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ABSTRACT Mycoplasma pneumoniae is a major cause of community-acquired pneu-
monia. There are limited data in the United States on the molecular epidemiological
characteristics of M. pneumoniae. We collected 446 M. pneumoniae-positive speci-
mens from 9 states between August 2012 and October 2018. Culture, antimicrobial
susceptibility testing, P1 subtyping, and multilocus VNTR (variable-number tandem
repeats) analysis (MLVA) were performed to characterize the isolates. Macrolide-
resistant M. pneumoniae (MRMp) was detected in 37 (8.3%) specimens. P1 subtype 2
(P1-2) was the predominant P1 subtype (59.8%). P1 subtype distribution did not
change significantly chronologically or geographically. The macrolide resistance rate
in P1 subtype 1 (P1-1) samples was significantly higher than that in P1-2 (12.9% ver-
sus 5.5%). Six P1-2 variants were identified, including two novel types, and variant
2c was predominant (64.6%). P1-2 variants were distributed significantly differently
among geographic regions. Classical P1-2 was more frequent in lower respiratory
tract specimens and had longer p1 trinucleotide repeats. Classical P1-2 was most
common in MRMp (35.7%), while variant 2c was most common in macrolide-
susceptible M. pneumoniae (67.5%). Fifteen MLVA types were identified; 3-5-6-2
(41.7%), 4-5-7-2 (35.3%), and 3-6-6-2 (16.6%) were the major types, and four MLVA
clusters were delineated. The distribution of MLVA types varied significantly over
time and geographic location. The predominant MLVA type switched from 4-5-7-2 to
3-5-6-2 in 2015. MLVA type was associated with P1 subtypes and P1-2 variant types
but not with macrolide resistance. To investigate the M. pneumoniae genotype shift
and its impact on clinical presentations, additional surveillance programs targeting
more diverse populations and prolonged sampling times are required.

KEYWORDS Mycoplasma pneumoniae, genotype, macrolide resistance, P1, variant,
MLVA

Mycoplasma pneumoniae is a common bacterial pathogen in children, causing �8%
of community-acquired pneumonia (CAP), and is responsible for �2% of CAP in

adults during epidemic periods (1, 2). However, M. pneumoniae may cause up to 20 to
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40% of cases of CAP in the general population and 70% in closed populations during
epidemic periods that can occur every few years (3). M. pneumoniae can also cause
extrapulmonary manifestations, including encephalitis, Stevens-Johnson syndrome,
and hemolytic anemia.

Since 2010, M. pneumoniae outbreaks have been observed in Europe (3–5), the
Middle East, and Asia (6–11). Macrolides are the first-line treatments for M. pneumoniae
infections, but macrolide-resistant M. pneumoniae (MRMp) emerged in Japan in the
early 2000s and is currently found in Asia, Europe, and North America (12–14). The
resistance rate varies across regions, ranging from 1 to 30% in Europe to above 90% in
parts of Asia (11). In the United States, MR prevalence ranged from 8.2% to 13.2%
during 2006 to 2014 (15–17). A more recent surveillance across the United States found
an overall MR prevalence of 7.5%, with rates at individual locations ranging from 1.9%
to 21.7% (14).

M. pneumoniae genomes are extraordinarily similar and stable over time and
geographic distance (18). Genome clustering indicates that there are two major clonal
lineages (18, 19), corresponding to the two subtypes classified by variation in the P1
adhesin gene (20). Based on sequence differences in the two repetitive elements
(RepMP4 and RepMP2/3) in p1, M. pneumoniae can be divided into subtypes 1 (P1-1)
and 2 (P1-2). Variants of each subtype can be generated from homologous recombi-
nation of RepMP4 and RepMP2/3 elements within P1, with other repetitive elements
located across the genome (21). Other molecular typing methods, such as multilocus
variable tandem repeat analysis (MLVA) (22) and multilocus sequence typing (MLST)
(23), can also cluster M. pneumoniae isolates into different genotypes. However, the
relationship between M. pneumoniae epidemics and the molecular subtypes remains
unclear. Recent studies indicated that the incidence of MRMp is decreasing in some
Asian countries, concurrent with a shift in the predominant genotypes (24–30). In 2017,
the U.S. Centers for Disease Control and Prevention (CDC) sponsored a national
surveillance program to determine the prevalence of MRMp infections in the United
States between 2015 and 2018 (14). We performed molecular genotyping and clinical
character analysis on patients and samples collected in this study and extended the
genotyping back to 2012 by retrieving samples from a previous study targeting the
same geographic regions (17) and from existing laboratory collections at the UAB
Diagnostic Mycoplasma Laboratory.

MATERIALS AND METHODS
Clinical specimens and M. pneumoniae isolates. A total of 446 respiratory specimens were

collected between August 2012 and October 2018. Among them, 360 were from the CDC surveillance
program collected from 2015 to 2018 (14), 71 were from a previous study collected from August 2012
to April 2014 (17), and 15 were from routine laboratory accessions during the 7-year period. Each
specimen was from a unique patient. The geographic regions represented included nine U.S. states (AL,
CA, CO, IL, MO, NJ, NY, TX, and WA). Specimens included those from the upper respiratory tract (URT;
including nasopharyngeal or oropharyngeal swabs/aspirates, nasal aspirate/washes, midturbinate swabs,
and throat swabs), lower respiratory tract (LRT; including bronchoalveolar lavage [BAL] fluid, tracheal
aspirate, and sputum), and blood (see Table S1 in the supplemental material).

All specimens were tested by real-time PCR (31) using a Roche LightCycler 480 (Roche Diagnostics,
Indianapolis, IN) to verify the M. pneumoniae positivity and cultured using the SP4 broth-to-agar method
(32). Specimens were also tested by real-time PCR (33) to detect point mutations in the 23S rRNA gene
associated with MR (11, 33). Amplicons of the mutants were sequenced to determine the exact mutations
(14).

Antimicrobial susceptibility testing. The minimum inhibitory concentration (MIC) for erythromycin
was determined by standardized methods established by the Clinical and Laboratory Standards Institute
(CLSI). Erythromycin MICs of �1 �g/ml were considered resistant (34).

P1 subtyping. DNA from M. pneumoniae isolates and original specimens was purified using MagNA
Pure 2.0 (Roche Diagnostics, Indianapolis, IL). Portions of the P1 gene spanning the repetitive sequences
RepMP4 and RepMP2/3 were amplified using primer pairs ADH1/ADH2 (35) and Mp5f/M16r (36),
respectively. Conventional PCR was performed on the Veriti 96-well thermal cycler (Applied Biosystems,
Foster City, CA) with a 25-�l PCR volume containing 0.4 �mol/liter of each primer, 2.5 �l of 10�
AccuPrime Pfx reaction mix (Thermo Fisher, Fremont, CA), 0.5 U of AccuPrime Pfx DNA polymerase, and
2 �l of template DNA. Amplification conditions were 95°C for 2 min; 5 cycles of 95°C for 15 s, 60°C for 15
s, and 68°C for 2.5 min; and 40 cycles of 95°C for 15 s, 55°C for 15 s, and 68°C for 2.5 min. For samples
that failed the first amplification, nested PCRs were performed to assist the discrimination of P1 subtypes
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and variants. Nested primer pair Mp705/ADH3R was used for the ADH1/ADH2 amplicon; Mp11f/Mp14r
was for the Mp5f/Mp16r amplicon (36) (Table S2). Amplicons were sequenced by Sanger sequencing at
the UAB Heflin Genomics Center and analyzed using CLC Genomics Workbench 20 (Qiagen, Redwood
City, CA).

MLVA. The 4-locus MLVA typing scheme (Mpn13 to Mpn16) was used for this study (37). Conven-
tional PCR was carried out using primer pairs as published previously (22). Nested PCR was used for
samples that failed the first amplification (38). Amplicons were sequenced and analyzed as described
above.

Data analyses. Reference sequences of P1 subtypes and variants were downloaded from NCBI: P1
subtype 1 (P1-1, U00089.2:180858.185741, strain M129), P1 subtype 2 (P1-2, CP002077.1:179293-184197,
strain FH), variant 1 (AF290000.1), variant 2a (AP012303.1:179359-184257), variant 2b (AP017318.1:
179335-184254), variant 2bv (MK330954.1), variant 2c (AP017319.1:179294-184195), variant 2c2
(JN048894.1), variant 2d (EF656612.1), variant 2f (LC311244.1), and variant 2g (LC385984.1). There is
conflict in the description of variant 2e in previous reports (25, 39–41). Sequence MK330954.1 was
designated variant 2e (40) and is identical to the sequence reported as 2bv (41). Since this sequence is
very similar to variant 2b (with a 12-bp deletion), in this study, the MK330954.1 sequence is classified as
2bv. Variant 2e was renamed from V2d (strain Mp100) (25, 39). Since its sequence was not deposited in
public databases, the core corresponding sequence was extracted from the original reference and used
as reference 2e (39). Assembled P1 and MLVA sequences were aligned to the reference sequences for
comparison, and P1 subtypes, P1-2 variant types, and MLVA types were assigned to each specimen. The
copy number of the trinucleotide (AGT) VNTR within the P1 gene was also counted. MLVA typing data
were uploaded into the BioNumerics software 7.6 (Applied Maths, Austin, TX). A dendrogram was
generated based on the categorical coefficient and the algorithm of unweighted pair group method with
arithmetic mean (UPGMA). A cutoff value of 67% similarity was applied to define MLVA clusters.
Minimum spanning trees (MSTs) were constructed using the categorical coefficient and the priority rule
for standard MST with single- and double-locus variants. The discriminatory power was calculated using
the Hunter-Gaston diversity index (HGDI) (42).

Statistical analyses. Chi-square or Fisher’s exact test was used to analyze the correlation of
genotypes and their relationships with factors such as time, geographic region, specimen types, and MR
conditions. Student’s t test or one-way analysis of variance (ANOVA) coupled with Tukey’s honestly
significant difference (HSD) post hoc test was used to compare the mean p1 VNTR copy number in
different groups. A P value of �0.05 was considered statistically significant, except for the cases of
Bonferroni correction. SAS 9.4 (SAS Institute Inc., Cary, NC) and SPSS 26 (IBM Corp., Armonk, NY) were
used for statistical analysis.

Human subject considerations. Institutional Review Board approvals were obtained at UAB and all
clinical test sites. Any identifying information was removed from specimens before shipment to UAB.
Clinical data were entered electronically into a computerized database (REDCap) (43) and linked to
laboratory data only by study numbers.

Data availability. The partial sequences of the P1 gene of strain 72255 (P1-2 variant 2h) and strain
73192 (P1-2 variant 2i) were deposited in GenBank. The accession numbers are MT319404 (for strain
72255) and MT319405 (for strain 73192).

RESULTS
Specimens, M. pneumoniae culture, and antimicrobial susceptibility testing.

Among 446 specimens, 420 (94.2%) were URT and 24 (5.4%) were LRT (see Table S1 in
the supplemental material). The specimen proportions from different anatomic sites
varied significantly among regions and years (Table S3). More LRT specimens were
collected in the South/East (17/97, 17.5%) and in year 2014 (4/18, 22.2%) than in other
regions or years. There were 323 specimens successfully cultured, and MICs for eryth-
romycin were available for 317 isolates (Table 1). MICs ranged from 0.001 to �256 �g/
ml, with the majority (294 isolates, 92.7%) being less than 0.008 �g/ml. There were 23
(7.3%) isolates having a MIC of �8 �g/ml, corresponding to the PCR results detecting
23S rRNA gene mutations. A2063G (M. pneumoniae numbering, 32/37, 86.5%) was the
most common mutation detected in the 23S rRNA gene. The prevalence of MRMp by
PCR in the United States between 2012 and 2018 was 8.3% (37/446) and did not vary
with time (P � 0.651) (Table 1 and Fig. 1A). The MR rate decreased from 19.4% (19/98)
in the South/East (AL, NJ, and NY) to 2.5% (4/158) in the West (CA and WA) (P � 0.001)
(Fig. 1B). MR rate was also different among the states (P � 0.002) (Fig. 1C). NJ was
highest (5/23, 21.7%), while no resistance was observed in TX and CO. The MR rate in
LRT specimens (3/24, 12.5%) was higher than that in URT specimens (34/420, 8.1%),
without a significant difference (P � 0.439) (Table S3).

M. pneumoniae P1 subtyping. A total of 425 specimens were successfully analyzed
for P1 subtypes. P1-2 was the overall dominant subtype (254/425, 59.8%) (Table 1).
Overall distribution of P1 subtypes did not change significantly over the 7-year study
period (P � 0.587) (Fig. 1A). However, P1-1 was more common in 2012 and 2014. After
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2015, P1-2 became consistently dominant. In 2018, the proportion of P1-2 started to
decrease. The distribution did not vary significantly across the states (P � 0.197) (Fig.
1C) or the three general regions (P � 0.234) (Fig. 1B). The P1-2 proportion was highest
in CA (25/36, 69.4%), while P1-1 was slightly more common in AL (14/25, 56.0%) and NJ
(12/22, 54.5%). MR was more common in P1-1 (22/149, 12.9%) than in P1-2 (14/240,
5.5%; P � 0.012) (Fig. 2A). There was no significant difference in MR rates in P1 subtypes
over time, except in 2013 the MR rate was significantly higher in P1-1 (5/20, 25%) than
in P1-2 (1/30, 3.3%) (P � 0.032) (Fig. 2B). Within P1-1, the MR rate varied from 0% in TX
and CO to 33.3% (4/12) in NJ, 24.4% (10/41) in the South/East, and 5.5% (3/55) in the
West (Fig. 2A). The difference was significant only when considering the three general
regions (P � 0.02) (Fig. 2C). In P1-2, the MR rate varied from 0% in CA and TX to 18.2%
in AL (2/11) (Fig. 2A). The difference was significant across the states (P � 0.024) (Fig.
2A) and in the three general regions (P � 0.001) (Fig. 2C). In AL, the MR rate was
higher in P1-2 than that in P1-1 (2/12, 14.3%), which differed from other states (Fig.
2A). Although not significantly different, P1-1 (13/22, 59.1%) was more prevalent in
LRT specimens, while P1-2 was more common in URT specimens (245/401, 61.1%)
(P � 0.074) (Table S3).

P1 subtype variants. No P1-1 variants were detected. Six P1-2 variants, including
two novel types, 2h and 2i, were identified in the 254 successfully analyzed P1-2
samples (Table 1 and Fig. 3). There were 3 specimens identified as variant 2a or 2c
(2a/2c) due to failed amplification of the RepMP4 region. Overall, variant 2c was the
major P1-2 variant, comprising 64.6% (164/254) of all P1-2 samples, followed by
classical type 2 (38/254, 15.0%) and variant 2bv (20/254, 7.9%) (Table 1 and Fig. 3C). The
distribution of the variants changed temporally, with the difference approaching
significance (P � 0.058) (Fig. 3A). The proportion of variant 2c decreased from 85.7% to
50.0% from 2012 to 2014 and then slowly increased to 76.0% by 2018. The total
proportion of all other variants was below 20% during the study. The novel variants
were from two states: two variants of 2h were from NY, and one variant, 2i, was from
TX. Variant distribution was different across all states (P � 0.001) (Fig. 3B). The major
variant in AL was classical P1-2 (6/11, 54.5%) instead of 2c. Most of the states had 4 to

TABLE 1 Summary of P1 typing results and macrolide-susceptibility status of M. pneumoniae specimensa

Summary
parameter

Total no. of
specimens

No. of specimens for:

P1 subtype P1-2 variant MS MR

P1-1 P1-2 NT
Classical
2 2a 2a/2c 2b 2c 2bv 2h 2i

No.
Variants PCR Culture PCR Culture

Geographic
regions

AL 27 14 11 2 6 1 0 1 2 1 0 0 5 22 13 5 4
CA 36 11 25 0 1 0 2 2 18 2 0 0 24 35 23 1 1
CO 2 2 0 0 0 0 0 0 0 0 0 0 0 2 2 0 0
IL 58 19 36 3 4 1 1 0 26 4 0 0 32 52 40 6 3
MO 104 43 54 7 8 4 0 7 33 2 0 0 46 98 51 6 5
NJ 23 12 10 1 0 0 0 0 10 0 0 0 10 18 13 5 3
NY 48 15 29 4 9 0 0 1 16 1 2 0 20 39 28 9 4
TX 13 6 6 1 1 0 0 0 3 1 0 1 5 13 11 0 0
WA 122 44 77 1 9 1 0 7 52 8 0 0 68 119 106 3 2
Other 13 5 6 2 0 1 0 0 4 1 0 0 6 11 7 2 1
Total (%) 446 171 (40.2) 254 (59.8) 21 (4.7) 38 (15.0) 8 (3.1) 3 (1.2) 18 (7.1) 164 (64.6) 20 (7.9) 2 (0.8) 1 (0.4) 216 (85.0) 409 (91.7) 294 (92.7) 37 (8.3) 23 (7.3)

Year
2012 15 8 7 0 1 0 0 0 6 0 0 0 6 14 13 1 1
2013 52 20 30 2 6 1 0 4 17 2 0 0 24 46 37 6 5
2014 19 9 6 4 0 1 0 1 3 1 0 0 6 16 10 3 2
2015 121 48 69 4 9 2 1 10 41 6 0 0 60 115 77 6 2
2016 97 35 57 5 7 4 0 0 40 6 0 0 50 88 58 9 4
2017 92 30 58 4 11 0 2 3 38 2 2 0 47 85 63 7 6
2018 46 19 25 2 2 0 0 0 19 3 0 1 23 42 34 4 3
Year not

specified
4 2 2 0 2 0 0 0 0 0 0 0 0 3 2 1 0

Total 446 171 (40.2) 254 (59.8) 21 (4.7) 38 (15.0) 8 (3.1) 3 (1.2) 18 (7.1) 164 (64.6) 20 (7.9) 2 (0.8) 1 (0.4) 216 (85.0) 409 (91.7) 294 (92.7) 37 (8.3) 23 (7.3)

aNT, not typed; MS, macrolide susceptible; MR, macrolide resistant.
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5 variant types, while NJ only had one type, 2c. The variant distribution was also
different from the South/East to the West (P � 0.005) (Fig. 3B), and classical P1-2 was
significantly more common in the South/East (15/50, 30.0%). Between macrolide-
susceptible (MS) M. pneumoniae and MRMp groups, the variant distribution was
significantly different (P � 0.001) (Fig. 3C). Variant 2c was most common in MSMps
(158/234, 67.5%), while classical P1-2 was most common in MRMps (5/14, 35.7%). Both
2h variants (2/2, 100%) were MR. MR prevalence in different variants ranged from 0%
in 2i to 100% in variant 2h (2/2) (Fig. 3D), with the majority ranging from 10% to 13.2%
(2bv, 2b, 2a, and classical P1-2). MR in variant 2c was very low (2/164, 1.2%). P1-2
variants were distributed significantly differently in URT and LRT specimens (Table S3)
(P � 0.026). Classical P1-2 was significantly more common in LRT specimens (5/9,
55.6%).

Both variants 2h and 2i had the element g (RepMP4-g) sequence in the RepMP4
region, which was the same as variants 2c and 2f (21, 25) (Fig. S1; GenBank accession
numbers MT319404 [2h] and MT319405 [2i]). In the RepMP2/3 region, variant 2h had a
70-bp fragment (corresponding to nucleotides 2742 to 2799 in FH P1 gene), probably
from homologous recombination with element b (RepMP2/3-b), although there are
minor mismatches between these sequences, while variant 2i contained a 187-bp
fragment (corresponding to nucleotide 2730 to 2901 in FH P1 gene) from homologous
recombination with element j (RepMP2/3-j).

p1 VNTR. Among the 274 specimens available for P1 VNTR analysis, the copy
number ranged from 5 to 21, with a mean of 7.8 � 1.9 and a median of 7.0 (interquartile
range, 2.0) (Table 2). There was no significant difference in the mean copy numbers
among regions, years, specimen types, MR conditions, and P1 subtypes, except P1-2
variants (P � 0.01). Classical P1-2 had longer VNTRs (mean, 8.6 � 1.0; median, 8.0) than

FIG 1 P1 subtype and MRMp distribution. (A) Distribution of P1 subtypes (P � 0.587) and MRMp (P � 0.651) over time. (B) Distribution of P1 subtypes (P � 0.234)
and MRMp (P � 0.001) in the South/East (S-E), Midwest (MID), and West regions of the United States. (C) Distribution of P1 subtypes (P � 0.197) and MRMp
(P � 0.008) in different states. An asterisk indicates significant difference after Bonferroni correction.
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variants 2a and 2c (mean, 7.5 � 1.6; median, 7.0). Considering the distribution, signifi-
cant differences were noticed among specimen types, P1 subtypes, and P1-2 variant
groups (Table S4 and Fig. S2). The specimen with the longest VNTR (21 copies) was from
LRT. The most common VNTR copy number in P1-1 was 9 (22/101, 21.8%); in P1-2, the
number was 7 (56/173, 32.4%). The shortest VNTR (5 copies) was significantly more
prevalent in P1-1 (9/101, 8.9%) than P1-2 (1/173, 0.6%). The HGDI of p1 VNTR on the
typed specimens was 0.8194.

MLVA typing. There were 428 specimens successfully analyzed for MLVA types, and
15 MLVA types were identified (Table 3). The HGDI of the MLVA typing scheme in these
specimens is 0.6742. The major MLVA types were 3-5-6-2 (179/428, 41.8%), 4-5-7-2
(151/428, 35.3%), and 3-6-6-2 (71/728, 16.6%). The 428 specimens were clustered into
2 major lineages or 4 MLVA clusters (MCs) and one singleton based on a cutoff value
of 67% genetic similarity (Fig. 4A and Fig. S3). The biggest cluster was MC3, consisting
of 252 (58.9%) specimens and 4 MLVA types featuring 3-X-6-X. MC1 had 160 (37.4%)
specimens and 6 MLVA types, with 4-5-7-2 most frequently identified. MC4 was the
transitioning cluster located between MC1 and MC3, consisting of 2 MLVA types
(3-5-7-2 and 3-6-7-2). MC2 was branched from MC1, containing MLVA types 4-5-7-3 and
4-4-7-3. The singleton MLVA type 3-5-7-1 was branched from MC4.

The distribution of MLVA types changed significantly over time (P � 0.01) (Fig. 5A).
MLVA type 4-5-7-2 was predominant before 2015. After 2015, the predominant MLVA
type switched to 3-5-6-2. The percentage of MLVA type 3-6-6-2 was constant over the
surveillance period. The aggregate of other MLVA types was less than 10%, except in
2012, in which the combined total was approximately 20%. The distribution of MLVA
types also differed geographically (P � 0.05) (Fig. 4A and 5B). While MLVA type 3-5-6-2
was predominant overall, type 4-5-7-2 was more common in four states (MO, TX, AL,
and CO). The number of MLVA types in each state was different. WA had the most types

FIG 2 Macrolide resistance in P1 subtypes (P � 0.012 overall). (A) Macrolide resistance in P1-1 (P � 0.165) and P1-2 (P � 0.024) subtypes in different states. (B)
Macrolide resistance rate in P1-1 (P � 0.330) and P1-2 (P � 0.830) subtypes over time. (C) Macrolide-resistant rate in P1-1 (P � 0.02) and P1-2 (P � 0.001) in the
South/East (S-E), Midwest (MID), and West regions of the United States. An asterisk indicates significant difference (P � 0.05 after Bonferroni correction).
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(nine), while CO had only one. There was no difference in the distribution of MLVA
types among the three major regions (P � 0.211) or between URT and LRT specimens
(P � 0.792) (Table S3).

MLVA types were significantly associated with P1 subtypes (P � 0.001) (Table 4, Fig.
4B, and Fig. S3). The two major MLVA cluster lineages represented P1-1 and P1-2
subtypes (Fig. S3). MLVA types 4-5-7-2 (146/169, 86.4%) and 4-5-7-3 (7/169, 4.1%)
constituted over 90% of all MLVA types in P1-1, and all of the 169 P1-1 specimens are
in MLVA clusters MC1, MC2, and MC4 (Fig. 4B). On the other hand, MLVA types 3-5-6-2
(176/247, 71.3%) and 3-6-6-2 (69/247, 27.9%) predominated in P1-2, and all 247 P1-2
specimens are in MLVA cluster MC3 (Fig. 4B). More MLVA types were found in P1-1 than
in P1-2 (10 versus 4). Within P1-2, the variant types were also significantly associated

FIG 3 P1-2 variant distribution. (A) P1-2 variant distribution over time (P � 0.058). (B) P1-2 variant distribution in states (P � 0.001) and in the South/East,
Midwest, and West regions (P � 0.005) of the United States. (C) P1-2 variant distribution in overall P1-2 specimens, macrolide-susceptible and macrolide-
resistant (P � 0.001) specimens. (D) Macrolide-resistance rate in P1-2 variants (P � 0.001). An asterisk indicates significant difference after Bonferroni correction.
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with MLVA types (P � 0.001) (Table 5 and Fig. 4C). Variant 2c was predominant in MLVA
type 3-5-6-2 (157/176, 89.2%). The classical type 2 (32/69, 46.4%), 2b (17/69, 24.6%), and
2bv (19/69, 27.5%) were the major variants in MLVA type 3-6-6-2. The mean copy
number of p1 VNTR was different among the MLVA groups (P � 0.012) (Table 2). MLVA
type 3-5-6-2 (mean, 7.5 � 1.6; median, 7.0) had fewer copies than 3-6-6-2 (mean, 8.5 � 1.9;
median, 8.0). The distribution of the p1 VNTR was also significantly different among the
MLVA types (P � 0.001) (Table S4 and Fig. S2C).

There were 5 MLVA types (3-5-6-2, 3-6-6-2, 3-5-7-2, 4-5-7-2, and 4-6-7-2) in MRMp,
while all 15 types were present in MSMp (Fig. 6A). MLVA type 4-5-7-2 was most
common in MRMp (21/36, 58.3%), and 3-5-6-2 was most prevalent in MSMp (171/392,
43.6%). In other words, MR prevalence was higher in MLVA type 4-5-7-2 (21/151, 13.9%)
than in 3-6-6-2 (5/71, 7.0%) and 3-5-6-2 (8/179, 4.5%). However, there was no significant

TABLE 2 Comparison of the means of the P1 VNTR copy numbersa

Categoryb No. of specimens

Copy no.

P valueMean � SD Median Range

All specimens 274 7.9 � 1.9 7.0 5–21

Region 0.17
South/East 66 8.2 � 2.6 7.0 5–21
Middle 85 7.8 � 1.7 8.0 5–14
West 119 7.7 � 1.6 7.0 5–14
Total 270 7.9 � 1.9 7.0 5–21

Year 0.665
2012 3 8.0 � 1.7 7.0 7–10
2013 15 7.6 � 2.0 7.0 6–14
2014 5 7.6 � 2.1 7.0 6–11
2015 80 7.8 � 1.3 8.0 5–11
2016 60 7.9 � 1.5 8.0 5–13
2017 71 7.5 � 1.8 7.0 5–14
2018 38 8.2 � 2.6 7.0 5–14
Total 272 7.8 � 1.8 7.0 5–14

Specimen type 0.478
URT 263 7.8 � 1.8 7.0 5–14
LRT 11 8.8 � 4.5 8.0 5–21
Total 274 7.8 � 1.9 7.0 5–21

MR mutation 0.897
MR 19 7.9 � 1.8 8.0 5–12
WT 255 7.9 � 2.0 7.0 5–21
Total 274 7.9 � 1.9 7.0 5–21

P1 subtype 0.21
P1-1 101 8.1 � 2.2 8.0 5–21
P1-2 173 7.7 � 1.7 7.0 5–14
Total 274 7.9 � 1.9 7.0 5–21

P1-2 variant 0.01
Classical 2* 27 8.6 � 1.0 8.0 6–13
2a and 2c* 123 7.5 � 1.6 7.0 5–14
2b and 2bv 20 8.2 � 1.8 8.0 6–12
2h and 2i 3 7.0 � 1.7 6.0 6–9
Total 173 7.7 � 1.7 7.0 5–14

MLVA type 0.012
3-5-6-2# 126 7.5 � 1.6 7.0 5–14
3-6-6-2# 46 8.5 � 1.9 8.0 6–13
4-5-7-2 88 8.1 � 2.2 8.0 5–21
Others 14 7.9 � 2.5 7.5 5–14
Total 274 7.9 � 1.9 7.0 5–21

aURT, upper respiratory tract; LRT, lower respiratory tract; MR, macrolide resistance; WT, wild type.
b“*” and “#” indicate significant difference between the groups.
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association between MR and MLVA type (P � 0.286). MR prevalence in MLVA type
4-5-7-2 and 3-5-6-2 was different among the states (P � 0.044 and 0.001, respectively)
(Fig. S4). MR 4-5-7-2 was found in all states except TX and CO and was more common
in NJ and NY (4/9, 44.4% and 4/14, 28.6%). MR 3-5-6-2 was found in only 3 states, NY
(5/22, 22.7%), NJ (1/10, 10.0%), and IL (1/28, 3.6%). The prevalence of MR in MLVA types
4-5-7-2 and 3-5-6-2 was also different from the South/East to the West (P values of 0.004
and �0.001, respectively) (Fig. 6B). The MR rate in MLVA type 4-5-7-2 was 30.3% (10/33),
11.4% (8/70), and 4.5% (2/44) in the South/East, Midwest, and West, respectively; for
MLVA type 3-5-6-2, the prevalence in the same regions was 16.4% (6/37), 1.4% (1/69),
and 0.0% (0/68), respectively.

DISCUSSION

This study analyzed the molecular characteristics of 446 M. pneumoniae specimens
collected in the United States from 2012 to 2018. Results showed that P1-2 was the
major P1 subtype (59.8%), and six P1-2 variants were identified, with variant 2c being
predominant (64.6%). Among 15 MLVA types, 3-5-6-2 (41.7%) was the most common
type. The predominant MLVA type switched from 4-5-7-2 to 3-5-6-2 in 2015. Distribu-
tion of P1-2 variants and MLVA types varied geographically. MR was significantly more
common in P1-1. MLVA type was associated with P1 subtypes and P1-2 variant types
but not with MR.

Both P1 subtypes occurred in the United States during 2012 to 2018, and P1-2 was
slightly predominant (59.8%). This result contrasts somewhat with the previous obser-
vation that P1-1 was the major M. pneumoniae subtype (57%) in the United States from
2006 to 2013 (16). However, this report also noted that the proportion of P1-1 was
starting to decrease between 2011 and 2013 (16). This difference probably reflects the
natural shifting of P1 subtypes during the two investigational periods. Kenri et al.
reported that a type shift phenomenon occurs every 8 to 10 years, and a shift from one
type to another required a transition period of 2 to 3 years in Japan (44). Similarly, in
this study, there was a transitional stage between 2012 and 2014 before P1-2 stabilized
as the predominant subtype (Fig. 1A). Other reports have indicated that there has been
a recent subtype shift occurring worldwide beginning around 2013: a shift from P1-1 to
P1-2 in China (45, 46), Japan (25, 47, 48), and South Korea (28) and a shift from P1-2 to
P1-1 in Slovenia (49). Although P1-2 was predominant overall in this study, it never
achieved absolute predominance (i.e., �90%) as in the previous shifts in Asia (44, 46).

TABLE 3 Summary of MLVA types

Summary parameter
No. of
specimens

No. of MLVA type:

2-5-7-2 3-5-6-1 3-5-6-2 3-5-6-3 3-5-7-1 3-5-7-2 3-6-6-2 3-6-7-2 4-4-7-3 4-5-3-2 4-5-7-2 4-5-7-3 4-5-8-2 4-6-7-2 5-5-7-2 NTa

Geographic region
AL 27 0 0 5 0 0 0 6 1 0 0 10 2 0 1 0 2
CA 36 0 0 17 0 0 0 5 0 0 0 7 1 2 0 0 4
CO 2 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0
IL 58 0 0 28 0 0 0 8 0 0 0 18 0 1 0 0 3
MO 104 0 0 37 0 0 0 17 0 2 0 44 1 0 0 1 2
NJ 23 0 0 10 0 0 1 0 1 0 1 9 0 0 0 0 1
NY 48 0 0 22 0 1 0 10 0 0 0 14 0 0 1 0 0
TX 13 0 0 4 0 0 0 2 0 0 0 6 0 0 0 0 1
WA 122 0 1 51 1 0 2 22 1 0 0 37 3 0 1 0 3
Other 13 1 0 5 0 0 0 1 0 0 0 4 0 0 0 0 2
Total (%) 446 1 (0.2) 1 (0.2) 179 (41.8) 1 (0.2) 1 (0.2) 3 (0.7) 71 (16.6) 3 (0.7) 2 (0.5) 1 (0.2) 151 (35.3) 7 (1.6) 3 (0.7) 3 (0.7) 1 (0.2) 18 (4.0)

Year
2012 15 0 1 5 0 0 0 1 0 0 0 6 1 0 0 1 0
2013 52 0 0 16 0 0 1 12 0 0 0 19 0 0 0 0 4
2014 19 1 0 5 0 0 0 2 0 0 0 8 0 0 0 0 3
2015 121 0 0 45 0 0 0 22 0 0 0 45 3 1 1 0 4
2016 97 0 0 44 0 1 0 13 1 2 0 30 2 0 1 0 3
2017 92 0 0 43 1 0 1 15 1 0 0 26 1 1 1 0 2
2018 46 0 0 20 0 0 1 5 1 0 1 15 0 1 0 0 2
Year not specified 4 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 0
Total (%) 446 1 (0.2) 1 (0.2) 179 (41.8) 1 (0.2) 1 (0.2) 3 (0.7) 71 (16.6) 3 (0.7) 2 (0.5) 1 (0.2) 151 (35.3) 7 (1.6) 3 (0.7) 3 (0.7) 1 (0.2) 18 (4.0)

aNT, not typed.
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Both subtypes circulated in the communities in a comparable ratio across the country
for several years. Similarly, in France, after a subtype shift from P1-1 to P1-2 in 1996 to
1997, both subtypes were present in about the same proportion from 1998 to 2006
(50). In Germany, both subtypes were circulating without a clear trend of dominance
between 2003 and 2012 (3). Cocirculation of both subtypes with a comparable ratio
may be due to herd immunity. The proportion of immunity to the dominant and
nondominant strains may be similar in situations where there is no clear predominance
of either. Recently, a mathematical model for two strains of comparable activity levels
that cocirculate within a network-structured population has been proposed that may
explain this phenomenon (51). In this model, strain dominance alternates and oscillates
during the epidemic cycle without a complete replacement of one particular strain.
Interestingly, Zhao et al. reported from Beijing that after the subtype shift from P1-1 to
P1-2 in 2013, the ratio of the two subtypes did not increase as quickly as expected but
slowly reached near equivalence during 2014 to 2016 (27). A similar trend was also
observed in Japan (25). In this study, after dominating for 4 years, the proportion of
P1-2 appeared to decrease in 2018. We predict that the dominant P1 subtype in the
United States will shift from P1-2 to P1-1 beginning in 2018 and that the continuing
shift will last for several years without establishing an absolute dominance of P1-1.

This study identified six P1-2 variants. P1 subtype variants (1a, 2a-c, 2c2, and 2d to
g) have been reported from different regions since 1999 (25, 36, 39, 40, 50, 52–55).
Studies have revealed that P1-2 variants have been evolving for years (25, 28, 40,
44–46). P1-2 variants were rare before early 2000s (40, 44, 56). Subsequently, the

FIG 4 Minimum spanning tree (MST) of the 428 M. pneumoniae strains based on MLVA types. The MLVA data were analyzed by BioNumerics. Clustering of MLVA
profiles was done using a categorical coefficient. Each circle represents one MLVA type and the size of the circle is proportional to the number of isolates. Each
line represents one allelic change and the distance between MLVA types corresponds to the total length of lines. (A) MST with colors based on the states. Circles
with dashed lines delineate MLVA clusters (MCs). (B) MST with colors based on P1 subtypes. (C) MST with colors based on P1-2 variants.
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proportion of variants increased, and the classical P1-2 strain was nearly replaced by
variants after 2010. Variant 2a was first reported in 1999 in Japan and became the major
P1-2 variant for several years in Asia, but it persisted longer in some European countries
(28, 40, 52, 57–59). Variant 2b was first found in 2004 in Germany (36) but did not
prevail in Asia (60). Variant 2c was identified in Europe and China around 2010 to 2011
(54, 55, 61) and has become the major P1-2 variant since then in almost all regions (24,
25, 28, 40, 56, 62). In this study, 2c was the major variant (64.6%) from 2012 to 2018,

FIG 5 MLVA types. (A) MLVA type distribution over years (P � 0.01). (B) MLVA type distribution in different states (P � 0.05). An asterisk indicates significant
difference after Bonferroni correction.

TABLE 4 Distribution of MLVA types within P1 subtypes

P1 subtype and MLVA typea No. of specimens Percentage

P1-1 (n � 169)
2-5-7-2 1 0.6
3-5-7-2 3 1.8
3-6-7-2 3 1.8
4-4-7-3 2 1.2
4-5-3-2 1 0.6
4-5-7-2* 146 86.4
4-5-7-3* 7 4.1
4-5-8-2 3 1.8
4-6-7-2 2 1.2
5-5-7-2 1 0.6

P1-2 (n � 247)
3-5-6-1 1 0.4
3-5-6-2* 176 71.3
3-5-6-3 1 0.4
3-6-6-2* 69 27.9

aValues marked by asterisks are significant after Bonferroni correction.
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followed by the classical P1-2 (15.0%). This is consistent with the prevalence trends of
P1-2 variants in other regions of the world during this period. No P1-1 variants were
identified in this study, which is also in agreement with only rare reports of P1-1
variants in the past (53). Thus, it appears that P1-2 may be more prone to homologous
recombination in RepMP4 and RepMP2/3 loci, whereas P1-1 keeps a relative stable
structure in these two loci. The molecular mechanisms behind this phenomenon merit
further investigation. Along with the shift of dominance of P1-2 strains, we expect that
more new P1-2 variants will emerge. In this study, two novel P1-2 variants, 2h and 2i,
were identified from recent samples (2017 and 2018, respectively). With this obvious
change in P1-2 variants, we wonder whether and/or how the change of the P1-2
variants will affect population immunity and eventually shape the pattern of subtype
shift.

The MLVA typing scheme for molecular epidemiological analysis of M. pneumoniae
has been standardized since its initial development (22, 37, 63). When data from
previous studies were reanalyzed using the amended 4-locus typing scheme, three
major MLVA types, 4-5-7-2, 3-5-6-2, and 3-6-6-2, were found to have been circulating
worldwide from 1962 to 2012 (37, 64). These three major MLVA types were also
identified during 2006 to 2013 in the United States: 4-5-7-2 (54%), 3-5-6-2 (32%), and
3-6-6-2 (11%) (16). In this study period (2012 to 2018), the three MLVA types were still
dominant but the proportions changed: 4-5-7-2 (35.3%), 3-5-6-2 (41.8%), and 3-6-6-2
(16.6%). Since 2011 to 2014, the proportion of MLVA type 4-5-7-2 has been changing
in two directions worldwide, increasing in some European countries (40, 49, 65) and
decreasing in Japan and China (24, 30, 62). This change corresponded to the P1 subtype
shift in these regions. In this study, MLVA type 4-5-7-2 predominated before 2015; after
2015, MLVA type 3-5-6-2 took its place. This trend also mirrors that of the P1 subtype
change in this country (Fig. 1A and 5A). Actually, the correlation between the MLVA
types and P1 subtypes has been observed in the United States (16), Asia (24, 26, 30, 46,
66), and Europe (40, 49). We also found a significant association between P1 subtype
and MLVA type: the two major MLVA lineages corresponded to the two P1 subtypes;
all P1-1 specimens were in MLVA clusters MC1, MC2, and MC4, and all P1-2 specimens
were in MLVA cluster MC3 (Table 4, Fig. 4B, and Fig. S3).

A correlation between P1-2 variants and MLVA type was also identified in this study:
variants 2a and 2c were mainly MLVA type 3-5-6-2, with a few exceptions; all 2b and 2bv
variants were MLVA type 3-6-6-2, and the classical type 2 was mainly MLVA 3-6-6-2
(32/38, 84.2%) (Table 3 and Fig. 4C). This observation is similar to the report from Suzuki
et al. (30). There were more MLVA types found in P1-1 than in P1-2 (10 versus 4),

TABLE 5 Distribution of P1-2 variants within MLVA types

MLVA type and P1-2 varianta No. of specimens Percentage

3-5-6-1 (n � 1)
2c 1 100.0

3-5-6-2 (n � 176)
2 6 3.4
2a 8 4.5
2a/2c 2 1.1
2c* 157 89.2
2h 2 1.1
2i 1 0.6

3-5-6-3 (n � 1)
2c 1 100.0

3-6-6-2 (n � 69)
2* 32 46.4
2b* 17 24.6
2c 1 1.4
2bv* 19 27.5

aValues marked by asterisks are significant after Bonferroni correction.
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suggesting that P1-1 is more genetically heterogeneous than P1-2. On the other hand,
within P1-2, the number of variant types is greater than that of MLVA types (7 versus
4), suggesting that P1 variant typing is more discriminating than MLVA typing for
subclassification of P1-2 (HGDI of 0.5397 versus 0.4159). The biological meaning/signif-
icance of the differing P1 subtype/variants and MLVA types is still unexplored.

We also observed sequence variation in the tandem repeats in locus Mpn13 in one
specimen (AccN 72112, TATTATAGTCTATATATTATATATAGTCCTTATTAATAACTATTTTT
AT). The identity between the tandem repeats was not high (83%) in this locus in the
original report (22). This observed variation suggests that this locus is still under some
modifications.

The p1 AGT trinucleotide repeat variation is significantly associated with P1 sub-
types, P1-2 variants, and MLVA types in this study. To our knowledge, this is the first
observation of such an association. Some previous studies and our comparative
genomics study have identified the p1 VNTR, but no association with certain genotypes
was noticed (18, 55, 67). The association with the P1 subtype might be fundamental to
other relationships, as the two P1 lineages are conserved in evolution (18) and MLVA
types are correlated with P1 subtypes and P1-2 variant types. In 25 specimens, mixed
multiple copy numbers were identified (data not shown), suggesting a common and
fast-evolving event happened in this locus. The encoded serine repeat in the P1 protein
might be involved in protein conformation changes and glycosylation modifications
that affect P1 function (18). It would be interesting to investigate whether p1 VNTR is
correlated with strain pathogenicity.

FIG 6 Macrolide resistance in MLVA types. (A) The overall distribution of MLVA types in MR and MS specimens (P � 0.286). (B) MR and MS specimens in MVLA
types 4-5-7-2 (P � 0.004), 3-5-6-2 (P � 0.001), and 3-6-6-2 (P � 0.182) in the South/East, Midwest, and West regions of the United States. An asterisk indicates
significant difference after Bonferroni correction.
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This study found that MR was associated with the P1-1 subtype; within P1-2 variants,
MR was associated with the classical P1-2. However, we did not find a significant
association of MR with MLVA types, which was the same as the conclusion in a previous
study in the United States (16) but not as those in Asia (30, 46, 68, 69). We noticed that
the MR rate within the P1-1 subtype was decreasing from the South/East (24.4%) to the
West (5.5%), corresponding to the antimicrobial prescription rates in these regions (14).
This observation suggests that development of MR is due to selection of resistant
strains under antimicrobial pressure rather than specific genotypes. This agrees with
the analysis from Suzuki et al. (30). Given the same antimicrobial pressure, we expect
that both subtypes have the same potential to develop resistance. It is noted that in AL,
the MR prevalence in P1-2 (18.2%) was higher than that in P1-1 (14.3%). With the type
shift from P1-1 to P1-2 in the United States, there will be more P1-2 strains exposed to
macrolides. We expect that MR prevalence in P1-2 will increase in the near future.

We also noticed that specimen types affect the distribution of P1-2 variants and p1
VNTR types but not P1 subtypes and MLVA types. LRT and URT specimen proportions
were significantly different among collection sites and years. These factors could be the
confounders in the analysis of the M. pneumoniae genotypes. On the other hand, M.
pneumoniae identification in LRT or URT might be related to differing strain virulence;
thus, a correlation with certain genotypes could truly exist.

Overall, this study revealed that the molecular genotypes of M. pneumoniae be-
tween 2012 and 2018 in the United States are diverse and evolving. Certain correlations
within M. pneumoniae genotypes were observed. Continued longitudinal prospective
monitoring of M. pneumoniae in more locations in the United States is suggested.
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