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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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PEFRILBELIMSIT U ANEDNAG FEERRGLE TR

B BAEEY  ERE  EmAY HR4
BRIRET  EERS BEFA mER
(1 P E b R R BOAEE 2B 7L 430078)
(2 B DR A0 M 5 5 B 5 R T A S0 % iRTYL 430078)
(G PEM R GRDOM ARG A5 I 430078)
(4 KIRIE e FRIBTIRER 163319)
(5 H XA Eg ARG BIETIE K 151600)
(6 P EI b R A @O ER B A4 B BRI 430074)

WME: WERRREFE, BILANCervinae)Zh WA 7TAFE T EAG 247 JEALKIF A 5
GREMITIR L, (HREWFN A R Rt — P08, Hoip oKX b A6
B HRIE T EE L. X R AR B IRV P ANEE 423 7 93800815100 af) i AR RE A 4
AR ELTT e T DNARTSE . i A DNASRMT, T DNAXUFESCEM 2L il ) 5 A it
M 1530 T PIAKE S 51916475 bp (GenBankUi3 5 : MT784751, 55654 . 99.83%)
H116167 bp (GenBankfi{3k 5 : MT784752, [FHI56#E 5. 97.96%) LKL iA B R A7 41, X P
NRERIAT T T E . 456 GenBank H LA W B S W I bR R T 51, MET R4
REM. g5REW: 1) ZARNFDNAR BARSIIEEE /BT Ul W 7 5100k | ARRE s 2) 7
MERARER MM RG R EW 5 EEE, DM IAE TR T 5% N S RE(Cervus
elaphus); 3) SEIEVLHIPIAS dACKE dh 5 BUAE B R h 38 AN (C. elaphus alxaicus)SE% K Fik
i, MS5MASERICEM(C. elaphus xanthopygus)s K REUL . &iGHEmFERGER, ¥
A RE S AR I BB RV AR S SRR, AR AR 8 AR AL AR B R BE R A S

KR SBRVL, R, HDNA, 5 FEE, REKE N

RESEDHES . Q915876 HEFRIRAL: A =S 1000-3118(2020)04-0328-10

JEILRH(Cervinae) X AR HEA}, FL70 4. IR (Cervus). #5REJE(Dama). 1E
JEE Ji (Axis) M1 BR R J& (Elaphurus) (Sheng, 1992). K[H R TTEE N+, FELA s
L5 8 @ AL FEE (Cervus nippon) 5 EE(C. elaphus). Y JE(C. eldi) 7KJE(C. unicolor)Fl
HJE E(C. albirostris), 1¢.Ji J& FIIK RE (Axis porcinus) K1 B JEE J& 1) B RE (Elaphurus davidianus)
JLTAM(Tu et al., 2012). 1 EILAF (1) BEFh BE R I HZ W RSP0 L4 88 R G0 K A By
B, DRt rb [ A RO R R BN kA 1) e 51 (Sheng, 1992).

k2, NG [ R 2R Sh R R RN 2R G kAl S o3 ST 7t EAR TR TR A SR, 151
WAME LR EEAAE ., kg Mf g HE MR L &RE. KRS
BRFE . AT ARHIESE, HAmERTECEN . AEIEET RS0 RN EERHEZ —
(Groves and Grubb, 1987; Sheng, 1992; Cai and Yin, 1992; Dong and Li, 2009; Dong et al.,
2018). =T A ITEA I TN T AR RS AR 7k —, BRRIAR(1992)1A
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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 SiEsm. Geist (1998)45H, B M LB &Y
TE 53 FAHEACHE F b HEA SR AT EERY, AR Se ) W ) T4 SR AIE il 2 PR 53 2% A AR X T
FEAER KR ZER, Frbl4E RAGERL #1252 . Emerson and Tate (1993)f5 i R &
SFRIEFU BT AR T A B B O S R R 25 5 52 B [F) 8P AT REAL RO SR . R E RE R 30 )
WL 20 RARAFAE R Ao 1405k, RZ A EAL G0 B LIl T 41~
(Wang and Du, 1983; Neitzel, 1987)H17; 7 AE4 %% UL Rt SEALEAR XS BE R B W HEAT 73 S
Foo AT X AT TANTRAME . SR, B RJARE . BRI S B I R Gt o R M,
S[R3 (UL s 77 4+ (Emerson and Tate, 1993; Grubb, 1993; Geist, 1998; Polzichn and
Strobeck, 2002; Liu et al., 2003).

HDNARAFAE S AEMWA BT A . B H MR AR T, BN TKF
AR 2 B B AR R 5 R R AR Sl P 1) T DN A GORE A L 28 A%
MG R, HEEDARRISIIN B (S B Pis R 2, 286 Wit 7o o B R
VARG T A REF IR ETT 17 (Liu et al., 2017). AHF SR K B HR I 525 115 A
wE B R S it B BT T DNATREL. DNAXURE SC AL S F0 il 0y, il A
WM BT IERT P SV B E AT IR, oK WAL AR B AT R e, S5 &I
B RIS 78, R RIE RS2 25, @l RGK T IR & A
(] AL R 2R

1 MESTTk

1.1 SEIet

PSS IS AR B A SR e VLA K RIS . 3R 1A 18 ZEkd 2, CADG522
T20084F K I T B VLA SE AR TH R £ B Ae VL i ; CADGS271-20034F K I 1 24
WT A B S 2 (R YA . BEA AR B 58 [ BETA SZ 06 %8 38 i O Ak [R5 20 i 773K
2, MAXEEWRL E1FR.

K1 7 H BRILEE R 2 (AN 5B 90 2 (B) I 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
CADGS527 H45190 Cervus sp. Radius 510030 Binxian, Heilongjiang

1.2 EHDNAIZEL

e H4.5% IR SR W E B8 AR LR T, PR oK SRR IR AT AT
HAVTEINL I ELZ)300 mgE B LA,  H K BE IR S )30F K #%Rohland and Hofreiter
(2007a, b)HI 7775, HHSEDTA (0.465 mol/L)F1EE HEFK (0.4 g/L)HI 2RI T8 70 ZLfRAE
ai,  FHE FIDNAZEAL 77 & (QIAquick PCR Purification Kit)4h i g i (Millipore) 58 i Ff
mm i DNA$ZEL .

1.3 EDNAXUEICEHE SN F

T DNASUEE % #4220 754 5 B (Matthias and Martin, 2010): 1) K2 & (blunt-
end repair), i FHH T4 %2 B BRI EE (T4 polynucleotide kinase) T4 DNA X & (T4
polymerase) ¥ DNAZ 1 Bt R ui & 5155 2) $53ki%E 4z (adapter ligation), PRI
filf(quick ligase)Rf 4%k (adapter) v Be i 42 22 E 1 SFHEEDNA 7> 1 K Ui 3) HeSk b5
(adapter fill-in), {5 FiBst DNAZE G BRI 4 L B AR B k55 9P K 4) U1
Frid(indexing), @I A IAS F /N v BT IR DNA S 13 TR e AR e,  DAETR G SCE
I B AN SCE AT X 43, 20 2 3 A R 9 Q5 /= fR LDNA 5 &5 i (high-fidelity
DNA polymerase). 5 /o W4 I ST R #EAT — IR B Bk 2l A0 R AT 45 21 B 1000 5 1 7 DNA XX
BESCHE . K3 58 ) SC R IR AL B3z A 1 DRI A J BEAT SR I 57 o - ARBIE ST PR ANEE
PR SRR A SCE(522-1, 522-2 ):527-1, 527-2), X &8 — LR AN SC 1 347 Pl
FoA5 2100 7 2 522- 1Y F1527-1Y, SR EEI 453 2000 Fr & 522-1SF1527-1S . 55 —HEIRC
JE BB AT IR BEDN 45 20 7 4 522-2S F1527-28 .
L4 NFHERELES SR

T A =) B B0 T 7 90 SO NFASTQRS =0, X —FES I — S, 2 3l E A
“cutadapt-1.12" (Martin, 201 1) VIBR42k 7 21 FF 0 E 4K T-30 bp s v B, S8 J5 F B
“BWA-0.7.15” (Burrows-Wheeler Alignment) (Li and Durbin, 2010) f{j“aln”Fl1“samse” ¥
B EZEERALLL, &7 &R oK T30/ 751 iz HSAMtools v1.3. 13 {4
(Li et al., 2009) 1 1) “view” Fl“sort™ B K ol 42 7 514 5 i B AE 275 FE R EaiAT FF
I, F“rmdup” 2:BR ] GEAFEFIPCRE R T A, H“merge” 512453 26— 3 FE ) . —bam
MO ¥ R — S AR SO FEbam CAEG 3, FHIE AT “rmdup” L BRI REAFAE B R
A, 4330 [E—FE S Frbam 3, B Fangsd-0.916%% £ (Korneliussen et al., 2014)
“-doFasta” 3 t UL T 15 3 1) &4 i B[R] PP S FASTA RS ST A

X AT DNA S T Bl L4000 VPl A SR AR SCE ARG IF . R EMER AN
bam A NE N A, 8 F“mapDamage” # /- f.(Aurelien et al., 2001)4t it B oK i 5°
i 13 iy B S A5 475

FEBIULECIS , 5 DA RE Zobi A R 4 Fr 51l (GenBank i 53¢ 5 . NCO18358)1F &%
7 BRI 7 B ST I L), K B3 2R R iy 71 5 ds 5 i, {8 FHBLAST (https://blast.
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ncbi.nlm.nih.gov)fEZEKG 2R, 15 2L 7 HI PR B, W15 2 SO0 A & 1) il & 28
o AT PIARE S B S —HERAS BB S — AN SO, S ) 1% FH BE JEE (GenBank % 5%
5. NCO18358) 1.1y i 7 3% 7 Fh (GenBank & 57t 5. KU942399) [t £k i 4k 52 K 44y 2
5 DR ZEL 6 ) e K (522-1 Y AI527-1Y ) BEAT VR R 0 T o 73 2138 LR35 P AN ST )
TR 45 B.(522-18, 522-2SH11527-18, 527-2S)J5, W3k FAE 55— AN SCEE DT ER 43 A e T
e P 5 s (2 2 FE A HE S IR TR S L R AL, b9 AN HRE i 2% SC I 23 ) HEAT B et e
G IR, B 245 B AR L I RiAA T DNAJFE 1) .

1.5 RGABHH

H HiBioedit 7.0.9.0 (Hall, 1999)%HlI45 (/5 51 HEAT HES XS LEIF4 AN RS, BAFT
FHPINAE A B DNAFE 51 5364 REE R S ) Al — A SRR TRBE E (Alces alces) ) IRV
%1(15109 bp, AL ED-loop X )7ECIPRES ¥ 3k (http://www.phylo.org) fif FH PartitionFinder2
(Cognato and Vogler, 2001)FIRAXML V8.0 (Alexandros, 2014)if i 500K H 254656 A5 15
MR EW, BldE iR (model for substitution) it FEGTRCAT. FR ik H 1)
J&E 7t i id Figtree v1.4.2 (Rambaut, 2009)58 . 230 H7 / FT FHFE SIS B 282, 7411 B

e AR E [ AR PRI 4 JR OBl o (RTINS, B4 ity SRS I v ] 2 JEE S U ot AT 1 JEE

I T 41T GenBank " T (K i A e it o 81

w2

RG R BENNERFIIES

Table 2 Sequence information used in phylogenetic analysis

Subfamily Genus Species Accession No.
e IN632599 NC020680
e Axis axis
s . H%EA NC020681 MF435989
Axis porcinus
e Hi I NC024819 JN632630
Dama Dama dama JN632619 NC020700
R BRJE IN399997 IN632632
Elaphurus Elaphurus davidianus NCO018358
EEE . HMO049636 NC016707
Cervus albirostris
e
Cervus eldi KU133959
R K DQ989636 NC008414 EF035448
— Cervus unicolor NC031835 KY946815
Cervinae
e NC006993 NC013834 NCO016178
Corv o NC018595 NC008462 NC007179
- ervus nippon NC006973
C:Wm Fol WA HQ191429 NC014703
' C. elaphus songaricus KJ025072
HALR . NC039923 MH513320
C. elaphus kansuensis
I ARICIEAR GU457434 NC013836
Cervus elaphus C. elaphus xanthopygus
T BRI Fi
457435 NC01384
C. elaphus yarkandensis GU457435 NCO13840
V7 S
[ 437 32 IHT KU942399
C. elaphus alxaicus
2 1A LA 08 ) IE ) NC020677

Odocoileinae Alces

Alces alces
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2.1 BHRZRIIKDNAKEER ks E R

12 FlmapDamage 8 4 X N FE i BT 15 22 b ARKDNA — AR 77 2 51 14T 70 B, A it il
B G B2 . CADGS522FICADGS274E 5 5 [ C— T Hil 3 5 #4043 7|
196.883%F16.897%, 378 [11“G— A Bl 3k 25 B 4518 43 5] 6.105%F19.123% .

T - Subs. type T
7T [Cluel
—— Gto A
0075 | — 009- | — —— Other

2
= e o Al L
& 0.050- 0.06-
E = =
:‘:’ 1 = L B - 5
E L \ L
£ = i
Z T T - T
2 AL L
©n 1 S T \ i T
o Q) ok
0.025- - | == —+ - 0.03- 11 ‘*” L 1
1L \ AL 1 \ ) L
i gl
SN T MTI:EIQZ“ CIF T T T 1AL
0.000- 0.00-
1 3 5 7 9 11 -1 9 -7 -5 3 - 1 3 5 7 9 11 -1 -9 -7 -5 3 -
A Relative Position B

K2 A CADGS522 (A)MICADGS27 (B)Z K 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 A% FH B i (GenBank Ui 5t 5. NCO018358, 4 K:16355 bp)Fl L Ji i 437 36 7 Fh
(GenBank!{{55%5: KU942399, 4xK:16503 bp) L hi ik SR ZH/E S HILRFMA, XA
B B8 —HE U S (522- VRI527-1) 1) T 7 250408 (522-1Y f1527-1Y)#EAT UL L 0 T, 45
B R ANBE Y 5 B s 3 T R DT IC B 0 e o B X AR 7 35 14 R AR R AR SE IR LM B
3 DR A 0 S P IR I 0 (52218, 522-2SHF1527-18S, 527-28)i3kATid €. VUL A& I 4k
L, 4P ANFE 16475 bp (GenBankitst 5. MT784751, FEH5e4E . 99.83%) 41
16167 bp (GenBankitst 5 : MT784752, J¥ 55654 . 97.96%) 1 DNAZ Rk Ka K /571
SCEEM AR B R3FIR .
23 RGELEW

T AT 5T TS W 4% i DNAZ R4 7 51 F A GenBank i % AT 1536 5% i T BL 214 1)
LRAFER AT, LAIERE(A. alces) AT (outgroup) H 14> F R G K B W (EI3) i
7~ PN ACKE i (CADGS22FICADG527)#5 By JEE Rl 4 38 b SR A — 32, L RER 7 3%
WA RIEF S HR TR ARG R — i S0 B, B5JEE — Ik E
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Ji e 3 LRI A B AR - B RE AN MR ROy — ST TR RER 2B . SR 53
ANBRFEE TR NF— A, AERSARAR IR O il 2 Ja8 1 el JEE AT JeE J O A E R R RE

#=3 ZRNFHEER

Table 3 Next-generation sequencing data

CADGS522 CADG527
522-1Y 522-1Y 522-18 522-28 527-1Y 527-1Y 527-18 527-28
NCO018358 KU942399 KU942399 KU942399 NCO018358 KU942399 KU942399 KU942399

Sample

Library No.

Reference sequence

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
[T
2 £ 3 2
i — °
2 % 2 8 3 §F 2
. 2 % 9 2 25 & &
1, R = & 9 S
A SPSEG
%, Y, A2/ 3 < & mm KRE A porcinus
& )
Y, ) S T A axis
6>, #REE  D. dama
%35 m— BE C eldi
Er 035445 EEfE  E. davidianus
DQoss3 HERE C. albirostris
0
10 L K& C. unicolor
NC008414 e C. nippon
Ncm‘)g“\o mm G C elaphus
y
3
G ® CADGS522
N (Zhaodong, Heilongjiang)
&
ng ® CADGS527
<~ > > ) (Binxian, Heilongjiang)
S & o . 7 B .
T S g g r a e g Y I g B i 3 31 o
£ § £33 % % ¥ C. elaphus alxai
S 2 2 3% © " elaphus alxaicus
= = S & o (Yinchuan, Ningxia)

B3 R R AR R 2 15109 bp AU FIMLIE R 40K &
Fig. 3 ML phylogenetic tree of Cervinae species
based on 15109 bp mitochondrial genome homologous sequences

30 Wi
30 HRHERLAIFDNAESEMEE

ASHE TS T DNAFP S SEVE R AR 5 TR E: B 5G, RARAE dh I P A 42 iy
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DNABFFERLTE, a0 EE . $EHR i FEHTAE 1 DNA L ] SEie & s IR BG4 T, S
36 3 MRS S T DNASLIG B 75 Yo M B /E . Houk, sEIRdfErR, IREN. #ESRERE
AN IR IEXTR, XSS WoR o, HERREN . B R S (R RS XS
Yoo PR, AT HISEBLASTE W, ATHERE & 015 B e 535K JEE Rl sh i 2k
IEEER R A ARSI = MR AT DA TERL S 40 T AW 225208, By H0 i e SRl T
REES . BeG, AW & SRS R AADNA B B K BB, 2945~75 bp, 56+
DNA  BURFAiE(Hofreiter et al., 2014) [AI, 22 — AT FT43 45 4B i IVDNA A B i) 5°
T C— T B B A 22 43 1) 96.883%K116.897%, £+ LrSawyer et al. (2012)5 T i AR 2k ki f4
DNA 5 Bt 5 Ui Bl “C— T B A 51 i AR AH SRR AR 85 . 28 b, KRR FUTR
FF Ak H b AR I DNA T4
32 BIMIINRGUELXR

AR, RTEWAS BN RREM KR, ATAKEARAEK. JtkHRy,
2R PRy 1] X7 B S E 9 3 R R RN K RE 55 8 SR sh ) I AL R RIBE, A B R R I
N ZIENEE, VAR5 R e N H R & E(Wang and Du, 1983; Randi et al., 2001; Liu et
al., 2003). ABFFCMA S ARIERISIYIFE TG B RG K EW(E3)ER, BESE
JE I B GRY, HEE SRR N100%, 32 FFRandi et al. (2001)%4BE fE 154 i J& 11
Mris AR IKRETE RGUR B AL E 5 RE R & PR B o,  FUIKE SRR A R — 43
o B, ABTFEASCRE BT A T (1983) A1) i) HE45 (2003 )4 1R X VA B Je 0 00
Mo

TEREJB R, FoRio. MR A983)UCHMILRE S B X R, IAREESY)
KR BRIEMGEN, EJE 5 MR LT[R MK RE R AH JeFh o A0 >k, D J )2 B
JEa AR, B3, MEAEE AR BB MK ALk, MEAEJE 43 S 5 5 e Bl 7 3
By RULEAR S H IR AR R AR b b 3 [5] 5 2T i) 70 SR b R B 17 5 RE 3 FEOR
FhALT —F HORR . 1245 SR BRI R B LA W b 8 5 30 A I e AR R 1 S RIS 201k
I, T JE IR G54 HE Mg A 8 R0 T e LAt S, AR R A R PR 2H /K P EIHIE T 1 542551

.

3.3 DREEFEEMERER

KT LR RG IR R, REFOW SN G R VAP AR RE . VOEHE
AA AL DI A 0 1L i 508 v 0 0 BRI A, ZR MR RO HE AL SE R RE L SV S 3R [ 4
LR AP #E(Polziehn and Strobeck, 2002; Muhmut et al., 2002; Ludt et al., 2004), ASHF 5[
RGN 7R B BR T R A AR 3 A v AR 4 T SR T A R Y T 3 (R A 56 Y R S A
[F 530, SCHFFS REAEHEA TR 20 tHZR DG A FREE A0 Ao 3 BUR By A R /A ok, 72
— /NP AR PR ST N O gk, DRI R RS S A ) T A S AR . 2 e, ARG
By H LA IR LSRR R 2 AT AR Ak 4, X AAE R 1 e S R A AR R
A [ e [ sk R T A ) 2R3 23 A6 ¥ (Sheng, 1992).

PO A T 7 BN 520 58 A B 2=l rh B R 5 B A, A R M — S AR
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L JEE 437 385 U A AR AE(L et al., 1998; Wang et al., 1999). 5257 2% 1L FEl ki
YO T YA W R R B (1 M B AR AL B R, R CON — AR B AR (Qiao et al.,
2019). AHEFCI R BIW A ARSI PIRE i, BIESEA735] 9(3800+£30) A1(5100+30)
aBP, MRV AR T A B 550 22 (N ARFEZ) 1900 km. MgV X 3 AR i 7E &
Gk BW SR BLAE S RERT 3 WA IO — 32, S BUE S AL A R Z ok &
Bz, FRWIAE g ST S ) B AR B AE R VIR G R &, IR R AL AR R 1T
PEL SINEE, RATRE S A T EUAE MRS D IS B AURE AR A AR R T
L RERRE, ARIA S BEARICEA A B R B RS BTG S TARR AN [ Py s i
L AN TR R S T AORE i PR 2R AR T (R 20 S A% R R AT I A, AT 5 i % A
AR B A 7 S 3R 3 B D e T X 25 IR

References

Alexandros S, 2014. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics, 30: 1312-1313

Aurelien G, Morten R M, Thomas P G et al., 2011. mapDamage: testing for damage patterns in ancient DNA sequences.
Bioinformatics, 27: 2153-2155

Cai B Q, Yin J C, 1992. Late Pleistocene fossil mammals from Qinggang, Heilongjiang Province. Bull Chinese Acad Geol
Sci, 25: 131-138

Cognato A I, Vogler A P, 2001. Exploring data interaction and nucleotide alignment in a multiple gene analysis of Ips
(Coleoptera: Scolytinae). Syst Biol, 50: 758-780

Dong W, Li Z Y, 2009. New cervids (Artiodactyla, Mammalia) from the Late Pleistocene of Lingjing Site in Henan
Province, China. Acta Anthrop Sin, 28: 319-326

Dong W, Liu W H, Zhang L M et al., 2018. New materials of Cervidae (Artiodactyla, Mammalia) from Tuchengzi of Huade,
Nei Mongol, North China. Vert PalAsiat, 56: 157-175

Emerson B C, Tate M L, 1993. Genetic analysis of evolutionary relationships among deer (Subfamily Cervinae). J Hered,
84:266-273

Geist V, 1998. Deer of the World: Their Evolution, Behaviour, and Ecology. Mechanicsburg: Stackpole Book. 1421

Groves C P, Grubb P, 1987. Relationships of living deer. In: Christen M W ed. Biology and Management of the Cervidae.
Washington, DC: Smithsonian Institution Press. 20-59

Grubb P, 1993. Artiodactyla: Cervidae. In: Wilson D E, Reeder D M eds. Mammal Species of the World: A Taxonomic and
Geographic Reference. Washington, DC: Smithsonian Institution Press. 384-392

Hall T A, 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT.
Nucl Acids Symp Ser, 41: 95-98

Hofreiter M, Paijmans J, Goodchild H et al., 2014. The future of ancient DNA: technical advances and conceptual shifts.
BioEssays, 37: 10.1002/bies.201400160

Korneliussen T S, Albrechtsen A, Nielsen R, 2014. ANGSD: analysis of next generation sequencing. BMC Bioinformatics,
15: 356

Li H, Durbin R, 2010. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics, 26: 589-595



Xiao et al. — Ancient DNA molecular identification analysis of Northeast Cervinae subfossils 337

Li H, Handsaker B, Wysoker A et al., 2009. The sequence alignment/map format and SAMtools. Bioinformatics, 25: 2078—
2079

Li M, Wang X M, Sheng H L et al., 1998. Origin and genetic diversity of four subspecies of red deer (Cervus elaphus). Zool
Res, 19: 177-183

Liu HT, Dong Y M, Wang L et al., 2017. Research progress on taxonomy and phylogeny of deer in China. Chinese J
Wildlife, 38: 514-523

Liu X H, Wang Y Q, Liu Z Q et al., 2003. Phylogenetic relationships of Chinese brown frogs (Rana) based on sequence of
mitochondrial cytochrome b gene. Zool Res, 22: 345-350

Ludt C J, Schroeder W, Rottmann O et al., 2004. Mitochondrial DNA phylogeography of red deer (Cervus elaphus). Mol
Phylogenet Evol, 31: 10641083

Martin M, 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J, 17: 10-12

Matthias M, Martin K, 2010. Illumina sequencing library preparation for highly multiplexed target capture and sequencing.
Cold Spring Harbor Protoc, 2010: pdb.prot5448

Muhmut H, Masuda R, Onuma M et al., 2002. Molecular phylogeography of the red deer (Cervus elaphus) populations in
Xinjiang of China: comparison with other Asian, European and North American populations. Zool Sci, 19: 485—
495

Neitzel H, 1987. Chromosome evolution of Cervidae: karyotypic and molecular aspects. In: Obe G, Basler A eds.
Cytogenetics: Basic and Applied Aspects. Berlin/Heidelberg: Springer. 90-112

Polziehn R O, Strobeck C, 2002. A phylogenetic comparison of red deer and wapiti using mitochondrial DNA. Mol
Phylogenet Evol, 22: 342-356

Qiao F J, Li J L, Gao H et al.,, 2019. Molecular phylogenetics of the Alashan red deer (Cervus elaphus alxaicus) based on
Cyt b DNA. Chinese J Wildlife, 40: 307-311

Rambaut A, 2009. FigTree, version 1.4.3, http://tree.bio.ed.ac.uk/software/figtree

Randi E, Mucci N, Claro H F et al., 2001. A mitochondrial DNA control region phylogeny of the Cervinae: speciation in
Cervus and implications for conservation. Anim Conserv Forum, 4: 1-11

Rohland N, Hofreiter M, 2007a. Comparison and optimization of ancient DNA extraction. Bio-Techniques, 42: 343—
352

Rohland N, Hofreiter M, 2007b. Ancient DNA extraction from bones and teeth. Nat Protoc, 2: 17561762

Sawyer S, Krause J, Guschanski K et al., 2012. Temporal patterns of nucleotide misincorporations and DNA fragmentation
in ancient DNA. PloS ONE, 7: ¢34131

Sheng H L, 1992. The Deer in China. Shanghai: East China Normal University Press. 1-251

TuJ F, Xing X M, Xu J P et al., 2012. Sequence difference of mitochondrial DNA control region and genetic differentiation
of Cervinae in China. J Anhui Agr Sci, 40: 669-672

Wang X M, Li M, Tang S X et al., 1999. Study on the resources and protection status of cloven hooves in Helan Mountain.
Chinese J Zool, 34: 26-29

Wang Z R, Du R F, 1983. Karyotypes of Cervidae and their evolution. Acta Zool Sin, 29: 214-222



