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FIG 7 The BdAUO158 Bcp-1 allele contains the same CT toxin-immunity pair as the BtE264 Bcp allele. (A) Amino acid sequence alignment of the BdAU0158
BcpA-1-CT and BtE264 BcpA-CT. The glutamate and lysine residues required for toxicity are boxed in orange. (B) Amino acid sequence alignment of the
BdAU0158 Bcpl-1 and BtE264 Bcpl proteins. For panels A and B, identical residues are highlighted in black, similar residues are highlighted in gray, and disparate
residues are not highlighted. (C) Competition assays between BdAU0158 WT inhibitor cells and Abcp-1 and Abcp-1 attTn7:bcply,q, target cells. (D) Competition
assays between BtE264 WT inhibitor cells and AbcpAIOB and AbcpAIOB attTn7:bcplayo,s5.1 target cells. For each competition, results are from three separate
biological replicates, each with three technical replicates. Solid horizontal lines represent mean log,, C.I. values. Dotted lines (log,, C.I. = 0) indicate no

competitive advantage for inhibitor or target strain. ****, P < 0.0001, Mann-Whitney test.

identified residues required for the catalytic activity of BtE264 BcpA-CT (E3064 and
K3066), and substituting alanines for these residues abrogated CDI activity (20). Gluta-
mate and lysine residues are found at the same positions in BdAU0158 BcpA-1-CT (Fig.
7A). In addition to the similarities of BtE264 BcpA-CT and BdAU0158 BcpA-1-CT, BtE264
Bcpl and BdAU0158 Bcpl-1 are nearly identical (Fig. 7B). To investigate functional
interchangeability, BtE264 AbcpAIOB and BdAU0158 Abcp-1 mutants were provided
with the heterologous bcpl gene delivered to the attTn7 site, generating BdAU0158
Abcp-1 attTn7:bcplese, and BtE264 AbcpAIOB attTn7:bcplyyorss.1- During 48 h of co-
culture on LSLB agar at 37°C, the BdAU0158 Abcp-1 mutant was rescued from Bcp-1-
mediated CDI by the BdAU0158 WT inhibitor when it constitutively expressed the
BtE264 bcpl gene (log,, C.I. =~ 0) (Fig. 7C). Similarly, during 24 h of coculture on LSLB
agar at 25°C, the BtE264 AbcpAIOB mutant was rescued from Bcp-mediated CDI by the
BtE264 WT inhibitor when it constitutively expressed the BdAAU0158 bcpl-1 gene (log,,
Cl. = 0) (Fig. 7D). The ability of each Bcpl protein to protect against CDI in the
heterologous species provides experimental evidence that BdAU0158 and BtE264 share
the same CDI system-encoding allele.
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DISCUSSION

CDI systems are present in a broad range of Gram-negative bacteria, including many
that are pathogenic for animals or plants. Most studies of CDI function have used
Escherichia coli strain EC93 as a model for E. coli-type systems or Burkholderia thailan-
densis strain E264 (BtE264) as a model for Burkholderia-type systems (15-17, 19, 22, 23,
31-39). Some experiments have used E. coli or B. thailandensis strains producing
chimeric CdiA or BcpA proteins with toxin domains (and cognate immunity proteins)
from pathogens (16, 19, 22, 23, 40), with a smaller number of studies, limited to E.
coli-type systems, investigating CDI in the pathogen itself (35, 41, 42). In this work, we
used the epidemic Bcc isolate B. dolosa strain AU0158 (BdAU0158) and showed that its
three distinct CDI systems, including two class Il Burkholderia-type systems, are capable
of killing and/or arresting the growth of neighboring bacteria. A whole-genome
sequence exists for two additional B. dolosa strains, PC543 and LO6 (also referred to as
B. cepacia strain LO6). The genomes of these strains contain three bcpAIOB loci, and the
potential proteins encoded by these loci are 100% identical at the amino acid level to
the Bcp-1, Bcp-2, and Bcp-3 proteins of BdAU0158, suggesting that CDI by B. dolosa is
not limited to strain BAAU0158.

While the BdAU0158 Bcp-1 and Bcp-2 CDI systems mediated interbacterial compe-
tition under laboratory conditions, Bcp-3-mediated CDI was detected only when the
region 5’ to the start of bcpA-3 was replaced with the constitutively active S12
promoter. These results are consistent with our lacZ reporter fusion analyses. The
500-bp and 300-bp DNA fragments corresponding to the regions immediately 5’ to
bcpA-1 and bepA-2, respectively, resulted in substantial B-galactosidase activity when
present upstream of lacZ, while the corresponding fragment from bcp-3 resulted in no
detectable B-galactosidase activity under the same laboratory conditions. Together
with the fact that the gene 5’ to bcpA-3 is oriented in the opposite direction, the most
likely explanation for the results that we obtained for bcp-3 is that the 500-bp fragment
does contain the promoter for bcp-3 but that this promoter is regulated such that it is
not activated under standard laboratory conditions. Little is known about the regula-
tion of any CDI system-encoding genes. In E. coli-type systems, the cdiBAl genes are
expressed under laboratory conditions only in strain EC93 (15, 16, 41), and in B.
thailandensis E264, the bcpAIOB genes appear to be tightly regulated such that only
about 1in 1,000 bacteria express the genes at a high level under laboratory conditions
(17). Future experiments will be aimed at identifying transcription start sites and
investigating how and why the bcp loci are differentially regulated in BdAUO158.

Because the bcp-3 locus appears to be transcriptionally silent under standard
laboratory growth conditions, we were surprised to find that WT BdAU0158 was not
outcompeted by the strain expressing bcp-3 constitutively (BdAU0158 bcp-3©). This
result led us to search for a promoter for bcpl-3 within the 3’ end of bcpA-3. Although
the transcription start site has yet to be determined, the region immediately 5’ to bcpl-3
was sufficient to drive lacZ expression, suggesting that transcription initiation in this
region in the native locus results in sufficient Bcpl protein production to confer
protection from BcpA-3-mediated toxicity. While it would seem to be advantageous for
bacteria to produce all immunity proteins at a low level constitutively, our study is the
first demonstration, to our knowledge, of a promoter for bepl (or cdil) within a bcpAIOB
(or cdiBAl) operon that is independent of that driving transcription of the rest of the
operon. For E. coli-type CDI systems, “orphan” cdiA-CT/cdil modules that encode
functional CdiA-CT toxins and Cdil immunity proteins but are located outside cdiBAI loci
have been identified (31). These orphan modules, which exist in the genomes of several
pathogens containing CDI system-encoding genes (31, 43), share similarities with
recombination hot spot (rhs) loci and can contribute to diversification of the CDI
systems in these species via recombination with the cdiBAl genes. There is no evidence
that promoters exist for these orphan modules or the corresponding orphan cdil genes
(31), and orphan bcpA-CT/bcpl modules have not been detected in Burkholderia spp.

The role of the additional ORF between bcpl and bcpB in Burkholderia-type CDI
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system-encoding loci (which we named bcpO) remains enigmatic. In class |
Burkholderia-type loci, the bcpO genes are highly homologous. They are predicted to
encode small lipoproteins that lack localization of lipoproteins (Lol) avoidance signals,
suggesting that they localize to the inner leaflet of the outer membrane. The N-terminal
halves of the 53-aa mature polypeptides are rich in prolines, and the C-terminal halves
are rich in tryptophans. As with BtE264 (17), deletion of bcpO-1 in BAAU0158 resulted
in a modest decrease in CDI activity, but the mechanism underlying this phenotype is
unknown. Our investigations into whether BcpO contributes to CDS or cooperative
behaviors have yielded inconclusive results so far. The “bcpO” genes in class Il
Burkholderia-type loci bear little similarity to each other or to bcpO genes in class |
alleles and hence should probably be renamed. Deletion of these ORFs in BdAU0158
bcp-2 and bep-3 had no effect on CDI activity under the conditions tested.

Although we did not detect CDS in BdAUQ158, the assays used for these experi-
ments were developed to describe CDS in BtE264 (24) and thus may not be specific for
Bcp-mediated community behaviors in other strains. Future investigation into CDS by
BdAUO0158 and other Burkholderia spp. containing bcpAIOB loci is warranted. Given the
growing appreciation for the impact of bacterial cooperation on pathogenesis (44-48),
the virulence of diverse Gram-negative bacterial pathogens may be influenced by CDS.

Production of BdAU0158 BcpA-2-CT and BcpA-3-CT by E. coli resulted in autotoxicity
that was partially ablated by concurrent production of Bcpl-2 and Bcpl-3, respectively.
Conversely, E. coli producing BcpA-1-CT did not exhibit reduced viability, despite the
likelihood that this polypeptide contains the toxic domain of BcpA-1. For some E.
coli-type CDI systems, cytoplasmic “permissive factors” are required for activity of a
delivered toxin within a target cell (32, 36, 37). A requirement for a toxicity-promoting
factor specific to Burkholderia, or to BdAU0158, may explain the lack of toxicity of
BdAUO0158 BcpA-1-CT in E. coli. Alternatively, it is possible that the BcpA-1-CT polypep-
tide that we selected to produce in E. coli BL21(DE3) is not the toxic molecule delivered
by the BdAU0158 Bcp-1 CDI system. Indeed, the precise BcpA or CdiA polypeptide that
is delivered to the cytoplasm of target cells, and whether it is modified in any way, is
not known for any CDI system. We are currently conducting experiments to identify the
BcpA polypeptides that are delivered during CDI and CDS in BtE264 and other Burk-
holderia strains.

Also unexpected was the finding that production of BdAU0158 Bcpl-1 was toxic in
E. coli. Bcpl-1 is not toxic when produced in BdAU0158, and the nearly identical BtE264
Bcpl protein is not toxic when produced in BtE264 (17). Phyre2 analysis predicts a
DNA-binding domain in Bcpl-1. A possible explanation for its toxicity when massively
overproduced in E. coli is that it interacts with genomic DNA in a way that blocks an
essential function, such as replication or transcription of an essential gene(s). Whether
Bcpl from either BAAUO158 or BtE264 actually binds DNA is unknown but would be
consistent with a role for Bcpl, in complex with BcpA-CT, in controlling changes in gene
expression during CDS (18, 24).

The high degree of similarity between bcp-1 of BdAU0158 and bcpAIOB of BtE264
and the functional redundancy of the BcpA (24) and Bcpl proteins (this work) suggest
that these genes represent the same allele. Genomic analyses suggest that both
Burkholderia- and E. coli-type CDI system-encoding genes reside on genomic islands
that were mobile at some time in the past and perhaps still are (49-53). We identified
11 Burkholderia strains potentially harboring the same CDI system as BdAU0158 and
BtE264 by searching for orthologs of BdAU0158 BcpA-1-CT and Bcpl-1 (Fig. 8). The
Mauve software package (54) detected evidence of synteny surrounding the bcpAIOB
loci between the three B. dolosa strains (BdAU0158, BdPC543, and BdLO6) only. Close
examination of these orthologous BcpA-CT and Bcpl proteins revealed that although
they are highly similar across the different strains, variation in the amino acid sequence
exists in the C-terminal portion of BcpA-CT (extreme CT, BcpA-ECT) and the N-terminal
portion of Bcpl (Bcpl-NT) (Fig. 8). We separated these strains into three groups—the
BdAUOQ158/BtE264 group, the BgluBGR1 group, and the BtE444 group— based on the
degree of variation of the BcpA-ECTs and Bcpl-NTs compared to the BdAUO158 BcpA-
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BcpA-CT Bcpl
BdAUQ158/BtE264 Group

BdAUO158, BAPC543, BdLO6 | ] ]

B sp. MSMB1835 [ |
85% 77%

BCcATCC 25416 [ 1T
71% 71%

BtE264, BtE254,

Bt2002721723 65%  72%

BgluBGR1 Group

BgluBGR1, BglaATCC 25417 [T

52% 25%

BtE444 Group
BtE444, BtPhuket 4W-1,
BtUSAMRU Malaysia #20 51% 24%

FIG 8 Orthologs of the BdAU0158 BcpA-CT and Bcpl across several Burkholderia strains. Yellow indicates
regions of amino acid sequence identity. Regions of amino acid sequence variation are indicated by
shades of pink (BdAU0158/BtE264 group), purple (BgluBGR1 group), and green (BtE444 group), with
percent identity to the corresponding BdAU0158 sequence shown below. Members of the BAAU0158/
BtE264 group have variable sequences that are more similar to each other than they are to members of
the BgluBGR1 and BtE444 groups. BdPC543, B. dolosa strain PC543; BdLOG, B. dolosa strain LO6 (also called
B. cepacia LO6); BcATCC 25416, B. cepacia strain ATCC 25416; BtE254, B. thailandensis strain E254;
Bt2002721723, B. thailandensis strain 2002721723; BgluBGR1, B. glumea strain BGR1; BglaATCC 25417, B.
gladioli strain ATCC 25417; BtE444, B. thailandensis strain E444; BtPhuket 4W-1, B. thailandensis strain
Phuket 4W-1; BtUSAMRU Malaysia #20, B. thailandensis strain USAMRU Malaysia #20; B. sp. MSMB1835,
species unknown.

ECT and Bcpl-NT, respectively. Variation in BcpA-ECT and Bcpl-NT sequence, along with
the lack of synteny between the regions surrounding bcpAIOB in these strains, suggests
that if these genes were acquired horizontally, there has been substantial evolution
since that time. Though we demonstrated that the BcpA and Bcpl proteins of BAAU0158
and BtE264 function in the heterologous species (24; this work), it is unknown whether
that holds true for all strains on this list. We hypothesize that the C terminus of Bcpl is
required for protection against toxicity of the BcpA-CT, given that the Bcpl proteins of
BdAU0158 and BtE264 block BcpA-CT toxicity in the heterologous species despite
exhibiting Bcpl-NT sequence variation. Though purely speculative, perhaps these vari-
able regions of BcpA-CT and Bcpl are important for CDS and delivery of an “identical”
BcpA-CT, from a CDI standpoint, will not elicit CDS in a target cell producing a variable
Bcpl. Future comparative analyses of these variable alleles will be informative to the
mechanisms of both CDI and CDS.

Aside from the investigation of P. aeruginosa CDI by Melvin et al. (42), our study is
the only demonstration of multiple functional CDI systems in a single pathogenic
species. Given the polymicrobial nature of the CF respiratory tract, CDI may provide
BdAUOQ158, as well as P. aeruginosa, a competitive advantage during host infection. The
genomes of strains of several Bcc species, including B. cenocepacia, B. multivorans, and
B. vietnamiensis, contain possible CDI system-encoding genes, and thus these patho-
gens may benefit from CDI activity during infection. Evolutionary genomic analysis of
B. dolosa isolates from CF patients over a 16-year period (all originating from the Boston
epidemic) revealed that identical nonsynonymous mutations arose in bcpA-2 across
multiple patients, suggesting there is strong selective pressure promoting parallel
adaptive evolution of this CDI-encoding gene within the human host (26). Additionally,
Bcc species are found ubiquitously in the environment, especially in soil (55), and thus
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BdAUO0158 could employ its CDI systems to outcompete potential competitors in
diverse settings. It is hypothesized that competitive behaviors are the strongest force
shaping microbial ecology (5); therefore, BAAUO158 and other Bcp-producing Bcc
pathogens may utilize CDI to gain a foothold in the complex polymicrobial environ-
ments of the CF respiratory tract and establish long-term, devastating infections in
these patients.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains used in this study are listed in Table S1 in the
supplemental material. B. dolosa strains were maintained in either LB (NaCl concentration, 10 g/liter) or
low-salt LB (LSLB; NaCl concentration, 5 g/liter), while B. thailandensis strains were exclusively maintained
in LSLB. Antibiotics were added to select for growth of various Burkholderia strains at the following
concentrations: 250 ug/ml kanamycin, 50 ug/ml tetracycline, and/or 20 wg/ml chloramphenicol. E. coli
strains were maintained in LB, and antibiotics were added at the following concentrations when
appropriate: 100 ug/ml ampicillin, 50 wg/ml kanamycin, 10 ug/ml tetracycline, and/or 35 ug/ml
chloramphenicol. Diaminopimelic acid (DAP) was added at a concentration of 200 ug/ml to cultures
maintaining E. coli strain RHO3. All strains were grown overnight with aeration at 37°C (unless indicated
otherwise).

Construction of plasmids and mutant strains. All plasmids used in this study are listed in Table S2
in the supplemental material and were delivered to BdAU0158 or BtE264 cells via conjugation with E. coli
RHO3 strains harboring these plasmids. BdAU0158 Abcp-1, BAAU0158 Abcp-2, BtE264 AbcpAlOB, BtE264
attTn7:Cm, and BtE264 AbcpAIOB attTn7:Km were constructed previously (17, 24). Allelic exchange
plasmids for generating BAAU0158 in-frame deletion mutants were constructed on the pEXKm5 back-
bone (56). Briefly, ~500 bp upstream from and including the first three codons of the ORF(s) to be
deleted were fused via overlap extension PCR to the last three codons of the ORF(s) and ~500 bp
downstream sequence, and constructs were cloned into pEXKmS5.

Plasmids to deliver cassettes to the attTn7 sites of the BdAU0158 and BtE264 chromosomes were
constructed using the pUC18Tmini-Tn7T backbone (57). Cassettes for generating antibiotic-resistant
BdAU0158 strains were delivered to the BdAUO158 chromosome via triparental mating with E. coli RHO3
strains harboring either pUC18T-miniTn7-Km (for kanamycin resistance) or pUC18T-miniTn7-Tet (for
tetracycline resistance), as well as the RHO3 strain harboring the transposase-encoding helper plasmid
PTNS3 (17). To complement BdAU0158 and BtE264 bcp locus deletion mutants with various bcpl genes,
the genes of interest were cloned into pUCS12Km (pUC18T-miniTn7-Km plasmid with the constitutive
BtE264 ribosomal S12 subunit gene promoter cloned immediately 5’ to the multiple cloning site), and
these Pg,,-driven constructs were delivered to a neutral site in the chromosome via triparental mating
with E. coli RHO3 harboring pTNS3. Plasmids containing lacZ reporter cassettes were generated on the
pUClacZ backbone (pUC18T-miniTn7-Km with promoterless lacZ cloned into the multiple cloning site),
with promoters of interest inserted immediately 5’ to the lacZ gene. lacZ reporter cassettes were
delivered to the BdAU0158 chromosome via triparental mating with E. coli RHO3 harboring pTNS3.

Interbacterial competition experiments. All competitions between BdAU0158 strains followed our
previously developed protocol (17), with minor adjustments. Cells from overnight cultures were washed
in phosphate-buffered saline (PBS) and diluted to an ODg,, value of 0.2. Equal volumes of inhibitor and
target cells were mixed, and 20-ul spots of cell suspensions were plated on LSLB agar and allowed to dry.
Once spots had dried, competitions were incubated at 37°C for 48 h. To determine the starting ratios for
competitions, the cell suspensions containing inhibitor and target bacteria were serially diluted and 20-ul
spots were plated onto selective medium (LSLB/Km,, or LSLB/Tet,,) and incubated at 37°C. Following
48 h of coculture, cells were sampled from the edge of the colony biofilms, resuspended in 1 ml PBS, and
serially diluted, and 20-ul spots of serial dilutions were plated onto selective medium (LSLB/Km,, or
LSLB/Tet,,) and incubated at 37°C. Competitions involving BtE264 were conducted similarly, except that
cocultures were incubated at room temperature for 24 h. Colony counts for inhibitor and target bacteria
at the starting and 24-h or 48-h time points were used to determine the competitive index (C.l.) for each
competition experiment, according to the equation C.I. = (inhibitor,/target, )/(inhibitor ,/target,,), with
tx representing either the 24-h or 48-h time point and t0 representing starting time point. A positive log,,
C.l. indicates that the inhibitor strain outcompeted the target strain, a negative log,, C.l. indicates that
the target strain outcompeted the inhibitor strain, and a log,, C.I. of ~0 indicates no competition in favor
of either strain.

B-Galactosidase activity assays. Cells from overnight cultures were washed in PBS and diluted to
an ODg,, value of 0.2. Twenty-microliter spots of cell suspensions were plated on LSLB agar, and after
spots had dried, cells were incubated at 37°C for 48 h. For the coculture with BdAU0158 bcp-3¢ and
BdAU0158 attTn7:P,, ;-lacZ, strains were mixed at a 1:1 ratio, and 20-pl spots were plated onto LSLB and
incubated at 37°C for 48 h. Following incubation, entire colony biofilms were resuspended in 1 ml PBS
and diluted 1:10 in Z-buffer plus 0.27% B-mercaptoethanol (Fisher Scientific), and 250 ul was removed
to measure ODg, values. To permeabilize cells, 50 ul chloroform and 10 ul 0.1% sodium dodecyl sulfate
were added to the remaining 750-ul cell suspensions and samples were vortexed and allowed to settle.
Fifty microliters of permeabilized cells and 50 ul 4-mg/ml ortho-nitrophenyl-B-galactoside were added to
150 ul Z-buffer, and OD,,,, values were measured every minute over a 20-min time course. OD,,, values
for two time points within the linear range and the corresponding change in time were used to calculate
B-galactoside activity with the following formula: B-galactoside activity = [AOD,,,/(At X 0.05 ml cells X
ODgoo)] X 1,000.
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KCl, and 1 mM MgSO, (anhydrous).
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Z-buffer was prepared (per liter) as follows: 50 mM Na,HPO, (anhydrous), 40 mM NaH,PO,, 10 mM

Intracellular toxicity assays. E. coli BL21(DE3) cells harboring IPTG-inducible plasmids were grown

overnight in LB plus kanamycin. Cells were washed in PBS, subcultured in 50 ml LSLB plus kanamycin at
a starting ODy,, of 0.02 (with p-glucose added at a final concentration of 0.2% for noninduced cultures),
and grown at 37°C with aeration for 7 h. Samples were taken hourly to determine ODy,, values of the
cultures, as well as to plate serial dilutions on LB agar plus kanamycin supplemented with 0.2% p-glucose
to determine cell viability. At the 2-h time point, IPTG was added at a final concentration of 0.5 mM to
induce expression of bcp constructs. Production of BcpA-1-CT and Bcpl-1 was assessed via separation in
a 12% SDS-PAGE gel and Coomassie blue staining.

Aggregation assays. Cells from overnight cultures were washed in PBS and inoculated into 2 ml M63

minimal medium (3 g/liter KH,PO,, 7 g/liter K,HPO,, 2 g/liter (NH,),SO,, 0.5 g/liter FeSO,, 0.2% glucose,
1 mM MgSO,, 0.4% glycerol, 0.01% Casamino Acids) at a starting ODy,, of 0.2. Aggregation cultures were
grown on a rotator drum at 37°C for 24 h. After 24 h, culture tubes were taken off the rotator drum and
incubated statically at 25°C for ~30 min to allow cells to settle, and the OD,, values of settled cultures
were measured. The tubes were then vigorously vortexed to homogenize the cultures, and the ODg,
values of vortexed cultures were measured.

Pigment production assays. Cells from overnight cultures were washed twice in PBS and diluted to

an ODg, value of 0.2, and 20-ul spots were plated onto LSLB agar. After spots had dried, plates were
wrapped in paraffin film and incubated at 25°C for 14 days.

Bioinformatic analyses. BtE264 BcpB homologs were identified using the National Center for

Biotechnology Information BLASTP suite. Burkholderia strains harboring the same BcpA-CT as the allele
shared by BtE264 and BdAUO0158 were identified using the Burkholderia Genome Database (58). ORF
predictions were conducted with the Geneious 8 software package (30), and genome comparisons using
the Mauve plug-in (54) were conducted on Geneious 8. Protein alignments were conducted using the
Clustal Omega online server (59). Protein structure predictions were conducted using the Phyre2 online
server (29). Signal sequence identification was performed using the SignalP 4.1 online server (60).

SUPPLEMENTAL MATERIAL
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