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A B S T R A C T

Rimicaris exoculata (Decapoda: Bresiliidae) is one of the dominant species of hydrothermal vent communities,
which inside its gill chamber harbors ectosymbioses with taxonomic invariability while compositional flexibility.
Several studies have revealed that the establishment of symbiosis can be initiated and selected by innate im-
munity-related pattern recognition receptors (PRRs), such as C-type lectins (CTLs). In this research, a CTL was
identified in R. exoculata (termed RCTL), which showed high expression at both mRNA and protein levels in the
scaphognathite, an organ where the ectosymbionts are attached outside its setae. Linear correlationships were
observed between the relative quantities of two major symbionts and the expression of RCTL based on analyzing
different shrimp individuals. The recombinant protein of RCTL could recognize and agglutinate the cultivable γ-
proteobacterium of Escherichia coli in a Ca2+-dependent manner, obeying a dose-dependent and time-cumulative
pattern. Unlike conventional crustacean CTLs, the involvement of RCTL could not affect the bacterial growth,
which is a key issue for the successful establishment of symbiosis. These results implied that RCTL might play a
critical role in symbiotic recognition and attachment to R. exoculata. It also provides insights to understand how
R. exoculata adapted to such a chemosynthesis-based environment.

1. Introduction

The hydrothermal vent is a special ecosystem in the deep ocean
usually found along the mid-ocean ridges and back-arc basins such as
the Mid-Atlantic Ridge (MAR), East Pacific Rise (EPR) and Central
Indian Ridge (CIR). Unlike terrestrial or shallow watery environments
where life has traditionally been seen as driven by energy from the sun,
deep-sea hydrothermal-vent organisms have no access to sunlight.
Instead they have to depend on materials from ambient dusty chemical
deposits and hydrothermal fluid. As primary producers, large popula-
tions of chemoautotrophic bacteria can oxidize reduced chemicals like
H2S and methane to produce energy to drive carbon-fixation processes
[1]. For other larger species living in the interfacial zone where hy-
drothermal fluid mixes turbulently with bottom seawater, these auto-
trophic bacteria play an indispensable role either as the food source or
as the detoxification helper [3,8]. This long-term interdependence
prompted different types of symbioses (endo- or ecto-symbiosis) oc-
curring in vent animals such as tubeworms, mussels, and crustaceans
(such as bresiliid shrimps, galatheid and bythograeid crabs).

The bresiliid shrimp Rimicaris exoculata [2], one of the dominant

species at most hydrothermal vents along MAR [3], harbors a rich
community of external symbiotic bacteria in its modified mouthparts,
mainly on setae of scaphognathites and exopodites specialized from the
2nd maxillae and the 1st maxillipeds, respectively [4,5]. Early results
from 16S rRNA genotyping and fluorescence in situ hybridization (FISH)
revealed that, wherever collected from different sites of MAR, a limited
group of phylotypes belonging to proteobacteria dominate the shrimp
ectosymbionts, with other types of bacteria only accounting for a
smaller portion [4,6,7]. In general, most deep-sea endemic animals
renew their symbionts by horizontal acquisition once per each host
generation [9]. In R. exoculata, the situation becomes more frequent
and complicated: the symbiotic bacteria attached to its chitinous
exoskeleton would be eliminated and regained after each molt, a
characteristic cyclic process for all arthropods [10]. How does the host
distinguish candidate symbionts from the pool of diverse free-living
bacteria in the surroundings? Why could these specific bacteria reg-
ularly form long-term symbiotic relationships with their host? An ideal
explanation is specific and stable recognition between the host and
mutualistic bacteria. However, until now we know little about the un-
derlying mechanism to establish this kind of recognition relationships
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in R. exoculata.
Interaction with symbiotic microbes is commonly viewed in the

same way as the immunity against pathogens. Like all other in-
vertebrates the shrimp lacks an advanced antibody-based adaptive
immunity like in vertebrates and only possesses an innate immune
system. Invertebrates respond against microorganisms in three main
ways: the recognition by pattern recognition receptors (PRRs), the
cellular immunity in the form of the phagocyte response, and the hu-
moral components comprised of acellular and biochemical factors [11].
The most important step of these processes is the initial recognition of
the foreign objects that relies on PRRs’ binding microbe-associated
molecular patterns (MAMPs) present on the microbial surface [12].
Both symbiotic and pathogenic microbes share the common mechan-
isms directing recognizing interactions. For instance, a mannose-
binding lectin (millectin) isolated from the coral Acropora millepora
could bind both pathogens and symbionts [13]. In human, both of
symbiotic Bacteroides thetaiotaomicron and pathogenic Porphyromonas
gingivalis can induce the Toll-like receptor 4 (TLR4) pathway of immune
response [14]. However, unlike in pathogenic elimination, in the case
of symbiosis, the recognition events would not result in the subsequent
destruction of invading microbes but in the production of adhesion
mediators, or formation of special organs to hold these mutualistic
neighbors, like the light organ in the squid Euprymna scolopes [15] and
the trophosome in the tubeworm Riftia pachyptila [16].

Lectin is one group of important PRRs mediating recognition be-
tween hosts and symbionts. Besides the aforementioned coral millectin,
symbiosis-related lectins have been already identified in legume/ni-
trogen-fixing bacteria mutualisms [17], as well as symbioses between
bacteria and sponge [18] or lichen [19]. In invertebrates, all symbiotic
lectins identified to date belong to the subgroup of C-type lectins
(CTLs). For examples, in the symbiosis between the marine nematode
Laxus oneistus and a sulfur-oxidizing bacterium there identified host-
expressed CTLs (Mermaids) that could mediate symbiotic adhesion to
the worm cuticle [20]. Similarly, in the clam Codakia orbicularis, a
mannose-binding CTL (codakine) is involved in the recognition of its
sulfur-oxidizing symbionts [21]. All CTLs share at least one common
carbohydrate recognition domain (CRD) for binding carbohydrates
usually in a Ca2+-dependent manner [22]. By binding the carbohydrate
components of MAMPs like LPS and peptidoglycan, CTLs can specifi-
cally interact with and agglutinate exogenous microbes. Most research
has been focusing on the process of pathogen infection, and how they
induce immune responses. However, little study was concerned with
the subsequent process happening in CTL-directing symbioses.

In this research, a C-type lectin (RCTL) was identified with high

expression at both mRNA and protein levels in the R. exoculata sca-
phognathite where vast symbionts are attached to the outside surfaces
of its setae. This relationship was confirmed by the correlation analysis
between the relative quantities of different symbionts and the expres-
sion of RCTL in shrimp individuals. The recombinant protein of RCTL
could recognize and agglutinate the γ-proteobacterium of Escherichia
coli in a Ca2+-dependent manner. The agglutination of RCTL with
bacteria appeared time-cumulative and dose-dependent, without ob-
vious effect on bacterial growth. These results suggest that RCTL plays a
critical role in symbiont recognition and attachment in R. exoculata.
This is the first immune-related molecule that can mediate symbiosis in
crustaceans. Our study will help to understand how the crustacean es-
tablished a symbiotic relationship with selected mutualistic bacteria so
as to adapt to chemosynthesis-based environments like hydrothermal
vents.

2. Materials and methods

2.1. Sample collection

The hydrothermal-vent shrimps Rimicaris exoculata were collected
at the south Mid-Atlantic Ridge (15ο9’ S, 13ο21’ W, 2741m) on Jun. 4th,
2011, during the cruise DY115-22V-SMAR-S024-TVG05. The specimens
were immediately stored in liquid N2 and then transferred to −80 °C
until used.

2.2. Molecular cloning and sequence analysis of RCTL

A full-length cDNA sequence of the C-type lectin (RCTL) was ob-
tained from a scaphognathite transcriptome library of R. exoculata
(unpublished data). The nucleotide sequence was confirmed by specific
primers designed based on this pyrosequenced transcript (Table 1).
Total RNA was isolated from scaphognathites using TRIzol reagent
(Invitrogen, USA). The cDNA synthesis was carried out by M-MLV re-
verse transcriptase (TaKaRa, Japan) in a reaction volume of 20 μL
containing 2 μg of total RNA.

Nucleotide and amino acid sequences were analyzed using the
BLAST program (http://www.ncbi.nlm.nih.gov/blast). The signal pep-
tide in this sequence was predicted by the SignalP 4.1 software online
(http://www.cbs.dtu.dk/services/SignalP/). A multiple sequence
alignment of RCTL with other crustacean CTLs containing an LDLa
domain was calculated by MEGA7 [23]. Amino acid sequences of C-
type lectins from other non-vent crustaceans based on the BLAST result
against the nr database were used for phylogenetic analysis. An

Table 1
Primers and oligonucleotide probes used in this study.

Primer Length (nt) Directiona Sequence (5′–3′)b

RCTL-F 19 F GGAAGGGGTGGAAGGGAGG
RCTL-R 30 R AAGCAATTAGTAATGTCTTGAAAAGCAAAT
qRCTL-F 26 F ATATCGGCAGTATGAGTTGGGGAGA
qRCTL-R 26 R GTTAGTTCAAATTGCTGGAGGTGT
18SF 27 F GCTGTGGATTGTAGGCCATGCGCCTAC
18SR 27 R GGCTGCTGGCACCAGACTTGCCCTCCAA
BamHI-RCTL-F 26 F CGGGATCCTTAGAGTGTGACAGTGTC
XhoI-RCTL-R 29 R CCGCTCGAGTTATCTGAAAATAGTTTGTTGTT
Q16s-gamaF 24 F GCAGAGATGCGGGAGTGTCCTTCG
Q16s-gamaR 26 R GTCCCCGCCTTCCTCCAGTTTGTTCA
Q16s-deltF 24 F AGTGCCTCATTAGAGGAACCTGGTGA
Q16s-deltR 26 R AGTCCCTCTGGAGTGCCCAACTGAAT
Q16s-epsyF 27 F CAACCCTCGTGTTTAGTGCTAACAGTT
Q16s-epsyR 25 R CGGTATTGCGTCTCACTTGTCCTAA
EPSY105 18 – TATACATTACTCACCCGT
GAM615 18 – CAGATGCAGTTCCCAGGT
DELT241 18 – AACTAGCTAATGGTACGC

a F, forward; R, reverse.
b Recognition sequences of restriction endonucleases are shown in bold.
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unrooted topology was generated by using the neighbor-joining (NJ)
method implemented in MEGA7. Branch supports were calculated after
1000 bootstrap replicates. Homology modeling was performed on
SwissModel (http://www.swissmodel.expasy.org/), and the protein vi-
sualization was made by Pymol [24]. The nucleotide sequence of RCTL
was submitted to GenBank (https://www.ncbi.nlm.nih.gov/genbank/)
under the accession number MK443495.

2.3. Gene expression and symbiont quantity by real-time PCR

Total RNA and genomic DNA of both host and symbiont were ex-
tracted from gills, hepatopancreas, muscle and scaphognathites of R.
exoculata by using TRIzol reagent (Invitrogen, USA) as the manufac-
turer's instructions. The cDNA was synthesized as the method described
above. The relative expression of RCTL was estimated by real-time PCR
amplification using RCTL-specific primers (Table 1). The relative
quantities of symbionts were estimated by amplification using genomic
DNA as template and each type of symbiont was quantified by its
specific 16S primers. The host 18S RNA gene served as an internal PCR
control (Table 1). All experiments were carried out on the Bio-Rad
MiniOpticon real-time PCR system using SYBR Premix Ex Taq (TaKaRa,
Japan). Each reaction contains 1 μL template, 6.25 μL SYBR Premix Ex
Taq, 4.75 μL ddH2O and 0.25 μL each specific primer in a final volume
of 12.5 μL. The data was analyzed using MxPro qPCR software (Stra-
tagene, USA). Further quantitative analysis was performed using the
2(−ΔΔCt) method [25].

2.4. Western blotting

The amino acid sequence of the deduced RCTL protein was analyzed
and the best epitope (CIDVSNLNKSNQLA) was selected to prepare an
antibody. The anti-RCTL antibody was raised in rabbit against this
synthetic polypeptide (HuaAn, China). Protein was extracted with
TRIzol reagent (Invitrogen, USA) as the manufacturer's instructions,
dissolved in 2% SDS with 5×Dual Color Protein Loading Buffer (Fude,
China) and boiled for 10min. After centrifugation at room temperature
for 10min, samples were separated on 10% SDS-PAGE gels and trans-
ferred to PVDF membranes (Millipore, USA). The membranes were
incubated with primary antibodies (anti-RCTL antibody 1:2000; anti-β-
actin antibody 1:5000) overnight at 4 °C. The secondary antibody was
produced in goat to specifically recognize rabbit/mouse IgG (H + L)
(Roche, Switzerland). Detection was performed using the BM
Chemiluminescence Western Blotting Kit (Roche, Switzerland).

2.5. Expression and purification of the recombinant RCTL (rRCTL)

For the construction of the recombinant plasmid, the ORF of the
RCTL mRNA was amplified using the primers BamHI-RCTL-F and XhoI-
RCTL-R (Table 1), dual-digested and ligated with pGEX-6p-2. After
verification by sequencing, the constructed plasmid was purified with
Plasmid Mini Kit I (Omega, China) and transformed into the Escherichia
coli strain BL21. The bacterium including the expression plasmid was
cultured in LB medium supplemented with ampicillin (50 μg/mL) at
37 °C until OD600 reached 0.6. A final concentration of 0.8mM IPTG
was added to induce the expression of the target protein. The culture
was incubated at 18 °C for 16 h and cells were harvested by cen-
trifugation at 6300 g for 10min. Cell pellets were resuspended in PBS
(containing 1% Triton X-100) and lysed by sonication (3s/3s, 70%) for
10min in an ice bath. The GST-tagged protein in the supernatant was
purified by Glutathione Sepharose 4B (GE Healthcare, USA) following
the standard steps under non-denaturing conditions. Finally, the RCTL
fusion protein was eluted in an elution buffer (10mM glutathione,
50 mM Tris-HCl, pH 8.0). Protein concentration was determined using
the BCA Protein Assay Kit (Sangon, China) after dialysis to remove
glutathione. All components were analyzed by 10% SDS-PAGE.

2.6. Immunofluorescent assay

Scaphognathites were dissected from R. exoculata and transferred
into 4% (w/v) paraformaldehyde immediately. After 14 h, the tissue
was washed with PBS three times and then embedded in paraffin (Leica,
USA). The embedded samples were cut into 5-μm-thick sections with a
microtome (Leica EM UC6, USA). After dewaxing rehydrated, sections
were boiled in antigen retrieval solution (0.01M sodium citrate buffer,
pH 6.0) for 15min and then naturally cooled for 4 h to complete an-
tigen retrieval. The slides were washed in PBS and blocked in antibody
dilution buffer (PBS, 0.1% Triton X-100, 1% BSA) for 1 h followed by
incubation with anti-RCTL antibody (1:200) overnight at 4 °C. After
washed with PBS, the slides were incubated with the secondary Alexa
Fluor 594-conjugated antibody in dark for 2 h at room temperature. The
slides were examined with a laser scanning confocal microscope (Zeiss
LSM710 NLO, Germany).

For immunofluorescence of the rRCTL-bacteria reaction, bacterial
cultures were grown in LB medium until OD600 reached 0.6.
Approximately 10 μL cultured bacteria were resuspended in 40 μL
buffer A (50mM Tris-HCl, 100mM NaCl, 10mM CaCl2, pH 7.5) con-
taining 4 μg rRCTL or GST protein incubated for 1 h at room tempera-
ture. The mixture was dropped onto the adhesive slide. After 2 h of
natural drying, sections were fixed in methanol for 5min followed by
incubation with anti-RCTL antibody (1:100) in antibody dilution buffer
without Triton X-100 overnight at 4 °C. The next-day steps are the same
as the above-described paraffin sections. The DNA was stained by in-
cubation with 4′,6-diamidino-2-phenylindole (DAPI, Beyotime, China).
Results were visualized with a microscope (Zeiss Axioplan 2, Germany)
equipped with a scan head (Bio-Rad MRC1024ES, USA).

2.7. Bacterial recognition and agglutination assay

Bacterial cells of Arcobacter nitrofigilis (ATCC33309) and E. coli
(Beyotime, China) were cultured in their own optimizational medium.
Cells were harvested by centrifugation at 6300 g for 5min when OD600

reached 0.6 and then washed three times using TBS buffer (50mM Tris-
HCl, 100mM NaCl, 10mM CaCl2, pH 7.5). In the microbial agglutina-
tion assay, bacteria were resuspended in TBS buffer to a final density of
OD600= 0.3 and incubated with rRCTL (100 μg/mL) at room tem-
perature for 30min. The GST protein was used as the control. To detect
Ca2+ dependency, the same experiment was carried out in the buffer
with 10mM Ca2+ or with 10mM EDTA. Agglutinating reactions were
observed by microscopy (Zeiss LSM710 NLO, Germany). All the assays
were performed in triplicate.

For statistics of agglutination experiments, different concentrations
(100, 30 and 10 μg/mL) of rRCTL were added to the E. coli cultured in
LB medium (containing 10mM CaCl2) during the mid-logarithmic
phase and the agglutination of the bacteria was recorded by microscopy
at different time points (30, 60, 90 and 120min) at room temperature.
The degree of agglutination is statistically analyzed by ImageJ [26].
The cell numbers were analyzed by OD600 measured by NANO Drop
(Thermo Fisher Scientific, USA) after disintegration by adding D-man-
nose. Control groups were prepared by adding the same concentrations
of the GST protein instead of rRCTL.

2.8. Carbohydrate binding specificity assay

The carbohydrate binding specificity was examined using the same
method mentioned above in the microbial agglutination assay with
some modification. Only E. coli was used in the experiment. The rRCTL
using in the assay was incubated with five monosaccharides (D-glucose,
D-galactose, D-fructose, D-mannose and N-acetyl-D-(+)-glucosamine)
and two disaccharides (sucrose and maltose) at four concentrations (50,
100, 200 and 400 mM). The same buffer for dissolving the sugars was
used as the positive control. The experiment was repeated three times.
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2.9. TEM and SEM analysis

For TEM (transmission electron microscope) analysis, the sample
was fixed with 2.5% glutaraldehyde in phosphate buffer (0.1M, pH 7.0)
overnight, washed three times in PBS for 15min at each step, post fixed
with 1% OsO4 (in phosphate buffer) for 2 h and then washed three
times in PBS for 15min at each step. The specimen was first dehydrated
by a graded series of ethanol (30%, 50%, 70%, 80%, 90%, 95% and
100%) for about 20min at each time and finally transferred to absolute
acetone for another 20min. After incubation in a mixture of absolute
acetone and spurr resin (equal volumes) for 1 h at room temperature,
the specimen was transferred to a 1:3 (v/v) mixture of absolute acetone
and spurr resin mixture for 3 h, and finally to spurr resin overnight. The
sample was then placed in an eppendorf tube containing spurr resin and
heated at 70 °C for more than 9 h. Finally, the pretreated specimen was
sectioned with a microtome (Leica EM UC7, USA), stained by uranyl
acetate and alkaline lead citrate each for 5–10min, and observed with a
transmission electron microscope (Gatan JEM-1230, Japan).

For SEM (scanning electron microscope) analysis, the pretreatment
was performed under the same operations as TEM. After fixed with
glutaraldehyde, whole setae of scaphognathites were washed and de-
hydrated in graded acetone series, and critical point dried with CO2

using a critical point dryer (Hitachi HCP-2, Japan). Finally, the spe-
cimen was sputter coated with gold (Hitachi E-1010, Japan) and ob-
served with a scanning electron microscope (Hitachi TM-1000, Japan).

2.10. Fluorescence in situ hybridization

We designed three oligonucleotide probes (Table 1) specific to 16S
rRNA genes of the major ectosymbionts (γ-, ε- and δ-proteobacteria) in
R. exoculata. All probes used were directly synthesized with fluores-
cently labeled on their 3′-ends (Sangon, China). FISH was performed
according to a standard method [27] with modifications. Briefly, fixed
scaphognathites dissected from R. exoculata was embedded and cut into
five-micron slices as described above. Then the specimen was incubated
at 46 °C in hybridization buffer (Roche, Switzerland) containing 35%
formamide and respective probes. Hybridization was stopped by in-
cubation in washing buffer (100mM NaCl, 5 mM EDTA, 0.01% SDS,
20mM Tris-HCl, pH 8.0) twice for 15min at 48 °C. To stain DNA, the
sections were covered in DAPI for 15min. Finally, the slides were ex-
amined with a laser scanning confocal microscope (Zeiss LSM710 NLO,
Germany).

2.11. Statistical analysis

All experiments were repeated three times and all data are given as
the means ± S.D. for independent experiments. All statistical analyses
were performed with SPSS 15.0 software. Comparative data were
analyzed with Student's t-test. Significant and highly significant dif-
ferences were defined as P < 0.05 and P < 0.01, respectively.

3. Results

3.1. Sequence analysis of RCTL

Based on analysis of a transcriptome from the Rimicaris exoculata
scaphognathite (unpublished data), a full-length cDNA sequence was
identified as C-type lectin (termed RCTL) by a BLAST retrieval in
GenBank and sequence-validated by amplification of specific primers
(Table 1). The RCTL cDNA is 1361 bp in length and contains an open
reading frame (ORF) (nt 197–1142) that encodes a polypeptide of
314 amino acids with a calculated molecular mass of 35.1 kDa
(Fig. 1A). It contained a predicted signal peptide (aa 1–18), an addi-
tional low-density lipoprotein receptor domain class A (LDLa, aa
20–60) and a conserved carbohydrate recognition domain (CRD, aa
152–305) that always exists in the CTL-family members. RCTL shows

identities of 30.7–43.9% with other LDLa domain-containing CTLs from
crustaceans (Fig. 1B). The calcium binding site and two couples of six
cysteine residues forming disulfide bridges in LDLa and CRD domains
are highly conserved. Typically, the key motif for sugar binding in
crustacean CRDs is EPN or QPD which was specific for glucose/man-
nose or galactose binding, respectively. Phylogenetic analysis was
performed based on amino acid sequences of C-type lectins from non-
vent crustaceans. The unrooted tree (Fig. 1C) placed RCTL in all C-type
lectins containing an LDLa domain at the N-terminus that divergent
from those with one or two CRDs. However, as other crustacean LDLa
domain-containing CTLs, a variant QAP was found in RCTL's CRD. Vi-
sualized by SwissModel, the CRD exhibits a common CLR fold, an
overall loop structure with five N- and C- terminal β-sheets and two
flanking α-helices (Fig. 1D).

3.2. Tissue expression pattern of RCTL

In order to understand the tissue expression pattern of RCTL, four
tissues of R. exoculata were selected, including gills, muscle, hepato-
pancreas and scaphognathites (the main symbiotic organ). The tran-
scription levels of RCTL in these tissues were determined by real-time
PCR amplified with specific primers (Table 1). It revealed that the RCTL
mRNA transcription level in scaphognathites was significantly higher
than those in other tissues (P < 0.01; Fig. 2A). We further examined
the protein level of RCTL in the same four tissues by Western blot with
anti-RCTL antibody (HuaAn, China; Fig. S3). The result indicated that
the RCTL was expressed predominantly in scaphognathites compared to
the other tested tissues (Fig. 2B).

3.3. Characterization of symbionts and correlations with RCTL expression

Ectobiont diversity of setae on R. exoculata scaphognathites was
studied by 16S rRNA pyrosequencing and prokaryotic transcriptome
analysis (unpublished data). Two types of filamentous symbionts
dominate (> 90% in richness) in R. exoculata: one ‘thick’ filament
(2–3 μm) belonging to ε-proteobacterium and the other ‘thin’ filament
(0.5–1 μm) belonging to γ-proteobacterium. Besides, another proteo-
bacterial type belonging to δ-proteobacterium was spotted on the seta
surface (Fig. 3A–B). FISH observations confirmed the correspondence
between morphotypes and genotypes (Fig. 3C). Notably, the ε-proteo-
bacterium were mainly distributed on one side of the setae, γ-proteo-
bacterium surrounded the setae surface and δ-proteobacterium in short
rods resided on the surface.

To study whether or not there are quantitative associations between
the symbiotic bacteria and RCTL, immunofluorescence was performed
on the setae of scaphognathites dissected from R. exoculata by anti-
RCTL antibody. Large amounts of the RCTL protein were detected in the
setae coating with bacteria filaments (Fig. 3D). Furthermore, we used
real-time PCR to calculate correlations between the expression level of
RCTL and number of each symbiont, by amplifying with RCTL- and
each 16S RNA-specific primers, respectively (Table 1). By analyzing
data from different R. exoculata individuals (N=3), strong linear re-
lationships were observed between RCTL and both ε- and γ-proteo-
bacteria (R2= 0.964 and 0.971, respectively) but not δ-proteo-
bacterium (R2= 0.003) (Fig. 3E).

3.4. rRCTL-directing agglutination of cultivable bacteria

Two reference cultivable bacteria of ε-proteobacterium (Arcobacter
nitrofigilis) and γ-proteobacterium (Escherichia coli) were used in the
bacterial recognition and attachment assays. After reaction for 1 h at
room temperature, the recombinant RCTL (rRCTL; Fig. S2) was only
able to recognize and agglutinate E. coli in a Ca2+-dependent manner.
No agglutination was observed when adding the GST protein or EDTA
as control groups (Fig. 4A). To confirm this result and further verify the
way through which rRCTL binds to the bacteria, we performed
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Fig. 1. Molecular analyses of RCTL. (A) The full-length RCTL cDNA of R. exoculata. Numbers in the left indicate the nucleotide (below) and amino acid (above)
sequences. The signal peptide is underlined. The carbohydrate recognition domain (CRD) are gray shaded and conserved cysteine residues are depicted in bold font.
The low-density lipoprotein receptor domain is gray shaded and in bold font. Start and stop codons are shown in bold font only. (B) ClustalW alignment of amino acid
sequence of RCTL with those of other crustacean LDLa domain-containing C-type lectins. The LDLa and CRD domains are shown in boxed and six conserved cysteines
therein are marked with asterisks. The QAP motif is indicated by arrowheads. Amino acids formed as a calcium binding site are marked with hashtags. GenBank
accession numbers of each lectin are shown in figure. (C) Phylogenetic analysis of C-type lectins from crustaceans. GenBank accession numbers of each lectin are
shown in the figure. Bootstrap values≥ 75 are depicted beside nodes. The scale bar at the left-bottom represents the branch length corresponding to 0.2 difference
per amino-acid residue. (D) A predicted three-dimensional model of the CRD of RCTL. Orange sticks depict the carbohydrate binding motif (QAP). Yellow, β sheets;
red, α helices; green, random coils. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Characterization of RCTL expression pat-
terns. (A) RCTL mRNA levels in four tissues (GL:
gills; SC: scaphognathites; MS: muscle; HP: hepato-
pancreas), revealed by real-time PCR. Vertical bars
represent the mean ± S.D. (N = 3). The statistically
significant differences indicated with ** represent
P < 0.01. (B) Western blotting analysis of RCTL.
Equal amounts of tissue proteins were hybridized
with anti-RCTL antibody. An anti-β-actin antibody
was used to detect the control protein β-actin.
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immunofluorescence experiments with anti-RCTL antibody after rRCTL
was added to E. coli. The result showed that the RCTL signal was co-
located with the E. coli clumps (Fig. 4B). No binding was observed when
using the GST protein as a control.

To verify whether or not the agglutination of the microbes is car-
bohydrate-dependent, inhibition of agglutination was performed by
using various monosaccharides and disaccharides showing in Table 2.
Four concentrations (50, 100, 200 and 400mM) were assayed for each
sugar. No adding carbohydrate was used as the positive control. Com-
pared to the control, 200mM of D-glucose, D-mannose and maltose
could inhibit E. coli agglutination induced by RCTL, while the inhibition
caused by sucrose occurred at the concentration of 400mM. D-ga-
lactose, D-fructose and N-acetyl-D-(+)-glucosamine alone showed no
inhibitory effect on the agglutinating activity realized by rRCTL even
when each concentration reached 400 mM (Table 2). From the results,
we speculated that rRCTL preferred to recognizing glucose and man-
nose, which might be concerned with the specificity between RTCL and
the symbiont MAMP(s).

3.5. Characterization of RCTL-bacteria interaction

To further investigate the working pattern of the RCTL-bacteria
interaction, three different concentrations (10, 30 and 100 μg/mL, final
concentrations) of rRCTL were added to E. coli, followed by recording
with microscopy at different time points (30, 60, 90 and 120min). In
each rRCTL-added group, the bacteria were significantly clumped by
the protein compared to the control of GST (Fig. 5A). According to the
statistical analysis, the agglutination degrees (measured by log2 (par-
ticle areas)) in the 100 μg/mL rRCTL groups exhibitted stronger than
those in lower rRCTL concentrates at all time points. Meanwhile, with
the rRCTL concentrations increasing or time going by, the agglutination
degrees elevated as well (Fig. 5B). Moreover, in all rRCTL-treated
groups E. coli exhibited normal growth curves as the control, which
meant that the growth of the recruited E. coli had never been affected
by agglutination (Fig. 5C).

4. Discussion

Deep-sea hydrothermal vents are generally characterized by great
spatial and temporal instability. Due to everlasting darkness, life here

Fig. 3. Characterization of R. exoculata symbionts and relationship with RCTL expression. (A) A scanning electron microscopic image showing the filamentous
symbionts on scaphognathite setae of R. exoculata. A ‘thick’ or ‘thin’ filament is indicated with a large or small arrow, respectively. Scale bar= 50 μm. (B) A
transmission electron microscopic image showing general view of the transverse section of a scaphognathite seta and the associated bacteria. Arrowheads indicate
several morphotypes of commensal bacteria. Scale bar= 10 μm. (C) Fluorescence in situ hybridization (FISH) of cross sections through scaphognathite setae of R.
exoculata. ε- (red), γ- (green) or δ-proteobacterium (red) was hybridized by the EPSY105, GAM615 or DELT241 probe, respectively. DAPI staining is shown in blue.
Scale bars= 20 μm. (D) Immunofluorescent analysis of RCTL. Cross-section of one scaphognathite seta was detected with anti-RCTL antibody. No signal was found in
the control. Scale bars= 20 μm. (E) Linear regression analyses of quantities of symbiotic bacteria (ε, δ and γ-proteobacteria) and relative expression of RCTL.
Linearity is defined as R2 > 0.9. Vertical and horizontal bars represent the mean ± S.D. (N=3). (F) Relative expression levels of RCTL from three shrimp
individuals (a–c) by real-time PCR (above) and relative quantities of the three types of symbionts from the same three individuals (below). εa–εc, δa–δc and γa–γc: ε-,
δ- and γ-proteobacteria from the three shrimps (a–c), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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can't extract energy to drive anabolism from the sun like photo-
autotrophs on the earth surface. However, amazing biomasses of large
organisms thrive under this seemly extremity, such as tubeworms, gi-
gantic clams, crabs, shrimps and so on [28–30]. Most of them have
evolved different forms of symbiotic relationships with microbes
[31,32], such as endosymbioses in tubeworms and clams, or ecto-
symbioses in crabs and shrimps. The symbiotic bacteria, usually origi-
nating from free-living chemoautotrophs, can utilize chemical re-
ductants in venting fluid for producing energy to support biosynthesis
of important metabolites like carbohydrates.

As a dominant fauna at MAR hydrothermal vents, the bresiliid
shrimp Rimicaris exoculata has a large number of ectosymbiotic bacteria
in its gill chamber especially on the specialized organ of scaphog-
nathites [33]. At the present study, microscopies and FISH revealed that
three major types of proteobacteria attached outside of the setae

covering the whole scaphognathites: one sulfide-oxidizing γ-proteo-
bacterium absolutely dominating the symbionts, another sulfide/hy-
drogen-oxidizing ε-proteobacterium and a probable sulfur-reducing δ-
proteobacterium. The close-related bacteria have been found in the
ambient seawater or deposit environment [34,35], indicating their local
origins and recruit reservoirs. Like most hydrothermal-vent animals
that horizontally regain symbioses between generations, R. exoculata
renews its ectosymbiotic bacteria even after each molt of exoskeleton
where the symbionts attach. Although the relative richnesses of dif-
ferent symbionts showed variable at different stages of molt [10], the
taxonomic compositions of R. exoculata symbioses kept stable wherever
the shrimp was collected from along the vent sites of MAR. The most
important problem the shrimp has to deal with in the process of sym-
biosis recovery is how to select and enrich the fixed group of symbiotic
microbes from relative low richnesses of environmental candidates.

Previous studies have revealed that recognition between the host
pattern recognition receptors (PRRs) and microbe-associated molecular
patterns (MAMPs) is a vital initial step where the host and microbe
interact. In invertebrates, pathogenesis or symbiosis share the common
recognition process that induces different resultant cascades – rejective
destruction or mutualistic coexistence, respectively [13]. Naturally our
purpose would aim to find highly expressed PRR molecules in the
symbiotic organ of R. exoculata, the scaphognathite. By analyzing a
transcriptome of scaphognathites (unpublished data), one high-ex-
pressed molecule belonging to the lectin superfamily of PRRs came to
our sight. The putative peptide has a LDLa domain, a conserved car-
bohydrate recognition domain (CRD) and six conserved cysteine

Fig. 4. Bacterial recognition and attachment assays. (A) Bacterial (Arcobacter nitrofigilis and Escherichia coli) recognition and agglutination by rRCTL in a Ca2+-
dependent manner. The GST protein was used as the negative control. (B) Binding of E. coli by rRCTL visualized on a confocal microscope. Bacteria were stained with
DAPI (blue) and rRCTL were detected by anti-RCTL antibody (green). Scale bars= 10 μm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Table 2
Sugar inhibition of microbial agglutinating activity of RCTL.

Inhibitor Minimum concentration for inhibition (mM)

D-glucose 200
D-galactose NA
D-fructose NA
D-mannose 200
N-acetyl-D-(+)-glucosamine NA
sucrose 400
maltose 200

NA: no inhibition of agglutination at the indicated concentration (400mM).
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residues forming disulfide bridges. Phylogenetic analysis also showed
that RCTL was grouped with lectins with LDLa + CRD domains and
separated from those with one or two CRDs. Lectins with multiple do-
mains found in invertebrates usually have a broader spectrum of mi-
crobial recognition and a stronger binding affinity with carbohydrates
on the surface of pathogens. In the case of the additional LDLa domain,
although it has not been clearly studied so far, some researchers did
indicate that it could enhance the ability of lectins to recognize and
bind bacteria. For example, the Eriocheir sinensis C-type lectin EsCTLDcp
with a LDLa domain showed an enhanced activity of binding to Bacillus
thuringiensis [36]. Similar evidence was found in the shrimp Fenner-
openaeus merguiensis [37]. We speculate that the LDLa domain in RCTL
might be concerned with its specific recognition and agglutination of
bacterial symbionts. By a prediction of three-dimensional structure, a
mixture of α/β units of featured CTL-type CRD was identified. All the
results indicate that the molecule is a member of C-type lectins (CTLs),
which we termed RCTL. Although symbiosis-related CTLs have been
identified in nematode (Mermaids) [20], coral (millectin) [13], and
clam (codakine) [21], this is the first time a similar molecule is found in
crustaceans.

It was observed that RCTL predominantly expressed in scaphog-
nathites, at both mRNA and protein levels. The RCTL mRNA was seemly
transcribed more ubiquitously while its protein almost specifically ap-
pears in scaphognathites. One explanation is, as an original immune-
related molecule, different doses of the RCTL mRNA might exist ev-
erywhere as a synthetic potential in case of emergency, while the ex-
clusive enrichment of the RCTL protein in scaphognathites might reflect
its main function of agglutinating symbionts therein. The results of
immunofluorescence also detected strong signals on setae of scaphog-
nathites, the actual location where the symbionts inhabit. Unlike most
shrimp CTLs that are highly expressed in hepatopancreas suggesting

their immune functionalities against pathogens [11], the absolute
abundance of RCTL in scaphognathites but not hepatopancreas also
indicates its potential role in the symbiosis of R. exoculata. More and
more researchers have reached a consensus that the expression of these
innate-immune genes reflects its symbiotic lifestyle and status [38,39],
and meanwhile, the quantity and type of symbionts can also affect the
host's transcriptomic regulation [40]. In R. exoculata the biggest chal-
lenge to stable symbiotic maintanance is the cyclic process of molting
that always eliminates the bacteria by removing the old exoskeleton
and will have to recover symbioses by recolonization. Despite lacking of
serial samples of molting stages due to technical difficulties in sam-
pling, we still tried investigating the relationships between RCTL ex-
pression and quantities of different symbionts, by analyzing several
shrimp individuals. For the three major ectosymbionts, clear linear
relationships were found between RCTL expression and the numbers of
γ- and ε-proteobacteria but not δ-proteobacterium. Although it is
seemly not the only participant, RCTL might still play an important role
in the selection of the R. exoculata symbioses.

There are two difficulties in clarifying the relationship between
RCTL and symbiotic bacteria. First, despite high expression in sca-
phognathites, natural RCTL from several shrimp individuals was still
not enough for a comprehensive elucidation. We therefore prokar-
yotically overexpressed RCTL and used the purified recombinant pro-
tein (rRCTL) for bacterial binding experiments. Second, all R. exoculata
ectosymbionts are uncultivable to date, which meant that we had to
resort to their cultivable substitutes. Here, we chose two reference
bacteria: a γ-proteobacterium (Escherichia coli) and ε-proteobacterium
(Arcobacter nitrofigilis). The result of binding assay showed that rRCTL
could only recognize and agglutinate E. coli but not the other, in a
Ca2+-dependent manner. Immunofluorescence localized rRCTL in the
middle of the agglutinated bacterial cells. Moreover, when we added

Fig. 5. Association of RCTL with bacterial cells. (A) E. coli agglutination induced by rRCTL in the presence of 10mM CaCl2 at four different time points (30, 60, 90
and 120min, by column). The GST-treatment was used as the control. a–d, a’–d’: 10 μg/mL; e–h, e’–h’: 30 μg/mL; i–l, i’–l’: 100 μg/mL. Scale bar= 10 μm. (B)
Statistical analysis of recruited E. coli at each rRCTL concentration/time point consistent with (A). (C) Effects of rRCTL on bacterial growth, displayed by growth
curves of E. coli in (A) with or without rRCTL.
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fluorescent rhodamine-labeled rRCTL onto a small fraction of sca-
phognathites, a morphotype of ‘thin’ filamentous bacteria was clearly
visualized (Fig. S1), which seemed γ-proteobacteria discriminated by
the size and morphology suggested by a previous study [4,41]. In
summary, RCTL might play a vital role in recognition and enrichment
of the γ-proteobacterium of R. exoculata.

Based on the interaction between rRCTL and the γ-proteobacterium
of E. coli, we made further investigations. First, the specificities of
rRCTL to different saccharide units implied characteristics of MAMPs
constituting basis of symbiotic selectivity. To recognize and non-cova-
lently bind specific glycoproteins and glycoconjugates on the microbial
surface and agglutinate bacterial cells through carbohydrate recogni-
tion domains (CRDs) is the most important function of CTLs [42].
Mutation analyses revealed that carbohydrate-binding specificity could
be changed by conversion of the motif sequence [43,44]. Generally in a
CRD, a EPN motif shows specific to glucose/mannose, and a QPD motif
shows specific to galactose. However, there are variations of these two
motifs in some CTLs [11]. In our research, rRCTL could recognize
monosaccharides of mannose and glucose, as well as disaccharides with
one glucose residue (sucrose and maltose). Although more carbonhy-
drate specificities should be verified, RCTL did select compatible part-
ners by recognizing a limited group of glycans. Second, the effect of
rRCTL on bacterial growth is one of important features to discriminate
between symbiotic or pathogenic microbes, and further maintain the
stability of symbioses. One key aspect of maintaining a stable symbiosis
is that the symbionts do not overgrow the host and the host does not
eliminate the symbionts. In R. exoculata, the results of agglutination
experiments illustrated that the bacterial recruiting level of RCTL
showed a clear dose-dependent and time-cumulative pattern. Besides,
the addition of rRCTL had no significant effect on bacterial growth
throughout the process. All evidence shows that RCTL might play im-
portant roles in achieving the selectivity of beneficial microbes as well
as maintaining the stability of symbioses.

5. Conclusion

In conclusion, we identified a C-type lectin (RCTL) from the deep-
sea hydrothermal-vent shrimp R. exoculata. The high expression levels
in scaphognathites where ectosymbionts inhabit, as well as clear linear
correlationships with quantities of two major symbiotic bacteria, im-
plied its important role in symbiosis of the shrimp. rRCTL was able to
selectively recognize and agglutinate the cultivable γ-proteobacterium
of E. coli in a Ca2+-dependent manner. This function was presumable
proposed by recognizing and non-covalently binding specific carbohy-
drate ligands on the microbial surface. Unlike conventional crustacean
C-type lectins, rRCTL didn't affect the normal growth of the bacteria
that had been recruited, but showed a dose- and time-cumulative pat-
tern on the process of agglutination. These features are similar to those
of the natural recolonization and proliferation of the symbionts after
each molt cycle of the host. As one of the most important steps in the
establishment of highly specific mutualistic associations, this is the first
key molecule analyzed in a deep-sea vent shrimp and will shed light on
understanding their adaptive evolution in such a special environment.
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