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Molecular Evolution of psbD Gene in Ferns:
Selection Pressure and Co-evolutionary Analysis
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Abstract: The D2 protein of the Photosystem II (PSII) reaction center complex is encoded by
the chloroplast gene psbD. To gain a better understanding of the adaptive radiation of core
leptosporangiate ferns in low-light environments, we sequenced psbD in twelve species and
collected eight published sequences to represent extant ferns in order level. We then evaluated
the selection pressure of D2 protein based on w values ( nonsynonymous Synonymous
substitution ratio). The results of statistical tests based on different models indicated that most
sites and branches were under strong negative selection, but tree ferns exhibited a slower
evolutionary rate and higher w value compared with other ferns. Co-evolution analysis based on
different approaches showed that the D2-R168, D2-H245 and D2-M272 of tree ferns were
involved in the same co-evolution network.
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ZE, MHREARA ., KAE, AEmEHESZRE
B FEFIRR A NIRER T, FEREE AR
B 22 5, HEMBRAR Y e A VR A R OGS E
() —SE ) REFL A, A T BE AL Fh i « 8 5t =X
Syt & A TE kAL

JERGE N RN YRIOLRE . HT6IE TR0
HLRGAM S | Pl A IR A O iR i AR
VRO RGE I (PSTT) &A™,
PS I & A R0 2t A S5 49 AL D1 Al D2
BRI R B TG, b D2 8 R Sk A
[ psbD 4% ® . D2 & HTELERE PS 11 04
BIEE fi P TR EEEH, Tz,
P D1 EAMFRST, BT ARBENER, o
AEE A0 26 1 e iAo R P T 2 2 S )
PR, MERESFRFEMBEREE S, G EEN
B SR P 9 (A % R AR [R] SRR IR ((d,,) A L
BloR (dg) IHE o (w=d, /ds), TEREEE
TIHIFRRR® . B —Jr i, TR — 2R AT R R R
L2 (AR AT REAEEAL D AFAEAR DG . SRR
FEAE AL I R v R AR R R A T R RS, T A A
(R i (1) B B T A B M2, DT 4R R 2R 1 I 45 44 N
DIsemfese . ek DA E L IRpR L, Bk
g3k Ak 5% %L ( co-evolving residues) 1% Mg
ICHEbERIE, A B TR E N PR AL B 24 L
g,

AWFEARYE psbD i RN EL A L1 <1 X 7 41 1% 11
1, FEREIFINE T 12 FERZEMIH psbD
FPal, B HALE LA B HEY) psbD [y
H, XS psbD KA M H 4mid ) D2 & H eI T
TN HE AR S A A BT, H R S, Rl
psbD Fe PR 78 Bk AN R 43 32 BT 22 i s 86 % 01 4R
=, ME5E D2 B A M AR ) R A A
W=, WRBREAEY) D2 B A A& IR A A A Lkt
X,

1 R E

1.1 &

SIS AT ARSI A R A rh R 2 BE R DU )
2l (WBGCAS), H [ EL 2% Bi 48w A# 4 [El ( SCBG-
CAS) F R I 17 v [ B} 2% B A1l 9 45 4 1 ( FBG-

SCAS), #4bH GenBank %44 2 (http: 7/ www.

ncbi. nim. nih. gov/) 345 T 8 FERZSAEY) L S 1 Filh

AT psbD FEPRFHN (R 1) o BURERY S U2 AR

B8 St 212 1 2T A AT S R 2 R Y
x 1 ##RIEF GenBank BRS

Table 1 Source of materials and GenBank
accession numbers
GenBank
4 AR AL HaRS
Species Location GenBank

accession No.

REFaIR Platycerium bifurcatum

(Cav.) C.Chr. WBGCAS KC831598
H% Asplenium australasicum

(Ism ook, WBGCAS ~ KC831602
R R *

Pteridium aquilinum (L.) Kuhn HM535629
KR ™

Cheilanthes lindheimeri Hook. HM?778032
Rk

Adiantum capillus-veneris L. NC_004766
B EWR Plagiogyria japonica Nakai FBGSCAS KC831599
K% = Alsophila spinulosa

(Hook.) R. M. Tryon NC_012818
LK {4 Sphaeropteris lepifera

(Hook.) R M. Tryon WBGCAS ~ KC831594
3¢ Marsilea quadrifolia L. WBGCAS  KC831603
e ELREM 4 Salvinia molesta Mitchell ' WBGCAS ~ KC831595
W41 Azolla caroliniana Willd. WBGCAS  KC831600
Lygodium japonicum ( Thunb.) Sw. EU328240
T=H Dicranopteris linearis

(Burm.) Underw. FBGSCAS KC831601
Tk Vandenboschia radicans

(Sw.) Cop. WBGCAS KC831597
e %3 Osmunda vachelli Hook.  SCBGCAS — KC831605
N JBESE = Angiopteris evecta

(J. R. Forst.) Hoffmann NC_008829
AR * Psilotum nudum (L.) Beauv. NC_003386
ShH AR

Botrychium strictum Underw. WBGCAS  KC831596
-LF5FR Helminthostachys zeylanica

(5 Fiook. SCBGCAS ~ KC831604
[a]3f] * Equisetum arvense L. NC_014699
JkdE " Isoetes flaccida NC 014675

Shuttlew. ex A. Braun

. o+, Fonih GenBank RIS M EE; ++ , WBGCAS—H [H
Bl B SUR IR , SCBGCAS— i [RRH2 2 A6 j A4 )
FBGSCAS—IIT R AR 2 Befil A e

Notes: * Sequences data were downloaded from GenBank;
#x WBGCAS—Wuhan Botanical Garden, Chinese Acade-
my of Sciences, SCBGCAS—South China Botanical Gar-
den, Chinese Academy of Sciences, FBGSCAS—Fairy-
lake Botanical Garden, Shenzhen and Chinese Academy
of Sciences.
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AR A RRE AT 35 BB AE D 1 B oK Prfp
B R A% O R SR ) 1 7K e B B (Polypodi-
ales) . Bk H ( Cyatheales ) FI7K 4= 5 B0 T3k H
(Salviniales), FATHIZEE T 5 Fp . 3 FhAn 3 Ff
RFAHY
1.2 S DNARE, PCR, =FEFANF

KR FE N 241 DNA il £ ( TIANGEN,
650 KRR EAT 2 DNA By HEHL, S840 B4 IR
AU BT . A4S psbD KL Y PR <F X
Bt Wi X PCR 51 #):. F1 (5'-TCCYTGTTCATA-
CATAGGCTTYTC-3') #l R1(5'-ATGGTAAGGCG-
TAAGTCGTC-3') ., F2 ( 5-CGTGGGCACCAAG-
TAATTTACCAGA-3") #1 R2 (5'-ATGGTAAGGCG-
TAAGTCGTC-3") . F1¥H g 32 = Wy 0 R A B
Nl (W) A, A 50 ub PCR 1A & 0 4 .
2.5 ng DNA #4R . 1E 17514145 2 pL (10 umol/
L). 1.5 U LA Tag DNA R4 ( TAKARA, Ki)
110 4% PCR 2w 5 uL. 8 uL dNTPs, PCR Jx
MR N OFALME 94°C 7 min, @748 94°C
30 s, QB AHIIES 62°C 3 min, @5 & 72°C
10 min; HH @ ~Q@®EE 35 MEH, #IKEH
PCR F=#4iifb )5 55 PCR 2.1 #ifk 4, $umit ik
BRI DH5ex, #RJ5 Pk FHM: e B 31T PCR
Wi, FEHLPkIE 3 AP ve ek A R AE M R A PR
o] (R0 FEATIF .
1.3 REAXEWMHNME

FIH MUSCLE #cf:0) % /e 51 k47 e R, R
Fi Modeltest 3.7 4" 15k B 4% 1 R ik AL A
W, 3247 MrBayes 3.2 #f:"%) 2 DL -3 42 4
REKRB LR, Ja KR Metropolis-Hastings-
Green B3 1 5 /K 0] R 4% (Markov Chain Mon-
ta Carlo, MCMC)izf7 1000000 ftAtit, MCMC
ST AREALI L U, A 100 IRARAE— BB, ff
Tracer vi1. 5 8RB SRR, M A S8
(194 SCBURE K/ ( Efficient Sampling Size, ESS)
HI KT 500 B, I hEas s sest, 95
ZALFEAS (Burnin =2500) , 1 3 43 B A 1 —
YL
1.4 EREHML S

FZHFIH PAML 4. 5 80 i, SR

3 AR, (1) 43 AR | feip AR ] R A
[F] SUBH 9 LU AE w TEAR R SR A AR, Hfip
Fe AL (One ratio model ) B55E A HEAL 1Y w0
{EARE—ERY, 1 H A L #A5% (Free ratio model)
e £ 1) o [HAARR, &7 TWEZE R
LA (Two ratio model ) 5 22 B 5t % 55 5t 3¢
1) oo (EANFE, B H LGSR ARR LSRR A 53 5]
B LY SR E AT R R HLAS 56 ( Likelihood ratio test,
LRT), kil z w26 R Es; (2)1
SRR LS 2O R R RN A AN R P R T, A7
M2a (i) . M3(EH) & M8 (beta Fll w) 41l
FEFMNH B RTHFE o HRT 1A, 540
Xif 7 A A AR MAa (AT k) . MO( B — Lk
) M M7 (beta) #17 LRT 4341, it B A Y
[B) 2 55 1) b 3 SR A B0 IE BE BE 7 455 (3) 3321
SRR UEAR R b A S FR A R R S AN S
P2, AU SR S SOA IE R AS, SR 4 32-
P AT A R I 2 6 B0 T S SR 5 A AE IE E B
(S

BEAR, 38 3 T HLEE 0 42 56 203 A Y (Me-
chanistic-empirical combination model, MEC)'#'
[#] 5 %00 07 L SR #5538 ( Fixed effects likelihood mo-
del, FEL)F1s— ISR e 4% (Single likelihood
ancestor counting, SLAC) ' #4743 #7., MEC 43
Mr Fl FH ™ 4% Ik 45 #% Selecton ( http: /selec-
ton. tau. ac. iI/) 52/, FEL F1 SLCA 4347 %H Dat-
amonkey R4 %% (http: /www. datamonkey. org/)
e o
1.5 Hi#kHHh

K H] Pearson & RZE0E | SHG L
FHEASE ¥ (Mutual Information ) "2 45 X 42 i i 4% it
LA OC R BEAT 1RGN, 38 2k R 25 il 55 % CAPS
(http: #bioinf. gen. tcd. ie/caps/)?" . Spidermon-

[28

key'® (http: /www. datamonkey. org/ ) il Intermap
3D ( http: #/www. cbs. dtu. dk/services/ Inter-

Map3D/ ) 5E 53 HT .
2 4R

2.1 RZARBXEZMHIHE
MRS 12 FhER MY 10 psbD KA 1Y ORF
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XK EH R 1059 bp, Fifh 353 N HER, 741
& &2 & GenBank, % % 5 B. KC831594-
KC831605( # 1), LA #A 248 ¥ /K dE ( Isoetes
flaccida) HANERE, FIF psbD He A 751 3k F I
A E A T 20 MR EHE Y RE LB R (B
1), KRGEW NS H 5 Smith 27 (14 37 38
FAR—F . KRR R3] ( Equisetum arvense) |
BB BR P AW 8 4 (Angiopteris evecta) . FAM
R FA R ( Psilotum nudum) LA B L /N B R}
() %h B B H# 5% ( Botrychium strictum) #1148 Bk
( Helminthostachys zeylanica) # & Wk 25 H R
IR EEERIERE, A —i, W ERIS A Y 0 H

(R AE R % H ( Osmunda vachellii) Jit A ¥ 1% —
X, AR Y R AR AL R RS R TR SR
% ( Vandenboschia radicans) 5 H. Jy i Ik e i 1
H ( Dicranopteris linearis) F ¥ 4 ¥ ( Lygodium

0

55|

Japonicum) ¥ i — LR 513 (S HE# 0. 84)
U R (10 K A S R0 T R 2K (AR T AR K
AEBRZE) | BRI FK e B IS R AE — PR AR
I3 (SRS HER A 1.00)
2.2 EEEHKN
2.2.1 &/ PAML #&MEZEE S

L DL i 37 30k g sl 1 2 AR Sk 5 S, R
PAML # X psbD FEH AT L34, 3 S5
W, RALH R R PE I 40 B8, ARME 4, =
—-6641. 19, fhlY w {H 0.0165; H i Lk F4
RIS 77 A28, PISRME £, =-6580.19(% 2),
Li2A0=2(0,-0,)=122.00, #Ef7 @ HE R 37 1)
X° PIHER, R BN [ B ORI B TR
R (p<0.01) (£ 3), ZPRE LR w HA
], PR IIEELRBIF T, DI BR2E % (B)
MR, HAh sy TR R, BT R

H &5t
{ Adiantum capillus-veneris
C

heilanthes lindheimeri

Pteridium aquilinum

[ Rk
' Core leptosporangiates!

!

Platycerium bifurcatum

— .

splenium australasicum

Sphaeropteris lepifera

Alsophila spinulosa

Plagiogyria japonica

{Salvinia molesta

Azolla caroliniana

Marsilea quadrifolia

icranopteris linearis

Lygodium japonicum

Vandenboschia radicans

4':Botrychium strictum
Helminthostachys zeylanica
Psilotum nudum

Angiopteris evecta

C
””” W
' Leptosporangiates
0.99 0.96 D
0.8
Osmunda vachellii
0.99
0.51
0[79

Y

Equisetum arvense 01

Isoetes flaccida

PRI RIS, RIS 1. 00 MRBRR, AL B I C RIS . RIBRIEFIKAEBRE

Posterior probability values are given above branches, the value of 1. 00 are not displayed. A, B and C stand for

Polypodiales, Cyatheales and Salviniales.
1
Fig. 1

ETFHRIE psbD EFE Fr 7 B F) A WA B £ 1S H 8 — Bl

Consensus tree resulting from the Bayesian inference of psbD gene sequences of ferns
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Table 2 Parameter estimates and log-likelihood values for psbD gene under different models
e SEAB M SHAh T IEIEFAL
R : ) : Positively
Models p g Estimated value of parameters ;
selected sites
i _ _ AR
& (MO) 40 6641.191417  w=0.01647 Not allowed
R — = = Z:jtiq:
I A (MA) 41 6638.653830  w, =0.01862, w;=0.00907 Not allowed
43 S ASEAY sk 3 _ _ ARV
Branch model —H# B (MB) 41 6632.739321 o =0.014503, e, =0.08188 Not allowed
= — = = Z:ftiil'
— = C (MC) 41 6639.135648 w,=0.01784, w, =0.00748 Not allowed
o w, =0.0001, w,=0.2174, R
AR F (MF) 77 -6580.192339 o, = 0.0333 Not allowed
- P, =0.98951, w,=0.01402, KA
Model 1a (M1a) : i itk 4 6632.291118 '~ 0.01049, w, =1.00000 Not allowed
P =0.98951, w,=0.01402, .
Model 2a (M2a) ; iFiE# 43 —-6632.291118  p, =0.01049, w, =1.00000, Ng‘;e
D, =0.00000, w, = 48.75004
. Py =0.69673, w, =0.00000,
A ;
Sf#;'ﬁjel Model 3 (M3) . Bk 44 -6614.675254 p,=0.29046, w,=0.04699, Nﬁe
0, =0.01281, w,=0.34518
_ _ KA
Model 7 (M7) ; beta 41 -6616.641299 p=0.17182, q=8.47194 Not allowed
Do =0.99999, p=0.17182, %
Model 8 (M8) ; beta il c>1 43 -6616.644821 g=8.47190, p, =0.00001, Nome
w=2.60238
Do =0.98951, w,=0.01402, )
KI5 (Mao) e, FEH 1 42 -6632.291118  p; =0.01049, w, = 1.00000, Noﬁﬁmed
P2 +p3 =0.00000, w, =1.00000
Do =0.98951, w,=0.01402, .
KBTS (Ma) : w, AfliTHE 43 -6632.291118  p; =0.01049, w, = 1.00000, None
P, +p5 =0.00000, w, = 1.00000
P, =0.93391, w,=0.01280, .
WS (MbO) : o, [N 1 42 —6627.799297  p, =0.00924, ¢, = 1.00000, Noﬁlﬁe g
G337 AR D, +05 =0.05685, w, = 1.00000
Branch-site
model P, =0.93391, w,=0.01280,
B3 (Mb) : w, RAhiTHE 43 —6627.799297  p; =0.00924, w, = 1.00000, 168R (50.0%)
D, +05 =0.05685, w, = 1.00000
Do =0.98951, w,=0.01402, -
IKAEFRSF 32 (McO) & oo, [fil5E H 1 42 -6632.291118  p; =0.01049, w,;=1.00000, NOTjFoi,ted
P, +p3 =0.00000, w,=1.00000
Do =0.98951, w,=0.01402,
KAEBRIYSZ (M) : w, AfliiHAE 43 -6632.291118  p; =0.01049, w,=1.00000, NZTrzwe

p,+p5 =0.00000, w, = 1.00000

T p™ H o A3 W SR AEG £ R BISRIE A EL

Notes: p* is number of parameters in w distribution; £ means log maximum likelihood value.

PEATAI 45 5 R R 40 S oo (R oAt 73 32
i) 5 1% (0. 08188/0. 014503 ~5. 65) ; Tk FlIH:
SRR RS 43 S AR ) U R (dy) 53
fBBRARAEY) 22 AN .2 (p>0.05) , Tiifa] L 5E7%

K (ds) W EFRIK(p<0. 01), HETTFHR BRI A
Y103 3B oo HER (18] 2)

X D2 F 2 5 P 81 A 7] 326 496 1 T A 0 4
KW, M3 B EIET MO FAY(p<0.01) (£ 3),
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#* 3 PAMLA. 5 REFREERE
BURILERESZITE(2AL)
Table 3 Likelihood ratio statistics of different
models in PAML version 4.5(2 Af)

VBT 85 (8] 7K 527 1 28 8 % ) BT S o5 i M2a
M8 A T4 B XN I F B M1a F1 M7 (p>
0.05) (££3), A B 0 ME AT e 45 G 1 46 56

o LA e 5 AD p i IEMESE, BRI M3 Hh 3 RS T2 80 p0, p1 Al
omparison of models a.f. p value
A= 5 3 >
VO & VA ; 508 oo p2 53 5 ﬂ“@ ¥ w H K 0. o\oooo\ 0. 04699 il
MO & MB ] 16.90 001" 0. 34518, ULl 98. 7%Zc A7 I ki kb T H5iR Y 11 16
MO & MC 1 411 <0.05* BIEII(F2),
MO & MF 37 122.00 <0.01* BT R (K e B 28, W BR S Tk 4=
Mia & M2a 2 0.00 1.00 RS HIRZE A 80% LA 10 A E B hn
mj j mz ‘2* 533[3) <j§; 2, BTN SRR (L B A L K R A A
' ' 181,320y o7 e A% 0 T A G A =
Ma0 & Ma ; 0.00 100 £ ), ﬁTﬁ{LMZ L @%ﬁﬁ &5 ps\bD %E
Mb0O & Mb 1 0.00 1.00 @é%)ﬁﬁfﬁ}ﬁ E‘ ?ﬁiﬁ*% 5 ﬁ‘%”&ﬁﬂ(ﬁ%§§( a) N
McO & Mc 1 0.00 1.00 BRI (b) KA ST RBR IS (o) MAT R L, RH

. MA il Ma,MB il Mb,MC 1 Mc 43-5l4% 3% . KB & 20
S BRI 43 SRR A BR S 43 3 i 55t 3 — LG S T R
O3 A RBAL MF AR A Y R e (AR 2, =
RFERE,

Notes: MA and Ma, MB and Mb, MC and Mc, stands for poly-
podiales branches, cyatheales branches and salviniales
branches as the foreground branches of two ratio model
and branch-site model, respectively; MF means freed-ra-
tio model; #* indicates extremely significant difference,
* indicates significant difference.

dy

Adiantum capillus-veneris
’;ilanthes lindheimeri
—— Pteridium aquilinum
L Platycerium bifurcatum

Asplenium australasicum

— Sphaeropteris lepifera
Alsophila spinulosa
L Plagiogyria

arsilea quadrifolia

r— Dicranopteris linearis

+— Lygodium japonicum

Vandenboschia radicans

S. lepife:
{[A. spinule
P. japonic: e

Salvinia molesta [S. molesta S. molesta
4‘: Azolla caroliniana L | A. caroliniana —#A. caroliniana
M.

O3 3 AN SR AT AE SRR S ARSI, 43 a
Ay c AR IE BN T, A b BARK
W E] 168R — A~ IE #E £ i & (5 R R K
50.0%), {EBLEA LU A 56 45 40 47 4 1E 5 B 07 A5 1
R (F3), I/ b BRI A BEVE R o] 15 1Y
IEBEPEIESE

d, d,/dg
A. capillus-veneris - A. capillus-veneris
C. lindheimeri C. lindheimeri
P. aquilinum — P. aquilinum

P. bifurcatum r P. bifurcatum

A. australasicum —A. australasicum
—S. lepifera

A. spinulosa

0.01 subst. / site

Osmunda vachellii
{ Botrychium strictum
Helminthostachys zeylanica

Psilotum nudum

Angiopteris evecta

— Equisetum arvense

Isoetes flaccida

——— M. quadrifolia M. quadrifolia
D. linearis rD. linearis
E L. japonicum L. japonicum
V. radicans — V. radicans
O. vachellii O. vachellii
B. strictum B. strictum
H. zeylanica {E zeylanica
P. nudum P. nudum
A. evecta A. evecta
E. arvense FE. arvense
1. flaccida — I. flaccida
0.1

0.1 subst. / site

B2 BHIEEFETHEZEEARMNER, TKIHRKR dy. ds Mw(w=dy/d;) B, BERFRERHKRE
Fig. 2 Selective pressure based on free-ratio model, branch length indicates d,,,
dsand w (w=d, /dg) values, tree ferns are shown in shaded regions
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2.2.2 ETF Selecton #1 Datamonkey #:iE+EE S
2.2.2.1 #F|H Selecton K MEC =& S #TiEEIE S

R4 MEC BEALTF R A& DA w>1 1Y
BEB JE 5t DL & o fHZHI LA 3, B Ry 353
MEIERAL S, TEREMBRERT 95% 54T, L
w<0. 21 hrifEr LA A 349 4>, (5 EF

FIE) 98. 9%; L w>1 NIRHELES SR KT 80%
MIZAET, B IEBERE A5,

2.2.2.2 ETF Datamonkey & li%EFEE H

FIH SLAC #iMUA1 FEL #58Y 7£ p=0. 05 Ay
FRUER *#“Z)Jiﬂﬁiﬁ%&ﬁ o1 5 % E Y 234
AN 268 A e PR 05, X FER i BEFE R S AR
M.
2.3 D2 ZEARIIMEHNLSHT

FHZ R AE D2 R H S LR 7 51 N 4
13 XL X, CAPS e th 1 X
e fen ST, eIt 5 & A R A B K
PERN 4y T B 3 A A 6 (p<0.01) . Spider-
monkey IR 5 X He kA i %, %5 i
w2 0t E Y 8 R (Bayesian graphical
models, BGMs) AT TANFE, 7E 25 43 ) 57
AL E R 91 AR R SO A7 7R TS AR 1 S i
KR, 78 p=0.5 WKF, #—Hizft BGMs L

T B E A ( One parent) FIRUERL AL (Two pa-
rent) %5 5 XFAEFEL X, F 5 FIH InterMap
3D HIATSI A E AR B (RCW-MI) | BAF E-W§LL
(MI/E) i #i 14 ( Dependency ) 3 /> 5t il 4t 1% o
10 xR S (R 4) . A 4 X 3Lk b
7 RAE PR IR 55 25 X ki 5]

3 itig
3.1 WEREEMS FHALEZRMRER

FIH psbD NI R 58K T A AR R 2 A
Yoy (B) B SCRBE (K1), BB B
psbD H&[H % H R e R AR T HAR IR AR
TR A T % BRI (A7 7E T i S (A PR
A7 TE T A%k R R R R i R0 T i DR A
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Table 4 Co-evolution pairs with the D1 protein

IR 5 2 SR
Websites Co-evolutionary pairs
CAPS 18 19
Spidermonkey 168 245
180 64
210 285
241 178
288 19
45 115
InterMap3D 41 122
168 245
168 272
245 272
19 288
8 14
8 84
64 180
18 117
45 115

T AN AT R g —FP LA R S5 #525 5 AL
Note: Numbers in bold indicate that sites have been detec-
ted more than once.
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