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Molecular Evolution of SLCI14A2 ,a Key Gene for
Urea Transporters in Marine Mammals

Zeng Fan,Wu Tianzhen, Yu Zhenpeng, Sun Linxia, Guo Tianhui

(School of Life Sciences,Nanjing Normal University, Jiangsu Key Laboratory for
Biodiversity and Biotechnology, Nanjing 210023, China)

Abstract; Convergence evolution is the core scientific issue in evolutionary biology. In order to adapt to the hyperosmotic
marine environment, independent-originated-marine mammals have evolved the convergent osmoregulation mechanism
through producing highly concentrated urine. In this study, the SLCI4A2 gene encoding urea transporter was used as a
candidate gene for evolutionary analysis. The results revealed that this gene has undergone significant accelerated evolution
in marine mammals. Four positively selected sites (35,463,592,598) were detected by at least two maximum likelihood
(ML) methods ,and these sites were located or near important functional domains. It indicates that marine mammals may
produce highly concentrated urine from enhancing the active transport of urea by kidneys,which is consistent with what has
been found in the previous physiological studies. Especially, the study identified 6 parallel/convergent evolutionary sites
among different groups of marine mammals,which has provided convergent evidence of marine mammals producing highly
concentrated urine to adapt to the marine environment at the molecular level. In addition, the positive selection is mainly
focused on the evolutionary lineage of cetaceans, which may be related to cetaceans faced greater osmotic pressure than
other marine mammals because cetaceans have adapted to fully aquatic life. In this study,the evolutionary analysis of the
SLCI4A2 gene in marine mammals provides a convergent molecular mechanism of marine mammals to produce highly
concentrated urine for adapting to the hypertonic marine environment.
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Ha[FIFE K (convergent evolution ) J&#E LA 2% BB ST I AL, A8 R 5 ¢ R BB WA AE A AR e BERAE
FATR R 1 3 SRR A 55 1 7 A B4 AR (R BR (B A e 28 A B LA R AT Rl RV AR S b R TRt Ak 1
BlF1RZ AHJE R R 2 FHLEI 58 R AR D, KAESE (Ailuropoda melanoleuca ) F/INAESH (Ailurus fulgens
styani) , RGO FREGI G BRI AE , %58 T 2405 AR L B FHH A AR DGR B R 0 [R5 5
SRR NBES A H A ) A AT B DL B B TR AT F B OB R R BRI T 2 FuE s > W RN K TE R 4
KRR L ARBE ST (H A P R AL RE T, Rt [ A S — B S SR AR M T T A DG Y 2
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T RENJESE IR DA ORI, 80/ BE S 5083 R B T 1 5 FH LA N R B TR AR it AR T B
FHLABEINAE A P A R B 5 B B A A T A3 oy AN [ AV K IR BE ™) BRIk LA, Y8 I 3L 3 4 3 3k
KA T BRGEFNIRSE AT R R A A T B R MBI O L ORI AT B T AR AR,
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— AL 65~170 AL [ AWFSE K B2 PRI A 78 355 e B LA % Na™ W B 45 W 35 0 T K /N5 2 ARG B L
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WEHE. Xu FRMIFZ 5B B TR NGRS R TR EZ ERBEN, /KEBEEA 2
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5, AVE X 33 FiEEVEIFL S SLC14A2 BEH P8 I BHIE 4R | iz FH AL UL (site modal ) H A = X 452
RI(M7vs M8 M8 vs M8a Fl Mla vs M2a) Rl iE L HEA7 5. iz HIBLAR A6 I % (likelihoodratio tests, LRTs)
AR PR Z [ 2 A TE 3 25 5w, 15 2AL {55 B il BEZ B /)R 5 43 A B0, 4 P {E.<0.05, WAy
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TEBEPEA A5 Y J5 56 ME >R ( Posterior probability ) , {15 J5 B AR = 0.8, BN A iZ A0 5 2V 7 1Y 1 % £ 7
A0S Al FAE LR R 3 Datamonkey ( http ://www. datamonkey. org/ ) H Y [ 52 S50 LR 325 (fixed effects
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FIRIN A 55 P>0.8 B, B TA A S5 B 1) TE e 007 5. 5 Al (o7 A A AR B S R 1) P [ DU k22 T A B A
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PR IEMIRZS  IFATAE H AR TR A B0 A ZUCRER |, W) DA () A2 o7 A, X PP RS R A Sy S T e il 7L sh 4
BRI . 2 ISR AR Z AR A 1 T8, AWFSEAE JTT-fgen ZUHERRE B8N AT 1T
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JF 37 I-TASSER M3 |- (http : // zhanglab.ccmb.med.umich.edu/I-TASSER/ ) #47 T 25 [ = 4E 254 O 0
TR REIN 2] Y 1E 32 47 55 PyMOL 4K 4 ( http . //pymol. sourceforge. net/ ) x& v | T H =3 ] 45 44 . i
uniprot ¥ (http ;//www.uniprot.org/ ) 2% [t AR HUE 2 D1 g (5 B

2 RS

21 EEFEHAGH

T 26, 38 LSS RT 33 AN 2L sh W B s A A T e B e 1 40 AT LR Ts 25 R /R 7E SLC14A2 A
o IE SRR M8 B L T iR MR M7 Fl M8a( P<0.001) , H @ =1.955, /R 3% /> 3L [F] i 38 3% 1F e 44
FH. X5 16 M8 iR (i Fl BEB J7¥57E SLCI4A2 JER R E R T 9 AN i 35 32 B IE SR R 10007 25, ( 35,462
463 467 468 469 470 512 .741) HJG AR KT 0.8. (WL SAHRIH K Mla vs. M2a %8 M8 vs. M8a #5171 fif
BN EE R RS, PR S R T — A T, 25 SRR B M2a(w=6.517) ALY B AR T Mla BEHY( P<
0.001) , FF-45E T 2 AN IEIEBERINL (35,463 , X AN A Al It gl M8 SR SS e 8 (% 1) . Jidh, iE—2
fifi ] DataMonkey "1/ FEL RIS E T 4 AN IE PR 14 (35.90.,276.735) . L& LA b 3 F ML 7k, 306
2 A7 45.(35.,463) 2/ AP LA ML 5 55 2 AR B IE SR B0 s (£ 1).

LW, R TR SLC14A2 F K A2 8 1) IE S0 75 R BR TR 1 2R fb i & AE T A L i & 73 4
Yyfprp  LRT 00 % PR free ratio A7 g 0T one ratio #7Y ( P<0.001) , HAEMBZS ) 243 R HpAG N 3] i
E Y IE RS, RO A () S [ 4H 5 52 R ek A AR B A AL ok 8 K S ) 4H 5 LA K% BV IR N3k BT
KIL R SE (0>1,P<0.001) , T 26 A0 2L 30 1 28 LA R i A e 2L 30 0 v 0 S Hh I 38 1Y JE 3
P& 350, L) 32 P FL SR I TR S (0=0.17211) , HA A= i 2L 3h ¥ 8 5 3 (0 =0.13012) , iz
JH two ratio BERVKIN A B SLC14A2 BERTEMFFEMIFL ) S R BA W& s # 4k (P<0.001) (1 1).

T SORBRL RN sSA R I AN BE R B 25 FE A A5 RS2 R AR M IE SR BEAE T, PR bt — 2B 2R T 3 ok 7™
6 110 S A7 R ARG I 5 8% e g 445 SR A /N0 A 6 B B S A R BE, HLSE AR T 2 A I IE B 4
(592.598,% 1). ZiH M8 M2a FEL DA K S A7 AR () J7 v, JA 4 N IE SR 15 (35,463,592 ,598 ) #
AR50 Z Y T PRV

F1 TEEEEILFM R AR ML 774 B 6 R4

Table 1 Positively selected sites detected using two maximum likelihood ( ML ) methods across cetacean phylogeny

Positively selected

gene model =InL 2ALn L Model compare P value w values sites( P>80%)

SLC14A2  Dataset 1 All marine mammals( 33 sequences )
(930aa)  Site model

M8a 10 414.337 571 1.000 00
35,462 463 467 468 |
M8 10 408.563 693 11.547 76 M8 vs M8a P<0.001 1.955 43 469 470 512 741
M7 10 431.936 113 46.744 84 M8 vs M7 P<0.001
Mla 10 414.496 711 1.000 00
M2a 10 406.141 82 16.709 78 M2a vs Mla P<0.001 6.516 58 35.463
Datamonkey ; FEL model P<0.1 35.90.276.735

Dataset II:marine and their relatives(38 sequences)
Branch site model

Terminal branch of Balaenoptera acutorostrata
Null —13 337.487 570 1.000 00
Alternative -13 332.976 387 9.022 366 Ma vs Ma0O P=0.002 667  374.540 24 592,598
TE WPl ML J5 SR 2 ) TE R B SR R 7R

22 EFWEIIY SLC14A2 BRREEBR TR FIT/ 8RR 4T

H T RGTHEFENGFL S HE I R B PR IR SR R AL TR SRR, X SLCI4A2 BENHEAT A5 K&
PSS RA 11 DS IR R A nl. Horb SR HA 5 R 588 A7 50 (Y14H [ T398A
1A55H Q485R \A707S) ; B LK HAT 6 MR RALNL A (G64T 899G T111S K518M  AS527T S529H, & 1) ,
HR e 398 707 A AR T IR B e ia B 1 i S IRES A b /s e P i SL 3h Wl e IR R iz EE
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FRAQ, AT P i FH 14 8 JE 28 A R R A 858 ( Physeter catodon)) 3 Z 3570 P T AU FL 3 9 ) Fh k437
WM H7E 219 A7 5 AL /NG ( Balaenoptera acutorostrata ) F1 38 )5 3 4 155 ( Neomonachus schauinslandi ) %
FET 1A PATEER B (A219V) . 3 LA g7 2850 JTT-fgen 22 5 R R J0 452 280 455 114G 3 , L1 K T 11 2
1H, 2= BIASHI 20 A 7 A2 T RE AP A T/ TR 28 SR A R A

ANV L S ) 2 T 22 ) S 38 1) VA7 i [R) R A 7R Ry 7 3 1 e (] ) v 38 PR S5 1 VE I L 30 )
A REUEALH T R A 0 R B ks WL, Horb 2R 219 1 814 {7 & FERR 17 50 T IR F 5518 15 1 o 5 1) 125 R 45+
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Free-ratio I 52 o7 i A7 % 5 1Y IE e 843 0 AL 20 RAT LR ARV, A0 SLCI4A2 K K A I W 5L 30 49 v A 0 80 ) 46 e A
FERRALR (B0 FINPAT/ BRI AL (I 0 . TR FORAERE. M0 SMRERY R L L3P e 0 S i 1 oo B ks F 45
B 1 Free-ratio XL mHBEF B FMHILENY SLCI4A2 BRI EERE
Fig.1 Evidence of positive selection across the phylogeny of marine mammals identified

by free-ratio and branch-site models in SLCI4A2 gene

2.3 SLCI4A2 BERE=HEMSH
B[ 598 WK ( T aduncus ) 1) SLCI4A2 JE RU% 11 R T 5 7€ 1-TASSER M 3 I (http://zhanglab. ccmb.
med.umich.edw/I-TASSER/) #4171 & 1 = 4E45 4 B9 71000, I3z ] PyMOL 4K {F ( http :// pymol. sourceforge.
net/ ) ¥R FNTE AL U EE B S IR 2 A8 8 v 3] 3D 25 (18] 2) . X B s R 2 T B E B 4544
B ZER BT, AN 463 SrEIEREAL AL TR T C IR ALA7 54 S490 FfEIf ;55 35 A EIERRAL AL T
AR AE IR (polar amino acid ) DXs , JH DI Be 2 P ASE 3 T A, [ i it v a5 45 2 11 8 C
83 —
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OBERAAL (L. S26 4JE ™) | 477 (E e HE B 44 ] A
SEARFIGEDREMX. 73505 308,707 (uhF g, ot
SRR TR EE S i 20 af
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TS HLIA R KR AT T . s

3 &
R T R 7 7T 5 B 9 5 R 032254351

lF AR A Y 2 RO R AE R e aRgER.
R VR L B AN TR SRR A N R IR Y, AN H2 SLCMA2 BAR=44H
IEJ E’(J BH:T /_:ETE 5'!3{53: /1 tﬁﬁ 7T'€ , % 2% ?é /% 7FH EEE jf_ﬁ 1@ Fig.2 The three-dimensional structure of the SLC14A2 protein
S, N Tl N B PRI IR LS W P A T R TRI A B B VR TS R ML, EAT AR R A HEER TR K Ak
FLRBAE ™ A g MR A 1) PRI ST T4 APk ) 2 T 4k 28 B e il 2L 3 i EL A 52 254 3 e 1 A 2 1 R
DA o7 B A A S 1) SR I L SR v v R A e A PR AR L T R AR IT R BLR R i iE gt
——SLC14A2 TR AL E W & A T W3 M INEH 1L (P<0.001) , HA 2 A IEIEERAL A 2 /D Ff ML
D5 AN 23X AN E R AR T3 I C AR AL A T BRFSIT |, 40 5 5 1 R R 48 T REAH G
R B8 B N PR T I AR O C AN UT-A1 R UT-A1A3 BYBERR 1L, I BE58 IR R 1%z, H.
B WFITUESE R SLC14A2 FEDR I H BN B e 46 PRI A A= BRBIEE . DR AR TF 9 70 065 8 Wil 7L 2 40 v 2
E RTINS AL R IE 88, B8 T B R T PR 4532 R 1 T T W i 19958338 e LAV 406 PRV, S 1 R 7L,
S A R A PRI AL T o U, D3 Ah AW E T 73 N IRNEY SLC14A2 JEREAT R, TR
Ffig S e 11 AR R SRR S, I 2 AR TR T S D RB A M B, R 1
W L 3l ) T R e 3 2 S B R 5 AR (1 R 3R i i 2R 11 DI BB & A 38 PR ) 3O | DT 34 5 IR 3R 7 32 ik ) DA
N =5 B B RS . R LR TR PR AL Sh ) — A RBF S 2 T 6 A PAT /B i i, B p
PR T8 1 0T 0 5 IS 2 A e | A T 50 3 WU 085 B8 8l B A B 1R 190 i 72 BV g 28 3 3 2 11 1Y)
B Sy RBE R 0 DRI, S P S T R ek e A S04 4t g 3k T R o 3 T R
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