& frontiers | Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Giovanna Romano,
Anton Dohrn Zoological Station, Italy

REVIEWED BY

Sabrina Carrella,

Anton Dohrn Zoological Station Naples,
Italy

Lei Wei,

Ludong University, China

Chunde Wang,

Chinese Academy of Sciences (CAS), China

*CORRESPONDENCE

Yaoyao Zhan
zyydlou@hotmail.com

Yaqging Chang
ygkeylab@hotmail.com

RECEIVED 26 June 2023
ACCEPTED 21 August 2023
PUBLISHED 07 September 2023

CITATION
Wu B, Jiao R, Cui D, Zhao T, Song J,
Zhan Y and Chang Y (2023) Integrated
microRNA-mRNA analysis provides new
insights into gonad coloration in the sea
urchin Strongylocentrotus intermedius.
Front. Mar. Sci. 10:1247470.

doi: 10.3389/fmars.2023.1247470

COPYRIGHT
© 2023 Wu, Jiao, Cui, Zhao, Song, Zhan and
Chang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 07 September 2023
po110.3389/fmars.2023.1247470

Integrated microRNA-mRNA
analysis provides new insights
into gonad coloration in the sea
urchin Strongylocentrotus
intermedius

Bogiong Wu*, Renhe Jiao®, Dongyao Cui*? Tanjun Zhao'?,
Jian Song®, Yaoyao Zhan** and Yaqing Chang***

*Key Laboratory of Mariculture & Stock Enhancement in North China’s Sea, Ministry of Agriculture and
Rural Affairs, Dalian Ocean University, Dalian, China, 2College of Biological Science and Technology,
Shenyang Agricultural University, Shenyang, China, *College of Life Science, Liaoning Normal
University, Dalian, China

Comparative microRNA (miRNA) and mRNA transcriptome analyses were
performed on Strongylocentrotus intermedius of the same sex with significant
gonadal color differences. The results indicated that 1) the color of female
gonads was generally superior to that of males. 2) Comparative and integrated
miRNA and mRNA transcriptome analyses identified differentially expressed
genes (DEGs) and differentially expressed miRNAs (DEMs) in female and male
individuals with significant gonadal color differences. Common and sex-specific
DEGs and "DEM-DEG" pairs involved in carotenoid absorption, accumulation,
and transformation were identified as candidates correlated with gonad
coloration in S. intermedius. Collectively, the results from this study have
enriched our knowledge of the process of sea urchin gonad coloration and
should provide additional clues for increasing the gonad quality of commercial
sea urchins from molecular and metabolic aspects.

KEYWORDS
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1 Introduction

Sea urchins are representative invertebrates inhabiting shallow coastal areas. At
present, there are nearly a thousand sea urchin species distributed in various sea regions
worldwide. Among the existing sea urchin species, only 30 species are edible and are of
economic value (Zhao, 2005). Only about 10 species of edible sea urchins have been
extensively studied and utilized in large-scale aquaculture (Kelly, 2005).

The gonad (also named as the “uni” or “roe” in the market) is the major edible part of sea
urchins. With the increasing consumption of sea urchin gonads, the international trade in sea
urchins has seen increasing activity in recent years. In the market, gonad color is considered as
one of the most important metrics determining the quality and the presentation degree of sea
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urchin products, and this consequently influences the price of sea
urchin gonads. Typically, gonads with bright mango or yellow color are
the most desirable, and those that are pale or dark brown are the least
desirable. Therefore, developing suitable color in the gonads of farmed
sea urchins has been an important concern in sea urchin aquaculture
(Mcbride et al., 2004). It has been acknowledged that gonad coloration
in sea urchins is the result of dietary carotenoid accumulation (Kelly
and Symonds, 2013). Based on this context, efforts have been made to
improve or enhance the gonad color of sea urchins through diet
adjustment. For example, kelp is considered as the best diet for
enhancing the color of sea urchin gonads compared to other algae or
prepared foods (Qiu et al., 2005). The addition of B-carotene to the diet
can enable the sea urchins Strongylocentrotus droebachiensis and
Psammechinus miliaris to obtain a better gonadal color (Suckling
et al, 2011). In addition, it has recently been reported that sea urchin
lineages with desirable gonad color can be obtained by distant
hybridization or selective breeding (Liu et al., 2020). However,
knowledge of the molecular mechanism of gonad coloration is still
limited at present, and strategies for gonad color enhancement from a
molecular aspect are lacking.

The temperate sea urchin Strongylocentrotus intermedius is the
edible species with the highest quality gonads. This species was
introduced to northern China from Japan in 1989 (Chang, 2004).
Currently, S. intermedius is the predominant commercially valuable
sea urchin species farmed in large-scale aquaculture systems along
the coast of Liaoning and Shandong provinces in China (Gao and
Chang, 1999). Consistent with the studies on gonad coloration
mentioned above, we found that diet improvement, hybridization,
and selective breeding could enhance the gonad color of §.
intermedius (Tang et al.,, 2022). In addition, during the farming
process, we found that gonadal color differences existed even in sea
urchins of the same sex reared under identical culture and feeding
conditions and a consistent genetic background. We therefore
hypothesized that gene expression and regulation may also play
important roles in gonad coloration in S. intermedius.

To examine our hypothesis, we first determined the gonad colors
of S. intermedius individuals with consistent genetic backgrounds
and identical breeding conditions and without morphological trait
differences, and then, S. intermedius individuals of the same sex and
with significant gonad color differences were identified and selected.
Finally, an integrated microRNA (miRNA)-mRNA analysis was
performed to identify candidate genes, miRNAs, and miRNA-
mRNA modules associated with gonad coloration in S.
intermedius. The results of this study will not only deepen our
understanding of the molecular mechanism of gonad coloration in
sea urchins but will also provide additional biomarkers for gonad
color improvement and enhancement in sea urchin aquaculture.

2 Materials and methods
2.1 Specimen collection
A total of 100 S. intermedius individuals [average shell diameter:

(3.84 = 0.16) cm; average height: (2.17 £ 0.17) cm; average body
weight: (22.08 £ 2.65) g] were randomly selected from a family
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broodstock cultured at the Key Laboratory of Mariculture & Stock
Enhancement in North China’s Sea, Ministry of Agriculture and
Rural Affairs, Dalian Ocean University. All specimens were at the
same age and were cultured in 500 L recirculating seawater tanks
under identical conditions [room temperature; natural light cycle;
pH: (8.10 + 0.03); salinity: (30.15 + 0.20); diet: kelp (Saccharina
japonica); continuous aeration; seawater changed every 2 days].

2.2 Trait measurements, gonad color
determination, and sex identification

Phenotypic traits including test diameter, test height, live body
weight, and gonad weight were measured initially. Test diameter and
test height were measured by using a digital display electronic
Vernier caliper (precision: 0.01 mm; 16EW; Mahr, Germany). For
measurement of live body weight, the specimens were dried with
paper towels and then weighed individually using a digital balance
with a sensitivity of 0.01 g (JJ300, Changshu Shuangjie Testing
Instrument Factory, Jiangsu, China). Specimens with no significant
differences in phenotypic traits were then selected. The gonad tissues
were dissected on ice and washed with sterile seawater to remove the
intestines and other tissues on the surface as much as possible. Then,
each gonad was divided into three parts: the first part for gonadal
color determination, the second part for sex determination, and the
third part for further RNA sequencing (RNA-seq).

Gonadal color was determined with a Color Cue 2 colorimeter
(PANTONE, USA) in Dgs mode. Based on the standards of light
orange-yellow (L,* = 68.9, a,* = 28.7, b;* = 60.4) and light yellow (L,*
=74.6, a,% = 28.7, b,* = 66.1), the total chromatic aberration between
individual gonadal color and standard color was defined as AE. The
chromatic aberration between individual gonadal color and the light
orange-yellow standard color was defined as AE1, while the chromatic
aberration between individual gonadal color and the light yellow
standard color was defined as AE2. The AE (both AE1 and AE2)
values were calculated via the method described in the International
Commission on Illumination LAB (CIELAB) 1976 standard (Mcbride
et al., 2004). The calculation formula was as follows:

* *

AL, = L* -1,

* * *
Aa; = a -a,

Ab, = b* - b,
AL, = L* - L),

* * *
Aa, = a -a,,
Abyx = bx — byx,

AE1 = SQRT(AL,” + Aa,” + Ab"),

AE2 = SQRT(AL,” + Aay’ + Aby)),
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where L* is the lightness of the gonad; a* is the redness of the
gonad, and b* is the yellowness of the gonad; AL;* (or AL,*) is the
difference between gonad lightness and the light orange-yellow (or
light yellow) standard color; Aa;* (or Aa,*) is the difference between
gonad redness and the light orange-yellow (or light yellow)
standard color; and Ab;* (or Ab,*) is the difference between
gonad yellowness and the light orange-yellow (or light yellow)
standard color.

EBRI and Bindin genes were selected for sex determination of
each individual according to the method proposed by Cui et al. (Cui
et al., 2022). The reaction system and reaction conditions followed
the methods described by Zhan et al. (Zhan et al.,, 2020), and the
relative expression level of each gene was determined using the
278€T method (Feng et al., 2023). Primers for sex determination
are listed in Supplementary Table 2.

2.3 RNA-seq sample preparation,
library construction, sequencing and
data processing

To avoid having phenotypic trait differences affect our results,
the specimens with no significant differences in phenotypic traits
were selected. For each sex, specimens with a AE (both AEI and
AE2) in the range of 20.00-35.00 were considered as having delicate
color gonads, and specimens with AE (both AE1 and AE2) values
less than 10 were considered as having lovely color gonads
(designated as the L group). Detailed specimen information is
presented in Supplementary Table 1.

A total of six specimens of each sex were selected, including
three specimens with delicate color gonads (designated as the D
group) and three specimens having lovely color gonads (designated
as the L group). The gonad tissues from each specimen were divided
into three parts: one part for mRNA library construction, another
other part for small RNA library construction, and the last part for
quantitative real-time reverse transcription-polymerase chain
reaction (qQRT-PCR) validation. For the D group, the mRNA
library of females was designated as C_D, with three replicates
(C_D_1, C_D_2, and C_D_3); the mRNA library of males was
designated as X_D, with three replicates (X_D_1, X_D_2, and
X_D_3); the small RNA library of females was designated as
sC_D, with three replicates (sC_D_1, sC_D_2, and sC_D_3); and
the small RNA library of males was designated as sX_D, with three
replicates (sX_D_1, sX_D_2, and sX_D_3). For the L group, the
mRNA library of females was designated as C_L, with three
replicates (C_L_1, C_L_2, and C_L_3); the mRNA library of
males was designated as X_L, with three replicates (X_L_1,
X_L_2, and X_L_3); the small RNA library of females was
designated as sC_L, with three replicates (sC_L_1, sC_L_2, and
sC_L_3); and the small RNA library of males was designated as
sX_L, with three replicates (sX_L_1, sX_L_2, and sX_L_3). All
samples were stored at —80°C until RNA extraction.

Total RNA isolation and qualification were performed
following the method proposed by Zhan et al. (Zhan et al., 2019).

For UMI-mRNA transcriptome sequencing, total RNA purity
and concentration were examined using a NanoPhotometer®
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spectrophotometer (IMPLEN, CA, USA), and total RNA integrity
and quantity were finally measured using the RNA Nano 6000
Assay Kit of the Bioanalyzer 2100 system. High-quality RNAs (3
pg/sample) were used to construct sequencing libraries using a
NEBNext® Ultra™" Directional RNA Library Prep Kit for
Mlumina® (NEB, USA) following the manufacturer’s instructions.
Mumina sequencing of mRNA library preparations was performed
on an Illumina Novaseq 6000 platform.

For small RNA transcriptome sequencing, small RNA libraries
based on 2 g high-quality RNA per sample were constructed using
a NEBNext® Multiplex Small RNA Library Prep Set for Tlumina®
(NEB, USA) following the manufacturer’s recommendations, and
index codes were added to attribute sequences to each sample.
Library quality was assessed on the Agilent Bioanalyzer 2100 system
with DNA High Sensitivity Chips. Small RNA library preparations
were finally sequenced on a Novaseq 6000 platform.

The original sequencing reads from both mRNA and small
RNA transcriptomes that contained low-quality reads with adapters
were preliminarily processed to generate clean reads. After
trimming using standard methods (Zhan et al, 2019), all RNA
clean data were submitted to the National Center for Biotechnology
Information (NCBI) Short Read Archive (SRA) Sequence Database
(Accession No. PRJNA949413). Q20 (percentage of bases with a
Phred value > 20), Q30 (percentage of bases with a Phred value >
30), and GC-content were also quantified to evaluate the quality of
the clean data.

The high-quality clean data (reads without adapters, reads with
N bases less than 10%, and reads with a base number of gphred < 20
accounted for less than 50% of the total data) were used for
subsequent analyses. The reference library was generated by
assembling clean data into transcriptomes following the method
previously described by Grabherr et al. (Grabherr et al., 2011). Gene
expression levels were then calculated with RSEM (v. 1.2.15). The
completeness of the gene assembly was evaluated by BUSCO
v. 3.0.2.

Transcriptome annotation was performed using the Basic Local
Alignment Search Tool (BLAST). Databases employed were the
NCBI non-redundant (Nr) database, NCBI nucleotide sequences
(Nt), Swiss-Prot, Protein family, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Clusters of Orthologous Groups (COG).
Blast2GO with NR annotation and InterProScan5 were employed
for Gene Ontology (GO) and InterPro annotation, respectively.

DESeq2 v. 1.6.3 was used to analyze differentially expressed
genes (DEGs) in the mRNA libraries. A [log, fold change| > 0.5 was
set as the threshold for significant differential expression. DEGs
were classified based on GO (GOseq 1.10.0 and 2.10.0 method) and
KEGG (KOBAS 2.0.12 method).

Small RNA clean data were trimmed from the raw data of small
RNA libraries by removing adapter dimers, junk (reads with 5’
pollution or without a 3’ sequence), and low-complexity reads (i.e.,
reads with a qphred base number < 20 that accounted for more than
30% of the total data, reads with more than 10% N bases, and reads
with polyA/T/G/C). To remove tags originating from protein-
coding genes, repeat sequences, rRNAs, tRNAs, snRNAs,
snoRNAs, and small RNA tags were mapped to RepeatMasker
and Rfam databases as much as possible. All clean data were then
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submitted to the NCBI SRA Sequence Database (Accession No.
PRJNA949420). Small RNAs were annotated by the Rfam (http://
rfam.sanger.ac.uk/) database, and rRNAs, tRNAs, snRNAs, and
snoRNAs were discarded. Novel miRNA prediction and analyses
were performed using miREvo and mirdeep 2.

Differentially expressed miRNAs (DEMs) were analyzed using
the DESeq R package (1.10.1) with the threshold of |log, fold
change| > 0.75 for significant differential expression by default.
The DEMs were cluster analyzed with a value of logl0 (TPM+1).

GO terms and KEGG pathways of DEGs and candidate target
genes of DEMs were analyzed. A corrected P-value < 0.05 indicated
significant enrichment (Young et al, 2010), and a rich factor
indicated enrichment degree. P-values and rich factors were
calculated using the following equations:

)0
Pvaluellej(NSj,

where M is the number of genes annotated as a specific pathway
among all genes; N is the number of all genes with pathway
annotation; 7 is the number of differentially expressed genes in N;
x is the number of differentially expressed genes annotated as in a
specific pathway; and j is a constant ranging from 0 to x — 1.

Rich  factor = K/M,

where K is the number of DEGs annotated to a specific pathway,
and M is the number of genes annotated to a specific pathway
among all genes.

2.4 miRNA target gene prediction
by RNA-seq

The miRNAs obtained from small RNA-seq analysis in this
study were mapped to reference sequences using Bowtie. Moreover,
we also employed the whole genome sequencing data from
Strongylocentrotus purpuratus (NCBI Taxonomy ID: 7668; the
same family as S. intermedius) as another reference to enhance
the accuracy of the prediction of miRNA target genes in this study.

MiRanda was used to identify sequence conservation, binding
sites, and the UTR base distribution of each microRNA (score =
140.0, energy = —1.0). Because miRNA regulation could be both
positive and negative, we therefore focused on those miRNA-
mRNA pairs with the same and opposite relative expression
trends in this study.

2.5 qRT-PCR validation

qRT-PCR was used to validate candidate DEGs and DEMs.
Total RNA was extracted using the Trizol reagent. A PrimeScriptTM
RT reagent kit (TaKaRa, Japan) and an miRcute Plus miRNA First-
Strand ¢cDNA Kit (TTANGEN, China) were employed to generate
the first strand cDNA of DEGs and DEMs, respectively.
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A total of 12 DEGs (up: 9; down: 3) and three DEMs (up: 1;
down: 2) were selected from RNA-seq and small RNA-seq of
females, and 12 DEGs (up: 10; down: 2) and 10 DEMs (up: 6;
down: 4) were selected from RNA-seq and small RNA-seq of males.
Primers were designed by primer premier 5.0 (http://
www.premierbiosoft.com/) (Supplementary Table 2). S-actin and
RUNG6B (U6) were used as internal controls (Zhou et al., 2018). The
qRT-PCR was performed in a 20 pL reaction volume containing 2
UL of cDNA, 10 uUL of 2xTB Green Premix Ex Taq II (Tli RNaseH
Plus), 6.4 uL of double-distilled H,O water, and 0.8 UL of each
primer. The cycling program was as follows: 95°C for 600 s; 95°C for
155, 60°C for 60 s, followed by 40 cycles; 95°C for 10's, 65°C for 60 s,
97°C for 1 s, and 37°C for 30 s. Single-PCR product confirmation
was analyzed using melting curve analysis at the end of the
amplification. The relative expression level of each candidate
DEG or DEM was determined by the 27" method (Feng
et al,, 2023).

2.6 Data analysis

All data are expressed as the mean value + standard deviation
(mean + S.D.). Statistical analysis was performed using IBM SPSS
Statistics (v. 26). Normal distributions and homogeneity of variance
were tested by using SPSS v26.0 (IBM, Shanghai, China).

The measured variables were normally distributed in this
analysis. One-way ANOVA was used to analyze the test diameter,
test height, live body weight, gonad weight, and chromatic
aberration. In addition, gene and miRNA relative expression
levels were quantified according to the results of statistical
analyses of three independent experiments (n = 3). One-way
ANOVA was used to analyze the differences. Statistical
significance was set as P < 0.05; highly statistically significance
was set as P < 0.01, and extremely statistically significance was set as
P <0.001.

3 Results

3.1 Gonad color differences between
female and male S. intermedius

The chromatic aberration data showed that the AE1 range of the
specimen selected for RNA-seq was from 2.34 to 26.24, and the AE2
range of the specimen selected for RNA-seq was from 2.80 to 34.21.
The average AE1 of gonads of all examined females was 10.54 + 4.46,
which was less than that of gonads of all examined males (13.77 +
7.60). The average AE2 of gonads of all examined females was 13.67 +
7.50, which was also less than that of gonads of all examined males
(18.65 £ 9.96) (Supplementary Table 1). Further analysis showed that
1) the proportion of females (46.43%) was higher than that of males
(34.00%) when AE (both AE1 and AE2) was less than 10;2) when 10 <
AE (both AE1 and AE2) < 20, the proportion of females (42.86%) was
higher than that of males (12.00%); 3) the proportion of females
(10.71%) was lower than that of males (54.00%) when AE (both AE1
and AE2) was greater than 20 (Figure 1).
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Anatomical images of gonads of selected Strongylocentrotus intermedius for RNA sequencing (A) and gonad color determination summary of all examined
S. intermedius (B). AE: total chromatic aberration between individual gonadal color and standard color; AE1: chromatic aberration between individual
gonadal color and light orange-yellow standard color; AE2: chromatic aberration between individual gonadal color and light yellow standard color.

3.2 UMI-mRNA and small RNA sequencing

For UMI-mRNA sequencing, about 45.43-60.28 million clean
reads were obtained from each sample after trimming. The Q20 of
clean reads ranged from 96.89% to 97.37%, and the Q30 range was
91.84%-92.65%. The GC content range of the samples was 39.14%-
44.77%. The completeness assessment data showed that the
assembled unigenes were deemed 87.8% complete by BUSCO
using a eukaryotic database of 978 genes, of which 42.8% were
single genes and 45.0% were duplicated genes. A total of 145,207
transcripts were obtained with an average length of 1091 bp, and the
N50 and N90 length averages of all transcripts were 2163 bp and
395 bp, respectively. Approximately 132,621 unigenes with a mean
length of 1171 bp and an N50 length of 2212 bp were also generated.
After BLAST, 97,693 unigenes were annotated in at least one
database, and 6960 unigenes could be annotated in all databases.
The lengths of the unigenes with the largest numbers of bases
ranged from 300 bp to 500 bp (Supplementary Figures 1 and 2).

Based on the results of sSRNA sequencing, a total of 10,639,960—
14,784,908 clean reads were observed as candidates and were
included in the subsequent comparative miRNA analysis. A total
of 41 precursor miRNAs and 35 mature miRNAs were identified, of
which mature miRNAs comprised 22 known miRNAs and 13 novel
miRNAs (Supplementary Figures 1 and 2).

3.3 Comparative mRNA and miRNA
transcriptome analyses and verification

A total of 78,025 DEGs (up: 41,181; down: 36,844) between the
C_L group and the C_D group and 69,147 DEGs (up: 35,198; down:

Frontiers in Marine Science

33,949) between the X_L group and the X_D group were identified
by mRNA transcriptome comparisons (Figure 2).

DEMs were identified by miRNA transcriptome comparison. A
total of 13 DEMs (up: 9; down: 4) in sC_L vs. sC_D and 24 DEMs
(up: 14; down: 10) in sX_L vs. sX_D were identified (Figure 2).

The qRT-PCR results indicated that the expression trends of
selected DEGs and DEMs were well correlated with those obtained
in RNA-seq and small RNA-seq analyses, indicating the reliability
and accuracy of our RNA-seq and small RNA-seq data,
respectively (Figure 3).

3.4 GO and KEGG enrichment analysis of
DEGs and potential DEM target genes

Annotation of the identified DEGs and DEMs was performed
using KEGG and GO terms. In females, there were 219 identified
DEGs enriched in 170 pathways in C_L vs. C_D. KEGG analysis
showed that the nicotine addiction pathway was the most enriched
pathway, followed by the Glycosaminoglycan biosynthesis-CS/DS
pathway and the Pantothenate and CoA biosynthesis pathway. GO
term analysis revealed that the U2-type spliceosomal complex
pathway and the U2-type post-mRNA release spliceosomal
complex pathway were the most significant enriched pathways.
About 41.38% of the predicted target genes of DEMs were enriched
in the inflammatory bowel disease (IBD) pathway. A total of 541
DEM target genes were clustered in categories related to the
intrinsic components of membranes in the cellular component
category, and 536 DEM target genes were clustered in categories
related to the integral components of membranes in the cellular
component category (Figure 4).
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FIGURE 2
Volcano plots of differentially expressed genes (DEGs) and differentially expressed microRNAs (DEMs). Red spots represent upregulated DEGs or
DEMs; green spots represent downregulated DEGs or DEMs.

In males, there were 23 identified DEGs enriched in 37  the most enriched pathway. For small RNA libraries, 35.71% of
pathways in X_L vs. X_D. KEGG analysis showed that the one the predicted target genes of DEMs were enriched in the nicotine
carbon pool by the folate pathway was the most enriched pathway,  addiction pathway. A total of 2415 DEM target genes were clustered
followed by the basal cell carcinoma pathway and the steroid  in categories related to biological processes, and 2025 DEM target
biosynthesis pathway. GO term analysis revealed that the  genes were clustered in categories related to cellular processes in the
deoxyribonuclease IV (phage-T4-induced) activity pathway was  biological process category (Figure 4).
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FIGURE 3

Verification of differentially expressed genes (DEGs), differentially expressed microRNAs (DEMs), and DEM-DEG pairs by quantitative real-time reverse
transcription-polymerase chain reaction (QRT-PCR). (A) gRT-PCR verification of DEGs; (B) gRT-PCR verification of DEMs; (C) interaction schematic
diagram and gRT-PCR verification of DEM-DEG pairs. Values are expressed as the mean + S.D. (n = 3). *: P < 0.05 vs. control (C_D group or X_D
group). **: P < 0.01 vs. control (C_D group or X_D group).
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3.5 Prediction of interactions between
DEMs and DEGs

A total of six DEMs were identified as possibly having a targeted
regulatory relationship with six DEGs (Figure 3 and Supplementary
Table 3). Among these, there were 15 “DEM-DEG” pairs (Figure 3
and Supplementary Table 3).

The qRT-PCR verification data showed that the expression
trends of 15 paired selected DEM-DEGs (“miR-2012 -
Apolipoprotein B-100 (apoB-100),” “miR-2012 - Nicotinamide
phosphoribosyltransferase (NAMPT),” “miR-2013 - Low-density
lipoprotein receptor-related protein (LDLR),” “miR-2013 -
NAMPT,” “miR-5993 - NAD-dependent protein deacetylase
sirtuin-3 (Sirt-3),” “miR-5993 - NAMPT,” “miR-5992 - LDLR,”
“miR-5992 - NAMPT,” “miR-33 - apoB-100,” “miR-33 - Sterol
regulatory element-binding protein 1 (SREBP-1),” “miR-33 -
Scavenger receptor class B member 1 (SR-BI or SCARBI),” “miR-
33 - NAMPT,” “miR-182 - NAMPT,” “miR-182 - LDLR,” and “miR-
182 - SREBP-1”) were well correlated with the prediction of
correlations in expression between DEMs and DEGs (Figure 3
and Supplementary Table 3).

4 Discussion

Economical trait improvement has always been a core pursuit in
aquaculture. As one of the important quality factors affecting the
marketability of sea urchin products, gonad color improvement and
enhancement have been the focus of the sea urchin aquaculture
industry. Carotenoids are the main pigments present in sea urchin
gonads, and their concentrations directly determine the gonad color
(Symonds et al.,, 2009). In terms of adult sea urchins, variation in
carotenoid concentration between female and male individuals has
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been documented in Heliocidaris erythrogramma and H.
tuberculatus (Tsushima, 2007). Similar to previous reports
(Phillips et al., 2009), our data showed that the color of female
gonads was generally superior to that of males. It has been reported
that the gonadal color of female sea urchins is better than that of
males due to carotenoids being deposited in eggs rather than in
sperm (Borisovets et al., 2002). We thus hypothesize that there may
be variations in carotenoid metabolism between female and male
individuals of S. intermedius, and further in-depth research is
required. In addition, we also noticed that some previous studies
reported that the differential expression of genes related to the
amino acid metabolism of S. intermedius in different sexes was one
of the factors impacting the gonadal flavor of S. intermedius (Gou
etal., 2022), and there was no clear difference in gonadal carotenoid
concentration between female and male individuals of
Strongylocentrotus franciscanus, Lytechinus variegatus, and
Evechinus chloroticus (Suckling et al., 2020). There have been no
further reports indicating gonadal color differences between females
and males in these sea urchin species. Therefore, further extensive
investigation is needed to determine whether there is sex-driven
gonadal color variation within all sea urchins.

How gene expression and regulation affect carotenoid
absorption, accumulation, and transformation and consequently
lead to differences in gonad color was our core concern in this study.
We therefore first focused on the differential expression of genes
associated closely with carotenoid absorption, accumulation, and
carotenoid metabolism.

It has been well documented that carotenoid absorption is
associated with all types of lipoproteins to varying degrees in human
and animal models (Von Lintig et al., 2020). Among lipoproteins, the
low-density lipoproteins (LDLs), a type of lipoproteins rich in
cholesterol, are considered as the main carriers involved in the
absorption and transport of 60-70% of the B-carotene to different
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sites within the organism (Yang et al., 1994). It is acknowledged that
the amounts of apoB-100 and cholesterol are two major factors
determining the abundance of LDLs (Cisse et al,, 2021). The apoB-
100 is necessary for LDL assembly; it not only comprises the core
structural component of LDLs but also provides a ligand for LDL
receptors. Moreover, apoB-100 can also mediate the conversion from
very low-density lipoproteins (VLDLs) to LDLs, the main pathway
responsible for LDL production. In this study, the gRT-PCR validation
results indicated that upregulated relative expression of apoB-100 was
observed in S. intermedius with the lovely gonad color compared with
those with delicate gonad color in both females and males. Therefore,
combining our data with the results of previous studies, we speculate
that upregulated apoB-100 expression on the one hand promotes the
transformation of VLDLs into LDLs, while on the other hand, it
enhances LDL assembly, subsequently leading to an increase in dietary
carotenoid absorption (Figures 3 and 5). In addition to the
upregulation of apoB-100, we also found several clues from
cholesterol metabolism concerning the increase of LDL levels in S.
intermedius with lovely gonadal color compared with those with
delicate gonadal color in both females and males (Figure 3). A
sufficient acetyl-CoA supply is the basal condition for cholesterol
synthesis. Glucose, fatty acid, and amino acid catabolism is responsible
for acetyl-CoA production. Based on our RNA-seq data analysis and
qRT-PCR validation results, we noted the upregulation of both
nicotinamide adenine dinucleotide (NAD")-dependent protein
deacetylase related genes (sirt-3 and sirt-1) and NAMPT in S.
intermedius with lovely gonadal color compared to those with
delicate gonadal color in both females and males. The sirtuins are a
family of highly conserved NAD"-dependent enzymes with
deacetylase activity responsible for removing the acetyl groups from
acetylated lysine residues of numerous target proteins, including
histones and transcription factors. Since NAD" is the core substrate
of the sirtuins, it is therefore thought that the NAD" level within an
organism determines the activities of the sirtuins. NAMPT is the
acknowledged regulator of the intracellular nicotinamide adenine
dinucleotide (NAD) pool, with the role of enhancing the
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biosynthesis of NAD and thus enhancing the activities of NAD-
dependent enzymes. Combining our results and the known
functions of both the sirtuins and NAMPT, we therefore speculate
that the lovely gonadal color in S. intermedius may be due to the
enhanced protein deacetylation that provides more acetyl-CoA to
produce LDL and thus the ability to absorb more carotenoids. Of
course, an increase of acetyl-CoA cannot fully demonstrate the
enhancement of cholesterol anabolism. Increased expression levels of
genes associated with cholesterol anabolism such as Acetyl-CoA
acetyltransferase (ACAT), 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase (HMGCR), and Isopentenyl diphosphate
isomerase (IDI) were also observed in this study. ACAT is the first
enzyme involved in terpenoid synthesis during endogenous cholesterol
synthesis, as it catalyzes the formation of acetoacetyl-CoA from acetyl-
CoA by transferring an acetyl group from one acetyl-CoA molecule to
another. HMGCR is the rate-limiting enzyme catalyzing the step of
conversion of HMG-CoA into mevalonate (MVA) during endogenous
cholesterol synthesis. IDI performs the regulatory isomerization of
isopentenyl diphosphate (IPP) into dimethylallyl diphosphate, a key
rate-limiting step in terpenoid biosynthesis during endogenous
cholesterol synthesis. Since cholesterol is also a major factor that
determines the synthesis of LDL, we therefore speculate that active
cholesterol synthesis enhances the production of LDL and thus the
absorption of more carotenoids. Taken together, the above results
suggest that enhanced absorption of carotenoids induced by elevated
LDL production is a common mechanism contributing to gonadal
color variation in both sexes of sea urchins (Figures 3 and 5).
Concerning carotenoid accumulation, it is accepted that
endocytosis of receptor-bound LDL is the main mechanism
responsible for cellular accumulation of carotenoids (Berthelot et al.,
2012). As might be expected, upregulated relative expression of LDLR
was observed in sea urchins with lovely gonadal color compared to
those with delicate gonadal color in both females and males. This
observation suggests to some extent that more LDL-carotenoid
packages might be endocytosed by the LDLR to further contribute to
the gonads having a superior color in S. intermedius. Moreover, the

iR,

“’/,.;‘ gtgimans\

N
YapoB-100 \ cro
ey

et o2

Y v 2131 roKiQIdl

Gyl

/
/ LDLR

Y 1 it %17 1

/ 9[61 —i=
47 SREBP-1|

e
}2 “T QIBISR-BI—mik]
/k
()

2
R
""""% w s
R

FIGURE 5

Schematic diagrams of metabolic pathways correlated with gonad coloration in Strongylocentrotus intermedius.
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upregulation of SREBP-1 in both females and males with lovely
gonadal color also attracted our attention. SREBPs are a type of
unique membrane-bound transcription factors that control lipid
metabolism (Shimano, 2001). Emerging evidence indicates that
SREBP-1 can enhance the expression of LDLR on the surface of cell
membranes and further promote the transport of LDL from the
plasma to the cells (Guo et al,, 2014). Another interesting
observation is the sex-specific expression alteration of SR-BI that
was upregulated in females with lovely gonadal color compared with
females with delicate gonadal color and was downregulated in males
with lovely gonadal color compared with males with delicate gonadal
color. It has been well documented that the SR-BI gene encodes a
multi-ligand cell surface receptor for native and modified lipoproteins
(including LDL, HDL, and VLDL) that mediates the absorption of
carotenoids in both vertebrates and invertebrates (Toomey et al., 2017).
Importantly, the relative expression level of the SR-BI gene has been
demonstrated to be highly correlated with muscle carotenoid
accumulation, leading to a red muscle color in farmed Atlantic
salmon (Salmo salar) and shellfish (Patinopecten yessoensis) (Ren
et al,, 2012). Combining the results of previous studies mentioned
above with our data, we therefore suppose that the gonadal color
variation in both sexes of sea urchins is determined by the expression
level of LDLR that is responsible for LDL-carotenoid internalization
and that SR-Bl-induced enhancement of LDL-carotenoid
internalization is a female-specific pathway contributing to cellular
accumulation of carotenoids and resulting in gonadal color variation in
S. intermedius (Figure 3 and Figure 5).

Obviously, both the absorption and the accumulation processes of
carotenoids require a supply of energy (ATP). Is the supply of energy
(or ATP) correlated with the gonadal color variation? and is there a
sex-specific difference in energy supply associated with gonadal color
variation? We observed the upregulation of Succinate dehydrogenase
(SDH) assembly factor 4 (SDHAF4) in S. intermedius (in both females
and males) with lovely gonadal color compared with those with
delicate gonadal color. SDHAF4 serves as a chaperone for SDHA
(the catalytic flavoprotein subunit of SDH)-flavin adenine dinucleotide
(FAD) and promotes the assembly of SDH (Moosavi et al., 2019). It has
been reported that loss of SDHAF4 function can suppress the activity
of SDH and the assembly of mitochondrial respiratory complex II with
a subsequent reduction of energy production in organisms (Wang
etal., 2022). Based on this context, we suggest that the upregulation of
SDHAF4 in the gonads of S. intermedius could provide more energy to
promote the anabolism of key factors associated with absorption and
the accumulation of carotenoids and therefore enable S. intermedius
individuals to produce a better gonadal color. Interestingly, we also
found that the relative expression level changes in Phosphoglycerate
kinase 1 (PGK1I) and Triosephosphate isomerase (TIM) differed in both
females and males with lovely gonadal color compared with those
having delicate gonadal color. Specifically, downregulation of PGKI
and TIM was observed in female S. intermedius with lovely gonadal
color, whereas upregulation of PGKI and TIM was observed in male S.
intermedius with lovely gonadal color. PGK1 is the first enzyme
involved in the production of ATP via glycolysis by catalyzing the
reversible transfer of a phosphate group from 1, 3-bisphosphoglycerate
(1, 3-BPG) to adenosine 5'-diphosphate (ADP) (Liu et al., 2022). TIM
interconverts dihydroxyacetone phosphate and D-glyceraldehyde-3-
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phosphate, the fifth step of glycolysis, and it plays an important role in
energy production (Wierenga et al,, 2010). Key enzymes are conserved
mechanisms in the direction and efficiency regulation of metabolic
pathways. Our observations suggest that sex-specific energy
production efficiency of glycolysis may be correlated with gonadal
color variation in sea urchins, i.e., male individuals produce better
gonadal color through upregulating PGKI and TIM expression to
elevate energy production via glycolysis (Figure 3 and Figure 5).

Transformation into retinoids (vitamin A and its derivatives) is an
important part of carotene metabolism, and the conversion efficiency
determines the content of carotenoids to some extent. The enzyme 3,3-
carotene 15,15-monooxygenase 1 (BCMO1) is currently considered
the key enzyme for retinoid metabolism, as it can oxidatively cleave 3
carotene into two molecules of all-trans-retinal (Harrison and Kopec,
2020). As expected, downregulation of BCMOI was observed in both
female and male S. intermedius with lovely gonadal color compared
with those with delicate gonadal color. This observation indicated that
inhibition of the transformation of carotene to retinoids is a common
strategy for both female and male sea urchins to obtain better gonadal
coloration (Figures 3 and 5).

Since we mined and validated gene candidates correlated with
gonadal coloration, we subsequently focused on finding and
clarifying the molecular driving factors that led to differential
expression of these gene candidates. Gene expression is regulated
by multiple factors, among which the regulation of non-coding
RNAs (ncRNAs) has garnered much attention in recent years
(Panni et al., 2020). Extensive studies have demonstrated that
miRNAs are a class of short endogenous ncRNAs that are vital
regulators of multiple physiological and biochemical processes in
eukaryotes (O'Brien et al., 2018). Our comparative miRNA
transcriptome data showed that the number of DEMs correlated
with gonadal color variation in males was greater than that in
females. This observation indicates that more transcriptional
regulation occurred in gonadal coloration in males, suggesting
that the color of male gonads is more sensitive to changes than
the color of female gonads. This could also partly explain why male
gonads are generally less colored than female gonads. Among
DEMs, we first focused on two known miRNAs (miR-33 and
miR-182) that were predicted to have potential targeting
relationships with gene candidates associated with carotenoid
absorption, accumulation, and transformation (Figures 3 and 5).
MiR-33 is an intronic miRNA located within SREBP genes and is a
transcriptional regulator of cholesterol synthesis; it modulates the
expression of genes involved in cellular lipid metabolism in
mammals and marine teleosts (Aryal et al, 2017). It has been
reported that miR-33 negatively regulates SREBP-1 expression in
mice (Horie et al, 2013). Similarly, upregulation of SREBP-I
expression was detected in both females and males with lovely
gonadal color, while downregulation of miR-33 expression was
observed in both sexes of S. intermedius by qRT-PCR verification,
and a negative regulatory relationship between miR-33 and SREBP-
1 was predicted by integrated DEM-DEG analysis. We thus
speculate that decreased miR-33 expression may contribute to the
upregulation of SREBP-1 and in turn promote the expression of
LDLR, leading to an enhancement of carotenoid cellular
accumulation. Unlike miR-33, the relative expression changes of
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miR-182 varied in a sex-specific manner in this study. Specifically,
the relative expression of miR-182 was decreased in female S.
intermedius with lovely gonadal color compared with female S.
intermedius with delicate gonadal color. It has been demonstrated
that miR-182 knockdown can increase the levels of SREBP-1 in rats
(Zhang et al., 2020); based on the upregulation of SREBP-1 observed
in this study, we suggest that miR-182 may negatively regulate
gonadal color variation through targeting SREBP-1 in female S.
intermedius. However, increased relative expression of miR-182 was
observed in male S. intermedius with lovely gonadal color compared
with males with delicate gonadal color. Since our knowledge of the
complexity of posttranscriptional regulation of small RNA is still
limited, whether miR-182 regulates gonadal color variation through
other genes rather than SREBP-1 in male S. intermedius and
whether miR-182 positively regulates gonadal color variation in
male S. intermedius through targeting SREBP-1 remain to be
investigated in the future. In addition to miR-33 and miR-182, we
also obtained some known miRNAs (miR-10, miR-2012, miR-2013,
miR-5992, and miR-5993) and some novel miRNAs (miRn-12,
miRn-17, and miRn-18) that might be correlated closely with gonad
coloration in S. intermedius. Potential interactions between these
candidate miRNAs and their target genes were also predicted;
however, as there are too few references concerning these
miRNAs, more efforts should be made to investigate and clarify
the roles of these candidate miRNAs in sea urchin gonad coloration.
Moreover, we also noticed that some known miRNAs might have
multiple functions; for example, miR-2013 was identified as one of
the miRNA candidates responsible for gonad coloration in S.
intermedius, but it has also exhibited potential regulatory
functions against infection and heat stress in S. intermedius
coelomocytes (Sacks et al., 2018; Han et al., 2022). This
observation supports the hypothesis that the regulatory functions
of miRNAs are complicated, and also suggests that the function of a
given miRNA might be tissue specific.

Undoubtedly, all of the above identified DEGs, DEMs, and
“DEM-DEG” pairs that were closely correlated with gonad
coloration in S. intermedius have strong potential to be used as
molecular markers or indicators for high-quality sea urchin
selective breeding or in the assessment of sea urchin gonad
products in the market. Therefore, it is necessary to further verify
the stability of these molecular markers in the future.

5 Conclusion

In this study, we analyzed the molecular mechanism of gonad
color differentiation in farmed sea urchins from the aspect of
differential expression of miRNAs and mRNAs. Common and
sex-specific molecular markers closely related to sea urchin gonad
coloration were identified. Common and sex-specific
transcriptional regulation mechanisms associated with sea urchin
gonad coloration were preliminarily characterized. The
observations from this study will deepen and enrich our
knowledge of the process of sea urchin gonad coloration, and the
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results provide further clues for increasing the gonad quality of
commercial sea urchins from molecular and metabolic aspects.
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