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 35 

Running title  36 

Deciphering probiotic effects of S. pontiacus BL28 on the host sea cucumber 37 

 38 

Abstract 39 

Recently, sea cucumber has been an increasingly important marine invertebrate in the fields of 40 

EcoDevo and fisheries studies. After the discovery of Sulfitobacter pontiacus strain BL28, which 41 

is a growth promoting probiotic bacteria isolated from blastula of Apostichopus japonicus, host-42 

microbes interaction has become a major new focus of study to be unveiled. Previous genome 43 

assessments of the strain BL28 hypothesized involvements of cobalamin/B12 biosynthesis, type 44 

IV secretion system, polyhydroxybutyrate (PHB) production and sulfate metabolism for host 45 

growth promotions. Here, we performed A. japonicus host transcriptome after five weeks of 46 

supplementation with S. pontiacus BL28. Unexpectedly, the host transcriptome revealed 47 

significant gene regulations of the BL28 supplementation on the host lipid and chondroitin 48 

metabolisms and transcriptionally “rest” status of heat shock protein genes un-expressed. 49 

Physiological and environmental crossover by the S. pontiacus BL28 supplementation may trigger 50 

stress-free growth promotion in the host sea cucumber. These symbiotics-type probiotics could 51 

help herald the future eco-friendly aquaculture of sea cucumber. 52 

. 53 

Keywords: Probiotics, Sulfitobacter pontiacus, Sea cucumber, Apostichopus japonicus, Growth 54 

promotion, Transcriptome 55 

 56 

Introduction 57 

Sea cucumber, a member of echinoderms, have attracted growing attention in ecological 58 

developmental biology (EcoDevo) research because of their unique biological features, such as 59 

their ability to regenerate the entire gut and associated nervous system, the presence of a 60 

mineralized skeleton during the larval stage and the evolution of their immune systems [1]. 61 

Currently, at least, a total of 27 sea cucumber genome assemblies have been deposited in the public 62 

database [e.g. [2]] and RNA-seq could be a key technology to elucidate key genes related to gut 63 

regeneration, immune system, environmental stress and other biological processes [1].  64 

 65 

Sea cucumbers are also an important fisheries resource. Due to their slow growth and overfishing, 66 

however, wild resources are now under threat [3-5]. In particular, Apostichopus japonicus is the 67 

primary species in fisheries in Northeast Asian countries, and has seen significant development in 68 
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aquaculture, particularly in countries like Japan and China. Global total production of A. japonicus 69 

in 2022 was around 262,543 metric tonnes (MTs), including 248,508 MTs from aquaculture in 70 

China and 5,100 MTs of A. japonicus captured in Japan (FishStatJ, 2025, FAO, Global Capture 71 

Production, Fisheries and Aquaculture). The production in China exceeded 90% of the total 72 

production. The value of whole industry chain in China was reached to $9 billlion [6]. However, 73 

we have still face problems in production instability, slow growth, growth variations, disease and 74 

so on [3-5]. To address these issues, probiotics with growth-promoting effects in sea cucumber 75 

juveniles have been explored, and S. pontiacus strain BL28 was recently discovered during pioneer 76 

microbiome assessments of early-stage A. japonicus specimens [4-5,7]. After feeding with the 77 

BL28 supplemented diets, slight (1-2%) increases of Sulfitobacter abundance in fecal microbiota 78 

of sea cucumber juveniles indicated successful administrations of the bacterial strain into the gut 79 

of the host sea cucumber juveniles [5]. Microbiological assessments of BL28 including genome 80 

analyses and electron microscopic observation hypothesized that involvements of cobalamin/B12 81 

biosynthesis, type IV secretion system, polyhydroxybutyrate (PHB) production and sulfate 82 

metabolism could be related to the growth promotion in sea cucumber juveniles [5]. 83 

 84 

However, the biological mechanism of how S. pontiacus BL28 promotes the growth in sea 85 

cucumber juveniles remains unclear. Here, we set up individual sea cucumber host transcriptome 86 

based on Nanopore RNA-seq technology and performed host sea cucumber transcriptome analyses 87 

after supplementation with the growth-promoting probiotics of S. pontiacus BL28 aiming to reveal 88 

the biological interactions between the host marine echinoderms and the pioneer microbes. 89 

 90 

Materials and Methods 91 

Probiotics Trials of Sea Cucumber Juveniles 92 

Juvenile sea cucumber were collected in October 2023, in Taisei, Hokkaido, Japan, and transferred 93 

to the laboratory. After acclimation of those juveniles to laboratory conditions at 18°C, five 94 

juveniles were randomly distributed in a 1 L aquarium [5]. The aquarium was equipped with an 95 

inlet and outlet filter, respectively, of 0.22 µm PES filter (Hawach Scientific, Shaanxi Province, 96 

China) avoiding cross contamination by aquarium exhaust (Fig. S1). S. pontiacus BL28 was 97 

cultured in Marine Broth (Difco, Becton Dickinson, Franklin Lake, USA) at 20°C and after 98 

washing the bacterial cell pellets, live bacterial cells were supplemented with a commercial feed 99 

obtained from Hokkaido Aquaculture Promotion Corporation, Japan. In brief, the experimental 100 

diet was prepared by adding 0.05 g of powder feed to 1 mL of artificial seawater or BL28 101 

suspension at a final concentration of 104 CFU/mL according to Yu et al. (2023) [5]. Both a control 102 
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with no BL28 supplementation group and the BL28 supplemented diet group were set in three 103 

aquaria, respectively, and fed at 18°C with a salinity of 3.3-3.5% using natural seawater collected 104 

at the sea cucumber farm under dark conditions. Over five weeks, feeding and cleaning were 105 

performed twice weekly (Fig. 1) [5]. After the fourth week, the body length of each sea cucumber 106 

was measured after anesthetization. At the end of the fifth week after 1.5 hours of final feeding 107 

without cleaning, each juvenile was gently taken from an aquarium using bamboo tweezers and 108 

immediately homogenized using a BioMasher II (Nippi, Tokyo, Japan) in 750 µL of TRIzol LS 109 

solution. After addition of 250 µL of Nuclease-free water, homogenized samples were immediately 110 

frozen at -80°C before RNA extraction. The whole body of the juvenile was used because if too 111 

small, organs and/or tissues could not be separated accurately thus eliminating any other biological 112 

transcriptome noises due to handling. 113 

 114 

RNA Extraction and Purification 115 

After thawing the sea cucumber samples, total RNA was extracted and purified using TRIzol LS 116 

Reagent followed by DNA removal using RQ1 RNase-Free DNase (Promega, Madison, WI, USA) 117 

and further purification using RNeasy PowerClean Pro Cleanup Kit (Qiagen, Venlo, Netherlands). 118 

Three individuals from the BL28 treated group and the control group, respectively, were used in 119 

this study. In both groups, the three individuals with the highest specific growth rates (SGRs) were 120 

sequenced (Fig. 1). In preliminary experiments, the use of total RNA and Nanopore PCR-cDNA 121 

Barcoding Sequence kit was able to provide enough quality and sequence length, and sequence 122 

reads were properly mapped to reference A. japonicus genome sequences, therefore mRNA 123 

preparation protocol was not used for further RNA-seq. We also faced difficulties in keeping 124 

mRNA amounts for quantitative reverse transcription (qRT)-PCR validation after RNA-seq, so we 125 

decided to assess host transcriptomic response only based on Nanopore PCR-cDNA data set 126 

because of the very similar theory of qRT-PCR and PCR-cDNA approach (RT and transcript 127 

amount comparison among groups) to compare transcripts between the two groups. 128 

 129 

Sea Cucumber Host RNA-Seq and the Downstream Analyses 130 

To obtain longer sequences efficiently from individual juveniles of A. japonicus, PCR-cDNA 131 

Barcoding Sequence kit SQK-PCB109 (Oxford Nanopore Technologies, Oxford, UK) was used 132 

for the host RNA-seq to decipher the effects of Sulfitobacter probiotics feeding on the host. The 133 

library was prepared according to the standard protocol provided by Nanopore company. The 134 

libraries were loaded into an R9.4 flow cell (FLO-MIN 106) and a 72-hour sequencing run was 135 

performed using MinION Mk1C platform with MinKNOW 23.07.12 software. Basecalled data 136 
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was generated using the high-accuracy model, 450 bps. Read quality controls, reference genome 137 

mapping to A. japonicus genome (GCA_002754855.1), feature count output, and primary 138 

individual transcriptomic profiling were performed using Duesselpore [8] with minor 139 

modifications. For listing differential expressed genes (DEGs), edgeR 4.0.16 on R 4.3.3 platform 140 

with the QLF test was used. For Gene Ontology (GO) enrichment, a web-based ShinyGo 0.8 which 141 

includes the A. japonicus genome data set [9] was used. DEGs list and these related isoforms were 142 

evaluated using the KEGG and AlphaFold database connected to UniProtKB to confirm protein 143 

structures and functions [10-11]. Integrate genome view (IGV) was used to visualize genome 144 

mapping data [12]. 145 

 146 

Results and Discussion 147 
RNA-Seq Statistics 148 
BL28 probiotics reproducibly affected the growth of A. japonicus juveniles (Fig. 1) [5]. 149 
Transcriptome reads with around 5 Gb raw sequences from the three individuals with the highest 150 
SGR were successfully generated (Fig. S2). The number of reads ranged from 3.9 to 6.3 million 151 
with an average length from 527 to 844 bp (Fig. S2A). The average quality values (Phred score) 152 
were around 20. After quality control and aligning to the A. japonicus genome using minimap2 153 
[13], 49% to 66% mapping ratios were observed (Fig. S2B) allowing for downstream analysis of 154 
host transcriptomic regulation by BL28 supplementation. QC and read mapping were 155 
automatically and efficiently performed using a modified Dusselpore pipeline [8].  156 
 157 
Host Transcriptome Profiling 158 
The Dusselpore implements a primary gene expression pipeline that lists up top 30 genes with 159 
high expression variation [8]. The primary heatmap showed these genes with high variation in 160 
each of the juvenile A. japonicus treatment groups (Fig. S2C). This gene list included genes with 161 
low statistical significance, therefore the DEG list with p<0.05 and q<0.05 was further updated 162 
based on QLF test implemented in edgeR program and finally 12 and 30 up-regulated genes in 163 
BL28 treatment group and control group were listed, respectively (Table 1). Unfortunately, genes 164 
responsible for transcriptional factors in A. japonicus have not been accurately identified yet, so 165 
we evaluated up- and down-regulated genes compared to normalized read counts of house-keeping 166 
genes, which have recently been re-evaluated using human data such as genes responsible for 167 
glucose-6-phosphate isomerase, proteosome subunit beta type-4 and 2 [14], gene-by-gene. Finally, 168 
all genes in the DEG list were evaluated to be up-regulated genes in each group below average 169 
counts (Table 1). The DEG list was unlikely to be identical to the gene list assessed by high 170 
variation (Table 1 and Fig. S2C), however, 7 and 15 genes in the DEG list overlapped with the 171 
Dusselpore top 30 in each group, respectively (Table 1).  172 
 173 
Up-regulated DEGs in the BL28 treated group included genes annotated to putative isocitrate 174 
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dehydrogenase (BSL78_28981), barrier to autointegration factor (BSL78_07950), histone H1-beta 175 
(BSL78_26408), putative carbohydrate sulfotransferase 11 (BSL78_22910), putative 176 
phospholipase B1, membrane-associated (BSL78_19058), putative pancreatic triacylglycerol 177 
lipase (BSL78_18401) and proprotein convertase subtilisin/kexin type 9 (BSL78_25086). 178 
However, further primary to tertiary protein structure comparison to the related human gene 179 
products revealed that putative carbohydrate sulfotransferase 11 (BSL78_22910) could be related 180 
to human genes (Fig. S3A). BSL78_19058 is likely to encode a part of phospholipase B1 gene as 181 
Q6P1J6 as a structural template, with BSL78_19057 and 19059 genes (Fig. S3B). A gene 182 
annotated to isocitrate dehydrogenase (IDH) (BSL78_28981) only encodes C-terminal half region 183 
of human cytosolic NADP-IDH (O75874), in particular, the “big domain” retaining NADP binding 184 
sites of Arg314 and His315 in O75874 [15] and an adjacent gene (BSL78_28982) is likely to 185 
encode N-terminal half region in completing entire IDH (Fig. S3C).  186 
 187 
Those of DEGs in the control group included genes annotated to putative SAM pointed domain-188 
containing Ets transcription factor-like (BSL78_17428), putative deleted in malignant brain 189 
tumors 1 protein (BSL78_17698), putative SPRY domain-containing SOCS box protein 4 190 
(BSL78_08486), complement component C3 (BSL78_27279), putative collagen alpha-1(I) chain 191 
(BSL78_22043), α-amylase (BSL78_04898), heat shock protein 70 (BSL78_15519, 192 
BSL78_02893, BSL78_02917, BSL78_15518, BSL78_02892), matrix metalloproteinase 16 193 
(BSL78_23900), putative sodium-dependent proline transporter-like (BSL78_15313), heat shock 194 
protein 26 (BSL78_13663, BSL78_08844, BSL78_13662, BSL78_13664), putative thioredoxin-195 
like (BSL78_24942) and kazal-type proteinase inhibitor (BSL78_12786). However, further 196 
protein structure comparison to the related human gene products also revealed that putative SPRY 197 
domain-containing SOCS box protein 4 (BSL78_08486), α-amylase (BSL78_04898) and putative 198 
thioredoxin-like (BSL78_24942) could be related to human gene products (Fig. S3EF). The gene 199 
annotated to complement component C3 (BSL78_27279) is likely to encode whole complement 200 
C3 with BSL78_27282, which is located adjacent to BSL78_27279 (Fig. S3D). Those DEGs were 201 
unlikely to be expressed in BL28 treated sea cucumber juveniles, in particular, heat shock protein 202 
genes, C-region of complement component C3 gene and the amylase gene were transcribed at low 203 
levels. More interestingly, five of eight genes (63%) in Hsp70 isoforms and three of five genes 204 
(60%) in Hsp26 isoforms were likely to be “rest” status in those gene expressions (Tables 1 and 205 
S1-S2) [15].  206 
 207 
Not only major genes responsible for triggering signaling pathway but also pluripotency factors 208 
were unlisted in DEGs (Table 1) [17]. 209 
 210 
GO Enrichment and Host Transcriptome Interpretation 211 
GO enrichment also supported the DEGs profiling (Fig. 2). In BL28, treated sea cucumber, 212 
lipid/tricarboxylic acid and chondroitin metabolisms were enriched as major biological process 213 
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(BP) (Fig. 2 AB). Activities for chondroitin and lipid metabolisms in the sea cucumber host were 214 
also enriched in the BL28 treatment by metabolic function (MF) enrichment (Fig. 2 CD). 215 
Chondroitin metabolic activity was predicted to function in Golgi apparatus membrane and 216 
phospholipase B activity was also predicted in brush border membrane. 217 
 218 
In the control sea cucumber, protein refolding, chaperone-mediated protein folding, cellular 219 
response to heat and response to hypoxia were enriched as BP (Fig. 2. EF). Enrichment in MF also 220 
supported those biological processes (Fig. 2. GH). In general, experimental bacterial infections or 221 
supplementation of microbes caused immune system stimulation in the host organisms [18]. 222 
However, no significant signs in regulating host sea cucumber immune pathways were detected 223 
by mixed administration approach with both long (five weeks) and short (1.5 hours) of BL28 224 
administration. 225 
 226 
Carbohydrate sulfotransferase 11 performs a role in chondroitin sulphate biosynthesis catalyzing 227 
the transfer of sulfate from 3’-phospho-adenosine 5’-phosphosulfate to position 4 of the N-228 
acetylgalactosamine residues of chondroitin [19]. Fucosylated chondroitin sulfate is the major 229 
glycosaminoglycan in sea cucumber and is covalently attached to collagen fibrils consisting of 230 
supramolecular organization shaping globular dots filling the gap region in the fibrils [20]. 231 
Chondroitin sulfate is the second major component of connective tissue in sea cucumber [20]. As 232 
glycosaminoglycan including chondroitin sulfate has roles in remodeling tissues, up-regulation of 233 
BSL78_22910 might be related to the growth promotion triggered by BL28 supplementation. 234 
Phospholipase B1 and proprotein convertase subtilisin/kexin type 9 (PCSK9) perform roles in lipid 235 
metabolism, in particular, PCSK9 plays a major role in regulating blood levels of low-density 236 
lipoprotein cholesterol (LDL-C) binding LDL-receptor in preventing recycling and promoting 237 
degradation in human [21]. IDHs serve diverse biological functions in energy production and in 238 
cellular defense against oxidative damage [15]. Conformational change during the human IDH 239 
activity interacting between the “big” and “small” domains is proposed [15]. As the BSL78_28981 240 
product only encodes the “big” domain retaining possible NADP bidding sites, the function of the 241 
gene products might be related to NADP recycling. Up-regulation of genes responsible for 242 
chondroitin sulfate and lipid metabolism and a glyoxylate cycle in BL28 supplemented juveniles 243 
might indicate host physiological signs in the growth promotion by ingesting energy richer diets 244 
supplemented by the Sulfitobacter bacterium. 245 
 246 
Notably, in BL28-supplemented juveniles, most of the Hsp70 and Hsp26 isoform genes were 247 
unlikely to be up-regulated (Tables 1 and S1-S2). As Hsp70 proteins are known to chaperone the 248 
refolding of denatured peptides to minimize proteolytic degradation as a part of an eukaryotic 249 
conserved phenomenon referred to as the heat shock response function, the physiological stress 250 
which could include elevated temperatures, mechanical damage, hypoxia, lowered pH and reactive 251 
oxygen species generation, may also promote protein unfolding and hsp70 gene expression in 252 
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humans and other animals [16,22]. In response to heat stress, after global intron splicing and cap-253 
dependent translation become impaired, heat shock factor 1 (HSF1) becomes activated via 254 
homotrimerization, gain in phosphorylative status via calcium/calmodulin-dependent protein 255 
kinase II (CAMKII) and transactivation upon binding to the heat shock element (HSE) promoter 256 
and thus vigorous increase in hsp70 mRNA transcriptional rate after activated HSF1 promotes 257 
RNA polymerase II (Pol-II) escape from pretranscriptional initiation complex (PIC) [16]. 258 
Conversely, at “rest” state, global intron splicing and cap-dependent translation proceed at basal 259 
rates in the skeletal myofiber, HSF1 activity is negatively regulated in both the nucleus and 260 
cytoplasm via constitutive phosphorylation and via sequestration by Hsp70, Hsp90, and other 261 
binding proteins, and thus HSF1 sustains transactivational inhibition, causing Pol-II to remain in 262 
a promoter-paused state suppressing downstream hsp70 mRNA and protein expression [16]. In 263 
juveniles fed with BL28 supplemented diets, no significant transcriptional regulations of any genes 264 
responsible for the HSF1, kinases, Pol-II and other related proteins for heat shock response were 265 
recorded, but the “rest” state in the aspect of Hsp70 gene transcriptional regulation was considered 266 
(Tables 1 and S1-S2).  267 
 268 
Hsp70 gene down-regulation and growth promotion after probiotics administration have been 269 
observed in various fish species such as yellow perch [22] and the false percula clownfish [23]. 270 
More interestingly, the mixed Bacillus species as probiotics in cultured yellow perch minimized 271 
the host stress responses that exhibited a decrease in cortisol, Hsp70 signaling and oxidative stress-272 
related markers, and an increase in the growth-related factor (Igf1) after hypoxia and air-exposure 273 
stress [22]. Cortisol is the primary corticosteroid hormone in fish and its levels are increased in 274 
response to various stressors by supplying energy through glycogen, lipids and protein catabolism 275 
for metabolic adaptation [22,24]. Both decreases in cortisol level and Hsp70 gene expression are 276 
also reported in the fish Pangasianodon hypophthalmus after stresses of ammonia pollution and 277 
high temperature and administration of manganese nanoparticles (Mn-NPs), which is known to be 278 
a micronutrient [25]. Cortisol levels have also been assessed in sea cucumber Cucumaria frondosa 279 
[24], but the entire gene set responsible for cortisol biosynthesis is unlikely to be found on the A. 280 
japonicus genome, and thus, unfortunately, transcriptional regulations in cortisol biosynthesis of 281 
A. japonicus were not fully evaluated in this study. However, considering up- and down- regulated 282 
DEGs including lipid and energy metabolism and Hsp70, respectively, of sea cucumber juveniles 283 
after administration of the S. pontiacus BL28, the probiotics treatments might affect optimal 284 
nutritional levels in the host sea cumber juveniles.  285 
 286 
Recently, complement protein C3 has been synthesized by intestinal cells and secreted into the 287 
lumen in a laboratory mouse model and human cohorts [26]. Surprisingly, fecal C3 levels varied 288 
depending on gut microbial compositions, and using a single-cell RNA-seq approach, intestinal 289 
C3 is largely expressed by stromal cells located in the subepithelial compartment of the intestine 290 
under homeostasis [26]. In this study, we observed that significant gene expression changes in 291 
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BSL78_27279 encoding the N-terminal part of complement component C3 in between the 292 
juveniles administered with BL28 and the control animals (Table 1), which indicates microbial 293 
composition dependent regulation in the complement component C3 might also be present in sea 294 
cucumber, a member of Deuterostomia. As the C3 levels were increased by pathogen 295 
administrations in a mouse model [26], the S. pontiacus strain BL28 was unlikely to be recognized 296 
as a pathogen by sea cucumber hosts. We need further understanding as to how the gut complement 297 
system is regulated in sea cucumber and how the microbial composition dependent regulation of 298 
the complement system is conserved in Deuterostomia animals in both mammals and sea cucumber. 299 
 300 
S. pontiacus strains were originally isolated from H2S-O2 interface of the Black Sea [27]. Recently, 301 
anaerobic thiosulfate oxidation of this group of bacteria has been described [28]. A set of genes for 302 
thiosulfate oxidation was found on the genome of BL28. Moreover, S. pontiacus was identified to 303 
be a key bacterial species to prevent Emiliania huxleyi death from the pathogen Phaeobacter 304 
inhibens using a synthetic microbial community, which shows a novel algal-bacterial interaction 305 
[29]. No clues suggesting the S. pontiacus protection have never been identified [29], S. pontiacus 306 
might have potential in maintaining the microbial community in aquatic ecosystems. In addition, 307 
re-assessment of pangenome among S. pontiacus strains revealed the presence of multicopper 308 
manganese oxidase gene. As related gene products are responsible for biogenic manganese oxide 309 
nanoparticle formation [30], S. pontiacus might perform roles in ecosystem control and 310 
micronutrient supply for host sea cucumber, and also create stress-free growth. We suggest that 311 
BL28 is capable of creating a stable stress-free relationship between host sea cucumber and the 312 
probiotic Sulfitobacter bacterium in both nutritional and environmental aspects. 313 
 314 
Conclusion 315 
The host sea cucumber transcriptome after supplementation of the S. pontiacus strain BL28 316 
suggests that the BL28 supplementation leads to physiologically and environmentally stress-free 317 
status in the host A. japonicus juveniles under experimental aquarium conditions, in particular, 318 
fulfilling the nutritional levels of the host animals. We did not find any significant clues that 319 
cobalamin/B12 biosynthesis, type IV secretion system, PHB production and sulfate metabolism as 320 
BL28 factors triggered the host growth transcriptomic responses. Considering the isolation source 321 
of strain BL28, which is a member of pioneer microbiome of A. japonicus, we speculated that 322 
symbiotic associations between the host and bacterium could be established. Further studies to 323 
identify microbial factors triggering early events occurring in the host sea cucumber are also 324 
needed to elucidate how the bacterium affects the host echinoderms in the field of EcoDevo. Those 325 
results also might contribute to developing symbiosis-based probiotics treatments. 326 
 327 
Acknowledgements 328 

We would like to thank Mrs. R. Yamano and S. Koike (Hokkaido University) for their technical 329 

support. This work was partly supported by the Hokkaido University DX Doctoral Fellowship for 330 



10 
 

the PhD scholarship for JY and the MEXT Kaken JP19K22262. 331 

332 



11 
 

References 333 

1. Perillo M, Sepe RM, Paganos P, Toscano A, Annunziata R (2024) Sea cucumbers: an emerging 334 

system in evo‑devo. EvoDevo 15:3. https://doi.org/10.1186/s13227-023-00220-0. 335 

 336 

2. Zhang X, Sun L, Yuan J et al. (2017) The sea cucumber genome provides insights into 337 

morphological evolution and visceral regeneration. PLoS Biol 15: e2003790. 338 

https://doi.org/10.1371/journal.pbio.2003790.  339 

 340 

3. Hamel JF, Mercier A (2013) Apostichopus japonicus. The IUCN Red List of Threatened Species 341 

2013: e.T180424A1629389. https://dx.doi.org/10.2305/IUCN.UK.2013-342 

1.RLTS.T180424A1629389.en.  343 

 344 

4. Yu J, Sakai Y, Mino S, Sawabe T (2022) Characterization of microbiomes associated with the 345 

early life stages of sea cucumber Apostichopus japonicus Selenka. Front. Mar. Sci. 9:801344. doi: 346 

10.3389/fmars.2022.801344. 347 

 348 

5. Yu J, Jiang C, Yamano R et al (2023) Unveiling the early life core microbiome of the sea 349 

cucumber Apostichopus japonicus and the unexpected abundance of the growth-promoting 350 

Sulfitobacter. Anim Microbiome 5:54. https://doi.org/10.1186/s42523-023-00276-2. 351 

 352 

6. Chen J, Lv Z, Guo M (2022) Research advancement of Apostichopus japonicus from 2000 to 353 

2021. Front Mar Sci 9:931903. 10.3389/fmars.2022.931903. 354 

 355 

7. Kudo R, Yamano R, Yu J et al (2024) The Description of Pseudoalteromonas apostichopi sp. 356 

nov., Vibrio apostichopi sp. nov., and Marinobacter apostichopi sp. nov. from the fertilized eggs 357 

and larvae of Apostichopus japonicus. Curr Microbiol 81:246. https://doi.org/10.1007/s00284-358 

024-03751-4. 359 

 360 

8. Vogeley C, Nguyen T, Woeste S et al (2022) Rapid and simple analysis of short and long 361 

sequencing reads using DuesselporeTM. Front Genet 13:931996. doi: 10.3389/fgene.2022.931996. 362 

 363 

9. Ge SX, Jung D, Yao R (2020) ShinyGO: a graphical gene-set enrichment tool for animals and 364 

plants. Bioinformatics, 36:2628–2629. https://doi.org/10.1093/bioinformatics/btz931. 365 

 366 



12 
 

10. Jumper J, Evans R, Pritzel A et al (2021) Highly accurate protein structure prediction with 367 

AlphaFold. Nature 596:583–589. https://doi.org/10.1038/s41586-021-03819-2. 368 

 369 

11. Kanehisa M, Furumichi M, Sato Y et al (2023) KEGG for taxonomy-based analysis of 370 

pathways and genomes. Nucleic Acids Res 51:D587–D592. https://doi.org/10.1093/nar/gkac963. 371 

 372 

12. Robinson J, Thorvaldsdóttir H, Winckler W et al (2011) Integrative genomics viewer. Nat 373 

Biotechnol 29:24–26. https://doi.org/10.1038/nbt.1754. 374 

 375 

13. Li H (2018) Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34: 376 

3094–3100. https://doi.org/10.1093/bioinformatics/bty191. 377 

 378 

14. Eisenberg E, Levanon EY (2013) Human housekeeping genes, revisited. Trend Genet 379 

29:569-574. https://doi.org/10.1016/j.tig.2013.05.010. 380 

 381 

15. Xu X, Zhao J, Xu Z et al (2004) Structures of human cytosolic NADP-dependent isocitrate 382 

dehydrogenase reveal a novel self-regulatory mechanism of activity. J Biol Chem 279:33946-383 

33957. https://doi.org/10.1074/jbc.M404298200. 384 

 385 

16. Silver JT, Noble EG (2012) Regulation of survival gene hsp70. Cell Stress Chaperones 17:1-386 

9. https://doi.org/10.1007/s12192-011-0290-6. 387 

 388 

17. Liu R, Ren X, Wang J et al (2023) Transcriptomic analysis reveals the early body wall 389 

regeneration mechanism of the sea cucumber Holothuria leucospilota after artificially induced 390 

transverse fission. BMC Genomics 24:766. https://doi.org/10.1186/s12864-023-09808-1. 391 

 392 

18. Xue Z, Li H, Wang X et al (2015) A review of the immune molecules in the sea cucumber. 393 

Fish Shellfish Immunol 44:1-11. https://doi.org/10.1016/j.fsi.2015.01.026. 394 

 395 

19. Okuda T, Mita S, Yamauchi S (2000) Molecular cloning, expression, and chromosomal 396 

mapping of human chondroitin 4-sulfotransferase, whose expression pattern in human tissues is 397 

different from that of chondroitin 6-sulfotransferase. J Biochem 128:763-770. 398 

https://doi.org/10.1093/oxfordjournals.jbchem.a022813. 399 

 400 



13 
 

20. Wang J, Chang Y, Wu F, Xue C (2018) Fucosylated chondroitin sulfate is covalently 401 

associated with collagen fibrils in sea cucumber Apostichopus japonicus body wall. Carbohyd 402 

Pol 186:439-444. https://doi.org/10.1016/j.carbpol.2018.01.041. 403 

 404 

21. Hamamura H, Adachi H, Enomoto M et al (2021) Serum proprotein convertase 405 

subtilisin/kexin type 9 (PCSK9) is independently associated with insulin resistance, triglycerides, 406 

lipoprotein(a) levels but not low-density lipoprotein cholesterol levels in a general population. J 407 

Atherosclerosis Thrombosis 28:329-337. https://doi.org/10.5551/jat.56390. 408 

 409 

22. Eissa N, Wang HP, Yao H et al (2018) Mixed Bacillus species enhance the innate immune 410 

response and stress tolerance in yellow perch subjected to hypoxia and air-exposure stress. Sci Rep 411 

8:6891. https://doi.org/10.1038/s41598-018-25269-z. 412 

 413 

23. Avella MA, Olivotto I, Silvi S et al (2010) Effect of dietary probiotics on clownfish: a 414 

molecular approach to define how lactic acid bacteria modulate development in a marine fish. 415 

American J Physiol 29:R359-R371. https://doi.org/10.1152/ajpregu.00300.2009. 416 

 417 

24. Jobson S, Hamel J-F, Hughes T, Mercier A (2021) Cellular, hormonal, and behavioral responses 418 

of the holothuroid Cucumaria frondosa to environmental stressors. Front Mar Sci 8:695753. 419 

10.3389/fmars.2021.695753. 420 

 421 

25. Kumar N, Thorat ST, Singh AK et al (2023) Manganese nanoparticles control the gene 422 

regulations against multiple stresses in Pangasianodon hypophthalmus. Sci Rep 13:15900. 423 

https://doi.org/10.1038/s41598-023-43084-z. 424 

 425 

26. Wu M, Zheng W, Song X et al (2024) Gut complement induced by the microbiota combats 426 

pathogens and spares commensals. Cell 187: 897-913.e18. 427 

https://doi.org/10.1016/j.cell.2023.12.036. 428 

 429 

27. Sorokin DY (1995) Sulfitobacter pontiacus gen. nov., sp. nov. - a new heterotrophic bacterium 430 

from the Black Sea, specialized on sulfite oxidation. Microbiology 64:295-305. 431 

 432 

28. Ding W, Wang S, Qin P et al (2023) Anaerobic thiosulfate oxidation by the Roseobacter group 433 

is prevalent in marine biofilms. Nat Commun 14:2033. https://doi.org/10.1038/s41467-023-434 



14 
 

37759-4. 435 

 436 

29. Beiralas R, Ozer N, Segev E (2023) Abundant Sulfitobacter marine bacteria protect Emiliania 437 

huxleyi algae from pathogenic bacteria. ISME Commun 3:100. https://doi.org/10.1038/s43705-438 

023-00311-y. 439 

 440 

30. Romano CA, Zhou M, Song Y et al (2017) Biogenic manganese oxide nanoparticle formation 441 

by a multimeric multicopper oxidase Mnx. Nat Commun 8:746. https://doi.org/10.1038/s41467-442 

017-00896-8. 443 

 444 

 445 

Table 1. DEG list of the host transcriptome based on QLF test. Orange background: up 446 

regulated genes in BL28 diet fed group, blue: up regulated in control diet fed group. Pink: re-447 

evaluated house-keeping gene (in human) for evaluation of up and down regulated genes in this 448 

sea cucumber host transcriptome study. 449 

 450 

 451 

Figure legends 452 

 453 

Fig. 1. Design of BL28 feeding trials and specific growth rate of sea cucumber juveniles used 454 

for host RNA-seq. (A) Feeding trials: after one week acclimation, five weeks feeding trials with 455 

and without BL28 were performed. Orange polygon: cleaning and feeding with control diets. 456 

Purple polygon: cleaning and feeding with BL28 supplemented diets. *The last feeding without 457 

cleaning before host RNA preparation was at 1.5 hours. (B) The specific growth rate (SGR) of sea 458 

cucumber juvenile. Bayesian statistics supports that SGR fed with BL28 was higher than those of 459 

control group (n=3). 460 

 461 

Fig. 2. GO enrichment of DEGs in the host transcriptome. (A) & (B): BP, up in BL28, (C) & 462 
(D): MF, up in BL28, (E) & (F): BP, up in control, (G) & (H): MF up in control. 463 
 464 

 465 

Supplementary figures 466 

Fig. S1. A closed aquarium for probiotics supplementation trials of the sea cucumber used in 467 

this study. At air inlet and exhaust, 0.22 µm filter was connected to prevent cross contamination. 468 
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Disinfect green plastic mesh scaffolds were put in this aquarium to support free movements of sea 469 

cucumber juveniles. 470 

 471 

Fig. S2. The Dusselpore outputs for the sea cucumber host transcriptome. (A) Raw reads 472 
statistics of the host RNA-Seq. (B) QC and mapping statistics of the host RNA-seq. (C) Heatmap 473 
of top30 genes which the expression varied in sea cucumber individuals by BL28 474 
supplementation. 475 
 476 

Fig. S3. Predicted protein structure comparison between sea cucumber and related human 477 

gene product. Blue sea cucumber transcriptome DEGs products.  478 

 479 

 480 

Supplementary tables 481 

 482 

Table S1. Normalized read counts per million for HSP70 isoform genes. 483 

 484 

Table S2. Normalized read counts per million for HSP26 isoform genes. 485 
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