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ABSTRACT

Although often considered “minimal” organisms, mycoplasmas show a wide range of diversity with respect to host environment, phenotypic traits, and pathogenicity.  Here we report the complete genomic sequence and proteogenomic map for the piscine mycoplasma Mycoplasma mobile, noted for its robust gliding motility.  For the first time, proteomic data are used in the primary annotation of a new genome, providing validation of expression for many of the predicted proteins.  Several novel features were discovered including a long repeating unit of DNA of approximately 2435 base pairs present in 5 complete copies that are shown to code for nearly identical yet uniquely expressed proteins.  M. mobile has among the lowest DNA GC-contents (25%) and most reduced set of tRNAs of any organism yet reported (28).  Numerous instances of tandem duplication as well as lateral gene transfer are evident in the genome.  The multiple available complete genome sequences for other motile and immotile mycoplasmas enabled us to employ comparative genomic and phylogenetic methods to suggest several candidate genes that might be involved in motility.  The results of these analyses leave open the possibility that gliding motility might have arisen independently twice in the mycoplasma lineage.
[Sequence and annotation information is deposited in GenBank under the accession AE017308.]
INTRODUCTION


Often considered the smallest independently self-replicating organisms, the mycoplasmas are wall-less bacteria characterized by small physical dimensions and genome sizes (Razin et al. 1998).  Due to this latter characteristic, they are currently the best represented phylogenetic class (Mollicutes) of organisms to have complete genomic sequences (Barre et al. 2004).  Seemingly having undergone reductive evolution from the Bacillus/Clostridium branch of the Gram-positive eubacteria, mycoplasmas generally have fewer than 1000 genes, perform little de novo synthesis of required precursors, and are obligate commensals or parasites (Dandekar et al. 2002; Maniloff 2002).  Yet the mycoplasmas display a wide range of phenotypic characteristics with regard to pathogenesis, host preference, morphology, and growth requirements (Razin et al. 1998).

M. mobile is one of the flask shaped mycoplasmas (ca. 1 (m ( 0.3 (m) and was originally isolated from a fish, the tench (Tinca tinca) (Kirchhoff and Rosengarten 1984).  It belongs to the M. hominis group of the mycoplasma phylogeneny, which also includes two other sequenced species (M. pulmonis, complete, and M. hyopneumoniae, in progress) (Chambaud et al. 2001; Maniloff 1992; Maniloff 2002).   It is believed to be pathogenic and grows optimally at 20 (C, somewhat lower than most other well-studied mycoplasmas whose optima are around 37 (C, yet its doubling time (~10 hours) is in the range of mycoplasmas with mammalian hosts.  However, M. mobile’s single most defining characteristic is its ability to glide (defined as smooth translocation while in contact with a surface) on glass or plastic at speeds up to 7 (m/s (Rosengarten and Kirchhoff 1987).  It exerts sufficient force to tow an erythrocyte (roughly 1000 times its mass) without substantial loss of gliding speed, and is believed to have its motility apparatus located in the head or neck region of its flask-shaped cell body (Miyata et al. 2002; Miyata and Uenoyama 2002; Rosengarten et al. 1988).  Gliding is not unique to M. mobile among the mycoplasmas, but its locomotion is certainly the most pronounced of species studied thus far (Kirchhoff 1992).  No genes similar to other effectors of cell motility in bacteria (e.g. flagellae, pili) or eukaryotes (e.g. myosin, kinesin, actin) have been revealed in other gliding mycoplasmas’ genome sequences (Chambaud et al. 2001; Fraser et al. 1995; Himmelreich et al. 1996; Papazisi et al. 2003).  It was demonstrated recently that gliding is in an ATP-powered mechanism and that M. mobile contains several large ultrastructural proteins that play a role in surface adhesion (Jaffe et al. 2004b; Uenoyama et al. 2004).   However, little else is known about the genes involved in gliding motility.  Therefore, we thought that it would be useful to know the complete genomic sequence of M. mobile to help elucidate the mechanism of gliding, especially in comparison with the sequences of other mycoplasmas that are either immotile or less motile than M. mobile.

We also sought to employ a new combined genomic/proteomic approach to genome sequencing and annotation called proteogenomic mapping (Jaffe et al. 2004a).  By this method, proteomic data are collected concurrently with primary DNA sequence data, and the two sets are combined to yield an annotation that is informed by knowledge of the proteins that are produced by the organism under study.  This also affords an opportunity to incorporate post-translational modification information into the primary annotation when such events can be found.  Here we report the genomic sequence and proteogenomic map for M. mobile.

RESULTS

Primary genome and proteome features

Our assembly of the complete genome (Fig. 1) consists of a single circular chromosome of 777,079 bp with a GC content of 24.9 mol%, low even among the GC-poor mycoplasmas (range 24-40%).  We have proposed 633 protein coding sequences (CDSs), of which 557 (88%) have been validated as expressed proteins by proteogenomic mapping.  461 of these proteins could be placed into clusters of orthologous groups (COGs) via homology search (Tatusov et al. 2000).  M. mobile contains a single copy each of the 16S-23S-5S ribosomal DNAs.  The 5S rRNA is not located within the 16S-23S rRNA operon, as is the case in M. pulmonis (Chambaud et al. 2001).  Interestingly, it is located approximately 180( away (with respect to the circular chromosome) from the conserved 16S-23S rDNA, suggesting a major genome rearrangement may have taken place about this axis (see Fig 1).  We have found evidence for 28 tRNA genes, the fewest of any organism yet reported (see supplemental tables of RNA and Codon Usage) (Westberg et al. 2004).  We have also located one copy each of the genes for the 4.5S SRP-RNA, the ribonuclease P RNA component, and the tmRNA in the genomic sequence.  No insertion sequences (ISs), transposons, or endogenous plasmids were found in the genome, although presence of these elements has been reported in several other mycoplasma genomes (Papazisi et al. 2003; Sasaki et al. 2002; Westberg et al. 2004).  

We have assigned the origin of replication based on homology to other mycoplasma genomes (Cordova et al. 2002; Lartigue et al. 2003).  The conserved gene order rpmH(dnaA(dnaN is present as is observed in M. pulmonis and several other mycoplasmas.  In this case there also is a copy of the presumed major surface antigen in between rpmH and dnaA (see below).  In following the convention of M. pulmonis, we have numbered as base 1 the first nucleotide after the stop codon of the gene immediately preceding dnaA (Chambaud et al. 2001).  M. mobile lacks any clear dnaA-boxes upstream of the dnaA or dnaN genes, but this is not unusual and also is observed in M. pneumoniae and M. genitalium (Lartigue et al. 2003).  A plot of the cumulative GC-skew (Fig. 1) also suggests that the origin should be localized to the dnaA region, although an extremely GC-poor region (the long repeat region, see below) just after the putative origin somewhat distorts the plot.

Because we were able to collect and analyze proteomic data concurrently with genome sequencing, we have good evidence for many of the proteins that we predict for this genome (Fig. 2, Supplementary Gene Table).  As always with a novel genome, there are a fair number of “unknown” proteins that have no homologs or have dubious functionality based on homology searches, but now with proteomics we have verified that many of them are expressed.  Hence we have adopted a controlled vocabulary in annotating these “unknowns.”  Predicted proteins for which there are no proteomic data are annotated as “hypothetical” or “conserved hypothetical” if there is supporting evidence of homology in other species.  Proteins for which we do have proteomic evidence but little functional information are usually annotated as “expressed protein of unknown function.”  In our annotation scheme, the word “putative” refers only to the presence of a particular functionality, and never to the existence of the protein or not.  Because GenBank does not yet have a facility for integrating proteomic data into genome annotation we have provided a summary of proteomic evidence for each protein in the “note” field of the GenBank annotation, where we specify the number of unique peptides detected for the protein and the percent coverage by amino acid sequence for the protein.  Full proteomic coverage can be viewed interactively at http://www.broad.mit.edu/annotation/microbes/mycoplasma/.

General features of the proteome closely mirrored those in M. pneumoniae (Jaffe et al. 2004a).  As mentioned earlier, at least one peptide was observed for 88% of the predicted coding regions.  Two or more unique peptides were observed for 517 of the ORFs, and on average sequence coverage for those proteins that were detected was > 40%.  Some peptides were observed that were degenerate in sequence to multiple highly similar proteins, such as the lrp proteins (see below), but no protein was identified on the basis of degenerate peptides alone.  Consistent with M. pneumoniae, a greater fraction of “well-annotated” proteins were detected than “poorly-annotated” ones.  We used the COG functional category classification where possible in deciding whether a gene was “well-annotated” or not, although 172 genes were manually assigned COG functional categories for purposes of this analysis.  Poorly-annotated proteins were considered to be any protein automatically assigned to COG category R (general functional prediction only) or S (unknown function), or those proteins that were unmatched to COGs but were manually assigned these designations based on the lack of homologous proteins with any assigned function.  The remaining proteins were considered to be well-annotated, having COGs or relatively clear functional predictions assigned to them.  
We detected 94% of well-annotated proteins but only 76% of poorly annotated proteins.  This suggests that there are probably some gene calls made in our annotation that do not represent bona fide genes.  We considered throwing out all gene calls without proteomic evidence but chose to err on the side of inclusiveness for several reasons.  First, there are some proteins that are likely to be present in the cell (such as the RNAse P protein component) that were not detected by proteomics.  In our previous study on M. pneumoniae this protein was identified but only by a single peptide covering 8.5% of the protein sequence.  Low coverage can be an indicator of low protein abundance.  Another reason for failing to detect a protein or having low protein coverage can relate to difficulty in solublizing a particular class of protein.  We failed to detect several proteins annotated as ABC permease components and transport proteins that are often associated with the membrane, a class of protein that has been historically troublesome to detect, but we are hesitant to throw out these gene calls.  
Several other “named” genes were not detected by proteomics.  As with M. pneumoniae, the Holliday-junction helicases ruvA and ruvB were not detected.  One copy of RNAse H II was not detected, but a second copy was, so its functionality is clearly present.  As well, M. mobile’s copy of ribosomal protein L36 (rpmJ) was not detected, but this particular gene has a suspicious phylogeny despite its conserved gene order with M. pulmonis and M. pneumoniae (see below).  The rpmJ protein was detected in M. pneumoniae, but this protein is extremely small and missing it could have simply been an unlucky happenstance.  Curiously, ATP synthase subunit C (atpE) was not detected although its presence in vivo is assumed.
We search for possible phosphorylation (on serine, threonine, or tyrosine), methylation (on lysine, aspartic acid, or glutamic acid), and acetylation (on lysine) of proteins by varying our SEQUEST search strategy accordingly.  We did not detect any convincing post-translational modifications by proteomics, although the data may be reanalyzed more thoroughly at a later date.  This is in contrast to M. pneumoniae in which we detected phosphorylation of the HPr phosphocarrier protein using similar methods (Jaffe et al. 2004a).  Other aspects of the proteomic experiments carry through the rest of the analysis of the genome. 
Functional analysis and metabolism
A functional analysis of the proteins present in M. mobile is shown in Table 1.  The basic breakdown of proteins into functional categories is similar to other mycoplasmas, with an emphasis on transport of compounds and protein synthesis (Westberg et al. 2004).  As is typical of a newly sequenced genome, 1/4 to 1/3 of all proteins are without a well-annotated function.  An additional phylogenetic breakdown of gene lineages is shown in Table 2, which highlights that 109 new proteins appear unique to M. mobile.

The genome encodes numerous transporters with a wide range of substrates and possesses some additional transporters of unknown specificity.  Both ATPase Binding Cassette (ABC) and Phosphoenolpyruvate-dependent  System (PTS) transporters are represented.  It appears that M. mobile should be able to transport and metabolize glucose, sucrose, fructose, maltose/maltodextrin, xylose, and trehalose as energy sources.  This has been shown experimentally for glucose and sucrose (Jaffe et al. 2004b).  Glycerol should also be able to be used as an energy source, but no specific transporter for glycerol was found.  The presence of mannose-6-phosphate isomerase (manA) suggests that mannose may also be metabolized, as is suggested elsewhere (Pollack 2002).  As is common to other mycoplasmas, M. mobile should be able to produce and utilize glycogen and starches.  


Fermentation of sugars appears to be the only method of ATP production in M. mobile.  A complete glycolysis pathway is present that terminates in the formation of lactate.  Most of the non-oxidative branch of the pentose phosphate pathway is present except for the reaction normally carried out by transaldolase.  This is similar to the situation in M. mycoides and other mycoplasmas, and presumably this function is carried out by an as yet unrecognized protein (Pollack 2002; Westberg et al. 2004).  No portion of the citric acid cycle is present in M. mobile.  The major toxic products from central metabolism are protons that would acidify the interior of the cell.  These are presumably pumped out by the F0F1-ATPase.


Other ionic homeostases are achieved through a variety of transporters.  Phosphate, formate/nitrite, and cobalt transporters are specifically observed, as well as the Na+/Ca++ antiporter ecm27 and the K+/Na+ symporter ktrAB.  We also note the presence of mscL, the large conductance mechanosensitive channel for response to osmotic stress (Sukharev et al. 1994).  The maintenance of a protonmotive force across the membrane of M. mobile has been documented elsewhere and is presumably achieved through these genes in combination with the F0F1-ATPase and possibly other contributing proteins that have not yet been identified (Jaffe et al. 2004b; Schiefer and Schummer 1982; Schummer and Schiefer 1983).

As with other mycoplasmas, de novo amino acid and nucleotide synthesis is lacking in M. mobile (Pollack 2002).  It is presumed that amino acids are obtained by ABC-type oligopeptide transporters followed by proteolytic degradation of the peptides.  Extensive nucleotide salvage pathways are also present including the conversion of ribonucleotides to deoxyribonucleotides by nrdA.  Only a few partial biochemical pathways novel to the mycoplasmas are present in M. mobile.  One step in cobalamin (vitamin B12) synthesis is present, as is one step in biotin biosynthesis.  This latter reaction is almost certainly the result of lateral gene transfer (see below).  Partial pathways for phospholipid biosynthesis, riboflavin/FAD/FMN synthesis, formyl-THF biosynthesis, (deoxy)ribose phosphate utilization, pantothenate and fatty acid biosynthesis, and UDP-glucose interconversion are also detected.


A variety of DNA restriction/modification system enzymes are detected in M. mobile.  This may account for their recalcitrance to genetic manipulation via transposon mutagenesis (J. Jaffe, unpublished data, and M. Miyata, personal communication) even though it is a popular mutagenesis technique in other mycoplasma species.  A similar obstacle was overcome in M. arthritidis by utilizing an appropriate DNA modification enzyme to circumvent that species’ endogenous restriction enzymes (Voelker and Dybvig 1996).  It is assumed that these systems are active, since many of them are expressed at the protein level as verified by proteomics.
Long repeat region
The genome contains a novel feature for bacteria that made assembly of the genome difficult.  An integral unit of ~2435 bp is repeated 5 times within a short span of genome sequence from coordinates 24799 to 38314 that range from 94%-97% sequence identity at the DNA level (Fig. 3).  The 5 repeats are interrupted by one abortive/divergent instance of the repeat unit after the initial repeat (from 5’(3’), where a new repeat begins but diverges into unrelated sequence after ~430 nucleotides.  The divergent sequence persists for about 900 more nucleotides before a new instance or the repeat begins.  Then there are 4 tandem repeats of the repeating sequence.  We have demonstrated via proteomics that these repeats code for proteins that are expressed, and have named them lrpA-lrpE (for long repeat protein), with lrpAbor signifying the putative coding region of abortive instance of the repeat, which may not be expressed.  Moreover, slight coding differences at the protein level have allowed us to conclude that each of the 5 repeat proteins is uniquely expressed – i.e. 5 slightly different isoforms of the same protein are present in the cell all at once (see Fig 3, colored boxes).  BLAST searches did not yield any homologs to the lrps in other organisms (Altschul et al. 1997).  Other sequence/motif analysis tools (e.g., PROSITEScan, TMPRED) similarly yield little information about these proteins (Hofmann and Stoffel 1993; Sigrist et al. 2002).  They appear to be globular cytoplasmic proteins and the degree of proteomics sequence coverage suggests that they are as abundant as the average M. mobile protein in the cell.
The meaning of these repeated sequences is unclear.  Because of the orientation and the site of the truncation of the abortive repeat, it appears that the repeats are generated from 5’ to 3’ on the plus strand, possibly by polymerase slippage during replication or by replication stalling with subsequent upstream repriming by the leading strand.  Yet the proteins that these sequences encode are transcribed from the minus strand of the genome.  At around 20 mol%, this region of the genome is also even lower in GC-content than the rest of the genome.  Southern blot experiments (not shown) indicate that the number of repeats is stable over several passages in culture in a population.  Only a single 14.9 kbp band was visualized when a BbvI restriction digest designed to cut around the repeat region was probed with a sequence targeted to all of the repeat regions.  Coincidentally, these experiments allowed us to fix the number of full repeats in the genome at 5 and complete its assembly.  This finding indicates that either homologous recombination that would occur in “looping out” of the repeats occurs at only a low level in M. mobile or that this region is somehow protected from that type of recombination.  M. mobile should be capable of homologous recombination, as it possess and expresses the recA gene (Cassuto et al. 1980).  If these repeats were generated by simple duplication, it might have been a relatively recent event in the evolution of M. mobile.  Alternatively, recombination-based DNA repair might be employed to keep the sequences from diverging very much.  We also note the proximity of this sequence to the putative origin of replication (only 24799 bases from base 1), but can only speculate that it may be somehow involved in replication.
Putative major surface antigen

M. mobile also contains a more familiar set of repetitive elements, namely a presumed variable surface antigen.  There are 16 copies of the element throughout the genome (marked as a special element in Fig. 2), which have been named mvspA through mvspP (for mobile variable surface protein).  11 copies (mvspB through mvspL) are located in a tight cluster from bases 398037 to 430685, with only a few intervening genes (see Fig. 2).  Another small cluster (mvspM through mvspO) is located from bases 746365 to 750245.  Every copy is oriented on the minus strand of the genome except for mvspA and mvspP.  They range in size from 105 amino acids for msvpG to 2002 amino acids for msvpI.  The mvsp proteins contain predicted transmembrane helices, and some have an additional lipoprotein attachment motif as defined in PROSITE (Sigrist et al. 2002).  The mvsps are basically unique to M. mobile, although two homologs are detected in M. pulmonis by BLAST search (mvspB is most similar to gi|15829140 (31% identity over a 207 amino acid stretch), and mvspE is most similar to gi|15828908 (23% identity over a 478 amino acid stretch).  The mvsp proteins are quasi-repetitive and can often be aligned to each other in multiple registers.  The peptide motif NGVxFxL (where x represents one of multiple possible amino acids) seems to repeats multiple times in the various mvsp copies.

Many mycoplasmas have a major antigenic protein of which there are multiple copies with variable sequences present in the genome, one of which is expressed at a given time.  For example, M. pulmonis has the vsa proteins and M. pneumoniae has the P1 protein present many times each in the genome (Chambaud et al. 2001; Himmelreich et al. 1996).  In the case of M. pulmonis, a promoter sequence is moved from copy to copy of vsa to effect antigenic switching (Bhugra et al. 1995; Shen et al. 2000).  In M. pneumoniae, it is believed that homologous recombination transfers different variants of the P1 gene into an actively transcribed locus (Kenri et al. 1999).  The net effect is that only one variant of the surface antigen is expressed at a time, and thus switching the variant from time to time can help to evade the host’s immune system.  This is not the case for the msvp proteins of M. mobile.  We have proteomic evidence that almost all of the msvp proteins are concurrently expressed in a culture, thus providing no opportunity for discrimination by the host or evading its immune system.  This observation may in fact be an artifact of the organism being maintained in culture, but the other mycoplasmas discussed earlier do not seem to lose the ability to suppress the multiple copies of their major antigen after extended periods of culture.

Other genes present in multiple copies

63 genes (~10% of the total) are present in tandem, multiple, operonic, or near-tandem duplications (this includes the lrp and mvsp clusters, see Table 3).  This rate is somewhat higher than in M. pulmonis (M. mobile’s closest fully sequenced relative), which has only 54 of its 782 genes (~7%) present in regions that appear to have arisen from duplication (including the vsa genes) (Chambaud et al. 2001).  Interestingly, these two genomes share only 3 pairs of duplicated genes.  Each organism has a pair of cbiO (cobalt transporter), mldB (multidrug/protein/lipid transporter), and COG0595-like genes (predicted hydrolase of the metallo-beta-lactamase superfamily) in close proximity to each other.  For the first two pairs, they are tandem duplications in both organisms; for the final pair it is a tandem duplication in M. pulmonis but two genes have been inserted between the M. mobile copies.  This suggests that these particular duplications are ancient in the mycoplasma lineage.  Indeed M. penetrans and M. pneumoniae share the tandem duplications of cbiO and mldB in their genomes (Sasaki et al. 2002).  Overall, the pattern of tandem duplications suggests a mechanism of rapid differentiation among the mycoplasmas.  Based on phylogenetic tree branch lengths and calculated mutation rates of 16S rDNA of the mycoplasmas, M. pulmonis and M. mobile probably shared the last common ancestor (LCA) ~190 million years ago (mya) (Maniloff 2002).  It seems that both organisms have an affinity for tandem duplications in the genome but the targets for such events were random.  This affinity for tandem duplication may also suggest a mechanism for generation of the lrp cluster.

Several other duplications of note are present in the M. mobile genome.  There are 3 copies of manB scattered throughout the genome as opposed to 1 in M. pulmonis.  There are also multiple copies of ATP synthase ( and ( subunits located outside the main ATP synthase cluster.  This feature is shared in common with M. pulmonis and other mycoplasmas.  Again, our proteomics data show that each copy of ATP synthase ( and ( is uniquely expressed based on detected variations at the coding level of the multiple paralogs.  The genome segment containing MMOB0970 and MMOB0980 appears to have been duplicated at MMOB5690 and MMOB5700.  As well, the tandem duplication of MMOB0190 and MMOB0200 is repeated at MMOB6040 and MMOB6050 – a strange example of a non-tandem duplication of a tandem duplication.
Potential motility genes
Although several genomes from motile mycoplasmas have been sequenced, no genes specifically involved in the force-generation mechanism of gliding have been revealed (Chambaud et al. 2001; Fraser et al. 1995; Himmelreich et al. 1996; Papazisi et al. 2003).  Moreover, no homologs of genes traditionally involved in cell motility have been detected in these genomes, and that trend continues with M. mobile.  No genes similar to bacterial flagella or pili or eukaryotic actin, myosin, tubulin, kinesin, or dynein were detected in the M. mobile genome.

Some groundwork has already been done in the search for motility genes.  M. mobile mutants with an altered gliding phenotype have been isolated, and several proteins important for substrate adhesion (a prerequisite for motility) have been recognized (Miyata et al. 2000).  The proteins P123 (MMOB1020), Gli349 (gliA), and Gli521 (gliB), reside together in an operon and have been shown to mediate glass binding and hemadsorption in M. mobile (Uenoyama et al. 2004).  Gli349 and Gli521 are the two largest proteins coded by the genome and their coding sequence accounts for over 3% of the genome as a whole (the average gene accounts for 0.16%).  Interestingly, we did not detect any paralogs or fragments of these proteins elsewhere in the genome, although these proteins are so huge that spurious paralogs will be detected if composition-based BLAST statistics are not used (Schaffer et al. 2001).  This is contrast to the major cytadhesin of M. pneumoniae (P1) that is present in numerous copies in that organism’s genome (Himmelreich et al. 1996).  It has also recently been demonstrated that motility in M. mobile is powered by ATP hydrolysis, and therefore any proteins with ATPase functionality might be interesting as motility gene candidates (Jaffe et al. 2004b).
As there are now several motile and immotile mycoplasmas that have had their genomes sequenced, we attempted a comparative genomic analysis to search for potential motility proteins.  We searched for several patterns that might indicate a gene’s relevance for motility.  According to the literature, M. pneumoniae, M. pulmonis, M. genitalium, and M. gallisepticum all possess the ability to locomote, although the latter appears to do so extremely slowly (Kirchhoff 1992).  At the time of this writing, we also had available annotated genome sequences for the immotile mycoplasmas M. mycoides mycoides SC, Ureaplasma parvum (formerly U. urealyticum), Mesoplasma florum, and M. penetrans (Glass et al. 2000; Sasaki et al. 2002; Westberg et al. 2004) (Me. florum courtesy of Tom Knight and Nicole Stange-Thomann).  Although M. penetrans is not reported to be motile, it is able to invade a host cell by an unknown mechanism and is phylogenetically close to M. pneumoniae and M. genitalium (Lo et al. 1993; Maniloff 2002).  Therefore it is possible that this organism might be motile or have a functionality similar to locomotion, and we kept this in mind during our analysis.
We performed BLAST searches against the non-redundant database of proteins (plus Me. florum proteins) as of March 5, 2004, and identified orthologs of M. mobile genes present in other fully sequenced mycoplasmas with E-values of 1(10-3 or less.  The simplest case would be to find M. mobile genes that are present only in the motile mycoplasmas and absent from the immotile ones, as defined above.  Unfortunately, no genes met these criteria.  If we relaxed the criteria by allowing M. penetrans to count as a motile mycoplasma, two genes are identified.  One is acpS, the holo acyl protein carrier synthase, and is unlikely to be involved in motility.  The second gene is MMOB4550, an expressed protein of unknown function.  This gene has homologs widely distributed throughout the eubacteria and therefore is also unlikely to confer any function specific to gliding motility.  Other permutations of reasonably changing the category of selected species (such as counting M. gallisepticum as immotile) did not identify any potential motility genes.  If we further relaxed the criteria by counting M. penetrans as motile and M. gallisepticum as immotile, one gene is identified (coaE), a hypothetical dephospho-CoA kinase that is also widely distributed among eubacteria and probably not a motility gene candidate.  From these results we conclude that this simple “present/absent” model is insufficient to identify motility genes in M. mobile.
We then reanalyzed the data under the premise that ancestral motility genes might be present throughout the mycoplasmas but mutation might have specifically inactivated them in the immotile ones.  Since we hold M. mobile as the paradigmatic motile mycoplasma, we attempted to look for M. mobile genes that were phylogenetically clustered with genes from the other motile mycoplasmas and more divergent from their orthologs in the immotile species.  We used a rudimentary form of nearest-neighbor clustering the termed the “Group Phylogenetic Bias” (see Methods for details).  In this case, the two groups considered are the Motile Group and the Immotile Group, as defined above.  We used the BLAST E-value as a surrogate for phylogenetic distance of each M. mobile gene to orthologs in the other mycoplasma species discussed above (i.e., a lower E-value implies a closer phylogenetic relationship).  Table 4 shows the high scoring Motile Group Phylogenetic Bias genes.  Several interesting candidates are identified by this method.  

The second highest-scoring protein is secDF, part of the protein secretion apparatus.  This is notable because it is likely to be localized to the membrane in the cell and, in combination with secA and secY, hydrolyzes ATP to translocate proteins across the membrane.  One hypothesis might be that M. mobile has a specialized sec system that effects motility rather than secretes proteins.  However, the only other member of the Motile Group to have secDF is M. pulmonis, which means that a specialized sec system would not be a universal effector of motility in the mycoplasmas.  Those in the M. pneumoniae branch would require a separate mechanism.  A specialized sec system might also indicate that protein extrusion plays a role in motility, analogous to the slime extrusion hypothesis for some cyanobacteria (Hoiczyk and Baumeister 1998).

Another interesting candidate is MMOB2040, which is annotated as an unspecified permease of the major facilitator superfamily.  Again, this would be a membrane protein that would have the capability of ATP hydrolysis when coupled to other permease subunits.  In contrast to secDF, this protein is found in the motile mycoplasmas M. genitalium, M. pneumoniae, and M. pulmonis and the immotile species M. penetrans and M. mycoides.  Because its permease specificity is ambiguous based on homology to other transporters, one can again imagine that its activity might be altered to provide a motility function.
Yet another noteworthy gene is the mgpA gene.  This gene was originally identified as a major antigen and cytadhesin in M. genitalium, but every sequenced mycoplasma genome so far has revealed an ortholog (Hu et al. 1987).  Given its preexisting association with surface adhesion, a prerequisite for gliding motility, we found it interesting that the sequence of this protein was more conserved among the motile mycoplasmas.  In a multiple sequence alignment of mgpA genes from all 9 sequenced mycoplasmas, those sequences from the motile mycoplasmas clustered together.  This result lends further support for mgpA as a motility-associated gene.  mgpA belongs to the DHH family (named after a characteristic amino acid sequence motif) of predicted phosphoesterases (with polyphosphatase activity), which includes processive enzymes like DnaJ (Sutera et al. 1999).  Could this protein be used to generate force required for motility?  DHH family phosphoesterases are not known to utilize ATP, but ATP might be used to build a polyphosphate substrate that is subsequently hydrolyzed by mgpA during force generation.
We attempted one other approach to search for motility genes in the mycoplasmas, which we term the “required core set” hypothesis.  If the mechanism of motility is the same among the motile mycoplasmas, then they should all contain a core set of genes that potentiates motility.  The immotile mycoplasmas might or have one or more members of the core set, but not all of them.  There are 52 genes shared by all the motile mycoplasmas where at least one of the immotile species lacks it.  This list was then reduced by eliminating any genes that had an obvious functional assignment that seemed unlikely to contribute to motility.  The remaining set of 12 genes is shown in Table 5, and fulfills the requirement that each of the immotile mycoplasmas could have one or more but not the complete set of these genes.  It might be relatively easy to test the hypothesis that any one of these genes is required for motility by obtaining a suitable deletion in any of the mycoplasmas with amenable genetic tools, or conversely by adding back the putatively required components to any one of the immotile mycoplasmas by similar means.   We note that another mgpA homolog is suggested by this method, further implicating it in motility.
Lateral gene transfer and atypical gene phylogeny

M. mobile contains 35 genes that have homologs outside of the mycoplasmas but none within them (see Table 6).  These may be genes remaining from the last common Gram-positive ancestor (LCA) of the mycoplasmas before the onset of reductive evolution or they may be genes inserted into M. mobile by lateral transfer.  Of the 35 genes, 22 have a clear Gram-positive ancestry, so they may be vestiges of the LCA.  However, for two of them, bioF (MMOB5780) and wcaG (MMOB5790), sequence similarity to the closest Gram-positive is too good to represent a divergent copy of the gene after reductive evolution.  These genes have each have 84% conserved residues (69% identity) over their entire sequence length to their ortholog in Enterococcus faecium (average hits to E. faecium are 45  ± 16% conserved, 28 ± 12% identical), and are adjacent in genomic sequence just as they are presumed to be in E. faecium (GenBank accessions gi|22992057 and gi|22992058).  Given the promiscuous conjugative nature of the Enterococci it is likely that these genes have been transferred to M. mobile via a direct encounter between the two organisms (Ruffin et al. 2000).

Another convincing example of lateral gene transfer is the gene cluster consisting of MMOB0940 and MMOB0950.  Both of these genes have orthologs in Helicobacter pylori, a member of the (-proteobacteria, although they do not appear as adjacent genes in H. pylori.  They may be derived from an as yet unsequenced Helicobacter species in which this gene order is present.  As well, the latter gene is annotated as a DNA or RNA methylase whose closest BLAST hit is to a virus of Chlorella, a green algae.  The homology to a viral gene may suggest a mechanism of transfer from one species to another.  
Other candidates for lateral gene transfer and genes with atypical phylogenies are shown in Table 6.  One particularly interesting instance is a gene (MMOB5030) whose closest homolog is found in a Pirellula species, a marine bacterium.  This may reflect an environmental opportunity of M. mobile to acquire new genes based on its natural aquatic habitat.  Another gene’s (MMOB5990) closest homolog is found in an archaeon, Ferroplasma acidarmanus.

DISCUSSION


The mycoplasmas are the most deeply sequenced genus to date.  Here, we add not only the genome but also the proteome of M. mobile.  When sequencing a new genome, many new and unexpected coding sequences are discovered.  It is useful to be able to attribute these to real protein products at the outset of annotation rather than afterwards.  Although we did not keep an official tally, we discovered several genes only through proteomics and not through other gene calling methods.  The majority of these genes were small which suggests a reason that they may have been missed by gene calling programs.  One example is an expressed ORF of 40 amino acids located between the genes atpG and atpA in the ATP synthase operon.  In light of our proteomic results, we have used a controlled vocabulary and added notes to our GenBank annotation to indicate which coding sequences are validated as expressed at the protein level.  M. mobile now stands as the organism with the greatest degree of proteomic coverage (88% of all predicted genes, 40% average sequence coverage of those detected) of any organism to date.  This represents a new standard in genome sequencing and annotation, and hopefully will encourage future microbial genome consortia to include proteomics as an integral part of their efforts.

The importance of proteomics is also demonstrated in the detection of the multiple unique isoforms of the lrp proteins.  Even with coding identities above 90%, proteomic techniques can make useful distinctions when the data sets are sufficiently comprehensive.  Proteomics also helped to establish that multiple isoforms of the putative major surface antigen are simultaneously expressed, a key difference from other mycoplasma species studied so far.  We were disappointed not to detect any post-translational modifications of proteins, but one advantage of proteomic data sets is that they can be augmented by exploring different environmental conditions for cell growth or targeted experiments designed to capture various protein classes at a later date (Ficarro et al. 2002).  The current data as well as proteogenomic and metabolic model updates will be available at http://www.broad.mit.edu/annotation/microbes/mycoplasma/ and http://arep.med.harvard.edu/mycoplasma/.  

We hoped that the abundance of genomic sequences for both motile and immotile mycoplasmas would shed light on the protein components involved in motility in the mycoplasmas.  However, no obvious pattern of genes was detected that separated the motile and the immotile groups.  We used two strategies to suggest candidate genes that may be involved in motility.  First, we looked for a phylogenetic bias towards the M. mobile ortholog of a gene in the motile mycoplasmas and against it in the immotile species (the Group Phylogenetic Bias).  Second, we looked for a minimal set of genes that were all present in the motile mycoplasmas but had one or more members missing in each of the immotile mycoplasmas (the Required Core Set).  Using these methods, we have suggested several genes that might be involved in motility in the mycoplasmas.  We hope that these predictions can be tested experimentally in the future.  To that end, genomic sequencing has now revealed several DNA restriction/modification systems that might aid in the development of genetics tools for M. mobile.
However, given the difficulty thus far of identifying motility genes by comparative genomic methods, we must raise the question of whether gliding motility was a common feature in an ancestral mycoplasma or if it arose more than once in the mycoplasma phylogeny.  The motile mycoplasmas fall distinctly in two branches of the phylogeny (Fig. 4) (Maniloff 2002).  The first group of M. mobile and M. pulmonis (LCA ~190 mya) falls roughly into the M. hominis cluster, while the members of the second group of M. genitalium, M. pneumoniae, and M. gallisepticum (LCA ~90 mya) are close relatives in the M. pneumoniae cluster.  The LCA of the first and second groups was probably over 400 mya.  It is surprising that motility has not been observed in other members of each cluster.  This might be due to lack of adequate observation of other species, selective pressure to lose the motility apparatus from the genome, or relatively recent independent development of motility in the two phylogenetic branches that contain motile species.  Phenotypic differences support the latter hypothesis.  For instance, both M. mobile and M. pulmonis glide continuously with little or no pausing during motility (Bredt and Radestock 1977; Rosengarten and Kirchhoff 1987).  M. pneumoniae gliding is characterized by short bursts of motility followed by long periods of stationary adhesion to glass (Radestock and Bredt 1977).  In fact, M. pneumoniae gliding is most readily observed during cytokinesis, and it has been hypothesized elsewhere that motility might play a role in this process (Bredt 1968; Miyata 2002).  Here, the genetic evidence also seems to indicate wide enough differences in motility genes between the motile species in the two branches that it must be seriously considered that gliding motility has evolved twice independently in the mycoplasmas.
While the search for motility genes is ongoing, we did discover a surprising and novel proteogenomic element in M. mobile that is unprecedented in other bacteria.  The long repeat region initially complicated the assembly of this genomic sequence, and we were surprised that the repeats in fact code for highly similar yet uniquely expressed proteins.  Deciphering the function of these repeats and their proteins should prove an interesting challenge for the future.  This discovery underscores the reality that there are no “simple genomes” and demonstrates the value of continuing to sequence the genomes of even the smallest organisms. 

METHODS

Growth conditions, DNA isolation, and protein isolation

M. mobile 163K (ATCC 43663) was kindly provided by Dr. Makoto Miyata.  Cultures of M. mobile were grown in 150 mL plastic flasks without shaking in Aluotto medium at 22 (C (Aluotto et al. 1970).  For DNA sequencing, cultures were grown to OD600 0.15, and DNA was extracted using the Qiagen Genomic Tip system (Qiagen, Valencia CA).  Average size of the isolated DNA was 50 kb as determined by pulse-field gel electrophoresis (PFGE).  For protein extracts, cultures were grown to OD600 0.075 and treated as described (Jaffe et al. 2004a).
DNA Sequencing, assembly and finishing

The M. mobile 163K genome sequence was determined by using a whole genome shotgun sequencing approach.  Random small and large insert plasmid libraries (2 kb, 4 kb, 6 kb, 8 kb and 10 kb inserts) were constructed as described in http://www.broad.mit.edu/annotation/microbes/mycoplasma/.

Sequence reads were derived from both ends of the inserts to generate paired-end reads as previously described (Lander et al. 2001; Waterston et al. 2002).  Assemblies were generated with a variety of combinations of read types and assembly parameters using the ARACHNE software package (Batzoglou et al. 2002; Jaffe et al. 2003), and the optimal assembly was selected for finishing. 

The optimal assembly was generated with a total of 16,376 reads derived from the 2 kb, 4 kb, 6 kb, 8 kb and 10 kb inserts and yielded 12-fold sequence coverage of the M. mobile genome with a PHRED quality score of >20.  After this assembly, there were 10 gaps spanned by plasmid clones and 8 unspanned gaps.  To supplement regions of low coverage and to obtain sequence for the unspanned gaps, additional paired-end reads from all 5 plasmid libraries were incorporated into the genome assembly.  A combination of standard finishing methods including transposon-mediated sequencing and PCR were applied to close gaps and to resolve regions of low sequence quality as described previously (Galagan et al. 2002).  The finished M. mobile genome assembly was validated by PCR, PFGE of genomic DNA singly digested with the restriction enzymes AvrII, BamHI, BsmBI and BstEII (New England Biolabs, Beverly, MA), and by comparison of virtual restriction enzyme digests (ApaI, BamHI, MluI and NruI) of the assembly to a previously generated physical map of the Mycoplasma mobile genome (Bautsch 1988).

Proteogenomic mapping

Proteogenomic mapping by mass spectrometry was performed as previously described (Jaffe et al. 2004a), with the following modifications.  For these experiments, two complete biological repeats of the proteogenomic mapping protocol were performed (i.e., two separate cultures were extracted for protein and processed).  For each repeat, 1 mg of total cell protein was fractionated by strong cation exchange chromatography (SCX).  LCQ DecaXP Plus mass spectrometers (ThermoFinnigan, San Jose CA) configured for nano-electrospray ionization were used to collect tandem mass spectra from subsequent reversed phase separations of each of 80 SCX fractions in each repeat.  These spectra were searched via SEQUEST-PVM using 61 processors of a computing cluster against a 6-frame in silico translation of the primary DNA sequence determined for M. mobile (Sadygov et al. 2002).  Results from the two repeats were pooled to form a final proteogenomic map.
Annotation and analysis

Automated gene prediction of the M. mobile genome was performed using the Calhoun annotation system developed at the Broad Institute (J. Gallagan, in preparation).  Subsequently, proteogenomic information was incorporated into the annotation to validate the expression of the predicted proteins where possible.  Several new open reading frames (ORFs) that had proteomic evidence but were not identified in the initial round of automated annotation were added at this stage.  Start codon differences between the proteomic and sequenced-based models for ORFs were resolved with the aid of RBSFINDER and multiple sequence alignments from orthologous genes when possible (Suzek et al. 2001).  Every ORF was then Gapped-BLAST searched against the non-redundant database of protein sequences available at NCBI using a cutoff E-value of 0.001 and sequence composition-based statistics (Altschul et al. 1997; Schaffer et al. 2001).  RPS-BLAST searches against the COG database were additionally employed to assign COGs to the proteins where possible (Marchler-Bauer et al. 2003; Tatusov et al. 2000).  E.C. numbers were assigned where applicable by comparison of the proteins to the KEGG database (Ogata et al. 1999).  Results were inspected manually and final protein annotations were selected.  Multiple alignments (when necessary) were performed with CLUSTALX (Thompson et al. 1997).  A controlled vocabulary was employed to reflect the degree of certainty about a predicted open reading frame with unknown function (see Results).
tRNA genes were detected by the tRNAscan-SE program (Lowe and Eddy 1997).  rRNA genes were detected by homology search using BLASTN and other tools (Altschul et al. 1997; Wuyts et al. 2004).  tmRNA, 4.5S SRP-RNA, and RNAse P RNA sequences were also detected via homology search and subsequent comparison to known secondary structure features of these molecules (Brown 1999; Laslett et al. 2002).  

BIOPERL was used in parsing of homology search results and generation of some figures for this paper (Stajich et al. 2002).  PATHWAY TOOLS and METACYC were used to automatically generate and visualize a metabolic network map from the annotation that was subsequently refined manually (Karp et al. 2002; Krieger et al. 2004).  Annotation details, analysis results and the complete genome sequence are available at http://www.broad.mit.edu/annotation/microbes/mycoplasma/.
Phylogenetic-distance search for motility genes

A matrix was constructed where each row represented one M. mobile gene and each column was assigned to one of the fully sequenced mycoplasmas. This matrix was filled with the base-10 logarithm of the E-values obtained in the search described above where hits were obtained.  For each gene, the average of these log-transformed E-values was taken for orthologs found in motile and immotile species.  The average from the motile orthologs was subtracted from the average of the immotile orthologs to yield a surrogate phylogenetic distance score such that genes more highly conserved among the motile mycoplasmas would have a positive score (note that the BLAST E-values all had negative exponents with the stringency criteria that we employed).  This score is termed the Motile Group Phylogenetic Bias.  The scores were approximately normally distributed around an average of 4.07 with a standard deviation of 12.9.  We then identified genes > 2 (95% confidence) standard deviations above the mean as candidates for motility genes.
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FIGURE LEGENDS

Figure 1.  Circular Genome Plot.  Ring definitions, from outermost to innermost: predicted proteins colored by reading frame  on the plus strand (red, green, blue are forward frames);  predicted proteins colored by reading frame  on the minus strand (cyan, magenta, and yellow are reverse frames); RNA coding features (red: tRNAs, blue: rRNAs, magenta: RNAse P RNA, green: tmRNA, cyan: 4.5S SRP RNA); GC content (calculated using a 5000 bp window sliding 100 bases at a time, see plot for range, height of trace proportional to deviation from 25% GC); Cumulative GC-skew (calculated using a 5000 bp window sliding 100 bases at a time, see plot for range, height of trace proportional to deviation from 0) as in (Grigoriev 1998).
Figure 2.  Genome Features and Proteogenomic Map.  First row: genome ruler.  Second Row: special genome features including tRNAs (orange), msvp genes (blue), and other features labeled on the figure.  Third row: Coding DNA Sequences (CDS), color coded by COG categories automatically assigned for proteins in COGs, or manually assigned as necessary (color key in lower right corner).  CDS not validated by proteomics are marked by a *.  Fourth row: proteogenomic map showing detected peptides covering the predicted proteins color coded by reading frame, as in Fig. 1.
Figure 3.  Long Repeat Region.  Top: high resolution view of the “long repeat region” of the M. mobile genome showing repeat arrangement and the lrp genes.  Bottom: multiple sequence alignment of the lrp proteins showing all peptides detected by proteogenomic mapping (bold italic sequence) and those peptides that help to establish unique expression of that particular lrp protein (highlighted in color).  Multiple alignments performed with CLUSTALX (Thompson et al. 1997). 
Figure 4. 16S rRNA Phylogeny of Sequenced Mycoplasmas.  Motile species are shown in bold.  The Onion Yellows Phytoplasma is omitted because it was not used in the comparative genomics analysis targeted towards motility genes.  Scale bar represents substitutions per site.
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