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Letter

The Genome Sequence of Mycoplasma mycoides subsp.
mycoides SC Type Strain PGI', the Causative Agent
of Contagious Bovine Pleuropneumonia (CBPP)

Joakim Westberg," Anja Persson,' Anders Holmberg,' Alexander Goesmann,?
Joakim Lundeberg,’ Karl-Erik Johansson,® Bertil Pettersson,’ and Mathias Uhlén'*

"Department of Biotechnology, Royal Institute of Technology (KTH), SE-106 91 Stockholm, Sweden; “Center for Genome
Research, Bioinformatics Group, Bielefeld University, DE-335 94 Bielefeld, Germany; Department of Bacteriology, National

Veterinary Institute, SE-751 89 Uppsala, Sweden

Mycoplasma mycoides subsp. mycoidesSC (MmymySC) is the etiological agent of contagious bovine pleuropneumonia
(CBPP), a highly contagious respiratory disease in cattle. The genome of Mmymy SC type strain PGIT has been
sequenced to map all the genes and to facilitate further studies regarding the cell function of the organism and CBPP.
The genome is characterized by a single circular chromosome of 1,211,703 bp with the lowest G+C content (24
mole%) and the highest density of insertion sequences (13% of the genome size) of all sequenced bacterial genomes.
The genome contains 985 putative genes, of which 72 are part of insertion sequences and encode transposases.
Anomalies in the GC-skew pattern and the presence of large repetitive sequences indicate a high genomic plasticity.
A variety of potential virulence factors was identified, including genes encoding putative variable surface proteins
and enzymes and transport proteins responsible for the production of hydrogen peroxide and the capsule, which is
believed to have toxic effects on the animal.

[Supplemental material is available online at www.genome.org. The genome sequence data from this study have been
submitted to EMBL under accession number BX293980. The home page of the genome of Mycoplasma mycoides subsp.
mycoides SC can be found at http:/ /gendb.genetik.uni-bielefeld.de/ projects/ mmymysc.html. The following individuals
kindly provided reagents, samples, or unpublished information as indicated in the paper: ]. Frey and A. Blanchard.]

Contagious bovine pleuropneumonia (CBPP) is the infectious
disease that Kkills the largest number of cattle in Africa each year.
It is a highly contagious respiratory disease, which is caused
by Mpycoplasma mycoides subsp. mycoides biotype small colony
(MmymySC). CBPP is the only bacterial disease included in the
A-list of the World Organization for Animal Health (http://
www.oie.int) of prioritized communicable animal diseases, to-
gether with fourteen viral diseases. Thus, from a global socioeco-
nomic perspective, it is the most important bacterial epizootic.
CBPP also affects buffalo and can appear in different forms, rang-
ing from hyperacute and acute variants with high mortality (up
to 70%), to subacute and chronic forms with high risk of trans-
mitting the infectious agent from symptomless carriers. The
clinical symptoms of acute CBPP involve respiratory distress,
cough, cessation of rumination, anorexia, and severe pleuritic
pain. CBPP is mainly present in Africa south of Sahara, and it is
also assumed to be prevalent in Asia. During the 1980s and
1990s, there have also been several outbreaks of CBPP in south-
ern Europe.

MmymySC is a member of the class Mollicutes (trivial name,
mollicutes), which has evolved from the Gram-positive bacteria
that possess genomes with low G+C content (Phylum Firmicutes),
and belongs to the genus Mycoplasma (trivial name, mycoplas-
mas). Mollicutes lack cell wall and are known as the smallest
self-replicating organisms. According to phylogenetic studies of
the 16S 1RNA gene, MmymySC belongs to the M. mycoides cluster
of the Spiroplasma group (Weisburg et al. 1989; Pettersson et al.
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1996; Johansson et al. 1998). Five sequenced genomes of mol-
licutes have been published to date. M. genitalium (Fraser et al.
1995), M. pneumoniae (Himmelreich et al. 1996), Ureaplasma par-
vum (formerly Ureaplasma urealyticum; Glass et al. 2000; Robert-
son et al. 2002), and M. penetrans (Sasaki et al. 2002), which all
belong to the pneumoniae group, as well as M. pulmonis (Cham-
baud et al. 2001), which belongs to the hominis group (Weisburg
et al. 1989; Johansson et al. 1998). The relationship between
MmymySC (and other members of the Spiroplasma group) and
the other sequenced mollicutes is rather distant, that is, 75%-
80% similarity as judged from 16S rRNA sequences. We have
sequenced the genome of MmymySC type strain PG1" to get a
better knowledge of the biology and pathogenicity of MmymySC
and to promote efforts to develop recombinant vaccines and di-
agnostic tools for CBPP.

RESULTS AND DISCUSSION

General Genome Features

The general features of the genome of MmymySC type strain PG1"
are shown in Figure 1 and Table 1. The genome consists of a
single circular chromosome with a size of 1,211,703 bp and a
G+C-content of 24.0 mole%, which is the lowest G+C-content
among all genomes sequenced thus far. It possesses 985 putative
genes (Supplemental Fig. 1; Supplemental Table 1 available on-
line at www.genome.org), including 72 transposase genes located
within insertion sequences (ISs). In addition, 83 truncated genes
were found, including 52 transposase genes. Putative biological
functions were assigned for 59% of the genes, whereas a further
14% were similar to genes with unknown function in other spe-
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Repetitive Sequences

Intragenomic sequence comparisons show
that MmymySC has a high degree of long
repetitive sequences compared with other
bacterial genomes (Supplemental Fig. 2). In
total, the repetitive sequences in MmymySC
constitute 29% of the genome. The largest
repeats are 24, 13, and 12 kb. They are
flanked by IS elements, which are known to
cause genomic rearrangements and have
been duplicated once in tandem. In many
cases, the paralogous genes generated in
these processes have most likely been sub-
jects to negative evolutionary pressure,
which have led to the truncation of one of
the two duplicated genes.

More than 13% of the MmymySC ge-
nome consists of three kinds of IS elements,
and it is therefore the most IS-dense bacte-
rial genome that has been sequenced to
date. ISMmy1 (Westberg et al. 2002), which
is 1670 bp long, is present in eight full-
length and one truncated copy. ISMmy1-
like sequences were also found in the bo-
vine pathogen M. bovis, whereas mycoplas-
mas that are phylogenetically closer to
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Figure 1 Circular representation of the MmymySC genome. Outer concentric circle: genomic
positions in bases, where position one is the first base of the dnaA gene. Second concentric circle:
the predicted genes on the positive strand. Third concentric circle: the predicted genes on the
negative strand. The genes are shown in bars of different colors representing different functional
categories. Fourth concentric circle: IS elements. Fifth concentric circle: tRNA and rRNAs genes in
green and blue bars, respectively. Sixth concentric circle: the capsule biosynthesis clusters shown
in orange bars, the hydrogen peroxide biosynthesis cluster in a pink bar, and the genes encoding
variable surface proteins in green bars. Seventh concentric circle: the GC-skew diagram; where the
red color indicates that the leading strand contains more Gs than Cs, and the black color indicates

the opposite case.

cies. Interestingly, as much as 27% are unassigned genes that are
unique for MmymySC, even though five additional genomes of
mollicutes have previously been sequenced.

The number of genes that belong to the different functional
categories in MmymySC is approximately the same as for the
other sequenced mollicutes (Fig. 2). The large number of trans-
port proteins in MmymySC, compared with the other species
M. pulmonis, may result in MmymySC being better equipped to
persist different tissue environments, reflecting its capability to
form more or less systemic infections (Gourlay 1964; Masiga et al.
1972; Scanziani et al. 1997; Stradaioli et al. 1999; Grieco et al.
2001). The high number of MmymySC genes within “other cat-
egories” is due to the large amount of transposase genes located
within the IS elements.
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MmymySC lack ISMmyl (Westberg et al.
2002). This observation indicates horizon-
tal transfer of ISMmy1 between MmymySC
and M. bovis. Southern blotting of 15
MmymySC strains with an ISMmyI probe
showed a unique hybridization pattern for
the vaccine strain T1Sr49, which makes
ISMmy1 a potential marker to distinguish
the vaccine strain from naturally occurring
field strains. The other two IS elements are
IS1634 (Vilei et al. 1999), which is 1872 bp
long, and 1S1296 (Frey et al. 1995), which
has a size of 1485 bp. 1S1634 exists in 60
copies, in which two copies are split by
other IS elements and one is truncated.
IS1296 is present in 28 copies, including
four that are interrupted by IS elements and
seven truncated copies.

The IS elements are evenly distributed
across the genome except for three larger
IS-free regions, which are located at posi-
tions 285,937 to 363,559, 471,574 to
592,871, and 828,541 to 881,279 (Fig. 1).
There is no obvious explanation for the ab-
sence of ISs in these regions except that
they partly constitute several conserved re-
gions of the mollicutes, such as the operons of the ribosomal
protein and the ATP synthase genes, and the pyruvate dehydro-
genase gene cluster.

Six other transposase-like ORFs were found. One of them
(MSC_0603) resembles transposases of the IS30 family, and one
(MSC_0699) is similar to transposases of the 1S3 family. The re-
maining four are possible remnant transposases of ISMmy1
(MSC_0120 and MSC_0125) and IS1296 (MSC_0213 and
MSC_0836). However, no additional characteristic features of an
IS element have been found for these putative transposases.

Codon Usage
Genomes with low G+C content are particularly rich in As and Ts
in the third position of their genetic codons. In MmymySC, 91.4
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Table 1. Genome Features
IS elements
Data Data
included excluded

Length (bp) 1,211,703 1,050,226
G + C content (mole%) 24.0 23.7
Putative protein CDSs 985 913
Average length of protein CDS

(bp) 982 957
Coding regions (including stable

RNA) in proportion to the

genome length (%) 80 83
Functionally assigned protein CDSs

(%) 59 55
Conserved hypothetical protein

CDSs (%) 14 16
MmymySC-specific protein CDSs (%) 27 29
Ribosomal RNA operons 2 2
Transfer RNA genes 30 30
IS elements in proportion to the

genome length 13.3% —
Total length of repetitive sequences

(bp) 346,843 185,366

CDS indicates coding sequence.

mole% of the nucleotides in the third position are A or T. Strik-
ingly, the genome only possesses 10 CGG codons (Supplemental
Fig. 3). This is in agreement with the fact that MmymySC only
possesses a single tRNA (tRNA*'S[ACG]) for decoding the CGN
codons (where N is A, C, G, or T), whereas the other five se-
quenced mollicutes have two tRNAs for this purpose. It has been
experimentally shown that translations of synthetic genes in M.
capricolum, a close relative to MmymySC (>99% similarity be-
tween their 16S rRNA genes), are terminated at the CGG co-
dons, indicating that the CGG codon is a nonsense codon in M.
capricolum (Oba et al. 1991). The possession of only one
tRNAAS(NCG) gene and the rare occurrence of CGG codons of
the MmymySC genome indicate that the CGG codon is a non-
sense codon also in MmymySC. The universal stop codon UGA is
coding for tryptophan in most of the mollicutes. Interestingly,
the UGA codon is 24 times as frequent in the MmymySC genome
as is the synonymous codon UGG. A plau-

sible explanation for the large amount of

130,842 and comprises three genes encoding two putative glyco-
syltransferases and a UTP-glucose-1-phosphate uridylyltransfer-
ase. The second one is located between positions 1,108,435 and
1,133,176 and consists of a gene coding for UTP-glucose-1-
phosphate uridylyltransferase and a region that exists in three
tandem copies. Each copy of that region contains genes encoding
two putative glycosyltransferases, a UDP-glucose 4-epimerase, a
UDP-galactopyranose mutase, and the ATP-binding component
of an oligopeptide-specific ABC transporter. The large cluster is
also intergenically interspersed with four 1S1634 copies. The re-
dundancy of capsule biosynthesis genes may enable MmymySC to
produce a relatively high amount of capsule and thereby increase
the virulence of the organism and reduce the risk for phagocy-
tosis by the host cells. It may also be a way of varying the com-
position of the capsule in order to escape the immune system of
the host.

Production of active oxygen-containing molecules have
been suggested as potential virulence factors of mycoplasmas.
Compared to the European strains, African and Australian strains
of MmymySC form higher amounts of hydrogen peroxide (H,O,)
by oxidizing glycerol (Vilei and Frey 2001). Because the European
strains are less virulent than are the African and Australian strains
(Nicholas et al. 1996), the formation of H,O, is believed to be a
factor of pathogenicity in MmymySC. The strain of the present
study, MmymySC PG1" with an origin that is not known, con-
tains two clusters of genes that are involved in glycerol transport
and production of hydrogen peroxide. The first cluster contains
the genes (glpO, glpK, and gIpF) coding for glycerol-3-phosphate
oxidase (GlpO), glycerol kinase (GlpK), and a glycerol uptake
facilitator protein (GlpF). Glycerol that is taken up by GIpF can
be phosphorylated by GlpK and subsequently converted to dihy-
droxyacetone phosphate and H,O, by GlpO. The genes of the
second cluster (gtsA, gtsB, and gtsC) encode the ABC transporter
proteins involved in glycerol transport (Vilei and Frey 2001). The
IppB gene encoding a lipoprotein precursor is located immedi-
ately downstream of the second cluster. Presumably, it codes for
the glycerol-binding subunit, because the gene encoding the sub-
strate-binding component normally is located in the vicinity of
the associated ABC transporter genes and has the structure of a
prolipoprotein coding gene. Glycerol that is phosphorylated by
the ABC transporter can be used as substrate by GlpO for the
production of H,O,. All genes in the second glycerol uptake clus-
ter are present in the African and Australian strains, but in the

OM. genitalium (483 genes)
U. parvum (613 genes)

OM. pneumoniae (688 genes)
BM. pulmonis (782 genes)
BMmymySC (985 genes)

UGA codons is the evolutionary pressure to- 120 -

ward a lower G+C content of the genome. 16
Virulence Factors 801
Despite large efforts, the mechanisms be- 60

hind the ability of MmymySC to cause dis-

ease are virtually unknown. However, there 40

are some theories that have been experi-

mentally tested. Already in 1976, it was I
shown that intravenous injection of the

capsule from MmymySC in calves evoked
pulmonary edema as in natural lesions of
CBPP, indicating that the capsule has a di-
rect toxic effect (Buttery et al. 1976). There
are also some indications that increased
capsular content associates with reduced
phagocytosis by host cells (Marshall et al.
1995). The MmymySC genome contains two
clusters of genes involved in the synthesis
of the capsule (Fig. 1). The first one is lo-
cated between positions 127,251 and

=
2
S
8
]
®
£
e
(]
<
[}
=
E
<

Fatty acid and phospholipid

Purine, pyrimidine, nucleoside and
nucleotide metabolism

metabolism

)

ATITRRT TR R R T A R LR AN,

T,

Iy

Transcription
Protein fate §
Cellular processes [
Other categories
Non-classified [

7
E
k]
°
8
&
©
e
<
p=d
(=}

Energy metabolism
Regutatory functions

Biosynthesis of co-factors,
prosthetic groups and carriers
Central intermediary metabolism
Transport and binding proteins

Figure 2 The number of genes with assigned function divided into different functional categories
for M. genitalium, U. parvum, M. pneumoniae, M. pulmonis, and MmymySC.
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European strains gtsB is truncated and gtsC and IppB are absent
(Vilei and Frey 2001).

Variable Surface Proteins

Some mycoplasmas are able to alternate their composition of
surface proteins, so-called antigenic variation, in order to en-
hance colonization and to adapt to the host tissue environment
at various stages of infection (Rosengarten and Wise 1990). The
only reported gene to be involved in antigenic variation in
MmymySC is vmm (MSC_0390; Persson et al. 2002), which en-
codes a phase variable lipoprotein precursor. The expression of
Vmm can be switched on and off in a population of MmymySC by
alternating the number of TA repeats in the promoter spacer of
the vmm gene. The molecular mechanism behind the hypermu-
tations in the promoter spacer is unknown, but it is likely that
the altered number of repeats is caused by polymerase slippage
during replication. Interestingly, the genome sequence reveals
that five additional genes (MSC_.0117, MSC_0364, MSC_1005,
MSC_1033, and MSC_1058) encoding prolipoproteins have pro-
moters with five to 12 TA repeats in the promoter, including the
first four nucleotides in the —10 region (Fig. 3). The DNA se-
quence assembly contains clones with different numbers of TA
repeats in the promoters of MSC.0117 and MSC_1005, which
show that dinucleotide insertions and deletions occur relatively
frequently in the cultivated MmymySC population. Three clones
contain 10 TA repeats and one clone contains 11 TA repeats
within the promoter of MSC_0117, and seven clones contain 11
TA repeats and one clone contains 12 TA repeats within the pro-
moter of MSC_1005.

Furthermore, there are homonucleotide regions consisting
of 15 to 23 As, which are located in the putative promoter of nine
MmymySC surface protein genes (MSC_0809, MSC_810, MSC_812,
MSC_813, MSC_815, MSC_816, MSC_817, MSC_818, and
MSC_847; Fig. 3). Again, these repetitive sequences may be in-
volved in transcriptional control. There are also two surface pro-
tein genes, which contain a mononucleotide stretch of 10 and 14
Ts within the coding part of the gene. These repetitive sequences
may lead to size variation of the resulting proteins due to frame-
shift caused by misincorporation of the correct number of repeat
residues. In addition, there are 34 prolipoprotein genes and 144
transmembrane protein genes that have no assigned function
and whose products are potential virulence factors as they may
be involved in adherence or host cell interactions.

It is noteworthy that seven ISMmy! elements have been

inserted into promoters with TA repeats (data not shown), thus
abolishing the expression of putatively phase variable proteins.
Three of these spliced promoters are located upstream of genes
encoding membrane-associated proteins. The other four lack the
corresponding genes, which probably have been eliminated from
the genome.

Replication, Transcription, and Translation
The set of genes encoding proteins involved in replication,
transcription, and translation resembles the repertoire of the
other sequenced mollicutes. The ribosomal RNA genes are
clustered in two TRNA operons with the gene order 16S rRNA-23S
rRNA-5S rRNA, which are separated by 586 kbp (Fig.1). The
MmymySC genome comprises 30 tRNA genes (Fig. 1), and
their corresponding tRNAs have specificity for all amino acids. A
reduced set of tRNAs is common in mollicutes, of which M. pul-
monis has the smallest set of 29 tRNA genes (Chambaud et al.
2001).

For most bacterial genomes, the GC-skew, defined as
[(G = ©) /(G + C)], has two nodes that are located at the origin
and the terminus of replication. The GC-skew of MmymySC re-
veals the putative position of the terminus of replication, but it
does not follow a normal pattern at the expected oriC locus (Fig.
1). Opposite to the putative terminus of replication in MmymySC,
the dnaA and dnaN genes are located, which indicates that oriC
may be located in the vicinity of these genes. This hypothesis is
supported by C. Lartigue, P.S. Pugnet, and A. Blanchard (un-
publ.), who recently produced a DNA plasmid with the dnaA
region, obtained from the genome sequence of MmymySC, and
have shown that it can replicate in MmymySC. Thus, OriC seems
to be present in the dnaA region. Anomalous patterns of the
GC-skew have previously been shown for Yersinia pestis (Parkhill
et al. 2001), in which ISs were found at the borders of the three
regions with deviating patterns. Because the IS elements in
MmymySC are distributed throughout the whole genome, it is
difficult to determine their influence on the GC-skew pattern.
Notably, the GC-skew for MmymySC follows the direction of
transcription; that is, the transcripts are located on the strand
with more Gs than Cs. A plausible explanation for a typical GC-
skew pattern is that spontaneous deamination of cytosine to ura-
cil or 5-methylcytosine to thymine is more frequent on the lead-
ing strand than on the lagging strand due to longer exposure of
the leading strand as single-stranded DNA during replication (Grig-
oriev 1998; Lobry and Sueoka 2002). The fact that the GC-skew of

MSC_0117
MSC 0364

MSC_0809
MST_0810
MSC_0812

MSC_0813

gttataaacTTGACAttatatatatatatataTATAAngaattagctatatacactaggtatataqccgqttaacttcaaaaagctaatcaattttttataaagacatg
agtaatttattataatgctttaagcagg:ctcaactagaatacacTTGACAttatatatatataTATAATaataatataaaactataaaaatttatggaaacaaatcatq

:cgctaagtgcTTGACAttatatatatatatatataTATAATgaattacatctatatagaatacataatatatagttaaaataaccggttatttaggagatacatttatg

aatgcttctaaaagcagttctatcaaaaatataTTGACAttatatatatatatatataTATAATgtgccttataaaaagataaacaaccaattgtaaatgagattatatg

attatttatctaatgcttctaaaagcagttctatcaaaaatataTTGACAttatataTATAATatgtctcataaaaagataaacaaccaattqtaaaggactattatatg
attatttatctaatgcttctaaaagcagttctatcaaaaatataTTGACAttatataTATAATatgtctcataaaaagataaacaaccaattgtaaaqgactattatatg
gtcataagtttttaaaataactctaatttagttcTTGCAAaaaaaaaaaaaaaaaacaaTATAATgaataattgcaatgcaaaagataqataaggaatgaataattaatg

acatgtcataagtttttaaaataactctaatttagttcTTGCAAaaaaaaaaaaaaaaaaaaaaacaaTATAATgattattgctataaatataagqaaagaaaattaatg

tcactattacatgtcataaqtttttaaaataactctaatttagttcTTGCAAaaaaaaaaaaaaacaaTATAATgattattgctataaatacaaggaaagaaaattaatg

acatgtcataagtttttaaaataactctaa:ttagt:cTTGCAAaaaaaaaaaaaaaaaaaaaaacaaTATAATgattattgctataaatataaggaaagaaaattaatg

tcactattacatgtcataagtttttaaaataactctaatttagttcTTGCAAaaaaaaaaaaaaaaaaTATAATgattattgctataaatataaggaaagaaaattaatg

tattacaagtcaaaaattttttaaaaaaattttaattaggttTTGCCAaaaaaaaaaaaaaaaaacaaTATAATgattattgctataaatataaggaaagaaaattaatg
tcactattacatgtcataagtttttaaaataactccaatttagttcTTGCAAaaaaaaaaaaaaacaaTATAATgattattgctataaatataaggaaagaaaattaatq

tattacatgtcataagtttttaaaataactctaatttagttcTTGCAAaaaaaaaaaaaaaaaaacaaTATAATqattattgctataaatataaqgaaagaaaattaatg

ctaaattgtTTGTAAaaaaaaaaaaaaaagtattgcgagttGATAATattggattaaccaaqcatattggtaaataaataaaaaaataaagaaaggttgtgctttaagtg

Figure 3 The upstream region of genes encoding putative variable surface proteins. The promoter spacer regions are underlined, and the —35 and
—10 regions are shown in capital letters. The sequences end with the start codon of the corresponding gene.
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MmymySC has an abnormal pattern may be due to recent rear-
rangements of the genome.

Transport and Biosynthesis

Mollicutes are known to have a restricted biosynthetic capacity.
For instance, they lack a complete tricarboxylic acid cycle, have
a scarce ability to synthesize amino acids, and are not able to
synthesize purine and pyrimidine bases de novo. MmymySC has
been shown to metabolize the exogenous sugars glucose, fruc-
tose, N-acetylglucosamine, glycerol, 2-oxobutyrate, and pyruvate
at moderate concentrations and mannose and L-lactate at high
concentrations (Abu-Groun et al. 1994). In contrast, it is not able
to use maltose and trehalose. All genes of the phosphotransferase
systems (PTSs) of glucose, fructose, and mannitol have been iden-
tified. The sugars transported into the cell by these systems are
degraded by the enzymes of the Embden-Meyerhof-Parnas (EMP)
pathway to pyruvate and subsequently to lactate and acetyl-
coenzyme A. The deoC gene is present, and it is encoding deoxy-
ribose-5-phosphate aldolase, which connects the EMP pathway
with the DNA metabolic pathway via 2-deoxyribose-5-phosphate
and glyceraldehyde-3-phosphate. The oxidative branch of the
pentose phosphate pathway is missing in MmymySC and in most
other mollicutes except for Acholeplasma species (Pollack et al.
1997). In the nonoxidative branch, only transaldolase is missing,
indicating an alternative route or enzyme for the conversion of
sedoheptulose-7-phosphate and glyceraldehyde-3-phosphate to
fructose-6-phosphate and erythrose-4-phosphate.

The biosynthesis of nucleotides in MmymySC follows either
of two routes. First, adenine/hypoxanthine-guanine/uracil phos-
phoribosyltransferase catalyses the formation of nucleoside
monophosphate from S5-phosphoribosyl-1-diphosphate (PRPP)
and a nucleobase. However, because nucleobases are not synthe-
sized de novo in mollicutes, exogenous nucleobases have to be
transported into the cell. Second, nucleoside kinases generate
nucleoside monophosphates by phosphorylation of nucleosides.
In some mollicutes there is an interconversion of deoxynucleo-
side monophosphates by nucleoside phosphotransferase, but it
seems that MmymySC is lacking this actual gene. Experiments
made by Wang et al. (2001) showed that MmymySC is capable of
phosphorylation of all four deoxynucleosides by only two en-
zymes, thymidine kinase and an enzyme related to deoxyguano-
sine kinase.

In addition to the PTS transporters, eight complete ATP-
binding cassette (ABC) transporters have been identified in
MmymySC. The bioinformatics analysis indicates that these
transporters are capable of transferring sugars, oligopeptides,
spermidine and/or putrescine, phosphate, alkylphosphonate,
glycerol, and a nonidentified solute across the plasma mem-
brane. A unique feature of the spermidine/putrescine ABC-
transporter system is that one of the permease components and
the substrate-binding component are encoded by one gene
(potCD) in MmymySC. These are normally encoded by two sepa-
rate genes, potC and potD. The permease and substrate-binding
domains of potCD are separated by ~350 amino acids, and the
signal peptide sequence of the potD genes is missing in the potD-
like part of potCD. There are several additional PTS and ABC
transport systems, although not all subunits have been identi-
fied. The missing components may be among the nonassigned
hypothetical proteins.

Comparison to the Minimal Genome

A minimal gene set for cellular life has been postulated by com-
paring the genome sequences of M. genitalium and Haemophilus
influenzae (Mushegian and Koonin 1996). Because these two spe-
cies belong to different phyla, it was believed that their common
genes would be essential for growth. A comparison of the gene set

of the minimal genome to the MmymySC gene set showed that 11
out of 254 genes of the minimal genome are absent in MmymySC.
Except for the genes encoding the heat-shock proteins GroEL and
GroES, which are also missing in M. pulmonis and U. parvum, the
genes coding for three hypothetical proteins (MG0S55, MG127,
and MG143 in M. genitalium), the ribosomal protein S6 modifi-
cation protein (MGO012), the cytidine deaminase (MG052), the
riboflavin kinase (MG145), the thymidylate synthase (MG227),
the dihydrofolate reductase (MG228), and a histone-like protein
(MG353) are absent.

In conclusion, MmymySC is the first bacterium that causes a
severe disease in livestock and whose genome has been se-
quenced. Knowledge of the genome sequence of MmymySC will
most likely facilitate the development of new vaccines, drugs,
and diagnostic tools for CBPP. A plausible theory, as drawn from
conclusions of the present work, is that the protein composition
of the cell surface varies between different environmental condi-
tions. Therefore, all combinations of the variable proteins are
target candidates for vaccine development. In addition, sub-
stances that will inhibit the uptake of glycerol and production of
the capsule are potential candidate drugs. Further analyses of
the genome may reveal additional pathogenic mechanisms of
MmymySC.

Because this is the first genome that has been sequenced in
the Spiroplasma group of the mollicutes, it will serve as a good
complement to the five previously published mollicute genomes
for the study of the evolution of the mollicutes. The genome
sequence reveals an ongoing process of large rearrangements of
the genome, without any compulsions of preserving the direc-
tion of the transcripts.

METHODS

Construction of Random Libraries

The MmymySC type strain PG1" was grown in F medium (Bolske
1988). Genomic DNA was prepared and purified by proteinase K
lysis and phenol/chloroform extraction. Five kinds of plasmid
libraries were created. The A library was generated by nebuliza-
tion, the B and C libraries by partial Apol restriction, and the D
and E libraries by partial Sau3Al restriction of genomic DNA. The
size fractions were 0.8-.2 kbp for the A library, 2-4.5 kbp for the
B and D libraries, and 4.5-9 kbp for the C and E libraries. The
pUC18 plasmid was used as cloning vector for all five libraries. It
was restricted with Smal for the construction of the A library,
EcoRI for the B and C libraries, and BamHI for the D and E
libraries.

DNA Sequencing

Initially, shotgun sequencing was performed on all five plasmid
libraries. The plasmid clones of the A library were prepared for
DNA sequencing by PCR, and the plasmid clones of the four
other libraries were prepared by purification of the plasmids with
a plasmid preparation kit from MilliPore. Both ends of the plas-
mid inserts were sequenced with BigDye Terminator Cycle Se-
quencing Ready Reaction Kit (Perkin Elmer) or DYEnamic ET
terminator cycle sequencing premix kit (Amersham Biosciences),
and the sequencing reaction products were loaded on ABI PRISM
3700 (PE Applied Biosystems) and MegaBACE 1000 DNA se-
quencers (Molecular Dynamics).

In the directed sequencing phase, nonrepetitive gap se-
quences and sequences of poor quality were sequenced by using
genomic DNA as template (Heiner et al. 1998). The high copy-
number of the IS elements, the large sizes of several long repeats,
and the high sequence similarities between their copies caused
problems with the genome assembly. To solve these problems,
two kinds of strategies were performed. First, each IS copy was
isolated within plasmid clones or PCR amplicons and subse-
quently sequenced by primer-walking. Because incompletely ex-
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tended primers in the PCR could hybridize to incorrect IS copies
and cause false positives, the PCR procedures were thoroughly
optimized with long extension times and high annealing tem-
peratures. Second, repeats larger than the individual clones were
sequenced by primer-walking on a number of clones, which con-
tained several positions of genome polymorphisms, covering dif-
ferent parts of the repetitive regions. The number of long tandem
repeats was determined by pulse-field gel electrophoresis (PFGE)
of restriction fragments containing the entire repetitive region.

Genome Restriction Map

The MmymySC genome was mapped by two-dimensional PFGE of
Mlul and Smal restricted fragments and one-dimensional PFGE
of Sall, Aatll, Avill, Pvul, and Ncol restricted fragments. This map
and a previously published genome map of MmymySC (Pyle et al.
1990) were used for determination of the accuracy of the genome
assembly.

Assembly and Genome Analysis

Basecalling, vector sequence elimination and assembly of the se-
quences were performed with PHRED (Ewing et al. 1998) and
PHRAP (P. Green, University of Washington; http://www.phrap.
org/). The assembly was visualized and edited in the CONSED
program (Gordon et al. 1998). The genome sequence was ana-
lyzed and annotated with the aid of GENDB (Meyer et al. 2003),
a flexible open source genome annotation system for prokaryote
genomes. Open reading frames (ORFs) were predicted by using
GLIMMER 2.0 (Salzberg et al. 1998) and searched for homology
with sequences of the public databases with BLASTN and BLASTP
(Altschul et al. 1990). Protein motifs were searched for in the
Pfam database (Bateman et al. 1999) by using HMMER (S.R. Eddy;
http://hmmer.wustl.edu/). Signal peptide sequences were pre-
dicted by SIGNALP (Nielsen et al. 1997), and putative transmem-
brane proteins were identified by TMHMM 2.0 (Krogh et al.
2001).

The tRNA genes were identified with tRNAscan-SE (Lowe
and Eddy 1997). Codon usage was calculated by codonW (J.
Peden, University of Nottingham; http://molbiol.ox.ac.uk/cu/).
Intragenomic sequence similarity searches were performed by
the graphical dotplot program Dotter (Sonnhammer and Durbin
1995).
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