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Cell Wall Recycling-Linked Coregulation of AmpC and PenB
B-Lactamases through ampD Mutations in Burkholderia cenocepacia
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In many Gram-negative pathogens, mutations in the key cell wall-recycling enzyme AmpD (N-acetyl-anhydromuramyl-1-ala-
nine amidase) affect the activity of the regulator AmpR, which leads to the expression of AmpC B-lactamase, conferring resis-
tance to expanded-spectrum cephalosporin antibiotics. Burkholderia cepacia complex (Bcc) species also have these Amp ho-
mologs; however, the regulatory circuitry and the nature of causal ampD mutations remain to be explored. A total of 92 ampD
mutants were obtained, representing four types of mutations: single nucleotide substitution (causing an amino acid substitution
or antitermination of the enzyme), duplication, deletion, and IS element insertion. Duplication, which can go through reversion,
was the most frequent type. Intriguingly, mutations in ampD led to the induction of two 3-lactamases, AmpC and PenB. Co-
regulation of AmpC and PenB in B. cenocepacia, and likely also in many Bcc species with the same gene organization, poses a
serious threat to human health. This resistance mechanism is of evolutionary optimization in that ampD is highly prone to mu-
tations allowing rapid response to antibiotic challenge, and many of the mutations are reversible in order to resume cell wall

recycling when the antibiotic challenge is relieved.

Burkholderia cepacia complex (Bcc) is a group of bacteria com-
prised of atleast 17 closely related species, including Burkhold-
eria cepacia, B. cenocepacia, B. multivorans, and B. vietnamiensis
(1-4). Members of the Bcc are known as significant cystic fibrosis
(CF) pathogens that can cause rapid clinical deterioration with
necrotizing pneumonia and sepsis resulting in early death, which
is called “cepacia syndrome” (5, 6). Although all Bee species have
been isolated from CF infection, B. cenocepacia and B. multivorans
have been shown to be most responsible for the severity of the
infection (7-9). Bcc infections occur beyond CF, as demonstrated
through reports of infections in immunocompromised patients
such as those with cancer or HIV and also among immunocom-
petent individuals (10, 11). Infections involving Bcc species are
generally difficult to cure because of their intrinsic multidrug re-
sistance (12, 13). Current therapies often include expanded-spec-
trum cephalosporins, including ceftazidime, which is one of a few
antimicrobial agents effective against the infection (12, 14). How-
ever, the genomes of Bcc species contain various {3-lactamase
genes, including that coding for AmpC, which potentially has hy-
drolytic activity for expanded-spectrum cephalosporins, and
AmpD, a key cell wall-recycling enzyme (N-acetyl-anhydromu-
ramyl-L-alanine amidase) (15). Mutations in ampD gene indi-
rectly result in overexpression of ampC in many Gram-negative
pathogens, including Pseudomonas aeruginosa, Enterobacter cloa-
cae, and Citrobacter freundii (16-19); therefore, similar regulation
is expected in Bcc species.

Bacterial cell walls are efficiently recycled during growth. For
example, Escherichia coli recycles 90% of the peptidoglycan deg-
radation products produced during growth in each generation
(20). Exposure to B-lactam antibiotics can disrupt the cell wall-
recycling system (21); in many bacteria, changes in peptidoglycan
metabolite levels serve as a mechanism for detecting the antibiot-
ics that lead to the regulation of ampC through the LysR-type
transcriptional regulator AmpR (18, 19, 22). AmpR is a tetramer
that operates as both a repressor and an activator depending on
the ligand, which is determined by the balance between cell wall
synthesis and degradation (23). When AmpR binds UDP-Mur-
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NAc-pentapeptide, the precursor of peptidoglycan, at the D-Ala-
D-Ala motif, expression of ampC is repressed. In contrast, AmpR
becomes an activator when it binds peptidoglycan degradation
products 1,6-anhydroMurNAc-peptides. The levels of 1,6-anhy-
droMurNAc-peptides increase when P-lactam antibiotics are
present or when AmpD, which degrades them as part of the recy-
cling process, is not functional due to mutation in the gene (16).
Some B-lactams, including cefoxitin and imipenem, are strong
inducers of AmpR-mediated AmpC B-lactamase expression,
while others, including ceftazidime, cefotaxime, and aztreonam,
are known to be poor inducers. Different levels of inhibition of
low-molecular-weight penicillin-binding proteins (PBPs) by dif-
ferent antibiotics may be partly responsible for this difference in
gene induction (24, 25). In response to poor inducers that do not
trigger the regular regulatory mechanism, mutations in ampD
may play a pivotal role in inducing the expression of ampC (25).

In this study, we demonstrate cell wall-recycling-linked 3-lac-
tamase regulation in B. cenocepacia, which simultaneously in-
duces two enzymes, AmpC and PenB (26), due to ampD muta-
tions. We profiled the repertoire of mutations in ampD, showing
that the gene particularly favors reversible duplication mutations,
suggesting that this regulatory system is the result of optimized
evolution for increased survival against dynamic antibiotic chal-
lenges.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli strains used for
molecular cloning and conjugation were grown in Luria Bertani (LB)
medium, and B. cenocepacia strains were grown in Iso-sensitest medium
(Oxoid, Basingstoke, United Kingdom) at 37°C (27). Tetracycline was
used at 10 pg/ml for E. coli, and the antibiotics used for B. cenocepacia
strains were as follows: kanamycin, 50 pg/ml; tetracycline, 150 pg/ml; and
ceftazidime, 8 pg/ml.

Isolation of ceftazidime-resistant mutants. A single colony of B.
cenocepacia strain J2315 grown on Iso-sensitest agar at 37°C for 2 days was
used to inoculate 3 ml of Iso-sensitest broth, and the inoculum was incu-
bated with shaking (250 rpm) for 18 h at 37°C. Bacterial cells were washed
with fresh broth and diluted in the same broth to approximately 107
CFU/ml. Diluted bacterial suspensions of 100 pl were spread on Iso-
sensitest agar containing 8 pwg/ml ceftazidime (four times the MIC of B.
cenocepacia strain J2315) and incubated for 48 h at 37°C. Visible colonies
were streaked on the same selective agar plate for confirmation of the
acquired antibiotic resistance.

Measurement of MIC. The MIC values were measured by using the
agar dilution method (28), using Iso-sensitest agar instead of Mueller-
Hinton (MH) agar. For the agar dilution method, a single colony of each
B. cenocepacia strain grown on Iso-sensitest agar at 37°C for 2 days was
inoculated in 3 ml of Iso-sensitest broth, and inoculums were incubated in
ashaking incubator at 37°C for 18 h. Overnight cultures were diluted with
Iso-sensitest broth and adjusted to 1 X 107 CFU/ml. One microliter of
diluted bacterial suspension (approximately 10* bacterial cells) was
dropped onto each Iso-sensitest agar plate containing an antibiotic using
a multichannel pipette. After incubation at 37°C for 20 h, the lowest con-
centration at which there was no visible colonies was determined as the
MIC value for the antibiotic. Adjusted concentrations of 1 X 107 CFU/ml
of cell suspensions were confirmed by spreading 100 pl of serial dilutions
on Iso-sensitest agar, incubating, and counting visible colonies.

Mapping mutations conferring ceftazidime resistance using whole-
genome sequencing. To identify genes involved in ceftazidime resistance,
the genomes of two ceftazidime-resistant isolates that had different MIC
values were sequenced using Illumina HiSeq2000. Data trimming, map-
ping reads to reference genome, and single-nucleotide polymorphism
(SNP) analysis were performed using CLC Genomics Workbench 6 soft-
ware (CLC-bio, Aarhus, Denmark).

Nucleotide sequence analysis of the ampD gene. Genomic DNA of
each ceftazidime-resistant mutant was extracted using a Wizard Genomic
DNA purification kit (Promega, Madison, WI, USA) and was used as the
PCR template. The coding sequence region of ampD (591 bp) and short
flanking regions (314 bp upstream of the start codon and 447 bp down-
stream of the stop codon) were PCR amplified using primers ampD-F
(5"-CCGATGCGACAGATTCTTCT-3") and ampD-R (5'-AAAGCTCCT
GGTGTTGGATG-3"). PCRs were performed in a 50l reaction mixture
containing 1.0 unit of KOD FX Neo polymerase (Toyobo, Osaka, Japan),
25 pl of 2X PCR buffer for KOD FX Neo, 0.4 mM deoxynucleoside
triphosphates (ANTPs), 100 ng template genomic DNA, and 0.3 uM each
primer. A three-step PCR was conducted as follows: predenaturation step
(94°C for 2 min), amplification step (35 cycles of 98°C for 10's, 60°C for 30
s, and 68°C for 60 s), and final extension step (68°C for 7 min) using the
C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). Next,
1,352-bp PCR amplicons were purified using a PCR purification kit (Qia-
gen, Hilden, Germany) and sequenced by a 3730 DNA analyzer (Applied
Biosystems, Foster City, CA, USA) in both directions using the primer
pair ampD-F and ampD-R.

Direct repeat pairs in the coding sequence of ampD were searched
using UGENE software (www.ugene.unipro.ru) (29). The parameters
used were as follows: minimum repeat length, 6 bp; repeats identity,
100%; minimum distance between repeats, 0; and maximum distance
between repeats, 30.

Complementation of ampD mutants with the wild-type gene. The
whole ampD operon (2,409 bp) was PCR amplified using KOD FX Neo
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polymerase and primers ampD-CF (5'-ATATATGGTACCGCCTTGCC
TTCGTAGTCG-3") and ampD-CR (5'-ATATATAAGCTTGCCCTGAG
AACCCTGTCC-3"), containing a Kpnl and HindIII recognition site (un-
derlined) at the end, respectively. The PCR mixture was prepared as
described above, and the PCR was conducted as follows: predenaturation
step (94°C for 2 min), amplification step (35 cycles of 98°C for 10 s, 60°C
for 30 s, and 68°C for 90 s), and final extension step (68°C for 7 min).
Purified PCR products treated with Kpnl and HindIII were ligated with
the broad-host-range vector pRK415 (30) in E. coli strain DH5a. Se-
quence-confirmed plasmids were transformed into E. coli strain S17-1
(31) through the conventional method (32). The S17-1 strain harboring
the plasmid was conjugated with ceftazidime-resistant B. cenocepacia mu-
tants on Iso-sensitest agar plates supplemented with 50 pg/ml kanamycin
and 150 pg/ml tetracycline. After incubation at 37°C for 2 days, successful
conjugants were obtained and confirmed by restriction pattern analysis of
the plasmid.

Reversion test. A ceftazidime-resistant mutant harboring the 21-bp
duplication in ampD was grown on Iso-sensitest agar supplemented with
8 pg/ml ceftazidime at 37°C for 2 days. A single colony was inoculated in
3 ml of Iso-sensitest broth without ceftazidime and incubated with shak-
ing (250 rpm) at 37°C overnight. Then, 30 pl of this inoculum was diluted
1:100 in fresh broth and again incubated overnight; this incubation step
was repeated for up to 30 days. After every 5 days, genomic DNA was
extracted from 1 ml of each inoculum, and approximately 1 X 10* cells
were spread on an Iso-sensitest agar plate with or without 8 pg/ml cefta-
zidime to measure the ratio between bacterial cells that had a reversion
and duplication mutants. Genomic DNA from each time point was used
as a template for PCR using KOD FX Neo polymerase and the primer pair
ampD-IF (5'-GTTCGACGAGGCGCAATAC-3") and ampD-IR (5'-AAG
CGTTGCCAATCGAAAT-3") to determine whether a reversion occurred
in the ampD sequence. PCR was conducted as follows: predenaturation
step (94°C for 2 min), amplification step (35 cycles of 98°C for 10 s, 60°C
for 30 s, and 68°C for 30 s), and a final extension step (68°C for 7 min).

qRT-PCR analysis. Quantitative real-time PCR (qQRT-PCR) was con-
ducted with strain J2315 to measure the expression levels of ampC
(BCAS0156), penB (BCAM2165), and penR (BCAM2166), using gyrB
(BCALO0421) as a reference gene (33). For the levels induced by ampD
mutations, the wild-type strain and selected mutants were grown on Iso-
sensitest medium to the mid-log phase (optical density at 600 nm [OD,]
of 1.0) without antibiotic pressure before isolating total RNA. To deter-
mine the expression levels induced by antibiotics, the wild-type strain was
grown to an ODy, of 0.5 without antibiotics; a subinhibitory concentra-
tion of each antibiotic (ampicillin, 100 pg/ml; ceftazidime, 0.5 pg/ml;
cefotaxime, 10 pg/ml; meropenem, 2 g/ml) was then added, and the cells
were grown further to an OD, of 1.0. All harvested bacterial cultures
were treated with RNAprotect bacteria reagent (Qiagen, Hilden, Ger-
many) to prevent alterations in the transcriptome. RNA samples were
prepared using an Easy-spin total RNA extraction kit (Intron, South Ko-
rea) and treated with RQ1 RNase-Free DNase (Promega, Madison, W1,
USA). cDNA was synthesized with 2 pug of DNase-treated RNA using
Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitro-
gen Life Technologies, Carlsbad, CA, USA). Diluted cDNA was used as the
template to perform quantitative real-time PCR using iQ SYBR green
Supermix (Bio-Rad, Hercules, CA, USA) and the Bio-Rad CFX96 Real-
Time System C1000 Touch Thermal Cycler according to the manufactur-
er’s instructions. Primer pairs used for the PCR of each gene were as
follows: ampC, 5'-ATTCAATGCGACACGCTTC-3' and 5'-GGAATCG
CGTACTGCTTCAT-3'; penB, 5'-AGTACGTTCAAGGCGATGCT-3'
and 5'-GGCGAATAGTTGACGAGGTC-3'; penR, 5'-CGGCTGTACGC
TGTTTACG-3" and 5'-GAACTGCTTGAGCACCGTTT-3";and gyrB, 5'-
CTGCTGCTCACGTTCCTGTA-3" and 5'-TTCAGATACCGCTCGTCC
TT-3'. Fold changes were calculated using the comparative threshold
cycle (C;) method (34).
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Mutations in ampD
(MICs for ceftazidime = 64; Wild type MIC = 2)
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Description
Amino acid substitution Duplication B Complemer!tatlon
Mutation Specifics Position (bp)| | Mutation|Specifics | Position (bp) Analysis
M-Sub1 | Ala18Glu, GCG — GAG 53 M-Dup1| 21 bp 420-440 wr gt
M-Sub2 | Leu37Phe, CTC — TTC 109 M-Dup2 | 10bp | 425-434 n
M-Sub3 | Val39Ala, GTC — GCC 116 M-Dup3| 12bp | 426-437 M-Subl § e
M-Sub4 | Serd44Gly, AGC — GGC 130 M-Dup4 | 23bp | 426-448 msuo2 § ==
M-Sub5 | Pro46Thr, CCG — ACG 136 M-Dup5| 11bp | 435445 M-Sub7 § ==
M-Sub6 | Leu63Pro, CTC — CCC 188 .
M-Sub7 | His68Tyr, CAC — TAC 202 Deletion M-Ext1 § o
M-Sub8 | His74Pro, CAC — CCC| 221 Mutation|Specifics| Position (bp) MEX2 §
M-Sub9 | Leu75Pro, CTG — CCG 224 M-Del1 | 297 bp -55-242 M-Dupt | '__
M-Sub10| Arg79Gly, CGC — GGC 235 M-Del2 | 1bp 199 M-Dups | [em——
M-Sub11]| Ser81Pro, TCC — CCC 241 M-Del3 | 57bp | 380-436 .
M-Sub12|Ser120Leu, TCG - TTG 359 M-Del4 | 21bp | 420-440 MDeld § BT
M-Sub13] lle121Ser, ATC —AGC 362 M-Del5 | 12bp | 426-437 MDels § B
M-Sub14 [ Arg167Ser, CGC — AGC 499 M-Del6 | 11 bp 435-445 iidnd [ |
M-Sub15[Phe191Cys, TTT — TGT 572 . F
IS insertion 1% = @8
Extension Mutation|Specifics | Position (bp) MIC for Ceftazidime (ug/ml)
Mutation Specifics Position (bp) M-In1 1S407 507-508 Strain only
M-Ext1 TGA to CGA (Arg) 589 [l Strain with pRK415::ampD-WT
M-Ext2 TGA to TGG (Trp) 591 pRK415 alone has no effect

and the data is not shown.

FIG 1 Mutations in ampD conferring resistance to ceftazidime. (A) Map of the mutations on ampD. Positions of single-nucleotide substitution mutations
resulting in amino acid substitutions or protein extension, duplications, deletions, and IS insertion are mapped. The numbers of occurrences of each mutation

are shown in a bar graph. All mutations exhibited an MIC value around 64
Complementation analysis with the wild-type ampD. Restoration of ceftazidime
representative mutations are shown.

RESULTS AND DISCUSSION

Mutations in ampD conferring ceftazidime resistance in B.
cenocepacia. B. cenocepacia strain J2315, the strain originating
from a CF patient in the United Kingdom (35), was subjected to a
large selection scheme using ceftazidime at a concentration of 8
pg/ml, which is four times the MIC (2 wg/ml) of the strain. From
10° bacterial cells that were spread on a selection agar plate, 1 to 10
colonies emerged after 48 h of incubation, showing a frequency
range of 107° to 107> (Fig. 1A). Two of the mutants were ran-
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pg/ml. Details of each mutation are provided in tables below the map. (B)
susceptibility by intact ampD is observed with all mutations, but data for a few

domly selected, and their whole genomes were sequenced to locate
the mutations (see Materials and Methods). In both genomes,
mutations were mapped to a single gene, ampD (BCAL3430). We
collected up to 92 ampD mutants, and the MICs of ceftazidime for
these mutants were measured to be around 64 pg/ml (Fig. 1A).
We identified four types of mutations in ampD: substitution,
duplication, deletion, and IS (insertion sequence) insertion (Fig.
1A). When each of the mutants was complemented with a plasmid
harboring the wild-type ampD, ceftazidime sensitivity was re-
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Mutation position found in — Mutation position found in *
various species * B. cenocepacia [F] @*: ° .@ [T
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S. enterica Typhimurium 1 - - - - - - MLP.--K..LV.BM.RV.. . HYDC. .DDEK.S@LH. .. .B.®. ... .. PW.D.
E. coli 1 ®==sEs== MLLE--Q. .LVGER.RV...HYDC. .DDET. .j5Lp%. . . .8 -B&- . - . . . PW.D.
E. cloacae 1 =====s MLLE~=; s:;LVDE: :V.::BHADC, .EDEK . s JELEN: : o Bl s s 5 & & PW.D.
P. aeruginosa ] =EsERE MHF.SVT....GM. .C. .. .. NL..Q.DAVSEHLE! .. .B.H. . Q. . TGKVQ.F
° *
[P] oY [FF L * KK ° *eoeo
B. cenocepacia 60 LNRLDCDAHPYYQSHLRGVRVSAHFLIRRGGELVQFVSCDERAWHAGASEFFGRTRCNDF
C. freundii 683 TGTI.PN.. FA-GIAHL. .. .. C. ..D. ... Y.PF.K. ... .. v.sya..E.....
S. enterica Typhimurium 53 TGT I . P . . FFA-|[ERIJAH LS . BN . . Ciuwi:iabDazll: aYaPF K 6.5 00 & V.NYQ..E.....
E. coli 53 TGTI.PQ. FFA-|ERIJAHLES. B . . Ciw:wDre:ll:aYsPF:K:nsass V:QYQ: s Eps o g
E. cloacae 53 TGTiN.P. .Bl.FFA-|EMBAHLEL DCisvms:suDu: Vi aYaPE K a5 s 5 vV.MYQ. .E.....
P. aeruginosa 55 Q... PNEE FE-|EJlj. HLiI§ - - - - - . EcDsAlTw :ms s HD: s 59 5 v.C.D..EA.
s x 3?
o%x * * * * ° o [Seee
B. cenocepacia 120 SIGIELEGADDVPFDEAQYAVLAALSRALAARYP---VDAFAGHSDVAPGRKTDPGPHFD
C. freundii 112 . . .. .. T.TLAYTD...QQ.. .VTN..IT...AIANN-MT..CNI..E. .. .. .. S.
S. enterica Typhimurium 112 . . . . . . . . T.TLAYTD...QQ...VT.T.I1.S..AIADN-MT..CNIT.D. .. .. .. A .
E. coli 112 Bl . . .. .. T.TLAYTD...QQ...VT...IDC..DIAKN-MT..C.Il..D....... A .
E. cloacae 112 BN . . . . .. T.TT.YTD...EK.V.VTQT.IG...AIADN-IT....I1..E@...... A .
P. aeruginosa 114 plv. . . ... T.TE.YTD. .TA. . G. T.L.R.AF.GITPERIQ..C.I..E. .. ... EA.
*k
B. cenocepacia 177 WQRFASDAGFSAEYFPFRQH - :
C. freundii 171 .A..R--.LVTPSSHKEMT- ® Zn binding residues @ Proton acceptor
z ggltienca Fyphimuriur 1;1 Z g -V t xA '_' ? ? t' ﬁ E¥ ¥ _ @ Amidase catalytic site @ Transition state stabilizer
E. cloacae 171 .S. . H-- MLTTSSDKEIT- inding si
P. aeruginosa 174 .S.YR--..LTDS--KEET- 1 SUbsaal bindingjsis

FIG 2 Alignment of AmpD enzymes. Amino acid sequences of AmpD from various bacteria are aligned. The positions of substitutions on AmpD from B.
cenocepacia strain J2315 are highlighted. The resultant amino acid from each substitution event is shown above the column in an orange box. The functional
residues identified by the Conserved Domain Database (CDD) from NCBI (45) are denoted by colored circles. Previously identified ampD mutation positions
from various species (39) are denoted by stars. Abbreviations: C. freundii, Citrobacter freundii; S. enterica Typhimurium, Salmonella enterica serovar Typhimu-
rium LT2; E. coli, Escherichia coli K-12; E. cloacae, Enterobacter cloacae; P. aeruginosa, Pseudomonas aeruginosa PAOL.

stored (Fig. 1B). This result suggests that those coselected ampD
mutations (see Materials and Methods) are solely responsible for
the development of the ceftazidime resistance. It is noteworthy
that substitutions were not the most frequent mutation type in
ampD, as they were in Burkholderia thailandensis penL (penA in
the study by Yi et al. [36] is renamed penL here, following the
nomenclature guidelines by Poirel et al. [26]), coding for a class A
B-lactamase, in response to ceftazidime (36). Fifteen substitution
mutations were spread along the coding region of ampD (Fig. 1A).
Protein sequence alignment of AmpD from strain J2315 with that
from other species revealed that most substitutions occurred in
highly conserved positions or are closely associated with func-
tional domains, suggesting functional interference caused by these
mutations (Fig. 2). Amino acid substitutions have been reported
in many positions in AmpD from various species (37-39) (Fig. 2).
Among the 15 amino acid substitution positions identified in B.
cenocepacia AmpD in the present study, one (Ser44Gly) matched
with that previously identified in E. coli (Ser37Arg in this case)
(38) (Fig. 2). In addition to these amino acid substitutions, two
nucleotide substitution mutations occurred at the stop codon,
converting it into a codon for Arg or Trp, extending the enzyme by
135 amino acid residues (Fig. 1A).

Among the mutations, duplications were the most abundant
type, occurring in 45 of 92 mutants (Fig. 1A). Duplications of 10,
11, 12, 21, and 23 bp were identified in a small region of the gene
(bp 420 to 448) (Fig. 1A). Duplications of nucleotides that are a
multiple of 3 (12 and 21 bp) cause in-frame insertions, while oth-
ers (10, 11, and 23 bp) cause frameshifts, both resulting in null
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mutations. A pair of direct repeats was found associated with each
of the duplications (Fig. 3). Duplication or deletion of a region
between the sequences of a direct repeat pair is known to be caused
by DNA strand slippage during the DNA replication process (40).
Genetic modifications mediated by this process have been well
established in bacteria, including Burkholderia (41). The fre-
quency of DNA slippage is correlated with the length of the repeats
but inversely correlated with the distance between the repeat pair
(40). Accordingly, the 21-bp duplication was the most frequent
among the five duplications due to the longest direct repeats as-
sociated with the template DNA (Fig. 3).

In addition to duplications, deletion mutations can occur
around repeat sequences. We found three deletions of 11, 12, and
21 bp with the same direct repeat pairs that mediated duplications
(Fig. 3). The 11-bp deletion occurred most frequently due to long
direct repeats and a short distance between them. In addition,
there was a 1-bp deletion and a large deletion of 297 bp involving
the upstream region (Fig. 1A). In both deletions, no repeat se-
quences were found, suggesting the involvement of a different
mechanism.

In addition to these mutations, an insertion mutation with an
IS element, IS407, was obtained (Fig. 1A). 1S407 is known to be
involved in genome modification in Burkholderia (42), and 13
copies were previously identified in the B. cenocepacia J2315 ge-
nome (10in Chr 1, 1 in Chr 2, 1 in Chr 3, and 1 in the plasmid). A
similar case of IS element-mediated disruption of ampD has been
reported in P. aeruginosa with 1S1669 (43), suggesting that this
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GCGCGGACGACGTGCCGTTCGACGAGGCGCAATACGCGGTGCTCGCCGCGCTCTCCCGCGCGCTCGCCGCGCGCT Milalions
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[ccaea] {Gceeg] M-Del3

FIG 3 Distribution of direct repeat pairs in ampD. Direct repeat pairs present in the coding sequence of ampD are shown in green or red boxes. The pairs in red
boxes are those associated with duplications or deletions, and they are in the region with the highest concentration of repeats in the gene.

IS-mediated mechanism is an effective common option for the
disruption of ampD.

Reversibility of duplications in ampD. Duplications have
been demonstrated to go through reversion when selective pres-
sure for the wild-type gene is applied (41). A strain with a dupli-
cation mutation, M-Dup1, was used to determine if the mutation
goes through reversion when antibiotic pressure is removed. After
15 days of incubation without ceftazidime, no reversion was ob-
served; however, after 20 days of incubation, the number of cefta-
zidime-resistant colonies started to decrease and the wild-type
strain began to be detected and continued to increase steadily
during incubation (Fig. 4). In contrast, a control strain with M-
Subl did not show any signs of reversion after 30 days of incuba-

Duplication I
Mutant I I
5 days 10 days 15 days 20 days 25 days 30 days

165 bp —»
144 bp —»

FIG 4 Reversion of a duplication mutation. The proportional variation be-
tween the wild type and a strain with a duplication mutation (M-Dup1) during
the course of a 30-day incubation without antibiotic pressure is shown in a bar
graph. Changes in PCR products containing the duplication region are shown
below the graph.
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tion (data not shown). These results demonstrated that ampD
disrupted by a duplication mutation can be restored to resume cell
wall recycling for efficient use of peptidoglycan metabolites when
antibiotic challenge is relieved.

Coregulation of penB and ampC. Because mutations in ampD
lead to ceftazidime resistance in many Gram-negative pathogens,
resulting in overexpression of ampC, a similar regulatory system
was expected to be present in B. cenocepacia. However, in B. ceno-
cepacia and many Bcc species, ampC and its regulator, ampR,
named penR in Burkholderia genomes (55% amino acid identity
with AmpR in P. aeruginosa), are not associated, sharing a diver-
gent promoter, as in other previously studied species (Fig. 5A). In
Bcce species, penB is instead associated with the ampR homolog.
Intriguingly, gqRT-PCR analyses showed that expression of penB
and the orphaned ampC was increased in ampD mutants (Table
1). A slight reduction in expression level was observed in penR in
most strains except the strain with M-Dup1, which had the highest
overexpression of penB and ampC (Table 1). There were different
levels of gene expression depending on the mutation type in
ampD, with M-Dup1, M-Del6, and M-In1 conferring distinctively
higher expression than other mutations (Table 1). This pattern
may be due to the remnant activity of the mutant AmpD enzymes;
while duplication, deletion, and IS insertion mutations are likely
null mutations, substitutions or extension mutations may allow
some levels of residual function. Consistent with previous studies
in other bacterial species, ceftazidime and cefotaxime were poorer
inducers than amoxicillin and meropenem (Table 1), suggesting
that ampD mutations are required for bacterial survival during
selection with ceftazidime pressure.

Consistent with the gene expression patterns, both ampC and
penB genes have conserved cis elements for regulation in the pro-
moters: an LysR-type regulator binding site (A-N11-T) and an
inverted repeat sequence in the region right upstream of the —35
sequence, which is bound by AmpR in its activator conformation
due to a ligand of 1,6-anhydroMurNAc-peptides (Fig. 5B) (23).

MICs of randomly selected mutant strains for a set of B-lactam
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A B. cenocepacia J2315

Chromosome 2 Chromosome 3
BCAM2166 BCAM2165 BCASO0155
penR (ampR) hypothetical

BCAS0156

B i PenR-binding region -10 motif (penR)
Divergent promoter ANILT T -35 motif (penR)

«— - «— — l
3’'-TA-ATAG-5" -35 3’-GCATTT-5"

TTGTCAGCGCTCAAT-1 GTTGCTTGTCAGGCAACCG| 49
TTGTCAGCGCTCA GTTG!

B_cenocepacia_HI2424

B_cenocepacia_AU_1054
B_cenocepacia_MC0-3 AAGAATTTCTTTTGTCAGCGCTCA TTG
B_cenocepacia_J2315 AAGAATTTCTTTTGTCAGCGCTCA TTG
B_sp._383 AAGAAATTCTTTTGTCAGCGCTCA TTG!
B_ambifaria MC40-6 AAGAATTTCTTTTGGCAGCGCTCA TATCGTTG!
B_ambifaria_ AMMD AAGAATTTCTTGTGGCAGCGCTCA T GTTG|
B_dolosa_AUO158 AAGAATTTCTTTTGTCGGCGGTGA [CGTTG
B_vietnamiensis_G4 AAGAAATTCTTTTGTCAGCGCC! TTG!
B_cepacia_GG4 AAGTATTTCTTTTGTCAGCGCTCA TTG
B_multivorans_ATCC_17616 AAGGTTTTCTTTTGTCAGCGCTCA GTTG
B_cenocepacia_AU_1054-ampC TCGGCT-CGCGCAACATATCGTC

B_cenocepacia_PC184-ampC TCGGCT-CGCGCARCATATCGTC!

B_cenocepacia_J2315-ampC TCGGCT-CGCGCAACATATCGTC!

ampC pen-like gene

B_cenocepacia_AU_1054 GAC-- -AACCG-A--CATG 139
B_cenocepacia_MC0-3 GAC-- -AACCG-A--CATG 139
B_cenocepacia_J2315 GAC-- —-AACCG-A--CATG 139
B_sp._383 GAC-=——m——e, AACCG-A--CATG 131
B_ambifaria_MC40-6 GAG-—————=—— ACCTG-A--CATG 119
B_ambifaria_ AMMD -ACCTG-A--CATG 119
B_dolosa_AUO158 -ACTCG-A--CATG 133
ACATG-A--CATG 119

ACCTG-A--CATG 119

B_vietnamiensis_G4
B_cepacia_GG4

I B_ambifaria_ AMMD-ampC TAGGCT-TGCGCAAAATATCCTCGATTGTT-GAACGGCG

* * * %k k% * * %

-10
B_cenocepacia_HI2424 TCTC-GATAGTGCGGTCTCG-GCGGCCGGCCGT: TTTCAAA 92
B_cenocepacia_ AU_1054 AGTCTC-GATAGTGCGGTCTCG-GCGGCCGGCCGT~-~~~~TTTCAAA 92
B_cenocepacia_MC0-3 TCTC-GATAGTGCGGTCTCG-GCGGCCGGCCGT———~~ TTTCAAA 92
B_cenocepacia_J2315 \GTCTC-GATAGTGCTGTCTCG-GCGGCCGGCCGT~~~~~ TTTCCCT 92
B_sp._383 TCCC-GATAGTGCTGTCTCG-CCGGCCGGGCGC—=——~ GTTCA-- 90
B_ambifaria_ MC40-6 \GTCAC-GATAGTGCTGTCTCG-CCGGCCGG————mmmmmmmmmm—— 81
B_ambifaria_ AMMD \GTCAC-GATAGTGCTGTCTCG-CCGGCCGG————mmmmmmmm e = 81
B_dolosa_AU0158 TCAC-GATAGTGCTGTCTCG-CCGGCCGG 81
B_vietnamiensis_G4 \GTCAC-GATAGTGCTGTCTCG-CCGGCCGG 81
B_cepacia_GG4 \GTCAG-GATAGTGCTGTCTCG-CCGGCTGG 81
B_multivorans_ATCC_17616 TGAC-GATAGTGCTGTCTCG-CCGGCCGGCGTT————~ CCGCAT- 91
B_cenocepacia_AU_1054-ampC GACGGTAGCGGATAGTCCTGCTTCGACAGGACGGCCGCCGCCTTTTCCGC 98
B_cenocepacia_PC184-ampC GACGGTAGCGGATAGTCCTGCTTCGACAGGACGGCCGCCGCCTTTTCCGC 98
B_cenocepacia_J2315-ampC GGCGGTAGCGGATAGTCCTGCTTCGACAGGCCGGTCGCCACCTTTTTCGC 98
B_ambifaria_ AMMD-ampC GCCGGCGGCGGATAGTCCTGCTTCGACCGGCCGGCTGCAGCAGTCTCCGC 98

* kkkkkk *x * % % % * % * %

B_cenocepacia_HI2424 CCCTCGACGCCG--TTTCGCCGTCATTC————=m——mmm——— CACCACGA 126
B_cenocepacia_AU_1054 —--CACCACGA 126
B_cenocepacia_MC0-3 CCCTCGACGCCG--TTTCGCCGCCATTC——————mmmm e m— CACCACGA 126
B_cenocepacia_J2315 CTCCCGACACCG--TTGCGCCGCCATTC-==mmmmmmmmm e CACCACGA 126
B_sp._383  eme——— ACACCA--TTTCGCTCACATTC—————————mm— CACCACGA 118
B_ambifaria MC40-6 = ————————e CCG--TTTTGCATCCATTC-——————mmmmm == CACCACGA 106
B_ambifaria_ AMMD -CCG--TTTCGCATCCATTC—————————————— CACCACGA 106
B_dolosa_AU0158 -CCG--TTTTGCATTCGTTCGTTTCGCAACCTTCCACCACGA 120
B_vietnamiensis_G4 -CCG--TTCTGCATCCATTC-————mmm—mm CACCACGA 106
B_cepacia GG4 00 mmmmem———— CCG--TCCTGCATCCATTC=====m—mmmm e CACCACGA 106
B_multivorans_ATCC_17616 =  =———————=- TCG--TTTCGCGTTCCCTT == == —mmm e e TCATCACGA 117
B_cenocepacia_AU_1054-ampC GCGACGCGGCCGGATCTGTTGTCCATGCA-————————————m 134
B_cenocepacia_PC184-ampC GCGGCGCGGCCGGATCTGTTGTCCATGCA-————————————— 134
B_cenocepacia_J2315-ampC GCGGCGCGGCCGGATCTGTTGTCCATGCA- 134
B_ambifaria AMMD-ampC GCGGCGCGGCCGGACCTGTTGTCCACACA-—=—=————————— 134

* * * k%

ribosome binding site start (PenB or AmpC)

| B_cenocepacia_HI2424 GAC-————==—- ARACCG-A--CATG 139

B_multivorans_ATCC_17616 GAC CTTCG-A--AATG 130

B_cenocepacia_ AU_1054-ampC GAAA-TAGAAGGAACCGCACTCATG 158

B_cenocepacia_PC184-ampC GAAA-TAGAAGGATCCGCCCTCATG 158

B_cenocepacia_J2315-ampC GAAA-GAGTAGGAACCGCCCCCATG 158

B_ambifaria AMMD-ampC GAAAATCGAAGGAACCGCAACCATG 159
* % * * % %

FIG 5 Promoters regulated by the AmpR homolog, PenR. (A) Gene organization involving penR, penB, and ampC in B. cenocepacia. In B. cenocepacia, including
many Bec species, pen-like genes rather than ampC are linked to the regulator, and ampC is orphaned in another chromosome. (B) Alignment of the promoters
of pen-like genes and ampC from various bacteria. Start codons, ribosome-binding sequences, and —10 and —35 sequences are in bold. The conserved regions
of the putative PenR DNA-binding sites are denoted in boxes.
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TABLE 1 RT-PCR gene expression analysis with strains of B.
cenocepacia ]2315

TABLE 3 MICs of B. thailandensis strains for B-lactam antibiotics with
and without penB or ampC genes from B. cenocepacia strain J2315

Expression relative to that of the WT*

penR
Strain ampC’ penB (ampR°)
WT and mutants
WT 1 1 1
M—Dupld 8,724.7 * 2,861.7 750.3 = 4132 1.1*0.2
M-Del6 8,110.0 * 2,846.1 493.8 = 82.8 0.8 £0.2
M-Inl 5,494.6 = 1,780.3 407.2 = 24.8 0.7 0.2
M-Sub5 2,489.1 * 640.4 2435 * 4.7 0.5 = 0.1
M-Sub8 1,999.0 £ 666.6 241.4 £ 38.7 0.4 +0.2
M-Sub14 1,508.0 * 441.9 234.1 £ 18.7 0.4 £0.1
M-Ext2 600.4 * 131.7 135.5 = 20.5 0.4 = 0.0
WT with induction® using:
AMX 62.2 = 8.9 404 £ 2.1 0.6 = 0.1
CAZ 124+ 1.0 143 * 1.6 0.8 0.1
CTXM 234 6.1 38.6 = 3.6 0.4 £ 0.1
MER 409.1 £ 76.4 139.5 £ 6.9 1.1 £0.1

“ Wild-type strain.

b Target gene for the expression analysis.

¢ penR in B. cenocepacia J2315 is an ampR homolog.

4 ampD mutation in the strain.

¢ Abbreviations for antibiotics used in the induction: AMX, amoxicillin; CAZ,
ceftazidime; CTXM, cefotaxime; MER, meropenem.

antibiotics demonstrated combined activities of AmpC and PenB
(Table 2). Our results showed the induced enzyme activities to-
ward penicillin (ampicillin), expanded-spectrum cephalosporins
(ceftazidime and cefotaxime), and carbapenem (meropenem)
(Table 2). An inhibitor of B-lactamases, clavulanate, had no in-
hibitory effect on these combined enzyme activities (Table 2). To
distinguish the observed activities between AmpC and PenB, the
genes for the enzymes were separately cloned into plasmid
pRK415K and were tested for their activities in B. thailandensis
with and without its own PenL B-lactamase (Table 3). The results
showed that the hydrolytic activity toward ampicillin is mostly
from PenB, while that toward expanded-spectrum cephalosporins
is from both enzymes. PenB also exhibited a weak activity toward
meropenem (Table 3). The data suggest that PenB from B. ceno-
cepacia strain J2315 is similar to those in strains 09-54 and 212
among variable PenB enzymes produced by the species (26).

MIC (pg/ml)*

B. thailandensis strain AMP CAZ CTXM MER
E264 strains”
E264 28 1.5 7 1
E264/pRK415K 28 1.5 7 1
E264/pRK415K::penB 256 2 14.7 1.5
E264/pRK415K::ampC 32 2 13.3 1
E264 (ApenA) strains®
E264 (ApenA) 4 0.75 0.9 1
E264 (ApenA)/pRK415K 4 0.75 0.9 1
E264 (ApenA)/pRK415K::penB 256 1.5 9.3 1.2
E264 (ApenA)/pRK415K::ampC 7.3 1.5 5.3 1

“ MICs were determined by the agar dilution method. Abbreviations: AMP, ampicillin;
CAZ, ceftazidime; CTXM, cefotaxime; MER, meropenem.

b Wild-type strain E264 is the host for the plasmid pRK415K. Wild-type penA and
ampC genes are from B. cenocepacia strain J2315.

¢ A mutant strain of E264 that lacks penL is the host for the plasmid pRK415K. Wild-
type penA and ampC genes are from B. cenocepacia strain J2315.

Conclusions. The frequency of resistance mutations in ampD
was estimated to be 10™° to 107 (Fig. 1A), 2 orders of magnitude
higher than that for substitution mutations in B. thailandensis
PenL conferring resistance to ceftazidime, which was previously
estimated to be 10® to 107 (36). This result suggests that ampD
mutations are facilitated under antibiotic pressure (44). The pref-
erence for duplications in ampD is due to the presence of a small
region with a large number of direct repeats, causing high suscep-
tibility to DNA slippage in both forward and reverse reactions
(Fig. 3). Reversion of ampD mutations is beneficial to bacteria in
order to resume resource-saving cell wall recycling when antibi-
otics are no longer present. Furthermore, the induction system
regulates two enzymes with slightly different substrate spectra,
AmpC and PenB, which poses a serious threat to human health. In
conclusion, B. cenocepacia has a highly advanced ampD mutation-
mediated antibiotic induction system. The development of thera-
peutic means to target cell wall recycling-linked antibiotic resis-
tance will be an important future research direction against Bcc
infections.

TABLE 2 MIC:s of B. cenocepacia strains for 3-lactam antibiotics with and without the inhibitor clavulanate

MIC (pg/ml)®

Strain AMP? AMP-CLA¢ CAZ CAZ-CLA CTXM CTXM-CLA MER MER-CLA
WT? 4,000 4,000 2 1 20 15 4 4
M-Dupl¢ 6,000 6,000 60 60 800 600 18 15
M-Dell 5,500 5,000 55 50 700 600 17 15
M-Sub2 6,000 6,000 60 60 800 800 15 15
M-Sub4 6,000 6,000 60 60 800 700 15 15
M-Sub5 6,000 6,000 60 60 750 700 18 18
M-Sub8 7,000 6,000 70 60 800 800 18 18
M-Sub14 7,000 6,000 65 60 800 700 18 18

“ MICs were determined by the agar dilution method.

b Abbreviations for the antibiotics and the inhibitor (CLA) used: AMP, ampicillin; CLA, clavulanate; CAZ, ceftazidime; CTXM, cefotaxime; MER, meropenem.

¢ CLA was used at a concentration of 1 pg/ml.
4 Wild-type strain.
¢ ampD mutations in the strain.
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