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Abstract: Plants from aquatic to terrestrial ecosystems have undergone a very complex evolution, and their
evolutionary pathways of large numbers of genes may be different from one another, so that traditional phy-
logenetic trees cannot show true evolutionary relationships. The phylogenetic network graph is a good solu-
tion to show the complex relationships of reticulate evolution, including vertical evolution and horizontal
evolution. In this paper, we selected Chlamydomonas reinhardtii and four terrestrial plants, and screened
1,668 one-to-one orthologous genes to reconstruct the phylogenetic relationship of terrestrial plants based on
phylogenomics. Results showed that phylogenetic trees were different based on different analysis strategies.
The 1,668 genes were analyzed separately and 15 different topologies were found. The phylogenetic network
of the orthologous genes obtained from the five species was analyzed, and the results showed that in a very
robust phylogenetic network map, only five species have nine different split branches, suggesting a very
complex evolutionary relationship network. Futhermore, the difference in split branches between algae and
bryophytes or lycophytes is very small, which may be one of the reasons influencing the phylogenetic tree
conflict, and implies that early terrestrial plants underwent a complex radiate evolution.
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TE 8R4 294 8425 Hi 1 B Fi 22 (Ordovician) i 1,
R (St /K 2R o) B AR A R = A T A TRt
Y. X — B KW AL D7 SR (F R AR, 1994;
Kenrick & Crane, 1997; Wellman et al, 2003; Steemans
et al, 2009; Rubinstein et al, 2010; Wickett et al, 2014)
Sl T AEBUF M A BRI AR, A&
FAAAEZS SRR B AR oR 22 Ak o i 2 2 L IRE A AR
YIRS R R, —BEURHZEMRAKE ¥
WEFEHIEEA N R, X T EEYIRG . 4EE 4121, Fh
T IR A5 I K B A AL HR 28 0K HE B (Wickett et al,
2014).

ERILAEA) F R & 1 73 7 B ot 70 500 Bl A=
T B AL CAF 2 AR B A R A, ER A
A8 ) (lycophytes) Ml & &% #E ) (bryophytes) ) 9% 5
FE R T 2 4l 7E & B 40 (Silurian) 1 5L
%40 (Lower Devonian)if 3, HIL 7 KEEHIEE
T BRI A A 2R AE W 1 A % 2 (psilophytes)
Y. e T I T A T2 N T A LA 9T,
R TR () AR R BRI T
W, Q) F RS SR E SERE I X RN

SCHF S — MR I 7 AN & BRI A
FA ARV AR 2 B TP AT SR, A2
BT = 2 18] 9 AR S AL P 5K K (Scott, 1900
Eames, 1936). f1faZBtEY A RERCIE T —HER IR
BRI, XL (A KB T I VR R I8 T SR P
W R, AR T e AW ] 7 A R ) B A T 5)
AE BE 4 O 1 #8725 (phaerophyta) #E47)(Church, 1919;
Arnold, 2013). 53— RN X B AT R 2 45
(chlorophyta) . 1X L& 4% AN A& — R 2RI B
#2570 (Bohlin, 1901; Fritsch, 1916), 1H/&HAH k4
A B R A E L B LR A R X, ARV
S PR RIARABAR TG 1 HEARAS B 3R 47 (Fritsch, 1945).

SCRE R AR BB T D A RS R A
B B L IAAFAEAR Z AR ABOHFAE, W7 — 3 (A
AR AGEL KR, — SRV AREEY)
HVE BRI 2 1 — i =lE 6 46 1 i A 35 O 28 A4
TEA T K 19 25 AN [ i3E A 1% 2 (Bower,  1935; Zim-
mermann, 1938); A —LH 55 AN A KA ZRAEY) /& i
 BERE A AL 1T >R (Campbell, 1899).

A8t K B ¥ (phylogenetics) st & | FH 4 4 4 IR
(B TEE . 2755 B @ ek b 4
WAL s, IFURFKEMIEN R, s

Iy FHCE B N, R ) A R A AR R, &
ANFERBER RS K B WS LR &I F 3R S 4
11223 FF(Dunn et al, 2008; Regier et al, 2010; Misof
et al, 2014; Wickett et al, 2014). 2Rifi, HILFEIE, A
[F] 3 R R G B2 18] % A — L, BB
15€(conflicting gene trees)Il % th H 23 28 H (4K 37 2%
B AT, 2008). EVIREALIREF, AR A A fig
AAF BB, FES AWM &= EEL
(vertical evolutionary processes)F7K~F-i&# 1t (horizo-
ntal evolutionary processes). HELiEfk, Bl L1515
HiEmREALES T, FEOIEZR S #(DNA
substitutions) 7f A (insertions). % (deletions) 13
[Al %2 il (genic duplications). % {i(translocations). 13
I (inversions); 7K 1 8 4 3 % 40 §5 & 4 (recom-
bination) . %% ¢ (hybridization) 2 [Xl #7 2 (introg-
ression). &K 7K P #%#% (horizontal gene transfer) 12
(A 45 (genome fusion)S5. RGK AW R e 2
HE B AT R, TR T ARG 2k KT A T A,
R EWNTCERR . ok, B2 B,
R AFEA 58 4 15 R 73 1 (incomplete lineage
sorting) 55 FEAL [y s AT,k DRI A R AN A T AL
AT BEARSIR AN [F] S

& R KB FHAREN, REKE W%
(phylogenetic network) ] DAR &7 3t Ji& )L 52 2% 1) AR
14k (reticulate evolution)>% % (Huson & Bryant, 2006;
Nakhleh, 2010; Huson & Scornavacca, 2011). #ig I,
M AR AR IR, AR RSEK
B P25 AT LA 2 LB R A, HR XTI RSEK
B L& A Bl S AR N, = AR AT —
T AN 32 A% H 23 B T H (Tofigh et al, 2011).
EARERZ, O8f REMHIF TAEHTIHE L
WHIRFKE ML, LR EI ARG K G 5 flilk
FaHb B A2 A ST AR A LR R R 334 F 44 (Bandelt et al,
1999; Clement et al, 2000; Bryant & Moulton, 2004;
Huson & Bryant, 2006).
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T 25 PN B A 73 0 35 JRE 3% (Angiopteris fokiensis)tE
PRIVE FRmt, BORE J R R S BRI R A R
FIFI TRIZol® Reagenti®(Invitrogen, i) FEHL
RNA, #AJ5#]HPlant RNA Purification Reagentii 7l
(Invitrogen, )X H2HU B RNABH T4iML, 2 )5
i Agilent 2100%; IRNASZHUT & . F 774 Oligo
dTHIE 714 (Invitrogen, E¥#F) HployAiEAT A-TH A
HCXT, MUERNAHZM B HmRNA . FIH &8 8 74
KA mRNABE NI 200 bpZi 47 /N Bro LA
XKLL/ Fr BrmRNAN B, FH AL S & B — 2%
cDNA%E, SRJG ALK . ANTPs.RNase HFIDNA
polymerase 15 5 — 25 cDNA%E . X X EEcDNA AT
I LAEME, R fpoly (A)JFFZEH:N T £ kadaptor,
3352 % ()cDNA. FIFIPCRIE/TcDNAY 1, g
MRS, Flllumina HiSeq 25003470 /7
1.2 FF3¢EFNORFFM

] FHumina XA 3l J7 (paired-end, PE)J7 %3
17BN, 5300 R EEG 4 d Base Call-
ing e A EE, RIELE 751U Bl(raw reads),
PAFASTQ#% At 47 . K46 7 5133047 5T & VP Al A e
EREHT, FF2RBRi & SR P A ik 751 W
Ui IG5 7 811(Q < 20 bp)s BN > 10%[1) /751 LA K &
B S KB/ T20 bpl 741, 15 346 R dE (clean
data). | FH Trinity (http://trinityrnaseq.source-forge.net/,
W A< 5 trinityrnaseq-r2013-02-25) (Grabherr et al,
20110 T A AR 4T k2% . BT Trinity2H
R RPEHRENICRITS, FIHCD-HIT (Fu et
al, 2012) = FrE L ¥ %, 15 Flunigene7 % . F|H
Trinity # ] transcoder I E Xt unigene i 17 FF i [ 152
HE(open reading frame, ORF) T, 15341 b £
(JORF [X 35, {4 Fpfam (http://pfam.xfam.org/) %4
PEXE PN 25 R AT R IE, 4 Eox &5 BAR BE Bl pfam £
WEREEFST.
1.3 FHREABIETEEITME

15 e S BRI T RS0 A o dir, PR IIF
HALAT B () e 5y 91 o 5 78 5 A T RE I i SRA
RAEHEEN ., XEEXRINRGEKE 5 hEuRE
BRI/ SE B, AT 510 2R 40 8 B IR 40 h 45
R o FRAT % B 30148 47 6 DR 4 077 16 15 31 149 1,440
A7 3k A7 AE TR A I R DL R (R IE E IR] 2H R
FIEESE, [ FIBUSCO v2 (Siméo et al, 2015)%44
PP AGAR e 0L R S B S 2 R 1 e

14 ERREREREIGFE

MEnsemblPlants (http:/plants.ensembl.org/index.
html) £ 45 i 9 3k B R 28075 215K 59 AL B (Chlamy-
domonas reinhardtii) . /)N 37 #i #£ (Physcomitrella
patens). Y174 %41 (Selaginella moellendorffii) 1) % 4]
HE¥%, Mcongenie (http://congenie.org/) M i 315
K 2 A2 (Picea abies) (1) 35 K 4 54 - X 54N F R
PIACHE . /NOLBGE . VLFGEN . AR G o 34 R BRK
M= A2)HE R 1) 8 B 7 5148 FH OrthoMCL (Li et al,
2003)# AT ik [F] YR 25 K (B value < le-10, inflation =
2.5), iz Agalma (Dunn et al, 2013)RG K & K
M2y M AR i is — o — B R FEEER . HORBUR
FRUTR (1) B[R] Y5 45 R 3R 2R 41 vh 19 e 270 43
MUSCLE (Edgar, 2004)%f%15%; (2)f#i F GBlocks
(Talavera & Castresana, 2007)%# {4 ik 5 K] 7 71 1
{55 X35 (3)fd FIRAXML (Stamatakis, 2014) 8145t
7 106 45 20 (0 DR 57 PP 0 4 2 de KALOR A, B 28R 56
1007X; (4)f# i DendroPy (Sukumaran & Holder, 2010)
BT B R AT BY, 43 BB S R —
7B B — X — B R )R R R B
15 RHEABESWREND

RGUR A W5 A BB & b o HR K
FERER T (V)X EAN /I 45 2 B R (AR 2 R A
HIMUSCLE¥PFEERT, TERFE FIH RS ()% &M
B A FH GBlock 3 14 AT 17 A1 A <1 XU i e ;. (3) 4%
i 106 22 Ji B PR S 470 R 5 TR R 22 5 DA 20 I
(supermatrix); (4)f# FHRAXMLE 347 fe RABLSATE
gy BT, 1% FE AT PIE S HF 4 B JF DL Prottest 3
(Darriba et al, 20114 R FIPROTCATITT A £
BRI B 25 K055 1,0000K o« BRA BEDRIR 1) 7% ()%
A B AR [F) U5 B D] B s RAXML AR A 12E 47 55K
ASRIE BT, B 2RI 1000, (2)F4 s 5L DA AR 4
ST 128, IFGETHASIRIFE T &6 g 1) B DR
(3)f# HASTRAL (Mirarab et al, 2014)# 5% 2 4>
JE DRI HE 5 G ) P (supertree)

X Uit 126 43 21 1) 28 1 R [, {3 F SplitsTree4
B A4(Huson & Bryant, 2006)HEMISANREHEM RA K
BMLEKR.

2 #£R

21 FRAHLZFIORFM
K HiTllumina HiSeq 2500738 & 71 4 X 48
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W PESERAT R S, 158045 GbIRIAEHE
(raw data), JRIAEHE O AL £ NCBIFSRA K E &
(SAMNO03575909). N T fRiEJ5 22415 B 53 i)
HERAPE, X R UEE s 2T L I8 £ 4, 3R18 744 Gb
H R (clean data). XA 31T de novol
HaL, HAGR63 202 M FA . ERIUR T I EF
$1157,637 %% B K #% (unigene), N5091,629 bp. M
unigene 1 I 43 135,972 56 ORF, i & unigene [
62.41%. TEAZE R IR .
22 FRAUIRTEMITML

{1 R 40 L % ) 08 3k TR 0 0 2 55 A 2 R 2 e
M P10 2 S AH B S B VR AT VAN, E FH 30N A
D] 41 97 126 15 31 1R 1,440 6.4 5 48 DL EL 2% [R] 35 6% [
W, SEATLEC B 1) 54 UL B R [RYRZE K] (complete) B
9564, 5 HBUSCOMI66.4%:; #5753 Fi B UG HEC 31 [ 5.
¥ DU B & [7) Y5 3 [K] (fragment) A 851, 15 A BUSCO
[15.9%; %A UCHEL 2] 1 HE Y 548 U E & [R5
(missing) 53994, 15 BUSCOMI27.7% (£1).
23 RH{KREDW

BATVIHEAFF 11,6684 100% 2 FH 78 76 1 —Xf —

Rl BHREMEFRAHEETERTGERSIT
Table 1

HPE UV E RFIEIER . e, R B BE FEI TV,
Vg BEAS BL B DR B 1 410 R O R G 22 R R
B, L5324, 365 MR SF IR IERR AL A, DASE A A
NANTE, A B R AR L 1S BISAS KRB R
GRERAZN: CEWAKE, (LB, (MR,
(REEWL R, K= 2)) (K. 25, RS
FLRI (77, AP AC B A A 2HE, A3 FH e A
SRIEXH A R E AT VIR E RS KE W,
321,668 KR ELILRIBY, A5G ISP L (EI2). X AT
BRI RS BB PR R GEBACEE, (DAL
Wik, (VLB (R A, R =A2)/(E).
24 MAREL

ANTF] 2 DR ] BEAEAEAS R (v Ab g sk, AT e
1,668 FE PRI SN RSt B M2, 4558
RIRAELEIAN 485 % (split branch), [ T ¥0Fh 4y 8552
Ab, IEAFAEAFP LS 3 B3, B T S i 7 B S (3
Fi S bn ) SR RAUN21.6% 40, HoAh S 4R 100%
SRR (EI3). G TIR, /N SLHEE FISE TR A o
GRRZTEUT L VLR A AE T, SR X gl R
A RFRE (L 73 B SRR, BS = 21.6%)

The assessment results of assembly completeness of transcriptome and genome

PFh Species

71+ Classification

BUSCO#Hiti 45 BUSCO results

AR BE T Angiopteris fokiensis
KX 4% Picea abies

YLFG%AN Selaginella moellendor ffii
/NLTEE Physcomitrella patens

HHRZAEY) Monilophytes
FhFHEY) Spermatophytes
FIFAFAEY) Lycophytes
HHEEHEY) Bryophytes

DA Chlamydomonas reintmrdtii A Thallophytes

C: 66.4% [S: 43.2%, D: 23.2%], F: 5.9%, M: 27.7%, n: 1440
C:34.0% [S: 28.9%, D: 5.1%], F: 7.4%, M: 58.6%, n: 1,440
C:63.2% [S: 10.0%, D: 53.2%], F: 4.7%, M: 32.1%, n: 1,440
C:70.1% [S: 46.0%, D: 24.1%], F: 2.6%, M: 27.3%, n: 1,440
C: 18.8% [S: 17.9%, D: 0.9%], F: 1.7%, M: 79.5%, n: 1,440

C: SEAULECMBUSCOS; S: 5e 4 VLAL A 144 NIBUSCOs; D: e 4 VLEL A B A IBUSCOs; F: BUSCOs#i4) b Bt; M: #ZRIBUSCOs; n: &

BUSCOs#( H .

C, Complete BUSCOs; S, Complete and single-copy BUSCOs; D, Complete and duplicated BUSCOs; F, Fragmented BUSCOs; M, Missing BUSCOs;

n, Total BUSCO groups searched.

A 100 Angiopteris fokiensis
100 Picea abies
Physcomitrella patens
— Selaginella moellendorffii
Chlamydomonas reintmrdtii
—
0.1
Angiopteris fokiensis
B 0.99 Picea abies

Selaginella moellendorffii

Physcomitrella patens

Chlamydomonas reintmrdtii

Bl ETHREMRKSHAEINSIMRRLERN. (A)ERAREKEMIZRNEXUAR, (B)EMAKSEEMHITZERIFH.

Fig. 1

The phylogenetic trees based on concatenation and coalescence methods. (A) The maximum likelihood tree based on con-

catenation method; (B) The species tree based on coalescence method.
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A. fokiensis P. abies A. fokiensis
| P. abies [ L— 5. moellendorffii N . — moellendorffii
S. moellendorffii A. fokiensis P. abies
323 = e P, pattens 116 - ~————————P. patens 96 - P patens
L C. reinhardtii ———————— (. reinhardtii ———————C. reinhardtii
A. fokiensis P. abies A. fokiensis
I P. abies _m P. patens _mP. patens
P. patens A. fokiensis P. abies
296 - - S. moellendorffii 101 < . moellendorffii 90 - ——————S. moellendorffii
L——— C. reinhardtii —————————————— C. reinhardtii ————C. reinhardtii
P. patens A. fokiensis A. fokiensis
_‘_I_I: S. moellendorffii _‘_|_|——P. patens _‘_I_‘——S. moellendorffii
A. fokiensis S. moellendorffii P. patens
144 P. abies 78 — P. abies 64 P. abies
——————————— C. reinhardtii '————— C. reinhardtii —————_C. reinhardtii
P. patens P. abies P. abies
I_'_i: S. moellendorffii I_I_I— P. patens I_,_I—S. moellendorffii
P. abies S. moellendorffii P. patens
99 A. fokiensis 44 = A. fokiensis 41 A. fokiensis
(. reinhardtii ———————_C. reinhardtii —————————C. reinhardtii
A. fokiensis A. fokiensis A. fokiensis
P. abies [ L—— P. patens _I_S. moellendorffii
P. patens — S. moellendorffii P. abies
1027 _: S. moellendorffii 30 P. abies 20 _I_P‘ patens
C. reinhardtii —————————C. reinhardtii —————————C. reinhardtii

E2 ERASmXMUAEZNISHAINERRERRN . HFRTEMAINEHBEE.
Fig. 2 Fifteen topological structure of gene trees based on maximum likelihood method. The numbers mean the amount of the top-
ological structure.

Chlamydomonas reinhardtii

Selaginella moellendorf{fii

Angiopteris fokiensis

Physcomitrella patens

0.1

Picea abies

E3 ETLe68NMEEMENRAMEEYMNARELAENE. HFRTENTEINIHE, RTRESBXGE R, H
b BB FFEEH100%; FITHA B AE—MHIEZ.

Fig. 3 The phylogenetic network of early land plants based on 1,668 genes. The numbers mean the bootstrap support of each split
branch. In addition to the shortest split branch (arrow), the bootstrap support of other split branches is 100%. The parallel split
branches are the same type of split branch.
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FAE18594E IR /R CAE CIFIEEIR) — i de
H, HiER EATA AR T — AN SR EE . I
HL {167 SR R G SR R R B sk 0 1 v
Wit 2. BEE RGKE T RIRIE, MMIFFEEH
BT e R R A T ER AN [R] R B AR W B AL T
TR I ST S R AR Ay 2 A R IEAR . BEE
ST YRR R, ORI Z 1) T E R A3 3
R, 30 TN R K E 20 i) E 2
Ko NMIFFLRBEEAEH 2 N F FIDNA K BT R
GuR BT, SRIMBEE DR, ANEIT R #E
AR B 2R R 7 51050 [/ — BB AT KRB K E 5
MrAT 5 3 RS E A 20 B A M E . Cranston 55
(2009)ZE 61 KB A b i 126 15 213074 B & [F] U5 5
DR, BT 70 R B 2 6 R 2 DA 7 o JE A — S0P,
A 8N L PR 5 3 16 4 AT R ) Ff R — S8 (Cranston
et al, 2009); SalichosflIRokas (2013) M23Fh % £EHE [
P H kS R 1,070 N H R [FYRIE N, KA EF—
i L DAL BE 5 8 G 0 BT R 40 B B — 2 (Salichos &
Rokas, 2013),

AAF T, FRATTANS AN ) 5 D] AR 4 5k 20
H T 15 21 1,668 — X — B R [FIVRFEF, KX Lk
i [R] H BBR 2 7 A0 324,365 T L FE R A A 1Y
R AR, 18 P KSR L F A T R A R
Ro GRMUEH AR, ARAFEYE R
R 2 et ok, B)E, Al R B A SRR
J7i%, H B RKSRIEA E 1,668 L EL R, 24
S5 B R R o R ER B I ) 45 SR AN,
EEE Y AR 2 SR AL Ok . kR I,
R AH R R BCHE, AN [ (1) 20 AT SR B 45 20 1) R 48
R WA EARTT JE 1 o AL 215 211,668 25 ]
WEAT 7325, ARENSFA A R g5, RpIX el
IR AT BEAZAE L SFPAS A (ALl B2 o 3 — 20 G0t RN,
SR HR IR R T IR e A 4 SR R R 2964, D
TR R R 7V ) 2 b 5 SR B R (3234
AT L, 3K 1,668 /1™ 4 R 45 48 A< B 5t A7 AE A 1 o2
P, X ARG R R G RS ERE
R 22 5, X AT Ae I A T PR A AT SR B 1 )
25 RA P AR .

AN TR BN F 0 RGN, X FA—
B T B8 A T 2 R A 7 s B R A T R

R, A RS BT AR R A i AR gLk
(Woodhams et al, 2016). XLEFELFAF7E AL
REFE IR A, R R AR YIAIE E AT, Mallet
(2005) fiti 111 35 K £925% IR A 10% 1 54 5 53
G —ANPIIR A T R3S BRI FEIRAN, A
T2 & T 86 52 W AE AN 58 2 1 & ) 1% (Degnan &
Rosenberg, 2009; Nakhleh, 2013; Mirarab et al,
2016). 74732 (Nakhleh, 2010; Woodhams et al, 2016)+
FAKP A (Szoll6si et al, 2012)ZE L FAFAEAE
HITE LT @M R EZ R W NTE
AAAE 2R WK B S, Nz RSB M
2% ok F i WA AL R o B TR D 2 5 B, AT B A
L DRI e SR ) JiR BRLAN ) b 38 A6 5C 2 (Smeath, 1975
Syvanen, 1985; Delwiche & Palmer, 1996; Griffiths &
Marjoram, 1996; Rieseberg, 1997; Doolittle, 1999;
Huson & Bryant, 2006; Huson & Scornavacca, 2011).
AT, JATRBORE R B D, BRIE1,6681
FEPR RGBT ISFAN A AR £, XAE — B AR
bR B R AR A AR BEA R R TP AR AR AR AR
BRI PPRTE A IR 2 o BB JG AT TR IX 1,668 Jk K] i3t
ITRGIRKE WL AT, I A A A A 2 [y S
TEE R R PIREA G R o AN AESA B 2 [R5
IO 73 B 3L, BR 1B FEI 70 B S (K367 Sk s,
BS = 21.6%)4, HAth 72 5ZHR A2 100% 151
MR BARRGK B ML I, Pyfial i o s s =
FAAK, HEE L REE HAEREREDHEL L 5 E
BRI S R

S35 3k

Arnold CA (2013) An Introduction to Paleobotany. Read
Books Ltd., New York.

Bandelt HJ, Forster P, R6hl A (1999) Median-joining networks
for inferring intraspecific phylogenies. Molecular Biology
and Evolution, 16, 37-48.

Bohlin K (1901) Utkast till de grona algernas och arkegoni-
aternas fylogeni. Almqvist & Wiksells Boktryckeri AB,
Uppsala.

Bower FO (1935) Primitive land plants. Science, 81, 537-539.

Bryant D, Moulton V (2004) Neighbor-net: an agglomerative
method for the construction of phylogenetic networks. Mo-
lecular Biology and Evolution, 21, 255-265.

Campbell D (1899) Lectures on the Evolution of Plants.
Kessinger Publishing, London.

Church AH (1919) Thalassiophyta and the Subaerial Transmi-
gration. Oxford University Press, Oxford.



6

FPULTAE: Je T R GUEE R 22 0 W 4 s 5 IRt R AR A 1A SR AR A 56 2R 681

Clement M, Posada D, Crandall KA (2000) TCS: a computer
program to estimate gene genealogies. Molecular Ecology,
9, 1657-1659.

Cranston KA, Hurwitz B, Ware D, Stein L, Wing RA (2009)
Species trees from highly incongruent gene trees in rice.
Systematic Biology, 58, 489—500.

Darriba D, Taboada GL, Doallo R, Posada D (2011) ProtTest 3:
fast selection of best-fit models of protein evolution. Bioin-
formatics, 27, 1164-1165.

Degnan JH, Rosenberg NA (2009) Gene tree discordance,
phylogenetic inference and the multispecies coalescent.
Trends in Ecology & Evolution, 24, 332-340.

Delwiche CF, Palmer JD (1996) Rampant horizontal transfer
and duplication of Rubisco genes in eubacteria and plastids.
Molecular Biology and Evolution, 13, 873—-882.

Doolittle WF (1999) Phylogenetic classification and the uni-
versal tree. Science, 284, 2124-2128.

Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, Smith
SA, Seaver E, Rouse GW, Obst M, Edgecombe GD (2008)
Broad phylogenomic sampling improves resolution of the
animal tree of life. Nature, 452, 745-749.

Dunn CW, Howison M, Zapata F (2013) Agalma: an automated
phylogenomics workflow. BMC Bioinformatics, 14, 330.
Eames AJ (1936) Morphology of Vascular Plants. McGraw-

Hill Book Company, New York.

Edgar RC (2004) MUSCLE: multiple sequence alignment with
high accuracy and high throughput. Nucleic Acids Research,
32, 1792-1797.

Fritsch F (1945) Studies in the comparative morphology of the
algae. IV. Algae and archegoniate plants. Annals of Botany,
9, 1-29.

Fritsch FE (1916) The algal ancestry of the higher plants. New
Phytologist, 15, 233-249.

Fu L, Niu B, Zhu Z, Wu S, Li W (2012) CD-HIT: accelerated
for clustering the next-generation sequencing data. Bioinfor-
matics, 28, 3150-3152.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA,
Amit I, Adiconis X, Fan L, Raychowdhury R, Zeng Q
(2011) Full-length transcriptome assembly from RNA-Seq
data without a reference genome. Nature Biotechnology, 29,
644-652.

Griffiths RC, Marjoram P (1996) Ancestral inference from
samples of DNA sequences with recombination. Journal of
Computational Biology, 3, 479-502.

Huson DH, Bryant D (2006) Application of phylogenetic net-
works in evolutionary studies. Molecular Biology and Evo-
lution, 23, 254-267.

Huson DH, Scornavacca C (2011) A survey of combinatorial
methods for phylogenetic networks. Genome Biology and
Evolution, 3, 23-35.

Kenrick P, Crane PR (1997) The origin and early evolution of
plants on land. Nature, 389, 33-39.

Li CS (1994) Origin of land plants is an important event of life

evolution. Bulletin of National Natural Science Foundation
of China, (4), 8-14. (in Chinese with English abstract) [Z=7&
A& (1994) LWt A ) B K S A —— Pl M AR P 1) R 5 B
H A pHd R, b ERE RS, (4), 8-14.]

Li L, Stoeckert CJ, Roos DS (2003) OrthoMCL: identification
of ortholog groups for eukaryotic genomes. Genome Re-
search, 13, 2178-2189.

Mallet J (2005) Hybridization as an invasion of the genome.
Trends in Ecology & Evolution, 20, 229-237.

Mirarab S, Bayzid MS, Warnow T (2016) Evaluating summary
methods for multilocus species tree estimation in the pres-
ence of incomplete lineage sorting. Systematic Biology, 65,
366-380.

Mirarab S, Reaz R, Bayzid MS, Zimmermann T, Swenson MS,
Warnow T (2014) ASTRAL: genome-scale coalescent-
based species tree estimation. Bioinformatics, 30, 541-548.

Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C,
Frandsen PB, Ware J, Flouri T, Beutel RG (2014) Phyloge-
nomics resolves the timing and pattern of insect evolution.
Science, 346, 763-767.

Nakhleh L (2010) Evolutionary phylogenetic networks: models
and issues. In: Problem Solving Handbook in Computational
Biology and Bioinformatics (eds Lenwood SH, Naren R),
pp. 125-158. Springer, New York.

Nakhleh L (2013) Computational approaches to species phy-
logeny inference and gene tree reconciliation. Trends in
Ecology & Evolution, 28, 719-728.

Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, Wetzer R,
Martin JW, Cunningham CW (2010) Arthropod relation-
ships revealed by phylogenomic analysis of nuclear pro-
tein-coding sequences. Nature, 463, 1079-1083.

Rieseberg LH (1997) Hybrid origins of plant species. Annual
Review of Ecology and Systematics, 28, 359-389.

Rubinstein CV, Gerrienne P, de la Puente G, Astini R, Stee-
mans P (2010) Early Middle Ordovician evidence for land
plants in Argentina (eastern Gondwana). New Phytologist,
188, 365-369.

Salichos L, Rokas A (2013) Inferring ancient divergences re-
quires genes with strong phylogenetic signals. Nature, 497,
327-331.

Scott DH (1900) Studies in Fossil Botany. Adam & Charles
Black, London.

Simdo FA, Waterhouse RM, loannidis P, Kriventseva EV,
Zdobnov EM (2015) BUSCO: assessing genome assembly
and annotation completeness with single-copy orthologs.
Bioinformatics, 31, 3210-3212.

Sneath PH (1975) Cladistic representation of reticulate evolu-
tion. Systematic Zoology, 24, 360-368.

Stamatakis A (2014) RAXML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinfor-
matics, 30, 1312—-1313.

Steemans P, Le Hérissé A, Melvin J, Miller MA, Paris F,
Verniers J, Wellman CH (2009) Origin and radiation of the



682 4 ¥ % B ¥ Biodiversity Science

0253

carliest vascular land plants. Science, 324, 353.

Sukumaran J, Holder MT (2010) DendroPy: a Python library
for phylogenetic computing. Bioinformatics, 26, 1569-1571.

Syvanen M (1985) Cross-species gene transfer, implications for
a new theory of evolution. Journal of Theoretical Biology,
112, 333-343.

Szo61l6si GJ, Boussau B, Abby SS, Tannier E, Daubin V (2012)
Phylogenetic modeling of lateral gene transfer reconstructs
the pattern and relative timing of speciations. Proceedings of
the National Academy of Sciences, USA, 109, 17513-
17518.

Talavera G, Castresana J (2007) Improvement of phylogenies
after removing divergent and ambiguously aligned blocks
from protein sequence alignments. Systematic Biology, 56,
564-577.

Tofigh A, Hallett M, Lagergren J (2011) Simultaneous identi-
fication of duplications and lateral gene transfers. IEEE/
ACM Transactions on Computational Biology and Bioin-
formatics (TCBB), 8, 517-535.

Wellman CH, Osterloff PL, Mohiuddin U (2003) Fragments of

the earliest land plants. Nature, 425, 282-285.

Wickett NJ, Mirarab S, Nguyen N, Warnow T, Carpenter E,
Matasci N, Ayyampalayam S, Barker MS, Burleigh JG,
Gitzendanner MA (2014) Phylotranscriptomic analysis of
the origin and early diversification of land plants. Proceed-
ings of the National Academy of Sciences, USA, 111,
4859-4868.

Woodhams MD, Lockhart PJ, Holland BR (2016) Simulating
and summarizing sources of gene tree incongruence. Ge-
nome Biology and Evolution, 8, 1299-1315.

Zimmermann W (1938) Phylogenie. In: Manual of Pteridology
(ed. Frans V), pp. 558-618. Springer, New York.

Zou XH, Ge S (2008) Conflicting gene trees and phylogenom-
ics. Journal of Systematics and Evolution, 46, 795-807. (in
Chinese with English abstract) [4BH7 &%, BT (2008) (K
W RS RGR R KA EO 5. WA, 46,
795-807.]

TR EfE SfEgmiE: HEE)

MiZ Supplementary Material

MisR1 1REMEEEEEREANFARERSIT
Appendix 1
http://www.biodiversity-science.net/fileup/PDF/2017042-1.pdf

The results of transcriptome sequence and assemble of Angiopteris fokiensis



FIVTAF, XU, PR, R, EAE, RN T ARG A A R R B AR M B 2 BRI G R, B
Pk, 2017, 25 (6): 675-682.
http://www.biodiversity-science.net/CN/10.17520/biods.2017042

MRl BENMEEEEEREANFMARERSIT
Appendix 1 The results of transcriptome sequence and assemble of Angiopteris fokiensis

JRUEEHE Rawdata (G) 4.5 Q30 fH Q30 (%) 91.85
HRHYE Cleandata (G) 4.4 B L% Number of unigenes 57,637
MBI S & Total bases (bp)  3,415,761,579 N50 {5 N50 (bp) 1,629

Q20 14 Q20 (%) 96.1 GC & GC content 0.45






