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Biofilm Formation Protects Escherichia coli against Killing by
Caenorhabditis elegans and Myxococcus xanthus
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Enteric bacteria, such as Escherichia coli, are exposed to a variety of stresses in the nonhost environment. The development of
biofilms provides E. coli with resistance to environmental insults, such as desiccation and bleach. We found that biofilm forma-
tion, specifically production of the matrix components curli and cellulose, protected E. coli against killing by the soil-dwelling
nematode Caenorhabditis elegans and the predatory bacterium Myxococcus xanthus. Additionally, matrix-encased bacteria at
the air-biofilm interface exhibited ~40-fold-increased survival after C. elegans and M. xanthus killing compared to the non-
matrix-encased cells that populate the interior of the biofilm. To determine if nonhost Enterobacteriaceae reservoirs supported
biofilm formation, we grew E. coli on media composed of pig dung or commonly contaminated foods, such as beef, chicken, and
spinach. Each of these medium types provided a nutritional environment that supported matrix production and biofilm forma-

tion. Altogether, we showed that common, nonhost reservoirs of E. coli supported the formation of biofilms that subsequently

protected E. coli against predation.

Escherichia coli is a rod-shaped facultative anaerobe that lives as
a commensal in the mammalian gut. Through acquisition of
various virulence factors, particular E. coli strains have gained the
ability to colonize and cause disease at specific host sites. Entero-
hemorrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC)
are common causative agents of gastroenteritis (1-3). Extraintes-
tinal pathogenic E. coli (ExPEC) can infect host niches other than
the intestinal tract and causes various diseases, such as sepsis, neo-
natal meningitis, and urinary tract infections (UTIs). Uropatho-
genic E. coli (UPEC) accounts for approximately 80% of the acute
UTIs reported in the United States (3-5). ExPEC is becoming
increasingly problematic due to a recent rise in antibiotic resis-
tance (5, 6).

Intestinal pathogenic E. coli (IPEC) is spread through the fecal-
oral route. A common mechanism of host-to-host transmission is
shedding of bacteria in the feces of pathogen-bearing farm ani-
mals (7-9). Indeed, contact with animal feces is a risk factor for
sporadic infection with EHEC (10). Although UPEC is adapted to
infect the bladder, it can also colonize the gut with no apparent
fitness defect (11). The intestine may serve as a reservoir for UPEC
in patients with recurrent UTIs, and it is likely that UPEC from the
gastrointestinal tract is able to infect and colonize the urethra
(12-14). UPEC outbreaks have been reported, with a likely cause
being UPEC contamination of food, indicating that ExXPEC is also
transmitted host-to-host via the fecal-oral route (15-19).

Compared to the host or lab setting, the physiology of E. coli in
environmental reservoirs is poorly understood. A detailed under-
standing of the mechanisms involved in nonhost persistence is
paramount to developing effective strategies to prevent contami-
nation of food products by E. coli and other pathogenic Enterobac-
teriaceae. One important aspect of E. coli nonhost persistence and
survival is biofilm formation (20). CsgD is a transcriptional regu-
lator in E. coli and Salmonella enterica serovar Typhimurium that
controls biofilm development (21-23). The CsgD regulon in-
cludes genes involved in the production of curli fibers and the
polysaccharide cellulose (21, 24, 25). Curli fibers are functional
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amyloids composed largely of CsgA subunits (24). Depolymeriz-
ing of amyloids such as curli requires pretreatment with a strong
denaturant, such as hexafluoroisopropanol (HFIP) (26). CsgD di-
rectly induces the curli subunit operon, while cellulose is activated
via CsgD induction of the diguanylate cyclase gene adrA (25, 27).
AdrA produces the second messenger cyclic-di-GMP, which acti-
vates the cellulose synthase BcsA (25, 28).

E. colibiofilm formation can be monitored by the development
of wrinkled or rugose colonies on agar plates. Rugose colonies are
indicative of curli and cellulose expression in a variety of Entero-
bacteriaceae species (27, 29, 30). UTI89 develops at least two dis-
tinct populations within rugose biofilms (29). A population of
matrix-encased bacteria lines the air-biofilm interface (termed the
“matrix fraction”), while a distinct population of non-matrix-en-
cased cells lines the biofilm interior (termed the “washout frac-
tion”). These two populations can be separated using a washout
assay, which involves suspension of the washout fraction bacteria
in buffer (29). The washout and matrix fractions demonstrate
different susceptibilities to hydrogen peroxide stress (29).

In the environment, curli and cellulose production is corre-
lated with increased resistance to desiccation and tolerance to dis-
infectants (31-33). Furthermore, matrix production increases
EHEC attachment to commonly contaminated foods and to abi-
otic surfaces (34, 35). While curli and cellulose have various roles
during enteric pathogenesis (20, 36), an expression study found
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FIG 1 Biofilm formation protects E. coli against C. elegans predation. Approximately 25 L1- to L2-stage C. elegans worms were moved to the center of an agar
plate on which four UTI89 strains had grown for 2 days under biofilm-inducing conditions. At 3-day intervals, plates to which C. elegans had been added and C.
elegans-free control plates were harvested for CFU counts, and the percentage of survival was calculated (A). Each data point is an average of biological triplicates,
and error bars represent standard deviations. A Student’s ¢ test was employed to determine significant differences between strains at day 15, and asterisks
represent a P value of <0.05. An image was taken of each strain at each time point from a representative C. elegans-positive plate that was harvested at day 15 (B).

that the curli promoter is relatively inactive during S. enterica se-
rovar Typhimurium passage through a mouse host. However,
curli expression is immediately induced once S. enterica serovar
Typhimurium is excreted in stool (32).

Outside the host, bacteria are exposed to a variety of predators.
Biofilm-associated Vibrio cholerae and Pseudomonas aeruginosa
survive protozoan grazing better than planktonic cells (37-39).
Biofilm formation by Yersinia pestis and Staphylococcus epidermi-
dis, respectively, blocks food intake and prevents efficient diges-
tion by the nematode Caenorhabditis elegans (40, 41). Addition-
ally, C. elegans is less efficient at feeding on Myxococcus xanthus
colonies that produce a more robust biofilm matrix (42). In this
study, we sought to determine whether E. coli biofilms confer pro-
tection against two ubiquitous soil predators, nematodes and
myxobacteria, that feed on bacterial prey by divergent mecha-
nisms (43, 44). Nematodes such as C. elegans rely on mechanical
suction to feed on bacteria, while myxobacteria such as M. xanthus
employ an array of secondary metabolites to lyse and kill target
cells (44—46). In this study, we tested whether E. coli biofilm for-
mation outside the host protects against C. elegans and M. xanthus
killing, and we assessed how relevant environmental conditions
influence E. coli biofilm formation.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and media. All Enterobacteriaceae
strains used in this study were routinely passaged at 37°C in LB media. All
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UTI8Y strains as well as S. enterica serovar Typhimurium and Citrobacter
koseri have been previously described (29). M. xanthus DK1622 was a kind
gift from Lawrence Shimkets and was routinely grown at 30°C on Casi-
tone yeast extract (CYE) medium (10 mM morpholinepropanesulfonic
acid [MOPS], pH 7.6, 10 g/liter Casitone, 5 g/liter yeast extract, 8 mM
MgSO,) in shaking culture or on 1.5% agar plates. Dung from grass-fed
cows and pigs was collected in sterile conical tubes from a farm in south-
east Michigan. Ground beef, chicken breasts, and spinach were purchased
from a local grocery store. Dung and food products were blended using a
Waring commercial blender and then centrifuged in 50-ml conical tubes
for 10 min at 7,500 rpm. Supernatants were serially filtered using a 0.5-
pm-pore pre-filter followed by a 0.2-pm-pore filter. Fecal extract was
diluted 1:3 into sterile water with 1.5% noble agar, while food extracts
were diluted 1:10. E. coli strains WADS1 and WADS2 were isolated by
streaking pig dung on MacConkey agar plates and incubating them at
37°C for 24 h. Pink colonies were restreaked and verified as E. coli by
sequencing of the 16S gene. WADS1 and WADS2 were the only E. coli
strains isolated.

C. elegans predation assay. C. elegans wild-type (WT) strain Bristol
N2 worms as well as C. elegans myo-2::rfp ceh22::gfp worms were routinely
grown at room temperature on E. coli OP50 on nematode growth medium
(NGM) agar plates (3 g/liter NaCl, 2.5 g/liter peptone, 17 g/liter agar,
supplemented with 25 ml of 1 M KPO, [pH 6.0] and 1 ml each of 1 M
CaCl,, 1 M MgSO,, and 5 mg/ml cholesterol in ethanol [EtOH]). For
predation assays (Fig. 1), WT UTI89 and csgBA, bcsA, and csgBA besA
mutants were grown in LB broth overnight (ON), diluted to an optical
density at 600 nm (ODg,,) of 1.0 in yeast extract-Casamino Acids
(YESCA) medium (10 g/liter Casamino Acids, 1 g/liter yeast extract). Two
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microliters of diluted overnight cultures was spotted at the cardinal di-
rection points of 60-mm-by-15-mm YESCA agar plates (2% agar) that
had been supplemented with 5 wg/ml cholesterol. The plates were in-
cubated at 26°C for 48 h. Twenty to 30 L1- to L2-stage C. elegans worms
grown on OP50 were then transferred into the center of the C. elegans plus
plates, while no worms were added to C. elegans negative-control plates
(designated day 0). Plates were stored in humidity chambers at 20°C for
the 15-day experimental time course. At day 0 and at 3-day intervals
thereafter, three plates with worms and three plates without worms were
harvested. Briefly, agar slabs containing each colony were cut from the
agar plate. Agar slabs containing a whole colony were placed in a 24-well
polypropylene plate. One milliliter of potassium phosphate buffer, pH 7.2
(kPi) was added to each well, and the plate was rotated on an orbital shaker
for 5 to 10 min until all cells had gone into suspension or the biofilm had
lifted off the agar surface. For the WT strain and the csgBA and bcsA
mutants, the entire sample, including biomass and the kPi that had been
added to the well, was moved into a 1.5-ml Eppendorf tube. These samples
were tissue homogenized for 15 s at high speed. The csgBA bcsA mutant
went into suspension without homogenization. Suspensions were serially
diluted in kPi, and then 100 pl of an appropriate dilution was plated on an
LB plate and grown ON at 37°C for CFU quantitation. Each plate with C.
elegans was randomly paired with a plate without C. elegans, and the per-
centage of survival was calculated as CFU from the plate with C. elegans
divided by the CFU from the control plate without C. elegans. At each time
point, pictures of each strain were taken from a representative nematode-
positive plate that was harvested at day 15. All colony pictures were taken
on an Olympus DP72 camera mounted on an Olympus SZX16 research
stereomicroscope.

For the noncompetition assay (see Fig. S2 in the supplemental mate-
rial), a single agar plate was inoculated with either 6 WT UTI89 dots or 6
UTI89 csgD dots. After 48 h of incubation at 26°C, 20 to 30 L1- to L2-stage
C. elegans worms grown on OP50 were then transferred into the center of
the C. elegans-positive plates, while no worms were added to the C. el-
egans-negative plates (designated day 0). At day 0 and at 3-day intervals, a
single dot was cut out of the agar of each C. elegans-positive plate and each
C. elegans-negative plate and harvested for CFU counts.

C. elegans tracking assay. Overnight bacterial cultures were diluted to
an ODy, of 1.0. Two microliters of WT UTI89 was spotted near the top of
a 60- by 15-mm agar plate containing YESCA plus 5 ug/ml cholesterol,
and 2 pl of UTI89 csgBA besA was spotted near the bottom of the same
plate. The plate was then incubated at 26°C for 48 h to allow biofilm
development. A small piece of agar containing C. elegans myo-2:rfp
ceh22::gfp worms from all growth stages was moved to the center of each
UTI89 plate. At 1-, 6-, and 24-h intervals, images of each colony were
taken on an Olympus DP72 camera mounted on an Olympus SZX16
research stereomicroscope using bright-field microscopy or a Texas Red
filter. All worms within the image frame of each colony picture were
counted for that particular strain. The percentage of worms present on
each colony was calculated (with the total number being the number of
worms on the WT colony plus the number of worms on the csgBA bcsA
colony for a particular plate).

M. xanthus predation assays. M. xanthus predation assays were per-
formed on YESCA agar medium. To support UTI89 rugose biofilm devel-
opment and M. xanthus growth, YESCA medium was buffered to pH 7.4
with 10 mM MOPS (47). After being autoclaved with 1.5% agar, 1 ml of
medium was added to each well of a 24-well plate. Plates were allowed to
dry for 2 to 3 days at room temperature. Two-microliter dots of UTI89
and M. xanthus were spotted roughly 0.5-cm apart in a single well. UTI89
was grown ON at 37°C in LB, and M. xanthus was grown for 48 h at 30°C
in CYE in shaking cultures prior to dotting, and each strain was normal-
ized to an ODyy, of 1. After dotting, plates were incubated for 2 days at
26°C to allow for biofilm formation by UTI89 and for M. xanthus growth.
Plates were moved into a humidity chamber at 30°C to allow M. xanthus
predation (designated day 0). Pictures were taken every 2 days. For CFU
counts at day 10, the contents of each well were suspended in 1 ml kPi. WT
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UTI89, as well as the csgBA and bcsA mutants, was tissue homogenized in
1.5-ml Eppendorf tubes along with the buffer that had been added to each
well. The ¢sgBA besA double mutants went into suspension without ho-
mogenization. Suspensions were serially diluted on LB agar plates, which
do not support M. xanthus growth (48), and E. coli CFU were determined.
As with C. elegans predation assays, each well with M. xanthus was ran-
domly paired with a well without M. xanthus, and the percentage of sur-
vival was calculated as CFU from the well with M. xanthus divided by the
CFU from the well without M. xanthus.

Washout assay. The washout assay was performed as previously de-
scribed (29). Briefly, agar slabs including the colony of interest were cut
out and moved into a well of a 24-well plate. The colony was flooded with
1 ml of kPi and shaken gently. For older colonies (>48 h), buffer was
pipetted gently onto the edge of the colony to facilitate colony lift-off. The
original 1 ml kPi was removed from each well, added to a 1.5-ml Eppen-
dorf tube, and spun down for 1 min at 12,000 rpm. The supernatant was
then aspirated off. An additional 1 ml kPi was added to each well and was
shaken gently for 5 min to remove any residual washout cells from the
matrix fraction. The matrix fraction was moved with a pipette tip into a
new 1.5-ml Eppendorf tube filled with 1 ml kPi. The remaining kPi in each
well was used to resuspend the original washout pellet. Matrix fractions
were tissue homogenized at high speed for 15 s. For CFU counts, each
fraction was then serially diluted and an appropriate dilution was plated.
For M. xanthus washout assays, 1 ml of kPi was added to the top of each
UTI89 strain that had been preyed upon by M. xanthus. The plate was
gently shaken, and kPi was pipetted around the edges of the WT colonies
to facilitate colony liftoff. Biofilms that had been fed on by C. elegans or M.
xanthus broke into aggregates when suspended in buffer (see Fig. S3 and
S5 in the supplemental material). Therefore, for rugose biofilms that had
been exposed to predators, the washout assay was slightly modified so that
the stable aggregates were allowed to settle to the bottom of the well.
Bacteria from three buffer washes were collected as the washout fraction,
and the aggregates were collected as the matrix fraction.

Western blot analysis. Western blotting for the major curli subunit
CsgA was performed as previously described (29), with minor changes.
Briefly, 150 wl of an ODygy, of 1.0 suspension of each respective strain/
fraction was spun down at 12,000 rpm for 1 min. Pellets were resuspended
in 150 pl of hexafluoroisopropanol (HFIP) and incubated at room tem-
perature for 10 min, and then HFIP was removed using a Thermo Savant
SPD SpeedVac. Samples were resuspended in 150 .l of 2X SDS running
buffer, boiled for 10 min, and electrophoresed in 15% polyacrylamide
gels. HFIP-negative samples were directly suspended in 150 .l of 2X SDS
running buffer. For CsgA blots, samples were then transferred onto poly-
vinylidene difluoride membranes by standard techniques. Blots were
blocked with 5% milk in Tris-buffered saline-Tween 20 (TBST) ON at
4°C, followed by incubation with 1:8,500 anti-CsgA peptide antibody for
1 h at room temperature. After TBST washes, blots were then incubated
with 1:15,000 LI-COR IRDye 800CW goat anti-rabbit IgG secondary an-
tibody. For blots that also include ¢”° probing, samples were transferred
onto nitrocellulose membranes in a wet transfer apparatus in 25 mM
CAPS [3-cyclohexylamino)-1-propanesulfonic acid] transfer buffer (pH
11.2) with 10% methanol. After transfer, the blot was blocked in 5% milk
in TBST for 1 h at room temperature. CsgA probing was performed the
same, and blots were also incubated with 1:5,000 Santa Cruz RNA pol ¢ D
antibody primary antibody (1:5,000) for 1 h at room temperature, fol-
lowed by incubation with 1:15,000 LI-COR IRDye 700CW goat anti-
mouse IgG secondary antibody. Blots were washed with TBST and visu-
alized on a LI-COR Odyssey CLX imager.

Statistical analysis. For all predation assays, each data point is an
average of biological triplicates, and error bars represent the standard
deviation. For the colony occupancy assay, five individual plates were
averaged, and bars represent the number of worms on each strain divided
by the total number of worms counted on that particular plate. Error bars
represent the standard deviation. Where indicated, a Student’s ¢ test was
employed to compare between strains, and asterisks represent P < 0.05.
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RESULTS

The role of biofilm formation in protecting E. coli against C.
elegans predation. To determine whether E. coli biofilm forma-
tion protects against nematode predation, we grew four UTI89
strains, WT (curli® cellulose™), besA (curli™ cellulose ™), csgBA
(curli™ cellulose ™), and csgBA besA (curli™ cellulose™), on a single
agar plate under biofilm-inducing conditions. C. elegans was then
added to the plate (day 0). After 9 days of C. elegans feeding, the
number of CFU/colony of all the strains decreased by roughly
10-fold (Fig. 1A). The WT rugose colony remained visible
through the entire time course of the experiment, and the percent-
age of survival decreased from ~10% on day 9 to ~3% on day 12
to ~2.5% on day 15. Conversely, the csgBA besA mutant visually
disappeared from the plate by day 12, and the percentage of sur-
vival decreased to ~0.008% by day 15 (Fig. 1A and B). No signif-
icant differences in percentages of survival between the WT and
csgBA mutant were seen at day 12 or 15 (Fig. 1A and B), implying
that cellulose alone provided robust C. elegans resistance. The besA
mutant demonstrated a slight but significant survival advantage
compared to the csgBA besA double mutant (P = 0.044) (Fig. 1A
and B), indicating that curli alone provided a small degree of C.
elegans resistance. CFU for all UTI89 strains rose slightly through-
out the experimental time course when incubated without worms
(see Fig. S1 in the supplemental material). When C. elegans was
grown solely on WT UTI89 or on a matrix-deficient csgD mutant,
the worms were able to propagate and decrease E. coli CFU in a
similar manner to that in the competition assay (see Fig. S2 in the
supplemental material).

Attraction of C. elegans to E. coli colonies. To determine
whether matrix expression affects colony occupancy, fluorescent
worms were moved onto the center of an agar plate that contained
one WT colony and one csgBA bcsA colony (Fig. 2A). At 1, 6, or 24
h postinoculation, there was no significant difference between the
number of worms on the WT colony and the number of worms on
the csgBA besA colony (Fig. 2C). Therefore, it is likely that the E.
coli biofilm matrix provides a mechanical barrier to predation by
C. elegans instead of affecting C. elegans feeding preference.

Determination of the susceptibility of two biofilm popula-
tions to C. elegans feeding. After 12 days of biofilm development,
a washout assay was performed on WT rugose colonies that had
not been preyed on by C. elegans (see Fig. S3 in the supplemental
material). The washout fraction contained 9.69 = 8.67 log, , CFU,
and the matrix fraction contained 9.38 = 8.69 log,, CFU. Western
blot analysis for the major curli subunit, CsgA, revealed that a
bimodal population was maintained at least through 12 days (Fig.
3A) (29). We also performed the washout assay on WT UTI89
rugose colonies that had been preyed on by C. elegans for 6 or 12
days, and the numbers of CFU/fraction were determined (Fig.
3B). After 12 days of nematode feeding, 6.59 log,, CFU (~0.074%
survival) were recovered from the washout fraction and 7.85 log,
CFU (~3.0% survival) were recovered from the matrix fraction
(Fig. 3B), indicating that even within a single biofilm, C. elegans
was able to feed more efficiently on non-matrix-encased bacteria.
CsgA was SDS insoluble in both the absence and presence of nem-
atode predation stress (Fig. 3A).

The role of biofilm formation in protecting E. coli against M.
xanthus predation. When plated next to UTI89 colony biofilms,
M. xanthus spread through the WT and csgBA, bcsA, or csgBA besA
mutant cells with similar kinetics (Fig. 4A). The WT rugose bio-

7082 aem.asm.org

(03 OWT [OcsgBAbcsA
100%

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

% Occupancy

6 Hour 24 Hour

FIG 2 C. elegans is not preferentially attracted to the WT or UTI89 csgBA bcsA
mutant. Cells of WT UTI89 or the csgBA bcsA mutant were spotted on opposite
sides of a YESCA-cholesterol agar plate. After 2 days of biofilm development at
26°C, C. elegans myo-2::rfp ceh22::gfp worms were moved onto the center of the
plate (A). Shown is a representative bright-field/Texas Red overlay of WT or
csgBA besA colonies with fluorescent worms after 6 h of C. elegans exposure
(B). At 1, 6, and 24 h post-C. elegans addition, fluorescent images were taken,
and the numbers of worms on each strain were counted (C). Worm totals for
each plate at each time point fell between 200 and 1,200. Five individual plates
were averaged, and bars represent the number of worms on each strain divided
by the total number of worms counted on that particular plate. Error bars
represent standard deviations.

1 Hour

film maintained its original shape even after M. xanthus feeding
(Fig. 4A). Approximately 1.8% of WT UTI89 CFU were recovered
after M. xanthus predation (Fig. 4B). In contrast, no CFU could be
recovered from the UTI89 csgBA bcsA mutant after M. xanthus
predation, demonstrating that biofilm formation provided robust
protection (Fig. 4B). Similarly, no colonies could be recovered
from the csgBA mutant (Fig. 4B). The bcsA mutant retained some
resistance to M. xanthus, indicating that curli is the more impor-
tant matrix component with regard to M. xanthus protection (Fig.
4B). As with the nematode predation assay, matrix fraction bac-
teria demonstrated a survival advantage compared to washout
bacteria after M. xanthus exposure (Fig. 4C).

Curli remained SDS insoluble even after M. xanthus predation
(see Fig. S$4 in the supplemental material). Interestingly, multiple
species of CsgA were visible after M. xanthus predation of WT
UTI8Y (see Fig. S4), demonstrating that M. xanthus may alter
CsgA fibers. Even though curli remained SDS insoluble, WT ru-
gose biofilms exposed to M. xanthus were fragile and broke into
pieces upon buffer washing (see Fig. S5 in the supplemental ma-
terial). After M. xanthus predation, the csgBA colony remained
intact upon washing with buffer, suggesting that the cellulose
component of the matrix remained intact (see Fig. S5).

Growth and matrix expression of enteric bacteria under en-
vironment-mimicking conditions. Common lab media, such as
LB, typically do not support curli expression (49) (see Fig. S6 in
the supplemental material). To determine if environmental con-

Applied and Environmental Microbiology


http://aem.asm.org

A 2-Days 12-Days 12-Days
-Nematodes -Nematodes +Nematodes

Washout Matrix Washout Matrix Matrix

HFIP + -+ -+ - + - +

G070 N R A i i ik Mk b Nt e

B
100.00% } @ washout
O Matrix

— 10.00% *

]

2

2 1.00%

=

(7]

X 0.10%

0.01% . .

Day 6 Day 12

FIG 3 Washout cells are more susceptible to C. elegans predation. Western
blots probing for the major curli subunit CsgA were performed on 2- or 12-
day-old biofilms following the washout assay (A). Not enough cells could be
harvested from the washout fraction at 12 days with nematode predation to
allow for Western blot analysis of that fraction. ¢”° represents a loading con-
trol. The washout assay was performed on WT UTI89 colony biofilms that had
been fed on by C. elegans for 6 or 12 days before biofilms were harvested, and
the percentage of survival was determined (B). Each bar represents an average
of biological triplicates, and error bars represent standard deviations. Asterisks
represent a P value of <0.05 using Student’s ¢ test.

ditions support biofilm formation, we monitored growth and
curli production by the Enterobacteriaceae UTIB9, S. enterica se-
rovar Typhimurium, and C. koseri on dung agar plates. UTI89 and
S. enterica serovar Typhimurium formed rugose colonies on pig
dung agar plates, and no such colony structure was apparent in the
UTI89 csgBA besA mutant (Fig. 5A). Western blot analysis of CsgA
demonstrated that UTI89, S. enterica serovar Typhimurium, and
C. koseri produced curli on pig dung agar plates (Fig. 5B). As
expected no CsgA was detectable in the UTI89 csgBA bcsA mutant
(Fig. 5B). Curli production and rugose biofilm formation were
enhanced at 26°C compared to 37°C (Fig. 5A and B), which agrees
with previous findings (50). To further test the ability of dung to
support biofilm formation, we isolated two E. coli strains from the
same pig dung we used to make agar plates (denoted WADS1 and
WADS2). When these isolates were plated on pig dung agar plates,
they also produced CsgA (Fig. 5B). Cow dung was also tested for
its ability to support biofilm formation. Although growth was very
limited on cow dung agar plates, rugose biofilm formation was
apparent in UTI89 and S. enterica serovar Typhimurium at 26°C
(see Fig. S7 in the supplemental material).

We also tested whether extracts from commonly contaminated
foods provided the nutritional environment to support matrix
production. UTI89, C. koseri, and both pig dung E. coli isolates
produced curli on beef, chicken, and spinach agar plates (see Fig.
S8A, B, and C in the supplemental material). CsgA was detected
from S. enterica serovar Typhimurium on chicken agar plates (see
Fig. S8B in the supplemental material). On all three food plates,
incubation at 26°C supported more curli production than incu-
bation at 37°C (50) (see Fig. S8A, B, and C). UTI89 and C. koseri
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produced rugose biofilms on beef plates (see Fig. S9 in the supple-
mental material).

DISCUSSION

Biofilm formation is a common bacterial coping mechanism for
resisting environmental stresses. Rugose biofilm formation by V.
cholerae protects the bacteria against flagellate predation, chlori-
nated water, and osmotic and oxidative stress (51-53). P. aerugi-
nosa biofilm formation can likewise protect against amoeba feed-
ing (37, 38). Y. pestis, S. epidermidis, and M. xanthus utilize
biofilms to inhibit either feeding or digestion by C. elegans (40—
42). CsgD-mediated biofilms protect S. enterica serovar Typhimu-
rium against various nonhost stresses, such as desiccation and
disinfectants (31, 32).

Pathogenic Enterobacteriaceae reside in the gut of cattle and
pigs (7-9, 54) and after being shed in feces can contaminate food
products, particularly if untreated feces is used as manure (7, 10,
55, 56). Indeed, E. coli can survive in dung for months, and sur-
vival is increased when temperatures are <23°C (57). CsgD is
under complex transcriptional control, but in general, environ-
ments that present low salts, low temperatures (<30°C), and an
air interface allow for high csgD transcription (29, 58—61). We
hypothesized that habitats such as dung, where E. coli could en-
counter predators like nematodes and M. xanthus (43, 44), would
provide the nutritional environment for biofilm formation. Our
data reiterate that regulation of biofilm formation can vary sub-
stantially among E. coli strains (25, 62). Indeed, one of our pig
dungE. coliisolates, WADS2, produced very little CsgA on YESCA
plates, which normally allow for substantial curli production. The
other isolate, WADS1, made CsgA on LB plates, which normally
do not support curli production. In support of our hypothesis,
however, pig dung was a unifying medium in that it induced ro-
bust CsgA expression by all tested WT strains, demonstrating that
common nonhost niches of E. coli can provide the nutritional
environment for biofilm development.

Some E. coli strains, particularly EPEC, can colonize the gut of
C. elegans, leading to worm death (63). However, colonization is
dependent on genes in the locus of enterocyte effacement (LEE), a
pathogenicity island that only a subset of E. coli strains possess (3,
63). In this study, we demonstrated that biofilm formation pro-
tected UTI8Y against C. elegans killing. It is possible that E. coli
biofilm matrix components could act as a chemo-repellant to
nematodes. Indeed, P. aeruginosa polysaccharide production
changes the feeding behavior of C. elegans (64). However, a similar
number of worms were attracted to either WT or csgBA besA mu-
tant colony biofilms in our colony occupancy experiment, dem-
onstrating that the biofilm matrix likely acts as a mechanical bar-
rier to nematode feeding.

Intriguingly, a csgBA mutant resisted C. elegans killing to the
same degree as WT UTI89, demonstrating that cellulose was more
important than curli for resistance to C. elegans. E. coli biofilms
producing only curli are more rigid than E. coli biofilms producing
only cellulose (61). The elasticity imbued by cellulose may allow
the biofilm community to better resist the mechanical forces ap-
plied by C. elegans movement and feeding. Indeed, a cohesive
biomass was still visible after C. elegans preyed on the csgBA mu-
tant (only producing cellulose).

While C. elegans mechanically swallows prey bacteria, preda-
tors such as M. xanthus utilize antibacterial and lytic agents to kill
their prey extracellularly (45, 46). However, since efficient M. xan-
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FIG 4 UTI89 biofilm formation protects against M. xanthus predation. M. xanthus was spotted next to UTI89 colony biofilms in 24-well plates. Pictures were
taken at 2-day intervals (A). After 10 days, CFU were harvested from each UTI89 strain. The percentage of survival compared to M. xanthus-free UTI89 colonies
was calculated (B). The washout assay was performed on WT UTI89 that had been preyed on by M. xanthus for 10 days. CFU from both the washout and matrix
fractions were determined, and the percentage of survival compared to that in fractions from M. xanthus-negative UTI89 colonies subjected to the washout assay
was calculated (C). Each data point is an average of biological triplicates, and error bars represent standard deviations. “N.D.” denotes that no CFU were detected.
A Student’s ¢ test was employed to determine significant differences between strains or fractions, and asterisks represent a P value of <0.05.

thus killing requires direct predator-prey contact and depends on
prey cell density (65-67), we hypothesized that an extracellular
matrix would protect E. coli in an M. xanthus killing assay. Indeed,
WT UTI89 demonstrated ~1.8% survival after M. xanthus killing,
while no colonies were detected from the csgBA bcsA mutant. In
contrast to C. elegans killing, curli was more important than cel-
lulose in preventing M. xanthus killing. The small size of M. xan-
thus (compared to nematodes) might allow the predatory bacteria
to intercalate into the E. coli biofilm matrix. Therefore, the dense
curli matrix that surrounds individual E. coli cells might be more
efficient at preventing M. xanthus-E. coli contact than the more
diffuse cellulose filaments (59, 61). A recent study demonstrated
that protozoan growth on E. coli correlated positively with the
ability of the E. coli strain to produce curli (68). In light of our
results showing that different matrix components can offer vari-
ous levels of resistance to different predators, an interesting pos-
sibility is that protozoan resistance could depend on cellulose or
yet another E. coli matrix component.

Bimodal population development within rugose biofilms al-

7084 aem.asm.org

lows for analysis of fitness differences between distinct popula-
tions in a single biofilm community (29). We previously found
that the two rugose biofilm populations demonstrate different
stress resistance profiles, as the washout cells are more vulnerable
to hydrogen peroxide killing than the matrix cells (29). As pre-
dicted, the interior, washout bacteria were more susceptible to
predation by both C. elegans and M. xanthus. The increased sus-
ceptibility of the interior fraction of rugose colonies to oxidative
stress as well as predation raises the question as to the functional
role of this population (29). An intriguing possibility is that wash-
out bacteria serve as an easily disseminated population of the bio-
film. Indeed, even gentle washing of rugose colonies with liquid
releases washout cells from the biofilm community (29). A pair of
elegant scanning electron microscopy (SEM) studies have recently
demonstrated that the interior bacteria of W3110 E. coli rugose
biofilms produce flagella as an integral component of the biofilm
matrix (60, 61). The structural division of labor, with matrix-
encased bacteria lining the air-biofilm interface while covering a
non-matrix-encased, flagellated population is also present in
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FIG 5 Growth and curli expression on pig dung agar plates. UTI89, S. enterica serovar Typhimurium, C. koseri, and two E. coli strains isolated from pig dung
(WADS1 and WADS2) were grown on pig dung agar plates for 2 days at 26°C or 37°C. Rugose biofilm development was apparent by UTI89 and S. enterica serovar
Typhimurium (A). Western blot analysis probing for the major curli subunit CsgA revealed that pig dung plates allowed for robust curli production by all strains

(B). All Western blot samples were treated with HFIP to depolymerize CsgA.

UTI89 pellicle biofilms (59). Intriguingly, P. aeruginosa mush-
room biofilms produce a similar architecture, with polysaccharide
production being limited to the biofilm exterior (69). Flagellated
P. aeruginosa cells that populate the biofilm interior are consid-
ered to be the chief agents of biofilm dispersal (69). It seems then
that the formation of a protective outer coating surrounding an
interior population of easily dispersed cells is a common architec-
tural pattern in a variety of bacterial biofilms.

Altogether, our data support a model in which E. coli and other
Enterobacteriaceae produce CsgD-dependent biofilms under en-
vironmental conditions commonly encountered outside the host.
Biofilm development involves formation of a stress-resistant, ma-
trix-producing population along with an easily dispersed but
stress-susceptible interior population. Furthermore, the nutri-
tional environment provided by nonhost reservoirs, such as dung,
beef, chicken, and spinach, supported curliated biofilm formation
by E. coli and other Enterobacteriaceae.
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