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A B S T R A C T

Human Mycoplasma are opportunistic, facultative pathogens that are site-specific in their colonization of mu-
cosal surfaces. They are responsible for significant annual morbidity in humans by causing acute illnesses and
chronic auto-inflammatory diseases via modulation of the host's immune system. Accurate and reliable identi-
fication of Mycoplasma species and their strains are thus of upmost importance. This study, analysed for the first
time, the effectiveness of a short (50 kb) genome fragment (termed as R-segment), which includes the complete
rRNA operon and the flanking region up to 50 kb, as a single phylogenetic marker for assessing the molecular
taxonomy and determining the identity of human Mycoplasma species and their strains. The R-segments of
human mycoplasmas were shown to have inherent genetic properties [average nucleotide identity (ANI), codon
bias index (CBI), genome-to-genome distances (GGD) and % G+C] similar to their whole genome counterparts.
Based on the results of our R segment analysis, a species of human Mycoplasma can simply be defined as a group
of strains that share R-segments with ANIs ≥97%. Additionally, R-segments offered superiority to 16S rRNA
gene sequences and multilocus sequences for the delineation of the human Mycoplasma species and their strains.
The overall comparative genomic results suggest that R-segment analysis can be considered as a promising cost-
effective tool for the epidemiological surveillance and differentiation of the closely related species and/or strains
of human mycoplasmas.

1. Introduction

Mycoplasmas, the smallest self-replicating wall-less bacteria with
redundant minimal genomes, emerged by degenerative evolution from
low G+C, Gram positive eubacteria approximately 600 million years
ago. They are ubiquitous and phylogenetically diverse. In view of their
inability to synthesize essential nutrients, mycoplasmas parasitize both
animal (humans, mammals, fish, reptiles, insects, arthropods) and plant
hosts (Rogers et al., 1985; Razin, 2006). The survival of mycoplasmas in
various environmental niches has been primarily ascribed to an effec-
tive arrangement of their genomes that allows for stochastic genophe-
notypic variations via frequent DNA recombination and other genetic
mechanisms (Iverson-Cabral et al., 2006; Roachford et al., 2017). Size
and phase variation of their antigenic surface lipoproteins, along with
immunomodulation of the host's immune defense system allow them to
persist within their hosts (Iverson-Cabral et al., 2007; Ma et al., 2008;
Citti et al., 2010).

Mycoplasma species reside within humans, animals and plants either
as commensals or pathogens. Significant morbidity can result as a
consequence of chronic infection (Bove, 1981; Nicolson et al., 2000;
Pereira et al., 2017; Scolten et al., 2017). In humans, they have a ten-
dency to colonise the mucosal surfaces of the respiratory and urogenital
systems (Zarei et al., 2013; Guillermo et al., 2014; Dehon and
McGowin, 2017). For example, P1 type I and P1 type II Mycoplasma
pneumoniae species (ca. 816 kb genome) tend to infect the respiratory
system while its smaller descendent, M. genitalium (ca. 580 kb genome)
infects the genitourinary system, though the latter has also been iden-
tified in the upper respiratory tract (Baseman et al., 1988; Stein and
Baseman, 2006).

Like many other mycoplasmas, M. pneumoniae and M. genitalium
share adhesins with cross-reactive epitopes, while M. penetrans and M.
hominis display ON/OFF switching (phase variation) of their major
immunodominant lipoproteins P35 and Vaa, respectively (Neyrolles
et al., 1999; Boesen et al., 2001). These features create difficulty not
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only to detect them via species-specific PCR and immunologic ser-
ological (ELISA) analyses, but also to genotype the closely related
Mycoplasma species/strains. Inexpensive, accurate and reliable methods
for detection and identification of mycoplasmas is paramount for the
diagnosis and successful treatment of diseases caused by human my-
coplasmas.

To date there are 31 strains (7 species) of human Mycoplasma in-
habiting the oral (2 species), respiratory (1 species) and genitourinary
(4 species) niches (Razin, 2006; Citti and Blanchard, 2013; NCBI
Resource, 2016). The availability of whole-genome sequences has led to
the construction of supertrees and the generation of a genome-based
taxonomy of mycoplasmas (Oren and Ventosa, 2010; Thompson et al.,
2013). The correlation between DNA-DNA Hybridization (DDH) and
digital Genome-to-Genome Distance (GGD) along with other phyloge-
netic information [including average amino acid identity (AAI),
average nucleotide identity (ANI), dinucleotide bias, codon usage bias
(Nc), percentage G+C, Karlin genomic signatures that is inherent in
genomic sequences] has led to a re-definition and delineation of My-
coplasma species. Generally, a species is defined as a group of bacterial
strains with the following features:> 70% DDH similarity,< 5% mol
G+C difference of total genome,< 5 °C ΔTm and > 98% 16S rRNA
gene sequences similarity (Stackebrandt and Ebers, 2006). Currently,
the genome-based classification defines Mycoplasma species as a group
of strains sharing ≥97% DNA identity in MLSA, ≥93.9% AAI and≤ 8
in Karlin genomic signature (Thompson et al., 2011, 2013).

Based on 16S rRNA, MLSA and whole genome sequences, the group
of species arising from the same genus form monophyletic clusters
whose phylogeny can be determined based on the tree topology.
However, these phylogenetic trees often show discrepancies when
compared to each other. Furthermore, 16S rRNA gene sequences are
inadequate in differentiating closely related species and strains (as for
M. genitalium and M. pneumoniae) since these can have almost 100%
identical 16S rRNA gene similarity (Thompson et al., 2011). Supertrees
can be formed from whole genome sequences as have been constructed
in the determination of Bifidobacterium taxonomy (Lugli et al., 2017).
These supertrees may serve as a gold standard but the drawbacks of
whole genome sequence analyses include the requirement of super-
computers and/or the generation of statistical artifacts during the in
silico analysis by decreasing the number of whole genome entries. Su-
pertrees based on specific concatenated genes (Thompson et al., 2009)
and MLSA approaches have been used as alternatives to whole genome
analyses but the caveat is that not all core genes are shared across all
the genera or species.

An alternative to 16S rRNA, MLSA and whole-genome analyses is
the possible use of short genome segments at a defined locus whose
inherent genetic properties are co-linear with those of the whole
genome with respect to % G+C difference, GGD, digital DND-DNA
Hybridization (dDDH), ANI and codon usage bias. These short genome
segments (called R-segments henceforth), are defined here by us as
50 kb genomic sequences which includes the first entire rRNA operon
and the immediate flanking region. The genes downstream to 16S rRNA
are highly conserved fundamental housekeeping genes that play a very
important role in cell function. In fact, this 50 kb genomic fragment has
already been identified as the potential target for the ribotyping to
discriminate the species of Haemophilus influenza, Streptococcus pneu-
moniae, Burkholderia cepacia and Pseudomonas aeruginosa because of the
presence of additional hypervariable regions (reviewed in Bouchet
et al., 2008). Consequently, these 50 kb R-segments are expected to be
useful fragments for phylogenetic analyses and in instances where
whole-genomes are unavailable or incomplete, analyses could be car-
ried out with the appropriate R-segments. The human mycoplasmas
which consist of very closely related species (M. pneumoniae and M.
genitalium) and type-specific strains (M. pneumoniae P1 types I & II)
allows for testing the use of R-segments for taxonomic relationships. R-
segments also possess unique signatures or fingerprints that once
identified can be used to accurately determine the identity and/or

differentiate Mycoplasma species and their strains. The advantages of R-
segment analysis are the saving in both cost and time compared to the
whole genome and MLSA approaches. The R-segment analysis can be
performed by directly sequencing the 50 kb fragments via the targeted
sequencing approaches of any next-generation sequencing platform
including the SMRT PacBio and Illumina MiSeq systems.

In this paper, the effectiveness of R-segments for phylogenetic
classification and delineation of the human Mycoplasma species/strains
was evaluated for the first time by directly comparing the R-segment
phylogenetic analysis with the 16S rRNA and MLSA phylogenetic ap-
proaches using 31 human Mycoplasma genomes.

2. Materials and methods

2.1. Mycoplasma genome sequence data

Thirty-one humanMycoplasma genome sequences were downloaded
from the National Center for Biotechnology Information (NCBI)
GenBank for in the in silico comparative phylogenetic analyses. There is
a greater number of genome sequences available in GenBank for the
strains of human M. pneumoniae (16) and M. genitalium (5) compared to
other species, M. fermentans (3), M. hominis (4), M. orale (1), M. pene-
trans (1) and M. salivarium (1). Additionally, 1 genome of the genus
Ureaplasma (Ureaplasma urealyticum serovar 10 ATCC 33699) and 1
genome of an animal Mycoplasma (Mycoplasma arthritidis 158L3-‐1)
were obtained from GenBank and used in the analyses. The accession
numbers and genomic features along with the locus tag and position of
their 16S rRNA genes are highlighted in Table 1.

2.2. 16S rRNA gene, multilocus sequence analysis (MLSA) and genome
segment sequences

RNAmmer v1.2 prediction server (Lagesen et al., 2007) was utilized
to confirm or predict the location of the 16S rRNA gene sequence in the
whole and partial genomes of the mycoplasmas. Five highly conserved
core genes, gapA (encodes glyceraldehyde-3-phosphate dehy-
drogenase), tktA (encodes transketolase), ligA (encodes NAD dependent
DNA ligase), gyrB (encodes DNA gyrase Subunit B) and adk (encodes
adenylate kinase) were also obtained from NCBI GenBank for all the
mycoplasmas. These conserved genes, which participate in energy
production and nuclear processes, have previously been used in com-
parative phylogenetic studies (Thompson et al., 2011; Adeolu et al.,
2016; Roachford et al., 2017). The concatenated gene product se-
quences were aligned using CLUSTALW for the MLSA. The dinucleotide
biases (dinucleotide relative abundance values) for consecutive 50 kb
sequences are relatively constant along the genome of a given organism
but varies between different organisms. Dinucleotide bias thus serves as
a genomic signature that allows for genome discrimination among
prokaryotes (Karlin and Burge, 1995). The dinucleotide bias is de-
termined by the formula ρxy= ƒxy/ƒxƒy, where ƒxy is the frequency of the
dinucleotide XY and ƒx is the frequency of the nucleotide X (Karlin,
1998). The R-segments were aligned using MUSCLE in MEGA 7 (Kumar
et al., 2012) and visualized with progressiveMauve in Mauve version
20150226 (Darling et al., 2010). 16S rRNA, MLSA and R-segment
phylogenetic trees were generated using the maximum-likelihood al-
gorithm in MEGA 7 with default settings. The statistical reliability of
the constructed phylogenetic trees was assessed with the bootstrap
method using 1000 replications.

2.3. Comparison of R-segments with the whole genome of human
mycoplasmas

The inherent genetic properties [GGD, dDDH, % G+C, codon bias
(CBI and Nc) of R-segments were compared to the whole or partial
genomes of the equivalent Mycoplasma strains. The values of GGD, DDH
and the % G+C difference were calculated using the Genome-to-
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Table 1
Genomic features of human Mycoplasmab.

Organism Accession no. Genome size (bp) %GC First 16S rRNA locus tag First 16S rRNA locus position

Mycoplasma fermentans JERa NC_014552.1 977,524 26.95 MFE_RS02665 622,199 > 623,745
Mycoplasma fermentans M64a NC_014921.1 1,118,751 26.86 MFEM64YM_RS03100 698,997 > 700,543
Mycoplasma fermentans PG18a NC_021002.1 1,004,014 26.87 MBIO_RS00420 78,008 > 79,141
Mycoplasma genitalium G37 NC_000908.2 580,076 31.69 MG_RS00775 170,000 > 171,538
Mycoplasma genitalium M2288 NC_018498.1 579,558 31.67 CM5_r02796 169,843 > 171,366
Mycoplasma genitalium M2321 NC_018495.1 579,977 31.67 CM9_RS00775 169,959 > 171,497
Mycoplasma genitalium M6282 NC_018496.1 579,504 31.67 CM3_RS00780 169,673 > 171,211
Mycoplasma genitalium M6320 NC_018497.1 579,796 31.68 CM1_RS00780 169,844 > 171,382
Mycoplasma hominis PG21a NC_013511.1 665,445 27.12 MHO_RS01540 331,796 > 330,267
Mycoplasma hominis LBD-4a NZ_CP009652.1 715,165 26.90 MLBD4_RS01570 353,551 > 355,080
Mycoplasma hominis AF1 NZ_CP009677.1 700,851 26.91 VE27_RS02290 527,893 > 529,420
Mycoplasma hominis Sprotta NZ_CP011538.1 695,214 27.40 MHOMSp_RS01535 336,346 > 337,873
Mycoplasma orale ATCC 23714 ATUH01000003.1 710,549 24.75 AB353273.1 N/A
Mycoplasma penetrans HF-2 NC_004432.1 1,358,633 25.72 MYPE_RS04745 1,236,488 > 1,238,013
Mycoplasma pneumoniae 309 NC_016807.1 817,176 39.98 MPNA_RS00530 118,306 > 119,841
Mycoplasma pneumoniae 19294 NZ_CP010539.1 817,313 39.98 B434_RS02065 439,427 > 440,962
Mycoplasma pneumoniae 39443 NZ_CP010540.1 817,184 39.98 F536_RS00535 118,263 > 119,798
Mycoplasma pneumoniae 51494 NZ_CP010541.1 816,404 40.01 F533_RS00545 118,275 > 119,810
Mycoplasma pneumoniae 54089 NZ_CP010542.1 816,565 40.01 F530_RS00540 118,263 > 119,798
Mycoplasma pneumoniae 54524 NZ_CP010543.1 816,583 40.01 F531_RS00545 118,275 > 119,810
Mycoplasma pneumoniae 85084 NZ_CP010544.1 816,404 40.01 F537_RS00540 118,311 > 119,846
Mycoplasma pneumoniae 85138 NZ_CP010545.1 816,402 40.01 F535_RS00545 118,299 > 119,834
Mycoplasma pneumoniae FH NC_017504.1 811,088 40.00 MPNE_RS00540 118,283 > 119,818
Mycoplasma pneumoniae M1139 NZ_CP010547.1 817,045 39.98 F538_RS00545 118,272 > 119,807
Mycoplasma pneumoniae M129 NC_000912.1 816,394 39.86 MPNr01 118,312 > 119,824
Mycoplasma pneumoniae M129-B7 NC_020076.2 816,451 40.01 C985_RS00535 118,278 > 119,813
Mycoplasma pneumoniae M2592 NZ_CP010549.1 817,198 40.01 G667_RS00540 118,246 > 119,775
Mycoplasma pneumoniae M29 NZ_CP008895.1 857,799 39.86 Y923_RS00930 195,779 > 197,314
Mycoplasma pneumoniae MAC NZ_CP010550.1 817,156 39.98 F529_RS00545 118,267 > 119,802
Mycoplasma pneumoniae PO1 NZ_CP010551.1 817,216 39.98 C680_RS00540 118,260 > 119,795
Mycoplasma salivarium ATCC 23064 NZ_AXZE01000009.1 713,526 26.71 F800_RS0100680 108,004 > 109,535
Mycoplasma arthritidis 158L3‐1 NC_011025.1 820,453 30.71 MARTH_RS00785 191,346 > 192,941
Ureaplasma urealyticum ATCC 33699a NC_011374.1 874,478 25.77 UUR10_RS00605 149,403 > 150,935

N/A=Not available.
a Possesses two copies of rRNA operon.
b All strains are cultured isolates.

-1

0

1

2

3

4

5

R
el

at
iv

e 
IG

I v
al

ue

CBI %G+C difference

GGD dDDH ( x100)

Fig. 1. Comparison of inherent genetic indices (IGIs) CBI, %G+C, GGD and dDDH of R-segments of human Mycoplasma against their whole genome counterparts.
The X-axis denotes the value of the relative inherent genetic index (relative-IBI). The relative CBI was calculated by dividing the value of a given CBI of an R-segment
by the value of the CBI for the respective whole genome. The other relative IBIs were generated by the relevant software used. Each inherent genetic index is color
coded; CBI (Blue), %G+C difference (Orange), GGD (Grey) and dDDH (Yellow). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Genome Distance Calculator version 2.1 (Meier-Kolthoff et al., 2013,
2014). The formula, Identities/High Scoring-Segment Pair (HSP)
lengths, within the software was used to infer distances from a set of
HSPs obtained by pairwise comparisons of the R-segment with one
whole genome. Using a generalized linear model inferred from an
empirical reference dataset comprising of real DDH values and genome
sequences, the distances were converted to values corresponding to
DDH (Auch et al., 2010). The dDDH values for R-segments were cor-
rected using Eqs. 1 and 2 (Auch et al., 2010).

= −dDDH (1 d ) X 1002 (1)

= − + +d (x, y) 1 (I I /H H )2 xy yx xy yx (2)

where d2= distance between genomes; x=R-segment; y=whole
genome; Hxy= total lengths of all HSPs; Ixy= sum of the number of all
identical base pairs over all HSPs recorded by performing a BLAST
search of x against y. Hyx and Iyx are obtained by using y as the query
and x as the subject sequence. dDDH= similarity between genomes
=1–d2. Therefore, % dDDH= (1–d2) x 100.

The codon bias [Codon Bias Index (CBI] and effective number of
codons (Nc)] used in each sequence) were calculated using DnaSP v5
software (Librado and Rozas, 2009). Formulae and tabulated results
were listed in Supplementary Table S1.

2.4. Average nucleotide identity (ANI)

Average nucleotide identity (ANI) was determined for all
Mycoplasma sequences (16S rRNA, MLSA and R-segment) using the ANI
calculator available in the EZ BioCloud server (Yoon et al., 2017). The
ANI calculator uses the OrthoANIu algorithm which employs USEARCH
instead of BLAST. The genomic sequence of eachMycoplasma strain was
compared against its sister strain and in some instances against strains
of distant species. The ANI values were then used to create intraspecies
and interspecies similarity matrices (Supplementary Table S2).

3. Results

3.1. Genomic features of human Mycoplasma

The six species of human Mycoplasma (Table 1) consist of minimal
genomes ranging in size from 580 kb (M. genitalium G37) to approxi-
mately 1360 kb (M. penetrans HF-2). This variation in size is due to the
presence of insertion sequences (tandem repeats, phage-like protein
coding genes), pseudogenes and redundant copies of virulent genes
(paralogs), all of different sizes (Razin and Hayflick, 2010; Roachford
et al., 2017). As descendants of low G+C Gram positive bacteria, the
mycoplasmas have maintained this low G+C content (averaging
25–40%), a property that allows for their high genomic plasticity. The
16S rRNA gene is located at approximately the same locus position
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within the genomes of the human Mycoplasma species and their strains
except for four anomalies; M. fermentans PG18, M. hominis AF1, M.
pneumoniae 19294 and M. pneumoniae M29.

3.2. Comparison of R-segments with whole-genome sequences of human
Mycoplasma

The genome properties (represented by the indices GGD, dDDH,
%G+C, CBI) that are inherent in R-segments (derived from strains of
M. fermentans, M. genitalium, M. hominis and M. pneumoniae) in general
showed a linear relationship with their whole genome counterparts as
evidenced in Fig. 1. The relative GGDs (between R-segments and whole
genomes) ranged from 0 to 0.308. A score of zero indicates identical
segment to genome properties and is equivalent to an estimated DDH
(an in silico similarity value analogous to a real DDH value) of 100.
Generally, a DDH value ≥70 suggests that the genomes/sequences are
of the same species. Across all strains, the dDDH determined by the
GGD Calculator gave ranges from 35 to 81; 32 to 34; and 68 to 100 for
strains of M. fermentans, M. genitalium and M. hominis, respectively. For
M. pneumoniae, the DDH value was ca. 14 for all the strains. Corrected
dDDH values ranged from 70% to 100% for all the mycoplasma strains.
Intraspecies % G+C differences varied by< 1% across all species/
strains except forM. fermentans PG18 (ca.1.2%). The relative CBI varied
slightly (< 10%) between the Mycoplasma species and their strains:

0.05–0.09 (M. fermentans), 0.03–0.17 (M. genitalium), 0.08–0.12 (M.
hominis) and 0.01–0.10 (M. pneumoniae).

3.3. Comparison of phylogenetic trees based on 16S rRNA, MLSA and R-
segments

Phylogenetic trees constructed for 16S rRNA gene sequences, con-
catenated genes sequences of gapA, tktA, ligA, gyrB and adk (for the
MLSA approach) and R-segments using maximum-likelihood algorithm
were shown to have similar topological configurations of branches as
indicated by high bootstrap confidence levels. Generally, in MLSA
(Fig. 3) and R-segment (Fig. 4) trees, the two main clusters (genitalium
and pneumoniae) were well separated with type 1 and 2M. pneumoniae
strains being well divided.M. arthritidis and M. salivarium clustered with
M. hominis. The pairs of species, M. arthritidis and M. hominis, M. sali-
varium and M. hominis, and M. pneumoniae and M. genitalium had 16S
rRNA gene similarities of 96%, 78% and 98%, respectively (Fig. 2). The
MLSA similarities were 50%, 50%, and 74%, respectively. Phylogen-
etically, Ureaplasma urealyticum was found to be more related to M.
pneumoniae and M. genitalium (Fig. 4) with 16S rRNA gene (and MLSA)
similarity values of 84% (49%) and 84% (48%), respectively. More
specifically, M. salivarium ATCC 23064 was found to be more closely
related to M. arthritidis 158 L3–1 (62% similarity) than with M. hominis
Sprott (50% similarity) using the MLSA approach. However, based on
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Fig. 3. Phylogenetic relationship among strains of human Mycoplasma species, U. urealyticum ATCC 33699 and an animal mycoplasma, M. arthritidis 158L31, based
on concatenated gene sequences (gapA, tktA, ligA, gyrB and adk). The phylogenetic tree was constructed with MEGA 7.0 using the maximum likelihood method and is
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analysis of the R-segments, M. salivarium ATCC 23064 was noted to be
more closely related phylogenetically toM. hominis Sprott. Based on the
MLSA, M. orale ATCC 23714 was more closely related toM. hominis AF1
(58% similarity) than toM. fermentans PG18 (49% similarity). Again, R-
segment analysis contradicted the latter showing M. orale ATCC 23714
to be more related to M. fermentans PG18 (Fig. 4). The genome simi-
larities for M. salivarium ATCC 23064 against M. arthritidis 158 L3–1
and M. salivarium ATCC 23064 against M. hominis Sprott were 90% and
92%, respectively. ForM. orale ATCC 23714 againstM. hominis AF1 and
M. fermentans PG18 the genome similarities were recorded as 71% and
72%, respectively.

3.4. Codon bias (CBI & Nc), %G+C and average nucleotide identity
(ANI) for R-segments

The codon bias for the human mycoplasmas was assessed from the
values of two parameters; the codon bias index (CBI) and the effective
number of codons (Nc). These two parameters varied significantly
among the Mycoplasma species but the intraspecies CBI and Nc values
were relatively consistent. The CBI values ranged from 0.19 (M. pneu-
moniae 19294) to 0.49 (M. penetrans HF-2), whereas the Nc values
ranged from 40 (M. penetrans HF-2) to 56 (M. pneumoniae 19294).
Intraspecies CBI values for M. fermentans, M. genitalium, M. hominis and
M. pneumoniae were 0.38–0.41, 0.28–0.34, 0.33–0.38 and 0.18–0.20,
respectively. The variation of the intraspecies Nc values for the species
M. fermentans,M. genitalium,M. hominis andM. pneumoniae were 46–47,
49–51, 48–50 and 56–57, respectively (Table 2).

The interspecies %G+C among the human Mycoplasma ranged
from 26.1 to 40.6. For the species M. fermentans, M. genitalium, M. ho-
minis and M. pneumoniae, the average % G+C values were 26.1–28.8,
35.8–35.9, 28.5–28.7 and 40.5–40.6, respectively. M. orale ATCC
23714, M. penetrans HF-2 and M. salivarium ATCC 23064 had % G+C
values of 24.8, 25.2 and 30.6, respectively.

The intraspecies % G+C differences for M. fermentans, M. genita-
lium and M. pneumoniae were consistently ≤0.04% in the absence of M.
fermentans PG18 whose incomplete genome had an R-segment % G+C
value of ~26% and a % G+C difference that ranged from 2.7 to 2.8%
relative to the other M. fermentans strains. For M. hominis strains, the %
G+C difference was ≤0.21% (Table 2).

The intraspecies ANI for all human Mycoplasma strains was
≥97.5%. For the species M. fermentans, M. genitalium, M. hominis and
M. pneumoniae, the intraspecies ANI differences were maximal at the
values of 0.60, 0.93, 0.24 and 0.36, respectively. The assessment of
interspecies ANI for the selected Mycoplasma species indicated that the
species of human mycoplasmas were well differentiated based on the
ANI values. ANI values varied from 67.3% for the pair of species, M.
genitalium and M. hominis to 95% for the more closely phylogenetically
–related species pair, M. genitalium and M. pneumoniae (Supplementary
Table S2).

3.5. R-segment sequence signatures for Mycoplasma strain identification

The sequences of the R-segments for the human Mycoplasma strains
were aligned and visualized with progressiveMauve in Mauve version

Mycoplasma pneumoniae PO1 
Mycoplasma pneumoniae FH 
Mycoplasma pneumoniae M2592 
Mycoplasma pneumoniae 39443 
Mycoplasma pneumoniae 19294 
Mycoplasma pneumoniae MAC 
Mycoplasma pneumoniae M1139 
Mycoplasma pneumoniae 309  
Mycoplasma pneumoniae M129-B7 
Mycoplasma pneumoniae M129 
Mycoplasma pneumoniae 85138 
Mycoplasma pneumoniae 85084 
Mycoplasma pneumoniae M29 
Mycoplasma pneumoniae 51494 
Mycoplasma pneumoniae 54524 
Mycoplasma pneumoniae 54089 

Mycoplasma genitalium M2288 
Mycoplasma genitalium M6282 
Mycoplasma genitalium M2321 
Mycoplasma genitalium M6320 
Mycoplasma genitalium G37 

Ureaplasma urealyticum serovar 10 ATCC 33699 
Mycoplasma hominis strain AF1 

Mycoplasma arthritidis 158L3-1 
Mycoplasma salivarium ATCC 23064 

Mycoplasma hominis Sprott 
Mycoplasma fermentans M64 
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Fig. 4. Phylogenetic relationship among human Mycoplasma species-strains, M. arthritidis 158L3‐1 and U. urealyticum ATCC 33699 based on R-segment sequences.
The phylogenetic tree was constructed with MEGA 7.0 using the maximum likelihood method and is drawn to scale. Branch lengths were measured as the number of
nucleotide substitutions per site. Evolutionary distances were calculated using the p-distance method. The bootstrap values (1000 replicates) are shown at the node
with a cut-off value of 50%.
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A.
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M. genitalium G37

M. genitalium M2288

M. genitalium M2321

M. genitalium M6320

M. genitalium M6282

M. pneumoniae 85084

M. pneumoniae 85138

Fig. 5. (A) Visualized R-segment sequence signatures of M. genitalium strains. (B) Visualized sequence signatures of M. pneumoniae 85084 and M. pneumoniae 85138
whole genomes. The black arrow heads (▼) highlight some areas of variation between the signatures of the fiveM. genitalium strains and between those of the twoM.
pneumoniae strains.

Table 2
Inherent genetic properties of R-segments of human Mycoplasma species.

M. fermentans M. genitalium M.hominis M. pneumoniae

Indices Min Max diff Min Max diff Min Max diff Min Max diff

Relative CBI 0.95 1.04 0.09 0.84 1.02 0.18 0.79 0.94 0.15 0.97 1.11 0.14
Nc 45.50 46.70 1.20 49.10 50.80 1.70 48.30 49.60 1.30 55.60 56.50 0.90
% G+C 28.79a 28.83 0.04 35.83 35.87 0.04 28.48 28.69 0.21 40.53 40.58 0.05
dDDH 98.00 98.00 0.00 87.00 88.00 1.00 70.00 100.00 30.00 69.00 70.00 1.00
ANI 99.31 99.61 0.61 98.25 99.18 0.93 97.55 99.35 0.80 99.63 99.99 0.07

a minimum value for M. fermentans JER, M. fermentans PG18 incomplete genome was 26.07.
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20,150,226 using default settings except for the color scheme which
was set at backbone color. The R-segments produced sequence sig-
natures (Supplementary Figure S1) that were unique for all strains ex-
cept for M. pneumoniae 85,084 and M. pneumoniae 85,138 which ap-
peared identical. However, these two strains were differentiated using
their whole genomes (Fig. 5B).

4. Discussion

The R-segments (50 kb long genomic sequences whose upstream
regions commence with the 5′ end of the first 16S rRNA gene sequence
of the genome) were shown to share similar genetic information (codon
bias index, genome-to-genome distances, digital DNA-DNA hybridiza-
tion estimates and % G+C) as the corresponding whole genomes for
the four species of human Mycoplasma (M. fermentans, M. genitalium, M.
hominis and M. pneumoniae) and their strains.

The estimates of DNA-DNA Hybridization (DDH), which assessed
the similarity between an R-segment and the related whole genome,
were inconsistent by displaying the values from 14 to 100%. Two
genomes or sequences which share the same identity are expected to
have DDH values ≥70% (Goris et al., 2007). The inconsistency in the
estimated DDH values might be attributed to the GGD algorithm used to
predict DDH, which becomes less effective as the length of the queried
sequence falls< 20% of the reference genome (Auch et al., 2010). The
length of the R-segments, which is< 10% of the corresponding whole
genomes, might therefore have caused the inconsistency in the esti-
mated DDH values. However, the corrected DDH (dDDH) values (cal-
culated from Eq. 0.2) for the mycoplasmas used in this study
were≥ 70% except for M. pneumoniae strains which had relative dDDH
values of 69.2–69.7%. Overall, the dDDH values of the R-segments had
a linear relationship with those of the corresponding whole genomes
except for the incomplete genome of M. fermentans PG18 (Fig. 1).

The CBI and Nc values generally differentiated the species except for
M. fermentans JER and M. hominis AF1 which shared identical CBI va-
lues (0.382) but different Nc values of 46.7 and 48.8, respectively. All
strains could be differentiated based on the CBI and Nc values except
for M. pneumoniae strains 85,084 and 85,138 which had identical CBI
(0.190) and Nc (56.177) values for their R-segments. The % G+C
values were unable to clearly differentiate the species. None of these
parameters could adequately differentiate the Mycoplasma strains.

A DDH value of 70%, which corresponds to an average nucleotide
identity (ANI) of 95% or an average amino acid (AAI) of ~95–96% for
whole genomes, have been used for the delineation of prokaryotic
species (Konstantinidis and Tiedje, 2005; Goris et al., 2007). The
taxonomic application of ANI for random sequences of ≥20% of the
genome have been used successfully to differentiate bacterial species
(Richter and Rossello-Mora, 2009). ANI values determined by different
ANI calculators, such as ANI Calculator, JSpecies and EzGenome, have
not had any significant impact on the phylogenetic classification of
species (Figueras et al., 2014).

Generally, polyphasic approaches have been undertaken to define a
species. Generally, a species is defined as a group of bacterial strains
having a DDH similarity> 70%, G+C difference < 5% mol of total
genome,< 5 °C ΔTm and > 98% 16S rRNA sequence similarity
(Stackebrandt and Goebel, 1994). Recently, from a genome-based view
point Mycoplasma species have been defined as a group of strains
sharing ≥97% DNA identity in MLSA (multilocus sequence alignment),
≥93.9% AAI and≤ 8 in Karlin genomic signature (Thompson et al.,
2011, 2013).

In this study, we have taken a monophasic approach for the species
definition. Using a single phylogenetic biomarker (R-segment), we have
re-defined Mycoplasma species and developed a novel approach to dif-
ferentiate human Mycoplasma species and their strains. Thus, a
Mycoplasma species may simply be defined as a group of strains that
share R-segments with ANIs ≥97%. R-segments, which were visualized
by an appropriate software (progressiveMauve) produced unique

sequence signatures for the human mycoplasmas. Therefore, human
Mycoplasma species and/or their strains can potentially be identified in
silico by determining the R-segment of an isolate and comparing it with
R-segment sequence signatures of known Mycoplasma. In rare cases
where the sequence signature, ANI, CBI and Nc of R-segments for a pair
of strains is identical, the strains can be differentiated by comparison of
their whole genome signatures as was demonstrated for M. pneumoniae
85,084 and M. pneumoniae 58,138.

In conclusion, the use of R-segments offers an effective genome-
based approach for the delineation and differentiation of Mycoplasma
species and their strains whilst avoiding the combination of multiple
parameters in species definition. With the advent of next-generation
sequencing techniques, R-segments can also supplement other mole-
cular tools such as MLSA for Mycoplasma genomic phylogeny (Jironkin
et al., 2016) because, in some instances, MLSA has failed to represent
the bacterial phylogeny (Tsang et al., 2017). This failure of MLSA might
be ascribed to the involvement of tedious methodologies, including the
search for the availability of annotated whole genomes, identification
of 5–10 loci from at least 12–18 potential loci, design and testing of
several degenerate PCR primers for the selected genes, spatio-temporal
selection of epidemiologically unrelated strains, determination of strain
discrimination and analysis of nucleotide sequences for evolutionary
neutrality of the alleles at their loci. Furthermore, to date, the only
human Mycoplasma species with an established MLSA scheme is M.
pneumoniae (https://pubmlst.org/databases/). Unlike the genes used in
MLSA, R-segment analysis can be a potentially cost-effective and robust
complementary molecular tool for species/strains delineation of human
mycoplasmas via the direct sequencing of the 50 kb fragments using the
targeted sequencing approach of a next-generation DNA sequencing
equipment. The R-segment analysis, which utilizes short partial se-
quences that are< 10% of the length of whole genomes, is also a more
economical approach compared to the whole genome analysis because
of the substantial reduction in the cost associated with sequencing, and
computational analyses. Future studies need to be focused in comparing
the robustness of R-segments analysis with other phylogenetic tools for
the delineation of the unknown isolates of human Mycoplasma species
and their strains.
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