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ABSTRACT The type VI secretion system (T6SS) is a macromolecular machine that
delivers protein effectors into host cells and/or competing bacteria. The effectors
may be delivered as noncovalently bound cargo of T6SS needle proteins (VgrG/Hcp/
PAAR) or as C-terminal extensions of these proteins. Many Acinetobacter baumannii
strains produce a T6SS, but little is known about the specific effectors or how they
are delivered. In this study, we show that A. baumannii AB307-0294 encodes three
vgrG loci, each containing a vgrG gene, a T6SS toxic effector gene, and an antitoxin/
immunity gene. Each of the T6SS toxic effectors could kill Escherichia coli when pro-
duced in trans unless the cognate immunity protein was coproduced. To determine
the role of each VgrG in effector delivery, we performed interbacterial competitive
killing assays using A. baumannii AB307-0294 vgrG mutants, together with Acineto-
bacter baylyi prey cells expressing pairs of immunity genes that protected against
two toxic effectors but not a third. Using this approach, we showed that AB307-
0294 produces only three T6SS toxic effectors capable of killing A. baylyi and that
each VgrG protein is specific for the carriage of one effector. Finally, we analyzed a
number of A. baumannii genomes and identified significant diversity in the range of
encoded T6SS VgrG and effector proteins, with correlations between effector types
and A. baumannii global clone lineages.

KEYWORDS Acinetobacter baumannii, type VI secretion system, antibacterial toxins,
effectors, effector functions

The Acinetobacter genus encompasses a diverse group of pathogenic and environ-
mental Gram-negative bacilli. Among this genus, the species Acinetobacter bau-

mannii has risen to prominence as a major, globally distributed, hospital-acquired
pathogen. This species is responsible for a range of nosocomial infections, primarily
pneumonia but also wound and burn infections, urinary tract infections, meningitis,
and sepsis. Increasingly, multidrug-resistant A. baumannii strains are being isolated and
some strains display resistance to all clinically relevant antibiotics (1, 2). The rapid
evolution of A. baumannii has led to the emergence of a large number of strains;
however, the species is currently dominated by two globally distributed clonal lineages,
international clone I (IC1) and international clone II (IC2) (3).

Recently, a number of groups have described the activity of a type VI secretion
system (T6SS) in A. baumannii and other Acinetobacter species (4–9). The T6SS is a
recently discovered Gram-negative secretion system that is widespread among the
proteobacteria (10). The T6SS apparatus is functionally analogous to the T4 bacterio-
phage tail spike and is typically comprised of 13 highly conserved core proteins. The
T6SS apparatus consists of a baseplate (comprised of TssAEFGK), a membrane-linked
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stabilizing structure (TssMJL), a contractile sheath (TssBC), a cytoplasmic sheath recy-
cling protein (TssH), and an injectable needle (Hcp/TssD) that is capped by a puncturing
tip (VgrG/TssI) (11–13). Each bacterial species/strain may also produce its own set of
accessory proteins; these may have chaperone, structural, or regulatory roles. Impor-
tantly, each species/strain produces its own arsenal of secreted T6SS effectors that have
anti-host or, more commonly, antibacterial properties (14–21).

The antibacterial T6SS effectors of a number of species have been identified and
include a range of proteins with diverse subcellular targets. Identified T6SS effectors
include DNases, RNases, peptidoglycan hydrolases, lipases, and phospholipases (22).
Regardless of the target, all currently identified antibacterial T6SS effectors are coex-
pressed together with a cognate immunity protein, the function of which is to prevent
self-intoxication or sibling cell intoxication (16). Some effectors are translocated into
target cells in the form of a translational fusion with T6SS VgrG/Hcp/PAAR needle
proteins (specialized effectors) while others are delivered as noncovalently bound
cargo (cargo effectors) (22). Several studies have also shown an association between
the Hcp needle protein and specific effector proteins (23–25). In Pseudomonas aerugi-
nosa, several effectors are protected from proteolytic degradation by Hcp, including
Tse2, which localizes to the inner surface of the Hcp needle, suggesting a chaperone
role for Hcp in effector translocation (25). A common delivery method for cargo
effectors is via attachment to a specific VgrG protein present at the tip of the needle
apparatus. In a number of species this intimate effector/VgrG association has resulted
in “evolved” VgrG proteins that contain the effector in the form of a domain at the
C-terminal end (26). Stand-alone effector proteins are often encoded on the chromo-
some immediately adjacent to a gene that encodes a VgrG protein that is required for
the secretion of that specific effector (6, 27–29). The loading of effectors onto the T6SS
apparatus is dependent upon a variety of chaperones or linker proteins. Attachment of
effector proteins to VgrG proteins is often facilitated by the presence of a PAAR motif
that may be found on an independent protein or as a domain within the effector
protein itself (6, 24, 29–31). An additional conserved motif, termed MIX (marker for type
six effectors) has recently been identified in a class of T6SS effectors and is hypothe-
sized to be involved in the attachment of effectors to the secretion apparatus (32).
Effector proteins containing the MIX domain are often found downstream of genes
encoding proteins with the conserved domain DUF4123 (33, 34). In Serratia marcescens,
the effector-associated protein EagR1 is essential for the antibacterial activity of the
effector protein Rhs1, and the gene encoding this protein is immediately upstream of
rhs1. However, the specific function of EagR1 is unknown (19).

The T6SSs of A. baumannii and of the related species Acinetobacter baylyi and
Acinetobacter nosocomialis have been demonstrated to possess antibacterial activ-
ity against laboratory Escherichia coli strains (4, 5, 7–9, 35). Furthermore, A. bau-
mannii is capable of using its T6SS to give a competitive advantage against other
A. baumannii strains as well as against Klebsiella pneumoniae and P. aeruginosa,
species with which it shares the hospital environment and forms mixed infections
(4, 5, 7, 27). Recently, it was shown that A. baylyi contains five effector and immunity
pairs although only four of these effectors caused death of E. coli cells during
competition (8). Currently, only one A. baumannii T6SS effector has been described,
called Tse3AB, which is encoded by strain ATCC 17978 and is a homolog of the A.
baylyi T6SS effector Tse2 (8, 9). Therefore, much remains to be understood regard-
ing the different A. baumannii T6SS effectors that give a competitive advantage
against rival bacteria, as well as the secretion mechanisms used by different
effectors. In this study, we analyzed the ability of the A. baumannii IC1 isolate
AB307-0294 to outcompete E. coli, A. baylyi, and other A. baumannii strains in a
T6SS-dependent manner. Furthermore, we describe novel A. baumannii T6SS toxic
effectors and demonstrate the importance of specific VgrG proteins for effector
secretion.
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RESULTS
Identification of T6SS-encoding genes in A. baumannii strain AB307-0294. In

most bacterial species that produce a functional T6SS, the genes encoding the 13 core
proteins required for T6SS apparatus assembly are located within a single locus. Also
within the T6SS locus are genes encoding proteins that are predicted to have T6SS
accessory, regulatory, or effector roles. In most A. baumannii strains, including strain
AB307-0294, the T6SS locus contains 18 genes (Fig. 1A; ABBFA_002240 to
ABBFA_002223) (35, 36). These genes encode homologs of the conserved core
components TssB, TssC, Hcp (also known as TssD), TssE, TssF, TssG, TssM, TssH (also
known as ClpV), TssA, TssK, and TssL. Notably, the A. baumannii T6SS locus lacks a
gene encoding a homolog of the conserved TssJ, an outer membrane lipoprotein that
is considered a T6SS core protein in other bacteria (35, 37). Also present in the A.
baumannii T6SS locus are two T6SS-associated genes (tagF and tagN) and five genes
encoding proteins with no known homologs outside the Acinetobacter genus
(ABFFA_002240, ABFFA_002233, ABFFA_002229, ABFFA_002224, and ABFFA_002223).

Bioinformatic analysis of the AB307-0294 genome revealed three genes
(ABBFA_002469, ABBFA_002276, and ABBFA_000116) that encoded proteins with
high identity to VgrG (TssI) proteins, which form the needle tip of the T6SS in other
species (27–29). Accordingly, these genes were named vgrG1 (ABBFA_002469), vgrG2
(ABBFA_002276), and vgrG3 (ABBFA_000116) (Fig. 1B to D). Amino acid sequence
alignments of the three AB307-0294 VgrG proteins revealed that VgrG1 and VgrG2
shared the highest identity (76%), followed by VgrG1 and VgrG3 (69%) and VgrG2 and
VgrG3 (66%). Each vgrG gene was the first gene within a three-gene locus. The second
genes in each of the vgrG1 and vgrG2 loci (annotated as ABBFA_002468 and
ABBFA_002275, respectively) encoded proteins with shared identity to Rhs T6SS effec-
tor proteins in P. aeruginosa and S. marcescens (19, 31, 38). Accordingly, these genes
were named rhs1 and rhs2, respectively (Fig. 1B and C). In contrast, the second gene in
the vgrG3 locus encoded a protein with significant identity to the T6SS LysM family of
peptidoglycan hydrolases. Accordingly, we named this gene lysM (Fig. 1D). In other
bacteria, such as P. aeruginosa, genes encoding the T6SS effectors are immediately
followed by genes encoding cognate immunity proteins (39). Based on this knowledge
and on the similar arrangement of the vgrG genes in A. baumannii, we predicted that
the genes ABBFA_002467, ABBFA_002274, and ABBFA_001118 each encoded an im-
munity protein and were thus named rhs1I, rhs2I, and lysMI, respectively (Fig. 1B to D).

The T6SS of A. baumannii strain AB307-0294 is required for active secretion of
Hcp. In order to investigate the T6SS of A. baumannii strain AB307-0294, we first

FIG 1 Schematic representation of the genetic organization of the T6SS locus (A) and the T6SS-
associated vgrG loci (B, C, and D) in A. baumannii AB307-0294. Each gene is labeled with its single-letter
identifier, and the tss or tag prefixes have been omitted for clarity. Locus tags for each region are also
shown. The tss genes (in blue) encode T6SS conserved components. These include three tssI genes, each
encoding a VgrG protein, that we have named vgrG1, vgrG2, and vgrG3. The tag genes (in yellow) encode
nonconserved, T6SS-associated proteins. Genes unique to the Acinetobacter genus are shown in gray and
include the genes encoding the effector protein LysM and the three T6SS immunity proteins, LysMI,
Rhs1I, and Rhs2I. Genes encoding T6SS effector proteins with shared identity to known Rhs family T6SS
effector proteins in other bacteria are shown in red with the cytotoxic C-terminal region hatched.
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generated a T6SS-deficient strain by replacing tssM, which encodes an essential com-
ponent of the T6SS membrane-stabilizing structure, with a kanamycin resistance
marker using allelic exchange. There was no significant difference in the growth rate of
the ΔtssM strain compared to that of the parent strain AB307-0294 under normal
laboratory growth conditions (data not shown). As the secretion of Hcp is often used
as a marker for a functional T6SS (40), we determined if wild-type (WT) AB307-0294 and
AB307-0294 ΔtssM were able to secrete Hcp by analyzing cell-free culture supernatants
and whole-cell lysates for the presence of Hcp using anti-Hcp antibodies (Fig. 2). The
T6SS Hcp protein, approximately 18.7 kDa in size, was detected in the whole-cell lysates
and in the culture supernatant generated from the WT culture, indicating that AB307-
0294 actively secretes Hcp under normal laboratory growth conditions. Hcp protein was
also detected in whole-cell lysates generated from the AB307-0294 ΔtssM culture,
proving that this strain still produced Hcp. However, Hcp was not detected in the
AB307-0294 ΔtssM culture supernatant, demonstrating that the tssM mutant lacked a
functional T6SS. Importantly, secretion of Hcp was restored when the mutant strain was
provided with an intact copy of tssM on a plasmid but not when the mutant was
provided with vector only (Fig. 2).

A. baumannii strain AB307-0294 out-competes E. coli in a T6SS-dependent
manner. A number of A. baumannii strains have been shown to use the T6SS to gain
a competitive advantage against E. coli (5, 7), and therefore we investigated this
phenotype for strain AB307-0294 under standard laboratory growth conditions. E. coli
DH10B cells, grown at 37°C to mid-log phase in lysogeny broth (LB), were mixed at a
ratio of 1:10 with A. baumannii AB307-0294 WT, AB307-0294 ΔtssM, AB307-0294 ΔtssM
provided with an intact copy of tssM, or the AB307-0294 ΔtssM strain with vector only,
and the cocultures were incubated on solid LB medium at 37°C. The number of
surviving bacteria was then determined by serially diluting the cells recovered from the
coculture and plating them onto LB agar supplemented with the appropriate antibiotic
for selection of either E. coli or A. baumannii (Fig. 3). Coincubation of E. coli DH10B with
the AB307-0294 WT resulted in an approximately 10,000-fold drop in E. coli viability
compared to that with incubation in LB medium alone. However, survival of DH10B
following coincubation with the AB307-0294 ΔtssM was indistinguishable from survival
of DH10B following incubation in LB medium alone. Therefore, A. baumannii can kill E.
coli DH10B in a T6SS-dependent manner. Complementation of the tssM mutant with an
intact copy of tssM restored its ability to kill E. coli DH10B to levels similar to the level
observed following incubation with the WT strain. No difference in recovery of the A.
baumannii strains was observed following incubation with E. coli (data not shown).

The T6SS of A. baumannii AB307-0294 provides a competitive advantage
against some Acinetobacter strains but not others. Interbacterial competitive
growth assays were extended to examine the ability of A. baumannii AB307-0294 WT or

FIG 2 Analysis of Hcp secretion by the AB307-0294 wild-type, tssM mutant, and complemented strains.
Western immunoblotting was performed using an Hcp-specific antiserum of cell-free supernatants (top
panel) and whole-cell lysates (bottom panel) from monocultures containing the following strains: the
AB307-0294 wild type (WT), the ΔtssM mutant, the ΔtssM mutant with empty vector, and the ΔtssM
mutant provided with a functional copy of tssM on a plasmid, as indicated. The position of the Hcp
protein is shown at the left. The position of the 16-kDa marker from a SeeBlue Plus2 prestained protein
standard (Invitrogen) is indicated on the right.
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AB307-0294 ΔtssM to outcompete other A. baumannii strains (ATCC 17978, ATCC 19606,
and AB900) or the related species A. nosocomialis (strain M2) and A. baylyi (strain ADP1).
The wild-type A. baumannii strain AB307-0294 could strongly out-compete A. bauman-
nii strain ATCC 19606 and A. baylyi ADP1 (Fig. 4A and C). In contrast, coincubation of A.
baumannii strain ATCC 19606 or A. baylyi ADP1 with AB307-0294 ΔtssM did not affect
the survival of either strain, clearly proving that the ability to outcompete these species

FIG 3 Interbacterial competitive growth assays show that a functional T6SS is essential for interbacterial
killing. Values represent surviving E. coli DH10B (CFU/ml) following 4 h of coincubation with A. baumannii
AB307-0294 (WT), the ΔtssM mutant, the ΔtssM mutant provided with a functional copy of tssM on a
plasmid, the ΔtssM strain containing empty vector, or medium alone (LB), as indicated. Error bars
represent standard errors of the means of three independent experiments performed in triplicate.
***, P � 0.001.

FIG 4 The role of the AB307-0294 T6SS in intraspecies and interspecies competitive growth. (A) Surviving numbers of A. baumannii
prey strains (ATCC 17978, ATCC 19606, and AB900) following 24 h of coincubation with the predator A. baumannii strain AB307-0294
(WT), the AB307-0294 ΔtssM mutant, or LB medium alone, as indicated. (B) Surviving numbers of the predator strain AB307-0294 WT
or tssM mutant (ΔtssM) following 24 h of coincubation with the prey strain A. baumannii ATCC 17978, ATCC 19606, or AB900. (C)
Surviving numbers of the prey strain A. baylyi ADP1 or A. nosocomialis M2 following 24 h of coincubation with the predator
AB307-0294 wild-type strain (WT), the ΔtssM mutant, or LB medium alone. (D) Surviving numbers of the predator strain AB307-0294
WT or ΔtssM mutant following 24 h of coincubation with the prey strain A. baylyi ADP1 or A. nosocomialis M2. Error bars represent
standard errors of the means of three independent experiments performed in triplicate. **, P � 0.01.
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was dependent on a functional T6SS. However, no significant difference was observed
in the ability of A. baumannii strains AB900 and ATCC 17978 or A. nosocomialis strain M2
to survive following competitive growth with WT AB307-0294 or AB307-0294 ΔtssM. It
is known that ATCC 17978 harbors a large conjugative resistance plasmid, pAB3, which
encodes T6SS-regulating genes which suppress T6SS activity (7). To determine if the
presence of this plasmid influenced AB307-0294 T6SS-mediated killing of ATCC 17978,
we performed interbacterial killing assays using ATCC 17978, with and without pAB3,
as prey. However, AB307-0294 showed no killing activity against ATCC 17978 regardless
of the presence or absence of the pAB3 plasmid (data not shown). In all of the assays,
none of the strains used had an impact on the survival of the A. baumannii AB307-0294
WT or AB307-0294 ΔtssM strain (Fig. 4B and D).

Identification of the A. baumannii strain AB307-0294 T6SS effector proteins. To
determine if the predicted T6SS VgrG, effector, and immunity proteins were actively
secreted by the A. baumannii strain AB307-0294 T6SS, quantitative high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was performed on
cell-free supernatant samples obtained from the WT AB307-0294 strain and AB307-
0294 ΔtssM. A total of 576 secreted proteins were identified in both of the culture
supernatants obtained from the two strains (see Table S1 in the supplemental material).
Fourteen proteins showed significantly decreased abundance in the AB307-0294 ΔtssM
culture supernatant compared to that in the AB307-0294 WT culture supernatant
(�4-fold change in secretion [less than �2.0 log2]; false discovery rate [FDR], �0.01)
(Table 1), suggestive of these being directly secreted by the T6SS. These included a
number of known T6SS proteins, including the T6SS structural proteins Hcp and TssM,
the three predicted T6SS VgrG tip proteins VgrG1, VgrG2, and VgrG3 (ABBFA_002469,
ABBFA_002276, and ABBFA_000116, respectively), and two PAAR domain-containing
proteins, one encoded within the main T6SS locus (ABBFA_002229) and one encoded
elsewhere on the genome (ABBFA_002520). Importantly, all three predicted toxic effector
proteins, Rhs1 (ABBFA_002468), Rhs2 (ABBFA_002275), and LysM (ABBFA_000117), were
significantly less abundant (233-fold, 84-fold, and 5.9-fold decreased production, respec-
tively) in the supernatant derived from AB307-0294 ΔtssM, indicating that these three
proteins are bona fide T6SS-secreted proteins. Five proteins showed significantly increased
abundance in the AB307-0294 ΔtssM culture supernatant compared to levels in the
AB307-0294 WT culture supernatant (Table S1).

The Rhs1/Rhs1I, Rhs2/Rhs2I, and LysM/LysMI proteins are functional toxic
effector/immunity pairs. To determine if the predicted T6SS effectors Rhs1, Rhs2, and
LysM had toxic activity and if this activity could be neutralized by the presence of the

TABLE 1 Proteins identified as differentially secreted between AB307-0294 WT and AB307-0294 ΔtssM

AB307-0294 locus tag Protein name Predicted functiona

Secretion ratio
(log2)b FDRc

No. of unique
peptidesd

% Sequence
coveraged

ABBFA_000116 VgrG3 T6SS VgrG3 tip protein �8.76 2.4E�05 47 63.2
ABBFA_000117 LysM T6SS LysM effector �2.56 5.7E�03 3 7.9
ABBFA_001718 Outer membrane usher protein mrkC precursor �7.79 1.7E�04 33 56.7
ABBFA_002011 Tautomerase enzyme family protein �7.52 2.1E�06 7 60.5
ABBFA_002229 T6SS PAAR protein �5.26 8.3E�05 2 62.1
ABBFA_002232 TssM T6SS structural protein �4.65 1.5E�03 3 2.7
ABBFA_002237 Hcp T6SS tube protein �9.34 3.4E�07 21 94.6
ABBFA_002275 Rhs2 T6SS Rhs effector �6.39 7.4E�06 13 7.4
ABBFA_002276 VgrG2 T6SS VgrG2 tip protein �11.61 3.8E�06 43 52.1
ABBFA_002468 Rhs1 T6SS Rhs effector �7.87 7.0E�07 18 15.6
ABBFA_002469 VgrG1 T6SS VgrG1 tip protein �13.19 3.1E�05 47 66.6
ABBFA_002520 PAAR domain protein �5.58 7.4E�06 7 36.9
ABBFA_003026 GrxC Glutaredoxin 3 �5.32 4.3E�05 4 71.8
ABBFA_003460 Wzb Protein tyrosine phosphatase, ptp �5.51 3.1E�05 10 83.1
aThe predicted function of each protein was based on the results of a pBLAST search available at The National Center for Biotechnology Information.
bRatio of secretion in the ΔtssM strain to that in the WT.
cFDR, false discovery rate.
dThe number of unique peptides and sequence coverage were determined using MaxQuant proteomics software (61).
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predicted cognate immunity proteins (Rhs1I, Rhs2I, and LysMI, respectively), each
effector gene, or a specific region of each effector gene, was cloned and expressed in
trans in E. coli, either alone or together with the gene encoding the predicted cognate
immunity protein. The Rhs family of proteins are characterized by a PXXXXDPXGL motif
that demarcates the variable C-terminal (CT) region harboring the catalytic motif from
the remainder of the protein (41). Heterologous expression of only the CT region from
a number of Rhs proteins has previously demonstrated that these truncated proteins
display antibacterial activity (31, 42). Therefore, we cloned only the CT region (Fig. 1,
hatched regions) of each rhs gene, rhs1-CT and rhs2-CT, into pBAD30 and under the
control of the PBAD promoter to produce plasmids pAL1234 and pAL1237 (Table 2) and
then used these plasmids to separately transform E. coli BL21(DE3). Recombinant
expression was induced by addition of arabinose to the medium and repressed by the
addition of glucose. The cognate immunity genes rhs1I and rhs2I were then cloned into
pET28a and under the control of an isopropyl-�-D-thiogalactopyranoside (IPTG)-
inducible T7 promoter to generate the recombinant plasmids pAL1282 and pAL1283
(Table 2), respectively, that were used to transform the appropriate E. coli strain above.
The expression of rhs1-CT and rhs2-CT was then induced in the E. coli strains harboring
the dual expression plasmids to assess toxicity, with or without induction of expression
of the cognate immunity gene.

Expression of rhs1-CT alone within the cytoplasm of E. coli (following arabinose
induction) resulted in the arrest of E. coli growth within 1 h following induction of
expression (Fig. 5A and B). E. coli expressing both rhs1-CT and the predicted cognate
immunity gene, rhs1I, grew at normal WT levels, confirming that Rhs1 and Rhs1I are a
genuine effector-immunity pair. Similarly, expression of rhs2-CT alone in E. coli resulted
in rapid arrest of E. coli growth (Fig. 5C and D). Coexpression of rhs2-CT with the
predicted cognate immunity gene rhs2I did not result in growth at WT levels, but
viable-cell counts performed 2 h after the induction of effector and immunity expres-
sion revealed approximately 1,000-fold more viable cells than when the effector gene
rhs2-CT was expressed alone (Fig. 5D). Thus, coexpression of rhs2-CT with the predicted
cognate immunity gene rhs2I resulted in a high degree of protection of E. coli against
the activity of Rhs2-CT, indicating that Rhs2 and Rh2I are an effector-immunity pair.

Recombinant production of LysM, a predicted peptidoglycan hydrolase, within the
cytoplasm of E. coli cells did not result in any cell toxicity (data not shown). In contrast,
when lysM was cloned in such a way that the gene was fused with the sequence
encoding an N-terminal PelB leader sequence (plasmid pAL1275) (Table 2), allowing the
fusion protein to be exported to the E. coli periplasm, there was a measurable decrease
in the optical density of the E. coli cultures, indicative of cell lysis (Fig. 5E). Coproduction
of the PelB-LysM fusion protein with the predicted cognate immunity protein LysMI
resulted in no observable lysis of the cell culture, but WT levels of growth were not
restored. However, viable cell counts conducted postinduction showed that cell viabil-
ity was approximately 100-fold higher when the cognate immunity protein was coex-
pressed compared to cell viability following PelB-LysM expression alone (Fig. 5F).
Together, these results show that Rhs1, Rhs2, and LysM are directly toxic to E. coli and
support the prediction that Rhs1/Rhs1I, Rhs2/Rhs2I, and LysM/LysMI are effector-
immunity pairs.

Rhs2-CT functions as a nuclease. Bioinformatic analysis revealed that both Rhs1
and Rhs2 shared amino acid identity with several previously characterized T6SS Rhs
family nuclease effectors (19, 30). Furthermore, Rhs2 contained an AHH (alanine-
histidine-histidine) motif within the C-terminal region that is characteristic of AHH
superfamily nucleases. No known motifs were identified in the predicted Rhs1 catalytic
domain. To determine if any of the three toxic effectors had nuclease activity, crude cell
lysates of the E. coli BL21(DE3) strains harboring the rhs1-CT, rhs2-CT, and the lysM
expression plasmids (pAL1234, pAL1237, and pAL1275, respectively) (Table 2) were
separately incubated with purified genomic DNA from the known prey strain A. baylyi
ADP1 (Fig. 6). Lysates were generated from cells grown with the appropriate antibiotic
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TABLE 2 Plasmids used in this study

Plasmid Description
Reference or
source

pAL1211 pWH1266 containing full-length tssM gene, PCR amplified from AB307-0294 using
primers tssMFwd and tssMRev and cloned into PvuI/PstI sites; Tetr

This study

pAL1234 pBAD30 containing cytotoxic domain of rhs1 (residues 1396 to 1591), PCR amplified
from AB307-0294 using primers rhs1-CTFwd/rhs1-CTRev and cloned into EcoRI/
HindIII sites; Ampr

This study

pAL1237 pBAD30 containing cytotoxic domain of rhs2 (residues 1496 to 1624), PCR amplified
from AB307-0294 using primers rhs2-CTFwd/rhs2-CTRev, and cloned into EcoRI/
HindIII sites; Ampr

This study

pAL1249 pWH1266 containing full length rhs1I, PCR amplified from AB307-0294 using
primers rhs1IAbFwd/rhs1IAbRevI, cloned into PvuI/PstI sites, and introduced at a
3= SacI site; Tetr

This study

pAL1250 pWH1266 containing full length rhs1I, PCR amplified from AB307-0294 using
primers rhs1IAbFwd/rhs1IAbRevII, cloned into PvuI/PstI sites, and introduced at a
3= XmaI site; Tetr

This study

pAL1251 pWH1266 containing full length rhs2I, PCR amplified from AB307-0294 using
primers rhs2IAbFwd/rhs2IAbRev, cloned into PvuI/PstI sites, and introduced at a
3= XmaI site; Tetr

This study

pAL1252 pWH1266 containing full length lysMI, PCR amplified from AB307-0294 using
primers lysMIAbFwd/lysMIAbRev, cloned into PvuI/PstI sites, and introduced at a
5= XmaI site; Tetr

This study

pAL1263 (rhs1I, rhs2I) pWH1266 containing rhs1I and rhs2I, generated by PCR amplification of rhs2I from
AB307-0294 using primers rhs2IAbFwd/rhs2IAbRev; the product was then cloned
into SacI (introduced at the 3= end of the rhs1I fragment) and PstI sites of
pAL1249; TetR

This study

pAL1264 (rhs1I, lysMI) pWH1266 containing rhs1I and lysMI, generated by PCR amplification of lysMI from
AB307-0294 using primers lysMIAbFwd/lysMIAbRev; the product was then cloned
into XmaI (introduced at the 3= end of the rhs1I fragment) and PstI sites of
pAL1250; Tetr

This study

pAL1265 (rhs2I, lysMI) pWH1266 containing rhs2I and lysMI, generated by PCR amplification of lysMI from
AB307-0294 using primers lysMIAbFwd/lysMIAbRev; the product was then cloned
into XmaI (introduced at the 3= end of the rhs2I fragment) and PstI sites of
pAL1251; Tetr

This study

pAL1275 pBAD30 containing full-length lysM with additional pelB leader sequence, PCR
amplified using primers pelBFwd and lysMRev with template pAL1330, and
cloned into EcoRI/HindIII sites; Ampr

This study

pAL1282 pET28a containing full length rhs1I, PCR amplified from AB307-0294 using primers
rhs1IFwd/rhs1IRev, and cloned into NcoI/HindIII sites; Kanr

This study

pAL1283 pET28a containing full length rhs2I, PCR amplified from AB307-0294 using primers
rhs2IFwd/rhs2IRev, and cloned into NcoI/HindIII sites; Kanr

This study

pAL1319 (rhs1I, rhs2I, lysMI) pWH1266 containing rhs1I, rhs2I and lysMI, generated by PCR amplifying lysMI from
AB307-0294 using primers lysMIFwd/lysMIRev; the product was then cloned into
XmaI and PstI sites of pAL1263; TetR

This study

pAL1330 pET22b containing full-length lysM, PCR amplified from AB307-0294 using primers
lysMFwd and lysMRev, and cloned into NcoI and HindIII sites; the vector encodes
PelB leader sequence upstream of insertion site

This study

pAL1331 pET28a containing full-length lysMI, PCR amplified from AB307-0294 using primers
lysMIFwd and lysMIRev, and cloned into NcoI/HindIII sites; Kanr

This study

pAL1351 Plasmid containing a ColE1 origin of replication, PCR amplified from pBR322 using
primers colE1Fwd and colE1Rev, an ampicillin resistance gene, PCR amplified
from pUC19 using primers blaFwd and blaRev, with fragments ligated together
using NotI/XhoI sites; Ampr

This study

pAL1352 pAL1351 with Acinetobacter origin of replication, PCR amplified from pWH1266
using primers oriAbFwd and oriAbRev, and cloned into XhoI and EcoRI sites;
Ampr

This study

pAL1353 pAL1352 with a multiple-cloning site, PCR amplified from pUC19 using primers
MCSFwd and MCSRev, and cloned into NcoI and XhoI sites; Ampr

This study

pAL1415 pBASE with vgrG1, PCR amplified from AB307-0294 using primers vgrG1Fwd and
vgrG1Rev, and cloned into KpnI and SacI sites; Ampr

This study

pAL1416 pBASE with vgrG2, PCR amplified from AB307-0294 using primers vgrG2Fwd and
vgrG2Rev, and cloned into KpnI and SacI sites; Ampr

This study

pAL1446 pBASE containing the 5= end (nucleotides �22 to 1609) of vgrG3, amplified from
AB307-0294 using primers BAP8501 and BAP8502, and cloned into XbaI and SmaI
sites of pBASE

This study

(Continued on next page)
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selection to maintain the plasmid and in the presence or absence of arabinose, which
induced the expression of the recombinant protein. As controls, buffer or cell lysates of
E. coli BL21(DE3) harboring vector only were also separately incubated with A. baylyi
genomic DNA. The A. baylyi genomic DNA was completely degraded in the presence of
E. coli lysate containing Rhs2-CT but was not degraded by E. coli lysates containing
Rhs1-CT or LysM or when recombinant rhs2-CT expression was not induced (Fig. 6).
Therefore, we predict that Rhs2 is the only T6SS effector produced by A. baumannii
strain AB307-0294 that acts as a DNA nuclease.

A. baumannii strain AB307-0294 secretes all three effector proteins while in
competition against A. baylyi. To determine if A. baumannii strain AB307-0294
delivered all three toxic effectors into susceptible competitor cells, we engineered a
series of plasmids that allowed the constitutive expression of AB307-0294 immunity
genes, in various combinations, in the otherwise susceptible A. baylyi ADP1 strain. This
strain was chosen as prey in interbacterial competitive growth assays because of its
sensitivity to the A. baumannii AB307-0294 T6SS and limited antibiotic resistance profile
and because of our desire to express the immunity proteins in a more natural context
in a related Acinetobacter species. We used the Acinetobacter/E. coli shuttle vector
pWH1266 (43) to construct four recombinant plasmids, one containing all three immu-
nity genes (rhs1I, rhs2I, and lysMI in pAL1319) (Table 2) and three others that each
contained two of the three AB307-0294 immunity genes (rhs1I and rhs2I in pAL1263,
rhs1I and lysMI in pAL1264, and rhs2I and lysMI in pAL1265) (Table 2). Interbacterial
competitive growth assays were then performed with each assay containing one
predator strain, A. baumannii AB307-0294 WT or A. baumannii AB307-0294 ΔtssM, and
one prey strain, A. baylyi ADP1 with vector only or A. baylyi ADP1 with a recombinant
plasmid expressing rhs1I, rhs2I, and lysMI or rhs1I and rhs2I, rhs1I and lysMI, or rhs2I and
lysMI (Fig. 7). None of the A. baylyi strains affected the growth of the AB307-0294 WT
or AB307-0294 ΔtssM (data not shown), and AB307-0294 ΔtssM, that is unable to
assemble a functional T6SS, did not kill any of the A. baylyi prey strains (Fig. 7B). In
contrast, the AB307-0294 WT strain was able to kill the A. baylyi strain containing the
empty vector and all of the strains producing only two of the three recombinant
immunity proteins derived from AB307-0294 (Fig. 7A), confirming that any one of the
three AB307-0294 effectors can act alone and kill A. baylyi. Importantly, the A. baylyi strain
producing all three A. baumannii AB307-0294 immunity proteins (Rhs1I, Rhs2I, and LysMI)
was completely protected from killing by the AB307-0294 WT strain (Fig. 7A), confirming
that each of the three immunity proteins could neutralize their cognate effector protein.
These results indicate that Rhs1, Rhs2, and LysM are the only three antibacterial effector
proteins secreted by the A. baumannii strain AB307-0294 T6SS that are active against A.
baylyi strain ADP1.

VgrG proteins are predicted to form the tip of the T6SS needle and in several species
have been demonstrated to be essential for the secretion of specific effectors (24, 27,
31). Given that each vgrG gene (vgrG1, vgrG2, and vgrG3) was located within a
three-gene locus that contained a T6SS effector gene (rhs1, rhs2, and lysM, respectively)

TABLE 2 (Continued)

Plasmid Description
Reference or
source

pAL1447 Plasmid containing full-length AB307-0294 vgrG3 with the 3= end of vgrG3 (3=
nucleotides 1610 to 3307) amplified using primers BAP8521 and BAP8522 and
cloned into SmaI and SacI sites of pAL1446

This study

pBAD30 Arabinose-inducible recombinant protein expression vector; Ampr 70
pBASE A. baumannii/E. coli shuttle and protein expression vector; pAL1353 with tac

promoter, PCR amplified from pGEX-4T-3 using primers PTACFwd and PTACRev and
cloned into NcoI and HindIII sites; Ampr

This study

pCR-BluntII-TOPO Suicide vector for A. baumannii; Kanr Zeor Invitrogen
pET22b IPTG-inducible recombinant protein expression vector; Ampr Novagen
pET28a IPTG-inducible recombinant protein expression vector; Kanr Novagen
pWH1266 E. coli/Acinetobacter sp. shuttle vector; Ampr Tetr 43
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and a cognate immunity gene (rhs1I, rhs2I, and lysMI, respectively), we predicted that
the three VgrG proteins were likely to have a similar specificities for their cognate
effectors (Fig. 1). In order to investigate this relationship, we constructed three AB307-
0294 vgrG mutant strains by allelic exchange; these were designated the ΔvgrG1,
ΔvgrG2, and ΔvgrG3 strains (Table 3). All three AB307-0294 vgrG mutants had the same
growth rate as the parent strain AB307-0294 under normal laboratory growth condi-
tions (data not shown). Western blot analysis showed that each vgrG mutant retained
the ability to secrete wild-type levels of the essential T6SS structural protein, Hcp,
indicating that the loss of a single VgrG does not affect the overall function of the T6SS
in AB307-0294 (Fig. 8). To determine if each VgrG protein was required for the secretion
of the effector protein encoded within the same locus, we utilized interbacterial
competitive growth assays. Each assay contained one predator strain, A. baumannii
AB307-0294 WT, AB307-0294 ΔvgrG1, AB307-0294 ΔvgrG2, or AB307-0294 ΔvgrG3,
coincubated with one prey strain, A. baylyi ADP1 with vector only or A. baylyi ADP1 with
a recombinant plasmid expressing rhs1I, rhs2I, and lysMI or rhs1I and rhs2I, rhs1I and
lysMI, or rhs2I and lysMI (Fig. 7D, E, and F). Each individual vgrG mutant retained the

FIG 5 Growth of E. coli BL21(DE3) cells containing relevant pairs of toxic effector and immunity proteins. A growth curve (A, C, and E) and
semiquantitative analysis of surviving bacteria at 2 h postinduction (B, D, and F) are shown for each set of toxic effector/immunity strain
expression experiments. (A and B) E. coli BL21(DE3) containing the rhs1-CT–rhs1I T6SS effector/immunity cognate pair (pAL1234�pAL1282).
(C and D) E. coli BL21(DE3) cells containing the rhs2-CT–rhs2I T6SS effector/immunity cognate pair (pAL1237�pAL1283). (E and F) E. coli
BL21(DE3) cells containing the lysM-lysMI T6SS effector/immunity cognate pair (pAL1275�pAL1331). Cultures were grown for 1 h prior to
the addition (designated by arrows in panels A, C, and E) of buffer (uninduced), 5 mM IPTG, 0.4% L-arabinose, or 5 mM IPTG and 0.4%
L-arabinose and then grown for a further 7 h with optical density measurements taken every 1 h. Error bars represent standard errors of the
means of three independent experiments performed in triplicate. Images are representative of three independent experiments.
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ability to kill A. baylyi containing empty vector, confirming that the T6SS was active in
each mutant and that the secretion of some antibacterial effector proteins was occur-
ring. As expected, none of the vgrG mutants was able to kill the A. baylyi recombinant
strain expressing all three cognate immunity proteins (rhs1I, rhs2I, and lysMI). The
ΔvgrG1 strain was able to kill the A. baylyi strain producing the Rhs1I and Rhs2I
immunity proteins (via the action of LysM) and the A. baylyi strain producing the Rhs1I

FIG 6 Rhs2-CT is a nuclease. An agarose gel shows the integrity of A. baylyi ADP1 genomic DNA following
incubation for 2 h with crude lysates of E. coli cells carrying pBAD30 (empty vector) or pBAD30 derivatives
expressing the Rhs1 C-terminal domain (Rhs1-CT; pAL1234), Rhs2 C-terminal domain (Rhs2-CT; pAL1237),
or LysM with a PelB leader sequence (pelB-LysM; pAL1275), either with (�) or without (�) prior
L-arabinose induction. A. baylyi genomic DNA incubated in buffer only was used as a control. A standard
New England Biolab 1-kb DNA ladder is shown at the left.

FIG 7 Survival of A. baylyi cells expressing combinations of T6SS immunity proteins and showing that the inactivation of vgrG1, vgrG2, or vgrG3
prevents translocation of the effector protein Rhs1, Rhs2, or LysM, respectively. Graphs show quantitative assessments of the number of the
surviving prey bacteria, A. baylyi strain ADP1, following coincubation with the predator strain A. baumannii AB307-0294 WT (A), AB307-0294 tssM
(B), AB307-0294 ΔvgrG1 (D), AB307-0294 ΔvgrG2 (E), or AB307-0294 ΔvgrG3 (F) or with LB medium only (C). For each graph the survival of the A.
baylyi prey strains containing empty pWH1266 vector (EV) or a recombinant plasmid expressing two or three of the recombinant immunity genes
cloned from AB307-0294, as indicated below each bar, is shown. Expression of lysMI in A. baylyi is represented by gray fill, rhs1I expression is
represented by vertical stripes, and rhs2I expression is represented by horizontal stripes. Error bars represent standard errors of the means of three
independent experiments performed in triplicate. **, P � 0.01; ***, P � 0.0001.
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and LysMI immunity proteins (via the action of Rhs2), but it was unable to kill the A.
baylyi strain producing Rhs2I and LysMI (Fig. 7D). These results indicate that AB307-
0294 ΔvgrG1 is unable to deliver Rhs1, which is encoded within the same locus as
vgrG1. Complementation of the AB307-0294 ΔvgrG1 with an intact copy of vgrG1
restored the ability of the strain to kill A. baylyi expressing Rhs2I and LysMI, confirming
that VgrG1 is required for the secretion of Rhs1 (Fig. 9). Similar results were observed
for coincubation experiments using the AB307-0294 ΔvgrG2 and AB307-0294 ΔvgrG3
strains. AB307-0294 ΔvgrG2 was unable to deliver Rhs2, as shown by its inability to kill

TABLE 3 Bacterial strains used in this study

Strain Description Reference or source

E. coli strains
BL21(DE3) E. coli strain used for recombinant protein expression; F�

ompT hsdSB(rB
� mB

�) galdcm (DE3)
Novagen

DH5� E. coli general laboratory strain; l� f80dlacZDM15 D(lacZYA-
argF)U169 recA1 endA hsdR17(rK

� mK
�) supE44 thi-1 gyrA

relA1

Bethesda Research
Laboratories

DH10B E. coli strain used for interbacterial competitive growth assays;
F� araD139 Δ(ara leu)7697 ΔlacX74 galUgalKmcrA Δ(mrr-
hsdRMS-mcrBC) rpsLdeoR �80dlacZΔM15 recA1endA1 nupG

67

Acinetobacter strains
AB307-0294 A. baumannii AB307-0294 wild type, clinical isolate 58
AB900 A. baumannii strain AB900 wild type, clinical isolate 58
ADP1 A. baylyi ADP1 wild type 68
AL2730 ΔtssM AB307-0294 derivative with tssM replaced by allelic exchange

with a kanamycin resistance cassette; Kanr

This study

AL2734 ΔtssM (vector only) AL2730 with pWH1266, complementation control; Kanr Tetr This study
AL2735 ΔtssM tssM AL2730 complemented with pAL1211; Kanr Tetr This study
AL2751 ΔvgrG1 AB307-0294 derivative with vgrG1 replaced by allelic

exchange with kanamycin resistance cassette; Kanr

This study

AL2752 ΔvgrG2 AB307-0294 derivative with vgrG2 replaced by allelic
exchange with kanamycin resistance cassette; Kanr

This study

AL2753 ΔvgrG3 AB307-0294 derivative with vgrG3 replaced by allelic
exchange with kanamycin resistance cassette; Kanr

This study

AL3261 AL2751 harboring pBASE as a complementation control; Ampr This study
AL3262 AL2752 harboring pBASE as a complementation control; Ampr This study
AL3263 AL2753 harboring pBASE as a complementation control; Ampr This study
AL3264 AL2751 complemented with pAL1415; Ampr This study
AL3265 AL2752 complemented with pAL1416; Ampr This study
AL3352 AL2753 complemented with pAL1447 This study
ATCC 17978 A. baumannii strain ATCC 17978 wild type, clinical isolate American Type Culture

Collection
ATCC 19606 A. baumannii strain ATCC 19606 wild type, clinical isolate American Type Culture

Collection
M2 A. nosocomialis M2 wild type, clinical isolate 69

FIG 8 Hcp secretion by A. baumannii strain AB307-0294 is unaffected by the loss of an individual VgrG
protein. Samples of cell-free culture supernatants and whole-cell lysates derived from AB307-0294 wild
type (WT), AB307-0294 ΔtssM, AB307-0294 ΔvgrG1, AB307-0294 ΔvgrG2, and AB307-0294 ΔvgrG3 were
separated by SDS-PAGE and transferred to a PVDF membrane for Western immunoblotting using
Hcp-specific antiserum. The position of the Hcp protein is shown at the left. The position of the 16-kDa
marker from a SeeBlue Plus2 prestained protein standard (Invitrogen) is indicated on the right.
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A. baylyi expressing Rhs1I and LysMI, but it could still kill A. baylyi expressing Rhs1I/
Rhs2I (via the action of LysM) or Rhs2I/LysMI (via the action of Rhs1) (Fig. 7E).
Complementation restored the ability of the AB307-0294 ΔvgrG2 strain to kill via the
action of Rhs2 (Fig. 9). AB307-0294 ΔvgrG3 was unable to deliver LysM, as demonstrated
by its inability to kill the A. baylyi strain expressing Rhs1I and Rhs2I, but retained the
ability to kill the A. baylyi strains that lacked one of the two Rhs immunity proteins (Fig.
7F). Complementation restored the ability of the AB307-0294 ΔvgrG3 strain to kill via
the action of LysM (Fig. 9). Together, these results show that each VgrG protein is
indispensable for delivery of the specific effector protein that is encoded within the
same vgrG locus.

A. baumannii vgrG genes colocalize with putative effector and immunity pairs
across many strains. Our results demonstrate that in A. baumannii strain AB307-0294,
three T6SS antibacterial toxic effectors, Rhs1, Rhs2, and LysM, and their cognate
immunity proteins, Rhs1I, Rhs2I, and LysMI, are each encoded downstream of a
VgrG-encoding gene (vgrG1, vgrG2, and vgrG3, respectively). Given this gene arrange-
ment in AB307-0294, we analyzed the 22 publicly available genomes of other A.
baumannii strains to determine the range of vgrG and effector/immunity gene sets
present in the species. These genomes represented both historical and modern isolates
from a range of geographical locations and included 4 strains belonging to IC1, 11
strains belonging to IC2, and 7 non-IC sequence type isolates. Also included in these
analyses was the A. baylyi strain ADP1, which was used in our interbacterial competitive
growth assays with A. baumannii strain AB307-0294. We identified 73 VgrG proteins
across the 23 genomes analyzed. The majority of vgrG genes in each A. baumannii
genome were the first gene within a three-gene locus, similar to the arrangement
identified in the A. baumannii strain AB307-0294 VgrG loci. We therefore predict that
these genes in such loci are likely to encode cognate effector and immunity proteins.
Preliminary comparative analyses revealed significant diversity between the putative A.
baumannii VgrG proteins, primarily in the C-terminal region that is known to be the
most variable part of these proteins. All identified VgrG proteins contained the char-
acteristic canonical VgrG domains, including the phage GPD (pfam05954), phage
baseplate V (pfam04717), and T6SS_Vgr (pfam13296) domains (44). Furthermore, each
of the VgrG proteins contained an amino acid region with at least a partial match to the
2345 domain of unknown function (DUF2345). To delineate the relationship between
each of the VgrG proteins, we constructed a phylogenetic tree using the amino acid

FIG 9 A. baylyi and A. baumannii interbacterial competitive growth assays showing that the comple-
mentation of vgrG1, vgrG2, or vgrG3 restores the translocation of the effector proteins Rhs1, Rhs2, and
LysM, respectively. Graphs show quantitative assessments of the number of surviving prey bacteria, A.
baylyi strain ADP1, following coincubation with the predator ΔvgrG1 mutant provided with empty vector
(EV) or a functional vgrG1 (C), the ΔvgrG2 mutant provided with empty vector (EV) or a functional vgrG2
(C), or the ΔvgrG3 mutant provided with empty vector (EV) or a functional vgrG3 (C). The prey bacteria
contained the appropriate dual-immunity expression plasmids as shown at the top right: rhs2I and lysMI
for the ΔvgrG1 strain complementation experiments, rhs1I and lysMI for the ΔvgrG2 strain complemen-
tation experiments, and rhs1I and rhs2I for the ΔvgrG3 strain complementation experiments. Expression
of lysMI in A. baylyi is represented by gray fill, rhs1I expression is represented by vertical stripes, and rhs2I
expression is represented by horizontal stripes. Error bars represent standard errors of the means of three
biological replicate experiments. ***, P � 0.0001.
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sequence of each VgrG protein (Fig. 10). The phylogenetic analysis revealed that the
VgrG proteins could be divided into at least six distinct classes. Interestingly, closely
related VgrG proteins were always found upstream of similar effector-encoding genes
(Fig. 10, outer ring). Analysis of the putative effector proteins, encoded downstream of
the vgrG genes, identified potentially novel peptidoglycan hydrolases, Rhs family toxins
(with C-terminal nuclease domains or with C-terminal domains of unknown function),
RNases, methyltransferases, and numerous proteins of unknown function (Fig. 10).
Preceding one class of VgrG proteins was a protein containing a DUF4123 domain,
which in Vibrio cholerae and Aeromonas hydrophila is involved in effector protein
attachment to VgrG (34, 45). Although the identified repertoire of potential effector
proteins is diverse, it is interesting that almost all examined IC1 lineage strains shared

FIG 10 Acinetobacter VgrG proteins are separated into distinct phylogenetic classes. A maximum likelihood phylogenetic tree was generated from 73 aligned
VgrG protein sequences belonging to 22 A. baumannii strains and 1 A. baylyi strain. Phylogenetic classes containing more than one intact member are indicated
by a colored background. Class 1 (green), class 2 (blue), and class 3 (yellow) have been numbered as such because they contain VgrG1, VgrG2, and VgrG3 of
AB307-0294, respectively. Class 4 (orange), class 5 (lilac), and class 6 (red) were arbitrarily numbered. The outer ring denotes proteins encoded downstream of
the respective vgrG genes predicted to belong to the same effector/accessory protein families. VgrG proteins produced by strains belonging to international
clonal lineage IC1 are indicated in red text, VgrG proteins produced by strains belonging to the IC2 lineage are indicated in blue text, and non-IC lineages are
indicated in black text. Boldface type denotes annotated vgrG sequences containing frameshifts or mobile element disruptions. A. baumannii strains (locus tag
identifiers) are as follows: AB307-0294 (ABBFA), ATCC 17978 (ACX60), AB0057 (AB57), ACICU (ACICU), ATCC 19606 (HMPREF0010), AYE (ABAYE), SDF (ABSDF),
1656-2 (ABK1), BJAB0715 (BJAB0715), BJAB0714 (BJAB0714), BJAB0868 (BJAB0868), D1279779 (ABD1), LAC-4 (ABLAC), MDR-TJ (ABTJ), MDR-ZJ06 (ABZJ), NCGM
237 (AB237), TCDC-0715 (ABTW07), TYTH-1 (M3Q), ZW85-1 (P795), AC30 (B856), A1 (ABA1), and AB5075-UW (ABUW). The A. baylyi strain is ADP1 (ACIAD).
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identical predicted effector and immunity pairs. Similarly, the IC2 lineage strains also
generally shared the same predicted effector and immunity pairs. Together, strains
within the IC1 and IC2 lineages were the predominant strains that encoded predicted
Rhs family effectors.

DISCUSSION

In this study, we analyzed the T6SS of A. baumannii strain AB307-0294 and deter-
mined that this system plays a major role in interbacterial competition. We then
identified and characterized the three T6SS effector proteins, their cognate immunity
proteins, and the associated VgrG tip proteins that mediate this interaction. It is clear
that the T6SS is a weapon deployed by A. baumannii to fight rival bacteria at both the
intra- and interspecies levels. Interstrain T6SS-mediated killing has been documented
for other bacteria, including S. marcescens, Proteus mirabilis, and V. cholerae (19, 46, 47).
This interstrain killing may in part explain the rise of certain dominant clonal lineages
globally and within a geographic region. This is particularly relevant to A. baumannii:
despite a large number of identified clonal lineages, the species is dominated by strains
belonging to the globally distributed IC1 and IC2 lineages. Several groups of investi-
gators have described the capacity of A. baumannii and other Acinetobacter species to
kill E. coli in a T6SS-dependent manner (4, 5, 7, 27). Similarly, in this study we showed
that A. baumannii strain AB307-0294 is able to kill E. coli strain DH10B and that this
activity is dependent upon a functional T6SS apparatus. A. baumannii AB307-0294 was
also able to kill the A. baylyi strain ADP1 and the A. baumannii strain ATCC 19606 in a
T6SS-dependent manner. However, it was not able to kill A. nosocomialis M2 nor the A.
baumannii strain AB900. Moreover, A. baumannii AB307-0294 was unable to kill A.
baumannii strain ATCC 17978, with or without the T6SS-suppressing plasmid pAB3 (7),
even though a previous study showed that a different A. baumannii strain, DSM3001,
was able to outcompete A. baumannii strain ATCC 17978 (5).

The inability of A. baumannii AB307-0294 to kill ATCC 17978 and AB900 was
unexpected as analysis of the genomes of these strains did not identify encoded
immunity proteins with significant identity to the AB307-0294 immunity proteins, and
therefore it is unlikely that they are immune to the AB307-0294 toxic effectors. Indeed,
expression of the AB307-0294 Rhs1 and Rhs2 toxic effectors in ATCC 17978 led to rapid
death of the ATCC 17978 strain (data not shown), supporting the proposal that the
inability of AB307-0294 to kill ATCC 17978 is not due to cross-immunity. We are
currently exploring why AB307-0294 is unable to target some A. baumannii strains,
including ATCC 17978.

The outcome of competition between rival bacteria is often dependent upon the
secretion of T6SS effector proteins that are lethal to the target bacterium. Three effector
and immunity pairs, Rhs1/Rhs1I, Rhs2/Rhs2I, and LysM/LysMI, were identified in A.
baumannii strain AB307-0294. When each effector gene was separately expressed in E.
coli, the viability of the recombinant strain was severely inhibited unless the gene was
coexpressed with the cognate immunity protein, confirming that these proteins form
genuine effector-immunity pairs. While full viability of E. coli producing Rhs2 and LysM
was not completely restored when the Rhs1I and LysMI proteins were coexpressed in
the appropriate strains, we predict that this is likely due to insufficient production of the
recombinant immunity proteins. Supporting this proposal, recombinant expression of
the rhs2I and lysMI immunity genes in E. coli strongly protected against Rhs2 and LysM
T6SS-dependent killing by the AB307-0294 ΔvgrG1 strain (1,000-fold increased viability
compared to E. coli containing vector only). Similarly, heterologous expression of all
three immunity genes in the normally susceptible bacterium A. baylyi gave A. baylyi full
protection against Rhs1-, Rhs2-, and LysM-mediated killing by AB307-0294, indicating
that these three effectors are the only antibacterial effectors delivered by this strain that
are active against A. baylyi and E. coli. Finally, our interbacterial competitive growth
assays using A. baylyi strains coexpressing two of the three immunity genes demon-
strated that any one of the three effectors delivered by AB307-0294 can kill WT A. baylyi.

The C-terminal domain of Rhs2 is toxic when produced in the cytoplasm of E. coli

Identification of A. baumannii T6SS Effectors Infection and Immunity

August 2018 Volume 86 Issue 8 e00297-18 iai.asm.org 15

http://iai.asm.org


and was confirmed to function as a DNase. The targeting of nucleic acid components
of the cell appears to be a common characteristic of antibacterial Rhs effectors. The
Dickeya dadantii Rhs effector proteins have C-terminal domains with DNase activity (31),
and an enterotoxigenic E. coli strain produces an Rhs T6SS effector protein that harbors
a C-terminal restriction endonuclease-3 domain (14). Moreover, S. marcescens produces
one Rhs protein that is a known DNase and a second Rhs protein whose function is
unknown but is lethal to E. coli when expressed in the cytoplasm (19). E. coli strains
produce Rhs proteins with C-terminal domains with predicted metallopeptidase,
DNase, RNase, deamidase, and pore-forming activities although these have yet to be
experimentally verified (14). The Rhs1-CT fragment derived from the Rhs1 effector
produced by A. baumannii strain AB307-0294 was shown in this study to be toxic to E.
coli when produced within the cytoplasm although the precise subcellular target is
unknown. Although Rhs1-CT shares no sequence identity with any known domains, it
is likely that it represents a novel toxin that belongs to one of these broad functional
classes.

In contrast to Rhs1 and Rhs2, the predicted peptidoglycan hydrolase, LysM, is lethal
only when targeted to the periplasm of the Gram-negative bacterial cell. A large
number of T6SS-secreted peptidoglycan hydrolases, including both amidases and
glycosidases, have been described in a number of species (39, 48–51). Although LysM
shares only low levels of identity with members of the currently recognized amidase
families of T6SS bacteriolytic effectors, it shares 35% amino acid sequence identity with
a predicted peptidoglycan targeting effector, Tae1, from A. baylyi (8). Together, these
observations suggest that LysM represents a new class of T6SS effector peptidoglycan
hydrolase that is unique to A. baumannii.

The delivery of three distinct T6SS effectors by A. baumannii strain AB307-0294 has
likely evolved as a strategy to circumvent the emergence of any resistance against an
individual effector or as a means by which strain AB307-0294 can gain a competitive
advantage over closely related strains with similar effector/immunity pairs. Although all
three effector proteins are delivered, it is unknown if all three are delivered in a single
secretion event or are utilized in a regulated manner. The secretion of each effector was
absolutely dependent upon the expression of the vgrG gene with which the effector
gene is colocated on the chromosome. Such dependency of a T6SS effector upon a
specific VgrG protein for secretion has been documented in a number of species (19,
24, 27). The specificity of a particular effector protein for one VgrG protein is primarily
dependent on the amino acid sequence at the VgrG C-terminal domain although the
specific interactions between the two proteins are poorly defined (28). Supporting this
was our bioinformatic analysis of more than 70 A. baumannii VgrG proteins that
revealed that the greatest variation between the VgrG proteins was within the
C-terminal domain. Thus, it is likely that VgrG proteins produced by a range of A.
baumannii strains are highly specialized proteins that define the needle tip and are also
required for the secretion of a specific effector protein.

Bioinformatic analysis identified a large number of putative T6SS effector proteins
genetically linked to vgrG genes in other A. baumannii strains and A. baylyi, indicating
that significant diversity exists among the arsenal of potential effector proteins within
the species. Interestingly, Rhs effectors were identified almost exclusively in strains
belonging to the clonal lineages IC1 and IC2, with a range of predicted toxin domains
at the C-terminal end, including GHH- and AHH-type amino acid motifs characteristic of
the HNH-endonuclease VII (HNH-EndoVII) superfamily of nucleases as well as C-terminal
domains of unknown function (52). The reasons why certain A. baumannii strains/
lineages are more dominant globally than others have not been determined; increased
acquisition of antibiotic resistance genes, virulence, and biofilm-forming ability have all
been assessed, but a clear correlation has not been identified (53–56). Given our results,
it is possible that certain A. baumannii strains dominate globally due to their ability to
outcompete rival strains via the use of the T6SS apparatus to deliver antibacterial
effector proteins. For example, the almost exclusive production of Rhs T6SS effectors
and their cognate Rhs immunity proteins in strains belonging to the IC1 and IC2 clonal
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lineages could allow killing of vulnerable rival/competing bacteria and, at the same
time, protect against Rhs-mediated attack from others. The production of these Rhs
T6SS effectors could allow the IC1 and IC2 strains to dominate mixed bacterial niches,
including niches within the hospital setting where these strains are most prevalent. It
has also been shown in A. baylyi that T6SS-mediated lysis of prey cells can enhance
horizontal gene transfer, allowing the acquisition of novel antibiotic resistance genes
and suggesting that T6SS-mediated killing may play a role in the spread of antibiotic
resistance among A. baumannii strains (8, 57). All A. baumannii strains examined in this
study contained putative peptidoglycan-targeting effectors, theoretically capable of
inducing cell lysis in prey strains and therefore allowing uptake of prey DNA. However,
the secretion of DNases, such as Rhs2 in AB307-0294, would seemingly reduce the rate
of gene transfer. Thus, further investigation is required to fully understand the role of
the T6SS in the spread of antibiotic resistance among A. baumannii strains.

In conclusion, we have shown that the T6SS of A. baumannii strain AB307-0294
secretes three antibacterial effectors and produces three cognate immunity proteins to
stop self and sibling intoxication. Each of the identified effector proteins was able to
individually kill rival bacterial cells, and one of these toxic effectors, Rhs2, was identified
as a DNA nuclease. Furthermore, each effector was dependent upon a specific VgrG
protein for secretion, and each set of cognate vgrG, effector, and immunity genes was
colocalized on the A. baumannii chromosome. Homologs of the three effector proteins,
Rhs1, Rhs2, and LysM, produced by A. baumannii strain AB307-0294 were encoded in
a large number of strains belonging to the IC1 clonal lineage, and Rhs1 and Rhs2
effectors were also present in most IC2 strains. In contrast, a diverse repertoire of
putative effector proteins was identified in strains belonging to groups outside these
lineages. The diversity of the A. baumannii effector proteins will likely play an important
role in determining the survival of A. baumannii in its environment when it interacts
with other bacteria and may in part explain the success of this organism in the hospital
environment.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table

3. E. coli DH5� was used for all cloning experiments and DNA manipulations. A. baumannii strain
AB307-0294 was isolated from a human patient with bacteremia (58). Bacteria were grown in lysogeny
broth (LB) (Oxoid) or M9 minimal medium with shaking at 200 rpm at 37°C. For solid medium, 1.0 to 1.5%
(wt/vol) agar was added to LB. Medium was supplemented with the following antibiotics as required: 100
�g/ml ampicillin or 50 �g/ml carbenicillin (A. baumannii strain AB307-0294), 50 �g/ml kanamycin, and
10 �g/ml tetracycline.

Generation of Hcp antiserum. The full-length hcp gene from AB307-0294 was amplified by PCR
using the primers hcpFwd and hcpRev (see Table S2 in the supplemental material) and then cloned into
the expression vector pENTR/D/SD-TOPO using the Gateway cloning system as described previously (59).
The section of the plasmid containing the hcp gene was then transferred to the protein expression vector
pBAD-DEST49BA (59), such that the N-terminal end of the recombinant Hcp protein was fused to an NusA
solubility tag and hexahistidine tag, allowing recombinant protein purification as described previously
(59). Chicken polyclonal antiserum was generated as described previously (59).

Detection of the T6SS protein Hcp. For the detection of Hcp in A. baumannii whole-cell lysates and
culture supernatants by Western immunoblotting, whole-cell protein fractions were prepared and
analyzed as follows. A. baumannii strains were grown to stationary phase (16 h) in LB medium with or
without antibiotics as required. To prepare culture supernatants, 1 ml of bacterial culture was subjected
to centrifugation at 10,000 � g for 5 min. The supernatant was removed and filtered using a 0.22-�m-
pore-size syringe filter and then mixed at 1:1 volume ratio with 2� SDS-PAGE sample buffer. The cell
pellet was washed twice with phosphate-buffered saline (PBS; pH 7.4), resuspended in 100 �l of PBS, and
then mixed at 1:1 volume ratio with 2� SDS-PAGE sample buffer. Samples were boiled for 5 min and
then centrifuged for 5 min (13,000 � g). A sample volume representing proteins derived from approx-
imately 1 � 109 cells (pelleted material) and 1 � 108 cells (supernatant) was loaded into each lane and
separated using SDS-PAGE on 15% acrylamide gels and then transferred to polyvinylidene fluoride
(PVDF) (Merck Millipore, USA) membranes via electroblotting. Hcp was detected using polyclonal chicken
antiserum raised against recombinant Hcp (1/10,000), followed by the secondary antibody, donkey
anti-chicken horseradish peroxidase (HRP) conjugate. Antibody binding was analyzed with Amersham
ECL Western blotting detection reagent (GE Healthcare, NSW, Australia), and visualized by exposure to
X-ray film (Kodak, NY, USA) or a Fujifilm LAS-3000 image reader (chemiluminescence filter).

In vitro interbacterial competitive growth assays. Assays to determine the ability of A. baumannii
strains to out-compete rival bacteria were performed as described previously (35, 48) with minor
modifications. Each of the strains required for the assay was grown in LB to mid-logarithmic growth
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phase, equivalent to an optical density at 600 nm (OD600) of 0.5 to 0.6 at 37°C with shaking. Culture
density was normalized to an OD600 of 0.4 by the addition of LB medium. Predator (A. baumannii) and
prey strains were mixed at a ratio of 10:1 when E. coli was used as prey and at a ratio of 1:1 when an
Acinetobacter species were used as prey. A 10-�l aliquot of each coculture was spotted onto LB agar
prewarmed to 37°C, allowed to dry, and then incubated at 37°C for 4 h (E. coli prey strain) or 24 h
(Acinetobacter prey strains). Following the incubation period, an agar plug containing each coculture was
excised from the solid medium, and the bacterial cells were resuspended in 1 ml of PBS by vortexing. To
determine the number of predator and prey cells in the coculture following incubation, 10-fold serial
dilutions were performed in LB medium, and then 100-�l aliquots of selected dilutions were plated onto
LB agar supplemented with the appropriate antibiotic for selection of either the predator or the prey
strain. The number of CFU per milliliter of surviving predator and prey cells was then enumerated. To
allow identification and enumeration of the Acinetobacter prey strain following coculture, each strain was
freshly transformed with pWH1266 or a pWH1266 derivative plasmid containing a tetracycline antibiotic
resistance gene.

Nano-HPLC-MS/MS analysis of A. baumannii culture supernatants. For each sample, 1 ml of an A.
baumannii overnight culture (grown in LB at 37°C with shaking) was pelleted by centrifugation (10,000 � g,
1 min), washed in an equal volume of M9 minimal medium supplemented with 20 mM sodium butyrate
and 1% Casamino Acids ([M9Sup] for optimal A. baumannii growth), and then diluted 1/500 into 100 ml
of fresh M9Sup medium and grown with shaking (200 rpm) at 37°C to an OD600 of 0.8. The culture
supernatant was collected following centrifugation (4,000 � g, 4°C, 10 min) and then filtered through a
0.22-�m-pore-size vacuum filter (Corning, USA) to remove any remaining cellular material. The filtered
supernatant was then concentrated approximately 200-fold (to 500 �l), and the culture medium was
exchanged to rebuffer solution (50 mM Tris, pH 8.0, 150 mM NaCl), using a 3-kDa Amicon Ultra-15
centrifugal filter unit (Merck Millipore, USA) in a swinging basket rotor, according to the manufacturer’s
instructions, and stored at �80°C until required. The protein concentration in each concentrated
supernatant was determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, CA,
USA), and then a volume equivalent to a total protein concentration of 50 �g was diluted in rebuffer
solution to give a final volume of 220 �l. Following this, the proteins were denatured via the addition
of 1,4-dithiothreitol (DTT) to a final concentration of 10 mM and incubated at 65°C for 30 min; then
proteins were alkylated via the addition of 40 mM chloroacetamide (CAA) (Sigma) and incubation at
room temperature for 20 min in the absence of light. Trypsin Gold (2 �g/ml; Promega, USA) was then
added at a ratio of 1:100 (vol/vol), and the sample was incubated overnight at 37°C. To stop the reaction,
the sample was acidified (to approximately pH 3.0) by the addition of reagent-grade formic acid to a final
concentration of 1%. Samples were concentrated to a final volume of 50 �l by vacuum drying, desalted
using P-10 ZipTip columns (OMIX-Mini Bed 96 C18; Agilent), vacuumed dried, and then reconstituted in
20 �l of 0.1% formic acid prior to mass spectrometry.

Peptide identification using a Dionex UltiMate 3000 RSLCnano system equipped with a Dionex 732
UltiMate 3000 RS autosampler was performed as described previously (60) with the exception that that
peptides were analyzed using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Acquired
raw files were identified and quantified with MaxQuant (61) software. Statistical analyses were performed
using Limma within the R studio, where the FDR is derived from the Benjamini-Hochberg procedure.
Proteins with a �4-fold (2-log2) change and an FDR of �0.01 were considered differentially expressed.

General DNA manipulations. A NucleoSpin plasmid kit (Macherey-Nagel GmbH & Co. KG) and a
Genomic DNA Extraction kit (RBC Bioscience Corp.) were used to extract plasmid and genomic DNA,
respectively, according to the manufacturer’s instructions. Restriction endonucleases and ligase were
obtained from New England BioLabs and Roche, respectively, and used according to the manufacturer’s
instructions. For PCRs, the DNA polymerases Taq and the high-fidelity Phusion were obtained from
Roche, and the oligonucleotides (primers) were manufactured by Sigma-Aldrich. PCR products were
purified using a NucleoSpin Gel and PCR Clean Up kit (Macherey-Nagel). Sanger sequencing was
performed using BigDye Terminator, version 3.1 (Applied Biosystems), with plasmid DNA or PCR products
as templates. The DNA sequence was determined on a capillary platform Genetic Analyzer (Applied
Biosystems 3730) and analyzed using Vector NTI Advance 11 (Invitrogen). All plasmids and primers used
in this study are listed in Tables 2 and S2, respectively. Primers were designed using publicly available
genome sequences.

Construction of A. baumannii/E. coli shuttle expression vector, pBASE. For the construction of
the A. baumannii/E. coli shuttle expression vector, pBASE, a DNA fragment containing the ColE1 origin of
replication was PCR amplified from pBR322 using primers colE1Fwd/colE1Rev (Table S2), digested with
NotI/XhoI, and ligated to an NotI/XhoI-digested DNA fragment containing the �-lactamase resistance
gene bla (PCR-amplified from pUC19 using primers blaFwd/blaRev). The interim plasmid, pAL1351, was
then digested with XhoI and EcoRI and ligated to a similarly digested PCR product containing the
Acinetobacter origin of replication from pWH1266 (amplified using primers oriAbFwd/oriAbRev) to
generate the interim plasmid pAL1352. To introduce a multiple-cloning site, the appropriate region of
pUC19 was PCR amplified using primers MCSFwd/MCSRev, digested with NcoI and XhoI, and cloned into
similarly digested pAL1352 to generate the plasmid pAL1353. Finally, the Ptac promoter was introduced
upstream of the multiple-cloning site; the appropriate region from pGEX-4T-3 was PCR amplified using
primers PTACFwd/PTACRev, digested with NcoI and HindIII, and cloned into similarly digested pAL1353 to
generate the final vector plasmid, which we called pBASE.

Construction of the A. baumannii mutant strains and complementation plasmids. A. baumannii
mutants were constructed as previously described (62). Briefly, two 1.5-kb DNA fragments that repre-
sented the region upstream and downstream of the gene of interest ([gene]) were amplified by PCR
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using the primer pair [gene]UpFwd with [gene]UpRev and the pair [gene]DwnFwd with [gene]DwnRev,
respectively. A third PCR fragment (900 bp in size) was also generated that contained the kanamycin
resistance gene, neo, from pCR-BluntII-TOPO using primers kanFwd and kanRev. The three DNA frag-
ments were column purified and then combined at equimolar concentrations in a splice overlap
extension (SOE) PCR using primers [gene]NestFwd and [gene]NestRev. The SOE PCR product used for
each gene inactivation was introduced into A. baumannii strain AB307-0294 by electroporation as
previously described (63), and putative mutants were selected on LB agar supplemented with 50 �g/ml
kanamycin. Genomic DNA was isolated from kanamycin-resistant colonies, and the replacement of the
gene of interest with the kanamycin cassette was confirmed by PCR amplification using primers specific
for the region flanking the insertion ([gene]UpFwd and [gene]UpRev), followed by nucleotide sequencing
of the PCR product to check that the region upstream and downstream of the mutation site was 100%
identical at nucleotide level to the corresponding sequence in the WT AB307-0294 genome. For
complementation of AB307-0294 ΔtssM (AL2730), the full-length tssM gene of A. baumannii strain
AB307-0294 was amplified using the oligonucleotides tssMFwd and tssMRev that contained PvuI and PstI
sites, respectively. The purified PCR fragment generated was digested with PstI and PvuI, column
purified, and then ligated to pWH1266 digested with PstI and PvuI. The ligated products were then used
to transform AB307-0294 ΔtssM by electroporation. One transformant, AL2735, was selected that
contained the correct plasmid, pAL1211, as determined by sequencing. To generate the control strain,
AL2734, the empty pWH1266 plasmid was separately used to transform AB307-0294 ΔtssM.

For complementation of the ΔvgrG1 and ΔvgrG2 strains, the full-length vgrG1 and vgrG2 genes from A.
baumannii strain AB307-0294 were amplified using the primer pairs vgrG1Fwd/vgrG1Rev and vgrG2Fwd/
vgrG2Rev, respectively. The purified PCR products generated were digested with KpnI and SacI and ligated to
similarly digested pBASE to generate the plasmids pAL1415 (containing vgrG1) and pAL1416 (containing
vgrG2) that were then used to separately transform (via electroporation) the strains AB307-0294 ΔvgrG1 and
AB307-0294 ΔvrgG2, respectively. A single ΔvgrG1 transformant containing pAL1415 (AL3264) and a single
ΔvgrG2 transformant containing pAL1416 (AL3265) were selected (Table 3). We were unable to generate a
plasmid containing a functional vgrG3 using this cloning strategy. Instead, vgrG3 was cloned in a two-step
process. Briefly, the DNA section (nucleotides �22 to 1609) encoding the N-terminal region of VgrG3 was PCR
amplified using the primer vgrG3NFwd (containing an XbaI site) and vgrG3NRev, containing a silent,
single-nucleotide change at the 5= end to generate half of an SmaI site (and thus would generate a full
SmaI site when ligated together with a DNA fragment cut with SmaI). The amplified product was then
digested with XbaI and ligated to XbaI/SmaI-digested pBASE to generate the vgrG3 subclone pAL1446
(Table 3). To clone the remainder of the vgrG3 gene, primers vgrG3CFwd and vgrG3CRev were used to
amplify nucleotides 1610 to 3307 of the gene. The generated product was digested with SacI and then
ligated to SmaI- and SacI-digested pAL1446. The plasmid with the correct sequence, pAL1447, was then
introduced via electroporation into strain AB307-0294 ΔvgrG3 to generate the complementation strain
AL3352 (Table 3). To generate the control strains for the vgrG complementation studies, the pBASE vector
was separately used to transform the strains AB307-0294 ΔvgrG1, AB307-0294 ΔvrgG2, and AB307-0294
ΔvrgG3 to generate strains AL3261, AL3262, and AL3263, respectively (Table 3).

Plasmid construction for heterologous protein expression in E. coli. For cloning of rhs1-CT and
rhs2-CT, the DNA regions encoding the putative C-terminal toxic domain of each protein (residues 1396
to 1591 and 1496 to 1624, respectively) were PCR amplified using AB307-0294 genomic DNA as the
template with the appropriate primers (rhs1-CTFwd/rhs1-CTRev and rhs2-CTFwd/rhs2-CTRev, respec-
tively [see Table S2 in the supplemental material]). The purified PCR products containing rhs1-CT and
rhs2-CT were then digested with EcoRI and HindIII and separately cloned into EcoRI- and HindIII-digested
vector pBAD30, generating the plasmids pAL1234 and pAL1237, respectively (Table 2). To generate LysM
containing a PelB leader sequence, a PCR product containing the entire lysM open reading frame from
AB307-0294 was generated using primers lysMFwd and lysMRev. The purified PCR product was digested
with NcoI and HindIII and ligated to NcoI- and HindIII-digested vector pET22b, which encodes a PelB
leader sequence upstream of the multiple-cloning site, to generate the plasmid pAL1330 (Table 2). A PCR
product containing lysM with the pelB leader sequence was then generated using pAL1330 as the
template with the primers pelBFwd and lysMRev (Table S2). The purified PCR product was digested with
EcoRI and HindIII and then ligated to similarly digested pBAD30 to generate the plasmid pAL1275 (Table
2). For construction of the plasmids used for heterologous expression of rhs1I, rhs2I, and lysMI in E. coli,
each gene was amplified from AB307-0294 genomic DNA using the appropriate primer pairs (rhs1IFwd/
rhs1IRev, rhs2IFwd/rhs2IRev, and lysMIFwd/lysMIRev, respectively [Table S2]), digested with NcoI and
HindIII, and cloned into similarly digested pET28a to generate the plasmids pAL1282, pAL1283, and
pAL1331, respectively (Table 2).

Construction of plasmids for immunity protein expression in A. baylyi. For coexpression exper-
iments using rhs1I, rhs2I, and lysMI in A. baylyi strain ADP1, each gene was PCR amplified from
AB307-0294 genomic DNA using the following primers: rhs1I primer pair rhs1IAbFwd/rhs1IAbRevI or
rhs1IAbFwd/rhs1IAbRevII, rhs2I primer pair rhs2IAbFwd/rhs2IAbRev, and lysM primer pair lysMIAbFwd/
lysMIAbRev (Table S2). Each of the purified PCR products was digested with PstI and PvuI and separately
cloned into similarly digested pWH1266, producing the plasmids pAL1249 (containing a SacI site
upstream of rhs1I), pAL1250 (containing an XmaI site upstream of rhs1I), pAL1251 (containing an XmaI
site upstream of rhs2I), and pAL1252 (containing lysMI). To generate the plasmids expressing the gene
pair rhs1I and lysMI or the gene pair rhs2I and lysMI, the primer pair lysMIAbFwd/lysMIAbRev was used
to amplify lysMI from AB307-0294, and the fragment was digested with XmaI and PstI and then cloned
into similarly digested pAL1250 or pAL1251 to produce the plasmid pAL1264 or pAL1265, respectively.
To generate the plasmid expressing the gene pair rhs1I and rhs2I, pAL1263, the primer pair rhs2IAbFwd/
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rhs2IAbRev containing an XmaI site at the 5= end was used to amplify rhs2I from AB307-0294 by PCR, and
this fragment was digested with SacI and PstI and cloned into similarly digested pAL1249. To generate
the triple-expression plasmid expressing rhs1I, rhs2I, and lysMI, the primer pair lysMIAbFwd/lysMIAbRev
was used to amplify lysMI, which was then digested with XmaI and PstI, and the fragment was cloned
into similarly digested pAL1263 to produce the plasmid pAL1319.

Overexpression of effector/immunity pairs in E. coli. E. coli BL21(DE3) cells containing a pBAD30
effector expression plasmid and a pET28a immunity expression plasmid were grown overnight at 37°C
in LB medium supplemented with 100 �g/ml ampicillin, 50 �g/ml kanamycin, and 0.4% glucose.
Overnight cultures were diluted 1/100 into fresh LB medium (containing the appropriate antibiotics
for plasmid maintenance) and grown to an OD600 of 0.1. Each culture was divided into four separate
flasks and incubated for a further 1 h at 37°C before the OD600 was measured, and one of the
following solutions was added to each culture. To induce expression of the recombinant effector
protein, 10% L-arabinose was added to give a final concentration of 0.1% (vol/vol). To induce the
expression of the recombinant immunity protein, 1 M isopropyl �-D-1-thiogalactopyranoside (IPTG)
(Sigma-Aldrich, USA) was added to give a final concentration of 5 mM. To induce the expression of
the effector and immunity proteins, 10% L-arabinose and 1 M IPTG (0.1% and 5 mM final concen-
trations, respectively) were added. As a control, the final culture received the equivalent amount of
sterile distilled H2O (dH2O). The cultures were incubated at 37°C with shaking at 200 rpm for a
further 7 h, and OD600 measurements were recorded each hour. In addition, at 2 h postinduction, a
sample of each culture was taken for determination of the number of viable CFU in each culture by
serial dilution and plating on LB medium.

Statistical analysis. To determine if any of the differences in the ability of the A. baumannii strains
(wild type, mutants, and complemented mutants) to kill various bacterial strains were statistically
significant, two-way analysis of variance (ANOVA) was employed (GraphPad Prism, version 7) to analyze
the data generated in the interbacterial competitive growth assays. Posttesting for all pairs was
calculated automatically within GraphPad using Tukey’s multiple-comparison test. A P value of �0.05
was accepted as statistically significant.

DNA nuclease assay. E. coli strains harboring appropriate expression plasmids were grown to late
exponential growth phase in LB medium at 37°C with shaking in the presence of the appropriate
antibiotic for plasmid maintenance. Each 20-ml culture was then divided in half; one aliquot received
L-arabinose (0.4% final concentration) to induce recombinant protein expression, and the other aliquot
received D-glucose (0.4% final concentration) to repress recombinant protein expression. Cultures were
incubated for a further 1 h at 37°C with shaking, and the optical density was measured to determine cell
density. A volume of each culture equivalent to approximately 1 � 109 CFU was collected and pelleted
by centrifugation (12, 000 � g, 1 min), and then the pellet was washed three times with sterile PBS.
Excess liquid was removed from the tube, and the wet weight of the cell pellet was measured to ensure
an equal cell mass for each sample. Each cell pellet was resuspended in 1 ml of filter-sterilized sonication
buffer (phosphate-buffered saline containing 0.5% glycerol, 2 mM phenylmethylsulfonyl fluoride, 1 mM
EDTA, and 10 mM �-mercaptoethanol), flash frozen in an ethanol (EtOH) dry-ice bath, and then stored
at �80°C until lysis by sonication using a Branson Sonifier 450. Cell debris was removed by centrifugation
at 16,000 � g for 30 min at 4°C, and the clarified lysates were stored at �80°C until required. Samples
of the crude E. coli cell extracts were diluted 1/5 in sterile DNase activity buffer (20 mM Tris-Cl, pH 7.5,
50 mM NaCl, 10 mM MgSO4, 1 mM �-mercaptoethanol); then a 5-�l aliquot was added to 1 �g of purified
A. baylyi genomic DNA, and the reaction volume was made up to 25 �l with DNase activity buffer.
Reaction mixtures were incubated for 2 h at 37°C. The integrity of the A. baylyi genomic DNA was
assessed by electrophoresis in a 0.8% agarose Tris-acetate-EDTA (TAE) gel, followed by visualization using
a Fujifilm LAS300 image reader.

Phylogenetic tree construction. Genes predicted to encode VgrG homologs were identified by
tBLASTn searches using the three VgrG proteins present in AB307-0294 as sequential queries and the
publically available genomes of one A. baylyi and 21 A. baumannii strains as the subjects. All genomes
are available from the NCBI website. A. baumannii strains and sequence identifiers are as follows (locus
tag identifiers): AB307-0294 (ABBFA), ATCC 17978 (ACX60), AB0057 (AB57), ACICU (ACICU), ATCC 19606
(HMPREF0010), AYE (ABAYE), SDF (ABSDF), 1656-2 (ABK1), BJAB0715 (BJAB0715), BJAB07104 (BJAB07104),
BJAB0868 (BJAB0868), D1279779 (ABD1), LAC-4 (ABLAC), MDR-TJ (ABTJ), MDR-ZJ06 (ABZJ), NCGM 237
(AB237), TCDC-0715 (ABTW07), TYTH-1 (M3Q), ZW85-1 (P795), AC30 (B856), A1 (ABA1), and AB5075-UW
(ABUW). For A. baylyi, the strain ADP1 (ACIAD) was used. A total of 73 unique vgrG gene sequences were
identified, and the amino acid sequence of each VgrG was aligned using the multiple-sequence
alignment program MAFFT (version 7) using the e-ins-i option (multiple conserved domains and long
gaps), BLosum62 scoring matrix, and the remaining features set to default (64). A maximum likelihood
phylogenetic tree was calculated using phyML with the LG substitution model, no invariable sites,
nearest-neighbor interchange tree improvement, topology and branch optimization, and aBayes branch
support calculation (65). Trees were visualized with iTOL (interactive tree of life) (66). Each of these
programs is publically available online: MAFFT is available at http://mafft.cbrc.jp/alignment/server/index
.html, phyML is available at http://www.atgc-montpellier.fr/phyml, and iTOL is available at http://itol
.embl.de/itol.cgi.

Accession number(s). The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier
PXD009528.
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