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A B S T R A C T

Galectin-3 is a kind of β-galactoside-binding lectin involved in host defense against pathogen infection.
However, the immune functions of fish galectin-3 remain poorly understood. In this study, the roles of a fish
galectin-3 (OnGal-3) from Nile tilapia (Oreochromis niloticus) on the binding activity on bacterial pathogens or
PAMPs, the agglutinating activity on bacterial pathogens and the regulatory effects on monocytes/macrophages
activity were investigated. After in vitro challenge of Streptococcus agalactiae and Aeromonas hydrophila, OnGal-3
expressions were significantly up-regulated in monocytes/macrophages. In addition, recombinant OnGal-
3(rOnGal-3) protein showed strong binding activity on bacterial pathogens or PAMPs. Also, rOnGal-3 aggluti-
nated Gram-positive and Gram-negative bacteria. Moreover, rOnGal-3 could induce the inflammatory factors
expressions in monocytes/macrophages and enhance phagocytosis and respiratory burst activity of monocytes/
macrophages. These results suggest that fish galectin-3 participates in anti-bacterial immune response through
recognizing pathogens and modulating monocytes/macrophages activity.

1. Introduction

The galectins (Gals) are a class of endogenous lectins with high
affinity for polysaccharides containing β-galactoside residues [1],
which can recognize non-self-glycans of microorganisms and are con-
sidered as pattern recognition receptors (PRRs) [2]. On the other hand,
Gals can activate innate immune responses by recognizing pathogenic
microorganisms, and then mediate downstream responses such as in-
duction of phagocytosis, activation of complement and platelets, as well
as enhancement of natural killer cell (NKC) activity [3,4]. Until now,
fifteen mammalian galectins are identified and divided into three
groups based on their conserved carbohydrate recognition domain
(CRD): “prototype” (galectin-1, -2, -5, -7, -10, −11, −13, −14, −15),
“chimera” (galectin-3) and “tandem repeat” (galectin-4, -6, -8, −9,
−12) [5]. As the only chimera galectin, galectin-3 has one CRD and a
long non-lectin domain. The long non-lectin domain can facilitate

galectin-3 to form monomer or pentamer, which makes galectin-3 ea-
sier to bind different ligands and connect distinct networks [6]. The
biological functions of mammalian galectin-3 related to cell prolifera-
tion, differentiation and apoptosis have been well-described [7–9].
However, the information of fish galectin-3 remains largely unknown.

To date, although galectin-3 has been reported in various fish spe-
cies including tilapia (Oreochromis niloticus) [10], zebrafish (Danio rerio)
[11], Japanese conger eel (Conger myriaster) [12], channel catfish (Ic-
talurus punctatus) [13], turbot (Scophthalmus maximus L.) [14] and half-
smooth tongue sole (Cynoglossus semilaevis) [15], the functional char-
acterization of fish galectin-3 is still limited. In this study, the expres-
sion profiles of OnGal-3 in monocytes/macrophages after bacterial in-
fections were analyzed and the corresponding recombinant protein was
obtained via a prokaryotic expression system (Escherichia coli, E. coli).
The roles of rOnGal-3 on recognizing bacterial pathogens, in-
flammatory cytokines expressions in monocytes/macrophages,
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phagocytic activity and respiratory burst of monocytes/macrophages
were investigated. These data indicated OnGal-3 might play important
roles in the immune response of fish against bacterial infection.

2. Materials and methods

2.1. Fish

Nile tilapia (50 ± 10 g) were acquired from a local fish farm in
Zhanjinag, Guangdong, China. The fish were cultured in 1000 L tank
with aerated freshwater under 28 ± 2 °C for three weeks [16,17]. All
experiments were conducted according to the principles and procedures
of Guangdong Province laboratory animal management regulations.

2.2. Head kidney monocytes/macrophages isolation and S. agalactiae and
A. hydrophila stimulation

Monocytes/macrophages were prepared as previous methods
[18,19]. Briefly, healthy tilapia was anesthetized by MS222. The head
kidney was carefully excised and transferred through a 40 μm stainless
nylon mesh (Greiner Bio-OneGmbH, Germany). The cell suspension was
suspended in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, US)
supplemented with 100 U/mL penicillin, 100 μg/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 as-
pirated and then washed with PBS at 500 g for 10 min. Cell viability
was measured using a Trypan Blue Staining kit (Sangon Biotech). The
cells were cultured at 25 °C for 24 h and then removed the non-adherent
cells.

S. agalactiae (ZQ0910) and A. hydrophila (BYK00810) used in the
experiment were isolated from Nile tilapia and kept in Guangdong
Ocean University. The challenge experiment were carried out in ac-
cordance with the methods of Mu et al. [20,21]. The monocytes/mac-
rophages were stimulated by inactivated bacterial with 1 × 107 CFU/
mL. The cells were collected and lysed by Trizol Reagent (Sangon
Biotech) at 0 h, 3 h, 6 h, 12 h, 24 h, and 48 h post-challenges, respec-
tively.

2.3. Quantitative real-time PCR

The Quantitative real-time RT-PCR analysis of OnGal-3 mRNA ex-
pression in monocytes/macrophages following S. agalactiae and A. hy-
drophila injection were performed on Roche LC384 LightcyclerTM
(Roche, Switzerland). The first-stand cDNA was synthesized from total
RNA by using EasyScript One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen, China). The PCR reaction volume was 10 μL in-
cluding 5 μL of FastStart Essential DNA Green Master (Roche,
Switzerland Total RNA of different time points cells were extracted by
using EasyPure RNA Kit (TransGen, China) according to the protocol,
1 μL of diluted cDNA, 0.5 μL of each primer (Table 1), and 3.5 μL of
nuclease free water. The program was performed as follows: 1 cycle of
10 min at 95 °C, 40 cycles of 10 s at 95 °C, 15 s at 55 °C, and 15 s at 72 °C.
The β-actin gene (housekeeping gene) was taken as internal control
reference gene. The relative expression level of OnGal-9 mRNA were
calculated using 2−ΔΔCt method [22].

2.4. Binding of rOnGal-3 to bacterial pathogens

rOnGal-3 was produced as previously reported [23]. The binding
ability of rOnGal-3 to Gram-positive bacteria (S. agalactiae) and Gram-
negative bacteria (A. hydrophila) were detected by the methods of Bai
et al. [24,25]. In brief, the bacteria were cultured to an OD600 of
0.4–0.6, 10 μL of rOnGal-3 (1 mg/mL) was incubated with 500 μL of
bacteria for 1 h at 37 °C, then washed three times with PBS and eluted

with 7% SDS for 1 min, centrifuged at 12,000 rpm for 10 min. The su-
pernatant was used to run SDS-PAGE and Western blot with anti-GST
antibody. Control bacterial cells were incubated with PBS or pGEX-4T-1
and performed the same treatment.

Previous studies showed that the binding ability of galectin to
bacterial was owing to the carbohydrates on bacteria cell wall, which
could be competitively inhibited by other carbohydrates [26]. Here, we
chose several saccharides including lipopolysaccharide (LPS), lipo-
teichoic acid (LTA), galactose, mannose, and maltose to explore the
inhibitory capacity. The recombinant protein (1 mg/mL, 10 μL) was
incubated with saccharides (1 mg/ml, 50 μL) for 1 h at room tempera-
ture, respectively. After that 500 μL of S. agalactiae and A. hydrophila
were added and the binging ability were detected by Western blot as
described above.

2.5. Binding assay of rOnGal-3 to carbohydrates

To further understand the competitive combination of galectin to
carbohydrates, enzyme-linked immunosorbent assay (ELISA) was per-
formed according to the methods of Zhang et al. [27,28]. In brief, LTA,
LPS, galactose, mannose, and maltose were chosen and adjust to a
concentration of 100 μg/mL with 20X Coating Buffer (Sangon Biotech,
shanghai), and the 96-well plates were coated with these carbohydrates
(100 μL) at 4 °C overnight and blocked for 2 h at 37 °C, respectively. The
carbohydrates were incubated in a 10 times dilution in the next well to
each other, and a blank well as control. Plates were washed with TBST
three times between each step. Then the rOnGal-3 (100 μg/mL, 100 μL)
were added to the well and incubated for 2 h at 37 °C. After that the
Anti-GST mouse monoclonal antibody (Sangon Biotech, shanghai) was
used as primary antibody, and the HRP-goat α-rabbit antibody (Sangon
Biotech, shanghai) was used as second antibody. 100 μL of TMB mixed
reaction solution was added to each well and incubated at 37 °C for
15 min in the dark, then use the H2SO4 (2 M, 50 μL) to terminate the
reaction. The optical density (O.D.) rate was measured using a Micro-
plate Reader (Thermo, USA) at 405 nm.

2.6. Bacterial agglutination assay

Agglutination assay was performed according to the previous
methods [29,30]. Briefly, S. agalactiae and A. hydrophila were cultured
to an OD600 of 0.4–0.6 and washed three times with PBS. The bacteria
were re-suspended in 0.1 M Na2CO3 and then add FITC (Solaribo,
China) 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 incubated 10 μL of rOnGal-3(1 mg/mL) with the bacteria at room
temperature for 1 h. The bacteria were applied to a glass slide and the
results were observed with a fluorescent microscope.

Table 1
Primers used in this study.

Primers Nucleotide Sequence (5'→3′) Comment

qOnGal-3-F CTTCCACTTCAACCCTCGCT RT-PCR
qOnGal-3-R CCCTCTCCTCTTTGCCCCAC RT-PCR
β-actin-F CGAGAGGGAAATCGTGCGTGACA RT-PCR Control
β-actin-R AGGAAGGAAGGCTGGAAGAGGGC RT-PCR Control
qIL-6-F ACAGAGGAGGCGGAGATG RT-PCR
qIL-6-R GCAGTGCTTCGGGATAGAG RT-PCR
qIL-8-F GATAAGCAACAGAATCATTGTCAGC RT-PCR
qIL-8-R CCTCGCAGTGGGAGTTGG RT-PCR
qIL-10-F TGGAGGGCTTCCCCGTCAG RT-PCR
qIL-10-R CTGTCGGCAGAACCGTGTCC RT-PCR
qMIF-F CACATCAACCCTGACCAAAT RT-PCR
qMIF-R GCCTGTTGGCAGCACC RT-PCR
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2.7. Analysis of the expressions of inflammatory-related factors in
monocytes/macrophages

The experiment was performed according to the method of Mu [31].
Briefly, the monocytes/macrophages were challenged with 50 μL of
rOnGal-3(1 mg/mL), pGEX-4T-1 (1 mg/mL), and PBS, respectively. The
cells were collected and the cDNA were synthesized as described in
Section 2.3. The expression levels of IL-6, IL-10, IL-8 and MIF (Table 1)
in monocytes/macrophages were measured by qRT-PCR.

2.8. Phagocytosis assay

Phagocytosis assay was performed as previous method of Bai et al.
[32]. Briefly, 200 μL of FITC-labeled S. agalactiae and A. hydrophila
suspension was mixed with 190 μL of monocytes/macrophages and
10 μL of rOnGal-3 (1 mg/mL) and incubated in the dark for 1 h with
shaken every 5 min. In the control group, 10 μL of PBS or pGEX-4T-1
(1 mg/mL) was used instead of rOnGal-3. Then centrifuge at 500 g for
10 min to completely remove the non-ingested bacteria. The results
were analyzed using flow cytometer. The fluorescence data for this
experiment is limited to a Gate to ensure the accuracy of the analysis,
and all data were repeated in triplicate.

2.9. Respiratory burst assay

The effect of rOnGal-3 on respiratory burst activity of monocytes/
macrophages was performed by referenced to the previous methods
[33,34]. In brief, PMA stimulates monocytes/macrophages to produce
reactive oxides that oxidize dihydrorhodamine to rhodamine 123,
which is capable of emitting fluorescence. According to the protocol of
PMN Oxidative Burst Quantitative Assay Kit (Absin Bioscience,
Shanghai), 300 μL of monocytes/macrophages cells was mixed with
10 μL of rOnGal-3(1 mg/mL) and incubated at 25 °C for 24 h. Then add
50 μl of PMA as the activator and incubate at 37 °C for 15 min. Sub-
sequently, 25 μL of dihydrorhodamine was added to the mixture and
incubated at 37 °C for 5 min in the dark. 1 mL of diluted hemolysin was
added at room temperature and hemolyzed for 15 min. The mixture was
washed twice with PBS, centrifuged at 1500 rpm for 5 min and dis-
carded the supernatant, then the cells were resuspended in 0.5 mL PBS
for flow cytometry analysis. For the control group, rOnGal-3 was re-
placed with pGEX-4T-1 or PBS and the same procedure were performed.

2.10. 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. Quantitative real-time analysis of OnGal-3 response to bacterial
infection

Expression patterns of OnGal-3 in monocytes/macrophages after S.
agalactiae and A. hydrophila challenge were performed by qRT-PCR. The
results shown that the expression level of OnGal-3 peaked at 24 h with
higher copy multiple after challenged with S. agalactiae (74-fold)
(Fig. 1A), while the A. hydrophila group peaked at 12 h (11.2-fold)
(Fig. 1B).

Fig. 1. The mRNA expression of OnGal-3 in head kidney monocytes/macrophages after challenged with S. agalactiae and A. hydrophila. Data are shown as
mean ± SD. The error bars represent standard deviation (n = 3) and different letters (a, b, c) depict statistical significance between groups of cells after challenges
and health. (p < 0.05).

Fig. 2. (A) Western blot analysis of rOnGal-3 bind to S. agalactiae and A. hy-
drophila. (B) Western blot analysis of the inhibitory effect of carbohydrate on
rOnGal-3 on bacterial binding activity.
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3.2. Binding of rOnGal-3 to bacterial pathogens

The binding ability of rOnGal-3 to S. agalactiae and A. hydrophila
were investigated by Western blot. The result showed that rOnGal-3
could bind both S. agalactiae and A. hydrophila. While the pGEX-4T-1
and PBS could not bind neither of them (Fig. 2A). Additionally, the
results of the competition inhibition experiment show LTA could
strongly inhibit the binding of rOnGal-3 to S. agalactiae, and LPS
showed a weaker ability to inhibit rOnGal-3 to A. hydrophila (Fig. 2B).
However, galactose, mannose, and maltose showed no obvious in-
hibitory activity.

3.3. Binding assay of rOnGal-3 to carbohydrates

ELISA was performed to confirm the sugar binding specificity of
rOnGal-3. The results showed that rOnGal-3 could bind all the tested

carbohydrates (LTA, LPS, galactose, mannose, and maltose), and its
sugar binding ability depend on the concentration of rOnGal-3 rather
than carbohydrates (Fig. 3).

3.4. Agglutinating activity of rOnGal-3

FITC-labeled S. agalactiae and A. hydrophila were used to test the
agglutinating activity of rOnGal-3, and after incubated with rOnGal-3,
the results were checked with inverted fluorescence microscope. As
shown in Fig. 4, rOnGal-3 could agglutinate both S. agalactiae and A.
hydrophila, while the pGEX-4T-1 and PBS could not agglutinate any
bacteria.

3.5. Effects of rOnGal-3 on the expressions of inflammatory-related factors

To investigate the effects of rOnGal-3 on the inflammatory-related

Fig. 3. ELISA analysis of rOnGal-3 incubated with LTA (A), LPS (B), galactose (C), mannose (D), and maltose(E) in different concentration, respectively. The
carbohydrates were incubated in a 10 times dilution in the next well to each other, and a blank well as control.

J. Niu, et al. Fish and Shellfish Immunology 95 (2019) 268–276

271



factors of monocytes/macrophages in vitro, we selected several cyto-
kines for testing. The results indicated that the mRNA expression level
of IL-6, IL-10, IL-8, and MIF were significantly up-regulated after sti-
mulation with rOnGal-3. Among them, the transcript of IL-6 and IL-10
were rapidly raised at 12 h with much more significantly compared
with the pGEX-4T-1 stimulation (IL-6, 16.3 vs. 7.2-fold, 12 h; IL-10, 9.7
vs 1.8-fold, 12 h) (Fig. 5 A and C), while the expressions of the IL-8 and
MIF reached the maximum expression level at 24 h (Fig. 5B and D).

3.6. Enhancement of phagocytosis by rOnGal-3

The ability of rOnGal-3 promote the phagocytosis of bacteria by
macrophages was determined by flow cytometer. As shown in the his-
togram, there were almost no fluorescent signal of macrophages (Fig. 6
A). After labeled with FITC, a strong fluorescent signals of S. agalactiae
and A. hydrophila could be observed in Fig. 6 B and C. The phagocytosis
rates of the macrophages were detected by phagocytosing the bacteria

Fig. 4. Agglutinating activity of rOnGal-3
against FITC-labeled S. agalactiae and A.
hydrophila. PBS or pGEX-4T-1 was in-
cubated 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.)

Fig. 5. The mRNA expression of IL-6 (A), IL-8 (B), IL-10 (C) and MIF (D) from Nile tilapia in the head kidney monocytes/macrophages. Nile tilapia head kidney
monocytes/macrophages were treated with PBS, pGEX-4T-1 (50 μg/mL), and rOnGal-3 (50 μg/mL). The mRNA level of IL-6, IL-8, IL-10, andMIF gene was normalized
to that of β-actin and fold units were calculated deciding the values of the PBS treated cells. The error bars represent standard deviation (n = 3) and different letters
(a, b, c) depict statistical significance between groups of cells after challenges and health. (p < 0.05).
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Fig. 6. Effects of rOnGal-3 on phagocytosis of Nile tilapia macrophages. Flow cytometric analyses of the macrophages phagocytosing S. agalactiae and A. hydrophila.
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 phagocytosing S. agalactiae and A. hydrophila pre-
incubated with PBS, pGEX-4T-1, and rOnGal-3, 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).
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which were incubated with PBS, pGEX-4T-1, and rOnGal-3, respectively
(Fig. 6 D–I). Statistical analysis of the data indicated that rOnGal-3-
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. 6 J), hinting that rOnGal-3 could effectively pro-
mote phagocytosis.

3.7. Enhancement of respiratory burst activity by rOnGal-3

In order to detect the enhance ability of rOnGal-3 on respiratory
burst, the monocytes/macrophages incubated with PBS, pGEX-4T-1,
and rOnGal-3, respectively. After stimulating with PMA, the fluorescent
signal was determined by flow cytometer. The results showed that the
level of respiratory burst in the rOnGal-3-treated group was sig-
nificantly enhanced compared with PBS-treated and pGEX-4T-1-treated
group (Fig. 7).

4. Discussion

Galectin-3 has been found to be involved in many biological pro-
cesses, such as cell–cell or cell–extracellular matrix adhesion [35,36],
cell growth and migration [37,38], inflammation [37], pathogen re-
cognition [16], and apoptosis [39]. However, the understanding of fish
galectin-3 during immune response against pathogen infection remains
limited. Here, we investigated the function of a fish galectin-3 (OnGal-
3), including the binding and aggregation of pathogens, the binding of
polysaccharides, and the regulation of inflammatory factors, phagocy-
tosis and respirator bursts activity of monocytes/macrophages.

Monocytes/macrophages exert the immune protective effects
through phagocytosis, antigen presentation and cytokine production in
immune system [40,41]. In this study, OnGal-3 expressions in mono-
cytes/macrophages were up-regulated after S. agalactiae and A.

hydrophila stimulation, suggesting that OnGal-3 might be involved in
immune responses against bacterial infection, which was similar with
the studies of mannose-binding lectin and collection-K1 in monocytes/
macrophages [20,29]. Further in vitro experiments indicated that
rOnGal-3 could bind S. agalactiae and A. hydrophila. LTA, LPS, ga-
lactose, mannose and maltose are considered to be PAMP present in the
microbial cell wall [42]. The result showed that LTA or LPS could
suppress the binding of rOnGal-3 on bacterial pathogens. Interestingly,
the LTA had a stronger inhibitory activity than LPS, which was con-
sistent with the finding of C-type lectin from Fenneropenaeus chinensis
[26]. In addition, rOnGal-3 could bind bacterial carbohydrates in-
cluding LTA, LPS, galactose, mannose, and maltose with a dose-de-
pendent manner. Given LTA, LPS, galactose, mannose and maltose are
considered to be the PAMPs present on microbial walls or membranes,
the results described above suggest a potential role of rOnGal-3 on
pathogen recognition. Similar with rOnGal-2 [16] and rOnGal-9 [19],
rOnGal-3 also could agglutinate both S. agalactiae and A. hydrophila.
These results indicate that OnGal-3 agglutinate bacterial pathogens via
binding directly to carbohydrates on the surface of bacteria, which can
prevent bacterial pathogens from entering cell and facilitate macro-
phages to eliminate bacterial pathogens [43].

It has been well-recorded that monocytes/macrophages can elicit an
immune response through secreting various cytokines including inter-
leukin 6 (IL-6), interleukin 10 (IL-10), interleukin 8 (IL-8), and mac-
rophage migration inhibitory factor (MIF) [20,44,45]. The present
study found that the transcripts of cytokines (IL-6 and IL-10) and che-
mokines (IL-8 and MIF) in monocytes/macrophages exhibited re-
markably increase after incubating with rOnGal-3. These results were
consistent with previous studies of MAp44 and MASP-1(C-type lectin
family) in monocytes/macrophages [18,46]. Compared to IL-6 and IL-
10, the peak time of IL-8 and MIF mRNA expression were later after
rOn-Gal-3 induction. Similar result was reported in the study of Mu

Fig. 7. Flow cytometric analyses of the head kidney monocytes/macrophages respiratory burst from Nile tilapia. (A) The histogram of flow cytometric analyses of the
monocytes/macrophages respiratory burst pre-incubated with PBS, pGEX-4T-1 or rOnGal-3 (10 μg/mL). (B) The histogram of the positive cell rates. The average
standard deviation was obtained from three experiments. Values are shown as mean ± SD (n = 3). (p < 0.05).
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et al. [46]. IL-6 is known as pro-inflammatory cytokine and its ex-
pression can be mediated by activation of IL-10. IL-8 is a neutrophil
chemotactic factor that can recruit series of cells such as macrophages,
mast cells, primarily neutrophils and other granulocyte to the site of
infection [47]. MIF plays a role in the regulation of macrophage activity
in host defense through suppressing anti-inflammatory effects of glu-
cocorticoids [48–50]. Thus, the current data indicated that OnGal-3
could modulate inflammatory response and migration of immune cells.
Moreover, as non-opsonic receptors, galectin can activate phagocytosis
of macrophages when binding with PAMPs [51]. Our study found that
rOnGal-3 could remarkably enhance the phagocytosis and respiratory
burst activity of macrophages. The similar observation was also re-
corded in the research of Nile tilapia mannose-binding lectin, which
was considered to be involve in killing bacterial pathogen [20]. These
data implied that OnGal-3 play a role in pathogens clearance.

Taken together, the transcription of OnGal-3 in monocyte/macro-
phages was up-regulated after bacterial stimulation. Recombinant
OnGal-3(rOnGal-3 protein could bind Gram-positive/Gram-negative
bacteria and polysaccharides, as well as aggregate bacterial pathogens.
Furthermore, rOnGal-3 could increase the expression of inflammatory-
related factors in monocytes/macrophages, enhance the phagocytosis
and respirator bursts activity of monocytes/macrophages. The results in
this study suggested that OnGal-3 was involved in pathogen recognition
and regulatory of the activities of monocytes/macrophages.
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