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ABSTRACT Mycoplasma gallisepticum is the most virulent and economically impor-
tant Mycoplasma species for poultry worldwide. Currently, M. gallisepticum strain dif-
ferentiation based on sequence analysis of 5 loci remains insufficient for accurate
outbreak investigation. Recently, whole-genome sequences (WGS) of many human
and animal pathogens have been successfully used for microbial outbreak investiga-
tions. However, the massive sequence data and the diverse properties of different
genes within bacterial genomes results in a lack of standard reproducible methods
for comparisons among M. gallisepticum whole genomes. Here, we proposed the de-
velopment of a core genome multilocus sequence typing (cgMLST) scheme for M.
gallisepticum strains and field isolates. For development of this scheme, a diverse
collection of 37 M. gallisepticum genomes was used to identify cgMLST targets. A to-
tal of 425 M. gallisepticum conserved genes (49.85% of M. gallisepticum genome)
were selected as core genome targets. A total of 81 M. gallisepticum genomes from
5 countries on 4 continents were typed using M. gallisepticum cgMLST. Analyses of
phylogenetic trees generated by cgMLST displayed a high degree of agreement with
geographical and temporal information. Moreover, the high discriminatory power of
cgMLST allowed differentiation between M. gallisepticum strains of the same out-
break. M. gallisepticum cgMLST represents a standardized, accurate, highly discrimi-
natory, and reproducible method for differentiation among M. gallisepticum isolates.
cgMLST provides stable and expandable nomenclature, allowing for comparison and
sharing of typing results among laboratories worldwide. cgMLST offers an opportu-
nity to harness the tremendous power of next-generation sequencing technology in
applied avian mycoplasma epidemiology at both local and global levels.
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Mycoplasma gallisepticum is the most virulent avian Mycoplasma species, affecting
chickens and turkeys worldwide (1). Recently, M. gallisepticum has expanded its

host range to include house finches (Haemorhous mexicanus), causing major population
losses in North America at early years following host shift (2, 3). M. gallisepticum-
affected poultry usually suffer from air sacculitis with or without complications. M.
gallisepticum infections are among the costliest diseases in commercial poultry pro-
duction due to carcass condemnation and downgrading in processing plants and
reduced meat and egg production efficiency (1). As a result, maintenance of M.
gallisepticum-free breeder flocks is the method of choice to control M. gallisepticum.
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This strategy requires regular surveillance and monitoring and effective outbreak
investigation tools in order to quickly identify sources of infection and allow contain-
ment before further spread (1, 4, 5). In addition, the use of live commercial M.
gallisepticum vaccines as an alternative strategy for M. gallisepticum control in areas
with high density of poultry operations complicates early diagnosis and outbreak
investigation efforts. Consequently, the need for more efficient epidemiological inves-
tigation tools has intensified, especially to differentiate among vaccine strains and field
strains (6–9).

Several sequence-based methods were developed and widely used to replace the
traditional DNA fingerprinting techniques and minimize the need for M. gallisepticum
isolation, which is often a challenging task due to the fastidious nature of mycoplasmas
(10, 11). The first gene-targeted sequence typing (GTS) scheme was developed in 2005.
It used the sequence information of 3 characterized variable surface proteins (mgc2,
pvpA, and gapA) and one predicted surface protein (MGA_0319) to differentiate be-
tween 67 different M. gallisepticum strains and isolates. The total number of nucleotides
used for sequence analysis from these 4 targets was 1,886 nucleotides (0.9% of the
whole M. gallisepticum genome) (12). In 2007, a single-locus typing scheme was
developed based on the variable intergenic spacer region (IGSR) (660 nucleotides)
between 23S rRNA and 16S rRNA (13). In addition to improved reproducibility, the most
valuable advantage of these sequence typing techniques over DNA fingerprinting
techniques is that M. gallisepticum isolation is not required (10). Later, IGSR was used in
combination with GTS to improve the discriminatory power (unpublished observation).
This combination allowed differentiation among strains from different outbreaks. How-
ever, their discriminatory power was insufficient for differentiation between related
outbreak strains. This limitation was clearly evident in vaccine-related outbreaks and
the M. gallisepticum outbreak in house finches between 1994 and 2011 (3, 14). Addi-
tionally, the accuracy and degree of long-term evolutionary relatedness is difficult to
infer between different sequence types due to the variable nature of the GTS loci
(15–17).

In contrast, whole-genome sequences (WGS) have a higher level of discriminatory
power than conventional molecular typing methods, such as multilocus sequence
typing (MLST), pulsed-field gel electrophoresis (PFGE), and random amplified polymor-
phic DNA (RAPD) (18). The emergence of next-generation sequencing and its contin-
uously decreasing costs paved the way for implementing the use of WGS of many
human and animal pathogens in routine microbial diagnosis and epidemiological
investigation of clinical outbreaks (19). In addition, WGS proved to be useful in
comparative and evolutionary genetic studies (20, 21).

Recently, a core genome multilocus sequence typing approach (cgMLST) was pro-
posed as a standard reproducible method for WGS-based strain differentiation and
epidemiological investigation. It has been used to study the epidemiology of several
microbial pathogens, including Listeria monocytogenes (22, 23), Neisseria meningitides
(24), Mycobacterium tuberculosis (25), methicillin-resistant Staphylococcus aureus (26),
Francisella tularensis (27), Escherichia coli (28), and Enterococcus faecium (29). cgMLST
provides an efficient, accurate, and reproducible method for differentiation among
strains and field isolates of the same species with stable and expandable nomenclature.
This allows for comparing isolates from different outbreaks and sharing the typing
results between different laboratories worldwide through web-based databases (29).
Moreover, it could provide sufficient discriminatory power for outbreak investigations
and a more reliable evaluation for the degree of relatedness between isolates. Here, we
are describing the development and evaluation of a cgMLST scheme for typing M.
gallisepticum strains and field isolates. This is the first application of the cgMLST typing
approach on an important poultry pathogen. This newly developed assay could im-
prove applied avian mycoplasma epidemiology and serve as an example for other
important animal pathogens.
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MATERIALS AND METHODS
Study set. A total of 81 M. gallisepticum WGS were used in this study. This collection is temporally

diverse, spanning a range between 1950 and 2014. It is also geographically diverse, originating from 5
countries (United States, United Kingdom, Jordan, Australia, and Israel) on 4 continents (North America,
Europe, Asia, and Australia). Among this collection, 18 WGS were house finch M. gallisepticum isolates,
one was from American goldfinch (Spinus tristis), and 62 were from poultry (turkey and chicken).

This M. gallisepticum WGS collection included all WGS data of M. gallisepticum available at GenBank
(21 genomes) as of July 2017 (https://www.ncbi.nlm.nih.gov/genome/?term�NC_017502). This GenBank
collection included 7 draft genomes related to a TS-11 vaccine outbreak in Georgia during 2007 and
2008. It also included 8 complete genomes from house finches, encompassing the first isolate of M.
gallisepticum from house finches in 1994 to 2008 and from eastern and western U.S. populations.
Additionally, we used 10 more M. gallisepticum WGS from house finches and one American goldfinch
originating from a relatively limited geographical area (Alabama) and a limited period of time during
August of 2011, which could represent a natural outbreak in a wild bird population. A large collection
of poultry M. gallisepticum isolates were sequenced during the current study, including several reference
and vaccine isolates, six isolates from Israel collected between 1999 and 2001, eight isolates from the
United Kingdom, 12 isolates from North Carolina, including 9 from the same outbreak between1999 and
2001 that were previously investigated using RAPD (30), and several isolates from 15 different U.S. states.

WGS and assembly. A total of 60 M. gallisepticum isolates were sequenced and assembled. Forty-five
M. gallisepticum isolates were sequenced at the molecular and cellular imaging center (MCIC) of the Ohio
State University, Ohio Agricultural Research and Development Center (OARDC) in Wooster, Ohio. They
were obtained from different sources as mentioned above and detailed in Data Set S1 in the supple-
mental material. Most of the strains and isolates were received frozen in modified Frey’s broth medium
(31). Frozen cultures were thawed at room temperature, and 200 �l was transferred to 3 to 5 ml of the
same broth and incubated at 37°C for one to several days. A few of the received isolates were lyophilized.
For lyophilized isolates, 1 ml of modified Frey’s broth was used for reconstitution and then transferred
to 3 to 5 ml of broth and incubated at 37°C for one to several days. Two vaccine strains, M. gallisepticum
6/85 (Mycovac-L, Intervet, Inc. Omaha, NE, USA) and M. gallisepticum TS-11 (Merial Select, Inc., Gainesville,
GA, USA), were used in this study. Vaccine was thawed according to the manufacturer’s recommenda-
tions, transferred to 3 to 5 ml of modified Frey’s broth, and incubated until color change. A total volume
of 3 to 5 ml of modified Frey’s broth color-changed culture was centrifuged at 415 � g for 30 min. The
pellets were suspended in 200 �l of phosphate-buffered saline (PBS) for genomic DNA extraction using
the QIAamp DNA minikit (Qiagen, Valencia, CA) by following the manufacturer’s instructions. Species
identity of these isolates was confirmed using real-time PCR (32). DNA extracts from isolates were
quantified using a Qubit fluorometric analysis double-stranded DNA HS (high sensitivity) scheme kit
(Invitrogen). Paired-end libraries for next-generation sequencing were prepared using the Illumina
Nextera XT DNA library preparation kit by following the manufacturer’s protocols (Illumina, Inc., San
Diego, CA). Sequencing was performed on an Illumina MISeq (Illumina, Inc., San Diego, CA). DNA
extraction and sequencing methods for the remaining 15 M. gallisepticum isolates were described by Lu
and Delaney et al. (3, 14). SPAdes Genome Assembler (33) implemented within PATRIC from the
pathosystems resource integration center (34) was used for assembly of 56 WGS reads, and the Velvet
de novo assembler was used for assembling only 4 WGS reads. The PATRIC-generated assemblies for all
samples were evaluated using QUAST (http://quast.bioinf.spbau.ru/) (35).

cgMLST development using SeqSphere�. The first step in cgMLST scheme development is to
define the core genome that will serve as the typing target. We selected SeqSphere� for our cgMLST
scheme development, as it provides a robust, detailed, and highly customizable approach for core
genome target definition that helps in development of stable cgMLST schemes, which can be used for
investigation of multiple outbreaks and serve as a standard typing approach for M. gallisepticum.
SeqSphere� version 4 (36) is commercial software that adopted the concept of conventional MLST and
developed a genome-wide allele-based gene-by-gene typing platform that can be used by laboratory
personnel who are not bioinfomaticians. The detailed steps for cgMLST development using SeqSphere�
were described in several studies (24, 26, 28, 29, 35).

Briefly, the cgMLST scheme was developed using SeqSphere� version 4 (Ridom GmbH, Münster,
Germany; http://www.ridom.de/seqsphere/index.shtml). A total of 37 M. gallisepticum whole-genome
sequences were used for cgMLST scheme development and listed as query and reference genomes in
Data Set S1 under the genome use column. These 37 M. gallisepticum samples were selected to represent
the entire diversity of the M. gallisepticum population based on ad hoc cgMLST analysis of 81 different
M. gallisepticum WGSs used in this study. This ad hoc cgMLST uses 370 M. gallisepticum core genes
identified after filtration of the reference genome and blasting the 81 genomes against the reference
genome to select shared targets. The minimum spanning tree generated based on that ad hoc cgMLST
was used for typing the 81 M. gallisepticum genomes and identifying the degree of relatedness among
these genomes. One or more representative genomes from each cluster or individual genome with 100
or more different alleles from the closest neighbor were selected to be included as a query genome for
stable cgMLST scheme development. This collection included 32 poultry M. gallisepticum genomes and
five house finch M. gallisepticum genomes, nine complete genomes available at GenBank, and 28 draft
genomes sequenced in this study. The well-characterized reference strain MG01/GA/R low (accession
number GCF_000092585.1) was used as a reference for developing the cgMLST scheme. FASTA files of
genome assemblies were loaded into SeqSphere�. Only contigs/scaffolds of the draft genomes of �200
bp were included in the analysis. cgMLST target gene set identification involves two main steps. In the
first step, MG01/GA/R low reference genome filtration was used to exclude unfit gene targets for MLST
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typing. This step included the following filters: a homologous gene filter to exclude all genes with high
DNA similarity within a genome (with �90% identity and �100-bp overlap); a start codon filter to
exclude all genes that are devoid of the translation start codon at the beginning of the gene; a
minimum-length filter to exclude all genes with length of �50 bp; a stop codon filter to exclude all genes
that are devoid of stop codons, have multiple stop codons, or have a stop codon that is not located at
the end of the gene; and a gene overlap filter that excludes the shorter of two genes overlapping by �4
(22, 26, 28). In the second step, we query genomes using pairwise comparison to select shared fit targets
between the reference genome and 36 M. gallisepticum query genomes (core genome targets) using
BLAST v2.2.12 (37). All of the reference genome-filtered genes that were found in all query genomes with
a sequence identity of �90% and 100% overlap and passed the (default) SeqSphere� parameter stop
codon percentage filter (to exclude all genes with internal stop codons in �20% of the query genomes)
formed the targets of the final cgMLST scheme. The MLST� target definer (version 1.0) function of
SeqSphere�, with default parameters, was used to perform all of these genome-wide gene-by-gene
comparisons. The final selected genes were examined for the allele numbers and their nucleotide
diversity percent.

cgMLST scheme evaluation. Forty-four nonquery genomes were used for scheme validation and
identification of the percentage of good cgMLST targets in a diverse set of samples. They are listed as
evaluation genomes under the genome use column in Data Set S1.

Comparison between cgMLST and core genome-SNP typing method for M. gallisepticum WGS.
A total of 81 WGS were typed using the newly developed cgMLST, including 1 reference genome, 36
query genomes, and 44 nonquery genomes. To evaluate the resolution of the M. gallisepticum cgMLST,
SNP analysis was performed by mapping the core genome genes in 81 M. gallisepticum isolates to
identify single-nucleotide variants from reference strain MG01/GA/R low core genome genes and predict
the phylogeny of these samples based on core genome SNPs. This analysis was performed using the tool
find nucleotide variants in SeqSphere� with default filters (filter out insertions/deletions [InDels] and
filter out neighbor SNP window within 10 bp) to minimize possible effects of recombination-induced
SNPs. For each sample, a concatenated FASTA sequence containing the 425 cgMLST target gene
sequences that were conserved in all 81 samples, in the order and orientation of the cgMLST target gene
sequences of the reference strain MG01/GA/R low, were mapped to the reference sequence, and a table
of all variants, their positions, and the variant nucleotides in each sample was generated. A neighbor-
joining (NJ) phylogenetic tree was generated based on the core genome SNP after exclusion of target
genes that are not found in all 81 samples (101 genes).

Typing using the 4-GTS analysis. To evaluate the currently used GTS scheme (mgc2, pvpA, gapA,
and MGA_0319) compared to the newly developed cgMLST scheme, we extracted the 4 gene targets that
are currently used for typing of M. gallisepticum clinical samples. In order to perform this analysis, the 4
genes had to be present in all 81 genomes, and SNP-based analysis was performed with recombination
filters turned off due to high variability within these targets. A phylogenetic tree was generated using the
neighbor-joining tree with the option missing values are own category. This analysis was performed
using SeqSphere�.

Accession number(s). The raw nucleotide sequence reads generated in this study were submitted
to the Short Read Archive (SRA) database of National Center for Biotechnology Information (NCBI) under
the BioProject accession number PRJNA401291.

RESULTS
Whole-genome sequencing and assembly. A total of 45 M. gallisepticum isolates

were successfully sequenced in this study using the Illumina MiSeq platform. An
additional 15 M. gallisepticum isolates were sequenced in a previous study (14). Sixty
WGS assemblies used in this study were evaluated using QUAST (35). Raw reads were
quality filtered and assembled de novo, generating assemblies with a mean size of
0.954534 Mbp (including aligned and nonaligned bases), a mean number of 74.9
contigs, and average calculated coverage of 45.98� (minimum, 20.5�; maximum,
67.68�). On average, 88.9% of the genome assembly for all samples was aligned to the
reference genome.

Development of M. gallisepticum cgMLST scheme. Following the default setting
of SeqSphere� software for definition of core genome targets, the number of core
genome targets was 425 cgMLST (475,581 bases), representing 49.85% of the genome
sequence. The number of accessory targets was 242 (286,803 bases), representing
30.06%. One hundred four targets were discarded due to filters applied for the
reference genome (start codon filter [3 targets], stop codon filter [21 targets], and
homologous gene filter [80 targets]). A complete list of the core genome genes can be
found in Data Set S2 in the supplemental material.

Evaluation of the M. gallisepticum cgMLST scheme. To evaluate the selected
cgMLST target genes, 44 samples were loaded into SeqSphere� and typed according
to the 425 cgMLST targets. For all samples, more than 95.3% (405 good targets) were
found, with a mean of 97.67% � 1.04% standard deviation (SD). In M. gallisepticum
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cgMLST, the frameshift quality filter was the main cause for target failure, resulting in
exclusion of 85.6% of the total failed targets from the analysis. Most mycoplasmas are
known for frequent mutations resulting in frameshift and phase variation for certain
groups of proteins as an adaptive mechanism for host immune evasion (30, 38–43).

Twenty-nine targets seemed to have higher frequency of frameshift than other
genes. The mean nucleotide variability for this group was 7% and the mean number of
alleles for this group was 23, indicating that these frameshift mutations became fixed
in the population. Therefore, we turned off the frameshift quality filter for the 29 targets
with frequent failure. Following this modification, for all samples, more than 97.4% (414
genes) of the 425 cgMLST target genes were found in all samples (good targets) with
a mean of 99.5% � 0.58% SD. The average number of alleles for 425 targets was 20
alleles, and the average nucleotide variability within a representative subset of genes
was 6.3%.

CT threshold identification for M. gallisepticum cgMLST scheme. The cluster
typing (CT) threshold is the maximum number of allele differences that can be found
between highly clonal outbreak samples. It is used to improve the ability of the cgMLST
scheme to differentiate between epidemiologically related and nonrelated samples. For
M. gallisepticum, the maximum number of allele differences observed within the
well-defined TS-11 vaccine-like outbreak samples was 10 alleles. Therefore, the CT
threshold for the M. gallisepticum cgMLST scheme became 10 allele differences. Based
on this threshold, 10 different clusters with more than one sample (Fig. 1) were
identified in the 81 typed samples.

Comparison between cgMLST and SNP-based typing method. To evaluate the
resolution of the M. gallisepticum cgMLST, we compared the degree of genetic relat-
edness of 81 samples based on allelic profiles using the newly developed cgMLST and
based on the single-nucleotide polymorphism (SNP) level of the same core genome
genes identified in this study and used for cgMLST. Only 324 cgMLST target genes that
were present in all 81 samples were used. A total of 5,741 filtered SNPs out of 18,823
nonfiltered SNPs were identified from the alignment of these 324 genes. A neighbor-
joining (NJ) tree based on 5,741 filtered SNP was generated and compared to the NJ
tree built using the cgMLST profiles of the 81 samples (Fig. 2A and B). This revealed the
high degree of congruence between the topologies of the two trees with relatively
close resolution.

Typing using the 4-GTS analysis. Querying the 4 gene targets (mgc2, pvpA, gapA,
and MGA_0319) in the 81 genomes resulted in retrieving gapA and MGA_0319 in 100%
of the genomes, mgc2 in 75% of the genomes, and pvpA in only 24% of the genomes.
This could be due to the high variability of the latter two genes and the presence of
multiple nucleotide InDels. Moreover, pvpA may have a 37-nucleotide internal repeat,
which results in size variation of that gene (12). Therefore, we decided to exclude mgc2
and pvpA from our analysis and rely on only 2 genes (gapA and MGA_0319). A total of
65 SNP where discovered within these two genes and were used for distance calcula-
tion and building a phylogenetic tree for the 81 samples (see Fig. S1). The 65-SNP tree
has a degree of congruence with the cgMLST and core genome SNP tree, where it
successfully grouped related samples together as in cgMLST. However, it lacked
sufficient discriminatory power to differentiate between these related samples, in
contrast to cgMLST and core genome SNP analysis.

DISCUSSION

We have developed the cgMLST scheme as a standardized typing approach for M.
gallisepticum WGS. The core genome was identified to be 425 genes based on analysis
of 37 different M. gallisepticum genomes, which is close to the previous estimation of
an M. gallisepticum core genome of 409 genes and core proteome of 481 genes (41). We
tested the applicability of the newly developed cgMLST for studying the epidemiology
of M. gallisepticum using 81 M. gallisepticum samples. Figure 2A shows the closeness of
house finch and American goldfinch samples (heavy and light yellow), representing a
monophyletic clade as previously reported (3, 42). Furthermore, cgMLST allowed
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differentiation between the Alabama house finch outbreak samples, where two sam-
ples (MG 27/Al-11 and MG31/Al-11) appeared to have a greater number of different
alleles than the rest of the samples within the group (Fig. 1), suggesting a different
source of infection for these two samples than the prevailing samples within this region
at that time of the year. Interestingly, two samples (MG36/IN/2001 and MG58/NC-03)
isolated from commercial poultry operations (turkey farms) were closely related to the
house finch group. This suggests that house finch M. gallisepticum could have infected

FIG 1 Minimum spanning tree analysis based on the allelic profiles of 425 single-copy core genome targets from 81 clinical and reference M. gallisepticum
samples using SeqSphere� software. Ten different clonal clusters with fewer than 10 different alleles are marked with gray color. The core genome allelic
profiles were determined by loading de novo assemblies into the M. gallisepticum cgMLST scheme developed in this study. The distance matrix underlying the
network was built from all pairwise allelic profile comparisons of 425 cgMLST targets using the pairwise ignoring-missing-values option in SeqSphere� software.
Isolates that are discussed in the text are color coded according to the key shown in Fig. 2. The numbers on the connecting lines illustrate the numbers of target
genes with differing alleles.
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FIG 2 Side-by-side core genome allele-based and core genome SNP-based rooted neighbor-joining tree for 81 clinical and reference M. gallisepticum samples using
SeqSphere� software. Note the high degree of congruence among the two trees. (A) The neighbor-joining (NJ) phylogenetic tree based on the allelic profiles of 425
single-copy core genome targets from 81 clinical and reference M. gallisepticum samples using SeqSphere� software. Core genome allelic profiles were determined
by loading de novo assemblies into the M. gallisepticum cgMLST scheme developed in this study. The distance matrix was built from all pairwise allelic profile
comparisons of 425 cgMLST targets, using the pairwise ignoring-missing-values option in SeqSphere� software. Using this option, genes with at least one missing
value are not completely removed from the comparison but are ignored only during a pairwise comparison in case of a missing value. (B) Core genome SNP-based
tree was built based on 5,741 filtered SNP out of 18,823 total SNP. SNP were identified after alignment of the concatenated 324 cgMLST target gene sequences after
exclusion of targets with missing values present in all 81 samples, using the tool find single-nucleotide variants in Ridom SeqSphere� software with the default setting
for filtering out InDels and a neighboring SNP filtering window of 10 bases. Groups of samples are color coded according to the key.
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poultry, which has been also reported previously (42). This also confirms that wild birds
could act as a reservoir and a source of M. gallisepticum infection, which emphasizes the
need for stricter biosecurity measures to prevent wild birds from being on farm
premises.

Figure 1 shows that the TS-11-like samples (MG06/GA-08, MG07/GA-08, MG08/GA-
07, MG09/GA-07, MG11/GA/08, MG12/GA/08, and MG13/GA/07) are closely related to
the TS-11 vaccine samples (MG10/AUS/85, MG43/AUS/TS-11, and MG44/AUS/TS-11),
forming one clonal complex that is different from all other samples by at least 358
alleles. This is consistent with the geographical origin of TS-11 vaccine, which is from
Australia, a different origin than that of all other samples in this study except the U.S.
TS-11-like samples (38). This also suggests that the vaccine was the shared origin of this
outbreak in the United States. Most UK samples also are closely related, and some of
these samples (MG69/UK/12, MG71/UK/12, and MG73/UK/12) appeared to be closely
related to the 6/85 vaccine strain, indicating a possible common origin for these
samples. All samples from Israel, despite being diverse, were close together, and the
sample from Jordan was located within this group. All laboratory and reference strains
and vaccine samples from different sources (MG37/GA/R, MG41/CA/F, and MG42/CA/F)
used in this study were close to their corresponding reference sequences from GenBank
(MG01/GA/R low and MG03/CA/F), with only a few allele differences, usually fewer than
10 alleles.

During an M. gallisepticum outbreak in North Carolina between 1999 and 2001,
M. gallisepticum isolates were analyzed by random amplified polymorphic DNA
(RAPD), and at least eight different RAPD types were identified. M. gallisepticum
RAPD type B accounted for more than 90% of the samples and caused significant
clinical disease in chickens and turkeys (30). Nine samples (MG47/NC/99-A, MG49/
NC/00-B, MG50/NC/00-G, MG51/NC/01-H, MG52/NC/01-I, MG53/NC/01-K, MG54/NC/
01-J, MG55/NC/01-L, and MG56/NC/01-M) of this North Carolina outbreak were
different using RAPD and were different using cgMLST, except for 2 samples
(MG49/NC/00-B andMG56/NC/01-M) that were identical on cgMLST, one from a
chicken breeder flock and one from a backyard flock, indicating the inaccuracy of
RAPD typing. Also, the difference of cgMLST type for these samples indicates that
multiple and different scenarios and sources of infection were involved in the
transmission of M. gallisepticum within that outbreak.

In order to maximize the portability of the M. gallisepticum cgMLST and allow
national and international comparison of results with stable and expandable nomen-
clature, we have defined cluster type (CT) thresholds for M. gallisepticum cgMLST to
differentiate between clonal and nonclonal isolates.

According to the M. gallisepticum cgMLST CT threshold (10 allele difference), 10
different clusters with more than one sample (Fig. 1) were identified in the 81 typed
samples, indicating that members of these clusters that share the same CT are
considered indistinguishable. Beyond the identified threshold, the degree of relat-
edness between isolates decreases with the increasing number of different alleles
accordingly.

The cgMLST typing results were compared to core genome SNP typing results,
and a high degree of agreement was detected between the two methods. Both of
them had high reliability and discriminatory power and matched the related
epidemiological information for all samples. The same closely related groups of
samples (house finch samples, including Alabama samples, TS-11 vaccine samples,
TS-11 vaccine-like samples, UK samples, Israel samples, 6/85 vaccine-like samples, F
vaccine samples, and F vaccine-like samples) were observed in both trees with
similar degrees of relatedness.

In addition, we used the newly developed cgMLST scheme to evaluate the currently
used GTS scheme using the same set of samples. The lack of discriminatory power of
the GTS scheme to differentiate between related samples compared to cgMLST and
cg-SNP analysis was apparent. Moreover, some samples were clustered within different
clusters than those of the cgMLST and core genome SNP analysis. For example, three
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poultry samples (MG54-NC-01-J, MG55-NC-01-L, and MG47-NC-99-A) were typed as
house finch samples (see Fig. S1 in the supplemental material), while according to
cgMLST and core genome SNP analysis they are related to poultry samples (Fig. 2A and
B). It is important to acknowledge that the actual discriminatory power of GTS may be
higher than that shown in our analysis, as our analysis was based on only two genes,
because the other two were accidentally missed from the WGS of some samples and we
could not include them in the analysis. However, the results of this GTS scheme should
be carefully interpreted, and its use for typing of isolates should be replaced by cgMLST
whenever possible. This also suggests that further research is needed to find a more
reliable method for typing clinical samples directly.

Currently, the cgMLST scheme could be applied only for typing M. gallisepticum
isolates, as whole-genome sequence generation is still dependent on the availability of
isolates. Therefore, an alternative sequencing approach that can be applied directly to
clinical samples without isolation warrants further investigation to overcome difficulties
in M. gallisepticum isolation.

The known fast evolutionary rate of mycoplasma among prokaryotes (3) coupled
with the genetic information from large numbers of core genes may be instrumental for
studying the epidemiological as well as evolutionary changes within the mycoplasma
genome.

In this study, core genome SNP typing and cgMLST performed equally in typing our
samples and their results were similar, evidencing the validity of cgMLST to be used for
M. gallisepticum epidemiology. However, cgMLST has several advantages over core
genome SNP typing in addition to the general drawbacks of the SNP typing approach
(17). cgMLST has a stable typing approach because it allows typing of samples even
when a few genes are missing, as missing genes will result in missing only a few alleles
with minimal effect on the results. On the other hand, in the SNP-based typing
approach, missing a few genes will result in missing higher numbers of SNPs within
those genes, which could drastically affect the result if included in the analysis. If
excluded, we lose the ability to replicate the analysis. In addition, the allele typing
approach provides more buffers for the effects of misleading horizontal signals through
considering the recombination change as a single evolutionary event that will lead to
only one allele difference, in contrast to the SNP-based typing, which counts each SNP
as a single event that incorrectly leads to greater distance differences between typed
strains (26, 29, 39). Another important buffer is the large number of defined core
genome targets, which increases the reliability of the typing results. Yet another buffer
is the cluster typing threshold definition that is equivalent to the sequence type of
traditional MLST. This CT threshold allows buffering any misleading differences during
typing of closely related strains that may result from either sequencing or assembly
errors, recombination, or microevolutionary events. Therefore, this approach might be
biologically more relevant than approaches that consider only point mutations.

Handling and analysis of next-generation data were always challenging for clinicians
and laboratory personnel; however, these issues are not as challenging with cgMLST.
The numeric allele typing data of cgMLST data are easier to handle and less compu-
tationally demanding than the SNP data. This fact increases the availability of public
databases with a user-friendly interface and expandable nomenclature, like those of
cgMLST.org and BIGSdb. These databases would allow studying M. gallisepticum epi-
demiology on local, global, and long-term scales following the leading example of
conventional MLST at the PubMLST database (40). Moreover, it opens the door for
sharing other typing and clinical metadata besides identification, for example, infor-
mation about virulence and antimicrobial susceptibility of the typed strains in addition
to field data. cgMLST may represent a standard scheme for identification of M.
gallisepticum isolates and offers an opportunity to harness the tremendous power of
next-generation sequencing in applied avian mycoplasma epidemiology at a global
level.
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