Fish and Shellfish Immunology 92 (2019) 216-223

journal homepage: www.elsevier.com/locate/fsi

Contents lists available at ScienceDirect

Fish and Shellfish Immunology

Fish & Shellfish
Immunolo

Full length article

Characterization of a tandem-repeat galectin-9 from Nile tilapia
(Oreochromis niloticus) involved in the immune response against bacterial

infection

Jinzhong Niu®>‘, Yu Huang™”“%¢, Yuan Li*"¢, Zhiwen Wang®"¢, Jufen Tang

Check for
updates

5

a,b,c,d,e
b

Bei Wang®”“%¢, Yishan Lu™™%%¢  Jia Cai®™“%%"  Jichang Jian®""%*

2 College of Fishery, Guangdong Ocean University, Zhanjiang, 524088, China

® Guangdong Provincial Key Laboratory of Pathogenic Biology and Epidemiology for Aquatic Economic Animals, China

€ Guangdong Key Laboratory of Control for Diseases of Aquatic Economic Animals, Zhanjiang, China

4 Laboratory for Marine Biology and Biotechnology, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China
€ Guangdong Provincial Engineering Research Center for Aquatic Animal Health Assessment, Shenzhen, 518120, China

ARTICLE INFO ABSTRACT

Galectin-9 is a < beta > -galactoside-binding lectin which could modulate a variety of biological functions in-
cluding recognition, aggregation and clearance of pathogen. In this study, a galectin-9 homologue (OnGal-9) was
identified from Nile tilapia (Oreochromis niloticus) and its expression model and biological effects on bacterial
infection were analyzed. The open reading frame of OnGal-9 sequence was 975 bp encoding 324 amino acids. It
shares 45%-92% identities with other galectin-9 proteins. The deduced mature peptide of OnGal-9 possesses two
conserved carbohydrate recognition domain (CRD) that connected with a linker peptide. Expression analysis
indicated that OnGal-9 was distributed in all the tested tissues of healthy tilapia. The OnGal-9 expression was
significantly up-regulated in spleen, head kidney, and intestine after challenged by Streptococcus agalactiae.
Meanwhile, the recombinant OnGal-9 (rOnGal-9) protein displayed strong binding and agglutination activity
toward both Streptococcus agalactiae and Aeromonas hydrophila. Moreover, rOnGal-9 could promote phagocytosis
of macrophages. Taken together, the results here indicate that OnGal-9 might be involved in the immune re-
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sponse of Nile tilapia against bacterial infection.

1. Introduction

Galectins are a class of proteins that bind specifically to b-galacto-
side sugars, which have varieties of functions including modulation of
cell-cell interactions, cell-matrix adhesion and transmembrane sig-
naling [1]. Galectins can recognize non-self glycans of microorganisms
and be considered as pattern recognition receptors (PRRs) [2], which
could regulate innate immune process activated by pathogen-associated
molecular pattern (PAMPs) [3]. So far, 15 galectins of mammalian were
identified and divided into three groups based on their conserved car-
bohydrate recognition domain (CRD): “prototype” (galectin-1, -2, -5, -7,
-10, —11, —13, —14, —15), “chimera” (galectin-3) and “tandem re-
peat” (galectin-4, -6, -8, —9, —12) [4]. Galectin-9, a tandem-repeat
galectin, has N- and C- terminal carbohydrate-binding domains con-
nected by a link peptide [5]. Galectin-9 could stimulate bactericidal

activity in infected macrophages by stimulating macrophage activation
and IL1p secretion, which could restrict intracellular bacterial growth
[6]. Further research have revealed that galectin-9 could expand reg-
ulatory T-cells and inhibits natural killer (NK) cell function following
virus infection [7]. So far, teleost galectin-9 were only reported in
Rainbow trout [8], Zebrafish [9], large yellow croaker [10], and Yellow
catfish [11]. However, the information of galectin-9 in Nile tilapia was
largely unknown.

Nile tilapia (Oreochromis niloticus) is one of the most important
economically farmed fish species in China [12]. However, Streptococcus
agalactiae has resulted in huge losses to tilapia culture in recent years
[13]. So it is urgent to understand tilapia defense mechanism against
pathogens. In the present study, a galectin-9 homolog from O. niloticus
(OnGal-9) was identified and characterized. Moreover, the recombinant
OnGal-9 was produced and its roles in immune system against bacterial
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Tablel
Primers used in this study.

Primers Nucleotide Sequence(5'—3") Comment
OnGal-9-F ATGGCTTTTTATCAGCAGCCA ORF amplification
OnGal-9-R CTACACAATCACAGAGGTCAGGCT ORF amplification
MI13F TGTAAAACGACGGCCAGT Sequencing

M13R CAGGAAACAGCT ATGACC Sequencing
qOnGal-9-F TGGGGCACTGAAGAGAGG RT-PCR
qOnGal-9-R TGGTGAAATGGCAGGCGA RT-PCR

B-actin-F CGAGAGGGAAATCGTGCGTGACA RT-PCR Control
B-actin-R AGGAAGGAAGGCTGGAAGAGGGC RT-PCR Control
EOnGal-9-F CCGGAATTCGCTTTTTATCAGCAG Protein expression
EOnGal-9-R CCGCTCGAGCACAATCACAGAGGTCA Protein expression

EcoR 1 and Xho I sites are underlined.

infection were detected. These findings will help us to better under-
stand the immune response of fish during bacterial infection.

2. Materials and methods
2.1. Fish preparation and bacterial challenge

Nile tilapia (50 *+ 10g) were acquired from a local fish farm in
Zhanjiang, Guangdong, China. The fish was cultured in 1000 L tank
with aerated freshwater under 28 * 2 °C for three weeks [14,15]. All
experiments were conducted according to the principles and procedures
of Guangdong Province laboratory animal management regulations.

In order to study the expression of OnGal-9 in healthy tilapia, the
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tissues including brain, head kidney, gill, spleen, thymus, heart, liver,
skin, and intestine were collected and frozen quickly by liquid nitrogen
and stored in —80 °C until use.

S. agalactiae (ZQ1901) used in the experiment was isolated from
Nile tilapia and kept in Guangdong Ocean University. The S. agalactiae
was dissolved in phosphate-buffered saline (PBS) with a final con-
centration of 1 x 107 cells/mL. The stimulation groups were injected
with 100 uL activated S. agalactiae [13,16]. The sample including
spleen, head kidney, and intestine were collected at seven time points
(Oh,4h,12h,24h,48h, 72h, and 96 h), then frozen by liquid nitrogen
and stored in —80 °C until use.

2.2. Cloning and sequence analysis of OnGal-9

In order to amplify the open reading frame [17] of OnGal-9, total
RNA from spleen was extracted by using EasyPure RNA Kit (TransGen,
China) according to the protocol. The first-stand cDNA was synthesized
from total RNA by using EasyScript One-Step gDNA Removal and cDNA
Synthesis SuperMix (TransGen, China). The specific primer (OnGal-9-F,
OnGal-9-R) were designed based on Nile tilapia transcriptome data
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA244908) and the
prediction of NCBI Basic Local Alignment Search Tool. All the primers
used in this study were designed by Primer 6.0 and showed in Table 1.

The potential open reading frame [17] of OnGal-9 was analyzed
with ORF finder program (https://www.ncbi.nlm.nih.gov/orffinder/).
Molecular weight, theoretical pI, amino acid composition of OnGal-9
were predicted by ProtParam tool (https://web.expasy.org/protparam/
). Multiple sequence alignment of OnGal-9 protein sequences was

I

0. niloticu : KSINSER|/L.P-GADIN AR ESRAGA! TARFANGS] 86
M. zebra KSINYSER|/VP-GADIN N CESMAGAL Tl 86
L. crocea KSIEMSER|\/LP-GADIX A C CSKTNAN, 87
S. salar KTHIMTER/PH-GADIN NC ESMAGALY Tl 87
H. sapiens LQI ! \ULSSSGTIN QUGEISEND Cl 87
B. taurus HKQN T @A\ LPSGGNI® QUGROIND Cl 87
. musculus : LOUYUBQET TKS-FAQRIGVINFANS-FNGNY C 86
0. niloticu :|| SSIYTIBV TAYARDFMQIBS . 157
M. zebra SSIATIBV TAYTRDEMQIBS . 157
L. crocea SARNIBL T TIYTRESWHQIBS . 176
S. salar SSIASIBE T TIYQRDFIZKIEN . 176
H. sapiens IPIIDIBCFLAYQS SDIRKM : 1657
B. taurus CSIREBCFQUQSSEIZRIYM . 157
I musculus :| |4 PREBCFLIYQRSERKNVIA . 156
0.niloticu : NG SHQSGI 1 244
M. zebra §C SHQSGIHA . 238
L. crocea Sie CHQSG : 263
S. salar NG LENSGIH 1 264
H. sapiens L CSGNH 1 241
B. taurus ¢ RSGSD! : 241
M. musculus P RCGGD 1 240

Identify
0. niloticu : I8 MQTHTMKYINF TP 324 100%
I zebra f’- MQTHTYKY[SENP 318 92%
L. crocea 2181V VY EMQAHTIZKHIRF TH 343 71%
S. salar S DQC! ENQTTTMKHINHTP 344 62%
H. sapiens HCL/ ‘QHI FEMYHIYLR 323 47%
B. taurus HC SQHLFEMHHINLK 323 46%
M. musculus - T®GHC ‘QHV[CF YHINLK 322 45%

Fig. 1. Multiple sequence alignment of galectin-9 from various species. Conserved amino acid residues are shaded dark grey, and similar amino acids are shaded light
grey. The CRD is in a black box. Conserved residues (H-N-R, V-N and W-E-R) for carbohydrate recognition and binding are shown above the alignment sequence.
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il Bos taurus galectin-9 DAA19126.1

1

Bubalus bubalis galectin-9 BAP47874.1
Canis lupus familiaris galectin-9 NP 001003345.1
Homo sapiens galectin-9 BAB83624.1
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Rattus norvegicus galectin-9 NP 037109.1

Ictalurus punctatus galectin-9 NP 001187343.1

100

A

Larimichthys crocea galectin-9 AMR93997.1

Oreochromis niloticus galectin-9 XP 003458375.1

100 L Maylandia zebra galectin-9 XP 004572836.1

—
01

Anabarilius grahami Galectin-9 ROL42981.1

Fig. 2. Phylogenetic tree of OnGal-9 family members constructed using the NJ method by MEGA X program based on the alignment of 10 members of the Gal-9. The

numbers at each branch indicates the bootstrap values (%).

]
wl
;

]
=]
L

—
(&3]
L

=
]
L

2]
L

Relative expression of OnGal-9

o

_J,i,i,i,ili,i.

Head
kidney

Brain Gill

Spleen Thymus Heart

Liver Skin  Intestine

Tissues

Fig. 3. Tissue distribution of OnGal-9 mRNA in healthy Nile tilapia. The ratio refers to the gene expression in different tissues relative to that in brain, and target gene
expression is normalized to (3-actin. Data are presented as means *+ standard deviation.

performed by Clustal W program (http://www.clustal.org/clustal2/).
The similarity analyses of the determined amino acid sequence were
performed by UniProt programs (https://www.uniprot.org/). Phylo-
genic trees were constructed by the neighbor-joining method [18] using
MEGA X software with 1000 bootstrap replications. The evolutionary
distances were computed using the Poisson correction method [19] and
were in the units of the number of amino acid substitutions per site.

2.3. Quantitative real-time PCR of OnGal-9 mRNA

The quantitative real-time RT-PCR analysis of OnGal-9 mRNA ex-
pression in different tissues and following bacterial injection were
performed on Roche LC384 LightcyclerTM (Roche, Switzerland). First-
strand cDNA was synthesized from total RNA as described in Section
2.1. The PCR reaction volume was 10 pL including 5pL of FastStart
Essential DNA Green Master (Roche, Switzerland), 1uL of diluted
c¢DNA, 0.5uL of each primer (Table 1), and 3.5pL of nuclease free
water. The program was performed as follows: 1 cycle of 10 min at
95°C, 40 cycles of 10sat 95°C, 15sat 55°C, and 15sat 72 °C. The (-
actin gene (housekeeping gene) was taken as internal control reference
gene. The relative expression level of OnGal-9 mRNA was calculated
using 274" method [20].
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2.4. Expression and purification of rOnGal-9

A pair of primers (EOnGal-9-F and EOnGal-9-R) with restriction
sites (EcoR I and Xho I) were designed (Table 1) to amplify the ORF
sequence. The PCR products were purified and ligated into the pMD18-
T vector. The recombinant pMD-18T plasmid and pGEX-4T-1 were di-
gested with EcoR I and Xho 1. The expression plasmid pGEX-4T-1-
OnGal-9 was transformed into E. coli BL21 (DE3) (TransGen, China) and
cultured in fresh ampicillin containing LB liquid medium. When OD600
reached 0.4-0.6, isopropyl- < beta > -Dthiogalactopyranpside (IPTG)
was added to a final concentration of 1 mmol/L and induced at 37 °C for
5h. The bacterial solution was collected and washed three times with
PBS. Lysozyme was added to a final concentration of 1 mg/ml, and
placed on ice for 30 min, then centrifuged at 4 °C for 10 min. The su-
pernatant was purified using a GST-tag protein purification kit (Beyo-
time, China), desalted and concentrated using an Amicon Ultra Cen-
trifugal Filter (Amicon, USA). The purified protein was analyzed by
10% reducing SDS-PAGE and Western-Blot. In addition, the pGEX-4T-1
was also expressed and purified for subsequent experiments.

2.5. Binding of rOnGal-9 to microorganisms

The binding ability of rOnGal-9 to Gram-positive bacteria (S. aga-
lactiae) and Gram-negative bacteria (A. hydrophila) was detected by the
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method of Bai et al. [21]. In brief, The bacteria were cultured to an
ODggp of 0.4-0.6, 10 pL of rOnGal-9 (1 mg/mL) was incubated with 500
uL of bacteria for 1 hat 37 °C, then washed three times with PBS and
eluted with 7% SDS for 1 min, centrifuged at 12000 for 10 min. The
supernatant was used to run SDS-PAGE as Section 2.3. Control bacterial
cells were incubated with PBS or pGEX-4T-1 and performed the same
treatment.

2.6. Bacterial agglutination assay

Briefly, S. agalactiae and A. hydrophila were cultured to an ODggo of
0.4-0.6 and washed three times with PBS. The bacteria were re-sus-
pended in 0.1 M Na,CO3; and then FITC (Solaribo, China) was added to
a final concentration of 0.1 mmol/L, incubated at 37 °C for 30 min.
Then centrifuged three times to completely remove the FITC and in-
cubated 10 puL of rOnGal-9(1 mg/mL) with the bacteria at room tem-
perature for 1h. The bacteria were applied to a grass slide and the
results were observed with a fluorescent microscope.

2.7. Phagocytosis-promoting activity analysis

Macrophages were prepared as previous methods [22,23]. Briefly,
healthy tilapia was anesthetized by MS222. The head kidney was
carefully excised and transferred through a 40 pm stainless nylon mesh
(Greiner Bio-OneGmbH, Germany). The cell suspension was suspended
in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, US) supple-
mented with 100 U/mL penicillin, 100 pg/mL streptomycin and 25 U/
mL heparin (Gibco). The cell suspension was slowly added into a 51%/
34% percoll (GE Healthcare) density gradient, centrifuged at 400 g for
40 min, and the cell layer of the interface was carefully aspirated and
then washed with PBS at 500 g for 10 min. Cell viability was measured
using a trypan Blue staining kit (Sangon Biotech).

Here, 200 pL of FITC-labeled bacterial suspension was mixed with
180 pL of macrophages and 10 pL of rOnGal-9 (1 mg/mL) and incubated
in the dark for 1 h with shaken every 5 min. In the control group, 10 uL
of PBS or pGEX-4T-1 (1 mg/mL) was used instead of rOnGal-9. Then
centrifuge at 500 g for 10 min to completely remove the non-ingested
bacteria. The results were analyzed using flow cytometer. The fluor-
escence data for this experiment was limited to Gate and all data were
repeated three times to ensure the accuracy of the analysis.

2.8. Statistical analysis

+

All data in this study were displayed as means standard devia-
tion (SDs). Statistical analysis were performed by the LSD (least sig-
nificant difference) test using SPSS 17.0 software. Differences were
considered significant at p < 0.05 (*) and highly significant at
p < 0.01 (*¥)

3. Results
3.1. Primary sequence analysis of OnGal-9

The ORF of OnGal-9 was 975 bp and encoded 324 amino acid (aa)
residues, including two CRD regions. The predicted molecular mass was
35.66 KDa with a theoretical isoelectric point of 9.23. Multiple align-
ments of galectin-9 from deduced amino acid sequence of Nile tilapia
with other known galectin-9, and the result showed that the identity of
OnGal-9 mature polypeptide with other species ranged from 45% to
92% (Fig. 1). Phylogenetic tree revealed that OnGal-9 was grouped
together with other fish galectin-9 and formed a dependent clade, and
the OnGal-9 was closely related to Maylandia zebra galectin-9 (Fig. 2).
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3.2. The expression profiles of OnGal-9

Quantitative RT-PCR was used to examine the expression profiles of
OnGal-9 mRNA in healthy tilapia. As showed in Fig. 3, OnGal-9 mRNA
was detected in all the tested tissues with the highest expression in
intestine, followed with skin, liver, heart, thymus, spleen, gill, head
kidney, and brain (Fig. 3).
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Fig. 4. Expression analysis of OnGal-9 in intestine(A), spleen9(B), and head
kidney(C) after S.agalactiae challenge was performed by relative quantitative
RT- PCR. Data are shown as mean + SDs. Significant difference was indicated
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Fig. 5. SDS-PAGE and Western blot of rOnGal-9. (A)Lane M: markers
(25-180 kDa); lane 1: bacteria liquid before IPTG induction; lane 2: bacteria
liquid after IPTG induction; lane 3: purified rOnGal-9. (B)Lane M: markers
(25-180 kDa); lane 1: Western blot analysis of rOnGal-9.

kDa M 1 2 3 4 5 6

Fig. 6. Binding of rOnGal-9 to bacteria pathogens. Lane M: markers
(25-180 kDa); lane 1: S. agalactiae included with PBS; lane 2: S. agalactiae in-
cluded with pGEX-4T-1; lane 3: S. agalactiae included with rOnGal-9; lane 4: A.
hydrophila included with PBS; lane 5: A. hydrophila included with pGEX-4T-1;
lane 6: A. hydrophila included with rOnGal-9.
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In order to explore the expression pattern of OnGal-9 post infection
with pathogens, tilapia was challenged with the most serious bacteria S.
agalactiae, and the expression level of OnGal-9 in spleen, head kidney,
and intestine were tested by qRT-PCR. The Oh tissues were used as
control. In the intestine, the expression of OnGal-9 was quiet slow in the
first 4h, peaked at 12h, and reached the minimum level at 48 h. In
addition, it presented another smaller but significant rising at 72 h post-
infection in liver (Fig. 4A). Similar results were observed in spleen and
head kidney. In spleen, the expression of OnGal-9 was significant rised
at 12 h post-infection and reached its peak, and then sharply down to a
lower level at 48 h (Fig. 4B). However, the head kidney showed a much
slower downward trend compare to that in spleen (Fig. 4C).

3.3. Recombinant OnGal-9 expression, purification and western blotting
analysis

The ORF of OnGal-9 was cloned into pGEX-4T-1 vector, transformed
into BL21 (DE3), and the recombinant protein fused with GST-tag was
purified and analyzed by SDS-PAGE and western blotting. As shown in
Fig. 5A, a band around 62 KDa was detected. At same time, the result of
western blotting indicated that rOnGal-9 could be specific recognized
by GST-tag antibody (Fig. 5B).

3.4. Binding of rOnGal-9 to bacteria pathogens

The binding ability of rOnGal-9 to S. agalactiae and A. hydrophila
was investaged by SDS-PAGE. The result showed that rOnGal-9 was
able to bind both S. agalactiae and A. hydrophila. While the pGEX-4T-1
and PBS could not bind neither of them (Fig. 6).

3.5. Agglutinating activity of rOnGal-9

FITC-labelled S. agalactiae and A. hydrophila were used to test the
agglutinating activity of rOnGal-9, and the results were checked with
inverted fluorescence microscope. As shown in Fig. 7, rOnGal-9 could
agglutinate both S. agalactiae and A. hydrophila, while the pGEX-4T-1
and PBS could not agglutinate any bacteria.

pGEX-4T-1

rOnGal-9

Fig. 7. Agglutinating activity of rOnGal-9 against FITC-labelled S. agalactiae and A. hydrophila. PBS or pGEX-4T-1was incubated with bacteria as a negative control.
The agglutination was presented with red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 8. Effects of rOnGal-9 on phagocytosis of Nile tilapia macrophages. Flow cytometric analyses of the macrophages phagocytosing S. agalactiae and A. hydrophila
which were treated as described in Section 2. Data show analyses of 10,000 events. The marker represented phagocytosis part. (A) The histogram of macrophages. (B
and C) The histogram of FITC-labeled S. agalactiae and A. hydrophila. (D, E, F, G, H, and I) The histogram of flow cytometric analyses of the macrophages phago-
cytosing S. agalactiae and A. hydrophila pre-incubated with PBS, pGEX-4T-1, and rOnGal-9, respectively. The phagocytosis rates were shown near the marker. The
results shown here were from one experiment out of three independent experiments. (J) The histogram of the phagocytosis rates. The average standard deviation was
obtained from three experiments. The symbol * shows a significant difference from control (p < 0.05).

3.6. Enhancement of phagocytosis by rOnGal-9

The ability of rOnGal-9 promote the phagocytosis of bacteria by
macrophages was determined by flow cytometer. As shown in histo-
gram, there were almost no fluorescent signal of macrophages (Fig. 8
A). After labeled with FITC, a strong fluorescent signals of S. agalactiae
and A. hydrophila could be observed in Fig. 8B and C. The phagocytosis
rates of the macrophages were detected by phagocytosing the bacteria
which were incubated with PBS, pGEX-4T-1, and rOnGal-9, respectively
(Fig.8 D, E, F, G, H, and I). Statistical analysis of the data indicated that
rOnGal-9-treated S. agalactiae and A. hydrophila had a significantly
stronger fluorescent signal compare to those of PBS-treated and pGEX-
4T-1-treated group (Fig. 8 J), hinting that rOnGal-9 could effectively
promote phagocytosis.

4. Discussion

In this study, a tandem-repeat galectin-9 (OnGal-9) was identified
and characterized from Nile tilapia (Oreochromis niloticus). The re-
combinant OnGal-9 protein showed significant binding, agglutination,
and promoted phagocytosis of macrophages, suggesting that OnGal-9
might participate in tilapia immune response during bacterial infection.

The deduced amino acid sequence of OnGal-9 contained N- and C-
terminal carbohydrate-binding domains connected by a link peptide.
Both CRDs have the same typical sugar binding sites H-N-R, V-N, and
W-E-R (Fig. 1), which is consistent with galectin family. Moreover, no
signal peptide and transmembrane region were found in OnGal-9, so it
could only be secreted via non-classical pathway [9]. Similar results
were observed in the research of Larimichthys crocea [24], Labeo rohita
[25], and Pelteobagrus fulvidraco [11]. Multiple alignments revealed
that the two CRDs are highly conserved from fish to mammal (Fig. 1).
The phylogenetic tree indicated that OnGal-9 was clustered with other
teleost galectin-9s, which was in line with the traditional taxonomy
(Fig. 2).

Tissue distribution analysis showed that OnGal-9 distributed in all
the checked tissues with the highest expression in intestine, which was
consistent with the observation of galectin-9 in Labeo rohita [25].
Meanwhile, OnGal-9 was also highly expressed in skin and liver. As we
known, skin is the first barrier in fish mucosal immune system and is
highly prone to infections [26], and the immune functions of liver in
non-specific phagocytosis has been convinced [17]. The abundant
presence of OnGal-9 in various immune-related tissues revealed its
multiple functions during immune response. Similar results were ob-
serves in the studies of Nile tilapia galectin-2, galectin-3 [27], and ga-
lectin-8 [28].

In order to examine the response of OnGal-9 to bacterial infection,
the temporal expression patterns of OnGal-9 in different tissues (intes-
tine, head kidney, and spleen) were investigated by qRT-PCR. The re-
sults showed that OnGal-9 showed a similar time-dependent manner
with distinct manifestations in the intestine, head kidney, and spleen
after S.agalactiae infection, which was up-regulated and peaked at 12h
and then decreased, showing that these tissues were involved in the
immune response of fish in a similar way. Similar results were observed
in the study of mannose-binding lectin [16] and C-type lectin [29] from
Nile tilapia. As we known, intestine serves as the major perpheral
lymphoid organ [30], where is armored with various immune cell
types, including B cells, macrophages, granulocytes, and T cells [31].
The sharp increase of expression in intestine hinted that possible roles
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of OnGal-9 on the regulation of cell-mediated immune responses during
bacterial infection. Additionally, although OnGal-9 was mainly ex-
pressed in intestine, larger transcriptional responses were observed in
spleen and head kidney following the S. agalactiae infection, probably
because spleen and head kidney were two major hematopoietic organs
in fish and main target organs attacked by S. agalactiae [32]. These data
implied that OnGal-9 might possessed multiple functions in immune
response against bacterial infection.

To explore the further functions of OnGal-9 during pathogen inva-
sion, we prepared the recombinant OnGal-9 protein of Nile tilapia.
Since OnGal-9 has two CRDs to bind sugar site, suggesting that OnGal-9
might combine pathogen by recognize the carbohydrates of their sur-
face [33]. The binding experiment exhibited that rOnGal-9 could bind
both S. agalactiae and A. hydrophila as expected. Furthermore, rOnGal-9
could also agglutinate both S. agalactiae and A. hydrophila, which was in
accordance with other research of galectins [34-36]. The agglutinating
activity of rOnGal-9 against bacteria can prevent these pathogens from
entering cell and remaining extracellular surface or matrix [37], which
may facilitate phagocytosis of bacteria by macrophages. Surprisingly,
the significant promotion of rOnGal-9 on macrophages was observed in
present study, similar finding was recorded in Larimichthys crocea ga-
lectin-9 [10]. These data indicated that OnGal-9 function as a PRR and
an opsonin during bacterial infection.

Taken together, a tandem-repeat galectin-9 was identified and
characterized from Nile tilapia (Oreochromis niloticus). It shared two
CRDs with other galectin-9 species. The mRNA of OnGal-9 in healthy
tilapia was abundant in intestine. OnGal-9 expression was up-regulated
in a time-dependent manner in vivo following bacteria challenges. In
addition, the recombinant protein could significantly bind and ag-
gregate both Gram-positive and Gram-negative bacteria and promote
phagocytosis of macrophages. These results suggested that OnGal-9 was
involved in the immune response of bacterial infection.

Acknowledgement

This work was supported by National Natural Science Foundation of
China (Grant no. 31302226, 31572651, National Key R & D Program of
China (2018YFD0900501), and Technology Planning Project of
Guangdong Province of China (grant no. 2015A020209181).

References

[1] F.T. Liu, G.A. Rabinovich, Galectins: regulators of acute and chronic inflammation,
Ann. N. Y. Acad. Sci. 1183 (1) (2010) 158-182.

R.S. Mahla, M.C. Reddy, D.V. Prasad, H. Kumar, Sweeten PAMPs: role of sugar
complexed PAMPs in innate immunity and vaccine biology, Front. Immunol. 4
(2013) 248.

A. Didierlaurent, M. Simonet, J.C. Sirard, Innate and acquired plasticity of the in-
testinal immune system, Cell. Mol. Life Sci. CMLS 62 (12) (2005) 1322.

R.C. Hughes, Secretion of the galectin family of mammalian carbohydrate-binding
proteins, Biochim. Biophys. Acta Gen. Subj. 1473 (1) (1999) 172-185.

J. Wada, Y.S. Kanwar, Identification and characterization of galectin-9, a novel p-
galactoside-binding mammalian lectin, J. Biol. Chem. 272 (9) (1997) 6078-6086.
L.S. Ovalle, L.C. Galan, L.T. Bouscoulet, L.N. Gamifio, L. Barrera, P. Jayaraman,
M.T. Rojas, M.A. Salazar-Lezama, S.M. Behar, The Tim3-galectin 9 pathway in-
duces antibacterial activity in human macrophages infected with Mycobacterium
tuberculosis, J. Immunol. (2012) 1200990.

Z.Y. Zhang, J.H. Dong, Y.W. Chen, X.Q. Wang, C.H. Li, J. Wang, G.Q. Wang, H.L. Li,
X.D. Wang, Galectin-9 acts as a prognostic factor with antimetastatic potential in
hepatocellular carcinoma, Asian Pac. J. Cancer Prev. APJCP 13 (6) (2012)
2503-2509.

H. Inagawa, A. Kuroda, T. Nishizawa, T. Honda, M. Ototake, Y. Yokomizo,

T. Nakanishi, G.-I. Soma, Cloning and characterisation of tandem-repeat type

[2]

[3]
[4]
[5]

[6]

[7]

[8]


http://refhub.elsevier.com/S1050-4648(19)30629-1/sref1
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref1
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref2
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref2
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref2
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref3
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref3
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref4
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref4
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref5
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref5
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref6
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref6
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref6
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref6
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref7
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref7
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref7
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref7
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref8
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref8

J. Niu, et al.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

galectin in rainbow trout (Oncorhynchus mykiss), Fish Shellfish Immunol. 11 (3)
(2001) 217-231.

G.R. Vasta, H. Ahmed, S.J. Du, D. Henrikson, Galectins in teleost fish: Zebrafish
(Danio rerio) as a model species to address their biological roles in development and
innate immunity, Glycoconj. J. 21 (8-9) (2004) 503-521.

D.L. Zhang, C.H. Lv, Z.Y. Wang, Characterization and functional analysis of a
tandem-repeat galectin-9 in large yellow croaker Larimichthys crocea, Fish Shellfish
Immunol. 52 (2016) 167-178.

Y. Wang, F. Ke, J. Ma, S. Zhou, A tandem-repeat galectin-9 involved in immune
response of yellow catfish, Pelteobagrus fulvidraco, against Aeromonas hydrophila,
Fish Shellfish Immunol. 51 (2016) 153-160.

Y. Huang, Z. Wang, Q. Zheng, J. Tang, J. Cai, Y. Lu, J. Jian, Conservation of
structural and interactional features of CD28 and CD80/86 molecules from Nile
tilapia (Oreochromis niloticus), Fish Shellfish Immunol. 72 (2018) 95-103.

Z. Gan, B. Wang, Y.S. Lu, S.H. Cai, J. Cai, J.C. Jian, Z.H. Wu, Molecular char-
acterization and expression of CD2BP2 in Nile tilapia (Oreochromis niloticus) in re-
sponse to Streptococcus agalactiae stimulus, Gene 548 (1) (2014) 126-133.

J.F. Tang, J. Cai, R. Liu, J. Wang, Y.S. Lu, Z.H. Wy, J.C. Jian, Immunostimulatory
effects of artificial feed supplemented with a Chinese herbal mixture on Oreochromis
niloticus against Aeromonas hydrophila, Fish Shellfish Immunol. 39 (2) (2014)
401-406.

X.X. Yin, L.L. My, Y. Li, L.T. Wu, Y.J. Yang, X. Bian, B. Li, S. Liao, Y. Miao, J.M. Ye,
Identification and characterization of a B-type mannose-binding lectin from Nile
tilapia (Oreochromis niloticus) in response to bacterial infection, Fish Shellfish
Immunol. 84 (2019) 91-99.

L.L. Mu, X.X. Yin, J. Liu, L.T. Wu, X. Bian, Y.H. Wang, J.M. Ye, Identification and
characterization of a mannose-binding lectin from Nile tilapia (Oreochromis nilo-
ticus), Fish Shellfish Immunol. 67 (2017) 244-253.

R. Castro, B. Abds, J. Pignatelli, L. von Gersdorff Jgrgensen, A.G. Granja,

K. Buchmann, C. Tafalla, Early immune responses in rainbow trout liver upon viral
hemorrhagic septicemia virus (VHSV) infection, PLoS One 9 (10) (2014) e111084.
S. Kumar, K. Tamura, M. Nei, MEGA: molecular evolutionary genetics analysis
software for microcomputers, Bioinformatics 10 (2) (1994) 189-191.

E. Zuckerkandl, L. Pauling, Evolutionary Divergence and Convergence in Proteins,
Evolving Genes and Proteins, Elsevier, 1965, pp. 97-166.

K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2~ **“T method, Methods 25 (4) (2001) 402-408.
Y.Q. Bai, D.H. Niu, Y.L. Bai, Y. Li, T.Y. Lan, M.X. Peng, Z.G. Dong, J.L. Li,
Identification of a novel galectin in Sinonovacula constricta and its role in re-
cognition of Gram-negative bacteria, Fish Shellfish Immunol. 80 (2018) 1-9.

X.X. Yin, L.L. Mu, X. Bian, L.T. Wu, B. Li, J. Liu, Z. Guo, J.M. Ye, Expression and
functional characterization of transferrin in Nile tilapia (Oreochromis niloticus) in
response to bacterial infection, Fish Shellfish Immunol. 74 (2018) 530-539.

Y. Huang, Q. Zheng, J.Z. Niu, J.F. Tang, B. Wang, E.D. Abarike, Y.S. Lu, J. Cai,
J.C. Jian, NK-lysin from Oreochromis niloticus improves antimicrobial defence
against bacterial pathogens, Fish Shellfish Immunol. 72 (2018) 259-265.

223

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Fish and Shellfish Immunology 92 (2019) 216-223

D.L. Zhang, C.H. Lv, D.H. Yu, Z.Y. Wang, Characterization and functional analysis of
a tandem-repeat galectin-9 in large yellow croaker Larimichthys crocea, Fish
Shellfish Immunol. 52 (2016) 167-178.

Z. Mushtagq, R. Krishnan, K.P. Prasad, M.K. Bedekar, A.P. Kumar, Molecular cloning,
characterization and expression profiling of galectin-9 gene from Labeo rohita
(Hamilton, 1822), Fish Shellfish Immunol. 76 (2018) 287-292.

M.A. Esteban, R. Cerezuela, Fish Mucosal Immunity: Skin, Mucosal Health in
Aquaculture, Elsevier, 2015, pp. 67-92.

J.J. Zhu, M. Wei, Q.W. Ao, Y. Tan, Y.G. Luo, H. Wang, H.S. Jiang, Q.M. Hu,
Characterization and expression of galectin-3 after Streptococcus agalactiae and
Aeromonas hydrophila challenge in GIFT strain Nile tilapia (Oreochromis niloticus),
Fish Shellfish Immunol. 86 (2019) 974-980.

S. Unajak, N. Pholmanee, N. Songtawee, K. Srikulnath, P. Srisapoome,

A. Kiataramkul, H. Kondo, I. Hirono, N. Areechon, Molecular characterization of
Galectin-8 from Nile tilapia (Oreochromis niloticus Linn.) and its response to bac-
terial infection, Mol. Immunol. 68 (2) (2015) 585-596.

L.L. Mu, X.X. Yin, Y.H. Xiao, X. Bian, Y.J. Yang, L.T. Wu, J.M. Ye, A C-type lectin
(CL11X1-like) from Nile tilapia (Oreochromis niloticus) is involved in host defense
against bacterial infection, Dev. Comp. Immunol. 84 (2018) 230-240.

Y. Yokota, A. Mansouri, S. Mori, S. Sugawara, S. Adachi, S.-I. Nishikawa, P. Gruss,
Development of peripheral lymphoid organs and natural killer cells depends on the
helix—loop-helix inhibitor Id2, Nature 397 (6721) (1999) 702.

A.M. Stanisz, D. Befus, J. Bienenstock, Differential effects of vasoactive intestinal
peptide, substance P, and somatostatin on immunoglobulin synthesis and pro-
liferations by lymphocytes from Peyer's patches, mesenteric lymph nodes, and
spleen, J. Immunol. 136 (1) (1986) 152-156.

Z. Gan, S.N. Chen, J. Hou, H.J. Huo, X.L. Zhang, B.Y. Ruan, Z.A. Laghari, L. Li,
Y.S. Lu, P. Nie, Molecular and functional characterization of peptidoglycan-re-
cognition protein SC2 (PGRP-SC2) from Nile tilapia (Oreochromis niloticus) involved
in the immune response to Streptococcus agalactiae, Fish Shellfish Immunol. 54
(2016) 1-10.

N. Sharon, Carbohydrates as future anti-adhesion drugs for infectious diseases,
Biochim. Biophys. Acta Gen. Subj. 1760 (4) (2006) 527-537.

R.K. Gupta, A.H. Pande, K.C. Gulla, H.-J. Gabius, K. Hajela, Carbohydrate-induced
modulation of cell membrane. VIII. Agglutination with mammalian lectin galectin-1
increases osmofragility and membrane fluidity of trypsinized erythrocytes, FEBS
Lett. 580 (6) (2006) 1691-1695.

F.J. Hou, Y.J. Liu, S.L. He, X.Z. Wang, A. Mao, Z.G. Liu, C.B. Sun, X.L. Liu, A galectin
from shrimp Litopenaeus vannamei is involved in immune recognition and bacteria
phagocytosis, Fish Shellfish Immunol. 44 (2) (2015) 584-591.

X.Z. Shi, L. Wang, S. Xu, X.W. Zhang, X.F. Zhao, G.R. Vasta, J.X. Wang, A galectin
from the kuruma shrimp (Marsupenaeus japonicus) functions as an opsonin and
promotes bacterial clearance from hemolymph, PLoS One 9 (3) (2014) e91794.
W.S. Thulasitha, N. Umasuthan, I. Whang, B.H. Nam, J. Lee, Antimicrobial response
of galectin-1 from rock bream Oplegnathus fasciatus: molecular, transcriptional, and
biological characterization, Fish Shellfish Immunol. 50 (2016) 66-78.


http://refhub.elsevier.com/S1050-4648(19)30629-1/sref8
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref8
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref9
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref9
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref9
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref10
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref10
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref10
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref11
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref11
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref11
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref12
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref12
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref12
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref13
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref13
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref13
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref14
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref14
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref14
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref14
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref15
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref15
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref15
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref15
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref16
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref16
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref16
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref17
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref17
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref17
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref18
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref18
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref19
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref19
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref20
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref20
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref21
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref21
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref21
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref22
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref22
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref22
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref23
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref23
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref23
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref24
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref24
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref24
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref25
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref25
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref25
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref26
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref26
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref27
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref27
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref27
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref27
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref28
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref28
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref28
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref28
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref29
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref29
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref29
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref30
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref30
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref30
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref31
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref31
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref31
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref31
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref32
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref32
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref32
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref32
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref32
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref33
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref33
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref34
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref34
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref34
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref34
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref35
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref35
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref35
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref36
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref36
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref36
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref37
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref37
http://refhub.elsevier.com/S1050-4648(19)30629-1/sref37

	Characterization of a tandem-repeat galectin-9 from Nile tilapia (Oreochromis niloticus) involved in the immune response against bacterial infection
	Introduction
	Materials and methods
	Fish preparation and bacterial challenge
	Cloning and sequence analysis of OnGal-9
	Quantitative real-time PCR of OnGal-9 mRNA
	Expression and purification of rOnGal-9
	Binding of rOnGal-9 to microorganisms
	Bacterial agglutination assay
	Phagocytosis-promoting activity analysis
	Statistical analysis

	Results
	Primary sequence analysis of OnGal-9
	The expression profiles of OnGal-9
	Recombinant OnGal-9 expression, purification and western blotting analysis
	Binding of rOnGal-9 to bacteria pathogens
	Agglutinating activity of rOnGal-9
	Enhancement of phagocytosis by rOnGal-9

	Discussion
	Acknowledgement
	References




