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Abstract: Mannose receptor (MR) is a member of pattern-recognition receptors (PRRs),
which plays a significant role in immunity responses. Much work on MR has been done in
mammals and birds while little in fish. In this report, a MR gene (designated as zfMR) was
cloned from zebra fish (Danio rerio), which is an attractive model for the studies of animal
diseases. The full-length cDNA of zfMR contains 6248 bp encoding a putative protein of
1428 amino acids. The predicted amino acid sequences showed that zfMR contained a
cysteine-rich domain, a single fibronectin type II (FN II) domain, eight C-type lectin-like
domains (CTLDs), a transmembrane domain and a short C-terminal cytoplasmic domain,
sharing highly conserved structures with MRs from the other species. The MR mRNA
could be detected in all examined tissues with highest level in kidney. The temporal
expression patterns of MR, IL-1β and TNF-α mRNAs were analyzed in the liver, spleen,
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kidney and intestine post of infection with Aeromonas sobria. By immunohistochemistry
assay, slight enhancement of MR protein was also observed in the spleen and intestine of
the infected zebra fish. The established zebra fish-A. sobria infection model will be
valuable for elucidating the role of MR in fish immune responses to infection.
Keywords: Danio rerio; mannose receptor; mRNA expression; protein expression;
Aeromonas sobria

1. Introduction
Mannose receptor (MR) is one of the pattern-recognition receptors (PRRs), which play a significant
role in innate immunity responses through binding to the pathogen-associated molecular patterns
(PAMPs) [1]. MR primarily expresses in macrophages and dendritic cells and is a member of the
C-type lectin superfamily [2]. The structure of MR contains extracellular, transmembrane and
cytoplasmic regions. In the extracellular region, it consists of three domains: an N-terminal
cysteine-rich (CR) domain, a fibronectin type II (FN II) domain and eight tandemly arranged C-type
lectin-like domains (CTLDs). MR recognizes surface polysaccharides of various pathogens, such as
viruses, bacteria, yeasts and parasites, including HIV [3], Dengue virus [4], Candida albicans [5],
Mycobacterium tuberculosis [6,7], Pneumocystis carinii [8,9], Cryptococcus neoformans [10],
Klebsiella pneumoniae [11], Streptococcus pneumoniae [11] and Leishmania [12,13], etc. In recruited
inflammatory peritoneal macrophages, MR levels were increased in response to interleukin-4 (IL-4),
IL-13 and IL-10 [14]. Due to the critical role in innate immunity responses, there have been many
reports about MR in human and mice.
Zebra fish (Danio rerio) has become an attractive research model for the studies of human and
fish diseases [15]. Aeromonas is a genus of the family Enterobacteriaceae. Most species in Aeromonas
are pathogens of animals. Aeromonas sobria can cause serious diseases of both fish and human [16–22].
Also bacteria infection can experimentally cause immune responses in fish [23]. Therefore, the
establishment of a zebra fish-A. sobria infection model will be important for the studies of fish as well
as human diseases. We have isolated a strain of A. sobria which could cause the disease of zebra fish
in our lab. We have focused our studies on the functions of teleost MRs [24–27]. In the present report,
we cloned and characterized the functions of zebra fish MR using the established zebra fish-A. sobria
infection model. The results will provide an insight into the understanding of the functions of teleost MRs.
2. Results
2.1. Characterization of zfMR cDNA
The full-length cDNA of zfMR was deposited in GenBank (accession number KP172154).
The complete sequences of MR cDNA consisted of a 5'terminal untranslated region (UTR) of 119 bp,
a 3'UTR of 1842 bp with a poly (A) tail, and an open reading frame (ORF) of 4287 bp (Supplementary
Figure S1). The ORF encoded a polypeptide of 1428 amino acids, including a 19 aa signal peptide with
an isoelectric point of 6.15 and predicted molecular weight of 163.2 kD. The typical polyadenylation
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signal AATAAA was found 18 bp before the poly A signal (Supplementary Figure S1). As shown in
Figure 1, zfMR contained an N-terminal cysteine-rich (CR) domain (22–156 aa), a fibronectin type II
(FN II) domain (156–204 aa) and eight tandemly arranged C-type lectin-like domains (CTLDs)
(204–333, 350–474, 493–615, 635–763, 783–905, 926–1062, 1076–1194, 1211–1347 aa), a
transmembrane domain (1370–1392 aa) and a short cytoplasmic tail (1392–1428 aa). The CR domain
contained six conserved cysteines, which were responsible for the formation of three disulfide bonds.
The fibronectin type II contained four conserved cysteines and formed two disulfide bonds [2].
The CTLDs possessed two conserved carbohydrate recognition sites, EPN (Glu725-Pro726-Asn727)
and WND (Trp749-Asn750-Asp751) [28,29]. In addition, there were two conserved Ca2+ binding sites
(Asn728-Asn731-Glu737-Asn753 and Glu725-Asn727-Asn750-Asp751) [2]. The cytoplasmic domain contained
two potential endocytosis motifs with (F1403-N1405-Y1408) based on a conserved tyrosine residue (Y1408)
and a dihydrophobic motif (L1423L1424) [2].
2.2. Phylogenetic Relationship of MRs
Based on the multiple alignment of MRs from nine taxa including three teleosts, two amphibians,
two avians and two mammals. The phylogenetic tree clearly showed that the MR genes formed teleost,
amphibian, avian and mammal clades. MRs from zebra fish, grass carp (Ctenopharyngodon idella)
and blunt snout bream (Megalobrama amblycephala) were clustered in teleost clade. Finally, the clade
from fish was clustered with amphibian, avian and mammal clades successively (Figure 2).
2.3. The mRNA Expression Profile of MR in Different Tissues
In zebra fish, the mRNA transcripts of MR were found to be constitutively expressed in a wide
range of tissues with different levels, including liver, spleen, kidney, intestine, gill, brain, heart, muscle
and skin (Figure 3). The lowest level MR mRNA was detected in skin. To compare the relative
expression of the mRNA in different tissues, the MR transcript levels in other tissues were normalized
to that in skin (set as 1). The highest level MR transcript was in kidney followed by gill, brain, spleen,
intestine, liver, muscle, and heart, respectively. The amount of zfMR mRNAs in each of kidney, gill,
brain, spleen, and intestine was all significantly higher than that in skin (Figure 3).
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Figure 1. Multiple alignment of mannose receptor (MRs) using the DNAMAN program.
The identical residues among all the MRs were in black. The absent amino acids in the
alignment were indicated by dots (.). Conserved cysteine residues were marked with ●,
aromatic residues F (Phe167) and W (Trp188) were marked with ★. Two conserved sites of
carbohydrate recognition domain (CRD), “EPN” and “WND” were boxed. Ca2+ binding
site 1 was marked with ■, Ca2+ binding site 2 was marked with ▼. Two potential
endocytosis motifs, “F-N-Y” and a dihydrophobic motif “LL” were marked with ♦. The
conserved acidic residue “D” lying-4 to the dihydrophobic modif was marked with ▲. The
GenBank accession numbers of the MRs were as follows: Danio rerio (KP172154);
Ctenopharyngodon idella (KF569903.1); Megalobrama amblycephala (KC495437.1);
Dicentrarchus labrax (CBN82067.1); Oreochromis niloticus (XP_003439398.1);
Gallus gallus (XP_004939311.1); Homo sapiens (NM_002438.2).
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Figure 2. Phylogenetic tree of MR from Danio rerio (KP172154) and other species
were constructed using Molecular Evolutionary Genetics Analysis (MEGA) 4.0 with
neighbor-joining method. Numbers of each node indicated the percentage of bootstrapping
of a 1000 replications. Danio rerio MRC1 (KP172154) was marked with ♦. The protein
sequences used for phylogenetic analysis were Anolis carolinensis MRC1 (XM_003222081.1),
Xenopus tropicalis MRC1 (XM_002939002.2), Anas platyrhynchos MRC1 (EOB05991.1),
Mus musculus MRC1 (NM_008625.2), Homo sapiens MRC2 (NM_006039.4), Mus musculus
MRC2 (NM_008626.3), Anas platyrhynchos MRC2 (XM_005030646.1), Xenopus tropicalis
MRC2 (NM_001097247.1), other sequences were shown in the legend of Figure 1.
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Figure 3. Expression analysis of MR mRNAs in various tissues of zebra fish by
Quantitative Real-Time PCR (qRT-PCR). The expression level of MR in the skin was set
as 1, expression levels in all other tissues were presented relative to that in the skin.
Expression of β-actin was used as an internal control for qRT-PCR. Each experiment was
performed in triplicate. Data were shown as mean ± SE (n = 3). The asterisk indicated
a statistically significant difference (** p < 0.01, * p < 0.05) compared with skin (set as 1).
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2.4. Temporal Expression of MR after Infection with A. sobria
In order to confirm that the zebra fish MR was involved in response to A. sobria challenge,
qRT-PCR was performed to detect the MR mRNA in the liver, kidney, spleen and intestine which had
a close relationship with immune responses. As shown in Figure 4A, there were basically one-peak and
two-peak expression patterns of MR in the four tissues during the infection. In the liver, spleen and
kidney, the MR expression fits a two-peaks pattern. In the liver, it was significantly up-regulated at
3 h poi. Subsequently, significantly, it dropped under the basal level until 48 h. The second peak was
observed at 72 h poi. In the case of the spleen, the MR gene expression pattern was similar to that in
liver except the second peak came up early at 24 h poi. In the case of the kidney, it first significantly
dropped at 3 h poi, then the first peak came up at 6 h poi. Subsequently, it decreased until 24 h poi and
it increased significantly during 48–72 h poi. By contrast, the zfMR expression matched one-peak
pattern in the intestine. It was significantly up-regulated at 3 h poi, then it was down-regulated
significantly during 6–48 h poi.
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Figure 4. The expression of MR, interleukin-1β (IL-1β) and TNF-α after Aeromonas sobria
infection. Expression patterns of MR (A); IL-1β (B) and TNF-α (C) were determined in
liver, spleen, kidney and intestine by qRT-PCR. The samples were analyzed at 0, 3, 6, 12, 24,
48 and 72 h post-injection. Expression of β-actin was used as internal control for qRT-PCR.
Each experiment was performed in triplicate. Data were shown as mean ± SE (n = 3). The
asterisk indicated a statistically significant difference (** p < 0.01, * p < 0.05) compared
with 0 h (set as 1).
2.5. Temporal Expression of IL-1β and TNF-α after the Infection with A. sobria
During bacterial infections, pro-inflammatory cytokines always involve in the innate immune
responses. In order to obtain information about cytokines involved, IL-1β and TNF-α were chosen for
study. As shown in Figure 4B, there were basically one-peak and two-peak expression patterns of
IL-1β in the four tissues during infection. In the liver, spleen and intestine, the IL-1β expression fitted
a one-peak pattern. In the liver, it was up-regulated significantly and reached a peak at 6 h poi.
Thereafter, it was still up-regulated significantly until 48 h poi, and dropped to under the basal level at
72 h poi. In the spleen, the mRNA of IL-1β was up-regulated significantly and reached the peak at
3 h poi. Thereafter, it was still up-regulated significantly until 48 h poi, and was dropped to under the
basal level at 72 h poi. In intestine, the mRNA of IL-1β were firstly down-regulated at 3 poi, then it
was up-regulated significantly at 6 h poi, thereafter, it was down-regulated significantly during
12–72 h poi. In the kidney, the IL-1β mRNA expression fitted two-peak pattern. It was up-regulated
significantly at 3 h poi, reached the first peak at 6 h poi. Thereafter, it was still up-regulated at
12 h poi, and dropped to the basal level at 24 h poi. However, it was up-regulated significantly again
and reached the second peak at 48 h poi, eventually, it dropped to under the basal level again at
72 h poi.
TNF-α relative expression also showed one-peak and two-peak patterns (Figure 4C). In the spleen
and intestine, the TNF-α mRNA expression fitted one-peak pattern. Regarding the spleen, it was
significantly up-regulated and peaked at 3 h poi, and remained significantly up-regulated up to 48 h poi.
Thereafter, its level was dropped below the basal level at 72 h poi. In intestine, the expression level of
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TNF-α after infection was significantly down-regulated at 3 h, up-regulated at 6 h, and down-regulated
during the period from 12 to 72 h. In the liver and kidney, the TNF-α expression fitted a two-peak
pattern. It was significantly up regulated as early as 3 h poi in the liver and 6 h poi in the kidney.
Thereafter, its level dropped to the basal level during the period from 12 to 24 h poi, and then
re-upregulated and peaked at 48 h poi in both organs.
2.6. The Protein Expressions of MR after A. sobria Infection
To further monitor the MR expression at protein level during the infection, the expression levels of
MR protein in different tissues were assessed by Western blot, the levels of MR protein between
the infected and non-infected tissues were not significantly different (Supplementary Figure S2).
Therefore, a more sensitive immunohistochemistry assay was employed in this study. The MR protein
expression level after the infection with A. sobria was slightly increased in the spleen and intestine.
No excess expression level was detected in other tissues (Figure 5).

(A)

(B)

(C)

(D)

Figure 5. Distribution of MR in spleen and intestine of zebra fish detected with
Immunohistochemistry after Aeromonas sobria infection. (A) spleen of control fish;
(B) spleen of infected fish; (C) intestine of control fish; (D) intestine of infected fish;
White arrows indicated positive signal. Scale bar = 20 μm.
3. Discussion
In the present study, we cloned, sequenced and analyzed the structure of zfMR. The deduced amino
acid sequences of the zfMR shared highly conserved structures with MRs from the other species,
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indicating that zfMR should be a new member of C-type lectin superfamily. The existence of collagen
binding sites and carbohydrate recognition sites in zfMR indicate that it might have collagen [2,30,31]
and carbohydrate [28,29,32,33] binding activity. Furthermore, two conserved Ca2+ binding sites [2]
were also found in zfMR, suggests that it might have calcium-dependent agglutination activity. All
these activities need to be tested in the future. To evaluate the molecular evolution of the protein, MRs
of nine animals from different taxa were used to construct a phylogenetic tree. The tree followed
classical taxonomy, indicating that all MR proteins shared a single clade and they might have similar
biological functions evolving from the same ancestor gene.
Revealing the mRNA expression profiles of MR, IL-1β and TNF-α in different tissues would help
understand the mechanisms of MR in immune responses. The mRNA of MR was constitutively
expressed in all tested tissues of non-infected in zebra fish. However, the higher expression levels of
MR were observed in the kidney and spleen, indicating that it might play a role in the immune
responses during the infection. After infection with A. sobria, the temporal expression of MR mRNA
in liver, spleen, kidney and intestine were all significantly up-regulated at certain time points post
infection. The reasons for the variation of the temporal expression patterns of zfMR in different tissues
are enigmatic; however, the mRNA expression of zfMR was indeed induced by the infection of
A. sobria, indicating that zfMR should play roles during the infection.
Strong inflammatory reactions were provoked by A. sobria, since the expression levels of IL-1β and
TNF-α were up-regulated drastically in the liver, spleen, kidney and intestine which were immune
related tissues. It has been shown that MR was involved in synthesis of pro-inflammatory cytokines
such as IL-1β and TNF-α by binding of natural or synthetic ligands [34]. It is likely that the binding
activity requires the assistance of other receptors in order to trigger signal cascades, since MR is lack
of signal motifs in its cytoplasmic domain [1]. It has been reported that the release of IL-1β, TNF-α
and IL-6 requires the collaboration of MR and TLR4 [35] and the IL-8 released by macrophages
requires the expressions of MR and TLR2 [36]. In mammals, TLR4 is critical for the recognition of
LPS and the release of pro-inflammatory cytokines [37,38]. It has been shown that fish TLR4 did not
have the ability to identify LPS [39], however, it has been observed that TLR4 of Gobiocypris rarus
could sense A. hydrophila infection and triggered signaling pathways [40]. It is well established that
NF-κB plays a key role in immune and inflammatory responses and is a major mechanism of
LPS-induced expression of cytokines, including IL-1, TNF-α and IL-8 [41]. The relationship between
the expression of inflammatory cytokines and the involvement of zfMR needs to be elucidated.
The establishment of a zebra fish-A. sobria infection model in this report will be valuable for further
studies of the teleost MR functions during infection.
4. Experimental Section
4.1. Fish and Bacteria
The adult zebra fish were purchased from the Institute of Hydrobiology, Chinese Academy of
Sciences, China. Zebra fish were 4~5 months old with total length of 3~5 cm. The fish were
maintained at 25~26 °C in a re-circulating freshwater system and acclimatized in laboratory for at least
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one month before carrying out the experiments. Aeromonas sobria was isolated from a diseased zebra
fish in our lab.
4.2. RNA Isolation and cDNA Synthesis
Trizol reagent (TaKaRa, Dalian, China) was used for RNA extraction according to the
manufacturer’s instructions. The total RNAs were assessed with a NanoDrop Spectrophotometer
(NanoDrop Technologies) and were stored at −80 °C until use. cDNAs were synthesized using
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa) following the manufacturer’s protocol.
4.3. Entire MR cDNA Sequence by RACE
Pairs of primers (Table 1) were designed according to conserved sequences of MR genes from the
predicted zebra fish MR gene sequence using primer premier 5.0 software and were used to amplify
MR cDNA fragments. Total RNAs were isolated from the liver of zebra fish, subsequently, cDNA
synthesis was performed and PCR reactions were carried out in a volume of 25 μL containing 12.5 μL
of Premix Ex Taq (TaKaRa), 1 μL of 10 μM of each primer, 9.5 μL of nuclease-free water, and 1 μL of
cDNA. Cycling parameters were 94 °C for 3 min followed by 35 cycles of 94 °C for 30 s, 58 °C for
30 s, 72 °C for 2 min, and final extension at 72 °C for 10 min followed by cooling down to 16 °C. The
PCR products were resolved by electrophoresis on 1% agarose gel and the fragments of interest were
excised, and then purified using the QIAEX II Gel Extraction Kit (Qiagen, Beijing, China). The
purified fragments were ligated into pMD-19T vectors (Takara) and transformed into E. coli DH5α
cells according to the standard protocol. Positive clones were screened and sequenced. Since it was
difficult to obtain the full length MR cDNA sequences with one PCR amplification, overlapping partial
sequences (Table 1) were amplified and combined using SeqMan of DNAStar. Based on the obtained
MR fragment sequences, primers for 5'RACE and 3'RACE (Table 1) were designed. The RACE
reactions were performed using a 5'RACE System for Rapid Amplification of cDNA Ends (Invitrogen,
Shanghai, China) and a SMARTer™ RACE cDNA Amplification Kit (Clontech, Beijing, China)
according to the manufacturer’s protocols.
Table 1. Primers used in the experiments.
Names
5'1
5'2
5'3
ZF1
ZR1
ZF2
ZR2
ZF3
ZR3
ZF4
ZR4

Sequence (5'→3')
CATTTGCTTCTGATTCC
CAGCCAGGAACAGAGTCTCA
GTTCCCATGGCATTCCCACT
CGCATTTTGAACACTTTCACAA
TGCTCCACTGCCATCCACTG
CAGTGGATGGCAGTGGAGCA
TCCAGAAGTACTTCTCTGGTC
GACCAGAGAAGTACTTCTGGA
CTGTTGAGACCAATCCACATAGGCT
AGCCTATGTGGATTGGTCTCAACAG
TGATGATCCCTGCCATTGTTTA

Amplification Target
5'RACE
5'RACE
5'RACE
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
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Table 1. Cont.

Names
ZF5
ZR5
ZF6
ZR6
ZF7
ZR7
3'1
3'2
β-actin-F (forward)
β-actin-R (reverse)
MR-F (forward)
MR-R (reverse)
IL-1β-F (forward)
IL-1β-R (reverse)
TNF-α-F (forward)
TNF-α-R(reverse)

Sequence (5'→3')
ACCACAGTTGATGAACCGGA
GCCATGTTTGCTTAGTGCGG
ATGCCGAAGACTGCGTGTTA
CCAGGGCTTGATCCCATGTT
TCGTCGCTGTAAGGCAGAAG
CGGTCTCAGTTAGTGCCCAG
GCAAAACCGCCAAAGTGATTAGCCCA
GGTCACAACATCGCTTCCTGCCTACA
ATGGATGAGGAAATCGCTG
ATGCCAACCATCACTCCCTG
GGGACCTATTATGCCCCTCT
AGGCATTTGTAGCTCTGCACT
GGACTTCGCAGCACAAAATGA
GACGGCACTGAATCCACCAC
CTGAGGAACAAGTGCTTATGA
GTAGAAGTGCTGTGGTCGTG

Amplification Target
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
cDNA fragment of MR
3'RACE
3'RACE
β-actin Expression
β-actin Expression
MR Expression
MR Expression
IL-1β Expression
IL-1β Expression
TNF-α Expression
TNF-α Expression

4.4. Sequence Analysis
The MR amino acid sequences from various species were obtained from NCBI. The cDNA and
deduced amino acid sequence of MR were analyzed using the BLAST algorithm and the Expert
Protein Analysis System (http://www.expasy.org/). Multiple sequence alignment was performed with
the DNAMAN program. A phylogenetic tree was constructed using the neighbor-joining method in the
Molecular Evolutionary Genetics Analysis package (MEGA 4.0, Tokyo, Japan). Data were analyzed
using Poisson correction, and gaps were removed by complete deletion. The topological stability of the
trees was evaluated by 1000 bootstrap replications.
4.5. Quantitative Real-Time PCR (qRT-PCR) Analysis of MR mRNA Expression in Different Tissues
The total RNAs from liver, spleen, kidney, intestine, gill, brain, heart, muscle and skin were
extracted from fifteen fish and quantitative real-time PCR (qRT-PCR) was performed to determine MR
mRNA expression. The size of the zebra fish was too small to differentiate between the head kidney
and body kidney. Therefore, we have utilized the whole kidney to represent both kidney parts. Briefly,
the cDNA was synthesized as mentioned above, diluted to 1:10 and stored at −20 °C for subsequent
qRT-PCR. β-actin was used as an internal control. Primers used for qRT-PCR were shown in Table 1.
The assay was conducted on Rotor-Gene Q Series Real-Time PCR System (Roche Molecular Systems,
Belleville, NJ, USA) in a final volume of 20 μL containing 1 μL cDNA sample, 10 μL SYBR® Premix
Ex Taq™, 1 μL of each forward and reverse primers (10 μM) and 7 μL nuclease-free water. Cycling
parameters were 95 °C for 30 s followed by 40 cycles of 95 °C for 5 s, 58 °C for 20 s, 72 °C for 20 s,
4 °C for 5 min. Dissociation curve analysis was performed to determine the target specificity. The
relative expression ratio of the target gene versus the β-actin gene was calculated using 2−ΔΔCt method.
All data were given in terms of relative mRNA expressed as mean ± SE (n = 3).
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4.6. The mRNA Expressions of MR, IL-1β and TNF-α after A. sobria Infection
Challenge experiments were conducted as described previously with slight modification [40].
In brief, A. sobria was grown in the Luria-Bertani (LB) nutrient agar, and then diluted with 1× PBS to
reach the density of 1.0 × 107 CFU/mL. Three hundreds fish were randomly divided into 2 groups.
Fish were anaesthetized by immersion in MS222 and injected intraperitoneally (IP) with 20 μL
bacterial suspension whereas control fish were injected equal volume of PBS. Kidney, intestine, liver
and spleen were collected from each group at 3, 6, 12, 24, 48 and 72 h post of the infection (poi).
Tissues from fifteen fish were frozen in liquid nitrogen immediately after collection, and stored at
−80 °C until use. RNA isolation, cDNA synthesis and qRT-PCR were carried out as described above.
The relative expression ratio of the target gene versus the β-actin gene was calculated using 2−ΔΔCt
method. All data were given in terms of relative mRNA expressed as mean ± SE (n = 3). The data
were submitted to one-way analysis of variance (one-way ANOVA) followed by Fisher’s LSD test
using SPSS 17.0. Differences were considered significant at p < 0.05 and extremely significant at
p < 0.01.
4.7. The Expression of MR Protein in Different Tissues of Zebra Fish after Infection with A. sobria
Immunohistochemistry (IHC) was performed to observe the expression of MR in the tissues of
zebra fish. Fresh tissues were fixed with 4% paraformaldehyde prior to the tissues were embedded and
sectioned using the standard method. The sections were incubated with 100% methanol containing 3%
H2O2 at room temperature for 10 min to block endogenous peroxidase activity. After washing with
PBS, the slides were incubated in citrate buffer (1.8 mM citric acid, 8.2 mM sodium citrate) at
95–100 °C for 10 min to unmask the antigenic epitope. The sections were incubated with blocking
buffer (10% bovine serum albumin in PBS) at room temperature for 1 h. Thereafter, the sections were
incubated with MR rabbit specific antibody generated in our lab at the dilution of 1:1000 at room
temperature for 1 h. After washing with PBS, the slides were incubated with anti-rabbit IgG-HRP for
30 min and revealed in DAB solution (Guge Biology, Wuhan, China).
Supplementary Materials
Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/05/10997/s1.
Acknowledgments
This work was jointly supported by the Huazhong Agricultural University Scientific &
Technological Self-innovation Foundation (52204-12020), Fundamental Research Funds for the
Central Universities (2013PY069, 2014PY035), and Natural Science Foundation of China (31372563)
awarded to Li Lin; Natural Science Foundation of China (31402341), Postdoctoral Science Foundation
(2014M550400) and State Key Laboratory of Freshwater Ecology and Biotechnology Open
Foundation (No. 2015FB05) awarded to Yang Zhou.

Int. J. Mol. Sci. 2015, 16

11010

Author Contributions
Li Lin and Yang Zhou designed the research; Li Lin and Muhammad Asim finalized the paper
writing; Feifei Zheng, Jiangfeng Lan, Lijuan Zhao, Shun Wei, Nan Chen and Xiaoling Liu performed
the experiments and contributed to the data collection, statistical analysis.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.
5.
6.

7.

8.

9.
10.
11.

12.
13.

Gazi, U.; Martinez-Pomares, L. Influence of the MR in host immune responses. Immunobiology
2009, 214, 554–561.
East, L.; Isacke, C.M. The MR family. Biochem. Biophys. Acta 2002, 1572, 364–386.
Nguyen, D.G.; Hildreth, J.E. Involvement of macrophage MR in the binding and transmission of
HIV by macrophages. Eur. J. Immunol. 2003, 33, 483–493.
Miller, J.L.; Dewet, B.J.; Martinez-Pomares, L.; Radcliffe, C.M.; Dwek, R.A.; Rudd, P.M.;
Gordon, S. The MR mediates dengue virus infection of macrophages. PLoS Pathog. 2008, 4, e17.
Marodi, L.; Korchak, H.M.; Johnston, R.B., Jr. Mechanisms of host defence against Candida species. I.
phagocytosis by monocytes and monocyte-derived macrophages. Immunology 1991, 146, 2783–2789.
Rajaram, M.V.S.; Brooks, M.N.; Morris, J.D.; Torrelles, J.B.; Azad, A.K.; Schlesinger, L.S.
Mycobacterium tuberculosis activates human macrophage peroxisome proliferator-activated
receptor γ linking mannose receptor recognition to regulation of immune responses. J. Immunol.
2010, 185, 929–942.
Tailleux, L.; Maeda, N.; Nigou, J.; Gicquel, B.; Neyrolles, O. How is the phagocyte lectin
keyboard played? Master class lesson by Mycobacterium tuberculosis. Trends Microbiol. 2003,
11, 259–263.
Ezekowitz, R.A.; Williams, D.J.; Koziel, H.; Armstrong, M.Y.; Warner, A.; Richards, F.F.;
Rose, R.M. Uptake of Pneumocystis carinii mediated by the macrophage MR. Nature 1991, 351,
155–158.
O’Riordan, D.M.; Standing, J.E.; Limper, A.H. Pneumocystis carinii glycoprotein A binds
macrophage MRs. Infect. Immun. 1995, 63, 779–784.
Dan, J.M.; Kelly, R.M.; Lee, C.K.; Levitz, S.M. The role of the MR in a murine model of
Cryptococcus neoformans infection. Infect. Immun. 2008, 76, 2362–2367.
Zamze, S.; Martinez-Pomares, L.; Jones, H.; Taylor, P.R.; Stillion, R.J.; Gordon, S.; Wong, S.Y.
Recognition of bacterial capsular polysaccharides and lipopolysaccharides by the macrophage
MR. J. Biol. Chem. 2002, 277, 41613–41623.
Chakraborty, P.; Ghosh, D.; Basu, M.K. Modulation of macrophage MR affects the uptake of
virulent and avirulent Leishmania donovani promastigotes. Parasitology 2001, 87, 1023–1027.
Chakraborty, R.; Chakraborty, P.; Basu, M.K. Macrophage mannosyl fucosyl receptor: Its role in
invasion of virulent and avirulent L. donovani promastigotes. Biosci. Rep. 1998, 18, 129–142.

Int. J. Mol. Sci. 2015, 16

11011

14. Taylor, P.R.; Gordon, S.; Martinez-Pomares, L. The MR: Linking homeostasis and immunity
through sugar recognition. Trends Immunol. 2005, 26, 104–110.
15. Eisen, J.S. Zebrafish make a big splash. Cell 1996, 87, 969–977.
16. Beaz-Hidalgo, R.; Alperi, A.; Bujan, N.; Romalde, J.L.; Figueras, M.J. Comparison of
phenotypical and genetic identification of Aeromonas strains isolated from diseased fish.
Syst. Appl. Microbiol. 2010, 33, 149–153.
17. Cai, W.Q.; Li, S.F.; Ma, J.Y. Diseases resistance of Nile tilapia (Oreochromis niloticus), blue
tilapia (Oreochromis aureus) and their hybrid (female Nile tilapia × male blue tilapia) to
Aeromonas sobria. Aquaculture 2004, 229, 79–87.
18. Gobeli, S.; Goldschmidt-Clermont, E.; Frey, J.; Burr, S.E. Pseudomonas chlororaphis strain
JF3835 reduces mortality of juvenile perch, Perca fluviatilis L., caused by Aeromonas sobria.
J. Fish Dis. 2009, 32, 597–602.
19. Lai, C.C.; Shiao, C.C.; Lu, G.D.; Ding, L.W. Aeromonas hydrophila and Aeromonas sobria
bacteremia: Rare pathogens of infection in a burn patient. Burns 2007, 33, 255–257.
20. Li, Y.; Cai, S.H. Identification and Pathogenicity of Aeromonas sobria on Tail-rot Disease in
Juvenile Tilapia Oreochromis niloticus. Curr. Microbiol. 2011, 62, 623–627.
21. Stano, F.; Brindicci, G.; Monno, R.; Rizzo, C.; Ghezzani, F.; Carbonara, S.; Guaglianone, E.;
Donelli, G.; Monno, L. Aeromonas sobria sepsis complicated by rhabdomyolysis in an
HIV-positive patient: Case report and evaluation of traits associated with bacterial virulence.
J. Infect. Dis. 2009, 13, e113–e118.
22. Tsai, Y.H.; Huang, K.C.; Huang, T.J.; Hsu, R.W. Fatal necrotizing fasciitis caused by Aeromonas
sobria in two diabetic patients. Clin. Orthop. Relat. Res. 2009, 467, 846–849.
23. Watzke, J.; Schirmer, K.; Scholz, S. Bacterial lipopolysaccharides induce genes involved in the
innate immune response in embryos of the zebra fish (Danio rerio). Fish Shellfish Immunol. 2007,
23, 901–905.
24. Liu, L.C.; Zhou, Y.; Zhao, X.H.; Wang, H.; Wang, L.; Yuan, G.L.; Asim, M.; Wang, W.M.;
Zeng, L.B.; Liu, X.L.; et al. Oligochitosan stimulated phagocytic activity of macrophages from
blunt snout bream (Megalobrama amblycephala) associated with respiratory burst coupled with
nitric oxide production. Dev. Comp. Immunol. 2014, 47, 17–24.
25. Liu, X.L.; Tang, X.C.; Wang, L.; Li, J.; Wang, H.; Wei, S.; Fang, R.; Ji, W.; Yuan, G.L.;
Chen, N.; et al. Molecular cloning and expression analysis of mannose receptor in blunt snout
bream (Megalobrama amblycephala). Mol. Biol. Rep. 2014, 41, 4601–4611.
26. Wang, L.; Liu, L.C.; Zhou, Y.; Zhao, X.H.; Xi, M.J.; Wei, S.; Fang, R.; Ji, W.; Chen, N.;
Gu, Z.M.; et al. Molecular cloning and expression analysis of mannose receptor C type 1 in grass
carp (Ctenopharyngodon idella). Dev. Comp. Immunol. 2014, 43, 54–58.
27. Zhao, X.H.; Liu, L.C.; Abeer, M.H.; Wang, H.; Li, J.; Zheng, F.F.; Zhou, Y.; Wang, W.M.; Li, J.;
Liu, X.L.; et al. Mannose receptor mediated phagocytosis of bacteria in macrophages of blunt
snout bream (Megalobrama amblycephala) in a Ca2+-dependent manner. Fish Shellfish Immunol.
2015, 43, 357–363.
28. Kong, P.; Wang, L.; Zhang, H.; Song, X.; Zhou, Z.; Yang, J.; Qiu, L.; Wang, L.; Song, L. A novel
C-type lectin from bay scallop Argopecten irradians (AiCTL-7) agglutinating fungi with mannose
specificity. Fish Shellfish Immunol. 2011, 30, 836–844.

Int. J. Mol. Sci. 2015, 16

11012

29. Zelensky, A.N.; Gready, J.E. The C-type lectin-like domain superfamily. FEBS J. 2005, 272,
6179–6217.
30. Napper, C.E.; Drickamer, K.; Taylor, M.E. Collagen binding by the mannose receptor mediated
through the fibronectin type II domain. Biochem. J. 2006, 395, 579–586.
31. Martinez-Pomares, L.; Wienke, D.; Stillion, R.; McKenzie, E.J.; Arnold, J.N.; Harris, J.;
McGreal, E.; Sim, R.B.; Isacke, C.M.; Gordon, S. Carbohydrate-independent recognition of
collagens by the macrophage mannose receptor. Eur. J. Immunol. 2006, 36, 1074–1082.
32. Fujita, T.; Matsushita, M.; Endo, Y. The lectin-complement pathway—Its role in innate immunity
and evolution. Immunol. Rev. 2004, 198, 185–202.
33. Zhang, H.; Chen, L.Q.; Qin, J.G.; Zhao, D.X.; Wu, P.; Qin, C.J.; Yu, N.; Li, E.C. Molecular
cloning, characterization and expression of a C-type lectin cDNA in Chinese mitten crab,
Eriocheir sinensis. Fish Shellfish Immunol. 2011, 31, 358–363.
34. Yamamoto, Y.; Klein, T.W.; Friedman, H. Involvement of MR in cytokine interleukin-1β (IL-1β),
IL-6 and granulocyte-macrophage colony-stimulating factor responses, but not in chemokine
macrophage inflammatory protein 1beta (MIP-1β), MIP-2, and KC responses, caused by
attachment of Candida albicans to macrophages. Infect. Immun. 1997, 65, 1077–1082.
35. Zhang, J.; Tachado, S.D.; Patel, N.; Zhu, J.; Imrich, A.; Manfruelli, P.; Cushion, M.; Kinane, T.B.;
Koziel, H. Negative regulatory role of MRs on human alveolar macrophage proinflammatory
cytokine release in vitro. J. Leuk. Biol. 2005, 78, 665–674.
36. Tachado, S.D.; Zhang, J.; Zhu, J.; Patel, N.; Cushion, M.; Koziel, H. Pneumocystis-mediated IL-8
release by macrophages requires coexpression of MRs and TLR2. J. Leuk. Biol. 2007, 81, 205–211.
37. Rodrigues, A.; Queiroz, D.B.; Honda, L.; Silva, E.J.; Hall, S.H.; Avellar, M.C. Activation of
Toll-like receptor 4 (TLR4) by in vivo and in vitro exposure of rat epididymis to
lipopolysaccharide from Escherichia coli. Biol. Reprod. 2008, 79, 1135–1147.
38. Togbe, D.; Schnyder-Candrian, S.; Schnyder, B.; Couillin, I.; Maillet, I.; Bihl, F.; Malo, D.;
Ryffel, B.; Quesniaux, V.F. TLR4 gene dosage contributes to endotoxin-induced acute respiratory
inflammation. J. Leuk. Biol. 2006, 80, 451–457.
39. Sepulcre, M.P.; Perez, F.A.; Munoz, A.L.; Roca, F.J.; Meseguer, J.; Cayuela, M.L.; Mulero, V.
Evolution of lipopolysaccharide (LPS) recognition and signaling: Fish TLR4 does not recognize
LPS and negatively regulates NF-κB activation. Immunology 2009, 182, 1836–1845.
40. Su, J.G.; Yang, C.R.; Xiong, F.; Wang, Y.P.; Zhu, Z.Y. Toll-like receptor 4 signaling pathway can
be triggered by grass carp reovirus and Aeromonas hydrophila infection in rare minnow
Gobiocypris rarus. Fish Shellfish Immunol. 2009, 27, 33–39.
41. Tian, B.; Brasier, A.R. Identification of a nuclear factor-κB-dependent gene network. Rec. Prog.
Horm. Res. 2003, 58, 95–130.
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

