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Abstract

Triticum paleocolchicum Men. is one of the specific tetraploid wheats, which plays a vital role in the
origin, domestication and evolution of common wheat as the primitive relatives. At present, the ge-
netic information and sequence resource of it is very limited, hindering the further genetic and evo-
lutionary research. To enrich the genetic sequences, we sequenced and assembled the complete
chloroplast (cp) genome sequence of Triticum paleocolchicum using the Illumina sequencing. The
assembled cp genome is 136,445 bp in size, consisting of four parts, namely LSC (79,993 bp), SSC
(12,832 bp) and two IRs (21,815 bp). Gene annotation found that it encoded 109 non-redundant
genes, including 76 protein-coding genes, 29 tRNA genes and 4 rRNA genes, 19 of which were located
in the IR region with two copies. Of these genes, 16 have introns, of which ycf3 contains two introns.
Furthermore, the RNA editing sites of this genome were also predicted and 15 genes were found to
have RNA editing sites and a total of 35 RNA editing sites were predicted, which were similar to that
of other wheat relatives. Finally, an evolutionary tree was constructed based on the whole chlorop-
last genome sequence and it showed that Triticum paleocolchicum and other species with AABB were
clustered together, while separated with Triticum timopheevii wheat (AAGG). This study enriched
the sequence resources of Triticum paleocolchicum and also provided the important data for its mo-
lecular identification, marker development and phylogenetic studies.
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BHR A /NE (Triticum paleocolchicum Men.) R — M4 BRE R B U IR, YER/NERRIHRR, L
BABEDNERER. DR ERRFREFEEMI. Bif, AXRARAPNENERAE B KT
HEALER. ATEERNRFINZNSTREER, FBF5F A umina Novaseq & XA R % /N3
ZERHEDNABAT TR, REUFHEEHREEFRAANSE, ARREBTRRBDENHFEEFRH 4L
K5 SEATRIL, BURFB/DEHFEEFHA LK HN136,445 bp, EH RPN REFEYHFIEER
HIOR Y RS54, H— A E 23 51°979,993 bp K 535 I X (Large single copy, LSC).—~12,832 bp
f 45 B ¥ 1 [X (small single copy, SSC)R1—X+21,815 bpHI X [ E & FF5 (Inverted repeat, IR/ R;
PR A BLEAG T 1097 TR ER, AfF76 MEARMGER, 29 MRNAZ R U K4 MrRNAZR,
FIOMITIRR T EE RN ; XEERFT, H16AEZFNAETASTT, HyycB3EH20AET; 3
—#, SHRNAGRBEAL RBEAT TN, KIM1SANEFFERNAGE, LR T 35 MRNARBLLL, X
SRHIE 5 Hfl /N B M SR AREF AR BfE, ETHSRELEERAFFINET UK, RIAF
RENZEFRAAABBR/INERA—RK, MAAGGEIMIRTIEL /N MM —K, XEMAIFIREGRER
—B. ARAEE TRRBPIEZENFITRE, RS TEE. MEFRURREREHFTRME T EE
L E/

Xiin
BURT/NE, WEkik, RGN, RNAGHE
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1. 5|8

M ZR ARV TR A AN, TE B ER M EZS AT, £ VIR EMEVIRIE[1]. 4R R
AL T AR RIS B S EE R, AN P B E AT B AE Y R S AR 2]. A
Y, SRR R 2H 2 L 245 DUE SAFTE R B AIFRIR DNA 20 o i S R A0 I P Sk B[R] 20 K 24 G %
110~130 /NEER,  HLHH i BE ORI DU 0 A 1, RIS AS [ ) 2 7 7l (Inverted repeat, IR), DA R — K
P2 D1 [X (Large single copy, LSC)HI—/M % D1 [X (small single copy, SSC). M-&4A 3k K4 ) K /NE LA
115~165 kb, HA/NFE M EEFHIMKERE3]. BT H RN ARAT B R . RIS RE
FEAR S DA A6A8 S AR, I TS E . RGBS TGS AL [4] [5]. BEE BT —AR
MFPEEARIIIRE, ALAFI SRR A K2 7 41 8 AR A3 RS 5, KR i 2 A ik R 2 A e b . A
112019 4F 4 H, NCBI Yits& 1 2393 /M. #i1k-#] 2018 4F 1 H 7 H, NCBI GENOME %4 FE i 1 #8 i 2300
AN ERAARTER 2, O NI SRR A B TR A KPR I LU R 2 % . IR . RAEKE UL T%
EWF R IRAL T B E IR R U5 (https://www.ncbi.nlm.nih.gov/genome/) -
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BHRA /N (Triticum paleocolchicum Men.) & —FPRER ISR DURSARR KA NEE, BB A0 T @ N
/N RSP N R X, JL RS 2n = 4x = 28, YetafkZA7 N AABB [6]. 1EANRIINZRILIX K]
Frta /N, BHRA/INE TRES 0T ARES WU AR FI 7S A R /N2 1 SRR 2R A, FE/N 2R Is . kb DL R AE,
A E BRI . RN, BURE/NEZERARE. fEE2 . MERE ., EARSERS, HFHA
AP AR B, T, WA THEME. b RrR, Yl N R M R R E K
PR BIR[7]. 28T,  HETA RERURA /AN 7 TS Rt A WIRIER A, FmT R 0 51 8R4y 115
BAD G T FERR AN B P 50 G, A 50 R FH i S 7 B JL R R 24H DNA #E47 7 00%,
SR FE T AR R A R e, R RS B i 25 3R 18 T ot R A JE R P 51, JFxd HIE R
i, BERERARSEREIAT TS a0, UWHFEERRENENSTER, MERGKE. 8Tk
PRICTF R BEFE B g J i,y L Sk 5 IR TR R A o R AT A5 IR

2. MR
2.1. IR

FURA /N S Fh M-1 H % 6 3% 258 LU R K% Keti Natsarishvili 18 L4530, ARSI S 0404F, IFT
2017 ERKEERE T PH LR MBI 1 0l AR =, BOLghion Jr, 8 a4 28 E i alE
U, T-80°CUKFEIRAT %1

2.2. EEENFXEREESF

KRR A N2 IO HoH FrRe 2R K CTAB VA S IUHJE I 41 DNA [8], & LKA 43 66 v A )5
B RFE DR AE R A PRA S AT o K K 2H DNA BEALK A B, FEEI 500 bp A BOR 7 S0
Mg, SCEFEMEIE Nlumina frAERFEEAT, FURAHSTE Hlumina X10 “F G 3T pair-end M7, #5K
150 bp. K 20 G JE 1A 75 (Raw Read), ] FastQC T HiFFATH %, #RJ5 KM Trimmomatic T. H R
R IR R RERA E Bl EE 2R T (N) EL A1 K T 10% A BT A AR T 10 AOBIE B 50%0K) reads, #4435 Clean
Read, HT )54 R41 %%,

2.3. HREEEEBFIIBER. TR

B /N b [E B BT I SRAR L R ZH(NCBI 7915 8 FIS97983ME NS H R AT, S Nie
SE[9VH AT BR A5 N W AR BE R AH I 2E 2% o LR TN R 1 26 BWA AF[ 1015 FiR1S 211
clean reads 522 LK 2 #E4T LX), SR 5 B EE X B 1) reads $EEXH 5K, K Soapdenovo B4 111347 HE%,
TREE F BT 200 bp 115 %1 (contig), #R J5 A F BLASTN I H S 2H 25 15 31 (1) ¢ 51 15 5 2% B R 4 3047 U 3
TrH H 2 25 BE DR 20 (1) LU e R U AT HES , 49 BIRE R Ay /N2 AR B R A B ] s 5, R A6 readss
T 2 25159 3 (1 2 N 4H 55 AT mapping, BEATHMNI, B 445 3 8 R 1 RR A5 /N 22 SR AR L R 4 4 7 8
K DOGMA [1213H7RHR A /N2 SRR IS RIS 7R, [ 2 B o [ 3 R M R DR A v A R kAT
FEIE, KA OGDRAW v1.2 BAF[13]4: 1] 1 LA L R 28 1 it
2.4. BRFIMEHZRE RNA FEMSEERRGHL ST

IRAE LR A /N SRR L R AH R RS B, G LTS AR TU AR 1 76 AR 1 gmAg 5 Rl 4 7 Bl B X
ok, SR 5 3% 22 1) PREP Suite 2035 % (http:/prep.unl.edu/) , LAERIN S HEAT RNA A7 55 (1 35000 - A NCBI

R TR, TERE 8 MNL WM ik kR H P51, LORZEM R 5N 5h %, A
MEGA 7.0 [ 14184347 2 FP A LT, SR A R K T 20 (MP) R Je R GE st
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3. ZRE S
3.1, BRFNEHFRGERBIMFS 54T

FH Nie 177, @l mn@E s P ALRE . K5 7 RURA /N EZ B Sk e R WA P51, R
BT8R B R 2 7 91 $2 5 22 GenBank 045 P, &% 5 9 MK253668. 7M1 KL, FFHRA /NI SR AR B K]
HK/NR 136,445 bp, X 5 H A RAFI R -T2 R/ MEAL 5] (B 1) HEA S m Syt
CRARIE R IR DY 73 A S50, 36— X e a) L P 41 (IRA ATIRB, K/ 21,815 bp), —A SSC XA (K
/IR 12,832 bp) Fl—AN LSC [XIH(CK/INA 79,993 bp)o JEREREILERE T 109 NETLAEER, Hr 76 4
RIS LR, 29 SN tRNA FEE DL K 4 /4> rRNA FEF . R, 7 NE AR 4% E (nadhA, pl2,
pl23, pl2, tps7, rpsl5 Al rps19), 4 /> rRNA K (rRNA23, rRNA16, rRNAS5 F1 rRNA4.5)H1 8 > tRNA

5
?0
Q
@
>
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Figure 1. The map of Triticum paleocolchicum chloroplast genome
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F P (tmH-GUG, trmL-CAU, trL-CAA, trnV-GAU, trmL-GAU, trnA-UGC, trnR-ACG Fl trnN-GUU)f .
FRIAEE X, #5119 NMEREGHANE . Kk, BURA/NEZ AL T 128 NER, 5HAh/
FIEYF—E[16]. H—L PRI, SSC XAET 10 MEERMIGEEF 2 4~ (RNA, 1 LSC XA 61
ANEE T RIS EE A 22 S (RNA . 7E 108 NEICARIERE H, Hor 14 MRS 3 BA —N A &)
psl6, atpF, petB, petD, rpl2, ndhB, ndhA, trnK-UUU, trnG-UUU, trnA-UGC, trnL-UAA, trnV-UAC,
pl16 Al trnl-GAU), — IR (yef3)H AW & T3 1) BH NS THIX 14 NEEF, 9 NERALT LSC
Xrb, G5 6 MEAFIgIGIEEEA 3 A (RNA, 1 /MT SSC, 4 AT IR DX H (9542 1 5 2 i 5 [X]
AN — & T 1 t(RNA JE K)o A4, tps12 /& — MR e BT VI3 A, e 5o 40 & 77 T LSC,
3L F IR X, X TR E S SRR P R . FERURA /N SRR A S5 M, T
IR X3 AETE 4 DMZHEAR RNAGRNA)EER, ST IR X1 GC #58(43.91%)iz 5 T3 LSC (36.28%) 1
SSC [X1#(32.19%) 1) GC &, X5 LAFTHRIE 1) HAD & S AE Y - 2% PR 5 R ZH AR E— 21 6]

Table 1. The genes having introns in Triticum paleocolchicum cp genome and the length of the exons and introns (bp)

F 1. RRFNZMHRFEEBHSEAS TFERERANE TR FRIKE(RLLA bp)

Gene Location Exonl Intronl ExonlI Intronll ExonlIII
rps16 LSC 54 788 216
atpF LSC 158 812 409
yef3 LSC 132 750 226 732 161
petB LSC 6 749 642
rpsl2* LSC 114 -- 32 542 223
petD LSC 8 750 475
pl2 IR 391 664 431
ndhB IR 777 713 756
ndhA SSC 550 1037 539
trnK-UUU LSC 38 2503 33
trnG-UCC LSC 34 678 48
trnA-UGC IR 38 803 35
trnL-UAA LSC 35 589 50
trnV-UAC LSC 37 599 37
pll6 LSC 9 1044 402
trnl-GAU IR 37 883 35

e orps12 BEEEANRAFIVIHEE, 5°6F LSC X, 3'7E IR X.

3.2. ERAMBDEERITHEEYA

VG BER A /N W G DR ZH G 1 128 AN BRARYE D B HEAT T VA28, AR LA4y ke 1 g A A A
18 RNA FE R ((RNA)FIZ AR RNA (fRNA) = K2 [H I, 8 (gl 36 K S a3 —25 5 10 /K 2),
H a7 D0 RGE TER, 15 MRS 1L 6 MIRGRE S b/f WEIER, 6 > ATP &g IV,
11 > NADH Sl AEFE K, 9 MZHER T IEEL D, 12 MEWEA /N EEEE K, 4 1> DNA KBUZ IR R
AEFEERE, LU 1/ Rubisco BERWHEEEFA 5 AN HABTRERI I F . X 28 A gn it R I 4L RS COR I
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) B H A A - S AR SR R ZH R AR — B[ 17]. X 76 DNEARmMFER SR KEN 59,667 bp, HLgwid T
19,889 NERL T,

Table 2. Genes found in the assembled Triticum paleocolchicum chloroplast genome

2. ARRANEMRETMPEENER

Gene product

L & A Yh% % (protein-coding gene)
1. J6 &%t 1 (Photosystem I): psaA, B, C, I, I, ycf3, ycfd

2. Y6 &5t 11 (Photosystem II): psbA, B,C, D, E,F, H, LI, K, L, M,N, T, Z

3. A EE A b/f T3 (Cytochrome b/f): petA, Bb, Db, G, L, N

4. ATP 4§75 (ATP synthase): atpA, B, E, Fb, H, |

5. Rubisco fiff AP % (Rubisco): rbcL

6. NADH Jiit &l I 3£ (NADH oxidoreductase): ndhAb , Bb.c,C,D,E,F, G, H, I, J, K

7 M KR K 3 (Large subunit ribosomal proteins): rpl2b,c , 14, 16b, 20, 22, 23c, 32, 33, 36
8.1l 44 /N I i (Small subunit ribosomal proteins): rps2, 3, 4, 7c, 8, 11, 12b, ¢, d, 14, 15c¢, 16b, 18, 19¢
9. DNA KIZER KAl (RNAP): rpoA, B, C1, C2

10. HAh SR A (Other proteins): ccsA, cemA, clpP, matK, infA

II. MR RNA (Ribosomal RNAs): 123 ¢, 16¢, 5S¢, 4.5¢

M. #:i2 RNA (Transfer RNAs): trnA-UGCc, trnC-GCA, trnD-GUC, tmE-UUC, tmF-GAA, trnfM-CAUc, trG-UCC, trmH-GUGe,
trnl-CAUc, trnl-GAUc, trnK-UUU, trnL-CAAc, trnL-UAA, trnL-UAG, trnM-CAU, trnN-GUUc, trnP-UGG, trnQ-UUG, trnR-ACGc,
trnR-UCU, trnS-GCU, trS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GACc, trnV-UAC, trnW-CCA, trnY-GUA

E: a ZAWDIAET: b EHBEMAET: T REXAEAPNEI d BA D SRS R BT R

3.3. BRFBPEMHFEEFEER RNA GiEHLRHI TN

VBRI AR B R H B (1) 76 AN AR TUAR I 8 13 i Jm i 2k K13 52 1) Prep-Cp #4042 1E1T RNA
G LA AT T 3) o 45 FAERF IR A /N 22 I G i J2 DR 4 H L 5000 21 0 A5 15 AN SRR 1100 35 AN B A A
BT A TR0 0 A S35 A8 T C B U AR 4K, JF BLATA I gmi 35 5] & T 2 2R R, 2 H U dmi .
35 MR FA G R T R IEIR L AL KRG 9 B, 4398 AV H—Y . L—F.P—S.P-L.S—>F.S—L.
T—M. T-I, H S—L Ml PoL AR IR SR Z, X5 ERARI R K 4 RNA i
ML AR . 7E R AE GBI AT SR, ndhB gRiBA S EURZ, X941 ZEWKIKAE poC2, H
5L poB A 4 ML, ndhA A 3 M. atpB. ndhF fl yef3 45 2 Mk, HAMFERLIAN 14
PR R 3)o N HRAR A A B RL TAL E AT A R DX SR A s P 4 N RAE TR TS A,
PR 31 AN T B0 T 158 A7, EEM TR AL A IR R A, X5 AL A S ik
RNA Jn8 AL s A RFEAR A 18]

Table 3. Prediction of the RNA editing sites in Triticum paleocolchicum chloroplast genome

3. RURE NEMZIE RNA REMSERS 2

355 PLR BHRAE EERMNE BEREE
Gene Site Codon Editing site Amino acid conversion
matK 1 1261 421 Cat (H) > Tat (Y)
rpoB 1 467 156 tCg (S) > tTg (L)
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Continued
2 545 182 tCa (S) > tTa (L)
3 560 187 tCg (S)>1Tg (L)
4 617 206 cCg (P) > cTg (L)
1poC2 1 2009 670 cCa (P)>aTa (L)
2 2030 677 cCa (P) > cTa (L)
3 2158 720 Ccc (P) > Tec (S)
4 3002 1001 cCg (P) > cTg (L)
5 4031 1344 tCg (S) > tTg (L)
atpA 1 1148 383 tCa (S) > tTa (L)
ycf3 1 44 15 tCc (S) > tTc (F)
2 188 63 aCg (T) > aTg (M)
atpB 1 35 12 gCt (A) > gTt (V)
2 1487 496 tCg (S) > tTg (L)
1pl20 1 308 103 tCa (S) > tTa (L)
petB 1 662 221 cCa (P) > cTa (L)
poA 1 1009 337 Cte (L) > Ttc (F)
ps8 1 182 61 tCa (S) >tTa (L)
pl2 1 62 21 aCt (T) > aTt (I)
ndhB 1 149 50 tCa (S) > tTa (L)
2 467 156 cCa (P) > cTa (L)
3 586 196 Cat (H) > Tat (Y)
4 611 204 tCa (S) > tTa (L)
5 704 235 tCc (S) > tTe (F)
6 737 246 cCa (P) > cTa (L)
7 833 278 tCa (S) > tTa (L)
8 839 280 tCa (S) > tTa (L)
9 1484 495 cCa (P) > cTa (L)
ndhF 1 62 21 tCa (S) > tTa (L)
2 1487 496 aCg (T) > aTg (M)
ndhD 1 878 293 tCa (S) > tTa (L)
ndhA 1 473 158 tCa (S) > tTa (L)
2 563 188 tCa (S) > tTa (L)
3 1070 357 tCt (S) > (Tt (F)

T CRBEREAR” RS FRMCRIZIRIE R A T i -

34. RGRES
N BRUR A N 5 HA N BRI R BACR R, FIHBURA /N2 5 IR 8 NI EYFK
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S A B R AL PP 91 HEAT 1 BB T R GEE A o S5 SR AII, /N2 o WA 1) - Ak 3 PRI A v R 5T
JUHAESE D XS IEA SE il — B, (BRI RIS XA AE — PSR . R IrRIL, BURSR N
584H AABB Z:H R NE (Triticum durum)~ [AHE/NZZ (Triticum turgidum) 3% W7 /N32 (Triticum
carthlicum)~ ¥74: — R/ (Triticum dicoccoides) N5 R/INE, LK EFH AABBDD FERTYFHiE/NE
(Triticum aestivum)%N—2, EATRAAFIERRELR, 5 AAGG ZEF B HIREIEYE N Z (Triticum
timopheevii) 7y JEW AN AR RIHEL 7 3, RUVENAFAERE R, RERABE(E 2). R I
AR T RURT NE R G B LA R R

Triticum_timopheevii

Triticum_durum
100 2 e Triticum_rubiginosum
Triticum_fuliginosum
f————————————s Triticum_turgidum
91.929
1
Triticum_carthlicum
3 e Triticum_dicoccoides
Triticum_paleocolchicum
Triticum_aestivum
Hordeum_vulgare
100
1
Brachypodium_distachyon
0.11

Figure 2. Phylogenetic analysis of the Triticum paleocolchicum and other Triricum species
based on full chloroplast genome

B2 BB NESHINERUMNRGHLLR

4. g
ANFEIE SR /N A K LB TR RN R AR R, R AT R BRSNS R
(RFF R SRR 5 N B AR S . HEBh /N BRI S B R Y [19]. BHRA NN —Fig ¢
(R BRI FINSE, A BT MR SRR . (8 H AT SRR A N E T T IE b, HF 5% 8
R FIBIAE B0, ARE A REE . SRR 5a b 5 RIE DU 5 T RSB U2 I AR5
SRR Tlumina 72550 B FEH R BB RNR A /N2 5L 414 DNA BHTIRG, FIF A0S Bk, 456
CUE SR SRR BRI E %, . SEM T HH R R A R A . 25— MRS R R /D
FIHGHRIERA, KARFEE TRRFNERNS FRIRIE, ROCIRHR R NEHGIE TARE TR
T AR, T EL9 M G A B AT RER 75 /N2 40 Fadb i SRR R AR T SR, RIR
s /INFELE NG I P AL M ST RO SR 7 S VR UM, X B RER 75 /N2 10 50 T A 90 . ik
H A B R 1 AR ST e L R . FEBCEERE L, oA BERRER 75 NS A R AL A
SRR RHAT RGN, RIS oAb/ NE B A i — 8 W RIS R R, X SR A
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T ek R ALAE R JR A ] ELAT i BE DR PR RO T4 R B

A el B P BOR, T UL 3 R 41 DNA BEAT I 5 5 R I 3 45 R 0 B SR AR R R B, R
R RAGH A IR A TSR TG TTVA R EAE B 2k DNA FRIF AT RORBEAIR
WEFCHERE < b 1 TARSREEAER N . SR v 1 I A PR AL e R 23 9] [20]

B JE, AT BRI AR R A1) RNA 48 AL 2086 AT 7 B0, KIUAFAET 15 PMER 35
ANGHERAL AR, G AR R AR A S AN R — B TR SRR RNA 2 45 0] RELE /N 22 Jg 4[]
e REOR ST, AT REAE /N SR A LRI e A7 e, T HLAE /N2 R Al AL JE AR R 1 T oR[18], X
N HE— I e 2k RNA g iK)/E W22 DhREBUE T 2R

e HE

AT H SZVGACARMABI R B R GRS A QN IE “RUR A/ 22 M Ak B R AL R 5E 5 0 47 (B8
5 201810712058) %% B

SE
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