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ABSTRACT Antibiotic collateral sensitivity, in which acquired resistance to one drug leads
to decreased resistance to a different drug, occurs in Burkholderia multivorans. Here, we
observed that treatment of extensively drug-resistant variants evolved from a cystic fi-
brosis (CF) sputum sample isolate with either meropenem or sulfamethoxazole-trime-
thoprim, depending on past resistance phenotypes, resulted in increased sensitivity to
five different classes of antibiotics. We further identified mutations, including putative
resistance-nodulation-division efflux pump regulators and uncharacterized pumps, that
may be involved in this phenotype in B. multivorans.
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Members of the Burkholderia cepacia complex (BCC), primarily Burkholderia multi-
vorans and Burkholderia cenocepacia, are associated with increased morbidity

due to unremitting airway infections exacerbated by failed antibiotic treatments and
increased mortality by impeding life-extending therapies such as lung transplants in
cystic fibrosis (CF) patients (1–5). The recommended chronic suppressive antimicrobial
therapies for CF patients require sustained exposure to antibiotics, potentiating the devel-
opment of multidrug resistance (MDR) or extensive drug resistance (XDR). One possible
therapeutic strategy to combat MDR and XDR, antibiotic cycling, takes advantage of a phe-
nomenon called collateral sensitivity (CS) (6). CS is observed when bacteria are exposed to
and acquire resistance to one antibiotic (the “treatment drug” [TD]) and subsequently
demonstrate increased sensitivities to other antibiotics (“nontreatment drugs” [NTDs]).

Our lab has previously reported that drug cycling in a B. multivorans cystic fibrosis iso-
late, AS149 (7), using six clinically relevant antibiotics with various mechanisms of action
(meropenem [MEM], 10-mg disk; ceftazidime [CAZ], 30-mg disk; minocycline [MIN], 30-mg
disk; levofloxacin [LVX], 5-mg disk; chloramphenicol [CHL], 30-mg disk; and sulfamethoxa-
zole-trimethoprim [SXT], two 23.75/1.25-mg disks), can induce CS to at least one other antibi-
otic in a majority of the variants tested (8, 9). However, during the lab evolution experiment,
we observed six variants that independently lost all previous CS phenotypes and acquired
XDR (Table 1) (9). To determine if the XDR phenotype could be reverted back to susceptible,
we performed an additional lab evolution experiment beginning with the six XDR variants
using continued antibiotic cycling.

Each of the six XDR variants (AS553, AS524, AS525, AS542, AS591, and AS610) was
cultured under the selective pressure of the antibiotic to which the bacteria remained
susceptible (TD) for 20 to 25 exposures until resistance was reached. Once resistance
was acquired to the TD, the antibiograms of the resultant progeny variants were determined
as previously described (8, 9). Acquisition of resistance to SXT resulted in five variants (AS625,
AS647, AS626, AS581, and AS697) showing increased sensitivity to all five NTD antibiotics
(MEM, LVX, CHL, MIN, and CAZ), further referred to as pancollateral sensitivity (pan-CS). The
sixth variant (AS717) also showed pan-CS to all five NTD antibiotics (LVX, SXT, CHL, MIN, and
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CAZ) after developing resistance to MEM (Table 1). We observed the intensity of CS in the
pan-CS variants was unfixed and was independent of TD or parent XDR variant, with four
pan-CS variants (AS626, AS625, AS581, and AS647) showing similar sizeable increases in sensi-
tivity to NTDs (Fig. 1; see also Table S1 at https://pages.uncc.edu/todd-steck/aac00611-21-2/).

To determine which mutational events contributed to the increase in sensitivity, the
genomes of six XDR variants and respective six pan-CS variants were sequenced using the
Illumina HiSeq 2500 platform with 151-bp paired-end reads (BioProject accession number
PRJNA691610). Single-nucleotide polymorphisms (SNPs) and insertions/deletions (indels)
were called against the ancestral B. multivorans CF isolate, AS149, as previously described
(8, 9). Structural variations (.10bp) were identified using the software packages Pindel
(10), BreakDancer (11), GRIDSS (12), Manta (13), LUMPY (14), and DELLY (15). Sample calls
from each program were merged at a threshold of 75% and kept if at least three callers
identified a variant in that region.

RND-type efflux pumps in B. multivorans. During the whole-genome sequence
(WGS) analysis, we identified three putative B. multivorans efflux pump regulators ei-
ther upstream of or related to hypothesized resistance-nodulation-division (RND) efflux
pumps (Fig. 2). To characterize the putative regulator and its respective RND pump, we

TABLE 1 B. multivorans variants in this studya

B. multivorans variant Treatment drug Drug resistance Collateral sensitivity Reference or source
AS149 None None None 7
AS553 CAZ MEM, LVX, CAZ, MIN, CHL None 9
AS625 SXT SXT MEM, LVX, CHL, MIN, CAZ This study
AS524 CAZ MEM, LVX, CAZ, MIN, CHL None 9
AS647 SXT SXT MEM, LVX, CHL, MIN, CAZ This study
AS525 CAZ LVX, CAZ, MIN, CHL None 9
AS626 SXT SXT MEM, LVX, CHL, MIN, CAZ This study
AS542 MEM MEM, LVX, MIN, CHL None 9
AS581 SXT SXT MEM, LVX, CHL, MIN, CAZ This study
AS591 CAZ MEM, LVX, CAZ, MIN, CHL None 9
AS697 SXT SXT MEM, LVX, CHL, MIN, CAZ This study
AS610 MIN LVX, CAZ, SXT, MIN, CHL None 9
AS717 MEM MEM LVX, SXT, CHL, MIN, CAZ This study
aExtensively drug-resistant variants were derived in a previous lab evolution experiment (9) using resistance selection to a treatment drug
(TD) in the ancestral cystic fibrosis (CF) B. multivorans isolate AS149 (7). To determine if extensive drug resistance (XDR) could be reversed by
exposure to a drug to which the variants were still susceptible, a second in vitro lab evolution experiment was performed. Acquired
resistance to the TD in XDR variants resulted in increased sensitivity to all five nontreatment drugs (NTD)—collateral sensitivity (CS). The
XDR variant and resultant progeny pan-CS variant (bold) pair antibiograms are described in the table.

FIG 1 Changes in antibiogram in XDR parent variant to the pan-CS progeny variant. XDR (left) and pan-CS (right) pairs are displayed together. The drug to
which the XDR variant was exposed to during cyclic therapy, the “treatment drug” (TD), is given under each pan-CS variant. The antibiotic disk size, 6mm
(dotted line), represents confluent bacterial growth up to the antibiotic disk. Zone of inhibition (ZOI) values (in mm) for each variant in shown for XDR (�)
and pan-CS (*). Lines represent the change in sensitivity to each antibiotic (meropenem [MEM], ceftazidime [CAZ], levofloxacin [LVX], minocycline [MIN],
chloramphenicol [CHL], and sulfamethoxazole-trimethoprim [SXT]), labeled at the pan-CS value. Lines with positive trends represent an increase in
sensitivity, while lines with negative trends represent an increase in resistance. The steeper the slope of the connecting line, the greater the change in
antibiotic sensitivity. Raw values can be found in Table S1 at https://pages.uncc.edu/todd-steck/aac00611-21-2/.
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used EMBOSS Needle global alignments to determine similarities to known RND efflux
pumps in B. cenocepacia J2315. We identified a TetR-type regulator protein, AJY18986,
which showed 95.3% similarity to the BpeR repressor (NCBI accession number CAR53123)
of the RND-4 RND efflux pump in B. cenocepacia J2315 (Fig. 2A) (1). We propose that the
AJY19303-AJY18998-AJY18758 operon in B. multivorans encodes the orthologous RND
efflux pump to the RND-4 efflux pump and is regulated by upstream AJY18986.

Additionally, we found one putative LysR-type transcriptional regulator (LTTR), AJY16912,
that is 98.2% similar to the CeoR regulator (NCBI accession number CAR56419) of the CeoAB-
OpcM RND efflux pump in B. cenocepacia (Fig. 2B) and is an ortholog to BpeT in Burkholderia
pseudomallei. In B. pseudomallei, the BpeT regulator is upstream of the known RND efflux
pump, BpeEF-OprC, and this pump can also be controlled by an additional LTTR, BpeS
(16–18). In our B. multivorans variants, we were able to identify a BpeS (NCBI accession
number AFI67377) ortholog, AJY19458, on chromosome 1 with 90.1% similarity to BpeS in
B. pseudomallei (Fig. 2B). We propose that the AJY15707-AJY16676-AJY16755-AJY16273 operon
in B. multivorans is an ortholog to the llpE-bpeE-bpeF-oprC operon in B. pseudomallei, which
encodes the BpeEF-OprC RND-type efflux pump (17), and that it is regulated by upstream
LTTR AJY16912 and distant LTTR AJY19458.

XDR mutations. WGS analysis revealed that mutations called across all six XDR
variants were commonly involved in antibiotic resistance, membrane proteins, and
lipid synthesis (Fig. 3A). All variants acquired mutations within either putative RND
efflux pump regulators bpeR or bpeT genes (Fig. 3A; see also Table S2 at https://
pages.uncc.edu/todd-steck/aac00611-21-2/). BpeR mutants observed in this study ei-
ther gained an early stop codon, resulting in aberrated protein, or a large disruptive
in-frame deletion (Table S2 at https://pages.uncc.edu/todd-steck/aac00611-21-2/).
Disruption of BpeR activity would result in complete or partial derepression of the respec-
tive RND efflux target, leading to hyperexpression and increased antibiotic resistance (19). It
is noteworthy that the BpeEF-OprC efflux pump is only expressed in BpeT regulatory

FIG 2 Putative RND efflux gene operons in Burkholderia multivorans. Two schematic representations of the
putative operons encoding RND efflux regulators and efflux pumps in Burkholderia multivorans ATCC BAA-247
using NCBI accession numbers. The putative regulator and respective operons are shown for (A) BpeR and
AJY19303-AJY18998-AJY18758 and (B) BpeT, AJY15707-AJY16676-AJY16755-AJY16273, and the LTTR BpeS,
found on chromosome 1. Regulators are designated in red, RND efflux pump operons in blue, and unrelated
genes in gray. Genes shown above the line are located on the positive strand, and those shown underneath
the line are on the negative strand. Figure created using BioRender.
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mutants and is induced by substrates (20). XDR variants with mutations in BpeT (AS553 and
AS542), were evolved from the same ancestor variant, which was resistant to CHL, a sub-
strate for this pump. The BpeT mutation acquired during this exposure to CHL was main-
tained in the subsequent evolved XDR variants.

Ortholog pumps in B. pseudomallei (e.g., BpeEF-OprC and BpeAB-OprD) and B. ceno-
cepacia (e.g., RND-4 and CeoAB-OpcM) have similar and distinct substrates, suggesting
there is a slight species divergence in substrate specificity. Due to the proposed efflux
pumps in this study being uncharacterized, it cannot be determined which are the

FIG 3 Mutation analysis of the XDR and pan-CS variants. Heat map of unique, nonsynonymous mutations (single-nucleotide polymorphisms, insertions, and
deletions) in (A) the six XDR variants and (B) the six pan-CS variants. Genes are organized by functional category. Mutations in intergenic regions (I) were
only considered if the mutation fell within 100 bp upstream of the downstream gene’s start site. Intensity of color increases with mutation number.
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preferred substrates for each pump. However, overlapping substrates, such as chloram-
phenicol and fluroquinolones, suggest that these may be substrates in the putative
RND efflux pumps (19–21).

Of interest, we identified mutations in the class A b-lactamase gene penA (22) in
four of the six XDR variants (Fig. 3A and Table S2 at https://pages.uncc.edu/todd-steck/
aac00611-21-2/). Two variants, AS525 and AS610, acquired PenAD192G mutations, a
mutation predicted to result in MEM sensitivity (9).

Pan-CS mutations. WGS analysis showed there was no significant difference in the
total number of mutations accumulated between the XDR parent variants and pan-CS
progeny (see Table S3 at https://pages.uncc.edu/todd-steck/aac00611-21-2/). However,
we observed complete reversion of all penA mutations and efflux regulator mutations
in four variants (Fig. 3B and Table S2 at https://pages.uncc.edu/todd-steck/aac00611
-21-2/). The two pan-CS variants that did not revert mutations in the repressor BpeR,
AS697 and AS717, showed low to moderate increase in drug sensitivity (Fig. 1).
However, in these variants the bpeR mutation did not result in aberrated protein and
therefore, it is possible that BpeR maintains some regulatory function. Furthermore, variant
AS647 acquired additional mutations in the bpeT gene and in the upstream region of bpeS,
potentially in response to SXT exposure (16).

Most mutations identified in the pan-CS variants were in different functional cate-
gories compared to the parent XDR variants with those in secretion system, cell division,
and DNA repair genes unique to the pan-CS progeny variants (Fig. 3B). All four pan-CS var-
iants evolved under the TD SXT that exhibited higher sensitivity (AS625, AS647, AS626,
and AS581) (Fig. 1) acquired the exact same mutations in LysRT245P, SpoTT41A, DacBL235P,
MarRW8S, and FtsZA105stop, which have been associated with cell division, increased perme-
ability, and stress response (23–26) (Fig. 3B and Table S2 at https://pages.uncc.edu/todd
-steck/aac00611-21-2/). Together, these data suggest that the stress endured from
the exposure to antibiotics activates alternative transcription strategies and DNA damage
responses.

Concluding remarks. Here, we have shown that when XDR has developed in B.
multivorans, sequential drug therapy has the potential to resensitize bacteria and
induce multiple CS pairs, a phenomenon recently observed in Pseudomonas aeruginosa
(27). In five of six variants, the combination drug SXT caused XDR reversal; in the sixth
variant, MEM led to XDR reversal in a variant previously resistant to SXT. Because the
antibiotic disks used in the in vitro evolution experiment are at the concentrations nec-
essary to determine clinical breakpoints, we hypothesize that drug cycling is an effi-
cient strategy to enhance CS, even after XDR has occurred. However, the heterogeneity
of the bacterial population in vivo and the effects of CS cycling on B. multivorans infec-
tions requires further investigation. Interestingly, the maintenance of BpeT regulator
mutations after the substrate CHL of BpeEF-OprC is removed highlights the importance
of considering past antibiotic exposures when deciding on drug cycles for chronic sup-
pressive therapies, like those in CF. Furthermore, we have identified the presence of
three putative regulators, BpeT, BpeS, and BpeR, that are related to operons containing
predicted RND periplasmic adaptor, transporter, and outer membrane proteins that are
involved in XDR in B. multivorans.

Data availability. The whole-genome sequencing data used in this study are available
at the NCBI Sequence Read Archive under BioProject accession number PRJNA691610.
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