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Abstract The deer resources in China are abundant, with seven species in the sub-family
Cervinae distributing in various areas. The intraspecific phylogeny of Cervinae has been widely
explored, while the evolutionary relationship among different species requires further efforts, in
which only few molecular studies on ancient materials have been performed. In this study, we
carried out ancient DNA research on two Cervinae subfossils from northeastern China, dating
of 3800 and 5100 aBP. Through ancient DNA extraction, double-stranded sequencing libraries
construction, next-generation sequencing and bioinformatics data analysis, we reconstructed
two mitochondria sequences with lengths of 16475 bp (GenBank accession number: MT784751,
sequence integrity: 99.83%) and 16167 bp (GenBank accession numberh: MT784752, sequence
integrity: 97.96%), respectively. Based on the mitochondrial homologous sequences of the extant
Cervinae species in GenBank, we constructed a phylogenetic tree. The results show that: 1) both
the average length and the C-to-T substitution frequencies at 5’- end of the NGS short reads
indicate the data are from ancient specimens; 2) the two ancient individuals clustered with Cervus
elaphus in the phylogenetic tree, and were molecularly identified as C. elaphus; 3) the two ancient
samples from Heilongjiang are phylogenetically close to the extant C. elaphus alxaicus, but far
from the extant C. elaphus xanthopygus. Combining the dates of the samples, we suggest that
these two samples represent a population of ancient C. elaphus in Heilongjiang, which was not the
direct maternal ancestor of the extant C. elaphus xanthopygus.
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PEFRILBELIMHIT U ANEDNAG FEERRGLE DR

B BAEEY  ERE O EHAY HR4
BRIRET RS BEFA BeR
(1 b A RDO PB4 B 17 430078)
(2 ] B A 5 P T 6 R S i 430078)
(G PEM R R A= RDOM ARG A5 I 430078)
(4 R RIRTTRIR 163319)
(S HRE A AR A Y G BIRITE X 151600)
(6 IR 2 ERDOMER R A 2B 3R 430074)

HE: WERRREFEE, BILAHCervinae)Zh WA 7L EAG 7oA. FELALKIF A 5
GRBEWFRIRE, (HRSYF WA RAYE Rk — B gE, o A1 K56 AR
R HOE T EE L. KR H BT P AN A5 583800715100 aff) 4 RE R 2h 4
AR ELTT e T I DNARTE . i (TDNASRMT, T DNAXUFE SCFEM L el i) 5 A it
SN, BB T K E S 916475 bp (GenBanki ¢S5 . MT784751, 752 5. 99.83%)
F116167 bp (GenBanki{5k 5 : MT784752, JFH 555 97.96%) LR R ZE R AL T4, X
ANFEREEAT T FEE . 4G GenBank P W R S M bk FIJEFE 51, BT R4
KEW. diRELW: 1) ZAQNFDNA T BOR S BAERE 2 BT i 7 71k B RO 2) R
MEERARERMAMEIE RS E W5 T REEE, EWMIEE BT 55w N S RE(Cervus
elaphus); 3) SBIRTTHIWAN dACHE T 5 IUAE T R 7 32 WA (C. elaphus alxaicus)3E4: R Rk
i, SIS AR (C. elaphus xanthopygus) RE R R . SEFEMFEUEE, ¥
HIPR AR AR B B L RS A, AR A S AR L AL i) B SR B R A

XPEiE. MWL, MR, HDNA, #FEE, REAKE S

RESESHES . Q915876 HEFRIRAL: A  XEHRS: 1000-3118(2020)04-0328-10

JE VR Cervinae) MR HE WAL, L M4 N g fEJE(Cervus). #YJE J&(Dama). 1t
JEE J&i (Axis) M1 BR RE J& (Elaphurus) (Sheng, 1992). K[HEERFTEE N+, LA sV
5 8 8 AL JEE (Cervus nippon) 5 EE(C. elaphus). Y JE(C. eldi) 7KJE(C. unicolor)Fl
HERE(C. albirostris), 1¢.J& J& K JE (Axis porcinus) K1 BE Ji J& IF) B JEE (Elaphurus davidianus)
FLTAM(Tu et al., 2012), 1 EHLAF ) BEFh BE R I HZ W RSP L4388 R G0 K A By
B, DRt [ A RO R SR BN g4k 1) e %53 (Sheng, 1992).

it 2s, NI A RE RSP IR AN R Gtk Ak S o 0 9 AR T A SR AE, B
WA CATES . MBARE., kg AEE . IHE MR RA G LFRE . AR
HRFE. AT ARHIESE, HAmE i AaENCEN . S RIESERA R E BRI —
(Groves and Grubb, 1987; Sheng, 1992; Cai and Yin, 1992; Dong and Li, 2009; Dong et al.,
2018). T A TR W T Xt o AU Rl s i S 7k 2 —,  BEAIAR(1992)I
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JE BN A A I S B AR L S S i LA I s, AHLE T A 1R 20 R R v DR A A
WA SERNE RIS, KA SiE MR Geist (1998)45tH, B M LLBIE &Y
FE 53 FAHEACHE F b HEA SR ATEERY, DRI Be ) W 1) T4 SR AIE il 2 R 53 2% A AR AX T
PR KZESR, BT AW EH2 %2 . Emerson and Tate (1993)f5 Hi E R shW 4
ST FU TR (0 R T A0 B B SR IR S 5 32 B R B AT BEAL RS2 . R G JE R 3 )
WL 20 RARAFAE R G . 140K, RZ A AEAL G0 B B3I T 40~
(Wang and Du, 1983; Neitzel, 1987)F15F A=W PA K v HEEHLE AR KT SR Wit AT 70 2500
FL, AT EXPHGEAT TANRAME . SR, W R BN T B R Gy A,
S[R3 TR 55 ¥ 47 4+ i (Emerson and Tate, 1993; Grubb, 1993; Geist, 1998; Polziehn and
Strobeck, 2002; Liu et al., 2003).

I DNARRAFAE S AEM WA B . B H MR AR T, BN TKF
SR A Z TR R AR AR ZE St o R A v AR R B 7 1) vy DN A ZI R 1A B 28 4% Ak
RAGEE, &G IAE RSB (S B s RS, 256 it 5 b B R}
VARG T A RAF IR ETT 17 (Liu et al., 2017). AHF SRR B 2T A 5 2R 115 A
S EL A R sh P it B 3E AT AT DNASREL . DNAXUEE SCRE M @ Mm@ &0 )7, @A
YME B ITIERT P FV BRI AT I, oK WAL B AT R e, S5 &I
B RIS 8, R REFF 2 25, @l R KT IR 5 A
[] PR R AL 5K 2R

1 MESTTk

1.1 SEIet

PN SIS AR B A SR VLA K RIS . $E 1A 1 ZEkd 2k, CADG522
T20084F K I T B VLA EARTH ARV 2 B Ae VL i ; CADGS27 120034 K I T 24
AT B S 2 (e i« FE S AEAR B 38 [E BETASE I8 5 38 ik FCi ik [R) 67 25 5 7 73R
2, MXEEWRL E1R.

K1 7 H BRILEE R T 2 (AN 5B 590 2 (B) A JRE ST TR A
Fig. 1 Samples of Cervus sp. from Taiping, Zhaodong (A) and Niaohe, Binxian (B), Heilongjiang
A. CADG522, metacarpus; B. CADG527, radius
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®1 HRERER

Table 1 Samples information

Sample No. Collection No. Morphological species Tissue type Carbon dating (aBP) Unearthed place
CADGS522 H52710 Cervus sp. Metacarpus 3800+30 Zhaodong, Heilongjiang
CADG527 H45190 Cervus sp. Radius 5100+£30 Binxian, Heilongjiang

1.2 HDNAIREL

e 4.5% IR SR W E B8 AR LR T, PR oK QR IR AT A
HAVIEINL I ELZ)300 mg i B AEA, K B BRI B J30F &K #%Rohland and Hofreiter
(2007a, b)§J )5, 8 S EDTA (0.465 mol/L)HIEE K (0.4 g/L)HIZLARIKFE 7 2L iRt
A, FHEFIDNAZEAL 71 £ (QIAquick PCR Purification Kit)4h i g i (Millipore) 58 i i
i AT DNA ) HEER .

1.3 EDNAXUEI EHE SN F

T DNASUEE % #4229 554 5 B (Matthias and Martin, 2010): 1) K2 & (blunt-
end repair), i HH T4 % BIZ BRI EE (T4 polynucleotide kinase)fIT4 DNA X & i (T4
polymerase) i DNAZ F Be R ui & 5155 2) $523k %4z (adapter ligation), I PidE#%
filf(quick ligase)Rf 4%k (adapter) v Be i 42 A2 -1 SFHEEDNA 7> T K b 3) HeSk A5
(adapter fill-in), {5 FBst DNAZE G BRI 4 3L B AR S #h 55 9P K 4) U1
Frid(indexing), LA MAF 1)/ BT 5IXDNA ST AT R R bR e,  DAAETR G S
W B AN SCEE AT X 43, 0 R A 9 Q5 = fR FLDNA 5 & il (high-fidelity
DNA polymerase). 5z /i A4 £ 1S 2 HEAT — IRk 2l A0 B AT 45 21 B 100 5 1 7 DNA XX
BESCHE . K7 58 I SC R IR A0 132 A 1 R DRI A B BEAT SR I 7 o ARBIE ST PR ANEE i
I PN EIR S AL B A SO (522-1, 522-2 %527-1, 527-2), St 68 — bk A SCEE HEAT T
Fr A5 200 7 208 522- 1Y F1527-1Y, SR EEI 15 200 Fr il 522-1SF1527-1S . 55 —HEIRC
JE B AT IR BEDN 45 200 7 4 522-2S F1527-28S
L4 NFHERELES SR

T 23w B AL )7 7 51 SO NFASTQRS 2, X —FE a4 — S, 43748
“cutadapt-1.12" (Martin, 201 1)) Bz 4223k 7 1 33 P8 4K T30 bprsa B, SR )5 H B
“BWA-0.7.15” (Burrows-Wheeler Alignment) (Li and Durbin, 2010) f{j“aln” Fl1“samse” ¥
B EZE LA, &7 ER KT 300751 iz HSAMtools v1.3. 13 ff
(Li et al., 2009) 1 1) “view” Fl“sort™ B K o 42 7 4144 5 i B AE 25 LA Eai AT HF
/¥, F“rmdup” 2:BR 1] REAFEFIPCRE R T4, H“merge” 51245 2 & — L PE 1) . —bam
M W R —FE IR S FEbam CAEG 3, FRE AT “rmdup” L BR AT BEAFE B
A, 1920 [E—FE 5 S Hbam SO, H 2 Hlangsd-0.916%% {4 (Korneliussen et al., 2014)
“-doFasta” 3t UL AS 21 (1) &A% i = 8] 77 S FAS TARE S0 A o

X T DNA S T I 40000 VP Al A SR A R SCE ARG I FEWRER AT
bam SAFAE NET N A, “mapDamage” X /4 fl.(Aurelien et al., 2001)4t i H B oK 0 5°
S A1 3 S T A A 475

JFHNUCECE , 2 DLBR i 2 br 44 BE A 26 7 41 (GenBank Wi 5% 5« NCO18358)E A S
JFH0 0 7 BAR AT WP O, W TS ki ig 7 41 R 5 B, [ BLAST (https://blast.
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ncbi.nlm.nih.gov)fEZEKE 2R, 15 2L 7 HI PR B, W15 e SO0 A & 1) il & 28
o AT PIARE S IS —HERAS BB S — AN SO, S JE 1% FH BE JEE (GenBank 2 5%
5. NCO18358) 1Ly i 7 3% 7 Fh (GenBank & 53t 5. KU942399) [t £k i 44 52 K 1Ay 2
5 DR ZHL 36 ) K (522- 1Y AIS27-1Y ) BEAT UC R 0 T o #3281 58 LR35 P AN ST )
VR EEN 5 25 J.(522-18, 522-2SF1527-18, 527-2S) /G, R ik FHTE S —AN SCHEEUTHEE 4347 T
Bt B 5 v i 2 2 L RN FIE & 90 SR IS B R AL, 6 P R 4% S0 26 40 S AT Bl ot ik
G IR, B 245 B AR IR E T DNAJFEF .

1.5 RGABHH

FHBioedit 7.0.9.0 (Hall, 1999)X}ll45 1] Fy #1l A7 HEZ S Ll FE4H AN RSN, BAFY
73PN FE 5 T DNA T 1 5 364 JE LR B0 W F1 — AN R BEE JE (Alces alces) RIS 7
51(15109 bp, A& D-loop[X)7E CIPRES ¥ i (http://www.phylo.org) f# Ff| PartitionFinder2
(Cognato and Vogler, 2001)fIRAXML V8.0 (Alexandros, 2014)if i 500K H %546 36 Al 11715
SRS R BN, IS A% (model for substitution)iE#GTRCAT. Z %K & W1
J&E 7t i id Figtree v1.4.2 (Rambaut, 2009)58 . 7087 7 B FFE SIS B 22, 411k Y

e U ARHE T [ AR PRI 4 SRRl o [T, S5 A ity SRS ¥ v ] 2 JEE S WU o AT 1 JEE 4

BT 41T GenBank H T (K i A e i 81 o

w2

R R BEONRERFIIES

Table 2 Sequence information used in phylogenetic analysis

Subfamily Genus Species Accession No.
1N
TR, xis axis IN632599 NC020680
s . Hé(}ﬁ‘ NC020681 MF435989
Axis porcinus
)R il NC024819 IN632630
Dama Dama dama JN632619 NC020700
R )R BRJE IN399997 IN632632
Elaphurus Elaphurus davidianus NCO018358
D/ﬁ)ﬁ% . HM049636 NC016707
Cervus albirostris
4
Cervus eldi KU133959
L IKJE DQ989636 NC008414 EF035448
Cb:r in;le Cervus unicolor NC031835 KY946815
v
A NC006993 NC013834 NCO016178
Cor */; - NC018595 NC008462 NC007179
R crvus mppon NC006973
o " KA R HQ191429 NC014703
ervus C. elaphus songaricus KJ025072
AR . NC039923 MH513320
C. elaphus kansuensis
74 ARACTEFp
GU457434 NC013836
Cervus elaphus C. elaphus xanthopygus
T R Fi
457435 NCO013840
C. elaphus yarkandensis Guas7 ¢
-
[ 437 32 Wﬂ" KU942399
C. elaphus alxaicus
7 1A R AR 0E ) DE NCO20677

Odocoileinae Alces

Alces alces
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2 4R

2.1 BHRZRIIKADNAKEER s E R

iz FdmapDamage 84 % 9 N BE 5 BT 45 22 BLARDNA — AR 3 5 51 34T 40 1, A i B
B WG B2~ . CADGS522FICADGS274E 5 5l [ C— T Hif 3 5 #4543 7|
H16.883%H16.897%, 3”3 [11“G— AV HHIE 2 W sl 43 1) 6.105%19.123% .

e s - Subs. type -
= L
—— Gto A
s — S (09 MEEISE it —
/
/ /
i)
5] - =] 1 e =
& 0.050- f B
g |
S — . - |4
g + / = f
2 el 1B L,
= 1 L
2 AL L g z /
0.025- / e 0.03- 1 = 5] A
/ \ Tl
o 0 -
— I\I\_TKTTIT Jeessll | . EM\TTT:F?:“ NEEE I E s Y]
1 3 5 7 90 11 -11 9 7 5 3 - 1 3 5 7 90 11 -1 © -7 5 3 -
A Relative Position B

K2 A CADGS522 (A)MICADGS27 (B)Z KL ADNA i BOR % H R H L 4t v
Fig. 2 Statistical analysis of nucleotide misincorporation observed
on reads of samples CADG522 and CADG527

2.2 ZRNFHIERFIILEXTER

2 J5 A8 ] BE FE (GenBank gt 5 : NCO018358, 4x K 16355 bp)Fl L i fif 437 35 7 fh
(GenBankii{{t5: KU942399, 4xK: 16503 bp) Lk RSN/ NS H I N A, K
B f 28— HL R ) SC PR (522-1R1527- 1) B T 7 £ b (522-1Y F1527-1Y ) AT UC B 4 B, 45
BB IRPIANRE S SR 4 35 T R VTR R R o B 2 DARHT 437 35 1 JEE 2R B AR SE IR AL S %
35 D] 2H %6F ST P B W B0 (522-1S, 522-2SF1527-18, 527-2S)iEATid . DUHCFI-& FfAb
T, RIS HANEE 16475 bp (GenBank i35 : MT784751, JF 41 5244 . 99.83%)F
16167 bp (GenBank§{35 5 : MT784752, FEX5EHE . 97.96%) 15 DNAL KA FE K 41
SCEE TS BRI FR
23 RZEAEW

BT AT AS 6 2% T DNAZRLAR T 51 F1 N GenBank A 2 T 1536 2% JEE &L S 41
LRI R FE R P51, LAIEJE(A. alces) N4 (outgroup) M & 173 T R G K B M (K13) i
s I ARKE A (CADGS22 MICADGS27)#l 5 B RE R 437 38 ML AR SOy — 32, Ty R 4 3%
WA RIEAr . HR ARG M — & S LR HoVHRRE, HY5E#H R E
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Ji e 3 LRI B AR o B PSSR SRS — ST TR RER 3B . SR 53
ANBRFE RN — 0K, AERSARAR R il 2 S8 14 il JEE AT JeE J O A E R R JE

#=3 ZRNFHEER

Table 3 Next-generation sequencing data

Sample CADGS522 CADG527
Library No. 522-1Y 522-1Y 522-1S 522-28 527-1Y 527-1Y 527-1S 527-2S
Reference sequence NC018358 KU942399 KU942399 KU942399 NCO018358 KU942399 KU942399 KU942399
Total reads 6807540 6807540 30323142 13921352 11761088 11761088 41246962 4391446
Ratio of reads > 30 bp 0.968 0.968 0.967 0.944 0.975 0.975 0.974 0.926
Mapped reads 564 1372 6665 1530 356 782 2508 135
Unique mapped reads 459 1117 4283 1309 304 558 2015 125
Mapped bp 30267 81857 320240 61212 17531 41869 122203 5763
Mapped sequence length (bp) 10314 16260 7437 14141
and coverage (%) 63.06 98.53 45.47 85.69
Average reads (bp) 73 74 46 75 60 46
Depth 26.59 4.63
Final sequence length (bp) 16475 16167
and ratio (%) 99.83 97.96
LIS
2 2 3 2
4 = ]
2 % 28 3 F 2
. % % 8 32 28 g S
fhn % 3 v ¢ & s 8 9
" % Y @ é‘/ Q
%, mm KB 4 porcinus
2, 599
Yo » 1 A axis
my, o 88 D. dama
e o . HEColdi
EF 035445 b EEfE  E. davidianus
DQososs OutgrouP ww HER  C albirostris
0
10 cADGs22 Em K C unicolor
NC008414 e C. nippon
Ncoﬁgw\ mm G C elaphus
s
G ® CADGS522
(Zhaodong, Heilongjiang)
'é(’Q S
@@ ® CADGS527
< 2 2 2. (Binxian, Heilongjiang)
S & & « . SN X
T I F et B % o DT T
C § &z £ g B v _
< 8 = 5 SRS N C. elaphus alxaicus
o s S fﬁ ko (Yinchuan, Ningxia)

3 R R A B R 2415109 bp RIVEF SIMLIL R 40K B #
Fig. 3 ML phylogenetic tree of Cervinae species
based on 15109 bp mitochondrial genome homologous sequences

31

H R RERADNAE L L E

AW FT S DNAFP S B SSVE R WA R IR AE: G, KRR M I Ag 4% ok
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DNABFFERTE, a0 EE . $EHR i FE AT AE I DNA L ] S80S IR AT, S
36 3 MRS S T DNASLIG B 75 Yo M B /E o Houk, sEIRRE, REN. #ESRERE
AR IEXT R, XSS WoRTo R, HERREN . B R S (R AE XS
Beo PR, ABEFIFITFHIEBLASTE W, A HERE S 013 BLT 21 358 RERL sh i 2k
IEEER P B ARSI = MRIAT IARE RN 70 F AW 225258, Ffs iy A1 s SRR T
RFES . fJa, AW SR TR R AADNA B BOT S K BB, £045~75 bp, &
DNA i BURFAiE(Hofreiter et al., 2014) [AI, 22 — AR5 FT43 /5 4B i IVDNA A B i) 5°
BRI C— T B B A 22 43 1) 96.883%F116.897%, £+ LrSawyer et al. (2012)5 T i AR 2k ki 4
DNA ;B 5 o “C— T & i 2 5 R i AR AH G Fi g5 R . 2R b, AW s
FF 8k H b AR I DNA T3
32 BIMIINRZUELXR

AR, RTEWAS B RREMA KR, ATAREARAEK. JtkHR,
2R PRy 1) X7 B S E 9 3 R R RN K RE 55 8 TR s P I HE A SR RABE, A B R R IR
JERZIFNREE, VAT 5 B @ 8 & )k 45 (Wang and Du, 1983; Randi et al., 2001; Liu et
al., 2003). AWFFCIMNHATERISIYIFE i T E I R G K B (EB) B, BRESRE
JE I B oG, B EE SRR N100%, 32 FFRandi et al. (2001)%4BE fE )5 fE & 11
Mris (R IKRETE RGUR B A AL E 5 RE R & FhE B,  HUIKE SRR A N R — 43
Y, B, AHFRATEE ST, R (1983) R X1 ] HE 45 (2003 )4 JiA JEE 2l VA1 2 J8 B

TEREJB R, FoRA. MR8 UL S BN X R, AREIY)
HOK R B R IE R, S RE S5 MR R LT[R i MK B AL S Ao db i ok, I e D2 de
JE AR . B3, MEAERE AR BB MK E ALk, MEAERE 43 S 5 1 e Bl s 3
By RALEAR S R AR R AR b Ah 3 (5] SR 2T i) 70 SR b R B 177 5 RE % BRI
FhALT —F HORR . 1245 R BRI RE B B W b 78 7 1 M 2 e AT 8 1 S [RIAEL S o1k
I, T JE KUK 234 HE Mg A B RN T g LAt S, AR b (A JRE PR ZH /K P EHIE T SR A5 1

45k,

3.3 DREFEEMERER

KT LR ARG KRR, REFOW NN G R VE IR PO EHE
AA LA P A A0 2 1 i 508 7 0 0 BRI A, ZR AR B0 HE AL SERIRE L S S 3R 4
JLER AP #E(Polziehn and Strobeck, 2002; Muhmut et al., 2002; Ludt et al., 2004), AHF 5[
RGN 7R B BEOR G R A AR 3 7 v [ AR 4 T A R Y T 3 [R] A 56 B S A
[F 530, S REAEHEA TR 20 tHZR DG PRI Ao 3 BUR By A Lt /A ok, 7E
— /NP AR B ST N L g A, R RS S A A T A S R . 25, ARAETE
By HAREAN S IR LSRR R 2 AT A Ak 0, TX AR R 1 e ] S A AR R
A [ e ] R e R b MV [7) 2332837 4340 1) (Sheng, 1992).

O30 T T BN 520 A8 AR 22 b B R e s B MR, 2 R M — SR AR
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L JEE 437 38 U A AR (L et al., 1998; Wang et al., 1999). 5257 2% 1L Bl ki
YO T YA W R R B (1 M B AR AL B R, R COO — AR B AR (Qiao et al.,
2019). AHEFEI R B WA ARSI IRE i, B IESEA35] 09(3800+30) AT(5100+30)
aBP, RAEH MRV AR T AN B 530 22 (D AREEZ0 1900 km. Mg VLX) 3 AORE L 7E &
Uk AW LSRR S R R A ROy 3, T SR S R AL R R OC R
Bz, AL LRI ) B AT AR BCE VPR G OC R, IR MREH IR, I
P SINEE, BATRE S A T EUAE M S DRSS B ACRE AR A AR T
L RER R, AR S BEARICEA AR R E ARG AT S TAER AN [ Py s i
1. AN [ b 0 5 R AR o PR AR 5 TR 2 K A 3 R A BEAT RIS, DAY A 5 RE 4% I
(ORI A 7 S 3 3 B Dy e T X 2 5 IR
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