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The replicative form (RF) of spiroplasma virus 4 (SpV4) has been cloned in Escherichia coli, and the cloned
RF has been shown to be infectious by transfection (M. C. Pascarel-Devilder, J. Renaudin, and J.-M. Bové,
Virology 151:390-393, 1986). The cloned SpV4 RF was randomly subcloned and was fully sequenced by the
dideoxy chain termination technique, using the M13 cloning and sequencing system. The nucleotide sequence
of the SpV4 genome contains 4,421 nucleotides with a G+C content of 32 mol%. The triplet TGA is not a
termination codon but, as in Mycoplasma capricolum (F. Yamao, A. Muto, Y. Kawauchi, M. Iwami, S.
Iwagani, Y. Azumi, and S. Osawa, Proc. Natl. Acad. Sci. USA 82:2306-2309, 1985), probably codes for
tryptophan. With these assumptions, nine open reading frames (ORFs) were identified. All nine are
characterized by an ATG or GTG initiation codon, one or several termination codons, and a Shine-Dalgarno
sequence upstream of the initiation codon. The nine ORFs are distributed in all three reading frames. One of
the ORFs (ORF1) corresponds to the 60,000-dalton capsid protein gene. Analysis of codon usage showed that
T- and A-terminated codons are preferably used, reflecting the low G+C content (32 mol%) of the SpV4
genome. The viral DNA contains two G+C-rich inverted repeat sequences. One could be involved in
transcription termination and the other in initiation of cDNA strand synthesis. The SpV4 genome was found
to contain at least three promoterlike sequences quasi-identical to those of eubacteria. These results fully

support the bacterial origin of spiroplasmas.

Spiroplasma virus 4 (SpV4) is an isometric virus with
single-stranded circular DNA that produces a lytic infection
of the helical mollicute Spiroplasma melliferum (22). The
4.4-kilobase viral DNA is one of the smallest genomes of
procaryotic DNA viruses. Possible bacterial equivalents of
SpV4 are the coliphages G4 and $X174. The genomes of
these phages are only slightly larger than that of SpV4 and
code for at least 10 proteins. The SpV4 DN A might also code
for a relatively large number of proteins despite its small
size. Therefore, SpV4 DNA seemed to be a good candidate
for nucleotide sequencing to obtain information on gene
structure and regulatory signals in the spiroplasmas. Such
data are still very scarce in the mollicutes in general and the
spiroplasmas in particular. We have recently cloned the
double-stranded replicative form (RF) of SpV4. The cloned
RF was proved to be infectious by transfection, indicating
that no sequences were lost during cloning (20). We report
here the full sequence of the cloned SpV4 DNA. The viral
genome has nine open reading frames (ORFs) provided that
TGA is not taken as a termination codon. The regulatory
signals are very similar to those of eubacterial sequences, in
agreement with recent views on the phylogeny of the
mollicutes, regarded as a coherent phylogenetic group de-
riving by regressive evolution from low-G+C gram-positive
bacteria (26).

MATERIALS AND METHODS

Bacteria and bacteriophage. Escherichia coli HB101 was
used for propagating recombinant plasmids containing SpV4

* Corresponding author.

4950

RF DNA, and E. coli TGl was used as the host for
bacteriophage M13. (E. coli HB101 and TG1 as well as phage
M13mp8 were kindly supplied by S. Wain Hobson [Institut
Pasteur, Paris].)

Enzymes and chemicals. Restriction endonucleases, DNA
polymerase I (Klenow fragment), calf intestine phosphatase,
T4 DNA ligase, isopropyl-B-D-thiogalactopyranoside, and
5-bromo-4-chloro-3-indoyl-B-galactoside (X-gal) were pur-
chased from Boehringer GMb H (Mannheim, Federal Re-
public of Germany). A nick translation kit, an M13 sequenc-
ing kit, and the labeled nucleotides [a-3?2P}JdCTP (110 TBq/
mmol) and [a->S]dATPaS (22 TBqg/mmol) were purchased
from Amersham Corp. (Arlington Heights, Ill.). N,N’-
Methylene-bisacrylamide and acrylamide were obtained
from Bio-Rad Laboratories (Richmond, Calif.). Urea was
from E. Merck AG (Darmstadt, Federal Republic of Ger-
many). Agarose and low-melting-point agarose were pur-
chased from Bethesda Research Laboratories, Inc. (Gaith-
ersburg, Md.).

SpV4 RF DNA. Culture of S. melliferum G1 and propaga-
tion of SpV4 in this spiroplasma have been described previ-
ously (22). Purification of the SpV4 RF DNA and its cloning
in E. coli have been described recently (20).

Shotgun cloning and dideoxy sequencing of SpV4 RF DNA
with bacteriophage M13. SpV4 RF DNA fragments were
randomly generated by sonication (4), cloned in E. coli TG1
after insertion into the RF of phage M13mp8 used as a vector
(17), and sequenced by the dideoxy chain termination
method (30) as follows. Recombinant plasmid pESV4-13
containing the full-size SpV4 RF inserted at the Clal site of
the E. coli plasmid vector pBR328 (20) was sonicated at 10 W
for 45 s. The 400- to 800-base-pair fragments were purified by
electrophoresis on a 1% low-melting-point agarose gel and
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FIG. 1. Sequencing strategy. I, Clal-linearized restriction map of SpV4 RF DNA with unique restriction sites. II, Directions, alignments,
and numbers of the sequenced DNA fragments. V, Viral DNA strand; C, complementary strand. kbp, Kilobase pairs.

blunt ended by a fill-in reaction with DNA polymerase I
(Klenow fragment) and all four deoxyribonucleotide 5'-
triphosphates (1). The blunt-ended fragments were ligated to
the dephosphorylated Smal-linearized M13mp8 RF vector.
The ligation mixture was used to transform E. coli TG1 cells
by the method of Hanahan (10). Among the recombinant
phage giving colorless plaques, those containing SpV4 DNA
were further selected by in situ hybridization (15) with an
SpV4-specific probe made by nick translation (25) of the
SpV4 RF. A total of 114 hybridization-positive subclones
were obtained.

In addition, two HinclI restriction fragments (139 and 390
base pairs) of SpV4 RF were separately cloned in both
orientations, using the same dephosphorylated Smal-
linearized M13mp8 RF vector.

Preparation of single-stranded DNA templates from the
recombinant phages, annealing the forward 17-mer universal
primer to templates, and sequencing reactions were per-
formed following the M13 Cloning and Sequencing Hand-
book (1), except that for the sequencing reaction, concentra-
tions of ddATP and ddTTP working solutions were lowered
to 0.015 and 0.05 mM, respectively. [a->*S]JdATPaS (22
TBg/mmol) was used as the labeled nucleotide.

Sequencing gel electrophoresis. Sequencing reaction mix-
tures were loaded onto a 0.4-mm-thick, 50-cm-long poly-
acrylamide gel containing 7 M urea and 6.5% acrylamide in
Tris-borate-EDTA buffer (pH 8.3). Electrophoresis was per-
formed at 36 W constant power for 4 h (short run) or 8 h (long
run). Gels were fixed in a mixture of 10% acetic acid and 10%
methanol for 20 min before being dried under vacuum. They
were autoradiographed overnight at room temperature with
Du Pont Cronex 4 X-ray films.

Sequence analysis. Computer analysis of the nucleotide
sequence was performed by using the alignment program
NUCALN of Wilbur and Lipman (33) and the translational
program NUMSEQ of Fristensky et al. (5). Hydropathy
profiles of putative polypeptides were displayed by the
method of Kyte and Doolittle (14).

Determination of NH,-terminal amino acid sequence of
SpV4 capsid protein. Proteins were purified by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and elec-
troblotted onto glass fiber sheets coated with Polybrene (32).
The immobilized proteins were subjected to automatic gas-

phase sequence analysis essentially as described by Hewick
et al. (11).

RESULTS

Nucleotide sequence of SpV4 DNA. The double-stranded
RF DNA was found to contain 4,421 base pairs. The DNA
sequencing strategy is outlined in Fig. 1. Sequence data for
both strands were obtained for all 4,421 base pairs with
overlaps between the junctions. On the basis of hybridiza-
tion experiments, it was shown that the II-V sequences of
Fig. 1 correspond to the viral DNA strand of the RF and that
the II-C sequences correspond to the complementary strand.

The nucleotide sequence of the single-stranded circular
viral DNA (V strand) is indicated in Fig. 2. Since, for cloning
purposes, the circular RF was initially linearized with re-
striction endonuclease Clal (20) and since Clal cuts the
sequence 5'-ATCGAT-3' between T and C, C was chosen
arbitrarily as nucleotide number 1 and T as nucleotide
number 4,421.

The base composition of SpV4 DNA is 34% A, 33.9% T,
11.8% C, and 20.2% G. The G+C content is 32 mol%,
slightly higher than that of the spiroplasma host DNA (26
mol%) (3).

Distribution of ORFs on SpV4 genome. The SpV4 DNA
sequence was analyzed by the NUMSEQ translational pro-
gram. Figure 3 summarizes the positions of termination
codons on the viral DNA strand (V) and the complementary
strand (C) in two cases (II and III): when all three termina-
tion codons are used (III) and when TAA and TAG but not
TGA are represented (II). Only when termination codon
TGA was omitted (IT) could an ORF large enough to fit the
60,000-dalton capsid protein be identified on the viral DNA
strand (II-V) in ORF2. The reason for not considering TGA
as a termination codon derives from the finding of Yamao et
al. (36) that in Mycoplasma capricolum TGA is not a
termination codon, but codes for tryptophan (see Discus-
sion). In the following results, the assumption will be made
that TGA is not a termination codon, and only the ORFs
corresponding to part II of Fig. 3 will be considered.

The positions of methionine codon ATG on the viral DNA
strand (V) and the complementary strand (C) are represented
as vertical bars in Fig. 4. The ORFs of Fig. 3, panel II, that
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‘ 150 180 210 20
TACTAAMAAATTAGGTGTTAAMGATTATARGGCATTGCAGT TAGTACC TGARARRTTAAGARTGT CARAAGGARTTGGTTTRARGTATTTTATGGARARTARAGAGC GTATATATAAGGR
ThrlysLysLeuGlyValLysAspTyrLysAlaLeuGlnLeuValProGlulysLeuAr gETSerLysGlyIleGlyLeulysTyrPheMETGutsnLysGluArglleTyrLysGlu
an 300 330 30
AGACAGTGTTTTAATTTCAACTGATAAAGGTATTAARAGATTTAAAGT TCC TAAGTATTTTGACCGTCGTATGGAGCGTGAATGGCAGGATGAGTTTTATTTAGAC TATATTAARGARAA
AspServalLeulleSerThrasplysGlylleLyshrgPheLysValProLysTyrPheAspArghrgMETGIuArgGluTr pGlnAs pGluPheTyrLeuAspTyrIleLysGlulys
3% 420 450 480

ACGAGAGAAAGTGGE TAAAAGGACGC TC TTTCAGCGTCAGATTGTTAGTTCAAGGAGTTATACAGATTATTTAGGTGATGAARCARARARAAT TARATAATATTGTARRAAGGTTGACTCG
ArgGluLysValAlalysArgThrLeuPheGlnArgGlnlleValSerSerArgSer Tyr ThrispTyrLeuGlyAspGluGinLysLysLeuAsnAsnlleVallysArgLeuThrArg
510 4] 540 570 400

ACCTTTGAARAC TGGTAAAAAGTAGTTGTCTTGGGGCATATATTAC TTGTTATAATATGCCCCATTGACGACAGAARGBAGTGTTGATTGTGAGAC GCARGOTTAAGARCACARAGL GTC

ProLeulysThrGlyLysLystes
ValArghArgLysVallysAsnThrlysArgHis

630 680 &9 T20
ATCAGTGAAGGTTGACTCATTCTGCACGTTCRATTAARCGTGE TRATATARTGCCGTCARATCC TCGTGGTGGACGTCATTTTTAGRARRAATGTTTCACGTGARACATAGGARGGAGAT

GIaTepArgLeaThrHisSerAlaArgSer 11eLysArgAlaRsnl1eMETProSerAsnProArgGlyGlyArgArgPhetse
0 70 1) [T
AATCATATGGE TTATCGTGGTTTTANMCGAGTCGTGTTGTAMACATAGAGTACGTAGAAGATGATTTAATCATAGAAGACGTTATAGATAGGAGAATAC TTATGARATTAAGTARGAA

METAlaTyrArgGlyPheLys ThrSerArgValVallysHisArgValArgArgArgTrpPheRsnHi sArgArgArqTyrArgis
METLysLeuSerLysLys

870 900 930 960
AARARTGCAACGTATAGATAATACATTAGAARAATTATTTGRATGARGTCATTTARATGGATATGATAATTGAC TTAC TAACCAAC TTGCATTGGAGARAGAGATTGAGCAAGGTTATCG
Lys!ETGnArgl1eAsphsnThrLeuGlulysLeuPheGLuTrpSerHisLeuRsnGlyTyrAspAsaTrpleuThrAsnGlnLeuAlal euGlulysGlulleGluGlnGlyTyrArg
90 1020 1050 1080
GTGTGAARC TTGTARGTTAGTTATTARATC TGTTRATARAGATGAAATAGT GTGTARATGTATTAATGAGAAAC GTTAATARTAAATTT TTTGAGATTARACARAGARAGGAARATATTA

CysGluThrCysLysLeuVallleLysSerValAsnLysAspGlulleValCysLysCyslleAsnGlulysArgeesssesse
L3

190 1140 170 1200
TGGATAM T TARTARGTTTARAAGATGTTATGLGATTTATATTTARATTTGGTTTACC TGGTTTGTGTATAGCAGTTGATTTAATTGTTATGGTTGCAAATAAGTGAC TTGGTATACCTT

AsplysLeulleSerLoulyshspValMETArgPhellePhelysPheGlyLeuProGlyLeuCys leAlaValGlyLeulleValMETValAlaAsnlys TrplenGlyIleProTrp

1230 1260 ] 129 1320
GACCTTGTTACGTTATAGTAGGCAGTGTTAGTTTARGTTTTGGTTTAATATTGTTTATTGTTCAMC TATAAMAGAAATTATAATT TATAGAAAGGAAMAAAMGATGARMAATATATACT
METLys1leTyrThr

ProCysTyrVallleValGlySerValSerLeuSerPheGlyLoulleLewPhelleValGinThr IleLysGlulleIlelleTyrArgLysGlulysLysAspGlutsalleTyrSer

13%0 1440 1440
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FIG. 2. Nucleotide sequence of SpV4 DNA and derived amino acid sequences of the putative polypeptides. The —10 and —35 regions of
promoterlike sequences P1, P2, and P3 are underlined.
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METLysLysLysMETSerLysLeuAsnAlaArgValHisAspPheSerMETPheLysGlyRsaHis

1830 1850 1890 1920
TATTCCGLGTTCAAMATACATATTCC TCATAAAACARTTAGAGCGTTTAATGTTGGTGAGATAATTCCAATTTATCAGACGCCTGTTTATCC TGGTGAACATATTAARATGGATTTGAC
IleProArgSerLysIleHisIleProtisLysThr I1eArgAlaPhefsnValGlyGlulleIleProlleTyrGlnThrProValTyrProGlyGlulislleLysMETAs pLeuThr
1950 1980 2010 2040
TAGTTTATATCGTCCTAGTACTTTTATTGTACCTCCTATGGATGATT TAATCGTAGATACATATGCGTTTGL TGTTCCTTGACGGATTGTTTGRAMAGATTTAGRARAGT TTTTTGGTGA
SerLeuTyrArgPreSer ThrPhelleValProProMETAspAspleul leValAspThrTyrAlaPheAlaValProTrpArglleValTrplyshspleuGlulysPhePheGlyGlu
270 2100 2130 2160
ARATTCTGATAGTTGAGATGTTAAGAATGL TCC TCC TGTACCTGATATTGTTGCACC TTCAGGTGGTTGAGATTATGGTAC TTTGGC TGACCATTTTGGAATTACTCCTAAGGTTCCTGG
AsnSerfspSer TrpAspValLyshsnAlaProProvalProAspllevalAlaPreSerGlyGlyTrphspTyrGly ThrLeuAlaAspHisPheGlyIleThrProLysValProGly
2190 20 2280
AATTAGGGTTAMTCTTTAAGATTTAGAGCATATGC TARRATTATTAATGAC TGGTTTAGAGATCAMMATTTARGTAGCGAATGTGC TTTGAC TTTGGATAGTTCTAATTCACARGGANG
IleArgValLysSerLewArgPheArgAlaTyrAlalys [1e11eAsnAspTrpPheArghspGlnAsnLeuSerSerGluCysAlaLeuThrLeuAspSerSerAsnSerGlnGlySer
23190 230 an 2400
TARTGGTAGTAATCAAGTTACTGATATTCAATTAGGTGGAAAGLC TTATATTGC TAATAAATACCACGATTATTTTAC TAGTTGCTTACC TG TCCACAARARGGTGCTCCTACTACTCT
AsaGlySerfsaGlaVal TheAspl1eGlnLeuGlyGlyLysProTyrI1eAlaAsalysTyrHisAspTyrPheThrSerCysLeuProAlaProGloLysGlyAlaProThrThrLew
200 200 249%0 320

AMATGTAGGTGGTATGGCACC TGTTACTACTAAATTTAGGGATGTTCC TARTTTGAGTGGTAC TCCTTTGATTTTTAGAGATAATAAAGGTAGAAC TATARARAC TGGTCAATTAGGTAT
AseValGlyGlyMETALaProVal ThrThrLysPheArghspValProAsnLeuSerGlyThrProLeullePheArgAs phsnLysGlyArgThrileLysThrGlyGlnLeuGlylle
3% 380 2610 2640

TGGACC TGTTGATGL TGBATTTTTAGTAGCACAAMATACAGE GCAGGL TGC TAATGGAGAGCGTGC TATTCC TTCARATCTTTGAGCAGATTTATCARATGE TAC TGGTATATCARTTTC
GlyProValAspAlaGlyPhelowValAlaGlaAsaThrAlaGInAlaAlaAsaGlyGluArghlal 1 ePreSerfsnLoeulrpAlaAspleuSerAsnAlaThrGly leSer LieSer
%70 2700 210 270

AGATTTACGTTTAGCAATTACTTATCAGLATTATAMGAMTGGATGC TCGTGRTGGTACTCGTTATGTTGAATTTACGTTARATCATTTTGGTGTACATACGECAGATGC TCGTTTACA
AspLevArgLovAlalleThrTyrGlatisTyrLysGlWETASpAl aArgGlyGlyThrArgTyrvalGluPheThrieultsnii sPheGlyValti sThrAlaAs pAl aArgLevGln

7o 2850 280
ACGTAGTGAATTTC TTGGTGGACATAGTCAGTCATTGTTAGTACAGTC TGTTCCACAAACATCATC TACTGTTGAAMARATGAC TCCACAAGGTAATTTGGCAGLGTTTTC TGAMCART
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FIG. 2—(Continued)
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2030 60 2% 3120
ACAAGATAATTTGATATGTATGATCCTTTGTTAGCGAATATTAGTGAGCAGCC TGTTAMAAACC GTGAGATTATGGTACANGGTAATTCACAAGATAATGAGATTTTTGRATTCCAAGA

GlnAspLysPheAspIETTyrAspProLeuleuAl aAsnlleSerGluGlnProvalLysAsnArgGlul leMETValGlnGlyAsnSerGloAs phsnGlullePheGlyPheGlnGlu

3130 3180 3210 20
AGCGTGAGCAGATTTGCGATTTAAACC TRATTC TGTCGC TGGTGTTATGLGTTCATCACATCCGCARAGT TTAGATTATTGACATTTTGCTGATCATTATGCACAATTGLCTAAATTGTC

AldrpAladspLevhrgPhelysProAsnSerValAlaGlyValMETAr gSerSeriisProGlnSerLeufs pTyrTrpHi sPheAlafts pHisTyrAlaGlaLeuProLysLeuSer

210 3300 330 3360
GTCTGAATGATTAAAGGARGATTATAAARATGTTGATAGARC TCTTGC TTTARARGCGAGTGRTAATACAC CACARTTACGTGTTGACTTTATGTTTAATACCATTGC TGAGAAACCTAT

SerGluTrpLeulysGluitspTyrlysAsnValAspArgThrLeulaleulysAlaSerAs pRsnThrProGLnLeuArgVal As pPhetETPhefsnThr 11eAl aGlulysProlET

3% 3420 450 3480
GCCTTTATATTCAACTCCTGGATTACGTCGTATATARTATGGATTGTTGTTTTATTTGTAATCGCTTGACAGATAC TACATTTTGARCARAARATATT TTTGGTGARGCACATCARATGT

ProLeuTyrSerThrProGlylLeuArgArglletss

310 340 a0 30
GATGTTGTGATGATTGTTATAAGARTGTAGTTTGTGLAMGGTGGTGAMATAGTATGGGACC T TATTAGGAATGGTAGGTGCGATGCTGL TGGTAGTGCTATTGTGMGGATTAGGS
PETGLyPr ol el euG1yPETValGlyAlaGlyALaAl aGlySerAlal) eGlyGluGlyLewGly

3430 3560 3490 370
ATGTTACGTGATARATGAAATCGTGATTTTCAAGAGCGTATGTC TRATACTCAATATCAACATGL TCGTAARGATATGGARGC GGCAGBTATTAATCCGTTAGCACAGTTTGRTAGTGGT
FETLewArghspLys TrphsnAr gAs pPheGLNG] wAr METSerAsnThrGlTyrGlnAr gAl aAr gLysAs pRETG1 wAl aRlaGly 1 eAsnProl ewAl aGlnPheGlySerGly

3730 37%0 3810 3340
CANGCATCTTCACCTTCAGGTGGAGT TTCAGGTAGTAGTTTTGGTAGTARTATAACATCAATGTTAGGCAGTTCTGCAAATATG TTATGCAAC TTTC TAMATTAARGGAAGATGL TGAA
GlnAlaSerSerPreSerGlyGlyValSerGlySerSerPheGlySerfsnIleThrSerfETLeuGySerSerAl sAsnMETLeWETGI nLeuSerLysLeoulysGlutsphlaGly

an 0 ¥ n 0
CaTGCTARTTTTGGATC TAMACTGTTCAGAC TATTAATGAT G TCGTAATARTATGGTGOGTAGTGTATAMCATT GTCAMARGGGTTAMATARCCCTTTTTTTAGAMGGATATGAT
A gL aAstPheGlyBerLysThrValGInThr Ll efsnis pAl aAr ghsnAsWE TValAr gSerVal l1eThrLewSerLyshrgVallyssss

39% 4020 4050 4000
AATATGGCTTGTCTTAGACCTTTACAGGTACATAATTTAMARARAGGAGAMAAGT TARTTTTAAGCATTATTC TAATGGAGATGTTGCACGATATGATATGAATAAMAATTATATTGTT
METALaCysLewArgProLeuGlnValiisAsnLeouLysLysGlyGluLysValAsnPheLysHis TyrSerAsnGlyRspVal Al aArgTyris pRETAsaLysAsaTyr Il eVal
METIIeTrpIlelysIlellelonlen

H90 HY 40 4200
AATGATAGTGTGLC TTGTCaTAAGTGTGTTGATTGTCGTTTGGATAATTC TG TGAGTGAGGTGTTCGTGL TTCTTTGGARATTANGTCAAATCC TARACATAATTGATTTGTTACTTTA
AsnAspBerValProCysirgl ysCysValGlyCyshrgLouRsphsnSerAlaGluTrpGlyValargAl aSerLeuGlull eLysSerisaProLysHishsaTrpPheVal Thrlew
YETI1eValCysLewValValSerValLesValValVal TrplielleLoalouSerGluValPheValLeowLouTrpLysLeuSerGinIleLeuftsnllelloAsploslol outos

4230 420 4290 4320
ACTTATAGTGATGAACAT TTAGTTTATAATG TCTTGRACGTCC TAATTGTGTGOC TGAACATATTACAMATTTATTAMATCGTTACGAMATATTTTGAMGAAGAGGACATATTGGA
ThrTyrBerfspGluti sLewVal TyrisnAlaleusl yir gProAsnCysvalProGlui sIleThrlysPhellelysSerLevArgLysTyrPhoGlurghr gGlyHisLloGly

4330 43%0 L)
ATV AR TATC TTa TAGTARTGAATATGGARCANMAGARTGLGTCC TCATTATCATATTTGTTTTTTTAACTTACC TTTGRATGATTTAGAAMAAACTAT
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ORF Nucleotide sequence Number of codons
1736
1 aTe[AcAAAGGAAAAA[AJaGAREATG 554
396
2 v17[acanrceATAlTEAT|AATATG 321
1306
3 tatlacannceaannnfalancats 150
3535
4 ToTeclaarce|TleeTeAlAATAGTATS 134
' 1080
s canAcarnceaAraTAT]TATS 85
824
6 TatlacaltfaccagaatalcrTATe 74
— 085
attctanrceacaTejr[flecaceaTaTe 49
570
8 GAC[AGAAAGGAG|TGTTGATTGTG 39
727
9 caT[acls[ArGeAGA[TIA[ATClaATATS 29

16S rRNA 3'0H endof:
S. citnd

B. subtilis
E. cold

O-UCUUUCCUCCACUAG
OH-UCUUUCCUCCACUAG
OH-AUUCCUCCACUAG

FIG. 5. Shine-Dalgarno sequences associated with ORFs of SpV4 DNA. Nine ORFs have, upstream of the initiation codon, sequences
that are complementary to the 3'-OH end of 16S rRNA of S. citri (in boxes), B. subtilis, and E. coli. The initiation codon is underlined. The

number of codons includes the termination codon(s).

are larger than 120 nucleotides are indicated as boxes in Fig.
4. Only some of these ORFs have an ATG initiation codon at
the 5’ end (arrowheads in Fig. 4), and almost all of these are
located on the viral DNA strand (V).

A bacterial coding ORF possesses, at 5 to 10 nucleotides
upstream of the initiation codon, a Shine-Dalgarno sequence
complementary to the 3'-OH end of the 16S rRNA (31). This
site, approximately six nucleotides long, often contains the
sequence AGGA and is involved in ribosome binding. The
nucleotide sequence at the 3'-OH end of S. melliferum 16S
rRNA is not known. A search for Shine-Dalgarno sequences
on the SpV4 DNA was done by comparing the sequences
upstream to the initiation codons of the ORFs with the
3'-OH end of three others 16S rRNAs: that of E. coli, that of
Bacillus subtilis, and that of Spiroplasma citri (Fig. 5). S.
citri is serologically related to S. melliferum, and these two
spiroplasmas have 65% DNA homology (2). The sequence of
the 15 terminal nucleotides of S. citri 16S rRNA is the same
as that of the following mollicutes and gram-positive bacte-
ria: M. capricolum, Mycoplasma sp. strain PG50, Achol-
eplasma laidlawii, Clostridium innocuum, and B. subtilis (6,
12, 18, 34). Undoubtedly, this 3’-OH terminal sequence is
highly conserved and differs from that of E. coli at the very
3’-OH end, 3'-UCU being replaced by 3'-A in E. coli. It is
therefore very likely that the 3'-OH end of 16S rRNA of .
melliferum is identical to that of S. citri. Figure 5 shows the
nine ORFs which have a Shine-Dalgarno sequence comple-
mentary to S. citri 16S rRNA. These nine ORFs have been
numbered 1 to 9 from the largest to the smallest; they are
indicated by their number in Fig. 4, except ORF9, which is
shorter than 120 nucleotides. ORF1, the largest, has the size
expected for the 60,000-dalton capsid protein, the only viral
protein identified so far. The Shine-Dalgarno sequences are
up to three nucleotides larger when evaluated against the
3’-UCU-terminated 16S rRNA of S. citri or B. subtilis than
against the 3'-A-terminated 16S rRNA of E. coli (Fig. 5).

In summary, nine putative coding ORFs have been iden-
tified on the SpV4 viral DNA. Each ORF is bordered by an

initiation codon and at least one termination codon, and
possesses, upstream of the initiation codon, a Shine-
Dalgarno sequence. ORF1 has the expected size for the
60,000-dalton capsid protein gene. The initiation codon of
ORFs 1,2,3,4,5,6,7,and 9 is ATG, and that of ORF8 is
GTG. The GTG codon of ORFS8 is part of the sequence
TTGTG (Fig. 5). The codon formed by the first three
nucleotides (TTG) has been described as an initiation codon
in gram-positive bacteria and phages (16). Hence, TTG could
also be the start of an ORF, however, one that is shorter than
ORF8 starting with GTG. The first termination codon is
TAG for ORFs 2, 8, and 9 and TAA for the other six ORFs.
ORFs 5 and 6 are terminated by two and three adjacent TAA

7T e

3

Bet Accl

1292

P2

Scal
FIG. 6. Proposed SpV4 genome organization.
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G‘Iu Lys Glu Asn  Glu TER

GAAGATGAAAAAGAAAATGAGTAAATTG
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1 )4 4L

F
(reading frame 2) MET Lys Lys

Lys Asp Glu Asn
mge

ORF §
(reading frame 3)— 1306

Lys Met Ser Lys Leu

Ile Tyr Ser Lys Lys TER

AAAGATGAAAATATATACTCAAAGAAATAAT

e L

' 4 JL JL J L.

ORF 3 | S
(reading frame 1) MET Lys Ile

F 2 Arg Tyr Asp
(rending frame 1)y Y GO55

—
Tyr Thr GIn Arg Asn Asn

Val Thr Leu Thr
/s e

CCGATATGATA. ... ...4...GCTTACTTTAACT

ORF 7 ——t )
(reading frame 2) MET Ile

| N | W )y S—
Leu Leu TER

FIG. 7. Nucleotide and putative amino acid sequences of ORF overlapping regions.

codons, respectively. The nine putative coding ORFs in-
volve all three reading frames (Fig. 6). There are three
overlapping regions, between ORFs 5 and 3, 3 and 1, and 2
and 7. ORF?2 fully overlaps ORF7. The nucleotide sequences
of overlapping regions are shown in Fig. 7.

OREF of capsid protein. The size of the capsid protein of
SpV4 was found to be 60,000 daltons by polyacrylamide gel
electrophoresis (22). ORF1, which extends from nucleotide
1736 to nucleotide 3397, has a coding capacity of 63,900
daltons of protein and is the only ORF large enough to
accommodate the capsid protein. The N-terminal amino acid
sequence of the capsid protein, determined as described in
Materials and Methods, was found to be Met-Lys-Lys-Lys-
Met-Ser. . . . This is precisely the amino acid sequence
predicted from the nucleotide sequence of ORF1 (Fig. 2). It
is therefore very likely that ORF1 is indeed the gene for the
SpV4 capsid protein.

Codon usage. The codon usage for the capsid protein has
been determined from the nucleotide sequence of its gene
(ORF1). For codons specifying the same amino acid and
differing by only the nucleotide at position 3, those with A or
T in the third position are used much more frequently than
those terminated by C or G; those terminated by T are more
frequently used than those ending with A (Table 1). Within
the six codons for arginine, AGA and AGG starting with A
are more frequently used than, respectively, CGA and CGG
starting with C. A similar situation occurs with leucine, for
which the two codons starting with T are preferably used
over those starting with C. The preferred usage of codons
having A or T in the first or third position as described above
for ORF1 is also true for the other eight ORFs.

Hydropathy profiles. From their nucleotide sequences, we

determined the hydropathy (14) curves of ORF1 (capsid
protein) and the other eight ORFs. The hydropathy profiles
for the putative proteins of ORFs 2, 3, 4, 6, and 8 show
alternating hydrophilic and hydrophobic regions. The capsid
protein profile is similar but shows a pronounced hydropho-
bic peak in the region corresponding to nucleotide 2940. The
putative polypeptides corresponding to ORFs 7 and 9 are
peculiar in that ORF7 has only hydrophobic regions, while
ORF9 is fully hydrophilic. For ORFS, the profile shows two
large hydrophobic regions and a small hydrophilic region at
the C-terminal end.

Regulatory signals. Three promoterlike sequences (P1, P2,
P3) were identified (Fig. 8). Their positions on the SpV4
genome are indicated in Fig. 6. Sequence P1 is close to the
consensus sequence of bacterial promoters, recognized by
E. coli RNA polymerase carrying sigma factor ¢70 or the B.
subtilis holoenzyme with sigma factor 043 (24). It has a
perfect Pribnow (TATPuATPu) box (21) located at —10 of a
CAT box. The A residue of CAT could be the start (+1) of
mRNA transcription. Also, the sequence of P1 at the —35
region is only two nucleotides short of the most conserved
sequence in that region, namely, GTTGACA. Finally, at
—43, there is an A+T-rich region, characteristic of a gener-
alized promoter. Promoterlike sequence P2 has regions
similar to the —10, —35, and —43 regions of the consensus
bacterial promoter, but the initiation point of mRNA tran-
scription does not involve a CAT box and remains ambigu-
ous. The start of mRNA transcription from promoterlike
sequence P3 is also ambiguous; the region at —35 has a good
consensus sequence, but in the region at —10 the A’s of the
TATPuATPu box are replaced by T’s. Preliminary Northern
blot (RNA blot) analyses of viral mRNAs (data not shown)

-43 :gion - -35 region -10 region +1

A-Trich TETTGACAATTT2M4bP ravpyuaTrudlbe _cart “Consensus”
544

A-Trich AGTTGETCTTGGE—15b2 gavanTa B2 a7 P
1292

A-Trich TATTGTTCAAAC—'Z—”——-TATAATT——!’-—"L—G_A_A )
3954

A-Trich CATTGTCAAAAA——E—TTTTTTA——P——G P3

FIG. 8. Comparison of the three promoterlike sequences of SpvV4 DNA (P1, P2, and P3) with a consensus promoter sequence (28).
Underlined residues are those that agree with the consensus sequence. bp, Base pairs.
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TABLE 1. Codon usage for SpV4 capsid protein

Codon Usage (%) Codon Usage (%)
0+ V- 25 4.5) TAT-Tyr 20 (3.6)
0 O < T 2(0.4) TAC-Tyr 1(0.2)
7 7 1 23 (4.2) TAA-TER 1(0.2)
0 L 1 14 2.5) TAG-TER 0(0.0)
[ O g 157 1 3(0.5) CAT-His 14 (2.5)
[ O X 57 0(0.0) CAC-His 2(0.4)
CTA-LeU. ..ottt eiieeinenenns 1(0.2) CAA-GIn 19 (3.4)
[ O X (57 | 0(0.0) CAG-GIn 7 (1.3)
- A (T 26 (4.7) AAT-Asn 30 (5.4)
ATC-IlE oo 1(0.2) AAC-Asn 1(0.2)
ATA Ll ..o e 7 (1.3) AAA-Lys 25 4.5)
ATG-Met. ...ttt 14 (2.5) AAG-Lys 7(1.3)
L€ 3 g Y L 23 4.2) GAT-Asp 32(5.8)
GTC-Val ..ottt ieaeaenss 1(0.2) GAC-Asp 3(0.5)
GTA-Val oo it e eeaeaens 9(1.6) GAA-Glu 14 (2.5)
GTG-Val ... 0 (0.0) GAG-Glu 6(1.1)
O 75 8(1.49) TGT-Cys 1(0.2)
O O 0 (0.0) TGC-Cys 1(0.2)
TCA-SEr .ottt it eieeeaeaearaneannens 14 (2.5) TGA-Trp 9 (1.6)
0 T R 1(0.2) TGG-Trp 1(0.2)
[ @ 3 L < o T 28 (5.1) CGT-Arg 15 2.7)
[0 O = (' T 0(0.0) CGC-Arg 0 (0.0)
[ 00, X ¢ (o 2 5(0.9) CGA-Arg 10.2)
[ 00 € B o (o T 2(0.4) CGG-Arg 10.2)
- O L 1 23 4.2) AGT-Ser 16 (2.9)
X0 O 1 1 1(0.2) AGC-Ser 1(0.2)
ACA-Thr. ..ot 7(1.3) AGA-Arg 8(1.49)
X0 2 1 3(0.5) AGG-Arg 2(0.4)
(€10 L. N - N 20 (3.6) GGT-Gly 23 (4.2)
(€0 02 N P N 0(0.0) GGC-Gly 0(0.0)
(€107 .\ - NN 12 2.2) GGA-Gly 13 2.3)
GCG-Ala.... oottt 7 (1.3) GGG-Gly 0 (0.0)

seem to indicate that P1, P2, and P3 are functional but that
P1 is more efficient. Two additional promoterlike sequences
were localized around nucleotides 905 and 2117, respec-
tively. No evidence for their involvement in transcription
was obtained.

Two inverted repeat sequences were located on the SpV4
DNA, one around nucleotide 3932 and the other around
nucleotide 528. The sequence at nucleotide 3932 is shown
in Fig. 10 as double-stranded DNA; the inverted repeats,
11 nucleotides long, are underlined. The putative RNA
transcript from this double-stranded DNA has the ability to
form a hairpin structure (Fig. 10). This structure has a
UUUUUUUA-3'-OH sequence, typical of a transcription
terminator independent of factor rho, and could be involved
in transcription termination. It should be noticed that, as
shown in Fig. 10, the sequence around nucleotide 3932 is
part of the promoterlike region P3 (Fig. 8). A similar situa-
tion has also been described for phage $X174, in which the
promoter of gene A overlaps the main transcription termi-
nator (9).

The inverted repeat sequence at nucleotide 528 is located
in the untranslated region between ORF2 and ORF8 (Fig. 6)
and can form a secondary structure as shown in Fig. 9. With

seven G - C base pairs of which five are in a row, this
hairpin structure should be quite stable. The hairpin struc-
ture of SpV4 is reminiscent of similar structures on the
single-stranded DNAs of phages M13, G4, and $X174 (9).
For M13 and G4, there is a unique origin of cDNA strand
synthesis. The hairpin structure of M13 DNA, located in the
untranslated region between genes II and IV, and that of G4
DNA, located in the intergenic space between genes F and
G, are involved in the transcription of the RNA primer
required for complementary strand synthesis. For $X174,
the origins of complementary strand synthesis are multiple
and almost randomly located. The hairpin structure between
genes F and G is involved in the formation of the preprimo-
some (13).

DISCUSSION

With 4,421 nucleotide residues, the single-stranded circu-
lar DNA of S. melliferum SpV4 is one of the smallest
procaryotic viral DNAs known. Despite its small size it
seems to possess nine ORFs. The identification of these
ORFs is based on the assumption that TGA is not a termi-
nation codon. No ORFs could be detected when all three
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- A Start of ORF8
.c
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FIG. 9. Secondary structure of untranslated region between
ORF2 and ORF8.

termination codons were considered as such. The finding
that in the mollicute S. melliferum TGA does not seem to
function as a termination codon is similar to that in the
mollicute M. capricolum for which Yamao et al. (36) have
shown that TGA codes for tryptophan. It is likely that in
spiroplasmas, TGA also codes for tryptophan, as we have
recently proposed (23) for the following reason. The gene for
spiralin, the major membrane protein of S. citri, has been
cloned in E. coli HB101, and the recombinant bacterial clone
expresses spiralin (19). The replicative form of SpV4 has

SPIROPLASMA VIRUS 4 GENOME 4959

also been cloned in E. coli HB101 and found to be infectious
in spiroplasmas by transfection (20), indicating that the
cloned RF contained in particular a biologically active capsid
protein gene. However, in the recombinant E. coli clones,
expression of the capsid protein did not occur, whatever the
cloning strategy used. These results are easily explained if it
is assumed that TGA codes for tryptophan. Indeed, spiralin
contains no tryptophan (35), hence no TGA codon, and can
thus be expressed in the bacterium. On the contrary, the
gene for the capsid protein (ORF1) has nine TGA codons
(Fig. 2; Table 1) and cannot be fully expressed in E. coli,
since the ribosomes will stop at the first UGA codon
encountered on the mRNA. The absence of TGA codons
from the spiralin gene has recently been confirmed by the
sequence determination of this gene (C. Chevalier, C. Sail-
lard, and J.-M. Bové, unpublished data).

The universal codon for tryptophan is TGG. The gene for
the capsid protein contains one TGG codon besides the nine
TGA codons. Under the assumption that TGA codes for
tryptophan in spiroplasmas, the fact that there are nine TGA
codons for one TGG codon is only a particular case of a
more general phenomenon, namely, the preferred usage of
A- (or T-) terminated codons in SpV4 ORFs (Table 1). The
predominance of A- or T-terminated codons probably re-
flects the high A+T content of SpV4 DNA: 68 mol%,
compared with 55.2% for $X174 DNA and 54.3% for G4
DNA. Even though SpV4 DNA contains as much T (33.9
mol%) as A (34 mol%), the codons terminated by T are more
frequent than those ended by A. The high frequency of T in
the third position was also noted for $X174 codons and to a
lesser extent for G4 codons, but it is more pronounced for
SpV4 DNA. The more frequent use of T rather than A as the
last codon base allows more options for anticodons read by
using wobble.

The promoterlike regions of the SpV4 DNA that were
identified had sequences very similar to those of the bacterial
promoters used by E. coli or B. subtilis RNA polymerases
when 70 or 043 are the respective sigma factors. Also, each
one of the nine viral ORFs has a bacterial Shine-Dalgarno
sequence similar to that found in gram-positive bacteria (16).

- -10(P3)
35(pg) 3932 —
wa  CATTGTCKAAAAGGGTTAAATAACCCTTTTTTTAGAAAG-OH .+ strand
2 HO-GTAACAGTTTTTCCCAATTTATTGGEAAAAAAATCTTTE - strand

RNA Structure

U-U-G6-u-C

CAUUGUCAAAAAGGGUUAAAUAACCCUUUUUUUA-OH

>
(]
>

PR RS
e o o e o e o
=’
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.
CeEeE e -C OO =O=>=>
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FIG. 10. DNA sequence and RNA structure of SpV4 putative transcription terminator.
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It is quite probable that the host spiroplasma genome has the
same bacteriumlike promoters and Shine-Dalgarno se-
quences as the SpV4 genome. This seems to be so since
spiroplasma genes such as the spiralin gene can be expressed
in E. coli from their own promoters (19). This implies that
the same spiroplasma promoters are recognized by two RNA
polymerases: the one from spiroplasma and the one from E.
coli. This is not surprising, since we have recently shown
that the RNA polymerase from S. melliferum has a subunit
structure of the type Bp’a, (7), very similar to that of the
eubacterial enzyme. In addition, Rogers et al. (27) have
obtained from sequencing data direct evidence for the oc-
currence in S. melliferum of at least one bacteriumlike
promoter upstream to a tRNA gene cluster.

The spiroplasmal virus SpV4 and the bacterial viruses G4
and $X174 have several similarities. The three viruses are
isometric, lytic, and contain single-stranded circular DNA,
of 4,421 nucleotides for SpV4 and 5,386 and 5,577 nucleo-
tides, respectively, for $X174 and G4 (8, 29). Despite their
small sizes, they code for approximately the same number of
proteins, 11 for G4 and ¢$X174 and 9 for SpV4. However,
SpV4 has only one capsid protein, while G4 and $X174 have
four. The genes or ORFs are located in all three reading
frames with several overlapping regions.

The only identified SpV4 protein is the capsid protein.
ORF1 has been identified as the gene for this protein. With
1,662 nucleotide residues, this gene represents more than
one-third of the genome. The genes of the four capsid
proteins of G4 and $X174 occupy more than one-half of the
genome.
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