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ABSTRACT Bacteria use two-component signaling systems to adapt and respond to
their competitors and changing environments. For instance, competitor bacteria may
produce antibiotics and other bioactive metabolites and sequester nutrients. To sur-
vive, some species of bacteria escape competition through antibiotic production,
biofilm formation, or motility. Specialized metabolite production and biofilm forma-
tion are relatively well understood for bacterial species in isolation. How bacteria
control these functions when competitors are present is not well studied. To address
fundamental questions relating to the competitive mechanisms of different species, we
have developed a model system using two species of soil bacteria, Bacillus subtilis and
Streptomyces sp. strain Mg1. Using this model, we previously found that linearmycins
produced by Streptomyces sp. strain Mg1 cause lysis of B. subtilis cells and degradation
of colony matrix. We identified strains of B. subtilis with mutations in the two-
component signaling system yfiJK operon that confer dual phenotypes of specific linear-
mycin resistance and biofilm morphology. We determined that expression of the ATP-
binding cassette (ABC) transporter yfILMN operon, particularly yfiM and yfiN, is necessary
for biofilm morphology. Using transposon mutagenesis, we identified genes that are re-
quired for YfILMN-mediated biofilm morphology, including several chaperones. Using
transcriptional fusions, we found that YfiJ signaling is activated by linearmycins and
other polyene metabolites. Finally, using a truncated YfiJ, we show that YfiJ requires its
transmembrane domain to activate downstream signaling. Taken together, these results
suggest coordinated dual antibiotic resistance and biofilm morphology by a single mul-
tifunctional ABC transporter promotes competitive fitness of B. subtilis.

IMPORTANCE DNA sequencing approaches have revealed hitherto unexplored diversity
of bacterial species in a wide variety of environments that includes the gastrointestinal
tract of animals and the rhizosphere of plants. Interactions between different species in
bacterial communities have impacts on our health and industry. However, many ap-
proaches currently used to study whole bacterial communities do not resolve mechanis-
tic details of interspecies interactions, including how bacteria sense and respond to their
competitors. Using a competition model, we have uncovered dual functions for a previ-
ously uncharacterized two-component signaling system involved in specific antibiotic re-
sistance and biofilm morphology. Insights gleaned from signaling within interspecies in-
teraction models build a more complete understanding of gene functions important for
bacterial communities and will enhance community-level analytical approaches.

KEYWORDS ABC transporter, antibiotics, antibiotic resistance, Bacillus subtilis,
biofilm, linearmycin, polyene, Streptomyces, two-component signaling

acteria within communities require signaling mechanisms to respond to changing
environments and challenges from other species. Although neighboring cells may
cooperate, competition is likely to be the dominant mode of interaction between
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bacteria in nature (1). Bacteria have evolved numerous mechanisms to compete with
their neighbors. These competitive mechanisms include production of specialized
metabolites, including antibiotics, contact-dependent inhibition systems, and type VI
secretion systems that directly deliver toxins into cells, among others (reviewed in
reference 2). Individual cells or aggregates of cells either adapt to competition or suffer
fitness costs (3). Therefore, to avoid loss of fitness and survive, bacteria integrate and
respond to external signals that indicate changing environments and threats from
competitor species.

One of the primary mechanisms that bacteria use to monitor their environment is
two-component signaling (TCS). TCS systems are often used to sense abiotic signals
such as levels of oxygen and other nutrients. Bacteria also sense and respond to biotic
signals that indicate the presence of competitors. Examples of biotic signals include
changes in available external nutrients (4), the presence of antibiotics (5-8), and direct
monitoring of the cell envelope (9). The Bacillus subtilis genome contains genes for 30
complete TCS system pairs (10). Functions for many of the B. subtilis TCS systems have
been defined and include maintenance of metabolic homeostasis, nutrient uptake, and
cell envelope structure. However, numerous TCS system functions remain unknown,
principally because their corresponding loss-of-function mutants have no phenotype
under standard laboratory conditions. While many of these TCS systems are nonessen-
tial under laboratory conditions, their presence in the genome suggests they provide
selective advantages in competitive environments.

The cell envelope, which functions as the interface of bacterial cells and their
environment, is a common target for antibiotics. Excessive damage to this essential
structure is lethal (11-13). Therefore, bacterial cells have mechanisms to monitor the
condition of their envelopes in response to damage (14, 15). Accordingly, of the 30
complete TCS system pairs carried by the B. subtilis genome (10), currently 10 are
known to be involved in the regulation and maintenance of the cell envelope and
resistance to antibiotics that target these structures (15-27). The signal receptors may
monitor direct damage to the wall or indirect disruptions to metabolism that perturb
membrane physiology. For example, it has been demonstrated that the histidine kinase
PhoR senses intermediates of wall teichoic acid synthesis as a proxy for cellular phosphate
levels (26), and the histidine kinase KinC senses potassium ion (K™) leakage (28). Identifying
the targets and signals that activate unknown TCS systems may reveal new therapeutic
targets for targeted drug design and circumvention of adaptive cellular responses.

This study focuses on a TCS-mediated response to linearmycins, a family of antibiotic-
specialized metabolites produced by some streptomycetes (29, 30). The linearmycins
induce progressive lysis and degradation of B. subtilis cultured next to Streptomyces sp.
strain Mg1 (27, 31). We previously identified point mutations in the yfiJK operon,
encoding a TCS system responsible for B. subtilis linearmycin resistance (27). Deletion of
the yfiJK operon had no effect on lysis when B. subtilis was cultured with Streptomyces
sp. strain Mg1, suggesting that resistance arises from activation of the TCS. Indeed, we
found that strains of B. subtilis with the yfiJK point mutations increased expression of
the yfiLMN operon, encoding an ATP-binding cassette (ABC) transporter necessary for
linearmycin resistance. In addition to resistance, we observed that the mutants form
biofilm-like colonies on rich media, suggesting that the YfiJK system promotes biofilm
formation.

In the present study, we investigated how B. subtilis linearmycin-resistant mutations
cause colonies to have biofilm morphology. We find that YfiK exclusively regulates the
expression of the yiLMN operon. We show that biofilm morphology is dependent upon
the YfiLMN ABC transporter. Notably, the cytoplasmic ATPase encoded by yfiL is
dispensable for biofilm morphology, indicating that a functional ABC transporter is
needed only for linearmycin resistance. Using transposon mutagenesis, we identified
additional genes that, while not differentially regulated in linearmycin-resistant mu-
tants, are nonetheless required for biofilm morphology. To monitor YfiJK activity, we
used a transcriptional fusion of the yfiLMN promoter to lacZ as a reporter. We show that
the YfiJK TCS induces expression of the yfiLMN operon in response to linearmycins and
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FIG 1 Genetic complementation of yfiJ confers linearmycin resistance and colony morphology phenotypes.
(A) Wild-type Streptomyces sp. strain Mg1 (PDS0543) colonies (left) were cospotted with B. subtilis colonies
(right). The strains of B. subtilis with yfiJ+ (PDS0571) and yfiJA152€ (PDS0572) were complemented at the /acA
locus as monocistrons with the native promoter and a plasmid-derived terminator. The strains of B. subtilis
with yfiJK* (PDS0627) and yfiJA152EK (PDS0685) were complemented at the amyE locus with their native
operon structure, including the promoter and terminator. Strains with yfi/A152¢ alleles are resistant to
linearmycin-induced lysis, which is observed adjacent to Streptomyces sp. strain Mg1 for strains with
wild-type alleles. Colony spreading occurs with the yfiJA152E strain but is absent from the yfiJA152EK strain.
The photograph was taken after 72 h of coincubation on MYM agar. The photograph is representative of
triplicate samples. The scale bar is 5 mm. (B, top) The configuration for yfiJK-LMN at the native chromosome
locus. The overlapping stop codon in yfiJ and start codon in yfik are marked with an asterisk and the letter
M, respectively. (Middle) The monocistronic complementation construct for yfiJ inserted at lacA. (Bottom)
The bicistronic complementation construct for yfiJK inserted at amyE. Open reading frames are shown as
block arrows, promoters are shown as arrows, and intrinsic terminators are shown as hairpins. #, plasmid-
derived terminators. The scale bar is 1 kb. ermR®, erythromycin resistance cassette; spc?, spectinomycin
resistance cassette.

other polyenes. Together, the data demonstrate how B. subtilis responds to linearmycin
stress imposed by Streptomyces sp. strain Mg1, specifically regulating production of the
YfiILMN multifunctional ABC transporter, resulting in both biofilm morphology and
linearmycin resistance functions. The results provide new insight into the function of
TCS systems and ABC transporters in B. subtilis, suggesting that concerted activation of
specific linearmycin resistance and biofilm formation promotes B. subtilis fitness when
faced with competitive challenge by Streptomyces sp. strain Mg1.

RESULTS

yfiJK configuration influences colony phenotypes. Gain-of-function point muta-
tions within the yfiJK operon cause B. subtilis to become resistant to linearmycins (Fig.
1A) (27). We identified nine mutations within the histidine kinase-encoding gene yfiJ
and a single mutation in yfik, which encodes the cognate response regulator. Both
open reading frames (ORFs) are part of a single transcript, as the yfiJ stop and yfiK start
codons overlap, and yfiK lacks its own promoter (Fig. 1B). Global expression profiles of
B. subtilis confirm that yfiJ and yfiK are part of a bicistronic mMRNA (32). When comple-
menting their respective deletion strains, all identified point mutations resulted in
linearmycin resistance (27).

We noticed phenotypic variation for the yfi/A1>2E allele depending on the comple-
mentation configuration. Previously, we complemented the yfiJ deletion strain with
monocistronic yfiJA152E, Reproducibly, the colony of this B. subtilis strain spread across
the agar surface when cultured next to Streptomyces sp. strain Mg1 (Fig. 1A). However,
when complemented with the bicistronic yfi/A1528K, the B. subtilis colony did not spread
in response to Streptomyces sp. strain Mg1 but was linearmycin resistant and developed
biofilm morphology (Fig. 1A). Otherwise, we have observed no phenotypic differences
between these strains, including monoculture growth rate. We hypothesized the
phenotypic variation results from differences in gene expression arising from the
complementing fragments. For example, the expression levels from the complemen-
tation loci (amyE versus lacA), the relative strength of the native (—9.30 kcal/mol) and
plasmid-derived (—13.20 kcal/mol) intrinsic terminators we used, or simply disruption
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FIG 2 Biofilm morphology of linearmycin-resistant mutants is dependent upon yfiLMN. The yfiJ* strain
(PDS0571) develops as a smooth colony, but the yfi/A152E colony (PDS0572) has biofilm morphology.
Deletion of yfiLMN reverts the biofilm morphology of the yfi/A152E colony (PDS0799) back to smooth.
Complementation of the yfiLMN deletion with constitutively expressed yfiLMN [P, ,-yiLMN] causes
both yfiJ+ (PDS0801) and yfiJA152E (PDS0802) colonies to have biofilm morphologies. The photograph
was taken after 48 h of incubation on MYM agar and is representative of duplicate samples. The scale
bar is 5 mm.

of regulatory functions dependent on the bicistronic arrangement of yfiJK could explain
the differences between the yfi/A'>28 monocistronic and yfiJA'>2EK bicistronic comple-
ments.

The YfiJK system regulates a single operon. We wanted to determine if the
variation observed reflects different levels of YfiJK activation from the yfi/A152E and
yfiJA152EK complementing strains. Previously, we used RNA sequencing to compare the
transcriptomes of the engineered yfi/A'>2EK and the yfi/JK™ strains. The only signifi-
cantly upregulated ORFs were in the downstream yfiLMN operon (see Fig. STA in the
supplemental material) (27). We also identified des and the yvfRS operon as mod-
erately downregulated by YfiK. However, using quantitative reverse transcription-
PCR (gRT-PCR), we have found no reproducible pattern of change in either des or
yvfS expression (Fig. S2). Also, artificial overexpression of des from a xylose-inducible
promoter had no impact on linearmycin resistance or colony morphology (Fig. S3).
Taken together, these results suggest that the yiLMN operon is the only target directly
regulated by YfiK.

To compare strains expressing different alleles of yfiJ, we focused on expression of
the downstream yfiLMN operon. We identified a single active promoter within 150 bp
upstream of yfiL and no promoter sequences within yfiL, yfiM, or yfIN (Fig. 1B).
Therefore, we used qRT-PCR to compare the relative fold expression of yfiL between
engineered strains either with AyfiJ yfi/A152E only or with AyfiJK yfiJA152EK. In the AyfiJ
yfiJA152E strain, we found that the expression of yfiL was ~135-fold higher than that of
AyfiJ yfiJ*© (Fig. S2). In comparison, the expression of yfiL in the AyfiJK yfi/A152EK strain
was ~20-fold higher than that of the AyfiJK yfiJK™ strain (27). The different transcript
abundances indicate that the increased colony-spreading exhibited by the AyfiJ
yfiJA152E strain is due to the higher level of increased expression of the yfiLMN operon.
Given the enhanced morphology and colony-spreading phenotypes, we chose to use
the AyfiJ yfiJA152E strain for subsequent experiments.

Elevated expression of the yfiLMN operon causes B. subtilis colonies to develop
biofilm morphology. In monoculture, strains with the yfiJA1>2E allele develop colonies
with a rough texture and a characteristic circular wrinkle in the center of the colony (Fig.
2). For simplicity and because the morphology is dependent upon extracellular poly-
saccharides (EPS), we will refer to these colonies as having biofilm morphology (27). In
contrast, strains with a wild-type yfi/™ allele develop relatively flat and featureless
colonies (Fig. 2). Because the yfiLMN operon is the target of YfiJK regulation, we
suspected that production of the YfiLMN ABC transporter would be responsible for
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TABLE 1 YfiLMN functions in linearmycin and biofilm morphology

Finding for®:

Linearmycin resistance Biofilm morphology
Strain description? yfiJ*+ yfiJA152E yfiJ* yfiJA152E
yALMN+ - + - +
AyfiLMN - - - -
AYALMN P, yLMN + + + +
Ayfil - - - +
AyfiM - - - -
AyAiN - - - -

aWild-type alleles are designated with a superscript plus symbol. The P, ,-yiLMN strains constitutively
express yfiLMN regardless of yfi allele.

bThe plus and minus symbols indicate the presence or absence, respectively, of linearmycin resistance in
coculture with Streptomyces sp. strain Mg1 or biofilm morphology in monoculture on MYM.

promoting biofilm morphology. To test this hypothesis, we constructed a deletion of
the yfLMN operon in both the yfiJ* and yfiJA52E strain backgrounds. In addition to
rendering B. subtilis sensitive to linearmycin, the yfi/A152E AyfiLMN strain forms a colony
that is indistinguishable from the wild type (Fig. 2 and Table 1). When we comple-
mented the yfILMN deletion with a constitutively expressed copy of the yiLMN operon
[PspacoyYILMN], both resistance and biofilm morphology were restored, regardless of
yfiJ allele (Fig. 2).

We asked if a functional ABC transporter is necessary for both linearmycin resistance
and biofilm formation. ABC transporters typically are comprised of two copies of a
cytoplasmic nucleotide-binding domain (NBD) protein, which provides energy through
ATP hydrolysis, and two membrane-spanning domains (MSDs) that form the pore (33).
In the case of YALMN, the NBD is encoded by yfiL and the MSDs are encoded by yfiM
and yfiN (34). We constructed linearmycin-resistant strains (yfi/A152€) with single dele-
tions of yfil, yfiM, and yfiN. The strains with AyfiM and AyfiN mutations no longer
resembled biofilms, whereas, surprisingly, the AyfiL-containing colony retained biofilm
morphology (Table 1). However, the yfi/A1528 Ayfil strain was sensitive to lysis when
cultured with Streptomyces sp. strain Mg1 (Table 1). These observations indicate that
biofilm formation and linearmycin resistance are separable phenotypes, and that
resistance requires a functional ABC transporter while biofilm formation does not.
Consistent with our previous results, deletion of genes encoding important develop-
mental regulators and structural components of biofilms had no effect on linearmycin
resistance (27).

Transposon mutagenesis identifies additional genes required for YfiLMN-
mediated biofilm formation. Expression of the yfiLMN operon alone was sufficient to
cause B. subtilis to form biofilms (Fig. 2 and Table 1). This observation is particularly
provocative because B. subtilis biofilm formation on minimal salts glutamate glycerol
medium (MSgg) occurs concurrently with numerous changes in gene expression (35).
Therefore, we asked how YfiILMN causes biofilm formation. Based on protein sequence
alignments, YALMN belongs to a class of ABC exporters (34). However, based on the
ability of the yfiJA152E Ayfil strain to form biofilms (Table 1), active transport likely is not
required for formation of biofilm morphology. Therefore, we used transposon mu-
tagenesis to identify genes whose products are necessary for the formation of biofilm
morphology but are not transcriptionally regulated by YfiK. We introduced pMarA (36),
a transposon mutagenesis plasmid, into the yfi/A152€ strain background. We screened
13,577 yfiJA152E colonies for mutants that failed to form biofilm morphology. Assuming
an average ORF size of 965 bp (4,372 ORFs/4.2 Mbp) (37), we estimate the probability
of screen saturation to be 0.96 (38). We identified numerous non-biofilm-forming
colony variants. For instance, we commonly identified mucoid variants and verified
identified insertions in the eps operon (39). However, we were most interested in 11
transposon insertion mutants (0.08% total) that reverted to wild-type colony morphol-
ogy. We extracted genomic DNA from the 11 linked transposon insertion mutants and
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TABLE 2 Transposon insertion loci identified in loss-of-biofilm-formation screen

Insertion position?  Identity9 Gene and/or product Annotated function
76954(—) IGRy st hprT, hypoxanthine phosphoribosyltransferase Purine salvage and interconversion, control
of ftsH expression
ftsH, ATP-dependent metalloprotease Cell division protein and general stress
protein (class Il heat shock)
423837(+) gerkB Subunit of GerK germination receptor Spore germination
1525015(+)° IGR pov-yrka rpoY, RNA polymerase & subunit Control of RNA polymerase activity
yrkA, putative membrane-associated protein Unknown
1866388(—) IGR, 1ar-mian ymaF, unknown Unknown
miaA, tRNA isopentenylpyrophosphate transferase tRNA modification
2300897(+)¢ ilvD Dihydroxy acid dehydratase Biosynthesis of branched-chain amino acids
2328299(+) ypVvA Similar to ATP-dependent helicase Unknown
2625166(+) dnal Heat shock protein (activation of DnaK) Protein quality control
2627755(+) dnaK Class | heat shock protein (molecular chaperone) Protein quality control
2729794(+) azlB Lrp family repressor of the azIBCD-brnQ-yrdK operon Regulation of branched-chain amino acid
transport
2887777(+) IGRg-ys0n tig, trigger factor (prolyl isomerase) Nascent polypeptide folding
ysoA, putative hydrolase Unknown
3856278(+) BSU_MISC_RNA_57 T-box upstream of thrZ Regulation of thrZ expression

dInsertion nucleotide number and strand orientation are with respect to a sequenced genome of B. subtilis (GenBank accession number AL009126.3).
bThis insertion was identified in two independent isolates.

This insertion has a phenotype in yfiJA’52f but not yfi/* but does not lead to nonbiofilm colony morphology.

9IGR, intergenic region.

identified the position of each transposon insertion (Table 2). Here, we note that each
transposon insertion mutant remained linearmycin resistant, indicating that yfi/JK-LMN
was unaffected during the screen.

The functions identified in the screen do not fall into any known B. subtilis colony
development pathways. However, we note a pattern for transposon insertions in and
near ORFs associated with protein folding and quality control. We identified transposon
insertions in dnal, in dnakK, in the intergenic region between hprT and ftsH, and
upstream of tig (Table 2). DnalJ and DnaK are components of a molecular chaperone
complex involved in class | heat shock response (40, 41). FtsH is a membrane-anchored
metalloprotease with diverse functions that include biofilm formation, heat shock
response, and chaperone activity (42-44). Tig is a ribosome-associated trigger factor
that promotes the proper folding of nascent polypeptides (45). The transposon inser-
tions we identified in dnaJ and dnaK occur near the 3’ and 5’ ends, respectively, of the
coding sequences and likely disrupt the function of both proteins. It is known that the
expression of ftsH is regulated by a complex formed by HprT and TilS (46). Therefore,
the transposon insertion may have polar effects on ftsH expression. Likewise, the
transposon insertion upstream of tig may influence tig expression, which could lead to
a change in biofilm formation through loss of chaperone activity.

We also identified branched-chain amino acids as a possible biofilm-related func-
tion. First, we identified an insertion in azIB, which encodes an Lrp family repressor of
the azIBCD-brnQ-yrdK operon. This operon contains genes involved in transport of
branched-chain amino acids (47). Second, we also identified a transposon insertion in
ilvD, which encodes a dihydroxy acid dehydratase involved in branched-chain amino
acid biosynthesis (48). Disruption of ilvD in a yfi/A152E background results in colonies
with diminished wrinkles and increased mucoidy but otherwise had no visible pheno-
type in a yfiJ™ background (Fig. S4). Branched-chain amino acids are used by B. subtilis
as precursors for anteiso-branched-chain fatty acid biosynthesis. Supplementation of
isoleucine into culture medium causes B. subtilis to produce more anteiso-branched-
chain fatty acids (17), which influences membrane fluidity and may affect membrane
protein dynamics. However, we found that isoleucine supplementation had no effect
on either yfiJ* or yfi/A152E strains (Fig. S5). Additional characterization is required to
determine how alzB, ilvD, and the other identified transposon insertions influence
YfiLMN-mediated biofilm formation.

The YfiJK system responds to linearmycins. We were interested in identifying the
signal(s) that naturally activates the YfiJK-LMN system. We first analyzed results from a
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large-scale transcriptional analysis of B. subtilis grown under 269 different conditions
(32). In that study, under all conditions, expression of the yfiLMN operon was low and
did not appreciably change (Fig. S1B and C). These transcriptional profiling experiments
suggest that the YfiJK system is not activated when B. subtilis is cultured in isolation.

We reasoned that because YfiJK confers linearmycin resistance, it may respond to
linearmycins and become activated during competition with Streptomyces sp. strain
Mg1. To test this hypothesis, we constructed a B. subtilis strain with a transcriptional
fusion of the yfiLMN promoter to lacZ (P, pa-lacZ) and cultured the strain with
Streptomyces sp. strain MG1 on medium containing 5-bromo-4-chloro-3-indolyl-B-b-
galactopyranoside (X-Gal). We found that the P g, yn-lacZ reporter was activated in the
portion of the colony immediately adjacent to Streptomyces sp. strain Mg1 (Fig. 3A). As
a control, we verified that yfi/A'>28 strains constitutively activated the P g yn-lacZ
reporter and that the phosphoacceptor histidine (H201) was required for downstream
signaling (Table 3) (27). To determine if the YfiJK system responds to linearmycins, we
cultured the reporter strain with an Mgl Alnyl strain that is unable to produce
linearmycins (B. C. Hoefler, R. M. Stubbendieck, N. K. Josyula, S. M. Moisan, E. M. Schulze,
and P. D. Straight, unpublished data). We found that P, yn-lacZ was not activated by
the Mg1 Alnyl strain (Fig. 3A). As a direct test that the YfiJK system responds to
linearmycins, we spotted isolated linearmycins on top of a pregrown B. subtilis colony.
Over the following day, we observed that the B. subtilis colony was lysed from the inside
out. We observed strong activation of the reporter on the periphery of the lysed region
of the colony (Fig. 3B). Together, these results demonstrate that the YfiJK system
responds to linearmycins directly and not to some other product produced by Strep-
tomyces sp. strain Mg1.

Expression of the yfiLMN operon is induced by multiple polyenes. A character-
istic feature of the linearmycins is the presence of multiple conjugated double bonds
(29, 30). This polyene moiety is also present in several structurally related molecules
that target the cytoplasmic membrane of fungi. Polyene antibiotics interact with
ergosterol, which leads to membrane permeabilization and fungal cell death (49-52).
Because YfiJ is a membrane-anchored histidine kinase, we hypothesized that linearmy-
cins are sensed directly or as a secondary consequence of perturbation to the B. subtilis
membrane. Therefore, we asked if other polyenes activate YfiJK signaling or if activation
is due to lytic stresses. First, we tested a linear polyene, ECO-02301, that also causes lysis
of B. subtilis (27, 53). Similar to linearmycin exposure, we observed that ~12 nmol of
ECO-02301 lyses B. subtilis and activates the P g ,,n-lacZ reporter (Fig. 3B). We next
tested the effects of ~16 nmol of the cyclic polyenes amphotericin B and nystatin.
While the cyclic polyenes do not lyse B. subtilis, weak activation of the P g yn-lacZ
reporter is visible and demonstrates that activation of YfiJK signaling is not dependent
upon lysis (Fig. 3B). As a control, we also tested daptomycin, a structurally unrelated
lipopeptide that also lyses B. subtilis (27, 54). In contrast to the polyenes, lytic concen-
trations of daptomycin do not activate the P, yy-lacZ reporter (Fig. 3B).

We observed that the strongest activation of the P g, yy-lacZ reporter was caused by
linearmycin exposure (Fig. 3B). Based on high-performance liquid chromatography
(HPLC) measurements, we estimate that we spotted between 3 and 5 nmol of linear-
mycins onto B. subtilis, substantially less than the ~12 and ~16 nmol of ECO-02301
and cyclic polyenes used, respectively. This estimation suggests that YfiJK signaling
is most strongly activated specifically by linearmycins. Intriguingly, we previously
found that a linearmycin-resistant mutant was only weakly cross-resistant to ECO-
02301, despite linearmycin and ECO-02301 sharing a similar polyketide backbone (27).
Taken together, our results indicate that linearmycins and not lytic membrane stress
activate YfiJK signaling and that the YfiJK system is tuned specifically for linearmycins.

Polyene exposure provides subsequent protection against linearmycins. We
hypothesized that if expression of the yfiLMN operon is induced by polyenes, then B.
subtilis should become more resistant to subsequent linearmycin exposure. We precul-
tured wild-type B. subtilis in increasing concentrations of nystatin and then exposed
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FIG 3 YfiJK signaling is activated by linearmycins and other polyenes. (A) A strain of B. subtilis (right) with
a P, un-lacZ reporter (PDS0838) was cultured with either wild-type (WT) Streptomyces sp. strain Mg1
(PDS0543) or the Streptomyces sp. strain Mg1 Alnyl mutant (PDS0755) (left), which does not produce
linearmycins. The photograph was taken after 72 h of coincubation of MYM agar with X-Gal. The
photograph is representative of quadruplicate samples. The brightness and contrast were adjusted to
better show the blue color. (B) The indicated specialized metabolites were spotted on top of pregrown
B. subtilis colonies (PDS0838). The photographs were taken from the bottom of the culture dish after B.
subtilis colonies were exposed to the compounds for 24 h. The appearance of blue indicates activation
of P s mn-lacZ. The brightness and contrast were uniformly adjusted across the panels to better show the
blue color on the amphotericin B (Amp B)- and nystatin-treated colonies. The scale bar is 5 mm.
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TABLE 3 Linearmycin sensing by B. subtilis requires the YfiJ TMD but not YfiLMN

Activation of P, y-lacZ®

Genotype? Without strain Mg1 With strain Mg1
yfiJ* - +

yﬁJA1 52E + +

yﬁJH201 N — —

yﬁJA1 52E, H201N — —

yfiJ© DyiLMN + ++

yhiJA152E AyAILMN - +

yfiJATMD - -

yﬁJATMD, A152E — —

aWild-type alleles are designated with a superscript plus symbol.

bThe plus and minus symbols indicate the presence or absence, respectively, of blue color as an indication of
Py s mn-lacZ reporter activation. The double-plus symbol indicates stronger activation of the P, yy-lacZ
reporter.

cells to linearmycins. We found that as the preculture nystatin concentration increased,
there was a concurrent decrease in B. subtilis sensitivity to lysis by linearmycins (Fig. S7).
We verified that the increased linearmycin resistance was due to YiLMN by repeating
the experiment with an isogenic AyfiLMN strain. Without preculture in nystatin, we
observed no differences in lysis between the yfiJ™ and yfiJ* AyfiLMN strains (Fig. 4A). As
expected, when we cultured yfiJ* B. subtilis in nystatin, we observed increased linear-
mycin resistance. Unexpectedly, preculture in nystatin also protected the yfiJ* AyfiLMN
strain from linearmycins. However, this linearmycin protection was reduced compared
to that of the yfiJ* strain (Fig. 4B). Although nystatin alone can protect B. subtilis from
linearmycin, expression of the yfiILMN operon by nystatin preculture contributes a
greater degree of protection against linearmycin (Fig. 4B).

YfiLMN-mediated biofilm morphology requires KinC. We returned to the obser-
vation that expression of the yfiLMN operon causes B. subtilis to form biofilm morphol-
ogy. We wanted to test if a polyene would induce YfiLMN-mediated morphological
changes in B. subtilis. As expected, without nystatin we observed that the yfi/A152E strain
forms biofilm morphology, whereas the yfiJ* strain does not (Fig. 5). However, when we
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FIG 4 Preconditioning B. subtilis in nystatin enhances linearmycin resistance. yfi/* (PDS0571) and yfiJ*
AyfiLMN (PDS0798) strains were preconditioned in 0 (A) or 100 (B) wg/ml nystatin. After embedding B.
subtilis in agar, 2-fold serial dilutions of linearmycins were plated on top of the agar overlay. Photographs
were taken on a black background. Areas of cell lysis appear as dark circles in each panel. The plates were
photographed after 18 h of incubation.
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yﬁ J yfl JA152E

+ nystatin

FIG 5 KinC enhances YfiLMN-mediated biofilm formation. yfi/* (PDS0571) and yfiJA152E (PDS0572) strains
were cultured on MYM medium containing 0 or 100 ug/ml nystatin. The photographs were taken after
48 h of incubation on MYM agar. The photographs are representative of duplicate samples. The scale bar
is 5 mm.

cultured yfiJ* with nystatin, we observed biofilm morphology, consistent with previous
reports (28). The nystatin-induced yfiJ* strain shared similar morphological features
with the colony formed by yfi/A152E (Fig. 5). We tested the dependence of nystatin-
induced biofilm morphology on YfiLMN by repeating the experiment with AyfiLMN
strains. We found that the nystatin-induced yfiJ* AyfiLMN strain only weakly formed
biofilm morphology, suggesting that nystatin activates expression of the yfiLMN operon
and causes biofilm colony morphology.

Polyene antibiotics have been shown to activate biofilm formation in B. subtilis by
triggering K™ leakage that is sensed by the histidine kinase KinC (28). Therefore, we
wanted to determine if the biofilms we observed in nystatin-treated yfiJ* strains were
due to YfiILMN or KinC. As expected, we found that a yfi/* AkinC strain is mucoid,
consistent with defects in biofilm production (28, 44). Intriguingly, the yfi/A152E AkinC
strain formed a colony that closely resembled a yfiJ™ colony (Fig. 5). Similarly, we found
that the yfiJ™ AkinC strain was unable to form a biofilm when induced with nystatin. As
both AkinC and AyfiLMN strains were unable to form biofilms under permissive medium
conditions or genetic backgrounds, we conclude that both gene products are required
for YiLMN-mediated biofilm morphology. We did not identify kinC in the screen of
yfiJA152E transposon insertion mutants with loss of biofilm formation. However, because
kinC mutants form mucoid colonies (28, 44), it is possible that we did not select these
colonies when screening for wild-type morphology. Alternatively, we may not have
obtained kinC transposon insertion mutants because the screen was not fully saturating
(P = 0.96).

Transposon mutagenesis suggests that YfiJK senses linearmycin-mediated ef-
fects. The known mechanisms that microbes use to sense polyenes are indirect. For
instance, in the budding yeast Saccharomyces cerevisiae, nystatin is sensed by SLN1,
which is an osmosensing histidine kinase that senses changes in turgor pressure
and detachment of the cytoplasmic membrane from the cell wall (55). Likewise, in
B. subtilis polyenes are sensed via K™ leakage by KinC (28). As a first approach to ask
if linearmycins are indirectly sensed, we used transposon mutagenesis. Specifically, we
asked if we could identify a mutant that constitutively activates YfiJK signaling. We
introduced pMarA into a strain with the P g, y-lacZ reporter and screened for colonies
that constitutively hydrolyzed X-Gal. From a screen of 18,002 colonies, we found 2
blue isolates (0.01% total). However, in both isolates we found that the transposon
insertion disrupted lacR. LacR is a transcriptional repressor for expression of lacA,
which encodes an endogenous B-galactosidase. Thus, the blue color in these trans-
ductants resulted in constitutive lacA expression and not activation of the P g, yy-lacZ
reporter construct (56). We estimate the probability of screen saturation to be 0.98.
Although inconclusive, the results and density of this transposon screen suggest that B.
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subtilis senses linearmycin directly and that transposon insertion mutants cannot
reproduce the effects of linearmycin exposure. To further characterize how B. subtilis
senses linearmycins, we sought to identify the linearmycin sensor.

YfiLMN is not required for B. subtilis to respond to linearmycins. We previously
reported similarities between the YfiJK-LMN system and peptide sensing and detoxifi-
cation (PSD) modules encoded in the B. subtilis genome (27). For instance, the genetic
context for yfiJK-LMN, with TCS system and related ABC transporter functions encoded
side by side, is identical to the organization of the PSD modules (25, 57). The bacitracin
sensing and detoxification system BceABRS is currently the best-characterized PSD
system (19, 58-65). The histidine kinase BceS lacks predicted PAS signaling domains,
which are often found in histidine kinases (66), or a recognizable extracellular sensor
sequence. Instead, the ABC transporter BceAB is responsible for both sensing and
detoxifying peptide antibiotics (59, 62).

Similar to BceS, YfiJ has no canonical PAS domains, and protein domain analysis
predicted five to six transmembrane helices with no substantial extracellular sensing
domain (=17 residues). Given the structural and genetic context similarities between
YfiJ and BceS, we wanted to test if YALMN is required for B. subtilis to respond to
linearmycins. We cultured AyfiLMN strains with Streptomyces sp. strain Mg1 and found
that the P yn-lacZ reporter still responded to Streptomyces sp. strain Mg1 (Table 3; Fig.
S6). Thus, unlike the bacitracin sensing system, YfiLMN is not required for B. subtilis to
sense linearmycins. Unexpectedly, in the absence of Streptomyces sp. strain Mg1, we
observed a reproducible faint blue color in the yfiJ* AyfiLMN strain (Fig. S6A). However,
during coculture with Streptomyces sp. strain Mg1, we observed that the yfiJ™ AyfiLMN
strain more strongly activated the P g a-lacZ reporter. The yfi/A1>2E AyfiLMN strain
behaved similarly to the yfi/* strain and only activated the P y-lacZ reporter in
response to Streptomyces sp. strain Mg1 (Fig. S6B; Table 3). Although YfiLMN is not
required for B. subtilis to sense linearmycins, this observation does not preclude a
model where YfiJ and YfiLMN interact, similar to BceS and BceAB (60). We speculate that
in the absence of linearmycins, YfiLMN inhibits activation of wild-type YfiJ*. Linearmy-
cins activate YfiJ and relieve repression by YALMN (Fig. S6C). However, the normally
constitutively active YfiJA152E requires YAILMN, which suggests that the A152E charge
substitution interferes with an interaction interface between the histidine kinase and
the ABC transporter (Fig. S6D).

YfiJ requires the transmembrane domain for B. subtilis to respond to linear-
mycins. Because YfiLMN was dispensable for B. subtilis to respond to linearmycins,
the most feasible identity of the linearmycin sensor was YfiJ. For some membrane-
anchored histidine kinases, the transmembrane domain modulates signaling but is
dispensable for signal sensing (67, 68). Therefore, we wanted to determine if the
transmembrane domain in YfiJ (YfiJTMP) is required for linearmycin sensing. We gen-
erated a yfiJ variant where we replaced the sequence that encodes the transmembrane
helices with a new start codon (yfi/A™P), We cultured the yfi/AT™P strain with Strepto-
myces sp. strain Mg1 and found that there was no activation of the P, ,,y-lacZ reporter
(Table 3). Furthermore, when we cultured the yfi/ATMD. A152E strain with Streptomyces sp.
strain Mg1, we observed no activation of the P ,n-lacZ reporter (Table 3). As yfiJA152E
strains constitutively express the yfiLMN operon even in the absence of linearmycins
(27) (Table 3), we hypothesize that membrane anchoring by the TMD is required for
proper folding of YfiJ or additional regulatory functions, such as phosphorylation of
YfiK.

DISCUSSION

In this study, we used a model system to determine how a B. subtilis TCS system
senses a chemical challenge from its competitor, Streptomyces sp. strain Mg1. In this
case, the signaling system encoded by yfiJK-LMN elicits appropriate dual responses to
bacterial competition, antibiotic resistance, and biofilm formation. The YfiJK-LMN TCS-
ABC transporter system responds principally to linearmycins produced by Streptomyces
sp. strain Mg1, which lyse B. subtilis (27, 31). Based on the specificity of activation by
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FIG 6 Model for the LnrJK-LMN system. Linearmycins (red squiggles) cause lysis of B. subtilis. The linearmycins also activate the histidine kinase LnrJ. Subsequently,
the phosphate group is transferred to the cognate response regulator LnrK. Phosphorylated LnrK activates expression of the InrLMN operon, which encodes
a linearmycin resistance ABC transporter. LnrLMN presumably removes linearmycins from the membrane (dashed arrow). LnrLMN may regulate LnrJ (dashed
arrow). High levels of LnrLMN also indirectly cause KinC enhanced biofilm morphology, possibly due to K* leakage (dashed arrow).

linearmycins, we rename yfiJK-LMN to InrJK-LMN for linearmycin sensing and response
(Fig. 6). Here, we showed that the histidine kinase LnrJ senses linearmycins and other
polyenes (Fig. 3A and Table 3) through its transmembrane domain (Table 3). LnrJ
phosphorylates its cognate response regulator LnrK, which activates expression of the
InrLMN operon (see Fig. STA and S2 in the supplemental material) (27). Together, InrL,
InrM, and InrN encode a linearmycin resistance ABC transporter that also mediates
KinC-dependent biofilm morphology (Fig. 2 and 5). Further, we found that /nrM and
InrN, but not InrL, are required for biofilm formation by linearmycin-resistant B. subtilis
mutants (Table 1). Using transposon mutagenesis, we identified other genes that are
required for LnrLMN-mediated biofilm formation. In particular, our screen highlights
functions involved in protein folding and quality control as being involved in biofilm
morphology (Table 2).

We were interested in determining how linearmycin-resistant B. subtilis colonies
form biofilms. Because LnrK only regulates the InrLMN operon (Fig. STA and S2), we
targeted this operon to determine its effects on biofilm morphology. We deleted the
InrLMN operon in the InrJA'>2E strain and found that the resulting colonies were
indistinguishable from the wild type. Further, we found that constitutive expression of
the InrLMN operon caused InrJ* strains to form biofilms (Fig. 2 and Table 1). We found
that that InrM and InrN were required for the InrJA'528 mutant to develop biofilm
morphology but InrL was not. However, all three genes, InrL, InrM, and InrN, were
required for linearmycin resistance (Table 1). Taken together, these results indicate
that the InrLMN operon encodes a multifunctional ABC transporter involved in dual
biofilm formation and linearmycin resistance functions. This is in contrast to known
ABC transporters that function solely in antibiotic resistance and to conventional B.
subtilis biofilm development, which requires transcriptional regulation of many genes
to affect colony development (34, 35).

We note that the biofilm morphology we investigated shares several features,
including dependence upon EPS and kinC, with standard B. subtilis biofilms cultured on
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MSgg (27, 39, 44) (Fig. 5). However, because gene expression profiles are not shared
between LnrLMN-mediated biofilms and MSgg biofilms, these structures are not iden-
tical. We previously found that deletion of the biofilm matrix regulator DegU abolishes
the biofilm phenotype of InrJA152E strains (27, 69). However, we did not identify any
transposon insertions in genes associated with matrix functions, although we excluded
mutant isolates exhibiting mucoidy, which may be a common characteristic of matrix
mutants (Table 2). Currently, we do not know if other components of the MSgg-
cultured B. subtilis biofilm extracellular matrix contribute to LnrLMN-mediated biofilm
morphology.

We found that linearmycin resistance and biofilm morphology are separable phe-
notypes that depend on the conformation and functionality of LnrLMN. In the cyto-
plasm, the NBDs of ABC transporters form soluble dimers, which are thought to act as
an initiation step in ABC transporter complex assembly (70). Incorporation of the NBDs
is necessary for ABC transporter function, which we observe with LnrL, the NBD for
LnrLMN. The InrJA'52E AlnrL strain formed a biofilm but was sensitive to lysis by
Streptomyces sp. strain Mg1 (Table 1), confirming that linearmycin resistance requires
active ATP hydrolysis. Because the biofilm morphology only requires LnrM and LnrN, we
hypothesize either the abundance of the proteins in the membrane or their assembly
into hetero-oligomeric complexes causes the observed morphological changes to the
colonies. In Escherichia coli the maltose ABC transporter MalFGK, can form from
multiple assembly pathways. All possible intermediate pairwise combinations of MalK
(NBD), MalF (MSD), and MalG (MSD) were observed in vivo and found to be stable. This
includes heterodimeric MalFG MSD dimers (71). Further, MalFG dimers have been
purified from E. coli and reassembled in vitro with MalK, to form functional ABC
transporter complexes (72). These observations suggest that ABC transporter com-
plexes assemble in the absence of their NBDs (71), potentially having membrane
activities distinct from active transport. The InrJA152E mutant expresses the InrLMN
operon ~135-fold over the wild type (Fig. S2). Perhaps these higher expression levels
of InrM and InrN ultimately result in stable LnrMN heterodimers forming in the
membrane. Although LnrMN heterodimers lack LnrL and ATPase activity, the het-
erodimer may facilitate biofilm formation as a secondary effect of membrane pertur-
bation. Alternatively, formation of excess LnrLMN or LnrMN complexes in the mem-
brane may generate pores that promote K* leakage and trigger biofilm formation (28).
In support of the latter model, we found that kinC is necessary for Lnr(LMN-mediated
biofilm morphology (Fig. 5 and 6).

As an alternative approach to understanding the biofilm phenotype of LnrLMN,
we used transposon mutagenesis and identified InrJA1528 mutants that failed to form
biofilms. In 4/11 mutants, there were insertions associated with genes encoding chaperone
and protein quality control systems. Currently, we do not know how the LnrLMN trans-
porter complex is formed. However, for the MalFGK, ABC transporter complex, MalK acts
as a chaperone for assembly of MalFG (72, 73). Therefore, it is not unprecedented that
MSDs such as LnrM and LnrN may require chaperones to fold. We note that all
transposon insertion mutants that we identified were linearmycin resistant, indicating
sufficient functional complexes for resistance in the absence of any single chaperone
system. We hypothesize that under conditions of elevated LnrLMN production, proper
folding and membrane insertion are particularly challenged, increasing the need for
chaperones. Perhaps the disruptions in dnaJ and dnaK affect the folding status of
LnrLMN complexes, while insertions near ftsH and tig affect protein stress response and
mitigate membrane stress caused by LnrLMN. Subsequent work is still required to
determine if there are functional consequences for B. subtilis forming LnrLMN-mediated
biofilms. In either case, we hypothesize a connection between accumulation of LnrMN
in the membranes and biofilm formation, which could arise through protein-mediated
K+ ion leakage, for instance. Nystatin-induced biofilms were previously shown to
require KinC in a K*-dependent manner (28). Consistent with this idea, we found that
nystatin, a membrane-targeting polyene, induces biofilm morphology that is depen-
dent upon KinC and LnrLMN (Fig. 5).
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Collectively, our results suggest a model where LnrJ senses perturbations in mem-
brane physiology and triggers biofilm morphology and linearmycin resistance through
expression of the InrLMN operon. In addition to chaperones, we also identified genes
involved in branched-chain amino acid synthesis and transport as requirements for
LnrLMN-mediated biofilm morphology, adding another potential link to membrane func-
tion (Table 2). Also, we observed that LnrJ requires its transmembrane domain for signal
transduction (Table 3). Currently, we do not know if the mechanism of linearmycin-induced
lysis of B. subtilis involves direct membrane perturbation. The antifungal mechanism of
action of polyene antibiotics related to linearmycin is disputed but is known to require
interactions with ergosterol and the cell membrane (49-52). Therefore, we favor a
model where linearmycins interfere with the B. subtilis cytoplasmic membrane and
cause cell lysis. Intriguingly, although daptomycin causes similar cell lysis by interfering
with fluid membrane microdomains (54), LnrJ is not activated in response to dapto-
mycin (Fig. 3B). Further, we were unable to identify any transposon insertion mutants
that spontaneously activated LnrJ signaling. Consequently, we hypothesize that LnrJ
acts as a specific sensor for linearmycin, either directly through binding or indirectly
through membrane perturbation. Upon activation of LnrJ signaling, we hypothesize
that LnrLMN facilitates linearmycin removal from the cytoplasmic membrane using
mechanisms similar to those proposed for ABC lipid exporters (74).

This study of bacterial competition highlights a single TCS system that controls
linearmycin resistance and biofilm morphology. TCS systems allow cells to sense and
respond to their environment and are chief among the survival strategies used by
bacteria. However, the functions and signals sensed by roughly half of the TCS systems
encoded in bacterial genomes are currently unknown (75). Similarly to the LnrJK
system, these unknown TCS systems are potentially important within the context of
bacterial competition. As competition drives dynamics in bacterial communities (3),
investigating signaling systems activated during bacterial interactions will likely un-
cover many unknown TCS system functions and the signals that activate them. By
incorporating information about TCS systems and responses into models of bacterial
communities, we will gain a more thorough understanding of community dynamics
and their influence on the environment at large.

MATERIALS AND METHODS

Bacterial strains, media, and primers. The strains of B. subtilis used in this study are listed in Table
S1 in the supplemental material. For general propagation and manipulation, we inoculated B. subtilis and
Escherichia coli strains in lysogeny broth (LB; 1% tryptone [Bacto], 0.5% yeast extract [BBL], 0.5% sodium
chloride [Sigma]) or on LB agar plates (with 1.5% agar [Bacto]). We maintained Mg1 strains as spore
suspensions in water at 4°C. We performed all bacterial cocultures and experiments as previously
described on MYM [0.4% malt extract (Bacto), 0.4% yeast extract (BBL), 0.4% D-(+)-maltose monohydrate
(Sigma), 1.5% agar (Bacto)] (27). We used chloramphenicol (5 wg/ml), kanamycin (5 wg/ml), MLS (1 wg/ml
erythromycin, 25 pg/ml lincomycin), and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) (40
png/ml) as needed. All primers used for cloning are listed in Table S2. We used E. coli XL1-Blue or DH5«a
for plasmid maintenance and manipulation. We prepared B. subtilis genetic manipulations in the 168,
PY79, or NCIB3610 Acoml (76) strain background with one-step transformation. We used phage SPP1 to
transduce the genetic manipulations into the NCIB3610 strain background as previously described (77).

RNA extraction and qRT-PCR. We cultured B. subtilis to early stationary phase (optical density at 600
nm [ODg,, 1 to 1.5), serially diluted the cultures 104, and plated 100-ul aliquots onto MYM plates. We
incubated the plates for 24 h at 30°C. We then scraped the lawns of B. subtilis into RNAprotect bacterial
reagent (Qiagen). We lysed 200 ul of fixed cells using lysozyme (15 mg/ml) with proteinase K (5 mg/ml)
digestion for 45 min at ambient temperature with vortexing. To extract RNA, we used TRI Reagent
(Sigma) and standard procedures. We removed trace DNA from RNA samples using a Turbo DNA-free kit
(Applied Biosystems). We performed quantitative reverse transcription-PCR (qRT-PCR) as previously
described (27, 78). All gRT-PCR primers are listed in Table S3.

Construction of yfiLMN, yfiL, yfiM, and yfiN deletion and complement strains. To generate the
yALMN deletion strain, we used long-flanking homology (LFH) PCR. We used primers 11 and 75 to amplify
an upstream sequence of yfil, primers 79 and 155 to amplify a downstream sequence of yfiN, and primers
153 and 154 to amplify the MLS resistance cassette from strain BKE08290. We mixed the three PCR
products together and used primers 11 and 79 to amplify an LFH PCR product. We transformed the
product directly into a AyfiJ strain (PDS0559) to generate PDS0795. We transduced the linked AyfiJ
AyfiLMN:=mls into wild-type B. subtilis NCIB3610 (PDS0742) to generate strain PDS0796. We transduced
pDR244 into PDS0796 to generate strain PDS0797 with markerless deletions AyfiJ AyfiLMN as previously
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described (79). To complement the AyfiLMN deletion, we transduced constitutively expressed P,
yAiLMN inserted at the yhdG locus from PDS0717 into the yfiLMN deletion strains (27).

To generate single deletions of yfiL, yiM, and yfiN, we used primers 21 and 81 to amplify DNA
containing the given deletions marked with the mls resistance cassette from strains BKE08310, BKE08320,
and BKE08330, respectively. The PCR products were directly transformed into PDS0559 to generate AyfiJ
AyfiLzmls (PDS0917), AyfiJ AyfiM:mls (PDS0810), and AyfiJ AyfiN:mls (PDS0811) strains. As described
above, we transduced the mis marked deletions into PDS0742 and used pDR244 to generate markerless
deletions AyfiJ AyfiL (PDS0789), AyfiJ AyfiM (PDS0814), and AyfiJ AyfiN (PDS0815). To complement the yfiJ
deletions, we transduced lacA:yfiJ* (mls) or lacA:yfiJA1528 (mls) from PDS0562 and PDS0563, respectively.

In vivo transposon mutagenesis. We used plasmid pMarA for in vivo transposon mutagenesis of B.
subtilis. The pMarA plasmid contains a Mariner element under the control of the housekeeping sigma
factor o and a temperature-sensitive origin of replication (36). For the screening of loss of biofilm
morphology, we transduced pMarA into PDS0572. For the screening of spontaneous activation of
P smn-lacZ, we transduced pMarA into PDS0838. We selected transductants on kanamycin and MLS. We
inoculated single colonies overnight in LB at 30°C with kanamycin and MLS. After overnight growth, we
diluted the cultures to an ODg,, of 0.08 and grew the cultures to an OD,, of 0.3 to 0.4 at 30°C with
kanamycin. Afterwards, we raised the temperature to 42°C to restrict pMarA replication. When the
cultures reached an ODy, of 1, we mixed 500-ul culture aliquots with 500 ul of 50% glycerol and froze
the transposon libraries at —80°C.

Screen for loss of biofilm morphology. To screen for yfi/A'>2E mutants with loss of biofilm
morphology, we thawed aliquots of the frozen transposon library, serially diluted 100 ul of the library
1075 in LB, and plated 100 to 150 ul onto MYM plates containing kanamycin. After 2 days of growth, we
screened the plates for colonies with wild-type colony morphology. We passaged each isolate onto LB
plates with kanamycin and verified their colony morphologies on MYM plates in monoculture. To verify
linkage between the colony morphology phenotype and transposon insertion loci, we prepared lysates
from each isolate and transduced the yfi/* (PDS0571) and yfiJA1528 (PDS0572) strains. We extracted
genomic DNA from each yfi/A'52F transductant with confirmed linkage and a colony phenotype in the
yfiJAT52E but not the yfiJ* strain background.

Identification of transposon insertion loci. We identified transposon insertion loci using degen-
erate primer PCR, inverse PCR, or single-primer PCR. For degenerate primer PCR we used primers olPCR-2
and Degen3 with the following cycling conditions: 98°C for 5 min, followed by 25 cycles of 98°C for 45
s, 60°C for 45 s (decreasing 0.5°C/cycle), and 72°C for 2 min. We next used 25 cycles of 98°C for 45 s, 50°C
for 45 s, and 72°C for 2 min. For inverse PCR, we digested 5 ug of genomic DNA with Alul (NEB), Tagel
(NEB), or Sau3Al (NEB). We ligated the digested DNA using T4 DNA ligase for 16 h at 16°C at a DNA
concentration of 5 ng/ul. We used the outward-facing primers olPCR-1 and olPCR-2 to amplify a linear
product from the ligated circular DNA using Phusion polymerase (NEB) with the following cycling
conditions: 98°C for 2 min, followed by 30 cycles of 98°C for 10 s, 57°C for 20 s, and 72°C for 15 s. For
insertion loci that could not be identified by either degenerate or inverse PCR, we used single-primer
PCR. For single-primer PCR we used primer olPCR-2 under the following conditions to generate
single-stranded DNA: 98°C for 2 min, followed by 30 cycles of 98°C for 30 s, 57°C for 10 s, and 72°C for
2 min. Subsequently, we used 20 cycles of 98°C for 30 s, 30°C for 10 s, and 72°C for 2 min, which allows
for inward-facing nonspecific primer pairing. Finally, we used 30 cycles of 98°C for 30 s, 57°C for 10 s, and
72°C for 2 min with a final extension of 2 min. We confirmed the presence of PCR products on 1% agarose
gels and purified products before sequencing. All sequencing was performed using nested primer
olPCR-3. In all cases we clearly identified the boundary between the insertion element and genomic
sequence.

Construction of transcriptional reporter. We used PePPER (80) to predict promoter sequences for
yfil, yfiM, and yfiN. We identified a promoter that overlaps the stop codon and the predicted rho-
independent terminator downstream of yfiK (Fig. 1B). Using primers 173 and 174, we amplified a 200-bp
DNA sequence containing the putative yfiLMN promoter with EcoRl and Hindlll restriction sites. To
generate transcriptional fusions to lacZ, we digested the PCR product and plasmid pDG1661 (amyE:
RBSSPWG—IacZ cat spc bla) (81) with EcoRl and Hindlll (NEB). We ligated the digested products together
using T4 DNA ligase (NEB). We confirmed plasmid construction by restriction digestion. We transformed
the P, yy-lacZ reporter plasmid into DS7817 to generate PDS0838 in the NCIB3610 strain background.
We transduced the P, ,,-lacZ reporter construct into other strain backgrounds as needed.

Testing specialized metabolites for activation of the P, ,,,-lacZ reporter. We spotted 2 ul of an
early-stationary-phase culture of PDS0838 onto MYM plates with X-Gal and incubated the plates at 30°C.
After 18 h of growth, we spotted a 3-ul solution containing 15 wg amphotericin B (Sigma), daptomycin
(Ontario Chemicals, Inc.), ECO-02301 (Thallion Pharmaceuticals), or nystatin (Sigma) on top of the B.
subtilis colonies. We isolated linearmycins from Streptomyces sp. strain Mg1. Based upon high-
performance liquid chromatography (HPLC) measurement, we estimate that we spotted ~5 upg of
linearmycins onto B. subtilis. After the spots dried, we returned the plates to the 30°C incubator. We
observed the colonies the following day.

Screen for constitutive activation of the P, -lacZ reporter. To screen for mutants with
constitutive activation of the P, ,y-lacZ reporter, we thawed an aliquot of the frozen transposon library,
serially diluted 100 wl of the library 10~4in LB, and plated 150 wul onto MYM plates containing kanamycin
and X-Gal. After 2 days of growth, we screened the plates for colonies with blue color. We passaged each
blue isolate on MYM plates with kanamycin and X-Gal and verified the blue color after 2 days of growth.
To verify linkage between the constitutive blue color and transposon insertion loci, we prepared lysates

spac(C)”
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from each isolate and transduced the parental strain with the P, ,,y-lacZ reporter. We extracted genomic
DNA from each transductant with confirmed linkage and identified insertion loci as described above.
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