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Abstract: Hymenophyllaceae is the most rich speices family of leptosporangiate ferns. It mainly distributed in the humid
tropics, possessing terrestrial, epiphytic, hemepiphytic and climbing ecotypes. To further understand the molecular
adaptation linked to fern radiation, evolutionary patterns of the rbcL. sequences in the family Hymenophyllaceae were
examined using random-site models along with the estimated time-scale of Hymenophyllaceous phylogeny. By comparing
Modles Mla/M2a and M7/M8 under random-site modles, six amino acid sites (1251, 227L, 231A, 258F, 304S and
351L) were found to be positively selected, in which the site 304S was located in the D-loop six, playing an important
role in keeping Rubisco function. We also used CAPS v1.0 (coevolution analysis using protein sequences) to study the
evolutionary relationship between the amino sites within the Rubisco large subunit. Thirty-nine groups of coevolutionary
sites were detected (totally thirty-five amino sites) , of which 46% were located in the a-helix, 14% in the B-sheet. This
complex evolutionary patterns may be related to its earlier origin. In view of this, the phylogenetic tree was

reconstructed. The results showed that the initial divergence whin Hymenophyllaceae occurred in the early Triassic. The
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divergence within Trichomanes and Hymenophyllum occurred in the early Jurassic and Cretaceous, seperatelly. The re-

sults also indicated that the ancestral state for the Hymenophyllaceae was terrestrial, suggesting possible roles played by

the Thermal Maximum recently. These results provide new insights for how Hymenophyllaceae ferns response to the ter-

restrial ecosystem changes caused by the rise angiosperms.
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Table 1 Plant materials and their rbcl. gene GenBank accession numbers

Lisk?| BRT Lisk?| BRT Lick?] BRT
Species Accession number || Species Accession number || Species Accession number
Abrodictyum boninense AB257472 Hymenophyllum mnioides AB217849 T. elongatum AY175802
IR ik CRU30833 H. nitidulum AB162683 T. polypodioides AY175795
Cardiomanes reniforme
AR AB064297 H. ooides AB191449 T. endlicherianum AY175787
Crepidomanes latealatum
C. schmidtianum var. latifrons. AB378494 H. palmatifidum AB162682 T. punctatum AB257492
C. vitiense AB162689 H. pectinatum AY095115 T. erosum AB257495
Didymoglossum krausii EF463228 H. polyanthos EU122982 MR T. radicans Y09201
Hymenophyllum acanthoides AB064291 H. pulcherrimum AB191451 T. exsectum AB257458
H. armstrongii AY095109 H. rarum AB217845 T. reptans AB257493
H. australe AB191439 H. rolandi-principis AB064286 T. fallax AB257459
H. badium AB191440 H. sanguinolentum AB191452 LK T rigidum AY095108
H. baileyanum AB191441 H. sibthorpioides AY095117 T. flavofuscum AY 175804
H. barbatum AB064287 H. subdimidiatum AB064290 T. robustum AY175796
H. braithwaitii AB162687 H. tenellum AY095116 T. galeottii AY175794
H. cruentum AY095107 Macroglena brassii AB257483 T. roraimense EF016127
H. caudiculatum AB191442 Polyphlebium borbonicum EU348751 T. gourlianum Y09194
H. corrugatum AB191443 P. endlicherianum EF463229 T. rupestre AB257464
H. cuneatum AY775401 Sphaerocionium pilosissimum ~ AB064308 T. grande AB257487
H. demissum AY775402 Serpyllopsis caespitosa AB191456 T. scandens AB257463
H. digitatum AB162679 Trichomanes alatum Y09189 T. hildebrandtii AY175788
H. dilatatum AYO095111 Trichomanes cf. motleyi AB257497 T. schlechteri AB257481
H. dimidiatum AB064289 T. christii AB257466 T. holopterum AB257499
H. exiguum AB257488 T. colensoi AB257456 T. schmidianum AB257465
H. flexuosum AB217850 T. angustatum AY175783 T. hostmannianum AB257500
H. frankliniae AB162690 T. ankersit AY175800 Trichomanes sp. ‘ ISEM-H2901*  Y(09202
H. fuciforme AB191446 T. arbuscula AY175791 T. hymenotdes AB257489
H. fuscum AB064304 T. asae-grayi AB257476 T. strictum AB257482
H. heimii AY775404 T. atrovirens AB257484 T. hymenophylloides AB257460
H. hirsutum AY775407 HABR T. auriculatum AB257455 J& B BA B KR T tahitense AB257498
H. hygrometricum AY095113 Sk BB ik R AB257494 T. ingae AB257461

T. bimarginatum
H. inaequale AY095112 T. bipunctatum Y09190 T. trigonum AY175799
P #5 R H. Javanicum AB191447 T. borbonicum AY175782 T. intermedium AY 175785
H. lanceolatum AF275646 T. boryanum AB257485 T. venosum AY175786
H. leratii AB191448 T. capillaceum AY175784 T. javanicum Y09195
H. lyallii AB162684 T. lyallii AB162685 T. viellardii AB257471
H. marginatum AB162692 T. mannii AB257474 T. johnstonense AB257462
H. tunbrigense EUS53547 T. caudatum AY175805 T. walleri AB257469
H. wrightii AB064294 Trichomanes cf. acutum AB257473 T. kapplerianum AB257496
H. villosum AB191454 T. maximum AY175781 T. lucens AY175792
Ttichomanes crinitum AB257501 T. meifolium AB257479 T. krausi Y09196
T.crispum AY175789 T. membranaceum Y09197 IKWk Ceratopteris richardii EU352297
T. cyrtotheca AB257457 T. mougeotii AY175793 ] EQ AR kR AB257467
T. dentatum AB257477 % P KR AB257480 Trichomanes kurzii

T. obscurum k2R ik ARU05906
T. diaphanum Y09191 T. osmundoides Y09198 Adiantum raddianum
T. digitatum AY095114 T. ovale AB257491 Trichomanes laetum AB257478
T. diversifrons AY175798 BMER T. pallidum AB191457 T Bk Coniogramme japonica  DQ432658
T. eglerii AY175797 T. pilosum AY175790 i) A A Ik ik AB257468
T. ekmanii Y09192 T. pinnatinervium Y09199 Trichomanes latemarginale
T. elegans Y09193 T. pinnatum Y09200 VREBR Thelypteris palustris TPU05947
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Fig. 1 Phylogenetic tree of Hymenophyllaceae rbcL gene sequences with uncorrelated lognormal distributed relaxed clock model
Different colors indicate different ecotypes, heavily thickened lines indicate posterior probability =90% in the phylogenetic tree; Geologic timescale is la-

belled below the phylogenetic tree; Estimated divergence time of each node under UCLD are illustrated beside them (Unit: Million years).
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Table 2 Parameter estimates and log-likelihood values under models of variable w ratios

i ZHHH ISR 1E ZHUETHE IEEREAL A
Model p* 4 Estimated value of parameter Positive selection site
MO H— HAE One ratio 1 —-16 534.96 o = 0.099 JG None

Mla ¥ # 1 Near neutral 2 —-15 697.95 po = 0.887, w, = 0.024 AN A Not allowed

p = 0113, 0, =1
M2a 4% Positive selection 4 -15 634.36 po = 0.886, w, = 0.025 P>99% 1251, 2271, 231A, 304S
pi=0.09, 0, =1 P>95%:351L
p, = 0.015, w, = 3.567
M3 B Discrete 5 -16 398.38 po = 0.895, w, = 0.024 JC None
p, = 0.098, 0, =1

p, = 0.015, w, = 3.285

M7 :beta 2 —-15 655.698 p= 0.095, ¢ = 0.502 AT Not allowed
M8 :beta Fil wbeta & @ 4 -15578.788  p, = 0.982, p = 0.122, ¢ = 0.99 P>99% . 1251, 227L,
beta, wbeta & w p, = 0.017, ® = 3.046 231A, 258F, 304S, 351L

K2 JEERA} rbel JOVFEIEVEFEO (2SN S @Kt g o e,
B O X B Ir B K T R IE R A
Fig. 2 Spatial locations of the positive selected sites in the rbcL subunit of Hymenophyllaceae Red region. a-helix;

Yellow-region. B-sheet. Amino acid sites under positive selection are labeled with white arrows.
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Table 3 Likelihood ratio statistics (2A€) HdS BB ( 0> 1) S FIWFE L R 7 R 75 & A IE
ety SAL g [ 4% ( Yang,2007) . Horfr, MO #7823 R G |
";1;"‘;;"“ - 4f o FTA 937 5 S 43 % BAS TR RE ) o fE, BV 2R — HE
- 1‘27'18 ) 5'99 I PE Mla AR AR 1 BT LR SF (0< w< 1) FIH
N~ 153,83 ) 5.0 P 0=1) A, M2a (L8 ) BRI H o (H] L)
N 4702 | 384 KT 1, hABRSE, AT A B e =800 5, M3

R AT IR 5 OB 0 e SR =2 @
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e 3T B L HE4Y, Coevolving pairs by molecular weight

B /K L Coevolving pairs by hydrophobicity
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molecular weight and hydrophobicity
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B ZEE(7 5 7E #18 F  Residues in B-sheet
B RO ST e g b

Residues in other secondary structures
% pam LA F A IE IR AL 55

Positive selected sites detected by paml

Kl 3 E SR AL LA 4 5]

Fig. 3 Coevolutionary network of amino acid sites

W (0, 0, M o)) TS B (pyp, Bl p,y) o M7
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AR5 SR Rl ) 5 07 i 75 K A aed A 18] 6 4% ( Nielsen
& Yang,1998) . LA & FhE AL 1) Z50H 1] PAMLA
AT E AR ( Yang,2007)

[F]EF, FH CAPS v1.0 ( coevolution analysis using
protein sequences) 1154 Rubisco V3 N HR & IEFR 3/
M2 BRI 56 2R (Fares,2006) . CAPS BERE T
oy WAL RETH R T e 3L, AT IR T
TEEHEE, CAPS il AN E HERR 07 i B HE AL A
TSRS R EA T Z AR AL LG R, IR
FBCE o {69 0.001, FEFLAHFE(EBCE 1 000 000, LI
PO MR BEPE . A, O TIHBR R GER TR AA Y
S, AR CAPS v1.0 I EAR 7 3 5 25 45—
SEl i B RGER E KRR (R >75% ) 530k
Y AR I RE A 1

2 HER54M

2.1 RBREMNRELZ S LEE
PEBRFHE I RS L E RR MK 1, FERH
PR ZEBE (G IR 1.00)  J5BE 1 L5 BRI R
J& Z MR K ER 43 8 (5 SR H o 0.97) ;28
B2 EL R R RE A 1A B e |
BRIBALN (5 AL ZRAE N 1.00) , Hodh B IR s 1 56
AR X S AR 58 o3 28 LS — By (5K
Hi25 2006) .
BEAST #4115 485 5 8 7R P BR B 0 1 Ik 43
Bl R A e = S 20 I (2 233 Ma; & 1) Bk &
(1) 43I B 18] & A= FEAR 2 20 A (29 201 Ma) |, JBEBK JE
() 3 LA ] & AR AE 20 W (2 83 Ma) . 2525
PUEE A 5E FEAR —F ( Pryer et al,2004) , HK, A 1
AR BT M sz e 1A ) b AR 2 70 2 (R ) SR 25 K 2R il
A A SRR FL T JURP AR S B A A A
2.2 FEBREL rbcL BEEIEEFM R EEMT B E
FIH PAMLA B+ 504 R B AL B 2 80(H (%
2,%3), FE95%KF b B M2a %5 i 5 AN
FRAVE 15, (1251 ,227L . 231A 3048 F1 3511) 5% F] 1E [f]
TEHE ALY M8 Y87 N A 6 D2 FE MR A (1251,
2271, 231A 258F 3048 F1 351L) 52 % 1F [n] 3£
T ERE A E O L id 6 AN E IR I R A
7S AL E R 2% 7 51 (MR Rubisco K,
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k5o CAATT361) VR FEMEHAT LEXT, 25 3 R
1251 227L 231A 258F 3048 Fl 351L NN IE & #47
S X B T M B Rubisco K FJE 1Y 149Q 2511,
255V 282H .328S A1 375L, FH raswin ¥4 ( Roger et
al , 1995) BHiX 7S A wi A5 %E 7F Rubisco i {44544 [&]
o, Hot 1251 37 F Rubisco KAVHE N R 5 () 25 I
2271 F1 231A f TR IR i o/ B AL H 1Y 56 3
A o B L 258F 7 T4 4 4 o B2U5E I, 3048 i T
o/B T HIER 6 I, XF 45 Rubisco DI REA & ZAE
. 351S#E a/BHRRVEE 7 BT (K 2)
2.3 Rubisco KT E R MR EBR A < Z BE H# 4
T

N T 5T Rubisco KV 3 N B & FE R 37 15 22 ]
X FR, H CAPS v1.0 B ftar it fu o dr L5
39 4 (35 MMEEERR ) FLaE kA S (F 3) i E
XA 45 FE Rubisco K & P &8 B 43 4, R A%
raswin FXAEIEI TR E " gt 8L 5 R Hoh 7 )5 TE o BRI
0 46% ,14% W00 G 7E B P& b, Hrh K
AL ) Bt K PR S i A 40— o ek A R /K
P FRILFEIE (P < 0.01) . 4, ] CAPS v1.0
(AR T, FE P — e i HoF R R F LR
Y5, S RS 39 A5 F RN REILHEAL A A5

3 it
ABFSE B AN R G A 1 B 5 MBS
BT BT BELA th—BE I L R G2 B LI

B B, NRGR T LU I BR300
KR BURBRE MR | X 516500 77— 3
(o R X TRk I 1 53 25 ) f— ELAEAE iR,
FARAWF IR A R, AR & Z 18] Fh 2 8 e 1 22 5+
FEEER  ABLFRATTAT SR A SSCH B K 3k Js A A O ok s 3
— KK, WA TP A SR 2k e
T HE AL R R IEAT T 0028 #8527 5 LIAE R4k
A EH — 2 ( Axsmith et al, 2001 ; Dubuisson et al,
2003) , RIVFly AR AR 25 A0 g AR A ARV Ak ) S A
S ILIRIE, Pryer et al (2004 ) $2 ), Fe it JLIK A8 fe #
FE ] B i AR AR 2R Y S

Rubisco IR FEH N Fl C P25 4 35 2H 1,
N Z5H SN N R I -4, 4045 137 D2 BEmR , Hoh &
A5 KB T C 4B & A F 5 o 120E, Hrh
Ll a/B AR 45 A 388 (a/B barrel domain) N EE ,
F45 8 > o WREEFN 8 > B HTE , ML 8 IR,

TR T IR S oL S RIS 54K,
Mg™ % 5 H 1 ( Knight et al, 1990; Sopert et al,
1988 ; Wan et al,2011) , AWFFT % H AT 6 4~ 1E 7]
EREAT AT, 2271 F1 231A 7T o/ B HREEFAIRAY 56
34 o B25E I, 258F £ T4 4 4> o BR5E - ,351S 7E
o/BHREE 7 A B S b, Hob 4745 231A Ml%5E
P — > F A B, ARG, P e mT AT B H B Ry B
V@] (%) 25 [] | 4 T34 748 Ak S ( Persson et al,2001)
FAN, o/ B AREEFIR 9 ER 6 X) Rubisco k516 M
IRZSIAEH et (Chen & Spreitzer, 1989) . M AT
YE IO 3048 B THR 6 b, & T AN 1251,
B IEANL T BERGE rpoO DXk, 4 00 A IV 35 8] A
SEARHRAER X Rl S Y IE e BE PR 05 0T K
JEELM R TR LB R 2% i i#E Rubisco fiE1L
BLEIWE ST R (RARSE,2010)

it — IR XT Rubisco KV EM) T ff, B Al
WF5E T Rubisco V3 A S JE MR A0 5 1] () Ltk b
KR EERBRGKYE o F Mgk s 1t
AL 39 41, X AT e S rbel 3 PN &) BE AR ST
FX, WHEBR RS R B HINE AR50, 7E L dwi—
S B RGEKRE KANS 5, A8 45 R
& 39 LA 1L, 3 — 25 AEB rbel PRI e
PRSP, 5351, Rubisco Tif O 3 AN 2 R R 5k
(Lys175 Lys201 F1 Lys334) = B - 5F H. 5 Rubisco
MRS UIAH G (RERESRAE,2003) . ASHFFE 3L
AR 5 P A X 3 AN EIERR , HLAEX 3 M7 8A
T Bl P I TG R BT ] B S R, U 7E Rubisco
KO HEZS (Al S5 F v I F A B 2 IR 53X 3 2
BRAA AR, FRURIE 173 3 M7 o5 Y oo BE AR
ANZHEH BRI F W, X 4E£F Rubisco TIfE I 1E
W TR EEAEA , RS, IRATEBH paml Kl
Y 6 AN IEBERRAL AT BRI 3511 AN AE AL AL
IR T, T Ah, XL 5 E PR S A E L b
KRB FERR O S ARDTE o/ B HlE, BIRTESS P
O, X AT RESE N T I Hb 4E 4 Rubisco B3 HE I 8
A IESEREAL SR S, 5 I IR R A AT A
I, 5 1251 b7 55 HA 3 4>,351L 7E Rubisco
TRV F PN A R N+ e A 2 R R 7 A5, L
AN IEFR 5347 T Rubisco KW EZEMAY C Wm Al N
Uiig o FATHED 53X WA 1E BT i Ak 1) L R
AIBEA. T Rubisco /NI 3 b | X 75 22315 43 F ] 3t
FEAESRAEBH (Rubisco K /NP3 2 [a] iy ALtk ) | 3x
EBATF =55,
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