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ETHRANERTIMA=NEEREASHHE

IR, EET? EHEDS FrE St mER, BER"
RIS FL B B Sk, 25 R (R 58P B A BRSO AR %, T 518114
2 ol K A RERE A B, R 650224; Sk FHFISE 2 4 T HANRY S OISk 0, Bl 200032
L B RS, S A R T A 905, J6R 100093

BWE RN AEH (WED) WA A E R E IS Jy . BT, R SR L SRR = b
E 2 kB R KA G S F4F, 1 22RH(Orchidaceae) x5 K 40 K il HAFRIEN D, 5IHFEE WA 2 HEEAFET &, HEN
55 AT SRR AR S/ ME SRS LR (I TS 5% o JE It R B H A2 57 o W HL 2 R B X 92 22 Js (Paphiopedilum) g 2 BHE
PARRIERE, ST 3w Ml e R AR e 22 (R R AL, SRR OB R (Ks)s R GER A FE N A1 DLR AR 58 £ 10 59 0 i
REREEYR G KES R A S 6 HE . SRR, E4F 582 2R 213k & B R H B FA4F, 705l kK AAE
110.17-119.77 Mya (WGD1). 60.95-74.19 Mya (WGD2)#138.19-45.85 Mya (WGD3). 1, WGD3 A5l 3] i) 4= 2

RIS I FF, SN K AR 22 R Cypripedioideae) S HH AR BE ML 5, T2 )8 SRR ML Z . BEAD, 34tk
DRI R o) A e 2 e o O B PO R R 98 DUFE D e b 22 15 2 I IO PR SR A i WA O, N 4 5 PR AL A v 1 98 22 A AL

SN 24 I AR i A SR AR AL T G A

XA A, ZRL KR, GRS, [ R

T, TE, BiNE, FEE, &30k, TR, BERE (2021). 5 TS A HE R 4R 822 1 4 SN A DT s, Y

4 56, 699-714.

% 1% 1t (polyploid) 5 4= % [A 2 & il (whole-ge-
nome duplication, WGD)2&¥1#f 2 ¥ 14 & A= 1) 51 Z2 K
55 71(De Bodt et al., 2005; Van de Peer et al., 2017;
Mandakova and Lysak, 2018), 7E i1k 7 5 b3
WAFAE, JCH LG A b 2 AV S i SRR T
TN GE — RSB R I R AR 2 5 R R AL S )
(One Thousand Plant Transcriptomes Initiative,
2019; VE#:4E, 2019; Huang et al., 2020; T4,
2021). FEFIUVAUESE, fERSEY. el S —K
£+l (Asteraceae). #F — K#} & £l(Fabaceae)H 73
AR E]19. 41, 28k A FE KA E #|F 1 (Huang et
al., 2020; Zhang et al., 2021a; Zhao et al., 2021),
HEW 2 15 44 5 R S ) A R Wb 2 B v
FRE ML O 2 FEAL A 9% (De Bodt et al., 2005;
Van de Peer et al., 2017; Mandakova and Lysak,
2018; Ren et al., 2018).

Wik H 3: 2021-06-22; #2532 H i: 2021-11-24
FEGTH ol B A R B 4 (B I B [2019]55)
* JEIRfE# . E-mail: cjb@cnocc.cn

A 5 R 2H 552 o) A 45 % (0 AR DR 2 P 4 B R R 3
RAENGE, N HRIE AL R P 2 BEAL B AL T 8L A4
#l(De Bodt et al., 2005; Wu et al., 2020). fj 4= %A
AR FRFERER. VB, IR A HT DhRe bS5
BEDRIA P IR S, DR Gt B 20 55 YL 0 AR 7K 1A
e 3t T R EIFY)FH 2 FE4L (Wendel, 2000; Adams
and Wendel, 2005; Mandakova and Lysak, 2018).
IEAh, AR | S5 A e T B L SR e (A
¥ H 4% 5+ (Mandakova and Lysak, 2018). LA#-FIH
TEVARAF NG, RABH IR G ORFEEONT 5%, 1M
TEL T 3 K H S ) 4T 5 (Paterson et al., 2004;
Salse et al., 2008), /KfE(Oryza sativa). =% (Sorg-
hum bicolor) 14+ ¥ (Setaria italica)f] e ta /A FH I
RIEBINAS 5 145, T2 R G 0840 H A A
FEEEHUR >, 435812, 10F19%& (Murat et al., 2017;
R EA L, 2020). Kk, Jetm B H A2
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A R DR 2H 52 ) R AR R BRI AL HERR ) B B iR —

>~ %}(Orchidaceae) & 7004 /& . £126 0007, Jy
We TR KR, B — KR, kAR
Yy b B 2 B 2R 2 —(Chase et al., 2015; Li et
al., 2016), [FIif R Ge e fAh % B B BOR (et fk
FE K M x=6 £|x=120) [ 4 i (Da Conceigdo et al.,
2006; F#174%, 2019), KA ZRHEDME AT FE
A REAFAE 2 I R T S SR, H ATE =R}
Y O RIE A R R A E H R AR . 2T
22 RBHEYF N 4R YR (Cai et al., 2015; Zhang et al.,
2016, 2017; Yuan et al., 2018; Hasing et al., 2020)
DA K T AR e s 20 00 H 25 5% 5% 41 73 i1 (One Thou-
sand Plant Transcriptomes Initiative, 2019), H Aij{¥
or I 1 R == BHE )RR S O AR IR A ik DR AH 55 A
52 (Huang et al., 2020). %%l (Zhang et al.,
2021a)MI G £ (Zhao et al., 2021 M L REEFE
HI 2RI L A TE 45 IR AT

i EARIEOLR R, FRATHEN T e 5 = RHEY)
PR BB AR Z BT AT FEAE AR /MBS FE K (1)
W TSRS %o BN, T PhiaY e s H I H 245 1 22
BI7TAREAR, HEE T &I 2 W RN (Vanilloideae). ==
. #} (Orchidoideae) F1## == i £} (Epidendroideae) 3
A7 JE(One Thousand Plant Transcriptomes
Initiative, 2019); 73 M7 43k (R 41 52 il S5 (1 58 4
IR 4 B4 (R R 78 26 1 48022 WP R (Apostasioideae). 7
e WA, WL WRBA T AISAN & (Cai et al., 2015;
Zhang et al., 2016, 2017; Yuan et al., 2018; Hasing
et al., 2020); < T =2 AR} R 4 AL it 98 B 46
131 = RME Y AL R 2H B, 7B s 1 2R
WEHI =R, FIE 2R H =2 FH(Cyprip-
edioideae). = WEHFIM 22 E}) 134N J&(Unruh et al.,
2018). Xf T ZFHXFEAL 526 0002 Fi i Rr KEHE,
i b G A R DR 4H A2 D S e A B BE R 4 R RUBE

=R R A SR B RS . 2401 §HES
FAN GBS S RE, 2 =R 2 Pt p) E 24
KRB —, OFHFI L& (Cypripedium). BEMZE
(Selenipedium). 3 ¥ 92 = J& (Phragmipedium). %%
2 o1 2% J& (Mexipedium) & 52 2% J& (Paphiopedilum) 5
A J&(Cox et al., 1997; Chen et al., 2009). HH, 41
BRI AR E, 410028, (K22 E
SR B2 L L (Govaerts et al., 2021). ¥4 @4

W0 ) 2 D] k5 K I A A — o R ) AR S (16.5—
35.9 pg/C), HALtuii¥ HAL 745 (2n=26-42) (Leit
ch et al., 2009). K, FATHEN 502 )8 ] REAFAE 4
BN ST HI A, AT, T AN B RRE
BRI T I AR A I B e 22 B A R A AR N R
Wl HEE. Rk, AW FNCBIL S, RIAy iy
2% (Paphiopedilum armeniacum). [& {524 (P. con-
color). M- ¥824(P. hirsutissimum)bl & k24 51 2%
(P. malipoense) )% s H 2 #E, K FH 2 10 [m) S5 6
H(Ks)s FGURAESE A 52 DA S A 5 48 1 7 o 3
BEAT A FED A S s, T 0T JE LA R A AR (1)
ik 25 ARG DN 3 4 2 DR 2 o SR SR SR L R A )
e R T RN H LR E; (2) HRAE T 2RE
WG FAE, B HRER T, PR E NG
= JEWN KA R S FHA; (3) A H: DK 2H 5
AR R A T 90 22 R R I R AL R

1 #MR5AE

1.1 MFEEE T

MNCBIM 5 SRAK i Ao R T 4 31 ¥ 22 (Paphio-
pedilum armeniacum S.C.Chen & F.Y.Liu) (2n=26).
[{] g 52 >%(P. concolor (Lindl. ex Bateman) Pfitzer)
(2n=26). 5= (P. hirsutissimum (Lindl. ex Ho-
ok.) Stein) (2n=26)LA & kS 58 2= (P. malipoense
S.C. Chen & Z.H.Tsi) (2n=26)#% 3% 28l Fr> i R 45 %1
#i(raw data) (Cox et al., 1998; #:&48, 2006; Li et
al., 2014; Zhang et al., 2017; Fang et al., 2020), H
FREMALE S . FR, MNCBIM 3 Genome%
P PE T #1024 (Apostasia shenzhenica Z.J.Liu &
L.J. Chen)3k X 41 %47%(GCA_002786265.1) (Zhang
etal., 2017) /1 T4 # ] B 5 7] U5 R A K3 1T o 440
AR REET R G0k A R DR A AR A R R A A )
PRI AN ERE -

1.2 FEHE R BN REE

f&BhSRA Toolkit v2.10.8+ fjfastg-dumprir & M 5 45
B s SR B3R AR fastq 3L F, = #h--gzip --split-e
(https://github.com/ncbi/sra-tools) (Leinonen et al.,
2011). F|F Trimmomatic v0.39% {4 % fastq s LF AT
JREEAE (S HEE: PE ILLUMINACLIP: TruSeq3-
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PE.fa:2: 30:10 LEADING:3 TRAILING:3 SLIDING-
WINDOW: 4:15 MINLEN:50 TOPHRED33) (Bolger
etal., 2014), 8L BRESL T Y AR B AESE, 3R
Y =5 5 2 B0 (clean data) ] T 5 8412 .

1.3 HREERMNREITMH

K F Trinity v2.11.0% /& 5 & 34 2 1T de novoH %
(Haas et al., 2013), %% & HN--seqType fq --min_
kmer_cov 2 --normalize_reads --bflyCalculateCPU.
B f5, I F cd-hit v4.8.1°%5 A oL 14 295% 1) # 5% 4
(transcript) & A —41(Z%0: -¢ 0.95), F—4 KK
WKy, 1529870 & 19 558 K 7% (unigene) (L
and Godzik, 2006). #T-embryophyta_odb10%i#
FE, FIHBUSCO v4.0.6% 1% 24 3¢ 3R 15 1 % s A ik
17 58 # VPR (Simé&o et al., 2015).

1.4 EARBXEFERETAN

1EERIN B E % T, FH TransDecoder v5.5.0 %}
unigene J7 41 i 17 & H g% 15 X T 9 (https://github.
com/TransDecoder/TransDecoder/releases/tag/T-
ransDecoder-v5.5.0), 35455 H4h4)7 ¥l (protein co
ding sequence, CDS)FIAHR & H 741, FIHITAK
B, BT P B O R AT R S T (trans-
cription factors, TFs)7itill(Zheng et al., 2016).

1.5 2ERASHECFEN

MR8 SCHRHRAE (1 7 % E SR A 55 2 (7] U 25k 2R X i)
KsfE (Sollars et al., 2017), F:x H it 47 IEA& 4 A il
&, DR E . E5, A SR
[ 2 [ R 5 3k 47 all against all /5% 51) A 0L EL st
(BLASTP), WL E ~e™. )5, N HKAKSPIlot-
ter.pyit H & MR K ME (https://github.com/Endy-
mionCooper/KSPlotting) . = 5 5 Jy: {#i FI mcl-
blastline pipelinet & %5 5 % (Enright et al., 2002),
& B MUSCLE X} 45 A~ 2k [5] 55 Ji% 3 AT b %) (Edgar,
2004), iz )5 F|H CODEML ¥ 1 (PAML 3 )it # £ A4
) Fh ) Ks 18 (Goldman and Yang, 1994; Yang,
2007). Jyit G Bt A1 1% 22 R0 [3) S 6 VR AR50 P 52 Wi
(Blanc and Wolfe, 2004; Schlueter et al., 2004; Cui
et al., 2006), AW FAXIRHO0.1-5Z [AI[MKAEFH T )5
Gotr. W5, EBIREmclustH 1 & iR & 8 2 %)

PR FIKAB AT IEZS 20 A f A (Scrucca et al., 2016),
AFHEBR 5 BH P U

95 v A DR 20 55 A 5 S 40 A TA] 1) B TE]
KFZR, FIHwgd®B A, KAWL AT H 4R 5=
BRI | 3R o 22 15 405 3 9 22 (7 T~ 98 22 22
5] E £ [ ¥ 2 K] /) Ko /8 (Zwaenepoel and Van De
Peer, 2019). #4Fh AN 55 2 A5 3 R KA (R 3%
A R AH B2 o) A ) /N T 0 ) L R T Y TR 1) K D
TE (AR EAE), WA He A S AR
EAERBE R E, Iz, WAy R R H 2 %
R A AE RS> A S 1T (One Thousand Plant Tran
scriptomes Initiative, 2019).

R AE K2R I 25 SR HERf v, B FH tree2gd K
H, BT R G AR R R A 22 1 5 VR Rk 4 i R 4H
K+ (Zhang et al., 2020; Zhao et al., 2021). (1)
PA4A 5 2= AR NN =2 1) 2 e 51 oS AN SCF, R
OrthoFinder v2.5.27fiik H. 45 UL H & [F] Y5 5= K (Emms
and Kelly, 2019). (2) FIFH 45 DL E & [R5 5 R R 2
YRR . 5, SRAIMUSCLE v3.8.31% ] fifiik 43 21 11
3024 48 DUE & [F) U5 5 K i2E AT 2 )7 41 Le Xt (Edgar,
2004); FfJ5, T o4, SR {8 H Gblocks v0.91biiiik
{57 [X i (Castresana, 2000; Talavera and Castre-
sana, 2007), Jf¥4 ik FRAF I Or <5 X 4 e B B 22
SERHERE; fJ5, UAProtTest v3.4.2# 52 [FIPROTGA-
MMAJTTF A4 # A A (Darriba et al., 2011),
FRAXML v8.2. 128 f, R RIRIE, F TR
FEARERE . DLARIIMIL NS00 £ B2k 41 000
RIBCE S R R G0k A M (Stamatakis, 2014). (3)
PR (2)0 W 1 10 R Ge R AR R, ) F tree2gd
v1.0.39%8 1, J T BRI\ Z o i 4 2 R 20 55 | A
(https://github.com/Dee-chen/Tree2gd) (Zhang et al.,
2020).

1.6 2EFRESHEHHEMESE

B[R] SO ik R E U RE AT, IRAEIRN N 5% &R
[ 58 35 D] K g 20 A [ WA RN 4 S T=Kg/2r, SR FR DI
22 R % 5 AR I TR], HESEARh g 22 A SR DN 2 B I R
(f) /& 4 5} 18] (Badouin et al., 2017; Zhang et al.,
2017). SeMAE BRI [ 40t E 45 B (Ke=1, T=74
Mya) (Zhang et al., 2017)F1A X T=K/2r, H#EH HIx
YIHLL 22 [r=6.76x107° ([ U /0L 2SU4E); SR JE AR
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A2 KA, K AR 1 rfE,
RS AR oY 22 A L R 20 52 ) S AR 1) A 2 I 1]

1.7 #HFREVETEMERHNEEREEDT
A, RN SR BT B B S B AT D RETE
. fdifleggNOG-mapper v2.0.6% 1, #TeggNOG
v5.0.1 H5 4k P ok FiUI 5k 45 1 2 A 51 2E AT D) Re v R
(Huerta-Cepas et al., 2017, 2019), JERLE RH T4
PR EHEER DR E . )5, RIEmEITRAH
R & B35 AP AE IR, 20 ol 42 B4 o 9 == & U
95% B {7 X [] F Jik PR Ay 4 ik DR 20 &2 o A b DR B
2 ISR, xF TGO RE E 0. EEIRE
AnnotationForge, & T-4F LI ThaeE R4 R, A
BEAN W Fh 43 591 ¥4 78 H 48 JE (https://bioconductor.org/
packages/AnnotationForge/); #| i clusterProfiler 7
SR A o 1 22 % 4 5 DR A A ) R P AR B T AR A
K3 TGOLIRE & £ 9 #T1(P<0.05) (Yu et al., 2012).
GO Uy it & 4 45 ' X 1l R 8 ggplot2 (https://github.
com/tidyverse/ggplot2) #1 pheatmap (https://github.
com/raivokolde/pheatmap )it 17 il ¥4k .

2 HR5WHE

21 BHBEETH. HEFAREITMH

MINCBIR 35 T B BREE I 5025 . [ ge s, a2
DL A5 3 S0 =2 () e s A R G 5t 1005 R 4 234y
AAZE M ERN T, R EE = 83-14.1 Gb, S AR
& H28.7 Gb. XFIRTF I GG EE AT IR, Jds K&
HEE, 43R5 3076 006 (i 9 22) —239 105 (FR

T HRA IR EIE fde novodl e 4t
Table 1 The statistics of raw data and de novo assembly

WS ) SAR, RITUR JE X MR #362 565-
201 606/ unigenes. Fi&{E H WL#E1.

VAL S R e, BT ES1 6144051 I
% A 1 embryophyta_odb10 % 4 FE #k 17 BUSCO ¥
i, SEHETE 55 3K LE 4 (complete BUSCOs) 455l
R AR SE B 8 2% (94.0%)> 45 B 5P 2% (92.5%)> [F] 8 41 =%
(88.5%)>7r 1511 24(86.9%) (K1), BUSCOM-Ahist
PR, A EEREEGS, TR T RS

22 ERRBEXINEREFIN

St 4R o 24 B 55 40 i unigenes 5 91 E4T 85 A 4 5 [X 7
I, LI F 228 0754~CDS, H: b ik g8 2 3k 45
CDSH ¥ & /> (33 2074), K i £ K (994.9
bp); JR S 51 24 3RS CDSHI B & i £ (79 8541),
PR £ J.(829.1 bp) (£2). Xf4F0 9= {ICDSE
AT 8 R 7 T, 43 ) T £ 1 181 (g 22 )
2 586 (FRACH FE = )M B, LTI 27 731105
KAT, HE T70M %R F FkE( R, £2).

2.3 ZERAESHSEEN
BT E AT, 5 vk AT 524 Fl 5% & )
TRFE R K E, KB BE A AT B2 s o JE SR s
R A BN KB AT IEAS A A LA (12, %3). &5
REIR, BRI TR, OS2 DR A SR L A
BIONMK I, A7 FE 22U A BITAKIE; [FII, 405022
EKSN1.5. 0.8LL K 0.5 45 1 LA L4 8134
Kl (43 5 NWGD1. WGD2FRIWGD3), 4524
By g 7 3k A R KA B A

BRiE SR 55 R R IR R KB A, BRATIE S

Paphiopedilum concolor

P. hirsutissimum P. malipoense P. armeniacum

Accession number SRR1405683
Tissues Leaf
Bases (Gb) 3.6
Number of transcripts 156581
Average length of transcript (bp) 9071
N50 of transcript (bp) 1486
Number of unigenes 116919
Average length of unigene (bp) 863.3

N50 of unigene (bp) 1438
Source of raw data Lietal, 2014

SRR1405685 SRR5722160 SRR9842184
Leaf Stem Seed
3 14.1 8
76006 239105 164515
1162.3 884.5 993.2
1971 1627 1856
62565 201606 139203
1071.1 815.6 906.4
1829 1480 1704
Lietal., 2014 Zhang etal., 2017  Fang et al., 2020
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BUSCO assessment results

0 20

Paphiopedilum concolor

P. hirsutissimum

P. malipoense

P. armeniacum

40 60

BUSCOs
[ Complete (C) and single-copy (S) [l Complete (C) and duplicated (D)

B Missing (M)

80 100 (%)

Fragmented (F)
E1 BUSCOVRfh4EH
C: eBEmMERY; S 7B 3 BN N IE R A, D BB A2 ¥ I RAG Fr SR e B 2 10 2 R M i e Bt
B

Figure 1 BUSCO assessment results
C: Complete BUSCOs; S: Complete and single-copy BUSCOs; D: Complete and duplicated BUSCOs; F: Fragmented
BUSCOs; M: Missing BUSCOs

T2 EAYRWID XA TR g R
Table 2 The summary of protein coding sequence and transcription factor prediction

Paphiopedilum concolor P. hirsutissimum P. malipoense P. armeniacum

Number of protein coding sequences 56439 33207 79854 58575
Average length of protein coding sequence (bp) 936.1 994.9 829.1 914.7
N50 of protein coding sequence (bp) 1209 1308 1089 1215
Number of CDS identified as transcription factor 1950 1181 2586 2014
Number of transcription factor families 66 67 67 68

MTHE T AR S R AR M RIS 3
Foft 52 22 5 o 2 R AR P b Ay 3 24 1) AR [R5 2

22T VR R R AT A FE DR A ARG, K E bR dE S
I Zhang® (2020) ik 77320 i /2 L R AR — 4644 3A

R I KAB (2), 25 5 DA RN G0 22 SR I 2 18] B &
IFi 9058 35 [R] (1 K s W 1 349 /N T 4 5 D4 401 2 #fl) = 1 WG D1
FIWGD2¥IK I, KT 4 JE K 240 &2 il FH - WGD3H)
KGR, I 4= 56 R 240 &2 il SE A FWGD1 FIWGD2 & A=
T 22 8 5 IRYIUL 22 L F 2w, TIWGD3N K AE
FEZJa. AT 5 e 3k yp % a) B & [F 5 3 A (1
KU B 35 /N T 4 5 (R 40 55 il S5 4 WGD1. WGD2#!
WGD3, 37k 4x 3 K 41 & | F4- 38 R AR AE o 22 )8
LT

N Htree2gd v1.0.39%8 1, 3T R4k AL A

NRAET AFERAZ R FE (1) Zil 5 F (gene
duplication, GD) >5001", H 1 (AB)(AB)2EH [ & il
HFE>2504: (2) EHIEE>1 5004, J+(AB)AB)
R I L [R1>1001, H.(AB)(AB)ZE Y [ & i
(K 5 (AB)AZS AL 5l (AB)B 2 1) &2 ifl] £ [K] 2 Fi1>1 000
Ao tree2gd 73 AT 46 5L (KIB) R I, 4F0 5 22 ()4H S (BP 45
M2)fREE T 5564 Al B A, Hoh (AB)(AB)ZR AL 52
LR 2744, 3 2 4 5 DR 20 52 ) 4 1 0 e 2%
HEMFESL 2 8 SR 2 b 2 J5 a2 @ a2 wi
(RP&h 3545 22 AR A T 1R A R R 41 & i A,
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A 41 Paphiopedilum concolor B 41
— P. concolor vs Apostasia shenzhenica
3 P. concolor vs P. armeniacum 3
- - P. concolor -
3 3
g &
1 -
0 -
T T 1 I T
3 4 5 0 1
C D
49 P. malipoense 47
— P. malipoense vs A. shenzhenica
3 P. malipoense vs P. armeniacum 3 -
> - P. malipoense >
- , 3
- 2 -
a a
14 17
0- 0-
I T T T 1 I T
0 2 3 4 5 0 1
K
B2 AFP R K A A
o1 22

IREETTE: YR N 55 2 RS R O K3 A AL i 2k 47

RESHE3MMILE

iR A R 8 U B K VAEAE

yj rp—

P. hirsutissimum

— P. hirsutissimum vs A. shenzhenica
P. hirsutissimum vs P. armeniacum

- P. hirsutissimum

(.

T T
2 3 4
Ks

P. armeniacum

— P. armeniacum vs A. shenzhenica
P. armeniacum vs P. hirsutissimum

- P. armeniacum

Figure 2 The density plot of K¢ from four species of Paphiopedilum

Histograms filled in grey: The density distributions of intraspecies paralogue K values; Red solid curves: The K density plots of
interspecies orthologues between four species of Paphiopedilum and Apostasia shenzhenica; Green solid curves: The Ks den-
sity plots of interspecies orthologues between P. armeniacum and other three species of Paphiopedilum; Blue dashed curves:
The fitting results based on Gaussian mixture modeling of intraspecies paralogue K values; Grey dashed lines: The K values

of significant peaks identified by Gaussian mixture modeling.

R3 AT EIRAGHEBERIKSE R
Table 3 The K value based on Gaussian mixture modeling

5 URYII 7] B &R (R P DR R K36 L 0 A et 2 75 3
) B AR IR R (RO B0, M kB 2 0 N 55 RIRREE R KE R s i A BB A 4520, KL &

Species No. of components No. of duplicates BIC Variance Mean (Ks) Proportion
Paphiopedilum 9 207 —4673.731 0.0000 0.1077 0.0527
concolor 9 385 -4673.731 0.0002 0.1314 0.1048
9 416 —4673.731 0.0007 0.1740 0.1194
9 311 —4673.731 0.0026 0.2517 0.0964
9 522 —4673.731 0.0175 0.5161 0.1544
9 642 —4673.731 0.0241 0.8236 0.1741
9 567 —4673.731 0.1557 1.5043 0.1594
9 300 —4673.731 0.5765 2.4529 0.1148
9 90 —4673.731 0.1277 4.3036 0.0240
P. hirsutissimum 7 196 —4604.688 0.0001 0.1146 0.0632
7 277 —4604.688 0.0005 0.1504 0.0991
7 290 —4604.688 0.0026 0.2292 0.1109
7 558 —4604.688 0.0282 0.5407 0.2162
7 508 —4604.688 0.0260 0.8544 0.1693
7 585 —4604.688 0.2594 1.5894 0.2351
7 236 -4604.688 0.8550 3.0527 0.1062
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Fz3 (&)
Table 3 (continued)

Species No. of components  No. of duplicates BIC Variance Mean (Ks) Proportion

P. malipoense 9 377 -14027.68 0.0000 0.1081 0.0399
9 751 -14027.68 0.0003 0.1362 0.0890
9 820 -14027.68 0.0016 0.2006 0.1005
9 579 -14027.68 0.0067 0.3290 0.0768
9 1611 —14027.68 0.0287 0.6196 0.1983
9 1464 —14027.68 0.0447 1.0026 0.1778
9 1634 -14027.68 0.1002 1.6186 0.1952
9 683 -14027.68 0.5901 2.6205 0.1105
9 105 -14027.68 0.0568 4.5773 0.0121

P. armeniacum 9 206 -8261.607 0.0000 0.1063 0.0359
9 472 -8261.607 0.0002 0.1296 0.0870
9 478 -8261.607 0.0008 0.1744 0.0950
9 400 -8261.607 0.0039 0.2729 0.0849
9 1089 -8261.607 0.0213 0.5664 0.2105
9 778 -8261.607 0.0287 0.8825 0.1457
9 999 -8261.607 0.1443 1.4888 0.1980
9 455 -8261.607 0.5375 2.4393 0.1195
9 120 -8261.607 0.1481 4.3256 0.0234

BIC: M-ir{5 B4xiE  BIC: Bayesian information criterion

A
Node GD GD type
ID  number (AB)(AB) (AB)A (AB)B
0 351 6 239 106
1 1551 45 683 823
2 556 274 243 39
3 639 167 0 472
B

P. malipoense

-3787 5853/17388

B3 BT R G0 A B PR 20 2 ) 4 R DRI 4 A o A 4 2R
(A) F45 R E SR E LS T, HFNode IDXT R (B)HAH M 45 5i; GD numbery#-45 ni = il 3 K 5k £, GD type I & il
B R AR AR B R (B) 45 U5 3R T HE A K7 D A R R R R R A R SRR R i, S DT HE N 0 4 (AB)(AB) %
T 5 1) ke DR 5 o S| R SRR IR LU A1 43 2 BT S T T O AL BT 4 A RN R R SR B TR A 4 -

P. concolor

(10971/15609 ]

P. hirsutissimum

3298/13671

(325/9125 )

Figure 3 The detection of whole-genome duplication based on phylogenomics
(A) The statistics of duplicated gene families, Node ID corresponds to the node number in (B); GD number is the number of
duplicated gene families at each node; GD type is the number of each type of duplicated gene families; (B) The numbers in
yellow box below nodes is the number of duplicated gene families/gene families, the corresponding green box is the percentage
of (AB)(AB) types; numbers above (green) and below (red) branches indicate the expansion and contraction of gene families,

respectively.

Paphiopedilum armeniacum
4893/16131
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5 R KA 2 FYWGD3H — 5. 1 Ftree2gd #fF
FHEIET KRG R AR 2R TR, R A2 R
B ) (1 4R 0 22 RTR S DL 22 ) T v i 380 e 22 )8 LA
CANINE S PN ER=KHIE: R LN

24 2EFRBEFEHHEXNEE

MR 4 v B VR S B A AL S B K, SR IR I ==
r=6.76x107° (|7 U /07 f5/4E), THoEARhgn 243
R4 2 TR AH 2 ) A R e, 25 SR A 110.17—
119.77. 60.95-74.197/138.19-45.85 Mya (£4).

25 HEFREADGIRNEHERNIGREEI T
XFAFPSE 2= [ CDS 7 4 AT DhRe v R, 45 R eoR, 3%
102 2141 CDSVE R B GO K ¥ e (£ 45 [ (4 98 ==
27 528/, i HE415 7210, BREE N 9 24 33 522
A, AT 225 4431), L CDSE%11144.82%. X4
Bl SR 22 B D REVE RS IRIEAT — R K Giit (Kl4), 45
IS R 2 26 /> A W) % 1T #£ (biological process,
BP). 4%4f it 7 (cellular component, CC) & 173%
7y 7 Ihfg (molecular function, MF). 7E4:#)2# i f i,
% 5 41 i 3E 72 (cellular process) Al AL it i 72 (meta-
bolic process)ifj 4k K ik £2; FEAMMH /b, FKik
4 i f ) S2 44 (cellular anatomical entity) #1425 &
A 144 4> (protein-containing complex) )i [ % & %
Z; T IReh, S5 #4E Y (catalytic activity)
M4 & Th g (binding) K BB R % .

Fd LT KIE(E XS 45 A S 6 (WGD ) 4247 & 45

73 SR XA BE == 25 4 A DR 20 5 o AR R B
i 3 K47 GO RE = &R0 i, KA1 6941GO%%
H 15315 % 5 %#(P<0.05). 3t TGO% HIH MK R, 1F
TR RN AT A K G H(E4), ILEER200 4
Vs R 2R AL Sy A28 50 T IhAE; Hd, 70%
A 1 100%40 i 25 73 F150% 73 1 DI REAE 31K 42
SR H B HFA G E . X3R4 Hk K 4 2 il
FAEHT BRI, RIIWGD1 RS 7 = SR E ) 2
I #E; WGD2F: 57 & 48 1 13 #2 (rhythmic process)
F1# 3l (locomotion) (1] 4= ¥ % 1 #2; WGD3%F 57 & £
T 8 I FH (pigmentation) . iy AN 4 1] A5 HAE H
(intraspecies interaction between organisms)fl < i
(behavior) A Y24 F

N & AR AL H R DR R B A, 3R
IFR B ARH 50 =2 30 K LB 3L I Dh e AT L
B (E5), KRIMIEWGD13[F %4 T 361GO%
H, GRS, . R & S A
MR B AR IR AR R R S R
Yieeid is, LRI SR BRE VRSS2 T Th R . MR
BN AR AL M FH A, WD EHE T AR
AR ARG R A KB RIS DL A2
3 T LIRS S S A ) i B . FEWGD22L [ & 46 173
NGO H, AL vE B BOE 105 5 Il ER 1S4
i i . FEWGD3IL [ & 4 7401 GO% H, ALiflgik
T EEE T, WER LM, DA R E R
TAT R MR B GR DA TS KA BRAES

Table 4 Dating the whole-genome duplication (WGD) event using K distribution peaks

Age of WGD calculated by K

Age of WGD with 95% confidence

Species Name of WGD Mean (Ks) mean value (Mya) interval (Mya)
Paphiopedilum WGD3 0.5161 38.19 37.35-39.03
concolor WGD2 0.8236 60.95 60.06-61.83
WGD1 1.5043 111.32 108.91-113.72
P. hirsutissimum WGD3 0.5407 40.01 38.98-41.04
WGD2 0.8544 63.22 62.19-64.26
WGD1 1.5894 117.61 114.56-120.67
P. malipoense WGD3 0.6196 45.85 45.24-46.46
WGD2 1.0026 74.19 73.39-74.99
WGD1 1.6186 119.77 118.64-120.91
P. armeniacum WGD3 0.5664 41.92 41.28-42.56
WGD2 0.8825 65.31 64.43-66.19
WGD1 1.4888 110.17 108.42-111.91
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Paphiopedilum armeniacum P. concolor P. hirsutissimum P. malipoense
B4 GO R B S H Ik H U e s M — & K st
Transcriptome: 3R Ih A IER 45 B, WGD1: 45 K415 i FHEWGD1 42 il 3L X {1 Th B8 & 2245 . (P<0.05); WGD2: 4= %L M4
S FWGD2 H & i B K 1 D e 4E 45 SR (P<0.05); WGD3: 4x %= Kl 4 5 il 1 - WGD3 Hh & il 2 (Rl I Dy e ' 4R 45 S (P<0.05);
BP: A:##id#E; CC: MM sr; MF: 237 Ufe

Figure 4 The level 2 GO categories of transcriptome functional annotation and duplicated gene functional enrichment
Transcriptome: Results of transcriptome functional annotation; WGD1: Functional enrichment of duplicated gene from whole-
genome duplication (WGD) event WGD1 (P<0.05); WGD2: Functional enrichment of duplicated gene from WGD2 (P<0.05);
WGD3: Functional enrichment of duplicated gene from WGD3 (P<0.05); BP: Biological process; CC: Cellular component; MF:
Molecular function

e A EER-H R BE M AT e KA AZ . R A 2R R S R AR, AW T4
TBEARARSIE R . G N , (ORVCE MR TSR S ALK, AR B3 Uk A A AL ) A

RN BN EEE AR/ S Uy Iy HIRAAE110.17-119.77 Mya (WGD1). 60.95-

74.19 Mya (WGD2)F138.19-45.85 Mya (WGD3). &
26 itit ff, WGDARIWGD2K A i 1] 5 i J18F 7043 H 120K
26.1 Z=RHEMMNESEFESTFHRE SRR ATHFEAIL, BYFIRK TR, =&

HT, (E2RHEY PRI B2 Ak A ke,  BREERZESRIZE 2 F A a1 (812), ik
— RN K ZHOAT R FEEE(110-135 Mya), 5 HEMWGD1 4K 2 H 1 4L . WGD2AHAE
VONBLAE 2L R £ 2 (72-78 Mya)(Cai et al.,,  AHEYISLZIO SR AE B SF0E. A7 R
2015; Ming et al., 2015; Zhang et al., 2016, 2017;  FIRI&ZENA L HIHFFWGCD3 (38.19-45.85 Mya),
Yuan et al., 2018; One Thousand Plant Trans- 7£ 15 %5 (blueberry). Zt#f(Camellia sinensis var.
criptomes Initiative, 2019; Hasing et al., 2020). % sinensis) A # % N (Daucus carota)d [A]— i BB
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Figure 5 The shared GO terms of 3 or more Paphiopedilum species based on the results of GO functional enrichment
BP, CC, and MF see Figure 4.
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M E T 4 FE K 2H & ) FH 14 (lorizzo et al., 2016; Wei et
al., 2018; Wang et al., 2020), =R} 5 & 75 1% B i
VA 0 281) K 4 R DR 20 52 ) A (17 1k, 23-55 Mya)
(Zhao et al., 2021), {HTE=FHEYIH AR WARIE
CRE A AL I RS 2 . P [A] K Al &5 SR DA
Jtree2gd il 45 &, i3k — 2 7 HTWGD3ITE 2= B (1)
RGERAENE . =R TR KR A Z TR
(BFIZWAR R Z RN CEEL, W= ER)), HA
R 2250 R} 5 4H Uk 25 B 1 23 AL I [R] £ 25 64.97 Mya
(48.54-84.93 Mya) (Kim et al., 2020), FEREH 7] Jy
33 Mya (19-50 Mya) (Gustafsson et al., 2010), ]
WGD3 1) & 4 I} [f] 4 38.19-45.85 Mya, ] il
WGD3 M) 2 W RHRE 7 R AR (1) A B PR A 2 i . )
LR ESANE, HRGE KR NH 8 (RN 2
JE(HRZEEGEME )R, e EE)), HEE S5
IR R BE I AL (R 9 29.9 Mya (14.6-39.1 Mya)
(http://iwww.timetree.org/), & &f i [ 5 7.09 Mya
(5.88-8.41 Mya) (Tsai et al., 2020), H#FhaIK 7>
&5 2R (&1 2) Mitree2gd for I 25 2 (&13) 4 #& 7- WGD3
RAAEFE = WRh A A/, HEIIWGD3 W] R K AL
B S R E R B 4R b, W)
SHEMIWGD3 & A= 75 A4 22 W RS W ik 28 B b 2 5,
EEEEMAZE . R,

262 Z2ERESHEHXNRAZBEYEMN R
BEX

BRI AT S, Kl RERERE T, W
NN AL 2% 5 (Comai, 2005; Oberlander et al.,
2016). 281, fEMEYREE R, 2L H 5 65
AEBEALRAE, s 2R H PR EE K
UK A8 B IR, R AR A B DR 20 52 ) AR 7 oy
SEIEY @R S U NS s R o S I B R
4 (Van de Peer et al., 2017, 2021; Ren et al., 2018;
Wu et al., 2020). 5 R e RARLL, A0 7RI
B 34 A DR AL S AR AR I T R B T A BR A
AL BRI K 2 A, I 4 J R 4H 52 o A
R R AR Sl It B i PR S AR A P a5 2,
WGD1 (110.17-119.77 Mya)% /£ £ 14 % 40 (Creta-
ceous)Fi 45 (Aptian) 2 1 /R 4 B (Albian), B 5 H
LT B E = 1 (83.6-93.9 Mya) (Klages et al.,
2020); WGD2 (60.95-74.19 Mya) K ETE AL 5

it (Paleogene) s 7, HIHL T AL - it K45
fE(K-Pg R 4a 5 4) (Vellekoop et al., 2016); WGD3
(38.19-45.85 Mya) &k 4 £ it il 40 4 %7 tH (Eocene),
KA T -G R S A (56 Mya) FlaR -4
ittt (Oligocene) 4= ¥k 7% ¥4 (Zachos et al., 2001;
Mclnerney and Wing, 2011).

SN A E AR E 7 B HIEE, X R
1) 3 1) i R 1E 4T Tl BE 20 BT T Dy 1) B 4 3 TR 4 52 o
X A3 N PR VA R A A P SR Bt AR 3 o ASAJT
FU 53 IR AR ot 22 3k 4 Kk DR 20 55 1) S 1) IR B A A
BIHEAT 7 GO AE W 470, A3 4 3 R 41 A2 ol
FE LB B ThRe e % 5+ (814, KI5). WGD1E %k
TREEAH . BORARIAEY & G RINBER & S
AR, DA A T B 1 AP 2 28 e R ) 4
T Re (K15), XA RE 5 TE =2 J& A A Bd I 2% il 2
) 5 BR 45 DL K AR A T 5 51 A O AR A R
(Upchurch, 2008; Das and Roychoudhury, 2014;
Brunner et al., 2015; Zhang et al., 2021b). 7EK-Pg
KA, KA 780 7R BRI A ik
WIORE, R FIG IR A E 221 ki K- (Vellekoop et
al., 2016). fENIWGD2's 4 1 It V& IR IO 145 5 I8 %
AR BE R A D RE S i 1 I8 22 R A A S 5 2
JEIl AR 34 5% 1% N VE (K4, BI5) (B A T4, 2014;
Vishwakarma et al., 2017). WGD32 J&, )8
YIS I 1 A BRIR LSRR, HEN w52 B IR AL
FECZ R A5 Sl BRUUE, DLUR D4
WEKE. WELMpT IS BREEDIRE, AT
AE 5 RO G 51 RS A 22 3 L G & B b B
20 M R FEAR AR AT R (558, 2019). Z5 b, HENILR
B ) 52 I FE D e b 5 2 IR E R e DR A O

BRIy bS5 R S TN R T A S
A1 —E(Wu et al., 2020). Wu%5(2020)% L5
Bl 7R ) B Gy SCHE I 254N W)l (BT AE 410
i, BRI 20N, FEAH R A RA A
BEEES AR IE3AN 7 2B HH (29120 Mya. 766 Mya %
<20 Mya)k Ak 4 J PR 41 52 il J 1) O B O ok R R E AT
T OIReE R, RIMAS FIS 2t Ak J5 1 Or B8 S|
FEREDRE B 5 A SR — 8. (1) 45120
Mya % 25 4= 3k [ 21 52 1) < 1 i 1) 5 o) 26 AT 3 A
NEERKANER A ) Th e B2 E A, UBfHiER IR T
TRINEE; (2) fEK-Pg K4 (2166 Mya) k4 1 4
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Revealing the New Whole-genome Duplication Event of Four
Paphiopedilum Species Based on Transcriptome Data
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Abstract Polyploidization or whole-genome duplication (WGD) is a major driving force in species diversification.
Repeated WGD has been found in species-rich groups or families such as ferns, Asteraceae or Fabaceae. However,
there is a paradox between the abundant species diversity of Orchidaceae and the rarely discovered WGD events. We
hypothesized that it could be due to the early research strategy of a small sample size of species belonging to not
closely related groups. Paphiopedilum has a rich variation on chromosome number and morphology. Here, we select it
as the representative group of orchids, and use the synonymous substitution rate (Ks), phylogenomic and relative da-
ting methods to detect whether WGD events have been occurred in P. armeniacum, P. concolor, P. hirsutissimum or P.
malipoense based on the shared transcriptome data. The result shows that three WGDs are detected in all four species of
Paphiopedilum, which occurred in 110.17-119.77 Mya (WGD1), 60.95-74.19 Mya (WGD2), and 38.19-45.85 Mya
(WGD3), respectively. WGD3 is a newly detected whole-genome duplication event in orchids and speculated to occur
after the differentiation of Cypripedioideae and its sister groups, but before the differentiation of Paphiopedilum and its
sister groups. In addition, the retained duplicated genes of three WGDs are functionally related with the environmental
stress response at that time. It is speculated that WGD has improved the adaptability of the ancestors of Paphio-
pedilum to extreme environmental changes.
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Appendix table 1 Transcription factor family in the four Paphiopedilum species
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Appendix table 1 Transcription factor family in the four Paphiopedilum species

LSRR O

Member number

TF family . ) )

P. concolor  P. hirsutissimum  P. malipoense  P. armeniacum
AP2/ERF-AP2 24 13 23 24
AP2/ERF-ERF 106 61 131 105
AP2/ERF-RAV 3 1 2 1
Alfin-like 20 10 16 15
B3 47 24 78 74
B3-ARF 35 27 41 38
BBR-BPC 24 11 15 15
BES1 17 14 18 16
BSD 4 3 1 4
C2C2-CO-like 8 6 7 5
C2C2-Dof 25 11 40 30
C2C2-GATA 38 28 43 41
C2C2-LSD 16 20 15 13
C2C2-YABBY 4 3 5 5
C2H2 96 77 181 138
C3H 149 90 153 115
CAMTA 8 7 12 14
CPP 9 10 17 8
CSD 7 2 7 3
DBB 9 4 10 8
DBP 5 2 7 9
DDT 19 8 15 17
E2F-DP 13 8 22 22
EIL 4 2 3 2
FAR1 62 38 79 72
GARP-ARR-B 14 9 5 9
GARP-G2-like 55 30 88 67
GRAS 69 39 53 47
GRF 5 2 24 16
GeBP 20 11 15 17
HB-BELL 21 18 29 21
HB-HD-ZIP 55 23 53 43
HB-KNOX 5 4 14 10
HB-PHD 1 1 3 2
HB-WOX 2 2 3 12
HB-other 35 15 41 36
HRT 2 1 1 1
HSF 23 16 31 29
LFY / / / 1
LIM 7 5 8 5
LOB 3 3 18 20
MADS-M-type 9 9 27 20
MADS-MIKC 18 10 39 46
MYB 56 32 105 77




Member number

TF family o . )
P. concolor P. hirsutissimum  P. malipoense  P. armeniacum
MYB-related 88 64 155 94
NAC 103 49 115 103
NF-X1 4 5 6 2
NF-YA 30 19 29 18
NF-YB 23 14 30 19
NF-YC 27 17 36 24
OFP 2 2 12 13
PLATZ 8 8 16 10
RWP-RK 6 3 5 7
SAP / / / 1
S1Fa-like 2 1 / /
SBP 33 23 48 26
SRS / 1 3 5
STAT 4 2 2 3
TCP 34 27 32 29
TUB 25 15 28 26
Tify 32 9 55 28
Trihelix 38 32 46 38
ULT 3 2 3 6
VOzZ 2 1 4 2
WRKY 83 23 106 56
Whirly 7 3 4 4
bHLH 121 72 168 111
bZIP 115 67 146 103
zf-HD 8 12 22 13
zn-clus / / 17 /






