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ABSTRACT The incidence of Mycoplasma synoviae (M. synoviae) in poultry farms is 
closely tied to intensive production systems, where high-density flocks and shared 
operational networks amplify transmission risks. Northern Italy is a densely populated 
poultry area (DPPA) of industrial and backyard poultry farms providing a unique setting 
to study M. synoviae dynamics, particularly given the integrated production model—
where companies manage geographically dispersed farms with shared logistics. Using 
multi-locus sequence typing (MLST), we analyzed 227 M. synoviae Italian samples (181 
industrial, 46 backyard) collected over 14 years (2010–2024) to assess transmission 
patterns and genetic diversity. Our results revealed high genetic diversity (99 sequence 
types, 95 novel). Transmission was linked to company networks, as identical strains 
circulated across farms under shared ownership, while backyard and industrial sectors 
showed minimal overlap. Phylogenetic analysis confirmed country-specific clustering. 
Moreover, population genetic analyses showed that Italy’s diversity was intermediate 
between the highly diverse USA and the more homogenized Chinese populations, with 
variability measures further suggesting distinct evolutionary pressures across genes and 
countries. Finally, this study challenges assumptions about backyard farms as reservoirs 
and shows that M. synoviae spread in Italy is primarily driven by industrial logistics. 
Our findings also highlight the value of MLST in tracing outbreaks at the company 
level, supporting its adoption for poultry pathogen surveillance. By providing the first 
long-term, system-wide perspective on M. synoviae epidemiology in a DPPA, this work 
offers critical insights for managing pathogen spread in integrated production networks 
worldwide.

IMPORTANCE This study provides valuable insights into the genetic diversity, spread, 
and evolutionary dynamics of M. synoviae in Italy. By analyzing genetic differences across 
isolates, we discovered two critical patterns: first, these bacteria tend to stay within 
national poultry production systems, forming country-specific genetic groups; second, 
within Italy, identical strains circulate within the same companies rather than by region. 
This suggests the pathogen spreads through poultry trade or shared farming practices 
rather than local environmental transmission. Surprisingly, we found no evidence of the 
bacteria moving between small backyard farms and large industrial operations despite 
concerns about such cross-transmission. The persistence of certain strains over time 
demonstrates the bacterium’s ability to survive even with strict biosecurity measures 
in industrial settings. Future studies should focus on the mechanisms that drive the 
persistence and spread of M. synoviae strains, as well as on the potential role of new 
transmission vectors and potential reservoirs.
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T he occurrence and persistence of poultry pathogens, such as mycoplasmas, are 
closely linked to intensive poultry production systems, which amplify the risk of 

exposure and transmission. In northern Italy, there is a densely populated poultry area 
(DPPA) where large concentrations of industrial poultry farms are found in a small 
geographic area along with backyards, making it an interesting case study for observ­
ing poultry pathogen dynamics. Chickens and turkeys are the most common avian 
farming species in this territory; though, guinea fowl, pheasants, partridges, ducks, 
and geese are also found. Furthermore, industrial poultry farming in DPPA is typically 
characterized by an integrated system in which all production phases are managed by 
few companies. These companies often operate multiple farms across different regions—
sometimes separated by considerable distances—but share transportation, personnel, 
and fomites, all of which could contribute to pathogen spread. Furthermore, industrial 
systems rely on a limited number of commercial breeds, such as Ross 308 for broiler 
chickens and Hy–Line or Lohmann for laying hens, with specific breeds like B.U.T. 6 or 
Hybrid ConverterNOVO used for turkeys (personal communication). These production 
systems are characterized by the use of high-density flocks. In contrast, backyard farms 
are small-scale operations with low-density flocks (usually fewer than 50 birds), owned 
by private individuals. Backyard flocks are typically more diverse: multiple species and 
breeds often coexist, and the breeds used are different from those in industrial settings, 
reflecting a broader host-genetic background.

One of the relevant bacterial species in the intensive poultry industry causing 
considerable economic losses is Mycoplasma synoviae (M. synoviae). M. synoviae infection 
leads to airsacculitis and infectious synovitis in chickens and turkeys and is associ­
ated with EAA (Eggshell Apex Abnormality), consequently causing production losses 
in chicken layers (1–3). M. synoviae can be transmitted vertically and horizontally 
between individuals within the same flock or between flocks (4). Controlling M. synoviae 
dissemination involves biosecurity measures, vaccination, antibiotic treatments, and 
control programs using molecular markers, serological techniques, and typing of strains. 
However, these measures are commonly applied in the industrial sector but not in 
backyards (5). Therefore, the presence of infected backyards alongside industrial farms in 
the same territory could influence M. synoviae transmission between the two sectors (6). 
For all these reasons, the genetic identification of circulating field strains is a useful tool 
for tracking M. synoviae spread.

The main molecular identification technique for M. synoviae strains is multi-locus 
sequence typing (MLST), which can be used to infer the clonality and evolutionary 
relatedness of field strains (7). In particular, for M. synoviae, El-Gazzar and colleagues 
(8) developed a protocol using seven housekeeping genes (adk, atpG, efp, gmk, nagC, 
ppa, recA) covering around 3,959 bp in total; each allelic gene profile and their com­
binations define the sequence type (ST). Moreover, this methodology offers excellent 
accessibility through worldwide web databases, such as PubMLST (http://pubmlst.org/), 
which provides updated reporting and distribution of various sequence types (9). The 
free sharing of STs and strain information has enabled the identification of global 
distribution patterns as well as unique allelic combinations per country. Additionally, 
ST profiles are useful to estimate genetic diversity indexes which allow for population 
structure analyses, evolutionary patterns, and phylogenetic relationships. MLST is also 
widely recognized for its ease of use, scalability, and reliability, allowing for consistent 
implementation across various laboratories (10, 11). In contrast, while whole and core 
genome sequencing offer enhanced discriminatory power, they are often limited by 
higher costs and substantial computational requirements. Thus, MLST remains a practical 
and effective choice, providing sufficient discriminatory capabilities without the need 
for the extensive resources demanded by next-generation sequencing (NGS) techniques 
(12).

For the first time, we have applied MLST to track the spread of M. synoviae over 
extended periods in specific settings, such as companies, single entity farms, and 
backyards. While previous studies have used MLST to discriminate vaccine strains 
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from field strains (13), identify predominant genotypes—including tracking antibiotic 
resistance genes and virulence factors (14)—and explore the phylogenetic origins of 
international strains (15–17), none have focused on long-term analysis of company-
specific transmission dynamics. In our study, we hypothesized that transmission is 
influenced either by the proximity of farms or by shared ownership within the same 
company. To test this, we considered both factors in our analysis. Furthermore, we argue 
that Italian farms carry unique STs and, if shared, these STs are likely exchanged with 
European Union (EU) countries that trade products with Italy.

More specifically, we applied the MLST method (8) to type 181 industrial and 46 
backyard field strains collected over fourteen years (2010–2024) across different Italian 
regions. The majority of our samples were constituted by isolates from chickens (∼78%) 
and turkeys (∼20%). This distribution reflects the structure of poultry farming in Italy, 
where production is heavily dominated by broilers (approximately 450 million birds 
per year), followed by laying hens (50 million) and turkeys (24 million). Moreover, the 
production cycle differs across species: broilers are typically raised for about 63 days 
before slaughter, whereas turkeys remain on farms for up to 6 months, potentially 
influencing exposure and transmission dynamics.

Our aim was to investigate M. synoviae outbreaks by identifying the STs over time 
and tracking their geographic dissemination in relation to farms belonging to the same 
companies, as well as between single-entity and backyard poultry farms. We examined 
the distribution of STs in infected flocks at the geographical (regional) level, as well as at 
industrial and backyard levels, and analyzed the genetic diversity and global context of 
Italian STs. Additionally, we analyzed the genetic variation and evolutionary relationships 
of Italian strains, comparing them with data derived from different countries obtained 
from PubMLST.

Our results demonstrated that STs would be more likely shared between the same 
companies rather than by region. In addition, we found that the presence of backyards 
does not affect industrial poultry farms or vice versa, except in exceptional cases. 
Additionally, we show that the MLST genes are useful to distinguish between continents 
and countries. Finally, this is the first study applying the MLST approach in Italy to track 
M. synoviae diffusion in a highly populated farming area, including backyard contexts 
along with companies over a long period of time.

MATERIALS AND METHODS

Sample collection and study area

We analyzed 227 Italian samples of Mycoplasma synoviae (M. synoviae) collected from 
2010 to June 2024 from chickens (n = 176), turkeys (n = 44), guinea fowls (n = 4), 
partridge (n = 1), goose (n = 1), and pheasant (n = 1) (Table S1). The study was performed 
on residual tracheal swab specimens collected from poultry exclusively within routine 
diagnostic and surveillance activities. No animals were sampled specifically for research 
purposes and no additional procedures were carried out for the aims of this study. In 
accordance with Italian legislation (D.Lgs. 26/2014 implementing Directive 2010/63/EU), 
no ethical approval under the animal experimentation framework was required. Owner 
informed consent was not applicable beyond routine diagnostic submission and samples 
were analyzed in anonymized form. More than 80% of collections (n = 181) were from 
industrial poultry sources; the remaining were from backyard farms (n = 46). Samples 
were collected from different farming areas, especially in the northern regions: Veneto 
(n = 92), Emilia Romagna (n = 69), Lombardia (n = 15), Friuli Venezia Giulia (n = 5), 
Trentino Alto Adige (n = 4), and Piemonte (n = 3). Other central and southern regions 
were less represented: Abruzzo (n = 12), Marche (n = 6), Molise (n = 3), Sicilia (n = 9), 
Toscana (n = 4), and Umbria (n = 2). About 90% of backyard farm samples (n = 41) 
were collected in the Veneto region from 2010 to 2021. Because the Veneto region 
contained most backyard poultry samples, it was selected for a focused comparison of M. 
synoviae diffusion within a restricted geographic area to assess possible epidemiological 
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connections between backyard and industrial sectors. Finally, the industrially sourced 
samples mostly came from three companies (labeled A, B, and C), consisting of various 
farms located in different regions. We collected 38 samples from company A, 53 from B, 
and 37 from C. The remaining 53 samples came from different minor industrial poultry 
farms (named as D). The regions included in this study largely overlap with the designa­
ted poultry production area (DPPA) of northern Italy, as defined by national and EFSA 
criteria (18). This area encompasses most of Italy’s industrial poultry production, with 
more than 3,000 farms and approximately 95 million bird places, accounting for nearly 
70% of the country’s intensively reared poultry (19). Farm densities in the DPPA exceed 
0.52 farms/km2, with bird densities averaging around 10,000 birds/km2 and reaching up 
to 70,000 birds/km2 in some northern provinces. As our sampling was concentrated in 
these high-density regions, the dataset represents a cross-section of M. synoviae diversity 
within Italy’s main poultry production zone (18, 19).

Mycoplasma synoviae isolation

M. synoviae was isolated according to the WOAH Terrestrial Manual (Chapter 3.3.5, 2021). 
Briefly, tracheal swabs were collected from symptomatic birds or from flocks that tested 
positive in molecular screening, regardless of the presence or absence of clinical signs 
in individual animals, and placed in 1 mL of transport medium (Avian Mycoplasma 
Experience, Mycoplasma Experience Ltd, UK) and maintained at 4°C until arrival at the 
laboratory. Each sample was filtered using a 0.4 μm filter and subsequently inoculated 
into 2 mL of medium and incubated at 37°C under 5% CO2 for 21 days (WOAH Terres­
trial Manual, Chapter 3.3.5, 2021). During this period, the broths were checked daily; 
if a change in color or turbidity was recorded, they were inoculated onto an agar 
plate of Avian Mycoplasma Experience (METM, Mycoplasma Experience, Reigate, UK) 
and incubated under the same conditions. All plates were then checked daily for the 
presence of any “fried-egg” colony for up to 7 days. Samples were considered negative 
when no changes were observed in either broth or agar.

Nucleic acid extraction and identification

DNA was extracted from suspect broths using the Maxwell DNA LEV Blood Kit and the 
Maxwell 16 Instrument (Promega, Milan, Italy) following the manufacturer’s instructions. 
The extracted DNA underwent 16S rDNA PCR and denaturing gradient gel electrophore­
sis (DGGE) as described in the literature (20), for Mycoplasma species identification. In 
cases where isolation was not possible, tracheal swabs diluted in PBS/D were processed 
using the MagMAX Pathogen DNA/RNA kit (Applied Biosystems) following the manufac­
turer’s instructions. The DNA was then analyzed by Real-Time PCR to verify the presence 
of M. synoviae following WOAH Terrestrial manual guidelines (21).

Mycoplasma synoviae MLST

The DNA of samples identified as M. synoviae was amplified using primers of the seven 
housekeeping genes adk, atpG, efp, gmk, nagC, ppa, and recA listed in the PubMLST 
database (9). Each PCR was performed in a 20 μL volume containing 10 μL Sybr Fast 
Universal Master Mix (2×) (Merck Life Science, Milan, Italy), gene-specific primers at 0.1 
μM, and 1.5 μL of DNA. PCR cycling included a hot start at 95°C for 3 min, followed by 
35 cycles of denaturation (94°C, 1 min), annealing (54°C, 30 s), and elongation (72°C, 90 
s). The BioRad CFX96 Thermal cycler (BioRad, Milan, Italy) was used for amplification, and 
the fluorescence in the FAM/Sybr channel was acquired at the end of the elongation step. 
PCR products were subjected to Sanger sequencing using the same primers. New alleles 
and STs were submitted to the PubMLST database.

Simpson’s index of diversity

The Simpson’s index of diversity (SID) gives the probability that two unrelated isolates 
sampled randomly from the population will be assigned to different sequence types. 
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The SID was calculated according to the formula of Hunter and Gaston (1988) (22). The 
formula is as follows:

(1)D = 1 − 1N(N − 1) i = 1

s ni(ni(ni − 1)
where D is the Hunter–Gaston discriminatory index (HGDI), N is the total number of 

isolates in the dataset, s is the total number of types (e.g., sequence types, alleles, or 
profiles), and ni is the number of isolates belonging to the ith type.

The SID value ranges from 0 to 1, with 0 indicating no diversity and 1 representing 
infinite diversity.

Minimum spanning tree analysis

Relationships among strains were evaluated using minimum spanning tree (MST) 
analysis generated by Bionumerics software v7.6 (Applied Math, Sint-Martens-Latem, 
Belgium). An MST is used to visualize the genetic relationships between different STs 
based on the number of allele differences between them. Strains were grouped into 
clonal complexes, in which every genotype shares at least 6 out of 7 loci with at least one 
other member of the group. The ST numbers were enlarged using Adobe Illustrator for 
better visual presentation.

Phylogenetic analyses

The allele sequences of each housekeeping gene and the concatenated profile for 
each ST were downloaded from PubMLST in FASTA format. Our analysis included 
220 sequences, combining internal metadata from our laboratory with PubMLST 
allele profiles globally reported up to June 2024. Sequences exceeding the expec­
ted concatenated gene size—typically due to insertions or deletions resulting from 
sequencing errors—were excluded, resulting in a final dataset of 3,959 positions.

Phylogenetic relationships among STs were then analyzed using multiple tools: MEGA 
v7.0.26 (23, 24) and iTOL v6.9 (25). The evolutionary history was inferred by using the 
Maximum Likelihood method based on the Tamura–Nei model (26). The tree with the 
highest log likelihood (−12,589.22) is shown. Initial tree(s) for the heuristic search were 
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 
pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach 
and then selecting the topology with superior log likelihood value. The heterogeneity 
of substitution rates among sites was modeled with a discrete Gamma distribution (five 
categories; shape parameter α = 0.1198), which assumes that substitution rates vary 
across sites according to a Gamma distribution, allowing some genomic positions to 
evolve more slowly or more rapidly than others due to functional or structural con­
straints. The rate variation model allowed for some sites to be evolutionarily invaria­
ble ([+I], 46.31% sites). Codon positions included were 1st+2nd+3rd+Noncoding. All 
positions containing gaps and missing data were eliminated. Phylogenetic inference 
was performed in MEGA7 (Molecular Evolutionary Genetics Analysis v7), a widely used 
desktop package for sequence alignment, model selection, and phylogenetic reconstruc­
tion. In MEGA7, we specified the Tamura–Nei model with +G+I as above, obtained NJ/
BioNJ starting trees, optimized model parameters and the ML topology, and exported 
the final tree for visualization and annotation in iTOL v6.9 (23).

Genetic diversity indices

Genetic diversity analyses were conducted on samples from Italy and compared to 
those from China and the United States. We included only these two countries because 
they had the highest number of isolates available in PubMLST. The Chinese and 
U.S. sequences were retrieved directly from the public MLST database, which com­
piles previously published data from multiple studies. Metadata for these isolates are 
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generally limited to the country and year of isolation, and details such as precise farm 
locations or husbandry systems are not consistently reported. Genetic diversity metrics 
were calculated using the Arlequin software (27), including the number of haplotypes 
(h), nucleotide diversity (π)—representing the mean number of nucleotide differences 
per site between two randomly chosen DNA sequences—and the number of segregat­
ing sites (S) per population. We also calculated Tajima’s D, a statistic that compares 
different estimates of genetic variation to test for deviations from neutrality; values 
significantly different from zero may indicate demographic events such as population 
expansion, bottlenecks, or selection. Finally, we estimated the fixation index (FST), which 
measures genetic differentiation between populations. FST values range from 0 to 1, with 
higher values (e.g., >0.25) indicating strong genetic differentiation and limited gene flow 
between populations, while lower values suggest greater genetic similarity.

RESULTS

MLST analysis of Italian strains over time and across regions

In this study, we analyzed 227 Italian M. synoviae isolates collected from 2010 to 2024 
from three major companies (A, B, and C), as well as from smaller industrial poultry farms 
(D) and backyard settings across various regions, using MLST. The isolates were classified 
into 99 STs, yielding a SID value of 0.96, indicating a high degree of diversity. We 
identified 95 new STs, attributed to either novel allelic sequences or new combinations 
(Table S1). All isolates grouped into 12 clonal complexes (CCs), with 41 isolates remaining 
as singletons.

Most isolates clustered into the same clonal complexes regardless of sector or 
regional origin (Fig. 1 and 2). For example, within CC1, STs 60, 71, 85, and 133 were 
shared by several backyard and industrial isolates from different regions. However, some 
isolates from the same sector also clustered within specific CCs: in CC7 and CC9, only 
backyard samples were found, while CC12 contained only industrial samples (Fig. 2).

The most frequently encountered STs over the years were ST21 (n = 32), ST71 (n = 
20), ST63 (n = 10), and ST133 (n = 10) (Table S1), with each shared across both sectors. 
ST21 was primarily collected during the 2012–2014 period but progressively disappeared 
and was no longer isolated after 2021, while ST71 was predominantly found from 2015 to 
2016 and subsequently persisted only in the industrial sector until 2023 ( Fig. 3).

Although fewer in number, ST71 and ST63 isolates were detected over a longer 
period, with ST71 also being collected from a greater number of regions than ST21 (Fig. 
1). Furthermore, ST133 initially showed a preference for rural settings before becoming 
established in the industrial circuit (Fig. 3).

Most STs (n = 67) were represented by a single isolate (Fig. S1) over a span of 14 years. 
Despite some of these strains being collected many years ago, they have not reappeared 
(e.g., STs 116, 138, and 218). Conversely, 32 STs were shared among multiple isolates, and 
some STs appeared only in specific sectors, such as STs 114 and 121 in industrial, and STs 
57 and 132 in backyard farms (Fig. 3).

Finally, we observed that some STs were present in multiple host species (e.g., ST21, 
ST60, and ST85), suggesting that certain STs can circulate among diverse hosts (Table S1).

M. synoviae spread in Italian companies over time and across regions

MLST analysis of strains collected from poultry farms over time is a crucial tool for 
tracking the spread of M. synoviae within companies. In Italy, three major companies 
often operate multiple farms located in different regions, sometimes many kilometers 
apart. The MLST analysis of samples from these three companies A, B, and C across 
various farms and regions showed that the same STs were sometimes found within each 
company. For example, ST21 was isolated in 2019 from three different farms belonging to 
company A in Emilia-Romagna, ST186 in 2022 from two farms of company B, and ST133 
in 2016 from two farms of company C in other northern regions (Fig. 1 to 3 and Table 
S1). Conversely, identical STs were also found within the same company in farms located 
far apart. For instance, ST162 was isolated in 2021 from three farms owned by Company 
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B across two regions far from the DPPA. Similarly, ST71 was found in 2018 in Company 
C from three farms in the north of Italy (Fig. 1 to 3 and Table S1). The same ST can 
be re-observed across different years, sometimes consecutively, either within the same 
company or across different companies, suggesting strain persistence in the industrial 
sector (Fig. 3). Notable examples include STs 21, 71, 113, 122, 143, and 144, which were 
identified in different years and companies, as well as STs 74, 141, and 150, which were 
detected in the same companies over multiple years.

Backyard poultry farms collected in the Veneto region

We identified 44 STs, 19 STs were exclusive to backyard samples, 16 were unique to 
industrial samples, and 9 STs were shared by both sectors (Fig. 4). In some instances, 
such as ST21, ST72, ST122, and ST139, industrial and backyard farms carried the same 

FIG 1 The minimum spanning tree indicates the relationship between STs of Italian M. synoviae samples highlighting the regions where samples were collected. 

Each circle corresponds to a sequence type (ST). Number near circles indicates ST number. The size of the circle represents numbers of isolates with same STs. 

Lines between STs indicate inferred phylogenetic relationships. The style and thickness of the line represent the number of allelic mismatches between the STs 

(thick line = 1, thin line = 2, thick dashed = 3, thin dashed = 4, and thin dotted = more than 4). Gray colored zones that surround STs indicate the different CC 

(clonal complex). The color of the circle indicates the Italian region of farm where strains were isolated.
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ST within the same year, suggesting persistence of the same M. synoviae strain in the 
region. However, all the other STs were not shared between sectors during the same year, 
indicating limited interaction.

Phylogenetic analysis

To infer evolutionary relationships among M. synoviae isolates, a Maximum Likelihood 
tree was constructed based on the concatenated MLST sequences recorded on PubMLST 
(Fig. 5).

We observed a large number of globally distributed STs. Most STs clustered by 
country, indicating nation-specific trends, with some exceptions. For instance, ST21 

FIG 2 The minimum spanning tree indicates the relationship between STs of Italian M. synoviae samples highlighting the companies or farms where samples 

were collected. Each circle corresponds to a sequence type (ST). Number near circles indicates ST number. Size of the circle represents numbers of isolates with 

same STs. Lines between STs indicate inferred phylogenetic relationships. The style and thickness of the line represent the number of allelic mismatches between 

the STs (thick line = 1, thin line = 2, thick dashed = 3, thin dashed = 4, and thin dotted = more than 4). Gray colored zones that surround STs indicate the different 

CC (clonal complex). The color of the circle indicates the company or farm where strains were isolated.
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(Hungary, Italy, Russia, Serbia, Tunisia, Ukraine) was the most widely shared, followed by 
ST10 (Australia, Hungary, Italy, USA) and ST57 (Hungary and Italy). Interestingly, Italian 
STs clustered with other European isolates and those from the Middle East (Lebanon, 
Israel, Jordan). Finally, STs of different host species did not form separate clusters, 
indicating they do not contribute to the tree’s structure (Fig. 5).

FIG 3 Yearly distribution of STs from industrial and backyard poultry farms between 2010 and 2024. Only STs repeatedly observed over time are shown, grouped 

by poultry source: commercial producers (Companies A–C), other industrial farms and backyard flocks.
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Genetic analysis

For genetic analysis, we focused on isolates from Italy, China, and the USA, as these 
countries represented those with the highest number of isolates uploaded to PubMLST. 
Italian samples harbored novel alleles in all loci while Chinese strains had lower number 
of unique alleles, in particular in the efp (2), atpG (2), and ppa (2) (Table 1). Generally, the 
USA and Italy showed higher private (population-specific) allele counts (e.g., nagC: Italy 
= 20, USA = 17; atpG: Italy = 11, USA = 16; recA: Italy = 12, USA = 10) (Fig. S2B, G, and E, 
respectively). Furthermore, the nagC gene exhibited the highest number of segregating 
sites (S) overall, with Italy and the USA both at S = 32, followed by China (S = 28). In 
contrast, the efp gene displayed the lowest allele counts and S across all populations. For 
concatenated genes, Italy had the highest number of unique STs (n = 98), while China 
had the fewest (n = 30). Additionally, S in concatenated sequences followed a distinct 
trend: the USA ranked highest (S = 137), Italy intermediate (S = 116) and China lowest 
(S = 79). Mean pairwise differences (π) also followed this order: USA (π = 24.09), Italy (π 
= 14.10), China (π = 8.85) (Table 1). These differences likely reflect distinct population 
histories: the USA’s high diversity may result from its long sampling period (1955–2021) 
and stable population, whereas China’s low diversity could indicate a recent bottleneck 
or founder effect.

Tajima’s D values—a statistic comparing the number of segregating sites with the 
average pairwise differences to detect departures from neutrality—for concatenated 
genes were negative in all countries, indicating an excess of rare alleles and potential 
population expansion or purifying selection. China had the strongest deviation (D = 
−1.08), followed by Italy (D = −0.83) and the USA (D = −0.57). Gene-specific Tajima’s D 
values varied; notably, the positive Tajima’s D value (0.99) for the ppa gene suggests an 
excess of intermediate-frequency polymorphisms, which may be indicative of balancing 
selection, a recent population bottleneck, or a combination of both. Further analysis 

FIG 4 Distribution over time of STs from isolates collected in the Veneto region between 2012–2021. STs are grouped by source—industrial or backyard farms. 

The figure highlights persistence and sector-specific recurrence of certain STs across the study period.
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would be needed to distinguish between these evolutionary forces, but the result clearly 
points to unique evolutionary dynamics acting on this gene compared to the others.

Finally, FST values—which quantify genetic differentiation among populations based 
on allele frequency variation—revealed the highest population differentiation in ppa 
(0.57), efp (0.56), and atpG (0.55). For concatenated genes, FST was 0.47, supporting 
a moderate to high population structure—that is, genetic subdivision among isolates 
from different geographic regions, reflecting limited gene flow between them. These 
results confirm the utility of the seven genes in distinguishing the three populations and 
suggest that genetic diversity is largely shaped by differences among populations rather 
than within them.

FIG 5 Phylogenetic tree of Mycoplasma synoviae based on 220 concatenated sequences of isolates recorded in PubMLST. Sequence types (STs) are labeled with 

their country of origin (e.g., Argentina, Italy, USA) and host species (e.g., chicken, turkey, guinea fowl). The tree includes all STs available in the PubMLST database 

to provide a global phylogenetic context. Italian STs are highlighted to emphasize their distribution and clustering among worldwide isolates. Bootstrap support 

values (0.6–1) are shown on branches, and the scale bar represents 0.01 substitutions per site. The vaccine strains MS-H and MS-live are included for comparison.
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DISCUSSION

This study represents the first attempt to assess the genetic diversity of M. synoviae 
within industrial farms and between industrial and backyard poultry farms in Italy. Using 
MLST as an epidemiological tool, we analyzed M. synoviae isolates to track the pathogen’s 
presence over a 14-year period. We also investigated how persistence shaped the spread 
of the pathogen within industrial farms and between industrial and backyard settings. 
Furthermore, we explored whether the continued presence of particular strains was 
influenced by their origin (i.e., specific farms or companies). Finally, we compared the 
phylogenetic relationships between Italian and global strains, providing new insights 
into the pathogen’s dissemination.

Our findings reveal a high level of M. synoviae genetic diversity, with 99 distinct STs, 
95 of which were found exclusively in Italy (Fig. 5). Notably, this level of variation was 
observed despite sampling primarily from a single host species, a limited number of 
producers (most belonging to the three companies: A, B, and C) and a single country 
of origin. Consistent with this variability, we identified 95 novel allelic sequences or 
new combinations of existing alleles, highlighting the ongoing evolution of M. synoviae 
and its capacity to generate new strains. Our results align with previous studies that 
underscore the genetic variability of Mycoplasma species (28). Similar diversity has been 
reported across different countries and host species, including M. hominis, M. capricolum 
subsp. capripneumoniae, M. gallisepticum, M. hyorhinis, M. iowae, and M. agalactiae (17, 
29–33). This diversity is likely driven by the inherent genetic plasticity of Mycoplasma 

TABLE 1 Genetic variability analysis of MLST data covering 7 gene loci in strains from Italy (2010–2024), China (2016–2024), and the United States (1955–2021)a

Country Gene Gene product Length 
(bp)

Haplotypes 
(h)

Unique 
alleles

Seg. sites 
(S)

Pairwise diff. 
(π)

Tajima's D 
(D)

FST

Italy adk Adenylate kinase 498 15 10 16 1.72 −0.89 0.46
China 6 4 11 1.39 −0.65
USA 15 9 16 2.32 −0.92
Italy atpG ATP synthase gamma chain 669 13 11 18 3.20 0.17 0.55
China 3 2 8 0.14 −2.00
USA 19 16 25 4.81 −0.26
Italy efp Elongation factor P 450 7 4 9 1.71 0.32 0.56
China 5 2 5 0.41 −1.01
USA 10 5 7 1.79 0.54
Italy gmk Guanylate kinase 470 16 11 16 0.99 −1.59 0.33
China 6 3 8 0.17 −1.95
USA 12 6 16 2.92 −0.39
Italy nagC N-acetylmannosamine 

kinase
708 24 20 32 2.99 −1.23 0.31

China 15 11 28 4.01 −0.48
USA 21 17 32 5.01 −0.82
Italy ppa Inorganic pyrophosphatase 453 8 5 10 2.38 0.99 0.57
China 3 2 6 0.30 −1.46
USA 16 12 18 3.13 −0.52
Italy recA Recombination protein 711 14 12 15 1.08 −1.42 0.50
China 8 3 13 2.41 0.18
USA 15 10 23 4.08 −0.49

No. of unique STs
Italy Concatenated Not applicable 3959 99 98 116 14.10 −0.83
China 30 30 79 8.85 −1.08
USA 37 36 137 24.09 −0.57
All countries 165 235 20.90 −1.20 0.47
aSample sizes: Italy = 227, China = 181, USA = 65.
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species, which enables them to generate new genetic combinations through mutation, 
recombination, and selection (34, 35).

The high number of STs isolated only once (67 out of 99) (Fig. S1) could be the 
result of biosecurity measures such as M. synoviae vaccinations (implemented in Italy 
since 2012) and/or antibiotic use, potentially restricting strain transmission. In parallel, 
the sporadic detection of certain STs might reflect strain-specific differences in pathoge­
nicity, particularly due to their tropism for distinct tissues. For example, oviduct-tropic 
strains could achieve broader spread via vertical transmission, such as Mycoplasma 
iowae (36) while tracheal-tropic strains might persist only in localized infections, favoring 
horizontal transmission. Mycoplasma species capable of both kinds of transmission and 
producing biofilm (37) might persist longer in time.

Furthermore, our samples were grouped into 12 CCs, across different geographic 
locations (Fig. 1) and industrial sectors (Fig. 2). Regardless of their geographic origin, 
samples belonging to the same CC often displayed different regions of provenance, 
suggesting no clear correlation between M. synoviae strains and their region of isolation. 
Furthermore, the more frequently an ST is found, the more regions it tends to encom­
pass. In contrast, isolates from major poultry companies (Fig. 2) revealed identical 
STs circulating among farms separated by considerable distances, as exemplified by 
ST170, ST150, and ST162, which were detected across multiple farms within the same 
company despite their wide geographic dispersion. Additionally, a temporal analysis of 
ST recurrence revealed that certain outbreaks, both within the same year and across 
multiple years within the same company, were associated with the same STs (e.g., 
ST162 and ST141, respectively; Fig. 3). Despite biosecurity measures, this sharing of 
STs between companies shows that M. synoviae transmission is primarily driven by 
the logistics of the integrated production system, facilitating the spread of identical 
STs across farms rather than being influenced by geographic proximity. Other typing 
studies have similarly found that geography was not significantly related to genotype 
in M. synoviae (38). These findings align with previous observations in other poultry 
pathogens, such as infectious bronchitis virus (IBV), where transmission was linked to 
shared infrastructure (e.g., roads, personnel, and services) rather than environmental 
factors (39). Further research has shown that M. synoviae can produce biofilms on abiotic 
surfaces, enhancing survival in harsh conditions and facilitating long-distance spread 
(37). In addition, stable host populations (e.g., same breed and age) and high poultry 
densities create favorable conditions for persistence and transmission. The effect of 
vertical transmission cannot be excluded, as the companies included in this study have 
economic relationships involving the sale of hatching eggs.

Moreover, previous hypotheses have suggested that backyard poultry flocks can act 
as reservoirs or amplifiers for respiratory diseases (39–42). However, our data indicate 
that in the Veneto region, transmission between the two sectors is limited (Fig. 4). In 
fact, only 9 STs were shared between the two sectors. Among these, ST21 was the 
most widespread, while ST139 appeared exclusively in 2013. ST122 was first detected 
in both sectors in 2017 but subsequently persisted only in industrial farms. ST60, ST63, 
ST71, and ST72 initially emerged in the industrial sector (outside Veneto) and appeared 
transiently in backyard flocks before re-establishing in industrial systems, suggesting 
sporadic spillover from commercial to backyard production. An exceptional case, ST133, 
was first identified in rural flocks before stabilizing in industrial systems, implying rare 
cross-contamination from backyard to industrial sectors (Fig. 3 and 4). Nevertheless, 
backyard flocks are located within the high-density poultry production areas (DPPA) of 
the Veneto region, yet they are not subject to mandatory requirements. The fact that 
many STs were exclusive to one sector and did not overlap in the same year implies that 
these two types of poultry farming largely function as independent reservoirs.

The phylogenetic tree (Fig. 4) revealed that Italian M. synoviae isolates exhibited 
clear geographical specificity, as previously observed in MLST-based phylogenies (15, 
16). However, we observed that some isolates from other European countries, as well as 
from the Middle East—particularly Lebanon, Israel, and Jordan—clustered with Italian 
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strains. This pattern of global sharing of certain STs highlights the potential for inter­
national transmission of M. synoviae through poultry and product trade. For instance, 
ST21 was identified in Italy, Hungary, Serbia, Tunisia, Ukraine, and Russia, suggesting 
possible commercial exchanges. In another case, the ST10 was first reported in 1997 in 
the USA and continued to be found in different countries until 2016 such as Hungary 
and Austria and also found in Italy once in 2012 (Table S1). As previous studies have 
suggested (43), intercontinental exchanges could be due to the migration of wild birds 
carrying mycoplasmas. However, more studies are necessary to confirm and clarify the 
role of migratory birds in this transmission route. Moreover, the possibility of commercial 
exchange as a contributing factor cannot be excluded and should be considered in 
future investigations.

To further elaborate, the most represented countries in PubMLST are the USA, China, 
and Italy, which clustered separately, as evidenced by our phylogenetic analysis. Italy 
had the highest number of unique STs (98), compared to China (30), suggesting different 
evolutionary pressures. China showed a lower number of alleles in all genes compared to 
Italy and the USA. While Zhang et al. (15) reported that the least variable genes were efp, 
gmk, and ppa, Wei et al. (16) identified ppa and atpG as least variable in China. Our results 
confirm atpG, efp, and ppa as the least variable genes for China, reflecting a combination 
of previous findings. In Italy, variability was lowest in efp and ppa, but differently from 
China, not in gmk (Fig. S2-C, D and F). Genetic diversity (π) varied between countries: 
Italy (π = 14.10) showed intermediate diversity, possibly reflecting past population 
dynamics. The USA had a high value (π = 24.09), possibly due to long-standing endemic 
diversity or multiple introductions, while China’s low value (π = 8.85) suggests a more 
clonal population structure, though broader sampling would be needed to verify these 
patterns beyond the currently available PubMLST data. This country-specific variation 
likely reflects differences in environmental pressures, farming practices, breed genetics, 
and poultry movement networks.

Further, Tajima’s D values revealed distinct evolutionary pressures acting on M. 
synoviae populations across the three countries. All countries showed negative values 
(Italy: −0.83; USA: −0.57; China: −1.08), suggesting either recent population expansion—
introducing an excess of rare alleles—or pervasive purifying selection. These patterns 
align with previous findings of predominant purifying selection in M. synoviae house­
keeping genes (8). China’s strongly negative value (−1.08) supports the hypothesis of 
a recent expansion, possibly following a founder introduction, rather than a simple 
bottleneck alone, consistent with the proposed late introduction of M. synoviae to 
China (15). In turn, Asia’s rapid growth in poultry production over the past decade 
may have facilitated this expansion (44). In contrast, Italy’s more moderate negative 
value (−0.83) could be consistent with a longer history of purifying selection, with 
fewer recent demographic shifts which could be consistent with a combination of 
factors in the integrated Italian system, such as breed types, farming systems, biosecur­
ity measures, and poultry density; nonetheless, population substructure across farms 
may also contribute to this signal. Our analyses suggest the Italian M. synoviae popu­
lation may be genetically distinct from those of China and the USA, indicating diver­
gent evolutionary trajectories shaped by local farming practices and host–pathogen 
dynamics.

Additionally, among the seven housekeeping genes, two—nagC and ppa—have dual 
metabolic roles. nagC participates in sialic acid catabolism and host adaptation (45), 
while ppa is involved in energy homeostasis during nutrient stress (46). These two loci 
are therefore likely subject to niche-specific selective pressures, as reflected in their 
diversity metrics. nagC showed high variation (32 segregating sites in both Italy and 
USA; Italy, π = 2.99, and USA, π = 5.01). Meanwhile, ppa shows the strongest popula­
tion differentiation (FST=0.57) and exceptionally divergent Tajima’s D values between 
the three countries, ranging from −1.46 (China) indicating purifying selection to 0.99 
(Italy) suggesting balancing selection. In comparison, strict housekeeping genes, like 
gmk and adk, show lower diversity and consistently negative Tajima’s D suggesting 
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predominant purifying selection. Their low diversity and negative Tajima’s D values 
may reflect functional constraints more than simple demographic history. For a clearer 
separation of demographic versus selective signals, inclusion of additional putatively 
neutral markers (e.g. 16S-23S spacer) might be recommended.

In conclusion, this study shows that industrial production networks predominantly 
drive M. synoviae transmission in Italy, rather than geographic proximity. High genetic 
diversity reflects a balance between evolutionary processes (e.g., purifying and balancing 
selection) and farm–level biosecurity practices, with only sporadic spillover from 
backyard flocks into integrated operations. These findings underscore the need for 
surveillance programs tailored to vertically integrated poultry systems, often referred to 
as DPPA, especially as global demand for poultry meat continues to drive the expan­
sion of large–scale, high–density production models. Targeted monitoring within these 
networks will be crucial for early detection and control of M. synoviae outbreaks, but also 
to reduce its impact on production efficiency and promote more sustainable practices 
through improved disease management, reduced dependence on antibiotics (47) and, 
consequently, reduced risk of resistance development.

ACKNOWLEDGMENTS

We appreciate the comments from Michelle Gastaldelli, member of the molecular 
biology laboratory, IZSVe-SCT1. We also thank Claudio Mantovani, who helped us create 
the graphical abstract.

Funding for this study was provided by the Italian Ministry of Health (Grant RC IZSVe 
13/15 “Micoplasmi aviari e biofilm: un potenziale punto critico per il contenimento di 
questi patogeni”). The Italian Ministry of Health had no involvement in the preparation 
of this article, the study design, data collection, analysis interpretation of data, or the 
decision to submit the article for publication.

AUTHOR AFFILIATION

1Istituto Zooprofilattico Sperimentale delle Venezie, SCT1, WOAH Reference Laboratory for 
avian mycoplasmosis, Verona, Italy

PRESENT ADDRESS

Elisabetta Stefani, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Ana Y. Morales-Arce, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Giorgia Nai, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Verdiana Righetti, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Beatrice Colò, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Davide Prataviera, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Martina Giacomelli, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy
Salvatore Catania, Istituto Zooprofilattico Sperimentale delle Venezie, Verona, Italy

AUTHOR ORCIDs

Elisabetta Stefani  http://orcid.org/0009-0004-4939-7480
Ana Y. Morales-Arce  http://orcid.org/0000-0002-2934-3141
Giorgia Nai  http://orcid.org/0009-0004-4158-7837
Verdiana Righetti  http://orcid.org/0009-0007-4971-3393
Beatrice Colò  http://orcid.org/0009-0006-1111-6246
Davide Prataviera  http://orcid.org/0009-0008-8275-9315
Martina Giacomelli  http://orcid.org/0009-0009-1517-2693
Salvatore Catania  http://orcid.org/0000-0003-3258-172X

Full-Length Text Applied and Environmental Microbiology

April 2026  Volume 92  Issue 4 10.1128/aem.01324-2515

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
18

 J
un

e 
20

26
 b

y 
95

.2
44

.2
8.

22
3.

http://orcid.org/0009-0004-4939-7480
http://orcid.org/0000-0002-2934-3141
http://orcid.org/0009-0004-4158-7837
http://orcid.org/0009-0007-4971-3393
http://orcid.org/0009-0006-1111-6246
http://orcid.org/0009-0008-8275-9315
http://orcid.org/0009-0009-1517-2693
http://orcid.org/0000-0003-3258-172X
https://doi.org/10.1128/aem.01324-25


FUNDING

Funder Grant(s) Author(s)

Ministero della Salute RC IZSVE 13/15 Salvatore Catania

DATA AVAILABILITY

All data supporting the findings of this study are available within the article and its 
supplemental material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures (AEM01324-25-s0001.pdf). Fig. S1 and S2.
Graphical abstract (AEM01324-25-s0002.tif). Visual depiction of the study.
Table S1 (AEM01324-25-s0003.xlsx). Background information of 227 Mycoplasma 
synoviae strains and summarized results of MLST.

REFERENCES

1. Feberwee A, Morrow CJ, Ghorashi SA, Noormohammadi AH, Landman 
WJM. 2009. Effect of a live Mycoplasma synoviae vaccine on the 
production of eggshell apex abnormalities induced by a M. synoviae 
infection preceded by an infection with infectious bronchitis virus 
D1466. Avian Pathol 38:333–340. https://doi.org/10.1080/030794509031
83652

2. Catania S, Bilato D, Gobbo F, Granato A, Terregino C, Iob L, Nicholas RAJ. 
2010. Treatment of eggshell abnormalities and reduced egg production 
caused by Mycoplasma synoviae infection. Avian Dis 54:961–964. https://
doi.org/10.1637/9121-110309-Case.1

3. Catania S, Gobbo F, Bilato D, Gagliazzo L, Moronato ML, Terregino C, 
Bradbury JM, Ramírez AS. 2016. Two strains of Mycoplasma synoviae 
from chicken flocks on the same layer farm differ in their ability to 
produce eggshell apex abnormality. Vet Microbiol 193:60–66. https://doi
.org/10.1016/j.vetmic.2016.08.007

4. Naola Ferguson-Noel AHN. 2020. Mycoplasma synoviae infection, p 924–
929. In Diseases of poultry 14th edition. Willey-Blackwell, NJ 07030 USA.

5. Gentile N, Carrasquer F, Marco-Fuertes A, Marin C. 2024. Backyard 
poultry: exploring non-intensive production systems. Poult Sci 
103:103284. https://doi.org/10.1016/j.psj.2023.103284

6. Ayala AJ, Yabsley MJ, Hernandez SM. 2020. A review of pathogen 
transmission at the backyard chicken-wild bird interface. Front Vet Sci 
7:539925. https://doi.org/10.3389/fvets.2020.539925

7. Cooper JE, Feil EJ. 2004. Multilocus sequence typing--what is resolved? 
Trends Microbiol 12:373–377. https://doi.org/10.1016/j.tim.2004.06.003

8. El-Gazzar M, Ghanem M, McDonald K, Ferguson-Noel N, Raviv Z, 
Slemons RD. 2017. Development of multilocus sequence typing (MLST) 
for Mycoplasma synoviae. Avian Dis 61:25–32. https://doi.org/10.1637/11
417-040516-Reg

9. Jolley KA, Bray JE, Maiden MCJ. 2018. Open-access bacterial population 
genomics: BIGSdb software, the PubMLST.org website and their 
applications. Wellcome Open Res 3:124. https://doi.org/10.12688/wellco
meopenres.14826.1

10. Urwin R, Maiden MCJ. 2003. Multi-locus sequence typing: a tool for 
global epidemiology. Trends Microbiol 11:479–487. https://doi.org/10.10
16/j.tim.2003.08.006

11. Klint M, Fuxelius HH, Goldkuhl RR, Skarin H, Rutemark C, Andersson SGE, 
Persson K, Herrmann B. 2007. High-resolution genotyping of Chlamydia 
trachomatis strains by multilocus sequence analysis. J Clin Microbiol 
45:1410–1414. https://doi.org/10.1128/JCM.02301-06

12. Pérez-Losada M, Arenas M, Castro-Nallar E. 2018. Microbial sequence 
typing in the genomic era. Infect Genet Evol 63:346–359. https://doi.org/
10.1016/j.meegid.2017.09.022

13. Matucci A, Stefani E, Gastaldelli M, Rossi I, De Grandi G, Gyuranecz M, 
Catania S. 2020. Molecular differentiation of Mycoplasma gallisepticum 

Outbreaks: a last decade study on Italian farms using GTS and MLST. 
Vaccines (Basel) 8:665. https://doi.org/10.3390/vaccines8040665

14. Laklaeng S-N, Songsri J, Wisessombat S, Mala W, Phothaworn P, Senghoi 
W, Nuinoon M, Tangphatsornruang S, Wongtawan T, Hayakijkosol O, 
Kerdsin A, Klangbud WK. 2024. Multi-locus sequence typing and genetic 
diversity of antibiotic-resistant genes and virulence-associated genes in 
Burkholderia pseudomallei: Insights from whole genome sequencing of 
animal and environmental isolates in Thailand. Vet Microbiol 
298:110236. https://doi.org/10.1016/j.vetmic.2024.110236

15. Zhang X, Chen Y, Xie D, Guo M, Ma S, Chen M, Chu D, Wu Y. 2021. Multi-
locus sequence typing analysis of Mycoplasma synoviae isolates reveals 
unique sequence types in China. Vet Microbiol 259:109101. https://doi.o
rg/10.1016/j.vetmic.2021.109101

16. Wei X, Chen W, Sun Q, Zhong Q, Yan Z, Zhou Q, Cao Y, Chen F, Zhang X. 
2023. Epidemiological investigations and multilocus sequence typing of 
Mycoplasma synoviae isolates from chicken farms in China. Poult Sci 
102:102006. https://doi.org/10.1016/j.psj.2022.102006

17. Boujemaa S, Suri GS, Kaur G. 2024. Multi-locus sequence typing of 
geographically and temporally diverse strains of Mycoplasma hominis. 
Diagn Microbiol Infect Dis 108:116207. https://doi.org/10.1016/j.diagmic
robio.2024.116207

18. Nielsen SS, Alvarez J, Bicout DJ, Calistri P, Canali E, Drewe JA, Garin‐
Bastuji B, Gonzales Rojas JL, Gortázar C, Herskin M, et al. 2023. 
Vaccination of poultry against highly pathogenic avian influenza – part 
1. Available vaccines and vaccination strategies. EFSA 21:e08271. https://
doi.org/10.2903/j.efsa.2023.8271

19. Mulatti P, Ferrè N, Marangon S. 2010. Spatial distribution of 2000--2007 
low pathogenicity avian influenza epidemics in northern Italy, p 232–
247. In Majumdar SK, Brenner FJ, Huffman JE, McLean RG, Panah AI, 
Pietrobon PJ, Keeler SP, Shive S (ed), Pandemic influenza virus: science, 
surveillance and public health. Pennsylvania Academy of Science, 
Pennsylvania, USA.

20. McAuliffe L, Ellis RJ, Lawes JR, Ayling RD, Nicholas RA. 2005. 16S rDNA 
PCR and denaturing gradient gel electrophoresis; a single generic test 
for detecting and differentiating Mycoplasma species. J Med Microbiol 
54:731–739. https://doi.org/10.1099/jmm.0.46058-0

21. World Organisation for Animal Health WOAH. 2021. Terrestrial manual 
online access

22. Hunter PR, Gaston MA. 1988. Numerical index of the discriminatory 
ability of typing systems: an application of Simpson’s index of diversity. J 
Clin Microbiol 26:2465–2466. https://doi.org/10.1128/jcm.26.11.2465-24
66.1988

23. Kumar S, Tamura K, Nei M. 1994. MEGA: molecular evolutionary genetics 
analysis software for microcomputers. Comput Appl Biosci 10:189–191. 
https://doi.org/10.1093/bioinformatics/10.2.189

Full-Length Text Applied and Environmental Microbiology

April 2026  Volume 92  Issue 4 10.1128/aem.01324-2516

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
18

 J
un

e 
20

26
 b

y 
95

.2
44

.2
8.

22
3.

http://dx.doi.org/10.13039/501100003196
https://doi.org/10.1128/aem.01324-25
https://doi.org/10.1080/03079450903183652
https://doi.org/10.1637/9121-110309-Case.1
https://doi.org/10.1016/j.vetmic.2016.08.007
https://doi.org/10.1016/j.psj.2023.103284
https://doi.org/10.3389/fvets.2020.539925
https://doi.org/10.1016/j.tim.2004.06.003
https://doi.org/10.1637/11417-040516-Reg
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.1016/j.tim.2003.08.006
https://doi.org/10.1128/JCM.02301-06
https://doi.org/10.1016/j.meegid.2017.09.022
https://doi.org/10.3390/vaccines8040665
https://doi.org/10.1016/j.vetmic.2024.110236
https://doi.org/10.1016/j.vetmic.2021.109101
https://doi.org/10.1016/j.psj.2022.102006
https://doi.org/10.1016/j.diagmicrobio.2024.116207
https://doi.org/10.2903/j.efsa.2023.8271
https://doi.org/10.1099/jmm.0.46058-0
https://doi.org/10.1128/jcm.26.11.2465-2466.1988
https://doi.org/10.1093/bioinformatics/10.2.189
https://doi.org/10.1128/aem.01324-25


24. Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary 
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol 33:1870–
1874. https://doi.org/10.1093/molbev/msw054

25. Letunic I, Bork P. 2024. Interactive tree of life (iTOL) v6: recent updates to 
the phylogenetic tree display and annotation tool. Nucleic Acids Res 
52:W78–W82. https://doi.org/10.1093/nar/gkae268

26. Tamura K, Nei M. 1993. Estimation of the number of nucleotide 
substitutions in the control region of mitochondrial DNA in humans and 
chimpanzees. Mol Biol Evol 10:512–526. https://doi.org/10.1093/oxfordj
ournals.molbev.a040023

27. Excoffier L, Lischer HEL. 2010. Arlequin suite ver 3.5: a new series of 
programs to perform population genetics analyses under Linux and 
Windows. Mol Ecol Resour 10:564–567. https://doi.org/10.1111/j.1755-0
998.2010.02847.x

28. Citti C, Dordet-Frisoni E, Nouvel LX, Kuo CH, Baranowski E. 2018. 
Horizontal gene transfers in Mycoplasmas (mollicutes). Curr Issues Mol 
Biol 29:3–22. https://doi.org/10.21775/cimb.029.003

29. Akhtar A, Boissière A, Hao H, Saeed M, Dupuy V, Exbrayat A, Khan FA, 
Chu Y, Manso-Silván L. 2022. Multi-locus sequence analysis reveals great 
genetic diversity among Mycoplasma capricolum subsp. capripneumo­
niae strains in Asia. Vet Res 53:92. https://doi.org/10.1186/s13567-022-01
107-z

30. Clavijo MJ, Sreevatsan S, Johnson TJ, Rovira A. 2019. Molecular 
epidemiology of Mycoplasma hyorhinis porcine field isolates in the 
United States. PLoS One 14:e0223653. https://doi.org/10.1371/journal.p
one.0223653

31. Földi D, Bekő K, Felde O, Kreizinger Z, Kovács ÁB, Tóth F, Bányai K, Kiss K, 
Biksi I, Gyuranecz M. 2020. Genotyping Mycoplasma hyorhinis by multi-
locus sequence typing and multiple-locus variable-number tandem-
repeat analysis. Vet Microbiol 249:108836. https://doi.org/10.1016/j.vet
mic.2020.108836

32. Ghanem M, El-Gazzar M. 2016. Development of multilocus sequence 
typing (MLST) assay for Mycoplasma iowae. Vet Microbiol 195:2–8. https:
//doi.org/10.1016/j.vetmic.2016.08.013

33. Manso-Silván L, Dupuy V, Lysnyansky I, Ozdemir U, Thiaucourt F. 2012. 
Phylogeny and molecular typing of Mycoplasma agalactiae and 
Mycoplasma bovis by multilocus sequencing. Vet Microbiol 161:104–112. 
https://doi.org/10.1016/j.vetmic.2012.07.015

34. Hakim MS, Annisa L, Jariah ROA, Vink C. 2021. The mechanisms 
underlying antigenic variation and maintenance of genomic integrity in 
Mycoplasma pneumoniae and Mycoplasma genitalium. Arch Microbiol 
203:413–429. https://doi.org/10.1007/s00203-020-02041-4

35. Hossain T, Deter HS, Peters EJ, Butzin NC. 2021. Antibiotic tolerance, 
persistence, and resistance of the evolved minimal cell, Mycoplasma 
mycoides JCVI-Syn3B. iScience 24:102391. https://doi.org/10.1016/j.isci.2
021.102391

36. Buni D, Kovács ÁB, Földi D, Bányai K, Bali K, Domán M, Wehmann E, 
Bradbury J, Bottinelli M, Catania S, Stefani E, Lysnyansky I, Kovács L, 
Grózner D, Gyuranecz M, Kreizinger Z. 2023. Development of molecular 

assays for the analysis of genetic relationships of Mycoplasma iowae. Vet 
Microbiol 287:109909. https://doi.org/10.1016/j.vetmic.2023.109909

37. Catania S, Bottinelli M, Fincato A, Tondo A, Matucci A, Nai G, Righetti V, 
Abbate F, Ramírez AS, Gobbo F, Merenda M. 2024. Pathogenic avian 
mycoplasmas show phenotypic differences in their biofilm forming 
ability compared to non-pathogenic species in vitro Biofilm 7:100190. htt
ps:/​/​doi.org/​10.1016/​j.bioflm.2024.100190

38. Sui C, Cui H, Ji J, Xu X, Kan Y, Yao L, Bi Y, Zhang X, Xie Q. 2022. Epidemio­
logical investigations and locally determined genotype diversity of 
Mycoplasma synoviae in Central China from 2017 to 2019. Poult Sci 
101:101522. https://doi.org/10.1016/j.psj.2021.101522

39. Franzo G, Tucciarone CM, Moreno A, Legnardi M, Massi P, Tosi G, Trogu T, 
Ceruti R, Pesente P, Ortali G, Gavazzi L, Cecchinato M. 2020. Phylody­
namic analysis and evaluation of the balance between anthropic and 
environmental factors affecting IBV spreading among Italian poultry 
farms. Sci Rep 10:7289. https://doi.org/10.1038/s41598-020-64477-4

40. Haesendonck R, Verlinden M, Devos G, Michiels T, Butaye P, Haese­
brouck F, Pasmans F, Martel A. 2014. High seroprevalence of respiratory 
pathogens in hobby poultry. Avian Dis 58:623–627. https://doi.org/10.16
37/10870-052314-ResNote.1

41. Derksen T, Lampron R, Hauck R, Pitesky M, Gallardo RA. 2018. Biosecurity 
assessment and seroprevalence of respiratory diseases in backyard 
poultry flocks located close to and far from commercial premises. Avian 
Dis 62:1–5. https://doi.org/10.1637/11672-050917-Reg.1

42. Felice V, Lupini C, Mescolini G, Silveira F, Guerrini A, Catelli E, Di 
Francesco A. 2020. Molecular detection and characterization of 
Mycoplasma gallisepticum and Mycoplasma synoviae strains in backyard 
poultry in Italy. Poult Sci 99:719–724. https://doi.org/10.1016/j.psj.2019.1
2.020

43. Bekő K, Kreizinger Z, Sulyok KM, Kovács ÁB, Grózner D, Catania S, 
Bradbury J, Lysnyansky I, Olaogun OM, Czanik B, Ellakany H, Gyuranecz 
M. 2019. Genotyping Mycoplasma gallisepticum by multilocus sequence 
typing. Vet Microbiol 231:191–196. https://doi.org/10.1016/j.vetmic.201
9.03.016

44. Windhorst HW. 2017. Dynamics and patterns of global poultry-meat 
production. Poultry Quality Evaluation:1–25. https://doi.org/10.1016/B9
78-0-08-100763-1.00001-5

45. May M, Brown DR. 2008. Genetic variation in sialidase and linkage to N-
acetylneuraminate catabolism in Mycoplasma synoviae. Microb Pathog 
45:38–44. https://doi.org/10.1016/j.micpath.2008.02.002

46. García-Contreras R, de la Mora J, Mora-Montes HM, Martínez-Álvarez JA, 
Vicente-Gómez M, Padilla-Vaca F, Vargas-Maya NI, Franco B. 2024. The 
inorganic pyrophosphatases of microorganisms: a structural and 
functional review. PeerJ 12:e17496. https://doi.org/10.7717/peerj.17496

47. Catania S, Bottinelli M, Fincato A, Gastaldelli M, Barberio A, Gobbo F, 
Vicenzoni G. 2019. Evaluation of minimum inhibitory concentrations for 
154 Mycoplasma synoviae isolates from Italy collected during 2012-2017. 
PLoS One 14:e0224903. https://doi.org/10.1371/journal.pone.0224903

Full-Length Text Applied and Environmental Microbiology

April 2026  Volume 92  Issue 4 10.1128/aem.01324-2517

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
18

 J
un

e 
20

26
 b

y 
95

.2
44

.2
8.

22
3.

https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/nar/gkae268
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.21775/cimb.029.003
https://doi.org/10.1186/s13567-022-01107-z
https://doi.org/10.1371/journal.pone.0223653
https://doi.org/10.1016/j.vetmic.2020.108836
https://doi.org/10.1016/j.vetmic.2016.08.013
https://doi.org/10.1016/j.vetmic.2012.07.015
https://doi.org/10.1007/s00203-020-02041-4
https://doi.org/10.1016/j.isci.2021.102391
https://doi.org/10.1016/j.vetmic.2023.109909
https://doi.org/10.1016/j.bioflm.2024.100190
https://doi.org/10.1016/j.psj.2021.101522
https://doi.org/10.1038/s41598-020-64477-4
https://doi.org/10.1637/10870-052314-ResNote.1
https://doi.org/10.1637/11672-050917-Reg.1
https://doi.org/10.1016/j.psj.2019.12.020
https://doi.org/10.1016/j.vetmic.2019.03.016
https://doi.org/10.1016/B978-0-08-100763-1.00001-5
https://doi.org/10.1016/j.micpath.2008.02.002
https://doi.org/10.7717/peerj.17496
https://doi.org/10.1371/journal.pone.0224903
https://doi.org/10.1128/aem.01324-25

	Molecular typing of Mycoplasma synoviae in industrial and backyard poultry: a 14-year study in Italy
	MATERIALS AND METHODS
	Sample collection and study area
	Mycoplasma synoviae isolation
	Nucleic acid extraction and identification
	Mycoplasma synoviae MLST
	Simpson’s index of diversity
	Minimum spanning tree analysis
	Phylogenetic analyses
	Genetic diversity indices

	RESULTS
	MLST analysis of Italian strains over time and across regions
	M. synoviae spread in Italian companies over time and across regions
	Backyard poultry farms collected in the Veneto region
	Phylogenetic analysis
	Genetic analysis

	DISCUSSION


