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Abstract: The nucleolus of the eukaryotic cell is the site of ribosome biogenesis and contains many protein factors re-
quired for ribosome biogenesis. As it has been previously shown that Giardia did not have a nucleolar structure, we want
to know how ribosome biogenesis occurs in Giardia . Are there any differences between Giardia and the other eukaryotes
with nucleolar structures? We first identified 129 conserved common proteins which are involved in ribosome biogenesis in
typical eukaryotes. Then, we used these proteins as query sequences to identify the orthologs in Giardia genomic
database. Our results indicate that there are 89 orthologs of the 129 ribosomal biogenesis proteins in Giardia , some of
which are involved in rRNA methylation or pseudouridine and present in 90S, pre-40S and pre-60S particles. These data
suggest the ribosome biogenesis system of Giardia is similar to that of typical eukaryotes. However, there are 40 ribosomal
proteins that do not have obvious orthologs in Giardia . This may imply that the ribosome biogenesis system of Giardia is
simpler than that of other eukaryotes. According to these results, we argue that although Giardia does not possess nucleo-
lus, its mechanism and pathway of ribosome biogenesis are similar to that of typical eukaryotes but simpler, and are differ-
ent from that of prokaryotes. The present investigation provides significant insights into the origin and evolution of the nu-
cleolus.
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vey, 1999), XEEoBRBA AR, HE
HHEEEE, BR—ABENSEH. AAK Hel-
la Z0MUFIRI ST AR P I RE 2 B S B, B
YFBH T 3X — & (Andersen et al, 2002, 2005), Ti
BESMBREY, MNNEEELS (Schizosaccha-
romyces pombe ) FIZEFH BEHF ( Sacc haromyces cere-
visiae ) ZHRPHYEE (Scheer & Hock, 1999) i
{ZHX =R 4y, R Fh S 4 BAEBEIL
ERA R,

B RESEES BT, JLEA SRk
SR XHIFREEB (housekeeping protein) #P I
FEAERIH (Leung et al, 2003), AEMIBHEES
BRE—TBHEIR, wEAMEBS (Nierhaus,
1991); MEKEYNEEREL, 250FBH
BE, HEFERBRIELHAEAEDSYS (Fromont-
Racine et al, 2003), X$6HEH 5% % H K rRNA 8]
1k, BEREB—1 90S BREEAEGA; KA,
BE#E rRNA B0 T, 90S K& 143 i & B 405
605 BBEARRTIA, 60S B (A HIT {4 78 B A 040 a5}
SR, T 40S BRI RT A B2 B 40 5T P BB
BREA AN B RS 5SMHXEAERELESR
BHE AMB PR (Fatica & Tollervey, 2002;
Tschochner & Hurt, 2003),

BB H (Giardia) —EHARRIAFRIFIEN
HBEY . BAGURER “SNELRE” S48
&%, FHE-BSTFREEMT, EHEEMNTEEE
YHBRER ., L, BN “ARE{CEH” BRX
FHFHREMEERFEZ — (Adam, 2001), KA
A ERPIRURATE B REARZL LW (Li et
al, 1997; Wen & Li, 1998). X3t HRHuik Af17=
e HEHARARAREZHK, T NBRAERKL,
AR ARG AT T? MRER S RARSA ]
R SARCHBRUAKEY XA MRF? &
i, FEERER L RRE AN ALl S5
pre-TRNA MM THEHMFRIHEEE (Krl), HIEHZK
HEEHPREFAEDERE R, HEBMNEAN
FIIRIES BRI MAEZEWHM (Xin et al,
2005) ALEAENBNERANAE NS S5HE
HEREEE RN EARERHTAE, LFEITEER
B — 26 E B,

1 ME5AFE
1.1 HIEEmE AR

W L #k (Fromont-Racine et al, 2003), 153
LB E5REARERNEORBEFHER] (S. cere-
visiae) 3 B #H, % HE B H N SGD (hup: //
www . yeastgenome.org/) T #o WIKFHH (Giar-
dia lamblia ) 3 H 21 B B GenBank ( hitp: //
www.ncbi.nlm.nih.gov/) (McArthur et al, 2000),
FiT A i He BE D 20 #6634 ) BLAST ¥/ . BLAST
2.0 B F# T NCBI (Altschul et al, 1997), BE&}:
RETBHIEE (orf-geneontology .tab) T & F
SGD (hitp: //www.yeastgenome.org/), B ¥ Y
HARBEEAEEE KOG FTH T NCBI (Tatusov et
al, 2003), K% b3t Clustal X #/ (Thompson
etal, 1997), SHHTEUEABIM AL X BT, W
#E9) KOG ¥ . MHt & BLAST 5 R 4 BfE R
FREEmE W
1.2 ERZEYHIEERTHEBEEENEBSN

e

B, F 153 REEREAFSSE#H KOG 3K
B, RREAXEEOMWERREE (ortholog
group); AR5, BHHP AU E R FRRER
Bk, BAREHXEEAREEAN. HBEFM
B =ER{ A NRTIED. XEEARNA
FUTEHABHRBEFEA PR IFEY
1.3 ANE BLAST FFEN BB R ch i E N £ Gl

4=

s FXE BLAST T R BRNA+H S
SERESBENBEANERFARED, LEMWM
T: AYfh A WEEANFFEER (BLAST) #fh
B HREHE ARSI, 182 0B &L F 5 Rk
F BLAST W1 f A i HA (BI{E E /DT 1e-05)
IR 5 5 765X B 4~ BLAST H ¥ 2 B M 1LH
(Fx7 “Xs] BLAST B ML R”), WIAhRE
RFEIWE XA (Tatusov et al, 1997), ELFR¥EEES,
ANSRBE A 7R A B DR 4 PR B A XU E) BLAST
BEANDEANREREROBEGNFS], WEd
il KOG BEE, RARIINEGNXERYS
BREERNANBEENFFIREHZFE (para-
log)o MREHRFE, MAKEHFERERA P
RERXFEONERFREY (2K SSF1 &
H)o XMa BLAST B EHAUEAH—% E HE T
le-05 WEISE B H, #—2 A PSI-BLAST # &
EE
1.4 FPSI-BLASTEE EHB T 1e-05 IEE
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TEXE] BLAST B EE R EH S, FEE
HEHEA E HET 1e-05, WH—5 R S5 RIT
SH5E (position specific scoring matrix, PSSM) HJ
J7¥k, B PSI-BLAST, X #55+HLUF 5 & T
FFIREYLIC RS, RREEVWERRE, Bx,
M KOG B S5 BB EHEER IR H by
MIFF]; RIS, H Clustal X #EFTREFIEEXT, #5 Hext
JE B FI4E  PSI-BLAST i A RS E 8 RTH R
B, GnSR48 30 75 BR BLAST 48 3| 1) — ¢,
3 H E {H/MNF 1e-05, X FRHHFE BLAST 45+, E
HE T 1e-05 B FRIS &7 5| BLAST firgk, Lbr
FEEEREFRAP A EREXAEEINERF
BEH.

2 HRESH

2.1 EZ4EYPSERBESHENARTER

TE KOG ¥#ig/E, &l 153 ZFFRBRS 58
WM EH, HER XYW, KRB+ EA
(142 %%) BEAT] KOG $#EE P, RIRBEH KL
IR P X SR A TE R R A E R R
Y1, BAHAE] KOG BIBEM 11 ZERAIRER RTF
ETHREBSERANYFHFENER, 75X 142
KEAT, A 129 X2, MET MBS TE
B, XEEAZAZEYHS SEEEES AR
EH,
22 HREMEFRATSERBESHREANER

BRI E

FEH R B 129 Z BB YR R 1B
EHIEE (BLASTP) TIHEHEFEYA 6572 £FEH;
RiE, AEINEERNEAREERSERA, N
3R W E BLAST Sem MBI H, &SR ETER
HERAHHED 92 ZEESHLUER, HbH 8 4%
B E HET le-05, HAMMMKTHME, X 8 &H
HAVEESEEMNWER, RERFK, BF
AIEER 7 5 BE VL UC BT R PR, TREEH
PSI-BLAST BAEEf], &R ET S BLAST &R A
—BM 3 £EHA, T, X3 RBEAANEHNEL
BEHRMFHEY., MBS RKREAMS BLAST 45
R—3, 3} H E ik BLASTP #§ E {8 B Z %1%
(BETF 1e-05), B, EHINNX 5 ZS5BEH
M EARERFERR, RAHE 129 ZFEAS,
G 89 KT ERERNAPHREY (XM T 88

ZEH R EH, LB BN YDR3IZW M
YHRO66W i & 5 % % # 8 [ — & F 5l
EAA37881.1 BERRK) (R 1), &ERP, £H
4 Fromont-Racine ¥ BB A & R R H I BE
SHMHEFRAFERZIMT 6 %: SnoRNPs, 90S
particles, Pre-40S particles. Pre-60S particles, Pre-
60S 5 90S particles, DA Pre-60S late particles,

JERAE A YK (RNA & UG #R R
FIMAE, IBRE e LA B Bk, — Ok UL,
XRP B VR 2 & RNA 4545 (Ofengand,
2002), JEEAEY RNA &1 b ¥5 € M BB 4L, T
HEBAMRB/IEREERE S (small nucleolar
ribonucleoprotein particles, SnoRNPs ) #t 17 4# 1k
(Fromont-Racine et al, 2003), XFhE Gi&d /&
{ZRNA (snoRNA) Fl— 2tk %2 H AR,
40 fibrillarin-Nop1 F! Nop56 % (Kiss, 2001; Toller-
vey & Kiss, 1997), EHEHRE KRN, E£EARE
Y1t 9 MRSF SnoRNP ZHH 1, BERBEEA P
£ £/ 6 4~ (NOP1, CBF5, NOP58, NHP2,
GARI #l SNU13), H -+ NOP1, NOP58. SNU13 &
F boxC/D snoRNPs, 1fii CBF5, NHP2GAR1 & F
H/ACA snoRNPs, NOP1 & & k47 W 4k, W
CBF5 H A H T MBIRE L (Kiss, 2001; Toller-
vey & Kiss, 1997), XKW, XM EZEYLE
FFTERY rRNA A A8 i /1 1) 72 55 26 B o 0 o] BB 77
1o

HAZAY) rRNA & — B2 455 RNA (BE&:
2 355) (Scherrer et al, 1963; Trapman et al,
1975; Udem & Warner, 1972), i% rRNA & 51F
LEAGTREREEERE &, TIFRERERE 90S
EhH. £H KA, Fromont-Racine et al (2003) 11
MR 90S EAEK 2 MEAY, F 43 4E
HEPEARNBETFHRIETH . RFH, EHE
HERAS, EFNHLRB T 28 MMM ERFR
FEH, XEEHEYE Dragon et al (2002) BERHHE
R Mppl0 #l Utp RINEH., XUEKBERFRE
HIFERY, SRS Kb a4
PRI 905 EA 1A,

90S BRZERE S HAEBIAZ M ITIE K
40S 1 60S BER I BT, 40S ATAE A ABI B
AR, BETRSEMIMTALE; W 60S ik
HEaWaiid g S M P 83 (Fromont-Racine
et al,2003) . 7E10&40SHiAM TEA+, 2D
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®1 S5RELBARSHNEAEEEREEATHREZEAMAR
Tab. 1 Orthologs of yeast ribosomal biogenesis proteins in Giardia genome

I B R I ke BZS

ORF Gene Function Accession no.
SnoRNPs

YDLO14W NOP1 rRNA modification EAA40604.1
YLR175W CBF5 rRNA medification EAA37462.1
YOR310C NOP58 rRNA medification EAA38450.1
YDL208W NHP2 rRNA medification EAA42961 .1
YHRO89C GARI1 rRNA medification EAA42425.1
YELO26W SNU13 nuclear mRNA splicing, via spliceosome EAA41217.1
90S particles

YPR112C MRD1 35S primary transcript processing EAA42184.1
YLLO11W SOF1 rRNA medification EAA40588.1
YCROS57C PWP2 establishment of cell polarity (sensu Saccharomyces) EAA41900.1
YLR129W DIP2 processing of 205 pre-rRNA EAA38172.1
YMRO0O93W UTP15 processing of 205 pre-rRNA EAA39379.1
YLR222C UTP13 processing of 205 pre-rRNA EAA40030.1
YHRO65C RRP3 3585 primary transcript processing EAA40846.1
YGL171W ROK1 35S primary transcript processing EAA39412.1
YMR229C RRPS rRNA processing EAA38180.1
YERO082C UTP7 processing of 205 pre-rRNA EAA46346.1
YLR409C UTP21 processing of 205 pre-rRNA EAA42162.1
YJL109C UTP10 processing of 205 pre-rRNA EAA42322.1
YPL217C BMS1 rRNA processing EAA42844 .1
YNL132W KRE33 biological-process unknown EAA38010.1
YDR324C UTP4 processing of 205 pre-rRNA EAA39574.1
YJLO69C UTP18 processing of 205 pre-TRNA EAA42106.1
YDL148C NOP14 processing of 205 pre-rRNA EAA37816.1
YPR144C NOC4 processing of 208 pre-rRNA EAA39593.1
YGR145W ENP2 rRNA processing EAA42648.1
YDR449C UTP6 processing of 205 pre-rRNA EAA38127.1
YNL308C KRI1 ribosome biogenesis EAA42141.1
YJRO02W MPP10 rRNA medification EAA39542.1
YNLO75W IMP4 rRNA modification EAA38591.1
YCLOS9C KRR1 rRNA processing EAA40051 .1
YLR186W EMG1 processing of 205 pre-TRNA EAA40270.1
YKLO99C UTP11 processing of 205 pre-rRNA EAA42528.1
YCLO31C RRP7 35S primary transcript processing EAA39732.1
YHR148W IMP3 rRNA medification EAA40944 .1
Pre-40S particles

YBLOS6W PTC3 Protein, amino acid dephosphorylation EAA39156.1
YPL266W DIM1 rRNA medification EAA38200.1
YDLO60W TSR1 rRNA processing EAA39346.1
YNL207W RIO2 processing of 20S pre-rRNA EAA40689.1
YORI119C RIO1 processing of 205 pre-rRNA EAA38053.1
YORO056C NOB1 ubiquitin-dependent protein catabolism EAA39789.1
YOR145C PNO1 rRNA processing EAA39376.1
YBR247C ENP1 rRNA processing EAA37059.1
Pre-60S particles

YKLO21C MAK11 ribosomal large subunit biogenesis EAA39089.1
YMR131C RRBI1 ribosome biogenesis EAA40529.1
YOR272W YTM1 ribosomal large subunit biogenesis EAA36836.1

(8T F)
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ORF Gene Function Accession no.
YDLO31W DBP10 35S primary transcript processing EAA41860.1
YLLOO8W DRS1 35S primary transcript processing EAA37137.1
YLR276C DBP9 35S primary transcript processing EAA46394.1
YBR142W MAKS rRNA processing EAA41902.1
YKRO24C DBP7 35S primary transcript processing EAA42650.1
YNL182C IPI3 ribosomal large subunit assembly and maintenance EAA42235.1
YMRO049C ERBI1 rRNA processing EAA37466.1
YKLOO9W MRT4 rRNA processing EAA42096.1
YJLOS0W MTR4 35S primary transcript processing EAA36750.1
YCLOS4W SPB1 processing of 275 pre-rRNA EAA38445.1
YNLO61W NOP2 rRNA processing EAA36769.1
YPLO93W NOG1 ribosome-nucleus export EAA37957.1
YLROOOW RLP24 ribosomal large subunit biogenesis EAA40833.1
YOR294W RRS1 rRNA processing EAA37785.1
YLR106C MDN1 rRNA processing EAA37851.1
YDRO60OW MAK21 ribosomal large subunit assembly and maintenance EAA42428.1
YOR048C RAT1 35S primary transcript processing EAA42443.1
YDR496C PUF6 biological-process unknown EAA41682.1
YGR245C SDA1 actin cytoskeleton organization and biogenesis EAA36949.1
YGR276C RNH70 DNA replication EAA41148.1
YOR206W NOC2 ribosome-nucleus export EAA41675.1
YNRO53C NOG2 ribosome assembly EAA40994 .1
YGR103W NOP7 processing of 205 pre-rRNA EAA37472.1
YEROO6W NUG1 rRNA processing EAA37158.1
YHRO88W RPF1 ribosomal large subunit assembly and maintenance EAA42223.1
YDR312W SSF2 ribosomal large subunit assembly and maintenance EAA37881.1
YHRO66W SSF1 ribosomal large subunit assembly and maintenance EAA37881.1
YOLO77C BRX1 ribosomal large subunit assembly and maintenance EAA38787.1
YKRO81C RPF2 ribosomal large subunit assembly and maintenance EAA40286.1
YDRO83W RRP8 rRNA processing EAA38393.1
YALO25C MAKI16 ribosomal large subunit biogenesis EAA39398.1
YKL172W EBP2 rRNA processing EAA38335.1
YER126C NSA2 ribosomal large subunit biogenesis EAA40478.1
YNLOO2C RLP7 ribosomal large subunit biogenesis EAA40563.1
YPRO16C TIF6 ribosomal large subunit biogenesis EAA36673.1
YLRO74C BUD20 bud site selection EAA38625.1
YPL211W NIP7 rRNA processing EAA39052.1
YNL110C NOP15 ribosomal large subunit biogenesis EAA42882.1
Pre-60S and 90S particles
YLR196W PWP1 biological-process unknown EAA37266.1
YMR290C HAS1 biological-process unknown EAA38774.1
Pre-60S late particles
YCRO72C biological-process unknown EAA41178.1
YGLO9OW LSG1 sporulation (sensu Saccharomyces ) EAA38160.1
YHR170W NMD3 ribosomal large subunit assembly and maintenance EAA38886.1
YBR267W REI1 bud growth EAA39327.1

ORF: BERMEFMFBILEES T Gene: BEFREZF; Function: FEEEAMINAERIA; Accession no.: HHEHREHFFI

w’Z5,

ORF: open reading frames names of yeast proteins; Gene: yeast gene names; Function: function descriptions of the corresponding

proteins; Accession no.: G.

A 8 FATHEBERATHRD. SERRIEER

lamblia protein accession number.

PEE AR RN S T B EREE &

BB, RIS RERERBATHIIEE, RAR  PITEEE, W Enpl RAM 90S R ERE S
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RHWERZ—, H90S BRREREGED N 408
M 60S B EHE A& )S, Enpl 8427
40S PR ¥EDIHE (Grandi et al, 2002), Diml j&—
AARFEET 908 BMERERE KT, REET
40S B EAR GE P ER (Lafontaine et al,
1994) . B A REE MR EIF (GRS T
MK TFHMBE), ETHBRBAFENERS
5, EENMIRGREY, EHHRFPFTE Enpl
M Diml MERRKEER (2512 EAA37059.1 1
EAA38200.1), iX#/ B3 5% H o ] GEAF 7E R B
PRI TR

FAXTT 408 BikEA, 60S BHEAMN AT ER
ZWEH, BERRB 60S BHHEAMM T BB 405
Bk b &4 F £/ RNA (28S. 5.85 1 55),
ZERBEBESDAH 66 RIEREZAEY D ERRT
MEHRSE 60S BMENT 4, Hd 6 FEHMAE
T 90S BB ERESET, M 60 REFEF
£ET 60S MR EREGK D, EEEHFREN
HPIRBT 47 & 60S BHEE S REANERRR
BH, EXEEATEEAREERSPITEREY
REMEER, 0 Ssfl (AIRER—1NE 60S MK EH
H oAk m RRATEDIGEME )  (Fatica et al,
2002; Wehner & Baserga, 2002). Nog2 # Nugl
(WERSE 60S BB EAR AL T RNA,
e VY 258 A1 5S tRNA B ) (Bassler et al,
2001; Saveanu et al, 2001; Saveanu et al, 2003),
RO EAREEENENEA LM AT
RYABEYZE 605 BREEREEMTER. X&
FLRY, THEM 60S BT E M I T A B
Zha] e 5 R A B AL
2.3 RERPFENRBESHHEXER

ERBAYERFENS SEHEE RN 129
EAY, AAOREALFTHREFAPRABNER
FIREH. £E5M 129 FEA K 89 REHF A p
ERANED, HEIEIHHRERT, XLk
RIEFBEYHWEA T TEMHNELFNEA
(A1), XxY, BAFEFHREFELEYEIHN
Z50REGRNEFIIGERINER, HA&D)
BERFMEOEMERE LS,

3 i i

EERACHM 129 [7EBR, WUBIFMAPET
EANS S5 ES RN EA, FXUEBLAST &

0 Yeast

69
0 @ Giardia

FE AR 4B Number of proteins
w
=

SnoRNPs 90§ Pre40S Pre-60S Pre-60S Pre-60S
particles particles and 90§ particles late
particles particles

Ih#ESr2E Function categories

B HEASESSS5BREEREANTIE
KA A

Fig. 1 Comparison of distribution of the ribosome

biogenesis proteins Giardia and yeast

PSI-BLAST Y77 #: %0 B3 55 B B P Al AT R 45 R
Y, EAFRPEDHEE 9 XXLEEANER
F#EY . XEEATD, SFEEEZEY DA T
{# [RNA I EAL FIBRIR e B R E SRR,
LIS 90S E&4K. 405 F160S 7 AN T 45 &%,
5. BHh, AHEERPRANXEHERAEY, &
APE RN EREYELD, BEMELR
129 R A EFEF NI E A, BE
IR T 129 REHABRNSHERNNOIRE, BT
ARy . FERBRBERICEH, BHEERE
IR BN TEZREVLE v -5 R BB g
FIARL, TARTF RN ERE
ERINEREENRE: LR 129 XEAY,
BRAT10%WEAEHFRIEERRAEY, HE
BEH30%MER (40 %) AEHEREFASH
AEERFEY, DXL ERE, nfREFAED
T (1) FHEREAERIKENSA, H
PR CRAGHN TREEZABRME R, 25
WERAREL, HEPHCLFEAKREKHE, R
REOMMEEERD. AT d LA
B0, BTSSR HM— o, MM TREME
PAEYERBLE, 155 B XS H A Syntaxin K
B, ENMLTE Golgi A E MM X EH%E (Dacks &
Doolittle, 2002; Langford et al, 2002; Marti &
Hehl, 2003); (2) BRESEHAR T AN EZLH
R RZBEEEGRER, HEA —SRTEHEHR
A el 5 KAy 4 B R KRG RE
H, BEAHREPRERD, FAFTUGELE
XEMFEAERSY; ) ATHEREEFELR
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W, HBRRGRARETFEMEET “BL
A BT RE R TR 5 2 AHE N — 2B, 10
BB 5B A R G0X e A B
HAMEE AT RETE SRR, BT HEMIE
P, EEERWPIFTEY, HHEABHEERGRERL
AR RIS R IRFRR R (1R R,
B2, RITWFRGREY, HARBRRA
BATgEH, (BRI RS B R R AL & AT 68
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