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Abstract

Bacterial biofilms are associated with chronic infectious diseases and are highly resis-

tant to conventional antibiotics. Antimicrobial bacteriocins are alternatives to con-

ventional antibiotics and are characterized by unique cell-killing mechanisms,

including pore formation on cell membranes, nuclease activity, and cell wall synthesis

inhibition. Here, we used cell-free protein synthesis to rapidly evaluate the anti-

biofilm activities of colicins E1, E2, and E3. We found that E2 (with DNase activity)

most effectively killed target biofilm cells (i.e., the K361 strain) while leaving non-

targeted biofilms intact. We then engineered probiotic Escherichia coli microorgan-

isms with genetic circuits to controllably synthesize and secrete colicin E2, which

successfully inhibited biofilms and killed preformed indicator biofilms. Our findings

suggest that colicins rapidly and selectively kill target biofilm cells in multispecies bio-

films and demonstrate the potential of using microorganisms engineered to produce

antimicrobial colicin proteins as live therapeutic strategies to treat biofilm-associated

infections.
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1 | INTRODUCTION

Biofilms are microbial communities that form on biotic or abiotic sur-

faces and facilitate the development of antibiotic resistance.1 Typi-

cally, conventional antibiotics disable bacterial growth by inhibiting

replication, cell wall synthesis, or protein synthesis. Bacteria in bio-

films are able to inhibit antibiotic activity and resist antibiotics more

effectively than planktonic bacteria,2 by producing extracellular poly-

meric substances, regulating biofilm-specific gene expression, and

inducing the formation of metabolically dormant persister cells.3

Therefore, novel antibacterial strategies are required to combat

biofilm-associated infections.

Antimicrobial polypeptides known as bacteriocins are compelling

alternatives to antibiotics because they are potent and effective

against pathogenic bacteria, and they have low toxicity in the host.

Bacteriocins may be produced in situ by probiotics and are easily bio-

engineered.4 Colicins are bacteriocins produced by Escherichia coli

that are characterized by various cell-killing actions, including mem-

brane pore formation and intracellular DNase and RNase activity.5

Unlike conventional antibiotics that inhibit bacterial growth, colicins

physically disrupt cellular components. We have demonstrated that

colicins produced on a cell-free protein synthesis (CFPS) platform rap-

idly kill bacteria in a cell growth-independent manner.6 We have also

found that colicin production can be optimized to maximize activity.7

Cells in biofilms grow slowly or become metabolically dormant, thus

resulting in higher resistance to conventional antibiotic treatment.2

However, colicins with growth-independent cell-killing activity may

eradicate resilient biofilm cells more efficiently. Furthermore, because
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engineered colicins kill only nonhost E. coli, they may provide a

method to specifically target and kill only one type of biofilm cell with-

out affecting the other bacterial populations in multispecies biofilms.

Thus, colicins have the potential to specifically kill undesired patho-

genic biofilms while leaving nonpathogenic biofilms intact.

Advances in synthetic biology have enabled the development of

living biotherapeutics, or cells that perform predefined functions in a

controlled manner to treat disease.8 Protein-based drugs that are eas-

ily degraded by proteases in the host9 can be incorporated into micro-

organisms, which then serve as factories that produce and secrete

drugs at or near the sites of action.10 Indeed, engineered bacterial

therapeutics have already been developed to treat various diseases.

For example, engineered Lactococcus lactis secreting human proinsulin

and interleukin-10 has been used to treat diabetes mellitus in mice11;

another L. lactis producing interleukin-10 has been used to treat

inflammatory bowel disease in a Phase I trial12; Lactobacillus jensenii

producing HIV-1 entry inhibitor cyanovirin-N has been used to treat

HIV infection in macaques13; and Salmonella typhimurium secreting

flagellin B has been used to treat colon cancer in mice.14 The

engineered probiotic E. coli Nissle 1917 secreting pyocin S5 and anti-

biofilm enzyme DspB has been found to eliminate and prevent Pseu-

domonas aeruginosa gut infection in an animal model.15 These findings

demonstrate that live biotherapeutics based on engineered microor-

ganisms are promising approaches to overcome the limitations of drug

degradation. Live biotherapeutics facilitate drug delivery to the rele-

vant sites of action and have the potential to specifically eradicate

unwanted biofilm cells.

In this study, we hypothesized that colicin secretion from

engineered microorganisms might overcome the mass-transport

limitations preventing colicins from reaching target biofilm cells,

thus enhancing biofilm cell killing. We first used CFPS to rapidly

characterize the effectiveness, kinetics, and specificity of colicins

E1, E2, and E3. We found that colicin E2 provided the strongest

and longest-lasting cell killing and was able to specifically target a

subset of bacteria within a multispecies consortium biofilm. On

this basis, we developed engineered microorganisms with produc-

tion and secretion of colicin E2 precisely controlled through

genetic circuits, thus achieving inhibition of target biofilm growth

and complete killing of preexisting biofilms. Our findings reveal

new insights into antimicrobial-producing microorganisms and pro-

vide exciting opportunities to develop live therapeutics to treat

biofilm-associated infections.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed in

Table 1. The E. coli K361 strain16 was used to determine the activity

of colicins, the E. coli BL21 Star (DE3) strain was used for making

crude extracts for CFPS, and E. coli Nissle 1917 ΔdegP was used to

produce engineered cells containing genetic circuits. Kanamycin

(50 μg/ml), ampicillin (100 μg/ml), and streptomycin (100 μg/ml) were

used to maintain plasmids as needed.

2.2 | Crude extract preparation

E. coli cell extracts were prepared from the BL21 Star (DE3) strain

with a high-throughput sonication method, as described previously.6

Briefly, overnight cultures grown in Luria-Bertani (LB) medium at

37�C 220 rpm were diluted 1000 times with 1 L of 2� YTPG medium

(16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 7 g/L K2HPO4,

TABLE 1 Strains and plasmids used in this study. AmpR, KanR, and
StrR indicate ampicillin-, kanamycin-, and streptomycin-resistant,
respectively

Strains and plasmids

Genotype/relevant

characteristics Source

Strains

E. coli K361 W3110 strain, StrR 16

E. coli BL21Star

(DE3)

F� ompT, hsdSB (rB
�mB

�),
gal, dcm, rne131 (DE3)

Invitrogen

E. coli K964 K91 containing pColE2 17

E. coli TG1 Strain containing colicin

plasmid

18

E. coli DH5α fhuA2, Δ(argF-lacZ)U169,
phoA, glnV44, Φ80 Δ(lacZ)
M15, gyrA96, recA1,

relA1, endA1, thi-1,

hsdR17

NEB

E. coli Nissle

1917 ΔdegP
Probiotic E. coli (EcN) lacking

degP, KanR
19

Lactococcus

lactis 11454

Probiotic Lactococcus lactis

subsp. Lactis ATCC strain

(ATCC® 11454™)

ATCC

VSL#3 Probiotic mixture VSL3 Pharma

Plasmids

pKSJ331 AmpR, ColE1 operon 18

pKSJ167 AmpR, ColE3 operon 20

pJL1-sfgfp KmR, PT7::sfGFP, C-terminal

Strep-tag, pY71-sfGFP

21

pJL1-E1 KmR, PT7::colicin E1 and E1

immunity

This study

pJL1-E2 KmR, PT7::colicin E2 and E2

immunity

This study

pJL1-E3 KmR, PT7::colicin E3 and E3

immunity

This study

pBAD-gfp AmpR, ParaBAD::GFP Addgene

(#54764)

pBAD-empty AmpR This study

pBAD-E2 AmpR, ParaBAD::colicin E2 and

E2 immunity

This study

pBAD-E2+lys AmpR, ParaBAD::colicin E2 and

E2 immunity, Ptet::E7 lysis,

PproB::tetR

This study
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3 g/L KH2PO4, and 18 g/L glucose; adjusted to pH 7.2 with KOH) and

incubated at 37�C and 220 rpm until an optical density at 600 nm

(OD600 nm) of 0.5 was reached. T7 RNA polymerase was then induced

by the addition of 1 mM of isopropyl β-D-1-thiogalactopyranoside

during incubation. Cell cultures were harvested after an OD600 nm of

3.0 was reached. Cell pellets were suspended in 1 ml of S30 buffer

per gram of cells and lysed on ice with a Q125 sonicator (Qsonica).

Cell debris and insoluble components were removed by two rounds of

centrifugation for 10 min at 14,000 � g at 4�C, and supernatants

were filtered through a 0.2-μm sterile syringe filter (Corning). The

crude extracts were stored at �80�C until use.

2.3 | CFPS reaction

CFPS reactions were used to produce colicins as described previ-

ously.6 Briefly, 15 μl of CFPS reactions in 1.5-ml microcentrifuge

tubes were prepared by mixing the following components: 130 mM

potassium glutamate; 10 mM ammonium glutamate; 12 mM magne-

sium glutamate; 33 mM phosphoenolpyruvate; 1.2 mM ATP;

0.85 mM each of GTP, UTP, and CTP; 34.0 μg/ml folinic acid; 200 ng

DNA template; 2 mM each of 20 standard amino acids; 0.33 mM nic-

otinamide adenine dinucleotide; 0.27 mM coenzyme-A; 1.5 mM

spermidine; 1 mM putrescine; 4 mM sodium oxalate; and 4 μl of crude

extract. The samples were incubated for 20 h at 30�C.

2.4 | Autoradiogram

Radioactive 14C-Leu was used in the CFPS reaction at a final concentra-

tion of 10 μM. Total and soluble fractions of each reaction were

heat-denatured and reduced by dithiothreitol and electrophoresed on

4%–12% NuPAGE sodium dodecyl sulfate-polyacrylamide gels in

MOPS buffer (Invitrogen). The gels were stained with InstantBlue

Coomassie stain (Expedeon) for 1 h, destained overnight in dH2O,

soaked in Gel Drying Solution (Bio-Rad) for 30 min, fixed with cello-

phane films, dried overnight in a GelAir Dryer (Bio-Rad), and exposed

for 72 h on Storage Phosphor Screens (GE Healthcare Biosciences). The

autoradiograms were scanned with a Typhoon FLA7000 Imager

(GE Healthcare Biosciences). To determine the proportion of colicins to

immunity proteins, we followed Davarinejad's protocol in the ImageJ

software.22 Briefly, the band intensity determined by ImageJ was used

to calculate the mass fraction. The molar fraction was calculated as the

mass fraction and molar mass. The average molecular weight and

average number of leucines were calculated based on the molar fraction

of each protein (Table S1). These average values were used separately

to quantify colicins and immunity proteins in each radioactive sample

measured with 14C-leucine radioactive scintillation counting (Table 2).

2.5 | Radioactive 14C-Leu assays

Total and soluble protein yields were measured on the basis of radio-

active 14C-Leu incorporation.23 Briefly, triplicate CFPS reactions were

supplemented with 10 μM 14C-leucine (PerkinElmer) and incubated at

30�C for 20 h. Soluble and insoluble proteins were separated by cen-

trifugation at 12,000 � g for 15 min at 4�C. Proteins were precipi-

tated and washed three times with 5% trichloroacetic acid, then

washed in 100% ethanol. The radioactivity of the proteins was coun-

ted with a Microbeta2 liquid scintillation counter (PerkinElmer). To

quantify the total and soluble protein concentrations in a sample, we

used the average molecular weights and the average number of leu-

cines calculated from the autoradiogram gels according to a previously

reported method.23 After calculating the total and soluble mass con-

centration of proteins, we calculated the concentrations of colicins

separated from immunity proteins by multiplying the mass fraction of

colicins (Table S1) by the mass concentrations of proteins and then

converting to molar concentrations (Table 2).

2.6 | Biofilm cell killing assays with cell-free
synthesized colicins

Biofilm formation assays were conducted according to a previously

described method19 with modifications. Briefly, overnight cultures

were adjusted to an OD600 nm of 0.01 (approximately

5 � 106 CFU/ml) with LB medium, and then 1.5 ml of adjusted culture

was added to polypropylene culture tubes (Falcon PN352006, Corn-

ing). For dual- and multispecies biofilm formation, equal numbers of

cells (approximately 5 � 106 CFU/ml) from two or more bacterial

strains grown overnight were inoculated into 1.5 ml of LB medium in

polypropylene culture tubes (Falcon PN352006, Corning). After incu-

bation at 37�C for 24 h without shaking, a cell-free product

(no plasmid control or colicins) was added to the culture tubes and

incubated at 37�C for various time intervals. Then, the planktonic cul-

tures were discarded and the culture tubes containing biofilm were

rinsed three times with 3 ml of 0.85% NaCl solution. Biofilm cells

were carefully collected with cotton swabs24 and resuspended in 3 ml

of 0.85% NaCl solution by vortexing for 30 s. Biofilm cells were seri-

ally diluted (101–106 dilution), and 10 μl was applied on LB agar plates

and incubated at 37�C.

2.7 | Plasmid construction

All primers used for cloning are listed in Table S2. Plasmids con-

taining genes encoding colicins E1, E2, or E3 with corresponding

TABLE 2 Total and soluble colicin concentration. Total and
soluble yields of cell-free synthesized colicins, quantified with
radioactive 14C-Leu scintillation counting

Colicin Total protein (nM) Soluble protein (nM)

E1 1550 ± 30 1420 ± 70

E2 4200 ± 70 3900 ± 300

E3 1090 ± 90 810 ± 70
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immunity protein genes were constructed with pJL1-plasmid as the

backbone. E1 and its immunity genes were amplified from pKSJ331

plasmids with E1-F. E1imm-R primers, E2, and its immunity genes

were amplified from the K964 strain with E2-F and E2imm-R

primers. E3 and its immunity genes were amplified from the

pKSJ167 plasmid with E3-F and E3imm-R primers. The amplified

fragments were inserted into a pJL1-backbone via the NdeI and SalI

restriction sites. The resulting plasmids were pJL1-E1, pJL1-E2, and

pJL1-E3. The plasmid pBAD-E2 (circuit A in Figure 3A) contains col

and imm under the control of the L-arabinose inducible araBAD

promoter. To construct this plasmid (circuit A), we amplified col and

imm from pJL1-E2 with NdeI-F and HindIII-R primers. The PCR

fragment was cloned into the pBAD vector via the NdeI and HindIII

restriction sites by replacing gfp in the pBAD-gfp plasmid. The plas-

mid pBAD-E2+lys (circuit B in Figure 3A) contains col and imm

under the control of an L-arabinose-inducible araBAD promoter,

tetR under the control of a constitutive proB promoter, and lys

under the control of an anhydrotetracycline-inducible tet promoter.

This plasmid was constructed with a gBlock DNA fragment

(Table S2) containing tetR and lys with corresponding RBS and pro-

moters, synthesized by Integrated DNA Technology, and amplified

with lys-F and tetR-R primers. The PCR fragment was cloned into

pBAD-E2 via the SalI and HindIII restriction sites after imm. The

plasmid pBAD-empty was constructed by removal of the gfp

sequence from the plasmid pBAD-gfp via inverse PCR with pBAD-

empty-F and pBAD-empty-R primers. Both ends of the PCR frag-

ment were digested with the HindIII restriction enzyme and ligated

to form pBAD-empty.

2.8 | Arabinose optimization

Overnight cultures of EcN/pBAD-gfp and DH5α/pBAD-gfp were

reinoculated in LB medium and grown to early exponential phase

(OD600 nm � 0.3). Various L-arabinose concentrations (0.02%, 0.1%, or

0.5%) were added for 4 h at 37�C and 220 rpm to induce green fluo-

rescent protein (GFP) fluorescence. GFP production was quantified by

fluorescence (in arbitrary units: a.u.) measured with a Synergy HTX

plate reader with excitation at 485 nm and emission at 528 nm, and a

cutoff at 510 nm, in 96-well half-area black plates (Costar 3694; Corn-

ing Incorporated).

2.9 | Cell growth measurement

Overnight cultures of EcN/pBAD-E2+lys were adjusted to OD600 nm

0.3 with fresh LB medium supplemented with chloramphenicol, and

then 200 μl of cell suspension was added to 96-well plates. After the

addition of various concentrations of anhydrotetracycline (4, 20,

100, or 500 nM), cell growth was measured at OD600 nm every 20 min

at 37�C on a Synergy HTX plate reader (Biotek) in fast shaking mode.

Each data point was obtained from three replicate wells with two

independent cultures.

2.10 | Inhibition zone assays

Inhibition zones formed by colicin activity were measured with a previ-

ously reported method with modifications.25 Briefly, 5 � 106 CFU/ml of

K361 cells in 10 ml of precooled (44�C) 1% LB agar solution was poured

into 100-mm diameter Petri dishes. After the plates fully solidified, cell-

free produced colicins or cell-free supernatants containing colicins (5 μl

each) were deposited on the plate and incubated at 37�C for 24 h.

2.11 | Biofilm cell killing assays with colicin-
producing EcN

For biofilm formation with genetic circuits, various concentrations of

EcN (5 � 103, 5 � 104, 5 � 105, and 5 � 106 CFU/ml) were mixed

with K361 (5 � 106 CFU/ml) (i.e., 0.001, 0.01, 0.1, and 1 ratios of

engineered EcN to K361 cells) into 1.5 ml of LB medium sup-

plemented with antibiotics in polypropylene culture tubes (Falcon

PN352006, Corning). After incubation at 37�C for 8 h without shak-

ing, 0.1% L-arabinose or 500 nM of anhydrotetracycline was added to

the culture to induce colicin production, and the cultures were incu-

bated at 37�C for an additional 16 h. The planktonic cultures were

then discarded, and the culture tubes containing biofilms were rinsed

three times with 3 ml of 0.85% NaCl solution. Biofilm cells were care-

fully collected with a cotton swab24 and resuspended in 3 ml of

0.85% NaCl solution via vortexing for 30 s. Cells were diluted serially

(101–106 dilution), and 10 μl was applied on LB agar plates with differ-

ent antibiotic markers, then incubated at 37�C.

2.12 | Preformed biofilm cell killing assays with
colicin-producing EcN

Preformed K361 biofilms were killed through three different

approaches. First, overnight cultures of K361/pBAD-gfp were

adjusted to an OD600 nm of 0.01 (approximately 5 � 106 CFU/ml) with

LB medium supplemented with chloramphenicol, and then 1.5 ml of

adjusted culture was added to polypropylene culture tubes (Falcon

PN352006, Corning) and incubated at 37�C for 24 h without shaking.

The planktonic cultures were then discarded, and the culture tubes

containing biofilms were rinsed three times with 3 ml of 0.85% NaCl

solution. Then 5 � 107 CFU/ml of exponential phase EcN/pBAD-E2

+lys (circuit B) or EcN/pBAD-gfp (control) was added into preformed

K361 biofilm culture tubes with 0.1% L-arabinose and 500 nM

anhydrotetracycline to induce colicin production and cell lysis, respec-

tively. The cells were incubated for 1, 4, 8, or 24 h. K361 biofilms

were formed after incubation for 24, 48, or 72 h. Exponential phase

EcN/pBAD-E2+lys (circuit B) or EcN/pBAD-gfp (control)

(5 � 107 CFU/ml) was added into preformed K361 biofilm culture

tubes with 0.1% L-arabinose and 500 nM anhydrotetracycline, and

incubated for 4 h. Finally, engineered EcN with circuit B (5 � 105,

5 � 106, or 5 � 107 CFU/ml) was added to the 24 h-preformed K361

biofilms and incubated for 2 h with or without 0.1% L-arabinose to

4 of 11 JIN ET AL.



induce colicin production and to allow engineered EcN to attach to

the surface. The cultures were then incubated an additional 2 h with

or without 500 nM of anhydrotetracycline to induce colicin secretion

via cell lysis. Additionally, planktonic cells after detachment for 4 h

were quantified to determine the number of viable cells.

2.13 | Confocal microscopy analysis of biofilm
inhibition and detachment

To observe biofilm inhibition, we cultured K361/pBAD-gfp and EcN

engineered cells with pBAD-empty (control), pBAD-E2 (circuit A), and

pBAD-E2-lys (circuit B) in LB medium with 0.1% ampicillin to retain

the pBAD-based plasmids. Overnight K361/pBAD-gfp cultures were

diluted to an OD at 600 nm of 0.01 and mixed with the EcN

engineered cells in different ratios (0.001 and 1) in LB medium. Subse-

quently, 200 μl of the mixture was transferred to each well of a 96 well

plate (Costar 3370, Corning) and incubated for 8 h at 37�C. Then,

0.1% L-arabinose and 500 nM of anhydrotetracycline were added,

and the cells were incubated for an additional 16 h. To observe bio-

film detachment, we diluted overnight K361 cultures to an OD at

600 nm of 0.01 with LB medium, transferred them to a 96-well plate,

and incubated them for 24 h at 37�C. After removal of planktonic

cells, EcN engineered cells in LB medium with 0.1% L-arabinose and

500 nM of anhydrotetracycline were introduced to the K361 biofilms

in the 96-well plate, and then incubated an additional 4 h at 37�C.

Planktonic cultures were removed by careful rinsing of the biofilms

three times with 0.85% NaCl solution. GFP images were collected

with a Nikon A1 confocal microscope (Nikon, Japan), and 3D biofilm

images were constructed in NIS-Element AR software (Nikon, Japan).

Six different biofilm locations were randomly examined, and one rep-

resentative image per each condition was chosen.

3 | RESULTS AND DISCUSSION

3.1 | Cell-free produced colicin E1, E2, and E3 kill
biofilm cells

Our previous study has shown that cell-free-produced colicin E1 and E2

effectively kill metabolically dormant persister cells.6 Because persister

cells are enriched in biofilms26 and colicins kill persister cells,6 we rea-

soned that colicins with growth-independent killing activity might be used

to eradicate biofilm cells. We first produced colicins E1, E2, and E3

through CFPS with E. coli BL21 Star (DE3) extract. Colicins and immunity

proteins were produced together to maintain activity during the produc-

tion stage, because we have found that E3 immunity is required to main-

tain colicin E3 activity.7 Colicins were successfully produced, on the basis

of the observation of their expected protein sizes (E1 at 57.2 kDa, E2 at

61.6 kDa, and E3 58.0 at kDa) on 14C-Leu autoradiogram gels (Figure S1).

The concentrations of soluble E1, E2, and E3 in completed CFPS reac-

tions were determined by radioactive 14C-Leu scintillation counting to be

1420, 3900, and 810 nM (Table 2), respectively.

Next, we exposed biofilms formed by a colicin-sensitive E. coli

K361 strain to cell-free synthesized colicins. Specifically, a K361 bio-

film was formed at 37�C for 24 h and was then exposed to 3.5 nM

of E1, E2, and E3 colicins for 8 h (Figure 1). We monitored biofilm

cell survival after colicin treatment at the 5 min, 1, 4, and 8 h time

points. In a control experiment, we observed that biofilm levels in

the absence of colicin treatment remained stable over time (approxi-

mately 5 � 107 CFU/cm2). Colicins E1, E2, and E3 killed biofilm cells,

thus resulting in a 3-, 2-, and 1-log reduction, respectively, at 5 min.

The biofilms treated with E1 and E3 colicins maintained approxi-

mately similar levels of surviving cells between the 5 min and >8-h

time points. However, colicin E2 continued to kill the biofilm cells

until 4 h, eventually resulting in a nearly 5-log reduction in surviving

cells (Figure 1). Immediate biofilm cell-killing was expected, on the

basis of our previously reported observation of an approximately

6-log reduction of planktonic cells after just 3 min of colicin treat-

ment.6 These findings suggested that rapid and substantial biofilm

cell killing was achieved by colicin treatment, especially with colicin

E2. These results are quite promising, given the robust nature of the

biofilm matrix.

3.2 | Colicins kill target E. coli biofilm cells without
affecting other bacterial populations in multispecies
biofilms

Whereas most biofilm studies have focused on single-species biofilms,

various microorganisms exist as multispecies consortia in nature.27

Some microorganisms are beneficial or commensal to the human host,

whereas others are deleterious and cause diseases. Colicins recognize

specific receptors on target cells during killing5 and thus have the

potential to be used as target-specific antimicrobial agents. Hence, we

investigated dual-species biofilm formation with cell-free produced

colicins to measure target-specific cell-killing by colicins in the pres-

ence of other bacterial species in biofilms.

E. coli K361 and the probiotic strain L. lactis ATCC 11454 were

cocultured to form biofilms in LB medium at 37�C for 24 h. Then, cell-

free produced colicins E1, E2, and E3 at a final concentration of 3.5 nM

were added into the culture tubes, where biofilms were formed and

incubated for an additional 1 h. The biofilm levels of L. lactis were not

affected by maintaining approximately 5 � 105 CFU/cm2 cell survival,

regardless of colicin treatment (Figure 2A). However, all colicins effec-

tively killed E. coli K361 biofilm cells, with a 5-log reduction in the pres-

ence of E2 colicin compared with the untreated control (Figure 2A).

Next, we extended our investigation by examining multispecies biofilms

including more bacterial species. We cocultured E. coli K361 with a

commercially available probiotic mixture (VSL#3) containing eight probi-

otic species to form biofilms in LB medium at 37�C for 24 h. We then

incubated the cells for an additional 1 h with cell-free colicin. The level

of probiotic mixture biofilms was not affected by colicin treatment.

However, the K361 biofilm cells were killed (Figure 2B). These results

suggested that colicins selectively kill target cells in multispecies biofilms

without affecting other bacterial populations.
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3.3 | Engineered E. coli with colicin-producing
capability kills target biofilm cells during dual-species
biofilm formation

Whereas colicins kill persisters6 and biofilm cells (Figure 1A) in a

rapid and target-specific manner, external colicin delivery to biofilms

might still limit the ability to kill biofilm cells. We hypothesized that

using microorganisms with colicin-producing capability would

address such challenges because these engineered cells can inte-

grate into multispecies biofilms and produce colicins within the bio-

film to effectively kill target species. To this end, we constructed a

colicin-producing genetic circuit for the controlled production of E2

colicin after induction by L-arabinose (circuit A, Figure 3A). The

immunity protein was required to protect the host strain while pro-

ducing the colicin. We then integrated circuit A into a laboratory

strain (E. coli DH5α) and a probiotic strain (EcN) that has been used

to treat inflammatory bowel diseases,28 cancer detection,29 and gut

mucosal healing.30 We determined that 0.1% L-arabinose was opti-

mal for inducing protein production with a GFP reporter in both

strains (Figure S2A). On the basis of the inhibition zones formed by

cell lysates, we determined that active E2 colicin production

increased in both DH5α and EcN cells after induction (intracellular,

Figure 3B). However, studies with intact cells showed that although

colicin E2 remained in the DH5α host, some of the produced colicin

was released from the EcN host strain, thus forming a small inhibi-

tion zone (extracellular, Figure 3B). The release of colicin from EcN

without cell lysis implied that EcN can secrete proteins outside cells.

This hypothesis is additionally supported by our previous finding

that EcN can secrete the DegP protein, thereby inhibiting pathogenic

E. coli biofilm formation.19 Therefore, we chose EcN as a host for

colicin production and secretion.

We performed a dual-species biofilm experiment with engineered

EcN producing colicin E2 (EcN/circuit A) and a K361 indicator strain

with different ratios of initial seeding populations: 0.001, 0.01, 0.1,

and 1 ratios of engineered EcN to K361 (Figure 3C). The K361

populations in biofilms containing EcN cells engineered to produce

colicin E2 were more than 1000-fold lower than those in the control

biofilms with EcN cells that did not produce E2. Increasing the initial

concentration of EcN/circuit A cells further decreased the K361 bio-

film levels, so that no viable K361 cells were detected in biofilms

when equal numbers of EcN/circuit A and K361 cells were introduced

(Figure 3C). These results suggest that the generation of active coli-

cins from engineered microorganisms in biofilms may completely kill

target biofilm cells, which is difficult to achieve using the external coli-

cin addition approach.

F IGURE 1 Biofilm cell killing with cell-free produced colicins.
Time-course of killing of Escherichia coli K361 biofilm cells with the
addition of cell-free produced colicins E1, E2, and E3. Overnight K361
cultures were adjusted to an OD600 nm of 0.01 (approximately
5 � 106 CFU/ml) in LB medium, incubated at 37�C for 24 h to form
biofilms, and exposed to each cell-free produced colicin (3.5 nM) for
5 min, 1 h, 4 h, and 8 h at 37�C. Viable biofilm cells are quantified in
colony-forming units per area (CFU/cm2). Error bars indicate the
standard deviation from two independent cultures with three
replicates

F IGURE 2 Dual- and multispecies biofilms of Escherichia coli
K361 and probiotics with cell-free produced colicins. (A) Lactococcus
lactis (5 � 106 CFU/ml) and (B) probiotic mixture VSL#3
(5 � 106 CFU/ml) were seeded together with the K361 strain
(5 � 106 CFU/ml) to form dual-species biofilms in polypropylene
culture tubes in LB medium at 37�C for 24 h. The biofilms were
treated with cell-free produced colicins (3.5 nM) for 1 h. Viable
biofilm cells are quantified in colony-forming units per area
(CFU/cm2). Error bars indicate the standard deviation from two
independent cultures with three replicates
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However, the killing of K361 biofilm cells was not efficient when

the EcN/circuit A population was low (Figure 3C). This finding might

be explained by the limited protein secretion capability of EcN with-

out controlled lysis (Figure 3B). To achieve better control of colicin

secretion, we added cell lysis machinery to EcN by integrating the E7

lysis gene31 into the colicin-producing genetic circuit (circuit B,

Figure 3A). The new circuit was expected to lyse the host cells after

anhydrotetracycline induction, thus enhancing colicin secretion. We

determined that 500 nM of anhydrotetracycline was required to

lyse the host cells in a growth experiment with various concentra-

tions of anhydrotetracycline (Figure S2B). The expression of the

lysis gene increased colicin secretion, and the enhanced secretion of

colicins from engineered EcN with circuit B was confirmed by the

appearance of larger inhibition zones with the extracellular superna-

tants obtained from the EcN/circuit B culture with the addition of L-

arabinose and anhydrotetracycline (Figure 3B). The controlled lysis

and colicin production in EcN/circuit B cells resulted in a dramatic

inhibition of K361 in biofilms containing both cell types (Figure 3C).

With initial seeding at a 0.001 ratio of EcN/circuit B cells to K361

cells, the K361 levels were five orders of magnitude lower than the

no-colicin EcN control. When EcN/circuit B cells were seeded in

ratios of 0.01, 0.1, or 1 with respect to the initial K361 population,

we did not observe any viable K361 biofilm cells. The inhibition of

K361 biofilms by the engineered EcN cells was confirmed by

F IGURE 3 Design and validation of
colicin-producing genetic circuits.
(A) Genetic circuit for colicin E2 and its
immunity gene expression controlled by
L-arabinose (circuit A). Improved genetic
circuit with the addition of E7 lysis gene
expression induced by
anhydrotetracycline; tetR gene was
added to circuit A (or circuit B). (B) For

circuit A, colicin E2 was produced with
0.1% L-arabinose (ara) induction and
secretion. For circuit B, colicin E2 was
produced with 0.1% ara, and lysis protein
was produced with 500 nM of
anhydrotetracycline (aTc). K361
inhibition zones were formed at 37�C for
24 h with cell-free supernatants
containing colicin E2, with sonication
(intracellular) and without sonication
(extracellular). The scale bar indicates
0.5 cm. (C) Dual-species biofilm
formation of engineered EcN with circuit
A (pBAD-E2), circuit B (pBAD-E2+lys), or
control (pBAD-gfp) with K361 indicator
cells in various proportions (0.001, 0.01,
0.1, and 1 ratios of EcN to the K361
population) at seeding. Biofilms were
formed at 37�C for 8 h and incubated for
an additional 16 h with 0.1% ara or
500 nM of aTc. Viable biofilm cells are
quantified in colony-forming units per
area (CFU/cm2). Error bars indicate the
standard deviation from two
independent cultures with three
replicates. (D) K361 biofilm images under
the same conditions as in (C). The scale
bar indicates 200 μm
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confocal microscopy (Figure 3D). These findings suggest that con-

trolled release of colicin outside cells is essential to inhibit target

biofilm formation.

Together, these genetic circuit results suggest that the production

of colicin for killing target cells, immunity protein for protecting the

host, and lysis protein for colicin secretion can be synchronized to

optimize the activity of engineered microorganisms to yield maximum

target biofilm cell killing.

3.4 | Engineered EcN secreting colicin E2 kills
preformed biofilms

Although killing biofilm cells during formation is helpful for prevention,

the eradication of preformed biofilms is important from a therapeutic

standpoint. To investigate whether engineered EcN producing colicin E2

might kill preformed biofilm cells, we applied EcN/circuit B cells to pref-

ormed K361 biofilms. When we exposed the K361 biofilms to

EcN/circuit B for 1 h, K361 biofilm cells decreased by only 1-log, as

compared with the control that did not produce colicin (Figure 4A). This

result suggests that more time is needed to induce colicin production

and secretion to enhance biofilm cell-killing. When we increased the

treatment time to 4, 8, or 24 h, we observed complete killing of K361

preformed biofilm cells (Figure 4A), thus indicating that existing biofilm

cells can be deactivated by the addition and induction of engineered

microorganisms that can also form biofilms and secrete antimicrobial

proteins. Next, we investigated whether engineered EcN might kill aged

K361 biofilms. We formed K361 biofilms for 24, 48, or 72 h and

exposed them to engineered EcN/circuit B for an additional 4 h to

induce the release of colicin E2 (Figure 4B). Regardless of biofilm age, all

K361 biofilm cells were killed by the colicin-producing engineered EcN.

We also observed that the preformed biofilm cells were decreased after

introduction of the EcN/circuit B cells that produced and secreted coli-

cin E2 (Figure 4C), thus indicating that the cell killing by colicin E2

induces detachment of the target biofilm cells. Biofilms contain elevated

levels of persister cells that are not susceptible to conventional antibi-

otics. Our results in Figure 4B corroborated those of our previous report

where colicins killed target cells and nongrowing persister cells in a

growth-independent manner.6

Finally, we investigated whether the destruction of preformed

K361 biofilms might be precisely controlled by separate induction of

the production and release of colicin E2 with various seeding

populations of EcN/circuit B (Figure 5). Without the induction of colicin

production and secretion, K361 biofilm cells were scarcely killed in all

three EcN/circuit B seeding populations. Colicin production through the

addition of L-arabinose increased K361 biofilm cell killing by four orders

of magnitude with a low seeding population (5 � 105 CFU/ml) of

engineered EcN, thus resulting in complete K361 biofilm cell killing by

increasing the engineered EcN seeding populations. With both produc-

tion and lysis-assisted release of colicin E2 (by the addition of L-

arabinose and anhydrotetracycline), no viable K361 biofilm cells were

detected with all three conditions of EcN seeding populations

(Figure 5). In addition, the detached K361 cells from the biofilms were

completely killed by the induction of colicin E2 production and secre-

tion from the EcN/circuit B cells (Figure S3). These results suggest that

precise control of engineered EcN is possible by optimizing the produc-

tion and secretion of antimicrobial colicin in the host.

Eradicating bacterial biofilms is challenging because biofilm cells

often resist conventional antibiotics by becoming dormant or blocking

F IGURE 4 Preformed biofilm cell killing by engineered EcN.
(A) K361 biofilms were formed in polypropylene culture tubes in LB
medium supplemented with chloramphenicol at 37�C for 24 h.
Engineered EcN containing circuit B (5 � 107 CFU/ml) harvested in
exponential phase was added to the K361 biofilms with 0.1% L-
arabinose (ara) and 500 nM anhydrotetracycline (aTc) for 1, 4, 8, or
24 h. EcN containing pBAD-gfp was used as a control. (B) K361
biofilms were formed in polypropylene culture tubes in LB medium
supplemented with chloramphenicol at 37�C for 24, 48, or 72 h.
Engineered EcN containing circuit B (5 � 107 CFU/ml) harvested in
exponential phase was added into the K361 biofilms with 0.1% ara

and 500 nM aTc for 4 h. Viable biofilm cells are quantified in colony-
forming units per area (CFU/cm2). Error bars indicate the standard
deviation from two independent cultures with three replicates.
(C) K361 biofilm images after introduction of the engineered EcN for
4 h. The scale bar indicates 200 μm

8 of 11 JIN ET AL.



the mass transfer of externally introduced compounds into the bio-

film. In the present study, we used CFPS to demonstrate that colicins

can be used as antibiofilm agents to rapidly kill cells in biofilms

(Figure 1) containing metabolically dormant persister cells.3 We also

found that colicins selectively killed target biofilm cells without affect-

ing other biofilm populations (Figure 2). Utilizing the target-specificity

of antimicrobial proteins as a novel therapeutic agent is promising

because it allows commensal or beneficial microbial communities to

remain intact while deleterious populations are selectively eradicated.

To kill target cells, colicins must recognize them by binding and

parasitizing a small group of outer membrane proteins (e.g., BtuB, Cir,

FepA, and FhuA) that are normally used as nutrient transporters.32 E

colicins, including E2, use the vitamin B12 transporter BtuB as their

high-affinity primary receptor, are translocated from the outer mem-

brane to the periplasm and inner membrane via TolA, B, Q, R translo-

cation machinery, and subsequently kill the cells, depending on the

activity of the cytotoxicity domain. For example, E2 kills cells through

DNase activity in the cytoplasm.33 E. coli strains lacking BtuB are killed

much less efficiently by E colicins,32 thus indicating that receptor

binding of colicins is critical to killing target cells.

For a model system, we used the K361 strain to test target-

specific killing by colicins.6 This approach can be expanded to other

types of bacteriocins to eradicate pathogens. For example, pyocins

and aureocins can be used to rapidly and selectively kill nonhost

P. aeruginosa34 and Staphylococcus aureus35 in a similar manner to coli-

cins, as illustrated in the present study. Protein engineering to com-

bine domains of colicins with other bacteriocins may allow the

engineered colicins to kill pathogens36 other than E. coli. Thus, our

results demonstrate the promise of using colicins as next-generation

agents to inhibit pathogenic biofilms. After we identified E2 colicin as

a promising therapeutic candidate in cell-free conditions, we showed

that the controlled synthesis and the secretion of colicin E2 from

engineered EcN completely inhibited target biofilm formation and

killed cells in preformed biofilms (Figures 3–5). Because engineered

cells form biofilms together with target biofilm cells, colicin production

by engineered cells can bypass the mass-transfer requirement for

antimicrobial compounds to enter biofilms. However, delivering

inducer molecules to produce colicins in engineered biofilm cells

might not be practically viable. To address this challenge, the

engineered cells could be developed to recognize biofilm-specific sig-

nals such as quorum sensing (QS) molecules. For example,

P. aeruginosa cells produce and secrete autoinducers

(e.g., acylhomoserine lactone) as QS signals during biofilm formation.

QS-based genetic switches have been widely used in various stud-

ies37–39 for applications including the control of consortial biofilm40

and the prevention of P. aeruginosa biofilms in the gut.15 If the

engineered cells sense the autoinducers and trigger the production of

P. aeruginosa-specific toxins such as pyocin, the engineered cells can

kill P. aeruginosa biofilm cells without a need for external inducers.

Although EcN has some protein secretion capability,19 we suc-

cessfully developed a method to enhance the release of colicins from

this host strain by adding the E7 lysis gene to our genetic circuits

(Figure 3). Using this method, we were able to control colicin produc-

tion and secretion to achieve complete disruption of preexisting bio-

films (Figures 4 and 5). Producing and secreting therapeutic

compounds from the engineered host have an additional benefit in

that therapeutic molecules can be generated continually or inducibly

while cells are growing, thus potentially eliminating the requirement

F IGURE 5 Preformed biofilm cell killing by various concentrations of engineered EcN. K361 biofilms were formed in polypropylene culture
tubes in LB medium supplemented with antibiotics at 37�C for 24 h. Various concentrations of engineered EcN with circuit B (5 � 105, 5 � 106,
and 5 � 107 CFU/ml) were added into the K361 biofilms and incubated with or without 0.1% L-arabinose (ara) to induce colicin production at
37�C for 2 h. The cultures were then incubated an additional 2 h with or without 500 nM of anhydrotetracycline (aTc) to induce colicin secretion.
Viable biofilm cells are quantified in colony-forming units per area (CFU/cm2). Error bars indicate the standard deviation from two independent
cultures with three replicates
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for repetitive dosing of antimicrobials to treat biofilms associated with

diseases. Beyond biofilm killing and therapeutic applications, our

target-specific approach to rapid cell killing could be used to help

solve the challenging problem of controlling populations of mixed spe-

cies in biomanufacturing by using microbial consortia.41,42 Genetic cir-

cuits might potentially be used to control colicin synthesis and

secretion, similarly to the circuits developed here to control subpopu-

lations within synthetic bacterial consortia or to trigger a change in

consortium makeup by removing certain cells from the population at

desired times, thus improving the maximal titer of the end-product

and the metabolic stability.

This study demonstrates that colicins may serve as a promising

antimicrobial approach to eradicate target biofilms rapidly and selec-

tively in multispecies biofilms. We also found that engineering micro-

organisms as antimicrobial protein producers may be a promising live

therapeutic candidate to treat biofilm-associated infections. In the

future, we expect that increasing the utilization and complexity of

synthetic genetic circuits will enable the development of beneficial

microorganisms with diverse and novel functions for various biofilm-

control applications.
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