regions
of HDAC11 and containing T7 polymerase promoter at the
5′ end (Supplementary Table S1) and genomic DNA isolated
from T. castaneum were used to PCR amplify the fragment of
HDAC11. The PCR fragment used as a template for dsRNA
synthesis. Primers used to amplify a fragment of JH receptor,
Met, from T. castaneum (TcMet) have been reported previously
(Parthasarathy et al., 2008). The MEGAscript T7 kit (Invitrogen,
United States) was used for dsRNA synthesis. Purification,
quality check, and quantification of dsRNA were performed as
described previously (George et al., 2019). dsRNA prepared using
a fragment of Escherichia coli maltose-binding proteins (malE)
was used as a control.

Total RNA was isolated from treated and control insects using
TRI reagent-RT (Molecular Research Center, Inc. Cincinnati,
OH, United States). The RNA was converted to cDNA
using M-MLV reverse transcriptase (Invitrogen-ThermoFisher
Scientific). RT-qPCR was performed using iTaq Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, United States) in
Applied Biosystems StepOnePlus Real-time PCR instrument. The
qPCR mixture contained 2 µl of diluted cDNA (1:5), 0.4 µl gene-
specific primer mix, 2.6 µl nuclease-free water, and 5 µl SYBR
green in a 10 µl final volume. The qPCR cycling conditions
were: initial holding stage 95◦C (20 s), followed by 40 cycles of
denaturation at 95◦C (5 s), annealing, and extension at 60◦C
(30 s) along with melting curve. The relative mRNA levels were
calculated using RP49 as a reference gene.

Differential Gene Expression Analysis
Total RNA extracted from three biological replicates of larvae at
12 h after treatment with dsHDAC11 or dsmalE using the TRI
reagent-RT and used for RNA-seq library preparation following
the protocol described previously (Ma et al., 2014; Hunt, 2015;
Kalsi and Palli, 2017). Raw reads were analyzed following
CLC genomic workbench pipeline (Version 11.0.1, Qiagen,
United States). Blast2GO Pro Plugin in the CLC workbench was
used to determine the GO terms. The GO terms were used for
predicting functions of differentially expressed genes. The GO
terms were represented using Web Gene Ontology Annotation
Plot (WEGO) as described previously (Ye et al., 2006).

Western Blot Analysis
We used Acetylated-Lysine (Ac-K2-100) MultiMabTM Rabbit
mAb mix (Cell signaling #9814) to detect proteins post-
translationally modified by acetylation. Histone H3 antibody
sampler kit #9927 (Cell Signaling, Danvers, MA, United States)
that includes Lys9, Lys14, Lys18, Lys27, and Lys56 specific

antibodies were used to detect various lysine acetylation sites of
histone H3. Band density was determined by Image-J software
and normalized with loading control protein, ß-Actin. The Anti-
rabbit IgG, HRP-linked antibody (Cell signaling #7074), was
used for chemiluminescence detection. The blots were developed
with SupersignalTM West Femto Maximum sensitivity Substrate
(Thermo Fisher, Scientific, Rockford, IL, United States).

Statistical Analysis
The statistical analyses were performed using JMP Pro 14.0 (SAS
Institute Inc., Cary, NC, United States) to test for statistical
differences among treatments. Post-hoc tests were conducted
using the Tukey-Kramer HSD method (α = 0.05). One-way
ANOVA was performed for comparison between treatments.

RESULTS

Tribolium castaneum HDAC11
T. castaneum HDAC11 contains a single Zn+ dependent catalytic
domain surrounded by a short N- and C- terminus (Figure 1A).
Phylogenetic analysis of HDACs in T. castaneum revealed that
TcHDAC11 is closer to Class I deacetylases (HDAC1, HDAC3,
and HDAC8) than to class II (Figure 1B). T. castaneum
HDAC11 open reading frame consists of 314–331 residues
with a molecular mass of 35.2–37.2 kDa and one catalytic

FIGURE 1 | TcHDAC11 catalytic domain and phylogeny. (A) Schematic
representation of the TcHDAC11 with the catalytic domain marked. The
numbers on the top show the position of amino acids. The data for this Figure
is obtained from NCBI (Geer et al., 2002). (B) Phylogenetic tree demonstrating
the relationship between HDAC classes. The tree was inferred using the
Neighbor-joining method. Evolutionary analyses were conducted in MEGA7
(Kumar et al., 2016). The tree was drawn to scale, with branch lengths and
the evolutionary distances used to infer the phylogenetic tree as the same
units. The identification of HDACs in T. castaneum was reported previously
(George et al., 2019).
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FIGURE 2 | Phenotypes and mortality induced by dsRNA mediated knockdown of HDAC11 in T. castaneum. (A) a: Control larvae injected with dsmalE pupated and
later emerged as healthy adults. b: dsHDAC11 was injected into the newly molted last instar larvae. Phenotypes were photographed on the fifth day after injection.
Knockdown of the HDAC11 gene affected larval development resulting in pigmentation, growth retardation, and mortality. c: Light microscopic images of
melanization in HDAC11 knockdown larvae. A high degree of hard melanization was detected inside the body. (B) Newly molted last instar larvae, pupae or adults
were injected with dsHDAC11 or dsmalE. Total RNA was isolated from treated insects at 72 h after injection and used to determine relative mRNA levels of
TcHDAC11. Knockdown efficiency was calculated by comparing TcHDAC11 mRNA levels in dsTcHDAC11 and dsmalE treated insects. Mean ± SE (n = 3–5) are
shown. Means marked with different letters are significantly different from each other, P ≤ 0.05 by ANOVA. (C) Newly molted last instar larvae, pupae or adults were
injected with dsHDAC11 or dsmalE. The mortality was recorded until death or adult eclosion. Mean ± SE (n = 30) are shown. Means marked with different letters are
significantly different from each other, P ≤ 0.05 by ANOVA.
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FIGURE 3 | Developmental expression profile and JH induction of HDAC11 in T. castaneum determined by RT-qPCR. (A) HDAC11 mRNA levels were determined
during the penultimate, last larval, and pupal stages at 24 h intervals. Total RNA was isolated from a pool of two larvae for each replication and subjected to
RT-qPCR analysis to determine the relative mRNA levels. The HDAC11 mRNA levels were normalized using RP49. Results expressed as Mean ± SE (n = 4). Means
marked with different letters are significantly different from each other, P ≤ 0.05 by ANOVA. (B) JH suppresses the expression of HDAC11 in T. castaneum larvae
and TcA cells. S-Hydroprene (JH analog) dissolved in cyclohexane was topically applied to 48 h old last instar larvae (0.5 µL of 2 µg/µL). Total RNA was isolated
from larvae collected at 6 h after treatment and subjected to RT-qPCR. Similarly, TcA cells were treated with 10 µm of JH III in DMSO or DMSO alone for 6 h. Total
RNA isolated from larvae was used to quantify Kr-h1 and HDAC11 mRNA levels. Mean ± SE (n = 4) are shown. (C) Met is required for suppression of HDAC11 by
hydroprene. dsMet or dsmalE was injected into day 0 last instar larvae. At 48 h after injection, the larvae were treated with hydroprene. Total RNA isolated from larvae
was used to quantify Kr-h1, HDAC11 and, Met mRNA levels. The data shown are mean ± SE (n = 4). C, cyclohexane; H, hydroprene.

domain (Figure 1A). Comparison between the T. castaneum
full-length HDAC11 amino acid sequence with those from
D. melanogaster and human HDAC11s amino acid sequences
showed 54 and 58 percent amino acid identity, respectively
(Supplementary Figure S1).

HDAC11 Knockdown Arrests Larval
Development
To determine HDAC11 function in larval, pupal development,
and metamorphosis, the dsHDAC11 was injected into newly

molted last instar larvae (day 0), freshly formed white-colored
pupae and adults. The control insects injected with dsmalE
(Figure 2Aa) pupated after 5–6 days after dsRNA injection
and later emerged as healthy adults. However, developmental
arrest and mortality were observed in 100% of dsHDAC11
injected larvae (Figure 2Ab). The arrested larvae showed dark
pigmentation inside their body (Figure 2Ac). Dark melanized
patches of tissues attached to the integument were detected in
dissected larvae. Injection of dsHDAC11 reduced mRNA levels
of the target gene by 97, 55, and 65% in larvae, pupae and adults,
respectively, when compared to their levels in control insects
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FIGURE 4 | HDAC11 knockdown in the last instar larvae of T. castaneum
affects the expression of genes involved in JH action and response. The
knockdown of HDAC11 in newly molted last instar larvae caused an
upregulation of genes involved in JH action (SRC, CBP) and JH response
(Kr-h1, 4EBP, G13402). dsHDAC11 or dsmalE was injected into newly molted
last instar larvae. Total RNA was extracted at 12 h after treatment, and the
mRNA levels of JH-response genes (Kr-h1, 4EBP, G13402), genes involved in
JH action (Met, SRC, CBP), HSP90 and Actin were quantified. Mean ± SE
(n = 4) are shown. Means marked with different letters are significantly different
from each other, P ≤ 0.05 by ANOVA.

injected with dsmalE (Figure 2B). Injection of dsHDAC11 also
induced 100, 38, and 80% mortality in larvae, pupae and adults,
respectively (Figure 2C). In contrast, the control insects injected
with dsmalE showed less than 20% mortality (Figure 2C).

Developmental Expression and JH
Suppression of TcHDAC11
No HDAC11 mRNA was detected in T. castaneum larvae soon
after molting into the penultimate larval stage (Figure 3A).
Then the HDAC11 mRNA levels increased gradually, reaching
the maximum levels by the end of the penultimate larval stage
(Figure 3A). The HDAC11 mRNA was detected throughout the
last instar larval and pupal stages, albeit with some fluctuations
in their levels (Figure 3A). In general, higher levels of HDAC11
mRNA were detected at the end of the penultimate and last instar
larval stages when compared to those at the beginning of these
stages. Also, higher levels of HDAC11 mRNA were detected in
the pupae when compared to those in the larval stages.

To test if JH suppresses HDAC11 gene expression, the
last instar larvae were treated with JH analog hydroprene in
cyclohexane or cyclohexane alone. As shown in Figure 3B,
significantly lower levels of HDAC11 mRNA were detected in
larvae treated with hydroprene when compared to those in the
control larvae treated with cyclohexane. Similarly, lower levels
of HDAC11 mRNA were detected in TcA cells exposed to JH
III, when compared to those in the control cells exposed to
DMSO (Figure 3B). Also, the JH-response gene, Kr-h1, was
induced by hydroprene in larvae and JH III in cells (Figure 3B).
These data suggest that JH suppresses HDAC11 gene expression.
To determine whether or not JH suppression of the HDAC11
gene requires the JH receptor, Met, T. castaneum last instar
larvae were injected with dsMet or dsmalE and then treated
with hydroprene or cyclohexane. As shown in Figure 3C,
dsMet injected larvae showed significantly lower levels of Met
mRNA when compared to those in larvae injected with dsmalE.
As expected, the HDAC11 mRNA levels decreased in dsmalE

FIGURE 5 | HDAC11 knockdown in the last instar larvae of T. castaneum
affects the transcription of genes involved in multiple pathways. (A) The
heatmap of differentially expressed genes in dsHDAC11 and dsmalE treated
insects. (B) Differentially expressed genes identified after HDAC11 knockdown
represented as the volcano plot. The X and Y-axis represent the −log10

P-values and log2 fold change of mean normalized values, respectively. The
red dots indicate the genes that showed a ≥2-fold difference in expression
with a P ≤ 0.05. (C) RNA-seq data is verified and compared with RT-qPCR
represented as a stacked bar graph. RT-qPCR confirmed the expression of 20
selected genes from the up-regulated group (Supplementary Data
Sheet_RNA-seq data).

injected larvae treated with hydroprene but not in dsMet injected
larvae treated with hydroprene. Also, the Kr-h1 gene was induced
in dsmalE injected larvae but not in dsMet injected larvae. These
data suggest that Met is required for JH suppression of HDAC11
gene expression.

Identification of Genes Affected by
HDAC11 Knockdown
The effect of Knockdown of HDAC11 on the expression of
JH response genes in larvae were tested using RT-qPCR.
T. castaneum last instar larvae were injected with dsHDAC11
or dsmalE A, the total RNA isolated from these larvae was
used to determine mRNA levels of HDAC11 and genes known
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TABLE 1 | Expression changes of hormone-response genes identified in larvae treated with dsHDAC11.

Gene symbol Gene description Fold Changea P-valueb

Kr-h1 Krüppel homolog 1 4.68 0.00

LOC655028 ecdysone-induced protein 74EF 2.03 0.00

EcR ecdysone receptor 2.18 0.03

Tcjheh-r1 juvenile hormone epoxide hydrolase-like protein 1 28.14 0.01

Tcjheh-r2 juvenile hormone epoxide hydrolase-like protein 2 2.03 0.01

Tcjheh-r5 juvenile hormone epoxide hydrolase-like protein 5 2.40 0.00

LOC661705 Phosphoenol pyruvate carboxykinase [GTP] 3.14 0.00

LOC659239 Krueppel homolog 2 3.87 0.00

TcSRC nuclear receptor coactivator 1 2.24 0.02

LOC660434 broad-complex core protein isoform 6-like 2.59 0.02

LOC658929 nuclear hormone receptor FTZ-F1 2.03 0.04

USP ultraspiracle nuclear receptor 2.08 0.00

LOC664565 CREB-binding protein 7.73 0.00

LOC660626 Hairy 9.33 0.00

LOC658656 Apterous A 4.67 0.00

aExperiment – Fold Change (normalized values). bBaggerley’s test: normalized values.

FIGURE 6 | RT-qPCR validation of RNA-seq data in Tribolium larvae and TcA cells. (A) Differentially expressed genes predicted by RNA-seq analysis are verified by
RT-qPCR. Total RNA was extracted at 12 h after injection was used to quantify mRNA levels. Mean ± SE of four replications is shown. Means marked with different
letters are significantly different from each other, P ≤ 0.05 by t-test. (B) TcA cells were treated with dsHDAC11 or dsmalE. Total RNA was extracted 72 h after dsRNA
treatment was used to quantify mRNA levels. Mean ± SE of four replications is shown. Means marked with different letters are significantly different from each other,
P ≤ 0.05 by ANOVA.
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TABLE 2 | JH-response genes that showed an increase in expression in dsHDAC11 treated larvae.

Gene symbol Gene description JH dsHDAC11

Fold change P-value Fold change P-value

LOC660562 rho GTPase-activating protein 100F 115.45 0.020 29.80 0.002

Kr-h1 Krüppel homolog 1 29.91 0.000 4.68 0.000

LOC662658 4-hydroxyphenylpyruvate dioxygenase 3.46 0.000 4.00 0.000

LOC100141923 sodium-coupled monocarboxylate transporter 2-like 202.63 0.004 3.82 0.014

LOC660154 projectin 13.63 0.030 3.68 0.000

LOC659434 fibroblast growth factor receptor homolog 1 95.55 0.030 3.63 0.000

LOC661127 uncharacterized LOC661127 4.02 0.030 3.38 0.000

LOC107398485 sodium-independent sulfate anion transporter-like 4.28 0.030 3.21 0.004

LOC658154 alpha-2C adrenergic receptor 8.08 0.001 2.90 0.012

LOC100142605 ankyrin-3 2.90 0.008 2.38 0.007

LOC103314138 voltage-dependent T-type calcium channel subunit alpha-1G 6.85 0.020 2.14 0.000

TABLE 3 | COG5048 domains identified in genes up-regulated in dsHDAC11 treated larvae.

Gene symbol Gene description Locus tag Fold change P-value

LOC658487 Zinc finger protein GLIS2 homolog TC000326 2.49 0.000

LOC659757 Zinc finger protein Gfi-1 TC031695 6.19 0.000

Kr-h1 Krüppel homolog 1 TC012990 4.68 0.000

LOC660309 Krueppel-like factor 8 TC006125 2.23 0.000

Pho Pleiohomeotic TC015577 3.69 0.000

LOC662411 Zinc finger protein 184 TC015048 2.92 0.040

LOC103313120 Zinc finger protein OZF N/A 3.99 0.050

LOC103314758 Zinc finger protein ZFP69 TC033495 3.11 0.010

LOC107397979 Gastrula zinc finger protein XlCGF26.1-like N/A 8.52 0.030

N/A, not available.

TABLE 4 | Genes involved in melanin biosynthesis that showed an increase in their expression in HDAC11 knockdown larvae.

Gene symbol Gene description Locus Tag Fold Change P-value

Ddc dopa decarboxylase TC013480 4.46 0.000

Dat dopamine N acetyltransferase TC008204, Nat 2.50 0.000

Lac1 laccase 1 TC000821, TcLac1 2.36 0.000

Th tyrosine hydroxylase TC002496 3.39 0.000

Y-2 yellow-2 TC003539 4.97 0.000

to be involved in JH-response. The mRNA levels of HDAC11
decreased and those of three JH-response genes (Kr-h1, 4EBP,
G13402), SRC, and CBP increased significantly in dsHDAC11
injected larvae when compared to those in larvae injected
with dsmalE (Figure 4). However, the expression of Met and
two housekeeping genes, Actin and HSP90, were not affected
by HDAC11 knockdown (Figure 4). These data suggest that
HDAC11 may influence the expression of JH-response as well as
genes coding for proteins involved in JH action.

The RNA isolated from dsHDAC11 and dsmalE injected
larvae at 12 h after treatment were sequenced and assembled
into transcriptomes and used to identify other targets of
HDAC11. Run summary and total read counts of sequencing
output are shown in Supplementary Table S2. A heatmap
representing the overall pattern of normalized mean expression
values of differentially expressed genes (DEGs) is shown in

Figure 5A. The DEGs are shown as a volcano plot with
red dots indicating statistically significant genes after the
EDGE test between treatment and control (Figure 5B). We
identified 1913 DEGs (Supplementary Data Sheet), 95% (1815)
of these genes are up-regulated, and 5% (98) are down-
regulated. Hormone response genes Kr-h1, ecdysone induced
protein 74EF, and ecdysone receptor are among the up-regulated
genes (Supplementary Data Sheet, dsHDAC11-DEG, Table 1).
Web-based GO analysis of differently expressed genes showed
enrichment of GO terms for binding, especially nucleic acid
and protein binding, biological regulation, pigmentation, and
developmental process (Supplementary Figure S2). To confirm
the results from RNA-seq analysis, we selected 20 genes based
on their predicted function and expression levels and verified
by RT-qPCR using the RNA isolated from T. castaneum larvae.
Eighteen out of 20 genes tested showed a positive correlation
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FIGURE 7 | HDAC11 knockdown affects acetylation levels of histone H3 in T. castaneum. (A) The total protein extracted from dsHDAC11 or dsmalE injected larvae
were resolved on SDS-PAGE gels, transferred to western blots, and probed with antibodies recognizing Acetyl-Histone H3 (Antibody Sampler Kit # 9927-Cell
Signaling (H3K9, H3K14, H3K18, H3K27, and H3K56). ß-actin served as a loading control. The HRP-linked IgG (#7074-Cell Signaling) was used as a secondary
antibody. Band densities were determined by Image-J software and normalized with loading control protein-ß-Actin. The Mean + SE (n = 3) band densities are
shown. Means marked with different letters are significantly different from each other, P ≤ 0.05 by ANOVA. (B) Acetylated-Lysine (Ac-K2-100) MultiMabTM Rabbit
mAb mix #9814 was used to detect acetylation levels of proteins extracted from TcA cells exposed to dsHDAC11 or dsmalE. The acetylation levels of histone H3K9,
H3K18 and H3K27 increased in HDAC11 knockdown cells were detected as described in Figure 7A. The band densities were quantified and plotted as described
in Figure 7A. The Mean + SE (n = 3) band densities are shown. Means marked with different letters are significantly different from each other, P ≤ 0.05 by ANOVA.

in their expression levels determined by the two methods
(Figure 5C). RT-qPCR analysis of RNA isolated from larvae
(Figure 6A) and TcA cells (Figure 6B) also verified an increase
in expression levels of EcRA, E74, E93 Ftz-f1, TC011468
and ap A increase predicted by differential gene expression
analysis of transcriptomes of larvae treated with dsHDAC11 or
dsmalE. A comparison of up-regulated genes between JH III
treated TcA cells (Roy and Palli, 2018), and dsHDAC11 treated
larvae identified eleven common genes, including the Kr-h1
(Table 2). Nine genes that code for proteins containing zinc
finger, COG5048 domains found in Kr-h1 are also up-regulated

in HDAC11 knockdown larvae (Table 3). Since dsHDAC1
(George et al., 2019) and dsHDAC11 induced 100% mortality,
we compared DEGs between these two datasets and identified
several common genes (Supplementary Data Sheet_dsHDAC1
vs. dsHDAC11). Notably, the expression of CBP was up-
regulated by seven-fold in both treatments. Since dsHDAC11
larval phenotypes showed enhanced pigmentation, we searched
for genes coding for enzymes involved in melanization in our
RNA-seq data. Interestingly, several genes coding for enzymes
known to function in melanin biosynthesis were up-regulated in
dsHDAC11 injected larvae (Table 4).
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HDAC11 Knockdown Increases
Acetylation Levels of Histone H3
Increase in acetylation levels of H3K9, H3K18, and H3K27
was detected in dsHDAC11 treated larvae compared to the
levels in dsmalE treated larvae (Figure 7A). Also, TcA cells
exposed to dsHDAC11 showed an increase in acetylation levels
of core histones H3, H2, and H4 (Figure 7B) compared with
control cells treated with dsmalE. An increase in acetylation
levels of H3K9, H3K18 and H3K27 was detected in dsHDAC11
treated cells compared to control cells treated with dsmalE
(Figure 7B). These data suggest that H3 is one of the targets for
HDAC11 deacetylation.

DISCUSSION

We recently reported on the function of class I HDACs in
JH suppression of metamorphosis in T. castaneum (George
et al., 2019). Here, we investigated the role of the sole member
of class IV HDACs, HDAC11. HDAC11 knockdown induced
complete lethality during the larval stage. Human HDAC11 is
biochemically distinct from other HDACs but phylogenetically
closely related to class I HDACs (De Ruijter et al., 2003).
Similarly, phylogenetic analysis of HDACs in T. castaneum
revealed that TcHDAC11 is close to class I than to class II
deacetylases (Figure 1B).

Interestingly, we observed that knockdown of the HDAC11
gene during the final instar larval stage of the red flour beetle,
T. castaneum resulted in a dark-colored larval phenotype that
eventually died. Human HDAC11 is reported to be involved
in the regulation of different inflammatory responses and
diverse immune functions (Yanginlar and Logie, 2018). Dopa
decarboxylase (Ddc) and phenoloxidase (PO) are necessary
for insect cuticular melanization, and the molecular action
of 20-hydroxyecdysone on various transcription factors leads
to Ddc expression in Manduca sexta (Hiruma and Riddiford,
2009). Strict regulation of immune response and melanization
is crucial for the proper development and survival of insects.
RNA-seq data showed that the genes coding for enzymes
(Tyrosine hydrolase, Ddc, Yellow-2, Laccase 1, Dopamine N
acetyltransferase) known to be involved in insect melanin
biosynthesis are up-regulated in HDAC11 knockdown larvae
(Table 4). In D. melanogaster, microbial infection triggers
activation of phenoloxidases; serine proteases and serine protease
inhibitors (serpins) control the sites of infection (Tang, 2009).
Differential expression of genes coding for several serine
proteases, toll-like receptors, and serpins were observed in
HDAC11 knockdown samples (Datasheet_melanization terms).
Melanization and toll pathway share similar serine proteases in
D. melanogaster (Dudzic et al., 2019).

Inhibition of HDAC11 induced the expression of p53
in human liver cancer cells and promoted apoptosis (Gong
et al., 2019). HDAC11 is reported to be overexpressed in
several carcinomas, and HDAC11 depletion causes cell death
and inhibits metabolic activity in controlling proliferation in
several human carcinoma cell lines (colon, prostate, ovarian
cell lines) (Deubzer et al., 2013). Similarly, HDAC11 depletion
in human neuroblastoma cells triggers caspase activation and

FIGURE 8 | Schematic representation of HDAC11 action in the red flour
beetle. Here we summarized the results RNA sequencing and RT-qPCR
analysis showed that knockdown in HDAC11 affects the expression of JH and
20E response genes as well as those coding for proteins involved in the action
of these two hormones. Since both JH and 20E play critical roles in larval
development and metamorphosis, HDAC11 may have blocked larval
development and metamorphosis by affecting the action of these two
hormones. The GO terms for pigmentation is significantly enriched in HDAC11
knockdown samples compared to the control. RNA-seq data showed that the
genes coding for enzymes (Tyrosine hydrolase, Ddc, Yellow-2, Laccase 1,
Dopamine N acetyltransferase) involved in insect melanin biosynthesis are
up-regulated. RNAi mediated knockdown of HDAC11 induces mortality in
larvae, pupae, and adults. Mortality factor 4-like protein 1 (TC011468) and
apterous A (TC003972) were identified as differentially expressed genes in
HDAC11 knockdown larvae. HDAC11 knockdown resulted in an increase in
acetylation levels of histones H3, especially H3K18 and H3K27.

caspase-dependent apoptosis (Thole et al., 2017). HDAC11
depletion in MYCN-driven neuroblastoma cell lines strongly
induces cell death, mostly mediated by apoptotic programs
(Thole et al., 2017). Inhibitor studies in mouse models showed
that HDAC11 plays an important role in oncogene-induced
hematopoiesis in myeloproliferative neoplasms (MPNs) (Yue
et al., 2020). Based on these previous findings, it is tempting
to hypothesize that HDAC11 knockdown may induce the
death of some internal tissues resulting in the dark color
detected in larvae. However, further work is required to identify
specific tissues/cells involved and to uncover mechanisms
behind the phenotype detected after HDAC11 knockdown in
T. castaneum larvae.

Another finding of this research is the discovery that HDAC11
is required for larval development and metamorphosis in
T. castaneum. This is the first report on the role of HDAC11 on
the growth and development of insect larvae. RNA sequencing
and RT-qPCR analysis showed that knockdown in HDAC11
affects the expression of JH and 20E response genes as well as
those coding for proteins involved in the action of these two
hormones. Since both JH and 20E play critical roles in larval
development and metamorphosis (Jindra et al., 2013); HDAC11
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may block larval development and metamorphosis by affecting
the action of these two hormones. RNA-seq analysis revealed
several genes, including transcription factor sox-10, Hairy,
CBP, SRC, chromatin remodeler SWI/SNF complex subunit
SMARCC2, polycomb complex protein BMI-1-A, polycomb
protein Scm, BTB/POZ, ultrabithorax, EcR, tramtrack, ecdysone-
induced protein 74EF, and nuclear hormone receptor FTZ-F1
that showed an increase in expression in HDAC11 knockdown
larvae. These data suggest that the deacetylation of histones and
other proteins by HDAC11 may lead to a decrease in expression
of these genes involved in JH and 20E action and response.
However, the precise mechanisms involved in the arrest in larval
development induced by HDAC11 knockdown remains to be
elucidated. Further studies are required to uncover molecular
mechanisms governing these phenotypes.

Apterous A (ap A, TC003972) and mortality factor 4-
like protein 1 (TC011468) are significantly up-regulated in
dsHDAC11 treated larvae. RT-qPCR reconfirmed RNA-seq
predictions (Figures 6A,B). In D. melanogaster, apterous encodes
a member of LIM (Lin11, Isl-1& Mec-3) homeobox transcription
factor which contributes to the identity of wing cells, JH
production, and neuronal pathfinding (Cohen et al., 1992).
Mortality factor 4-like protein 1 (TC011468), also known as
NuA4 complex subunit EAF3 homolog-like protein is a MORF-
related gene and part of the Tip60 chromatin remodeling
complex in D. melanogaster. Tip60 is involved in DNA repair
by acetylating phosphorylated H2AV in D. melanogaster (Kusch
et al., 2004). Mortality factor 4 like 1 protein regulates chromatin
remodeling and mediates epithelial cell death in a mouse
model of pneumonia (Zou et al., 2015). Interestingly, HDAC
inhibitors activity leads to the modulation of expression of
various genes and in turn, induces growth arrest, differentiation,
and apoptotic cell death (Marks et al., 2000). Moreover,
HDAC11 overexpression inhibits the cell cycle progression in
fibroblast of Balb/c-3T3 cells. Also, the HDAC11 transcript
was identified as a platelet-derived growth factor (PDGF)
target, and HDAC11 mRNA abundance correlates inversely
with proliferative status (Bagui et al., 2013). We identified
fibroblast growth factor receptor homolog 1, ankyrin-3 as
common genes up-regulated in HDAC11 knockdown larvae,
or JH III treated cells (Table 2). Nuclear hormone receptors
and their transcriptional coregulators were expressed in neural
stem cells, and their expression was altered during differentiation
induced by fibroblast growth factor 2 (FGF2) withdrawal.
FGF2 withdrawal strongly induced the mRNA expression
of HDAC11 in mouse cells (Androutsellis-Theotokis et al.,
2013). Chromatin modifier, HDAC11, regulates lymph node
metastasis development and dissemination in the breast cancer
experimental model (Leslie et al., 2019). Human HDAC11
expression is limited to kidney, heart, brain, skeletal muscle,
and testis, suggesting a tissue-specific function (Gao et al.,
2002). Small interfering RNAs (siRNAs) that selectively inhibited
HDAC11 expression, significantly up-regulated OX40L, and
induced apoptosis in Hodgkin lymphoma (HL) cell lines.
Silencing HDAC11 increased the production of tumor necrosis-
α (TNF-α) and IL-17 in the supernatants of HL cells. An HDAC
inhibitor study in human cell lines revealed that HDAC11 plays
an essential role in regulating OX40 ligand expression in Hodgkin

lymphoma (Buglio et al., 2011). The protein “Eiger” is the close
homolog for OX40L in T. castaneum and D. melanogaster eiger
(egr) encodes the TNF superfamily ligand that activates the
intracellular JNK pathway, which mediates cell death, tumor
suppression, and growth regulation (Igaki et al., 2002; Shklover
et al., 2015). Our studies revealed that HDAC11 is essential for
survival, and RNAi mediated knockdown induce developmental
arrest and mortality.

HDAC11 regulates oligodendrocyte-specific gene expression
and cell development in the cell line of rats by deacetylation
of histone H3K9/K14 (Liu et al., 2009). Our western blots
analysis showed that HDAC11 regulates acetylation levels of
H3, specifically H3K9, H3K18 and H3K27. As demonstrated for
HDAC1 in T. castaneum (George et al., 2019), HDAC11 may
also influence acetylation levels of histones, especially H3, and
regulate promoter access and, consequently, the expression of
genes involved in JH and 20E action and response. In conclusion,
we showed that HDAC11 knockdown affects hormone action
and melanin biosynthesis and thereby arrest in development and
metamorphosis of the red flour beetle, T. castaneum (Figure 8).
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The vacuolar ATPases (V-ATPases) are ATP-dependent proton pumps that play vital
roles in eukaryotic cells. Insect V-ATPases are required in nearly all epithelial tissues to
regulate a multiplicity of processes including receptor-mediated endocytosis, protein
degradation, fluid secretion, and neurotransmission. Composed of fourteen different
subunits, several V-ATPase subunits exist in distinct isoforms to perform cell type
specific functions. The 100 kD a subunit (Vha100) of V-ATPases are encoded by a
family of five genes in Drosophila, but their assignments are not fully understood. Here
we report an experimental survey of the Vha100 gene family during Drosophila wing
development. A combination of CRISPR-Cas9 mutagenesis, somatic clonal analysis
and in vivo RNAi assays is used to characterize the requirement of Vha100 isoforms,
and mutants of Vha100-2, Vha100-3, Vha100-4, and Vha100-5 genes were generated.
We show that Vha100-3 and Vha100-5 are dispensable for fly development, while
Vha100-1 is not critically required in the wing. As for the other two isoforms, we
find that Vha100-2 regulates wing cuticle maturation, while Vha100-4 is the single
isoform involved in developmental patterning. More specifically, Vha100-4 is required
for proper activation of the Wingless signaling pathway during fly wing development.
Interestingly, we also find a specific genetic interaction between Vha100-1 and Vha100-
4 during wing development. Our results revealed the distinct roles of Vha100 isoforms
during insect wing development, providing a rationale for understanding the diverse
roles of V-ATPases.

Keywords: V-ATPase a subunit, wing development, Drosophila melanogaster, V-ATPase isoform, V100-2

INTRODUCTION

The vacuolar ATPases (V-ATPases) are ubiquitous proton pumps which play important roles
in eukaryotic cells (Forgac, 2007). V-ATPases transport proton into intracellular compartments,
and are therefore crucial for pH homeostasis in organelles such as endosomes, secretory vesicles,
synaptic vesicles, and lysosomes (Hinton et al., 2009). The V-ATPases are generally required for
a broad spectrum of cellular processes, including endosomal trafficking, lysosomal degradation,
and exocytosis (Forgac, 2007). Insect V-ATPases are expressed in nearly all epithelial tissues
and are well-known for their roles in physiological activities such as secretion of K + and
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Na + and formation of fluid (Wieczorek et al., 2009). Moreover,
recent studies have illuminated the importance of V-ATPases
for insect development. In Drosophila melanogaster, mutations
that dampen the V-ATPases activity are reported to disrupt the
formation of eye, wing and egg chambers (Yan et al., 2009;
Buechling et al., 2010; Hermle et al., 2010; Vaccari et al., 2010).
Further studies demonstrated that V-ATPases are involved in
regulation of cell proliferation, cell fate determination and tissue
patterning through modification of key developmental signaling
pathways (Kobia et al., 2013; Gleixner et al., 2014; Portela et al.,
2018; Ren et al., 2018).

The V-ATPase is a large protein complex composed of 14
different subunits that are organized into the cytosolic V1 region
and the membrane-bound V0 region (Nelson, 2003). Region V1
hydrolyzes ATP and provides energy to pump protons through
the protein lipid pores formed in region V0 (Jianhua et al., 2015).
The V1 region contains eight subunits while the V0 domain is
assembled by six different subunits (Forgac, 2007). The regulatory
C subunit is located in the V1 domain and interacts with subunit
a in the V0 domain (Wilkens et al., 2004; Inoue and Forgac, 2005;
Cipriano et al., 2008). Therefore, the C subunit is well positioned
to control the reversible dissociation of the V-ATPase complex
(Inoue et al., 2005; Forgac, 2007). The C subunit is encoded
by Vha44 in Drosophila, which is required for endolysosomal
acidification and regulates elimination of nurse cells in the ovary
(Mondragon et al., 2019), cell competition in the eye imaginal
disk (Nagata et al., 2019), and apical endocytosis in the wing disk
epithelial cells (Gleixner et al., 2014). Ectopic Vha44 expression is
shown to impair endolysosomal degradation and induce invasive
cell behavior in the developing wing disk (Petzoldt et al., 2013) as
well as differentiation defects in the eye disk (Portela et al., 2018).

Many of the V-ATPase subunits exist in multiple isoforms
which are often expressed in a cell type specific manner (Toei
et al., 2010). In Drosophila, the V-ATPase multigene family
consists of 33 different genes (Julian, 1999; Allan et al., 2005).
Apart from five subunits in the V1 region and the accessory
subunits VhaAC45 and VhaM8.9, other V-ATPase subunits
are encoded by two to five genes (Allan et al., 2005). In
vertebrates, isoforms of subunit a in the V0 domain contain
information necessary for targeting the V-ATPase complexes to
the appropriate plasma membrane (Toyomura et al., 2003; Qi
et al., 2007; Saw et al., 2011). In Drosophila, the V-ATPase a
subunit is encoded by Vha100-1, Vha100-2, Vha100-3, Vha100-
4, and Vha100-5 with specific tissue distribution patterns (Toei
et al., 2010). Previous studies have suggested that Vha100-1
is an isoform required for synaptic vesicle exocytosis in the
nervous system (Hiesinger et al., 2005). Loss of Vha100-1 leads
to vesicle accumulation in synaptic terminals (Wang et al., 2014),
neuronal degeneration (Williamson et al., 2010a), and defects
in brain wiring (Williamson et al., 2010b). RNAi knock-down
experiments indicate that Vha100-2 is involved in regulation
of neural stem cells proliferation (Wissel et al., 2018), acid
generation of the midgut (Overend et al., 2016), elimination
of nurse cells in the ovary (Mondragon et al., 2019), and cell
competition in the eye disk (Nagata et al., 2019). Similar as
Vha100-2, knock-down of Vha100-4 also leads to acidification
defect in the larval midgut (Overend et al., 2016). The roles of

Vha100-3 and Vha100-5 are still unclear, and our understanding
of whether and how Vha100 isoforms collaboratively regulate the
development of specific tissue is incomplete.

In order to further investigate the functional diversity of the
V-ATPase a subunit isoforms, we generated and characterized
mutants of Vha100-2, -3, -4, and -5. We found that among
the five isoforms, Vha100-3 and Vha100-5 are dispensable for
fly development. We further demonstrated that Vha100-2 is
specifically required for wing cuticle formation, while Vha100-4
is involved in Wingless signaling activation. Comparative studies
revealed that Vha100-1 and Vha100-4 execute both independent
and redundant function during fly wing development. Our
studies uncovered the isoform specific functions of the V-ATPase
a subunit during Drosophila wing development.

MATERIALS AND METHODS

Fly Genetics
Fly stocks and all fly crosses were maintained at 25◦C on
standard fly food. The following fly stocks were used:
hh-Gal4, UAS-mCD8-gfp/TM6B (Ren et al., 2018); Vha100-
2 RNAi (TH04790.N; TsingHua Fly Center); FRT42D,
Vha44KG00915/Cyo (#111534; Kyoto Stock Center); FRT42D,
Vha44K 05440/Cyo (#111081; Kyoto Stock Center); FRT82B,
Vha100-11/TM3, Sb (#39669; Bloomington Drosophila Stock
Center); w;Sco/Cyo (#2555; Bloomington Drosophila Stock
Center); and w;TM3/TM6B (#2537; Bloomington Drosophila
Stock Center). The Ubx-FLP; FRT82B, Ubi-RFP/TM6B, Ubx-FLP;
FRT42D, Ubi-RFP/Cyo, and Ubx-FLP; FRT42D, Ubi-GFP/Cyo
stocks were used to generate mosaic mutant clones in the wing
disks (Ren et al., 2018). The sens−GFP reporter was described
before (Sarov et al., 2016) and obtained from Bloomington
Drosophila Stock Center (#38666). The fz3-LacZ reporter was
described before (Sato et al., 1999).

CRISPR-Cas9 Mediated Mutagenesis
The sgRNA targets were designed against the genomic sequences
of Vha100-2, Vha100-3, Vha100-4, and Vha100-5 with CRISPR
Optimal Target Finder1 (Gratz et al., 2014). Templates for
sgRNA transcription were generated by annealing of two DNA
oligonucleotides and subsequent PCR amplification (Bassett
et al., 2013). In vitro transcription was performed with the
T7 RiboMAXTM Kit (Promega, P1320) and the sgRNAs were
purified by phenol-choloroform extraction and isopropanol
precipitation. Cas9 mRNA was transcribed with the mMESSAGE
mMACHINE R© T7 Transcription Kit (Ambion), using a linearized
plasmid containing the Cas9 cDNA (Addgene plasmid 42251)
as template. The Cas9 mRNA were polyadenylated with the
Escherichia coli Poly(A) polymerase Kit (NEB), and purified
with the RNeasy Mini Kit (QIAGEN). 15 µg of Cas9 mRNA
and 7.5 µg sgRNA were mixed with DEPC water in a 30 µl
volume for embryo injection. Fly embryos of the w1118 strain
(#5905; Bloomington Drosophila Stock Center) were injected
using standard protocols by Fungene Biotech (Beijing, China).

1http://tools.flycrispr.molbio.wisc.edu/targetFinder/
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FIGURE 1 | Amino acid sequences and structures of V-ATPase subunit a isoforms in Drosophila. Alignment of the five Drosophila V-ATPase a subunit isoform
sequences (Vha100-1, Vha100-2, Vha100-3, Vha100-4, and Vha100-5) is shown. Identical residues are indicated by blue shades and similar residues are labeled by
light purple shades. The seven putative transmembrane helices predicted from topographical analysis are shown with a red bar. The residues whose mutation has a
significant effect on activity or assembly of the V-ATPase are indicated by asterisks. GenBank accession numbers assigned to Vha100-1, Vha100-2, Vha100-3,
Vha100-4, and Vha100-5 are AAF56861, AAF55551, AAM68427, AAF55550, and AAF53116, respectively.

TABLE 1 | The sequence identity (and similarity) between pairs of Drosophila a subunit isoforms.

Pairs of isoforms Identity and (similarity) Pairs of isoforms Identity and (similarity)

Vha100-1 and Vha100-2 58% (71%) Vha100-2 and Vha100-4 65% (79%)

Vha100-1 and Vha100-3 36% (51%) Vha100-2 and Vha100-5 65% (79%)

Vha100-1 and Vha100-4 53% (67%) Vha100-3 and Vha100-4 33% (51%)

Vha100-1 and Vha100-5 57% (71%) Vha100-3 and Vha100-5 35% (53%)

Vha100-2 and Vha100-3 35% (54%) Vha100-4 and Vha100-5 56% (72%)

Males developed from the injected embryos (G0) were
outcrossed to virgin females of TM3/TM6B (for Vha100-2 and
Vha100-4) or Sco/Cyo (for Vha100-3 and Vha100-5). Single G1
males were each crossed to 4–5 females of the corresponding
balancer stocks and the progenies (G2) bearing the same
balancer chromosome were maintained as an independent stock.
About 50 G2 stocks were established from each injection, and
mutations were screened by PCR test of genomic DNAs. Primer
pairs were designed to generate PCR products covering the
target sites, which were compared with the control sequences
amplified from w1118 genomic DNA. The primers used are:
V100-2F: AACGTTGTCGTTGGCTGAAGCA; V100-2R: ATGT
CATCCTGGATGTCGGGCA; V100-3F: CTGCGCATCGTGG
ACAGTCTG; V100-3R: GAATGATCAGGTTGAAGGAGC;
V100-4F: GCTGTGCTCCGAAAGTGAG; V100-4R: ACCT
TGTGACCCTCCTTGTT; V100-5F: CAGTTATAACACTCG
ATTTGA; and V100-5R: TTGAGTTCTTGCATGTGCCGGA.
Mutant alleles were identified and named as Vha100-2D2,
Vha100-3D3, Vha100-4D4, and Vha100-5D5. FRT82B (#2035;
Bloomington Drosophila Stock Center) was recombined into
the Vha100-2D2 and Vha100-4D4 mutant genomes by standard
genetic crosses for further mosaic analysis.

mRNA in situ Hybridization in Drosophila
Wing Imaginal Disks
The coding regions of Vha100-2 (1208 bp–1430 bp of
GeneBank #AAF55551) and Vha100-4 (982 bp–1240 bp of
GeneBank #AAF55550) were used to generate antisense RNA
probes for in situ hybridization. An autofluorescent alkaline
phosphatase substrate (Vector) was used to visualize mRNA in
the rhodamine channel, and mutant clones were marked by
immunofluorescence staining of GFP protein as described before
(Su et al., 2011).

Immunofluorescence Staining
Wing disks dissected from third-instar larvae were fixed in 4%
paraformaldehyde for 15 min, blocked in PBS containing 0.1%
Triton X–100 and 0.2% BSA for 1 h, and incubated overnight
at 4◦C with the following primary antibodies: mouse anti-Cut
(1:100; 2B10; and DSHB), mouse anti-Wingless (1:200; 4D4; and

TABLE 2 | Summary of CRISPR-Cas9 sgRNA sequences.

Gene
symbol

sgRNA-1 sequence sgRNA-2 sequence

Vha100-2 GATGTTCCGTAGTGAGGAGA GTATACCTCCGTATCTGAGC

Vha100-3 GATTTCGACGACTGTCCAGT GCACAGCTTCGCTTTGAACA

Vha100-4 GCAAATGTATCTGCAGCCGG GTTGCCGCCTTGGGCGAGGT

Vha100-5 GGGCGTAGGCTGCCTCCGGC GTTTCGCGATCTGAACGAGG

DSHB), mouse anti-Notch intracellular domain NICD (1:200;
C17.9C6; and DSHB), mouse anti- Notch extracellular domain
NECD (1:200; C458.2H; and DSHB), mouse anti-Dl (1:200;
C594.9B; and DSHB), rabbit anti-GFP (1:2000; A11122; and
Thermo Fisher), and rabbit anti-Caspase3 (1:200; Cell signaling).
Alexa fluor-conjugated secondary antibodies (1:400; Invitrogen)
were used. Alexa fluor-568 conjugated phalloidin was used to
label cell morphology (1:200; Thermo Fisher). The fluorescence
images were acquired with Leica SP8 confocal microscope and
processed in Photoshop and ImageJ.

Eosin Y and FB28 Staining and
Microscopy of the Adult Wing
Adult flies with correct genotypes were collected and fixed
overnight in isopropanol. Dissected adult wings were mounted
in Euparal mounting media (BioQuip). For Eosin Y and
FB28 staining experiments, 2 days old files were fixed in
formaldehyde phosphate buffer, washed several times with PBS,
and stained with FB28 solution (1 mg/ml; Sigma-Aldrich) at
room temperature for 1 h or 0.5% Eosin Y at 55◦C for
35 min. Adult wings were then dissected and mounted in 80%
glycerol. The images were captured with a Leica DMIL inverted
microscope equipped with a QICAM Fast 1394 digital camera.

RESULTS

Vha100 Isoforms Are Differentially
Required for Fly Development
The a subunit of the V-ATPase is encoded by five genes in
Drosophila, which are spread at different locations throughout
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FIGURE 2 | Generation and verification of Vha100 mutants. (A) Schematic illustration of Vha100 mutant alleles. The Vha100-11 is a loss of function allele caused by
mutation in the splice acceptor site. CRISPR-Cas9 mediated deleterious alleles are generated for other members of the Vha100 family. The position and molecular
nature of each allele is labeled. (B–E) In situ hybridization in Drosophila wing imaginal disks. In wild type wing disks, Vha100-2 (B) and Vha100-4 (C) are ubiquitously
expressed. In Vha100-2D2 mutant clones, the mRNA levels (red) are significantly down-regulated (D). The mRNA levels of Vha100-4 (red) are significantly
down-regulated in Vha100-4D4 clones (E). The down-regulation of Vha100-2 (n = 11) and Vha100-4 (n = 14) in mutant clones is fully penetrant. The mutant clones
are marked by absence of GFP. Representative mutant clones are indicated by arrows. Scale bars: 10 µm.

FIGURE 3 | Vha100-2 is specifically required for wing cuticle formation. (A,B)
Penetration of Eosin Y through the wing cuticle. The adult wing of Ubx-FLP;
FRT82B, Ubi-RFP stock is used as wild type control, which is resistant to
Eosin Y penetration (A). By contrast, patches with Eosin Y staining (red) are
observed in fly wings harboring homozygous Vha100-2D2 mutant clones (B).
(C–E) Penetration of FB28 through the wing cuticle. In wild-type control
wings, the FB28 dye (blue) shows limited penetration competency (C). The
FB28 dye (blue) scatters into the wing bearing homozygous Vha100-2D2

clones (D). In Vha100-2 RNAi expression area, the penetration of the FB28
dye (blue) is evident (E). (F) The mRNA level of Vha100-2 (red) are
down-regulated in RNAi expressing cells (marked by GFP). Representative
Eosin Y and FB28 staining patches are indicated by arrows. The
down-regulation of Vha100-2 in RNAi expressing region is fully penetrant
(n = 7). Scale bars: 0.5 mm in (A–E) and 10 µm in (F).

the genome (Supplementary Figures S1A–D). The -1, -2, -3,
-4, and -5 isoform comprises 855, 834, 904, 844, and 814 amino
acid residues, respectively. A hidden Markov model (Krogh et al.,
2001; http://www.cbs.dtu.dk/services/TMHMM-2.0/) predicated
that these isoforms have closely similar structures with seven
putative transmembrane regions, which are conserved among
the five isoforms (Figure 1). High conservation is also evident
for the hydrophilic amino and hydrophobic carboxy terminals
of fly Vha100 isoforms (Figure 1). Detailed analysis of sequence

homology reveals that Vha100-3 is the most diverse member of
the family, while the other isoforms share a similarity about 70%
between each other (Table 1). A number of residues of the a
subunit have been experimentally demonstrated to be important
for the activity or assembly of V-ATPase complex in yeast (Leng
et al., 1996, 1998), which were later found to be conserved in
mouse orthologs (Nishi and Forgac, 2000; Toyomura et al., 2000).
All of these residues are conserved in the fly isoforms, with the
exception of L800 (the Vha100-1 numbering), which is conserved
in -3 and -5 but is a phenylalanine in -2 and -4 (Figure 1).
It is likely that the less conserved regions may render different
functions of Vha100 isoforms. Construction of a phylogenetic
tree (Minh et al., 2013; Trifinopoulos et al., 2016) using the
mouse, fly and yeast sequences reveals that the development
of multiple isoforms of the a subunit appears to have occurred
independently in these species (Supplementary Figure S1E).

Previous studies have isolated several Vha100-1 mutant alleles
and revealed a neuronal specific role of Vha100-1 during
fly development (Hiesinger et al., 2005). For the other four
isoforms, mutagenesis analyses have not been reported yet. To
better understand how Vha100 isoforms function in different
developmental contexts, we generated Vha100-2, Vha100-3,
Vha100-4, and Vha100-5 mutants by CRISPR-Cas9 mediated
genome editing (Table 2). Mutations with small deletions were
identified by genomic DNA PCR (Supplementary Figure S2) and
used for further analysis (Figure 2A). Homozygous Vha100-3D3

and Vha100-5D5 mutant flies are viable and fertile with normal
appearance of body structure and tissue morphology. Previous
studies have shown that the expression of Vha100-3 is restricted
to the testes in adult males, while the mRNA of Vha100-5 is
undetectable by in situ hybridization in fly larvae (Wang et al.,
2004; Allan et al., 2005). We reason that these two isoforms might
perform specific physiological roles, but are dispensable for fly
development. Therefore, we moved on to examine the roles of
Vha100-1, Vha100-2, and Vha100-4 in fly wing development.

As Vha100-11 (Hiesinger et al., 2005), Vha100-2D2, and
Vha100-4D4 are homozygous lethal mutants, somatic mosaic
clones were generated using the FLP-FRT system to examine
their roles in wing development. The FLP recombinase catalyzes
exchange of the homologous chromosome arms and induces the
generation of homozygous mutant cell clones with randomized
size and location (Xu and Rubin, 1993). Importantly, the wild
type cells surrounding the mutant clones serve as rigorous
internal control for developmental studies (Theodosiou and
Xu, 1998). Taking advantage of the FLP-FRT system, we
evaluated whether Vha100-2D2 and Vha100-4D4 (Figure 2A)
behave as loss-of-function alleles by examining their mRNA
levels in mutant mosaic clones. Both Vha100-2 (Figure 2B)
and Vha100-4 (Figure 2C) were ubiquitously expressed in wing
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FIGURE 4 | Vha100-4 is required for proper activation of the Wg signaling pathway. (A,B) The adult wing of W1118 stock is used as wild type control (A). Wing
margin notches and marginal bristle loss are observed in homozygous Vha100-4D4 mutant clones (B). (C,D) Immunostaining shows that Wg (red) is expressed by
cells at the D/V boundary in the pouch of wild type wing disk (C). Wg proteins (red) are accumulated in a subset of mutant Vha100-4D4 clones (n = 7/13; D). (E,F)
The Wg signaling reporter fz3-LacZ (green) is expressed by all cells in the pouch area of wing disk (E). Expression of fz3-LacZ (green) is dampened in Vha100-4D4

mutant clones (n = 6/11; F). (G,H) Sens-GFP (green) is expressed in two rows of cells which are above and below the D/V boundary (G). Expression of the
Sens-GFP reporter (green) was inhibited in a subset of Vha100-4D4 mutant clones (n = 7/12; H). The mutant clones are marked by absence of GFP (D) or RFP (F,H).
Representative mutant clones are indicated by arrows. Scale bars: 0.5 mm in (A,B) and 10 µm in (C–H).

disk cells. Compared with the neighboring wild type cells, the
expression level of Vha100-2 were significantly down-regulated
in Vha100-2D2 homozygous cells (Figure 2D). The expression
of Vha100-4 were also obviously decreased in Vha100-4D4

clones (Figure 2E).

Vha100-2 Is Specifically Required for
Wing Cuticle Formation
We first examined the overall requirement of V-ATPase
activity during wing development, and the contributions
of distinct Vha100 isoforms were further dissected. Two
mutants of the regulatory C subunit Vha44 were tested
(Supplementary Figure S3A) and both of them resulted
in various developmental defects including loss of wing
marginal bristles and nicking of wing margin (Supplementary
Figures S3B–D). We then investigated whether Vha44 regulates
Notch (N) and Wingless (Wg) signaling activity, two major
signaling pathways that were affected by mutations of other
V-ATPase subunits (Vaccari et al., 2010; Kobia et al., 2013;
Gleixner et al., 2014; Portela et al., 2018; Ren et al., 2018).
In the wild type imaginal wing disk, the N target gene
cut is produced in a narrow stripe of cells along the

dorsal/ventral (D/V) boundary (Supplementary Figure S3E).
In Vha44K 05440 mutant clones, the expression of Cut is
abolished when the clones are located at the D/V boundary
(Supplementary Figure S3F). Clones of Vha44 mutant cells
also displayed various degrees of accumulation of the ligand
molecule Delta (Dl) and N protein itself, which were detected
as intracellular puncta (Supplementary Figures S3G–J). During
fly wing development, the Wg protein is generated at the
D/V boundary (Supplementary Figure S3K) and transported
throughout the wing disk to activate down-stream targets
(Swarup and Verheyen, 2012). In Vha44 mutant cells, the
expression level of Wg was not significantly affected, while
the distribution of Wg protein in signal receiving cells was
altered (Supplementary Figure S3L). As a consequence, the
activity of Wg signaling was dampened in Vha44 mutant
cells (Supplementary Figures S3M,N), which was monitored
by a fz3-LacZ reporter (Sato et al., 1999). In addition, we
found that Vha44K 05440 mutant cells displayed aberrant cellular
cortex morphology (Supplementary Figures S3O,P) and likely
underwent apoptosis (Supplementary Figures S3Q,R).

In contrast to the Vha44 mutants, fly wings harboring
homozygous Vha100-2D2 mutant clones displayed wrinkles in
the wing surface, without disruption of the vein patterns
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and wing margin integrity (Figures 3A,B). In agreement
with the lack of patterning defects in the adult wing, the
expression of Cut remained unaltered in Vha100-2D2 mutant
clones (Supplementary Figure S4A). The expression level and
distribution of Wg, N, and Dl proteins were also normal
in Vha100-2D2 mutant cells (Supplementary Figures S4B–
D), suggesting that Vha100-2 is not required for these
two pathways. Furthermore, phalloidin staining showed that
Vha100-2D2 mutant had little influence for cell morphology
(Supplementary Figure S4E). Wrinkling of the wing surface
is often associated with defective cuticle deposition (Moussian,
2010). To further characterize the role of Vha100-2 on wing
cuticle formation, we analyzed the cuticle impermeability by
FB28 and Eosin Y staining (Wang et al., 2016, 2017). Wild-
type wings with an intact cuticle layer is almost resistant to
Eosin Y penetration (Figure 3A). By contrast, wings harboring
homozygous Vha100-2D2 mutant clones showed patches of
Eosin Y staining (Figure 3B). Similarly, a polysaccharide-specific
dye FB28 was able to penetrate through the cuticle of wings
bearing Vha100-2D2 mutant clones (Figures 3C,D). We further
confirmed the role of Vha100-2 in cuticle integrity by knock-
down of Vha100-2 expression in the posterior compartment of
the wing. Regional specific inhibition of Vha100-2 led to wrinkles
in the RNAi expressing area as well as diffusion of the FB28
dye (Figure 3E). Consistent with the adult wing phenotype,
RNAi knock-down led to attenuation of Vha100-2 mRNA level
when examined in the wing disk (Figure 3F). Taken together,
our results suggest that Vha100-2 might be involved in cuticle
formation of the wing.

Vha100-4 Is Required for Proper
Activation of the Wg Signaling Pathway
When Vha100-4D4 mutant clones were induced in the wing,
marginal notches and bristle loss were observed (Figures 4A,B).
These marginal defects are typically resulted from disruption
of N or Wg signaling activity (Logan and Nusse, 2004).
Interestingly, we found that neither the target Cut nor the
signaling molecules (N and Dl) were changed in Vha100-4D4

mutant cells (Supplementary Figure S5). On the other hand,
aggregation of Wg proteins were observed in some mutant cells
(Figures 4C,D), and the expression of the Wg activity reporter
fz3-LacZ (Figures 4E,F), and sens-GFP (Figures 4G,H) were
dampened in a subset of Vha100-4D4 mutant clones. Collectively,
these findings provide evidence that Vha100-4 is likely involved
in Wg signaling activation during fly wing development.

Vha100-1 Performs Redundant Function
With Vha100-4
Although previous studies suggest that Vha100-1 functions in
the neuronal system to regulate fly development (Hiesinger
et al., 2005; Wang et al., 2014), we noticed that ectopic
veins were formed in wings bearing Vha100-11 mutant clones
(Figures 5A,B). However, N and Wg signaling were not affected
in Vha100-11 mutant cells (Supplementary Figures S6A,B).
In addition, we noticed that Vha100-11 mutant cells did not
undergo apoptosis (Supplementary Figure S6C) and displayed

FIGURE 5 | Vha100-1 and Vha100-4 perform redundant functions during fly
wing development. (A,B) The adult wing of W1118 stock is used as wild type
control (A). Ectopic veins (marked by arrows) are formed in wings bearing
Vha100-11 mutant clones (B). (C–H) Compensation tests among Vha100-1,
Vha100-2, and Vha100-4. The adult wings of heterozygous Vha100-11 (C),
Vha100-2D2 (D), and Vha100-4D4 (E) flies are indistinguishable from wild type
controls. Trans-heterozygous Vha100-11/Vha100-4D4 flies show severe wing
developmental defects (F). Wings of Vha100-2D2/Vha100-11 (G) and
Vha100-2D2/Vha100-4D4 (H) flies display normal developmental patterns.
Scale bars: 0.5 mm.

normal cell morphology (Supplementary Figure S6D). The
overall patterning and wing margin integrity was not affected
by Vha100-11 mutant clones, suggesting that Vha100-1 might
function in specific processes during vein cell differentiation.

Mutations of Vha100-1, Vha100-2, and Vha100-4 were
unable to fully recapture the wing defects caused by Vha44
mutant, despite that they are all essential genes required
for normal development. These results indicate that these
isoforms may function redundantly and the loss of single
isoform can be compensated by the remaining family members
in certain developmental contexts. To test this hypothesis,
we crossed Vha100-11, Vha100-2D2, and Vha100-4D4 flies
with each other and examined the wing phenotypes in the
trans-heterozygous progenies. For each mutant allele, the
heterozygotes were indistinguishable with wild type controls
(Figures 5C–E). The wings of Vha100-11/Vha100-4D4 flies
were severely malformed (Figure 5F), indicating a strong
genetic interaction and functional redundancy between
Vha100-1 and Vha100-4. Combination of Vha100-2D2 with
either Vha100-11 (Figure 5G) or Vha100-4D4 (Figure 5H)
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shows no effect on fly development and wing morphology,
suggesting that Vha100-2 likely functions independently of the
other two isoforms.

DISCUSSION

The V-ATPases are highly conserved multi-subunit pumps that
transport hydrogen ions in exchange for ATP. Present in the
endo-membranes of all eukaryotic cells, they are well known
regulators for acidification of various intracellular compartments
(Forgac, 2007). Studies in the larval midgut of the tobacco
hornworm Manduca sexta are among the first reports to reveal
that V-ATPases also pump protons across the plasma membranes
of many specialized animal cells (Wieczorek et al., 2009). The
great diversity of functions that the V-ATPases serve in eukaryotic
organisms is recognized as a remarkable feature (Forgac, 2007;
Wieczorek et al., 2009). Several subunits of the V-ATPases are
encoded by multiple isoforms, and tissue specific expression of
different isoforms have been demonstrated as a common strategy
to fulfill the diverse requirement for V-ATPases (Toei et al., 2010).
However, whether different isoforms are used in the same tissue
to execute distinct functions is still an open question.

Here we report that isoforms of the V-ATPase a subunit
are differentially required for Drosophila wing development.
We provide genetic evidence that three of the five Vha100
isoforms (Vha100-1, Vha100-2, and Vha100-4) are involved
in fly wing development. Somatic clonal analysis show that
Vha100-1 regulates vein formation, while Vha100-2 functions
in cuticle deposition and Vha100-4 participates in Wg signaling
transduction. It is likely that Vha100-1 regulates vein formation
through pathways transduced by other signaling molecules,
such as bone morphogenetic protein (BMP), and epidermal
growth factor (EGF) during fly wing development (Blair,
2007). Our results strongly support a model that V-ATPases
might exist as multiple subtypes composed by diverse subunit
isoforms in the same cells to meet the diversified demands.
The accumulation of signaling molecules and alteration of
signaling activities are not always fully penetrant in Vha100
mutant cells, which is also noticed in previous studies on
other V-ATPase subunits (Yan et al., 2009; Vaccari et al., 2010;
Ren et al., 2018). During tissue development, the V-ATPase
regulates acidification of cellular organelles which are necessary
for protein sorting, trafficking, and turnover (Forgac, 2007).
It is conceivable that disrupting V-ATPase activity results in
aberrant trafficking and degradation of signaling molecules, a
highly dynamic process that might be only partially captured
by conventional genetic analysis. In addition, our compensation
tests suggest that beyond their specialized roles, Vha100-1,
and Vha100-4 likely function redundantly for wing patterning
and growth. This redundancy may also help to explain the
minor defects observed when Vha100-1 and Vha100-4 single
mutant clones were induced in the wing. Our observations
suggest that the V-ATPases subtypes are able to constitute a
coordinated network in cells. Further studies are required to
dissect the exact mechanisms underlying the mode of action
for V-ATPases.

Previous studies using RNAi knock-down experiments
indicate that Vha100-2 is involved in the development of
multiple fly tissues (Wang et al., 2014; Overend et al., 2016;
Mondragon et al., 2019; Nagata et al., 2019). We find that
Vha100-2 is the sole isoform required for wing cuticle integrity.
This is the first report regarding a role of V-ATPases in insect
cuticle formation. The cuticle is a multifunctional tissue that
covers the whole body of insects, which provides significant
protections from life threatening dangers such as dehydration,
predators and pathogen infection (Moussian, 2010). It is
possible that V-ATPases might regulate membrane trafficking
and secretion of the cuticle components in wing epithelia
cells in a similar fashion as reported in Caenorhabditis elegans
(Liégeois et al., 2007). However, V-ATPases may as well function
in other steps during cuticle formation, which needs to be
further explored.
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Cuticle barrier efficiency in insects depends largely on cuticular lipids. To learn about
the evolution of cuticle barrier function, we compared the basic properties of the
cuticle inward and outward barrier function in adults of the fruit flies Drosophila suzukii
and Drosophila melanogaster that live on fruits sharing a similar habitat. At low air
humidity, D. suzukii flies desiccate faster than D. melanogaster flies. We observed a
general trend indicating that in this respect males are less robust than females in both
species. Xenobiotics penetration occurs at lower temperatures in D. suzukii than in
D. melanogaster. Likewise, D. suzukii flies are more susceptible to contact insecticides
than D. melanogaster flies. Thus, both the inward and outward barriers of D. suzukii are
less efficient. Consistently, D. suzukii flies have less cuticular hydrocarbons (CHC) that
participate as key components of the cuticle barrier. Especially, the relative amounts
of branched and desaturated CHCs, known to enhance desiccation resistance, show
reduced levels in D. suzukii. Moreover, the expression of snustorr (snu) that encodes
an ABC transporter involved in barrier construction and CHC externalization, is strongly
suppressed in D. suzukii. Hence, species-specific genetic programs regulate the quality
of the lipid-based cuticle barrier in these two Drosophilae. Together, we conclude that
the weaker inward and outward barriers of D. suzukii may be partly explained by
differences in CHC composition and by a reduced Snu-dependent transport rate of
CHCs to the surface. In turn, this suggests that snu is an ecologically adjustable and
therefore relevant gene in cuticle barrier efficiency.

Keywords: insect, cuticle, Drosophila, barrier, lipid

INTRODUCTION

Fruit flies of the genus Drosophila including Drosophila, Sophophora, and Hawaiian Drosophila
(O’Grady and DeSalle, 2018b) commonly live on fruits that serve as a site for feeding, mating,
oviposition, and development. Usually, despite of the common macrohabitat, i.e., orchards,
Drosophila flies of different species may occupy their specific microhabitats and largely avoid each
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other in time and space (Mitsui et al., 2006; Beltrami et al., 2012;
O’Grady and DeSalle, 2018a; Plantamp et al., 2019). Some species
such as Drosophila suzukii prefer, for instance, immature fruits
(Lee et al., 2011; Walsh et al., 2011; Silva-Soares et al., 2017;
Olazcuaga et al., 2019), while others like Drosophila melanogaster
prefer rotten fruits (Versace et al., 2016).

Microhabitat choice is complex and involves along with
behavior and diet preference chemo-physical environmental
constraints. A major challenge in microhabitat choice is
availability of water including air humidity. One strategy to cope
with the water problem is to adapt the efficiency of the cuticular
barrier to the specific needs. Molecular mechanisms modulating a
cuticle barrier against water loss (desiccation) and accounting for
adaptation to different humidity conditions have been analyzed
only in a few cases. The differences in desiccation resistance
between the closely related East-Australian Drosophila birchii
and Drosophila serrata, for instance, rely on the composition
of cuticular hydrocarbons (CHCs) that serve as a barrier at the
cuticle surface (Chung et al., 2014). In D. birchii, the expression
level of mFas that codes for a fatty acid synthase producing
methyl-branched CHCs is suppressed compared to its expression
level in D. serrata. Thus, reduced methyl-branched CHCs may
explain why D. birchii is more sensitive to desiccation than
D. serrata.

Several genes involved in cuticular desiccation resistance
have been identified and characterized in D. melanogaster. The
ABC transporters Oskyddad (Osy) and Snustorr (Snu) and the
extracellular protein Snustorr-snarlik (Snsl) are needed for the
constitution of the cuticle surface comprising the envelope,
the outermost cuticle layer and the CHC overlay (Moussian,
2010; Zuber et al., 2018; Wang et al., 2020). Mutations in osy,
snu, and snsl cause rapid water loss and subsequent death.
Likewise, RNA interference against cyp4g1 coding for a P450
oxidative decarbonylase required for CHC production enhances
desiccation sensitivity (Qiu et al., 2012). It is yet unexplored
whether the expression and function of these genes is under
environmental control. In a genome-wide study, they were not
found to be associated with CHC profile changes in wild-type
D. melanogaster flies (Dembeck et al., 2015).

In this work, we sought to compare the cuticle barrier
efficiency in D. melanogaster and D. suzukii in order to gain more
insight in the ecology and evolution of this trait in fruit flies.

MATERIALS AND METHODS

Fly Stocks
In the summer of 2018, five D. suzukii wild-type flies (2 females
and 3 males) were collected from cherries from a cherry tree in
a private garden in Tübingen, Germany. With these five flies, we
established a D. suzukii stock, that we named “Tübingen 2018.”
In 2019, we harvested several dozens of blackberries in a private
garden in Tübingen; around 40 flies eclosed from these fruits and
were used to set up a new line that was called “Brombeere 2019.”
A third D. suzukii wild-type stock was established in 2018 starting
from around 20 flies eclosed from several dozens of cherries from
the city Bad Wimpfen, Germany, that is about 90 km to the north

of Tübingen. The wild-typeD.melanogaster stock was established
from five female and five male flies collected in a wine orchard in
Dijon in 2000 (“Dijon 2000”). All flies were raised in polysterol
bottles containing standard corn meal food supplied with fresh
baker’s yeast. A filter paper was stuck into D. suzukii culture
bottles. The identical laboratory environment for both species
ensures comparability of the data.

Determination of Body Water Content
Ten male or female 5-days old flies were weighed on a micro-
balance before drying for 2 h at 90◦C. They were weighed for a
second time after drying. The difference between the fresh and
the dry weighs was used to evaluate the amount of water.

Desiccation Assay
In each assay, groups of ten six to 10 days old flies were
collected on ice and incubated in a petri dish containing silica
(Sigma Aldrich) at 22◦C. The petri dish was sealed with parafilm
during the experiment. The experiment was repeated at least
three times. Control flies survive for several hours in the petri
dish without silica.

Eosin Y Penetration Assay
According to our recently published protocol (Wang et al.,
2016), ten to twenty flies of each sex and species were incubated
for 20 min with Eosin Y (0.5%, Sigma-Aldrich) at different
temperatures. After staining, flies were washed with tap water
at room temperature. Wings were cut off using micro-scissors,
observed under a Leica EZ4 stereomicroscope and imaged using
the in-built Leica camera and software.

Insecticide Treatment
Ten flies of each species were incubated in vials that contained
either 0, 0.05 or 0.1 µg chlorpyriphos (stock solution 1 mg/ml
acetone). Lethality was recorded during 4 h of incubation at the
end of which all flies died when exposed at the highest insecticide
amounts. This experiment was repeated at least three times.

Identification of Genes and Quantitative
Real-Time PCR
To design qPCR primers, D. melanogaster, and D. suzukii
transcript sequences were retrieved from flybase (flybase.org).
Primers (Table 1) amplifying 100–120 bp were designed using
the online primer3 software1. Total RNA was extracted (RNEasy
kit, Qiagen) from five freshly eclosed male or female flies (0
to 3 h old) to prepare the cDNA template (Omniscript RT kit,
Qiagen) for the qPCR reaction (FastStart Essential DNA Green
Master, Roche) on a Roche Nano LightCycler. This experiment
was repeated four times. Data were analyzed with the inbuilt
software of Roche and Microsoft Excel. The 2−11CT method
was applied to calculate the gene expression levels. The transcript
levels of the reference gene RpS20 coding for ribosomal protein
S20 were used to normalize gene expression.

1http://primer3.ut.ee
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TABLE 1 | Sequences of primers for qPCR used in this study.

Gene Forward primer Reverse primer

D. suz app GGTGTCGTTTCGCAGTTCAG TGGCTTTCTTTGTTTCTTCGGT

D. mel app GAAAAGAAAGTCCCTGGGCG ATCATCGTGTTGTCGTGCAG

D. suz osy GGTGTTTGGTGGCTGGTATC TGGTCTGACTCAGCATCACC

D. mel osy GCAATATGTGACCGACGATG GCGGTACAGCAACTGTGAGA

D. suz cyp4g1 CATCGATGAGAACGATGTGG TGTCGTGACCCTCGAACATA

D. mel cyp4g1 ATGGCCAACAGGCATTACT TGTCGGTGGAGTGGACAATA

D. suz desat1 CCACTCGTGGCTTCTTCTTC ATGGGCATCAACAGCATGTA

D. mel desat1 ACGTAACCTGGCTGGTGAAC TCTTGTAGTCCCAGGGGAAG

D. suz fas1 AGAGGCGAGAACCACTTTCA AGGTGGTGGACAAGAACCTG

D. mel fas1 CGTACGACCCCTCTGTTGAT ACCACCTTGAGACGTCCATC

D. suz fas2 CTTGATCTCCGTGCTCATCA CAAGACGGAGCAGGCTAATC

D. mel fas2 CAGCAACATCGAGGAGTTCA GCTTCTGGTGGACGCTAAAG

D. suz fas3 AAGCTTGTTTCGCTTTGGAA AGCTCCACCAAAACCAAATG

D. mel fas3 AACGGTGTGCATCATTTTGA CAGGAGGTCTTCGTCTTTGC

D. suz farO AGAAGCCGATGCTGATGAGT ATGGATATCCGGATGGTTGA

D. mel farO AGTATCCGAACGCACTTGCT GAAGAGATGCGCCAGATAGC

D. suz acc CGGGAACAGTGACATTTGTG CTGTTCAGCTTCTCCGGAAC

D. mel acc AACAACGGAGTCACCCACA CAGGTCACAACCGATGTACG

D. suz snu GCAAGAAGAAGAACGCCAAC TGCAAGACAGCAAAGTGGTC

D. suz snu #2 TTCCTCATCTCCTCGGTGTG CCAGATCACTCCAGACAGCA

D. mel snu TACACCCACTTCGGGTCTTC AGTGCCGAGTGGAAAGCTAA

D. suz snsl GTGGAACTGGGTCCTCAGAA TTTTCTCCGTGGAGGTCATC

D. mel snsl TCTGGCCCGTCAACTTTATC CACTGGTTTCTTGGCCTGAT

D. suz rps20 CTGCTGCACCCAAGGATATT AGTCTTACGGGTGGTGATGC

D. mel rps20 TTCGCATCACCACCCGT TTGTGGATTCTCATCTGGAA

AAGAC GCG

Determination of CHCs
To extract CHs, 6-h or 5-day old flies were frozen for 5 min
at −20◦C, prior to the extraction procedure. For wing analysis,
wings were cut off using micro-scissors. Each pair of wings was
immersed for 10 min at room temperature in vials containing
20 µl of hexane. For whole fly extraction, each individual was
immersed under similar conditions in 30 µl of hexane. In
all cases, the solution also contained 3.33 ng/µl of C26 (n-
hexacosane) and 3.33 ng/µl of C30 (n-triacontane) as internal
standards. After removing the wings or the fly bodies, the extracts
were stored at −20◦C until analysis. All extracts were analyzed
using a Varian CP3380 gas chromatograph fitted with a flame
ionization detector, a CP Sil 5CB column (25 m × 0.25 mm
internal diameter; 0.1 m film thickness; Agilent), and a split–
splitless injector (60 ml/min split-flow; valve opening 30 s after
injection) with helium as carrier gas (velocity = 50 cm/s at
120◦C). The temperature program began at 120◦C, ramping at
10◦C/min to 140◦C, then ramping at 2 C/min to 290◦C, and
holding for 10 min. The chemical identity of the CHCs was
checked using gas chromatography-mass spectrometry system
equipped with a CP Sil 5CB column (Everaerts et al., 2010).
The amount (ng/insect) of each component was calculated
based on the readings obtained from the internal standards.
For the sake of clarity we only show the sum (in ng) of
desaturated CHs (6Desat), the sum of linear saturated CHs
(6Lin), and the sum of methyl-branched CHs (6Br) and their

respective percentages calculated based on the overall CHs
sum (6CHCs).

RESULTS

Drosophila suzukii Is More Sensitive to
Dryness Than Drosophila melanogaster
To learn about ecological similarities and differences between
D. suzukii and D. melanogaster, we first compared their
desiccation resistance (Figure 1). D. suzukii males were dead
within 4 h after exposing them to dry conditions, while most D.
melanogaster males survived until 5 h of exposition to dryness.
They died between 6 and 8 h under this condition. D. suzukii
females started to die after 5 h of exposure to dryness and
after 10 h, their lethality reached 90%. The D. melanogaster
females reached the 90% lethality rate after 15 h under the same
condition. In conclusion, D. suzukii and D. melanogaster females
live longer under dry conditions (<10% air humidity) than males.
However, both D. suzukii males and females are more sensitive to
dryness than D. melanogaster males and females.

D. suzukii Flies Are Heavier Than
D. melanogaster Flies but Contain a
Lesser Proportion of Water
Body mass and body water content are reported to be
positively correlated to desiccation resistance (Ferveur et al.,
2018). We determined these two parameters in D. suzukii and
D. melanogaster males and females (Table 2). D. suzukii males
are 58% heavier than D. melanogaster males, while D. suzukii
females are 75% heavier than D. melanogaster females. These
differences are statistically significant (see Table 2). Water
represents 76% and 82% of the D. suzukii female and male body
mass, respectively, while in D. melanogaster females and males
it represents 80% and 87%, respectively. These differences have
a low statistical significance (see Table 2). Thus, D. suzukii flies
weight more than D. melanogaster flies, but, by trend, contain
proportionally less water.

The Inward Barrier Is More Permeable in
D. suzukii Than in D. melanogaster
Our results suggest that the outward barrier is less efficient in
D. suzukii flies than in D. melanogaster flies. Using an Eosin Y
incubation assay (Wang et al., 2016, 2017), we tested whether
the inward barrier function also differs between D. suzukii and
D. melanogaster (Figure 2). In particular, we measured the
permeability of the wing cuticle, given that this flat organ allows
to produce an unambiguous scoring under light microscopy. The
Eosin Y penetration temperature in wings lies between 37 and
40◦C in both D. suzukii sexes, whereas its range is 55 to 60◦C
in both D. melanogaster male and female flies. Thus, the inward
barrier of the D. suzukii wing cuticle is more permeable than the
D. melanogaster wing cuticle.

To further evaluate the inward barrier efficiency, we also
compared the sensitivity of D. suzukii and D. melanogaster to the
contact insecticide Chlorpyrifos (Figure 3). In general, D. suzukii
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FIGURE 1 | D. suzukii and D. melanogaster flies were incubated at low air humidity (<10%). Survival of flies was recorded until all flies had died. Females and males
were tested separately as it is known that females are generally more robust than males. The TL50 values are 3–4 h for D. suzukii males, 6–7 h for D. suzukii females,
9–10 h for D. melanogaster males, and 13–14 h for D. melanogaster females. Following a log-rank test, the p-values for the differences between males and between
females of both species were calculated; they are <0.0001 for both comparisons.

flies are more susceptible to Chlorpyrifos than D. melanogaster
flies. We also observed that females of both species were
more resistant against Chlorpyrifos than males. This finding is
consistent with the assumption that the inward barrier is weaker
in D. suzukii than in D. melanogaster.

CHC Composition Differs Between
D. suzukii and D. melanogaster
The function of both the outward and inward barriers relies on
the presence of surface CHCs. To test whether barrier differences
between D. suzukii and D. melanogaster are reflected by the
CHC composition, we performed GC/MS analysis of surface
lipids of the whole body and of dissected wings (Figure 4). Our
results are consistent with studies reporting CHC profiles in
D. suzukii (Snellings et al., 2018) and D. melanogaster (Everaerts
et al., 2010). On average, 1115 ng CHCs per male and 1404 ng
CHCs per female were extracted from the body surface of
D. suzukii. The body surface extracts of each D. melanogaster

TABLE 2 | Body mass and water content of D. suzukii and D. melanogaster flies.

Body mass (mg) Water content (%)

D. suzukii female 1.9 ± 0.04 76 ± 0.6

D. suzukii male 1.2 ± 0.015 82 ± 1

D. melanogaster female 1.1 ± 0.09 80 ± 3.8

D. melanogaster male 0.76 ± 0.03 87 ± 3.1

The p-values following a Student’s t-test for body mass mean differences between
the sexes of the two species are 0.001 (females) and 0.0002 (males). The p-values
following a Student’s t-test for water content mean differences between the sexes
of the two species are 0.02 (females) and 0.1 (males). The standard deviation for
the values of both traits are given in ±.

male contains 1506 ng CHCs on average, while each female
D. melanogaster has 2095 ng CHCs on its body surface. The
desaturation rates of D. suzukii male and female body CHCs
are 63.1% and 59.1%, respectively. The desaturation rates of
D. melanogaster male and female body CHCs are 59.3% and
71.1%, respectively. Around 6.5% of body CHCs on D. suzukii
males and 10.4% on D. suzukii females are methylated. The
methylation rates on D. melanogaster male and female body
CHCs are 21.3% and 19.4%, respectively. We conclude that
both the total amounts and the composition of body CHCs
considerably differ between D. suzukii and D. melanogaster.
In a nutshell, D. melanogater males and females have more
branched, desaturated and total, but less linear CHCs than
their D. suzukii counterparts. The CHC relative compositions of
dissected D. suzukii and D. melanogaster wings are similar to the
respective whole body CHC relative compositions.

Expression of Key Genes Involved
Barrier Formation Varies in D. suzukii
and D. melanogaster
To learn about the molecular mechanisms underlying CHC
composition in D. suzukii and D. melanogaster, we monitored
the expression levels of genes that code for enzymes involved
in CHC formation (Figure 5). We used quantitative real-time
PCR (qPCR), to record the expression levels of fas1, fas2, fas3,
cyp4g1, farO, acc, desat1, and app transcripts in newly hatched
flies. Compared to D. melanogaster females, the expression of
genes encoding the first key enzymes of fatty acid synthesis
FAS1 and ACC were low in D. suzukii females. However, these
genes showed similar expression levels in D. melanogaster and
D. suzukii males. Likewise, the expression of farO was similar
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FIGURE 2 | The inward barrier efficiency was tested in an Eosin Y penetration assay. As a read out, we choose to score dye penetration into the wing tissue in
dependence of the incubation temperature. Here, we show the results for the male wings. Dye penetration into the wing of D. suzukii flies started at 40◦C (A), while
Eosin Y penetrated the D. melanogaster wing at 55◦C (B). Penetration temperature was similar in males and females in both species. Female wings are shown in
Supplementary Figure S1. It is worth mentioning that both strains were captured in the wild and are not isogenized; hence, variation of staining intensity and wing
size is expected.

FIGURE 3 | Groups of flies were exposed to three different amounts of chlorpyrifos for 4 h. Survival was recorded every hour. At least 30 flies were tested in each
experiment.

in D. melanogaster and D. suzukii males and females. While fas3
expression was higher in D. suzukii males than in D. melanogaster
males, it did not differ between D. melanogaster and D. suzukii
females. The expression of the gene coding for the terminal
CHC producing enzyme Cyp4g1 was lower in D. suzukii males
as compared to D. melanogaster males whereas it did not differ
between females of the two species. In both sexes, app transcript
levels were higher in D. suzukii, while the expression levels of
both fas2 and desat1 were around 100 times higher in D. suzukii
than in D. melanogaster.

We also examined the expression levels of oskyddad (osy),
snustorr (snu), and snustorr snarlik (snsl), all three coding
for proteins required for the construction of the cuticle
barrier (Figure 5). The expression of snsl did not differ
significantly in both sexes of the two species. Levels of osy
transcripts were higher in D. suzukii females and males than
in D. melanogaster. However, snu expression was dramatically
reduced in both D. suzukii females and males compared to same-
sex D. melanogaster flies. We obtained identical results when
we compared the expression levels of snu in both D. suzukii
and D. melanogaster female and male dissected wing buds
(Supplementary Figure S3).

Initially, snu was characterized in D. melanogaster as a key
gene involved in barrier efficiency in a genetic approach in
the laboratory (Zuber et al., 2018; Wang et al., 2020). Indeed,
mutations in snu are lethal underlining its role in barrier function.

Here, the quantitative variation of its expression correlating
with cuticle barrier efficiency in D. suzukii and D. melanogaster
suggests that it is also important in nature. To underpin this
notion, we repeated the analysis of its expression changing
two parameters. First, in order to rule out line-specific gene
expression, we quantified snu transcript levels in two additional
D. suzukii wild-type lines (see section “Materials and Methods”).
Second, to exclude primer-specific effects, we designed a new
set of D. suzukii snu-specific primers for these experiments
(Table 1). The expression of snu was significantly reduced by
more than 80% in D. suzukii compared to D. melanogaster in
these experiments (Supplementary Figure S3).

Overall, the expression of some key genes coding for proteins
and enzymes involved in lipid-based barrier construction and
function show a substantial variation between D. suzukii and
D. melanogaster. Especially, the expression divergence of snu is
intriguing as its transcript levels have been shown to correlate
with barrier efficiency in D. melanogaster (Wang et al., 2020).

DISCUSSION

Desiccation
Desiccation resistance is conveyed by a combination of the
behavioral repertoire and physiological and physical properties
of the organism. In case of incipient drought, an animal,
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FIGURE 4 | Amounts (in ng) and composition of wings (left panels) and whole body (right) CHCs in individual D. melanogaster (top) and D. suzukii (bottom) were
determined by gas chromatography and mass spectrometry. The amounts of sum linear (6Lin), sum branched (6Br) and sum desaturated (6Desat) CHCs were
calculated based on the overall sum of CHCs (6CHCs). See Supplementary Figure S2 for all detected CHCs and Table 3 for the statistical analysis of these data.

for instance, may respond by taking up and storing more
water and initiate fortification of its barrier against evaporation.
These responses and their amplitude depend, of course, on the
genetic constitution of the organism. Hypothetically, the micro-
environment of an insect has a decisive impact on the quality of a
responsive trait and the expression dynamics of the underlying
genes. Under identical conditions, the response may vary at
several levels. In dimorphic species, a difference in this regard
may prevail between sexes. Response variation is probably more
accentuated between species than within species.

In our inter-species comparative approach, we found that
D. suzukii is more sensitive to low air humidity than
D. melanogaster. This is in agreement with a work published by

TABLE 3 | p-values of the Wilcoxon test on differences of the wing and whole
body total (CHCs), desaturated (Desat), branched (Br), and linear (Lin) CHC
amounts between D. suzukii and D. melanogaster males and females presented in
Figure 4.

Wings (D. s vs D. m) Whole Body (D. s vs D. m)

Males Females Males Females

6 CHCs 0.021 0.837 1.907 × 10−6 1.907 × 10−6

6 Desat 0.0007 0.588 0.0005 9.556 × 10−5

6 Br 9.529 × 10−5 9.502 × 10−5 9.542 × 10−5 9.555 × 10−5

6 Lin 9.529 × 10−5 9.542 × 10−5 0.0001 9.542 × 10−5

Except for the differences of total and desaturated CHC amounts in female wings,
all differences are statistically significant.

Terhzaz et al. (2018). Since all flies were reared under similar
laboratory conditions, we can rule out possible experimental
bias for this observation. Indeed, both species were shown
to be responsive to environmental cues. D. suzukii appears
in two morphs, i.e., the summer and the winter morph with
distinct ecological traits. The winter morph, for instance, is more
robust at low humidity conditions than the summer morph
(Toxopeus et al., 2016; Fanning et al., 2019). D. melanogaster
as a cosmopolitan species also shows geographical variation
(Rajpurohit et al., 2017; Dong et al., 2019). We believe
that there are two physiological explanations for the inter-
species differences. The first one implies that the difference
in water shortage tolerance between these two species relies
on total body water content. Indeed, we found that the
overall body water content in D. suzukii is lower than in
D. melanogaster. However, the water-content hypothesis is
not very plausible given that D. suzukii males which contain
relatively more water than females are less robust than females
at lower air humidity. The second physiological explanation
underscores that the water loss rate through the three major
routes respiration, excretion or cuticular transpiration may
be higher or faster in D. suzukii than in D. melanogaster.
For a number of different Drosophila species including
D. melanogaster (D. suzukii was not included in that study),
it was proposed that especially cuticular transpiration accounts
for the highest water loss rate, whereas excretion (<6%),
and respiration (<10%) are rather negligible in this regard
(Gibbs et al., 2003).
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A B

FIGURE 5 | The expression of genes coding for enzymes and proteins involved in lipid (CHC) biosynthesis and transport was monitored by qPCR in females (A) and
males (B) of D. suzukii and D. melanogaster. For all transcripts except for FAS2 and desat1, the D. melanogaster expression levels were set to 1. For FAS2, the
expression level of the D. melanogaster transcript was set to 0.01, and the expression level of the D. melanogaster desat1 transcript was set to 0.1. The p-values
following a Student’s t-test are 0.04 (female; f) and 0.33 (male; m) for FAS1, 0.29 (f) and 0.004 (m) for FAS3, 0.88 (f) and 0.004 (m) for Cyp4G1, 0.05 (f) and 0.048 (m)
for FarO, 0.007 (f) and 0.04 (m) for ACC, 0.002 (f) and 0.046 (m) for app, 0.098 (f) and 0.49 (m) for snsl, 0.03 (f) and 0.003 (m) for snu, 0.047 (f) and 0.006 (m) for osy,
0.02 (f) and 0.0007 (m) for FAS2 and 0.009 (f) and 0.009 (m) for desat1 expression differences.

The CHC Barrier and Gene Expression
According to the assumption of Gibbs et al. (2003), we think that
a weaker outward barrier in D. suzukii may explain the observed
difference in desiccation resistance between these species. Indeed,
we found that D. suzukii flies have less CHCs on their surface
than D. melanogaster flies suggesting that the CHC-based barrier
is weaker in D. suzukii. However, Gibbs et al. (2003) reported
that the quality of the cuticle barrier does not seem to depend
on the CHC amounts in the Drosophila species studied. On the
other hand, several recent works suggested that reduced CHC
levels do cause enhanced desiccation (Qiu et al., 2012). Gibbs
et al. (2003) also argued that the CHC melting temperature Tm
that depends on CHC composition did not correlate with the
water loss rate in their work. This is, however, in conflict with
more recent findings. Higher proportions of desaturated CHCs
confer increased desiccation resistance to D. melanogaster flies
in experimentally selected lines (Ferveur et al., 2018). In another
study, Chung et al. (2014) demonstrated that higher amounts of
branched CHCs in D. serrata (29%) entail a higher desiccation
resistance compared to D. birchii (3%). In analogy, our study
reveals that D. suzukii has proportionally less branched CHCs
(6% in males and 13% in females of the total amounts of CHCs)
than D. melanogaster (23% in males and 19% in females of the
total amounts of CHCs). We conclude that these traits may
contribute to the difference in desiccation resistance observed
between D. suzukii and D. melanogaster.

Remarkably, the CHC profiles in D. suzukii and
D. melanogaster did not correlate with expression profiles
of genes coding for lipid synthesis or modification enzymes. For
instance, FASN2 that codes for a microsomal fatty acid synthase
catalyzing the formation of methyl-branched fatty acids, is

expressed at higher levels in D. suzukii than in D. melanogaster,
while the relative amounts of branched CHCs is reduced in
D. suzukii. Moreover, the expression of Desat1 that codes for
a fatty acid desaturase responsible for fatty acid desaturation
is enhanced in D. suzukii although the relative amounts of
desaturated CHCs are lower in this species. Either the gene
expression levels do not reflect the enzyme levels, or the catalytic
activity of enzymes in D. suzukii is lower than in D. melanogaster.
Alternatively, the limiting process of CHC amounts may not be
their production but their externalization and deposition on the
cuticle. Consistent with this interpretation, we found that the
expression of snu coding for an ABC transporter involved in
barrier construction and function (Zuber et al., 2018; Wang et al.,
2020) is reduced in D. suzukii compared to D. melanogaster.
Thus, it is possible that less CHCs accumulate on the cuticle
of D. suzukii because of reduced Snu activity that should be
tested in biochemical experiments. This interpretation is in
line with our recent findings that in D. melanogaster flies with
low snu expression in the wing have decreased CHC levels and
compromised wing cuticle barrier function (Wang et al., 2020).
Possibly, the expression divergence between D. melanogaster and
D. suzukii relies on a species-specific regulatory network and
involves more target genes than snu alone (Wittkopp, 2007). One
such target gene may be osy, also coding for an ABC transporter
needed for cuticle barrier efficiency and acting independently
from Snu (Wang et al., 2020). The expression of osy is, in contrast
to snu, slightly but significantly upregulated in D. suzukii
compared to D. melanogaster. Obviously, this upregulation is
not sufficient to equate the cuticle barrier efficiency in D. suzukii
with the one in D. melanogaster. Admittedly, this is a compelling
but simplified scenario as we do neglect an important point.
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The experiments presented in this work were done in a constant
laboratory environment. Thus, we did not analyze the gene
x environment (GxE) interaction in our desiccation assay. In
other words, in nature, a complex, changing environment,
gene expression variation may be different (Gibson, 2008;
Hodgins-Davis and Townsend, 2009). For instance, the barrier
of D. suzukii flies might be more robust under natural conditions
than in the laboratory. Whether these differences may account
for lifestyle differences between D. suzukii and D. melanogaster
remains to be investigated.

To what extent can we apply our view on the situation of the
outward barrier in D. suzukii and D. melanogaster to the situation
of the inward barrier? Our experiments showed that the weaker
outward barrier function of D. suzukii flies is paralleled by their
weaker inward barrier function. Xenobiotics including both the
inert dye Eosin Y and the insecticide Chlorpyrifos did penetrate
the cuticle of D. suzukii more efficiently than in D. melanogaster.
Thus, in a simple scenario, the CHC composition that defines
the outward barrier function, would also be responsible for the
inward barrier function in both species.

CONCLUSION

We would like to share two concluding remarks with the
reader. First, we are aware that some differences in barrier
efficiency between D. suzukii and D. melanogaster may be due
to some geographical differences between the cities of Tübingen
(Germany) and Dijon (France), where the respective strains
studied here were captured. Indeed, barrier efficiency varies
among geographically separated D. melanogaster populations
(Dong et al., 2019). D. suzukii populations also display genomic
variations (Tait et al., 2017) that may have an impact on their
desiccation tolerance. However, the difference of desiccation
sensitivity between these two species is similar to that reported in
a previous study indicating that D. melanogaster is more resistant
under low air humidity than D. suzukii (Terhzaz et al., 2018). This
confirms that inter-specific differences are higher than possible
geographical intraspecific differences.

Second, here we focussed on the cuticle as a potential
site of water loss during desiccation. Recently, Terhzaz et al.
(2018) showed that differences in a neuroendocrine control
of water loss through the Malpighian tubules, i.e., excretory
water loss in D. suzukii and D. melanogaster could also explain
differences in desiccation resistance. Hence, as mentioned above,
besides cuticular transpiration control, other mechanisms of
water homeostasis may account for performance differences

between Drosophila species adapted to environments with
variable hygrometry. Continuing work in this direction to gather
the complexity of desiccation resistance or sensitivity may
ultimately serve to design strategies for successful Drosophila
pest management.
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FIGURE S1 | As in males shown in Figure 2, Eosin Y penetrates the wings of
D. suzukii females at lower temperatures as the wings of D. melanogaster females.

FIGURE S2 | Here we show the array of CHCs in weight (ng) and percentage (%)
as determined in wings and whole bodies of D. suzukii and D. melanogaster flies.

FIGURE S3 | (A) As in the whole body shown in Figure 5, snu expression is
reduced also in D. suzukii wings of males and females compared to
D. melanogaster. (B) The expression of snu is reduced in three different stocks of
D. suzukii flies (males and females mixed) compared to D. melanogaster flies. The
p-values after a Student’s t-test are 0.0004 for the expression differences of snu
between female wings and 0.02 for the expression differences between male
wings shown in (A). The p-values for the expression differences of snu between
D. melanogaster and the different D. suzukii lines are 0.013 (Tübingen 2018),
0.009 (Brombeere), and 0.008 (Bad Wimpfen) shown in (B).
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Juvenile hormone (JH) is a unique sesquiterpenoid hormone which regulates both insect
metamorphosis and insect reproduction. It also may be utilized by some insects to
mediate polyphenisms and other life history events that are environmentally regulated.
This article details the history of the research on this versatile hormone that began with
studies by V. B. Wigglesworth on the “kissing bug” Rhodnius prolixus in 1934, through
the discovery of a natural source of JH in the abdomen of male Hyalophora cecropia
moths by C. M. Williams that allowed its isolation (“golden oil”) and identification, to
the recent research on its receptor, termed Methoprene-tolerant (Met). Our present
knowledge of cellular actions of JH in metamorphosis springs primarily from studies
on Rhodnius and the tobacco hornworm Manduca sexta, with recent studies on the
flour beetle Tribolium castaneum, the silkworm Bombyx mori, and the fruit fly Drosophila
melanogaster contributing to the molecular understanding of these actions. Many
questions still need to be resolved including the molecular basis of competence to
metamorphose, differential tissue responses to JH, and the interaction of nutrition and
other environmental signals regulating JH synthesis and degradation.

Keywords: juvenile hormone, Rhodnius prolixus, Hyalophora cecropia, Manduca sexta, Methoprene-tolerant

INTRODUCTION

Serendipity is often the key to novel and fundamental discoveries. Physiologists early on are
taught the August Krogh Principle: “For a large number of problems there will be some animal
of choice or a few such animals on which it can be most conveniently studied” (Krogh, 1929). The
history of juvenile hormone (JH) research is filled with examples of this as will be clear in the
following account.

Experimental endocrinology began with Berthold who in 1849 transplanted testes into castrated
roosters and showed that they caused the return of the normal secondary sex characteristics
(enlarged combs and wattles) (Soma, 2006). In 1856, Brown-Séquard showed that the adrenal
gland was essential to life (Aminoff, 2017), then later showed that mammalian testicular
extracts influence secondary sex characteristics in other animals and purportedly aging in men
as well (Brown-Séquard, 1889). The first work on hormonal control of metamorphosis was
that of Gudernatsch (1912) who found that extracts of mammalian thyroid were sufficient to
cause precocious metamorphosis of frog tadpoles, indicating a universality of function of these
extracts. All these findings showed that endocrine organ extracts contained substances that when
injected into the blood could act on particular target organ(s); these substances were named
“hormones” (Starling, 1905).
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Stefan Kopeć working in Cracow, Poland between 1908
and 1912 was the first to show that in insects, unlike in
birds and mammals, the secondary sex characteristics were
not dependent on gonadal hormones (Cymborowski, 1981).
He went on to demonstrate in the gypsy moth, Lymantria
dispar, that the brain secreted a hormone that was necessary
for metamorphosis (Kopeć, 1917, 1922). This “brain hormone”
was the first known neurosecretory hormone in insects and
was later called “prothoracicotropic hormone” (PTTH) when
the particular pair of cells was isolated and shown to stimulate
ecdysone secretion by the prothoracic glands of the tobacco
hornworm, Manduca sexta, in vitro (Agui et al., 1979).

WIGGLESWORTH AND Rhodnius

In 1934, working with the bloodsucking, kissing bug, Rhodnius
prolixus (the vector of Chagas disease), Vincent B. Wigglesworth
was the first to show that there was a hormone that circulated
in the nymphal hemolymph that prevented metamorphosis.
Rhodnius was ideal for these experiments since they only molted
after a blood meal and they could be parabiosed (i.e., two could
be attached together by the anterior ends so that they shared
circulating hemolymph). Normally a nymph would molt 6 days
after feeding, but when decapitated immediately after feeding,
it never molted (Wigglesworth, 1934; Figure 1). If, however,
decapitation was delayed until 3 days after feeding, the molt
proceeded normally. Through a series of parabiosis experiments,
Wigglesworth (1934) then showed that there was a hormone
released from the head after feeding that initiated the molting
process. Moreover, parabiosis experiments with penultimate
fourth and final fifth instar nymphs showed that there was
also a hormone released from the head region that inhibited
metamorphosis (Figure 2). Parabiosis of a fed headless fourth
instar to a headless metamorphosing nymph caused precocious
metamorphosis of the fourth instar nymph. In contrast, a fed
headless fifth instar nymph parabiosed to a molting fourth instar
nymph formed a supernumerary nymph. Histological studies
showed that the head contained a brain and the posterior
sympathetic ganglion that innervated a single median gland,
the corpus allatum, located at the back of the head above the
subesophageal ganglion in a hemolymph-filled sinus (Figure 2).
Moreover, the corpus allatum showed cyclical changes during
larval molting and metamorphosis. Based on these studies,
Wigglesworth (1934) concluded that both the “molting” and
“inhibitory” hormones come from the corpus allatum.

From further parabiosis and corpus allatum implantation
experiments, Wigglesworth (1936) concluded that the
corpus allatum was the source of the inhibitory hormone
for metamorphosis. In 1940, he further showed by implantations
of various organs into fed decapitated fourth instar nymphs that
only the corpus allatum secreted the “inhibitory hormone” and
the brain (the dorsal half) the “molting hormone” (Wigglesworth,
1940). At this point, he named the metamorphosis-inhibitory
hormone “juvenile hormone.” He also compared the
abdominal epidermal changes during a nymphal molt and
at metamorphosis. Based on this comparison, Wigglesworth

FIGURE 1 | Top: Vincent B. Wigglesworth (left); non-fed (left) and blood-fed
(right) nymphs of Rhodnius prolixus (center); cartoon of the normal
development of a nymph which after feeding on a blood meal (orange) molts
to the next nymphal instar 6 days later. Bottom: Cartoon of decapitation
experiments shows that decapitation immediately after feeding prevents the
molting but decapitation 3 days after feeding does not. Photos of
Wigglesworth from Phillips (2004) and of Rhodnius taken by Timothy Bradley
and Catherine Loudon from Knight (2014) (reproduced with permission).

FIGURE 2 | Top: Diagram of brain and corpus allatum (CA) of Rhodnius
(modified from Figure 2 in Wigglesworth, 1934); Rhodnius 5th instar (N5),
supernumerary 6th instar (N6), and parabiosed, fed and decapitated (decap)
4th instar (N4) (top one decapitated one week after feeding, the bottom 1 day
after feeding) nymphs [photos from Plates I and II in Wigglesworth (1954),
reproduced with permission]. Bottom: Cartoon of two parabiosis
experiments: (1) (top) a 4th instar nymph decapitated 1 day after feeding and
parabiosed to a 5th instar nymph decapitated 8 days after feeding (thus ready
to molt) molted to a precocious adult; (2) a parabiosed 4th instar nymph with
only the tip of the head removed (leaving the CA intact) 6 days after feeding
parabiosed to a 5th instar nymph decapitated only 1 day after feeding caused
the latter to molt to a supernumerary 6th instar nymph (Wigglesworth, 1934).
See text for details. ao, aorta; eso, esophagus; sg, sympathetic ganglion;
SOG, subesophageal ganglion.

hypothesized that metamorphosis at the cellular level occurs only
when the molting hormone is present and activates the “imaginal
system” (Wigglesworth, 1940). If, however, JH is also present,
it activates the nymphal system and prevents the production of
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adult structures. Later guided by the findings of Williams (1947,
1948) on the wild silkmoth, Hyalophora (formerly Platysamia)
cecropia (commonly called Cecropia) (see below), Wigglesworth
(1952) showed that the thoracic glands of Rhodnius secreted the
molting hormone after activation by a hormone from the brain.

Wigglesworth also showed that the corpus allatum reactivated
in the adult and regulated ovarian maturation in the female
and accessory gland development in the male (Wigglesworth,
1936). The corpora allata were first described in the goat
moth caterpillar, Cossus cossus, as “petits ganglions de la tete”
(Lyonet, 1762). Later Nabert (1912) described their structure
for many different insects, but their function(s) was unknown.
Holmgren in 1909 and Ito in 1918 had noted changes in size
of the corpora allata associated with reproductive maturation in
termites and Lepidoptera, respectively (as cited in Wigglesworth,
1985), but no one had experimentally tackled the problem.
Thus, Wigglesworth was the first to demonstrate that a hormone
regulated reproduction in insects; and, moreover, that hormone
was JH, the same hormone that regulated metamorphosis.

His findings spawned a whole series of experiments in many
different insects on the role of the corpora allata in reproduction.
In most insects, the corpora allata were found necessary for
ovarian maturation —the grasshopper, Melanoplus differentialis
(Pfeiffer, 1939), various flies (Thomsen, 1940; Vogt, 1942), and
the cockroach, Leucophaea maderae (Scharrer, 1946). However,
in a few insects such as the walking stick, Carausius (formerly
Dixippus) morosus (Pflugfelder, 1937) and the silkmoth, Bombyx
mori (Bounhiol, 1939), egg development occurred normally
after allatectomy. These early studies were also notable for the
number of women working in this area–Isabella Pfeiffer, Ellen
Thomsen, Marguerite Vogt, and Berta Scharrer. Studies since
then show that JH plays nearly a universal role in the regulation
of insect reproduction although the details of the precise role
it plays depends on the insect’s life history (see reviews by
Wigglesworth, 1985; Wyatt and Davey, 1996; Raikhel et al., 2005;
Santos et al., 2019).

CONFIRMATION OF THE CORPORA
ALLATA AS THE SOURCE OF JH

Bounhiol (1938) working with the silkworm, B. mori, showed
that removal of the corpora allata (allatectomy) from early instar
larvae caused precocious metamorphosis but removal in the
final (fifth) instar had no effect on the onset of metamorphosis
(Figure 3, top). The allatectomized larva formed a normal cocoon
and subsequently a normal pupa and adult. At about the same
time, Pflugfelder (1937) and Radtke (1942) showed that loss of the
corpora allata caused precocious metamorphosis in Carausius,
and the mealworm, Tenebrio molitor, respectively.

At the end of the 1930s, Piepho (1938a) and Kühn and
Piepho (1940) used larval integumental (epidermis plus overlying
cuticle) implants in Galleria larvae to study hormonal control
of molting and metamorphosis. The implants molted with
the host and produced the type of cuticle dictated by the
hormonal environment. Thus, implants from both last instar
larvae (Figure 3, bottom center) and first instar larvae (Figure 3,

bottom right) that were placed in a final instar larval host
metamorphosed with the host.

Also, in the late 1930s, Helen Tsui-ying Lee at Sun Yat-sen
University in Canton, China studied the prothoracic glands of
lepidopteran larvae and their innervation and was the first to
suggest that these glands were endocrine in nature and worthy
of study by insect physiologists (Lee, 1948). However, her study
was not published until 1948 due to the Japanese invasion of
China in 1938. By the time of the publication of her article,
the Japanese scientist Soichi Fukuda had published his classic
articles on the commercial silkworm, B. mori, showing the role
of the prothoracic glands in pupation (Fukuda, 1940a,b) and of
both the corpora allata and prothoracic glands in larval molting
(Fukuda, 1944).

WILLIAMS AND Hyalophora cecropia
(CECROPIA), A NATURAL SOURCE OF
JH

Carroll M. Williams grew up in Richmond, VA and loved to
play around the James River that ran through the city. There he
encountered among the insects he collected, the large saturniid
moth, H. cecropia, whose pupal quiescence (diapause) inside
its cocoon over the winter intrigued him. When he began his
postdoctoral studies as a Junior Fellow in the Department of
Biology at Harvard University in 1941, he started to work on
this problem. His first studies concerned the role of the brain and
prothoracic glands [recently implicated by Wigglesworth (1940)
and Bounhiol (1945) to be involved in the metamorphosis of
Rhodnius and Bombyx, respectively] in promoting development
of the Cecropia pupa into the moth in the spring. In a series
of extirpation and implantation experiments, he showed that
the brain was responsible for activating the prothoracic glands
to cause adult development (Williams, 1946, 1947, 1948, 1952).
Moreover, chilling the pupae at 6◦C for at least 10 weeks was
sufficient to allow activation of the brain when the pupae were
brought back to room temperature (Williams, 1956a).

Serendipitous Discovery of a Natural
Source of JH
In the experiments described above on the role of the brain
in terminating diapause, Williams became intrigued with the
technique of parabiosis that Wigglesworth had used. Saturniid
moths do not feed as adults so mate, lay their eggs and die
within about 10 days. Therefore, Williams hypothesized that
parabiosis of an adult to a pupa might allow the moth to live
longer. When he parabiosed a headless Cecropia moth to a
chilled diapausing pupa and kept the pair at 25◦C, the moth did
live longer. To his surprise, however, the pupa developed into
a “second pupa” rather than to a normal adult! Although this
experiment were done in the early 1950s, it was not published
until 1963 (Williams, 1963). In a series of experiments to explore
this phenomenon, he discovered that the “second pupa” was
only formed when the parabiotic partner was either a Cecropia
or a Samia cynthia (Cynthia) male moth (Williams, 1959,
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1963; Figure 4). Cecropia pupae parabiosed to female moths of
either species or to Antheraea polyphemus (Polyphemus) moths
developed into normal adults. Moreover, the abdomens of the
male Cecropia or Cynthia moths were sufficient to cause the
formation of the second pupae and therefore were the repository
for the “juvenile hormone” from the corpora allata that was
responsible for the phenomenon (Williams, 1956b, 1959, 1963).

He found that chilled Polyphemus pupae were the best assay
animals for JH activity (Williams, 1959) and proceeded to make
ether extracts of Cecropia abdomens to isolate the hormone
(Williams, 1956b; Figure 4). This extract was yellow due to the
carotenoids in Cecropia fat body so he called it the “golden
oil.” During his sabbatical year in Wigglesworth’s laboratory in
Cambridge, he further purified and characterized the “golden
oil” (Williams, 1956b). Using this extract, Wigglesworth painted
his initials VBW on abraded cuticle of final instar nymphs
of Rhodnius and showed that these initials were present as
newly synthesized nymphal cuticle surrounded by adult cuticle
after metamorphosis (Wigglesworth, 1958), confirming that this
hormone could act on various insect orders. The JH in this
“golden oil” was not chemically determined until 1967 when
Röller et al. (1967) at the University of Wisconsin identified the

active compound as the sesquiterpenoid methyl dl-trans,trans,cis-
10-epoxy-7-ethyl-3,11-dimethyl-2,6-tridecadienoate (JH I) (for
a review of the chemistry, see Röller and Dahm, 1968;
Figure 5) and subsequently showed that the same compound
was released from male Cecropia corpora allata in vitro
(Röller and Dahm, 1970). Meyer et al. (1968) found a
second hormone, JH II (methyl dl-trans,trans,cis-10,11-epoxy-
3, 7, 11-trimethyl-2,6-tridecadienoate) (Figure 5) as a minor
component of the “golden oil.” Nearly 10 years later Shirk
et al. (1976) showed that the JH was stored in the male
accessory gland, not in the abdominal fat body (Figure 4).
Moreover, the male corpora allata secreted JH acid that was
then converted into JH by JH esterase in the accessory gland
(Peter et al., 1981).

Juvenile hormones I and II were subsequently shown to
be found only in Lepidoptera (Schooley et al., 1984). JH III
(Figure 5) was first isolated by culturing adult female corpora
allata of another lepidopteran, the tobacco hawk moth, M. sexta
(Judy et al., 1973) and subsequently shown to be the JH of
most other insects (Schooley et al., 1984). JH 0 and 4-methyl-
JH I (Figure 5) were found in Manduca embryos (Bergot et al.,
1980). JHs with modifications of the epoxide moiety are found

FIGURE 3 | Top: (Left) Diagram of effects of removal of the corpora allata (CA) (allatectomy) from the silkworm Bombyx mori. (A) Normal 5th instar larva and pupa;
(B) allatectomized 4th instar larva formed a precocious pupa; (C) allatectomized 3rd instar larva formed a precocious pupa (figure from Bounhiol, 1938). (Right)
Jean-Jacques Bounhiol (above); photo of pupae formed from allatectomized 4th (left) and 3rd (right) instar larvae (from Bounhiol, 1938) (bottom). Bottom: (Left)
Hans Piepho. (Center) Result of an implant of 5th instar Galleria integument (epidermis plus cuticle) into another 5th instar Galleria larva that subsequently
metamorphosed to a pupa and an adult. The implanted epidermis formed a pupal cuticle, then an adult cuticle with scales (from Piepho, 1938a). (Right) Result of an
implant of 1st instar integument into a 5th instar larva after metamorphosis of the host. The implant formed a pupal, then an adult cuticle (from Piepho, 1938b). Photo
of Bounhiol from Lamy and Delsol (1980) (reproduced with permission from Elsevier Masson) and that of Piepho from Hintze-Podufal (1996) (reproduced with
permission from www.schweizerbart.de/journals/entomologia).
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FIGURE 4 | Left: (Top) Carroll M. Williams. Photo from his memoir in the National Academy of Sciences Memoir collection. (Bottom) Cecropia male abdomen
parabiosed to a chilled diapausing Cecropia pupa (left); after 21 days, the “second pupa” had formed and the abdomen had molted to a scaleless adult abdomen
(right, arrow) (from the original slides taken by Muriel V. Williams that were used for the black-and-white Figures 3, 4 in Williams, 1963). Center: Diagram of the
Cecropia male moth whose corpora allata (CA) synthesize and secrete juvenile hormone (JH) acid and from whose abdomen the “golden oil” that contained JH was
extracted (drawing of the moth modified from a figure in Williams, 1958). Right: Reproductive system of a male saturniid moth (modified Figure 1 in Shepherd, 1974).
The accessory glands of Cecropia males synthesize JH from the JH acid that is secreted from the CA, then store the hormone (Shirk et al., 1976; Peter et al., 1981).

FIGURE 5 | Structures of the natural juvenile hormones (JH) (left) and some JH analogs known as insect growth regulators (IGRs) (right). JHB3, JH bisepoxide;
JHSB3, JH skipped bisepoxide; MF, methyl farnesoate. Prepared by Xavier Belles.

in the Diptera and Hemiptera. JH III bisepoxide (JHB3) was first
identified in Drosophila melanogaster (Richard et al., 1989), and
JH III skipped bisepoxide (JHSB3) was first found in the stink
bug, Plautia stali (Kotaki et al., 2009; Figure 5).

Insect Growth Regulators
In his first article on the extraction of JH from the Cecropia
male abdomen, Williams also commented on the efficacy of
topical application of this extract in disrupting metamorphosis.
He then suggested that “. . .in addition to the theoretical interest

of the JH, it seems likely that the hormone, when identified
and synthesized, will prove to be an effective insecticide.
This prospect is worthy of attention because insects can
scarcely evolve a resistance to their own hormone” (Williams,
1956b). In 1964, Karel Sláma from Czechoslovakia came to the
Williams laboratory at Harvard University to work bringing
his favorite study insect, the linden bug, Pyrrhocoris apterus.
Although he brought linden seeds to feed the bugs, he used
glass jars containing an upright paper towel to mimic a
tree to rear the insects. Surprisingly, none of the nymphs
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metamorphosed under these conditions. Initially suspecting
that JH might be airborne within the Williams laboratory,
Sláma reared at home some Pyrrhocoris shipped directly
from Czechoslovakia but again no metamorphosis occurred;
only supernumerary nymphs appeared. They then started a
systematic search for a source of the hormone in the rearing
conditions that resulted in the discovery that the source was
the paper towels in the rearing jars (Sláma and Williams,
1965, 1966; Williams and Sláma, 1966). It proved only to
be in American, not European, paper towels because the
American paper towels and other paper products were made
from balsam fir and European paper products were made from
pine. Bowers et al. (1966) isolated and identified this “paper
factor” from balsam fir as the methyl ester of todomatuic
acid (juvabione) (Figure 5). Juvabione proved effective as
a JH mimic only for the family Pyrrhocoridae, with other
insects, even those in a closely related family Lygaeidae such
as the milkweed bug Oncopeltus fasciatus, being unaffected.
Such specificity gave rise to the hope that selective JH analogs
might be found for prevention of metamorphosis of various
pestiferous insects that would not harm beneficial insects
such as honeybees.

Zoëcon founded in 1968 by Carl Djerassi, an organic
chemist at Stanford University, was the first company formed
to search for chemicals that had JH action on particular
insects which they named insect growth regulators (IGRs).
Methoprene (Figure 5) was first registered in 1975 by the
Environmental Protection Agency as Altosid and used primarily
in mosquito breeding areas as a larvicide. In treated water,
larvae did not metamorphose to the adult, thus reducing
the population (Staal, 1975). Today methoprene or another
more potent IGR, pyriproxyfen (Figure 5), is still used in
integrated pest management schemes to control mosquitoes,
particularly those that are resistant to chemical insecticides
(Walton and Eldridge, 2020). Methoprene is also used in
combination with pyriproxyfen (Rust et al., 2016) or adulticides
(Rust and Hemsarth, 2019) in flea collars and other flea
products to prevent metamorphosis of flea larvae and kill
the adults. Unfortunately, resistance to the IGRs has arisen
(Parthasarathy et al., 2012), but combinations of IGRs or with
other insecticides such as discussed above in flea control have
reduced its impact.

THE TOBACCO HORNWORM (Manduca
sexta) AND LARVAL ENDOCRINE
PHYSIOLOGY

In the 1970s, the tobacco hornworm (M. sexta) became popular
for the study of insect growth, molting and metamorphosis.
Manduca thrived on a completely defined diet (Bell and Joachim,
1976) under laboratory conditions and was utilized initially by
the laboratories of Carroll Williams, Fotis Kafatos, and Lynn
Riddiford at Harvard University and Larry Gilbert’s laboratory
first at Northwestern University, then at the University of North
Carolina. Jim Truman as a Junior Fellow at Harvard in the
Riddiford and Williams groups showed using simple ligation

experiments that the release of PTTH from the larval brain
occurred during a certain time of day when the larvae were
reared under a light:dark cycle (Truman, 1972; Truman and
Riddiford, 1974). PTTH then activated the prothoracic glands
to release ecdysone that with its biologically active metabolite,
20-hydroxyecdysone (20E) (see Riddiford et al., 2001), initiated
and orchestrated the subsequent molt. The ligature experiments
also appeared to indicate that JH necessary for larval molting
was released slightly later than PTTH (Truman, 1972) and that
JH was again necessary at the time of head capsule slippage
during the molt for normal epidermal and cuticular pigmentation
(Truman et al., 1973). Later Fain and Riddiford (1976) showed
that the apparent delay of JH for the larval molt was due to
the slow activation of the prothoracic glands by PTTH. The
chance appearance of a black mutant larva in the Harvard tobacco
hornworm colony (Safranek and Riddiford, 1975) allowed the
development of a sensitive bioassay for JH (Fain and Riddiford,
1975). This assay showed that JH was present in the fourth
(penultimate) instar larval hemolymph in declining amounts
through the feeding and the molting periods and rose again at
ecdysis to the fifth and final larval instar.

Fred Nijhout, a graduate student of Williams, subsequently
showed that the final larval instar was dependent on a
threshold size attained at the time of ecdysis (Nijhout and
Williams, 1974a; Nijhout, 1975a). When the larva surpassed
the threshold size for metamorphosis, it fed and grew in the
final instar to a critical weight that started the endocrine
events leading to metamorphosis (Nijhout and Williams, 1974b;
Nijhout, 1975b). Subsequent studies by many on both Manduca
and Bombyx have shown that these events are the decline
of JH release by the corpora allata, the rise of a specific
esterase to degrade JH in the hemolymph and tissues followed
by the release of PTTH once the JH titer was sufficiently
low (reviewed in Goodman and Granger, 2005; Hiruma and
Kaneko, 2013; Nijhout et al., 2014). The subsequent release
of ecdysone from the prothoracic glands was relatively small,
but in the absence of JH caused the cessation of feeding and
the onset of wandering behavior to search for a pupation site
(Dominick and Truman, 1985).

During this period, Gibbs and Riddiford (1977) devised a
sensitive Manduca larval assay for PTTH and showed that the
region of the brain containing the lateral neurosecretory cells
had the highest PTTH activity. Subsequently, Larry Gilbert’s
laboratory identified the pair of PTTH cells in that region (Agui
et al., 1979) and studied the control of the prothoracic glands by
PTTH (see reviews by Gilbert et al., 2002; Smith and Rybczynski,
2012). Much later Manduca PTTH was cloned and recombinant
PTTH shown to be active (Gilbert et al., 2000; Shionoya et al.,
2003), and in situ hybridization of its mRNA showed that only
this pair of cells contained PTTH mRNA (Shionoya et al., 2003).

In addition, Gilbert’s laboratory and Bhaskaran’s laboratory
at Texas A&M University studied the control of the corpora
allata by the brain (Bhaskaran et al., 1980, 1990; see also
review by Goodman and Granger, 2005). Both allatotropic
and allatoinhibin activities were uncovered, but the allatotropin
isolated and sequenced from adult Manduca brains was inactive
in larvae (Kataoka et al., 1989).
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CELLULAR ACTIONS OF JUVENILE
HORMONE

Early Studies
The cellular actions of JH were first addressed by Wigglesworth
(1940; 1963; 1973) in his studies of its action on the abdominal
epidermis of Rhodnius. He found that cells responded to the
molting hormone at metamorphosis in a particular pattern
within the segment and that could be blocked by JH given at
different times. He concluded that whereas the molting hormone
activates the epidermal cells to begin growth, JH “merely ensures
[perhaps by some action at the level of genes (Wigglesworth,
1954), perhaps indirectly by some action upon the cytoplasm
(Wigglesworth, 1953)], that the larval pattern is maintained
among the activated epidermal cells” (Wigglesworth, 1963). Later
Lawrence (1969) found that treatment of Oncopeltus with JH at
a specific time in the final nymphal instar caused the formation
of adult cuticle with larval pigmentation. Willis et al. (1982)
extended this study to Pyrrhocoris, the Colorado potato beetle,
Leptinotarsa decemlineata, and various Lepidoptera, showing that
there were two effects of JH—one causing a mosaic cuticle which
has discrete patches of different stage-specific cuticle due to
differing epidermal sensitivity to JH and the other a composite
cuticle produced by a single cell which combines features of two
metamorphic stages due to differing temporal JH sensitivity of
different morphological characteristics.

Control of Cellular Commitment
The Manduca larva provided an epidermis that could be readily
cultured and produce cuticle in vitro in response to the proper
hormonal regimen. A new larval cuticle was synthesized by fourth
instar larval epidermis when exposed to 20E immediately after
explantation from an intermolt feeding larva (Riddiford et al.,
1979, 1980). If, however, cultured in hormone-free media for
24 h, then exposed to 20E, it formed a pupal cuticle (Mitsui and
Riddiford, 1978; Riddiford et al., 1980). When final larval instar
epidermis was exposed to a low concentration of 20E followed
by a high concentration, thereby mimicking the prewandering
and pupal molt concentrations of ecdysteroid (Bollenbacher et al.,
1981), it formed a pupal cuticle (Mitsui and Riddiford, 1976,
1978). Therefore, one could ask about the direct action of JH on
the epidermis under defined conditions.

The abdominal epidermis of Manduca is polymorphic in
that it first makes a larval cuticle under the influence of JH
when exposed to ecdysteroid for the penultimate and final larval
molts. Then when exposed to low ecdysteroid in the absence
of detectable JH during the pre-wandering peak of ecdysteroid,
the epidermis becomes unable to produce a larval cuticle either
in vivo (when implanted into a penultimate stage larva and
allowed to go through final larval molt) (Riddiford, 1976, 1978)
or in vitro in response to 20E and JH (Mitsui and Riddiford,
1978). Instead it produces pupal cuticle. Hence, in response
to the hormonal conditions alone, a single epidermal cell can
switch from producing a larval cuticle to a pupal cuticle and
therefore is now pupally committed. Although the epidermal cells
of beetle (T. molitor) (and lepidopteran) larvae are electrically

coupled through gap junctions through which small molecules
move readily (Caveney and Podgorski, 1975), the cells of the
abdominal segment of Manduca respond to this ecdysteroid-
induced change of commitment in a particular pattern (Truman
et al., 1974; Riddiford, 1978) that turns out to be same as the
cell-by-cell induction of the Bric-à-brac-Tramtrack-Broad (BTB)
transcription factor Broad by 20E (Zhou and Riddiford, 2001).

In Drosophila during the molt, 20E initiates a transcription
factor cascade called the “Ashburner cascade.” This cascade was
first defined by Ashburner et al. (1974) as a series of salivary gland
chromosomal puffs (expansions of the polytene DNA strands)
induced by 20E in vitro that corresponded to the puffs seen in vivo
at the time of wandering just before and during pupariation.
Many of the puffs were later found to encode transcription
factors (Thummel, 1990). The same cascade of transcription
factors is seen in Manduca abdominal epidermis at both the
fourth-fifth larval molt and metamorphosis (summarized in
Hiruma and Riddiford, 2010) with the exception that Broad is
not induced at the fifth larval molt, but only at the time of
the ecdysteroid peak that initiates wandering. Thus, Manduca
larval abdominal epidermis proved to be an ideal system in
which to study the action of JH at the cellular and molecular
levels. As seen above, when exposed to 20E in the absence of
JH, this epidermis first expresses broad as it becomes pupally
committed. Once committed, it henceforth only makes pupal
cuticle when next confronted with a molting concentration of
ecdysteroid, whether in vivo or in vitro (Hiruma and Riddiford,
2010). Once broad is activated by the ecdysteroid, its mRNA levels
fluctuate during the wandering and prepupal periods directed
by the levels of 20E present. Then after pupal ecdysis, broad
mRNAs disappear from the epidermis over the first 3 days of
pupal life and never reappear during the pupal-adult molt or in
the adult epidermis (Zhou and Riddiford, 2002). However, when
JH is given to the freshly ecdysed pupa, the broad transcripts
reappear when the ecdysteroid titer arises for the subsequent molt
and a “second pupa” rather than an adult is formed. Thus, JH
prevents the ecdysteroid-induced switching on of broad in the
larval epidermis and the ecdysteroid-induced switching off of
broad in the pupal epidermis.

Drosophila Development, JH and
Stage-Specifying Transcription Factors
To elucidate how JH acted to direct the action of ecdysteroid
in the polymorphic epidermis, one had to turn to Drosophila
with its wealth of genetic and molecular biological approaches.
Drosophila along with the other higher Diptera has however
the disadvantage for studying JH action on metamorphosis in
that nearly all of the larval tissues except for the Malpighian
tubules and the nervous system are discarded at metamorphosis.
The adult head and thorax are made from imaginal discs that
make larval cuticle and proliferate throughout larval life, then
differentiate at metamorphosis, whereas the abdomen comes
from abdominal histoblasts (Perez, 1910; Svácha, 1992; Fristrom
and Fristrom, 1993). These histoblasts do not divide but make
larval cuticle that lies above them during larval life. Then
during the prepupal period after pupariation, they begin to
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divide. The pupal cuticle of the abdomen then is made by
reprogrammed larval epidermal cells and histoblasts. After head
eversion to form the intact pupa inside the puparium, the
proliferated histoblasts spread out from their nests in each
abdominal segment, displacing the larval epidermal cells to form
the adult epidermis (Ninov et al., 2007, 2009). The displaced
larval cells are then engulfed by phagocytic hemocytes (Williams
and Truman, 2005). When the ecdysteroid titer rises for the
adult molt beginning about 18 h after pupariation (Handler,
1982), the imaginal epidermal cells first respond by undergoing
adult commitment and patterning, then as the ecdysteroid titer
declines form the adult cuticle beginning about 48–52 h after
pupariation (Fristrom and Fristrom, 1993; Zhou and Riddiford,
2002; Ninov et al., 2009).

Normally Broad is present in the histoblasts and their
derivatives until about 30 h after pupariation, then disappears
(Zhou and Riddiford, 2002). By contrast, when JH is applied
at the time of pupariation, the pupa appears normal but the
resultant adult is a mosaic of a normal head and thorax and
a pupal abdomen (Ashburner, 1970; Postlethwait, 1974). Under
these conditions, Broad persists in the adult abdominal epidermis
throughout adult development (Zhou and Riddiford, 2002).
Furthermore, when broad-Z1 was overexpressed in the whole
animal using a heat shock GAL4 promoter between 30 and
36 h and again at about 48 h after pupariation, a second pupa
was formed, indicating that the structures developing from the
imaginal discs as well as from the histoblasts were capable of
forming pupal cuticle. Thus, the presence of Broad in the cell
allows it to make pupal cuticle in response to ecdysteroid and
prevents the production of adult cuticle.

During adult development, ecdysone and 20E rise in the
absence of JH, and the adult-specifying transcription factor E93
appears (Ureña et al., 2014, 2016). Uyehara et al. (2017) have
recently shown that E93 directly acts on the chromatin structure
in the enhancers of specific genes, opening up some adult-specific
genes such as nubbin (important in wing vein formation) for
activation and closing the chromatin on others such as broad,
thus suppressing its expression. Broad and E93 are pupal- and
adult-specifying transcription factors respectively throughout the
Holometabola (Truman and Riddiford, 2019; Bellés, 2020) and
thus fulfill the prediction of Williams and Kafatos (1971) that
there are three master regulatory genes that successively activate
the larval, pupal, and adult gene sets as metamorphosis proceeds.
The idea that the unique features of the larva, pupa, and adult
were the results of stage-specific gene sets was nullified by the
finding that the same cuticle gene was expressed in the epidermis
of two different metamorphic stages to produce a particular
type of cuticle (Willis, 1986). This finding however does not
negate the hypothesis that there are master regulatory genes that
dictate the stage. The stage-specifying transcription factors Broad
(pupal) and E93 (adult) along with Krüppel homolog 1 (Kr-
h1) in the larva (see below) that regulate each stage and each
other (Truman and Riddiford, 2019; Bellés, 2020) seem to be the
long-sought regulators.

Williams and Kafatos (1971) also postulated that there is
a larval master regulatory gene. Kr-h1 may be such a gene.
Although initially discovered in Drosophila as important

for metamorphosis (Pecasse et al., 2000), Kr-h1 is present
throughout the insects including the primitive firebrat,
Thermobia domestica (Konopova et al., 2011), and is necessary
to prevent precocious metamorphosis (Minakuchi et al., 2009;
Lozano and Belles, 2011). Kr-h1 appears in the embryo at the
time that JH appears and is present throughout larval life, then
disappears during metamorphosis to the pupa (see review by
Truman and Riddiford, 2019). The presence of JH ensures
that Kr-h1 will appear when 20E rises for the larval molt and
may stabilize Kr-h1 during the larval intermolt period. Kr-h1
disappears at the onset of metamorphosis only to reappear
during the molt to the pupa when ecdysteroids again are acting
in the presence of JH to prevent adult development of imaginal
disc derivatives, the extent of which depends on the species
studied. See, for example, the pupal-adult intermediate formed
after allatectomy of the Cecropia prepupa (Williams, 1961)
versus the normal pupa formed by allatectomized Bombyx or
Galleria larvae (Bounhiol, 1938; Piepho, 1942). However, Kr-h1
does not appear to be a nymph- or larval-specifying factor since
its suppression by RNAi in the embryo does not prevent the
production of a nymph or larva (Smykal et al., 2014). Instead,
the role of Kr-h1 is likely its repression of the expression of
the adult-specifying E93 as is seen in both the hemimetabolous
cockroach, Blattella germanica (Belles and Santos, 2014; Ureña
et al., 2016) and the holometabolous Drosophila and flour
beetle, Tribolium castaneum (Ureña et al., 2016). This role of
Kr-h1 has been emphasized in naming the molecular pathway
underlying the “status quo” action of JH in metamorphosis the
Met-Kr-h1-E93 (MEKRE93) pathway (Belles and Santos, 2014).

JUVENILE HORMONE RECEPTOR

In 1967 when JH was identified as a sesquiterpenoid (Röller
et al., 1967), hormones were thought to be only steroids,
peptides or proteins with intracellular receptors for the steroids
and membrane receptors for the peptides and proteins. The
sesquiterpenoid nature of JH allows it to enter the cell (Mitsui
et al., 1979) but also allows it to interact with the membrane
(Davey, 1996, 2000; Wyatt and Davey, 1996; Goodman and
Cusson, 2012). The search for these JH receptors turned out to
be long and tortuous and is not over yet.

Intracellular Receptors
JP29
The “status quo” action of JH during larval life is assumed to
be intracellular since it directs nuclear ecdysteroid action during
the larval molts and must be absent for ecdysteroids to initiate
metamorphosis. A JH binding protein (JHBP) was isolated from
Manduca larval hemolymph that bound JH and protected it
from the hemolymph esterases but not the JH-specific esterase
that appeared once the larva attained the critical weight for
metamorphosis (reviewed by Goodman and Cusson, 2012). JHBP
is also thought to have other functions including presentation
of JH to the cell (see review by Goodman and Cusson, 2012).
However, studies in vitro showed that JH I alone was just as
effective as the combination of JH I and JHBP in the culture
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medium in preventing the 20E-induced pupal commitment of the
Manduca abdominal epidermis (Riddiford, 1978).

The search for the intracellular JH receptor in Manduca
utilized photoaffinity-labeled JHs and JH analogs (synthetic
compounds that could be photo-cross-linked to cellular
protein(s) to which they bound to allow the subsequent isolation
of the protein) (Prestwich et al., 1994). This search yielded a
29 kDa nuclear protein (JP29) which at first was thought to be
the JH receptor (Palli et al., 1994). Later studies by Charles et al.
(1996) showed that the apparent tight, specific binding of JH I
to JP29 was an artifact of a co-purifying esterase that removed
the tritiated ester group of JH I used to monitor that binding.
Moreover, JP29 was found to bind to the insecticyanin granules
in the epidermis and to be regulated by 20E during a larval molt
but not after pupal commitment (Shinoda et al., 1997). The role
of JP29 in the epidermis is unknown.

USP
Ultraspiracle (USP) was shown to be the heterodimeric partner
of the ecdysone receptor (EcR) necessary for the action of 20E
in tissues, but 20E only bound specifically and tightly to EcR
(see review by Riddiford et al., 2001). The usp null mutant in
Drosophila initiates the molt normally at the end of the first
instar and makes the second instar cuticle, but is unable to
ecdyse (Oro et al., 1992). Rescue to the mid-third instar was
afforded by one heat shock pulse of usp in the first instar
(apparently due to the persistence of USP protein in the larva
through the onset of the second instar molt) (Hall and Thummel,
1998). Thereafter, however, the larva entered a “stationary phase”
instead of wandering at the expected time of the onset of
metamorphosis. Twenty-four hours later, a new cuticle composed
of both larval and pupal cuticle proteins covered the posterior
region of the body, but the anterior region had only partially
everted imaginal discs, and death ensued. Interestingly, the onset
of glue protein synthesis in the salivary glands necessary for
gluing the puparium to the substrate at the time of pupariation
occurred normally at the mid-third instar transition but the
glue was not secreted nor did the glands later die as normally
occurs. Thus, it appears that USP is needed as a partner for EcR
during the larval molts when the ecdysteroid titer is high but is
not essential for low ecdysteroid action that causes glue protein
synthesis. This latter action may be due to the ecdysteroid sitting
on the EcR and causing derepression (Schubiger et al., 2005).

In 1997, Jones and Sharp (1997) found that recombinant
Drosophila USP specifically bound JH III and JH III acid [the
natural JH and its acid metabolite found in Drosophila third
(final) larval instar hemolymph (Jones et al., 2013)] and suggested
that it might be the JH receptor in the larva (Jones and Sharp,
1997; Jones et al., 2006). Unfortunately, the binding of JH III to
USP showed about 100-fold lower affinity than one would expect
for a hormone receptor. Later studies showed that the potential
binding pocket of USP was filled by an unknown phospholipid
under in vivo conditions (Billas et al., 2001; Sasorith et al., 2002).
Also, a Drosophila USP-GFP reporter construct that was properly
activated by 20E in explanted larval brains and salivary glands was
not responsive to JH III alone nor to a combination of 20E and JH
III (Beck et al., 2009). Only when the explants were pretreated

with JH III before adding the 20E did JH III have an effect—
that of reducing the activation produced by 20E. These and other
studies (reviewed in Riddiford, 2008) strongly suggested that USP
was not the JH receptor during larval life.

Instead USP may be the receptor for methyl farnesoate
during the mid-third instar transition in Drosophila when methyl
farnesoate is the predominant juvenoid in the hemolymph (Jones
et al., 2013) and can be converted to JH bis-epoxide (Wen et al.,
2015; see Figure 5 for structures of methyl farnesoate and JH
bis-epoxide). The Jones group found that USP bound methyl
farnesoate with an affinity similar to that of the binding of the
retinoid X receptor (RXR) to its ligand 9-cis-retinoic acid and that
point mutations of USP in residues in the apparent ligand binding
pocket decreased this binding 4–10-fold. The usp2 null mutant
could be rescued by USP through metamorphosis but not by
the mutant USPs, which instead showed abnormal development
at the time of wandering. Thus, the mutated USP apparently
could not bind the circulating methyl farnesoate to allow normal
metamorphic development although it did not interfere with the
normal first and second instar molts. What exact role the methyl
farnesoate-USP complex is playing at the onset of metamorphosis
remains a mystery that needs exploring.

Methoprene-Tolerant (Met) Encodes the JH Receptor
In 1986, Tom Wilson took a different approach to look
for the JH receptor. He mutagenized Drosophila with ethyl
methanesulfonate, then reared the larvae on diet containing a
high concentration of the JH analog methoprene (Wilson and
Fabian, 1986; Figure 6A, top). Screening with methoprene or
JH III that prevents metamorphosis of the abdomen (see above
section for JH effects on Drosophila) yielded a mutant that was
about 100-fold more resistant to JH than the parental wild-
type, which they named Methoprene-tolerant (Met). Because
increased levels of JH were needed in the Met mutant for both
its metamorphic and reproductive effects, they suggested that the
Met protein might be involved in JH reception.

This hypothesis was not confirmed until Konopova and
Jindra (2007) showed that Met expression was necessary in the
flour beetle, T. castaneum, to prevent premature metamorphosis.
Suppression of Met expression by RNAi in third or fourth instar
larvae yielded premature pupation after the fifth or sixth instar
(of a total of 7 larval instars) (Figure 6A, bottom). A few
of these survived to form miniature adults. Moreover, neither
methoprene nor JH III application was effective to cause the
formation of “second pupae” by Tribolium pupae that had been
given Met RNAi. Thus, the loss of Met in Tribolium prevented the
usual metamorphic responses to JH and therefore fit the criteria
for a JH receptor.

As discussed above, the higher Diptera have an extreme form
of metamorphosis whereby the larval body is discarded except
for the nervous system and the Malpighian tubules; and the
adult arises from imaginal cells and discs that have proliferated
during larval life or in the case of the abdominal histoblasts
during the prepupal period (Perez, 1910; Fristrom and Fristrom,
1993). In Drosophila larvae, JH is present and declines before
metamorphosis (Bownes and Rembold, 1987; Sliter et al., 1987)
but seems to have no role in larval life. Dietary JH caused only
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FIGURE 6 | (A) Top: (Left) Tom Wilson (photo was taken by Emily Wilson and used with her permission). The adult abdominal sternites of the Methoprene-tolerant
(Met+) mutant of Drosophila melanogaster after the larvae fed on diet containing methoprene (modified from Figure 2 of Wilson and Fabian, 1986). +/+, homozygous
wild type; +/Met, heterozygous Met mutant; Met/Met, homozygous Met mutant. Bottom: Barbora Konopova and Marek Jindra and the precocious pupa they
obtained after giving Met RNAi to a 4th instar larva of Tribolium castaneum (right) compared with a normal pupa that formed after egfp RNAi had been given to a 4th
instar larva (left) (modified from Figure 3 in Konopova and Jindra, 2007). Photos of Barbora Konopova from her Research Gate file (used with her permission) and of
Marek Jindra taken by Masako Asahina (used with Dr. Jindra’s permission). (B) Top: Cartoon of the Met protein showing its various domains: bHLH, basic
helix-loop-helix domain; the Period-Arylhydrocarbon receptor nucleotide translocator-Single-minded (PAS) A and B domains; the C terminal domain. The bHLH
domain binds to the juvenile hormone (JH) response element (JHRE) on the target gene promoter; JH binds to the Pas B domains of Met (Charles et al., 2011) and
Germ cell-expressed (Gce) [the paralog of Met (Baumann et al., 2010)] (Bittova et al., 2019). Bottom: Cartoon of events occurring when JH enters a target cell. The
unliganded Met is thought to exist as a homodimer (Godlewski et al., 2006). When JH is present, it binds to Met causing the dissociation of the dimer and the binding
of Taiman (Tai) to Met, then both Tai and Met bind to the JHRE on the promoters of Krüppel homolog 1 (Kr-h1) and other JH target genes (Jindra et al., 2015a).

a prolongation of the final larval instar followed by a normal
appearing puparium that developed to the pharate adult but did
not eclose (Bryant and Sang, 1968; Riddiford and Ashburner,
1991). These pharate adults had abdominal defects similar to
those found when JH was applied at pupariation (Ashburner,
1970; Postlethwait, 1974) as well as nervous system defects
(Restifo and Wilson, 1998; Riddiford et al., 2010, 2018). In
contrast to other holometabolous insects, when Drosophila larvae
were genetically allatectomized by overexpressing cell death
genes in the corpora allata, the larvae formed normal puparia but
died at or shortly after head eversion to the pupa (Liu et al., 2009;
Riddiford et al., 2010). The discrepancy between the Met null
mutant surviving to the adult and the death of the allatectomized
pupa was found to be due to the existence of a second, closely
related gene named germ cell-expressed (gce) (Baumann et al.,
2010). Met–gce double mutants die at head eversion (Abdou
et al., 2011) just as allatectomized prepupae do. Met and gce
are paralogous genes with gce representing the ancestral gene
(Baumann et al., 2010).

Methoprene-tolerant is a member of the basic-helix-loop-
helix (bHLH)-Period (per)-Aryl hydrocarbon receptor nuclear
translocator (Arnt)-Single-minded (sim) (PAS) domain family
of transcription factors (Figure 6B). Charles et al. (2011) found
that recombinant Met bound both methoprene and JH III
with high affinity in the PAS-B domain. Subsequent studies
have shown that the Met-JH complex heterodimerizes with a
cofactor Taiman [also known as steroid response coactivator

(SRC) and ßFtz-F1 Interacting Steroid Receptor Coactivator
(FISC)] and forms a complex that binds to a JH-response
element on the mosquito early trypsin gene (Li et al., 2011;
Jindra et al., 2015a; Liu et al., 2018) and on the Kr-h1 gene
in Tribolium and Blattella (Zhang et al., 2011; Lozano et al.,
2014). Both Met and Gce bind JH III and methyl farnesoate
as well as the JH analogs methoprene and pyriproxyfen,
and this binding is necessary for the induction of Kr-h1
in Drosophila larvae (Jindra et al., 2015b; Wen et al., 2015;
Bittova et al., 2019).

Membrane Receptor
Based on studies with Rhodnius follicular cell epithelium (Davey
and Huebner, 1974; Davey, 1996), Davey postulated that JH
has a membrane receptor for its role in oocyte maturation–
increasing the intercellular spaces so that vitellogenin can enter
the oocyte. This receptor appeared to activate the sodium-
potassium ATPase (“sodium pump”) in the cells causing them
to lose water and consequently shrink to create the intercellular
spaces (termed “patency”). Abortive attempts were made to
isolate this receptor (Davey, 1996). Recently, Jing et al. (2018)
showed in the locust that JH causes the phosphorylation of
the follicular cell Na-K-ATPase, thus activating it and causing
increased patency.

Juvenile hormone activation of the early trypsin gene in
the mosquito, Aedes aegypti, involves the activation of the
phospholipase C pathway and the phosphorylation of both Met
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and Tai which enhances the binding of Met–Tai intracellular
dimer on the promoter of the early trypsin gene (Liu et al.,
2015; Ojani et al., 2016). How this activation of the membrane
phospholipids occurs is still unknown.

QUESTIONS FOR THE FUTURE

Why Is Not JH Required for the First Two
Instars in Insects?
In his early experiments, Wigglesworth (1934) parabiosed a
decapitated fed first instar nymph to a fed final instar nymph that
had been decapitated after the critical period for the adult molt.
The first instar nymph molted to a miniature adult with adult
abdominal pigmentation and patterning, precocious genitalia
and rudimentary wings. Similarly, Piepho (1938b) showed that
an integumental (epidermis and overlying cuticle) implant from
a first instar Galleria larva in a final instar larva formed both
a pupal cuticle and an adult cuticle with scales when the host
metamorphosed (Figure 2, bottom right). Thus, the cells of
early instar animals are capable of forming adult structures
when exposed to the proper hormonal environments. Yet under
normal conditions in the presence of JH in the immature
stages, they form nymphal (Rhodnius) or larval (Galleria)
structures at the molt.

Recent studies have shown, however, that JH is not necessary
for progress through the first and second instars after hatching
(Daimon et al., 2012; see also reviews by Jindra, 2019; Truman
and Riddiford, 2019; Bellés, 2020). Although the corpora
allata begin secreting JH about two-thirds of the way through
embryogenesis and continue at least to hatching, neither Met nor
Kr-h1 is necessary for development of the first or second instar
larvae or nymphs respectively of the silkworm Bombyx and the
linden bug, Pyrrhocoris (Smykal et al., 2014; Daimon et al., 2015).
Only in the third instar does one begin to see the effects of the
absence of JH in terms of the precocious appearance of adult
characters in Pyrrhocoris or of broad mRNA in Bombyx. In the
latter without the JH receptor Met, most larvae die in the molt to
the third instar with mosaic patches of larval and pupal cuticle
(Daimon et al., 2015). To resolve this conundrum of the lack
of a requirement for JH for the first two instars, Daimon et al.
(2015) have proposed that for metamorphosis to occur requires
the appearance of a “competence factor” which is necessary to
induce broad expression. Once this factor appears, the presence
of JH at the time of ecdysteroid rise for the molt is necessary to
keep broad suppressed.

Besides its “status quo” action during ecdysteroid-induced
molts, JH also is essential for maintaining proliferative
growth and suppressing morphogenesis in imaginal cells
and discs during the intermolt growth periods of Lepidoptera
(Truman et al., 2006). Morphogenetic growth in preparation
for metamorphosis normally begins in the final instar when the
JH titer declines after the larva has attained the critical weight
for metamorphosis (Zhou and Riddiford, 2001; MacWhinnie
et al., 2005; Allee et al., 2006). At this time, broad mRNA
appears in the imaginal cells followed sometime later by the
onset of the morphogenetic proliferation. The onset of broad

expression only requires sucrose feeding, but proliferation
requires protein as well (MacWhinnie et al., 2005; Truman
et al., 2006; Suzuki et al., 2013). The switch from proliferative
growth in the early instars to morphogenetic growth in the
final instar requires only the decline of JH and can occur in
the absence of ecdysteroid (Truman et al., 2006). However, it
requires the presence of a “metamorphosis initiation factor”
which is dependent on nutrient input and may be similar to the
“competence factor” seen in third instar Bombyx larvae (Daimon
et al., 2015; Inui and Daimon, 2017). The nutrient input appears
to trigger insulin signaling that is necessary for the wing discs
to become competent to metamorphose (Koyama et al., 2008;
Suzuki et al., 2013).

The requirement for either a nymph or a larva to undergo
two feeding instars before metamorphosis holds throughout
the insects (Truman, 2019; Truman and Riddiford, 2019).
Once they enter the third feeding instar, JH is then necessary
to prevent metamorphosis until a threshold size to form a
viable adult is achieved. The identities of the “competence
factor” for metamorphosis and the “metamorphosis initiation
factor” and the necessary interactions between nutrition and
hormones to achieve this threshold size are critical problems
yet to be solved.

Why Do Drosophila Imaginal Discs and
Histoblasts Differ in Their Response to
JH?
In higher Diptera, metamorphosis entails the loss of all larval
tissues except for the nervous system and the Malpighian tubules
(Perez, 1910; Fristrom and Fristrom, 1993). As discussed above
in the section on Drosophila development, the adult develops
externally from the imaginal discs and the abdominal histoblasts
and internally from imaginal cells associated with larval tissues.
For the epidermis, only the abdominal histoblasts are sensitive
to JH, and that sensitivity occurs during their proliferation
during the prepupal period. The histoblasts contain both JH
receptors, Met and Gce (Baumann et al., 2017). Normally they
begin to express broad mRNA during the late third instar and
continue to do so during their proliferation and spreading
until about 24 h after pupariation (Zhou and Riddiford, 2002).
Broad protein then disappears from these cells by 30 h after
pupariation. When JH was applied at pupariation, Broad protein
remained in the abdominal epidermis at least until 72 h after
pupariation and these cells make pupal cuticle rather than adult
cuticle (Zhou and Riddiford, 2002). Thus, JH seems to be
most effective on adult abdominal differentiation when given
during the time of histoblast proliferation, but why this is so
remains mysterious.

Juvenile hormone has no effect on the metamorphosis of
Drosophila imaginal discs, even when fed to larvae throughout
larval life (Riddiford and Ashburner, 1991) or when given at
the time of pupariation or early during the prepupal period
(Ashburner, 1970; Postlethwait, 1974). The discs contain only
one of the two JH receptors, Met, albeit at low levels; Gce
has not been detected in any (Baumann et al., 2017). They
however contain the necessary cofactor Taiman. Yet even
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when gce or gce and Met were overexpressed in the larval
wing disc, JH in the diet did not prevent the subsequent
metamorphosis of the disc to a normal adult structure
(Baumann et al., 2017). This result suggests that the lack
of JH effects on imaginal discs is not due to the lack
of JH receptors.

For imaginal disc structures, there are two critical periods
of adult development: (1) about 30–36 h after pupariation,
when morphogenesis of adult hairs and bristles occurs; and
(2) about 48–52 h after pupariation just before adult cuticle is
deposited (Fristrom and Fristrom, 1993). Timed overexpression
of broad during these two periods was sufficient to cause the
head and thoracic structures to form a “second pupa” (Zhou
and Riddiford, 2002), indicating that these imaginal cells can
make pupal cuticle. These experiments also suggested that
Broad had to be present for pupal differentiation to occur. But
why exogenous JH causes high re-expression of Broad in the
developing adult abdominal epidermis and only traces of it in
the developing adult head and thorax (Zhou and Riddiford, 2002)
remains an enigma.

Importantly, when JH was applied at pupariation, Kr-
h1 was expressed in the developing adult legs and eyes
unlike its lack of expression at this time in control flies
(Minakuchi et al., 2008). Thus, these discs can respond
to the JH by maintaining Kr-h1 expression but they still
undergo metamorphosis. Since they differentiated into normal
adult structures, these discs presumably express E93. This
presumed E93 expression is counter to the suppression of
E93 by Kr-h1 as is normally seen in other species (Belles
and Santos, 2014; Ureña et al., 2016). Further elucidation of
the interaction of JH, Kr-h1, Broad, and E93 in different
Drosophila tissues during development and metamorphosis
is clearly needed.

How Is the Secretion of JH Regulated?
Over the years, we have learned much about how the synthesis
and secretion of JH is regulated in both immature insects and
adults by hormones (neuropeptides, ecdysteroids, and JH itself)
and nutritional signals (see reviews by Stay and Tobe, 2007;
Goodman and Cusson, 2012; Hiruma and Kaneko, 2013; Marchal
et al., 2013; Noriega, 2014; Santos et al., 2019; Bendena et al.,
2020). The mechanisms involved in this regulation such as the
role of microRNAs are only beginning to be studied (Bendena
et al., 2020). Particularly important is a deeper understanding
of this regulation by environmental (both internal and external)
signals in the role of JH in the control of polyphenisms ranging
from pigmentary changes to organization of insect societies
(Nijhout, 1995; Miura, 2019).

OTHER ROLES OF JH

Juvenile hormone has a myriad of actions in insects beyond its
well-known effects on insect metamorphosis and reproduction.
This diversity of action may stem at least partially from its
uniqueness among animal hormones in terms of its chemical
structure as a sesquiterpenoid and its receptor as a member
of the bHLH family of transcription factors. The immediate
precursor of JH, methyl farnesoate, is found in the Crustacea
which are ancestral to the insects and is involved in reproductive
maturation and possibly in early development (Nagaraju, 2011;
Qu et al., 2018; Miyakawa et al., 2018). In the crustacean Daphnia
magna where methyl farnesoate is necessary for environmental
male sex determination (Olmstead and Leblanc, 2002; LeBlanc
and Medlock, 2015; Toyota et al., 2015), the Met receptor
for methyl farnesoate was found to differ in only one amino
acid in its binding pocket from the insect Tribolium Met

FIGURE 7 | Summary diagram of milestones in juvenile hormone research. See text for details. CA, corpus allatum; IGR, insect growth regulator; JH, juvenile
hormone; Kr-h1, Krüppel homolog 1; Met, Methoprene-tolerant; Tai, Taiman.
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(Miyakawa et al., 2013, 2018). This difference was found to favor
the binding affinity for methyl farnesoate over JH III.

SUMMARY

Figure 7 shows the major milestones in the progress of research
on JH from the time of its discovery by Wigglesworth in the 1930s
to the present which have been detailed in this short review. This
progress has been from the phenomenological to the underlying
molecular basis of its action. The JH I and II of Cecropia were
identified in 1967 and 1968, then the JH III of most other insects
as well as JH 0 in Lepidoptera and JH III bis-epoxide in the
higher Diptera were identified in the 1970s and 1980s, but it
was not until 2020 that the JH of Rhodnius was shown to be
JHSB3 (Villalobos-Sambucaro et al., 2020). Now that we have the
receptors and know something about its downstream effectors,
we should be able to delve further into the molecular modes of

action of this unique hormone that controls so many aspects of
the insect’s life history.
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The reproductive altruism in social insects is an evolutionary enigma that has been
puzzling scientists starting from Darwin. Unraveling how reproductive skew emerges and
maintains is crucial to understand the reproductive altruism involved in the consequent
division of labor. The regulation of adult worker reproduction involves conspecific
inhibitory signals, which are thought to be chemical signals by numerous studies.
Despite the primary identification of few chemical ligands, the action modes of primer
pheromones that regulate reproduction and their molecular causes and effects remain
challenging. Here, these questions were elucidated by comprehensively reviewing
recent advances. The coordination with other modalities of queen pheromones (QPs)
and its context-dependent manner to suppress worker reproduction were discussed
under the vast variation and plasticity of reproduction during colony development
and across taxa. In addition to the effect of QPs, special attention was paid to
recent studies revealing the regulatory effect of brood pheromones. Considering the
correlation between pheromone and hormone, this study focused on the production
and perception of pheromones under the endocrine control and highlighted the pivotal
roles of nutrition-related pathways. The novel chemicals and gene pathways discovered
by recent works provide new insights into the understanding of social regulation of
reproductive division of labor in insects.

Keywords: division of labor, queen pheromone, juvenile hormone, olfactory receptor, caste

INTRODUCTION

Insect societies provide excellent model systems for research on organization principles. A signature
and defining trait of eusocial insects is the reproductive division of labor, expressed as strong
reproductive skew, in which a single or a few females (queen) monopolize colony reproduction,
while all other females (workers) care for eggs laid by the queen (Wilson, 1971). Unraveling the
mechanism underlying reproductive skew provides an avenue to understand the influence of social
interaction on individual phenotypic plasticity and its consequent task allocation.

Social insects are well known to utilize chemical signals to regulate their behavior (Leonhardt
et al., 2016). Empirical evidence and theoretical consideration indicated the importance of
pheromones in regulating adult worker reproduction. These pheromones, predicted by classical
paradigms, are specific components to dominant females [queen pheromones (QPs)] and
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are closely correlated with fertility. On the basis of this criterion,
early studies have identified queen mandibular pheromones
(QMPs) in honeybees and cuticular hydrocarbons (CHCs) in
ants as queen primer pheromones to inhibit worker reproduction
(Le Conte and Hefetz, 2008). However, two questions remain
unsettled, including (1) the modes of action of chemical
components and (2) the pheromonal production and the
modulation of pheromones on worker physiology.

This study aimed to review research progresses focusing on
the above two questions mainly in the last 10 years, from
ultimate and proximate perspective. The influence of context
and the coordination with other modalities in reproductive
regulation were discussed under the complexity of reproductive
skew at colony levels. In addition to QPs, the effect of
brood was considered. Given the strong association between
pheromone and hormone, we focused on the production and
perception of pheromones in response to endocrine factors.
Taking advantage of exquisite bioassays, chemical analysis,
genomics, and genetic manipulation, recent discoveries have
found molecular innovation of chemicals and gene pathways,
largely expanding the understanding of social regulation of
reproduction in insects.

REPRODUCTIVE SIGNALING: A
COMBINATION OF SENSORY
MODALITIES

The modalities that queens or foundresses utilize to regulate
workers could be generally categorized into either “behavioral” or
“chemical.” In primitive eusocial species lacking morphologically
defined castes, aggressive dominance behavior is a universal
approach to generate reproductive skew and could be aided by
visual cues serving as “badges of status” (Tibbetts and Lindsay,
2008). By contrast, in highly social species with a large colony,
queens were unable to afford physical contact with every worker.
Therefore, chemical communication is hypothesized to be a
reliable way to regulate worker reproduction (Le Conte and
Hefetz, 2008; Kocher and Grozinger, 2011). Despite a correlation
between CHCs and fertility of dominant breeders in many
primitively eusocial wasps (Sledge et al., 2001; Dapporto et al.,
2007; Bhadra et al., 2010), the queen CHC blends alone failed to
inhibit the subordinates’ ovarian development in Polistes satan.
Therefore, these studies supported the hypothesis that fertility-
linked compounds only play addictive roles in the reproductive
regulation of primitively eusocial species (Oi et al., 2019).
However, a recent study in Lasioglossum malachurum sweat bees
has revealed that the over production of macrocyclic lactones acts
as QPs by influencing worker behavior and decreasing ovarian
activations. This study for the first time described a QP with
a primer function in a eusocial hymenopteran species other
than species with morphologically distinct castes (Steitz and
Ayasse, 2020). Similar to the complexity of modalities regulating
reproduction in primitively eusocial species, mounting evidence
of QPs in highly eusocial species did not exclude the participation
of behavioral interaction in affecting worker reproduction. In
Bombus impatiens bumblebees, directly contacting with a caged

queen could fully activate worker ovaries, suggesting that queen-
initiated behavior may be responsible for the inhibition of
worker reproduction (Padilla et al., 2016). Taken together, the
orchestration of pheromone and behavior in regulating worker
reproduction seem more complex than previously conceived.
Given that the transmission of each sensory modality is under
the selection of environmental factors, reproductive signaling
is possibly affected by species-specific life-history traits. In the
case of sweat bees, living in below-ground nests renders visual
cues useless and is likely to make chemical compounds as
an honest signal of dominance. How various modalities (i.e.,
behavior, chemical compounds and visual cues) interact to
regulate reproduction remains an open question. Finally, the
establishment of reproductive hierarchy requires the cognition of
nestmates’ fertility which integrates various sensory modalities,
such as behavior, chemicals and visual cues. The outcome of
behavioral interaction could be inferred by the color pattern or
chemical fingerprints of opponents (Reichert and Quinn, 2017),
thus eliciting associative learning after dominance contest.

In addition to numerous works focusing on reproductive
signaling from queens and nestmate workers, recent studies
have examined the roles of brood in reproductive regulation.
When kept with young larvae, B. impatiens workers showed
reduced ovarian activation and oviposition. Moreover, this effect
was in a quantity-dependent manner; the presence of 10 larvae
completely suppresses egg laying, regardless of worker age,
relatedness to brood, or brood parentage/sex (Starkey et al.,
2019a). Exposure to the odors from larvae, however, was
insufficient to suppress ovarian activation and workers fail to
differentiate between larvae and pupae on the basis of olfactory
cues (Starkey et al., 2019b). Therefore, in bumblebees, odors
alone could not explain regulatory effect of brood and workers
might use multiple information sources or rely on behavioral
interaction to regulate their reproduction. A subsequent study
further showed a synergistic effect of queens and larvae on worker
reproduction-related genes, where the combined effect of queen
and larvae outweighed their separate effect, indicating that the
two coordinate to maintain reproductive monopoly (Orlova et al.,
2020). The regulatory effect of young offspring, including eggs,
is likely to evolve across social species, given the widespread
trade-off between reproduction and brood care (Schultner et al.,
2017). In highly eusocial Apis mellifera and primitively eusocial
Ooceraea biroi, the worker’s ovary activation is suppressed by
larvae signals which are identified as chemical compound in
honeybees (Mohammedi et al., 1998; Maisonnasse et al., 2010;
Ulrich et al., 2016). Eggs could also convey inhibitory signals
to workers in a highly eusocial insect; the surface hydrocarbons
of Camponotus floridanus queen-laid eggs induce workers to
refrain from oviposition, thus regulating worker reproduction in
subcolonies (Endler et al., 2004).

EVOLUTIONARY ORIGIN OF QPS

Two scenarios regarding the evolutionary origin of QPs prevail.
Widely discussed and supported in CHC QPs is the sender-
precursor scenario. This hypothesis posits that QPs were
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derived from a preadaptation on the sender, who already
produces a precursor as functionless physiological byproducts
or to serve unrelated purpose (Wyatt, 2014; Stokl and Steiger,
2017). Under this scenario, two predictions could be proposed.
The first one is that QPs evolve from chemical cues of
solitary ancestors, as byproducts of ovary development. This
hypothesis is robustly supported by the universal physiological
link between odor and fertility (Van Oystaeyen et al., 2014;
Holman, 2018). In solitary and primitive eusocial species
without morphologically distinct castes, ovarian activation
usually triggers substantial changes in cuticular compounds
(Liebig, 2010; Oi et al., 2019). Thus, the chemical by-products
of fertility gradually evolved into honest fertility indices and
subsequently into dedicated QPs in highly eusocial species
(Peeters and Liebig, 2009). Even though widely accepted as one
of the most convincing explanations regarding QP evolution,
the mechanisms underlying functional transition from fertility
recognition cues to ovarian developmental deterrents remain
elusive. The second prediction is that QPs may be derived from
sex pheromones. From an ultimate perspective, sex pheromones
advertise female fecundity to potential mates and thus are
able to serve as honest indicators of fertility and evolve
secondarily as QPs (Ayasse et al., 2001). A support for this
prediction came from the shared structure between fertility
signals in social species and contact pheromones in solitary
species (Smith et al., 2009, 2012). However, limited studies
have demonstrated a joint function in a certain species. The
only evidence comes from honeybees in which chemicals from
QMPs not only attract males from long distance but also induce
worker sterility (Le Conte and Hefetz, 2008). The evolution
of QP’s dual functions is possibly constrained by the life-cycle
separation between mating and ovarian activation. For instance,
in the sweat bee, gynes mate before overwintering but initiate
reproduction in the ensuing summer. Sex pheromones are not
used as QPs, because of their quantitative decrease after mating
(Steitz and Ayasse, 2020).

In contrast to the sender–precursor scenario, the sensory
exploitation hypothesis predicted that QPs could evolve de novo
acting on pre-existing gene-regulatory networks that are linked
with the regulation of reproduction in receiver workers. A notable
case under this scenario is the honeybee QMPs. On the one hand,
the 4-hydroxy-3-methoxyphenylethanol (HVA) in QMPs could
directly suppress the worker reproduction by acting on dopamine
receptors instead of stimulating the sensory system (Beggs et al.,
2007; Beggs and Mercer, 2009). On the other hand, the QMPs
unexpectedly showed reduced ovary size, number of eggs and the
number of viable offspring in phylogenetically distantly related
fruit fly Drosophila melanogaster, suggesting the exploitation of
conserved physiological pathways (Camiletti et al., 2013; Galang
et al., 2019). This finding was further verified by a recent study
demonstrating a remarkable cross activity of honeybee QMP
in bumblebees, in which the egg laying of workers and queens
are inhibited by non-native QMP blend (Princen et al., 2019).
Another hypothesis under the sensory exploitation scenario is
that QPs evolve from oviposition deterring pheromones. In
solitary insects, especially herbivores, females reduce egg laying
to avoid intra-specific competition in response to conspecific

chemical signals deposited on oviposition substrates (Peter,
2002). However, this hypothesis lacks any empirical evidence.

The two above-mentioned scenarios are in line with the two
hypotheses regarding the ultimate cause of the reproductive skew
in social insects. In particular, the sender-precursor scenario
corresponds to the queen signal hypothesis which postulates that
workers regulate their own reproduction on the basis of their
own fitness interest thus adjusting their behavior in accordance
to queen signals that honestly indicate queen fertility (Keller and
Nonacs, 1993; Grueter and Keller, 2016). By contrast, under the
“sensory exploitation” scenario, which corresponds to “queen
control” hypothesis, the queen could potentially deceive or
manipulate the workers against their own interests even though
the signals are still honest (Keller, 2009; Smith and Liebig, 2017).
This sensory exploitation could be evolutionarily stable in the
long run, by leading to either a queen–worker arm race, to
workers evolving counter–adaptations, or to limited personal
cost of workers’ sterility (Kocher and Grozinger, 2011; Peso
et al., 2015). From a proximate perspective, the evolution of
manipulative QPs requires the queens to be immune to the
pheromones themselves, considering the inhibitory effect of
honeybee QMP on bumblebee queens (Princen et al., 2019).

CHEMICAL NATURE OF PHEROMONES

Studies in recent years have focused on the role of CHCs as QPs.
Synthesized in oenocytes, the arrays of long-chained linear and
branched, saturated, and unsaturated hydrocarbons are highly
abundant in insect epicuticle, conveying recognition cues related
to sex, age, and nestmates (Oi et al., 2015). Mounting evidence
showed that CHCs are conserved honest fertility cues, from
primitively eusocial wasps to advanced eusocial ants (Liebig,
2010). A recent study identified CHC as a royal pheromone
in termites, which appears to predate its use as QP in social
Hymenoptera (Funaro et al., 2018). However, the unequivocal
identification of CHCs with priming function is limited in a
handful of species, thus preventing the generalization of the
chemical nature of QP. The inhibitory effect of isolated CHC
signal on ovarian activation were observed in ants, wasps,
and bumblebees, implying that CHCs are a conserved class
of signals in regulating reproduction (Van Oystaeyen et al.,
2014). However, the uniformity of CHCs as QPs is challenged
by subsequent studies regarding its methodological bias and
logical pitfall. First, because of CHCs abundance and ease in
detection and spectral/structural analysis, the research preference
for CHCs inevitably caused negligence of other compounds
(Amsalem and Hefetz, 2018). Therefore, recent reviews and
studies called for attention to be paid to the exocrine glands,
which are the sources of many described trial and alarm
pheromones (Dani and Turillazzi, 2018; Villalta et al., 2018;
Hefetz, 2019). Up to date, the only QP found in exocrine glands
is the chemical blends in the honeybee mandibular glands,
which are immensely hypertrophied in queens (Slessor et al.,
1988). Indeed, the queen-specific specialization has been reported
in various glands and species, such as honeybees (Katzav-
Gozansky et al., 1997), halictid bees (Steitz and Ayasse, 2020),
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and ants (Smith et al., 2012), but dedicated examination of their
compounds functioning as QPs has been seldom performed.
Second, although non-volatile CHCs are able to avoid sensory
habituation caused by saturation, their higher expression in
queens compared with workers cannot guarantee the uniqueness
of QPs predicted by theory (Hefetz, 2019). Most of the identified
CHC QPs are common in queens and workers but present
in greatest quantities in queens (Van Oystaeyen et al., 2014).
Regulation via the QP higher in queens than in workers could
be problematic because of a dilution of pheromones in populous
colonies (Orlova and Hefetz, 2014). Workers possibly activate
their ovaries as under queenless conditions. Overall, despite the
certain roles of CHCs in adverting the queen’s presence, these
fertility cues are not sufficient to serve as conserved signals for the
regulatory function in reproduction. Glandular sources and other
queen-qualitatively specific compounds should be considered in
the search for queen primer pheromones (Figure 1).

Recent studies and reviews have proposed several guidelines
in seeking unknown QPs (Amsalem and Hefetz, 2018; Villalta
et al., 2018; Hefetz, 2019). Firstly, QPs may be multicomponent
and pleiotropic. The specificity of communication is theoretically
enhanced when compound blends are used as pheromones.
Multiple components may contribute to the reliability of queen
signaling because of the complexity of social signals within a
colony. In honeybees, the QPs consists of six components, all of
which are necessary for the inhibition of gyne rearing (Wanner
et al., 2007; Matsuura et al., 2010). Besides, QPs could also elicit
releaser effects, such as retinue behavior in ants and honeybee
workers (Villalta et al., 2018), grooming in wasps (Holman et al.,
2010), and shaking in termites (Funaro et al., 2018). Secondly,
the QPs usually work in a context dependent manner to prevent
misinterpretation (Orlova and Amsalem, 2019). A growing
body of evidence has identified various forms of social context
responsible for the expression of QP regulatory effects, including

FIGURE 1 | Pheromonal regulation of worker reproduction in social insects. Primer pheromones, including CHCs and other glandular compounds, are released by
queens, eggs and larvae to suppress worker ovarian development. The production of pheromones is influenced by gonadotropin JH or by transcriptional factor
gemini or dsx. In recipient workers, the primer pheromones down-regulate nutrition-related pathways including JH/Vg or Notch/ilp to inhibit worker reproduction, via
activating OSN in antennae. These nutrition-related pathways may increase the sensitivity of OSN to pheromones in turn. An amplification of effect is possible due to
trophallaxis among workers. Moreover, a down-regulated JH level results in a reduction of fertility cues emitted by workers, therefore maintaining reproductive skew
in a colony. Red ellipses in the upper panel show glands in queens. Red and blue arrows depict stimulatory and inhibitory effects, respectively.
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chemical background (Funaro et al., 2018), behavioral repertoire
(Padilla et al., 2016), or the presence of brood (Hoover et al., 2003)
or nestmates (Kikuchi et al., 2007). Social context may influence
QP dispersion within the colony. For example, in honeybees and
ants, the frequent occurrence of licking or trophallaxis possibly
helps to transfer QP and accelerate the dispersion of QP from
queen to workers and among workers (Naumann et al., 1991;
Soroker et al., 1995). In addition, thermal regulation by workers
is an alternative way to facilitate QP dispersion. The capacity of
honeybee and bumble workers to produce heat may promote the
active space of QPs (Stabentheiner et al., 2010), which generally
increase QP volatility as temperature increases (Gibbs, 1995).

PHEROMONAL PRODUCTION

The production of QPs in queens is still mysterious in most
social insect species, but it could be inferred by their link with
reproduction. A large body of studies have revealed the role
of juvenile hormone in the production of CHCs. The linkage
between CHCs and fertility in social insects could be explained
by the universal hormone pleiotropy reported in primitively
and advanced eusocial species, in which Juvenile Hormone (JH)
serves as CHC regulator and gonadotropin hormone (Slessor
et al., 1988; Cuvillier-Hot et al., 2002; Holman et al., 2010;
Kelstrup et al., 2014; Oliveira et al., 2017). The up-regulation
of JH via the application of methoprene (a JH analog) leads
to a shift of worker CHC profile to that of the queen (Brent
et al., 2016; Oliveira et al., 2017). Thus, the hormones involved
in ovarian development could affect the synthesis or transport
of CHCs. However, the genes responsible for the synthesis of
CHC fertility signal in social insects have only been reported in
termites. Neofem4, a cytochrome P450 gene, is more expressed
in Cryptotermes secundus queens than in workers. Silencing this
gene by using RNAi alters the queen odors to those of a worker
and induces a worker butting behavior, indicating the onset
of reproductive replacement differentiation (Korb et al., 2009;
Hoffmann et al., 2014). However, less information is available
regarding the production of QP in exocrine glands. In Cape
honeybees, the synthesis of QMPs is controlled by alternative
splicing of the CP-2 transcription factor gemini. Altering the
splice pattern of gemini by siRNA feeding results in ovary
activation and increased amount of queen-specific pheromones
9-oxo-2-decenoic acid (9-ODA) and 9-hydroxy-2-decenoic acid
(9-HDA). As methyl p-hydroxybenzoate (HOB) and HVA are not
affected by the knockdown of specific gemini, this gene possibly
acts on the biosynthesis of fatty acid-derived components
(Jarosch et al., 2011; Jarosch-Perlow et al., 2018). The synthesis of
QMP is also influenced by the sex determination pathway. The
knockdown of Doublesex (dsx) in queenless honeybee workers
results in reduced ovary development and a reduced level
of pheromonal fertility signals, indicating that the regulatory
network is co-opted during eusocial evolution to regulate
pheromone production (Velasque et al., 2018). Considering the
honesty of QPs in indicating fertility predicted by the sender–
precursor scenario (see section “EVOLUTIONARY ORIGIN
OF QPS”), gonadotropin may be pivotal in the production

of QPs besides CHCs. In addition to gonadotropin, nutrition
is likely to be an alternative proximate factor governing
QP production, because it activates reproduction directly on
vitellogenin (vg) or indirectly through JH (Kapheim, 2017).
Nutrition is also the key to influence reproductive physiology
and drives caste determination in honeybees (Metcalf and Whitt,
1977; Mutti et al., 2011).

PHEROMONAL PERCEPTION

A key issue regarding pheromone-regulated reproduction is how
QPs are perceived and what sort of genetic and physiological
specializations facilitate signal perception in social insects.
Semio-chemicals are basically detected by olfactory sensory
neurons in porous sensory hairs located on chemosensory
organs, especially the antennae. The knock-down of Orco, an
olfactory co-receptor, impairs a series of social behavior including
worker dueling to become gametes in Harpegnathos saltator
ants (Yan et al., 2017). Electroantennography demonstrated
that workers respond specifically to the putative QPs in
several species, such as Pachycondyla inversa, Apis cerana, and
A. mellifera (D’Ettorre et al., 2004; Dong et al., 2017). Moreover,
single sensilla recording in ants verified that QP candidate
CHCs are responded by basiconic sensilla (Ozaki et al., 2005;
Sharma et al., 2015). Investigations of the glomeruli in the
antennal lobe where ORNs are projected to in the brain have
revealed female-specific or caste-specific structural specialization
relevant to QP perception. In C. floridanus, females have about
approximately 140 T6 glomeruli, whereas males completely
lack these glomeruli (Nakanishi et al., 2010). In O. biroi,
basiconic sensilla and CHC responsive ORs are found only
on the ventral surface of the female antennal club (McKenzie
et al., 2016). A correlation between glomeruli numbers and
worker polymorphism exists in Atta vollenweideri (Kelber et al.,
2010). Given their central role in chemosensory perception,
peripheral circuits substantially contribute to the specificity
and plasticity of QP perception. For instance, C. floridanus
workers are able to detect and distinguish enantiomers of a
proposed QP (3-methylheptacosane) by using sensilla basiconica
structures (Sharma et al., 2015). Electrophysiological responses
to several CHCs decrease with the transition from non-
reproductive H. saltator workers to gamergates, implying a
potential mechanism to tolerate the mutually inhibitory or self-
inhibitory effects of QPs on gamergates (Gospocic et al., 2017).

Recent works have implied possible correlation between
pheromonal perception and endocrine factors. In honeybees, JH
treatment influences the retinue behavior of young workers to
QMP. The latter influence is likely due to the reduced levels of
an octopamine (OA) receptor in the antennae (Vergoz et al.,
2009). Indeed, JH application induces a dramatic change in
gene expression in the neural system, including the brain and
antennae (Pandey and Bloch, 2015). A similar modulation of
responsiveness to social cues has also been reported in Vg.
A knockdown of a Vg ortholog called Vg-like A in the fat
body of young ant workers reduced brood care and increased
nestmate care, a task usually performed by old workers. This work
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revealed that Vg-like A drives behavioral maturation by mediating
responses to social cues (Kohlmeier et al., 2018). Thus, divergent
Vg or JH titer may lead to differential responses to QPs among
castes. Further study should investigate the mechanisms of
sensory threshold modulation by endocrine factors in primitively
and advanced eusocial species.

Analysis based on genome has revealed that 9-exon ORs
particularly expanded in ants are specifically expressed in females,
indicating a possible interaction with social signals, such as CHCs
(Smith et al., 2011, 2012; Zhou et al., 2012; Oxley et al., 2014;
McKenzie et al., 2016). The knowledge of OR with ligands in
QPs is limited in two species. In honeybees, AmOr11, specifically
bounds to the QMP component 9-ODA (Wanner et al., 2007).
In H. saltator, HsOr263 is highly expressed in workers and
responsible in binding a candidate reproductive signal, due to its
strong responses to gamergate extract and a predicted QP (13,
23-DiMeC37) (Pask et al., 2017). Whether and how the olfactory
plasticity of QP perception is influenced by modulation of OR
expression levels remain to be determined, because alterations
in a single odorant receptor may lead to a significant effect on
animal odor perception.

PHEROMONAL EFFECTS AT
MOLECULAR LEVELS

Few studies have revealed the global effect of QPs on the
genetic and epigenetic networks of workers. In Solenopsis
invicta, under queenright conditions, numerous genes are
differentially expressed between foragers and non-foragers.
However, in absence of the queen, these differences disappear at
transcriptional level, implying a possibility that QP participates
in task allocation among workers (Manfredini et al., 2014).
A comparative study further showed that exposure to QPs leads
to similar trancriptic responses in two ant and two bee species
(genera: Lasius, Apis, and Bombus). With functions involving
lipid biosynthesis and transport, olfaction, production of cuticle,
oogenesis, and histone (de) acetylation, QP-sensitive genes seem
to be peripheral in the gene co-expression network and caste-
specific expression (Holman et al., 2019). In addition to the effect
of QP on gene expression, the application of QP results in a
change in the level of DNA methylation in honeybee and Lasius
ants. However, the DNA methylation level is not affected by QP in
Bombus terrestris (Holman et al., 2016). The QMP in honeybees
also exerts epigenetic modifications to RNA and histones in
the brain, potentially affecting aging-related genes (Junior et al.,
2020). Although promising, these findings mainly examined
the global level of epigenetic effect, while the mechanism of
QP perception on epigenetics and epigenetically targeted genes
remain unknown.

Studies concerning the specific molecular effects of
reproductive pheromonal regulation in adult individuals
are scarce. Duncan et al. (2016) provided the first molecular
mechanism directly linking ovary activity in adult worker
bees with the presence of the queen. QMP inhibits worker
reproduction by stimulating Notch signaling in ovary tissues
in the region where germ cells are specified. In the absence

of the queen, the Notch receptor in the cells of germarium
renders these cells refractory to Notch signaling. This finding
provided support for the reproductive ground plan hypothesis
(West-Eberhard, 1987; Page and Amdam, 2007), by revealing
the targeted control of worker fertility through co-option of
a conserved cell-signaling pathway (Duncan et al., 2016). In
addition to the Notch, alternative pathways have been proposed
in primitively eusocial species. For example, in B. terrestris,
Vg expression is lower in the presence of newly mated queens
than same-age virgin queens regardless of queen ovarian
inactivation under both conditions (Amsalem et al., 2014). In
Polistes dominula paper wasps, 3-h group formation is sufficient
to down-regulate the JH level in low-ranked subordinates,
suggesting the hyper-sensitivity of JH in response to nestmate
cues, including pheromones (Tibbetts et al., 2018). This result
was reminiscent of the finding that JH could mediate the
threshold to social signals in turn. Given the gonadotropic and
physiological functions of JH in the primitively social species
(Amsalem et al., 2014; Kelstrup et al., 2017), a negative feedback
loop exists between pheromones and JH to enhance the efficiency
of regulation (Figure 1). Recent studies on parthenogenetic
clonal raider ants (O. biroi) revealed the molecular mechanism
underlying the brood control of reproductive skew. A single
gene, called insulin-like peptide 2 (ilp2) was identified on the
basis of brain transcriptome. This gene was more up-regulated
in reproductives than in non-reproductives (Chandra et al.,
2018). Larval signals suppress ilp2 to inhibit adult reproduction,
thus potentially amplifying reproductive asymmetries (Chandra
et al., 2018). These studies have partially revealed the signal
transduction from social cues, including pheromones to
reproductive outcome, and highlighted the importance of
nutrition-related pathways. Whether pheromones directly affect
the ovary or act via signaling between neural circuits are yet to be
determined. Although ovarian development was extensively used
as a proxy to reproduction, ovarian activation may be decoupled
from reproduction because the ovary is possibly involved in the
task allocation of workers, as demonstrated by the meta-analysis
in some ant species (Pamminger and Hughes, 2017). Further
studies should pay attention to the functional discrimination
between ovarian activation and egg laying in reproduction.

CONCLUSION

Considerable advances on the pheromonal regulation of
reproduction have been achieved in the last decades. Several
discoveries of variation and plasticity of reproductive partitioning
within and across species provided not only valuable data for
constructing evolutionary routes of chemical communication
but also hints for the identification of key components via a
comparative approach.

Despite the strong association between CHCs and fertility,
the unequivocal identification of CHC as queen pheromone. QP
is rather limited. The contexts, such as colony, nestmates, and
brood, in the regulation of worker reproduction demonstrated
that pheromones are released from more than one source with
multiple components and should work in combination with other
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modalities (Figure 1). This argument helps settle the existing
controversies among the chemical nature, evolutionary origin,
and conservation of reproductive signaling.

Current works in both primitively eusocial and advanced
eusocial species indicated the co-option of conserved pathways
in pheromonal regulation of reproduction and highlighted
the coordination among social cues, endocrine factors and
reproduction (Figure 1). Studies on model species, such
as honeybees and radial colonial ants, have demonstrated
evolutionary innovations of nutrition-related pathways
responsible for pheromonal effects. However, the mechanism
of production and reception of pheromones remains largely
unknown. With the aid of advances in genetic manipulation,
future works could elucidate the genetic network underlying
QP production, thereby contributing to loss-of-function
experiments to identify the causal relationships between semio-
chemicals and reproduction. The reverse chemical ecology,

based on the genome and identification of the olfactory
receptors will be an effective approach for the screening
of new components.
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Insects are arguably the most successful group of animals in the world in terms of both
species numbers and diverse habitats. The sesquiterpenoids juvenile hormone, methyl
farnesoate, and farnesoic acid are well known to regulate metamorphosis, reproduction,
sexual dimorphism, eusociality, and defense in insects. Nevertheless, different insects
have evolved with different sesquiterpenoid biosynthetic pathway as well as products.
On the other hand, non-coding RNAs such as microRNAs have been implicated in
regulation of many important biological processes, and have recently been explored
in the regulation of sesquiterpenoid production. In this review, we summarize the latest
findings on the diversity of sesquiterpenoids reported in different groups of insects, as
well as the recent advancements in the understanding of regulation of sesquiterpenoid
production by microRNAs.

Keywords: insect, sesquiterpenoid, juvenile hormone, microRNA, evolution

DIVERSE BIOSYNTHETIC PATHWAYS AND TYPES OF INSECT
SESQUITERPENOIDS

In insects and crustaceans, sesquiterpenoid hormones including farnesoic acid (FA), methyl
farnesoate (MF) and juvenile hormone (JH) regulate the development, metamorphosis and
reproduction (Cheong et al., 2015). The beginning step in the biosynthesis of the sesquiterpenoids
starts from acetyl-CoA which goes through the universal eukaryotic mevalonate (MVA) pathway
to synthesize farnesyl pyrophosphate (FPP) (Tobe and Bendena, 1999; Belles et al., 2005; Hui et al.,
2010, 2013). In the presence of FPP pyrophosphatase, FPP is then converted to farnesol and can
further generate farnesal with the catalyzation by farnesol dehydrogenase. Farnesoic acid (FA) will
then be generated via further dehydrogenation with farnesal dehydrogenase in different insects.
A summary of the sesquiterpenoid biosynthetic pathway is shown in Figure 1.
Despite all insects utilizing a common biosynthetic pathway in the production of FA, diverse
pathways have evolved in the downstream process of sesquiterpenoids production. For insects
in the order blattodea, coleoptera, diptera, and orthoptera, esterification of FA occurs in the
corpora allata (CA), which will form MF catalyzed by a SAM-dependent juvenile hormone acid O-
methyltransferase (JHAMT) (Shinoda and Itoyama, 2003). In insects such as cockroaches (Huang
et al., 2015), honeybees (Bomtorin et al., 2014), locusts (Marchal et al., 2011), and pea aphids
(Daimon and Shinoda, 2013), MF is oxidized by epoxidase CYP15A1 in formation of JH-III
(Figure 1). Direct applications of FA on fruit flies increased the biosynthesis of MF and JH-III in
both larval and adult stages, while JHB3 biosynthesis is inhibited in larvae (Bendena et al., 2011).
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FIGURE 1 | Diverse biosynthetic pathways of juvenile hormones in insects.

TABLE 1 | Different types of juvenile hormones isolated from hexapods.

Type of JH Chemical structure Insects Tissue extracted References

JH-0 Lepidopterans EG Bergot et al., 1980

JH-I LE, EG Röller et al., 1967

JH-II LE, EG Meyer et al., 1968

4-Methyl JH-I EG Bergot et al., 1981

JH-III All insects CA Judy et al., 1973

JHB3 Dipterans CA Richard et al., 1989

JHSB3 Hemipterans CA Kotaki et al., 2009

CA, corpora allata; EG, egg; LE, lipid extract.

Moreover, diverse biosynthetic pathways for production of JH-
III have also been identified in other insects (Figure 1). For
instance, in the coleopterans such as beetles, CYP15A1 can
first oxidize FA to form JH-III acid, followed by methylation
with JHAMT resulting in the formation of JH-III (Minakuchi
et al., 2015; Jiang et al., 2017); while in lepidopterans, the

conversion of FA to JH-III acid is performed with another
epoxidase CYP15C1 followed by subsequent methylation by
JHAMT (Daimon et al., 2012; Figure 1). Furthermore, different
sesquiterpenoid products have also been identified in various
types of insects (Figure 1 and Table 1). In the dipterans
including flies, JH-III bisepoxide (JHB3) has been identified
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(Richard et al., 1989). In the hemipterans like the stinkbugs,
JH-III skipped bisepoxide (JHSB3) is formed (Kotaki et al.,
2009); and in the lepidopterans such as moths, specific JH
homologs including JH-I, JH-II, JH-0, and 4-methyl JH-I are
produced (Belles et al., 2005; Figure 1 and Table 1). It is worth
mentioning that JH-I is found in the male accessory glands
of the cecropia moth, and whether it performs the suspected
hormonal function remains unknown (Paroulek and Sláma, 2014;
De Loof and Schoofs, 2019).

DIVERSE ROLES OF
SESQUITERPENOIDS IN INSECTS

Regulation of Metamorphosis
A special feature of insects is that they have evolved with distinct
modes of metamorphosis, including hemimetaboly (incomplete)
and holometaboly (complete) (Sehnal et al., 1996). These
biological events are collectively controlled by sesquiterpenoids
that inhibit metamorphosis, and ecdysteroids such as 20-
hydroxyecysone (20E) that trigger metamorphosis (Konopova
et al., 2011; Liu et al., 2018; Niwa and Niwa, 2014a,b). In
general, sesquiterpenoid inhibits ecdysteroids action, and when
their biosynthesis in the CA is suppressed via the inhibition of
JHAMT and 3-hydroxy-3-methylglutaryl Coenzyme-A reductase
(HMGR), metamorphosis can then occur (Cheong et al., 2015;
Liu et al., 2018; Qu et al., 2018). An overview is shown in Figure 2.

In the best studied holometabolous insect, the fly Drosophila
melanogaster, sesquiterpenoids exert status quo function to
prevent metamorphosis in the early larval stage (Cheong et al.,
2015; Qu et al., 2018). Sesquiterpenoids JH-III, JHB3, and their
immediate precursor MF can all bind to the C-terminal of the
intracellular receptor Methoprene-tolerant (Met) or its paralog
named Germ-cell expressed (Gce) in Drosophila, which encodes
a transcription factor of the bHLH-PAS family (Ashok et al.,
1988; Jindra et al., 2015; Wen et al., 2015). The binding affinities
of sesquiterpenoids to Gce are differ with a rank order of JH-
III > JHB3 > MF which is in line with their developmental
potency (Bittova et al., 2019). After the binding of JH with
Met or Gce in formation of a functional complex, another
bHLH-PAS protein that acts as the steroid receptor co-activator
[Taiman (Tai)] in D. melanogaster or SRC in other insect species
is recruited, which together binds to the specific JH response
element (JHRE) on the promoter region of Krüppel homolog
1 (Kr-h1) to activate transcription (Kayukawa et al., 2012; Qu
et al., 2018). Previous studies have demonstrated that Kr-h1
can transduce the JH signal to repress 20E primary responsive
genes, including ecdysone receptor (EcR), Broad-complex (Br-C),
ecdysone-inducible proteins E75 and E93, which subsequently
inhibit 20E biosynthesis in the prothoracic gland (Kayukawa
et al., 2016; Liu et al., 2018); and can also inhibit the expression of
steroidogenic enzyme gene Spok by binding to the Kr-h1 binding
site (KBS) and turn on the methylation which in turns also leads
to the suppression of ecdysone biosynthesis (Song and Zhou,
2019; Zhang T. et al., 2018; Figures 2, 3).

In other holometabolous insects including beetle Tribolium
castaneum, moths Bombyx mori and Helicoverpa armigera, as
well as hemimetabolous insects including cockroach Blattella

germanica, planthopper Nilaparvata lugens, and stinkbug
Pyrrhocoris apterus and Rhodnius prolixus, Kr-h1 has also
exhibited anti-metamorphic effects (Minakuchi et al., 2009;
Konopova et al., 2011; Lozano and Belles, 2011; Kayukawa et al.,
2017; Li et al., 2018; Zhang W. N. et al., 2018).

During the larval-pupal transition in Drosophila, 20E binds
to EcR proteins and Ultraspiracle (Usp) to form a heterodimer
(Riddiford et al., 2000), and this complex will further trigger
the transcription of 20E primary-response genes including Br-
C, E74, E75, and E93. These downstream genes have been
identified with essential functions in molting. For instances,
E93 enables the larval tissues to execute apoptosis and
promotes the formation of adult tissues (Ureña et al., 2016);
and the Gce/Tai (but not Met/Tai) complex activates E75A
functions in preimaginal molts (Dubrovsky et al., 2011).
In beetle T. castaneum, Met has also proven to bind JH
with high affinity via the highly conserved hydrophobic
pocket within its PAS-B domain (Charles et al., 2011). In
lepidopteran, USP can also bind JH (Dubrovsky, 2005). In
moth Manduca, JP29 isolated from epidermis has also been
suggested as another potential JH receptor, which has found
to be highly specific to JH binding but with low affinity
(Truman and Riddiford, 2002).

Regulation of Reproduction
Apart from repressing metamorphosis in insects,
sesquiterpenoids also play an important role in stimulating
reproduction in adult insects, including processes such as
vitellogenesis, oogenesis and polyploidization (Wyatt and Davey,
1996). In female Drosophila, sesquiterpenoids have long been
known to regulate the oogenesis and vitellogenesis (Postlethwait
and Weiser, 1973; Swevers et al., 2005; Riddiford, 2012). The
titer of JH is promoted with expression of ecdysis triggering
hormone (ETH) binding to its receptor (ETHR) whose synthesis
is governed by 20E (Meiselman et al., 2017; Roy et al., 2018).

Similar but diverse mechanisms have also been discovered
in other insects. In the beetle T. castaneum, JH-mediated Met
and Kr-h1 promote vitellogenin (Vg) synthesis in the fat body
(Parthasarathy et al., 2010; Figure 4Ai), and Met can also trigger
insulin-like peptides (ILPs) ILP2 and ILP3 by AKT pathway
to phosphorylate the fork head transcription factor (FOXO)
and induce Vg expression (Sheng et al., 2011; Figure 4Aii). In
mosquito Aedes aegypti, expression of Kr-h1 triggered by Met
together with Cycle and steroid receptor coactivator SRC/FISC
after adult emergence supported that sesquiterpenoid is essential
for previtellogenic development (Zhu et al., 2010; Shin et al.,
2012). In migratory locust Locusta migratoria, JH together with
Met/SRC complex are found to be pivotal in maintaining Vg
expression and oocyte development (Song et al., 2014), and
can promote cell polyploidization by regulating the expression
of cyclin-dependent kinase 6 (Cdk6) and adenovirus E2 factor-
1 (E2f1) (Wu et al., 2016; Wu Z. et al., 2018; Figure 4Aiii).
JH activates Na+/K+-ATPase for the induction of patency in
vitellogenic follicular epithelium, where Vg can then reach
the surface of maturing oocyte (Jing et al., 2018). In the
stinkbug P. apterus, nevertheless, Vg synthesis is mainly regulated
by JH signaling genes Met and Tai independent of Kr-h1
(Smykal et al., 2014).
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FIGURE 2 | Interaction of sesquiterpenoid juvenile hormone (JH) and ecdysteroid during metamorphosis in holometabolans (A–C) and hemimetabolans (D,E). (A) In
early larval stages of holometabolous insects, JH-Met/Tai receptor complex activates the transcription of primary JH-early responsive gene Kr-h1 which prevents
immature larvae from precocious larval development by inhibiting Br-C, E93, and Spok expression. (B) When JH levels drastically drop in the last larval stage, 20E
acts through EcR/USP to activate the transcription of 20E-early responsive genes such as Br-C, E93, E74, E75, Ftz-f1 and initiate larval-pupal transition. (C) At the
end of the pupal stage, the Br-C levels decline again which upregulates the expression of E93 that drives the pupa-adult transition. In hemimetabolous insect, JH
titer remains high from hatching until the last nymphal stage. (D) During the early nymphal, high Kr-h1 expression level is maintained by JH which inhibits
metamorphosis by repressing E93 expression. (E) In the last nymphal stage, the JH titers fall followed by the Kr-h1 expression level. For details, please refer to main
text and Truman, 2019.

In addition, sesquiterpenoids can mediate insect reproduction
under different light conditions. In aphids, reproductive
polyphenism alternates their reproductive modes from
parthenogenesis to sexual reproduction given different
photoperiodic duration. In Acyrthosiphon pisum, enhanced
sesquiterpenoid degradation by juvenile hormone esterase (JHE)
accounts for the lower JH titer during short-day conditions that
produces sexual morphs, in contrast to the higher JH titer in
parthenogenetic morphs during long-day conditions (Ishikawa
et al., 2012; Figure 4B). In beetle Colaphellus bowringi, high
sesquiterpenoid titer upregulates expression of vitellogenin
receptor (VgR) via JH-Met-Kr-h1 signaling and promotes Vg

synthesis and ovary development during short-day period,
while low JH titer initiates reproductive diapause and promotes
lipid storage in the fat body instead of Vg synthesis during the
long-day period (Liu et al., 2016, 2019; Figure 4C).

Sexual Dimorphism and Dimorphic
Behavior
Sexual dimorphism is commonly observed in insects.
Nevertheless, the extreme sexually dimorphic traits of juvenile-
like females without pupation and ephemeral winged males after
a pupal stage in scale insects have raised questions as to how these
features could arise. By transcriptomic and qRT-PCR analyses
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FIGURE 3 | Schematic diagram showing the mechanism of sesquiterpenoids in metamorphosis regulation in Drosophila and other insects. In fly Drosophila, JH-III,
JHB3, and MF will bind to the JH receptor Met or Gce, while in other insects, JH-III will bind to Met in other insects (for details, please refer to text). The complex will
then further dimerize with Tai and bind to specific JHRE to initiate the expression of Kr-h1. Kr-h1 protein will then bind to the KBS to inhibit expressions of 20E
response genes (Br-C and E93), and will also bind to KBS and initiates DNA methylation of a steroidogenic enzyme gene Spok, which will all result in the lower titer of
20E and inhibition of metamorphosis.

FIGURE 4 | Schematic diagram showing the mechanisms of sesquiterpenoids in regulation of insect reproduction. (Ai) The JH-Met-Tai/SRC complex upregulates
Kr-h1 to increase Vg synthesis level, as observed in T. castaneum, A. aegypti (with an additional complex FISC), L. migratoria but not in P. apterus. (Aii) The
JH-Met-Tai complex initiates transcriptions of ILP2 and ILP3, which phosphorylates the fork head transcription factor (FOXO) through ILP signaling pathway and
induces Vg expression in T. castaneum. (Aiii) The JH-Met-Tai/SRC complex promotes expression of core mediators in cell cycle progression, Cdk6 and E2f1, to
facilitate vitellogenesis in L. migratoria. (B) Reproductive polyphenism in aphid A. pisum occurs during the short-day condition given the increased JHE activity, and
the lowering of JH result in the switch from parthenogenesis to sexual reproduction. (C) Repression of reproduction diapause in beetles C. bowringi initiates in
short-day condition where the upregulation of the JH-Met-Kr-h1 pathway genes expression increases Vg synthesis.
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FIGURE 5 | Schematic diagram showing the mechanisms of sesquiterpenoids in regulation of insect sexual dimorphism and dimorphic behavior. (A) In scale insects,
sexual dimorphism of winged male adults is linked to the signaling of JH, Met, Tai/SRC, and Kr-h1, whereas they are increased in early developmental stages but
decreased during the pupal and adult stages. (B) The sexual dimorphic sleeping behavior in Drosophila is maintained by the JH-Gce signal on the fru and sxl genes
in male and female, respectively. fru then encodes Fru for inducing long-sleep pattern in male while sxl induces Tra for short-sleep phenotype in female.

of post-embryonic stages of Ericerus pela, lower Met, Tai, and
Kr-h1 expression levels are found in pupal and adult males as
compared to females. Together with a surge in Br-C expression
in male prepupal stage, the sex-specific regulation lead to the
complete metamorphosis in males but not in females (Yang et al.,
2015; Figure 5A). In another scale insect Planococcus kraunhiae,
qRT-PCR analysis on a daily sampling of different development
stages reveal that expression levels of Kr-h1 are higher in male-
biased embryos and early nymphs, and lower during prepupal
and after pupal stages (Vea et al., 2016). However, elevation of JH
or Met, Tai, and Kr-h1 gene expressions as observed in E. pela is
not found in the adult P. kraunhiae females.

In Drosophila, JH can also control sexual dimorphic behaviors
including locomotory and sleeping activities (Belgacem and
Martin, 2007; Wu B. et al., 2018; Figure 5B). In the presence of JH
by overexpression of JHAMT, longer sleep in males and shorter
sleep in females are observed (Wu B. et al., 2018). Interestingly,
gce mutant male flies sleep less while female sleep more but
mutation in the Met dose not exhibit a similar result (Wu B.
et al., 2018). The binary switch gene sex-lethal (Sxl) can impose
female development via promoting expression of fruitless (fru),
doublesex (dsx), and transformer (tra). Male development occurs
when sxl is turned off (Kappes et al., 2011). In the jhamt and
gce mutant, Fru, sxl, and tra transcript level were almost halved.
Decreasing sleep time occurred when fru in male flies and when
female tra was expressed in Fru neurons of males, suggesting
JH-Gce signaling can potentially act as a regulatory pathway in
sexually dimorphic sleep pattern (Wu B. et al., 2018).

Eusociality
Some insects such as ants, bees, termites and wasps are well
known for their eusociality in which they live cooperatively

in a colony and only some individuals are reproductive. Such
processes have also been linked to JH.

Across ant species, the effects of JH act with different eusocial
complexity (Figure 6A). For ants with simple, queenless societies,
e.g., Streblognathus and Diacamma, low JH titer is recorded in
the gamergates with high individual ranks within the hierarchy,
and elevated JH level result in a loss of the reproductive
status of the alpha workers (Sommer et al., 1993; Cuvillier-
Hot et al., 2004; Brent et al., 2006). For species that have
secondarily revert to queenless, simple societies, e.g., Dinoponera
quadriceps, JH application can increase the regressed ovaries in
queenless ants (Norman et al., 2019). For ants with complex
society such as Pogonomyrmex rugosus, JH analogs (methoprene)
stimulate the production of queens and upregulate Vg gene
expression. The effect of JH in ants is interpreted as mimicking
the effect of hibernation (Libbrecht et al., 2013), where low
temperature or the associated photoperiod changes up-regulate
the insulin/insulin-like growth factor signaling pathway (IIS)
genes in queens. No direct result has proven the relationship
of IIS and JH in ants to date, and yet, the production of JH
in the CA is affected by the release of neuropeptides regulated
by IIS in Drosophila (Tu et al., 2005). JH may also directly
or indirectly regulate of caste polyethism via changing the
division of labor and maternal effects. Elevated JH titer can
alter the behavior of workers of Acromyrmex octospinosus leaf-
cutting ants by making them more active, threat responsive,
and less interested in intranida works such as taking care
of larva and fungal cultivation (Norman and Hughes, 2016).
During the maternal stage of Pogonomyrmex harvest ants,
additional JH also resulted in a 50% increase in worker body
size and significantly reduced in total number of progeny reared
(Cahan et al., 2011).
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FIGURE 6 | Schematic diagram showing the mechanisms of sesquiterpenoids in regulation of insect eusociality. (A) The effect of JH on reproduction and polyethism
in ants. The elevation of JH represses ovary development in simple, queenless societies but promotes queen production and vitellogenin expression in complex
societies. JH also induces threat responsiveness and reduces interest in intraida works in ants, and may also increase their body size. (B) The effect of JH on
reproduction and polyethism in wasps. JH generally stimulates the production of queens and ovary development, and mediates cuticular hydrocarbon blend
resembling reproductive status in young workers of swarm-founding wasps. Besides, JH triggers the guarding and foraging behavior. (C) The queen releases QMP
which downregulates JH and Kr-h1 and thus inhibits ovary development of workers and the transition from in-hive worker to forager in bees. (D) The increase of JH
in JH-Met signaling pathway induces TGFβ and 20E signals that promote the modification molts from worker to soldier in the sterile caste of termite Z. nevadensis.

FIGURE 7 | Schematic diagram showing the potential involvement of juvenile hormone in regulation of insect defensive toxin production. The metabolism of JH-III
through its degradation pathway by JHE and JHEH is essential for the biosynthesis of the defensive toxin cantharidin in blister beetles.

Similarly, JH also appears to have different effects on wasp
species with various eusociality (Figure 6B). Previous studies
indicated JH could modulate age polyethism and promote the
production of foragers in highly eusocial species such as Polybiine
wasps (O’Donnell and Jeanne, 1993; O’Donnell, 1998), and could
mediate both age polyethism (Shorter and Tibbetts, 2009) and
reproductive division of labor in primitively eusocial species such
as Polistes. Application of JH analog methoprene promotes the
onset of guarding behavior, the number of foraging females,
and stimulates the production of queens (Barth et al., 1975;
Röseler et al., 1980, 1984, 1985; Lozano et al., 2015; Giray et al.,
2005). Nevertheless, in other primitive eusocial species such as

Ropalidia marginata that has both post-imaginal regulation of
reproductive division of labor and age polyethism, JH could only
accelerate ovarian development but not age polyethism (Agrahari
and Gadagkar, 2003). For caste-flexible swarm-founding wasp
Synoeca surinama, JH functions as gonadotropin and directly
modifies the cuticular hydrocarbon blend of young workers to
resemble that of a reproductive one but does not necessarily link
to dominance behavior (Kelstrup et al., 2014).

It is worth also noting that the response to JH could
be different among members of the same colony. In Polistes
canadensis, the effect of JH on ovaries are different between
queens and workers as a potential trophic advantage of the queens
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FIGURE 8 | Canonical microRNA biogenesis pathway in Drosophila (the figure is summarized from Bartel, 2004; Denli et al., 2004; Kim et al., 2009; Iwasaki et al.,
2010; Cao et al., 2017; Qu et al., 2018).

over the workers (Giray et al., 2005), while in Polistes dominulus
where queens nest cooperatively with other queens, JH has a
stronger effect on the dominance, fertility, and aggressiveness
of large queens (Tibbetts and Izzo, 2009; Tibbetts et al., 2011,
2018). In species Polistes metricus with non-cooperative nest-
founding queen pattern, JH leads to an increase of fertility for
all individuals, but among the cooperative workers, large workers
increase their fertility in response to JH more while small workers
do not (Tibbetts and Sheehan, 2012).

In honeybees Apis mellifera, repression of ovary development,
of in-hive workers, were induced by the downregulation of Kr-
h1 expression controlled by the queen’s release of mandibular
pheromone (QMP) (Grozinger and Robinson, 2007; Figure 6C).
In methoprene (JH analog)-treated workers, Kr-h1 expression
is no longer repressed by QMP suggesting an antagonistic
relationship between sesquiterpenoids and QMP. In addition, the
transition of working to foraging behavior were also found to link
to a higher JH titer and Kr-h1 level (Grozinger and Robinson,
2007). On the other hand, in the bumblebee Bombus terrestris,
similar to the honeybee mentioned above, QMP reduces Kr-h1
level but the difference in Kr-h1 expression between the working
and foraging bees are not significant (Shpigler et al., 2010).
However, among a group of queenless workers, the dominant
individuals have a higher Kr-h1 expression with active ovaries
whereas subordinate individuals have a downregulated Kr-h1
expression level with undeveloped ovaries (Shpigler et al., 2010).
These studies highlighted the possible roles of sesquiterpenoids
in the eusociality in bees.

In termites, eusociality is maintained through differentiation
into reproductive caste and sterile soldier caste, in which
a higher JH titer induces differentiation of workers via an
intermediate presoldier stage to become sterile soldiers (Roisin,
1996). Transcriptomic and RNA interference (RNAi) analyses
in three molting stages (worker, presoldier and soldier) of

termite Zootermopsis nevadensis show that the JH-Met and
transforming growth factor beta (TGFβ) pathways are involved
in the ecdysteroid synthesis for molting in soldier formation
(Masuoka et al., 2018; Figure 6D). However, suppression on
Kr-h1 via RNAi has no effect on JH analog induced molting,
demonstrating that the molting effect mainly depends on JH-
Met induced pathways (Masuoka et al., 2018). This in turn also
suggested that JH may alternatively promotes molting instead of
solely inhibiting metamorphosis.

Defense
Terpenes in plants have been the major focus on the
understanding the plant defense against the insects, and the role
of sesquiterpenoids in insect defense has also been documented
in a much lesser extent when comparing to the aforementioned
roles. In blister beetles, sesquiterpenoid cantharidin is produced
and released as a defensive toxin during disturbance (Carrel et al.,
1993). Transcriptomic analyses on Mylabris cichorii identified
that the mevalonate pathway in synthesis of JH is correlated
with the cantharidin biosynthesis (Huang et al., 2016). In
another blister beetle Epicauta chinensis, RNAi knockdown of
CYP15A1 and JH epoxide hydrolase (JHEH) result in inhibition
of cantharidin biosynthesis, suggesting degradation of JH-III is
essential in producing potential precursors of cantharidin (Jiang
et al., 2017; Figure 7).

MicroRNA REGULATIONS ON
SESQUITERPENOIDS

Non-coding RNAs such as microRNAs (miRNAs) have been
implicated in regulation of many important biological processes
(Lucas and Raikhel, 2013; Wang et al., 2014; Yang et al.,
2014; Cao et al., 2017; Qu et al., 2018). In canonical
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TABLE 2 | Published studies of potential microRNA regulators on insect sesquiterpenoid pathway genes.

Species Target miRNA Validation methods References

Ae. aegypti HMGR miR-31–5p In silico prediction Nouzova et al., 2018

PP-MevD Bantam-3p, miR-34-5p In silico prediction

ALDH miR-34–5p In silico prediction

FPPS miR-9a-5p, miR-317-3p In silico prediction

An. gambiae JHAMT miR-278 In vitro Qu et al., 2017

Met miR-8, miR-14, miR-34, miR-278 In vitro

Dr. melanogaster JHAMT Bantam In vivo

JHAMT miR-252, miR-304 In vitro

Gce Let-7, miR-8, miR-14, miR-34, miR-278, miR-304 In vitro

Tr. castaneum JHAMT bantam, miR-252a, miR-304, let-7, miR-92b In vitro

Met miR-92b In vitro

Met miR-6-3p, miR-9a-3p, miR-9d-3p, miR-11-3p, miR-13-3p,
miR-13a-3p, miR-2944a-3p, miR-2944b-3p,
miR-2944c-3p, miR-3804a-5p, miR-3893-3p

In silico prediction Wu et al., 2017

Kr-h1 miR-6-3p, miR-9a-3p, miR-11-3p, miR-13-3p,
miR-13a-3p, miR-2548-3p, miR-2944a-3p, miR-2944b-3p,
miR-2944c-3p, miR-31a, miR-31b-5p, miR-31c-5p,
miR-3893-3p, miR-6531-5p

In silico prediction

Lo. migratoria Kr-h1 Let-7, miR-278 In vivo Song et al., 2018

Bl. germanica Kr-h1 miR-2 family (miR-2, miR-13a, and miR-13b) In vivo Lozano et al., 2015

Da. pulex JHAMT Bantam, miR-92, miR-252b In vitro Qu et al., 2017

Met Bantam, miR-278 In vitro

N. denticulata JHAMT Bantam, miR-92, miR-252 In vitro

Met miR-8, miR-34, miR-278 In vitro

S. maritima JHAMT Let-7, miR-34, miR-252, miR-278 In vitro

Ta. tridentatus JHAMT Bantam, let-7, miR-34, miR-92, miR-278 In vitro

Met Bantam, let-7, miR-8, miR-34, miR-252 In vitro

For details, please refer to the text.

FIGURE 9 | MicroRNA bantam regulates JH titer via targeting JHAMT in D. melanogaster. Up-regulation of bantam repressed expression of JHAMT and reduced
the titer of JH III and JHB3, which resulted in dead pupa and male genital defects.

miRNA biogenesis pathway in insects (Figure 8), primary
miRNA transcript (pri-miRNA) is first transcribed from
miRNA gene by RNA polymerase II, followed by processing
by Drosha with the help of partner Pasha to generate
the precursor miRNA (pre-miRNA) (Denli et al., 2004;
Kim et al., 2009). Transported from nucleus to cytoplasm
with the help of Exportin-5 and RAN-GTP, pre-miRNA

is further processed by Dicer and Loquacious to produce
miRNA/miRNA∗ duplex, which will be loaded into the
Argonaute (Ago) by HSP70/HSP90 chaperone machinery to
form mature RNA-induced silencing complex (RISC) after
strand selection (Bartel, 2004; Kim et al., 2009; Iwasaki
et al., 2010). Recently, miRNAs have been explored in
the regulation of sesquiterpenoids. In Blattella germanica,
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silencing the expression of Dicer-1 shows that miRNAs regulation
is related to metamorphosis (Gomez-Orte and Belles, 2009), and
treatment of methoprene on Drosophila S2 cells also reveal the
differential expression of miR-34, miR-100, miR-125, and let-7
(Sempere et al., 2003).

In many insects, miRNAs have also been found to potentially
regulate different sesquiterpenoid pathway genes (Table 2).
For instances, in mosquito A. aegypti, four JH biosynthetic
enzyme genes including 3-hydroxy-3-methylglutaryl-coenzyme
A reductase (HMGR), diphosphomevalonate decarboxylase
(PP-MevD), aldehyde dehydrogenase (ALDH), and farnesyl-
pyrophosphate synthase (FPPS) were in silico predicted to be
potentially regulated by miRNAs (Nouzova et al., 2018). In
addition, in the adult female mosquito, mosquito specific miR-
1890 targets JH-controlled chymotrypsin-like SP, JHA15 that
involve in the regulation of blood digestion, ovary development
and egg deposition (Lucas et al., 2015).

In T. castaneum, developmental defects and lethality are
observed after knocking down Dcr-1 and Ago-1, and in silico
prediction showed that putative JH receptor Met and JH-
inducible transcription factor Kr-h1 were targeted by 11 miRNAs
and 14 miRNAs respectively (Wu et al., 2017).

In L. migratoria, Ago-1-dependent miRNAs are involved in
oogenesis (Song et al., 2013), with let-7 and miR-278 caused
decrease of yolk protein precursors results in defects of ovarian
development and oocyte maturation through Kr-h1 (Song et al.,
2018), and application of miR-2/13/71 agomiR leads to inhibition
of oocyte maturation and ovarian growth whilst the expression
level of this miRNA cluster could be decreased to achieve
vitellogenesis and oogenesis (Song et al., 2019).

In B. germanica, expression of Dicer-1 whose depletion
causes sterile females, is negatively related to JH levels,
indicating the important roles of miRNAs and interaction
between miRNAs and JH in oogenesis (Tanaka and Piulachs,
2012). Specifically, treatment with miR-2-inhibitor on last instar
resulted metamorphic defects, and treatment with miR-2 mimic
on the Dicer-1-depleted juvenile can complete metamorphosis
from nymph to adults (Lozano et al., 2015).

In order to strengthen ability of adaptation, brown
planthoppers, Nilaparvata lugens, shows polyphenism with two

phenotypes, long-winged and short-winged morphs. miR-34,
whose expression level can be upregulated or downregulated
by JH and 20E, respectively, can target insulin receptor-1 to be
involved in the modulation of wing polyphenism (Ye et al., 2019).

In H. armigera, 20E and JH are involved in the control of
climbing behaviors of single nucleopolyhedrovirus (HaSNPV)
infected larvae. Methoprene treatment decreases expression of
Br-C Z2 and increases expression of these miRNAs miR-8 and
miR-429 which could target Br-C Z2 (Zhang S. et al., 2018),
implying the miRNA-mediated crosstalk between 20E and JH.

In Drosophila, miRNA bantam has been found to interact
with JHAMT both in silico, in vitro, and in vivo (Qu et al.,
2017). The overexpression of microRNA bantam in the brain
decreases expression levels of JHAMT.; The knockdown of
bantam increases the expression level of JHAMT (Qu et al.,
2017; Figure 9). Hormonal measurement in bantam mutants
demonstrates decreased sesquiterpenoid levels and male genital
defects. bantam mutant phenotypes can be rescued by exogenous
sesquiterpenoid application (Qu et al., 2017). In other arthropods
including other insects, crustaceans, myriapod and chelicerate,
the roles of bantam and other miRNAs on JHAMT and Met
have also been tested both in silico and in vitro, revealing a
conserved system of miRNAs in regulation of sesquiterpenoids
established in the arthropod ancestor (Qu et al., 2017; Table 2).
A list summarizing the latest knowledge on miRNA regulation of
sesquiterpenoid pathway genes are shown in Table 2.
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Aging is the leading risk factor of human chronic diseases. Understanding of aging
process and mechanisms facilitates drug development and the prevention of aging-
related diseases. Although many aging studies focus on fruit fly as a canonical insect
system, minimal attention is paid to the potentially significant roles of other insects in
aging research. As the most diverse group of animals, insects provide many aging
types and important complementary systems for aging studies. Insect polyphenism
represents a striking example of the natural variation in longevity and aging rate. The
extreme intraspecific variations in the lifespan of social insects offer an opportunity to
study how aging is differentially regulated by social factors. Insect flight, as an extremely
high-intensity physical activity, is suitable for the investigation of the complex relationship
between metabolic rate, oxidative stress, and aging. Moreover, as a “non-aging” state,
insect diapause not only slows aging process during diapause phase but also affects
adult longevity during/after diapause. In the past two decades, considerable progress
has been made in understanding the molecular basis of aging regulation in insects.
Herein, the recent research progress in non-Drosophila insect aging was reviewed, and
its potential utilization in aging in the future was discussed.

Keywords: non-Drosophila insects, aging, phenotypic plasticity, flight, diapause

INTRODUCTION

Aging is regarded as the greatest risk factor of most chronic pathological conditions (Kennedy et al.,
2014), and becoming a socioeconomic problem worldwide (He et al., 2016). Between 2000 and
2050, the percentage of population aged above 60 years is projected to increase from approximately
11% to 22% worldwide (United Nations, 2017). As the aging population rapidly grows, aging-
related chronic conditions contribute to the biggest proportion of global healthcare burden, and
they are estimated to become the next global public health challenge (World Health Organization,
2017). Thus, understanding of aging mechanisms and identifying aging regulators are becoming
increasingly important.

Aging is an extraordinary complex process with a time-dependent loss of structure, function,
and physiological integrity (Lopez-Otin et al., 2013). Nine molecular aging hallmarks and
seven pillars of aging mechanisms have been characterized, including dysfunction or alterations
in metabolism, inflammation, stress adaptation, proteostasis, intercellular communication,
mitochondrial functions, telomere state, genomic stability, and epigenetics (Lopez-Otin et al.,
2013; Kennedy et al., 2014). Most of the current knowledges about aging mechanisms were
contributed by canonical model organisms, including yeast (Saccharomyces cerevisiae), worm
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(Caenorhabditis elegans), fruit fly (Drosophila melanogaster), and
house mouse (Mus musculus). Fruit fly is a canonical insect model
with advantages of rapid life cycle, high fecundity, convenient
and precise genetic manipulation, and easy maintenance
(Helfand and Rogina, 2003). Studies on fruit fly aging made
remarkable contributions to the understanding of conserved
aging-regulatory mechanisms, such as endocrine regulation
(Toivonen and Partridge, 2009), oxidative stress (Le Bourg,
2001), epigenetic alterations (Solovev et al., 2018), mitochondrial
dysfunctions (Guo, 2012), and genomic instability (Li et al.,
2013). Moreover, Drosophila contains approximately 70% of
known disease-related genes in humans (Reiter et al., 2001).
Thus, Drosophila has been widely used in modeling aging-related
diseases of humans and screening for anti-aging drugs (Piper
and Partridge, 2018). However, only focusing on a few number
of model species ignores the diversity of longevity and aging
traits that have evolved in nature, and the diversity provides
an opportunity to study various regulators and mechanisms
involved in aging plasticity and senescence evolution (Valenzano
et al., 2017). Therefore, more non-canonical systems are required
for deep understanding of aging biology.

As the most diverse group of living animals (Mayhew, 2007),
insects have the characteristics of phenotypic plasticity, flight, and
diapause (Figure 1), which are considerably essential for aging
studies. With single genotype, the lifespan of polyphenic insects,
especially social insects, can substantially vary depending on the
environment (Keller and Jemielity, 2006), thereby providing an
opportunity to study the effects of environmental and social
factors on aging. Insect flight achieves the highest metabolic rate
known (Kammer and Heinrich, 1978), and excessive oxidative
stress associated with hyperactive respiratory metabolism may be
the potential aging accelerator (Finkel and Holbrook, 2000). In
addition, a special stage of developmental arrest called diapause
has evolved in many insect species, enabling them to survive
extreme conditions, such as winter (Denlinger, 2002). Diapause
results in low metabolic activity and a profound extension of
insect lifespan, thereby providing an opportunity to understand
the mechanism underlying lifespan extension (Denlinger, 2008;
Hahn and Denlinger, 2010).

In the past two decades, advances in genomics, genetic
manipulation, and gene editing technology enable the aging
studies to approach the multiple phenotypes and molecular levels
in the non-Drosophila insects. Considerable progress has been
achieved in explaining these fantastic aging traits in insects. Here,
the recent advances in aging studies of non-Drosophila insects
were discussed, and the special values of insects as model systems
for aging biology were highlighted.

PHENOTYPIC PLASTICITY AND AGING
IN INSECTS

Studies conducted in twins demonstrated that approximately
25% of the variation in human longevity is due to genetic factors,
while the rest is due to individual behavior and environmental
factors (Herskind et al., 1996; Sebastiani and Perls, 2012).
The studies on diet, exercise, chemical exposure, and social

connection all demonstrate to affect aging and lifespan in humans
through complex and largely unknown mechanisms (Lopez-Otin
et al., 2016; Yang et al., 2016; Krutmann et al., 2017; Duggal et al.,
2018). Understanding the mechanisms underlying the effects of
modifiable environments on aging could help develop treatments
to promote human health span.

Many insects have evolved the ability of one genotype to
produce more than one alternative phenotype when exposed
to different environments (Whitman and Ananthakrishnan,
2009; Simpson et al., 2011). Polyphenic insects offer striking
examples of natural variation in longevity, such as reproductives
and workers in social insects, gregarious and solitary locusts,
spring and summer butterflies, and winged and wingless
aphids (Keller and Jemielity, 2006; Pener and Simpson, 2009;
Ogawa and Miura, 2014; Freitak et al., 2019). Unlike canonical
model species, polyphenic insects exhibit up to 100-fold
changes in longevity in response to environmental changes
(Remolina and Hughes, 2008), revealing their specific value
in studying the effects of environmental factors on aging.
Moreover, a number of environmental factors are involved
in regulating the phenotypic plasticity of insects (Whitman
and Ananthakrishnan, 2009; Simpson et al., 2011). Diet,
reproduction, behavior, social interaction, population density,
photoperiodic cues, and temperature contribute to lifespan
variations in polyphenic insects (Keller and Jemielity, 2006; Pener
and Simpson, 2009; Ogawa and Miura, 2014; Freitak et al.,
2019). Therefore, the extreme lifespan differences and enormous
influencing factors provide an opportunity to deeply understand
the mechanisms behind aging plasticity induced by complex
environmental changes.

The differences in the lifespan of divergent morphs of
butterflies, aphids, and locusts are suitable samples for studying
the effects of photoperiodic cues and temperature, environmental
stress, and population density on aging, respectively (Pener and
Simpson, 2009; Ogawa and Miura, 2014; Freitak et al., 2019).
Although previous studies have discovered some interesting
aging characteristics, such as key roles of population density
at the early life on locust aging (Boerjan et al., 2011) and the
positive relationship between immune activity and longevity
in seasonally polyphenic butterfly (Freitak et al., 2019), the
mechanisms remain unknown.

SOCIAL INSECTS IN AGING

Social insects such as honey bees, bumble bees, ants, and
termites, represent the ideal model systems to investigate the
mechanisms behind the effects of social factors on aging because
of the enormous intraspecific variation in their lifespan and
aging rate (Keller and Jemielity, 2006; Kramer et al., 2016).
Highly reproductive honeybee queens can survive for two years,
whereas sterile workers can only survive between few weeks
and one year (Seeley, 1978; Winston, 1987). The reproductives
of social ants and termites can live up to 30 years (Hölldobler
and Wilson, 1990), while workers frequently have 10-fold
shorter lifespans (Kramer and Schaible, 2013). Moreover, the
aging rate and lifespan of workers considerably vary depending
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FIGURE 1 | Overview of insect traits with aging-regulatory functions and major molecular mechanisms underlying the effects of these insect traits. Phenotypic
plasticity, flight, and diapause have effects on aging. The representative insects and the research implications are shown. Several factors, such as oxidative stress,
endocrine factors, telomere, transposable elements, transcription factors, and epigenetics, play important roles in the effects of these insect traits.

on environmental and task changes. For example, the tasks
of honeybee workers change in an orderly and usually age-
dependent manner, with young workers performing nursing
duties and old ones foraging (Winston, 1987). The timing of
transition from in-hive tasks to foraging is the most significant
predictor of worker lifespan, because foragers senesce faster
than their same-aged nurse counterparts (Seehuus et al., 2006a;
Behrends et al., 2007; Münch et al., 2008; Quigley et al.,
2018). Honeybee workers can revert from foraging duties
to hive activities, and this reversion is associated with the
reversal of aging biomarkers (Amdam et al., 2005; Baker et al.,
2012; Herb et al., 2012). Some eusocial ants possess a type
of social organization that enables adult workers to become
reproductive individuals or gamergates following removal of

queen (Brunner et al., 2011). With the reallocation of tasks, the
fertile workers could achieve an extended lifespan (Hartmann
and Heinze, 2003; Schneider et al., 2011; Kohlmeier et al., 2017).

Several mechanisms are involved in regulating caste-specific
aging rate in social insects. First, the difference in antioxidant
capacity is one of the putative reasons. The level of vitellogenin
(Vg), which protects organisms from oxidative stress (Seehuus
et al., 2006b), is higher in honeybee individuals with longer
lifespan; for instance, it is higher in queens than in workers and
higher in nurses than in foragers (Amdam et al., 2005; Corona
et al., 2007; Münch and Amdam, 2010). Polyunsaturated fatty
acids that are high in pollen but negligible in royal jelly may
result in the cellular membrane of honeybee workers becoming
more susceptible to lipid peroxidation than that of queens
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(Haddad et al., 2007; Martin et al., 2019). However, the role
of antioxidant genes in queen-biased longevity is controversial.
Some studies on honeybees and ants revealed a lower level
of antioxidant genes in reproductives than in workers (Parker
et al., 2004; Corona et al., 2005; Schneider et al., 2011). Second,
endocrine factors also play key roles in caste-specific aging
phenotypes. The interaction between insulin/IGF (insulin-like
growth factor)-like signaling (IIS), juvenile hormone (JH), and
Vg jointly regulates longevity and reproduction (Rodrigues
and Flatt, 2016). However, the aging-regulatory functions of
endocrine network are not conserved across social insects. For
example, unlike the fire ant and several primitively eusocial
insects (Robinson and Vargo, 1997; Bloch et al., 2002), in
honeybee workers, JH appears to be life-shortening hormone
because JH and Vg are configured in a mutually repressive
regulatory circuitry during adult stage (Guidugli et al., 2005;
Page and Amdam, 2007). Less conserved interaction pathways
between endocrine factors (e.g., microRNAs) may contribute to
species variation in the longevity regulation of endocrine network
(Marco et al., 2010; Nunes et al., 2013). Third, the difference in
the maintenance of genomic stability and telomere may be one
of potential mechanisms. The heads of termite reproductives,
not the major workers, prevent aging-related genomic damages
caused by transposable element activity through continued
upregulation of the piRNA pathway (Elsner et al., 2018).
Telomerase activity displays a 70-fold increase in brains of adult
honeybee queens compared to those of adult workers (Korandová
and Frydrychová, 2016). The piRNA pathway and telomerase
being primarily in germline suggests that the reproductives
of highly social insects could be regarded as equivalent to
germline of a colony, whereas the workers are equivalent
to disposable soma (Elsner et al., 2018). The reproductives
have evolved germline-corresponding anti-aging mechanisms to
sustain themselves through generations. The fourth potential
mechanism is epigenetic regulation. Caste-specific methylation
profiles are associated with conserved aging-regulatory pathways,
including IIS components, IIS-related metabolic systems, JH-
responsive genes, and telomere maintenance (Bonasio et al.,
2012; Foret et al., 2012), suggesting that DNA methylation
may contribute to the aging differences between queens and
workers. Genomic demethylation by pharmacological inhibition
increases Vg expression and extends the lifespan of worker bees
(Cardoso-Júnior et al., 2018), indicating the potential roles of
DNA methylation in regulating aging in workers.

Although considerable progress has been achieved in
understanding the mechanism behind aging divergences in
social insects, research evidence remains lacking in some
important related issues. Many aging-regulatory genes display
differences at the transcriptional level between castes in social
insects, suggesting that transcriptional regulation plays crucial
roles in caste-specific aging trajectories. Epigenetics connects
environmental inputs with transcription and thus may be the
key to the aging differences between castes (Benayoun et al.,
2015). However, the interplay between many types of epigenetic
mechanisms and caste-specific aging is rarely studied, although
the crucial roles of histone modifications and microRNAs
in establishing caste-specific transcriptional programs and

caste differentiation have been proposed (Weaver et al., 2007;
Bonasio et al., 2010; Spannhoff et al., 2011; Guo et al., 2013;
Simola et al., 2013, 2016; Shi et al., 2015; Ashby et al., 2016;
Wojciechowski et al., 2018).

FLIGHT AND AGING IN INSECTS

Metabolic rates may be related to aging and longevity. The
rate of living theory proposed at the beginning of the 20th
century suggests that a slowed rate of metabolism is associated
with lengthened longevity (Rubner, 1916). In line with this
view, recent studies revealed that increased resting metabolic
rate is a risk factor for mortality in humans (Ruggiero et al.,
2008; Jumpertz et al., 2011). High metabolic rates have been
hypothesized to come with a cost in terms of increased level of
reactive oxygen species (ROS), the byproducts of mitochondrial
metabolism, which leads to accelerated aging through damaging
macromolecules, including DNA, lipid, and proteins (Harman,
1956; Finkel and Holbrook, 2000). Data from humans revealed
that changes in metabolic rates are accompanied by changes in
oxidative stress and may underlie variation in aging rate (Redman
et al., 2018). However, the relationship between metabolic rate,
ROS, and lifespan is highly complex. The positive relationship
between metabolic rate and ROS production provokes great
debate (Speakman, 2005), and the beneficial roles of ROS in
regulating lifespan, metabolism, and development have been
demonstrated (Santos et al., 2018). The true mechanisms of
the association between metabolic rates and aging are not
well understood.

Insect flight has the highest metabolic rate (Kammer and
Heinrich, 1978) and profound effects on aging process. In line
with the early metabolic and locomotor senescence in Drosophila
after forcing flight (Lane et al., 2014), aging is accelerated in
honeybee workers after transitioning from infrequently flying
nurses to frequently flying foragers (Seehuus et al., 2006a;
Behrends et al., 2007). Moreover, foraging bees with flight
restriction do not display aging-related learning deficits as the
free-flying ones (Tolfsen et al., 2011). Flight restriction similarly
decreases the mitochondrial damage and extends lifespan to
approximately threefold of the normal in houseflies (Agarwal
and Sohal, 1994; Yan and Sohal, 2000). These results collectively
implicated the negative effects of flight on insect aging. However,
flight experience is not always detrimental. For instance, flight
restriction leads to increased oxidative damage in brains of honey
bees and early senescence of flight performance in fruit flies
(Tolfsen et al., 2011; Lane et al., 2014). A high flight activity rate
within the activity days has no negative effects on longevity in two
bee species in the fields (Straka et al., 2014). In Glanville fritillary
butterfly (Melitaea cinxia), peak flight metabolic rates are
positively associated with lifespan (Niitepõld and Hanski, 2013).
Flight treatment alone has no effect on the longevity of some
butterflies, including Glanville fritillary butterfly (Woestmann
et al., 2017), Mormon fritillary (Speyeria mormonia) (Niitepõld
and Boggs, 2015), speckled wood butterfly (Pararge aegeria)
(Gibbs and Van Dyck, 2010), and squinting bush brown butterfly
(Bicyclus anynana) (Saastamoinen et al., 2010). Therefore, the
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effects of flight behavior on insect longevity and aging seem to
vary depending on species, flight traits, physiological states, and
some other factors.

Elevated oxidative stress is considered as the primarily
mechanism underlying the negative effects of flight on lifespan.
In insects, flight could induce oxidative stress by increasing ROS
generation from respiratory metabolism and altering membrane
lipid composition that is more susceptible to ROS (Sohal et al.,
1984; Yan and Sohal, 2000; Magwere et al., 2006; Williams et al.,
2008; Margotta et al., 2018). Elevated oxidative stress in insects
is deleterious in most cases. An increase in oxidative stress by
pharmacological and genetic manipulations shortens lifespan in
some insects (Phillips et al., 1989; Parkes et al., 1998; Kirby et al.,
2002; Duttaroy et al., 2003; Cui et al., 2004; Margotta et al.,
2018). However, the mechanism underlying the non-negative
effects of insect flight on lifespan has not yet been studied.
One potential explanation for these effects is that the oxidative
stress generated by moderate flight may induce long-term stress
response, thus protecting organisms from damage accumulation
(Gems and Partridge, 2008). Another possible explanation is
that some insects may evolve specific antioxidant mechanisms.
For example, to resist oxidative stress during hovering flight,
the tobacco hornworm (Manduca sexta) fed with nectar sugar
generated antioxidant compounds by shunting glucose via low-
energy pentose phosphate pathways (Levin et al., 2017). In
addition, ROS does not always play negative roles in insect
longevity; it could extend longevity by inducing diapause in
cotton bollworm (Helicoverpa armigera) (Zhang et al., 2017).

Studies on the mechanisms behind the effects of insect flight
on aging mainly focused on oxidative stress, and few studies
on other aging-regulatory mechanisms are available. Insect
flight induces substantial changes in endocrine status and gene
expression (Rademakers and Beenakkers, 1977; Goldsworthy,
1983; Margotta et al., 2013; Kvist et al., 2015; Woestmann et al.,
2017). Whether and how these endocrine and transcriptional
changes influence aging process remain elusive. Moreover,
insect flight experience influences oxidative damage in a tissue-
dependent manner (Williams et al., 2008; Margotta et al., 2013,
2018). Flight-susceptible tissues may further affect systemic aging
through inter-tissue crosstalk (Demontis et al., 2013). However,
the key tissues and signals involved are still unknown. Lastly,
insect species vary widely in flight traits, such as wingbeat
frequency, flight duration, and wing morphology (Molloy et al.,
1987; Dudley, 2002). Such variations in flight traits have effects on
the differences in flight metabolic properties (Casey et al., 1985;
Feller and Nachtigall, 1989; Darveau et al., 2014), and they may
be involved in species variation in the effects of flight on aging
through unknown mechanisms.

DIAPAUSE AND AGING IN INSECTS

How to extend lifespan has always fascinated people throughout
human history. Science fictions depict that humans extend
lifespan and reach the future through achieving hypometabolic
states and cryonics. Interestingly, this specific ability is common
in insects. Diapause, a state of programmed arrest of development

coupled with suppressed metabolic activity, helps insects to
survive unfavorable environmental conditions (Denlinger, 2002).
During diapause, insects do not experience the same fast “aging
clock” as in direct development, resulting in drastically extended
lifespan (Tatar and Yin, 2001). Moreover, insects have evolved
diapause at different life cycle stages, including eggs, larvae,
pupae, and adults, thereby providing opportunities to study the
effects of various diapause types on aging (Denlinger, 2002).
Studying insect diapause could provide new insights into aging
interventions and lifespan extension (Denlinger, 2008).

Insect systems demonstrate organismal and genetic links
between diapause and aging. Similar with Drosophila, which
undergoes a negligible senescence during reproductive diapause
(Tatar et al., 2001a,b), adult monarch butterflies and grasshoppers
with reproductive diapause induced by surgical removal of the
corpora allata have doubled lifespan (Herman and Tatar, 2001;
Tatar and Yin, 2001). In addition, a handful of evidence revealed
the roles of pupal and larval diapauses on the extension of pre-
adult longevity (Lu et al., 2013; Lin and Xu, 2016; Lin et al., 2016;
Zhang et al., 2017; Wang et al., 2018). Noteworthy, diapause not
only slows aging during diapause phase, but also has species-
dependent effects on adult longevity after diapause. For example,
maize stalk borer (Busseola fusca) and spotted stem borer (Chilo
partellus) have shortened adult lifespans after diapause (Gebre-
Amlak, 1989; Dhillon and Hasan, 2018), but cotton bollworm
(H. armigera) and multivoltine bruchid (Kytorhinus sharpianus)
display extended lifespans after diapause (Ishihara and Shimada,
1995; Chen et al., 2014).

Transcriptional regulation may play a crucial role in
diapause-related aging regulation (Denlinger, 2002). Several
key transcription factors involved have been characterized.
In the mosquito Culex pipiens, transcription factor FoxO,
which is regulated by insulin and JH signaling, alters the
expression of aging-regulatory genes during diapause (Sim
and Denlinger, 2008, 2013a,b; Sim et al., 2015). In the moth
H. armigera, accumulation of FoxO induced by high ROS activity
during diapause also promote lifespan extension (Zhang et al.,
2017). The diapause-related ROS increase is attributed to the
downregulation of hexokinase expression, which is regulated
by transcription factors CREB, c-Myc, and POU (Lin and Xu,
2016). In addition, repression of mitochondrial activity, which
may be related to lifespan extension of diapause, is regulated
by a network of transcription factors HIF-1α, CREB, Smad1,
POU, and TFAM (Lin et al., 2016; Li et al., 2018; Wang et al.,
2020). Except for transcription factors, epigenetic mechanism
may also influence the transcriptional alterations of aging-
regulatory genes during diapause (Reynolds, 2017). Studies
have proposed that DNA methylation (Pegoraro et al., 2016),
histone modifications (Lu et al., 2013; Hickner et al., 2015; Sim
et al., 2015; Reynolds et al., 2016), non-coding RNAs (Reynolds
et al., 2013, 2017; Poupardin et al., 2015; Yocum et al., 2015;
Reynolds, 2019), and RNA methylation (Jiang et al., 2019) may
all contribute to diapause-related transcriptional changes and
phenotypes. The phenomenon of extended adult lifespan after
diapause in some insects suggests that the expression levels
of aging-regulatory genes persist after diapause termination.
The possible cause of species variation in this phenomenon is
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species-specific transcriptional maintenance. The transcriptional
regulatory mechanisms underlying diapause seem to vary across
insects. Interspecific comparisons revealed little transcriptional
similarity among diapauses across invertebrates (Ragland et al.,
2010). DNA methylation play roles in diapause regulation in the
wasp Nasonia vitripennis but not in the silkmoth Bombyx mori
(Pegoraro et al., 2016; Yuichi et al., 2016).

Some gaps exist in understanding the effects of diapause
on aging. Although a great variation in the expression of
aging-related genes during diapause has been documented,
experimental evidence of cause-and-effect relationships between
gene expression and aging is still lacking. Moreover, whether
the expression levels of these diapause-induced aging-regulatory
genes persist after diapause termination and the underlying
mechanisms involved are unclear.

CONCLUSION AND PERSPECTIVE

Substantial progress has been achieved in enhancing the
understanding of the molecular basis of aging regulation in insect
aging. Obviously, these underlying molecular mechanisms were
highly intertwined processes. Transcriptional differences are the
most observed differences in aging-regulatory genes involved in
endocrine regulation, oxidative stress responses, maintenance of
telomere, and genomic stability (Amdam et al., 2005; Corona
et al., 2007; Bonasio et al., 2010; Elsner et al., 2018). These
transcriptional differences may be attributed to variations in
transcription factors and epigenetic states, which in turn are
influenced by endocrine factors (Sim and Denlinger, 2008, 2013a;
Vaiserman et al., 2018). The mechanisms mentioned above also
play critical roles in mammalian and human aging (Lopez-Otin
et al., 2013). For instance, reduced insulin signaling is related
to extended longevity in social insects and mammals (Tatar
et al., 2003; Corona et al., 2007; Ament et al., 2008), although
the insulin pathways considerably vary across species (Corona
et al., 2007; Smýkal et al., 2020). DNA methylation is closely
related to aging from insects to mammals (Herb et al., 2012; Yan
et al., 2015; Horvath and Raj, 2018), although the differences in
genomic DNA methylation between insects and vertebrates are
highly significant (de Mendoza et al., 2020). This finding suggests
that aging-regulatory pathways are evolutionarily conserved,
although the detailed mechanisms may vary across species.
Thus, aging studies on non-Drosophila insects could expand the
understanding of aging regulators and help develop anti-aging

interventions. Here, several perspectives for further studies on
insect aging are provided as follows.

First, studying the aging mechanisms underlying aging
plasticity in non-social insects is highly valuable. Transcription
regulation represents one of the key mechanisms underlying
aging regulation, and it is the downstream of environment-
induced epigenetic changes. Thus, transcriptome analysis could
be used to screen key aging genes and pathways underlying aging
plasticity in these species.

Second, determining epigenetic mechanisms underlying aging
plasticity is essential. A large number of studies suggest that
epigenetic factors have potential roles in aging regulation in
polyphenic insects. Epigenetic marks are plastic, and many
drugs targeting epigenetic enzymes are available (Heerboth et al.,
2014). Investigating the link between epigenetic information
and environment cues and the epigenetic mechanisms behind
insect aging could provide new insights into treatments for aging
retardation and reversal.

Third, the effects of insect flight and diapause on aging vary
largely depending on insect species. The diversity of insects offers
rich resources for cross-species comparisons. Thus, interspecific
analysis could help elucidate the mechanisms underlying the
beneficial effects of insect flight and diapause on adult longevity,
which may reveal new strategies to prevent collapse during aging.

Thousands of insect genomes have been sequenced (Li et al.,
2019), and gene editing tools have been developed in various
insects (Gantz and Akbari, 2018; Hillary et al., 2020). A strong
and growing arsenal of powerful technologies provides a huge
support for elucidating the molecular mechanisms underlying
insect aging. These novel insect models are expected to result
in groundbreaking discoveries and ultimately promote human
healthy aging in the future.
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Honey bees (Apis mellifera L.) suffer from many brood pathogens, including viruses.
Despite considerable research, the molecular responses and dynamics of honey bee
pupae to viral pathogens remain poorly understood. Israeli Acute Paralysis Virus (IAPV)
is emerging as a model virus since its association with severe colony losses. Using
worker pupae, we studied the transcriptomic and methylomic consequences of IAPV
infection over three distinct time points after inoculation. Contrasts of gene expression
and 5 mC DNA methylation profiles between IAPV-infected and control individuals at
these time points – corresponding to the pre-replicative (5 h), replicative (20 h), and
terminal (48 h) phase of infection – indicate that profound immune responses and
distinct manipulation of host molecular processes accompany the lethal progression
of this virus. We identify the temporal dynamics of the transcriptomic response to with
more genes differentially expressed in the replicative and terminal phases than in the pre-
replicative phase. However, the number of differentially methylated regions decreased
dramatically from the pre-replicative to the replicative and terminal phase. Several
cellular pathways experienced hyper- and hypo-methylation in the pre-replicative phase
and later dramatically increased in gene expression at the terminal phase, including
the MAPK, Jak-STAT, Hippo, mTOR, TGF-beta signaling pathways, ubiquitin mediated
proteolysis, and spliceosome. These affected biological functions suggest that adaptive
host responses to combat the virus are mixed with viral manipulations of the host to
increase its own reproduction, all of which are involved in anti-viral immune response,
cell growth, and proliferation. Comparative genomic analyses with other studies of
viral infections of honey bees and fruit flies indicated that similar immune pathways
are shared. Our results further suggest that dynamic DNA methylation responds to
viral infections quickly, regulating subsequent gene activities. Our study provides new
insights of molecular mechanisms involved in epigenetic that can serve as foundation
for the long-term goal to develop anti-viral strategies for honey bees, the most important
commercial pollinator.

Keywords: alternative splicing, transcriptome, DNA methylation, immune genes, pupa, IAPV, gene expression,
comparative genomics
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AUTHOR SUMMARY

Honey bees, the most important managed pollinators, are
experiencing unsustainable mortality. Israeli Acute Paralysis
Virus (IAPV) causes economically important disease in honey
bees, and it is emerging as a model system to study viral pathogen-
host interactions in pollinators. The pupation stage is important
for bee development but individuals are particularly vulnerable
for parasitic mite infestations and viral infections. Currently, it
is unclear how honey bee pupae respond to this virus. However,
these responses, including gene expression and DNA methylomic
changes, are critical to understand so that anti-viral genes can
be identified and new anti-viral strategies be developed. Here,
we use next-generation sequencing tools to reveal the dynamic
changes of gene expression and DNA methylation as pupae
succumb to IAPV infections after 5, 20, and 48 h. We found
that IAPV causes changes in regions of DNA methylation more
at the beginning of infection than later. The activity of several
common insect immune pathways are affected by the IAPV
infections, as are some other fundamental biological processes.
Expression of critical enzymes in DNA methylation are also
induced by IAPV in a temporal manner. By comparing our
results to other virus studies of honey bees and fruit flies, we
identified common anti-viral immune responses. Thus, our study
provides new insight on the genome responses of honey bees
over the course of a fatal virus infection with theoretical and
practical implications.

INTRODUCTION

Infectious disease results from the breakdown of an organism’s
normal physiological state because of the presence or
proliferation of a pathogen. This disruption can be molecularly
characterized by transcriptome profiling to permit a systemic
understanding of host-pathogen interactions, particularly in
combination with other system-level approaches (Arvey et al.,
2012; Tanca et al., 2013; Gardy and Loman, 2018). Transcriptomic
and epigenomic changes in response to pathogen infections are
important to understand because they are interdependent but
relate to different temporal dynamics.

DNA methylation of Cytosine (5 mC) is a central epigenetic
regulator of gene expression and alternative splicing (Zemach
et al., 2010; Li-Byarlay et al., 2013), affecting diverse aspects
of organismal function and disease (Edwards and Myers,
2007). Epigenetic programming may also be the target of host
manipulations by pathogens (De Monerri and Kim, 2014) and
affect host defenses and susceptibility to infection (Merkling et al.,
2015; Kuss-Duerkop et al., 2018). The virus induced changes in
host immune response and gene expression via DNA methylation
is still a new study field. It is understudied whether changing host
DNA methylation such as gene expression of certain antiviral
immune genes is a main mechanism utilized by DNA or RNA
viruses to manipulate immune responses. Genome-wide analyses
of methylome and transcriptome indicated that the infection
of DNA tumor virus induced hypermethylation of host genes
during viral persistence (Kuss-Duerkop et al., 2018). In plants,

DNA hypomethylation was reported after 24 h of viral infection
(Pavet et al., 2006).

Honey bees (Apis mellifera L.) were the first insects in which
a fully functional 5 mC DNA methylation system was discovered
(Wang et al., 2006; Kucharski et al., 2008). Social hymenopterans,
such as bees, wasps, and ants, have low levels of DNA methylation
(Hunt et al., 2010; Glastad et al., 2015; Bewick et al., 2017). The
methylated 5 mC sites can be one of three different kinds (CpG
dinucleotides, CHG, and CHH, H represents A, T or C) (Lyko
et al., 2010). The CpG is the most common kind in honey bees.
CpG DNA methylation in insects occurs predominantly in gene
bodies, associated with histone modifications and alternative
splicing (Lyko et al., 2010; Zemach et al., 2010; Hunt et al.,
2013; Li-Byarlay et al., 2013; Glastad et al., 2014; Yan et al.,
2014; Glastad et al., 2016). Its phenotypic consequences range
from behavioral plasticity (Herb et al., 2012; Opachaloemphan
et al., 2018) to alternative development trajectories (Kucharski
et al., 2008; Glastad et al., 2019) and disease responses (Galbraith
et al., 2015). Especially the study from Herb et al. (2012)
showed gene expression differences related to differentially
methylated regions (DMRs) and also suggests wider effect
because many DMRs are related to transcription factors, in which
the alternative splicing may affect their function. Despite this
breath of effects, few studies have investigated the role of CpG
DNA methylation in insect development, immune system, and
disease (Mukherjee et al., 2015; Burggren, 2017; Vilcinskas, 2017;
Grozinger and Flenniken, 2019).

Honey bees are the most important managed pollinator in
agriculture and crop production (Calderone, 2012). However,
recent declines in honey bee health have led to unsustainably high
annual colony losses in the apicultural industry (Calderone, 2012;
Kulhanek et al., 2017) for which multiple, potentially interacting
factors are likely the cause (Cornman et al., 2012; Goulson et al.,
2015). One major contributor to widespread colony mortality is
pathogenic viral infection. Many of the most important viruses
are either associated with or can be directly vectored by parasitic
Varroa mites (Bailey et al., 1963; Chen and Siede, 2007; Di
Prisco et al., 2011; Gisder and Genersch, 2017). Pathogenic
viral stressors affect the morphology, physiology, behavior, and
growth of honey bees at different developmental stages (Chen
and Siede, 2007; Runckel et al., 2011; Cornman et al., 2012;
McMenamin and Genersch, 2015), ultimately leading to reduced
colony productivity and mortality. The developmental pupal
stage is critical for many viral diseases because the Varroa mite
feeds on the pupae for a prolonged time (Di Prisco et al., 2011).

Honey bees employ a combination of individual- and group-
level defenses against pathogens (Wilson-Rich et al., 2009).
The main innate immune pathways of insects are present in
honey bees and respond to virus infections (Evans et al., 2006;
Brutscher et al., 2015), including the Toll, Janus kinase and Signal
Transducer and Activator of Transcription (JAK-STAT), Immune
Deficiency (Imd), c-Jun NH2-Terminal Kinase (JNK) pathways,
antimicrobial peptides (AMPs), endocytosis, and phagocytosis
mechanisms (Brutscher et al., 2015). Activation of some immune
pathways, such as the RNAi mechanism, can lead to increased
virus resistance (Brutscher et al., 2017). Thus, we understand that
some honey bee genes respond to virus infection but a systematic
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characterization of the temporal dynamics of the immune
responses and the general transcriptome and methylome have
not been investigated, although such studies can yield important
information (Lemaitre and Hoffmann, 2007).

Israeli Acute Paralysis Virus (IAPV) has been associated with
colony losses (Cox-Foster et al., 2007; Maori et al., 2009; Tantillo
et al., 2015), particularly during the winter (Chen et al., 2014).
IAPV belongs to the picornavirus-like family Dicistroviridae,
that includes single-strand, positive sense RNA viruses that
are pathogenic to a range of insects (Bonning and Miller,
2010). IAPV is relatively common in honey bees and affects
all life history stages and castes (Chen et al., 2014). When
cells are infected, the positive strand of RNA is released into
the cytosol and translated by the host ribosomes. Then the
assembled complexes for viral replication synthesize negative-
sense RNA from which more descendant positive strands of
the RNA are produced. These are assembled with viral proteins
into virions that are then released to infect other cells (Nagy
and Pogany, 2012; Chen et al., 2014). Covert infections persist
through vertical and horizontal transmission, but IAPV can
also readily cause paralysis and death of infected individuals
(Maori et al., 2007). Acute infections of IAPV profoundly affect
cellular transcription at the pupal stage (Boncristiani et al.,
2013), and microarray analyses of larvae and adults indicate
significant and stage-specific responses to IAPV infection (Chen
et al., 2014). Parallel transcriptomic and epigenomic profiling
of adult IAPV infection identified some additional molecular
responses, including expression changes in immune genes and
epigenetic pathways (Galbraith et al., 2015). However, little
overlap of identified responses within and among studies leave
the molecular characterization of IAPV infection in honey bees
unresolved, and more detailed studies of dynamic responses in
the time-course of IAPV infection are needed.

Here, we experimentally test the hypothesis that viral
infections can affect not only transcriptomic profiles but
also induce DNA methylomic changes in honey bee pupae.
Specifically, we compared the complete transcriptome and
methylome profiles across three distinct phases of a lethal
IAPV infection. Furthermore, we tested if our results indicate
significant overlap of immune genes with fruit flies as well as
other stages of honey bees under IAPV viral infections.

RESULTS

Temporal Viral Infections Cause
Transcriptomic Changes in Gene
Expressions
The transcriptomes of whole honey bee pupae injected with
PBS or infected with IAPV were compared at three time
points: 5, 20, and 48 h post-injection (Figure 1). On average,
IAPV-infected pupae yielded slightly more RNA-seq reads than
the corresponding PBS controls (5 h: IAPV = 46,001,777 vs.
PBS = 41,666,177; 20 h: IAPV = 47,915,086 vs. PBS = 42,429,737;
and 48 h: IAPV = 42,649,987 vs. PBS = 39,248,297). Coverage
thus varied among individual samples from 41x to 65x

(Supplementary Table 1). Differentially expressed genes (DEGs)
increased with disease progression over time from 432 after 5 h
to 5,913 after 20 h and 5,984 after 48 h (Supplementary Table 2).

Relative to the PBS control, IAPV-infected pupae had 198
genes significantly up-regulated and 234 genes significantly
down-regulated after 5h; 2,738 genes were significantly up-
regulated and 3,175 genes significantly down-regulated after
20 h; and 3,021 genes significantly up-regulated and 2,963
genes significantly down-regulated after 48 h (Supplementary
Figures 1–3). DEG overlap between all significantly up- or
down-regulated genes was significant in all pairwise directional
comparisons (up- and down-regulated genes separately) among
the three time points (Figure 2; up-regulated 5 h vs. 20 h:
p < 0.05; all other tests: p < 0.001). For the > 8-fold DEGs,
significant overlap was found for all pairwise comparisons among
the IAPV up-regulated gene sets (p < 0.001) and also for
the down-regulated gene sets at 20 and 48 h (p < 0.001)
(Supplementary Table 2).

Gene Enrichment and Functional
Analyses
To identify IAPV-induced expression patterns across all genes
regardless of significance threshold, GO Mann-Whitney U-tests
and a Weighted Gene Co-expression Network Analysis were
performed on the expression differences between IAPV infected
and control samples at three time points. Post 5h of IAPV
infection, multiple biological process GO terms were observed
with upregulation of RNA processing (ncRNA, tRNA, and
rRNA) as the most significant GO terms (p < 0.001). Only
one term was significantly downregulated at this time point:
“small GTPase mediated signal transduction.” 20 h post IAPV
infection, no GO terms passed the strictest significance threshold
(p < 0.001) for upregulation, and GO term “translation” was
the most significantly downregulated (p < 0.001). Finally,
in post 48h IAPV infected samples, there was still no
term passing the strictest significance in upregulation, and
GO terms of “translation,” “homophilic cell adhesion,” and
“aminoglycan metabolic process” were the most significantly
downregulated (Figure 3). As to molecular function, significant
GO terms associated with downregulation in post 20 and
48 h IAPV infected samples were “structural molecules,”
“structural constituent of ribosome,” “structural constituent
of cuticle,” and “chitin binding” (Supplementary Figure 4).
As to cellular component, significant GO terms associated
with downregulation in post 20 and 48 h IAPV infected
samples were “ribosomal subunit,” “ribonucleoprotein complex,”
and “intracellular non-membrane organelle” (Supplementary
Figure 4). Although numerous other terms were less significantly
enriched in up- or down-regulated genes, no other GO terms
surpassed the most stringent significance criterion.

Viral and Ribosomal RNA Content
Four transcripts (IAPV, Deformed Wing Virus (DWV), Large
Sub-Unit rRNA (LSU rRNA), and Small Sub-Unit rRNA
(SSU-rRNA) accounted for 63.5% of all sequenced reads
(Supplementary Figure 5). As expected, a large number of
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FIGURE 1 | Overall experimental design. The two experimental groups included either sham treatment (PBS injection) or Israeli Acute Paralysis Virus (IAPV)
inoculations via injection. At each investigated time point (5, 20, or 48 h post-injection) three biological replicates were collected, each consisting of one whole pupa
that was individually processed for further transcriptomic and methylomic analyses.

IAPV reads was observed in the IAPV-infected pupae, with the
proportion being similarly high at 20 h (86% ave) and 48 h (90%
ave). Additionally, five of nine control samples (all time points
included) had a large proportion of reads mapping to DWV.

Comparative Transcriptomic Analyses of
Immune Genes With Other Pathogen
Infection in Honey Bees and Drosophila
A comparison with a previously published list of 186 immune
genes from Evans et al. (2006) showed that 1 and 89 of them
were represented in our 5 h, 20 h/48 h DEG lists respectively
(Figure 4A and Supplementary Tables 3, 4). The overlap
between immune genes and our DEGs was significant for up-
regulated DEGs at 5 h and down-regulated DEGs at 20 h
(Supplementary Tables 3, 4). Comparison of our data with
IAPV-induced gene expression changes in adult honey bees in
Galbraith et al. (2015) revealed 6 and 358 genes overlapped,
indicating a significant directional overlap of our up- and
down-regulated DEGs at 5 h and 20 h/48 h with DEGs in
adults (Figure 4C, for specific gene names, see Supplementary
Tables 3, 4). When compared to immune genes associated with
anti-viral responses in Drosophila (Xu et al., 2012), 11, 212,
and 219 genes overlapped in our 5h, 20h, and 48h DEG lists
(Supplementary Table 5), representing significant directional
overlap of our up- and down-regulated DEGs at 20 h and 48 h
(for specific gene names see Supplementary Table 5).

Temporal Dynamics of Genes and
Molecular Pathways Based on
Transcriptomic Data
Analyses of the three infection time points revealed dramatic
changes of gene expression levels from several key metabolic

and immune pathways, including lipid metabolism, the Jak-
STAT pathway, and AMPs. With regards to lipid metabolism,
the expression of the gene Cyp6as5 was significantly increased
in the infected samples from 5 to 20 h, and from 20 to 48
h, similarly to 9 more genes that displayed similar expression
profiles (Supplementary Figure 7).

In the Jak-STAT immune pathway, the expression of
gene SoS was significantly increased in the infected samples
from 20 to 48 h (Supplementary Figure 6). Nine more
genes displaying similar expression profiles as SoS after
viral infection were identified (Supplementary Figure 7).
Among the AMP genes, the expression of gene defensin-1
was significantly increased in the infected samples from 5
to 20 h, and from 20 to 48 h (Supplementary Figure 6).
The gene expression of EGFR and a group of other genes
were transiently downregulated from 5 to 20 h post-
infection and from 20 to 48 h post-infection by IAPV
(Supplementary Figure 7). Gene GB55029 (uncharacterized)
showed an increase from 5 to 20 h infection, but then a
significant decrease of expression from 20 to 48 h infection
(Supplementary Figure 7).

Differentially Spliced Genes
Number of genes with significant isoform switches in samples
5, 20, and 48 h post IAPV infection were 193, 620, and 990
(Supplementary Figure 8 and Supplementary Table 6). Number
of significant differential transcripts usage (DTU) or alternative
splicing is much higher post 20 and 48 h of IAPV infection
(Supplementary Figure 9). All the splicing events are categorized
in Table 1. Among all the categories, there are significant trends
of DTU to be in shorter 3′ UTRs, longer 5′ UTRs, Exon gain,
Transcription Start Site (TSS) more downstream in 20 and 48 h
IAPV post infection treatments (Figure 5).
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FIGURE 2 | Directional overlap of differentially regulated genes among time points. (A) Venn diagram showing genes that were differentially expressed as
up-regulated (FDR < 0.05). Number of DEGs only in post IAPV 5, 20, and 48 h are 121, 584, and 726. Number of genes between IAPV 5 and 20 h only overlap is
11. Number of DEGs between IAPV 5 and 48 h only overlap is 28. Number of DEGs between IAPV 20 and 48 h only overlap is 2182. Number of DEGs from IAPV
5–20–48 h overlap is 42. (B) Venn diagram showing genes that are differentially expressed as down-regulated (FDR < 0.05). Number of DEGs only in post IAPV 5,
20, and 48 h are 124, 760, and 513. Number of DEGs between IAPV 5 and 20 h only overlap is 14. Number of DEGs between IAPV 5 and 48 h only overlap is 27.
Number of DEGs between IAPV 20 and 48 h only overlap is 2255. Number of DEGs from IAPV 5–20–48 h overlap is 65. (C) Venn diagram showing genes that are
differentially methylated (percent methylation difference larger than 10%, q < 0.01) as hyper-methylation among three time points (5, 20, and 48 h after IAPV
infection). Number of DMRs only in post IAPV 5, 20, and 48 h are 203, 2, and 11. Number of DMRs between IAPV 5 and 20 h only overlap is 1. Number of DMRs
between IAPV 5 and 48 h only overlap is 1. (D) Venn diagram showing genes that are differentially methylated (percent methylation difference larger than 10%,
q < 0.01) as hypo-methylation among three time points (5, 20, and 48 h after IAPV infection). Number of DMRs only in post IAPV 5, 20, and 48 h are 171, 1, and 2.
Number of DMRs between IAPV 5 and 20 h only overlap is 1. Number of DMRs between IAPV 5 and 48 h only overlap is 3.

Enzymes Involved in DNA Methylation
Gene expression differences were also identified in the DNA
methylation system, specifically the two important enzymes,
DNA methyl-transferase 1 (DNMT1) and 3 (DNMT3). When
compared between IAPV and control samples, DNMT1
(GB47348) was significantly down-regulated 1.5-fold (p < 0.001)
at 20 h post-infection, and 1.7-fold (p < 0.001) at 48 h
post-infection (Figure 6). Similarly, DNMT3 (GB55485) was
significantly down-regulated 1.7-fold (p < 0.001) in 20 h post-
infection samples, and 2.7-fold (p < 0.001) in 48 h post-infection
samples (Figure 6). There was no significant difference of gene
expression between IAPV and controls post 5 h post-viral
infection (Figure 6).

Changes of DNA Methylation After Viral
Infections and Comparative Methylomic
Analysis
Total methylated 5 mC sites in CpG, CHG, and CHH settings
were 1,955,471; 878,838; and 1,433,905 respectively (Figure 7).

The ratio of methylated CpG sites versus total CpG sites was
highest in 5 h PBS control (10%), followed by 5 h IAPV post-
infection samples, 20 h PBS control, 20 h IAPV post-infection
samples, 48 h control, and lowest in 48 h IAPV post-infection
samples (about 4%) (Figure 7). The whole genome-wide Pearson
correlation matrix for CpG base profiles across all samples at
each time point (5, 20, and 48 h post-infection) are listed in
Supplementary Figure 10.

We identified 523, 5, and 18 differentially methylated regions
(DMRs) between IAPV and control groups in the 5, 20, and 48 h
post-infection samples, respectively (Supplementary Table 7 for
a detailed gene list). Significant overlap of DMRs existed between
5 and 20 h (p < 0.05) and 5 and 48 h (p < 0.0001) comparisons
(Supplementary Table 4).

Our comparison of our DMR lists with the previously
published immune genes of Evans et al. (2006) revealed 5 and
1 gene were overlapping with the DMRs at 5 h and 20 h/48
h post-infection, respectively (Figure 4B and Supplementary
Tables 3, 4). Comparison of our data with IAPV-induced
methylation changes in adult honey bees of Galbraith et al. (2015)
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FIGURE 3 | Overall trends in biological processes affected by progressing IAPV infection. Gene Ontology Mann-Whitney U tests of the expression differences
between IAPV and control samples at the three time points included all data points regardless of their individual level of statistical significance. Red and blue fonts
indicate GO terms that are enriched in up- and down-regulated DEGs in IAPV relative to control samples, respectively. Font size indicates the level of significance for
the particular GO term and clustering is based on empirical GO-term similarity in our dataset.

revealed 14 and 1 genes were overlapped with DMRs at 5 h and
20 h/48 h (Figure 4D, for specific gene names see Supplementary
Tables 3, 4).

We examined the genome-wide Pearson correlation matrix for
CpG base profiles across all samples at each time point. Overall
samples after 5 h infection have the highest correlation (0.72–
0.87), and samples after 48 h infection have the lowest correlation
(0.69–0.73); specific coefficients are listed in Supplementary
Figure 10).

Differential DNA Methylation Leads to
Differential Gene Expression Later in
Several Immune Pathways
To look into the potential association between gene expression
and CpG methylation, we studied whether genes that showed
early changes of CpG methylation also exhibited significant
changes of gene expression later. A list of 38 immune genes
that were hypo- or hyper-methylated at the first time point (5 h
post-IAPV infection), were found differentially expressed later
(48 h post IAPV infection) (Supplementary Table 8). These
cellular pathways included the MAPK (mitogen-activated protein
kinase) pathway, JAK/STAT (Janus kinase/signal transducer and
activator of transcription) pathway, Hippo signaling pathway,
mTOR (mammalian target of rapamycin) signaling pathway,
TGF-beta (transforming growth factor-beta) signaling
pathway, ubiquitin mediated proteolysis, and spliceosome.
Interestingly, we detected 12 genes from this group with
differentially spliced patterns with a significant statistical q
value (Table 2).

Comparative Methylomic Analyses of
Immune Genes With Other Pathogen
Infection
The comparison with a previously published list of 186 immune
genes from Evans et al. (2006), showed that 5 (GB45248,

GB46478, GB55483, GB51399, and GB41850) and 1 (GB46478)
genes overlapped in our 5h and 48h DMR lists, respectively
(Supplementary Table 3). There was no significant directional
overlap of the list of immune genes and our hyper- or hypo-
regulated DMRs at 5, 20, and 48 h (Supplementary Tables 3, 4).
Comparison of our data with IAPV-induced gene expression
changes in adult honey bees in Galbraith et al. (2015) revealed
19, 1 (GB51998), and 1 genes (GB42022) overlapped, indicating
no significant directional overlap of our hyper- or hypo-regulated
DMRs at 5, 20, and 48 h (Supplementary Tables 3, 4). When
compared to immune genes associated with anti-viral responses
in Drosophila (Xu et al., 2012), 20, 1 (GB17743), and 1 genes
(GB15242) overlapped in our 5, 20, and 48 h DMR lists
(Supplementary Table 5).

Motif
To reveal the potential regulation of CpG methylation, we
examined the 6-mer motif of each CpG site, including the 2
nucleotides upstream and downstream of each CpG site. Analysis
of 6-mer motifs from 5 h DMRs showed no common pattern
of the motif (Supplementary Figure 11). Similarly, analysis of
motifs from 20 h DMRs containing CpG sites revealed little signal
beyond the selected central CpG sites in the middle of 6-mer
motifs. However, DMRs from 48 h post- IAPV infection tend
to have a T or C following the central CpG (Supplementary
Figure 11).

DISCUSSION

To test our hypothesis that viral infections not only affects gene
expression profiles but also DNA methylomic marks in honey bee
pupae, we compared the complete transcriptome and methylome
responses across three distinct phases (5, 20, and 48 h) of a lethal
IAPV infection. While methylation is most affected early during
the infection, differential gene expression increases over time and
severity of the infection. Many up- and down-regulated genes
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FIGURE 4 | Comparisons or our results to other studies revealed significant overlap. (A) Venn diagram showing overlap of genes that are differentially expressed
(FDR < 0.05; p < 0.05). Number of DEGs (differentially expressed genes) only in IAPV 5, 20/48 h, or Evans et al. (2006) immune gene list is 95, 6783, or 68. Number
of DEGs overlap between IAPV 20 h/48 h and Evans et al. is 89. Number of DEGs overlap between IAPV 5 and 20 h/48 h is 318. Number of DEGs overlap between
IAPV 5 h and Evans et al. is 1. (B) differentially methylated (>10%, p < 0.05) among three time points (5, 20, and 48 h after viral infection) and immune gene list from
Gisder and Genersch (2017). Number of DMRs (differentially methylated regions) only in IAPV 5, 20/48 h, or Evans et al. (2006) immune gene list is 325, 12, or 170.
Number of DMRs overlap between IAPV 20 h/48 h and Evans et al. is 1. Number of DMRs overlap between IAPV 5 and 20/48 h is 12. Number of DMRs overlap
between IAPV 5 h and Evans et al. is 5. (C) Venn diagram showing overlap of DEGs (FDR < 0.05; p < 0.05) compared to Galbraith et al. Number of DEGs only in
IAPV 5, 20/48 h, or Galbraith et al. is 90, 6514, or 341. Number of DEGs overlap between IAPV 20 h/48 h and Galbraith et al. is 358. Number of DEGs overlap
between IAPV 5 and 20 h/48 h is 288. Number of DEGs overlap between IAPV 5 h and Galbraith et al. is 6. (D) differentially methylated (>10%, p < 0.05) among
three time points (5, 20, and 48 h after IAPV infection) and immune gene list from Galbraith et al. DMR list. Number of DMRs (differentially methylated regions) only in
IAPV 5, 20 h/48 h, or Galbraith et al. DMR list is 316, 11, or 141. Number of DMRs overlap between IAPV 20 h/48 h and Galbraith et al. is 1. Number of DMRs
overlap between IAPV 5 and 20 h/48 h is 14. Number of DMRs overlap between IAPV 5 h and Galbraith et al. is 13.

are involved in RNA processing and translations, proteolysis,
and metabolic processes (Figure 3). A collection of genes have
differential transcript usage or alternative splicing post IAPV
infections (Figure 5). When compared to differentially expressed
genes from adult honey bee and fruit fly post viral infection, we
have discovered significant overlap of our IAPV-responsive genes
with immune genes from these other studies (Evans et al., 2006).

The pupal stage is a critical phase for metamorphosis and
an important temporal window for Varroa mite parasitism.
Our study, which incorporates and confirms the separate
observations of adult or larval honey bees (Cox-Foster et al.,
2007; Cornman et al., 2013; Chen et al., 2014; Galbraith
et al., 2015), includes new observations that provide a
more complete understanding of how the pupae respond to
lethal viral attack. Previous studies showed that honey bee
pupae can respond to disease with increased immune gene
expression to decrease the success of parasites and pathogens

(Kuster et al., 2014; Brutscher et al., 2017). Our results reveal
that rapid epigenetic changes in response to viral infection
precede and presumably trigger profound and widespread
transcriptome responses in honey bees. A combination of both
transcriptomics and methylomics at multiple time points can
reveal the role of and the relation between 5 mC methylation
and gene expression profiles under viral infection of insects
(Huang et al., 2019).

Alternative splicing in response to viral infection can affect
subsequent gene expression through several mechanisms (De
Maio et al., 2016). Our results of differential transcript usage
or alternative splicing indicated the viral infection can cause
large changes in alternative splicing of the bee hosts, which
brings a new perspective on molecular mechanisms of IAPV
virus pathogenesis. It is known that RNA virus can alter host
mRNA splicing (Dubois et al., 2014; Chan et al., 2019). Previous
research revealed that DNA methylation is linked to regulate
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TABLE 1 | Isoform switch consequences investigated.

Category Consequence Description Post 5 h Post 20 h Post 48 h

1 Tss Change in transcription start site 120 407 602

2 Tts Change in transcription termination site 21 169 246

3 Last exon Last exon changed 9 97 130

4 Intron retention Difference in intron retention 26 100 186

5 Intron structure Different exon-exon junctions used 160 552 875

6 Exon number Different number of exons 86 373 627

7 ORF seq similarity Jaccard similarity of AA sequences below 0.9 47 211 281

8 ORF genomic Change in genomic position of ORF 97 382 540

9 5 utr length Difference in length of 5′ UTR 131 433 653

10 3 utr length Difference in length of 3′ UTR 27 190 284

11 NMD status Change in sensitivity to nonsense-mediated decay 5 45 76

12 Coding potential Change in coding potential probability, above or below 0.7 5 30 36

13 Domains identified Change in which protein domains were identified 19 96 119

14 Domain length Change in length of overlapping domains 3 20 26

15 IDR identified Difference in presence of intrinsically disordered regions 19 112 159

16 IDR length Difference in length of intrinsically disordered regions 5 38 45

17 IDR type Difference in presence of binding site in IDR 7 42 63

18 Signal peptide identified Change in presence of signal peptide 1 8 14

Numbers of significant genes are shown.

FIGURE 5 | Significant trends in consequences of isoform switches or alternative splicing were observed, and were generally similar at 20 and 48 h, often with
opposite consequences at 5 h. Fraction of genes having the consequence indicated with 95% Confidence Interval. UTR-untranslated region, ITR-Inverted Terminal
Repeat, ORF-open reading frame, NMD- nonsense-mediated decay, TSS-transcription start site, TTS-transcription terminal site.
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FIGURE 6 | Gene expression patterns (mean ± SE) of the major DNA Methyl-Transferases (DNMTs). Both DNMT1 (GB47348) and DNMT3 (GB55485) showed
significant down-regulation when comparing sham control (N = 3) and IAPV samples (N = 3) after 20 and 48 h after IAPV infection respectively. ∗∗∗p < 0.001. False
Discovery Rate (FDR) < 0.05.

FIGURE 7 | Genome wide methylation patterns. (A) Total methylated 5 mC sites in each group (CpG, CHG, and CHH) are shown. (B) Methylated CpG sites/Total
CpG sites are shown for each treatment and time point.

alternative splicing in honeybees via RNA interference knocking
down DNMT3 (Li-Byarlay et al., 2013).

The epigenetic changes we report here are interesting because
the 5 mC methylome profile indicated a large amount of
DMRs after 5 h IAPV infection. However, DMR number
dramatically dropped after 20 h and 48 h of infection. This
phenomenon may be explained by the cell death and apoptosis
after severe infections after 20 and 48 h. We propose a possible
explanation is that 5 mC changes as a primary host-defense
mechanism responding to viral infection at the onset. During
the early stage of viral infection, 5 mC methylation may be
the first to react leading to molecular changes genome-wide,
potentially interacting with the transcription process such as
transcription factor binding. The mechanism on how to induce

abnormal methylation at the molecular and cellular levels
by viral infection is yet to be determined. A few potential
explanations are that pathogenic infection may lead to cellular
proliferation and inaccuracy in epigenetic processes, or molecular
signaling pathways involved in the infection response affect these
epigenetic processes. Previous studies showed that viral infection
can change 5 mC methylation in human cancer (Kusano et al.,
2006; Toyota and Yamamoto, 2011). Other studies also showed
that changes in epigenetics marks can affect immune responses,
cell-cycle checkpoints, cell death, and cell fate (Toyota and
Yamamoto, 2011; Turner and Diaz-Munoz, 2018).

In honey bees, some evidence links 5 mC methylation marks
to gene regulation (Kucharski et al., 2008; Li-Byarlay et al., 2013;
Wang and Li-Byarlay, 2015; Li-Byarlay, 2016; Glastad et al., 2019)
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TABLE 2 | A list of twelve immune genes that were hypo- or hyper-methylated first post 5 h of viral infection, then gene expression and splicing patterns changed
significantly post 48 h of viral infection (q < 0.05).

Gene.function BEEBASE X5h.meth.diff X48h.DEG.
log2_fold_

change

Gene name Consequences_
5h

Consequences_
20h

Consequences_
48h

Hippo signaling pathway GB53036 −40.02 1.63 Serine/threonine-protein kinase
Warts, transcript variant X2

NA NA 5

Lysine degradation GB47635 −38.66 −0.5 Suppressor of variegation 3–9,
transcript variant X1

NA NA 1,4,6,8,9,17

FoxO signaling pathway GB54054 −26.65 2.08 Ubiquitin carboxyl-terminal
hydrolase 7, transcript variant X1

1,4,5,8,9,15 NA NA

Spliceosome GB46655 −16.15 1.78 Splicing factor U2AF 50 kDa
subunit, transcript variant X1

NA 5,6,8,9 NA

Lysine degradation GB43459 24.34 −2.42 Histone-lysine N-methyltransferase
trithorax, transcript variant X2

NA NA 4,6,10

Ubiquitin mediated
proteolysis

GB42193 26.51 1.53 Ubiquitin-conjugating enzyme
E2-22 kDa, transcript variant X1

NA 1,5,7,8,14 NA

Ubiquitin mediated
proteolysis

GB45517 29.47 0.65 E3 ubiquitin-protein ligase Nedd-4,
transcript variant X6

NA NA 2,3,5,6,8,10,17,

TGF-beta signaling
pathway

GB43676 30.93 1.37 Activin receptor type-1, transcript
variant X1

NA NA 5,6,8

uncharacterized GB41710 31.91 −2.07 Uncharacterized LOC408494,
transcript variant X3

NA 5,6,7 1,6

mTOR signaling pathway GB52079 33.8 −0.56 Rapamycin-insensitive companion
of mTOR, transcript variant X2

NA NA 1,5,9

Lysosome GB54097 40.23 2.52 Malvolio, transcript variant X1 NA 1,5,8,9 1,5,8,9
RNA transport GB51710 45.25 1 Eukaryotic initiation factor 4A-I,

transcript variant X3
NA NA 2,3,6,10,11

Gene.function (column 1) showed immune pathways involved. BEEBASE (column 2) showed the gene ID in BEEBASE. X5h.meth.diff (column 3) showed changes of DNA
methylation level of the gene/region when comparing post 5h IAPV infection samples and control samples. X48h.DEG.log2_fold_change (column 4) showed fold change of
gene expression in log2 scale when comparing post 48h IAPV infection samples and control samples. GENENAME (column 5) showed gene names. Consequences_5h,
consequences_20h and consequences_48h (column 6–8) are the detected categories of alternative splicing listed in the first column of Table 1. Details of gene IDs and
q-values are in Supplementary Table 8.

but limited reports showed 5 mC methylation are associated
with change of gene expressions (Herb et al., 2012). The data
here indicates that 38 of the initially differentially methylated
genes subsequently exhibit significant changes of gene expression
(Table 1), and 12 of these genes displayed significant changes in
their splicing events. In general, the epigenetic control of 5 mC
methylation and gene expression has been reported for plants and
mammals (Allis and Jenuwein, 2016; Saripalli et al., 2020), but the
function of 5 mC methylation in the regulation of genes in insects
is still not clear (Li-Byarlay et al., 2013; Wang and Li-Byarlay,
2015). One hypothesis is that DNA methylation is involved in
cell signaling or involved in the regulation of co-transcription
via transcription factors (Toyota et al., 2009; Shukla et al., 2011;
Marina et al., 2016).

DNA methyl-transferases 1 and 3 are critical enzymes for a
functional methylation system. Our data show the IAPV infection
reduced the gene expression of these two key enzymes over time.
This finding is consistent with previous reports showing that viral
infection can change the expression of DNMTs in animal and
cell studies (Fang et al., 2012; Tian et al., 2013). The significant
fold change of these enzymes is moderate but sufficient to cause
dramatic changes in the global DNA methylome, as indicated
in previous studies (Wang et al., 2006; Kucharski et al., 2008;
Li-Byarlay et al., 2013). The DNA methylation changes in turn
can have further consequences for widespread gene expression
patterns. We found more DMR post 5 h IAPV infection, when the

DNMTs are not yet differently expressed. Possible explanation is
that the initial viral infection induced the methylation changes
at the initial stage by other potential molecular mechanism
such as histone modifications (Paschos and Allday, 2010; Dantas
Machado et al., 2015). DNMTs may be regulated to restore
homeostasis which may explain why fewer DMRs at the later
stages (Matilainen et al., 2017).

At every time-point, we identified numerous differentially
expressed genes that confirmed the profound consequences of
IAPV infection (Boncristiani et al., 2013). Such effects can
certainly be caused by cell expansion or loss, rather than direct
effects on gene activity. However, the systemic consequences for
the health and function of the organism may be similar: the
level of immunity might drop due to declining cell numbers
or lowered gene activity per cell. Molecular pathways from
differentially expressed and methylated genes indicated that the
MAPK signaling pathway, Jak/STAT signaling pathway, Hippo
signaling pathway, mTOR signaling pathway, TGF-beta signaling
pathway, ubiquitin mediated proteolysis, and spliceosome are
critical to respond to viral infections. Both MAPK and
Jak/STAT signaling pathway are immune pathways with antiviral
immune response in honey bees and dipterans (Dostert et al.,
2005; Lemaitre and Hoffmann, 2007; Cirimotich et al., 2010;
Chen et al., 2014; Galbraith et al., 2015; Brutscher et al., 2015;
Grozinger and Flenniken, 2019). The Hippo signaling pathway
is highly conserved from insects to mammals, which regulates
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cell death and differentiation (Munoz-Wolf and Lavelle, 2017).
Previous study also showed differentially expressed genes
regulated by IAPV in honey bee brood are involved in the
mTOR, TGF-beta pathways, and ubiquitin mediated proteolysis
(Chen et al., 2014).

In addition, our data showed that IAPV infection can
induce Defensin-1, a key antimicrobial peptide responding to
viral infections (Kuster et al., 2014; Brutscher et al., 2015).
P450 genes are known as responding to oxidative stress in
Drosophila during larval development (Li et al., 2008). In honey
bees, P450s are involved in xenobiotic detoxification (Johnson
et al., 2009; Berenbaum and Johnson, 2015). From a wider
perspective, Chikungunya virus infection specifically activates
the MAPK signaling pathways in humans (Varghese et al.,
2016) and is a stress-responsive part of the intestinal innate
immunity of C. elegans (Sakaguchi et al., 2004). Recent report
showed that MAPK may play a role in regulating certain
P450 genes (Yang et al., 2020). On the other hand, IAPV
infection presumably causes major deregulation of the cellular
homeostasis through the cooption of the cellular machinery to
replicate itself (Boncristiani et al., 2013). Thus, deregulation of
ribosome biosynthesis (Figure 3) and major energetic pathways
is not surprising. Interestingly, transcriptomic analyses of Colony
Collapse Disorder, which had been associated with IAPV (Cox-
Foster et al., 2007), have shown similar immune responses
(Johnson et al., 2009; Aufauvre et al., 2014). The methylomic
profile of pupae 48 h after IAPV infection indicated genes
involved in anti-parasitoid immune response (Howell et al.,
2012; Haddad et al., 2016) to be affected. One of these genes
that overlaps with a previous genomic study of honey bee
immune genes (Evans et al., 2006) is Peroxin 23, a protein
involved in peroxisomal protein import and associated with
autophagosome formation in Drosophila muscles and central
nervous system (Hazelett et al., 2012; Zirin et al., 2015).
Compared to a previous report of the 5 mC methylomic
profiles of honey bee adults infected with IAPV (Galbraith
et al., 2015), our analysis revealed only one overlapping
gene (GB51998), which is related to ATP binding, circadian
regulation of gene expression systems (Claridge-Chang et al.,
2001), and muscle morphogenesis and function in Drosophila
(Schnorrer et al., 2010).

The list of identified DMRs linked to genes associated with
ATP binding, phagosome, fatty acid degradation, RNA transport,
and RNA degradation. Lipid metabolism, signaling, and
biosynthesis are related to virus-host interactions (Chukkapalli
et al., 2012). Fatty acid degradation and metabolism also
responded to cold stress in other insects and might indicate
increased energetic demands of stressed organisms (Vermeulen
et al., 2013). Alternatively, IAPV may remodel the host cells by
hijacking the lipid signaling pathways and synthesis process for
its own replication, similar to virus manipulation of host RNA
replication and transport mechanisms (Nagy and Pogany, 2012;
Boncristiani et al., 2013).

Our study only represents a first step in the understanding
of the intricate interplay of viruses and their honey bee host’s
physiology. Future research needs to characterize the temporal
transcriptome trends in more detail and tissue-specificity. Pupae

are particularly relevant but also challenging because the ongoing
metamorphosis entails drastic hormonal and presumably
transcriptional changes even in the absence of disease. The
discovered functional pathways need to be functionally
investigated, particularly the putative 5 mC methylation control
of immune genes.

MATERIALS AND METHODS

Bee Samples and Virus Preparation
All honey bee samples were acquired from unselected
experimental hives in the research apiary of the University
of North Carolina Greensboro. A previously prepared and
characterized IAPV solution in PBS was used for inoculations
(Boncristiani et al., 2013). White-eyed pupae were either injected
with PBS solution as control treatment or with 104 genome
copies of IAPV in 1.0 µl of the viral suspension per pupa. Pupae
were maintained on folder filter papers in a sterile lab incubator
at 32◦C and 60% R.H. After 5, 20, and 48 h of injections, each
individual pupal sample was flash-frozen in liquid nitrogen
and then stored in a −80◦C freezer. Figure 1 illustrates the
experimental design.

RNA-Seq Library Preparation and
Sequencing
Treatment control (PBS-injection) and IAPV-infected pupae
were compared across three time points (5, 20, and 48 h). Three
pupae were collected for each treatment and each time point for
a total of 18 samples. Dual extraction of nucleic acid (RNA and
DNA) from each pupa was carried out using the MasterPure dual
extraction kit (Epicenter, MC85200). Briefly, whole pupae were
individually homogenized and lysed first by using a micropestle.
The lysed cells were mixed with extraction buffer and centrifuged
to remove proteins and undesired debris of the cell. Subsequent
RNA and DNA fractions were treated with DNase and RNase
accordingly. RNA-seq library preparation and sequencing were
performed by the Genomic Sciences Laboratory of the North
Carolina State University. Total RNA from each pupa was used
to generate tagged Illumina libraries, using the NEBNext R© RNA
Library Prep Kit (New England Biolab). All RNA-seq libraries
were sequenced in two flow cells on the Illumina Next-Seq 500
(paired-end 150 bp length reads).

BS-Seq Library Preparation and
Sequencing
Bisulfite (BS) conversion of the genomic DNA from the above-
mentioned dual extraction of each sample was carried out by
using the EZ DNA Methylation-Lightning Kit (Zymo Research,
D5030, Irvine, CA, United States). BS-converted DNA (100 ng)
of each sample was used for preparing the BS-seq library via
the TruSeq DNA Methylation Kit (Illumina, EGMK91324, San
Diego, CA, United States). The quality of the libraries was
checked using Qubit assays (Q32850, Life Technologies) and with
the 2100 Bioanalyzer (Agilent Technologies, Inc.). The pooled
18 libraries were run on two replicate lanes of the Illumina
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NextSeq 500 (150 bp paired-end reads) by the Genomic Sciences
Laboratory at NCSU.

Bioinformatic Analyses
Overall quality control analysis of all resulting data was carried
out by using FastQC.1 Raw data were trimmed by Trimmomatic
(java -jar PE -phred33 ILLUMINACLIP:TruSeq3-PE.fa:2:30:10
MINLEN:36). TopHat2 v.2.0.12 (Kim et al., 2013) was used
to align trimmed RNA-seq reads to the Apis mellifera 4.5
reference genome. General alignment parameters were chosen
to allow three mismatches per segment, 12 mismatches per
read, and gaps of up to 3 bp (tophat –read-mismatches 12 –
segment-mismatches 3 –read-gap-length 3 –read-edit-dist 15 –
b2-sensitive) to minimize the possibility that small sequence
differences of our samples with the reference genome would bias
expression estimates. These settings resulted in the successful
alignment of 35% of raw reads (117–143 million per sample).
Reconstructed transcripts were aligned with Cufflinks (v2.2.1)
to the Apis mellifera OGS 3.2 allowing gaps of up to 1 bp
(cufflinks –overlap-radius 1 –library-type fr-firststrand). To
annotate promoters and transcription starts, we employed the
“cuffcompare” command using OGS3.2 gff file (cuffcompare -s -
CG -r).

Cuffdiff2 (v.2.1.1) (Kim et al., 2013) was used to test
for differential expression between IAPV and control groups
(n = 3 pupae treated as biological replicates at each of
the 3 different time points) with the multiple mapping
correction and a false discovery rate threshold set at 0.05.
All three IAPV groups (IAPV_5h, IAPV_20h, and IAPV_48h)
were compared to their corresponding sham-control groups
(PBS_5h, PBS_20h, PBS_48h) to identify differentially expressed
genes (DEGs). The data were explored and visualized with
CummeRbundv.2.0.02 and custom R scripts (Rsoftwarev.2.15.0).3

Differentially expressed genes with similar expression temporal
dynamics were analyzed by cufflinks in R. Total of output of gene
numbers is set to be 10 (for example, consider gene GB49890
(cyp6as5), we can find nine other genes in the database with
similar expression patterns, then plot the expression patterns in
Supplementary Figure 7).

Whole genome BS-Seq analysis was carried out by
trimming the sequences using trim_galore (version 0.4.1)4

(trim_galore./file1_R1_001.fastq.gz./file1_R2_001.fastq.gz
-q 20 –paired –phred33 -o). The Bismark tool (Krueger
and Andrews, 2011) (bismark –bowtie2 –path_to_bowtie
-p 8 path_to_genome_files/–1/file1 –2/file2) was employed
for whole genome alignment. Brief procedures included
Genome Conversion, Genome Alignment, Deduplication, and
Methylation calls. Differentially methylated regions and genes
(DMRs) were produced by methylKit in R (version 1.3.8) with
percent methylation difference larger than 10% and q < 0.01 for
the difference (Akalin et al., 2012).

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
2http://compbio.mit.edu/cummeRbund/
3http://www.r-project.org/
4http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

The reference genome and official gene set were the same
as described before. The sequencing raw data are published at
the NCBI database (Sequence Read Archive (SRA) submission:
SUB3404557, BioProject: PRJNA429508). All codes for the
bioinformatic analyses are online.5

To determine overlap between DEG lists, either up- or
down-regulated genes were compared between different time
points. This directional overlap analysis avoids artifacts that
can confound undirected DEG comparisons (Lawhorn et al.,
2018). The analysis was compared focusing on DEGs with a
more than 8-fold difference, and with DMRs (either hyper-
or hypo-methylated). All overlap analyses were performed
with hypergeometric tests to calculate the p-value for overlap
based on the cumulative distribution function (CDF) of the
hypergeometric distribution as published previously (Li-Byarlay
et al., 2013). GO Mann-Whitney U tests were carried out on
the gene expression data using codes published in Github.6

These analyses search for patterns of up- or down-regulation
in genes associated with particular GO-terms based on their
signed, uncorrected p-values regardless of significance thresholds
(Wright et al., 2015).

For differentially transcript usage or spliced genes, transcript-
level counts were quantified using Salmon1 v1.2.1 (Patro et al.,
2017) against the A. mellifera HAv3.1 annotation. Viral RNAs
were included in the transcriptome used for alignment but were
omitted from isoform analysis. Salmon results were imported
directly into the IsoformSwitchAnalyzeR R package (Vitting-
Seerup and Sandelin, 2017; Vitting-Seerup and Sandelin, 2019),
which normalizes transcript counts based on abundances and
uses the TMM method to adjust effective library size. The
version of IsoformSwitchAnalyzeR used was 1.11.3, obtained
from GitHub commit 5a7ab4a due to a bug in version 1.11.2 on
Bioconductor. Although CDS were annotated in the GFF file for
A. mellifera, these caused problems in IsoformSwitchAnalyzeR
due to inclusion of stop codons, as well as some transcripts
having no annotated CDS or CDS that were obviously incorrect.
Therefore, the analyzeORF function was used to predict open
reading frames de novo from the transcript sequences, which
in the vast majority of cases resulted in agreement with the
published annotation. Nucleotide and amino acid sequences for
all transcripts for significant genes were then exported for analysis
with external tools: CPAT9 was used to determine whether a
transcript was likely to be coding (Wang et al., 2013). It was run
from the webserver using the Drosophila (dm3, BDGP release
5) assembly. A coding probability of 0.7 was used as the cutoff
for classifying a transcript as coding or non-coding. Pfam10
(Punta et al., 2012) version 32.0 was used to predict protein
domains, using pfam_scan v1.6 run on the Biocluster.

Statistical Analysis of Differential
Transcript Usage
A design matrix was constructed in which the condition was the
combination of treatment and time point (six conditions total),

5https://www.researchgate.net/publication/343237015_RNAseq_and_BSseq_
codes_for_public
6https://github.com/z0on/GO_MWU
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and DWV infection (determined by alignment of reads to the
DWV mRNA) was included as a covariate. Sample degradation
was excluded as a covariate as it introduced singularity into
the model at 48 h. The contrasts tested were IAPV_5h –
PBS_5h, IAPV_20h – PBS_20h, and IAPV_48h – PBS_48h.
The preFilter function in IsoformSwitchAnalyzeR was used with
default settings to filter transcripts and genes. Genes were
removed if they only had one isoform or if they did not have at
least 1 RPKM in at least one condition. Transcripts were removed
if they had no expression in any condition. After filtering, 15,808
isoforms belonging to 4,667 genes remained.

Differential transcript usage (DTU) was assessed using
DEXSeq from within IsoformSwitchAnalyzeR (Anders et al.,
2012; Ritchie et al., 2015; Vitting-Seerup and Sandelin, 2019).
Genes were only retained for further analysis if they had an
FDR < 0.05 for DTU, and if isoform usage (proportion of counts
from a gene belonging to a given isoform) changed by at least
0.1 for at least two isoforms in opposite directions (i.e., the
isoforms “switched”).

Enrichment of Overlapping Genes
Among Different Studies
To test whether our DEGs and DMRs had significant overlap with
known immune genes, these lists were compared to published
immune genes (Evans et al., 2006) using hypergeometric tests.
Additionally, a directional overlap analysis was performed on our
DEGs (separated by up- or down-regulation) with a previous
RNA-seq study of IAPV infection in adult honey bee workers
(Galbraith et al., 2015).

To identify potential motifs that are targeted for epigenetic
modification after IAPV infection, differentially methylated
regions (DMR) were analyzed post 5, 20, and 48 h IAPV infection
generating 6-mer sequence logos with the online tool weblogo.7
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Transmembrane channel-like (TMC) genes encode a family of evolutionarily conserved
membrane proteins. Mutations in the TMC1 and TMC2 cause deafness in humans and
mice. However, their functions in insects are is still not well known. Here we cloned
three tmc genes, Nltmc3, Nltmc5, and Nltmc7 from brown planthoppers. The predicted
amino acid sequences showed high identity with other species homologs and have
the characteristic eight or nine transmembrane domains and TMC domain architecture.
We detected these three genes in all developmental stages and examined tissues.
Interestingly, we found Nltmc3 was highly expressed in the female reproductive organ
especially in the oviduct. RNAi-mediated silencing of Nltmc3 substantially decreased the
egg-laying number and impaired ovary development. Our results indicate that Nltmc3
has an essential role in the ovary development of brown planthoppers.

Keywords: TMC, reproduction, mechanoreceptors, Nilaparvata lugens, expression pattern

INTRODUCTION

Transmembrane channel-like (TMC) proteins have been identified from insects to mammals
(Keresztes et al., 2003; Kurima et al., 2003; Guo et al., 2016). Eight TMC proteins were presented
in vertebrates including humans and mice (Keresztes et al., 2003; Kurima et al., 2003). They
can be grouped into three subfamilies A, B, and C, in terms of their sequence homology and
similarities of the genomic structures of their respective genes (Keresztes et al., 2003). The TMC
protein subfamily A consists of three proteins, TMC1, TMC2, and TMC3; subfamily B contains
two proteins, TMC5 and TMC6; And subfamily C include three members, TMC4, TMC7, and
TMC8 (Keresztes et al., 2003; Kurima et al., 2003). In Caenorhabditis elegans, two tmc genes have
been cloned (Chatzigeorgiou et al., 2013). However, the Drosophila genome only encodes one
tmc homolog (Guo et al., 2016). All tmc genes are strongly predicted to encode proteins with at
least six transmembrane domains and a novel conserved CWETXVGQEly(K/R)LtvXD amino-acid
sequence motif that termed as TMC domain (Keresztes et al., 2003; Kurima et al., 2003).

TMC1 and TMC2, first identified in deaf human patients, are essential for hearing in mice
(Kawashima et al., 2015). TMC1 and TMC2 are necessary for the mechano-transduction currents
of hair cells (Pan et al., 2013, 2018). Recent studies have showed that TMC1 and TMC2 are pore-
forming subunits of mechanosensory transduction channels (Pan et al., 2018; Jia et al., 2019). The

Frontiers in Genetics | www.frontiersin.org 1 October 2020 | Volume 11 | Article 573603216

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2020.573603
http://creativecommons.org/licenses/by/4.0/
mailto:wusf@njau.edu.cn
https://doi.org/10.3389/fgene.2020.573603
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2020.573603&domain=pdf&date_stamp=2020-10-26
https://www.frontiersin.org/articles/10.3389/fgene.2020.573603/full
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-573603 October 20, 2020 Time: 19:41 # 2

Jia et al. TMC Regulates Ovary Development

tmc1 gene in C. elegans was reported to encode a sodium-sensitive
cation channel and participates in nociceptive neuron-mediated
alkaline and salt chemo-sensation (Chatzigeorgiou et al., 2013;
Zhang et al., 2015; Wang et al., 2016). Recent studies showed
that TMC proteins in nematodes modulate egg laying and
membrane excitability through a background leak conductance
(Yue et al., 2018). In Drosophila, the tmc gene was involved in
proprioception, food texture detection and egg-laying texture
discrimination (Guo et al., 2016; Zhang et al., 2016; Wu et al.,
2019).

The brown planthopper (BPH), Nilaparvata lugens (Stål),
(Hemiptera: Delphacidae), is a serious pest on rice in China. It
has cause loss of rice production more than $300 million annually
in Asia (Min et al., 2014). Chemical insecticides are mainly used
for BPH control. However, due to the large scale and intensive
use of insecticides, BPH has evolved high levels of resistance
to many of the major classes of insecticide (Wu et al., 2018).
Hence, it is urgent to find new insecticide targets to develop novel
insecticides. Although tmc genes have been characterized in mice,
nematodes, and fruit flies, few studies have been performed to
investigate functions of tmc genes in other insects. In this study,
we characterized the tmc gene family of the BPH. We found
that three tmc genes were present in the genome of BPH. The
expression of these three tmc genes were investigated and we
found that silencing of Nltmc3 gene, which is homology of tmc
gene in Drosophila and C. elegans, impairs the egg-laying and
ovary development in BPH.

MATERIALS AND METHODS

Insects
Nilaparvata lugens was collected from a rice field at the Plant
Protection Station of Jiangpu County (Jiangsu, China). They
were reared on Taichung Native 1 (TN1) rice seedlings in the
laboratory. The rearing conditions were 27± 1◦C, with 70± 10%
relative humidity and a 16 h:8 h (Light:Dark) photoperiod.

Identification and Cloning of Nltmc
Genes
The amino acid sequence of D. melanogaster TMC protein was
used to screen against N. lugens genomic and transcriptomic
databases for identification of its homologs in N. lugens. Open
reading frames (ORFs) were predicted with EditSeq (version 5.02,
DNAstar, Madison, WI, United States).

Total RNA was isolated from whole insects using the TRIzol
Reagent (Invitrogen, Carlsbad, CA, United States) following the
manufacturer’s protocol. Residual genomic DNA was removed
by RQ1 RNase-Free DNase (Promega). Single-stranded cDNA
was synthesized from the total RNA with M-MLV reverse
transcriptase and oligo (dT)18 (BioTeke, Beijing, China). The
forward primer Nltmc-comp-F and the reverse primer Nltmc-
comp-R were used to amplify the full-length or fragment gene
by means of PCR on cDNA from adult N. lugens using TransTaq
HiFi DNA Polymerase (TransGen Biotech, Beijing, China). The
purified PCR products were sub-cloned into pGEM

R©

-T easy
vector (Promega, Madison, WI) and then sequenced using the

3730 XL DNA analyzer (Applied Biosystems, Carlsbad, CA,
United States. The primers corresponding to each gene are listed
in Table 1.

Sequence Analysis and Phylogenetic
Tree Construction
The exon and intron architectures of Nltmc genes were
predicted based on the alignments of putative cDNA against
their corresponding genomic sequences in Spidey1, and then
structured on the website of GSDS v2.02 (Hu et al., 2015).
The transmembrane segments and topology of NlTMC proteins
were predicted by TMHMM v2.03. Multiple alignments of

1http://www.ncbi.nlm.nih.gov/spidey/
2http://gsds.cbi.pku.edu.cn/index.php
3http://www.cbs.dtu.dk/services/TMHMM-2.0/

TABLE 1 | The primers used in this study.

Primers Primers sequence

For fragment cloning

Nltmc3-F1 AGCTTCGAGCAGACGACAAACCAA

Nltmc3-R1 CTTGCGTTCTCCTGCATCCT

Nltmc3-F2 GGCAGTTTGTGAAACGTGAA

Nltmc3-R2 AGCGAACAAGTCCCAGAACGC

Nltmc3-F3 GGCTTCAAAGAAGCTCTGCTTGAG

Nltmc3-R3 TTGCGTCCGATTTGAGGTCA

Nltmc5-F1 ATGACCAATGACCCATTGGCTG

Nltmc5-R1 ATTGGCGTCTTGCGTTGTTG

Nltmc5-F2 TTTGTTGGTGAATGTAAAACA

Nltmc5-R2 TGCCCTGAGGTATAATGACGA

Nltmc5-F3 TCTATGTGCGGTGGCGTTTA

Nltmc5-R3 TACCGTACGCCAGCTATCAGAGA

Nltmc7-F1 AGCACTACGCACATCAACGA

Nltmc7-R1 TTAACTGTTGGGCAAGTCGACA

Nltmc7-F2 GCTGTCACCTTCTTGTGAGCTA

Nltmc7-R2 TGTTCCCACATTTTTCGCCG

For qPCR

QNltmc3-F GACAGAGTAAACTGTCTGAG

QNltmc3-R AGCGAACAAGTCCCAGAACGC

QNltmc5-F GCTATGGTACGGCAGTCTGA

QNltmc5-R TGTCAACGTGTGCTACTCCA

QNltmc7-F AGCACTACGCACATCAACGA

QNltmc7-R CTTGCAGGCGAAATGTGTCT

QNl18s-F CGCTACTACCGATTGAA

QNl18s-R GGAAACCTTGTTACGACTT

dsRNA
synthesis

T7-Nltmc3-F1 TAATACGACTCACTATAGGGAGAGCGTTATTCGTGCGTGT

T7-Nltmc3-R1 TAATACGACTCACTATAGGGAAGCTCCTTAGGCAACGCTT

T7-Nltmc5-F1 TAATACGACTCACTATAGGGACTCAACAGTCACACCTCGG

T7-Nltmc5-R1 TAATACGACTCACTATAGGGTTCAGCCGCTAGAAGCAGTT

T7-Nltmc7-F1 TAATACGACTCACTATAGGGAGCGCTGTGCTACTTCTTGT

T7-Nltmc7-R1 TAATACGACTCACTATAGGGCGAGTAGTAGCGAGGCACTG

T7-gfp-F TAATACGACTCACTATAGGGAAGGGCGAGGAGCTGTTCACCG

T7-gfp-R TAATACGACTCACTATAGGGCAGCAGGACCATGTGATCGCGC
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the complete amino acid sequences were performed with
Clustal Omega4. Phylogenetic tree was constructed using MEGA
5.2.2 software with the Maximum Likelihood method and
bootstrapped with 1,000 replications. The branch support values
are expressed as percentages. The accession numbers of the
sequences used in the phylogenetic analysis are listed in Table 2.

Gene Expression Profile Analysis
Developmental stage samples were collected from eggs
(n = 100∼120), first-instar (n = 80), second-instar (n = 60), third-
instar (n = 230), fourth-instar (n = 15∼20), fifth-instar nymphs
(n = 15), and adults of both sexes and wing forms: brachypterous
female (BF), macropterous female (MF), brachypterous male
(BM), and macropterous male adults (MM) (n = 10). Eggs
were collected at 4 days (central development stage) after the
oviposition since the egg stage is 6–7 days. Nymphs were
collected every 24 h from the beginning of each instar until
molting and all adults were collected 4 days after eclosion.

Different tissue samples including head, wing, gut, Malpighian
tubule (MT), female reproductive organ (FRO), ovary (OA),
oviduct (OU), copulatory pouch (CP), and spermatheca (SE)
were dissected from brachypterous female adults collected 4 days
after eclosion. The first-strand cDNA was synthesized with
HiScript

R©

II Q RT SuperMix for qPCR (+ gDNA wiper) kit

4http://www.ebi.ac.uk/Tools/msa/clustalo

TABLE 2 | Accession numbers of amino acid sequences used in the phylogenetic
and sequence alignment analysis.

Protein name Accession number Protein name Accession number

AaTMC5 XP_021695152.1 HsTMC1 NP_619636.2

AaTMC7 XP_021708478.1 HsTMC2 NP_542789.2

AgTMCah XP_308243.4 HsTMC3 NP_001074001.1

AgTMCbh XP_310494.4 HsTMC4 NP_001138775.2

AgTMCch XP_320512.3 HsTMC5 NP_001248770.1

AmTMC2 XP_006568703.2 HsTMC7 NP_079123.3

AmTMC7 XP_395471.3 HsTMC8 XP_024306385.1

BmTMC1 XP_012552239.2 MmTMC1 NP_083229.1

BmTMC6 XP_021203376.1 MmTMC2 NP_619596.1

BmTMC7 XP_021209073.1 MmTMC3 NP_808363.3

CeTMC1 NP_508221.3 MmTMC4 NP_861541.2

CeTMC2 NP_001335510.1 MmTMC5 XP_011240226.1

DmTMC NP_001303362.1 MmTMC6 NP_663414.3

DrTMC1 NP_001299610.1 MmTMC7 NP_766064.2

DrTMC2 NP_001289166.1 MmTMC8 NP_001182017.1

DrTMC3 NP_001289166.1 MpTMC3 XP_022160746.1

DrTMC4 XP_002664983.1 MpTMC7 XP_022166873.1

DrTMC5 XP_005163977.1 MsTMC3 XP_025190709.1

DrTMC6 NP_001002705.1 MsTMC7 XP_025195716.1

HaTMC3 XP_021194056.1 PrTMC2 XP_022125523.1

HaTMC7 XP_021199860.1 PrTMC5 XP_022121573.1

HhTMC2 XP_014287845.1 PrTMC7 XP_022124079.1

HhTMC7 XP_014275019.1 PtTMC3 XP_015917737.1

PtTMC5 XP_021003906.1 PtTMC7 XP_015908754.1

PhTMCc XP_002427541.1 VdTMC3 XP_022643750.1

(Vazyme, Nanjing, China) using an oligo(dT)18 primer and
500 ng total RNA template in a 10 µl reaction, following
the instructions.

Real-time qPCRs were employed to investigate relative
expression of Nltmc genes in the various samples using the
UltraSYBR Mixture (with ROX) Kit (CWBIO, Beijing, China).
The PCR was performed in 20 µl reaction including 4 µl of
10-fold diluted cDNA, 1 µl of each primer (10 µM), 10 µl 2×
UltraSYBR Mixture, and 6 µl RNase-free water. The standard
two-step PCR cycle conditions were as follows: 95◦C for 10 min,
and then 40 cycles of amplification consisting of 95◦C for 15 s,
60◦C for 40 s, followed by melting curve analysis. Pairs of gene-
specific primers used for real-time qPCR were designed using the
Primer Premier 5 Software (Table 1). The relative quantification
of Nltmc was calculated according to the comparative 2−11CT

method (Livak and Schmittgen, 2001).

Double-Stranded RNA (dsRNA)
Preparation and Injection
The fragment coding sequence of Nltmc genes and green
fluorescent protein (gfp) were amplified by PCR using specific
primers conjugated with the T7 RNA polymerase (Table 1).
PCR-generated DNA templates were then used to synthesize
dsRNA, which contains T7 promoter sequences at each end.
We used a MEGAscript T7 transcription kit (Ambion, Austin,
TX, United States) to produce the specific dsRNA of each gene
as the manufacturer’s instruction. The quality and size of the
dsRNA products were verified by 1% agarose gel electrophoresis.
Thirty fully mated female adults (collected 4 days after eclosion)
were injected with approximately 50 nl of purified dsRNA
(5,000 ng/µl) via mesothorax and were reared with rice seedlings.
A set of 6–10 insects at 3 days after injection was selected to
verify dsRNA knockdown efficiency by qRT-PCR. The remaining
individuals were used for observations of eggs laid and female
survival. Four to six biological replications were performed.

Egg-Laying, Survival Assay and
Quantification of Egg Number
For egg-laying assay, RNAi injected females (fully mated)
were transferred vials with fresh rice seedlings. Number of
laid eggs were counted under a stereomicroscope (Zeiss) after
3 days. The female survival was recorded 8 days after injection
of dsRNA. At least four to six vials per treatment were
observed. Ovaries of mated females were prepared under the
stereomicroscope (Zeiss). Pictures of ovaries were taken using
a light microscope with a digital video camera (Zeiss, ProgRes
3008 mF, Jenoptik, Jena, Germany). The number of eggs per ovary
were measured and counted.

Statistics
Experimental data was analyzed using GraphPad Prism 6
software (GraphPad Software Inc., San Diego, CA, United States).
The two-tailed unpaired Student’s t-test or one-way analysis
of variance (ANOVA) of Duncan’s multi-range test were used
to test the differences between two or more than two normal
distribution data.
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RESULTS

Sequence Analysis of tmc Gene Family in
N. lugens
We identified three tmc genes in the genome and transcriptome
database of N. lugens. These three tmc genes were cloned by
PCR and then confirmed by DNA sequencing (Table 1). One
fragment and two full-lengths of different cDNA clones were
obtained. These sequences were designated Nltmc3 (GenBank
accession number: MT576068), Nltmc5 (MT576067), and Nltmc7
(MT576069) according to their similarity to other invertebrate
and vertebrate tmc genes (Keresztes et al., 2003; Kurima et al.,
2003).

We cloned the fragment of Nltmc3 gene that consists of
4,476-bp cDNA encoding 1,492 amino acids. We tried to
clone the full-length of this gene using 5′-RACE and 3′-RACE
technology. Unfortunately, we did not get the positive results.
We then cloned the full-length of Nltmc5 and Nltmc7 gene.
The complete ORF of Nltmc5 and Nltmc7 encodes 692 and
780 amino acids, respectively. Exon-intron organization was
analyzed by comparing cloned cDNAs and the corresponding
genomic sequence, revealing that Nltmc3 is located on scaffold
754 and scaffold 3202, Nltmc5 is located on scaffold 943, and
Nltmc7 is located on scaffold 2298 (Figure 1). TMHMM2.0
strongly predicts the presence of eight or nine transmembrane-
spanning domains in each of the TMC proteins. They all encode
a conserved TMC domain that share the completely conserved
amino acid triplet C (cysteine) – W (tryptophan) – E (glutamic

acid), predicted to be located on the extracellular loop upstream
of TM6 (Figures 2–4) (Keresztes et al., 2003). Amino-acid
sequence comparisons between the NlTMC proteins and other
species TMC proteins show high overall amino acid similarity
at the transmembrane region and TMC domain (Figures 2–
4). The encoded protein of NlTMC3, similar with CeTMC1,
CeTMC2, and DmTMC, has large ORFs. BLASTP analyses of
protein sequence alignment showed that NlTMC3 had 60, 66, and
66%, sequence similarity with the TMC proteins of Drosophila
melanogaster and C. elegans. Interestingly, we found two internal
repeats between TM5 and TM6 in the Nltmc3 gene (Figure 2).
In mammals, eight TMC proteins can be grouped into three
subfamilies A, B, and C, based on sequence homology (Keresztes
et al., 2003). Phylogenetic tree comparison showed that NlTMC3
clustered with MmTMC1, MmTMC2, MmMTC3, CeTMC1,
CeTMC2, and DmTMC, which belongs to A subfamily. NlTMC5
is assembled in a group that contains MmTMC5 and MmTMC6,
which belongs to B subfamily. And NlTMC7 clustered with
MmTMC7 and HsTMC7 that belongs to C subfamily (Figure 5).

Developmental and Tissue-Specific
Expression Patterns of Nltmc Genes
The relative expression level of three Nltmc genes in different
developmental stages and tissues were measured by qPCR
(Figure 6). The results showed that the expression levels of the
Nltmc genes varied between the developmental stages including
egg, 1st–5th instar nymph, and 4-day old adults (MM, MF,
BM, and BF). Among them, Nltmc3 and Nltmc7 were highly

FIGURE 1 | Genomic structures of Nltmc3 (A), Nltmc5 (B), and Nltmc7 (C) genes and the domain structures of encoded proteins. The exon–intron organization of
Nltmc genes was determined by sequence comparison between genomic sequence and putative cDNA sequence. The top line of every gene represents the original
genomic scaffold sequences. The predicted start codon (ATG), stop codon (TAG or TAA) and the scaffold of gene locus (“ + ” represent the same orientation with
scaffold; “ – ” represent the reverse orientation with scaffold) are also shown in the corresponding positions. The bottom line represents the full-length sequence of
the transcript. The transmembrane regions are indicated by the black squares. In the predicted topologies of the receptors, the transmembrane regions are indicated
as TM1-8 or TM1-9.
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FIGURE 2 | Amino acid sequence alignment of NlTMC3 and orthologs genes from Caenorhabditis elegans (CeTMC1: NP_508221.3; CeTMC2: NP_001335510.1),
and Drosophila melanogaster (DmTMC: NP_001303362.1). The amino acid position is shown on the right. Identical residues between orthologs sequences are
shown as white characters against the black background, and conservative substitutions shown as shading. Black lines represent the transmembrane domain (TM),
white squares represent the internal repeats (IRs), and red line represents TMC domain.

expressed in the nymphs compared with other developmental
stages. Nltmc5 was more highly expressed in MM and MF than
BM and BF adults indicated that Nltmc5 might involve in the
wing polymorphism in BPH (Figures 6A,D,G).

We further investigated the relative expression level of three
Nltmc genes in various female adult tissues, including the
head, wing, gut, Malpighian tubules (MT) and FRO using
qPCR method. In the examined tissues, all Nltmc genes were
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FIGURE 3 | Amino acid sequence alignment of NlTMC5 and orthologs genes from Aedes aegypti (XP_021695152.1), Anopheles gambiae (XP_310494.4), and
Pediculus humanus corporis (XP_002427541.1). The amino acid position is shown on the right. Identical residues between orthologs sequences are shown as white
characters against the black background, and conservative substitutions shown as shading. Black lines represent the transmembrane domain (TM), and red line
represents TMC domain.

mostly expressed in reproductive organs compared with other
tissues (Figures 6B,E,H). This indicated that these genes could
be involved in reproduction in the BPH. We next examined
the expression pattern of three Nltmc genes within the FRO
(Figures 6C,F,I). Interestingly, Nltmc3 was highly expressed in
the oviduct (OU). While, Nltmc5 was the most expressed in the
ovary (OA). And Nltmc7 was almost expressed equally in the four
examined tissues (Figures 6C,F,I).

Silencing of Nltmc3 Affects Egg-Laying
of N. lugens
Next, we tested whether Nltmc genes are involved in the
egg laying of N. lugens. Using RNAi technology, we silenced
all of the Nltmc genes in the N. lugens (Figures 7A–C).

The dsRNA-injection did not negatively affect the survival
of N. lugens (Figure 7D). However, the dsNltmc3-injected
planthoppers showed the decreased eggs (Figure 7E). While
silencing Nltmc5 and Nltmc7 had little impact on the egg-laying
rate of BPH (Figure 7E).

Silencing of Nltmc3 Leads to
Undeveloped Ovaries of N. lugens
Next, we investigated the underlying mechanism of Nltmc3
involved in the egg laying of N. lugens. We did not observe any
developmental defects of BPH after Nltmc3 gene silencing (data
not shown). We then examined ovary development in females
at 7-day-adulthood (3-day after injection of dsRNA). For dsgfp-
injected females, ovaries were fully developed (Figure 7F). By
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FIGURE 4 | Amino acid sequence alignment of NlTMC7 and orthologs genes from Mus musculus (MmTMC7: NP_766064.2; MmTMC8: NP_001182017.1). The
amino acid position is shown on the right. Identical residues between orthologs sequences are shown as white characters against the black background, and
conservative substitutions shown as shading. Black lines represent the transmembrane domain (TM), and red line represents TMC domain.

FIGURE 5 | Phylogenetic analysis of three NlTMCs and various TMC proteins. Maximum likelihood tree was constructed by MEGA software. The numbers at the
nodes of the branches represent the percentage of bootstrap support (1,000 replications) for each branch. The gene names followed by their GenBank accession
numbers are listed in Table 2. Aa, Aedes aegypti; Ag, Anopheles gambiae; Am, Apis mellifera; Bm, Bombyx mori; Ce, Caenorhabditis elegans; Dm, Drosophila
melanogaster; Dr, Danio rerio; Ha, Helicoverpa armigera; Hh, Halyomorpha halys; Hs, Homo sapiens; Mm, Mus musculus; Mp, Myzus persicae; Ms, Melanaphis
sacchari; Pr, Pieris rapae; Pt, Parasteatoda tepidariorum; Vd, Varroa destructor; Ph, Pediculus humanus corporis.
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FIGURE 6 | The expression patterns of three Nltmc genes. (A,D,G) Expression patterns of three Nltmc genes at different developmental stages including egg, 1st to
5th instar nymphs, and adults of MF (macropterous female), BF (brachypterous female), MM (macropterous male), and BM (brachypterous male). (B,E,H) Expression
patterns of three Nltmc genes in various tissues including head, wing (WI), gut, Malpighian tubule (MT), and female reproductive organ (FRO). (C,F,I) Expression
patterns of three Nltmc gene in the four female reproductive organ regions including the oviduct (OU), ovary (OA), copulatory pouch (CP), and the spermatheca (SE).
Data are expressed as the mean ± s.e.m. (n > 3).

contrast, ovaries of dsNltmc3-injected females were small and
poorly developed (Figure 7F). In the Nltmc3-RNAi planthoppers,
we observed less detained eggs per ovary (Figure 7G). However,
silencing Nltmc5 and Nltmc7 has no impact on the ovarian
development in the BPH (Figures 7F,G).

DISCUSSION

Eight tmc genes were cloned in vertebrate (Keresztes et al., 2003;
Kurima et al., 2003). All TMC proteins are strongly predicted
to encode at least six conserved transmembrane domains and
a conserved TMC domain (Kurima et al., 2003). In insects,
the tmc gene was only cloned and investigated in Drosophila
(Guo et al., 2016; Zhang et al., 2016). There is only one tmc
gene in the Drosophila genome (Guo et al., 2016). And two

tmc genes were found in the C. elegans genome (Jia et al.,
2019). They all belongs to subfamily A tmc gene family. In
this study, we identified three tmc genes in the BPH genome,
suggestive of diverse separation of the tmc genes in different
species. They can be sub-divided into three subfamilies A,
B and C. There are three tmc genes in BPH. Three TMC
proteins in BPH were well clustered with other species’ TMC
proteins. They are homologs with Myzus persicae tmc3, Aedes
aegypti tmc5, and Myzus persicae tmc7, respectively, thus, we
used homologs genes’ names for the three tmc genes of the
BPH. Interestingly, we found that the Nltmc3 gene was highly
expressed in the FRO. The RNAi-based functional analysis
indicated that Nltmc3 was involved in female fecundity and
ovary development.

NlTMC3 protein exhibits sequence conservation with TMC
subfamily A members in other species including Drosophila and
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FIGURE 7 | RNAi-mediated silencing of Nltmc3 gene reduce eggs laid of female brown planthopper. (A–C) Downregulation of three Nltmc genes using Nltmc-RNAi
leads to a reduction in mRNA expression level. (D) No significant difference was observed in survival between dsNltmc and dsgfp. (E) Silencing of Nltmc3 gene by
dsNltmc3 resulted in a significant reduction of eggs laid. While silence of Nltmc5 and Nltmc7 gene have no impacts on egg-laying of brown planthopper. (F) The
effect of RNAi on the ovary development in the dsgfp (control), dsNltmc3, dsNltmc5, and dsNltmc7 groups. Scale bar = 1,000 µm. (G) The detained eggs in ovary
measured at 4 days old females injected with dsRNA for Nltmc3, Nltmc5, Nltmc7, or gfp. Groups that share at least one letter (e.g., a vs ab) are statistically
indistinguishable, and groups that have different letters (e.g., a vs b) are statistically different. One-way ANOVA followed by Tukey’s multiple comparisons test,
p < 0.05. All data are presented as means ± s.e.m.

C. elegans, in the putative transmembrane domains (Figure 2).
NlTMC3 is much larger than its nematode or mouse homologs.
A similar result was also found in the fruit fly (Guo et al., 2016).
Besides this, we discovered one internal repeat between TM5 and
TM6 (Figure 2). It is of interest to determine whether this repeat
has any physiological meanings in the future. We found two
other tmc genes, Nltmc5 and Nltmc7, which belong to subfamily
B and C, respectively. From our phylogenetic analysis, we also
found their homology gene in silkworm, mosquito and honeybee
(Figure 5). However, these two subfamily genes were lost in the
genome of Drosophila and C. elegans.

We also examined the distribution pattern of three Nltmc
genes. The results revealed a ubiquitous expression of Nltmc
genes in all developmental stages and examined tissues,
indicating the possibility of a vast array of physiological functions
for Nltmc genes. tmc1 and tmc2 are components of the mechano-
transduction channel for sound transduction in the hair cells of
the mammalian inner ear (Kurima et al., 2002; Vreugde et al.,
2002; Pan et al., 2013). However, they are very broadly expressed

which indicated that they might also functions in other tissues.
In mammals, three other tmc genes (tmc3, tmc4, and tmc7) are
also expressed in hair cells but their functions in hearing are
largely unknown (Kurima et al., 2003; Kawashima et al., 2015;
Scheffer et al., 2015). In C. elegans, TMC proteins are expressed
in both neurons and muscle cells (Chatzigeorgiou et al., 2013;
Zhang et al., 2015; Yue et al., 2018). Cetmc1 is required for
the ASH nociceptive neuron-mediated alkaline and salt chemo-
sensation (Chatzigeorgiou et al., 2013; Wang et al., 2016). Recent
studies showed that TMC proteins in C. elegans mediate a
background Na+-leak conductance in the egg-laying circuit
(HSN neurons and vulval muscles) (Yue et al., 2018). In
Drosophila, TMC protein was expressed on the larval class I
and class II dendritic arborization neurons and bipolar dendrite
neurons that acts in proprioception (Guo et al., 2016). The tmc
gene and TMC-expressing multi-dendritic neurons in the fruit
fly labellum are required for food texture detection (Zhang et al.,
2016). Our studies showed that sweet neurons inhibit texture
discrimination by signaling TMC-expressing mechanosensitive
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neurons when deciding where to deposit their eggs in Drosophila
(Wu et al., 2019). These results indicated that TMC-expressing
neurons play opposing roles in hardness discrimination in two
different behavioral decisions.

We found that Nltmc3 was highly expressed in the FRO
especially on the oviduct which indicated that this gene
might influence reproductive physiology in the BPH. Indeed,
knockdown of Nltmc3 led to reduction of female fertility and
undeveloped ovaries (Figure 7). In C. elegans, adult worms
lacking either Cetmc1 or Cetmc2 retained more eggs in the uterus
and had significantly less progenies. A more severely defective
egg-laying phenotype was observed in double mutant worms
(Yue et al., 2018). Our previous studies showed that interference
of β-adrenergic-like octopamine receptor (NlOA2B2) signaling
pathway had a strong impact on the egg laying of the female
BPH (Wu et al., 2017). OA2B2 has already been established in
D. melanogaster to be important for ovulation of eggs (Lim et al.,
2014; Li et al., 2015). However, we did not observe more retained
eggs in the Nltmc3-silenced BPHs. These results indicate that
silencing Nltmc3 gene has little impairment on the ovulation
of BPHs. We observed a dramatic reduction in the number of
mature eggs in the ovaries of females injected with dsRNA of
Nltmc3, as compared with the dsgfp-injected females. Hence, our
results indicated that NlTMC3 is required for ovary development
and fecundity in N. lugens. In many insects, the amino acid/target
of rapamycin (TOR) and insulin nutritional signaling pathways
have vital roles in insect reproduction (Roy et al., 2018). Former
studies have showed that silencing of the TOR gene in BPHs
leads to unmatured eggs (Lu et al., 2016). The TOR nutritional
signaling pathway and juvenile hormone (JH) regulation of
vitellogenesis has been known for a long time (Zhai et al., 2015;
Zhuo et al., 2017; Roy et al., 2018; Zhang et al., 2019). The possible

involvement of NlTMC3 in TOR or JH signaling in N. lugens
females needs further investigation.

In summary, we found that the Nltmc3 plays a critical
role in female N. lugens ovary development, and Nltmc3
knockdown leads to reduction of female fertility. Further studies
should be conducted to clarify how NlTMC3 influences female
N. lugens reproduction.
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Collaborating Centre for Vector Surveillance and Management, National Institute for Communicable Disease Control
and Prevention, Chinese Center for Disease Control and Prevention, Beijing, China

Hainan is a tropical island in southern China with abundant mosquito species,
putting Hainan at risk of mosquito-borne virus disease outbreaks. The population
genetic diversity of most mosquito species on Hainan Island remains elusive. In this
study, we report the diversity of mosquito species and the genetic diversity of the
predominant species on Hainan. Field populations of adults or larvae were collected
from 12 regions of Hainan Island in 2018 and 2019. A fragment of the mitochondrial
cytochrome c oxidase subunit I (coxI) gene was sequenced from 1,228 mosquito
samples and used for species identification and genetic diversity analysis. Twenty-three
known mosquito species from the genera Aedes, Armigeres, Culex, Mansonia, and
Anopheles and nine unconfirmed mosquito species were identified. Aedes albopictus,
Armigeres subalbatus, and Culex pipiens quinquefasciatus were the most prevalent
mosquito species on Hainan. The regions north of Danzhou, Tunchang, and Qionghai
exhibited high mosquito diversity (26 species). The order of the total haplotype diversity
and nucleotide diversity of the populations from high to low was as follows: Culex
tritaeniorhynchus, Ar. subalbatus, Culex pallidothorax, Culex gelidus, Ae. albopictus,
and C. p. quinquefasciatus. Tajima’s D and Fu’s Fs tests showed that Ae. albopictus,
C. p. quinquefasciatus, C. tritaeniorhynchus, and C. gelidus had experienced population
expansion, while the Ar. subalbatus and C. pallidothorax populations were in genetic
equilibrium. Significant genetic differentiation existed in the overall populations of Ae.
albopictus, Ar. subalbatus, C. p. quinquefasciatus, and C. pallidothorax. The Ae.
albopictus populations on Hainan were characterized by frequent gene exchange with
populations from Guangdong and four other tropical countries, raising the risk of viral
disease outbreaks in these regions. Two subgroups were reported in the Ar. subalbatus
populations for the first time. Our findings may have important implications for vector
control on Hainan Island.
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INTRODUCTION

Hainan Island is located in southern China and has an area
of 33,920 km2. The climate of Hainan is a tropical maritime
monsoon climate with an annual average temperature of 24.2◦C
and an annual average rainfall of 1,684 mm. Hainan has become
a China Pilot Free Trade Zone, with increasing international
tourism and commercial trade, under the Belt and Road
policy. The natural and cultural conditions of Hainan result
in abundant mosquito species. A total of 44 mosquito species
in 9 genera have been reported in Hainan based on classical
morphological classification, among which 28 species have
available molecular markers, such as mitochondrial cytochrome
c oxidase subunit I (coxI) gene sequences (Zhan et al., 2000;
Wang et al., 2012; Sun et al., 2014; Lian et al., 2015). The
common species include Anopheles sinensis, Anopheles dirus,
Anopheles tessellatus, Anopheles minimus, Aedes albopictus, Aedes
aegypti, Culex tritaeniorhynchus, Culex pipiens quinquefasciatus,
Armigeres subalbatus, etc. (Zhao et al., 2017). However, the
distribution and population genetic diversity of most mosquito
species in Hainan have not been reported.

The abundant mosquito diversity put Hainan at risk of
mosquito-borne virus disease outbreaks. There have been several
outbreaks of Japanese encephalitis virus, which is mainly
transmitted by C. tritaeniorhynchus (Zheng et al., 2011; Zhao
et al., 2017). Dengue fever, caused by Aedes-transmitted Dengue
viruses, is endemic in Hainan (Zheng et al., 2011). Hainan has also
been confirmed as a potential natural focus of other mosquito-
borne viruses such as Ross River virus and chikungunya virus
(Zhao et al., 2017). Therefore, knowledge of the mosquito species,
distribution, and population genetic diversity on the island is
key for the control of mosquitoes and mosquito-borne virus
diseases on Hainan.

The coxI gene is a valuable and reliable diagnostic tool for
studying the genetic diversity and establishing the intraspecific
relationships of mosquitoes (Walton et al., 2000; Cook et al.,
2005; Zhong et al., 2013). In this study, we used the coxI
gene to investigate the diversity and population genetic diversity
of field collected mosquitoes from 12 regions of Hainan in
2018 and 2019. In total, 23 known mosquito species from the
genera Aedes, Armigeres, Culex, Mansonia, and Anopheles and
nine unconfirmed mosquito species were identified. The genetic
diversity of six dominant species was analyzed.

MATERIALS AND METHODS

Mosquito Collection
Mosquitoes were collected from twelve regions: Haikou (HK),
Wenchang (WC), and Lingao (LG) in the north; Sanya (SY),
Lingshui (LS), and Ledong (LD) in the south; Dongfang (DF)
and Danzhou (DZ) in the west; Qionghai (QH) and Wanning
(WN) in the east; and Tunchang (TC) and Wuzhishan (WZS)
in the central part of Hainan Island, from June to October
2019 (Supplementary Figure 1). In seven of the regions (HK,
WC, SY, LS, DF, TC, and WZS) mosquitoes were collected from
June to September 2018 (Supplementary Figure 1). HK, LG,

WN, DZ, and LS were reported to have outbreaks of Dengue
fever (Wu et al., 2007). Malaria was epidemic in WN, DF, and
LD (Xiao et al., 2010). SY, LD, and HK ever outbroke with
Japanese encephalitis (Fu et al., 2002; Wang J. X. et al., 2015).
Each region included one sampling site, except for HK, which
included three sites, and DZ, which included two sites. Several
special sampling habitats included a maple deer field at TC, a
virgin forest at LS, and a wetland inhabited by water birds at
HK. Adult mosquitoes were captured using a human lure or light
trap and stored in liquid nitrogen or RNAlater (Thermo Fisher
Scientific, Waltham, MA, United States). Larvae were collected
from discarded buckets and bottles, puddles, and ditches, brought
to the laboratory, then raised to the adult stage before being
stored in liquid nitrogen.

DNA Extraction and Polymerase Chain
Reaction Amplification
Genomic DNA was extracted from one leg of each specimen
using the hot sodium hydroxide and Tris (Hot SHOT)
method (Montero-Pau et al., 2008). Briefly, one leg was
placed in 50 µL of alkaline lysis buffer (50 mM NaOH),
followed by incubation in a thermocycler at 95◦C for 30 min.
Then, 6 µL of Tris-HCl (pH 7.5) was added. Appropriate
forward (GGTCAACAAATCATAAAGATATTGG) and reverse
(TAAACTTCAGGGTGACCAAAAAATCA) primers (Folmer
et al., 1994) were used to amplify a 710 bp coxI gene fragment.
Polymerase chain reaction (PCR) was performed in a reaction
mixture containing 12.5 µL of Premix Taq (Takara Bio, Beijing,
China), 1 µL of 10 mM primers, 1.5 µL of DNA, and 10 µL of
distilled water. The thermal cycling conditions included a 5 min
initial denaturation step at 94◦C, followed by 34 cycles of 30 s of
denaturation at 94◦C, 30 s annealing at 55◦C and 41 s elongation
at 72◦C, and a final elongation at 72◦C for 12 min. The product
was checked by 1% agarose gel electrophoresis and sent to a
company (Beijing Tianyi Huiyuan Bioscience & Technology Inc.,
Beijing, China) for sequencing.

Data Analysis
After removing the bases corresponding to irregular peak
patterns, clean coxI sequences from 611 to 626 bp were obtained
from 1,227 mosquito samples and deposited into the GenBank
database. These sequences were aligned with the coxI gene
sequences of different species of mosquitoes downloaded from
GenBank using ClustalW of MEGA7.0 (Supplementary Table 1).
When the nucleotide identity of a specimen with the homologous
coxI sequence of a mosquito species in GenBank was over 99%,
the specimen was regarded as belonging to the same species as the
reference species. Sliding window analysis was performed using
DnaSP V.5.10.01 to reveal the number of haplotypes, haplotype
diversity, nucleotide diversity, and variable sites (Librado and
Rozas, 2009). The partitioning of genetic variation within and
among populations was calculated via the analysis of molecular
variance (AMOVA) with 1,000 permutations implemented in
Arlequin v. 3.5 (Excoffier and Lischer, 2010). The pairwise
fixation index (Fst) between the Hainan populations was
calculated with the distance method. The Fst between Hainan
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TABLE 1 | Species and numbers of mosquitoes collected in Hainan based on the nucleotide sequences of coxI.

Species Location

HK WC LD SY LG DZ DF QH WN LS TC WZS

Aedes albopictus 28 23 35 41 12 21 33 15 21 48 50 25

Ae. vexans 4 2

Ae. aegypti 3

Ae. malayensis 3

Armigeres subalbatus 26 24 15 33 3 1 15 5 29

Culex pipiens quinquefasciatus 78 2 109 65 1 135 38 16 2 93

C. gelidus 15 7 7 51

C. vishnui 4 2 4 17

C. pseudovishnui 4

C. tritaeniorhynchus 3 6 45 37

C. pallidothorax 12 1 22 65

C. fuscanus 16 1 9

C. sitiens 98 13

C. cinctellus 1

C. bitaeniorhynchus 1

C. fuscocephala 19 5

Mansonia uniformis 1 35

Anopheles barbirostris 4

An. tessellatus 4

An. aconitus 1 1

An. vagus 2 2 2

An. sinensis 1

An. kochi 1

and other regions of China or overseas sites was calculated with
haplotype frequencies. The significance level was tested with
10,000 random permutations (Slatkin and Hudson, 1991). Gene
flow (Nm) was calculated as (1 – Fst)/2Fst (Halbert et al., 2012).
Tajima’s D and Fu’s Fs values of the neutrality test were applied to
examine recent population expansion when the null hypothesis of
neutrality was rejected due to significant negative values (Tajima,
1989; Fu, 1997). Phylogenetic trees for the Aedes, Anopheles, and
Culex genera and Ar. subalbatus were constructed based on the
nucleotide sequences of coxI using the neighbor-joining method
(p-distance model and pairwise deletion) in MEGA 7.0. The
statistical significance of tree branching was tested by performing
1,000 bootstrap replications.

RESULTS

Mosquito Species Identification
The coxI sequences of single mosquitoes from Hainan were
obtained and aligned with the coxI sequences of different
species of mosquitoes downloaded from GenBank. Twenty-
three known mosquito species in five genera were identified
in the two years of the investigation in Hainan (Table 1),
including Ae. albopictus, Ae. aegypti, Aedes vexans, Aedes
malayensis, Ar. subalbatus, C. p. quinquefasciatus, Culex gelidus,
Culex vishnui, C. tritaeniorhynchus, Culex pallidothorax, Culex
fuscanus, Culex fuscocephala, Culex pseudovishnui, Culex sitiens,

FIGURE 1 | Distribution of mosquito species on Hainan. Triangles indicate
collection sites. A, Ae. albopictus. B, Ae. vexans. C, Ae. aegypti. D, Ae.
malayensis. E, Ar. subalbatus. F, C. p. quinquefasciatus. G, C. gelidus. H,
C. tritaeniorhynchus. I, C. sitiens. J, C. vishnui. K, C. pallidothorax. L,
C. fuscanus. M, C. fuscocephala. N, C. pseudovishnui. O, C. cinctellus. P,
C. bitaeniorhynchus. Q, An. barbirostris. R, An. tessellatus. S, An. vagus. T,
An. sinensis. U, An. aconitus. V, An. kochi. W, M. uniformis. Unconfirmed
mosquito species are numbered from 1 to 9.
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Culex cinctellus, Culex bitaeniorhynchus, Mansonia uniformis,
Anopheles barbirostris, An. tessellatus, Anopheles vagus, An.
sinensis, Anopheles kochi, and Anopheles aconitus. In addition to
the known species, nine samples showed a nucleotide identity
between 87 and 96% with known mosquito species. Therefore,
they were treated as unconfirmed mosquito species and
excluded from any further analyses (Supplementary Table 2).
Ae. albopictus was the most prevalent mosquito species on
Hainan Island and was found at all 12 sampling locations.
C. p. quinquefasciatus and Ar. subalbatus were second to Ae.
albopictus in terms of their distribution across the island. From
the overall distribution of the mosquitoes, it was clear that
the regions north of the line from Danzhou to Tunchang and
Qionghai were characterized by plentiful mosquito species; 22
known and 4 unconfirmed mosquito species were found in these

areas. In contrast, only 6 known and 5 unconfirmed mosquito
species were found in regions south of this line (Figure 1).

Neighbor-joining phylogenetic trees were constructed for the
Hainan mosquitoes of the Aedes, Culex, and Anopheles genera
with reference sequences of mosquitoes from other regions. In
the Aedes genus, the four species formed distinct clades with
99% bootstrap values (Figure 2A). In the Culex genus, each
species formed a distinct clade supported by a 100% bootstrap
value except for C. tritaeniorhynchus, which was split into two
subclades with a 71% bootstrap value. Furthermore, C. vishnui,
C. pseudovishnui, and C. tritaeniorhynchus clustered together
with a 95% bootstrap value, forming the acknowledged C. vishnui
complex (Figure 2B; Kumar et al., 2017). In the Anopheles
genus, the six species formed distinct clades with 100% bootstrap
values (Figure 3A).

FIGURE 2 | Neighbor-joining phylogenetic trees of Aedes and Culex genus mosquitoes from Hainan based on the nucleotide sequences of coxI. (A) Aedes genus.
(B) Culex genus. The Hainan samples are named according to the year-species-collection site. Sequences of mosquitoes with accession numbers in GenBank from
other regions (in brackets) are referenced. The sequence of Anopheles vagus is used as the outgroup. Bootstrap values over 60 are indicated.
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FIGURE 3 | Neighbor-joining phylogenetic trees of the Anopheles genus and
Armigeres subalbatus from Hainan based on the nucleotide sequences of
coxI. (A) Anopheles genus. (B) Ar. subalbatus. The Hainan samples are
named according to the year-species-collection site. Sequences of
mosquitoes with accession numbers in GenBank from other regions (in
brackets) are referenced. The sequence of Aedes albopictus or Anopheles
vagus is used as an outgroup. Bootstrap values over 60 are indicated.

Genetic Diversity of Ae. albopictus
Populations
Ae. albopictus was collected in 12 regions of Hainan. In total,
33 variable sites and 46 haplotypes were detected (Table 2).
Haplotypes 1 and 5 were the most widely distributed haplotypes
(Supplementary Table 3). The total haplotype diversity (Hd)
was 0.62, and the nucleotide diversity (π) was 0.17. The highest
diversity was found in the DF population, and the lowest
diversity was found in the WN population (Table 2). Pairwise
population differentiation was evaluated with the fixation index

(Fst) using the distance method (Table 3). High significant
pairwise population differentiation was observed between DF and
the other populations (Fst between 0.17 and 0.24). However,
the Nm values between DF and the other populations were
larger than 1 (from 1.55 to 2.44), indicating frequent gene
exchange between them (Table 3). The DZ and HK populations
showed significant but low differentiation (Fst < 0.1) from
some populations due to more frequent gene exchange. The
molecular variance analysis (AMOVA) showed that the majority
of the genetic variance occurred within populations (92.68%)
(Supplementary Table 4). The total Fst was 0.07 (P < 0.001),
and Nm was 6.64, reflecting low population differentiation.
Tajima’s D value (−2.10) and Fu’s Fs value (−29.15) for the
overall populations both reached a significant level, reflecting
significant population expansion (Table 2). Regarding the
specific populations, SY and TC presented significant negative
D and Fs values. WC and DZ exhibited significant negative
Fs values.

The Fst values between Hainan populations and those of other
regions from China or overseas were also calculated according
to the haplotype frequencies (Table 4). The haplotype sequences
of the Ae. albopictus populations from Henan, Fujian, Yunnan,
Guangdong in China, the Congo, the United States of America
(United States), Italy, the Lao People’s Democratic Republic,
Singapore, Japan, Thailand, and Pakistan were downloaded
from GenBank. The Hainan populations exhibited the largest
divergence from the United States population (Fst = 0.42,
P < 0.01) and the least divergence from the Congo population
(Fst = 0.09, P < 0.01). There was frequent gene flow between
the Hainan populations and the Henan, Yunnan, Guangdong,
Congo, Lao People’s Democratic Republic, Singapore, or
Thailand populations (Nm from 1 to 5.3).

Genetic Diversity of Ar. subalbatus
Populations
Ar. subalbatus was collected from nine regions of Hainan. The
phylogenetic analysis showed that two subgroups were clustered
with over 70% bootstrap values. The TC, WZS, LS, HK, DZ,
and WC populations contained individuals from both subgroups
(Figure 3B). Genetic diversity was analyzed among the HK, WC,
SY, DZ, LS, and WZS populations because they presented a
sample size of more than 10 individuals.

There were 16 haplotypes with 22 variable sites, and only
one haplotype appeared in all populations (Table 2 and
Supplementary Table 5). The two subgroups did not share
any haplotypes. The total haplotype diversity and nucleotide
diversity were 0.74 (Hd) and 0.42 (π), respectively. HK exhibited
the lowest haplotype diversity, and SY exhibited the lowest
nucleotide diversity. WC showed the highest haplotype and
nucleotide diversity (Table 2). Tajima’s D tests and Fu’s Fs
test for the overall populations did not present statistically
significant negative values, suggesting that the Ar. subalbatus
populations of Hainan were in genetic equilibrium. Only LS
exhibited a significant negative D value, implying population
expansion (Table 2). Significant genetic differentiation existed in
half of the pairs of the six populations, especially those including
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TABLE 2 | Haplotype and nucleotide diversity of the coxI gene of six mosquito species and the neutrality test.

Location N H Variable sites Haplotype diversity
(Hd ± SD)

Nucleotide diversity
(π × 102)

Tajima’s D Fu’s FS

Aedes albopictus HK 28 6 6 0.50 ± 0.11 0.20 −0.62 −1.17

WC 23 8 7 0.75 ± 0.08 0.21 −1.07 −3.62*

LD 35 5 4 0.63 ± 0.06 0.14 −0.37 −0.97

SY 41 9 8 0.62 ± 0.07 0.14 −1.54* −5.37*

LG 12 2 1 0.41 ± 0.13 0.07 0.54 0.74

DZ 21 9 8 0.73 ± 0.10 0.26 −0.95 −4.16*

DF 33 8 9 0.77 ± 0.04 0.26 −0.82 −1.86

QH 15 4 4 0.47 ± 0.15 0.13 −1.07 −0.77

WN 21 2 1 0.38 ± 0.10 0.06 0.66 0.94

LS 48 6 6 0.54 ± 0.06 0.11 −1.30 −2.33

TC 50 14 12 0.68 ± 0.07 0.18 −1.75* −10.95**

WZS 25 4 4 0.41 ± 0.11 0.10 −1.12 −0.88

Total 352 46 33 0.62 ± 0.03 0.17 −2.10* −29.15*

Armigeres subalbatus HK 26 4 9 0.40 ± 0.11 0.33 −0.45 2.26

WC 24 6 10 0.82 ± 0.05 0.53 0.70 1.55

SY 15 4 7 0.62 ± 0.12 0.22 −1.31 0.38

DZ 33 6 11 0.58 ± 0.09 0.33 −0.82 0.55

LS 15 5 9 0.63 ± 0.13 0.26 −1.56* −0.33

WZS 29 7 12 0.78 ± 0.06 0.53 0.26 1.08

Total 142 16 22 0.74 ± 0.03 0.42 −0.96 −2.71

Culex pipiens quinquefasciatus HK 78 2 1 0.36 ± 0.05 0.06 0.93 1.48

LD 54 9 20 0.57 ± 0.07 0.22 −2.15* −6.03*

SY 65 2 1 0.12 ± 0.05 0.02 −0.56 −0.32

DZ 113 10 44 0.51 ± 0.04 0.21 −2.63** −3.13

DF 38 3 2 0.10 ± 0.07 0.02 −1.49* −1.41*

QH 16 2 1 0.13 ± 0.11 0.02 −1.16 −0.70

WZS 93 5 9 0.08 ± 0.04 0.03 −2.25** −3.72*

Total 457 23 62 0.35 ± 0.03 0.11 −2.63** −29.07**

Culex tritaeniorhynchus DZ 6 5 32 0.93 ± 0.12 1.94 −0.91 1.12

QH 45 37 56 0.99 ± 0.01 0.96 −1.89* −25.29*

TC 37 25 36 0.97 ± 0.02 0.67 −1.83* −17.90*

Total 88 63 70 0.98 ± 0.01 0.91 −1.96* −25.32*

Culex gelidus HK 15 5 4 0.71 ± 0.09 0.14 −0.92 −1.86*

DZ 7 3 2 0.67 ± 0.09 0.14 0.21 −0.24

QH 7 4 3 0.81 ± 0.13 0.18 −0.30 −1.22

TC 51 14 16 0.79 ± 0.05 0.27 −1.69* −7.45*

Total 80 15 17 0.75 ± 0.04 0.22 −1.76* −8.55**

Culex pallidothorax WC 12 4 5 0.76 ± 0.08 0.30 0.50 0.78

DZ 22 7 7 0.86 ± 0.03 0.30 1.07 −0.26

WZS 65 9 9 0.63 ± 0.06 0.29 −0.12 −1.12

Total 99 13 13 0.79 ± 0.03 0.38 −0.13 −1.97

*P < 0.05, **P < 0.01. N, sample number; H, haplotype number.

the SY population, which showed significant differentiation
from all other populations except for LS (Fst between 0.10
and 0.26, Table 5), largely because all individuals from SY
belonged to a single subgroup (Figure 3B). Genetic exchange
frequently occurred between most populations (Nm values from
1.41 to 88.97) (Table 5). The total Fst was 0.10 (P < 0.01),
and Nm was 4.50. Most of the total variation existed within
populations (89.52%) (Supplementary Table 6). However, when
AMOVA was applied to the two subgroups, 77.06% of the

total variation was found to exist between the subgroups
(Supplementary Table 6). The Fst between subgroups was
0.77 (P < 0.01), and Nm was less than 1, indicating that
gene flow failed to prevent the subgroup differentiation caused
by genetic drift.

The genetic differentiation of the Hainan Ar. subalbatus
populations from those of Pakistan or India was analyzed
using haplotype frequencies. The Hainan populations
exhibited greater differentiation from the Pakistan population
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TABLE 3 | Pairwise genetic differentiation (Fst; lower triangle) and gene flow (Nm; upper triangle) between Aedes albopictus populations on Hainan.

Location HK WC LD SY LG DZ DF QH WN LS TC WZS

HK 11.09 4.30 8.34 58.75 6.01 1.87 32.22 14.55 8.63 14.85 20.74

WC 0.04 12.94 31.45 – 11.30 2.31 – 78.28 – – 53.39

LD 0.10** 0.04 21.23 56.63 6.05 2.44 28.86 12.72 17.82 54.03 12.72

SY 0.06* 0.02 0.02 – 9.10 1.71 – – – – –

LG 0.01 −0.02 0.01 −0.04 148.00 2.00 – – – – –

DZ 0.08** 0.04 0.08* 0.05* 0.01 1.80 20.47 14.54 8.31 10.28 11.88

DF 0.21** 0.18** 0.17** 0.23** 0.20** 0.22** 2.08 1.55 1.57 1.96 1.71

QH 0.05 −0.01 0.02 −0.02 −0.06 0.02 0.19** – – – –

WN 0.03 0.01 0.04 −0.02 −0.07 0.03 0.24** −0.03 – – –

LS 0.05* −0.01 0.03 −0.01 −0.05 0.06* 0.24** −0.02 −0.03 – –

TC 0.03* −0.01 0.01 −0.01 −0.04 0.05* 0.20** −0.03 −0.02 −0.01 –

WZS 0.02 0.01 0.04 −0.01 −0.06 0.04 0.22** −0.03 −0.04 −0.02 −0.01

*P < 0.05, **P < 0.01. When Fst is negative, Nm is not available.

TABLE 4 | Pairwise genetic differentiation (Fst; lower triangle) and gene flow (Nm; upper triangle) between different geographical populations of Aedes albopictus.

Location HN HEN FJ YN GD CG United States IT LA SG JP TL PT

HN 1.02 0.89 2.97 1.74 5.30 0.68 0.89 3.00 1.00 0.86 1.67 0.88

HEN 0.33** 2.21 2.36 4.42 0.25 3.17 1.68 1.67 1.23 3.77 1.88 0.89

FJ 0.36** 0.18* 1.47 2.92 0.26 1.30 1.12 0.99 0.99 1.61 1.36 1.75

YN 0.14* 0.17** 0.25** 17.94 0.43 0.76 1.63 10.76 1.94 1.49 9.31 1.61

GD 0.22** 0.10** 0.15** 0.03* 0.36 1.57 2.30 2.15 2.39 2.36 5.49 1.82

CG 0.09** 0.67** 0.65** 0.58* 0.21 0.24 0.81 0.32 0.23 0.40 0.22

United States 0.42** 0.14 0.28** 0.30** 0.71* 0.85 0.73 0.66 2.26 0.82 0.45

IT 0.36** 0.23* 0.31** 0.18** 0.68** 0.37** 1.00 1.00 1.23 1.46 0.74

LA 0.14** 0.30** 0.34** 0.19 0.38** 0.41** 0.33** 1.14 0.97 3.92 1.08

SG 0.33** 0.29** 0.34** 0.17** 0.61** 0.43** 0.33** 0.31** 2.37 1.66 0.92

JP 0.37** 0.12 0.24** 0.18** 0.68** 0.18** 0.29** 0.34** 0.17** 1.38 0.7

TL 0.23** 0.21** 0.27** 0.05 0.55 0.38** 0.25** 0.11** 0.23** 0.27** 1.49

PT 0.36** 0.36** 0.40** 0.24** 0.69** 0.53** 0.40** 0.32** 0.35** 0.42** 0.25**

HN, Hainan, 352 samples. HEN, Henan, 10. FJ, Fujian, 28. YN, Yunnan, 9. GD, Guangdong, 11. CG, Congo, 127. United States, 35. IT, Italy, 14. LA, Lao DPR, 154. SG,
Singapore, 36. JP, Japan, 15. TL, Thailand, 29. PT, Pakistan, 11. *P < 0.05, **P < 0.01. When Fst is negative, Nm is not available.

(Fst = 0.30, P < 0.01) than the Indian population (Fst = 0.13,
P < 0.05) but showed frequent gene flow with both populations
(Supplementary Table 7).

Genetic Diversity of
C. p. quinquefasciatus Populations
The collection of C. p. quinquefasciatus populations was
performed in seven regions. In total, 23 haplotypes with 62
variable sites were identified, and only one haplotype appeared
in all populations (Table 2 and Supplementary Table 8).
The total haplotype diversity and nucleotide diversity were
comparatively low (Hd = 0.35, π = 0.11), but LD and DZ
showed the highest diversity (Hd of approximately 0.5, π of
approximately 0.2). Tajima’s D tests and Fu’s Fs test for the overall
populations presented statistically significant negative values
(Table 2), indicating significant population expansion. LD, DF
and WZS exhibited significant negative D and Fs values, and DZ
showed a significant negative D. The largest pairwise population
differentiation existed between HK and SY (Fst = 0.18, P < 0.01).
HK exhibited significant differentiation from all six other
populations, followed by LD and DZ, which showed significant

differentiation from five populations (Table 6). Frequent gene
flow occurred between most populations (Nm from 2.31 to
143.25) (Table 6). The total Fst was 0.10 (P < 0.01), and
Nm was 4.50. The majority of the variation (90.43%) existed
within populations (Supplementary Table 9). Compared with
the populations from Turkey, the United Kingdom, Serbia, and
Canada, the Hainan populations exhibited no significant genetic
differentiation. The pairwise divergence between all populations
was not significant (Supplementary Table 10).

Genetic Diversity of Populations of Other
Mosquito Species
C. tritaeniorhynchus was collected at TC, QH, and DZ. There
were 63 haplotypes and 70 variable sites detected in these
populations in total (Table 2 and Supplementary Table 11).
The total haplotype diversity and nucleotide diversity were
quite high (Hd = 0.98, π = 0.91), and these populations
experienced expansion during their history with significant
negative Tajima’s D and Fu’s Fs values (Table 2). No significant
genetic differentiation was observed for these populations
(Supplementary Table 12).
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TABLE 5 | Pairwise genetic differentiation (Fst; lower triangle) and gene flow (Nm;
upper triangle) between Armigeres subalbatus populations on Hainan.

Location HK WC SY DZ LS WZS

HK 14.68 1.41 – 2.27 1.86

WC 0.03 4.38 17.68 30.54 10.68

SY 0.26** 0.10* 2.25 88.97 4.30

DZ −0.05 0.03 0.18** 4.12 2.22

LS 0.18** 0.02 0.01 0.11** 19.71

WZS 0.21** 0.04 0.10* 0.18** 0.02

*P < 0.05, **P < 0.01. When Fst is negative, Nm is not available.

TABLE 6 | Pairwise genetic differentiation (Fst; lower triangle) and gene flow (Nm;
upper triangle) between Culex pipiens quinquefasciatus populations on Hainan.

Location HK LD SY DZ DF QH WZS

HK 3.36 2.31 3.58 2.80 3.55 2.63

LD 0.13** 10.15 4.61 7.87 17.68 5.33

SY 0.18** 0.05** 5.62 19.54 19.03 57.87

DZ 0.12** 0.10** 0.08** 7.49 12.62 5.22

DF 0.15** 0.06** 0.02 0.06** 143.25 –

QH 0.12* 0.03 0.03 0.04 0.01 –

WZS 0.16** 0.09** 0.01 0.09** −0.01 −0.01

*P < 0.05, **P < 0.01. When Fst is negative, Nm is not available.

TABLE 7 | Pairwise genetic differentiation (Fst; lower triangle) and gene flow (Nm;
upper triangle) between Culex pallidothorax populations on Hainan.

Location WC DZ WZS

WC 2.12 2.70

DZ 0.19** 0.90

WZS 0.16* 0.36**

*P < 0.05, **P < 0.01. When Fst is negative, Nm is not available.

C. gelidus was collected at TC, HK, DZ, and QH. Fifteen
haplotypes and 17 variable sites were detected (Table 2 and
Supplementary Table 13). The total haplotype diversity was 0.75,
and the total nucleotide diversity was 0.22. The Tajima’s D and
Fu’s Fs values for the overall populations presented significant
negative values, indicating population expansion (Table 2).
No significant genetic differentiation was observed for these
populations (Supplementary Table 14).

C. pallidothorax was collected at WC, DZ and WZS. Thirteen
haplotypes and 13 variable sites were found in these populations
(Table 2 and Supplementary Table 15). The total haplotype
diversity was 0.79, and the total nucleotide diversity was 0.38.
The overall populations were in genetic equilibrium due to non-
significant negative Tajima’s D and Fu’s Fs values (Table 2).
Significant genetic differentiation existed between the pairs of
the three populations, and the largest differentiation appeared
between DZ and WZS (Fst = 0.36, P < 0.01) due to limited
genetic exchange between them (Nm less than 1) (Table 7).
The total Fst was 0.33 (P < 0.001), and Nm was 1.01.
A considerable proportion (33.06%) of genetic variance existed
among populations (Supplementary Table 16).

DISCUSSION

In the investigation of mosquito populations at Hainan from
2018 to 2019, we found 23 known species in five genera,
including four Aedes, 11 Culex, six Anopheles, one Mansonia,
and one Armigeres species based on the coxI sequences. In
addition, nine specimens were not confirmed due to their low
identities with the coxI sequences of known mosquitoes in
GenBank. Although coxI has emerged as the most commonly
used marker for barcoding, this marker sometimes does not
contain enough information to distinguish certain mosquito
species of Anopheles and Culex (Bourke et al., 2013; Laurito
et al., 2013). Another limitation of the barcoding approach is the
recombination within mitochondrial genes may lead to complex
sequence patterns when species with divergent mitochondrial
DNA genomes interbreed (Chan et al., 2014). To avoid potential
errors from the unique coxI barcoding, we used an over 99%
cutoff in the nucleotide identity with the published homologous
reference sequences of mosquito species.

The predominant species at Hainan probably changed
with time. In previous studies, Ae. albopictus, Ae. aegypti,
C. tritaeniorhynchus, C. p. quinquefasciatus, An. dirus, An.
sinensis, An. tessellates, An. minimus, and An. barbirostris
have been found to be broadly distributed on Hainan
(Zhao et al., 2017). However, in this study, Ae. albopictus,
C. p. quinquefasciatus, and Ar. subalbatus were the most
prevalent species. Ar. subalbatus was detected in nine regions,
whereas it was only found in Haikou, Sanya and Baoting before
2014 (Su et al., 1994; Zhan et al., 2000; Wang X. et al., 2015). Ae.
aegypti, An. sinensis, An. tessellates, and An. barbirostris were
found only in one region. C. tritaeniorhynchus was collected
in four regions. We did not collect any An. dirus or An.
minimus specimens.

The richness and dominant mosquito species of Hainan
Island are different from those of other tropical islands. In
an investigation conducted from 2005 to 2012 on Taiwan
Island, 26 mosquito species from 8 genera were identified (Su
et al., 2014). The most prevalent species on Taiwan Island
were C. tritaeniorhynchus, C. sitiens and An. sinensis, differing
considerably from the situation on Hainan. Thirteen species
were commonly observed on Hainan and Taiwan Islands. Eight
species of Aedes and Culex were found in 2013 on Tongatapu
Island, which is located in the South Pacific Ocean (Swan and
Harding, 2017). Ae. aegypti was the most prevalent species
on Tongatapu Island, followed by Ae. albopictus. C. sitiens,
C. p. quinquefasciatus, Ae. albopictus, Ae. aegypti, and Ae. vexans,
which existed on all three islands.

The Hainan Ae. albopictus populations showed frequent gene
flow with the Yunnan and Guangdong populations but not
with the Fujian populations. Fang et al. (2018) reported that
Hainan Ae. albopictus only exhibited frequent gene flow with the
Yunnan population and that gene exchange between Hainan and
Guangdong or Fujian populations was blocked. We also found
that the Hainan Ae. albopictus populations showed frequent
gene flow with the Congo, Lao People’s Democratic Republic,
Singapore, and Thailand populations. Our results remind us that
the risk of outbreaks of Ae. albopictus-borne human viruses, such
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as Dengue virus and Zika virus, is elevated in these tropical
areas considering the frequent gene flow between them, especially
between Guangdong and Hainan.

Ar. subalbatus is known to be the vector for parasites
of many human diseases, such as Japanese encephalitis virus
and the filarial worm Wuchereria bancrofti (Das et al., 1983).
Two subgroups are reported in the Ar. subalbatus populations
on Hainan for the first time. The Ar. subalbatus specimens
registered in GenBank from Pakistan, India and the Lao People’s
Democratic Republic all belong to one subgroup, while the Ar.
subalbatus specimens from a lab in United States (AY440299)
(Bartholomay et al., 2004) and Yunnan in China (KY978578)
(Li and Chen, 2018) are closely related to the other subgroup.
Ar. subalbatus has become one of the most prevalent species at
Hainan according to this investigation. The overall populations
remained in genetic equilibrium. Six populations contained
individuals from the two subgroups. A high ratio of variation
(77.06%) existed between the two subgroups. This is a dominant
cause of the high haplotype and nucleotide diversity of the
Ar. subalbatus populations on Hainan. The genetic divergence
between the two subgroups was quite high (Fst = 0.77), and
gene flow between them was blocked. It is possible that in
the future, the accumulation of genetic differences will lead to
reproductive isolation between the two subgroups and, thus, the
formation of new species.

In conclusion, our results showed a high diversity of mosquito
species and their population genetic characteristics on Hainan
Island. These results may have important implications for
vector control and shed light on understanding the evolutionary
processes of these mosquito species.
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Nuclear factor Y (NF-Y) is a heterotrimeric transcription factor with the ability to bind to a
CCAAT box in nearly all eukaryotes. However, the function of NF-Y in the life-history traits
of insects is unclear. Here, we identified three NF-Y subunits, NlNF-YA, NlNF-YB, and
NlNF-YC, in the wing-dimorphic brown planthopper (BPH), Nilaparvata lugens. Spatio-
temporal analysis indicated that NlNF-YA, NlNF-YB, and NlNF-YC distributed extensively
in various body parts of fourth-instar nymphs, and were highly expressed at the egg
stage. RNA interference (RNAi)-mediated silencing showed that knockdown of NlNF-
YA, NlNF-YB, or NlNF-YC in third-instar nymphs significantly extended the fifth-instar
duration, and decreased nymph-adult molting rate. The addition of 20-hydroxyecdysone
could specifically rescue the defect in adult molting caused by NlNF-YARNAi, indicating
that NlNF-Y might modulate the ecdysone signaling pathway in the BPH. In addition,
NlNF-YARNAi, NlNF-YBRNAi, or NlNF-YCRNAi led to small and moderately malformed
forewings and hindwings, and impaired the normal assembly of indirect flight muscles.
Adult BPHs treated with NlNF-YARNAi, NlNF-YBRNAi, or NlNF-YCRNAi produced fewer
eggs, and eggs laid by these BPHs had arrested embryogenesis. These findings deepen
our understanding of NF-Y function in hemipteran insects.

Keywords: Nilaparvata lugens, nuclear factor Y, wing development, ecdysone, reproduction

INTRODUCTION

Nuclear transcription factor Y (NF-Y) is an evolutionarily conserved transcription factor that exists
in almost all organisms, from prokaryotes to eukaryotes (Dorn et al., 1987; Laloum et al., 2013). NF-
Y exerts differential regulation on a wide variety of genes through binding to a CCAAT box, one
of the most ubiquitous elements in eukaryotic promoters (Li et al., 1992; Mantovani, 1998; Suzuki
et al., 2001). NF-Y consists of three subunits, NF-YA, NF-YB, and NF-YC, all required for DNA-
binding (McNabb et al., 1995; Sinha et al., 1995; Bi et al., 1997; Mantovani, 1999). Accumulated
evidence indicates that animal NF-Y is essential for numerous biological processes involved in
proliferation and apoptosis, cancer and tumorigenesis, stress responses, growth, and development
(Li et al., 2018). For instance, the deletion of the mouse NF-YA homolog causes early embryo
lethality (Bhattacharya et al., 2003). Down-regulation of mouse NF-YA was found to reduce the
expression of several cell cycle control genes in differentiated muscle cells, suggesting NF-YA
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is involved in specifying myogenic fate (Gurtner et al., 2003).
Knockdown or overexpression of the Drosophila melanogaster
NF-YA homolog in all tissues results in lethality at the larval stage,
indicating that a certain level of NF-YA is necessary for viability
in flies (Yoshioka et al., 2007). However, he contribution of NF-
Y homologs to the life-history traits of other insect species has
yet to be reported.

The wing-dimorphic brown planthopper (BPH), Nilaparvata
lugens (Hemiptera: Delphacidae), is the most destructive pest of
rice in Asia (Xue et al., 2014), causing a loss in rice production of
more than $300 million annually in Asia. It feeds exclusively on
the phloem sap of the rice plant and transmits plant viruses such
as rice ragged stunt virus and rice grassy stunt virus, resulting
in loss of plant vigor and reduced yield (Backus et al., 2005;
Otuka, 2013). The BPH is a hemimetabolous insect, the newly
hatched first-instar nymphs look like miniature adults except for
the absence of wings and sexual immaturity, and grow gradually
within increasing stages. The BPH has five nymphal stages,
and wing buds grow with each of these stages, but short- and
long-winged morphs are externally indistinguishable until the
adults emerge (Xu and Zhang, 2017). Long-winged BPH adults
have well-developed forewings, hindwings, and indirect flight
muscles (IFM), whereas, short-winged adults have undeveloped
forewings and rudimentary hindwings (Xu and Zhang, 2017;
Zhang et al., 2019). Wing dimorph and high fecundity are the two
most important biological features contributing to the ecological
success of the BPH (Zhang et al., 2019). Recently, facilitated by
the development of genetic tools (Xu et al., 2013; Xue et al., 2018)
and genomic information (Xue et al., 2014), the molecular basis
underlying wing dimorphism (Xu et al., 2015) and population
resurgence (Wu et al., 2020) are emerging, which offers a basis
for the design of new control agents to combat BPH infestation.

In the present study, we identified the BPH NF-YA (NlNF-
YA), NF-YB (NlNF-YB), and NF-YC (NlNF-YC) homologs by
searching the BPH genomic and transcriptomic databases. RNA
interference (RNAi)-mediated gene silencing showed that NlNF-
YA, NlNF-YB, and NlNF-YC all played pivotal roles in nymph
growth, wing formation, IFM development, and reproduction.
In addition, we found that NF-Y regulated adult eclosion most
likely through linking to the ecdysone signaling pathway. Our
findings deepen our understanding of the function of NF-Y in
hemipteran insects.

MATERIALS AND METHODS

Insects
The BPH strain was originally collected from a rice field in
Hangzhou, China. Insects were reared on rice seedlings (rice
variety: Xiushui 134) in a walk-in chamber at 26 ± 0.5◦C,
with a light: dark photoperiod of 16: 8 h and relative humidity
of 50 ± 5%.

Gene Identification and Sequence
Analysis
The amino acid sequences of Drosophila NF-Y homologs were
used to screen BPH genomic and transcriptomic databases for

homologs. Total RNA was isolated from BPH nymphs using
RNAiso plus (Takara #9109) according to the manufacturer’s
protocol. For cDNA syntheses, 450 ng of total RNA was
reversely transcribed in a 10 µL reaction with HiScript
QRT SuperMix (Vazyme #R223-01). The NlNF-YA, NlNF-YB,
and NlNF-YC sequences were amplified from cDNA using
fidelity DNA polymerase (Toyobo #930700) with NlNF-YA-
F/R, NlNF-YB-F/R, and NlNF-YC-F/R primer pairs, respectively
(Supplementary Table 1). The PCR product was cloned and the
sequence was determined by Sanger sequencing.

To identify the exon-intron construction of NlNF-Y, open
reading frames (ORFs) of NlNF-YA, NlNF-YB, and NlNF-YC
were used to search a BPH genomic database (Xue et al.,
2014). For phylogenetic analysis, 39 NF-Y sequences from 13
species including D. melanogaster, N. lugens, Acyrthosiphon
pisum, Apis cerana, Bemisia tabaci, Bombyx mori, Cryptotermes
secundus, Halyomorpha halys, Monomorium pharaonis, Nasonia
vitripennis, Nicrophorus vespilloides, Tribolium castaneum, and
Zootermopsis nevadensis were used for sequence alignment.
A phylogenetic tree was constructed with maximum-likelihood
method and 1000 bootstraps using the MEGA 7 program
(Kumar et al., 2016).

Spatio-Temporal Expression Pattern of
NlNF-Y
Total RNA was isolated from eggs (n = 100), first-instar (n = 100),
second-instar (n = 50), third-instar (n = 50), fourth-instar
(n = 30), fifth-instar nymphs (n = 15), and adult females (n = 15),
which were laid or ecdysed within 24 h. To examine tissue
distribution, we dissected the head (n = 50), antenna (n = 200),
tergum (n = 50), leg (n = 100), fat body (n = 30), cuticle
(n = 50), and gut (n = 100) from four-instar nymphs for RNA
extraction. First-strand cDNA was synthesized from total RNA
(450 ng) using HiScript QRT SuperMix (Vazyme #R223-01). The
synthesized cDNAs were 10-fold diluted and used as templates
for quantitative real-time PCR (qPCR). The qPCR primers for
NlNF-Y (Supplementary Table 1) were designed using Primer-
Blast.1 The qPCR was conducted on a CFX96TM real-time
PCR detection system (Bio-Rad) using the following conditions:
denaturation for 3 min at 95◦C, followed by 40 cycles at 95◦C
for 10 s, and 60◦C for 30 s. The ribosomal protein S11 gene
(rps11) was used as the internal reference gene (Yuan et al.,
2014). The 2−11Ct method (Ct represents the cycle threshold)
was used to measure the relative expression level (Livak and
Schmittgen, 2001). Three independent biological replicates with
three technical replicates were conducted for each experiment.

RNAi and Microinjection
The dsRNAs were synthesized using a T7 High Yield
Transcription Kit (Vazyme #TR101-02) according to the
manufacturer’s instructions with primers containing the T7
RNA polymerase promoter at both ends (Supplementary
Table 1). A dsRNA injection was carried out as in our previous
study (Xu et al., 2015). Briefly, fourth-instar nymphs were
anesthetized with carbon dioxide for 10–15 s. Approximately

1https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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150 ng dsRNA was microinjected into the mesothorax using
a FemtoJet microinjection system (Eppendorf). To investigate
whether disruption of NlNF-YA affected ecdysone signaling
activity, fifth-instar nymphs (n = 10 for each of three replicates)
were collected to examine the expression levels of NlE74A and
NlE75B by qPCR using corresponding primers (Supplementary
Table 1). To investigate RNAi efficiency, BPHs (n = 5 for
each of three replicates) at 24 h after adult eclosion were
collected for qPCR assay.

Forewing Size and Hind Tibiae Length
Fourth-instar nymphs (36–48 h after ecdysis, hAE) were
microinjected with dsRNAs targeting NlNF-YA (dsNlNF-YA),
NlNF-YB (dsNlNF-YB), NlNF-YC (dsNlNF-YC), or GFP (dsGFP).
After adult eclosion (24 h), images of the forewings and hind
tibiae were captured with a DFC320 digital camera attached to
a Leica S8AP0 stereomicroscope using a LAS digital imaging
system (v. 3.8). Digital images of forewings (n = 20) and hind
tibias (n = 20) were collected for the measurement of forewing
size and hind tibia length using ImageJ (v. 1.47).

Microinjection With 20-hydroxyecdysone
(20E)
Fourth-instar nymphs (36–48 hAE) were microinjected with
corresponding dsRNAs targeting each gene, and then nymphs
were maintained on fresh rice seedings until the fifth-instar
stage (within 48 h). Fifth-instar nymphs were microinjected
with 20E (1 mg/ml) or distilled water, and the adult eclosion
rate was calculated.

Transmission Electron Microscopy
Fourth-instar nymphs (36–48 hAE) were microinjected with
dsRNAs targeting NlNF-YA, NlNF-YB, NlNF-YC, or GFP. The
thoraxes were dissected from adult females (24 h after emergence)
for Transmission Electron Microscopy (TEM) as in our previous
study (Xue et al., 2013). Briefly, samples were fixed in 2.5%
glutaraldehyde overnight at 4◦C. After fixation, samples were
post-fixed in 1% osmium tetroxide for 1.5 h. Then, samples were
dehydrated in a standard ethanol/acetone series, infiltrated and
embedded in Spurr medium, and then superthin sections were
cut. The sections were stained with 5% uranyl acetate followed by
Reynolds’ lead citrate solution and observed under a JEM-1230
transmission electron microscope (JEOL).

Fecundity Assay
Newly emerged females and males (within 12 h after eclosion)
were microinjected with dsNF-YA, ds-NF-YB, dsNF-YC, or dsGfp.
Then each female was allowed to match with two males in a glass
tube. Insects were removed at 5 days after matching, and eggs
were counted under a Leica S8AP0 stereomicroscope.

Data Analysis
Statistical analyses were performed using GraphPad Prism 7.0
(GraphPad Software). Means were compared using a two-tailed
Student’s t-test and log-rank (Mantel-Cox) test at a significance
level set at ∗P < 0.05, ∗∗P ≤ 0.01, and ∗∗∗P ≤ 0.001.

RESULTS

NlNF-YA, NlNF-YB, and NlNF-YC
Sequence Analysis
We identified three genes encoding BPH NF-Y homologs, NlNF-
YA, NlNF-YB, and NlNF-YC, in a BLAST search against BPH
genomic (Xue et al., 2014) and transcriptome databases using
the D. melanogaster NF-Y proteins as query sequences. The
ORFs of NlNF-YA, NlNF-YB, and NlNF-YC were 1002-, 609-,
and 1011-bp in length, encoding 333, 202, and 336 amino
acid residues, respectively (Supplementary Figures 1–3). Exon-
intron construction analysis showed that the NlNF-YA, NlNF-
YB, and NlNF-YC ORFs consist of eight, five, and eight exons,
located in scaffolds 6450/1657, 3414, and 1809, respectively.
A phylogenetic analysis based on NF-Y homologs from 13 species
showed that NlNF-YA, NlNF-YB, and NlNF-YC together with
their counterparts formed three distinct clusters (Figure 1),
indicating that the BPH NF-Y genes we identified were authentic
NF-Y homologs.

Spatio-Temporal Analysis of NlNF-YA,
NlNF-YB, and NlNF-YC
Spatio-temporal expression of NlNF-YA, NlNF-YB, and NlNF-
YC was examined by qPCR. NlNF-YA, NlNF-YB, and NlNF-YC
transcripts were readily detected from egg to adult stages,

FIGURE 1 | Phylogenetic analysis of NlNF-Y members. The phylogenetic tree
was constructed with 39 full-length NlNF-Y members from 13 species using
the maximum-likelihood method and bootstrapping was set to 1,000
replications. NlNF-YA, NlNF-YB, and NlNF-YC are indicated by dots. Nl,
Nilaparvata lugens; Dm, Drosophila melanogaster; Ap, Acyrthosiphon pisum;
Ac, Apis cerana; Bt, Bemisia tabaci; Bm, Bombyx mori; Cs, Cryptotermes
secundus; Hh, Halyomorpha halys; Mp, Monomorium pharaonis; Nv, Nasonia
vitripennis; Nve, Nicrophorus vespilloides; Tc, Tribolium castaneum, and Zn,
Zootermopsis nevadensis.
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and relatively high levels were detected in eggs laid within
24 h (Egg-24 h) (Figure 2A), indicating that they might play
important functions in egg development. Tissue distribution
analysis showed that NlNF-YA, NlNF-YB, and NlNF-YC were
evenly expressed in head, antenna, tergum, leg, fat body, cuticle,
and gut of fourth-instar nymphs (Figure 2B), indicating NlNF-Y
genes might be important for BPH growth and development.

Knockdown of NlNF-Y Genes Leads to
Small and Malformed Wings
To investigate whether NlNF-YA, NlNF-YB, and NlNF-YC played
any roles in BPH development, fourth-instar short-wing-destined

nymphs were microinjected with corresponding dsRNAs
targeting each gene. At 48 h after microinjection, RNAi
efficiency was examined by qPCR, which showed that dsRNA
treatments significantly down-regulated the expression levels
of NlNF-YA, NlNF-YB, and NlNF-YC by 63.7, 99.9, and 82.7%,
respectively, relative to the GFPRNAi treatment (Figure 3A).
Notably, NlNF-YARNAi, NlNF-YBRNAi, and NlNF-YCRNAi

caused high mortality, leading to approximately 60, 60, and
40% of nymphs died before adult eclosion (Figure 3B),
respectively. The remaining nymphs could successfully molt
into adults. However, these adults had moderately smaller
and slightly malformed forewings relative to GFPRNAi BPHs

FIGURE 2 | Spatio-temporal expression of NlNF-Y genes. (A) Developmental profile of NlNF-YA, NlNF-YB, and NlNF-YC. Total RNAs were isolated from eggs
(n = 100), first-instar (n = 100), second-instar (n = 50), third-instar (n = 50), fourth-instar (n = 30), fifth-instar nymphs (n = 15), and adult females (n = 15). (B) Tissue
distribution of NlNF-Y. Total RNAs were extracted from the head (n = 30), antenna (ant, n = 200), tergum (n = 50), leg (n = 100), fat body (n = 30), cuticle (n = 50),
and gut (n = 100) from fourth-instar nymphs. First-strand cDNA was synthesized using random primers, and qPCR was conducted using specific primers
corresponding to each gene. The relative expression level was normalized by the ribosomal S11 gene (rps11). Bars represent s.d. derived from three independent
biological replicates.
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(Figures 4A,B). NlNF-YARNAi, NlNF-YBRNAi, and NlNF-YCRNAi

specifically reduced forewing size but had marginal roles on
hind tibiae length (Figure 4C). These data indicated that
NlNF-YA, NlNF-YB, and NlNF-YC were essential for normal
wing growth in BPHs.

Knockdown of NlNF-Y Genes Leads to
Defective IFM
Because short-wing BPHs lack hindwings and IFM, we used
long-wing BPHs to investigate whether NlNF-YA, NlNF-YB,
and NlNF-YC had any effect on IFM development. For this,

FIGURE 3 | The survival rate of BPHs after dsRNA treatment. (A) Examination of RNAi efficiency. Fifth-instar nymphs (0–24 hAE) were microinjected with dsRNAs,
and BPHs (n = 5 for each of three replicates) at 24 h after adult eclosion were collected for qPCR assay. The relative expression of NlNF-YA, NlNF-YB, and NlNF-YC
was normalized to the expression of rps11. (B) The survival rate of BPHs after dsRNA treatment. Fourth-instar nymphs (n = 100) were microinjected with dsRNAs
targeting NlNF-YA, NlNF-YB, NlNF-YC, or Gfp. Statistical analysis was performed by log-rank (Mantel-Cox) test. NlNF-YARNAi, dsNlNF-YBRNAi, or dsNlNF-YCRNAi

significantly decreased the survivability of nymphs compared to GFPRNAi (***P < 0.001).

FIGURE 4 | Knockdown of NlNF-Y reduces forewing size in short-winged BPHs. (A) Morphology of dsRNA-treated short-winged BPHs. (B) The size of forewings
after dsRNA treatment. (C) Relative wing size and tibia length in BPHs with NlNF-Y or Gfp knockdown. Each dot represents the wing size and tibia length derived
from an individual female (n = 20). Bars represent the mean ± s.d. derived from independent biological replicates (n = 20). Statistical comparisons between two
groups were performed using a two-tailed Student’s t-test (n.s., non-significant).
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fourth-instar long-wing-destined nymphs were microinjected
with corresponding dsRNAs targeting each gene. NlNF-YARNAi,
NlNF-YBRNAi, and NlNF-YCRNAi gave rise to adults with curved
forewings and hindwings (Figure 5A). In line with the phenotype
in short-winged BPHs, smaller forewings and hindwings were
observed in adults previously treated with either NlNF-YARNAi,
NlNF-YBRNAi, or NlNF-YCRNAi (Figure 4B), although there was
no discernable effect on hind tibia length (Figure 4C). Next, these
adults were collected for IFM ultrastructure examination using
TEM. In GFPRNAi adults, sarcomeres were clearly divided by Z
discs and well-organized (Figure 6). In contrast, NlNF-YARNAi,
NlNF-YBRNAi, or NlNF-YCRNAi led to defective sarcomeres, with
deformed Z discs and weakly organized myofibrillar. These
events indicated that the NlNF-Y complex might be essential for
IFM assembly in BPH.

Knockdown of NlNF-Y Genes Impairs
Nymphal Growth and Adult Molting
Given that NlNF-Y genes were evenly expressed across nymphal
stages (Figure 2A), we investigated whether knockdown of

NlNF-Y genes would affect nymph growth. For this purpose,
third-instar nymphs were microinjected with corresponding
dsRNAs targeting each gene. Nymphs treated with NlNF-
YARNAi, NlNF-YBRNAi, or NlNF-YCRNAi had an extended fifth-
instar duration compared with those treated with GFPRNAi

(Figure 7A), with NlNF-YARNAi showing the most profound
effect (Figure 7A). In addition, the majority of NlNF-YARNAi-
treated nymphs died before adult emergence (Figure 7B),
indicating that the disruption of the NF-Y complex impaired
nymph-to-adult ecdysis.

Given that ecdysone is a hormone that initiates all major
developmental transitions from the egg, to larva, to pupa, to
adult in insects (Gilbert et al., 2002; Dubrovsky, 2005), we
asked whether it mediated the effects of NlNF-YA on adult
molting. For this purpose, we first assessed the expression levels
of two early ecdysone response genes, NlE74A and NlE75E
(Dubrovsky, 2005), in the context of NlNF-YA knockdown.
NlNF-YARNAi significantly reduced both NlE74A and NlE75E
transcripts compared with GFPRNAi (Figure 7C), indicating that
knockdown of NlNF-YA might impair ecdyson signaling activity.
Following this observation, we asked whether the addition

FIGURE 5 | Knockdown of NlNF-Y reduces forewing size in long-winged BPHs. (A) Morphology of dsRNA-treated long-winged BPHs. (B) The size of forewings and
hindwings after dsRNA treatment. (C) Relative wing size and tibia length in BPHs with NlNF-Y or Gfp knockdown. Each dot represents the wing size and tibia length
derived from an individual female (n = 20). Bar represents mean ± s.d. derived from independent biological replicates (n = 20). Statistical comparisons between two
groups were performed using a two-tailed Student’s t-test (n.s., non-significant).
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FIGURE 6 | TEM of the IFM of dsRNA-treated long-winged BPHs. Fourth-instar nymphs were treated with dsRNAs targeting Gfp (A), NlNF-YA (B), NlNF-YB (C), or
NlNF-YC (D). Thorax was dissected from female adults (24 h after eclosion) for TEM. The Z discs are indicated by arrows.

of ecdysone could rescue the NlNF-YARNAi defect. To this
end, fourth-instar nymphs were microinjected with dsNlNF-YA,
followed by microinjection with 20E when nymphs proceeded
to the fifth-instar at 48 h after eclosion. The addition of 20E
could partially restore the molting defect caused by NlNF-YARNAi

(Figure 7B) compared with the addition of water, indicating that
NlNF-YARNAi decreased adult eclosion at least partially through
the ecdysone signaling pathway.

Knockdown of NlNF-Y Genes Impairs
Reproduction
Given that relatively high amounts of NlNF-YA, NlNF-YB,
and NlNF-YC transcripts were detected at the early egg stage
(Figure 2A), we asked whether NlNF-YA, NlNF-YB, and NlNF-
YC contributed to BPH reproduction. Female and male adults
at 12 h after eclosion were microinjected with corresponding
dsRNAs targeting each gene, and then allowed to mate and to
lay eggs for 5 days. BPHs treated with NlNF-YARNAi, NlNF-
YBRNAi, and NlNF-YCRNAi laid substantially fewer eggs than
those treated with GFPRNAi (Figure 8A). In addition, the eggs laid
by BPHs previously treated with NlNF-YARNAi, NlNF-YBRNAi, or
NlNF-YCRNAi failed to develop eye pigmentation, a characteristic
hallmark of egg development, indicating NlNF-Y genes might be
essential for embryogenesis (Figure 8B).

DISCUSSION

In this study, we investigated the functions of individual NlNF-Y
members in the BPH during nymphal development, adult
molting, wing growth, IFM development, and reproduction.
The results demonstrated that NlNF-Y played pivotal
roles in these processes. Depletion of NlNF-YA, NlNF-
YB, and NlNF-YC resulted in extended nymphal duration,
affected nymph-adult molting progress, reduced wing size,
disrupted IFM assembly, reduced egg production, and
impaired egg development. These findings provide an
impetus to understand the function of NF-Y in life-history
traits of insects.

The CCAAT box is one of the most common cis-acting
elements found in the promoter and enhancer regions of
various genes in eukaryotes (Li et al., 1992). An analysis of
a large database of 1,031 human promoters indicated that
the CCAAT box is present in 63% of them (Suzuki et al.,
2001). NF-Y is the major CCAAT box recognizing protein
that binds to DNA with high specificity and affinity (Bi
et al., 1997; Mantovani, 1998). Knockdown or overexpression
of the Drosophila NF-YA homolog with different GAL4 also
drives lethality in the Drosophila pharate adult stage, possibly
by influencing disc specification (Yoshioka et al., 2007; Ly
et al., 2013). A similar phenomenon was observed in BPH,
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FIGURE 7 | Nymphal duration and adult eclosion of dsRNA-treated BPHs. (A) Third-instar nymphs (0–24 hAE) were microinjected with dsRNAs targeting NlNF-YA
(n = 660), NlNF-YB (n = 435), NlNF-YC (n = 480), or Gfp (n = 442). The curve in different developmental stages indicates the molting ratio. (B) The nymph-adult
eclosion rate of BPHs. Fourth-instar nymphs (36–48 hAE) were microinjected with dsRNAs targeting NlNF-YA or Gfp, and then 20E or distilled water was
microinjected when nymphs proceeded the fifth-instar stage. (C) The expression of NlE74A and NlE75B in context of NlNF-YA knockdown. The relative expressions
of NlE74A and NlE75B were normalized to the expression of rps11. Statistical comparisons between two groups were performed using two-tailed Student’s t-test
(*P < 0.05, and **P < 0.01).

FIGURE 8 | Fecundity of adults with gene knockdown and phenotype of eggs produced. (A) Newly emerged adults (0–12 hAE) were treated with dsRNAs targeting
each gene. The dsRNA-treated females and males were allowed to mate and laid eggs for 5 days. Each circle represents eggs produced by an individual female
(n = 6). Bars represent the mean ± s.d. Statistical comparisons between two groups were performed using a two-tailed Student’s t-test (***P < 0.001).
(B) Morphology of eggs deposited after 5 days by dsRNA-treated BPHs. The eye pigmentation is indicated by an arrow head.

depleting NlNF-YA, NlNF-YB, and NlNF-YC delayed fifth-instar
development and led to high lethality, indicating that the CCAAT
box might also be a common cis-acting element in the BPH.
In addition, we noticed that depletion either NlNF-YA, NlNF-
YB, or NlNF-YC led to small and malformed forewings and
hindwings. As a wing-dimorphic insect, fifth-instar BPH nymphs
have the ability to develop into either short-winged or long-
winged adults. A recent finding showed that cells of short wing
pads are largely in the G2/M phase of the cell cycle, whereas
those of long wings are largely in G1, indicating that cell cycle
progression is necessary for wing morph determination (Lin
et al., 2020). These observations are in line with previous reports
that cell cycle-related genes are the main target genes of NF-Y
(Zwicker et al., 1995; Bolognese et al., 1999; Farina et al., 1999;

Kao et al., 1999; Korner et al., 2001; Manni et al., 2001). In
addition, the depletion of NlNF-Y not only affected wing size,
but also led to an IFM defect, the latter tissue is only present
in long-winged adults. Based on these events, we speculate
that NF-Y might be tightly involved in regulating alternative
wing morphs in the BPH although this needs to be further
confirmed experimentally.

It is of interest that the depletion of NlNF-YA significantly
decreased the adult molting rate, and this defect could be partially
rescued by the addition of 20E. In addition, the depletion of
NlNF-YA significantly reduced the expression levels of NlE74A
and NlE75B, the downstream genes of the ecdysone pathway.
These findings indicated that NlNF-Y might affect the ecdysone
pathway although the underlying mechanism remains unknown.
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Although there remains much to be done, our findings provided
a first glimpse of the function of NF-Y in hemipteran insects.
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Behavioral changes caused by domestication in animals are an important issue in
evolutionary biology. The silkworm, Bombyx mori, is an ideal fully domesticated insect
model for studying both convergent domestication and behavior evolution. We explored
the genetic basis of climbing for foraging and mimicry, two degraded behaviors
during silkworm domestication, in combination of bulked segregant analysis (BSA) and
selection sweep screening. One candidate gene, ASNA1, located in the 3–5 Mb on
chromosome 19, harboring a specific non-synonymous mutation in domestic silkworm,
might be involved in climbing ability. This mutation was under positive selection in
Lepidoptera, strongly suggesting its potential function in silkworm domestication. Nine
candidate domesticated genes related to mimicry were identified on chromosomes
13, 21, and 27. Most of the candidate domesticated genes were generally expressed
at higher levels in the brain of the wild silkworm. This study provides valuable
information for deciphering the molecular basis of behavioral changes associated with
silkworm domestication.

Keywords: Bombyx mori, behavioral domestication, climbing, mimicry, bulked segregant analysis, selection
sweep screening

INTRODUCTION

Compared with wild animals, domestic animals showed typical behavioral adaptation to artificial
selection. Reduced fear of humans and increased tolerance to artificial stresses are two earliest
and most important adaptations in animals. Artificial selection can reduce the effects of natural
selection of animals, for example, foraging ability and predator avoidance (Solberg et al., 2020).
Domesticated behaviors shared in disparate animals are considered as “domestication syndrome”
(Wilkins et al., 2014). Deciphering the genetic basis of domesticated behaviors will improve the
understanding of animal domestication. The developments of high-throughput sequencing and
evolutionary genomics have greatly accelerated the reverse genetic studies on morphological traits
in mammals and poultries (Frantz et al., 2015; Qiu et al., 2015; Pendleton et al., 2018; Zhang et al.,
2018). However, behavioral traits are more difficult to assay than morphological traits in animals.
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Mapping behavior-related loci in animals is largely hampered
by the difficulties in constructing mapping populations and
phenotype investigation.

During the breeding of silkworm, many behavioral and
morphological traits have been domesticated. Domesticated
genes and pathways involved in the nervous system in silkworm
were also found in other animals, suggesting the “domestication
syndrome” in silkworm (Xiang et al., 2018). The larval
locomotion, especially the climbing for foraging ability, has
been largely decreased in the domestic silkworm. Notably, the
domestic silkworm has the greatest potential to climb at the
wandering stage or been infected by baculovirus, indicating
possible correlations with the nervous system (Kamita et al.,
2005; Feiguin et al., 2009). Another novel adapted behavior in
the domestic silkworm is the loss of larval mimicry response
to exogenous stimulus. Usually, the wild silkworm larva at the
end of instar stretches its body and holds tightly to imitate a
mulberry branch immediately in response to exogenous stimulus.
The climbing and mimicry abilities are essential for foraging and
predator avoidance in the wild silkworm and other wild insects
(Garrouste et al., 2016). However, the genetic basis for these two
interesting behavioral traits is still unclear. Benefit from the high-
throughput sequencing-based bulked segregant analysis (BSA),
the trait-related loci can be identified rapidly using individuals
with extreme phenotypes in a mapping population (Takagi
et al., 2013; Zegeye et al., 2018; Liu et al., 2019). The feasible
construction of mapping population between the wild silkworm
and the domestic silkworm also enables the identification of
domestic behavior-related loci in silkworm.

In this study, the two domestic behaviors, climbing for
foraging and mimicry, were carefully observed in the mapping
population between the wild silkworm and the domestic
silkworm. Individuals showing fully loss of climbing ability
for foraging or mimicry response were selected for bulked re-
sequencing and compared with both parents and individuals
with extreme climbing ability and mimicry response. Candidate
genes related to these two behaviors were identified through BSA
analysis, combined with selection sweep screening and estimation
of expression patterns of domesticated genes in candidate
region(s). This study provides an efficient method to illustrate
the potential genetic basis related to behavioral evolution
during silkworm domestication. Further study on behavior-
related genes will provide important clues for understanding
the genomic evolution of behavioral adaptation under artificial
selection in animals.

MATERIALS AND METHODS

Construction of Mapping Population
The wild silkworm with climbing ability and mimicry response
and the domestic silkworm P50 strain loss of these two characters
were collected from a wild field in Zhejiang Province and
maintained as indoor populations. The wild female moth with
larger body and weaker flying ability was crossed with the
domestic moth P50 (male) to generate the F1 generation. Then,
the F1 (male) was backcrossed with the domestic moth P50 strain

(female) to generate the BC1 mapping population. Climbing
and mimicry behaviors were carefully observed in both F1
and BC1 generations. All the silkworms were fed at 27◦C
and 70% humidity.

Phenotypic Assay and Establishment of
Segregation Groups
To examine the climbing ability, the BC1 individuals (∼200)
were fed in boxes (with insufficient mulberry leaves) under
mulberry seedlings at the beginning of the 5th instar for∼7 days.
Individuals with strong climbing ability could climb up ∼50 cm
to the mulberry seedlings for foraging. Those climbed up to the
branches were put back to the box for repeated observation (at
least 3 times/day). Individuals that consistently climb or stay
in boxes were considered as individuals with extreme distinct
phenotypes in the segregation population and selected for bulked
sequencing. We also observed individuals with white or dark
body in both segregation groups. Therefore, four independent
sets of different larval body colors were generated for re-
sequencing, i.e., white body with climbing ability, white body loss
of climbing ability, dark body with climbing ability, and dark
body loss of climbing ability, 20 individuals for each set.

To estimate the mimicry traits, the BC1 individuals (∼200)
were fed on mulberry branches. Then, the branches were shaken
artificially to observe the mimicry response. Those extended their
head and chest to simulate the dendrite shape and maintained
for at least 10 s were considered as extreme mimic individuals
(Supplementary Video 1). Those showed mimicry response
were also verified by hand touch (Supplementary Video 2). On
the contrary, individuals that kept eating even when touched
by hand were considered as extreme non-mimic individuals
(Supplementary Video 3). Eventually, 18 individuals with strong
mimicry response and 20 non-mimicry individuals were selected
for re-sequencing, respectively.

DNA Extraction and Sequencing
The total DNA was extracted for each individual using a
traditional phenol–chloroform DNA extraction protocol and
quantified by NanoDrop 2000 (Thermo). Equal quantity (1.5
µg) DNA of each individual in each set was pooled to obtain
bulked DNA for sequencing on the Illumina Hiseq 4000 platform
(PE150, with insert size around 350 bp). The sequencing libraries
were constructed according to the manufacturer’s instructions.
In addition, both the wild silkworm (P_Wild) and the domestic
silkworm (P_P50) were sequenced for comparison.

Sequence Alignment and SNP/InDel
Calling
The reference genome of domestic silkworm was downloaded
from the Silkbase1. The re-sequencing short reads of each bulk
were aligned to the reference genome with BWA (Burrows–
Wheeler Aligner) (-t 4 -k 32 -M -R) (Li and Durbin,
2009). Alignment files were converted to BAM files using the
SAMtools software (-bS -t) (Li et al., 2009). Potential PCR

1http://sgp.dna.affrc.go.jp/ComprehensiveGeneSet/
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duplications were excluded using the rmdup in SAMtools.
If multiple read pairs were mapped to identical coordinates,
only the pair with the highest mapping quality was retained.
Reliable genome-wide single-nucleotide polymorphisms (SNPs)
and insertions/deletions (InDels) were identified with the Unified
Genotyper function in GATK (–filterExpression “QD < 4.0
‖ FS > 60.0 ‖ MQ < 40.0,” -G_filter “GQ < 20,” –cluster
WindowSize 4) (McKenna et al., 2010). InDels were further
filtered with the Variant Filtration parameter (–filter Expression
“QD < 4.0 ‖ FS > 200.0 ‖ Read PosRankSum < −20.0 ‖
Inbreeding Coeff < −0.8 ”). ANNOVAR was used to annotate
SNP or InDel based on the GFF3 files of the reference genome
(Wang et al., 2010). The gene models were derived from Xiang
et al. (2018) that integrative assembled with GLEAN based on a
combination of coding sequences from SilkDB, homology, and ab
initio sets (AUGUSTUS, SNAP, and GENSCAN).

SNP/InDel Index Calculation
The homozygous SNPs/InDels between the two parents were
extracted as markers for index calculation. Only SNPs/InDels
covered by at least seven reads in both parents (∼1/3 of the
sequencing depth of parents) were considered. The genotype of
the P50 strain was used as the reference, and reads supporting the
reference genotype or non-reference genotype were counted in
each bulk. The SNP index and InDel index were calculated with
reads supporting the non-reference genotype divided by the total
reads in each sequenced bulk (Takagi et al., 2013). SNPs/InDels
with depth < 7 in both segregation groups or missing in one
group were excluded. The genome-wide SNP/InDel indexes were
visualized in sliding window of 1 Mb with a step size of 10 kb. The
average index of all the SNPs/InDels presented in each window
was designated as the index of this window in each group. The
1SNP/InDel index was calculated to represent the difference of
index between the segregation groups, and 1,000 permutation
tests were performed with 95% confidence level as threshold. The
SNP/InDel index in each segregation group and the 1SNP/InDel
index were shown with ggplot package in RStudio.

Screening of Domestication Signature
Genes related to domesticated behaviors are usually under
selection. Based on the published genome-wide SNPs of 137
domestic silkworm and 7 wild silkworm strains (Xiang et al.,
2018), we calculated the selection signatures (Fst and π) of
the chromosomes harboring the candidate regions related to
climbing and mimicry to screen candidate domesticated genes as
described previously (Zhu et al., 2019a). The allele frequency for
each site was calculated with the reads supporting the reference
genotype divided by the total covered reads. The effects of
candidate SNPs were then estimated according to the annotation
of the reference genome.

Evolution Analysis of the Candidate
Genes Related to Climbing in
Lepidoptera
The homologous sequences of candidate genes related to
climbing were obtained using blastp against the NCBI database

non-redundant nucleotide library2 and the sequences of
Antheraea yamamai in the GigaDB database3 (Kim et al., 2018).
Protein sequences with at least 80% identity in other insect
genomes were downloaded for comparisons, including the
five Lepidoptera species A. yamamai, Danaus plexippus, Chilo
suppressalis, Helicoverpa armigera, and Papilio machaon. The
downloaded protein sequences were aligned with ClustalW
using default settings in MEGA 7 (Kumar et al., 2016). The
minimum-evolution tree was constructed to show the evolution
of candidate genes in all the collected insect genomes. Branch
model (model = 0 and NSsites = 0 for one-ratio model, model = 2
and NSsites = 2 for two-ratio model) and branch-site model
(model = 2, NSsites = 2) in PAML software (version 4.8) were
used for phylogenetic analysis (Yang, 2007). The likelihood ratio
test was used to estimate the fitness of different models.

Transcriptomic Analysis
RNA-seq data from different tissues of B. mori (5th instar day
3 larvae) were downloaded from the NCBI SRA database4.
The accession numbers are SRR4425245 (ovary), SRR4425244
(testis), SRR4425250 (brain), SRR4425254 (anterior silk gland),
SRR4425258 (middle silk gland), SRR4425260 (posterior
silk gland), DRR095110 (midgut), SRR4425248 (fat body),
SRR7812745 (integument), and DRR095113 (malpighian tubule).
Reads were mapped to the silkworm reference genome with
TopHat2 (Kim et al., 2013), and the expression levels (FPKM)
were further determined with Resm (Li and Dewey, 2011). The
expression heatmaps were constructed with normalized Z-scores
on the OmicShare online platform5.

We also sequenced the RNA of the brains of both parents at
three key larval stages (middle larval stage, late larval stage, and
wandering stage) to estimate the expression levels of candidate
genes related to climbing and mimicry, three replicates for each
sample. Reads were mapped to the reference genome of B. mori
with TopHat2 (Kim et al., 2013). The expression levels (FPKM)
of genes were further calculated with Cuffdiff (Trapnell et al.,
2012). The expression heatmaps were constructed as described
above. We also normalized the FPKM of each candidate gene
according to the total numbers of sequencing depth of the
corresponding samples, and Student’s t-test was imported for
estimation of the expression differences between wild silkworm
and domestic silkworm.

RESULTS

Inheritance of Climbing and Mimicry
Behaviors
The wild female moth with larger body and weaker flying
ability was crossed with the domestic silkworm P50 strain (male)
to generate the F1 generation (Figures 1A–C). Interestingly,
all of the individuals in the F1 generation showed a strong

2https://blast.ncbi.nlm.nih.gov/Blast.cgi
3http://gigadb.org/dataset/100382
4https://www.ncbi.nlm.nih.gov/sra/
5https://www.omicshare.com/
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FIGURE 1 | Larvae of the wild silkworm, the domestic silkworms, and the hybrid populations. (A) The wild silkworm with the ability of climbing and mimicry. (B) The
domestic silkworm unable to climb for foraging and mimicry. (C) F1 hybrids of the wild silkworm and the domestic silkworm. (D) Individuals with climbing ability.
(E) Individuals unable to climb. Individuals with white or dark body color are observed in both the two segregation groups. (F) Backcrossed individuals with typical
mimicry response.

ability of climbing and mimicry response, indicating that these
two behaviors were dominant. The F1 was then backcrossed
with the recessive parent (the domestic silkworm P50 strain)
to generate the BC1 populations. Both climbing for foraging
and mimicry response were segregated in the BC1 populations
(Supplementary Videos 1–3). Individuals in BC1 with stronger
climbing ability could climb up to over 50 cm from the foot of
the mulberry seedling. We also found that the climbing ability
for foraging was not linked to the body color (Figures 1D,E),
i.e., individuals with strong climbing ability were detected in both
individuals of white and dark bodies. Individuals in BC1 with
strong ability to mimic could response to artificial shake and
hand touch promptly and maintain for at least 10 s (Figure 1F
and Supplementary Videos 1, 2). Those unable to mimic
showed no response to artificial shaking and hand touching
(Supplementary Video 3).

BSA to Identify the Candidate Region
Related to Climbing Behavior
Because the body color was not linked to the climbing
for foraging behavior, we therefore generated four bulks to
identify the candidate region related to climbing, i.e., white
body with climbing ability, dark body with climbing ability,
white body unable to climb, and dark body unable to climb
(Figures 1D,E and Supplementary Table S1). In total, 14.7–
18.2 Gb data were obtained for the four bulks (Supplementary
Table S1). The clean reads were mapped to the reference
genome for SNP and InDel calling as described in “Materials
and Methods” section. More than 93.34% clean reads could be
aligned properly, covering 28–34 × of the reference genome
in depth (Supplementary Table S1). The two parents, the wild

silkworm (P_Wild) and the domestic silkworm P50 (P_P50),
were also sequenced to 10.9 Gb (20.39 × in depth) and 10.0 Gb
(21.08× in depth) for comparison, respectively (Supplementary
Table S1). Only SNPs/InDels with homozygous genotypes in
both parents were extracted as markers for further analyses,
resulting in 7,142,097 SNPs and 346,910 InDels in the white
set and 7,063,453 SNPs and 340,067 InDels in the dark
set, respectively.

To identify the candidate loci related to climbing, the
genotypes of the parent P_P50 were used as reference for
calculating the SNP/InDel index in sequenced bulks. If all short
reads covering one position are identical to the genotype of
P_P50, the SNP/InDel index will be 0. In contrast, if all of the
short reads support a different genotype from the reference, the
SNP/InDel index will be 1. The 1SNP/InDel index was also
calculated to represent the index differences between the climbing
ability bulks and the non-climbing ability bulks. Ideally, the
candidate loci related to climbing behavior are expected to be
heterozygous, and the 1SNP/InDel index should be 0.5. The
candidate region will be outstanding in the 1SNP/InDel index
due to the strong linkages between closely linked SNPs/InDels
with the causal mutation.

In comparison of the climbing and non-climbing bulks of
white body, two candidate peaks located on chromosomes 14
and 19 were identified (Figure 2A, Supplementary Figure S1,
and Supplementary Data). The peak on chromosome 19
nearly reached the 95% confidence interval. Interestingly, this
peak was also detected in the comparison of climbing and
non-climbing bulks of dark body (Figure 2B, Supplementary
Figure S2, and Supplementary Data), indicating a strong linkage
to the climbing behavior. By overlapping the SNPs/InDels
with high index in both sets, the candidate region could be
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FIGURE 2 | Plotting of 1SNP/InDel index of the climbing and non-climbing bulks. (A) White body color set. (B) Dark body color set. Curves in black are indexes
calculated with 1 Mb sliding window with 10 kb step size. Blue lines indicate the cutoff of 95% confidence interval. Red arrows indicate the candidate regions for
climbing.

roughly narrowed down to 3–5 Mb interval on chromosome 19
(Figures 3A,B).

Identification of Candidate Domesticated
Genes Related to Climbing by Selective
Sweep Screening
Considering the possible sequencing bias and errors that
occurred in the candidate region, we extended the candidate
region on 1–5 Mb on chromosome 19 for the identification of
candidate domesticated genes related to climbing. We screened
the selective sweep of domestication signatures in this region to
discover candidate domesticated genes as described in “Materials
and Methods” section (Figure 3C). As expected, strong selective
sweep signatures were found in this region, especially in
3.7–4 Mb, in which four candidate domesticated genes were
identified (Figures 3A–C). These four candidate domesticated
genes were annotated as fanconi-associated nuclease 1-like
(FAN1), GPI ethanolamine phosphate transferase 3 (Pigo),
ATPase ASNA1 homolog (ASNA1), and uncharacterized protein,
respectively (Supplementary Table S2). These four genes showed
remarkable higher Fst and extremely lower π in the domestic
silkworm than in the wild silkworm (Figures 3C,D). In the
Silkworm Genome Informatics Database (SGID) (Zhu et al.,
2019b), FAN1, Pigo, and ASNA1 were possibly under positive
selection (Supplementary Table S2). Consistently, the allele
frequencies in this region were also quite different between
the domestic silkworm and the wild silkworm, with nearly
fixed alleles in the domestic silkworm population (Figure 4A
and Supplementary Figure S3). Interestingly, non-synonymous
variations divergent in allele frequency between the domestic
and the wild silkworm were identified in the coding regions
of FAN1, Pigo, and ASNA1 (Figure 4A and Supplementary
Figure S3). To further explore the potential significance of

these non-synonymous variations, the homologous protein
sequences in 5 Lepidoptera species and 62 other insect species
were collected for comparative analysis. We found that only
the non-synonymous variation on the ATPase ASNA1 was
specific in the domestic silkworm, causing glycine (G) to
aspartic acid (D) conversion at residue 115 (Figures 4B,C and
Supplementary Figures S4, S5). This variation also appeared
to be positively selected in the domestic silkworm clade, as
detected in PAML analyses (p < 0.0001 using the branch-site
model and p = 0.06 using the branch model) (Figure 4D).
Of the 68 collected species, ASNA1 was a single copy gene
in B. mori and B. mandarina and possibly two copies in
only four species (Supplementary Figure S4). The amino
acids affected by the non-synonymous variations identified on
FAN1 (G105D and D155E) and Pigo (K108E and I463V) were
common between B. mori, B. mandarina, and some of the other
Lepidoptera species, suggesting that these variations were not
correlated with the loss of climbing ability in domestic silkworm
(Supplementary Figure S6).

Mapping of Mimicry-Related Loci by BSA
Analysis and Selective Sweep Screening
To identify candidate regions related to the mimicry phenotype,
individuals with/without responses to artificial shaking or
hand touching were collected and pooled separately for re-
sequencing. The clean data covered about 32- and 37-fold of
the reference genome in depth for mimicry and non-mimicry
bulks, respectively (Supplementary Table S1). Compared with
the genotypes of the recessive parent P_P50, there were
1,877,029 SNPs and 333,064 InDels retained for BSA. Candidate
peaks related to the mimicry trait were detected in 13-17
Mb on chromosome 13, 10–14 Mb on chromosome 21, and
9–10 Mb on chromosome 27, respectively (Figure 5 and
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FIGURE 3 | Mapping of climbing-related loci through BSA analysis combined with selective sweep approaches. SNP/InDel index information of the candidate region
(1–5 Mb on chromosome 19) detected by BSA in both the white color set (A) and the dark color set (B). The first panel is the index in the group with climbing ability,
and the second panel is the index in the group loss of climbing ability. The 1SNP/InDel index shown in the third panel represents the difference of index between
these two groups. Red curves indicate the index calculated with 1 Mb sliding window with 10 kb step size. Green lines indicate the cutoff of 95% confidence interval.
(C) Selective sweep screening in the candidate region. Signature index, including population divergence coefficient (Fst) between the early domestic silkworm group
and the wild silkworm group, and nucleic acid diversity (π) in the silkworm population are shown along the chromosome. Red line represents the top 5% Fst cutoff.
The four domesticated genes are marked with red circles. Dome, domestic silkworm; Wild, wild silkworm. (D) Selection signatures of the four candidate
domestication genes. The black blocks represent the genomic structure of corresponding genes.

Supplementary Figure S7). However, all the peaks were not
beyond the 95% confidence interval, suggesting the difficulty
of accurate mapping of behavior traits by BSA. Screening of
the selective signatures resulted in 12 genes in total in these
regions (Figures 5B–D and Supplementary Table S2). These
genes were predicted to encode proteins with diverse functions,
such as neuropeptide receptors, glycine receptor subunit alpha-
4, transporters, kinase related genes, and TBC family member
(Supplementary Table S2). Of these candidate genes, only six
genes were predicted to be under positive selection in silkworm in
SGID (Supplementary Table S2). The allele frequencies in these
candidate genes were much higher in domestic silkworm than in
wild silkworm (Supplementary Figure S8).

Tissue Expression Pattern of the
Candidate Domestication Genes
Potentially Related to Climbing and
Mimicry
By investigating the published RNA-seq data of the domestic
silkworm, we noticed that most of the candidate genes related

to climbing for foraging and mimicry were expressed at higher
levels in the brain than in the other tissues (Figures 6A,B),
especially the mimicry-related candidate genes (Figure 6B).
These patterns implied that the loci related to domesticated
behaviors might primarily function in the brain. Therefore,
we further compared the expression of these genes in the
brain of the wild and domestic silkworms at three key larval
developmental stages (middle larval stage, late larval stage,
and wandering stage) as described in “Materials and Methods”
section (Figures 6C,D). The expressions of FAN1 and Pigo were
higher in the wild silkworm than in the domestic silkworm
but no significant differences in ASNA1 (p = 0.2820 for
middle larval stage brain, p = 0.2730 for late larval stage
brain, and p = 0.1917 for wandering stage brain, respectively)
(Figure 6C and Supplementary Figure S9). We also verified
the expression levels of candidate genes related to mimicry in
the brains of wild and domestic silkworms. It is interesting
that most candidate genes related to mimicry except the
three non-detected genes were generally expressed at higher
levels in the brain of the wild silkworm (Figure 6D and
Supplementary Figure S9).
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FIGURE 4 | SNP analysis of the candidate domesticated gene Bmor_09281
(ASNA1) related to climbing ability. (A) Allele frequencies in the genetic region
of Bmor_09281 (ASNA1). Green blocks indicate the genomic structure of the
genes. Red arrow shows the non-synonymous replacement in the domestic
silkworm group compared with the wild silkworm group. Black dots and blue
dots represent the allele frequencies in wild silkworm and domestic silkworm,
respectively. (B) Predicted conserved domains in ASNA1. (C) Protein
alignment of ASNA1 with homologous collected from six other Lepidoptera
species. The functional domain of ASNA1 is shown in the top panel. Red
arrow shows the non-synonymous replacement specific in the domestic
silkworm. (D) Evolution analysis of ASNA1 with PAML analysis. * significant
fitness of the alternative model compared with the one ratio model using the
likelihood ratio test.

DISCUSSION

In this study, we provided a novel example of behavioral
domestication in silkworm. Degraded climbing for foraging and
loss of mimicry in silkworm are attributed to tolerance to artificial
condition and relaxation of natural selection. These behavior
traits are usually designated as “domestication syndrome”
(Wilkins et al., 2014). Particularly, mimicry is a special adaptive
behavior formed over long-term evolution of insects in nature.
We had observed that the larval wild silkworms occasionally
mimicked the branch, by stretching their thorax and head and
remaining still (Figure 1A).

Body color is another well documented morphological trait in
“domestication syndrome” (Jensen, 2014). Associations between
genes controlling pigmentation with behavior features have

been reported in several domestic animals (Jensen, 2014). In
the dog breed German shepherd, variation in attention and
activity was reported to be associated with a polymorphism of
tyrosine hydroxylase (TH), a key enzyme in the melanin synthesis
pathway (Kubinyi et al., 2012). However, we found that the body
color was not correlated to the climbing for foraging in the BC1
population. Therefore, two bulks with extreme phenotypes were
generated for mapping the climbing behavior for both individuals
with white and dark bodies. Comparisons between the candidate
regions identified in bulks with different body colors efficiently
narrowed the candidate region to chromosome 19.

Behavior is controlled by the interactions among neurons in
their nervous systems (Haynes, 1988; Comer and Robertson,
2001). Genome-wide investigations consistently identified
candidate domestication genes in the nervous systems that might
be related to domestic behaviors (Schubert et al., 2014; Dong
et al., 2015; Frantz et al., 2015; Qiu et al., 2015; Lawal et al., 2018;
Pendleton et al., 2018; Xiang et al., 2018). Disability of climbing
for foraging in the domestic silkworm might be attributed
to the changes of the nervous system. Of the four candidate
domesticated genes related to climbing loci that were identified
(Supplementary Table S2), FAN1 was reported to be associated
with neurological disorders, such as schizophrenia (Li et al., 2012;
Zhao et al., 2014; Segui et al., 2015). FAN1 encodes a DNA repair
nuclease that inhibits the progression of DNA replication forks
and prevents chromosomal abnormalities, with endonuclease
and exonuclease functions (Pizzolato et al., 2015; Lachaud et al.,
2016). Variation of FAN1 can lead to a series of psychiatric
and neurodevelopmental phenotypes (Ionita-Laza et al., 2014).
Glycosylphosphatidylinositol (GPI) ethanolamine phosphate
transferase (Pigo) participates in glycosylphosphatidylinositol
biosynthesis. Mutation of genes involved in GPI biosynthesis can
induce hyperphosphatasia with mental retardation syndrome
(Krawitz et al., 2012; Chiyonobu et al., 2014; Nakamura
et al., 2014; Xue et al., 2016). Pigo encodes GPI ethanolamine
phosphate transferase 3, catalyzing the final step of GPI-anchor
synthesis. Mutations in Pigo caused epileptic encephalopathy
and led to severe neurological impairment, dysmorphia, chorea,
seizures, and early death (Freeze et al., 2012; Zehavi et al., 2017).
ASNA1 encodes an ATPase targeting tail-anchored protein
that is versatile and important in various biological processes.
In humans, mutations in ASNA1 caused rapidly progressive
pediatric cardiomyopathy (Verhagen et al., 2019) and might
be related to early onset Parkinson’s disease (Kun-Rodrigues
et al., 2015). In comparisons with other Lepidoptera species,
we found a non-synonymous variation specific to the domestic
silkworm. This variation might be involved in the degraded
climbing ability in the domestic silkworm. Although the function
or biological significance of the four genes is still unknown
in insects, evidence from mammals and particularly humans
shed light on their roles in neural pathways. These genes were
primarily expressed in the brain of the domestic silkworm.
Functional verification in an insect model will be of great
value.

The BSA-seq approaches in this study detected many relative
weak peaks related to mimicry. Combination with selective sweep
screening efficiently narrowed down the candidates. As expected,
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FIGURE 5 | Preliminary mapping of mimicry-related loci through BSA analysis combined with selective sweep approaches. (A) 1SNP/InDel index of the mimicry and
non-mimicry bulks. The candidate regions related to mimicry are marked with red arrows. (B–D) The selective sweep signatures in the three potential candidate
regions located on chromosomes 13, 21, and 27. Black curves indicate the index calculated at 1 Mb sliding windows scale with 10 kb step size. Blue lines indicate
the cutoff of 95% confidence interval. Red lines indicates 5% Fst cutoff.

many candidate genes related to mimicry were also involved
in neural pathways. For example, neuropeptide receptors were
reported to be facilitators of animal domestication (Herbeck
and Gulevich, 2019). Glycine receptor subunit alpha-4 highly
expressed in neural tissues might function in the regulation of
neuronal activity in vertebrates (Wang and Slaughter, 2005).
TBC family proteins are associated with the formation of
multiple functional cilia and the growth of synapses in humans

(Shi et al., 2018). In flies, pathogenic mutations of TBCs caused
severe neurological defects (Fischer et al., 2016). These candidate
genes were mostly highly expressed in the silkworm brain and
higher expressed in the brain of the wild silkworm, suggesting
the importance of neural pathways in larval mimicry of the
wild silkworm. The findings of this study will be helpful for
further exploration of insect climbing for foraging and larval
mimicry behaviors.
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FIGURE 6 | Expression patterns of the candidate genes related to climbing and mimicry. Tissue expression pattern of the candidate domesticated genes related to
climbing (A) and mimicry (B). Expression levels of the candidate domesticated genes related to climbing (C) and mimicry (D) at different larval stages of the wild
silkworm and domestic silkworm. Dome, domestic silkworm; Wild, wild silkworm; End_larval, the end of the last larval stage; Mid_larval, the middle of the last larval
stage; W, wandering stage.
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Supplementary Figure 1 | Comparisons of index in climbing and non-climbing
bulks of white body. (A) SNP/InDel index in non-climbing bulk. (B) SNP/InDel
index in climbing bulk. (C) 1SNP/InDel index between climbing and non-climbing
bulks. The candidate region related to climbing are marked with red arrows.

Supplementary Figure 2 | Comparisons of index in climbing and non-climbing
bulks of dark body. (A) SNP/InDel index in non-climbing bulk. (B) SNP/InDel index
in climbing bulk. (C) 1SNP/InDel index between climbing and non-climbing bulks.
The candidate region related to climbing are marked with red arrows.
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Supplementary Figure 3 | SNP analysis of the candidate domestication genes
related to climbing. Allele frequencies in the genetic region of the other three
genes. Green blocks indicate the geno mic structure of corresponding genes. The
non-synonymous replacement between the domestic silkworm group and the wild
silkworm are marked with red arrows.

Supplementary Figure 4 | Phylogenetic analysis of ASNA1 in insects. The
protein sequence of ASNA1 from silkworm was used as query to blast against all
the insect genomes in NCBI database with default settings. Protein sequences
with at least 80% identity of ASNA1 in silkworm were downloaded and aligned
with ClustalW in MEGA7. The minimum-evolution tree was constructed to show
the evolution of ASNA1 in all the collected insect genomes. The ASNA1 in
silkworm was marked with black filled circle, and species with two copies of
ASNA1 were marked with black filled triangles.

Supplementary Figure 5 | Protein alignments of the candidate mutation of
ASNA1 in insects. The candidate mutation was divided into two groups
(highlighted with cyan and yellow colors, respectively).

Supplementary Figure 6 | Protein alignments of the candidate mutations of
FAN1 and Pigo in silkworm and five Lepidoptera species. (A) Two candidate
non-synonymous mutations on FAN1. (B) Two candidate non-synonymous
mutations on Pigo.

Supplementary Figure 7 | Comparisons of index in mimicry and non-mimicry
bulks. (A) SNP/InDel index in non-mimicry bulk. (B) SNP/InDel index in mimicry
bulk. (C) 1SNP/InDel index between mimicry and non-mimicry bulks. The
candidate region related to climbing are marked with red arrows.

Supplementary Figure 8 | Allele frequencies of candidate genes related to
mimicry response. (A) Bmor_03579. (B) Bmor_03547. (C) Bmor_04035. (D)
Bmor_04019. (E) Bmor_12045. (F) Bmor_12007. (G) Bmor_12006. (H)
Bmor_12005. (I) Bmor_11996. (J) Bmor_12350. (K) Bmor_00240. Blue,

domestic silkworm; black, wild silkworm. The allele frequency in genomic region
and flanking 2 kb were shown for each gene.

Supplementary Figure 9 | Expression levels of candidate genes related to
climbing and mimicry in brains of wild silkworm and domestic silkworm. (A–D)
Four candidate genes related to climbing ability. (E–M) Nine detected candidate
genes related to mimicry response. Genes predicted to be positively selected in
SGID were marked in red. The FPKM values were normalized to the total reads of
corresponding samples and multiplied by 107. Student’s t-test was used to
estimate the differences between wild silkworm and domestic silkworm.
∗p < 0.05; ∗∗p < 0.01.

Supplementary Table 1 | Summary of sequence data of parental lines and
segregation bulks.

Supplementary Table 2 | Annotation of the candidate genes for
climbing and mimicry.

Supplementary Data | 1SNP/InDel index calculated in the white and dark body
sets used for mapping candidate regions related to climbing ability in silkworm.
The average 1SNP/InDel index was calculated with 1 Mb sliding window with
10 kb step size.

Supplementary Video 1 | Climbing and mimicry of BC1. Individuals with strong
ability of climbing in BC1. The branches were shaken for observation of the
responses of each individual. Individuals response to artificial shaking by
stretching their head and thorax to mimic the branch.

Supplementary Video 2 | Individuals response to hand touching.
Individuals showing strong response to artificial shaking were verified
by hand touching.

Supplementary Video 3 | Non-mimicry traits of BC1. BC1 individual’s loss of
mimicry showed no response and kept eating when touched by hand.
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Dim Red Light During Scotophase 
Enhances Mating of a Moth Through 
Increased Male Antennal Sensitivity 
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Insects are behaviorally and physiologically affected by different light conditions, including 
photoperiod, light intensity, and spectrum. Light at night has important influences on nocturnal 
insects, including most moth species. Moth copulation and mating usually occur at night. 
Although a few studies examine changes in insect mating under artificial light at night, detailed 
influences of light, such as that of monochromatic light, on moth mating remain largely unknown. 
In this study, on the basis of long-term insects rearing experience, dim red light (spectrum 
range: 610–710 nm, with a peak at 660 nm; 2.0 Lux) during scotophase was hypothesized to 
enhance mating in the yellow peach moth, Conogethes punctiferalis. To test the hypothesis, 
the mating of moths under dim red, blue, and white lights during scotophase was observed. 
Under the dim red light, the enhancement of mating in C. punctiferalis was observed. In addition, 
the electroantennografic response of males against the female sex pheromone increased with 
red light treatment during scotophase. In an analysis of the differentially expressed genes in 
the antennae of males under red light and dark conditions, the expression levels of two odorant-
binding protein (OBP) genes, CpunOBP2 and CpunPBP5, were up-regulated. Two genes 
were then expressed in Escherichia coli, and the recombinant proteins showed strong binding 
to female pheromone components in fluorescence-binding assays. Thus, the results of this 
study indicated that dim red light at night enhanced the mating of C. punctiferalis. One of the 
mechanisms for the enhancement was probably an increase in the antennal sensitivity of males 
to the female sex pheromone under red light that was caused by increases in the expression 
levels of pheromone-binding protein genes in male antennae.

Keywords: dim red light, scotophase, mating enhancement, Conogethes punctiferalis, electroantennography, 
odorant binding proteins

INTRODUCTION

Light influences many behaviors of insects, including host-finding, aggregation, mating, and oviposition 
(Matthews and Matthews, 2010). Different light conditions have different influences on insect mating 
behaviors. First, a prolonged photophase usually inhibits mating. For example, in Heteroplcha 
jinyinhuaphaga, when the photoperiod is changed from 6Light∶18Dark to 22Light∶2Dark, calling 
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and mating behaviors, including total calling percentage, onset 
time of calling, total mating percentage, and mating duration, 
decreased significantly (Xiang et  al., 2018). In Cnophalocrocis 
medinalis, calling frequency decreased substantially under constant 
light, compared with a normal photoperiod of 15Light∶9Dark 
(Kawazu et al., 2011). Second, the wavelength of light also influences 
insect mating behaviors. For example, males of the cabbage butterfly 
Pieris rapae crucivora were more active in UV-rich environments, 
and they searched longer for females and approached them 
preferentially in the shade and then copulate there more frequently 
(Obara et  al., 2008). In the tephritid fruit fly Anastrepha ludens, 
males exposed to red, blue, or shaded light treatments in the 
photoperiod were more frequently chosen as mating partners than 
dark-reared males, whereas females reared in blue light and 
darkness mated less compared with those reared in red and shaded 
light (Diaz-Fleischer and Arredondo, 2011). In a comprehensive 
study on the influences of light on the reproductive performance 
of the potential natural enemy Propylea japonica, the light intensity, 
wavelength and photoperiod had important effects on the mating 
behaviors of pursuit time, number of copulations, and duration 
of copula (Wang et  al., 2014).

In addition to those studies that focus on the effects of 
photoperiod, intensity, and wavelength on insect mating 
behaviors, the effect of light in scotophase on insect mating 
behavior has also recently been investigated. Lifetime exposure 
to a high level of white light (100 lux) at night increased the 
probability of a successful mating in the cricket Teleogryllus 
commodus (Botha et al., 2017). In the oriental tobacco budworm 
Helicoverpa assulta, a dim white light (0.5 lux) during scotophase 
promoted mating, whereas a high-intensity light (50.0 lux) 
suppressed calling behavior, pheromone production, and mating 
(Li et  al., 2015). Compared with many laboratory experiments, 
few field tests have been conducted on the influence of light 
on insect mating at night. van Geffen et  al. (2015) investigated 
the effects of artificial lights (white, green, and red, with 
intensities <10 lux) at night on the mating of a geometrid 
moth, Operophtera brumata, in an oak-dominated forest in 
Wageningen, the Netherlands. In their study, fewer mated 
females were caught on artificially illuminated trees than on 
the dark control. In addition, fewer males were attracted to 
a synthetic sex pheromone trap on illuminated trees than to 
one on the control (van Geffen et  al., 2015). These authors 
concluded that artificial light at night inhibits mating in the 
moth, although the details of mating under artificial light 
conditions were not directly observed.

Light in scotophase can also change gene expression levels 
in insects. For example, with 3 h of low light treatment at the 
beginning of scotophase, the expression of 16 genes decreased 
and that of 14 genes increased in male adults of the mosquito 
Culex pipiens (Honnen et al., 2016). In the heads of Helicoverpa 
armigera males, the genes IMFamide, leucokinin, and sNPF 
were differentially expressed between UV-A light (365 nm) 
treatments and the control (Wang et  al., 2018).

The yellow peach moth Conogethes punctiferalis (Guenée; 
Lepidoptera: Crambidae) is widely distributed in Asia and Australia. 
The larvae damage many economically important orchard crops, 
spices, and vegetables (Xu et  al., 2014). Female sex pheromone 

of the specie includes (E)-10-hexadecenal, (Z)-10-hexadecenal,  
(Z3, Z6, Z9)-tricosatriene and (Z9)-heptacosene (Konno et  al., 
1982; Xiao et  al., 2011, 2012). In male antennae, chemosensory 
genes, including CpunPBP2, CpunPBP5, CpunGOBP1, and 
CpunGOBP2, have been demonstrated of pheromone binding 
function in recent years (Ge et  al., 2018; Jing et  al., 2019). Since 
2012, a colony of the moth has been reared in our laboratory. 
On the basis of our long-term rearing experience and personal 
communications (Dr. Ballal, Indian Council of Agricultural 
Research), the continuous provision of a dim red light during 
scotophase was hypothesized to enhance mating in the yellow 
peach moth. Therefore, in this study, the mating behavior of 
C. punctiferalis was firstly observed under red light during scotophase. 
When the enhancement of mating under red light was confirmed, 
electroantennography (EAG) tests were conducted to test the 
antennal responses of male moths reared under red light or in 
the dark to female sex pheromone components. Finally, the 
expression levels of chemosensory genes in the antennae of male 
moths under those two light conditions were compared and the 
functions of the differentially expressed genes were investigated.

MATERIALS AND METHODS

Insects
A colony of yellow peach moths was started from larvae 
collected in chestnut orchards in Chongqing, China (N 28°40'38”, 
E 115°50'20”). In the lab, larvae were reared on chestnuts or 
corn (Xiao et  al., 2012). Pupae were sexed, and the sexes were 
kept in separate cages at 25 ± 1°C and 40–60% relative humidity 
under a 15Light∶9Dark photoperiod. A fluorescent lamp provided 
light in photophase. During scotophase, no light was provided 
unless operations were necessary, which were illuminated with 
a 15 W red, incandescent lamp. Adults were provided with 
10% sugar solution on cotton pads. A fresh apple wrapped 
in cheesecloth was hung from the top of the cage to collect eggs.

Chemicals
The synthetic pheromone components including (E)-10-
hexadecenal (E10-16∶Ald), (Z)-10-hexadecenal (Z10-16∶Ald), (Z3, 
Z6, Z9)-tricosatriene (Z3, Z6, Z9-23∶HC) and (Z9)-heptacosene 
(Z9-27∶HC) were purchased from Shanghai Udchem Technology 
Co., Ltd., China. N-phenyl-1-naphthylamine (1-NPN) was 
purchased from Sigma-Aldrich (purity ≥95%; Shanghai, China). 
All chemicals were stored as specified by the manufacturers.

Mating and Oviposition Observations
Pairs of newly eclosed adults (1-day-old, male∶female, 1∶1, 30 
pairs) were put in a metal cage (50 cm  ×  50 cm  ×  50 cm). In 
each treatment, three cages of insects were treated as replicates. 
Temperature, photoperiod, and adult food were the same as 
those for rearing. For use in the light experiments during the 
9 h of scotophase, red (spectrum range: 610–710 nm, with a 
peak at 660 nm), blue (spectrum range: 410–510 nm, with a 
peak at 460 nm), and white (spectrum range: mixed) light LED 
lamps (Shenzhen Ladeng Lighting Technology Co., Ltd., Shenzhen, 
China) were set approximately 3 m above the cages. The intensity 
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of light was approximately 2.0 lux at the middle point of the 
inner cage space. As a control, no light was provided during 
scotophase (dark treatment). The number of mating pairs (including 
both continuously mating and newly mating pairs) was recorded 
every hour from the 2nd day after eclosion. A video camera 
(HDR-CX560V in nightshot mode; Sony, Tokyo, Japan) was used 
to assist with observations in the dark treatment. In an additional 
red-light experiment, two other light intensities, 0.2 and 20.0 
lux, were examined, in addition to 2.0 lux. A spectrometer 
(HR-350, Highpoint Corporation, Taiwan, China) and an 
illuminometer (Z-10, Everfine Corporation, Hangzhou, China) 
were used to measure the light spectra and intensities, respectively.

The cheesecloth with deposited eggs was changed daily, and 
the number of eggs on the cheesecloth was counted immediately.

Electroantennography
The EAG technique was applied as described by Beck et al. (2014) 
under a normal laboratory conditions illuminated with a fluorescent 
lamp (light intensity >1000 lux). The antennae of 3-day-old 
virgin males reared under the same conditions as those in the 
red-light experiment were cut at the base and the distal part 
of the flagellum tip amputated. Then, an excised antenna was 
quickly mounted on an electrode fork holder (Syntech, kirchzarten, 
Germany) with the flagellum tip on the recording electrode 
and the base end on the reference electrode. The fork holder 
with excised antenna was immediately connected to a pre-amplifier 
and placed 1.0 cm inside the open end of a glass tube provided 
with continuous airflow. An air stimulus controller (CS-55, 
Syntech, kirchzarten, Germany) generated continuous, humidified 
airflow (400 ml/min) or pulsed airflow (280 ml/min, 0.5-s pulse 
duration) for odor delivery. Twenty microliters of each stimulus 
dissolved in hexane were loaded on a rectangular filter paper 
(5 mm wide and 50 mm long), which was subsequently inserted 
into the wide section (8-mm diameter) of a Pasteur pipette. 
The pipette containing the stimulus was then inserted with its 
narrow end into a side port in the wall of the glass tube. 
Stimuli were tested with the solvent hexane tested as the blank 
at the start of a stimuli series. Each concentration of a stimulus 
was tested once with an antenna. The EAG amplitudes from 
four antennae of different moths were recorded as replicates 
for a stimulus. The analog signal of the antennal response was 
detected through a probe (INR-II, Syntech, kirchzarten, Germany), 
captured and processed with an Intelligent Data Acquisition 
Controller (IDAC-4, Syntech, kirchzarten, Germany), and analyzed 
using EAG 2000 software (Syntech, kirchzarten, Germany) on 
a PC. The dose of each synthetic pheromone component was 
tested as a ratio of a female equivalent (FE). For each of E10-
16∶Ald, Z10-16∶Ald, Z3, Z6, Z9-23∶HC and Z9-27∶HC, one 
FE was 9.55, 0.45, 2.4 and 270 ng (Xiao et  al., 2011, 2012).

Expression Levels and Functions of 
Antennal Chemosensory Genes
Reverse-Transcription Quantitative PCR of 
Chemosensory Genes
Based on the transcriptome sequencing (unpublished) of the 
antennae of 3-day-old male adults with red light and dark 

treatments during scotophase, six odorant-binding protein 
(OBP) genes were identified with expression levels that were 
significantly up-regulated by the red-light treatment. Then, 
the expression levels of those genes were verified by reverse-
transcription quantitative PCR (RT-qPCR), primers showed 
in Table  1. Primer efficiency was tested using 3-fold diluted 
cDNA samples, and a standard curve was generated. The Ct 
values were plotted against the log of the cDNA dilutions, 
and the efficiency percentage and R2 values were within the 
acceptable range. A two-step program was adopted. The reaction 
volume was set to 20 μl, which included 10 μl of SYBR Premix 
ExTaq mixture (Takara Biotechnology Co., Ltd., Dalian, China), 
1 μl of each of the forward and reverse primers (concentration: 
10 μM), 1 μl of cDNA, and 7 μl of RNase free water. The 
program was designed as follows: denaturation at 95°C for 
2 min, followed by 39 cycles at 95°C for 15 s and 60°C for 
30 s, with melting curve analysis performed from 60°C to 
95°C to determine the specificity of PCR products. Three 
independent biological replicates were processed for all samples. 
The 2−∆∆CT method was used to calculate the relative expression 
of genes according to that of the reference gene RP49 (GenBank 
number: KX668533; Yang et  al., 2017).

Preparation of Recombinant Proteins
The signal peptides of CpunOBP2 and CpunPBP5 (GenBank 
number: KF026055.1 and KP985227, respectively) were predicted 
by the SignalP server (Petersen et  al., 2011). Then, primers 
were designed with signal peptides removed from the complete 
open reading frame sequences. With antennal cDNA used as 
the templates, CpunOBP2 and CpunPBP5 were amplified and 
cloned using the Pclone-007 s vector (TsingKe Biotech, Beijing, 
China). The following forward and reverse primers were designed 
for CpunOBP2 and CpunPBP5 according to homologous 
recombination as Table  2 shown.

The expected gene sequences were purified and cloned 
into the bacterial expression vector pET-32a (+), (TsingKe 

TABLE 1 | The forward and reverse primers of quantitative PCR (qPCR).

Gene Forward primer Reverse primer

GOBP1 TACTTCAACCTGATCACCGA CCTCCTCGAACTGCTTCT
PBP5 GTCAACGTACGAGTGGAAGC CTCCCCTAGCTCAGAGTCCT
OBP2 ATGTTGGCGTGTTGGATGAC CCGAGTTGACTGGAGAGCAA
OBP3 AGGAGTTAGAGTCGATTGCA ATTTCAGAGCCAATATCGCC
OBP11 TCTTTTAGTGGTGTGGTGTGT CTGGATTCACGTTCGTCTCC
OBP13 GTGCATGGATGACGAGATG GCACTTGATGTAGCACTTGA

TABLE 2 | The forward and reverse primers were designed according to 
homologous recombination of CpunOBP2 and CpunPBP5.

  CpunOBP2

forward primer
GGCCATGGCTGATATCGGATCCA 
TGACAGAGGAACAAAGA

reverse primer
CTCGAGTGCGGCCGCAAGC 
TTTTAGA CGTCGATGCCAA

  CpunPBP5
forward primer

GGCCATGGCTGATATCGGATCC 
TCTCAGGA GGTGATGAAGAA

reverse primer
CTCGAGTGCGGCCGCAAGCT 
TCTAGGCTTCACCTATCATCT
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Biotech, Beijing, China) digested with the same enzymes. 
Then, the plasmid was transformed into BL21 (DE3) competent 
cells (TsingKe Biotech, Beijing, China), and colonies were 
grown on LB ampicillin agar plates. A single positive clone 
was first identified and then grown in liquid LB with 
ampicillin overnight at 37°C. The culture was diluted to 
1∶100 and cultured for 5–6 h at 37°C until its absorbance 
at OD (600 nm) reached 0.6–0.8. To induce the protein, 
isopropyl-β-D-thiogalactoside (Solarbio, Beijing, China) was 
added to the culture at a final concentration of 0.1 mM, 
and the culture was incubated at 15°C and 150 r.min−1 for 
18 h. The induced bacterial cells were harvested from a 
volume of 200 ml of liquid LB medium and centrifuged at 
4°C for 20 min (4,000  g). The pellets were subjected to 
ultrasonication and were centrifuged at 4°C for 20 min 
(9,000 g) to obtain the soluble proteins, and the recombinant 
protein were purified by the Ni2+-IDA column (His tagged) 
with a gradient concentration imidazole washing. The western 
blot method was performed to analyze the correct expression. 
Ten microliters of purified protein sample were electrophoresed 
in 10% gel (BIO-RAD, Shanghai, China). The gel was 
sandwiched with a fluoride polyvinylidene fluoride (PVDF) 
membrane, and the sample in the gel was transferred to 
the PVDF (electrophoresis; 240 mA, 1 h). The film was washed 
three times using Tris-HCl buffer solution-Tween (TBST; 
Cebio, Beijing, China). Then, 5% skim milk powder in TBST 
was used as the blocking buffer for 1 h and then washed 
three times by TBST. The PVDF membrane was incubated 
with the primary antibody His (1∶1,000) overnight at 4°C. 
The membrane was washed three times again using TBST 
and treated with the secondary antibody sheep anti-rabbit 
antibody (1∶10,000) at room temperature for 1 h. After a 
final wash, the membrane was developed in Gel imager 
(Analytik Jena, Jena, Germany) using Super ECL reagent 
(ELC kit, Coolaber, Beijing, China). The purified protein 
was obtained with tags removed by enterokinase from 
recombinant proteins.

Fluorescence-Binding Assay
A fluorescence-binding assay was used to measure the affinity 
of the recombined CpunOBP2 and CpunPBP5 to female sex 
pheromone components (Liu et  al., 2012; Ge et  al., 2018). An 
F970CRT fluorescence spectrophotometer (Lengguang 
Technology Co., Ltd., Shanghai, China) with a 1-cm light path 
fluorimeter quartz cuvette was used for the assay. The fluorescent 
probe 1-NPN and all tested chemicals were dissolved in methanol 
of HPLC-grade purity, and the final concentration of chemicals 
used in the assay was 1 mM. To measure the affinity of the 
fluorescent ligand 1-NPN to each protein, a 2 μM solution of 
the protein in 30 mM Tris-HCl, pH 7.4, was titrated with 
aliquots of 1 mM ligand in methanol to final concentrations 
of 2–20 μM. The fluorescence of 1-NPN was excited at 337 nm, 
and emission spectra were recorded between 350 and 500 nm. 
The affinity of chemicals was measured in competitive binding 
assays, using 1-NPN as the fluorescent reporter at a concentration 
of 2 μM and each chemical at different concentrations from 
0.5 to 8 μM (Liu et al., 2013; Sun et al., 2013; Hua et al., 2020).

GraphPad Prism 8 (GraphPad Software, Inc., San Diego, 
CA, United  States) was used to estimate the K1-NPN (Kd of 
complex protein / 1-NPN) values by nonlinear regression for 
a unique site of binding. The proteins were assumed to be 100% 
active, with a stoichiometry of 1∶1 (protein∶ ligand) at saturation. 
For other competitor ligands, the dissociation constants were 
calculated from the corresponding IC50 values (concentration 
of a ligand halving the initial fluorescence value of 1-NPN) 
using the following equation: Ki =  [IC50]/(1 +  [1-NPN]/K1-NPN). 
In the equation, [1-NPN] is the free concentration of 1-NPN, 
and K1-NPN is the dissociation constant of the complex 
protein/1-NPN (Ge et  al., 2018; Jing et  al., 2019).

Statistical Analyses
Data from different light (red, blue, and white) experiments 
were analyzed by independent sample t-tests. Data from 
different intensities of red light were subjected to the least 
significant difference test after ANOVA. Absolute EAG 
amplitudes of the blank were subtracted from the EAG 
amplitude of the stimuli (Ngumbi et  al., 2010). Then, the 
data were analyzed by ANOVA, and the least significant 
difference test was used for multiple comparisons of means. 
Oviposition and gene expression data were analyzed by 
independent sample t-tests.

RESULTS

Mating Pairs Under Different Conditions 
During Scotophase
The numbers of mating pairs of C. punctiferalis under red 
light and dark conditions in scotophase during 6  days after 
adult eclosion are shown in Figure  1. Most of the mating 

FIGURE 1 | Mating pairs of Conogethes punctiferalis under red light and dark 
conditions during scotophase. Data are shown as mean ± SD, from three 
replicates. Asterisks above columns mean significant differences (*p < 0.05, 
**p < 0.01, ns: no significant difference), by independent sample t-tests.
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occurred in the 2 to 4-day-old adults under both light conditions. 
The number of mating pairs under red light was significantly 
higher than that in the dark on each of first 3 days. In the 
five and 6-day-old adults, the number of mating pairs was 
not significantly different under the two light conditions. In 
the 7-day-old adults, no mating was observed under either 
light condition. The oviposition of females is shown in Table 3. 
The numbers of eggs laid by 3 to 5-day-old females under 
red light were significantly higher than those in the dark. 
Meanwhile, the egg numbers under red light on those 3 days 
accounted for approximately 76% of the total recorded numbers 
during 5 days. In addition, the average number of eggs laid 
per female per day under red light was significantly higher 
than that in the dark.

Except for the 1st day, the numbers of mating pairs of  
C. punctiferalis were not significantly different between blue 
light and dark conditions in scotophase during 6 days of 
observation (Figure  2). On the 1st day, the number of mating 
pairs in blue light was significantly lower than that in the 
dark (Figure  2). A similar result was found in the white light 
experiment. There were no significant differences in numbers 
of mating pairs between white light and dark conditions during 
6 days of observation (Figure  3).

Effects of Different Intensities of the Red 
Light on Mating
The effects of different intensities of red light on the number 
of mating pairs of C. punctiferalis in scotophase are shown 
in Figure  4. Similar to the results in Figure  1, most of the 
mating was observed in the first 3 days under all light intensities. 
In the 2-d-old adults, the number of mating pairs under 2.0 
and 20.0-lux red light was significantly higher than that under 
0.2 lux. No differences in the number of mating pairs were 
observed among the three light intensities for 3-d-old adults. 
In the 4-day-old adults, the number of mating pairs under 
the 2.0-lux red light was significantly higher than that under 
0.2 and 20.0 lux. In addition, no differences were observed 
in the number of mating pairs among the three intensities 
in the 5-day-old adults. No mating was observed in the 6 
to 7-day-old adults except a few mating was found under 
2.0-lux red light in the 6-day-old adults.

EAG Responses
Figure  5 shows the EAG responses of male adults reared under 
red light and dark conditions during scotophase to the single 
female pheromones component (Figures  5A–D) and the 
pheromone mixture (Figure  6). For E10-16∶Ald (Figure  5A), 

TABLE 3 | Oviposition of C. punctiferalis under red light and dark conditions during scotophase.

Lights Age of adults (d) Eggs /♀/d

2 3 4 5 6

Red light 311.0 ± 174.5a 1055.0 ± 121.8a 1046.0 ± 13.8a 951.0 ± 85.9a 626.0 ± 169.8a 26.6 ± 2.13a
Dark 277.0 ± 231.8a 520.0 ± 57.0b 635.0 ± 103.5b 681.0 ± 83.1b 677.0 ± 276.5a 18.3 ± 3.5b

Data are shown as mean ± SD, from three replicates. Data with different letters in the same column are significant different, p < 0.05, by independent sample t-tests.

FIGURE 2 | Mating pairs of C. punctiferalis under blue light and dark 
conditions during scotophase. Data are shown as mean ± SD, from  
three replicates. Asterisks above columns mean significant differences 
(**p < 0.01, ns: no significant difference), by independent sample  
t-tests.

FIGURE 3 | Mating pairs of C. punctiferalis under white light and dark 
conditions during scotophase. Data are shown as mean ± SD, from  
three replicates. Asterisks above columns means significant differences 
(p < 0.05, ns: no significant difference), by independent sample  
t-tests.
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among the five tested doses of E10-16∶Ald (Figure  5A), the 
EAG responses of male moths under red light were significantly 
higher than those of males in the dark at doses of 0.01, 0.1, 
and 100 FEs, respectively. However, at the dose of 10 FE, the 
EAG response of males in the dark was higher than that of 
males under red light. By contrast, for all doses of Z10-16: Ald 
except of 100FE (Figure  5B), there were no differences in EAG 
responses at other tested doses between male antennae under 
red light and in the dark. Additoanlly, for Z9-27∶HC, the EAG 
responses of male moths under red light were much higher 
than that in the dark at the only one dose, 100FE, among five 
tested doses (Figure  5C). While, for Z3, Z6, Z9-23∶HC, no 
difference of the EAG responses between male moths under 
red light and in the dark was found at the tested dose, except 
of 100FE, at which the EAG response of male moths in the 
dark was significantly higher than that under red light (Figure 5D). 
Finally, when all pheromone components were mixed and tested, 
the EAG response of male moths under red light was significantly 
higher than that in the dark at each of all tested doses (Figure 6).

Expression Levels of Genes
Reverse-transcription quantitative PCR was performed to determine 
the expression levels of six differentially expressed genes (under 
red light and dark conditions during scotophase) screened from 
the transcriptome analysis as shown in Figure  7, the relative 
expression of CpunOBP2 and CpunPBP5 in antennae of males 
under red light was significantly higher than that in the dark.

Fluorescent Ligand-Binding Assays
CpunOBP2 and CpunPBP5 were expressed in Escherichia coli, 
and the recombined protein (about 1 mg/ml) was purified 

by affinity chromatography. The presence of recombinant 
CpunOBP2 and CpunPBP5 was checked by SDS-PAGE 
(Figure 8). With tags removed by enterokinase, proteins were 
then subjected to a fluorescence displacement-binding assay. 
Based on the binding curves and the Scatchard plots (Figure 9), 
the dissociation constant of the proteins/1-NPN complex was 
calculated as 7.88  ±  1.10 μM for CpunOBP2 and 
12.95  ±  4.48 μM for CpunPBP5. Then, the binding affinity 
of the proteins to the female sex pheromones E10-16∶Ald, 
Z10-16∶Ald, Z9-27∶HC and Z3, Z6, Z9-23∶HC was measured. 
As shown in Figure  10, the intensities of recombinant 
CpunOBP2 decreased with the increase in ligand concentration 
(E10-16∶Ald, Z10-16∶Ald and Z3, Z6, Z9-23∶HC). And for 
recombinant CpunPBP5, the lowest decrease of intensity was 
found in the ligand of E10-16∶Ald, among four pheromone 
components. Then, the IC50 and Ki values of the two proteins 
were calculated (Table  4). The binding affinity of the 
recombined CpunOBP2 was 8.48  ±  4.06 μM to E10-16∶Ald, 
6.86  ±  2.50 μM to Z10-16∶Ald and 3.68  ±  2.33 μM to Z3, 
Z6, Z9-23∶HC (Table  4), which indicated the protein bound 
to the three pheromone components with a similar and 
relatively high affinity. Meanwhile, CpunOBP2 showed no 
binding to Z9-27∶HC. By contrast, the binding affinity of 
CpunPBP5 was 1.47 ± 0.62 μM to E10-16∶Ald, which indicated 
much stronger binding affinity of the protein to the ligand, 
compared with that of CpunOBP2. However, to Z10-16∶Ald 
Z3, Z6, Z9-23∶HC, and Z9-27∶HC, the recombined CpunOBP5 
showed no binding affinity (Table  4).

DISCUSSION

When artificially rearing moths, dim red light is usually used 
to aid observations during scotophase. In this study, dim red 
light at night was hypothesized to increase mating in  
C. punctiferalis. To test this hypothesis, mating of C. punctiferalis 
was observed during scotophase with and without dim red 
light (610–710 nm, 2.0 lux). Many more adults were observed 
mating in red light compared with those in the dark. However, 
most mating was not enhanced under dim blue or white light. 
In addition, under different intensities of red light (0.2, 2.0, 
and 20.0 lux), similar enhancement in mating was observed. 
Moreover, the increased antennal sensitivity to female sex 
pheromones was found in male adults reared under red light 
during sctotophase. In a subsequent analysis, upregulation of 
expression levels of two OBP genes was determined in antennae 
of males under red light. The pheromone-binding affinities of 
the proteins of those two genes were confirmed in fluorescent-
binding assays.

Insects are generally assumed to be  essentially blind to red 
wavelengths (Shimoda and Honda, 2013). Therefore, red lights 
are frequently used to aid observations or operations while 
working with artificially reared insect populations during 
scotophase, because the influence on insects is negligible. 
However, different behaviors of insects were reported with or 
without red light. For example, red wavelengths influenced 
aggregation in the ant Lasius niger, and among colony individuals, 

FIGURE 4 | Mating pairs of C. punctiferalis under different intensities of red 
light during scotophase. Data are shown as mean ± standard deviation, from 
three replicates. Different letters above columns mean significant differences 
(p < 0.05, ns: no significant difference), by Tukey’s multiple comparisons after 
ANOVA.
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foragers aggregated well in total darkness but showed low 
assembly under red light, whereas brood-tenders aggregated 
well in both conditions (Depickere et  al., 2004). The sexual 
performance of a lekking tephritid fruit fly (A. luddens) is 
also affected by red light (Diaz-Fleischer and Arredondo, 2011). 

Male flies exposed to red light were more frequently chosen 
as mating partners than dark-reared males. Similarly, females 
reared in red light mated more than those reared in blue light 
and in darkness.

FIGURE 6 | Electroantennographic (EAG) responses to the mixture of sex 
pheromones of male C. punctiferalis reared under red light and dark 
conditions during scotophase. Data are shown as mean ± SD, from four 
replicates. Asterisks above columns mean significant differences (*p < 0.05, 
ns: no significant difference), by independent sample t-tests. FE: female 
equivalent.

FIGURE 7 | Expression levels of odorant binding protein genes, in 
antennae of C. punctiferalis males (3-day-old) under red light and dark 
conditions during scotophase. Data are shown as mean ± SD, from  
three replicates. Asterisks above columns mean significant differences 
(**p < 0.01, ns: no significant difference), by independent sample  
t-tests.

A B

C D

FIGURE 5 | Electroantennographic (EAG) responses of male C. punctiferalis reared under red light and dark conditions during scotophase. (A) E10-16∶Ald; 
(B) Z10-16∶Ald; (C) Z9-27∶HC Z6; and (D) Z3, Z6, Z9-23∶HC. Data are shown as mean ± SD, from four replicates. Asterisks above columns mean significant 
differences (*p < 0.05, ns: no significant difference), by independent sample t-tests. FE, female equivalent.
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Note that in the above publications, red lights were provided 
as a light source only in photophase, and no light was provided 
during scotophase. The effects of weak light on insect behavior 
in scotophase are rarely studied. Especially for many moth species, 
mating of which usually occurs at night. In the oriental tobacco 

budworm H. assulta, mating was increased by a dim white light 
(0.5 lux) during scotophase (Li et  al., 2015). However, in that 
study, a 15 W incandescent bulb provided the light, which was 
probably broad-spectrum light rather than monochromatic one. 
In addition, the moths were held in cages with one pair (male 

A B

FIGURE 8 | SDS-PAGE for recombined CpunPBP5 (A) and CpunOBP2 (B).

A B

FIGURE 9 | Binding curve and relative Scatchard plot for 1-NPN/CpunOBP2 (A) and 1-NPN/CpunPBP5 (B).

A B

FIGURE 10 | Competitive binding curves of CpunPBP5 (A) and CpunOBP2 (B) to sex pheromones. Data are shown as mean ± SD, from three replicates.
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and female) per cage. As a result, the increase in mating was 
observed at only one time point, i.e., 1 h into scotophase. In this 
study, a monochromatic red light with the spectrum of 610–710 nm 
was used as the light source. Meanwhile, there were 30 pairs of 
males and females per cage (with three replicates), which gave 
individuals relatively free mate choice during mating. Thus, the 
increase in mating under red light during several consecutive 
scotophases was clearly observed in this study (Figure  1).

The EAG responses of male C. punctiferalis antennae under 
red light to single pheromone component, except of Z3, Z6, 
Z9-23∶HC, was much higher than that of males in darkness, at 
the highest tested dose of 100FE (Figures  5A–D). When four 
pheromone components were further mixed and tested, the EAG 
response of male moths under red light was found increased 
significantly, compared with that in the dark at each of all tested 
doses (Figure 6). Generally, the sex pheromone of a Lepidopterous 
specie is composed of multi-components (Ando, 2018). Antennal 
responses of males usually could be elicited by a single component 
and the mixture of components. In natural environment, a male 
individual perceives female sex pheromone components as a 
mixture in spite of single ones. Therefore, the pheromone mixture 
elicits more comprehensive antennal response of males, compared 
with the single component does. In our results, obvious difference 
in EAG response between males under red light and in darkness 
against female sex pheromone was found when all pheromone 
components were tested as a mixture rather than singe ones. 
These results clearly indicate that red light enhances the antennal 
sensitivity of males to the female sex pheromone. The olfactory 
perception of female sex pheromones plays an essential role in 
the pheromone communication system of moths (Stengl, 2010). 
A variety of molecular components, including OBPs, chemosensory 
proteins, and odorant receptors, are involved in peripheral sensory 
reception and signal transduction in insects (Suh et  al., 2014). 
Therefore, when the expression levels of chemosensory genes are 
up-regulated, increases in EAG responses are reasonably detected 
(Wan et  al., 2015). In this study, the increase in the pheromone 
sensitivity of male adults with red light treatment was most likely 
due to the up-regulation of two OBP genes, i.e., CpunOBP2 and 
CpunPBP5. The recombined proteins of these two genes, especially 
for CpunOBP2, showed strong binding to female sex pheromone 
components (Figures  10A,B). Of the two OBPs, CpunPBP5 has 
been previously identified as one of the pheromone-binding proteins 
in C. punctiferalis (Ge et  al., 2018), whereas pheromone-binding 
affinity of CpunOBP2 was reported for the first time in our study.

Pre-exposure to various pheromones and plant volatiles 
frequently changes the expression levels of chemosensory genes 
in insect antennae (Wan et  al., 2015). At the transcriptional 
level, artificial light at night was recently found to influence 
gene expression in H. armigera and C. pipiens (Honnen et  al., 
2016; Wang et  al., 2018). In this study, the expression of OBP 
genes in male antennae of C. punctiferalis was up-regulated 
by red light during scotophase, with verification by RT-qPCR. 
With this finding, this study is the first to report that the 
expression of chemosensory genes in insects can be  changed 
by monochromatic light. However, mechanisms of gene expression 
changed by red light remain largely unknown. Red light can 
penetrate animal tissues because of long wavelength (Fitzgerald 
et  al., 2013; Zer-Krispil et  al., 2018). And the cytochrome c 
oxidase of the mitochondrial respiratory chain is considered 
as the photoacceptor for the red light (Karu, 2008; Lunova 
et  al., 2019). Irradiation of mammalian cells with red light 
causes an upregulation of various genes, most of which directly 
or indirectly play roles in the enhancement of cell proliferation 
and the suppression of apoptosis (Zhang et  al., 2003). In our 
study, whether up-regulated expression of the two OBP genes 
in C. punctiferalis male antennae is relative to cytochrome c 
oxidase activated by red light is yet to be  investigated.

In summary, we  found that a dim red light enhanced mating 
of the yellow peach moth, C. punctiferalis, while a dim blue light 
and white light did not. Meanwhile, the red light increased 
expression of pheromone binding protein genes, CpunOBP2 and 
CpunPBP5, in antennae of male adults, which showed increased 
antennal responses to female pheromone components. In brief, the 
increase in the antennal sensitivity of males to the female sex 
pheromone is probably one of the mechanisms for the increase in 
mating in C. punctiferalis under the dim red light during scotophase.
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TABLE 4 | IC50 values (μM) and dissociation constants (Ki; μM) of CpunOBP2 
and CpunPBP5 to different sex pheromones at pH = 7.4. Data are shown as 
mean ± SD, from three replicates.

Proteins Ligand IC50 (μM) Ki (μM)

CpunOBP2

E10-16∶Ald 9.55 ± 4.58 8.48 ± 4.06
Z10-16∶Ald 7.73 ± 2.82 6.86 ± 2.50
Z3, Z6, Z9-23∶HC 4.14 ± 2.63 3.68 ± 2.33
Z9-27∶HC - -

CpunPBP5

E10-16∶Ald 1.58 ± 0.67 1.47 ± 0.62
Z10-16∶Ald - -
Z3, Z6, Z9-23∶HC - -
Z9-27∶HC - -
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This study reports the first successful use of oral feeding dsRNA technique for functional
characterization of imaginal disc growth factors (IDGFs) genes (IDGF1, IDGF3_1,
IDGF4_0, IDGF4_1, and IDGF6) in melon fly Zeugodacus cucurbitae. Phylogenetic and
domain analysis indicates that these genes had high similarity with other Tephritidae fruit
flies homolog and contain only one conserved domain among these five genes, which
is glyco-18 domain (glyco-hydro-18 domain). Gene expression analysis at different
developmental stages revealed that these genes were expressed at larval, pupal, and
adult stages. To understand their role in different developmental stages, larvae were
fed dsRNA-corresponding to each of the five IDGFs, in an artificial diet. RNAi-mediated
knockdown of IDGF1 shows no phenotypic effects but caused mortality (10.4%), while
IDGF4_0 caused malformed pharate at the adult stage where insects failed to shed
their old cuticle and remained attached with their body, highest mortality (49.2%) was
recorded compared to dsRNA-green fluorescent protein (GFP) or DEPC. Silencing of
IDGF3_1 and IDGF4_1 cause lethal phenotype in larvae, (17.2%) and (40%) mortality
was indexed in Z. cucurbitae. IDGF6 was mainly expressed in pupae and adult stages,
and its silencing caused a malformation in adult wings. The developmental defects
such as malformation in wings, larval–larval lethality, pupal–adult malformation, and small
body size show that IDGFs are key developmental genes in the melon fly. Our results
provide a baseline for the melon fly management and understanding of IDGFs specific
functions in Z. cucurbitae.
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INTRODUCTION

RNA interference (RNAi) was simultaneously discovered as a
tool for functional genomics (Fire et al., 1998) and antiviral
resistance strategy (Waterhouse et al., 1998). Since then, it
has been explored and applied as an effective tool for the
control of aphids (Zhao et al., 2018; Tariq et al., 2019; Ullah
et al., 2020b), whiteflies (Grover et al., 2019), beetles (Mehlhorn
et al., 2020), and lepidopterans pests (Rana et al., 2020),
etc. Because of RNAi’s robustness and target precision, it has
lowered pesticide pressure on humans and the atmosphere
while minimizing negative effects on non-target and beneficial
insects. Furthermore, RNAi knockdown and knock-out variants
have opened new avenues in reverse genetics for functional
characterization of previously uncharacterized genes. Numerous
studies on RNAi use for transgenic insect resistance have been
reported, either in cellular cytoplasm (Chung et al., 2021) or
Chloroplast (Bally et al., 2018). Moreover, exogenous application
of dsRNA is effective against herbivorous insect pests, both
in the laboratory (San Miguel and Scott, 2016) and in field
trials (Mehlhorn et al., 2020). Additionally, RNAi also has
revolutionized sterile insect technique (SIT) through the use
of dsRNAs targeted at genes involved in fertility or fecundity
of insect pests (Darrington et al., 2017; Ullah et al., 2020b).
However, the selection of efficient target genes for RNAi-
mediated control strategy remains the pivotal player in the
overall success and efficacy (Scott et al., 2013; Xu et al., 2016).
In insects, the epithelial apical extracellular matrix (ECM)
contains many fibrous proteins and polysaccharides synthesized
or transmembrane, whose composition differs significantly, from
insect chitinase to plants cellulose (Cosgrove, 2005; Öztürk-
Çolak et al., 2016; Vuong-Brender et al., 2017). Exoskeleton
is essential for epithelial barrier formation, maintaining body
shape, homeostasis, and protect the insect from coming in
contact with agrochemical, predators, and parasitoids (Galko
and Krasnow, 2004; Yoshiyama et al., 2006; Turner, 2009;
Shibata et al., 2010; Uv and Moussian, 2010; Jaspers et al.,
2014). Many studies recently reported that ECM helps in the
shaping of different organs, like Drosophila wings (Fernandes
et al., 2010) and provide structural support to delicate internal
organs but also protects them against damage caused by various
environmental factors and microorganisms (Dittmer et al., 2015;
Mun et al., 2015).

Various genes involved in cuticular synthesis and maintenance
have been characterized (Pan et al., 2011). Among these,
imaginal disc growth factors (IDGFs), which belong to Chitinase
glycoside hydrolase 18 (GH18) family, are associated with insect’s
molting and cuticle maintenance (Zhao et al., 2020). IDGFs
were first identified from Drosophila imaginal disc cell cultures
by fractionating conditioned medium (Kawamura et al., 1999;
Zhu et al., 2008). IDGFs were confirmed to be the proteins
cooperating with insulin that promote cell lineages derived from
imaginal discs in Drosophila melanogaster (Kawamura et al.,
1999; Varela et al., 2002; Zurovcová and Ayala, 2002). RNAi
has been widely used to find out the functions of vital genes
in different insects of economic importance (Tomoyasu and
Denell, 2004; Chen et al., 2008; Gong et al., 2012; Asokan et al.,

2013; Zhang et al., 2013; Qi et al., 2015; Wang et al., 2017;
Ullah et al., 2020a). Recently, a study reported that silencing
of IDGF6 in Bactrocera correcta through RNAi significantly
decreases the expression of IDGF6, causes larval mortality
and wing malformation in adult flies (Zhao et al., 2020).
Similar reports using RNAi techniques for silencing essential
genes were recorded in severe phenotypes abnormalities in
different insect species (Zhu et al., 2008; Bellés, 2010; Scott
et al., 2013; Xi et al., 2015). Although in model insects
D. melanogaster, IDGFs have been reported systematically,
and specific functional information in Zeugodacus cucurbitae
are still unknown. In Drosophila, these five non-enzymatic
IDGFs (IDGF1, IDGF3_1, IDGF4_0, IDGF4_1, and IDGF6) are
involved in the maintenance of ECM scaffold against chitinolytic
degradation, and plays a vital role in physiological processes
such as adult eclosion, development regulation, and blood sugar
reduction of insects (Galko and Krasnow, 2004). Among these
genes, the function of the IDGF4 gene has been recently described
in the defense barrier and development of Bactrocera dorsalis
(Diptera: Tephritidae) (Gu et al., 2019). However, very little
information is available on the rest of the member genes.
Targeting genes involved in cuticular formation may provide an
effective way for pest control.

Melon fly, Z. cucurbitae Coquillett (Diptera: Tephritidae) is
one of the most destructive pests that cause severe economic
loss to cucurbit crops (Gogi et al., 2009). Different researchers
reported its losses in various crops to range up to 30–100%
(Dhillon et al., 2005; Subedi et al., 2021). Researchers reported
many strategies to control fruit flies which includes pheromones
(Shelly et al., 2004; Panhwar, 2005), cultural practices (Gogi et al.,
2007, 2009), biological controls (Drew et al., 2003), lure mixtures
(Vargas et al., 2008, 2010), and hot water treatment (Panhwar,
2005). Insecticide applications are less effective due to larvae
developing and feeding inside the fruit, covered by fruit pulp,
and not exposed to direct insecticides (Yee et al., 2007; Gogi
et al., 2009; Sapkota et al., 2010). Also, insecticides contaminate
the environment, have a deleterious impact on predators and
parasitoids of insect pests, develop resistance, induces insect pest
populations and have maximum residue levels (MRLs) issues
(Desneux et al., 2007; Baig et al., 2009; Decourtye et al., 2013;
Gebregergis, 2018; Jactel et al., 2019; Ullah et al., 2019a,b).
Therefore, novel approaches such as RNAi will provide novel
ways to control Z. cucurbitae and provide insight into functional
genomics of the target genes in ECM formation.

In this paper, we cloned and identified full-length cDNA
of five IDGF family genes from Z. cucurbitae, which are
least characterized in Tehpritidae. We then analyzed gene
expression patterns in eight different developmental stages
of Z. cucurbitae using real-time quantitative PCR (RT-
qPCR). dsRNA-mediated RNAi technology was applied to
explore the function of five-member genes of IDGF family
in Z. cucurbitae at larval and adult stages. Knockdown of
IDGF3_1, IDGF4_0, IDGF4_1, and IDGF6 genes led to various
types of developmental defects and mortality except IDGF1,
where the dsRNA treated larvae showed minimal mortality
and no visible phenotypes. Our data provide a baseline for the
role of IDGFs genes in developmental stages of Z. cucurbitae
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and identify the potential target for RNAi mediated pest
control strategy.

MATERIALS AND METHODS

Insects Rearing
Colony of Z. cucurbitae was reared for many generations in the
insect rearing room at 25 ± 1◦C and 75% relative humidity,
with a 14:10 h (light: dark) photoperiod at Hainan University,
Haikou, China. Larvae were fed with artificial food as described
previously (Liu et al., 2020). Fruit flies were reared on a ratio
of 3:1 of sugar and yeast for around 10–12 generations in
45 cm× 45 cm× 50 cm cages before the experiment to eradicate
local environmental impact.

Cloning of IDGFs Genes
To detect the expression pattern of five different genes
(IDGF1, IDGF3_1, IDGF4_0, IDGF4_1, and IDGF6), total RNA
was isolated from eight different developmental stages of
Z. cucurbitae. Briefly, A total of ten individuals according to the
body size (Per replication: L2 20 larvae, L3-1 10 larvae, L3-2 10
larvae, P-E, P-M, P-L 5 pupae for each, A-E and A-M 2 adults for
each) were randomly collected and mixed for RNA extraction.
cDNA was synthesized using commercially available HiScript R©

III 1st Strand cDNA Synthesis Kit following the manufacturer’s
instructions. RT-qPCR was performed to verify IDGFs gene
fragment (Supplementary Table 3) from Z. cucurbitae using
Prime STAR R© HS DNA Polymerase (Takara, Japan) under the
following conditions: initial denaturation at 94◦C for 5 min;
followed by 30 cycles of Denaturation at 94◦C for 30 s, annealing
at 58◦C for 30 s, extension at 72◦C (according to the size of
each gene) and final extension at 72◦C for 5 min. Amplified
products were examined by 1.2% agarose gel electrophoresis and
purified using a Universal DNA Purification kit (Tiangen, China).
Amplified PCR products were cloned into a pMDTM18-T vector
(Takara, Japan), and verified by sequencing at Sangon Biotech
Company Shanghai, China.

Phylogenetic Analysis
We used MEGA 6.0 software to construct a phylogenetic tree
through the maximum likelihood method JTT matrix-based
model with 1,000 replications of bootstrap analysis (Tamura et al.,
2013). The full name of species used in this tree construction and
the short names used are all listed along with GenBank accession
numbers in Supplementary Table 1.

dsRNA Preparation and Feeding
dsRNA was synthesized using T7 RiboMAXTM Express
RNAi System (Promega, United States). Each primer used
for PCR contained a 5′ T7RNA polymerase binding site
(GAATTAATACGACTCACTATAGGGAGA) followed by the
sequence-specific for the target gene i.e., IDGF1, IDGF3_1,
IDGF4_0, IDGF4_1, and IDGF6 (Supplementary Table 3). These
primers were used to amplify the template for the synthesis
of forward and reverse RNA. dsRNA was purified according
to manufacturer’s instructions and the integrity and quantities

of all synthesized dsRNA products were determined by 1.2%
agarose gel electrophoresis. Their concentration was measured
using the NanoDrop2000 spectrophotometer. dsRNA of green
fluorescent protein (GFP) and DEPC was used as a negative
control. To investigate the biological functions of each chitinase
gene of Z. cucurbitae, dsRNA was fed to 2 days old third instar
larvae for 48 h and then shifted to the new food contain dsRNA
for another 48 h. Five biological replications were performed
with sixty individuals in each replicate. Each replicates fed with
6 g artificial food contained 60 µl dsRNA (1,000 ng/µl), dsGFP,
and DEPC. Larval body size, mortality, and phenotype were
examined 24 h post-feeding at each developmental stage till the
adult’s sexual maturity.

Detection of Gene Expression by
RT-qPCR
To understand the temporal gene expression profile of IDGF1,
IDGF3_1, IDGF4_0, IDGF4_1, and IDGF6 of Z. cucurbitae, RT-
qPCR was performed at different developmental stages. RT-qPCR
was performed using SYBR R© Premix Ex TaqTM II (TliRNaseH
Plus) (Takara, Japan) on an ABI 7500 instrument (United States).
The PCR reaction includes 10 µl SYBER Green mix, 1 µl cDNA,
1 µl each of forward and reverse primers and 7 µl of ddH2O
with three technical and three biological replicates for each gene
expression. The elongation factor 1 alpha (EF1α) was used as
endogenous reference genes for data normalization, and a relative
transcript level of IDGFs was calculated with the 2−11Ct method
(Livak and Schmittgen, 2001). All the primers used in this study
are shown in Supplementary Table 3.

Silencing of Chitinase Genes of
Zeugodacus cucurbitae
To observe phenotype, third early-instar larvae (2 days old)
was fed with 6 g food mixed with 60 µl dsRNA or dsGFP
(1,000 ng/µl) or DEPC for 48 h and transferred to a new
artificial diet with the same treatment for another 48 h. After
96 h, larvae were shifted to soil for pupation. Two individuals
from each replication of each group were killed every 24 h
until the pupal stage to determine RNAi efficiency, while the
others continued to feed. Similarly, two individuals were killed
at the adult stage (24 h old), to test the RNAi efficiency. The
stability of dsRNAs in the artificial diet, 1 g of each diet was
collected 24 h post-feeding. The artificial diet was diluted in
50 µl distilled water, and the dsRNAs were observed in 1%
agarose gel electrophoresis. Mortality was recorded by counting
the flies number in each group after 24 h. The phenotype effects
were observed in each developmental stage until 10 days of the
adult’s emergence.

Statistical Analysis
Statistical analysis was performed to measure the significant
differences between each different group. Chitinase-like protein
expression was quantified in the larvae, Pupae, and adults treated
with dsRNA-GFP, DEPC, and gene-specific dsRNA. Statistical
significance of differences in gene expression levels among
samples was assessed using one-way ANOVA with a 0.05 level of
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FIGURE 1 | Phylogenetic analysis of IDGFs genes with model family Tephritidae (taxid: 7211) and Drosophilidae (taxid: 7214) are shown in the tree. The highlighted
part indicates our target genes. Tree indicates relationship between IDGFs gene and species tree. Maximum likelihood method was used to construct insects IDGFs
coding sequences phylogenetic tree. Complete details of all IDGFs are listed in Supplementary Table 1.

significance (95% confidence interval) GraphPad Prism 8.01 for
Windows (GraphPad Software, San Diego, CA, United States)1.

RESULTS

Characterization and Phylogenetic
Analysis of IDGFs of Zeugodacus
cucurbitae
Imaginal disc growth factors genes (IDGF1, IDGF3_1, IDGF4_0,
IDGF4_1, and IDGF6) were cloned from Z. cucurbitae
(Supplementary Table 2). They were compared with IDGF
genes with Tephritidae (taxid: 7211) and Drosophilidae
(taxid: 7214) as a model family (Supplementary Table 1).
The five IDGF genes were highly conserved and had

1www.graphpad.com

high homology with members of Tephritidae than
Drosophilidae (Figure 1).

Nucleotide sequence analysis shows that IDGF1 of
Z. cucurbitae had the maximum similarity with a homolog
Bison latifrons and B. dorsalis (92%) followed by Bactrocera oleae
(91%) and Ceratitis capitata (89%). Compared with similar in
Drosophila, the highest identity was recorded with Drosophila
virilis (69%). IDGF3_1 shows highest similarity with B. dorsalis
and B. latifrons (94%) followed by B. oleae (93%) and Rhagoletis
pomonella (91%). Compared with the similar Drosophilidae, the
highest identity was revealed with Drosophila hydei and D. virilis
(71%). For IDGF4_0, the maximum similarity was recorded with
B. latifrons and B. dorsalis (98%), followed by B. oleae (96%) and
C. capitata (92%). Compared to the similar in Drosophilidae, the
highest identity of IDGF4_0 revealed with D. hydei and D. virilis
(83%). Nucleotide sequence analysis revealed that the IDGF4_1
of Z. cucurbitae had highest identity with a homolog from
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FIGURE 2 | (A) Imaginal disc growth factors gene, also their domain architecture and motif in Z. cucurbitae. The deduced amino acid sequences were used to
predict the domain architectures of the five IDGFs genes using online conserved domain database (CDD) and presented through TBTool software. (B) Amino acid
sequence alignment of IDGFs was performed using ClustalW alignment method in MEGA7. In GeneDoc program, ClustalW alignment was used to shade the
identical and similar amino acids in the alignment. The conserved regions among five IDGFs sequences are tinted with red box. Dark shade indicates identical amino
acids and gray shade represents similar amino acids.

B. oleae (79%), B. latifrons (76%), C. capitata (72%), followed
by Rhagoletis zephyria and R. pomonella (71%). Compared
to the same Drosophilidae, the highest identity of IDGF4_1
revealed with Drosophila mojavensis (58%). Comparison of
nucleotide sequence within Tephritidae family revealed that
IDGF6 of Z. cucurbitae has high homology with B. dorsalis (96%),
B. latifrons (96%), followed by B. oleae, and C. capitata (94%).
In the family Drosophilidae, the highest identity of IDGF6 was
observed with D. melanogaster (77%).

Architectures of Domain and Catalytic
Motif of IDGFs in Zeugodacus cucurbitae
We used amino acid sequences of the five IDGFs genes,
i.e., IDGF1, IDGF3_1, IDGF4_0, IDGF4_1, and IDGF6, for
domain architectures using pfam online tool (Figure 2A).
Our results show that all predicted amino acid sequences
contained ≥ 1 Glyco_hydro_18 superfamily domain (PFAM
accession: PF00704).
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FIGURE 3 | Temporal expression of eight developmental stages of Z. cucurbitae was determined, RNA was extracted from the whole body of flies in different
developmental stages including 2nd instar larvae (L2), 3rd early-instar larvae (L3-1), Third late instar larvae (L3-3), 1–2 days mixed pupae as early pupae (P-E),
5–6 days as mid pupae (P-M), and 7–9 days as of late pupae (P-L), 1–2 days adults as (A-E), and 10-day adults as (A-M). We had presented our results after
normalization against reference gene EFα1 as the relative expression. All IDGFs gene expression is relative to the gene expression of each gene in 2nd instar larvae.
One-way ANOVA with post hoc Tukey test was used to test the statistical significance *p < 0.05; **p < 0.01; ***p ≤ 0.001, ns: not significant.

In particular, IDGF3_1 had two copies of Glyco_hydro_18
superfamily domains, whereas the remaining amino acid
sequences, IDGF1, IDGF4_0, IDGF4_1, and IDGF6, had only
one copy. Sequence alignment showed that five IDGFs genes
have well-conserved regions, including the specific sites for
gene activity (Figure 2B). However, no chitin-binding domain
(CBD) was found at the C-terminus. Further, IDGF1 has
two N-glycosylation sites at positions 208 and 220 in the
N-terminal extracellular domain, while IDGF3_1 has three
potential N-glycosylation sites at positions 219, 665, and 791.
The IDGF4_0 has two N-glycosylation sites at positions 65
and 222, and IDGF4_1 also has two potential N-glycosylation
sites at positions 83 and 278 in the N-terminal extracellular
domain. IDGF6 has only one N-glycosylation site at position 233
(Supplementary Figure 1).

Temporal Expression Patterns of IDGFs
in Zeugodacus cucurbitae Wild-Type
Temporal expression of five IDGFs genes in eight different
developmental stages of Z. cucurbitae was determined using
qPCR. IDGFs genes varied expression in certain developmental
stages (t-tests: P < 0.05). We observed that the expression
of IDGF1 slightly increased in early larval instars and almost
tended to stabilize until the pupal stage. The IDGF3 significantly
increased in expression at the first two larval stages. IDGF4_0
significantly expressed in all stages. IDGF4_1 was significantly
expressed in larval and mid-pupal stage. While IDGF6 was
strongly expressed in pupal and adult stages only (Figure 3).
The expression pattern of IDGFs indicates their pivotal roles in
different developmental stages.

dsRNA-Mediated Knockdown of IDGFs
Genes in Zeugodacus cucurbitae
RNAi technique has been used to inhibit target gene expression
as a temporal knockdown strategy. Recently, RNAi techniques
are being used in many studies for the management of
different insects. Z. cucurbitae is an economically efficient
fruit fly that causes a risk to many crop production and
requires economically quarantine restrictions and eradication

techniques. We developed a dsRNA feeding method for
functional characterization of IDGF genes in Z. cucurbitae and
identifying potential genes for effective management strategy.
Compared to other strategies, dsRNA mixed with artificial
food (Asimakis et al., 2019), is a non-invasive process and
is less laborious in various systems, i.e., synthesized dsRNA
(Turner et al., 2006), siRNA (Wuriyanghan et al., 2011), virus-
derived RNA (Kumar et al., 2012), and transgenic hairpin RNA
(Baum et al., 2007).

In all functional studies, two control groups, i.e., dsRNA-
GFP and DEPC were used with no difference among these
two control groups as compared to wild-type, e.g., no
malformed wings, no pupal–adult malformation, and no
larval–larval lethality in both the control groups, indicating
that these phenotype abnormalities were related to the dsRNA
homology depended on IDGFs genes knockdown. After
knockdown for each gene, the expression level for other
genes was determined by qPCR, and no non-target effects
were observed, which prove the effectiveness of RNAi in
Z. cucurbitae (Figure 4).

dsRNA-IDGF1 Shows No Phenotypic
Defects in Zeugodacus cucurbitae
Significant difference with a control group in the expression level
of IDGF1 was observed 24 h post-feeding of dsRNA-IDGF1, also
a significant decrease in mRNA expression level was observed at
48, 72, 96, and 240 h. However, IDGF1 knockdown causes (10.4%)
mortality in Z. cucurbitae.

IDGF3_1 and IDGF4_1 Contribute to the
Larval–Larval Molt of Zeugodacus
cucurbitae
Severe developmental defects and phenotypic abnormalities
were observed when dsRNA-IDGF3_1 or dsRNA-IDGF4_1
were fed to the 2-day-old third instar larvae. Since these
genes are highly expressed in the larval stage (Figure 3),
therefore, the decrease in expression led to cuticular degradation
in old larvae, resulting in the hindrance of larval molting
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FIGURE 4 | RNAi suppresses only the target transcripts. (A) Larvae fed with dsIDGF1 and the other four genes are non-target transcript. (B) Larvae fed with
dsIDGF3_1. (C) Larvae fed with dsIDGF4_0. (D) Larvae fed with dsIDGF4_1. (E) Larvae fed with dsIDGF6. No effects observed on non-target transcript.

(Figures 5, 6). After feeding dsRNA-IDGF3_1, the highest
mortality recorded was (17.2%) at 24 h (Figure 7). The
pupae size of dsRNA-IDGF3_1 fed larvae reduced by 50% as
compared to the control group. The remaining individuals
completed metamorphosis into adults. Further, after feeding
dsRNA-IDGF4_1, the highest mortality (40%) was recorded at
24 h compared to dsRNA-GFP and DEPC, and about (20%)
individuals died and turned black with abnormal pigmentation.

These results suggest that both IDGF3_1 and IDGF4_1 play an
essential role in larval molting.

IDGF4_0 Is Required for Pupal–Adult
Molt of Zeugodacus cucurbitae
Individuals fed with dsRNA-IDGF4_0 exhibited phenotype at
pharate adult stage as compared to the control group. After
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FIGURE 5 | Relative expression pattern of IDGFs in different time intervals post feeding to dsRNA or dsGFP or DEPC were determined as mean (±SE) of the three
biological replicates, and two flies were used per pooled RNA sample with control as the calibrator, i.e., cDNA from non-RNAi flies (only fed on artificial diet with
DEPC-water and dsGFP). EF1α is used as the internal control. One-way ANOVA with post hoc Tukey test was used to test the statistical significance *p < 0.05;
**p < 0.01; ***p ≤ 0.001, ns: not significant.

FIGURE 6 | Phenotypes, abnormalities after feeding dsRNA of IDGFs
compared to control group dsGFP or DEPC in different developmental stages
of Z. cucurbitae. All Pictures were taken with a scale bar 200 µm. The Control
group represents either dsGFP or DEPC, and the Phenotype group represents
abnormalities post feeding dsRNA for each gene. In phenotypes groups
IDGF6 represents wings malformation in Z. cucurbitae, IDGF3_1 and IDGF4_1
represents larval lethal phenotypes and IDGF4_0 represents phenotype at
pupal–adult stage where flies fail to shed their old cuticle.

5–6 days of pupation, a mortality of 49.2% was recorded
(Figure 7). Furthermore, Z. cucurbitae failed to shed their old
cuticle, and the mature cuticle was visible under the old cuticle
resulting in the splitting of the old pronotal cuticle (Figure 6). In
comparison, no abnormalities were recorded in control groups,
either dsRNA-GFP or DEPC.

IDGF6 Is Required for Wings Formation
of Zeugodacus cucurbitae
When dsRNA for IDGF6 was fed to the third larval instar of
Z. cucurbitae no phenotype was observed in larval or pupal stage.
The larvae had completed the larval–larval and larval–pupal
molts; however, there were some notable differences during the
molts. The pupae usually contract their abdomens compared to
control (dsRNA-GFP or DEPC) to the same extent. The adult’s
eclosion was also the same as the control group. A remarkable
phenotype was observed at the adult stage, where the wings were
malformed and curled, which did not spread normally (Figure 6).
Approximately 90% of individuals with malformed wings died
within 10 days of emergence. The highest mortality rate (20.8%)
was recorded at 240 h post-feeding dsRNA-IDGF6 compared to
the control group (Figure 7). Moreover, no malformed wings
were observed in the control group in dsRNA-GFP and DEPC,
and all the flies lived normally.

DISCUSSION

Based on these results, we had applied the oral feeding dsRNA
technique for the first time in melon fly Z. cucurbitae to
know the specific function of IDGFs genes. IDGFs belong
from a poorly described GH 18 Chitinase family with proteins
without catalytic activity (Funkhouser and Aronson, 2007).
Using five IDGFs genes (mentioned above) nucleotide sequences
of Tephritidae, the Maximum likelihood method was applied
to get a phylogenetic tree, which shows a high similarity
with the homolog in other Tephritidae fruit flies (Figure 1
and Supplementary Table 1). Chitinase is known to degrade
chitin to the low molecular weight Chit oligosaccharides and
play an important role in the growth and development of
insects (Zhu et al., 2016). The number of chitinase family
genes in different insects ranges from 9 Acyrthosiphon pisum
to 24 in Tribolium castaneum (Zhu et al., 2008; Arakane and
Muthukrishnan, 2010; Nakabachi et al., 2010; Tetreau et al.,
2015; Omar et al., 2019). Zhao et al. (2018) reported that
plant-mediated RNAi of chitin synthase 1 (CHS1) gene in
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FIGURE 7 | Mortality rate (%) of Z. cucurbitae at different developmental
stages after being artificially fed with dsGFP or DEPC or dsRNA of IDGFs. The
letters (A–E) represents IDGF1, IDGF3_1, IDGF4_0, IDGF4_1, and IDGF6. The
white portion represent larval stages, light gray indicates pupal stage, and dark
gray indicates adult stage of Z. cucurbitae. The values are presented as the
mean (±SE) of five biological replications (50 insects were used per replicate).
Treatments were compared using one-way ANOVA (Turkey’s test, p < 0.05).

Sitobion avenae causes ∼50% decreased expression, whereas
∼20% reduction was observed in number of aphids and ecdysis.
RNAi-mediated knockdown of MpNav gene expression caused
up to 65% mortality in 3rd instar nymphs and lowered the
longevity and fecundity in adult peach-potato aphid, Myzus
persicae (Tariq et al., 2019). Oral-delivery-mediated RNAi of
CHS1 causes mortality and also disrupted the adult longevity
and fecundity of the cotton-melon aphid, Aphis gossypii
(Ullah et al., 2020b).

Temporal expression analysis in eight different developmental
stages showed that these genes are highly expressed in different
stages: larval–larval, larval–pupal, and pupal–adults, which
indicate a vital role in the growth and development of these
stages. IDGF1 was expressed in all stages, mostly in larval stages,
and it’s silencing caused mortality, but no phenotypic effects
were observed. It would be an interesting study to compare the
impact of IDGF family knockdown effect on the anatomy and
histology of the melon fly. Furthermore, IDGF3_1 and IDGF4_1
were highly expressed in a larval stage, and silencing of both
of these genes caused lethal phenotype in larvae (Figure 6) and
caused mortality. Taken together, our results are consistent with
few previous studies focused on IDGFs role in insect molting.
A prior study on further vitro cell growth tests reported that
combined with the insulin, IDGF1 or IDGF2 proteins stimulated
the cultured imaginal disk cells growth (Hipfner and Cohen,
1999; Kawamura et al., 1999). Previously, it has been shown that
IDGF1 is expressed in the large salivary gland cells. Along with
IDGF3 its expression is lower as compared to IDGF2 and IDGF4
(Kawamura et al., 1999) in vitro cell growth tests combined with
the insulin revealed that IDGF1 or IDGF2 proteins stimulated
the cultured imaginal disk cells growth (Hipfner and Cohen,
1999; Kawamura et al., 1999). In a previous functional study of
IDGFs, genes reported that individually IDGF1 knocked down
through RNAi in a model specie Drosophila, shows narrowed
ECM thickness and displayed severe epidermal lesions in the
larvae (Pesch et al., 2016). Similarly, expression levels of IDGF3_1
after dsRNA feeding significantly decrease at 24, 48, 72, 96,
and 240 h post-feeding. Pesch et al. (2016) found that in
Drosophila, the IDGFs are essential for larval and adult molting.
dsRNA-mediated silencing of IDGF family genes resulted in
deformed cuticles, larval, and adult molting defects in Drosophila.
Individual IDGF3 knockdown via RNAi resulted in cuticle
molting defects (Zurovcova et al., 2019). In similar studies,
Espinoza and Berg (2020) found that overexpressing IDGF3 leads
to defects in the dorsal appendage with∼50% frequency.

Individual knockdown of IDGF4 in 3rd instar larvae through
RNAi led to reduced larvae’s survival rate under high temperature
and caused malformation as adults. This finding indicates the
role of IDGF4 in the defense barrier and development of fruit
flies (Gu et al., 2019). Several studies have mainly focused on
the function of IDGF4 in larval stages, while only two related
research articles were founded about another key developmental
stage: pupae. In T. castaneum, when dsIDGF4 injected either into
penultimate or to the last instar larvae shows normal pupation
but caused mortality during adult eclosion (Zhu et al., 2008). In
B. mori, proteins with a decisively different expression profile
among wild-type and scale-less wing mutants were verified and
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revealed that one IDGF gene was correlated to the differentiation
of scale cells and development (Shi et al., 2013). Likewise, in
homologs, specie B. dorsalis, dsRNA-IDGF4 feeding in artificial
food caused wings malformation and mortality (Gu et al., 2019).
Furthermore, in B. correcta, dsRNA-IDGF6 mediated strategy led
to reduced gene expression of IDGF6, resulting in larval death
and adult wing malformation. The knockdown of IDGF6 led to
decreased chitinase activity, resulting in stabilizing old cuticles
and reduced body size (Zhao et al., 2020). Pesch et al., reported
that IDGF6 RNAi-induced mutants showed high mortality, and
severe cuticle defects were observed in other mutants (Pesch
et al., 2016). IDGF6 is critical for larval cuticle barrier formation
and protection against invasive microorganisms and mechanical
stresses (Pesch et al., 2016). Therefore, IDGF6 may prove to be an
effective target for RNAi-based management.

In the current study, we observed differential responses to
dsRNA uptake. For example, in IDGF4_1, the gene expression
goes down in response to dsRNA feeding. However, the IDGF4_1
expression recovers 48 h after dsRNA feeding. This phenomenon
has been widely observed and attributed to various potential
mechanisms, including the mutations of target genes or core
RNAi machinery genes, enhanced dsRNA degradation, and lower
dsRNA uptake (Zhu and Palli, 2020). For example, The Western
Corn Cutworm (WCR) exhibited resistance to transgenic maize
expressing DvSnf7 dsRNA due to impaired luminal uptake. This
resistance was not DvSnf7 dsRNA specific, as indicated by cross-
resistance to all other tested dsRNAs (Khajuria et al., 2018).
The differential response of IDGF genes to the corresponding
dsRNA may provide an excellent tool to further demystify the
dsRNA resistance in insect pests. Overall, IDGFs can be used as
potential target genes for pest control because of their function
in different developmental stages. The malformation in wings,
larval–larval lethality and pupal–adult malformation and small
body size, and the highly conserved traits show that IDGFs are
key genes for the pest. Furthermore, our results will pave the way

for in-depth functional analysis of IDGFs family members and
identify suitable insect control strategies through RNAi.
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Reveals a Possible Gut
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College of Plant Protection, China Agricultural University, Beijing, China

Bactrocera dorsalis (Hendel) is a notorious agricultural pest worldwide, and its
prevention and control have been widely studied. Bacteria in the midgut of B. dorsalis
help improve host insecticide resistance and environmental adaption, regulate growth
and development, and affect male mating selection, among other functions. Insects
have an effective gut defense system that maintains self-immunity and the balance
among microorganisms in the gut, in addition to stabilizing the diversity among the
gut symbiotic bacteria. However, the detailed regulatory mechanisms governing the gut
bacteria and self-immunity are still unclear in oriental fruit flies. In this study, the diversity
of the gut symbiotic bacteria in B. dorsalis was altered by feeding host fruit flies
antibiotics, and the function of the gut bacteria was predicted. Then, a database of
the intestinal transcriptome of the host fruit fly was established and analyzed using
the Illumina HiSeq Platform. The gut bacteria shifted from Gram negative to Gram
positive after antibiotic feeding. Antibiotics lead to a reduction in gut bacteria, particularly
Gram-positive bacteria, which ultimately reduced the reproduction of the host flies. Ten
immunity-related genes that were differentially expressed in the response to intestinal
bacterial community changes were selected for qRT-PCR validation. Peptidoglycan-
recognition protein SC2 gene (PGRP-SC2) was one of the 10 immunity-related genes
analyzed. The differential expression of PGRP-SC2 was the most significant, which
confirms that PGRP-SC2 may affect immunity of B. dorsalis toward gut bacteria.

Keywords: Bactrocera dorsalis, intestinal bacteria, immunity, transcriptome, antibiotic treatment, PGRP-SC2

INTRODUCTION

Bactrocera dorsalis, also known as the oriental fruit fly, belongs to the Diptera (Tephritidae) family.
As a member of the Bactrocera genus, it is listed as a quarantine pest in China. It has a wide host
range and can damage more than 250 host plants (Verghese et al., 2012). It has been reported that
the damage caused by oriental fruit flies can reach 100% of unprotected orchards, which causes huge
losses to local agriculture and forestry (Zhang et al., 2010). Therefore, exploring effective control
techniques for this notorious pest is of great significance.

Many studies have shown that different symbionts play an important role in the development
of insects due to the different metabolic capacities of the host at different developmental stages
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(e.g., Lindow and Brandl, 2003; Knief et al., 2011; Li et al.,
2016). Among the bacteria in the insect gut, “resident bacteria”
are mainly involved in immune function and decomposing
toxins. Previous results have shown that intestinal bacteria
can help host insects resist pathogens (Ning et al., 2009;
Bonnay et al., 2013). Similarly, the intestinal tract of B. dorsalis
also contains a large number of symbiotic bacteria, which
are mainly Acetobacaceae, Lactobacillaceae, Enterobacteriaceae,
Cystosporaceae, and Brevibacterium (e.g., Naaz et al., 2016; Bai
et al., 2018; Noman et al., 2020). The number of commensal
bacterial communities could be significantly reduced under
antibiotic treatment (Yao et al., 2016). Intestinal bacteria
could also enhance the ability of host oriental fruit flies to
degrade pesticides (Damodaram et al., 2016; Yao et al., 2016;
Cheng et al., 2017). In summary, intestinal symbiotic bacteria
may play an important role in the development, health and
reproduction of B. dorsalis, and studying the function of intestinal
symbiotic bacteria will be helpful in the development of new
control strategies for insects belonging to the Bactrocera genus
(Lauzon and Prokopy, 2013).

Insect immunity is made up of innate immunity and acquired
immunity. Intestinal immunity is a kind of innate immunity. The
insect immune system has no immune cells, proteins, or specific
antigen-antibody responses like those in higher animals (Zasloff,
2002), but it can activate immune effectors via resident intestinal
bacteria or toxins and then participate in the corresponding
cellular and humoral immunity to resist the infection of foreign
pathogens (Bonnay et al., 2013). For insects, an effective gut
immune defense system takes a long time to build up to maintain
the immune balance within the body, among gut microbes,
and between the body and gut microbes (Sansonetti, 2004;
Artis, 2008). Physical defenses, the immune deficiency (Imd)
pathway, dual oxidase–reactive oxygen species (Duox-ROS), the
Janus kinase-signal transducer and activator of transcription
(JAK/STAT) pathways, and the intestinal symbiotic flora have
been reported to be the main regulatory mechanisms of microbial
homeostasis in the insect gut (Bai et al., 2018). However, there
has been little research on the intestinal immune mechanism of
B. dorsalis thus far. Studies on the cascade of immune-related
pathways and the relationship among immune-related genes are
also still lacking in this notorious pest. Many researchers are most
interested in what the most important regulatory pathways and
the most important key genes in oriental fruit flies are.

Our previous study showed that the gut bacterial diversity
in B. dorsalis and Zeugodacus tau can be changed by antibiotic
feeding, which resulted in the suppression of ovary development;
in particular, the ovary of Z. tau was totally suppressed and
could not produce eggs when fed a diet with antibiotics (Bai
et al., 2018; Noman et al., 2020). How the gut bacteria maintain
balance and how they regulate the growth, development, and
reproduction of host flies are the scientific questions we are
working on now. In this study, female and male B. dorsalis adults
before and after antibiotic treatment were sequenced, and the
differentially expressed genes (DEGs) were analyzed by RNA-Seq.
Immune-related genes and KEGG pathways were assessed, and
their functions in the intestinal immune process of B. dorsalis
were discussed. This study will lay a theoretical foundation for the

study of the invasion mechanism and biological control strategy
of B. dorsalis.

MATERIALS AND METHODS

Insects
Bactrocera dorsalis specimens were collected from Yunnan
Province and reared in an artificial climate incubator for more
than 20 generations. The rearing conditions were 25◦C, 70%
humidity, and 10 D:14 L (10 h dark and 14 h light). The
fruit flies were reared using artificial food following the method
described by Bai et al. (2018).

Antibiotic Feeding Treatment
Antibiotics [tetracycline 120 µg/ml, streptomycin 400 µg/ml, and
ampicillin 400 µg/ml at a ratio of 3:10:10 (Bai et al., 2018)] were
added to the artificial food. Both larvae and adults were treated
with equal proportions of antibiotics. Thousands of eggs were
transferred onto solid food containing antibiotics and normal
solid feed and then reared in an incubator. The third-instar larvae
were picked out and then put onto sterilized moist sand while
waiting for pupation and eclosion.

Gut Bacterial Analysis
The methods used for fruit fly treatment and gut bacterial
diversity analysis were from Bai et al. (2018). Bacterial diversity
was analyzed via high-throughput sequencing of the V3–V4
variable region of the 16S rRNA gene, and then bacterial function
prediction was performed via PICRUSt software.

Growth and Reproduction Parameters
Measurement
Adult weight and survival rate of 10-day-old adults (10 days post
eclosion) were chosen as two growth parameters. The number
of pupae and 10-day-old adults were recorded and used for
survival rate calculation. Four adults were directly weighed by
an electronic balance. The data were recorded, and the average
weight was calculated. The preoviposition period, continuous
spawning period and egg number were measured to represent
reproductive ability. The B. dorsalis adults were observed at
a specific time every day, and when they began and finished
producing eggs was recorded. Egg amounts from five pairs of fruit
flies (five female adults and five male adults) were recorded every
day. There were three biological replicates.

Sample and RNA Preparation
Female and male insects that were reared normally and
treated with antibiotics for 15 days were washed with sterile
water and then washed with 1% sodium hypochlorite, 75%
alcohol, and sterile water for 1 min. In a disposable petri dish
containing sterile water, the intestinal tract was dissected with
sterile tweezers and Venus scissors. Each sample containing
10 intestinal tracts was immediately frozen in liquid nitrogen
for 20 min and then transferred to −80◦C for future use for
intestinal tract transcriptome sequencing and analysis. Each
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sample containing one male and one female adult whole body
was also immediately frozen in liquid nitrogen for 20 min
and then transferred to −80◦C for future use for whole-body
transcriptome sequencing and analysis. Three biological repeats
were prepared for transcriptome sequencing. RNA was extracted
by an RNA simple Total RNA Kit (Tiangen, China) and sent to
a company (BMK Biotechnology Co., Ltd., Beijing, China) for
transcriptome sequencing.

Isolation and Transcriptome Sequencing
of Intestinal RNA
The whole genome of B. dorsalis, which was published in
the National Center for Biotechnology Information (NCBI1)
(PRJNA273958, ID: 10754), was used as a reference genome
for the transcriptome assembly method. The raw RNA-Seq data
has been deposited in the National Center for Biotechnology
Information (NCBI) with accession code PRJNA694509 (ID:
694509). The sequencing data was obtained by constructing a
transcriptome library (based on the Illumina HiSeq Platform).
To verify the reliability of the data, three biological replicates
were established for each treatment. For standardization, all
paired reads from the clean data representing relative single
gene expression levels were converted to fragments per kilobase
per million mapped reads (FPKM) per thousand bases (Florea
et al., 2013). Relative gene expression levels for each treatment
were calculated using three repeated mean FPKMs. p-Values
in multiple tests were corrected by a false discovery rate,
according to Benjamini and Hochberg’s approach (Reiner
et al., 2003). DEGs were identified based on a fold-change
(FC) ≥ 2 and p < 0.01. Clean reads were aligned with the
reference genome sequence using TopHat2 (Kim et al., 2013)
to obtain genetic information, sequence features, and sample
information. Gene Ontology (GO) enrichment analysis of the
DEGs was implemented by the GOseq R package (V 1.16.2)
based on Wallenius non-central hypergeometric distribution
(Young et al., 2010). KEGG (Kanehisa et al., 2008) is a
database resource for understanding the high-level functions
and utilities of biological systems, such as cells, organisms,
and ecosystems, from molecular-level information, especially
large-scale molecular datasets generated by genome sequencing
and other high-throughput experimental technologies2. KOBAS
(Mao et al., 2005) software (3.0) was used to analyze the
enrichment of DEGs in KEGG pathways. The sequences of the
DEGs were blasted (blastx) to the genome of a related species
[the protein–protein interaction (PPI) of which exists in the
STRING database3] to obtain the predicted PPIs of these DEGs.
Then, the PPIs of these DEGs were visualized in Cytoscape
(Shannon, 2003).

Quantitative Real-Time PCR
To verify the transcriptome data demonstrating B. dorsalis
responding to changes in intestinal bacteria, 10 immunity-related
genes were selected for quantitative real-time PCR (qRT-PCR)
testing (Bai et al., 2018). Groups consisted of female and male

1http://www.ncbi.nlm.nih.gov/
2http://www.genome.jp/kegg/
3http://string-db.org/

insects with two types of controls and two types of treatments,
and each group had three replicates (2 × 2 × 3 = 12). There
were 12 groups and 10 intestines in each group. RNA was
extracted using an RNA simple Total RNA Kit (Tiangen, China).
The RNA was then reverse transcribed into cDNA by RT-PCR
using the PrimeScript RT Reagent Kit (Takara, Beijing). The
resulting cDNA was stored at−20◦C and diluted 10 times before
being used. The cDNA template was amplified by PCR with
GoTaq Green Master Mix (Tiangen, China) using primers for the
α-tubulin gene for template detection.

For quantitative real-time PCR, the 18S rRNA gene was
selected as the internal reference gene. Primers were designed
by Premier 5.0, and specificity was verified by NCBI. The
reaction system and reaction conditions for qRT-PCR were
established following the instructions of GoTaq R© Green Master
Mix (Tiangen, China). Reaction conditions were as follows: 95◦C
for 30 s; 95◦C for 5 s, 60◦C for 34 s (40 cycles); 95◦C for
15 s, 60◦C for 1 min, 95◦C for 15 s, 60◦C for 15 s. All primers
were synthesized by Shanghai Bioengineering Company and their
sequences are listed in Supplementary Table 1.

Statistical Analysis
For each biological replicate, three technical replicates were
performed. The relative expression level of genes was analyzed
by the 2−1 Ct method (Chen and Wagner, 2012). The qRT-PCR
results were statistically analyzed by Student’s t-tests using SPSS
22.0, and p< 0.05 was considered significant. Independent t-tests
using SPSS 22.0 were used to test the growth, mortality, and
reproduction of treated and untreated flies, and p < 0.05 was
considered significant.

RESULTS

Gut Bacterial Flora and Function
Prediction
The gut bacterial flora was significantly changed with antibiotic
feeding (Bai et al., 2018). Table 1 shows that the major bacterial
genera changed from Enterobacter to Bacillus and Lactococcus in
males, while in females, the major genus was Lactococcus instead
of Pseudomonas. The main bacteria in males and females shifted
from Gram-negative bacteria to Gram-positive bacteria.

Bacterial function prediction showed that E (amino acid
transport and metabolism), R (general function prediction
only), and S (function unknown) were the top three important
gene functions in adults (Supplementary Figure 1). In females,
genes related to L (replication, recombination, and repair), A
(RNA processing and modification), B (chromatin structure and
dynamics), E (amino acid transport and metabolism), I (lipid
transport and metabolism), K (translation), N (cell motility), Q
(secondary metabolite biosynthesis transport and catabolism),
and U (intracellular trafficking, secretion, and vesicular
transport) decreased. By contrast, in males, genes related to A
(RNA processing and modification), B (chromatin structure and
dynamics), and K (translation) increased, while genes related
to N (cell motility), U (intracellular trafficking, secretion, and
vesicular transport), and W (extracellular structures) decreased.
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TABLE 1 | Top 10 bacterial genera in the Bactrocera dorsalis control and antibiotic
treatment groups.

Bacteria (Genus) Gram1 CKM TRM CKF TRF

Enterobacter G− 72.49 0.09 6.23 2.82

Pseudomonas G− 6.45 5.42 83.07 29.04

Bacillus G+ 0.01 43.34 0.01 5.71

Lactococcus G+ 1.03 32.98 4.78 33.86

Stenotrophomonas G− 0.06 0.46 0 15.8

Acinetobacter G− 16.27 11.19 0 7.77

Leclercia G− 0.2 0 5.27 0

Achromobacter G− 3.44 0 0 0

Streptococcus G+ 0 3.79 0 2.61

Lactobacillus G+ 0 0 0 0.13

1Gram stain; G+, Gram positive; G–, Gram negative.
CKM, male in the control group; TRM, male intestinal tract in the antibiotic
treatment group; CKF, female in the control group; TRF, female in the antibiotic
treatment group.

Growth and Reproduction
The effect of gut bacteria on host oriental fruit flies was also
investigated by testing two growth and four reproductive factors
after the gut bacterial diversity was changed using antibiotics;
the results are shown in Figure 1. Growth factors, including
adult weight (p = 0.38) and survival rate (p = 0.89), were not
significantly changed by gut bacterial changes (Figures 1A,B).
However, the preoviposition period was significantly prolonged,
increasing from 12.5 to 23.7 days (p < 0.05) (Figure 1C).
Additionally, females in the control group could produce
offspring for more than 37 days, while the females in the
treatment group had only 12 days of spawning. The spawning
period was shortened significantly (p < 0.05) (Figure 1C). In
addition, the total egg number (p < 0.01) and the egg number
per day of females in the treatment group decreased significantly
compared with the control group (Figures 1D,E) (1, 5 days,
p < 0.05; 7, 9, 11 days, p < 0.01).

Sequencing Data Analysis
After sequencing quality control was conducted by removing
reads with an adapter, with null base and with low quality,
a total of 95.60 GB of clean reads were obtained from 12
intestinal tract samples, and a total of 41.06 GB of clean reads
were obtained from six adult whole-body samples. For each
sample, no less than 7.05 GB of clean reads were obtained,
and the percentage of Q30 bases for all the samples was more
than 93.59%. Statistics of intestinal sequencing information are
provided in Supplementary Table 2. The FPKM distribution
of each sample is shown in Supplementary Figures 2A,C;
this measured the expression level of each sample from the
overall discrete angle of expression. The box plot shows that
the overall gene expression levels of the different samples
are similar. The correlation statistics between samples were
plotted (Supplementary Figures 2B,D); the Pearson’s correlation
coefficients between the same samples were 1 and within the
same groups were close to 1. No abnormal samples were found.
These results suggested that sampling was reliable and suitable
for further analysis. The RNA quality of CKM1, CKM2, CKM3,

CKF2, CKF3, TRM1, TRM2, TRM3, TRF1, TRF2, and TRF3 was
high enough for further analysis, while the RNA quality of CKF1
only reached level B; this resulted in only 11 samples being used
for the intestinal tract studies.

Differentially Expressed Genes
A Venn diagram shows the differentially expressed genes
(DEGs) shared between the groups (Supplementary Figure 2).
In the adult whole body, there were 1,419 upregulated and
967 downregulated genes (Supplementary Figure 3A). In the
male intestinal tract, there were 212 upregulated genes and
94 downregulated genes (Supplementary Figure 3B). In the
female intestinal tract, 114 genes were upregulated and 168
genes were downregulated (Supplementary Figure 3C). There
were also some non-differentially expressed genes in both
males and females.

Functional Annotation and Enrichment
Analysis of Differentially Expressed
Genes
Gene ontology analyses can define and describe genes and
proteins to clarify the function of each gene. The GO annotation
system consists of three major components, namely, biological
process, molecular function, and cellular component, and
8,186 sequences were classified into 58 functional groups
(Supplementary Figure 4). In the biological process category,
5,329, 5,316, and 4,470 genes were enriched for the terms
single-organism process, cell process, and metabolic process,
respectively. In the molecular functions category, 3,912 and
3,497 genes were annotated with the terms binding and catalytic
activity, respectively. The cell and cell parts were dominant
terms in the cellular component category, and 4,350 and 4,353
genes were enriched, respectively. The top 10 GO terms were
single-organism process, cellular process, metabolic process,
cell part, cell, binding, catalytic activity, organelle, biological
regulation, and developmental processing. In total, 5,404 genes
were successfully annotated by COG and were classified into 25
COG groups. Most genes were enriched in general functional
prediction (24.37%), followed by replication, recombination
and repair (7.59%), transcription (7.44%), amino acid transport
and metabolism (6.72%) and posttranslational modification,
protein turnover, and chaperones (6.35%). We speculated that
there may be some new unknown genes under the unknown
function term (2.35%).

Functional Annotation and Enrichment
Analysis of Adult Whole-Body
Differentially Expressed Genes
A total of 12,610 DEGs were identified in antibiotic females
(Figure 2A). Among the 4,656 secondary nodes related to cellular
components, 5,524 and 2,430 genes were enriched for biological
processes and molecular functions, respectively. Among the
cellular components, the cell parts term was the most abundant
and had 1,306 genes. In the secondary nodes related to biological
processes and molecular functions, cellular process and binding
were the most abundant terms and had 1,127 and 1,049 genes,
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FIGURE 1 | Antibiotic feeding showed different effects on the growth and reproduction of Bactrocera dorsalis. (A) Antibiotic feeding did not decrease the weight of
adults; (B) antibiotic feeding did not decrease the survival rate of adults; (C) antibiotic feeding prolonged the preoviposition period and shortened the total spawning
period; (D) antibiotic feeding decreased the total number of eggs; (E) antibiotic feeding decreased the number of eggs per day after oviposition. CK, fruit flies reared
under the normal conditions; TR, treatment group fed antibiotics. *p < 0.05; **p < 0.01.

respectively. All unigenes from antibiotic females were enriched
in a total of 304 KEGG metabolic pathways. The top nine
KEGG pathways are shown in Figure 2B. Among them, the most
highly enriched factor was in the pathway named cardiac muscle
contraction (KO04260), and the most DEGs were enriched for
the term pathways in cancer (KO05200).

Functional Annotation and Enrichment
Analysis of Male Intestinal Tract
Differentially Expressed Genes
A total of 168 DEGs were identified in males (Figure 3A).
Among the secondary nodes related to biological processes,
96, 91, and 68 genes were enriched for metabolic processes,
single-organism processes, and cellular processes, respectively.
Among the cellular components, cells and cell parts were the
most abundant and had 48 genes. In the secondary nodes
related to molecular function, catalytic activity and binding
activity were the most abundant terms, with 87 and 55 genes,
respectively. There were 142 differentially expressed genes in
the 25 COG groups (Figure 3C). Among them, the most genes,
with a percentage of 19.72% (28), were enriched for general
functional prediction terms, followed by amino acid transport
and metabolism and carbohydrate transport and metabolism,

with percentages of 18.31% (26) and 16.2% (23), respectively.
Three genes were enriched for unknown function items (2.21%).
We speculated that these unknown sequences may contain some
new unknown genes. All unigenes from males were enriched
in a total of 58 KEGG metabolic pathways. The top 20 KEGG
pathways are shown in Figure 3B. Among them, the most highly
enriched factor was in the pathway named circadian rhythm-fly
(KO04711), and most DEGs were enriched for the arginine and
proline metabolism pathway (KO00330).

Functional Annotation and Enrichment
Analysis of Female Intestinal Tract
Differentially Expressed Genes
A total of 155 DEGs were identified in females (Figure 4A).
Among the secondary nodes related to biological function, 91,
82, and 81 genes were enriched for metabolic processes, single-
organism processes, and cellular processes, and 81 genes were
enriched for the secondary nodes related to cellular components.
Among the secondary nodes related to molecular function,
catalytic activity and binding activity were found to be the
most abundant terms, with 84 and 57 genes, respectively. There
were 121 differentially expressed genes in the 25 COG groups
(Figure 4C). Amino acid transport and metabolism had the most
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FIGURE 2 | Differentially expressed gene analysis of adult whole-body samples. (A) Annotated statistical graph of the Gene Ontology (GO) secondary nodes. Light
colors represent all genes and dark colors represent all differentially expressed genes (DEGs) of Bactrocera dorsalis adults. (B) Scatter plot of enriched KEGG
pathways. Each circle in the graph represents the number of genes enriched for a specific KEGG pathway. Enrichment factors represent the ratio of the number of
differentially expressed genes to all the genes in the pathway.
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FIGURE 3 | Male differentially expressed gene analysis. (A) Annotated statistical graph of the GO secondary nodes. Light colors represent all genes and dark colors
represent all differentially expressed genes (DEGs) of adult males. (B) Scatter plot of enriched KEGG pathways. Each circle in the graph represents the number of
genes enriched for a specific KEGG pathway. Enrichment factors represent the ratio of the number of differentially expressed genes to all the genes in the pathway.
(C) COG annotation classification statistics of differentially expressed genes in males. Frequency is the number of genes.

genes, with a percentage of 18.18% (22), followed by inorganic
ion transport and metabolism and carbohydrate transport and
metabolism, with percentages of 17.36% (21) and 14.05% (17),
respectively. No genes with unknown function were found. All
unigenes from females were enriched in a total of 55 KEGG
metabolic pathways. The top 20 KEGG pathways are shown
in Figure 4B. The most highly enriched factor and the most
differentially expressed genes were in the folate biosynthesis
pathway (KO00790).

Cluster Analysis of Differentially
Expressed Genes Related to Immunity
Based on the KEGG pathway analysis of female adults 15 days
post emergence of B. dorsalis, a total of 17 intestinal immune-
related pathways were identified, including glycolysis, amino

acid metabolism, pyruvate metabolism, and programmed
cell death (Table 2). The results from male adults and adult
whole-bodies (including females and males) were the same
as those from females (Table 2). Ten immune-related genes
were identified among the DEGs according to their RPFM
values and gene function annotations; they are listed in Table 3.
Among them, only three genes were speculated to play a role
in males, including gram-negative bacteria-binding protein
3-like (GNBP-3-like), myb-like protein M (MP-M), and lysosome
membrane protein 2 (LMP-2). Six genes were speculated
to play a role in females, including Laccase-1, octopamine
receptor beta-1R (ORβ-1R), probable multidrug resistance-
associated protein lethal (2) 03659 (PMRAPL(2)03659),
ubiquitin-60S ribosomal protein L40 (URP-L40), lysozyme
B-like (LB-like), and cytosolic aminopeptidase-like (CA-
like). One gene that was speculated to play a role in
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FIGURE 4 | Female differentially expressed gene analysis. (A) Annotated statistical graph of GO secondary nodes. Light colors represent all genes and dark colors
represent all differentially expressed genes in females. (B) Scatter plot of enriched KEGG pathways. Each circle in the graph represents the number of genes
enriched for a specific KEGG pathway. Enrichment factors represent the ratio of the number of differentially expressed genes to all the genes in the pathway.
(C) COG annotation classification statistics of differentially expressed genes in females. (B) Frequency is the number of genes.

both males and females was peptidoglycan-recognition
protein SC2 (PGRP-SC2). Based on the DEGs and KEGG
pathway analysis, arginine and proline metabolism may be
important pathways in the intestinal immune mechanisms of
B. dorsalis.

Quantitative Real-Time-PCR Validation
To validate the sequencing quality, 10 immune-related genes
were chosen for RT-qPCR. In the RT-qPCR assay, the expression
of seven genes, PGRP-SC2-M, PGRP-SC2-F, GNBP-3-like, MP-
M, LMP-2, ORβ-1R, PMRAPL(2)03659, and CA-like, were
increased, while LB-like, URP-L40, and Laccase-1 were decreased.
Compared with the RNA-Seq results, the expression of PGRP-SC2
and URP-L40 was different from that of the transcriptome.

DISCUSSION

Bacteria in the midgut of B. dorsalis help improve host insecticide
resistance and environmental adaptation, regulate growth and
development, and affect male mating selection (Damodaram
et al., 2016; Cheng et al., 2017; Raza et al., 2020). Many
reports have attempted to uncover the function and regulatory
mechanism of symbiotic bacteria in host insects. Amino acids
have been confirmed to be the main factor that regulates the
growth, development, and reproduction of host insects (Hoedjes
et al., 2017; Ricardo et al., 2017). Riptortus pedestris gut bacteria
can mediate growth, ovary development, and egg numbers by
regulating three proteins stored in the hemolymph (Lee et al.,
2016). During that process, food also plays an important part.
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TABLE 2 | Immune-related KEGG pathways enriched in Bactrocera
dorsalis adults.

Number Pathway name

1 Pentose and glucuronate interconversions

2 Glycine, serine, and threonine metabolism

3 Pyruvate metabolism

4 Tryptophan metabolism

5 Metabolism of xenobiotics by cytochrome P450

6 Ascorbate and aldarate metabolism

7 Retinol metabolism

8 Cysteine and methionine metabolism

9 Phenylalanine, tyrosine, and tryptophan biosynthesis

10 Glycolysis/gluconeogenesis

11 Arginine and proline metabolism

12 Sphingolipid metabolism

13 Drug metabolism–cytochrome P450

14 Phagosome

15 Glycosphingolipid biosynthesis–globo series

16 ECM-receptor interaction

17 Drug metabolism–other enzymes

Together with essential amino acids, two important gut bacteria,
Acetobacter and Lactobacillus, can increase the egg production of
Drosophila by making host flies prefer to feed on yeast (Ricardo
et al., 2017). In our study, the most important predicted function
of the gut bacteria in oriental fruit flies was related to amino acid
transport and metabolism, which was consistent with a previous
report that amino acids may be important in regulating the
growth and reproduction of host flies (Ricardo et al., 2017).

With the rapid development of high-throughput sequencing
technology, RNA-Seq has become an important tool for
transcriptome research (Wang et al., 2009). The genus Bactrocera,
in which B. dorsalis belongs, is by far the most frequently
identified genus. DEGs were identified according to the gene
expression levels in the different samples, and functional
annotations and enrichment analyses were also performed. Many
reports have shown that the transcriptome can be used to uncover

biological phenomes and mechanisms of molecular regulation
in B. dorsalis (Gu et al., 2019, Guo et al., 2020). Gut bacteria
can improve host fly fitness via gene overexpression. A good
example is the gut symbiont Citrobacter sp., which can help
its B. dorsalis host degrade trichlorphon via the expression
of phosphatase hydrolase genes. High-throughput sequencing
technology has become a useful tool to explore new genes in
bacteria or genes in host insects that are associated with the
function of bacteria. A comparative genomic analysis between
the gut and wild Citrobacter strains showed that phosphatase
hydrolase genes were highly expressed in gut Citrobacter
when trichlorphon was present (Cheng et al., 2017). The
pyroquinolinin-dependent alcohol dehydrogenase gene (PQQ-
ADH) of symbiotic acetic acid bacteria in Drosophila can regulate
the development rate, individual size, energy metabolism, and
intestinal stem cell activity of the host insects via the insulin
pathway (Shin et al., 2011).

In this study, DEGs were assigned to 58 functional
subcategories within three main categories (biological processes,
cellular components, and molecular function), and most of
the enriched terms shared between males and females were
related to metabolic processes, catalytic activity, and single-
organism processes. For the COG database annotations, the
largest proportion of genes in males (19.72%) were enriched for
general functional prediction terms. In females, genes related to
amino acid transport and metabolism were the most enriched,
accounting for 18.18%. For the top 20 KEGG enrichment
pathways, the most differentially expressed genes among males
were related to arginine and proline metabolism (KO00330), and
the most differentially expressed genes in females were related
to folate biosynthesis (KO00790). Our result is consistent with
one previous report that the immunity of the host B. dorsalis
in response to low temperature stimulates the arginine and
proline metabolism pathway, and that this is promoted by the
gut microbiota (Raza et al., 2020). Folic acid is very important
during the development of female ovaries (Song et al., 2014).
Reports have also shown that folic acid can be synthesized by
the intestinal microflora in animals (Hanson and Gregory, 2011).
These reports provide a wealth of genetic information for our

TABLE 3 | Expression of immune-related genes and their RT-qPCR validation.

Sex Annotation RNA-Seq RT-qPCR

log2FC p-Value log2FC p-Value

Male GNBP-3-like 2.2403 0.000 0.6906 0.034

MP-M 2.2014 0.009 0.8030 0.010

LMP-2 2.0973 0.007 0.6029 0.060

Female Laccase-1 −2.8094 0.000 −0.7832 0.012

LB-like −3.2173 0.000 −0.0623 0.052

ORβ-1R 3.3143 0.030 0.2238 0.031

PMRAPL(2) 03659 2.1459 0.000 0.0804 0.142

URP-L40 2.9374 0.000 −0.2237 0.306

CA-like 3.3494 0.006 0.9409 0.004

Male and female PGRP-SC2 Male: −2.64887
Female: −3.4597

0.000
0.000

2.4323
1.6164

0.000
0.000
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follow-up experiments and will help us uncover the function
of intestinal bacteria and the folate biosynthesis pathway in
B. dorsalis.

Immunity is important for insects. Both diet and vertically
transmitted bacteria can influence the fitness and immunity
of B. dorsalis (Hassan et al., 2020). However, insects have
an effective gut defense system that maintains self-immunity,
thereby preserving the balance among microorganisms in the
gut and stabilizing the diversity in gut symbiotic bacteria. It has
been reported that the immune deficiency (Imd) pathway and
dual oxidase–reactive oxygen species (Duox-ROS) are the main
regulatory pathways in B. dorsalis (Wang, 2015; Liu et al., 2017;
Iatsenko et al., 2018). Four genes, PGRP-LB, PGRP-SB, cecropin,
and defensin, were confirmed to be key genes in the Imd pathway.
In this study, to investigate the effect of intestinal bacteria on the
intestinal immunity of B. dorsalis, differentially expressed genes
and KEGG signaling pathways related to intestinal immunity
were defined. As mentioned earlier, the PGRP-SC2 and URP-L40
validation results are controversial. For URP-L40, the different
expression trends can be attributed to the high p-value obtained;
the p-value for the qRT-PCR was larger; therefore, the data
are less credible. It has been reported that PGRP-SC2 can
be downregulated with the activation of the Imd pathway in
flies (Bischoff et al., 2006). PGRP-SC2 has been confirmed to
play an important role in innate immunity, and its expression
level increased with increasing bacterial concentrations after
challenge by Gram-positive bacteria in Artemia sinica (Zhu
et al., 2017). Transcripts from different PGRP genes have been
identified in immune regulatory organs such as the fat body,
gut, and hemocytes in Drosophila (Werner et al., 2000). In
our research, Gram-positive bacteria increased after the insects
were fed antibiotics, and the expression of the PGRP-SC2 gene
in B. dorsalis rose accordingly, which was consistent with our
experimental results. The PGRP-SC2 gene and the arginine–
proline metabolism pathway were identified and speculated to
play a key role in the intestinal immunity of the Drosophila host,
which provides a theoretical basis for revealing the function of
intestinal bacteria. An advanced team showed that the PGRP-
SC2 gene could inhibit the intestinal overreaction of B. dorsalis
caused by E. coli and that it plays a negative role in immune
regulation (Yao, 2017). The key point of this study should be
the effect of the PGRP-SC2 gene on the intestinal commensal
bacterial community of B. dorsalis and the role of PGRP-SC2
in the immunity of B. dorsalis, which is also the target of our
future research.
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expression FPKM. (B) Heatmap of the correlation in expression between two
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Supplementary Figure 3 | Overall analysis of differentially expressed genes. (A)
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expressed genes. (B) Volcano plot of differentially expressed genes in the intestinal
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Supplementary Figure 4 | GO and COG DEG analysis results. (A)
Statistical results of the GO classifications for all genes. Light colors represent all
genes and dark colors represent all differentially expressed genes. (B)
Statistical results of the COG classification for all genes. Frequency is the
number of genes.

Supplementary Table 1 | Primers used for real time RT-qPCR amplification.

Supplementary Table 2 | Statistics of intestinal sequencing yield of
Bactrocera dorsalis.
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