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Mycoplasma gallisepticum is an intracellular parasite affecting respiratory tract of poultry
that belongs to class Mollicutes. M. gallisepticum features numerous variable lipoprotein
hemagglutinin genes (vlhA) that play a role in immune escape. The vlhA promoters have
a set of distinct properties in comparison to promoters of the other genes. The vlhA
promoters carry a variable GAA repeats region at approximately 40 nts upstream of
transcription start site. The promoters have been considered active only in the presence
of exactly 12 GAA repeats. The mechanisms of vlhA expression regulation and GAA
number variation are not described. Here we tried to understand these mechanisms
using different computational methods. We conducted a comparative analysis among
several M. gallisepticum strains. Nucleotide sequences analysis showed the presence
of highly conserved regions flanking repeated trinucleotides that are not linked to
GAA number variation. VlhA genes with 12 GAA repeats and their orthologs in 12
M. gallisepticum strains are more conserved than other vlhA genes and have narrower
GAA number distribution. We conducted comparative analysis of physicochemical
profiles of M. gallisepticum vlhA and sigma-70 promoters. Stress-induced duplex
destabilization (SIDD) profiles showed that sigma-70 group is characterized by the
common to prokaryotic promoters sharp maxima while vlhA promoters are hardly
destabilized with the region between GAA repeats and transcription start site having
zero opening probability. Electrostatic potential profiles of vlhA promoters indicate the
presence of the distinct patterns that appear to govern initial stages of specific DNA-
protein recognition. Open state dynamics profiles of vlhA demonstrate the pattern that
might facilitate transcription bubble formation. Obtained data could be the basis for
experimental identification of mechanisms of phase variation in M. gallisepticum.

Keywords: Mycoplasma gallisepticum, promoter, transcription regulation, DNA physics, vlhA

INTRODUCTION

Mycoplasmas are genome-reduced bacteria without a cell wall and with a parasitic lifestyle.
Mycoplasmas parasitize diverse animal and plant species and humans. Like other intracellular
parasites, they need to adapt to the host’s immune system. One of main mechanisms Mycoplasmas
employ is changing the repertoire of surface lipoproteins (phase variation) (Rosengarten and Wise,
1990). Other pathogenic bacteria, including Haemophilus, Chlamydia, and Streptococcus species,
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also use phase variation to escape of host defense mechanisms
(Noormohammadi, 2007). Phase variation in Mycoplasmas can
occur spontaneously or due to an immune attack, it is important
for persistence and survival of Mycoplasmas in a host (Markham
et al., 1998; Glew et al., 2000; Ma et al., 2015; Czurda et al.,
2017; Chopra-Dewasthaly et al., 2017). Numerous mechanisms
of phase variation are described for Mycoplasmas (Citti et al.,
2010). Usually, the mechanisms of variation are species-specific
and occur in one species or closely related Mycoplasmas. They
include DNA slippage, site-specific recombination, reciprocal
recombination, and gene conversion (Citti et al., 2010). However,
the phase variation system of Mycoplasma gallisepticum is unique,
and has not been described so far. Therefore, studying phase
variation genes can reveal novel mechanisms of gene expression
regulation in bacteria.

Mycoplasma gallisepticum is a major bacterial pathogen
inducing widespread respiratory disease in poultry and wild
birds, which leads to significant economic losses throughout
the world (Bencina, 2002). Phase variation of M. gallisepticum
includes the switching on variable lipoprotein and hemagglutinin
(vlhA) gene expression (Markham et al., 1992). The exact
function of vlhA proteins is still unknown. They involve in
haemagglutination (Bencina, 2002; Noormohammadi, 2007),
based on data obtained on avian Mycoplasmas it can be assumed
that vlhA proteins participate in host cell adhesion and invasion
(May et al., 2014; Matyushkina et al., 2016; Hegde et al.,
2018). VlhA genes are organized into 3–5 cassettes, uniting
ten genes per cassette (Baseggio et al., 1996). The promoter
structure of these genes is significantly different from the
promoters of the other M. gallisepticum genes. VlhA genes
lack conserved sigma-70 promoter sequence and often have
GTG start codon (Markham et al., 1994). They are proposed
to employ an alternative sigma factor binding GCGAAAAT
sequence (Fisunov et al., 2016). Long regions of GAA repeats
are located upstream of vlhA genes (Markham et al., 1994).
In general, the GAA repeats can be considered as short-
sequence repeats (SSRs). SSRs were found in all eukaryotic
and many prokaryotic genomes (Mrázek et al., 2007; Avvaru
et al., 2017). In bacteria, SSRs were identified in genes coding
for bacterial virulence factors including lipopolysaccharide-
modifying enzymes or adhesins (Mrázek, 2006; Wei et al., 2015).
So, SSRs provide genetic and, therefore, phenotypic variability.
Changes in number of repeated units and/or in the repeat unit
itself may arise from recombination processes or polymerase
errors including slipped-strand mispairing (SSM), either solely
or in combination with DNA repair deficiencies (van Belkum
et al., 1998; Rocha, 2003; Torres-Cruz and van der Woude,
2003).

First experiments showed that M. gallisepticum express only
one vlhA family member at a time and expression depends on
the presence of exactly 12 GAA trinucleotide repeats upstream
of the gene (Glew et al., 1995, 1998; Liu et al., 2002). Recently
it was shown that expression of the gene preceded by 12 GAA
exceeds the other vlhA genes, but the other genes with a different
number of repeats are also expressed and some of them are
expressed at a high level (Matyushkina et al., 2016; Pflaum
et al., 2016; Butenko et al., 2017). In vivo experiments showed

the non-stochastic character of vlhA switching during infection,
vlhA expression pattern changes during infection progression
and differs between strains (Pflaum et al., 2016, 2018). So, vlhA
expression is determined by GAA repeats, but probably the
additional expression control mechanisms exist. An interesting
question here is how the cell defines what promoter needs to be
activated. One explanation here is the existence of hemagglutinin
activator protein (HAP) recognizing 12-GAA repeats (Liu et al.,
2002).

Another question is the mechanism of GAA repeat variation
in M. gallisepticum. It would be interesting to find out how
many repeats changes at a time, whether the change depends
on the number of repeats of a given gene, or on the sequences
surrounding the GAA repeats and their physicochemical
properties. In the present study we used computational methods
to analyze genomes of several M. gallisepticum strains and shed
light to the mechanism of phase variation and vlhA expression
control. For this purpose, we used comparative bioinformatics
analysis of sequences of vlhA promoters and genes. We assumed
that a nonstandard structure of vlhA promoters may be
related to the physicochemical properties of their sequences,
using computational methods we predicted these properties on
the DNA of vlhA promoters and compared them with the
corresponding properties of experimentally obtained sigma-70
promoters of M. gallisepticum S6.

MATERIALS AND METHODS

Bioinformatics Analysis of (GAA)n and
vlhA Genes
We used 12 complete genomes of M. gallisepticum strains isolated
from chickens and house finches of various levels of virulence
available for download in June 2018 in the GenBank database
(Papazisi et al., 2003; Szczepanek et al., 2010; Fisunov et al.,
2011; Tulman et al., 2012; Fleming-Davies et al., 2018). List of
the genomes and their characteristics (size, GC content, and
number of genes) are provided in Supplementary Table S1. We
obtained sequences of vlhA promoters of all 12 strains to study
GAA number variation. For comparison of physicochemical
properties, we retrieved sequences of sigma-70 promoters of S6
strain. The exact coordinates of the transcription start sites of
M. gallisepticum S6 were obtained from our published work there
5′-end enriched RNA-seq sequencing was conducted (Mazin
et al., 2014).

The GAA repeats were defined as 4–27 non-interspaced
trinucleotides repeated in a row. A smaller number of the repeats
appeared to be non-specific; no 28 or more repeats were detected.
We proposed that for the possible GAA recognizing protein
the length of GAA tract should be more important than the
substitutions in one repeat inside the (GAA)n. So, we considered
units with substitutions inside the (GAA)n as intact units and
shortened the (GAA)n to the units with at least one substitution
if it was at the end of the (GAA)n. We did not detect GAA
tracts containing more than two damaged GAA inside the tract.
For sequencing retrieval and GAA counting we used Python 2.7
custom script.
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To analyze GAA number variation we classified vlhA genes
into orthologous groups. Not all vlhA have clear annotation,
most are annotated as hypothetical proteins. Since we are
interested only in vlhA under the control of (GAA)n containing
promoters, to find all vlhA genes we first mapped GAA repeats
and then found corresponding vlhA genes. Several times we
observed short GAA repeat in coding regions of other genes
or GAA that not connected with vlhA, this cases we corrected
manually. ProteinOrtho program (version V5.16) was used to
computing orthologous vlhA proteins (Lechner et al., 2011).
Parameters identity =70% and minimum coverage of best blast
alignments =50% were used. Fisher exact test was performed
using fisher.test() function in R with two.sided alternative
hypothesis.

To reconstruct the phylogenetic tree of vlhA genes for
Figure 3 we obtained consensus sequences of orthologous
clusters applying Biopython command dumb_consensus() to
orthologous group alignments (Cock et al., 2009). VlhA proteins
and their consensus sequences we aligned by T-coffee program
implemented in JalView software (version 2.10.5) with default
parameters (Waterhouse et al., 2009; Di Tommaso et al., 2011).
Phylogenetic tree of consensus sequences was constructed by
Phylogeny.fr tool where the method of maximum-likelihood is
implemented (Dereeper et al., 2008). The histogram of GAA
number and distributions were constructed in R.

Analysis of (GAA)n Flanks
For analysis of (GAA)n flanking regions, we extracted 50
nucleotide sequences upstream and downstream of the (GAA)n.
We aligned upstream and downstream flanks independently by
T-Coffee program implemented in JalView software (version
2.10.5) with default parameters (Waterhouse et al., 2009; Di
Tommaso et al., 2011) and merged corresponding aligned flanks
using Biopython Python 2.7 library (Cock et al., 2009). See flanks
alignment in Supplementary Materials. WebLogo was used for
sequence logos construction (Crooks et al., 2004).

To compare (GAA)n flanking sequences between 12-GAA
and the other vlhA genes we used a non-linear algorithm of
dimension reduction t-SNE (t-Distributed Stochastic Neighbor
Embedding). t-SNE allows a visualization a high-dimensional
data to see high-dimensional objects in two- or three-
dimensional space. t-SNE visualizes the data in compact and
clear view and has advantages over other dimension reduction
methods, like PCA (van der Maaten and Hinton, 2008).
Alignment was transformed into the table presenting nucleotides
and gaps with numbers, columns correspond to positions
in alignment, rows to individual genes. We employed PCA
algorithm with default parameters and t-SNE algorithm with
perplexity parameter 30 implemented in sklearn Python 2.7
library (Pedregosa et al., 2011).

Calculation of Physicochemical
Properties of Promoters
Stress-induced duplex destabilization (SIDD) is a theoretical
method developed to analyze denaturation in superhelical
DNA of a specified sequence (Benham, 1990). SIDD profile

analysis predicts the DNA positions where the DNA duplex
becomes susceptible to separation when under superhelical
stress (Benham, 1990). SIDD calculation was carried out as
implemented by its authors (Zhabinskaya et al., 2015). The
conformational and thermodynamic parameters were derived
from the endonuclease digestion experiments on superhelical
DNA (Kowalski et al., 1988; Benham, 1992). Theoretical
calculations using these parameters were consistent with
experimental data (Benham, 1992).

For SIDD calculations 1000 nts-long intervals with
transcription start site (TSS) at the center were considered,
usage long DNA regions take into account broader genomic
context. We filtered nucleotide sequences containing more
than one promoter. SIDD profiles were obtained by means
of perl script. SIDD calculation was performed using default
settings (superhelicity level 0.06, energy threshold 12, and ionic
strength 0.01). Temperature value was equal to the average
chicken body temperature (314 K). The difference between
SIDD profile maximum values was tested by the non-parametric
Mann–Whitney U test implemented in R using wilcox.test()
function with parameter paired =FALSE.

Distribution of electrostatic potential is DNA duplex feature
that contributes to the initial stages of DNA–protein interactions
(Jones et al., 2003). The DNA characteristic profiles were obtained
using method suitable for genome-wide application (Polozov
et al., 1999). The approach is based on Coulomb formula and
allows to analyze electrostatic profiles of promoters within the
electrostatic map of a whole genome DNA. It is widely used in
studies concerning electrostatic patterns of bacterial and phage
promoters (Polozov et al., 1999; Kamzolova et al., 2005, 2006,
2009; Sorokin et al., 2006; Osypov et al., 2010). Finally, DNA open
states dynamical properties, including their activation energy
(E0) and size (d). These are believed to affect transcription bubble
formation and introduce additional to the encoded by steady-
state DNA properties information. The used model equation was
derived from the sine-Gordon equation by adding two additional
terms which more accurately take into account heterogeneous
nature of the DNA sequence. The profiles were shown to be
in agreement with the function of the corresponding DNA
regions: promoters are evolving open states with most ease, while
terminator are likely to stop the transcription bubble (Grinevich
et al., 2015). Therefore, SIDD profiles were obtained by means
of perl script, electrostatic profiles was calculated using the
algorithm implemented in R, and the dynamical properties of
DNA open states were obtained using the algorithm implemented
in Matlab 9.2.

RESULTS

VlhA Promoters Share Conserved
GAA-Flanking Sequences Irrespective of
GAA Units Number
Comparative analysis of GAA repeats number for vlhA genes
of different strains was conducted to identify possible patterns
of variation. All vlhA genes from 12 strains were clustered
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into orthologous groups according to the sequence similarity.
Previous studies revealed that activation of vlhA transcription
occurs if 12 GAA repeats are present within the promoter.
Flanking regions of the GAA repeats were also found to be
essential for vlhA expression (Liu et al., 2000). Here we analyzed
conservation of GAA flanks among different M. gallisepticum
strains and vlhA orthologous groups to identify the mechanism
of vlhA expression activation. For each vlhA gene sequences
upstream and downstream of (GAA)n were obtained. Totally
368 promoters were taken into analysis. GAA tracts were defined
as repeat regions containing 4 or more GAA trinucleotides
without substitutions at the ends of the (GAA)n. The logos
build demonstrate conserved sequences both upstream and
downstream of GAA repeats (Figure 1). The conservation level
varies among positions of the motifs. We searched for similar
sequences in nucleotide collection at NCBI blast by blastn
program and did not find any matches in other species. So, these
sequences show no sequence homology with sequenced genomes
and appear to be identified in M. gallisepticum genome only. The
sequences comprise neither repetitive sequences nor palindromes
that often are present in regulatory motifs.

We compared flanking sequences of 12-GAA tracts with other
vlhA promoters. First, we looked over logos of 12-GAA and
non-12-GAA flanks (Figure 1). No traceable distinction was
found between the two groups. To more precise comparison
we visualized sequences in three-dimensional space using t-SNE
method (Figure 2). This method shows sequences similarity as
a distance in two- or three-dimensional space. No clustering of
promoters with 12 GAA was identified by t-SNE and by similar
method PCA (Supplementary Figure S1). So, analysis of GAA
flanking regions revealed conserved positions around GAA tract
and did not show correlations between 12-GAA units in (GAA)n
and sequence of (GAA)n flanks.

To consider in more detail the flanking sequences, we
constructed their alignments and phylogenetic trees for genes
belonging to the same orthologous groups. In the article we
describe two representative examples of trees (Figure 3) and
the alignments of flanks of orthologous groups (Supplementary
Materials). The identity level between vlhA proteins of these
two orthologous groups is higher than 90% for all protein
pairs. The first tree represents the tree of the merged flanks of
(GAA)n for the orthologous cluster containing 4 genes with 12-
GAA repeats. This is the largest orthologous group, containing
proteins represented in all strains. The alignment and tree show
that the sequences are conservative within the groups of strains
isolated from different species: strains F, S6, Rlow, and Rhigh
were obtained from chickens, the remaining strains from house
finches. Genomes of finch strains have almost identical genome
sequences with a low number of substitutions, but the difference
exists (Tulman et al., 2012; Kristensen et al., 2017). Chicken
strains are less similar to each other than strains from finches
according to data from the ATGC database (Tulman et al., 2012).
That is, in this case, one would expect slight differences between
the (GAA)n flanks of individual strains, but the sequences for the
orthologous group are completely identical within two groups.
It is interesting that the flanks and the corresponding genes are
located in different vlhA cassettes, the genes from chicken strains

are located in the first cassette, and finch genes are located in
the third and fourth cassettes. So, the moving to other cassette
did not affect sequences of (GAA)n flanks. The orthologous
group includes 4 genes with 12-GAA repeats, no differences
between them and other genes are noticeable. We observed that
the number of repeats within the orthologs cluster varied, while
sequences of repeats were conservative. This suggests that the
change in the number of GAA repeats does not depend on the
sequences flanking them. Figure 3B shows the tree of another
orthologous group, which also contains 12-GAA repeat genes.
The tree confirms the lack of connection between the number
of repeats and the sequence of flanks. These flanking sequences
are less conservative among themselves than sequences of the
first group. Thus, analysis of trees and alignments of particular
orthologous groups showed no connections between (GAA)n
number and their flanking sequences.

Number of GAA Repeats Varies Among
Orthologs vlhA and Different Strains of
M. gallisepticum
Comparative analysis of GAA repeats a number of vlhA genes
from different strains were conducted to identify possible
patterns of GAA number variation. All vlhA genes from 12
strains were clustered into orthologous groups (Figure 4A). The
distribution of GAA tract lengths shows that the majority of
values reside within a narrow range of 6-12 repeats. We divided
vlhA orthologous clusters into two groups: the one containing 12
repeats at least in one strain and the one including the rest. The
distribution within 12-GAA containing group is even narrower
varying from 8 to 12 repeats. This may indicate that GAA number
changes by an increase/decrease of a small number of repeats.

The number of 12-GAA promoters varies across the strains
from zero to three per genome. We found the positive correlation
between gene conservation level and the presence of 12-GAA
repeats within an ortholog cluster. Genes with 12 repeats are
more frequently occur in full ortholog clusters comprising to
genes that are represented in all strains (Fisher exact test p-value
=0.0248).

The number of repeats varies within one genome as well as
within one orthologous cluster. We analyzed the distribution of
GAA repeats number among the strains and orthologs clusters
(Figures 4B,C). The data shows that the prevalent GAA repeats
number is 8 and frequency decreases as the number of repeats
increases. Genes with 12 GAA repeats follow the common trend
and have no exceptional frequencies. Comparison of dispersion
in repeats number among the strains and ortholog clusters
showed that the number of repeats is more conserved within
one strain than within one ortholog cluster. The majority of
the strains tend to follow this trend, except for S6 strain
which exhibited the most versatile repeat number. Certain
ortholog clusters are more conserved than others which may
indicate differences in VlhA expression among strains. Therefore,
analysis of GAA repeats number did not reveal any traceable
patterns in the distribution of repeats. We suggest that alike
patterns might be established after considering a bigger set of
strains.
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FIGURE 1 | The motif of (GAA)n flanking sequences in vlhA promoters. Logos show identity of motifs for promoters with different GAA number. Sequences 50 bp
length were aligned by T-coffee program, gaps included in the alignment. Logo constructed by WebLogo 3.6.0; (A,B) logos for upstream flanks, (C,D) logos for
downstream flanks; (A,C) logos of 22 sequences of 12-GAA promoters; (B,D) logos of 344 non-12-GAA promoters.

FIGURE 2 | t-SNE analysis plot of (GAA)n flanking motifs. Points represent individual vlhA genes of all analyzed strains, the analysis made on concatenated left and
right (GAA)n flanking sequences. Black points show 12-GAA promoters. In analysis was used t-SNE algorithm implemented in sklearn Python library with the
parameter of perplexity =30.
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FIGURE 3 | GAA repeats number statistics for 12 Mycoplasma gallisepticum strains and vlhA orthologous clusters. (A) Heatmap showing number of GAA repeats
for each vlhA promoter. The number of repeats is indicated by colors, 12-GAA repeats are shown with red. One strain corresponds to three rows (three is the
maximum numbers of vlhA paralogs observed for a strain). Names of the strains are shown in the heatmap center. Orthologous clusters correspond to columns. The
tree was constructed by Phylogeny.fr software based on T-coffee protein alignment of consensus sequences of orthologous groups using the maximum-likelihood
method for phylogeny reconstruction. (B) Histogram of the number of GAA repeats. The dark gray bar shows 12-GAA promoters. (C) Distribution of dispersion of
GAA repeats number among strains and orthologous clusters.

VlhA Promoters Have Lowest Opening
Probability Under Superhelical Stress
(SIDD Profiles) While Non-vlhA
Promoters Are Highly Destabilized
In order to describe the possible role of physicochemical
interactions in phase variation of M. gallisepticum several
DNA properties of promoter regions were obtained in the
form of profiles. SIDD as a DNA parameter shows a

robust correlation with various regulatory DNA loci including
promoters, replication origins, etc. The promoters of E. coli
can be classified into SIDD-dependent and SIDD-independent
groups according to their SIDD profile, which seems to
correlate with their functional specialization (Wang and Benham,
2006). In the present article we analyzed SIDD profiles for
vlhA promoters from various M. gallisepticum strains as well
as, for standard sigma-70 promoters experimentally identified
in S6 strain (Mazin et al., 2014). Promoters of both type
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FIGURE 4 | Phylogenetic trees of (GAA)n flanking sequences. The trees were constructed by Phylogeny.fr software based on T-coffee nucleotide alignments of
50 bp flanks. The maximum-likelihood method was applied for phylogeny reconstruction. Labels of sequences consist of strain short name, corresponding vlhA
gene position (start, end, strand separated by ‘_’) and GAA units number separated by ‘_’. Red color shows 12-GAA promoters. The scale bar shows 0.02 changes.
Red numbers on branches display branch support values. (A) The tree of the biggest orthologous group that is depicted in the last column in Figure 3A; (B) the tree
of another orthologous group, consisting of four 12-GAA genes. The group is depicted in 41 column in Figure 3A.

Frontiers in Genetics | www.frontiersin.org 7 November 2018 | Volume 9 | Article 569

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00569 November 19, 2018 Time: 14:41 # 8

Orlov et al. Mycoplasma VlhA Promoters

FIGURE 5 | SIDD profile maximum values for (A) vlhA promoters of 12 M. gallisepticum strains and (B) sigma 70 promoters of S6 strain. ∗∗∗Mann–Whitney test
p-value <0.05.

feature same GC-content of 0.3, which is the average GC-
content of M. gallisepticum genome. Sigma-70 promoters are
substantially more destabilized with the profile maxima located
in the vicinity of TSS, while vlhA promoters did not incline
to melt under the considered conditions (Figure 5). Peaks
of vlhA promoters’ profiles do not overlap TSS region with
the sequence adjacent to GAA repeats having zero melting
probability. At the same time, the majority of sigma-70 promoters
demonstrate sharp maxima in the upstream region [−100; −50]
nts (Mann-Whitney test p-value <0.05) (Figure 6). The fact
to some extent supports the notion that there is no direct
correlation between SIDD profiles and GC-content of a DNA
segment.

Dynamical Properties of DNA Open
States and Electrostatic Potential
Profiles of vlhA Promoters Show Distinct
Patterns
Dynamics of DNA open states was shown to be important for
transcription bubble formation (Grinevich et al., 2015). The
lower the open states activation energy, the more the DNA duplex
is prone to open thus facilitating transcription initiation. Open
states activation energy profiles, as well as the size of open states
profiles, were calculated for vlhA and sigma-70 promoters. We
identified that the transition of vlhA promoters to an open state
occurred more efficiently in the region downstream TSS. The
activation energy for the promoter group in the interval [−70; 20]
nts appeared to have a decreasing slope which starts at the right
GAA repeats boundary. It may seem tempting to suggest that the
slope facilitate the directed movement of RNA-polymerase along

the promoter. At that, no traceable patterns were detected for
sigma-70 promoters (Figures 7,8).

Distribution of electrostatic potential (EP) around DNA
duplex is a physical property that could be recognized by other
molecules at a distance and prior to their direct interaction. It
appears to be crucial at the initial stages of promoter recognition
by RNA-polymerase (Polozov et al., 1999). Promoters of vlhA
genes show characteristic EP pattern with the peak at about
30 nt after TSS. Neither visual assessment nor clusterization
revealed traceable patterns for sigma-70 promoters profiles
(Figure 9).

DISCUSSION

The promoters of vlhA genes feature a remarkable mechanism
of transcriptional regulation. It includes two functional
components: transcriptional activation at 12-GAA containing
promoters and variation of GAA repeats number. In the article
we have analyzed conservation, GAA number distribution,
and physicochemical properties of vlhA promoters in
M. gallisepticum. We proposed that physicochemical properties
of promoters including SIDD, DNA open states dynamics, and
electrostatic potential could be connected to the vlhA genes
expression regulation.

We demonstrated that the GAA repeats in vlhA promoters
are flanked by highly conserved sequences with distinct
structure. Altogether the regulatory region takes more than
50 nt. Sequences of such length are generally too large for
binding a typical bacterial transcription factor (Rodionov, 2007).
Regulatory sequences of this length are unique in bacteria.
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FIGURE 6 | Opening probability (SIDD) profiles for (A) vlhA promoters of 12 M. gallisepticum strains; (B) sigma 70 promoters of S6 strain. Dashed line denotes
transcription start site; solid horizontal line – approximate GAA repeats location.

FIGURE 7 | Open states activation energy profiles for (A) vlhA promoters of 12 M. gallisepticum strains; (B) sigma 70 promoters of S6 strain. Dashed line denotes
transcription start site; solid horizontal line – approximate GAA repeats location.

It is possible that M. gallisepticum has unique DNA binding
proteins with the unknown spatial structure of the DNA binding
region that standard annotation programs cannot identify. The

hypothesis is supported by the fact that Mycoplasmas have a large
number of orphan genes with unknown functions (Tatarinova
et al., 2016).
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FIGURE 8 | Size of open states profiles for (A) vlhA promoters of 12 M. gallisepticum strains; (B) sigma 70 promoters of S6 strain. Dashed line denotes transcription
start site; solid horizontal line – approximate GAA repeats location.

FIGURE 9 | Electrostatic potential (EP) profiles for (A) vlhA promoters of 12 M. gallisepticum strains; (B) sigma 70 promoters of S6 strain. Dashed line denotes
transcription start site; solid horizontal line – approximate GAA repeats location.

Most of the analyzed strains are isolated from wild birds
and are pathogenic for the host. We observed 12-GAA vlhA
genes occur more than one time in the genome. Obtained data
implies that the presence of a single 12-GAA vlhA gene is not the
only possible combination enabling pathogenicity manifestation.

Closely related strains Rlow and Rhigh demonstrate similar
distributions of 12-GAA genes but have distinct virulence
potential (Szczepanek et al., 2010). Vaccine strains F with a
low level of pathogenicity have the maximum number of genes
with 12-GAA repeats and lacks numerous vlhA genes. One can
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speculate the inability of proper vlhA switching may result in a
decrease of pathogenicity.

We identified that the distribution of GAA number resides
within narrow borders of 8–12 repeats only in case orthologous
clusters with at least one 12-GAA promoter were considered.
We hypothesize that there is a “working range” of GAA repeats
within which the number can iterate while having a considerable
chance to get back to 12. Promoters that occasionally go out of
range are not functional, while they still may remain conserved.
The corresponding genes will never be activated again. The
orthologous clusters lacking 12-GAA promoters are distributed
in considerably fewer strains which corroborates with the idea
that they lost function and represent a decaying group of vlhA.

Calculation of physical properties of vlhA promoters and
sigma-70 promoters of S6 strain allowed to identify distinct
patterns in open states dynamics and electrostatic potential
profiles. We hypothesize that the former could facilitate
transcription bubble formation thus stimulating processive
transcription, while the latter could contribute to the initial
stage of DNA-protein recognition. By contrast, SIDD profiles of
vlhA promoters are hardly destabilized and have zero opening
probability near TSS while sigma-70 promoters have overall high
destabilization levels with maxima associated with TSS position.
It corroborates with the idea that an alternative sigma-factor
rather than sigma-70 is utilized for transcription of vlhA. One
can speculate that zero open probability of vlhA promoters under
superhelical stress reflects that fact that these loci are wrapped
around activator complex, e.g., are at a high local degree of
negative supercoiling. At the same time, improper transcription
should not be facilitated from vlhA promoters since their −10
boxes show a substantial degree of similarity with those of
sigma-70.

CONCLUSION

Analysis of promoters of vlhA indicates the presence of conserved
sequences upstream and downstream to GAA repeats. Sequences
of (GAA)n flanks are not connected with the number of
GAA repeats. The distribution of (GAA)n length among the
strains of M. gallisepticum shows a preferred range within
which this number iterates: 6–12 repeats. Distribution of GAA

units number varies among strains and orthologous groups.
VlhA orthologous groups having at least one 12-GAA gene
in the group have a narrower distribution of GAA number
with values within the range 8–12 and are more conserved
among strains than other orthologous groups. As compared
to sigma-70 promoters of M. gallisepticum promoters of vlhA
feature distinct and characteristic profiles of physical properties
including opening probability under superhelical stress, open
state activation energy, and electrostatic potential.

DATA AVAILABILITY

The datasets analyzed and scripts for this study can be found
in the https://github.com/FVortex/Orlov_et_al._Frontiers_in_
Genetics_Mycoplasma_gallispeticum_script.

AUTHOR CONTRIBUTIONS

IG contributed in analysis of genomes, GAA repeats,
cauterization, and writing the manuscript. MO contributed
in analysis of physicochemical properties and writing the
manuscript. GF and AS wrote the manuscript.

FUNDING

This work was funded by the Russian Science Foundation grant
14-24-00159 “Systems research of minimal cell on a Mycoplasma
gallisepticum model”.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2018.00569/full#supplementary-material

TABLE S1 | Description of strains used in the study.

TABLE S2 | Data on vlhA genes, sequences of genes, their promoters and GAA
repeats.

REFERENCES
Avvaru, A. K., Saxena, S., Sowpati, D. T., and Mishra, R. K. (2017). MSDB: a

comprehensive database of simple sequence repeats. Genome Biol. Evol. 9,
1797–1802. doi: 10.1093/gbe/evx132

Baseggio, N., Glew, M. D., Markham, P. F., Whithear, K. G., and Browning,
G. F. (1996). Size and genomic location of the pMGA multigene family of
Mycoplasma gallisepticum. Microbiology 142(Pt 6), 1429–1435. doi: 10.1099/
13500872-142-6-1429

Bencina, D. (2002). Haemagglutinins of pathogenic avian mycoplasmas. Avian
Pathol. J. 31, 535–547. doi: 10.1080/0307945021000024526

Benham, C. J. (1990). Theoretical analysis of heteropolymeric transitions in
superhelical DNA molecules of specified sequence. J. Chem. Phys. 92, 6294–
6305. doi: 10.1063/1.458353

Benham, C. J. (1992). Energetics of the strand separation transition in superhelical
DNA. J. Mol. Biol. 225, 835–847. doi: 10.1016/0022-2836(92)90404-8

Butenko, I., Vanyushkina, A., Pobeguts, O., Matyushkina, D., Kovalchuk, S.,
Gorbachev, A., et al. (2017). Response induced in Mycoplasma gallisepticum
under heat shock might be relevant to infection process. Sci. Rep. 7:11330.
doi: 10.1038/s41598-017-092377

Chopra-Dewasthaly, R., Spergser, J., Zimmermann, M., Citti, C., Jechlinger, W.,
and Rosengarten, R. (2017). Vpma phase variation is important for survival
and persistence of Mycoplasma agalactiae in the immunocompetent host. PLoS
Pathog. 13:e1006656. doi: 10.1371/journal.ppat.1006656

Citti, C., Nouvel, L.-X., and Baranowski, E. (2010). Phase and antigenic variation
in mycoplasmas. Future Microbiol. 5, 1073–1085. doi: 10.2217/fmb.10.71

Cock, P., Antao, T., Chang, J., Chapman, B., Cox, S., Dalke, A., et al. (2009).
Biopython: freely available python tools for computational molecular biology
and bioinformatics. Bioinformatics 25, 1422–1423. doi: 10.1093/bioinformatics/
btp163

Crooks, G. E., Hon, G., Chandonia, J.-M., and Brenner, S. E. (2004). WebLogo: a
sequence logo generator. Genome Res. 14, 1188–1190. doi: 10.1101/gr.849004

Frontiers in Genetics | www.frontiersin.org 11 November 2018 | Volume 9 | Article 569

https://github.com/FVortex/Orlov_et_al._Frontiers_in_Genetics_Mycoplasma_gallispeticum_script
https://github.com/FVortex/Orlov_et_al._Frontiers_in_Genetics_Mycoplasma_gallispeticum_script
https://www.frontiersin.org/articles/10.3389/fgene.2018.00569/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2018.00569/full#supplementary-material
https://doi.org/10.1093/gbe/evx132
https://doi.org/10.1099/13500872-142-6-1429
https://doi.org/10.1099/13500872-142-6-1429
https://doi.org/10.1080/0307945021000024526
https://doi.org/10.1063/1.458353
https://doi.org/10.1016/0022-2836(92)90404-8
https://doi.org/10.1038/s41598-017-092377
https://doi.org/10.1371/journal.ppat.1006656
https://doi.org/10.2217/fmb.10.71
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1101/gr.849004
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00569 November 19, 2018 Time: 14:41 # 12

Orlov et al. Mycoplasma VlhA Promoters

Czurda, S., Hegde, S. M., Rosengarten, R., and Chopra-Dewasthaly, R. (2017).
Xer1-independent mechanisms of Vpma phase variation in Mycoplasma
agalactiae are triggered by Vpma-specific antibodies. Int. J. Med. Microbiol. 307,
443–451. doi: 10.1016/j.ijmm.2017.10.005

Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F., et al. (2008).
Phylogeny.fr: robust phylogenetic analysis for the non-specialist. Nucleic Acids
Res. 36, W465–W469. doi: 10.1093/nar/gkn180

Di Tommaso, P., Moretti, S., Xenarios, I., Orobitg, M., Montanyola, A., Chang, J.-
M., et al. (2011). T-Coffee: a web server for the multiple sequence alignment
of protein and RNA sequences using structural information and homology
extension. Nucleic Acids Res. 39, W13–W17. doi: 10.1093/nar/gkr245

Fisunov, G. Y., Alexeev, D. G., Bazaleev, N. A., Ladygina, V. G., Galyamina, M. A.,
Kondratov, I. G., et al. (2011). Core proteome of the minimal cell: comparative
proteomics of three mollicute species. PLoS One 6:e21964. doi: 10.1371/journal.
pone.0021964

Fisunov, G. Y., Garanina, I. A., Evsyutina, D. V., Semashko, T. A., Nikitina, A. S.,
and Govorun, V. M. (2016). Reconstruction of transcription control networks
in Mollicutes by high-throughput identification of promoters. Front. Microbiol.
7:1977. doi: 10.3389/fmicb.2016.01977

Fleming-Davies, A. E., Williams, P. D., Dhondt, A. A., Dobson, A. P., Hochachka,
W. M., Leon, A. E., et al. (2018). Incomplete host immunity favors the evolution
of virulence in an emergent pathogen. Science 359, 1030–1033. doi: 10.1126/
science.aao2140

Glew, M. D., Baseggio, N., Markham, P. F., Browning, G. F., and Walker,
I. D. (1998). Expression of the pMGA genes of Mycoplasma gallisepticum is
controlled by variation in the GAA trinucleotide repeat lengths within the 5’
noncoding regions. Infect. Immun. 66, 5833–5841.

Glew, M. D., Browning, G. F., Markham, P. F., and Walker, I. D. (2000).
pMGA phenotypic variation in Mycoplasma gallisepticum occurs in vivo
and is mediated by trinucleotide repeat length variation. Infect. Immun. 68,
6027–6033. doi: 10.1128/IAI.68.10.6027-6033.2000

Glew, M. D., Markham, P. F., Browning, G. F., and Walker, I. D. (1995). Expression
studies on four members of the pMGA multigene family in Mycoplasma
gallisepticum S6. Microbiology 141(Pt 11), 3005–3014. doi: 10.1099/13500872-
141-11-3005

Grinevich, A. A., Ryasik, A. A., and Yakushevich, L. V. (2015). Trajectories of
DNA bubbles. Chaos Solitons Fractals 75, 62–75. doi: 10.1016/j.chaos.2015.
02.009

Hegde, S., Zimmermann, M., Rosengarten, R., and Chopra-Dewasthaly, R. (2018).
Novel role of Vpmas as major adhesins of Mycoplasma agalactiae mediating
differential cell adhesion and invasion of Vpma expression variants. Int. J. Med.
Microbiol. 308, 263–270. doi: 10.1016/j.ijmm.2017.11.010

Jones, S., Shanahan, H. P., Berman, H. M., and Thornton, J. M. (2003). Using
electrostatic potentials to predict DNA-binding sites on DNA-binding proteins.
Nucleic Acids Res. 31, 7189–7198. doi: 10.1093/nar/gkg922

Kamzolova, S. G., Sorokin, A. A., Beskaravainy, P. M., and Osypov, A. A. (2006).
“Comparative analysis of electrostatic patterns for promoter and nonpromoter
DNA in E. Coli genome,” in Bioinformatics of Genome Regulation and Structure
II, eds N. Kolchanov, R. Hofestaedt, and L. Milanesi (Boston, MA: Springer),
67–74. doi: 10.1007/0-387-29455-4_7

Kamzolova, S. G., Sorokin, A. A., Dzhelyadin, T. D., Beskaravainy, P. M., and
Osypov, A. A. (2005). Electrostatic potentials of E. coli genome DNA. J. Biomol.
Struct. Dyn. 23, 341–345.

Kamzolova, S. G., Sorokin, A. A., Osipov, A. A., and Beskaravainyi, P. M.
(2009). [Electrostatic map of bacteriophage T7 genome. Comparative analysis
of electrostatic properties of sigma70-specific T7 DNA promoters recognized
by RNA-polymerase of Escherichia coli]. Biofizika 54, 975–983.

Kowalski, D., Natale, D. A., and Eddy, M. J. (1988). Stable DNA unwinding,
not “breathing,” accounts for single-strand-specific nuclease hypersensitivity
of specific A+T-rich sequences. Proc. Natl. Acad. Sci. U.S.A. 85, 9464–9468.
doi: 10.1073/pnas.85.24.9464

Kristensen, D. M., Wolf, Y. I., and Koonin, E. V. (2017). ATGC database and
ATGC-COGs: an updated resource for micro- and macro-evolutionary studies
of prokaryotic genomes and protein family annotation. Nucleic Acids Res. 45,
D210–D218. doi: 10.1093/nar/gkw934

Lechner, M., Findeiss, S., Steiner, L., Marz, M., Stadler, P. F., and Prohaska, S. J.
(2011). Proteinortho: detection of (co-)orthologs in large-scale analysis. BMC
Bioinformatics 12:124. doi: 10.1186/1471-2105-12-124

Liu, L., Dybvig, K., Panangala, V. S., van Santen, V. L., and French, C. T.
(2000). GAA trinucleotide repeat region regulates M9/pMGA gene expression
in Mycoplasma gallisepticum. Infect. Immun. 68, 871–876. doi: 10.1128/IAI.68.
2.871-876.2000

Liu, L., Panangala, V. S., and Dybvig, K. (2002). Trinucleotide GAA repeats dictate
pMGA gene expression in Mycoplasma gallisepticum by affecting spacing
between flanking regions. J. Bacteriol. 184, 1335–1339. doi: 10.1128/JB.184.5.
1335-1339.2002

Ma, L., Jensen, J. S., Mancuso, M., Myers, L., and Martin, D. H. (2015). Kinetics of
genetic variation of the Mycoplasma genitalium MG192 gene in experimentally
infected chimpanzees. Infect. Immun. 84, 747–753. doi: 10.1128/IAI.01
162-15

Markham, P. F., Glew, M. D., Brandon, M. R., Walker, I. D., and Whithear, K. G.
(1992). Characterization of a major hemagglutinin protein from Mycoplasma
gallisepticum. Infect. Immun. 60, 3885–3891.

Markham, P. F., Glew, M. D., Browning, G. F., Whithear, K. G., and Walker, I. D.
(1998). Expression of two members of the pMGA gene family of Mycoplasma
gallisepticum oscillates and is influenced by pMGA-specific antibodies. Infect.
Immun. 66, 2845–2853.

Markham, P. F., Glew, M. D., Sykes, J. E., Bowden, T. R., Pollocks, T. D., Browning,
G. F., et al. (1994). The organisation of the multigene family which encodes the
major cell surface protein, pMGA, of Mycoplasma gallisepticum. FEBS Lett. 352,
347–352. doi: 10.1016/0014-5793(94)00991-0

Matyushkina, D., Pobeguts, O., Butenko, I., Vanyushkina, A., Anikanov, N.,
Bukato, O., et al. (2016). Phase transition of the bacterium upon invasion of
a host cell as a mechanism of adaptation: a Mycoplasma gallisepticum model.
Sci. Rep. 6:35959. doi: 10.1038/srep35959

May, M., Dunne, D. W., and Brown, D. R. (2014). A sialoreceptor binding motif
in the Mycoplasma synoviae adhesin VlhA. PLoS One 9:e110360. doi: 10.1371/
journal.pone.0110360

Mazin, P. V., Fisunov, G. Y., Gorbachev, A. Y., Kapitskaya, K. Y., Altukhov,
I. A., Semashko, T. A., et al. (2014). Transcriptome analysis reveals novel
regulatory mechanisms in a genome-reduced bacterium. Nucleic Acids Res. 42,
13254–13268. doi: 10.1093/nar/gku976

Mrázek, J. (2006). Analysis of distribution indicates diverse functions of simple
sequence repeats in Mycoplasma genomes. Mol. Biol. Evol. 23, 1370–1385.
doi: 10.1093/molbev/msk023

Mrázek, J., Guo, X., and Shah, A. (2007). Simple sequence repeats in prokaryotic
genomes. Proc. Natl. Acad. Sci. U.S.A. 104, 8472–8477. doi: 10.1073/pnas.
0702412104

Noormohammadi, A. H. (2007). Role of phenotypic diversity in pathogenesis
of avian mycoplasmosis. Avian Pathol. J. 36, 439–444. doi: 10.1080/
03079450701687078

Osypov, A. A., Krutinin, G. G., and Kamzolova, S. G. (2010). Deppdb–DNA
electrostatic potential properties database: electrostatic properties of genome
DNA. J. Bioinform. Comput. Biol. 8, 413–425. doi: 10.1142/S02197200100
04811

Papazisi, L., Gorton, T. S., Kutish, G., Markham, P. F., Browning, G. F., Nguyen,
D. K., et al. (2003). The complete genome sequence of the avian pathogen
Mycoplasma gallisepticum strain R(low). Microbiology 149, 2307–2316. doi: 10.
1099/mic.0.26427-0

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., et al.
(2011). Scikit-learn: machine learning in python. JMLR 12, 2825–2830.

Pflaum, K., Tulman, E. R., Beaudet, J., Canter, J., and Geary, S. J. (2018). Variable
lipoprotein Hemagglutinin A (vlhA) gene expression in variant Mycoplasma
gallisepticum strains in vivo. Infect. Immun. 86, e524–e518. doi: 10.1128/IAI.
00524-18

Pflaum, K., Tulman, E. R., Beaudet, J., Liao, X., and Geary, S. J. (2016). Global
changes in Mycoplasma gallisepticum phase-variable lipoprotein gene vlhA
expression during In Vivo infection of the natural chicken host. Infect. Immun.
84, 351–355. doi: 10.1128/IAI.01092-15

Polozov, R. V., Dzhelyadin, T. R., Sorokin, A. A., Ivanova, N. N., Sivozhelezov, V. S.,
and Kamzolova, S. G. (1999). Electrostatic potentials of DNA. Comparative
analysis of promoter and nonpromoter nucleotide sequences. J. Biomol. Struct.
Dyn. 16, 1135–1143. doi: 10.1080/07391102.1999.10508322

Rocha, E. P. C. (2003). An appraisal of the potential for illegitimate recombination
in bacterial genomes and its consequences: from duplications to genome
reduction. Genome Res. 13, 1123–1132. doi: 10.1101/gr.966203

Frontiers in Genetics | www.frontiersin.org 12 November 2018 | Volume 9 | Article 569

https://doi.org/10.1016/j.ijmm.2017.10.005
https://doi.org/10.1093/nar/gkn180
https://doi.org/10.1093/nar/gkr245
https://doi.org/10.1371/journal.pone.0021964
https://doi.org/10.1371/journal.pone.0021964
https://doi.org/10.3389/fmicb.2016.01977
https://doi.org/10.1126/science.aao2140
https://doi.org/10.1126/science.aao2140
https://doi.org/10.1128/IAI.68.10.6027-6033.2000
https://doi.org/10.1099/13500872-141-11-3005
https://doi.org/10.1099/13500872-141-11-3005
https://doi.org/10.1016/j.chaos.2015.02.009
https://doi.org/10.1016/j.chaos.2015.02.009
https://doi.org/10.1016/j.ijmm.2017.11.010
https://doi.org/10.1093/nar/gkg922
https://doi.org/10.1007/0-387-29455-4_7
https://doi.org/10.1073/pnas.85.24.9464
https://doi.org/10.1093/nar/gkw934
https://doi.org/10.1186/1471-2105-12-124
https://doi.org/10.1128/IAI.68.2.871-876.2000
https://doi.org/10.1128/IAI.68.2.871-876.2000
https://doi.org/10.1128/JB.184.5.1335-1339.2002
https://doi.org/10.1128/JB.184.5.1335-1339.2002
https://doi.org/10.1128/IAI.01162-15
https://doi.org/10.1128/IAI.01162-15
https://doi.org/10.1016/0014-5793(94)00991-0
https://doi.org/10.1038/srep35959
https://doi.org/10.1371/journal.pone.0110360
https://doi.org/10.1371/journal.pone.0110360
https://doi.org/10.1093/nar/gku976
https://doi.org/10.1093/molbev/msk023
https://doi.org/10.1073/pnas.0702412104
https://doi.org/10.1073/pnas.0702412104
https://doi.org/10.1080/03079450701687078
https://doi.org/10.1080/03079450701687078
https://doi.org/10.1142/S0219720010004811
https://doi.org/10.1142/S0219720010004811
https://doi.org/10.1099/mic.0.26427-0
https://doi.org/10.1099/mic.0.26427-0
https://doi.org/10.1128/IAI.00524-18
https://doi.org/10.1128/IAI.00524-18
https://doi.org/10.1128/IAI.01092-15
https://doi.org/10.1080/07391102.1999.10508322
https://doi.org/10.1101/gr.966203
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00569 November 19, 2018 Time: 14:41 # 13

Orlov et al. Mycoplasma VlhA Promoters

Rodionov, D. A. (2007). Comparative genomic reconstruction of transcriptional
regulatory networks in bacteria. Chem. Rev. 107, 3467–3497. doi: 10.1021/
cr068309

Rosengarten, R., and Wise, K. S. (1990). Phenotypic switching in mycoplasmas:
phase variation of diverse surface lipoproteins. Science 247, 315–318. doi: 10.
1126/science.1688663

Sorokin, A. A., Osypov, A. A., Dzhelyadin, T. R., Beskaravainy, P. M., and
Kamzolova, S. G. (2006). Electrostatic properties of promoter recognized by
E. coli RNA polymerase Esigma70. J. Bioinform. Comput. Biol. 4, 455–467.
doi: 10.1142/S0219720006002077

Szczepanek, S. M., Tulman, E. R., Gorton, T. S., Liao, X., Lu, Z., Zinski, J., et al.
(2010). Comparative genomic analyses of attenuated strains of Mycoplasma
gallisepticum. Infect. Immun. 78, 1760–1771. doi: 10.1128/IAI.01172-09

Tatarinova, T. V., Lysnyansky, I., Nikolsky, Y. V., and Bolshoy, A. (2016). The
mysterious orphans of Mycoplasmataceae. Biol. Direct 11:2. doi: 10.1186/
s13062-015-0104-3

Torres-Cruz, J., and van der Woude, M. W. (2003). Slipped-strand mispairing can
function as a phase variation mechanism in Escherichia coli. J. Bacteriol. 185,
6990–6994. doi: 10.1128/JB.185.23.6990-6994.2003

Tulman, E. R., Liao, X., Szczepanek, S. M., Ley, D. H., Kutish, G. F., and Geary, S. J.
(2012). Extensive variation in surface lipoprotein gene content and genomic
changes associated with virulence during evolution of a novel North American
house finch epizootic strain of Mycoplasma gallisepticum. Microbiology 158,
2073–2088. doi: 10.1099/mic.0.058560-0

van Belkum, A., Scherer, S., van Alphen, L., and Verbrugh, H. (1998). Short-
sequence DNA repeats in prokaryotic genomes. Microbiol. Mol. Biol. Rev. 62,
275–293.

van der Maaten, L., and Hinton, G. (2008). Visualizing data using t-SNE. J. Mach.
Learn. Res. 9, 2579–2605.

Wang, H., and Benham, C. J. (2006). Promoter prediction and annotation
of microbial genomes based on DNA sequence and structural responses
to superhelical stress. BMC Bioinformatics 7:248. doi: 10.1186/1471-2105-
7-248

Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., and Barton, G. J.
(2009). Jalview Version 2-a multiple sequence alignment editor and analysis
workbench. Bioinformatics 25, 1189–1191. doi: 10.1093/bioinformatics/btp033

Wei, W., Davis, R. E., Suo, X., and Zhao, Y. (2015). Occurrence, distribution and
possible functional roles of simple sequence repeats in phytoplasma genomes.
Int. J. Syst. Evol. Microbiol. 65, 2748–2760. doi: 10.1099/ijs.0.000273

Zhabinskaya, D., Madden, S., and Benham, C. J. (2015). SIST: stress-induced
structural transitions in superhelical DNA. Bioinformatics 31, 421–422. doi:
10.1093/bioinformatics/btu657

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Orlov, Garanina, Fisunov and Sorokin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Genetics | www.frontiersin.org 13 November 2018 | Volume 9 | Article 569

https://doi.org/10.1021/cr068309
https://doi.org/10.1021/cr068309
https://doi.org/10.1126/science.1688663
https://doi.org/10.1126/science.1688663
https://doi.org/10.1142/S0219720006002077
https://doi.org/10.1128/IAI.01172-09
https://doi.org/10.1186/s13062-015-0104-3
https://doi.org/10.1186/s13062-015-0104-3
https://doi.org/10.1128/JB.185.23.6990-6994.2003
https://doi.org/10.1099/mic.0.058560-0
https://doi.org/10.1186/1471-2105-7-248
https://doi.org/10.1186/1471-2105-7-248
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1099/ijs.0.000273
https://doi.org/10.1093/bioinformatics/btu657
https://doi.org/10.1093/bioinformatics/btu657
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Comparative Analysis of Mycoplasma gallisepticum vlhA Promoters
	Introduction
	Materials and Methods
	Bioinformatics Analysis of (GAA)n and vlhA Genes
	Analysis of (GAA)n Flanks
	Calculation of Physicochemical Properties of Promoters

	Results
	VlhA Promoters Share Conserved GAA-Flanking Sequences Irrespective of GAA Units Number
	Number of GAA Repeats Varies Among Orthologs vlhA and Different Strains of M. gallisepticum
	VlhA Promoters Have Lowest Opening Probability Under Superhelical Stress (SIDD Profiles) While Non-vlhA Promoters Are Highly Destabilized
	Dynamical Properties of DNA Open States and Electrostatic Potential Profiles of vlhA Promoters Show Distinct Patterns

	Discussion
	Conclusion
	Data Availability
	Author Contributions
	Funding
	Supplementary Material
	References


