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ARTICLE INFO ABSTRACT

Keywords: Deep-sea Bathymodiolus mussels depend on the organic carbon supplied by symbionts inside their gills. In this
Bathymodiolus platifrons study, optimized methods of quantitative real-time PCR and fluorescence in situ hybridization targeted to both
Methanotrophs mRNA and 16S rRNA were used to investigate the gill symbionts of the cold-seep mussel Bathymodiolus platifrons,
EE;{PCR including species composition, environmental dependency and immune control by the host. Our results showed

that methanotrophs were the major symbiotic bacteria in the gills of B. platifrons, while thiotrophs were scarce.
In the mussels freshly collected from the deep sea, methanotrophs were housed in bacteriocytes in a unique
circular pattern, and a lysosome-related gene (VAMP) encoding a vesicle-associated membrane protein was
expressed at a high level and presented exactly where the methanotrophs occurred. After the mussels were
reared for three months in aquaria without methane supply, the abundance of methanotrophs decreased sig-
nificantly and their circle-shaped distribution pattern disappeared; in addition, the expression of VAMP de-
creased significantly. These results suggest that the symbiosis between B. platifrons and methanotrophs is in-
fluenced by the environment and that the lysosomal system plays an important immune role in controlling the
abundance of endosymbionts in host. This study provides a reliable method for investigating symbionts in deep-

Lysosomal system

sea mussels and enriches the knowledge about symbionts in B. platifrons.

1. Introduction

Mussels of the genus Bathymodiolus are one of the dominant species
in two kinds of unique deep-sea habitats, cold seeps and hydrothermal
vents, which are characterized by abundant reduced compounds (i.e.,
CH,4, H,S). These mussels exhibit a very high biomass in the harsh deep-
sea environment [1], owning to their symbiosis with chemosynthetic
bacteria which can provide energy. Methanotrophs and thiotrophs have
been reported to be the most typical symbiotic bacteria in Bath-
ymodiolus mussels. Some mussel species, e.g., B. childressi, B. japonicas
and B. thermophilus, harbor only one kind of symbiotic bacteria [2-4].
Some species of Bathymodiolus, e.g., B. azoricus, B. sp. and B. brooksi,
live in dual symbioses with two types of bacteria [5-8]. B. platifrons,
first described by Hashimoto and Okutani in 1994, is a deep-sea mussel
common in both cold seeps and hydrothermal vents in the Western
Pacific Ocean [9]. High densities of symbionts, which appeared to be
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type I methanotrophs that use methane as an electron donor and energy
source, have been observed in the gills of B. platifrons [10,11]. How-
ever, thiotrophs, another type of typical symbiotic bacteria in Bath-
ymodiolus mussels, have not been investigated in B. platifrons. A study
investigating the composition of symbiotic bacteria in B. platifrons
would provide more information about this mussel and its deep-sea
adaptations.

A large number of symbionts are able to present inside B. platifrons
and be controlled without unregulated proliferation. Therefore, there
must be a control or immunity mechanism in the host mussel re-
sponsible for maintaining the balance of endosymbionts. The lysosomal
system plays an important role in the immune response to bacteria by a
host [12]. Previous studies in pea aphids showed that the lysosomal
system could regulate the Buchnera endosymbiont population and
maintain homeostasis by degrading the symbionts [13,14]. In a study
comparing deep-sea mussels to the shallow-water mussel Modiolus

** Corresponding author. CAS Key Laboratory of Experimental Marine Biology, Institute of Oceanology, Center for Ocean Mega-Science, Chinese Academy of

Sciences, 7 Nanhai Road, Qingdao, 266071, China.
E-mail addresses: yuexin@qdio.ac.cn (X. Yue), lcl@qdio.ac.cn (C. Li).

https://doi.org/10.1016/j.f51.2018.11.041

Received 8 June 2018; Received in revised form 16 October 2018; Accepted 16 November 2018

Available online 17 November 2018
1050-4648/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2018.11.041
https://doi.org/10.1016/j.fsi.2018.11.041
mailto:yuexin@qdio.ac.cn
mailto:lcl@qdio.ac.cn
https://doi.org/10.1016/j.fsi.2018.11.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2018.11.041&domain=pdf

J. Yu et al.

kurilensis, Zheng et al. [15] found that the expression of most genes
involved in the lysosomal system were upregulated in the deep-sea
mussels. The concurrence of an upregulated lysosomal gene expression
and a high endosymbiosis biomass suggests a key role of the lysosomal
system in controlling the abundance of symbionts. The vesicle-asso-
ciated membrane protein (VAMP) is a key component of the lysosomal
system and is required for the formation of specific membrane com-
partments, in which symbionts are hosted in a controlled manner by the
host [16]. In this study, the expression of VAMP was analyzed to
identify the role of the lysosomal system in controlling the symbionts in
the deep-sea mussel B. platifrons.

The abundance of chemosynthetic symbionts in Bathymodiolus
mussels is reportedly environmentally dependent. In B. azoricus, the
relative abundances of methanotrophs and thiotrophs differed between
mussels from two hydrothermal vent sites [17]. In addition, Bettencourt
et al. [18] transferred B. azoricus from a vent to aquaria at atmospheric
pressure and found that after two weeks, the number of symbionts
decreased significantly. Sun et al. [19] investigated the change in the
abundance of methanotrophs in B. platifrons after a 34-day rearing and
found that the abundance of symbionts declined significantly. None-
theless, limited information is available regarding the response of
symbionts in deep-sea mussels after a longer laboratory-rearing period,
e.g., more than two months.

Several different detection methods have been used to investigate
the change in symbionts abundance in Bathymodiolus mussels, including
fluorescence in situ hybridization (FISH) [17,20,21] and quantitative
real-time PCR (qRT-PCR) [19,22]. For FISH, two kinds of probes were
used, including the 16S rRNA probe and mRNA probe targeted to a
specific functional gene of the symbiotic bacteria. For qRT-PCR, it also
commonly targets to the 16S rDNA or a specific functional gene of the
symbiotic bacteria. FISH technique helped to visually study the dis-
tribution pattern of symbionts, while QqRT-PCR was used for quantifying
the abundance of symbionts. The combination of FISH and qRT-PCR
provides comprehensive information on both the distribution and
quantity of symbionts.

In this study, FISH and qRT-PCR methods were applied to analyze
symbiont composition in the gills of B. platifrons and to detect both the
change in symbionts abundance and the expression variance of VAMP
in B. platifrons under different environments (i.e., cold seep in the deep
sea or laboratory-reared in methane-absent seawater for three months).
We focused on whether two kinds of popular symbiotic bacteria (i.e.,
methanotrophs and thiotrophs) occurred in B. platifrons and the en-
vironmental dependency of these bacteria; furthermore, the role of the
lysosomal system in the control of symbionts by the host was in-
vestigated.

2. Materials and methods
2.1. Sample collection and preparation

B. platifrons were collected from a cold seep at a depth of 1100 m in
the South China Sea (119°176.580“E, 22°06’57.144“N) in 2016.
Mussels were obtained using the remotely operated vehicle Faxian,
which was operated from the RV Kexue. The gills of nine mussels
(control group) were dissected immediately on board after being sam-
pled from the deep sea and then preserved in liquid nitrogen for DNA
and RNA extraction or in cold 4% paraformaldehyde for paraffin sec-
tion preparation. Other mussels were transferred immediately to a tank
with fresh cooled seawater during shipment and were then reared in a
laboratory tank at atmospheric pressure without methane. The water
temperature was regulated to 4 °C, similar to the temperature where the
mussels were collected. After a 3-month rearing period, the gills of
three mussels (treatment group) were sampled and preserved in liquid
nitrogen or cold 4% paraformaldehyde.
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Table 1
Primers used in this study.
Primer Sequence(5‘-39) Tm
16S rDNA-1 F:AAGCGTTCGTAGGCGGTTATT 60°C
R:CTTTCGTTCCTCAGCGTCAGT
16S rDNA-2 F:GAGTAACGCGTAGGAATCTGC 58°C
R:CGAAGGTCCTCCACTTTACTCCATAGAG
VAMP-RT-1 F: CACAGAAGTCACAGACCAGA 60°C
R: TGCTCGAACACCATACTGA
28S rDNA F:CCATCTAAGGCTAAATACCGACAC 60°C
R:GCGGGTCTTTACAGATCCCTATC
VAMP-1 F: GAACAACTGTCTTAGCCAAAT 58°C

R: CACCACAAGCTGCTGATAT

2.2. PCR amplification of 16S rDNAs/specific genes for methanotrophs and
thiotrophs

To validate the existence of methanotrophs and thiotrophs in B.
platifrons, PCR amplifications of the 16S rDNAs and specific genes of
methanotrophs and thiotrophs were performed. The primer pairs spe-
cific to the 16S rDNA of methanotrophs (16S rDNA-1, Table 1) and
thiotrophs (16S rDNA-2, Table 1) were designed by Primer Premier 5
based on the 16S rDNA sequences of methanotrophs or thiotrophs in
deep-sea mussels provided by the NCBI database. The primer pairs used
to amplify pmoA, a gene encoding subunit A of the particulate methane
monooxygenase (A189gc and Mb661), and aprA, a gene encoding the
alpha-subunit of adenosine-5‘-phosphosulfate reductase (AprA-1-FW
and AprA-5-RV), correspond to sequences from previous studies
[21,23,24]. Total genomic DNA was extracted from the gills of each
sampled mussel using a commercial DNA extraction kit especially for
marine animals (Tiangen, China). The DNA mixture of all freshly col-
lected individuals from deep sea was used as the PCR template. The
PCR reactions were performed using a LA PCR kit (TaKaRa, Japan). The
PCR parameters were as follows: 94 °C for 5 min, 35 cycles of 94 °C for
30s, n°C (n = Tm of each primer pair, Table 1) for 30s and 72 °C for
1min, followed by the final extension at 72°C for 10 min. The PCR
products were purified and then cloned into the pGEM-T-Easy vector
(Promega, USA). The recombinant plasmids were transformed into
competent Escherichia coli cells, which were cultured on the LB plates at
37 °C overnight. Positive clones with the recombinant plasmid were
further confirmed by PCR and then were cultured and regrown in LB
broth. A large number of the recombinant plasmids were extracted from
the bacteria culture and then sequenced by the Sanger method. The
sequences were analyzed with BLAST against the NCBI database.

2.3. qRT-PCR

To compare the methanotroph abundance in the gills between
mussels in-situ and those acclimated in the laboratory for three months,
qRT-PCR method was used. The qRT-PCR, targeting to the methano-
trophs 16S rDNA sequence, was performed using the specific primer
pair 16S rDNA-1 (Table 1). The total genomic DNA extracted from the
gills of each sampled mussel was used as the qRT-PCR template. The
DNA concentration was quantified by Nanodrop machine (Thermo,
USA).

The relative mRNA expression level of VAMP in the gills of mussels
under different environments (i.e., cold seep in the deep sea or la-
boratory-reared in methane-absent seawater for three months) was also
compared by qRT-PCR using the specific primer pair VAMP-RT-1
(Table 1). Total RNA was isolated from the gills of each sampled mussel
using a Total RNA Kit (Omega, USA) according to the manufacturer's
instructions. The concentration of the total RNA isolated from each
sample was quantified by Nanodrop machine (Thermo). Then cDNA
was synthesized from the same amount of the RNA, respectively, and
was used as the qRT-PCR template.
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Fig. 1. al & a2. The deep-sea mussel B. platifrons collected from the cold seep. bl & b2. FISH target to pmoA of methanotrophs (green fluorescence, arrow) in the gills
(magenta fluorescence) of B. platifrons. c1 & c2. FISH target to 16S rRNA of methanotrophs (red fluorescence, arrowheads) in the gills of B. platifrons. Nuclei are
revealed by blue fluorescence. ct, ciliary tuft. Scale bar: (al) 1 cm; (a2) 1 cm; (b1) 100 pum; (b2) 20 um; (c1) 100 pm; (c2) 50 pm.

gqRT-PCR was performed using a QuantStudio 6 Flex machine (ABI,
USA). Each reaction was performed in triplicate and in a 10-ul volume
containing 20 ng of template (cDNA or DNA), 0.3 uM of each primer
and 5ul of SYBR premix (TaKaRa, Japan). The qRT-PCR conditions
were as follows: 95 °C for 30s and 40 cycles of 95 °C for 55, 60 °C for
34s, followed by the melting curve determination. Each reaction was
performed in triplicate. 28S rDNA, which was amplified using the 28S
rDNA primer pair (Table 1), was used as the internal reference to
normalize the relative methanotroph abundance or the relative ex-
pression levels of VAMP between samples. The 2~ 24T method was
used to analyze the relative methanotroph abundance and the relative
mRNA expression level of VAMP [25]. The data were analyzed by t-test,
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and when P < 0.05, the difference was considered significant.

2.4. FISH

Routine paraffin section preparation was applied to gills of B. pla-
tifrons fixed in 4% paraformaldehyde. Sections with a 6 um thickness
were cut and then transferred onto poly-L-lysine-coated slides (Boster,
China). FISH targeted to 16S rRNA or pmoA mRNA was used to in-
vestigate the abundance of methanotrophs, while FISH targeted to
VAMP mRNA was used to investigate the expression of VAMP mRNA in
these gill sections.

For the FISH targeted to pmoA/VAMP mRNA, the DNA fragment of
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pmoA (470 nt) was amplified using the specific primers A189gc and
Mb661 [23], and the cDNA fragment of VAMP (600 nt) was amplified
using the specific VAMP-1 primer pair designed by Primer Premier 5
(Table 1). Then, a digoxigenin-labeled RNA probe with the antisense
sequence or sense sequence of pmoA/VAMP was synthesized, following
the general protocol of the DIG RNA labeling kit (Roche, Germany)
[26]. The hybridization method was modified based on the method
described in Pernthaler & Amann [27] and Yue et al. [28] using a DIG
DNA Detection Kit (Roche). Briefly, dewaxed sections of the slides were
prehybridized in the hybridization buffer without the probe for 2h at
58 °C and then hybridized in the hybridization buffer with 1 ngul~! of
antisense probe or sense probe (negative control) for 12-18 hat 58 °C.
For stringent washing, slides were placed into 50% (v/v) formamide-
2 X SSCT for 20 min at 58 °C, followed by two washes in 2 X SSCT at
58 °C for 20 min each and a subsequent 20 min washing in 0.2 X SSCT
at 58 °C. Then, slides were blocked in the blocking buffer for 30 min at
37 °C and incubated with anti-digoxigenin-fluorescein Fab fragments in
the blocking buffer for 2hat 37 °C. Evans blue dye (Sigma, USA) was
used as a background stain (magenta fluorescence) for gill tissues.
Unbound antibodies were removed by washing slides five times in
1 x PBST for 5min each. Finally, slides were mounted with Prolong
Diamond Antifade Mountant (Invitrogen, USA), covered with a cover-
slip and photographed with a LSM710 confocal laser scanning micro-
scope (Zeiss, Germany). The positive signals of pmoA/VAMP mRNA
were shown as the green fluorescence.

The procedure of FISH targeted to 16S rRNA was modified based on
that described in Duperron et al. [6]. Briefly, sections of the slides were
dewaxed and rehydrated in decreasing ethanol series. After incubating
in proteinase K (10 pgml ™!, pH 8) and lysozyme solution (5pugml~*,
pH 8), slides were dehydrated in 70% ethanol and dried in absolute
ethanol. Then, slides were hybridized for 3h at 46 °C in the hybridiza-
tion buffer (0.9M NaCl, 0.02M Tris-HCl, 0.01% SDS and 30% for-
mamide) with 10ngpl™' of probe. After hybridization, slides were
washed in the washing buffer (0.1 M NaCl, 0.02M Tris-HCl, 0.001%
SDS, 5mM EDTA) for 15 min at 48 °C and then mounted with ProLong
Diamond Antifade Mountant with DAPI (Invitrogen, USA) and a cov-
erslip. The 16S rRNA-based specific probe My993 (5" ACAGATTCTCT
GGATGTC 3’) labeled with Cy3 (methanotrophs, red fluorescence) [29]
and a 16S rRNA-based specific probe (5 AACAAACCACCTACGCACGCT
3’) labeled with FITC (thiotrophs, green fluorescence) were used in
FISH. Hybridized slides were photographed under a LSM710 confocal
laser scanning microscope (Zeiss, Germany).

3. Results and discussion

The mussel B. platifrons has been widely found in the harsh deep-sea
environment, including cold seeps and hydrothermal vents [9]. The
establishment of endosymbiosis in B. platifrons gills is undoubtedly an
important step in deep-sea adaptation [30]. In this study, several B.
platifrons individuals were collected from a cold seep at a depth of
1100 m in the South China Sea (Fig. 1al & 1a2). We applied FISH and
gRT-PCR methods to analyze the composition of symbionts in the
mussel gills. In addition, we compared the symbiont abundance and
expression of VAMP between mussels from the deep sea and mussels
reared in a methane-absent laboratory environment for three months.

3.1. Detection for methanotrophs and thiotrophs in the gills of B. platifrons

We planned to detect two kinds of symbiotic bacteria in B. platifrons,
namely, methanotrophs and thiotrophs, which are common in other
Bathymodiolus mussels. Normal PCR for 16S rDNAs and specific genes
(pmoA and aprA) were performed to detect methanotrophs and thio-
trophs in the mussels.

Based on the peak map of Sanger sequencing for the PCR products,
the PCR products amplified by the primers 16S rDNA-1 were homo-
genous. The BLAST results against the NCBI database showed that the
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sequence of the fragment amplified using 16S rDNA-1 (Fig. S1) had the
highest similarity to the methanotrophs 16S rDNA. In addition, pmoA, a
specific gene of methanotrophs, was able to be amplified. These results
confirm the existence of methanotrophs in the gills of B. platifrons,
which was consistent with a previous study [3].

Based on the peak map of Sanger sequencing for the PCR products,
the PCR products amplified by 16S rDNA-2 were heterogeneous. The
BLAST results against the NCBI database showed that sequence of the
amplified fragment carried by one E. coli clone (Fig. S1) had a high
similarity to the thiotroph 16S rDNA, while sequence of the fragment
carried by another E. coli clone had a high similarity to the uncultured
bacterium clone B78-54 16S rDNA. This may be due to the non-speci-
ficity of 16S rDNA-2. However, aprA, an indicator of thiotrophs, was
not amplified. Similar results were found in previous studies. For the
thiotrophic bacteria Pelagibaca bermudensis, aprA was not amplified
[24]. Similarly, in the deep-sea mussel Bathymodiolus puteoserpentis,
although the thiotrophic symbionts were present, no aprA signal was
detected by FISH [21]. Therefore, it is possible that aprA can not be
detected in thiotrophs. One possible reason is that the primer we used
failed to amplify the target sequences, another possible reason is that
the thiotrophs are so scarce that the expression level of aprA is out of
the limit of detection. Although our results suggest that thiotrophs
present in the gills of B. platifrons, the quantity of thiotrophs might be
very low. Therefore, it is reasonable to conclude that methanotrophs
are the dominant symbiotic bacteria in the B. platifrons collected from a
cold seep in the South China Sea.

3.2. Distribution pattern of methanotrophs in the gills of B. platifrons

To display the distribution pattern of methanotrophs in the gills of
mussels, FISH targeted to both pmoA and 16S rRNA was performed. The
result of FISH targeted to pmoA showed that methanotrophs were
abundant in the gill epithelium, while almost no methanotrophs were
observed in the ciliary tufts (ct) of the gill (Fig. 1b1), which is similar to
the distribution pattern of methanotrophs in other Bathymodiolus
mussel species [11,31]. The high magnification of gill filaments re-
vealed that the green fluorescence signal indicating methanotrophs was
circular in shape (Fig. 1b2). The results of FISH targeted to 16S rRNA
exhibited the same distribution pattern and circle-shaped signals
(Fig. 1cl & 1c2). Fisher et al. [32] observed by transmission electron
microscope (TEM) that symbiotic bacteria were housed in gill bacter-
iocytes in B. thermophilus. Moreover, by TEM, Frenkiel et al. [33] found
that thiotrophs inhabited gill bacteriocytes with a diameter of
10-15um in Lucina pectinate. In this study, the signal indicating me-
thanotrophs was circle-shaped and had a similar diameter as that of a
bacteriocyte, suggesting that each circular signal may be a bacteriocyte.
Since aprA was not amplified by normal PCR, FISH targeted to thio-
troph 16S rRNA was performed. As Fig. S2 shows, the green fluores-
cence indicating thiotrophs was on the surface of the ct of the gill, and
no signal was detected in the putative bacteriocyte-covered area. The
scarce thiotrophs we detected in the gills were probably environmental
bacteria in deep-sea water, not endosymbionts. Based on our FISH re-
sults, methanotrophs are abundant in the gills of B. platifrons and
concentrated in bacteriocytes. In addition, the unique circle-shaped
FISH signal in B. platifrons has not been detected in other species of
Bathymodiolus mussel. The results of FISH targeted to mRNA were
consistent with those of FISH targeted to 16S rRNA, providing precise
spatial information for methanotrophs.

3.3. Change in abundance of methanotrophs after a 3-month rearing period

To understand the relationship between symbionts and the sur-
rounding environment, we compared the relative abundance of me-
thanotrophs in the gills of B. platifrons freshly collected from the deep
sea and those maintained in a methane-free aquaria for three months.
The qRT-PCR results indicate that the methanotrophs in the mussels
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Fig. 2. Relative quantity of methanotrophs in the gills of B. platifrons under
different environment, including the control group (i.e., mussels freshly col-
lected from deep-sea) and treatment group (i.e., mussels reared in the labora-
tory for three months). ** indicates that there is an extremely significant dif-
ference (P < 0.01). Error bars indicate the standard deviation (SD).

decreased significantly after a 3-month rearing without methane supply
(P < 0.01) but did not completely disappear (Fig. 2). In addition, FISH
targeted to both pmoA and 16S rRNA was performed to visually un-
derstand the change in abundance of methanotrophs. The FISH results
also showed that the number of methanotrophs in the gills decreased
significantly after a three-month laboratory rearing. The decrease of
methanotrophs was homogeneous in the gill and not related to the lo-
cations (Fig. 3). Notably, after the laboratory rearing, the circle-shaped
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Fig. 4. Relative quantity of VAMP in the gills of B. platifrons under different
environment, including the control group (i.e., mussels freshly collected from
deep-sea) and treatment group (i.e., mussels reared in the laboratory for three
months). ** indicates that there is an extremely significant difference
(P < 0.01). Error bars indicate the SD.

fluorescence signal in the gill disappeared and changed into spots, in-
dicating that the methanotrophs in a bacteriocyte decreased after the
laboratory rearing (Fig. 3c and d). Sun et al. [19] also found that me-
thanotrophs in bacteriocytes decreased but still grouped together in
bacteriocytes after rearing for one month. Similarly, Kadar et al. [34]
reported that methanotrophs and thiotrophs in B. azoricus gradually
decreased over a one-month acclimatization period under laboratory
conditions without sulfur or methane supply. These reports suggest that

Fig. 3. FISH of methanotrophs in the gills of B. pla-
tifrons under different environment. FISH target to
pmoA (green fluorescence) (a) and 16S rRNA (red
fluorescence) (b) in the gills of mussels from the
control group (i.e., mussels freshly collected from
deep-sea). FISH target to pmoA (green fluorescence)
(c) and 16S rRNA (red fluorescence) (d) in the gills of
mussels from the treatment group (i.e., mussels
reared in the laboratory for three months).
Contrasting background of the gill tissues were re-
vealed by magenta fluorescence (a, ¢) or were re-
vealed by blue fluorescence indicating nuclei (b, d).
Scale bar: 100 pm.
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the necessary chemical environment plays an important role in sym-
biont maintenance in deep-sea shellfish. Our study also supports that
methane is critical for the maintenance of methanotrophs in B. plati-
frons. However, the methanotrophs did not disappear completely in the
gills of B. platifrons after a 3-month rearing without methane supply,
indicating that the symbiosis between B. platifrons and methanotrophs
is not as delicate as we previously believed. A different result was de-
served in the deep-sea clam Calyptogena okutanii, in which the sym-
bionts disappeared completely after acclimation to laboratory condi-
tions for 91 days [35]. It is therefore implied there are differences in
symbiont maintenance among different species, which may be related
to the different adaptation abilities of species to the unstable chemical
environment of the deep sea.

3.4. Expression variation in a lysosome-related VAMP gene after a 3-month
rearing period

To identify the role of the lysosomal system in controlling the
symbionts in B. platifrons, the variations in the expression of VAMP, a
lysosome-related gene, were analyzed in the gills of freshly collected
mussels and those reared for three months in the laboratory. The qRT-
PCR results showed that freshly collected mussels had a higher mRNA
expression level of VAMP than those reared in the laboratory for three
months (Fig. 4). Similar to the qRT-PCR results, the results of FISH
targeted to VAMP mRNA also showed that VAMP had a higher ex-
pression in the gills of freshly collected mussels than in the gills of
mussels reared for three months (Fig. 5a and b). Combined with the
observed change in abundance of methanotrophs, these results indicate
that the expression of VAMP is positively related to the abundance of
methanotrophs in the gills of B. platifrons. The FISH signals of VAMP
mRNA in the freshly collected mussels were also circular in shape and
present exactly where methanotrophs occurred (Figs. 3a and 5a); in
addition, similar to the FISH signals of methanotrophs, the expression
of VAMP also decreased in the gills of mussels reared for three months
(Figs. 3c and 5b). These results further suggest that there is a re-
lationship between VAMP and methanotrophs. VAMP is reportedly re-
quired for the formation of a specific membrane compartment, in which
the symbionts are hosted in a controlled manner by the host [16]. The
high expression of VAMP in gills with a high abundance of symbionts is
likely necessary for the host mussel to control symbionts. When sym-
bionts were reduced or disappeared, the host mussel did not need to
consume energy to control symbionts; thus, the expression of VAMP
decreased, and the circle-shaped distribution pattern of methanotrophs
disappeared. Our results suggest that the lysosomal system plays an
important immunity role in controlling the abundance of en-
dosymbionts in B. platifrons.
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Fig. 5. FISH target to VAMP mRNA (green fluores-
cence) in the gills (magenta fluorescence) of B. pla-
tifrons under different environment, including mus-
sels from the control group (i.e., mussels freshly
collected from deep-sea) (a) and those from treat-
ment group (i.e., mussels reared in the laboratory for
three months) (b). Scale bar: 100 um.

4. Conclusion

In this study, we investigated the gill symbionts of the cold-seep
mussel B. platifrons, including species composition, environmental de-
pendency and immune control. Modified methods of FISH targeted to
both mRNA and 16S rRNA were used to detect symbionts. The pmoA-
based RNA probe was used to detect methanotrophs in B. platifrons for
the first time. Similarly, the 16S rRNA-based probe used in this study
has not been applied to Bathymodiolus mussels before. In addition, a
new primer pair specific to the 16S rDNA of methanotrophs (16S rDNA-
1) was produced and can be applied to the future PCR detection and
quantification of methanotrophs in B. platifrons. Our results showed
that methanotrophs were the major symbiotic bacteria in the gills of B.
platifrons, while thiotrophs were absent or scarce, which is consistent
with the results of previous studies. In the mussels freshly collected
from the deep sea, methanotrophs were housed in bacteriocytes in a
unique circle-shaped pattern, and a similar expression pattern was also
found for a lysosome-related VAMP gene. After a 3-month rearing
period in aquaria without methane supply, the abundance of metha-
notrophs decreased significantly, and their circle-shaped distribution
pattern disappeared; meanwhile, the expression of VAMP decreased
significantly. These results suggest that the symbiosis between B. pla-
tifrons and methanotrophs is influenced by the environment, and the
lysosomal system plays an important immune role in controlling the
abundance of endosymbionts in host.
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