M%7 Chinese Journal of Zoology 2016, 51(2): 301 ~ 309

J\FHE1-8 R E 0 A N 1 7 T

TRZ® KON kK O&° E#£FT K OA° 4 B

@ eI dr Rl e 220 730070; @ ERLABK A LMK A S A S R TS iU 430072

B A RO FAR A IE ARG EEENLE], DL 8 FREF R SE e 4, Wi AEYE B
VNI 14 AN RFERIET T %08 Ry TG . 458 (1) AR A B R 7 — 2o
SRR R R R S ERIIS: (20 BB R RTEA B PRI (3) LB
SR EER R EA SRR AR Y AE W T 8. AR, FEBHRE H TR TR
REAE R AR I 2407 3, FERE I R R ARAR 7, AT AR R B oy SRS I S ALl T
FELER.,

R WERIER; Tk RN

HESES: Q953  UEFRIRES: A (EH'T: 0250-3263 (2016) 02-301-09

Molecular Evolution of Meiotic Genes in Eight Ciliates
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Abstract: Meiosis is an important mechanism in the adaptive evolution of eukaryotes. Here, we identified 14
meiotic genes in eight ciliates and performed the molecular evolution analysis (Table 1, 2). The results show
that: (1) Specific meiotic genes lost and duplication exist in ciliates; (2) Meiotic genes are conserved in
ciliates (Fig. 1); (3) Recombination process in meiosis of ciliates belongs to class 1I type (Fig. 2), which is
not common in other eukaryotes. These results indicate that meiosis in ciliates may represent the original style,
and may be a good model for studying the origin and evolution of eukaryotic meiosis process.
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( Caenorhabditis elegans ) . [ % %
(Saccharomyces cerevisiae) Z5 A 30 AEY) R L4
JETF T T ZF9Y (Ramesh et al. 2005). #R1f
BAL H AT, Wk FL R A X — 2R
IRFFAR 2D, HALAERE AP e (Tetrahymena
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PEAEFARIA AN B IR TR A
ORI, SRECGHEAE, (ExX A T A
SEULERI, RN RIEE R LS Ti: 95
BRI, EATHEG A0 (DEHiZE 1999).
DAV RS A 8], 0425 AR BRI AN [ A8 T 284 11 4
MRS, IMZIE D ROE R i, B
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R BRI Y BRI S AR LR R

1 MRETE

1.1 sERbrE

111 BAESRIE 2006 4F, WEHPUME d (Eisen
etal. 2006) H1E PYXUINMZ LG Ut (Paramecium
tetraurelia) (Aury et al. 2006) L P20 il 5 4H 4k
SERG JFAEREE ) 9 A L X AR AAT T 21/
JK 4 Clchthyophthirius multifiliis) (Coyne et al.
2011). 2RFE Ht (Oxytricha trifallax) (Swart et al.
2013 ). VF P B H (Stylonychia lemnae )
(Aeschlimann et al. 2014) F1HAth 3 Fh U fit g
(T. malaccensis, T. elliotti £ T. borealis) [/)3&
DRIZH 5 d, 9T 21 B s o 24 1 34k
PEAETMRE. Bk 8 P s DR 40 Hidis 45
o A IHAR RS, 2R BeAT e T AT
FEITFRIEBRENATEEN (F 1) (Lynn 2008).
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43245 FE (Mochizuki et al. 2008, Howard-Till et
al. 2011, 2013). fufE Spoll. Mrell. Smcl.
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Table1 Genome sequences of eight ciliates

e
Taxonomy

Wikt Hlm AU

Species

Data sources

& H PU 5 it Tetrahymena thermophila

SR (DU H D T. malaccensis

Oligohymenophorea (Tetrahymenina) T. elliotti
T. borealis
SN OB ED

Oligohymenophorea (Hymenostomatida)

SR (A H O Oligohymenophorea (Peniculida)

RF 1 Oxytricha trifallax

WEBH (B H) Spirotrichea (Sporadotrichida)

VR MR S Stylonychia lemnae

% T/NKH Ichthyophthirius multifiliis

S UUR/INZ B R HL Paramecium tetraurelia

http://ciliate.org

http://ich.ciliate.org

http://paramecium.cgm.cnrs-gif.fr
http://oxy.ciliate.org
http://stylo.ciliate.org



http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=6020&lvl=3&lin=f&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=6020&lvl=3&lin=f&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=31277&lvl=3&lin=f&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=6020&lvl=3&lin=f&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=33825&lvl=3&lin=f&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=33829&lvl=3&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=693921&lvl=3&keep=1&srchmode=1&unlock
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(domain) it} HMM profile 482 (Pfam %4 78 )
(Finn et al. 2011), 53 2YF VI 5k 7]
WEEERIFR A Sy — 71, B EER - MR i
ERE T Re A28, IS ENEATPIS
AT AR R A AT R TR A 5K
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GeneWise (Birney et al. 2004) HE47T ML,
BEWITHIE R, ZBRIUR, 1382k
1 [F) Y5 R AR 9

122 FERIXEBERE/FXBHREINFT R
BT SRS E Y PAML CODEML ikt
gy ZHE T gy on) BE AT AE R OO He o R
( nonsynonymous substitutions per
non-synonymous site, dy) . [ X #e ik
( synonymous substitutions per synonymous
site, ds) PAMILEGAE (dy/ds, o) 1145 (Yang
2007). 7EffH PAML THERZ IR b Ze iy %
AR, MO B (fRBITA B R ALAT ]
AR AR VR, M2 B (5
BEFRAC R T SN T SR ) 1R
PR, FEXT M2 BEEAT o K06 4 o >
1, Rz 2 RPN, fE B ARE
PERVE T MR AR TR R R 2
o =11, FRIZERZ R PPEERER: Yo
< 1 W, FRomiziERz 2ok se (aifbikse)

YERT, AR A F R M A A A7 AR

P AT T RAR AR L

123 REEMTYE  FIH MAFFT v6.850 it
112 75 L%} (Katoh et al. 2002), 5%/ Gblocks
v0.91b (Z¥%: -t=p, -b2=065 -b5=a)
AT e A B U], 2 BTG L X Xk

(Castresana 2000 . K H 3& 1 UL Wi 57 1
MrBayes v3.2.1 ML T 45 KSR S RAXML
v8.0.2 Mt RG K G (Ronquist et al. 2012,
Stamatakis 2014). MrBayes Z# K IR A&
(¥ WAG + | + G B, 1407 100 000 iK%,
AR5 10 AREUFE—7 RAXML #HIE ] LG &
FER AR PERL AL (LG amino substitution
matrix), Z5 AT (frequencies empirically
estimated) SKHISEAM F A7, {7 5 B %
7=5¢ (rate heterogeneity among site) F gamma
AR AL S, A4S 4 A gamma A, H
RAXML 20K (LG + F + T4) B, [

(bootstrap) KEE A 1000, FRE0K G
It FigTree v1.3.1 (Rambaut. 2009) F1 MEGA6

(Tamura et al. 2013) P Ffrig 2 EAT H] RLAL A 2
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2 #R

21 WHEHRRVEEFEEER

14 A CEC RO R R R 45 WK 2,
AN[RI P b (BB 53 AT DG DR A AT A S e i A
TRMEERZ RIS . BT IR 4 FpY
I e B AA AR . () R EE R, TR R —
AN JEAS [F )R R (0 A TRV A, DRI B B
FEFor NN, TR 428 1. Spoll.
Smcl FI Smc3 X 3 AN RIAE Fr A ) ph a) () Bl
B4 1.

FEPR ST I B R R R X 3
AP R — N IS, SR AR
B ZEIEFR ) DNA SUE N AR R [F) Y5 520
ANBrBL. i Mrell. Rad51, Msh4 il Sgs1 7£ %t
J& B4 2 AN UL Mrell, Rad51, Hop2.
Mnd1 1 Sgs1 7525 UM 2 B4 2 M5 DL

FEAL AT 6 U R B (O AR R A L R
AR FN Y5 I = A EE L RE, fEAT A


https://en.wikipedia.org/wiki/Nonsynonymous_substitution
https://en.wikipedia.org/wiki/Synonymous_substitution
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Table 2  Statistics of homologous genes

HH Yyl Species

Gene Tth Tma Tel Tho Imu Pte Otr Sle

g Function

Spo1l 1 1 1 1 1 1 1 1
smcl 1 1 1 1 1 1 1 1
smc3 1 1 1 1 1 1 1 1
Rec8 1 1 1 1 1 - - -
Mrell 1 1 1 1 1 2 2 2
Dmcl 1 1 1 1 1 - 1 1
Rad51 1 1 1 1 1 2 2 2
Hop2 1 1 1 1 1 1 2 2
Mndl 1 1 1 1 1 1 2 2
Msh4 1 1 1 1 - 2 1 1
Msh5 1 1 1 1 - 1 1 1
Mus8l 1 1 1 1 - 1 1 1
Sgs1 1 1 1 1 1 2 2 2
Espl 1 1 1 1 1 - - -

{243 DNA XUEII L (DSB) )™

Creates DNA double-strand breaks (DSB) in homologous
chromosomes
SMC1/SMC3 %k 15 REC8 JE BRI BER H (ORI

Forms a heterodimer with SMC1 and SMC3 to form core sister
chromatid cohesin subunits, with ring shape around sister chromatids

PR > 2L R b B G R Gt AR AE il

Holds sister chromatids together during meiosis

5 F| 3 &AM VIEE, 1l DSB =4 3K
5'- 3" dsDNA exonuclease and ssDNA endonuclease, trims back
broken DNA ends and hairpins

45415 DSBs 1) 3K 3, 1552 DSBs, [T DNA XUEEA {211
e

Forms helical filaments on single-stranded and double-stranded DNA
and catalyzes homologous DNA pairing and strand exchange

HOP2 Fil MND1 JE Bl 3 — & fn] LA RADS1 il DMC1
Ensures accurate and efficient homology searching, downstream of
RAD51 and DMC1, during pachytene stage of meiotic prophase

MSHA/MSHS JE i — S 1, e 7] Y FE 4 v il 4
Forms a heterodimer, directs Holliday junction resolution towards
crossover with interference

DNA fi# BT 51 DNA fAIERGTE R 2257 %¢ DNA B 50R 2R,
MUSB81/SGS1 —JRAA R LLAF 2 DNA ZiiEHR A

MUSB81 resolvase and SGS1 helicase have well established roles in
mitotic DNA repair, joint molecules are resolved by MUS81/SGS1
JRET 25 WA G (O ARRG A G54, AL AR RGO AR 00 25

A protease required at the onset of anaphase to cleave cohesin and
thereby enable sister chromatid separation

Tth. T. thermophila; Tma. T. malaccensis; Tel. T. elliotti; Tbo. T. borealis; Imu. I. multifiliis; Pte. P. tetraurelia; Otr. O. trifallax; Sle. S.

lemnae.

— JEPRHEHIEA % B%IE N . — Homolog was not identified in the genome.

DNA XUEEANfZ I FEr, B ERT
Dmcl FEN, I FE R D) B8 nT e bl L[] 5
KPR Rad51 (1) —N5 DU, DRIXUE A A
ST LT R R O RS I R . ARy
FAAD PR TG AR I B, B R R
T H R R E 2% Rec8 Al Espl; 74 [AJVR L
BB, /N HE 2R 5 [R5 41 AH OC I 56 [
Msh4. Msh5 Fil Mus81. &K% KL E %
A 21 OB o R R R I R A e 2 5

2.2 BEOREHERBRRE BRI
g RTEHUN R BRI £k Rec8
5 Espl JEH, PUASTHSEGEX 2 NIRRT d/ds;
/NRHEZE K Mshd. Msh5 il Mus8l, 7EHH 40X
3 ANEERAIY di/ds I AN R8N I, ) e 2k
Dmcl, 7EiH5E Dmel § du/ds B IR AN fE 5 g
. AeZEEL Spoll, Mrell. Smcl. Smc3.
Mus81. Hop2. Mndl. Dmcl. Rad51. Msh4,
Msh5 il Sgs1 X 12 ML 53l iH 5 d/ds (]
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FERM o 23504 0.316 1 0.223 4k, FIARH o
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19114 84%, i I 2T 9Bl 73 SR DRI 32 1R
PRI AL EFRAE ] . Mnd1. Mrell. Rad51 Al
Smcl MATA o [EH/NT 0.1, BEUIAH A T3
M IRE IR, 3K 4 NIER T RS
23 RERBHT

KM RAXML F1 MrBayes PiFh %} 14
AR R R RE R BN (F 2),
DL R AN [F) 4 e ) a0 7 24055 DR gk A R AH
KFR, FHH—D TR . HE
41 Mrell. Rad51 #11 Sgs1 & A5, #5160
FEDRIR P AN DUR A2, Ul W) 5 i 2k [
SRR R G BRI s 98 BRI
i 1) Mrell, Rad51. Sgsl. Hop2 il Mnd1

PR ASEH, R R A ST HIRE R K — AN 45 DL
24
03|
L oo2f =
¥
% A
£ +
é 0.1f i A |

LR )P VURAE e, B4
P2 VURIBE LA, 5 Q6 HUR R AUAE L[]
IS 2 B R BRI I S, 52
FE AR SEARAS I A2 7 B
3 Wi
31 HBHBEESBERNEREGEH
LB RIREOY RFBHE R AR R, AELT
B ERAN R Tof ) 9 A o 248 DR PR 9% D KA A 22
5t o FEN B 3 UM A LE T REMT B
1117 5 A A2 0 0 00N = AR TUAE P T, S
FIEAMEMAE, R PR L A AN 5 D1
FER LR R A AR D RE M o HEDRI 25 A L
Kl 3a, HEE. B BAERR RN 2 K Rec8
55 Espl, 734k Rec8 sEAEd A ) R A (kb
SNREL A0 & SINCRER LN INPSe B NP R (P
AR G KT L A IR SRR

FE—S, BRI RO RR S 2 R
+
: Ichthyophthirius
Oxytricha
g _T_ Paimecium

Stylonychia

+ @ E T:;rahimemi

X

+

o.o.iii%lA“’?‘l:

Dmecl Hop2 Mndl Mrell Msh4 MshS Mus81 Rad51 Sgsl Smcl Smc3 Spell

JE[H Genes

Bl ERXEHRR/FRICERE (dyds)

Fig. 1 The ratio of nonsynonymous substitutions per non-synonymous site to synonymous substitutions

per synonymous site (dy/ds)
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77/78 - Tth 43/78; Tth 76/99; Tth
Tel 48/67 | Tel 68/65L Tma
100/100 [l Tma 71/100] Trma 100/100(L T
88/100 Tho 74/100[ 1 g 100/100 Tho
100/100 Tmu 85/100 47/95 L Imu
100/100  Pte 1 100/100 1 Pte_1 100/100 — Pte_1
L Pte_2 I Pte_2 [Ple_Z
Otr_1 100/100; Otr_1 100/100 Otr_1
Sle_1 Sle_1 Sle_1
Otr_2 Ot 2 100/100—Otr_2
Sle_2 100/100—Sle_2 Sle_2
S S S
l% ce n q_0.5 ce b (‘)_! CC .
64/651 Tth 72/87; Tma
97/100 [t Tma 9933/1 10%0 Tel
46/82 42/88 Tbo Tho
———— Pte Imu
Imu Pte
100/100 — Oxy_1 100/100 - Otr_1
10010p 1— Sle_1 41766 |100/100 Sle_1
Oxy_2 Otr_2
81/ W[: Sle 2 100/100% Sle_2
02 Sce d 02 Sce .

a. Mrell; b. Rad51; c. Sgs1; d. Hop2; e.

—

B2 BRESRENNOREKTRR

Fig. 2 Phylogenetic trees of meiotic genes

Mnd1.

Tth. T. thermophila; Tma. T. malaccensis; Tel. T. elliotti; Tbo. T. borealis; Imu. I. multifiliis; Pte. P. tetraurelia; Otr. O. trifallax; Sle. S. lemnae.

NGRS KRR 710 B RS RS R8I0 RAXML M E A (E, RIAIL2 MrBayes S0 1) E A5

AR ISR S, LR R IRt R R AL

Phylogenetic tree constructed using maximum likelihood was shown; the support values were labeled for each node (RaxML/MrBayes). Blue lines

s
i

5

indicated the gene duplication in P. tetraurelia, and red line indicated the gene duplication in O. trifallax and S. lemnae.

a Tth b Tth
Tma Tma
Tel Tel
Tbo Tho
Mis\;4-éll\dsh5- Imu L o
usels Mrel 1+ Rads1+, Sgsl+, Mshd+
Rec8-, Espl-, Dmcl- Pte ©
Rec8-, Espl- — Otr Mrel 1+, Rad51+, SgsfF— Ot
L s Hop2+, Mndl+ L g,
Sce Sce

B3 HBHREBIBERERSEHHEE

Fig. 3 Model of meiotic gene lost and duplication in ciliates

a. FERIFE I, b, LR HIBM . a The model of gene lost; b. The model of gene duplication.

Tth. T. thermophila; Tma. T. malaccensis; Tel. T. elliotti; Tbo. T. borealis; Imu. I. multifiliis; Pte. P. tetraurelia; Otr. O. trifallax; Sle. S. lemnae.

Wi, i ESPL fif BB M/E IR RNER A MNE
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2 34 TN A )\ AT R R AL ) ST - 307 -

(Howard-Till et al. 2013). JUL I H G50
) REC8 X5 22 43 S4 R AL o3 24 b (R Y i A 11
W B E B . IR B R R
R LB = 5 Rec8 [RIJEM Sccl F1 Rad21, #
WLE 2T 6 HUAAAE S A AN R L DR FH ok 3>
Mg AR IR . BE f AR E R Dmel,
{05 Dmcl HA M s RV TE ) RadS1 A 2 M5
UL, T REAE Rad51 [ 5 —/M% U] IR Dmel
PIAE T o /NI HCZE 2k 5 TR 5 414 oG SE A
Msh4, Msh5 Fll Mus81 f{JE IR E: (1) 3%
FABEPRRE S 1) 25 KA T g TSRS R 4 A
ANSERE R (2) TR R A E A
SRIAIEN, T B0 R Hui B o 24T RE )%
%Ki (3) W REAETE—Fh R AL I sk o 2407 K,
SRAMEL /N TR E 53 BEBE R 5 SR IRl o

LR I A 3b i, FER IR
AEAERE L R HURIR UK AT .
JE Bt Mrell, Rad51 1 Sgsl 4 A& e R i
ZJE B, Rl AN SER AN [R5 D12 )
AR EAR B, X ] e R ke D s Bk
ik 3 RAEER A ZHIA G, FE ST Re e —
Rl AMERY . Mrell, Rad51. Sgsl. Hop2
A Mnd1 3769278 dURIBR = SRS R 2 R A=
ST (B 3b), WA IR RIAN [R5 LR 2 A
AR R 1 G540 38, (BLER (1 9mR J3 5UAHABLREAIR,
FESCAR Se b B o] B R AR I Pk, T
HHhRE R AT ks
3.2 HERFBESPEFZERTH

it dy/ds TG 8 P B HURB > A
FEM o (/N T 1 (B D), LR R
IRy B4 RIE AL R 52 21 T 9 2 1 2lifk
EFE, XL DR AR RS )
Ab, PO, g L R BRI SR
LR (Phadke et al. 2009), A LLBEITH
PEARS, U HAT O R R T
JRA TR 2R E S, AR R 2,
WA E S BG40 NI BT PR, BRIEA
R e I AP AR X — I R
33 HAEHBHESEWREEREHFABT 1A

REPPURE ) 14 ANk 4L IR B4
T4tk 45 . DNA XUREWTZL . WUAE N2
WEEW R . [FYEEA (HR). [RJES ik
DAl SN S SR TR SRR A G PN 2
£, SMC1. SMC3 5 RECS8 I& [A 1 F  Jl3fotk
MENER AW, ARG O ARG —
&, e poriE — A EH 2 RS, B
IRt R LA B, o AT EGE
WG SRR gk B, R B R
R R G R ER (Howard-Till et al.
2013); MYtk R EBER Z Ja 4 fE SPO1L 44
KRB AE R, 4k DNA XUERT24(DSB)
;e Al SPO11 R4k &4 DSBs (1)K i
(Loidl et al. 2009); B J5 % &~ VIl MRE1L
W5 DSBs, X} DSB @47 5" - 3'J7 M (I &N
T, #7538 DNA A i ( Lukaszewicz et al.
2010), RAD51 il DMC1 454 3| 8%% DNA K
iy b, —J7 T, AR E RS DNA AR
By 1L B — a5 M AER (Howard-Till et al.
2011), —J7ififE HOP2 Al MND1 JL[R4F
TR T DNA HLUEE R 21 54— 4 B4
TR A0 () [R5 DX 350, DNA (R 4% A48 X
k4> (crossover, CO) (Mochizuki et al. 2008),
A2 X B8 5 2F MSHA4 AT MSHS [45 R T ik
Tl ¥y D-LOOP 4544 12 A DNA XUES3 il
PUAFAR IR AL (B R ) DNA B R AT E
A EE R AR P R 24 DNA BgER:
FK (Lukaszewicz et al. 2013), M 58 K dEk
EMESE R (B 4

A A B R R T R A W e ) A R
(Dacks et al. 1999) . #R 4 [RI Y5 F AL 2R 5 Ky
[ FITI Y, EmeRbmcslsr 240 /b, 1T
T X E ZMM E AR Ak (ZIPL, ZIP2,
ZIP3. ZIP4, MSH4. MSH5 1 MER3), M
ZIP2. ZIP3 Fl ZIP4 JEWk4s 5 A MR FE 24 i
5y o 1T BIAE SRR T MUS8L PRIl 1
WUIBEICE T, TCBCS A, JhEiosr24mPy
IMATERL D 2145 (Bishop et al. 2004)., A 45
SAUER, B/ PR 25 25 5 ()5 4L AH DG 1)
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Cohesion 4 g
SMC1/SMC3, REC8 4 a
LT s
SPO11 ,I,
R .
DMCI/RADS1 . /
HOP2/MNDI —_—
SDSP/
I . UL
MSH4MSHS §___———=9% Crossover
SGS1 ¢
REBENE o * ; .
P—— P——
ESP1 . —_— o
NCO Non-interfering class 1l CO

B4 HEHBESHOFEFEELLRE (45 Hollingsworth et al. 2004)

Fig. 4 Homologous recombination of meiosis in ciliates (from Hollingsworth et al. 2004)

MUS81. MSH4 F1 MSH5 JEPI 4k, Hofth 7 Fhet
B HU O E o 240 [ DR 2B O KT
MUS81 WYIlERY T A2 X 75K, X5 Chi &%
(2014) i@t L UM AT & 5 5 A8 ) 51
ANIRE S FAH I R A ) 45— 30
KHILLK, W 2PN 2 22 3
WAZ MK (Wilkins et al. 2009). Kohl F
Sekelsky (2013) AN TEIREL /24301 401,
RS A NG TR X g5, Exfr N
DNA  BUHE W7 2L 1)k DR A A 22 43 240 2 h 4T3 AR
AR CEEMEH, H IR AN T
TR, 2 50E0 2O PR R A 1
R/, Ik, B R 205 N
AT EAZ AR SRR ) TT 85 245

2 % X W
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