
Toxin-Antitoxin systems eliminate defective cells and
preserve symmetry in Bacillus subtilis biofilms

Zohar Bloom-Ackermann,† Nitai Steinberg,

Gili Rosenberg, Yaara Oppenheimer-Shaanan,

Dan Pollack, Shir Ely, Nimrod Storzi,

Asaf Levy† and Ilana Kolodkin-Gal*

Department of Molecular Genetics, Weizmann Institute

of Science, Rehovot 76100, Israel.

Summary

Toxin-antitoxin modules are gene pairs encoding a

toxin and its antitoxin, and are found on the chromo-

somes of many bacteria, including pathogens. Here,

we characterize the specific contribution of the TxpA

and YqcG toxins in elimination of defective cells from

developing Bacillus subtilis biofilms. On nutrient lim-

itation, defective cells accumulated in the biofilm

breaking its symmetry. Deletion of the toxins resulted

in accumulation of morphologically abnormal

cells, and interfered with the proper development of

the multicellular community. Dual physiological

responses are of significance for TxpA and YqcG

activation: nitrogen deprivation enhances the tran-

scription of both TxpA and YqcG toxins, and

simultaneously sensitizes the biofilm cells to their

activity. Furthermore, we demonstrate that while both

toxins when overexpressed affect the morphology of

the developing biofilm, the toxin TxpA can act to lyse

and dissolve pre-established B. subtilis biofilms.

Introduction

Toxin2antitoxin (TA) systems are specific genetic modules,

and are ubiquitous in bacterial chromosomes and plas-

mids. Each module consists of a pair of genes that

encodes for two components: a stable toxin and an unsta-

ble antitoxin that interferes with the lethal action of the

toxin. Found first in Escherichia coli on low copy number

plasmids, TA systems are responsible for what is called

the post-segregational killing effect. When bacteria lose

these plasmid(s) (or other extrachromosomal elements),

the cured cells are selectively killed because the unstable

antitoxin is degraded faster than the more stable toxin

[reviewed in (Hayes, 2003; Engelberg-Kulka et al., 2006;

Hayes and Van Melderen, 2011). The cells are ‘addicted’

to the short-lived antitoxin product, because its de novo

synthesis is essential for cell survival. TA systems, some

of which are homologous to these extrachromosomal

‘addiction modules’, are widespread in prokaryote chromo-

somes, with species frequently possessing tens of plasmid

and chromosomal TA loci (Hayes, 2003; Engelberg-Kulka

et al., 2006; Hayes and Van Melderen, 2011).

The complexes are categorized into five types based on

genetic organisation, the nature of the antitoxin and the

mechanism of action (Markovski and Wickner, 2013). TAs

classified as type I and II systems are probably the most

abundant and the most extensively studied (Hayes and

Sauer, 2003; Fozo et al., 2010). In these TA systems, the

toxins are proteins directed against specific intracellular

targets. The antitoxins are either small RNAs [Type I TA

systems (Fozo et al., 2010)] or proteins [Type II TA sys-

tems (Unterholzner et al., 2013)] that inhibit toxin synthesis

or alternatively, neutralize the toxin (Hayes, 2003).

As a result of TA systems activity in a subpopulation of

the cells, key resources are conserved, ensuring the sur-

vival of individual cells and, consequently, of the bacterial

population (Kolodkin-Gal et al., 2007; Kolter, 2007; Moll

and Engelberg-Kulka, 2012; Bayles, 2014). The toxin

effects can be transient and reversible, permitting a set of

dynamic, tunable responses that reflect environmental

conditions. In Bacillus subtilis the EndoA toxin, encoded by

the ndoAI/ndoA TA system (Park et al., 2011), was shown

to have an effect on cell counts during vegetative growth

and to play a role in stress resistance and tolerance (Wu

et al., 2011).

A direct role for TA systems in controlling the transforma-

tion from planktonic to biofilm cells has long been debated:

The MqsR toxin in E. coli was shown to be involved in the

production of curli, the amyloid structural component of

E. coli biofilms (Soo and Wood, 2013). In addition, deletion

of the mazEF and dinJ-yqfQ TA systems in E. coli

decreased biofilm formation (Kolodkin-Gal et al., 2009).

Last, the HipA-HipB TA system promoted biofilm formation

Received 29 April, 2016; revised 07 July, 2016; accepted 20 July,
2016. *For corresponding. E-mail ilana.kolodkin-gal@weizmann.ac.
il; Tel. 972-8-934 6981; Fax 972-8-934 4108. Present addresses:
†Broad Institute of MIT and Harvard, Boston, USA; ‡US DOE Joint
Genome Institute, Walnut Creek, CA 94598, USA.

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd

Environmental Microbiology (2016) 18(12), 5032–5047 doi:10.1111/1462-2920.13471



in Shewanella oneidensis and in E. coli. presumably by the

release of extracellular DNA (eDNA)(Zhao et al., 2013).

This direct role is reminiscent of the roles played by the

holin2antiholin (murine hydrolase- cognate inhibitor) sys-

tem during biofilm development (Sadykov and Bayles,

2012; Chen et al., 2015).

The Gram-positive bacterium B. subtilis can form a

structured biofilm colony on top of solid surfaces, where

cells are encapsulated by an especially thick extracellular

matrix (Branda et al., 2001; Aguilar et al., 2007). The main

components of B. subtilis extracellular matrix are exopoly-

saccharides, synthesized by the epsA-O operon, TasA, a

functional amyloid, encoded in the three-gene operon

tapA-sipW-tasA (Branda et al., 2006; Chu et al., 2006),

and BslA, which forms a hydrophobic coat over the biofilm

(Mielich-Suss and Lopez, 2015).

In B. subtilis, the activation of the extracellular matrix

genes is critical for biofilm formation. The master regulator

Spo0A�P governs matrix gene expression by controlling

the activity of the master regulator SinR, a repressor of the

epsA-O and tapA-sipW-tasA operons (Branda et al., 2001;

Chai et al., 2010; Kearns et al., 2005). Spo0A�P also

represses a second matrix gene repressor, AbrB. Like

SinR, AbrB represses both the tapA-sipW-tasA and eps

A–O operons. The two-component DegS–DegU system is

an additional pathway that regulates the expression of the

extracellular matrix operons, as well as BslA (Mielich-Suss

and Lopez, 2015). During biofilm development, the extra-

cellular toxins SDP (Sporulation Delaying Factor) and SKF

(Sporulation Killing Factor) (Gonzalez-Pastor et al., 2003;

Ellermeier et al., 2006) are secreted by extracellular matrix

producer cells (Lopez et al., 2009a,b; Rosenberg et al.,

2016).

Localized cell death is an additional factor recently dis-

covered to participate in B. subtilis development (Asally

et al., 2012). During early biofilm development, cell death

is triggered by mechanical forces and can enhance wrinkle

formation.

In this work, we report on the involvement of two TA sys-

tems with a novel role in the process of biofilm

morphogenesis and preservation of symmetry in develop-

ing colonies: txpA-ratA, a type I TA system and yqcGF, a

type II TA system. These TA systems are located in an

Horizontal Gene Transfer (HGT) region of the skin cryptic

prophage (Canchaya et al., 2003). TxpA toxin is a small

toxic peptide that, in the absence of its cognate antitoxin,

causes delayed lysis of colonies grown on a solid medium

(Silvaggi et al., 2005). The toxin YqcG is a toxin protein

carrying C-terminal region that shares significant sequence

identity with the toxic CdiA-CT effector domains (Hobbs

et al., 2010; Holberger et al., 2012). These domains were

characterized to participate in contact-dependent growth

inhibition systems, which promote growth inhibition and

cell death on direct contact (Aoki et al., 2010). In a recent

work, YqcG was also shown to act as a DNAse (Elbaz and

Ben-Yehuda, 2015).

Both of these TA systems were previously reported to

be under the direct or indirect control of the master regula-

tor Spo0A (Molle et al., 2003), which also regulates the

expression of the extracellular matrix operons (Branda

et al., 2001; Chai et al., 2008). The co-regulation of biofilm

development and the expression of the toxins TxpA and

YqcG, highlights the possibility that these toxins have a

direct or indirect role in biofilm development.

Here, we demonstrate that txpA-ratA and yqcGF are

activated similarly during nutrient starvation in biofilms. In

agreement with this finding, we demonstrate that txpA-ratA

and yqcGF specifically act to remove abnormal cells from

the biofilm population during developmental processes.

Results

The toxin genes yqcG and txpA are expressed in
developing biofilms and enhanced under non-optimal
nitrogen supply

We first set out to examine the expression patterns of the

toxins within the developing colony. To this end, their pro-

moters were fused to a gene encoding the green

fluorescent protein (gfp) and monitored its expression using

a stereo microscope. In addition, the fluorescence level of

the colonies was measured using a microplate reader and

normalized to the optical density. On standard biofilm medi-

um (MSgg), txpA expression was pronounced and yqcG

expression was significantly weaker (Fig. 1A and B).

The expression pattern of txpA toxin had clear spatial

organisation within the biofilms (Fig. 1A and Supporting

Information Figure S1), therefore, local nutrient limitation

within the biofilm can account for the expression patterns.

Thus, we monitored the expression of the toxins within bio-

films grown on modified biofilm media with varying

concentrations of nitrogen, amino acids and carbon sources.

We found that alteration of the nitrogen source from gluta-

mate towards a non-preferential nitrogen source, such as

ammonium chloride (hereinafter ‘NH4Cl’ medium), induced

the expression of txpA (Fig. 1A and B). An induction of the

expression of both toxins was observed when the biofilm

medium was depleted from the non-essential amino acids

(hereinafter ‘–AA’ medium) (Fig. 1A and B). Alteration in the

concentrations or source of the available carbon source did

not induce the expression of txpA and yqcG (Fig. 1A and B),

suggesting that the expression of the toxins is specifically

up-regulated under conditions of nitrogen limitation.

The TA pair YqcG and YqcF is expressed from a com-

mon upstream promoter (Hobbs et al., 2010). In contrast,

RatA, the cognate antitoxin for the TxpA toxin, is

expressed from a separate promoter and thus this TA sys-

tem can also be activated by reducing the expression of

the ratA promoter. Therefore, we investigated the

Defective cells and preserve symmetry in Bacillus subtilis biofilms 5033

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 5032–5047



expression of ratA. ratA expression was more pronounced

than the expression of its cognate toxin txpA on standard

biofilm medium. Importantly, the induction of txpA under

nitrogen starvation was specific to the toxin, as the promot-

er of ratA, remained largely unaltered (Fig. 1B), suggesting

the TxpA-RatA TA system may be activated by fluctuations

in the expression of the toxin, rather by a decrease in the

antitoxin.

A transcription factor termed TnrA controls the expression

of nitrogen-regulated genes in B. subtilis. This transcription
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regulator belongs to the MerR family and is active during

nitrogen-limited growth (Wray et al., 1996). Most of the

genes positively regulated by TnrA encode enzymes

involved in ammonia uptake, nitrite and nitrate assimila-

tion, while among the negatively regulated genes are the

glutamate synthase and glutamine synthetase operons

(Wray et al., 1996; Yoshida et al., 2003). TnrA function

as a transcription factor is inhibited by a direct binding of

glutamine synthetase in conditions of high nitrogen (Wray

et al., 2001). Thus, TnrA is activated in response to a

decrease in nitrogen levels.

As txpA and yqcGF transcription was induced under

nitrogen limitation, we wondered whether they could be

regulated by TnrA. Thus, we tested a mutant strain in tnrA

for the expression txpA and yqcGF. In regular MSgg medi-

um, the deletion of tnrA resulted in a severe delay in the

formation of the biofilm wrinkles, but had little or no effect

on the expression of the toxins’ genes (Fig. 1C and D). In

contrast, the induction of the expression of txpA and

yqcGF in the ‘-AA’ medium, was diminished in a tnrA

mutant strain, indicating that the increased expression of

the toxins under nitrogen limitation partially results from

direct or indirect regulation by TnrA. Importantly, the effect

of deleting TnrA on the expression of the TxpA and YqcG

toxins was pronounced in the ‘–AA’ medium, and modest

in the ‘NH4Cl’ medium (Fig. 1D). These results may indi-

cate that TnrA is activated in response to the absence of

amino acids in the growth media, and that non-essential

amino acids are likely to be utilized as a nitrogen source.

Expression of yqcG and txpA toxins in biofilms is under

the control of the master regulators: Spo0A, AbrB, DegU

and SinR

As txpA and yqcG were induced during biofilm develop-

ment, we asked whether the expression of the toxins is

controlled by biofilm regulatory pathways. Importantly, a

mutation in tnrA (Fig. 1C) had a little or no effect on the

basal expression of the toxins on standard biofilm medium.

Thus, it is plausible that in these conditions the observed

expression of txpA and yqcG during biofilm development is

coupled to the activation of master regulators of extracellu-

lar matrix production.

To investigate the possibility of transcriptional activation

of the toxins by the known biofilm regulators (for a sche-

matic model - see Fig. 2A), we studied the expression of

txpA and yqcG reporters in the genetic background of

mutants for biofilm master regulators spo0A, abrB, sinR,

sinI and degU. The absence of Spo0A blocked the expres-

sion of both toxins, in agreement with previous

observations regarding yqcG (Fig. 2B and C) (Molle et al.,

2003). AbrB antagonizes the activity of Spo0A (Fig. 2A),

and thus, if the toxins are activated directly or indirectly by

Spo0A, expression will be enhanced in abrB mutants.

Indeed, deletion of abrB significantly enhanced the expres-

sion of both txpA and yqcG throughout the biofilm

(Fig. 2B).

If yqcG and txpA are regulated similarly to the matrix

proteins, they should be activated in cells lacking the

matrix repressor SinR (Kearns et al., 2005; Chai et al.,

2008). Both txpA and yqcG were constantly expressed

throughout sinR mutant colonies, suggesting that, in addi-

tion to Spo0A, SinR activity contributes to the activation of

the toxins (Fig. 2B). SinR activity in repressing matrix pro-

teins is antagonized by activation of SinI (Fig. 2A). Thus,

we examined the expression of the toxins TxpA and YqcG

in a sinI mutant background and found that expression

was dramatically reduced (Fig. 2B and C), suggesting that

SinR/SinI regulation plays an important role in activation of

the toxins. To further assess the involvement of SinR/SinI

pathway in the induction of txpA and yqcG and to rule out

indirect effects of biofilm development, we measured pro-

moter activity in shaking culture. As shown txpA and yqcG

expression was decreased in the absence of SinI and

Fig. 1. Toxins and antitoxin systems txpA-ratA and yqcGF are expressed in Bacillus subtilis biofilms across environmental conditions.

A. Top view of biofilm morphology and GFP expression from the PtxpA-gfp, PyqcG-gfp and PratA-gfp constructs following 48 h of development on

different media: standard biofilm-inducing medium (MSgg), biofilm medium in which the nitrogen source was altered from glutamate to NH4Cl

in equivalent molar ratio (‘NH4Cl’ medium), biofilm medium lacking tryptophan, phenylalanine and threonine (‘-AA’ medium), biofilm medium in

which glycerol concentration was reduced to 0.25% (‘0.25% glycerol’ medium) and biofilm medium in which glycerol was altered to glucose in

equivalent molar ratio (‘glucose’ medium). Images were taken with a stereo microscope using white light (left) or fluorescence (right). Scale bar

corresponds to 2 mm.

B. Bar diagram representing the fluorescence levels for the PtxpA-gfp, PyqcG-gfp and PratA-gfp reporters, across different conditions; standard

biofilm inducing medium (MSgg), ‘NH4Cl’ medium and ‘-AA’ medium. Biofilms were harvested at 48 h, and mildly sonicated. Fluorescence and

optical density for each sample were evaluated in the microplate reader (Synergy 2, BioTek). Bars show mean 6 STD of three biological

repeats. For PtxpA-gfp, PyqcG-gfp, P value was calculated using a student’s t-test. P< 0.05, for ‘-AA’ medium compared with the expression of

the same promoters on MSgg, P< 0.1, for ‘NH4Cl’ medium compared with the expression of the same promoters on MSgg.

C. Top view of biofilm morphology and GFP expression following 48 h of development for the wild-type strains carrying the PtxpA-gfp reporter

or PyqcG-gfp reporter, and their tnrA mutant derivatives, grown on standard biofilm medium (MSgg) and ‘-AA’ medium. Images were taken with

a stereo microscope using white light (left) or fluorescence (right). Scale bar corresponds to 2 mm.

D. Bar diagram representing the fluorescence level for the wild-type and its tnrA mutant derivative carrying PtxpA-gfp (top) and PyqcG-gfp

(bottom) reporters, across different conditions; standard biofilm inducing media (MSgg), ‘NH4Cl’ medium and ‘-AA’ medium. Biofilms were

harvested at 48 h, and mildly sonicated. Fluorescence and optical density for each sample were evaluated in a microplate reader (Synergy 2,

BioTek). Bars show mean 6 STD of three biological repeats.
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Spo0A, and dramatically increased in the absence of SinR

(Supporting Information Figures S2 and S3), further cor-

roborating our results that these toxins are repressed by

SinR.

We then asked whether the two-component DegS/

DegU system, which participates in biofilm regulation,

also plays a role in the induction of TxpA and YqcG dur-

ing biofilm development. The expression of yqcG but not

of txpA in a degU mutant was completely eliminated,

(Fig. 2B and C).

Overall, these findings indicate that the expression of

both TxpA and YqcG is consistent with that of genes par-

ticipating in biofilm development and thus these toxins

share an expression pattern with the matrix operons.

Overproduction of TxpA and YqcG results in cell death
and hinders biofilm development

In order to further study the effect of YqcG and TxpA activ-

ity on the development of the biofilm, we overproduced

the toxins by creating overexpression constructs of each

toxin under the regulation of an Isopropyl b-d-1-

thiogalactospyraniside (IPTG)-inducible promoter. Cells

were cultured in liquid LB medium to mid-logarithmic

phase and then diluted into a liquid biofilm medium with

IPTG that would induce toxin expression, or without it.

Overproduction of TxpA and YqcG in shaking liquid cul-

tures, resulted in dramatic growth arrest within minutes

from the initial induction (Supporting Information Figure

Fig. 2. Toxin genes are under the control of the biofilm master regulators.

A. A simplified scheme of the regulatory network that controls biofilm formation in Bacillus subtilis. Effects of biofilm master regulators are

integrated to activate (arrows) or repress (T-bars) biofilm formation via activation of the matrix operons. Spo0A is phosphorylated by five

histidine kinases, designated KinA-E (not shown). Spo0A phosphorylation then induces the SinI protein, which antagonizes the SinR repressor,

which directly binds to and represses the matrix operons epsA-O and tapA-sipW-tasA (Target promoter). Spo0A�P also represses a second

repressor, AbrB, involved in the repression of epsA-O and tapA-sipW-tasA. An additional pathway that only regulates the expression of a small

subset of matrix genes involves DegU�P. The circuits involved in biofilm formation are described in detail in (Vlamakis et al., 2013).

B. Top view of biofilm morphology and GFP expression of the PtxpA-gfp and PyqcG-gfp reporters, examined in a wild-type parental strain as well

as in its mutant derivatives: Dspo0A, DabrB, DsinR, DsinI and DdegU. Images were taken with a stereo microscope using white light (left) or

fluorescence (right). Scale bar corresponds to 2 mm.

C. Flow cytometry analysis of the PtxpA-gfp and PyqcG-gfp reporters in various genetic backgrounds. A biofilm of a non-fluorescent strain of the

same genetic background (gray) was compared to a strain containing the PtxpA-gfp reporter (green, left column), or the PyqcG-gfp reporter

(blue, right column).
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S4) and led to a two orders of magnitude drop in the num-

ber of culturable cells, as judged by the number of colony-

forming units (CFU), which decreased from 107 to less

than 105 (Data not shown).

yqcG and txpA expression is triggered by altering the

nitrogen source to a less favourable source and by deplet-

ing the non-essential amino acids from the biofilm medium

(Fig. 1). We asked whether these conditions may also

affect the outcomes of the toxins’ overexpression. To this

end, we first compared the viability of strains overproducing

each of the toxins to varying levels, achieved by varying

the concentration of the IPTG from 1 mM to 0.01 Mm

(Fig. 3). Cells were inoculated on either standard biofilm

medium, on ‘-AA’ medium, or on ‘NH4Cl’ medium.

The various media had little effect on growth of the

strains carrying the inducible overexpression construct of

yqcG and txpA when IPTG was not added (Fig. 3). Howev-

er, on addition of IPTG in concentration of 1 mM, a severe

growth defect was observed in strains carrying the induc-

ible overexpression constructs. Cells growth on the various

biofilm media was completely arrested for 48 h (Supporting

Information Figure S5), followed by a slow growth com-

posed mostly of suppressor strains 72 h after inoculation

(Fig. 3), carrying mutations on the overexpression

Fig. 3. Overproduction of yqcG and txpA results in altered toxicity depending on the growth medium.

A2C. Top view of biofilm morphology (middle column) and colony forming unit (CFU) counts (right column), of strains harboring the

overexpression constructs of the toxins, Phyperspank-txpA and Phyperspank-yqcG, following 72 h of development with or without varying

concentration of IPTG as indicated. An untreated wild-type (NT-WT) serves as a control (left column).

A. Standard biofilm inducing medium (MSgg).

B. ‘-AA’ medium.

C. ‘NH4Cl’ medium.
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constructs (data not shown). Importantly, the rise of sup-

pressors between 48 and 72 h in the 1mM IPTG treatment

influenced the CFU counts presented in Fig. 3 that were

performed 72 h post inoculation, and it is highly feasible that

the number of killed cells is underestimated.

Culturable cell number in the strain overexpressing

TxpA was most dramatically reduced in the ‘-AA’ medium

(Fig. 3B). In addition, the drop in viable cell counts caused

by the overexpression of YqcG was most severe in the

‘NH4Cl’ medium (Fig. 3C).

When low inducer concentration (0.01 mM IPTG) was

added to the standard ‘MSgg’ medium, the strain carrying the

TxpA overexpressing construct, showed minor biofilm defects

compared to the wild-type. Those biofilm defects were dra-

matically enhanced in the ‘-AA’ and ‘NH4Cl’ media (Fig. 3).

These results may suggest that the cells can be sensi-

tized to the toxins activity in a manner that depends on the

availability of nitrogen.

We then asked whether TxpA and YqcG are capable of

promoting cell death, in addition to their capacity to induce

severe growth arrest. To address this question, toxin

expression was induced after cells were grown planktoni-

cally to the mid-logarithmic stage [OD600 5 0.6]. A

dramatic reduction in the optical density was observed

immediately after inducing TxpA expression, and a more

modest reduction was demonstrated 2 h after inducing the

production of YqcG (Supporting Information Figure S6).

These results imply that TxpA is capable of induce of cell

death and lysis of B. subtilis cells grown in cultures.

YqcG and TxpA have distinct effects on biofilm colony

development

In a bacterial culture, the death or growth arrest of a defec-

tive cell subpopulation may provide extra nutrients for the

cells that remain viable (Kolodkin-Gal et al., 2007; Amitai

et al., 2009). As we found that txpA and yqcG are

expressed during biofilm development, are under the regu-

lation of the biofilm master regulators, and their

Fig. 4. Deletion of toxins and antitoxin systems txpA-ratA and yqcG-yqcF specifically alters biofilm formation.

A. Growth curves of liquid cultures of the following bacterial strains: WT, DtxpA-ratA DyqcGF, and a double mutant for DtxpA-ratA, DyqcGF.

Cultures were grown in LB for 4 h and were then diluted (1:100) in either liquid standard biofilm medium (MSgg), ‘-AA’ medium, or ‘NH4Cl’

medium. Bacterial growth as OD600 was measured over time (hours). Each graph represents the mean 6 STD of an independent

representative experiment performed with seven independent technical repeats from at-least three independent experiments.

B. Top view images of biofilms following 72 h of development on the various biofilm media. Arrows indicate abnormal development.

C. Colony forming unit (CFU) count from developing bacterial biofilms. Biofilms such as in B were washed, diluted and plated on LB plates.

Shown is mean and STD of three independent repeats, performed in triplicates.
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overexpression affects biofilm development, we then asked

what would be the phenotypic outcome of their absence.

When grown planktonically (Fig. 4A and Supporting Infor-

mation Figure S7), single mutants for each toxin and the

double mutant had comparable growth rate to the wild-type

(e.g., generation times in MSgg: wild-type, 1.64 6 0.1 h;

DyqcGF, 1.64 6 0.04 h; DtxpA-ratA, 1.59 6 0.105 h; and

DtxpA-ratA, DyqcGF, 1.67 6 0.06 h). However, death or

growth arrest of a defective cell subpopulation may become

more influential in dense cell populations. If so, then the

absence of TxpA and YqcG may have a more dramatic out-

come during biofilm development.

Biofilm colonies of single mutants for each of the toxins,

and the double mutant developed asymmetric masses and

thick clusters in the centre of the biofilms (Fig. 4B). The

physiology of the starter culture played a critical role in

enhancing the macro-structure phenotype, as this pheno-

type was evident only when the biofilms were inoculated

from starter cultures in the deep-stationary phase (Fig. 4B

and Supporting Information Figure S8).

We then asked whether the effect of mutations in the

txpA-ratA and yqcGF TA systems is reflected by an

increase in the culturable cell counts in developing bio-

films. We found that the total number of B. subtilis cells

capable of forming colonies within the wild-type biofilms

was compromised when compared to the mutant bio-

films (Fig. 4C): txpA mutant showed a 30% increase in

the culturable cell counts when grown on standard bio-

film medium, txpA and yqcG mutants showed a 70%

increase in in ‘-AA’ medium, and an almost twofold

increase in the viable cell counts when grown on

‘NH4Cl’ medium (Fig. 4C).

Elimination of abnormal cells by TA systems may also

occur via activation of additional TA systems. To evaluate

this assumption, we deleted ten known and putative TA sys-

tems, predicted to be expressed during biofilm formation,

as predicted from their promoter sequence (Supporting

Information Table S3, Sberro et al., 2013). Only ndoA toxin

mutants had a subtle biofilm phenotype, reminiscent of

TxpA and YqcG (Supporting Information Figure S9 and

data not shown). Taken together, our results demonstrate

that TxpA-RatA and YqcGF, out of the 10 we examined, are

the primary TA systems responsible for eliminating defec-

tive biofilm cells during B. subtilis development.

YqcG and TxpA have distinct effects on the
accumulation of abnormal cells during biofilm
development

Following our observations that txpA and yqcG are robust-

ly expressed in biofilms deprived of a preferential nitrogen

source or amino acids, and that overproduction of the tox-

ins has dramatic outcomes on bacterial development and

viability, we turned to examine the effect of deletions of

yqcG and txpA toxins at the single-cell level. We asked

whether the loss of the toxin affects the morphology of the

cells within the biofilms. As the expression of TxpA and YqcG

was most pronounced in the centre of the biofilm, we exam-

ined the morphology of the cells in this area of colonies from

a wild-type strain, and mutants for txpA-ratA or yqcGF TA

systems. Single mutants accumulated cells exhibiting severe

defects in cell shape and atypical nucleoid morphologies

(Fig. 5). In addition, internal membrane invaginations were

observed in many of the mutant cells, indicative of inappropri-

ate cell divisions (Elbaz and Ben-Yehuda, 2010). Moreover,

DAPI staining revealed a variety of nucleoid-free cells, which

had lost their chromosomes following cell division (Fig. 5A).

Increased exposure or DAPI staining further confirmed the

presence of nucleoid-free cells (data not shown).

These phenotypes were even more dramatic among

cells from colonies grown on ‘-AA’ medium (Fig. 5B and

Supporting Information Figures S10-11). The txpA-ratA

mutant lost the rod shape characteristic of wild-type B.

subtilis cells and instead, appeared as elongated spheres,

which were significantly larger than normal. The spheroid-

like morphology resembled the phenotype described for

mutants defective in cell-wall synthesis (Bhavsar and

Brown, 2006). In addition, we observed a higher frequency

of internal membrane invaginations, compared with the fre-

quencies observed in the TA mutants grown in standard

biofilm medium. The yqcGF mutant demonstrated similar

phenotypes but with fewer spheroid-like cells (Supporting

Information Figure S10). Screened systematically, defec-

tive cells were also present in biofilms of the wild-type cells

grown under starvation (Supporting Information Figure

S11). However, the number of severely defective cells was

significantly higher in the TA mutants. These results imply

that TxpA and YqcG can act to remove defective cells from

biofilms exposed to nitrogen starvation.

Interestingly, if TxpA and YqcG act to eliminate defective

cells, their expression should increase in the abnormal cell

masses accumulated in the centre of biofilms deleted for the

TA systems. Indeed, when we examined the biofilms of the

txpA-ratA mutant strain for txpA and yqcGF expression (Sup-

porting Information Figure S12), cells located in the abnormal

masses that developed in the mutant strain showed induction

in the expression of the two TA toxins, and overall expression

was higher when compared to the wild-type.

As TxpA and YqcG act intracellularily, we also compared

the outcomes of their activation to the activation of the

secreted cannibalism toxins SKF and SDP, produced in the

biofilm environment (Lopez et al., 2009b). We examined the

phenotypes of biofilms formed by cells mutated in both can-

nibalism operons sdpA-C and skfA-H (hereby designated

the sdp and skf operons). sdp and skf mutant colonies were

often smaller on nitrogen starvation, but in contrast to txpA-

ratA or yqcGF mutants had a symmetric centre comparable

to the wild-type strain (Supporting Information Figure S13).
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On the single-cell level, we did not detect increased

accumulation of abnormal cells shaped as elongated

spheres, enriched in internal membrane invaginations, or

nucleoid-deficient cells. However, strikingly, we found that

under all described conditions, sdp and skf mutants formed

long, connected chains of sessile cells (Supporting Infor-

mation Figure S14). These cells were maintained as

chains throughout the development of biofilms in all tested

growth media (Supporting Information Figure S14). These

results indicate that the extracellular toxins SDP and SKF

act as regulators of cell morphogenesis and chaining,

while TA systems txpA-ratA and yqcGF play an alternative

role of eliminating defective cells during B. subtilis

development.

TxpA can lyse and disassemble pre-established biofilms

As we showed that TxpA and YqcG overexpression led to

growth arrest and hampered biofilm development, we then

asked whether overexpression of these genes may dis-

perse or lyse pre-established biofilms. For this purpose,

we allowed strains carrying the overexpression construct

Fig. 5. txpA-ratA and yqcGF
mutants accumulate abnormal
cells in biofilms.

A-B. Phase-contrast and

fluorescence images of cells

from wild-type, DyqcGF and

DtxpA-ratA, taken from the

centre of the biofilm. Cells were

stained with membrane stain

FM1-43 (green) and DAPI

(blue). Scale bar corresponds to

2 lm. Arrows indicated

deformed cells. Multiple criteria

were used to determine cell

abnormality in microscope

images: cell size and shape

(normal B. subtilis cell

dimensions are 1lm width and

3–5 lm length), DNA presence

and organisation, and

membrane morphology

(presence of puncta).

A. Cells taken from biofilms

grown on biofilm-inducing

medium (MSgg).

B. Cells taken from biofilms

grown on ‘-AA’ medium.
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to develop for 48 h, and then locally exposed them to IPTG

at the edge of the colony by placement of IPTG-soaked

paper disk (Fig. 6A). The outcomes of the overexpression

of both toxins in pre-established biofilms differed dram-

atically. In all growth media, overexpression of YqcG

resulted in only a minor inhibition of biofilm development

(Supporting Information Figure S15). In contrast, when the

toxin TxpA was expressed within pre-established biofilms

on standard biofilm medium (MSgg), many of the wrinkles

dissolved and the colony turned flatter. Quite strikingly,

when biofilms were grown on ‘NH4Cl’ medium, induction of

TxpA resulted in dissolution of a significant portion of the

Fig. 6. Overproduction of TxpA can deform and lyse pre-established biofilms.

A. Top view of a wild-type, and Phyperspank-txpA biofilms grown on various biofilm media before (left) or 24 h after placement of an IPTG disk

(soaked for 1 h in 1M IPTG solution) on the periphery of developed colony (right). Images were taken with a stereo microscope. Scale bar

corresponds to 2 mm.

B. A model describing the potential roles of the toxin TxpA in biofilms. Upper: Schematic representation of a single B. subtilis cell inside the

biofilm. The txpA gene is depicted in blue, intracellular enzymes such as proteases, carbohydrases and endoribonucleases, are depicted in

pink. Extracellular matrix components are depicted in yellow and green. Activation of txpA gene leads to membrane perforation, and the

release of the intracellular enzymes that in turn catabolize the extracellular matrix. Lower: Schematic representation of biofilms of wild-type,

deletion and over-expressing strains for the TxpA and YqcG toxins. In the deletion strain, there is accumulation of abnormal cells and

structures while in the overexpressing strain biofilm is disrupted due to cell death and matrix decomposition.
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entire colony, both in proximity to the inducer, and through-

out the biofilm. This dissolution of the pre-established

biofilm colony is consistent with our finding in shaking cul-

tures (Supporting Information Figure S6). Furthermore, it

provides evidence that the activation of the toxin TxpA in a

mature biofilm could both eliminate biofilm cells, and

deform pre-established biofilms. Importantly, the ectopic

induction of TxpA in the ‘NH4Cl’ medium resulted in flatter

and more transparent patches of the biofilm (Fig. 6A), that

resemble the appearance of colonies of extracellular

matrix mutant strains (Branda et al., 2004). Thus, the acti-

vation of the intracellular toxin may also result in the

dissimilation of the extracellular material.

Discussion

Bacterial cells assemble into multicellular communities via

aggregation. These ubiquitous multicellular communities

are known as biofilms (Kolter and Greenberg, 2006). Bio-

films have been well characterized owing to their

prominent role in disease, and their increased antibiotic

resistance compared with planktonic cells (Bryers, 2008).

In a biofilm, complex signaling cascades lead to the forma-

tion of mutually-exclusive cell fates (Lopez et al., 2009a).

The formation of different cell types allows the develop-

ment of complex patterns.

Multiple studies demonstrated that the environmental

and physiological conditions are not homogeneous

throughout a biofilm (Rani et al., 2007; Stewart and Frank-

lin, 2008; Liu et al., 2015). The metabolic activities of the

cells, together with diffusional processes, result in nutrient

concentration gradients (Liu et al., 2015). As the bacteria

respond to these gradients, they adapt to the local chemi-

cal conditions, which can change over time as biofilms

develop further. Therefore, cells that are growing in bio-

films are not only physiologically distinct from planktonic

cells, but also differ from one other, both spatially and tem-

porally, as biofilm development proceeds.

In this study, we screened multiple TA systems to char-

acterize their role in biofilm formation and identified two TA

systems that are specifically associated with biofilm devel-

opment: txpA-ratA and yqcGF. The txpA-ratA gene pair

encodes a small RNA named RatA and a toxic peptide

designated TxpA. RatA is an antisense RNA that binds to

and blocks the accumulation of mRNA molecules of the

TxpA toxin. This TA system was suggested to have a role

in mother cell lysis during sporulation (Silvaggi et al.,

2005). The second TA system found to play a role in biofilm

formation is the yqcGF system. The toxin protein YqcG is

partially homologues to the toxic CdiA-CT effector domains

(Hobbs et al., 2010; Holberger et al., 2012) and was previ-

ously described to be under the control of the biofilm and

sporulation master regulator Spo0A (Molle et al., 2003).

We found that both TA systems are activated during biofilm

formation, and their transcription is especially enhanced in

localized regions within the biofilms (Fig. 1). Localized

expression of the toxins could be an outcome of nutrient

limitation, as alternating the nitrogen source towards a

non-optimal nitrogen source, or depletion of amino acids

from the growth media, further induced the promoter activi-

ty of the toxins. Nutrient starvation not only enhanced the

transcription of both TxpA and YqcG toxins, but may also

sensitize biofilm cells to their activity (Fig. 3).

Importantly, activation of both TxpA and YqcG in mature

liquid cultures resulted in cell lysis, demonstrating that

under the tested conditions, these toxins could mediate a

certain degree of cell death. This finding is consistent with

a previous demonstration of TxpA as a trigger of colony

lysis in a domesticated strain of B. subtilis (Silvaggi et al.,

2005).

Cell death has already been demonstrated to play an

important role in the development of Pseudomonas aerugi-

nosa and Staphylococcal biofilms, primarily due to release

of eDNA, functioning as an extracellular matrix component

(Sadykov and Bayles, 2012; Bayles, 2014). Importantly,

mutants of Staphylococcal holin2antiholin system that trig-

gers cell lysis and eDNA release had defects in biofilm

architecture and significantly thinner biofilms (Rice et al.,

2007). A recent work suggested that a similar phenome-

non can occur in early B. subtilis biofilm development, as

localized cell death was induced in B. subtilis colonies by

mechanical forces, and promoted wrinkling (Asally et al.,

2012).

In contrast to those examples, txpA-ratA and yqcGF

mutants developed biofilms comparable in their thickness

to the wild-type parental strain (Fig. 4). Thus, we sought to

identify the biological function of the txpA-ratA and yqcGF

modules. Detailed examination of cell morphology within

mutant biofilms provided a possible clue. In the TA system

mutant background, more cells with morphological defects

accumulated at the centre of the biofilms, compared to the

wild-type strain. As the nutritional stress increased, as in

the case of biofilm media lacking amino acids, the TA

mutants showed even a more dramatic change in popula-

tion composition with more abnormal cells. The increase of

abnormal cells resulted in a macroscopic change in colony

morphology, leading to formation of asymmetric clusters in

the centre of the colony. This result implies that the activat-

ed TA systems serve to eliminate or arrest growth of

defective cells that are no longer required for the develop-

ment of the community (See a model in Fig. 6B).

It has been previously shown that the subpopulation of

cells in B. subtilis biofilms, which produces the extracellular

matrix, co-expresses and secretes the extracellular canni-

balism toxins SKF and SDP (Gonzalez-Pastor et al., 2003;

Ellermeier et al., 2006; Lopez et al., 2009b). The effect of

the cannibalism toxins on promoting biofilm development

became evident only in cell-wall mutants sensitized to the
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activity of such toxins (Lopez et al., 2009b). Here, we

showed that a strain incapable of producing the secreted

cannibalism toxins contained numerous intact elongated

chains throughout its development, compared to the wild-

type parental strain (Supporting Information Figure S13-

14). This phenotype was distinct from the phenotypes of

the intracellular toxins TxpA and YqcG that show accumu-

lation of cells with spheroid-like shape and membrane

invaginations.

Interestingly, both txpA-ratA and yqcGF are found in a

48-kb, phage-like element known as skin. The skin ele-

ment interrupts the coding sequence of the mother cell-

specific regulatory protein rK during sporulation (Can-

chaya et al., 2003). While it has been previously

suggested that skin can be considered a selfish element

that B. subtilis retains in a functional state to ensure spore

formation, our results shed light on additional functions of

the toxins before the commencement of sporulation. We

suggest that the TAs carry a fitness advantage for the bio-

film population as a whole, by decreasing the burden of

cells that failed to adapt to a nutritional stress.

Quite strikingly, activation of the TxpA toxin in estab-

lished biofilms resulted in disruption of the biofilm structure

and lysis. This capacity can be attributed to the release of

intracellular enzymes, such as proteases, carbohydrases

and endoribonucleases, capable of degrading the biofilm

extracellular matrix, following cell lysis (See a model in Fig.

6B). These results imply that efficient manipulation of pep-

tide toxins similar to TxpA could serve to eliminate

established biofilms, an immense need in relevant ecologi-

cal, medical and biotechnological settings (Harmsen et al.,

2010; Oppenheimer-Shaanan et al., 2013; Wood, 2014).

Materials and methods

Construction of strains

All experiments were performed with B. subtilis NCIB 3610

(Branda et al., 2001). Laboratory strains B. subtilis PY79 and

E. coli DH5a were used for cloning purposes. Lists of strains

and primers are provided in Supporting Information Table S1

and Table S2.

Transformation of B. subtilis PY79 with linearized plasmid

or PCR products, was performed as previously described (Wil-

son and Bott, 1968).

Undomesticated B. subtilis strain NCIB 3610 is capable of

integrating foreign DNA through transformation, although the

average yield is up to twofolds lower than the yield of domesti-

cated strains such as PY79 (Parashar et al., 2013). Thus, we

transformed the linearized plasmid or PCR products into

PY79, and used the genomic DNA from the PY79 mutant

strains to transform NCIB 3610 (Bucher et al., 2015).

Deletion mutations were generated by long-flanking homol-

ogy PCR mutagenesis (Wach, 1996). The deletion strains of

NCIB 3610 were confirmed via PCR using inner and outer pri-

mers, and sequencing.

The plasmids pYC121 (Chai et al., 2008), which contains a

functional GFP gene, and a chloramphenicol resistance gene,

and pDR111 (Kolodkin-Gal et al., 2010), which contains the

hyperspank promoter upstream to a cloning site, the lacI

repressor gene, and a spectinomycin resistance gene, were

used for the construction of GFP reporter strains and overex-

pression strains respectively. PCR fragments were amplified

from NCIB 3610 chromosomal DNA, using primers with the

suitable restriction sites for ligation into the plasmids. The

ligated plasmids were then transformed into E. coli DH5a and

ampicillin resistant colonies were selected and confirmed by

sequencing. The GFP reporter or overexpression plasmids

were then integrated into the neutral amyE locus of strain

NCIB3610 by transformation, as described above, and

selected for chloramphenicol or spectinomycin resistance

respectively.

Growth media

The strains were routinely manipulated in LB broth (Difco) or

MSgg medium (5 mM potassium phosphate, 100 mM MOPS

pH 7, 2 mM MgCl2, 50 mM MnCl2, 50 mM FeCl3 for liquid or

125 mM FeCl3 for solid medium, 700 mM CaCl2, 1 mM ZnCl2, 2

mM thiamine, 0.5% glycerol, 0.5% glutamate, 50 mg ml21 thre-

onine, tryptophan and phenylalanine). The solid medium

contained 1.5% bacto agar (Difco). Note that the iron concen-

tration in the solid MSgg medium was 2.5-fold higher

compared with the original recipe (Branda et al., 2001), as it

improved the overall morphology development. Biofilm media

were often modified as indicated in the legends for each

figure.

Selective media were prepared with LB or LB-agar using

antibiotics at the following final concentrations: 100 mg ml21

ampicillin (AG Scientific), 10 mg ml21 kanamycin (AG Scientif-

ic), 10 mg ml21 chloramphenicol (Amresco), 10 mg ml21

tetracycline (Amresco), 100 mg ml21 spectinomycin (Tivan

Biotech) and 1 mg ml21 erythromycin (Amresco) 1 25 mg ml21

lincomycin (Sigma Aldrich) for MLS.

Biofilm development assay

A single B. subtilis colony, isolated on solid LB plates, was

inoculated in 3 ml LB broth at 37˚C for 30 h unless indicated

otherwise. Then, a 2 lL drop was spotted on MSgg solid

medium. Plates were incubated at 30˚C for the time period

indicated in the legend for each figure. Images and GFP signal

intensity were obtained with a Stereo Discovery V2000 micro-

scope with Objective Plan Apo S 0.5x FWD 134 mm or Apo S

1.0x FWD 60 mm (Zeiss) attached to an Axiocam camera.

Data were analysed using Axiovision suite software (Zeiss).

Growth measurements

A single colony of B. subtilis, isolated on a solid LB plate, was

inoculated in 3 ml LB broth and grown for 4 h to the mid-

logarithmic growth phase. Cells were diluted 1:100 in 150 ml

liquid MSgg medium per well of a 96-well microplate (Thermo

Scientific). Cells were grown with agitation at 308C for 16 h in

a microplate reader (Synergy 2, BioTek), and the optical densi-

ty at 600 nm (OD600) was measured every 15 min.
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Determination of live cell counts during growth and
biofilm formation

To determine live cell counts of cells grown in shaking cultures

or biofilms, cells were harvested either from shaking cultures

or from biofilm grown for 72 h as indicated and thoroughly vor-

texed. For biofilm analysis: cells were mildly sonicated

(BRANSON digital sonifier, Model 250, Microtip, amplitude

20%, pulse 33 5 s). To determine the number of live cell

counts, cells were serial diluted in phosphate-buffered saline

(PBS) (Biological Industries, Israel), plated on LB-plates, and

colony forming units (CFU) were counted after incubation at

238C for 24 h.

Fluorescence microscopy

Briefly, biofilm cells were roughly separated by pipetting, cen-

trifuged and re-suspended in 10 ml 1X PBS supplemented

with 1 mg ml21 of the fluorescent membrane stain FM1-43

(Molecular Probes; Invitrogen) and with 2 mg ml21 of the DNA

stain 4,6-diamidino-2-phenylindole (DAPI) (Sigma). Cells were

then placed on poly-lysine-coated slides, visualized and pho-

tographed using an Axioplan2 microscope (Zeiss) equipped

with a high-resolution microscopy Axiocam camera. Data

were captured using Axiovision suite software.

Flow Cytometry

Flow cytometry used for mutant backgrounds, where the pro-

duction of the extracellular matrix and growth rate differed

dramatically from the wild-type. Bacillus subtilis biofilms were

inoculated as described above, and incubated for the time

period indicated in the legend for each figure. Biofilms were

then scraped from the plate surface and separated into single

cells by mild sonication, as previously described (Vlamakis

et al., 2008). Samples were measured using an LSR-II cytom-

eter (Becton Dickinson, San Jose, CA, USA) operating a

solid-state laser at 488 nm. GFP intensities were collected by

505 LP and 525/50 BP filters. For each sample, 106 events

were recorded and analysed for GFP intensities. The auto flo-

rescence level was determined in each experiment by

measuring a sample of a biofilm of a non-fluorescent strain of

the same genetic background. Then, the distribution of GFP

intensities was determined using a custom MATLAB code.

Acknowledgements

This research was supported by the ISF-icore grant 152/1, Mr.

and Mrs. Dan Kane, Ms. Lois Rosen, by the Larson Charitable

Foundation, by Ruth and Herman Albert Scholars Program for

New Scientists, by the Ilse Katz Institute for Materials Scien-

ces and Magnetic Resonance Research grant, and by the

Ministry of Health grant for alternative research methods. IKG

is a recipient of the Rowland and Sylvia Career Development

Chair.

References

Aguilar, C., Vlamakis, H., Losick, R., and Kolter, R. (2007)

Thinking about Bacillus subtilis as a multicellular organism.

Curr Opin Microbiol 10: 638–643.

Amitai, S., Kolodkin-Gal, I., Hananya-Meltabashi, M.,

Sacher, A., and Engelberg-Kulka, H. (2009) Escherichia

coli MazF leads to the simultaneous selective synthesis

of both “death proteins” and “survival proteins”. PLoS

Genet 5: e1000390.
Aoki, S.K., Diner, E.J., de Roodenbeke, C.T., Burgess, B.R.,

Poole, S.J., Braaten, B.A., et al. (2010) A widespread family

of polymorphic contact-dependent toxin delivery systems in

bacteria. Nature 468: 439–442.
Asally, M., Kittisopikul, M., Rue, P., Du, Y., Hu, Z., Cagatay, T.,

et al. (2012) Localized cell death focuses mechanical forces

during 3D patterning in a biofilm. Proc Natl Acad Sci USA

109: 18891–18896.
Bayles, K.W. (2014) Bacterial programmed cell death: making

sense of a paradox. Nat Rev Microbiol 12: 63–69.
Bhavsar, A.P., and Brown, E.D. (2006) Cell wall assembly in

Bacillus subtilis: how spirals and spaces challenge para-

digms. Mol Microbiol 60: 1077–1090.
Branda, S.S., Gonzalez-Pastor, J.E., Ben-Yehuda, S., Losick,

R., and Kolter, R. (2001) Fruiting body formation by Bacillus

subtilis. Proc Natl Acad Sci USA 98: 11621–11626.

Branda, S.S., Gonzalez-Pastor, J.E., Dervyn, E., Ehrlich, S.D.,

Losick, R., and Kolter, R. (2004) Genes involved in forma-

tion of structured multicellular communities by Bacillus sub-

tilis. J Bacteriol 186: 3970–3979.
Branda, S.S., Chu, F., Kearns, D.B., Losick, R., and Kolter, R.

(2006) A major protein component of the Bacillus subtilis

biofilm matrix. Mol Microbiol 59: 1229–1238.
Bryers, J.D. (2008) Medical biofilms. Biotechnol Bioeng 100:

1–18.
Bucher, T., Oppenheimer-Shaanan, Y., Savidor, A., Bloom-

Ackermann, Z., and Kolodkin-Gal, I. (2015) Disturbance of

the bacterial cell wall specifically interferes with biofilm for-

mation. Environ Microbiol Rep 7: 990–1004.

Canchaya, C., Proux, C., Fournous, G., Bruttin, A., and

Brussow, H. (2003) Prophage genomics. Microbiol Mol Biol

Rev 67: 238–276. table of contents.
Chai, Y., Chu, F., Kolter, R., and Losick, R. (2008) Bistability

and biofilm formation in Bacillus subtilis. Mol Microbiol 67:

254–263.
Chai, Y., Norman, T., Kolter, R., and Losick, R. (2010) An

epigenetic switch governing daughter cell separation in

Bacillus subtilis. Genes Dev 24: 754–765.
Chen, Y., Gozzi, K., Yan, F., and Chai, Y. (2015) Acetic acid

acts as a volatile signal to stimulate bacterial biofilm forma-

tion. mBio 6: e00392.

Chu, F., Kearns, D.B., Branda, S.S., Kolter, R., and Losick, R.

(2006) Targets of the master regulator of biofilm formation

in Bacillus subtilis. Mol Microbiol 59: 1216–1228.
Elbaz, M., and Ben-Yehuda, S. (2010) The metabolic enzyme

ManA reveals a link between cell wall integrity and chromo-

some morphology. PLoS Genet 6: e1001119.
Elbaz, M., and Ben-Yehuda, S. (2015) Following the fate of

bacterial cells experiencing sudden chromosome loss.

MBio 6: e00092–00015.
Ellermeier, C.D., Hobbs, E.C., Gonzalez-Pastor, J.E., and

Losick, R. (2006) A three-protein signaling pathway governing

immunity to a bacterial cannibalism toxin. Cell 124: 549–559.

Engelberg-Kulka, H., Amitai, S., Kolodkin-Gal, I., and Hazan,

R. (2006) Bacterial programmed cell death and multicellular

behavior in bacteria. PLoS Genet 2: e135.

5044 Z. Bloom-Ackermann et al.

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 5032–5047



Fozo, E.M., Makarova, K.S., Shabalina, S.A., Yutin, N., Koonin,

E.V., and Storz, G. (2010) Abundance of type I toxin-antitoxin

systems in bacteria: searches for new candidates and discov-

ery of novel families. Nucleic Acids Res 38: 3743–3759.
Gonzalez-Pastor, J.E., Hobbs, E.C., and Losick, R. (2003) Can-

nibalism by sporulating bacteria. Science 301: 510–513.

Harmsen, M., Yang, L., Pamp, S.J., and Tolker-Nielsen, T.

(2010) An update on Pseudomonas aeruginosa biofilm for-

mation, tolerance, and dispersal. FEMS Immunol Med

Microbiol 59: 253–268.
Hayes, F. (2003) Toxins-antitoxins: plasmid maintenance, pro-

grammed cell death, and cell cycle arrest. Science 301:

1496–1499.

Hayes, C.S., and Sauer, R.T. (2003) Toxin-antitoxin pairs in

bacteria: killers or stress regulators? Cell 112: 2–4.
Hayes, F., and Van Melderen, L. (2011) Toxins-antitoxins:

diversity, evolution and function. Crit Rev Biochem Mol Biol

46: 386–408.
Hobbs, E.C., Astarita, J.L., and Storz, G. (2010) Small RNAs

and small proteins involved in resistance to cell envelope

stress and acid shock in Escherichia coli: analysis of a bar-

coded mutant collection. J Bacteriol 192: 59–67.
Holberger, L.E., Garza-Sanchez, F., Lamoureux, J., Low, D.A.,

and Hayes, C.S. (2012) A novel family of toxin/antitoxin pro-

teins in Bacillus species. FEBS Lett 586: 132–136.
Kearns, D.B., Chu, F., Branda, S.S., Kolter, R., and Losick, R.

(2005) A master regulator for biofilm formation by Bacillus

subtilis. Mol Microbiol 55: 739–749.

Kolodkin-Gal, I., Hazan, R., Gaathon, A., Carmeli, S., and

Engelberg-Kulka, H. (2007) A linear pentapeptide is a

quorum-sensing factor required for mazEF-mediated cell

death in Escherichia coli. Science 318: 652–655.
Kolodkin-Gal, I., Verdiger, R., Shlosberg-Fedida, A., and

Engelberg-Kulka, H. (2009) A differential effect of E. coli

toxin-antitoxin systems on cell death in liquid media and bio-

film formation. PLoS One 4: e6785.

Kolodkin-Gal, I., Romero, D., Cao, S., Clardy, J., Kolter, R.,

and Losick, R. (2010) D-amino acids trigger biofilm disas-

sembly. Science 328: 627–629.
Kolter, R. (2007) Microbiology. Deadly priming. Science 318:

578–579.
Kolter, R., and Greenberg, E.P. (2006) Microbial sciences: the

superficial life of microbes. Nature 441: 300–302.

Liu, J., Prindle, A., Humphries, J., Gabalda-Sagarra, M.,

Asally, M., Lee, D.Y., et al. (2015) Metabolic co-dependence

gives rise to collective oscillations within biofilms. Nature

523: 550–554.
Lopez, D., Vlamakis, H., and Kolter, R. (2009a) Generation of

multiple cell types in Bacillus subtilis. FEMS Microbiol Rev

33: 152–163.
Lopez, D., Vlamakis, H., Losick, R., and Kolter, R. (2009b)

Cannibalism enhances biofilm development in Bacillus sub-

tilis. Mol Microbiol 74: 609–618.
Markovski, M., and Wickner, S. (2013) Preventing bacterial sui-

cide: a novel toxin-antitoxin strategy. Mol Cell 52: 611–612.
Mielich-Suss, B., and Lopez, D. (2015) Molecular mecha-

nisms involved in Bacillus subtilis biofilm formation. Environ

Microbiol 17: 555–565.

Moll, I., and Engelberg-Kulka, H. (2012) Selective translation

during stress in Escherichia coli. Trends Biochem Sci 37:

493–498.

Molle, V., Fujita, M., Jensen, S.T., Eichenberger, P., Gonzalez-

Pastor, J.E., Liu, J.S., and Losick, R. (2003) The Spo0A

regulon of Bacillus subtilis. Mol Microbiol 50: 1683–1701.
Oppenheimer-Shaanan, Y., Steinberg, N., and Kolodkin-Gal,

I. (2013) Small molecules are natural triggers for the disas-

sembly of biofilms. Trends Microbiol 21: 594–601.
Parashar, V., Konkol, M.A., Kearns, D.B., and Neiditch, M.B.

(2013) A plasmid-encoded phosphatase regulates Bacillus

subtilis biofilm architecture, sporulation, and genetic compe-

tence. J Bacteriol 195: 2437–2448.
Park, J.H., Yamaguchi, Y., and Inouye, M. (2011) Bacillus sub-

tilis MazF-bs (EndoA) is a UACAU-specific mRNA interfer-

ase. FEBS Lett 585: 2526–2532.
Rani, S.A., Pitts, B., Beyenal, H., Veluchamy, R.A.,

Lewandowski, Z., Davison, W.M., et al. (2007) Spatial pat-

terns of DNA replication, protein synthesis, and oxygen

concentration within bacterial biofilms reveal diverse physio-

logical states. J Bacteriol 189: 4223–4233.
Rice, K.C., Mann, E.E., Endres, J.L., Weiss, E.C., Cassat,

J.E., Smeltzer, M.S., and Bayles, K.W. (2007) The cidA

murein hydrolase regulator contributes to DNA release and

biofilm development in Staphylococcus aureus. Proc Natl

Acad Sci USA 104: 8113–8118.
Rosenberg, G., Steinberg, N., Oppenheimer-Shaanan, Y.,

Olender, T., Doron, S., Ben-Ari, J., et al. (2016) Not so

simple, not so subtle: the interspecies competition

between Bacillus simplex and Bacillus subtilis and its

impact on the evolution of biofilms. NPJ Biofilms Micro-

biomes 2: 15027.
Sadykov, M.R., and Bayles, K.W. (2012) The control of death

and lysis in staphylococcal biofilms: a coordination of physi-

ological signals. Curr Opin Microbiol 15: 211–215.

Sberro, H., Leavitt, A., Kiro, R., Koh, E., Peleg, Y., Qimron,

U., and Sorek, R. (2013) Discovery of functional toxin/

antitoxin systems in bacteria by shotgun cloning. Mol Cell

50: 136–148.

Silvaggi, J.M., Perkins, J.B., and Losick, R. (2005) Small

untranslated RNA antitoxin in Bacillus subtilis. J Bacteriol

187: 6641–6650.
Soo, V.W., and Wood, T.K. (2013) Antitoxin MqsA represses

curli formation through the master biofilm regulator CsgD.

Sci Rep 3: 3186.
Stewart, P.S., and Franklin, M.J. (2008) Physiological hetero-

geneity in biofilms. Nat Rev Microbiol 6: 199–210.
Unterholzner, S.J., Poppenberger, B., and Rozhon, W. (2013)

Toxin-antitoxin systems: biology, identification, and applica-

tion. Mob Genet Elements 3: e26219.
Vlamakis, H., Aguilar, C., Losick, R., and Kolter, R. (2008)

Control of cell fate by the formation of an architecturally

complex bacterial community. Genes Dev 22: 945–953.
Vlamakis, H., Chai, Y., Beauregard, P., Losick, R., and Kolter,

R. (2013) Sticking together: building a biofilm the Bacillus

subtilis way. Nat Rev Microbiol 11: 157–168.

Wach, A. (1996) PCR-synthesis of marker cassettes with long

flanking homology regions for gene disruptions in S. cerevi-

siae. Yeast 12: 259–265.

Wilson, G.A., and Bott, K.F. (1968) Nutritional factors influenc-

ing the development of competence in the Bacillus subtilis

transformation system. J Bacteriol 95: 1439–1449.
Wood, T.K. (2014) Biofilm dispersal: deciding when it is better

to travel. Mol Microbiol 94: 747–750.

Defective cells and preserve symmetry in Bacillus subtilis biofilms 5045

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 5032–5047



Wray, L.V., Jr., Ferson, A.E., Rohrer, K., and Fisher, S.H.

(1996) TnrA, a transcription factor required for global nitro-

gen regulation in Bacillus subtilis. Proc Natl Acad Sci USA

93: 8841–8845.

Wray, L.V., Jr., Zalieckas, J.M., and Fisher, S.H. (2001) Bacil-

lus subtilis glutamine synthetase controls gene expression

through a protein-protein interaction with transcription factor

TnrA. Cell 107: 427–435.
Wu, X., Wang, X., Drlica, K., and Zhao, X. (2011) A toxin-

antitoxin module in Bacillus subtilis can both mitigate and

amplify effects of lethal stress. PLoS One 6: e23909.
Yoshida, K., Yamaguchi, H., Kinehara, M., Ohki, Y.H.,

Nakaura, Y., and Fujita, Y. (2003) Identification of additional

TnrA-regulated genes of Bacillus subtilis associated with a

TnrA box. Mol Microbiol 49: 157–165.

Zhao, J., Wang, Q., Li, M., Heijstra, B.D., Wang, S., Liang, Q.,

and Qi, Q. (2013) Escherichia coli toxin gene hipA affects bio-

film formation and DNA release. Microbiology 159: 633–640.

Supporting information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Fig. S1. Bar diagrams representing cell counts using flow

cytometry under different conditions for the PtxpA-gfp report-

er, and comparing between the centre of the biofilm to its

periphery.

Fig. S2. txpA promoter is under the control of the biofilm

master regulators. GFP expression from txpA promoter nor-

malized to optical density, of each of the indicated genetic

backgrounds. Single colonies of the desired strains were

grown to their mid-logarithmic phase of growth in LB. Start-

er cultures were diluted 1:100 in 150 ll liquid MSgg in each

well of a 96-well optical-bottom plate (Thermo Scientific).

The cultures were grown for 12 hours at 308C with shaking

in a microplate reader (Synergy 2, BioTek), and the optical

density at 600 nm and fluorescence were measured every

15 min. For details about strain construction, see Materials

and Methods. Mean and STD of at least five individual wells

within one experiment are shown. Data shown are repre-

sentatives from three individual experiments.

Fig. S3. yqcGF promoter is under the control of the biofilm

master regulators. GFP expression from yqcGF promoter

normalized to optical density, of each of the indicated

genetic backgrounds. Single colonies of the desired strains

were grown to their mid-logarithmic phase of growth. Start-

er cultures were diluted 1:100 in 150 ll liquid MSgg in each

well of a 96-well optical-bottom plate (Thermo Scientific).

The cultures were grown for 12 hours at 308C with shaking

in a microplate reader (Synergy 2, BioTek), and the optical

density at 600 nm and fluorescence were measured every

15 min. For details about strain construction, see Materials

and Methods. Mean and STD of at least five individual wells

within one experiment are shown. Data shown are repre-

sentatives from three individual experiments.

Fig. S4. Overproduction of yqcG and txpA results in toxicity

to planktonically growing cells. Growth curve (OD600 vs.

time (hours)) of strains carrying Phyperspank-txpA and

Phyperspank-yqcG on MSgg with or without 0.1 mM IPTG (UI:

uninduced).

Fig. S5. Overproduction of yqcG and txpA inhibits growth

on top of a solid biofilm medium for 48 hours. Shown is a

top view of biofilm colonies formed by either wild-type

(NT-WT) or strains carrying Phyperspank-txpA and Phyperspank-

yqcG on ‘-AA’ medium, with 0.01 and 1 mM IPTG, or with-

out it.
Fig. S6. Induction of the toxins results in cell lysis. Bacterial

cultures were grown in biofilm inducing medium to an

OD600 of 0.6, toxins were induced (by addition of 1mM

IPTG) and OD600 was measured over time (hours). Each

graph shows the mean 6STD of three biological repeats.
Fig. S7.Deletion of toxins and antitoxin systems txpA-ratA and

yqcGF has little or no effect on planktonic growth in a biofilm

media. Colony forming unit (CFU) counts of the following bacte-

rial strains: WT, DtxpA-ratA, DyqcGF and a double mutant for

txpA-ratA, yqcGF, were grown in shaking liquid cultures in the

indicated growth media. Samples of the cultures were diluted

and plated at indicated times. Each graph represents the

mean 6 STD of three independent repeats performed in

duplicates.
Fig. S8. Deletion of the toxins TxpA and YqcG has little

effect on biofilm morphology when cells are inoculated from

mid-logarithmic cultures. Top view images of biofilms follow-

ing 72 hours of development on ‘-AA’ medium.
Fig. S9. Deletion of the ndoA toxin has little effect on colo-

ny development. Top view images of biofilms grown for 72

hours at indicated media. Scale bar represents 2 mm
Fig. S10. txpA-ratA and yqcGF mutants accumulate abnor-

mal cells in biofilms. Phase contrast and fluorescence

images of cells from DyqcGF, DtxpA-ratA biofilms were

taken from the centre of the biofilm. Biofilms were grown on

‘-AA’ medium. Cells were stained with membrane stain

FM1-43 (green) and DAPI (blue). Scale bar corresponds to

2 lm. This experiment represents an independent repeat to

the experiment shown in Figure 5B.
Fig. S11. txpA-ratA and yqcGF mutants accumulate abnormal

cells in biofilms. Quantification of phase-contrast and fluores-

cence images of single cells imaged from wild-type, DyqcGF

and DtxpA-ratA biofilms, taken from the centre of the biofilm, as

shown in Figure 5 and Figure S8. Biofilms were grown on ‘-AA’

medium. At-least 1500 cells per strain, for three biological

repeats, were counted. A cell was defined as ‘Abnormal’ if it

manifested a severe deformation from the rod-shape cell mor-

phology, lacked a DNA as judged by the DAPI stain, or had

severe membrane deformations.
Fig. S12. TA systems txpA-ratA and yqcGF are induced in

biofilms of txpA-ratA mutant. (A,B) Top view of biofilm mor-

phology and GFP expression from the PtxpA-gfp (A) and

PyqcGF-gfp (B) reporters, in wild-type and txpA-ratA mutant

strain, following 48 hours of development on standard

biofilm-inducing medium (MSgg), and ‘-AA’ medium. Scale

bar corresponds to 2 mm. (C) Bar diagram representing the

fluorescence level for the wild-type and its txpA-ratA mutant

derivative carrying PtxpA-gfp and PyqcG-gfp reporters, across

different conditions; Biofilms were harvested at 48 h, and

mildly sonicated. Fluorescence and optical density for each

sample were evaluated in a microplate reader (Synergy 2,

BioTek). Bars show mean 6 STD of three biological repeats.
Fig. S13. Mutants in the secreted toxins’ operons sdp and

skf form smaller colonies with symmetric centres compara-

ble to the wild-type parental strain. Top view images of
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biofilms grown for 72 hours at indicated media. Scale bar

represents 2 mm
Fig. S14. The accumulation of abnormally chained cells in
a strain mutated in the sdp and skf cannibalism operons.
Phase-contrast and fluorescence images of cells from a
wild-type strain and DsdpA-C,skfA-H, taken from the centre

of biofilms grown on a biofilm-inducing medium (MSgg) or ‘-
AA’ medium. Cells were stained with membrane stain FM1-
43 (green) and DAPI (blue). Scale bar corresponds to
2 lm.

Fig. S15. The effect of overproduction of YqcG on pre-

established biofilms Top view of a wild-type, and Phyperspank-
yqcG biofilms grown on various biofilm media before (left)
or 24 hours after placement of an IPTG-soaked disk on the
periphery of developed colony (right). Images were taken
with a stereo microscope. Scale bar corresponds to 2 mm.

Table S1. Strains used for this study.
Table S2. Primers used for this study.
Table S3. Toxin- Antitoxin systems examined in Bacillus
subtilis examined in this study.
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