GENETICS AND MOLECULAR BIOLOGY

A weean  Applied and Environmental
o evsor Microbiology® L)

Check for
updates

Functional Analysis of Phenazine Biosynthesis Genes in
Burkholderia spp.

Samuel Hendry,» Stephan Steinke,® Kathrin Wittstein,© Marc Stadler,*¢ Kirsten Harmrolfs,f Yetunde Adewunmi,? Gyan Sahukhal,2
Mohamed Elasri,? Linda Thomashow,? David Weller,? Olga Mavrodi,? Wulf Blankenfeldt,*< (' Dmitri Mavrodi?

2Center for Molecular and Cellular Biosciences, School of Biological, Environmental, and Earth Sciences, University of Southern Mississippi, Hattiesburg, Mississippi, USA

bStructure and Function of Proteins, Helmholtz Centre for Infection Research, Braunschweig, Germany

<Institute for Biochemistry, Biotechnology and Bioinformatics, Technische Universitat Braunschweig, Braunschweig, Germany

dMicrobial Drugs, Helmholtz Centre for Infection Research, Braunschweig, Germany
elnstitute of Microbiology, Technische Universitat Braunschweig, Braunschweig, Germany
fChemical Biology, Helmholtz Centre for Infection Research, Braunschweig, Germany

9Wheat Health, Genetics and Quality Research Unit, USDA Agricultural Research Service, Pullman, Washington, USA

Samuel Hendry, Stephan Steinke, and Kathrin Wittstein contributed equally to this study. The order of names was determined based on alphabetical order.

ABSTRACT Burkholderia encompasses a group of ubiquitous Gram-negative bacte-
ria that includes numerous saprophytes as well as species that cause infections in
animals, immunocompromised patients, and plants. Some species of Burkholderia
produce colored, redox-active secondary metabolites called phenazines. Phenazines
contribute to competitiveness, biofilm formation, and virulence in the opportunistic
pathogen Pseudomonas aeruginosa, but knowledge of their diversity, biosynthesis,
and biological functions in Burkholderia is lacking. In this study, we screened publicly
accessible genome sequence databases and identified phenazine biosynthesis genes
in multiple strains of the Burkholderia cepacia complex, some isolates of the B. pseu-
domallei clade, and the plant pathogen B. glumae. We then focused on B. lata ATCC
17760 to reveal the organization and function of genes involved in the production
of dimethyl 4,9-dihydroxy-1,6-phenazinedicarboxylate. Using a combination of iso-
genic mutants and plasmids carrying different segments of the phz locus, we charac-
terized three novel genes involved in the modification of the phenazine tricycle. Our
functional studies revealed a connection between the presence and amount of phe-
nazines and the dynamics of biofilm growth in flow cell and static experimental sys-
tems but at the same time failed to link the production of phenazines with the
capacity of Burkholderia to kill fruit flies and rot onions.

IMPORTANCE Although the production of phenazines in Burkholderia was first
reported almost 70 years ago, the role these metabolites play in the biology of these
economically important microorganisms remains poorly understood. Our results
revealed that the phenazine biosynthetic pathway in Burkholderia has a complex ev-
olutionary history, which likely involved horizontal gene transfers among several dis-
tantly related groups of organisms. The contribution of phenazines to the formation
of biofilms suggests that Burkholderia, like fluorescent pseudomonads, may benefit
from the unique redox-cycling properties of these versatile secondary metabolites.

KEYWORDS phenazine, biosynthesis, Burkholderia

urkholderia comprises a ubiquitous group of Gram-negative bacteria that includes
numerous saprophytes as well as species associated with infectious diseases, hospi-
tal-acquired infections, and necrotizing pneumonia in individuals with cystic fibrosis
(1). These organisms were previously classified as Pseudomonas, but the advent of
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molecular and genetic techniques ultimately identified Burkholderia species as mem-
bers of a distinct genus within Betaproteobacteria (2-4). Their taxonomic status was re-
vised further in 2014 by dividing the group into two genera, with Burkholderia contain-
ing opportunistic pathogens of animal and plants and a new genus, Paraburkholderia,
harboring environmental species and nitrogen-fixing mutualists (5). Subsequent stud-
ies established the polyphyletic nature of the Burkholderia and Paraburkholderia
groups and separated several species into another genus, Caballeronia (6).

The genus Burkholderia encompasses over 100 species comprising three distinct lin-
eages of Burkholderia sensu stricto: (i) the Burkholderia pseudomallei clade of mamma-
lian pathogens, (ii) the Burkholderia cepacia complex (Bcc) of opportunistic pathogens,
and (iii) the B. glumae/B. gladioli clade of plant pathogens (5). The B. pseudomallei clade
includes closely related infectious agents associated with serious infections in humans
and animals (7, 8). B. pseudomallei, a common soil and freshwater saprophyte, causes
melioidosis, a condition associated with nearly 20% of cases of acquired septicemia in
Southeast Asia and Northern Australia (9). Unlike B. pseudomallei, B. mallei is an obli-
gate mammalian pathogen with a smaller multireplicon genome. Although primarily a
pathogen of equines, in which it causes glanders, B. mallei is also capable of infecting
humans through contact with diseased animals (10).

The Burkholderia cepacia complex (Bcc) is named after the type species of the genus
and includes microorganisms that are common in the environment, though under
favorable conditions they can act as opportunistic human pathogens (11). Many
Burkholderia spp. are typical saprophytes and are particularly abundant in areas with
acidic soils (12), while others colonize eukaryotic hosts and include both commensals
and economically important pathogens of plants and animals. Species of the Bcc com-
plex catabolize a wide variety of organic compounds as energy sources, produce an
impressive array of secondary metabolites, and provide plant-growth-promoting and
biocontrol properties (3). However, many members of the Bcc group have emerged as
causal agents of severe nosocomial infections in immunocompromised patients and
individuals with cystic fibrosis (11, 13). Strains of the B. cepacia complex also are
intrinsically resistant to a wide range of antibiotics, form robust biofilms, and have mul-
tiple mechanisms to resist oxidative stress and sequester iron, making infections partic-
ularly challenging to treat (14, 15).

Finally, species of the B. glumae/B. gladioli clade colonize plant tissues externally or
endophytically (16) and maintain commensal or pathogenic relationships with their
hosts. For example, B. gladioli pv. allicola causes slippery skin of onions, during which
the pathogen affects both the aboveground parts of the plant and the bulbs (17).
Other pathovars of B. gladioli damage bulbs of gladioli and irises and infect certain spe-
cies of orchids (18), while B. gladioli pv. agaricicola produces a variety of antifungal sec-
ondary metabolites and is an important pathogen in the mushroom industry (19).
Another serious phytopathogen in this group is B. glumae, which is associated with
bacterial blight of rice. Although B. glumae and B. gladioli are typically considered plant
pathogens, strains of both species have been isolated from immunocompromised indi-
viduals or patients with cystic fibrosis, highlighting the remarkable versatility of these
organisms and their capacity to adapt and thrive in diverse environments (20, 21).

Some strains of Burkholderia produce the colored, redox-active secondary metabo-
lites of the phenazine group (22, 23). Microbial phenazines are structurally diverse, but
all share a conserved nitrogen-containing tricyclic core assembled by products of a
conserved seven-gene operon, phzABCDEFG, termed the “core phenazine biosynthesis
genes” (24). The expression of the core genes in Pseudomonas yields phenazine-1-car-
boxylic acid (PCA), whereas the final product synthesized by other groups of bacteria is
phenazine-1,6-dicarboxylic acid (PDC). In addition to the highly conserved core genes,
many producers carry extensive sets of auxiliary genes that encode enzymes responsi-
ble for converting PCA and PDC into species-specific phenazine metabolites, as well as
proteins that perform efflux, resistance, and regulatory functions (25-27).

Natural phenazines are now known to play an important role in the biology of the
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strains that produce them. Phenazines are electron shuttles that reduce molecular oxy-
gen and generate toxic reactive oxygen species, making these metabolites broadly in-
hibitory to bacteria, fungi, and parasites (23). Structurally simple phenazines produced
by beneficial strains of the Pseudomonas fluorescens complex and Pantoea agglomerans
suppress pathogens that cause plant diseases (28, 29). Pyocyanin synthesized by
Pseudomonas aeruginosa is critical for lung infection in mice (30) and has been
detected at concentrations up to 107* M in the sputa of patients with cystic fibrosis
(31). This metabolite acts as a host-nonspecific pathogenicity factor enabling the pro-
ducing strains to kill Drosophila melanogaster and Caenorhabditis elegans (32-34).
Phenazines also function as signals that control gene expression and colony morpho-
genesis in bacteria (35, 36), while phenazine-1-carboxamide protects P. aeruginosa
from predation by triggering avoidance behavior in bacterivorous nematodes (37).
Finally, by acting as electron shuttles, phenazines help aerobic bacteria maintain redox
homeostasis in low-oxygen environments by passing electrons from intracellular
NADH to oxidized extracellular phenazine (38). The ability to mediate the reoxidation
of NADH under oxygen-limiting conditions explains the importance of phenazine pro-
duction for biofilm formation, as mature biofilms are often hypoxic (35).

The production of phenazines in Burkholderia was first reported in the 1950s, when
several studies reported their isolation from Pseudomonas multivorans, Pseudomonas
cepacia, and Pseudomonas phenazinium (all later reclassified as Burkholderia and
Paraburkholderia) (22, 39-41). Phenazines produced by B. glumae were described
much later (42). Further testing also revealed the broad-spectrum antimicrobial proper-
ties of Burkholderia phenazines (23, 42, 43). The genetic basis for the production of
these versatile metabolites in Burkholderia spp. remained unexplored until recently,
when we employed a series of primers and probes targeting the core phenazine bio-
synthesis gene phzF to demonstrate the presence of phz genes in multiple strains of
Burkholderia (25). Dar et al. (27) also have confirmed the presence of phenazine-pro-
ducing Burkholderiales representatives in multiple agricultural soils and crop micro-
biomes. Despite this progress, the role these metabolites play in the biology of
Burkholderia remains poorly understood. In this study, we addressed these gaps by fo-
cusing on the diversity, biosynthesis, and function of phenazines from B. lata ATCC
17760.

RESULTS

Screening Burkholderia genomes for the presence of phenazine genes. Screening
of publicly accessible databases yielded numerous genome sequences of Burkholderia
bacteria carrying phenazine biosynthesis genes. Overall, phenazine gene clusters were
identified in 20 strains of Burkholderia and in one strain of Paraburkholderia that belong
to different species of the two genera. According to GenBank records, most of these
genomes came from strains isolated from samples of soil collected in the Northern
Territory of Australia. Two more Australian strains (BDU5 and BDU6) were isolated from
soil on Badu Island in the Torres Strait, and another one (TSV85) was isolated from
water collected in Townsville, Queensland. Both genomes of B. glumae (BGR1 and LMG
2196) belonged to strains isolated from rice in Japan (44, 45), whereas B. lata ATCC
17760 originated from soil collected in Trinidad (46). In addition to publicly available
genomes, we sequenced and annotated draft genome sequences of three Burkholderia
strains with phenazine genes. Two of these strains, Burkholderia sp. 2424 and PC17,
were isolated in Japan (47), whereas the third strain, Burkholderia sp. 5.5B, is a soil iso-
late and biological control agent from the United States (43). Finally, in the
Paraburkholderia group, phenazine genes were present in just one strain, the soil iso-
late Paraburkholderia phenazinium LMG 2247 (39). Phylograms inferred from 16S rRNA
sequences revealed that most Burkholderia species carrying phenazine gene clusters
belonged to the Bcc group (see Fig. S1 in the supplemental material). Phenazine genes
were also present in the plant pathogen B. glumae and in some strains of the B. pseu-
domallei clade. Although the phylogeny was overall robust, the high degree of
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FIG 1 Multilocus sequence typing phylogeny of Burkholderia spp. Neighbor-joining phylogeny inferred from
concatenated protein sequences (4,458 characters) of housekeeping enzymes AtpD, GItB, GyrB, RecA, LepA,
PhaC, and TrpB. Sequences from P. phenazinium LMG 2247" were used as an outgroup. Strains carrying
phenazine biosynthesis genes are highlighted in bold font. Indels were ignored in the analysis, and
evolutionary distances were estimated using the Jukes-Cantor genetic distance model. The reproducibility of
clades was assessed by bootstrap resampling, and bootstrap values greater than 60% are indicated by gray
circles at the nodes (circle sizes are proportional to bootstrap values). The branch lengths are proportional to
the amount of evolutionary change. The scale bars indicate substitution per site. A list of orthologous protein
families is provided in Table S2.

conservation of 165 rRNA sequences did not allow us to assign strains BDU5 and
TSV85 to any clade of Burkholderia spp.

To increase the resolution of this analysis, we repeated it with seven housekeeping
genes employed in multilocus sequence typing (MLST) of the Bcc group (48) (Fig. 1).
The data set included concatenated amino acid sequences of the products of atpD
(ATP synthase beta chain), gltB (glutamate synthase large subunit), gyrB (DNA gyrase
subunit B), recA (recombinase A), lepA (GTP binding protein), phaC (acetoacetyl-CoA re-
ductase), and trpB (tryptophan synthase subunit B). The resultant well-resolved phylog-
eny agreed with the16S rRNA gene analysis and unambiguously identified strains
BDUS5, BDU6, and TSV85 as members of the B. pseudomallei clade (Fig. 1). The MLST-
based phylogeny of the Bcc clade also confirmed that most strains with phenazine
genes were closely related to the primary species of the genus, B. cepacia, while the
rest clustered with type strains of B. lata, B. pyrrocinia, and B. ubonensis.
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FIG 2 Contrasting phylogenies using Phz proteins and housekeeping enzymes. In some species of Burkholderia, phenazine genes may have been acquired
via horizontal gene transfer. Contrasting neighbor-joining phylogenies inferred from concatenated sequences of PhzA/B, PhzE, and PhzG proteins (left) and
housekeeping enzymes AtpD, GItB, GyrB, RecA, LepA, PhaC, and TrpB (right). Indels were ignored in the analysis, and the concatenated Phz and
housekeeping data sets contained 1,024 and 4,458 characters, respectively. Sequences from P. phenazinium LMG 2247 were used as an outgroup.
Evolutionary distances were estimated using the Jukes-Cantor genetic distance model. The reproducibility of clades was assessed by bootstrap resampling
with 1,000 pseudoreplicates, and bootstrap values greater than 60% are indicated by gray circles at the nodes (circle sizes are proportional to bootstrap
values). The branch lengths are proportional to the amount of evolutionary change, and the scale bars indicate substitutions per site.

Finally, we attempted to gain insight into the evolutionary trajectory of phenazine
genes by contrasting the phylogeny of concatenated sequences of PhzA/B, PhzE, and
PhzG proteins to that of the core Burkholderia genome estimated by using seven con-
served housekeeping genes. This analysis produced phylogenetic trees with mostly
congruent topologies (Fig. 2). One notable exception was discovered in strains B. ubo-
nensis MSMB2058 and B. ubonensis MSMB2035, which are members of the Bcc group
but harbor phenazine biosynthesis genes that are close to those from B. singularis
TSV85, which belongs to the B. pseudomallei clade. The core phenazine genes of BGR1
and LMG 2196 clustered tightly within the Bcc clade, although both strains are mem-
bers of the distinct B. glumae/B. gladioli clade.

We compared the overall organization and diversity of the phenazine pathways in
Burkholderia spp. A comparison of genome sequences revealed the presence of three
distinct types of phenazine cluster (Fig. 3 and Table S3). The first type is represented by
a nine-gene operon found in B. lata ATCC 17760, most strains of the Bcc group, and B.
glumae. In the second type, discovered in strains BDU5 and BDU6, the DNA segment
carrying the phzC and pcm3 genes is flipped. The third type of phenazine locus was
identified in B. ubonensis strains MSMB2058 and MSMB2035 and in B. singularis TSV85.
These strains shared an 18-gene phenazine cluster that was much larger than its coun-
terparts in other Burkholderia and closely resembled genes involved in the synthesis of
the phenazine esmeraldin from Streptomyces antibioticus (49). Interestingly, in B. ubo-
nensis MSMB2035, the phenazine locus is located on a conjugative plasmid,
pMSMB2035 (GenBank accession number NZ_CP013415), that forms part of this strain’s
genome. The analysis of the Paraburkholderia group identified only one species carry-
ing phenazine genes, P. phenazinium. The chromosome-located phz cluster of this spe-
cies is distinct from its counterparts in genomes of other Burkholderia spp. Finally, we
also compared the genome regions flanking the phenazine genes in different strains of
Burkholderia. This analysis revealed that in members of the Bcc group, the phz clusters
are highly conserved but embedded in different spots of the genome, often adjacent
to mobile genetic elements (Fig. S2).
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FIG 3 Gene organization of phenazine gene clusters in different species of Burkholderia. Comparison of the phenazine gene cluster of B. lata ATCC 17760
to its counterparts from other Burkholderia and P. phenazinium and to the esmeraldin biosynthesis (esm) locus of Streptomyces antibioticus Tu2706. Core
biosynthesis genes are highlighted in red. Homologous modifying genes are indicated by arrows of the same color and connected with shading, whereas
unique species-specific genes are shown by open arrows. The arrows with bold outlines indicate known or putative phenazine transport genes. The sizes of
genes and intergenic regions are not to scale. Locus tags are shown using a code (e.g., the locus tag for the pcm7 homolog of Burkholderia sp. BDU5 is
WS69_11045). The predicted gene functions are summarized in Table S3.

Genetic analysis of phenazine biosynthesis in B. lata ATCC 17760. Our study
was initiated by analyzing the spectrum of metabolites produced in strains carrying
the full complement of phenazine biosynthesis genes of B. lata. The analysis of fractio-
nated organic solvent extracts from the wild-type strain B. lata ATCC 17760, its comple-
mented mutant B. lata phzA(pBBR1MCS-all), and Pseudomonas synxantha 2-79Z
carrying a complete set of phz genes on the plasmid pUCP26-all identified dimethyl
4,9-dihydroxy-1,6-phenazinedicarboxylate as the final product of the pathway and
revealed the presence of multiple phenazine intermediates (Fig. 4). The synthesis of
phenazines in B. lata was strongly affected by the growth conditions, and best yields
were observed in cultures grown in King’s medium B (50). The levels of different phen-
azine derivatives were very dynamic (especially in the overproducer B. lata phzA
(pBBR1-MCS-all) and may reflect an inherent feature of the regulation of phz genes in
Burkholderia spp. All identified phenazine derivatives had close high-performance lig-
uid chromatography (HPLC) retention times, eluting between 7 and 12 min under the
applied conditions. Several phenazine compounds were detected (Fig. 4), three of
which (2, 5, and 7) were purified and characterized in detail by nuclear magnetic reso-
nance (NMR) (Fig. S4 to S12). Two other phenazine compounds (3 and 8) could not be
isolated in sufficient quantities and were identified based on their HPLC-UV-mass spec-
trometry (MS) profiles. In addition, the UV analysis of other small peaks in the chromat-
ogram indicated the presence of further phenazine derivatives. The analysis also identi-
fied three nonphenazine compounds, 9, 10, and 11. These dipeptides were produced
by the wild-type B. lata but were absent from its phenazine-deficient mutants phzA
and pcm1. The HPLC-MS analysis of isogenic mutants of B. lata revealed that the inter-
ruption of phzA, pcm1, and pcm3 genes abolishes the production of all phenazines,
which coincides with the loss of purple pigmentation (Fig. 5 and Fig. S13). The probing
of P. synxantha 2-79Z carrying plasmids with different combinations of phz genes from
ATCC 17760 correlated the presence of pcm1 and pcm2 genes with modifications of
phenazine-1,6-dicarboxylic acid, which is the product of the core part of the pathway
in B. lata. Specifically, pcm2 was associated with the methylation of carboxyl moieties
in positions 1 and 6, while pcm1 was required for the hydroxylation of the phenazine
ring at positions 4 and 9. Subsequent protein structure predictions with Phyre2 sup-
ported these observations and identified Pcm1 and Pcm2 as a flavin monooxygenase
and an S-adenosylmethionine (SAM)-dependent methyltransferase, respectively. The
product of the third putative modifying gene, pcm3, was identified as an NAD(P)H-de-
pendent oxidoreductase, but its exact role in the conversion of PDC to dimethyl 4,9-
dihydroxy-1,6-phenazinedicarboxylate remains unclear.

Biological function of phenazine compounds in B. lata ATCC 17760. The contri-
bution of phenazines to the competitiveness and virulence of Pseudomonas has been
documented in multiple studies. The opportunistic pathogen P. aeruginosa produces
pyocyanin, which acts as a conserved virulence factor in mammals (30), invertebrates
like Drosophila melanogaster (33) and Caenorhabditis elegans (32), and even plants (51).
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phzA mutants in King’s medium B.

Members of the Burkholderia cepacia complex are opportunistic pathogens that are phe-
notypically similar to pseudomonads and occupy overlapping niches. Like Pseudomonas,
they infect both vertebrate and invertebrate hosts, including nematodes (52) and fruit flies
(53). Members of the Bcc complex are important postharvest plant pathogens associated
with onion rot diseases (54). We hypothesized that phenazines might contribute to the vir-
ulence of Burkholderia and tested this hypothesis using the fruit fly infection assay of
Castonguay-Vanier et al. (53) and the onion maceration assay of Jacobs et al. (54).

Results of these assays revealed that Burkholderia readily infects and kills D. mela-
nogaster (51). With the exception of less-virulent B. ambifaria, all tested wild-type
strains were lethal to flies and killed all inoculated animals within 40 h. In contrast, the
survival of the control (10 mM MgSO,) was over 86% (Fig. S3). In the second series of
experiments, an attempt was made to slow the rate of killing by lowering the concen-
tration of bacteria used to inoculate fruit flies. Since most Burkholderia species were
highly virulent toward D. melanogaster, the concentration of inoculum was optimized
in a dose-response experiment, where flies were inoculated with suspensions of B.
cepacia ATCC 25416 and B. lata ATCC 17760 adjusted to 107, 106, and 10> CFU ml~".
Results of these assays revealed that lower infection dose resulted in better survival of
fruit flies, which at 105 CFU ml~" approached 80%.

The third round of experiments compared the virulence toward fruit flies of the
wild-type parental strain B. lata ATCC 17760, its isogenic mutants phzA, pcm1, and
pcm3, and the phenazine-overproducing variant harboring the plasmid pBBRTMCS-all.
The strains were applied at two inoculum levels: high (107 CFU ml~T) and low (10> CFU
ml~") (Table 1). The side-by-side comparison of ATCC 17760 and its phenazine-defi-
cient and -overproducing derivatives showed no statistically significant difference
between treatments at the lower inoculum level. At the higher inoculum level, the
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TABLE 1 Fruit fly pathogenicity assays with B. lata ATCC 17760 and its isogenic phenazine
mutant derivatives

Inoculated at 107 CFU ml ™’ Inoculated at 10° CFU ml ™’
Treatment? % survival“ P value® % survival® P value®
B. lata ATCC 17760 33 76.7
B. lata phzA 20.0 0.0232¢ 86.7 0.3193
B. lata pcm1 16.7 0.2639 86.7 0.4035
B. lata pcm3 20.0 0.0112¢ 73.3 0.1296
phzA (pBBRTMCS-all) 20.0 0.0227¢ 86.7 0.3144

aPercent survival after seven days.

bPairwise comparison of each mutant and phenazine-overproducing derivative to the wild-type control strain
using the two-sample survival log-rank test.

The difference between this derivative and ATCC 17760 was significant. The experiment was repeated twice

with similar results.

survivial of flies was significantly higher in the phzA and pcm3 (but not pcm7) treat-
ments. However, the phenazine-overproducing strain was less virulent than was the
wild-type strain, thus suggesting against the involvement of phenazines in the viru-
lence toward fruit flies.

We also tested four phenazine-producing and two nonproducing strains of Burkhoderia
for their capacity to invade plant tissues and cause maceration of onion bulbs. The Phz~ B.
cepacia ATCC 25416 is a postharvest onion pathogen and was included as a positive con-
trol. Results of these assays separated the tested strains into two groups that exhibited,
respectively, the high (ATCC 25416, PC39, PC17, 2424) and low (ATCC 17760 and AMMD)
capacity to infect and damage onion bulbs (Table S1). However, as in the case of the fruit
fly assays, no correlation was observed between the presence of phenazine biosynthesis
genes and the degree of onion tissue maceration.

In fluorescent Pseudomonas, the formation of biofilms and their morphology are
affected by the presence and nature of phenazine compounds. Many species of the B.
cepacia complex are known for their capacity to form extensive biofilms, which
prompted us to test the possible link between the synthesis of phenazines and forma-
tion of biofilms in B. lata. The biofilm assays compared the wild-type strain ATCC
17760, its phenazine-deficient phzA mutant, and the complemented mutant B. lata
phzA(pBBR1MCS-all), which overproduces phenazines. The bacteria were inoculated in
a flow cell connected to a BioFlux 200 microfluidic system and cultured in a medium
conducive for the production of phenazines, King’'s medium B. The development of
biofilms was monitored over 48 h by acquiring bright-field micrographs and subse-
quently analyzing them in the BioFlux Montage software. Results of these experiments
revealed distinct differences in the dynamics of the establishment and development of
biofilms in the three tested strains. In particular, the wild-type and overproducer strains
attached faster and formed thicker biofilms than did the phzA mutant (Fig. 6).
Interestingly, the phenazine-overproducing variant formed the densest biofilms that
also did not dislodge in the medium flow, whereas mature biofilms of the wild-type
strain readily dispersed. A similar trend was observed in static biofilm assays performed
with the wild-type B. lata strain and its phenazine-deficient and complemented deriva-
tives (Fig. 7). The crystal violet staining of biofilms formed in PVC plates revealed that
ATCC 17760 and phzA(pBBRTMCS-all) bound significantly more dye (P < 0.05 by
Kruskal-Wallis rank sum and Dunn’s multiple comparison tests) than did the phzA,
pcm1, and pcm3 mutants. The most robust biofilm was observed in the complemented
phzA mutant, thus mirroring the results obtained in the BioFlux flow cell system.

DISCUSSION

In this study, we attempted to comprehensively address the genetics, evolution,
and biological role of phenazine compounds in Burkholderia. Although the production
of phenazines in this economically important group of microorganisms was first
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FIG 6 Comparison of flow cell biofilms formed by B. lata ATCC 17760, its phenazine-deficient mutant B. lata phzA and the
phenazine-overproducing derivative B. lata phzA(pBBR1MCS-all). The three stains were inoculated into the BioFlux
microfluidic system and allowed to form a biofilm for 48 h. The bright-field images were collected at 20 min intervals with an
LS620 digital microscope. The top panel shows the percentage of surface area covered by the growing biofilm, whereas the
bottom panel shows representative images of biofilm development over the course of the experiment.

reported almost 70 years ago (55), the access to recently generated genome sequences
allowed us to assess the distribution, organization of biosynthesis gene clusters, and
habitats that support this versatile and economically important group of phenazine-
producing bacteria. Our results revealed that phz genes are present in genomes of
many Burkholderia that have a worldwide origin and belong to different species of the
genus. Most strains harboring phz genes were in the Bcc group and clustered closely
with B. cepacia. We also identified phenazine clusters in some isolates of the B. pseudo-
mallei clade, B. lata (ATCC 17760), B. pyrrocinia (strain 5.5B), and two strains of B. ubo-
nensis (MSMB2035 and MSMB2058). Outside of the Bcc complex, we identified phena-
zine pathways in members of the B. pseudomallei group, including B. singularis TSV85
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FIG 7 Static biofilms formed by B. lata ATCC 17760 and its phenazine-deficient and complemented
derivatives. All strains were suspended in KMB broth at approximately 10° CFU ml~" and grown in
96-well PVC plates for 48 h at 27°C, at which point the biofilms were stained with crystal violet.
Treatments with different letters indicate significant differences as determined by the Kruskal-Wallis
rank test followed by Dunn’s multiple comparison test (P < 0.05).
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TABLE 2 Bacterial strains, plasmids, and oligonucleotide primers used in this study

Strain, plasmid, or oligonucleotide primer Relevant characteristics? Reference or source

Bacteria
Burkholderia lata ATCC 17760 Phz* wild type; soil isolate, Trinidad 46
Burkholderia lata phzA Phz~ mutant of ATCC 17760; phzA:dhfrll; Tp" This study
Burkholderia lata pcm1 Phz™ mutant of ATCC 17760; pcm1:dhfrll; Tp" This study
Burkholderia lata pcm3 Phz™ mutant of ATCC 17760; pcm3:dhfril; Tp" This study
Burkholderia sp. 5.5B Phz* wild type; soil isolate, USA 43
Burkholderia sp. 2424 Phz* wild type; uknown source, Japan 47
Burkholderia sp. PC17 Phz* wild-type strain; onion rhizosphere isolate, Japan 47
Burkholderia sp. PC39 Phz* wild-type strain; tobacco rhizosphere isolate, Japan 47
Burkholderia ambifaria AMMD Phz~ wild-type strain; rhizosphere isolate, USA 89
Burkholderia cepacia ATCC 25416 Phz~ wild-type strain; onion isolate, USA 90
Pseudomonas synxantha 2-79 Phz* wild type; wheat rhizosphere isolate, USA 91
Pseudomonas synxantha 2-79Z Phz™ mutant of 2-79; phzD::lacZ; Rif 85
Escherichia coli S17-1(A-pir) thi pro hsdM recA rpsL RP4-2 (Tc":Mu) (Km™:Tn7) Lab collection
Escherichia coli DH5« F~ ¢80lacZAM15 A(lacZYA-argF) U169 recAT endA1 hsdR17 Invitrogen

(r,”, m,*) gal~ phoA supE44 A\~ thi-1 gyrA96 relA1

Plasmids
pBluescript Il KS(+) Cloning vector; Co1E1 f1(+) lacZa bla; Ap* Stratagene
pUCP26 Broad-host-range vector; pMB1/pR01614 lacZ« tet; Tc" 83
pBBR1MCS Broad-host-range vector; pBBR1 lacZa mob cat; Cm’ 84
p34S-Tp Source of dhfrll cassette; ColE1 bla aph; Tp" Ap" 86
pEX18Tc Gene replacement vector; pMB1 mob sacB tet 92
pUCP26-AC pUCP26 with phzADEFGC genes of ATCC 17760 This study
pUCP26-ACpcm3 pUCP26 with phzADEFGCpcm3 genes of ATCC 17760 This study
pUCP26-pcm1AC pPUCP26 with pcm1phzADEFGC genes of ATCC 17760 This study
pUCP26-pcm1ACpcm3 pUCP26 with pcm1phzADEFGCpcm3 genes of ATCC 17760 This study
pUCP26-all pUCP26 with the complete phz locus of ATCC 17760 This study
pBBRT1MCS-all PBBR1MCS with the complete phz locus of ATCC 17760 This study

Oligonucleotide primers
pcm1f 5'-AATAGGTACCGTAAGTTTATTCTGGAGATGC-3’ This study
phzAf 5'-GAAATCAGGTACCTCGTGTAATCC-3’ This study
phzEf 5'-CCGCCATTCCTGATGCCGATAC-3' This study
phzEr1 5'-GAAGATCCAGTACGCGCCGACC-3’ This study
phzEr2 5'-GTCCTGTAGGGATCCATAAAAAGCGTG-3’ This study
phzGf 5'-GCCTCACGAGATGGAATTCTGG-3' This study
phzGr2 5'-TCCAATCGTTGCCATCGCGTTC-3’ This study
phzGr1 5'-ACAGACAGGATCCTTATCCGCAAG-3’ This study
pcm2f 5'-TTTTGGATCCAACCTTGATTCTCTTG-3' This study
pcm3f 5'-TTTTGGATCCTTCGCCTCATCGAC-3’ This study
phzCf 5'-TAGCGGATCCGAGCGTGGGCGTC-3’ This study
phzCr 5'-TTTTTCTAGATGCGATTAGTTGTTGC-3’ This study
Tp-up 5'-ACGAACCCAGTTGACATAAG-3' This study
Tp-low 5'-AGTGAGTTTTGTGCAATACC-3’ This study
Tet-up 5'-AGCGGTCCAGTGATCGAAGTTA-3’ This study
Tet-low 5'-CAGGAGTCGCATAAGGGAGAGC-3' This study
SAC1 5'-GATGTTTTCTTGCCTTTGATGTTC-3' 93
SAC2 5'-GTCTTTGCATTAGCCGGAGATC-3’ 93
Cm-up 5'-ATCCCAATGGCATCGTAAAGA-3’ 87
Cm-low 5'-AAGCATTCTGCCGACAT-3' 87

aPhz, production of phenazine; Rif', rifampin resistance; Tp", trimethoprim resistance; Cm", chloramphenicol resistance; Km', kanamycin resistance; Tc', tetracycline resistance;
aph, aminoglycoside 3'-phosphotransferase; aacC1, gentamicin acetyltransferase 3-1; bla, B-lactamase; dhfrll, dihydrofolate reductase. Underlined oligonucleotide bases
represent restriction sites used in the cloning of amplicons as detailed in Materials and Methods.

and two strains, BDU5 and BDUS, that did not align closely with type strains and may
represent new species of this clade. Finally, we confirmed the presence of phz genes in
genomes of B. glumae.

Most of the presumed phenazine producers studied in this work were isolated from
soil or diseased plants. Although listed as saprophytes, many strains of Burkholderia were
closely related to species that are known to include numerous genetically close environ-
mental and clinical isolates. Furthermore, several strains with phz genes belonged to B.
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pseudomallei, a group that encompass serious pathogens of humans and animals (3).
Interestingly, phenazine cluster seems to be commonly present in B. glumae since a
study of strains native to the southern United States identified several virulent isolates
that produced different pigments, one of which was later identified as the phenazine
phencomycin (42, 56). Therefore, the question of the association of phenazine genes
with the saprophytic and parasitic lifestyles of Burkholderia spp. clearly deserves further
investigation.

While conducting this study, we were surprised to discover that the majority of pre-
sumed phenazine-producing Burkholderia were isolated in Australia. It is plausible that
this prevalence simply reflects a nonrandom sampling, since similar strains were previ-
ously isolated in the United States (43, 56), Japan (47), Europe (23), and other parts of
the world (46). Alternatively, it is possible that such strains are more common in spe-
cific locations, similar to some groups of phenazine-producing pseudomonads that are
enriched in arid soils of the U.S. Pacific Northwest (57, 58) and Fusarium wilt-suppres-
sive soils of Chateaurenard, France (59). It is tempting to speculate that a combination
of particular environmental and edaphic factors may result in the enrichment of
Burkholderia bacteria carrying phz genes in certain parts of the world, although further
research is needed to test this hypothesis.

Our study revealed at least three distinct variants of phenazine clusters in
Burkholderia. Most species of the B. cepacia and B. glumae clades shared an operon
comprised of six core and three modifying biosynthesis genes. A variation of this
scheme was observed in strains BDU5 and BDU6, which had a gene cluster with an
inverted DNA segment containing the phzC and pcm3 genes. Very different phenazine
pathways were identified in B. singularis TSV85, B. ubonensis MSMB2035, and B. ubo-
nensis MSMB2058. The phz clusters in these species had 18 genes, some of which
encoded modifying enzymes similar to those involved in the synthesis of esmeraldin in
S. antibioticus (49). Another distinct phenazine cluster was discovered in P. phenazi-
nium, which differed from its Burkholderia counterparts in the number of core and
modifying genes. Overall, these pathways differed in the number and types of pre-
dicted phenazine-modifying and efflux genes. All Burkholderia contained a full comple-
ment of core biosynthesis genes, although their arrangement and even structure var-
ied among species. In particular, genomes of TSV85, MSMB2035, and MSMB2058
encoded a Pseudomonas-like version of PhzF that lacked the 120-amino acid N-termi-
nal domain found in homologous proteins of other Burkholderia spp. These strains also
carried an unusually long version of the isochorismatase PhzD, which represents a
fusion of the S-adenosylmethionine-dependent methyltransferase and isochorismate
hydrolase domains. Finally, the phz clusters of TSV85, MSMB2035, and MSMB2058
lacked the phzC gene but at the same time carried a gene encoding a canonical 3-
deoxy-7-phosphoheptulonate synthase. We hypothesize that this enzyme compen-
sates for the lack of PhzC and aids in the synthesis of phenazines by providing
metabolic precursors for the shikimic acid pathway. Our results also revealed the con-
servation of phz clusters in most species of the Bcc group, as well as evidence for hori-
zontal gene transfer in B. glumae and strains TSV85, MSMB2035, and MSMB2058, which
harbor phenazine genes on conjugative plasmids. Although structurally conserved, the
phenazine operons of Bcc strains are located in different genomic regions, which is
likely a result of genomic relocation. Collectively, these findings suggest that the phen-
azine biosynthetic pathway of Burkholderia resembles its counterpart from
Pseudomonas (25, 60, 61) in that it has a complex evolutionary history, which likely
includes horizontal gene transfers among several distantly related groups of producing
organismes.

Our experiments with B. lata ATCC 17760 represent formal confirmation of the
involvement of the phz cluster in the production of dimethyl 4,9-dihydroxy-1,6-phena-
zinedicarboxylate. The assays with plasmids carrying deletion variants of the B. lata phz
cluster also provide experimental evidence for the role of the three pcm genes in the
modification of the phenazine tricycle during the synthesis of dimethyl 4,9-dihydroxy-
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1,6-phenazinedicarboxylate. Overall, our results agree with the findings of Korth et al.
(22) and indicate that the production of phenazine in Bcc strains is a highly dynamic
process. The presence of multiple intermediates probably reflects the symmetrical na-
ture of the final phenazine product, which is assembled via sequential hydroxylation
and methylation of the PDC precursor. The dynamic nature and yield of different phen-
azine derivatives suggest the complex effects of the environment and of specific and
global regulation, details of which remain entirely unknown.

Earlier studies reported the broad antibiotic activity of phenazines produced by sev-
eral species of the genus Burkholderia (23, 42, 43). However, recent studies in P. aerugi-
nosa prompted us to probe the biological role of phenazines in this diverse group of
bacteria. Although we could not correlate the production of phenazines with the
capacity of Burkholderia to kill fruit flies and rot onions, other experiments revealed a
link between the presence and amount of phenazines and the dynamics of biofilm
growth in both the flow cell and static experimental systems. These preliminary find-
ings suggest that Burkholderia, like fluorescent pseudomonads, may benefit from the
unique redox-cycling properties of phenazines and their capacity to act as extracellular
electron shuttles in biofilms (62). These findings also suggest that the contribution of
phenazines to the pathogenicity of members of the Bcc group should be revisited
using chronic models of infection that often involve the biofilm mode of growth.

MATERIALS AND METHODS

Bacterial strains and plasmids. All strains and plasmids used in this study are listed in Table 2.
Unless noted otherwise, Burkholderia and Pseudomonas were cultured at 27°C in Difco tryptic soy broth
(TSB) (Becton, Dickinson, Franklin Lakes, NJ) or King’s medium B (KMB) (50), while Escherichia coli cells
were grown at 37°C in Luria-Bertani (LB) medium (63). Antibiotics were supplemented at the following
concentrations: 100 ug ml~" ampicillin (Ap), 30 or 100 g ml~" chloramphenicol (Cm), 100 ug ml~'
rifampin (Rif), 20 ug ml~" tetracycline (Tc), and 10 or 50 g ml~" trimethoprim (Tp).

Bioinformatic techniques. Genome sequences of Burkholderia used in this study were acquired
from several sources. Implementation of blast searches was used to screen publicly available repositories
of bacterial genomes such as the National Center for Biotechnology Information (NCBI) GenBank (64),
the Joint Genome Institute (JGI) Integrated Microbial Genomes and Microbiomes database (IGM/M) (65),
and the Burkholderia Genome Database (66). Screening was accomplished by searching translated nucle-
otide databases with a protein query using the tblastn algorithm of BLAST v2.10.1 (67) and a cutoff E
value of <1e—>5. It has previously been described that in phenazine-producing bacteria, a small dimeric
protein, PhzA/B, catalyzes the symmetrical condensation of two precursor molecules and is critical for
the formation of the tricyclic phenazine ring (68). The amino acid sequence of PhzA/B from B. lata ATCC
17760 was used as a query for searching databases and identifying Burkholderia genomes that harbor
phenazine loci. Analysis of the diversity and arrangement of the core, modifying, and auxiliary genes in
phz clusters of Burkholderia spp. was conducted in Geneious 10.2.3 (Biomatters, Auckland, New Zealand)
using reciprocal BLAST searches and the dotplot sequence comparisons with the European Molecular
Biology Open Software Suite (EMBOSS) dotmatcher (69). The composition, physical properties, and pos-
sible cellular localization of proteins were identified using tools implemented in EMBOSS. Functional
motifs were searched using regular expressions, generalized profiles, and hidden Markov models imple-
mented in the MyHits database (http://myhits.isb-sib.ch/), and protein folds were predicted using the
Phyre2 server (70). Flanking regions of phenazine loci were analyzed using the DNA G+C content.
Sequences were screened using ISfinder (71) and Island Viewer (72) to identify genomic islands and
genes encoding tRNAs, site-specific recombinases, and transposases. Phenazine gene clusters and flank-
ing genomic regions were aligned with MAFFT v7.309 (73). The evolution of the phz pathway in
Burkholderia was analyzed by establishing phylogenies inferred from sequences of core phenazine bio-
synthesis and housekeeping genes. Sequences were concatenated and aligned with MUSCLE (74), and
phylogenetic trees were inferred with Geneious Tree Builder using the neighbor-joining (NJ) algorithm.
The DNA and protein distances were corrected, respectively, by Kimura’'s two-parameter (75) and Jukes-
Cantor (76) models of evolution. Final phylogenetic trees were visualized in iTOL (77). The pangenome
analysis was performed using the Compute Pangenome app implemented in KBase (78).

In addition to publicly available genomes, genomes of strains Burkholderia sp. 5.5B, 2424, and PC17
also were sequenced, annotated, and used in bioinformatics analyses. The genomes were sequenced
using a MiSeq instrument (lllumina, San Diego, CA) by the AgriLife Genomics and Bioinformatics Service
at Texas A&M University (College Station, TX). The 150-bp paired-end reads were processed with
Trimmomatic (79), assessed for quality with FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/), and assembled with SPAdes v3.13.0 (80). The resultant assemblies were annotated
with RASTtk (81) implemented in the Pathosystems Resource Integration Center (PATRIC) (82). Scaffolds
of the final assemblies that contained phenazine biosynthesis genes were extracted from genome
sequences and trimmed using Geneious v10.2.3.

Genetic analysis of phenazine biosynthesis genes. Plasmids carrying different combinations of
phz genes from B. lata ATCC 17760 were used to identify phenazine products when certain biosynthetic
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genes were inactive or deleted. The plasmids were generated by amplifying sets of phz genes by using
PCR with primer sets listed in Table 2 and high-fidelity KOD Hot Start DNA polymerase (Millipore Sigma,
Burlington, MA) and assembling them in the cloning vector pBluescript Il KS(+). To assemble the phzAC
fragment, three amplicons were generated with primer sets phzCf/phzCr, phzGr1/phzEf, and phzEr/
phzAf and sequentially cloned in pBluescript Il KS(+). The pcm1AC fragment was generated through the
sequential cloning of amplicons generated with primer sets phzCf/phzCr, phzGr1/phzEf, and phzEr1/
pcm1f, whereas the ACpcm3 gene set was assembled from fragments amplified with primers phzCr/
pcm3f, phzGr1/phzEf, and phzEr1/phzAf. Similarly, the pcm1ACpcm3 segment was assembled by fusing
the amplicons generated with primers phzCr/pcm3f, phzGr1/phzEf, and phzEr1/pcm1f. Finally, the com-
plete phenazine pathway of ATCC 17760 was assembled from amplicons generated with primer sets
phzCr/phzGf, phzGr2/phzEf, and phzEr1/pcm1f. The cloned gene sets were single-pass sequenced to
ensure the absence of unwanted mutations, excised with Xbal and Kpnl, and transferred into broad-
host-range plasmid vectors pUCP26 (83) or pBBRTMCS (84) under the control of the lac promoter. The
pUCP26-based plasmids were introduced for heterologous expression into the phenazine-deficient mu-
tant strain P. synxantha 2-79Z (85), while the pBBR1TMCS-based constructs were used in experiments
with B. lata ATCC 17760.

To construct pcm1 and phzA mutants of B. lata ATCC 17760, a 4,471-bp fragment of the phz locus
was amplified using the high-fidelity KOD Hot Start DNA polymerase (Millipore Sigma) and primers
pcm1f and phzEr2. The amplicon was digested with Kpnl and BamHI and cloned into the gene replace-
ment vector pEX18Tc, after which the pcm1 and phzA genes were inactivated, respectively, by inserting
the trimethoprim-resistance cassette from p34S-Tp (86) into unique Hindlll and Notl sites. The pcm3 mu-
tant was constructed by amplifying a 3,439-bp fragment with primers pcm2f and phzCr, treating the
amplicon with BamHI and Xbal, and cloning it into pEX18Tc. The resultant plasmid was further modified
by inserting the Tp" cassette into a unique Sfil site located within the pcm3 gene. After verification by
single-pass sequencing, all pEX18Tc-based plasmids were mobilized in B. lata from E. coli S17-1(A-pir)
and double crossover events were selected and verified by PCR with primer sets Tet-up/Tet-low and
SAC1/SAC2 as described by Mavrodi et al. (87). Finally, the 2-79Z and ATCC 17760 derivatives harboring
appropriate plasmids were generated by electroporation, selected by plating on LB agar supplemented
with tetracycline or trimethoprim, and confirmed by PCR with plasmid-specific primers. All PCR amplifi-
cations, gene cloning, agarose gel electrophoresis, and electroporation were performed using standard
techniques (63). Oligonucleotide primers were designed with Oligo v7.60 (Molecular Biology Insights,
West Cascade, CO).

Identification of phenazine metabolites. Phenazine intermediates produced by plasmid-carrying
derivatives and isogenic mutants were extracted and analyzed by HPLC-coupled mass spectrometry and
NMR as follows. Bacteria were cultivated in LB medium at 30°C in shaking flasks at 160 rpm for 60 h (4 lit-
ers each). The pH was then adjusted to 2 with 20% (vol/vol) trifluoroacetic acid (TFA) before treatment in a
Sonorex Digital 10P ultrasonic bath (Bandelin Electronic GmbH, Germany) for 15 min. Two percent (wt/vol)
of Amberlite XAD16N absorber resin (Rohm & Haas GmbH, Germany) was added and the suspension was
stirred for 3 h before removing the resin by filtration. The resin was then covered with 1.8 liters of ethyl ac-
etate, stirred for 30 min, and left standing overnight. After removal of the resin, the remaining aqueous
phase was separated, and the organic phase was dried with Na,SO, before evaporation of the solvent in a
rotary evaporator. The residual was dissolved in acetonitrile or methanol for further analysis.

Molecular masses were determined by mass spectrometry. Analysis involved separation of 2 ul sam-
ple on an Acquity-UPLC BEH C,; column (Waters GmbH, Germany) attached to a 1260 Infinity Series
HPLC system (Agilent Technologies, Santa Clara, CA) and amaZon speed or maXis electrospray ionization
(ESI)-based mass spectrometers (Bruker Daltonics GmbH, Germany) operated in the positive or negative
mode. Chemical structures were determined by NMR spectroscopy. Toward this, sufficient amounts of
the compounds were isolated by flash chromatography on a Reveleris X2 system (BUCHI Labortechnik
AG, Switzerland) equipped with a Reveleris C,4-RP cartridge (BUCHI), followed by preparative HPLC
(GX270 or PLC2250 system; Gilson Inc., USA) on C,4-RP columns (Kinetex C,; 100 A or Gemini Cis 120 A;
Macherey-Nagel GmbH, Germany) developed in acetonitrile gradients. 'H- and '*C-NMR spectra were
recorded on a 500 MHz Avance Il (UltraShield Plus) spectrometer, equipped with a 5-mm RT BBO probe,
or on a 700 MHz Avance Ill HD (Ascend) spectrometer, equipped with a 5-mm TCl cryoprobe (both from
Bruker Biospin GmbH), at 298 K using acetone-d, or CDCl, as solvent (Fig. S4 to S12).

Pathogenicity assays. The contribution of phenazine metabolites to the virulence of Burkholderia
was evaluated using the fruit fly (Drosophila melanogaster) infection assay of Castonguay-Vanier et al.
(53). All bacterial cultures were grown in tryptic soy broth (TSB) to an optical density at 600 nm (ODg,,)
of 2. Cells were then washed with sterile 10 mM MgSO,, suspended in the same buffer, and adjusted by
serial dilution to the desired concentration. Ampicillin (500 mg ml~") was added to the cell suspensions
to prevent possible infection with bacteria present on the surface of the fly. Adult flies of 8 = 2 days
were anesthetized with CO, and pricked in the dorsal thorax using a 27-gauge syringe needle previously
dipped in the appropriate bacterial cell suspension. Control flies were pricked with a needle dipped into
a solution of 10 mM MgSO, supplemented with ampicillin. The inoculated flies were maintained at 25°C
and scored daily for survival. The infection assays were performed with a minimum of 30 flies for each
strain, and all experiments were repeated in multiple repetitions. Differences between treatments were
assessed using the two-sample survival log-rank test.

The ability of Burkholderia to infect onion bulbs was assessed according to Jacobs et al. (54). Onion
bulbs were quartered using a sharp, sterile blade, and the quartered sections were separated into indi-
vidual layers. Overnight cultures of Burkholderia spp. grown in TSB were adjusted to 10’ CFU ml~", and
5-ul aliquots of bacterial suspensions were injected into onion slices using a sterile 10-ul pipette tip. The

June 2021 Volume 87 Issue 11 €02348-20

Applied and Environmental Microbiology

aem.asm.org

14


https://aem.asm.org

Phenazine Genes in Burkholderia

inoculated slices were incubated at 27°C on water-saturated filter paper placed in petri plates. Tissue
maceration was scored after 40 h on a scale of 0 to 3 (0, no visible maceration; 1, <33% maceration; 2,
34 to 65% maceration; 3, 66 to 100% maceration). B. cepacia ATCC 25416 is a known onion pathogen
and was used as a positive control. The negative control was inoculated with 5 ul of TSB. The experi-
ment was repeated twice with five replicates of each treatment, and differences between treatments
were assessed according to the Fisher's protected least significant difference test (P =< 0.05).

Biofilm assays. The effect of phenazines on biofilm formation was examined in B. lata ATCC 17760
and its phenazine-deficient isogenic mutant B. lata phzA and in an overproducing derivative carrying
the pBBRTMCS-all plasmid. The ability to form static biofilms was determined using the crystal violet bio-
film assay developed by O'Toole (88). Briefly, cultures were grown on LB plates supplemented with
appropriate antibiotics for 24 h, bacteria were scraped off the agar, and the ODy,, was adjusted to 0.1.
The normalized suspensions were diluted 1:100 in KMB broth and 100 wl aliquots were dispensed into
96-well U-bottom Costar PVC microplates (Corning, Corning, NY). The inoculated microplates were incu-
bated for 48 h at 27°C, after which all wells were gently rinsed with water to remove the unattached cells
and media components. Crystal violet (0.1%) was added to each well, and after 15 min of staining the
microplates were rinsed and dried and the retained dye was solubilized with 30% acetic acid and quanti-
fied by measuring absorbance at 550 nm. The experiments were repeated 4 times with 60 replicates per
strain, and differences between treatments were assessed by Kruskal-Wallis rank test followed by Dunn’s
multiple comparison test (P < 0.05).

For flow cell biofilms, the bacteria were cultured overnight at 27°C on one-third-strength King's me-
dium B (1/3 KMB) plates and then scraped off the surface of the agar and suspended in 1/3 KMB broth
at a density of approximately 108 CFU ml~". The standardized bacterial suspensions were inoculated
into a 24-well two inlets one outlet flow cell plate that was connected to a BioFlux 200 microfluidic sys-
tem (Fluxion Biosciences, Alameda, CA). The inoculum was first pumped into the flow cell at 1.0 dyn/cm?
for 6 sec, and bacteria were then allowed to attach to the channel surface for 1 h at 27°C. Initially, the
flow rate of 0.16 dyn/cm? was maintained for the first 12 to 14 h, and after that, a flow rate of 0.44 dyn/
cm? was set for 36 h to continuously pump fresh 1/3 KMB through channels containing bacteria. The de-
velopment of biofilms was monitored by collecting bright-field images every 20 min with an LS620 digi-
tal microscope (Etaluma, Carlsbad, CA). The acquired images were merged into a time-lapse movie using
BioFlux software (Fluxion). The images were also normalized using the threshold and slider tools of the
BioFlux Montage software (Fluxion) and used to quantify the biofilm growth by calculating total per-
centage of area covered by the biofilm and plotting it against the time frames.

Data availability. The annotated genomes were deposited in the NCBI's GenBank under accession
numbers JABUMO000000000, JABUMNO00000000, and JABUMMO000000000. The raw reads were depos-
ited in the Sequence Read Archive (SRA) under accession numbers SRR11905455, SRR11905456, and
SRR11905457. The genomes and SRA data were included in BioProject number PRINA636525.
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