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ARTICLE INFO ABSTRACT

White tail disease caused by Macrobrachium rosenbergii nodavirus (MrNV) infection takes place only in nauplii,
not adults, of M. rosenbergii prawn. Hemocyte homeostasis and immune-related functions derived from the
hematopoietic tissue (Hpt) in adult prawn are presumed to play roles in resisting viral infection. To elucidate the
role of the Hpt cell response to MrNV, a comparative transcriptome analysis was performed with MrNV-infected
prawn at various time intervals. The results showed that there were 462 unigenes that were differentially ex-
pressed between mock and infected samples. BlastX sequence analysis revealed that two proteins, crustacean
hematopoietic factor (CHF) and cell growth-regulating zinc finger protein (Lyar), are involved in hemocyte
hematopoiesis and are up-regulated during MrNV infection. In fact, genes involved in cell growth regulation and
immunity were highly expressed at 6 h and decreased within 24 h post-infection. Localization studies in the Hpt
tissue revealed the presence of anti-lipopolysaccharide factor (ALF) and CHF mRNAs in Hpt cells. Considering
these findings, we concluded that resistance to MrNV infection in adult prawn is due to an increase in humoral
immune factors and the acceleration of hemocyte homeostasis by the dual roles of the Hpt organ in M. ro-
senbergii.
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1. Introduction prawn. Experimental challenges of adult prawn with either MrNV or

white spot syndrome virus (WSSV) showed disease resistance, sug-

Macrobrachium rosenbergii (Mr) or giant freshwater prawn is con-
sidered one of the most economically important crustaceans for Asian
countries. The establishment of specific-pathogen-free nauplii fre-
quently fails due to contamination with viruses during preparation of
broodstocks. One of the most common diseases that causes mass mor-
tality of nauplii is white tail disease caused by Macrobrachium ro-
senbergii nodavirus (MrNV) together with extra small virus [1,2]. This
infectious disease presents as whitish muscle and causes a massive loss
at the postlarvae (PL) stage but does not cause any symptoms in adult

gesting a well-developed, highly efficient immunity against the viruses
in the adult animals [3,4]. Three well-established parameters, proPO,
O, and clotting time, significantly increase in hemolymph during
WSSV clearance in adult prawn, whereas the total hemocyte number
and superoxide dismutase activity decrease [5,6]. This result suggests
that WSSV resistance might correspond to humoral immunity rather
than cellular response.

During infection or injury, there is a notable decrease in the circu-
lating hemocyte population; therefore, the survival of prawn relies
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partly on newly synthesized hemocytes released from hematopoietic
tissue (Hpt) [7]. Hpt is a specialized tissue that contains self-renewing
stem cells that generate hemocytes, a process called hematopoiesis,
throughout an animal's life [8]. It is hypothesized that this organ might
play dual roles as a source of hemocyte proliferation and a humoral
defensive mechanism during microbe infections. Proteomic analysis of
Hpt from WSSV-infected red claw crayfish demonstrated an increase in
many proteins participating in metabolic processes, signal transduction
and especially immune enhancement pathways during the experimental
infection [9]. It is thus presumed that humoral immunity-related pro-
teins detected in the hemolymph of infected crayfish might be synthe-
sized by Hpt during infection.

In this study, we determined the differential gene expression in Hpt
of adult prawn during an experimental MrNV infection by next-gen-
eration sequencing to identify the important genes responsible for dis-
ease resistance. These findings will provide insight into the molecular
defensive mechanism of Hpt against MrNV infection, which would be
helpful for disease management of this prawn aquaculture under many
unavoidable stressful conditions.

2. Materials and methods
2.1. MrNV inoculums

The MrNV inoculums were prepared and purified according to our
published protocol [10]. Briefly, Sf9 cells were transfected with syn-
thesized RNA1 and RNA2 using Cellfectin II reagent (Invitrogen, Ca-
marillo, CA) following the manufacturer's instructions. At 96 h, the
transfected cells were then collected and homogenized in PBS. The
supernatant was collected for stepwise centrifugation to purify viruses.
The viral pellet was finally resuspended in PBS, and the viral copy
numbers were quantitated by real-time PCR using specific primers for
MrNV (Table 1). A standard curve for quantifying the MrNV viral
genomic copy number was obtained from a 10-fold serial dilution of a
PGEM T-easy vector containing the full length of synthesized RNA2
(1175 bp). The PCR thermal conditions consisted of 45 cycles of de-
naturation at 94 °C for 30 s, annealing at 53 °C for 30 s, and extension at
72°C for 30s. The stock was used at a concentration of 10 copy uL ™'
for intramuscular (IM) injection into the prawn.

2.2. Animals and MrNV challenging

A total of 40 adult prawn with approximately 15 + 0.8 g body
weight were obtained from a commercial farm in Ratchaburi Province,
Thailand. They were screened for contamination with 8 infectious
viruses, including yellow head virus (YHV), gill-associated virus (GAV),
white spot syndrome virus (WSSV), monodon baculovirus (MBV), in-
fectious hypodermal hematopoietic necrosis virus (IHHNV), hepato-
pancreatic parvovirus (HPV), Taura syndrome virus (TSV) and Laem-
Singh virus (LSNV), by PCR or RT-PCR, maintained in 300L tanks,

Table 1
Primer used in this study.
Name Primer sequence (5-3") Purpose
RNA2 (F) 5- AAAGGATATTCGATATTCTATCATC-3’ Virus copy number
(R) 5- ACGTCACTCCTAGCACTTCT-3’
ALF (F) 5’- GTCTTGGGTTGTTTTGGTAA-3’ RT-qPCR
(R) 5- CATCGTTACTTCCCACTTGT-3’
HSP70 (F) 5- GTCCTGATGAAGATGAAGGA-3’ RT-qPCR
(R) 5- CCTTGCCACTTGTTACTTTC -3’
CHF (F) 5- GAGGGTCTGTCTTGCTACTG-3" RT-qPCR
(R) 5- GGTACTTCTCCTCGTCTCCT-3"
MSO (F) 5- TCGCAGTTGTGTATTTGTGT-3’ RT-qPCR
(R) 5- AAAATAATGCTCGAGTCCAA-3’
EF-1a (F) 5- ATGTCATGGTGGAAGAAGAG -3’ RT-qPCR

(R) 5- AAAGTTGACCACCATACCAG -3’
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supplied with filtered water at 30 = 0.5°C, and fed daily with com-
mercial food before use.

Groups of ten specific pathogen-free prawn were intramuscularly
injected with 100 uL of 10 copy pL~! MrNV inoculum, and their he-
matopoietic tissue was collected at 6 and 24 h post injection for next-
generation sequencing (NGS) and in situ hybridization. Untreated
prawn was employed as negative controls in the experiments.

2.3. Total RNA isolation, next-generation sequencing and bioinformatics

Total RNA was extracted from the Hpt of the mock and infected
groups at the indicated time points using TriPure isolation reagent
(Roche, Mannheim, Germany) according to the manufacturer's pro-
tocol. RNA from 5 individuals in each group was quantitated and
pooled for NGS and qRT-PCR.

To construct each validated library, the pooled RNAs at different
time points were processed following the TruSeq” RNA sample pre-
paration protocol. Three validated libraries (10 nM of pooled RNA from
experimental 6 h and 24 h groups and the control group) were pooled
for validated library normalization and subjected to pair-end RNA se-
quencing using an Illumina next-generation sequencing MiSeq instru-
ment (Illumina, San Diego, U. S. A.). The raw sequence reads were
trimmed to remove adapter sequences, unclear nucleotides, low quality
score and short read length sequences using the Trimmomatic program
[11]. After the initial quality control step, the adapter-free reads were
subjected to transcriptome assembly using the Trinity software [12].
The outputs of all the transcripts were saved in FASTA format. To ob-
tain the relative expression level between the negative control and each
experimental infection group, transcript counts were normalized to the
total number of produced transcripts per sample. Statistical tests with a
significance level of P < 0.001 and calculated fold changes were in-
cluded to identify candidates for differential gene expression (DEG). All
up- and down-regulated genes that met the P < 0.001 criterion were
further subjected to gene ontology analysis against NCBI nonredundant
protein (NR) and UniProt databases using the Blast2GO bioinformatics
software version 4.0.

2.4. Sequence analysis

Searches for homologous nucleotide or protein sequences in se-
quence databases were carried out using the BLASTX program. Protein
translations were created using the EXPASY web server (http://au.
expasy.org/). Multiple protein domain sequence alignments and phy-
logeny interference were performed using ClustalW (Thompson et al.,
1994) and a molecular evolutionary genetics analysis program (MEGA).
A putative three-dimensional model was computed using SWISS-
MODEL [13].

2.5. Real-time RT-PCR

The relative expression of genes involved in cell growth regulation
and immunity with significant alterations was validated by real-time
RT-PCR using the specific primers listed in Table 1. The first strand
cDNA templates were produced using an iScript™ ¢cDNA Synthesis Kit
(Bio-Rad, Philadelphia, PA) according to the manufacturer's protocol.
qRT-PCR was carried out with an Applied Biosystems 7300 real-time
PCR system (Thermo Fisher Scientific Inc., Waltham, MA) with a master
mix that contained 2 X SsoFast EvaGreen Supermix (Bio-Rad, Phila-
delphia, PA) according to the manufacturer's protocol. The qRT-PCR
protocol consisted of a holding step at 95 °C for 10s, followed by 35
cycles of denaturation at 95°C for 30s, annealing at 55°C for 30s,
elongation at 72 °C for 1 min, and final elongation at 72 °C for 5 min. A
standard curve was generated from ten serial dilutions of the pooled
cDNA from the samples. The correlation coefficients for the standard
curves were > 0.995 for all genes. Relative expression levels were de-
termined by the 2*4°" method using EF-1a as the internal control and
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presented as a relative expression ratio. The value of each variable was
expressed as the mean =+ SE. Statistical analysis was performed using
SPSS software (Ver 17.0), and the significance between groups at a
significance level of p < 0.05 was determined by one-way ANOVA.

2.6. In situ hybridization

The Hpt of untreated and virally infected groups were fixed in
Davidson's fixative prior to the tissue processing steps, which include
dehydration, clearing and embedding. Tissues were cut at 4 um thick
and subjected to in situ hybridization (ISH) according to a previously
described protocol [14]. The digoxigenin (DIG)- labeled DNA probe was
synthesized by the incorporation of digoxigenin-11-dUTP (Roche,
Germany) during PCR using specific primers (Table 1). Micrographs
were obtained using a Nikon E600 light microscope.

3. Results
3.1. Transcriptome analysis of Hpt post MrNV infection

Total RNA samples from the Hpt cells of control and infected prawn
were extracted, purified and subjected to cDNA library construction.
Three cDNA libraries each with a labeled index were processed for RNA
sequencing. After removing low-quality sequences, 6,486,352 (6.5G),
4,498,411 (4.5G) and 6,325,636 (6.3G) clean reads were obtained from
control (SRX3289952) and MrNV-infected samples at 6h
(SRX3289951) and 24h (SRX3289953), respectively, representing a
total of 17,310,399 (17.3G) clean reads. By means of the Trinity pro-
gram, the assembly of all reads in the three libraries generated 63,894
contigs with an average of 713 nucleotide lengths. To identify the DEGs
involved in MrNV infection in the Hpt, the unigenes in infected samples
were normalized and compared to those in the control sample using the
edgeR program with a threshold absolute value of log 2-fold-change
and FDR < 0.001. The results showed that 462 unigenes were differ-
entially expressed between the infected and control groups. After in-
jection with MrNV, 281 up-regulated genes and 181 down-regulated
genes were observed at 6 h post infection (p. i.) (Fig. 1). The top 20 up-
and down-regulated unigenes are listed (Tables 2 and 3). Numerous

Color Key
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Fig. 1. RNA expression levels for 462 unigenes at 3 time points (0, 6, and 24 h
p-i) in the Hpt cells of MrNV-challenged prawn. Gene activity during infection is
shown in log 2-transformed transcripts per million (TPM). Each row represents
a single gene, and each column represents the time of infection. Experimental
sample genes in yellow and purple are up- and down-regulated, respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

24h
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DEGs involved in various immune processes and cell growth regulation
were found in the infected group compared with the control group
(Table 4).

3.2. Functional annotation analysis of Hpt transcriptome sequences

All sequences from the 462 unigenes were aligned according to the
NCBI NR, Kyoto Encyclopedia of Genes and Genome (KEGG) and Swiss-
Prot databases using the Blast2GO program. Three GO categories
comprising biological processes (BP), cellular components (CC) and
molecular function (MF) were obtained. In the category of BP, most
unigenes were involved in the cellular process, metabolic process, and
single-organism process. In the CC category, the most represented were
cell, cell part, and organelle. With respect to the MF category, binding,
catalytic activity and structural molecular activity were the dominant
groups. Species distribution aligned sequences revealed that unigenes
matched sequences from seven top-hit species, i.e., Hyalella Azteca,
Macrobrachium rosenbergii, Penaeus monodon, Procambarus clarkia,
Litopenaeus vannamei, Eriocheir sinensis, Scylla paramamosain,
Crassostrea gigas and Zootermopsis nevadensis, which belong to
Arthropoda and Mollusca.

3.3. Characterization of MrCHF and MrLyar protein

According to the species distribution sequence analysis, 462 uni-
genes were matched to other species rather than Mr. It is inferred that
Mr Hpt comprised several uncharacterized proteins with unknown
function. BLASTX searching in the EST databases revealed that two Mr
Hpt proteins shared 39% and 52% amino acid sequence identity with
the crustacean hematopoietic factor-like protein (CHF) of L. Vannamei
and the cell growth-regulating nucleolar protein (Lyar) of A. Californica,
respectively. The characteristics of these proteins were verified as de-
tailed below.

3.3.1. MrCHF protein

The MrCHF ORF of 258 bp encoded a deduced protein of 121 amino
acids (Acc. No. MH595490). A putative conserved domain search re-
vealed a similarity to insulin-like growth factor binding domain pro-
teins (IGFBP) from various animals (Fig. 2A). The highest similarity
match was with the protein sequence from the mouse, followed by
decreasing homology with bird, frog and monkey IGFBP (Fig. 2B). A
putative three-dimensional model shown in Fig. 2C was generated using
the E69 deletion mutant single insulin-like growth factor binding do-
main protein (SIBD-1) from Cupiennius salei [15] as a template given its
37.84% identity.

3.3.2. MrLyar

The 1070 bp ORF of MrLyar encoding a deduced 323 amino acid
protein (Acc. No. MH626731) contained conserved domain similarity
to a cell growth-regulating zinc finger protein (zf-Lyar) that is involved
in cell growth regulation in vertebrates and invertebrates (Fig. 3A). The
phylogenetic tree showed the close relationship of MrLyar from the
highest to lowest with Lyar of mouse, roundworm, single-celled het-
erokont parasites and soil-living amoeba, respectively (Fig. 3B). The
putative three-dimensional model of MrLyar protein shown in Fig. 3C
was generated from two published model templates [16,17].

3.4. Localization of MrCHF and MrALF genes in the hematopoietic tissue

Histological study revealed that Mr Hpt is arranged as lobules and
encompasses at least 3 different cell types corresponding to the devel-
opmental stages of hemocytes. To determine whether Hpt cells express
both genes related to cell growth and the immune system, we per-
formed in situ hybridization of the MrCHF and MrALF genes, which
were highly expressed at 6 hpi. MrCHF mRNA is highly expressed in the
densely packed cells presumed to be the precursor cells located at the



P. Jariyapong et al.

Table 2
Top 20 up-regulated genes at 6 h post infection.
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No Protein/Gene description Length E-value Fold change (log2) Ontology (level 2)
6h 24h

1 Male reproductive-related serum amyloid A 226 8.03E-41 +5.0808 +1.0282 CC, BP

2 Protease inhibitor Epi 9 475 2.32E-08 +6.0974 —2.6385 BP

3 Cytochrome c oxidase subunit mitochondrial-like 208 3.05E-13 +4.0513 0.1970 BP

4 Kazal-type serine protease 564 5.09E-06 +5.7540 —2.7074 MF,CC, BP

5 DNA topoisomerase 2-alpha 281 6.53E-17 +4.0512 0.5654 N/A

6 F-box only 15 377 1.67E-22 +3.1594 +2.2483 N/A

7 Cuticle CP575-like 385 1.32E-19 +2.0530 +1.4763 N/A

8 Crustin 3 706 7.95E-53 +3.4545 +1.6154 MF,CC, BP

9 Anti-lipopolysaccharide factor 1 948 3.30E-60 +3.9257 +0.5031 N/A

10 Single VWC domain 1 323 6.97E-15 +4.2304 +0.0708 N/A

11 Cuticle pro 897 3.58E-54 +2.6060 +1.6304 MF

12 WW domain-containing -like 332 3.59E-06 +4.5107 —1.9258 N/A

13 DNA topoisomerase 2-alpha 535 3.23E-13 +3.8245 —0.3129 N/A

14 Proteasome subunit alpha type-4 295 2.60E-10 +3.9764 —4.2158 MF,CC, BP

15 F-box only 15 750 6.31E-37 +3.1291 —0.2450 N/A

16 Cuticle 1 275 1.42E-25 +1.5181 +1.8138 MF

17 Clip-domain serine protease 1341 4.41E-65 +3.7328 —0.6595 MF, BP

18 Cuticular 34 445 2.22E-39 +1.2456 +1.4273 MF

19 Serine protease inhibitor 720 7.78E-43 +2.8975 +0.5775 MF,CC, BP

20 i-type lysozyme 2 1561 5.41E-74 +2.6021 —0.0040 MF

exterior part of the lobules through the immobilized more mature cells
in the inner part, where they can be released into the haemal lacunae
(Fig. 4A). In contrast, MrALF mRNA is highly expressed in the precursor
cells in the exterior part of the lobules (Fig. 4B). These results indicated
that immune-related genes are expressed in the precursor cells to ensure
that all released hemocytes are ready to resist infection, whereas cell
growth-involved genes can be expressed in all cell types in the hema-
topoietic tissue in order to increase the mitotic division and number of
hemocytes for homeostasis.

3.5. Validation of gene alternation from unigenes after MrNV infection by
gRT-PCR

To validate the results from the RNA sequencing data, four unigenes
including MrCHF, mitotic-spindle organizing 1-like (MSO) (Acc. No.
MH883364), anti-lipopolysaccharide factor (ALF) (Acc. No.
MHB846235), and heat shock protein 70 (HSP70) (Acc. No. MH846234)
were selected for qRT-PCR analysis. At 6 h, all genes were significantly

Table 3
Top 20 down regulated genes at 6 h post infection.

enhanced, having MSO and ALF to approach their highest level,
whereas the expressions of CHF and HSP70 reached their maximal le-
vels at 12h (Fig. 5). This result well corresponded the RNAseq data,
confirming that the Hpt cells simultaneously upregulate cell growth and
immune-related gene enhancement at the early stage of viral infection.
However, this response occurs temporally in the short term period — all
of the genes studied returned to a normal level within 24 h.

4. Discussion

Principally, hemocyte proliferation takes place in specialized Hpt,
where it provides an environment for either undifferentiated blood
stem cells to undergo a self-renewal or offspring differentiation [18].
Therefore, comparative transcriptome analysis of directed molecular
responses using next-generation sequencing and bioinformatic techni-
ques is a powerful approach to rapidly generate large amounts of data
[19] on categories such as biological processes, cellular components
and molecular function in response to a pathogenic infection. Through

No Protein/Gene description Length E-value Fold change (log2) Ontology (level 2)
6h 24h

1 Hypothetical protein TTRE_0000975601 380 2.97E-17 —6.4800 —0.5667 N/A

2 Calcified cuticle 444 4.86E-24 —0.6569 —3.4206 MF

3 Uncharacterized threonine-rich GPI-anchored glycoprotein 580 3.57E-25 -0.6719 —2.7226 N/A

4 Strongly chitin-binding —1 376 6.61E-18 —0.7240 —2.1418 MF

5 Cytochrome c oxidase subunit III (mitochondrion) 425 5.09E-71 —3.4255 —0.9587 MF,CC,BP

6 Early cuticle 6 611 3.91E-44 —0.3154 —2.5236 MF

7 Hypothetical cuticle 862 2.91E-34 —0.8259 -1.9778 MF

8 Structural constituent of cuticle 1154 3.04E-23 —1.8823 —0.8361 MF

9 Glycine-rich cell wall structural -like 1005 3.81E-20 —2.0326 —1.1506 MF,CC,BP

10 Tubulin alpha-8 chain 1252 9.85E-135 —1.6431 —0.3598 MF,CC,BP

11 Transmembrane 258 366 1.30E-39 —1.8832 +3.4739 CC

12 C-type lectin 1214 4.57E-43 —0.1993 —1.9640 MF

13 Larval cuticle LCP-17-like 1163 6.26E-34 —1.1985 —0.9319 MF

14 Calpain T 1646 8.99E-39 —2.3735 +0.5493 MF

15 Microfibril-associated glyco 4-like 1705 3.73E-144 —0.8395 —1.3739 N/A

16 U6 snRNA-associated Sm LSm5 619 1.19E-49 —2.8272 +1.2087 MF,CC,BP

17 Juvenile hormone esterase 1 3538 4.91E-139 —0.3825 —1.3812 MF

18 PREDICTED: rootletin-like 5380 1.52E-20 —1.5709 +0.4957 N/A

19 Reverse transcriptase 4402 2.43E-63 —1.8402 +0.8376 MF, BP

20 Histone H1-delta-like 425 2.11E-34 +0.1338 —1.6960 MF,CC,BP
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Table 4
DEGs associated with immune system and cell growth regulation during MrNV infection.

Immune-related gene

No Protein/Gene description Length E-value Fold change (log2) Ontology (level 2)
6h 24h
1 C-type lectin 1214 4.57E-43 —0.1993 —1.9640 MF
2 Serine ase inhibitor 720 7.78E-43 +2.8975 +0.5775 MF,CC,BP
3 Anti-lipopolysaccharide factor 831 2.09E-62 +2.3837 +0.1415 N/A
4 Platelet-activating factor acetylhydrolase-like isoform X2 1559 9.79E-40 +2.1437 —0.3758 MF,BP
5 70 kDa heat shock protein form 1 1911 0 +2.1319 —0.9152 N/A
6 i-type lysozyme-like protein 2 1561 5.41E-74 +2.6021 —0.0040 MF
7 Crustin-like protein 706 8E-53 +3.4545 +1.6154 MF,CC,BP
8 Reverse transcriptase 4468 2.43E-63 —1.8402 +0.8376 MF, BP
9 Kazal-like serine protease inhibitor-like protein 535 1.87E-08 +2.1055 +0.1105 MF, BP
10 Heat shock 10 715 1.78E-37 +2.2657 —0.7881 MF,CC,BP
11 Glutathione peroxidase 1258 2.83E-70 +0.7140 -1.6610 MF, BP
12 Peroxinectin 1536 5E-153 +2.2923 +0.0572 MF,CC,BP
Cell growth regulation
13 Crustacean hematopoietic factor like protein 679 4.55E-15 +1.9313 +1.2457 BP
14 Neuroparsin 788 2.35E-29 +2.2988 —0.3010 MF,CC,BP
15 Cell growth-regulating nucleolar protein-like 2096 3.05E-45 +2.1560 —0.2674 MF
16 Mitotic-spindle organizing 1-like 487 3.02E-21 +2.7511 —0.2358 CC,BP
17 Cell division cycle 5 3452 0 +1.2394 —1.0209 MF,BP
18 Cyclin G2 1875 0 —0.0804 —1.0494 BP
A
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Fig. 2. Structure analysis and alignment of putative MrCHF. (A) Multiple alignments indicating the conserved sequences (gray) of insulin-like growth factor-binding
domain proteins (IGFBP) in MrCHF with IGFBP from various species, phylogenetic analysis (B) and putative three-dimensional structure (C). Mouse, Mus musculus,
IGFBP (GenBank Acc No. 6754876), Monkey, Pan troglodytes, IGFBP (332821365), Frog, Xenopus laevis, IGFBP (147905087), Bird, Gallus gallus, IGFBP (71896015).

A
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Fig. 3. Structure analysis and alignment of putative MrLyar. (A) Multiple alignments indicating the conserved sequences (gray) of the zinc finger DNA binding
domain (Lyar) in MrLyar with Lyar from various species. Mouse, Mus musculus, Lyar (GenBank Acc. No.1 WJV_A), Soil-living amoeba, Dictyostelium discoideum, Lyar
(74850590), Single-celled heterokont parasites, Blastocystis hominis, Lyar (855316524), Roundworm, Brugia malayi, Lyar (170572899).
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Fig. 4. In situ hybridization of CHF and ALF mRNAs in hematopoietic tissue cells at 0 and 6 h after MrNV infection. (A) CHF mRNA was observed in all cell types in
the Hpt from the exterior (white asterisk) to the apical part (black asterisk) of the lobule. (B) ALF mRNA was predominantly observed in precursor cells at the exterior
part (white asteriskav of the lobule. Bar = 200 pym and 50 pm at 10X and 40X magnification, respectively.

suppression subtractive hybridization, WSSV challenges in the red claw
crayfish altered the expression of many genes in Hpt cells [20]. We thus
considered using these comparative transcriptomic approaches to ob-
tain first-hand information about gene alteration during particular viral
infections, information that would be useful for antimicrobial strategic
development. Here, we report on a transcriptome analysis of Hpt genes
in the response to viral infection. In addition to known genes that have
been documented to be involved in viral infection, genes related to the
immune system of M. rosenbergii were newly identified in this study and
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explain why adult prawn resist viral infection.

Hematopoiesis is a process by which blood stem cells differentiate
and release from the Hpt into the circulation to maintain hemocyte
homeostasis either in normal or harmful situations, including viral in-
fection. In crustaceans, factors that control hematopoiesis were first
documented in the crayfish P. leniusculus [21] and later in L. vannamei
[22]. Sequence analysis has revealed that PICHF, LyCHF and MrCHF
contain a conserved domain that is similar to vertebrate IGFBP, which
serves as a carrier protein for insulin-like growth factor 1. A previous
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study demonstrated that the expression of CHF in the Hpt and semi-
granular cells (SGCs) is regulated by astakine 1. CHF plays a key role as
a switch that turns on different maturation lineages in hemocytes;
therefore, knocking down this gene in crayfish results in a severe loss of
blood cells. Our transcriptome analysis revealed that MrCHF mRNA was
highly expressed in the Hpt, consistent with the reports in P. leniusculus
and L. vannamei [21,22]. Up-regulation of MrCHF mRNA upon MrNV
infection suggested that this gene was triggered during viral infection
and subsequently accelerated hemocyte proliferation, differentiation
and release into the circulatory system. In addition to MrCHF, a protein
containing the cell growth-regulating zinc finger (Lyar) domain, which
plays an important role in controlling self-renewal and differentiation
of embryonic stem cells (ESCs) [23], was also up-regulated in Hpt
tissue. During hematopoiesis, high expression of Lyar has been reported
in erythroid progenitor cells from early to mid-maturation. Knocking
down Lyar severely affected the cell differentiation process, leaving
only undifferentiated cells in the Hpt [24]. The conserved domain be-
tween the MrLyar protein and that of mice might imply that MrLyar
plays the same role as mammalian Lyar in promoting hematopoiesis.
Mitotic-spindle organizing (MSO) proteins have been reported to be
associated with a ring of gamma-tubulin (y-TuRC) complex which is
essential for spindle assembly and chromosome segregation [25]. An
up-regulation of MSO in Hpt during viral infection and environmental
alterations suggests the response of Hpt to viral infection by increasing
the mitotic process to produce new daughter cells for maintaining the
physiological homeostasis.

The other mechanisms of viral resistance in crustaceans rely on both
immune-related and nonimmune-related gene enhancement in the Hpt
tissue of the infected animals [9,20]. Upon MrNV infection, 462 uni-
genes were differentially expressed in the infected animals as compared
to the control ones. Two best examples of the immune-related genes
that are extensively studied are C-type lectin (a pattern-recognition
protein participated in carbohydrate binding of the pathogen) and
HSP70 (a stress response protein or molecular chaperone). C-type lectin
is down-regulated during early stage of MrNV infection (Table 3). In
fact, suppression of this gene during early phase of virus infection has
also been evident in WSSV infected L. vannamei and F. chinensis
[26-28]. This piece of information suggests that down-regulation of this
genes might correspond and serve as a potential marker for an early
stage of the viral infection. HSP70 is involved in WSSV suppression [29]
and V. parahaemolyticus resistance through immune activation [30].
Up-regulation of this gene at 6 h suggests the function of this gene in
provoking immune system against early MrNV infection. Apart from
genes participated in immune system, other nonimmune-related genes
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also play important roles in other biological processes in response to
viral infection. Some well-established processes include DNA un-
winding or repair by topoisomerase II alpha [31-33] and provoking
inflammation by serum amyloid A in vertebrate species [34]. This gene
also significantly altered during MrNV infection which was among the
top 20 up- and down-regulated genes (Tables 2 and 3). Interestingly, a
large numbers of proteases, enzymes and some inhibitors have also
been reported to be involved in innate immune response against virus
and/or bacteria in crustaceans including shrimp. Kazal type protease
inhibitor, SPIPm2, has been reported to interact with a WSSV viral
protein 447 and inhibited WSSV replication in infected P. monodon
[35,36]. Serine type protease inhibitor, Type III crustin and clip domain
serine protease has been demonstrated to engage antimicrobial activity
and prophenol oxidase activation [37-39] and were shown herein to be
up-regulated during MrNV infection (Table 2). In addition, a novel in-
vertebrate (i-type) lysozyme mRNA homolog was firstly identified and
up-regulated in Hpt tissue in this study (Table 2). It is reported that i-
type lysozyme possesses antimicrobial property without muramidase
activity [40], and this enzyme is significantly altered in WSSV infected
M. japonicus tissues, suggesting its viral responsive function [41]. Fi-
nally, shrimp endogenous reverse transcriptase, firstly identified in M.
japonicus, exhibits anti-viral activity against WSSV and V. alginolyticus
infection [42]. During MrNV infection, this gene was down-regulated at
6 h p.i. and gradually increased at 24 h p.i. suggesting its viral clearance
and immune responsive actions against this viral infection.

To the best of our knowledge, there is only one study [43] that has
reported the use of in situ hybridization to localize immune-related
genes in this organ. The results revealed that prophenoloxidase (proPO)
found in semigranular and granular cells is absent in the Hpt of cray-
fish, suggesting that proPO must be produced immediately before or
after hemocyte release from the Hpt. In the present study, we demon-
strated that anti-lipopolysaccharide factor (ALF), a broad-spectrum
antimicrobial peptide that is also involved in the anti-WSSV response
[44], was present in the Hpt, especially in the precursor stem cell po-
pulation (Fig. 4). Therefore, it is feasible that the onset of production of
each immune gene in the hemocyte is different (generalized immune-
related genes are produced first, followed by the more complex sys-
temic genes). In this regard, we found the positive hybridization signal
of MrCHF mRNA in the Hpt, which agreed well with its RNA sequencing
data. Together, it is suggested that disturbing prawn homeostasis by
viral infection will trigger the expression of mRNAs related not only to
cell proliferation but also to the immune system, and these immune
genes are firstly synthesized in the Hpt stem cells before being released
into the circulatory system.
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In conclusion, transcriptome analysis of the MrNV infected Hpt in

M. rosenbergii was performed in this study. The results showed the up-
regulation of multiple genes, including cell growth regulators and im-
mune-related genes involved in MrNV resistance. It is suggested a dual
role of Hpt in defensive response and hemocytes proliferation. Further
investigations of these molecules might be useful for the development
of anti-MrNV therapy targets and viral management.
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