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ABSTRACT The type VI secretion system (T6SS) inhibits the growth of neighboring
bacterial cells through a contact-mediated mechanism. Here, we describe a detailed
characterization of the protein localization dynamics in the Pseudomonas aeruginosa
T6SS. It has been proposed that the type VI secretion process is driven by a
conformational-change-induced contraction of the T6SS sheath. However, although
the contraction of an optically resolvable TssBC sheath and the subsequent localiza-
tion of ClpV are observed in Vibrio cholerae, coordinated assembly and disassembly
of TssB and ClpV are observed without TssB contraction in P. aeruginosa. These dy-
namics are inconsistent with the proposed contraction sheath model. Motivated by
the phenomenon of dynamic instability, we propose a new model in which ATP hy-
drolysis, rather than conformational change, generates the force for secretion.

IMPORTANCE The type VI secretion system (T6SS) is widely conserved among Gram-
negative bacteria and is a central determinant of bacterial fitness in polymicrobial com-
munities. The secretion system targets bacteria and secretes effectors that inhibit the
growth of neighboring cells, using a contact-mediated-delivery system. Despite signifi-
cant homology to the previously characterized Vibrio cholerae T6SS, our analysis reveals
that effector secretion is driven by a distinct force generation mechanism in Pseudomo-
nas aeruginosa. The presence of two distinct force generation mechanisms in T6SS rep-
resents an example of the evolutionary diversification of force generation mechanisms.

KEYWORDS subcellular dynamics, T6SS, bacterial cell biology, quantitative
fluorescent imaging

acteria compete against neighboring cells for limited resources. Many bacterial

species have consequently developed mechanisms to increase their relative fitness.
One prevalent mechanism is the type VI secretion system (T6SS), which is found in
about a quarter of Gram-negative bacterial species, including Pseudomonas aeruginosa
and Vibrio cholerae. This system secretes toxic effectors by a contact-mediated-
mechanism into neighboring bacteria, causing cell lysis or cessation of growth (1, 2).
In the V. cholerae T6SS, two proteins (TssB and TssC) assemble into a tubular sheath in
the donor cell cytosol. Effector delivery is driven by a conformational-change-induced
contraction of the protein sheath, which drives the shaft through the outer membranes
of neighboring recipient cells, delivering the effectors (3). The T6SS is then disassem-
bled in a ClpV-dependent process. This duty cycle of assembly contraction and disas-
sembly is typically observed only a single time in a given location. Subsequent events
typically occur elsewhere in the cell (3, 4). In in vitro biochemical reconstitution in V.
cholerae, ClpV interacts through its N-terminal domain with only the contracted form of
the TssBC complex, disassembling the tubules formed by that complex (4, 5). V. cholerae

June 2018 Volume 200 Issue 11 e00744-17 Journal of Bacteriology

Received 15 December 2017 Accepted 10
March 2018

Accepted manuscript posted online 19
March 2018

Citation Corbitt J, Yeo JS, Davis Cl, Leroux M,
Wiggins PA. 2018, Type VI secretion system
dynamics reveals a novel secretion mechanism in
Pseudomonas aeruginosa. ) Bacteriol 200:200744-17.
https//doi.org/10.1128/JB.00744-17.

Editor Thomas J. Silhavy, Princeton University
Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Paul A. Wiggins,
pwiggins@uw.edu.

jb.asm.org 1



https://doi.org/10.1128/JB.00744-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:pwiggins@uw.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00744-17&domain=pdf&date_stamp=2018-3-19
http://jb.asm.org

Corbitt et al.

® cpv -
© Effect
® TssB ector Baseplate
A VgrG Complex
o TssC

A A A A A A AR AR AR AR AAAAARARARARARARR
4 A AN Y

TR A WY Recipient
T ﬁﬁl%ﬁ periplasm

ARRRRRAARARARRAARY il FARARARARARAARARRRRAA FRRRARRATARRARAR
i&%ﬁw JUUUUL www I VAL Y WMU%%&: DOHOF
I ' _ i Ay Periplasm

Donor
Cytoplasm

Time

Protein number (Intensity)

Growing Contracting Shrinking

FIG 1 Schematic model for V. cholerae T6SS structure and secretion mechanism. In the growing phase
of the duty cycle, the sheath and shaft assemble at the membrane. In the contraction phase of the duty
cycle, the TssBC sheath undergoes conformational change, contracting the sheath and driving the
Hcp/VgrG shaft through the recipient cell membrane. In the shrinking phase of the duty cycle, ClpV binds
the N terminus of TssC which is exposed only in the contracted conformation. The ATPase activity of the
TssC-bound ClpV then proceeds to disassemble the sheath.

AclpV strains have a partial loss of function of T6SS, demonstrating ClpV to be an
important yet nonessential component of T6SS in V. cholerae (5, 6, 7). These observa-
tions have led to a syringe model of force generation for toxin delivery, wherein TssBC
sheath contraction provides the force to push the inner needle out of the cell and the
role of ClpV is to disassemble the sheath after contraction (Fig. 1).

In contrast, previous research shows that in the Hcp secretion island I-encoded T6SS
(H1-T6SS) of P. aeruginosa and the T6SS of Serratia marcescens, both TssB and ClpV
repeatedly localize to form punctate foci in the same location before final disassembly,
consistent with significant functional differences between these T6SSs and that of V.
cholerae (8). Significant structural differences also exist: the N terminus of ClpV in P.
aeruginosa typically does not interact directly with TssC, as it does in V. cholerae, but
there is instead a preferential interaction between ClpV and TssB that is mediated by
TagJ (8, 9, 10). These differences motivated our investigation into the function of the
T6SS system in P. aeruginosa.

To characterize the T6SS in P. aeruginosa, we investigated the dynamics of three
important H1-T6SS components—ClpV, TssB, and Fha— by imaging fluorescent fusions
to these T6SS proteins to visualize protein localization and dynamics in vivo. Although
the localization dynamics of these proteins have not previously been quantified in vivo,
these proteins are each known to play key roles in the P. aeruginosa T6SS. The ATPase
ClpV is responsible for sheath disassembly, ClpV is required for Hcp secretion, and ClpV
foci have been shown to correlate with T6SS-dependent cell killing (6, 11). The sheath
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protein TssB can be visualized to characterize the sheath dynamics (4). Fha has been
shown to recruit downstream proteins to the H1-T6SS apparatus (12, 13), and it is
hypothesized to be a component of the T6SS baseplate, arriving upstream of TssB and
ClpV in T6SS assembly (11) (in this study, we present the first visualization of T6SS Fha
dynamics). The observed dynamics of these proteins is inconsistent with those in the
proposed V. cholerae model. We therefore present a new pump model for T6SS toxin
delivery, in which sheath growth and disassembly drive the secretion process.

RESULTS

ClpV assembles and disassembles repeatedly and rapidly at the same location.
We initially focused on ClpV localization dynamics, since ClpV has been widely studied
in both P. aeruginosa and V. cholerae and is thus a well-established comparison protein
for the two species (3,4, 5,7, 11, 12, 14). ClpV is a member of the AAA+ ATPase protein
family, which is an essential component of the T6SS (15). AAA+ proteins typically
assemble into oligomeric ring-like enzyme machines that generate mechanical force by
ATP hydrolysis and are known to remodel a variety of substrates (16). In V. cholerae,
ClpV is known to disassemble the TssBC sheath after sheath contraction (4).

It is already known that the activation and dynamics of ClpV in P. aeruginosa are
qualitatively different from those in V. cholerae. Although the T6SS is constitutively
active in V. cholerae, as identified by the localization of T6SS proteins (4), in P.
aeruginosa the ClpV of H1-T6SS rarely localizes unless it is specifically activated (17).
ClpV is a nonessential protein in V. cholerae T6SS but is required in P. aeruginosa
H1-T6SS (5, 6, 7, 11). In P. aeruginosa, ClpV forms a focus that shows repeated spiking
of intensity in the same location before final disassembly (see Fig. 2). Additionally, data
from Basler et al. demonstrate that labeled V. cholerae ClpV foci can move in the cell
prior to disassembly, while assembled P. aeruginosa ClpV foci remain stationary (4).
Although P. aeruginosa ClpV foci can appear in new locations in the cell, in ~2,000
observations of P. aeruginosa ClpV foci, these foci were always assembled on location,
rather than moving as an assembled complex as observed in V. cholerae (4).

To make a quantitative comparison between ClpV dynamics in P. aeruginosa and
dynamics reported for V. cholerae, we measured ClpV focus intensity over time (Fig. 2
and 3). We observed repeated ClpV localization-delocalization events in quick succes-
sion in the same location, followed by long pauses. We call individual events spikes and
a cluster of spikes a firing event (Fig. 3, top). To analyze these intensity traces, we
segmented the trace into two states based on the focus intensity: assembled, corre-
sponding to a ClpV focus, and disassembled, corresponding to background intensity
(see the supplemental material; Fig. 2). We then quantified the lifetimes of the observed
states and the number of spikes per firing event. A histogram of both the spike lifetimes
and the pauses (duration of time between spikes) is shown in Fig. 3 (bottom).

In P. aeruginosa, ClpV firing consisted of a group of one to eight spikes, with a mean
of 2.0 (standard deviation [SD] = 1.2, n = 900) spikes per firing event. The ClpV foci
remained relatively stationary, and the change in focus displacement was not
observed to surpass 500 nm during firing. The spikes had a mean lifetime of 37 s
(SD = 16 s, n = 1,960) and a median pause of 33 s (SD = 42 s, n = 380) between
ungrouped spikes. Grouped spikes had a median pause of shorter duration than our
frame rate of 5 s. After the last delocalization event, the intensity returned to cell
background intensity, as seen in Fig. 3 (top). The maximum focus intensity was
approximately constant from spike to spike in a firing event. We hypothesize that this
maximum intensity is regulated by the depletion of cytoplasmic protein. In V. cholerae,
firing events correspond to a single spike and therefore the repeated spiking at a fixed
location observed in P. aeruginosa is an important qualitative distinction between the
two T6SSs (4). Interestingly, in spite of this qualitative difference, the average lifetime
of one ClpV spike in V. cholerae and P. aeruginosa is nearly identical (34 s, SD = 6.2 s,
n = 10 for ClpV recruitment and n = 40 for the rest of ClpV lifetime, and 37 s, SD =
16 s, n = 1,960, respectively) (Fig. 3, bottom).
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FIG 2 (A) Phase-contrast image of a polymicrobial microcolony consisting of both P. aeruginosa and
Burkholderia thailandensis cells. (B) Cell identity is inferred by cytoplasmic fluorescence of cyan fluores-
cent protein (CFP) expressed in B. thailandensis cells. (C) ClpV-mCherry and Fha-GFP visualized by
fluorescence microscopy in a single frame. (D) Cells are segmented from the phase-contrast image. Cell
identity is inferred from CFP fluorescence and foci are detected in mCherry and GFP channels. B.
thailandensis and P. aeruginosa cells are pink and blue, respectively. Foci with neighboring B. thailand-
ensis cells are green; those without are blue. (E) Kymograph showing fluorescence intensity of Fha (blue)
and ClpV (red) long-axis dynamics over a 4-min interval. (F) Fha (blue) and ClpV (red) focus intensity
dynamics. Arrows show the corresponding events in the kymograph and intensity plots.

To compare the activity of the T6SS between V. cholerae and P. aeruginosa, we
estimated the overall firing rate between the two species. In P. ageruginosa cells, we
observed that a ClpV focus appeared in just 11.3% of cells over a 7-min experiment,
consistent with a firing rate of 0.01 spikes/cell - second. At any time, 1.4% of cells had
a ClpV focus (n = 15,600 cells; n = 1,760 for cells with ClpV foci). In P. aeruginosa cells,
0.3% of cells had two or more firing locations, but in 11% of cells, a second firing event
occurred in the same location as in the original, as measured by a firing event occurring
a minute or more after firing had ceased. This suggests that the T6SS apparatus does
not always fully disassemble after firing but can sometimes reinitiate T6SS activity at
that same location. In contrast, >90% of all V. cholerae cells were observed to have a
T6SS focus, and many cells were observed to have two or more firing events, although
there was only one firing event at each location (4, 6).

TssB contraction events cannot be resolved in P. aeruginosa. Having character-
ized ClpV dynamics, we next performed a detailed analysis of the dynamics of the TssB
protein, a component of the T6SS sheath (5). TssB is an essential component of T6SS,
and in V. cholerae it is known to assemble into tubules with TssC (5). In V. cholerae, these
tubules have both an extended and a contracted form; they assemble in the extended
form and then spontaneously contract (3, 5). This contractile tubule sheath has been
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FIG 3 Example data demonstrating measurement of ClpV firing lifetimes (t,) and time between spikes
(t,). There are five spikes in this trace. (Top) Representative ClpV firing for a single cell at one focus region.
Inset shows image of cell with focus area indicated by outline. Here and in subsequent figures, each trace
is representative of one focus area in one cell. (Bottom) Comparisons of ClpV lifetimes. Mean lifetime of
the ClpV spike is 37 s, n = 2,200; measurement of time between spikes, n ~ 1,100.

hypothesized to be the effector delivery mechanism. After effector delivery, the con-
tracted tubule is depolymerized by ClpV, and the sheath components are recycled (3,
5). However, analogous contraction has not been observed in all T6SSs. For instance,
although the sheath has been visualized by fluorescence microscopy in S. marcescens,
contraction has not been observed, since the sheath focus is always below the
diffraction limit (4, 8). In close analogy to the observations in S. marcescens, we
observed TssB foci in wild type P. ageruginosa and determined that these foci were
below the diffraction limit (Fig. 4A), and therefore no contraction events could be
directly resolved.

TssB and ClpV localization dynamics are coordinated, not sequential. To test
the proposed mechanism of T6SS dynamics, we simultaneously visualized the sheath
(TssBC) and the ATPase that catalyzes its disassembly (ClpV). In V. cholerae, Basler et al.
observed the sequential processes of sheath assembly (TssB), contraction, ClpV local-
ization, and disassembly (4), which motivated the proposal of the syringe model. To test
whether the dynamics were also sequential in P. aeruginosa, we visualized the T6SS
dynamics in a clpV-mCherry tssB-GFP strain.

In this dual-label strain, the behavior of ClpV was markedly different from that in the
single-label strain (clpV-mCherry): although the ClpV-mCherry focus lifetime was iden-
tical in both strains, the clpV-mCherry tssB-GFP strain had a significantly diminished
firing rate compared to that of the clpV-mCherry strain, with at most one ClpV/TssB
spike seen over the 7- to 9-min experiment and with a spike lifetime five times as long
as that of wild-type ClpV-mCherry (see the supplemental material; Fig. 1). However, this
loss of function appears to be circumvented by an increase in T6SS protein expression.
In the AretS background, in which H1-T6SS is constitutively active, AretS clpV-mCherry
tssB-GFP ClpV behavior was qualitatively and quantitatively similar to that of ClpV
behavior in the wild type (i.e., the observed shape of the intensity trace and dynamics
in the clpV-mCherry strain). Additionally, although both spike frequency and lifetime
were affected by the dual label in the wild type, the lag time between ClpV and TssB
spiking was the same in both the dual-label wild-type and AretS backgrounds. We shall
therefore assume that the dynamics observed in the AretS clpV-mCherry tssB-GFP strain
are at least a qualitative approximation for the dynamics in unlabeled wild-type cells.
All subsequent ClpV-mCherry TssB-GFP experiments were performed in this strain.

Both the ClpV-mCherry and TssB-GFP fusions formed foci that were observed to
colocalize and to undergo very similar (and correlated) dynamics, as shown in Fig. 4A
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FIG 4 (A) ClpV and TssB normalized fluorescence intensities over time in single cell (2-s frame rate).
Fluorescence intensity fluctuates, and focus motion is observed, but the focus remains diffraction limited,
as seen in panel B. Cell images for the region indicated by the dashed boundary are shown in panel B.
(B) Typical single-focus data show a representative coordinated ClpV and TssB fluorescence intensity
traces for one focus region in AretS background. (C) Population-level analysis reveals average lag times
between ClpV and TssB traces. n ~ 280.

and B. Consistent with the syringe model, in which ClpV disassembles the TssBC sheath,
the ClpV intensity profile (localization) in V. cholerae was observed to lag behind the
TssB intensity profile: ClpV localized to the TssBC sheath 5 to 10 s after sheath
contraction (3, 4). In P. aeruginosa, we observed that the ClpV and TssB intensity profiles
were nearly identical, except for a short lag in the ClpV localization profile, as shown in
Fig. 4B. To quantify the lag time, we calculated the cross-correlation between the ClpV-
mCherry and TssB-GFP fluorescence. The mean lag time was found to be 2.7 s (SD = 1.6,
n = 280) (Fig. 4C).

In contrast to the syringe model, which predicts sequential dynamics, the similarity
between the TssB and ClpV localization profiles suggests coordinated dynamics or a
leader-follower mechanism. An interesting contrast between the dynamics in P. aerugi-
nosa and V. cholerae is the length of the lag time; in V. cholerae there is a 100- to 200-s
lag between TssB assembly and ClpV localization, in contrast to our observed 2.7-s lag
in P. aeruginosa TssB and ClpV localization. Furthermore, in V. cholerae, the localization
profiles of TssB and ClpV are distinctly different (4).

Fha localization precedes and remains throughout ClpV activity. After observ-
ing the close coordination between TssB and ClpV, we wished to determine whether
this coordination was specific to sheath and sheath-associated proteins or representa-
tive of all T6SS proteins. Another key difference between P. aeruginosa and V. cholerae
T6SS function lies in the requirement of Fha. Fha is required for P. aeruginosa T6SS
functionality, likely as a component of the T6SS baseplate, and it precedes ClpV
recruitment, but there is no similar protein in V. cholerae (11, 12, 13, 18). We therefore
investigated the localization dynamics of the upstream T6SS-essential protein Fha. We
constructed a double-labeled ClpV-mCherry/Fha-sfGFP strain and observed the local-
ization dynamics of both proteins (Fig. 5). Fha has qualitatively different localization
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FIG 5 Representative intensity traces of ClpV and Fha. (Top) Fha levels start increasing a few seconds (2
to 60 s) before ClpV begins to fire. After the firing has terminated, Fha returns to a baseline level. (Bottom)
Fha disappears and returns. Due to the diffuse nature of the Fha focus, an automated approach to
determining lifetime and lag time was not reliable. The intensity traces shown above were representative
of the traces examined by eye (n =~ 1,760).

dynamics than those of either ClpV or TssB. Fha was observed to localize and delocalize
gradually, making it difficult to consistently classify the dynamics using a method
analogous to that used for ClpV and TssB. Although Fha did not spike, its persistent
localization appears to be essential for ClpV localization, since in observations of
~10,000 cells, ClpV firing was never observed without Fha localization and on average
Fha appeared ~20 s before ClpV began to spike. Furthermore, Fha enveloped the ClpV
spikes; out of approximately 1,800 observations, Fha always appeared before ClpV firing
and was retained throughout and disassembled after the end of the firing event,
consistent with its proposed role as part of the T6SS baseplate complex (11). Interest-
ingly, the Fha focus sometimes persisted minutes beyond the cessation of ClpV firing,
indicating that Fha appears to be required for firing to occur, but the presence of Fha
does not appear to be sufficient to generate a firing event. Therefore, the close
coordination between ClpV and TssB localization patterns appears to be specific to the
sheath and not to H1-T6SS proteins in general.

Focus movement is linear and normal to the cell membrane. Cryogenic electron
microscopy (CryoEM) images have shown that the T6SS in V. cholerae forms a sheath,
which is large enough to be resolved by fluorescence microscopy, roughly perpendic-
ular to the cell membrane (3). The sheath contraction can also be directly visualized by
fluorescence microscopy. Due to the small size of the P. aeruginosa TssB and ClpV foci,
no direct motion or TssBC contraction has yet been observed in P. aeruginosa, but the
movement of the focus can be tracked to a higher resolution than the diffraction limit,
using Gaussian fitting to the focus location. We therefore tracked ClpV foci in P.
aeruginosa H1-T6SS with 5-s resolution time to determine whether the observed
motions were consistent with sheath contraction. The resolution for tracking foci was
determined to be 50 nm, limited by the nonuniform fluorescence background due to
the cytoplasmic fluorescence. (We chose to track ClpV foci rather than TssB foci because
we had determined that ClpV and TssB foci have nearly identical behavior, but the
fluorescent labeling of TssB tended to disrupt H1-T6SS dynamics to a greater extent
than the labeling of ClpV, as discussed previously.) Thus, investigating the dynamics of
ClpV foci minimized the disruption to the system caused by fluorescent labeling, while
still being representative of key dynamic components of the H1-T6SS.

To probe whether the motion was consistent with a sheath having a length that
varied over time, we first investigated whether the observed motions of the protein foci
were better modeled by isotropic or anisotropic random motion. Sheath contraction
would result in anisotropic motion, due to the increased variance along the axis of
sheath due to contraction. To measure the anisotropy, we calculated an anisotropy
score for each trace by finding the eigenvectors of the covariance matrix of the focus
position and then determining the ratio of the maximum and minimum eigenvalues. A
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FIG 6 (A) Representative intensity/position/speed graph for one region. Frame rate, 2 s. Position is
measured by projecting coordinates onto best-fit line. (B) Example spread of ClpV data and Gaussian-
distributed data. Major and minor axes are indicated in black. (C) Correlation coefficients between speed
and intensity in wild-type cells (n =~ 650). There is generally a negative correlation between speed and
intensity. Note that the right tail of the distribution is primarily due to uncertainty in resolving the focus
centroid at lower intensities, leading to imperfections in calculating the speed.

high ratio would indicate strong anisotropy, while a ratio close to one would indicate
isotropy. To determine the significance of the anisotropy, we computed the test
statistic by simulating the distribution of the anisotropy score for a two-dimensional
normal distribution using an isotropic covariance matrix with the same number of
observations as the focus trajectory. An example of measured and random data in the
context of a cell is shown in Fig. 6B.

If the anisotropy score were due to statistical fluctuations, we would expect just 5%
of scores to exceed the 95% confidence level. However, we found that the anisotropy
scores were too large to be described by isotropic random motion: 45% of the
measured data had anisotropy scores higher than the 95% confidence level. Using the
Fisher exact test, we combined these measurements to generate a single P value, which
was less than 1074, allowing us to reject the null hypothesis that the distribution of
positions is isotropic. Although the anisotropy of the motion is clearly statistically
significant, it is not large. The mean range of ClpV movements was 300 nm.

Finally, we investigated the orientation of ClpV movement relative to the cell
membrane. For each focus, we determined the normal line to the cell membrane and
the best-fit line of ClpV and calculated the angle between them. We discovered that,
compared to random ClpV movement orientation, the slope of the ClpV best-fit line
was about six times more likely to be within 10° of the normal line, indicating strong
perpendicularity. Like the V. cholerae syringe model, this apparatus is also oriented to
deliver toxins outside the cell.

ClpV motion correlates with ClpV intensity. We hypothesized that a change in the
length of the sheath would correspond with focus movement, as well with as a change
in fluorescence intensity. We therefore posited that focus motion corresponds with
changes in the length of the sheath and that rapid changes in motion correspond to
fluctuations in intensity. In order to calculate the significance of this relationship, we
calculated Pearson’s correlation coefficient for each data set. We noted that significant
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increases in speed corresponded with both increases and decreases in fluorescence
intensity (Fig. 6A and Q).

This result is clearly inconsistent with the V. cholerae syringe model. In the syringe
model, effector delivery is driven by sheath contraction, which occurs due to a
conformational change in TssBC. The length of the sheath is reduced without reducing
the number of proteins. Therefore, contraction is expected to lead to a rapid change in
the focus position, without a change in the focus intensity. However, in contrast,
manual and automated inspection of the intensity and position traces in P. aeruginosa
demonstrated that significant changes in position of the TssB focus were accompanied
by changes in intensity. Therefore, even with sub-diffraction-limited tracking of the
centroid of the sheath, we found no clear evidence for contraction events in P.
aeruginosa.

DISCUSSION

Evidence for a novel secretion mechanism. Our analysis reveals striking quanti-
tative and qualitative differences between V. cholerae and P. aeruginosa T6SSs in both
TssB and ClpV dynamics and structure. In P. aeruginosa, ClpV intensity traces resemble
triangle waves; that is, the intensity first undergoes steady growth, followed by steady
decay, and closely follows an analogous pattern in the TssB trace. Several of these
spiking events may occur in close succession. In contrast, in V. cholerae, the ClpV
intensity resembles a single square wave; that is, ClpV rapidly localizes and then
delocalizes, but only after TssBC contraction is observed (4). In this case, ClpV and TssB
localization is sequential, rather than coordinated, and only a single spiking event is
observed during firing. In P. aeruginosa, the rapid localization of ClpV to the assembling
sheath, the repeated spiking, and the absence of detectable sheath contraction all
conflict with the proposed syringe model and the observed dynamics in V. cholerae.

In addition to the differences in dynamics, there are cellular-scale differences in the
T6SS structure. In P. aeruginosa, the TssB focus is diffraction limited, but it is optically
resolvable in V. cholerae. The greatly reduced size of the P. aeruginosa H1-T6SS may
require repeated secretion events to secrete the same number of effectors as the V.
cholerae T6SS, consistent with our observations of multiple spikes per firing event.
There is also precedent for mechanistic distinctions in the constituent proteins and
characterized protein interactions. In V. cholerae, there is a well-characterized and direct
interaction between ClpV and TssC: once the TssBC sheath contracts, the N-terminal
ClpV-binding domain of TssC is exposed, facilitating sheath disassembly (4). In P.
aeruginosa, no such direct interaction between ClpV and TssC has been observed, and
the conserved TssC binding groove in ClpV is only partially conserved in the ClpV of P.
aeruginosa (4, 9, 10). This partial conservation decreases the hydrophobicity of the
binding site and is inconsistent with the binding of the alpha helix that is seen in V.
cholerae. Free ClpV and TssC can still bind, but this binding no longer depends on TssC
conformational change (9). Rather, in P. aeruginosa, ClpV and TssB interactions are more
plausibly mediated by TagJ, and they do not appear to be dependent on sheath
contraction (9, 10). Together, the differences in T6SS dynamics, sheath size, and protein
function are consistent with the existence of a distinct secretion mechanism in P.
aeruginosa.

The pump model and a dynamic instability. The mismatch between the dynamics
predicted by the syringe model and the observed phenomenology motivates the
consideration of alternative models for secretion and force generation in the T6SS. In
particular, the sheath contraction of the V. cholerae T6SS is hypothesized to be a
principal mechanism responsible for puncturing the cell wall of the neighboring cell.
During this contraction, the V. cholerae sheath contracts to half of its length without
depolymerization, but we could not detect sheath contraction in P. aeruginosa. Instead,
the P. aeruginosa sheath alternates between growth and decay states (i.e., it changes in
length due to changes in the number of protein subunits). We propose that this
observed growth and decay play a central role in the secretion process. It is interesting
to speculate that the disassembly of the TssBC sheath, driven by ClpV, could provide
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the force required to secrete the effectors. We therefore call this model a pump model,
which is capable of delivering sequential secretions of effectors.

It is known that the assembly and disassembly of cytoskeletal filaments can gener-
ate force (19). For instance, microtubule disassembly is responsible for the generation
of force on chromosome centromeres during metaphase (20). Even in in vitro recon-
stitution, purified tubulin can assemble into microtubules that transition between
growth and rapid decay due to a phenomenon called dynamic instability, in which the
GTP-hydrolysis front catches the filament tip (20).

The similarities between the observed dynamics of the P. aeruginosa H1-T6SS and
microtubules suggest that there may be mechanistic similarities between the two
processes. For instance, the growth rate of the TssBC filament is observed to transition
back and forth between growth and decay states. Since the filaments do not decay in
the absence of ClpV ATPase activity, ClpV is known to bind to the TssBC sheath, and
ClpV is required for secretion in H1-T6SS, it is natural to assume that ClpV modulates
filament growth (11). The switch between growth and decay states, causing the ClpV
and TssB foci to appear and disappear, is caused by the GTP-hydrolysis front in the
context of microtubules. In P. aeruginosa H1-T6SS, this switch could be caused by a
number of putative mechanisms, as follows. (i) The ClpV intensity trace lags the TssB
intensity trace, motivating a model in which the ClpV coat is the analogue to the
hydrolysis front. When the ClpV coat catches the tip of the assembling sheath, the
sheath transitions to a decaying state, and TssBC subunits are depolymerized by ClpV
ATP hydrolysis. (ii) Alternatively, an analogous ClpV ATP-hydrolysis front that propa-
gates through the sheath may exist in TssBC-bound ClpV. Disassembly may be sterically
blocked except at the tip. When the hydrolysis front catches the tip, the sheath
transitions to the decaying state. This model could result in consistent maximum spike
intensity, as shown in Fig. 3A, if the assembly is limited by the depletion of cytoplasmic
TssBC. The proposed pump and syringe models have distinct mechanisms of force
generation but many similar features. In both models, it is hypothesized that changes
in the sheath length drive the internal shaft that carries the effectors into the neigh-
boring cell. In the V. cholerae syringe model, the change in the sheath length (and force)
required for effector delivery is generated by the conformational change of TssBC,
whereas the pump model depends directly on ATP hydrolysis to shorten the filament
and generate force, as was originally proposed (17). Both models predict that c/pV
mutants would significantly compromise secretion, as observed previously (5, 6, 7). Our
proposed model is described in Fig. 7.

We are not necessarily questioning the applicability of the syringe model to V.
cholerae, which appears to have distinct localization dynamics. However, it is important
to note that many experiments in V. cholerae have been performed in a mutant with
increased expression and activity of T6SS (3, 4, 21). It may be necessary to reevaluate
the syringe model in V. cholerae under conditions where the T6SS proteins are not
overexpressed.

T6SS diversity in bacteria. Evidence for distinct mechanisms in P. aeruginosa and
V. cholerae naturally motivate the questions about the diversity of the T6SS mecha-
nisms in T6SS* Gram-negative bacteria as a whole. Are there two or more classes of
T6SS mechanisms? If so, what are the key genetic signatures of these families? To
explore the diversity of the T6SS, we considered another characterized system, the S.
marcescens T6SS. The observed diffraction-limited protein localization of TssB and ClpV
and genetic evidence (the presence of both Fha and TagJ, the latter of which mediates
the interaction between TssB and ClpV) suggest that the S. marcescens T6SS mechanism
is more consistent with that of the P. aeruginosa T6SS than that of the V. cholerae T6SS
(8, 10). Consistent with these observations, Forster et al. suggested that ClpV, TssB, TssC,
and TagJ (when present) have coevolved with each other, creating at least two separate
classes of ClpV/TssBC binding proteins (9). Initially, we hypothesized that Tag) and Fha
might also be phylogenetically linked and a proxy for the P. aeruginosa-like T6SS
mechanism, since both genes are absent from V. cholerae and present in P. aeruginosa
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FIG 7 Schematic model for P. aeruginosa T6SS structure and secretion mechanism. As the TssBC sheath
begins formation, TagJ associates with the sheath. TagJ in turns complexes with ClpV, which allows ClpV
to associate with the TssBC sheath without any sheath conformational changes. ClpV can thus localize
to the T6SS apparatus within a few seconds after the initiation of TssB localization. ClpV then disassem-
bles the TssBC sheath, generating a force similar to that seen in microtubule growth and decay, which
is used to deliver effectors to the neighboring cell (20). This is in direct contrast to ClpV and TssBC in the
T6SS of V. cholerae, which require a conformational change to bind (4).

and S. marcescens. However, the Agrobacterium tumefaciens T6SS requires Fha phos-
phorylation but has no tag/ homolog (10, 13). None of these T6SSs appear to be
exceptional, as 30% of T6SSs have an fha homolog and 50% of T6SSs have a tag)
homolog (18). Additionally, TssB without ClpV localization appears to be present
significantly more frequently in both V. cholerae and S. marcescens than in P. aeruginosa.
These distinctions suggest that T6SS function may be diversified beyond the distinct
mechanisms observed in P. aeruginosa and V. cholerae.

Conclusion. We report on a fine-scale analysis of the dynamics of the T6SS in P.
aeruginosa, using quantitative image analysis of single cells. The simultaneous imaging
of TssB and ClpV revealed that the localization of these two proteins in P. aeruginosa is
synchronized rather than sequential, unlike that observed in V. cholerae. To accommo-
date these observations, we proposed a pump model in which effector delivery is
powered by sheath depolymerization in analogy to force generation by cytoskeletal
filaments. Structural differences between the TssC proteins in V. cholerae and P.
aeruginosa (and their concomitant interactions with ClpV) is consistent with the view
that the functional mechanism may be distinct in the two organisms. The genetic
similarity between the T6SS in P. aeruginosa and those of other Gram-negative bacteria
suggests that this pump mechanism may describe the T6SS function in a significant
number of other bacteria.

MATERIALS AND METHODS

Strains. Strains used in this study are described in Table 1. Strains were derived from P. aeruginosa
PAO1 and Burkholderia thailandensis E264 (22, 23). Functional translational fluorescent C-terminal fusions
of either superfolder green fluorescent protein (sfGFP) or monomeric mCherry (mCherry) were generated
to TssB, ClpV, and Fha at their endogenous chromosomal loci by allelic exchange, as described in the
supplemental material (14). To ascertain the functionality of these strains, we performed bacterial growth
competition experiments using fluorescently labeled and unlabeled strains with B. thailandensis recipi-
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TABLE 1 Strains used in this study

Organism Genotype Source or reference
Pseudomonas aeruginosa PAO1 clpV-GFP 17

tssB-sfGFP clpV-mCherry This study

AretS tssB-sfGFP clpV-mCherry This study

fhal-sfGFP clpV-mCherry This study
Burkholderia thailandensis attTn7:Tp-CFP 14

ents under comparable conditions. T65S-dependent fitness was determined by comparing the ratio of P.
aeruginosa to B. thailandensis before and after 7 h of coculture. We found that all strains reduced
populations of B. thailandensis in a T6S-dependent manner by an order of magnitude.

Growth conditions and microscopy. All strains were grown overnight from a single colony in Luria
broth (LB) medium. Doubling time in liquid medium was roughly 30 min. Overnight cultures were diluted
1:10 into fresh medium and grown to an optical density at 600 nm (ODg,,) of ~0.8 (the T6SS is less active
in log-phase growth) (14). Agarose pads were prepared by pouring 1 ml of growth medium and 2%
agarose into 2- by 2-cm wells cut into a rubber gasket sealed onto a standard microscope slide. We
spotted 2 ul of cells onto dried pads, and a coverslip was placed on top of each pad. The entire slide was
sealed with VaLP (1:1:1 vaseline-lanolin-paraffin).

To study interactions with a second species, we introduced B. thailandensis. B. thailandensis was
distinguished from P. aeruginosa by the expression of cytoplasmic cyan fluorescent protein (CFP) and
gating cells on fluorescence levels in the CFP channel. Introducing B. thailandensis also had the
advantage of activating the T6SS in wild-type P. aeruginosa (14). Under normal growth conditions,
wild-type P. aeruginosa has about 1 to 2% of cells with an active T6SS, as identified by the presence of
a ClpV focus, but upon exposure to B. thailandensis, which activates T6SS via the P. aeruginosa response
to antagonism (PARA), about 10% of cells have a ClpV focus (14). All wild-type cells in this study were
activated via PARA to achieve a higher percentage of cells with foci. To activate P. aeruginosa via PARA,
immediately prior to spotting cells on the slide, we added 100 ul of B. thailandensis culture to 100 ul of
P. aeruginosa culture and spun down (3 min at 8,000 rpm), removed the supernatant, and resuspended
the pellet in 40 ul of fresh LB before spotting. The V. cholerae strain, to which we compared P. aeruginosa
T6SS dynamics, carries a mutation which increases T6SS activity.

Under imaging conditions, the average doubling time for cells was ~40 min. Fluorescence micros-
copy was performed on a Nikon-TiE instrument (Nikon, Tokyo, Japan) with an environmental chamber,
using NIS-Elements software. Images were captured on an Andor Neo sCMOS camera (Belfast, Northern
Ireland) at either 2-s or 5-s intervals.

Quantitative image analysis. Cells were segmented and linked from phase-contrast images using
our SuperSegger segmentation engine (24). All time-lapse images were aligned to compensate for stage
drift. Cell growth, as observed by phase-contrast microscopy, was not appreciable over time-lapse
experiments. Although SuperSegger can identify and track foci, the current implementation identifies
foci in each frame and links foci between frames. This approach is problematic for foci that repeatedly
appear and disappear, since it can be difficult to ascertain whether a focus is returning to precisely the
same location or not. In the current context, foci are imaged over a sufficiently short period, such that
the movement of foci in this system is small (<500 nm). We therefore exploited these slow dynamics to
track foci which reappear over time. We first averaged over all frames to generate a summed image and
then identified loci in this summed image and defined a circular region (radius, 500 nm around the focus
position) where loci were allowed to move. To compute the focus intensity in each frame, we convolved
each image with a disk (radius, 300 nm), and defined the focus intensity as the maximum pixel value in
the allowed region of the convolved image minus the background intensity. We computed the
background intensity by averaging over the fluorescence intensity in the cell, having first masked out the
focus using the 300-nm-radius disk.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00744-17.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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