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Purpose: Burkholderia cepacia complex (Bcc) is a known significant opportunistic pathogen causing morbidity and mortality, 
particularly in those with cystic fibrosis, chronic granulomatous disease, or immunocompromising host. Mortality of Bcc bloodstream 
infections among non-cystic fibrosis patients remained high. The antibiotic treatment for Bcc infection is quite challenging due to its 
intrinsic resistance to most antibiotics, and the resistance to carbapenems was the biggest concern among them. We aimed to realize 
the mechanism of carbapenem resistance in Bcc.
Patients and Methods: Ten strains of Bcc were identified by the MALDI-TOF MS, and the drug susceptibility test was using 
VITEK 2 system. The Burkholderia cepacia complex genomes were sequenced via Nanopore GridIon. We also downloaded another 
ninety-five strains of Bcc from the National Center for Biotechnology Information database to evaluate the divergence between 
carbapenem-resistance and carbapenem-sensitive strains.
Results: The genetic organization between carbapenem-sensitive and carbapenem-resistant strains of Bcc showed no difference. 
However, in the carbapenem-sensitive strain, E151V substitution in PenR was detected. In addition, a novel specific OXA family 
subgroup, blaOXA-1043 in Burkholderia cenocepacia was discovered.
Conclusion: The E151V substitution in PenR may be associated with carbapenem-sensitive in Bcc. Moreover, the V151E mutation in 
PenR may be related to the activation of PenB, leading to Bcc resistance to carbapenems. Besides, a novel OXA family subgroup, 
blaOXA-1043, was found in Burkholderia cenocepacia, which differs from the previous OXA family.
Keywords: Burkholderia cepacia complex, Burkholderia cenocepacia, carbapenem-resistant, whole-genome sequencing

Introduction
Burkholderia cepacia complex (Bcc), formerly known as Pseudomonas cepacia, is a group of aerobic, non-fermenting 
gram-negative bacilli, composed of more than twenty species. It was first discovered by Walter Burkholder in 1949, 
causing onion skin rot. In the 1950s, Bcc was described as a human pathogen and later reported as a cystic fibrosis 
respiratory pathogen, associated with accelerated decline in pulmonary functions and reduced survival, especially among 
those with more advanced lung disease or who had undergone lung transplantation.1 It is also an important pathogen that 
causes morbidity and mortality in hospitalized patients, especially those with cystic fibrosis, chronic granulomatous 
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disease, or immunocompromising host.2,3 Mortality of Bcc bloodstream infections among non-cystic fibrosis patients in 
a 17-year nationwide study was 16%, 25%, and 36% at 14, 30, and 90 days, respectively.3

Treatment options for Bcc remain limited due to its intrinsic resistance to most antibiotics. Recommendation regimens 
for Bcc infections include carbapenem, fluoroquinolone, minocycline, and trimethoprim-sulfamethoxazole.4 However, 
a study of Bcc isolates from cystic fibrosis patients revealed 23% of strains were susceptible to ceftazidime, 38% of 
strains were susceptible to minocycline, 5% of strains were susceptible to trimethoprim-sulfamethoxazole, and 26% of 
strains susceptible to meropenem.5 Due to limiting antibiotic choice for Bcc infection and the high mortality rate in Bcc 
bloodstream infection, understanding the mechanism of carbapenem resistance in Bcc helps physicians select a proper 
antibiotic treatment and may contribute to developing new treatment options in the future. However, the mechanism of 
carbapenem resistance remained unclear.

As far as we know, carbapenemase production was vital in carbapenem-resistance gram-negative bacteria. The induction 
of PenB, also a class A β-lactamases family, led to the carbapenem-resistant in Burkholderia species.6 Another research 
suggested PenB conferred β-lactam resistance in Bcc and established that carbapenem resistance in Burkholderia ubonensis is 
due to an inducible class A PenB β-lactamase.7 However, another previous study in 2018, using an agar diffusion method to 
analyze the antibiotic resistance (across sixteen antibiotics and combinations) in five clinical and one environmental 
Burkholderia cenocepacia strains, the members of Bcc, showed a similar number of antibiotic resistances. Interestingly, the 
MC0-3 strain showed carbapenem sensitive, while most other strains exhibited carbapenem-resistant.8 Other mechanisms 
may regulate the expression of PenB, and impact the phenotype of carbapenem resistance in Bcc. Hence, we would like to 
figure out if the potential amino acid change in these two strains is associated to the phenotype between carbapenem-sensitive 
and carbapenem-resistant Bcc, despite both strains having the same genetic organization.

This study analyzed ten strains of Bcc, comparing the arrangement of amino acids between carbapenem-sensitive and 
carbapenem-resistant strains, and also retrieved another ninety-five strains of Bcc from the National Center for 
Biotechnology Information database to evaluate the divergence between the carbapenem-sensitive and carbapenem- 
resistant Bcc to figure out the change of amino acids alignment may associate to carbapenem resistance in Bcc.

Materials and Methods
Isolates
Ten strains of carbapenem-resistant Bcc isolated from blood culture in the past 5 years in Taichung Veterans General 
Hospital were included in the study. Preliminary identification was performed by MALDI-TOF MS (matrix-assisted laser 
desorption-ionization time-of-flight, mass spectrometry), and all protocols were performed according to the manufac-
turer’s instructions. The rest of ninety-five strains of Bcc were retrieved from the National Center for Biotechnology 
Information (NCBI) database.

Antimicrobial Susceptibility Testing
Antimicrobial susceptibility test (AST) was using VITEK 2 system. Once a reliable direct identification by MALDI-TOF 
MS was achieved, the pellet of the third aliquot was diluted in a saline solution 0.45% and its density adjusted to 0.5 
McFarland turbidity standard. Then, it was used for a direct AST by the VITEK-2 Compact System. All protocols were 
performed according to the manufacturer’s instructions.

Genomic DNA Extraction, Sequencing, and Annotation
The Bcc genomes were sequenced using Nanopore GridIon. The DNA library was prepared using the rapid barcoding kit (SQK- 
RBK004) following the manufacturer’s instructions, and the sequencing was performed in an R9.4.1 flow cell for 48 h. The 
sequenced reads were basecalled using Guppy 4.4.2. Adaptor sequences left in the reads were trimmed using Porechop (v0.2.4). 
The clean reads were assembled into contigs via Flye (v2.7),9 and the remaining sequencing errors were sequentially polished by 
Racon, Medaka, and Homopolish.10,11 The assembled contigs were classified into chromosomes and plasmids via both NCBI 
BLAST and PlasmidFinder. Protein-coding genes and coding and non-coding RNAs in chromosomes and plasmids were 
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annotated via the NCBI Prokaryotic Genome Annotation Pipeline (PGAP).12 In addition, we used the Protein Variation Effect 
Analyzer (PROVEAN) to find the possible functional mutations between carbapenem-sensitive and carbapenem-resistant Bcc.

Resistance Genes Analysis
Antibiotic-resistant genes (ARGs) were predicted by aligning protein-coding genes against the Comprehensive Antibiotic 
Resistance Database (CARD).13 Only ARGs with alignment coverage greater than 90% were retained. Efflux pumps 
were excluded from ARG analysis. Beta lactamases were separately predicted by the curated hidden Markov models in 
NCBI AMRFinderPlus.14 To assess whether the E151V was a random point mutation or a divergent evolution between 
resistant and sensitive Bcc strains, we also downloaded PenR sequences of ninety-five strains of Bcc in NCBI. The 
phylogeny of PenR and OXA was carried out by Mega and visualized by interactive Tree Of Life (iTOL).

Results
Genomic Organization of Bcc Strains Revealed No Difference
A total of one hundred and five strains of Bcc were included in our study. Nine strains of carbapenem-resistant and one 
strain of carbapenem-sensitive Bcc, identified by MALDI-TOF MS, were included (Table 1), and the rest of the ninety- 
five strains were retrieved from the NCBI database. The drug susceptibility test of these ten strains of Bcc is shown in 
Table 1. Both the genetic organization of carbapenem-sensitive and carbapenem-resistant strains of Bcc were identical 
(Figure 1), with PenB followed by PenR, and the latter is a LysR-type regulator that governs the expression of PenB.

E151V Mutation in Bcc Led to Sensitive of Carbapenem
Multiple sequence alignments of PenR and PenB revealed carbapenem resistance-associated mutation (Figure 2a and b). 
The functional importance of these mutations was analyzed by PROVEAN, which revealed only one deleterious 
substitution at E151V in PenR (Table 2). No other deleterious mutations were found in PenB system (Table S1). 
Therefore, the initial analysis suggested that E151V mutation may be associated with sensitivity to carbapenem in Bcc.

Divergent Evolution of Resistant and Sensitive Bcc Strains
To assess whether the E151V mutation is a random effect or significantly associated with carbapenem-resistance in Bcc, 
we downloaded ninety-five PenR sequences in NCBI and reconstructed their phylogeny (see Methods). Two lineages, 
one corresponding to the E151V (sensitive) mutations and the other belonging to the V151E (resistant) strains, were 

Table 1 DST of Different Antibiotics in Different Strains of B. cenocepacia

Species Strain IPM CAZ TMP/SMX LFX

B. contaminans Toggle 1 R S S S

B. cenocepacia Toggle 2 R S S I

B. cenocepacia Toggle 3 R S S I

B. cenocepacia Toggle 4 R S I R

B. cenocepacia MC0-3 S S I I

B. cenocepacia J2315 R S S S

B. cenocepacia BC7 R S S R

B. cenocepacia K56-2 R S S I

B. cenocepacia H111 R S S I

B. cenocepacia AU1054 R R R R

Abbreviations: DST, drug susceptibility test; TMP/SMX, Trimethoprim-sulfamethoxazole; LFX, Levofloxacin; 
CAZ, Ceftazidime; IPM: Imipenem.
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clustered in two clades (Figure 2c). While the majority of PenR carried the resistant PenR alleles, a minority contained 
the sensitive one. Hence, our results suggested that the allele status mutation at E151V of PenR may not activate PenB 
sequences, causing the specific Bcc strain (MC0-3) to remain sensitive to carbapenem.

Figure 1 Genetic organization of carbapenem-resistant and carbapenem-sensitive in different strains of Burkholderia cepacia complex. Carbapenem-resistant Burkholderia 
cepacia complex include Burkholderia cenocepacia strain toggle 2, toggle 3, toggle 4, J2315, BC7, K56-2, H111 and AU1054, and Burkholderia contaminans strain toggle 1. The 
only carbapenem-sensitive strain is Burkholderia cenocepacia strain MC0-3. However, the genetic organization shows no difference between carbapenem-resistant and 
carbapenem-sensitive strain.

Figure 2 (a and b) Multiple sequence alignment of PenR in different strains of Burkholderia cepacia complex. The red box in (a) focuses on the possible deleterious mutations 
in multiple sequence alignments of PenR, and the red box in (b) indicated the deleterious substitution at E151V in PenR. Red dots represent carbapenem resistance 
associated mutations. Green dots indicate strain variation. E151V mutation in Burkholderia cepacia complex remained sensitive to carbapenem. The asterisk (*) indicated the 
position without mutation or variation of the multiple sequence alignments in PenR. (c) Phylogenetic tree of Burkholderia spp. Ninety-five strains of Burkholderia spp. are 
analyzed and the phylogenetic trees E151V mutation consisted in other carbapenem-sensitive strains of Burkholderia spp. (red color).
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Novel OXA Gene Subgroup
A novel OXA gene is found in Burkholderia cenocepacia stains toggle 2, toggle 3, and toggle 4, which is named as 
blaOXA-1043 (OXA-1043 family class D β-lactamase). This new class D β-lactamase, designated OXA-1043, has a total of 
7414 genes and 7082 coding sequences with protein. It was first identified on the chromosome 2 of the Burkholderia 
cenocepacia. We used the Mega to carry out the phylogeny of OXA family, which was visualized by iTOL. Phylogenetic 
tree and taxonomic ranks also reveal that blaOXA-1043 is different from previous OXA family, suggesting a new subgroup 
of oxacillinase (Figure 3).

Discussion
In our study, the Bcc strain remaining sensitive to carbapenem might associate with E151V mutation in PenR, and the 
V151E mutation in PenR might associate with the activation of PenB, causing carbapenem resistance in Bcc. The 
divergence between carbapenem-sensitive and carbapenem-resistant Bcc showed two lineages rather than a random 
mutation. In addition, a novel specific OXA family subgroup, blaOXA-1043, was discovered in Burkholderia cenocepacia.

As far as we know, extended-spectrum β-lactamase (ESBL)-producing and carbapenem-resistant bacteria have become 
a global issue. Antibiotic options are limited for these pathogens. Carbapenems are the more effective antibiotic options for 
ESBL than colistin.15 However, when it comes to carbapenem-resistant bacteria, such as carbapenem-resistant Acinetobacter 
baumannii (CRAB), a long course of colistin therapy resulted in a lower 30-day mortality rate in critically ill patients.16 The 
primary mechanism of carbapenem resistance in carbapenem-resistant bacteria is the production of carbapenemases. 
Carbapenemase is divided into classes A, B, and D by using the Ambler classification method.17 Burkholderia species 
produces at least three active β-lactamase, including two class A enzymes (PenA and PenB) and one class C enzyme (AmpC).7 

A newly identified β-lactamase, PenB, demonstrated its hydrolysis activity toward ß-lactams and the distribution of its gene 
among Bcc isolates in 2009.6 Focus on the carbapenem resistance in Bcc had been reported in Burkholderia ubonensis, 
a member of the Bcc, which is also due to an inducible class A PenB β-lactamase by mutational analyses. In the mutation 
analysis, a previous study compared the PenB protein expression between carbapenem-resistant strain Bu278 and the 
carbapenem-susceptible B. ubonensis strain MSMB2152, and found that PenB protein activity was much higher in the 
carbapenem-susceptible strain.9 Similar to many Gram-negative bacteria, a β-lactamase is induced in response to peptidogly-
can perturbation, resulting in transpeptidase inhibition by β-lactam antibiotics. The system in Burkholderia cenocepacia is 
PenR/PenB.18,19 PenR is a LysR-type protein encoded by a gene that is transcribed divergently from penB.9 Moreover, the 
mutations in the key cell wall-recycling enzyme AmpD (N-acetyl-anhydromuramyl-L-alanine amidase) led to the induction of 
two β-lactamases, AmpC and PenB. However, in Burkholderia cenocepacia and many Bcc species, ampC and its regulator, 

Table 2 PROVEAN of B. cenocepacia Strain 1103 and Strain MC0-3 in PenR

Strain 1103 Strain MC0-3

Variant PROVEAN Predictiona Variant PROVEAN Predictiona

E151V −3.848 Deleterious V151E 3.848 Neutral

E174D −0.871 Neutral D174E 0.871 Neutral

R207Q 0.451 Neutral Q201R −0.538 Neutral

V234I −0.732 Neutral I234V 0.692 Neutral

Q250L −0.664 Neutral L250Q 0.664 Neutral

G291S 0.070 Neutral S291G −0.196 Neutral

P294S 0.169 Neutral S294P −0.143 Neutral

V295I −0.162 Neutral I295V 0.094 Neutral

Note: aCut-off of prediction=−2.5.
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ampR, named penR in Burkholderia genomes are not associated, sharing a divergent promoter, as in other previously studied 
species. In Bcc species, penB is instead associated with the ampR homolog.18

Other class A β-lactamases genes could also be identified in other Enterobacteriaceae. A plasmid-mediated carbape-
nemase gene, designating Klebsiella pneumoniae carbapenemase (KPC), was first reported in the Klebsiella pneumoniae 
strain in 2001.20 Since then, blaKPC has spread widely in the United States and South America, causing outbreaks of 
KPC-producing Enterobacteriaceae to be reported in most European regions.21,22 As for the class B β-lactamases, blaIMP 

has spread throughout Japan since the IMP-1 was first discovered among 105 strains of Serratia marcescens in Okazaki in 
1993.23 Besides, blaNDM-associated carbapenem-resistant KPN was first reported in India and mainly spread in Asia.24,25 

In recent years, NDM has become the second most common carbapenemase found among carbapenem-resistant 
Enterobacteriaceae in China, and blaNDM is more prevalent in Escherichia coli.26,27

Our study also found that both carbapenem-resistant and carbapenem-sensitive Bcc strains had the same genomic 
organization, and penB was associated with the penR homolog, which matched the previous studies. Moreover, the 
V151E mutation on PenR was found in carbapenem-resistant strains. The PenR sequences of other ninety-five strains of 
Bcc from the NCBI database also clustered in two lineages, one corresponding to the E151V mutations (sensitive strains) 
and the other belonging to V151E mutations (resistant strains). Therefore, the V151E mutation on PenR may be 
associated with the activation of PenB, causing carbapenem-resistant in Bcc.

Figure 3 Phylogenetic tree of OXA β-lactamases family in Burkholderia spp. OXA family groups are listed in the phylogenetic tree, and the different OXA β-lactamases 
families are identified in different colors. A novel specific OXA family subgroup, blaOXA-1043 was found in Burkholderia cenocepacia, marked in blue.
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The Class D β-lactamases were another important mechanism of beta-lactam resistance, which composed of 14 families 
and the majority of the member enzymes are included in the OXA family.28 This group of enzymes presents a distinguished 
ability to hydrolyse cloxacillin/oxacillin as well as carbenicillin. In 1985, the first OXA-encoding gene was found in an 
Acinetobacter baumannii isolate from the United Kingdom and designated blaOXA-23.29 Immediately after, the number of 
OXA family members gradually demonstrated in the Enterobacteriaceae, including OXA-23-like, OXA-48-like, OXA-40- 
like, OXA-51- like, and OXA-58-like.30 Mostly, the subfamilies of a cluster are intrinsic to the same bacterial genus.28 The 
OXA-22-like enzyme is innate in Ralstonia spp.31 The OXA-42-like enzymes are intrinsic to Burkholderia pseudomallei.32 

The members of the OXA-114-like, OXA-258-like, and OXA-243-like subfamilies are innate in Achromobacter spp. The 
OXA-12-like-associated subfamilies are inherent in Aeromonas spp.33,34 The OXA-55-like and revised OXA-48-like 
subfamilies are innate in Shewanella spp.35–37 In our study, a new subfamily of OXA family, blaOXA-1043, is inherent in 
Burkholderia cenocepacia, which has not been reported before. The discovery of the blaOXA-1043 gene in Burkholderia species 
might imply the possibility of resistance to carbapenem, which may affect antibiotic treatment choice in clinical medicine.

Finally, some limitations of our study existed. First, only a small number of strains of Bcc were used in this study, although 
we tried to obtain more Bcc strains from the NCBI database, which may only represent some species of Bcc. Second, we only 
used PROVEAN to discover the possible point mutation between carbapenem-resistant and carbapenem-sensitive strains. The 
genotype mutation may not entirely correspond to the phenotype in carbapenem-resistant strains of Bcc. Retrospectively, the 
electrophoretic mobility shift assay (EMSA) is used to detect protein complexes with nucleic acids, and it is the core 
technology underlying a wide range of qualitative and quantitative analyses for the characterization of interacting systems. 
The assay is highly sensitive using radioisotope-labeled nucleic acids, allowing the assays to be performed with small protein 
and nucleic acid concentrations (0.1 nM or less) and small (20 mL or less) sample volumes.38 In previous studies, EMSA has 
been widely applied in detecting antimicrobial resistance among multiple microorganisms, such as demonstrating that the 
AtrR conferred clinically significant azole resistance in Aspergillus fumigatus.39 Further functional assay, such as EMSA, to 
demonstrate the impact of the V151E in PenR on PenB activation may be required to investigate whether this mutation 
responds to the resistance phenotype of carbapenem in Bcc. In addition, further experiments to test the activity of the novel 
OXA gene subgroups in other bacterial strains were also needed to strengthen our findings.

Conclusion
Our study found that the E151V mutation in PenR might be associated with carbapenem-sensitive in Bcc, which may 
help us understand the mechanism of carbapenem-resistant Bcc more. And the V151E mutation in PenR may relate to the 
activation of PenB, causing carbapenem resistance in Bcc. However, our results need further functional assays to prove 
that the carbapenem-resistant Bcc could detect the E151V substitution. Besides, blaOXA-1043, a novel specific OXA 
family, was first found in Burkholderia cenocepacia, which also shows a trend of specificity in different bacterial species 
like the previous OXA family.
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