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ABSTRACT Biofilms, complex communities of microorganisms surrounded by a self-
produced matrix, facilitate attachment and provide protection to bacteria. A natural
model used to study biofilm formation is the symbiosis between Vibrio fischeri and
its host, the Hawaiian bobtail squid, Euprymna scolopes. Host-relevant biofilm forma-
tion is a tightly regulated process and is observed in vitro only with strains that have
been genetically manipulated to overexpress or disrupt specific regulators, primarily
two-component signaling (TCS) regulators. These regulators control biofilm forma-
tion by dictating the production of the symbiosis polysaccharide (Syp-PS), the major
component of the biofilm matrix. Control occurs both at and below the level of
transcription of the syp genes, which are responsible for Syp-PS production. Here,
we probed the roles of the two known negative regulators of biofilm formation,
BinK and SypE, by generating double mutants. We also mapped and evaluated a
point mutation using natural transformation and linkage analysis. We examined tra-
ditional biofilm formation phenotypes and established a new assay for evaluating
the start of biofilm formation in the form of microscopic aggregates in shaking liq-
uid cultures, in the absence of the known biofilm-inducing signal calcium. We found
that wrinkled colony formation is negatively controlled not only by BinK and SypE
but also by SypF. SypF is both required for and inhibitory to biofilm formation. To-
gether, these data reveal that these three regulators are sufficient to prevent wild-
type V. fischeri from forming biofilms under these conditions.

IMPORTANCE Bacterial biofilms promote attachment to a variety of surfaces and
protect the constituent bacteria from environmental stresses, including antimicrobi-
als. Understanding the mechanisms by which biofilms form will promote our ability
to resolve them when they occur in the context of an infection. In this study, we
found that Vibrio fischeri tightly controls biofilm formation using three negative reg-
ulators; the presence of a single one of these regulators was sufficient to prevent
full biofilm development, while disruption of all three permitted robust biofilm for-
mation. This work increases our understanding of the functions of specific regulators
and demonstrates the substantial negative control that one benign microbe exerts
over biofilm formation, potentially to ensure that it occurs only under the appropri-
ate conditions.

KEYWORDS Vibrio fischeri, binK, biofilm, response regulator, sensor kinase, syp, two-
component regulatory systems

Biofilms are complex communities of microorganisms encased in a self-produced
matrix that provides protection and permits attachment (1–4). One natural model

used to study biofilm formation is the symbiosis between Vibrio fischeri and its host, the
Hawaiian bobtail squid, Euprymna scolopes (5–8). V. fischeri colonizes its host by first
forming a biofilm on the surface of the symbiotic organ and then dispersing from the
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biofilm to enter and colonize the organ (8, 9). Biofilm formation can be observed in
laboratory settings by the formation of cohesive wrinkled colonies on solid agar,
pellicles at the air-liquid interface in liquid culture under static conditions, and cell
clumping in liquid culture under shaking conditions (“shaking cell clumping”) (10–12).
In contrast to the biofilms that form naturally on the host, the indicated in vitro biofilms
are formed only by strains that have been genetically manipulated (e.g., by overex-
pression of positive biofilm regulators and/or disruption of negative regulators). These
data suggest that biofilm formation is tightly controlled in V. fischeri. At present, seven
regulators are known to control biofilm formation. Six of these regulators fall into a
large class of regulators known as two-component signaling (TCS) regulators, while the
activity of the last regulator remains unknown (Fig. 1).

TCS connects an external signal to a relevant bacterial output using sensor kinases
(SKs) that detect the signal and response regulators (RRs) that elicit the response (13).
In the simplest pathway, upon signal receipt, the SK autophosphorylates a conserved
histidine residue in its HisKA domain. The phosphoryl group is donated to a conserved
aspartate residue within the receiver (REC) domain of a partner RR, which then carries
out a response, such as binding DNA or altering enzyme activity (14). More complicated
pathways exist wherein sequential phosphotransfer events occur on four highly con-
served histidine and aspartate residues present in two or more proteins (15). SKs that
contain two or more of these four domains are known as hybrid SKs. Extra steps in a
phosphorelay are thought to provide opportunities for the cell to exert additional
control over the signaling (16–18). Finally, SKs typically have phosphatase activity,
permitting them to exert negative control over their cognate RRs (19).

In V. fischeri, TCS positively and negatively controls biofilm formation by dictating
the production of the symbiosis polysaccharide (Syp-PS), the major component of the
biofilm matrix (Fig. 1). Control occurs both at the level of transcription of the 18-gene
syp locus and at an unknown level below syp transcription (8, 12, 20). Mutants defective
for TCS regulators exhibit defective or accelerated biofilm formation in culture and,
correspondingly, achieve worse or better colonization outcomes during symbiotic
colonization (12, 21, 22).

FIG 1 Model of regulation of biofilm formation by V. fischeri. In V. fischeri, TCS positively and negatively
controls biofilm formation by dictating the production of the symbiosis polysaccharide (Syp-PS), the
major component of the biofilm matrix. Upon signal activation, RscS initiates a phosphorelay that drives
the activation of SypG via SypF’s Hpt domain, resulting in increased syp transcription and biofilm
formation. Recent work demonstrated that HahK also appears to function upstream of the Hpt domain
of SypF to promote biofilm formation (11). Two negative regulators, BinK and SypE, also control biofilm
formation. The hybrid SK BinK functions as a strong negative regulator of syp transcription and biofilm
formation (11, 26, 27). SypE inhibits biofilm at a level below transcription via controlling the phosphor-
ylation state of SypA (not shown), whose activity remains unknown (24, 29).
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Until recently, investigations of syp-dependent biofilm formation relied on the
overproduction of positive regulators, such as the overexpression of the hybrid SK RscS
or the RR SypG. RscS overexpression induces robust biofilm formation, including
wrinkled colonies and pellicles (12), as does the overexpression of SypG in a back-
ground that lacks the RR SypE (23, 24). These results led to the model that RscS activates
SypG, which directly induces syp transcription, and inactivates the inhibitory activity of
SypE, culminating in biofilm formation (Fig. 1). In an atypical TCS mechanism, however,
the activity of RscS also requires the Hpt domain of SypF, a second hybrid SK with a
domain architecture similar to that of RscS (21). Furthermore, another hybrid SK, HahK,
appears to similarly feed into the Hpt domain of SypF (11). The absolute requirement
for SypF-Hpt in RscS- and HahK-induced biofilm formation brings the total number of
known positive regulators to four: RscS, SypG, HahK, and SypF. However, although SypF
is considered a positive regulator, the overexpression of wild-type SypF fails to promote
biofilm formation; instead, biofilm induction occurs upon the overexpression of SypF1,
a variant with increased activity due to a substitution at S247, which is near the putative
site of autophosphorylation (H250) (21).

In addition to these four positive regulators, two negative regulators have been
identified, SypE and BinK (Fig. 1). Single-copy expression of the RR SypE is sufficient to
prevent V. fischeri from producing wrinkled colonies when the transcription factor SypG
is overexpressed, despite the substantial induction of syp transcription that occurs
under these conditions (24, 25). The hybrid SK BinK functions as a strong negative
regulator of syp transcription and biofilm formation (11, 26, 27). binK mutants fail to
form biofilms under standard laboratory conditions (without the overexpression of a
positive regulator). However, recent work revealed that biofilm formation by the binK
mutant can be induced by the addition of calcium chloride at amounts similar to those
found in seawater (28). Specifically, calcium induced the binK mutant to produce three
in vitro biofilm phenotypes: wrinkled colonies, pellicles, and shaking cell clumping (11).
In contrast, calcium supplementation is not required when rscS is overexpressed: the
overexpression of rscS is sufficient to induce wrinkled colonies and pellicles (but not
shaking cell clumping), even in the absence of calcium. These findings, showing that
the loss of BinK does not fully phenocopy RscS overexpression, indicate that other
factors are likely involved in negatively controlling biofilm formation in the absence of
calcium.

Here, we probed the roles of the two known negative regulators of biofilm forma-
tion, BinK and SypE, by generating double mutants and evaluating biofilm formation in
the absence of the biofilm-inducing signal calcium. We found that under these condi-
tions, biofilms are negatively controlled not only by BinK and SypE but also by SypF, a
known positive regulator. The loss of BinK and SypE, concomitant with a disruption of
the inhibitory activity of SypF, permitted V. fischeri to form biofilms in the absence of
the calcium signal. Together, these data demonstrate that SypF is active as a biofilm
inhibitor under standard laboratory conditions and reveal that three regulators prevent
biofilm formation by wild-type V. fischeri.

RESULTS
Identification of a mutant that forms biofilms in the absence of calcium

supplementation. V. fischeri encodes two known negative regulators of biofilm for-
mation, the SK BinK (26, 27) and the RR SypE (24, 25, 29). Although some genetically
modified strains of V. fischeri (e.g., RscS-overexpressing strains [12]) form wrinkled
colonies on Luria-Bertani salt (LBS) medium, the standard rich medium used to grow
this organism, mutation of neither binK nor sypE alone permits wrinkled colony
formation. We therefore hypothesized that disruption of both negative regulators may
be necessary to permit wrinkled colony formation.

To test this hypothesis, we deleted binK from strain KV3299, a ΔsypE mutant that has
been extensively investigated (24, 25, 29), to generate KV7856. Like wild-type strain
ES114 (Fig. 2Ai), and as reported previously, the ΔsypE mutant formed smooth colonies
under these conditions (24, 25, 29) (Fig. 2Aii). Similarly, a strain in which binK alone is
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deleted (ΔbinK) formed smooth colonies on LBS medium, as previously reported (11,
26) (Fig. 2Aiii). In contrast, KV7856, defective for the two known negative regulators,
produced wrinkled colonies (Fig. 2Aiv). These data initially suggested that BinK and
SypE together inhibit biofilm formation.

However, further experimentation indicated that this conclusion was only partially
correct: an independently constructed binK sypE mutant (ΔbinK1 ΔsypE::Cm [where
“Cm” represents chloramphenicol]) failed to produce robust wrinkled colonies when
grown under the same conditions (Fig. 2Biii) and was, in fact, smooth like the wild-type
strain (Fig. 2Bi). To determine the underlying cause of the differing phenotypes, we
constructed two additional ΔbinK ΔsypE mutants by introducing a marked binK deletion
(ΔbinK::Cm) into two ΔsypE deletion mutants, both the original strain KV3299 (ΔsypE1)
and one that had a distinct derivation (ΔsypE3). The former mutant produced wrinkled
colonies, similar to the original double mutant (compare Fig. 2Bii and iv), while the
latter produced smooth colonies (Fig. 2Bv). Together, these results suggested that
disrupting both binK and sypE was insufficient to generate the wrinkled colony phe-
notype. As a result, it seemed likely that there was a secondary mutation (indicated by
an asterisk) in KV3299, the ΔsypE strain used to generate the original double mutant.

To better understand the biofilm-forming capabilities of ΔbinK ΔsypE * mutant strain
KV7856, we asked if it similarly exhibited enhanced phenotypes in other biofilm assays,
namely, pellicles and shaking cell clumping. Consistent with the observed wrinkled
colony phenotypes, KV7856, but not the ΔsypE * or ΔbinK mutants, was competent to
form pellicles that developed by 48 h of incubation and were clearly robust within 72
h, as can be observed by the cohesive nature of the pellicle when disrupted (Fig. 3A).
In contrast, KV7856 did not differ from the ΔbinK strain with respect to the shaking cell
clumping phenotype: neither strain produced cell clumps when grown with shaking in
the absence of calcium, while both strains were competent to do so upon calcium
supplementation (see Fig. S1 in the supplemental material). We conclude that addi-
tional control mechanisms must be in place to prevent cells from forming large
cohesive clumps under shaking conditions in the absence of calcium, and the presence
of calcium overrides both this control and negative regulation by SypE and the
unknown factor. However, given the other enhanced biofilm phenotypes of KV7856, we

FIG 2 Identification of a mutant that forms wrinkled colonies. (A) Production of wrinkled colonies by the
following strains was assessed: the wild type (ES114) (i), ΔsypE * (KV3299) (ii), ΔbinK (KV7860) (iii), and
ΔbinK ΔsypE * (KV7856) (iv). Colonies were disrupted to evaluate Syp-PS production. (B) Development of
wrinkled colony morphology by three new ΔbinK ΔsypE mutants was assessed at 48 h. The specific binK
and sypE alleles are shown on the bottom along with the hypothesized presence of a putative point
mutation (indicated by *), while the corresponding images are shown on the top, for the following
strains: the wild type (ES114) (i), ΔbinK1 ΔsypE1 * (KV7856) (ii), ΔbinK1 ΔsypE::FRT-Cm (KV8391) (iii),
ΔbinK::FRT-Cm ΔsypE1 * (KV8389) (iv), and ΔbinK::FRT-Cm ΔsypE3 (KV8390) (v). Colonies were disrupted at
48 h to evaluate Syp-PS production.
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revisited the possibility that this strain might exhibit some increase in its capacity to
form biofilms when grown without calcium under shaking conditions. We evaluated
this possibility using a light microscope to visualize potential biofilm behavior under
these conditions. We observed that KV7856, but not the ΔbinK strain, was able to form
microscopic aggregates in the absence of calcium supplementation (Fig. 3B). Further-
more, following overnight growth with shaking, standing cultures of KV7856, but not
the controls, became viscous and difficult to pipette (data not shown). Thus, ΔbinK
ΔsypE * strain KV7856 produced enhanced biofilms under all tested conditions in the
absence of calcium albeit only modestly when grown with shaking.

Identification of a mutation in sypF. We next sought to determine the location of
the unmarked mutation. We hypothesized that it could be within the large syp locus.
If so, then it should be possible to observe linkage between the secondary mutation
and a representative gene such as sypE. Therefore, we introduced chromosomal DNA
containing ΔsypE::Cm and flanking sequences into the wrinkling-competent strain
(ΔbinK ΔsypE *) and selected for Cmr (Fig. 4A). We expected that if the point mutation
were linked to sypE, then the incoming sequences would repair the mutation, causing
the colonies to become smooth. Indeed, most of the resulting Cmr colonies were
smooth, indicating that the point mutation was closely linked to sypE. We obtained a
single recombinant, however, that formed a wrinkled colony (Fig. 4A). We hypothesized
that in this new strain, KV8265, recombination had occurred such that the point
mutation was retained and was now linked to the Cmr marker.

To more precisely determine the position of the point mutation, we performed
additional linkage analyses. Using KV8265 as a template, we amplified ΔsypE::Cm and
adjacent sequences of different lengths. We introduced these sequences into a recip-
ient strain by natural transformation, selecting for Cmr. Ultimately, we evaluated the
resulting colonies for the ability to wrinkle in the absence of BinK (Fig. 4B); if the
mutation was transferred to the recipient, the colonies would become wrinkled. Using
this approach, we were able to define the position of the mutation as a region within
sypF (Fig. 4B). We then sequenced the sypF allele from KV8256 to identify the mutation
and found that a single nucleotide was deleted from this gene (Fig. 4C); although other
changes existed, none resulted in alterations to the predicted protein sequence. The
consequence of the nucleotide deletion is a frameshift that would alter the SypF
sequence after codon 76 and end the predicted protein after 89 residues; we termed
this allele sypF2. The mutation was also present in parent strain KV3299 but was absent
in the wild-type ES114 strain.

Given the presence of sypF2 in the well-characterized ΔsypE mutant, we wondered
if our previous conclusions about SypE function were valid. Specifically, our previous

FIG 3 Biofilm formation by the ΔbinK ΔsypE * mutant. (A) Strains were cultured to log phase, standard-
ized in 2 ml LBS medium in a 24-well microtiter plate, and incubated at 24°C. Development of pellicles
by the following strains was assessed at the indicated times: the wild type (ES114), ΔsypE * (KV3299),
ΔbinK (KV7860), and ΔbinK ΔsypE * (KV7856). At the end of the time course, the pellicles were disrupted
with a toothpick to evaluate pellicle strength (72 h, D). Robust pellicle formation is indicated by the white
arrow. (B) Microscopic images of aggregates formed in LBS medium without supplemental calcium.
Representative images of the following strains were captured at 18 h postinoculation: wild-type ES114,
ΔbinK (KV7860), ΔsypE * (KV3299), and ΔbinK ΔsypE * (KV7856). Aggregates are indicated by the black
arrows.
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work had indicated that SypE was a strong inhibitor of wrinkled colony formation when
the response regulator SypG was overexpressed (24, 25), but the presence of the sypF2
mutation made the role of sypE unclear. We therefore compared wrinkled colony
formation by sypG-overexpressing strain KV3299 as well as two independently con-
structed ΔsypE strains that contain wild-type sypF. In contrast to the sypE� control, which
formed smooth colonies, all of the sypE-defective strains, regardless of the presence of
sypF2, were competent to form wrinkled colonies (see Fig. S2 in the supplemental material).
The presence of sypF2, however, substantially accelerated the timing of wrinkled colony
formation. Thus, while the sypF2 allele contributes to the timing of biofilm formation, SypE
is, as previously reported, an important negative regulator of wrinkled colony formation.

sypF2 produces an active protein that promotes biofilms. Because a frameshift
mutation is typically interpreted as a loss-of-function allele, we asked if SypF is dispensable
for wrinkled colony formation in the absence of BinK and SypE. In contrast to the wrinkling-
competent sypF2-containing strain, a binK mutant that lacks both sypE and sypF (ΔsypEF)
failed to form wrinkled colonies, similar to the ΔbinK and ΔbinK ΔsypE (sypF�) mutants (Fig.
5Ai to iv). In addition, robust wrinkled colony formation could not be restored to the sypEF
mutant by the reintroduction of the wild-type sypF allele (Fig. 5Av). Similarly, while the binK
sypE sypF2 mutant formed robust pellicles, the binK sypEF mutant failed to do so, similar to

FIG 4 Identification of a mutation in sypF. (A) Chromosomal DNAs containing ΔsypE::FRT-Cm and flanking
sequences were introduced into the wrinkling-competent strain (ΔbinK ΔsypE *) (KV7856) by natural
transformation with selection for Cmr. The resulting colonies were smooth (1) because the incoming DNA
repaired the point mutation. There was one exception, a single recombinant that wrinkled, KV8265 (2).
Images on the right represent the outcomes but not the actual strains. (B) Using KV8265 as a template,
ΔsypE::FRT-Cm and adjacent sequences of different lengths were amplified in three separate reactions
and introduced into V. fischeri by natural transformation and selection for Cmr. The ability of the resulting
ΔbinK derivatives to form wrinkled colonies was assessed. Images on the right represent the outcomes
but not the actual strains. (C) Sequences that were able to confer wrinkling to the ΔbinK mutant were
sequenced, and a mutation was identified in sypF. We termed this allele sypF2. sypF2 contained a single
nucleotide deletion at nucleotide 227, resulting in a frameshift that ends the predicted protein after
residue 89.
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the binK and binK sypE (sypF�) mutants (Fig. 5B). Pellicle formation with the same timing
could not be restored to the ΔbinK ΔsypEF mutant by complementation with sypF. All of
these strains, except for the uncomplemented ΔbinK ΔsypEF mutant, were competent
to produce biofilms when grown with calcium, a result that confirms that the comple-
menting sypF allele is functional (see Fig. S3A in the supplemental material). Together,
these data suggest that (i) sypF2 is not a null allele and thus retains some activity
necessary for biofilm formation and (ii) wild-type SypF is not a positive regulator in the
absence of calcium but, rather, appears to be a negative regulator.

We further tested each of these conclusions. First, if sypF2 is not a null allele, then
we should be able to disrupt its function. Previous work in other genetic contexts has
demonstrated that wrinkled colony formation requires the putative site of phospho-
transfer, H705, located within the C-terminal histidine phosphotransferase (Hpt) do-
main of SypF (11, 21). Therefore, we hypothesized that if cells containing sypF2 retain
SypF function, they should also retain the ability to synthesize the Hpt region, including
H705. To test the functionality of the C terminus of SypF2, we introduced an H705Q
codon mutation into sypF2. We found that the H705Q substitution abrogated biofilm
formation by the binK sypE sypF2 strain (Fig. 6Ai to iv and Bi to iv and Fig. S3B). These
data support the conclusion that although there is a frameshift mutation in sypF2, the
Hpt region of SypF must still be produced.

Multiple lines of evidence supported the conclusion that SypF functions as a
negative regulator in the absence of calcium. First, we found that an epitope-tagged
version of SypF behaved differently from untagged SypF: in contrast to the smooth
colonies produced by the ΔbinK ΔsypE (sypF�) control, a SypF-hemagglutinin (HA)-
expressing derivative produced robust wrinkled colonies with timing similar to that of
the sypF2 (ΔbinK ΔsypE sypF2) strains (Fig. 6Ai to iii, v, and vi). In addition, the expression
of SypF-HA in a strain lacking only BinK (sypE�) resulted in modest colony architecture
albeit after about 48 h of incubation (Fig. 6Avii). These data suggest that the HA tag
perturbs the regulatory function of SypF, resulting in an apparent loss of negative
function. Similarly, a closer evaluation of the data from the complementation experi-
ment (Fig. 5Av) revealed that SypF-Flag, expressed from a nonnative position in the

FIG 5 Wrinkled colony formation requires SypF activity. (A) Development of wrinkled colony morphology
of the indicated strains was assessed at 24, 48, and 72 h. Colonies were disrupted at the final time point
to evaluate Syp-PS production. (B) Strains were cultured to log phase, standardized in 2 ml LBS medium
in a 24-well microtiter plate, and incubated at 24°C. Development of pellicles was assessed at 72 h.
Robust pellicle formation is indicated by the white arrowheads. For both panels A and B, the following
strains were evaluated: ΔbinK (KV7860) (i), ΔbinK ΔsypE (KV8391) (ii), ΔbinK ΔsypE sypF2 (KV7856) (iii),
ΔbinK ΔsypEF (KV8055) (iv), ΔbinK ΔsypEF attTn7::sypF-FLAG (KV8085) (v), ΔbinK ΔsypE sypF2 attTn7::sypF-
FLAG (KV8404) (vi), and ΔbinK ΔsypE sypF2 attTn7::sypF-Hpt-FLAG (KV8405) (vii).
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chromosome, failed to restore robust wrinkled colony formation yet permitted the pro-
duction of colonies with subtle architecture. Because ΔbinK ΔsypE (sypF�) double mutant
strains form only smooth, noncohesive colonies, these data indicate that the activity of
SypF-Flag is also perturbed, diminishing, but not fully disrupting, the negative activity of the
protein. Consistent with this conclusion, SypF-Flag exerted a negative effect in the context
of SypF2: the introduction of sypF-Flag into the binK sypE sypF2 strain delayed wrinkled
colony formation (compare Fig. 5Aiii and vi). In contrast, expression of the isolated Hpt
domain alone (SypF-Hpt) did not delay wrinkled colony formation (Fig. 5Avii). Only the
ΔbinK ΔsypE sypF2 strain expressing SypF-Hpt was competent to promote pellicle
formation (Fig. 5Bvi and vii), while both strains were competent to promote shaking cell
clumping when grown in calcium (Fig. S3A). These data suggest that wild-type SypF,
but not the Hpt domain, displays activity that is inhibitory to biofilm formation in the
absence of calcium.

We hypothesized that functional, Hpt-containing SypF protein could be produced
from sypF2 either due to a mechanism like strand slippage, which would permit some
full-length protein to be encoded and synthesized, or by the production of a smaller
product from a new transcriptional start site. To distinguish between these hypotheses,
we attempted to evaluate the production of SypF2-HA by Western blotting. While we
could readily detect the SypF-HA control, we were unable to detect SypF2-HA protein
even with an excess of protein loaded, despite clear evidence that the C terminus must
be functional (Fig. S4). Thus, SypF2-HA may be unstable and/or made in small amounts.
In either case, sufficient SypF2 must be made to generate the observed phenotypes.
Together, these data indicate that (i) SypF is a required positive regulator of wrinkled
colony and pellicle formation in the absence of added calcium, (ii) full-length SypF
exhibits inhibitory activity under these conditions, and (iii) SypF2 has positive activity,
which wild-type SypF lacks under these conditions, that depends on H705. We propose
that the sypF2 mutation may disconnect the Hpt domain (and other sequences) from
the N-terminal transmembrane sensor domain that is predicted to control its activity via
a phosphorelay. If this were the case, then the sensor domain of full-length SypF may

FIG 6 SypF functions as a negative regulator. (A) Development of wrinkled colony morphology of the
indicated strains was assessed at 24, 48, and 72 h. (B) Strains were cultured to log phase, standardized
in 2 ml LBS medium in a 24-well microtiter plate, and incubated at 24°C. Development of pellicles was
assessed at 72 h. Robust pellicle formation is indicated by the white arrowheads. For both panels A and
B, the following strains were evaluated: ΔbinK (KV7860) (i), ΔbinK::FRT-Cm ΔsypE (KV8390) (ii), ΔbinK ΔsypE
sypF2 (KV7856) (iii), ΔbinK::FRT-Cm ΔsypE sypF2-H705Q-HA (KV8498) (iv), ΔbinK::FRT ΔsypE3 sypF-HA
(KV8497) (v), ΔbinK ΔsypE sypF2-HA (KV8499) (vi), and ΔbinK sypF-HA (KV8467) (vii).
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function to inhibit wrinkled colony formation under these conditions, potentially by
promoting phosphatase activity.

The Hpt domain of SypF promotes wrinkled colony formation. To investigate
the mechanism by which SypF controls wrinkled colony formation, we made use of a
set of alleles that express SypF variants defective for phosphorelay; we reported
previously that only H2 (H705Q), and not H1 (H250Q) or D1 (D549A), is required for
biofilm formation (11, 21). We introduced these alleles into the ΔbinK ΔsypEF mutant to
see if wrinkled colony formation could be restored. As described above (Fig. 5Av),
full-length sypF did not promote robust wrinkled colony formation (Fig. 7Ai to iv).
However, biofilms readily formed when mutations were introduced outside the Hpt
domain, including H1, D1, or H1D1 (H250Q D549A) (Fig. 7Av to vii). In contrast,
SypF-H705Q, which contains a mutation within the Hpt domain, failed to promote
wrinkled colony formation (Fig. 7Aviii). Importantly, the expression of the C-terminal
Hpt domain alone was sufficient to promote biofilm formation by the ΔbinK ΔsypEF
mutant, similar to the sypF2-expressing ΔbinK ΔsypE mutant (Fig. 7Aix). Similarly, the
Hpt domain was sufficient to promote pellicles, but SypF-H705Q could not (Fig. 7Bviii
and ix). We conclude that SypF-Hpt is sufficient to promote biofilm formation under a
variety of conditions, including with RscS overexpression (11, 21) as well as growth
without added calcium. Thus, SypF plays both positive and negative roles in biofilm
formation, and the experimental conditions used in this study (e.g., the absence of
added calcium) promote the inhibitory activity of SypF. Artificially disconnecting the
C-terminal signal transduction machinery from the N-terminal sensory domain removes
the negative regulation, promoting biofilm formation.

sypF2 promotes biofilm formation at the level of transcription. We hypothesized
that if SypF is a negative regulator under these conditions, the transcription of the syp
locus would be reduced in the presence of wild-type SypF and increased in the

FIG 7 The Hpt domain of SypF promotes biofilm formation. (A) Development of wrinkled colony
morphology of the indicated strains was assessed at 24, 48, and 72 h. Colonies were disrupted at the final
time point to evaluate Syp-PS production. (B) Strains were cultured to log phase, standardized in 2 ml
LBS medium in a 24-well microtiter plate, and incubated at 24°C. Development of pellicles by the
indicated strains was assessed at 72 h. At the end of the time course, the pellicles were disrupted with
a toothpick to evaluate pellicle strength. Robust pellicle formation is indicated by the white arrow. For
both panels A and B, the following strains were evaluated: ΔbinK (KV7860) (i), ΔbinK ΔsypE sypF2 (KV7856)
(ii), ΔbinK ΔsypE-sypF (KV8055) (iii), ΔbinK ΔsypEF attTn7::sypF-FLAG (KV8085) (iv), ΔbinK ΔsypEF attTn7::
sypF-H250Q-FLAG (KV8406) (v), ΔbinK ΔsypEF attTn7::sypF-D549A-FLAG (KV8088) (vi), ΔbinK ΔsypEF attTn7::
sypF-H250Q-D549A-FLAG (KV8089) (vii), ΔbinK ΔsypEF attTn7::sypF-H705Q-FLAG (KV8087) (viii), and ΔbinK
ΔsypEF attTn7::sypF-Hpt-FLAG (KV8086) (ix).
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presence of SypF2. We assessed the abilities of these respective alleles to promote syp
transcription using a lacZ reporter. As previously demonstrated, the binK mutant
exhibited low levels of syp transcription in the absence of calcium (11). The binK mutant,
the ΔbinK ΔsypE (sypF�) double mutant, and the ΔbinK ΔsypEF triple mutant all
exhibited low levels of syp transcription, suggesting that the inhibitory activity of SypF
prevents transcription. In contrast, the ΔbinK ΔsypE sypF2 strain exhibited a significant
(P � 0.0001) increase in syp transcription compared to the ΔbinK ΔsypE (sypF�) double
mutant (Fig. 8). Thus, the sypF2 allele encodes an active, noninhibitory protein com-
petent to induce syp transcription.

DISCUSSION

V. fischeri exerts substantial control over biofilm production. Much of the regulation
is exerted by two-component regulators, many of which activate transcription of the
syp locus. Here, we report our findings that a set of three TCS regulators, BinK, SypE, and
SypF, prevents wild-type strain ES114 from forming biofilms in a rich medium in the
absence of calcium supplementation. We observed roles for these regulators in pre-
venting wrinkled colony development and pellicle formation. In addition, we deter-
mined roles for these regulators in inhibiting the start of biofilm formation in liquid
culture under shaking conditions by observing microscopic cell aggregation. Together,
data from this work reveal that, in addition to substantial positive regulation, V. fischeri
exerts significant negative regulation over biofilm formation.

Negative regulation by TCS in bacteria is not uncommon. For example, multiple TCS
regulators control bioluminescence in Vibrio harveyi. At low cell density, three SKs
function as kinases to inhibit the production of light by promoting the phosphorylation
of the RR LuxO, which in turn indirectly inhibits light production. At high cell density,
the three SKs function as phosphatases to dephosphorylate LuxO, inactivating LuxO
and allowing light production (30). The loss of a single SK does not prevent cell
density-dependent control over bioluminescence. Similarly, the loss of a single negative
biofilm regulator in V. fischeri does not prevent inhibition of biofilm formation.

BinK and SypE have previously been shown to function as negative regulators (11,
24, 26, 27, 29). The exact function of BinK is not yet known, but BinK negatively impacts
biofilm formation via syp transcription (11, 26). In contrast, SypE appears to work
posttranscriptionally as a serine kinase/phosphatase. While the target of SypE’s activity
is known, it is unclear how phosphorylation of the target impairs biofilm production.
The impact of SypE is also substantial: wild-type cells that overexpress the direct syp
transcription factor sypG fail to form wrinkled colonies in the presence of SypE. Because
these two regulators have negative roles, it was reasonable to hypothesize that

FIG 8 sypF2 promotes biofilm formation at the level of transcription. Transcription of syp was assessed
by evaluating the �-galactosidase activity of the indicated strains carrying a lacZ reporter fusion to the
sypA promoter. The following strains were evaluated: ΔbinK (KV8077), ΔbinK::FRT ΔsypE3 (KV8450), ΔsypE
sypF2 (KV8451), and ΔbinK ΔsypE sypF2 (KV8454). These strains also contained a deletion of sypQ, to
prevent complications from biofilm formation. The effects of the sypF and sypF2 alleles on syp transcrip-
tion were evaluated by one-way ANOVA (P � 0.0001).
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together they were sufficient to prevent biofilm formation, and our initial data sup-
ported this hypothesis. However, analysis with additional binK sypE mutants suggested
that the original sypE strain, used in numerous studies, carried an additional mutation
in sypF. We found that this point mutation, while impacting the magnitude of the effect
of the sypE mutation on wrinkled colony formation, was not responsible for it. Thus,
previous work demonstrating the role of SypE as a negative regulator remains valid.

Our ability to map the mutation, and to readily generate multiple additional binK
sypE double mutants, was possible only due to relatively recent advances in the genetic
manipulation of V. fischeri. Natural transformation of DNA into V. fischeri has been
possible since 2010 (31), but the first use of this technology to map mutations was
reported in 2015 (32). More recently, tools have been developed to rapidly generate
deletions and insertions using PCR-generated DNA (33). Those genetic advances facil-
itated our studies by supporting the rapid generation of strains with different mutation
combinations and/or the addition of an epitope tag to a gene at its native chromo-
somal location, as well as by permitting us to map unmarked mutations via linkage
analysis. These genetic tools, and their new uses in this study, provide a roadmap for
future genetic manipulations of V. fischeri.

The point mutation in sypF, a one-base deletion early in the gene, is predicted to
cause a frameshift mutation that should disrupt the function of this gene. Because
previous work had demonstrated that SypF plays a vital positive role in biofilm
formation, with the C-terminal Hpt domain being necessary and sufficient for SypF
function (11, 21), we hypothesized that the point mutation must not prevent the
expression of the Hpt domain. While we cannot rule out a role for a truncated
N-terminal SypF protein in promoting biofilm formation, several lines of evidence
support the conclusion that the SypF2 Hpt domain is made and functional: (i) the ΔbinK
ΔsypEF mutant failed to form biofilms, indicating that SypF function is required; (ii) the
expression of SypF-Hpt permitted biofilm formation in this background albeit with
altered timing; (iii) the ΔbinK ΔsypE sypF2 strain, but not the ΔbinK ΔsypE strain,
produced high levels of syp transcription; and (iv) the activity of SypF2 is lost upon
mutation of the hpt domain. Furthermore, our results demonstrate that SypF2 not only
is functional but also has increased positive activity relative to wild-type SypF. Of
particular note is the finding that the expression of SypF delays biofilm formation by
the ΔbinK ΔsypE sypF2 strain, while the expression of SypF-Hpt does not. These data
indicate that full-length SypF exhibits inhibitory activity. Because many sensor kinases
also function as phosphatases, it is likely, given our results, that wild-type SypF can
function as a phosphatase to inhibit syp transcription and biofilm formation. We
hypothesize that SypF2 lacks the N-terminal signaling domain and thus contains only
downstream signal transduction domains. Such a truncated protein would be sepa-
rated from the natural control mechanism that, presumably, promotes phosphatase
activity, permitting increased activity, as we observed. Thus, we conclude that SypF
functions as both a positive and a negative regulator of biofilm formation by V. fischeri,
with the negative activity dominating under the conditions used here. Although
additional work will be necessary to determine what signal(s) controls the activities of
SypF, these studies provide conditions under which such a signal(s) can be identified.

Our work included an assessment of a variety of strains that contained active forms
of only one or two of the three negative regulators. Single ΔbinK and double ΔsypE
sypF2 and ΔbinK ΔsypE (sypF�) mutants produced smooth colonies, with only the latter
strain producing slight colony architecture and stickiness after prolonged growth. While
we have yet to generate a ΔbinK sypF2 double mutant, we observed, with some
surprise, that a ΔbinK mutant that expresses HA-tagged SypF produced colonies with
subtle three-dimensional (3D) architecture albeit after �2 days of growth. The addi-
tional absence of sypE resulted in robust wrinkled colony development. These data
suggest that the HA tag perturbs SypF’s negative regulatory function to nearly the
same extent as the original sypF2 mutation. Together, these data indicate that all of
these negative regulators contribute to preventing wrinkled colony formation, with
BinK potentially being the most important.
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Consistent with the conclusion that BinK is the most important of the three
regulators, we recently reported that calcium supplementation permits a binK mutant
to form biofilms, including wrinkled colonies on plates, pellicles in static culture, and
clumps/rings in shaking cultures; these calcium-induced phenotypes do not require any
additional mutations (e.g., sypE or sypF) (11). The amount of calcium (10 mM) used to
induce biofilm formation is physiologically relevant, as it is similar to the amount found
in seawater (28), although it remains unclear what influence calcium in seawater has on
symbiotic processes. It is also unknown how calcium overcomes the inhibitory activities
of SypE and SypF. One simple explanation would be that calcium induces the phos-
phorylation of SypF (e.g., by activating its kinase activity [11]). SypF would, in turn,
inactivate SypE (21, 25). However, calcium can induce biofilm formation by the binK
mutant that expresses only SypF-Hpt, suggesting that this explanation is not sufficient.
An alternative explanation is that other factors are involved. In support of this possi-
bility, we find that the ΔbinK ΔsypE sypF2 strain, which proficiently produces wrinkled
colonies, fails to form clumps and rings in shaking cultures in the absence of calcium.
Similar results have been observed with other biofilm-competent strains (11). Our
findings thus identify BinK, SypE, and SypF as negative biofilm regulators in the absence
of calcium supplementation and indicate that additional regulation controls shaking
cell clumping; whether calcium inactivates the SypE- and/or SypF-dependent negative
regulatory mechanisms or bypasses them remains to be determined.

In summary, this work advances our understanding of biofilm control by V. fischeri
by identifying a set of three negative regulators whose coordinate activities prevent
biofilm formation in the absence of added calcium. This study also reports a negative
regulatory activity for SypF, a protein whose activity is required for biofilm formation.
Together, these findings underscore the importance of biofilm control to V. fischeri as
well as reveal conditions under which signal transduction processes can be investi-
gated.

MATERIALS AND METHODS
Strains and media. V. fischeri strains used in this study are listed in Table 1, and plasmids used are

listed in Table 2. V. fischeri strains were derived by conjugation or natural transformation. Escherichia coli
GT115 (InvivoGen, San Diego, CA), �3813 (34), Tam1�pir, Tam1, DH5�, and S17-1�pir were used (35) for
cloning and conjugation experiments (36, 37). V. fischeri strains were cultured in Luria-Bertani (LB) salt
(LBS) medium (38). The following antibiotics were added to LBS medium at the indicated concentrations:
chloramphenicol (Cm) at 1 or 2.5 �g ml�1, erythromycin at 2.5 �g ml�1, and tetracycline (Tc) at 2.5 �g
ml�1. E. coli strains were cultured in LB medium (39) containing 10 g Bacto tryptone, 5 g yeast extract,
and 10 g NaCl per liter. The following antibiotics were added to LB medium at the indicated concen-
trations: kanamycin (Kan) at 50 �g ml�1, Tc at 15 �g ml�1, and ampicillin (Ap) at 100 �g ml�1. For solid
media, agar was added to a final concentration of 1.5%.

Bioinformatics. Sequences for V. fischeri sypF (VF_A1025) were obtained from the National Center for
Biotechnology Information (NCBI) database. Alignments of sypF and sypF2 were generated by using
BLAST and the Clustal Omega multiple-sequence alignment program from the EMBL-EBI (http://www
.ebi.ac.uk/Tools/msa/clustalw2/) (40–43).

Molecular and genetic techniques. The binK, sypE, and sypF alleles used in this study were
generated, and, in some cases, HA epitope tagged, by PCR using primers listed in Table 3. All
pARM47-based constructs were inserted into the chromosomal Tn7 site of V. fischeri strains by using
tetraparental conjugation (44). E. coli strains described above were used for the purposes of cloning,
plasmid maintenance, and conjugation. Derivatives of V. fischeri were generated via conjugation (45) or
by natural transformation (31, 46). PCR SOEing (splicing by overlap extension) (47) reactions were
performed by using EMD Millipore Novagen KOD high-fidelity polymerase, and Promega Taq was used
to confirm gene replacement events. To generate epitope-tagged sypF, sequences (�500 bp) upstream
and downstream of sypF were amplified by PCR and then fused with an HA epitope tag and an Emr

cassette in a PCR SOEing reaction. The final spliced PCR product was introduced into tfoX-overexpressing
ES114 by natural transformation. The antibiotic resistance marker was used to select for the desired gene
replacement mutant, generated by recombination of the PCR product into the chromosome. Chromo-
somal DNA was isolated from ES114 recombinants by using the DNeasy blood and tissue kit (Qiagen) or
the Quick-DNA Microprep kit (Zymogen).

Linkage analysis and sequencing. Linkage of ΔsypE::Cm to sypF2 was assessed through the
natural transformation of a ΔbinK ΔsypE sypF2 strain using chromosomal ΔsypE::Cm DNA, resulting
in ΔbinK ΔsypE::Cm sypF2, and was confirmed by sequencing. To perform the linkage analysis of
sypF2, ΔsypE::Cm linked to sypF2 and adjacent sequences of various lengths were amplified. Three
reactions were performed in the linkage analysis amplifying ΔsypE::Cm and sypF2, with 1157 as the
forward primer and the following reverse primers: 425, 1221, and 1162. PCR amplification was
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performed by using EMD Millipore Novagen KOD high-fidelity polymerase or Invitrogen AccuPrime
high-fidelity Taq polymerase. The final PCR product was introduced into the tfoX-overexpressing
ΔbinK strain by natural transformation. The antibiotic resistance marker was used to select for the
desired gene replacement mutant, generated by recombination of the PCR product into the
chromosome. Because the tfoX-overexpressing ΔbinK mutant exhibited decreased transformation
efficiency relative to the wild type, in some cases the PCR products were first introduced into ES114,
followed by the introduction of a marked ΔbinK allele into multiple original colonies. Specifically, for
the recombination events indicated in Fig. 4B (sequences 1 and 2), KV8265 was used as a template
for PCR with primers 1157 and 425 (template KV8265) and then used to transform ES114. Seven
colonies that maintained the tfoX plasmid were isolated on medium containing Cm and Km and used
as a recipient for transformation with chromosomal DNA from KV7945 (ΔbinK::Tmr). One of these
(KV8470) formed wrinkled colonies, while the remainder (represented by KV8469) formed smooth
colonies. sypF alleles were sequenced by first amplifying sypF sequences, followed by column
purifying the resulting PCR products, which were then sequenced by using primer 425 and, for
KV8265, primer 684, 1223, or 2264. KV3299, KV8265, KV8469, and KV8498 contained the frameshift
mutation of sypF2, while ES114 and KV8470 contained the wild-type sypF sequence in this region.
Sequencing reactions were performed by ACGT, Inc. (Wheeling, IL).

Wrinkled colony formation assay. To observe wrinkled colony formation, the indicated V. fischeri
strains were streaked onto LBS agar plates. Single colonies were then cultured with shaking in 5 ml LBS
broth overnight at 28°C. The strains were then subcultured the following day in 5 ml of fresh medium.
Following growth to early log phase, the cultures were standardized to an optical density at 600 nm
(OD600) of 0.2 by using LBS medium. Ten microliters of diluted cultures was spotted onto LBS agar plates
and grown at 24°C. Images of the spotted cultures were acquired over the course of wrinkled colony
formation at the indicated times by using a Zeiss Stemi 2000-C dissecting microscope and a Jenoptik
Progres Gryphax series Subra camera. At the end of the time course, the colonies were disrupted with
a toothpick to assess colony cohesiveness, which is an indicator of symbiosis polysaccharide (Syp-PS)
production (48).

Pellicle formation assay. To assess pellicle formation, V. fischeri strains were grown overnight and
subcultured with shaking as described above. Following growth to mid-log phase, the cultures were
standardized to an OD600 of 0.2 using LBS medium in a 24-well microtiter plate. Inoculated microtiter
plates were incubated statically at 24°C. Images of the microtiter wells were acquired over the course of
pellicle formation at the indicated times by using a Zeiss Stemi 2000-C dissecting microscope and a
Jenoptik Progres Gryphax series Subra camera. At the end of the time course, the pellicles were disrupted
with a toothpick to assess pellicle strength.

Microscopic aggregation assay. Differential interference contrast (DIC) images of strains grown
without calcium were assessed for aggregation by using an Optronics MagnaFire S60800 charge-
coupled-device (CCD) microscope camera attached to a Leica DM IRB with a Prior Lumen 200 light
source. Images were taken at a �200 magnification (20� objective lens and 10� eyepiece).

�-Galactosidase assay. Strains carrying a lacZ reporter fusion to the sypA promoter were grown in
triplicate at 24°C in LBS medium. Strains were subcultured in 20 ml of fresh medium in 125-ml baffled

TABLE 2 Plasmids used in this study

Plasmid Descriptiona

Reference or
source

pANN17 Derivative of pKV363 � sequences flanking sypEF 21
pANN20 pEVS107 � Plac-sypF-FLAG 21
pANN21 pEVS107 � Plac-sypF-D549A-FLAG 21
pANN24 pEVS107 � Plac-sypF-H250Q-FLAG 21
pANN32 pKV363 � sequences flanking sypE and sypF, generated with primers 1219 and 519 and primers 1249 and 1375 This study
pANN40 pKV363 � sequences flanking sypE, generated with primers 1219 and 519 and primers 1220 and 684 This study
pANN45 pEVS107 � Plac-sypF-H705Q-FLAG 21
pANN50 pEVS107 � Plac-sypF-Hpt-FLAG 21
pANN65 pEVS107 � Plac-sypF-H250Q-D549A-FLAG 21
pCLD56 pKV282 � sypG 24
pEVS104 Conjugal plasmid 50
pEVS107 Tn7 delivery plasmid; Emr Kmr 44
pEVS170 Vector containing Emr Kmr 51
pJET Commercial cloning vector; Apr Thermo Fisher
pKV282 Low-copy-no. vector; Tcr 25
pKV363 Suicide plasmid 37
pKV494 pJET � FRT-Emr 33
pKV495 pJET � FRT-Cmr 33
pKV496 pJET � Flp recombinase 33
pLL2 pKV363 � sequences flanking binK 11
pLosTfoX Expresses TfoX; Cmr 31
pLostfoX-Kan Expresses TfoX; Kmr 46
pUX-BF13 Tn7 transposase-expressing vector 52
aDetails on construction are included for plasmids generated in this study; ES114 was used as a template for PCRs.
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flasks, the OD600 was measured, and samples (1 ml) were collected after 22 h of growth. Cells were
resuspended in Z-buffer and lysed with chloroform. The �-galactosidase activity of each sample was
assayed as described previously (49) and measured by using a Synergy H1 microplate reader (BioTek).
The assay was performed at least three independent times. Statistical analysis was performed by using
one-way analysis of variance (ANOVA).
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