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Bubonic plague is transmitted by fleas whose feeding is blocked by a mass of Yersinia pestis in the digestive
tract. Y. pestis and the closely related Y. pseudotuberculosis also block the feeding of Caenorhabditis elegans by
forming a biofilm on the nematode head. C. elegans mutants with severe motility defects acquire almost no
biofilm, indicating that normal animals accumulate the biofilm matrix as they move through a Yersinia lawn.
Using the lectin wheat germ agglutinin as a probe, we show that the matrix on C. elegans contains carbohydrate
produced by Yersinia. The carbohydrate is present in bacterial lawns prior to addition of nematodes, indicating
that biofilm formation does not involve signaling between the two organisms. Furthermore, biofilm accumu-
lation depends on continuous C. elegans exposure to a lawn of Yersinia bacteria.

Bubonic plague, an acute infection that spreads primarily as
a rodent epizootic, killed millions of people in three devastat-
ing pandemics (21). Yersinia pestis, the causative agent of
plague, is transmitted to rodents and humans by the bites of
fleas whose proventriculi are blocked by a dense mass of the
bacteria (13). The blockage starves the flea and stimulates it to
bite repeatedly in search of blood meals, thus spreading the
bacteria to new hosts (4). The Y. pestis hmsHFRS operon (20,
22) is required for flea blockage and disease transmission (14).

Y. pestis also blocks feeding of the laboratory nematode
Caenorhabditis elegans (9). This blockage is mediated by a
biofilm that forms on the nematode’s anterior cuticle, espe-
cially the head (9, 15). Like flea blockage, the biofilm requires
hmsHFRS, which encodes predicted polysaccharide biosyn-
thetic proteins (9). This suggests that flea blockage by Y. pestis
is a biofilm-mediated process and that C. elegans may be an
experimentally tractable surrogate for fleas.

Y. pseudotuberculosis, a close relative of Y. pestis, also makes
biofilms on nematodes. The two bacterial species are indistin-
guishable by 16S rRNA sequences (24), and molecular evi-
dence suggests that Y. pestis evolved from Y. pseudotuberculosis
only 1,500 to 20,000 years ago (1). Under conditions favorable
for nematode observation, Y. pseudotuberculosis biofilm pro-
duction is more robust than that of Y. pestis (9), and therefore
Y. pseudotuberculosis is preferable for many biofilm experi-
ments.

A biofilm is a community of microbes embedded in an or-
ganic polymer matrix, usually containing exopolysaccharide,
that adheres to a surface that may be biotic or abiotic (6, 11).
Some bacterial pathogens use biofilms to adhere directly to
human tissues, contributing to human diseases such as endo-
carditis, osteomyelitis, otitis media, periodontitis, prostatitis,
and cystic fibrosis-associated pneumonia (7, 10).

Biofilms are commonly studied on artificial surfaces such as
glass and plastic. In the case of C. elegans, the surface is alive
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and motile. Although the requirement for the predicted poly-
saccharide biosynthetic operon AmsHFRS strongly suggests
that the matrix is of bacterial origin, it has not been ruled out
that C. elegans secretes the matrix in response to an hmsHFRS-
dependent signal. In the present study, we first show that the
lectin wheat germ agglutinin (WGA) is a strong probe for
biofilm detection on C. elegans. With this probe we then pro-
duce evidence that the matrix on C. elegans is produced by
Yersinia and accumulated on the nematode as the animal
moves through the bacterial lawn. We further show that bio-
film accumulation on C. elegans depends on continuous nema-
tode exposure to a lawn of Yersinia.

MATERIALS AND METHODS

Nematode strains and growth conditions. C. elegans was grown at 20°C on
NGM agar seeded with Escherichia coli OP50 as described previously (25),
except that the agar concentration was 2% for both nematode culture and biofilm
experiments. The standard wild-type strain N2, strain MT7929 carrying the
unc-13(e51) mutation, and strain CB190 carrying the unc-54(e190) mutation
were obtained from the Caenorhabditis Genetics Center, University of Minne-
sota.

Bacterial strains, growth conditions, and biofilm production. Y. pestis KIM6+
is competent for flea blockage (14) and nematode biofilms (9) but is avirulent in
mammals (22). Y. pseudotuberculosis YPIII is a standard laboratory strain (12).
For experiments with green fluorescent protein (GFP), strains were transformed
with pACYC-GFP (a gift of D. Monack) and grown on medium containing 10 p.g
of chloramphenicol/ml. For the experiment depicted in Fig. 6, nonfluorescent
Yersinia was transformed with the parent plasmid pACYC184 to allow incubation
on medium with chloramphenicol.

To make lawns for biofilm production, Yersinia strains were cultured with
shaking (150 rpm) in Luria-Bertani broth at 26°C for 1 day, and aliquots of 120
wl were pipetted onto NGM agar plates and grown at room temperature for an
additional day. Biofilms on adult or fourth-larval-stage C. elegans were produced
by placing the animals on Yersinia lawns and incubating them at 20°C.

Lectin labeling of biofilms on C. elegans. To identify a lectin probe, biofilms
were accumulated overnight on about 50 nematodes per plate. The worms were
washed off plates with appropriate lectin-binding buffers (Table 1) and then
washed twice more in buffer. Centrifugation between washes was at 100 X g for
1 min, which pellets worms but not planktonic bacteria. Nematodes were incu-
bated in 100 pg of each of 12 fluorescein isothiocyanate (FITC)-linked lectins
(EY Laboratories, Inc., San Mateo, Calif.)/ml at room temperature for 30 min
and then washed twice with buffer to remove unbound lectin. Samples were
mounted on a thin layer of 2% (wt/vol) agarose containing 20 mM sodium azide
to anaesthetize the nematodes. Differential interference contrast (DIC) and
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TABLE 1. Lectins binding Y. pseudotuberculosis biofilm
on C. elegans

Monosaccharide bindin Lectin t{;r?(citlgl
FITC-linked lectin” speciﬁcityb ¢ %Sgg:g detectedgby
fluorescence
BPA GalNAc 1 -
ConA a-Man > a-Glu > o-GlcNAc 2 -
DBA Terminal a-GalNAc 1 -
GS-1 a-Gal or a-GalNAc 3 -
GS-II Terminal GIcNAc 3 -
LPA NANA 4 +
MPA a-Gal or a-GalNAc 1 -
PNA Terminal B-Gal 1 -
SBA GalNAc > Gal 1 -
UEA-I Terminal «(1,2)-Fuc 1 -
WGA B-GIcNAc > NANA 1 ++
Succinylated WGA  B-GlcNAc 1 +

“ BPA, Bauhinia purpurea agglutinin; ConA, concanavalin A; DBA, Dolichos
biflorus agglutinin; GS, Griffonia simplicifolia; MPA, Maclura pomifera agglutinin;
PNA, peanut agglutinin; SBA, soybean agglutinin; UEA, Ulex europaeus agglu-
tinin.

? Fuc, L-fucose; Gal, p-galactose; GalNAc, N-acetyl-p-galactosamine; Glu, -
glucose; Man, p-mannose; NANA, N-acetyl-p-neuraminic acid (sialic acid).
Binding specificities are as reported by the manufacturer (EY Laboratories).

¢ Buffer 1 = 0.01 M phosphate and 0.15 M NaCl (pH 7.3). Buffer 2 = 0.05 M
Tris and 0.15 M NaCl (pH 7.0). Buffer 3 = 0.01 M phosphate, 0.15 M NaCl, and
0.5 mM CaCl, (pH 7.3). Buffer 4 = 0.05 M Tris, 0.15 M NaCl, and 0.01 M CaCl,
(pH 8.0).

epifluorescence images were captured separately with a monochrome digital
camera and then merged and colored with Zeiss AxioVision 3.1 software.

After selection of WGA as a probe, the same protocol was used except that
nematodes were incubated on Yersinia lawns for various periods depending on
the experiment, and 20 pg of FITC-linked WGA (WGA-FITC) or Texas red-
linked WGA (WGA-TR) (EY Laboratories)/ml was used for detection. The
specificity of WGA binding was demonstrated by preincubation of WGA-FITC
with increasing concentrations of N-acetyl-p-glucosamine (GlcNAc) for 1 h, or
with 1 M D-glucose as a control, followed by incubation of the lectin with
nematodes as described above.

Labeling of biofilm carbohydrate in bacterial lawns. A total of 2 ml of buffer
1 (Table 1) was pipetted onto a Y. pseudotuberculosis lawn, and the bacteria were
scraped into the liquid with a sterile glass rod. After suspension by gentle
pipetting, the cells were washed twice in the same buffer, with centrifugation at
16,100 X g for 5 min between washes. The pellet was resuspended in 1.5 ml of
buffer containing WGA-FITC at 20 pg/ml, followed by incubation at room
temperature for 30 min. The bacteria were washed twice with the buffer to
remove unbound WGA-FITC and resuspended in 100 pl of buffer. To observe
WGA-FITC-reactive material in the lawns, 5 wl of the treated sample was
transferred to a thin layer of 2% (wt/vol) agarose on a glass slide and examined
by epifluorescence microscopy. E. coli OP50 was treated identically as a negative
control. To show transfer of WGA-FITC-reactive material to nematodes, 100 pl
of lectin-treated sample per plate was pipetted onto the center of fresh NGM
agar and dried for 1 h at 37°C, at which temperature the bacteria do not produce
new matrix material. About 50 adult nematodes were placed on each newly
formed lawn and incubated for 1, 3, or 20 h and then examined by epifluores-
cence microscopy. As one negative control, nematodes were incubated with
WGA-FITC and placed on untreated Y. pseudotuberculosis lawns. For a second
negative control, yersiniae were incubated with the lectin GS-II, which binds
neither biofilms nor nematode cuticles.

Removal of biofilm matrix material from lawns by washing. Y. pseudotuber-
culosis was scraped from agar, washed, and resuspended in 1.5 ml of buffer 1 as
described above. The pH was then adjusted to 10.6 by the addition of 1 M NaOH
(~4 pl/ml). The suspension was incubated at room temperature for 20 min with
vortexing for 5 s at 5-min intervals. The pH was then adjusted back to 7.3 by the
addition of 1 M HCI (~4 pl/ml), and the bacteria were immediately washed twice
(with centrifugation at 16,100 X g for 5 min) in pH 7.3 buffer. The pellet was
resuspended in 100 pl of buffer, pipetted onto fresh NGM agar, and incubated
for 1 h at 37°C to make a new, dry lawn. About 50 adult C. elegans organisms
were transferred to the lawn, followed by incubation at 20°C. Nematodes were
assayed for biofilm with WGA-FITC at 1, 3, and 20 h. Unwashed lawns and lawns
washed in buffer 1 without pH adjustments were used as controls.
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FIG. 1. GlcNAc inhibits WGA binding of biofilm on C. elegans.
WGA was preincubated with no GlcNAc (A) and with GIcNAc con-
centrations of 0.1 M (B), 0.2 M (C), 0.4 M (D), 0.8 M (E), and 1.0 M
(F). Exposures were identical for all pictures.

Transfer of biofilm-positive C. elegans to E. coli lawns. About 100 adult C.
elegans organisms were placed on each lawn of Y. pseudotuberculosis expressing
GFP, followed by incubation at 20°C. After 5 min, 15 min, or 2 h, the nematodes
were suspended in sterile distilled water and then washed twice with water (with
centrifugation at 100 X g, 1 min) to remove planktonic bacteria. A sample of
these worms was examined immediately by epifluorescence microscopy. The
remainder were transferred to E. coli OP50 lawns and incubated at 20°C for 20 h
and then washed and examined.

Simultaneous labeling of bacteria and biofilm carbohydrate. For the experi-
ment shown in Fig. 6, C. elegans was incubated for 30 min on lawns of Y.
pseudotuberculosis expressing GFP, and the accumulated biofilm carbohydrate
was labeled with WGA-TR. A sample of the nematodes was examined immedi-
ately by microscopy and photographed. The remaining nematodes were trans-
ferred to lawns of Y. pseudotuberculosis that did not express GFP and examined
after 20 h. The plates contained 10 pg of chloramphenicol/ml to maintain
PACYC-GFP in the original bacteria.

RESULTS

WGA is a probe for biofilm detection on C. elegans. Lectins
are proteins that specifically bind carbohydrates. We screened
12 FITC-linked lectins with different specificities (Table 1) for
binding of Yersinia biofilms on C. elegans. Positive results were
obtained for Limulus polyphemus agglutinin (LPA), WGA, and
succinylated WGA (Table 1). The fluorescence intensity was
strongest for WGA, and it was therefore chosen for subsequent
experiments. The specificity of WGA binding was confirmed by
preincubating the lectin with GIcNAc, which competed for
lectin binding in a concentration-dependent manner (Fig. 1).
Preincubation with 1 M D-glucose had no inhibitory effect
(data not shown).

Less biofilm forms on C. elegans motility mutants. Wild-type
C. elegans move almost constantly on bacterial lawns. In con-
trast, unc-13 mutants move sporadically and slowly because of
a defect in neurotransmitter release (17). An even stronger
phenotype is seen in unc-54 mutants, which are essentially
paralyzed due to a myosin defect in locomotion muscles (23).
Incubation on Y. pestis or Y. pseudotuberculosis lawns for 4 h
resulted in large biofilms on wild-type animals, whereas much
smaller biofilms were observed on unc-13 mutants (Fig. 2A to
D). No biofilm was visible by light microscopy alone on unc-54
mutants, but with WGA-FITC a trace of biofilm was detected
on the mouths (Fig. 2E and F). Thus, the size of the biofilm
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FIG. 2. Less biofilm forms on C. elegans motility mutants. Nema-
todes of the indicated genotype were placed on Yersinia lawns for 4 h
and then treated with WGA-FITC to detect biofilms and photo-
graphed.

correlated with the motility of the worms. These results suggest
that the matrix accumulates on C. elegans as a result of their
motion through the bacterial lawn.

Biofilm carbohydrate is in bacterial lawns in the absence of
C. elegans. The requirement for nematode motility, as well as
rapid matrix accumulation after the animals are placed on a
lawn, suggests that the material is present in Yersinia lawns
prior to addition of the worms. If this is the case, it should be
possible to label the biofilm carbohydrate with lectin, indepen-
dent of the presence of C. elegans. We removed bacteria and
associated material from the plates, incubated them with
WGA-FITC, and examined the samples by epifluorescence
microscopy. Fluorescence was observed in both Y. pestis and Y.
pseudotuberculosis lawns but not in lawns of E. coli strain
OP50, the standard C. elegans food (data not shown). To dem-
onstrate that this labeled material is transferred to nematode
cuticles, we treated bacterial lawns with WGA-FITC and re-
plated the material on agar. When C. elegans was added, FITC-
positive biofilms formed on the animals (Fig. 3C, F, and I). In
the reciprocal experiment, C. elegans organisms themselves
were incubated with WGA-FITC and then placed on untreated
Y. pseudotuberculosis lawns; no label appeared in the resulting
biofilms (Fig. 3A, D and G). The labeling of biofilms was
specific for WGA, since lectin GSII-FITC did not label the
biofilms (Fig. 3B, E and H). The biofilm matrix on the nema-
todes was entirely FITC-positive at 1 h after the transfer (Fig.
3C), but after longer incubations the distal portion was unla-
beled (Fig. 3F and I). The presence of this unlabeled material,
evidently produced as the bacteria grew after the labeling re-
action, indicates that WGA-FITC does not interfere with ac-
cumulation of additional matrix on the nematodes.

YERSINIA BIOFILMS ON C. ELEGANS 5089

Labeled biofilm

Labeled worm GS-II WGA

FIG. 3. C. elegans accumulates prelabeled biofilm carbohydrate.
“Labeled worm” indicates nematodes that were treated with WGA-
FITC and then transferred to untreated Y. pseudotuberculosis lawns
and incubated for the indicated times. “Labeled biofilm” indicates Y.
pseudotuberculosis lawns that were labeled with the indicated lectin
conjugated to FITC and then replated on agar; untreated nematodes
were added and incubated for the indicated times.

Biofilm matrix material is removed by washing the bacterial
lawn. If biofilm material is of bacterial origin, it should be
possible to prevent biofilm formation by removing the material
from the lawn before nematodes are added. In preliminary
experiments, we found that biofilms can be removed from C.
elegans itself by a wash with buffer 1 adjusted to pH 10.6 but
not with the same buffer at pH 7.3 (data not shown). A bac-
terial lawn was washed with the high-pH buffer and replated on
agar, after which nematodes were added. No biofilms formed
after 1 h (Fig. 4A), a period sufficient to accumulate easily
detected biofilms when control bacteria were either washed
with pH 7.3 buffer (Fig. 4B) or left untreated (Fig. 4C). This
indicated that the high-pH treatment removed the matrix ma-
terial from the lawn. The treatment did not affect bacterial
viability, as assayed by serial dilution and colony counting (data
not shown). Consistent with continued bacterial viability, bio-
films formed on nematodes with incubations of 3 and 20 h on
the washed lawns (Fig. 4D and G), presumably because the
bacteria synthesized new matrix.

Biofilm development stops after removal of nematodes from
Y. pseudotuberculosis. Biofilms on C. elegans increase in size
when the animals remain on a Y. pseudotuberculosis lawn (Fig.
4C, F, and I). One possible explanation is that, as the nema-
todes move, they continue to pick up matrix material present in
the lawn. An alternative is that the later material is synthesized
by the bacteria that are initially trapped in the matrix. To
distinguish between these possibilities, we generated biofilms
on C. elegans by using Y. pseudotuberculosis expressing GFP.
After 5 min, 15 min, or 2 h of accumulation, the worms were
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pH 10.6 pH7.3 Untreated

FIG. 4. High-pH wash removes biofilm matrix material. In the left
column, nematodes were incubated for the indicated times on Y.
pseudotuberculosis lawns that had been washed at pH 10.6. In the
middle column, nematodes were incubated on lawns washed at pH 7.3.
In the right column, nematodes were incubated on unwashed lawns.

washed to remove planktonic yersiniae and transferred to
lawns of E. coli, which does not form biofilms on C. elegans.
When examined 20 h later, the size of the biofilm in each case
was the same as when the animal was removed from Yersinia
(compare Fig. 5A to D, B to E, and C to F), indicating that the
Yersinia trapped in the initial matrix are not sufficient for
continued biofilm production. E. coli does not inhibit biofilm
production because biofilms are formed on C. elegans on mixed
lawns of yersiniae and E. coli (data not shown).

Yersinia is static within the biofilm matrix on C. elegans. To
further explore the dynamics of biofilm development, we ex-

FIG. 5. Biofilm development stops after removal of nematodes
from Yersinia lawns. Nematodes kept on a Y. pseudotuberculosis-GFP
lawn for 5 min (A and D), 15 min (B and E), or 2 h (C and F). The top
row shows nematodes photographed immediately after removal from
Y. pseudotuberculosis. In the bottom row, nematodes were photo-
graphed after 20 h of incubation on E. coli lawns.
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FIG. 6. New biofilm matrix accumulates on top of old. Columns:
GFP, fluorescent bacteria; Texas red, labeled biofilm matrix; Merge,
both images. Rows: top, nematodes immediately after 30 min on Y.
pseudotuberculosis-GFP incubation and WGA-TR labeling; bottom,
nematodes incubated for 30 min on Y. pseudotuberculosis-GFP, labeled
with WGA-TR, and then transferred to nonfluorescent Y. pseudotu-
berculosis for 20 h. Panels: A and D, combined DIC and GFP images;
B and E, combined DIC and TR images; C and F, combined DIC,
GFP, and Texas red images. Arrows indicate unlabeled new biofilm
matrix.

posed C. elegans to Y. pseudotuberculosis expressing GFP for 30
min and then labeled the resulting biofilms with WGA-TR.
This allowed us to mark the boundary of the original biofilm
matrix (red fluorescence) while separately tracking the bacteria
that were originally embedded in the biofilm (green fluores-
cence). Immediately after WGA-TR labeling, we transferred
the animals to Y. pseudotuberculosis that did not express GFP
and examined them after 20 h. If the bacteria in the original
biofilm were motile and/or dividing rapidly, some GFP signal
would be expected distal to the boundary of the original matrix.
No such signal was observed (Fig. 6). Instead, red and green
signals substantially overlapped at 20 h, just as they did imme-
diately after WGA-TR labeling (Fig. 6C and F). The absence
of GFP-expressing bacteria in the new biofilm matrix (Fig. 6,
arrows) indicates that Y. pseudotuberculosis is largely static
within the original biofilm matrix. This is further evidence
suggesting that the matrix is picked up by motile C. elegans and
that continued biofilm accumulation does not require signifi-
cant activity by Yersinia embedded in the early matrix.

DISCUSSION

We describe here an experimental system in which a biofilm
adheres to a living, movable surface: the cuticle of C. elegans.
Previous studies have shown that these biofilms were produced
by four different strains of Y. pestis (9, 15) and by 24% of Y.
pseudotuberculosis strains examined (15). We have not ob-
served biofilm production by the third pathogenic member of
the genus, Y. enterocolitica (C. Darby, unpublished data). Bio-
film production on C. elegans by other genera apparently is not
common. The model nematode has been exposed experimen-
tally to at least 18 gram-negative and 8 gram-positive patho-
gens (2), many of which are known to produce biofilms under
some conditions. Only the gram-negative insect pathogen Xe-
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norhabdus nematophila, which, like Yersinia sp., belongs to the
Enterobacteriaceae, produced a biofilm-like structure on C. el-
egans (8). Neither mucoid Pseudomonas aeruginosa, which pro-
duces copious amounts of extracellular polysaccharide, nor
uropathogenic E. coli, which makes a biofilm-like structure in
some experimental infections (3), produced a nematode bio-
film (Darby, unpublished).

In most laboratory models, biofilms form on abiotic, station-
ary surfaces such as glass and plastic, so that the source of the
matrix is obvious. In the C. elegans system, the surface is alive,
so that it was not immediately apparent whether the matrix is
produced by the bacteria or the nematode. One possibility was
that the matrix is produced in whole or in part by the nematode
in response to some bacterial signal. This did not seem likely
for three reasons. First, biofilms are a well-known bacterial
phenomenon (6). Second, the biofilm on C. elegans requires
the Yersinia operon hmsHFRS, which encodes predicted poly-
saccharide biosynthetic proteins (9). Third, C. elegans has been
studied intensively in dozens of laboratories and has been
subjected to extensive mutagenesis; a biofilm-like secretion
would be easily observed but has not yet been reported for any
mutant.

We have now addressed the origin of the matrix experimen-
tally and confirmed that it is largely if not exclusively a bacte-
rial product. Indirect evidence for bacterial origin is the re-
quirement for nematode motility, as revealed by experiments
with uncoordinated (Unc) mutants. A large reduction of bio-
film occurred when unc-13 or unc-54 mutants, which have
strong motility defects, were substituted for wild-type animals
(Fig. 2). unc-13 functions intracellularly in neurotransmitter
release (17), whereas unc-54 encodes a major myosin ex-
pressed in C. elegans body wall muscles (23). It is not apparent
how defects in interior tissues of unc-13 and unc-54 mutants
could directly affect binding of a biofilm matrix to the nema-
tode exterior. The most plausible explanation for our observa-
tions is that the defective animals accumulate little biofilm
simply because they cannot move well. This interpretation is
supported by the correlation between motility and biofilm for-
mation. Wild-type worms accumulated the most biofilm, mod-
erately defective unc-13 animals acquired substantially less,
and severely defective unc-54 mutants picked up almost none
(Fig. 2). A wild-type nematode moving through a Yersinia lawn
is like a car moving through wet snow, accumulating sticky
materials in front of it as it goes. The mutants are like cars that
remain parked.

Lectin-binding experiments provide direct evidence that the
biofilm matrix is produced by Yersinia. First, WGA-reactive
material was detected in Yersinia lawns in the absence of ne-
matodes. Next, lawns were fluorescently labeled with WGA-
FITC and nematodes added; the label appeared in the biofilms
that then accumulated (Fig. 3). Finally, it was possible to pre-
vent biofilm formation by washing the bacterial lawn in a high-
pH buffer prior to the addition of nematodes (Fig. 4). To-
gether, these experiments show that the biofilm matrix mate-
rial is largely produced by Yersinia and that the material is
present extracellularly before addition of the nematodes. Al-
though we cannot rule out the possibility that a small compo-
nent of the matrix is produced by C. elegans, we have no
evidence for such a contribution.

Early in biofilm development, Yersinia cells are trapped in
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the matrix that adheres to the worm. If there were signaling
between the two organisms, it would be expected that the
proximity of these initial bacteria would facilitate the process.
However, biofilms stopped developing when C. elegans were
removed from Yersinia lawns (Fig. 5), despite the continuous
presence of matrix-embedded Yersinia. This shows that contin-
ued biofilm accumulation on C. elegans is not due to activity of
the bacteria embedded in the early matrix, and it suggests that
there is no important signaling between the two organisms.
Other experiments indicate that the biofilm expands because
the nematode continuously moves through a bacterial lawn and
picks up additional matrix material (Fig. 4 and 6). Thus, it
appears that biofilm formation is not a response by Yersinia to
the presence of nematodes and is not initiated by direct bac-
terial adhesion to the animals. Rather, Yersinia biofilm accu-
mulation on C. elegans is a two-stage process. Initially, matrix
material attaches directly to the nematode cuticle as the animal
moves through the bacterial lawn. Later, the matrix becomes
progressively thicker as additional material accumulates on top
of the initial layer (Fig. 5 and 6).

In the majority of laboratory models, biofilms are made on
abiotic, stationary surfaces, typically glass or plastic. Biofilm
development under such conditions is a dynamic bacterial pro-
cess that is generally divided into three phases: initial attach-
ment to the surface; migration on the surface and formation of
microcolonies; and differentiation into mature, exopolysaccha-
ride-encased biofilms (7, 10, 11). The Yersinia-C. elegans sys-
tem that we describe here is of a different sort. The nematode
surface brings itself to the bacteria and bacterial secretions,
and continuous motion of the surface is responsible for the
increasing size of the matrix. Yersinia does not appear to sense
the nematode surface or interact with it, inasmuch as the
matrix material has already been secreted into the lawn prior
to nematode addition. Furthermore, the bacterial cells trapped
in the matrix contribute minimally, if at all, to biofilm expan-
sion (Fig. 5).

Yersinia-C. elegans biofilms are a potential model for aspects
of Y. pestis colonization of its vector, the flea. The two phe-
nomena overlap molecularly: the smsHFRS operon, which in-
cludes predicted polysaccharide-biosynthetic genes, is required
for both flea transmission of plague (14) and biofilm formation
on C. elegans (9). There is a striking functional similarity as
well, since in both cases Yersinia prevents invertebrate feeding
by physically blocking the digestive tract. The exterior location
of the biofilm on C. elegans is advantageous experimentally,
because the material is readily observable and easily accessible
for biochemical studies. Although nematode motility is re-
quired in our experiments, this is because the bacteria and
their secretions remain external to the animal. This should not
be a limitation in modeling flea infection, because in fleas Y.
pestis organisms are trapped in the gut and therefore would
secrete carbohydrate directly into the digestive lumen. More-
over, even if motion is required to firmly attach the matrix to
flea tissues, this could be supplied by the peristalsis of the
insect’s feeding and digestive muscles.

The Yersinia-C. elegans system may prove useful as a general
model for biofilm formation on a living surface. Because of the
great versatility of C. elegans as an experimental animal, the
nematode surface can be experimentally altered, allowing in-
vestigation of the host factors involved in biofilm attachment.
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Characterization of these factors could produce insights into
the means by which bacterial pathogens adhere to host tissues
in biofilm-mediated infectious disease.

As a practical matter, our results demonstrate the utility of
lectins as in situ probes for biofilm detection on nematodes.
Because WGA does not bind the wild-type C. elegans cuticle
(16), its use allows clear delineation between the biofilm matrix
and the nematode itself (e.g., Fig. 3). Moreover, WGA detec-
tion is sensitive: traces of biofilms that were not seen on unc-54
mutants by bright-field microscopy were observed with WGA-
FITC (Fig. 2E and F). WGA has affinity for B-GlcNAc and, to
a lesser extent, N-acetyl-D-neuraminic acid (sialic acid) (5).
LPA and succinylated WGA, which also bind the Yersinia bio-
film, specifically bind sialic acid (19) and B-GlcNAc (18), re-
spectively. This suggests that the Yersinia biofilm on C. elegans
contains both B-GIcNAc and sialic acid. Purification of the
biofilm carbohydrate for compositional analysis is in progress.
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