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Abstract

Phytoplasmas and mycoplasmas are two groups of important pathogens in the bacterial class Mollicutes. Because of their
economical and clinical importance, these obligate pathogens have attracted much research attention. However, difficulties
involved in the empirical study of these bacteria, particularly the fact that phytoplasmas have not yet been successfully
cultivated outside of their hosts despite decades of attempts, have greatly hampered research progress. With the rapid
advancements in genome sequencing, comparative genome analysis provides a new approach to facilitate our
understanding of these bacteria. In this study, our main focus is to investigate the evolution of gene content in
phytoplasmas, mycoplasmas, and their common ancestor. By using a phylogenetic framework for comparative analysis of
12 complete genome sequences, we characterized the putative gains and losses of genes in these obligate parasites. Our
results demonstrated that the degradation of metabolic capacities in these bacteria has occurred predominantly in the
common ancestor of Mollicutes, prior to the evolutionary split of phytoplasmas and mycoplasmas. Furthermore, we
identified a list of genes that are acquired by the common ancestor of phytoplasmas and are conserved across all strains
with complete genome sequences available. These genes include several putative effectors for the interactions with hosts
and may be good candidates for future functional characterization.
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Introduction

Phytoplasmas and mycoplasmas are two groups of important

pathogenic bacteria in the class Mollicutes [1–5]. Recent large-

scale phylogenetic studies using available genome sequences

suggested that Mollicutes form a monophyletic clade and are

closely related to lineages in the phylum Firmicutes, such as Bacilli

and Clostridia [6,7]. Compared to these related lineages that

maintain a free-living lifestyle, the parasitic phytoplasmas and

mycoplasmas all have highly reduced genomes and limited

metabolic capacities. For example, the tricarboxylic acid cycle,

oxidative phosphorylation, nucleotide biosynthesis, fatty acids

biosynthesis, and the biosynthesis of most amino acids all appear

to have been disrupted in these bacteria [8–15].

However, despite the close evolutionary relationship and the

similarities in their parasitic lifestyles, phytoplasmas and myco-

plasmas differ in several aspects. While phytoplasmas are insect-

transmitted plant pathogens, mycoplasmas are restricted to

vertebrate hosts. In addition, mycoplasmas have adapted an

alternative genetic code that uses the codon UGA for the amino

acid tryptophan instead of the usual opal stop codon [16]. Finally,

although mycoplasmas can be cultured in the laboratory and are

amenable to genetic manipulations [17], cultivation of phyto-

plasma cells outside of the host has remained as an unresolved

challenge [5]. The inability to maintain phytoplasmas in pure

cultures has resulted in the designation of ‘Candidatus’ status in their

taxonomic assignment [18] and also greatly hampered the efforts

to study these plant pathogens despite their worldwide economical

importance [19].

With the recent advancements in genomics, the complete

genome sequences from several phytoplasma species have become

available and these data sets have provided an unprecedented

opportunity to understand their genetic makeup [8–11,20,21].

Furthermore, as the number of available genome sequences

increases, it becomes possible to utilize a comparative approach

based on a phylogenetic framework to investigate the evolution of

gene content in the lineages of interest [22–24].

In this study, we focus on the inference of gene gains and losses

in phytoplasmas, mycoplasmas, and their common ancestor. By

incorporating two suitable outgroups, the class Bacilli (represented

by Bacillus subtilis [25] and Lactobacillus plantarum [26]) and the class

Clostridia (represented by Clostridium kluyveri [27] and Pelotomaculum

thermopropionicum [28]), we are able to establish the ancestral state of

gene presence or absence in the common ancestor of Mollicutes.

Additionally, because Bacillus subtilis is an important model

organism for molecular genetic studies, its genome sequence and

protein coding genes are well annotated [25,29,30] and are useful

for inferring the functional significance of homologous genes in

related species. Taken together, with a combination of appropriate

taxon sampling, large-scale comparative analysis, and careful

examination of the results, our findings provide insights into the

history of gene content evolution in Mollicutes.
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Results

Organismal phylogeny and core genes
The annotations provided in the GenBank records include a

total of 19,462 protein coding sequences from the 12 genomes

examined in this study (Table 1). Our homologous gene

identification procedure inferred 10,508 homologous gene clusters

(Table S1), including 7,384 singletons. These singletons are

clusters that contain a single gene without any homolog, which

are specific to an individual genome by definition. On average,

approximately 20% of the genes in the phytoplasma genomes and

31% of the genes in the mycoplasma genomes were classified as

singletons. These proportions are substantially lower than that

found in the four outgroup genomes (average = 42%), suggesting

that this type of genes may have been preferentially lost during the

reductive genome evolution in Mollicutes.

To determine the evolutionary relationship among these

genomes, we selected 105 homologous genes that are present as

single-copy genes in all 12 genomes examined for phylogenetic

inference. Based on the concatenated alignment of these genes

(containing 44,919 aligned amino acid sites), the three phyloge-

netic methods that we used (i.e., maximum likelihood, parsimony,

and Bayesian) all produced the same tree topology (Figure 1). This

organismal phylogeny is consistent with our previous understand-

ing of Mollicutes evolution [6,31]. Furthermore, all internal nodes

received 100% bootstrap support in the maximum likelihood

analysis and .97% clade credibility in the Bayesian inference.

In addition to the 105 single-copy genes used for phylogenetic

inference, we found an additional 20 homologous gene clusters

that are present in all 12 genomes (with paralogous genes in some

of the genomes). Taken together, these 125 homologous genes

represent the conserved core gene set among these genomes. On

average, these core genes account for approximately 19% of the

protein-coding genes in Mollicutes genomes and only approxi-

mately 4% in the outgroups. We designated this set of genes as

‘All+’, detailed information about each of the genes in this list is

provided in the supplementary material (Table S2). As expected,

most of these core genes are essential to cell functions. For

example, genes involved in translation, ribosomal structure and

biogenesis (COG category J) account for 51% of this gene set

(Figure 2). Other important functional categories include DNA

replication, recombination and repair (COG category L, 10% of

this gene set), transcription (COG category K, 6% of this gene set),

and posttranslational modification, protein turnover, and chaper-

ones (COG category O, 5% of this gene set). Notably, we are able

to obtain COG functional category assignment for each of the

genes in this core gene set and none was assigned as function

unknown (COG category S).

Mollicutes-specific gene gain and losses
Using the organismal phylogeny (Figure 1) as a foundation, we

classified the homologous gene clusters according to the pattern of

presence and absence in each of the selected genomes.

Homologous gene clusters that can be explained by a single gene

gain or loss events were counted and mapped on the phylogeny.

For the common ancestor of phytoplasmas and mycoplasmas,

we identified only one putative gene gain (i.e., the ‘Mollucutes+’ set

in Figure 2 and Table S2), which is an inorganic pyrophosphatase

(ppa). This enzyme catalyzes the hydrolysis of inorganic pyrophos-

phate to inorganic phosphate and provides thermodynamic pull

for many biosynthetic reactions [32,33]. It is possible that the

acquisition of this gene complimented some of the defects in

energy utilization such as the lack of oxidative phosphorylation

and the tricarboxylic acid cycle in Mollicutes [9]. Although the

outgroups shared a manganese-dependent inorganic pyrophos-

phatase (ppaC), these two genes have no significant sequence

similarity and are likely to have independent origins.

In contrast to the paucity of putative gene acquisition, we

observed 252 putative gene losses in the common ancestor of

phytoplasmas and mycoplasmas. (i.e., the ‘Mollucutes2’ set in

Figure 2 and Table S2). Genes involved in amino acid metabolism

(COG category E) represent the largest category and account for

20% of this gene set. Notable examples include the biosynthesis of

arginine (argB, argC, argD, argG, argH, argJ, and carB), histidine (hisA,

hisB, hisD, hisF, hisG, hisH, hisI, and hisJ), lysine/threonine (asd,

dapB, dapF, dapG, hom, lysA, patA, and thrB), proline (proA, proH, and

proJ), and aromatic amino acids (aroA, aroB, aroE, aroF, hisC, pabA,

trpA, trpB, trpC, trpD, trpE, and tyrA). Furthermore, we also found

that genes associated with the biosynthesis of purine (guaA, purC,

purD, purE, purF, purH, purL, purM, and purN), pyrimidine (pyrB,

pyrC, pyrD, and pyrR), thiamine (thiD, thiE, thiF, and thiN),

isoprenoids (ipk, ispD, and uppS), and fatty acids (accA, accC, accD,

Table 1. List of the genome sequences included in this study.

Genome RefSeq Size (Mb) % GC % coding No. of CDSa
% without
homolog

‘Ca. Phytoplasma asteris’ AYWB [8] NC_007716 0.71 26 73 671 28

‘Ca. Phytoplasma asteris’ OY-M [9] NC_005303 0.85 27 72 750 20

‘Ca. Phytoplasma australiense’ [10] NC_010544 0.88 27 64 684 16

‘Ca. Phytoplasma mali’ [11] NC_011047 0.60 21 76 479 17

Mycoplasma agalactiae [12] NC_013948 1.01 29 87 813 26

Mycoplasma mobile [13] NC_006908 0.78 24 90 633 31

Mycoplasma genitalium [14] NC_000908 0.58 31 90 475 33

Mycoplasma mycoides [15] NC_005364 1.21 23 81 1,017 36

Bacillus subtilis [25] NC_000964 4.22 43 87 4,176 46

Lactobacillus plantarum [26] NC_004567 3.31 44 83 3,007 39

Clostridium kluyveri [27] NC_009706 3.96 32 84 3,919 42

Pelotomaculum thermopropionicum [28] NC_009454 3.03 52 85 2,977 42

aNumber of protein coding sequences.
doi:10.1371/journal.pone.0034407.t001

Evolution of Phytoplasmas and Mycoplasmas
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fabD, fabF, fabHB, and fabZ) all appear to have been lost early in

the evolution of Mollicutes.

In addition to the massive losses of biosynthesis pathways for

various essential biomolecules as noted above, genes involved in

COG category L (replication, recombination and repair) account

for 6% of putative losses in the common ancestor of Mollicutes.

Notable examples in this category include mismatch repair (mutL,

mutS, and mutSB) and double-strand break repair (recF, recN, and

recO). The loss of these DNA repair enzymes are commonly

observed in other host-dependent bacteria [34] and contributed to

the high rates of mutation accumulation in these genomes (see the

long branch lengths leading to phytoplasmas and mycoplasmas in

Figure 1). Finally, consistent with the lack of cell wall being a

defining characteristic of Mollicutes, we identified 27 genes in

COG category M (cell wall/membrane/envelop biogenesis) that

have been lost and thus disrupting the biosynthesis of two major

components of cell wall in Gram-positive bacteria: peptidoglycan

(alr, ddl, glmS, mraY, murAA, murB, murC, murD, murE, murF, and

murG) and teichoic acid (dltB, mnaA, tagA, and tagO).

Phytoplasma-specific gene gains and losses
For the common ancestor of the four phytoplasma lineages

examined, our phylogenetic approach identified 52 putative gene

gains (i.e., the ‘Phytoplasma+’ set in Figure 2 and Table S2).

Unfortunately, 46% of these genes are poorly characterized (COG

categories R, S, and X) and it is difficult to infer the biological

significance of these genes based on available annotation. Given

the parasitic life cycle of these bacteria, it is possible that some of

these poorly characterized genes may encode for proteins that

phytoplasmas use to interact with their plant hosts or insect vectors

[35,36]. For example, several of the hypothetical proteins on this

list (e.g., YP_456212, YP_456572, YP_456673, etc.) were predict-

ed to be secreted effectors or surface membrane proteins [37].

However, robust functional prediction based on sequence or

conserved motif is difficult for these short and highly divergent

hypothetical proteins. Nonetheless, by utilizing a phylogenetic

framework to identify genes that are conserved among phytoplas-

mas but are absent in other related bacteria, our results have

narrowed down the list of promising candidates for future

empirical works to characterize their functions.

Other than the poorly characterized proteins, genes that are

conserved among phytoplasmas but exhibit high levels of sequence

divergence from other bacteria account for a substantial portion of

the putative gene gains. These genes include several ribosomal

proteins (COG category J, 19% of this gene set) and enzymes

involved in the lipid biosynthesis (COG category I, 7% of this gene

set). Although the presence of these genes cannot be considered as

true gene gain, the driving forces behind this pattern of sequence

divergence would be of interest for future molecular evolution

studies.

Among the novel genes shared by all phytoplasma lineages and

have good annotation, several appeared to have been introduced

by potential mobile elements [8] or phages [38]. These genes often

have multiple copies within each phytoplasma genome; examples

include replicative DNA helicase (dnaB), DNA primase (dnaG),

single-stranded DNA binding protein (ssb), ATP-dependent zine

protease (hflB), and thymidylate kinase (tmk). Other notable

examples include: (1) a P-type cation transport ATPase (mgtA),

Figure 1. Organismal phylogeny and distribution of lineage-specific gene clusters. The organismal phylogeny is inferred from the
concatenated protein alignment of 105 single-copy genes shared by all lineages (with 44,919 aligned amino acid sites), the three phylogenetic
methods used (i.e., maximum likelihood, parsimony, and Bayesian) all produced the same tree topology with strong support (i.e., all internal nodes
received 100% bootstrap support using the maximum likelihood method and .97% clade credibility using the Bayesian method). The branch
lengthes shown in this figure is based on the maximum likelihood result. The numbers above a branch and proceeded by a ‘+’ sign indicate the
number of homologous gene clusters that are uniquely present in all daughter lineages; the numbers below a branch and proceeded by a ‘2’ sign
indicate the number of homologous gene clusters that are uniquely absent. For example, 52 gene clusters are shared by all four ‘Candidatus
Phytoplasma’ genomes and do not contain homolog from any of the other eight genomes analyzed (i.e., represent possible gene gain events in the
common ancestor of ‘Ca. Phytoplasma’ lineages); similarly, 27 gene clusters are missing from the four ‘Ca. Phytoplasma’ genomes but are present in
all other eight genomes (i.e., represent possible gene loss events in the common ancestor of ‘Ca. Phytoplasma’ lineages).
doi:10.1371/journal.pone.0034407.g001

Evolution of Phytoplasmas and Mycoplasmas
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Figure 2. Distribution of COG functional category assignments. The functional categorization of each homologous gene clusters was
classified according to the COG assignments, genes that do have any inferred COG annotation were assigned to a custom category X. The numbers in
the center of each pie chart indicate the number of homologous gene clusters in each set (e.g., the ‘All+’ set contains 125 homologous gene clusters
that are shared by all 12 genomes examined and the ‘Mollicutes2’ set contains 252 homologous gene clusters that are inferred to have been lost in
the common ancestor of phytoplasmas and mycoplasmas).
doi:10.1371/journal.pone.0034407.g002
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which may generate electrochemical gradient over the membrane

and thus compliment the loss of F-type ATPases in phytoplasmas

[8], (2) a Na+ driven multidrug efflux pump (norM), which may be

involved in competition with other bacteria [39], and (3) a

preprotein translocase subunit (yidC), which is involved in protein

secretion [40] and likely to play a role in interaction with plant or

insect hosts.

Compared to the hundreds of putative gene losses that were

found in the common ancestor of Mollicutes, we identified only 27

putative gene losses in the common ancestor of phytoplasmas (i.e.,

the ‘Phytoplasma2’ set in Figure 2 and Table S2). Two

distinguished features include the losses of F0F1-type ATP synthase

(atpA, atpD, and atpG) and pentose phosphate pathway (pgcA, rpe, tkt,

prs, and deoC), which were reported in the initial genome analyses

of phytoplasmas [8,9]. In addition, several genes involved in

purine salvage pathway (apt and hprT), pyrimidine metabolism

(trxB), formylation of methionyl-tRNA (fmt and folD), protein

degradation and modification (clpC, lgt, and prkC), biosynthesis of

teichoic acid (gtaB), and potassium ion uptake (ktrA and ktrB) all

appeared to have been lost early in the evolution of phytoplasmas.

These results suggest the relaxation of selection for maintaining the

related pathways in these obligate parasites and the process of

genome degradation has continued after the evolutionary split

between phytoplasmas and mycoplasmas. Interestingly, the

phytoplasma-specific loss of an aspartyl/glutamyl-tRNA amido-

transferase (containing two subunits: gatA and gatB) may have been

complimented by the gain of a glutaminyl-tRNA synthetase (glnS)

[41,42].

Mycoplasma-specific gene gains and losses
Our phylogenetic approach identified eight putative gene gains

and eight putative gene losses in the common ancestor of the four

mycoplasma lineages examined. Compared with phytoplasmas,

the relatively low numbers of putative gene gains and losses may

be explained by the high level of divergence among the

mycoplasmas examined (see the branch lengths in Figure 1).

Among these eight putative gene gains (i.e., the ‘Mycoplasma+’ set

in Figure 2 and Table S2), five are genes that show high levels of

sequence conservation among mycoplasmas but are highly

divergent from other bacteria (atpB, ptsH, lip, yidC, and degV). For

example, another preprotein translocase (yidC) was identified as a

putative gene gain in phytoplasmas and it bears no significant

sequence similarity to the mycoplasma-specific yidC. The remain-

ing three genes include a hexosephosphate transport protein

(uhpT), a putative ATP-binding helicase protein, and a hypothet-

ical protein.

Among the eight putative mycoplasma-specific gene losses we

found (i.e., the ‘Mycoplasma2’ set in Figure 2 and Table S2), three

are considered to be artifacts due to high levels of sequence

divergence among mycoplasma sequences. In other words, the

corresponding genes from the eight non-mycoplasma genomes

exhibit high levels of sequence conservation and are clustered in

the same homologous gene cluster, whereas the mycoplasma genes

are more divergent and thus scattered in several separate gene

clusters. These genes include a cytosine deaminase (codA), a

ribosomal protein (rpsF), and a translation factor (sua5). The

remaining five true gene losses include the peptide chain release

factor 2 (prfB, which corresponds to the modification of genetic

code in Mycoplasma), a NAD-dependent malic enzyme (sfcA), two

enzymes involved in tRNA modification (cca and miaA), and a

primosome assembly protein (priA). Interestingly, the loss of this

primosome assembly protein is observed in other sequenced

mycoplasma genome [43] but this gene has been shown to be

essential in Bacillus subtillis [44].

Putative gene gains and losses in the outgroups
For the first outgroup (the class Clostridia, represented by

Clostridium kluyveri and Pelotomaculum thermopropionicum), we identified

214 putative gene gains and three putative gene losses. However,

assigning these events as putative gene losses and gains in the

common ancestor of Mollicutes and Bacilli provides equally

parsimonious explanations. Because we cannot be certain about

the directionality of these changes and our main focus is on the

gene content evolution in phytoplasmas and mycoplasmas, we

choose not to over-interpret these two lists of genes.

For the common ancestor of the class Bacilli (represented by

Bacillus subtilis and Lactobacillus plantarum), we identified 296

putative gene gains (i.e., the ‘Bacilli+’ gene set in Figure 2 and

Table S2) and no putative gene loss. However, because the taxon

sampling in this study was designed to investigate the gene content

evolution in phytoplasmas and mycoplasmas, this group of

genomes is not ideal for characterizing the gene gains and losses

in Bacilli. Thus, cautions should be taken in interpreting these

results. Nonetheless, we found that genes involved in carbohydrate

metabolism (COG category G), amino acid metabolism (COG

category E), and transcription regulation (COG category K) are

the three most abundant categories among the Bacillus-specific

genes with specific functional annotation (accounts for 11%, 6%,

and 6%, respectively; see Figure 2 and Table S2). This finding is

consistent with the observation that Bacilli have versatile

metabolisms that are under sophisticated regulations, which may

have facilitated their expansion into diverse ecological niches.

Discussion

By sampling an appropriate set of representative lineages and

the utilization of a phylogenetic framework, our comparative

analysis revealed intriguing patterns of gene gains and losses in two

groups of important pathogenic bacteria. Our results suggest that

the degradation of metabolic capacities in phytoplasmas and

mycoplasmas has occurred predominately early in the evolution of

Mollicutes, possibly associated with the transition to a host-

dependent lifestyle. Furthermore, we identified a short list of genes

that are conserved among sequenced phytoplasma genomes but

are not present in other related bacteria. These genes may be good

candidate for future experimental work to improve our under-

standing of how these parasites interact with their hosts.

Importantly, the inference of a time interval for each putative

gene gain or loss represents a major strength of our approach.

Although the presence or absence of a particular gene or pathway

may be apparent in the conventional pairwise comparisons

between different genomes, establishing the timing and direction-

ality of changes in gene content based on a phylogenetic

framework is essential for understanding evolution.

The utility and reliability of our approach was demonstrated by

the recovery of several key findings in previous studies, such as the

loss of the F0F1-type ATP synthase and pentose phosphate

pathway [9] and the gain of potential mobile elements [8] or

phages [38] in phytoplasmas. However, despite the powerfulness

of high-throughput large-scale comparative analyses, cautious

examination of the results is indispensable. Because several factors

can introduce complications in an analysis, naı̈ve utilization of any

bioinformatics pipeline can easily lead to erroneous conclusions.

For example, specific patterns of sequence divergence can

generate artifacts of gene gains or losses, such as the cases of

putative gains of novel ribosomal proteins in phytoplasmas or the

putative losses of other genes in mycoplasmas (see Results). In

addition, the exact outcome of homologous gene clustering can be

affected by the selection of genome sequences and the quality of

Evolution of Phytoplasmas and Mycoplasmas
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annotation. For these reasons, careful manual curation is essential

for extracting useful biological knowledge from a large-scale

analysis like this.

Based on our current understanding of Mollicutes evolution, the

group has evolved from a free-living ancestor approximately 590–

600 million years ago [45]. Two major branches within this group,

the AAA (Asteroleplasma, Anaeroplasma, and Acholeplasma; including

phytoplasmas) and the SEM (Spiroplasma, Entomoplasma, and

Mycoplasma), are thought to have diverged about 450 million years

ago [45]. Although the reduction in genome size was hypothesized

to have occurred independently in these two branches [45], our

results suggest that the loss of metabolic capacities, particularly the

biosynthesis of amino acids, nucleotides, and other metabolites,

have occurred predominantly prior to the divergence between

phytoplasmas and mycoplasmas. These changes are consistent

with the expectation for the transition from a free-living to a host-

associated lifestyle, as a large number of biosynthetic pathways

became non-essential because many nutrients can be obtained

from the host. In addition to the relaxation on selection to preserve

genes involved in biosynthetic pathways, the reliance on hosts

would also reduce the effective population size and increase the

level of genetic drift for pathogenic bacteria [46,47]. This increase

in genetic drift, coupled with the strong mutational bias towards

deletions observed in most bacterial genomes [48–51], appears to

be the major driving force for genome reduction in the early

evolution of Mollicutes. After the evolutionary split between

phytoplasmas and mycoplasmas, the rate of genome reduction

may have slowed down because the proportion of essential genes is

relatively high in these already highly reduced genomes. This

hypothesis is supported by the relatively few genus-specific gene

losses observed in our results.

Although genome reduction has been a recurrent theme in

pathogen evolution, acquisition of novel genes that the pathogens

used to interact with their hosts is another important aspect. We

identified a small list of hypothetical proteins that are putatively

acquired by the common ancestor of phytoplasmas. Though the

functions of these genes are currently unknown, the conservation

of these sequences among genomes with a high propensity for gene

losses is curious and may imply functional significance. Given the

parasitic lifestyle of phytoplasmas, it is possible that at least some of

these genes may be used for the interactions with their hosts

[36,52,53]. For example, previous empirical studies have con-

firmed the role of several effectors encoded in the AYWB

phytoplasma genome [37,54]. Considering the laborious nature

of experimental work on these important plant pathogens, our

comparative approach is useful for the identification of promising

candidate genes for future studies.

Materials and Methods

Data source and taxon sampling
To infer the gene content evolution in phytoplasmas and

mycoplasmas, we obtained 12 complete genome sequences from

NCBI GenBank [55] for comparative analysis. Detailed informa-

tion about these 12 genomes, including the accession numbers,

genome size, and other information, are provided in Table 1. This

data set include all four available phytoplasma genomes, four

representative Mycoplasma spp., and two representative lineages

each from Bacilli and Clostridia. Two major considerations in our

taxon sampling include the phylogenetic distances among these

lineages and the high quality of annotation available for each of

these genomes. Although a large number of complete genome

sequences are available from other Mycoplasma spp. and the two

outgroups, the inconsistency in gene annotation across different

genome sequencing efforts is likely to generate more false positive

and false negative results in our definition of lineage-specific genes.

For this reason, we employed this ‘‘representative lineage’’

approach instead of including all available genome sequences in

this clade to achieve a balance between sensitivity and specificity.

Homologous gene identification
To identify homologous genes among the selected genomes, we

performed all-against-all BLASTP [56,57] searches with an e-

value cutoff of 1610215 for all annotated protein-coding genes.

This choice of a stringent e-value cutoff prevents spurious hits

between non-homologous genes that share some conserved

domains and facilitates the identification of true homologous

genes. The similarity results were supplied as the input for

OrthoMCL [58] to perform homologous gene clustering. The

algorithm is largely based on the popular criterion of reciprocal

best hits between genomes for the identification of orthologous

genes but includes additional normalization steps for between- and

within-genome comparisons; an independent benchmarking study

[59] has confirmed the reliability of this algorithm. All data

parsing and processing steps were handled by a set of custom Perl

scripts written with Bioperl modules [60].

Inference of the organismal phylogeny
Based on the homologous gene identification result, we selected

a set of single-copy genes shared by all genomes to infer the

organismal phylogeny. Homologous gene clusters that contain

more than one gene from any genome were not considered to

avoid the complications introduced by paralogous genes in

phylogenetic inference. For each homologous gene cluster, the

protein sequences were aligned using MUSCLE [61] with the

default settings. The resulting alignments of individual genes were

concatenated to infer the organismal phylogeny using maximum

likelihood, parsimony, and Bayesian methods.

For the maximum likelihood method, we used the program

PhyML [62]. The amino acid frequencies, proportion of invariable

sites, and gamma distribution parameter (with four categories of

substitution rates) were estimated from the alignment in the

maximum likelihood framework. To estimate the level of support

for each internal branch, we generated 1,000 non-parametric

bootstrap samples of the concatenated alignment by using the

SEQBOOT program in the PHYLIP package [63] and repeated

the phylogenetic inference as described above. For the parsimony

approach, we used the program PROTPARS in the PHYLIP

package [63]. To avoid the biases introduced by the input order of

sequences, we enabled the jumble option to perform 1,000

randomization tests.

For the Bayesian approach, we used the program MrBayes

[64,65] to infer the posterior probability distributions of tree

topologies and branch lengths with two independent runs. We

enabled the mixed model option to sample all available amino acid

substitution models and used four categories of substitution rates

with a proportion of invariable sites for the gamma distribution.

The Metropolis-coupled Markov chain Monte Carlo analysis was

sampled every 500 generations for 1,000,000 generations with four

chains in each independent run. The first 25% of the samples were

discarded as the burnin process.

Characterization of lineage-specific genes
Using the organismal phylogeny as the foundation, we

categorized the homologous gene clusters according to the pattern

of presence and absence in each of the selected genomes.

Homologous gene clusters that can be explained by a single gene

gain or loss events were counted and mapped on the phylogeny
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(see Figure 1). To check if the inferred gene losses were artifacts

introduced by mis-annotation, we used all protein sequences in

each homologous gene clusters as queries to perform TBLASTN

[56,57] searches against the complete genome sequences using a

less stringent e-value cutoff of 161025.

For functional categorization, all protein sequences were used as

the query for a first-pass automatic annotation by utilizing the

KAAS tool [66] provided by the KEGG database [67,68]. The

KEGG Orthology assignments were further mapped to the COG

functional category assignment [69,70] to generate summary

statistics (see Figure 2). Genes that do have any COG functional

category assignment were assigned to a custom category (category

X: no COG assignment).

Finally, all results were manually inspected to examine the

sequence similarity information (including the BLASTP and

TBLASTN results), the original annotation provided in the

GenBank records, the metabolic pathways involved, and addi-

tional information available from other databases [29,30,71,72]

and literature search.

Supporting Information

Table S1 Complete list of the 10,508 homologous gene
clusters.

(XLS)

Table S2 Curated lists of putative gene gains and losses
in the focal taxonomic groups.

(XLS)

Acknowledgments

We thank Dr. Erh-Min Lai for comments on the manuscript.

Author Contributions

Conceived and designed the experiments: CHK. Performed the experi-

ments: LLC WCC CHK. Analyzed the data: LLC WCC CPL CHK.

Contributed reagents/materials/analysis tools: CHK. Wrote the paper:

CHK.

References

1. Lee IM, Gundersen-Rindal DE, Bertaccini A (1998) Phytoplasma: ecology and

genomic diversity. Phytopathol 88: 1359–1366.

2. Razin S, Yogev D, Naot Y (1998) Molecular biology and pathogenicity of

mycoplasmas. Microbiol Mol Biol Rev 62: 1094–1156.

3. Lee IM, Davis RE, Gundersen-Rindal DE (2000) Phytoplasma: phytopatho-

genic mollicutes. Annu Rev Microbiol 54: 221–255.

4. Hogenhout SA, Oshima K, Ammar ED, Kakizawa S, Kingdom HN, et al.

(2008) Phytoplasmas: bacteria that manipulate plants and insects. Mol Plant

Pathol 9: 403–423.

5. Namba S (2011) Phytoplasmas: a century of pioneering research. J Gen Plant

Pathol 77: 345–349.

6. Wu M, Eisen J (2008) A simple, fast, and accurate method of phylogenomic

inference. Genome Biol 9: R151.

7. Wu D, Hugenholtz P, Mavromatis K, Pukall R, Dalin E, et al. (2009) A

phylogeny-driven genomic encyclopaedia of Bacteria and Archaea. Nature 462:

1056–1060.

8. Bai X, Zhang J, Ewing A, Miller SA, Radek AJ, et al. (2006) Living with genome

instability: the adaptation of phytoplasmas to diverse environments of their

insect and plant hosts. J Bacteriol 188: 3682–3696.

9. Oshima K, Kakizawa S, Nishigawa H, Jung HY, Wei W, et al. (2004) Reductive

evolution suggested from the complete genome sequence of a plant-pathogenic

phytoplasma. Nature Genet 36: 27–29.

10. Tran-Nguyen LTT, Kube M, Schneider B, Reinhardt R, Gibb KS (2008)

Comparative genome analysis of ‘‘Candidatus Phytoplasma australiense’’

(Subgroup tuf-Australia I; rp-A) and ‘‘Ca. Phytoplasma asteris’’ strains OY-M

and AY-WB. J Bacteriol 190: 3979–3991.

11. Kube M, Schneider B, Kuhl H, Dandekar T, Heitmann K, et al. (2008) The

linear chromosome of the plant-pathogenic mycoplasma ‘Candidatus Phyto-

plasma mali’. BMC Genomics 9: 306.

12. Nouvel LX, Sirand-Pugnet P, Marenda MS, Sagne E, Barbe V, et al. (2010)

Comparative genomic and proteomic analyses of two Mycoplasma agalactiae

strains: clues to the macro- and micro-events that are shaping mycoplasma

diversity. BMC Genomics 11: 86.

13. Jaffe JD, Stange-Thomann N, Smith C, DeCaprio D, Fisher S, et al. (2004) The

complete genome and proteome of Mycoplasma mobile. Genome Res 14:

1447–1461.

14. Fraser CM, Gocayne JD, White O, Adams MD, Clayton RA, et al. (1995) The

minimal gene complement of Mycoplasma genitalium. Science 270: 397–403.

15. Westberg J, Persson A, Holmberg A, Goesmann A, Lundeberg J, et al. (2004)

The genome sequence of Mycoplasma mycoides subsp. mycoides SC type strain

PG1T, the causative agent of contagious bovine pleuropneumonia (CBPP).

Genome Res 14: 221–227.

16. Osawa S, Muto A, Jukes TH, Ohama T (1990) Evolutionary changes in the

genetic code. Proc Biol Sci 241: 19–28.

17. Chopra-Dewasthaly R, Zimmermann M, Rosengarten R, Citti C (2005) First

steps towards the genetic manipulation of Mycoplasma agalactiae and Mycoplasma

bovis using the transposon Tn4001mod. Int J Med Microbiol 294: 447–453.

18. IRPCM Phytoplasma/Spiroplasma Working Team - Phytoplasma taxonomy

group (2004) ‘Candidatus Phytoplasma’, a taxon for the wall-less, non-helical

prokaryotes that colonize plant phloem and insects. Int J Syst Evol Microbiol 54:

1243–1255.

19. Strauss E (2009) Phytoplasma research begins to bloom. Science 325: 388–390.

20. Souza RC, Almeida DF, Zaha A, Morais DA, Vasconcelos ATR (2007) In

search of essentiality: Mollicute-specific genes shared by twelve genomes. Genet

Mol Biol 30: 169–173.

21. Hogenhout SA, Seruga Music M (2009) Phytoplasma genomics, from

sequencing to comparative and functional genomics - what have we learnt?

In: Weintraub PG, Jones P, eds. Phytoplasmas: genomes, plant hosts and

vectors. Oxfordshire: CABI. pp 19–36.

22. Boussau B, Karlberg EO, Frank AC, Legault BA, Andersson SG (2004)

Computational inference of scenarios for alpha-proteobacterial genome

evolution. Proc Natl Acad Sci U S A 101: 9722–9727.

23. Kuo CH, Kissinger J (2008) Consistent and contrasting properties of lineage-

specific genes in the apicomplexan parasites Plasmodium and Theileria. BMC Evol

Biol 8: 108.

24. Touchon M, Hoede C, Tenaillon O, Barbe V, Baeriswyl S, et al. (2009)

Organised genome dynamics in the Escherichia coli species results in highly

diverse adaptive paths. PLoS Genet 5: e1000344.

25. Kunst F, Ogasawara N, Moszer I, Albertini AM, Alloni G, et al. (1997) The

complete genome sequence of the gram-positive bacterium Bacillus subtilis.

Nature 390: 249–256.

26. Kleerebezem M, Boekhorst J, van Kranenburg R, Molenaar D, Kuipers OP,

et al. (2003) Complete genome sequence of Lactobacillus plantarum WCFS1. Proc

Natl Acad Sci U S A 100: 1990–1995.

27. Seedorf H, Fricke WF, Veith B, Bruggemann H, Liesegang H, et al. (2008) The

genome of Clostridium kluyveri, a strict anaerobe with unique metabolic features.

Proc Natl Acad Sci U S A 105: 2128–2133.

28. Kosaka T, Kato S, Shimoyama T, Ishii S, Abe T, et al. (2008) The genome of

Pelotomaculum thermopropionicum reveals niche-associated evolution in anaerobic

microbiota. Genome Res 18: 442–448.

29. Florez LA, Roppel SF, Schmeisky AG, Lammers CR, Stulke J (2009) A

community-curated consensual annotation that is continuously updated: the

Bacillus subtilis centred wiki SubtiWiki. Database 2009: bap012.

30. Lammers CR, Florez LA, Schmeisky AG, Roppel SF, Mader U, et al. (2010)

Connecting parts with processes: SubtiWiki and SubtiPathways integrate gene

and pathway annotation for Bacillus subtilis. Microbiology 156: 849–859.

31. Gundersen DE, Lee IM, Rehner SA, Davis RE, Kingsbury DT (1994)

Phylogeny of mycoplasmalike organisms (phytoplasmas): a basis for their

classification. J Bacteriol 176: 5244–5254.

32. Chen J, Brevet A, Fromant M, Leveque F, Schmitter JM, et al. (1990)

Pyrophosphatase is essential for growth of Escherichia coli. J Bacteriol 172:

5686–5689.

33. Hoelzle K, Peter S, Sidler M, Kramer MM, Wittenbrink MM, et al. (2010)

Inorganic pyrophosphatase in uncultivable hemotrophic mycoplasmas: identi-

fication and properties of the enzyme from Mycoplasma suis. BMC Microbiol 10:

194.

34. Moran NA, McCutcheon JP, Nakabachi A (2008) Genomics and evolution of

heritable bacterial symbionts. Annu Rev Genet 42: 165–190.

35. Hogenhout SA, Bos JI (2011) Effector proteins that modulate plant-insect

interactions. Curr Opin Plant Biol 14: 422–428.

36. Sugio A, MacLean AM, Kingdom HN, Grieve VM, Manimekalai R, et al.

(2011) Diverse targets of phytoplasma effectors: from plant development to

defense against insects. Annu Rev Phytopathol 49: 175–195.

37. Bai X, Correa VR, Toruno TY, Ammar el-D, Kamoun S, et al. (2009) AY-WB

phytoplasma secretes a protein that targets plant cell nuclei. Mol Plant Microbe

Interact 22: 18–30.

38. Wei W, Davis RE, Jomantiene R, Zhao Y (2008) Ancient, recurrent phage

attacks and recombination shaped dynamic sequence-variable mosaics at the

root of phytoplasma genome evolution. Proc Natl Acad Sci U S A 105:

11827–11832.

Evolution of Phytoplasmas and Mycoplasmas

PLoS ONE | www.plosone.org 7 March 2012 | Volume 7 | Issue 3 | e34407



39. Burse A, Weingart H, Ullrich MS (2004) NorM, an Erwinia amylovora multidrug

efflux pump involved in in vitro competition with other epiphytic bacteria. Appl
Environ Microbiol 70: 693–703.

40. Economou A (1998) Bacterial preprotein translocase: mechanism and

conformational dynamics of a processive enzyme. Mol Microbiol 27: 511–518.
41. Ibba M, Soll D (2000) Aminoacyl-tRNA synthesis. Annu Rev Biochem 69:

617–650.
42. Sheppard K, Yuan J, Hohn MJ, Jester B, Devine KM, et al. (2008) From one

amino acid to another: tRNA-dependent amino acid biosynthesis. Nucl Acids

Res 36: 1813–1825.
43. Minion FC, Lefkowitz EJ, Madsen ML, Cleary BJ, Swartzell SM, et al. (2004)

The genome sequence of Mycoplasma hyopneumoniae strain 232, the agent of swine
mycoplasmosis. J Bacteriol 186: 7123–7133.

44. Kobayashi K, Ehrlich SD, Albertini A, Amati G, Andersen KK, et al. (2003)
Essential Bacillus subtilis genes. Proc Natl Acad Sci U S A 100: 4678–4683.

45. Maniloff J (1996) the minimal cell genome: ‘‘On being the right size’’. Proc Natl

Acad Sci U S A 93: 10004–10006.
46. Novichkov PS, Wolf YI, Dubchak I, Koonin EV (2009) Trends in prokaryotic

evolution revealed by comparison of closely related bacterial and archaeal
genomes. J Bacteriol 191: 65–73.

47. Kuo CH, Moran NA, Ochman H (2009) The consequences of genetic drift for

bacterial genome complexity. Genome Res 19: 1450–1454.
48. Mira A, Ochman H, Moran NA (2001) Deletional bias and the evolution of

bacterial genomes. Trends Genet 17: 589–596.
49. Nilsson AI, Koskiniemi S, Eriksson S, Kugelberg E, Hinton JC, et al. (2005)

Bacterial genome size reduction by experimental evolution. Proc Natl Acad
Sci U S A 102: 12112–12116.

50. Kuo CH, Ochman H (2009) Deletional bias across the three domains of life.

Genome Biol Evol 1: 145–152.
51. Kuo CH, Ochman H (2010) The extinction dynamics of bacterial pseudogenes.

PLoS Genet 6: e1001050.
52. Bai X, Zhang J, Holford IR, Hogenhout SA (2004) Comparative genomics

identifies genes shared by distantly related insect-transmitted plant pathogenic

mollicutes. FEMS Microbiol Lett 235: 249–258.
53. Christensen NM, Axelsen KB, Nicolaisen M, Schulz A (2005) Phytoplasmas and

their interactions with hosts. Trends Plant Sci 10: 526–535.
54. Maclean AM, Sugio A, Makarova OV, Findlay KC, Grieve VM, et al. (2011)

Phytoplasma effector SAP54 induces indeterminate leaf-like flower development
in Arabidopsis plants. Plant Physiol 157: 831–841.

55. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL (2008)

GenBank. Nucl Acids Res 36: D25–30.

56. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local

alignment search tool. J Mol Biol 215: 403–410.

57. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, et al. (2009)

BLAST+: architecture and applications. BMC Bioinformatics 10: 421.

58. Li L, Stoeckert CJ, Roos DS (2003) OrthoMCL: Identification of ortholog

groups for eukaryotic genomes. Genome Res 13: 2178–2189.

59. Hulsen T, Huynen M, de Vlieg J, Groenen P (2006) Benchmarking ortholog

identification methods using functional genomics data. Genome Biol 7: R31.

60. Stajich JE, Block D, Boulez K, Brenner SE, Chervitz SA, et al. (2002) The

Bioperl toolkit: Perl modules for the life sciences. Genome Res 12: 1611–1618.

61. Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy

and high throughput. Nucl Acids Res 32: 1792–1797.

62. Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to estimate

large phylogenies by maximum likelihood. Syst Biol 52: 696–704.

63. Felsenstein J (1989) PHYLIP - Phylogeny inference package (version 3.2).

Cladistics 5: 164–166.

64. Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phylogenetic inference

under mixed models. Bioinformatics 19: 1572–1574.

65. Altekar G, Dwarkadas S, Huelsenbeck JP, Ronquist F (2004) Parallel

Metropolis-coupled Markov chain Monte Carlo for Bayesian phylogenetic

inference. Bioinformatics 20: 407–415.

66. Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M (2004) KAAS: an

automatic genome annotation and pathway reconstruction server. Nucl Acids

Res 35: W182–W185.

67. Kanehisa M, Goto S (2000) KEGG: Kyoto encyclopedia of genes and genomes.

Nucl Acids Res 28: 27–30.

68. Kanehisa M, Goto S, Furumichi M, Tanabe M, Hirakawa M (2010) KEGG for

representation and analysis of molecular networks involving diseases and drugs.

Nucl Acids Res 38: D355–360.

69. Tatusov RL, Koonin EV, Lipman DJ (1997) A genomic perspective on protein

families. Science 278: 631–637.

70. Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, et al. (2003)

The COG database: an updated version includes eukaryotes. BMC Bioinfor-

matics 4: 41.

71. Barre A, de Daruvar A, Blanchard A (2004) MolliGen, a database dedicated to

the comparative genomics of Mollicutes. Nucleic Acids Res 32: D307–310.

72. Caspi R, Altman T, Dale JM, Dreher K, Fulcher CA, et al. (2010) The MetaCyc

database of metabolic pathways and enzymes and the BioCyc collection of

pathway/genome databases. Nucl Acids Res 38(suppl 1): D473–D479.

Evolution of Phytoplasmas and Mycoplasmas

PLoS ONE | www.plosone.org 8 March 2012 | Volume 7 | Issue 3 | e34407


