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Abstract

Background: The expression and biological functions of circular RNAs (circRNAs) in reproductive organs have

been extensively reported. However, it is still unclear whether circRNAs are involved in sex change. To this end, RNA
sequencing (RNA-seq) was performed in gonads at 5 sexual stages (ovary, early intersexual stage gonad, middle inter-
sexual stage gonad, late intersexual stage gonad, and testis) of ricefield eel, and the expression profiles and potential
functions of circRNAs were studied.

Results: Seven hundred twenty-one circRNAs were identified, and the expression levels of 10 circRNAs were veri-
fied by quantitative real-time PCR (QRT-PCR) and found to be in accordance with the RNA-seq data, suggesting that
the RNA-seq data were reliable. Then, the sequence length, category, sequence composition and the relationship
between the parent genes of the circRNAs were explored. A total of 147 circRNAs were differentially expressed in

the sex change process, and GO and KEGG analyses revealed that some differentially expressed (such as novel_
circ_0000659, novel_circ_0004005 and novel_circ_0005865) circRNAs were closely involved in sex change. Further-
more, expression pattern analysis demonstrated that both circSnd1 and foxI2 were downregulated in the process of
sex change, which was contrary to mal-miR-135b. Finally, dual-luciferase reporter assay and RNA immunoprecipitation
showed that circSnd1 and foxI2 can combine with mal-miR-135b and mal-miR-135c. These data revealed that circSnd1
regulates fox/2 expression in the sex change of ricefield eel by acting as a sponge of mal-miR-135b/c.

Conclusion: Our results are the first to demonstrate that circRNAs have potential effects on sex change in ricefield
eel; and circSnd1 could regulate foxI2 expression in the sex change of ricefield eel by acting as a sponge of mal-miR-
135b/c. These data will be useful for enhancing our understanding of sequential hermaphroditism and sex change in
ricefield eel or other teleosts.

Keywords: circRNA, Monopterus albus, FoxI2, Gonadal differentiation, Reproductive, Expression pattern

Background

Circular RNAs (circRNAs) are a class of endogenous
noncoding RNAs characterized by covalently closed con-
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sequencing technologies has demonstrated the wide-
spread existence of circRNAs in nematodes [3, 4],
zebrafish [5], fruitflies [6], mice [4, 7], pigs [8] and
humans [4, 9]. Although the function of most circRNAs
is largely unclear, current studies have revealed that some
circRNAs are important modulators that regulate gene
expression at multiple levels [4, 10-17].

CircRNAs have important biological functions dur-
ing the development of the reproductive system [18-22].
Expression pattern analysis of many circRNAs in germ
cells has shown typical developmental stages or tissue-
cell specific characteristics, and their biological func-
tions may be related to follicular development, ovarian
senescence and spermatogenesis [23-26]. For example,
circINHA has been shown to promote pig granulosa
cell proliferation and inhibit granulosa cell apoptosis via
CTGF as a competing endogenous RNA (ceRNA) that
directly binds miR-10a-5p [27]. During spermatogenesis
in mice, a large number of circRNAs with open reading
frames are synthesized and then translated into pro-
teins to compensate for the shortage of proteins caused
by uncoupling of transcription and translation [28].
In medaka (Oryzias latipes), circ880 may be related to
gonadal development by combining with miR-375-3p
[22]. Despite these sporadic reports, the functional role
and molecular mechanism of circRNAs in the reproduc-
tive system is still in its infancy.

Foxl2, a female sex-associated gene, is principally
expressed in granulosa cells and important for ovarian
development and maintenance [29-35]. In mice, primary
follicles are not formed and cannot complete matura-
tion when fox/2 function is lost, which may be caused by
granulosa cells being reprogrammed into testis-specific
Sertoli-like cells in a cell autonomous and oocyte-inde-
pendent manner [35, 36]. Mechanistically, fox/2 induces
XX male sex reversal mainly by activating testis-specific
genes (notably Dmrtl and Sox9) and repressing ovary-
specific genes (notably Cyp19) [35, 37-39]. Research in
olive flounder indicated that the expression of fox/2 may
be repressed via maintenance of DNA methylation [40].
In goats, fox/2 mRNA has been detected in testes at sev-
eral developmental stages, but no FOXL2 protein has
been detected, suggesting that fox/2 undergoes trans-
lational or posttranscriptional regulation [41]. Lines of
evidence have shown that the expression of fox/2 is signif-
icantly downregulated by miRNAs in humans and mice
[42-45]. All of these results suggested that fox/2 under-
goes transcriptional or posttranscriptional regulation.

Ricefield eel is a protogynous hermaphroditic fish that
changes from female to male through the intersex stage
during its lifetime. Ricefield eel has been gradually rec-
ognized as a new model species for the study of bio-
logical development and evolution due to its sex change
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and small genome [46—48]. The expression level of foxi2
in the ovary of ricefield eel has been shown to be high
before sex change but to decrease sharply after the gonad
developed into the ovotestis and testis [49-51]. Down-
regulation of fox/2 has been thought to be responsible
for gonadal differentiation of ricefield eel, but what and
how foxl2 expression declines is still unclear [51]. As
important modulators involved in the transcriptional
and posttranscriptional regulation of gene expression
and miRNA sponges, circRNAs may be involved in the
decreased expression of fox/2 in the sex change of rice-
field eel. However, there are no reports about circRNAs
in ricefield eel to date. In the present study, we first per-
formed transcriptome analysis in ricefield eel gonads to
identify the potential circRNAs involved in ricefield eel
sex change. Then, bioinformatics was used to analyse
the function of differentially expressed circRNAs and
their interaction with miRNAs. Finally, a dual luciferase
reporter assay and RNA immunoprecipitation (RIP) were
used to demonstrate the ceRNA relationship between
circSndl, foxl2, mal-miR-135b and mal-miR-135c. To our
knowledge, this study is the first to analyse the expression
profile of circRNAs in the gonads of fish with sex change,
providing insights into the identification of novel targets
for sex change in ricefield eel.

Results
Preliminary analysis of circRNA sequencing
Fifteen circRNA libraries from the gonads of ricefield
eel at different developmental stages were constructed
and sequenced, and the overview data for each library
are shown in Additional file 1: Table S1. Briefly, the most
and least raw and clean reads were obtained from IM1
(IM: middle intersexual gonad) and OV3 (OV: ovary),
respectively. Clean base data of all libraries were > 15Gb,
with Q20 > 97%, Q30 > 94%, error rate < 0.04%, GC con-
tent between 46% and 48%, and the ratio of clean reads
mapped to the unique genomes was 76.46%-85.26%.
After rigorous selection, 721 circRNAs were identified
from the 15 libraries, and all the circRNAs were novel
because this was the first study to identify circRNAs
in ricefield eel. The sequences and junction sequences
of all the circRNAs are listed in Additional file 2: Data
Base. Size distribution analysis revealed that the length
of the 719 circRNAs ranged from 40-800 nt, the average
length was 307 nt, and the majority (65.37%) ranged from
201-400 nt (Fig. 1A). Specifically, the lengths of novel
circ_0002103 (1619 nt) and novel_circ_0004589 (1480 nt)
were significantly longer than those of the others. Statis-
tical analysis of the parental genes showed that the 721
circRNAs were generated from 499 precursor mRNAs by
back-splicing, and 80.36% of the precursor mRNAs pro-
duced one circRNA (Fig. 1B). Further statistics showed



1 4

2 3
Number of intron

Fig. 1 Characterization and classification of circRNAs. A CircRNA length and the number of circRNAs in the corresponding length range. B The
relationship between the paternal genes and the circRNAs.”1”means that one paternal gene corresponds to one circRNA, “2" means that one
paternal gene corresponds to two circRNAs, and so on. € CircRNA category and the number and proportion of circRNAs in the corresponding
category. One circRNA contains one or more exons (D), introns (E), and intergene regions (F)

He et al. BMC Genomics ~ (2022) 23:552 Page 3 of 17
3004 A -0.40 B
2 +0.35 3 45+
% , 10.30 )
52001 1025
[}
s 10.202
g g
2 100] 0.15 ¢
j=
3 -0.10
+0.05
0- L0.00
b‘Qf\QQ @ f)»QQ & :’)QQ o N Q\bQQ Q\’%QQ 1
A\ 7 » N 5 Total number of parent genes: 499
Length of circRNAs
C 2601 p
[Jexonic » 2304
J")) Jintronic < fg(())
'/J% [@intergenic % 140+
S110Ll=—
S 80+
8 60-
623 'g 40
86.41% 2 20'
0 B — T T
1 2 3 4 5 6 7 8
Number of exon
157 E 301F
2 %]
2101 820+
Q [&]
5 5
5 oy
'g 5 "% 10-
Z Z
0- 0-

4
Number of intergenic region

that all the circRNAs were exonic, intronic and inter-
genic, of which the majority were exonic (Fig. 1C). The
numbers of exons, introns and intragenic regions con-
tained in the circRNAs are also shown in Fig. 1D-F.

Analysis of differentially expressed circRNAs

The expression patterns of 147 differentially expressed
(DE) circRNAs during the development of gonads are
shown in the heatmap (Additional file 3: Fig. S1). In

all, 82.31% of the DE circRNAs were strongly down-
regulated in the testis. Compared with the TE (testis),
the number of DE circRNAs in the OV was the low-
est (34 DE circRNAs), gradually increased, reached a
peak (99 DE circRNAs) in IM vs. TE, and then gradu-
ally decreased (Fig. 2A-D). Notably, the expression of
22 circRNAs differed significantly during the whole
sex change of ricefield eel (Fig. 2E and Additional file 4:
Table S2).
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Fig. 2 Differentially expressed circRNAs during gonadal development. A OV vs. TE. B IE vs. TE. CIM vs. TE. D IL vs. TE. E Venn diagram of differentially
expressed circRNAs. OV: ovary, IE: early intersexual gonad, IM: middle intersexual gonad, IL: late intersexual gonad, TE: testis
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Functional analyses of the parent genes of the DE circRNAs
The function of circRNAs could be reflected to some
extent by their parent genes. Gene ontology (GO) term
analysis showed that the parent genes extensively par-
ticipated in many biological processes (Fig. 3A and Addi-
tional file 5: Fig. S2A-C). Biological process terms were
abundant among the 4 groups, but cellular component
terms were rarely involved and even absent in the OV
vs. TE group (Additional file 5: Fig. S2A). Furthermore,
the number of main functional groups of the parent
genes increased gradually in the process of sex change.
In addition, notably, the GO term “regulation of photo-
synthesis” was enriched in each group, but the number
of genes enriched in this GO term was the largest in the
IE vs. TE groups (Fig. 3A). PDZ domain and LIM domain
2 (pdlim2), the parent gene of novel_circ_0000659, was
enriched in this term.

KEGG enrichment analysis was performed for all
the parent genes of DE circRNAs. The results indicated
that the top 20 most highly enriched (P-adj<0.05) path-
ways were involved in reproduction, such as the Toll-
like receptor signalling pathway, progesterone-mediated
oocyte maturation, mTOR signalling pathway and FoxO
signalling pathway (Fig. 3B). More detailed analysis
showed that 10 parent genes of 13 DE circRNAs were
involved in many pathways (Additional file 6: Table S3).
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For example, pik3r3, LOCI109952263, aldh2 and aktl
were involved in 13, 9, 13 and 14 pathways, respectively.
Notably, pik3r3 and aktl seem to be sequentially differ-
entially expressed during the sex change of ricefield eel,
pik3r3 in OV/IM vs. TE, and aktI only in IL vs. TE. In
addition, spire2 and pc were enriched in all 4 groups, but
gabl, aldh2 and aktl were enriched in only one group.
A comparative analysis of circRNAs in Additional file 4:
Table S2 and Additional file 6: Table S3 shows that only
novel_circ_0005856, novel_circ_0003251 and novel_
circ_0003252 are common.

Target miRNAs of the DE circRNAs
The results showed that 96 DE circRNAs interacted
with 91 miRNAs. Most of the DE circRNAs could act
as miRNA sponges, and correspondingly, one miRNA
could also be bound by several circRNAs. For example,
novel_circ_0004943 can interact with 10 miRNAs, and
mal-miR-16a can interact with 8 circRNAs (Fig. 4).
Novel_circ_0001738 (named circSndl) and novel_
circ_0004005 interact with mal-miR-135b/c and mal-
miR-196a/b, respectively. In addition to mal-miR-135b/c,
circSndl also interacts with another 7 miRNAs (mal-
miR-124, mal-miR-141, mal-miR-15a, mal-miR-16a/b,
mal-miR-184 and mal-miR-200a). mal-miR-135b/c has
been shown to be differentially expressed during sexual

parent genes of the DE circRNAs
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Fig. 3 GO and KEGG enrichment of the parent genes of the DE circRNAs. A GO enrichment of the parent genes of the DE circRNAs in the IE vs.
TE groups. IE: early intersexual gonad, TE: testis, BP: biological process, CC: cellular component, MF: molecular function. B KEGG enrichment of the
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Fig. 4 Schematic diagram of interactions between DE circRNAs, miRNAs and mRNAs. For presentation purposes, “novel_circ_000"and "mal-miR-"
were shortened to “circ”and "miR-", respectively in the diagram

change of ricefield eel (Fig. 7B). To elucidate the mecha-
nism of ceRNA, we further predicted target mRNAs for
mal-miR-135b/c and mal-miR-196a/b. The results indi-
cated that mal-miR-135b/c and mal-miR-196 may bind to
the 3’ UTRs of fox/2 (Additional file 7: Fig. S3A) and akt1,
respectively (Additional file 7: Fig. S3C).

Confirmation of circRNAs by PCR and RT-qPCR

We experimentally tested 10 candidate circRNAs from
the gonads of ricefield eel by PCR and Sanger sequenc-
ing. Five DE and 5 non-differentially expressed (NDE)
circRNAs were randomly chosen, and all 10 circRNAs
were validated as expertly described. Specifically, cir-
cRNA forms were amplified in ¢cDNA samples tran-
scribed by random hexamer primers but not in cDNA

samples transcribed by Oligo(dT),; primers, and RNase
R resistance experiments showed that circRNAs could
protect against the degradation of RNase R (Fig. 5A and
Additional file 8: Fig. S4). Moreover, Sanger sequencing
further confirmed the circRNA sequencing and back-
splicing sites.

To further verify the accuracy of the RNA-seq data,
the aforementioned 10 circRNAs were quantified. The
results indicated that the expression patterns of 8 out
of 10 circRNAs were highly symmetrical with those of
RNA-seq (Fig. 5B), and only novel circ_0000873 and
novel_circ-0001675 were not validated (data not shown).
Although some subtle differences may exist, we consider
them objective and acceptable. In summary, the RNA-seq
results were reliable and precise.
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CircSnd1 as a miRNA sponge of mal-miR-135b/c

Among the 4 DE circRNAs (novel_circ_0000659, circSndl,
novel_circ_0004005 and novel_circ_0005865) mentioned
above, novel_circ_0004005 has the lowest expression level
(data not shown). Based on the binding sites of miRNA
and circRNA, only miR-135b/c could specifically bind to
the splice site of circSndl. Thus, circSndl was selected for
further analyses in order to ensure that we could effectively
avoid the interference of mRNA.

RNA-seq indicated that circSndI was derived from 6 dis-
continuous exon sequences of Sndl pre-mRNA by back
splicing, and bioinformatics analysis revealed that both
mal-miR-135b and mal-miR-135c specifically bound to the
back-splicing site of circSndl (Fig. 6A). Cytoplasmic and
nuclear separation of ricefield eel ovaries was performed
to explore the location of circSnd1. U6 and 18S were dem-
onstrated to be mainly expressed in the nucleus and cyto-
plasm, respectively, and were used as reference genes to
test the expression level of isolated nucleoplasm RNA
and confirm that circSndl in the cytoplasm was detected
(Fig. 6B), which further proved that circSndl may act as a
miRNA sponge of mal-miR-135b/c.

To further confirm this relationship, wt and mu pSI-
circSndl plasmids were constructed (Fig. 6C). As expected,
there was a significant decrease in the luciferase activity
mediated by wt-pSI-circSndl when mal-miR-135b and
mal-miR-135c mimics were cotransfected (Fig. 6D-E).

CircSnd1 was a potential modulator of fox/2 by ceRNA

To further explore the potential biological function, the
expression pattern of circSndI during the sex change pro-
cess was quantified. circSndl was significantly downregu-
lated in the IL and TE groups compared to the OV, IE
and IM groups (Fig. 7A). Strongly increased expression of
mal-miR-135b in the testes of ricefield eel compared to the
ovaries and ovotestes (Fig. 7B). Obviously, the expression
pattern of circSnd1 was opposite that of mal-miR-135b, and
circSndl was a sponge of mal-miR-135b/c (Fig. 6). Based
on these data, we speculated that there may be a target
mRNA of mal-miR-135b/c in ricefield eel, whose expres-
sion is downregulated during the sex change process. Fox/2
is a well-suited candidate target mRNA, because its expres-
sion is dramatically reduced in testes during the sex change
(Fig. 7C). Alignment results of mal-miR-135b/c sequences
with the fox/2 3’ UTR also indicated that mal-miR-135b/c
binding sites were detected in the fox/2 3’ UTR (Additional
file 7: Fig. S3A).

Page 7 of 17

Based on the expression pattern, we performed an
RIP test. As a component of the RISC enzyme in Cae-
norhabditis elegans, Drosophila and mammals [52],
sndl was chosen as a control. The results revealed that
although the miR135b enrichment multiple was low, all
5 RNAs were enriched in RISC (Fig. 7D). Remarkably,
foxI2 enrichment was abnormally higher than that of
other genes. We then constructed wt and mu pSI-fox/2
plasmids targeting binding sites (Fig. 7E), and a dual-
luciferase reporter assay revealed that mutation of the
mal-miR-135b/c binding sites completely abolished the
inhibition of luciferase reporter activities (Fig. 7F). Taken
together, our results strongly supported that mal-miR-
135b/c binds to the fox/2 3’ UTR.

Discussion

CircRNAs are important regulators of gene expression
CircRNAs express in multiple species that has the variety
of the mechanism and molecular functions. Recent stud-
ies have detected 104388, 96675 and 82321 circRNAs in
humans, macaques and mice, respectively [53]. A total of
70186 orthologous circRNAs exhibit conserved expres-
sion and splicing patterns across species, and numerous
circRNAs may be involved in adaptive immunity, blood
coagulation and neurotransmitters [53]. Current stud-
ies have shown that circRNAs can regulate gene expres-
sion extensively by circRNA-miRNA-mRNA regulatory
network [54]. For example, the expression of miR-7 was
inhibited by injecting zebrafish embryos with plasmid
that can produce circular CDRIas, and then lead to sig-
nificantly reduce of midbrain size [4]. CircPIKfyve acted
as a ceRNA of miR-21-3p to reduce its inhibitory effect
on mayvs expression, which resulted in the activation of
the NF-kB/IRF3 signaling pathway, and thereby enhanc-
ing the innate antiviral responses of Miiuy croaker [55].
CircRasGEF1B was also identified in Miiuy croaker with
the same mechanism [56]. In addition to regulating gene
expression, some circRNAs, such as circ-ZNF609, could
be translated [28, 57]. Therefore, the research of the cir-
cRNAs function in sex determination and gonadal dif-
ferentiation has great potential for understanding the
intricate molecular events that underpin the extraordi-
nary sex plasticity of fish.

CircRNAs were differentially expressed during sex
reversal of ricefield eel. In other fish, 5052, 3762, 3868,
975 and 2727 circRNAs were identified in grass carp [58],
half-smooth tongue sole [59], zebrafish [5], large yellow

(See figure on next page.)

Fig. 5 Characterization of the predicted circRNAs. A Amplification of the circRNAs using divergent primers with cDNA. Lanes 1, 3 and 4 refer to the
cDNA samples transcribed by random hexamer primers, and lane 2 refers to the cDNA samples transcribed by oligo (dT),s. The cDNA used in lane 3
was synthesized by total RNA digested with RNase R, and lane 4 was a control mmm: represents back-splicing sites. B Verification of circRNA expression
patterns. The circRNA expression level of RNA-seq was calculated as Logs,(TPM), and the RT-gPCR data were computed as the mean £ S.EM. TPM:

transcripts per million
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(See figure on next page.)

Fig. 7 CircSnd1 as a potential modulator of fox/2. A-C Expression patterns of circSnd1, mal-miR-135b/c and fox/2 during the sex change. D CircSnd],
mal-miR-135b/c and foxI2 were enriched in the RNA-induced silencing complex (RISC). E Schematic representation of the mal-miR-135b/c target
sequence within the fox/2 3'UTR. F Dual-luciferase assays validating the -135b/c with fox/2. Values are the mean =+ SEM, and the experiment was
repeated at least three time. The letters above the bar chart indicated P<0.05
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croaker [60] and medaka [22], respectively. In our study,
the expression pattern of circRNAs in sex reversal of rice-
field eel has been analyzed. A total of 721 circRNAs were
obtained from the ovary, ovotestis and testis of protogy-
nous hermaphroditic ricefield eel, and 144 DE circRNAs
were identified from sex reversal. Then, 96 DE circRNAs
interacted with 91 miRNAs. Bioinformatics analysis
revealed that the DE circRNAs may play the important
functions in the sex change process of ricefield eel, and
the function of circSndl was preliminarily revealed,
which initiated the dawn of the study of circRNAs in fish
gonads and sex change in fish. Evidence from mammals
has demonstrated that circRNAs act as ceRNAs to regu-
late sex determination or gonadal differentiation cues
[10, 12, 27, 61]. The above results suggest that DE circR-
NAs may play a key role in sex reversal of ricefield eel.

DE circRNAs and their parent genes involved in regulation
of sex change

GO and KEGG function enrichment of DE circRNAs
were analyzed, the results revealed that some par-
ent genes of circRNAs may be involved in sex change
of ricefield eel. For example, the parent genes of novel_
circ_0000659 (pdlim2), novel_circ_0004005 (aktl), and
spire2 (novel_circ_0005865).

The parent gene pdlim2 may be a potential photosen-
sitive gene in ricefield eel that closely involved in repro-
duction. In our study, pdlim2 was enriched in the GO
term of “regulation of photosynthesis” Pdlim2 is char-
acterized by a PDZ domain (protein—protein interac-
tion domains) in the N-terminus and an LIM domain
in the C-terminus, and played a very important biologi-
cal role in organ development by actin anchorage [62].
Plidm?2 is strongly expressed in the corneal epithelium
[63], high expression was detected in the inner and
outer layers and lenses of zebrafish [64]. Opsins are
the core of vision and are expressed primarily in cili-
ary photoreceptor cells, such as double cones and long
and short single cones [65]. The consistent expression
pattern of pdlim2 and opsins led us to make the bold
assumption that Pdlim2 has a function similar to that
of opsins. As we known, light is one of the important
environmental factors in the reproductive process
for seasonally breeding animals [66]. Light can affect
gonadal development and sex hormone secretion in
fish. In California grunion (Leuresthes tenuis, Ayres), a
higher proportion of females were found at long pho-
toperiod, while short photoperiod treatment produced
the most male-biased ratios [67]. Furthermore, the irra-
diation with light of a specific wavelength can trigger
female-to-male sex reversal of medaka [68]. Pdlim2 is
an insulin-like growth factor-I-regulated protein [69], a
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study in juvenile rainbow trout (Oncorhynchus mykiss)
revealed that a long photoperiod could upregulate
IGE-I levels in plasma [70]. Therefore, it is suggested
that pdlim2, as a potential photosensitive molecule,
may mediate a photoperiodic pathway and activate the
sex change process of ricefield eel. Moreover, the func-
tion of novel_circ_0000659 in the photoperiodic signal-
ling pathway deserves attention.

Given the important role of the PI3K-Akt signalling
pathway in ovarian development [71], many DE genes
were enriched in the PI3K-Akt signalling pathway dur-
ing ricefield eel gonadal development from ovary to
ovotestis [72], and a recent study also showed that the
PI3K-Akt signalling pathway was regulated by miR-
430s, resulting in the influence of steroidogenesis and
sex differentiation of ricefield eel [73]. We speculated
that the PI3K-Akt signalling pathway plays an irre-
placeable role in the sex change process of ricefield eel.
Bioinformatics analysis showed that mal_miR_196a/b
targeted both novel_circ_0004005 and the 3° UTR of
aktl (Fig. 4 and Additional file 7: Fig. S3B-C). Studies
have demonstrated that circRNAs can alter the expres-
sion of their parent genes [13—15]. Taken together, our
present study revealed that nove_circ_0004005 may act
as a ceRNA to regulate the expression of akti, in turn
playing a potential regulatory role in the sex change
process.

The parent gene spire2 is one isoform of two SPIRE
protein genes (spirel and spire2) that play a key role in
reproduction. SPIRE is one member of WH2-containing
actin nucleators [74, 75]. The highest expression levels of
spirel and spire2 were detected in mouse oocytes [76].
Then, the high expression of spirel and spire2 was spe-
cifically detected in rat Sertoli and germ cells and mouse
spermatocytes, respectively, but only minor expression
levels of spirel were detected in mouse testes [77-79].
SPIRE proteins can initiate actin polymerization by bind-
ing actin monomers to four WH2 domains in the central
part of the proteins [75]. In the mouse ovary, SPIRE1 and
SPIRE2 can mediate asymmetric spindle positioning by
assembling an action network that serves as a substrate
for spindle movement and then drive polar body extru-
sion by promoting assembly of the cleavage furrow [76].
In rat testes, SPIRE1 is an important regulator of Ser-
toli cell actin and microtubule polymerization [79]. For
example, spire 1 knockdown leads to gross disruption of
F-actin and microtubule organization across the seminif-
erous epithelium, which prevents spermatids from cross-
ing the blood- testis barrier [79]. In the present study,
only the parent gene spire2 of novel_circ_0005865 was
detected and enriched in all 4 groups. On this basis, we
speculate that spire2 may be an important molecule for
sex changes in ricefield eel.
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CircSnd1 regulates foxI2 expression by functioning

as a miR-135b/c sponge

CircSndl and foxI2 had similar expression patterns dur-
ing the sex change of ricefield eel, and both of them
could bind miR-135b/c through sequence complemen-
tary pairing. It was suggested that circSndl may regu-
late foxL2 expression through ceRNA mechanism to
take part in the sex change of ricefield eel. Our present
study demonstrated that circSndl was downregulated in
the sex change process of ricefield eel, which was con-
sistent with the fox/2 expression pattern but contrary
to mal-miR-135b. Mechanistically, circSndl may act as
mal-miR-135b/c sponge to downregulate fox/2 expres-
sion. Fox/2 has been found within rather well-developed
seminiferous tubules, but it has never been strongly co-
expressed with Sox9 in the same cell [80]. Another study
showed that Sox9 immunoreactivity appears only after
induction of foxl2 deletion [37]. A similar spatiotempo-
ral pattern was observed in the gonadal development of
Oryzias luzonensis [81]. Forced expression of foxI2 in
XY transgenic mice induces seminiferous tubule disor-
ganization and the development of ovotestis-like gonads,
while downregulation of fox/2 leads to female-to male
sex reversal [82]. In gibel carp, fox/2a-B deficiency leads
to remarkably increased expression of some testis differ-
entiation-related genes (dmrtls and sox9bs) in the ovary
but decreased expression of some oocyte-derived fac-
tors (cyp19alas and gdf9s), which result in ovary devel-
opment arrest and sex reversal [83]. Similar results have
been found in Nile tilapia [39], zebrafish [84] and olive
flounder [40]. All of the above evidence shows that foxI2
is mutually exclusive with male-specific genes and may
induce XX male sex reversal by repressing testis-specific
genes and activating ovary-specific genes.

The expression level of fox/2 has been shown to be
dramatically decreased once the ovaries develop into
the ovotestis and testis [51], and the results of the pre-
sent study were consistent with this finding. In ricefield
eel, a study demonstrated that disruption of fox/2 could
significantly decrease the expression of cypl9ala and the
level of serum E2 but significantly increase the expres-
sion of dmrtl and the levels of serum T and 11-KT [50].
Some scholars strongly believe that fox/2 is an important
candidate gene responsible for sex change in ricefield eel
[50, 51]. The expression of fox/2 can be suppressed by
mal-miR-430a/b/c binding to the 3’ UTR of fox!2 in rice-
field eel [73]. In the present study, we demonstrated that
mal-miR-135b/c binds to cirSndl and foxI2. The sharp
downregulation of circSndl in the sex change process
and upregulation of mal-miR-135b led to an increase in
mal-miR-135b/c in the free state and binding to fox/2,
ultimately resulting in the downregulation of fox/2.
Here, we report for the first time that circRNAs regulate
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foxI2 expression in ricefield eel, even in a sex change fish
model, providing clues for further research on the role of
circRNAs in sex determination or gonadal development.

Conclusion

In conclusion, our present study identified 721 circRNAs
in the gonads of ricefield eel for the first time, and 144 DE
cricRNAs were revealed in the process of sex change of
ricefield eel. GO and KEGG uncovered a lot of circRNAs,
mRNAs and signalling pathways, which were closely
involved in reproduction. CircSndl acts as a sponge of
mal-miR-135b/c to reduce fox/2, and we strongly believe
that the endogenous downregulation of fox/2 may be
the main factor initiating the sex change of ricefield eel.
Although our results enlightened the role of circRNAs
in ricefield eel sex determination, more attention needs
to be paid to identify more circRNAs related to gonadal
development and finally clarify the sex change of ricefield
eel, and even the teleost.

Methods
Experimental eels and sampling procedure
Ricefield eels (body weight = 65.20+4.59 g, body length
= 41.26+7.13 cm) were purchased from a local mar-
ket in Chengdu, Sichuan Province, China. The fish were
temporarily maintained in the laboratory under a natu-
ral temperature and photoperiod for 24 h. The fish were
randomly selected and anaesthetized with MS-222 (100
pg/mL, Syndel, Washington, USA) for 10 minutes. The
gonads were collected after the ricefield eels were dis-
sected and divided into three parts: one was fixed in
Bouin’s solution for 24 h and then stored in 75% alcohol
until used for determination the gonadal developmental
stage. The remaining two fragments were immediately
frozen in liquid nitrogen and then stored at -80°C until
use; and one fragment was sent to Novogene (Novogene,
Beijing, China) for RNA extraction for “library construc-
tion and RNA-seq’, and the other fragment was used
for RNA extraction for “PCR amplification and Sanger
sequencing’, “real-time quantitative PCR analysis”
Histological sections that were 5 um thick and stained
with haematoxylin-eosin were used to determine the
developmental stage of ricefield eel gonads based on a
previous study [85, 86]. In the present study, the ovary
(OV), early intersexual gonad (IE), middle intersexual
gonad (IM), late intersexual gonad (IL) and testis (TE)
were used (1 = 3, Fig. 8).

Library construction and RNA-seq

Total RNA was extracted from the OV, IE, IM, IL and
TE samples of ricefield eel using TRIzol reagent (Inv-
itrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. RNA purity and contamination
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Fig. 8 Results of identification of the gonad development stages of ricefield eel. A Ovary (OV), B early intersexual gonad (IE), C middle intersexual
gonad (IM), D late intersexual gonad (IL), E testis (TE). CAQ: cortical alveolar oocyte, PGO: primary growth stage oocyte, GR: gonadal ridge, SC:
spermatocyte, ST: spermatid, BV: blood vessel, EVO: early vitellogenesis oocyte

were assessed using a NanoPhotometer® spectropho-
tometer (IMPLEN, CA, USA), integrity was detected by
1% agarose gel electrophoresis, and concentration was
measured using a Qubit® RNA Assay Kit in a Qubit®
2.0 Flurometer (Life Technologies, CA, USA). The RNA
was qualified when A260/A280 was between 1.8 and 2.1,
the brightness of the 28S band was approximately twice
that of the 18S band, and there was no 5S band. The RNA
samples of each stage were three biological replicates.
For circRNA enrichment, total RNA was treated with a
Ribo-zero rRNA Removal Kit (Epicentre, Madison, USA)
to remove ribosomal RNAs, and then 5 ug RNA was incu-
bated with RNase R (Epicentre, USA) according to previ-
ously described procedures to remove linear RNAs [4].
Subsequently, the sequencing libraries were generated
by the NEBNext® Ultra™ Directional RNA Library Prep
Kit for Illumina® (NEB, USA) following the manufac-
turer’s recommendations. Briefly, divalent cations under
elevated temperature in NEBNext First Strand Synthesis
Reaction Buffer were used to fragment the RNA. First-
strand cDNA was synthesized using random hexamer
primers and M-MuLV Reverse Transcriptase (RNase H).
Second-strand ¢cDNA synthesis was subsequently per-
formed using DNA Polymerase I and RNase H. In the
reaction buffer, ANTPs with dTTP were replaced with
dUTP. The remaining overhangs were converted into
blunt ends via exonuclease/polymerase activities. After
adenylation of the 3’ ends of DNA fragments, NEBNext

adaptors with hairpin loop structures were ligated to
prepare for hybridization. To preferentially select cDNA
fragments of 150~200 bp in length, the library frag-
ments were purified with the AMPure XP system (Beck-
man Coulter, Beverly, USA). Then, 3 ul USER Enzyme
(NEB, USA) was used with size-selected, adaptor-ligated
¢DNA at 37 °C for 15 min followed by 5 min at 95 °C
before PCR. Then, PCR was performed with Phusion
High-Fidelity DNA polymerase, universal PCR primers
and Index (X) Primer. Finally, the products were purified
(AMPure XP system), and library quality was assessed on
an Agilent Bioanalyzer 2100 system. After cluster genera-
tion, the libraries were sequenced on an Illumina HiSeq
4000 platform, and 150 bp paired-end reads were gener-
ated. Library construction and sequencing were carried
out by Novogene (Novogene, Beijing, China).

circRNA identification

Raw data (raw reads) in FASTQ format were first pro-
cessed through in-house prescripts. Clean reads were
obtained by removing reads containing adapters, reads
containing poly-N and low-quality reads from the raw
data. At the same time, the Q20, Q30 and GC contents
of the clean data were calculated. The reference genome
(M_albus_1.0) was downloaded from NCBI (Monopterus
albus - Nucleotide - NCBI) directly, and paired-end clean
reads were aligned to the reference genome using Bowtie.
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Then, the circRNAs were detected and identified using
find_circ [4] and CIRI, [87].

RNA isolation and cDNA synthesize

Total RNA was extracted from the gonads of ricefield eel
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. gDNA
was removed with gDNA Eraser (Trans Biotech, Beijing,
China) before reverse transcription. The cDNAs were
transcribed from the total RNA (1.0 pg) of OV, IE, IM, IL
and TE using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, IN, USA, Cat#: K1622) according
to the manufacturer’s instructions. Two kinds of cDNA
were synthesized by random hexamer primers and oligo
(dT),s primers. In addition, cDNA was synthesized by
random hexamer primers from the RNA, which was
treated with RNase R (Epicentre, Biotechnologies Cat#:
RNR07250) or ddH,O (control) as described in a previ-
ous study [4].

PCR amplification and Sanger sequencing

To validate the circRNAs, 10 circRNAs were randomly
selected for PCR confirmation. Primer 5 was used to
design divergent primers (both side sequences of cir-
cRNA junctions) for each candidate circRNA (Addi-
tional file 9: Table S4), and the cDNA synthesized in the
previous section of this section was used as template.
In general, divergent primers were expected to amplify
circRNAs from cDNA synthesized by random hexamer
primers but could not amplify circRNAs from cDNA
synthesized by Oligo (dT),g primers.

PCR was performed in a 10 pL final volume containing
0.5 pL of each 10 uM primer solution, 5.0 uL of 2xTaq
Master Mix (Vazyme, Nanjing, China), 3 pL of ddH,O
and 1 uL of gonadal cDNA template. The PCR conditions
were as follows: an initial 3 min denaturation at 95 °C; 36
amplification cycles of 0.5 min at 95 °C, 0.5 min at melt-
ing temperature (Tm, °C), and 1.0 min at 72 °C; followed
by a final extension for 15 min at 72 °C. PCR products
were detected by 3% agarose gel electrophoresis, target
products from cDNA (by random hexamer primer) were
ligated into T-Vector pMD™19 (TaKaRa, Dalian, China)
for T-A cloning, and Sanger sequencing was performed
by TsingKE Biological Technology Company Limited
(Chengdu, Sichuan, China).

Real-time quantitative PCR analysis

The circRNAs selected above were further verified by
quantitative real-time PCR (qQRT-PCR) in gonads, and
the primers were the same as those used to validate the
circRNAs. Total RNA (100 ng) from gonad in OV, IE, IM,
IL and TE stage (5 biological replicates for each stage)
was reverse transcribed with random primers by using
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the RevertAid First-strand cDNA Synthesis Kit (Thermo
Scientific, MA, USA) according to the manufacturer’s
protocol, and the cDNA quality was verified by successful
amplification of rpl17.

qRT-PCR was performed in a Bio—Rad CFX Connect
system in a final reaction volume of 10 pl, comprising 5 ul
of 2xSYBR Green Master Mix (TaKaRa, Dalian, China),
0.4 pL of each primer (10 pmol/l), 3.2 pL of nuclease-free
water and 1 pL of cDNA template. The cycling param-
eters were 95 °C for 5 min, followed by 40 amplification
cycles of 95 °C for 10 s, 59 °C for 15 s and 72 °C for 20 s.
The specificity of qPCR amplification was confirmed by
melting curve analysis, agarose gel electrophoresis, and
sequencing of PCR products.

circRNA expression levels were quantified using a
standard curve prepared with tenfold serial dilutions of
the plasmid containing the corresponding DNA frag-
ment, which ranged from 10? to 10° copies. The correla-
tion coefficients and PCR efficiencies were not less than
0.990 and 90%, respectively. To minimize variation due to
differences in cDNA loading, the expression levels of the
target circRNAs were normalized to the geometric mean
expression levels of rpl17 and efla. Target gene expres-

sion was calculated by Ciarget circRNA/ \/Cefta X Crpl17-

Target miRNA and mRNA prediction and bioinformatic
analysis

The potential miRNA binding sites of differentially
expressed (DE) circRNAs were predicted by RNA22 v2
microRNA target detection, miRanda and BiBiServ2
RNAhybrid. The miRNAs of ricefield eel have not been
included in miRBase, so 160 ricefield eel miRNAs that
were used as libraries for target prediction. The data for
mal-miR-135b/c in Fig. 7B were both cited from Gao Y
et al [88], and the data for fox/2 in Fig. 7C were cited from
our previous experiments [89]. Some sex-biased genes
from our previous study or validated by other biologists
were used as candidate mRNAs to predict miRNA bind-
ing sites. The circRNA-miRNA interaction networks
were constructed by Cytoscape 3.3.0. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment [90] were performed on all host
genes of DE circRNAs to determine the potential role of
circRNAs.

Dual-luciferase reporter assay

The interactions between circSndl/miR-135b/c and
foxI2/miR-135b/c were measured using the Promega
Dual-Luciferase System (Promega, Madison, USA). The
circSndl sequences containing wild-type (wt) or mutant
(mu, A-C and G-T mutagenesis for 4 nucleotides) miR-
135b/c binding sites were synthesized, and the sequences
of Xhol and Notl were synthesized upstream or
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downstream, respectively. For the generation of the lucif-
erase reporter construct, the wt and mu sequences were
ligated into the pSI-Check2 (cloud-seq biotech, Shanghai,
China) vector, which was digested with Xhol and NotI
(Invitrogen, USA) restriction enzymes. The recombi-
nant plasmids were purified with the PureLink" HiPure
Plasmid Maxiprep Kit (Invitrogen, USA) following the
manufacturer’s recommendations and then cotransfected
with miR-135b/c mimics or control mimics using Lipo-
fectamine 2000 (Invitrogen, USA) into 293T cells (San-
gon Biotech, Shanghai, China). Dual-luciferase activities
were tested with the Luciferase Assay Reagent (Promega,
Madison, USA) 48 h later.

RNA immunoprecipitation

RIP was performed by using the Magna RIP RNA-Bind-
ing Protein Immunoprecipitation Kit (Millipore) accord-
ing to the manufacturer’s instructions. Briefly, the gonads
of ricefield eel were dispersed into single cells with a
homogenizer and homogenized using RIP lysis buffer
plus RNase inhibitor (Thermo Scientific) and protein-
ase inhibitor cocktail (Roche, Switzerland). After a soft
freeze—thawing, 100 puL mixtures were then incubated
with antibody targeting AGO2 (Invitrogen, Cat#: MA5-
23515) or isotype IgG (Invitrogen, Cat#: 10400C) over-
night at 4 °C, and 10 puL mixtures were taken as the input
group. After washing six times with RIP wash buffer, the
RNA-protein complex-associated beads were dissolved
in proteinase K (Invitrogen, Cat#: 25530031) buffer, and
then RNA was isolated with salt precipitation according
to the manufacturer’s instructions, followed by quantita-
tive reverse transcription PCR (RT-PCR) analysis. Prim-
ers for RT-PCR are shown in Additional file 10: Table S5.
The enrichment levels were calculated by using POWER
(0.5, Ctpgyy - Clygg)-

Separation of cytoplasm and nucleus

To determine the cytoplasmic and nuclear localization of
circSndl, the cytoplasmic and nuclear RNA of the fresh
ovaries of ricefield eel were extracted according to the
manufacturer’s recommendations for the RNA Purifica-
tion Kit (Norgen Biotek, Canada) and then reversed tran-
scribed with the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, IN, USA, Cat#: K1622) accord-
ing to the manufacturer’s instructions. Small nuclear U6
and 18S were used as internal controls, and 3 biological
duplicates and 5 technical duplicates were performed for
each gene. Primers for RT-PCR are shown in Additional
file 11: Table S6. The relative expression levels were nor-
malized to the geometric mean expression levels of rpl17
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Statistical analysis

GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA)
was used to analyse the experimental data. The expres-
sion RNA levels were determined using one-way analy-
sis of variance (ANOVA) followed by Duncan’s multiple
comparisons test using SPSS 21.0 software (SPSS, Inc.,
Chicago, IL, USA). All the values are expressed as the
mean + S.E.M, and P < 0.05 was considered statistically
significant.
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