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ABSTRACT Porphyromonas gingivalis, a bacterial pathogen contributing to human
periodontitis, exports and anchors cargo proteins to its surface, enabling the produc-
tion of black pigmentation using a type IX secretion system (T9SS) and conjugation
to anionic lipopolysaccharide (A-LPS). To determine whether T9SS components need
to be assembled in situ for correct secretion and A-LPS modification of cargo pro-
teins, combinations of nonpigmented mutants lacking A-LPS or a T9SS component
were mixed to investigate in trans complementation. Reacquisition of pigmentation
occurred only between an A-LPS mutant and a T9SS mutant, which coincided with
A-LPS modification of cargo proteins detected by Western blotting and coimmuno-
precipitation/quantitative mass spectrometry. Complementation also occurred using
an A-LPS mutant mixed with outer membrane vesicles (OMVs) or purified A-LPS.
Fluorescence experiments demonstrated that OMVs can fuse with and transfer lipid
to P. gingivalis, leading to the conclusion that complementation of T9SS function
occurred through A-LPS transfer between cells. None of the two-strain crosses
involving only the five T9SS OM component mutants produced black pigmentation,
implying that the OM proteins cannot be transferred in a manner that restores func-
tion and surface pigmentation, and hence, a more ordered temporal in situ assembly
of T9SS components may be required. Our results show that LPS can be transferred
between cells or between cells and OMVs to complement deficiencies in LPS biosyn-
thesis and hemin-related pigmentation to reveal a potentially new mechanism by
which the oral microbial community is modulated to produce clinical consequences
in the human host.

IMPORTANCE Porphyromonas gingivalis is a keystone pathogen contributing to periodon-
titis in humans, leading to tooth loss. The oral microbiota is essential in this pathogenic
process and changes from predominantly Gram-positive (health) to predominantly
Gram-negative (disease) species. P. gingivalis uses its type IX secretion system (T9SS) to
secrete and conjugate virulence proteins to anionic lipopolysaccharide (A-LPS). This
study investigated whether components of this secretion system could be comple-
mented and found that it was possible for A-LPS biosynthetic mutants to be comple-
mented in trans both by strains that had the A-LPS on the cell surface and by exoge-
nous sources of A-LPS. This is the first known example of LPS exchange in a human
bacterial pathogen which causes disease through complex microbiota-host interactions.

KEYWORDS Porphyromonas gingivalis, lipopolysaccharide exchange, virulence,
periodontitis, type IX secretion system

P orphyromonas gingivalis is a Gram-negative pathogen linked with the progression
of human periodontitis. This is a progressive inflammatory disease of the tooth’s

supporting tissues in which the bone and other tissues are destroyed, ultimately leading
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to the loss of teeth. P. gingivalis is responsible for transforming the periodontal micro-
biota into a dysbiotic community and directs destructive inflammation early in the dis-
ease process at low numbers, and it is therefore considered a keystone species in the de-
velopment of periodontitis (1–3). P. gingivalis appears in greater numbers with restricted
species diversity of predominantly Gram-negative species later in biofilm development,
when the polymicrobial infection is well established (4).

Major virulence factors of P. gingivalis contributing to this disease are the cysteine
proteases known as gingipains (5, 6). These, together with approximately 30 other pro-
teins, are secreted to the cell surface and anchored to the outer membrane (OM) by
transpeptidation, where their conserved C-terminal domain (CTD) is cleaved and the
new C terminus covalently attached to anionic lipopolysaccharide (A-LPS) (7, 8). This
secretion and anchorage of proteins is performed by the type IX secretion system
(T9SS), which has been found only in members of the Bacteroidetes/Chlorobi phyla
(9–13). Substrates of the T9SS require an N-terminal signal peptide for secretion across
the inner membrane (IM) by the Sec translocon and require the CTD for secretion
across the OM and anchorage by the T9SS (14), and hence, substrates have been
referred to as CTD proteins, cargo proteins or T9SS substrates. Cargo proteins are also
greatly enriched in the outer membrane vesicles (OMVs) of P. gingivalis (15, 16).

Many of the genes required for secretion and anchorage by the T9SS have been
identified and fall into three broad groups. The first group include genes/gene prod-
ucts involved in the biosynthesis of A-LPS. The polysaccharide portion of A-LPS is an
anionic polysaccharide proposed to consist of a phosphorylated branched mannan
(17, 18); however, accumulating evidence suggests that A-LPS includes a more conven-
tional polysaccharide requiring six specific glycosyl transferases for its assembly (WbaP,
GtfC, GtfE, GtfB, VimF, and GtfF) (19–24). In addition, the novel A-LPS linking sugar,
which is bonded to the cargo proteins, was recently identified to be an N-seryl-N-ace-
tylglucuronamide that is synthesized by the Wbp/Vim pathway, comprising WbpA,
UgdA, WbpB, WbpE (also known as PorR), WbpD, VimE, and VimA (25–28). Genes
required for both conventional O-LPS and A-LPS include those involved in core synthe-
sis (rfa and gtfG) (18, 29, 30) and O-antigen assembly onto the lipid A core (wzx, wzz,
wzy, and waaL) (20). The second group of genes are involved in signal transduction
and gene regulation (porY, porX, and sigP) (9, 31, 32).

The third group are genes that code for components of the T9SS machinery, includ-
ing IM proteins (PorL and PorM) and OM proteins (PorT, PorK, PorN, Sov, PorW, PorP,
PorV, PorU, PorQ, PorZ, PorF/PG0534, PorE/PG1058, and PorG/PG0189) (7, 9, 33–42).
While most of these components are involved in the translocation step, PorV, PorU,
PorQ, and PorZ form the OM attachment complex (38), which is required for CTD cleav-
age and covalent attachment of A-LPS to secreted cargo proteins (7, 8, 38, 43). PorU is
the CTD signal peptidase/sortase that cleaves the CTD and covalently links A-LPS to
the new C terminus by transpeptidation (7, 8). The structure of PorZ contains two
b-propeller domains (43) and is proposed to bind A-LPS (38). PorU and PorZ are special
T9SS cargo proteins having variant CTD sequences which are uncleaved and are not
modified by A-LPS but are still detected on the cell surface (7, 43). PorU and PorZ are
anchored to the OM through binding to the OM b-barrel proteins PorV and PorQ,
respectively, and can form separate subcomplexes in certain mutants where PorU
directly binds PorV and PorZ directly binds PorQ (16, 38). In the porU mutant, PorV was
observed to bind many unmodified cargo proteins in separate PorV-cargo protein
complexes. These complexes were detected on the cell surface, and it was proposed
that PorV acts as a cargo protein shuttle between the T9SS pore and the attachment
complex for A-LPS modification (38). By cryo-electron microscopy, SprA, the Sov homo-
logue in Flavobacterium johnsoniae, was found to form a large OM b-barrel and is pro-
posed to be the T9SS pore (39). Sov functions by interchangeably interacting with
PorV at its lateral opening and the Plug protein at its periplasmic opening. This led to
the proposition that Sov transports cargo proteins to PorV through its OM channel by
an alternating access mechanism.
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Mutants for all three groups of genes lack black pigmentation on blood agar due to
the absence of cell surface-attached Kgp and RgpA gingipains, rendering them unable
to extract and produce the black pigment, m-oxo bisheme, from hemoglobin (44). In
addition, the A-LPS mutants are less able to bind the pigment to the cell surface due
to the absence of A-LPS (30). Group 1 mutants that are unable to synthesize A-LPS are
unable to modify their cargo proteins with A-LPS and attach them to the cell surface;
instead, the cargo proteins are released into the culture milieu (26, 27). Analysis of the
C-terminal cleavage of released cargo proteins in mutants lacking wbaP showed that in
the absence of A-LPS, the CTD is still cleaved by the PorU sortase, suggesting that the
T9SS is still responsible for their secretion (8). In contrast, cargo proteins of T9SS com-
ponent mutants (group 3), although also not modified with A-LPS, vary in the extent to
which they reach the cell surface. Mutants with mutations in sov (T9SS pore) porL,
porM, porK, porN, porV, and porQ do not show evidence of cargo proteins on the cell
surface; however, cargo proteins still reach the cell surface in porU and porZ mutants
(7, 9, 38).

Many bacterial components, such as DNA, OM and periplasmic proteins, LPS and
lipoproteins, and small signaling molecules, can be exchanged between strains and/or
species by OMV delivery (45–50). OMVs from Gram-negative Shigella and Pseudomonas
species can tightly bind/fuse with cells from other Gram-negative species, such as
Salmonella species and Escherichia coli. LPS has been shown to be exchanged between
Myxococcus xanthus cells indirectly by complementation of social motility and sporula-
tion defects due to an LPS biosynthesis mutation (50).

To better understand how the OM components of the T9SS machinery function,
this study investigated whether they could be complemented in trans. We found that
OM proteins of the T9SS were unable to be exchanged for mutation complementation;
however, A-LPS from the donor T9SS mutant (or OMVs) could be transferred to the OM
of the A-LPS biosynthetic mutant cell for covalent ligation to T9SS cargo proteins.

RESULTS
Complementation of black pigmentation occurs only between an A-LPS mutant

and a T9SS mutant. To investigate which mutants were able to complement and
restore T9SS function, all possible combinations of two mutants were tested by growth
on blood agar. Of all combinations, only those including a wbaP strain with a T9SS mu-
tant could produce the black pigmentation in the right arm of the cross where both
strains were mixed (Fig. 1A). In contrast, all combinations of only T9SS mutants (porT,
porV, porU, porUC690A, porZ, and porQ mutants) did not produce black pigmentation
(see Fig. S1 in the supplemental material). This plate pigment complementation experi-
ment was repeated, producing similar results (data not shown). This black pigment
complementation was confirmed for a selection of T9SS mutants with either wbaP or
wzy by patching the two strains on BHI-T blood agar (see Materials and Methods) as
single and mixed strains. Then, after 6 days’ growth, the cells from these patches were
spun down, showing that the pellets from the mixed strains were darker than those
from each single strain (Fig. 1B).

The size distribution of A-LPS ladders is strain specific. To examine if the black
pigmentation was due to covalent linkage of A-LPS to T9SS cargo proteins, first, the
size distribution of A-LPS within the various strains used was analyzed by Western blot-
ting analysis using the anti-A-LPS monoclonal antibody (MAb) 1B5, which detects both
free and protein-modified A-LPS (7, 37, 38). The wbaP and wzy mutants were both neg-
ative for A-LPS as expected, while the mutants lacking components of the T9SS pro-
duced free A-LPS over a broad range of molecular weights (MW) (Fig. 2A). The W50
mutants, with mutations in porU and porV, exhibited dark staining from ;25 to 70 kDa,
and the 33277 porQ mutant was more lightly stained and produced a ladder spanning
from ;35 to 65kDa, while 381 porV and 381 porZ showed the darkest staining between
;15 and 50 kDa (Fig. 2A).

In the wild-type (WT) strains, most of the A-LPS is conjugated to cargo proteins,
which can be seen by the appearance of new bands of higher MW (Fig. 2B, new bands
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FIG 1 Pigmentation complementation of mixed strains on blood agar. (A) Reciprocal crossovers of two strains
between W50 wbaP and T9SS mutants. The first strain was applied vertically and the second strain was applied in one
horizontal motion from left to right on BHI-T BA plates, and plates were incubated for 14 days anaerobically. 1,
obvious pigmentation; W, weak pigmentation; 2, no pigmentation. (B) Two single strains (A and B) were patched on
BHI-T BA, and a mix of the two strains was patched in the middle. Three pairs of strains were tested on each plate.
The wbaP strain was used as strain A for plate 1, and the wzy strain was used as strain A for plate 2. Strain B was
variable for both plates, as indicated. After 6 days’ growth, cells in patches were scraped into 1ml of PBS and
centrifuged to pellet cells. Pellets in centrifuge tubes are shown on the right. All strain names are colored according
to strain background to aid matching with Fig. 2.
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indicated by color-coded lines). When the WT strains were probed with anti-CPG70,
which detects both unmodified and A-LPS-modified forms of CPG70, the strain-specific
size of the A-LPS modification on the CPG70 cargo protein was evident, with strain
33277 producing the highest-MW band, followed by W50 and then 381 (Fig. 2D). Note
that the size of CPG70 calculated from the amino acid sequences is the same in each
strain.

Complementation between mutant strains involves covalent linkage of A-LPS
to T9SS cargo proteins. Having characterized the profiles of A-LPS in each strain for
both free A-LPS and protein-conjugated A-LPS, we examined the cell pellets of the

FIG 2 Complementation of pigmentation on blood agar correlates with covalent linkage of protein to A-LPS. Whole-cell lysates of strains were grown for
6 days on plates as either single strains or mixes of an A-LPS mutant (W50 wbaP or 33277 wzy) with a T9SS mutant (W50 porU, W50 porV, 33277 porQ, 381
porV, or 381 porZ) as shown in Fig. 1B except for the WT strains (W50, 33277, and 381, shown in separate panels), which were similarly grown and
processed. All strain names are colored according to strain background. (A, B, and C) Anti-A-LPS Western blot analyses. (D and E) Anti-CPG70 Western blot
analyses. Profiles of high-MW A-LPS modified proteins are indicated by a colored line or arrowhead to the left of the band(s) and color coded according to
the background strain (blue, W50; green, 33277; red, 381). S, protein size ladder. The resulting image of each of the Western blots showing the protein
standard is produced by two exposures of the same blot perfectly overlapped and cropped to reveal the prestained protein ladder.
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“mixed” strains (Fig. 1B) to determine whether complementation involved the covalent
linkage of A-LPS to T9SS cargo proteins. The Western blots of each mixed strain sample
were run in a lane near the relevant WT and T9SS mutant strains so that the appear-
ance of new bands corresponding to A-LPS modified proteins could be closely exam-
ined (Fig. 2C). It was observed that the high-MW A-LPS forms (marked with colored
bars) were only observed for the “mixed” mutant pair lysates (M1 to M6) and WT
strains, demonstrating that covalent linkage of A-LPS to cargo proteins had occurred in
the mixed mutant cultures (Fig. 2C). Although the new high-MW bands were some-
times weakly stained, the overall staining of the mixed strain samples was weaker than
that of the corresponding T9SS mutant, demonstrating that the detection of the new
bands was not due to increased sample loading. To further confirm this, one specific
cargo protein was analyzed using the same samples and probed with anti-CPG70 (Fig.
2E). The mixed strain samples all produced high-MW forms that were absent in the sin-
gle mutants, confirming that A-LPS modification of CPG70 had taken place. The upper
A-LPS-modified CPG70 bands were of various sizes and consistent with the strain-spe-
cific results of the WT strains, where 381 had the smallest and 33277 the largest A-LPS
modification (Fig. 2D).

The high-MW A-LPS patterns (Fig. 2B and C) and the A-LPS-modified CPG70 (Fig. 2D
and E) appeared to follow the same pattern as the corresponding WT parent strain of
the putative A-LPS donor mutant strain rather than that of the WT parent strain pattern
of the wbaP or wzy mutants. Mixes M1 (A-LPS donor, W50 porU) and M2 (donor, W50
porV) corresponded to a WT W50 anti-A-LPS profile, M3 and M5 (donor, 33277 porQ)
corresponded to a 33277 WT anti-A-LPS profile, and M4 (donor, 381 porV) and M6 (do-
nor, 381 porZ) corresponded to a WT 381 anti-A-LPS profile, although the top two
bands for the 381 porZ donor mix were not detected, perhaps due to a weaker comple-
mentation that was also observed on blood agar plates in Fig. 1A. The same trend is
also observed for modified CPG70 for these mixes (see color-coded arrowheads in Fig.
2D and E) where the size difference of modified CPG70 corresponded to the size of the
donor strain A-LPS. These results are consistent with transfer of free unconjugated A-
LPS from the donor strain to the A-LPS biosynthetic mutant (wbaP or wzy), which uses
the free A-LPS to conjugate to its cargo proteins. This finding rules out the alternative
hypothesis that the wbaP or wzy genes or their gene products were donated to restore
A-LPS biosynthesis within the recipient strain.

Cell surface forms of A-LPS were assessed by whole-cell enzyme-linked immunosor-
bent assay (ELISA) (Fig. 3). This confirmed that the wzy mutant lacked surface A-LPS.
Conversely, unconjugated A-LPS was present on the surface of all tested T9SS mutants
(porQ, porU, porV, porZ, and porT). These mutants produced slightly higher signals than
the WT strains, 33277 and 381, which possessed predominantly protein-conjugated
forms of A-LPS.

Exogenous sources of A-LPS can complement A-LPS biosynthetic mutants. To
test if cell-free forms of A-LPS could complement the defect in the wzymutant, purified
LPS from P. gingivalis containing unconjugated A-LPS was applied to sterile blotting
paper on blood agar medium seeded with lawns of wzy mutant cells at two different
dilutions in BHI-T growth medium. After growth, weak pigmentation could be
observed around the blotting paper containing the largest amount of purified A-LPS
(Fig. 4A and B).

Another exogenous source of unconjugated A-LPS was purified filtered OMVs from
the 381 porU mutant that was mixed with the 33277 wzy mutant, patched onto BBA
(see Materials and Methods), which did not contain a trypsin-cleaved source of pro-
teins, or onto BHI-T BA, which contained trypsin-cleaved soy protein fragments, and
grown for 4 days (Fig. 4C). Weak pigmentation was observed for all mixes with OMVs
but not for the controls without OMV material. Interestingly, on the BBA plate, OMVs
were required to assist the growth of the wzy mutant. Cells from patches grown for 4
days were scraped off plates, lysed, and subjected to anti-A-LPS Western blot analysis
(Fig. 4D). The control wzy lysates, as expected, showed a complete absence of A-LPS,
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but the lysates from cells mixed with OMVs from the porU mutant contained predomi-
nantly high-MW A-LPS modified proteins of a restricted size. There was little detectable
free A-LPS; therefore, it appeared that the finite amount of donated A-LPS added was
almost completely converted to a protein-conjugated form. It was also different from
what was produced when cells rather than OMVs were used for the complementation,
where, in general, both high-MW A-LPS-conjugated proteins and low-MW free A-LPS
were observed (Fig. 2B). Due to the limited amount of A-LPS added for this comple-
mentation, it was expected that only the most abundant CTD proteins would be
observed.

Coimmunoprecipitation of T9SS cargo proteins with anti-A-LPS and MaxQuant
iBAQ quantitation. To further support that the mechanism of complementation
involves the A-LPS modification of T9SS cargo proteins, the cell lysate obtained after
33277 wzy was grown with 381 porU was subjected to coimmunoprecipitation (co-IP)
using anti-A-LPS. For negative controls, cell lysates from the individual strains were
used. The three co-IP samples were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and quantitated by MaxQuant software using the 33277
database. Comparison of the label-free quantitation (LFQ) intensity of the proteins in
the mixed sample with the maximum LFQ intensity in the individual strains revealed
10 highly enriched proteins (Table 1). Six of these proteins are T9SS cargo proteins,
including HBP35, which was enriched by more than 100-fold. Quantitation of the
amount of protein pulled down using iBAQ (intensity-based absolute quantification)
revealed that HBP35 and RgpA/RgpB were easily the most abundant (Table 1). The
strong preference for pulling down T9SS cargo proteins in the mixed sample confirms
that A-LPS modification of cargo proteins occurs during complementation. To deter-
mine which form of Rgp was pulled down, the individually quantitated peptides were
examined. Seven of the nine peptides common to RgpA and RgpB were quantifiable.
The other two peptides were not, as they were not detected in the control sample (Fig.
5). The intensity ratios for these quantifiable peptides were very similar, varying from
5.0 to 10.3, indicating a significant enrichment in the mixed sample, whereas the 3
peptides specific to RgpA exhibited ratios of ,0.6. The clear demarcation between
these two groups suggests that only RgpB was enriched. The MaxQuant analysis was

FIG 3 Anti-A-LPS whole-cell ELISA. Anti-A-LPS dilution 1, corresponding to horizontal axis point 1, represents 1/100 dilution, followed by serial 2-fold
dilutions for points 2 to 10. Point 11 represents the controls (secondary anti-mouse IgG horseradish peroxidase conjugate only) which all values were
normalized to for each strain. Signal intensity order for strains is indicated on the left, and apparent clustering is indicated by brackets.
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FIG 4 Complementation of pigmentation occurs using exogenous sources of A-LPS. (A and B) Complementation of
pigmentation with ultrapurified P. gingivalis LPS. Two different dilutions of 33277 wzy, 1:4 (A) and 1:9 (B), were
spread onto BHI-T BA plates. Square pieces of blotting paper were then placed on top, and 20-ml volumes of
ultrapurified LPS from P. gingivalis were applied (1, 20mg; 2, 2mg; 3, 0.2mg; 4, 20 ng; 5, 2 ng). Plates were
anaerobically incubated for 15 days at 37°C. Pigmentation is observed surrounding blotting paper 1 on both plates.
(C and D) Complementation of an A-LPS biosynthetic mutant using purified OMVs from 381 porU. (C) The control
patch was 10ml of strain 33277 wzy mixed with 10ml of control sterile water and spread onto either BBA or BHI-T BA
plates. M1, M2, M3, and M4 are from mixes (10ml-10ml) of the wzy strain with serial 2-fold dilutions of purified

(Continued on next page)
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repeated without RgpA in the database so that the enrichment and abundance of
RgpB could be better estimated. The “inferred” RgpB was enriched by 6-fold and was
the most abundant protein that was specifically pulled down (Table 1). The values for
RgpB are likely to be underestimates, since the protein detected in the negative con-
trols is inferred to be mostly RgpA rather than RgpB, since there were similar abundan-
ces for both RgpA-specific and RgpA/RgpB-common peptides.

Additionally, since the sequence of RgpB is different between the two strains, the
dominant sequence detected in the mixed sample should indicate which strain was
providing the RgpB for modification. Sequence comparison predicts four sequence dif-
ferences that should produce two sets of different tryptic peptides (see Table S1 and
Fig. S2 in the supplemental material). Searching the data against both strain databases
(33277 and 381) revealed that only the 33277 variant peptides (1 and 9) (Fig. 5; also,
see Table S1) were identified, consistent with the RgpB detected being produced by
the 33277 wzy strain. These 2 peptides are common to RgpA of both strains (Table S1);
however, it is highly unlikely that they were from RgpA, since these peptides were,
respectively, 10-fold less abundant and undetected in the 381 porU control strain (Fig.
5) and even less abundant in the 33277 wzy control strain (data not shown).

Rhodamine-labeled T9SS mutant OMVs fuse with A-LPS biosynthetic mutant
cells. The fluorescence of rhodamine B-R18 in membranes is quenched at high dye
concentrations but is released upon dilution. This property makes the dye useful for
membrane fusion assays. To provide evidence that lipid-associated molecules can be
exchanged between OMVs and P. gingivalis cells via membrane fusion, the rhodamine
OMV fusion assay (51) was employed. The OMVs from the porU mutant were labeled
with rhodamine B-R18 and mixed at two different concentrations with wzy mutant
cells. The labeled OMV membranes and wzy cells did not fluoresce (Fig. 6A to C), but
when the labeled OMVs were mixed with wzy cells, the cell membranes of a proportion
of cells could be observed fluorescing, indicating that an exchange of rhodamine dye

TABLE 1MaxQuant iBAQ quantitation of proteins coimmunoprecipitated with anti-A-LPS from a mix of 33277 wzy and 381 porU strainsa

Protein name Locus tagd

LFQ intensity

LFQ ratio iBAQ abundance No. of peptides (mix)Mix Negative
RgpBb PGN_1466 7.6E108 1.27E108 6.0 2.5E107 9
HBP35 PGN_0659 2.5E108 2.4E106 106.4 1.4E107 7
RgpAc PGN_1970 7.8E108 1.4E108 5.4 1.2E107 11
RgpB PGN_1466 7.8E108 1.4E108 5.4 1.2E107
PPAD PGN_0898 8.0E107 0 2.7E106 10
Unknown function PGN_1321 1.3E107 0 6.3E105 3
Unknown function PGN_1366 2.5E107 9.6E105 26.3 6.2E105 6
47-kDa antigen PGN_0852 7.8E106 0 4.1E105 4
Transketolase PGN_1689 5.5E106 0 2.1E105 2
CPG70 PGN_0335 4.2E106 0 1.2E105 2
Ribonuclease E/G PGN_1391 4.0E106 0 8.3E104 3
AcrB-type transporter PGN_1430 5.2E106 0 7.6E104 2
aT9SS cargo proteins are shaded.
bRgpB is inferred considering that peptides in common between RgpA and RgpB were enriched in the mix, whereas the RgpA-specific peptides were depleted (see Materials
and Methods and Fig. 5). These data were therefore produced by removing the RgpA sequence from the database.

cBecause the sequences of RgpA and RgpB catalytic domains are very similar, the data generated using both sequences in the database could not distinguish between the
two proteins.
dThe locus tag can be found in the National Center for Biotechnology Information database (NCBI), https://www.ncbi.nlm.nih.gov.

FIG 4 Legend (Continued)
filtered OMVs from the 381 porU mutant diluted in sterile water starting at 200mg/ml. Control and mixes were
applied to plates and incubated anaerobically for 4 days. (D) Whole-cell lysates were subjected to SDS-PAGE,
transferred to nitrocellulose, and immunostained with anti-A-LPS. Lane 1, WT 33277; lane 2, WT 381. Lanes 3 and 4
are equivalent to starting amounts of 381 porU OMVs; lanes 5 to 14 are whole-cell lysates from cells scraped from
growth media shown in panel C. Because cell pellets were resuspended to the same wet weight per milliliter, lanes 3
and 4 represent the minimum and maximum starting amounts of porU OMVs in the mixed lysates (M1, M2, M3, and
M4). The resulting image of the Western blot is produced by two exposures of the same blot perfectly overlapped
and cropped to reveal the prestained protein ladder.
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had occurred between the OMVs and cells (Fig. 6D and E). Figure 7 captures this fusion
and dye transfer process in action, showing fluorescence at the contact region between
the rhodamine B-R18-labeled OMVs (Rh-OMVs) and one cell and then presenting a time
course beginning 22 min later, showing the transfer of dye to a second cell.

A-LPS from porU OMVs binds to the OM of wzy cells. To observe fusion of A-LPS
to the OM of the recipient cell, OMVs from the porU mutant were mixed with wzy cells
and incubated on BHI-T BA for 4 days. Cells were scraped into phosphate-buffered sa-
line (PBS) and fluorescently stained with anti-A-LPS. Fluorescently stained wzy-only
control cells were negative, while 18% of cells mixed with 2mg of OMVs stained posi-
tive to various degrees (over 11,000 cells counted), and 26% of cells were positive
when mixed with 4mg of OMVs (over 7,000 cells counted) (Fig. 8). Most positive cells
showed one or more patches of fluorescence in proximity to their surface, indicating
that OMVs had adhered to the cells (Fig. 8); however, higher resolution is required to
show fusion of the OMVs with the OM or transfer of A-LPS from the OMV to the OM of
the cell.

DISCUSSION

To better understand how the OM components of the T9SS machinery function, we
wanted to investigate whether they could be complemented in trans. We initially used
all combinations of a two-mutant-strain crossover grown on blood agar to look for
reacquisition of black pigmentation within the mixed population. This analysis focused
on five of the T9SS OM components (encoded by porU, porV, porT, porQ, and porZ) and
two A-LPS biosynthetic mutants (wbaP and wzy mutants). None of the two-strain
crosses involving only the five T9SS component mutants produced black pigmenta-
tion, implying that the OM proteins cannot be transferred in a manner that restores
function and that, hence, a more ordered temporal assembly may be required. It could
not be distinguished whether the OM proteins were not transferred or whether they
were transferred but not able to be delivered or incorporated into the T9SS. If OMV
fusion occurred, both OM proteins as well as periplasmic proteins could potentially be
transferred, which is relevant for PorU and PorZ, since they are located in the periplasm
of most T9SS mutants. The proteins tested (PorU, PorV, PorQ, PorZ, and PorT) are
among the simplest components to be transferred, as many of the other OM

FIG 5 MaxQuant data for RgpA/RgpB peptides identified in the anti-A-LPS co-IP. The intensity data
for the 9 common peptides identified for RgpA/RgpB are compared to those for the 3 RgpA-specific
peptides. For each peptide, the intensity in the complemented (mix) sample is compared to the porU
negative control (since the wzy control was of lower abundance). The ratio of each pair is provided
above the columns.
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components (Sov, PorW, PorE, PorK, PorN, and PorG) are part of larger assemblies or
are bound to the cell wall (39, 41, 52). Therefore, the results strongly suggest that T9SS
components cannot be exchanged between cells to compensate for mutations in the
two strains mixed.

Of all the two-strain crosses, only those involving an A-LPS biosynthetic mutant, i.e.,
a wbaP or wzy mutant, with a T9SS component mutant produced black pigmentation
and therefore complemented the A-LPS biosynthesis mutation. Western blot analyses
of the cell lysates from these crosses involving wzy or wbaP confirmed that A-LPS was
able to be covalently linked to cargo proteins (Fig. 2). The size of these A-LPS-modified

FIG 6 Rhodamine-stained OMVs transfer lipophilic dye to 33277 wzy cells. (A and B) Rhodamine-
labeled OMVs from the 381 porU mutant (Rh-OMVs) shown at two different concentrations: 20mg/ml
(A) and 2mg/ml (B). (C) 33277 wzy-only cells (negative-control cells). (D) 33277 wzy cells mixed with
Rh-OMVs at 20mg/ml. (E) 33277 wzy cells mixed with Rh-OMVs at 2mg/ml. A single Z slice is
presented. Bars, 2mm.
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cargo proteins matched the size of the WT strain corresponding to the T9SS mutant,
indicating that in each case, the T9SS mutant was the A-LPS donor. Assuming a donor-
recipient model (see below), this supports the idea that A-LPS is directly utilized from
the donor and not remetabolized by the recipient strains (wzy or wbaP).

After complementation between 33277 wzy and 381 porUmutants, most of the pro-
teins associated with A-LPS, as identified by co-IP using anti-A-LPS, were cargo proteins
(Table 1). This further confirmed that complementation involved the A-LPS modifica-
tion of cargo proteins. It is not known whether the other noncargo proteins identified
as being associated with A-LPS play a role in conjugation of A-LPS, but they are not
expected to be localized to the OM (15, 53) and probably bind artefactually to A-LPS af-
ter cell lysis. The A-LPS-associated cargo proteins observed from co-IP capture tended

FIG 7 Live capture of OMV-to-cell transfer of rhodamine B-R18 lipid dye. (Top) Close-up of two cells
shown in Fig. 6E (30min after mixing of wzy cells and rhodamine-labeled porU OMVs). (Bottom) Same
cells showing a time-lapse series of rhodamine fluorescence every 2 min for 8 min. A single Z slice is
presented. Bars, 2mm.

FIG 8 Free A-LPS from porU OMVs binds to the surfaces of wzy cells. Negative-control wzy cells only
or wzy cells mixed with 2mg or a total of 4mg of purified OMVs from 381 porU were spread onto
BHI-T BA plates and incubated anaerobically at 37°C for 5 days. Cells were scraped into PBS, spun,
and resuspended to the same OD650. Cells were blocked, fluorescently stained by incubation with
anti-A-LPS, washed, incubated with AF647-conjugated goat anti-mouse IgG, and then washed again.
A maximum-intensity projection of all Z stacks is presented. Bars, 2mm.
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to be the most abundant cargo proteins in P. gingivalis according to MaxQuant analy-
ses of whole-cell culture lysates (54); however, the abundant gingipains Kgp and RgpA
were missing. Both Kgp and RgpA form very large complexes of .450 kDa (16). The
lack of their detection by co-IP could therefore have been due to steric hindrance. The
co-IP evidence supports the Western blot analyses for the same mutant cross (Fig. 2C
and E), showing that the cargo proteins are covalently linked to A-LPS when comple-
mentation is observed.

Complementation involving A-LPS conjugation of cargo proteins could occur via
two distinct pathways. One could envisage a functional attachment complex on the
surface of the A-LPS mutant catalyzing the “intercell” conjugation of A-LPS to cargo
proteins located on the T9SS mutant. Alternatively, as we propose, the A-LPS must
transfer from the donor T9SS mutant to the OM of the recipient A-LPS mutant and
then be conjugated to the cargo proteins of the recipient strain in the normal way. We
have demonstrated the latter pathway in two ways. The RgpB present in the co-IP was
identified to be from the recipient strain (33277 wzy) and furthermore, the wzy mutant
could also be complemented by providing purified P. gingivalis LPS in trans (from an
exogenous source without cargo proteins). The mechanism of complementation pro-
posed involves the donation of A-LPS from any source (cells, OMVs, or purified LPS) to
a cell originally lacking A-LPS but having a functional T9SS (Fig. 9). These results

FIG 9 Proposed model for LPS exchange and A-LPS complementation in P. gingivalis. Proposed model for complementation
of the wzy LPS mutant by LPS exchange with donor cell or OMV possessing WT unconjugated A-LPS. The OM of wzy cell
fuses with the OM of the donor cell or OMV by forming a tight junction via an unknown OM adhesin or junction protein.
Donor WT A-LPS then transfers to the OM of wzy cell to provide functional A-LPS for the T9SS attachment complex. Step 1,
PorV (green) plugs the side opening of the Sov (blue) pore, and the plug protein (red) exits from the pore, allowing the
cargo protein to enter the Sov pore and interact with the PorV loops that are inside the Sov channel (39). Step 2, the cargo
shuttle complex comprising PorV bound to the CTD (orange) of the cargo protein (brown) is released from Sov, and the
plug protein reenters from the periplasm. Step 3, the cargo shuttle complex interacts with the attachment complex (PorV-
PorU-PorQ-PorZ) that is primed via PorZ (purple) with WT A-LPS derived from the donor cell/OMV, allowing the CTD of the
cargo protein to be cleaved by PorU (cyan) and the new C terminus of the cargo protein to be conjugated to the WT A-LPS
for anchorage to the OM and release of cleaved CTD (step 4) (7, 8, 38). If WT A-LPS is not present, the CTD of the cargo
protein is still cleaved by PorU but is not conjugated to A-LPS, and it is released from the cell surface. The second LPS of P.
gingivalis, O-LPS, is not represented. Structures for Sov_Plug (PDB ID: 6H3J) and Sov_PorV (PDB ID: 6H3I) complexes were
determined by cryo-electron microscopy (39). The crystal structures for mature RgpB (PDB ID: 1CVR) (90) and RgpB CTD
(PDB ID: 5AG9) (91) were used for the cargo protein. PorZ is from the crystal structure (PDB ID: 5m11) (43). PorV (green) and
PorQ (magenta) b-barrel structures are from Phyre2 models using amino acid sequences without N-terminal signal peptides.
The PorU structure is a Phyre2 model without a signal peptide or domain A (7). Attachment and cargo shuttle complexes
are depicted based on composition of complexes and subcomplexes (16, 38).
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therefore also show that the WbaP and Wzy enzymes are required only for production
of A-LPS and not for its conjugation, since the mutants lacking these enzymes require
only addition of free A-LPS for complementation of the biosynthesis defect.

It was shown previously that OMVs deliver periplasmic proteins and LPS between
Gram-negative bacteria due to binding/fusion of OMVs to bacterial cells (46, 49). LPS
exchange, indirectly by functional complementation, and direct lipoprotein exchange
have been elegantly shown in the multicellular Gram-negative organism Myxococcus
xanthus; this process is known as OM exchange (50). This process is dependent on the
cell surface receptor TraA and the TraB cohort protein due to TraA binding between
cells to form a tight junction for LPS exchange to occur. In this species, LPS O antigen
is required for development (55) and for cells to move as groups in a biofilm powered
by type 4 pilus extension and retraction, known as social gliding motility (56). OM
exchange was observed only when cells were grown on a solid surface and did not
occur in liquid medium even when TraAB were overexpressed (50). Likewise, comple-
mentation of the A-LPS biosynthetic mutants occurred only when cells were grown on
solid medium and did not occur in liquid medium (data not shown). TraAB homo-
logues are absent in P. gingivalis, so LPS exchange in this species is likely to occur via a
novel contact-dependent mechanism.

We have used the method of Bomberger et al. (51) to show the exchange of the
special fluorescent lipid dye, rhodamine B-R18, between OMVs and P. gingivalis cells.
At high concentrations in bilayer membranes, fluorescence of this dye is quenched,
but when the probe is diluted upon OMV fusion with unlabeled membranes, fluores-
cence is “dequenched,” allowing fluorescence to be observed. Fluorescence of this
lipid dye was observed after rhodamine-labeled porU OMVs were incubated with wzy
cells (Fig. 6D and E). This lipid dye transfer was also captured during imaging (Fig. 7).
Immunofluorescence labeling of A-LPS using anti-A-LPS for the mix of wzy cells and
porU OMVs showed A-LPS in OMVs bound to the surface of cells (Fig. 8), which
increased with an increase in the amount of OMVs added. Together with the observa-
tion of complementation using different sources of A-LPS with A-LPS biosynthetic
mutants, these results demonstrate that exchange of LPS between P. gingivalis cells is
possible and that exchange between P. gingivalis and other Gram-negative bacteria
may also be possible (4).

It is well established that the acquisition of iron plays an important role in microbial
virulence (57, 58) and is particularly relevant for P. gingivalis (59, 60). P. gingivalis
obtains its iron from hemin, but as P. gingivalis is auxotrophic for heme (61), hemin is
an absolute requirement for growth (62–64). The availability of iron in the host is
extremely low due to strong sequestration by host hemin-binding proteins, such as he-
moglobin-haptoglobin complex, hemopexin, and albumin; therefore, P. gingivalis has
evolved very efficient systems for the extraction, capture, and transportation of heme
(30, 44, 65, 66). P. gingivalis is also very efficient at the storage of heme on the cell sur-
face in the form of a black-pigmented heme dimer, m-oxo bisheme, through binding
to A-LPS and hemin-binding receptors, such as certain T9SS cargo proteins (14, 44, 65,
66). P. gingivalis has a 10-fold-greater specific hemin binding affinity and greater heme
storage capacity than Prevotella intermedia, a less severe periodontitis-associated spe-
cies belonging to the orange complex (67, 68). The ability of P. gingivalis to store the
heme dimer has relevance to this study, since it has the potential to be transferred, to-
gether with A-LPS, to other bacteria through close contact or through fusion with P.
gingivalis OMVs. P. gingivalis may therefore affect the availability of iron for other oral
periodontitis-relevant bacterial species that require hemin for growth, such as those
belonging to the red complex, which is associated with the most severe pathology (P.
gingivalis, Tannerella forsythia, and Treponema denticola; the latter two species are not
black pigmented) (68) and which can form a polymicrobial biofilm (69). Other polymi-
crobial communities are known to affect iron availability in the oral cavity (70). The
possibility of LPS-hemin exchange with P. gingivalis may contribute to an important
polymicrobial synergy in the development of periodontitis.
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The potential to exchange LPS between oral bacteria has other important implica-
tions in the development of periodontitis. P. gingivalis requires other bacteria (oral
microbiota) and chronic inflammation to emerge and cause disease (71). This study is
the first known example of LPS exchange to be shown in a human bacterial species
whose pathogenicity depends on complex interactions with other bacterial species.
Exchange of LPS with other bacterial species would be expected to change how P. gin-
givalis interacts with the host through acquiring changes in LPS structure (72, 73), influ-
encing complement activation and host cell invasion by the pathogen (74) or internal
activation of pyroptosis after epithelial invasion (75–84).

In conclusion, we have demonstrated that important OM components of the T9SS
cannot be exchanged between mutants to complement their genetic defects, implying
that a more ordered temporal assembly of the T9SS is required. We have also demon-
strated, using a multiassay approach, the ability of P. gingivalis to exchange A-LPS
between strains, raising the possibility that LPS exchange also occurs with other Gram-
negative bacteria within the oral microbiota, which would be expected to exert diverse
effects on the microbial community and its interactions with the human host.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Porphyromonas gingivalis WT strains W50 (ATCC 53978)

and 381 were from the Oral Health Cooperative Research Centre, University of Melbourne, Melbourne,
Australia. ATCC 33277 and the 33277 porQ mutant were described previously (9) and were a kind gift
from Koji Nakayama. Previously described isogenic mutants are W50 porV (lptO) and W50 porT (37); W50
porU (PG26) (7); W50 wbaP (8); W50 porZ (38); 33277 porT (33); and 33277 wzy (14). The porV, porU,
porUC690A, and porZ mutants were constructed in the 381 strain background using plasmids and methods
previously described (7, 37, 38). Previously, these strains were thought to be in the 33277 strain back-
ground; however, resequencing of the strain demonstrated a closer match to 381 (data not shown).

P. gingivalis cells were grown on several growth media at 37°C under anaerobic conditions (80% N2,
10% CO2, 10% H2). Trypticase soy and bovine heart infusion (TSBHI) broth (37) was supplemented with
0.5mg/ml cysteine, 5mg/ml hemin, and 5mg/ml vitamin K. BHI-T BA is TSBHI agar (7) supplemented
with 0.5mg/ml cysteine, 5mg/ml hemin, 5mg/ml vitamin K, and 5% (vol/vol) horse blood. BHI-T is BHI-T
BA without horse blood. BBA is 40 g/liter of blood agar base (Oxoid) with 7% (vol/vol) horse blood and
5mg/ml vitamin K. BHI broth is 37 g/liter of bovine heart infusion (Becton Dickinson and Company) sup-
plemented with 0.5mg/ml cysteine, 5mg/ml hemin, and 5mg/ml vitamin K.

Complementation on plates. The mixing of two mutant P. gingivalis strains to test for reacquisition
of T9SS functionality by observation of black pigmentation was performed in two ways. The first method
applied two mutant strains from glycerol stocks onto BHI-T BA medium. The first strain was applied in a
vertical line, and the second strain was applied in one horizontal motion from the left to the right
through the first strain. The plates were then incubated anaerobically for 14 days at 37°C. The second
method involved mixing two mutant strains from 6ml of glycerol stock each on BHI-T BA medium using
a sterile loop to form a small oval patch and incubating plates anaerobically for 6 days at 37°C. The single
strains were patched on either side of the mixed patch using the same volume of glycerol stocks. After
growth, cells in patches were then scraped off plates into 1ml of PBS, resuspended, pelleted by centrifu-
gation at 8,000 � g for 20min at 4°C and stored at280°C.

For testing purified P. gingivalis LPS in a complementation assay, glycerol stock of the 33277 wzy
strain was diluted either 1:4 or 1:9 with TSBHI broth, containing cysteine, hemin, and vitamin K additives
as described above, and spread onto BHI-T BA medium to make a lawn of cells. Small sterile square blot-
ting paper pieces were then placed onto the lawn, and 20-ml volumes of ultrapurified LPS from the
ATCC 33277 strain of P. gingivalis (InvivoGen) were applied separately at 1mg/ml (reconstituted in sterile
water provided) and 10-fold dilutions in sterile water. The plates were then incubated anaerobically for
15 days at 37°C.

For testing purified OMVs in a complementation assay, 10ml of 33277 wzy glycerol stock diluted 1:4
with BHI-T broth (for plating on BHI-T medium) or BHI broth (for plating on BBA medium) was mixed
with 10ml of sterile water (control) or with 10ml of purified 381 porU OMVs resuspended in sterile water
at 200mg/ml (M1), 100mg/ml (M2), 50mg/ml (M3), or 25mg/ml (M4) and incubated at 37°C for 5min
before being spread into small circular patches on BHI-T BA or BBA plates and incubated anaerobically
for 4 days at 37°C. Cells in patches were then scraped off plates into 1ml of PBS, resuspended, and pel-
leted by centrifugation at 8,000 � g for 20min at 4°C, the supernatant was removed, and the cell pellet
was at 280°C.

Purification of OMVs. OMVs were isolated from the filtered culture supernatant from strains grown
to late log phase as previously described (16), except that OMV pellets were not washed in PBS. OMV
pellets were resuspended to a wet weight of 200mg/ml in sterile Milli-Q water before use.

SDS-PAGE and Western blotting. For whole-cell lysates, cells were lysed in lysis buffer containing
0.5% (vol/vol) Triton X-114, 25mM Tris-HCl (pH 7.4), 2� lithium dodecyl sulfate (LDS) sample buffer,
20mM Na-tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK; Sigma-Aldrich), a 1/50 dilution of
protease inhibitor cocktail (Sigma-Aldrich), and 50mM dithiothreitol and then boiled 4min before
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loading the SDS-PAGE gel. Lysates from cell pellets were normalized to a wet weight per milliliter. SDS-
PAGE was performed using NuPAGE Novex bis-Tris 4 to 12% or 10% gels (1mm thick; 15 wells or 26
wells) and MOPS (morpholinepropanesulfonic acid) running buffer. The SDS-PAGE gel was then trans-
ferred to nitrocellulose in 1� transfer buffer (Life Technologies) with 10% (vol/vol) methanol. The mem-
brane was stained with Ponceau S, destained with PBS containing 0.05% (vol/vol) Tween 20 (PBST),
blocked for 1 h at room temperature in PBST containing either 1% (wt/vol) bovine serum albumin (BSA)
or 5% (wt/vol) skim milk, incubated with diluted specific antibody overnight at room temperature,
washed three times in PBST, incubated with secondary antibody (goat anti-mouse IgG conjugated to
horseradish peroxidase [Sigma-Aldrich] diluted 1/2,000 in 5% [wt/vol] skim milk in PBST), incubated for 1
h at room temperature, washed three times again, and then developed using SuperSignal West Pico
Plus chemiluminescent substrate (Thermo Fisher Scientific). Hybridoma culture supernatant containing
mouse monoclonal antibody (MAb) 1B5, also called anti-A-LPS, recognizes an epitope found on A-LPS
(17) and was a gift from M. A. Curtis. Anti-A-LPS was used at a dilution of 1/100 in 1% (wt/vol) BSA in
PBS. Anti-CPG70 (85) was used at a dilution of 1/1,000 in 5% (wt/vol) skim milk in PBST.

Anti-A-LPS whole-cell ELISA. Whole-cell ELISA was performed as previously described (38). Briefly,
P. gingivalis strains were grown on BHI-T with the appropriate antibiotic and passaged on BHI-T without
selection for 4 days. To make formaldehyde-killed whole cells (FKWCs), cells were scraped off plates,
washed twice in 50mM Tris (pH 7.4), 150mM NaCl, and 5mM CaCl2, and treated with formalin saline
(0.5% [vol/vol] formaldehyde in 8.5 g/liter NaCl) overnight at room temperature with gentle inversion,
followed by two washes in PBS. FKWCs were added (108 per well) to a Corning 96-well flat-bottom poly-
styrene high-binding microplate and incubated overnight at 4°C. The solution was aspirated, and wells
were blocked with 1% (wt/vol) BSA in PBS. Anti-A-LPS was 2-fold serially diluted in blocking solution
starting at 1/100; 50ml was added per well in triplicate and incubated for 2.5 h at room temperature.
The plates were then washed 3 times in PBST, and 50ml per well of goat anti-mouse IgG antibody conju-
gated to horseradish peroxidase diluted 1/1,000 in blocking solution was added and incubated for 2 h
at room temperature. The plates were then washed 3 times and developed with the peroxidase sub-
strate 2,29-azino-bis(3-ethylbenzothiazoline 6-sulfonic acid) diammonium salt. When optimum color de-
velopment had been reached, the reaction was stopped by addition of NaF, and optical density (OD)
was measured at 405 nm.

MaxQuant analysis of coimmunoprecipitated samples. Cell lysates were obtained after growing
33277 wzy with 381 porU mutants together (mix) and separately on BHI-T BA for 6 days and were sub-
jected to co-IP using anti-A-LPS. Equivalent amounts of cell pellets were resuspended in 20mM Tris-HCl
(pH 8), 100mM NaCl, 1% n-dodecyl-b-D-maltoside (DDM), 5mM TLCK and complete protease inhibitors
and incubated on ice for 45min. The lysates were clarified by centrifugation at 16,000 � g for 10min at
4°C. Cell lysates were mixed with anti-A-LPS antibodies bound to agarose (Sigma-Aldrich). The beads
were rotated on a wheel for 2 h at 4°C and then washed with 20mM Tris-HCl (pH 8), 100mM NaCl, fol-
lowed by one high-salt wash with 20mM Tris-HCl (pH 8), 500mM NaCl and lastly with 10mM Tris-HCl
(pH 8). The beads were resuspended in Laemmli buffer and boiled for 10min. The samples were sub-
jected to SDS-PAGE for a short time and stained with Coomassie blue. Each sample was excised as a sin-
gle band and subjected to tryptic digestion and LC-MS/MS analysis as previously described (54).

The MS raw files were analyzed by MaxQuant (version 1.5.3.30) (86) against the ATCC 33277 P. gingi-
valis sequence database with the default recommended parameters except that the “match between
runs” and iBAQ options were activated and the acetylation modification was removed. The settings
included a minimal requirement of two peptides to be quantitated. The protein data were found in the
proteinGroups.txt file in the MaxQuant output. To determine which proteins were specifically immuno-
precipitated, the LFQ intensity ratio between the mix and the higher of the two negative controls was
calculated. Proteins with LFQ ratios of .3 and proteins that were detected only in the mix were deemed
significant. The relative abundance of these proteins was calculated as the iBAQ intensity minus the
iBAQ intensity from the higher of the two negative controls. To enable quantitation of RgpB, the
MaxQuant analysis was repeated with the RgpA sequence removed from the database. The intensities of
individual RgpA and RgpB peptides were found in the peptides.txt file in the MaxQuant output. The MS
data were also searched against the sequence database of strain 381; however, no new peptides of in-
terest (from T9SS cargo proteins) were identified.

OMV-cell fusion and fluorescence microscopy. Purified OMVs were washed twice in 140mM NaCl,
12mM K2HPO4, 14mM Na2HPO4, 25mM glucose (pH 7.5) (Pg-PBS buffer) at 170,000 � g for 1 h at 8°C.
The OMVs were fluorescently labeled with octadecyl rhodamine B chloride (rhodamine B-R18) (Thermo
Fisher Scientific), a probe that fluoresces only upon membrane fusion due to a dilution-based dequench-
ing effect, according to the method of Bomberger et al. (51). Briefly, 0.05 g of washed OMVs was resus-
pended in 1ml of labeling buffer (50mM Na2CO3, 100mM NaCl [pH 9.2]) containing 1mg/ml of rhoda-
mine B-R18 and incubated for 1 h at 25°C, followed by two washes in 37ml of Pg-PBS and finally
resuspended to 200mg/ml (wet weight) in Pg-PBS. Freshly grown mid-log-phase wzy cells (1ml) were
centrifuged at 10,000 � g for 5min at 18°C and resuspended in 100ml of culture medium (TSBHI broth
with cysteine, hemin, and vitamin K additives) containing 20mg/ml of Rh-OMVs. The mix of cells and
Rh-OMVs were incubated at 37°C for 30min, then washed twice in 1ml of Pg-PBS at 10,000 � g for
5min at 18°C, and resuspended in 100ml of Pg-PBS. Alternatively, 1ml of mid-log-phase wzy cells were
centrifuged at 10,000 � g for 5min at 18°C, resuspended in 100ml of Pg-PBS containing 2mg/ml of Rh-
OMVs, and then incubated for 30min at 37°C. Rh-OMVs only were added to either culture medium at
20mg/ml or Pg-PBS at 2mg/ml and incubated for 30min at 37°C. Z-stacks of images were acquired with
a DV Elite microscope (Olympus U-Plan S-Apo 100�/1.42 numerical aperture [NA] objective and
SoftWoRx 6.1 software [GE Healthcare]) with heating at 37°C, using excitation at 575 nm and emission at
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632 nm for rhodamine fluorescence and immersion oil with a refractive index of 1.518. Image files were
analyzed using ImageJ software (National Institutes of Health). Experiments were repeated twice with 2
to 6 representative fields imaged for each sample.

For immunostaining of cells with anti-A-LPS, negative-control wzy cells only or wzy cells mixed with
2mg of purified OMVs from 381 porU were spread onto BHI-T BA medium and incubated anaerobically
at 37°C for 5 days. After 3 days’ incubation on BHI-T BA, a duplicate mix of wzy cells with 2mg of porU
OMVs was mixed with another 2mg of porU OMVs and incubated a further 2 days (4mg [total amount]
of porU OMVs added). Cells were scraped into PBS, spun, and resuspended to the same optical density
at 650 nm (OD650). Cells were blocked with 3% (wt/vol) BSA in Pg-PBS containing 10mM TLCK for 1 h at
4°C, fluorescently stained by incubation with anti-A-LPS, washed twice in Pg-PBS, incubated with Alexa
Fluor 647-conjugated goat anti-mouse IgG (Thermo Fisher Scientific) for 35min at 4°C, and washed
again. Immunostained cells were adhered to poly-L-lysine-treated coverslips overnight at 4°C, washed
twice with Pg-PBS, and stained with Syto9 (Life Technologies). Images were captured on a DeltaVision
Elite microscope (Olympus U-Plan S-Apo 100�/1.42 NA objective; excitation at 475 nm and emission at
523 nm for Syto9; excitation at 632 nm and emission at 676 nm for Alexa Fluor 647), deconvolved using
softWoRx 6.1 software, and analyzed using ImageJ software.

Generation of protein structure graphics. Molecular graphics were produced using UCSF Chimera
version 1.14 software (http://www.cgl.ucsf.edu/chimera) (87) using structural data retrieved from the
Protein Data Bank (PDB; http://www.wwpdb.org) (88). Protein structure models were produced for pro-
teins with unsolved structures using Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2) (89).
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