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Introduction: Moraxella catarrhalis, which is an opportunistic pathogen and is one of the three major pathogens of community-
acquired pneumonia, causes a variety of infections in clinic. In recent years, the isolation rate of Moraxella catarrhalis has gradually
increased. In China, due to the clinical empirical use of antibiotics, the resistance rate of Moraxella catarrhalis isolated from children
to B-lactam antibiotics has reached 99%. The non-susceptible rate of Moraxella catarrhalis to macrolide antibiotics has also increased
significantly.

Methods: Two isolates of Moraxella catarrhalis (R17123922 R and R18013231 R) were isolated from in-patients and were
confirmed to be resistant to macrolide antibiotics using the standard disk diffusion and broth microdilution method recommended
by CLSI. Whole-genome sequencing (WGS) analysis was performed in these two resistant strains.

Results: A total of 696 SNVs (single nucleotide variations), and 79 indels (Insertion and Deletion) were found in R17123922 R and
R18013231 R. These SNVs and indels were distributed evenly in the genome, and no centralized distribution occurred. Moreover, two
isolates did not harbor any previously reported mutations in the 23S rRNA and ribosomal proteins.

Conclusion: A novel indel in the MCR 0492 gene encoding TonB-dependent receptor protein was identified, and we speculated that
TonB-dependent protein receptor may play an important role in macrolide resistance of Moraxella catarrhalis.
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Introduction

Moraxella catarrhalis is a gram-negative diplococcus' and is the cause of otitis media, > sinusitis* and community-
acquired pneumonia in children,” and acute exacerbation of chronic bronchitis in adults.® Moraxella catarrhalis is also
one of the pathogens leading to keratitis.” Limited published data have reported Moraxella catarrhalis causing
bacteremia® and suppurative arthritis.”

It was reported that Moraxella catarrhalis was very sensitive to macrolide antibiotics,'® and drug-resistant isolates
were rare.'' However, in China, the situation has changed, uneven economic development is the reason for the diversity
of Moraxella catarrhalis detection ability among the clinical laboratories in different regions, which led to the
unreasonable use of antibiotics in clinic. As a result, the resistance of Moraxella catarrhalis to antibiotics increased
significantly: tetracycline resistance rate reached 65.7%,'* and the proportion of producing p-lactamases reached 99%.'?
It has been reported that 60% Moraxella catarrhalis isolated from children were non-susceptible to macrolide
antibiotics.'* Our unpublished data showed that the resistance Moraxella catarrhalis isolated from adults to macrolide
antibiotics has also increased in recent years. Therefore, the drug resistance of Moraxella catarrhalis is still worth paying
attention to in China.
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Two Moraxella catarrhalis isolates with high-level resistance to macrolide antibiotics were isolated from clinical
specimens, and accurate identification and antimicrobial susceptibility testing were carried out. Whole-genome sequen-
cing analysis was performed in these resistant isolates to explore the resistance mechanism, which will lay a foundation
for the rational application of macrolide antibiotics in clinic.

Materials and Methods

Isolates Source

The isolate R17123922 R was from the bronchoalveolar lavage fluid of a 68-year-old woman in the respiratory
department of a hospital; The isolate R18013231 R was from the lower respiratory secretion of a 1-year-old girl in
the pediatrics department of a hospital; The isolate S18010071 S was from the lower respiratory secretion of a 55-year-
old woman in the respiratory department of a hospital.

Identification of Isolates

The isolates (S18010071_S, R17123922 R, R18013231 R) were removed from the freezer at —80 °C and placed in the
biosafety cabinet (BIOBASE BSC-15001I1B2-X), inoculated with 90mm Columbia blood plate (Chongqing Pangtong
Medical Instrument Co., LTD) and cultured at 35 °C for 24 hours in 5% CO, environment. All of the isolates were
previously identified by VITEK® 2 Compact (BioMérieux Corporate, France). In order to ensure the accuracy of
identification, the isolates were identified again by matrix-assisted laser desorption time-of-flight mass spectrometry
(Bioyong Technologies Inc./Clin-ToF-II). And then, some of the remaining colonies were collected and used for
extracting bacterial DNA by the rapid bacterial genomic DNA isolation kit (Shanghai Sangon Biotech Co., Ltd.),
according to the instructions of the manufacturer (http://www.sangon.com/productDetail?productinfo.code=B518225).
Genomic DNA were amplified by 16sRNA primers (16SF27 5’-AGAGTTTGATCCTGGCTCAG-3’;16S-R1522 5°-
AAGGAGGTGATCCAGCCGCA-3’), and the amplicons were sent to Shanghai Sangon Biotech Co., Ltd for
sequencing.

Antimicrobial Susceptibility Testing

Disk Diffusion Method

The antibiotic susceptibility testing was performed with disk diffusion according to the CLSI M45 (Methods for
Antimicrobial Dilution and Disk Susceptibility Testing of Infrequently Isolated or Fastidious Bacteria, 3rd Edition)
document. Briefly, the isolates were cultured in 5% CO, for 24 hours at 35 °C in Columbia blood plate and the turbidity
was adjusted to 0.5McFarland. Following the standard method of Clinical & Laboratory Standards Institute (CLSI M 100,
30TH Edition), the bacterial suspension was evenly coated on MH Agar. After the suspension was fully absorbed,
erythromycin, azithromycin, and clarithromycin (ThermoFisher, Oxoid) were applied respectively. After incubating in
5% CO, incubator at 35°C for 2024 hours, the diameter of the zones of complete inhibition was measured, including the
diameter of the disk by a vernier caliper. The susceptibility was evaluated according to the CLSI M45 breakpoints for
Moraxella catarrhalis. Staphylococcus aureus ATCC25923 was used as the quality control strain.

Broth Microdilution Method

According to the standard method for dissolution of antibiotic in M100 30TH Edition published by the Clinical and
Laboratory Standards Institute, different concentrations of erythromycin, azithromycin, and clarithromycin were prepared
in sterile 96-well plate using Cation-adjusted Mueller-Hinton broth (CAMHB). Three Moraxella catarrhalis isolates
were cultured in 35 °C and 5% CO, for 24 hours in Columbia blood plate, and were adjusted to corresponding
concentrations and inoculated into 96-well plates containing different concentrations of antibiotics (final inoculation
concentration 1-4*10°CFU/mL), incubation for 20 — 24 hours under ambient air conditions. According to the breakpoints
of Moraxella catarrhalis in the third edition of CLSI M45, the results of antimicrobial susceptibility testing were
obtained, and Staphylococcus aureus ATCC29213 was used as the quality control strain.
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Genome Sequencing

Whole-genome sequencing was performed by Shanghai Sangon Biotech Co., Ltd. The HiSeq PE150 model (Pair-end
sequencing) was used to analyze the three isolates. Quality assessment of raw data was performed using BBTools, Phred
quality score (Q score) was used to assess the accuracy of all the sequencing. The sequencing data were analyzed and
processed by R (“circlize” package)'® and python (“biopython” package), Moraxella catarrhalis BBH18 (GeneBank
accession number: NC_014147) was used as the reference sequence.

Results
Three Moraxella catarrhalis Isolates Were Confirmed Using MALDI-TOF MS and |6s
rRNA Sequencing

The isolates were identified by Matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF MS), and
the results showed that all isolates were Moraxella catarrhalis (Figure 1). The genomes of three isolates (S18010071 S,
R17123922 R and R18013231 R) were further extracted (Figure 2A), and 16s rRNA was amplified by universal primers
(Figure 2B). The amplified products were sent to Shanghai Sangon Biotech Co., Ltd. for sequencing and NCBI Blast
(http://ncbi.nlm.nih.gov/). Results showed that the three isolates were also identified as Moraxella catarrhalis, which was
consistent with MALDI-TOF MS.

Two Isolates of Moraxella catarrhalis Were Highly Resistant to Macrolides

The standard disk diffusion method recommended by CLSI was followed to analyze the susceptibility of S18010071 S,
R17123922 R, and R18013231 R to macrolides. The result showed that the zone diameters of S18010071 S to
erythromycin, azithromycin, and clarithromycin were more than 30mm. The zone diameters of R17123922 R and
R18013231 R to erythromycin, azithromycin, and clarithromycin were 6mm, suggesting that the two isolates were
resistant to macrolides (Table 1). Then, CLSI to recommend another experimental method (Broth microdilution method)
was used to analyze the susceptibility of R17123922 R and R18013231 R to macrolide antibiotics, and the results
showed that the minimum inhibitory concentrations (MIC) of R17123922R and R18013231R to erythromycin and
azithromycin were higher than 512pg/mL, which confirmed that isolates R17123922 R and R18013231 R were highly
resistant to macrolide antibiotics (Table 2).

SNVs (Single Nucleotide Variations) and Indels (Insertion and Deletion) Analysis

Related to Macrolide Resistance
Whole-genome sequencing results showed that the average sequencing depth was 1379.4 (Figure 3) and the average GC
content was 42.77%. The sequencing data were aligned to the BBH18 (GeneBank accession number: CP002005.1)
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Figure |1 MALDI-TOF MS results of three isolates; green curve was S18010071_S, the blue curve was R17123922_R, and the red curve was R18013231_R.
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Figure 2 The results of genomic extraction and 16sRNA electrophoresis of three isolates. (A) The results of genomic extraction from three isolates. Lane 1: S18010071_S,
Lane 2:R17123922_R, Lane 3:R18013231_R, Lane 4: DNA Marker 10,000. (B) The electrophoretic results of the products amplified by 16srDNA universal primers. Lane I:
S18010071_S; Lane 2:R17123922_R; Lanes 3 and 4: R18013231_R, Lane 5: DNA Marker 10,000.

reference genome, and 8949 SNVs, and 757 indels were found in the isolates. Venn Diagram analysis showed that there
were 696 SNVs in R17123922 R and R18013231 R (Figure 4A), including 407 genes (excluding synonymous muta-
tions), and 79 indels (including 40 genes) in R17123922 R and R18013231 R (Figure 4B). Our results also showed that
SNVs and indels were evenly distributed in the whole genome (Figure 5).

Table | The Results of Antimicrobial Susceptibility Testing by Disk Diffusion Method

Strain No. Erythromycin Results Azithromycin Results Clarithromycin Results
(S:>21mm) (S:>26mm) (S:>24mm)

S18010071_S 30mm S 33mm S 3Imm S

R17123922_R 6mm NS 6mm NS 6mm NS

R18013231_R 6mm NS 6mm NS 6mm NS

Abbreviations: S, susceptible; NS, nonsusceptible.

Table 2 The Results of Antimicrobial Susceptibility Testing by Broth Microdilution Method

Strain No. Erythromycin Results Azithromycin Results Clarithromycin Results
(S:<2pg/mL) (S:<0.25pg/mL) (S:<lpg/mL)

S18010071_S 0.25pg/mL S 0.25pg/mL S 0.25pg/mL S

R17123922_R >512pug/mL R >512pg/mL R 64pg/mL R

R18013231_R >512pg/mL R >512pug/mL R 128ug/mL R

Abbreviations: S, susceptible; R, resistant.
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Figure 4 SNV and indel mutations of Moraxella catarrhalis were analyzed by Venn diagram. (A) Results of SNV analysis between two macrolide-resistant Moraxella catarrhalis.
(B) Results of indel analysis between two macrolide-resistant Moraxella catarrhalis.

Identifying the Genes and Proteins That May Contribute to Macrolide Resistance in

Moraxella catarrhalis

There were 407 genes involved in the 696 SNVs identified above, excluding synonymous mutations, involved 163 genes
(Table S1). There were 41 genes involved in the 79 indels (Table S2). Among them, there was no change in the 23SrRNA
gene which has been reported to be associated with macrolide resistance, there was no SNV which was related to
ribosomal protein-coding genes. Similarly, there was also no indel was associated with reported macrolide resistance.
Interestingly, our analysis showed that the indel in MCR 0492, a gene that encodes a TonB-dependent receptor protein
(TBDR), occurred in both macrolide-resistant isolates (Table 3). TonB-dependent receptor proteins are located at the cell
wall, and TonB-dependent receptors mediate substrate-specific transmembrane transport using the proton power
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Figure 5 Distribution of SNV and indel in genomes of two macrolide-resistant isolates.

transmitted by the TonB-ExbB-ExbD complex (TonB system) located in the inner membrane.'® It has been reported that
antimicrobials can be transported through TonB-dependent receptors.'’ Frameshift mutation of TonB-ExbB-ExbD
complex in Acinetobacter baumannii can significantly reduce the susceptibility of monocyclic B-lactam antibiotics.'®
Therefore, we speculated that the indel in the MCR 0492 gene led to the amino acid change, and then result in
a conformational change or loss of the function of TonB-dependent receptor proteins, which affects the entry of
macrolide antibiotics into bacterial cells from extracellular, resulting in the resistance of two isolates of Moraxella
catarrhalis to macrolide antibiotics.

Discussion

There is no doubt that Moraxella catarrhalis is an important pathogen in clinic. As no vaccine for Moraxella catarrhalis
was used clinically, Moraxella catarrhalis as a pathogen is threatening human health, especially in children. According to
the data of China Center for Antibacterial Surveillance (http://y.chinadtc.cn), macrolides accounted for 24.86% of the

total use of antibiotics in outpatient prescriptions in Chinese hospitals in 2018, ranking first. Similarly, macrolides ranked
first in the use of antibiotics in children, which will inevitably lead to a sharp increase in the resistance rate of macrolide
antibiotics. Macrolide antibiotics inhibit the extension of the peptide chain by binding to the large subunit of ribosomal
50s by consisting a 5S rRNA, 23S rRNA, and ribosomal protein.'*~° A Japanese study found that Moraxella catarrhalis
with high erythromycin resistance contained three or more 23S rRNA alleles with A2058T mutation.”' Some erythro-
mycin-resistant isolates found mutations in rplD gene and rplV gene encoding ribosomal proteins L4 (V27A/R161C/
Q61R) and L22 (K68T/ Insertion98SRADRIS).**** A Chinese study have shown that 23SrRNA gene A2982T, A2796T
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Table 3 Common Site of Indel Mutation in Two Macrolide-Resistant Moraxella catarrhalis

Sample Gene Name POS_ALT Description

R17123922_R MCR_0492 513364: AGATGGTGCTATT > A TonB-dependent receptor
R17123922_R MCR_0492 512447: ACCATCAAT > A TonB-dependent receptor
R17123922_R MCR_0492 512148: ACG > A TonB-dependent receptor
R17123922_R MCR_0492 512634: T > TGG TonB-dependent receptor
R17123922_R MCR_0492 512131: TAA>T TonB-dependent receptor
R18013231_R MCR_0492 512442: C > CCAAAGAGA TonB-dependent receptor
R18013231_R MCR_0492 512426: ATTCTTCG > A TonB-dependent receptor
R18013231_R MCR_0492 512898: GCGT > G TonB-dependent receptor
R18013231_R MCR_0492 512635: TCA>T TonB-dependent receptor
R18013231_R MCR_0492 513355: TGATG > T TonB-dependent receptor
R18013231_R MCR_0492 512153: C > CTG TonB-dependent receptor
R18013231_R MCR_0492 512905: G > GATT TonB-dependent receptor
R18013231_R MCR_0492 512434: T > TCACCAAA TonB-dependent receptor
R18013231_R MCR_0492 513360: A > AG TonB-dependent receptor
R18013231_R MCR_0492 512140: A > ACC TonB-dependent receptor

and A2330T mutations are associated with high resistance to macrolides of Moraxella catarrhalis (MICs:24-256pg/mL),
and A2983T mutations are associated with low drug resistance (MICs:0.19—16pg/mL).'* However, there was no
resistance mutation above was observed in two highly resistant isolates of Moraxella catarrhalis in our study.
Genome sequencing analysis showed that the two isolates of macrolide resistance were associated with the indel
mutation of MCR 0492 gene encoding TonB-dependent receptors, which are pore-like channel proteins across the
inner membrane. It is well known that the envelope of Gram-negative bacteria is composed of inner and outer
membranes; therefore, macrolide antibiotics must be transported through two membranes to function in bacterial cells.
We speculated that the loss of TonB-dependent receptor protein function affects the entry of macrolide antibiotics into the
cells of Moraxella catarrhalis, which may be a novel mechanism of resistance of Moraxella catarrhalis to macrolide
antibiotics.

Conclusion

In this study, two isolates of Moraxella catarrhalis with high resistance to macrolide antibiotics were isolated from clinical
specimens, and the whole genome was sequenced. Using Moraxella catarrhalis BBH18 as the reference genome, the whole
gene sequencing was compared and analyzed. Two isolates did not harbor any previously reported mutations in the 23S
rRNA and ribosomal proteins, we speculate that the two macrolide-resistant isolates are related to the inactivation of
MCR_0492 gene function and the exact relationship needs to be confirmed by further experiments, such as gene knockout.
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