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ARTICLE INFO ABSTRACT

As a dietary supplement, poly-p-hydroxybutyrate (PHB) has been reported to positively influence growth, boost
the immune system and enhance disease resistance in fish and shellfish. However, the protective mechanism is
little known. Thus, the present study was conducted to evaluate the effect of PHB supplementation on immune-
related enzyme activity and transcriptome-based gene expression in soiny mullet (Liza haematocheila). Results
showed that dietary PHB supplementation could increase antioxidant enzyme activity, including total anti-
oxidant capacity, catalase and superoxide dismutase. A total of 7,082,094,175 and 7,650,341,357 raw reads
with mean length of 757 bp were obtained from control and PHB (dietary PHB supplementation at 2%) groups,
respectively. There were 46,106 differentially expressed genes (DEGs) between control and PHB groups, in-
cluding 21,828 upregulated and 24,278 downregulated DEGs. All the DEGs were classified into three gene
ontology categories, and 312 DEGs related with immune system process and 760 with the response to a stimulus.
Additionally, all DEGs were allocated to 261 Kyoto Encyclopedia of Gene and Genome pathways, and major
immune-related pathways were detected, including MAPK/PI3K-Akt/TNF/NF-kB/TCR/TLR signaling pathways.
Moreover, the regulation of several observed immune-related genes was confirmed by qRT-PCR. Altogether, this
study suggests that antioxidant system is more effective for dietary PHB supplementation and lays the foundation
for further study on the precise immunostimulatory mechanism of PHB. Hopefully, it provides insights into
exploring biomarker for assessment of immunostimulants in fish culture.
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1. Introduction

Short-chain fatty acids (SCFA) are end-products of bacterial fer-
mentation processes of nutrition, which known as a biological and eco-
friendly approach of disease control in aquaculture [1-3]. However,
SCFA cannot be uptaken efficiently by aquatic animals since they are
highly soluble in water, and are not suitable to apply directly in
aquaculture [4]. Poly-B-hydroxybutyrate (PHB) belongs to SCFA, but it
is insoluble in water, and thus increases its uptake efficiency and

application in aquaculture. PHB is accumulated by a wide variety of
bacteria such as Bacillus spp. as an intracellular energy and carbon
storage compound under conditions of nitrogen depletion and carbon
excess [1,5,6]. PHB is known to have a wide range of applications in
tissue engineering, pharmaceuticals, commodity packaging, agriculture
and wastewater treatment due to some of its excellent characteristics,
such as non-toxic, biocompatibility, hydrophobicity, low oxygen per-
meability and biodegradable [3]. As a feed supplementation in agri-
culture, PHB is biologically degraded into antibacterial SCFA p-
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hydroxybutyric acid or PHB oligomers by bacterial PHB depolymerases
and/or digestive enzymes during gastrointestinal passage of aquatic
animals [1,7]. The degradation products could slightly decrease in-
testinal pH environment for benefiting the growth of probiotics, and
enhancing digestion and absorption of cultured species [5]. It was re-
ported that dietary PHB has positive effects on the growth, survival and
disease resistance of aquatic animals [4,7-15]. Studies demonstrated
that PHB has immunostimulatory efficacy in some aquatic animals,
such as soiny mullet (Liza haematocheila) [16], tilapia (Oreochromis
mossambicus) [1], giant river water prawn (Macrobrachium rosenbergii)
[10] and Pacific white shrimp (Litopenaeus vannamei) [17]. Dietary PHB
supplementation could increase the immune-related activity of enzymes
such as T-AOC, AKP, ACP, SOD, lysozyme in shrimp and mollusks, and
up-regulated some immune-related gene expression such as TLRs,
HSP70, hepcidin, MHCs, pbpA, AOX, IL-8 in fish [1,16,17]. The in-
formation on immunostimulatory mechanism is still limited in aquatic
animals [1,10,16,17], so more studies on PHB application in aqua-
culture need to be performed after considering the effect of PHB on
growth performance, immunity and disease resistance.

L. haematocheila has become an economic aquaculture mugilid
species in China and other Asian countries due to its rapid growth,
strong resistance to disease and improving water quality [18,19]. L.
haematocheila can also serve as an ideal experimental model species or
sensitive bioindicator in environmental biology and ecology studies
since it possesses extreme environmental tolerance and is very common
in coastal, short-distance migration as a native species [18]. Our pre-
vious study demonstrated that diet supplemented with 2% PHB could
increase the growth performance, higher antioxidant enzyme activity
and immune-related gene expression of L. haematocheila [16]. Recently,
transcriptome analysis has become a useful tool for understanding the
underlying pathways and mechanisms of the host in response to sti-
mulation of immunostimulants [20]. The high-throughput tran-
scriptome sequencing can provide accurate, digital gene expression
profiles of sequenced transcripts for a model or non-model organism,
particularly for the non-model organism which lacking reference gen-
omes [21]. Thus, combined with enzymatical immune system, com-
parative transcriptome between fish fed with PHB (2%) supplementated
diet and control without PHB supplementation was sequenced and as-
sembled using Illumina sequencing technology. The differentially ex-
pressed genes (DEGs) with a focus on immune-related genes were
analyzed to explore immunostimulatory mechanism of PHB. It was the
first attempt to explore the molecular mechanism of PHB's immune
regulation on L. haematocheila. This study will increase our under-
standing on the immunostimulatory mechanisms of PHB, and provide
valuable information for fish disease prevention.

2. Materials and methods
2.1. Diet preparation

PHB was obtained from Ningbo Tianan Biological Material Co., Ltd,
China. Wheat flour, corn starch, fish meal, soybean meal, rapeseed
meal, fish oil and soybean oil were provided by Hengxing Feed Co. Ltd.,
Yancheng, China. Two experimental diets (0% and 2% PHB supple-
mentation) were prepared as previously described [16], and the com-
position of diets is shown in Table 1. Briefly, all ingredients were
ground into powder, sieved through 80-mesh, blended in a mixer
thoroughly and mixed fully with fish oil and bean oil. A proper amount
of water was added to ensure the uniformity of granulation, and
granulated feeds (diameter of 2 mm) were wet-extruded by a pelletizer
(F-26, South China University of Technology, Guangzhou, China) and
then dried at 60 °C for 12h. Then, the diets were kept at room tem-
perature and air dried completely under ventilation condition. All diets
were sealed in sample bags and stored at —20 °C until use.
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Table 1

Formulation and approximate composition (g'kg ~") of experimental diets.
Items Groups Items Groups

Control PHB Control PHB

Peruvian fish meal® 120 120 Bean oil® 40 40
Soybean meal® 280 280 Ca(HyPO4)5" 20 20
Rapeseed meal” 140 140  MVP™! 20 20
Wheat flour” 170 170 Carboxymethy cellulose” 120 100
Corn starch® 50 50 PHB® 0 20
Fish oil” 40 40
Total quantity 1000 1000

@ Provided by Hengxing Feed Co. Ltd., Yancheng, China.

b purchased from Shanghai Jiande Industrial Co. Ltd., China.

¢ Purchased from Ningbo Tianan Biological Material Co., Ltd., China.

4 MVP, mineral (mg or IU/kg feed) and vitamin premixes (mg or IU/kg feed):
magnesium sulfate, 5500 IU; cobalt chloride, 4 g; manganese sulfate, 3 g; alu-
minum chloride, 8 g; potassium iodide, 7 g; zinc sulfate, 140 g; ferric citrate,
150 g; sodium selenite, 0.6 g; calcium dihydrogen phosphate, 15,000 IU; KCl,
4000 IU; copper sulfate, 8 g; biotin, 5 mg; inositol, 200 mg; vitamin B1, 50 mg;
vitamin B2, 20 mg; vitamin B6, 50 mg; vitamin B12, 0.1 mg; niacin, 250 IU;
pantothenic acid, 50 mg; folic acid, 15mg; vitamin A, 5000 IU; vitamin C,
400 mg; vitamin D3, 2000 IU; vitamin E, 400 mg; vitamin K3, 40 mg.

2.2. Ethics statement

This study was carried out in accordance with the recommendation
from the Management and Use of Laboratory Animals of Jiangsu
Province. The study did not involve the endangered or protected spe-
cies.

2.3. Experimental fish and feeding trial

Normal L. haematocheila (7.70 = 0.85 g) was collected from a local
hatchery at Yancheng City, Jiangsu province. Fish were acclimated in
an indoor cement tank (3.0m X 1.0m X 0.8 m, L X W X H) at a water
temperature of 24-26 °C, pH 6.8-7.3, dissolved oxygen (DO) greater
than 5mgL~!, NH,*-N less than 0.1 mgL~! and NO, -N less than
0.1 mgL~"! for two weeks prior to the experiment. During this period,
fish were fed with commercial diets (Tongwei Feeding Company,
China) three times (7:00 to 7:30, 14:00 to 14:30, and 19:30 to 20:00)
daily at 3% of fish body weight under a 12L/12D light cycle. 30% of the
tank water was exchanged daily.

After acclimatization, similar-sized fish were randomly divided into
two groups, including control group without any PHB supplementation
(0%) and PHB group with 2% supplementation. The fish were placed in
480 L recirculation tanks under a 12D/12L light cycle at 24 °C. There
were 30 individuals each tank which was covered with a plastic mesh
lid to prevent fish from jumping out of the tank. Each trial was con-
ducted in quadruple. The fish were hand-fed with experimental diets to
satiation three times per day for 4 weeks. All tanks were supplied with
identical supplemental aeration and water flow (approximately 3.2L/
min). The other rearing conditions throughout the experimental period
were similar to the acclimation conditions, including water tempera-
ture, pH, DO, NH,*-N and NO,~-N concentration.

2.4. Sample collection and processing

At the end of the experiment, the fish were starved for 24 h and
anesthetized with tricaine methanesulfonate (MS222) at 200 mg L!
before handling. The survival was expressed as the percentage of live
fish at the end of experiment relative to the total initially stocked fish.
Ten fish from each tank were sampled to calculate weight gain (WG)
and specific growth rate (SGR):

WG(%) = (W) — (W)/(W) x 100.
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Table 2 Table 3
Statistics of transcriptomic sequences from six libraries. Statistics of unigenes assembled from six libraries.
Groups Total raw reads Total clean reads Clean Q20 (%) Q30 (%) Total unigenes number 223,055
reads
ration (%) Total unigenes length (bp) 168,717,141
Average unigenes length (bp) 757
Control-1  8,243,423,100 7,942,464,024 96.35 98.26 94.59 Maximum unigene length (bp) 19,986
Control-2  6,834,243,000 6,498,124,726 95.08 98.27 94.65 Minimum unigene length (bp) 201
Control-3  7,115,705,400 6,805,693,774 95.64 98.28 94.69 N50 1225
Mean 7,397,790,500 7,082,094,175 95.96 98.27 94.64 N9O0 301
SE 745,738,655 760,806,735 0.64 0.01 0.05 GC percentage (%) 43.92
PHB-1 7,623,321,300 7,254,682,508 95.16 98.29 94.72
PHB-2 8,077,702,200 7,801,207,776 96.58 98.31 94.69
PHE-3 8,211,849,600  7,895,133,788 96.14 98.28 94.67 2.6. Total RNA extraction and cDNA library construction
Mean 7,970,957,700 7,650,341,357 95.96 98.29 94.69
SE 308,443,157 345,853,969 0.73 0.02 0.03

SGR(% day™) = 100[1n W, — 1n Wj]/t
Survival(%) = final number of fish/initial number of fish x 100

where, W, represents the final body weight (g) at feeding time t (days),
W; is the initial body weight (g).

Then, fish blood and spleen were collected from another five fish in
each tank and pooled as one analytical sample to evaluate the effect of
PHB supplementation on immune responses of L. haematocheila. All
samples were stored at —80 °C until use, and no samples were frozen
more than once.

2.5. Determination of immune-related enzymes

Immune-related enzymes, including SOD, CAT and T-AOC in the
serum, were analyzed by assay kits (Nanjing Jiancheng Bioengineering
Institute, China) following the manufacturers’ instruction and read on a
spectrophotometer (Bio-RAD, USA) [17,22,23]. In brief, SOD was de-
termined with hydroxylamine method for detection of superoxide ra-
dicals generated by xanthine oxidase and hypoxanthine. The inhibition
activity of SOD was determined by measuring adsorption at 450 nm
[22]. In CAT assay, CAT first decompose hydrogen peroxide (H,0,) into
water and oxygen, and then the unconverted H,O, formed a complex
with ammonium molybdate to produce a light yellow solution. CAT
activity was determined by measuring absorption at 405 nm [23]. One
unit of T-AOC activity was defined as the amount of enzyme per mg
tissue protein every minute to increase 0.01 absorbance at 37 °C [17].
All enzyme activities were defined as the amount of enzyme unit per mg
protein.
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Total RNA was extracted from spleen samples using Trizol reagent
(Invitrogen, USA) according to the manufacturer's instructions and
treated with RNase free DNase I (Qiagen, Valencia, CA, USA). The
purity of RNA was examined by NanoDrop™ and quality was assessed
with Agilent RNA 6000 Nano Kit on Agilent 2100 Bio-analyzer (Agilent,
USA). Only high quality (OD560/OD2go > 1.9) of RNA was used for
further ¢cDNA library construction. For each group, equal amounts of
RNA from three L. haematocheila individuals per tank were pooled as
one spleen sample and three samples per group were collected to pro-
vide templates for de novo transcriptome assembly. Same RNA samples
were used in quantitative RT-PCR for the gene expression, and tran-
scriptome analysis.

Ilumina sequencing was performed at the Nanjing Aurora Gene
Technology Co., Ltd. (Nanjing, China; http://jiguanggene.bioon.com.
cn). Total RNA was digested by DNase I (NEB, USA), purified by
Dynabeads™ mRNA purification kit (Invitrogen, USA), and then the
poly (A)-containing mRNA was enriched with fragment buffer (Ambion,
USA). The fragmented RNA was transcribed into the first strand cDNA
using N6 primers and SuperScript II reverse transcriptase (Invitrogen,
USA), followed by synthesis of the second strand ¢cDNA with second
strand master mix (Invitrogen, USA). Then, the double-stranded cDNA
was subjected to end repair, A-tailing and adapter ligation. The suitable
adapter-ligated fragments were enriched by PCR amplification with
PCR primer cocktail and PCR master mix (Thermo Fisher Scientific,
USA). PCR products were purified using 2% agarose gel electrophoresis
and quantified by Qubit (Invitrogen, USA). The cDNA libraries were
prepared and subsequently sequenced using an Illumina HiSeq™ 3000
platform.
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Fig. 2. Length distribution of all unigenes assembled from six libraries.

Table 4
Statistics of annotation results for soiny mullet (Liza haematocheila) spleen
transcriptome unigenes.

Database Number of unigenes Percentage (%)
Annotated in Nr 11,239 5.04
Annotated in Uniprot 11,304 5.07
Annotated in GO 8787 3.94
Annotated in COG 8672 3.89
Annotated in KEGG 9619 4.31

Total annotated unigenes 11,309 5.07

Total unigenes 223,055 100.00

2.7. Transcriptome sequencing and de novo assembly of transcripts

The raw sequencing reads were filtered to discard the reads with
adapters, reads with unknown nucleotides (bases N) higher than 5%,
and reads with more than 20% of low-quality bases (base quality < 10).
After filtering, clean reads were obtained and stored in FASTQ format
[24]. The clean reads were de novo assembled using Trinity (http://
trinityrnaseq.sf.net) with default parameters to get the unique tran-
script fragments (unigenes). Then, non-redundant unigenes as long as

possible were clustered using TIGR Gene Indices Clustering Tools
(TGICL) software [25].

2.8. Unigenes functional annotation and classification

The assembled unigenes were aligned by BLASTX search (cut-off E-
value of 1e®) in known protein databases to identify the coding se-
quence (CDS), including NCBI non-redundant protein database (Nr:
http://www.ncbi.nlm.nih.gov), Swiss-Prot database (http://www.
uniprot.org), Clusters of Orthologous Groups of Proteins database
(COG: http://www.ncbi.nlm.nih.gov/COG/), and Kyoto Encyclopedia
of Genes and Genomes (KEGG: http://www.genome.jp/kegg) by Blastx
with E-values of less than 10~°. Unigenes which cannot be aligned to
any protein database were also scanned using ESTScan [26], producing
predict coding region and direction. If results from the databases con-
flicted, the priority order of alignment was Nr, KEGG, Swiss-Prot and
COG databases. The Blas2GO software was used to obtain gene on-
tology (GO) (http://www.geneontology.org/) annotation of the uni-
genes based on BLASTX hits against Nr annotation, and then WEGO
software was used to perform GO functional classification [27].
Pathway assignments were generated using the KEGG database (http://
www.genome.jp/kegg), and KEGG Orthology (KO) of unigenes were

M Larimichthys crocea M Cyprinus carpio W Harpegnathos saltator " Cricetulus griseus M Habropoda laboriosa
M Scleropages formosus M Capitella teleta BMus musculus M Ancylostoma ceylanicum M Homo sapiens
M Stegodyphus mimosarum M Columba livia M Daphnia pulex M Caenorhabditis brenneri ¥ Trichuris suis
Lasius niger M Tupaia chinensis M Toxocara canis M Octopus bimaculoides M Danaus plexippus
M Trichinella pseudospiralis W Lucilia cuprina M Ophiophagus hannah M Epinephelus coioides [ Anopheles sinensis

Fig. 3. Species distribution using Blastx against NCBI Nr database.
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Fig. 6. Top 20 pathways with the largest numbers of unigenes based on KEGG annotation analysis.
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Fig. 7. Volcano analysis of different expression genes (DEGs) in spleen of soiny
mullet by comparing PHB group to control. The expression level for each uni-
gene was included in the volcano plot. Non, no differential expression; Up,
upregulation; Down, downregulation. The X-axis means fold change of the gene
between control and PHB groups. Y-axis shows LogP of unigene. The significant
DEGs were considered as FDR <0.001 and fold change =1. PHB, soiny mullet
fed with 2% PHB supplementation diet; CON, soiny mullet fed with basal diet
without PHB supplementation.

analyzed based on blastx hits against the KEGG database.

2.9. Differential expression and enrichment analysis

Gene expression levels were first estimated by mapping clean reads
to Unigenes using Bowtie 2 (version v2.2.5), and then calculated for
each sample with RSEM (version v1.2.12) [28]. The abundance of all
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genes was normalized and calculated using uniquely mapped reads by
the RPKM (reads per kilobase of transcript per million reads mapped)
method [29]. Differentially expressed genes between control and PHB
groups were analyzed according to method of Audic and Claverie [30].
To be biologically meaningful for single replicate experiments, strin-
gent criteria with a false discovery rate (FDR) < 0.001 and the absolute
value of log2 ratios (fold change between control/PHB samples) = 1
was used as the threshold to judge the significance of the gene ex-
pression differences [31]. In addition, please note that for single re-
plicate experiments, though DEGs analysis could still provide P-values
for gene expression, these P-values had no real statistical power and
were for exploratory purposes only. A Venn Diagram was generated
using R software (version 3.2.0). All DEGs were then carried out into
GO functional enrichment analysis and KEGG pathway analysis with
Goatools software (http://github.com/tanghaibao/GOatools) and
KOBAS software (http://kobas.cbi.pku. edu.cn/home.do).

2.10. Validation of RNA-Seq results with qRT-PCR

To validate our RNA-Seq sequencing data, seven putative DEGs of
control vs PHB were randomly selected for qRT-PCR analysis, including
EGFR, FOS, MAPK, p38, TLR1, TLR5, IL8. The same RNA samples were
used for qRT-PCR amplification and RNA-Seq profiling mentioned
above. Reverse transcription with random hexamer primers was per-
formed with the MMLV reverse transcriptase kit (TaKaRa, Dalian,
China). Gene-specific primers were designed based on the assembled
gene sequences using Primer Premier 6 software (Premier Biosoft
International, CA, USA) (Table S1). B-actin was used as a reference gene
for calculating the relative expression level of these seven DEGs. The
qRT-PCR was performed in a 25 L reaction volume containing 12.5 pL
of SYBR® Premix Ex Taq™ (TaKaRa, Dalian, China), 1.0 uL of each
primer (10 uM), 2.0 uL of cDNA template (< 100ng), and 8.5uL of
nuclease-free water with a CFX96 Real-Time PCR detection system (Bio-
Rad, USA). The qRT-PCR thermal cycling parameters were 95 °C for
30s, 40 cycles of 95°C for 5s and 56.9-64.3 °C for 32s, followed by


http://github.com/tanghaibao/GOatools
http://kobas.cbi.pku.%20edu.cn/home.do

G. Qiao, et al.

Fish and Shellfish Immunology 95 (2019) 314-327

GENE-exp-cluster

.

T PN W

Genes

b
1
_F

—

value type
Mz HEconN
B:c PrHE2
4
2
Bo

PHBZ.rep1
PHB2.rep2

COM.rep2

COM.rep1
COM.rep3

Fig. 8. Hierarchical clustering of DGEs in soiny mullet fed with PHB supplementation diets. PHB2. rep3/2/1, soiny mullet fed with 2% PHB supplementation diet in
triplicate; CON. rep3/2/1, soiny mullet fed with basal diet without PHB supplementation.

dissociation curve analysis at 65 °C for 5 to verify the amplification of
a single product. Three biological replicates were analyzed for each
treatment and each sample was analyzed in technical triplicates.
Reverse transcriptase negative controls and no template controls were
included on all plates. Melting curve analysis was performed at the end
of each PCR assay to determine target specificity. The relative expres-
sion changes of each gene were calculated according to 2-*2°* method
and normalized to expression of the endogenous control gene (-actin
[32].

2.11. Statistical analysis

All data were expressed as the mean *= SD (standard deviation).
Significant differences between control and PHB group were de-
termined using Dunnett's t-test by a statistical analysis system software
(SPSS 17.0). Statistical significance was set at the level of P < 0.05.

3. Results and discussion
3.1. Growth performance

Significant differences were observed in the growth parameters
between control and PHB groups (P < 0.05). Final body weight (FBW),
weight gain (WG) and specific growth rate (SGR) in the PHB group were
11.40 + 0.83¢g, 47.37 = 10.72% and 1.29 * 0.24% day*, respec-
tively. In control group, FBW, WG and SGR were 9.66 = 0.19¢g,
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24.87 + 2.39% and 0.74 = 0.06% day ', respectively. No significant
difference was observed in the survival of L. haematocheila between
control (100%) and PHB (100%) groups (P > 0.05) (Table S2). In
other studies, PHB has been reported to promote the growth of tilapia
(Oreochromis niloticus) [33], European sea bass (Dicentrarchus labrax)
[4], M. rosenbergii larvae [24], Siberian sturgeon (Acipenser baerii) [6],
Chinese mitten crab (Eriocheir sinensis) larvae [10,34] and sea cucumber
(Apostichopus japonicus) [35]. Our previous study also demonstrated
that 2% PHB-supplemented diet for 4 weeks or 0.5% PHB-supple-
mented diet for 8 weeks could increase L. haematocheila growth [16].
Thus, feeding 2% PHB supplemented level for 4 weeks was conducted
in the present study. The growth-promoting effect might be mainly
ascribed to intestinal pH slight reduction, gastrointestinal health status
increment, or stimulation of the intestinal microbiota [2,15-17,36].
Dietary PHB supplementation could increase the relative abundance of
Bacillus [16,17].

3.2. Immune-related enzyme activity

SOD, CAT and T-AOC play important roles in the antioxidant de-
fense system [37-43]. Compared with the control group, T-AOC, SOD
and CAT activities in the PHB group were significantly induced. SOD
and CAT activities in the PHB group increased from 135.57 to 143.66 to
194.53 and 290.12 Umg ™! protein, respectively (P < 0.01) (Fig. 1). In
other studies, T-AOC, SOD and CAT activities were enhanced sig-
nificantly in O. niloticus and shrimp fed diets supplemented with PHB
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Fig. 9. Gene Ontology (GO) classification analysis of DEGs.

[1,17]. Thus, de novo transcriptome analysis in L. haematocheila spleen
was further conducted to exploit the immune response pathway and
genes in response to this prebiotic, PHB. It will provide very useful
information to develop ecofriendly high efficient immune-strategies to
prevent diseases. The spleen was chosen to do transcriptome analysis in
this study for three reasons: 1) spleen and head kidney are often used to
investigate immune responses of organisms against prebiotics, probio-
tics and pathogenic infection [19,20,44]; 2) many immune-related
genes are highly expressed in head kidney or spleen [19,20]; 3) tran-
scriptome of L. haematocheila spleen had been constructed, and 11,461
differentially expressed unigenes were identified post Streptococcus
dysgalactiae. Fifteen pathways annotated by KEGG were identified to be
related with the immune system [19].

3.3. Transcriptome sequencing and assembly of transcripts

After  filtering  dirty reads from the raw reads,
7,082,094,175 + 760,806,735 clean reads were obtained from spleen
in the control group, and 7,650,341,357 + 345,853,969 clean reads
were achieved in the PHB group, respectively. Both groups showed si-
milar Q20% (the rate of bases which quality is greater than 20) over
98%, Q30% (the rate of bases which quality is greater than 20) over
94% (Table 2), and GC percentage of 43.92% (Table 3). These clean
reads were further assembled into 223,055 unigenes with a N50 of
1225 bp. The mean length of assembled unigenes was 757 bp, with a
total length of 168,717,141 bp (Table 3). Length distribution of all the
unigenes showed that the most abundant unigenes were clustered in a
group with 200-400 bp (Fig. 2). These data were in agreement with
previous studies using Illumina sequencing [19,45,46], which revealed

that transcriptomes of L. haematocheila spleens were effectively con-
structed and facilitated a systematic genetic information resource for
further analysis. The raw data from this study were deposited in the
NCBI Sequence Read Archive database under accession numbers
SRR9662972, SRR9662973, SRR9662974, SRR9662975, SRR9662976
and SRR9662977. Assembled unigenes and annotation information are
available from the authors upon request.

3.4. Unigene functional annotation

A total of 223,055 unigenes were subjected to annotation analysis
by at least one of the reference databases (Nr, Uniprot, GO, COG and
KEGG). The number of unigenes with significant similarity to sequences
in Nr, Uniprot, GO, COG and KEGG databases were 11,239 (5.04%),
11,304 (5.07%), 8787 (3.94%), 8672 (3.89%) and 9619 (4.31%), re-
spectively (Table 4). The higher BLASTx hits were observed in KEGG
and Nr databases. The BLASTx top-hit species rankings of gene anno-
tations showed that the highest sequence similarity was with large
yellow croaker (Larimichthys crocea) (59% hit ration), followed by
common carp (Cyprinus carpio) (7% hit ration) (Fig. 3). As demon-
strated by Qi et al. [19], BLASTx top-hit species rankings of gene an-
notations of L. haematocheila showed 57.9% sequence similarity with O.
niloticus. Actually, both L. crocea and O. niloticus belong to Percoidei in
taxonomy, and they show high similarity in its habit and morphology.
These high species sequence similarities suggested that the phylogeny is
conserved between L. haematocheila and other fish species.

The GO is a standardized system for categorizing genes and gene
products across species [47]. GO functional analysis based on Nr an-
notation from NCBI showed that 8787 unigenes were classified into 67
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Fig. 10. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of DEGs between control and PHB groups.

subcategories of three major categories: the biological process, cellular
component and molecular function (Fig. 4). In the biological process
category, cell part and organelle were two most abundant subcategories
(Fig. 4). Within the cellular component category, the most common
groups were cellular process, followed by a single-organism process and
biological regulation. In the molecular function category, the most
dominant groups were binding and catalytic activity.

The COG database was used to further align the assembled unigenes
to classify phylogenetically the proteins encoded by unigenes [19,48].
In total, 8672 unigenes were classified into 25 functional categories.
The predominant categories were the cluster of general function pre-
diction (1371 unigenes, 15.80%), post translational modification, pro-
tein turnover and chaperones (940, 10.84%), replication, recombina-
tion and repair (825, 9.51%). The least abundant categories were cell
motility (10, 0.12%), nuclear structure (10, 0.12%) and extracellular
structures (1, 0.01%). A number of 76 unigenes (0.88%) were donated
into defense mechanism, indicating these unigenes might be involved in
the immune defense of L. haematocheila (Fig. 5). These results were
similar to those obtained from L. haematocheila, C. carpio and Onchidium
struma [19,49].

The KEGG database (http://www.genome.jp/kegg/) as a bioinfor-
matics base was used to analyze the gene functions [50]. A total of 9619
unigenes were grouped into 348 known pathways (Fig. 6). Among 348
known pathways, the five top pathways were metabolic pathways (789,
8.2%), biosynthesis of secondary metabolites (297, 3.1%), microbial
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metabolism in diverse environments (177, 1.84%), biosynthesis of an-
tibiotics (173, 1.8%) and focal adhesion (162, 1.68%) (Fig. 6). It was
worth mentioning that four out of 20 top pathways were related to the
immune system, involving 491 unigenes. The most-represented im-
mune system pathway and immune signal transduction pathway were:
focal adhesion (162 unigenes), PI3K-Akt signaling pathway (135 uni-
genes), MAPK signaling pathway (98 unigenes) and ECM-receptor in-
teraction (96 unigenes), respectively (Fig. 6). Vast majority of genes in
these immune-relative pathways were also annotated. The identifica-
tion of large numbers of immune-relative pathways/genes in L. hae-
matocheila transcriptome supported the idea that the immune-relative
pathways were well conserved between fish and mammals.

3.5. Identification of differently expressed immune-related genes and
pathways

Differently expressed genes in the spleen of L. haematocheila were
analyzed between control and PHB groups by calculating the reads per
kilobase per million reads value [51]. The 46,106 unigenes showed
different expression, including 21,828 up-regulated unigenes and
24,278 down-regulated unigenes in the PHB group (Figs. 7 and 8). To
identify the function and pathways of DEGs, we performed GO and
KEGG enrichment analysis. A total of 1754 DEGs were assigned into
three categories including 65 GO terms. Among them, 312 DEGs were
involved in immune system process, and 760 unigenes in response to a
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Table 5
Immune-related differentially expressed genes (DEGs) regulated in spleen of soiny mullet fed with 2% poly-B-hydroxybutyrate (PHB) supplementation diets for 30
days.
Category/Gene name Description Fold change p-value Up/down
MAPK signaling pathway
EGFR epidermal growth factor receptor 1.84 2.46E-20 up
SOS son of sevenless 13.91 1.42E-02 up
FOS proto-oncogene protein c-fos 36.41 0.00E+00 up
MAPK mitogen-activated protein kinase 5 5.53 0.00E + 00 up
NF-xB nuclear factor NF-kappa-B p105 subunit 212 5.71E-05 up
p38 p38 MAP kinase 0.06 3.26E-05 down
PI3K-Akt signaling pathway
VWF von Willebrand factor 2.47 2.09E-04 up
ITGa2B integrin alpha 2B 1.65 3.74E-45 up
PTK2, FAK focal adhesion kinase 2 4.06 5.51E-02 up
PIK3CA_B_D phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha/beta/delta 0.19 9.97E-03 down
TNFSF6 tumor necrosis factor ligand superfamily member 6 2.90 4.26E-126 up
TNF signaling pathway
TAK TAK1-binding protein 3 0.50 6.62E-02 down
CEBPB CCAAT/enhancer binding protein (C/EBP), beta 15.78 0.00E+00 up
PIK3CA B.D phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha/beta/delta 0.19 9.97E-03 down
RELA transcription factor p65 0.47 1.60E-02 down
NF-kBIA NF-kappa-B inhibitor alpha 2.99 0.00E + 00 up
T cell receptor signaling pathway
PIK3CA_B_.D phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha/beta/delta 0.19 9.97E-03 down
MAP3K8 mitogen-activated protein kinase 8 5.53 0.00E + 00 up
NF-xB nuclear factor NF-kappa-B p105 subunit 212 5.71E-05 up
NF-kBIA NF-kappa-B inhibitor alpha 2.99 0.00E+00 up
Toll-like receptor signaling pathway
TLR1 toll-like receptor 1 0.38 2.20E-17 down
TLR5 toll-like receptor 5 24.53 1.84E-94 up
TLR6 toll-like receptor 6 0.48 2.75E-05 down
TIRAP toll-interleukin 1 receptor (TIR) domain-containing 0.40 2.07E-09 down
RAC1 Ras-related C3 botulinum toxin substrate 1 2.55 1.77E-03 up
To be continued
NF-«xB nuclear factor NF-kappa-B p105 subunit 2.12 5.71E-05 up
IL8 interleukin 8 6.68 8.55E-18 up
NF-xBIA NF-kappa-B inhibitor alpha 2.99 0.00E+00 up
MAP3K8 mitogen-activated protein kinase 8 5.53 0.00E +00 up
FOS proto-oncogene protein c-fos 36.41 0.00E +00 up
MAP2K4 mitogen-activated protein kinase 4 0.33 5.54E-14 down
NF-kappa B signaling pathway
TNFRSF5 tumor necrosis factor receptor superfamily 2.46 0.00E+00 up
TAK TAK1-binding protein 3 0.50 6.62E-02 down
NF-«xB nuclear factor NF-kappa-B p105 subunit 2.12 5.71E-05 up
NF-kBIA NF-kappa-B inhibitor alpha 2.99 0.00E + 00 up
RELA transcription factor p65 0.47 1.60E-02 down
PTGS2 prostaglandin-endoperoxide synthase 2 4.58 6.91E-158 up
45.0 RNA-seq uqRTPCR were in response to a stimulus. Furth.er KEGG analysis a'nnotateq 3339
400 F DEGs to 261 signaling pathways. Six pathways associated with the
2 350 immune system were identified: MAPK signaling pathway, PI3K-Akt
£ signaling pathway, TNF signaling pathway, TCR signaling pathway,
é 300 TLR signaling pathway and NF-xB signaling pathway (Fig. 10, Table 5).
¢ 250 Most of the pathways are responsible for the antioxidant system and
E 20.0 inflammatory response [52].
& 15.0
. 3.6. Validation of seven DEGs by RT-qPCR
5.0 Following RNA-seq transcriptomic profiling of pooled data, ex-
0.0 pression of seven DEGs were selected to re-assess by qRT-PCR using
FOS EGFR ~ MAPK P38 TLR1 TLRS IL8 individual biological replicates (n = 6 per treatment) and normalized to
Genes B-actin. The results are shown in Fig. 11. The expression results ob-

Fig. 11. Comparison of relative fold changes between RNA-seq and gRT-PCR in
spleen of soiny mullet. Fold changes are expressed as the ration of gene ex-
pression after PHB supplementation to the control group as normalized to -
actin. See abbreviations in the text.

stimulus (Fig. 9). These results were similar to previous reports in the
spleen of L. haematocheila post Str. dysgalactiae challenge [19]. 388
DEGs were involved in the immune system process, and 1441 DEGs
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tained by qRT-PCR and RNA-Seq showed a high similarity, further
supporting the reliability of the gene identified by RNA-seq.

3.7. MAPK signaling pathway

Mitogen-activated protein kinase (MAPKs) signaling pathway plays
an essential role in modulating other intracellular proteins and reg-
ulating vital functions like cell differentiation, apoptosis, proliferation
and immune responses [53]. In this study, some of the genes such as
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EGFR, SOS, FOS, MAPK and NF-«B in the PHB group were up-regulated
by 1.84-, 13.91-, 36.41-, 5.53- and 2.12-folds, respectively (Table 5).
EGFR is a membrane receptor and activated to regulate many cellular
actions, such as cell growth, differentiation, apoptosis, proliferation and
vasculogenesis [54,55]. MAPK is an activated factor in MAPK signaling
pathway, which regulates the expression of NF-kB and further partici-
pate in the cell proliferation, apoptosis and inflammation [56]. Up-
regulation of EGFR, SOS, FOS, MAP3K8 and NF-kB could increase cel-
lular processes, especially inflammation, to protect themselves or adapt
to the environment [57]. Inflammation plays an important role in host
defense reaction in response to the invasion of pathogens, tissue da-
mage, or environmental assaults [58]. A balance of injury and re-
storation during an inflammatory response must be achieved to keep a
good health of animals. If the balance is broken due to excessive pro-
inflammatory response, chronic tissue damage will occur [57]. Mean-
while, the initiation and functionality of the cellular processes involved
in a pro-inflammatory response can also be developed as potential
targets for anti-inflammatory therapeutics [58]. In the current study,
the transcription levels of some pro-inflammatory cytokines such as
TNFSF6 and IL8 were upregulated, and some of them such as TLR1 and
TLR6 were downregulated. Simultaneously, the transcription of some
anti-inflammatory factors such as NF-kB and NF-kBIA in different sig-
naling pathways was upregulated. These dynamic or diverse regulation
of both pro-inflammatory cytokines and anti-inflammatory factors will
be beneficial to achieve the balance and enhance the host defense.
Accordingly, in the antioxidant defense system, enzymatical T-AOC,
SOD and CAT activities which represented by inflammatory cytokines
and gene regulation [52] were increased in this study. However, ex-
cessive nitric oxide (NO) production was not detected (data not shown),
suggesting that no excessive pro-inflammatory response was occurred
in the present study. Excessive NO production can lead to cytotoxicity
and autoimmune disorders [59]. Astaxanthin has been proved to pro-
tect Channa argus against lipopolysaccharide (LPS) induction through
NF-kB and MAPKs signaling pathways [59]. More protection me-
chanism of PHB in this signaling pathway in vivo and ex vivo should be
studied.

3.8. PI3K-Akt signaling pathway

The phosphatidylinositol 3-kinase/protein kinase-B (PI3K-Akt)/
mTOR (mechanistic target of rapamycin) signaling pathway is known in
regulating adaptive immune cell activation, and also plays critically
physiological and pathological roles in the innate immune response
against pathogens and environmental pollutants [60-64]. In the current
study, the expressions of VWF, ITGa2B, PTK2 (FAK) and TNFSF6 were
upregulated by 2.47-, 1.65-, 4.06- and 2.90-folds, respectively
(Table 5). The expression of PI3K was downregulated. PI3K is a crucial
coordinator of intracellular signaling in response to the extracellular
stimulators. Hyperactivation of PI3K could have a beneficial clinical
effect such as in cancer therapy and inhibition of viral replication [62].
Lots of drugs play roles in disease treatment through inhibition of
various components in PI3K-Akt pathway. De-regulation of the PI3K
communication pathway can reduce the oxidative stress [52]. Then,
PI3K activates protein kinase B (PKB, also termed as Akt) and triggers a
series of signal transductions [63]. Akt is one of the most important
kinases involved in regulating broad cellular functions including im-
munity, growth and survival. Meanwhile, Akt is known as a phos-
phorylation factor on IkappaB (I-kB) with the function of activation of
NF-kB and mTOR [64,65]. NF-kB and mTOR plays a pivotal role in the
development of immune responses, and regulation of the gene expres-
sion involved in cell survival, cell death, inflammation, proliferation
and cell differentiation [54,61]. However, different Akt expression be-
tween PHB group and control was not detected at this time point. More
studies on Akt expression at different time point post PHB stimulation
should be conducted in future researches. Although different Akt
transcription was not detected, the expressions of TNF in both PI3K-Akt
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and NF-kB signaling pathways were upregulated in the current study
(Table 5). As we know, TNF is also one of physiological inducers for the
nuclear transcription factor NF-xB [66]. It suggested that NF-kB sig-
naling in fish might be well-related with PHB stimulation in cell growth
and proliferation, but not with mTOR signaling. The relative expression
levels of the mTOR signaling-related genes in shrimp were reported to
increase post PHB stimulation [67]. The above results implicated that
signaling pathway might be somehow different between fish and
shrimp species.

3.9. TNF and NF-xB signaling pathway

TNF and NF-kB signalings control peripheral immune activation and
protective inflammatory responses, and develop as a therapeutic target
in disease treatment, such as multifactorial autoimmune inflammatory
diseases [68]. In this study, the transcription of TAK was down-
regulated by 0.5-fold, but CEBPB was upregulated by 15.78-folds for
TNF signaling pathway (Table 5). For NF-kB signaling pathway, the
transcriptions of some inducers such as TNF, NF-kB and PTGS were
upregulated, and the transcriptions of some factors controlled excessive
expression such as NF-kBIA, RELA and TAK were different between PHB
group and control. These different expressions of targeting genes acti-
vate TNF and NF-kB signaling pathways, and control the balance not
inflammation to take protective effect of PHB supplementation in L.
haematocheila. As previous studies demonstrated that the NF-xB/PI3K-
Akt/TCR signaling are involved in response to dietary lipid supple-
mentation [52]. After all, PHB is familiar to lipid considering their
common characteristics that both of PHB and lipid are insoluble and
can be depolymerized into organic acids [16,52]. The function of tar-
geting genes post PHB stimulation in different pathways should be
studied further to explore the critical regulation mechanism for devel-
oping a more effective prevention method in sustainable L. haema-
tocheila culture.

3.10. TCR and TLR signaling pathway

Signaling from T cell receptor (TCR) and Toll-like receptor (TLR) are
also critical for mounting the innate and adaptive immune responses
[69]. T cells are important lymphoid cells involved in cellular immunity
[70]. TLRs are the first characterized innate immune receptors [71],
and play important roles in innate and adaptive immunity by activating
antigen-producing cells in fish [71]. In the present study, some genes in
TLR signaling such as TLR5, IL8 and FOS were upregulated significantly
by 24.53-, 6.68-, and 36.41-folds, respectively (Table 5). The others
such as TLR1 and TIRAP were down-regulated by 0.38-, 0.40-folds. The
expression level of NF-kBIA was also increased to inhibit excessive in-
flammation (Table 5). TLR1 molecules do not have LRRNT modules in
the N-terminal and are important for dimerization with TLR2 which
recognizes various ligands from bacteria [72]. TLR1 plays an important
role in anti-microbial immunity through possible recognition of LPS,
poly (I:C) and lipopeptides [71]. TLR5 is responsible for the detection of
flagellin, and specially recognizes the constant domain relatively con-
served among different bacteria species through close physical inter-
action between TLR5 and flagellin [73-75]. Then, NF-xB signaling is
activated to fight for infection. There is a two-step flagellin response
predicted to occur for host defense against bacterial infection: 1) fla-
gellin first induces the basal activation of NF-kB via TLR5; 2) the in-
ducible TLR5 amplifies TLR5-mediated cellular responses in a positive
feedback profile [76]. In the current study, the expression level of TLR5
post PHB stimulation was increased by 24.53-folds (Table 5), which
would raise the initial flagellin recognition via TLR5 and an ex-
aggerated inflammatory response would be avoided against the bac-
terial infection because of the binding of TLR5 to flagellin [77]. As
reported in rainbow trout (Oncorhynchus mykiss) and gilthead seabream
(Sparus aurata), TLR5 could bind flagellin and enhance innate immune
response [77]. In this study, TLR6 was annotated and the expression
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level were decreased (Table 5). Actually, TLR6 has not yet reported in
fish, but some closed genes such as TLR14 were found in fish [78-80].
This gene has functions in generating immune response against various
pathogens in water [72]. The present result need to be explained more
in future, including whether it is resulted from wrong annotation or due
to TLR6 exists in L. haematocheila, such as molecular cloning, cDNA
sequence and bioinformatics analysis. Based on above results, dietary
PHB supplementation could enhance anti-bacterial infection through
possible TLR5 binding to flagellin. However, the precise mechanism
needs further studies. After the recognition of the corresponding ligands
via interactions with LRRs, TLRs are activated and the related adaptor
proteins are recruited with the cytoplasm, and different signaling cas-
cades such as NF-xB are triggered [71,74,81,82].

4. Conclusions

In this study, we evaluated the immunostimulatory mechanism of
dietary PHB supplementation on L. haematocheila by antioxidant en-
zyme activity and transcriptome-based MAPK/PI3K-Akt/TNF/NF-xB/
TCR/TLR signaling pathways. The antioxidant enzyme activity in-
cluding T-AOC, SOD and CAT increased, and MAPK/PI3K-Akt/TNF/NF-
kB/TCR/TLR signaling were activated in response to PHB stimulation.
These signaling pathways are well-related with both innate and adap-
tive immune response, especially antioxidant system. In each signaling
pathway, the expression levels of some inducers such as MAPK and NF-
kB were increased, and some inhibitors such as NF-kB inhibitor alpha
were also increased. These interaction among different genes would be
beneficial to alleviate overactive innate response, but enhance im-
munity and disease resistance of aquatic animals as reported in fish,
shrimp, and oyster species. Overall, immuno-enhancement of PHB
might be more related to the antioxidant system based on both enzyme
activities and transcriptome-based signaling. That information provides
a useful and valuable evaluation of PHB immunity enhancement in L.
haematocheila. Further studies on the detailed/precise mechanisms be-
tween intestine microbiota such as relative abundance increasement of
Bacillus sp. and immune-related signaling pathway induced by PHB
should be conducted. PHB has a high potential to develop as novel
prebiotics in Aquaculture. Hopefully, biomarkers can be developed for
evaluation of effects of immunostimulants in the future study based on
the findings from this study.
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