












tentatively conclude that membrane stress due to knockdown of
bamA is sensed by P. aeruginosa cells and that these cells then
assemble the T6SS apparatus in random locations where the
organelles can attack T6SS− prey cells that by chance are closely
adjacent to these sites of H1-T6SS assembly and firing.

Discussion
In this study, we developed a CRISPRi system that works ef-
fectively in P. aeruginosa PAO1 to target transcriptional down-
regulation of essential gene expression and then used it to ex-
plore the signals that trigger assembly of the H1-T6SS apparatus.
The CRISPRi method relies on the RNA guided binding of
catalytically inactive Cas9 to the transcription initiation or
transcription elongation region of a target gene (67). Specific
binding of the sgRNA/dCas9 complex to a target DNA sequence
acts as a roadblock to RNA polymerase resulting in reduced
transcript levels of the targeted gene. Previously, a different
CRISPRi system was developed for P. aeruginosa, Pseudomonas
putida, and Pseudomonas fluorescens that relied on a dCas9 de-
rived from Streptococcus pasteurianus (71, 84). In the present
study, we utilized dCas9 encoded by Streptococcus pyogenes that
uses an NGG PAM site, compared to the NNGCGA PAM site
required by the Cas9 of S. pasteurianus. The advantage of the
NGG PAM site over the NNGCGA PAM site lies in the higher
numbers of potential guides that can be designed for various
applications, as the NGG site is less complex and will occur
statistically more often than the NNGCGA PAM site. Although
the S. pasteurianus system has been reported to result in a 10-fold
higher gene repression compared to gene knockdown with dCas9
derived from S. pyogenes (71, 84), we observed severe growth
defects for all our selected essential genes using dCas9 from S.
pyogenes. Tan et al. also reported that dCas9 from S. pasteurianus
is less toxic than dCas9 from S. pyogenes (84); however, we did
not observe any dCas9 toxicity in P. aeruginosa PAO1. Further-
more, the two systems are designed with different promoters to
drive dCas9 expression—the Ptet promoter in the S. pasteurianus
system and the pBAD promoter in our study. The differences in
these two CRISPRi systems are thus, in theory, complementary
and could allow for their use in combinatorial strategies where
independent control of multiple genes might be desired.
The initial goal of our study was to use CRISPRi in P. aeru-

ginosa to investigate essential genes whose products reside in the
outer membrane (lptD and bamA), inner membrane (ftsH and

secY), periplasm (lolC and tolB), and cytosol (mreB) in regard to
their effects on cell morphology and viability. All knockdowns
resulted in severe growth defects and morphological aberrations
(the only discordant example being knockdown of lptD, which we
assume is a nuance associated with pool sizes and turnover of
essential products that we decided not to further investigate in
the context of this study) (Fig. 2C). Transcriptional profiling of
lptD, bamA, and ftsH knockdowns revealed up-regulation of
various membrane stress responses (SI Appendix, Figs. S3 A–D
and S4 A and B and Tables S8, S10, and S12). LptD is involved in
transport of LPS to the outer leaflet of the outer membrane and
has been suggested as a promising vaccine target in other or-
ganisms (80) and a drug target in P. aeruginosa (85). Upon
knockdown of lptD we observed an up-regulation in genes in-
volved in lipid A modification, which likely suggests that P.
aeruginosa cells in this case are trying to compensate for the loss
of LPS in their outer membranes by up-regulating other genes
involved in LPS biogenesis. The BAM complex is responsible for
integrating beta barrel proteins into the gram-negative bacterial
outer membrane (56–58, 86–88). Since several OMPs are es-
sential, some components of the BAM complex itself are also
essential to gram-negative bacteria. The BAM complex consists
of the components BamA–E, where BamA is an essential OMP
(57, 87) and BamB–E are lipoproteins anchored to the outer
membrane (88–90). In the BAM complex only BamA and BamD
are essential (90). Because the BAM complex is required for the
integration of the OMP protein LptD, it is not surprising that
knockdown of bamA also resulted in a similar transcriptional
profile compared to the knockdown of lptD.
An important result of the present study is that time-lapse

microscopy revealed that transcriptional knockdown of bamA,
lptD, and tolB through CRISPRi also led to increased dynamic
assembly and disassembly of the T6SS apparatus in P. aeruginosa
(Figs. 3 A and B and 5A and Movies S1 and S4). Surprisingly,
knockdown of ftsH, secY, and mreB did not result in increased
T6SS dynamic activity. Because cell morphology changes and lysis
clearly occur when ftsH or mreB are knocked down within the
same time frames we observe T6SS activation when knocking
down transcription of bamA, lptD, and tolB genes, we conclude
that the increased T6SS activity seen with knockdown of bamA is
not likely due to the PARA response (44) and our observed up-
regulation of H1-T6SS transcription (Fig. 2B and 3 A and B and SI
Appendix, Fig. S2 A–G). Detection of kin cell lysis is the key tenet
of the PARA response which involves the up-regulation of tran-
scription of the genes for T6SS components via the Gac/Rsm/RetS
regulatory system but still depends on the TagQRST-PpkA-FhA1-

Fig. 6. Membrane stress is signaling via TagQRST to build a functional T6SS
apparatus. (A) Strains were grown to OD 0.7 to 0.85 in the presence of 0.1%
arabinose. T6SS activity of P. aeruginosa expressing sg-CTRL and sg-bamA
plasmids was determined in P. aeruginosa wild type and ΔtagT by quanti-
fying ClpV-GFP foci in at least 10 different fields of view per individual ex-
periment. Graphs display mean ± SD of three independent experiments.
**P < 0.01, ****P < 0.0001. (B) Representative image of each strain from A.
(Scale bar, 10 μm.)

Fig. 7. P. aeruginosa bamA knockdown kills T6SS− V. cholerae. Time-lapse
imaging of T6SS− V. cholerae 2740-80 ClpV-mCherry2 (1:10 ratio) in mixture
with P. aeruginosa ClpV-GFP sg-bamA. Arrows indicate rounding up of T6SS−

V. cholerae after being attacked by P. aeruginosa. (Scale bar, 10 μm.)
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PppA posttranslational control (44). Because we observed that
TagT was required for the observed activation of T6SS after bamA
knockdown, we conclude that the PARA response does not ex-
plain why there is activation of H1-T6SS apparatus assembly and
firing after knockdown of bamA transcription by CRISPRi.
Previously, LeRoux et al. (44) concluded that TagQRST is not

required for T6SS assembly or the TTP response. It is worth
noting, however, that these investigators used a pppA knockout
strain to argue that the TPP pathway is not involved in the
PARA response, rather than a knockout of any gene in the
TagQRST operon (42, 43, 52, 91). Knockout of pppA, the gene
encoding the phosphatase that opposes PpkA kinase activity,
leads to an increase in T6SS apparatus assembly but this strain
loses the capacity to respond to an attack by another T6SS+

organism (42, 43). A ΔpppA strain of P. aeruginosa has been
reported to still be capable of killing B. thailandensis (44), but
this alone is not surprising because of the high level of consti-
tutive random assembly of the H1-T6SS organelle observed in
pppA P. aeruginosa mutants regardless of whether it is a wild type
or a retS mutant (42). Measurement of the relative killing activity
of P. aeruginosa strains against targeted (T6SS+ prey) vs. non-
targeted (T6SS− prey) can also be influenced by factors such as
experimental design and multiplicity of infection (42, 44, 45). In
this regard, our observation that knockdown of bamA activates
T6SS in a TagT-dependent fashion is relevant in that such an
activated strain can occasionally kill a T6SS− V. cholerae by
chance if prey cells are in close proximity to P. aeruginosa cells
that happen to fire their T6SS in their particular direction
(Fig. 7A and Movies S5 and S6). Recently, it has also been shown
that binding a prey cell to a T6SS+ cell through ligand–receptor
interactions can enhance prey cell killing (92). This observation
is consistent with the need for high random T6SS activity or,
alternatively, adhesin driven cell–cell contact to optimally deploy
the T6SS apparatus if the predatory cell lacks an efficient T6SS
targeting system such as the TagQRST-PpkA-FhA1-PppA
pathway of P. aeruginosa. In sum, activation of the T6SS of P.
aeruginosa can enhance killing of nonaggressive T6SS− prey cells
but the TagQRST-PpkA-FhA1-PppA pathway is needed to de-
tect signals associated with membrane damage (as shown here)
or through other cellular envelope insults involving T6SS or
T4SS attacks (see below).
The true nature of the signal sensed by the TagQRST-

PpkA-FhA1-PppA pathway is unknown, but clearly it can be
generated by multiple different insults to the cell envelope of P.
aeruginosa (36, 42, 43, 51–53, 91, 93). Most recently, an elegant
study by Kamal et al. (55) showed that a single effector of V.
cholerae (TseL) was necessary and sufficient for generating ac-
tivation of the H1-T6SS of P. aeruginosa through the classical
tit-for-tat interaction with T6SS+ V. cholerae. Ectopic expression
of tseL in the periplasm of P. aeruginosa (but not in the cytosol)
could also trigger T6SS assembly in a TagQRST-dependent
fashion (55). Given that TseL is a lipase and that lipases are
very common effectors of T6SSs (8, 94, 95), it is possible that a
signal generated by phospholipid hydrolysis within the periplasm
is recognized by part of the P. aeruginosa TagQRST sensory
transduction system. However, a lipase associated with the T4SS
conjugative apparatus has not been identified (96, 97) although
other T4SSs do encode putative T4SS lipase effectors and these
organisms can also display antibacterial activity (98). Thus, lipid
hydrolysis in the P. aeruginosa cell envelope may be a universal
signal involved in the tit-for-tat response to both aggressive
T6SS+ and T4SS+ prey species.
However, the most difficult aspect to imagine in a model

where there is a requirement for a T6SS or T4SS lipase effector
to generate a signal that is recognized by the TagQRST system
of P. aeruginosa is the apparent spatial stability of this signal in
the context of T6SS tit-for-tat responses (6, 43, 45) and the
T6SS dueling phenomena (4). For effectors such as the V.

cholerae TseL lipase, this might occur via tethering of this ef-
fector to the T6SS components that are delivered to the cell
(e.g., Hcp-VgrG-PAAR adaptor–effector complexes), espe-
cially if such tethering can confine the lipase activity to the site
of attack rather than allowing its rapid diffusion in the peri-
plasm or cytosol. Because P. aeruginosa can secrete lipase ef-
fectors in a T6SS-dependent fashion (8, 11, 95, 99, 100), this
model might explain sister cell T6SS dueling despite the pres-
ence of T6SS lipase effector immunity proteins. In case im-
munity proteins are slow to act or are in low abundance in any
particular subcellular location where they are delivered by a
T6SS exogenous attack by heterologous species or even sister
cells of P. aeruginosa, the effectors would perform local damage
that evokes a T6SS response with enough spatial resolution to
fire a response into the same direction from which they re-
ceived an insult.
In light of the work of Kamal et al. (55), it would seem that

the simple puncture of the outer membrane by the T6SS needle
is unlikely to be sufficient to elicit a TagQRST-dependent T6SS
counterattack for at least V. cholerae. Other T6SS+ organisms
such as A. baylyi undergo tit-for-tat killing by P. aeruginosa (42)
and also produce a lipase effector but in this case the A. baylyi
lipase effector is not required for P. aeruginosa to detect their
functional T6SS and kill this aggressive T6SS+ prey species
(45). These results continue to support the idea that membrane
disruption can generate a signal at the site of initial T6SS im-
pact depending on the organism that initiates the attack on P.
aeruginosa. Perhaps T6SS (42, 45) or T4SS (43) attacks that
elicit a tit-for-tat response activate a localized lipid hydrolysis
event dependent on endogenous periplasmic lipases in P. aer-
uginosa. In this model, such hypothetical lipases could be
tethered to stable cell structures (e.g., peptidoglycan) and be-
come activated on encountering T6SS or T4SS attacks and thus
provide a quick burst of signal (e.g., hydrolysis products) that
can be detected spatially by TagQRST complexes in the vicinity
of the attacks. In an analogous way, deletion of outer mem-
brane components by down-regulation of bamA, lptD, or tolB
expression could activate the same postulated tethered lipases
in such a model. Furthermore, molecules that bind LPS and
trigger TagQRST-dependent H1-T6SS activation in P. aerugi-
nosa cells such as polymyxin B (24), chelators, and DNA (54)
could activate the same postulated lipase molecules. An alter-
native model postulates that the TagQRST complex could also
recognize a localized change in ion fluxes or other signals
generated by spatially tethered channels that form spontane-
ously due to aberrations in lipid structures. Yet another hy-
pothesis suggests that membrane damage changes the distance
of the outer membrane to the inner membrane (101–103),
which could result in closer proximity of the outer membrane
component TagQ and inner membrane components TagST
enabling phosphorylation of PpkA and downstream assembly of
a T6SS apparatus. A model that incorporates these hypothetical
considerations (Fig. 8) provides a framework for future exper-
iments to address the mechanism of these striking responses to
interspecies bacterial interactions.
In sum, we designed a CRISPRi system to knock down the

expression of essential genes in P. aeruginosa and found that
depletion of gene products involved in outer membrane bio-
genesis can generate a signal that triggers T6SS assembly and
dynamic activity. These studies shed additional light on the
striking T6SS phenomena termed tit-for-tat (42, 43) and T6SS
dueling (4) and provide a tool for understanding sensory trans-
duction systems that show spatial and temporal regulation of
T6SS assembly such as the TagQRST system of P. aeruginosa.
Our CRISPRi system for P. aeruginosamay also be useful in drug
discovery for this challenging nosocomial pathogen (104) given
its ability to validate essential gene targets and titrate the
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expression of their products for validation of drug discovery
strategies.

Materials and Methods
Strains and Culture Conditions. P. aeruginosa PAO1 and V. cholerae 2740-80 were
grown in LB (Lysogeny broth - Lennox, 10 mg/L tryptone, 5 g/L yeast extract, 5 g/L
sodium chloride) at 37 °C in 15-mL culture tubes overnight. CRISPRi strain culture
media were complemented with 30 μg/mL gentamicin to select for the sgRNA
plasmid. To induce expression of dCas9, 0.2% arabinose was added unless noted
differently. Strains used in this study are listed in SI Appendix, Table S1. Detailed
information on strain construction can be found in the supplemental information.

Growth Curves. Overnight cultures were diluted in LB complemented with
30 μg/mL gentamicin, 0.2% arabinose to an OD600 of 0.05, and 150 μL was
transferred into a clear 96-well plate in triplicates. Growth at OD600 was
measured every 30 min in a BioTek Synergy H1 hybrid multimode microplate
reader, continuously shaking at 37 °C. Wells containing LB only served as
blanks and were subtracted from the data.

qRT-PCRs. RNA was extracted from cultures grown to mid log. Harvested
bacteria from 1 mL culture were resuspended in 1 mL TRIzol (Invitrogen) and
incubated at room temperature for 5 min, followed by chloroform phase
separation. RNA was subsequently purified using the Purelink RNA Mini kit

Fig. 8. Model of events that could lead to T6SS firing in P. aeruginosa. (A) In competition of V. cholerae and P. aeruginosa, V. cholerae aggressively fires its
T6SS apparatus in an unregulated fashion (section 1). Components and effectors of the V. cholerae T6SS are locally tethered to the site of attack and the
membrane is locally degraded by effectors (section 2). Degradation of the membrane (section 2) could lead to local accumulation of lipid degradation
molecules (section 3a), change in local ion or small molecule flux through pore formation (section 3b) or local change in distance between inner membrane
(IM) and outer membrane (OM) (section 3c), which could be sensed either directly or indirectly by the TagQRST system leading to phosphorylation of PpkA in
the IM (section 4). Phosphorylation of PpkA leads to phosphorylation of FhA and ultimately results in assembly and firing of a P. aeruginosa T6SS (section 5).
(B) Down-regulation of essential genes in the outer membrane (e.g., bamA) leads to loss of essential proteins in the OM (1) and destabilization of the OM
(section 2). Local membrane destabilization could lead to the same signals locally accumulating in the membrane as in A (section 3), resulting in TagQRST
signaling (section 4) and assembly of a T6SS (section 5).
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(Invitrogen). DNase was digested using the Turbo DNA-Free kit (Invitrogen).
qRT-PCR was performed using the KAPA SYBR FAST One-Step Universal kit
(KAPA Biosystems) on the Eppendorf Mastercycle RealPlex 2 system, fol-
lowing manufacturer’s instructions. Primers for gene amplification are listed
in SI Appendix, Table S2. The mean of the three technical replicates was
analyzed in Microsoft Excel v16.27, normalizing to the housekeeping gene
rpsL. Relative gene expression was calculated after Livak and Schmittgen
(105). Three independent experiments were performed. Graphs were gen-
erated using GraphPad Prism v7.0b.

Imaging.Overnight cultures were diluted in LBwith appropriate antibiotics to
OD600 of 0.05. P. aeruginosa cultures were supplemented with 0.1 or 0.2%
arabinose. Cultures were grown to an OD600 of 0.7 to 0.85, centrifuged for
5 min at 8,000 × g, and resuspended to OD600 of 10 in 0.2% arabinose.
Agarose pads (1% agarose in either 0.5× Dulbecco’s phosphate buffered
saline [D-PBS] [Invitrogen] or LB) were prepared and 1 μL bacterial culture
was spotted on the pad. Microscope configurations were described previ-
ously: Imaging was performed on a Nikon Ti-E inverted motorized micro-
scope with Perfect Focus System and Plan Apo 100× oil Ph3 DM (NA 1.4)
objective lens. SPECTRA X light engine (Lumencore), ET-GFP (Chroma 49002)
and ET-mCherry (Chroma 49008) filter sets were used to excite and filter
fluorescence. To record images, the photometrics CoolSNAP HQ2 camera
and NIS Elements 4.0 were used (5). For analysis of the images, ImageJ
version 2.0.0-rc69/1.52p was used.

RNA Sequencing. RNAseq libraries were generated as previously described
(73). In brief, RNA was extracted using the PureLink RNA mini kit (Invitrogen)
and RNAseq libraries were generated following manufacturer’s instructions
using the Ovation Complete Prokaryotic RNAseq library kit (NuGen). Se-
quencing was performed on an Illumina NextSeq at Biopolymer’s facility at
Harvard Medical School. Reads were mapped to the P. aeruginosa PAO1
reference genome NC002516. Transcripts per million (TPM) and differential
log2 expression values were calculated using the Geneious 11.1.4 software
package. Heat maps were generated using Cluster 3.0 and JAVA Treeview
version 1.6r4. Volcano plots were generated in Prism 8 version 8.4.3 (471).
Principal component analysis (PCA) was performed using Qlucore version 3.6
(27). Data were exported and plots were generated in Prism 8 version 8.4.3
(471) (SI Appendix, Fig. S3D). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was performed using CLC software (SI Appendix,
Table S8-S13). RNAseq statistics are listed in SI Appendix, Table S3.

Hcp Secretion Assays. Overnight cultures were diluted to an OD600 of 0.1 in
20 mL LB supplemented with the appropriate antibiotics and different
concentrations of inducer in stationary Erlenmeyer flasks to avoid shear
stress. Bacteria were harvested and resuspended in 1 mL LB with their re-
spective arabinose concentrations and incubated for 15 min at 37 °C. The
pellet and supernatant were collected. The pellet samples were resuspended
to 1× Laemmli buffer. Proteins from the supernatant were trichloroacetic
acid (TCA) precipitated and resuspended in 1× Laemmli buffer. Western
blotting was performed and Hcp and RNAP were detected with the
according antibodies.

Flow Cytometry. P. aeruginosa strains were grown overnight in LB with 5 μg/
mL irgasan and 30 μg/mL gentamicin. Following overnight growth, strains
were diluted to a final OD600 = 0.05 in LB supplemented with 30 μg/mL
gentamicin and 0.2% arabinose and grown at 37 °C for the indicated time
points (30 min, 90 min, 3 h, and 5 h). A total of 20 μL of each culture was
added to 1 mL D-PBS (Invitrogen) containing 1 μg/mL propidium iodide
(Invitrogen) in 5 mL polystyrene tubes (BD Falcon) and allowed to incubate
for 15 min in the dark. A total of 100,000 cells for each condition were
analyzed by flow cytometry (BD LSRII, 561-nm coherent laser was used for
excitation of propidium iodide and emission was detected with a 610/20
bandpass filter) at the Harvard Medical School, Department of Immunology
Flow Cytometry Facility. Data were analyzed using FlowJo v10.7.1 software
(Treestar).

Statistical Analysis. For statistical analysis, at least three independent ex-
periments were performed in each experiment. One-way ANOVA with
subsequent Tukey’s multiple comparison test was performed to determine
significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data Availability. RNAseq data have been deposited in the Gene Expression
Omnibus (106) under accession no. GSE159327 (107). All study data are in-
cluded in the article and SI Appendix.
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