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Abstract. Plant chloroplast genomes consist of an inverted repeat (IR) region and two single
copy (SC) regions; however, the patterns of molecular evolution in the IR and SC regions
differ. The rps12 gene encodes the ribosomal small subunit S12 protein, which is composed of
5'-rps12 (exon 1) and 3'-rps12 (exon 2-3), with the 3'-rps12 protein of different species
located in different genomic regions. The rps12 genes of 68 species of ferns and two species
of lycophytes were studied, in the phylogenetic background, combined with the maximum
likelihood method, the evolution rate and selection pressure of this gene were analyzed with
HyPhy and PAML software. Results showed that exon 2-3 was located in the IR region, and its
substitution rate was significantly reduced. The substitution rate of the coding sequence of
rps12 was also reduced, and the GC content in the third position of the codon of rps12 was
significantly increased. During the evolution of ferns, 3'-rps12 tended to be located in the IR
region to maintain a low substitution rate. Among the 123 amino acid sites encoded by rps12,
four positive selection sites and 116 negative selection sites were detected. Results indicated
that the gene translocated into the IR region showed decelerated substitution rates, and the
strong negative selection pressure indicated that the RPS12 protein was highly conserved and
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the function and structure of rps12 were mostly stabilized.
Key words: Ferns; Chloroplast; Inverted repeat region; rpsi12 gene; Evolutionary rate; GC

content; Adaptive evolution
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Table 1 Plant materials and GenBank accession numbers of chloroplast genome sequences
No Yy GenBank &5 No LY/E il GenBank &5
' Species accession no. ’ Species accession no.
1 Athyrium anisopterum Christ NC_035738 35 5rynar}l(a roosii é Ktj'nze ex Mett.) KY075853
2 Athyrium opacum (D. Don) Copel. KY427335 ovenkamp & S. Linds.
3 Anisocampium sheareri (Baker) Ching KY427330 36 Hypodematium crenatum (Forssk.) Kuhn — KY427351
4 Athyrium sinense Rupr. KY427333 37  Pteridium aquilinum (L.) Kuhn. NC_014348
5 Dip/azium bellum (C B. Clarke) Bir KY427343 38 Adiantum cap/'//us—veneris (L) Hook. NC_004766
6  Diplazium dilatatum Blume KY427344 39 Cheilanthes lindheimeri Hook. NC_014592
Diplazium dushanense (Ching ex W. M. 40  Odontosoria chinensis (L.) J. Sm. MG913608
7 Chu&Z. R.He) R. Wei & X.C .Zhang KY427345 41 Cibotium barometz (L.) J. Sm. MH105066
X.C.Zhang X.C.Zhang 42 Alsophila podophylla Hook. MG262389
8 D/p/aZIUm striatum (L) C. Presl KY427346 43 A/Soph//a Sp/'nu/osa (Wa” ex Hook) NC 012818
9  Deparia lancea (Thunb.) Fraser-Jenk. KY427338 R. M. Tryon -
10 Deparia pycnosora (H. Christ) M. Kato KY427339 44 Dicksonia squarrosa (Forst.) Sw. KJ569698
11 Deparia viridifrons (Makino) M. Kato KY427340 45  Azolla filiculoides Lam. MF177094
Austroblechnum melanocaulon ( Brack.) 46 Azolla mexicana C. Presl MF177088
12 s KY427334
Gasper & V. A. O. Dittrich 47  Azolla microphylla Kaulf. MF177089
13 Woodwardia unigemmata (Makino) Nakai NC_028543 48  Azolla nilotica Decne. ex Mett MF177090
14 Matteuccia struthiopteris (L.) Tod. KY427353 49  Azolla rubra R.Br. MF177091
15 Onoclea sensibilis L. KY427354 50 Salvinia cucullata Roxb. MF177095
16 Woodsia macrochlaena Mett. ex Kuhn KY427358 51 Marsilea crenata L. NC_022137
17 Woodsia polystichoides D. C. Eaton KY427359 52  Schizaea elegans (Vahl) Sw. KX258660
18 Ampelopteris prolifera (Retz.) Copel. KY427329 53  Schizaea pectinata (Vahl) Sw. KX258661
19 Christella appendiculata (C. Presl) Holttum KY427336 54 Actinostachys pennula (Sw.) Hook. KU764518
20 Stegnogramma sagittifolia (Ching) L. J. KY427357 55  Lygodium japonicum (Thunb.) Sw. NC_022136
He & X. C. Zhang . .
Diplopterygium glaucum ( Thunb. ex
Macrothelypteris torresiana ( Gaudich.) 56 Houtt.) Nakai NC_024158
21 Chin ' KY427352 ‘ )
9 57 Hymenophyllum holochilum ( Bosch) MH265124
00 Psgudophegopter/s aurita (Hook.) KY427355 C. Chr.
Ching .
58 Osmundastrum cinnamomeum (L.) C. NC 024157
23  Asplenium pekinense Hance KY427331 Presl -
24 Asplenium prolongatum Hook. KY427332 59  Angiopteris angustifolia C. Presl NC_026300
25  Hymenasplenium unilaterale (Lam.) Hayata KY427350 60  Angiopteris evecta (G.Forst.) Hoffm. NC_008829
26  Diplaziopsis cavaleriana ( Christ) C. Chr. KY427341 61 Botrychium ternatum (Thunb.) Sw. KM817789
27 Diplaziopsis javanica (Blume) C. Chr. KY427342 62 Helminthostachys zeylanica (L.) Hook. KM817788
' Mankyua chejuensis B. Y. Sun, M. H. Kim
8 Is-lgﬂqa/osorus pycnocarpos ( Spreng.) Pic. KY427349 63 & C. H. Kim NC_017006
20 Rhachidosorus consimilis Ching KY427356 64  Ophioglossum californicum Prantl NC_020147
30 Cystopteris chinensis Ching KY427337 65 PS//OHl,Im nludum (L) P. Beauv. NC_003386
. Cyrtomium devexiscapulae (Koidz.) \C 08542 66  Tmesipteris elongata Danguy KJ569699
Koidz. & Ching = 67  Equisetum arvense L. NC_014699
32  Cyrtomium falcatum (L. f.) C. Presl| NC_028705 68 Equisetum hyemale L. NC_020146
33  Dryopteris decipiens (Hook.) O. Kuntze KY427348 69 Isoetes flaccida A. Braun GU191333
34 Lepisorus clathratus (C. B. Clarke) Ching NC_035739 70 Huperzia lucidula (Michx.) Trevis. AY660566
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w). M8 HI M8a(B Fl w=1), (3) % 3-fif s 15
R R VF oo [RINFE S SORI i [ AE 7 22 5%, T
PIRLINAG R 5352 I IESR R, ARG R &
B MRS 53, AR PRSP B
IEEREA A 43 3, AR A X MA FIE i (MA
W (HI BN 1) #HTHEL,

AN A B R e 47 2 A8 3 B - AR WA BT
flf ( Swiss-Model, https:/www. swissmodel. ex-
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WFEEs R WoR, 70 FAEHIHY rps12 FEH K /N
i 372 ~971 bp, it ¥ ( coding sequence,
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114 bp, #ME T2~ 232 bp., 4MET 3} 26 bp,
Hrfr 56 FEY &AW E T, K/ANH 447 ~599 bp,
Y8 ros 12 e A E s, K 70 FAEY) 5 5
Wids, —RREINET 2~3 i F IR X% 61 ity
(IR-61), H—REINE T 2~3 /i F LSC X 9 Fl

) (LSC-9) , 70 FAHYIIY rps12 FEAE 5 BT 1 WL
B 1-17
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(rps12 BRI T AL F ) GC A ik 5 H Xt R 4
PRI ERARIE R AL GC #5 & 1 HAE ) S AR X (B A T
TiHE, S5R R 1-20 0 B Hr Bos (E
1), LSC-9 %45 1 (i FI% 2 iy GC & &
FIR-61(P, =0.003, P,=0.033); IR-61 T
# 3 ik GC L BEH T LSC-9(P=0),

167 OLSC-9
B IR-61
= AT m t-test
c —
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il
4 S 1.0}
0O
.,(2@ 0.8+
o
<>
EE 06}
&’ 0.4}
0.2}
0 oy Y S A/ iy 2 e iy
WS THIAL BT T2 W T3
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IR-61: IR-61 fAHXT GC & #¥I{fH; LSC-9. LSC HyHHxT
GC é\il’—‘]fﬁ, t-test. ”‘ﬁgﬁ P{ﬁo

IR-61; Relative GC content mean of IR-61; LSC-9: Rela-
tive GC content mean of LSC; ttest; P of t-test.

1 rps12 BERZEWBTFHAKMEX GC
REHER th
Fig. 1 Relative GC content of each rps12 gene
codon and t-tests
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phytes) IS T 2 ~3 #5067 T IR X, 7ERRE
HEBEBET, AN F 2~3 ZWHEAFEIF IR IX
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2.5 HUEELHH
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HEE R
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_ tsc | IR = exon 1
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Fig. 2 Localization of rps12 genes in chloroplast genome of 70 plants
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a: IR-61; b: LSC-9, exon 1: SMET 1 WIBHIME; exon 2~3; MR T 2~3 MSEIE; P. BURFI RIS
FRAGSS PH, trst: BGHLSS; trov. HURA,; trsv/trst: HUHAR/HeiAs; dS: A A, oN: HER LB,
w: AEF A/ U, T,

a: IR-61; b: LSC-9. exon 1. Parameter mean of exon 1; exon 2-3. Parameter mean of exon 2-3; P. P-value of
Wilcoxon test. trst; Transition rate; trsv. Transversion rate; trsv/trst; Transversion rate/Transition rate; dS:
Synonymous substitution rate; dN: Nonsynonymous substitution rate; w: dN/dS. Same below.

3 SEF15IEF2~3 WSEMELER Wilcoxon #I%
Fig. 3 Comparison of mean values between exon 1 and exon 2-3 and Wilcoxon tests
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a. rpsi2-cds; b: exon 1; c; exon 2-3. IR-61.; Parameter mean of 61 species; LSC-9; Parameter mean of nine species;
P. P-value of Mann-Whitney U test.
E 4 IR-61 5 LSC-9 BE&##MEEE K Mann-Whitney U #:3%
Fig. 4 Comparison of mean values between IR-61 and LSC-9 and Mann-Whitney U tests
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BHOME R IR-61 B 3~5 1%, HEFEAELER (0 K
ANy, AhETF1H (4. b), LSC-9 Y trsv Fil dN
¥IEN IR-61 9 2~3 1%, HFEESR, SMBT 2~
3 (K 4; c), LSC-9 M HIE N IR-61 14 ~
10 1%, WAFTEZESR.
2.5.3 REKK

IR-61 1y 61 ¥ Fh 43 3 rh, 43l 80%,
90% . 70%F1 70% W Fh 73 332 AN F 1 1Y trst,
trsv, dS. dNZEFANET 2~3 BB (K 5) .

1.2¢

N
o
T

W Accept

ORefuse
ENull

o
e
T

[ERigA
Percentage (%)

N
)
T T

.O
[N
T

0.0

trst trsv ds dN

Accept: P > 0.05 [#fpsr 3 di Lk ; Refuse: P < 0.05 4% 5
Sl Null: AREHEAT A A SRR B Fh 4y 3 4 L, trst. %
B, trsv. WA oS [A) OB oN: BRSO,
Accept: Percentage of species branches with P > 0.05; Refuse:
Percentage of species branches with P < 0.05; Null; Percentage
of species branches that cannot be effectively constrained by
assumptions. trst; Transition rate; frsv. Transversion rate; dS.
Synonymous substitution rate; dN: Nonsynonymous substitution
rate.

B 5 {RiZiw
Fig. 5 Hypothesis testing

EHEE S
FEDUT R K F 1 AT, ARWFFE ki 2
BAMIEIEFENI AL (17, 74, 108) 5 TE DL K 7K
F 20 MRPFTT, Rilg] 116 ATk £ 2 (1 ~
16, 18~24, 26~59, 61~73, 75~80, 82~97 .
99~107, 109~123)
2.7 EEBESERVAMNEE
2.7.1 HER

ARG, 43 SR S B THE AT B SR
HIEVLB 1 1-47 5 RUR A SR 25 SR W (R 2)
XF T rps12-cds: MO 5 F #3045 R AfETE 22 7
(P =0.918); X%} T rpst2cds, 4hE+ 1. 4hi
F2~3; MO 5 Model 2 B IR 45 R W AFFE L F
(Prpsizcas = 0870, Pygey = 0963, Pygysos =
0.096) ,
2.7.2 {rmiEH

L BIRIR | AR S B T HE R
SR VEVLIFE 1-4" 5 4 XHIR BRI AR FE K 56
ZERIF 2, ARBF LI M2a M5 5 ik, LA
JE MR K T 95% M bR, K E] —4~ 0l G (1 1E
TR 16G (JEIHER N 98% ) (Bt 1-47) .
2.7.3 HE-fmiRE

R 43 A5 TR0 238 SR 15 i e B S, Ho,
a: Fpor A F AR IR 11 D w > 1 1

2.6

Fz2 (AL ERIESET
Table 2 Likelihood ratio statistics

AR T%E!H:ﬁ oAl 1 F B p
Model Comparison of model af.
43y ¥ Branch model
X MO-Model 2 0.027 1 0.870
oS 12 it IF5 (1psiz-cds) MO-F 113.675 135 0.918
SNEF 1(exon 1) MO-Model 2 0.002 1 0.963
A 2 ~3(exon 2-3) MO-Model 2 2.766 1 0.096
{7 S AR Site model
MO-M3 324.748 4 0.000 **
M1a-M2a 7.644 2 0.022*
M7-M8 17.439 2 0.000 **
M8-M8a 5.351 1 0.021*
33 AR Branch-site model
a WA, BIRZ—&%EIRE a Model A: Null—alternative a 0.751 1 0.386
b B A, FRix—%EERi% b Model A; Null—alternative b 0.000 1 1.000

e 240 FORPIANBEPBA MR 2 EFRLL 2, MO: HLLLA; F. A dIL3; Model 2. &, Mta: 3Tk, M2a: 1E#FF;

M3: %ﬁ‘ﬁ(, M7 [3; MB B}ﬂw, MBa; B}Hw =1, *.

P <0.05; ==,

P <0.01,

Notes: 2A/. Represents difference between logarithmic likelihood of two models multiplied by 2. MO One ratio; F: Free ratio; Model
2. Two ratio; M1a. Neutral; M2a. Selection; M3 Discrete; M7 B; M8: B & w; M8a; P& w = 1. * ;. P<0.05; ** . P<0.01.

2) it A B B E PO AR R SR R RS2 4l ) P (hittp /- www. plantscience.cn ) A B A SC R
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TRV S, WA A RGN 25 S DL 1 -4,
A 5EFBIBRIR 45 R AFEES (P, =
0386, P,=1), &l A RZERIATHZ (K 2),
2.8 RPS12 ZEHBR=4#4H#

¥ 70 FhAE ) RPS12 B M ¥4 5 Escheri-
chia coli FVEC1412 (EFE98771) . ik ( Marcha-

— o-0Rfie —

ntia polymorpha L.) ( AZU95199) . 71 #k ( YP_
007474599) . MHE ( AMMO5616) . Pisum fulvum
Sibth. & Sm. (AUM82294) %5 75 4& RPS12
FRONHEATIORS, DIMBR NS % 751, o Hras R Bos
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