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Inhibition of Biofilm Formation by T7 Bacteriophages Producing

Quorum-Quenching Enzymes
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Bacterial growth in biofilms is the major cause of recalcitrant biofouling in industrial processes and of persistent infections in
clinical settings. The use of bacteriophage treatment to lyse bacteria in biofilms has attracted growing interest. In particular,
many natural or engineered phages produce depolymerases to degrade polysaccharides in the biofilm matrix and allow access to
host bacteria. However, the phage-produced depolymerases are highly specific for only the host-derived polysaccharides and
may have limited effects on natural multispecies biofilms. In this study, an engineered T7 bacteriophage was constructed to en-
code a lactonase enzyme with broad-range activity for quenching of quorum sensing, a form of bacterial cell-cell communication
via small chemical molecules (acyl homoserine lactones [AHLs]) that is necessary for biofilm formation. Our results demon-
strated that the engineered T7 phage expressed the AiiA lactonase to effectively degrade AHLs from many bacteria. Addition of
the engineered T7 phage to mixed-species biofilms containing Pseudomonas aeruginosa and Escherichia coli resulted in inhibi-
tion of biofilm formation. Such quorum-quenching phages that can lyse host bacteria and express quorum-quenching enzymes
to affect diverse bacteria in biofilm communities may become novel antifouling and antibiofilm agents in industrial and clinical

settings.

acteria in natural and industrial environments mostly grow as

biofilms attached to surfaces or associated with interfaces,
where bacterial cells are encased in a self-produced extracellular
matrix known as extracellular polymeric substances (EPS), com-
posed of polysaccharides, DNA, proteins, and lipids (1). EPS in
biofilms provide a local environment that protects the bacterial
cells against harm from antibiotics and other antimicrobial treat-
ments. This enables bacteria within biofilms to be the cause of
persistent infections of live tissues and contaminations of medical
device surfaces (2). This also enables biofilm growth to be the
main cause of recalcitrant biofouling in industrial settings, which
affects the normal functioning of pipes, food-processing equip-
ment, membrane filters, and condenser tubes of electric power
stations (3).

Interactions of bacteriophages and bacteria in biofilms have
attracted growing interest in recent years, as part of the “renais-
sance” of phage research in the Western world during the last
decade (4, 5). Phages are capable of lysing host bacteria in exper-
imental single- and mixed-species bacterial biofilms (6, 7). Phages
have been explored as antibiofilm agents in diverse industrial and
clinical settings, including phage therapy (4), biofilm-infected
medical devices (8—11), and filtration membranes (12). In many
biofilm systems, however, EPS still pose a challenge, limiting the
bactericidal effect of phages (13, 14). One strategy adopted by
phages during the phage-bacterium evolutionary arms race (15) is
the production of polysaccharide depolymerases to degrade EPS
and allow phages to access encased bacterial cells. Such phages
expressing free or phage-bound polysaccharide depolymerases
show characteristic semitransparent halos around phage plaques
on the lawns of host bacteria on solid culture media (5, 16). To
mimic the natural process, T7 phage, which does not contain
polysaccharide depolymerase genes, was genetically engineered to
incorporate the polysaccharide depolymerase gene dspB, originat-
ing from Actinobacillus actinomycetemcomitans, under the control
of the T7 ®10 promoter. Such an engineered phage reduced the
bacterial count in a single-species E. coli biofilm 100-fold more
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than the wild-type T7 phage did (17). However, the enzyme DspB
and other polysaccharide depolymerases, in general, have narrow
substrate specificities. Each enzyme at most degrades a few related
polysaccharides, which constitute a small proportion of the pool
of polysaccharides in natural multispecies biofilms. Thus, the an-
tibiofilm efficacy of these phages is limited (1, 18).

Despite this limitation, natural and engineered phages produc-
ing polysaccharide depolymerases have provided a paradigm of
biofilm control that inspired us to design an engineered phage
producing an enzyme with broad-range antibiofilm effects. Spe-
cifically, a gene encoding an enzyme that interferes with quorum
sensing among diverse bacteria was incorporated into the T7 ge-
nome. Quorum sensing is a general cell-cell communication
mechanism in the bacterial kingdom, occurring via small chemi-
cal molecules, termed autoinducers, as chemical “languages” to
coordinate bacterial population behaviors. One such population
behavior is biofilm formation (19, 20). In the model Gram-nega-
tive bacterium Pseudomonas aeruginosa, biofilm formation is me-
diated by the autoinducers acyl homoserine lactones (AHLs or
acyl HSLs). Interference with quorum sensing, i.e., quorum
quenching, via enzymes that degrade AHLs has been shown to
modulate biofilm formation. For example, AHL lactonases en-
coded by the aiiA genes of Bacillus spp. have broad-range speci-
ficity for cleaving the lactone rings of diverse AHLs (21), leading to
inhibition of formation of P. aeruginosa biofilms (22). The en-
zyme acylase from porcine kidneys, which cleaves acyl moieties of
AHLs, was reported to decrease EPS production and to mitigate
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biofilm formation and membrane biofouling in a membrane bio-
reactor inoculated with bacterial communities from activated
sludge of wastewater treatment plants (23, 24). In this paper, we
report that an engineered T7 phage incorporating the AHL lacto-
nase aiiA gene from Bacillus anthracis degraded AHLs from di-
verse bacteria and caused inhibition of biofilm formation in a
mixed-species biofilm composed of P. aeruginosa and Escherichia
coli. This enables the engineered quorum-quenching T7 phage to
be a promising antibiofilm agent.

MATERIALS AND METHODS

Bacterial strains. Escherichia coli strains BL21 and TG1(lacl::kan) were
kindly provided by Timothy K. Lu of the Massachusetts Institute of Tech-
nology. E. coli BL21(DE3) and P. aeruginosa PAO1 were provided by Tao
Wei and Robert Renthal, respectively, of the University of Texas at San
Antonio. E. coli MG1655 was provided by Thomas Wood of Pennsylvania
State University. Agrobacterium tumefaciens strain A136(pCF218)
(pCF372) and strain KYC6 were provided by R. J. McLean of Texas State
University. All bacterial strains were cultured at 37°C in Miller Luria-
Bertani (LB) broth (Thermo Fisher Scientific, Waltham, MA) or on agar
medium with no antibiotics added, except for Agrobacterium tumefaciens
A136(pCF218)(pCF372), which was grown with spectinomycin (50 pg/
ml) and tetracycline (4.5 pg/ml).

Construction of engineered phage. The engineered T7 phage was
generated by inserting the aiiA gene into the T7select415-1 phage display
vector (EMD Millipore, San Diego, CA), which contains a modified ge-
nome of the natural T7 phage, with deletion of a small portion of the
nonessential early genes and incorporation of the multiple-cloning site
(MCS) at the 3" end of the 10B gene. The cloning process was composed of
two stages. (i) The aiiA gene was first cloned into the Ndel and BamHI
sites of the pET-9a vector (EMD Millipore), downstream of the in-vector
T7 ®10 promoter. (ii) The T7 ®10 promoter-aiiA gene in the pET-9a
vector was subcloned into the EcoRI and NotI sites in the MCS of the
phage vector. During the subcloning process, stop codons in three frames
were inserted upstream of the 10 promoter.

The aiiA gene from Bacillus anthracis strain Ames in plasmid pBA01
(25), kindly provided by Ricky L. Ulrich of the U.S. Army Medical Re-
search Institute of Infectious Diseases, was amplified by PCR with the 1st
primer set (forward primer, 5'-atataatcCATATGatgacagtaaagaagctttatt
t-3" [the Ndel site is shown in uppercase italics, and the aiiA coding se-
quence is underlined]; and reverse primer, 5'-atatacGGA TCCctatatatattc
cgggaacactt-3" [the BamHI site is shown in uppercase italics, and the
coding sequence is underlined]), which appended Ndel and BamHI rec-
ognition sites to the 5" and 3’ ends (according to the coding strand),
respectively, of the PCR product. The PCR product was digested with
Ndel and BamHI and then ligated with the linearized product of the
pET-9a plasmid precut with the Ndel and BamHI restriction enzymes.
The ligated products were transformed into E. coli BL21(DE3) and
screened using restriction enzyme digestion and DNA sequencing. The
desired pET-9a-aiiA product contained the T7 ®10 promoter-aiiA cas-
sette, which, after being transformed into E. coli BL21(DE3) cells, can
express the AiiA enzyme in the presence of isopropyl-B-p-thiogalactopy-
ranoside (IPTG; 1 mM).

The pET-9a plasmid containing the T7 ®10 promoter-aiiA cassette
was used as the template for PCR amplification with the 2nd primer set
(forward primer, 5'-gTAAcTAAcgaaattaatacgactcactatagg-3" [stop
codons are shown in uppercase, and the @10 promoter sequence is un-
derlined], and reverse primer, 5'-atataaGCGGCCGCcaagcttctatatatattccg
ggaacactt-3' [the Notl site is shown in uppercase italics, and the aiiA
coding sequence is underlined]). The PCR product was then used as a
template for amplification with the 3rd primer set (forward primer, 5'-ta
ctcGAATTCtTAAgTAACTAAcgaaattaatacgactc-3"  [the EcoRI site is
shown in uppercase italics, stop codons are shown in uppercase, and the
T7 ®10 promoter sequence is underlined]; and reverse primer, 5'-atataa
GCGGCCGCcaagcttctatatatattccgggaacactt-3' [the Notl site is shown in
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uppercase italics, and the aiiA coding sequence is underlined]). The two
successive PCR amplification reactions generated a final PCR product
containing the following (5" — 3’ end): EcoRI site-stop codons-®10 pro-
moter-aiiA-NotI site. Though it is theoretically possible to obtain the final
PCR product by performing one amplification reaction directly with the
third set of primers, it is more advantageous to perform two successive
amplification reactions, with the amplified product of the first reaction
used as the template for the second reaction. The matches of the primers
to their respective templates in each of the two reactions were higher than
those for the one amplification reaction, thereby increasing the odds of
success. The product was cut with EcoRI and Notl, and the largest frag-
ment, termed fragment 1, was purified. The MCS of the T7select415-1
DNA was cut with EcoRI and NotI to produce 21.5-kb (termed fragment
2) and 15.8-kb (termed fragment 3) fragments, respectively. Fragments 2
and 3 were purified after agarose gel electrophoresis. A reaction for ligat-
ing fragments 1, 2, and 3 was set up, the product of which was packaged
into T7 phage particles by using T7select packaging extract (EMD Milli-
pore) according to the manufacturer’s instructions. The desired T7 phage
was screened by PCR as described previously (26). The phage genomic
DNA was verified using restriction digestion with Ndel and by DNA se-
quencing of the aiiA gene and the flanking sequences.

Phage lysate preparation and phage count determination. The
methods for preparation of the phage lysates and determination of the
phage counts in the lysates, expressed as numbers of PFU, were adapted
from previously described methods (27). Briefly, upon inoculation of
phage (100 .l phage lysate; about 1 X 10'° PFU/ml) into 100 ml E. coli
BL21 host culture (1:1 mixture of stationary-phase culture and LB me-
dium), the culture was rocked at 250 rpm for 3 to 4 h at 37°C to obtain
cleared lysates. The lysates were centrifuged at 3,200 X g for 20 min, and
the pellets, which contained unlysed bacterial cell debris, were discarded.
No treatment with chloroform was performed to avoid potential denatur-
ation of the AiiA enzyme in the T7aiiA lysates. The phage counts were
determined by overlaying a mixture of 5 ml 6% melted soft LB agar
(50°C), 250 wl T7 host E. coli BL21 overnight culture, and 100 .l phage
lysate (serially diluted with LB liquid medium) on top of 100-mm LB agar
plates. Typical phage counts of the freshly prepared phage lysates de-
scribed above were on the order of 10'° PFU/ml for both T7wt and T7aiiA.

Agrobacterium tumefaciens-based AHL bioassay. Both qualitative
and quantitative AHL bioassays were performed to evaluate the AHL
lactonase activity in the phage lysates. A. tumefaciens strain
A136(pCF218)(pCF372) is a genetically modified reporter strain devoid
of AHL synthesis genes and transformed with two plasmids: pCF218 and
pCF372. This enables strain A136 to respond to a broad range of AHLs,
with acyl side chains of different lengths and modifications (Cs- to C, -
HSLs and 3-0x0-C,- to 3-0x0-C, 3-HSLs) (28), by expressing the tral-lacZ
fusion gene under the control of the tra promoter (29). A. tumefaciens
strain KYC6, which produces 3-oxo-Cg-HSL, and P. aeruginosa PAO1,
which produces C,-HSL and 3-oxo-C,,-HSL, were used as AHL produc-
ers. The presence of the AHL degradation activity in the T7aiiA lysates was
evaluated in an AHL bioassay as described previously (30). Briefly, A.
tumefaciens A136 and an AHL producer were streaked as two parallel lines
about 1 cm apart on 100-mm LB agar plates with X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside). In such a setting, the AHL pro-
ducer colony releases AHL, which diffuses across the plate to the A136
colony, induces lacZ expression in the A136 colony, and causes the A136
colony to turn blue (30). In parallel settings, T7wt or T7aiiA lysates were
streaked between A136 and an AHL producer. The lysates were freshly
prepared by phage-induced lysis of E. coli BL21 and titrated to determine
the phage counts as described above. The phage counts in the lysates were
adjusted to the same PFU by dilution with LB. One hundred microliters of
each lysate was then carefully streaked between the two parallel lines of the
A136 AHL reporter and the AHL producer and air dried. The plates were
cultured at 37°C and observed after 24 h. To analyze the AiiA expression of
plasmid pET-9a-aiiA transformed into E. coli BL21(DE3), with the resul-
tant strain termed the E. coli-aiiA strain, the same procedure was per-
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formed, except that the E. coli-aiiA cells or the control E. coli cells were
streaked as a line between the two parallel lines of A136 and KYCé6.

Quantitative assay of the AHL activity in the T7aiiA lysates was per-
formed using the Miller B-galactosidase assay (31). A culture of A. tume-
faciens A136 and a culture of an AHL producer (either A. tumefaciens
KYC6 or P. aeruginosa PAO1) were mixed at the exponential growth stage,
ata 1:1 ratio. A 0.5-ml aliquot of the above mixture was added either to a
mixture of 0.4 ml of E. coli BL21 culture (optical density at 600 nm
[ODgg0] of 0.05 or 0.9) and 0.1 ml of 10>-PFU/ml phage lysate (T7wt or
T7aiiA) or to 0.5 ml LB medium (as the negative control). After 4 h of
incubation at room temperature to induce LacZ expression in A136, the
B-galactosidase activity assay was initiated by drawing 50- wl samples from
the reaction mixtures. Each sample was mixed with 50 wl Z buffer (60 mM
Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, 1 mM MgSO,, 2.8 wl/ml
B-mercaptoethanol) in microcentrifuge tubes. Five microliters of 0.1%
SDS and 10 pl chloroform were added to permeabilize the cells. After
incubation at room temperature for 2 min, 20 pl of 4-mg/ml 3-galacto-
sidase substrate (o-nitrophenyl-B-p-galactoside) was added and incu-
bated for 30 min. The reaction was stopped by adding 50 .l 1 M Na,COs,
and the amount of yellow coloration in the supernatant was determined
by measuring the OD,,,. In addition, the OD5,, and ODg5, were mea-
sured to eliminate interference of bacterial cells with the OD,,, value, and
the activity was calculated as described previously (31).

Chromobacterium violaceum-based AHL bioassay. An AHL bioas-
say based on violacein (a purple pigment) production by C. violaceum
strain 12472 was performed as described previously (30). C. violaceum
12472 produces C,- and C,-HSLs to self-elicit violacein expression (30).
P. aeruginosa PAO1 was used as the quorum-quenching positive control,
as the AHLs released by P. aeruginosa can act as inhibitors to interfere with
the effects of the structurally similar C,- and Cy-HSLs released by C.
violaceum (30). On day 1, P. aeruginosa was streaked at the center of LB
agar plates. On day 2, when each colony of P. aeruginosa was grown (and
AHLs were released), drops of 50°C melted LB soft agar (0.6% agar) were
carefully added to cover the colonies and protect them from being flushed
in the next step (soft agar overlay). Fifty microliters of a stationary-phase
culture of C. violaceum 12472 was mixed with 5 ml of melted LB soft agar
(0.3% agar), and the mixture was overlaid on the LB agar plates with P.
aeruginosa colonies. Also on day 2, in parallel settings, 100-pl aliquots of
freshly prepared T7wt or T7aiiA lysates were dripped on the center of
unused LB agar plates and dried, and the areas containing the lysates were
protected by adding drops of 50°C melted LB soft agar (0.6% agar) before
the mixture of C. violaceum and soft agar was overlaid on the plates. The
plates were cultured at 30°C and observed on day 3. Existence of a color-
less area around the P. aeruginosa colony or the area containing phage
lysates indicates the quorum-quenching activity that prevents violacein
production in C. violaceum 12472.

Biofilm formation assay. Overnight cultures of P. aeruginosa and E.
coli TG1 were diluted 1:100 in fresh LB medium, unless otherwise indi-
cated. The diluted cultures of P. aeruginosa and E. coli TG1 (25 pl each)
were mixed, and then E. coli BL21 (50 pl at an ODy, of 0.05, unless
otherwise noted), with or without phage (T7wt or T7aiiA; final concen-
tration, 10* PFU/ml), was added. The mixture was plated in the wells of
round-bottomed 96-well polyvinyl chloride (PVC) microtiter plates and
incubated without shaking at 37°C to allow biofilm formation. In cases
where single- or dual-species biofilms were studied, only the respective
species were added, while the rest of the above-described system was re-
placed with LB medium to make up the 100-p.l final volume in each well.
Staining of biofilms with crystal violet was performed as described previ-
ously (32). Briefly, the medium inside the wells of a 96-well microtiter
plate was dumped. The plate was washed three times with Milli-Q water
and air dried for 20 min. Subsequently, 125 w1 0.1% crystal violet solution
was added to the wells to stain the biofilms for 10 min. The stained wells
were washed three times with Milli-Q water and dried for 20 min before
125 pl 30% acetic acid was added to dissolve the stained crystal violet.
After incubation for 10 min, 100 pl of the solubilized crystal violet in each

5342 aem.asm.org

@10:promoter T® terminator

®10 promoter

oooooooooooon,
s>
$
S
S
$
$
S
S
$
$
$
S
$
$
$
S
s
S

T® terminator
I stop

FIG 1 Design of the engineered phage. The engineered phage T7aiiA was
generated by inserting the AHL lactonase gene aiiA, the upstream stop
codons, and the promoter into the MCS at the 3’ end of the 10B gene of
wild-type T7wt DNA.

well was transferred to a flat-bottomed 96-well microtiter plate, and the
0Dy, was measured using an Epoch microplate spectrometer (BioTek
Inc., Winooski, VT). All staining steps were performed at room temper-
ature.

Determination of phage counts and bacterial cell counts in the bio-
film system. The phage counts in the liquid medium and in the biofilms of
the wells of the microtiter plates were measured as described previously
(33). Samples (50 ) of the liquid medium in the wells at 8 h of biofilm
growth were collected for determination of phage counts. The leftover
medium was discarded. The wells were rinsed three times gently with 200
.l sterile phosphate-buffered saline (PBS), each followed by dumping out
the PBS. After adding 150 I PBS to each well, the plates were placed in a
Bransonic ultrasonic cleaner sonicator (model 3510; Branson Ultrasonic
Corporation, Danbury, CT) at room temperature for 10 min to dislodge
the bacteria and the phage residing in the biofilms into the PBS. For the
wells containing PBS with the suspended biofilm, samples (50 pl) were
collected and the phage counts determined immediately. The phage
counts in the samples of liquid medium and the samples from biofilms,
expressed as numbers of PFU, were determined as described above for the
phage counts in the phage lysates.

The bacterial cell counts in the biofilms were measured as described
previously (33). The bacterial cell counts in the liquid medium of the wells
were not determined, as the microtiter plates were incubated without
shaking during biofilm growth and most bacteria were not expected to be
detected in the liquid medium. From the wells containing the biofilm
suspended in PBS as described above, samples (50 pl) were collected and
immediately analyzed for bacterial cell counts. Briefly, after serial dilu-
tions, the bacterial cells in the samples were plated on LB agar plates and
incubated at 37°C. Bacterial cell counts, expressed as numbers of CFU,
were determined after 24 h by counting the bacterial colonies.

Statistical test. Statistical significance was determined by performing
one-way analysis of variance (ANOVA) with the Tukey-Kramer multiple-
comparison test, using the statistical software R, with P values of <0.05
indicating statistical significance.

RESULTS AND DISCUSSION

Construction of quorum-quenching bacteriophage. To explore
the antibiofilm potential of a phage producing a quorum-quench-
ing enzyme, the AHL lactonase gene aiiA from Bacillus anthracis
strain Ames (25) was inserted into the T7select415-1 phage vector.
A DNA fragment containing the stop codons, the T7 ®10 pro-
moter, and the coding sequence of aiiA, listed in order from the 5
to the 3’ end (the coding strand), was inserted into the MCS at the
3" end of the T7 10B capsid gene (Fig. 1). The stop codons were
used to terminate translation of the upstream gene (10B) near the
3’ end, and the T7 ®10 promoter was used to drive high-level
expression of the downstream gene (aiiA). Such a design enables
the expression of the free (as opposed to phage-bound) AiiA en-
zyme in the extracellular milieu upon phage-induced bacterial cell
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FIG 2 T7aiiA phage degrades AHLs produced by A. tumefaciens. An AHL
bioassay was performed on LB agar plates containing X-Gal as described in
Materials and Methods. A. tumefaciens A136 (AHL reporter) and KYC6 (AHL
producer) were streaked at the indicated positions, without phage (A) or with
the T7wt (B) or T7aiiA (C) phage. (D) A quantitative AHL bioassay was per-
formed in a liquid-based AHL bioassay system composed of A136 and KYC6,
without phages or with the T7wt or T7aiiA phage at various dosages (by alter-
ing the host E. coli BL21 dosage). Each bar shows the mean * standard devia-
tion (SD) (n = 3). Asterisks indicate statistical significance (P < 0.05).

lysis. The T7 DNA containing the aiiA gene was packaged to gen-
erate the T7aiiA phage. The T7select415-1 vector was used to pro-
duce the control, wild-type T7wt phage. The morphologies of the
phage plaques formed on a lawn of E. coli BL21 were indistin-
guishable between the T7wt and T7aiiA phages. The growth rates
of the T7wt and T7aiiA phages were indistinguishable, as the same
number of phages T7wt and T7aiiiA inoculated into the E. coli
BL21 culture resulted in similar PFU counts in the phage lysates.
AiiA activity in phage lysates. To determine whether the aiiA
gene was expressed upon phage lysis of the E. coli BL21 host, the
enzyme activity of AiiA in the phage lysates was measured in an
AHL bioassay, using Agrobacterium tumefaciens strain A136 as the
AHL reporter and strain KYC6 as an AHL producer (30). A136
and KYC6 were streaked as two lines on LB agar plates containing
X-Gal; after 24 h, A136 colonies turned blue as a result of induc-
tion of LacZ expression by the AHL from KYC6 (Fig. 2A). The
presence of the fresh T7wt lysate streaked between the KYC6 and
A136 lines did not change the blue color (Fig. 2B), while the pres-
ence of the T7aiiA lysate dramatically decreased the blue color
intensity (Fig. 2C), suggesting that the T7aiiA lysate contained
AiiA enzyme activity for degrading 3-oxo-Cg-HSL from KYCeé.
This result is consistent with the report that AiiA from B. anthracis
can effectively degrade AHLs with lengths of >7 carbons (25).
Also, inhibition of the blue coloration of A136 colonies by the
T7aiiA lysate persisted for atleast 48 h after the first observation of
inhibition. As AHLs were continuously being released from the
KYC6 colony at high cell density (29), such observations implied
that AiiA activity in the fresh lysates was stable. To quantify the
AHL degradation activity in the phage lysates, a 3-galactosidase
assay was performed (31). The T7wt phage lysate did not signifi-
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FIG 3 T7aiiA phage degrades AHLs released by P. aeruginosa. An agar plate-
based AHL activity bioassay was performed as described in Materials and
Methods. A136 and P. aeruginosa were streaked at the indicated positions,
without phages (A) or with the T7wt (B) or T7aiiA (C) phage. (D) A quanti-
tative AHL bioassay was performed in a liquid-based AHL bioassay system
composed of A136 and P. aeruginosa, without phages or with the T7wt or
T7aiiA phage at various dosages (by altering the host E. coli BL21 dosage). Each
bar shows the mean = SD (n = 3). Asterisks indicate statistically significant
differences (P < 0.05).

cantly inhibit AHL-induced B-galactosidase activity, while the
T7aiiA lysate obtained by lysing strain BL21 at an ODy,, of 0.05
exhibited a significant (18%) inhibition of the 3-galactosidase ac-
tivity, and that obtained by lysing BL21 at an ODy, of 0.9 exhib-
ited a stronger inhibition (65.7%) (Fig. 2D), consistent with the
results from the agar plate-based bioassay (Fig. 2A to C). These
results confirmed that the cloning procedure was successful and
that the quorum-quenching enzyme AiiA was expressed upon
phage-induced lysis of the E. coli BL21 host.

To demonstrate whether the T7aiiA lysate can degrade AHLs
released by other bacteria, P. aeruginosa PAO1 was used as the
AHL producer, in place of A. tumefaciens KYC6, in the same AHL
bioassay. P. aeruginosa PAO1 produces a different set of AHLs, i.e.,
C,- and 3-ox0-C,,-HSLs (19), among which C,-HSL cannot and
3-0x0-C,,-HSL can be recognized by A136 (28). Consistent with
such a report, it was observed that the A136 colony streaked next
to the P. aeruginosa colony turned blue in the plate-based AHL
bioassay (Fig. 3A). Similar to the results obtained using KYC6 as
the AHL producer, the phage T7aiiA lysate, but not the T7wt
lysate, inhibited P. aeruginosa AHL-elicited LacZ expression in
A136 (Fig. 3B and C), and this was also confirmed by a quantita-
tive B-galactosidase assay with two dosages of each phage (Fig.
3D). As mentioned above, only 3-0x0-C,,-HSL, not C,-HSL, was
responsible for inducing blue color formation in the A136 colony.
Likewise, 3-ox0-C,,-HSL, not C,-HSL, is degradable by the AiiA
enzyme from B. anthracis expressed in the T7aiiA lysate (25).
Thus, only 3-oxo0-C,,-HSL contributed to the results of this assay.

To further evaluate the scope of substrate specificity of AiiA, we
determined whether the T7aiiA lysate could degrade AHLs re-
leased by another AHL producer, Chromobacterium violaceum

aem.asm.org 5343


http://aem.asm.org

Pei and Lamas-Samanamud

®

FIG 4 T7aiiA phage does not degrade AHLSs released by C. violaceum. An AHL
bioassay based on violacein production in C. violaceum 12472 was performed.
(A) As a quorum-quenching positive control, P. aeruginosa PAO1, growing in
the center of the LB agar plate (arrow), released AHLs to prevent the violacein
production in C. violaceum. Phage T7wt (B) and T7aiiA (C) lysates were
smeared at the center of LB agar plates, as indicated by arrows. C. violaceum
cells in LB soft agar were overlaid on the preplated positive-control or phage
lysates to examine their quorum-quenching effects.

12472 (30). Chromobacterium violaceum 12472 produces C,- and
C4-HSLs to self-elicit the expression of the purple pigment viola-
cein. P. aeruginosa was used as a quorum-quenching control. LB
soft agar medium containing C. violaceum 12472 was overlaid on
the pregrown P. aeruginosa colony on an LB agar plate. As P.
aeruginosa released AHLs which inhibited binding of C,- and Cs-
HSLs from C. violaceum to their receptors (30), a colorless zone in
the vicinity of the P. aeruginosa colony within the purple back-
ground of the cocultured Chromobacterium violaceum 12472 was
observed after 24 h (Fig. 4A). The T7aiiA or T7wt phage lysate
smeared on the LB agar plate and then overlaid with C. violaceum
12472 cells did not cause the appearance of the colorless zone,
suggesting that AiiA in the T7aiiA lysate could not affect AHL-
induced violacein production in C. violaceum (Fig. 4B and C).
This is consistent with the substrate specificity of AiiA from B.
anthracis, which has no or weak activity toward C,- and C,-HSLs
(25), which are produced by C. violaceum (30). Taken together,
the results from the three AHL-producing bacterial species sug-
gested that the engineered phage T7aiiA can quench quorum sens-
ing of diverse bacteria (A. tumefaciens and P. aeruginosa), if not all
bacteria (C. violaceum), consistent with the substrate specificity of
AiiA used in this research.

Effects of quorum-quenching phage on formation of mixed-
and single-species biofilms. Upon confirming that the T7aiiA ly-
sate contained AiiA enzyme activity, mixed-species biofilms com-
posed of P. aeruginosa and E. coli were chosen for examination of
the antibiofilm effects of the T7aiiA phage, for the following rea-
sons. First, such a biofilm system mimics naturally occurring bio-
films composed of E. coli and P. aeruginosa growing together in
various settings, such as contaminated groundwater (34) and
catheter surfaces (35). Second, biofilms composed of E. coli and P.
aeruginosa have been examined to elucidate bacterium-phage
ecology (18), which provides a defined context for evaluating the
behavior of the engineered T7aiiA phage. Third, P. aeruginosa can
synthesize and respond to AHLs (36), while E. coli cannot synthe-
size AHLs (37) but can respond to AHLs released by other bacteria
(38). A biofilm system composed of P. aeruginosa and E. coli re-
flects the composition of many naturally occurring biofilms, con-
taining both AHL-producing and nonproducing bacterial species.
P. aeruginosa strain PAO1, which forms thick biofilms (39) and is
not a host of T7 phages, was chosen for this research. E. coli strain
TG1, which forms thick biofilms due to the presence of the con-
jugative F plasmid in TG1 (40) but is resistant to T7 phages due to
the presence of the same F plasmid (41), was also chosen. To
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demonstrate whether the T7aiiA phage affected the mixed-species
biofilm, the T7-susceptible E. coli strain BL21 was included as part
of the biofilm. The biofilm quantification results, based on crystal
violet staining of the EPS component of biofilms (32), indicated
that P. aeruginosa PAOL1, E. coli TG1, and E. coli BL21 caused
formation of a much thicker biofilm at 4 and 8 h postplating than
that formed by each individual bacterium (Fig. 5A). Among the
individual bacteria, P. aeruginosa strain PAO1 and E. coli TG1
each formed thicker biofilms than did E. coli BL21. Such results
suggested the existence of synergism among the biofilm-forming
bacteria, which mechanistically may include metabolic coopera-
tion, physical contact, and quorum sensing via autoinducers, such
as AHLs, based on previous research (42).

To demonstrate the effects of phages in the mixed-species bio-
film, T7wt or T7aiiA phage were added to the mixture of P. aerugi-
nosa PAO1, E. coli TG1, and E. coli BL21. Both the T7wt and
T7aiiA phages exhibited biofilm inhibition 4 and 8 h after plating.
The T7aiiA phage caused significant reductions of the biofilm, by
74.9% and 65.9%, with regard to the no-phage control at 4 and 8
h postplating, respectively. In comparison, the T7wt phage caused
reductions of only 23.8% and 31.7% at 4 and 8 h, respectively,
compared to the no-phage control (Fig. 5A). An increase of the
T7aiiA dosage by increasing the concentration of the host bacte-
rium E. coli BL21 during plating, from an ODy,, of 0.05 to 0.9,
caused a statistically significant increase of biofilm inhibition (Fig.
5B). We attribute the antibiofilm effect of the T7wt phage to the
phage-induced lysis of the E. coli BL21 component of the mixed-
species biofilm. The enhanced antibiofilm effects of T7aiiA in
comparison to T7wt (Fig. 5A) can be explained by the expression
of AiiA upon T7aiiA-induced lysis of E. coli BL21 cells. AiiA may
exert the antibiofilm action, likely through the following mecha-
nism. AiiA in the T7aiiA lysates can degrade the AHLs produced
by P. aeruginosa (Fig. 3), which leads to inhibition of P. aeruginosa
biofilm, as AHLs produced by P. aeruginosa mediate biofilm for-
mation (43). Among the two AHLs of P. aeruginosa, only 3-oxo-
C,,-HSL contributed to the results in Fig. 5, as it is the only AHL
regulating biofilm formation (19) and also the only one degrad-
able by AiiA (25). Note that phage were inoculated together with
the biofilm-forming bacteria in this and subsequent experiments
to study the effects of phage on biofilm formation. In the litera-
ture, such effects on biofilm formation have often been studied (9,
44), even though the effect on dispersion of established biofilms
(6, 17) should also be explored for the T7aiiA phage in a separate
study. The effects of the quorum-quenching phages on dual-spe-
cies biofilms composed of P. aeruginosa PAO1 and E. coli TG1
(i.e., no E. coli BL21 was added) were measured; both T7wt and
T7aiiA had no inhibitory effect on the dual-species biofilm (Fig.
5C). This is consistent with the fact that the T7 phages cannot
infect P. aeruginosa PAO1 and E. coli TG1. For single-species P.
aeruginosa biofilms, both T7wt and T7aiiA had no inhibitory ef-
fect (data not shown). In the single- and dual-species biofilm sys-
tems, no E. coli BL21 was present for phage T7aiiA to infect, and
thus no new AiiA was synthesized. Though fresh T7aiiA lysates
contained active AiiA capable of degrading AHLs from P. aerugi-
nosa in the reporter bioassay (Fig. 3), the phage dosage in the
biofilm systems was 1 X 10* PFU/ml, which is about 10°-fold
diluted relative to the fresh phage lysates, at about 1 X 10'° PFU/
ml, used in the reporter bioassay. Thus, the AiiA in the T7aiiA
lysate in the biofilm system was too diluted to be enzymatically
active and exert antibiofilm effects. Also, both T7wt and T7aiiA
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FIG 5 Effects of engineered phage on biofilms of mixed species of bacteria. (A)
P. aeruginosa and E. coli TG1 cultures were plated with or without phage T7wt
or T7aiiA in the presence of E. coli BL21 cells (ODg, = 0.05; 50 pl) in a 100-p.l
total volume in 96-well plates, and biofilm formation was quantified after 4 or
8 h of biofilm growth. (B) Altering the dosage of the T7wt and T7aiiA phages
via altering the E. coli BL21 host cell quantity affected biofilm formation at 8 h
postplating. (C) Effects of T7wt and T7aiiA phages on dual-species biofilms
composed of P. aeruginosa and E. coli TG1, plated with or without phage T7wt
or T7aiiA in 96-well microtiter plates. Each bar shows the mean * SD (n = 5).
Asterisks indicate statistical significance (P < 0.05).

had no effects on the single-species E. coli TG1 biofilm (data not
shown). E. coli TG1 can bind T7 phages; however, the infection is
arrested during phage DNA entry (41), leading to normal E. coli
TG1 biofilm formation in the presence of various T7 phages. As E.
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FIG 6 Effects of phage T7aiiA on single-species E. coli MG1655 biofilms.
Bacterial cultures (ODy,, = 0.05) were plated with or without phage T7wt or
T7aiiA in 96-well microtiter plates. Biofilm formation was quantified after 4 or
8 h. Each bar shows the mean *= SD (n = 5). Asterisks indicate statistical
significance (P < 0.05).

coli BL21 formed negligible single-species biofilms, the effects of
phages were not investigated.

The above-described bacteria in the single-species biofilms
were either T7 insensitive or unable to form thick biofilms. To
fully evaluate the antibiofilm properties of the T7aiiA phage, an E.
coli host sensitive to T7 infection and capable of forming thick
biofilms should be investigated. One potential target is E. coli
MG1655, which is T7 sensitive and has no F plasmid (45). It has
been reported that E. coli MG1655 forms weak (ODg, of <0.1,
using crystal violet staining) (46) to medium (ODy,, of >0.2)
biofilms (47). Our initial results demonstrated that E. coli
MG1655 biofilms in 96-well microtiter plates, obtained by plating
a 1:100-diluted overnight culture of E. coli MG1655 similarly to
the procedure for the biofilms described above, were weak (ODy,
of <0.1). However, upon increasing the plating density of E. coli
MG1655 to an ODg, of 0.05, maximal and significant amounts of
biofilm (ODg, of >0.2) were obtained, though still less than the
amount with E. coli TG1 (Fig. 5). Our results indicated that both
the T7aiiA and T7wt phages caused significant inhibition of bio-
film formation at 4 or 8 h postplating, and the inhibitory effects
were indistinguishable (Fig. 6). This is consistent with the report
that E. coli does not synthesize AHLs (37) for AiiA to degrade.

To verify whether inhibition of biofilm formation by phages is
accompanied by phage multiplication, the phage counts in the
mixed-species biofilms composed of P. aeruginosa, E. coli TG1,
and E. coli BL21 and in the liquid medium of the biofilm system
were measured. Specifically, phage counts in the biofilms were
determined after the biofilms in the wells were sonicated and sus-
pended in PBS, while phage counts in the liquid medium were
measured directly, as described in Materials and Methods. It was
found that at 8 h postplating, the PFU counts for T7wt and T7aiiA
in the liquid medium were, on average, 5.7 X 10° and 5.8 X 10°
PFU, respectively, while PFU counts for T7wt and T7aiiA in the
biofilm were 4.6 X 10> and 4.8 X 10° PFU, respectively. These
counts were several orders of magnitude greater than the initially
inoculated phage count of 1 X 10° PFU in each well (1 X 10*
PFU/ml in a 100-pl total volume) (Fig. 7A), suggesting that
phages indeed multiplied in the liquid medium and biofilms after
plating. To verify whether inhibition of biofilm formation by
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bacterial cell counts in the biofilms (B) were quantified. Each bar shows the
mean = SD (n = 5). Asterisks indicate statistical significance (P < 0.05).

phages is accompanied by bacterial cell death during biofilm for-
mation, the bacterial cell counts were determined. The cell count
of the E. coli BL21 culture with an ODg, of 0.05 inoculated in the
beginning was 2.9 X 107 = 1.7 X 107 CFU in each well. Since the
inoculated phage count was 1 X 10° PFU, the multiplicity of in-
fection (MOI) was ~1:2.9 X 10* The initially inoculated total
number of CFU for the mixture of P. aeruginosa PAO1, E. coli
TG1, and E. coli BL21 was 5.0 X 107 = 2.2 X 10”. At 8 h postplat-
ing, the total cell counts in the biofilms were determined after
sonicating the biofilms from the wells in PBS. At 8 h, the control
biofilm with no phage treatment reached an average cell count per
well of 8.5 X 10® CFU, while the T7wt- and T7aiiA-treated bio-
films had average cell counts of 4.1 X 107 and 1.2 X 10" CFU,
respectively (Fig. 7B). The bacterial counts of the biofilms without
phage were significantly higher than those of the biofilms with
phage, indicating that bacterial cells were lysed by the phages dur-
ing the course of biofilm formation. The bacterial cell count in the
biofilm treated with phage T7wt was significantly higher than that
with phage T7aiiA (Fig. 7B), which is consistent with the result
that a thicker biofilm (EPS stained by crystal violet) was formed
with T7wt treatment (Fig. 5). With the low MOI of 1:2.9 X 10%
excessive host E. coli BL21 cells not bound by phage were protected
by the biofilm. The thicker biofilm occurring with T7wt treatment
resulted in more protection of bacteria by EPS, more cell multi-
plication, and a larger total number of CFU.

Comparison of antibiofilm efficacies of T7aiiA phage and
bacteria expressing AiiA. It has been reported that free quorum-
quenching acylase enzymes added to a membrane filtration sys-
tem caused inhibition of biofilm formation and delay of mem-
brane clogging (23). As direct addition of an enzyme is costly and
unsustainable, an improvement was made to engineer bacteria to
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an ODyy, of 0.05 to an ODg, of 0.9; phage level of 10* PFU/ml). Each bar
shows the mean * SD (n = 5). Asterisks indicate statistical significance (P <
0.05).

express quorum-quenching enzymes, such as AiiA, as antibiofilm
agents (24). In light of the reports of antibiofilm effects of quo-
rum-quenching bacteria, one question concerns the relative effec-
tiveness of quorum-quenching phages versus quorum-quenching
bacteria. To address this question, aiiA from B. anthracis was
cloned into the pET-9a plasmid, which was transformed into E.
coli BL21(DE3) containing a NDE3 prophage harboring the T7
RNA polymerase gene that drives high-level expression of aiiA in
the presence of IPTG (termed the E. coli-aiiA strain). It is appro-
priate to evaluate the relative antibiofilm effects of the bacterium
versus the phage, as the same quorum-quenching gene (aiiA) was
used. Our results indicated that the E. coli-aiiA strain caused deg-
radation of AHLs in the AHL reporter bioassay, while the control
E. coli strain had no effect, suggesting that aiiA was expressed by E.
coli-aiiA cells (Fig. 8A to C). Consistent with the role of AiiA in
degrading AHLs, in the biofilm composed of P. aeruginosa and E.
coli TG1, the E. coli-aiiA strain added to the mixture (50 wl of
IPTG [1 mM]-containing medium with an ODy,, 0of 0.05 in a total
volume of 100 pl) caused a significant inhibition of biofilm for-
mation (37.2% and 32.0% inhibition with respect to the control
biofilm at 4 and 8 h postplating, respectively), whereas phage
T7aiiA (50 pl of IPTG [1 mM]-containing medium with an ODg,
0f0.05 [E. coli BL21] in a total volume of 100 pl) caused 75.0% and
65.9% inhibition at the same times. Increasing the concentration
of the E. coli-aiiA strain to an ODyg, of 0.9, however, slightly but
significantly decreased the antibiofilm effect of the E. coli-aiiA
strain, while increasing the dosage of phage T7aiiA significantly
enhanced its antibiofilm effect (Fig. 8D). Similar trends were also
identified for 4 h postplating (Fig. 8D). Overall, the results from
using the E. coli-aiiA strain suggested that engineered phage
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T7aiiA outperformed the engineered E. coli-aiiA bacterium. The
reason is likely that E. coli-aiiA cells directly participate in building
up the multispecies biofilm, which antagonizes the antibiofilm
effect of the expressed AiiA, while phage T7aiiA does not partici-
pate in building up the biofilm but lyses the bacterial cells (Fig. 7).
Antibiofilm potentials of quorum-quenching bacterio-
phages. As part of the resurrection of phage research in Western
countries to solve the problem of increases in antibiotic resistance
(4, 48), bacteriophages which lyse host bacteria have aroused in-
creasing interest for their potential application as antibiofilm
agents (4, 8—12). Also, quorum quenching has been investigated as
abiofilm control approach in many clinical (49, 50) and industrial
(23,24, 51) settings, due to the essential role of quorum sensing in
regulating biofilm formation. In our research, phage treatment
and quorum quenching were combined into a single entity, the
quorum-quenching phage. Our results indicated that such a
phage exerted a two-pronged effect of lysing the host bacteria in
biofilms (Fig. 7) and expressing the AiiA enzyme to disrupt quo-
rum sensing between bacteria (Fig. 2 and 3). As a result, compared
to the wild-type phage, the engineered T7aiiA phage exhibited an
increased antibiofilm effect in a mixed-species biofilm composed
of P. aeruginosa PAO1, E. coli TG1, and E. coli BL21 (Fig. 5). The
increased inhibition by T7aiiA was due to the expression of AiiA,
as the antibiofilm effects of T7aiiA and T7wt were the same in a
mixed-species biofilm composed of P. aeruginosa PAO1 and E. coli
TG1 (Fig. 5). Compared to phages producing polysaccharide de-
polymerases, which also have two-pronged antibiofilm effects, the
quorum-quenching phage provides advantages. The quorum-
quenching phage circumvents not only the limitations of substrate
specificity but also the host specificity of the phages with polysac-
charide depolymerases. Specifically, the AiiA enzyme of B. anthra-
cis expressed by T7aiiA can degrade different AHLs from multiple
bacteria, including A. tumefaciens and P. aeruginosa (Fig. 2 and 3)
but not C. violaceum (Fig. 4), in contrast to the polysaccharide
depolymerases, which degrade one or, at most, a few related poly-
saccharides (1). The T7aiiA phage affected multiple bacteria in the
mixed-species biofilm, including bacteria that are not hosts of T7
phages, such as P. aeruginosa and E. coli TG1 (Fig. 5), in contrast to
the existing enzymatic phages affecting only the host bacteria.
Besides its immediate usefulness as an antibiofilm agent, the
engineered T7 phage may serve as a proof of concept for con-
structing genomes of diverse phages to enhance their antibiofilm
function. To custom build phage genomes, the modular design
principle of synthetic biology (17) can be adopted. Three types of
modules can be incorporated to fit diverse biofilm systems: (i)
genes encoding quorum-quenching enzymes with custom sub-
strate specificities, (ii) host-range-expanding modules to enable a
phage to infect nonhost strains (17) and species (52), and (iii)
genetic markers such as green fluorescent protein (53) for source
tracking once the phage is released into the environment. For
example, the gene encoding the AHL lactonase AiiA from Bacillus
sp. strain 240, which is capable of degrading C,- to C,,-HSLs (21),
can be incorporated into the T7 genome to degrade AHLs released
by and affect biofilms composed of A. tumefaciens, P. aeruginosa,
and C. violaceum. We envision that such phages inoculated into a
biofilm community can proliferate by lysing the host bacteria,
even if their hosts account for only a minor proportion of the
community. In the event that no or very few host bacteria preexist
in the bacterial community, the host bacteria can be added, similar
to the addition of E. coli BL21 together with the phage in this study
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(Fig. 5). The phages would release the enzymes into difficult-to-
access sites inside biofilms to disrupt the bacterial cell-cell com-
munication necessary for biofilm formation. Eventually, an equi-
librium of engineered phage with the bacterial host in biofilms
would be reached, with the overall biofilm reduced compared to
the setting with the control wild-type phage.

Possible existence of natural quorum-quenching phages.
Since the engineered phage producing polysaccharide depoly-
merases (17) mimics natural phages (5, 16), does our engineered
quorum-quenching phage mimic a natural phage? In other words,
do natural quorum-quenching phages exist? The answer is likely
yes. A @PLPE phage with a putative AHL acylase gene was isolated,
whose host, Iodobacter sp. CDM7, expresses the purple pigment
violacein controlled by AHL (54). On a lawn of Iodobacter, the
¢PLPE phage generates plaques with purple haloes (54), reminis-
cent of the haloed plaques of phages producing polysaccharide
depolymerases (5, 16). Such haloes imply expression and diffusion
of enzymes during phage lysis. If this is confirmed, natural quo-
rum-quenching phages may be explored for antibiofilm function.
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