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Abstract

Hypoxia-inducible factor-1α (HIF-1α) plays a critical role in immune and inflammatory

responses and is important in controlling a variety of processes in monocytes and macro-

phages. However, very little information is available about the functions of HIF-1α in fish

monocytes/macrophages (MO/MФ). In this study, the cDNA sequence of the mudskipper

(Boleophthalmus pectinirostris) HIF-1α gene (BpHIF-1α) was determined. Sequence com-

parison and phylogenetic tree analysis showed that BpHIF-1α is clustered in the fish HIF-1α
tree. Constitutive expression of BpHIF-1α mRNA was detected by real-time quantitative

PCR in all tested tissues, and the expression was found to be dramatically increased in the

skin, liver, spleen, and kidney after Edwardsiella tarda infection. In addition, hypoxia and

infection induced the expression of the BpHIF-1α transcript and protein in MO/MФ, respec-

tively. Hypoxia caused an increase in phagocytic and bactericidal capacity of mudskipper

MO/MФ in a BpHIF-1α-dependent manner. BpHIF-1α induced an anti-inflammatory status

in MO/MФ upon E. tarda infection and hypoxia. Therefore, BpHIF-1α may play a predomi-

nant role in the modulation of mudskipper MO/MФ function in the innate immune system.

Introduction

Hypoxia is a common phenomenon in aquatic systems worldwide, and there is growing con-

cern that hypoxia may affect aquatic animals [1]. Environmental hypoxia can modulate and

compromise behavior and/or physiology, and manipulate the immune response in fish [2, 3].

Aquatic hypoxia induces changes in the fish immune system, involving cytokines, granulo-

cytes, and macrophages [4–6]. Slight hypoxic stress can elevate non-specific immune responses

in fish, but severe hypoxic challenge results in immunosuppression [7, 8]. Therefore, hypoxia

is now considered as a potential regulator of immunity.
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Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric transcription factor, composed of

two subunits (α and β), which regulate changes in gene expression when animals adapt to

hypoxic conditions [9]. In majority of the cells, HIF-1 is primarily regulated through oxygen-

dependent degradation of its HIF-1α-subunit and regulation of the transcriptional activity of

the C-terminal transactivation domain [10–12]. HIF-1α is the master transcriptional regulator

of cellular and developmental response to hypoxia) [13]. Non-hypoxic stimuli such as lipo-

polysaccharides (LPS) also up-regulate HIF-1α gene expression at both transcriptional and

post-transcriptional levels in specific immune cells such as macrophages [14]. Exposure of sea

bass to hypoxia results in a seven-fold increase of HIF-1α transcription factor in the liver [15].

Hypoxia elicits HIF-1α accumulation in teleost fish [16, 17]. In mice, hypoxia-induced HIF-1α
is assumed to be involved in cytokine induction and causes an increase in phagocytosis and

bactericidal activity in macrophages [18–21], which may be triggered by nuclear factor kappa

B (NF-κB) and HIF signaling pathways [22, 23]. However, the effects of HIF-1α on the

immune response of macrophages in fish are unknown.

Differences between the more terrestrial (i.e. exposed to desiccation and hypoxia) and the

more aquatic mudskippers (Boleophthalmus pectinirostris) in HIF-1α regulation could be an

interesting topic for future research [24]. B. pectinirostris is usually found in temperate-climate

intertidal mudflats around the coast of Japan, Taiwan, and Southern China, where it is con-

sumed as a culinary delicacy having high nutritional value. In this study, we identified the B.

pectinirostris HIF-1α gene (BpHIF-1α). In addition, we measured the mRNA expression of

BpHIF-1α in different tissues following bacterial infection and analyzed the effect of BpHIF-

1α on monocytes/macrophages (MO/MФ).

Materials and methods

Fish rearing

Healthy mudskippers, weighing 30–40 g each, were purchased from a commercial Lulin mar-

ket (N29˚540, E121˚360) in Ningbo city, China. Fish were transferred to experimental tanks

along with defluorinated brackish water (salinity of 10‰), with the temperature of the water

being 24–30˚C. The fish were acclimatized to laboratory conditions for two weeks before

experiments. The fish used for study were healthy without any signs of illness, and the experi-

ments were approved by the Committee on Animal Care and Use and the Committee on the

Ethics of Animal Experiments of Ningbo University. Before acquisition of tissues and MO/

MФ, we added 0.1% aqueous solution of tricaine (MS 222; Sigma-Aldrich, St. Louis, USA) to

anesthetize the mudskippers. After the tissues were quickly excised, fish were euthanized by

humane endpoints.

Primary culture of mudskipper kidney-derived MO/MФ
Mudskipper kidney-derived MO/MФ were isolated as previously described [25]. In brief, kid-

ney leukocyte-enriched fractions were obtained using Ficoll-Paque PREMIUM (GE healthcare,

New Jersey, USA) density gradient centrifugation. Non-adherent cells were washed off, and the

attached cells were incubated with a complete medium (RPMI 1640 medium containing 5%

fetal calf serum, 5% mudskipper serum, 100 U/ml penicillin, and 100 μg/ml streptomycin)

throughout the experiment after overnight incubation at 24˚C. Following Giemsa staining, over

95% of the adherent cells were identified as MO/MФ, as confirmed by observing the morpho-

logical characteristics.

According to previously reported methods [26], mudskipper MO/MФ were maintained at

24˚C in a 5% CO2 and 95% air incubator (21% O2, normoxia). Hypoxic cells were maintained
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at 24˚C in a modular incubator chamber (Billups-Rothenberg, Del Mar, USA) flushed with a

gas mixture containing 1% O2, 5% CO2, and 94% N2.

Molecular cloning of BpHIF-1α cDNA

The cDNA sequence of BpHIF-1α gene was subsequently identified using transcriptome analy-

sis. Total RNA was extracted from mudskippers using RNAiso reagent (TaKaRa, Dalian, China)

following the manufacturer’s protocol. The first-strand of cDNA was synthesized with M-MLV

reverse transcriptase (RNase H−; TaKaRa, Dalian, China) from a single cell. Sequence-specific

primers were generated to amplify the BpHIF-1α cDNA (Table 1). The PCR amplification prod-

uct was sequenced using an ABI 3730 automated sequencer (Invitrogen, Foster City, USA). Mul-

tiple sequence alignments were performed using ClustalW (http://clustalw.ddbj.nig.ac.jp/). The

phylogenetic tree was generated by neighbor-joining analysis of HIF-1α proteins with bootstrap-

ping of 1,000 replicates using MEGA version 5 [27]. The HIF-1α sequences used in this study

are listed in Table 2.

Preparation of antibody

Western blot for determining the expression of BpHIF-1α and Bpβ-actin, ELISA for measur-

ing the expression of B. pectinirostris interleukin (IL)-10 and flow cytometry to determine the

teleost macrophage marker (colony-stimulating factor 1 receptor, BpCSF1R) was performed.

The products of the sequences mentioned in Table 3 were coupled to the carrier protein key-

hole limpet hemocyanin to chemically synthesize for the preparation of the rabbit polyclonal

antibody (GL Biochem, Shanghai, China).

Bacterial infection and tissue sampling

To infect the fish specimens with Edwardsiella tarda (E. tarda), bacteria were cultured at 28˚C

in tryptose soya agar, and were harvested when they entered the logarithmic growth phase.

Healthy mudskippers were divided into an infection group and a control group. Mudskippers

were challenged in vivo by intraperitoneally injecting E. tarda (1 × 105 colony-forming units

(CFUs)/fish) in 100 μl phosphate-buffered saline (PBS) in the infected group, whereas only

PBS was administered to the mudskippers in the control group. Liver, spleen, kidney, heart,

gill, skin, intestine, and MO/MF samples were collected at 3, 6, 12, and 24 h post infection

(hpi). Tissue and cell samples were collected from the two groups, immediately snap-frozen in

liquid nitrogen, and preserved at −70˚C until RNA extraction.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from fish tissues and MO/MF were isolated using RNAiso reagents

(TaKaRa, Dalian, China). Each RNA sample (5 μg) was incubated with 1 U DNase I (TaKaRa,

Dalian, China) for 30 min at 37˚C to remove residual genomic DNA. The first-strand of

cDNA was synthesized using AMV reverse transcriptase (TaKaRa, Dalian, China). Gene-spe-

cific primers were designed based on cDNA fragments of BpHIF-1α, B. pectinirostris tumour

necrosis factor α (BpTNFα), BpIL-1β, BpIL-10, B. pectinirostris transforming growth factor β
(BpTGFβ), B. pectinirostris glucose transporter 1 (BpGlut1), B. pectinirostris vascular endothe-

lial growth factor-a (BpVegf-a), B. pectinirostris aldolase C (BpAldoc), BpCSF1R, B. pectiniros-
tris inducible nitric oxide synthase (BpiNOS), and Bp18S rRNA (Table 1). RT-qPCR was

performed using SYBR premix Ex Taq II (Perfect Real Time; TaKaRa, Dalian, China). The

master mixture was subjected to denaturation cycles for 300 s at 95˚C, followed by 35 amplifi-

cation cycles of 30 s at 95˚C, 30 s at 60˚C, and 30 s at 72˚C in an ABI StepOne Real-Time PCR
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Table 1. Oligonucleotide primers used in this study.

Primers Nucleotide sequence (50!30) Sequence information Amplicon size (base pairs)

BpHIF-1α (+) ATGGACGCTGGAGTCGT PCR 2247

BpHIF-1α (-) TCAGTTGACATGGTCCAGG PCR

BpHIF-1α-F ATTTGCTAAGGGCCAGGTTT RT-qPCR 151

BpHIF-1α-R GCCACTCAGCACAAAGTTGA RT-qPCR

BpIL-1β-F ACGAGTGGTGAATGTGGTCA RT-qPCR 163

BpIL-1β-R GAACTGAGGTTGTGCTGCAA RT-qPCR

BpIL-10-F GTGGAGGGGTTCCCTCTAAG RT-qPCR 179

BpIL-10-R GTGCGGAGGTAAAAGCTCAG RT-qPCR

BpTGFβ-F TCAAAGGACACTTGCACAGC RT-qPCR 183

BpTGFβ-R CAGGGCCAAGATCTGTGAAT RT-qPCR

BpTNFα-F GGACAACAACGAGATCGTGA RT-qPCR 155

BpTNFα-R GTTCCACCGTGTGACTGATG RT-qPCR

E. tarda gyrB-F TGGCGACACCGAGCAGA RT-qPCR 207

E. tarda gyrB-R ACAAACGCCTTAATCCCACC RT-qPCR

BpGlut1-F CTTCGAGGTGCTCTGGGTAC RT-qPCR 169

BpGlut1-R GGCACAAAGGAAGCAAGACG RT-qPCR

BpVegfa-F GCGCATATACCGAGGGAAGG RT-qPCR 157

BpVegfa-R CCACACAAGACGGGATGAAGA RT-qPCR

BpAldoc-F GGAGAGACAACCACCCAAGG RT-qPCR 165

BpAldoc-R AGCGTATCTTGCCAGCACAT RT-qPCR

BpCSF1R-F CACAGTGGAGGTGCAGAGAG RT-qPCR 186

BpCSF1R-R CCTCCAGCTCCGAACAAAGT RT-qPCR

BpiNOS-F GCGAATGGGAGAGGGAGATG RT-qPCR 160

BpiNOS-R CTTCCAACTGCGGTCATTGC RT-qPCR

Bp18s rRNA-F GGCCGTTCTTAGTTGGTGGA RT-qPCR 112

Bp18s rRNA-R CCCGGACATCTAAGGGCATC RT-qPCR

https://doi.org/10.1371/journal.pone.0177960.t001

Table 2. HIF-1α sequences used for multiple sequence alignment and phylogenetic analyses.

Accession number

Species

ProteinLatin name English name

KX278429 Boleophthalmus pectinirostris mudskipper HIF-1α
ABD32158 Micropogonias undulatus Atlantic croaker HIF-1α
XP_010732457 Larimichthys crocea large yellow croaker HIF-1α
XP_005477096 Oreochromis mossambicus Mozambique tilapia HIF-1α
NP_001296971 Danio rerio zebrafish HIF-1α
AFV39804 Sparus aurata sea bream HIF-1α
ACN10960 Salmo salar Atlantic salmon HIF-1α
ABV59209 Cyprinus carpio common carp HIF-1α
AAR95697 Ctenopharyngodon idella grass carp HIF-1α
ADF50043 Megalobrama amblycephala Wuchang bream HIF-1α
ADJ67806 Hypophthalmichthys molitrix silver carp HIF-1α
NP_001117760 Oncorhynchus mykiss rainbow trout HIF-1α
CAA64833 Mus musculus mouse HIF-1α
NP_001116596 Sus scrofa pig HIF-1α

https://doi.org/10.1371/journal.pone.0177960.t002
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thermocycler (Applied Biosystems, Foster City, USA). The cycle threshold (Ct) values of

BpHIF-1α and others for all samples were normalized to Bp18S rRNA expression using the

2−ΔΔCt method. Tissue samples were collected from four fish for each group. MO/MФ samples

were reproduced in four independent experiments.

Anti-BpCSF1R IgG staining and flow cytometry

MO/MФ were washed in FACS buffer (PBS, 0.2% BSA, and 0.1% sodium azide) and were

resuspended to a final concentration of 2 × 107/ml. Cells (2 × 106/ml) were incubated with 2 μl

anti-BpCSF1R IgG or 2 μl isotype IgG for 30 min at 4˚C. After washing, cells were incubated

with the secondary antibody, donkey anti-mouse IgG-PerCP (Jackson ImmunoResearch Lab-

oratories, Westgrove, USA) for 30 min at 4˚C, washed, and analyzed by flow cytometry. Data

were collected and analyzed on a Gallios Flow Cytometer (Beckman Coulter, Miami, USA).

Western blot

BpHIF-1α protein expression was detected in the cell lysate of mudskipper MO/MФ after

infection or hypoxia at 0, 3, 6, 12, and 24 h. Cells were washed twice in PBS and lysed in a

buffer containing 20 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 100 mM NaCl, 0.2 mM

DTT, 0.5 mM sodium orthovanadate, 0.4 mM phenylmethylsulfonyl fluoride (pH 7.4), and

Phosphatase Inhibitor Cocktail (Sigma Aldrich, St. Louis, USA). The protein concentration

was measured in each soluble fraction using the Bradford method. For expression analysis,

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), membrane transfer,

antibody incubation, and electrochemiluminescence reaction were performed as previously

described [28]. The optical density of the bands was quantified using the NIH ImageJ software.

RNA interference

BpHIF-1α small interfering RNA (siRNA; 50-CACCUGUGCCCUAUUUGGUGCUGAU-30) and a

scrambled siRNA sequence (50-UUACGCUAUGAUAGCUGUCUCUGCU-30) were designed and

synthesized by Invitrogen. Transfection of cells with siRNA was performed using the Lipofec-

tamine 2000 transfection reagent (Invitrogen, Carlsbad, USA) according to the manufacturer’s

protocol. In brief, 5 μl of Lipofectamine 2000 in 250 μl of Opti-MEM (Invitrogen, Carlsbad,

USA) was mixed with either 100 pmol BpHIF-1α siRNA or 100 pmol scrambled siRNA. The

mixture was then incubated for 20 min at 25˚C before adding it to MO/MФ with a final siRNA

concentration of 40 nM. After a 5.5-h incubation period, the medium was replaced with the

complete medium, and cells were cultured for another 48 h before collection. RT-qPCR was

performed to confirm the mRNA levels after BpHIF-1α knockdown.

Phagocytosis assay

Because the inhibitor topotecan is not highly HIF-specific [29], phagocytosis assays were per-

formed with BpHIF-1α siRNA. As described previously [30], mudskipper kidney-derived

Table 3. Amino acid sequence used for chemically synthesis.

Name of gene Amino acid sequence

BpHIF-1α 709SSVLTLPQLTQYDCEVNAPLQGRQYLLQGEELLRALDHVN748

Bpβ-actin 3EEEIAALVVDNGSGMCKA20

BpIL-10 29CNNRCCRFVEGFPLRLRKLREDYSQIRD56

BpCSF1R 700PEIVENDYKNV710

https://doi.org/10.1371/journal.pone.0177960.t003
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MO/MФ were seeded in six-well plates (2 × 106/ml), incubated with scrambled siRNA or

BpHIF-1α siRNA, and were then subjected to hypoxia for another 3, 6, 12, and 24 h; nor-

moxia-treated MO/MФ were used as the control. The cells were subsequently infected at a

multiplicity of infection (MOI) of 20 with heat-killed Escherichia coli strain DH5α, which was

labeled with fluorescein isothiocyanate (FITC; here after designated as FITC–DH5α) accord-

ing to the manufacturer’s protocol. The cells were then washed three times with PBS on ice to

remove extracellular bacteria. Trypan blue was used to quench the fluorescence outside of the

cells. The fluorescence from intracellular bacteria in MO/MФ and other data were collected

using a Gallios Flow Cytometer.

Bactericidal activity assay

The bactericidal assay for mudskipper kidney-derived MO/MF was modified from a previously

described method [31]. A standard curve was generated with the RT-qPCR results to assess the

bacterial number. RNA obtained from E. tarda culture at a concentration of 107 CFUs/ml was

serially diluted 10-fold. Each RNA dilution was used to construct a standard curve. After pre-

treatment with scrambled siRNA or BpHIF-1α siRNA, mudskipper MO/MФ (2 × 106/ml) were

infected with E. tarda at an MOI of 10 for 3, 6, 12, and 24 h post hypoxia or normoxia. Bacteria

were incubated for 30 min at 24˚C to enable bacterial attachment and internalization. Next, cells

were treated with 100 μg/ml gentamicin (Invitrogen, Carlsbad, USA) to eradicate extracellular

bacteria whilst maintaining the viability of the intracellular bacteria. One set of samples (uptake

group) was washed extensively with PBS and lysed, and viable bacteria were subjected to RNA

template preparation and RT-qPCR using primers E. tarda gyrB-F and gyrB-R (Table 1). To

measure bactericidal activity, the remaining cells (kill group) were then washed and incubated

with 12.5 μg/ml gentamicin for the indicated times. Cells were subjected to RNA template prepa-

ration and an RT-qPCR test using primers for the E. tarda gyrb gene. The Ct values obtained

from RT-qPCR were used to calculate the total number of CFU/ml present in all the samples,

based on the standard curve previously generated. Bacterial survival was determined by dividing

the number of CFU in the kill group by those in the uptake group.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed for measuring BpIL-10 levels in the supernatant of MO/MФ as

described previously [32]. Viable E. tarda cells were diluted in PBS at appropriate concentra-

tions to infect mudskipper MO/MФ for different time periods at a MOI of 10 under hypoxic

conditions, and the supernatant was collected for ELISA. Micro plates (Nunc ImmunoPlates,

Rochester, USA) were coated using concentrated and quantified cell supernatants and incu-

bated overnight. After the plates were precoated with poly-L-lysine (Sigma Aldrich, St. Louis,

USA) to increase protein binding, blocking of unbound binding sites was performed using

Tris-buffered saline with fish gelatin (Sigma Aldrich, St. Louis, USA). Anti-IL-10 antibody

(IgG) was added to each well, incubated for 1 h, and washed three times with PBS. The second-

ary conjugated antibody was added to each well for 1 h and was washed three times. Finally,

ELISA was performed using the alkaline phosphatase yellow liquid substrate system (Sigma

Aldrich, St. Louis, USA) with the optical density set at 405 nm.

Statistical analysis

All data are presented as mean ± standard error of the mean (SEM) [33]. The data were further

analyzed by one-way ANOVA using SPSS version 13.0 (SPSS, Chicago, USA). In all cases,

P< 0.05 was considered as statistically significant.
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Results

Characterization of BpHIF-1α
BpHIF-1α sequence was deposited in the GenBank Data Library under accession number

KX278429. The cDNA of BpHIF-1α possessed a large open reading frame of 2247 nucleo-

tides that encoded a polypeptide of 748 amino acids. The molecular weight of the protein

was 83.82 kDa and its putative isoelectric point was 4.83. BpHIF-1α and other teleost HIF-

1α proteins showed relatively high homologies in the basic helix–loop–helix (bHLH, 85–

98%), and the Per–ARNT–Sim A (PAS-A, 80–97%) and PAS-B (90–97%) domains. In con-

trast, two transactivation domains (TAD) and the oxygen-dependent degradation domain

(ODD), particularly the N-terminal TAD (TAD-N) and ODD sequence, varied consider-

ably among the different proteins, which were <40% identical in the TAD-N and ODD

sequences (Fig 1).

To analyze the evolutionary relationship of BpHIF-1α with respect to other publicly avail-

able related genes in other fish and mammalian species, a phylogenetic tree was constructed

using the neighbor-joining method (Fig 2). Sequence comparisons for similarity showed that

BpHIF-1α was highly similar to HIF-1α in fishes such as the Atlantic croaker (77.4%), followed

by gilthead seabream (77%), and other fishes. BpHIF-1α belonged to the fish HIF-1α cluster

with zebrafish HIF-1α, which is a genetic model fish species.

Spatiotemporal expression of BpHIF-1α after challenging with infection

To illustrate the relationship between infection and BpHIF-1α expression, RT-qPCR was per-

formed to analyze the mRNA expression levels of BpHIF-1α in normal and infected tissues. As

shown in Fig 3, the levels of constitutive BpHIF-1α transcript were measured in seven tissues

from healthy mudskippers. BpHIF-1α transcripts were strongly expressed in the intestine,

moderately expressed in the heart, spleen, kidney, skin, and gills, and weakly expressed in the

liver. Following infection with E. tarda, BpHIF-1α transcripts were up-regulated in the skin at

all tested time points, in the liver at 3 and 6 hpi, in the spleen at 3 hpi, and in the kidney at 3, 6,

and 12 hpi. The up-regulation of BpHIF-1α mRNA was highest in the skin after being chal-

lenged with E. tarda, with the level being 57-fold higher than that in the control group at 3 hpi.

BpHIF-1α mRNA expression was down-regulated in the intestine at all tested time points (Fig

3). Furthermore, BpHIF-1α transcript expression was not altered significantly in the heart and

gill tissues following infection at any of the tested time points.

To monitor BpHIF-1α activation and to explain spatiotemporal expression of BpHIF-1α
mRNA in the skin and intestine after infection, we detected common HIF-1α target genes

(BpGlut1, BpVegf-a, and BpAldoc), a marker of MO/MF in teleosts (BpCSF1R), and a macro-

phage inflammation marker (BpiNOS) mRNA expression in normal and infected tissues by

RT-qPCR. Levels of BpGlut1, BpVegf-a, and BpAldoc transcripts were significantly up-regu-

lated in the skin after infection at all tested time points (Fig 4A). BpCSF1R and BpiNOS

mRNA expressions were up-regulated in the skin after infection (Fig 4B). On the contrary,

mRNA levels of BpGlut1, BpVegf-a, BpAldoc, BpCSF1R, and BpiNOS were significantly

down-regulated in the intestine after infection with E. tarda (Fig 4C and 4D).

To ascertain if BpHIF-1α expression was altered in MO/MФ after infection, RT-qPCR and

western blot were performed to analyze the expression levels of BpHIF-1α in normal and

infected MO/MФ. Firstly, flow cytometry was used to characterize kidney-derived MO/MФ,

and 87.4% of the MO/MФ were found to be CSF1R-positive cells (Fig 5A). BpHIF-1α tran-

scripts increased by 2.54- and 2.60- fold at 6 and 12 hpi, respectively (Fig 5B). Western blot

analysis showed that BpHIF-1α protein in MO/MФ was up-regulated at 3, 6, 12, and 24 hpi

HIF-1α in mudskipper monocytes/macrophages

PLOS ONE | https://doi.org/10.1371/journal.pone.0177960 May 24, 2017 7 / 18

https://doi.org/10.1371/journal.pone.0177960


(Fig 5C). All BpHIF-1α target genes (BpGlut1, BpVegf-a, and BpAldoc) were up-regulated at

tested time points, except at 3 hpi (Fig 5D).

Fig 1. Alignment of the deduced amino acid sequence of mudskipper HIF-1α (Bold) with the same protein from other fishes. The alignment was

generated using BioEdit version 7.2. Dashes indicate gaps introduced to facilitate alignment. The bHLH domain, PAS-A and PAS-B domains, ODD domain,

and TAD-N and TAD-C domains are indicated.

https://doi.org/10.1371/journal.pone.0177960.g001
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BpHIF-1α expression in MO/MФ in response to hypoxia

To ascertain whether BpHIF-1α expression was altered in MO/MФ under hypoxic conditions,

we performed RT-qPCR and western blot. MO/MФ were cultured extensively and then exposed

to ambient oxygen levels or hypoxia while maintaining identical oxygen concentration. We pro-

filed global mRNA levels at 3, 6, 12, and 24 h post hypoxia. RT-qPCR confirmed that BpHIF-1α
transcript levels were up-regulated 4- to 5-fold under hypoxia than under normoxia at 6 and 12

h (Fig 6A). Western blot analysis showed that BpHIF-1α protein in MO/MФ was up-regulated

Fig 2. Phylogenetic tree comparing the sequence of mudskipper HIF-1α (Bold) with that of other

vertebrate species. The scale bar refers to evolutionary distances in substitutions per site. The numbers at

tree nodes refer to percentage bootstrap values after 1,000 replicates.

https://doi.org/10.1371/journal.pone.0177960.g002

Fig 3. RT-qPCR analysis of HIF-1αmRNA expression in various mudskipper tissues. Fish were euthanized at 3, 6, 12, and

24 h after intraperitoneal injection of E. tarda, and PBS was used as the control. L, liver; Sp, spleen; K, kidney; H, heart; G, gill; I,

intestine; Sk, skin. HIF-1α transcript levels were normalized to those of 18S rRNA. Data are expressed as mean ± SEM (n = 4 for

tissues). *, P< 0.05.

https://doi.org/10.1371/journal.pone.0177960.g003
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at 3, 6, 12, and 24 h post hypoxia (Fig 6B). BpHIF-1α target genes (BpGlut1, BpVegf-a, and

BpAldoc) were induced at all tested time points, except at 3h after hypoxia (Fig 6C).

Effect of hypoxia-induced BpHIF-1α activation on phagocytosis in MO/

MФ
Infectious diseases are often encountered in association with extracellular hypoxia [34]. We,

therefore, investigated whether hypoxia induced an effect on the phagocytic activity of mud-

skipper MO/MФ. The following results were demonstrated: First, BpHIF-1α mRNA was dra-

matically down-regulated in BpHIF-1α-siRNA-treated MO/MФ after hypoxia (Fig 7A).

Second, in scrambled siRNA-treated MO/MФ, hypoxia led to a significantly higher phagocytic

activity of MO/MФ at 6 and 12 h post hypoxia compared with that post normoxia (Fig 7B).

Thirdly, BpHIF-1α siRNA treatment led to lower phagocytic capacity of MO/MФ compared

to treatment with scrambled siRNA at 6 and 12 h post hypoxia (Fig 7B).

Effect of hypoxia-induced BpHIF-1α activation on bactericidal activity of

MO/MФ
We next determined whether BpHIF-1α mediates the effect of hypoxia on bactericidal activity.

We performed RT-qPCR for BpHIF-1α siRNA, which showed a high knockdown efficiency

Fig 4. RT-qPCR analysis of mRNA expression in the skin and intestine after E. tarda infection. Fish were euthanized at 3,

6, 12, and 24 h after intraperitoneal injection of E. tarda, and PBS was used as the control. Then, the skin (A and B) and intestine

(C and D) were collected. BpGlut1, BpVegf-a, BpAldoc, BpCSF1R, and BpiNOS transcript levels were normalized to those of 18S

rRNA. Data are expressed as the mean ± SEM (n = 4 for tissues). *, P< 0.05.

https://doi.org/10.1371/journal.pone.0177960.g004
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(87.09%) in MO/MФ after infection (Fig 8A). To confirm the CFU of viable E. tarda, RT-

qPCR was performed by diluting the purified total RNA from bacteria, and constructing a gen-

eral standard curve (Fig 8B). After MO/MФ cultivation under hypoxic or normoxic condi-

tions, the survival rate of the bacteria was determined by quantifying intracellular E. tarda
CFU number in mudskipper MO/MФ. The hypoxic treatment improved the bactericidal

capacity of MO/MФ at 6, 12, and 24 h post hypoxia. At these three time points post hypoxia,

the bacterial survival rates were 42.78 ± 4.36%, 14.08 ± 1.57%, and 36.93 ± 3.24%, respectively

(Fig 8C). This enhanced bactericidal activity was prevented by BpHIF-1α siRNA, and

increased survival of bacteria was observed with BpHIF-1α siRNA compared to that with

scrambled siRNA under hypoxic conditions (Fig 8C).

Hypoxia-mediated effects on E. tarda-stimulated cytokine expression by

MO/MФ via BpHIF-1α
To investigate whether hypoxia influences the expression of inflammatory cytokines BpIL-1β,

BpTNFα, BpTGFβ, and BpIL-10, we determined the mRNA expression of these cytokines in

E. tarda-infected MO/MФ after subjecting the cells to hypoxia or normoxia. After challenging

with E. tarda, the hypoxia-treated group showed significantly down-regulated mRNA expres-

sion of BpIL-1β at all tested time points post hypoxia and down-regulated mRNA expression

of BpTNFα at 6, 12, and 24 h post hypoxia (Fig 9A). BpIL-10 and BpTGFβ mRNA expression

was significantly up-regulated at 6, 12, and 24 h post hypoxia, and at 12 h post hypoxia, respec-

tively (Fig 9A). We further investigated BpIL-10 protein levels after bacterial challenge and

Fig 5. HIF-1α expression in MO/MΦ of mudskippers after infection with E. tarda. (A) Flow cytometry analysis of the

percentage of CSF1R-positive cells in mudskipper kidney-derived MO/MΦ following incubation with anti-CSF1R IgG or isotype

IgG. Histogram represents the percentage of CSF1R-positive cells in the anti-CSF1R IgG or isotype IgG-treated groups. (B and

D) MO/ MΦwere collected at 3, 6, 12, and 24 hpi with E. tarda, and PBS was used as the control. The transcript levels of HIF-1α
and HIF-1α target genes were normalized to those of 18S rRNA. Data are expressed as mean ± SEM for four independent

experiments. *, P < 0.05. (C) Western blot analysis of mature BpHIF-1α protein in MO/MФ at 0, 3, 6, 12, and 24 hpi with E. tarda.

Histogram displays the changes in relative band intensity of BpHIF-1α protein after infection. Quantification of BpHIF-1α protein

expression is presented as fold change over β-actin, which was assigned a unit of 100. Data are representative of three

independent experiments. *, P < 0.05.

https://doi.org/10.1371/journal.pone.0177960.g005
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hypoxic treatment in MO/MФ by ELISA. BpIL-10 protein levels in the supernatants of E.

tarda-infected MO/MФ were up-regulated under hypoxic conditions at all tested time points

(Fig 9B). Hypoxia down-regulated the mRNA expression of BpIL-1β and BpTNFα in scram-

bled siRNA-treated MO/MФ at 12 h post hypoxia compared to that post normoxia (Fig 9C).

However, the mRNA levels of BpIL-10 and BpTGFβ in MO/MФ with scrambled siRNA were

significantly up-regulated at 12 h post hypoxia compared to that post normoxia (Fig 9C).

Compared to normoxia-treated BpHIF-1α siRNA, no change was observed in the expression

levels of BpIL-1β, BpTNFα, BpIL-10, or BpTGFβ mRNA in BpHIF-1α siRNA-treated MO/

MФ at 12 h post hypoxia (Fig 9C).

Discussion

n the present study, BpHIF-1α was cloned from mudskipper, B. pectinirostris, MO/MФ cDNA.

The BpHIF-1α protein consists of several functional s including bHLH domain, PAS domains,

TAD domains, and an oxygen-dependendomaint degradation domain (ODD) domain. The

bHLH domain mediates binding to the hypoxia-responsive DNA elements in the promoters or

enhancers of HIF-1α target genes. The PAS domain mediates heterodimerization, i.e., binding

to HIF-1β/Arnt. The ODD domain, with its two prolyl hydroxylation motifs (P561 in the mud-

skipper corresponds to P564 in humans, and P428 corresponds to P402), is crucial to hypoxic

HIF-1α protein stabilization, which is the most important mechanism for HIF activation. In the

TAD-C hydroxylation of asparagine 725 (N725), FIH regulates the transcriptional activity of

TAD-C [10–12]. These three hydroxylation motifs are of utmost importance for the regulation

of HIF activity in mammals and are highly conserved in fish as well. A phylogenetic tree analysis

further confirmed BpHIF-1α as a member of the fish HIF-1α cluster.

Fig 6. Alteration of HIF-1α expression in MO/MΦ of mudskippers cultured in parallel with either

normoxia or hypoxia. (A and C) MO/ MΦwere collected at 3, 6, 12, and 24 h post normoxia or hypoxia,

incubated in normoxia (21% O2) or in hypoxia (1% O2). The transcript levels of HIF-1α and HIF-1α target

genes were normalized to those of 18S rRNA. Data are expressed as mean ± SEM for four independent

experiments. *, P < 0.05. (B) Western blot analysis of mature BpHIF-1α protein in MO/MФ at 0, 3, 6, 12, and

24 h post hypoxia. Histogram displays the changes in relative band intensity of BpHIF-1α protein on hypoxia.

Quantification of BpHIF-1α protein expression is presented as fold change over β-actin, which was assigned a

unit of 100. Data are representative of three independent experiments. *, P < 0.05.

https://doi.org/10.1371/journal.pone.0177960.g006
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HIF-1α is expressed in a ubiquitous pattern, although its expression levels vary highly

among tissues in mammals [35]. In this study, BpHIF-1α transcripts were widely distributed

in tissues and were particularly abundant in the intestine. A ubiquitous expression pattern of

HIF-1α in tissues has been found in studies conducted on grass carp and Chinese suckers [36,

37]. Unlike BpHIF-1α, grass carp HIF-1α mRNA is highly expressed in the eyes and kidneys

[37]. Chinese sucker HIF-1α transcripts are expressed primarily in the liver, ovary, and testis

[36]. The distinctive tissue expression pattern of HIF-1α may reflect the adaptations of differ-

ent fish species to the environment. Up-regulated expression of the HIF-1α transcript has

been observed during bacterial infection [34]. HIF-1α transcripts expression in parenchymal

and other non-immune cells do not respond to infection [38–41]. In our study, BpHIF-1α
mRNA expression was up-regulated in the skin, liver, spleen, and kidney after challenging

with E. tarda, whereas it was down-regulated in the intestine after infection. CSF1R mRNA

and HIF-1α target gene expression were up-regulated in the skin and down-regulated in the

intestine post infection. Thus, intraperitoneal infection may lead to evasion/emigration of

MO/MФ from the intestine into the peritoneal cavity and may then enter into the systemic cir-

culation and reach the central organs and into the skin. Our data suggested that the up-

Fig 7. Hypoxia-influenced phagocytosis of mudskipper MO/MΦ. (A) Histogram displays the effect of BpHIF-1α siRNA

transfection on MO/MΦBpHIF-1αmRNA expression in a hypoxic environment, as detected by RT-qPCR. Transcript levels of

BpHIF-1αwere normalized to those of 18S rRNA. Data are expressed as mean ± SEM for four independent experiments. *,

P < 0.05. (B) MO/MΦwere transfected with 100 pmol BpHIF-1α siRNA (H siRNA) or 100 pmol scrambled siRNA (sc siRNA) in

250 μl of Opti-MEM for the indicated length of time under normoxic (N, −) or hypoxic (H, +) conditions, respectively. Then, FITC–

DH5αwas added at an MOI of 20, followed by incubation for 1 h. The phagocytosed bacteria were investigated by flow cytometry

assays. Quantification of phagocytosis was presented as fold change over the control, which was assigned a unit of 100. Data are

expressed as mean ± SEM for three separate experiments with a total of 100,000 cells per experiment. *, P< 0.05.

https://doi.org/10.1371/journal.pone.0177960.g007
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regulation or down-regulation of HIF-1α mRNA expression in tissues may be due to increased

or decreased levels of MO/MФ in the tissues.

In mice, HIF-1α can activate the innate immune system under hypoxic conditions, particu-

larly macrophages, promoting phagocytosis and stimulating the release of antimicrobial pep-

tides and inflammatory cytokines [42]. Phagocytosis, the process by which microbial pathogens

are engulfed, and bactericidal activity, the process by which infectious agents are eliminated by

MO/MФ, represent the first line of defense against bacterial infection in the innate immune

response of fish [43]. Our results showed that the exposure of mudskipper MO/MФ to hypoxia

markedly increases phagocytosis and bactericidal activity, suggesting that hypoxia activates the

MO/MФ function in teleosts. Moreover, it has been demonstrated that bactericidal activity of

MФ can be inhibited by hypoxia [44]. However, we found that 1% oxygen enhanced the bacteri-

cidal activity of mudskipper MO/MФ, which is consistent with a previous report [45]. We also

performed a bactericidal assay with 0.5% oxygen and found that it does not promote the bacteri-

cidal activity of MO/MФ. Thus, we speculated that 0.5% oxygen may reduce the production of

reactive oxygen species (ROS), and 1% oxygen can elevate the bactericidal activity by ROS of

mudskipper MO/MФ. Furthermore, we found that the enhancement of phagocytosis and bacte-

ricidal activity by hypoxia was prevented in MO/MФ treated with BpHIF-1α siRNA, suggesting

that BpHIF-1α is the main mediator of the hypoxic effect for macrophage activation. Future

investigations will focus on the mechanisms underlying HIF-1α participation in the activation

of MO/MФ.

Mammalian macrophages synthesize the inflammatory cytokines IL-1, TNFα, IL-6, and IL-

10 in response to persistent infections, which recruit immune cells to sustain chronic inflam-

mation [46]. Expression of IL-1β mRNA in Nile Tilapia mononuclear leucocytes is down-regu-

lated in response to hypoxia [47]. mRNA levels of IL-1β and TNF-α genes are down-regulated

in rainbow trout after infection with Aeromonas salmonicida [48]. Bacterial or LPS challenges

Fig 8. Effects of hypoxia on MO/MΦ bactericidal activity. Hypoxic MO/MΦ retained the ability to eradicate

E. tarda. (A) Histogram displays the effect of BpHIF-1α siRNA transfection on MO/MΦBpHIF-1αmRNA

expression after infection, as detected by RT-qPCR. Transcript levels of BpHIF-1αwere normalized to those of

18S rRNA. Data are expressed as mean ± SEM for four independent experiments. *, P < 0.05. (B) Standard

curve was generated from 10-fold serial dilutions of E. tarda, as detected by RT-qPCR. (C) MO/MФwere

transfected with scrambled siRNA or BpHIF-1α siRNA for the indicated length of time. E. tarda bacterial cells

were added at an MOI of 10 and incubated for additional 30 min. Viable bacterial cells were enumerated by RT-

qPCR, as described in Materials and Methods. Histograms represent the viability rate (%) of bacteria. Each bar

represents mean ±SEM of the results from four independent experiments. *, P < 0.05.

https://doi.org/10.1371/journal.pone.0177960.g008
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result in significantly increased transcripts levels of IL-10 in teleost head kidneys [49, 50]. In

our study, IL-10 and TGFβ transcript expression levels was enhanced in E. tarda-infected

mudskipper MO/MФ after subjecting to hypoxia compared to that after normoxia, suggesting

that BpHIF-1α may contribute to the anti-inflammatory effects of MO/MФ. There is increas-

ing evidence suggesting an anti-inflammatory role of HIF-1α in chronic diseases, but a multi-

tude of studies on HIF-1α in mouse macrophages show that HIF-1α partially supports (by

increasing glycolysis and thus, energy supply) pro-inflammatory activation and gene expres-

sion in murine macrophages [45, 51, 52]. Thus, HIF-1α activation and anti- and pro-inflam-

matory cytokines may be different in different animal species. In grass carp, rgcIL-10 and

rgcTGFβ1 independently suppress LPS-stimulated pro-inflammatory gene expression in MO/

MФ [53]. In this study, hypoxic BpHIF-1α down-regulated TNFα and IL-1β expression and

up-regulated TGFβ and IL-10 expression in MO/MФ after bacterial challenge. Further studies

are required to demonstrate whether interplay of pro-inflammatory and anti-inflammatory

cytokines exists in hypoxia and inflammation induced in MO/MФ.

Fig 9. Effects of hypoxia on the expression of cytokines in mudskipper MO/MΦ challenged with viable

E. tarda cells. MO/MΦwere incubated under normoxic or hypoxic conditions. E. tarda cells were added to the

culture media at an MOI of 10. Normoxia-treated MO/MΦwere used as the control. (A) MO/MΦwere subjected

to normoxia or hypoxia for 3, 6, 12, and 24 h. At each time point, BpIL-1β, BpTNFα, BpIL-10, or BpTGFβ
transcript is presented as the fold change over the control, which was normalized to Bp18S rRNA using the

2−ΔΔCt method. Data are expressed as mean ±SEM for four independent experiments. *, P < 0.05. (B) BpIL-10

protein expression was measured after E. tarda infection and hypoxia in MO/MΦ by ELISA. Quantification of

BpIL-10 protein expression was presented as fold change over the value at 3 h, which was assigned a unit of 1.

Data are expressed as mean ±SEM of the results from four independent experiments. *P < 0.05. (C) MO/MΦ
were incubated with scrambled siRNA (sc siRNA) or BpHIF-1α siRNA (H siRNA) at 12 h post normoxia or

hypoxia, respectively. Normoxia-treated MO/MΦwere used as the control. The cytokine transcript is presented

as fold change over the control, which was normalized to Bp18S rRNA using the 2−ΔΔCt method. Data are

expressed as mean ±SEM for four independent experiments. *, P < 0.05.

https://doi.org/10.1371/journal.pone.0177960.g009
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In summary, we identified a HIF-1α gene in the mudskipper. Upon E. tarda challenge,

BpHIF-1α mRNA was significantly up-regulated in most tissues and MO/MФ. Moreover, E.

tarda induced the expression of the BpHIF-1α protein in MO/MФ. Hypoxia-induced BpHIF-

1α effect was enhanced in response to bacterial infection for regulating mudskipper MO/MФ
function. Further studies are required to determine the detailed mechanisms underlying the

role of HIF-1α in regulation of the immune response in fish.
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