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INTRODUCTION

Juvenile hormone (JH), a sesquiterpenoid hormone 
secreted from the corpus allatum, is one of the major hor-
mones that control insect development, metamorphosis, 
and reproduction (Jindra et al., 2013; Roy et al., 2018). In 
adults of both most hemimetabolous and some holometabo-
lous insects, JH plays a principal role as a gonadotropic hor-
mone to provoke vitellogenesis, i.e., accumulation of yolk 
proteins during oogenesis. Most insects synthesize vitello-
genin (Vg) as a major yolk protein precursor in the fat body 
and finally deposit it in the oocyte (Wu et al., 2021). Vg is 
critical for egg maturation and, not surprisingly, downregula-
tion of Vg by RNAi leads to decreased egg production (Lee 
et al., 2017). Krüppel homolog 1 (Kr-h1), encoded by 
JH-inducible Kr-h1, is a C2H2 zinc-finger type transcription 
factor and a key player in the JH signaling pathway initiated 
from the JH receptor complex composed of Methoprene-
tolerant (Met) and Taiman (Tai) (Minakuchi et al., 2009; Roy 
et al., 2018; Jindra et al., 2021). The function of Kr-h1 has 
been examined by RNA interference (RNAi) for Kr-h1 in sev-
eral insect species. The roles of Kr-h1 in reproduction are 
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Juvenile hormone (JH) has two major functions in insects, i.e., suppression of metamorphosis in the 
larval or nymphal stage and promotion of reproduction in the adult stage. Krüppel homolog 1 (Kr-h1), 
a C2H2 zinc-finger type transcription factor, is reported to act downstream of the JH receptor com-
plex. In the present study, the function of Kr-h1 was examined in adults and nymphs of Riptortus 
pedestris by RNA interference (RNAi). After injection of adults with dsRNA of Kr-h1, the expression 
level of Kr-h1 was significantly decreased in the abdomen. Kr-h1 dsRNA-injection resulted in a lower 
proportion of individuals with developed ovaries, but the difference was not statistically significant. 
The transcript levels of cyanoprotein-αα and vitellogenin-1, which are JH-inducible genes encoding 
yolk proteins, were not affected in the abdomen by Kr-h1 knockdown. Kr-h1 dsRNA-injection was 
effective for suppression of Kr-h1 expression in nymphs. Some Kr-h1 dsRNA-injected fifth (final) 
instar nymphs had morphological defects in the wing bud. Moreover, they had several adult morpho-
logical features, including ocelli in the head, connexivum in the abdomen, coloring of the dorsal 
abdomen, and genitals. The nymphs possessing adult features did not emerge as adults during 1 
month. These results demonstrated that Kr-h1 is necessary for maintaining nymphal characters in R. 
pedestris. The function of Kr-h1 in ovarian development remains unclear in R. pedestris.

Key words: juvenile hormone, ovarian development, JH-inducible gene, cyanoprotein, vitellogenin, pre-
cocious metamorphosis, RNAi

not consistent among insect species: Kr-h1 plays pivotal 
roles in vitellogenesis in some species, such as Locusta 
migratoria, Nilaparvata lugens, Bactrocera dorsalis, 
Sogatella furcifera, and Tribolium castaneum (Song et al., 
2014; Lin et al., 2015; Jiang et al., 2017; Yue et al., 2018; Hu et 
al., 2020; Naruse et al., 2020), but not in others, including two 
heteropterans, Pyrrhocoris apterus and Cimex lectularius 
(Smykal et al., 2014; Gujar and Palli, 2016).

On the other hand, Kr-h1 consistently plays an 
indispensable role in larval (nymphal) development and 
metamorphosis: Kr-h1 has been shown to be involved in 
maintaining the larval state in both hemimetabolous and 
holometabolous insects (Minakuchi et al., 2009; Konopova 
et al., 2011; Lozano and Belles, 2011; Ishimaru et al., 2019). 
In P. apterus, the downregulation of Kr-h1 in fourth (penulti-
mate) instar nymphs resulted in precocious development of 
the adult color pattern, wings, and genitals (Konopova et al., 
2011). In T. castaneum, knockdown of Kr-h1 in larvae caused 
precocious larval-pupal transition (Minakuchi et al., 2009; 
Ureña et al., 2016). Similar results were obtained in Blattella 
germanica and Gryllus bimaculatus (Lozano and Belles, 
2011; Ishimaru et al., 2019).

The bean bug, Riptortus pedestris, is one of the repre-
sentative species in Heteroptera in which physiological and 
endocrinological findings regarding JH have been accumu-
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563Functions of Kr-h1 in the bean bug

lated. In this species, ovarian development was shown to be 
regulated by JH (Numata and Hidaka, 1984), although the 
downstream pathway to vitellogenesis and ovarian develop-
ment is unclear. Cyanoprotein-α (CP-α) and vitellogenin-1 
(Vg-1) accumulate in eggs under reproductive conditions. In 
addition, the expression of their encoding genes and Kr-h1 is 
induced by JH analog (Miura et al., 1991; Hirai et al., 1998; 
Ikeno et al., 2010; Dong et al., 2021). In the present study, we 
examined the function of Kr-h1, which is a candidate as a 
mediator of the pathway downstream of JH, by performing 
RNAi-mediated knockdown of Kr-h1 in both adults and fourth 
instar nymphs of R. pedestris. We examined ovarian develop-
ment and transcript levels of CP-α and Vg-1 in adult females 
and observed the morphology of fifth (final) instar nymphs.

MATERIALS AND METHODS

Insects
Adults of R. pedestris were collected in Kyoto City (35.0°N, 

135.8°E) from May to September in 2016–2018. Their progeny were 
used for experiments under long-day conditions of 16-h light and 
8-h darkness (light 09:00–01:00, JST) at 25 ±  1°C, under which 
insects become reproductive. They were fed soybean grain and 
water containing 0.05% sodium ascorbate and 0.025% L-cysteine 
(Kamano, 1991).

Reproductive status
To examine the reproductive status, female adults were dis-

sected in saline (0.9% NaCl solution) under a stereoscopic 
microscope. Females were classified as being reproductive or non-
reproductive based on ovarian development, i.e., ovaries with 
light-blue yolk deposition in the oocytes were judged to be devel-
oped, whereas those with no deposition were judged to be undevel-
oped (Numata and Hidaka, 1982; Hafeez et al., 2020).

Sample preparation
Adult abdomens were collected individually before and after 

observation of the reproductive status. To examine gene expression 

in the fat body, the abdomen was collected because the majority of 
the fat body is located in the abdomen (Raikhel et al., 1997). Whole 
bodies were used for the analysis of gene expression in the fifth 
instar nymphs because of the small body size. All samples were 
individually stored in TRIzol Reagent (Life Technologies, Foster City, 
CA, USA) at –80°C until they were used for RNA extraction.

RNA extraction and cDNA synthesis
Total RNA was isolated using TRIzol Reagent according to the 

supplier’s instructions. Genomic DNA was eliminated using DNase 
(Deoxyribonuclease I, Amplification Grade, Invitrogen, Waltham, 
USA). After DNase treatment, cDNA was synthesized from 1 μg of 
total RNA with a High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Foster City, USA). The cDNA was stored at 
–20°C until use.

RNAi
cDNA was used to synthesize Kr-h1 double-stranded RNA 

(dsRNA). As a control, dsRNA of β-lactamase (bla), a gene that 
provides bacteria with ampicillin resistance, was also synthesized 
using the pGEX4T-1 vector (GE Healthcare, Chicago, USA). To 
obtain the T7 promoter-attached DNA fragment, cDNA or pGEX4T-1 
vector was used as a template for PCR with KOD-plus ver.2 
(TOYOBO, Osaka, Japan) according to the supplier’s instructions. 
Primers used in reactions are listed in Table 1. The double-stranded 
RNAs (dsRNAs) were synthesized by using the T7 Ribomax 
Express RNAi System (Promega, Madison, USA) according to the 
supplier’s instructions. The dsRNAs were dissolved in saline solu-
tion and stored at −20°C until use. To examine the function of Kr-h1 
in metamorphosis, fourth instar nymphs were injected with 1 μl of 
Kr-h1 or bla dsRNA (3 μg/μl) into the abdomen on the day after the 
third nymphal ecdysis. To verify the effect of RNAi, some insects 
were sampled for qRT-PCR 3 days after injection. To examine the 
function of Kr-h1 in ovarian development, female adults were 
injected with 1 μl of Kr-h1 or bla dsRNA (10 μg/μl) into the head on 
the day after adult emergence. To examine the efficiency of RNAi, 
the abdomens of some insects were sampled for qRT-PCR 2 weeks 
after injection. Their reproductive status was also checked.

Table 1. Sequences of primers.

Gene Primer Sequence (5′ >> 3′)

For qRT-PCR

Kr-h1
krh1-4F GCC TAG CCA AGA ACT AGA AGA C

krh1-4R TCG TTC CAT AGA CTT GAG GAT TG

EF1α
EF1α-F CCT GCA TCC GTT GCT TTT GT

EF1α-R GGC ATC GAG GGC TTC AAT AA

CP-α
CP-α-F GTT TCA AAG GCT GGT CGC TG

CP-α-R GAT CCA CCG CAA GCA ATG TC

Vg-1
Vg-1-F AGC TAC AAG ACT GAG CAC AAT T

Vg-1-R TGC AAC ATT CAC TTC CTG GG

For dsRNA synthesis

Kr-h1

krh1-2F CAA GAC CTT CAT CCA GAG TGG

krh1-2T7F TAA TAC GAC TCA CTA TAG GCA AGA CCT TCA TCC AGA GTG G

krh1-2R GTC GGA GTT TCG AGT ACG TGT

krh1-2T7R TAA TAC GAC TCA CTA TAG GGT CGG AGT TTC GAG TAC GTG T

Bla

pBla-F1 TCG CCG CAT ACA CTA TTC TC

pBlaT7-F TAA TAC GAC TCA CTA TAG GGA GAC CAC GTC GCC GCA TAC ACT ATT CTC

pBla-R1 TAC GAT ACG GGA GGG CTT AC

pBlaT7-R TAA TAC GAC TCA CTA TAG GGA GAC CAC GTA CGA TAC GGG AGG GCT TAC
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Quantitative reverse transcription PCR
To verify the effect of knockdown by RNAi, we measured rela-

tive transcript levels by quantitative reverse transcription PCR 
(qRT-PCR) analysis using FastStart Essential DNA Green Master 

(Roche, Mannheim, Germany) and the LightCycler 96 system 
(Roche) followed by cDNA synthesis. The primers used in qRT-
PCR are listed in Table 1. Elongation factor 1-α (EF1α) was used as 
a control gene for normalization (Futahashi et al., 2013). In all of the 
reactions, the generation of only a single expected amplicon was 
confirmed by performing a melting curve analysis. Quantification of 
cDNAs was performed using a standard curve methodology. All of 
the qRT-PCR reactions were performed using two technical repli-
cates and at least three biological replicates.

Morphological observation of fifth instar nymphs
To obtain nymphs at the desired age, third instar nymphs were 

individually housed in a small cup. Whether they ecdysed to fourth 
instar nymphs was checked during 17:00–20:00 JST every day. In 
the present study, day 0 is defined as the 24-h period from lights-on 
of the day of ecdysis, and the next 24-h period is day one. The dor-
sal side of the whole body of the fifth instar nymphs on day five was 
photographed using a digital camera (HDCE-10C; AS ONE, Osaka, 
Japan) attached to a stereomicroscope (S8 APO; Leica 
Microsystems, Wetzlar, Germany) to observe the wing bud. Some 
individuals were reared until the next ecdysis. To compare morphol-
ogy, the others were immersed in 70% ethanol on day five of the 
fifth instar. Various parts of their body were photographed using a 
stereomicroscope with an attached digital camera (ISN230; Nikon, 
Tokyo, Japan). Adults were immersed in 70% ethanol on day five for 
comparison of the dorsal side of the abdomen. The averaged value 
of red, green, and blue (RGB; each parameter defines the intensity 
of the color as an integer between 0 and 255) in the dorsal side of 
the fifth instar nymph and adult was obtained using NIS Element 
(Nikon, Tokyo, Japan). The hue angle (H) was calculated from the 
averaged value of RGB using H =  arctan ( )( ) ( )√ − − −3 2G B R G B/ . 
The photos were processed using CombineZP (available at https://
combinezp.software.informer.com/) and CorelDRAW X6 (Corel 
Corporation, Ontario, Canada) for visualization.

Fig. 1. Effects of Kr-h1 dsRNA-injection on ovarian development 
and Kr-h1, cyanoprotein-α (CP-α), and vitellogenin-1 (Vg-1) tran-
script levels in the abdomen of adult Riptortus pedestris reared 
under long-day conditions at 25°C. (A) Insects were injected with 
dsRNA of bla or Kr-h1 on day 1 after adult emergence. The status 
of the ovary was observed in insects injected with dsRNA of bla or 
Kr-h1 2 weeks after injection. The ordinate shows the percentage of 
individuals with developed ovaries. No significant difference was 
detected between bla dsRNA-injected individuals and Kr-h1 
dsRNA-injected individuals (Fisher’s exact test, P >  0.05). (B) Each 
plot shows the relative amount of Kr-h1 mRNA (the ratio to EF1α 
expression) from a single abdomen collected 8 h after light-on (at 
ZT 8) (n =  5–9). (C) The relative transcript levels of CP-α from a 
single abdomen collected at ZT 8 (n =  5–6). Transcript levels of 
Kr-h1 in the abdomen of Kr-h1 dsRNA-injected individuals were sig-
nificantly lower than those in control individuals (Aspin-Welch t-test, 
P <  0.05). (D) The relative transcript levels of Vg-1 from a single 
abdomen collected at ZT 8 (n =  5–6). Open and solid black circles 
indicate samples from the abdomen of individuals with undevel-
oped ovaries and developed ovaries, respectively. The mean val-
ues of control insects injected with bla dsRNA were set at 1.0. The 
solid gray circles and error bars represent mean values and stan-
dard deviations, respectively. There were no significant differences 
in the transcript levels of CP-α or Vg-1 between insects injected 
with bla dsRNA and those injected with Kr-h1 dsRNA in the abdo-
men (Aspin-Welch t-test, P >  0.05).

Fig. 2. Effect of Kr-h1 dsRNA injection on Kr-h1 transcript level in 
fourth instar nymphs of Riptortus pedestris reared under long-day 
conditions at 25°C. Fourth instar nymphs were injected with dsRNA 
of bla or Kr-h1 on day 1. To examine the effect of dsRNA-injection, 
the nymphs were collected on day four of the fourth instar for 
qRT-PCR. Each plot shows the relative amount of Kr-h1 mRNA (the 
ratio to EF1α expression) from a whole-body (n =  5–10). The mean 
value of intact nymphs was set at 1.0. The solid gray circles and 
error bars represent mean values and standard deviations, respec-
tively. Injection of Kr-h1 dsRNA suppressed Kr-h1 transcript levels 
by about 50% (*P <  0.05, **P <  0.01, t-test). The same letters indi-
cate that values are not significantly different (Tukey-type multiple 
comparisons, P >  0.05; Zar, 2010).
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Fig. 3. Effect of Kr-h1 dsRNA-injection on the external morphology of fifth instar nymphs of 
Riptortus pedestris. The fourth instar nymphs were injected with bla or Kr-h1 dsRNA on day 1 
after molting. Scale bar, 500 μm. (A) Wing bud of fifth instar nymphs of intact and Kr-h1 
dsRNA-injected nymph. Defective phenotypes of the wing bud in Kr-h1 dsRNA-injected indi-
viduals were classified into four types. Type A: Two wing buds are separated by a gap that is 
smaller than the width of the body. Type B: The wing buds are puffed up. Type C: The wing 
buds are wrinkled. Type D: Two wing buds are separated by a gap that is larger than the width 
of the body. (B) The dorsal side of a female adult. The right and left wings overlap each other 
and reach the tip of the abdomen. (C) Head of fifth instar nymph. Intact nymphs did not have 
two ocelli in the head, whereas some Kr-h1 dsRNA-injected nymphs had flattened, small ocelli 
(+), or apparent adult ocelli (++). White arrows show an ocellus in the head. (D) Ventral side of 
the abdomen of fifth instar nymph and adult. Connexivum (marked by an arrow) was observed 
along the edge of the abdomen in some Kr-h1 dsRNA-injected nymphs. (E) Female genitals 
in fifth instar nymphs and one adult. (F) Male genitals in fifth instar nymphs and one adult.

Statistical analysis
Statistical analyses were performed using JMP® Pro 14 (SAS 

Institute Inc., Cary, NC, USA). Fischer’s exact test was used for 
pairwise comparisons of proportions of individuals with developed 
ovaries. Student’s t-test or Aspin Welch’s t-test was used for detect-
ing significant differences in pairwise comparisons of transcript lev-
els of Kr-h1, CP-α, and Vg-1. For comparisons of multiple data, 
Tukey-type multiple comparisons or Steel-Dwass multiple compari-
sons were used (Zar, 2010).

RESULTS

Ovarian development
When injected with bla dsRNA (con-

trol), 92% of females developed ovaries 
under long-day conditions (Fig. 1A). The 
ovaries developed in 67% of females 
injected with dsRNA of Kr-h1 (Fig. 1A). 
There was no significant difference 
between the control and Kr-h1 dsRNA-
injected females. After injection of 
dsRNA of Kr-h1, the expression level of 
Kr-h1 in the abdomen decreased to 38% 
of the level in the abdomen of the control 
insects (Fig. 1B). To examine the effect of 
Kr-h1 knockdown on ovarian develop-
ment at the level of gene expression, we 
measured the expression levels of JH-
inducible genes CP-α and Vg-1. There 
was no significant difference in the 
expression level of CP-α or Vg-1 in the 
abdomen between the control and Kr-h1 
dsRNA-injected insects (Fig. 1C, D).

Nymphal morphology
Injection of Kr-h1 dsRNA decreased 

the transcript level of Kr-h1 3 days after 
injection when fourth instar nymphs 
were injected with Kr-h1 dsRNA on day 
1 after the third nymphal ecdysis. The 
Kr-h1 transcript level was significantly 
different from that in intact insects but 
not from that in bla dsRNA-injected 
insects (Fig. 2). When we injected Kr-h1 
dsRNA into fourth instar nymphs, we 
found that 84% of nymphs had defective 
phenotypes in the wing bud after the 
next ecdysis (Table 2). We defined these 
nymphs as abnormal fifth instar nymphs 
and classified their phenotypes of wing 
bud into four types (Fig. 3A; Table 2) as 
follows: Type A: Two wing buds are sep-
arated by a gap that is smaller than the 
width of the body. Type B: The wing buds 
are puffed up. Type C: The wing buds 
are wrinkled. Type D: Two wing buds are 
separated by a gap that is larger than the 
width of the body. In adults, right and left 
wings overlap each other and reach the 
tip of the abdomen (Fig. 3B). In intact 
nymphs, no defects in the wing bud were 
observed. A few bla dsRNA-injected 
(control) fifth instar nymphs had wing 

buds of Type A (Table 2), suggesting that injection itself pro-
duces Type A wing buds only rarely. We further observed 
several body parts of the abnormal fifth instar nymphs and 
found that most of them exhibited at least one typical charac-
teristic of adult morphological features, such as ocelli in the 
head, the connexivum of the abdomen, or adult genitals (Fig. 
3). In R. pedestris, adults have two ocelli in their heads and 
nymphs have no ocelli from the first to fifth (last) instar (Edde, 
2021). We found that 84% of the abnormal fifth instar nymphs 
had ocelli (Fig. 3C; Table 2). Two types of ocelli were observed 
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Fig. 4. The body color in the dorsal side of the abdomen of Riptortus pedestris. (A) The 
dorsal side of the abdomen of control, abnormal fifth instar nymph with Kr-h1 dsRNA-
injection, and adult of R. pedestris. The yellow pattern is observed in the adult abdomen. 
Scale bar, 1 mm. (B) Diagram of hue angle. (C) The ordinate shows the hue angle. The hue 
angle was calculated from RGB averaged in the image of the dorsal area of the abdomen. 
The hue angle of the dorsal side of the abdomen was approximately 25° in intact nymphs 
and bla dsRNA-injected nymphs. Kr-h1 dsRNA-injected nymphs and intact adults had 30° 
and 35° hue angles, respectively. (D) The hue of the dorsal side of the abdomen in Kr-h1 
dsRNA-injected nymphs is shown. The same letters indicate that hues are not significantly 
different (Steel-Dwass multiple comparisons, P >  0.05).

Table 2. Morphological features in fifth instar nymphs with Kr-h1 dsRNA-injection in Riptortus pedestris.

Wing bud Adult morphological features

Treatment n Normal
Abnormal Ocelli Connexivum Genitals

A B C D – + ++ – + – +

Intact 36 36 0  0  0 0 36  0  0 35  1 36  0

bla dsRNA 42 39 3  0  0 0 39  0  0 39  0 42  0

Kr-h1 dsRNA 69 11 3 31 19 5 20 22 27 50 19 27 42

See Fig. 3 for the morphology of wing bud in the intact and abnormal fifth instar nymph, and three adult morphological features (ocelli, con-
nexivum, and adult-like genitals).

in the abnormal fifth instar nymphs: ++ 
(55%) looked the same as the ocelli of 
adults, while + (45%) were flattened 
and small (Fig 3C; Table 2). In abnor-
mal fifth instar nymphs, 33% had a 
connexivum, which is observed along 
the edge of the abdomen in adults but 
not in nymphs, although almost no 
intact nymphs and none of the control 
nymphs had a connexivum (Fig. 3D; 
Table 2). Female adults had a cleavage 
at the abdominal tip, i.e., vulva between 
the first valvifers, but intact fifth instar 
nymphs did not have such a structure 
in the future genitals (Fig. 3E). Male 
adults had a genital capsule at the gen-
itals, which was not observed in intact 
fifth instar nymphs (Fig. 3F). In abnor-
mal fifth instar nymphs, however, 72% 
had adult-like genitals (Fig. 3F, G; 
Table 2). Most of the fifth instar nymphs 
with normal wing buds after Kr-h1 
dsRNA-injection had no adult morpho-
logical features in the ocelli, connexi-
vum, or genitals. The percentages of 
individuals with zero to three adult mor-
phological features in the ocelli, con-
nexivum, and genitals were almost the 
same among Types B, C, and D (see 
Supplementary Figure S1). This sug-
gests that we can regard Types B, C, 
and D as an indicator of precocious 
adult development, even though none 
of these three types morphologically 
reproduced adult wings.

Adults have a yellow pattern on the dorsal side of the 
abdomen under the wings (Fig. 4A), but the nymphs do not. 
The abnormal fifth instar nymphs with Kr-h1 dsRNA-injection 
had a yellow pattern on the dorsal side of the abdomen after 
ecdysis, although it looked different from that of adults (Fig. 
4A). In these abnormal nymphs, there were various yellow 
patterns, i.e., some individuals had a yellow spot in the cen-
tral area of the dorsal abdomen, while others had a yellow 
pattern ranging over the whole abdominal region. To gauge 
the change of body color, therefore, the hue angle (color 
phase) of the dorsal side of the abdomen was examined 
because it was impossible to evaluate color changes with 
various patterns by using the human eye. Adults with a yel-

low pattern on the dorsal side of their abdomen had hue 
angle of approximately 35°. The hue angle of the intact and 
control fifth instar nymphs was around 25°. Interestingly, the 
hue angle of abnormal fifth instar nymphs with Kr-h1 dsRNA-
injection was approximately 30°, which was between the val-
ues of control nymphs and adults (Fig. 4B). Among Kr-h1 
dsRNA-injected individuals, the abnormal fifth instar nymphs 
except for Type A exhibited a larger hue angle compared to 
normal fifth instar nymphs with Kr-h1 dsRNA-injection (Fig. 
4D). There was no significant difference among Types B, C, 
and D (Fig. 4D).
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Fig. 5. Nymphal and nymphal-adult ecdyses in intact insects (A) and insects injected with (B) bla 
or (C) Kr-h1 dsRNA in Riptortus pedestris under long-day conditions at 25°C. The dsRNA was 
injected into the fourth instar nymphs. None of the abnormal fifth instar nymphs that appeared after 
Kr-h1 dsRNA-injection emerged as adults. n =  39–47.

Nymphal-adult ecdysis
More than 90% of intact fifth instar nymphs and all fifth 

instar nymphs with bla dsRNA-injection underwent ecdysis 
within 11 days after the fourth nymphal ecdysis (Fig. 5A, B). 
In the Kr-h1 dsRNA-injected group, 89% of normal fifth instar 
nymphs molted to adults, while none of the abnormal fifth 
instar nymphs underwent ecdysis; rather, they survived as 
fifth instar nymphs for more than 30 days (Fig. 5C).

DISCUSSION

In adult insects, JH promotes vitellogenesis, including 
Vg synthesis in the fat body and oocyte maturation via the 
Met/Tai complex (Wu et al., 2021). Kr-h1 is a JH early-
response gene encoding a C2H2 zinc-finger type transcription 
factor that transduces JH signals to regulate reproduction in 
some insects (Wu et al., 2021) but not in others (Smykal et 
al., 2014; Gujar and Palli, 2016). The function of Kr-h1 in 
reproduction varies depending on the insect species. Knock-
down of Met or Kr-h1 by RNAi substantially reduced Vg 
expression in the fat body and arrested follicular epithelium 
development, oocyte maturation, and ovarian growth in L. 
migratoria (Song et al., 2014). Knockdown of Met or Kr-h1 
resulted in reduced Vg expression and impeded ovarian 
development with lowered fecundity in B. dorsalis (Yue et 
al., 2018). Similar findings have also been reported in S. 
furcifera, N. lugens, and the red flour beetle, Tribolium 
castaneum (Lin et al., 2015; Jiang et al., 2017; Hu et al., 
2019, 2020; Naruse et al., 2020). Sheng et al. (2011) showed 

that JH additionally regulates Vg 
expression through the insulin-
like peptide pathway in T. 
castaneum. In contrast, knock-
down of Met or Tai, but not Kr-h1, 
reduced Vg expression and 
blocked ovarian development in 
P. apterus (Smykal et al., 2014). 
Similarly, knockdown of Met or 
Tai affected Vg expression and 
fecundity, whereas knockdown 
of Kr-h1 did not, in C. lectularius 
(Gujar and Palli, 2016).

Recently, we have shown 
that Kr-h1 is one of the JH-
inducible genes in R. pedestris 
(Dong et al., 2021). To clarify 
whether Kr-h1 functions in 
ovarian development, we tried 
knockdown of Kr-h1 by RNAi. 
The results showed that 
knockdown of Kr-h1 caused an 
approximately 25% reduction in 
the percentage of individuals 
with developed ovaries (Fig. 1A), 
but did not provide a clear 
answer because the efficiency 
of RNAi was not sufficient: Kr-h1 
transcript levels decreased 50% 
in the abdomen (Fig. 1B). Tech-
nical improvement of RNAi 
would help to further our under-
standing of the function of Kr-h1 

in the adults of R. pedestris in future studies. To comple-
ment the present results obtained by RNAi, we examined the 
expression levels of CP-α and Vg-1 in Kr-h1 dsRNA-injected 
females. CP-α and Vg-1 are JH-inducible genes and 
involved in female reproduction (Miura et al., 1991; Hirai et 
al., 1998; Ikeno et al., 2010; Lee et al., 2017). There was no 
effect of Kr-h1 knockdown on transcript levels of CP-α or 
Vg-1 in the abdomen (Fig. 1C, D). Further investigations are 
necessary to elucidate the function of Kr-h1 in female repro-
duction in R. pedestris. Kr-h1 of R. pedestris has high simi-
larity to Kr-h1 of P. apterus and C. lectularius (Heteroptera, 
Hemiptera), whose ovarian development, including the Vg 
transcript level, is not affected by knockdown of Kr-h1 
(Smykal et al., 2014; Gujar and Palli, 2016; Dong et al., 2021). 
In N. lugens and S. furcifera, which belong to a different sub-
order than R. pedestris, Auchenorrhyncha in Hemiptera, 
interestingly, Kr-h1 plays a pivotal role in female reproduc-
tion (Lin et al., 2015; Jiang et al., 2017; Hu et al., 2019, 2020). 
Kr-h1 of heteropteran insects may play a minor or no such 
role. This should be addressed in future studies.

The hemimetabolous insects have several nymphal 
instars followed by nymphal-adult ecdysis. These processes 
are regulated by JH and molting hormone (ecdysteroid). JH 
maintains the larval (nymphal) state of insects by modulating 
the cellular responses to the ecdysteroid during each molt-
ing. A drastic decrease in JH in the final instar leads to an 
ecdysteroid spike to induce the metamorphic molt (Jindra et 
al., 2013). Kr-h1 acting downstream of JH controls larval 
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metamorphosis (Kayukawa et al., 2012, 2017). To elucidate 
the function of Kr-h1 in metamorphosis in R. pedestris, we 
performed knockdown of Kr-h1 by RNAi in fourth instar 
nymphs. The results showed that RNAi of Kr-h1 was efficient 
in nymphs (Fig. 2), although the transcript levels of Kr-h1 
varied among individuals, suggesting that RNAi was not 
effective for all of the individuals tested. This variability of the 
effects of RNAi may have resulted in the variety of morpho-
logical features observed in Kr-h1 dsRNA-injected abnormal 
fifth instar nymphs (Fig. 3; Table 2). In several insect spe-
cies, Kr-h1 RNAi caused precocious development of adult 
features such as wings, genitals, and body color (Konopova 
et al., 2011; Lozano and Belles, 2011; Ishimaru et al., 2019). 
In the present study, the most dominant phenotype appeared 
as abnormalities in the wing bud in Kr-h1 dsRNA-injected 
individuals (Table 2). Consistent with previous reports, we 
also observed several adult features, including ocelli, con-
nexivum, genitals, and the color of the dorsal side of the 
abdomen in abnormal fifth instar nymphs with Kr-h1 dsRNA-
injection in R. pedestris. These results suggest that down-
regulation of Kr-h1 caused precocious adult development in 
R. pedestris. To our knowledge, this is the first report show-
ing that ocelli formation was observed in Kr-h1 RNAi-treated 
nymphs (Fig. 3C). We did not examine the internal structure 
or function of the ocelli. The abnormal fifth instar nymphs of 
Kr-h1 RNAi-treated nymphs did not emerge as adults for 
over 1 month (Fig. 5). A similar result was reported in G. 
bimaculatus, i.e., knockdown of Kr-h1 by RNAi caused adult 
morphological features and failure to undergo ecdysis 
(Ishimaru et al., 2019).

In conclusion, the present study demonstrated that 
Kr-h1 is involved in maintaining the nymphal state. In con-
trast, the function of Kr-h1 in ovarian development remains 
unclear in the adult of R. pedestris. In the present study, we 
focused only on the functions of Kr-h1 in nymph-adult transi-
tion and reproduction in female adults. Several studies 
reported that dramatic metamorphosis is precisely regulated 
by the mutual regulation of transcription factors Kr-h1, 
Broad-Complex (Br), and ecdysone-induced protein 93 
(E93) (e.g., see Ureña et al., 2016). The effects of downregu-
lation of Kr-h1 on Br and E93 expression and the effects of 
downregulation of Br and E93 on Kr-h1 expression in R. 
pedestris are interesting issues to be addressed in future 
studies.
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