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A feminizing switch in a hemimetabolous insect

Ji-Chong Zhuo"*t, Hou-Hong Zhang?t, Qing-Ling Hu?t, Jin-Li Zhang?, Jia-Bao Lu'?, Han-Jing Li?,
Yu-Cheng Xie?, Wei-Wei Wang?, Yan Zhang', Hai-Qiang Wang’, Hai-Jian Huang', Gang Lu',
Jian-Ping Chen'#, Jun-Min Li'*, Zhi-Jian Tu**, Chuan-Xi Zhang"**

The mechanism of sex determination remains poorly understood in hemimetabolous insects. Here, in the brown
planthopper (BPH), Nilaparvata lugens, a hemipteran rice pest, we identified a feminizing switch or a female determiner
(NIfmd) that encodes a serine/arginine-rich protein. Knockdown of NIfmd in female nymphs resulted in masculin-
ization of both the somatic morphology and doublesex splicing. The female-specific isoform of Nifmd, NIfmd-F, is
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maternally deposited and zygotically transcribed. Depletion of NIfmd by maternal RNAi or CRISPR-Cas9 resulted in
female-specific embryonic lethality. Knockdown of an hnRNP40 family gene named female determiner 2 (NIfmd2)
also conferred masculinization. In vitro experiments showed that an NIfmd2 isoform, NIFMD23%°, bound the
RAAGAA repeat motif in the Nidsx pre-mRNA and formed a protein complex with NIFMD-F to modulate Nidsx
splicing, suggesting that NIFMD2 may function as an RNA binding partner of the feminizing switch NIFMD. Our
results provide novel insights into the diverse mechanisms of insect sex determination.

INTRODUCTION

Insects have evolved an astonishing variety of molecular mechanisms
to achieve sex determination (1). Although doublesex (dsx) is the con-
served gene at the bottom of the sex determination cascade, the pri-
mary signals are diverse among different insect species (2). In the
fruit fly Drosophila melanogaster, the dosage of four X-encoded sig-
nal element (XSE) proteins determines sex (3). In housefly Musca
domestica, the male sex is determined by Mdmad, which is a paralog of
the generic splice factor gene CWC22 (4). In the medfly Ceratitis capitata,
Maleness-on-the-Y (MoY) orchestrates male sex determination (5).
In the yellow fever mosquito Aedes aegypti, an RNA binding
protein, NIX, serves as the primary male-determining signal (6). In
Anopheles gambiae, gYG2/Yob is the maleness gene (7, 8). In the
honey bee Apis mellifera, csd acts as the primary signal according to
its allelic composition (9). In Bombyx mori, a single female-specific
piwi-interacting RNA is the primary sex determinant (10).

In the sex determination cascade, proteins that directly regulate
the alternative RNA splicing of dsx have been identified only in a
few insect species belonging to different orders. In the dipteran spe-
cies D. melanogaster, transformer (Dmtra) is regulated by sex-lethal
(Dmsxl) and displays sex-specific splicing isoform. The female-specific
isoform Dmtra forms a complex with transformer2 (Dmtra2) to
regulate the alternative RNA splicing of dsx pre-mRNA (11-13). The
DmTRA protein belongs to the serine-arginine (SR) protein family
but lacks an RNA recognition motif (RRM), which is essential for
binding of pre-mRNA, whereas DmTRA?2 in the complex provides
the RRM domain. In females, DmMTRA/DmTRA?2 binds the exon
splicing enhancer (ESE) (TC(T/A)(T/A)CAATCAACA)¢ in exon
4 of the dsx pre-mRNA, stimulating the use of a weak 3’ splice site
to retain exon 4 (14-16). In male D. melanogaster, the male-specific
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Dmdsx is produced by default as the weak 3’ splice site is not used
in the absence of the female-specific TRA/TRA2 complex, skipping
the female-specific exon 4. In another dipteran species, C. capitata,
TRA and TRA?2 orthologs, CcTRA and CcTRA2, regulate the splicing
of the Cedsx pre-mRNA. However, Ccsxl is not involved in sex deter-
mination, and Cctra acts as cellular memory maintaining the female
pathway by autoregulation with the help of Cctra2 (17-20). TRA
orthologs appear to be absent in mosquitoes, which also belong to
the order Diptera (21). In Hymenoptera species, A. mellifera, the
gene Amfem encodes an SR-type protein. In addition, fem functions
similarly to Cctra in sex determination with regulation of doublesex
(Amdsx) and autoregulation (22-24). Moreover, no TRA homolog
has been identified in B. mori, and Bmtra2 is not involved in the
regulation of sex-specific Bmdsx pre-mRNA splicing (25, 26).
Knowledge of the mechanism of sex determination in hemi-
metabolous insects is still limited. The Hemiptera brown planthopper
(BPH), Nilaparvata lugens, is the most destructive rice pest in Asia
(27). BPH is also an excellent model system to study the sex deter-
mination pathway of hemimetabolous insects with the availability
of effective RNA interference (RNAi) and parental RNAI. Further-
more, the CRISPR-Cas9 system for BPH has also been successfully
established as reported recently (28, 29). Recent studies have indi-
cated that BPH uses the XX (female) and XY (male) system for sex
determination, which is different from other known hemipteran
species, such as Sogotalla furcifera (female, XX; male, XO) and
Laodelphax striatellus (female, XX; male, XO) (30). We previously
showed that sex-specific splicing of Nidsx plays important roles
during sexual differentiation in BPH. Nldsx controlled sexual di-
morphism based on male-specific expression; males were strongly
feminized following Nldsx RNAi knockdown, while females developed
normally (31). In our previous study, the sx] homolog NlsxI was not
involved in sex determination in BPH. Recently, Wexler et al. re-
ported that a tra ortholog existed in three hemimetabolous insects
including a Hemiptera species, Rhodnius prolixus (32). In this
study, we sequenced the early embryonic transcriptome and per-
formed a large-scale screen using RNAI to identify the upstream
regulators of Nldsx. We identified two genes involved in the sex de-
termination cascade of BPH, tentatively named Female determinant
factor (Nlfmd) and Female determinant factor 2 (Nlfmd2), respectively.
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We present evidence suggesting that Nlfmd-F, the female-specific
isoform of Nifmd, is a feminizing switch that modulates sex-specific
Nldsx splicing. Our work yielded new insight into the RNA binding
protein partner and the ESE associated with the feminizing switch.
NIFmd homologs that showed similar functions were identified from
two other hemipteran species, S. furcifera and L. striatellus, suggest-
ing a conserved role in several hemipteran species.

RESULTS

Nifmd encodes a Ser/Arg-rich (SR-rich) protein required

for female development and sex-specific alternative

splicing of Nidsx

To discover candidate genes that are involved in sex determination,
we performed a large-scale screen targeting more than 200 N. lugens
embryonic transcripts (supplementary file S1) by injecting their cor-
responding double-stranded RNAs (dsRNAs) in the third instar
nymphs of N. lugens. A gene Nifimd, which encodes an SR-type pro-
tein, was found from this screen as its knockdown resulted in partial
masculinization of females, exhibiting shortened ovipositor and ap-
pearance of male external genitalia. According to reverse-transcription
polymerase chain reaction (RT-PCR), Nlfind has two isoforms, a
female-specific Nlfind-F (GenBank accession number MW082042) and
anon-sex-specific Nlfimd-C (GenBank accession number MW082041)
(Fig. 1A). Nifmd-F skips a 150-base pair (bp) exon 6 and a part of
the exon 13, resulting in the loss of the 50-amino acid residues en-
coded by exon 6 and an alternative stop codon in the female-specific
exon 14. Nlfmd-F encodes a 613—-amino acid protein that contains
an Arg/Ser-rich domain, a putative autoregulatory domain, and a
Pro-rich region. Although a protein BLAST (basic local alignment
search tool) search in the National Center for Biotechnology Infor-
mation (NCBI) failed to identify any close homologs other than
what is reported in this study, the putative autoregulatory domain
of Nifmd showed some similarity to the hymenopteran protein
A. mefillera feminizer (AmFem) (brown box in Fig. 1B). However,
the overall protein sequence identity between NIFMD-F and
AmFEM, AmCSD, DmTRA, and CcTRA is 5.34, 8.09, 5.50, and
6.63%, respectively, as measured by DNAman (www.lynnon.com/).
Moreover, the order of the three domains are not conserved between
NIFMD and these TRA/FEM family proteins (33).

Having characterized the isoforms of Nifmd, we performed
further RNAi experiments using a dsRNA that targets the common
region (exons 1, 2, 3, and 4) of the two Nifind transcripts (fig. S1A).
The results of the RNAi showed that all females with RNAi knock-
down of Nifind in the third instar developed into intersexes, show-
ing phenotypes with smaller body, shorter ovipositor, male-specific
genital segment, and undeveloped ovaries, indicating that the influ-
ence of Nifind was systemic (Fig. 1, D and E, figs. S2 and S3, and
table S1). However, knockdown of Nifmd in the males did not cause
any obvious somatic phenotype or loss of fertility when compared
with the control groups (Fig. 1D, fig. S2, and Table 1). Injection of
dsRNA targeting the Nlfmd-F-specific exon 14 into the third instar
nymphs resulted in the same phenotypes compared to the knock-
down of the common regions of Nifimd-F and Nlfmd-C (fig. S4).

To investigate the impact of Nifmd on the sex-specific splicing of
Nldsx, we quantified the sex-specific Nldsx transcripts in BPH adults
following injection of dsgfp, dsNlfmd to the third instar nymph
stage, respectively. Although having no notable effect in males,
the knockdown of Nifmd in females significantly decreased the
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relative level of the female-specific Nldsx-F and increased the
relative level of the male-specific Nldsx-M, compared to the dsgfp
controls (Fig. 1, F and G). Thus, Nlfmd is upstream of Nldsx in the
sex determination pathway of BPH.

To investigate whether fmd is conserved in other members of
Hemiptera, we identified homologous genes in two other hemipteran
insects from S. furcifera (Sffmd) and L. striatellus (Lsfmd), respec-
tively. Knockdown of either Sffind or Lsfmd resulted in females
developing into intersexes similar to Nlfmd (figs. S6 and S7). These
results suggest that the role of fimd in female development is con-
served in hemipteran insects in at least three different genera.

NIfmd-F is transcribed before the appearance of Nidsx-F

in early embryos, and Nifmd depletion results in
female-specific embryonic lethality

Transcripts of Nifind could be detected by RT-PCR in all develop-
mental stages starting from newly oviposited eggs, indicating a
maternal contribution. However, the expression of Nifmd-F decreased
sharply in the 12th-hour embryos, and then increased in the 24th-hour
embryos (Fig. 2, A and B). We also detected the expression of Nifmd
transcripts in individual eggs at different embryonic development
stages, and the results showed that zygotic Nifmd-F was established
between 12 and 24 hours before the initial detection of the female-
specific Nldsx-F between 48 and 60 hours after oviposition (fig. S8).
In addition, Nifimd-F transcripts can be detected in all tissues tested
in adult female BPHs (fig. S5A).

Knockdown of Nfind by maternal RNAi in newly emerged females
reduced the number of eggs to only 10% of that of the dsgfp-treated
controls (Fig. 2C and fig. SOA). Moreover, of these eggs, only approxi-
mately 50% hatched, and they were all XY males (Fig. 2, C and D).
Loss of Nifmd activity appears lethal to the female embryos but has
no obvious impact to the male embryos. There was no detectable
difference in the fertility of these male offspring compared to that of
the control males (table S2).

CRISPR-Cas9 was also used to knock out Nifmd. Only heterozygous
male mutants were obtained in Gy, according to genotype analysis
performed using adult wings (Fig. 3, A and B). No homozygous
female mutants were found in the G, progeny from a cross between
heterozygous G; mutant males and females (Fig. 3B-b3). However,
a number of eggs that showed embryonic arrest were found in G,
and genotyping analysis showed that they were XX females. This is
consistent with the earlier maternal RNAi results suggesting that
either maternal or early zygotic Nifimd is required for female embryonic
development (Fig. 2C). Homozygous G, mutant males were found,
but the number was less than expected, suggesting that Nlfmd, pre-
sumably the non-sex-specific Nlfmd-C, may be involved in male
development (Fig. 3, C and D).

NIfmd2 also affects female development and

Nlidsx splicing

During our RNAi screen, we also found a second gene that is involved
in sex determination in BPH, and we named it Fernale determiner 2
(Nlfmd2). Nifmd2 encodes multiple protein isoforms with two RRMs.
They belong to a conserved and widely distributed RNA binding
protein family that includes the D. melanogaster SQUID protein
and other heterogeneous nuclear ribonucleoprotein 40 proteins
(hnRNP40), but not the TRA2 family of proteins (fig. S10). Gene
Nlfmd2 had four alternative splicing isoforms in both sexes and po-
tentially encode three different proteins (NIfmd2’*’, Nlfmd2**, and
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Fig. 1. NIfmd, an SR-type protein-coding gene, is required for female development. (A) Two splice isoforms of NIfmd. (B) Motifs and structures of NIifmd-F. (C) Differ-

ential expression of NIifmd-F and Nifmd-C in males and females tested using primers

designed from constitutive exons. (D) NIfmd knockdown with the third instar nymphs

resulted in masculinization of females, whereas no apparent effect was observed in males. (E) Knockdown of Nifmd in the third instar nymphs resulted in undeveloped
ovaries in females but did not influence the testes development in males. (F) Knockdown of NIfmd decreased the relative level of the female-specific Nidsx-F in females.

(G) Knockdown of Nifmd resulted in the male-specific Nldsx-M in females. Arrows in

(A) indicated the primers designed to test the two main transcripts’ expression. BPHs

in (F) and (G) were treated with dsgfp and dsNIfmd in the third instar, and the expression of three biological replicates was done (every replicate includes five to six BPHs).

Data are represented as means + SEM, and Student’s t test was used (**P < 0.001).

Table 1. Influence of NIfmd on female and male fertility (offspring

number).
Treatment #1 #2 #3 Average
dsgfp? X
- 238 134 208 193+38
dsNIfmdOX
dsghpd 0 0 0 0
dsgfp@ X
dsNIfmd & 155 206 200 187 £20
Zhuo etal., Sci. Adv. 7, eabf9237 (2021) 26 November 2021

NIfmd2%*; GenBank accession numbers MW082037, MW082038, and
MWO082039/MW082040) (Fig. 4, A and C). In the four transcripts,
exon2 and exon3 were retained in Nlfmd2%, but spliced out in
Nifmd2*** and Nlfmd2>%, and exon 2 contained a stop codon that
prematurely terminated the translation of NIfind2% (Fig, 4A). Nlfind2**’
and NIfind2® share the first 318 amino acids, including the two RRMs,
but differ in their C termini (Fig. 4, A and C). RNAi targeting several
different exons respectively showed that only Nlfimd2**" affected
female development of BPH, as only the dsNIfind2**-treated females
showed masculinization as demonstrated by smaller bodies, short
ovipositors, smaller wings, undeveloped ovaries, and male-specific
genital tissues (Fig. 4, B and D, fig. S4, and table S1). Although the
external genitalia and testes of dsNIfmd2**’-treated males developed
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Fig. 2. Transcription profile of NIifmd and the impact of maternal RNAi knockdown of NIfmd. (A) Detection of transcripts of NIfmd-F at different developmental stages
(E, embryonic; first to fifth: different instars) and in different sexes. (B) Relative transcript level of NIifmd-F at different development stages. (C) Maternal dsN/fmd affected
the females’ egg laying, hatching, and the sex ratio of the offspring. (D) Offspring genotypes of the females injected with maternal dsN/fmd. After the offspring developed
into adults, primer set PM3n and PMcom were used to test their genotypes. Primer set PM3n was used to amplify male-specific sequences, and PMcom was used for
common sequences of both sexes. The primers were reported by Kobayashi and Noda (47), and we changed the primer name of both sexes from PMFemale to PMcom.
PCR results of PM3n primers indicated that all the offspring of dsNIfmd-treated females are XY males, and they had the same genotype as dsgfp males (XY). With the help
of male-specific primer PM3n and non-sex-specific primer PMcom, all the offspring were confirmed to be males (XY). Data in (B) and (C) are represented as means + SEM.

Student’s t test was used in (C) (**P < 0.001).

normally, the males became infertile with mostly dead sperms in testes,
indicating that NIfmd2** is required in males for spermatogenesis
and fertility (Fig. 4D). Therefore, Nlfind2**’ is important in both sexes
for aspects related to reproduction. Knockdown of dsNifind2** in
the third instar BPH by RNAI resulted in the expression of the
male-specific Nldsx-M in females but did not reduce the female-specific
Nldsx-F (Fig. 4, E and F). This is consistent with the observation
that Nlfmd2 knockdown females showed a lesser degree of masculin-
ization than Nifmd knockdown females.

Nlfimd2** transcripts also had a maternal contribution, and they
were detected in all developmental stages tested and ubiquitous in
both sexes (figs. S5, B and C, and S11). Maternal RNAi knockdown
of Nlfmd2 in newly emerged females reduced the number of eggs to
less than 10% of that of the dsgfp-treated controls, none of the eggs
hatched, and the eggs showed embryonic arrest (Table 2 and figs. SOB
and S12B-bl). CRISPR-Cas9-mediated knockout of Nifmd2 pro-
duced 12.5 to 15% of embryos showing developmental arrest, as
indicated by the lack of normal eye spots. Genotyping such embryonic
arrested eggs showed that they had mutations in Nlfmd?2 (fig. S12).
The remaining fraction of eggs developed normal egg spots, and they
had no mutation in Nifmd2. Together, these results suggest that
Nlfmd2**" played critical roles in embryonic development of both
sexes and affected Nldsx splicing.

Zhuo etal., Sci. Adv. 7, eabf9237 (2021) 26 November 2021

NIFMD-F and NIFMD23% interact and regulate
Nidsx pre-mRNA alternative splicing in 293T cells
To further decipher the roles of Nifimd-F and Nlfimd2** in the alterna-
tive processing of Nldsx, we constructed a plasmid with the mini-
gene of Nidsx under the control of the CMV promoter (p3XFlag-dsx)
(see Sequence Data in supplementary file S1). The minigene con-
tained a portion of the Nidsx that extends from exon 5 to exon 7. At
the same time, the cDNA of Nifind-F and Nlfind2**" were also cloned
into plasmid p3XFlag under the control of the CMV promoter. To
avoid the influence of factors of the sex determination pathway in
insect cells, we chose human embryonic cells 293T for analysis.
When p3XFlag-Nldsx was transfected into 293T cells, both the
female-specific isoform of mini-Nldsx pre-mRNA (pmNlidsx-F) and
the male-specific isoform of mini-Nldsx pre-mRNA (pmNIdsx-M)
were produced. The amount of pmNidsx-M was approximately
1000 times higher than pmNIdsx-F, which suggested that the male-
specific mRNA is the default splicing isoform (Fig. 5, A and B).
When p3XFlag-Nldsx and p3XFlag-Nlfmd were cotransfected
into 293T cells, the level of pmNIidsx-F increased by approximately
twofold, which suggested that the NIFMD-F protein, which did not
have an RNA binding motif, might work together with an unknown
protein or protein complex in 293T to enhance the female-specific
splicing of the mini-Nldsx pre-mRNA (Fig. 5C). When we transfected
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p3XFlag-Nldsx with p3XFlag-NIfind2**, the amount of male-specific
pmNldsx-M mRNA decreased, and an intermediate splicing isoform
named pmNIdsx-M+F-1 was produced, which consisted of an addi-
tional 157 bp of exon 6f 3'-terminal sequences (Fig. 5C). However, the
amount of female-specific dsx mRNA showed no change (Fig. 5C,
cl and ¢3). When p3XFlag-Nldsx was cotransfected with both p3XFlag-
Nlfimd2** and p3XFlag-Nlfind-F, the level of male-specific nRNA
pmNldsx-M decreased and the level of female-specific mRNA in-
creased by fourfold (Fig. 5C). In addition to pmNIdsx-M+F-1,
another new intermediate splicing isoform named pmNldsx-M+F-2
was also produced, consisting of exon 5, exon 6f, and exon 7m (see
Fig. 5C, fig. S14A, and Sequence Data in supplementary file S2). More-
over, when p3XFlag-Nldsx was cotransfected with both p3XFlag-
Nlfind2** and p3XFlag-Nlfmd-C, only pmNIdsx-M and pmNIdsx-M+F-1
were produced, indicating that the non-sex-specific Nifmd-C was
not involved in the regulation of sex-specific splicing of the Nldsx
pre-mRNA (fig. S15A). We confirmed that pmNidsx-M+F-1 and
pmNIdsx-M+F-2 also existed in vivo in BPH at low levels (fig. S14).

To investigate whether NIFMD-F can form a complex with
NIEMD2**, immunoprecipitation (IP) and pull-down were
performed. These two proteins can be pulled down together

Zhuo etal., Sci. Adv. 7, eabf9237 (2021) 26 November 2021

(Fig. 5, D and E, and fig. S15B), supporting the hypothesis that
NIFMD-F and NIFMD2**® work together to regulate Nldsx alter-
native splicing.

The (G/A)AAGAA repeats act as the ESEs in regulating Nidsx
splicing in 293T cells

Two types of repetitive sequences (C/U)AU(C/A)U(C/U/G)(U/G)
A(C/U) (e-value, 2.8 x 107%) and (G/A)AAGAA (e-value, 1.6 x 10™)
were found in a 202-bp region in the female-specific exon 6 by using
the MEME Suite (Fig. 6A; http://meme-suite.org/tools/meme) (31).
To investigate the cis-required elements in Nldsx pre-mRNA splic-
ing, we first deleted the 202-bp sequence and repeated the transfec-
tion experiments in 293T cells (Fig. 5, A and B). Without the 202-bp
sequence, the female-specific Nldsx mRNA disappeared, while the
amounts of male-specific Nldsx mRNA increased. Moreover, trans-
fection of p3XFlag-NIfmd-F and p3XFlag-Nlfmd2**’ had no influ-
ence on sex-specific mRNA splicing without the 202-bp sequence,
and no new splice isoform was produced (Fig. 5, B and C, c1, c2, and
c3). These results suggested that there were ESEs in the female-
specific exon 6, which were necessary for the regulation by
NIFMD/NIFMD2.
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Fig. 4. The influence of NIfmd2 knockdown on BPH. (A) Splicing diagram of the NIfmd2 gene. Start and stop codons are indicated. (B) Phenotypes of dsNIfmd2**’-treated

female and male adults. BPHs of the third instar were treated with dsgfp and dsNIfmd2°*’, respectively. Additional images of the dsNifmd2

340_treated female exhibiting an

intersex phenotype are provided in figs. S2A and 4. (C) Alignment of the three NIfmd2 amino acid sequences. Two common RNA recognition motifs (RRMs) of Nifmd234°
and Nifmd2338, RRM1 and RRM2, are indicated in gray and yellow, respectively. No RRMs are found in Nifmd2°%%. (D) Influence of NIifmd2**’ on the development of ovaries
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We replaced the previously identified repeat sequences with their
reverse complementary sequences as controls to study their in-
volvement in the regulation of splicing (Fig. 6B). When the (C/T)
AT(C/A)T(C/T/G)(T/G)A(C/T) repeats were replaced by (A/G)
T(C/A)(C/A/G)A(T/G)AT(A/G), no influence was found on the
regulation of Nldsx pre-mRNA alternative splicing by NIFMD-F
and NIFMD2**°. However, when (G/A)AAGAA was replaced with
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TTCTT(T/C), the regulation of NIFMD-F and NIFMD2** was inter-
fered and pmNIdsx-M became the main splicing isoform (Fig. 6C).
Moreover, we used microscale thermophoresis (MST) to quantify the
affinity between NIFMD2** and a Cy3 (Cyanine 3)-labeled monomer
of the two repetitive sequences, CAUCUGUAC or GAAGAAGAA,
respectively (34). NIFMD2** could interact with GAAGAAGAA
(dissociation constant, Kp = 1.6366 + 0.49644 uM), while no obvious
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Table 2. Maternal dsNIfmd2**’ affect the embryo development (offspring number).

Treatment #1

Average

dsgfp? X dsgfpd

Embryo arrested eggs 14

193+38

This table has the same control with Table 1.

interaction was found between NIFMD2*** and CAUCUGUAC (see
Fig. 6D and supplementary file S2). As expected, protein NIFMD-F
was unable to bind GAAGAAGAA (Fig. 6D). However, the presence
of NIFMD-F lowered the affinity (Kp = 5.5995 * 1.3 uM) of
NIEMD2** to GAAGAAGAA, while the presence of GFP did not
influence the affinity (Kp = 1.709 + 0.47464 uM), consistent with
the interpretation that NIEMD interacted with NIEMD2**, result-
ing in a change in conformation that decreased the binding affinity
(Fig. 6D) (35).

DISCUSSION

In this study, we presented evidence suggesting that Nlfmd is a
feminizing switch in a hemipteran rice pest BPH. Two splice iso-
forms of Nifmd are present, the female-specific Nlfmd-F and the
non-sex-specific Nlfmd-C. Nlfmd-F transcripts are maternally de-
posited, and the zygotically transcribed Nifmd-F are also detected in
the early embryo before the presence of the female-specific Nldsx
(Fig. 2A and fig. S8B). RNAi-mediated knockdown of either Nifmd
or the female-specific Nlfmd-F in the third instar nymphs resulted
in clear somatic masculinization of genetic females (Fig. 1D and
figs. S2 and S4). Moreover, Nifmd knockdown significantly reduced
the level of the female-specific isoform of doublesex (Nldsx), while it
increased the male-specific isoform (Fig. 1, F and G). Together, we
have shown that Nifind is a feminizing switch that regulates sex
determination by modulating the sex-specific splicing of Nldsx.
Complete female-to-male conversion was not observed in the
above-mentioned RNAIi experiment, which is expected as female
differentiation had already progressed to the third instar before
RNAi was performed. Thus, we attempted to deplete Nifind at an
early developmental stage by performing maternal RNAi and
CRISPR-Cas9-mediated knockout (Figs. 2C and 3, B and D). In
both cases, depletion of Nifmd in early embryos resulted in female-
specific embryonic lethality instead of female-to-male conversion.
This is consistent with an increasing number of examples showing
that sex-specific lethality is observed when the master switch of sex
determination is perturbed early in development, as a result of the
dual functions of the switch gene in both sex determination and
X chromosome dosage compensation (36-39). In contrast, manip-
ulation of sex-switch genes can result in complete sex conversion in
organisms for which X chromosome dosage compensation is pre-
sumably not needed as in organisms with either homomorphic sex
chromosomes or a gene-poor X chromosome (5, 6, 17). In this con-
text, it is relevant to point out that there are more than 1400 genes
on the BPH X chromosome, indicating a likely requirement for
X chromosome dosage compensation (30, 40). We also note that
the production of male-only progeny through the manipulation of
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Nifmd may have practical applications for the control of this devas-
tating agricultural pest.

RNAi-mediated knockdown of the Nlfmd homologs in S. furcifera
and L. striatellus, which belong to two other hemipteran genera, also
masculinized the females (fig. S7), indicating that fmd may function
as the feminizing switch in diverse species within the order Hemiptera.
Although a BLASTP search at the default cutoff in NCBI failed to
identify any homologs other than what is reported in this manu-
script, the putative autoregulatory domain of NIFMD-F showed
some similarity to the hymenopteran protein AmFem (brown box
in Fig. 1B). The overall identity between NIFMD-F and several TRA
family proteins including AmFem ranges from only 5.34% to 8.09%.
The order of the three domains—an SR-rich domain, a Pro-rich
domain, and a putative 27-amino acid autoregulatory domain—is
not conserved between NIFMD and these TRA family proteins (33).
Tra homologs Rptra, Bgtra, and Phtra were recently reported in
three hemimetabolous species: R. prolixus, Blattella germanica and
Pediculus humanus. The protein sequence identity between NIFMD-F
and RpTRA, BgTRA, and PhTRA is 15.89, 15.41, and 15.28%, re-
spectively. However, NIFMD-F does not have the partial RRM,
which was reported in RpTRA, and BgTRA (32). Further analysis is
needed to determine whether NIFMD is a TRA ortholog, or NIFMD
and TRA represent a case of convergent evolution. Regardless
the evolutionary history, the characterization of Nifmd significantly
extends our understanding of the feminizing switch in hemimetab-
olous insects.

Like TRA, the NIFMD protein is an SR-rich protein that does
not have a predicted RNA binding domain. Thus, an RNA binding
protein partner is likely required for NIFMD function. It is not yet
clear whether NITRA2, the BPH ortholog of the known TRA partner
in many other insects, participates in NIFMD function (41). However,
we have gathered evidence suggesting that NIFMD2, an hnRNP40/
SQUID family protein, may serve as one of the RNA binding pro-
tein partners of NIFMD. First, Nlfind2 is also involved in sex deter-
mination as knockdown of Nifmd2 in the third instar nymphs
conferred masculinization, albeit to a lesser extent than the knock-
down of Nifind (Fig. 4B and figs. S2 and S4). This masculinization is
associated with an increase in the male-specific isoform of Nldsx
without affecting the female-specific Nidsx (Fig. 4, E and F). This
less pronounced masculinization may result from insufficient sup-
pression of Nifmd2 and/or the existence of functionally redundant
NIFMD partners (41). Second, MST analysis showed that NIFMD23%
but not NIFMD-F binds the RAAGAA repeat motif in the Nldsx
pre-mRNA, which is required for the production of the female-
specific Nldsx transcript in the 293T cells, with the affinity Kp =
1.6366 + 0.49644 uM (Fig. 6D). The RAAGAA repeat motif is
different from the TCWWCAATCAACA ESE recognized by the
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in real-time qPCR. (C) The splicing of p3XFlag-Nidsx and p3XFlag-Nldsx-202 was regulated differently by Nifmd-F and Nifmd2**°. (c1) The specific primers of pmNIdsx-F and
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D. melanogaster TRA2 but similar to an A-rich repeat motif pre-
dicted to be the ESE in SQUID-mediated sex-specific splicing in
D. melanogaster (13, 42). We note that some of the SQUID-mediated
sex-specific splicing is independent of the SXL-dependent pathway
in D. melanogaster (42). Third, in vitro experiments suggest that
NIEMD2** and NIEMD-F may interact. In the vertebrate 293T cells,
NIFMD2**’ and NIFMD-F formed a protein complex according to
antibody pull-down assays, and they appear to work synergistically
to increase the female-specific Nldsx splicing and alter the male-
specific Nldsx splicing (Fig. 5C). There is also an indication from
the MST analysis that NIFMD-F may alter the binding affinity of
NIFMD2** to the RAAGAA repeat motif (35). In summary, we
have presented evidence suggesting that Nifind2 is involved in sex
determination in BPH, and the SQUID-like protein NIFMD2**
binds a putative ESE in the Nldsx pre-mRNA and may interact with
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NIFMD-F to modulate Nldsx splicing in vitro. Future experiments
are needed to determine whether NIFMD?2 functions in vivo as an
RNA binding partner of the feminizing switch NIFMD.

On the basis of the above results, we propose a model for the sex
determination pathway of N. lugens (Fig. 7). The female-specific
Nifmd-F functions as the feminizing switch, and it is either activated
by a double dosage of the X chromosome in females or inhibited by
a male-determining factor on the Y chromosome in males. Both
models have been demonstrated in dipteran insects: while the XSE
proteins act as the primary signal in D. melanogaster, a Y chromo-
some gene CWC22 in the house fly acts as the male determiner by
inhibiting the Mdtra (3, 4). We have no direct evidence in BPH to
support or rule out either of the two models. However, we note
that find also functions as the feminizing switch in S. furcifera and
L. striatellus, two Delphacidae relatives of N. lugens that use the XX
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Fig. 7. A proposed model for sex determination in BPH. (A) Model for sex deter-
mination pathway of BPH. In female of BPHs, dsx alternative splicing process is con-
trolled by three upstream genes, NIFmd-F, and NIFmd2. NIFmd-F needs the help of
NIFmd?2 to maintain the female-specific dsx-F splicing and inhibit Nidsx-M production.
A primary signal is suspected to be activated by double X chromosomes in females
to regulate gene NIFmd to produce NIFmd-F, or a Y chromosome factor interferes
functional female-specific NIFmd-F in males. (B) Model for the molecular mechanism
of Nidsx pre-mRNA sex-specific alternative splicing. Protein NIFMD23*° cooperates
with NIFMD-F to promote the splicing of female-specific Nldsx-F, and they bind on
(G/A)AAGAA in the female-specific exon 6.

(female) and XO (male) system for sex determination (30). Therefore,
we speculate that it is possible that conserved XSE(s) may serve as
the primary signal in all three Delphacidae species. We also propose
that the non-sex-specific NIFMD2**" binds the RAAGAA repeat
ESEs in the Nldsx pre-mRNA and assists the feminizing switch
NIFMD-F in promoting the female-specific splicing of Nldsx. In vivo
support is still needed to confirm that NIFMD2** is one of the
RNA binding partners of NIFMD-F. We also note that it remains to
be determined whether NITRA2 is also involved in the NIFMD-
mediated sex-determination pathway.

MATERIALS AND METHODS

Insect rearing

The BPH populations used here were collected in Hangzhou (30°16'9 N,
12°11'E), China, in 2008. BPHs were reared at 26° + 0.5°C on
rice seedlings (Xiushui 128) under a 16-hour light:8-hour dark
photoperiod.

Transcriptome sequencing and RNAi screening

More than 100 mated BPH females were allowed to lay eggs on rice
seedlings for 1 hour. BPHs were then removed, and the eggs (about
200) in the rice seedling were collected at the time point of 0, 24, and
72 hours. Three replicates were carried out for each time point. Total
RNA of the collected eggs was extracted using TRIzol reagent
(Takara, Dalian, China) following the manufacturer’s instructions.
Transcriptome sequencing was performed on the Illumina HiSeq
platform (Illumina, San Diego, USA). Raw reads were quality
trimmed and assembled de novo with Trinity software. Bioinfor-
matics analysis of annotation was performed as described previously
(43). We focused on genes that are highly expressed in the earlier
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embryos that are either with an unknown function or contain RRMs.
Approximately 200 genes met these criteria and were chosen for
RNAI screening.

The sequence analysis and alignments

The Splign tool from NCBI (www.ncbi.nlm.nih.gov/sutils/splign/
splign.cgi) was used to predict the exons and introns of Nifind by
aligning the sequences of the RT-PCR products with the genomic
sequence of BPH (PRJNA177647). The alignment of find homologs
was generated using Clustal X (44) and GENEDOC (45).

RNAi interference

The common region or specific region of Nifmd and Nlfmd?2 isoforms
was used as DNA templates for dsRNA synthesis. The MEGAscript
T7 High Yield Transcription Kit (Ambion, catalog no. AM1334)
was used to synthesize the dsSRNAs according to the manufacturer’s
instructions. The concentration of the product was quantified using
a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA). After-
ward, we followed the BPH dsRNA treatment method described
by Xue et al. (46).

PCR of male-specific genomic DNA fragment

Genomic DNA was purified from individual dsRNA-treated adult
planthoppers or offspring adults of maternal RNAi females using
the Wizard Genomic DNA Purification Kit according to the manu-
facturer’s instructions (Promega, Madison, WI). The DNA con-
centration was measured and diluted to 50 ng/ml. Primers for a
male-specific sequence were reported by Kobayashi and Noda (47).
PCR was performed on 1 pl of genomic DNA in a 25-pl reaction
mixture (50 U/ul Taqg DNA polymerase with Mg** buffer for DNA
polymerase, Biocolors, Shanghai, China; 2 mmol dNTPs, TaKaRa).
Thirty cycles of amplification were performed, each of which con-
sisted of denaturation for 30 s at 94°C, annealing for 15 s at 56°C,
and extension for 30 s at 70°C. Samples of the PCRs were analyzed
on 2% agarose gels.

qRT-PCR analysis

Total RNA was first isolated from the BPH whole bodies or tissues
using RNAiso Plus (TaKaRa). RNA sample (1 pg of total RNA) was
reverse transcribed using the PrimeScript first-strand cDNA syn-
thesis kit (TaKaRa, catalog no. 6110A). The internal control for
quantitative RT-PCR (qRT-PCR) was the 18S rRNA gene of BPH,
and the SYBR Premix ExTaq Kit (TaKaRa) was used for qRT-PCR.
The relative quantitative method was used to evaluate quantitative
variations (48).

Semiquantitative RT-PCR

Total RNA was extracted from embryos, first-, second-, third-, fourth-,
fifth-instar nymphs, and female and male adults, respectively; 1 ug
of RNA was used to perform reverse transcription in 20-pl reactions
using Quant reverse transcriptase (TTANGEN, Beijing, China) ac-
cording to the manufacturer’s instructions, diluted 10 times; and
1 ul was used in subsequent PCRs. The total RNA of individual eggs
at different embryonic stages was extracted using RNAiso Plus
(TaKaRa), and then 30 ng of RNA was used to perform reverse tran-
scription in 5 pl using the Single Cell Sequence Specific Amplifica-
tion Kit (Vazyme, NanJing, China); the assay pool used in this kit
consisted of Nlfmd-F/C, QPCR-NI18s, and Nldsx-F primers, and the
concentration of each primer was 0.1 M.
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Absolute quantification in qRT-PCR

PCR products of different primers were purified and quantified, the
products were serially diluted eightfold, and the logarithm of their
initial template copy numbers and the Ct values of the primers in
every dilution were used to construct standard curves. The concen-
trations of the PCR products were measured using a NanoDrop 2000
(Thermo Fisher Scientific, America), and the copy numbers of the
PCR products were calculated using the following equation

6.02 x 1023(c0py/mol) x DNA amoumt(g)
DNA length(bp ) x 660(g/mol/dp)

DNA(copy) = (49, 50)(1)

The Ct values of the dilutions were obtained by qRT-PCR with
different primers. The PCR amplification efficiency (E) of each primer
was obtained using the Bio-Rad CFX manager 3.1 (Bio-Rad Labora-
tories). Ideally, the value of E ranges from 90 to 110% (fig. S13).

Dissection and fertility analysis

To study the systemic expression of Nlfind-F and Nlfmd2** in BPHs,
the tissues such as head, muscle, wing, fat body, gut, integument,
ovary, or testes were dissected from 2-day-old fifth instar females
(n =100) and males (n = 100), and the sex of nymphs were identi-
fied by gonotome difference (51). Total RNA of the collected tissues
was extracted using TRIzol reagent (Takara, Dalian, China) follow-
ing the manufacturer’s instructions.

Third instar nymphs were injected with dsgfp or dsNlfmd, and
then were dissected or used for fertility analysis 3 days after emer-
gence. The treated BPH pairs were reared on rice seedlings, and the
number of offspring and eggs was examined 10 or 5 days after
deposition. Each pair of adults were reared on the same kind of
rice seedling.

Sperm viability

The LIVE/DEAD Sperm Viability Kit (L-7011) (Invitrogen, America)
was used to measure sperm activity according to the manufacturer’s
protocol. The semen was released by cutting open the vas deferens
with dissection scissors in 300 pl of buffer [10 mM Hepes, 150 mM
NaCl, and 10% bovine serum albumin (pH 7.4)]. Then, 5 pl of diluted
SYBR14 dye was added and incubated for 10 min at 36°C. Next, 5 ul
of propidium iodide was added to 300 pl of buffer and incubated for
another 10 min. Last, the number of green sperm (live) and red sperm
(dead) in a 20-ul sample was counted using a Zeiss LSM 780 confocal
microscope (Carl Zeiss Microlmaging, Géttingen, Germany). Each
semen sample represented 10 individual insects, and each treatment
was pooled from three independent experiments.

Image processing

DsRNA used in this study was injected into the third instar nymphs;
the phenotypes after emergence were recorded using a DFC320
digital camera attached to a LEICA S8APO stereomicroscope.

Maternal RNAi and offspring counting

Virgin female adults collected 12 hours after emergence were injected
with dsgfp and dsNIfmd and dsNIfind2*", reared for 3 days, and then
mated with wild-type males. Each pair were reared separately. The
offspring were reared, and numbers of each sex were counted. The
dead eggs were dissected and counted from the seedlings after no
larva hatching for three consecutive days.
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CRISPR-Cas9

Sequences of Nlfmd-F (GenBank accession number MW082042)
and lemd2340 (GenBank accession number MW082037) and BPH
genomes (GenBank accession number PRINA177647) were used to
search single guide RNAs (sgRNAs) used in CRISPR-Cas9 by
sgRNAcas9 algorithm (52), and two sgRNAs with lowest off-target
possibility were predicted to target Nlfmd-F and Nlfmd2**, respec-
tively. The sgRNA was prepared using T7 High Yield RNA Tran-
scription Kit (Vazyme, China), the sense primer of sgRNA contained
a T7 polymerase-binding site, and the antisense primer contained a
partial sgRNA sequence that was complementary to pMD19-T sgRNA
scaffold vector. Cas9 mRNA was in vitro transcribed from plasmid
pSP6-2sNLS-SpCas9 vector and purified using the mMESSAGE
mMACHINE SP6 Transcription Kit (Thermo Fisher Scientific) and
Poly(A) Tailing Kit (Thermo Fisher Scientific). The microinjection
was performed according to the report by Xue et al. (28), and the
eggs within 1 hour of oviposition were used. At 48 hours after injec-
tion, genomic DNA was extracted from injected eggs with the Wizard
Genomic DNA Purification Kit (Promega), and the mutation of the
sgRNA target sites was tested by primers and sequenced. The DNA
of male wings in Gy were extracted and tested, and then the mutated
males were mated with wild-type females to produce G;. In Gy, the
mutated males were mated with mutated females to produce G,, and
the number of males and females in G, was counted; some of them
were used for genotyping the mutation, and the eggs of G, that
failed to hatch were counted and recorded.

Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were maintained in
Dulbecco’s Modified Eagles Medium (DMEM) that was supple-
mented with 10% fetal bovine serum (FBS), penicillin (100 U/ml),
and streptomycin (100 U/ml) at 37% in a humidified incubator
that contained 5% CO,. p3XFlag-CMV and pcDNA3.1(+)/myc-His
C constructs were transfected into HEK293T cells by PolyJet, SignaGen,
USA, according to the manufacturer’s instructions. Thirty-six hours
after transfection, cells were collected and the next experiment was
performed.

Molecular cloning and plasmid construction

Nifmd-F, Nlfmd-C, Nlfmd2**’, Mini-Nldsx, and the mutants were
amplified by PCR and cloned into p3XFlag-CMV for the mini-Nldsx
system; Nifind2*** was also cloned into pcDNA3.1(+)/myc-His C and
PMAL-p5x for the IP and pull-down assays, respectively.

Microscale thermophoresis

RNA of sequences CAUCUGUAC and GAAGAA were labeled with
fluorescent dye cyanine 3 with the help of company GenScript, China.
Subsequently, interaction of labeled RNAs to purified protein
NIFMD2** (50 uM, prokaryotic expression) was measured in PBS.
The concentration of labeled RNA was constant at 20 nM; purified
protein NIFMD2%*** was added in a serial dilution (PBS) at a final
concentration between 25 and 0.000763 uM. Samples were loaded
into Monolith NT.115 system using 20% excitation power and
40% MST power to determine Kp values. Data were analyzed using
MO.Affinity Analysis software version 2.2.4.

Purified protein NIFMD-F (2.5 uM, Eukaryotic expression) and
GFP (2.5 uM, prokaryotic expression) were added to NIFMD2**
(50 uM) (1:1), the complex was added in a serial dilution (PBS) at a
final concentration between 25 and 0.000763 uM, and the con-
centration of labeled GAAGAA was constant at 20 nM. Samples
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were loaded into the Monolith NT.115 system using 20% excitation
power and 40% MST power to determine Kp values. Data were
analyzed using MO.Affinity Analysis software version 2.2.4. The
binding between NIFMD-F and labeled GAAGAA was also tested.

IP and pull-down assays

For IP, cells were collected after washing three times in cold PBS
[137 mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPO,, and 1.4 mM
KH,PO, (pH 7.4)] and lysed with buffer [25 mM tris-HCI (pH 7.5),
150 mM MacCl, 0.5% NP-40; protease and phosphatase inhibitors
added before use]. The lysate was centrifuged and immunoprecipi-
tated with Anti-DYKDDDDK IP Resin (Genscript, China). Precip-
itated proteins as well as initial whole-cell lysates were boiled with
SDS loading buffer at 100°C for 10 min.

For pull-down assays, purified Flag-fused proteins or Mbp-fused
expressed in HEK293T cells or Escherichia coli was mixed with Anti-
DYKDDDDK G1 Affinity Resin (Genscript, China) or Amylose
Resin beads (NEB, USA) for 16 hours at 4°C, respectively. After
extensive washing with PBS, the beads were incubated with purified
Mbp-tagged fusion protein at 4°C for 16 hours and washed with
tris-buffered saline [50 mM tris-HCI and 150 mM NaCl (pH 7.4)].
The beads as well as initial whole-cell lysates were then boiled with
SDS loading buffer at 100°C for 10 min.

All the precipitated proteins were separated by SDS—polyacrylamide
gel electrophoresis, transferred to a polyvinylidene difluoride mem-
brane, incubated with primary (1:10,000) and secondary (1:5000)
antibodies, and detected with an enhanced chemiluminescence
staining kit (fig. S7). The antibody used in these assays were the
following: anti-Flag M2 monoclonal antibody (Sigma-Aldrich, F3165,
USA), THE His Tag Antibody, mAb, Mouse (Genscript, China),
and anti-MBP monoclonal antibody (NEB, USA).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf9237

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. T.Gempe, M. Beye, Function and evolution of sex determination mechanisms, genes
and pathways in insects. Bioessays 33, 52-60 (2011).

2. J.N.Shukla, J. Nagaraju, Doublesex: A conserved downstream gene controlled by diverse
upstream regulators. J. Genet. 89, 341-356 (2010).

3. H.Salz, J. W. Erickson, Sex determination in Drosophila: The view from the top. Fly 4,
60-70 (2010).

4. A.Sharma, S. D. Heinze, Y. L. Wu, T. Kohlbrenner, I. Morilla, C. Brunner, E. A. Wimmer,

L. van de Zande, M. D. Robinson, L. W. Beukeboom, D. Bopp, Male sex in houseflies is
determined by Mdmd, a paralog of the generic splice factor gene CWC22. Science 356,
642-645 (2017).

5. A.Meccariello, M. Salvemini, P. Primo, B. Hall, P. Koskinioti, M. Dalikov4, A. Gravina,

M. A. Gucciardino, F. Forlenza, M.-E. Gregoriou, D. Ippolito, S. M. Monti, V. Petrella,

M. M. Perrotta, S. Schmeing, A. Ruggiero, F. Scolari, E. Giordano, K. T. Tsoumani, F. Marec,
N. Windbichler, K. P. Arunkumar, K. Bourtzis, K. D. Mathiopoulos, J. Ragoussis,

L. Vitagliano, Z. Tu, P. A. Papathanos, M. D. Robinson, G. Saccone, Maleness-on-the-Y
(MoY) orchestrates male sex determination in major agricultural fruit fly pests. Science
365, 1457-1460 (2019).

6. A.B.Hall,S.Basu, X. F. Jiang, Y. M. Qi, V. A. Timoshevskiy, J. K. Biedler, M. V. Sharakhova,
R. Elahi, M. A. E. Anderson, X. G. Chen, I. V. Sharakhov, Z. N. Adelman, Z.J. Tu, A
male-determining factor in the mosquito Aedes aegypti. Science 348, 1268-1270
(2015).

7. E.Krzywinska, N.J. Dennison, G. J. Lycett, J. Krzywinski, A maleness gene in the malaria
mosquito Anopheles gambiae. Science 353, 67-69 (2016).

8. A.B.Hall, P. A. Papathanos, A. Sharma, C. D. Cheng, O. S. Akbari, L. Assour, N. H. Bergman,
A. Cagnetti, A. Crisanti, T. Dottorini, E. Fiorentini, R. Galizi, J. Hnath, X. F. Jiang, S. Koren,

Zhuo etal., Sci. Adv. 7, eabf9237 (2021) 26 November 2021

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

T.Nolan, D. Radune, M. V. Sharakhova, A. Steele, V. A. Timoshevskiy, N. Windbichler,

S. M. Zhang, M. W. Hahn, A. M. Phillippy, S. J. Emrich, I. V. Sharakhov, Z.J. Tu,

N. J. Besansky, Radical remodeling of the Y chromosome in a recent radiation of malaria
mosquitoes. Proc. Natl. Acad. Sci. U.S.A. 113, E2114-E2123 (2016).

. M.Beye, M. Hasselmann, M. K. Fondrk, R. E. Page Jr., S. W. Omholt, The gene csd is

the primary signal for sexual development in the honeybee and encodes an SR-type
protein. Cell 114, 419-429 (2003).

. T.Kiuchi, H. Koga, M. Kawamoto, K. Shoji, H. Sakai, Y. Arai, G. Ishihara, S. Kawaoka,

S.Sugano, T. Shimada, Y. Suzuki, M. G. Suzuki, S. Katsuma, A single female-specific piRNA
is the primary determiner of sex in the silkkworm. Nature 509, 633-636 (2014).

. B.A.Sosnowski, J. M. Belote, M. McKeown, Sex-specific alternative splicing of RNA

from the transformer gene results from sequence-dependent splice site blockage. Cell 58,
449-459 (1989).

. M.Tian, T. Maniatis, Positive control of pre-mRNA splicing in vitro. Science 256, 237-240 (1992).
. K. Hoshijima, K. Inoue, I. Higuchi, H. Sakamoto, Y. Shimura, Control of doublesex alternative

splicing by transformer and transformer-2 in Drosophila. Science 252, 833-836 (1991).

. L.C.Ryner, B. S. Baker, Regulation of doublesex pre-mRNA processing occurs by 3"-splice

site activation. Gene Dev. 5, 2071-2085 (1991).

. H. Amrein, M. Gorman, R. NGthiger, The sex-determining gene tra-2 of Drosophila

encodes a putative RNA binding protein. Cell 55, 1025-1035 (1988).

. M. L. Hedley, T. Maniatis, Sex-specific splicing and polyadenylation of dsx pre-mRNA

requires a sequence that binds specifically to tra-2 protein in vitro. Cell 65, 579-586 (1991).

. A.Pane, M. Salvemini, P. D. Bovi, C. Polito, G. Saccone, The transformer gene in Ceratitis

capitata provides a genetic basis for selecting and remembering the sexual fate.
Development 129, 3715-3725 (2002).

. M. Salvemini, M. Robertson, B. Aronson, P. Atkinson, L. C. Polito, G. Saccone, Ceratitis

capitata transformer-2 gene is required to establish and maintain the autoregulation of
Cctra, the master gene for female sex determination. Int. J. Dev. Biol. 53, 109-120 (2009).

. G.Saccone, A. Pane, G. Testa, M. Santoro, G. De Martino, F. Di Paola, C. Louis, L. Polito, Sex

determination in medfly: A molecular approach, in Area-wide control of fruitflies and other
pest insects, K.-H. Tan, Ed. (Penerbit Universiti Sains Malaysia, 2000), pp. 491-496.

G. Saccone, |. Peluso, D. Artiaco, E. Giordano, D. Bopp, L. C. Polito, The Ceratitis capitata
homologue of the Drosophila sex-determining gene sex-lethal is structurally conserved,
but not sex-specifically regulated. Development 125, 1495-1500 (1998).

J. K. Biedler, Z. Tu, Sex determination in mosquitoes. Adv. Insect Physiol. 51, 37-66 (2016).
M. Hasselmann, T. Gempe, M. Schigtt, C. G. Nunes-Silva, M. Otte, M. Beye, Evidence

for the evolutionary nascence of a novel sex determination pathway in honeybees.
Nature 454, 519-522 (2008).

T. Gempe, M. Hasselmann, M. Schigtt, G. Hause, M. Otte, M. Beye, Sex determination

in honeybees: Two separate mechanisms induce and maintain the female pathway. PLOS
Biol. 7, 1000222 (2009).

G. Saccone, M. Salvemini, L. C. Polito, The transformer gene of Ceratitis capitata:

A paradigm for a conserved epigenetic master regulator of sex determination in insects.
Genetica 139,99-111 (2011).

J.Xu, S. Zhan, S. Chen, B. Zeng, Z. Li, A. A. James, A. Tan, Y. Huang, Sexually dimorphic
traits in the silkworm, Bombyx mori, are regulated by doublesex. Insect Biochem. Mol. Biol.
80,42-51(2017).

M. G. Suzuki, K. Suzuki, F. Aoki, M. Ajimura, Effect of RNAi-mediated knockdown

of the Bombyx mori transformer-2 gene on the sex-specific splicing of Bmdsx pre-mRNA.
Int. J. Dev. Biol. 56, 693-699 (2012).

J. Xue, X. Zhou, C.-X. Zhang, L.-L. Yu, H-W. Fan, Z. Wang, H.-J. Xu, Y. Xi, Z.-R. Zhu,

W.-W. Zhou, P.-L. Pan, B.-L. Li, J. K. Colbourne, H. Noda, Y. Suetsugu, T. Kobayashi,

Y. Zheng, S. Liu, R. Zhang, Y. Liy, Y.-D. Luo, D.-M. Fang, Y. Chen, D.-L. Zhan, X.-D. Lv, Y. Cai,
Z.-B. Wang, H.-J. Huang, R-L. Cheng, X.-C. Zhang, Y.-H. Lou, B. Yu, J.-C. Zhuo, Y.-X. Ye,
W.-Q. Zhang, Z-C. Shen, H.-M. Yang, J. Wang, J. Wang, Y.-Y. Bao, J.-A. Cheng, Genomes

of therice pest brown planthopper and its endosymbionts reveal complex
complementary contributions for host adaptation. Genome Biol 15, 521 (2014).

W.-H. Xue, N. Xu, X.-B. Yuan, H.-H. Chen, J.-L. Zhang, S.-J. Fu, C-X. Zhang, H.-J. Xu, CRISPR/
Cas9-mediated knockout of two eye pigmentation genes in the brown planthopper,
Nilaparvata lugens (Hemiptera: Delphacidae). Insect Biochem. Mol. Biol. 93, 19-26 (2018).
H.-J. Xy, T. Chen, X.-F. Ma, J. Xue, P.-L. Pan, X.-C. Zhang, J.-A. Cheng, C.-X. Zhang,
Genome-wide screening for components of small interfering RNA (siRNA) and micro-RNA
(miRNA) pathways in the brown planthopper, Nilaparvata lugens (Hemiptera:
Delphacidae). Insect Mol. Biol. 22, 635-647 (2013).

W. Ma, X. Le, H. Hua, M. Chen, M. Guo, K. He, J. Zhao, F. Li, Chromosomal-level genomes
of three rice planthoppers provide new insights into sex chromosome evolution. Mol.
Ecol. Resour. 21,226-237 (2021).

J.-C. Zhuo, Q-L. Hu, H-H. Zhang, M.-Q. Zhang, S. B. Jo, C.-X. Zhang, Identification

and functional analysis of the doublesex gene in the sexual development

of ahemimetabolous insect, the brown planthopper. Insect Biochem. Mol. Biol. 102, 31-42
(2018).

120f 13


https://science.org/doi/10.1126/sciadv.abf9237
https://science.org/doi/10.1126/sciadv.abf9237
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abf9237

SCIENCE ADVANCES | RESEARCH ARTICLE

32. J.Wexler, E. K. Delaney, X. Belles, C. Schal, A. Wada-Katsumata, M. J. Amicucci, A. Kopp,
Hemimetabolous insects elucidate the origin of sexual development via alternative
splicing. eLife 8, e47490 (2019).

33. E.C.Verhulst, L. van de Zande, L. W. Beukeboom, Insect sex determination: It all evolves
around transformer. Curr. Opin. Genet. Dev. 20, 376-383 (2010).

34. S.A.Seidel, C.J. Wienken, S. Geissler, M. Jerabek-Willemsen, S. Duhr, A. Reiter, D. Trauner,
D. Braun, P. Baaske, Label-free microscale thermophoresis discriminates sites and affinity
of protein-ligand binding. Angew. Chem. Int. Ed. Engl. 51, 10656-10659 (2012).

35. S.A.l. Seidel, P. M. Dijkman, W. A. Lea, G. van den Bogaart, M. Jerabek-Willemsen, A. Lazic,
J.S. Joseph, P. Srinivasan, P. Baaske, A. Simeonoy, |. Katritch, F. A. Melo, J. E. Ladbury,

G. Schreiber, A. Watts, D. Braun, S. Duhr, Microscale thermophoresis quantifies biomolecular
interactions under previously challenging conditions. Methods 59, 301-315 (2013).

36. T.W.Cline, Two closely linked mutations in Drosophila melanogaster that are lethal
to opposite sexes and interact with daughterless. Genetics 90, 683-697 (1978).

37. F.Criscione, Y. Qi, Z. Tu, GUY1 confers complete female lethality and is a strong candidate
for a male-determining factor in Anopheles stephensi. eLife 5,e19281 (2016).

38. Y.Qi, Y.Wuy, R. Saunders, X.-G. Chen, C. Mao, J. K. Biedler, Z. J. Tu, Guy1, a Y-linked
embryonic signal, regulates dosage compensation in Anopheles stephensi by increasing X
gene expression. eLife 8, e43570 (2019).

39. E.Krzywinska, L. Ferretti, J. Li, J.-C. Li, C.-H. Chen, J. Krzywinski, Femaleless controls sex
determination and dosage compensation pathways in females of Anopheles mosquitoes.
Current Biol. 31, 1084-1091.e4 (2021).

40. Y.-X.Ye, H-H.Zhang, D.-T. Li, J.-C. Zhuo, Y. Shen, Q.-L. Hu, C.-X. Zhang, Chromosome-level
assembly of the brown planthopper genome with a characterized Y chromosome. Mol.
Ecol. Resour. 21, 1287-1298 (2021).

41. J.-C.Zhuo, C. Lei, J.-K. Shi, N. Xu, W.-H. Xue, M.-Q. Zhang, Z.-W. Ren, H.-H. Zhang,

C.-X. Zhang, Tra-2 mediates cross-talk between sex determination and wing polyphenism
in female Nilaparvata lugens. Genetics 207, 1067-1078 (2017).

42. B.Hartmann, R. Castelo, B. Mifiana, E. Peden, M. Blanchette, D. C. Rio, R. Singh, J. Valcarcel,
Distinct regulatory programs establish widespread sex-specific alternative splicing
in Drosophila melanogaster. RNA 17, 453-468 (2011).

43. Y.-Y.Bao, L.-Y.Qu, D. Zhao, L.-B. Chen, H.-Y. Jin, L-M. Xu, J.-A. Cheng, C.-X. Zhang, The
genome-and transcriptome-wide analysis of innate immunity in the brown planthopper,
Nilaparvata lugens. BMC Genomics 14, 160 (2013).

44. F.Jeanmougin, J. D. Thompson, M. Gouy, D. G. Higgins, T. J. Gibson, Multiple sequence
alignment with Clustal X. Trends Biochem. Sci. 23, 403-405 (1998).

45. K. B. Nicholas, GeneDoc: Analysis and visualization of genetic variation. Embnew. news 4,
14 (1997).

Zhuo etal., Sci. Adv. 7, eabf9237 (2021) 26 November 2021

46. JXue, Y.-X.Ye, Y.-Q. Jiang, J.-C. Zhuo, H.-J. Huang, R-L. Cheng, H.-J. Xu, C-X. Zhang,
Efficient RNAi of Rice Planthoppers Using Microinjection, 26 January 2015, PROTOCOL
(Version 1) available at Protocol Exchange; https://doi.org/10.1038/protex.2015.005.

47. T.Kobayashi, H. Noda, Identification of Y chromosomal PCR marker and production
of a selected strain for molecular sexing in the brown planthopper, Nilaparvata lugens.
Arch. Insect Biochem. 65, 1-10 (2007).

48. K. J.Livak, T. D. Schmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 2722 method. Methods 25, 402-408 (2001).

49. J. A. Whelan, N. B. Russell, M. A. Whelan, A method for the absolute quantification
of cDNA using real-time PCR. J. Inmunol. Methods 278, 261-269 (2003).

50. C.Lee, J.Kim,S.G. Shin, S. Hwang, Absolute and relative QPCR quantification of plasmid
copy number in Escherichia coli. J. Biotechnol. 123, 273-280 (2006).

51. J.Ding, C. Hu, Q. Fu, J. He, M. Xie, A colour atlas of commonly encountered delphacids
in China rice regions. Zhejiang Sci. Technol. Press 2, 22-26 (2012).

52. S.Xie, B.Shen, C. Zhang, X. Huang, Y. Zhang, sgRNAcas9: A software package
for designing CRISPR sgRNA and evaluating potential off-target cleavage sites. PLOS ONE
9, 100448 (2014).

Acknowledgments

Funding: This work was supported by the National Natural Science Foundation of China
(31871954 and 31630057) to C.-X.Z. and the National Natural Science Foundation of China
(32001899) and China Postdoctoral Science Foundation (2020 M671676) to J.-C.Z. Author
contributions: C-X.Z. and J.-C.Z. conceptualized this study. J-C.Z, H-H.Z, Q.-LH., J-LZ,Y.Z,
and H.-Q.W. performed the experiments. J.-B.L,, H-J.L,, Y.-CX., W-W.W.,, H.-J.H., and G.L. helped
perform the gene functional screen. J.-C.Z. analyzed the data and wrote the draft of the
manuscript. C-X.Z,, Z.-).T., J.-P.C., and J.-M.L. discussed the experimental design and revised
the manuscript. C.-X.Z. organized and directed this study. Competing interests: The authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Sequences of Nifmd-F, Nifmd-C, Nifmd2**°, Nifmd2°*, and Nifmd2%?
were deposited in GenBank with accession numbers MW082042, MW082041, MW082037,
MW082037, and MW082039/MW082040, respectively.

Submitted 30 November 2020
Accepted 6 October 2021
Published 26 November 2021
10.1126/sciadv.abf9237

130f 13


http://dx.doi.org/10.1038/protex.2015.005

