
Phytoplasma PMU1 exists as linear chromosomal and
circular extrachromosomal elements and has enhanced
expression in insect vectors compared with plant hostsmmi_7296 1406..1415

Tania Y. Toruño,1† Martina S̆eruga Musić,2
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Summary

Phytoplasmas replicate intracellularly in plants and
insects and are dependent on both hosts for dissemi-
nation in nature. Phytoplasmas have small genomes
lacking genes for major metabolic pathways. Never-
theless, their genomes harbour multicopy gene clus-
ters that were named potential mobile units (PMUs).
PMU1 is the largest most complete repeat among the
PMUs in the genome of Aster Yellows phytoplasma
strain Witches’ Broom (AY-WB). PMU1 is c. 20 kb in
size and contains 21 genes encoding DNA replication
and predicted membrane-targeted proteins. Here we
show that AY-WB has a chromosomal linear PMU1
(L-PMU1) and an extrachromosomal circular PMU1
(C-PMU1). The C-PMU1 copy number was consis-
tently higher by in average approximately fivefold in
insects compared with plants and PMU1 gene expres-
sion levels were also considerably higher in insects
indicating that C-PMU1 synthesis and expression are
regulated. We found that the majority of AY-WB viru-
lence genes lie on chromosomal PMU regions that
have similar gene content and organization as PMU1

providing evidence that PMUs contribute to phyto-
plasma host adaptation and have integrated into the
AY-WB chromosome.

Introduction

Phytoplasmas are plant pathogenic bacteria that are
transmitted by phloem-feeding insects of the order Hemi-
ptera, including leafhoppers, planthoppers and psyllids
(Weintraub and Beanland, 2006). In plants, phytoplasma
replication is mainly restricted to phloem sieve cells,
whereas they invade the entire insect vector. They repli-
cate in various tissues of the insect including the salivary
glands from which they are introduced into the phloem
during feeding (Hogenhout et al., 2008). Four phyto-
plasma genomes have been completely sequenced:
Onion Yellows phytoplasma strain M (OY-M) (Oshima
et al., 2004) and Aster Yellows phytoplasma strain
Witches’ Broom (AY-WB) (Bai et al., 2006) that belong to
different subgroups of Candidatus Phytoplasma asteris;
Ca. Phytoplasma australiense strain Australian grapevine
yellows (AUSGY) (Tran-Nguyen et al., 2008); and the
apple proliferation (AP) disease agent Ca. Phytoplasma
mali strain AT (Kube et al., 2008). The genomes are
greatly reduced in the number of genes involved in
metabolism and other basic processes consistent with
phytoplasmas having obligate associations with their
hosts (Moran and Plague, 2004). Phytoplasmas have not
been cultured in cell-free medium. Genome comparisons
indicated that the gene composition and content of phy-
toplasmas are different from those of other members of
the class Mollicutes, such as spiroplasmas and mycoplas-
mas, some of which can be cultured (Oshima et al., 2004;
Hogenhout and Seruga Music, 2010).

Despite their small genomes, phytoplasma chromo-
somes contain a substantial number of open reading
frames (ORFs) that are present as multiple copies
(Oshima et al., 2004; Bai et al., 2006; Tran-Nguyen et al.,
2008). These ORFs are frequently organized in clusters,
which we named potential mobile units (PMUs), because
they resemble composite transposons (Bai et al., 2006).
The largest PMU on the AY-WB chromosome, named
PMU1, is 20 kb in length and contains 21 ORFs. PMU1 is
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flanked at one border by a tra5 gene, which is predicted to
encode a full-length transposase, and a 327 bp repeat.
The other border of PMU1 is flanked by a truncated tra5
sequence and another 327 bp repeat (Bai et al., 2006).
Between these borders, PMU1 contains predicted
ORFs for DNA replication (ssb, dnaB and dnaG) and
synthesis (tmk), recombination (himA) proteins, predicted
membrane-targeted and secreted proteins, and proteins
with unknown functions (Bai et al., 2006; Hogenhout and
Seruga Music, 2010). All ORFs have the same transcrip-
tional orientation on the genomic strand with the excep-
tion of the truncated tra5 sequence. Furthermore, the
327 bp repeats are inverted relative to one another. Other
PMUs on the AY-WB chromosome, such as PMU2, 3 and
4, have parallel gene compositions as PMU1, but are
smaller because some of the ORFs are truncated (pre-
dicted pseudogenes) or are not present (Bai et al., 2006).
Furthermore, PMU3 and 4 are flanked by the 327 bp
repeat at only one border that is adjacent to the full-length
tra5 genes, but not at the other border, and PMU2 lacks
these 327 bp repeats completely (Bai et al., 2006).
Hence, PMUs 2, 3 and 4 appear to be degenerated ver-
sions of PMU1.

In addition to these four PMUs, the AY-WB and OY-M
chromosomes harbour several other apparently degen-
erated PMUs that together account for 10.2% and
14.1% of the total number of predicted ORFs of AY-WB
and OY-M respectively (Bai et al., 2006). The PMUs
exhibit a non-random distribution across the genome
and tend to congregate as tandem or multiple repeats
(Bai et al., 2006; Hogenhout and Seruga Music, 2010).
PMU-like sequences are also prevalent in the AUSGY
chromosome (Tran-Nguyen et al., 2008), and the AP
chromosome harbours a sequence similar to PMU1 and
a PMU remnant (Kube et al., 2008). The multicopy
genes in the sequenced and other phytoplasma
genomes have also been named sequence-variable
mosaics (SVMs) (Jomantiene and Davis, 2006; Joman-
tiene et al., 2007), and it was suggested that the SVMs
were created from attacks of phages of the order Cau-
dovirales (Wei et al., 2008). However, no phage corner
stone genes typically used for identification of phages
were identified in the phytoplasma genomes (Wei et al.,
2008). Hence, it remains unclear whether the multicopy
genes are derived from phage attacks.

Because AY-WB PMU1 resembles a composite trans-
poson that contains genes for DNA replication and is
flanked by large 327 bp inverted repeats, we hypoth-
esized that PMU1 can excise from the chromosome and
replicate independently (Bai et al., 2006; Hogenhout
et al., 2008). Here we provide evidence that PMU1 exists
in two forms, a linear PMU1 (L-PMU1) located in the
AY-WB chromosome and an extrachromosomal circular
PMU1 (C-PMU1). We found that C-PMU1 abundance and

PMU1 transcript levels are higher in insects than in plants
suggesting that genes within this region may encode pro-
teins relevant to phytoplasma adaptation to an insect
host.

Results

Evidence for the presence of an extrachromosomal
PMU1 unit by PCR

As a first step to determine whether AY-WB has an extra-
chromosomal circular PMU1 (C-PMU1), we designed
primers p1 and p2 (Table S1) that point outward towards
the borders of the chromosomal L-PMU1 (Fig. 1A and B)
(GenBank Accession No.: NC_007716). These primers
generated a product of ~1700 bp from DNA isolated from
AY-WB-infected China aster and Macrosteles quadrilinea-
tus, which is the insect vector of AY-WB (Fig. 1C). To
provide independent confirmation of this result we
designed primers p5 and p6 (Table S1) that similarly point
outward but are located more internally in the L-PMU1
region (Fig. 1A and B). These primers generated a
product of approximately 4000 bp from DNA of AY-WB-
infected China aster and leafhoppers (Fig. 1C). In both
cases, these results suggest that the left and right ends of
L-PMU1 connect to form a circular DNA molecule.

We sequenced the p1–p2 PCR products originating from
AY-WB-infected plants and insects (Fig. 2A). Sequence
analyses confirmed that the left and right ends of L-PMU1
join in C-PMU1; in C-PMU1 the sigF gene at the right
border of L-PMU1 was located immediately downstream of
the 328 bp repeat at the left border of L-PMU1 (Fig. 1A and
B). However, C-PMU1 lacks the truncated tra5 gene and
the 327 bp repeat at the right border of L-PMU1 (Fig. 1A
and B, area indicated with D, Fig. 2A). Except for this
deletion, the L-PMU1 and C-PMU1 sequences were iden-
tical, but have nucleotide sequence differences with other
PMUs in the AY-WB genome. The C-PMU1 sequences
from China aster and leafhoppers were also identical
except for a two-nucleotide difference at the site where
sequences corresponding to the left and right ends of
L-PMU1 connect in C-PMU1 (Fig. 2A). We also sequenced
the ends of the p5–p6 PCR product and this confirmed that
the PCR product contained the predicted regions of
C-PMU1 (Fig. 1B) and the sequences were identical to
L-PMU1 (NC_007716). These results suggest that
C-PMU1 is derived from L-PMU1 and not from the other
PMUs in the AY-WB genome, and that both forms are
present in insects and plants.

Evidence for the presence of extrachromosomal PMU1
by Southern blot hybridizations

To provide further evidence for the presence of L-PMU1
and C-PMU1, we carried out Southern blot hybridization
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experiments. The first experiment was conducted to
confirm that PMU1 exists as one copy and not as tandem
repeats in the AY-WB chromosome. Whole genomic DNA
isolated from AY-WB-infected and healthy Arabidopsis
thaliana plants was digested with BglII and PciI, which
recognize restriction sites external to the inverted repeats
of PMU1 in the AY-WB chromosome (Fig. 3A). In the
presence of one PMU1 copy, BglII would be expected to
generate a fragment of 25 925 bp, and PciI a fragment of
29 129 bp (Fig. 3A). In the event PMU1 exists as tandem
repeats, BglII would generate a fragment of no less than
45 481 bp or greater in the event that there are multiple
PMU1 repeats. Similarly, in the event of more than one
L-PMU1 repeat, PciI digestion would generate a fragment
of at least 48 685 bp. The digested genomic DNA was
size-separated by pulsed-field gel electrophoresis and the

Southern blot was hybridized to DIG-labelled probe 14S
generated by a pair of primers 14Fs3/14R (Table S1) that
anneal to genes AYWB_188 (ORF 7 on PMU1, Fig. 1) and
AYWB_189 (ORF 6 on PMU1, Fig. 1) respectively. ORFs
6 and 7 are uniquely present in PMU1 in the AY-WB
genome (Bai et al., 2006) and therefore probe 14S3
should hybridize to PMU1 fragments only. Indeed, a
BLASTN search of the probe 14S3 nucleotide sequence
against the entire AY-WB genome did not yield additional
sequences besides the target area in PMU1 (data not
shown). The hybridized Southern blots showed fragments
of ~26 kb for BglII and ~29 kb for PciI (Fig. 3B). Thus,
there is one copy of PMU1 located on the AY-WB
chromosome.

The whole genomic DNA preparations isolated from
AY-WB-infected plants and insects were digested with

Fig. 1. Evidence for the presence of a circular extrachromosomal PMU1 by PCR.
A. Linear PMU1 (L-PMU1) in the AY-WB chromosome between nucleotides 195 949 and 216 041 bp as indicated. L-PMU1 is flanked by
327/328 bp inverted repeats (arrowheads) and contains 21 predicted ORFs of which 20 appear full-length (numbered block arrows) oriented in
the same direction on the negative sense chromosomal strand (Bai et al., 2006; Hogenhout et al., 2008). The identity of genes with similarities
to genes with known functions in GenBank are specified above the block arrows. ORFs encoding predicted trans-membrane or secreted
proteins are indicated with asterisks. Primers p1, p2, p5 and p6 used in PCRs (C) are shown.
B. The proposed extrachromosomal circular PMU1 (C-PMU1) with a predicted size of 19 586 bp. The grey scales of block arrows and ORF
numbers correspond to those in L-PMU1 (A). The location of primers p1, p2, p5 and p6 and the predicted sizes of PCR products are
indicated.
C. Agarose gels showing the PCR products of ~1.7 kb of primer pair p1 and p2, and ~4 kb of primer pair p5 and p6 amplified from total DNA
isolated from AY-WB-infected China aster plants and leafhopper vector Macrosteles quadrilineatus (lanes indicated with I and arrowheads at
right of gels). Total DNA extracted from uninfected plants and leafhoppers was used as controls in the PCRs (lanes indicated with H). The
sizes of the marker DNA ladder (M) in kb are indicated to the left of the gels. The p1–p2 PCR products were sequenced, confirming the
predicted configuration of C-PMU1 (B) and revealing identical sequence as L-PMU1 except for the region indicated with D (A).
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HindIII and XbaI. These enzymes were selected, because
they recognize sites internally and externally to the chro-
mosomal L-PMU1 inverted repeats and hence can be
used to differentiate between the L-PMU1 and C-PMU1
forms (Fig. 3A). Southern blot hybridizations with DIG-
labelled probe 14S3 showed two bands for HindIII in the

plant and insect genomic DNA (Fig. 3C, left panel). The
larger band is ~8 kb (Fig. 3C), corresponding to the
expected 8105 bp HindIII chromosomal L-PMU1 fragment
(Fig. 3A), and the smaller band is ~6 kb (Fig. 3C) corre-
sponding to the expected 6165 bp HindIII extrachromo-
somal C-PMU1 fragment (Fig. 3A). A Southern blot of

Fig. 2. The 328 bp region is the predicted
origin of replication (ori ) of C-PMU1.
A. C-PMU1 contains one 328 bp repeat. The
p1–p2 PCR products shown in Fig. 1C were
sequenced from aster (Cc) and leafhoppers
(Mq) and sequences were aligned. The
C-PMU1 sequence between the two
full-length ORFs (indicated as bold font) of
tra5 (ORF 20 in Fig. 1B) and sigF (ORF1 in
Fig. 1B) is shown. In C-PMU1, the 328 bp
repeat (underlined) lying to the left of L-PMU1
(Fig. 1A) is connected (arrow head) to part of
the truncated tra5 sequence (indicated in
italics font) to the right of L-PMU1 (Fig. 1A),
resulting in the absence of the 327 bp repeat
and a large portion of the truncated tra5
sequence present in L-PMU1 (shown as D in
Fig. 1A). The aster and leafhopper C-PMU1
sequences show a two-nucleotide difference
at the junction site (arrow head).
B. Cumulative GC-skew and GC-plot
predicted based on the sequences shown in
(A) and of L-PMU1. The 328 bp repeat is the
switch point from below to above average
GC-skew and is also more AT-rich (GC-plot)
than surrounding sequences. These are
typical features of ori regions.

PMUs are extrachromosomal elements 1409

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 77, 1406–1415



HindIII-digested DNA was also hybridized to DIG-labelled
probe 10. This probe was generated from the PCR
product of primer pair 10F1/R1 (Table S1) that anneals to
AYWB_186 (ORF 9 on PMU1, Fig. 1), which is unique to
PMU1 (Bai et al., 2006) as confirmed by a BLASTN search
of the probe nucleotide sequence against the entire
AY-WB genome sequence (data not shown). Hybridiza-
tions with probe 10 generated one ~13 kb band for plant
and insect DNA (Fig. 3C, second panel) consistent with
the predicted size of the 13 421 bp HindIII–HindIII frag-

ment in L-PMU1 and C-PMU1 (Fig. 3A). Southern blot
hybridizations of the XbaI digests with probe 14S3
showed a band of ~15 kb (Fig. 3D) corresponding to the
expected 14 778 bp XbaI–XbaI fragment of chromosomal
L-PMU1. The second ~20 kb band (Fig. 3D) corresponds
to the entire extrachromosomal C-PMU1 of a predicted
size of 19 586 bp that contains one predicted XbaI restric-
tion site (Fig. 3A). Together these Southern blot hybridiza-
tion results indicate that the chromosomal L-PMU1 and
extrachromosomal C-PMU1 have similar sequences.

C-PMU1 and PMU1 transcripts are more abundant in
insects than in plants

Southern blot hybridizations of the HindIII- and XbaI-
digested DNA revealed that C-PMU1 has a higher copy
number in insects compared with plants (Fig. 3C and D).
This was confirmed by quantitative PCR (qPCR) experi-
ments; C-PMU1 levels were 4.6, 5.9 and 5.8 times higher
in M. quadrilineatus compared with Arabidopsis, China
aster and lettuce respectively.

To determine how the presence of L-PMU1 and
C-PMU1 relates to PMU1 gene expression levels, tran-
script levels for each of the PMU1 genes were measured.
Quantitative reverse transcriptase-PCR (qRT-PCR)
experiments performed on total RNA of AY-WB-infected
and healthy M. quadrilineatus and infected and healthy
Arabidopsis and Nicotiana benthamiana demonstrated
that the vast majority of the PMU1 genes are significantly

Fig. 3. L-PMU1 exists as a single copy in the AY-WB
chromosome and C-PMU1 is present at higher concentrations
relative to L-PMU1 in insects compared with plants.
A. Schematic illustrations of L-PMU1 and C-PMU1 showing the
positions of restriction sites and probes 10 and 14S, which
correspond to sequences unique in PMU1 of AY-WB (Bai et al.,
2006).
B. L-PMU1 exists as a single repeat in the AY-WB chromosome.
Total DNA of AY-WB-infected (I) and non-infected plants (H) was
digested with BglII and PciI that recognize restriction sites
externally to the borders of PMU1. Fragments were size-separated
on agarose gels by pulsed-field gel electrophoresis and Southern
blots were hybridized with DIG-labelled probe 14S. The fragments
that hybridized are similar in size to the predicted 25 925 bp (BglII)
and 29 129 bp (PciI) fragments corresponding to a single PMU1
copy.
C and D. C-PMU1 is present at higher concentrations in insects
compared with plants. HindIII and XbaI digest internally and
externally to the borders of PMU1 and hence can distinguish
fragments derived from L-PMU1 and C-PMU1 as indicated. Total
DNA isolated from AY-WB infected (I) and uninfected (H) plants and
insects were size-separated by conventional (HindIII) or pulsed-field
gel (XbaI) electrophoresis and Southern blots were hybridized with
DIG-labelled probes 10 and 14S. Fragments corresponding to
L-PMU1 and C-PMU1 are indicated. XbaI cuts once in C-PMU1,
generating the entire linear C-PMU1 of the predicted size of
�19.5 kb. The HindIII fragments of L-PMU1 and C-PMU1 detected
with probe 10 are similar in size (arrow at right). In C, the sizes of
marker DNA bands (M) for both blots are shown in kb at the left
side of the blot at left.
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more abundantly expressed in insects than in plants
(Fig. 4). Thus, AY-WB generates more C-PMU1 during
insect infection, which is correlated with a higher expres-
sion level of PMU1 genes.

The observation that C-PMU1 is more abundant in
insects compared with plants and the presence of genes
involved in DNA replication (dnaB, dnaG, ssb) on PMU1
make it more likely that C-PMU1 is a self-replicating
plasmid. To obtain additional evidence for this, we con-
ducted GC-skew ([GC]/[G+C]) and %GC-plot analyses on
the circularized L-PMU1 that has the C-PMU1 sequence
with one 328 bp repeat (Fig. 2A). This showed above
average GC-skew and low GC content at the 328 bp
sequence and GC-skew and GC-content switch points
at the 328 bp sequence and directly opposite of this
sequence at c. 10 kb in C-PMU1 (Fig. 2B). These results
point to a bidirectional replication strategy for C-PMU1
with the 328 bp sequence as the origin of replication (ori )
and directly opposite, at c. 10 kb, the predicted replication
terminus (ter) (Arakawa and Tomita, 2007). The accurate
initiation of bidirectional DNA replication from ori is gov-
erned by the interaction of DnaB and DnaG in Escherichia
coli (Hiasa and Marians, 1999), and both proteins are
encoded on PMU1 (Fig. 1).

Discussion

In this work, we demonstrate that there are two forms of
PMU1, L-PMU1 and C-PMU1, in the AY-WB genome. The
first is integrated in the AY-WB chromosome, whereas the
latter is a circular extrachromosomal DNA. Sequence
analyses of the p1–p2 PCR product revealed that
C-PMU1 and L-PMU1 are identical in the overlapping
regions (Fig. 2A), and Southern blot hybridizations of
digested DNA based on the L-PMU1 restriction map indi-
cated that C-PMU1 and L-PMU1 are highly similar in
sequence. Phytoplasmas in insects have higher concen-
trations of C-PMU1 and higher expression levels of PMU1
genes relatively to phytoplasmas in plants (Fig. 3B and
C). This finding is particularly interesting given that
C-PMU1 harbours one inverted repeat that is located
immediately upstream of the first gene of PMU1, sigF, and
has the opposite orientation in C-PMU1 relative to the
inverted repeat upstream of sigF in L-PMU1 (Fig. 1A and
B). We hypothesize that the upstream sigF region in
C-PMU1 may contain promoters and enhancers that drive
the expression of PMU1 genes.

Our finding that the C-PMU1 copy number consistently
increases duringAY-WB infection of insects compared with

Fig. 4. The AY-WB PMU1 genes have higher
expression levels in insects than in plants.
Primer pairs were designed for all PMU1
genes for qRT-PCR reactions of total RNA
isolated from AY-WB-infected A. thaliana (At),
N. benthamiana (Nb) and the leafhopper
vector M. quadrilineatus (Mq). The Ct values
were normalized against the average
expression levels of genes encoding pyruvate
kinase (pyfK), DNA gyrase subunit A (gyrA)
and chromosomal replicative DNA replicase
(dnaB_chr) that are not encoded on PMUs
(Arashida et al., 2008). PMU1 genes are
numbered as in Fig. 1, and annotations are
indicated when available. Negative Ct levels
indicate higher expression levels compared
with those of pyfK, gyrA and dnaB_chr,
whereas positive Ct levels indicate lower
expression levels relatively to these genes.
Bars indicate the averages of three
independent biological replicates, each
consisting of two replicate reactions. Lines on
the bars indicate 1 ¥ SEM values. All PMU1
genes were more highly expressed in M.
quadrilineatus compared with both A. thaliana
and N. benthamiana. The majority of these
gene expression differences were significant
as indicated with asterisks (P-value < 0.05,
Student’s t-test), and in all these cases PMU1
gene expression levels were not significantly
different between A. thaliana and N.
benthamiana.
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that of plants (Figs 3 and 4) indicates that C-PMU1 can be
amplified implying the presence of an active regulatory
mechanism. This is consistent with PMU1 containing
genes involved in DNA replication, including dnaB, dnaG
and ssb (del Solar et al., 1998) (Fig. 1). Furthermore,
GC-skew and GC-plot analyses predict a bidirectional
replication of the proposed C-PMU1 with an ori at the
328 bp sequence between tra5 and sigF genes, and a site
directly opposite of the ori at c. 10 kb where the replication
is predicted to end (Fig. 2B) (Hiasa and Marians, 1999;
Arakawa and Tomita, 2007). The GC-skew is also apparent
in the L-PMU1 region of the AY-WB chromosome (Bai
et al., 2006). Based on these observations, we propose
that C-PMU1 is a self-replicating unit (plasmid), which
increases in copy numbers when AY-WB is in the insect
environment. Since C-PMU1 does not contain all the
genes required for initiation of DNA replication, including
for instance dnaA (del Solar et al., 1998), such an increase
in copy number would, at least partly, be regulated by the
AY-WB chromosome.

All sequenced phytoplasmas chromosomes contain
PMUs in a range of forms, sizes and copy numbers. This
suggests that two events may have occurred. First, extra-
chomosomal PMUs appear to have reintegrated into
phytoplasma chromosomes followed by sequence diver-
sification and gene degeneration. C-PMU reintegration is
consistent with PMU tra5 being a member of the IS3
family, IS150 subgroup insertion elements that tend to
integrate into their own inverted repeats (Mahillon and
Chandler, 1998). This hypothesis is also consistent with
the observation that PMUs of OY-M, AY-WB and AUSGY
often cluster together in certain regions of the phyto-
plasma chromosomes (Bai et al., 2006; Tran-Nguyen
et al., 2008), and the occurrence of multiple (and degen-
erate) versions of PMUs in phytoplasmas, including
PMUs 2, 3 and 4 in AY-WB (Bai et al., 2006). Second,
phytoplasmas may acquire PMUs by horizontal gene
transfer, probably from other phytoplasmas. We note that
these two events (i.e. reintegration and horizontal gene
transfer) are not mutually exclusive. Indeed, there is evi-
dence for horizontal DNA exchange of the mgs1 gene
and flanking tra5 sequences of AY-WB PMU3 sequences
among plant-associated mollicutes (Bai et al., 2004;
Hogenhout et al., 2008).

PMU1 encodes a series of membrane-targeted proteins
(protein IDs AYWB_177, AYWB_183 and AYWB_185-190
corresponding to ORFs 18, 12 and 10 through 5 in
Fig. 1A) (Bai et al., 2006). One possibility is that these
proteins associate into membrane-associated structures
that allow for horizontal exchange of C-PMU1 to other
phytoplasmas through conjugative transfer or a natural
transformation process (Lovell et al., 2009) for which the
insect might provide a better environment than the plant.
An alternative possibility is that PMU1 is involved in

AY-WB adaptation to the insect environment. The PMU1-
encoded membrane proteins may change the phyto-
plasma membrane surface composition to facilitate insect
cell infection, such as adhering to and invasion of insect
cells, and avoiding or counteracting insect immune
defence responses. It is striking that, in AY-WB, PMU
regions contain the majority of predicted secreted proteins
that are putative effectors involved in manipulation of
plant and insect hosts (Bai et al., 2009). Previously, 56
Secreted AY-WB Proteins (SAPs) were identified from the
AY-WB genome sequence (Bai et al., 2009). Herein, we
found that 34 SAPs lie on PMU regions. Also, the AY-WB
phytoplasma effector protein SAP11, which targets plant
cell nuclei and affects plant development, is encoded on a
PMU-like region along with other candidate effectors
(Hogenhout et al., 2008; Bai et al., 2009; Strauss, 2009).
Thus, PMUs are apparently involved in phytoplasma viru-
lence and may be retained in the genome because they
enhance phytoplasma fitness.

Whereas integration of PMUs into the chromosome
probably occurs, that of C-PMU1 should have happened
very recently as both sequence and Southern blot results
revealed that L-PMU1 and C-PMU1 are almost identical.
However, the chance of detection of a recent integration
event is very low. Therefore, we should also consider the
alternative possibility that C-PMU1 is being synthesized
de novo from L-PMU1. This is possible when considering
that the proliferation of insertion sequences of the IS3
family occurs through a copy-and-paste mechanism
involving covalently closed circles that is different from the
cut-and-paste mechanism used by many other insertion
sequences and mobile elements (Mahillon and Chandler,
1998; Duval-Valentin et al., 2004). This is best exemplified
by IS911, which is an IS3 family member (Mahillon and
Chandler, 1998). In the first step of IS911 proliferation, a
single DNA strand at the inverted repeat of one end is
cleaved and transferred to the same strand of DNA at the
other end leading to figure-eight structures when IS911 is
located on a plasmid (Duval-Valentin et al., 2004). These
figure-eight structures are precursors for replication,
which starts at the inverted repeats and lead to the regen-
eration of the parental transposon concomitantly with the
production of double-stranded covalently closed circles
(Duval-Valentin et al., 2004). Such circles have also been
observed for IS2, IS3 and IS150 (Duval-Valentin et al.,
2004). Interestingly, tra5 encodes a full-length OrfAB
transposase (Bai et al., 2006). Thus, C-PMU1 might rep-
licate from a L-PMU1 intermediate in which the two 327/
328 bp repeats at each end are joined. Because OrfAB is
absolutely essential to catalyse the formation of the inter-
mediate structure and replication initiation (Duval-Valentin
et al., 2004), C-PMU1 might be synthesized solely when
tra5 is expressed. This is in agreement with our finding
that the upregulation of tra5 coincides with a greater copy

1412 T. Y. Toruño et al. �

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 77, 1406–1415



number of C-PMU1 in insects (Figs 3 and 4). However,
both inverted repeats (IRL and IRR) are present in the
covalent IS911 circles, whereas we have demonstrated
that C-PMU1 contains only a single 328 bp repeat at the
left site of L-PMU1 (Fig. 1A and B). Our observation of
nucleotide differences at the junction of the left and right
ends between C-PMU1 copies (Fig. 2A) suggests that
there may be another way the L-PMU1 left and right ends
associate to initiate replication. The possibility that
C-PMU1 might replicate independently following synthe-
sis from L-PMU1 has to be considered as well. Future
research should reveal whether C-PMU1 is a self-
replicating plasmid or is being generated de novo from
L-PMU1. Nonetheless, our data demonstrate that PMUs
exist as extrachromosomal DNAs.

Experimental procedures

Phytoplasma source and maintenance

AY-WB strain was originally collected from diseased lettuce
plants in Celeryville, Ohio in 1998 (Zhang et al., 2004) and
sequenced in 2006 (Bai et al., 2006). It is maintained in
greenhouse and growth chambers by serial transmission to
China aster (Callistephus chinensis) plants by aster leafhop-
pers (M. quadrilineatus L.). For all experiments, AY-WB-
infected plants were generated by exposure of young plants
to AY-WB-infected M. quadrilineatus for 1 week. Plant mate-
rials used for DNA/RNA extraction were harvested 2–3 weeks
after the first day of leafhopper exposure as soon as plants
were fully symptomatic. For generating AY-WB-infected M.
quadrilineatus leafhoppers, healthy fourth-instar nymphs
were exposed to AY-WB-infected plants for at least 1 week.
These leafhoppers were transferred to healthy plants for at
least 2 weeks and then harvested for DNA and RNA
extraction. Controls were young plants exposed to non-
infected leafhoppers and fourth-instar leafhoppers exposed
to non-infected plants.

PCR and sequencing

Genomic DNA was isolated from AY-WB phytoplasma-
infected China aster (C. chinensis) and leafhoppers (M.
quadrilineatus) by DNeasy plant maxi kit (Qiagen, Valencia,
CA). Healthy China aster and leafhoppers DNA was also
isolated and used as controls. Two primer pairs, p1–p2 and
p5–p6 (Table S1), located on the edges of the linear form of
PMU1 and pointing outward were designed to confirm the
circular form of PMU1. BLAST searches of primer sequences
against the AY-WB genome (GenBank Accession No.:
NC_007716) showed that primer p1 hybridizes to the chro-
mosomal region between PMU1 AYWB-175 and AYWB_176
(between ORFs 19 and 20, respectively, in Fig. 1A; nucle-
otides 197 332–197 318) and four other regions in the AY-WB
chromosome adjacent to tra5 sequences (nucleotides
56 311–56 325, 314 885–314 871, 383 076–383 090 and
635 870–635 856), whereas primer p2 hybridizes solely to
PMU1 AYWB_194 (ORF 1 in Fig. 1A; nucleotides 215 166–

215 186). Also, primer p5 hybridizes to PMU1 AYWB_176
(ORF 19 in Fig. 1A; nucleotides 197 454–197 431) and two
other regions in the AY-WB genome (nucleotides 382 954–
382 977 and 635 992–635 969), whereas primer p6 hybrid-
izes solely to one region of PMU1 corresponding to
AYWB_189 and AYWB_190 (ORFs 5 and 6 in Fig. 1A; nucle-
otides 213 017–213 036). Typical thermal cycler conditions
for generating the p1–p2 amplification product were 95°C for
2 min, 35 cycles of 95°C for 1 min, 56°C for 1 min and 68°C
for 2 min, followed by a final extension of 68°C for 10 min.
Those for generating the p5–p6 amplification product were
95°C for 2 min, 35 cycles of 95°C for 1 min, 50°C for 1 min
and 68°C for 15 min, followed by a final extension of 72°C for
10 min. The products were size-separated on 1% agarose
gels. The p1–p2 PCR products were gel-purified by Qiaquick
Gel Extraction Kit (Qiagen) following manufacturer’s
instructions. Fragments were sequenced to completion from
both directions at the Molecular and Cell Imaging Center,
Wooster, Ohio using an ABI Prism 3100xl genetic analyser
(Applied Biosystems, Foster City, CA).

Assessment of cumulative GC-skew and GC-plot

Cumulative GC-skew and GC-plot for C-PMU1 were analy-
sed with DNAPlotter::Release 1.3 software (Welcome Trust
Sanger Institute, Cambridge, UK) (Carver et al., 2009). Set-
tings were 5000 bp Window Size and 25 bp Step Size for the
GC-skew ([GC]/[G+C]), and 10 000 bp Window Size and
50 bp Step Size for the %GC-plot.

Determination of C-PMU1 copy number

Relative C-PMU1 copy numbers in insects versus plants
were determined by qPCR using an AYWB189 assay (unique
gene on PMU1) and normalizing using AYWB007 and
AYWB064 assays (not located on PMUs) (Table S1). DNA
was extracted from 50 mg of material from infected plants
and insects using DNeasy (Qiagen, Hilden, Germany). qPCR
were performed as for qRT-PCRs (described below) except
that DNA was used as template directly in the qPCR.
AYWB189 Ct values were normalized by subtracting an
average of Ct AYWB007 and Ct AYWB064 values (DCt).
Finally, normalized AYWB189 Ct values from insects were
subtracted from plant values to give DDCt. Assuming a PCR
efficiency of 100% the relative copy number in insects was
calculated using 2DDCt.

Southern blot hybridization experiments

Genomic DNA of up to 100 kb was extracted from AY-WB
phytoplasma-infected Arabidopsis thaliana plants and adult
M. quadrilineatus with OmniPrepTM Kit (G-Biosciences, Geno
Technology, Maryland Heights, MO, USA) according to
manufacturer’s instructions. One hundred milligrams of plant
tissue and 10 insects per sample were used. Healthy plants
and insects were also included in experiments as controls.

Three micrograms of high genomic DNA were digested
separately with BglII, PciI, XbaI and HindIII. BglII, PciI and
XbaI digests were separated by pulsed-field gel electrophore-
sis on 1% gel in 0.5¥ TBE buffer chilled to 14°C, with 18 h run
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time and 0.1–9 s pulse switch, at the 6 V cm-1 (CHEF-DR II
system, Bio-Rad Laboratories, Hercules, CA, USA). HindIII
digests were separated by conventional electrophoresis on
0.8% agarose gel in 1¥ TBE buffer for 3 h at 60 V. All gels
were subjected to depurination, denaturation and neutraliza-
tion according to standard protocols, as described in Sam-
brook et al. (1989). DNA fragments were transferred to
Hybond-N+ membranes (GE Healthcare Life Sciences,
Amersham, UK) overnight by capillary transfer and fixed to
the membrane with the Stratalinker UV cross-linker (Strat-
agene, Agilent Technologies, La Jolla, CA, USA). Labelling of
the probes was conducted with the DIG System with dTTP to
DIG-11-dUTP ratio of 4:1 and primer pairs 14Fs3/14R and
10F1/10R1 (Table S1) to produce probes 14S and 10,
respectively, and the following PCR conditions: denaturation
at 95°C for 2 min; 34 cycles of denaturation at 95°C for 1 min,
annealing 58°C for 1 min, 68°C for 2 min; 10 min 68°C. BLAST

searches of the primer sequences against the AY-WB
genome sequences (GenBank Accession No.: NC_007716)
showed that the full-length primers 10F1 and 10R1 hybridize
solely to PMU1 AYWB_186 (ORF 9 in Fig. 1A; nucleotides
208 967–208 989 and 209 210–209 188 respectively) on the
AY-WB chromosome. The full-length primers 14Fs3 and
14FR hybridize solely to AYWB_188 and AYWB_189,
respectively (ORFs 7 and 6 in Fig. 1A; nucleotides 212 207–
212 230 and 212 419–212 399 respectively) on the AY-WB
chromosome. Probes were hybridized to the blots following
the manufacturer’s instructions (Roche Diagnostics GmbH,
Roche Applied Science, Mannheim, Germany). Probe-target
hybrids were detected by immunological detection using anti-
DIG antibodies conjugated to alkaline phosphatase, and a
chemiluminescent substrate CDP-Star (Roche Diagnostics
GmbH, Roche Applied Science), followed by exposure to
X-ray film (Fuji medical X-ray film Super RX, Fujifilm UK,
Bedfordshire, UK).

Expression analysis by qRT-PCR

Total RNA was extracted from infected and uninfected leaves
of A. thaliana, N. benthamiana and from M. quadrilineatus
adults using TRIzol (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s protocol. The RNA was treated with
DNase I (Invitrogen) according to the manufacturer’s
instructions. cDNA was prepared from 2 mg of total RNA using
the High Capacity RNA-to-cDNA Kit (Applied Biosystems,
Foster City, CA, USA). qRT-PCR was performed using 2 ml of
template in 1¥ Power SYBR Green Master Mix and 0.9 mM of
each primer in a total volume of 15 ml using an ABI PRISM
7900 HT sequence detection system (Applied Biosystems).
Primers designed for AY-WB are listed in Table S1. After
completion of the PCR, a dissociation curve was run to
confirm amplification of a single PCR product. As a control for
DNA contamination, DNase-treated RNA that had not been
reverse transcribed was included in one gene assay. Results
were expressed as threshold cycle (Ct) values. Two replicate
reactions were run for each sample and their Ct values
averaged. Gene expression was normalized to three genes
involved in chromosome replication (dnaB_chr and gyrA) and
basic metabolism (pyfk). The averaged Ct value of the con-
trols was subtracted from the Ct value of the PMU1 genes
under investigation to give DCt. Difference in expression

between plant and insect samples was calculated by sub-
tracting the respective DCt values to give a DDCt value.
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