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Abstract Juvenile hormone (JH) is a major endocrine hormone that mediates development,
metamorphosis, and reproduction in insects. It binds directly to its methoprene-tolerant
receptor and recruits a heterodimer partner to form the JH-receptor complex that then
activates a JH-inducible gene known as the Krippel homolog 1 (Kr-h1). There is evidence
that this gene is a downstream factor mediating both physiological and biochemical
processes; however, the functional mechanism of Kr-h1 is largely unknown. Using the
economically important rice (Oryza sativa L.) pest Chilo suppressalis (Walker) (Lepidoptera:
Crambidae) as a model, we used a combination of RNA interference (RNAi), high-throughput
RNA sequencing, and real-time quantitative polymerase chain reaction (RT-qPCR) to identify
candidate transcription factor (TF) genes that are regulated by Kr-h1. RNAi knockdown of Kr-
h1identified the Zinc finger proteins, ZBTB, THAP, PAX, MYB, HSF, Homeobox, HMG, CSD,
basic helix-loop-helix, STAT, RHD, and MBD families as regulated by Kr-h1. RT-qPCR
confirmed the transcription levels of these putative TFs and indicated that knockdown of Kr-h1
can induce or suppress the expression of these proteins in C. suppressalis. These results
provide the basic information required for in-depth research on the TFs regulated by Kr-h1in
C. suppressalis and other insects.
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Juvenile hormone (JH) is a sesquiterpenoid hormone synthesized and secreted
by the corpora allata that regulates the development, metamorphosis, reproduction,
and other physiological processes of insects (Bernardo and Dubrovsky 2012, Bilen
et al. 2013, Flatt et al. 2005, Jindra et al. 2013, Riddiford 2012). Its primary role is to
maintain the status quo during larval development, in close cooperation with molting
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hormones (ecdysteroids) (Riddiford 2012). Although the mode of action of JH was
described many years ago, the molecular mechanisms underlying JH were largely
unknown until the candidate JH receptor, methoprene-tolerant (Met) protein, a basic
helix-loop-helix (bHLH)-Per-Arnt-Sim (PAS) family of transcription factors (TFs),
first described in Drosophila melanogaster Meigen (Diptera: Drosophilidae) (Ashok
et al. 1998, Wilson and Fabian 1986), was identified. Met homologs have since
been identified in other taxa (Kayukawa et al. 2012, Konopova et al. 2011, Lin et al.
2015, Zhu et al. 2010). JH first binds to Met and then recruits the heterodimer
partner steroid receptor coactivator (also called Taiman or FISC) to form an active
JH-receptor complex that regulates the expression of JH-responsive genes
(Furness et al. 2007; Jindra et al. 2013, 2015a, 2015b; Li et al. 2011; Partch and
Gardner 2010; Zhang et al. 2011).

The TF Krippel homolog 1 (Kr-h1), first discovered in D. melanogaster and
homologous with the segmentation gene Kriippel (Beck et al. 2004, Pecasse et al.
2000), is one such gene that acts as a key regulator suppressing metamorphosis in
insects. Kr-h1 contains eight C2-H2-type Zinc fingers (DNA binding motif) and has
been shown to be the direct target of Met and to regulate insect development,
metamorphosis, and vitellogenesis. In the red flour beetle, Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae), functional analysis of Kr-h1 has revealed that
knockdown of both TcMet and TcKr-h1 causes precocious metamorphosis
(Konopova and Jindra 2007, Minakuchi et al. 2009, Parthasarathy et al. 2008). In
addition, RNA interference (RNAIi) suppression of Kr-h1 in Pyrrhocoris apterus (L.)
(Hemiptera: Pyrrhocoridae) causes precocious metamorphosis at the early fourth-
instar nymphs (Konopova et al. 2011), whereas overexpression of Kr-hi1 in
Drosophila and Bombyx mori L. (Lepidoptera: Bombycidae) prevented pupation
(Kayukawa et al. 2014, Minakuchi et al. 2008).

In addition to repressing metamorphosis, Kr-h1 has been found to play a role in
female reproduction by regulating vitellogenin and oogenesis in the mosquito Aedes
aegypti (L.) (Diptera: Culicidae) (Ojani et al. 2018, Shin et al. 2012, Zou et al. 2013)
and migratory locust Locusta migratoria L. (Orthoptera: Acrididae) (Song et al.
2014). Although RNAI suppression of Kr-h1 did not reduce fecundity in bed bug,
Cimex lectularius L. (Hemiptera: Cimicidae), it reduced hatchability (Gujar and Palli
2016).

It is now evident that Kr-h1 plays a crucial role in both metamorphosis and
reproduction. Recent studies have revealed that Kr-h1 prevents the activation of
metamorphosis by suppressing the expression of the Broad-complex (BR-C) and
Ecdysone induced protein 93F (E93) genes (Belles and Santos 2014, Jindra et al.
2013). Mechanistically, Kr-h1 binds directly to the consensus Kr-h1 binding site
(KBS) in the promoter regions of target genes to suppress their transcription
(Kayukawa et al. 2016, 2017). It has recently been discovered that Kr-h1
suppresses steroidogenic enzyme by binding to the KBS regions of steroidogenic
enzyme gene promotors in D. melanogaster and B. mori, thereby suppressing 20-
hydroxyecdysone (20E) synthesis (Liu et al. 2018, Zhang et al. 2018). Although the
role of Kr-h1 in insect development and reproduction is relatively well understood,
the potential TF genes that are regulated by Kr-h1 remain largely unknown.

In this study, we used the rice (Oryza sativa L.) pest Chilo suppressalis (Walker)
(Lepidoptera: Crambidae) as a model species and used RNAi and high-throughput
RNA sequencing to identify potential TFs that regulated by Kr-h1. The results
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indicate that several TFs may be regulated by Kr-h1 to mediate development and
reproduction in C. suppressalis.

Materials and Methods

Insect rearing. Chilo suppressalis larvae were collected from the campus
greenhouse of Hunan Agricultural University in April 2017 and reared on water
bamboo Zizania latifolia (Griseb.) Turcz. Stapf. at 28 = 1°C and 80 = 10% relative
humidity under a 16-h photoperiod. Adults were fed on 10% sucrose.

RNA isolation and synthesis of first-strand cDNA. Total RNA was isolated
from samples by using RNAiso Reagent (TaKaRa, Dalian, China) according to the
manufacturer’'s instructions. Its purity and concentration were quantified with a
spectrophotometer (2.1 > OD 260/280 > 1.8; NanoDrop™ 1000, Thermo Fisher
Scientific, Waltham, MA). Complementary DNA (cDNA) was synthesized using the
PrimeScript RT reagent kit with gDNA eraser (TaKaRa) according to the
manufacturer's recommendations.

RNA.I. The target gene fragment was amplified from C. suppressalis pupal cDNA
by using a PrimeSTAR HS DNA polymerase kit (TaKaRa) with a flanking T7
promoter and T7 terminator site. A segment of enhanced green fluorescent protein
(EGFP; accession no. U55762) was the negative control for nonspecific effects in
RNAi experiments. For double-stranded (ds)RNA synthesis, a T7 RiboMAX™
Express RNAi System (Promega, Madison, WI) was used to produce dsRNA
against Kr-h1 and EGFP from approximately 1 mg of the DNA template. The
integrity and concentration of the dsRNA obtained were verified by electrophoresis
in 1% native agarose gel.

Five hundred nanoliters of dsKr-h1 solution (5 ng/ul) was injected into the
abdomen of female pupae 24 and 48 h after pupation by using a nanoinjector
(Drummond Scientific Co., Broomall, PA). The control group was injected with
dsEGFP according to the same protocol. Four individuals were randomly selected
for detection of RNAI efficiency and high-throughput RNA sequencing.

cDNA library construction and transcriptome analysis. Total RNA was
extracted from individuals in the control and treatment groups with TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA
integrity was verified with gel electrophoresis, and its concentration was measured
with a Qubit® RNA Assay Kit in a Qubit® 2.0 fluorometer (Life Technologies,
Rockville, MD). We used 1.5 pg of total RNA to construct the cDNA library, which
was sequenced using a HiSeq platform (lllumina, San Diego, CA).

A method adapted from Qiu et al. (2018) was used to produce clean reads, and a
Trinity assembly was created using Trinity software based on the left.fq and right.fq
(Grabherr et al. 2011). The putative function of unigenes was deduced by aligning
them against Pfam (Protein family), KOG/COG (Clusters of Orthologous Groups of
proteins), Nr (National Center for Biotechnology Information [NCBI] nonredundant
protein sequences), and Nt (NCBI nonredundant nucleotide sequences).

Differential gene expression. The fragments per kilobase of transcripts per
million mapped reads method was used to measure the differential expression of
genes in the treatment and control groups (Mortazavi et al. 2008). DESeq R
package (Version 1.10.1) was used to analyze the differential expression of genes
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in each group. Benjamini-Hochberg approach was used to adjust P values to
control the false discovery rate. Genes with an adjusted P value of <0.05 were
considered differentially expressed.

Identification of TFs. TFs were verified by manually using BLASTX with an E-
value cutoff of <107° to check their amino acid sequences against the NCBI
nonredundant protein database.

RT-gPCR. Real-time quantitative polymerase chain reaction (RT-gPCR) was
used to verify the expression of candidate TFs that were regulated by Kr-h1. Total
RNA was isolated from the control and treatment (iEGFP and iKr-h1) groups, and
cDNA was synthesized using a PrimeScript RT reagent kit with gDNA eraser
(TaKaRa) as described above. Gene-specific primers (Table 2) were designed
using the NCBI profile Server (http://www.ncbi.nlm.nih.gov/tools/primer-blast). The
C. suppressalis elongation factor-1 was used as the internal reference gene for RT-
gPCR (Hui et al. 2011, Zhu et al. 2016). Quantitative real-time PCR was conducted
with a SYBR Premix ExTaq (Perfect Real Time) kit (TaKaRa) according to the
manufacturer’s instructions and a CFX 96 Touch System (Bio-Rad Laboratories,
Hercules, CA). The efficiency of the RT-qPCR primers was assessed from a
standard curve (cDNA concentration versus cycle threshold [Ct]) based on a
fivefold dilution series of pupal cDNA corresponding to 1 mg of total RNA. The
gPCR protocol used was that of Qiu et al. (2018).

Data analysis. Quantitative expression data were analyzed using the 2
method (Pfaffl 2001), and the statistical significance of differences in treatment
group means were assessed with a one-way analysis of variance (ANOVA) in the
Statistical Package for the Social Sciences program for Windows (SPSS, Chicago,
IL).

ANCt

Results

RNAi depletion of Kr-h1 in C. suppressalis pupae. High-throughput
sequencing combined with Kr-h1 RNAi was used to identify potential TFs that
were regulated by Kr-h1. Injection of Kr-h1 dsRNA significantly reduced
transcription of Kr-h1 by 77% compared with EGFP dsRNA (Fig. 1A). We identified
7,845 differentially expressed transcripts controlled by Kr-h1 in female pupae (Fig.
1B, C).

Kr-h1 RNAi depletion revealed differential expression of TFs. Total RNA
from dsRNA-treated pupae was subjected to high-throughput sequencing and
screening to identify differentially expressed TFs. The TFs identified included Zinc
finger-C2H2, Zinc finger-GATA, Zinc finger-LITAF (lipopolysaccharide-induced
tumor necrosis factor—activating factor-like), Zinc finger-BED, ZBTB, THAP, PAX,
MYB, HSF, Homeobox, HMG, CSD, bHLH, STAT, RHD, and MBD families (Table
1). Functional annotation identified that iKr-h1 downregulated 29 and upregulated
12 of the above-mentioned genes, suggesting that these 41 genes interact with Kr-
h1 to regulate development and reproduction.

Validation of high-throughput sequencing data with RT-qPCR. To verify the
differential expression of candidate TFs, total RNA was isolated for analysis via RT-
gPCR. Specific primers were designed based on the sequences of 14 randomly
selected Kr-h1-regulated genes identifed by RNA high-throughput sequencing. For

$S900E 981J BIA Z0-/0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



J. Entomol. Sci. Vol. 58, No. 3 (2023)

2

[§V)

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-07-02 via free access

X
wlojos! 851 18£501007 uteloid
G5'G— 100 /B€ pazusjoereyoun :q3191d34d IV~ 2b1nuodzz10 gAN
65'G— G000 182 jonpoud uiejoid paweuun Iy~ LBRIUOD Z¥ESTD
asesodsue))
06'G— 0 160 pelelpaw-yNQa oAleINd IV 861u0D'6%6110 Xvd
ZX wiojos|
vev— 620 9v'S G urejoid Buiureuod-urewop dyHL IV~ §6nU0D 66210
67— 20t 6598 axil-unoydres :g3101a34dd Iv~829¢0uablun dvHL
9y'8— S¥0'0  68°€El Josinoaid &i-g'6 | utejoid epouny Iy LBRU0D 282110 da19z
a)II-G uiejoid Bulurejuoo-urewop
v 9— 000 920 @39 sebuy duiz :g3.101a34d IV 99t8Lauabiun a3g-sebuy ouiz
al|
08'v— 000 001 ai|-ureyd (J11)L-eydie uebejoy IV pSS8LeuULbIUN  -4v1[T-ebul ouiz
I-G | yunans
uonduosuely || esesawAjod
18'G— 89t  0£'G.I VYNY jo Jojeipaw :d3.101d3dd IIv~96/Louabiun
Joydeoal Buiurelel
G1'8— 000 GI'1 -uejoud uswin| Y3 :q3101a3-d IV 2bnuoD'695T10  2HZD-4ebul ouiz
99'G— ¥20 8vel 1404 Jojoey uonduosuel] ||y gbRUOD 0¥9LTD  V.LvD-1ebul ouiz  uoneinbaiumoq
abueyd  Mdd ML (dN) uonejouuy "ON 3auan Awey 1oy0e4
plod gbol  Ly-11  d49D3! uonduosues)

‘sijessaiddns
Oj1YyD Ul LY-1)| JO UMOPHI0U) 32udidLIdjul YNY Jaye sauab Jojoe} uonduosuel) ajepipued Jo uoissaidxa jenualayiq °| ajgel



323

KUANG ET AL.: Regulation of Krippel Homolog 1

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-07-02 via free access

A4
06'€— G20 90'¥ wJojos! ¢ uisloid |7 Buipuig-unoy IV~ 6519 Leusbiun
20v— 020 e aiI-ureyd (1) 1-eydfe usbe|jo) IV~ ¥28v Leuabiun
o9)l|-uleyd mca_m
usbej00 Buiwioy-uay :NI3LOHd
06— 100 20e ALITYNO MOT :a3.101a3dd IV £59028usbiun
&YIl-6 8sedley YNY luspuadep
06— 0 YANS -d1V X0g-av3a :a3.1ola3dd V" #7199 Leuabiun
ayI|-g Jojoey Burolds-buisseooud
22S— 0 620 -YNHWw-a.d :a3.101a3dd IV~ 261u0D S0 110
0L~ 010 262l ayi-uteioid 8jo1Nd :g3.L01a3dd v~ 261u05°220110
6658209
9y'g— 0 8e’t ~aaaq ueioid aqI-062/LLd IV~ €61u0D ¥95710
96'6— 0 60 269502 WD uejoid [eoneyiodAH v~ 1BuoD S1L¥ET10 X0QO8WOoH
X wlojosi ayi-pareinbaidn
LY~ S1°0 €V eixoue uiejoid :q3101a3Hd IV 2bruod 115710 4SH
abueyp SEE S EE (4dN) uonejouuy "ON auan Ajwey 1oyoe4
plod gboj LY-1! d4o3! uonduosuel)

"panunuoy | ajqeL



J. Entomol. Sci. Vol. 58, No. 3 (2023)

324

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-07-02 via free access

X
wiojos! y€/¥ 11901007 ulejoid

0L'G LLY 600 pezueloereyoun :q3101d3dd IV 1BnuoD 985210
eIl
502 802l  S60°0 -1 uisjoud adAl-NAIN Jebuly ouiz IV~ 2e668U8biUn dvHL  uonenbeidn
Sl - 00 €82 } uisloid Y|Is ainjonuis B1ag-ssoi) IV v¥eLLeusbiun
(g-yp urens ejaineujs;
09— L0 Sy'/ wniosweled) uieloid [eansyiodAy Iy~ 161U0D 205210
06— 1992 19°ve ulyouml Iy £gbnuod'sze10
X wlojos! ayi-inwes
6E v — ¥€0 6L, uieloid Buiureuoo-urewop Hg Iy €61U0D ELELTD
69'G— 0 ¥€0 X wiojos! exi-1esebull uisloid IV ¥Bnuoo 6z 110 H1Hg
€X w.ojos! GG uisoud
ov'9— 80°0 2L L sululbie-sules :q3101Q34d IV~ LBnUoD G¥0€10 aso
vLv— 62°0 /8 oYil-gegy uiejoid 8joino eate Iy 1B1U0D 098210
uieyoud
8€°G— 0 G0 [BANJONIIS |[eM ||80 YOU-BUuloA|D IV~ ¥Bnuod zy¥10
[ened
99— 6€0 86'9¢ ‘26v2 €814 uieloid [eoneylodAH IV~ €29918usbiun ONH
abueyd NMdd  IAdidd (4dN) uonejouuy "ON auan Ajwey so10e4
plo4 gboy Y- d4D3! uonduosue.]

"panunuo) °| ajgeL



325

KUANG ET AL.: Regulation of Krippel Homolog 1

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-07-02 via free access

uisloid Jusosalony usaib paoueyud (493
uoljjiw aseqo|y Jad sjuswbel NMd4
aseqejep suielold juepunpaiuou ‘4N

LSS 80 0 L¥SE0 2901V uieioid [eoneyiodAH IV 861u00°8€210
ail-1 Bojowoy
papulw-s|6uls :NI3104Hd
28's /S0 0 ALITYNOD MOT :a3.101a3dd 1Y~ 2hnuoD 899210
X Wiojos| ayi-| uieloidooA|b
08’8 102 0 @oeyNs |90 :q3101a34d v~ 861u0D'602210
1954
wl0jos| 266621901007 utejoid
€98 €6t 0 pezusioeleyoun :q3101a3Hd IV~ 161u0D 06210 HTHY
ZX wlojos! g#2e/€01 100
€e's ¥0°0 ¥0°0 uielold pazsioeieyoun IV~ 1BnuoD 8ye210
82
€99 ¥2°0 0 urejoid Buipuig-¥NY :d3101d34dd v~ 1Buod 081710 DINH
2L9 6l 0 ai-uiieAyoyouy :a3101d34d IV~ 16nu0D292210
82’8 (WA 0 Bojowoy oSNV uBlold v €bnuod+201710 aanw
89'G vee S¥'0 ayil-ulydonloAw :a3101a34d IV~ 695 Lzeuabiun (a[31S]
MI-A
62°S LE'S 710 -y uipel|B-eleqd/eydie :q3101a34d IV~ 62028u8biun 1v1S
abueyp SEE S EE (4dN) uonejouuy "ON auan Ajwey 1oyoe4
plod gboj LY-1! d4o3! uonduosuel)

"panunuoy | ajqeL



J. Entomol. Sci. Vol. 58, No. 3 (2023)

326

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-07-02 via free access

OOV1IVVYVOVIOVYVOOO1D00101

001VVOIOOVIVLIVOOIIIVVOL

L43-8O

10VOOVHIOVIOOIIVLLVYIVY 10VOOVHIOVIODIIVLLYIV Iy~ #611u0D 621 70-S0
D1011919900091VIDLYD 10VOHVILOOLOL19D1DVIODY Iy ~861nU0D 8£2710-S0
©01100911VVVYVII9DI200L V19100100119V0OHVHIOD Iy~ 26nuo9 8992 710-50
19VHIHVIOVVIOHVYYVYOODLD DHOHHOYVVYLOODDLIDIDIDY IV~ 861U0D 6022710-SO
YVHL10H11009D9119VHOIL VVYVO1LHVYILHOHDOIOIVYHOV Iy~ 16nu0D 062710-s0
VOVVYOI1OVHID91OVIOVID O0VVVO1190DVIVOIVIOL Iy~ LbBu0D 098270-S0
0101109Y9199001901011 OHVYIOLLOLIDIDDIVOODOOL 1Y~ ¥61Iu0D gt 70-S0
191V10910091099219VV OVYVLIHOH11190D01VODIV IV~ €299 L 8uablun-so
O0VOH1001VVYVOOII9DIVL VOOVOD1119191VVYOIIVLIOV Iy~ LBBU0D 8¥£270-SO
91001191990V I1LO1HOIV OVVYVOVHILOHILOVLIODIHD Y~ 163u0D +08170-S0
0911VIDJ10DVIIO1IDO1O O1901V191990DVvVIO1OVI IIY~829€8u8b1UuN-sO
D1HD1DVIHHLIVIIOHDDIDYO DHHOYVYIOHOHHLOVIDOILVY Iy~ LbBu0D 2821 70-S0
VVYOVOHYVY1IODO110VOOVIOLLOVY VVOOLOVHVOLYLIVOLODVVOIIOD Y998 L 8usbiun-sO
VO9O220VVYIOVOOVIOIVL 100119999900VO1L0D IV #5S8 L 8usblun-so
OVL1OVLOLOVHHIHD1HIDIVY 09D00L1H1VHLI1ID01DVIODID Y~ 2bhuod 091 70-S0
0019V9HIII1OVVOIVVIOV 191199909199919119VL IIY~96 Leusbiun-so
OHVYHYHIIVVYHOVLVLIOODDH V10HVODO0D1011VVOOLL Iy~ 2b11u0D 69570-S0
HOdb-14
(,€-,9) Jowld asianay (,£-,9) JowLd piemio auan

o (IWNY) 9ouatapeolul YNY pue (49db-14) uonoeal uteys asesswihjod anneyuenb swii-jeal ul pasn siawid a1oads g sjgeL



327

KUANG ET AL.: Regulation of Krippel Homolog 1

Downloaded from https://prime-pdf-watermark.prime-prod.pubfactory.com/ at 2025-07-02 via free access

‘pauliiepun si @ousnbaes Jejowoid /]

001VO19VOVOIIOIVIILOD

OOVLIVLIOVOLIOVOIVIVVLOILVOD
1911101109111VOILLODYVOLD

OOV1IVLIOVOLOVOIVLVYVLIOIOLVOO

OVVYIV.LIOVVIOOOIVOIVOOVYO

OOV1IVIOVOLOVOIVLIVVLIOOLVYOO
VOOVYIV.LOVOIOILI9DODLLYOOD

OOV1IVIOVOLOVOIVLIVVLIOILVYOO

d493

LY-1Y/SD
IVNY

(,€—,5) Jowd asianay

(,€-,5) Jawiid piemioq

auay

"panunuoy ‘g ajqeL



328 J. Entomol. Sci. Vol. 58, No. 3 (2023)

the bHLH families, two genes, CL2668.Contig2_All and CL238.Contig8_All, were
more highly expressed in the treatment group than in the control group. This result
is consistent with that of the transcriptome analysis and confirms that the mRNA
levels of these two genes increased in pupae injected with Kr-h1 dsRNA.
Expression levels of the other tested genes, CL290.Contig1_All and CL2209.Con-
tig8_All, did not significantly differ between the treatment and control groups (Fig.
2A). With respect to the Zinc finger-C2H2 families, expression of CL569.Contig2_All
was slightly higher in the treatment group but that of Unigene1796_All was not
significantly different from that in the control group. These results are inconsistent
with those from the high-throughput sequencing data (Fig. 2B). With respect to the
HMG TFs, expression of CL1804.Contig1_All in the treatment group was not
significantly different from that of the control group, whereas expression of
CL2860.Contig1_All was lower in the treatment group than in the control and that
of Unigene16623_All was higher (Fig. 2C). We also analyzed the expression levels
of CL1287.Contig1_All, Unigene3678_All, and Unigene18554_All, which belong to
the ZBTB, THAP, and Zinc finger-LITAF-like families, respectively. Expression of all
three genes was lower in the treatment group than in the control (Fig. 2D, F, G).
Contrary to the results of the transcriptome analysis, RT-qPCR indicated that
expression of CL1640.Contig2_All (Zinc finger-GATA) and Unigene18466_All (Zinc
finger-BED) differed between the treatment and control groups (Fig. 2E, H).

Discussion

Kr-h1 has been shown to be induced by JH hormone and to be involved in
preventing metamorphosis and promoting reproduction in both holometabolous and
hemimetabolous insects (Konopova et al. 2011, Lozano and Belles 2011,
Minakuchi et al. 2011, Parthasarathy et al. 2010, Zhu et al. 2010). Consequently,
Kr-h1 continues to be one of the most important target molecules for understanding
the JH signaling pathway mechanism (Lozano and Belles 2011).

Kr-h1 is not only induced by JH to repress metamorphosis but also is induced by
ecdysone signaling (Beckstead et al. 2005, Pecasse et al. 2000). There is evidence
to suggest that JH is not necessary to induce Kr-h1 expression in B. mori and, like
BmKr-h1, D. melanogaster Kr-h1 can also be upregulated by 20E (Beckstead et al.
2005, Pecasse et al. 2000). Kr-h1 plays a key role in reproduction; however,
previous studies have found that Kr-h71 does not directly induce Vg expression,
implying that Kr-h1 activates other regulators of Vg expression via other TFs in the
fat body (Song et al. 2014). We used RNAi and RNA high-throughput sequencing to
identify the candidate TFs that regulated by Kr-h1 (Table 1) and RT-gPCR to
confirm the expression of TF genes that were induced and suppressed by iKr-h1
(Fig. 2).

We screened Zinc finger TF families, including Zinc finger-C2H2, Zinc finger-
GATA, Zinc finger-LITAF, and Zinc finger-BED. TFs (GATAs) have been
demonstrated to be involved in the proliferation, differentiation, and development
of eukaryotes (Patient and McGhee 2002). In some blood-feeding insects, GATA is
synthesized after a blood meal and it, in turn, activates the expression of Vg
(Attardo et al. 2005, Boldbaatar et al. 2010, Park et al. 2006, Sun et al. 2018).
Functional analysis has shown that BmGATAB4 binds directly to the GATA cis-
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Fig. 1. Transcriptomic analysis of differentially expressed genes after RNA
interference knockdown of Kr-h1 in Chilo suppressalis. (A) Transcrip-
tion level of CsKr-h1 determined by quantitative real-time polymerase
chain reaction in pupae treated with CsKr-h1 double-stranded RNAs
(dsRNAs). Enhanced green fluorescent protein (EGFP) was the
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Fig. 2. Depletion of Kr-h1 changed the expression of transcription factors in

female Chilo suppressalis pupae. The EF1 gene was the reference
gene for normalization. Values are expressed as the means = SEM of
three independent biological replicates. Asterisks indicate significant
differences (analysis of variance followed by Tukey’s honestly
significant difference post hoc test). *, P < 0.05; **, P < 0.01. (A)
bHLH families. (B) Zinc finger-C2H2 families. (C) HMG families. (D)
ZBTB families. (E) Zinc finger-BED. (F) Zinc finger-LITAF-like. (G)
THAP family. (H) Zinc finger-GATA.

response element 1 (CRE1) and CREZ2 in the promoter of BmVg to upregulate Vg
expression (Liu et al. 2019). Although Kr-h1 may induce Vg expression via the JH
signaling pathway, there is no evidence that it binds directly to the Vg promoter.
Consequently, we speculate that Kr-h1 regulates the transcription of Vg in
combination with GATAs or antagonized GATAs.

We postulate that Kr-h1 belongs to Zinc finger families that directly bind to the Kr-
h1 binding site (KBS) to promote the pupal specifier gene Broad-Complex (BR-C)

negative control. Asterisks indicate significant differences (analysis of
variance followed by Tukey’s honestly significant difference post hoc
test). *, P < 0.05; **, P < 0.01. (B) Volcano plots of differentially
expressed genes in pupae injected with Kr-h1 dsRNA. (C) Numbers of
differentially expressed genes in the treatment (Kr-h1 dsRNA) and
control (EGFP dsRNA) groups.
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and the adult specifier gene Ecdysone induced protein (E93), thereby suppressing
larval-to-pupal transition and adult metamorphosis, respectively (Belles and Santos
2014; Jindra et al. 2013; Kayukawa et al. 2016, 2017). Kr-h1 has also recently been
found to bind directly to KBS in the promoter region of steroidogenic enzyme genes
to downregulate ecdysone biosynthesis in Drosophila and Bombyx (Zhang et al.
2018). As part of this study, we confirmed the transcription levels of E93 and BR-C
in C. suppressalis with gqPCR and iKr-h1, and the results were consistent with those
of previous studies (data not shown). Based on our qPCR data (Fig. 2), the
expression of other candidate Zinc finger TF genes were up- or downregulated by
RNAi; however, the mechanism regulating the interaction between Kr-h1 and these
factors needs further study.

Our results identified bHLHs family genes as likely TFs, and transcripts of
CL238.Contig8_All and CL2668.Contig2_All were higher in the treatment than in
the control group, suggesting that this was due to the knockdown of Kr-h1. Met is a
well-established JH receptor that belongs to the bHLH-PAS TF family. Previous
studies have demonstrated that the bHLH domain is indispensable for inducing Kr-
h1 transcription (Cui et al. 2014); hence, we suspect that bHLH proteins may
mediate Kr-h1 expression either directly or indirectly by interacting with other bHLH
factors like Met via JH signaling. Functional analysis suggests that Kr-h1 mediates
the bHLH gene to regulate develoment and reproduction, but confirming this
requires further gene identification and characterization.

In conclusion, a combination of RNAI, high-throughput sequencing, and gPCR
identified candidate TFs that regulated by Kr-h1 in C. suppressalis, including
members of the bHLH, Zinc finger, and other protein families. This the first study to
comprehensively identify candidate TFs that regulated by Kr-h1 in C. suppressalis.
Consequently, our results provide a useful foundation for future research on these
proteins in both C. suppressalis and other insect pests.
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