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FHEL: yof94 B[RRI AESRAE M SRR BE BRI 2H ot R L) — AN B R, 7E BRISHE A 2 0 B2 AR = 120t AU AL 94 R A8,
ERGRKEE T, X yef94 BRMEEMFE. B AFrE . SRR G R AT /04T . S5 5K, yof94 ZEDR %
T lF PSS, ImiF i BL A/U S5 RIS, HAEPDRE B i VAR — € 257 BT A PR R TR B 2 52 B 5%
AR (s, R AR A R B AR R s 3T RUR BRI AR IR 1 yof94 FE R EHRHEEAE X A, XS P K43 7 B 46t
HRBAT 1AL, KRG, R SCEREN o HAFAERZEZER, UaH 1 NGNS 74A, BREU SOk £4E H
HW yef94 RS DI Re AR TRE . XAMERGKE /TR AL TR RIE, JERAE T AENT yor94 B DIRE A& R
Rl REHEN: yof94: BADFMLFME: EHLEZR, &R

doi: 10.11926/tsb.4780

Molecular Evolution of Chloroplast Gene ycf94 in Ferns

LI Zifei!, SU Yingjuan®**, WANG Ting'
(1. College of Life Sciences, South China Agricultural University, Guangzhou 510642, China; 2. School of Life Sciences, Sun Yat-Sen University, Guangzhou

510275, China; 3. Research Institute of Sun Yat-Sen University in Shenzhen, Shenzhen 518057, Guangdong, China)

Abstract: As a newly discovered chloroplast gene in recent years, ycf94 gene, with length of about 200 bp, is
conserved among ferns. However, the origin and function of ycf94 require further investigation. The study was
performed on the ycf94 gene sequence of 94 species of ferns, in the phylogenetic background, analyzing codon
usage bias, evolution rate and selection pressure. Results showed that the codon bias was weak in ycf94 gene
which the 3rd position of codon prefers A/U, variously in closely species. The codon bias was mainly produced by
gene mutation. In addition, based on the differences in the structural characteristics of ycf94 between Pteridaceae
and other ferns, their evolution rate was compared, suggesting that there were significant difference in
transversion rate, nonsynonymous substitution rate and omega. Besides, only one position selection site 74A was
detected. The strong negative selection pressure indicated that the function and structure of ycf94 were mostly
stabilized. The results provide a new clue of phylogenetic analysis in ferns and functional studies of ycf94 gene.

Key words: Fern; ycf94 gene; Codon usage bias; Evolutionary rate; Adaptive evolution
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HE(open reading frame, ORF), HFgwhs g FH <L)
REVIFEE R b, 3 W AR N RE T SRR T T8 ) B2 A
(hypothetical chloroplast open reading frame)2& Kl (vef)»

FBRAE Dyt Mt B KA & B AR PR L BEAL Y
Y H LRI ERE, AR R Y R TR
A3 Lt L A B AL BY. RS A IAE 4
A 12000 Fl, BERS EREAEENZFEME, T2
IIATAE R AL AT HL X o [FIR,  BR2S  A JE A
HAMFFLER, ML T 550 57k JE K 20
GER TR — B BRI S R A SE BT, <Rk LRk
T4y BITERS IR/LSC X A1 LSC X Hik A4 T 2 20
3 kb IR BRI, T BREGBRAL i T BRE 90%
IFpEE, 2016 4K KM PPG I (the pteridophyte
phylogeny group [)&RZE—NEAEVIEDS TR
SR BT LIRS 0 R RGP, Horb
W RBOy A Hd%s . HAl, AR 2
PRI PRI AN 73 28 R 4055 % 255 BATIE A 72 25 v

Song & 2018 LML P LI 1 AH
[P € ORF, 4 H AN yofo4. HEFLRM, yofo4
1T marK Al rps16 2 (8], 1E 8 55 R I =
TRAY o [RINAERRIS . AR S BRI AR R
LRI, A AR P AEAEIZ P51 . ERG
T SR HEA ) sE AR BN, HIE R A AR
PRI BRI B, FE R 4 AN Joid A ik PRI 2H 2 7% 3 1% 5 A
AUV, yef94 BVFAAAE TREAE MY S ik b, B
JRER T R AR R E K.

Y yero4 FEANRIORSFRERE, DA S H g b i fi5
HAMEA ZA RNA JiAL st RFAE, ar LA W]
yef94 J&—A- B Dhpe R U &R A s R IS, (H I
EIEFI T RE H AT AN . AHT IR, 94 TPk S
VI yef94 FEEDARTFEN B, 381 73T yef94 BT
AN E I, HFERFKEERT, o
FOREAGE R RS ), RIRTE yof94 MR S5 1
FREAE R SR, 3298 yof94 fEM
SRR ARG KT RZ SN PRATHIE, ik
Ty SR BB AR, Rt — BRI pef94 [
PRI e AR RS B

1 MRS TA
11 $RBUF TN

M8 Adiantum shastense (1) ycf94 Z: K7 HIE N
%2 741, F NCBI-BLAST 7E4k LEXTH(E value<le-6)

1E GenBank U ¥5 i IR EL T 94 Pk AR Y i 24k
SFERA, W T 3 H 198 60 B 1). KA
Genious prime HAFPHEEL yef94 FEA, 748 F§ MEGA
X #AFidE i MUSCLE (%85 1) B He i3k 47 17 471 B
Xt Rtk AT F TR IE,
1.2 MERGREN

HEAT 94 FhERBMEYIFE T marK+rbcL £ ECEHE
EMZEEREKE ST, WEIFRFEKEN.
PhyloSuite v1.2.2 3AHNF N 94 %751 HHEHL marK
Al rbel FE[K, 7E MATTF {51 Lesd e b1 T3
H . FH ModelFinder i RiE B LML IR &
R GTRAF+I+G4, DL 6 Fi& 285 H/E NI SR,
FIF MrBayes 77725 DU ffi(bayesian inference, BI)
B o IF HFH MEGA 7 544 i 2 4% (neighbor-joining,
NP AR K AL SR (maximum likehood, ML)# . 254
ot 3 B, 454 PPGI RGA B RAMATTF LA
B, HHERAKEW.
1.3 B R HES T

L 94 PR MM yef94 FEH Xt &, 1 H
TELRIRAT CUSP IFH# S T3 —. B, =
GC & & A GCl. GC2. GC3 ) GC
T CodonW v1.4.2 ISR SRS FAHNHE
£ (RSCU, relative synonymous codon usage)flI
WAL T (ENC, effective number of codon). {3 A%k
' SPSS 24 X} EHEHEAT Pearson AH KM Hr .

GC3-GC12 /Mt RS T 1A FH 52 BBk (1)
SR AN AR IE R CE AE DY, @it T GC12
N GC3 HIAHFENE, WFREIL T 3 AN E L RmRIE
Jl A 75 R ABLRH 5 ) B R - G PR R B 3R . Y
GC12 1 GC3 Z [A) & E A, WHIED T 3 M E
BRI R TE 2 S, B (A S 2 SR AR T
RN 24 GC12 il GC3 ZIAIAHHEA 2, ULHA%E
758 — 28 SR = (S 4 BA AL, 2505111
81 3 A2 AR IE BRI A o

ENC-plot 7347 43H7 GC3 FTENC A,
Wt FUHR I 2H ot 2505 - AF PE R 52 . L GC3 i
ARy ENC E AR TS, R4 ENC 1A
BH {H by AE il 28 (ENC=2+GC3+29/[GC3*+(1-GC3)?))
BT MR B S A TE bRtk R BT, 58
TG TRV 2 AR BOR s s AT i ez
TAALER, BRI F SRR IR

BRREBF  ENC Hmr 7R S FIE
Py A F (R I Ap AR 2, BBV RN 20~61 . 5 =
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FT IR BRISHEIIM SAREE R yof94 17> T HEALET 5T 543

DRI 0 Bk vy, 2% AT f 7 PR, ENC BB /N2,
AT 94 TR FAEYD yef94 F ] 3= B 4 % 0 1,
F %2 L ENC {f J9br v 1) = (I 20k PE (1 4% ENC
BRI = 1 10 ANER), 1HE ARSCU {E(ARSCU=
RSCUHighi—RSCULow), 1EFF ARSCU>0.08 H RSCU>1
IE N RS T.

1.4 o FtibE RS

K HyPhy v2.2.4 {4 U315 4% 1 g A 1Y
HKYS85 Fl% 7% 715 8 MG94xHK Y85 3x4 it 5 %
YR oy 52 yef94 3 R [ 55 45 K (transition rate, trst)s
Hji e 2% (transversion rate, trsv). 5% # R FIHIH K (1 e
B (trst/trsv) . JE[R] 3L #: % (nonsynonymous  substi-
tution rate, dN). [F] L ¥ #:3(synonymous substitu-
tion rate, dS), LA AE[F] X # i 2 0 [F] X B s R
(1) LAl (0=dN/dS). @it ¥ SPSS 24 {8 H Mann-
Whitney 5 FIAG 500 248 #EAT AH R PR 204
1.5 &R T

fii /] PAML v4.9 B codeml 72546l
yef94 JE DR & B A AR 2 IR 1A A A o SR F Al
W R MAE R ST 3 PR . 4 SR (Branch
model) . iZ & #& 7 (Site model) Fl 43 37 - o7 pii A58 7Y
(Branch-site model).

BRI, FREGR AT (one-ratio, MOYE € AT H
D) o [EFFE;  H R (free-ratio, F)EGE T
B EM o EXAME; ZHRBER (two-ratio, M2)
U RT3 58 53 o [EAHE A @ ALA LA 56
AT LA, MO FFASIRAN R 43 318 o (B 22 57
P, MO Fl M2 K36 BT 53R 52310 o fE 2 7.

A S B A R S o [EANE, HAfrfe
4 5F LB AL : MO (one-ratio) Al M3 (discrete)fa il 1i7
FilE] o {273 Mla (neutral )1 M2a (selection),
M7 (beta)f1 M8 (beta&w), M8 Fl M8a (beta&w=1)
F Tl & 5 A E IR 47 2

93 AL A RUMEGE T 53 SR AL 15 18] oo AE #
FAEZESR . WA Model A MIER AT ELEL, &
AT 5 S oA e 15 52 2 IR IR FRAE o

2 SRR

2.1 ycf94 HIE: R IES BT

HURER 94 FhBRISHEND yef94 FERKJEA 222~
156 bp. HHATLAKE A 2 P2 DIECARZ ST
N T(ACG)H 3k & E C to U RNA i 75135 28 4%,

H AE AR R R 27 45, yef94 KZ N 219 bp
(3£ 20 £%); EUHFRL T MAUG)HIF5113E 66 4%, £
FERREREMG 18 Bl yef94 K2 216 bp (3£ 50
%), Hrbe G 3 B 0K/ 177 bp.

2.2 94 MR HEYIRRAEREN

FIH matK+rbeL B ERBEAH4 3 NJ. ML 1 BI3
Tl R G R BRI AT R, HRES KRS
PPGI #ATE IE .

7E ML 1 BI HRoK e 30 B AR A Bk H 9ok
HHHMAR R, 5 PPGI R4 1M1 NJ KB H
WHIETZ R Bl KRR HREN I BRF N IH IR,
ML SRR A BRABM T8k A kO B R =36 . BI
5 PPGI &4t %, BTl )a UL BI bk, 14
FERGEK B (R 2)EEZ NG TRz
HEGKEE .

2.3 BB TR
2.3.1 G FRRFE L B A

P55 3 A 94 Rl yef94 F - () 200 Tl L 441
i, HP GC & &N 23.73%~47.75%, GC1. GC2
1 GC3 435N 19.72%~47.22%- 23.94%~47.22%F!1
20.34%~56.94%, i B 60 1 A OB 3 4 5 AR 1)
A/U. ENC 15N 61~34.89, fEILZHFhT yefo4
R 30 T i PR 2 5. HoA A 19 67511
ENC=61 Hifp 3505 #R 5 15 FH . ENC {E A 35
B Sy ) W7 55 B 7 - 2 5 5 R A v L1S), - 8 43 1Y
yef94 B b LSS o

XT yef94 Fe R 20 M RS E AT B et
KZHIW GC3 Em T GC1. GC2 M1 GC fH; &%
Bk B GC % TUE 2K T HAd i 26, KU BRRHE
GC1 1 GC2 &k F AR T HABFL (A 1),

B 1 7L, GCl. GC2. GC3 F1 GC #HH.|A]
BRI RERDS, R yofod TR T =7 B
FEZH AR Sk 1 ENCE 5 & I GC fEAH R A B3
B ZEZH B XT yof94 ZEh T i M IR R 45/

1 yef94 T T H SRR

Table 1 Correlation analysis between the parameters of ycf94 gene

GCl1 GC2 GC3 GC ENC
GCl1
GC2 0.589™
GC3 0.585™ 0.720™
GC 0.796™ 0.889™ 0.913™
ENC 0.047 —0.041 0.062 0.089

*: P<0.05; **: P<0.01
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Fig. 1 Heat map of correlation parameter of ycf94 codon

2.3.2 GC3-GC12 73 #fr o7
HIE 2 AP0, KRBT AEZ T, B 061
KB (Christensenia aesculifolia)dl, K5V 05l 2;0:;;35071?0.14477
yef94 FER I GC3 H KT GC12. M Hras RE Loal - 9 2
W, XA P=0.00 (<0.01), FHE R HCH 0.739, GC3 3.0 . X
I GC12 MR L, LIRS 1 (R bk 22 g A
Bl RAZ I FEM o 02
0.1
0 L P I
0.1 02 03 0.4 0.5
GC3

2.3.3 ENC-plot 73 #7
H1E 3 I, BRI AT i, BB
AR B I 2R B (WAL B, WU AZ T 40 5 R 2 A 1
UFPERZIEFEREMECR . A7 40 257K ENC LUy H2 i
-0.1~0.1, B ENC 155 BBEEMER/DN, %550 Fig. 2 Neutrality plot analysis
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65 —

GC3
[& 3 ENC-plot £

Fig. 3 ENC-plot analysiss

# 2 yof94 FER I HRSF RSCU Goit YA R et 250+

FE PR (1) 25 - U 1 52 AR RE LK
2.3.4 ycfo4 TS T

MFE 2 ] L, FLTRE H i A AT (RSCU>1) 26
A, ERIEFELT(ARSCU>0.08) 24 4>, i [F] I
SRR R B E A 14 4~ UUU, GUU,
GUA. GUG. UCU. CCC. ACC. GCC. UAU. AAA.
GAU. AGG. GGC. GGA. HH 8 4PL A/U 452,
6 NLL G/IC 45 .
2.4 HWEESHT

X R RN AR R I e R AT 2
B EME T, BRI 4), REBRER 1 F X
B4R MO R I E R R T AR R (B 4), BR

Table 2 Relative synonymous codon usage of genes and the optimal codons in ycf94 gene

Aﬁfﬁﬁi d nggj RSCUr,, RSCUyisn ARSCU  RSCU Afﬁi@ q nggj RSCUrpw  RSCUmign  ARSCU  RSCU
RN Phe uuut 099 1.52 0.53" 1.37"* BRE R Tyr UAU" 118 1.42 0.24* 1.10™
uuC 1.01 0.48 -0.53 0.63 UAC 0.82 0.58 -0.24 0.90
SEEM Leu UUA 1.28 1.20 -0.08 1.36™* HER His CAU 2.00 0.67 -1.33 1.54
UuG 088 1.50 0.62* 0.83 CAC 0.00 133 133 046
CUU 1.76 1.80 0.04 178" | H&B Gln CAA 0.40 0.67 027" 039
cuc 1.12 0.90 -0.22 1.02™* CAG 1.60 1.33 -0.27 1.61°
CUA 0.88 0.60 —0.28 0.75 KA Asn - AAU 1.67 1.67 0.00 174"
CUG 0.08 0.00 —0.08 0.25 AAC 0.33 0.33 0.00 0.26
Ao EMR e AUU 1.17 1.00 —0.17 0.95 R Lys AAA" 137 1.58 0.21* 1.46™
AUC 111 0.95 -0.16 1.10" AAG 0.63 0.42 -0.21 0.54
AUA 0.72 1.05 033" 0.96 REAR Asp GAU"  1.18 1.67 0.49™* 1.37*
HEIR Val GUU* 117 133 0.16 1.16"™ GAC 0.82 0.33 -0.49 0.63
GuUC 1.08 0.57 -0.51 0.74 BEEE Glu GAA 1.47 1.43 —0.04 130"
GUA* 117 133 0.16 1.03" GAG 0.53 0.57 0.04 0.70
GUG" 058 0.76 0.18" 1.08™* FPEEER Cys  UGU 2.00 2.00 0.00 1.00
R Ser Uucu* 1.52 2.62 1.10* 172" UGC 0.00 0.00 0.00 1.00
ucc 1.62 0.76 -0.86 127" | &R Tp UGG 1.00 1.00 0.00 1.00
UCA 0.19 0.34 0.15™ 0.14 &R Arg CGU 0.00 0.10 0.10* 0.03
UCG 0.00 0.08 0.08 0.09 CGC 0.45 0.10 -0.35 0.26
W& Pro CCU 1.33 091 -0.42 0.87 CGA 0.09 0.58 0.49™ 0.34
CCC"  1.00 1.64 0.64™ 1.69™ CGG 0.36 0.48 0.12"*  0.58
CCA 0.67 0.73 0.06 0.92 MR Ser AGU 1.52 1.52 0.00 1.69"*
CCG 1.00 0.73 —-0.27 0.52 AGC 1.14 0.68 —0.46 1.08"*
AR Thr ACU 0.67 0.31 -0.36 0.52 R Arg AGA 3.85 3.39 -0.46 3.28
ACC" 233 2.46 0.13* 228 AGG* 125 1.35 0.10 1517
ACA 0.33 0.31 -0.02 0.39 H&# Gly GGU 0.70 0.21 -0.49 0.36
ACG 0.67 0.92 0.25* 0.81 GGC" 096 1.74 0.78™ 135"
WER Ala GCU 1.33 0.71 -0.62 0.92 GGA™ 122 1.44 0.22* 1.19"*
GCC* 107 2.55 1.48" 1.89" GGG 1.13 0.62 -0.51 1.10™
GCA 1.33 0.36 -0.97 0.84
GCG 0.27 0.36 0.09* 0.34
* RIRERL S o EERIR T o mIE .

*: Optimal codon; **: High expression codon; ***: High frequency codon.
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Ak Ie HEe %, JE R SRR o 1 P AES
0.011. 0.017 F10.036 (P<0.05), i8R Bk RF A1 H:
MRS yefo4 FEK ) trsv AN M o TR7E B 2R, 1
trsty trsv/trst A1 dS LR EFZE R

L] RUZBRF} Pteridaceae
101 EEER HLA% Other ferns
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Fig. 4 Comparison of mean values of ycf94 evolution rate between Pteridaceae

and other ferns and Mann-Whitney U tests

3 AFRRR KIS EAGTHEAS A

Table 3 Parameter estimates and log-likelihood values under different models

2.5 BRI HT

3 F1 4 52 PAML 153 H 1 yef94 F& R B gk
T SR X S AR R TSR Rk B R B i
AT B A] AR LUAS S, b B PRI R s A
MRS, Z5SR, SN MO AT F RS EG 45
23 (P=0.024), LA 73 3 8] o HAFE R 7 7
THEREA R E T R BREE AT R, HARRR
N R, MO A1 M2 556 45 K B 2 (P=6.188x
107%), R RZRE HAB BRI o BN E
FESt

PSRN, R BRI o HAAERE
72 53(P=0.000), H 3 XA AR 2 7R yef94
T fEAE IEVE A7 . LA BEB G HER KT 95% A
FRUE, A7 M2a 1 M8 # % 5 i 1 AN IEIR AT A
T4A .

TE 53 - s A 28 e, [ RE DL R R S A 55t
o AABR EUAS I 2 SR B R BAR AR Model A (7]
AFAEZEF(P=1.000), SABESZIR A 45 R .

ZH IEEHRAL A
Parameter Positive selected site

[t X EAUSRAE
Model Likehood-value
4337 Branch model MO -6 230.169 036
F —6 117.741 146
M2 ~6219.954 536
{7 57 Site model Mla —6127.975 932
M2a —6123.671 402
M3 —6 106.590 522
M7 —6 106.590 522
M8 —6 098.858 655
M8a —6102.276 428

Null model —6101.320 093

Model A —6101.320 093

®=0.416 06

©1=0.329 94, 0©,=0.578 80

Py=0.689 72, 0,=0.261 43 AR
P,=0.310 28, ©,=1.000 00
Pe=0.675 37, w,=0.266 54 T4A

P1=0.302 59, ©,=1.000 00
P2=0.022 04, ©,=2.193 99
Py=0.175 58, 0=0.062 16 e
P1=0.573 65, ©,=0.350 45
Py=0.250 77, 0,=1.015 19

P=0.960 67, q=1.168 03 ARVF
P=0.918 31, P=1.204 73 74 A™
q=1.879 88, P;=0.081 69

w=1.472 03

Py=0.816 16, P=1.219 64 X
q=2.737 83, P,;=0.183 84

=1.000 00

P¢=0.447 51, P|=0.144 96 R

P2 +P2,=0.407 53, »=1.000 00
P=0.447 51, P,=0.144 96
P2 +P2,=0.407 53, »=1.000 00

R R <99%

**: Posterior probability <99%
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Table 4 Likelihood ratio tests

R R L AL H p
Model Comparison of model d.f.
4y YA Branch model MO-F 224.855 78 185 0.024
MO-M2 20.429 00 1 6.188x106*
fL 5 I Site model MO-M3 258.779 00 4 0.000**
Mla-M2a 8.609 06 2 0.014*
M7-M8 15.463 73 2 4.386x10+"
M8-M8a 6.835 55 1 0.009**
433207 gAY Branch-site model Null model-Model A 0 1 1.000

*: P<0.05; **: P<0.01
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BMEARR T HABRR S, Bk, dEF L ikEmM
o HEWEFERZEER. RERBEAMRE. K
AL FRAERMHESZ NS, HAl R AR
ZEFAH yef94 FER— RS B2 B kI 77,
S EO R B R R T =

T1E yef94 FE DR (138 B EAG AT 2 SRR R
BLR BG5S 5 4 1 P b SR A TR AR Y 15 2% o>1
532, ULBZER 3  SC AT ReE IRIEFRAEAE, o
A7 %038 T RRIRAL, HR o SCAFE T 5k
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PRI — AN IE SR BT AT 74A, HIEFS 1.25%;
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