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T 2 ) o ) 33 A D% Z8 R — LS A A0 3 1A 3 A A
ST T o FEATI TU T, AT g i
= AR ILIEALE Y 4R K BRI e S L kAT 1 — AR
J¥(Next Generation Sequencing, NGS)Flde novo
o FEULEEAN b, 8 PO s AH S I T RN i g
Uk S FL R AT T RGURE AT, X B ETE IR
N R i s M 0 R = A LIRS 0 R e B, 3K
AT e b PR R R DR R AT T & R T, XA B
THATRE — B A A KR E . BEAT
I 1t S5 T7 TR 291 B

1 ARSI

1.1 HREE. BRNARZBRGERANF

Tt R HC VG A TR T TR AR R A, = A
R I WL AR < = A IR R M g, R SUR B
(Cristaria plicata)fM15 i Jo 14 1 (Anodonta woodia-
na) 7y AR AR TV VU A BH AN Ll 2R A8 S Ll X IX
ARt B A BEATL 1 B R ) = ek 10, B T 780y
WK IR N TR — A, KR AR I 18—25°C

MR 53 B 4RI K BRI, By —
H, MHE3 R A R i) 2 AR
el R EE S 7R YRR R B E
HANENR) #5100 mg, FF75 55 HUH B =4 AH R 4144
WA o BJE R Trizol i FNZ SR B4 MR /K BRI R
RNA. DU o 2 2R R B RN AR KR,
IEE S HIUERNAATIR G, )57 s 244
WK ERIETR A H AU B RNAFRE M« A 70K A 22
JEERR FAZ B M S (250300 bp), 2 JE 7ETTu-
mina HiseqXten V& AT XM .
1.2 De novotREFINREFRE

F Trimmomatic™ # Kxreads o {1 luminall /5 #
SKAFI IR, 2 BT E AR PP 51 (Phred {8 /)
520), iR FIHE /N T50 bp) FIA G 4% I P
Bl SR A Trinity 50253 55T 47 7K Bk 5 41
W EAE 4T de novo %%, A 25 B NN S
H. WG CD-HITH M £ T R 5 AT,
HH Corset k47 20 2 I 2K, K B R K G
B AR P N HEAT S 2210 0 W o W e SR P 3|
BEAT GE it IR HDF % BT B AT PRl

56 TransDecoder# {4(Find Coding Region
Within Transcripts, https://transdecoder.github.io/)%}
e S Ay 31 BEAT ORFARE TG -8 B Bl 2 1 2 471, 9%
Jri FIEggNOG-mapperkf 4 K e ) 8 F 7 51 7
| Ee xS ZIEggNOGHUE 2, K4k [R5 Fe 51 F AR BA 1t
AT R R DR
13 ERFEREERLEEMERRKERLE

FOrthofindertf 47k /K & B (¥ 2 (1 5 41 ik

AT IRVERE D K sy i, 2%0% B A% A Diamond
PLERINHIE valuefd le-37E 1T all-vs-alli 2, F-4K&%
FER) [FVRE A . A B 7R A R 3R 2R BV (Markov
Cluster Algorithm, MCL)X} 2 Al 417 52K, il B
RIFERR . SREAMR K BRI b & B R 2R R K
TG, 456 Z AT B RS B R B A R 7K Bk i
B HEDINT B Dy fe . B R KM S KT DL E
% Morthofinder 73 #7 45 5 H1 3K HL o
14 RHELFOW

X 4 0e: 1 B4 DL [ 5 35 [R R AT 2 )7 1 R
(Multiple sequence alignment, MSA), fTEMEGA %14
X Hpairwise uncorrected p-distancef& 74 5§ £ 741
T A5 ) 0 K P B 7 f A B kA
M Uniprot# 4 & (https://www.uniprot.org/proteo-
mes/) T O XU R (Biomphalaria glabrata). X
FEEH W (Crassostrea gigas)~ % L3546 H M (Lot-
tia gigantea) WF 35 VL (Mizuhopecten yessoensis)
A F 48 JE XU B 2 £ (Octopus bimaculoides)iX
SANY R R B o AR, A A AT S 4R R K
B o A0S 39 DU YA LAk — 2P 1) 43
Mo it J5 FH Orthofinder ¥ iX 9/ M 25 A i 4H )7
F 73 1 1317434 4% DUR) R R s 1 D
KINAGRE . BME Hmafe ™ 94T 2 5 5118
it Hfasttreetfi i 2 48 4 AE 4,

T8I AR A A TE] A 4L 1F B ZE Time Tree MY
vk (http://www.timetree.org/) & $k F| 55 FIEA F IR S
G UUGT B 53 BN (1] K 249 7E471(423—519) I F 4
A (Millions of years ago, Mya), A4t 85 50F 5
Fit D53 BN () K 2976 455(421—497) E JiE T LA
B IR2AN TR 43 SN TR AR D [ e 4B AN AR TEAE, AR
P b — 215 20 R G R A H e R BUARTE (r8s Bk
YT T AT B 3 s 1)
1.5 SRS EER ST

¥ 4 F AnnotationForge' ik 415 vt it ek T RE v
(5 B2 OrgDbA R £, OrgDb AL FH T 17 AN [F]
Bt R DID 2 18] 0] 3155 2 Je 2 K GO KEGG
SEVEREHOAEN Q2R o AR [5) U5 = R SRR 1) 70 7 46
SRR e o R A TR, i S R T AR TR
I Org Db 5478 40, i clusterprofiler' s vy gk o
KA SR TKEGGHIGO & 540 T -
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3785 i %k o MIXARPIE IR BARHEAT T de novo
2R 2%, APt MR S 4 2 2 S 19 B 1389484
AF1104803/MUnigenes, reads[Fl 2 (reads [A] I 31|
KRR %)1885.62%, Unigenes-FIK E N
1373.20 bp, N5SOKE AN1928 bp(F 1). LAEESI)
FAYE DL [R5 L R R AR DR Lo $id e, A FH Busco 3 f
X B s L SE BEVEREAT 70 M, S5 RR W] AE4RP IR IK ER
I (R SR, I 98% HT i S 1Y), A AN E2%I1)
B S A TE Ay FEXT B EE XA b, X 30 RAT 2 A 25
RGBT, ¥k AT T R 801k 2).
K A3 B Rt . =AML A oA A
R S5k Ik DR R 3 BB PP 81 S BE X B EggNOG
KO, BT AU (E-value<10"), X 4F{i 43 5
34143, 28180, 28609F1247784NJ: K153 T 1%,
TE 8 i B 2 [R5 7% (Clusters of orthologous groups

of proteins, COG) 7 K G 1T K B, iX4Fh & Bk

COGZEI N 7 KRB, Horhr, B AR R & 2 124>

43 I5& “ThRE A HI(S. Function unknown)”l1“/5 5 %

SHLHH(T. Signal transduction mechanisms)”(F 1).
FR1 BREBEBIREGIT

Tab. 1 The statistic of transcriptome assembled data
febrindex  TRURREH. —fABUEE T CIEE RISOEHE
H schlegelii H. cumingii A. woodiana C. plicata

T AH
Number of 138948 135564 126601 100731
transcripts
B #(Number
of unigenes 104803 102380 89663 75504
THIKIE
Average length ~ 1373.20  1371.93 1395.53 1526.87
(bp)
N50 (bp) 1928 1965 1992 2178
=] i 2 Mapping
rate (%) 85.62 86.45 87.01 88.36

*2 AREREMBUSCONER
Tab.2 Results of BUSCO analysis on the assembled transcriptomes

[R5 % K Orthologs(58 % 4 Complete)

Y FiSpecies

F B[R4 Fragmented % 2K $Missing

M Total  ¥$Z U1 %(Single-copy £ #% Ul #(Duplicated
Wit H. schlegelii 960(98.2%) 705(72.1%) 255(26.1%) 9(0.9%) 9(0.9%)
=AW, cumingii 965(98.7%) 738(75.5%) 227(23.2%) 9(0.9%) 4(0.4%)
B A IUIEA. woodiana 969(99.1%) 701(71.7%) 268(27.4%) 3(0.3%) 6(0.6%)
AL C. plicata 968(99.0%) 798(81.6%) 170(17.4%) 4(0.4%) 6(0.6%)

Hyriopsis schlegelii Hyriopsis cumingii
8000 7000
@ P b
g g 6000 |+ A. RNA processing and modification
o Q
L.b_? 6000 (:-'_"D 5000 | B. Chromatin structure and dynamics
S S C. Energy production and conversion
B B 4000 + D. Cell cycle control, cell division, chromosome partitioning
g 4000 g 3000 E. Amino acid transport and metabolism
“ Z B F. Nucleotide transport and
g 2000 g 2000 - G. Carbohydrate transport and metabolism
i H. Coenzyme transport and metabolism
1000 . )
m % L. Lipid transport and metabolism
0 0 J. Translation, ribosomal structure and biogenesis
K. Transcription
HAIHHEE A R EARRERES 2 FRSUEER R B R FTREEZE L Replication, recombination and repair
COG function classification COG function classification M. Cell wall/mennt Jope bi
for Anodonta woodiana for Cristaria plicata N. Cell motility
" 7000 " 6000 0. Posttranslational modification, protein turnover, chaperones
%J 6000 ZE’D 5000 P. Inorganic fon transport and metabolism
Q. Secondary is, transport and
s 5000 s 4000 . Function unknown
I I
Q Q . . .
< 4000 ,.g T. Signal transduction mechanisms
g = 3000 U. Intracellular trafficking, secretion, and vesicular transport
z 3000 “ V. Defense mechanisms
g 2000 @ 2000 'W. Extracellular structures
T Y. Nucl
1000 1000 uclear structure
m :h.)@ Z. Cytoskeleton
0 ABCDEFGHIJKLMNOPQSTUVWYZ ABCDEFGHIJKLMNOPQSTUVWYZ
Function class Function class
R ¥ - j— B 1 n S e = e =13 N
I iblReEGa). = AILEE(D) M TC U (o) MIRE U (D) 1 2] 15 EL AR AR %(COG) 70 26
Fig. 1 Clusters of Orthologous Group of proteins (COG) classifications for H. schlegelii (a), H. cumingii (b), A. woodiana (c) and C.

plicata (d)
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COG function classification for
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i Orthofinder7E 4 F % 7K B i v 3 45 52 3
2946818 7E 1 R JE S R 5Kk, e R4 L =2 1
1600 14 [ Y5 5= PR SRR A4 1 1 VR 7K BRI AZ O BE R 4,
XUz OHEER S 5Tz fEMES), LR —A
GOThReHH# A 0 AT o RAFAE T Ith ek A0 = £y A
I RJE R K RE 5175 (E 2). 546, i
I AL RSO A 0 A 4 R
) 2% E R A I B R R AR 2 o 12, 11, 9F
154 . ERGEREF W], it RN EE A K
KB (TRIMAS . TRIM33HIJAG155) 1435 (ABCBY)
LT FEA G, AR A RS bR
(CUZD1) A1 $§ BEAR T (HDLBP) 5 Th e 45 5%, #8480
WERE A AN E S B 1P (SLC1242) M %
(CEACAMV)DIREAHR, 1 Mo AR A 2L N 3 2
PR (TMPRSS12FMICLCA2) 40 P38 1AM S 1%
H(FLNB) D BEAH R (3% 3).
23 RGEAEOH

FATTRF MG aeE . = AR S A TG A e AR
LU (1 B4 DL RS R AT T 2 7 BBk, R
pairwise uncorrected p-distancef¥ X} £ 7 51| B AL 1S
BIRIK T B B S8 A% B B (E-value<le ), 45
5 Bt 0 e AT = A O e P B4 S /N T 1 %, T
i e 5 H A A A ) 3 R LT R S =
11015 (£ 4). 45E Uniprot¥dis e o & & AR 6

e
H. schlegelii
(25491)

AT
A. woodiana

(22074)

2 iR =AW FEGOR IR E A TT IAT d R K
BRRIE B

Fig. 2 Gene families clustering venn diagram in H. schlegelii, H.
cumingii, C. plicata and A. woodiana

35 B P BIR I0 507 42 B orthofinder?E 47 & 7K B b %5 5 (1 7]
The venn diagram showing the number of orthologs identified in
the four freshwater mussels

XUFUER PR s AR 55 g D12 SN M i 2R (1
Jo3 2H ECH AN AT T A SRAT B4R % K BR 8 B Uni-
genes X I 18 (o 280, FRATTIRIE TR 13174
LA B DU 2 [R5 R 5k 1) B 1 4, Bl s R

3 HMRKBRE DA EETIR
Tab. 3 The list of species-specific genes in four freshwater
mussels

A 27K yFliSpecies

b > ..
Symbol f#i & Description

Fndc7 Hyriopsis  Fibronectin type III domain containing 7
schlegelii

TRIM45  Hyriopsis  Tripartite motif containing 45
schlegelii

ZNF724P Hyriopsis  Zinc finger protein 724
schlegelii

ASTL Hyriopsis ~ Astacin-like metalloendopeptidase
schlegelii

TRIM33  Hyriopsis  Tripartite motif containing 33
schlegelii

JAG1 Hyriopsis ~ Notch ligand involved in the mediation
schlegelii ~ of Notch signaling

ACS Hyriopsis ~ Acyl-CoA synthetase
schlegelii

ABCB9 Hyriopsis ~ ATP-binging cassette, sub-family B
schlegelii

CUZD1 Hyriopsis ~ CUB and zona pellucida-like domains 1
cumingii

ZFPI112H Hyriopsis  Zinc finger protein 112 homolog
cumingii

MucC Hyriopsis ~ Oligomeric mucus gel-forming
cumingii

HDLBP  Hyriopsis  High density lipoprotein binding protein
cumingii

SMPDL3B Hyriopsis Sphingomyelin phophodiesterase acid-
cumingii like

AAP1 Cristaria Amino acid permease
plicata

SLC1242  Cristaria Solute carrier family 12, member 2
plicata

CEACAM] Cristaria Carcinoembryonic antigen-related cell
plicata adhesion molecule

TMPRSS12 Anodonta  transmembrane (C-terminal) protease,
woodiana  serine 12

MAMDC4 Anodonta ~ MAM domain containing 4
woodiana

CLCA2 Anodonta  chloride channel
woodiana

FLNB Anodonta Filamin-B, bata
woodiana

TXN Anodonta Thioredoxin
woodiana

R4 ETaMpsokekiE s N EIRERFFIMEE SRS
Tab. 4 Genetic differentiation distance based on single copy
ortholog sequences of four freshwater mussel

BSUS gt = Sk, 5 K kA, WL

distance schlegelii  cumingii woodiana  C. plicata
;%;i%itﬁ 0.00746 0.08912 0.07975
szﬁilgl]li 0.00746 0.08964 0.08032
:i?d?sﬁﬁfi' 0.08912  0.08964 0.03449
fﬁiigﬁc 0.07975  0.08032 0.03449
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2.4 GHIREERENTF = A0S E EE

TE I Db M e R = A LR [ B SR A, 453 T
LB e s 3% 2 rh R T T = A L e S e Rk )

Tree scale: 0.1

K13721%, Hrh345/ M RA B RAR 3 1Rk, X4t
FEA JER AT R Sl s (AR KRB . B BRAPUR
RE IR IG . FATR X Loy 2 K 4T T KEGGH
GOE M. KEGG K & £ 45 LR W, ith
W e S A R DR 3 B SR AE S A L 73 (CD mo-
lecules) 125 (¥ AL i (Protein digestion and ab-
sorption) 5l B L (&l 5). LAk, Ity A 3 A
GO R4 KK M IR 2 K5 Jk PR 5 th G e (1) A0
RAERF IS, GO A EKEEITEOIN), R
GRKB(691), M EKEGIN), RIERGLRE
(251, PR AL EEFT 235 (44, I 6).

3 it
3.1 GRS = AR ES X R

AR RN = A WL SR B8 R — EAFAE F L,
X T R R K 5T SRR 7 2K A 4 AR

O. bimaculoides

L. gigantea

B. glabrata

M. yessoensis

.
o

=
n

C. gigas
H. schlegelii
H. cumingii

C. plicata

et R iEeoR D

“A. woodiana

3 AR IEREMI R SR B W

Fig. 3 Phylogenetic tree of nine species in mollusca

Tree scale: 100 ——

574.38
O. bimaculoides 2315/4610
43.52
471 ;
L' 5}
103.38 gigantea 1249/3120
471
B. glabrata 3424/26380
11.99 455 M. yessoensis 1240/3276
455
C. gigas 1953/3041
4592 47;‘24H. schlegelii 2048/3093
A8y cumingii 27933130
520.54 : 8 :
. 16.08 C. plicata 2020/3712
WY 5k 5 R K B Number of expanded gene families 353

I e 245 Rl 5 e Number of contracted gene families

16,08 A. woodiana 2722/2973

B4 LT TLSEBN R 73 S5 1) B 8 DR e 47 ik AL 4 155 150
Fig. 4 Time of divergence of nine species in mollusca and their expansion/contraction of genefamilies
I3 b BT ARER 23 SN ) (95% ELAR X 7)), B i g Mya. Wb 44 88 5 T ) BB (B AR TR AR IR SR MR, Ik (e B A R e i i IR ¢

The number on the branch represents the divergence time (the 95% confidence interval), and the unit is Mya. The black number after the

species name represents the expanded gene families, and the grey number represents the contracted gene families
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TSI 2R, MR R B 5 H AW R R e 2 03 2R B B 1)
DU5e HAT v T 8P, IR AR SIS 22 00 0F A Ao AEGIKERIEE A 17> FREE FU T ik, KZ KM
RETE A RS R B SR G R R . IR, 70T TN KT WP HI D bnt, it LB SR [

CD2y 1 [BR:k004090] | J
CD molecules [BR:ko04090]
53 THEAAT B 1L [BR:ko03110] | ®
Chaperones and folding catalysts [BR:ko03110] PIRSTE
R
B S CRTR | ° P. adjust
Protein digestion and absorption
st | g 0
Tyrosine metabolism 0‘3
IR | g 0.4
Fatty acid degradation
BV Ll ST | o Count
Epithelial cell signaling in Helicobacter pylori infection ® 25
SHEETR A A B | PY @ 50
Isoquinoline alkaloid biosynthesis ® s
RH | g @ o0
Sulfur metabolism @ 25
REEREL | o
Quorum sensing
AR A |
Betalain biosynthesis

0.02 0.04 0.06
LR EE 2R Gene ratio

5 REERAT SR IKEGG & 470
Fig. 5 KEGG enrichment analysis of species-specific genes in H. schlegelii

| GO:000815, A==k #2 Biological process |

/ GO0:0032502, )k FitfE Developmental processm\ 6)02376 Y% 2 405 B Immune system process>

GO: 0009653
GO:0048856, iR G4 % B . .
ot i o GO:0019882, HiJEEHIALELRAN 5%

Antigen processing and presentation, 4
development, 87 Anatomical str}xcture gen p g p
l morphogenesis, 60

GO0:0048731, ALK E : _ .
System development, 69 | GO:0009887, i mi R 4 GO:0002682, V= 495 73
Animal organ morphogenesis, 27 . .
Regulation of immune system process, 11

— Risa

GO:0048513, Zh s = Rk &

JE
\Animal organ development, 51 / \ 1% regulates /

K6 bk R 55 B AR K MR AT 2RI GO 'R 4
Fig. 6 GO enrichment of specific genes related to ecological adaptation in H. schlegelii
TIHER R RER NGO H e MR R B P SE LR R R GOR R, REM—RERIIKH R —RZRFETE
B A B2 H kR IGO R &R, R — NI FEx 73 — Nl FE i s

The Arabic numbers in boxes show the enriched number of genes in each term. The solid line arrow represents the GO relation of “is a”, and

the low-hierarchy terms are the subtype of the high-hierarchy terms; the dotted line arrow represents the GO relation of “regulation” and
represents the regulation of one process to another
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THE PHYLOGENY AND GENETIC ANALYSIS OF THE HYRIOPSIS
SCHLEGELII BASED ON TRANSCRIPTOME

ZHOU Wei, ZHANG Wan-Chang, ZHOU Ye, WANG Xiao-Min, HU Bei-Juan, WANG Jun-Hua and HONG Yi-Jiang
(Key Lab of Aquatic Resources and Utilization of Jiangxi, School of Life Sciences, Nanchang University, Nanchang 330031, China)

Abstract: There has been controversy about the genetic relationship between Hyriopsis cumingii and Hyriopsis
cumingii. To further analyze the phylogeny of freshwater pearl mussels, we conducted comparative transcriptomic ana-
lysis between H. schlegelii and its relatives, including Hyriopsis cumingii, Anodonta woodiana and Cristaria plicata.
The genetic distance between the four freshwater pearl mussels was calculated after the multiple sequence alignment
(MSA) of the single-copy orthologs their shared. The results showed that the genetic distance between H. schlegelii and
H. cumingii was only 0.00746 (<1%), while the genetic distance between other freshwater pearl mussels was almost 10
times bigger. Phylogenetic analysis showed that Ambleminae and Anodontinae diverged approximately 51.44 million
years ago (Mya), while H. schlegelii and H. cumingii were divided about 4.24 million years ago. Further analysis identi-
fied the specific genes in the transcriptome of H. schlegelii. The enrichment of the KEGG pathway indicated that these
genes were mainly enriched in pathways such as CD molecules and protein digestion and absorption. Moreover, GO an-
notation results showed that there were many specific genes related to H. schlegelii excellent characteristics, including
development-related biological processes, such as developmental process, system development, animal organ develop-
ment, and immune-related biological process, immune system process and antigen processing and presentation in GO
classification. The above results showed that H. schlegelii and H. cumingii are closely related, and may be different
subspecies or populations, which has important reference significance for the germplasm conservation and genetic
breeding of freshwater pearl mussels. In addition, compared with H. cumingii, H. schlegelii may have several specific
genes related to development and immunity, which provides some clues for exploring the related molecular mechanism.
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