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In vertebrates, lymphoid-specific recombinase protein encoded by recombination-activating genes
(RAG1/2) plays a key role in V(D)J recombination of the T-cell receptor and B-cell receptor. In this study,
both RAG1 and the immunoglobulin M (IgM) mu chain were cloned to characterize their potential role in
the immune defense at developmental stages of red-spotted grouper, Epinephelus akaara. The open
reading frame (ORF) of E. akaara RAG1 included 2778 nucleotide residues encoding a putative protein of
925 amino acids, while the ORF of the IgM mu chain had 1734 nucleotide residues encoding 578 amino
acids including variable (VH) and constant (CH1eCH2eCH3eCH4) regions. E. akaara RAG1 was
composed of a zinc-binding dimerization domain (ZDD) with a RING finger and zinc finger A (ZFA) in the
non-core region and a nonamer-binding region (NBR), with a zinc finger B (ZFB), the central and C-
terminal domains in the core region. Tridimensional models of the ZDD and NBR of E. akaara RAG1 were
constructed for the first time in fishes, while a 3D model of the E. akaara IgM mu chain was also clarified.
The RAG1 mRNA was only detected in the thymus and kidney of 4-month and 1.5-year old groupers
using qPCR, and the RAG1 proteinwas confirmed using western blotting and immunohistochemistry. The
IgM mu mRNA was examined in most tissues except the gonad. RAG1 and IgM mu gene expression were
observed at 15 dph (days post-hatching) and 23 dph respectively, and increased to a higher level at
37 dph. In addition, this was the first time that the morphology of the E. akaara thymus was charac-
terized. The oval-shaped thymus of 4-month old fish was clearly seen and there were amounts of T
lymphocytes present. The results suggested that the immune action of E. akaara was likely to start to
develop around 15 dph to 29 dph. The transcript level of the RAG1 gene and the number of lymphocytes
in the thymus between 4-month and 1.5-year old groupers indicated that age-related thymic atrophy
also occurs in fishes. The similar functional structures of RAG1 and IgM protein between fish and
mammals indicated that teleost species share a similar mechanism of V(D)J recombination with higher
vertebrates.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Red-spotted grouper, Epinephelus akaara, is considered a good
model for studies of sex-inversion, development and genetic
diversity [1]. Moreover, E. akaara (commonly named the Hong Kong
grouper) is listed as threatened on the International Union for
Conservation of Nature (IUCN) Red List of Threatened Species based
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on the data available. Currently, E. akaara breeding has been con-
ducted in some areas of China, but the aquaculture technology and
the knowledge of E. akaara immunity are limited. Approximately
90% mortality during the larvae stages baffles the farmers in China
[2], which attracted our interest to characterize how their immune
system works during the developmental stages.

Recently, lymphoid organs and both T and B cells have been
chosen to study the ontogeny of the fish immune system in several
teleost species [3e6], and recombination-activating gene1 (RAG1)
and immunoglobulin M (IgM) have been considered as very useful
markers in the study of the physiological maturity of the immune
system [7e14]. Previous studies show that the appearance of the
immune system during early developmental stages is different in
different fish species, such as 4 days post fertilization (dpf) in
109
110
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Table 1
Primers used in this experiment. Q3

Primer name Sequence of primer (50e30) Target

Actin-F1 ATGGAAGATGAAATCGCCGC ORF of b-actin
Actin-R1 TGATGCTGTTGTAGGTGGTCT
Actin-F2 GTGGAATCCACGAGACCA
Actin-R2 TAACCGTACCGAAGTCAATAA
RAGF1 CAGYCAGTAYCAYAAGATGTACCGCAC Partial sequence

of RAG1RAGF1 GCATAGTTYCCATTCATCCTCATCACAG
3GSP1 GGCAATGCGGCGGAGTTCTAC 30RACE PCR of

RAG13GSP2 AAACTATGCCCGCAGGCTAATGAC
3GSP3 ACACGGTCACTCTTGGTTGCC 30RACE PCR of

IgM mu chain3GSP4 GAGTTTGCTTCCTCGTCATC
5GSP1 CCAGTGCCACATCATAGCGAAACC 50RACE PCR of

RAG15GSP2 CACCGAGGAAGCCCATCCAGAG
5GSP3 TGAGTAGGTCAGTGAGGAGGGTG 50RACE PCR of

IgM mu chain5GSP4 GGCAACCAAGAGTGACCGTGT
50adaptor (T)25VN Universal primer

of RACE PCR30adaptor AAGCAGTGGTATATCAACGCAGA
GTAC(T)30VN

qRAGF GCAATGCGGCGGAGTTCTAC RAG1 (q-PCR)
qRAGR AGCCTGCGGGCATAGTTTCC
qIgMF GCCTCAGCGTCCTTCAGTTT IgM (q-PCR)
qIgMR TGGCGTCCCAGTCCTGTTTGC
qactinF GTCCCTGTATGCCTCTGGTCG b-actin (q-PCR)
qctinR CTGTGGTGGTGAAGGAGTAGC

F ¼ forward sequence, R ¼ reverse sequence.
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zebrafish [9] and common carp [11], 8 dpf in Japanese flounder [12]
and 21 dpf in gadoid haddock [7]. On the other hand, maternal
antibody is proved to protect the offspring during early develop-
mental stages in teleost fishes [15,16]. Therefore, provided that the
maternal antibodies run out before the time of endogenous Ig
generation in E. akaara, the larvae are prone to be infected by
pathogens in seawater. However, the knowledge of the develop-
ment of immune system in E. akaara is limited and in demand now.

Recent developments in mammals have increased our under-
standing of how V(D)J recombination is regulated to ensure that
antigen receptor gene assembly occurs in the appropriate cell
lineage and in the proper developmental order [17,18]. The RAG
proteins are expressed at high levels during the early stages of
lymphocyte development with no occurrence in other tissue or cell
types, and so it is considered to be a very useful marker for studies
of immune system development [7]. The RAG proteins catalyze
DNA cleavage in the first phase of the reaction using a recombina-
tion signal sequence (RSS) that flanks variable (V), diversity (D) and
joining (J) gene segments. Each RSS of V, D, J gene segments is
composed of well-conserved heptamer (consensus 50-CACAGTG)
and nonamer (consensus 50-ACAAAAACC) sequences separated by
a spacer of either 12 bp or 23 bp in a phenomenon known as the 12/
23 rule [17]. RAG1 Core region mediates proteineprotein and
proteineDNA interactions that are essential for V(D)J recombina-
tion, and nonamer binding region (NBR) forms a tightly interwoven
dimer that binds and synapses two nonamer elements [19]. Zinc-
binding dimerization domain (ZDD) in the non-core region plays
role in ubiquitin ligase activity and binding karyopherin alpha 1
(KPNA1) [20]. However, little knowledge of the functional regions
of RAG1 has been reported in teleost species. The IgM class is the
primary immunoglobulin inmost teleost fish, and has been isolated
from many species [21e26]. Since the IgM mu chain is one of the B
cell specific proteins, it was chosen to study the ontogenesis of the
immune system of E. akaara in our study.

Here we aimed to characterize the E. akaara RAG1 and IgM mu
genes, and to construct 3D models of ZDD, NBR and IgM mu chain.
Further studies on the development of the E. akaara immune
system are to be summarized in our next study. In addition, the
thymus, which is considered a key organ of the immune system in
fish, is responsible for producing and educating T cells [27], but the
histology of the thymus can vary considerably between different
fish species, and so the general morphology of the E. akaara thymus
will also be dealt with here.

2. Materials and methods

2.1. Fish

Eggs and larvae of E. akaara were collected from a hatchery in
Zhangzhou, Fujian Province, China during the spawning season in
2010.While in the process of hatching, a pool of 100 eggs and larvae
were collected 0, 1 and 4 dph (days post-hatching), a pool of 50
larvae were collected 6, 9 and 12 dph, and a pool of 30 larvae 15, 18,
23 and 29 dph. Larvae at 30 dph were maintained in the aquarium
facilities of the College of Oceanography and Environmental
Science, Xiamen University, in a recirculation unit supplied with
saltwater at 27 � 3 �C, and fish were sampled 37, 60 and 80 dph.
Four to six 4-month and 1.5-year old groupers were raised in order
to harvest tissues for RNA extraction.

2.2. Cloning and sequencing of RAG1 and IgM mu chain cDNA

Total RNA was extracted from the thymus and head kidney
separately. The full-length sequence of RAG1was determined using
30-Rapid Amplification of cDNA Ends (30-RACE) and 50 RACE using
Please cite this article in press as: MaoM-G, et al., Characterization of RAG
red-spotted grouper (Epinephelus akaara), Fish & Shellfish Immunology (
commercial kits (Clontech) and following the procedures described
by the manufacturer. Specific primers were designed based on the
conserved regions of the known RAG1, IgM mu chain and b-actin
sequences. The primer details are given in Table 1 and PCR condi-
tions were as follows: 94 �C/4min; 40 cycles of 94 �C/5 s, 55 �C/40 s,
72 �C/90 s; and 72 �C/10 min. PCR products were first detected
using electrophoresis with 1.2% agarose gel prepared with TAE
buffer (Tris/acetic acid/EDTA), then purified from the gel using an
AxyPrep DNA gel extraction kit (Axygen) and subcloned into
pMD18-T vectors (TaKaRa) for sequencing (Invitrogen) to verify the
cDNA sequence of the E. akaara RAG1. The same procedure for
cloning and sequencing of the mu chain cDNA was used.
2.3. Tissue distribution of RAG1 and IgM (mu chain) mRNA
transcripts

Six groupers of 4-month and 1.5-year old were randomly chosen
to harvest various tissues including muscle, kidney, heart, thymus,
brain, intestine, gonad, spleen, liver and gill. Total RNAs were
prepared from all tissues and then treated with DNase I (Tiangen
Biotech) to remove residual genomic DNA. The relative quantifi-
cation of RAG1 and mu gene mRNA transcripts was evaluated
respectively using the comparative CT (Cycle threshold) method
using a 7500 Real Time PCR System (AB Applied Biosystem) and
Power SYBR Green PCR Master Mix (AB Applied Biosystem). The b-
actin gene was employed as the endogenous control. The gene
specific primers for qPCR are listed in Table 1. The cycling profile
was as follows: 2 min at 50 �C, 10 min at 95 �C and 40 cycles of
denaturing at 95 �C for 15 s, followed by annealing and primer
extension at 60 �C for 1 min. Expression of RAG1 and IgM mu gene
was normalized to an endogenous reference b-actin and presented
as subtraction of target CT values from b-actin CT values (DCT
value). Comparison of gene expression between tissues and cali-
brator was derived from subtraction of the calibrator DCT values
from the target DCT values to give a DDCT value, and relative gene
expression was calculated to determine fold difference (2�DDCT).
Results were expressed as mean � standard deviation. Compari-
sons between groups were made by One-way Anova analysis, fol-
lowed by a Tukey test for identification of the statistically distinct
groups. Significant differences were accepted for P <0.05.
1 and IgM (mu chain) marking development of the immune system in
2012), http://dx.doi.org/10.1016/j.fsi.2012.06.011



Fig. 1. E. akaara RAG1 cDNA and putative amino acid sequence. The stop codon is indicated with an asterisk (*), and a typical polyadenylation signal (AATAA) in the 30-UTR is boxed.
The core region is underlined, and the nonamer-binding region (NBR) is in italics. The zinc-binding dimerization domain (ZDD) is shaded.

M.-G. Mao et al. / Fish & Shellfish Immunology xxx (2012) 1e11 3

241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

YFSIM2259_proof ■ 13 July 2012 ■ 3/11

Please cite this article in press as: MaoM-G, et al., Characterization of RAG1 and IgM (mu chain) marking development of the immune system in
red-spotted grouper (Epinephelus akaara), Fish & Shellfish Immunology (2012), http://dx.doi.org/10.1016/j.fsi.2012.06.011



896

896649415
364217 228165142 271

RING ZFA

270

Full-length RAG1

Core RAG1ZDD
1

925142 270

NBR

Central domain C-terminal 

ZFB

1. RSS heptamer-binding site

2. Predominant RAG2-binding site

3. Zinc finger motif
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Fig. 2. Schematic representation of full-length E. akaara RAG1 protein. The RAG1
protein, with a core and a non-core region, is represented schematically as bars. NBR is
the nonamer-binding region (within the core region) that binds specifically to the RSS
nonamer. Boxes represent zinc-binding motifs including a RING finger and zinc finger
A (ZFA) in the zinc-binding dimerization domain (ZDD) of the non-core region and
a zinc finger B (ZFB) in the core region of RAG1.
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2.4. Expression pattern of RAG1 and IgM mu gene during
development

Total RNA in the pool of E. akaara larvae at 0, 1, 4, 6, 9, 12, 15, 18,
23 and 29 dph and the heads of larvae at 37, 60 and 80 dph were
separately extracted using the RNAprep pure tissue kit according to
the manufacturer’s instructions (Tiangen Biotech). All the samples
were tested using real time PCR. The procedure for the relative
Fig. 3. Tridimensional models of the zinc and nonamer binding regions of E. akaara. The mo
the zinc binding region of E. akaara modeled using the M. musculus crystal structure (pdb co
coding (color bar scale indicates the percentage of identity). The histidines and cysteines inv
the nonamer binding region modeled using the M. musculus crystal structure (pdb code 3GN
colored using a conservation coding (color bar scale indicates the percentage of identity)
transparent ribbon. C. Alignment of several RAG1 sequences of vertebrates used for the defin
The residues are shaded using the percentage of identity coloring mode of JalView. The consi
of the references to color in this figure legend, the reader is referred to the web version of

Please cite this article in press as: MaoM-G, et al., Characterization of RAG
red-spotted grouper (Epinephelus akaara), Fish & Shellfish Immunology (
quantification of RAG1 and IgMmu chain mRNAwas the same as in
Section 2.3.

2.5. Western blotting

The thymus and head-kidney of 4-month old grouper were
prepared using RIPA and SPMF reagents, containing protease and
phosphatase inhibitors (Roche Applied Science). SDS-PAGE was
carried out, and RAG1 proteinwas detected using western blot with
the primary antibody, anti-RAG1 protein from goat IgG (sc-34270,
Santa Cruz). The detection was performed using the Polink-2 plus�

Polymer HRP Detection System (PV-9003, GBI). Visualization of
western blot results was developed using an enhanced chem-
iluminescence (ECL) detection system.

2.6. Immunohistochemistry (IHC)

5-m-thick paraffin sections of thymus from 4-month old grouper
and head-kidney from of 1-month old grouper were cut and
mounted on silanized slides. Heat-induced epitope retrieval was
performed in a water bath and the primary antibody Anti-RAG1
goat IgG (sc-34270, Santa Cruz) was used. IHC was performed
using the Polink-2 plus� Polymer HRP Detection System (PV-9003,
GBI).
dels were constructed using Modeller and visualized using Chimera. A. 3D structure for
de 1RMD). The protein domain is represented as a ribbon colored using a conservation
olved in zinc (green spheres) coordination are represented as sticks. B. 3D structure for
A) in complex with DNA (gray spheres). The protein domain is represented as a ribbon
. For clarity purposes, the second subunit of the dimer is represented as a light blue
ition of the conservation coloring code. The alignments were carried out using T-coffee.
stent C3HC4 motif and C2H2 zinc finger are marked with arrows ( ). (For interpretation
this article.)
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Fig. 4. E. akaara IgM (mu chain) cDNA and putative amino acid sequence. The deduced amino acid sequence is reported in one-letter code and the open reading frame of 1737 bp
encodes a protein of 578 amino acid residues. The stop codon is indicated with an asterisk (*), and the predicted polyadenylation signal is boxed.
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2.7. General morphology of the thymus

The thymus of both 4-month and 1.5-year old groupers were
sampled to investigate themorphological and histological structure
of the thymus. Anatomical and histological techniques were used in
the study. Hematoxylin and Eosin staining (H&E) was performed
and the result was screened using a light microscope (Leica). An
electron microscope (Phenom, FEI) was used to obtain electron
micrographs of the thymus.

2.8. Gene analysis and protein structure assessment

cDNAsequences of theRAG1, IgMmuchainandb-actin genewere
submitted to the National Center for Biotechnology Information
(NCBI) in order to perform the multiple alignments (http://www.
ncbi.nlm.nih.gov/). The deduced amino acid sequence was
submitted to multiple alignments using ClustalW. A phylogenetic
treewas constructed using theNeighbor-JoiningMethodwithMEGA
version 5 [28]. The models of both ZDD and NBR were constructed
usingModeller [29] andvisualizedusingChimera [30]. Alignmentsof
ZDD and NBR sequences of vertebrates were carried out using T-
Fig. 5. A putative 3D model of the IgM mu chain. ‘VHeCH1eCH2eHingeeCH3eCH4’
structures are shown in different colors. The model was predicted using SWISS-MODEL
(http://swissmodel.expasy.org/).

Please cite this article in press as: MaoM-G, et al., Characterization of RAG
red-spotted grouper (Epinephelus akaara), Fish & Shellfish Immunology (
coffee [31]. A 3Dmodel of the E. akaara IgMmu chainwas predicted
using SWISS-MODEL (http://swissmodel.expasy.org/) [32,33].

3. Results

3.1. cDNA sequence analysis of E. akaara RAG1

Blast analysis against nr database in NCBI GenBank of all the
resultant sequences from the positive clones revealed that the open
read frame (ORF) including 2778 bp was high similar to RAG1 of
Tilapia, Oreochromis niloticus (GenBank no. XM003440495). The
complete cDNA sequence of E. akaara RAG1 has been deposited in
GenBank under accession no. HQ007253. The deduced RAG1 amino
acid sequence was 925 amino acids and the deduced molecular
Kidney Thymus
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mass was approximately 105 kDa (Fig. 1). Multiple alignment of the
deduced amino acid sequence indicated that E. akaara RAG1 shared
high similarity in the functional region, which possesses a zinc
CyseCyseCyseHiseCyseCyseCyseCys (C3HC4) RING finger,
a CyseCyseHiseHis (C2H2) zinc finger A (ZFA) in the non-core
region and an NBR, a zinc finger B (ZFB), the central and C-
terminal domains in the core region (Fig. 2).

3.2. 3D structure of the ZDD and NBR

The predicted structure of RAG1 ZDD showed the expected zinc-
binding subdomains, dimerization helices, a RING finger and zinc
finger, with the four zinc ions bound to three distinct sites within
the domain (Fig. 3A). A poor level of conservation was found in the
3D structure and the T-coffee alignment of the ZDD region (Fig. 3A,
C), but the C3HC4 motif and C2H2 zinc finger structure were well
consistent (Fig. 3C). The 3D structure for the NBRwas a symmetrical
homodimer, which interacted with two molecules of DNA, which
were bound to the outside of the protein core in a near anti-parallel
configuration offset (Fig. 3B).
Fig. 7. Detection of RAG1 in the kidney and thymus of 4-month old grouper using immunoh
kidney, exhibiting positive immunostaining for anti-RAG1 antibody in the kidney (K) (A-2) c
Immunohistochemistry for RAG1 detection in the thymus. Compared to the control (B-1), bo
not stained in both B-1 and B-2. Bar ¼ 100 mm. The trabecula, IZ and OZ are identified accor
kidney and thymus. Strong positive signals of both thymus and kidney were tested around

Please cite this article in press as: MaoM-G, et al., Characterization of RAG
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3.3. cDNA sequence analysis of E. akaara IgM (mu chain)

The IgM mu chain was cloned using RACE-PCR with primers
3GSP3, 3GSP4, 5GSP3, 5GSP4 and the adaptor primers. The full-
length cDNA sequence was 2259 bp, including 371 bp of 50

untranslated region (UTR),1737 bp of the mu chain ORF,151 bp of 30

UTR (excluding the poly(A) þ tail). The complete sequence of the
IgM mu chain has been deposited in GenBank under accession no.
HQ007252. The deduced amino acid sequence is composed of 578
amino acids (Fig. 4) (GenBank no. AEK82140) and the deduced
molecular mass is approximately 65 kDa.

Multiple alignment of the deduced amino acid sequence of mu
chain with those of other known IgM family members indicated
that the E. akaara IgM mu chain shared high similarity with other
fish. The IgMmu chain is composed of a leader peptide (L), variable
domain (VH), constant domain CH1, CH2, Hinge, CH3, CH4, and C-
terminus, as shown in the 3D model (Fig. 5). Compared with the
amino acid sequences of both the IgM secreted form (GenBank no.
AAW66975) and the membrane-bound form (GenBank no.
AAA56663) in rainbow trout, it was estimated that the E. akaara
istochemistry and western blot. A. RAG1 detection in the kidney. Panoramic view of the
ompared to control (A-1). M: muscle. SC: spinal cord. BC: body cavity. Bar ¼ 100 mm. B.
th the inner zone (IZ) and the outer zone (OZ) were stained (B-2). The trabecula (T) was
ding to Vigliano’s description [35]. C. Western blot analysis of RAG1 expression in both
105 kDa.
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Fig. 8. Analysis of RAG1 (A) and IgM (mu chain) (B) expression during developmental
stages using qPCR. Samples from eggs to 80 dph larvae were tested. b-actin gene was
used as the endogenous control. Bars indicate mean � S.E. (n � 6). A. The significant
difference of RAG1 mRNA level between larvae of 29 dph and 37 dph is indicated with
asterisks (*: P < 0.05). B. The significant difference of IgM (mu chain) mRNA level
between larvae of 23 dph and 29 dph is indicated with asterisks (*: P < 0.05).
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IgM (mu chain) was prone to be a secretory form (Supplementary
data: Fig. 12).

3.4. Tissue distribution of RAG1 and IgM mu chain mRNA
transcripts

The RAG1 mRNA transcript levels were investigated in 4-month
and 1.5-year old groupers using real time PCR. Various E. akaara
tissues including muscle, kidney, heart, thymus, brain, intestine,
gonad, spleen, liver and gill were collected and tested. RAG1 mRNA
was detected in the thymus and kidney, and especially in the
thymus (Fig. 6A). RAG1 transcript level in both the thymus and
kidney of the 1.5-year old grouper was significantly lower than that
of the 4-month old grouper (Fig. 6A). The RAG1 protein in the
thymus and head kidney was tested using western blot and IHC.
The result showed that RAG1 protein was detected around 105 kDa
in both the thymus and head kidney (Fig. 7C), and strong signals
were detected in the kidney and thymus as shown in Fig. 7.

IgM mu chain mRNA was detected in most tissues except the
gonad (Fig. 6B). In comparison with the 4-month old groupers, mu
chain transcript levels were increased significantly in the liver,
heart, gill, thymus and spleen of the 1.5-year old groupers
(P < 0.01), but were lower in the brain and intestine (Fig. 6B).

3.5. RAG1 and IgM (mu chain) expression during development

The expression pattern of the RAG1 and IgM mu gene was
investigated over the time course 0 (fertilized eggs), 1, 2, 4, 6, 9, 12,
15, 18, 23, 29, 37, 60 and 80 dph of E. akaara using real time PCR. b-
actin was used as the endogenous control. RAG1 mRNA transcripts
were first detected in the 15 dph group. Significant expression was
observed in the 37, 60 and 80 dph groups (Fig. 8A). IgM mu chain
mRNA transcripts were first detected in the 23 dph group, and the
transcription level was increased obviously in the 29 dph group
(Fig. 8B).

3.6. General morphology of the thymus

E. akaara has a pair of thymus glands, located on the superior
dorsolateral corner of the gill cover close to the opercular cavity. An
oval-shaped thymus was seen in 4-month old E. akaara (Fig. 9A).
Unlike the young fish, the thymus of 1.5-year old fish (or fish over
this age) was difficult to be distinguished from epithelial tissue
(Supplementary data: Fig. 11). The cells observed under electron
microscope are probably the thymocytes, because the thymus is
essentially composed of thymocytes (lymphocytes) in the young
fish [34,35]. The results showed that the thymocytes in the 4-
month old E. akaara are more than those in the 1.5-year old but
other cell types such as reticulo-epithelial cells, mucous cells and
fibroblasts are less (Fig. 9B).

4. Discussion

In this study, both RAG1 and the IgM mu chain were chosen to
further study development of the E. akaara immune system. Several
aspects were addressed: the first involved the RAG1 and IgM mu
chain gene in fish; and the second dealt with development of the
E. akaara immune system. In addition, the problem of high
mortality in E. akaara larvae was also addressed.

Alignment of E. akaara RAG1 sequences showed that, among
vertebrates, the core region of E. akaara RAG1 showed high
conservation, but the non-core region showed low conservation.
Phylogenetic analysis confirmed that E. akaara RAG1 cDNA was
grouped with teleost species (Supplementary data: Fig. 10). In
mammals, the contribution of RAG1 to V(D)J recombination has
Please cite this article in press as: MaoM-G, et al., Characterization of RAG
red-spotted grouper (Epinephelus akaara), Fish & Shellfish Immunology (
beenwell reported, however, the function and structure of RAG1 in
teleost species has not yet been well studied. The majority of
biochemical studies on RAG proteins have involved using frag-
ments referred to as the core regions [36e38], which include
residues 384e1008 inmouse and 271e896 in E. akaara (Fig. 2). Core
RAG1 binds to the canonical RSS (12 or 23) with specificity for both
the nonamer and heptamer conserved sequences [20,39]. The RSS
nonamer is recognized by an NBR of core RAG1 residues 271e364 in
E. akaara (Figs. 2 and 3B). The central domain residues 415e649 in
E. akaara RAG1 could bind specifically to the RSS heptamer (Fig. 2)
[40,41]. Other domains in the RAG1 core contribute to the DDE
active site residues, a motif common to many recombinases and
transposases, and interact with RSS elements proximal to the
cleavage site and coding flank [41]. In addition, elements outside
the cores are necessary for regulated protein expression and
turnover. Non-core regions of the RAG1 protein include the zinc-
binding C3HC4 RING finger motif and the associated C2H2 zinc
finger with spanning amino acids 264e380 in mouse RAG1 and
1 and IgM (mu chain) marking development of the immune system in
2012), http://dx.doi.org/10.1016/j.fsi.2012.06.011



Fig. 9. Gross morphology and general organization of the thymus. A. General view of the removed thymus. Lobules are marked with arrows. Bar ¼ 500 mm. B. General view of the
thymus showing its capsule (C) and trabecule (T) limiting lobules, as well as the inner (IZ) and outer zones (OZ) according to turbot (Psetta maxima L.) [35]. Bar ¼ 100 mm. C.
Ultrastructure of the thymus of 4-month old E. akaara. Many lymphocytes (Ly) marked with arrows were seen under scanning electron microscopy. Bar ¼ 20 mm. D. Ultrastructure of
the thymus of 1.5-year old E. akaara. lymphocytes (Ly), Hassall’s corpuscle (Hc), reticulo-epithelial cells (R) and fibroblasts (F) are shown. Bar ¼ 20 mm. The lymphocytes and other
cell type were identified according to the thymus of orange-spotted grouper [34].
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142e170 in E. akaara (Figs. 2 and 3A) [39]. Their functions are
involved in KPNA1 protein binding and a zinc-binding RING finger
domain with ubiquitin ligase activity in the V(D)J recombination
process [20,42]. In this study, we identified the non-core region by
the C3HC4 RING finger motif and C2H2 zinc finger structure. It was
easy to confirm the RAG1 core region because the core sequences
were well conserved in vertebrate. Even though poor level of
conservation was found in T-coffee alignment of ZDD region
(Fig. 3C), the C3HC4 RING finger motif and the C2H2 zinc finger
structure were well conserved. The coincident basic structure of
conserved ZDD in the non-core region and the conserved core
region of E. akaara RAG1 suggested that fishes share a similar
mechanism of V(D)J function with mammals.

In teleost species, the RAG1 transcription was first examined in
both the thymus and kidney of rainbow trout larvae [8], and also
investigated in the same organs of zebrafish [9] and common carp
[11]. In our study, when RAG1 mRNA was tested in both the head
kidney and thymus, we confirmed the RAG1 protein in both using
IHC and western blot, which will help us do further research on the
protein levels. The results confirmed that the thymus and head
kidney are the primary immune organs in teleost species, since the
differentiation of early T cells and B cells occurs in both tissues.
Please cite this article in press as: MaoM-G, et al., Characterization of RAG
red-spotted grouper (Epinephelus akaara), Fish & Shellfish Immunology (
Interestingly, by comparison of the thymus between 4-month and
1.5-year old groupers, transcriptional levels of RAG1 (Fig. 6A) and
the number of lymphocytes were significantly decreased according
to the ultrastructure of the thymus (Fig. 9). The results indicated
that like the mammal thymus, thymic atrophy also occurs in fishes.

Humoral adaptive immunity in fish is mediated by Ig, and the
IgM class is the primary immunoglobulin in most teleost fish. The
IgM class has been studied in many species such as salmon [21],
zebrafish [22], Atlantic cod [23] and rainbow trout [24]. E. akaara
IgMmu chain shared the basic structure of Ig with the other teleost
species (Supplementary data: Fig. 13). IgM heavy chains are
synthesized in two forms: the secretory form and the membrane
form, the latter being integrated into the B-cell membrane. The
gene elements of IgM mu chain include one leader exon (LH), one
variable exon (VH), one diversity exon (D), one joining exon (JH),
four constant region exons (CH le4) and two trans membrane exons
[25]. In our study, it was found that the E. akaara IgM mu chain had
four ‘CH’ but no trans membrane segments, so we concluded that
the IgM (mu chain) which we cloned belonged to the secretory
form. The deduced molecular mass of the mu chain was approxi-
mately 65 kDa, compared to 70 kDa in carp [26]. The distribution of
IgM mu chain mRNA transcripts in most tissues of red-spotted
1 and IgM (mu chain) marking development of the immune system in
2012), http://dx.doi.org/10.1016/j.fsi.2012.06.011
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grouper as well as in orange-spotted grouper suggested that B cells,
source of IgM, could be transported to most parts of the fish body
with blood circulation. In addition, b-actin was first cloned in
E. akaara in our experiment (GenBank accession no. HQ007251),
including 1269 amino acids encoding 375 amino acids, which was
employed as the endogenous control.

In this study, we focused on the expression pattern of RAG1 and
IgM during the early developmental stages. The appearance of
RAG1 or IgM mRNA is different from various fish species [7e12].
Because the maternal antibody exerts its function to protect fish
larvae from environmental microorganisms [16], the earlier the
immune related tissues are mature, the better will the larvae be
protected (Supplementary data: Fig. 10). There are three ‘crisis
period’ during grouper larval and juvenile stages [43]. The first
‘crisis period’ occurs during the early stage of larvae after hatching;
The second occurs after disappearance of the yolk sac in the larvae;
The third period usually occurs in juvenile stage by cannibalization.
In E. akaara, the yolk sac disappears after 4 dph, and the
phenomenon of cannibalization becomes serious after 20 dph
during juvenile stage [44]. So the term between 4 and 20 dph is
generally considered as the second “crisis period”. Most organs
including the immune-related tissues start to develop during this
period. As we know that mass mortality in E. akaara juvenile
occurred during this period and virus infection is one of the key
reasons [2]. In this study, the immune system marked by RAG1
starts to develop around 15 dph in E. akaara and B cell marked by
IgM mu starts to develop its function around 23 dph, which is in
accordance with the point that IgM transcription will not work
until RAG1 expression [20]. RAG1 started to develop its ability in
immature B or T cells during 15 dph and 23 dph before endogenous
Ig appearance. It was concluded that this interval was the start to
develop the immune system. Generally, maternal immunity plays
very important role before endogenous Ig appearance [45].
However, if maternal antibody ran out, this interval would be one
“crisis period”. This finding may explain the reason of mass
mortality breakout during the larval stage from immunological
aspect.

Disorder of V(D)J recombination leads to severe combined
immunodeficiency (SCID) in mammals, characterized by a severe
defect in both the T and B lymphocyte systems, and this results in
the onset of one or more serious infections within the first few
months of life (http://www.scid.net). RAG1 or RAG2 deficiency
leads to complete blockage of B and T cell development [46], which
is one of the key factors leading to SCID [47]. Interestingly, fish
share both the T and B lymphocyte systems, but it is still unknown
whether they suffer from SCID. Is mass mortality related to the
consequence of disorders of V(D)J recombination? This conjecture
needs to be further studied.

It is estimated that the mortality in E. akaara is usually up to 90%
during larvae and juvenile stages [2], which causes farmers great
losses every year. Many factors, including viral infection, a poor
living environment, and bad diet may lead to the high mortality
[43]. However, one point to be particularly mentioned is that the
immune system of E. akaara has not been well understood yet. Our
study provided much information concerning E. akaara immu-
nology and will help us to extend our knowledge concerning the
control of fish diseases. Further study on the maternal transfer of
immunity is needed in order to help us understand the ‘crisis
period’ more clearly in the future.
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