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Evolution Analysis and Expression Difference of Key Enzyme
Genesfor Phosphatidylcholine Synthesisin Lung Tissues
Among Plateau Zokorsand Plateau Pikas
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ZHANG Jia-Yu® WEI Deng-Bang®”
@ Research Center for High Altitude Medicine, Qinghai University, Xining 810016;
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Abstract: [Objectives] Pulmonary surfactant (PS) can help to maintain the structure of alveoli, improve
respiration and oxygen absorption and utilization. Notably, phosphatidylcholine (PC) serves as the principal
constituent of pulmonary surfactant phospholipids. In order to shed lights into the adaptation mechanism of
plateau animals to hypoxic environments, this study focuses on the endemic species of Plateau Zokor
Eospalax baileyi and Plateau Pika Ochotona curzoniae in the Qinghai Tibet Plateau. [Methods] The
sequences of Chok-a, Chok-f3, Pcyt-a, Pcyt-ff and Cpt genes were analyzed by MEGA 7.0, PAML 4.8 program
and Ancestor program. Additionally, the mRNA expression levels of these genes were determined with
Real-time PCR in the lung tissues and compared with those in the SD Rat Rattus norvegicus. [Results] The
bioinformatics analysis revealed that the sequences of Chok-a, Chok-f§, Pcyt-a, Pcyt-f and Cpt in E. baileyi
were highly homologous with those of Nannospalax galili, as well as the O. curzoniae has the highest level of
homology with O. princeps (> 90%) (Table 2). Cpt of E. baileyi and N. galili, Chok-B, Pcyt-f and Cpt of O.
curzoniae and O. princeps occurred convergent sites. Selection pressure analyses showed that lysine at sites 4,
phenylalanine at sites 5 and glutamic acid at sites 10 of Chok-a subunit in Plateau Zokor were significantly
different (P < 0.05, Table 3); methionine at sites 4 of Chok-f subunit in Plateau Pika, glutamic acid at sites
163 of Cpt subunit in Plateau Zokor were also significantly different (P < 0.05, Table 3). SIFT test showed
that No. 212 variation sites of Chok-f§ subunit and No.18 variation sites of Pcyt-f3 subunit in Plateau Pika had
significant effects on gene function (P < 0.05, Table 4). The mRNA expression levels of Chok-a, Chok-p,
Pcyt-a and Pcyt-f in Plateau Zokor were significantly higher than those in Plateau Pika and SD Rat (P < 0.01),
and the mRNA expression level of Chok-f in Plateau Pika was higher than SD Rat (P < 0.05) (Fig. 6). The
expression level of Cpt in SD Rat was significantly higher than that in Plateau Pika and Plateau Zokor (P <
0.01), while there was no difference between expression levels in Plateau Pika and Plateau Zokor (P > 0.05)
(Fig. 6). [Conclusion] The above results demonstrate that, in comparison to SD Rat, the amino acid structure
and gene expression variations of key enzyme genes in phosphatidylcholine pathway of Plateau Zokor and
Plateau Pika, along with two plateau animal physiological adaptation make them more conducive to acquire
and employ oxygen in the unique environment of high cold and hypoxic environment. Consequently, this
reinforces respiration, enhances energy metabolism, and facilitates adaption to low oxygen environments.

Key words: Pulmonary surfactant; Eospalax baileyi; Ochotona curzoniae; Phosphatidylcholine
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=1 I 6 B (Eospalax baileyi) J& W5 v H
(Rodentia) §#&JE Al (Spalacidae) iy b
J& (Norris et al. 2004, Zhou et al. 2008, Zhang
etal. 2022), HETiFK 2 800 ~ 4 200 m )7
J b, W AR AR S A 58 4 B I M T R GE R
(Shams et al. 2005), &7 JF dL AL g T
Bl o T BRI TE AR 5 e S 2 AR AR AR S
AAAGRR (Shams et al. 2005, Nevo 2011),
T PR AR [ 3 DX 3t R AR 20% (AR
B 1979, mE A (Ochotona curzoniae)
JE% B (Lagomorpha) Fi%F} (Ochotonidae)
AR GOfEERSE 1985, HENIZE 2015),
SAEHR 3 200 ~ 4 700 m ) 7 2E ) e R
BEJE ARAESE 1980, JLRGESE 1982) &
e e S g Y B, AR R
IR SRR AT S BB I W e I 5 i 3))
17 Q=0 SO G WA B A =T N 1 A R N
HeIhhe (RESE 1997) o TS HbE A
DS NN SE 1Y A ) [ TR /i

(pulmonary surfactant, PS)f < (Hawgood et al.

1985 o fili = [ 3 P4 470 i A Ak T i p A< 7 T
W— 2R E B =AY, REA 27 i AR
WICRG FITHS, By ablioK =4z, A&
Z 50 R G5 S AL (B AL ZE 2007).
JIts 2 T ¥ A A0 Joi 9k /b BRI g AR 2 3 BN 45
i, SRR A IR NI RS e el
T AT ER kK

Wit 7L SN 20 i 2 TRV PR A0 5 R 90% 1 i 28 A1
8% [ 8 1 S FoAh B 2 i, oA i o R
80% ~ 90%, W NEEENHK (phosphatidylcholine,
PC ) 2 i 2 T I 14 420 o gk g 1) = B2 18 43 (Kettel
1969), &ML s L7, A B T i d sk Ok
1E3& 1985a, #A/N 2011, RfiRMEEED
R REAYE R EE Y A e — (B
S 2007). W ARMEARGRAE M AL AP 2 (8] B
AR (RIFRVESE 20150, XF4EHRFIEH
fffizhee BA HEAE M (RIS 1996).
H B2 (cytidine diphosphate, CDP) -JHT,
AR S A R AR 9 AR Y 3 2218 4% (Ishidate

1997, Aoyama et al. 2004), CDP-fHEf %1% H
FAE =/ RS, (L5 JH AR B A (choline kinase,
Chok )« T 2 H B i # % # i ( phosphate
cytidylyltransferase, pcyt) FHH A% ER #% F%

(phosphatidy-Icholine transfer, Cpt). RHBHIK
i tH Chok-a A1 Chok-p P2 4w ( Aoyama
et al. 2000, HEMAHBEIBEARIL (Vance et al.
1991, Ishidate 1997); BMRJIE G 4 #2 g b
Pcyt-o. Fl Peyt-p 2[R 485 (Lykidis et al. 2001 ),
1AL BERR RO % {6 CDP-REB (Vance et al.
1991, Kent 1997), peyt HiE M4 2 2B A5
PEAEBR Y & O 2, 2 I FE A B A (Chida
et al. 1973, Hogan et al. 1994, Weinhold et al.
1995, Spragg et al. 2000);  JIEHs Tk IR % 4 1 (1
Cpt B 9w, 4L CDP-AEBAE Bk e Bk AE 5

(&IE3 1985b, Vance et al. 1991, #HR
1994, McMaster et al. 1997).

Baze 55 (2010) K¥, SE&5IEZS SR
AR R R 22 S ik, RUINER S SCA
N . BFFTEEA SRR, LR R R R P S R
T & TP o G A SR IR R R AR T 3 B IR )
PRI E 4£KIE (Shao etal. 2015), Fitk, &
JR BN AR A IR TG A RER R A 5 W (1) 45
P 5%, T H. 55 il T 3 A 420 ol A S 28 AT e
M 3E BN AR T IR DG . A Tk —
o 7 e i GRS B A R S PR B R
HilE, A3CLL SD KR (Sprague-Dawley Rattus
norvegicus) JYRT R, 18 Iz v Ry BRORH S S B
B B AR L AR B 1% b DG B R R 3 A T A9
BRI, JFHEAEN AR, DU
a7 e SR BN AR 8 B LA
1 ME5FE
11 EREY

R R R R A 6 K, i T HE R
BN BRI GER 3 700 m; A5
JE 13.59 kPa, &% 193.10 g/m’); ISR
(1) SD KRG T 2= Rz sy bl Gigtk
1500 m, &5 17.73 kPa, &% & 250 g/m’).
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e JE R A SD K BRAAEE Y 200 ~ 250 g, iR
RS E A 150 ~ 200 go AT P Fhic s 4 6 5
2 HRIATH B, 5% EE Z AR
WG, REMALEEMSE T AP IR, R
FEISAE BN AL B 3 4 R I 5K (LI sh i)
FH&H (GB14923-2010)) #hfT.
1.2 ERBERBAER R R EEAEYE R
Eatr
121 FFHIREREL M NCBI A JLHfE b ks
FH AR R R JLER% (0. princeps)
I (Oryetolagus cuniculus) 3 NRIEHY)
M, LLEETIRER (Nannospalax galili)~ #5E R
(Heterocephalus glaber)~ K.~ /NR (Mus
musculus)~ Y JFH R (Microtus ochrogaster)
G B (Mesocricetus auratus) 245
(Cricetulus griseus)~ 2 Je WrAEM Bk iR (Jaculus
Jaculus) 357 2= 58 5 (Fukomys damarensis )
KR (Cavia porcellus). E#25. (Chinchilla
lanigera) BH|)\Ih . (Octodon degus) I
RV (ctidomys tridecemlineatus) 13 M
W BYH, BN (Homo sapiens) FIEEFESE (Pan
troglodytes) 2 N REHWM, K4 (Bos
taurus )~ 11 =E(Capra hircus )45 E(Ovis aries)
3 AMEEHYFI Chok-an Chok-B Pcyt-o-
Peyt-f Al Cpr BRI 4afS X P51 BT S
B iR 5 AN 781 4E NCBI 048 P h % H
far R 2, FH S I ) AR = AR S A 2L
PEr i A Hh blast E. H NCBI _FEE & 2|1 DL
A1 85 B 114 35 R 4 53 X S04 A 25 1 51 A
blast K4 22 v i 2k H 5] P 1 g s 1 20 5 [X
F1, H MEGA 7.0 A1k th (1) 7 51 147 [7]
JELEX AR IE (Kumar et al. 2016), 20k
H — 2R TTE B A v TR BUAE D e D B B g 2 R
75, JFH Lasergene #2/7 7 [ Editseq LhRE
(White et al. 2008) K i i B B 1) 22 A1 G 9 [X
AN AR 751
122 FE¥EMEEST  H DNAMAN 9.0 %A1
MEGA 7.0 Zff (Kumar et al. 2016) X /5 5§
AN B % Chok-a Chok-B~ Peyt-a~ Peyt-f3

F Cpt ZE R 75 5 H gm0 B R 75 7 il 5
DLESIREE . #RERR . KB AR 7WR.
T SRR RN B R DR 1) BRH B ) 2
FEIR 7 A AT RIS LT 73 A
123 FEPEEEN KA ClustalX 1.81(Larkin
et al. 2007) 4 22 ANV EE R G 51X 3 41 1
1T HILEXT, J5 ) MAGA 7.0 F 5 A KALSR R
KH Tree Graph 2.7.1 X ff (Stover et al. 2010)
TEK.
124 “PATEeatT K22 MR Chok-an
Chok-B~ Pcyt-o~ Pcyt-B F1 Cpt 2R 77| FE A
[R5, 18 DNAMAN 9.0 #{H1 PAML %
R codeml T2 F7 73l AT 17 A1 EL XS 73 A A0
A8 E R (Nei et al. 20000, #3755
MEZ/NT 09 ML . NA converg 2 # 4
(Zhang et al. 1997) K36 V47 240 A7 250 1) 2 3
¥, F MEGA 7.0 #1711 Clustal W HL AR
X 22 NP AL R A AT LU XS, BT A
THE gap JEEAL TR H AR SR
HSCAFH N H Jones-Taylor-Thornton (JTT) ff
B AR FYAFA R IERE 2 (Poisson correction
modeD) Z3lit 5, SEAEHRIME, &5 P>
0.05 145 (Zhang et al. 1997).
125 EHEEHDTEIERERMLA  SH]
ClustalX 1.81 Z X 20 M Fh 43751 5 15 i 8 B
R R S A R A X 7 A AT LE X, S5 251
2 MEGA 7.0 #% U He 2 J5 181 PAML 4.8
A ) CODEML #2/7 (Yang 2007), HR4E
WRAASRR EAT IR B R J1 0 W s R P
FET R RALIRIE I 53 ST AR Y 3R AT IE In) i 48
Mo A AL R ARLIG 3% 58 1) S RAF A T XS
%, HRTRENE R (background branch),
XA % & (foreground branch) FT32i% £/ 77
AT AT 53 At v Do Ry B S A v S B SRS i
N R R, HRIXRENNE LR, EH
model A il T 532 R e 3 A7 E W35 1 1E 7]
PR A, PRSI (codmel.eth) HHY fix
omega Fll omega #S%EN 1, 1EA Null A #H47
B UIsE, RN I BN LA ZAE (InL
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B, ZHHEA InL1 AT InL0), FHitFHHM %
{6 2AInL. FIH] PAML #A-E A Chi2 25
(Liu et al. 1995), 5T 2AInL {H T+ H AL 1 5
HER PAE (df=1), 3 P<0.05HK, LA
I A R4 20 1 25 R AT 5
1.2.6  EF A F A7 SO0 H ) 68 52 W B PP Al
M Ensembl Chttp://asia.ensembl.org/) 4k &
NS R R ROE SO R AHIE B/ B Chok-a
Chok-B. Pcyt-a. Pcyt-B Fl Cpt K185 ID ‘S 1E
751, SKH “Sorting Tolerant From Intolerant”
(SIFT) algorithm 27 (Kumar et al. 2009) ¥
it PAT REAAT 0T w5 S B A R s Ji b Bt 2 81 T
RE52IA, SIFT score {H7E 0 ~ 0.05 Z [A] % 8]
2R AL SR FE I (damaging); 7E 0.05~ 1
Z BRI A s 2 R YRR (tolerated), %K
ElkEr 1, XEAMIhREZmE/ N (Kumar
et al. 2009),
1.3 mERMR. SERAM SD KRE BB
Tk L i i 728 S 2 DR 3R 08 7K Tl 58
131 & RNA KA cDNA K&/ FIH
A RNA f#H & CRIRAERH A R AR
P R R = B R AT SD K BRI ZH 2
& RNA, MR & O & &8 WA E W EE
(>0.4 g/L). 437H 4 ug $EHLE RNA, S
— B cDNA £ & ik 7 & ( Thermo Fisher
Scientific Inc., USA) fill# cDNA.
132 3t REZKPHRMWE A Primer
6.0 BAFLE S i bR AR 1 SR BRAN SD oK BRU IR IR
PR v B DX THRE e S A T PCR (R
Do SEiH T B KEERAE KL GAPDH

1519, ¥Im LAY TREERA A K.
RT-PCR JZ N 4514, 94 °C S min; 94 °C 30,
55°C 30's, 72 °C 30's, 35 MfE¥A; 72°C 10 min.
PCR F=YITE 1.5%E NEWE B kAT sk, FHE
T B IE K R DNA B0 & (TIANGEN A4
R AR A D B DNA. ¥ [EU= 4 H
EASY dilution IR 10 fEkEERRE (107",
102,107, 107* 107, 107, 1077, 107,
HFHIVEbrAERI 28 . Real-time PCR B 2% 1F
9, 95 °C 3min, 40 MEH, 95°C 30s, 95°C
55,60 C 34 s.f# § BIO-RAD CFX96 %¢Jf; PCR
POREEF M EHE . SAFE 5 B LR A R
DRI AR B FR LB A il A AN B 1 E 10 3 IR
FERR AL RIELRREE, RIENZIE R IE G
FHXT R
14 Sitoath

SEIGE PR CLEME + brifEZE (Mean +
SD) #or, K SPSS 20.0 X E¥E AT G814
M1, KH Kolmogoro-Simirnov il Levene 437l
o0 B () IS AN 7 2255 M. BB AT & IERS
XA I B R B, SR #7722 73BT (one-
way ANOVA), P<0.05 NEFEAGITFE L.

2 4R

21 FEEEEX

A YR Ve B R B, B B Chok-a
Chok-B+ Pcyt-a Pcyt-B F1 Cpt 2K gntd X /7
H1| e i i 2 1R 21 5 DA 6 1) g BRI [R1 0
P g, T e SR A S 63 B HIRFE R gl X
75 S b s SRR 7 41 () Rl M e (3R 2D

#1 PCREIY
Tablel PCR primers

3| etk kY Feol K

Gene Forward primer (5'-3") Reverse primer (5'-3") Sequence length (bp)
Chok-a GCCATTCTTGCTGAGAGGTC ACGCAATTCTTCAGTGTCCAG 108
Chok- AGTGTTGTCAGCAGCCATTG AGTGAGGCTCCTTGGTGAA 77
Pcyt-o TTACGACAGCCAGCTCCTT CCTCTTCCATAGTTACCCTGACAT 79
Pcyt-p CCGCTTAGGAACACCAGTTG ACAAGTAGCTGTTGGGAAATAGTG 125
Cpt CGAGTGAAGCAGTATAATCAGAGT GTTAATGAGCCAGGACGGAAT 117
GAPDH GGCTACACTGAGGACCAGGTTG GTCCACCACCCTGTTGCTGTA 156
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K2 RIERSAKR R RS SR & BB B iS £2 c  E 7 5 R BERT 5 FIRELEXT (%)
Table2 Sequence homology of key genes and amino acidsin synthetic phosphatidylcholine pathway between

Plateau Pika and Plateau Zokor with other species

Wb A Gene
Species Chok-o Chok-p Pcyt-a Peyt-ff Cpt

5 B % Ochotona curzoniae

LR R O. princeps 97.93\98.22 93.99\95.47 98.01\100.00 98.65\100.00 97.98\98.13

XK Oryctolagus cuniculus — 74.07\75.19 94.02\98.09 94.05\98.64 91.01\90.19

KB Rattus norvegicus 75.34\76.51 78.54\81.01 88.95\95.64 90.45\97.83 80.62\77.57

/NER Mus musculu 75.27\75.43 77.69\81.77 88.50\95.37 90.72\97.83 81.86\78.97

HARSE Pan troglodytes 80.37\80.90 82.41\85.57 90.67\97.00 92.16\97.29 86.82\85.98

# N Homo sapiens 80.10\80.56 82.24\85.57 90.76\97.28 91.98\97.29 86.67\85.05
= R B Eospalax baileyi

VL BIRE B Nannospalax galili 95.34\97.01 95.88195.35 94.84\96.19 97.30\100.00 94.42\94.86

HREE R Heterocephalus glaber 82.15\82.85 61.87\62.53 88.77\94.28 93.33\99.46 72.15\68.26

KB R. norvegicus 79.99\81.90 61.62\62.28 92.12\98.09 94.32\99.73 85.74\82.71

/NER M. musculu 79.81\79.91 60.86\62.78 92.03\97.28 94.23\99.73 86.36\85.98

SAEIE P. troglodytes 81.36\81.10 62.12\63.54 89.95\95.10 92.70\98.37 84.50\81.78

N Homo sapiens 81.22\80.96 62.12\63.54 90.13\95.37 92.70\98.37 84.03\80.84

Frh “—7 AURAE NCBI Hdf P A R BIED X T o1 2Rrp “\” Rl 5 FE 70 ) 267 2 X e 91 VR B IR 15 91 R VR o

The “—" in the table represents that no coding region sequence was found in the NCBI database. The data before and after “\” in the table

indicate gene sequence and amino acid sequence homology, respectively.

22 “FATHM BT

SPATHE A BT B, e R SR AN 36 B R
FeA:, Chok-B 77A7E 6 AbFATHELAL 55, 451K
52 His. 74 Gln. 212 Pro. 257 Arg. 331 Ala #1
334 Ser {7 i1, Pcyt-B 777E 18 Pro 1 339 Ala
A PAT AL T, Cpt /77E 2 Asp 14 Leu #ll
91 Asp —Ab-FATHEAL £ 5 BR R BRI DL 51
B LI, Cpt 777E 21 Arg — A PATHEALAL 5

(H1~5).

2.3 EFEEIIHE IERGEERA R

J TP AR R 0 v D B AR A g D R B
Chok-a~ Chok-B~ Pcyt-a Pcyt-B Fl Cpt & 15
TR FEAL B, I AR B R B2 e 0 JH 22
BEME R R Chok-o 3545 3 AL 1E A3 Az
A, AN 4 Lys. 5 Phe A1 10 Glu £ 55, H#&F
M EEREE (P<0.05). &ER% Chok-a
A 3 A ERIEEALE, 4308 135 Asp. 401
Ser Fl 405 Arg £ &, {HIXEEA] 2 3 A B

(P>0.05). =) RO Chok-p H 4 AbIE Mk
R, 23518 4 Met. 7 Glu. 9 Leu £1 92 Tyr
IR, I 4Met fL i ZREE (P<0.05) . &
JERY B Cpt HHEA 2 A IEFEESRAT A5, 25N
163 Glu H1 175 Tyr Az s, HAY 163 Glu fi7 5
ZRBEE (P<0.05) (F3).

24 =R R E R SE R A B AR pgk
RREFER A AL SIFT PPk

SIFT 255K M, milE % Chok-p ) 212
Arg 7 SR R Th AR B35 (P <0.05),
1M 52 His 74 Gln. 257 Arg. 331 Ala 11 334 Ser
fr X HIIRERE AN R3S (P> 0.05); = R
% Peyt-B 9 18 Pro 1o i 4 FLIE K D) R 2 & 5
i) (P < 0.05), 1339 Ala X HIhfgE MR L
= (P>0.05), =l Peyt-B [ 21 Arg 7 5
St HINRER A2 (P> 0.05); )5 i % Cpt
1) 2 Asp. 14 Leu fI1 91 Asp A7 s % HIh g g2
ANEZE (P>0.05) (F4),
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Site 21 Site 2 Site 14 Site 91
AA\codon AA\codon AA\codon AA\codon

78[ LT Mesocricetus auratus (XM_005075811.4) QWAC A\GCA R\CGG KWAG
PR AR Cricetulus griseus (XM_027426277.2) QW AGC A\GCA R\CGG K\AAG

98
HJF M B Microtus ochrogaster (XM_005350521.3) QWGC A\GCA R\CGG KAAG
KB Rattus norvegicus (AH007110.2) QUAGA A\GCG R\CGG KWAG
%0 74
N Mus musculus (NM_008796.3) QWAGA A\GCG R\CGG K\AAG
S SR HrAR N Bk B Jaculus jaculus (XM_004669938.1) QAGC A\GCG R\CGG K\WAAG
2 79 E IR B Eospalax baileyi R\GGC A\GCG Q\CAG MAAG
99
— LI 5§8 B Nannospalax galili (XM_008838434.3) RGGC AGCG QCAG KATG
#68 B Heterocephalus glaber (XM_004859786.3) Q\AGC - R\CGG K\AAA
4
_9 98 — BKB Cavia porcellus (XM_003466826.4) QWAGC D\GAC R\CGG K\AAA
77|
EF| )\ Bl Octodon degus (XM_004645281.2) QWAGC A\GCG Q\CAG QWAA
HRR Pan troglodytes (XM_511897.6) QWAGC EGGA W\TGG R\CAA
64 XA Oryctolagus cuniculus (XM_002719280.3) QWAGC KWAG R\CGG NWAGG
92 BB B Ochotona curzoniae QAGG NWAT L\CTG NWAT
99
b B O. princeps (XM_004591003.1) QWAGG NWAAT L\CTG NWAT
—— FK4- Bos taurus (NM_174835.2) Q\AGC D\GAT R\CGG K\AAA
100
“— 458 2F Ovis aries (XM_015098437.2) QWAGC E\GAG R\CGG K\AAA
BRTA R
0.05 Ictidomys tridecemlineatus (XM_005321599.4) QAGE  AGCA  WITGG  K\AAG

B1 EF Cpr ZRFHHXFIIMRNRABRIERER FRAFATHALALR

Fig.1 Maximum likelihood tree based on coding sequences of Cpt gene and conver gent evolution sites

FGRE R b BT HE R R RIYE A i e ) e D BT LA BB B S R SR AL SR R . R GER T PP 81 23 50 3 s e R IR R0 7 P ik
B, IR R R R AR R BRI LU IR R DB e S B S B 56 BR S A i R A e BT 232 B 307 AR AR Ry
R B RAEAIEE B AR R

The boxes in the phylogenetic tree show the Ochotona curzoniae and O. princeps with the highest homology, as well as the Eospalax baileyi and
Nannospalax galili. Amino acids and codons of parallel evolutionary sites are shown in the right of each panel, and amino acids in E. baileyi and
N. galili, and between O. curzoniae and O. princeps with the highest homology are underlined. The numbers and scales on each branch represent

the bootstrap value and the distance scale, respectively.
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Site18 Site339
AA\codon AA\codon

HIER R Eospalax baileyi L\CTT S\TCA
62
LI6.568 B Nannospalax galili (XM_008822721.1) L\CTT S\TCA
59
KB Rattus norvegicus (XM_008822721.1) L\CTT S\TCC
97
5 N, Mus musculus (NM_211138.1) L\CTT S\TCC
85 F R H B Microtus ochrogaster (XM_005370715.3) L\CTT S\TCA
62 S F B Mesocricetus auratus (XM_040744195.1) L\CTT S\TCA
M R HTAEINBE B Jaculus jaculus (XM_004669995.1) L\CTT S\TCA
#REE B Heterocephalus glaber (XM_004872229.2) L\CTT S\TCC
65 KB Cavia porcellus (XM_003466411.4) L\CTT S\TCA
65 ————————— EBZR Chinchilla lanigera (XM_005407849.2) L\CTT S\TCA
65
2 H1/\t&5 B Octodon degus (XM_004631371.2) L\CTT S\TCC
— | B IR B Ochotona curzoniae P\CCT A\GCC
96
JtE B O. princeps (XM_004587827.3) P\CTT A\GCC
83
JXH Oryctolagus cuniculus (XM_004587827.3) L\CTT S\TCC
85 | —— FK4 Bos taurus (XM_004587827.3) L\CTT L\TTG
100
W13 Capra hircus (XM_004587827.3) L\CTT L\TTG
85 |
,— £ N\ Homo sapiens (XM_004587827.3) L\CTT S\TCA
98|
01 MRSR Pan troglodytes (XM_016943244.1) L\CTT S\TCA

B2 T Peyr-p R X 7R KB ARDRER G R BN FAT AL

Fig. 2 Maximum likelihood tree based on coding sequences of Pcyz-f gene and conver gent evolution sites

AGURE W 5 HER S RIS B e P v SR LA L BB B, v B SR AL SR B S R WY 1A 1) 20 i s RS R AT 7 O st
FEFPH, I TR B R R R v MR RO DA AR B DL i SR S B SR SR SR I B LA T B eh 830 B e DL R AR ROY
TR RAEMBEES bR R

The boxes in the phylogenetic tree show the Ochotona curzoniae and O. princeps with the highest homology, as well as the Eospalax baileyi and
Nannospalax galili. Amino acids and codons of parallel evolutionary sites are shown in the right of each panel, and amino acids in E. baileyi and
N. galili, and between O. curzoniae and O. princeps with the highest homology are underlined. The numbers and scales on each branch represent

the bootstrap value and the distance scale, respectively.
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63

& EHE Mesocricetusauratus (XM_40750366.1)

87

46

95

BB Cricetulus griseus (XM_027408762.2)

L ¥JFEMH K Microtus ochrogaster (XM_005351626.2)

70

N Mus musculus (NM_013490.4)

36

KB Rattus norvegicus (NM_001277.3)

SR TAEMN Bk B Jaculus jaculus (XM_004656774.2)

HRIE Pan troglodytes (NM_001280076.1)

99

L % A\ Homo sapiens (NM_001277.3)

EJR BB Ochotona curzoniae

93

tZE B % O. princeps (XM_036493775.1)

87

31

B2, Chinchilla lanigera (XM_004627131.3)

——— ¥REER Heterocephalus glaber (XM_004852196.2)

—— KB Cavia porcellus (XM_023564482.1)

L SFINE R Octodon degus (XM_004627131.3)

BRI Bl Eospalax baileyi

1 100 DU 31§ B, Nannospalax galili (XM_005384286.2)

B3 ET Chok-a ZRREXFFIIHBEHRRIURERFREN
Fig. 3 Maximum likelihood tree based on coding sequences of Chok-a gene

FGURH R b BT HE R R VR i e ) e D BR S AR SR RS, DA S AT LA SRR R . P rh 432 BT DL SObR M 30 B MR

LER VAN

The boxes in the phylogenetic tree show the Ochotona curzoniae and O. princeps with the highest homology, as well as the Eospalax baileyi and

Nannospalax galili. The numbers and scales on each branch represent the bootstrap value and the distance scale, respectively.

25 REMR. mERAM SD KRMGHR
AR I AR & B OSSR EE R I mRNA 3Ri%
K

PG E B PCR 45 IR, B 5 R Chok-a
F1 Chok-p mRNA Rk /K348 3 i T i i
%5 SD KR (P < 0.01), &R R% Chok-p
mRNA LIE/K- 52 5T SD KR (P <0.05);
SD KR Peyt-a~ Peyt- Fil Cpt mRNA FRIEIKF
BERTEER ARG R, HmERasS
R R ZE T (P> 0.05) (K 6).

3 i

I & U M W8, sl ME0 kS
(Heath et al. 1973, Hopkins et al. 2002) . &
KSR, SRS T — R YA RE
AR S8 B8 1 AR R A L (BB A
2006, EHEASE 2008, HKitigSE 2009) . 5
SD KA, i S BRURH 5 Ji BR, B B4 H A ifs
WIEAR N, R TEAR R (3] o I

N,

m UG B BOEZ . N T
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Site52  Site74  Site212  Site257  Site331  Site334
AA\codon AA\codon AA\codon AA\codon AA\codon AA\codon

g L% Capra hircus (XM_018048996.1) Y\TAC D\GAC MATG KAAA E\GAG R\AGG
100| | 433E Ovis aries (XM_027968289.1) Y\TAC D\GAC M\ATG KWAA E\GAG R\AGG
34 4 Bos taurus (XM_027968289.1) Y\TAC D\GAC MATG K\AAA E\GAG R\AGG
BB B % Ochotona curzoniae H\CAC \CAG P\CCC R\CGG A\GCT S\AGC

45 100 JbE B O. princeps
T (XM_004589692.2) H\CAC Q\CAG P\CCC R\CGG A\GCG S\AGC

XA, Oryctolagus cuniculus (XM_002723235.3) Y\TAC H\CAC MATG Q\CAG E\GAT R\AGA

43 % N\ Homo sapiens (NM_005198.5) Y\TAC Y\TAC MATG E\GAA E\GAG R\AGA
T{ BURJR Pan troglodytes (XM_001144556.3) Y\TAC Y\TAC M\ATG E\GAA E\GAG R\AGA
— KB Cavia porcellus (XM_003461558.4) Y\TAC C\TGC MATG E\GAA E\GAG K\AAA

% H5E B Heterocephalus glaber (XM_004845286.3) Y\TAC C\TGC MATG E\GAA E\GAG NWAAC
44 1)\ B Octodon degus (XM_004642436.2) Y\TAC C\TGC MATG E\GAA E\GAA K\AAA
9 22K, Chinchilla lanigera (XM_005379593.2) Y\TAC C\TGC MATG E\GAA E\GAG K\AAA

ZE SR AR Bk Bl Jaculus jaculus (XM_004650423.1) Y\TAT C\TGC MATG E\GAA E\GAG K\AAG

H RS B Eospalax baileyi - - MWATG E\GAA E\GAG K\AAA

—— LLaF)68 Bl Nannospalax galili (XM_042237846.1) - - MWATG E\GAA E\GAG K\WAAG

i JE HI B Microtus ochrogaster (XM_005354334.3) Y\TAT C\TGC MATG E\GAA E\GAG K\AAG

o KB Rattus norvegicus NM_017177.1) Y\TAT C\TGC MATG D\GAC E\GAG K\AAG

IINE Mus musculus (NM_007692.6) Y\TAT C\IGT MATG D\GAC E\GAG K\AAG

4 Hb B Mesocricetus auratus

(XM_005067103.4) Y\TAT C\TGC MATG K\WWAG E\GAG K\WAAG
67 A B Cricetulus griseus

(XM_027396289.2) Y\TAT C\TGC MWATG K\AAA E\GAG K\AAG

0.02

B4 BT Chok-p B RHLIX FFFIMEKIBRECERE RGR B R AEAT AL

Fig. 4 Maximum likelihood tree based on coding sequences of Chok-f gene and conver gent evolution sites

RGP B HER R RV i e ) SR R S AL SR B, DA SR AT LA SRR B . RGER A WE 79110 ) R B IR IR AR 2
FIBREE 7, IR R LR R R IR A Sy R LA R B DA e R G AIE 35 BR S U A R R AL e I T & 52 b e DL R b
RPN B RAEMBE B AR R

The boxes in the phylogenetic tree show the Ochotona curzoniae and O. princeps with the highest homology, as well as the Eospalax baileyi and
Nannospalax galili. Amino acids and codons of parallel evolutionary sites are shown in the right of each panel, and amino acids in E. baileyi and
N. galili, and between O. curzoniae and O. princeps with the highest homology are underlined. The numbers and scales on each branch represent

the bootstrap value and the distance scale, respectively.
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s 4B Mesocricetus auratus (XM_040750926.1)

LR B Cricetulus griseus (NM_001246737.1)

90
36 ——  FJRH K Microtus ochrogaster (XM_013351571.2)
KB Rattus norvegicus (NM_078622.2)
45 r
57

JINEL Mus musculus (NM_001163159.1)

60

— B R B Eospalax baileyi

73
L | IfaFIRE R Nannospalax galili (NM_001163159.1)

= L XBHTEHEMB R Jaculus jaculus (XM_004668332.1)

BHII A B, Ictidomys tridecemlineatus (XM_040270240.1)

88 | W2 Capra hircus (XM_013963486.2)

99 m 453F Ovis aries (XM_012096322.3)

K4 Bos taurus (XM_005201384.4)

99 ’ & N\ Homo sapiens NM_001312673.2)

28
L SRR Pan troglodytes (XM_016940198.2)

X4 Oryctolagus cuniculus (XM_002716534.3)

50 BB B Ochotona curzoniae

9| 4k B4 O. princeps (XM 004577825.2)

—— B2 Chinchilla lanigera (XM_005383126.2)
62

L $F )\ B Octodon degus (XM_023704753.1)

KB Cavia porcellus (XM_013160343.2)

96
#R6E B\ Heterocephalus glaber (XM_021254964.1)

0.005 86 K EhL 22 B8 B, Fukomys damarensis (XM_010624014.30)

B 5 T Peyr-a ERHEGXFIIMENBRAPREREREN
Fig.5 Maximum likelihood tree based on coding sequences of Pcyt-a gene
REGURE W IR 7 NE R T v v [ v T R R AL 36 R S, v TR BRI DA (R B o TR mP 2% S B B A B JRUA3 T 26 B A A B

B R
The boxes in the phylogenetic tree show the Ochotona curzoniae and O. princeps with the highest homology, as well as the Eospalax baileyi and

Nannospalax galili. The numbers and scales on each branch represent the bootstrap value and the distance scale, respectively.
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X4 wERBRAER R AP EBER A B2 R AL AN H I RE R
Table4 Theeffectsof mutation sites on the function of phosphatidylcholine synthesis

pathway in Eospalax baileyi and Ochotona curzoniae

EA L/l A AR SIFT 4 SIFT TR &5 5%
Protein Species Substitution SIFT score SIFT prediction (cutoff = 0.05)
Chok-B  JE B &t Ochotona curzoniae YS2H 0.170 R Tolerated
C74Q 0.304 K [ Tolerated
M212P 0.048 H 5 Damaging
D257R 0.403 B4 1 Tolerated
E331 A 0.131 KM Tolerated
K334 S 0.686 K [ Tolerated
Peyt-B =R O. curzoniae L18P 0.001 #§0i Damaging
S339A 0.255 KM Tolerated
Cpt = R B Eospalax baileyi Q21R 0.052 K 1 Tolerated
=R R O. curzoniae A2N 0.055 R M) Tolerated
R14L 0.233 KM Tolerated
K9IN 0.392 KA Tolerated
k% ns *% *%
101 m—r——— AR *% * 040 rc T ns x|
= 08" ] T " 035 T Ir 1
: I 61 1 0.30
B2 06 1 025 |
% g o4r 5 0.20 f
NA 02T L 0.15
RE 4 0.10 4
% :‘E 0.008 [ 3r 0.008
0.006 [ 2f 0.006 [
0.004 [ 0.004 1
0.002 | 1r f 0.002
0'000 . ; I 0 ! L 0 i L
' & g & ) & & &
PGS & X-os PGS L S BE & X=ad
& & & Q& &L & & R & & & &
o o o
T ey TS T dy TS T ey TS
* % kok
9rd ns *% 0.101 e ns *%
gl — I
2L
g7 0.08 [
%8 6
He st
®E 0.067
< ¥ 4 0.000 25 |
Z< 3f 0.00020 |
g % 2 F 0.000 15 [
i 0.000 10 | ’—‘T
0 ;—f—|.|—1—|. 0.00005F . L
%* 0%»
f*é@ %&
Q\“’ & Q\“’

a. Chok-a; b. Chok-f; c. Cpt; d. Pcyt-a; e. Pcyt-f5.
a. Chok-a; b. Chok-f3; c. Cpt; d. Pcyt-a; e. Peyt-f8. ** P < 0.01; * P < 0.05; ns indicates not significantly different.

El6 REMR. BIREFAR SDKRBERBIER A B REE H K mRNA Ri&KF
Fig. 6 ThemRNA expression levelsof key genesin synthetic phosphatidylcholine of Eospalax baileyi,

Ochotona curzoniae and Rattus norvegicus

** P <0.01;

*P<0.05; ns BREFLGITHE L.
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AUMLAZ R TR, B B AR A
T 2 0of A A5 P 3k 7 P AR A A R T v S R A v
JR R AR MR IR B TR SRR (E R S5 2008) .
il AT e ) P, Bl =R T AR X T 4
FRil RS D RE K H5 4 EZAE ] (Schoel et
al. 1994, Zuo etal. 2008) . i i P4 i ok
R AR o e AT s 96 2 T 7K 7 245 M v 1E 5 4544,
NI S8 It A RS RE 1 ORUE IR L 2h P 1) 15 W
W (Haagsman et al. 2008, Glasser etal. 2012) .
WOR K% R M OB O BE OH B
(dipalmitoylphosphatidylcholine, DPPC) & %&
FENH R S DI b, 2 T T R s 2 22
W4 CE R4 2002, Bernardino de la Serna et al.
2012) , F ARl I 7K 0 7 1Al e RS
RRAENAGK, T BB R DI Re (RIS
2000, EHREE 2002, XIHTESE 2015) - Chander
& (1975) RI, ARERES T Il ZH 23 b sl o
VBRI R IR R, i e S TS
Yo & by Yatsu 55 (1971) KN,
T e T ORI K SRR B b W B
& (1997) WHFERY, = B AR s )
JRBEARFA L B R AR TR FRAEH (2004)
I 5 E R Wistar KA RN, RIS
73 B AP v TR B, O i R 3 Y e I 2 TV 1 0 o Tl
fad s R E T m, HE bR amiR S 8
e AR, RN & 2B & 2 & T R
DA€, 571 8 B SR Ja g BRUTE AL (Spalacidae)
TS AGAE LL B B AR L b, TR
B — FEER LS By AR AE B P g N RE A, H AR
53 e K RF RO iy 5B (Nevo et al.
2011) ¢ JbSER AR ReR, FEMEERE
PO A L, A R B A R BEARALL, WK
73000 m PL b, TIPS ZIKE (Peacock
etal. 1997, Smithetal. 2015) . HFFRH, Hh
R B A AR S e T RE R i R
(Gurnett et al. 1984, Band etal. 2010) , A
FU 8 I P A R TR LR 45 SR AT LR
R R A S RS R R DL R R S Bt
571} 5 B S B IR PO A s A2 O B R R 41 ) [

L D

kB R R Chok-a 81 R Chok-f
v R WY B Cpr BERA IE MR R s XS
Chok-a. Chok-B+ Pcyt-a. Pcyt-B Al Cpt & HZ&
BT A MR, R RSIER R, &
Ji 8y BR 5 DA€ 51 g SR A7 7R 3R] (9 P AT kAL
& I8 SIFT Pl R I, & B % Chok-B 26
212 547 Peyt-p 55 18 547 AL Fe X H ol
Ae A B . Chok-on Chok-+ Pcyt-a Peyt-f3
N Cpt FERIB 7y S FERR AT 25 R A E 11+,
SEEERNS R AR, SRS
DA R, AT S S R T R

e J B B e i B SRR e 7 S 35 B
W, TESREIE T, BTAERSRNER, &
JER 0y BRI T AR B AR AR T s R R
AR SR, SRR S LR R A el
(BEAEAE 2004). BFFC KRB, BLERFK T Chok
WG 1A K. Chok-a mRNA F1#E FH/KF, Chok #
TR AE PR PR A BT RE R IR A4 7K S 1) B
(Bansal et al. 2012) . ARIIDL (2021) J@iLAE
SRR & &R, Chok-p T RS 8T etk
(R IR TR AR & B 23 N 1% Poyr &6 U IR
POk AE ARl 428 T PR IR ¥, Peyt-a /& Peyt 11320
R, CE ML SR Peyt-a FIZRIEREIE I
NEBEARBR & i (9 HE4E 2018) 5 Cpt 25
SR s Y R IR & RO R R — PR
N, AT B E RE RBE A RR . AR SO E
& PCR 45L&, &M B Chok-a 1 Chok-f
mRNA REK P RERTEER%ES SD K
i, SD K& Pcyt-a- Peyt-f Fl Cpt mRNA ik
KPR T R RS e R

FH T G SN E 1 o e (R A il 2 T v 14470
B, BTN E A DA AR i T ke ) A e il
TRETNRE, ERRFIER MG IEE. SeRiitFE R,
5 SD KEAHEL, i o SRR g i R Al 2R T
EEY R AR SRR, DEASERE
BN (ZEKEEEE 2021) o BB IR AL 4 )
TE e SR BR A R0 W BRI 2R T VS R ) T
RILT m & =0 FEJE VR AR 408 2 HBD
(3) F1 HBy-like, ‘EATHESH T ifiZk mvE )
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FRE AR, P AT A T B
T, IR e R RN R i R AR IS BRI
() EZEHLH (Anetal. 2022, Lietal. 2022) .
M2, 5 SD KEAHEL, 5 R SR = 5 B
il 2 T VA R A SR [RD a1 B AT TR AR AR S
REJT, MNTTSE R T RIS PR 5 1 R A

Z % X W
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