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# . K17% (Opisthopappus taihangensis) F 2 KT (0. longilobus) , 7 KAT ILIFFA 2 4F A 2 BE B A A
Y, %t ( Compositae ) H LM A BEIR , A B A BT 5ASMH . o0 8 G 79 9 Fh iy 4 56 520 D )y 5K
W, T2 B 5 ) P O 0 3 R v 3 P R T A R P A KO e R BT K GC RS
B GEREW . (1) WA kAL 5 RAT A SE A RNl 2.1 Gb, KRERATH S A KN R 2.4 Gb,
(2) w3 A8 TE 5 RATAGHE R 20 K/ 3.13 Gb, TR T 9 L 84.35% , 2445 0.99% ,GC & ik
36.56% ; K KATHIL A Ry 3.18 Gb, TR T Lk 83.83% , 72 &% R 1.17% ,GC K 36.62%., (3)
VI %G GC & i o3 A SO BIREEAEAE R (WA 24, T RE 2 I Rl R 21 2 B 3 s I8, 25 1
GERRH KATH KA HHE TR ER A s RIER ARG 225 A, 81 Hlumina + PacBio
P 22 SR, AT 4 32 R A I T 3
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Genome sizes and characteristics of cliff plants
Opisthopappus taihangensis and O. longilobus
on Taihang Mountains

WANG Yiling*, ZANG En, ZHANG Hao, LIU Zhixia, LAN Yafei,
HE Shan, HAO Weili, CAO Yanling

( College of Life Sciences, Shanxi Normal University, Taiyuan 030031, China )

Abstract ; Opisthopappus taihangensis and O. longilobus , being perennial cliff herbs and endemic to Taihang Mountains,
are important wild germplasm resources of Compositae, and have high economic and ecological values. To determine the
appropriate sequencing strategy for the whole genome of O. taihangensis and O. longilobus, in this study, the genome

sizes, heterozygosity, GC content, and repeatability were analyzed through the flow cytometry and high-throughput
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sequencing methods. The results were as follows; (1) Using maize of known genome size as controls, the genome size of

O. tathangensis was approximately 2.1 Gb, while that of O. longilobus was approximately 2.4 Gb. (2) For O.

tathangensis, the revised genome size was 3.13 Gb, and the repetitive sequences proportion, heterozygosity and GC

content in the whole genome were estimated to be 84.35%, 0.99% and 36.56% respectively. Within O. longilobus, the

revised genome size, the repetitive sequences proportion, heterozygosity and GC content were 3.18 Gb, 83.83%, 1.17%

and 36.62% respectively. (3) The initial depth and content distribution of GC appeared abnormal after initial assembly,

which might be related to the relatively high heterozygous rate of the two species. Above all, the whole genomes of

0. taihangensis and O. longilobus were both large and complex genomes with high heterozygosity and repetitiveness.

Therefore, it suggests that the use of Illumina + PacBio sequencing assembly strategy for the whole genome sequencing

analysis of two Opisthopappus species in the future.

Key words: Opisthopappus tathangensis, O. longilobus, genome survey, genome size, high-throughput sequencing

P 2 58 — AR v a0 4R ( next-generation
sequencing technology ) F1 55 = X 5 43 + I /5 5 A
( single-molecule sequencing) A9 & Ji& 5 B2, I+ A9
I ] JSCAS AN BT FEEAER , S A [ 490 b 35 R 4 00 i 3k 1
S FVER] (Aird et al., 2011;iEZEFR55E, 2012;Li et
al., 2019) i 4 Folr 42 J5 PR 20 0 5 AT Shy JHC 5 PR 4 2
AL E Y7 SUR T ST R IR R S % Sy oy T4
Yroe Bt oy ARE B ST B E R, SR
PRS- &, o3 BT AB P o 8 2 A 3 | A 55
(B8, A AR G- A1 2 o A ) 1) 3 — 2D DR [] s R
AN KB A2 305 FIH (Bi et al., 20193 227152
S5, 20215 BURAE, 2021) o AH7E RRUARE S % N
¥ Z 0T, A BT 4 Survey , i1 Survey F] Wt
TR IE R 20 RN B 52 2R R, BT 1 fifp A ) ik
PRIZHFEA S B0, w0 e 5 H M, I 4k e e BCG i
I e SR 91 DR 0 (AR, 2015 18 AR5
2018;Bi et al., 2019;Li et al., 2019;#BHESE, 2020) ,

K472 ( Opisthopappus taihangensis ) 5K 24 K47
% (0. longilobus ) ¥J 5 K47 %4 J& ( Opisthopappus ) 2
SEARFARRY , UE AR A RAT L8 2 g b
RIRY EERER Y, BAT R AP AP S PTZEME (Chai et al.,
2018, 2020) . R ZAHAHEY) (2n=18) , KAT4 .
£ R RKAT25 2 % W% ( Chrysantheminae ) Uk JE 4R
IR ( Ye et al., 2021) , 2%} ( Compositae ) T % fiY)
B A o BT BT R, LA DN T BE A AT SE i 5 45 7
T Y DR G e 6 DAL, 2 4 R b o BT Y R 2R A
P8, SRR AT 25 AR ZERAT A B FE A RN e
L PR AH R A5 A5 VB Ry i = BHL A JHG R 21 0
TAERYHE— 20 TP J , WA F1) 7 H A A= W o 55 AR
KTAERBITE (FETEARSE, 2018) ), B, FFER
1785 5 K2 RAT 46 4 5 A /il 7y TAE -+ 40
LSS N B O (2 DA ST AN N 1 2 v

BOJF R H A TN E W25 G 6 SR B AR 2% 2
W CRILH A, 2018)

A AL ) U 7 5T ( Arabidopsis thaliana ) B4
FERE ALK, B AT 400 22 FhRL 9 iY 356 R 2H 1 0
¥ ( Chen et al., 2018, 2019; https://www.
plabipd.de/index.ep ) , Ifii H. H i & A 77 2 48 9 )
IETEM 3 B e Al ) A B D A0 D P 4t T R
2 F A5 R, Rl 2 W8 % B E R JE R
( Carduoideae ) B H 8 (Artemisia annua) (Shen et al.,
2018) . ¥ 2§ ( Chrysanthemum nankingense ) ( Song et
al., 2018) . KBHAE ( Helianthus annuus) ( Badouin et
al., 2017) ./NZE T ( Conyza canadensis) (Peng et al.,
2014) ) 481 3% ] ( Cynara cardunculus) ( Scaglione et
al., 2016) AP 4 /19 58 W, X T RAT4 K BERAT
SR A A by BT E AR S

RSB XFRF L KITHRES % B
( Dendranthema) V.24 J& ( Ajania ) F) R HR 432 HE 41
BCEE R A, FLA B 3 T W (Artemiisinae )
(B 2294, 2010; Zhao et al., 2010) . [F] 038 I
J% ( Oberprieler et al., 2007) 434 J& Hi %) 7 %5 #1755
B, RN A hmERE S Kk
K20 B9 52 24 L [F 2 (Shen et al., 2018; Song et al.,
2018) , 1M -5 H Z 58 5C A AR B9 K AT 44 & 1 1) 7o £
SERZH eT 7 275 S 30 L AR ARL A 366 DX A AR AT 2

R A S 2 A L ( Arumuganathan &
Earle, 1991 ; Dolezel et al., 2007 ) F /& if & I Jf $¢
A P LATR [l (1) FUAE R AT 36 5 K ARAT
FEPIZA RN (2) DU TEAR PR 4 4 35 DR 2 /N
Femio MMREES R B2 T M RIT4 5 KAERLT
IR, R JE 2 e R A4 de novo | J2
2R B B | S 42 4 T 5 e SE HE R SR ]
FBTER SRR IR AR R (REIEARSE, 2018)
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1.1 ##

2019 4F 10 A, AILPE EZRI& (R854 K A5
Al e (R BRATAG A ) W RAT A A 4R
T3 B RhF-IF4F P SE B =, T 2020 4F 1 H 7R 5
BT L RIG AR IR, 6 A BRiE K # R Aar
fa AR (B IFD 3 AR R ECE S R )R
REEIG, BT -80 CHMREKAE P HRAEH (K
SH A, 2018)
1.2 AR A

FEHPIAN 0.5 em M HOBCEE F I H 3R
mH A 400 mL 25 OTTO 28 i, Fi J1 i i
L B HRLE 30~60 s, IR R, IEH 30~90
s, ARG UE 2SI U8 A 1.6 mL YL A5 (U 0,28
M + PI + RNase fili {71 , BEOC =R, I H 30~
60 min, % Ji7 7 Sysmex CyFlow® Cube6 i = 48 ity
A A A

BB AL KN B K (RN 2.3 Gb) fE
Xt BERE A, S K  RATA KA RAT A
T RE RGN AN R S B AR X DO AR S DL R
KRR X oK RAT4 | EoRS K RATH W
TR AR i 1 A7 AR X 20 e i A ARG T 5 e i AR 4l A
I A i R X 20 Ol e i W {1, 2 % %o REURE 5 A 6 TR
4, BRI KA RATA R A RN,
1.3 EEZH Survey 5347
1.3.1 DNA #3  FM R CTAB X K745 K&
KATHG M F2 N 4 DNA BEAT 4B, BEJS FH 23t
N BE T RN Bt i W 0 M P ik 4 0l o 4R BUAY DNA 4l
W SE AT RS (B AR A, 2020)
1.3.2 #aeml 5 M RAITH KB RITH (&34
BEAR ) 1 DNA BE G Z 3B B A 9 28 w47 0
¥, i3 Covaris # A B RRAS , BEBLFT BT A A B,
Z KB E - A B - 3k -4k -PCR ¥~
825 5E A SCE ) A%, A A Y SO R i
Hlumina Hiseq #£47 PE ( XK ¥ , Pair-end ) M 7

DU A5 2 1 S5 46 e 81, 5 78 A = 32 3k 1
Reads , 2 X} J5 2253 M1 K2 i, X) Raw Reads #E4T
KE A3 g, 75 3 Clean Reads, JH T )5 22 5 K 4 K
N ZREBEE GC FEEHT, LLQ20,Q30 1E fiy
TR R B8 AR, 24 020 =90% . Q30 =80% I},
BRI e B o
1.3.3 3 34 il AL 41 DNA #0, an sk

FETETG Y AN 23 AR A 3508 IR o, 34 25 5% el i [
4 Survey 3 A2 SR B HER P | BT ) o 5 DR A T A
SRR o B AR 2% T BB TR 2 2 5 SR g PR i
B 5 SRR R 2 P A A OR (BRARAE, 2020)

T A IR R AT A KRR AT A 1 B A
ZH DNA J& 7552 375 44, it U8 J5 19 5 5t & Clean
Reads Z0H5 FP BEHLIEL 10 000 4% Reads, ] Blast %X
P XT NCBI AZH B & ds 122 (NT %) |, an i 2 [m] It
FEXT, WA R REA N AEAE SIS G
1.3.4 AW AFERE R T X EEARDE D
FEFIWT, F K-mer 3347 (Liu et al., 2013 ; Chen
et al., 2015) ., L&A K-mer IR ( depth) Ay 5 Ak
br, K-mer 351 B (frequency ) M9\ AE b5, 22 1] K-mer
R BENRE o3 A (&), AR A0 h Ze A 1 K-mer IR BE(E,
X B PR ZH R/ INHEAT A, DI e 5 v 4 B Y
KB, N K-mer (955 RAZH IR 75, W KAT 2
K BLRAT 5 T 7 90 A BO8UE 64T K =17 404,
RIE AL EERA RN = BmdFEE /7 B0 )7 %
o= B Kemer 20 / F1 Kemer 3R E BRI AH
KN B, 2018; & AR5, 2020) .

A g DU R AR K-mer A AT R E0RN R B
{8, 38 5 2% A8 1E i i A P 5L R4 1Y) 2% R R
P A) . MRAEZ A R RECE 1 Al A R e
Sy L TR RS TR RAT A K BERAT A R
G BE, [RIEE, THBE AR HEIA AN o3 A B S B R4 ith 42
WA S A TR R 25, T 7 A P B T 4 o A2 ) A Y
[ER i
1.3.5 AH4K iz H Soapdenovo #X A ( Vurture
et al., 2017), X K17%5, K 2 K17 % 1 Clean
Reads A 30UF 5 A7 PR, H K=41 42 3| Contig
F1 Scaffold , B2 28 4 7Y 3 [ 40 17 5] 5 Raw Reads
PEATHEXT, 20 BT 4 %6 2 91 A9 GC % 1= | Contig 74 75
WREE AP RV A3 AT

AR B A1 )5 51 GG depth 1) 43 4 141, 4
Brmg il iy e 5 0 A5 A LR 0 GC e m ., — ik
e GC AR GC X, I R JEE 5 1E o X ek 2> 77 7
BORZES  EH B, AOT5EH, LI 10 kb o
B DXCHUERE O HRORAT 45 R RT3 B A 20
) GC &4t

2 R 59

2.1 RAAMEBNUAITH KRKXITRERAKX/N
XF AR RAT B R K AT 44 B A RE b AY A
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XSGR AT TR (K 1:A-C) . 4R ER,
FR ORATH R ERAT 4R i FE D 4 DNA AH XS
YEIETRIE M WE(E 551y 58,56 41, E K5 KITH
TG R 20 DNA AH X 2¢ S5 B i) I {H 29
40( 1 1:D), F K 5K ZRAT 5 IR A FE 5 AR X 2¢
SR I RIFEZ R 401 1.E) . AR =X 4
MIAE SR RAT A HE A R/MER N 2.1 Gb, KEK
T A KL R 2.4 Gb,
2.2 Survey ST RITH KEKITHERAK /N
2.2.1 M pm A I SR, RITE ™
JE AR RS 2y 99.94 Mb, iof I8 J5 = 5T i AU HE 22,67
Mb ; K 2RAT 25 5 1A £ s 109.74 Mb, o 38 )5 & 5
4 80.49 Mb, A KATA L & KR KAT 4,
I F RO Q20 HI7E 97.42% LA |, Q30 ¥I7E 92.53%
PAE 05 R % 0.049% (IE % 3 Bl b <0.05%) ,
W BT B hF, AT AT P R R S AT
2.2.2 5T f R4 10 000 Z5FEPLAIELAY Clean
Reads 75 NT JErp b4y [A] s b | e IR AT 44 Lokt 2]
Artemisia frigida . Chrysanthemum indicum . Helianthus
maximiliani . Chrysanthemum 43 %) &5 b X} I NT J#
Reads (1) 1.56% .0.72% .0.54% ,0.27% . 24 K47
44 Lo 21 3R P A~ Fh 430 o LEXT L NT & Reads
R 1.09%. 0. 48% . 0. 31% ., 0.09% ., Artemisia
frigida .Chrysanthemum indicum 5 K173 K2 K17
2168 T2 %, 1B S Artemisia frigida 5% 32
T XS e . T ORAT A KR BERAT A
FERAAR BAR A FE NT Erp BBl > B L S
LAY L XS L AR

Th XTSRRI AR AR R
FEXT, SR R AT 20 A< 2R AT 29 2 [H 244 DNA B i
WY B A 5 4%, FTHT Survey 73#T
223 ARAAKRET B2 AR RIT8 K&
KATHI K=17 th& BA7 ™ H 4 2 , W~ #A TR =
R A L], 7E depth =28 BT, B KAT44 &
WEAE , A 3 K-mer-number/depth 11515 3| K17 %4
SN R/ 3.15 Gb Zidy B IEJR S 4L R/N A
3.13 Gb FEN A MY 2 155 0.99% , T K751
9 84.35% (3 1) ;depth = 26 B H 30K 2L R AT 46 19
FWE(E , FLHHK/NN 3.20 Gb i B IE G Ry 3 A
4K/ N 3.18 Gb, JEHA IR A RN 1.17% , AT
FI LI 83.83% (4 1) o HIMLTT I, KAT4 8 KAT
B RZRATHEH eI Fea A,
224 AR FAELER FEXRATH D, AT H]
4 148 869 4% Contigs, J¥ 41 &K~ 1.19 Mb, Contig

N50 & Jif 445 bp, N9O 114 bp, fx K 5 5 K B N
24 674 bp, i — L 4 % 5 14 F] 3 885 802 %%
Scaffolds, &K 1.22 Mb, K PR 24 674 bp,
Scaffold N50 >4 510 bp,N90 118 bp (£ 2) ., £ZK
1739 A7 4 776 945 4% Contigs, 4 KK 1.30
Mb, Contig N50 K J& 408 bp, N90 113 bp, i K 541
KB 24 198 bp, i#F — 20 41 % )5 4 453 317 5%
Scaffolds, B4 1.34 Mb, F ¥ 51K & 24 198 bp,
Scaffold N50 24 477 bp,N90 116 bp (% 2), H,
Contig N50 Fil Scaffold N50 {4 BE# S, T RE T
PR LR 2 & R 7E 0.99% L) FTg, M 3
AU ) S A g ) S DB A e SR A 5 e, DR S
MBI AR RTINS RK R RAT4,
HAE 20 X ZE A7 A UG (B A 245 06, A0 20 A 1 9 ) ol
BN E Z A

225GC A ERSRER  KITHBHYFIo,
% GC LT 28B4 T 20% ~ 60% Z [A], If:
FEAENTE 30% A4, HPh K173 6C &&= H
36.56% , K KIT755°H 36.63% (£ 1) , PIHIFIEE
AT AE B R, GC S B AT W AR ), GC
depth {434 AT 43 Ry = )25 e AR TR BE 3 A4 IX 3k
(K 4) , HIREE DX Bh R BE B 50% A AT,
MRS RITH KAMKRITH - EMWREAX,
HA R, A G Al RE 2 S ER PR L AR S B
PIBASEA%E Bl GC SR MMERSE

3 Wik 5 4k

A5 3 3 = Ak s P K-mer
VA T AR R KAT A KR RAT A
B FE ALK/ 24 & A GC & S5 R AE (R 1
%, 2018) , KATH A ZERAT 2 I AL w1 26 A
K/NAFHIR 2.1 Gh Fl 2.4 GhBIE)E , FE R 41K/
4394 3.13 Gb 1 3.18 Gb,

H A2 A 10 48 BHE 0 b fe /D 1) 3k R4 ok 45
IRAE WL 56 5 (Astereae) /N EE B HIL P4 H
H 335 Mb( Peng et al., 2014) , fix K12 7 85 44 1K
( Anthemideae ) i 97, 2 A 241 25 &y 138. 88 Gb
(Garcia et al., 2013) ., 5 K174 KEKITH EL%
KRBT B B A, A KN oh 1,74
Gb( Shen et al., 2018) #1 3.07 Gb ( Song et al.,
2018) , KRATHEJERAT4 KA RATH HE 4 KN
T4 56 BHRE  2 H 44 1F ( Garcia et al., 2013)
PIFh b5 DNA S 2 A R E 2, M4
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Fig. 1 Flow cytometry of Opisthopappus taihangensis and O. longilobus
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MR B9 W) A, B fE B B ( Vinogradoy,
2003) . HIXETBFA F586 %5 KT A KRR A

AR AEAR R W 45 1Y B BE RS N  E N oy E K
LpifaYrh,

ARBFFE I A 2 A 0 25 S b K-mer 437
RIER/N R 1 Gh 3t AR Al I R AT 4
FEERAT 3 H DA 2H /0N, AT RE 15 1 43 ik A 2 /)
B R K R % BRAE NG (2.3 Gb) A 2%, 1M K-mer 438
DA A 2 T R 3T T ORE B 4 T
( Dolezel et al., 2007 ; Wang et al., 2018) , TEHF2
S oMb i A0 v A I A 45 2R R T Kemer
SIHTEE I (Song et al., 2018) , T H At A1 9 Y 2 (R
SR, PR T VR A I B 25 SRR 58 A — 2,
FHE W 5 ¥ (Ipomoea pes-caprae) (B 18 7 55,
2019) G5 EK)E 1) 55 BR ( Hydrangea macrophylla) ( Pk
XA, 2021)

EC B Y R E A, 6C S| RETE
30% ~47% 2 0] (ABIRAFFSE, 2013 K7 H 55, 2019;
TR, 2019) , KAT4 KA KRITHEH L GC
SN 36.56% 1 36.63% , [6))@ B RAL TR
e LR 2 GC %8R 32% (Scaglione et al.,
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x1 KITH KEXTHE K-mer T EES T
Table 1 K-mer analysis data of Opisthopappus taihangensis and O. longilobus
NN =E YR )
sy PELUERAL W5 AL
K-mer BLE K-mer % KN . Zefr R Repeat GC &it
Y Fh . Revised A
Species K-mer total K-mer Genome Heterozygous sequence GC content
pecies number depth size ge;:zne (%) ratio (%)
(Gh) s (%)
KAT% 94 473 837 553 30 3.15 3.13 0.99 84.35 36.56
Opisthopappus tathangensis
KERTTH 89 639 775 705 28 3.20 3.18 1.17 83.83 36.63
0. longilobus
R2 KTH KRKXTHRERAAES T R
Table 2 Genome assembly of Opisthopappus 5007 40 000
tathangensis and O. longilobus £ 4c07 £ 30000
§° 3e07 Z 20 000
YyFh WH HEH Ji B 8 2¢07 i
Species Item Contig Scaffold 2 1e07 ‘ & 10 000 H ‘
Rl o Ml
KATH S 1.19 1.22 0 20 40 60 80 100 0 20 40 60 80 100
Opisthopappus Total length ( Mb) 5 B#A Coverage (%) B3 Coverage (%)
tathangensis B 4148 869 3 885 802 _ _ 30000
Total number & 3e07 £ 25000
= £ 20 000
BRKE 24 674 24 674 2 2007 ‘ Z 15 000
Max length (bp) :b( 1607 g 10000 |
NS0 K a5 510 =S | s | Jl)
N50 length (bp) 0 20 40 60 80 100 0 20 40 60 80 100
N90 K}E 114 118 HER Coverage (%) % Coverage (%)
N90 length (bp)
lwkivs ke 130 134 A. KA Contig BHIRFERKIE BRI B, K 2K
- fongrion T eng 1135 Contig B 25 VR BEAIMK B K0kt 43 P8l
=8 ey 4776 945 4453 317 : L
Total number A. Contig coverage depth, length and quantity distribution of
Sl 24 198 24 198 Opisthopappus taihangensis ; B. Contig coverage depth, length and
Max length (bp) quantity distribution of O. longilobus.
N50 K J& 408 477 .
AN
N50 length (bp) 3 Contig 77 ?ﬁlzl
N9O K- i 113 116 Fig. 3 Contig distribution

N90 length( bp)

2016), 7 & F GC & & 31.5% ( Shen et al.,
2018) , B35~ 37.2% ( Song et al., 2018) ., KAT
3 K KRATH I GC 7 11 r TR i A A 4y 2

HAH GC FaEiuhlZ M,
MRPEFL R 4= A B KN FE R M i s 5 3%

B2 (0.5% <Z2 5% < 0.8%) fEmZe i (44
R = 0.8%) MmEEERFNY (EEFI LG =
50%) (fHLHE 55 55, 2014 R AERE 45, 2017 55455,
2018) . KATHH K ERITHEEHN A IEG R 00 H
0.99% 1 1.17% , 5 75 51 b5 43 51 4 84.35% Fil
83.83% ., YL LG 2 By g m, — M H
A EF I YR 2 & AT SRR
WY ( TE5F, 2018 #BHEESE ) 2019) . KA74H.

KHRATH A AR (G SR A 2L 2008) , AT
EATA PR AR BRI BOFD -, ] 7 25775 A0 H B 1R A
2, BV M A AT Pk B I A7, X A B O Ul
PRATH KM RATH I H DA — N ARB R,
HE LM A A RIE 1.0% ~1.5% 2 18], #5275
A5l 61.57% (Shen et al., 2018) ; B 2 L ] 40 thy 5
M= A G R HE TSR 69.6% (Song et al.,
2018) . HAT = el ity B2 )7 5 R 2 RO A A i R
AP (3 Gb) WA K1k (Garcia et al.,
2013) , XL LY BT I E — R E Lk
T RATH KEERATH WAL A

Zi b IR B AR S5 M FR IR, RAT 28 K
HRATHERNAH)E TEoEL maG KERA
M I BE 4
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