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Intra-genomic polymorphism in the internal transcribed spacer (ITS) re-
gions of Cycas revoluta: evidence of incomplete concerted evolution
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Abstract: In the present study, a high intra-genomic polymorphism was detected in the internal transcribed
spacer (including ITS1, 5.8S and ITS2) regions of Cycas revoluta, suggestive of incomplete concerted evolu-
tion. Detailed comparisons of the ITS sequences from C. revoluta and those from other species further sug-
gested that some divergent ITS paralogs from C. revoluta were likely pseudogenes. Some of these putative
pseudogenes may have rather long evolutionary histories, because they have diverged substantially in se-
quences. We proposed that the incomplete concerted evolution in C. revoluta may have resulted from the
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high number and dispersed distribution of the nucleolus organizer regions (NORs) in the genome.
Key words: Cycas revoluta, ntDNA ITS, concerted evolution, pseudogenes, polymorphism
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ek H 31: 2009-04-16; #2532 HY1: 2009-09-05
ST H RN RRR A TRETT RN A ST H (O8LY 081K01)
* JWiflf# Author for correspondence. E-mail: zhuh@xtbg.ac.cn

P L2 18791 )L A8 5 o ITSIXANRY U7 8T
PCRY™ YA, N2 HA BRI 5718, TTSHY
Iz N T AR A3 2R TT, 4l 2 Ja P4 A ) e
T R G (Baldwin ef al., 1995; Alva-
rez & Wendel, 2003). #R1, LK, HFFERMITS
TERIIRE R AL AT BEAFAE G B ) 2 AR, IR
TAAESURI AL A 58 RIS, FE 2 AERR TR,
T A A B Y (Karvonen & Savolainen, 1993;
Liston et al., 1996; Wei et al., 2003; Wei & Wang,
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2004; Kan et al., 2007)F1E JFKJE J& (Gnetum)(Won &
Renner, 2005)%, nrDNA ITSFE R 2 P 1) 2 AE AL
DCRIAETIEE e L, A AR AR U,

IR ) A AT 1) o oty 2 SR SRR B BT R A,
BFEINERE, FEHH RN EE R R SE3 R 1 E 29240
i, BEHRR 23 A A5 Fis A ARy 1) R R X
(Osborne, 1995). TR EMNA 71K JE (Cycas), 198
ANFh, T 23 A 7 LA ] G R b DX RH AT 1 B S
TS 3t DX R 8RR Ay 3 A A0 1R TH A 5ty [
JEIE HAFE - B BRI AEEE R A V02 ik
W B AR R R B E#GE Bl . B
SR g3 1 UE S BT A Ik S A ) 2 T Bk R A
I FE B2 B (Stevenson, 1990; Chaw et al., 2005).
IER(C. revoluta) & 9Bk JE FEY 0 NAT T K1
— AR, G RIE AR AR A, A
K2, MOAEAAAE. B, BAERBOGRE T 5
EKBES (Shimabuku, 1997; Whitelock, 2002). FLA# 7Y
P, wh s, s anfLAE TFbE, PR AE T 45
HA RS, | AR, AT IRATHOM IT JE
ST

Wiy Tk, YT, nrDNA ITSEA L
ANGERINGAERAOIAF RN B AT I A5
DL 2k AW 7 2 D 1R Bk O AR, o B IR ITS, A
MILFEPIH N I8 2 e, B R AR —
FEARAFEntDNA ITSEL AR A SIS . WIRAT
1, B2 K2R R, TR e S g0
I PR T 2 (R ATE 50 45 SR AT Ll e, DAY BE o d s B £
nrDNA ITSE RISk (1) AR g

1 #RFITTE

1.1 w8l

6 P LR 49 A A A7) el 1Rk K 11 2 R e
I3 RETE IR 40 P (b AR DR A7 A v 1B R 27 Bt 75 XU
YR R Bl bR AR, AEAE S 06010, SRAEN
eI,
1.2 DNAIREUFNPCRY 14

K H o K CTAB 74 # U & DNA(Doyle et al.,
1991). nrtDNAITS 345 |# 2 1TS5* (5-GGAAGG-
AGAAGTCGTAACAAGG-3) (Liston et al., 1996)
Ml 26S-25R(5-TATGCTTAAACTCAGCGGGT-3')
(Nickrent et al., 1994). PCRY" 34 [{) 54422 (1) 25 pL
[ S N AK 222930 ng DNA, 2.5 pL 10xbuffer, 2.0 mM

MgCl,, 0.2 mM dNTP, 0.6 pM5147, 0.75 U Taqlif,
TIN5 /K 2225 pl. Q) R F4596°C 4 min, 15
R 4 E30ME3R: 96°C 30 s—55°C 45 s—72°C
80's, HJrfE72° CHIZME N 47 min.
1.3 RNA#ZEUFIRT-PCR

FIFHRNA J % 5% 45 1 [FIcDNA ITSLLEAH K S
K, AT AR Gy A 3 R 41 5. 8S P A1) 2 75 BT T B
(4nHarpke & Peterson, 2006). FJH Trizol Kitif %
(Invitrogen, Carlsbad, CA), %M i BHHEHUERNA,
Jf 1] DNase 7 1k & DNA L4 HE B2 DNA V5 4% . ]
PrimeScript RTase (N3 5 EW)) 57 &5 HicDNA
98k, LS PCRY AN F 51 P F0 & A, H
PrimeScriptTM RT-PCR Kit (KIE %A A5 &
RT-PCR3kfH#cDNAITS.
1.4 SEREFNF

PCRAIRT-PCR =4 FH 1.0% [1) 2 /i B 46 fie Fh 9k
H 2tk J5, H pGEM-T Easy Vector System I
(Promega, Madison, USA)iX A &7 . KRG,
Pk 154NPCR 1) va [ M6 AN RT-PCR™ ) 7. [ 147
PCR, #Zi{LPCR™“#i% ik T F T7TRISP6 5| #1il
¥ o
1.5 HEESH

FJJCLUSTAL X (Thompson et al., 1997)%} it
Ay 34T B 3 HE P, IF H BioEdit 5.0.6.(Hall,
1999)%F H 87 I HE 347 N TAZIE, 45 GenBank
o O N BRI TTS B4, #iEITS1. 5.8SH1
ITS2(1)i1 5t

Tl 58 IR IE DA R ITS L R A5 A7 AE, HE
TTELR4r#r: (1) FIFHMEGA 4 (Kumar et al.,
1994) 54N FHITST 5.8S AITS2M K EFGC
o, LT ¥ (sequence divergence); Jf5&
T Kimura’s(1980) XU Z H 55 714 14 74 NJ TG R 5 BRI AR
Plbootstrap /7742,000K H5 & WAL 43 T 70 S SCF -1
[F) INF, x5 A AR A A ) 5.8S A IR I R
(motif)5'-GAATTGCAGAATC-3' (Jobes & Thien,
1997; Won & Renner, 2005); (2)HX}FITS1FIITS2,
5.8SKJE T MRS FIFIMfold (Zuker, 2003)ill 5 Ft
HIPHIS5.8SH — 2 &5t /N H HBE(AG at 37°C);
(3) A H} Recombination Detection Program pack-
age3b27 # 4 4  (Padidam et al., 1999) ' i)
GENECONV# A, JE T AR A ) T 20 1

NS BIE R I 3EAE T, 7 FHDnaSP (Ro-
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zas & Rozas, 1999)1 & Dy A8 7 51 AUE L N I AZ 7 IR
AR LR Z At (), LAHE— B30 UE T I i 20 #7
ghH,

2 BR5WE

2.1 nrDNAITSEFEBAAN S #E

SEHLRIL, FERZHFIcDNARIITS F 41, 43 5
H—XFHEE e —80, SHER— &AM FS G
S 1455 Z 8P A WA, fE15A 4]
ITS v BRI 2] T 14N AF#% D1, 6/NcDNA ITSH A
SAANFEHE DL X EEITS P 41K FE AR 5796 Fl A 1,001
1,086 bp, HHITS1M598-679 bp, ITS2 M230-246
bp, 1M5.8SK A 161 bp, MEMFEHIDTH — A%
IR B R (R ). FTATITS (417 3 03 5 i 2
14.26% (0-26.91%), H:"H1cDNA ITSHI 1475 5
F=0.81%, 1M 5 KL ALITS 134 43 5 5 40 7515 18.84%
(#2). KAk I, P05 B 54 7R —Le g
(FIntDNA ITSE R AN 58 42 IR I 2 FE KT
A4, WA E (Raphia) - 5E R 20 P 0K )7 510 43 R
&26% (Baker et al., 2000), FLREKEMammillaria)

1 FEPITS1. 5.8SFAITS2HI4HE

"1 /£32% (Harpke & Peterson, 2006), #kJE(Quercus)
f1/£26% (Mayol & Rossello, 2001). {H 5#-FFad
ITSIK LR S FEAH LA, 7RknrDNA ITSHE R 41
W ZFEPERA « W25 2 )8 (Cedrus)(Liston et al., 1996),
¥ J& (Pinus)(Karvonen & Savolainen, 1993), ¥4
J&(Larix)(Wei et al., 2003; Wei & Wang, 2004)F1 bk
J)J® (Won & Renner, 2005)25 55K 20 I nrDNA ITS
J 2 AR I AR 100 bpe FARHEAInrDNA ITSHK:
72 5 F HE W T 5§ T (sub-repeat) 177 7E LA A AT Bl
(1) [ P T 2H AN S8 AT e 7 A 1R T A KO e aie
H¥I(Kan et al., 2007), {HZIERITS/ 74, HI1R/D
AELRICRIN, X VF I FHK AR R i A
XN B IR R o AR SR &, R D E A R
JG, TMTHEITS K 5 AR Sl 5 ENRA BHE TS (14K &
AR SR A 24(Won & Renner, 2005). 1% & 757 Hg 7 75
Bk rp A A S P K TR TTS $5 DU AT BEA7AE 17 B ik
WA RTIEINE? T 5 2 5887 LAIER .
2.2 nrDNAITSIRER

BT P A TTSHE DU A1 1) 53 A% PR 2 Fa 2 AN TR
i, cDNA ITSHJE R 4IITS D1, D2, D4, D5, D9, D12

Table 1 The characteristics of ITS1, 5.8S and ITS2 in Cycas revoluta

TG GenBank/7415 K% (GCH %) 5.883)7 e/ 1 RES.8S
Clone No. GenBank accession no. Length (bp) (GC content %) 5.8S motif AG
ITS1 ITS2 5.8S (kcal/mol)
D1 FJ907980 678(64.2) 246(65.0) 161(55.9) v -16.39
D2 FJ907972 677(64.2) 246(65.0) 161(55.9) v -16.39
D3 FJ908060 674(51.0) 243(46.1) 161(44.7) \% -13.79
D4 FJ907973 677(63.8) 246(65.9) 161(55.9) A% -16.39
D5 FJ907974 677(64.1) 246(65.0) 161(55.9) A% -16.39
D6 FJ908059 676(49.4) 243(49.4) 161(43.5) v -8.54
D7 FJ908058 598(49.3) 243(46.1) 160(43.1) -11.51
D8 FJ908051 672(51.0) 243(50.6) 161(37.9) -10.95
D9 FJ907982 676(63.8) 246(65.0) 161(55.9) v -16.39
D11 FJ908056 679(50.5) 242(50.0) 161(42.9) -9.42
D12 FJ907981 677(64.0) 246(65.0) 161(55.3) A% -16.90
D13 FJ907983 674(62.7) 246(62.6) 161(54.7) A% -19.39
D14 FJ908045 658(50.2) 243(50.6) 161(43.5) -10.37
D15 FJ908067 671(48.7) 243(50.2) 161(44.7) \% -13.21
C1 FJ907976 678(64.2) 246(65.0) 161(55.9) v -16.39
Cc2 FJ907979 678 (64.0) 246(65.0) 161(55.9) A% -16.39
C3 FJ907978 679(64.1) 246(65.0) 161(55.3) v -16.59
C4 FJ907977 677 (64.1) 246(64.6) 161(55.9) v -16.39
() FJ907975 681(64.2) 230(65.6) 161(55.9) A% -16.39

VRIRZITS P A7 1E5.88% /7 V denotes the ITS sequence where 5.8S motif was detected.
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Table 2 Nucleotide diversity of the ITS region in Cycas revoluta
ITS[X 35k RZ2IE=A] A H AL R MATIR 2 1
ITS region Sequence type Sequence number  Polymorphic site no. Total mutation Nucleotide diversity (1)
ITS1 cDNA ITS 5 11 11 0.007
ifi€ 1TS Functional ITS 7 25 25 0.011
2 Pseudogene 7 258 283 0.191
ITS2 ¢DNA ITS 5 2 2 0.003
PyRE ITS Functional ITS 7 11 11 0.013
IR Pseudogene 7 120 142 0.222
5.88 cDNA ITS 5 1 1 0.002
Ihfie ITS Functional ITS 7 4 4 0.007
2L H Pseudogene 7 64 72 0.174
ITS ¢DNA ITS 5 14 14 0.005
ifig 1TS Functional ITS 7 40 40 0.011
2 Pseudogene 7 442 497 0.196
HMID13TE B A SCAAR B Y A ST 53 32 (bootstrap 4
- . D1
=100%), IX— 73 3CHR AN HADKE RN ITS 4 5 1) 3K 60l
BR3P (B MBS eDNA ITS 2 JEH [C3
RERE KRG, WTLWED N EERFAITS DI, 65(t C2
D2, D4, D5, D9, DI2RIDI3 &Ly fefE41, HoAbit s 22
i N D2
IBIED . S LS T (1) cDNA o
ITSHIIRERE 1, LLAAREERID3, D6MIDIS & Ak Hi o | 12
5.8S 3k ¥ 5'-GAATTGCAGAATC-3', {H {5 K D7, ol
D8, DIUFID14H1, 3 yHE 3 10 e A A i ¢
. e L D13
(#1). (2) cDNA ITSHIZh g7 41 2 A 1 B HGC .
SR, XWE TS, ITS2H15.8SF BJ4H 43 il 4 D8
64.12+0.08%, 65.04+0.2%, 55.78+0.3%%F164.83 + D14
0.18%, 64.79+0.37%, 55.6440.25%; HILKGCH P13
D3
A SRR, TTS1. ITS2A15.8SF 48 43 il /& o7
50.01+0.75%, 49.00+2.14%, 42.90+2.39%. &3 D6
PERY S FHIITS 1. ITS2H15.8S GC o =i e H02

cDNA TS Fl T fig J¥* 41 2 18] A A7 15 W % 2 =
(P>0.05), M{EMIER FIcDNA ITSZ [8], LLK L]
BEFF 21 2 1A1 341 hy A . 2% 72 57(P<0.01) (3) cDNAITS
FIIRET 51 1K5.8S — R g5 i e /N H HHBE(AG at 37
C) I 53 591l J—16.43 £0.1R1-16.46 +£0.21, T
FERPAE-11.11+1.83(3K1). (4) cDNA ITSFILIREST
FI B IR 22 2V (o) AR BEARE, 49 3] J20.00544 711
0.01058, ML) H150.19566 (£2).

nrDNA ITSHEEPE KA 1T F 7 195 DL, ik
A i 28 DURT g 25 D RRaR A0 28 ek D
F Bucklerf1Holtsford (1996) 15 5C1E K %) %3 J& (Zea)

E1 EFKimura S HHEE R 750N 2 B T BITSHE I
FHIMIBENIR . BFRR2,0000E FEHEE X F50%H
BRFEER,

Fig. 1 Neighbor-joining tree topology constructed on Kimura
two-parameter distance matrix using ITS entire region of all
paralogs in C. revoluta. Numbers indicate the over 50% boot-
strap values with 2,000 replicates.

TR FE A, a5 & (Nicotiana) < FE ¥ K J& (Trips-
acum)~ 13 J&(Gossypium) (Buckler et al., 1997). £k
J&(Muir et al., 2001). ZLJ&(Pyrus) (Zheng et al.,
2008) LL M2 ¥4 J& (Gernandt et al., 2001)F13% H-¥4 J&
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(Wei & Wang, 2004)%5 . DARNA [ #5651 cDNA
ITS ) 2 JHEAT LU AT ATT, WP A8 IRk LR ZHITS
D3. D6. D7. D8. DI1. DI4FIDI52 I . i
— M R W] P nrDNA ITSTRIE R IR 2 &
PE(m) B Aok, 3P VAR 2 1A 5, A
BRI BRI AR 57, GO W A, & W
FEAGCAT R L IS A A% 11 HE 5.8 — 2R &5 ¥y g />
HHBE(AG at 37°C)EII W Aw s, ZonIt et
CL ARG A AN RS o 1K L6 7 51 i AR 5 3 R
PR GCFr & FRARFN — 4 &b M A e PEBRAIG A5 RT i S E
TEMhRE CaBIb AW . b, D3, D6FID1S
BARRAIThAE+E U —FF, 5.8S%: /7 5-GAATTGCA-
GAATC-3"% A4 ¢, HAEFERIB b 50 F0 T At i 5
RUEREEAE—ile, JFH, FFER® T GCH sk
AR SR LA e g S A R s M PR A
IMZknrDNA ITSHEIE R L D aeds DA BRI T 5
YR A, AT GENECONV A% 3 A5+ £
FARMAAAE; 0 H, RN EED, Dhagss )l
MG — N3, HBFER S B ITkR . mfe A
P, tndE s JE(Wei & Wang, 2004)F1 35 Jfk
B JE (Won & Renner, 2005), ITSERFEA A H I fg
5 VU B I — MR A 73 5o XUt B R BRI TS (R
L2 R4 T AR e 22 st A A e, JLEC YR N ) 4
AT REARX B o AFB I BR H-3A TE — A7 1) B
A, VST REA R —UGRIE, B8 — OR8G5
AR S AR TR 2 AR OK
23 BRE#HEHAZELER

JIT VS SR EAL” 2 BE PR S ) — Fh AR
TEIXFPEAAE T, PR 500 i 5 (1) i3k Ak A2 A [7)
(72, TARSE R E 4T . AR LRI N 5K
TR HEAS e 2 R AR, e B S S b o AN SEAR
o B L R e 4, A% 9 21 At BT A7 B 2 (Nel &
Rooney, 2005). {ESURIHAGAEHT, H4nrDNA(H
FRITS)HE R 5 5 i AN A A0 JE R AL AR 5o (RFRATTIN
R B INERER R 2 N A7 AE 15 35 (FnrDNA ITS 2
FEME, XU B S R AN e 4o BRI AL B I
2%, PRI ILE, X R P R0 AR AR g s 7 T
JRIA, 5444k (Suh et al., 1992). FIEZ R4
(Karvonen & Savolainen, 1993). fIUEE i (Campbell
et al., 1997). AWK (Sang er al., 1995)F1Z4AL
(Muir ef al., 2001)5%, A BRI KA G Ak b 5L
DR & v 2 23 5 40 J T ) D B, AR e R A 2L X

(Nucleolus Organizer Region, NOR)ZE 4 i 4k H1 (1) %
H 2 /b F o3 A5 A7 B 38 o) . 18S-5.85-26S
rDNA 5 & J7 41 5 H.RNA 724 3L [7) 41 B NOR [ =
A&, ABANORELH (2 R, LK o Ao & ¥ 4 A
N, WORAAER — Yt fh -, X LR nrDNA
ITSEL A HEAL 3% % (Alvarez & Wendel, 2003). F2 )&
M)A 6-8 1N NOR, 1 % W #4 J& fa ) #1 L 34
NOR, [, ¥4 J8 1 nrDNA S A A0 T8 5
JE P (Wei et al., 2003). F1EkJEAHYIAR L2246 Y O,
& Ui SRR AT R A 2 A% R4k (Johnson & Wil-
son, 1990). [FIIN, 0 & IR A7 AL A IS K UE
Wio (HIERIINORIR £ iE 164, JF H A /b AifE13
SR O AR T (Hizume et al., 1992). INERAFTE
Witk 2 1M 4 HUYINOR,  7EnrDNA 2[R HE Ak i 72 1,
A3 TTS ik ] R M DL FCA A 51 55 R AT AN S5 AT
#f(uneven crossing over)FI HL 41 25 b B, 25 9L 2 H 1)
R BI a2 W 75 AR I, 3E A a2 i ) v, 3R TE
FHGEMR, e oiael R AL R RN . X
WA S PR S inrDNA ITSIIE R Al flg AL —
UGRYRE I Ao RIS, I8k B AT B i AR 3,
Al Rt iE— D A% T BRI SE . (AR
&, BRI T, nrDNA TTSERZE P BUAR O i,
W I F2 8 (Wei et al., 2003; Wei & Wang, 2004) 1%
JARIEE JE (Won & Renner, 2005) 18 A& AN B FE R 47
7, MHFE P nrDNA TS 1) Lo B 2 g . 3
Al g5 TENORE AR X 22 1M 50 %

S 30k
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