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To characterize Mycoplasma pneumoniae (MP) strains and to clarify the continuous high
rates of macrolide resistance, 1,524 oropharyngeal swabs collected from children in
Beijing Children’s Hospital infected with MP during 2016-2019 were analyzed. Among the
1,524 samples, 1,386 harbored mutations associated with macrolide resistance; 1,049
samples were successfully classified into 11 genotypes using multiple locus variable-
number tandem-repeat analysis (MLVA). The proportion of the predominant type, M4572,
decreased from 84.49 to 70.77% over the time period examined, while that of M3562
increased from 11.63 to 24.67%. Notably, we also found that the frequency of macrolide
resistance in M3562 drastically increased, from 60% in 2016 to 93.48% in 2019. Clinical
data suggested that the frequency of resistant M3562 was higher in the macrolide usage
group than in the nondrug usage group (90.73 vs 53.57%, P<0.0001), while the
resistance rate of M4572 was not substantially affected by previous macrolide
exposure. These findings validated that antimicrobial application and clonal expansion
of resistant MP strains play important roles in the high rates of macrolide resistance.

Keywords: Mycoplasma pneumoniae, macrolide resistance, genotype, disease severity, pediatrics
INTRODUCTION

Mycoplasma pneumoniae (MP) is an established causative agent of respiratory infection, accounting
for 20-40% of community-acquired pneumonia cases in pediatric patients (Qian and Wei, 2016;
Gao et al., 2019). The clinical manifestations of MP infection are highly variable, ranging from mild
respiratory infection symptoms to severe pneumonia, as well as extrapulmonary complications that
can be fatal in some circumstances.

Macrolides are recommended as the first-choice antibiotics for Mycoplasma pneumoniae
pneumonia (MPP) treatment in children, as alternative antibiotics such as tetracycline and
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quinolone are not commonly recommended for use in children
(Bradley et al., 2011; The Committee of Japanese Society of
Mycoplasmology, 2014; Respiratory Branch of Chinese Pediatric
Society of Editorial Board of Chinese Journal of Applied Clinical
Pediatrics, 2015; Pneumonia (community-acquired):
antimicrobial prescribing, 2019). However, macrolide-resistant
MP (MRMP) strains have emerged since 2000 and are increasing
rapidly worldwide, with high rates of resistance of approximately
80-90% witnessed in Asia, especially in China and Japan (Zhao
et al., 2012; Kawai et al., 2013). Notably, Japan witnessed a
remarkable reduction in macrolide resistance after 2011-2012
when an outbreak of MP infection was observed (Okada et al.,
2012), and the MRMP rates even dropped to 11.3% during 2018-
2019 (Morozumi et al., 2020). In contrast, the proportion of
MRMP was maintained at a high level during 2013-2018 in
China (Xue et al., 2018; Yan et al., 2019; Zhao et al., 2019). Owing
to the limited drugs available for MPP treatment in children, the
emergence of MRMP strains makes the treatment more
complicated in pediatric patients. Given that MRMP strains
dominate in China and complicate the treatment in children,
further investigations are warranted to continuously monitor the
incidence of MRMP strains and to identify factors contributing
to high rates of macrolide resistance.

Multiple locus variable-number tandem-repeat analysis
(MLVA), a genotyping method with a more powerful
discriminatory ability than previous typing methods based on
the P1 gene, provides the best way to characterize strains isolated
during infection and to investigate the correlation between
genotypes and drug resistance. Previous studies have
established an association between macrolide resistance and
specific MLVA genotypes (Zhou et al., 2014; Zhao et al., 2019),
while related research is relatively limited, and further
explorations are needed. In addition, macrolide usage has also
been reported to be correlated with drug resistance (Morozumi
et al., 2008; Lee et al., 2018).

In this report, MLVA typing was conducted to characterize
MP strains in clinical specimens collected from children who
were enrolled in Beijing Children’s Hospital from 2016 to 2019
and diagnosed with MPP, and to analyze the relationship
between macrolide resistance and specific genotypes. Then, to
better understand consistently high rates of drug resistance,
clinical information on macrolide usage prior to hospital
admission was extracted from medical records and analyzed.
MATERIALS AND METHODS

Patients and Clinical Specimens
A total of 1,524 oropharyngeal swabs, obtained from hospitalized
children diagnosed with MPP in Beijing Children’s Hospital
between January 2016 and September 2019, were analyzed. Most
of the patients were living in northern China. MPP was
diagnosed using the following criteria: symptoms of acute
fever, cough, and other respiratory manifestations; rales on
auscultation; changes of consolidation, infiltration and
interstitial on chest radiograph; and positive PCR results for
MP. Severe MPP (SMPP) was defined as MPP with one of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
following characteristics (Subspecialty Group of Respiratory
Diseases. The Society of Pediatrics, 2013): (1) poor general
condition; (2) increased breathing rate; (3) cyanosis and
dyspnea; (4) infiltration involving multiple lobes or ≥2/3 of the
lung; (5) transcutaneous oxygen saturation ≤92% in room air; and
(6) extrapulmonary complications. Repeated specimens collected
from the same patient were excluded from the study. All samples
collected in this study were part of the routine engagement of
patients without additional collection. Information on
demographic characteristics, prehospital macrolide usage, and
disease severity was gathered from the clinical records.

This study was approved by the Beijing Children’s Hospital
Ethics Committee. Informed consent for participation in the
study was obtained from the patients or the guardians.

Identification of MP and Macrolide
Resistance-Associated Mutations in
Domain V of 23S rRNA
Real-time PCR testing was initiated by clinicians to identify the
presence of MP and MRMP using a Mycoplasma pneumoniae
and macrolide-resistant isolates diagnostic kit (Mole, Jiangsu,
China) as described previously (Feng et al., 2016). In brief, the P1
gene was detected by a real-time PCR assay to confirm MP
infection, and domain V of 23S rRNA in MP was detected to
identify mutations responsible for macrolide resistance. MP-
positive DNA remnants were stored at -80°C for further
MLVA typing analysis.

MLVA Typing
MLVA genotyping was conducted based on a previously described
culture-independent method with slight modifications (Dumke
and Jacobs, 2011). Briefly, nested PCR was conducted using
previously published primers, targeting the four selected variable-
number tandem-repeat (VNTR) loci (Mpn13, Mpn14, Mpn15,
Mpn16) (Dumke and Jacobs, 2011; Yan et al., 2014). Then, the
PCR products were sequenced and the VNTR copy numbers were
calculated to define the MLVA types (Degrange et al., 2009).

Statistical Analysis
SPSS Statistics forWindows (version 23.0) was used for statistical
analysis. Chi-square or Fisher’s exact test was used for categorical
analysis, and Student’s t test was used for continuous data. A p
value of < 0.05 was considered significant.
RESULTS

General Information of the Patients
A total of 1,524 patients diagnosed with MPP by real-time PCR
were enrolled in the study. The proportions of patients with MPP
by year were as follows: 16.67% in 2016, 23.16% in 2017, 30.58%
in 2018, and 29.59% in 2019. The average age of the patients was
6.83 years; 15.35% (234/1,524) of the patients were, aged ≤3
years, 17.26% (263/1,524) were aged 3-5 years, 62.99% (960/
1,524) were aged 5-12 years, and 4.40% (67/1,524) were aged 12-
18 years. MPP was more prevalent among children 5-12 years of
age than among other age groups. Overall, 54.07% (824/1,524) of
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the participants were male, and 45.93% (700/1,524) were female,
with a female to male ratio of 1.18 (Table 1).

Detection of Macrolide Resistance-
Associated Mutations in the 23S
rRNA Gene
Macrolide resistance detection was successfully conducted for all
1,524 MP-positive specimens. Overall, 90.94% (1,386/1,524) of
the MP samples were macrolide-resistant (MRMP), and 9.06%
(138/1524) were macrolide-sensitive without mutation (MSMP).
The annual prevalence of MRMP was as follows: 88.19% (224/
254) in 2016, 90.93% (321/353) in 2017, 90.56% (422/456) in
2018, and 92.9% (419/451) in 2019.

MLVA Typing
Of 1,524 clinical samples with MP infection, 475 specimens were
unable to be profiled by MLVA, because some essential
amplicons corresponding to target genes were not obtained for
MLVA genotyping. Thus, 1,049 clinical samples were
successfully analyzed by the MLVA method, and 11 different
types, including M4572, M3562, M3572, M3662, M4472, M4552,
M4562, M4571, M4573, M4662, and M4672, were generated.
The distribution characteristics of the MLVA types are shown in
Figure 1. Two MLVA types, including M4572 (79.31%, 832/
1,049) and M3562 (17.35%, 182/1,049), were predominant and
constantly present during the period of this study. Other rare
genotypes identified by MLVA only accounted for 3.35% of the
total (Table 2). Stratified by year, M3562 type significantly
increased from 11.63% in 2016 to 24.67% in 2019 (P<0.0001),
whereas the M4572 type declined from 84.49% to 70.77% in the
same time frame (P<0.0001) (Figure 1).

Relationship Between Macrolide
Resistance-Associated Mutations and
MLVA Types
Of the eleven identifiedMLVA types, ten and five were found in the
MRMP and MSMP groups, respectively (Table 2). The two main
MLVA types, M4572 and M3562, occurred at different frequencies
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
among the MRMP and MSMP groups. The prevalence of the
M4572 type was significantly higher in the MRMP group than in
the MSMP group (81.02% vs 55.07%, respectively; P<0.0001). In
contrast, genotype M3562 was more prevalent in the MSMP group
than in the MRMP group (40.58% vs 15.71%, respectively;
P<0.0001). Stratified by year, macrolide resistance rates of the
M4572 type remained relatively high, exceeding 90%, while
MRMP with type M3562 increased significantly from 60.00% in
2016 to 93.48% in 2019 (P=0.02) (Figure 2).

The Relationship Between Macrolide
Usage and Macrolide Resistance-
Associated Mutations
We examined the correlation between macrolide usage before
enrollment and drug resistance of MP in clinical specimens.
Twelve subjects with unknown antibiotic history were excluded.
Among the remaining 1,512 MP-infected patients, 1,336 had taken
macrolides prior to visiting the hospital, and 99.2% possessed
mutations in the 23S rRNA gene compared to 81.25% of those in
176 infected patients who had not taken macrolides (P<0.0001).
Among 179 subjects infected with the M3562 type, MRMP was
more prevalent in the macrolide usage group than in the non-
macrolide usage group (90.73 vs 53.57%, P<0.0001) (Table 3).
Among 828 subjects infected with the M4572 type, 748 had taken
TABLE 1 | Demographic data of MP-positive patients.

General information MP-positive patients (n=1524) Ratio (%)

Age, y
0-3 234 15.35
3-5 263 17.26
5-12 960 62.99
12-18 67 4.40

Sex
M 824 54.07
F 700 45.93

Macrolide usage prior to hospital*
Yes 1,336 88.36
No 176 11.54

SMPP
Yes 514 33.73
No 1,010 66.27
*Twelve cases with incomplete information of macrolide usage prior to hospital were
excluded.
FIGURE 1 | The distribution of different MLVA types of MP from 2016 to
2019 (N=1,049).
TABLE 2 | MLVA types and macrolide resistance.

MLVA types No. specimens (%) Macrolide resistance (%)

Resistant (n=980) Sensitive (n=69)

M3562 182/1,049 (17.35) 154/182 (84.62) 28/182 (15.38)
M3572 6/1,049 (0.57) 5/6 (83.33) 1/6 (16.67)
M3662 4/1,049 (0.38) 4/4 (100.00) 0 (0.00)
M4472 3/1,049 (0.29) 3/3 (100.00) 0 (0.00)
M4552 4/1,049 (0.38) 4/4 (100.00) 0 (0.00)
M4562 3/1,049 (0.29) 3/3 (100.00) 0 (0.00)
M4571 1/1,049 (0.10) 1/1 (100.00) 0 (0.00)
M4572 832/1,049 (79.31) 794/832 (95.43) 38/832 (4.57)
M4573 3/1,049 (0.29) 2/3 (66.67) 1/3 (33.33)
M4662 1/1,049 (0.10) 0 (0.00) 1/1 (100.00)
M4672 10/1,049 (0.95) 10/10 (100.00) 0 (0.00)
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macrolides before admission and 95.86% of those samples had
mutations compared with 91.25% of 80 infected patients who had
not taken macrolides, and no significant difference was identified
(P=0.061) (Table 3). The average duration of treatment among the
macrolide usage group prior to hospitalization was 5.59 days for all
1,336 patients, 5.81 days for patients infected with type M3562, and
5.82 days for patients with type M4572 (data not shown).

The Relationship Between MLVA Type and
Disease Severity
Of the 1,524 cases investigated, 33.73% (514/1,524) were diagnosed
with SMPP. The proportion of SMPP each year was as follows:
37.01% (94/254) in 2016, 43.63% (154/353) in 2017, 28.33% (132/
466) in 2018, and 29.71% (134/451) in 2019. The clinical relevance of
MLVA types was analyzed with types M4572 and M3562 because
the remaining types were not sufficient for the analysis. As shown in
Table 3, there was no statistically significant difference in the
incidence of SMPP between patients infected with type M4572
and those infected with type M3562 (34.01 vs 34.07%, P=0.989).
DISCUSSION

Our study reported high rates of macrolide resistance in recent
years, similar to findings from previously published data in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
China (Sun et al., 2017; Yan et al., 2019). It is well known that
macrolide resistance rates have remained high in Asia, such as in
South Korea (Lee et al., 2018). However, the incidence of
macrolide-resistant MP strains has drastically decreased in
Japan in recent years (Morozumi et al., 2020). The rate of
macrolide resistance was quite low in European countries (1-
19%) (Uldum et al., 2010; Cardinale et al., 2013; Ferguson et al.,
2013; Pereyre et al., 2013; Kogoj et al., 2015) and in the United
States (8.3-10%) (Diaz et al., 2015; Xiao et al., 2020). The
frequency of macrolide usage plays an important role in the
difference in resistance rates among different countries. As Hsia
reported, the most commonly used antibiotic for hospitalized
children in China, Japan, and South Korea is azithromycin, with
a prescription rate of 11.8%; while the prescription rate of this
drug in Europe, America, Africa and Southeast Asia is only 1.9%
(Hsia et al., 2019).

The distribution of MLVA types differed over time and
among different geographic regions. The present study
demonstrated that there was a type shift phenomenon from
type M4572 to type M3562 in northern China, similar to the
findings from previous reports between 2003 and 2018 in Beijing,
which also reported a type change trend from M4572 to M3562
(Ho et al., 2015; Sun et al., 2017; Yan et al., 2019; Zhao et al.,
2019). As previously reported in Japan, an alternative type-shift
phenomenon of MLVA types occurred at an interval of
approximately 10 years (Kenri et al., 2008). Therefore, we
speculated that the type shift pattern of MP in northern China
follows that of Japan, which means that China will see the
predominance of M3562 in the next few years. However, the
tendency of MLVA type changes in other parts of the world,
except Japan (Suzuki et al., 2017), and the United States (Diaz
et al., 2015; Xiao et al., 2020), contrasts somewhat with China.
There was a type shift occurring worldwide approximately
between 2011-2014: a shift from M4572 to M3562 in China
(Zhao et al., 2013; Sun et al., 2017; Yan et al., 2019; Zhao et al.,
2019), Japan (Suzuki et al., 2017), and the United States (Diaz
et al., 2015; Xiao et al., 2020); and a shift from M3562 to M4572
in Slovenia (Kogoj et al., 2018), Sweden (Gullsby et al., 2019), and
Russia (Voronina et al., 2020). The above changes in the
dominance of MLVA subtypes over time may reflect the
natural shifts of types, and the difference in the trend of type
changes among distinct regions probably depends on the
genotype initially introduced in the region.

Of note, a substantial increase in the prevalence of MRMP
genotyped as M3562 was observed in this research. To date,
MRMP has been acknowledged to be associated with specific
MLVA types. Scientists in previous studies have suggested that
genotype M4572 is closely related to macrolide resistance, while
M3562 is related to macrolide susceptibility (Qu et al., 2013; Zhao
et al., 2013). In this study, our findings indicated that the overall
rate of macrolide resistance in the M3562 type was dramatically
increased, compared with preliminary results (Sun et al., 2017;
Zhao et al., 2019). Macrolide usage and type shifting may account
for this phenomenon. Antimicrobial use served as a major driving
force for the development of MRMP within the M3562 type, as it
can be concluded from our data that patients infected withMRMP
strains of the M3562 type more frequently received macrolides
FIGURE 2 | Macrolide resistance rates of MP with M4572 and M3562 types
between 2016 and 2019 (N=1,014).
TABLE 3 | The influence of prehospital macrolide usage on drug resistance and
the distribution of severe MPP within M4572 and M3562 types *.

Genotypes MRMP % (No) P Severe
MPP %
(No)

P

Macrolide
usage

Non-macrolide
usage

M3562 90.73
(137/151)

53.57
(15/28)

<0.0001 34.07
(62/182)

0.989

M4572 95.86
(717/748)

91.25
(73/80)

0.061 34.01
(283/832)
*A total of 1,014 patients infected with MP classified as type M4572 and M3562, of which
7 cases with unknown medication information were excluded.
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before hospitalization. These results indicated that the
development of MRMP with the M3562 type was closely
associated with macrolide application. Genotype shifting from
type M4572 to M3562 was the main factor contributing to the
continuous increase in MRMP rates within the M3562 type. It is
known that in China, MP strains classified as the M3562 type were
relatively low until 2013 (Zhao et al., 2013; Xue et al., 2014; Sun
et al., 2017), and were thus rarely exposed to macrolides, resulting
in a low incidence of MRMP with type M3562. However, with the
type switching from M4572 to M3562, more MRMP strains with
type M3562 have been successfully selected for and survived under
tremendous antimicrobial pressure, and the selected MRMP strain
developed an ability to spread rapidly in the population, leading to
a large increase in the prevalence of MRMP with the M3562 type.
Likewise, Japan has witnessed an upsurge in MP strains of the
M3562 type since 2011, while MRMP rates of this type were
relatively low compared with those reported in China (Suzuki
et al., 2017). Clearly, macrolide prescription became more strict in
Japan after the publication of the guidelines for MPP treatment in
2011, which may have contributed to the current low rate of
MRMP (Morozumi et al., 2020). Taken together, we can conclude
that antimicrobial application was a key factor in the development
of MRMP. More evidence has confirmed that patients infected
with MRMP suffer from longer durations of therapy and poor
clinical response (Cao et al., 2010; Yang et al., 2019); therefore,
macrolides should be used with caution in clinical settings.

Regarding type M4572, our research demonstrated that the
frequency of this type was decreased over the time period, while
MRMP rates remained at a high level. Based on the data of macrolide
usage prior to hospitalization, the resistance rate withM4572 did not
differ between the macrolide usage group and the non-macrolide
usage group, in contrast to what was observed in type M3562, for
which macrolide application was critical for the marked increase in
MRMP rates, indicating a weak correlation between macrolide usage
and the current high rates of MRMP within M4572. Isolates
classified as type M4572 have been dominantly circulating in
China for nearly 20 years (Zhao et al., 2013; Sun et al., 2017; Yan
et al., 2019);MRMP strains of this type were successfully selected and
survived after a long-term interaction with macrolides.
Consequently, almost all the strains with type M4572 currently
circulating in China were resistant to macrolides. Taken together, we
deduced that the present high rates of MRMP with type M4572
predominantly resulted from a rapid clonal dissemination of MRMP
strains of this type. Likewise, clonal expansion of macrolide-resistant
strains of a specific type has also been reported in Hong Kong (Zhao
et al., 2013), Taiwan (Hung et al., 2020), Japan (Suzuki et al., 2017),
and South Korea (Lee et al., 2018). Given that type M3562 is
currently increasing in several countries, measures should be taken
to prevent the global expansion of this clone.

Notably, the occurrence of SMPP has been reported to have
increased in China in recent years (Gao et al., 2019), and poses a
great threat to children’s health. Our data suggested that SMPP
made up 33.73% of all MP-positive cases, which was higher than
that reported in previous publications (Gao et al., 2019). However,
there are limited data investigating the clinical relevance of MLVA
types. Our findings revealed that there were no type-based
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
differences in the prevalence of SMPP between M4572 and
M3562, suggesting the virulence of the strains with type M4572
and M3562 may be unremarkable. These observations coincided
with what was reported in Spain where no correlation between
MLVA types and clinical symptoms was noted (Rivaya et al.,
2020). However, contrary to the above reports, some clinical
studies have found that certain MLVA types were associated
with disease severity, and that the pathogenicity of MP varied
among different MLVA types (Qu et al., 2013; Yan et al., 2019). As
reported in earlier studies, Qu et al. found that patients infected
with the M4572 type had more severe disease than those infected
with other types (Qu et al., 2013), yet scientists in another study
have suggested that isolates clustered at the M3562 type exhibit a
higher risk of progressing to SMPP (Yan et al., 2019). Currently,
the clinical relevance of MLVA types has not been elucidated;
therefore, further investigations are warranted to establish the
correlation between MLVA type and clinical characteristics.

Our research had several limitations. First, the regions where
patients were enrolled were limited, and therefore, the findings
obtained in this study might not represent the reality of the
whole country. Second, all subjects were inpatients, which may
have contributed to the higher rates of SMPP, and the clinical
and molecular characteristics of outpatients with MP infection
are warranted for further investigations. Third, the number of
patients who had not used macrolides prior to hospitalization
was small, and more cases without macrolide application before
admission are needed to further characterize the correlation
between drug usage and the rate of macrolide resistance.
CONCLUSION

In summary, this study demonstrated that the prevalence of
macrolide-resistant MP strains was relatively high in pediatric
patients in northern China. Additionally, a remarkable increase
in MRMP strains classified as type M3562 throughout the study
period was noted. Moreover, our findings suggested that there
was a type shift from M4572 to M3562. Comprehensive data of
genotyping and clinical information data demonstrated that high
rates of macrolide resistance of type M3562 were associated with
macrolide usage and genotype shifting, and that clonal expansion
of MRMP strains was related to higher M4572 drug resistance.
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