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encoding the cell division protein FtsZ, a wide variety of ABC 
transporters, the F 0 F 1  ATP synthase, the  Rnf -complex, SecG 
of the  Sec -dependent secretion system, a richly equipped 
repertoire for carbohydrate metabolism, fatty acid, isopren-
oid and partial amino acid metabolism. Conserved metabol-
ic proteins encoded in phytoplasma genomes such as the 
malate dehydrogenase SfcA, several transporters and pro-
teins involved in host-interaction, and virulence-associated 
effectors were not predicted for the acholeplasmas. 

 © 2013 S. Karger AG, Basel 

 Introduction 

 Acholeplasmas are cell wall-less bacteria belonging to 
the class Mollicutes. The members of the order Achole-
plasmatales do not require sterol for growth as indicated 
by the name [Saito et al., 1977] and were therefore sepa-
rated from the related order Mycoplasmatales. Achole-
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 Abstract 

 Analysis of the completely determined genomes of the 
plant-derived  Acholeplasma brassicae  strain O502 and  A. pal-
mae  strain J233 revealed that the circular chromosomes are 
1,877,792 and 1,554,229 bp in size, have a G + C content of 
36 and 29%, and encode 1,690 and 1,439 proteins, respec-
tively. Comparative analysis of these sequences and previ-
ously published genomes of  A. laidlawii  strain PG-8, ‘ Candi-
datus  Phytoplasma asteris’ strains, ‘ Ca . P. australiense’ and 
‘ Ca . P. mali’ show a limited shared basic genetic repertoire. 
The acholeplasma genomes are characterized by a low num-
ber of rearrangements, duplication and integration events. 
Exceptions are the unusual duplication of rRNA operons in 
 A. brassicae  and an independently introduced second gene 
for a single-stranded binding protein in both genera. In con-
trast to phytoplasmas, the acholeplasma genomes differ by 
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plasmas colonize a wide variety of habitats as saprophytes 
and have been described as commensals in vertebrates, 
insects and plants. Two  Acholeplasma  species  (A. brassi-
cae  and  A. palmae)  were named according to their isola-
tion from broccoli  (Brassica oleracea  var . italica)  and a 
coconut tree  (Cocos nucifera),  respectively [Tully et al., 
1994]. Other  Acholeplasma  species such as  A. laidlawii , 
 A. axanthum  and  A. oculi  were also detected on plant sur-
faces [Brown et al., 2011]. In addition, acholeplasmas in-
cluding  A. pleciae,   A. laidlawii  and  A. morum  were iden-
tified in pools of insects such as  Anopheles sinensis  and 
 Armigeres subalbatus  and may multiply in phytoplasma 
vectors [Edengreen and Markham, 1987]. However, no 
acholeplasma primary pathogen has been described to 
date. 16S-rDNA-based phylogenetic analysis indicates 
that the genus  Acholeplasma  is the most closely related 
taxon of the provisional monophyletic genus ‘ Candidatus  
Phytoplasma’ [IRPCM, 2004; Lee et al., 2000]. It has been 
suggested that phytoplasmas and acholeplasmas come 
from a ( Acholeplasma -like last) common ancestor [Zhao 
et al., 2009]. In this lineage,  Acholeplasma  species such as 
 A. laidlawii  show a deeper branching than phytoplasmas 
[Ogawa et al., 2011]. The phylogenetic differences are also 
reflected by the fact that phytoplasmas separate from the 
saprophytic acholeplasmas by their association to many 
plant diseases including that of important crops [Strauss, 
2009]. Phloem-sucking insect vectors mainly spread phy-
toplasmas. They represent obligate parasites, restricted in 
plants to the phloem sieve tubes. The spread of these pests 
is supported by a manipulation of the plant hosts and in-
sect vectors by the secretion of phytoplasma proteins [Su-
gio et al., 2011].

  Both genera have small genomes of about 1.2–2.1 Mb 
in size with a G + C content of 27–38% for acholeplasmas 
[Carle et al., 1995; Neimark and Kirkpatrick, 1993] and 
0.5–1.4 Mb with a G + C content of 21–33% for phyto-
plasmas [IRPCM, 2004; Kube et al., 2008; Marcone et al., 
1999; Marcone and Seemüller, 2001; Neimark and Kirk-
patrick, 1993]. They share features such as the usage of 
the bacterial genetic code, including the regular usage of  
UGA to encode a termination signal, and differ in this 
respect from the genera  Mycoplasma ,  Ureaplasma  and 
 Spiroplasma  [Razin et al., 1998]. Genomes of four phyto-
plasmas were completely determined. They comprise
‘ Ca . P. asteris’ strains OY-M and AY-WB [Bai et al., 2006; 
Oshima et al., 2004], ‘ Ca . P. australiense’ [Tran-Nguyen 
et al., 2008] and ‘ Ca . P. mali’ [Kube et al., 2008]. For the 
acholeplasmas, only the complete genome sequence of  A. 
laidlawii  strain PG-8A was determined [Lazarev et al., 
2011]. This genome consists of a single circular chromo-

some with a size of 1,497 kb and a G + C content of 31%, 
and represented the largest chromosome among the com-
pletely sequenced Mollicutes. Contrasting other Mol-
licutes ,  Lazarev et al. [2011] revealed for  A. laidlawii  a 
richly equipped repertoire for metabolism, SOS response, 
repair systems and extensive genetic equipment for tran-
scriptional regulation including the two-component sys-
tems, riboswitches and T-boxes. The authors interpreted 
this genetic repertoire as necessary for the adaptation to 
changing environmental conditions. Environmental 
stresses are more relevant for acholeplasmas than for 
phytoplasmas due to their parasitic lifestyle and host de-
pendency. In contrast, the metabolism of  Acholeplasma  
and other Mollicutes depends on external sources [Razin, 
1978]. Carbohydrate metabolism, and in particular gly-
colysis, was assigned as the only pathway to generate ATP 
in  A. laidlawii  as in other fermenting Mollicutes   [Lazarev 
et al., 2011]. A few amino acids such as phenylalanine and 
tyrosine can be generated de novo, but the majority has 
to be imported. A similar situation applies for the cofac-
tors, vitamins and nucleotide metabolism that are par-
tially encoded and offer the genetic repertoire for conver-
sion of intermediates. Pathways for the de novo biosyn-
thesis of carotenoids, fatty acids and lipids are encoded in 
 A. laidlawii . These features also separate  Acholeplasma  
species from the phytoplasmas. A proteomic survey re-
sulted in the identification of 58% of the predicted pro-
teins of  A. laidlawii  and provided insights into the post-
translational modification by phosphorylation and acyla-
tion of proteins, confirming the prevalence on palmitic 
acid acylation [Lazarev et al., 2011], which is also known 
from various  Mycoplasma  species [Worliczek et al., 2007]. 
Lazarev et al. [2011] concluded that the encoded capa-
bilities and known ability of  A. laidlawii  to adapt to vari-
ous environments indicate that the acholeplasmas form a 
unique branch of evolution. The authors therefore sug-
gested that acholeplasmas could not be interpreted as an 
intermediate in genome condensation or side trend in the 
evolution of parasitism. This assumption considers the 
parasitic lifestyle and loss of major metabolic pathways of 
the phytoplasmas [Kube et al., 2012].

  Many questions concerning the evolution of achole-
plasmas and phytoplasmas remain open. The present 
study addresses some of them. The  Acholeplasma  species 
differ by up to one third in their genome size. It is unclear 
whether this is due to genome condensation and adapta-
tion to the environment or due to duplication of genetic 
material and integration events as it is known for phyto-
plasmas, and whether  A. laidlawii  is representative of its 
genus. The close phylogenetic relationship to the phyto-
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plasmas also raises the question of whether plant-derived 
isolates of  A. brassicae  and  A. palmae  can provide infor-
mation on an evolutionary adaptation to plant parasit-
ism. For this reason, we determined and analyzed the 
complete genome sequences of  A. brassicae  strain O502 
and  A. palmae  strain J233.

  Results and Discussion 

 Genome Features 
 Complete genome sequences were obtained from 

16,720 Sanger-derived sequences and 164,899 pyrose-
quencing-derived reads for  A. brassicae  strain O502 and 
11,468 and 167,068, respectively, for  A. palmae  strain 
J233. A 26-fold sequencing coverage was obtained for 
 A. brassicae  and a 28-fold sequencing coverage was ob-
tained for  A. palmae .

  The genetic content of the three acholeplasmas ge-
nomes is organized in single circular chromosomes. With 
a size of 1.9 Mb,  A. brassicae  possesses the largest known 
acholeplasma chromosome ( table 1 ,  fig. 1 ), while with 1.6 
Mb  A. palmae  shows a genome size similar to that of 
 A.  laidlawii  (1.5 Mb). The three genomes significantly 
differ in the G + C content of the chromosomes. The 
highest G + C content was observed for  A. brassicae  with 

36%, whereas  A. palmae  has with 29% an even lower val-
ue than  A. laidlawii  (32%). The G + C content of  A. pal-
mae  is similar to that of the ‘ Ca . P. asteris’ genomes (27–
28%); with respect to the protein-encoding genes it is 29% 
for the three genomes.

  The number of predicted proteins corresponds to the 
chromosome length, resulting in 1,690 for  A. brassicae , 
1,439 for  A. palmae  and 1,380 for  A. laidlawii . The high-
est average  orf -length of 1,003 nt was observed for  A. bras-
sicae , while the average value is 979 nt for  A. palmae  and 
984 nt for  A. laidlawii . These values are above the average 
 orf -lengths (776–955 nt) of the complete phytoplasma ge-
nomes.

  Numbers of shared proteins were estimated by recip-
rocal BLASTP ( table 2 ). The highest number of shared 
orthologous proteins from deduced protein sets are found 
in  A. brassicae  and  A. laidlawii  (830 proteins), followed 
by  A. laidlawii  and  A. palmae  (765 proteins), correspond-
ing to their phylogenetic positions. In contrast to  A. bras-
sicae ,  A. palmae  and  A. laidlawii  belong to one major phy-
logenetic branch of the acholeplasmas [Volokhov et al., 
2007].

  In accordance with previous analysis of the genome 
content shared with  A. laidlawii  [Lazarev et al., 2011], rel-
atively low numbers are obtained from the comparison of 
acholeplasmas and phytoplasmas (259–285 proteins), in-

Table 1.  Genome features of complete acholeplasma genomes in comparison to phytoplasmas

Acholeplasma  Ca. Phytoplasma

brassicae palmae laidlawii asteris asteris australiense mali
O502 J233 PG-8A OY-M AY-WB Rp-A AT

Chromosome organization circular circular circular circular circular circular linear
Chromosome size, bp 1,877,792 1,554,229 1,496,992 853,092 706,569 879,959 601,943
G + C content, % 35.77 28.98 31.93 27.76 26.89 27.42 21.39
G + C % of protein coding genes1 36.15 29.20 32.23 29.09 28.54 28.72 22.58
Protein-coding genes1, n 1,690 (14) 1,439 (2) 1,380 752 671 684 (155) 481 (16)
Protein coding, %1 90.3 90.6 90.7 73.1 73.7 64.1 76.3
Average ORF size1, nt 1,003 979 984 829 776 825 955
Protein coding genes/kb1 0.899 0.925 0.921 0.881 0.949 0.777 0.799
rRNA operons (n genes) 4 (14)2 2 (6) 2 (6) 2 (6) 2 (6) 2 (6) 2 (6)
G + C % of rRNA genes 49.31 48.64 48.57 45.95 46.14 46.37 44.32
tRNAs, n 45 35 34 32 31 35 32
G + C % of tRNA genes 56.12 56.56 56.97 53.61 53.64 54.11 52.41
Plasmids, n – – – 2 4 1 –
Data source FO681348 FO681347 CP000896.1 AP006628.2 CP000061.1 AM422018.1 CU469464.13

this study this study Lazarev
et al., 2011

Oshima
et al., 2004

Bai
et al., 2006

Tran-Nguyen
et al., 2008 

Kube
et al., 2008

 1 Genes assigned as pseudogenes are not incorporated. 2 A. brassicae encodes unusual rRNA operon structures including 5S-rRNA duplica-
tions. 3 CU469464 was recently updated.
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dicating the phylogenetic distance of both genera and the 
shared minimal core content, which is not scattered over 
the whole phytoplasma genomes ( fig. 1 ).

  Paralogs have little impact on gene content and chro-
mosome length of the acholeplasma genomes in contrast 
to phytoplasmas ( table 3 ). The  A. brassicae  chromosome 
encodes the highest percentage of paralogs (2.5%, 43 pro-
teins) of the three acholeplasmas. Thus, gene duplication 
events have little impact on genome size. Its effect is much 
lower than in phytoplasmas where chromosome size in-
creases in parallel with the number of repeated genes. ‘ Ca.  
P. mali’ represents a special case due to the terminal in-
verted repeat structures of the linear chromosome [Kube 
et al., 2008].

  In  A. palmae  and  A. brassicae,  16 and 28 genes are 
 assigned to the prophages (online supplementary mate-
rial 1; for all online supplementary material, see www.

karger.com/doi/10.1159/000354322). One integrase 
(Abra_14190) shows 30% identity to the integrase of 
 Acholeplasma  phage L2 (P42540), which is organized in a 
circular double-stranded construct and described to inte-
grate into the host genome [Maniloff et al., 1994]. In ad-
dition, the two genomes encode 24 and 48 putative trans-
posases (including putative truncated genes), respective-
ly, while only six transposases and two integrases are 
annotated in  A. laidlawii  [Lazarev et al., 2011]. Transpo-
sons associated with the so-called potential mobile units 
(PMUs) and phages are suggested to be the main driving 
forces in phytoplasmas (reviewed in [Kube et al., 2012]). 
PMU-like elements containing a similar genetic reper-
toire encoded by PMU1 [Toruno et al., 2010] could not 
be identified in the three acholeplasmas, but the PMU-
associated Tra5-like transposases are encoded in both 
genera.
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  Fig. 1.  Comparative analyses of the deduced protein content of
 A. brassicae ,  A. palmae ,  A. laidlawii , ‘ Ca . P. asteris’ strain OY-M 
and AY-WB, ‘ Ca . P. australiense’, and ‘ Ca . P. mali’ via reciprocal 
BLASTP using  A. brassicae  or  A. palmae  as the reference. Circular 
patterns (from outside to inside): 1 (black circle), scale in base pairs 
of the reference chromosome; 2 (magenta), proteins of ‘ Ca . P. aus-
traliense’; 3 (orange), proteins of ‘ Ca . P. asteris’ strain OY-M;
4 (brown), proteins of ‘ Ca . P. asteris’ strain AY-WB; 5 (light red), 

proteins of ‘ Ca . P. mali’; 6/7 (dark blue), proteins of  A. laidlawii ; 
6/7 (light green/light blue), proteins of  A. palmae  and  A. brassicae, 
 respectively; 8 and 9 (black), proteins of the reference genomes of 
 A. brassicae  or  A. palmae  by forward and reverse strand orienta-
tion; 9 (black and green), rRNA and tRNA of the reference genome 
and 9 (olive and pink), G+C skew. Colors refer to the online ver-
sion only. 
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  Several mobile genetic elements in bacteria are also 
characterized by a deviating codon usage indicating a hor-
izontal gene transfers (HTG) [Waack et al., 2006], but also 
a so far not completed amelioration of the codon usage 
[Medrano-Soto et al., 2004]. The highest gene numbers, 
percentage and total length of this gene group is
assigned to  A. palmae  (54, 3.8%, 35.7 kb), followed by 
 A. laidlawii  (29, 2.1%, 16.6 kb) and  A. brassicae  (17, 1%, 8.3 
kb). Higher percentages of the total gene set are assigned 
to the phytoplasma chromosomes (3.9–5.1%), except for 
‘ Ca.  P. mali’ with only 0.6% (online suppl. material 2, 3). 
The majority of these genes has no assigned function ex-
cept for several prophage elements and transposases (on-
line suppl. material 1, 4). In summary, gene duplication 
and/or integration events have a minor impact on genome 
size in the three acholeplasmas in contrast to the phyto-
plasmas. However, limited gene duplications are present.

  rRNA Operon Organization 
 The genomes of  A. palmae ,  A. laidlawii  and the four 

completely determined phytoplasmas contain two rRNA 
operons, which are organized in the regular 16S-23S-5S-
rRNA arrangement. In these genomes, one rRNA operon 
localizes downstream of the 5S-rRNA a tRNA cluster 
(tRNA Val, Thr, Lys, Leu, Ala, Met, Met, Ser, Met, Asp, Phe ) in a con-
served order.  A. brassicae  deviates from Mollicutes by 
possessing two ribosomal units consisting of two rRNA 
operons each ( fig. 2 ). They are organized as 16S-23S-5S-
5S followed by a 16S-23S-5S-rRNA unit. No indication 
for a horizontal gene transfer was obtained. Unusual 
rRNA operon organizations are known from  M. fermen-
tans  strains JER (CP001995) and M64 [Shu et al., 2011], 
 M. synoviae  strain 53 [Vasconcelos et al., 2005],  M. bovis 
 strain Hubei-1 (CP002513) and  M. pulmonis  strain UAB 
CTIP (AL445566) (online suppl. material 5) .  The last 

three strains mentioned possess one additional 5S-rRNA 
gene compared to the number of 16S-23S rRNA units.

  The four complete phytoplasma genomes encode 
tRNA Ile  in the 16S-23S-rRNA spacer region.  A. palmae  
and  A. laidlawii  encode tRNA Ile  and tRNA Ala  in the rRNA 
operon on the reverse strand in contrast. All three acho-
leplasma genomes share one rRNA operon-organized 
16S-23S-5S-rRNA and a downstream localized gene for 
tRNA Asn . No tRNA encoding gene was detected between 
16S- and 23S-rRNA on the forward strand for these two 
chromosomes. In contrast,  A. brassicae  encodes a tRNA Ile  
between the 16S- and 23S-rRNA genes of both operons of 
the first rRNA locus. It is remarkable for  A. brassicae  that 
the second rRNA operon of the first locus shows rRNA 
genes and tRNAs in the same conserved synteny also ob-
served in phytoplasmas.

Table 2.  Estimation of potential orthologous proteins by pairwise reciprocal BLASTP of chromosomal proteins (values in bold indicate 
high numbers obtained in acholeplasmas or between  A. palmae  and phytoplasmas)

A. brassicae A. laidlawii A. palmae ‘Ca. P. asteris’
strain AY-WB

‘Ca. P. asteris’
strain OY-M

‘Ca. P.
australiense’

‘Ca. P. mali’

A. brassicae – 830 742 263 264 264 259
A. laidlawii – 765 270 273 271 265
A. palmae – 283 285 285 282
‘Ca. P. asteris’ strain AY-WB – 402 355 296
‘Ca. P. asteris’ strain OY-M – 344 295
‘Ca. P. australiense’ – 296
‘Ca. P. mali’ –

Table 3.  Estimated paralogs in acholeplasma and phytoplasma 
chromosomes

Species Protein-
coding
sequences1

Paralog genes Σ paralog gene 
sequences (% of 
ch romosome)

n %  bp %

A. brassicae 1,704 43 2.5 28,134 1.5
A. palmae 1,441 16 1.1 17,967 1.2
A. laidlawii 1,380 0 0 0 0
‘Ca. P. australiense’ 839 259 30.9 176,244 20.0
‘Ca. P. asteris’ 
Strain OY-M 752 155 20.6 117,339 13.8
Strain AY-WB 671 64 9.5 36,579 5.2
‘Ca. P. mali’ 497 69 13.9 59,838 9.9

 1 Annotated pseudogenes included.
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  Cell Division 
 The analyzed acholeplasma chromosomes encode the 

cell division protein FtsZ (Apal_08650, Abra_07640, 
ACL_0706) and the putative cell division protein SepF 
involved in septum formation (Apal_08680, Abra_07670, 
ACL_0703) that are not present in the completed phyto-
plasma genomes. The putative septation protein SpoVG 
is encoded in  A. palmae  (Apal_00960) and  A. laidlawii  

(ACL_0017). SpoVG is essential for sporulation in  Bacil-
lus megaterium  and  Bacillus subtilis  [Hudspeth and Vary, 
1992], while its function in the genus  Acholeplasma  re-
mains unclear.

  Replication and Repair 
 In contrast to the phytoplasma genomes, those of the 

three acholeplasmas show a regular cumulative GC-skew 

  Fig. 2.  rRNA operons and flanking tRNAs. Organization is shown 
for  A. brassicae  strain 0502,  A. palmae  strain J233 and  A. laidlawii 
 strain PG-8 in comparison to ‘ Ca . P. asteris’ strains OY-M and AY-
WB (modified according to tRNAscan-SE analysis), ‘ Ca . P. aus-
traliense’ and ‘ Ca . P. mali’. The green boxes indicate a conserved 
order of tRNAs in the acholeplasma and phytoplasma species. The 

green dotted lines indicate conserved synteny. The purple boxes 
highlight the conserved Val-Asn-tRNA organization in phytoplas-
mas, except for ‘ Ca . P. australiense’, while the purple dotted boxes 
mark the Asn-tRNA gene located next to one rRNA operon. Col-
ors refer to the online version only. 
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pattern [(G-C)/(G+C)], which is associated with a char-
acteristic switch in the coding strand preference (online 
suppl. material 6). Furthermore, they share a conserved 
 oriC  region containing the consensus DnaA-box motif 
5 ′ -TTATCCACA-3 ′  as determined for  A. laidlawii  [Laza-
rev et al., 2011] and genes comprising  dnaA ,  dnaN ,  yaaA , 

 recF  and  gyrBA  downstream of this motif. The disruption 
of  dnaN  by a transposase is a particularity in  A. laidlawii .

  The local cumulative GC skew maximum indicating 
the predicted  terC  is located at position ±971 kb for 
 A. brassicae , ±983 kb for  A. palmae  and ±716 kbp for  A. 
laidlawii,  and thereby shifted downstream. This may in-

  Fig. 3.  Phylogenetic tree constructed by parsimony analyses of predicted  ssb  gene amino acid sequences of  A. 
palmae  and  A. brassicae , obtained in this work (in bold),  A. laidlawii , ‘ Ca . P. mali’, ‘ Ca . P. australiense’, ‘ Ca . P. 
asteris’, strains OY-M and AY-WB,  M. pneumoniae ,  M. genitalium ,  B. cereus,  and  B. subtilis  subsp.  subtilis . Locus 
tag numbers are given in parentheses. Numbers on the branches are bootstrap values obtained for 1,000 replicates 
(only values above 70% are shown). The tree is drawn to scale, with branch lengths calculated using the average 
pathway method, and are in the units of the number of changes over the whole sequence. The scale bar represents 
10 nucleotide substitutions. 
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dicate a disproportional effect during the bidirectional 
replication. All three chromosomes show a similar gene 
content at the suggested  terC  region comprising  deoB , 
 xerD and hemN . These genes have not been identified in 
the phytoplasma genomes. 

  A. palmae,   A. brassicae  and  A. laidlawii  encode the 
complete gene set and accessory genes necessary for the 
complex protein machinery at the replication fork 
 (A. brassicae ,  A. palmae:   dnaABCDEGNQX ,  holA ,  ssb1/2 , 
 ligA ,  gyrAB ,  holB ,  polC ,  priA ,  topA ,  polA ,  parE ,  parC) . 
Due to mobile genetic elements in phytoplasmas, many 
replication proteins are encoded several times in each 
 genome. In the examined acholeplasmas, this situation
is limited to the single-stranded binding protein ( ssb ), 
which is encoded twice within these genomes and occurs 
as a multicopy gene in some phytoplasmas (online suppl. 
material 7). The  ssb  genes can be assigned to three phylo-
genetic clusters characterized by one conserved gene 
cluster shared by  Acholeplasma  and ‘ Ca . Phytoplasma’ 
( fig. 3 :  ssb1,  group I) and two  ssb  gene clusters present in 
each genus and indicating a different evolutionary origin 
of these groups. It is remarkable that, in contrast to  ssb1 , 
transcripts of  ssb2  could not be identified in  A. palmae, 
A. brassicae, A. laidlawii  and ‘ Ca . Phytoplasma mali’ (on-
line suppl. material 8). It is possible that this gene is not 
expressed, expressed at a low level or is differentially ex-
pressed, preventing detection of the transcripts.

  In contrast to the phytoplasmas, the acholeplasmas 
possess a predicted type IV error-prone DNA polymerase 
(DinB), providing higher fitness by ensuring efficient 
replication [Yeiser et al., 2002]. A more comprehensive 
genetic content is also visible for the  rec -dependent repair 
pathway encoded in the acholeplasmas. The chromo-
some of  A. brassicae  encodes the complete gene set ( rec-
FGOANRDXU ) including the ATP-dependent helicase 
RecQ in contrast to the others (online suppl. material 9). 
The regulator RecX was not identified in  A. laidlawii . Of 
the completely determined phytoplasmas, only ‘ Ca . P. 
mali’ encodes a minimal  rec -dependent repair pathway.

  All three acholeplasma species possess the genetic rep-
ertoire necessary to resolve the Holliday junction (Ruv-
AB), the nucleotide excision repair system (UvrABCD) 
and the base excision repair system (MutTLSYM). How-
ever,  A. laidlawii  lacks the DNA glycosylase MutM. The 
 mutM  and  mutT  genes were also identified in all four 
phytoplasmas.

   A. brassicae  encodes the nuclease SbcCD, which har-
bors ATP-dependent double-strand DNA exonuclease 
activity and ATP-independent single-strand DNA endo-
nuclease activity [Connelly and Leach, 1996]. The SbcCD 

protein complex contributes to the elimination or repair 
of DNA secondary structures and is thereby involved in 
the prevention of the propagation of palindromic phage 
sequences [Leach, 1994].

  Nucleotide Metabolism 
 The three acholeplasma genomes encode the capacity 

to generate dNTPs from adenosine, guanosine, uracil and 
thymine (online suppl. material 10).

  The pathway for the synthesis of dGTP and dATP 
from inosine monophosphate (IMP) is encoded in  A. pal-
mae  and  A. brassicae . Coding of initial proteins (GuAB) 
forming GMP from IMP were not identified for  A. laid-
lawii . Other differences between the species are present 
in the ribonucleoside-diphosphate reductases that cata-
lyze the conversion of nucleotides to deoxynucleotides. 
 A. palmae  and  A. laidlawii  are capable of this reaction by 
means of predicted ribonucleoside-diphosphate reduc-
tase class Ib (NrdEF), while  A. brassicae  only encodes the 
alpha chain (NrdE).  A. brassicae  encodes the subunits of 
class Ia ribonucleoside-diphosphate reductase (NrdAB) 
in contrast to the others. Nucleoside diphosphate kinase 
(Ndk), which performs the phosphorylation of GDP to 
GTP, was not predicted in the acholeplasma genomes. 
This feature is shared with other Mollicutes. It has been 
suggested that adenylate kinase (Adk) performs this func-
tion in phytoplasmas [Kube et al., 2012]. This assumption 
is supported by the class III ribonucleoside-triphosphate 
reductase (NrdD) and its activating protein (NrdG) pre-
dicted from all three genomes. NrdD reductase is inacti-
vated by oxygen in  Escherichia coli  [Garriga et al., 1996], 
and thereby might represent an adaptation to low oxygen 
environments. The glutaredoxin-like protein NrdH act-
ing as the putative functional electron donor for the 
NrdEF ribonucleotide reductase and the ribonucleotide 
reduction simulating protein NrdI [Gon et al., 2006] were 
not predicted for  A. brassicae  in contrast to the other two 
acholeplasmas.

  IMP, however, has to be provided to the cellular me-
tabolism. The genomes of  A. palmae   and A. brassicae  
 encode a permease that may import xanthine or hypo-
xanthine, which is not predicted for  A. laidlawii . IMP 
may be generated from hypoxanthine and 5-phospho-α-
 D -ribose-1-diphosphate mediated by purine nucleoside 
phosphorylase (DeoD) and 5 ′ -nucleotidase (SurE), or di-
rectly by hypoxanthine-guanine phosphoribosyltransfer-
ase (HPT). The genes for these steps are present in the 
three acholeplasmas.
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  Folate 
 Bacteria depend on tetrahydrofolates as important co-

factors in one-carbon transfer reactions such as the synthe-
sis of formylmethionyl-tRNA [de Crecy-Lagard et al., 
2007]. Elements for the generation of the folate pool were 
identified in  A. laidlawii  [Lazarev et al., 2011] and the oth-
er two acholeplasmas share key elements of the folate
salvage pathway (online suppl. material 11). The dihy-
dropteroate synthase (FolP) performing the initial step of 
7,8-dihydropterate was not identified, like in many other 
bacteria lacking the genetic repertoire for the de novo syn-
thesis and dependent on the uptake from the environment. 
The following steps resulting in the conversion to tetrahy-
drofolate and subsequent 5,10-methylenetetrahydrofolate 
are encoded in all three acholeplasma genomes. In contrast, 
phytoplasmas cannot convert intermediates of the folate 
pool. They encode only parts of the involved pathways and 
even these components may represent pseudogenes as 
shown for the ' Ca . P. asteris’-related strain CPh [Davis et 
al., 2005].

  Translocation Processes at the Cytoplasmic Membrane 
 The three acholeplasma species share a rich repertoire 

of ABC transporters ( fig. 4 , online suppl. material 12, 13) 
enabling the ATP-driven import of methionine, ami-
no acids/oligopeptides, spermidine/putrescine (PotABC),
carbohydrates/sugars, phosphate (PstABC), cobalt 
(CbiOQ) and metal ions (ZnuABC). The ABC transport-
er for branched-chain amino acids is encoded in  A. bras-
sicae  and  A. laidlawii , while the substrate-binding protein 
was not predicted for  A. palmae . Deduced from the ge-
nomes, amino acid/polyamine transporter exchanges a 
standard α-amino acid for a polyamine in the cells of 
 A. brassicae  and  A. palmae. 

  The highest number of subunits assigned to the uptake 
of carbohydrates was identified in  A. brassicae . Glucose, 
fructose and galactose have been described as entry mol-
ecules for  A. laidlawii  [Lazarev et al., 2011]. It is remark-
able that  A. brassicae  and  A. laidlawii  also possess a pre-
dicted C4-dicarboxylate transporter (DcuC).

   A. laidlawii  and  A. palmae  lack the Fe 2+  importer (Feo-
AB), which is predicted for  A. brassicae . An antimicro-
bial peptide transporter was predicted for  A. palmae  and 
 A. laidlawii , while a   bacteriocin exporter was predicted 
only for  A. palmae . Furthermore, major facilitator super-
family transporters for general transport of small solutes 
were predicted in all three  Acholeplasma  species.

  Uniporters for formate/nitrite (FNT) and the proton-
coupled import of thiamine (YuaJ) are encoded in the 
genomes of all three acholeplasmas.  A. palmae  and  A. 

laidlawii  contain uniporters (TrkA) and symporters 
(TrkG) for potassium uptake.  A. brassicae  performs this 
uptake by the uniporters KtrC and KtrD. A symporter for 
the glutamate (GltS) encoding gene is shared by all three 
genomes. Unique symporters are GntP (H + /gluconate) in 
 A. palmae  and MelB (Na + /melibiose) in  A. brassicae .

  The gene content for antiporters remains heteroge-
neous. The Na + /H +  antiporter (NhaB) is predicted for 
 A. laidlawii  and  A. brassicae , while the K + /H +  antiporter 
(KefB) is apparently present only in  A. laidlawii . The gene 
for a Na + /Ca 2+  antiporter (NCX) is shared by the three 
acholeplasmas.

  A rich repertoire of p-type ATPases is shared for the 
export of H +  (HTPase) and Cu 2+  (CopA), as well as for 
ATPases mediating the import of metal ions such as 
Mg 2+ , Cd 2+ , Cu 2+ , Zn 2+ , Ca 2+  and Na + . In addition, the  A. 
brassicae  and  A. laidlawii  genomes encode a Cd 2+ -trans-
locating p-type ATPase (CadA). These ATPases were not 
predicted in phytoplasma genomes.

  The complete gene set for the F 0 F 1 -type ATP synthase 
(AtpABCDEFGH) was identified in the three acholeplas-
ma genomes, as well as that for a V-type ATP synthase 
(NtpABCDEFGKI) for the release of Na + . Similarly, the 
uptake of Na +  is mediated by the multidrug efflux pump 
(NorM) is predicted for the three  Acholeplasma  species 
that have been studied.

   A. brassicae  encodes the complete units forming the 
NADH oxidoreductase complex (RnfABCDGE), which 
might be incomplete in  A. palmae  (RnfACDE) and  A. 
laidlawii  (RnfCDE).  A. brassicae  and  A. laidlawii  also dif-
fer from  A. palmae  by encoding the Na + -transporting 
ubiquinone oxidoreductase complex (NqrABCDEF).

  The uptake of Mg 2+  is performed by the transporter 
MgtE in all three species. In addition,  A. brassicae  and 
 A. laidlawii  encode a transporter for the import of Cr 2+  
(ChrA). In  A. brassicae,  Fe 2+  ions can be taken up by the 
permease FeoAB and other divalent inorganic ions such 
as Mg 2+  and Co 2+  by CorA. One may speculate whether 
homeostasis of the divalent ion pool is regulated by the 
Co 2+ , Zn 2+  and Cd 2+  efflux protein (RND). Moreover, 
 A.  palmae  and  A. laidlawii  possess a voltage-gated Cl –  
channel protein. These channels are activated by voltage 
to import Cl –  ions. The major intrinsic proteins import 
small neutral solutes in  A. brassicae  and  A. laidlawii .

  Apparently, the three acholeplasmas can handle me-
chanical stress by the small (MscS) and large conductance 
mechanosensitive channel proteins (MscL).

  A surprising feature of the plant-derived isolates 
 A. brassicae  and  A. palmae  is the prediction of a putative 
auxin efflux carrier protein for exporting indole-3-ace-
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tate, which represents an important growth factor in 
plants. A functional system could manipulate the plant 
growth. The benefit for a saprophytic bacterium remains 
unclear. Possibly, dissemination of bacteria by insects is 
improved or acholeplasmas also take part in degradation 

of living tissue. The last scenario suggests a potential phy-
topathogenicity that has been shown in recent laboratory 
experiments with  Oryza sativa  and the production of 
 virulence-associated extracellular membrane vesicles by 
 A. laidlawii  [Chernov et al., 2012].

  Fig. 4.  Genetic elements involved in transport at the membrane and key elements of the carbohydrate metabolism 
in  A. palmae  (red dot),  A. brassicae  (green dot) and  A. laidlawii  (blue dot). Genes not predicted for an organism 
were indicated by a white dot. Curved arrows indicate ATP hydrolysis-driven actions.  
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  All three  Acholeplasma  species are predicted to harbor 
components of the phosphotransferase system (PTS). 
The PTS consists at least of three main components: the 
membrane integral permease enzyme II and the two
cytoplasmic components enzyme I and HPr protein 
[Deutscher et al., 2006]. The sugar-specific enzyme II 
phosphorylates and transports specific carbohydrates 
across the membrane. The components PtsI, PtsP and 
PtsA belong to the cytoplasmic enzyme complex EI. PtsI 
encodes for the sugar transport and phosphorylation 
[Tchieu et al., 2001], whereas PtsP plays a role in the ni-
trogen-metabolic PTS [Rabus et al., 1999] and PtsA is a 
homolog of FryA, which is responsible for the fructose 
transport (EC2.7.1.69). Hpr proteins are phosphocarri-
ers: Hpr1, a histidine phosphorylation site protein; Hpr2, 
a serine phosphorylation site protein, and HprK, a ki-
nase/phosphorylase protein. All three  Acholeplasma  spe-
cies possess Hpr1, Hpr2 and HprK proteins. However, 
each species encodes a different EI enzyme: PtsP in 
 A. brassicae , PtsI in  A. palmae  and PtsA in  A. laidlawii . 
The distribution of EII proteins also seems to vary be-
tween the three species.  A. palmae  harbors two fructose-
transporter fragments of EII and one glucose-specific EII 
component. In contrast, the  A. laidlawii  genome encodes 
only one fructose fragment of EII and one glucose-specif-
ic EII component.  A. brassicae  seems to be devoid of an 
EII component. Hoischen et al. [1993] have postulated 
that  A. laidlawii  has an incomplete PTS since they de-
tected enzyme activities of EI and HPr, but not of EII. 
While  A. palmae  may contain a functional PTS, the situ-
ation remains unclear for  A. brassicae . No single compo-
nent of an EII complex could be predicted. Phytoplasmas 
lack this genetic repertoire, but they share a poorly con-
served cohort of ABC-transporters [Kube et al., 2012], 
which is also encoded in the three acholeplasma genomes 
(ABC transporters for carbohydrates/sugars, spermi-
dine/putrescine, oligopeptides/amino acids,  D -methio-
nine, metal ions and cobalt). This is also the case for a 
multidrug transporter, a Na + -driven multidrug efflux 
pump and a cation transporting p-type ATPase. Phyto-
plasma genomes differ in that they encode a symporter 
for Na + /malate or citrate.

  Secretion 
 Acholeplasmas and phytoplasmas share central com-

ponents of the  Sec -dependent secretion system, except for 
the preprotein translocase SecG, which was only predict-
ed for the three  Acholeplasma  species (online suppl. ma-
terial 14). SecG is not essential for the function of the sys-
tem in general, but it might be of importance if secretion 

should be carried out at temperatures below 20   °   C as it 
was shown for  E. coli  [Nishiyama et al., 1994]. The exam-
ined  Acholeplasma  species are frequently exposed to tem-
perature shifts in contrast to the intracellularly localized 
phytoplasmas. However, it should be also considered that 
a different protein could substitute the function of  Sec -
channel formation in conjunction with the integral mem-
brane proteins SecY and SecE.

  The shares of predicted proteins secreted by the  Sec -
dependent system are 11% for  A. brassicae  (190 proteins), 
10% for  A. palmae  (137 proteins) and 8% for  A. laidlawii   
 (110 proteins). They are remarkably higher than the 4.8–
5.4% predicted for the phytoplasmas (online suppl. mate-
rial 15, 16).

  According to the prediction by Phobius, all three 
 Acholeplasma  species secrete some proteins that would 
not have been expected to occur in the extracellular space. 
These include a prephenate dehydrogenase (TyrA), which 
forms 4-hydroxyphenylpyruvate from prephenate and 
NAD +  within the tyrosine biosynthesis. Only  A. palmae  
and  A. brassicae  are also predicted to secrete glucose-
6-phosphate-1-dehydrogenase, an enzyme constituent of 
the pentose phosphate pathway.  A. laidlawii  and  A. pal-
mae  are predicted to secrete  L -lactate dehydrogenase.  A. 
palmae  is the only one predicted to secrete acetoin dehy-
drogenase (BudC), mediating the conversion of pyruvate 
to 2,3-butanediol, and  A. brassicae  is the only one possi-
bly secreting an UDP-glucose/GDP-mannose dehydro-
genase.  A. laidlawii  is predicted to secrete a NAD (FAD)-
dependent dehydrogenase and a phytoene dehydroge-
nase. In contrast, ‘ Ca . P. asteris’ strain AY-WB and ‘ Ca . 
P. mali’ are the only phytoplasma species which are pre-
dicted to secrete a glycerol-3-phosphate dehydrogenase. 
The other phytoplasma species were not predicted to se-
crete any dehydrogenase.

   A. brassicae  may export ribose-phosphate pyrophos-
phokinase, which would allow the extracellular ATP-de-
pendent formation of AMP. Furthermore, all three acho-
leplasmas seem to export ATP-dependent uridine kinase 
forming UMP. In contrast, the four phytoplasma ge-
nomes may secrete guanylate kinase for the formation of 
GDP. ‘ Ca . P. mali’ is predicted to export adenylate kinase 
for the formation of AMP. Furthermore, the three acho-
leplasmas probably secrete endonucleases and ribonucle-
ases for cleavage of DNA and RNA.

  Further potentially secreted proteins include 6-phos-
phofructokinase (PfkA), which could catalyze the extra-
cellular formation of fructose 1,6-bisphosphate. Such a 
scenario would be remarkable because the cell would not 
provide the needed ATP in this reaction. Notably, each 
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acholeplasma genome contains two 6-phosphofructoki-
nase-encoding genes. Only one deduced protein per ge-
nome encodes a signal peptide (Abra_12780, Apal_11830, 
ACL_1092) clustered together on the chromosome with 
the other copy without a signal peptide (Abra_12770, 
Apal_11800, ACL_1091). However, the uptake of such an 
extracellularly phosphorylated hexose remains unclear. 
Contrasting the acholeplasmas, phytoplasma genomes 
encode only one copy of PfkA without a signal peptide. 
Expectedly, these are more closely related to PfkAs in the 
acholeplasmas, and also have no signal peptide (data not 
shown). An uptake of fructose 1,6-bisphosphate from the 
environment would compensate an absent PTS system in 
phytoplasmas. Direct access to a phosphorylated hexose 
might be possible for these intracellular parasites [Kube 
et al., 2012].

   A. laidlawii  and  A. brassicae  seem to export α-amylase, 
which is needed to break down starch or glycogen to glu-
cose and maltose. Both plant-derived  Acholeplasma  spe-
cies might secrete a pectate lyase, which cleaves galactu-
ronans to gain oligosaccharides. This feature may be in-
terpreted with respect to the saprophytic lifestyle as the 
exopolygalacturonate lyase of  A. brassicae  and the pectin 
methylesterase of  A. palmae  are also predicted.

  Proteins predicted to be secreted by phytoplasmas 
were not encoded in the acholeplasma genomes. This 
may indicate an evolutionary specialization of the phyto-
plasmas and might be due to a different origin of these 
genes that also include encoded effector proteins. Results 
obtained by Phobius analysis include experimentally ver-
ified effectors of phytoplasmas, such as  tengu  of the ‘ Ca . 
P. asteris’ strain OY-M [Hoshi et al., 2009], which is re-
sponsible for dwarfism in plants, and SAP42, SAP11 and 
SAP30 of the ‘ Ca . P. asteris’ strain AY-WB [Bai et al., 
2009]. In addition, higher percentages of posttranslation-
ally processed proteins carrying a signal peptide and 
transmembrane regions were observed in  A. brassicae  
(3%) and  A. palmae  (2.2%) in comparison to  A. laidlawii  
(1.5%) and the four phytoplasmas (1.2–1.6%). These pro-
teins are embedded in the membrane and are of im-
portance for the phytoplasma host/vector interaction 
[Hogenhout et al., 2008]. No homolog of prominent
immunodominant membrane proteins described for 
phytoplasmas were identified in the acholeplasma ge-
nomic data. Another important and suggested virulence-
related protein in phytoplasmas is encoded by  hflB 
and encoded by  A. brassicae  (Abra_16360),  A. palmae  
(Apal_13970) and  A. laidlawii  (ACL_1386). HflB is a Zn-
dependent protease, which is predicted to be secreted by 
‘ Ca . P. mali’ and analyzed in detail in severe and mild 

strains [Seemüller et al., 2013]. In addition, an AAA+ 
ATPase was identified in the genome of  A. brassicae  
(Abra_01290). However, the proteases are predicted to be 
membrane bound, while the AAA+ ATPase is limited to 
the cytosol.

  Besides the shared  Sec -dependent secretion pathway, 
genes predicted to encode IcmE/DotG of the core com-
plex of the type IVB secretion system (T4BSS) were iden-
tified in ‘ Ca . P. asteris’ strains AY-WB [Bai et al., 2006] 
and OY-M, ‘ Ca . P. australiense’ [Tran-Nguyen et al., 
2008], ‘ Ca . P. mali’ (YP_0020041271), and in several draft 
genomes of the phytoplasma 16SrIII group [Saccardo et 
al., 2012]. T4BSS might be also involved in the release of 
effector proteins [Nagai et al., 2002]. IcmE/DotG plays a 
central role in the core complex of the T4BSS of Gram-
negative  Legionella  spp. [Nagai and Kubori, 2011]. How-
ever, no component of the T4BSS was identified in the 
three  Acholeplasma  species.

  Carbohydrate Metabolism 
  A. laidlawii  [Lazarev et al., 2011],  A. palmae  and  A. 

brassicae  have a considerably more complex carbohy-
drate metabolism ( fig. 4 ) than phytoplasmas. While the 
acholeplasmas differ mainly in particular bypaths, phyto-
plasmas do not encode complete pathways. Detailed dif-
ferences are presented in the following subsections. 

  Glycolysis 
 Like for most fermenting Mollicutes, glycolysis repre-

sents the central pathway to generate ATP. It has been 
reconstructed for  A. laidlawii  [Lazarev et al., 2011] and 
key elements were identified in this study for  A. brassicae  
and  A. palmae . Glycolysis from  D -glucose-6-phosphate 
represents the central ATP providing pathway (online 
suppl. material 17). Besides the above-mentioned phos-
phofructokinase (PfkA), pyruvate kinase (PykF) is en-
coded twice in  A. brassicae . This species also encodes the 
genetic repertoire for the generation of phosphoenolpy-
ruvate from pyruvate by pyruvate phosphate dikinase 
(PpdK), which was not identified in the other genomes.

  Furthermore,  A. brassicae  also possesses the gene sets 
to generate dihydroxyacetone-phosphate from glycerol 
(GlpK, GlpA/GlpO) [Bischof et al., 2009; Fujita, 2009]
including the antiterminator protein (GlpP). Glycerol
kinase (GlpK) is encoded twice in the genome (online 
suppl. material 18). This pathway may result in the re-
lease of toxic H 2 O 2 , which is a known virulence factor in 
 Mycoplasma mycoides  [Bischof et al., 2009; Vilei and Frey, 
2001]. However, no transporter subunit for glycerol up-
take (GtsABC) was identified.
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  Pyruvate and Acetyl-CoA Metabolism 
 The gene content associated with the metabolism of 

pyruvate differs between the three  Acholeplasma  species 
(online suppl. material 19). Pyruvate is connected to gly-
colysis, lactate and actetyl-CoA metabolism in all three 
acholeplasmas.  A. palmae  and  A. laidlawii  encode a lac-
tate dehydrogenase (LdhA), which enables them to re-
duce pyruvate to ( R )-lactate. Phytoplasmas lack the  ldhA  
gene.

  The pyruvate dehydrogenase multienzyme (PdhABCD)
complex is encoded in  A. palmae  and  A. laidlawii,  result-
ing in the formation of acetyl-CoA. Alternatively, acetyl-
CoA and formate can be generated from pyruvate and 
CoA by the pyruvate formate lyase (PflA) in all three acho-
leplasmas. Only  A. brassicae  encodes a pyruvate-flavo-
doxin oxidoreductase (NifJ), offering an alternative way 
for the conversion.

  In contrast to  Mycoplasma  species, the three achole-
plasmas lack the phosphotransacetylase (Pta), allowing 
the formation of acetyl-phosphate. The lack of Pta is also 
shared by the phytoplasmas [Kube et al., 2012]. Phyto-
plasmas and the analyzed acholeplasmas encode acetate 
kinase (AckA), converting acetyl-phosphate to acetate 
and ATP. Thereby, a third ATP-generating reaction can 
be used in addition to the two respective reactions of the 
glycolysis. Formation of the required acetyl-phosphate 
could be achieved by propanoyltransferase PduL (PduL-
like transferase)  (fig . 4) , as recently suggested for the phy-
toplasmas [Kube et al., 2012]. However, acetyl-CoA may 
also be provided from pyruvate generated from imported 
malate (symporter MleP/CitS) and converted by the con-
served malate dehydrogenase (SfcA) in phytoplasmas 
[Kube et al., 2012]. Neither protein was identified in the 
acholeplasmas.

  Glycerophospholipid Metabolism 
 Dihydroxyacetone phosphate can be converted by all 

three acholeplasmas to major phospholipids such as 
phosphatidylglycerol and cardiolipin. Released glycerine 
during the synthesis of cardiolipin can be phosphorylated 
by glycerol kinase (GlpK), resulting in glycerol-3-phos-
phate in  A. brassicae .  A. palmae  differs from  A. brassicae  
and  A. laidlawii  by the presence of phosphatidylserine 
synthase (PssA) and phosphatidylserine decarboxylase 
(Psd), thus providing the enzyme machinery to generate 
phosphatidylethanolamine (online suppl. material 20).

  Pentose Phosphate Pathway 
 The three acholeplasma genomes encode key elements 

of the pentose phosphate cycle (PPC) for the interconver-

sion of the sugar phosphates and provision of NADPH 
(online suppl. material 21). The complete oxidative-
branch of the PPC is encoded in  A. palmae  and  A. laid-
lawii,  and includes glucose-6-phosphate-1-dehydro-
genase (Zwf), 6-phosphogluconolactonase (Pgi) and 
6-phosphogluconate dehydrogenase (Gnd). In contrast, 
Pgi was not predicted for  A. brassicae . Furthermore, all 
three acholeplasma genomes encode ribulose-5-phos-
phate-3-epimerase (Rpe), ribose-5-phosphate isomerase 
B (RpiB) and the transketolase (TktA), resulting in the 
formation of  D -glyceraldehyde-3-phosphate, which may 
enter glycolysis. Intermediates of the PPC such as  D -ri-
bose-5-phosphate and  D -xylulose-5-phosphate are con-
nected to a by-pass.  D -ribose-5-phosphate may be gener-
ated by all three acholeplasmas from 5-phosphoribosyl 
1-pyrophosphate (PRPP) and AMP under formation of 
ATP, and on the other hand mediated by a phosphopen-
tomutase (DeoB) from  D -ribose-1-phosphate.

   A. palmae  is predicted to transform  D -xylose via an-
other pathway to  D -xylulose-5-phosphate.  D -xylose may 
be converted by the xylose-isomerase (XylA) to  D -xylu-
lose and phosphorylated by the xylulokinase (XylB). The 
uptake and the utilization of  D -xylose, which is also 
known as wood sugar, may be interpreted as a link to this 
plant-derived isolate. Neither gene was identified in the 
genomes of  A. brassicae  and  A. laidlawii . The PPC is ab-
sent in the four phytoplasma genomes.

  Galacturonate Metabolism 
 In contrast to  A. laidlawii ,  A. palmae  and  A. brassicae  

are predicted to be capable of galacturonate catabolism. 
They would access  D -galacturonate as a carbon source
by the enzyme sequence of  D -galacturonate isomerase 
(UxaC), altronate oxidoreductase (UxaB),  D -altronate 
dehydratase (UxaA) and 2-keto-3-deoxygluconokinase 
(KdgK). 2-dehydro-3-deoxy-gluconate-6-phosphate can 
be coverted to  D -glyceraldehyde-3-phosphate and pyru-
vate by the 2-keto-3-deoxygluconate-6-phosphate aldol-
ase (KdgA). This pathway is absent in  A. ladlawii  (online 
suppl. material 22).  A. palmae  differs from  A. brassicae  by 
encoding a  D -mannonate dehydratase (UxuA) allowing 
the degradation of  D -mannonate. However,  D -mannon-
ate oxidoreductase (UxuB) and  D -glucuronate isomerase 
(UxuC) could not be predicted from the genomes of  A. 
palmae  and  A. brassicae . The genetic repertoire for the 
galacturonate metabolism is missing in phytoplasmas ex-
cept for the multifunctional enzyme 2-keto-3-deoxyglu-
conate-6-phosphate aldolase (Eda) in ‘ Ca . P. mali’.
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  Galactose Degradation 
 β- D -galactose is suggested to be taken up by  A. bras-

sicae . This hexose is phosphorylated and converted by the 
Leloir pathway to UDP- D -glucose and α- D -glucose-1-
phosphate, which allows utilization as β- D -glucose-6-
phosphate in the glycolysis. For the required pathway,
 A. brassicae  is predicted to harbor galactose-1-epimerase 
(GalM), galactokinase (GalK), galactose-1-phosphate 
uridylyltransferase (GalT), UDP-glucose 4-epimerase 
(GalE) and UDP-glucose-pyrophosphorylase (GalU). It 
was not possible to identify  galK  and  galT  in the genomes 
of  A. palmae  and  A. laidlawii , while the GalE and GalU 
are encoded in all three genomes providing UDP- D -glu-
cose and UDP- D -galactose (online suppl. material 23). 

  Glycogen Metabolism 
 α- D -glucose-1-phosphate derived from the galactose 

metabolism and ATP may enter glycogen biosynthesis
via predicted glucose-1-phosphate adenylyltransferase 
(GlgC), glycogen synthase (GlgA) and the 1,4-α-glucan 
branching enzyme (GlgB) in  A. brassicae  and  A. laidlawii,  
but not in  A. palmae  which lacks this pathway. Glycogen 
can be remobilized by the glycogen phosphorylase (GlgP) 
releasing α- D -glucose-1-phosphate. However, the genetic 
repertoire needed for efficient degradation was not pre-
dicted (online suppl. material 24).

  Rhamnose Metabolism 
 The genetic repertoire for  L -rhamnose degradation 

comprising  L -rhamnose isomerase (RhaA),  L -rhamnu-
lose kinase (RhaB) and rhamnulose-1-phosphate aldolase 
(RhaD) was only predicted for  A. brassicae . A transcrip-
tion regulator and genes encoding a carbohydrate ABC-
transporter flank the  rha -operon in  A. brassicae,  indicat-
ing a functional unit. Dihydroxyacetone phosphate may 
enter the glycolysis, while the processing of the  L -lactal-
dehyde remains unclear (online suppl. material 25). The 
genetic repertoire for utilization of rhamnose, galactose 
and glycogen could not be predicted for the phytoplas-
mas.

  Fatty Acids 
 Acetyl-CoA acts as an entry molecule for palmitate 

biosynthesis in all three acholeplasmas, which share a 
common gene set. Malonyl-CoA is synthesized from ace-
tyl-CoA, bicarbonate and ATP by acetyl-CoA carboxyl-
ase (AccBCDA) and is used for the generation of palmi-
tate by an analogous enzyme cascade (FabGZIBZF) in all 
three acholeplasmas (online suppl. material 26). Palmi-
tate may represent a constituent of phospholipids in the 

cytoplasmatic membrane of acholeplasmas. The pathway 
was not reconstructed in phytoplasmas that seem to de-
pend on their hosts in this respect.

  In contrast to  A. laidlawii  and  A. palmae ,  A. brassicae  
possesses the genetic repertoire to generate butanoyl-
CoA from short-chained butanoate by phosphate butyr-
yltransferase (Abra_11920; EC 2.3.1.19) and butyrate ki-
nase (Abra_11910; EC 2.7.2.7).  A .  brassicae  also encodes 
4-hydroxybutyrate CoA transferase (Abra_09260; EC 
2.8.3.8), which may catalyze the formation of 4-hydroxy-
butyryl-CoA from 4-hydroxybutyrate and acetyl-CoA as 
described for  Clostridium aminobutyricum  [Scherf and 
Buckel, 1991]. 

  Isoprenoid Synthesis 
 Terpenoids are generated by the mevalonic acid path-

way in  A. palmae  and  A. laidlawii  and by the 2-C-methyl-
 D -erythritol-4-phosphate/1-deoxy- D -xylulose-5-phos-
phate pathway (MEP/DOXP pathway) in  A. brassicae . 
Both pathways generate isopentyl diphosphate (IPP). The 
mevalonic acid pathway starts from acetyl-CoA and the 
MEP/DOXP pathway from  D -glyceraldehyde-3-phos-
phate. The MEP/DOXP pathway in  A. brassicae  contains 
a putative bifunctional protein 2-C-methyl- D -erythritol 
4-phosphate cytidylyltransferase/2-C-methyl- D -erythri-
tol 2,4-cyclodiphosphate synthase (IspD/IspF), which is 
also described, e.g. strain HTCC2255 (Acc. No. Q0FAI8; 
Rhodobacterales). In the final steps, the intermediate 
2-C-methyl- D -erythritol-2,4-cyclodiphosphate is re-
duced, resulting in the formation of 1-hydroxy-2-methyl-
2-(E)-butenyl-4-diphosphate, which is converted by iso-
pentenyl diphosphate isomerase to 1-hydroxy-2-methyl-
2-(E)-butenyl-4-diphosphate dimethylallyl diphosphate 
and isopentenyl diphosphate. This isomerase was not 
predicted for  A. brassicae,  but for  A. palmae  and  A. laid-
lawii . The latter two are restricted to the mevalonic acid 
pathway, providing only isopentenyl diphosphate.

  1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate di-
methylallyl diphosphate and isopentenyl diphosphate 
may enter the trans-lycopene biosynthesis pathway pro-
viding  all-trans -ζ-carotene to the tree acholeplasmas. 
However, since geranyltranstransferase was only identi-
fied in  A. laidlawii,  it remains unclear if this pathway still 
is functional in  A. palmae  and  A. brassicae  (online suppl. 
material 27). Phytoplasmas are lacking this pathway.

  Amino Acid Metabolism 
 Pathway fragments for the synthesis or conversion

of amino acids are encoded in the three acholeplasma 
 genomes. For example, fumarate can be converted, 
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 mediated by adenylosuccinate lyase (PurB: Apal_03580, 
Abra_01980; ACL_1332) and synthase (PurA: 
Apal_03600, Abra_00280) to  L -aspartate. Encoding of 
PurB in all three genomes may be linked to the de novo  
 biosynthesis of purine nucleotides. However, the major-
ity of genetic modules indicates the conversion of inter-
mediates and is connected to ABC transporter genes for 
the uptake of oligopeptides and amino acids.  L -serine, for 
example, may not be generated by  A. palmae  and  A. bras-
sicae,  but both species possess a  L -serine deaminase 
(Apal_05700; Abra_12440), allowing degradation and 
usage of  L -serine as carbon-source.

 In principle,   D -erythrose-4-phosphate can be gener-
ated via several pathways.  A. palmae  forms it using the 
fructose-6-phosphate phosphoketolase (Xfp), which is 
probably not the case for the two other acholeplasmas. In 
contrast, the enzymatic repertoire for processing  D -ery-
throse-4-phosphate and phosphoenolpyruvate to choris-
mate, and subsequently to prephenate, is shared by all 
three acholeplasmas (online suppl. material 28). Pre-
phenate is suggested to be processed by a prephenate 
 dehydratase (PheA) and the NAD-dependent prephenate 
dehydrogenase (TyrA). A candidate for an aminotransfer-
ase of aromatic amino acids necessary to gain  L -phenylal-
anine and  L -tyrosine was not identified in the three acho-
leplasmas. However, it is likely that such a transferase is 
encoded. The aminotransferase Ilve, encoded in  A. laid-
lawii , was not identified in the two other acholeplasmas.

  Conclusions 

 Comparative analysis of the genomes of  A. brassicae  
strain O502 and  A. palmae  strain J233 reported here, and 
the previously published genomes of  A. laidlawii  strain 
PG-8, ‘ Ca . P. asteris’ strains OY-M and AY-WB, ‘ Ca . P. 
australiense’, and ‘ Ca . P. mali’ highlight a shared restricted 
genetic repertoire for metabolism including glycolysis (in-
completely encoded in ‘ Ca . P. mali’), minimal set of mem-
brane transporter systems and a dependency on the uptake 
of amino acids. Differences are obvious in genome content 
related to the colonization of environmental habitats by 
acholeplasmas and the dependency on the plant phloem 
and insect vectors by phytoplasmas. The absence of most 
pathways encoded in acholeplasma genomes in those of 
the phytoplasmas should mirror the lifestyle of the latter, 
i.e. colonization of nutrient-rich habitats such as the phlo-
em sap and also the insect vectors [Kube et al., 2012]. Con-
sequently, the examined acholeplasma genomes are sepa-
rated from the phytoplasmas by a relative richness of genes 

for transporters and carbohydrate metabolism. Besides 
central glycolysis, they include metabolic pathways for py-
ruvate acetyl-CoA, pentose phosphate, galacturonate, ga-
lactose, glycogen and rhamnose. The F 0 F 1 -ATP synthase 
and the Rnf-complex may also be limited to the achole-
plasmas. The genetic elements for the synthesis of isopren-
oids, fatty acids and a cryptic amino acid metabolism are 
also characteristic of the acholeplasma genomes. These 
features may be interpreted with respect to the saprophyt-
ic lifestyle and the limited access to nutrients.

  Conserved metabolic genes of phytoplasmas such as 
the  malate dehydrogenase SfcA, which is central to a sug-
gested alternative pathway that provides energy to phyto-
plasmas [Kube et al., 2012], were not identified in the three 
acholeplasma genomes. This might be due to the data 
 basis which is still weak. In contrast, the putatively acetyl-
phosphate-forming PduL-like enzyme is shared in both 
genera.

  With respect to the relationship of both genera, it is 
noteworthy that the acholeplasmas are predicted to se-
crete metabolic key enzymes such as 6-phosphofructoki-
nase, which may carry a signal peptide or not. It is con-
ceivable that the extracellular utilization of metabolic
intermediates was a key step on the way to intracellular 
parasitism of phytoplasmas and that this strategy is al-
ready encoded in parts in the analyzed acholeplasmas.

  The integration and establishment of proteins in-
volved in host interaction such as immunodominant pro-
teins and effectors were not predicted for the acholeplas-
mas, indicating a deep split between the two genera. A 
rapid phytoplasma evolution resulting in a manipulation 
of plant and insect vectors driven by horizontal gene 
transfers and duplication events resulted in genome in-
stability [Bai et al., 2006; Wei et al., 2008], which is not a 
pronounced feature of the three acholeplasma genomes.

  Material and Methods 

 Bacterial Strains 
  A. brassicae  strain O502 and  A. palmae  strain J233 were pro-

vided by Jerry K. Davis (Purdue University School of Veterinary 
Medicine, West Lafayette, Ind., USA) from the strain collection of 
the International Organization for Mycoplasmology. Single colo-
nies were used to inoculate cultures of  A. brassicae  and  A. palmae, 
 grown at 30 and at 37   °   C, respectively, in SP4 medium [Tully et al., 
1994].

  DNA Extraction, Library Construction and Sequence 
Determination 
 Genomic DNA was isolated from liquid cultures using the Qia-

gen Genomic DNA Kit (Qiagen, Hilden, Germany) according to 
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the manufacturer’s instructions. Shotgun libraries with different 
insert sizes were constructed for both strains. Clone libraries with 
1.3- and 2.3-kb inserts and fosmids with 37 kb (Copy Control Fos-
mid Library Construction Kit; Epicentre, Madison, Wisc., USA) 
were generated as described [Kube et al., 2005]. Recombinant 
DNA was isolated by modified alkaline lysis (Automated Plasmid 
Isolation System; Max Planck Institute for Molecular Genetics, 
Berlin, Germany) followed by cycle sequencing (BigDye Termina-
tor V3.1; Applied Biosystems, Darmstadt, Germany) and end se-
quences determined on ABI 3730XL systems (Applied Biosys-
tems). In addition, clone-independent shotgun sequences were 
obtained by pyrosequencing using the GS FLX system (454 Life 
Sciences/Roche, Branford, Conn., USA) according to the manu-
facturer’s instructions.

  Data obtained by the different approaches were assembled by 
the Celera assembler version 4.4 [Myers et al., 2000]. Data were 
edited in Consed [Gordon et al., 1998] and finishing data were ob-
tained from primer walking on clones and long-range PCR prod-
ucts.

  Data Analysis 
 Complete genome sequences were analyzed using Glimmer 

[Delcher et al., 1999], HTGA [Rabus et al., 2002] and Artemis 
[Rutherford et al., 2000]. The software packages tRNAscan-SE 
[Lowe and Eddy, 1997]   and RNAmmer [Lagesen et al., 2007] were 
used for tRNA and rRNA prediction. InterPro [Hunter et al., 
2012], KEGG (www.genome.jp/kegg/) and MetaCyc [Caspi et al., 
2012] were included in pathway reconstruction. The number of 
paralogs was estimated using BlastClust (www.ncbi.nlm.nih.gov/). 
Deduced protein sequences from the chromosomes including data 
of potential pseudogenes were compared applying a coverage min-
imal length of 70%. Annotated pseudogenes were incorporated in 
this analysis because of their influence on genome size and the lack 
of experimental confirmation of their assignment. The percentage 
of paralogs of the total number of potential protein-encoding 
genes includes the annotated pseudogenes as a consequence. 
Shared proteins were calculated by reciprocal BLASTP [Kube et al., 
2010] using  A. brassicae  and  A. palmae  as subjects and applying 
cutoff values of a minimal identity of 30%, a minimal alignment 
coverage of 70% and an e-value of 1e-10. The applied pairwise re-
ciprocal comparison discriminates the proteins encoded by multi-
copy genes in phytoplasmas and thereby should provide a better 
overview of the shared informational content.

  The software SIGI-HMM [Waack et al., 2006] was used to iden-
tify genes showing unusual codon usage or horizontal gene trans-
fers in the genomes of  A. brassicae ,  A. palmae ,  A. laidlawii , ‘ Ca . P. 
australiense’, ‘ Ca . P. mali’ and the ‘ Ca . P. asteris’ strains OY-M and 
AY-WB. Standard parameters were used, but the sensitivity value 
was changed to 0.8. Three misleading overpredicted genes located 

in the rRNA operon of ‘ Ca . P. asteris’ strains (locus tags: 
AYWB_261, PAM_250, PAM_492) were excluded from the codon 
usage analysis.

  Phobius [Kall et al., 2007] was used for the prediction of pro-
teins carrying transmembrane regions and/or signal peptides in 
the deduced proteins of  A. brassicae ,  A. palmae ,  A. laidlawii , ‘ Ca . 
P. australiense’, ‘ Ca . P. asteris’ strains OY-M and AY-WB, and ‘ Ca . 
P. mali’.

  Phylogenetic Analysis of ssb Genes 
 Predicted amino acid sequences of both annotated  ssb  gene 

copies of  A. laidlawii  strain PG-8A (NC_010163.1), ‘ Ca . P. mali’ 
(NC_011047.1), ‘ Ca . P. australiense’ (NC_010544.1), all annotated 
copies of the gene (15 and 5, respectively) in ‘ Ca . P. asteris’, strains 
OY-M (NC_005303.2) and AYWB (NC_007716.1),  Mycoplasma 
pneumoniae  strain 309 (NC_000908.2),  M. genitalium  strain G37 
(NC_000908.2),  Bacillus cereus  strain HuA4–10 (ZP_17497163) 
and  B. subtilis  subsp.  subtilis  strain 168 (AL009126.3) were re-
trieved from GenBank (http://www.ncbi.nlm.nih.gov). Besides the 
Mollicutes, the closest relatives of acholeplasmas, two species from 
the  Bacillus  genus, were selected as the representative genus with 
highest similarity in the BLASTP program. The retrieved  ssb  gene 
sequences were aligned with those obtained in this work using 
CLUSTAL W [Thompson et al., 1997] from the Molecular Evolu-
tionary Genetics Analysis program-MEGA5 [Tamura et al., 2011] 
and adjusted manually.

  The evolutionary history was inferred by using the maximum 
parsimony method. The maximum parsimony tree was obtained 
using the subtree-pruning-regrafting algorithm, implemented in 
MEGA5, with search level 3 in which the initial trees were obtained 
with the random addition of sequences (10 replicates). The most 
parsimonious tree is shown ( fig. 3 ). To estimate the statistical sig-
nificance of the inferred clades in both analyses, 1,000 bootstrap-
ping was performed to estimate the stability and support for the 
inferred clades.
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