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Antibacterial and Antiviral Roles of a Fish p-Defensin
Expressed Both in Pituitary and Testis

Jun-Yan Jin, Li Zhou, Yang Wang, Zhi Li, Jiu-Gang Zhao, Qi-Ya Zhang, Jian-Fang Gui*

State Key Laboratory of Freshwater Ecology and Biotechnology, Wuhan Center for Developmental Biology, Institute of Hydrobiology, Graduate School of the Chinese
Academy of Sciences, Chinese Academy of Sciences, Wuhan, China

Abstract

Defensins are a group of cationic peptides that exhibit broad-spectrum antimicrobial activity. In this study, we cloned and
characterized a f-defensin from pituitary cDNA library of a protogynous hermaphroditic orange-spotted grouper
(Epinephelus coioides). Interestingly, the 3-defensin was shown to be dominantly expressed in pituitary and testis by RT-PCR
and Western blot analysis, and its transcript level is significantly upregulated in reproduction organs from intersexual gonad
to testis during the natural and artificial sex reversal. Promoter sequence and the responsible activity region analyses
revealed the pituitary-specific POU1F1a transcription binding site and testis-specific SRY responsible site, and demonstrated
that the pituitary-specific POU1F1a transcription binding site that locates between —180 and —208 bp is the major
responsible region of grouper B-defensin promoter activity. Immunofluorescence localization observed its pituicyte
expression in pituitary and spermatogonic cell expression in testis. Moreover, both in vitro antibacterial activity assay of the
recombinant (-defensin and in vivo embryo microinjection of the B-defensin mRNA were shown to be effective in killing
Gram-negative bacteria. And, its antiviral role was also demonstrated in EPC cells transfected with the B-defensin construct.
Additionally, the antibacterial activity was sensitive to concentrations of Na*, K*, Ca®" and Mg?*. The above intriguing
findings strongly suggest that the fish B-defensin might play significant roles in both innate immunity defense and
reproduction endocrine regulation.
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Introduction

Innate immunity is the first defense line against invading
pathogens [1]. Defensins, as 3- to 6-kDa cationic peptides, are
important effect molecules. They can rapidly kill microorganism
pathogens including bacteria [2], mycobacteria, fungi [3], and
viruses [4]. Based on their cysteine disulphide bonding, defensins
are classified into o-, B- and 6-defensins [5]. o- and B-defensins
distribute broadly in plants [6,7], invertebrate [8] and vertebrate
animals [9], but 0-defensins are only expressed in rhesus macaque
[10]. More than 30 defensins in human and mouse [11] and 14
B—defensins in birds [12,13,14] were identified, but only 3, 2 and
2 B-defensin genes were respectively found in zebrafish, Fugu and
Tetraodon by using a database mining approach. In zebrafish,
constitutive expression of 3 B-defensins had been analyzed in
healthy adult tissues [15]. In rainbow trout, B-defensin-1 was
proved to have antiviral activity [16], and P-defensin-2, B-
defensin-3 and B-defensin-4 were inducible with polyl:C
treatment [17]. In olive flounder, the multiple B-defensins could
be induced by pathogenic exposure [18]. Recently, we cloned a
novel medaka B-defensin, and revealed its antimicrobial activity-
specific to Gram-negative bacteria. Moreover, its immune
modulation was demonstrated to be mediated by NI-kB and

Spl [19].
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B-defensins have been revealed to have more other biological
activities in addition to their broad-spectrum antimicrobial roles
[20,21,22,23,24]. For example, some B-defensins are chemoat-
tractants for monocytes, lymphocytes and dendritic cells, which act
as a link between innate and adaptive immune responses
[25,26,27]. In Torenia fournieri, a unique plant with a protruding
embryo sac, the defensin-like polypeptide LUTEs are pollen tube
attractants secreted form synergid cells [28]. And, some testis- or
epididymis-specific B-defensins, such as Binlb [29] and EP2
[30,31,32], have been identified in mammals. These findings
suggest that some B-defensins might be related to reproduction
endocrine regulation.

Several B-defensins have been identified in brain or testis
[29,33,34], but both pituitary and testis-produced B-defensins have
not been reported. In this study, we cloned and characterized a -
defensin from pituitary cDNA library of orange-spotted grouper
(Epinephelus coroides), and revealed the dominant expression both in
pituitary and testis. Moreover, we demonstrated its antibacterial
activity and antiviral activity both i vitro and i vive. Groupers, as
protogynous hermaphroditic and sex reversal species [35], have
been considered as good models to study sex differentiation and
endocrine regulation [36], therefore, the dominant expression of
pituitary and testis and the antimicrobial roles imply that the
currently identified grouper B-defensin might play a pivotal role in
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reproduction endocrine regulation in addition to the innate host
defense.

Results

Molecular characterization and genomic organization of
grouper B-defensin

A total of 103 ESTs were sequenced from the female orange-
spotted grouper pituitary cDNA plasmid library, and 5 ESTs were
revealed to have a high similarity with green puffer B-defensin-2
[15]. According to the EST sequences, we designed the primers and
cloned the full-length ¢cDNA of grouper B-defensin using RACE
strategy. As shown in Fig. 1A, the full-length cDNA is 558 bp,
consisting of a 28 bp 5" UTR, a 338 bp 3'UTR and a 192 bp open
reading frame which encodes 63aa (accession no. AY129305). The
first N-terminal 21 aa is predicted as a signal peptide by signal P

GARAGCTTATTGGTACCAARACATGAAGGGACTGAGCTTGE!
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program (3.0 SERVER). The mature peptide contains 42 amino
acid residues with a predicted molecular weight of 5.07 kDa. The
theoretical isoelectric point is 8.92. And the calculated net charge is
+4 at physiological environment (pH 7.4).

Multiple amino acid alignment reveals six completely conserved
cysteines (G, Co, Cs, Cy, Cs, Cg) and several highly conserved
leucines (L) and glycines (G) among these fish B-defensins (Fig. 1B).
The grouper B-defensin has highest (87.30%) amino acid identities
to green puffer B-defensin-2, and has 84.13%, 63.49%, 58.46% and
57.14% amino acid identities to medaka B-defensin, rainbow trout
B-defensin-2, zebrafish B-defensin-2 and zebrafish B-defensin-3
respectively. It has less than 30% identities to rainbow trout B-
defensin-3, tiger puffer B-defensin-1, zebrafish B-defensin-1, green
puffer B-defensin-1, rainbow trout B-defensin-land olive flounder
B-defensin. Phylogentic tree analysis reveals two branches. Grouper
B-defensin, green puffer B-defensi-2, medaka B-defensin, zebrafish
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AGGACTGRCATCTCCRAGGTAACTGACGACGGCGCTCTTCCGGATRACCCATTTCAACRACCTTACTCTCARTCGACACCTCTTGGACTTCTRAACACGCTGTGGGATGTGACAATGAGTGE
TTTGGAAGTGGACTTCAACTAGT TAGACCTGACTTATTCACAGCTAGATGTGCAGCAGATGTGTAACTGTTGCTTGATCCTGTATCTCACCTTTAATAACATTTATAATCACTCCTTTGT
GAACAGTCAGTTGTACTCTCTGAAATGCAGTGTTGCCAATARATGCACGARAAARARAAARAARRARRARAAAARARART

grouper B-defensin : MKGLSLVLLVLLLMLAVG--EGNDPEMQ-YW
green puffer B-defensin-2 : MKGLSLVLLVLLLMLAAG--EDSDSEMQ-YW
medaka deefensin : MKGLGLVLLVLLLMFADG--EEKDPVMQ-YW
rainbow trout B-defensin-2 : MGRLGLVMLVLLLLTAVQ---ADDTKVQ-GW
zebrafish B-defensin-2 : MKKLGMIIFITLPALFAGNVHNAEVQIQ-NW
zebrafish B-defensin-3 : MRTLGLIIFALLLLTASQ ANDTDVQ-RW
rainbow trout B-defensin-4 : MKYHCTMLLVLLAFLATACDVNEAARAFPIPW:
zebrafish B-defensin-1 : MKPQSIFILLVLVVLALHFKENEAASF--PW
rainbow trout PB-defensin-3 : ---MRLMILMLVALLVIACGIQESSAS--LH

tiger puffer B-defensin-1 : MASYRAVVLALLVVLVLNAVENEAASF--PW
green puffer B-defensin-1 : MASYRAVFLALVVVLMLN--ENEARSF--PW.
rainbow trout B-defensin-1 : MSCQRMVTLVLLVFLLLNVVEDEAASF--PF!
olive flounder B-defensin : MSRYRVAVLALVVVLLVEVAENEADQP--KLOJS
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Figure 1. Molecular characterization of grouper B-defensin. (A) Nucleotide and deduced amino acid sequences of grouper B-defensin. The
signal peptide is underlined. (B) Multiple alignment of grouper B-defensin amino acid sequences with other -defensin proteins from fish. They are
green puffer B-defensin-1 (BN000873) and green puffer -defensin-2 (BN000874), medaka B-defensin (EU676010), zebrafish B-defensin-1 (AM181358),
zebrafish B-defensin-2 (AM181359) and zebrafish B-defensin-3(AM181360), rainbow trout B-defensin-1(AM282655), rainbow trout B-defensin-2
(FM212656), rainbow trout B-defensin-3 (FM212657) and rainbow trout -defensin-4 (FM212658), tiger puffer B-defensin-1(BN000875), olive flounder
B-defensin (GQ414989). The identity values are on the right. The six conservative cystine residues are marked by black box. (C) Phylogenetic tree of
grouper B-defensin peptide with other fish B-defensins. The bootstrap values were generated by testing the tree 1000 times. (D) Schematic
representation of genomic structure of grouper B-defensin and other seven fish -defensins.

doi:10.1371/journal.pone.0012883.g001
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B-defensin-2, zebrafish B-defensin-3 and rainbow trout B-defensin-2
are clustered in one branch, while the other sequences form another
branch (Fig. 1C).

To analyze the genomic organization of grouper B-defensin, we
amplified the genomic sequence (907 bp) from the muscle genome
DNA. In comparison with the mRNA sequence, grouper f-
defensin gene has three exons (87, 111 and 331 bp) and two
introns (297 and 81 bp) (Fig. 1D), as found in other fish defensins,
including green puffer B-defensin-2, medaka B-defensin, zebrafish
B-defensin-1, zebrafish B-defensin-2, zebrafish B-defensin-3, tiger
puffer B-defensin-1 and green puffer B-defensin-1. Unexpectedly,
the two introns in zebrafish PB-defensin-3 were 2426 bp and
2108 bp, larger than those of other fish defensins. Signal peptide is
localized in the first and second exon. The Cy, Cy, Cg and Cy are
localized in the second exon, and the Cj; and Cg are localized in
the last exon.

A | K's F H Mu P

Hy Tn

cC MB MOB O

L K 8 F H Mu P Hy Tn

C MBMOB O T
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Dominant expression of grouper -defensin both in
pituitary and testis

Tissue distribution profiles of B-defensin expression are very
various even between closely related species [37]. In this study, we
firstly analyzed the adult tissue distribution of grouper B-defensin
expression by semi-quantitative RT-PCR and Western blot. As
shown in Fig. 2A and 2B, the grouper B-defensin transcript (Fig. 2A)
and protein (Fig. 2B) are dominantly expressed both in pituitary and
testis, and no any signals are detected from other analyzed tissues,
including liver, kidney, spleen, fat, heart, muscle, telencephalon,
cerebellum, midbrain, medulla oblongata and ovary.

Moreover, we evaluated the specificity of the anti-grouper B-
defensin polyclonal antibody by Western blot and immunofluores-
cence respectively. As shown in Fig. 2C, the anti-grouper B-defensin
antibody specifically recognizes an about 5.5 kDa protein in the
pituitary extract (Fig. 2C-a), while pre-adsorbed antiserum (Fig. 2C-

grouper B-defensin

4— g-tubulin

T

«— grouper B-defensin

Figure 2. Adult tissue distribution profiles of grouper -defensin and the specificity detection of anti-grouper -defensin antiserum.
(A) Expression pattern analyzed by RT-PCR and Western blot (B). L: liver; K: kidney; S: spleen; F: fat; H: heart; Mu: muscle; P: pituitary; Hy: hypothalamus;
Tn: telencephalon; C: cerebellum; MB: midbrain; MOB: medulla oblongata; O: ovary; T: testis. a-tubulin was employed as a positive control. (C) The
specificity of anti-grouper B-defensin serum detected by Western blot and immunofluorescence (D). The sections of grouper sexual reversal gonad
were immunostained by the anti-grouper B-defensin serum (a), the pre-adsorbed anti-grouper B-defensin serum with extra recombinant grouper f3-
defensin protein (b), and the pre-immuned rabbit serum (c) respectively. Red fluorescence stained by Pl indicates the cellular nucleus.

doi:10.1371/journal.pone.0012883.9002
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b) with the purified recombinant grouper B-defensin protein or the
pre-immnune serum (Fig. 2C-c) can not detect the specific 5.5 kDa
polypeptide in the same pituitary extract. Immunofluorescence
localization was consistent with that of Western blot. As shown in
Fig. 2D, strong immunofluorescence is detected by the anti-grouper
B-defensin antibody in some spermatogonia from the intersexual
gonad sections of the protogynous hermaphroditic red-spotted
grouper (Fig. 2D-a), whereas no immunofluorescence signal is
observed when using the pre-adsorbed antiserum with the purified
recombinant grouper B-defensin protein for 16 h at 4°C (Fig. 2D-b)
or using the pre-immuned serum (Fig. 2D-c) as primary antiserum.
The data indicate that the antibody has high specificity to the
grouper B-defensin.

Grouper B-defensin is upregulated from intersexual
gonad to testis during sex reversal

In normal physiological conditions, several mammal defensins
are sensitive to androgen and are developmentally regulated
[38,39]. To reveal the association of grouper B-defensin expression
with sex reversal, we firstly evaluated the transcript level in the
pituitaries and gonads of groupers at different stages. As shown in
Fig. 3, the grouper B-defensin transcript level is always abundant
in the pituitaries of different stage red-spotted groupers with un-
development gonad, mature ovary and mature testis (Fig. 3A), but
the B-defensin transcript level is very various in the different stage
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gonads. Abundant grouper f-defensin transcript is observed in the
testis of 1600 g-weight male, and only a few of transcript is
detected in the gonad of 950 g-weight maturing female, whereas
no any transcript is found in the gonads of 150 g-weight immature
female, 450 g-weight developing female, and 700 g- weight
maturing female (Fig. 3B). Previous anatomical and microscope
observations have shown that the 1600 g-weight individual is
mature male with testis containing sperms, whereas others were
females with ovaries at different stages of oogenesis [40,41].

For the artificial sex reversal groupers, the total RNAs were
isolated from the gonad tissues of two individuals that were randomly
sampled in the MT feeding group [42] at weekly intervals, and were
used for RT-PCR analysis. As shown in Fig. 3C, the grouper B-
defensin starts to transcribe at the 4th week after MT feeding, and
reaches to a peak level at the 5th week. The high up-regulation
transcription level suggests that the grouper B-defensin might have a
significant role in testis development and spermatogenesis.

Sequence characterization and responsible activity
regions of grouper B-defensin promoter

A 900 bp 5'-flanking sequence of grouper PB-defensin was
isolated from the grouper genome DNA. It includes a 28 bp non-
coding region and a 872 bp putative promoter. The consensus
TATA box motif is in the 25 bp upstream of the transcription start
site. A total of 13 transcription binding sites, such as transcription

C01C02 W11 W12 W21 W22 W31 W32 W41 W42 W51 W52 W61 W62

_grouper ﬁ-defensm

a-tubulin

OI_II_II"II_I.—.NI-IHI_IH

C01C02W1TW12W21W22W31W32V4W42W51 W52WE W62

Figure 3. The expression of grouper f-defensin is upregulated during the period of sex transformation. (A) The expression of grouper
B-defensin in the pituitaries of grouper with gonads in different stages. The total RNAs of pituitaries were isolated from grouper with
undevelopmental, mature ovary and mature testis respectively. (B) Differential expression of grouper -defensin in different stage gonads of red-
spotted grouper. The total RNAs of gonads were respectively isolated from the different gonad stages with different sizes: O1: immature ovary from
150 g body weight; O2: ovary with previtellogenic oocytes from 450 g body weight; O3: ovary with vitellogenic oocytes from 700 g body weight; O4:
ovary with vitellogenic oocytes from 950 g body weight; T1: testis from 1600 g body weight. a-tubulin was used as control. (C) Expression of grouper
B-defensin in different stage gonads of red-spotted grouper during artificial sex inversion. (a) RT-PCR analysis of grouper B-defensin expression. o-
tubulin was amplified at the same conditions as a positive control in each sample. (b) The grouper p-defensin mRNA intensities as shown in (a) were
analyzed by Band Leader Applification Software Ver. 3.0. Values represent the means =+ S.D. of three separate experiments. CO1 and C02: the gonads
from two individuals before sex inversion experiment, W11, W12, W21, W22, W31, W32, W41, W42, W51, W52, W61 and W62: the gonads from two
individuals after feeding with MT for week 1-6, respectively.

doi:10.1371/journal.pone.0012883.9003
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factor II (TFIID), stimulating protein 1(SP1), activator protein
1(AP1), sry-related HMG box 5 (SOX5), interferon regulatory
factor-1 (IRF-1), myeloid elf-1 like factor -2 (MEF-2), GATA
binding factor-1 (GATA-1), sex-determining region Y (SRY) and
pituitary specific pou domain transcription factor la (POUI1F1a)
[43], were predicted in the isolated grouper B-defensin promoter
by TESS and Matlnspector (Fig. 4A). In comparison with the
reported medaka B-defensin promoter (19), the grouper B-defensin
promoter has a pituitary-specific POU1F1la transcription binding
site, and does not contain NF-xB binding site (Fig. 4B).

To reveal the responsible regions of grouper B-defensin
promoter activity, series 5’ deletion mutant constructs were
constructed in pGL3-basic vector as described previously (19),

A
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and used to transiently transfect Ctenopharyngodon idellus ovary (CO)
cells and epithelioma papulosum cyprini (EPC) cells (44). As shown
in Fig. 4C, a peak activity appears in the —209/487 construct, and
the normalized relative light units (RLU) exceeds 800, whereas in
the +87/—179, the activity is the same to the control pGL3-basic.
The data indicate that major responsible region of grouper -
defensin promoter activity ranges from —180 to —208. Therefore,
the POU1F1a binding site in this region might be important for
the pituitary-specific expression of grouper B-defensin.

Pituicyte localization of grouper B-defensin in pituitary
Following the above investigation, we used the anti-grouper
B-defensin antibody to trace the expressed cells and distribution

TTGCCCTGTGCTTTATTCTGATGCTGAGCACAGTACTAGCCTCCTCCTCTTTTTTTGTCCAGGCCCAAACAAATAGAGCTGTAAAAACATCCTTTAG
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TCTTTACATATGCACTAGGGGGCATGCTACACAAGTACATATCTGTGTGTCTGTGCCTTGTGTTGTTATTGTATTGTTAACAATCCTCCCCTGTGTC
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TTATAACTTTTGGAGGGCTTGCTCTTTTGAAGGAGTCCTTATGTATGTAAGTACAAAACCAAACAGCTGTCCCTGTTTCATTTTGTGTTGGTGAAC
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AGTAAAGATCATTCACAGTATCTCCAAAACACAGAGCAGTTTGAATAATAAAGTTTTGCTCTGTACACTTAGCACAAAAAAATAACAGCATGTTT
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TTTTGTAAAATGCATAAAAGCAATCTTAATTCTCAAGAAGCTGGGGCGGTTGAGTGAGCTGAGTAAGCTGATAGTCCTGACCTTCAGCCCTCAGA
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+
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Figure 4. Map and deletion analysis of grouper -defensin promoter. (A) Sequence of grouper B-defensin promoter region. Consensus
nucleotide sequences corresponding to potential transcription binding sites are underlined and labeled. (B) Schematic diagrams and comparison of
potential transcription factor binding sites between grouper B-defensin promoter and medaka B-defensin promoter. (C) The progressive 5" deletion
series and their luciferase activities in CO (grey bars) and EPC (black bars). pRL-TK was used as internal control. The promoter activity is presented as
relative light units (RLU) normalized to Renilla luciferase activity. The data shown are derived from a representative experiment reported as the mean

(n=3) = SD.
doi:10.1371/journal.pone.0012883.9004
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in the grouper pituitary, and Propidium Iodide staining for
cellular nucleus was performed. As shown in Fig. 5, in
comparison with strong TSH signal in the proximal pars
distalis (PPD) [45] (Fig. 5A), the grouper B-defensin immuno-
fluoresence signal is observed only in the neurohypophysis from
the transversal section of grouper pituitary, and no any signal
appears in the adenohypophysis, including proximal pars
distalis (PPD) and rostral pars distalis (RPD) (Fig. 5B). And,
higher magnification further revealed detail distribution

Defensin Functional Analyses

characterization of the grouper B-defensin immunoreactive
signal (Fig. 5C and 5D). The immunoreactive signals are
scattered throughout the neurohypophysis, but it seems
stronger in the posterior of pars nervosa than those of the
anterior neurohypophysis. In the sagittal pituitary section, the
positive cells are long and slender, resembling filament, in
which cytoplasmic projections often extend between the nerve
fibers (Fig. 5E and 5F). Obviously, the grouper B-defensin-
expressed cells should be pituicytes, the typical cells in pituitary

Figure 5. Immunofluorescence detection of grouper B-defensin protein (green) in grouper pituitary. (A) TSH signals in the anterior
pituitary. (B) Grouper B-defensin signals in the posterior pituitary of transversal section of pituitary, and (C-D) are higher magnifications of positive
signal area in B. (E) Grouper B-defensin signals in the posterior pituitary of sagittal section of pituitary. (F) is higher magnification of positive signal
area in E. RPD:rostral pars distalis; PPD: proximal pars distalis; PN: pars noversa. Red fluresecence was stained by Propidium lodide for cellular nucleus.

doi:10.1371/journal.pone.0012883.g005
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neurohypophysis, which implies the pivotal regulation role of
grouper B-defensin in the pituitary.

Spermatogonium-specific expression of grouper B-
defensin in testis

Subsequently, we investigated dynamic changes and cell
localization of the grouper B-defensin by immunofluorescence in
the grouper gonads at different stages from ovary to testis in the
natural sex reversal process. As shown in Fig. 6, in the gonad of
maturing female, which contains a lot of vitellogenic oocytes, the
grouper B-defensin expression can not be detected by immuno-
fluorescence (Fig. 6A). When the grouper initiates to sex reversal,
the gonad begins to appear early transitional characters. The cysts
of male germ cells, from spermatogonia to spermatozoa, appear in
the edge of lobules. Strong grouper B-defensin immunofluores-
cence signal is observed in the cytoplasm of spermatogonia
(Fig. 6B). Following further sex reversal, oocytes reduce largely in
number, and along with spermatogonium increase, the grouper -
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defensin expression level increases rapidly (Fig. 6C). When the
gonad completely changes to testis, the strong grouper B-defensin
immunofluorescence is still detected in the spermatogonia, and
some residual grouper B-defensin fluorescence is observed in
primary spermatocytes (Fig. 6D). The data indicate that grouper
B-defensin is expressed by spermatogonia in testis, suggesting
that it might play an important role in sex reversal and
spermatogenesis.

Antibacterial activity of recombinant grouper B-defensin

specific to Gram-negative bacteria

Recombinant plasmids pET-28-grouper B-defensin was trans-
formed into E. coli BL21. After IPTG (0.8 mM) induction for 4 h,
the recombinant grouper [-defensin proteins (9 kDa) were
expressed mostly in the insoluble fractions, but not in the
supernatants of bacterial cells after disruption by sonication. After
purified by the denaturing conditions, more than 95% purity
recombinant grouper B-defensin protein was obtained. The yield

Figure 6. Spermatogonium-specific immunofluorescence localization of grouper -defensin protein (green) in the grouper gonads.
(A) Ovary section; (B) Gonad section at the early sex reversal stage; (C) Gonad section at intersex stage; (D) Testis section. PO: previtellogenic oocyte;
SG: spermatogonia; PSP: primary spermatocytes; SSP: secondary spermatocytes; SPZ: spermatozoa. Red fluresecence was stained by Propidium lodide

for the nuclei.
doi:10.1371/journal.pone.0012883.9006
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of the purified grouper B-defensin protein was about 5 mg/L
broth.

Since grouper B-defensin has very high identity to green puffer
B-defensin and medaka B-defensin, we firstly used the purified
recombinant grouper B-defensin protein to perform antibacterial
analysis in eight strains of bacteria, including six Gram-negative
strains (E. colr, V. fluvialis, B. cereus, P. aeruginosa, V. anguillarum and A.
sobria) and two Gram-positive strains (S. aureus and M. luteus).
Similarly to medaka B-defensin, the purified recombinant grouper
B-defensin also exhibited higher antibacterial activity to Gram-
negative bacteria than to Gram-positive bacteria. Under high
concentration of 512 pg/ml, the survival rates of all eight strains
were lower than 10%, but in comparison with Gram-positive
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strains, lower concentration was sufficient to resist against Gram-
negative strains (Fig. 7A). Moreover, we calculated the protein
concentrations that killed 50% (vLDs0) and 90% bacteria (vLDgg).
As shown in Table 1, the vLLDsq (5.1%+0.4 to 8.8£0.5) and vLDyg,
(17.5%4.0 to 59.4%8.8) in Gram-negative strains were much lower
than that in Gram-positive strains (vLDsy from 53.1+2.1 to
53.9%4.7, vLDgy from 296.5%65.5 to 358.5%46.5). The data
indicated that grouper B-defensin should have more strong effect
to kill Gram-negative bacteria than to kill Gram-positive bacteria.

B-defensins have been shown to be inactivated at high salt
concentrations[46]. To determine whether antibacterial activity of
grouper B-defensin is similarly affected, salt sensitivity assays were
implied. Since 64 pg/ml purified recombinant grouper B-defensin
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Figure 7. Antimicrobial activity of grouper B-defensin. (A) Antimicrobial activities of grouper B-defensin in vitro to eight different strains
(shown in respective chart). X-axis indicates the protein gradient concentration (ug/ml) and the Y-axis shows the survival rate (means = SD). At least
three independent experiments were conducted. (B) Effects of NaCl, KCl, CaCl, and MgCl, concentration on the antimicrobial activity of grouper -
defensin. E.coli were incubated for 12 h with 64 ug/ml grouper B-defensin in the culture medium containing various concentration ions. Values
shown are mean = SD. (C) Antimicrobial activity of grouper B-defensin in vivo. (a) Western blot was employed to detect the expression of grouper -
defensin by embryos. (b) At 24hpf, the control embryos injected with pure water and embryos injected grouper B-defensin mRNA were challenged
with the Gram-negative bacterium Vibrio flurialis and Gram-positive bacterium Micrococcus luteus, respectively. The survival rates were recorded at
the indicated times after infection. The experiments were repeated three times with 70 embryos per group.

doi:10.1371/journal.pone.0012883.g007
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Table 1. Antimicrobial activities of grouper B-defensin
against two Gram-positive and six Gram-negative strains.

vLDso VvLDgo

Test organism (ng/ml [mean + SEM]) (pg/ml [mean = SEM])
E. coli 6.7+1.3 39.0+3.7

V. fluvialis 74%1.0 43.010.0

B. cereus 5.1*0.4 17.5+4.0

P. aeruginosa 6.7+0.2 445+11.8

V. anguillarum 57*0.6 58.2*234

A. sobria 8.8+0.5 59.4+8.8

M. luteus 53.9+4.7 296.5%65.5

S. aureus 53.1x2.1 358.5*46.5

doi:10.1371/journal.pone.0012883.t001

proteins can almost fully inhibit the growth of F.colz, we used this
concentration for the later salt effect examinations. The concen-
tration of Na*, K*, Ca®" and Mg?" were adjusted with NaCl, KCI,
CaCly, and MgCly, respectively. As shown in IFig. 7B, the
bactericidal activity was suppressed by the increasing concentra-
tions of all salts. The antibacterial activity of grouper B-defensin
was substantially diminished at high concentration of NaCl
(150 mM) and KClI (300 mM). In comparison, the antimicrobial
activity of grouper B-defensin was more sensitive to CaCly and
MgCl,. The ability of grouper B-defensin to inhibit growth of E.
coli diminished about fifteen fold when divalent cations concen-
trations were increased from 0 mM to 0.2 mM.

To investigate the antibacterial activity of grouper B-defensin i
vtvo, we injected grouper B-defensin mRNA or pure water into rare
gudgeon embryos, respectively. Then the two groups of embryos
were exposed to pathogen bacterium V. flurialis or M. luteus by
static immersion. Similar to the results & vitro, grouper B-defensin
has more strong effect to kill Gram-negative bacterium V. flurialis
than to kill Gram-positive bacterium M. luteus. As shown in Fig. 7C,
the expressed B-defensin protein can be detected by Western blot
in the embryos injected with B-defensin mRNA, and the survival
rates are about twice higher in the grouper B-defensin mRNA
injected embryos than in the control wild-type embryos when the
two groups of embryos are infected by Vibrio flurials, whereas no
any significant difference is observed when the two group embryos
are infected by Micrococcus luteus.

Antiviral activity of grouper B-defensin against an
iridovirus infection

Moreover, we analyzed the antiviral role of grouper B-defensin
in cells by transfection assays. Firstly, EPC cells were transfected
for 24 h with 0.5 pg of grouper B-defensin construct pcDNA3.1-
grouper PB-defensin or empty vector (pcDNAS3.1) as control, and
the successful transfection was confirmed by RT-PCR and
Western blot detection of grouper B-defensin mRNA and protein
(Fig. 8A). Then the transfected cells were infected with 10°, 10%
10% and 10? TCIDso/ml of an iridovirus Rana givlio virus (RGV)
[47], respectively. When obvious cytopathogenic effect (CPE) was
produced for 48 h incubation in the control cells transfected with
empty vector pcDNAS3.1, significantly, only less CPE was found in
the pcDNAS3.1-grouper -defensin-transfected cells (Fig. 8B).
Fig. 8C shows the virus yields between the two group cells under
different virus dose infection, and the virus yields in the
pcDNAS3. 1-grouper B-defensin-transfected cells are significantly
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lower than that in the control cells transfected with empty vector
pcDNAS3.L.

Furthermore, EPC cells were transiently transfected with
different doses of grouper B-defensin construct or empty vector
(pcDNAS3.1), and the expressed B-defensin mRNA and protein
were confirmed by RT-PCR and Western blot detection (Fig. 8D).
Following the infection of transiently transfected cells with 10°
TCID5o/ml RGV, CPE was observed, and the viral yields were
determined. As shown in Fig. 8E, almost no CPE is found in cells
transfected with 1 ug or 0.5 pg of grouper B-defensin construct. In
contrast, obvious CPE is observed in control cells that were
transfected with empty vector pcDNA3.1. Additionally, virus yield
estimation also revealed significant differences between the two
group cells. In control cells, the difference of virus yields was slight
when the cells were transfected with 1 pg, 0.5 ug, 0.25 pug and
0.1 ug empty vector pcDNA3.1. In the pcDNA3.1-grouper B-
defensin transfected cells, there was a gradual elevation in virus
titers along with the decrease of the trasfected plasmid concen-
tration (Fig. 8F). The results together indicate that grouper B-
defensin has antiviral role in against the RGV iridovirus infection.

Discussion

A significant and intriguing finding in this study is the dominant
expression of grouper B-defensin both in pituitary and testis. The
first vertebrate B-defensin was identified in bovine tracheal mucosa
[48]. Since then, more and more B-defensins were isolated from
other vertebrates, such as human [49], mouse [2], avian [12] and
fish [15]. Generally, the tssue distribution of B-defensins is
extensive and diverse. These molecules are mostly produced by
tissues involved in host defense [26]. In the current study, we
cloned and characterized a B-defensin from the pituitary SMART
c¢DNA library of grouper, and found that the B-defensin is
simultaneously expressed both in the grouper pituitary and testis
(Fig. 3). It was well known that hypothalamus-pituitary-gonad axis
is an important neuro-endocrine system for regulating vertebrate
reproduction and sex differentiation [50]. Several B-defensins had
been detected in brain [33,34] or male reproductive tract [29,39],
but the expression both in pituitary and testis is the first finding.
Some epididymis-specific B-defensins also possess other function
more than antimicrobial activity. For examples, Binlb, a natural
epididymis-specific B-defensin in rat, was demonstrated to be
important for the sperm mature in rat [23,29]. ESP13.2, produced
by macaque epididymis, was confirmed to have a function in the
sperm capacitation process [51]. Therefore, the dominant
expression of grouper P-defensin both in pituitary and testis
implies that the grouper B-defensin might play a significant role in
the endocrine regulation and sex differentiation.

Moreover, promoter sequence and the responsible activity
region analyses revealed the pituitary-specific POUlIFla tran-
scription binding site and testis-specific SRY responsible site in the
grouper B-defensin promoter, and demonstrated that the pituitary-
specific POU1F1a transcription binding site was major responsible
region of grouper B-defensin promoter activity (Fig. 4). However,
the POUIFla is a pituitary-specific transcription factor, it could
not be expressed in the CO and EPC cells. Significantly, the
POUIFla has been revealed to belong to the POU domain
transcription factor family that includes POU1F1, Oct-1, and Oct-
2, and these factors share a highly conserved bipartite DNA-
binding domain. And, Oct-1 has been demonstrated as a
ubiquitously expressed factor [52]. Therefore, it is suggested that
the ubiquitous Oct-1 should be expressed both in CO cells and
EPC cells, and the high promoter activity might be resulted by the
binding of the ubiquitous Oct-1 and the POUI1F1a site.
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doi:10.1371/journal.pone.0012883.g008

According to a previous study from our laboratory, NF-xB
binding site was important for medaka B-defensin response to LPS
[19]. And, this binding site was also crucial for inducing human -
defensin 2 by LPS in RAW264.7 cells [53]. Furthermore, we used
anti-grouper B-defensin serum to localize pituicyte expression in
pituitary (Fig. 5) and spermatogonium expression in testis (Fig. 6).
Unlike other B-defensins widely distributed in many tissues
[15,16,19], the expression of grouper B-defensin in grouper
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pituicytes and spermatogonium might constitute an essential
component in maintaining the endocrine regulation and sex
reversal process.

Most B-defensins have been demonstrated to have antimicrobial
activity [54]. Some of them, such as mouse B-defensin 1 [2] and
human B-defensin 3 [55], can kill both Gram-positive and Gram-
negative bacteria. Some are specific to Gram-negative bacteria,
such as human B-defensin 1 [46], human B-defensin 2 [56] and
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medaka B-defensin [19]. In this study, we demonstrated that the
grouper PB-defensin have the antibacterial activity-specific to
Gram-negative bacteria, and the activity ability reduces along
with the increase of salt concentration (Fig. 7), which is similar to
other B-defensins, such as mouse BD-1[2] and human BD-1[46].
Additionally, the grouper B-defensin also exhibits antiviral activity
against RGV, an iridovirus. Although there are many reports on
B-defensin against virus infection [57,58], in fish, only Falco et al.
demonstrated that rainbow trout B-defensin-1 exhibited antiviral
activity against viral haemorrhagic septicaemia rhabdorvirus
(VHSV) [16]. Therefore, the dual roles for antibacterium and
antivirus imply that the grouper B-defensin might play significant
roles in immunity defense of reproduction endocrine regulation.

In conclusion, we have identified and characterized a fish -
defensin from the protogynous hermaphrodite grouper, revealed
its dominant expression both in pituitary and testis, and
demonstrated the dual roles for antibacterium and antivirus.
The expression pattern in reproduction axis and the dual roles for
antibacterium and antivirus might be related to the sex reversal in
the grouper fish. Perhaps, our current findings open the door for
understanding the reproduction and endorcrine regulation roles of
B-defensin in fish, although this issue remains to be investigated
more clearly.

Materials and Methods

SMART cDNA synthesis, grouper B-defensin identification
and sequence analysis

Total RNA of pituitary was isolated from 4-year-old orange-
spotted grouper by SV Total RNA Isolation System (Promega).
SMART cDNAs were synthesized and amplified using the
Switching Mechanism At 5'-end of RNA Transcript (SMART)
c¢DNA Library Construction Kit (Clontech) as described previously
[19,40,42,59]. The plasmid cDNA library was plated to appropriate
density to pick individual colonies. By screening 103 clones, five
clones showing conserved B-defensin characteristic were sequenced.
Signal peptide was predicted by SignalP 3.0 server (http://www.
chs.dtu.dk/services/SignalP/). The isoelectric pomnt (PI), molecular
weight (MW) and the net charge were calculated by ProtParam
(http://www.expasy.ch/tools/). ClustalW (http://align.genome.
jp/) was used to align multiple fish defensins, and the identity
percentages were generated by Bioedit. A phylogenetic tree was
constructed by using the Neighbour-Joining (NJ) algorithm based on
the deduced amino acid sequences.

The genomic DNA fragment of grouper B-defensin was amplified
from the total genomic DNA isolated from orange-spotted grouper
muscle as described previously [60]. The genomic sequences were
obtained in ensemble database (http://www.ensembl.org). All
putative promoters were predicted by the 1999 Neural Network
Promoter Prediction (NNPP version 2.2) (http://www.fruitfly.org/
seq_tools/promoter.html). The potential transcription factor bind-
ing sites were identified by TESS and Matlnspector.

RNA isolation, reverse transcription and semi-
quantitative RT-PCR

Total RNAs of liver, kidney, spleen, fat, heart, muscle, pituitary,
hypothalamus, telecephalon, cerebellum, midbrain and medulla
oblongata were isolated from 1-year-old orange-spotted grouper
with immature ovary using SV Total RNA Isolation System
according to the manufacturer’s instructions (Promega). Total
RNASs of pituitaries were isolated from grouper with undeveloped
gonads, mature ovary and mature testis respectively. Total gonad
RNAs were isolated from red-spotted grouper with body weight of
150, 450, 700, 950 and 1600 g, respectively. Total RNAs of
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gonads at the different artificial sex inversion stages were isolated
from 14 individuals of red-spotted grouper [42]. Then RNAs were
respectively reverse-transcribed with M-MLV Reverse Transcrip-
tase (Promega) and oligo(dT)8-12 (Promega) as described by the
manufacturer. According to the obtained nucleotide sequences,
one pair of primers (BDF1/BDRI, Table 2) were synthesized
(Sangon, Shanghai) and used to analyze adult tissue distribution
and temporal expression in gonads at different developmental
stages. The semi-quantitative RT-PCR was performed in a
volume of 25 ul at the optimal conditions as follows: 94°C for
4 min, 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s for 32
cycles followed by 72°C for 5 min. B-tubulin (tubulin-F/tubulin-R,
Table 2) was amplified to provide a semi-quantitative control for
PCR reaction efficiency under the same reaction conditions as
grouper B-defensin.

To further analyze the expression differences of grouper f-
defensin at different stages of artificial sex reversal, image analysis
was used to measure the intensity of the RT-PCR products by the
software package GeneSnap (MwLibrary, Genius).

Recombinant grouper B-defensin expression and
antiserum preparation

Primers BDF2 and BDR2 (Table 2) were synthesized to
generate a sequence for encoding the mature B-defensin peptide,

Table 2. Primers used in this study.

Primers Sequence(5'-3')

CDSP ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30N—1N
SMART Il P AAGCAGTGGTATCAACGCAGAGTGGCCAT-TACGGCCGGG
BDF1 GAATTCATATGAAGGGACTGAGCTTGGTTC

BDR1 GCTCGAGCTAAGACCGCACAGCACAGC

tubulin-F GTGCACTGGTCTTCAGGGGTT

tubulin-R GGGAAGTGGATGCGTGGGTAT

BDF2 GCTAGCGATCCGGAAATGCAGTATTGGAC

BDR2 CTCGAGGCTGCGCACGGCGCAGCA

BDF3 CTCGAGACCATGGATCCAGAAATGCAGTAT

BDR3 GGATCCCTAAGACCGCACGCAC

GSP1a CCCTCCCCGACGGCGAGCATCAGGAGAAGC

GSP1b GAAGCACGAGGAGAACCAAGCTCAG

GSP2a GTTTTCACTGCTGCCCTCTGTTCGAC

GSP2b TCGACCACTGCTCTGCCCACATCTGAATA

AP1 GTAATACGACTCACTATAGGGC

AP2 ACTATAGGGCACGCGTGGT

ProF1 GAGCTCCAGCCCTCAGACTGGGATCATTCAGT
ProF2 GAGCTCGCTGAGTAAGCTGATAGTCCTGACCT
ProF3 GAGCTCCTTAATTCTCAAGAAGCTGGGGCGGT
ProF4 GAGCTCATGTTTTTTTGTAAAATGCATAAAAGCAATCTT
ProF5 GAGCTCGTGTTGGTGAACAGTAAAGATCATTCAC
ProF6 GAGCTCTTGGAGGGCTTGCTCTTTTGAAGGAGT
ProF7 GAGCTCTTGGAGGGCTTGCTCTTTTGAAGGAGT
ProF8 GAGCTCAACACACCAACTACTGCCATATTCAGATG
ProF9 GAGCTCTCACAG ACTGGATCATGATTTGTCCC
ProF10 GAGCTC TTGCCCTGTGCTTTATTCT

ProR CTCGAGCCCTCCCCGACGGCGAGCA
doi:10.1371/journal.pone.0012883.t002
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and then the generated sequence was inserted into the expression
vector pET-28a (+). After the construct was transformed to
competent BL21 (DE3) E. coli cells and the positive clones were
selected on Luria Bertani (LB) medium containing 50 pg/ml
ampicillin, recombinant protein could be induced to over-express
in the E. coli by 0.8 mM isopropyl-1-thio-B-D-galactoside (IPTG)
for 4 h at 37°C. Because it formed insoluble inclusion bodies
during expression, the recombinant grouper B-defensin protein
was not lethal for the E. coli. After it was purified with His-tag
purification kit (Novagene, USA), the recombinant protein was
refolded by dialysis against 20 mM Tris-HCI buffer (PH 7.4) 4
times at 4°C. The disulphide bonds-related issues and the
antimicrobial activity can be solved by the dialysis as described
previously [61]. Tricine-SDS-PAGE was carried out to assess the
purity of recombinant protein. The concentration of recombinant
grouper B-defensin was measured by the BCA Protein Assay Kit
(Pierce, USA) as per the manufacture’s direction. Because no any
antimicrobial activity difference was revealed between the
recombinant defensin proteins with his-tag and without his-tag
by previous studies [61,62], the recombinant grouper B-defensin
protein with a N-terminal his-tag was directly used as antimicro-
bial activity assays.

To acquire polyclonal antiserum, the recombinant proteins
were applied to immunize white rabbit as described previously
[40,41,56]. The specificity of the antiserum was evaluated by
Western blot and immunofluorescence. Two controls were
designed to determine polyclonal antibody specificity. In one
control the grouper B-defensin antisera were replaced with pre-
immune serum respectively. In another control the grouper -
defensin antisera was replaced by antisera pre-adsorbed with
purified recombinant grouper B-defensin for 16 h at 4°C. The
preadsorption was carried as described previously [40,41,59].

Western blot detection and immunofluorescence
localization

Western blot was performed to analyze the adult tissue
distribution of grouper P-defensin. The healthy grouper tissues
were homogenized in 1 ml of chilled RIPA buffer (150 mM NaCl,
50 mM Tris-HCI pH 7.2, 1% NP40, 0.1% SDS, 1% Triton X-
100, 1% Deoxycholic acid, 1 mM EDTA, 1 pg/ml peupeptin,
25 pg/ml aprotinin and 1 mg/ml PMSF). Protein concentration
was determined by the BCA Protein Assay Kit (Pierce, USA)
according the instruction. 50 pg protein of samples from liver,
kidney, spleen, fat, heart, muscle, pituitary, hypothalamus,
telencephalon, cerebellum, midbrain, medulla oblongata, ovary,
and testis were loaded into each lane with a ultra-low molecular
weight protein size Marker (Kayon, Shanghai), electrophoresed
through 16% Tricine-SDS-PAGE, then electroblotted onto PVDF
membrane (Whatman, USA) using a Trans-Blot SD Semi-Dry
Transfer Cell (Bio-Rad, USA). Blotting was performed according
to the procedure as described previously [63,64].

Immunofluorescence were performed to analyze grouper [-
defensin celluar localization in pituitary and gonads at different
development stages. The procedure was according to a previous
report [19,65].

Grouper B-defensin promoter cloning and luciferase
assay

To further analyze the regulation of grouper P-defensin
expression, we cloned the its upstream region with the Universal
GenomeWalker'™ Kit (Clontech). As previously described [66],
we isolate the promoter by using primers four pair primers

(GSPla/AP1, GSP1b/AP2, GSP2a/AP1, GSP2b/AP2). Series of
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PCR fragment were generated by PCR with 11 forward primers
containing Sacl and a reverse primer containing Xtol (Table 2). All
the 5’ deletion constructs were verified by sequencing.

CO cells and EPC cells were transfected with 0.5 pug series
plasmid and 0.025 pg pRL-TK as internal control, while pGL3-
basic was used for negative control. After transfection for 24 h,
Luciferase activities were detected with a Junior LB9509
Luminometer (Berthold, German) and normalized to the amount
of Renilla luciferase activities. The results showed the represen-
tative of more than three independent experiments performed in
triplicates.

Antibacterial activity assay

Escherichia coli (AB91012, CCTCC), Micrococcus luteus (AB91100,
CCTCC), Pseudomonas aeruginosa (AB91095, CCTCCQC), Bacillus cereus
(AB93071, CCTCC) and Staphplococcus aureus (AB94004, CCTCC)
were from China Center for Type Culture Collection (CCTCC,
Wuhan). Vibrio fluvialis, Vibrio anguillarum and Aeromonas sobria were
gifted by professor Ai-hua Li (Institute of Hydrobiology, CAS).
Antibacterial activity assay was performed by microtitre broth
dilution method [61,67]. Briefly, mid-log-phase cultures of test
strains were diluted to approximately 2x10° CFU/ml in
2xMHB. 50 pl of these cultures were treated with 50 pl gradient
concentration recombinant grouper B-defensin in 96-well micro-
plates, while 50 ul 20 mM Tris-HCI buffer (8.0) was used as a
control. The bacteria growth was determined by measuring the
absorbance at 600 nm (ODyggg). Initial ODggy values were
measured and recorded. Then these plates were incubated for
12 h at their optimal growth temperature, respectively (S. aureus, P.
aeruginosa and E. coli at 37°C, B. cereus at 30°C, V. anguillarum, A.
sobria, M. luteus and V. fluvialis, at 28°C). ODggg was measured and
imported into Microsoft excel software and corrected by initial
ODgoo values. Survival rates were calculated as the cell density in
the presence of grouper B-defensin to the cell density of control.
Virtual 50% lethal dose (VLLDs) and vLLDgy were reported as the
grouper B-defensin concentrations that resulted in survival rates of
0.5 and 0.1, respectively. Assay was performed more than three
times and the statistical data were shown.

Salt sensitivity of grouper B-defensin protein was tested by
adding various lons into the culture medium. 1x106 CFU/ml
E.coli were incubated with 64 pg/ml grouper B-defensin protein
containing different concentrations of salts (0-300 mM NaCl or
KCl, 0-0.2 mM CaCl, or MgCly).

mRNA microinjection and bacterial infection

Grouper B-defensin ORF was subcloned into the pCS2+ vector
for in vitro transcription. After Not I digestion in pCS2+-grouper B-
defensin, capped sense RNAs were synthesized using SP6 RNA
polymerase and the SP6 Cap-Scribe (Roche, Switzerland).
Following the manufacture’s instructions, mRNAs were resus-
pended in water and injected 1 pl to an embryo at a concentration
of 200 ng/ul. The expression of grouper B-defensin protein was
detected by Western blot.

For bacterial infection, rare gudgeon (Gobiocypris rarus) embryos
were manually dechorionated at 24 hpf after injected with 1 pl of
the groupr B-defensin mRNA. As wild type control, the fertilized
eggs were also injected with 1 pl of water. Then all the embryos
were exposed to pathogen bacterium Vibrio flurialis (10° CFU/ml)
or Micrococeus luteus (10° CFU/ml) by static immersion as described
previously [68]. Embryos were maintained with fresh water after
immersion for 4 h. After 12, 24, 36, 48, 60 and 72 hpi (hours post
infection), the survival rates were counted. The experiments were
repeated three times with 70 embryos per group.
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Transfection, virus infection and antiviral effect evaluation

CO cells and EPC cells were maintained in TC199 medium
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 ug/ml streptomycin at 25°C. Transfection
assay was performed as described previously [44,69]. The PCR
products amplified by primers (BDF3/BDR3, Table 2) inserted
into pcDNA3.1(-) vector to generate pcDNA3.1-grouper f-
defensin. When they were grown to 90% confluence, EPC cells
were transiently transfected with various concentration of
pcDNAS. 1-grouper B-defensin or empty vector pcDNAS3.1(-) using
the Fugene (Roche) according to the manufacturer’s instruction.
The expression of grouper B-defensin was detected by RT-PCR
and Western blot. 24 h after transfection, the cells of each well
were washed three times and treated with various concentration of

References

1. Alvarez-Pellitero P (2008) Fish immunity and parasite infections: from innate
immunity to immunoprophylactic prospects. Vet Immunol Immunopathol 126:
171-198.

2. Bals R, Goldman M]J, Wilson JM (1998) Mouse B-defensin 1 is a salt-sensitive
antimicrobial peptide present in epithelia of the lung and urogenital tract. Infect
Immun 66: 1225-1232.

3. Krishnakumari V, Rangaraj N, Nagaraj R (2009) Antifungal activities of human
beta-defensins HBD-1 to HBD-3 and their C-terminal analogs Phdl to Phd3.
Antimicrob Agents Chemother 53: 256-260.

4. Weinberg A, Quindnes-Mateu ME, Lederman MM (2006) Role of human f-
defensins in HIV infection. Adv Dent Res 19: 42-48.

5. Selsted ME, Ouellette AJ (2005) Mammalian defensins in the antimicrobial
immune response. Nat Immunol 6: 551-557.

6. Thomma BP, Cammue BP, Thevissen K (2002) Plant defensins. Planta 216:
193-202.

7. Osborn RW, De Samblanx GW, Thevissen K, Goderis I, Torrekens S, et al.
(1995) Isolation and characterisation of plant defensins from seeds of Asteraceae,
Fabaceae, Hippocastanaceae and Saxifragaceae. FEBS Lett 368: 257-262.

8. Rodriguez de la Vega RC, Possani LD (2005) On the evolution of invertebrate
defensins. Trends Genet 21: 330-332.

9. Ganz T, Lehrer RI (1998) Antimicrobial peptides of vertebrates. Curr Opin

Immunol 10: 41-44.

. Tang YQ, Yuan J, Osapay G, Osapay K, Tran D, et al. (1999) A cyclic

antimicrobial peptide produced in primate leukocytes by the ligation of two

truncated o-defensins. Science 286: 498-502.

Schutte BC, Mitros JP, Bartlett JA, Walters JD, Jia HP, et al. (2002) Discovery of

five conserved P -defensin gene clusters using a computational search strategy.

Proc Natl Acad Sci U S A 99: 2129-2133.

. Lynn DJ, Higgs R, Gaines S, Tierney J, James T, et al. (2004) Bioinformatic
discovery and initial characterisation of nine novel antimicrobial peptide genes
in the chicken. Immunogenetics 56: 170-177.

. Xiao Y, Hughes AL, Ando J, Matsuda Y, Cheng JF, et al. (2004) A genome-wide
screen identifies a single B-defensin gene cluster in the chicken: implications for
the origin and evolution of mammalian defensins. BMC Genomics 5: 56.

. Lynn DJ, Higgs R, Lloyd AT, O’Farrelly C, Herve-Grepinet V, et al. (2007)
Avian beta-defensin nomenclature: a community proposed update. Immunol
Lett 110: 86-89.

. Zou J, Mercier C, Koussounadis A, Secombes C (2007) Discovery of multiple
beta-defensin like homologues in teleost fish. Mol Immunol 44: 638-647.

. Falco A, Chico V, Marroqui L, Perez L, Coll JM, et al. (2008) Expression and
antiviral activity of a B-defensin-like peptide identified in the rainbow trout
(Oncorhynchus mykiss) EST sequences. Mol Immunol 45: 757-765.

. Casadei E, Wang T, Zou J, Gonzalez Vecino JL, Wadsworth S, et al. (2009)
Characterization of three novel B-defensin antimicrobial peptides in rainbow
trout (Oncorhynchus mykiss). Mol Immunol 46: 3358-3366.

. Nam BH, Moon JY, Kim YO, Kong HJ, Kim W], et al. (2010) Multiple B-
defensin isoforms identified in early developmental stages of the teleost
Paralichthys olivaceus. Fish Shellfish Immunol 28: 267-274.

. Zhao JG, Zhou L, Jin JY, Zhao Z, Lan ], et al. (2009) Antimicrobial activity-
specific to Gram-negative bacteria and immune modulation-mediated NF-kB
and Spl of a medaka B-defensin. Dev Comp Immunol 33: 624-637.

. Biragyn A, Ruffini PA, Leifer CA, Klyushnenkova E, Shakhov A, et al. (2002)

Toll-like receptor 4-dependent activation of dendritic cells by beta-defensin 2.

Science 298: 1025-1029.

Tominaga T, Fukata J, Naito Y, Nakai Y, Funakoshi S, et al. (1990) Effects of

corticostatin-I on rat adrenal cells in vitro. ] Endocrinol 125: 287-292.

MacLeod RJ, Hamilton JR, Bateman A, Belcourt D, Hu J, et al. (1991)

Corticostatic peptides cause nifedipine-sensitive volume reduction in jejunal

villus enterocytes. Proc Natl Acad Sci U S A 88: 552-556.

Zhou CX, Zhang YL, Xiao L, Zheng M, Leung KM, et al. (2004) An

epididymis-specific B-defensin is important for the initiation of sperm

maturation. Nat Cell Biol 6: 458-464.

21.

22.

23.

@ PLoS ONE | www.plosone.org

13

Defensin Functional Analyses

RGV. After infection for 48 h, the supernatants were harvested
from plates freezed and thawed for three times. For determining
the titer of RGV, the supernatants were serially diluted in free-
serum medium and titrated on EPC cells. Each dilution was
assayed in three replicates.

All data are presented as mean *S.E. Differences between
groups were analyzed by t-test. Data were considered have
significantly different when P<<0.05.

Author Contributions

Conceived and designed the experiments: LZ JFG. Performed the
experiments: JYJ ZL JGZ. Analyzed the data: JYJ LZ. Contributed
reagents/materials/analysis tools: YW QYZ JFG. Wrote the paper: JY]J
JFG.

24. Yang D, Chen Q, Chertov O, Oppenheim JJ (2000) Human neutrophil
defensins selectively chemoattract naive T and immature dendritic cells. ] Leukoc
Biol 68: 9-14.

. Klotman ME, Chang TL (2006) Defensins in innate antiviral immunity. Nat

Rev Immunol 6: 447-456.

Ganz T (2003) Defensins: antimicrobial peptides of innate immunity. Nat Rev

Immunol 3: 710-720.

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, et al. (1999) B-

defensins: linking innate and adaptive immunity through dendritic and T cell

CCRG6. Science 286: 525-528.

Okuda S, Tsutsui H, Shiina K, Sprunck S, Takeuchi H, et al. (2009) Defensin-

like polypeptide LURES are pollen tube attractants secreted from synergid cells.

Nature 458: 357-361.

Li P, Chan HC, He B, So SC, Chung YW, et al. (2001) An antimicrobial peptide

gene found in the male reproductive system of rats. Science 291: 1783-1785.

Ibrahim NM, Young LG, Frohlich O (2001) Epididymal specificity and

androgen regulation of rat EP2. Biol Reprod 65: 575-580.

Frohlich O, Po C, Young LG (2001) Organization of the human gene encoding

the epididymis-specific EP2 protein variants and its relationship to defensin

genes. Biol Reprod 64: 1072-1079.

. Hamil KG, Sivashanmugam P, Richardson RT, Grossman G, Ruben SM, et al.
(2000) HE2B and HE2y, new members of an epididymis-specific family of
androgen-regulated proteins in the human. Endocrinology 141: 1245-1253.

. Froy O, Hananel A, Chapnik N, Madar Z (2005) Differential expression of rat -
defensins. TUBMB Life 57: 41-43.

. Hao HN, Zhao J, Lotoczky G, Grever WE, Lyman WD (2001) Induction of
human beta-defensin-2 expression in human astrocytes by lipopolysaccharide
and cytokines. J Neurochem 77: 1027-1035.

. Yeh S, Kuo C, Ting Y, Chang C (2003) The effects of exogenous androgens on

ovarian development and sex change in female orange-spotted protogynous

grouper, Fpinephelus coioides. Aquaculture 218: 729-739.

Zhou L, Gui JF (2010) Molecular mechanisms underlying sex change in

hermaphroditic groupers. Fish Physiology and Biochemistry 36: 181-193.

Sang Y, Patil AA, Zhang G, Ross CR, Blecha F (2006) Bioinformatic and

expression analysis of novel porcine B-defensins. Mamm Genome 17: 332-339.

Palladino MA, Mallonga TA, Mishra MS (2003) Messenger RNA (mRNA)

expression for the antimicrobial peptides B-defensin-1 and B-defensin-2 in the

male rat reproductive tract: B-defensin-1 mRNA in initial segment and caput
epididymidis is regulated by androgens and not bacterial lipopolysaccharides.

Biol Reprod 68: 509-515.

. Patil AA, Cai Y, Sang Y, Blecha F, Zhang G (2005) Cross-species analysis of the

mammalian B-defensin gene family: presence of syntenic gene clusters and

preferential expression in the male reproductive tract. Physiol Genomics 23:

5-17.

Xia W, Zhou L, Yao B, Li CJ, Gui JF (2007) Differential and spermatogenic cell-

specific expression of DMRT1 during sex reversal in protogynous hermaphro-

ditic groupers. Mol Cell Endocrinol 263: 156-172.

Yao B, Zhou L, Wang Y, Xia W, Gui JF (2007) Differential expression and

dynamic changes of SOX3 during gametogenesis and sex reversal in

protogynous hermaphroditic fish. J Exp Zool Part A Ecol Genet Physiol 307:

207-219.

Wang Y, Zhou L, Yao B, Li CJ, Gui JF (2004) Differential expression of thyroid-

stimulating hormone beta subunit in gonads during sex reversal of orange-

spotted and red-spotted groupers. Mol Cell Endocrinol 220: 77-88.

. Van As P, Buys N, Onagbesan OM, Decuypere E (2000) Complementary DNA

cloning and ontogenic expression of pituitary-specific transcription factor of

chickens (Gallus domesticus) from the pituitary gland. Gen Comp Endocrinol 120:

127-136.

Zhu R, Zhang YB, Zhang QY, Gui JF (2008) Functional domains and the

antiviral effect of the double-stranded RNA-dependent protein kinase PKR from

Paralichthys olivaceus. ] Virol 82: 6889-6901.

26.

27.
28.

29.
30.

31.

36.
37.

38.

40.

41.

42.

44.

December 2010 | Volume 5 | Issue 12 | 12883



46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

. Weltzien FA, Norberg B, Helvik JV, Andersen O, Swanson P, et al. (2003)

Identification and localization of eight distinct hormone-producing cell types in
the pituitary of male Atlantic halibut (Hippoglossus hippoglossus L.). Comp Biochem
Physiol A Mol Integr Physiol 134: 315-327.

Goldman M]J, Anderson GM, Stolzenberg ED, Kari UP, Zasloff M, et al. (1997)
Human B-defensin-1 is a salt-sensitive antibiotic in lung that is inactivated in
cystic fibrosis. Cell 88: 553-560.

Huang YH, Huang XH, Gui JF, Zhang QY (2007) Mitochondria-mediated
apoptosis induced by Rana glylio virus infection in fish cells. Apoptosis 12:
1569-1577.

Diamond G, Zasloff M, Eck H, Brasseur M, Maloy WL, et al. (1991) Tracheal
antimicrobial peptide, a cysteine-rich peptide from mammalian tracheal mucosa:
peptide isolation and cloning of a ¢cDNA. Proc Natl Acad Sci U S A 88:
3952-3956.

Bensch KW, Raida M, Magert HJ, Schulz-Knappe P, Forssmann WG (1995)
hBD-1: a novel B-defensin from human plasma. FEBS Lett 368: 331-335.

Zhou L, Yao B, Xia W, Li C, Wang Y, et al. (2006) EST-based identification of

genes expressed in the hypothalamus of male orange-spotted grouper (Epinephelus
cotordes). Aquaculture 256: 129-139.

Yudin A, Tollner T, Li M, Treece C, Overstreet J, et al. (2003) ESP13. 2, a
member of the B-defensin family, is a macaque sperm surface-coating protein
involved in the capacitation process. Biol Reprod 69: 1118-1128.

Dong B, Zhao FQ (2007) Involvement of the ubiquitous Oct-1 transcription
factor in hormonal induction of P-casein gene expression. Biochem. J 401:
57-64.

Tsutsumi-Ishii Y, Nagaoka I (2002) NF-kB-mediated transcriptional regulation
of human B-defensin-2 gene following lipopolysaccharide stimulation. J Leukoc
Biol 71: 154-162.

Semple CA, Gautier P, Taylor K, Dorin JR (2006) The changing of the guard:
Molecular diversity and rapid evolution of beta-defensins. Mol Divers 10:
575-584.

. Garcia JR, Jaumann F, Schulz S, Krause A, Rodriguez-Jimenez J, et al. (2001)

Identification of a novel, multifunctional B-defensin (human B-defensin 3) with
specific antimicrobial activity. Its interaction with plasma membranes of Xenopus
oocytes and the induction of macrophage chemoattraction. Cell Tissue Res 306:
257-264.

Harder J, Bartels J, Christophers E, Schroder JM (1997) A peptide antibiotic
from human skin. Nature 387: 861.

@ PLoS ONE | www.plosone.org

14

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

Defensin Functional Analyses

Howell MD, Streib JE, Leung DY (2007) Antiviral activity of human B-defensin
3 against vaccinia virus. J Allergy Clin Immunol 119: 1022-1025.
Quinones-Mateu ME, Lederman MM, Feng Z, Chakraborty B, Weber J, et al.
(2003) Human epithelial beta-defensins 2 and 3 inhibit HIV-1 replication. AIDS
17: F39-48.

Li CJ, Zhou L, Wang Y, Hong YH, Gui JF (2005) Molecular and expression
characterization of three gonadotropin subunits common o, FSHp and LHp in
groupers. Mol Cell Endocrinol 233: 33-46.

Wang D, Mao HL, Chen HX, Liu HQ, Gui JF (2009) Isolation of Y- and X-
linked SCAR markers in yellow catfish and application in the production of all-
male populations. Anim Genet 40: 978-981.

Soman SS, Arathy DS, Sreekumar E (2009) Discovery of Anas platyrhynchos avian
B-defensin 2 (Apl_AvBD2) with antibacterial and chemotactic functions. Mol
Immunol 46: 2029-2038.

Yenugu S, Hamil KG, Radhakrishnan Y, French FS, Hall SH (2004) The
androgen-regulated epididymal sperm-binding protein, human B-defensin 118
(DEFB118) (formerly ESC42), is an antimicrobial B-defensin. Endocrinology
145: 3165-3173.

Wang XL, Mei J, Sun M, Hong YH, Gui JF (2005) Identification of three
duplicated Spin genes in medaka (Oryzias latipes). Gene 350: 99-106.

Wu N, Yue HM, Chen B, Gui JF (2009) Histone H2A has a novel variant in fish
oocytes. Biol Reprod 81: 275-283.

. Peng JX, Xie JL, Zhou L, Hong YH, Gui JF (2009) Evolutionary conservation of

Dazl genomic organization and its continuous and dynamic distribution
throughout germline development in gynogenetic gibel carp. J Exp Zool B Mol
Dev Evol 312: 855-871.

Huang W, Zhou L, Li Z, Gui JF (2009) Expression pattern, cellular localization
and promoter activity analysis of ovarian aromatase (Cypl9ala) in protogynous
hermaphrodite red-spotted grouper. Mol Cell Endocrinol 307: 224-236.
Ericksen B, Wu Z, Lu W, Lehrer RI (2005) Antibacterial activity and specificity
of the six human o-defensins. Antimicrob Agents Chemother 49: 269-275.
Mei J, Zhang QY, Li Z, Lin S, Gui JF (2008) Clg-like inhibits p53-mediated
apoptosis and controls normal hematopoiesis during zebrafish embryogenesis.
Dev Biol 319: 273-284.

Zhao Z, Shi Y, Ke F, Wei S, Gui J, et al. (2008) Constitutive expression of
thymidylate synthase from LCDV-C induces a transformed phenotype in fish
cells. Virology 372: 118-126.

December 2010 | Volume 5 | Issue 12 | 12883



