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SUMMARY

Bacteria use type VI secretion systems (T6SSs) to
manipulate host cells during pathogenesis or to kill
competing bacteria, which, in some cases, increases
horizontal gene transfer. These functions largely
depend on T6SS regulation, dynamics, and the set
of effectors that the system delivers into the target
cells. Here, we show that Acinetobacter baylyi
ADP1 assembles a highly dynamic T6SS capable of
killing and lysing bacterial cells. T6SS function de-
pends on conserved T6SS components as well as
Acinetobacter-specific genes of unknown function.
Five different effectors, encoded next to VgrG or
PAAR proteins and their cognate immunity proteins,
cause distinct changes in the prey cells, resulting in
various degrees of their lysis. Prey lysis correlates
with the rate of DNA transfer from prey to predator,
suggesting that lytic effectors are required for effi-
cient T6SS-dependent horizontal gene transfer in
naturally competent bacteria.

INTRODUCTION

Bacteria secrete various substrates by specialized secretion
systems to manipulate their environment (Costa et al., 2015).
The type VI secretion system (T6SS) (Pukatzki et al., 2006)
gene clusters are found in more than 25% of all sequenced
Gram-negative bacteria, but mostly in the proteobacteria (Bingle
et al., 2008). Systems similar to the proteobacterial T6SS have
been discovered in Francisella (de Bruin et al., 2007; Clemens
et al., 2015), Bacteroidetes (Russell et al., 2014a), and more
recently in Amoebophilus asiaticus (Bock et al., 2017), overall
constituting four phylogenetically distinct subgroups.

The T6SS is composed of three distinct substructures: the
membrane complex, the baseplate, and the sheath-tube com-
plex (Basler et al., 2012; Chang et al., 2017). The envelope-span-
ning membrane complex is usually composed of TssJ, TssL, and
TssM and anchors the T6SS to the cell envelope (Durand et al.,
2015). The baseplate is composed of Tssk, TssF, TssG, TssK
(Brunet et al., 2015), and, in some organisms, a TssA variant (Pla-

aaaaaaa

Cell Reports 271, 3927-3940, December 26, 2017 © 2017 The Authors.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

namente et al., 2016). The baseplate serves as a platform for the
polymerization of the contractile sheath-tube complex and con-
nects it to the membrane complex. The contractile sheath, con-
sisting of VipA (TssB) and VipB (TssC), forms around the inner
tube, which is composed of Hcp (Clemens et al., 2015; Kudrya-
shev et al., 2015; Wang et al., 2017), by adding the sheath sub-
units at the end that is distal from the baseplate (Vettiger et al.,
2017). The initiation of the assembly and the polymerization
may require TssA (Zoued et al., 2016). Furthermore, a spike com-
plex is situated at the tip of the Hcp tube, which is composed of a
VgrG trimer (Pukatzki et al., 2007) and a PAAR protein (Shneider
etal., 2013). The contraction of the sheath is thought to propel the
Hcp tube with its associated spike complex into the extracellular
medium or the target cell (Basler et al., 2012; Vettiger and Basler,
2016; Wang et al., 2017). The contracted sheath is recycled in
an ATP-dependent manner by ClpV or ClpB (Basler and Mekala-
nos, 2012; Bénemann et al., 2009; Brodmann et al., 2017).
T6SS effectors may constitute extensions of any of the secreted
components Hep, VgrG, or PAAR (Pukatzki et al., 2007; Shneider
etal., 2013; Ma et al., 2017), or bind non-covalently to these, then
termed “cargo” effectors (Bondage et al., 2016; Hachani et al.,
2014; Shneider et al., 2013; Silverman et al., 2013). Some cargo
effectors require an adaptor/chaperone protein for secretion,
which are not secreted themselves (Liang et al., 2015; Unterweger
et al., 2015). To prevent self-intoxication, anti-bacterial effectors
are accompanied by cognate immunity proteins, often encoded
in close proximity to the corresponding effector (Alcoforado Diniz
et al., 2015; Dong et al., 2013; Russell et al., 2014b).
Interestingly, the T6SS of Vibrio cholerae is part of the compe-
tence regulon, and therefore, killing of target cells may contribute
to horizontal gene transfer (Borgeaud et al., 2015). Acinetobacter
baylyi ADP1 is naturally competent throughout most of its growth
(Leong et al., 2017) and encodes a single constitutively active
antibacterial T6SS (Basler et al., 2013; Weber et al., 2013).
Recently, the combination of natural competence and T6SS-
mediated bacterial killing in A. baylyi was shown to contribute
to the transfer of a plasmid from target cells to the predator, sug-
gesting that this may play a role in the spread of antibiotic resis-
tance in the related A. baumannii strains (Cooper et al., 2017).
Here, we characterized the dynamics of the T6SS of A. baylyi
ADP1 using live-cell fluorescence microscopy and identified and
characterized five T6SS effectors and their cognate immunity
proteins. We could demonstrate that none of the effectors are
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Figure 1. The T6SS Sheath Forms Dynamic Structures in A. baylyi ADP1

(A) Large field of view of the parental A. baylyi ADP1 vipA-sfGFP clpV-mCherry2. The images show: the merge of phase contrast, GFP (in green), and mCherry

(in magenta) channels on the left, the GFP channel in the middle, and the mCherry channel on the right.

(B) Three examples of time-lapse imaging of T6SS assembly, contraction, and subsequent disassembly by ClpV. The first frame on the left shows a merge of

phase contrast, GFP (in green), and mCherry (in magenta) channels. The frames in the upper rows show fluorescence in the GFP channel (sheath), and the bottom
(legend continued on next page)
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required for T6SS assembly and that each Kills the target cells
by a distinct mechanism. Moreover, we demonstrate that the ef-
ficiency of horizontal gene transfer, promoted by the T6SS-
mediated lysis of sensitive bacteria, depends on the mechanism
of target cell killing.

RESULTS

T6SS Activity in A. baylyi ADP1 Correlates with the
Formation of Dynamic Sheaths Disassembled by ClpV
To describe the dynamics of the T6SS assembly in ADP1, we first
constructed a vipA-sfGFP and clpV-mCherry2 strain, which then
served as a parental strain for in-frame deletion mutants unless
indicated otherwise (Figure S1A). Live-cell fluorescence micro-
scopy showed that T6SS sheath structures assembled in approx-
imately 15.0 + 4.2 s (average + SD, n = 60) and contracted shortly
thereafter. Usually, only a single assembling sheath could be
observed per cell at any given time. Occasionally, T6SS sheaths
polymerized across the whole cell and bent, presumably due to
colliding with the cell envelope. On contraction, ClpV-mCherry2
co-localized with the contracted sheath and disassembled it
within approximately 40.1 + 13.4 s (n = 60; Figures 1B and 1C;
Movie S2). Importantly, the T6SS activity of the vipA-sfGFP/
clpV-mCherry2 strain was indistinguishable from that of the
wild-type strain in its ability to lyse or inhibit growth of Escherichia
coli as well as secrete Hep (Figures 2B and 2C), indicating that the
fluorescent protein tags have no influence on the T6SS function.
No Hcp could be detected in the supernatant of the AtssM
strain (Figure 2C) and neither the Ahcp nor the AtssM strains in-
hibited the growth of E. coli or induced its lysis (Figure 2B). More-
over, no dynamic sheath structures were detected in the AtssM or
Ahcp strains (Figure 2A), however, some static VipA-sfGFP foci
were observed in the AtssM strain. This was in contrast to the
AtssE strain, in which we found dynamic VipA-sfGFP foci associ-
ated with the cell periphery (Movie S1). Nonetheless, those are
unlikely to be functional assemblies, because we were unable
to detect Hep in the supernatant of the AtssE strain, and the re-
covery and lysis of E. coli were indistinguishable from that of
the AtssM strain (Figures 2B and 2C). We cannot exclude a poten-
tial polar effect of the tssE deletion on the downstream-encoded
TssF and TssG, which were shown to be essential components of
T6SS (Brunet et al., 2015; Weber et al., 2016). Although TssE ho-
mology to gp25 of the T4 phage suggests its critical role in the as-
sembly and function of T6SS (Kudryashev et al., 2015; Taylor
et al., 2016), it was shown for V. cholerae that a AtssE strain re-
tains detectable T6SS activity (Vettiger and Basler, 2016).

TagN, TagF, ACIAD2693, and ACIAD2698 Are Largely
Dispensable for T6SS Activity

TagN was proposed to be required for anchoring the T6SS to the
peptidoglycan (Aschtgen et al., 2010). In ADP1, the TagN homo-
log (ACIAD2682) is the only protein encoded in the core cluster

bearing a predicted peptidoglycan binding domain and a cleav-
able N-terminal signal sequence. Surprisingly, the AtagN strain
secreted Hcp and displayed only an intermediate phenotype
both in the quantitative competition assay and the lysis assay
(Figures 2B and 2C). Furthermore, it had fewer active T6SS
structures (Figure 2A; Movie S1). Peptidoglycan was shown to
be dispensable for the T6SS activity in V. cholerae (Vettiger
et al., 2017). However, V. cholerae seems to lack T6SS-associ-
ated peptidoglycan anchoring proteins (Aschtgen et al., 2010).

Very little is known about the Acinetobacter-specific T6SS
components ACIAD2693 and ACIAD2698. ACIAD2698 contains
a single predicted N-terminal transmembrane helix with the
C terminus being disordered and residing in the periplasm.
A similar analysis suggested that ACIAD2693 carries a cleavable
N-terminal signal sequence and an intrinsically unstructured
C-terminal region.

The AACIAD2698 strain was phenotypically indistinguishable
from the parental strain (Figures 2A-2C; Movie S1). On the other
hand, the AACIAD2693 strain secreted Hcp, but displayed an in-
termediate phenotype in the quantitative E. coli competition
assay (Figures 2B and 2C). Even though the E. coli inhibition
was significantly decreased in the absence of ACIAD2693, the
lysis of E. coli was indistinguishable from that induced by the
parental strain (Figure 2B). The decreased inhibition of E. coli is
in agreement with the reduction in the number of sheath assem-
blies per cell (Figure 2A). However, the dynamics of the individual
T6SS structures were unaltered (Movie S1). Even though
ACIAD2693 overlaps with the essential vipA, a polar effect is un-
likely the reason for the decreased T6SS activity since the VipA-
sfGFP fluorescence was comparable to that of the parental
strain (Figure 2A).

TagF was reported to act as a posttranslational repressor of
the H1-T6SS in Pseudomonas aeruginosa PAO1 (Silverman
et al., 2011). However, we observed no change in E. coli inhibi-
tion or frequency of T6SS sheath assembly in the AtagF strain.
Furthermore, both the lysis of E. coli and the Hcp secretion
were unaffected (Figures 2A-2C; Movie S1). This suggests that
TagF has a different function in A. baylyi ADP1 or that it does
not act as a repressor under the tested conditions.

TagX and ACIAD2685 Are Required for the Initiation of
the T6SS Sheath Assembly

The recently characterized L,D-endopeptidase TagX is thought
to be involved in forming a hole in the peptidoglycan, allowing
the assembly of the T6SS (Weber et al., 2016). Accordingly, we
were unable to detect Hcp in the supernatant of the AtagX strain,
and the E. coli inhibition was similar to that caused by the
AtssM strain (Figures 2B and 2C). Interestingly, the more sensi-
tive CPRG conversion assay indicated that the AtagX strain
is still capable of lysing E. coli, although to a much lesser extent
than the parental strain (Figure 2B), suggesting that the
T6SS is still partially active in the absence of TagX. This was

rows show fluorescence in the mCherry channel (ClpV). The arrows indicate the sites where new T6SS sheath structures are forming. The scale bars

represent 1 um.

(C) Kymographs depicting the three examples of assembly, contraction, and subsequent disassembly of the T6SS sheath structures shown in (B). The line
for generating the kymogram was drawn along the long axis of the highlighted structure.

See also Movies S1 and S2.
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Figure 2. Characterization of Selected T6SS Components of A. baylyi ADP1

(A) Large fields of view of the indicated mutants of A. baylyi ADP1 showing the merge of phase contrast, GFP (for VipA-sfGFP in green), and mCherry (for ClpV-
mCherry2 in magenta) channels. A close up of the GFP channel of a selected region of interest is shown as an inset. The scale bars of the large fields of view
represent 2 um and those of the insets represent 0.5 um.

(B) The quantitative competition assay measuring recovery of the indicated strains after 4 hr of coincubation of E. coli with the indicated aggressor strains is shown
on the left. The error bars indicate the SD, the long dashed lines indicate the mean value of the E. coli recovery, and the short dashed lines indicate the mean value
of the aggressor recovery. n. s. = not significant; ***p < 0.001. Lysis assays measuring CPRG conversion upon release of LacZ from E. coli cells incubated with the
indicated A. baylyi strains for the indicated time are shown on the right. The lysis assays were performed in biological triplicate and technical hexaplicate for all
competitions except for the parental and the AtssM strains for which biological and technical hexaplicates were performed.

(C) Hep detected in the culture supernatant of the indicated strains after trichloroacetic acid (TCA) precipitation, separation by PAGE and subsequent staining
with Coomassie. Representative pictures of the endpoints of the lysis assays from (B) are shown for comparison.

See also Figures S1 and S4 as well as Movie S1.

3930 Cell Reports 21, 3927-3940, December 26, 2017



OPEN

ACCESS
CellPress

A B
10 — 19 — mCerrry2
9 _- T KkK | n :
E 1.0 4 —=— Parental
8 %— £ .@.-§ S i ol —o— taet
7 i i
E - s -{- 8-
“3 S6] n.s K g0 8
3 g J
8 ©.5 wt-t <
€z A -1 06 L tse2
2 4 i I g ——
=4 - _ T Tl AtssM
3 * E. coli 0.4 #i:iﬂi—a—AE
5] & Aggressor —v— tpet
] 1 —o—tle1
1 NG A A N 0'200I00 01 I00 02I00 03I00 04I00
N QN A \ : : : : :
05@»@§ éOQ @& \5& ¥
S - Time [HH:MM]

single effector strains

D 30min 35min 40min 45min 50min 5.5 min 4.0min  7.0min 10.0 min 13.0 min 16.0 min 30.0 min

g8 5
w2 2
[d
>
T X X
c O O
o= =
© > >
o w »n
E 20min  25min  50min  7.0min 9.0 min 7.5min 125 min 22.0 min 27.0 min 27.5 min
h TS TE i i3 - o Pk 5
) )
3 2 2
S o [}
uj = =
»
> X X
T © O
S E =
- > >
»n »n
F 0.0min 13 0O min 26.0 min 39.0 min 40.0 min 53.0 min 1.0 min_ 10.0 min  19.0 min 28.0 min 29.0 min 38.0 min
—_ O [0} % ‘
3 2 . g oy
S & ! [}
u = ‘ = '
y ’
> X X
T © O
S = =
2 > >
»n %)
G 6.0 min_ 12.0 min 18.0 min  24.0 min_30.0 min 0.0min  6.0min 12.0 min 18.0 min 24.0 min 30.0 min
: F & z - s Rt g N
- O o ¥ -]
3o 2
o & @
Wi =@ =
»
> X x
30 2
L~ =
2 > >
»n »n
H 00min 15min 30min 45min 6.0min 7.5 min 0.0min 40min 80min 12.0 min 16.0 min 20.0 min
<3 g I
8 & )
W = =
€ % <
- O O
2 - =
= > >
»n »n

(legend on next page)

Cell Reports 21, 3927-3940, December 26, 2017 3931



OPEN

ACCESS
CellPress

9— ¢ A. baylyi ADP1 the AACIAD2685 strain was severely attenuated. There was no
& P. aeruginosa PAO1 detectable Hcp secretion and no inhibition of E. coli (Figures
7 ’ 2B and 2C). However, the more sensitive CPRG conversion
8 —'%' =dam % A QLY. o0 assay indicated that E. coli lysis was still occurring, albeit to a
. o severely reduced extent (Figure 2B). These results are in agree-
7 — - n.s. ment with the strongly reduced frequency of T6SS assembly
< _ oi! observed by fluorescence microscopy, similar to what had
> € 6 - been observed for the AtagX strain (Figure 2A; Movie S1).
“>" E TssM is encoded right downstream of ACIAD2685, therefore,
§ O 5 Te- we cannot exclude a potential polar effect of the in-frame
o — .
¥ 5 9{ deletion.
S 4 g
4 — * L 2 Five Identified T6SS Effectors Are Dispensable for T6SS
1 = Ao Ao Dynamics and Hcp Secretion
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i n. s. operon with a secreted structural component and the cognate
2 i immunity protein allowed us to identify five putative effectors
LU I I I | and their cognate immunity proteins in A. baylyi ADP1 (Fig-
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WT AretS unaffected (Figures 3B and 3C; Movie S1). However, we were

unable to detect a growth inhibition of E. coli or its lysis when
competed against the AE strain (Figure 3A). Moreover, no
E. coli permeabilization was detected by fluorescence micro-
scopy using SYTOX Blue as a cell permeability reporter
(Movie S3). This suggests that there is no remaining antibacterial
effector secreted by the AE strain, and that none of the effectors
are structural or functional components of the secretion system
itself.

To test if the T6SS in the AE strain is capable of inflicting dam-
age, we co-incubated the strain with both P. aeruginosa PAO1
and its AretS variant. Interestingly, both the wild-type and the

P. aeruginosa PAO1

Figure 4. The T6SS Effectors of A. baylyi ADP1 Are Dispensable for
Eliciting Retaliation from P. aeruginosa PAO1

Quantitative competition assays measuring recovery of the indicated A. baylyi
and P. aeruginosa strains upon 4 hr of coincubation. The dashed lines indicate
the means and the error bars indicate the SD. n. s. = not significant; *p < 0.05;
**p < 0.01; **p < 0.001.

See also Figure S4.

confirmed by fluorescence microscopy, which revealed a
strongly reduced frequency of T6SS sheath assembily initiation
(Figure 2A; Movie S1), indicating that TagX is dispensable for
the T6SS mode of action after the assembly is initiated by a
TagX-independent mechanism.

Bioinformatic analysis of ACIAD2685 suggested the presence
of two N-terminal transmembrane helices and that the N- and
C-termini are localized in the cytoplasm. The T6SS activity of

AretS strain inhibited the A. baylyi AE strain to the same level
as its parental strain. However, the inhibition of A. baylyi was
significantly reduced when the AtssM strain was co-incubated
with the P. aeruginosa wild-type or AretS strains (Figure 4).
This is consistent with previous observations (Basler et al.,
2013; Wilton et al., 2016) and suggests that the AE strain is likely
damaging at least the outer membrane of target cells and thus
induces retaliation by P. aeruginosa.

Figure 3. A. baylyi ADP1 deploys antibacterial T6SS effectors eliciting distinct lysis phenotypes

(A) Quantitative competition assay measuring recovery of the indicated strains after 4 h of coincubation of E. coli with the indicated aggressor strains is shown on
the left. The error bars indicate the standard deviation, the long dashed lines indicate the means of the E. coli recovery and the short dashed lines indicate the
means of the aggressor recovery. Lysis assays measuring CPRG conversion upon release of LacZ from E. coli cells incubated with the indicated A. baylyi strains
for the indicated time is shown on the right. The lysis assays were performed in biological triplicate and in at least technical tetraplicate. n. s. = not significant;
*=p<0.05 **=p<0.01.

(B) Representative image of effector deficient strain (AE vipA-sfGFP clpV-mCherry2) shows the merge of phase contrast, GFP (in green) and mCherry (in magenta)
channels on the left; the GFP channel in the middle; and mCherry channel on the right. The scale bar is equivalent to 1 pm.

(C) Hep detected in the culture supernatant of the indicated strains after TCA precipitation, separation by PAGE, and subsequent staining with Coomassie. For
comparison, representative images of the endpoints of the lysis assay from (A) are shown.

(D-H) Time-lapse microscopy of the competitions of the parental strain (D) and the tae (E), tse1 (F), tse2 (G), and tle 1 (H) single effector A. baylyi ADP1 strains with
E. coli. The representative frames were chosen to illustrate the distinct lysis phenotypes elicited by the indicated effectors. The top rows show a merge of phase
contrast, GFP (for VipA-sfGFP in green), mCherry (for ClpV-mCherry2 in magenta), and SYTOX (in cyan) channels. The bottom rows show the increase in the
fluorescence of the cell-impermeable DNA stain SYTOX Blue on the loss of cell membrane integrity. The scale bars represent 1 um. The arrows indicate the cells
that lose membrane integrity throughout the time lapse. Except for (F), the competitions were imaged every 30 s for 30 min. For (F), the competitions were imaged
every 1 min for 1 hr.

See also Figures S1, S2, and S4 as well as Movies S1 and S3.
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Figure 5. There Is No Crosstalk between the Five T6SS Effectors and Their Cognate Immunity Proteins
(A-E) Quantitative competition assays measuring recovery of the sensitive strains and the specified mutants after 4 hr of coincubation. The error bars indicate the
SD, the long dashed lines indicate the mean recovery of the sensitive strains and the short dashed lines indicate the mean recovery of the aggressors. n. s. = not

significant; *p < 0.05; **p < 0.01; ***p < 0.001.

(A) AtpeT-tpil:rpsL’-kan® used as the sensitive strain.
(B) Atae1-tail::rpsL’-kan® used as the sensitive strain.

(C) Atap1-tsi1bzrpsL’-kan® used as the sensitive strain.

(D) Atse2 Atsi2a-tsi2b::rpsL’-kan™ used as the sensitive strain.

(E) Atli1-tle1::rpsL’-kan® used as the sensitive strain.

To investigate the role of the individual effectors, strains lacking
all but one of the effectors (single effector strains) were con-
structed. All five single effector strains secreted Hcp and dis-
played sheath dynamics similar to the parental strain (Figures
3C-3H; Movie S3). The strains were tested for their ability to lyse
or inhibit growth of E. coli (Figure 3A). To dissect the mode of ac-
tion of the individual effectors, we also incubated the strains with
E. coli and imaged the competition for 30 minto 1 h at 30°C on a
Luria-Bertani (LB) agarose pad containing SYTOX Blue as an indi-
cator for cell permeability (Figures 3D-3H; Movie S3). Since puta-
tive immunity proteins were identified in the vicinity of the effec-
tors, we constructed strains lacking the immunity-effector pairs
and tested their growth inhibition due to interactions with the cor-
responding single effector, the parental, the single effector dele-
tion, and the AtssM strains (Figures 5A-5E).

The Putative Metallopeptidase Tpe1 Is a T6SS Effector
and Tpi1 Is Its Cognate Immunity Protein
The smallest of the putative effectors, Tpel (ACIAD0053), is
encoded in an operon with two PAAR proteins (Figure S1B).
It is predicted to contain a zinc metallopeptidase active site,
PS00142 (Figure S1C). The single effector strain was unable to
significantly reduce the recovery of E. coli or induce its lysis (Fig-
ures 3A and 3C). Additionally, the imaging of the competition
with E. coli showed no increase in signal from the DNA-binding
dye SYTOX Blue, suggesting that no E. coli cell permeabilization
was occurring (Movie S3).

The protein encoded downstream of Tpe1, which we termed
Tpi1 (ACIAD0054), contains a predicted N-terminal transmem-

brane helix, and we hypothesized it to constitute the cognate
immunity protein to Tpe1 (Figure S1B). The competition of the
sensitive strain (lacking both Tpe1 and Tpi1) against the parental
and the single effector strains led to a significantly reduced re-
covery of the sensitive strain, whereas there was no such reduc-
tion when competed against the AtssM and the Atpe1 strains
(Figure 5A). This indicates that Tpel is a T6SS effector and
Tpil is its corresponding immunity protein. The fact that no
E. coli inhibition or lysis was detected suggests that either
E. coliis resistant to the action of Tpe1 or that E. coli can outgrow
its effects without lysis.

Tae1 Is a Peptidoglycan-Targeting T6SS Effector and
Tai1 Is Its Cognate Immunity Protein

The remaining putative T6SS effectors are encoded down-
stream of VgrGs. Bioinformatic analysis of the sequence of
Tael (ACIADO168) suggested that it is a peptidoglycan-hydro-
lyzing amidase, which has no clear homology to any of the
four currently known families (Russell et al., 2012). Tae1 con-
tains two predicted peptidoglycan-binding domains (LysM,
PF01476.19, and IPR002477), a D-alanyl-D-alanine carboxy-
peptidase zinc-binding domain (IPR009045) and a peptido-
glycan-hydrolyzing domain (hydrolase_2, PF07486.11; Fig-
ure S1C), suggesting that Tae1 cleaves the peptide crosslinks
of peptidoglycan. The single effector strain significantly reduced
the recovery of E. coli and induced its lysis to a level comparable
to that of the parental strain (Figures 3A and 3C). Imaging the
competition with E. coli revealed that lysing E. coli often round
up and burst (Figure 3E; Movie S3), which is consistent with
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the prediction that Tael encodes a peptidoglycan-targeting
effector.

The gene downstream of tae7 encodes a protein we termed
Tai1 (ACIAD0169), which carries a predicted cleavable N-termi-
nal signal sequence, suggesting that Tai1 is the cognate immu-
nity protein of Tae1. When the Atae1/Atai1 strain was competed
with the parental strain or the Tae1 single effector strain, the re-
covery of the Atae1/Atail strain was significantly reduced. This
was fully dependent on T6SS activity and presence of tae1, since
the recovery was restored when competed against the Atae?
and the AtssM strains (Figure 5B). This indicates that Tael is a
peptidoglycan-targeting T6SS effector and that Tail is the
cognate immunity protein.

The Restored Tse1 Is a T6SS Effector and Tsi1a or Tsi1b
Are Its Cognate Immunity Proteins

Downstream of VgrG2 (ACIAD1788), a protein we termed Tap1
(ACIAD1789) is encoded that shows weak homology to the
DUF4123 domain found in T6SS effector chaperones (TECs),
also referred to as adaptor proteins (Liang et al., 2015; Unter-
weger et al., 2015). The downstream gene terminates at a copy
of the insertion element 1S1236, suggesting that the original
gene was disrupted by 1S1236 (Figure S1B). Indeed, a BLAST
search of the N-terminal fragment Tse1’ (ACIAD1790) in the Uni-
Parc (The UniProt Consortium, 2017) database yielded longer
proteins in various Acinetobacter strains, which were in the
genomic neighborhood of VgrG and Tap1 homologs and whose
N-terminal regions were similar to Tse1’.

We removed the insertion sequence (IS) element and restored
the full-length Tse1 based on the multiple sequence alignment
with the homologous effectors (ACIAD1790-1794 fusion; Figures
S1B and S2). The full-length Tse1 is predicted to carry four C-ter-
minal transmembrane helices and had a low-quality match for the
short-chain dehydrogenase/reductase active site (PS00061; Fig-
ure S1C). The single effector strain significantly reduced the re-
covery of E. coli and led to intermediate lysis of E. coli in the
CPRG conversion assay (Figures 3A and 3C). The competition
microscopy showed that, in some cases, lysis proceeded similar
to what had been observed for Tae1, where E. coli rounded up
and then burst, whereas in other cases, E. coli shrinks slightly
and lyses (Figure 3F; Movie S3). Both processes take longer
compared with the lysis induced by the other effectors.

Two putative immunity proteins sharing 82% sequence iden-
tity are encoded downstream of Tse1, which we termed Tsila
(ACIAD1795) and Tsi1b (ACIAD1796; Figure S1B). ATse1 ortholog
was only found in Burkholderia cenocepacia (excluding Acineto-
bacter), and immunity protein duplications were restricted to Aci-
netobacter, ranging from one to three copies (Figure S3A). Both
Tsila and Tsi1b are predicted to contain four transmembrane
helices. The sensitive strain (lacking both Tsi1a and Tsi1b) was in-
hibited by the single effector strain carrying the restored Tse1 (Fig-
ure 5C). However, no inhibition was observed when competed
against the AtssM strain or the Atse1’ strain as well as the parental
strain containing the IS element. When tssM was deleted in the sin-
gle Tse1 effector strain, no reduction in recovery of the sensitive
strain could be detected (Figure 5C). This confirms that Tse1 is
secreted in a T6SS-dependent manner and that Tsila, Tsi1b, or
both are the cognate immunity proteins.

3934 Cell Reports 27, 3927-3940, December 26, 2017

Tse2 Is a T6SS Effector and Tsi2a or Tsi2b Are Its
Cognate Immunity Proteins

Tse2 (ACIAD3114) is a homolog of the recently described
Tse3as (ACX60_11695) in A. baumannii ATCC 17978, which
was found to be an antibacterial effector, but its mechanism
of action remained unknown (Weber et al., 2016). The single
effector strain significantly reduced the recovery of E. coli, how-
ever, lysis, indicated by the CPRG conversion assay, was
delayed compared with the other single effector strains (Fig-
ure 3A). Interestingly, E. coli only slowly gained SYTOX Blue
signal during its interaction with the Tse2 single effector strain,
and the signal remained low. This is in contrast to what we
observed when E. coli was lysed by other effectors (Figure 3G;
Movie S3). The slow increase in SYTOX Blue signal suggests
that Tse2 leads to a low-level permeabilization of E. coli, which
is consistent with the delayed conversion of CPRG by LacZ and
suggests that the cell envelope remains largely impermeable to
CPRG and LacZ.

The two putative immunity proteins Tsi2a (ACIAD3112) and
Tsi2b (ACIAD3113), encoded in the opposite direction down-
stream of the effector (Figure S1B), are predicted to contain
a cleavable N-terminal signal sequence, indicating that they
are periplasmically localized and suggesting that the sub-
cellular target of Tse2 is accessible from the periplasm. The
recovery of the Atsi2a/Atsi2b/Atse2-sensitive strain was signif-
icantly reduced after incubation with the parental or the single
effector strain, but unchanged when incubated with the AtssM
or Atse2 strains (Figure 5D). These data indicate that Tse2 is
a T6SS effector and that Tsi2a, Tsi2b, or both confer immunity
toward Tse2.

A manual inspection of gene ortholog neighborhoods of tse2
revealed the presence of Tse2 homologs mostly in y-proteobac-
teria, but also in «- and B-proteobacteria. Multiple copies of the
immunity proteins, up to five consecutive ones in Klebsiella
pneumonia W14 and Photorhabdus luminescens subsp. lumi-
nescens DSM 3368, were a common feature in yy-proteobacteria,
but only two duplications were observed for B-proteobacteria,
and none were observed for «-proteobacteria (Figure S3B).
Immunity protein duplications seem to be common, and all
may contribute to immunity (Jiang et al., 2014; Russell et al.,
2013; Zhang et al., 2012). These evolved paralogs were specu-
lated to provide immunity against diverged corresponding effec-
tors arising in the population (Kirchberger et al., 2017; Zhang
et al., 2012).

The Phospholipase Tle1 Is a T6SS Effector and Tli1 Is Its
Cognate Immunity Protein

Tle1 (ACIAD3425) was predicted to be a phospholipase belonging
to family 4 of T6SS-associated phospholipases (Russell et al.,
2013). It matches an alpha/beta-hydrolase fold (Gene3D
3.40.50.1820) and the abhydrolase_5 domain (PF12695.5; Fig-
ure S1C). The Tle1 single effector strain significantly reduced the
recovery of E. coli and led to intermediate lysis of E. coli in the
CPRG conversion assay (Figures 3A and 3C). Surprisingly, when
the Tle1 single effector strain was co-incubated with E. coli, the
E. coli cells first shrank without an increase of SYTOX Blue signal
and then reinflated, coinciding with their permeabilization (Fig-
ure 3H; Movie S3).



The putative immunity protein is co-encoded in the same
operon upstream of tle1, which we termed Tli1 (ACIAD3426).
Tli1 carries a predicted cleavable N-terminal signal sequence
as is common for the cognate phospholipase immunity proteins
(Russell et al., 2013). The recovery of the sensitive strain was
significantly reduced when competed against the parental or sin-
gle effector strain. The recovery was restored when competed
against the AtssM or the Atle1 strains (Figure 5E). These results
confirm that Tle1 is a T6SS effector and that Tli1 is its cognate
immunity protein.

The T6SS-Mediated Lysis of Prey Contributes to
Horizontal Gene Transfer

T6SS-mediated killing of prey cells by the naturally competent
A. baylyi ADP1 can liberate the DNA of the prey and thereby pro-
mote horizontal gene transfer (Cooper et al., 2017). We specu-
lated that effectors causing the release of cellular content, like
Tael and Tle1, should cause a higher transformation rate
than those not directly leading to lysis, like Tse2. To test this hy-
pothesis, we competed a spectinomycin-resistant, T6SS-active
A. baylyi ADP1 derivative (T6SS*) against the Tle1- and the Tse2-
sensitive strains (Figures 6A and 6B). The sensitive strains carry
the kanamycin resistance cassette, disrupting the immunity pro-
tein-encoding genes. Successful transfer of DNA can thus be
monitored by selecting for spectinomycin and kanamycin dou-
ble-resistant strains.

To account for DNA transfer independent of T6SS-medi-
ated killing, a T6SS-deficient, spectinomycin-resistant strain
(T6SS™) was used as a control strain. To exclude possible dif-
ferences in uptake and integration of the counter-selectable
cassettes from the Tle1- and Tse2-sensitive strains, we trans-
formed the T6SS* strain with equal amounts of the genomic
DNA of both sensitive strains and enumerated the resulting
double-resistant mutants. The number of transformants ob-
tained with the genomic DNA was not significantly different,
indicating that both cassettes incorporate with similar effi-
ciency (Figure 6A).

When we incubated the T6SS™ strain with the Tle1- and Tse2-
sensitive strains, we observed reduced recoveries of the sensi-
tive strains comparable with those obtained during our previous
assays (compare Figures 5D and 5E with Figure 6B). In addition,
similar to the observations made for the competition with E. col,
the lipase effector Tle1 induced lysis of the non-immune A. baylyi
strain (VipA-sfGFP clpV-mCherry2 Atli1-tle1) as documented by
the leakage of DNA out of cells, the decrease in contrast of the
bacterial cytosol, and the rapid accumulation of SYTOX Blue
signal (Figures 6C). On the other hand, the Tse2-effector-medi-
ated killing resulted in a high level of inhibition of the non-immune
A. baylyi strain (VipA-sfGFP clpV-mCherry2 Atse2 Atsi2a-tsi2b;
Figure 6B), however, no clear cell lysis was observed, and the
cells accumulated SYTOX Blue rather slowly (Figure 6D). Impor-
tantly, the competition of the T6SS* strain with the Tle1-sensitive
strain produced significantly more double-resistant mutants
than the competition of the T6SS™* strain with the Tse2-sensitive
strain or the T6SS-independent transfer (Figure 6A). Overall,
these data suggest that the mechanisms of killing and lysis of
target cells have major implications for DNA release and thus
efficiency of horizontal gene transfer.

DISCUSSION

Imaging of A. baylyi ADP1 T6SS sheath dynamics and the use of
a sensitive target cell lysis assay allowed us to identify Acineto-
bacter-specific T6SS components, which are required for effi-
cient initiation of sheath assembly (Table 1). We predicted and
characterized five distinct effectors and their immunity proteins
and show that the mechanism of target cell killing influences
the efficiency of gene acquisition from prey cells.

We show that a markerless in-frame deletion of ACIAD2693
only has a partial effect on the T6SS function, and in many as-
says, the deletion strain displayed a phenotype similar to that
of the wild-type A. baylyi (Figures 2A-2C; Movie S1). A likely
explanation for the discrepancy with the previous results is a po-
tential polar effect on the downstream vipA (tssB) gene resulting
from generating insertion mutants using a Tdk-Kan® cassette
(Weber et al., 2016).

ACIAD2685 and TagX were proposed to be essential for T6SS-
mediated Hcp secretion (Weber et al., 2016). Interestingly, we
show that the strains lacking ACIAD2685 or TagX occasionally
assemble sheath structures that display dynamics similar to
that of the parental strain (Figure 2A; Movie S1). Importantly,
the prey cell lysis assay shows that those assemblies are func-
tional, which suggests that ACIAD2685 and TagX influence the
frequency of T6SS sheath assembly rather than the function of
the individual T6SS structures (Figure 2B). This is consistent
with the fact that TagX is an L,D-endopeptidase cleaving the
peptide crosslinks of the peptidoglycan, which was proposed
to form holes in the peptidoglycan to allow assembly of the
T6SS (Weber et al., 2016). Similarly, the lytic transglycosylase
MIRE was recently shown to be recruited by the TssM of the
Sci-1 in E. coli EAEC 17-2 to fulfil the same purpose (Santin
and Cascales, 2017). Therefore, the low number of TBSS assem-
blies detected in the AtagX strain may be due to the formation of
holes in the peptidoglycan during its remodeling or aging.
Although the phenotype of the AACIAD2685 strain is similar to
that of the AtagX strain, the lack of conserved domains prevents
predicting its function.

We identified five T6SS effectors and their corresponding im-
munity proteins in A. baylyi ADP1, a putative metallopeptidase
(Tpe1), a peptidoglycan-hydrolyzing amidase (Tae1), a phospho-
lipase (Tle1), and two effectors (Tsel1, and Tse2) representing
new classes of effectors for which no enzymatic activity could
be predicted or deduced from the lysis phenotype. Interestingly,
the A. baylyi strain lacking all five effectors (AE) was unable
to inhibit E. coli or induce cell membrane leakage (Figures 3A
and 3C; Movie S3). This is despite the fact that the AE strain
assembles dynamic T6SSs secreting wild-type levels of Hcp
(Figures 3B and 3C; Movie S1). The AE strain also provokes retal-
iation by P. aeruginosa (Figure 4) since it is killed as well as the
wild-type A. baylyi strain. This suggests that the retaliation
from P. aeruginosa is independent of effector delivery and is
rather a response to membrane perturbations as indicated pre-
viously (Basler et al., 2013; Ho et al., 2013; Wilton et al., 2016).
Interestingly, this also means that mere puncturing of the target
cell membrane is insufficient for killing or lysis of target cells
and that the delivery of effector proteins is required. This is
consistent with observations that even multiple puncturing of
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Figure 6. The Level of Horizontal Gene Transfer Depends on the Mechanism of Prey Cell Killing

(A) The level of DNA transfer between the indicated strains was tested by enumerating the clones having acquired a resistance cassette after 4 hr of coincubation.
The control transformations of the T6SS™ strain with genomic DNA are labeled as Atli1-tle::rpsL’-kan® and Atse2 Atsi2a-2b::rpsL’-kan".

(B) Quantitative competition assay measuring the recovery of the indicated strains coincubated as in (A). The dashed lines indicate the means and the error bars

indicate the SD. n. s. = not significant; *p < 0.05; **p < 0.01; ** p < 0.001.

(C and D) Time-lapse microscopy illustrating the distinct lysis phenotypes of the Atli1-tle1 (C) and the Atse2 Atsi2a-2b (D) sensitive strains (vipA-sfGFP clpV-
mcherry2 background) incubated with unlabeled wild-type A. baylyi ADP1. The top rows show a merge of phase contrast, GFP (green), mCherry (magenta), and
SYTOX (cyan) channels. The bottom rows show the increase in the fluorescence of the cell-impermeable DNA stain SYTOX Blue upon the loss of cell membrane
integrity. The mixtures were imaged every 30 s for 1 hr. The scale bars represent 1 um.

diderm bacteria with an atomic force microscopy (AFM) tip does
not affect their viability, which was explained by the “self-heal-
ing” capabilities of the cell envelope after AFM tip removal
(Suo et al., 2009). On the other hand, R-type pyocins, which
are structurally and mechanistically related to the T6SS, insert
a tube into the target cell envelope, which results in ion leakage
and cell killing (Ge et al., 2015; Michel-Briand and Baysse, 2002).
This therefore suggests that the T6SS tube is likely unstable, and
after delivery to the target cell, the Hep tube dissociates, allowing
the membranes to reseal.

All of the identified T6SS effectors (except Tpe1) were capable
of significantly inhibiting or lysing E. coli (Figures 3A and 3C).
Similarly, other bacteria carrying antibacterial effectors were
often shown to deploy more than one antibacterial effector (Alco-
forado Diniz et al., 2015). For example, V. cholerae has been
demonstrated to utilize effector sets for intraspecific competi-
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tion, where strains with incompatible combinations of effectors
and immunity proteins will intoxicate one another (Unterweger
et al., 2014). Interestingly, the T6SS of V. cholerae is involved
in horizontal gene transfer (Borgeaud et al.,, 2015), and
V. cholerae was also shown to be capable of acquiring new
effector-immunity pairs or of exchanging old ones while retaining
the corresponding immunity protein (Kirchberger et al., 2017;
Unterweger et al., 2014). Similarly, the T6SS of the naturally
competent A. baylyi ADP1 was recently shown to promote trans-
fer of a plasmid from prey to predator (Cooper et al., 2017). The
related A. baumannii strains, while not generally naturally
competent under laboratory conditions, carry similar genes
required to uptake DNA and kill target cells. It is therefore
tempting to speculate that the T6SS-mediated killing of target
cells by A. baumannii could be contributing to the highly efficient
spread of drug resistance genes (Cooper et al., 2017), especially



Table 1. Summary of Knockout Phenotypes

Competitor

Deletion Inhibition Hep Dynamics Lysis Previously Observed Phenotypes

tssE 0 0 +/0 0 approximately 1,000-fold less active in V. cholerae with no detectable
competitor CFU reduction, but residual prey lysis (Vettiger and Basler, 2016)

tagF +++ +++ +++ +++ increased Hcp secretion in P. aeruginosa (Silverman et al., 2011) and
B. cenocepacia (Aubert et al., 2015)

tagN ++ +++ ++ ++ this study and Weber et al., 2016

tagX 0 0 + + this study and Weber et al., 2016

ACIAD2685 0 0 + ++ this study and Weber et al., 2016

ACIAD2693 ++ ++ ++ +++ this study and Weber et al., 2016

ACIAD2698 +++ +++ +4++ +4++ this study and Weber et al., 2016

The phenotypes are given as qualitative values: +++, similar to wild-type; ++, attenuated; +, detectable; 0, not detectable.

if competence and T6SS would be co-regulated as in V. cholerae
(Borgeaud et al., 2015). However, it is also important to mention
that many organisms, including Acinetobacter and Vibrio,
may secrete DNases in a T6SS-dependent and -independent
manner, which could decrease the rate of horizontal gene
transfer.

Overall, potentially all bacteria that encode an anti-bacterial
T6SS and DNA uptake machinery could use their T6SS to
acquire new genes. In addition to Vibrio and Acinetobacter,
this could be relevant for Campylobacter, Pseudomonas,
Agrobacterium, and Ralstonia. Members of these genera were
predicted to harbor a T6SS (Li et al., 2015) and to be naturally
competent (reviewed in Johnston et al., 2014). The targeted
lysis and acquisition of genes from bacteria occupying a
certain environmental niche may provide an advantage to the
T6SS-positive bacteria since the target bacteria likely carry
genes that evolved to enhance survival in the niche (Veening
and Blokesch, 2017). Importantly, the rate of horizontal gene
transfer mediated by T6SSs will vary for each prey-predator
pair, because the frequency of DNA acquisition depends on
the mode of target cell killing (Figure 6). This suggests that
for efficient DNA acquisition from various prey cells, a diverse
set of lytic effectors delivered by the predator may be benefi-
cial, as certain prey cells may be immune to some of those
effectors.

EXPERIMENTAL PROCEDURES

Bioinformatic analyses were carried out as described in the Supplemental
Experimental Procedures.

Culturing of the Bacterial Strains

The strains were grown shaking at 200 rpm and 30°C or 37°C in LB broth or
on LB agar (LA) plates (1.3% [w/v] agar). The media were supplemented
with the appropriate antibiotics. For E. coli MG1655 GmF, 15 ug/mL genta-
micin was added, for A. baylyi ADP1 rpsL-K88R derivatives, 50 png/mL
streptomycin was added, and for A. baylyi ADP1 strains carrying the posi-
tive/negative selection cassette, 50 pg/mL kanamycin was added. The
strains carrying a spectinomycin resistance cassette were grown in the
presence of 300 ug/mL spectinomycin. P. aeruginosa PAO1 was first grown
on an LA plate overnight, and then an LB overnight culture supplemented
with 20 pg/mL irgasan was started from the plate. The strains used in this
study are listed in Table S1.

Construction of the Positive/Negative Selection Cassette

A positive/negative selection cassette was constructed based on the reces-
sive streptomycin resistance conferred by the genomic rpsL-K88R mutation
(Lederberg, 1951). The positive/negative selection cassette used in this study
consists of a synthetic gene encoding the native RpsL of A. baylyi ADP1 (IDT)
under the control of the native P, and the aph(3’)-la conferring kanamycin
resistance under the control of the Py, from the pRSFDuet-1 (Novagen). The
cassette was assembled using overlap extension PCR. The synthetic gene en-
coding the native RpsL of A. baylyi ADP1 was designed such that most codons
were exchanged by non-identical synonymous codons to avoid recombination
with the genomic rpsL-K88R allele. This cassette was inserted into vipA
and sequenced. Whenever the cassette was needed, it was amplified from
the genomic DNA of this initial strain. The full sequence of the cassette is
in Data S1.

Generation of Chromosomal A. baylyi ADP1 Mutants

A. baylyi ADP1 mutants were generated based on the methods described
earlier (Metzgar et al., 2004) with the modifications outlined below. The ho-
mologous flanking regions were typically chosen to be between 500 and
800 bp in length. Primers were derived from the A. baylyi ADP1 genomic
DNA sequence (NC_005966.1 obtained from NCBI). To transform DNA to
A. baylyi, an overnight culture was washed with LB and diluted 1:50 or
1:20 into fresh LB. The culture was then regrown for 5 hr or 2 hr and
45 min, respectively, shaking at 30°C and 200 rpm. Thereafter, a few micro-
liters of the agarose gel-purified DNA fragment bearing the desired mutation
were added to the culture, which was kept shaking at 30°C and 200 rpm
for >1 hr. Subsequently, cells from a 1-mL culture were plated on an LA
plate supplemented with the appropriate antibiotic. When selecting for the
loss of the counter-selectable cassette, 100 ug/ml streptomycin was used.
The efficiency of the negative selection was routinely over 90%. After re-
streaking for single colonies, the success of the mutagenesis was assessed
by colony PCR and subsequent sequencing. For mutants in which the target
gene was disrupted by the insertion of the counter-selectable cassette, addi-
tional mutations in the disrupted gene were tolerated. PCRs for sequencing,
cloning, and construction of deletion cassettes were either performed with
the Q5 High-Fidelity DNA Polymerase (NEB) or with Herculase Il (Agilent).
Colony PCRs were performed with Tag DNA Polymerase (Sigma-Aldrich)
or Q5 High-Fidelity DNA Polymerase. The mutations generated in this study
are listed in Table S2.

Quantitative Competition Assays

The quantitative competition assays were performed in biological triplicates
starting from three separate overnight cultures of the predator and prey
strains. The vipA-sfGFP- and clpV-mCherry2-labeled parental strain served
as the positive control, and the derived AtssM strain served as the negative
control. After overnight cultivation, the cultures were washed once with LB
to remove the antibiotic. Thereafter, the A. baylyi ADP1 strains were diluted
1:20, the E. coli MG1655 Gent”™ was diluted 1:100, P. aeruginosa PAO1 was
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diluted 1:40, and P. aeruginosa PAO1 AretS was diluted 1:20 in 3 mL fresh LB.
These cultures were incubated shaking at 200 rpm and 30°C for approximately
2 hr 40 min to reach an optical density at 600 nm (ODggonm) of 0.6-1.4 and then
pelleted at 20,000 x g for 2 min. The pellets were resuspended in fresh LB to
reach an ODggonm Of approximately 10. The predator and prey strains were
mixed at a ratio of 1:1, and 5 pL of the mixtures were spotted on a pre-dried
LA plate. The spots were allowed to dry, and then the competition was carried
out at 30°C for 4 hr. Thereafter, the spots were excised from the plate, and the
bacteria were resuspended in 0.5 mL LB. These suspensions were 7 x serially
diluted 1:10 with LB, and 5 pL of each sample was spotted on both a prey- and
a predator-selective plate. For streptomycin-resistant A. baylyi ADP1 deriva-
tives, 100 pg/mL streptomycin was used. For the other strains, the usual
antibiotic concentrations were used. These plates were incubated at room
temperature (RT) or 30°C until colonies were visible. For the comparisons,
one-way ANOVA (o = 0.05) with a subsequent Tukey post hoc test was per-
formed using OriginPro 2016G.

Horizontal Gene Transfer Assay

The horizontal gene transfer assay was carried out as described for the quan-
titative competition assay, except that the serial dilutions of the recovered
bacteria were spotted on three LA plates supplemented with 300 png/mL spec-
tinomycin, 50 ug/mL kanamycin, and both 300 pg/mL spectinomycin and
50 ng/mL kanamycin. For the control transformations, 203 ng of the prey strain
genomic DNA was added to the concentrated predator instead of the concen-
trated prey strains. Thereafter, the assay was carried out as described for
testing horizontal gene transfer between two strains.

Hcp Secretion Assay

For the Hcp secretion assay the A. baylyi ADP1 derivatives were regrown as
described for the quantitative competition assay. Thereafter, 1 mL of the cul-
tures were centrifuged for 1 min at 10,000 x g and 4°C. A total of 100 pL ice-
cold 100% trichloroacetic acid (w/v; Sigma-Aldrich) was added to 900 pL of
the supernatants, incubated on ice for 10 min with intermittent vortexing and
then centrifuged for 5 min at 14,000 x g and 4°C. The pellets were washed
with ice-cold acetone, dried at RT, and then resuspended in 20 pL 1 x NuPAGE
LDS sample buffer (Thermo Fisher Scientific); 2.22 uL 1 M dithiothreitol was
added and then incubated at 70°C for 10 min. Three-quarters of these samples
were loaded onto NUPAGE 4%-12% Bis-Tris 1.0-mm, 12-well protein gels
(Thermo Fisher Scientific), which were run in MES buffer (Thermo Fisher Scien-
tific) for 35 min at 200 V. The gels were stained with InstantBlue Coomassie
protein stain (Expedeon) overnight and then destained with distilled water.
The assay was performed in biological duplicate. The whole gels are shown
in Figure S4.

Lysis Assay

The lysis assay is based on the chromogenic hydrolysis of the cell-impermeable
B-galactosidase substrate chlorophenol red-B-D-galactopyranoside (CPRG;
Sigma-Aldrich) (Vettiger and Basler, 2016) upon lysis of E. coli MG1655 Gent™.
The assay was carried out similarly to the quantitative competition assay
described above, except that E. coli was regrown in the presence of 100 pM
isopropyl-B-D-thiogalactoside (IPTG) to pre-induce the B-galactosidase. After
pelleting, the E. coli pellet was resuspended in LB supplemented with 100 uM
IPTG. Only 3 puL of the competition mixtures were spotted on 150 pL LA
supplemented with 100 pM IPTG and 20 pg/mL CPRG in a flat-bottom
96-well plate in hexaplicate, leaving out the outer most wells. The spots were
allowed to dry. Thereafter, the plate was incubated at 30°C without a lid in an
Epoch 2 plate reader (BioTek) for 4 hr while measuring the absorption
at 572 nm every 10 min. When the measurement was finished, a picture of a
representative plate was taken. The SDs of the biological triplicates were
calculated from the averages of the technical hexaplicates except where noted
otherwise.

Fluorescence Microscopy

Forimaging the T6SS dynamics of the A. baylyi ADP1 mutants and the compe-
tition microscopy, the strains were regrown, concentrated, and mixed, when
appropriate, as described for the quantitative competition assay. The concen-
trated culture or mixture was spotted on a thin pad of 1% (w/v) agarose in LB,
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covered with a glass coverslip, and imaged. For the competition microscopy,
the pad was supplemented with 0.5 uM SYTOX Blue Nucleic Acid Stain
(Thermo Fisher Scientific). The microscopic imaging was performed at least
in biological duplicate.

The following setup was used for microscopy: a Nikon Ti-E inverted motor-
ized microscope with Perfect Focus System and Plan Apo 100x Oil Ph3 DM
(NA, 1.4) objective lens, SPECTRA X light engine (Lumencor) and ET-ECFP
(Chroma #49001), ET-GFP (Chroma #49002), and ET-mCherry (Chroma
#49008) filter set. A pco.edge 4.2 (PCO, Germany) scientific complementary
metal-oxide-semiconductor (sCMOS) camera (pixel size, 65 nm) and VisiView
software (Visitron Systems, Germany) were used to record the images. The
power output of the SPECTRA X light engine was set to 20% for all excitation
wavelengths. The sfGFP and SYTOX Blue images were acquired with 100-ms
exposure, whereas the mCherry2 images were acquired with 200-ms expo-
sure. A climate chamber mounted around the stage and a heating collar
around the objective were used to perform the imaging at 30°C and 95% rela-
tive humidity (R. H.). The obtained images were post-processed with Fiji
(Schindelin et al., 2012) and custom software based on StackReg (Thévenaz
et al., 1998). The contrast settings were adjusted such that the whole display
range was used for the bright field channel (0-65535). For the other channels,
the minimal value was set as the lower bound, and the upper bound was set to
allow 5% of the pixels to saturate. The same contrast settings were used for
each frame of a time lapse.

Statistical Analysis

The number of biological replicates is indicated for each experiment. When
measuring the colony forming units (CFUs) per milliliter, first the decadic loga-
rithm was taken, and then the averages and SDs were calculated from the
transformed values. For the comparisons, one-way ANOVA (o = 0.05) with a
Tukey post hoc test was performed using OriginPro 2016G. For the CPRG
assays, the averages and the SDs of the biological replicates were calculated
from the averages of the technical replicates.
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