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ABSTRACT Bacteria that have the capacity to fill the same niche will compete with
one another for the space and resources available within an ecosystem. Such com-
petition is heightened among different strains of the same bacterial species. Never-
theless, different strains often inhabit the same host. The molecular mechanisms
that impact competition between different strains within the same host are poorly
understood. To address this knowledge gap, the type VI secretion system (T6SS),
which is a mechanism for bacteria to kill neighboring cells, was examined in the ma-
rine bacterium Vibrio fischeri. Different strains of V. fischeri naturally colonize the
light organ of the bobtail squid Euprymna scolopes. The genome of FQ-A001, a T6SS-
positive strain, features two hcp genes that are predicted to encode identical sub-
units of the T6SS. Coincubation assays showed that either hcp gene is sufficient for
FQ-A001 to kill another strain via the T6SS in vitro. Additionally, induction of hcp ex-
pression is sufficient to induce killing activity in an FQ-A001 mutant lacking both
hcp genes. Squid colonization assays involving inocula of FQ-A001-derived strains
mixed with ES114 revealed that both hcp genes must be deleted for FQ-A001 and
ES114 to occupy the same space within the light organ. These experimental results
provide insight into the genetic factors necessary for the T6SS of V. fischeri to func-
tion in vivo, thereby increasing understanding of the molecular mechanisms that im-
pact strain diversity within a host.

IMPORTANCE Different bacterial strains compete to occupy the same niche. The
outcome of such competition can be affected by the type VI secretion system
(T6SS), an intercellular killing mechanism of bacteria. Here an animal-bacterial symbi-
osis is used as a platform for study of the genetic factors that promote the T6SS-
mediated killing of one strain by another. Identification of the molecular determi-
nants of T6SS function in vivo contributes to the understanding of how different
strains interact within a host.

KEYWORDS Vibrio fischeri, cell-cell interaction, invertebrate-microbe interactions,
secretion systems, symbiosis

Epithelial surfaces are typically colonized by microbes that impact the physiology of
their hosts (1). The variability in physical and chemical composition associated with

these surfaces results in a vast array of habitats that can support microbial growth,
which has contributed to the tremendous genetic diversity of animal microbiomes (2,
3). Such habitats select for specific microbial species that can grow under the prevailing
conditions (3–5). However, microbes also exhibit genetic diversity at the level of
individual strains, and the molecular mechanisms that promote occupancy by certain
strains remain poorly understood (6, 7). In theory, competition for resources between
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two strains within the same ecological niche will result in competitive exclusion, i.e., the
extinction of the strain with lower fitness (8). However, alternative outcomes to
competitive exclusion are possible. For example, new adaptations in one strain that
redefine its niche could promote cooccupancy of the habitat (9). Conversely, intercel-
lular interactions between different strain types could promote the occupancy of a
habitat by a single strain even if that strain has lower fitness than the other (10).
Bacteria exhibit various mechanisms that impact the outcome of intercellular interac-
tions, including systems that can kill neighboring cells (11). Determining the extent to
which contact-dependent killing mechanisms function in vivo is important for under-
standing how specific strains become established within the microbial ecosystems
associated with epithelial surfaces.

One contact-dependent killing mechanism is mediated by the type VI secretion
system (T6SS), which features a secretion apparatus that is structurally homologous to
the contractile tail of a bacteriophage (12). The baseplate of the T6SS anchors the
secretion system to the inner membrane, thereby promoting the assembly of a
complex within the cytoplasm containing a tube with a spiked tip that is housed within
an outer tube (13, 14). The spiked tip is formed by a trimer of VgrG (15), to which other
proteins are attached. The inner tube consists of stacked rings, with each ring contain-
ing a hexamer of Hcp, resulting in a hollow interior that is hypothesized to facilitate the
translocation of macromolecules (13, 16). The inner tube and spiked tip also function as
a needle: upon contraction of the outer tube, the inner tube is fired through the cell
wall (17) (Fig. 1A), resulting in the translocation of Hcp, VgrG, and any other proteins
associated with the inner tube to the exterior of the cell (13). If another cell is in close
proximity, the needle can puncture its exterior to deliver effectors that kill the neigh-
boring cell (12). In this manner, T6SSs can introduce antagonism into the cellular
interactions that take place within a microbial community, which has the potential to
alter community composition and, consequently, the way in which the community
functions within the ecosystem. For example, T6SS-mediated antagonism enables
certain Bacteroides spp. to protect their niche within the polymicrobial environment of
the mammalian gastrointestinal tract (18).

T6SSs are ubiquitous; roughly 25% of all bacterial genomes are predicted to contain
T6SS-related genes (19). A functional T6SS gene cluster was recently identified in
certain strains of Vibrio fischeri (20), a marine bacterium that establishes a symbiotic

FIG 1 Genetic model for the T6SS in FQ-A001. (A) Cartoon of the T6SS in V. fischeri based on the homologous
system in V. cholerae. The contracted state of the needle is shown. OM, outer membrane; IM, inner membrane. (B)
Main and auxiliary gene clusters of the T6SS in the FQ-A001 genome. Several genes are colored in accordance with
the model shown in panel A. Genes adjoining one another in ES114 are shown in black. Similarity was determined
by progressiveMauve alignment; regions without color (red for chromosome [Ch] I; blue for Ch II) represent loci at
which there is not syntenic DNA in the other strain. The hcp ORF on FQ-A001 chromosome II (VFFQA001_15605) is
syntenic with MJ11 VFMJ11_A0831; the hcp1 ORF on FQ-A001 chromosome I (VFFQA001_07840) is syntenic with
MJ11 VFMJ11_1495.
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association with the Hawaiian bobtail squid Euprymna scolopes (21). This symbiosis is
based on the production of bioluminescence by populations of V. fischeri that are
housed within epithelium-lined crypt spaces in the host’s light organ (22, 23). The
symbiosis is established shortly after the animals hatch from their eggs, when the
juvenile squid are exposed to seawater containing various strains of V. fischeri (24). To
establish symbiosis, typically 1 or 2 V. fischeri cells initially colonize each crypt space,
and the subsequent period of growth results in the light-emitting populations (25).
Thus, the initial colonization of the light organ presents an opportunity for different
strains to interact physically. In addition, no other microbial species is able to occupy
the crypt spaces (22). This scenario provides a simplified platform for studying intras-
pecies interactions in vivo.

Previous work has shown that two symbiotic strains of V. fischeri, ES114 and
FQ-A001, fail to coexist within the same crypt space (26). This incompatibility in vivo
depends on the T6SS of FQ-A001, which can kill ES114 in vitro (20). Here we report the
identification of two putative hcp genes in FQ-A001 that are necessary for T6SS-
dependent activities, including the prevention of other strains of V. fischeri from
colonizing the same crypt space. These findings contribute to knowledge of how the
T6SS functions in V. fischeri during symbiosis establishment, providing insight into the
molecular mechanisms that impact bacterial interactions in vivo.

RESULTS
The large T6SS gene cluster of FQ-A001 features an hcp gene. FQ-A001 is a V.

fischeri strain that was isolated from the light organ of an adult E. scolopes squid and
exhibits T6SS-dependent killing activity toward other symbiotic strains of V. fischeri (20,
26). To gain more insight into this system at a molecular level, the genome of FQ-A001
was sequenced. The de novo draft genome (NCBI genome accession number
SJSX00000000) comprises three contigs with synteny to MJ11 chromosome I and one
contig with synteny to MJ11 chromosome II (27).

The killing activity of FQ-A001 toward ES114 in vitro depends on the vasA_2 gene
(20), which is predicted to encode a baseplate component of the T6SS (Fig. 1A). The
vasA_2 gene was identified on the second largest contig (FQ-A001_contig4) generated
during genome assembly. This contig resembles the second chromosome of MJ11 and
contains a cluster of 35 open reading frames (ORFs) predicted to encode factors that
assemble a functional T6SS, including vasA_2 (Fig. 1B and Table 1). Of relevance to this
study was the identification of a gene within this cluster that is predicted to encode
Hcp (locus tag VFFQA001_15605) (Fig. 1B; see also Fig. S1 in the supplemental material).
In the T6SSs of other microbes, Hcp both comprises the inner tube of the apparatus and
is a member of the T6SS secretome (28). Therefore, the hcp gene represented an ideal
target for investigating the molecular basis of the T6SS in FQ-A001.

Symbiosis establishment by FQ-A001 is independent of hcp. The inability of
FQ-A001 and ES114 cells to occupy the same crypt space depends on the T6SS of
FQ-A001 (20). To begin investigating the impact of Hcp on the T6SS-mediated activities
of FQ-A001 in vivo, we constructed a mutant of FQ-A001 containing an in-frame
deletion allele of the hcp gene within the main T6SS gene cluster, resulting in genotype
FQ-A001 Δhcp. To assess the impact of this gene on symbiosis establishment, the Δhcp
mutant was used in squid colonization assays. The majority (16/18) of juvenile squid
exposed to an inoculum with the Δhcp mutant were luminescent by 48 h (Fig. 2A), and
the luminescence levels were comparable to those of animals exposed to FQ-A001. In
addition, the numbers of colonized crypt spaces within squid were comparable be-
tween animal groups (Fig. 2B), suggesting that the ability of the mutant to colonize the
host was unimpaired. Together, these results for animals exhibiting luminescence and
possessing crypt spaces colonized by bacteria suggest that symbiosis establishment by
FQ-A001 is independent of the hcp gene.

To determine whether hcp affects strain compatibility in vivo, squid cocolonization
assays were performed using mixed inocula of ES114 and FQ-A001-derived strains. To
distinguish between strain types in vivo, ES114 was labeled with cyan fluorescent
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protein (CFP) and FQ-A001-derived strains were labeled with yellow fluorescent protein
(YFP) (Fig. 2C). As a negative control for a functional T6SS, squid colonization assays
were performed using FQ-A001 vasA_2, a mutant that does not exhibit strain incom-
patibility in vivo (20). None of the squid (n � 28) exposed to the mixed inoculum
containing ES114 and wild-type (WT) FQ-A001 exhibited crypts colonized by both strain
types (Fig. 2D and E). In contrast, 9/24 squid exposed to a mixed inoculum of ES114 and
the vasA_2 mutant had at least one crypt space cocolonized by both strains (Fig. 2D and
E). These results are consistent with previous findings suggesting that a T6SS is
necessary for ES114 and FQ-A001 incompatibility in vivo (20). However, none of the 25
squid exposed to the mixed inoculum of ES114 and the Δhcp mutant harbored any
cocolonized crypt spaces (Fig. 2D and E), suggesting that the T6SS of FQ-A001 functions
in vivo without the hcp gene product.

TABLE 1 Protein identities for FQ-A001 T6SS loci

Chr.a

Locus
% aa identity
(no. of identical
aa/total no.)b Genec Predicted function in FQ-A001FQ-A001 MJ11

II VFFQA001_15465 VFMJ11_A0804 99 (198/200) Hypothetical protein
II VFFQA001_15470 VFMJ11_A0805 86 (419/486) tagH Type VI secretion system-associated FHA domain

protein TagH
II VFFQA001_15475 VFMJ11_A0806 100 (166/166) tssJ (vasD) Type VI secretion system lipoprotein TssJ
II VFFQA001_15480 VFMJ11_A0807 99 (439/441) tssK Type VI secretion system baseplate subunit TssK
II VFFQA001_15485 VFMJ11_A0808 99 (262/263) tssL (vasF) DotU family type IV/VI secretion system protein
II VFFQA001_15490 VFMJ11_A0809 95 (477/504) DUF4150 domain-containing protein
II VFFQA001_15495 VFMJ11_A0810 21 (52/253) Hypothetical protein
II VFFQA001_15500 No hits on chromosome II Hypothetical protein
II VFFQA001_15505 No hits on chromosome II Hypothetical protein
II VFFQA001_15510 VFMJ11_A0812 91 (148/163) Hypothetical protein
II VFFQA001_15515 VFMJ11_A0813 98 (139/142) Hypothetical protein
II VFFQA001_15520 VFMJ11_A0814 88 (2,560/2,912) Hypothetical protein
II VFFQA001_15525 VFMJ11_A0815 96 (298/309) Hypothetical protein
II VFFQA001_15530 VFMJ11_A0816 93 (403/435) Hypothetical protein
II VFFQA001_15535 VFMJ11_A0817 99 (1,116/1,132) tssM Type VI secretion system membrane subunit TssM
II VFFQA001_15540 VFMJ11_A0818 100 (149/149) Lrp/AsnC family transcriptional regulator
II VFFQA001_15545 VFMJ11_A0819 98 (325/332) tssG Type VI secretion system baseplate subunit TssG
II VFFQA001_15550 VFMJ11_A0820 99 (575/582) vasB (tssF) Type VI secretion system baseplate subunit TssF
II VFFQA001_15555 VFMJ11_A0821 99 (134/136) vasA_2 (tssE) Type VI secretion system baseplate subunit TssE
II VFFQA001_15560 VFMJ11_A0822 99 (490/492) tssC Type VI secretion system contractile sheath large subunit
II VFFQA001_15565 VFMJ11_A0823 100 (169/169) vipB (tssB) Type VI secretion system contractile sheath small subunit
II VFFQA001_15570 VFMJ11_A0824 92 (478/519) vipA (tssA) Type VI secretion system protein TssA
II VFFQA001_15575 VFMJ11_A0825 98 (645/661) pknA Protein kinase family protein
II VFFQA001_15580 VFMJ11_A0826 98 (303/313) Hypothetical protein
II VFFQA001_15585 VFMJ11_A0827 99 (321/325) DUF2169 domain-containing protein
II VFFQA001_15590 VFMJ11_A0828 97 (428/441) Hypothetical protein
II VFFQA001_15595 VFMJ11_A0829 99 (162/164) Hypothetical protein
II VFFQA001_15600 VFMJ11_A0830 99 (688/692) vrgG (tssI) Type VI secretion system tip protein VgrG
II VFFQA001_15605 VFMJ11_A0831 98 (168/172) hcp Hcp family type VI secretion system effector
II VFFQA001_15610 VFMJ11_A0832 99 (882/888) tssH (clpV) Type VI secretion system ATPase TssH
II VFFQA001_15615 VFMJ11_A0833 95 (509/534) vasH Sigma 54-dependent Fis family transcriptional regulator
II VFFQA001_15620 VFMJ11_A0834 97 (161/166) Hypothetical protein
II VFFQA001_15625 VFMJ11_A0835 27 (431/1,615) OmpA family protein
II VFFQA001_15630 VFMJ11_A0842 37 (136/364) WD40 repeat domain-containing protein
II VFFQA001_15635 VFMJ11_A0837 45 (252/564) Hypothetical protein
I VFFQA001_07810 No hits on chromosome I Pseudogene; frameshifted in FQ-A001
I VFFQA001_07815 *d * Hypothetical protein
I VFFQA001_07820 VFMJ11_1491 74 (264/359) Hypothetical protein
I VFFQA001_07825 VFMJ11_1492 52 (426/817) LysM peptidoglycan-binding domain-containing protein
I VFFQA001_07830 VFMJ11_1493 95 (187/197) DUF4123 domain-containing protein
I VFFQA001_07835 VFMJ11_1494 98 (741/754) vrgG1 (tssI1) Type VI secretion system tip protein VgrG
I VFFQA001_07840 VFMJ11_1495 100 (172/172) hcp1 Hcp family type VI secretion system effector
I VFFQA001_07845 VFMJ11_1497 100 (110/110) Zinc chelation protein SecC
aChr., chromosome.
baa, amino acid.
cGene names in parentheses are alternative gene names that have been reported.
d*, the top hit for VFFQA001_07815 (59 aa) was VFMJ11_1492 (844 aa).
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Assessment of impact of the hcp gene on interactions between FQ-A001 and
ES114 in vitro. The strain incompatibility observed between ES114 and the Δhcp
mutant in vivo was unexpected, because disruption of a different T6SS structural gene
within the main T6SS gene cluster, i.e., vasA_2, was sufficient to permit occupancy of
the same crypt space as ES114 (20). To determine whether other T6SS-dependent
phenotypes are affected in the Δhcp mutant, we turned to in vitro coincubation assays,
which can be used to qualitatively assess the ability of one strain to inhibit the growth
of another (20). Briefly, cultures of two strain types differentially labeled with CFP and
YFP are combined in equal amounts and are then introduced onto the surface of a solid
medium as a concentrated spot. Following 24 h of incubation, the patterns of CFP and
YFP fluorescence of each spot are acquired in order to determine the extent to which
either strain type grew.

Regardless of which strain types were used in the assay, when �103 total CFU were
spotted, the resulting fluorescence patterns within the spot revealed some regions
without growth and other regions containing either CFP or YFP (Fig. 3), suggesting that
the cells that had been within the spot when the assay was initiated were spatially
separated and grew by clonal expansion into structures resembling adjacent CFU.
Increasing the initial total CFU up to �105 resulted in the loss of regions without
growth and the presence of smaller regions of CFP and YFP fluorescence (Fig. 3),
findings consistent with the notion that the cells initially within the spot were closer to
one another. However, as the total initial CFU increased to �106 or 107 for spots
initiated with ES114 and FQ-A001, the resulting spot featured only YFP fluorescence
(Fig. 3A), suggesting that the high initial cell density led to inhibition of ES114 growth.
In contrast, spots that contained the vasA_2 mutant and were initiated with high cell
densities resulted in growth exhibiting YFP and CFP fluorescence signals that colocal-

FIG 2 Impact of hcp on symbiosis establishment by FQ-A001. (A) Luminescence (Lum) of animals at 48 h after initial
exposure to an inoculum containing either FQ-A001 (WT) or TIM416 (Δhcp) harboring the YFP expression plasmid
pSCV38. The dashed line indicates the 95% tail of luminescence associated with animals within an aposymbiotic
group, above which animals are scored as luminescent. Seventeen or 18 animals were used in each group. A
Mann-Whitney test determined that the medians for luminescent animals within each group are not significantly
different from those for other groups (� � 0.05). n.s., not significant (P � 0.05). The experiment was performed
twice, with similar results. RLU, relative light units. (B) Number of crypt spaces per animal in panel A exhibiting YFP
fluorescence. A Mann-Whitney test determined that the median for animals within each group was not significantly
different from those for other groups (� � 0.05). (C) (Top) Images of a light organ containing fluorescently labeled
strains of V. fischeri. In the merged image, crypt spaces that harbor V. fischeri populations are outlined by dotted
lines and labeled according to crypt type. (Bottom) Strategy for visualizing the colonization state of the light organ
by scoring crypt spaces according to strain type (white, empty; blue, CFP; green, YFP; striped pattern, CFP plus YFP).
(D) Number of crypts exhibiting CFP and YFP fluorescence per squid. Squid were exposed to an inoculum in which
CFP-labeled ES114 and the indicated FQ-A001-derived strain labeled with YFP (WT, FQ-A001; vasA_2, ANS2098;
Δhcp, TIM416) were mixed evenly. A Kruskal-Wallis test determined significant differences among groups
(P � 0.0001; H � 22.18), and Dunn’s multiple-comparison test was performed to test for significant differences
between specific groups (****, P � 0.0001; ***, P � 0.001). The experiment was performed twice, with similar results.
(E) Colonization states of light organs of the squid for which data are shown in panel D. Each row represents an
individual animal. The asterisk indicates the light organ imaged in panel C.
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ized throughout (Fig. 3B). This result suggests that the T6SS of FQ-A001 inhibits the
growth of ES114, and without the functional T6SS, colocalization of the two strains
could be observed. This assay was then used to assess the impact of hcp on the
growth-inhibitory effect of FQ-A001 on ES114 observed with a high initial cell density.
Coincubation of ES114 and the FQ-A001 Δhcp mutant resulted in a spot exhibiting only
YFP fluorescence (Fig. 4A), suggesting that the growth of ES114 was inhibited and that
the FQ-A001 T6SS is still functional without the hcp gene.

To quantify the impact of FQ-A001-derived strains on ES114 during coincubation,
the assay described above was modified to determine the abundances of the strains
within each spot. To generate each spot, a strain of ES114 harboring a plasmid with
chloramphenicol resistance (Camr) was combined with a FQ-A001-derived strain that
was unlabeled, i.e., chloramphenicol sensitive. At 0 and 5 h, the spots were harvested
to determine total and Camr CFU counts (see Fig. S2 in the supplemental material),
which were used to calculate the proportion of ES114 cells within each spot (Fig. 4B).
After 5 h, the total CFU associated with each spot increased (Fig. S2A), indicating that
growth had occurred. For the ES114 –FQ-A001 spots, the proportion of Camr CFU
decreased 230-fold (Fig. 4B). In addition, the abundance of ES114 had decreased within
these spots (Fig. S2B), suggesting that ES114 cells died during the coincubation. When

FIG 3 Impact of initial cell density on the growth of ES114 during coincubation with FQ-A001. Shown are images
of CFP fluorescence (top) or YFP fluorescence (center) and merged images (bottom) of spots derived from 10-�l
cell suspensions grown on LBS agar for 24 h. ES114 harboring pYS112 (CFP) was mixed with the indicated strain
harboring pSCV38 (YFP), and the mixture was serially diluted using 10-fold dilution steps. The YFP-labeled strains
were FQ-A001 (FQ) (A) and ANS2098 (FQ vasA_2) (B). Bars, 1 mm.

FIG 4 Impact of hcp genes on the inhibition of ES114 growth by FQ-A001. (A) Coincubation assay with ES114 and
the indicated FQ-A001-derived strains, harboring pYS112 and pSCV38, respectively. FQ-A001-derived strains are
FQ-A001 (WT), ANS2098 (vasA_2), TIM416 (Δhcp), NPW57 (Δhcp1), and NPW58 (Δhcp Δhcp1). Shown are images of
CFP fluorescence (top) or YFP fluorescence (center) and merged images of the bacterial growth resulting from the
24-h incubation of cellular mixtures spotted onto agar (bottom). Approximately 5 � 107 total CFU were introduced
into each spot. Bar, 1 mm. (B) Ratio of Camr CFU to total CFU resulting from a 5-h coincubation of Camr-labeled
ES114 with each of the indicated FQ-A001-derived strains. Each point represents the ratio associated with an
individual spot at 0 h (open symbols) or 5 h (filled symbols), and each horizontal line represents the geometric
mean (n � 4). Approximately 5 � 107 total CFU were introduced into each spot. Two-way analysis of variance
revealed significant differences among the means of log-transformed ratios due to time (F1,30 � 54.78; P � 0.0001),
genotype (F4,30 � 47.20; P � 0.0001), and their interaction (F4,30 � 54.78; P � 0.0001). A Sidak post hoc test was
performed to compare the means statistically, with P values adjusted for multiple comparisons. Groups with
different letters have significantly different medians (P � 0.0001), and groups with the same letter do not have
significantly different medians (P � 0.05).
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grown separately on a solid medium, ES114 and FQ-A001 exhibit generation times of
71 min and 66 min, respectively (data not shown), suggesting that differences in
growth rates cannot account for the effects observed from their coincubation. For the
spots comprising ES114 and the vasA_2 mutant, the proportion of Camr CFU remained
constant during growth (Fig. 4B), suggesting that ES114 is killed via the T6SS of
FQ-A001. When the Δhcp mutant was used in the coincubation assay, the spots showed
a decrease in the proportion of Camr CFU similar to that observed with the FQ-A001
control (Fig. 4B), suggesting that the T6SS of FQ-A001 can kill ES114 without the hcp
gene.

Either hcp gene is sufficient for T6SS-mediated killing. The T6SS of Vibrio

cholerae depends on two hcp genes that encode nearly identical Hcp subunits (13, 29).
These hcp genes are not genetically linked to the main T6SS gene cluster; instead, two
distinct auxiliary gene clusters each contain one of the hcp genes. Examination of the
largest contig assembled during the sequencing of the FQ-A001 genome (FQ-A001-
contig2) revealed another hcp gene (hcp1; locus tag VFFQA001_07840 [Fig. 1]). Notably,
hcp1 is predicted to encode an Hcp subunit that is 100% identical to the Hcp subunit
encoded by the hcp gene within the main cluster (Fig. S1 in the supplemental material).
In MJ11, the homologue of hcp1, VFMJ11_1495, resides on chromosome I. The Hcp
subunits encoded by VFMJ11_1495 and VFMJ11_A0831 (the hcp gene located within the
large gene cluster of MJ11) share 100% and 98% identity, respectively, with the Hcp
homologues in FQ-A001.

To determine the impact of hcp1 on the function of the T6SS in FQ-A001, an in-frame
deletion allele of hcp1 was constructed and then introduced into FQ-A001 and the Δhcp
mutant to generate the Δhcp1 and Δhcp Δhcp1 mutants, respectively. The growth of
ES114 was inhibited when it was coincubated with the Δhcp1 mutant (Fig. 4A),
suggesting that the T6SS is functional in this strain. However, when coincubated with
the Δhcp Δhcp1 mutant, ES114 could grow to a level comparable to that observed with
the vasA_2 mutant (Fig. 4A), suggesting that the Hcp proteins encoded in the main and
auxiliary T6SS gene clusters contribute to the growth inhibition function of the T6SS in
FQ-A001. Determination of CFU abundance after 5 h of coincubation revealed that the
proportion of ES114 remained constant when it was exposed to the Δhcp Δhcp1 mutant
(Fig. 4B), suggesting that the hcp genes are functionally redundant and that either is
sufficient for the killing function of the T6SS in FQ-A001. The generation time of the
Δhcp Δhcp1 mutant when grown alone was determined to be 75 min, comparable to
that of the WT.

We also tested for genetic complementation by introducing a plasmid containing
either hcp gene with the corresponding promoter region into the Δhcp Δhcp1 mutant.
During 24-h coincubation assays, the growth of ES114 was impaired when the Δhcp
Δhcp1 mutant harboring either hcp gene was used (Fig. 5A). The impact of expressing
either hcp gene in trans on the killing function of the T6SS was assessed by the 5-h
coincubation assay. Because the plasmids containing the hcp genes require chloram-
phenicol for maintenance, chloramphenicol selection could not be used to determine
the abundance of the ES114 strain within the spots. Therefore, the assay was modified
to use TIM313, an erythromycin-resistant (Ermr) derivative of ES114 that can be enu-
merated using erythromycin selection in place of ES114. As observed in the coincuba-
tion assays described above, the proportion of Camr CFU that were Ermr was reduced
by 5 h in spots initiated with TIM313 and FQ-A001 (Fig. 5B). Proportions similar to that
with this positive control were observed with the Δhcp Δhcp1 mutant harboring either
an hcp� or an hcp1� plasmid (Fig. 5B). Together, these results suggest that either hcp
gene can promote the T6SS-mediated activities of FQ-A001 in vitro.

Crypt incompatibility requires at least one hcp gene in FQ-A001. The results
described above suggest that at least one hcp gene is necessary for T6SS-mediated
activities in vitro. To test whether the function of the T6SS in vivo has a similar
dependency, the Δhcp1 and Δhcp Δhcp1 mutants were used in squid colonization
assays. Examination of the luminescence and crypt occupancy of squid exposed to
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either mutant revealed no effect (see Fig.S3 and S4 in the supplemental material),
suggesting that the ability of FQ-A001 to establish symbiosis is independent of Hcp.
Cocolonization assays using an inoculum in which ES114 and the Δhcp1 mutant were
mixed evenly yielded animals containing crypt spaces with only one strain type (Fig.
S3C), suggesting that the Δhcp1 mutant could prevent ES114 from occupying the same
crypt space. However, exposure of squid to an inoculum in which ES114 and the Δhcp
Δhcp1 mutant were mixed evenly yielded animals containing some crypt spaces
colonized with both strain types (Fig. 6), suggesting that the ability of FQ-A001 to
prevent ES114 from occupying the same crypt space becomes impaired without Hcp
production.

Induction of hcp expression is sufficient for T6SS-mediated activities. The
results described above show that the expression of either hcp gene from its native
promoter is sufficient to restore normal killing activity in the Δhcp Δhcp1 mutant (Fig.
5B), suggesting that Hcp levels may be a limiting factor for T6SS-mediated activities
under the conditions used in the coincubation assays. To test this hypothesis, the hcp
gene was cloned downstream of the isopropyl-�-D-thiogalactopyranoside (IPTG)-

FIG 5 Impact of expression of hcp genes in trans on T6SS function in vitro. (A) Coincubation assay with ES114 and
the indicated FQ-A001-derived strains. ES114 is labeled with CFP via pYS112. The FQ-A001-derived strains are
FQ-A001 (WT) and NPW58 (Δhcp Δhcp1), which harbors the vector control pVSV105 (unlabeled), pNPW16 (hcp1�),
or pNPW17 (hcp�). Images show the CFP fluorescence of the bacterial growth resulting from the 24-h incubation
of cellular mixtures spotted onto agar. Approximately 5 � 107 total CFU were introduced into each spot. Dotted
lines indicate the border of bacterial growth within each spot. Bar, 1 mm. (B) Ratio of Ermr CFU to Camr CFU
resulting from a 5-h coincubation of the Ermr ES114-derived strain TIM313 labeled with Camr by plasmid pYS112
with the FQ-A001-derived strains described in the legend to panel A. Each point represents the ratio associated
with an individual spot at 0 h (open symbols) or 5 h (filled symbols), and each horizontal line represents the
geometric mean (n � 4). Approximately 5 � 107 total CFU were introduced into each spot. Two-way analysis of
variance revealed significant differences among the means of log-transformed ratios due to time (F1,24 � 299.5;
P � 0.0001), genotype (F3,24 � 37.46; P � 0.0001), and their interaction (F3,24 � 42.95; P � 0.0001). A Sidak post hoc
test was performed to compare the means statistically, with P values adjusted for multiple comparisons. Groups
with different letters have significantly different medians (P � 0.0001), and groups with the same letter do not have
significantly different medians (P � 0.05).

FIG 6 Impact of hcp and hcp1 on crypt cooccupancy. Shown are the numbers of crypts per squid that
exhibit both CFP and YFP fluorescence. Squid were exposed to an inoculum in which CFP-labeled ES114
and the indicated FQ-A001-derived strain labeled with YFP (WT, FQ-A001; vasA2, ANS2098; Δhcp Δhcp1,
NPW58) were mixed evenly. Twenty-six to 28 animals were used in each group. A Kruskal-Wallis test
determined significant differences among group medians (P � 0.0097; H � 9.269). Dunn’s post hoc test
was performed for statistical comparison of the median of each group to that of the WT group, with P
values adjusted for multiple comparisons (**, P � 0.01; *, P � 0.05).
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inducible promoter Ptrc, which has been successfully used to induce the expression of
other genes in V. fischeri (30). The resulting construct (Ptrc-hcp) was introduced into the
Δhcp Δhcp1 mutant to generate a strain in which the Hcp levels can be controlled
exogenously by supplementing the growth medium with IPTG.

The coincubation assays described above were modified by including an IPTG
treatment when the cell mixtures were spotted onto a solid medium. This IPTG
treatment affected neither the ability of FQ-A001 to inhibit the growth of ES114 nor the
way ES114 grew when it was coincubated with the Δhcp Δhcp1 mutant harboring a
vector control (Fig. 7A). Without the IPTG treatment, coincubation of ES114 with the
Δhcp Δhcp1 mutant harboring Ptrc-hcp for 24 h resulted in spots that exhibited CFP
fluorescence comparable to that with the vector control (Fig. 7A). In contrast, the same
pair of strains grown in the presence of at least 0.1 mM IPTG resulted in growth
exhibiting decreased CFP fluorescence (Fig. 7A), suggesting that the growth of ES114
was inhibited. Because the CFP fluorescence in these spots was higher than that in
spots containing FQ-A001 (Fig. 7A), the extent of growth inhibition due to the IPTG
induction of hcp appeared to be less than that with the WT.

To determine the extent to which induction of hcp could promote killing by
FQ-A001, 5-h coincubation assays were performed using the Ermr ES114-derived strain
TIM313 described above. In addition, 1 mM IPTG was used as the treatment due to the
saturated effect observed in the 24-h coincubation assay (Fig. 7A). Treatment with
1 mM IPTG had no effect on the relative abundance of TIM313 for either the WT or the
Δhcp Δhcp1 mutant control group (Fig. 7B). Also, in the absence of IPTG treatment, the
proportion of TIM313 when it was coincubated with the Δhcp Δhcp1 mutant
harboring the Ptrc-hcp construct was comparable to that with the vector control
(Fig. 7B), in agreement with the results of the 24-h fluorescence-based assay
(Fig. 7A). In contrast, the relative abundance of TIM313 coincubated with the Δhcp
Δhcp1 mutant harboring the Ptrc-hcp construct was 8.6-fold lower with IPTG treat-
ment (Fig. 7B), suggesting that the corresponding induction of hcp expression is
sufficient to promote killing by the Δhcp Δhcp1 mutant. Taken together, these data
suggest that the functions of the T6SS in FQ-A001 can be controlled through the
regulation of hcp expression.

FIG 7 Impact of induction of hcp expression on T6SS-mediated activities. (A) Coincubation assay with ES114 and
the indicated FQ-A001-derived strains. ES114 is labeled with CFP via pYS112. FQ-A001-derived strains are FQ-A001
(WT) and NPW58 (Δhcp Δhcp1), which harbors pTM214 (vector) or pKRG018 (Ptrc-hcp). Images show the CFP
fluorescence of the bacterial growth resulting from a 24-h incubation of cellular mixtures spotted onto agar
containing the indicated concentration of IPTG. Approximately 5 � 107 total CFU were introduced into each spot.
Bar, 1 mm. (B) Ratio of Ermr CFU to Camr CFU resulting from a 5-h coincubation of the Ermr ES114-derived strain
TIM313 labeled with Camr by the plasmid pYS112 with the FQ-A001-derived strains described in the legend to
panel A. Each point represents the ratio associated with an individual spot at 5 h without IPTG (open symbols) or
with 1 mM IPTG (filled symbols), and each horizontal line represents the geometric mean (n � 4). Approximately
5 � 107 total CFU were introduced into each spot. Two-way analysis of variance revealed significant differences
among the means of log-transformed ratios due to genotype (F2,18 � 165.7; P � 0.0001), IPTG treatment (F1,18 �
24.88; P � 0.0001), and their interaction (F2,18 � 17.45; P � 0.0001). Tukey’s post hoc test was performed to compare
the means statistically, with P values adjusted for multiple comparisons. Groups with different letters have
significantly different medians (P � 0.001), and groups with the same letter do not have significantly different
medians (P � 0.05).
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DISCUSSION

Along host epithelial surfaces, bacterial cells are often in direct contact with each
other, permitting certain intercellular interaction systems to alter the physiology of
neighboring cells (31). In this study, the T6SS of V. fischeri strain FQ-A001 was investi-
gated in order to gain insight into the molecular determinants underlying the killing
activity that this strain exhibits toward ES114. Two genes, hcp and hcp1, are predicted
to encode identical Hcp subunits and were shown to contribute to the ability of
FQ-A001 to kill ES114 (Fig. 5B; also see Fig. S1 in the supplemental material). While hcp
is located within the main T6SS gene cluster, hcp1 is located on a different chromosome
(Fig. 1B). Deletion of both the hcp and the hcp1 gene is necessary to disrupt killing
activity (Fig. 4B), and expression of hcp in trans in a Δhcp Δhcp1 mutant is sufficient to
restore killing activity (Fig. 5B and 7B). Finally, the ability of FQ-A001 to prevent the
cocolonization of crypt spaces with ES114 was shown to require at least one hcp gene
(Fig. 6).

Taken together, the results of this study contribute to the model of how the T6SS
functions during establishment of the squid-Vibrio symbiosis (Fig. 8). When a T6SS-
positive cell colonizes the same crypt space as a T6SS-susceptible cell, the initial growth
of each strain type results in subpopulations that come into direct contact with one
another. The expression of the hcp genes by the T6SS-positive strain in vivo is suffi-
ciently high for the killing of T6SS-susceptible cells. Elimination of the T6SS-susceptible
subpopulation results in the dominance of the T6SS-positive strain within the crypt
space by the time the light-producing symbiosis is established. Thus, the T6SS has the
potential to limit V. fischeri strain diversity within the squid light organ during symbiosis
establishment.

The killing activity by the T6SS of FQ-A001 depends on the extent to which hcp is
expressed. In V. cholerae, the transcriptional activation of hcp genes depends on the
�54-dependent transcription factor VasH (32). The expression of vasH, which resides
within the large gene cluster in V. cholerae, is controlled by two transcription factors
associated with the natural competence pathway that promotes the uptake and
chromosomal incorporation of exogenous DNA (32–34). This pathway is activated when
V. cholerae is exposed to high levels of chitin, the polymer that constitutes the
exoskeleton of the copepods that serve as the natural reservoir for V. cholerae (35, 36).
Furthermore, HapR, a transcription factor associated with intercellular quorum sensing
(37), positively regulates hcp expression (38). The consequence of these regulatory
inputs is that the T6SS functions when V. cholerae is present at high abundance on the
chitinaceous surfaces, which has been hypothesized to contribute to the diversification
of V. cholerae strains within the environment (39, 40). Our finding that induction of hcp

FIG 8 Model of T6SS-mediated killing during symbiosis establishment. (Left) A single crypt space (light
gray oval) initially colonized by a cell of a T6SS-positive V. fischeri strain type (green) and a cell of a V.
fischeri strain type susceptible to the T6SS (blue). (Center) Clonal expansion of each strain type results in
contact between cells, which promotes T6SS-mediated interactions. (Top inset) T6SS-mediated killing of
T6SS-susceptible cells. (Bottom inset) Survival of T6SS-positive cells after a T6SS-mediated attack. (Right)
As a result of continued clonal expansion of the population, the crypt space harbors only the T6SS-
positive strain type during symbiosis.
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expression promotes T6SS-mediated activities in FQ-A001 is significant because it
suggests that transcriptional regulation of the hcp genes is a potential mechanism for
V. fischeri to alter T6SS function in response to environmental conditions. Therefore,
future studies will be devoted to examining the extent to which hcp and hcp1 are
transcribed and to identifying the factors that impact their transcription. Because
homologues of transcription factors that regulate hcp transcription in V. cholerae, such
as vasH, exist in FQ-A001, future studies will investigate the extent to which these
homologues impact hcp expression in this strain so as to determine how the T6SS-
dependent activities of V. fischeri respond to environmental conditions.

Elimination of the T6SS-mediated killing activity through the deletion of hcp and
hcp1 appears to have no impact on the ability of FQ-A001 to establish symbiosis (Fig.
S3 in the supplemental material). This finding is significant because it suggests that the
functions of this T6SS during symbiosis establishment are specific to intercellular
interactions involving other bacterial cells rather than host cells. This is in contrast to
the T6SS of V. cholerae, which promotes the displacement of a natural symbiont of the
zebrafish gut by strengthening intestinal contractions rather than by directly killing the
symbiont (41). The effector was shown to be VgrG-1, with the actin cross-linking
domain (ACD) located at the C terminus of VgrG (41). Neither vgrG nor vgrG1, the VgrG
homologues in FQ-A001 that are located downstream of hcp and hcp1, respectively, is
predicted to encode this 514-residue ACD. Instead, the VgrG homologues associated
with the T6SS gene clusters in V. fischeri have small C-terminal domains. Our results
suggest that the V. fischeri T6SS mediates only interactions between bacterial cells, as
opposed to host-microbe interactions, a conclusion consistent with the lack of the ACD
in the V. fischeri proteins.

In summary, two hcp genes exhibit functional redundancy for T6SS-dependent
activities in V. fischeri. The ability of V. fischeri to establish symbiosis appears to be
independent of a functional T6SS, further supporting the role of the T6SS in mediating
the direct interactions that can occur between strains during host colonization. This
study has revealed knowledge of how the T6SS of V. fischeri functions during symbiosis
establishment, thereby increasing understanding of the molecular mechanisms on
which bacterial symbionts depend in order to associate with a host.

MATERIALS AND METHODS
Media and growth conditions. V. fischeri strains were grown aerobically in LBS medium (1% [wt/vol]

tryptone, 0.5% [wt/vol] yeast extract, 2% [wt/vol] NaCl, 50 mM Tris–HCl [pH 7.5]) (42). When appropriate,
LBS was supplemented with chloramphenicol at a final concentration of 2.5 �g ml�1 and/or erythromy-
cin at a final concentration of 5 �g ml�1.

Strains. The V. fischeri strains used in this study are listed in Table 2.
(i) Construction of deletion alleles. The deletion alleles Δhcp and Δhcp1 were each generated from

FQ-A001 genomic DNA by PCR amplification of 1.3- to 1.5-kb regions on either side of the corresponding
genes and cloning of the products into pEVS79 to yield plasmids pTM430 and pAGC007, respectively. The
primers and restriction sites used in the cloning process are listed in Table 3. To generate a mutant with
a particular deletion allele, the corresponding plasmid was introduced into the parental strain by
conjugation using pEVS104 and screening by PCR for the double-crossover event, as described previ-
ously (42).

(ii) Construction of complementation vectors. Plasmids pNPW16 and pNPW17 contain the hcp1�

and hcp� alleles, respectively. To generate each construct, these genes and their corresponding
promoter regions were first amplified by PCR from genomic DNA of FQ-A001 and then cloned into
pVSV105. The primers and the restriction sites used in cloning are shown in Table 3.

(iii) Construction of Ptrc-hcp. Plasmid pKRG018, which contains the hcp gene downstream of the
IPTG-inducible trc promoter, was constructed by PCR amplification of hcp from FQ-A001 genomic DNA
and cloning of the product into pTM214 upstream of the mCherry gene.

Comparative genomics. The FQ-A001 genome sequence (NCBI genome accession number
SJSX00000000 [version SJSX01000000]) was analyzed using Mauve (progressiveMauve algorithm; snap-
shot 2015_02_25 macOS) and NCBI BLAST (blastp, version 2.9.0�), with comparisons against the V.
fischeri MJ11 genome (NCBI accession numbers CP001139.1 [chromosome I] and CP001133.1 [chromo-
some II]) (27, 43–45).

Squid colonization assays. Squid colonization assays were performed as described previously (20).
Briefly, LBS cultures grown overnight at 28°C with shaking were first normalized to an optical density at
600 nm (OD600) of 1.0 and then diluted 1:100 into LBS medium. For strains harboring plasmids for
labeling with fluorescence, the medium contained 2.5 �g/ml chloramphenicol. At an OD600 of 1.0,
cultures were diluted into filter-sterilized seawater (FSSW) and were combined as indicated in the figure
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legends to generate each inoculum. Freshly hatched juvenile squid were exposed to the inoculum for
3.5 h, after which the inoculum was washed off the animals by transfer to fresh FSSW. At 24 h
postinoculation (p.i.), another wash step was performed. At 48 h p.i., animals were cooled on ice and were
then fixed and imaged by fluorescence microscopy as described previously (20).

Coincubation assays. Coincubation assays were performed as described previously (20), with the
modifications described here. LBS cultures grown overnight at 28°C with shaking were first diluted into
LBS to achieve an OD600 of 1.0. To initiate the assay, 50-�l cell suspensions of each strain were combined
in a microcentrifuge tube, and then a 10-�l volume was spotted onto the surface of LBS medium
containing 1.5% agar, which was incubated at 24°C. As described below, the spots were either harvested
for CFU counts or visualized by fluorescence microscopy for qualitative structural features of the strains
within the spots.

To determine cellular abundance within a spot, flame-sterilized forceps were used to extract the spot
and the corresponding agar fragment, which were then introduced into a microcentrifuge tube con-
taining 1 ml LBS. Cells were released from the agar by vortexing for 10 s, after which serial dilutions were
performed, and cells were plated onto LBS agar with or without an antibiotic for CFU counts.

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Genotype Source or reference

Strains
ES114 Wild-type V. fischeri 46
FQ-A001 Wild-type T6SS� V. fischeri 26
ANS2098 FQ-A001 vasA_2::erm 20
TIM416 FQ-A001 Δhcp This study
NPW57 FQ-A001 Δhcp1 This study
NPW58 FQ-A001 Δhcp Δhcp1 This study
TIM313 ES114 Tn7::erm 47

Plasmids
pSCV38 pVSV105 PtetA-yfp PtetA-mCherry 48
pYS112 pVSV105 PproD-cfp PtetA-mCherry 26
pVSV105 R6Kori ori(pES213) RP4 oriT cat 49
pEVS79 pBC SK (�) oriT cat 50
pTM430 pEVS79 Δhcp This study
pAGC007 pEVS79 Δhcp1 This study
pNPW16 pVSV105 hcp1� This study
pNPW17 pVSV105 hcp� This study
pTM214 pVSV105 Ptrc-mCherry 51
pKRG018 Ptrc-hcp This study
pEVS104 R6Kori RP4 oriT trb tra kan 50

TABLE 3 Primers used in this study

Primer name Sequence (5= ¡ 3=)
Deletion alleles

Δhcp
Δhcp-5-KpnI-u GGGGTACCTCCAGTTTAACTAATTGGAATCGAC
Δhcp-5-XbaI-l GGTCTAGACATATATGCTGGAGTTGGCATGCT
Δhcp-3-XbaI-u GGTCTAGAACACCACGCGAAGCATAATCGTTT
Δhcp-3-SacI-l GGGAGCTCTTATCAGTATAAATTTCTTCACC

Δhcp1
Δhcp1-5-KpnI-u GGGGTACCGTCGGTTTGGGTATTCCGGGAATG
Δhcp1-5-XbaI-l GGTCTAGACATATACGCTGGAGTTGGCATGGC
Δhcp1-3-XbaI-u GGTCTAGAACACCGCGCGAAGCGTAATGATTA
Δhcp1-3-SacI-l GGGAGCTCGTCACTAGAGGTCTGTCTGGGTCC

Complementation vectors
hcp�

hcp-XbaI-u GCTCTAGAAGTTAGTTTCAATCATTAGCCAGAG
hcp-KpnI-l GTGGTACCATCTTTTACCTGATACTAATATGCA

hcp1�

hcp1-XbaI-u GCTCTAGACTTGGAGCCTTATAATTTTAGAACAC
hcp1-KpnI-l GTGGTACCTCATAAACCATAAGCAATGCAATAG

IPTG-inducible vectors
Ptrc-hcp-u CACGTCGACGTTGACACTCTATCATTGATAG
Ptrc-hcp-l GAAGATTTTCTTATTTGTATAGTTCATCC
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For fluorescence measurements, spots were incubated for 24 h and were then examined at �2.5
magnification using an SZX16 dissecting microscope (Olympus, Waltham, MA) equipped with an SDF
PLFL 0.3� objective and filter sets for CFP and YFP fluorescence. Images of blue (CFP) and yellow (YFP)
fluorescence signals of each spot were obtained using an EOS Rebel T5 camera (Canon, Melville, NY)
attached to the camera port of the microscope and set for the RAW image format. Images were
converted to the RGB TIFF format using ImageJ (NIH, Bethesda, MD) with the DCRaw reader plug-in, and
only the blue (or green) channel was retained from the blue (or yellow) fluorescence images. To
emphasize the structural features of the spots associated with a particular fluorophore, the lookup table
of the images was scaled uniformly across the samples in the same experiment.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00221-19.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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