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(dN) (dS) (w)
(Yang, 2006)

bl

, Rubisco ,
, dN=dS, rbcL ,
w=1, Rubisco
s ; dN<dS, , Rubisco
w<l, S
; dN>dS, w>1,
1
>
, 0>1 1.1
Nielsen
(1998) Yang (2000b) Wong (2004) GenBank rbcL 39 (1) Clustal X
DNA , (Thompson et al, 1997) ,
® , , 381
Yang(2007) PAML(phylogenetic analysis by
maximum likelihood) , MEGAS.0(Tamura, 2004) ,
DNA Modeltest (Posada et al, 2004),
, Codeml (ML)(Rannala et al,
DNA DNA 1996) PhyML3.0(Guindon et al, 2010)
5 DNA
#*1 ATFAMREMER rbcL £F GenBank B3RS
Tab.1 Species and the GenBank accession numbers of rbcL gene sequence used in the study
GenBank
Bangia atropurpurea DQ408155, DQ408162, KM363768, KM363769,
Batrachospermum gelatinosum AF029141, KJ825967, KJ825969, KJ825970, KM077030, KM077034
Batrachospermum helminthosum AB114646, AF244116, AF244118, AF244119, AF244120, KM593807, KJ825956
Kumanoa capensis JX504698
Kumanoa curvata JN590012
Kumanoa faroensis JN590001
Kumanoa gracillima JN590013
Kumanoa gudjewga JN590002
Kumanoa intorta JQ028695
Sheathia arcuata JN086520, IN086521, IN086522, KM077039, KM077040, KM077041
Sirodotia delicatula KC951855, KC951856, KC951861
Sirodotia huillensis AF029157
Sirodotia suecica AF029158
Sirodotia tenuissima AF126420
1.2 o (one
ML | PAMLA4.8 ratio) ,
(Yang, 2007) Codeml , N (free ratio)

(Yang, 1998) ,
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(Yang et al, 2000a) rbcL
(@>1) (@<1)
3
,  Mla( ) M2a( ), MO( )
M3( ), M7(beta) MS8(beta&w)(Nielsen et al,
1998; Yang et al, 2000b), S
3 LRT (likelihood
ratio testes), (
) x
(Yang et al, 2000a)
- (Hong et al, 1997)
( ) -
LRT , (Yang, 2007)
test2 , MA (w 1)
1.3
Batrachospermum
gelatinosum ( s s
, AF029141) rbcL ,

>

(European Bioinformatics Institute: http://www.isb-sib.

cn/) Swiss-model, Rubisco
( ,2011)
2
2.1
rbcL , Modeltest
GRT+HI+G(
,G gamma
1 ), (2
(ML)( 1), Galdieria maxima Cyanidium
caldarium s )
6 , A
(Bangia atropurpurea) 4 , 5
1 ,
B 6 (Batrachospermum gelatinosum),
100%,
C 7 (Batrachospermum
helminthosum), 100% D
(Kumanoa) 6 , 99.2%,

( , 2015) E 4

6 (Sirodotia) ,

F 6
100% ,

% 2 Modeltest 3.7 #2315 2 8Y rbc

97.5%

(Sheathia arcuata),

6

2%

L & F &t L RE

Tab.2 Nucleotied substitution model parameter estimates of
rbcL gene for Modeltest 3.7 analyses

LOTREG L oses RAl 04
K10 freqC=0.1357 R[A-T]=2.8539
(1)=0.4463 freqG=0.2091 R[C-G]=1.8602
(609709 freqT=0.3247 R[C-T]=24.2079
R[G-T]=1.0000
: GTR+I+G rbcL , GTR: general time
reversible, ; —InL: ; K: number of estimated
parameters, ; I invariable site, ; R[A-C]
A-C
2.2
3 4
s A B C
D EF o 1,
) LRT s
, A B C
D E F , ,
w s F w>1, wp=7.4382,
, LRT
; M2a( ) M3C )
MS(beta&w) 0] 1 LRT ,
M2a M8 , M3
, 0]
® ,
, rbcL
6 )
A(Bangia atropurpurea) 277L 280L,
F(Sheathia arcuata) 350S LRT
, C(Batrachospermum
helminthosum) 277L ,
LRT , s
B D F
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Cyanidium caldarium DQ916752

Batrachospermum helminthosum AB114646

100 Batrachospermum helminthosum AF244119

C

Batrachospermum helminthosum AF244118
Batrachospermum helminthosum AF244116
Batrachospermum helminthosum AF244120
Batrachospermum helminthosum KM593807
Batrachospermum helminthosum KJ825956
Kumanoa gudjewga JN590002

99 Kumanoa curvata JN590012

D Kumanoa intorta JQ028695

Kumanoa faroensis JN590001

Kumanoa gracillima JN590013
Kumanoa capensis JX504698
Sirodotia tenuissima AF126420
Sirodotia suecica AF029158

Sirodotia huillensis AF029157

Sirodotia delicatula KC951861

Sirodotia delicatula KC951855

Sirodotia delicatula KC951856
Batrachospermum gelatinosum KJ825970
B Batrachospermum gelatinosum KM077034
Batrachospermum gelatinosum AF029141
Batrachospermum gelatinosum KJ825967
Batrachospermum gelatinosum KJ825969
Batrachospermum gelatinosum KM077030
1000 Sheathia arcuata KM077041

Sheathia arcuata KM077040

1000| ! sheathia arcuata KM077039

530
Galdieria maxima KC883880
Galdieria maxima KJ173929
Galdieria maxima KC883881
654
100d
998
9
992 8
01
1 rbcL
Fig.1
2.3
Batrachospermum gelatinosum (
AF029141) rbcL
Rubisco ( 2
PDB Blast ,
Geldieria partita  Rubisco (PDB
1BWV)(Sugawara et al, 1999), 83.64%,

Sheathia arcuata JN086520
1000| Sheathia arcuata JN086521
Sheathia arcuata JN086522

1000 Bangia atropurpurea KM363768
A | Bangia atropurpurea KM363769

Bangia atropurpurea DQ408155
Bangia atropurpurea DQ408162

Phylogenetic tree established based on the rbcL gene sequence
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PAML(379 ) Rubisco
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(Sayle et al, 1995)
ID: Rubisco 3
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Tab.3 Parameter estimates and log-likelihood values for different models
MO 77 —6261.664351 o=0.0105
A 78 —-6261.398718 ¢=0.0106, ®,=0.0065
B 78 —6260.583442 o=0.0111, @,;=0.0001
C 78 —-6261.557625 @¢=0.0107, ®,=0.0085
D 78 —-6270.500853 @e=0.0081, ©,;=0.0151
E 78 —-6261.347013 ¢=0.0107, ©,=0.0064
F 78 —6275.018856 ¢=0.0094, ,=7.4382
®»=0.0061, wg=0.0001
G 151 —-6229.885950 wc=0.0086, wp=0.0032
wr=0.0070, w=0.0035
Py=0.98305, P,=0.01695
Mia ( ) 8 —6249.352513 ®¢=0.00754, w,=1.00000
£0=0.98305, p,=0.01695, p,=0.00000
M2a( ) 80 —6249.352543 ©0=0.00754, ,=1.00000, w,=33.58472
$0=0.78505, p1=0.17351, p,=0.04145
M3C ) 81 —6182.312217 ©0=0.00199, ,0.02932, ,=0.11838
M7 (beta) 78 ~6184.435382 P=0.19651, g=14.33722
Py=0.99999, P=0.19651, q=14.33714
M8 (beta&w) 80 —-6184.439166 P1=0.00001, »=2.42001
P,,=0.02585, P»,=0.00043 277L*
A 80 —-6235.903461 ,1=0.00744, ©,,=1.00000 280L*
®£1=999.00000, ©;=999.00000
P,,=0.02284, P,,=0.00048
A0 79 —6239.710868 y1=0.00716, wy,=1.00000
w5=1.00000, wp=1.00000
P3,=0, P,,=0
B 80 —-6249.352525 ,1=0.00754, 0,,=1.00000
w=1.00000, wp=1.00000
P,=0, P,=0
BO 79 —6249.352513 w,1=0.00754, w,,=1.00000
w5=1.00000, wp=1.00000
P,,=0.003, P,,=0.00005
C 80 —6249.236553 ,1=0.00744, ©,,=1.00000 277L*
wn=1.21234, wp=1.21234
P»,=0.00331, P,,=0.00006
Co 79 —6249.239136 w,1=0.00743, w,,=1.00000
w5=1.00000, wp=1.00000
P3,=0, P,,=0
D 80 -6249.352521 ,1=0.00754, 0,,=1.00000
w=1.00000, wp=1.00000
P,=0, P,=0
DO 79 —6249.352519 w,1=0.00754, w,,=1.00000
w5=1.00000, wp=1.00000
P3,=0, P,,=0
E 80 —-6249.352513 ,1=0.00754, 0,,=1.00000
w=1.00000, wp=1.00000
P,=0, P,=0
EO 79 —6249.352513 w,1=0.00754, w,,=1.00000
w5=1.00000, wp=1.00000
P,,=0.00279, P»=0.00005
F 80 —-6243.211594 ,1=0.00717, w,,=1.00000 350S**
w;=321.61389, w»=321.61389
P,,=0.00429, P,,=0.00008
FO 79 —6246.193907 y1=0.00716, wy,=1.00000
w5=1.00000, wp=1.00000
95% 99% * k% w dN dS , g
dN dS - Py, , @ ; Dbl
; On 5 Poy
[2) 1 5 O o 0p «
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#z 4 LRTHRBEFKITE
Tab.4 Likelihood ratio statistics

2AL df P

MO vs.A 0.531266 1
MO vs.B 2.1618 1
MO vs.C 0.2135 1
MO vs.D 17.673** 1 <0.01
MO vs.E 0.6347 1
MO vs.F 26.709** 1
MO vs.G 3.5568 74 0.8015

277L  280L Coki

MO vs.M3  158.70** 4 <0.01
Mlavs.M2a 0.00006 2 1

M7 vs.M8  0.00757 2 1 2 (AF029141)Rubisco

a vs.a0 7 61%* 1 <0.01 Fig.2 Re_ference three - dimensional st.ructure of Rubisco large
subunits of Batrachospermum gelatinosum (AF029141)
b vs.b0 0 1 1 .
c vs.cO 0.01 1 0.92
d vs.do 0 1 1 8 a 8 p o/p
e vs.e0 0 1 1 7 o 7 B
f vs.f0 5.96* 1 0.01 loop , 3508 o/B
¥ , P<5%; ** , P<1% o
220 230 240 250 260 270 280 290 300 310

PPMRWRERYLEF STEGVNRAQAAAGETRGHYLNVTAATMEDMYERAERARELGST ICMIDIVIGY TATQSMATWARRTDMI LHLHRAGNSTY SR(
PFMRWRERYLETMEAVNRASAATGEVRGHYLNVTAATMEEMYARANPARE LGS VI IMIDLVIGYTATQTMARWARDNDMI LHLHRAGNSTY SR(
PFMRWRERYLF STEGVNRAQAAAGETRGHY LNV TAATMEDMYERAEPARE LGS TICHIDIVIGYTATQSMATWARK T DM LHL HRAGNSTY SR(

a3 B3 a4 B4 a5 B5

— _— S —s —>
A A A L L L O O O U O O O O O T T R
310 320 330 340 350 360 370 380 390 400

YSRQRIHGHNFRVICKWMRMAGVDHI HAGTVVGRLEGDPLMIRGFYDTLLLSHLDINLPHGTFREQNWASLRRVIPVASGGIHC- QHHQLLDY.
YSRQRNHGMNERVICKUMRMAGYDHIHAGTVVGRLEGDPTI TRGFYRTLLLPRLERNLQEGLFFDMEWASLRRVME VASGGTHAGQNHQLIHY.
YSRQRIHGHNFRVICKWMRMAGVDHIHAGTVVGRLEGDPLMIRGFYDTLLLSHLDINLPHGTFREQNWASLRRVIPVASGGIHCGOHHQLLDY.

ab 6 a7 7 a8
_% _, B Y, bend 7 98,
v|vm|mv|vm|nu|m||uu|vm]m||nu|vm|mv|m||vm|nn|mv|nu|mv|vm|nn

400 410 420 430 440 450 460 470 480 490
LDYLGDDWLQPGGGTIGHPDG- QAGATANRVALESHVMARNEGRDYVNEGEQILRDAARTCGEL

THYLGEDVVLQRGGGTTGHEDGIQAGATANRVALEAM I LARNENRDY L TEGPE LREAARTCGALRTALDLWRDI TP NY T STDT SDEVETRTANT
LDYLGDDVVLQPGGGTTGHEDGIQAGATANRVALE SMVMARNEGRDYVNEG QI LRDAARTCGRLQTALDLWRDI SFNY T STDTADE VETRY -~

B8
_
3 Rubisco
Fig.3 Alignment of the amino acid sequence of Rubisco
Rubisco PAML
Rubisco
277L  280L Rubisco 5 B 2 o« (Farber et al,
, 3508 1990), 8 « 8 B

a/B a (Soper
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et al, 1988; Knight ef al, 1990) rbcL 365F
Rubisco , Rubisco ( , 2011), BH
BH
- ; C ( ,
277L , LRT , 2010) 365F
5 ; , Rubisco a/f loop6
D , -
Suzuki (2001, 2002) (Chen et al, 1989, 1991) 277L
, Wong (2004) 280L, loop6 loop7, ,
, Zhang(2004) PAML - ,
(Yang et al, 2002) , Zhang (2005)
, 1) DNA
rbcL , , ,
) ) ( , 2006) ,
) rbcL.
, rbcL
, Rubisco
4
(Kapralov et al, 2007), PAMLA.8 ,
- , rbcL
) CO, , )
; (1) ,
Rubisco s Rubisco 6 s , A
(Lambers et al, 2008) , B , C ,
F , 100%, D , E
- , F ;
A , 2) - , 3
- (277L 350S 277L  280L ;
280L), , 73.4% 64%, 3) Rubisco
, , 277L  280L Rubisco
A , F , 8 a &8 B o/B
, 7 a 7 B loop , 3508
, o/p o
(4) w
rbcL

(Hong et al, 1997; Du et al, 2003)
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ADAPTIVE EVOLUTIONARY ANALYSIS ON rbcL GENE OF
BATRACHOSPERMALES

GONG Chao-Yan, NAN Fang-Ru, FENG Jia, LU Jun-Ping, LIU Qi, XIE Shu-Lian
(School of Life Science, Shanxi University, Taiyuan 030006, China)

Abstract Freshwater red algae are an important lineage in algal evolution. Batrachospermales is an order with the
most species. Ribulose-1,5 bisphosphate carboxylase/oxygenase (Rubisco) is an enzyme responsible for both carbon
assimilation and photorespiration, and plays an important role in plant photosynthesis. The Rubisco large subunit
containing active sites for catalyzing CO, fixation, is encoded by chloroplast rbcL gene. To explore the molecular
mechanism of algal adaption to special living environment, 39 rbcL genes of Batrachospermales and other relative taxa
were selected to analyze the adaptive evolution. Using software PAML4.8, the site model, branch model, and branch-site
model were tested. The results show that (1) in the phylogenetic tree constructed by the maximum likelihood method, all
the internal groups cluster into six branches, i.e., Cluster A is Bangia atropurpurea, B is Batrachospermum gelatinosum, C
is B. helminthosum, D is the genus Kumanoa, E is the genus Sirodotia, and F is Sheathia arcuata; (2) 350S, 277L, and
280L are identified as positive selection sites on three branches in the branch-site model; (3) in the reference
three-dimensional model of Rubisco large subunit, 277L and 280L are located in a loop between the 7th a helix and the 7th
B sheet of the conserved o/B-barrel domain that consists of 8 a-helices and 8 B-sheets at the C-terminus, and 3508 is located
on an a helix in the C-terminus adjacent to the o/f-barrel domain. Therefore, the results demonstrated the accuracy and
effectiveness of examining the adaptive evolution of gene based on w ratio, and revealed that the rbcL gene has undergone
adaptive evolution, which has been beneficial to Batrachospermales for the adaption to the special living environment.

Key words Batrachospermales; rbcL gene; adaptive evolution
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