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otides resulted in an about 2-fold enrichment of the percent-
age of phytoplasma-assigned reads and thereby improved 
assembly results. The obtained genomic drafts represent the 
largest datasets available from ‘stolbur’ phytoplasmas. Se-
quences of the two strains (558 kb, 448 proteins and 516 kb, 
346 proteins, respectively) were annotated allowing the 
identification of prominent membrane proteins and recon-
struction of core pathways. Analysis of a putative truncated 
sucrose phosphorylase provides hints on sugar degradation. 
Furthermore, it is shown that drafts obtained from repeti-
tive-rich genomes allow only limited analysis on multicopy 
regions and genome completeness.  © 2013 S. Karger AG, Basel 

 Introduction 

 Phytoplasmas are bacterial pathogens infecting plants 
and insects. They are associated with diseases in several 
hundred plant species including many important crops 
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 Abstract 

 Phytoplasma-associated diseases are reported for more 
than 1,000 plant species worldwide. Only a few genome se-
quences are available in contrast to the economical impor-
tance of these bacterial pathogens. A new strategy was used 
to retrieve phytoplasma strain-specific genome data. Multi-
ple displacement amplification was performed on DNA ob-
tained from <3 g of plant tissue from tobacco and parsley 
samples infected with ‘stolbur’ strains. Random hexamers 
and Phi29 polymerase were evaluated with and without sup-
plementation by group-assigned oligonucleotides provid-
ing templates for Illumina’s sequencing approach. Metage-
nomic drafts derived from individual and pooled strain-spe-
cific de novo assemblies were analyzed. Supplementation of 
the Phi29 reaction with the group-assigned oligonucle-
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[McCoy et al., 1989]. Recently, more than 30 species have 
been assigned to the provisory taxon ‘ Candidatus  Phyto-
plasma’ in the phylum  Tenericutes  [Kube et al., 2012]. The 
assignment as a candidate clade reflects the resistance of 
phytoplasmas to attempts of a cell-free cultivation in the 
past, which so far also slowed down genome research in 
phytoplasma; however, a first cell-free cultivation of phy-
toplasma strains was recently reported for a few strains 
[Contaldo et al., 2012].

  As a result of their evolutionary adaptation to intracel-
lular life in plants and insects, phytoplasmas have small 
genomes encoding a minimal metabolism [Kube et al., 
2012; Oshima et al., 2004]. Only four complete genomes 
were determined so far encompassing ‘ Candidatus  Phy-
toplasma asteris’ strains OY-M (853 kb) and AY-WB 
(707 kb), ‘ Ca . P. australiense’ (880 kb), and ‘ Ca . P. mali’ 
(602 kb) [Bai et al., 2006; Kube et al., 2008; Oshima et al., 
2004; Tran-Nguyen et al., 2008]. Recently, the draft ge-
nomes of vaccinium witches’ broom phytoplasma 
(647,754 nt in 272 contigs), Italian clover phyllody phy-
toplasma strain MA (597,245 nt in 197 contigs), poinset-
tia branch-inducing phytoplasma strain JR1 (631,440 nt 
in 185 contigs) and milkweed yellows phytoplasma 
(583,806 nt in 158 contigs) were published [Saccardo et 
al., 2012]. Phytoplasma-genome data were used for down-
stream experiments ranging from the design of PCR 
primers for marker genes and/or strain differentiation 
[Neriya et al., 2011; Seemüller et al., 2011] to the identifi-
cation of effectors changing the plant phenotype [Hoshi 
et al., 2009; Sugio et al., 2011]. Genome sequences also 
allow the bioinformatical reconstruction of the major 
pathways in phytoplasmas [Kube et al., 2012].

  This study deals with ‘stolbur’ phytoplasmas which are 
infecting a wide range of cultivated and wild plants [Gar-
nier, 2000]. This phytoplasma now classified as ‘ Ca . P. 
solani’ [Quaglino et al., 2013], together with closely re-
lated ‘ Ca . P. australiense’, belongs to 16S ribosomal group 
XII [IRPCM, 2004]. Some very important plant diseases 
and severe crop losses are associated with this phytoplas-
ma such as ‘bois noir’ on grapevine, corn reddening and 
‘stolbur’ of solanaceous plants. ‘Stolbur’ disease was first 
described in Serbia starting in 1949 and since then it has 
been reported in many cultivated crops and ornamental 
plants as well as in wild plant species and its vectors. First 
insights on the genetic information encoded by ‘stolbur’ 
phytoplasma were provided by sequencing clones derived 
from amplified DNA enriched by double suppression 
subtractive hybridization (SSH) from  Catharanthus 
roseus  L. infected with strain PO. Cimerman et al. [2006] 
determined 181 sequences representing 113,209 nucleo-

tides encoding 194 coding sequences of their estimated 
820–850 kb sized genome. Despite this chromosome size 
estimation, loss of larger genome fragments during the 
propagation in infected plant hosts is described [Brown 
et al., 2007] and may also indicate the occurrence of 
smaller chromosomes in nature. The impact of horizon-
tally transferred genetic material [Kube et al., 2012; Wei 
et al., 2008], transposon-mediated gene duplication [Bai 
et al., 2006] or group II intron [Cimerman et al., 2006] on 
these processes cannot be estimated for ‘stolbur’ phyto-
plasmas so far.

  Since the major problem for studying phytoplasmas 
in their original hosts is the low concentration of patho-
gen in infected plants [Tran-Nguyen and Gibb, 2007], 
the enrichment of phytoplasma DNA or depletion of 
host genomic DNA is a critical step. Several approaches 
were used with pulsed-field gel electrophoreses and gra-
dient centrifugation being the most successful strategies 
applicable to many different types of starting material 
[Cimerman et al., 2006; Jiang et al., 1988; Seddas et al., 
1993]. The pulsed-field gel electrophoresis technique 
provides the highest DNA quality with respect to the pu-
rity [Tran-Nguyen and Gibb, 2007]. However, caesium 
chloride (CsCl) buoyant gradient centrifugation [Kollar 
et al., 1990] is one of the most commonly used methods 
to enrich phytoplasma DNA. Other methods, such as 
suppression SSH for example in combination with mir-
ror orientation selection, result in a selected amplifica-
tion of extrachromosomal DNA [Tran-Nguyen and 
Gibb, 2007] or for a doubled SSH in a biased representa-
tion of the chromosome [Yilmaz et al., 2010]. Isothermal 
amplification using Phi29 DNA polymerase was also 
used to obtain high quantities of phytoplasma DNA from 
low-amount templates [Tran-Nguyen and Gibb, 2007], 
since this system mediates whole-genome amplification 
(WGA) from single cells [Hosono et al., 2003; Spits et al., 
2006]. It is characterized by its strand displacement activ-
ity and its impressive processivity in a highly accurate 
manner [Esteban et al., 1993]. Amplicons of more than 
70,000 nt can be produced [Blanco et al., 1989]. The tech-
nical application of this enzyme was introduced by the 
rolling circle amplification (RCA) using random primers 
[Dean et al., 2001; Lizardi et al., 1998]. This approach was 
improved by the introduction of thiophosphate-modi-
fied random hexamers [Dean et al., 2002] and renamed 
multiple displacement amplification (MDA) taking into 
account that also linear products are amplified. Conse-
quently, MDA was used in combination with target-spe-
cific primers for diagnostic purposes [James et al., 2011; 
Xu et al., 2008].
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  Here, we present a new MDA-based strategy to ob-
tain DNA templates for deep sequencing, which was 
used to generate annotated genomic draft sequences of 
two ‘stolbur’ strains from naturally infected tobacco and 
parsley.

  Experimental Procedures 

 An overview of the workflow of the experiment carried out is 
given in  figure 1  including key steps such as data generation, anal-
ysis of the metagenomic data, calculation of a potential enrichment 
by selected oligomers, analysis of the deduced protein content of 
the two strains, determination of the  sucP  transcript, comparison 
of the gene content of different strains and limits resulting from 
the sequencing of repeat-rich genomes in the assembly.

  DNA Extraction and Initial Enrichment 
 Two ‘stolbur’ strains from Northern Serbia were used: 284/09 

originated from tobacco plant collected in Ečka in September 
2009, grafted to tobacco seedling and maintained in micropropa-
gation. On this sample, Dellaporta enrichment [Dellaporta et al., 
1983] was used followed by CTAB extraction [Ahrens and Seemül-
ler, 1992]. Strain 231/09 originated from parsley plant ( Petroseli-
num sativum ) collected in Pančevo in October 2009 was the second 
one, and for it CTAB extraction and no initial enrichment were 
used. 0.5 g of starting material was used for strain 231/09 and <3 g 
for 284/09. 

  MDA Control Experiments 
 The Illustra GenomiPhi DNA amplification kit V2 (GE Health-

care, Munich, Germany) was used for all Phi29-based amplifica-
tions in this study. Amplification and subsequent purification 
(Qiagen clean-up recommendations for repli-G products: www.
qiagen.com) was performed according to the manufacturer’s in-
structions for a reaction volume of 20 μl without modifications 
(control experiments). One reaction for DNA templates obtained 
from parsley infected with strain 231/09 and one for tobacco in-
fected with strain 284/09 were set up for comparison.

  Calculation of Oligomers for the Use of Enrichment 
Oligonucleotides 
 Random hexamers and/or oligonucleotides corresponding to 

highly frequent oligomers encoded in the phytoplasma genomes 
were used for DNA amplification. Oligomers were calculated on 
a sequence concatamer consisting of the four complete chromo-
somes of ‘ Ca . P. asteris’ strains AY-WB (CP000061) and OY-M 
(AP006628), ‘ Ca . P. mali’ (CU469464) and ‘ Ca . P. australiense’ 
(AM422018). The obtained phytoplasma concatamer was divided 
by a Perl (http://www.perl.org/) script into 102 windows with a 
size of about 30 kb. All possible 21mers in each respective window 
were calculated and counted using a sliding window approach. 
Selected oligomers correspond to the used oligonucleotides with-
in the next steps. Oligomer sequence and its appending count of 
the respective window were saved with the help of a hash during 
processing and sorted by their count. To reduce calculation time 
and storage space, only the 100,000 most frequently oligomers for 
each window were saved. Oligomer sequences were excluded if 

they did not contain 2 bases of cytosine, 2 bases of guanine or 1 
base of guanine and 1 base of cytosine at least. This step was per-
formed to increase the specificity of the oligomers and subse-
quent sequencing. The most frequently encoded oligomers were 
determined and a minimal set of 28 oligomers (21 bases in length 
each) was selected covering 95% of the concatamer if a product 
size of 30 kb is assumed. The set of enrichment oligonucleotides 
(Eurofins MWG Synthesis GmbH, Ebersberg, Germany) consists 
of:

 5 ′ -GATAATTTCATATCTTTTCAA-3 ′ , 
5 ′ -TTTTAAAAATTCTTTAAGACT-3 ′ , 
  5 ′ -TTTTTTGGAAAAAAATGTTGT-3 ′ , 
5 ′ -ATTCAATTAAATTTAATAAAC-3 ′ , 
  5 ′ -ACACTTAGATGCTTTCAGTGT-3 ′ , 
5 ′ -CTGTTTCATTTATTTAGACAA-3 ′ , 
  5 ′ -TTTGAAAAGATATGAAATTAT-3 ′ , 
5 ′ -TATTTATATCGATCTTTTTTT-3 ′ ,
  5 ′ -AAAGATATGGAAATATCTAAT-3 ′ , 
5 ′ -TTTTCATTTGGTTCATTTTTT-3 ′ , 
  5 ′ -GGACATTTAATTTCTAATAAA-3 ′ , 
5 ′ -TATTAAAAACTAAAATATCGA-3 ′ , 
  5 ′ -TACAAACGTGATACAATGGCT-3 ′ , 
5 ′ -TTAAAATGGCGAGAAATTACA-3 ′ , 
  5 ′ -AATTTTTAAATCAAAAAATGT-3 ′ , 
5 ′ -GAAATGCTTAAATTAGCTGAT-3 ′ , 

  Fig. 1.  Overview of data generation. Running numbers of the ex-
periments are given in brackets. 
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  5 ′ -TTATCATGAAGCAGGACATGC-3 ′ , 
5 ′ -TATTGATAAATTTTATAAGGA-3 ′ , 
  5 ′ -TGACTCCTCAATTAGAAGAAC-3 ′ , 
5 ′ -CGTTTGAGAAGGGATTCGAAC-3 ′ , 
  5 ′ -ACTAAATTGTTTATTAAAAAA-3 ′ , 
5 ′ -GTTCGAATCCCTTCTCAAACG-3 ′ , 
  5 ′ -AAAATCATATTGATATAATAA-3 ′ , 
5 ′ -ACGTAATGTTATTTTAGAAAA-3 ′ ,
  5 ′ -TGTCTAAGAAAAAAATTATTT-3 ′ , 
5 ′ -ATTATATCAATATGATTTTTA-3 ′ , 
 5 ′ -GTTAAAAATTAACCATTTATT-3 ′ , 
5 ′ -AATCAAAAAAATAATAAGGAG-3 ′ .  
  MDA Using Phytoplasma Enrichment Oligonucleotides 
 Amplification and subsequent purification was performed ac-

cording to the manufacturer’s instructions with some modifica-
tions. Phi29 reaction volumes were supplemented by additional 
oligonucleotides increased by 1 μl to a final reaction volume of 
21 μl. The set of enrichment oligonucleotides (100 pmol each) was 
added to the reaction mix including the random hexamers. The set 
of enrichment oligonucleotides is present in a final concentration 
of 0.4 μ M . Experiments were performed for both strains.

  MDA Using Group-Specific Oligonucleotides 
 In an independent control experiment, P1/P7 primers [Deng 

and Hiruki, 1991; Smart et al., 1996] were used in different con-
centrations in combination with random hexamers. The three ex-
periments contain P1/P7 primer with a final concentration of 0.4, 
3.3 and 5.5 μ M . Experiments were carried out on tobacco samples 
infected with strain 284/09.

  The experiment with the highest primer supplement was car-
ried out using primers and DNA template vacuum dried in a 
SpeedVac (Savant, Farmingdale, N.Y., USA) and resuspended in 
the sample buffer of the Illustra GenomiPhi DNA amplification kit 
V2 (GE Healthcare) for 30 min to keep equal reaction volumes.

  Sequencing by Synthesis 
 About 3–5 μg of each MDA product was used for library prep-

aration from Illumina sequencing. Barcoded libraries were pre-
pared using the NEBnext DNA sample prep Kit (New England 
Biolabs, Ipswich, Mass., USA) according to the manufacturer’s in-
structions. Libraries were sequenced on a Genome Analyzer IIx 
(Illumina, San Diego, Calif., USA) in a 36-base single read multi-
plex run.

  De Novo Assemblies 
 Each sample was assembled using the CLC Genomics Work-

bench V4.5 (http://www.clcbio.com/). Standard parameters for 
read trimming and de novo assembly were used with one excep-
tion. The similarity value was increased to 0.9. The average used 
read length of the quality trimmed reads was 35 bases. The mini-
mal size for contiguous sequences (contigs) was set to 300 bp. In 
addition, all obtained data of each strain were assembled and used 
for individual draft genome analysis in the following steps.

  Taxonomical Assignment 
 Contigs were compared via BLAST [Altschul et al., 1997] 

against NRPROT (ftp://ftp.ncbi.nlm.nih.gov/blast/db/). BLASTX 
results were uploaded in MEGAN (MEta Genome Analyzer) [Hu-
son et al., 2011]. Contigs were handled as reads in MEGAN using 

a coverage level of one. All sequences with an assignment to the 
phylum  Tenericutes  were selected for automated annotation [Ra-
bus et al., 2002].

  Calculation of Enrichment 
 Enrichment was evaluated by read counts in two different ap-

proaches. First, the percentage of reads showing perfect matches 
(100% identity) on the chromosome sequence of the four complete 
genomes (AP006628.2, CP000061, CU469464, CU469464) was 
calculated. This was performed by megablast using a word length 
of 20 and subsequent filtering of the output by a Perl script. Sec-
ond, the percentage of phytoplasma-assigned reads building con-
tigs was calculated from the assembly.

  Draft Genome Annotation 
 Contigs for each strain were obtained by the assembly of all 

read data and subsequent taxonomical selection as described 
above. Contigs were merged in a draft sequence but kept separated 
by 100 Ns. The two drafts were analyzed by the automated annota-
tion pipeline HTGA [Rabus et al., 2002] and manually curated in 
Artemis [Rutherford et al., 2000]. Annotated draft sequences were 
deposited in GenBank (strain 284/09 acc. No. FO393427 and strain 
231/09 acc. No. FO393428).

  Expression of sucP Gene in Strain 284/09 
 Total RNA was prepared from tissue-cultured tobacco infected 

by ‘stolbur’ strain 284/09 using NucleoSpin RNA II extraction kit 
(Macherey-Nagel, Düren, Germany) following the manufacturer’s 
instructions and using a final elution volume of 50 μl. 8 μl of RNA 
was treated with 1 unit of DNase I (Thermo Scientific, Bremen, 
Germany). Aliquots of 4.5 μl DNase-treated RNA were used as 
template for amplification in RT-PCR and PCR reactions to exam-
ine expression of  sucP  and absence of DNA, respectively. Primers 
sucP-left (5   ′ -AGTTTTTGCACCAGGCATTC-3   ′ ) and sucP-right 
(5   ′ -GTGTGGGGGTTGTAATTTCG-3   ′ ) were designed for am-
plification of partial  sucP  sequence (expected product of 242 bp). 
RT-PCR assay with the sucP-left/right primer pair was carried out 
on DNase-treated RNA in 25 μl-scale RT-PCR reaction mix con-
taining 4.5 μl template RNA, 1× OneStep RT-PCR buffer, 0.4 m M  
dNTP mix, 0.4 μ M  of each primer and 1 μl OneStep RT-PCR en-
zyme mix (Qiagen, Hildesheim, Germany).

  PCR assays were carried out on DNase-treated RNA and total 
DNA in a 25 μl-scale PCR reaction mix containing 4.5 μl template 
RNA or 1 μl template DNA, 1× PCR Master Mix (Thermo Scien-
tific) and 0.4 μ M  of each primer. A PCR-negative control reaction 
was set up without DNA. 

  Reverse transcription reaction was performed for 30 min at 
50   °   C followed by 13 min initial denaturation at 95   °   C. Subsequent 
PCR assay contains a denaturation step of 2 min at 94   °   C and a 
three-step PCR cycling (94   °   C, 30 s; 57   °   C, 30 s; 72   °   C, 1 min) re-
peated 35 times and a final extension step of 5 min for 72   °   C. Am-
plification or absence and size of PCR products were analyzed by 
agarose gel electrophoresis using 6 μl of RT-PCR or PCR products. 
100-bp and 1-kb DNA ladders were used for size comparison 
(Thermo Scientific).

  Comparative Analysis of ‘Stolbur’ Strains 
 The two ‘stolbur’ draft sequences from Serbia were compared 

by BLASTN [Altschul et al., 1997] using strain 284/09 as reference. 
Calculation was performed using a word length of 300 and low 
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complexity filter off. BLASTN output was filtered for a minimal 
sequence identity of 99% and average alignment length was calcu-
lated by a Perl script. Conservation of deduced protein content was 
estimated using the draft sequence of strain 284/09 as subject and 
the deduced proteins of strain 231/09 as query in a TBLASTN 
comparison. In a second approach, deduced proteins of the Ser-
bian ‘stolbur’ strains were compared via BLASTP. BLAST outputs 
were filtered for identity of 99% of the aligned regions by MSP-
crunch [Sonnhammer and Durbin, 1994]. Comparison on ob-
tained data versus published ‘stolbur’ phytoplasma determined in 
the study of Cimerman et al. [2006] was performed by BLASTP 
[Altschul et al., 1997] and filtering the output by MSPcrunch 
[Sonnhammer and Durbin, 1994].

  Limits of Short Read Assemblies 
 The problems of the assembly of repeat-rich genomes resulting 

from short reads were simulated by an in silico approach.   There-
fore, the chromosome sequences of ‘ Ca . P. australiense’ (acc. No. 
AM422018) and  Escherichia coli  strain K12 substr. MG1655 (acc. 
No. U00096.2) were used as template for the ART simulation tool 
[Huang et al., 2012] to obtain simulated Illumina read datasets. 
Single read datasets were calculated with a length of 35 b, 100 b and 
paired-end reads with (2×) 100 b covering the chromosomes 168-
fold each. Reads were assembled (see above), total contig length 
(TCL) was calculated and contigs extracted.

  Mapping on the Chromosome of ‘Ca. P. australiense’ 
 Chromosome information on protein encoding sequences and 

potential pseudogenes of ‘ Ca . P. australiense’ were extracted from 
the genome (acc. No. AM422018). Potential multicopy genes were 
identified by BLASTClust (http://www.ncbi.nlm.nih.gov) also 
considering the annotated pseudogenes, which are so far not ex-
perimentally validated. ‘ Ca . P. australiense’ contigs obtained from 
the assembly of simulated Illumina reads (ART approach see 
above) were assigned to corresponding positions on its chromo-
some by BLASTN using a word size of 100 b and subsequent filter-
ing for a minimal identity of 99% by MSPcrunch. Deduced protein 
coding sequences of the two Serbian ‘stolbur’ strains were assigned 
to potential homologs of ‘ Ca.  P. australiense’ by BLASTP (e-value 
cut-off: 1e –15  and MSPcrunch identity filter cut-off: 30%). First hit 

was considered in both analyses if multiple hits showed an identi-
cal BLAST score. GC plot calculation and visualization of results 
was performed in Artemis.

  Results and Discussion 

 Obtained Sequence Data 
 Sequencing by synthesis (SBS) was performed for nine 

barcoded libraries (one lane of the flow-cell) resulting in 
20,588,492 quality-passed short-reads with an average 
length of 35 bases. Obtained read numbers/sample vary 
from 2,290,270 to 3,494,601 reads ( table 1 ). In total, above 
741 Mb of quality filter-passed sequence information was 
generated.

  Experiments limited to Dellaporta enrichment ap-
proach and Phi29 amplification using random hexamers 
for strain 284/09 and Phi29 amplification using random 
hexamers alone for strain 231/09 resulted in short TCL of 
211.6 and 7.6 kb, respectively. Higher TCL was obtained 
in all Phi29 reactions supplemented by oligonucleotides 
(P1/P7 or oligonucleotides based on calculated oligo-
mers). Furthermore, a lower G + C content was observed 
for the contigs derived from these experiments.

  Percentages of reads assigned to phytoplasma-contain-
ing contigs were calculated and an enrichment was ob-
served ( table 2 ). Supplementation by the calculated oligo-
mers resulted in a 2.3- and 2.4-fold increase of assigned phy-
toplasma reads and in a 2.2- and 5.9-fold increase of the 
percentage of the phytoplasma-assigned TCL for strain 
284/09 and strain 231/09, respectively. A TCL of 460 and 439 
kb was reached in these experiments ( table 1 ). Long TCLs 
resulted from the high percentage (80–81%) of phytoplas-
ma-assigned reads allowing a contig formation ( table 2 ).

Table 1.  SBS and assembly results (data assigned to phytoplasma strains is indicated by Ph+)

Template, 
experiment No.

MDA add-ons Total 
number
of reads

Number of 
contigs

G + C 
content, %

Reads in contigs TCL of contigs,  bp

total Ph+ total Ph+ total Ph+ tot al Ph+

Strain 284/09
624 – 2,970,584 233 112 42 38 581,102 112,122 630,092 211,581
621 oligomers 2,766,451 187 112 32 29 492,386 400,613 620,682 459,862
629 P1/P7 (0.4 μM) 2,786,556 165 41 41 29 266,109 43,171 410,496 81,915
628 P1/P7 (3.3 μM) 2,614,502 253 118 36 29 531,162 319,790 701,890 381,294
627 P1/P7 (5.5 μM) 3,494,601 244 106 31 29 711,084 428,407 896,441 497,771

Strain 231/09
626 – 2,290,270 30 6 39 32 35,682 5,357 57,681 7,630
623 oligomers 2,816,277 188 149 30 29 559,629 447,173 568,543 438,799
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  The highest P1/P7 oligonucleotide concentration did 
not result in an enrichment increase ( tables 1 ,  2 ). This 
may result from insufficient resuspension of the previ-
ously dried oligonucleotides. Low P1/P7 oligonucleotide 
supplementation also shows no significant effect com-
pared to the usage of the hexamers without additional 
supplementation. These results can be observed taking 
into account the increase of reads in contigs assigned to 
phytoplasma but also by an independent calculation 
based on a simplified mapping of reads from this study 
on the four complete phytoplasma genomes.

  Strain Data Assemblies 
 Data obtained for each strain were pooled and assem-

bled. The unselected metagenomic draft sequence of the 
strain 284/09 plant sample reaches a length of 1,340 kb 
while 915 kb sequence was obtained for the strain 231/09 
infected sample. Draft sequences were organized in 685 
contigs for strain 284/09 and 739 contigs for strain 231/09 
(minimal contig size 300 bp). The contig numbers result 
in 1,965 and 1,238 bp average contig length, respectively.

  About 19% (128/685) of the contigs of strain 284/09 
and 40% (298/739) of strain 231/09 could be assigned to 
phytoplasma ( table 3 ) using the MEGAN approach [Hu-
son et al., 2011]. Below 1% of the initial contigs (assign-
ment to the phylum  Tenericutes ) could not be assigned to 
‘ Ca . Phytoplasma’ and were removed manually during 
the gene annotation. The average contig length of the 
phytoplasma-assigned sequences is increased with 4,356 
bp (168-fold sequencing coverage) and 1,731 bp (34-fold 
sequencing coverage) compared to unselected contigs 
and results from a lower plant background. The draft se-
quences show an average identity of 99% to each other in 
aligned regions (above 457 kb).

  The 448 (strain 284/09) and 346 (strain 231/09) protein 
coding genes were assigned as completely determined. 
The shorter contig length in strain 231/09 results in a lower 
number of complete genes and a higher number of partial 
genes. In addition, differences in the completeness and qual-
ity are indicated by the number of 27 and 8 tRNAs encoded 
in the two strains. However, successful application of this 
genomic draft approach can be estimated by the functional 
assignment made on 328 deduced complete proteins for 
strain 284/09 and 238 for lower covered strain 231/09. 452 
of 573 deduced protein sequences of strain 231/09 are also 
encoded in strain 284/09 showing an identity of above 99%.

  A high portion of the 520 deduced proteins of ‘stol-
bur’  strain 284/09 can also be identified in the protein 

Table 2.  Percentages of phytoplasma-assigned data (Ph+) in experiments

Template,
experiment
No.

MDA add-ons % of Ph+ reads based 
on the total number of 
reads in contigs

% of complete phytoplasma 
genome-assigned reads 
calculated on total reads 

% of Ph+ TCL 
based on total 
TCL 

Strain 284/09 (from tobacco)
624 – 19.3 0.9 33.6
621 oligomers 81.4 2.1 74.1
629 P1/P7 (0.4 μM) 16.2 0.9 20.0
628 P1/P7 (3.3 μM) 60.2 1.9 54.3
627 P1/P7 (5.5 μM) 60.2 1.5 55.5

Strain 231/09 (from parsley)
626 – 15.0 0.8 13.2
623 oligomers 79.9 1.9 77.2

Table 3.  Selection of ‘stolbur’ draft sequences and general genome 
features

Strain 284/09 231/09
Total number of SBS reads 14,632,694 5,955,768
All contigs

Number of contigs (>300 bases) 685 739
Average contig size (>300 bases) 1,965 1,238
TCL (>300 bases) 1,346,432 915,060

Phytoplasma-assigned contigs
Number of contigs (>300 bases) 128 298
Average contig size (>300 bases) 4,356 1,731
TCL (>300 bases) 557,538 515,758
Number of implemented reads 1,841,069 471,680
Sequencing coverage 168.2-fold 34.3-fold
G + C content 28.2% 28.6%
CDS/deduced proteins 448 346
Additional partial CDSs 72 227
G + C content of CDSs 29.6% 29.8%
tRNAs 27 8
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dataset of the completely determined chromosome of 
‘ Ca . P. australiense’. However, only one mapped pro-
tein  of strain 284/09 shows 99% identity to ‘ Ca.  P. 
 australiense’ but 438 mapped proteins have at least 80% 
 identity. The dataset from ‘stolbur’ PO generated by SSH 
approach produced 194 deduced protein sequences [Ci-
merman et al., 2006]. 186 potential orthologs were identi-
fied in strain 284/09 showing an identity of at least 30%; 
80 of the identified proteins show an identity of 99%.

  Analysis of the Genomic Core of ‘Stolbur’ Strains 
284/09 and 231/09 
 Complete gene sets encoding proteins for replication, 

DNA modification and structure and DNA repair were 
identified in both genomes [Kube et al., 2012]. Both 
strains encode the excision repair complex  uvrABC  com-
parable to the one of ‘ Ca . P. asteris’ strains OY-M and 
AY-WB and ‘ Ca . P. australiense’, the latter belonging to 
the same phylogenetic branch. Results support the sepa-
rated evolutionary genome condensation of ‘ Ca.  P. mali’ 
that is lacking these genes.

  Furthermore, the gene content necessary for tran-
scription was identified in both draft sequences. Differ-
ences in the gene content due to the level of completeness 
of drafts are visible in the gene sets involved in transla-
tion, e.g. for ribosomal genes. The draft of strain 284/09 
contains the complete set of ribosomal genes, while the 
draft of strain 231/09 lacks six genes ( rplJ ,  rpmF ,  rpmH , 
 rpmI ,  rpsL  and  rpsN  ). It was possible to identify all tRNA 
synthetases in the draft of strain 284/09, while it was im-
possible to identify the genes for prolyl-tRNA and lysi-
dine-tRNA synthetase in strain 231/09.

  The conserved content of membrane-associated genes 
was identified in both draft sequences including the as-
sociated gene set assigned to lipid synthesis [Kube et al., 
2012]. Common ABC-transporters for the ATP-depen-
dent putative import of manganese/zinc, cobalt, spermi-
dine/putrescine, sugars or putative glycerol-3-phosphate, 
oligopeptides and methionine are encoded in the se-
quencing obtained. Furthermore, a putative thiamine 
transporter of the ThiA/YuaJ family was identified. Both 
strains also share the content of multidrug efflux pumps 
(MdlA/B, NorM), P-type ATPases and the large-conduc-
tance mechanosensitive channel protein with the other 
sequenced phytoplasmas.

  The prominent membrane proteins Vmp1 and Stamp 
(Amp) of ‘stolbur’ were identified in both draft sequenc-
es. Both proteins are supposed to be involved in phyto-
plasma-host interaction [Cimerman et al., 2009; Fabre et 
al., 2011]. StamP is supposed to show a conserved se-

quence synteny with the order  groEL - amp - nadE  in sev-
eral phytoplasma genomes [Fabre et al., 2011] but not in 
‘ Ca . P. mali’ (acc. No. CU469464). This synteny was also 
identified in the two strains examined in this study. This 
is in agreement with the identity of 91% reached in the 
alignment of strain 284/09 and strain 231/09 of StamP 
and VmP1 from ‘stolbur’ phytoplasma [Fabre et al., 2011].

  In both ‘stolbur’ strains, gene sets necessary to build 
the general Sec-dependent pathway in phytoplasma were 
identified ( ffh ,  ftsY ,  secA ,  secE, secY ) except for  yidC,  
which was not identified in strain 231/09.

  The energy metabolism encodes the Embden-Meyer-
hof-Parnas pathway [Oshima et al., 2004] and the sug-
gested alternative pathway from malate (or a similar sub-
strate) to acetate [Kube et al., 2012]. Genes encoding the 
upper part of the glycolysis were identified (phosphoglu-
cose isomerase, Pgi; phosphofructokinase, PfkA; fruc-
tose-biphosphate aldolase, Fba; triosephosphate isomer-
ase, TpiA). In contrast to ‘ Ca . P. mali’ but in agreement 
with the other fully sequenced phytoplasmas, the genes 
encoding proteins involved in the energy-yielding part 
were also identified (glyceralaldehyde-phosphate dehy-
drogenase, GapA; phosphoglycerate mutase, Pgm; eno-
lase, Eno; pyruvate kinase, PykF). The suggested alterna-
tive energy-yielding pathway encoded in all four com-
pletely determined genomes of phytoplasma strains is 
also encoded by ‘stolbur’ strains from Serbia [Kube et al., 
2012]. It encodes the steps of malate uptake (symporter 
MleP), oxidative decarboxylation (SfcA), generation of 
acetyl-CoA by the pyruvate dehydrogenase multienzyme 
complex (AcoAB, AceF, Lpd), formation of acetyl-phos-
phate by the suggested phosphotransferase (PduL-like 
protein) and acetate (AckA) including the gain of one 
ATP [Kube et al., 2012]. In contrast to this second path-
way, glycolysis is dependent on the supply of a phosphor-
ylated hexose at the beginning. The option of a direct up-
take of trehalose-6-phosphate or sucrose-6-phosphate 
and subsequent processing with respect to the particular 
environment of phytoplasmas has to be taken into con-
sideration [Kube et al., 2012]. Indeed, no hints for an en-
coded membrane-bound phosphoenolpyruvate-depen-
dent phosphotransferase system (PTS) have been provid-
ed for phytoplasmas so far and it remains still unclear 
how phytoplasmas perform this step. A phosphoenolpyr-
uvate-dependent PTS activity was shown for  Mycoplasma 
gallisepticum ,  M. mycoides  subsp.  mycoides  and  M. mycoi-
des  subsp.  capri  but not for  Acholeplasma laidlawii  [Ciril-
lo and Razin, 1973]. The last finding might be remarkable 
because  Acholeplasma  are paraphyletic to the genus ‘ Ca . 
Phytoplasma’ [Gundersen et al., 1994].
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  However, both ‘stolbur’ strains encode a truncated su-
crose phosphorylase (SucP). Sequence comparison of 
 sucP  and flanking sequences show 100% identity on nu-
cleotide sequence. Sucrose may be taken up by some phy-
toplasmas from the phloem sap via a sugar ABC-trans-
porter [Kube et al., 2012] or maybe a permease [Reid and 
Abratt, 2005]. The  sucP  gene is encoded between a Zinc-
dependent protease (TldD) and a multidrug efflux pump 
(NorM) in both strains. SucP mediates the generation of 
α- D -glucose-1-phosphate and β- D -fructofuranose from 
sucrose and to a lesser extent hydrolysis glucose-1-phos-
phate [van den Broek et al., 2004]. While TldD and NorM 
protein show highest similarities to phytoplasmas, 
SucP  shows its lowest e-values in BLASTP against 
NRPROT to  Leuconostoc mesenteroides  (e-value 6e –87 ; 
acc. No. ABW71903) followed by members of the genus 
 Lactobacillus  (e-value 6e –84 ; refseq acc. no. NC_009513.1). 
Proteins show a high identity of around 70% to the SucP 
of strain 284/09. The deduced protein length of 485–491 
aa significantly differs from the SucP of the two Serbian 
‘stolbur’ strains (136 aa). SucP is also encoded in ‘ Ca . P. 
australiense’ (annotated as GtfA) and ‘ Ca . P. asteris’ strain 
OY-M. While it might also be truncated in strain OY-M, 
‘ Ca . P. australiense’ encodes the putative full-length pro-
tein. It was impossible to detect this protein in ‘ Ca . P. as-
teris’ strain AY-WB or in ‘ Ca . P. mali’ genomes. The cod-
ing and truncation of  sucP  in phytoplasmas is remark-
able  because sucrose represents the most prominent 
sugar in the phloem sap [Vanhelden et al., 1994]. Surpris-
ingly, expression of  sucP  is confirmed for strain 284/09 
by RT-PCR ( fig. 2 ). One may speculate if the truncated 
 sucP  lost its original function. However, the subsequent 
processing remains unclear because α- D -glucose-1-
phosphate has to be converted to α- D -glucose-6-
phosphate by the phosphoglucomutase (PgmA). Such an 
α- D -phosphohexomutase is encoded in  A. laidlawii  strain 
PG-8A (acc. No. YP_001620839) and in several myco-
plasmas but has not been identified in phytoplasmas so 
far. This might also be due to the weak genomic database 
for phytoplasmas.

  This little shunt would allow phytoplasmas to (i) me-
tabolize the most prominent sugar in phloem sap, (ii) 
overcome the lack of a PTS system, and (iii) provide a 
needed entry enzyme of the upper part of the glycolysis. 
It is likely that the ancestors of the phytoplasmas were 
able to use this shunt for the degradation of sucrose or a 
similar disaccharide. Furthermore, it raises the question 
whether the other prominent disaccharide trehalose of 
the insect vectors was utilized in a similar manner by phy-
toplasmas. Phytopathogenic spiroplasmas perform such 

a switch from glucose and fructose in the plant to treha-
lose in the hemolymph of the leafhopper vector [Gaspar-
ich, 2010; Gaurivaud et al., 2000].

  Reached Genome Coverage Using Short Reads for 
Assembly 
 No estimation is made on the completeness of the draft 

genomes of the examined ‘stolbur’ strains. The complete 
genome of the related ‘ Ca . P. australiense’ is heavily char-
acterized by repeats covering 24% of the sequence [Tran-
Nguyen et al., 2008]. There is a risk of misassemblies due 
to the shared high similarity within the individual repeat 
groups. Conflicts occurring during the assembly of these 
regions result in rejection of reads from the assembly. It is 
likely that several repetitive elements are encoded in both 
strains. Identification of transposases (3 proteins in strain 
284/09 and 1 in strain 231/09) and a group II intron re-
verse replicase (5 proteins in strain 284/09 and 3 in strain 
231/09) support such an estimation for both samples.

  A simulation based on the chromosome sequence of 
‘ Ca . P. australiense’ with a length of 879,959 bp was per-
formed calculating Illumina read sets with a size of 35, 

300 bp
500 bp

250 bp
200 bp
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2

  Fig. 2.  RT-PCR validating the expression of  sucP  gene in strain 
284/09. Lanes on the gel image: 1, 100 bp DNA ladder (M1); 2, RT-
PCR product from DNA-free RNA sample (RT-PCR); 3, absent 
PCR product from DNA-free RNA sample (PCR1); 4, PCR control 
on genomic DNA (PCR2); 5, PCR negative-control (PCR3); 6, 
1-kb DNA ladder (M2). Arrows indicate the size of bands from the 
DNA standard. 
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100 and paired reads of 2 × 100 nucleotides using ART 
simulation tools [Huang et al., 2012]. None of the per-
formed de novo assemblies using the simulated read sets 
reached chromosome length (single read length 35 b: 586 
kb; single read length 100 b: 596 kb; paired-end reads 
length 100 b each: 616 kb). Contigs with a size of at least 
300 b cover 67–70% of the chromosome. Full-length 
chromosomes are difficult to assemble due to misassem-
blies and conflicts resulting from repeats. This is support-
ed by a mapping of the 586 kb reached by the assembly of 
simulated reads from ‘ Ca . P. australiense’ on the chromo-
some in comparison to the location of potential pseudo-
genes and multicopy genes ( fig. 3 ). However, simulated 
assemblies show a sequence identity of 99% to the refer-
ence chromosome providing an estimation of the quality 
and usability of sequences of such a genomic draft. There 
is a high probability that also the obtained assemblies of 
the Serbian ‘stolbur’ strains show a similar problem tak-
ing into account the distribution of the deduced proteins 
by mapping on ‘ Ca . P. australiense’.

  In comparison, assemblies based on read-simulation 
performed on the comparable repeat-poor 4,640 kb large 
 E. coli  strain K12 substr. MG1655 chromosome resulted 
in a similar chromosome length covering 97–98% consid-
ering contigs with a minimal length of 300 bp (single read 

length 35 b, TCL 4,518 kb; single read length 100 b: 4,532 
kb; paired-end reads length 100 b each: 4,543 kb).

  In conclusion, a direct estimation on completeness of 
the genomic draft of phytoplasmas appears to be risky: 
sequence quality of assembled regions is expected to show 
high confidence but usage of potential multicopy genes 
for ongoing studies directly from draft sequences is lim-
ited and needs additional evaluation.

  Other Phytoplasma Draft Approaches 
 Starting on a DNA template resulting from isothermal 

amplification, a short read sequencing approach was suc-
cessfully used for the determination of two ‘stolbur’ draft 
genome sequences. It is shown that it is possible to gener-
ate a phytoplasma genomic draft sequence from <1 g of 
starting material using low-cost sequencing chemicals 
and comparable little hands on time. The presented first 
results of enrichment by group-assigned primers of target 
DNA in a metagenomic sample are a basic tool that will 
be useful to study many organisms including other phy-
toplasma species. No plasmids were detected in this study 
but it is likely that plasmid-containing templates are risky 
for such an approach [Tran-Nguyen and Gibb, 2007].

  Compared to the approach presented here, a higher 
number of premade assumptions are made by Saccardo 

  Fig. 3.  General chromosome information 
of ‘ Ca . P. australiense’ and visualization of 
the mapping results. Circular patterns 
(from outside to inside): 1 (black circle), 
scale in base pairs of the chromosome; 2 & 
3 (dark blue), annotated coding sequences 
on forward and reverse strand (AM422018); 
4 (light blue), annotated pseudogenes 
(AM422018); 5 (red), multicopy genes; 6 
(black), contigs obtained from simulated 
reads calculated from ‘ Ca . P. australiense’ 
chromosome sequence; 7 (green), assigned 
coding sequences of stolbur strain 284/09; 
8 (gold), assigned coding sequences of stol-
bur strain 231/09, and 9 (olive and pink), 
G + C plot. 
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and colleagues providing four genomic draft sequences of 
phytoplasmas in a recently published study [Saccardo et 
al., 2012]. Major differences in the initial steps are the use 
of a higher amount of starting material (10 μg of DNA) and 
no amplification prior to sequencing library construction. 
Finally, assigned phytoplasma data were obtained by a 
coverage-based selection of contigs and reads respectively, 
negative selection against a non-infected host plant data-
set and screening of contigs resulting from the selected 
read assembly against phytoplasma sequences in public 
databases. Phytoplasma drafts derived from the colonized 
model plant  C. roseus  reached TCL from 584 to 648 kb re-
sulting from contigs with an average length of 2.3–3.7 kb 
of these samples. The draft sequence of an Italian strain of 
clover phyllody phytoplasma showing a higher level of col-
onization in  C. roseus  reached the highest percentage of 
assigned phytoplasma reads with 12% while the other sam-
ples reached only 3–6%. In comparison, none of the ‘stol-
bur’ templates reached more than 2.1% of assigned reads 
in our study and the non-amplified templates reached 0.8–

0.9% ( table 2 ). However, the higher sequencing coverage 
for ‘stolbur’ strain 284/09 (168-fold) resulted in an expect-
ed higher average contig size 4.4 kb. The strain 231/09 
shows a decreased average contig length with 1.7 kb cor-
responding to 34-fold sequencing coverage and the usage 
of short reads (36 b) compared to the 100 b reads used in 
the study of Saccardo and colleagues [Saccardo et al., 
2012]. A high sequencing coverage for ongoing de novo 
sequencing projects has to be anticipated in general be-
cause a shorter average contig length drastically influences 
the number of partial gene sequences in a draft ( table 3 ) 
and thereby the overall quality of the genomic draft.
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