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The genomes of several species of mycoplasma have been sequenced. Most of these species rely on the
glycolytic pathway for energy production, with the one exception of Ureaplasma, a species that breaks down
urea as its principle source of acquiring energy. Several species, including as Mycoplasma arthritidis, are
nonglycolytic and can use arginine as their source of energy. Described here are the genome sequence and
a transposon library of M. arthritidis. The genome of 820,453 bp is typical in size for a mycoplasma and
contains two large families of genes that are predicted to code for phase-variable proteins. The transposon
library was constructed using a minitransposon that inserts stably into the mycoplasma genome. Of the
635 predicted coding regions, 218 were disrupted in a library of 1,100 members. Dispensable genes
included the gene coding for the MAM superantigen and genes coding for ribosomal proteins S15, S18, and

L15.

Mycoplasma arthritidis is a natural pathogen of rats, causing
severe polyarthritis. Arthritis in mice can be experimentally
induced by injection of M. arthritidis into the tail vein. Disease
in mice is more chronic than in rats, with lesions similar to
those seen in human rheumatoid arthritis (25). Factors thought
to contribute to the virulence of M. arthritidis are MAM, a
potent superantigen secreted by the mycoplasma, and the M.
arthritidis adhesins (MAAs) that have a role in cytadherence
(32).

The genome sequences of several species of mycoplasma are
known (see http://cbilabri.fr/outils/molligen/). Other than
Ureaplasma, which utilizes the hydrolysis of urea to generate
ATP, all of the mycoplasma species that have sequenced ge-
nomes are glycolytic. Some species of mycoplasma such as M.
arthritidis are nonglycolytic, and thus it was anticipated that the
sequence of the M. arthritidis genome would reveal new aspects
of mycoplasma physiology. Nonglycolytic mycoplasmas gener-
ally catabolize arginine as a major source of energy, and, in-
deed, the required genes for arginine catabolism were identi-
fied in the genome sequence of M. arthritidis.

Described here is the genome sequence of the virulent M.
arthritidis strain 158L3-1 (3, 31). Strain 158L3-1 is a lysogen
containing the 16-kb genome of the MAV1 bacteriophage. No
additional prophages were noted in the genome. The sequence
revealed features offering insight into the mechanisms by

* Corresponding author. Mailing address: Department of Genetics,
University of Alabama at Birmingham, KAUL 720, Birmingham, AL
35294-0024. Phone: (205) 934-9327. Fax: (205) 975-4418. E-mail:
dybvig@uab.edu.

§ Present address: Department of Microbiology Immunology and
Molecular Genetics, David Geffen School of Medicine at UCLA, Los
Angeles, CA 90095.

9 Present address: Biology Department, Georgia Southwestern
State University, Americus, GA 31709.

1 Present address: Bioinformatics Research Center, University of
North Carolina at Charlotte, Charlotte, NC 28223.

+ Supplemental material for this article may be found at http://iai
.asm.org/.

¥ Published ahead of print on 23 June 2008.

4000

which the mycoplasma causes chronic inflammation, including
two families of genes that are predicted to code for phase-
variable proteins and a predicted gene product related to but
distinct from MAM.

We also describe a transposon library of M. arthritidis strain
158, the nonlysogenic parent of 158L.3-1. The library was cre-
ated using minitransposons derived from Tn4001 that inserts
into the genome at essentially random sites. The genomic lo-
cation of the minitransposon was determined for 1,113 library
members. Using criteria for gene inactivation previously de-
veloped for transposon mutagenesis of Mycoplasma pulmonis,
218 of the predicted protein coding regions, including three
ribosomal protein genes, were inactivated.

MATERIALS AND METHODS

Genome sequencing. M. arthritidis strain 158 is pathogenic in rats and mice and
is the parent of the MAV1 lysogen strain 158L3-1 (3, 31). M. arthritidis was
cultured in Edward broth or Edward agar as previously described (30). Genomic
DNA was isolated by using an Easy-DNA kit (Invitrogen). Prior to cell lysis,
washed cells were incubated with Protein Degrader according to manufacturer’s
directions. The nucleotide sequence of the genome (eight times coverage of the
genome) was determined by a subcontractual arrangement with The Institute for
Genomic Research (now known as the J. Craig Venter Institute). Although some
species of mycoplasma have complex genetic elements that can complicate as-
sembly and closure (2), the determination of the genome sequence of M. arthri-
tidis was straightforward and was accomplished by using a random shotgun
strategy.

Genome analysis. Open reading frames (ORFs) and the potential start and
stop sites of genes were identified using the NCBI GLIMMER 3 server located
at http://www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi (5). Gene
products were annotated by analysis using a combination of BLAST and the
Clusters of Orthologous Groups database at NCBI. The identification of or-
thologs in the genomes of Bacillus subtilis, M. pulmonis, and Mycoplasma geni-
talium was facilitated by additional BLAST analysis at http://genolist.pasteur.fr
/SubtiList/, http://genolist.pasteur.fr/MypuList/, and http://cbi.labri.fr/outils
/molligen/. Final annotations of each ORF to determine its likelihood as a coding
region and its most likely 5" start took into consideration potential start codons
(ATG and GTG start codons were favored over TTG starts), alignments to
orthologs, and potential Shine-Dalgarno sequences. Proteins with predicted sig-
nal peptides or transmembrane regions were detected by using the InterProScan
Web service at http://www.ebi.ac.uk/Tools/webservices/services/interproscan. Po-
tential promoters in genes containing upstream poly(T) or poly(A) tracts were
identified using BPROM at http://www.softberry.com/berry.phtml. Amino acid
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sequence identity between protein pairs was calculated using the default setting
of the SIM application at http://us.expasy.org/. Clustal W analysis of protein
families was performed using MacVector (Accelerys), version 7.2.

Library construction. Plasmid pTF85 carrying the minitransposon Tn4001TF1
was constructed by inserting the fetM gene into the BamHI site of pMTS85, a
plasmid containing a mini Tn4001 but without a tetracycline resistance determi-
nant (36). The tetM gene was obtained by amplifying a 2.3-kb region of trans-
poson Tn916 using the primer pair GTAATGGATCCCTCTCTTTGATAAAA
AATTG and CTTATTGGATCCGAAACCATATTTATATAACAAC. Plasmid
pTF20 carrying the minitransposon Tn4001TF2 was constructed by amplifying a
3.2-kb region comprising fetM and its upstream promoter and downstream ter-
minator sequences from Tn976 using the primers GGTTGTGGATCCTTGTG
GGTACTTTTAGGGC and CTTATTGAATTCGAAACCATATTTATATAA
CAAC. This fragment was ligated into the BamHI/EcoRI sites of pMT85. The
gentamicin resistance determinant of pMT85 was then removed by digestion with
BglII and Xbal, the vector was blunt-ended with T4 DNA polymerase, and an
Sall linker, CCGGTCGACCGG (NEB), was inserted into the blunted Bglll/
Xbal site.

Mycoplasma strain 158 was transformed using the polyethylene glycol-medi-
ated method as described previously (29). Plasmids pTF85 and pTF20 do not
replicate in mycoplasmas, and transformants are obtained only when the mini-
transposon transposes into the mycoplasma genome. Transformants were se-
lected on agar supplemented with 5 pg of tetracycline/ml. Individual transfor-
mant colonies were picked and grown at 37°C in 1 ml of broth containing
tetracycline. Each culture was frozen at —80°C in broth supplemented with 15%
glycerol. Most (90%) of the library consists of transformants containing
Tn4001TF1, our first-generation minitransposon for M. arthritidis. Later, we
switched to using Tn4001TF2 because higher transformation frequencies were
obtained.

Mapping of transposon insertion sites. The genomic location of the transpo-
son was determined for each transformant by DNA sequence analysis of the
junction between the transposon and the adjacent genomic DNA. The junction
was amplified by inverse PCR. The sequence of the PCR product was compared
to the complete genome sequence for identification of the transposon insertion
site. The inverse PCR conditions and primers were similar to those used to map
the transposon location in transformants of M. pulmonis (24) except that
genomic DNA was digested with Sau3Al instead of Nlalll, and the primers for
inverse PCR were CCTTCGGAAAAAGAGTTGGTAGC and TCCTGCGTT
ATCCCCTGATTC. The inverse PCR product was purified from an agarose gel,
and the nucleotide sequence was determined using the primer TTTGAGTGA
GCTGATACCGCTCGC.

Confirmation of gene dispensability. To confirm that an ORF was dispensable,
at least one transformant with the gene disrupted was analyzed by direct PCR to
verify that the transposon integration site was correct and to determine whether
an intact copy of the gene might be present in the template preparation. To
confirm the genomic location of the transposon, the primer described above to
sequence the inverse PCR products was paired with a gene-specific primer that
annealed to sequences in the adjacent genomic DNA. A negative control con-
sisted of amplification of a wild-type mycoplasma DNA preparation that lacked
the transposon. The possible presence of an intact copy of the gene was assessed
by using two gene-specific primers that flanked the site of transposon integration.
The lack of a PCR product would indicate that no intact gene was present in the
transformant. Template DNA from the wild-type parent strain was used as a
positive control. If the PCR data confirmed the location of the transposon and
indicated that no intact copy of the gene was present in the transformant, it was
concluded that the gene was indeed mutable. If the transposon location was con-
firmed but a PCR product corresponding to an intact copy of the gene was also
obtained, the transformant was subcloned. Individual filter clones were analyzed
by direct PCR as described above to determine whether the transposon still
resided in the gene and whether an intact copy of the gene was present in the
template. Again, if in any subclone the transposon disrupted the gene and no
intact copy of the gene was identified by PCR, it was concluded that the gene was
mutable.

Nucleotide sequence accession number. The M. arthritidis genome sequence
was deposited in the GenBank database under accession number CP001047.

RESULTS

Genome sequence. M. arthritidis strain 158L.3-1 has a circular
genome of 820,453 bp. The G+C content of 30.7 mol% is low
for most bacteria but higher than that of many mycoplasma
genomes. A total of 635 predicted coding regions and 36
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predicted RNA genes occupy over 90% of the genome. The
absence of genes in M. arthritidis coding for hexokinase and
phosphofuctokinase is consistent with an organism that does
not undergo glycolysis. As is the case for some other myco-
plasmas, M. arthritidis lacks many genes coding for enzymes
involved with nucleotide and amino acid biosynthesis as well
as the GroEL and GroES chaperones. Missing were genes
coding for either subunit of ribonucleotide reductase, an
essential enzyme for B. subtilis grown in minimal medium
(16). These genes are also absent in some other species of
mycoplasma and are present but nonessential in M. pulmo-
nis (12). The absence of ribonucleotide reductase suggests
that deoxynucleoside triphosphates must be acquired from
the host. The gene coding for signal peptidase II but not
signal peptidase I was identified. M. arthritidis like other
mycoplasmas has a high number of genes (>40) that are
predicted to code for lipoproteins, necessitating the need
for signal peptidase II activity.

As predicted for an organism that catabolizes arginine,
genes coding for arginine deiminase, ornithine carbamoyl-
transferase, and carbamate kinase were identified. The genes
coding for the latter two enzymes are apparently organized as
an operon. M. arthritidis may be able to catabolize compounds
in addition to arginine for energy production (20). Genes cod-
ing for the enzymes required to convert glycerol to pyruvate
and then to lactate were identified. Other predicted enzymes
include alcohol dehydrogenase and acetate kinase, suggesting
that acetylaldehyde and acetyl phosphate can be substrates for
generating ATP. The predicted gene products are inconsistent
with a report of oxidation of fatty acids in M. arthritidis (27).

Other than the bacteriophage MAV1 genome, no mobile
elements were evident in the genome of 158L3-1. The
MAV1 genome is integrated at nucleotide positions 706579
through 722218. A 230-bp fragment that is homologous to
the left end of the MAV1 genome was identified at nucle-
otide positions 38110 to 38340. The location of this MAV1
DNA fragment may be of interest because it is 228 bp
upstream of the 5’ end of the mam gene (Marth_orf036),
suggesting that mam may have originally been of phage
origin. Compared to the MAV1 genome sequence that was
reported previously (30), the MAV1 sequence of 158L3-1
has one nucleotide addition, one deletion, and two substi-
tutions. These differences result in a single amino acid
change in the predicted MAV1 DNA integrase and a length-
ening of the MAV1 HtpN protein by 23 amino acids at its
amino terminus. Other than the MAV1 integrase, the only
other potential site-specific DNA recombinase encoded by
the genome is the Marth_orfl95 gene product. This pre-
dicted protein has 62 amino acids that share amino acid
similarity with a portion of the carboxy half of the 1S7630
transposase from Mycoplasma penetrans. Marth_orf195 may
be a truncated gene coding for a nonfunctional recombi-
nase. M. arthritidis, therefore, appears to lack the intricate
site-specific DNA inversion systems found in some species
of mycoplasma (14, 15, 17, 22).

A barrier to genetic transformation of M. arthritidis is the
Marl restriction enzyme, an isoschizomer of Alul (29). Strain
158L3-1 DNA is resistant to cleavage by Alul and contains
AGCT sequences modified by methylation of the C nucleotide.
In addition to Marl, the MAV1 genome is predicted to code
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TABLE 1. Predicted phase-variable genes containing homonucleotide repeats in the putative promoter

Translation start position Repeat”
Gene Product (mass [kDa]) (nt [directionpof Promoter :
transcription])® Homonucleotide rlzgéa?ti Position (bp)© length (bp)*
Marth_orf057 MspA (266) 58223 (—) Poly(T) 12 143-131 129
Marth_orf133 Hypothetical protein (116) 127760 (—) Poly(T) 15 104-87 82
Marth_orf150 Mspl (272) 146094 (—) Poly(T) 12 142-130 128
Marth_orf220 MSA family lipoprotein (30) 211858 (—) Poly(T) 14 114-100 98
Marth_orf221 MSA family lipoprotein (28) 213028 (—) Poly(T) 14 114-100 98
Marth_orf223 MSA family lipoprotein (19) 214124 (-) Poly(T) 14 115-101 99
Marth_orf224 MSA family lipoprotein (28) 215283 (—) Poly(T) 13 118-105 103
Marth_orf226 Lipoprotein (29) 216472 (—) Poly(T) 14 112-98 96
Marth_orf227 Lipoprotein (30) 218158 (—) Poly(T) 15 121-108 106
Marth_orf229 Lipoprotein (34) 219322 (—) Poly(T) 10 116-106 104
Marth_orf316 MSA family lipoprotein (14) 283591 (—) Poly(T) 16 141-125 123
Marth_orf321 Membrane protein (34) 286893 (+) Poly(T) 15 78-63 59
Marth_orf358 MspB (220) 320793 (+) Poly(T) 15 145-130 128
Marth_orf459 MSA family protein (15) 398310 (+) Poly(T) 13 133-120 118
Marth_orf462 MSA family lipoprotein (21) 399209 (+) Poly(T) 13 118-105 103
Marth_orf469 MspC (310) 400579 (+) Poly(T) 14 145-131 129
Marth_orf471 MspJ (38) 409106 (+) Poly(T) 7 137-130 128
Marth_orf481 MspD (294) 419732 (—) Poly(T) 15 140-125 123
Marth_orf492 MspE (337) 423935 (+) Poly(T) 15 144-129 127
Marth_orf497 MspF (338) 433902 (+) Poly(T) 12 137-125 123
Marth_orf508 Hypothetical protein (84) 456060 (—) Poly(A) 12 78-66 58
Marth_orf566 MSA family lipoprotein (28) 508346 (+) Poly(T) 13 104-91 89
Marth_orf647 MspG (308) 581582 (+) Poly(T) 12 142-130 128
Marth_orf653 MspH (277) 590327 (+) Poly(T) 14 145-131 129
Marth_orf727 MspK (157) 669401 (+) Poly(T) 12 140-128 122
Marth_orf793 MAA2 MSA lipoprotein (58) 736230 (—) Poly(T) 12 118-106 104
“ Direction of transcription is indicated as follows: +, upstream; —, downstream. nt, nucleotide.

? Sequence upstream of the gene on the coding strand.
¢ Distance from repeat to translation start site.

 Distance from the start of the —10 region (consensus TATAAT) of the putative promoter to translation start site.

for a restriction and modification system of unknown specific-
ity (30). No obvious gene that would encode the Marl endo-
nuclease was identified in the genome sequence, but a candi-
date for the gene encoding the Marl DNA methyltransferase is
Marth_orf138. The Marth_orf138 product has features char-
acteristic of cytosine-specific DNA methyltransferases and has
75% amino acid sequence identity to the Hhal methyltrans-
ferase. Marth_orf138 was likely acquired as a result of hori-
zontal gene transfer because the top hit by BLASTn analysis of
the nucleotide collection (nonredundant nucleotide) database
was the Hhal DNA methyltransferase gene of Haemophilus
haemolyticus (71% nucleotide identity; E value of 6e-123). It is
apparent that M. arthritidis lacks the complex type I restriction
systems found in some mycoplasmas such as M. pulmonis (11).
Marth_orf681 is related to genes coding for the HsdM subunit
of type I restriction enzymes, but no type I activity in M.
arthritidis is predicted because absent are genes coding for the
other subunits required for enzymatic activity, HsdS and
HsdR.

Phase variation and gene families. One mechanism by which
many mycoplasmas evade the host’s adaptive immune re-
sponses is through the phase-variable production of critical
surface proteins (6). In some cases, phase variation is achieved
by slipped-strand mispairing (SSM) at a run of homonucleoti-
des located upstream of the gene’s coding region (9). Gain or
loss of nucleotides in this region acts as an on/off switch for
promoter activity by changing the spacing between the promoter’s
—10 and —35 regions. To identify sequences that might be

associated with phase variation, we examined the genome of
158L3-1 to identify homonucleotide repeats of at least 10 bp in
length. Twenty-nine homonucleotide repeat regions were iden-
tified. Twenty-five of these repeats were located in the pre-
dicted promoter region of genes that likely code for phase-
variable surface proteins (Table 1). Many of the predicted
phase-variable genes are members of one of two families
(the massive surface protein, or Msp, and major surface
antigen, or MSA, families). One of the Msp family members
(Marth_orf471) was not initially identified as having a
homonucleotide repeat because the length of the repeat was
only 7 bp. However, the structure of the promoter region of
this gene was essentially the same as for other family mem-
bers. Therefore, a total of 26 gene products are predicted to
be subject to phase variation. In nearly all cases, the homo-
nucleotide repeat on the gene’s coding strand consisted of
poly(T). This is in contrast to the vlp genes of Mycoplasma
hyorhinis, which have poly(A) in the promoter region of the
coding strand (35).

Four of the identified homonucleotide repeats may have no
bearing on gene expression. A 14-homonucleotide repeat (nu-
cleotides 775605 to 775618) was located downstream of each of
two converging ORFs. The poly(A) repeat located just 8 bp
before the translation start site of Marth_orf832 is probably
located downstream of the gene’s promoter and may not dis-
rupt transcription initiation through SSM. Because M. arthri-
tidis is thought to require arginine for growth, it would be
surprising if the length of the poly(A) sequence located 69 bp
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ClustalW (v1.4) Multiple Alignment Parameters:
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Open Gap Penalty = 10.0; Extend Gap Penalty = 0.1; Delay Divergent = 40%

Gap Distance = 8; Similarity Matrix = blosum
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FIG. 1. Clustal W analysis of the Msp protein family. The scale indicates the expected number of substitutions per site.

upstream of the translation start site of the arc4 gene (Marth_
orf873) affected gene expression. Indeed, the predicted —10
region of the arcA promoter is located far upstream, 220 bp
from the translation start site. The arcA promoter, including
the homonucleotide repeats, has been combined with a lacZ
reporter, inserted into the M. arthritidis chromosome, and
tested for its ability to drive transcription (10). LacZ activity
was detected, and no indication of phase variation was noted,
suggesting that this homonucleotide repeat has no effect on
transcription in its native context. Marth_orf783, another gene
with an upstream homonucleotide repeat, is predicted to en-
code a cytoplasmic protein. Although exceptions exist, phase-
variable proteins are most often localized to the cell surface.
Marth_orf783 may be expressed constitutively despite the
poly(A) repeat that precedes the translation start site by 75 bp
because the predicted —10 region of the promoter is located
further upstream, 139 bp from the translation start site.

Eleven of the 26 predicted phase-variable proteins belong to
the Msp family. Each of the MspA through MspK proteins is
considered to be phase variable; the proteins are encoded by
ORFs Marth_orf057, Marth_orf358, Marth_orf469, Marth_
orf481, Marth_orf492, Marth_orf497, Marth_orf647, Marth_
orf653, Marth_orf150, Marth_orf471, and Marth_orf727 (Ta-
ble 1), respectively. An additional Msp protein (MspL,
encoded by Marth_orf0275) may not be phase variable because
the promoter lacks homonucleotide repeats. Most of the Msp
proteins have a predicted mass of 200 or 300 kDa. The proteins
apparently have a single transmembrane domain and should be
exposed on the outside surface of the mycoplasma except for a
short cytoplasmic domain at the amino terminus. There are no
Msp orthologs identified in other bacteria.

A Clustal W analysis of the Msp proteins is illustrated in Fig.
1. The most divergent proteins are MspK and MspL, but these
proteins are clearly in the Msp family. For example, MspK and
Mspl share 40.3% amino acid sequence identity in a 1,005-
residue region, and MspL and MspF share 43.7% amino acid
identity in a 955-residue region. The shortest protein is MspJ
(337 amino acids), which shares 95.7% amino acid sequence
identity with Mspl in a 308-residue region. A 5-kb region that

includes the mspJ gene (Marth_orf471) and the 3’ half of the
mspD gene (Marth_orf00481) is shown in Fig. 2. Four different
single nucleotide changes in this region of the 158L3-1 genome
(deletion of T at nucleotide position 410113, insertion of A at
position 410668, substitution of C for T at 411146, and deletion
of A at 411505) would merge ORFs Marth_orf471, Marth_
orf472, and additional downstream sequences into a single
gene that would code for a 922-amino-acid protein that shares
91.8% sequence identity with Mspl. It is probable that Marth_
orf471 and Marth_orf472 are remnants of a single ancestral
msp gene.

Another set of genes identified in the genome sequence of
158L3-1 is designated the MSA family (Fig. 3). Most of the
genes in this family share strong nucleotide similarity in their 5’
untranslated regions and in the regions coding for the protein’s
signal peptide sequence. Nucleotide similarity extends into the
promoter region of most of the msa genes. These genes
(Marth_orf220, -221, -223, -224, -316, -459, -462, -566, and
-793) are predicted to be phase-variably expressed based on
the presence of homonucleotide repeats in the promoter re-
gion (Table 1). Marth_orf793 codes for the MAA?2 protective
antigen and has been shown previously to be phase-variably
expressed due to changes in the poly(T) region of the promoter
(34). Marth_orf584 is in the MSA family but has a different
promoter structure lacking homonucleotide repeats. Marth_

471 472 481 ’/

(Msp))  (MspJ) (MspD)

T deleted TtoC
A inserted / A deleted

merged ORFs 481 //

(ancestral Msp) (MspD)

FIG. 2. Schematic of a 5-kb region (nucleotides 409106 to 414105)
of the genome sequence illustrating the nucleotide substitutions that
would merge the ORFs of strain 158L3-1 (top) into an ancestral msp
gene (bottom). Numbers refer to Marth_orf designations. Not all of
Marth_orf00481 is shown.
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FIG. 3. Schematic illustrating features of MSA family members including the locations and lengths of poly(A) or poly(T) tracts in promoter
regions. Other than black regions, which are nonhomologous, regions of like color are homologous.

orf584 codes for MIA (major immunodominant antigen), the
major surface antigen recognized by serum from infected an-
imals and previously referred to as M. arthritidis ORF 619 (26).
Marth_orf746 is the only MSA family member that lacks nu-
cleotide similarity to other family members in the 5’ untrans-
lated region. Instead, Marth_orf746 is similar to Marth_orf220,
=221, -223, -224, -316, -459, -566, and -584 in a central region of
the coding sequence. Most MSA family members have repet-
itive domains (Fig. 3). The maa2 and mia genes have tandem
repeat regions in their coding regions that have been shown
previously to undergo size variation (gain or loss of repeat
units) as a result of SSM (26, 34).

Potential virulence factors. The MAM superantigen
(Marth_orf036) has been implicated as having a major role in
pathogenesis. The gene product has a signal peptide sequence
that is absent in the mature, secreted protein of 213 amino
acids (4). In addition to its superantigen activity, MAM also
has nuclease activity (8). Marth_orf729 is predicted to code for
a protein that shares 49.4% amino acid identity with MAM.
The Marth_orf729 gene product may be an integral membrane
protein because it lacks an obvious signal peptide sequence but
has a predicted transmembrane domain near the amino termi-
nus. There is significant sequence divergence between the Marth_
orf729 gene product and the region of MAM (amino acids 11
to 38 of the mature protein) associated with lymphocyte pro-

liferation activity (4). Perhaps the Marth_orf729 protein is a
nuclease that lacks superantigen activity.

The MAA proteins are thought to contribute to adherence
to host tissue, and MAA2 may not be the only MSA family
member (Fig. 3) with a role in adherence. Some proteins
within the MSA family such as MAA2 and MIA are strongly
recognized by the immune system, and the phase-variable pro-
duction of many of the MSA proteins likely contributes to
immune avoidance (26, 33). Other than putative adhesins and
MAM, little is known about factors that might contribute to
pathogenesis. The M. arthritidis genome codes for peptide me-
thionine sulfoxide reductase (Marth_orf807), required for full
virulence in M. genitalium (7), and a potential hemolysin
(Marth_orf698).

M. arthritidis transposon library. Unlike previous descrip-
tions of mycoplasmal transposon libraries (12, 13), the M.
arthritidis library was created with minitransposons that could
initially insert into the genome but then would be unable to
transpose to secondary sites. The minitransposon Tn4001TF1
was used to generate the first 1,000 mutants in the library, and
minitransposon Tn4001TF2 was used for the remaining mu-
tants. With rare exceptions, the genomic location of the trans-
poson was different for each member of the library. A total of
1,113 different genomic sites for transposon insertion were
mapped. We estimate that the library contains null mutations
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in 226 different genes, using the criteria that null mutations are
produced when the transposon truncates at least 10% from the
5" end or 15% from the 3’ end of an ORF. These criteria are
based in part on results from transposon mutagenesis of M.
pulmonis (12). An exception, however, was made for predicted
lipoprotein gene products. A lipoprotein gene was considered
inactivated even if less than 10% of the 5’ end was truncated,
provided that the fatty acid addition site would be missing from
the remainder of the gene product. Our final table of mutated
genes (see Table S1 in the supplemental material) has 218
entries, not 226. For eight genes, analysis of the transposon’s
genomic location by direct PCR failed to confirm the inverse
PCR sequencing data, or an intact copy of the gene was de-
tected by direct PCR in each of the subclones of the transfor-
mant. Similar findings of genes that were disrupted in the
primary transformant but not in subclones thereof have been
reported for transposon mutagenesis of M. genitalium (13) and
M. pulmonis (12).

Of the 218 genes disrupted in M. arthritidis (see Table S1 in
the supplemental material), 36 have essential homologs in M.
genitalium, 26 have essential homologs in M pulmonis, and 18
have homologs that are essential in both species (Table 2).
Only a few of the dispensable M. arthritidis genes that are
essential in one or both of the other species of mycoplasma
have potential paralogs within the M. arthritidis genome that
might render the genes expendable. Perhaps most interesting
are the six dispensable M. arthritidis genes that have essential
homologs in B. subtilis. Three of these are the ribosomal pro-
tein S15, S18, and L15 genes. The truncated protein in the
disrupted S15, S18, and L15 genes would be 78%, 61%, and
58%, respectively, of the full-length wild-type protein. Other
genes important for protein synthesis that were disrupted in
the library included those coding for methionyl-tRNA formyl-
transferase and polypeptide deformylase. Although these
genes are essential in M. genitalium and M. pulmonis, formy-
lation is not essential for initiation of protein synthesis in all
bacteria, and Mycoplasma hyopneumoniae lacks these genes
altogether (18, 23, 28). Other genes of interest that were
disrupted in the library included those coding for potential
virulence factors such as the MAM superantigen, the Marth_
orf698 hemolysin, and several members of the MSA family
(Marth_orf220, -221, -224, -459, -746, and -793).

None of the genes involved in catabolism of arginine or in
the conversion of glycerol to pyruvate, the triose arm of the
Embden-Meyerhof-Parnas pathway, were disrupted in the li-
brary. These pathways are most likely required to meet the
mycoplasma’s needs for ATP. The genome has four genes
(tktA, rpiB, xfp, and rpe) involved in the pentose phosphate
pathway, at least three of which are dispensable. Other genes
involved with carbohydrate metabolism, a predicted alcohol
dehydrogenase (Marth_orf738) and lactate dehydrogenase
(Marth_orf109), are also dispensable.

DISCUSSION

Signal peptidase I activity should be present in M. arthritidis
because some proteins such as the secreted MAM superanti-
gen have a typical signal peptide sequence that is absent in the
mature protein (4). Species of mycoplasma such as M. pulmo-
nis, Mycoplasma synoviae, Mycoplasma gallisepticum, and M.
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hyopneumoniae have an annotated signal peptidase I gene that
is missing in many other species including Mycoplasma pneu-
moniae, M. genitalium, Mycoplasma agalactiae, Ureaplasma par-
vum, and now M. arthritidis (see http://cbi.labri.fr/outils
/molligen/home.php). Signal peptidase I activity in species that
lack an obvious signal peptidase I gene is probably catalyzed by
a novel enzyme.

Although phase-variable proteins have been described for
several species of mycoplasma, the number of such proteins
predicted from the genome sequence of M. arthritidis is high
compared to M. pulmonis, M. genitalium, and M. pneumoniae
but probably not as high as some other species such as M.
gallisepticum (19, 21). The total length of the coding regions for
the genes listed in Table 1 is more than 90 kb, accounting for
11% of the genome. Homonucleotide tracts located within the
promoter regions of genes that are phase-variably expressed
were first described in M. hyorhinis (35). The frequency of
phase variation is high, about 10~2 per CFU, and results from
SSM events that vary the length of the repeats and thus the
spacing between the —10 and —35 sites. With 26 genes dem-
onstrating phase variation at a frequency of 1073, about 1 CFU
in 40 will undergo a phase variation event each generation.
Several of the phase-variable genes also have tandem repeats
in the coding region that would be subject to SSM, resulting in
variation in the size of the protein, as has been shown previ-
ously for the MIA protein of M. arthritidis (Marth_orf00584)
(26). Cultures of M. arthritidis consist of complex cell popula-
tions producing a varied repertoire of proteins. Not all trans-
formants in the transposon library will be isogenic, and care
must be taken in the assessment of mutant phenotypes.

Based on the number of genes that are essential for growth
in M. genitalium, about one-half of the M. arthritidis genome
should consist of essential genes. The nonessential half of the
genome, around 400 kb, would represent the effective target
size for transposon integration. Within the nonessential re-
gions of the genome, the density of insertion sites would be
about one site per 360 bp (400 kb of genome/1,100 transposon
insertion sites). Genome coverage of the library is thus inad-
equate to conclude that any gene not hit by the transposon is
essential.

We had anticipated that unconfirmable mutants would be
rare in the M. arthritidis library. In minitransposons, the trans-
posase gene is not inside the transposon but is located else-
where on the vector backbone. Consequently, Tn4001TFI and
Tn4001TF2 should not be capable of transposition into sec-
ondary sites. Indeed, no evidence of secondary transposition of
the minitransposons was detected. Previous studies of trans-
poson mutagenesis in mycoplasma have reported unconfirm-
able mutants—genes that were disrupted by the transposon in
primary transformants but could not be subsequently verified
(12, 13). These reports did not use a minitransposon. As
Tn4001 and its derivatives transpose by an excision-insertion
mechanism, we had attributed unconfirmable mutants to active
transposition within the genome. In the current study using
minitransposons, the location of the transposon could not be
confirmed for only 32 of 338 (9%) primary transformants. For
our M. pulmonis library constructed with the non-minitranspo-
son Tn4001T, confirmation of the location of the transposon
was not obtained for 97 of 464 (21%) primary transformants.
Thus, the use of a minitransposon did not eliminate the occur-
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TABLE 2. Disposable M. arthritidis genes that are essential in M. pulmonis or M. genitalium

INFECT. IMMUN.

Ortholog Essential gene in:*
Locus Product Gene M. arthritidis Essential gene
tag” symbol M. M. M. M. paralog” in B. subtilis?
pulmonis® genitalium® pulmonis genitalium
012 RNA pseudouridylate synthase ruC 1170 209 No Yes
family
019 Oligopeptide ABC transporter/Valyl- oppF 2860 080 No Yes 399
tRNA synthetase
104 Phosphonate ABC transporter 2250 289 Yes No
125 M. hominis P60-related lipoprotein 0070 NA Yes NA
168 Conserved hypothetical protein NA° 432 NA Yes
169 GTP-binding protein, putative ychF 1650 024 Yes No
translation factor
243 RNase HIII mhC 3000 199 Yes Yes
258 ATP synthase F1 alpha subunit atpA 7000 401 No Yes
269 Inorganic pyrophosphatase ppa 4700 351 Yes Yes
271 Transketolase thtA 5110 066 Yes No Yes
366 Putative esterase or lipase, 3130 NA Yes NA
membrane protein
369 Ribosomal protein S15 psO 3280 424 Yes Yes Yes
377 Hypoxanthine hpt 5510 458 Yes Yes Yes
phosphoribosyltransferase
388 Holliday junction DNA helicase ruvA 6570 358 No Yes
motor protein
389 Holliday junction DNA helicase ruvB 6580 359 No Yes
422 Ribosomal protein L15 mlO 5690 169 Yes Yes Yes
498 ATP synthase subunit B atpD 6990 399 Yes Yes
499 ATP synthase subunit A atpA 7000 401 No Yes
520 COF family HAD hydrolase protein, 2440 265 Yes Yes
conserved
562 Predicted helicase 1220 140 No Yes
611 Oligoendopeptidase pepF 3210 183 No No
626 Proline iminopeptidase NA 020 NA Yes
628 Spermidine/putrescine ABC potD 4220 045 Yes Yes 634
transporter
634 Spermidine/putrescine ABC potD 4220 045 Yes Yes 628
transporter
635 GTP-binding protein era 3800 387 Yes Yes
637 Bacteriocin exporter and processing 3760 390 No Yes
endoprotease
656 Formamidopyrmidine-DNA Irg 3100 262.1 Yes No
glycosylase MutM
668 Putative Na+ driven multidrug efflux norM 2930 NA Yes NA
pump
687 Conserved hypothetical protein 2260 103 No Yes
694 Ribosomal protein S18 PSR 6090 092 No Yes Yes
698 Putative hemolysin hlyC 5140 146 Yes Yes
699 Polypeptide deformylase def 6890 106 Yes Yes
708 Oligopeptide ABC transporter, oppB 2830 077 Yes Yes 402
permease
709 Conserved protein 1760 NA Yes NA
755 tRNA modification protein trmE 0130 008 Yes Yes
789 Glucose inhibited division protein A gidA 2530 379 Yes Yes
815 Uracil-DNA glycosylase ung 6150 097 No Yes
816 Methionyl-tRNA formyltransferase fmt 0450 365 Yes Yes Yes
821 Sugar ABC transporter ATP-binding 6190 119 No Yes
protein
822 Sugar ABC transporter permease 6180 120 No Yes
protein
830 DHH family phosphoesterase 6920 190 Yes Yes 830
831 DHH family phosphoesterase 0220 190 No Yes 831
852 Exodeoxyribonuclease V, alpha recD 7820 NA Yes NA
subunit
865 Phosphate transport system pholU NA 409 NA Yes

regulatory protein

“ The number represents the M. arthritidis locus tag of the form Marth_orf#.
> M. pulmonis locus tag, MYPU_#.
¢ M. genitalium locus tag, MG#.

@ Essential genes in M. pulmonis, M. genitalium, and B. subtilis are as reported, respectively, by French et al. (12), Glass et al. (13), and Kobayashi et al. (16).
¢ NA, not available.
/Marth_019 appears to be a fusion of oppF and the valyl tRNA synthetase gene valS. All transposon disruptions were in the oppF portion of the gene.
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rence of unconfirmable transposon insertions but did reduce
them by 50%.

Considering the essential roles of ribosomal proteins S15,

S18, and L15 in most bacteria, the dispensability of these pro-
teins in M. arthritidis is surprising. Although we have knocked
out the S18 gene in M. pulmonis, the S15, S18, and L15 genes
are essential in M. genitalium. It appears that the structure of
the ribosome may differ, perhaps in subtle ways, between spe-
cies of mycoplasma. The ribosomes of other bacteria may ex-
hibit different properties as well because six of the 30S ribo-
somal proteins including S15 are nonessential in Escherichia
coli (1).
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