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ABSTRACT Type VI secretion systems (T6SSs) deliver cytotoxic effector proteins into tar-
get bacteria and eukaryotic host cells. Antibacterial effectors are invariably encoded with
cognate immunity proteins that protect the producing cell from self-intoxication. Here, we
identify transposon insertions that disrupt the tli immunity gene of Enterobacter cloacae
and induce autopermeabilization through unopposed activity of the Tle phospholipase
effector. This hyperpermeability phenotype is T6SS dependent, indicating that the mutants
are intoxicated by Tle delivered from neighboring sibling cells rather than by internally pro-
duced phospholipase. Unexpectedly, an in-frame deletion of tli does not induce hyperper-
meability because Dtli null mutants fail to deploy active Tle. Instead, the most striking phe-
notypes are associated with disruption of the tli lipoprotein signal sequence, which
prevents immunity protein localization to the periplasm. Immunoblotting reveals that most
hyperpermeable mutants still produce Tli, presumably from alternative translation initiation
codons downstream of the signal sequence. These observations suggest that cytosolic Tli is
required for the activation and/or export of Tle. We show that Tle growth inhibition activity
remains Tli dependent when phospholipase delivery into target bacteria is ensured through
fusion to the VgrG b-spike protein. Together, these findings indicate that Tli has distinct
functions, depending on its subcellular localization. Periplasmic Tli acts as a canonical immu-
nity factor to neutralize incoming effector proteins, while a cytosolic pool of Tli is required
to activate the phospholipase domain of Tle prior to T6SS-dependent export.

IMPORTANCE Gram-negative bacteria use type VI secretion systems deliver toxic effector
proteins directly into neighboring competitors. Secreting cells also produce specific immu-
nity proteins that neutralize effector activities to prevent autointoxication. Here, we show
the Tli immunity protein of Enterobacter cloacae has two distinct functions, depending on
its subcellular localization. Periplasmic Tli acts as a canonical immunity factor to block Tle
lipase effector activity, while cytoplasmic Tli is required to activate the lipase prior to
export. These results indicate Tle interacts transiently with its cognate immunity protein
to promote effector protein folding and/or packaging into the secretion apparatus.

KEYWORDS contact-dependent growth inhibition, kin discrimination, self/nonself
recognition, toxin immunity proteins

Research over the past 20 years shows that bacteria commonly deliver growth-inhib-
itory toxins directly into neighboring competitors (1). This phenomenon was first

described as contact-dependent growth inhibition (CDI) in Escherichia coli isolate EC93
(2). CDI is mediated by a specialized type V secretion system (T5SS) composed of CdiB
and CdiA proteins. CdiB is an Omp85 family b-barrel protein responsible for transport
of the CdiA effector protein to the cell surface (3). Upon binding a receptor on a neigh-
boring bacterium, CdiA delivers its C-terminal toxin domain into the target cell to
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inhibit growth. CDI1 strains protect themselves from autoinhibition by producing im-
munity proteins that specifically neutralize the toxin domain. Shortly after the discov-
ery of T5SS-mediated CDI, two reports demonstrated that type VI secretion systems
(T6SSs) are also potent mediators of interbacterial competition (4, 5). T6SSs are
dynamic multiprotein machines related in structure and function to the contractile tails
of Myoviridae bacteriophages. The T6SS duty cycle begins with the assembly of a phage-
like baseplate complex around trimeric VgrG, which is homologous to the b-tailspike pro-
tein of coliphage T4 (6). The baseplate then docks onto the cytosolic face of the transenve-
lope complex, which forms a secretion conduit across the cell envelope (7). The latter
assembly nucleates the polymerization of a contractile sheath surrounding a central tube
of Hcp proteins. Toxic effector proteins are typically linked to the VgrG b-spike (8, 9) and
can also be packaged within the lumen of the Hcp tube (10). Once the sheath has grown
to span the width of the cell, it contracts to expel the VgrG-capped tube through the trans-
envelope complex. The ejected projectile perforates neighboring bacteria and releases its
toxic payload to inhibit target cell growth. As with toxic CdiA proteins, antibacterial T6SS
effectors are encoded with cognate immunity proteins that protect the cell from intoxica-
tion by its isogenic siblings (1, 11). In this manner, T5SSs and T6SSs confer a competitive fit-
ness advantage to bacteria, and their effector-immunity protein pairs play an important
role in self/nonself discrimination.

Given that T5SS- and T6SS-mediated competition relies on cell-to-cell contact, the
systems are often only deployed under conditions that favor productive effector deliv-
ery. Several regulatory strategies have been described for T6SSs, which are controlled
at all levels of gene expression. T6SS loci are commonly subject to H-NS-mediated tran-
scriptional silencing (12–16), and many require specific bacterial enhancer proteins to
initiate transcription in conjunction with s 54 (17, 18). Environmental signals also influ-
ence T6SS transcription through quorum sensing and two-component regulatory sig-
naling pathways (16, 19, 20). In Pseudomonas aeruginosa, the stability and translation
of T6SS transcripts are modulated by small noncoding RNAs (16). Finally, assembly of
the secretion apparatus is subject to posttranslational control by a serine/threonine ki-
nase and phosphatase (21). There are fewer studies on the regulation of antibacterial
T5SSs. The originally identified cdiBAI locus from E. coli EC93 is expressed constitutively
(2, 22), but systems from other species are strictly regulated. The CDI system of
Burkholderia thailandensis E264 is activated through a quorum sensing pathway (23),
and the loci of Dickeya dadantii EC16 and 3937 are expressed only when these bacteria
are grown on plant hosts (24–26). The latter observations suggest that CDI promotes
host colonization and pathogenesis, although the T5SS effector domains deployed by
these phytopathogens are clearly antibacterial (26, 27).

We previously reported that the CDI system of Enterobacter cloacae ATCC 13047 (ECL) is
not active under laboratory conditions, although it is functional when expressed from a
heterologous promoter (27). The wild-type cdiBAIECL operon appears to be transcribed
from a single promoter with possible operator sites for PurR and Fnr. These predictions
suggest that cdi transcription may be repressed when ECL is grown in standard culture
media. In an attempt to identify transcriptional regulators, we generated an ECL strain that
harbors the gusA reporter gene under the control of the cdi promoter and then screened it
for transposon mutants that exhibit increased b-glucuronidase activity. Surprisingly, the
recovered mutations have no effect on cdi transcription and instead act to increase cell
permeability to the chromogenic b-glucuronidase substrate. We identified multiple inser-
tions in tli, which encodes a previously described immunity protein that neutralizes the
T6SS phospholipase effector Tle (28). Thus, cell envelope integrity is disrupted by unre-
strained phospholipase activity in these mutants. Increased permeability is T6SS depend-
ent, indicating that tli mutants are intoxicated by Tle delivered from neighboring siblings
rather than internally produced phospholipase. Notably, we find that Dtli mutants are not
hyperpermeable because they fail to deploy active Tle. Taken together, our findings indi-
cate that Tli has distinct functions, depending on its subcellular localization. In addition to
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its established role as a periplasmic immunity factor, we propose that a cytosolic pool of Tli
is required to activate the Tle phospholipase prior to T6SS-dependent export.

RESULTS
Disruption of tli increases cell permeability.We initially sought to identify regula-

tors of the cdiBAI gene cluster in Enterobacter cloacae ATCC 13047 (ECL) using a b-glu-
curonidase (gusA) reporter to monitor expression. We fused the E. coli gusA gene to the
cdiB (ECL_04452) promoter region and placed the construct at the ECL glmS locus
using Tn7-mediated transposition. The resulting cdi-gusA reporter strain was subjected
to transposon Tn5-mediated mutagenesis, and .25,000 insertion mutants were
screened on agar medium supplemented with the chromogenic b-glucuronidase sub-
strate X-Gluc (5-bromo-4-chloro-1H-indol-3-yl-b-D-glucopyranosiduronic acid). Nine
different transposon insertion sites were identified from 17 mutants that formed pig-
mented colonies on indicator medium. One insertion is located within tle (ECL_01553),
and the other eight disrupt the downstream tli cistron (ECL_01554) (Fig. 1A). The tle
gene encodes a toxic phospholipase effector deployed by the type VI secretion system
1 (T6SS-1) of ECL, and tli encodes an ankyrin repeat immunity protein that neutralizes
Tle activity (29). We transferred the transposon mutations into the original parental re-
porter strain using Red-mediated recombineering and found that all of the recon-
structed mutants, except the tle-1106 strain, recapitulate the original phenotype on in-
dicator medium (Fig. 1B). Quantification of b-glucuronidase activity in cell lysates from
a subset of mutants revealed that each has the same specific activity as the parental re-
porter strain (Fig. 1C). These data indicate that cdi transcription is unaffected by the tli
mutations. Moreover, immunoblot analyses showed that none of the mutants exhibits
increased production of CdiB (Fig. 1D) or CdiA (Fig. 1E). Given these results, we
hypothesized that the loss of Tli immunity function leads to unopposed Tle phospholi-
pase activity, which in turn degrades cell membranes to increase permeability to X-
Gluc. Consistent with this model, parental reporter cells grown on indicator medium
become pigmented after treatment with SDS solution (Fig. 2A). Moreover, complemen-
tation with plasmid-borne tli suppresses pigment conversion (Fig. 2B), but it has little
effect on specific b-glucuronidase activities (Fig. 2C). Together, these results indicate
that diminished immunity function leads to increased cell permeability.

Increased cell permeability is dependent on T6SS-1 activity. Two scenarios could
account for hyperpermeability: the tli mutants could be permeabilized by internally pro-
duced phospholipase, or they could be intoxicated by Tle delivered from neighboring sib-
ling cells. These models are not exclusive, and the phenotype may reflect a combination of
external and internal phospholipase activities. To eliminate the contribution from T6SS-
delivered effector, we deleted tssM (Fig. 3A), which encodes a critical component of the
transenvelope complex required for secretion. The resulting tli DtssM cells do not secrete
Hcp into culture supernatants (Fig. 3B), confirming that T6SS-1 is inactivated. The tli DtssM
strains also exhibit less pigmentation when grown on X-Gluc indicator medium (Fig. 3C,
top row). To ensure that the DtssMmutation does not abrogate tle expression, we showed
that complementation with plasmid-borne tssM restores Hcp secretion and hyperperme-
ability phenotypes to each strain (Fig. 3B and C, bottom row). These data indicate that
increased cell permeability is largely due to T6SS-1-dependent exchange of phospholipase
toxin between sibling cells.

Although tli is disrupted in each mutant, most retain the capacity to produce a trun-
cated form of the immunity protein. Insertions in the lipoprotein signal sequence (tli-17, tli-
21, tli-31, tli-57, and tli-64) should allow cytosolic Tli to be synthesized using Met10, Met16,
or Met24 as alternative translation initiation codons (Fig. 1A). Furthermore, the tli-663 and
tli-673 alleles are predicted to produce secreted Tli lipoproteins that carry transposon-en-
coded residues fused at Asp221 and Lys224, respectively (Fig. 1A). Immunoblotting
revealed that the tli-17, tli-21, tli-57, and tli-64 mutants accumulate Tli to about the same
level as the parental tli1 strain, but we were unable to detect antigen in tli-231, tli-663, and
tli-763 cell lysates (Fig. 4A). We next asked whether truncated Tli provides any protection
against Tle delivered from wild-type ECL inhibitor cells. Because the tlimutants also deploy
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Tle to intoxicate their siblings, we examined immunity function in a DtssM background to
ensure that the mutants act only as target cells during coculture. The tli DtssM target cells
are outcompeted between 50- and 100-fold by wild-type ECL, but they show no fitness dis-
advantage when cocultured with ECL DtssM mock inhibitor cells (Fig. 4B). This level of
growth inhibition is comparable to that observed with Dtle Dtli target cells (Fig. 4B), which
harbor a true null allele of tli. Thus, the transposon insertions completely abrogate immu-
nity to Tle. Given that cytosolic immunity protein fails to protect, these results also indicate
that Tli must be localized to the periplasm to neutralize toxic phospholipase activity.

ECL Dtli mutants fail to deploy active Tle. Although the tli disruptions behave as
null mutations in competition cocultures, we noted that the tli-231 insertion induces a
modest permeability phenotype compared to the other alleles. This observation is curious
because tli-231 is arguably the most disruptive to Tli structure and is therefore expected to
cause a more profound phenotype. To explore this issue, we asked whether a Dtli null
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strain phenocopies the transposon mutants on X-Gluc indicator medium and surprisingly
found that Dtli cells are not hyperpermeable (Fig. 5A). This result could reflect the acquisi-
tion of an inactivating mutation in tle during construction of the Dtli strain. However, the
hyperpermeable phenotype is restored when truncated Tli proteins lacking the N-terminal
23 (Tli-D23) and 51 (Tli-D51) residues are expressed from a plasmid in Dtli cells (Fig. 5A).
Further truncation of the immunity protein to Tli-D75, which approximates the fragment
produced by the tli-231 allele, does not induce autopermeabilization (Fig. 5A). These data
suggest that Dtli cells do not deploy active Tle. Accordingly, we found that tle1 Dtli cells
behave like DtssM mock inhibitors when competed against Dtle Dtli target cells (Fig. 5B).
The competitive fitness of the tle1 Dtli strain is restored to wild-type levels when the cells
express wild-type Tli or Tli-D23, but not the Tli-D51 or Tli-D75 truncations (Fig. 5B).
Although Tli-D51 fails to confer a competitive advantage (Fig. 5B), target cell growth in
these cocultures is suppressed compared to that in experiments with tle1 Dtli inhibitors
that harbor an empty vector plasmid (Fig. 5C). Quantification of viable Tli-D51-producing
cells shows that their growth is also inhibited (Fig. 5D), indicating that intersibling intoxica-
tion obviates any competitive advantage gained by Tle delivery. This autoinhibition is not
observed with Tli-D23-producing cells (Fig. 5D), although they exhibit a similar hyper-
permeable phenotype on indicator medium (Fig. 5A).

To test whether the ECL Dtli strain deploys other T6SS-1 effectors, we performed
competition assays with E. coli target bacteria, which have previously been shown to
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be inhibited by ECL Dtle mutants (29). Wild-type ECL outcompetes E. coli almost 106-
fold on agar medium, and most of this growth advantage is lost when T6SS-1 is inacti-
vated with the DtssM mutation (Fig. 5E). ECL Dtli mutants retain most of this inhibition
activity against E. coli target cells (Fig. 5E), demonstrating that tli is not required to
deliver other T6SS-1 effectors. Together, these results indicate that Tle-mediated
growth inhibition depends on a cytosolic pool of Tli.

Tli is required for the toxic activity of Tle. Tli could be required to stabilize Tle, or
perhaps the immunity protein acts as a chaperone to load effector into the T6SS-1 ap-
paratus. We first asked whether Tli stabilizes the lipase effector, but were unable to
detect Tle antigen in either wild-type (tle1 tli1) or Dtli cell lysates (Fig. 6A). Given the
low endogenous level of Tle, we expressed tle and tle-tli from plasmid vectors (pTle
and pTle-Tli) in ECL Dtle Dtli cells to examine effector stability. Immunoblotting showed
that full-length Tle is produced from both constructs, though some minor degradation
products are apparent in the absence of Tli (Fig. 6A). Despite producing detectable
lipase, cells harboring the pTle plasmid have no inhibition activity against Dtle Dtli tar-
get bacteria (Fig. 6B). In contrast, the pTle-Tli construct confers a significant growth
advantage under the same conditions (Fig. 6B). We also tested whether Tli is required
for effector secretion, but were unable to detect Tle antigen in culture supernatants
even when expressed from a plasmid vector. Therefore, we asked whether Tli is still
required for growth inhibition activity when phospholipase export is ensured by fusion
to the VgrG b-spike protein. The ECL T6SS-1 locus encodes two VgrG proteins (VgrG1
and VgrG2) (Fig. 3A), each of which is sufficient to support secretion activity (29). We
reasoned that the lipase domain could be fused to VgrG2, because other Enterobacter
strains encode “evolved” VrgG2 homologs that carry effector domains at their C termini
(see Fig. S1 in the supplemental material). AlphaFold2 modeling indicates that Tle is
composed of two domains connected by a flexible linker (Fig. 7A). The novel N-termi-
nal domain of Tle is presumably required for T6SS-mediated export, and its C-terminal
domain adopts an a/b-hydrolase fold that resembles neutral lipases from fungi. Using
the AlphaFold2 model as a guide, we fused the linker region and phospholipase
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domain of Tle to VgrG2 (Fig. 7B), then asked whether the VgrG2-lipase chimera restores
growth inhibition activity to a VgrG-deficient mutant. Because ECL Dtle-tli-vgrG1-vgrG2
cells do not produce functional VgrG, they cannot assemble the T6SS-1 apparatus (29)
and do not kill E. coli target bacteria during coculture (Fig. 7C). Complementation of
Dtle-tli-vgrG1-vgrG2 cells with the VgrG2-lipase construct restores growth inhibition ac-
tivity against E. coli target cells (Fig. 7C). Moreover, this inhibition activity is quantita-
tively similar to that of an ECL DvgrG1 inhibitor strain (Fig. 7C), which produces VgrG2
and Tle as separate polypeptides. These results suggest that the VgrG2-lipase chimera
supports the same T6SS-1 activity as wild-type VgrG2. However, the VgrG2-lipase con-
struct has no growth inhibition activity against ECL Dtle Dtli target cells (Fig. 7D), indi-
cating that the fused lipase domain is inactive. We next tested whether addition of the
tli gene to the fusion construct promotes phospholipase activity (Fig. 7B). Although the
resulting pVgrG2-lipase/Tli construct is somewhat less effective against E. coli target
cells (Fig. 7C), it inhibits the growth of ECL Dtle Dtli target cells to the same extent as
an ECL DvgrG1 inhibitor strain (Fig. 7D). We also showed that mutation of the predicted
catalytic Ser341 residue in the lipase domain abrogates growth inhibition activity
against ECL Dtle Dtli cells (Fig. 7D), but not E. coli target cells (Fig. 7C), indicating that
the VgrG2-lipase fusion supports the delivery of other T6SS-1 effectors. Together, these
results demonstrate that the Tle phospholipase domain is only active when copro-
duced with its cognate immunity protein.

DISCUSSION

Here, we identify ECL transposon mutants that exhibit increased permeability to a chro-
mogenic b-glucuronidase substrate. The transposon insertions disrupt tli, which encodes
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an immunity protein that neutralizes the previously described Tle phospholipase effector
(29). Thus, unmitigated Tle activity damages cellular membranes, allowing chromogenic
substrate to enter the cytosol and/or b-glucuronidase to escape into the extracellular me-
dium. This hyperpermeability is dependent on T6SS-1 activity, indicating that the mutants
are intoxicated by Tle delivered from neighboring siblings rather than their own internally
produced phospholipase. This phenomenon is similar to the observations of Russell et al.,
who found that deletion of the tli5PA (PA3488) immunity gene from Pseudomonas aerugi-
nosa PAO1 leads to increased cell permeability through unopposed PldDPA phospholipase
activity (30). Moreover, P. aeruginosa autointoxication requires a functional H2-T6SS locus
(30), indicating that the phenotype is due to intersibling exchange of phospholipase.
However, in contrast to P. aeruginosa, ECL Dtli null mutants fail to deploy active

FIG 5 Dtli mutants fail to deploy active Tle. (A) ECL Dtli mutants do not exhibit hyper-permeability. The indicated strains were grown on LB-agar supplemented
with X-gluc. Where indicated, strains carried an empty vector or were complemented with plasmids that produce Tli variants. (B) The indicated ECL inhibitor
strains were mixed with ECL Dtle Dtli target cells and spotted onto LB-agar. After 4 h of co-culture, inhibitor and target cells were enumerated as colony forming
units (cfu) on selective media. The competitive index equals the final ratio of inhibitor to target cells divided by the initial ratio. Presented data are the average 6
standard error from three independent experiments. (C) Viable ECL Dtle Dtli target cell counts (cfu/mL) at 0 and 4 h for the cocultures shown in panel B. (D)
Viable inhibitor cell counts (cfu/mL) at 0 and 4 h for the cocultures shown in panel B. (E) ECL inhibitor strains were mixed with E. coli X90 target cells and
spotted onto LB-agar. Co-culture conditions and cfu enumerations were the same as described for panel B.
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phospholipase and consequently do not exhibit hyperpermeability. Instead, the
strongest phenotypes are associated with mutations that prevent targeting of Tli to the
periplasm, yet still allow the immunity protein to accumulate to wild-type levels. These
findings indicate that Tli has different functions, depending on its subcellular localization.
Tli in the periplasm acts to neutralize incoming phospholipase effectors, whereas cytoplas-
mic Tli produced from alternative translation initiation sites is required for the activation
and/or export of Tle. Because we cannot ascertain whether Tle is secreted from Dtli
mutants, it is possible that cytosolic Tli acts a chaperone to load the effector into the T6SS
apparatus. However, the immunity protein probably has another function because growth
inhibition activity remains tli-dependent when phospholipase delivery is achieved through
fusion to VgrG2. We propose that Tli activates the effector domain prior to T6SS-mediated
export. AlphaFold2 modeling suggests that the lipase catalytic core is not altered upon
binding to Tli, although dramatic conformational changes are predicted for lipase helices
a5, a10, and a11 (see Fig. S2A and B in the supplemental material). Helix a5 is pulled
away from the lipase domain through predicted interactions with the first ankyrin repeat
of Tli, allowing a10 and a11 to migrate into the vacated position (Fig. S2A and B). In the
absence of Tli, helix a5 forms a “lid” that covers the active site and precludes access to sol-
vent (Fig. S2A and B). Similar lid structures are found in many other lipases, and these heli-
ces are typically displaced to expose the active site upon binding to membranes in a
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FIG 6 Tli is required for Tle-mediated growth inhibition. (A) Cell extracts from the indicated ECL strains
were subjected to immunoblot analysis using polyclonal antisera against the Tle lipase domain. (B) The
indicated ECL inhibitor strains were mixed with ECL Dtle Dtli target cells and spotted onto LB agar.
After 4 h of coculture, inhibitor and target cells were enumerated as CFU on selective media. The
competitive index equals the final ratio of inhibitor to target cells divided by the initial ratio. Presented
data are the average 6 standard error from three independent experiments.
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process termed “interfacial activation” (31). Thus, the predicted conformational changes in
the lid could underlie lipase activation, but because Tli blocks lipase activity, the model
may correspond to the neutralized conformation. We also modeled lipase interactions with
immunity proteins produced from the various tli alleles identified in this study. Lipase inter-
actions with Tli-64, Tli-663, and Tli-673 are nearly identical to those with wild-type Tli (Fig.
S2C, E, and F), but Tli-231, which lacks N-terminal ankyrin repeats, does not displace helix
a5 of the lipase domain (Fig. S2D). The implications of the latter model for lipase activation
are not clear given that we are unable to detect Tli antigen in tli-231 mutants. Though the
mechanism remains unknown, it seems likely that Tle activation requires direct binding
interactions with cytosolic Tli. Because presumably only the effector protein is exported,
this model implies that there must be an additional mechanism to dissociate the Tle-Tli
complex prior to loading into the T6SS apparatus.

Russell et al. first described and delineated five families of T6SS phospholipase effec-
tors, which they designated Tle1 through Tle5 (30). Although not identified in that study,
TleECL from ECL contains the GxSxG catalytic motif found in the Tle1, Tle2, Tle3, and Tle4

FIG 7 Tli is required to activate Tle prior to T6SS-mediate export. (A) AlphaFold2 model of Tle. The C-terminal a/b-hydrolase
domain is rendered in light orange and the linker region in yellow. The locations of predicted catalytic residues Ser341 and His448
are indicated. (B) VgrG2-lipase domain fusion schematic. Coding sequence for the Tle linker region (beginning at Pro134) and lipase
domain was fused to vgrG2 under the control of an arabinose-inducible promoter. A matched construct that also includes the wild-
type tli gene was also generated. (C) The VgrG2-lipase fusion protein supports T6SS-1 activity. The indicated ECL inhibitor strains
were mixed with E. coli X90 target cells and spotted onto LB agar supplemented with L-arabinose. After 4 h of coculture, inhibitor
and target cells were enumerated as CFU on selective media. The competitive index equals the final ratio of inhibitor to target cells
divided by the initial ratio. Presented data are the average 6 standard error from three independent experiments. (D) ECL inhibitor
strains were mixed with ECL Dtle Dtli target cells and spotted onto LB agar supplemented with L-arabinose. Coculture conditions
and CFU enumerations were the same as described for panel C.
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effector families. AlphaFold2 modeling suggests that TleECL adopts an a/b-hydrolase fold,
with the GxSxG sequence forming a classic nucleophilic “elbow” in the turn between b4
and a7. A DALI server search indicates that TleECL is not closely related to known T6SS
effectors and instead is most similar to a family of neutral lipases secreted by fungi
(32–34). This conclusion is supported by direct comparisons of the TleECL model with the
crystal structures of Tle1PAO1 and Tle4PAO1 from Pseudomonas aeruginosa PAO1. Super-
imposition of core a/b-hydrolase domains reveals that the flanking secondary elements
are distinct between the effectors (Fig. S3). Moreover, Tle1PAO1 and Tle4PAO1 have modules
that are absent from TleECL. Tle1PAO1 contains a putative membrane-anchoring domain
(35), and the a/b-hydrolase core of Tle4PAO1 is interrupted by three inserted segments
that form a cap domain to cover the active site (36). We note that the TleECL model also
differs substantially from AlphaFold2 predictions for Tle2 (VasL) from Vibrio cholerae and
Tle3 from Burkholderia thailandensis E264. Database searches reveal that TleECL is com-
monly encoded by Enterobacter and Cronobacter T6SS loci, and it shares significant
sequence identity with the Slp effector from Serratia marcescens (see Table S1 in the sup-
plemental material) (37). Homologous lipase domains are more broadly distributed across
Erwinia, Dickeya, Burkholderia, and Vibrio species, where they are fused to predicted VgrG,
PAAR, and DUF4150 domain proteins (Table S1). Related lipase domains also form the C
termini of rearrangement hot spot (Rhs) proteins in various Pseudomonas and Vibrio iso-
lates. Rhs proteins constitute another important class of T6SS effectors that carry variable
C-terminal toxin domains (1, 38–40). Finally, a handful of Deltaproteobacteria encode pre-
dicted CdiA proteins with similar lipase domains (Table S1), indicating that this effector
family can also be delivered through the T5SS pathway. Notably, these lipase sequences
are linked to putative immunity genes that encode ankyrin repeat proteins (Table S1), rais-
ing the possibility that all of these effectors are activated by their cognate immunity
proteins.

Although it remains to be determined whether other lipases require activation, a
similar phenomenon has been reported for the PAAR domain-containing PefD effector
of Proteus mirabilis HI4320. Mobley and coworkers found that disruption of the corre-
sponding pefE immunity gene, which encodes a predicted b-propeller protein, abro-
gates the growth inhibition activity of PefD in cocultures (41). PefD function is also
dependent on pefF and pefG, which encode an armadillo repeat protein and a thiore-
doxin-like oxidoreductase, respectively (41, 42). AlphaFold2 indicates that PefD con-
tains an intricate array of six disulfide bonds (https://www.uniprot.org/uniprotkb/
B4EVA8/entry#structure), suggesting that PefE and PefF could be chaperones that hold
the effector in the proper conformation for PefG-catalyzed disulfide bond formation.
However, PefD and the related Tse7 effector from P. aeruginosa are toxic DNases that
must be transferred into the cytoplasm to inhibit growth (41, 43). Given that any disul-
fides would likely be reduced by glutathione and thioredoxin after delivery into the tar-
get cell, perhaps these bonds promote export rather than enzymatic activity. Proper di-
sulfide formation is clearly important for other T6SS effectors that function in the
periplasm. Peptidoglycan amidase and pore-forming effectors from Serratia marcescens
both depend on DsbA (44), which is a highly conserved oxidoreductase that catalyzes
disulfide formation in the periplasm of most Gram-negative bacteria (45). T5SS/CdiA
effector domains are also known to exploit target cell proteins to promote toxicity.
CdiA from uropathogenic E. coli delivers a novel tRNA anticodon nuclease domain that
is only active when bound to the cysteine biosynthetic enzyme CysK (26, 46, 47). Other
CdiA proteins carry BECR-fold RNases that interact with elongation factor Tu (EF-Tu) to
cleave the 39-acceptor stems of specific tRNA molecules (48–51).

Given that our screen ultimately selected for hyperpermeable cells, it is perhaps sur-
prising that we did not recover other mutations that are known to disrupt the cell en-
velope. The first “leaky” mutants were isolated in screens for E. coli and Salmonella
enterica serovar Typhimurium cells that release periplasmic RNase I and alkaline phos-
phatase into culture media (52–55). These early studies uncovered a critical role for
TolA in Gram-negative cell envelope integrity (52). Later, E. coli lamB cells were used to
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identify mutations in ompC and ompF that allow high-molecular-weight maltodextrins
to enter the periplasm (56, 57). The same strategy also led to the discovery of lptD (58),
which encodes an essential b-barrel protein that inserts lipopolysaccharide into the outer
membrane (59–62). More recently, Bernhardt and coworkers used a cell-impermeable b-ga-
lactosidase substrate to identify over 100 E. coli genes that contribute to envelope integrity
(63). Although the approach taken by Paradis-Bleu et al. is essentially the same as in our
study, they note that disruption of outer membrane integrity alone is probably sufficient
for substrate entry in their screen (63). In contrast, ECL lacks outer and inner membrane
transporters for b-glucuronides (64), and therefore both membranes must be permeabil-
ized for substrate entry. These observations suggest that T6SS-delivered Tle damages the
outer and inner membranes of target bacteria and that the loss of Tli immunity function
produces the most striking phenotype on indicator media.

MATERIALS ANDMETHODS
Bacterial strain and plasmid constructions. The bacterial strains and plasmids used in this study

are listed in Table 1 and Table 2, respectively, and oligonucleotides are listed in Table S2 in the supple-
mental material. All bacteria were grown at 37°C in lysogeny broth (LB): 1% tryptone, 1% yeast extract,
and 0.5% NaCl. Media were supplemented with antibiotics at the following concentrations: ampicillin
(Amp), 150 mg/mL; gentamicin (Gent), 12 mg/mL; kanamycin (Kan), 50 mg/mL; rifampin (Rif), 200 mg/mL;
spectinomycin (Spec), 15 mg/mL; tetracycline (Tet), 100 mg/mL; and trimethoprim (Tmp), 100 mg/mL
(where indicated). The ECL cdi-gusA reporter strain ZR71 was constructed by Tn7-mediated transposition. E. coli
gusA was amplified with oligonucleotide primers CH3025/CH3026 and ligated to pUC18T-mini-Tn7T-Gm (65)

TABLE 1 Bacterial strains used in this study

Strain Descriptiona

Reference or
source

CH1360 ECL Dtle-tli-vgrG1-vgrG2::kan Kanr This study
CH2016 E. coli X90(DE3) Drna DslyD::kan Kanr 73
CH3469 ECL Dtli glmS::cdi-gusA Gentr This study
CH11196 ECL DtssM1::kan Kanr 27
CH11199 ECL Dhcp1::spc Specr 29
CH11248 ECL araC-PBAD::cdiB DaraBAD::kan Specr Kanr 27
CH11396 ECL DtssM1 29
CH11876 ECL Dtle::kan Kanr 29
CH11895 ECL Dtle Dtli::spc Specr 29
CH12384 ECL DvgrG1::kan Kanr 28
CH14384 ECL Dtle Dtli::spc rif Specr Rifr This study
CH14587 ECL Dtli::kan Kanr This study
CH14588 ECL Dtli This study
E2072 E. coli F– l– mcrA D(mrr-hsdRMS-mcrBC) f 80dlacZDM15 DlacX74 deoR recA1 endA1 galU galK

rpsL nupG DdapA::pir-lacIq-Gentr-FRT8mob[recA::RP4-2 Tc::Mu-Kanr] leu1 Strr Gentr Kanr

75

ECL Enterobacter cloacae subsp. cloacae ATCC 13047 ATCC
MFD pir E. coliMG1655 RP4-2-Tc::[DMu1::aac(3)IV-DaphA-Dnic35-DMu2::zeo] dapA::(erm-pir) DrecA

Aprr Zeor Ermr

76

X90 E. coli F9 lacIq lac9 pro9/ara D(lac-pro) nal1 argE(Amb) rif thi-1 Rifr 77
ZR71 ECL glmS::cdi-gusA Gentr This study
ZR135 ZR71 tli-231; Tn5 insertion after tli nucleotide 231; Gentr Specr This study
ZR137 ZR71 tli-21; Tn5 insertion after tli nucleotide 21; Gentr Specr This study
ZR138 ZR71 tli-57; Tn5 insertion after tli nucleotide 57; Gentr Specr This study
ZR139 ZR71 tli-663; Tn5 insertion after tli nucleotide 663; Gentr Specr This study
ZR140 ZR71 tli-17; Tn5 insertion after tli nucleotide 17; Gentr Specr This study
ZR148 ZR71 tli-231 DtssM::kan Gentr Specr Kanr This study
ZR149 ZR71 tli-21 DtssM::kan Gentr Specr Kanr This study
ZR150 ZR71 tli-57 DtssM::kan Gentr Specr Kanr This study
ZR151 ZR71 tli-663 DtssM::kan Gentr Specr Kanr This study
ZR152 ZR71 tli-17 DtssM::kan Gentr Specr Kanr This study
ZR161 ZR71 tli-31; Tn5 insertion after tli nucleotide 31; Specr Gentr This study
ZR163 ZR71 tle-1106; Tn5 insertion after tle nucleotide 1106; Specr Gentr This study
ZR165 ZR71 tli-673; Tn5 insertion after tli nucleotide 673; Specr Gentr This study
ZR170 ZR71 tli-64; Tn5 insertion after tli nucleotide 64; Specr Gentr This study
ZR200 ZR71 DtssM::kan Gentr Kanr This study
aAprr, apramycin resistant; Ermr, erythromycin resistant; Kanr, kanamycin resistant; Gentr, gentamicin resistant; Rifr, rifampin resistant; Specr, spectinomycin resistant; Strr,
streptomycin resistant; Zeor, zeocin resistant.
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using EcoRI/SacI restriction sites to generate plasmid pZR42. The ECL cdiB promoter region was amplified with
CH3146/CH3147 and ligated to pZR42 using KpnI/EcoRI restriction sites to generate pCH3468. pCH3468 and
pTNS2 (66) were introduced into wild-type ECL by conjugation, and gentamicin-resistant (Gentr) clones were
screened for cdi-gusA transposition into the glmS locus. The same mating procedure was used to generate
strain CH3469 (ECL Dtli glmS::cdi-gusA) from strain CH14588. The DtssM1::kan allele (from pCH11050) was intro-
duced into ECL strains carrying plasmid pKOBEG using Red-mediated recombination as described previously
(27, 29). ECL Dtli::kan (CH14587) and Dtle-tli-vgrG1-vgrG2::kan (CH1360) mutants were constructed using
pCH371, which is a pRE118 (67) derivative that carries the pheS(A294G) counterselectable marker instead of
sacB. The pheS(A294G) allele was first amplified with DL2217/DL2194 and fused to the tet promoter in pBR322
using EcoRV/SphI restriction sites to generate plasmid pDAL912. The Ptet-pheS(A294G) fragment was then ampli-
fied with DL2195/DL2196 and combined with pRE118-derived fragments generated with DL2197/DL2198 and
D2199/DL1667 using overlap extension PCR (OE-PCR). The final PCR product was introduced into pRE118 using
Red-mediated recombination to generate plasmid pDAL6480. A chloramphenicol resistance (Cmr) cassette was
amplified with CH5269/CH5270, digested with XbaI/NsiI, and ligated to XbaI/SbfI-digested pDAL6480 to gener-
ate plasmid pCH377. The FLP recombination target (FRT)-flanked Kanr cassette from pKAN/pCH70 (68) was sub-
cloned into pCH377 via SacI/KpnI restriction sites to generate pCH371. The pCH1359 Dtle-tli-vgrG1-vgrG2
knockout construct was generated by sequential cloning of CH3373/CH3374 (SacI/BamHI) and CH3197/
CH3198 (XhoI/KpnI) fragments into pCH371. The pCH3884 Dtli::kan knockout construct was generated by se-
quential cloning of ZR39/ZR40 (SacI/BamHI) and CH3377/CH3378 (XhoI/KpnI) fragments into pCH371. Plasmids
pCH1359 and pCH3884 were introduced into ECL by conjugation, followed by selection for Kanr Cmr exconju-
gants. Clones were cultured in M9 minimal medium supplemented with 0.4% D-glucose, 2 mM D/L-chlorophe-
nylalanine, and 50 mg/mL kanamycin and then screened for Kanr Cms clones that had lost the pheS(A294G)
marker through homologous recombination. The Kanr cassette was removed from CH14587 using the FLP
recombinase encoded on pCP20 (69) to generate strain CH14588.

The Tn5 delivery vector pLG99 (70) was modified to introduce a spectinomycin resistance (Specr) cas-
sette. An EcoRV/SpeI fragment from pSPM/pCH9384 (28) was ligated to a pLG99 vector prepared by NsiI

TABLE 2 Plasmids used in this study

Plasmid Descriptiona Reference
pBR322 Cloning vector; Ampr Tetr 78
pCH70 pBluescript with FRT-flanked Kanr cassette ligated into SmaI restriction site; Ampr Kanr 79
pCH371 pCATKAN-pheS(A294G); Cmr Kanr This study
pCH377 pCAT-pheS(A294G); Cmr This study
pCH417 pCH450::vgrG2(ECL)-CT/vgrI(Eh49162); Tetr This study
pCH450 pACYC184 derivative with E. coli araC and araBAD promoter for arabinose-inducible expression; Tetr 68
pCH494 pCH450K::tli; Tetr 29
pCH495 pCH450K::tli(D23); Tetr This study
pCH1359 pCATKAN-pheS(A294G)-Dtle-tli-vgrG1-vgrG2; Cmr Kanr This study
pCH3128 pCH450::tle-tli; Tetr This study
pCH3291 pET21::tli(D23); Ampr This study
pCH3468 pUC18T-mini-Tn7T-Gm with the ECL cdi promoter region fused to E. coli gusAwithin mini-Tn7; Ampr Gentr This study
pCH3763 pCH450::vgrG2-lipase(S341A)-tli; Tetr This study
pCH3884 pCATKAN-pheS(A294G)-Dtli; Cmr Kanr This study
pCH5036 pCH450K::tli(D51); Tetr This study
pCH5037 pCH450K::tli(D75); Tetr This study
pCH6118 pET21b::cdiB(STEC3); Ampr This study
pCH9062 pCH450::vgrG2-lipase-tli; Tetr This study
pCH9063 pCH450::vgrG2-lipase; Tetr This study
pCH9384 pBluescript with FRT-flanked Specr cassette ligated into SmaI restriction site; Ampr Specr 38
pCH11050 pCH70 with regions upstream and downstream of ECL tssM1; Ampr Kanr 27
pCH11198 pCH450::tssM; Tetr This study
pCH14212 pCH450::tle; Tetr This study
pCH15269 pSH21P::lipase; Ampr This study
pCP20 Temp-sensitive replication origin, expresses FLP recombinase; Ampr Cmr 80
pDAL912 pBR322::pheS(A294G); Ampr This study
pDAL6480 pRE118-pheS(A294G); Kanr This study
pKOBEG Temp-sensitive replication origin, expresses the Bet-Gam-Exo proteins from phage l ; Cmr 69
pLG99 Tn5 transposase expression vector harboring a mini-Tn5 derivative with PrhaB-out; Ampr Tmpr 70
pLG99-spec pLG99 with Specr cassette cloned into Tn5; Ampr Specr This study
pRE118 Vector plasmid for sacB allelic exchange; Kanr 67
pSCBAD pBBR1 derivative that carries araC and PBAD promoter; Tmpr 72
pTNS2 Expresses Tn7 transposase, Ampr 66
pUC18T-mini-Tn7T-Gm Tn7 transposase expression vector harboring mini-Tn7 with Gentr cassette; Ampr Gentr 65
pZR42 pUC18T-mini-Tn7T-Gm with E. coli gusA; Ampr Gentr This study
aAmpr, ampicillin resistant; Cmr, chloramphenicol resistant; Kanr, kanamycin resistant; Tmpr, trimethoprim resistant; Tetr, tetracycline resistant; Gentr, gentamicin resistant;
Specr, spectinomycin resistant.
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(followed by end-filling with T4 DNA polymerase) and AvrII digestion. The ECL tli coding sequence was
amplified with primer pairs, CH3418/CH3419 (wild-type tli), CH3719/CH3419 (tli-D23), CH5137/CH3419 (tli-
D51), and CH5318/CH3419 (tli-D75), and the products were ligated to pCH450K (68) using KpnI/XhoI
restriction sites to generate plasmids pCH494, pCH495, pCH5036, and pCH5037, respectively. ECL tle was
amplified with primers CH4469/ZR248 and ligated to pCH450 using EcoRI/XhoI restriction sites to generate
plasmid pCH14212. tli was then amplified with CH4762/CH3419 and ligated via BstXI/XhoI to pCH14212 to
generate plasmid pCH3128. Primers CH3719/CH4154 were used amplify tli-D23 for ligation into pET21K via
KpnI/XhoI to generate pCH3291, which overproduces cytosolic Tli with a C-terminal His6 epitope. Primers
CH5087/ZR248 were used to amplify the lipase domain coding region of tle for ligation into pSH21P via
SpeI/XhoI to generate plasmid pCH15269, which overproduces the domain with an N-terminal His6 epi-
tope. ECL tssM was amplified with CH3023/CH3024 and ligated to pCH450 using NcoI/XhoI restriction sites
to generate plasmid pCH11198. The cdiB gene from E. coli STEC_O31 was amplified with ZR443/ZR444 and
ligated to pET21b using EcoRI/XhoI restriction sites to generate plasmid pCH6118.

To construct the VgrG2-lipase fusion, vgrG2 from ECL was amplified with CH4452/CH5205 and ligated to
pCH450 using EcoRI/KpnI restriction sites. vgrG-CT/vgrI sequences were amplified from Enterobacter hormae-
chei ATCC 49162 using CH5203/CH5204 and appended to the vgrG2 construct using KpnI/PstI restriction sites
to generate pCH417. Plasmid pCH417 was amplified with CH4452/CH5770 to add a SacI linker, and lipase do-
main/tlimodules from CH5772/ZR248 and CH5772/CH3419 amplifications were ligated via SacI/XhoI to gener-
ate plasmids pCH9063 and pCH9062, respectively. The Ser341Ala substitution was introduced into the lipase
domain by OE-PCR using primers CH4762/CH4763 in conjunction with CH5772/CH3419 to generate plasmid
pCH3763.

Transposon mutagenesis and mutant screening. Plasmid pLG99::spec was introduced into ECL
strain ZR71 cells via conjugation, and Specr clones were selected on tryptone broth agar (1% tryptone,
0.5% NaCl, 1.5% agar) supplemented with 100 mg/mL Spec and 100 mg/mL of 5-bromo-4-chloro-1H-
indol-3-yl b-D-glucopyranosiduronic acid (X-Gluc). Transposon insertion sites were identified by arbitra-
rily primed PCR. The Tn5 right arm was amplified with Tn5-Right1/CH2020 or Tn5-Right1/CH2022.
Products were reamplified using nested primers Tn5-Right2/CH2021. The Tn5 left arm was amplified
using primers Tn5-Left1/CH2020 and Tn5-Left1/CH2022. The resulting reactions were amplified with
nested primers Tn5-Left2/CH2021. Second-round reactions were sequenced using oligonucleotides Tn5-
Right3 and Tn5-Left3 as primers.

X-Gluc permeability and b-glucuronidase assays. b-Glucuronidase activity was quantified as
described by Miller (71). Cells were harvested from tryptone broth (TB) agar and suspended in 100 mM
sodium phosphate (pH 7.0) at an optical density at 600 nm (OD600) of 1.0. A drop of toluene and a drop
of 0.1% SDS were added to 100mL of the cell suspension, followed by vortexing for 15 s. The suspension
was then incubated at 37°C for 90 min without caps to allow evaporation of toluene. Cell suspensions
and substrate solution (1 mg/mL p-nitrophenyl b-D-glucuronide in 100 mM sodium phosphate [pH 7.0]
and 5 mM b-mercaptoethanol) were equilibrated to 28°C. Cell lysate (100 mL) was added to 600 mL of
substrate solution and incubated at 28°C for 30 min. Reaction mixtures were quenched with 700 mL of 1
M sodium carbonate. Quenched reaction mixtures were centrifuged at 14,000 � g for 10 min, superna-
tant was removed, and absorbance was measured at 420 nm. b-Glucuronidase activity was quantified in
Miller units, where enzyme units = 1,000 (A420)/(OD600 of 1.0 at 0.1 mL for 30 min). Overnight cultures
were adjusted to an OD600 of 3.0, and 10 mL was spotted onto TB agar supplemented with 100 mg/mL X-
Gluc and incubated overnight at 37°C. Culture plates were imaged using a light scanner.

Competition cocultures. Inhibitor and target cells were grown overnight in LB and then diluted
1:50 into fresh LB and grown at 37°C to mid-log phase. Cells were harvested by centrifugation at
3,400 � g for 2 min, resuspended to an optical density at 600 nm (OD600) of 3.0, and mixed at a 10:1 ratio of
inhibitor to target cells. Cell mixtures (10mL) were spotted onto LB agar (supplemented with 0.4% L-arabinose
when using strains with arabinose-inducible constructs) and incubated at 37°C. A portion of each cell mixture
was serially diluted into 1� M9 salts and plated onto antibiotic-supplemented LB agar to enumerate inhibitor
and target cells as CFU at t = 0 h. For the competition in Fig. 4B, inhibitor strains were scored using Tmpr (con-
ferred by plasmid pSCBAD) (72), and targets were scored by Specr. For all other competitions, inhibitors were
scored by Tetr (conferred by pCH450 derivatives), and E. coli and ECL target cells were enumerated by Rifr.
After 4 h of coculture, cells were harvested from the agar surface with polyester-tipped swabs and resus-
pended in 800 mL of 1 � M9 salts. The cell suspensions were serially diluted in 1 � M9 salts and plated as
described above to quantify endpoint CFU Competitive indices were calculated as the final ratio of inhibitor
to target cells divided by the initial ratio of inhibitor to target cells.

Hcp secretion. Overnight cultures of ECL were diluted 1:50 into 3 mL LB and grown to an OD600 of
;1.0 at 37°C. The cultures were then supplemented with 0.4% L-arabinose and incubated for 45 min.
The cultures were centrifuged at 3,400 � g for 5 min, and the cell pellets were resuspended in 100 mL of
urea lysis buffer (8 M urea, 150 mM NaCl, 20 mM Tris-HCl [pH 8.0]) for lysis. Supernatants were collected
and centrifuged for an additional 5 min to remove any remaining cells. Supernatants were then passed
through a 0.22-mm-pore low-binding polyvinylidene fluoride (PVDF) filter. The filtered culture superna-
tants were adjusted to 10% trichloroacetic acid and incubated on ice for 1 h. Samples were centrifuged
at 21,000 � g for 10 min. Precipitates were resuspended twice in 1 mL ice-cold acetone and recollected
by centrifugation at 21,000 � g for 5 min. Precipitates were air-dried at ambient temperature and then
dissolved in 50 mL urea lysis buffer. Protein concentrations were estimated by Bradford assay, and
;5 mg was loaded onto 10% polyacrylamide SDS gels for electrophoresis and immunoblot analysis.

Antiserum generation and immunoblotting. His6-tagged variants of Tli-D23 and the Tle lipase do-
main from ECL, and CdiB from E. coli STEC_O31 were overproduced in E. coli strain CH2016 from plas-
mids pCH3291, pCH15269, and pCH6118, respectively. Overnight cultures were diluted 1:100 in fresh LB
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supplemented with Amp and grown to mid-log phase at 37°C in a baffled flask. Expression was then
induced with isopropyl b-D-1-thiogalactopyranoside at a final concentration of 1.5 mM for 90 min.
Cultures were harvested by centrifugation and cell pellets frozen at 280°C. Cells were broken by freeze-
thaw in urea lysis buffer supplemented with 0.05% Triton X-100 and 20 mM imidazole as described pre-
viously (73). Proteins were purified by Ni21-affinity chromatography under denaturing conditions in urea
lysis buffer, followed by elution in urea lysis buffer supplemented with 25 mM EDTA. The purified pro-
teins were dialyzed against water and lyophilized to be used as antigens to generate rabbit polyclonal
antisera (Cocalico Biologicals, Inc., Reamstown, PA).

Samples were analyzed by SDS-PAGE using Tris-tricine-buffered gels run at 110 V. For Hcp, CdiB, and
Tle immunoblots, samples were run on 10% polyacrylamide gels for 1 h. Tli samples were run on 10%
polyacrylamide gels for 2 h 15 min, and CdiA samples were run on 6% polyacrylamide gels for 3.5 h.
Gels were soaked for 10 min in transfer buffer (25 mM Tris, 192 mM glycine [pH 8.6], 20% methanol
[10% methanol for CdiA gels]) before electroblotting to PVDF membranes using a semidry transfer appa-
ratus run at 17 V for 30 min. For CdiA, gels were electroblotted for 1 h. Membranes were blocked with
4% nonfat milk in 1 � phosphate-buffered saline (PBS) for 45 min at ambient temperature and then
incubated with primary antibodies in 1 � PBS with 4% nonfat milk overnight. Rabbit polyclonal antisera
for Hcp (29), Tle, Tli, CdiA (74) and CdiB were used at dilutions of 1:10,000, 1:5,000, 1:5,000, 1:10,000, and
1:12,500, respectively. After three 10-min washes in 1 � PBS, the membranes were incubated with IRDye
800CW-conjugated goat anti-rabbit IgG (1:125,000 dilution) (Li-Cor) in 1 � PBS for 45 min. Immunoblots
were visualized using a Li-Cor Odyssey infrared imager.
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