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Abstract

Objective The aim of this study is to investigate the macrolide resistance rate and molecular type with
multiple-locus variable-number tandem-repeat analysis (MLVA) of Mycoplasma pneumoniae of Beijing
in 2016 in pediatric patients.

Methods Real-time quantitative polymerase chain reaction (PCR) was used to identify M. pneumoniae,
and MLVA was performed. The domain V of the 23S rRNA was sequenced to detect macrolide-resistant
point mutations. We also investigated the activities of antibiotics against M. pneumoniae isolates in
vitro.

Results The PCR detection rate of M. pneumoniae in children in Beijing was 40%, and the macrolide
resistance rate was 66%. The A2063G mutation in the 23S rRNA V region is the dominant mutation
(137/146, 93.84%), whereas the A2064G mutation is rare (9/146, 6.16%). Seventy-three samples were
typed successfully by MLVA typing, including 86.3% (63/73) were MLVA type 4-5-7-2, and 13.7% (10/73)
were MLVA type 3-5-6-2. No other types were found. No strains were resistant to levofloxacin or
tetracycline.

Conclusion In 2016, a specific decrease in the macrolide resistance rate occurred in Beijing. The
detection rate and macrolide resistance rate of outpatients are lower than those of inpatients. The
A2063G mutants M. pneumoniae have high levels of resistance to erythromycin and azithromycin. The
primary MLVA type is 4-5-7-2, followed by 3-5-6-2. No other MLVA types were detected. No strains
resistant to tetracycline or levofloxacin were found in vitro.
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INTRODUCTION
ycoplasma pneumoniae is a major
pathogen for community-acquired
pneumonia (CAP). In children, it

accounts for 10%—40% of inpatients with cap™?,
Besides respiratory tract infections, pharyngitis, and
CAP, M. pneumoniae also damages the nervous
system, heart, kidney, and many other organs[4'6].
Macrolides and related antibiotics are the first-line
treatment for respiratory infections caused by M.
pneumoniaem. Since the 2000s, macrolide-resistant
M. pneumoniae has spread rapidly worldwide,
especially in East Asia®”. As M. pneumoniae is a
genetically homogeneous species[m], molecular typing
is hampered. For a long time, polymerase chain
reaction-restriction fragment length polymorphism
analysis of the P1 gene has been the most common
genotyping method. However, this method can only
identify strains classified into two groups[m]. The
multiple-locus  variable-number  tandem-repeat
(VNTR) analysis (MLVA) is a molecular typing method
recently applied to M. pneumoniae. MLVA is based on
the variation in the copy number of tandemly
repeated sequences, called VNTRs, found at different
loci in the genome[lol. The MLVA method dramatically
expands the typing scheme for M. pneumoniae[m,
thereby providing a powerful tool for the surveillance
and epidemiology of M. pneumoniae infections. M.
pneumoniae outbreaks occur every 4 to 7 years'".
However, the reason for the epidemic cycles of M.
pneumoniae is inconclusive. Some researchers believe
that it is related to shifts in M. pneumoniae
groups[14‘15]. In 2016, a global epidemic of M.
pneumoniae occurred in Beijing[16’17]. This study aims
to understand the prevalence and drug resistance of
these patients with M. pneumoniae.

MATERIALS AND METHODS

Patients and Clinical Samples

This study was conducted from January to
December 2016, in Beijing, China. Samples were
collected from Peking University Third Hospital,
Beijing, China; Beijing Chao-yang Hospital, Capital
Medical University, Beijing, China; China Mei-tan
General Hospital, Beijing, China; and Civil Aviation
General Hospital, Beijing, China. The inclusion criteria
were as follows: (a) outpatients and inpatients with
fever, cough, sore throat, or other symptoms of
respiratory tract infection; (b) patients with a course
of 1 to 7 days; (c) white blood cell count of 4.0-12.0 x

10°/L. The exclusion criteria were as follows: (a)
parent or child who refused to be tested, and (b)
bacterial or viral infection with a precise etiological
diagnosis. The outpatient samples were collected
from China Mei-tan General Hospital and Civil
Aviation General Hospital. In contrast, the inpatient
samples were collected from Peking University Third
Hospital and Beijing Chao-yang Hospital.

Amplification of Macrolide Resistance Genes

Domain V of the 23S rRNA gene was amplified by
polymerase chain reaction (PCR) using specific
primers (forward, 5'-GACACCCGTTAGGCGCAA-3';
reverse, 5'-CTGGATAACAGTTACCAATTAGAACAGC-
31" PCR was performed in a total volume of 20 pL
containing 0.3 pL of forward and reverse primers,
10 uL of 10x buffer UltraSYBR Mixture (CW2601,
CoWin Biosciences, Jiangsu, China), 2 uL of genomic
DNA, and 7.4 pL of ddH,0. The reaction mixture was
subjected to denaturation, annealing, and elongation
for 2 min at 50 °C, 10 min at 95 °C, 15 s at 95 °C, and
60 s at 60 °C for 40 PCR cycles. These steps were
followed by an extension step of 15 s at 95 °C, 60 s at
60 °C, and 15 s at 95 °C. PCR product sequencing was
completed by Biotechnology (Shanghai) Co., Ltd,
China. The sequencing results were compared with
BioEdit software and the standard strain sequence of
M. pneumoniae recorded on the National Center for
Biotechnology Information.

Culture of M. pneumoniae Isolates

The throat swab and bronchoalveolar lavage
fluid specimens were inoculated in M. pneumoniae
liguid medium, mixed evenly, and placed in an
incubator at 37 °C with 5% CO, for culture™. m.
pneumoniae growth caused a decrease in the
medium's pH that was indicated by a color change
(from red to yeIIow)[w]. The preparation method and
culture medium composition was as described in
reference 19.

Genomic DNA Extraction

DNA extraction from the respiratory specimens
was performed using the universal genomic DNA Kit
(CoWin Biosciences, lJiangsu, China) following the
manufacturer's instructions.

Antimicrobial
pneumoniae

Susceptibility Testing of M.

The minimum inhibitory concentrations (MICs) of
four antibiotics:  erythromycin,  azithromycin,
levofloxacin, and tetracycline, were determined via
microdilution methods®”. Specific methods followed
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the procedures mentioned in reference 20.
Erythromycin, azithromycin, levofloxacin, and
tetracycline were purchased from the National
Institute for the Control of Pharmaceutical and
Biological Products. The MIC breakpoint was
according to the latest version of CSLI M43-AP" M.
pneumoniae reference strains M129 (ATCC29342)
and FH (ATCC15531) were used as macrolide-
susceptible controls.

MLVA Genotyping

Primers and the PCR amplification method used
were as described in the study by Dumke et al.to,
The determination of VNTR numbers and
nomenclature method followed those described
previously by Chalker et al.?,

RESULTS

Specimen Sources

A total of 535 samples were collected. Of all
samples, 265 cases were collected from China Mei-
tan General Hospital, 112 cases were collected from
Civil Aviation General Hospital, 88 cases were
collected from Peking University Third Hospital, and
70 cases were collected from Beijing Chao-yang
Hospital. Of all samples, 523 cases (523/535, 97.76%)
were throat swab specimens, and 12 cases (12/535,

2.24%) were bronchoalveolar lavage fluid specimens.
All bronchoalveolar lavage fluid specimens were
collected from Peking University Third Hospital in
December 2016 (Table 1).

PCR Results of Specimens and Detection of 23S
rRNA Gene Mutations of M. pneumoniae

Table 1 shows that of 535 samples, 214 were
detected positive by real-time PCR, and the
detection rate was 40%. Furthermore, 68 samples
(68/214, 31.78%) had no mutant in domain V of the
23S rRNA gene and were sensitive bacteria. Also, 142
samples (142/214, 66.36%) harbored a mutation in
domain V of the 23S rRNA gene. Among these, 134
cases harbored an A2063G mutation. However,
seven cases harbored an A2064G mutation, and in
one case, both A2063 and A2064G mutations were
detected (Figure 1). Four samples (4/214, 2%) were
mixed with sensitive M. pneumoniae and macrolide-
resistant M. pneumoniae. Among these, three cases
(Figure 2) were mixed with sensitive and A2063G
mutant M. pneumoniae, and one (Figure 2) was
mixed with sensitive and A2064G mutant M.
pneumoniae.

A total of 377 samples were collected from
outpatients, whereas 131 samples (131/377,
34.75%) were detected positive by real-time PCR.
Moreover, 50 samples were nonmutated M.
pneumoniae, 78 samples harbored a mutation in

Table 1. Sample collection

Outpatient samples Inpatient samples

Category China Mei-tan Civil Aviation Beijing Chao-yang Hospital, Peking University
General Hospital General Hospital Capital Medical University Third Hospital
Throat swabs 265 112 70 76
Bronchoalveolar lavage fluid 0 0 0 12’
Total 265 112 70 88

Note. “All bronchoalveolar lavage fluid specimens were collected from Peking University Third Hospital in
December 2016.

% nBI Ch cal p
,‘_ﬁ’ Selected: nons | Sample: CYM188-1.235-R 3668915B161010_C3221 |File: C:\Users\hases Desktop SequencingCYM188-1.235-R 3668915 B161010_C3221 abl

10 20 30 40
TGA CA CCCGTTA GGCOGTCA ACGGGA CGGGEAGA CCTCTCGTGA

ing\CYM188-1.235-R.3668915.8161010_C3221.ab1

Figure 1. CYM188 A2063G A2064G double mutations.
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domain V of the 23S rRNA gene (of which 71
harbored an A2063G mutation and seven harbored
an A2064G mutation), and in three cases, macrolide-
susceptible as well as A2063G macrolide-resistant
strains were detected (Table 2). Of the 158 samples
collected from inpatients, 83 (83/158, 52.53%) were
detected positive by real-time PCR. Also, 18 samples
were nonmutated M. pneumoniae, 64 harbored
mutation in domain V of the 23S rRNA gene (63
harbored an A2063G mutation, and one had both
A2063G and A2064G mutations), whereas no
mutated and A2064G mutated M. pneumoniae were
detected in one sample. The detection rate of
outpatient samples (131/377, 34.75%) was lower
than that of inpatient samples (83/158, 52.53%), and
the difference was statistically significant (P <
0.0001). The 23S rRNA gene mutation rate of

outpatient samples (78/131, 59.54%) was
significantly lower than that of inpatient samples
(64/83, 77.11%), and the difference was statistically
significant (P = 0.001)

Clinical M. pneumoniae Culture

A total of 81 M. pneumoniae isolates were
obtained from 535 patients; the detection rate was
15.14% (81/535). Among these, 12 isolates (12/81,
14.81%) were no mutant strains, and 69 isolates
(69/81, 85.19%) were A2063G mutant strains
(Table 3). All A2064G mutant samples, mixed
samples, and double mutant samples could not be
cultured. The growth rate of 23S rRNA gene mutant
M. pneumoniae collected from inpatients was
significantly higher than that of the 23S rRNA gene
mutant M. pneumoniae collected from outpatients,

TGACACCCGTTAGGECGCAATCGGGATCEG GG

ol

AWeacccceTae

] ) C1526301

TG\CACCCGI\'AGGCGCAACGGGACGG ccccccccccccccc

M\ AMMWWJ\MAMNVM_

M e e

Figure 2. Gene Sequencing results of strains MT96, MHM210, MHM248, and CYM205.

Table 2. Detection of M. pneumoniae and 23S rRNA gene mutation

Category Outpatient Inpatient Total P

Positive

No mutated 50 18 68 0.001

Mutated® 78 64 142 0.001

Mixed” 3 1 4
Negative 246 75 321 <0.0001
Total 377 158 535

Note. °Including A2063G and A2064G mutations; A2063G and A2064G both mutated. bIncIuding the

mixture of no mutant and A2063G mutant M. pneumoniae and the mixture of no mutant and A2064G mutant

M. pneumoniae.
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no mutant samples from outpatients or inpatients;
the differences were statistically significant (P <
0.0001). However, the growth rate of no mutant M.
pneumoniae showed no difference between
outpatients (9/50, 18%) and inpatients (3/18,
16.67%). Finally, the growth rate of no mutant
samples (9/50, 18%) and mutant samples (19/78,
24.35%) collected from outpatients showed no
statistically significant difference (P = 0.016).

Antimicrobial Susceptibility of M. pneumoniae

A total of 67 strains were randomly selected
from all 81 isolates to test the MICs of erythromycin,
azithromycin, levofloxacin, and tetracycline. The MIC
of erythromycin for no mutant M. pneumoniae
strains was 0.002—0.003 pg/mL. In contrast, the MIC
for A2063G mutant M. pneumoniae was 8-1,024
ug/mL; the MICqq was 512 pug/mL, and the MICs, was
256 pg/mL. All erythromycin-resistant isolates also
showed resistance to azithromycin. The MIC of
azithromycin for no mutant M. pneumoniae strains
was 0.0005-0.004 pg/mL, whereas the MIC for the
A2063G mutant M. pneumoniae was 8-512 pg/mL;
the MICy, was 256 pg/mL, and the MICy, was
128 ug/mL. All 67 selected isolates in this study were
susceptible to tetracycline and levofloxacin.

MLVA Genotyping of M. pneumoniae

MLVA genotyping was performed on 65 A2063G
mutation samples and nine no mutant samples
(Table 4). Except for one A2063G mutation sample,
the remaining 73 samples were successfully typed,
including ten cases with type 3-5-6-2 and 63 were

type 4-5-7-2. Among the type 3-5-6-2 samples, three
had an A2063G mutation, and seven had no mutant.
In contrast, among the type 4-5-7-2 samples, 61 had
the A2063G mutation, and two had no mutant.

DISCUSSION

In 2001, the first macrolide-resistant M.
pneumoniae strain was isolated from clinical samples
in Japanm’”]. Since then, macrolide-resistant strains
of M. pneumoniae have been isolated in many
countries”™”. East Asia has the highest resistance
rate of M. pneumoniae around the world®*".
According to reports, the macrolide resistance rate
of M. pneumoniae is more than 90%"%. However, in
Europe and the United States, it is much lower>>>¢,
The macrolide resistance rate of M. pneumoniae in
Beijing was reported previously[37]. In 2014, it was
69.21%, which was significantly lower than it was in
the past. However, in 2016, the detection rate of M.
pneumoniae (40%) and the macrolide resistance rate
of M. pneumoniae (66%) both decreased compared
with these rates in 2014. Regarding the macrolide
resistance rate of M. pneumoniae, Beijing remains
the leader compared with the macrolide resistance
rate of M. pneumoniae in Taiwan, China (23.89%),
Osaka, Japan (42.68%), or any other country or
region[8’38]

The mutation of A = G in the 2063 or 2064 gene
of the 23S rRNA V region is the primary mechanism
of macrolide resistance in M. pneumoniaelas]. The
A2063G mutation is the most common in macrolide-
resistant M. pneumoniae, whereas the A2064G

Table 3. Cultures of outpatient and inpatient samples

Outpatient Inpatient
Category . N
No mutant 23S rRNA mutation® Mixed No mutant 23S rRNA mutation® Mixed
PCR 50 78 3 18 64 1
Cultures 9 19 0 3 50 0
Growth Rate 18% 24.36% 0 16.67% 78.13% 0

Note. °Including A2063G and A2064G mutations; A2063G and A2064G both mutated. bIncluding the
mixture of no mutant and A2063G mutant M. pneumoniae and the mixture of no mutant and A2064G mutant

M. pneumoniae.

Table 4. MLVA genotyping and the mutation

Category 3-5-6-2 4-5-7-2 Failed Total
No mutant 7 2 1 10
A2063G mutation 3 61 0 64
Total 10 63 1 74




2016 Beijing M. pneumoniae macrolide resistance and MLVA typing 921

mutation and other mutations were relatively
few?*% In this study, the A2063G mutation was the
primary mutation, accounting for 94.37%. The
A2064G mutation accounted for 4.93%; no other
mutations such as 2067 were found. However, in
one clinical sample, both A2063G and A2064G
mutations were detected; unfortunately, this sample
could not be cultured. All seven A2064G mutation
samples were collected from outpatients, implying
that A2064G mutant strains might cause a mild
infection. However, further research is needed to
confirm the results because of the study's small
sample size. Besides this, the present study found
mixed infections of no mutant and mutant strains in
the four samples. At first, mixed infections were
reported as case reports”***¥. In these reports,
patients were first infected by the macrolide-
sensitive M. pneumoniae. After a period of
treatment (usually more than one week), the 23S
rRNA gene mutation was found. However, whether
these four patients had received macrolide
antibiotics before sample collection was not
confirmed. Therefore, these patients might have
developed macrolide resistance during treatment, or
mixed strains might have infected them. More
research is needed in this regard.

Samples from outpatients and inpatients were
significantly different in several ways. First, the
detection rate of outpatient samples (34.75%) was
significantly lower than inpatient samples (52.53%).
This difference indicated that M. pneumoniae
infection was more common in inpatients. Second,
the macrolide resistance rate of M. pneumoniae in
outpatients was 59.54%, which was significantly
lower than fin inpatients (77.11%). The reason for
this was probably because of the following factors:
(1) macrolide-resistant M. pneumoniae might have
caused a relatively serious infection, leading to the
hospitalization of children. (2) It might also be
related to the course of the infection. Inpatients
usually had a longer course of infection compared
with outpatients and might have been treated with
macrolide antibiotics before hospitalization. Before
a hospitalization, macrolide-sensitive M.
pneumoniae was eliminated during treatment,
whereas macrolide-resistant M. pneumoniae
survived. Also, macrolide-sensitive M. pneumoniae
might have developed mutations during treatment.
Both situations could lead to an increase in the
macrolide resistance rate in inpatients. Third, a
specific  difference  was observed between
outpatient samples and inpatient samples in
culture. Compared with samples collected from

outpatients, whether they had had the 23S rRNA
mutation or not, and the nonmutation samples
collected from inpatients, the A2063G mutation
samples collected from inpatients were easier to
culture, and the difference was statistically
significant. However, the growth rate of
nonmutation inpatient samples, nonmutation
outpatient samples, and 23S rRNA mutation
outpatient samples showed no statistically
significant difference. This difference might be
related to the fact that inpatients had relatively
serious diseases, with more M. pneumoniae in their
oropharynx. When taking samples, the inpatient
samples had more pathogens. Further research is
needed to identify other influencing factors. All
seven A2064G mutant strains could not be cultured.
Therefore, it was speculated that the A2064G
mutant strains might be more difficult to culture
compared with the nonmutated strains and the
A2063G mutant strains. The reason remains
unknown, requiring further exploration.

No strains resistant to tetracycline or
levofloxacin were found in this study. Whether it is
necessary to use tetracycline and levofloxacin in
children infected with macrolide-sensitive M.
pneumoniae remains debatable®. However, it is
undeniable that these two antibiotics still have good
in vitro activity against M. pneumoniae. While
treating macrolide-resistant M. pneumoniae, the
aforementioned two antibiotics are usually used as
an alternative treatment plan. In many CAP
guidelines  for adults®*, tetracyclines and
quinolones have replaced macrolides as first-line
treatments. However, because of their low MIC and
the safety in young children, macrolides remain the
first-line treatment of M. pneumoniae pneumonia
(MPP), even in areas with a high macrolide
resistance rate. The guiding principles for treating
MPP by the Committee of Japanese Society of
Mycoplasmology in 2014""  still  recommend
macrolides as the first-line drug of choice for treating
MPP. However, the efficacy of macrolides should be
assessed with relatively high accuracy by the
presence or absence of effervescence within 48-72 h
after the initiation of macrolide treatment.
Tetracyclines are relatively contraindicated in
children younger than eight years of age. When
using antimicrobial agents other than macrolides is
considered necessary for the treatment of MPP in
this age group, tosufloxacin should be used. In
recent years, the macrolide resistance rate in Japan
has decreased significantly; reports show that the
current macrolide resistance rate of M. pneumoniae
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is less than 30%™. Macrolides have played a vital

role in controlling the macrolide resistance rate. In
China, the guidelines recommend macrolides as the
first-line drug of choice; tetracyclines are
recommended only for children older than eight
years of agem]. However, China's guidelines did not
mention the efficacy assessment of macrolides and
tosufloxacin; hence, they never appeared on the
market. The use of quinolone antibiotics among
minors is prohibited by law in China. In 2017, the
Guangdong Pharmaceutical Association formulated
the 'Expert consensus on the application of
fluoroquinolone antibacterial drugs in children',"”
that submitted some principles and requirements for
using quinolone antibiotics in children. However, the
expert consensus also emphasizes that quinolone
antibiotics should not be used as routine medicines
to treat childhood infections.

In recent years, the MLVA typing method has
been widely used in the study of M. pneumoniae,
thus providing a new tool for the molecular
epidemiology of M. pneumoniae. It is a typing
system with high discriminatory power[w]. Since the
establishment of MLVA typing of M. pneumoniae,
the relationship between the MLVA type of M.
pneumoniae and macrolide resistance has increased
the interest of many researchers. Some studies?****
analyzed the correlation between MLVA typing and
macrolide resistance. A few researchers found an
association between MLVA type 4-5-7-2 and
macrolide resistance, whereas type 3-5-6-2 might be
related to macrolide susceptibility[31'44]. The present
study had similar conclusions. However, does this
correlation exist? First, when the MLVA typing
method was established, Dumke et al." selected
five repetitive sequences, namely MPN1, MPN13,
MPN14, MPN15, and MPN16. Subsequently, the
MPN1 sequence was abandoned because of its
instability”>*”). MPN13, MPN14, MPN15, and MPN16
were retained. All four retained VNTRs were located
in open reading frames, MPN14, MPN15, and
MPN16 encoded hypothetical proteins, and MPN13
was located in the intergenic regionm]. These VNTRs
were not related to the primary mechanism of
macrolide resistance in the gene sequence. Second,
studies in areas with a low macrolide resistance rate,
such as Cuba and Finland, do not support this
conclusion®?. The studies that supported this
conclusion mostly came from East Asia, where the
macrolide  resistance  rate  was relatively
high[31’44'45’46]. Third, in most studies, type 4-5-7-2 was
the most commonlss], followed by 3-5-6-2. However,
the macrolide resistance rate in these areas varied

greatly, from 0% to 87%"°%**. If type 4-5-7-2 is

related to macrolide resistance, then why is the
macrolide resistance rate of M. pneumoniae in
Europe[35’49] and North America[33'34], which is also
dominated by the 4-5-7-2 subtype, much lower than
that in East Asia’®** Therefore, whether a
correlation exists between MLVA type and macrolide
resistance needs further investigation. We believed
that no relationship exists between MLVA type and
macrolide resistance. The macrolide resistance rate
of M. pneumoniae in East Asia was very high, and so
was the percentage of type 4-5-7-2. The high
macrolide resistance rate of M. pneumoniae in East
Asia and the high percentage of MLVA type 4-5-7-2
were two independent phenomena that co-
occurred. Therefore, it was concluded that the two
had a statistical correlation rather than an essential
correlation.

CONCLUSION

In 2016, the detection rate of M. pneumoniae
among children in Beijing was 40%, and the
macrolide resistance rate was 66%. A specific
decrease was found in the rate of macrolide
resistance, but it remains at a high level. The primary
resistance mechanism is an A2063G mutation in the
23S rRNA V region, whereas the A2064G mutation is
rare. The detection rate and macrolide resistance
rate of outpatients are lower than those of
inpatients. At the same time, the macrolide-resistant
M. pneumoniae from inpatients are easier to isolate
and culture. Its growth rate is significantly different
from that of macrolide-sensitive M. pneumoniae of
outpatients and inpatients and macrolide-resistant
M. pneumoniae of outpatients. This might be related
to the severity and duration of infection. No strains
resistant to tetracycline or levofloxacin were found
in vitro. The A2063G M. pneumoniae mutant has
high levels of resistance to erythromycin and
azithromycin. The primary type of MLVA is 4-5-7-2,
followed by 3-5-6-2; no other types have been
detected.
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