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Abstract

Body color is an economic trait of Apostichopus japonicus with growing concern. Among the other color variants (green and
purple), rare sea cucumbers with completely white body color is greatly appealing to the consumers. In this study, comparative
transcriptome analysis of body wall from body-color segregated progenies produced by cross of albino sea cucumber
broodstock was performed using RNA-Seq technology in order to profile dynamic characteristics of genome-wide gene
expression. Over 4.78 and 4.87 million clean reads were generated from the segregated and albino juveniles crossed by albino
parent sea cucumbers. Totally 20,319 assembled unigenes with the average 959.83 bp in length were obtained, including the
annotated 7,152. Compared with white juvenile sea cucumbers, 271 genes were validated to be significantly differentially
expressed in the body wall of segregated samples. Forty-two differentially expressed genes (DEGSs) including 31 upregulated
and 11 downregulated were identified presenting 5 and more fold expression changes, 18 of which were involved in growth and
development, immunity and respiration. “Cell and cell part”, “Cellular process” and “Binding” were the most DEG-enriched
GO terms in “Cell component”, “Biological process” and “Molecular function”, respectively. DEGs were significantly enriched
in immunity-related KEGG pathways, such as “Phagosome”, “Staphylococcus aureus infection”, “Complement and coagulation
cascades”, and “Vibrio cholerae infection”. These results provided abundant candidate genes and pathways to further reveal
differences in growth and immunity between segregated and white progenies crossed from albino A. japonicus, for cultivating
genetically stable white strain of this commercially important species. © 2020 Friends Science Publishers
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Introduction

Sea cucumber Apostichopus japonicus with high nutritive
and medical values is acknowledged one of the most
important economic varieties in many regions of Asia
(Yuan et al. 2006; Okorie et al. 2008). This edible
invertebrate has been captured for many centuries and wild
stocks have been almost as a result of over-exploitation in
recent decades. With obviously increasing market demand,
the mariculture of A. japonicus has been developed quickly
in China, and obtained remarkable economic and social
benefit in China (Zheng et al. 2012; Wu et al. 2015; Xing et
al. 2018b). However, serious germplasm problems have
been documented during farming sea cucumbers, causing
severe economic losses (Yuan et al. 2006; Okorie et al.
2008; Zheng et al. 2012). Strain selection of A. japonicus
with excellent traits such as quick growth rate and strong

pathogen resistance has been extensively developing.
Additionally, body color variation is a noteworthy
phenotype of this species, affecting taste and market price
(Kang et al. 2011; Sun et al. 2011; Jiang et al. 2013).
According to body wall pigment composition and contents,
body colors of sea cucumbers have green, purple and white
(Fig. 1), in which green is the most common, while entirely
white is scarcely found along the wild coast of China (Bai et
al. 2016; Xing et al. 2017). Therefore, individuals with
genetically stable white phenotype have been selected as a
promising morph with potentially broad market need and
high price in China.

Genetic breeding program of albino strains is ongoing
due to the broad economic prospect. A fascinating
phenomenon body color segregation of progeny was
observed in F; juvenile sea cucumbers produced by cross of
albino parents. The skin colors of offspring crossed by
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albino sea cucumbers exhibited not only white but green
after their pigmentation stage (Xing et al. 2018a). Moreover,
number and size of albino individuals were visually less
than those of the segregated under the common cultivation
conditions. These observations implied that white body
color was genetically instable and albino offspring could
have poor physiological status during cultivation. It is
reasonable to speculate that the physiological differences
must be reflected in various expression levels (including
transcription and translation) of a huge amount of genes
involved in extensive biological processes. A series of
preliminary studies on albinism of A. japonicus have been
carried out, including comparison of pigment composition
(Xing et al. 2017), expression of genes related to melanin
production (Zhao et al. 2012; Xing et al. 2018b), growth
and environmental adaptability (Bai et al. 2015), and
nutritional requirements (Bai et al. 2016). However, the
molecular mechanism underlying body color segregation of
F; progenies crossed by parent albino sea cucumbers
remains largely unknown.

With high accuracy and low cost, RNA-Seq is
popularly used to acquire large amounts of transcript data
from various types of biological samples (Birol et al. 2009;
Trapnell et al. 2010), including many non-model organisms
(Du et al. 2012; Feng et al. 2012). Genome-scale
transcription profiles can be produced by RNA-Seq to
identify differentially expressed novel genes and splice
variants under two or more conditions among
transcriptomes (Hunt et al. 2011; Feng et al. 2012; Trapnell
et al. 2012). RNA-Seq technology has been extensively
employed to examine the dynamic changes of
transcriptomes in A. japonicus during embryonic
development (Du et al. 2012), intestine regeneration (Sun et
al. 2013), aestivation (Zhao et al. 2014), and immune
response to pathogens (Gao et al. 2015). It has promoted a
sharp increase of genetic resources in echinoderms and
identified large-scale candidate genes potentially involved in
these above-mentioned processes. Gene expression
differences between white and green sea cucumbers have
been investigated by RNA-Seq (Ma et al. 2014a, b).
However, there are scarce published studies on body color
segregation of juveniles produced by cross of albino sea
cucumbers.

Body color diversity is widespread in animal kingdom,
especially insects (Cheng et al. 2005; Cui et al. 2015) and
fish (Ling et al. 2016). However, the color segregation of
progenies was only documented in Taiwanese red tilapia.
The differences in growth and propagation among offspring
of this fish were probably owing to hereditary factors (Li and
Li 1997). Mixture of several pigments in the epidermis layer
of skin presents diverse body colors of animals. Using the
[llumina platform, transcriptome data have been obtained
from green, black and red A. japonicus in South Korea;
differentially expressed genes and their corresponding
function proteins were discovered by the following
comparative analyses to understand the relationships among

the three-color variants in taxonomy (Jo et al. 2016). Thus,
body color segregation of juvenile sea cucumbers crossed by
albino brood stock is not clearly understood.

In this study, RNA-Seq based on Illumina HiSeq2000
platform was adopted to evaluate global changes in gene
expression between body wall tissues of white and
segregated morphs from F; progeny of albino A. japonicus.
Comparative transcriptome analyses between segregated
and albino sea cucumbers were performed and hundreds of
genes with distinct expression profiles were identified. The
transcripts were assembled to unigenes that would be
revealed to be involved in multiple metabolism and
signaling pathways by subsequent GO and KEGG
enrichment analyses. This work provided valuable genomic
resources and candidate genes for future studies on
elucidating differences of survival and growth between
body-color segregated progenies of albino sea cucumbers to
facilitate the breeding of stably inherited morphs with whole
white body color.

Materials and Methods
Sample collection

F; progenies were produced by cross of parent albino sea
cucumbers and hatchery-reared in Shandong Oriental Ocean
Sci-Tech Co., Ltd. of China until sampling at six-month age
after pigmentation stage. Two sample types were recognized
by their albino and green body colors, in which green
morphs were named as the segregated relative to the white
sea cucumbers. Thirty sea cucumbers for each type were
randomly collected and mixed into two groups for
sequencing. The skin around papillae and papilla were
collected for a good reference transcriptome, and finally
stored at -80°C for the following RNA extraction after
liquid nitrogen quick-freezing.

Transcriptome sequencing

Total RNA was extracted from the mixed skin samples
using the RNeasy mini kit (Qiagen) based on the
manufacturer’s recommendations. The satisfactory RNA
was prepared through examination of quality and integrity
by 1.2% agarose gel electrophoresis and 2100 Bioanalyzer
system (Agilent Technologies), for cONA construction after
concentration quantified by the NanoDrop 1000 (Thermo).
Construction of libraries were finished in Beijing Genome
Institute (BGI) (Shenzhen, China) Briefly, mRNA with
poly(A) tails were enriched by magnetic beads with
Oligo(dT) and then interrupted into approximately 200-bp
long fragments; the enriched mMRNA were used as templates
for synthesis of the first-strand cDNA with a random
hexamer-primer and reverse transcriptase (Invitrogen); the
second-strand cDNA was produced under catalysis of
RNase H and DNA polymerase I; sequencing adaptors were
ligated to these double-strand cDNA fragments after
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purification using the QiaQuick PCR extraction kit, and
then washed with EB buffer to achieve end repair and
addition of single-nucleotide A (adenine) (Ma et al. 2014b);
finally, paired-end sequencing of cDNA fragments with
length range of 200700 bp was performed on an Illlumina
HiSeq 2000 platform.

Transcript assembly

Sequences generated by RNA-Seq were defined as raw
reads. Low quality reads (including 10% unknown bases)
and adaptors were removed before assembly. After
removing their redundancy, the remaining clean reads were
de novo assembled using the Trinity program (Grabherr et
al. 2011) to gain unique transcript fragments termed
unigenes. In the present study, RNA-Seq quality was
evaluated by sequencing saturation and randomness. The
former indicator was determined through numbers of
identified unique genes. No new unique reads to be found
means sequencing is saturated. The latter was estimated by
reads distribution on the reference database.

Function annotation

The annotation of wunigenes were operated by
SOAPaligner/SOAP2 (Li et al. 2009) against reference
databases inclusive of of NCBI non-redundant (Nr) protein
database, the documented RNA-Seq datasets (Sun et al.
2011; Du et al. 2012) and genome sequences (Zhang et al.
2017) of A. japonicus. The maximal annotation error was
two mismatched bases between reads and reference
sequences. Using Blastx hits with the NCBI Nr database,
unigene functions were categorized into gene ontology
(GO) terms (including “Cellular component”, “Molecular
function” and “Biological process”) and enriched in KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways.

Identification of differentially expressed genes (DEGS)

Transcription levels of genes were checked by RPKM
(reads per kilobase per million reads) method (Mortazavi et
al. 2008). DEGs were identified with the absolute fold
change values greater than 1.0 and FDR less than 0.001.
Compared to albino F; offspring produced from cross of
parent albino sea cucumbers, the gene expression fold
change of skin tissues of segregated (green) individuals was
calculated by the following formula:

Fold change = J[,G'gg—Rl:‘Kl.vISegregatecl
RPKM albino

DEGs validation by Real-time PCR

The expression trends of DEGs in RNA-Seq results were
verified by Real-time PCR. Primer premier 5.0 was used to
design optimal primers according to sequences of chosen

DEGs in the RNA-Seq transcriptome database. Double-
strand cDNAs were preserved at -80°C for the following
gPCR validation after their syntheses based on the
manufacturer’s instructions (Promega).

Using the SYBR Green real-time PCR assay (Takara),
transcription levels of the selected DEGs were examined A
total of 25 uL amplification volume contained 12.5 ulL
SYBR Green Master Mix, 0.5 uL of each gene-specific
primer (10 umol/L), 1 uL of 1:50 diluted cDNA temples,
and 10.5 uL of RNase-free water. Thermal cycling was as
follows: 95°C for 5 s, 40 cycles at 95°C for 10 s, 60°C for
20 s and 72°C for 30 s. The amplification efficiency of these
primers and specificity of the PCR products were
confirmed by analyses of melting curve and gel
electrophoresis on the amplified products. Three
technical replications were performed for each real-time
PCR validation. NDUFA13 reported in previous studies
was selected as the reference gene for internal
normalization (Ma et al. 2014a, b). Expression values of
genes calculated by real-time PCR with 2**°T method were
used to distinguish significantly DEGs with P less than 0.05
(Schmittgen and Livak 2008).

Enrichment analysis

Genes with similar expression patterns are usually enriched
in gene ontology (GO) and involved pathways. With the
results of GO and pathway annotation, DEGs were
classified on basis of the corresponding official
classifications. Terms with < 0.05 P values were defined as
the significantly enriched in GO enrichment analysis. The
threshold of P value was estimated by Q value in multiple
hypergeometric tests. Pathways with less than 0.05 Q values
were believed to be the significantly enriched KEGG
pathways attractive in further study.

Results
Summary of transcriptome sequencing

RNA-Seq samples were the body wall tissues of F;
progenies with albino and segregated (green) epidermis
colors produced by cross of albino parent sea cucumbers.
There were 9.66 million raw reads generated on the HiSeq
2000 platform, including over 4.78 and 4.87 million in the
segregated and albino samples with SRA accession numbers
of SRR11475310 and SRR11475311. After trimming, 47.7
and 48.5 million clean reads were reserved from the two
groups, of which 20.1 (42.18%) and 20.6 (42.43%) million
were mapped to the reference databases, respectively.
Totally, 12.5 (26.28%) and 12.8 (26.44%) million were
identified as unique reads in the two transcriptomes used for
the subsequent assembly and annotation. Details of
sequencing data were summarized in Table 1.

During transcript sequencing process, RNA-Seq
efficiency was examined by sequencing saturation and
randomness in advance. In this study, the constructed cDNA
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Fig. 1: Common body colors of sea cucumber Apostichopus
japonicus. a. white, b. light green, c. dark green, d. purple (Xing
etal., 2017)
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Fig. 2: Saturation and randomness evaluation of RNA-Seq
transcriptomes sequenced from segregated (left) and albino (right)
F, samples crossed by albino parent sea cucumbers

libraries were sequenced to saturation, producing a global
profile of transcripts; the reads were evenly distributed at
every position, indicating good randomness (Fig. 2). These
results showed that high-quality transcriptomes were
identified to carry out the following analyses.

Transcript assembly and unigene annotation

Totally 20,319 unigenes with 959.83 bp in average length
were present after de novo assembly (Table S1), and Fig. 3
showed their length distribution. Of them, 7,152 unigenes
(35.19%) were matched with known proteins in the reference
databases. On basis of the NCBI-NR database, the Blast top
hit species distribution in Fig. 4 showed that unigenes
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Fig. 3: The length distribution of unigenes de novo assembled in
the transcriptomes of F; offspring crossed by albino parent sea
cucumbers (Apostichopus japonicus)

Species Distribution

46.14%
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Fig. 4: Distribution graph of species in NCBI-NR database
matched to sequences of de novo assembled unigenes

matched sequences from numerous species, of which
46.14% unigenes were similar to Stronglocentrotus
purpuratus, followed by Saccoglossus kowalevskii (14.58%),
Branchiostoma floridae (8.82%), and Danio rerio (2.12%).

DEGs screening and validation

DEGs with > 2 fold changes and < 0.001 FDR values were
identified using RPKM method in this study. Overall, 271
differentially expressed genes were detected to satisfy this
standard (Table S2). There were 271 genes (160 up- and
111 down-regulated) differentially expressed in the body
wall of segregated juveniles, compared with the albino that
were both albino progenies. DEGs with > 5-fold expression
changes should be especially focused on and a total of 42
genes with significantly differential expression pattern
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Table 1: List of RNA-Seq sequencing data for segregated and albino progenies produced by cross of albino parent sea cucumbers

Parameters Segregated Albino
Total BasePairs 233,812,810 238,021,714
Total reads 4,789,920 4,876,403
Total clean reads 4,771,690 4,857,586
Clean reads ratio (%) 99.62% 99.61%
Total Mapped Reads 2,012,478 2,061,247
Mapped reads (%) 42.18% 42.43%
perfect match 1400701 1442889
perfect match ratio (%) 29.35% 29.70%
unique match 1253804 1284326
unique match ratio (%) 26.28% 26.44%
multi-position match 758674 776921
multi-position match (%) 15.90% 15.99%

Table 2: Detailed information of DEGs with 5 and more fold changes of expression in the segregated transcriptome compared with the albino

Gene ID BlastX annotation Fold change Exp P-value FDR
isotig09968 angiopoietin-4-like 16.52 1 1.85E-26 5.44E-24
isotig09381 translationally-controlled tumor protein 14.69 T 6.68E-14 8.70E-12
isotig05215 selenide, water dikinase-lik 12.36 T 1.24E-05 0.00055
isotigl0757 transcription termination factor, RNA polymerase Il 16.09 1 2.14E-23 5.43E-21
isotig27723 complement factor H-like, partial 15.56 i 4.40E-08 3.21E-06
isotig08005 60S ribosomal protein L8-like 13.83 T 6.14E-06 0.00029
isotig05433 cytochrome c oxidase subunit 8A, mitochondrial-like 13.73 1 8.92E-08 6.25E-06
isotig06081 voltage-dependent anion channel 2-like 13.59 1 4.40E-08 3.22E-06
isotig05391 cytochrome c1, heme protein, mitochondrial-like 12.92 T 6.14E-06 0.00029
isotig05240 non-specific serine/threonine protein kinase-like 12.28 1 1.50E-06 8.20E-05
isotig09541 hypothetical protein BRAFLDRAFT_86061 6.28 1 8.52E-44 4.81E-41
isotig09542 tenascin R-like, partial 6.1 T 1.05E-19 2.12E-17
isotig06539 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3-like -13.97 l 4.79E-06 0.00023
isotig06616 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 1-like -5.05 l 1.62E-09 1.39E-07
isotig11660 hypothetical protein BRAFLDRAFT_83845 5.42 1 2.26E-12 2.58E-10
isotig06071 ribophorin 1l-like -5.29 l 3.16E-11 3.19E-09
isotig05633 WD repeat domain 7-like -14.46 l 1.59E-07 1.06E-05
isotig05177 conserved hypothetical protein -11.89 1 9.46E-06 0.00043

Note: Exp, expression trend; “1”, upregulated expression; “|”, downregulated expression.

Table 3: List of biological processes in which the 18 DEGs were involved

Annotated DEGs

DEGs involved biological process

is0tig09968, isotig09381
isotig27723, isotig09542,
isotig05433, isotig05391
isotig10757, isotig08005
isotig06081, isotig05240
isotig09541, isotigl11660

isotig06071

isotig06539, isotig06616
isotig05633, isotig05177, isotig05215

growth and development
immunity

respiration

transcription and translation
transport

signal transduction
glycosylation

electron transfer
undiscovered function

including 31 upregulated and 11 downregulated (Table S2)
were obtained in the two transcript libraries, of which 18
were Blastx annotated (Table 2). Biological processes in
which these annotated DEGs play roles were also
investigated for further studies, mainly including growth
and development, immunity, and respiration (Table 3).

To validate the expression of DEGs detected from
RNA-Seq data, 7 DEGs including upregulated five genes
(ANGPT4, TTF2, TCTP, RPL8 and CYT1) and
downregulated two (RPN2 and NDUFB1) were randomly
selected for real-time PCR detection (primer sequences in
Table S3). The RT-PCR results in Fig. 5 and Table 4
indicated that the expression trends of the chosen genes are
consistent with the RNA-Seq results, although the change

extents determined by RT-PCR were commonly smaller
than those of RNA-Seq, probably due to higher sensitivity
of RNA-Seq than that of RT-PCR in detection of gene
expression (Zhao et al. 2014), suggesting the reliability and
accuracy of the RNA-Seq method used in this study.

Functional enrichment of DEGs

Functions of DEGs were further investigated in GO
(Gene Ontology) and KEGG (Kyoto Encyclopedia of
Genes and Genomes) enrichment analyses. Compared with
the albino sample, DEGs in the segregated were classified
into 34 GO terms including 20 biological processes, 7
cellular components, and 7 molecular functions (Fig. 6).
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Table 4: List of expression changes of the chosen DEGs detected by RNA-Seq for RT-PCR validation in the segregated samples

compared with the albino

GeneID  Gene Description

Exp RNA-Seq RT-PCR Same Trend

isotig09968 ANGPT4 angiopoietin-4-like (ref|XP_003725072.1)
isotigl0757 TTF2
isotig09381 TCTP
isotig08005 RPL8
isotig05391 CYT1
isotig06071 RPN2

60S ribosomal protein L8-like (ref|XP_796001.1)

ribophorin 1l-like (refXP_002736461.1)

isotig06616 NDUFB1 NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 1-like (ref()XP_001176933.1) | -5.05"  -1.94

transcription termination factor 2-like (ref[NP_001084942.1)
translationally-controlled tumor protein (gb|ABC87996.1)

cytochrome c1, heme protein, mitochondrial-like (refXP_791551.2)

t 16527 4197 Y
1 16097 391" Y
1 14697 984" Y
t 13837 153 Y
T 12927 128" Y
| 529" 203 Y

Y

Note: Genes with the same expression trend (up or down regulation) examined by both RNA-Seq and RT-PCR analyses are indicated by “Y” (yes). *P < 0.05, **P < 0.01. Exp,

expression trend; “1”, upregulated expression; “|”, downregulated expression

14 - Albino

Il Segregated

Relative mRNA expression

TCTP  ANGPT4  TTF2 RPL8 cYT1 RPN2  NDUFB1
Genes

Fig. 5: Comparative expression analysis of seven DEGs identified
from RNA-Seq data between segregated (black) and albino (gray)
samples using gRT-PCR. RNA-Seq validated the five genes
ANGPT4, TTF2, TCTP, RPL8 and CYT1 with significantly
upregulated expression, and the two significantly downregulated
genes RPN2 and NDUFB1. " and ™ indicate significant
differences at P < 0.05 and P < 0.01, respectively

Cellular process and metabolic process were the two most
abundant terms in the “Biological process™ category. Cell
and cell part were the most enriched two categories in
“Cellular component”. Binding and catalytic activity were
the most abundant categories in “Molecular function”.

Pathway enrichment results in Table 5 showed that, in
comparison with the albino morphs producing from crossing
of albino parent sea cucumbers, totally 271 DEGs of body
wall transcriptome in the segregated homochronous samples
were grouped into 97 pathways in KEGG database, of
which 15 pathways were significantly enriched (P value <
0.05). Some pathways related to immune responses,
including “Phagosome”, “Staphylococcus aureus infection”,
“Complement and coagulation cascades”, and “Vibrio
cholerae infection” were significantly enriched.

Discussion

The body wall tissue of sea cucumbers A. japonicus is
composed of a thin cuticle over the epidermis and a thick

viral reproduction 1
signaling process w2
signaling  jee—— ¢
response to stimulus jm—4
reproductive process i 2
reproduction e 2
regulation of biclogical process [wee—7
pigmentation m 1
multicellular organismal process [m——7
metabolic process | ——— 8
locomotion [ 1
localization |e———
immune system process fmm 2
establishment of localization | e—— 11
developmental process |j—— g
death |1
cellular process  p—————— |
cellular component organization or biogenesis —j—" 8
cell proliferation u 1
... biological regulation [e—7
organelle part | m—— 11
organcllc je— 20
membrane-enclosed lumen fum 2
macromolecular complex | m—— 11
extracellular region [ 1
cell part 33
cell 33
transporter activity jm 2
structural molecule activi

ssaa0.4d [E21F0O101]

Wauedwes A

meolecular transducer activ
enzyme regulator activity
catalytic activity |—— |7
binding 29
antioxidant activity 1

uanAmy IOy

Number of Genes

Fig. 6: Function classification of GO terms enriched by DEGs in
the segregated juveniles produced by albino parent sea cucumbers
compared with the albino morphs

dermis underneath. The outer skin of this species, consisting
of cuticle and epidermis, forms the first line of protective
barrier against environmental damage for maintaining body
homeostasis (Zhou et al. 2016), because pigment cells (i.e.
melanocytes) and immune cells embed in keratinocytes that
are primary contents of the epidermis (Kern et al. 2011).
Previous studies have focused on roles of A. japonicus skin
in immune response to pathogens (Liu et al. 2010; Zhang et
al. 2013). It is obviously valid that the intact body wall was
chosen as the target sample to investigate segregation of
body color and distinguish differences at transcription in A.
japonicus. In this study, the first genome-scale analysis was
conducted between body wall tissues of segregated and
albino juvenile sea cucumbers derived from cross of albino
parents. Quality estimation of illumina sequencing ensured
reliable transcriptome data for the following multiple
analyses. Totally 271 DEGs identified between the two
color morphs should be placed emphasis on, especially with
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Table 5: Enriched pathways involved in DEGs of the segregated juvenile progenies crossed by albino sea cucumber broodstock contrast

to the albino homochronous morphs

Pathway ID Pathway DEGs with pathway annotation (104)  All genes with pathway annotation (9586) P value
ko04145 Phagosome 12 (11.54%) 276 (2.88%) 4.1699E-05
ko05150 Staphylococcus aureus infection 6 (5.77%) 102 (1.06%) 0.0008
ko04610 Complement and coagulation cascades 9 (8.65%) 245 (2.56%) 0.0013
ko05110 Vibrio cholerae infection 5 (4.81%) 89 (0.93%) 0.0028
ko05320 Autoimmune thyroid disease 2 (1.92%) 8 (0.08%) 0.0031
ko05152  Tuberculosis 8 (7.69%) 238 (2.48%) 0.0043
ko05144 Malaria 4 (3.85%) 62 (0.65%) 0.0045
ko00510 N-Glycan biosynthesis 3(2.88%) 39 (0.41%) 0.0085
ko00601 Glycosphingolipid biosynthesis 2 (1.92%) 14 (0.15%) 0.0097
ko05143 African trypanosomiasis 2 (1.92%) 14 (0.15%) 0.0097
ko00190 Oxidative phosphorylation 6 (5.77%) 170 (1.77%) 0.0103
k005322 Systemic lupus erythematosus 4 (3.85%) 80 (0.83%) 0.0110
ko04510 Focal adhesion 10 (9.62%) 441 (4.6%) 0.0211
ko04640 Hematopoietic cell lineage 3(2.88%) 58 (0.61%) 0.0249
ko04745 Phototransduction - fly 3 (2.88%) 62 (0.65%) 0.0296

the help of recently documented A. japonicus genomic
information (Zhang et al. 2017; Li et al. 2018). This result
supported valuable gene resources to elucidate the
mechanisms of body color segregation of progenies crossed
by albino sea cucumbers.

As previously reported, it is clearly observed that
growth rate of albino juvenile sea cucumbers is slower than
that od in the green and purple variants (Xing et al. 2018b).
The same result is also observed in this study. Further
research revealed that physiological performances including
growth rate, energy allocation, respiration and digestion
were lowest among the three-color morphs, although their
values had big change range with salinity (Bai et al. 2015).
Furthermore, a lot of genes associated with growth,
development and metabolism were identified to be
apparently expressed at lower levels in albino sea
cucumbers compared with control (green) morphs, resulting
in lower growth rates and reduced physiological activity
(Ma et al. 2014a, b). Angiopoietin-4 (Ang4) belonging to
angiopoietin family of growth factors plays positive roles in
regulating endothelial cell growth and angiogenesis
(Augustin et al. 2009; Thomas and Augustin 2009).
Translationally controlled tumor protein (TCTP) plays an
important role in motivating mitotic growth by controlling
the duration of the cell cycle in eukaryotes (Berkowitz et al.
2008; Brioudes et al. 2010). Plentiful studies have proved
that TCTP is involved in various cellular processes, such as
apoptosis, microtubule organization, and ion homeostasis
(Bommer and Thiele 2004). The two growth regulatory
genes (Ang4 and TCTP) were identified to be extremely
downregulated in the juvenile albino sea cucumbers in
comparison with the control (Ma et al. 2014b). Compared
with the segregated F, individuals with normally green body
color produced by albino sea cucumbers, the same
expression trend of Ang4 and TCTP was explicitly detected
in the albino progeny.

Besides the growth-related genes as discussed above,
some respiration-related genes with highly significant
difference of expression were also proved between the two

transcriptomes in this study, such as cytochrome C1 and
cytochrome C oxidase. As important components of
complex 111 and 1V in mitochondrial respiratory chain, they
are responsible for electron transport to molecular oxygen
during ATP production. Their expression levels were
significantly increased with 13.73 and 12.92 folds in the
body wall of segregated juvenile sea cucumbers, indicating
that their energy requirement was probably higher than that
of the albino samples. Moreover, the food conversion
efficiency and digestive enzyme activity in albino sea
cucumbers are identified to be lowest among juvenile
morphs with white, green and purple body colors (Bai et al.
2016). Therefore, it is reasonably concluded from these
evidences that growth of juvenile albino A. japonicus is
undoubtedly lower than that of the commonly green morph
under the current culture condition.

It is confirmed that excessive deposition caused by
abnormal balance of growth factors and cell proliferation
can promote local hyperplastic collagen production in skin
responding to injury in mammalians (Tuan and Nichter
1998). Tenascin-R improves assembly of the extracellular
matrix (ECM) of perineuronal nets, especially excessive
deposition of collagen (Morawski et al. 2014). ECM
remolding has been identified to be closely associated
with organ morphogenesis and tissue regeneration in
Holothuria glaberrima (Quifiones et al. 2002) and A.
japonicus (Sun et al. 2011). Expression profiles of this
ECM associated gene were overall expressed at a higher
level during intestine regenerating process (Sun et al.
2013). In the present study, tenascin-R expression was
observed to be significantly upregulated in the
segregated progeny of albino sea cucumbers, suggesting
their higher regeneration capacity in combination with the
previously validated roles of tenascin-R.

Enrichment KEGG analysis revealed that immuno-
defense related pathways were dominantly highlighted in
enriching differentially expressed genes (Table 5).
Phagosomes as key organelles of phagocytic cells
participate in a variety of innate immunity, including tissue
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remodeling, apoptotic cell elimination, and restricting the
spread of intracellular pathogens (Garin et al. 2001;
Griffiths and Mayorga 2007). Proteomic analysis identified
at least 140 proteins correlated with latex bead-containing
phagosomes. Pathway enrichment result showed that dozens
of component proteins were significantly enriched in
phagosomes in body wall of the segregated progenies
produced from albino sea cucumbers. The enriched
phagosome proteins are highly possible to play roles in
resistance on infection of Staphylococcus aureus and Vibrio
cholera, and complement and coagulation cascades. The
three pathways remarkably enriched DEGs in the
transcriptome of the segregated progenies produced from
cross of albino sea cucumbers, indicating that the innate
immune defense of the segregated progeny might be
stronger than that of the albino. Coupled with 15.56-fold
upregulated expression of complement factor H in the
segregated samples, their ability to resist pathogen invasion
is probably better than the albino progeny, although the role
of this factor needs to be further understood in the
complement system. Consequently, albino juvenile morphs
are likely to have poor immune defense to external
pathogens and harmful stress.

Nutrition is a crucial factor determining immune
defenses, and malnutrition is the most common cause of
immunodeficiency in animals (Chandra 1997; Xia et al.
2013). Previous studies have proved that the weaker
digestive enzyme activity of the albino sea cucumbers A.
japonicus leads to lower rates of food intake and slower
growth rate, and then decreases immunity (Bai et al.
2015; Xing et al. 2018b). Those factors may be
responsible for the low growth and survival rates in
white sea cucumbers. Consequently, body color
segregation of juvenile progenies of albino cross might
be a survival strategy under the current cultivation
conditions. The segregation mechanism is advised to be
further investigated in epigenetic regulation level. Because
of low growth rate and environmental adaptability for albino
sea cucumbers A. japonicus, as previously documented,
maintenance of suitable conditions (such as nutrition, light,
water quality and attachment substrate) is necessary for
breeding and management of white morphs. Improvements
on the purity and genetic stability of white body color are
essential to satisfy the market demand for this attractive
strain of A. japonicus.

Conclusion

In conclusion, the above-mentioned results identified some
key genes and pathways for a better understanding of
decline in number and size of albino morphs in comparison
with the segregated progenies crossed by albino parents. In
addition, these data provide credible clues to further
investigate the body color segregation in A. japonicus. This
work will be available to facilitate breeding program in
genetically steady strain of albino sea cucumbers.
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