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Abstract

Chemosymbiotic microbes have been identified in the intertidal zones and the deep-sea hy-
drothermal vents where the environments are enriched with reduced sulfur. Recently, several
studies have reported presence of clams in the sediment of shallow subtidal seagrass, harboring
chemosynthetic microbes as symbionts. In this study, we investigated an association of chem-
osynthetic bacteria with a lucinid bivalve Pillucina pisidium occurring in subtidal seagrass bed
in a lagoon on the east coast. A total of 360 clams were collected from Zostera marina bed for
the analysis. P. pisidium was a small clam with a mean shell length of 7.0 mm and tissue wet
weight of 26.2 mg. Histology revealed that P. pisidium has unusually thick gills which at-
tributed to 16.5% of the total tissue weight. Histology also revealed that the digestive gland
and stomach were reduced compared to other bivalves, suggesting that P. pisidium may have
another source of food except the filtered food particles from the ambient environment. Scan-
ning electron microscopy showed symbiotic bacteria in the gills. The results of stable isotope
ratio analysis suggest that significantly depleted carbon and nitrogen indicate that bacterial
fixation of carbon and nitrogen occurs in the gills. Next Generation Sequencing revealed that

thiotrophic and diazotrophic bacteria were dominant gill filaments

Keywords: Pillucina pisidium, chemosynthetic symbiosis, Lucinidae, seagrass bed, thiotroph,

diazotroph, stable isotope ratio, Next Generation Sequencing
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1. Introduction
3}8+3Hd -4 (Chemosymbiosis)ol & thA| 32 &3 31815 m| A= A

FEyoE Ny SIS B3 1A

l‘_‘ﬂ

18t ES T8 STA A
i GAE s=2 HAECdA A2 B dialel Zegk FUES ATt
(Ven et al., 2008; Dubilier et al., 2008). &}313tAd A 1977d ZAgpulais A9
A AL 5 D47 (hydrothermal vent)ell ]2 3}= Tube worm (Riftia pachyptila)<

}

sl

ol

3l Hx=2 BEIHT (Cavanaugh et al., 1981). R. pachyptilai= 1.5mo|4 47

2 AMAEoIY J3t 25p7]de] BatE o] glom, Hadde] e &

H

v Al FESHA] ol shehgtAd Aol o gk ©4 31 R. pachyptila®] il
UAl tiAF e g A7) E AT (Cavanaugh et al., 1981). o] % kgt A5 &3l
R. pachyptila®] E438 SR ZFEHS 33LE (HS)S %A (troposome)] o] 3}
gt ute ot Al dEety, wrE ol F3tEe] AbstE F3 ATPE A4St

D=

i

IS = FATA 7 ¥ At (Childress et al., 1984; Arp et al., 1984;

R

Powel et al., 1983). R. pachyptila®] 2718 A]ZFS 2 cold seep, wood fall, volcanic mud
Tt A AddA e, AT, dHhEE T HES T 29 &

B BRoA st n A E e FAEA7E BaiE T} (Dando et al., 1992; Du-
bililer et al., 2008; Durand et al., 1996; Lorion et al., 2008).

AAFEE oluujde] HS =33 (Mytilidae), W] wH= ]2 (Solemyidae),
Vesicomyidae, tz=7) 3} (Thyasiridae) 2 22912703} (Lucinidae) & HAA|7HA 5
Wl I} (family)oll A 3}skstAd A o] My At} (Page et al., 1991; Duperron, 2013;
Page et al., 1991; Morton, 1983; Tayor, 2011). Genus Bathymodiolus (family: Mytilidae) <~

gt ke ATsh P45 BAe] RESHE AR olae] Wb of

yzh abegotel gk e gl R oA gl wel Wy B F4E CdyA



thAtell o]-&3kc} (Fiala-Médioni et al., 2002; Kenk and Wilson, 1985). ¥4 & 9} wlz17}
A2 <=3 (labial palp), 23} (digestive tract)?} & F7]22 43l9 Awd
712 Hw A Fane] e W, oprhvr FAA B s o] §lth (Comitet and
Krylova, 1999). °]+= A A} (gill filament) W3-l ¥re]g]olrl A 25tE E3td
AI3E (bacteriocyte) 7} D= o] 7] wE o R, tF-Ee] &g T I
FollA UEhE 4ot} (Won, 2003; Duperron et al., 2005). A 3= 3}8F3HA] b
o7l 2 E o] = Ax=N 59 FstE, 74 9w dAE iR

I Y H-o] ukgglole] &) AkslEltt (Herryetal., 1989; Southward et al., 1986).

ob7bm] W9 8kt T ARk ofy e}t ARt M= Bl

21t} (Dubilier et al., 2008; Fisher, 1990). 22l Z=7+= 3tskstd 34 7/ < 7F o

A

O

st WA X I (Family)Z 541 2,500me] Aol HEE 2744, ¢
T 59 6070l A TS 557bA] e, SAES Edete] 400F (HA 330%)
o]Ato] W % o]t} (Taylor and Glover, 2006; Taylor et al., 2011). Elliptiolucina labey-

Aol HaE Eo2 2500m FAle] WA oA WA

rlo

riei< 71 24
™ (Cosel & Bouchet, 2008), Genus Lucinomat= 2,000m 4=412] mud volcano2} AFA=r
<l (oxygen minimum zone)®] E A EoA 7Fo] Bt} (Oliver & Holmes,
2006). €43 Lucinidaee] A2 X2 Ax}71*] 17] % Bathyaustriella thionipta©] X
31 AT} (480-500m) (Glover, Taylor & Rowden, 2004).

o] A% Lucinidae TFFE sf g ol FHISA EEs, oiF-E 100m
ol o] FHafgtdol] FEgh 53] 2of-dd) Ao et "R FuaAE

Hojw, A AA 97%°] FuFolM Ikl X

N

I 2uEdT (van der
Heide et al., 2012). #3]7dL 299 & ALAAA 7|Ag F7]&=3 T3 ol A

THEE A7 EY] R S3dr] o] =2 3 o|th (Thresher et al., 1992;



Holmer et al.,, 2002). =3t Ztyjo] Hglel X34 (rhizome)oll A 5% & AtAE
Lucinidae®] ol Al FAE A2 * 7 ® ) (Taylor et al., 2011). Bre|g]olel] <3l s}

2 S3tEo A4S TIAA Zuo AEHS =AY (Ruby et al, 2018). Ste-

\d

ven et al., 2014 ©] Aol wEw Wolrw Ayl o] E3 o] x| ok
Aol AA F7hsl o, ol & 7oA Lucinidae, W& A 12]a 2y Q]
SABARTE 7]eES 4 4 9lt} (Steven et al., 2014).

oNA Al HA A utEElole] JodEE e v &7

HEAGL Sersh] Astel e Pol ol gH Ytk 53 st Ak
FYFANLIE PEA HolAds sopstel uAS T2E ol A

= AR Sl wrHgotel o7k BAEst Aol A F-7]¥h4 = Ribulose-1,5-

(Fly, 2007). ®WF 749 oAyA] AR 455 AEA= D& 42 f7E5S §

SERERUES SR

ki

e wastES 45 AA 5c

e
ol

[e]
&
H & A; (fractionation)©] LFERTE (Fly, 2007). A4 9] =3F L3 ghho} F

ol
rlr
Mo

AbgE Fo]l YEtu=H], HE® nitrogenased| Al M¥No] BNE T Ao w ARR
g, JFaA 7 b= BNo|l 2 H U} (Gannes and carlos, 1997). whebA] BF
HZol25H 3 F71ES Aede dFe 49 s ot e W
of Hl3l UN % BCe] H]&o] =4 Z ¥t} (Fisher et al., 1990; Kendall et al., 2007;
Kharlamenko, 2001; Paul et al., 1985).

Pillucina pisidium (Dunker, 1860)< 231z )3l &3 shehetd 24 o

T2 Motz egl 1k, 35, A, HAlol Foll A lstA EE3 (Glover and



Tayor, 2001). ¥ 9 FF-A] 2] Tanabe Bayoll Al Zostera japonica £} P. pisid-
ium o #x % AEZFY AddAel #Hste A FlE o vp o
(TAKAHASHI et al., 2013), Kharlamenko et al., (2001) 2] Alo} Eglt]H 2B oA )

A1
ax

e

£

M
o

Fal wrejelolste] ST

He P.pisidium o AHAF 2 B4 59
E W33t (Kharlamenko et al., 2001).
S2yete] 4$ 9% ZIrt HauHglon, &, A W el Zu%

[e)
S 34

Far lont Zujgel A shebetdute|elobet Sk ISl that A

olr

v gk Aot webA] 2 AFAE AFE FH At AE ] Zostera ma-
rina bedell A 4j8l= P. pisidium} 23] g3te] JadA S gsla Hold R A

o =45 Sl P.pisidiume] Aol AeH S viel ¥hs]aa} gt

2. Materials and Methods
2.1. Study area and sample collection

A3\ el A4ske P pisidiumat Uil FAste wEloke] 54 o
ol 7] &l 2019 79 AFE Faot oxd ] A3 AZW Z marina A2
Aol A P, pisidium B £ HrElElol £4 2 A% HAE ARE F583id (Fig.
1). Z. marina® ¥ej¢} 27 (rhizome)o] F5H-E] 10cmzole HAES Wi

1mms] Al Aol 360AAE AYsHAOoM, JPFUZ AGUAA sk

AZA ARE g53t7] 918 300mke] ] JRAC A 2 (shell length), A 5
% (tissue wet weight, TWT) 2 o}7}m] o] 555 (gills wet weight, G-TWT)= 574

stltt. 2zl HAES 29s WA fd ddd wEol Hol mA=

O]

DNA 41 H71#] -80TC el H¥#33 T
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Fig. 1. Location of the sampling site of P. pisidium were collected from a Z. marina meadow at Ojo-ri lagoon on the eastern coast of

Jeju island (Kakao map, https://map.kakao.com).



2.2. Histological Preparation

ZAGNS E3) Ls7)H 2 AAAE #AFeA P. pisidium 3070 =

:>|4—‘_',

)
N
>

Davidson’s solution®| 4] 24A]7F 317 (fixation) ¥+ & 70% ol €FEol] 24

>,
e
oft
2

A A F 24 SgolA Felste] AN P BAA

o
f
e
ol
po)
=)
o
(el
=2
ke
=
ﬁod
i ﬁg
=)
29
MJ
f
i
o
)
2_{
4
L
£
(i
IN
N
filo
D
2

FAR AN F albumine] X E ZSglol=o] RRste] 48A17F Bt %35+

t}. 3412 Howard et al. (2004)2] WH-S u}g} Hematoxyline and Eosin Y (H&E) <341

o2
o
=l

[e]
= <

Foith 22 A2 Harri’s hematoxyline °l 4] 1min 30% 4¥F§ ¥ Eosin Y

ol M 30% 7+ HFH o]

old
A%

v shell M A= AT

2.3. Scanning electron microscopy
W7l e ZuATE B3-S 98 FAbdAEn A (scanning

electron microscope, SEM)E- ©]-&-3}%I ). P. pisidiume] Z=2S #2|3}] 2.5% glutar-

aldehyde (Sigma-Aldrich, USA) o4 60%3F 2435}t 4" Z22 1 X Phos-
phate buffered saline (PBS; pH 8.0)0ll 4 33] A& ¥ 3 100%°] ek<of] A2 o7 €

FEATE (30, 50, 70 H 90%ol A Z} 58, @) g d x2S A2 H o}y
n7b Z3EEE wjEeo s s At AE 24 AVIHEE 9
&) sputter coater (Q150RS, Quorum Technologies, UK)ol A =02 ¥ & FALA

2481 7 (MIRA3, TESCAN, Czech Republic)oll /] W3- 713 2 A8 dbg o}

il
o

9.

2.4. Stable isotope ratio analysis

72 e f71% 7198 FA7] A obbul, w R AA 2o

au)
B>
)
i,
B>
offt
o
rﬁ
B>
jur)

1 €& S7gskslth 5070 Aol A ob7bn] 5 e st



gnd 24 AES dAHE 4 5 9 A (tin capsule)ol] HaL LEsko], <F
AeAYAEA7] (Elemental Analyzer-Isotope RatioMass Spectrometry. vario Micro
cube-Isoprime 100. Elementar-GV Instrument. UK)= &4 2 A4 9] F U4 v &S
zAsg.0m, olgle Ao AAste] ARE Gz AT

X (%o0) = [(Reample/Rstandard) - 1] ¥ 10% (X = 13C or 15N, R = 13C/%2C or 15N/*N)

s 1552 25 International standards of sucrose (ANU CioH22011; Na-

rr
@
3

tional Institute of Standards and Technology (NIST), USA)E A}-&3}3l o, &4
monium sulfate ([NH4].SOs; NIST, USA)E ©]-&3}30th 9 T2 an] 543k

o] 4 2ke]= one-way ANOVAES F3l A3t

2.5. Endosymbiosis community analysis
2.5.1. Genomic DNA isolation
Z2 W v]AE DNA F=9|= Qiagenil2] DNeasy Blood & Tissue kit (Qi-

],

iy
ol

agen, Germany)& Ab&3to] ofrim], i A A x4 oA Z+zt genomic DNAE

off
20

ST B A= A5+ Power Soil™ DNA kit (Mo Bio Laboratories, Germany) & ©]-&
of A=A W uhEl gDNAS stk AE el glole] EAlE &<l

517] $13Fo]  bacterial universal primers 57F (5-AGAGTTTGATCCTGGCTCAG-3)),

|

1492R (5-GGTTACCTTGTTACGACTT-3)E ©|& Hlel|g]o}2] 165 IDNAY S-S 52
$- 1% agarose geloll 7]dE3to] ofrpn] A3} EAEZA °F 300bpe] wHSAH

22 s



2.5.2. Next generation sequencing
ofb7tml o} E| A Z oA FE% gDNAS] NGS =32 Macrogen (Seoul, Korea)

[e)

of o]F3s}3i e, MiSeq (lllumina, Inc, US)H] 7} AF&E it vhe glole] T4 S

)
i)
(e

#3l 16s rRNAS] V4 d9& 5= 2 A AASISITE A9 E DNA ©

E}J] = operational taxonomic unit (OUT)E A&}

iy

(cluster) & 97%0°]4 YA ==

o #5774 43



o1, 4.6mm ~ 9.3mm2]

3. Result
3.1. Biometry
P. pisidiume] H+ 242 7.0+ 0.1 (SE)mm ©]
BT AR 24 HFFL 262 + 2.1mge] ™, ©o]F o}7baE 45 + 1.4mg
o2 AA 2% F F 17.1%E AA Y. L 572 vixg (Ruditapes philip-
pinarum), A} 7222} (Anadara kagoshimensis) % 719} (Tegillarca granosa) 7l = ol 4] 2]
ZAFTHEY oY S Table 10 e 2™, P. pisidiume] o}7}w]| H]
E2 Tl fle Tl vls] 2u)7) | S = A
Table 1. Biological information of p.pisidium (n=300)
Species G-TWT (mg) TWT (mg) Ratio (%)
Pillucina pisidium 4.5 26.2 17.2
Ruditapes philippinarium 125.2 2901.8 8.9
Anadara kagoshimensis 328.2 4120.4 8.0
Tegillarca. granosa 229.2 2709.9 8.46
3.2. Light microscopy
ol7bm] WF-o] F7He W7 (lumen)fle] AER WX Eo] glow o}rin|
=240 %o 21%E AASAT (Fig. 2A). 280 FaHo] Aglen,
g (visceral mass)2] W+ A2 &7 weEEo] Qllom WAE (cocyte)o] A E
2 50um= FAE AT} (Fig. 2B, C). A& E A= B2= A Ut (Fig. 2D, E)
3.3. Ultrastructure of internal organs
ol7tm) o] AHE FA HAEn o w7 #AE A} ciliated zoned T AE
o) dejo] TR (Fig. 4A). obrhvle] WR A= FAE] Fejr} kot
2m =L7]9] wrelEebrt "GP E A AU (Fig. 4D). ob7ivl wRle] ARG
of I BEHA FAd (Fig. 4E-F).

AES oA relelore] 7



Fig. 2. Microscopic features of P. pizdzum. (A) transverse section of P. pisidium. (B),
(C) reduced digestive organs. (D) gonad development (female). (E) gonad
development (male). (F), (G) section of gill filaments. Abbreviations: m, m-

antle; g, gills; f, foot; o, oocyte; d, digestive tuble; sc, spermatocyte; gc, gra-
nule cyte; Iz, lateral zone; cz,

) A=



; 1> ——— Py, Y et

Fi. 3. Ultrastructures of p. pisidium. (A) transverse section of the gills. (B)(C) gill. Epithet-
lial zone. (D) endosymbionts in bacteriocyte (E) cilia zone. (F) section of oocyte. Ab-

breviations: cz, ciliated; bz, bacteriocyte zone; g, gills; f, foot; es, endosymbionts; c,
cilia o, oocyte; n, nucleus



3.4. Origin of organic compounds

EBasdan s oprbn] 2F oA 27.0~-245%% 7 W& FAE W

o A2EA9a AN E£H HFY

o

2 &Y s $FS Bl
of7pm| A ol A THd Bk Fh (4.3~-2.0%)= Eom, TxA S 0.7~1.6%, A
22O 20-25%¢ W= ZAHC (Fig. 5). AAEA7} woAe] =Azke] one
way ANOVAZ A 23} §8C] 29 p=0.76, 55Nol| 4| p=0.34% AFate] 494 2

ol AR}, oprtul o] FHAAn]eh= Afo]E KT (p<0.05).

6.0
[] Gill Filaments (P. pisidium) [ |
40 t+ A Foot (P. pisidium)
' O Whole tissue (P. pisidium)
Bl Whole tissue (R. philippinarum) o
_ 20 | A A
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'40 B D m
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Fig. 4. Stable isotopic ratios of the gills, foot, whole tissue of P. pisidium and nonsymbi
otic bivalve R. philippinarum, as a control in the study site Tongbatarr lagoon on
the east coast of Jeju Island

3.5. Bacterial community analysis
op7im| A3t A E AlmolA Z+7: 107,619, 12442670 A7IA DS &
539 o o]F chimera, low-quality, ambiguous 55 #1213+ % 97%°]AFe] AL

L& zZk= OTUE st HEFA o5 ofrtrlel A 88709 OTU (44,003 reads),



B % Eo| A 2300TU (9,222 reads)E & 531t} & 5%H OTUS F7IA L3 library
o] dlolE 9 FAMIS 93t Good’s coverage T Al EOlA EF 99.9% o4

o2 EE OTU

gl

T T/ A AT ofrinef E A E o4 €] Shannon index

rlr

Z}7} 144,553 = HA=AA F FFY gdHel A #EE A ¢ T
AT} (Table 2).

& (class) =0l A ob7tm] 223 EAE of vtegol oy A4 A
Al 347 ol wERoen ofF 1% ol e THEE Hol= HEH e BRI
Fig. 6Ac] YEMt) o}7ln] Z = o 4= Spirochaetia’o] 54.31%= 7} A3k
o, Gammaproteobacteria”’} 43.59%°] H|&ES AT HAYE AlRdA=
Gamma-proteobacteria’} 27.15%% 7} -3} ™, Deltaproteobacteria (23.88%)
Epsilon-proteobacteria (17.91%) =22 7 42| relatively advanced”} =7 & 1t}
T TV 8% A oprimel A 64F, EH A=A 134Fo] FIEHG oM,
o}7}m| ol A= Alkalispirochaeta sphaeroplastigenens (class Spirochaetia)”} 54.17%= 7}
2 -3} 3 Sedimenticola thiotaurini (class Gammaproteobacteria) 40.96%5 =}-#| &}
Atk oprbmel A AR dvrH ol HAEA I EAfEH o, Al sphaero-
plastigenensi= E| & AlFolA 0.01%, S. thiotaurini= 1.16%<] H]-&S 2k it}

(Fig. 6B).

Table 2. Clustering result and community richiness
Read count OTUs Chaol Shannon Good's coverage (%)

Gill filaments 44,003 88 97.75 1.44 99.97%
Sediment 9,222 230 232 5.53 99.94




Table 3. Bacterial community structure in the gill filaments and sediment (Bold: dominant bacterial species in the gill filaments of P. pisidium)

Gill filaments of P. pisidium Sediment

Species Relative Abundance  Species Relative Abundance
Alkalispirochaeta sphaeroplastigenens 54.17% Sulfurovum lithotrophicum 16.92%
Sedimenticola thiotaurini 40.96% Thioprofundum lithotrophicum 12.24%
Pseudoalteromonas piratica 1.08% Desulfosarcina widdelii 11.21%
Arcobacter pacificus 0.64% Desulfonatronobacter acidivorans 5.70%
Vibrio alginolyticus 0.39% Actinokineospora spheciospongiae 4.77%
Calothrix desertica 0.35% Thiohalobacter thiocyanaticus 3.10%
Aestuariibacter halophilus 0.28% Sedimenticola thiotaurini 1.16%
Vibrio coralliilyticus 0.25% Alkalispirochaeta sphaeroplastigenens 0.01%
Others 1.27% Others 44.88%




4. Discussion

4.1. Study area

= 2z A A 1 8 g7] FX S vA= F
a3k alow Agrt o= Ayt EAXIf [ At Bag AAE I
shal SshEo] FH-g HASTES FAAT Bnk ofygl e} 2o B3 =
= ¥Azke] HAS Agkelr] wiE-o]t} (Heck and Orth, 2006; van der Heide et al.,

2012). Takahashi et al. (2013)¢] Ao w =, Uchinoura (Wakayama, Japan)2] =3+t
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(Takahashi et al., 2013). =3 Lee et al. (2014)8] AF 5 4 4359 dA =
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A7k 78 =4 B At (Lee et al, 2014). weba 2 A37p =39 Suket
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4.2. Acquisition of symbionts
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Zd¥o] 88 At} (Kuwahara et al., 2007). ¥+, Bathymodiolus (Family: Mytilidae),
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Az M FAEol HEHA Fokor, 7|dol A F fFomNE wE o}
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et al., 2014; Gros et al., 1999, 2003; Kleiner et al., 2012). H|= PCR Y% ISHE &3 P
pisidium®] A2 2o A G el whgglole] HAEo] FrHA o Hadh} AxE

n7ds Fal wEHgore £E= obrbv] WFelARE FlEle

<
s

AR S A
Fo M BEE A FUIL (Fig. 3), P pisidiume] o}7tujo A A Z% vhe|g|o} o]
A ENME EAstE ASRE P pisidium® A WrH ol WA Al A E A
gom, B4E B3 HA5HE Bow FaHch T3 P pisidiume] 7]

glo} - FZoNX A sphaeroplastigenens®t S. thiotaurini 7V ZYZy 54.17% 2

40.96%2] =2 HE&2 -3 WHH, BHE ARAAE 1.16% 2 0.01%= W
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4.4. Bacteria-host interaction
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