o
0
d
S
<
=
19
S
(]
(<))
)
(<))
e

’ > _» %
https://doi.org/10.1093/plcell/koab276 A RS }—\[\‘\ THE PLANT CELL 2022: 34: 395-418
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Abstract

Outer membrane vesicles (OMVs) are released from the outer membranes of Gram-negative bacteria during infection and
modulate host immunity during host—pathogen interactions. The mechanisms by which OMVs are perceived by plants
and affect host immunity are unclear. Here, we used the pathogen Xanthomonas campestris pv. campestris to demonstrate
that OMV-plant interactions at the Arabidopsis thaliana plasma membrane (PM) modulate various host processes, includ-
ing endocytosis, innate immune responses, and suppression of pathogenesis by phytobacteria. The lipid phase of OMVs is
highly ordered and OMVs directly insert into the Arabidopsis PM, thereby enhancing the plant PM’s lipid order; this also
resulted in strengthened plant defenses. Strikingly, the integration of OMVs into the plant PM is host nanodomain- and
remorin-dependent. Using coarse-grained simulations of molecular dynamics, we demonstrated that OMV integration into
the plant PM depends on the membrane lipid order. Our computational simulations further showed that the saturation
level of the OMV lipids could fine-tune the enhancement of host lipid order. Our work unraveled the mechanisms underly-
ing the ability of OMVs produced by a plant pathogen to insert into the host PM, alter host membrane properties, and
modulate plant immune responses.
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Background: Outer membrane vesicles (OMVs) of Gram-negative bacteria are lipid sacs that bud from the outer
membranes of bacteria. Many bacteria produce OMVs throughout their life cycle. OMVs carry a large number of
proteins, lipids, and RNAs, which may play significant roles in the interactions between bacteria and host cells. OMVs
have long been known to elicit plant immune responses, although the underlying molecular mechanisms by which
OMVs enter the plant host and how they trigger plant immunity remain elusive. Here, we used the bacterial pathogen
Xanthomonas campestris pv. campestris (Xcc) as the model to study how OMVs start their communication with the
plant by selective integration onto the plasma membrane nano-compartments.

Question: We wanted to know whether and how OMVs insert onto plant surfaces and/or are internalized, and how
the interactions between OMVs and plant cells affect plant immune responses to bacterial infection.

Findings: We found that Xcc OMVs are directly inserted onto the plant surface with a striking spatial alignment with
plant nanodomains—regions of the membrane that are highly enriched in ordered lipids, such as sterols and
sphingolipids. After insertion, OMVs were not internalized following the conventional endocytic pathway, but instead
remained on the plant plasma membrane and enhanced lipid order and the assembly of nanodomains of the plasma
membrane, suggesting an active function of OMVs in interacting with the plant plasma membrane during infection.
The bi-directionally coordinated nanodomain-guided insertion and enhancement in membrane lipid order are
mediated by the saturated lipid carried in OMVs membrane. We also show that OMV-mediated priming of plant

immunity is mediated by membrane nanodomain formation.

Next steps: Although we showed that OMVs could insert into the plant plasma membrane, the fate of OMV cargo
content remains to be elucidated. It would be elyspecial interesting to identify the trafficking route of major functional
OMV components (effector proteins, DNA, RNA, lipopolysaccharides, etc.) and how they interfere with the plant
immune responses through OMV-mediated integration into the host.
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Introduction

Extracellular vesicle secretion has been described in almost
all kingdoms and has recently been recognized as an impor-
tant channel for interspecies and interkingdom interactions.
In Gram-negative bacteria, these extracellular vesicles are of-
ten referred to as outer membrane vesicles (OMVs), which
are membranous particles that pinch off from the bacterial
outer membrane during normal growth (Dorward and
Garon, 1990). OMV production occurs during both in vitro
growth and host infection. OMVs are an integral part of bio-
films in important human pathogens, such as Pseudomonas
aeruginosa and Helicobacter pylori, and OMV production
also correlates with their fitness and ability to form biofilms
(Schooling and Beveridge, 2006; Yonezawa et al, 2009). In
addition to their functions in bacterial processes, OMV pro-
duction is crucial for microbial virulence, as OMVs modulate
host immune responses during colonization of the hosts by
human or plant pathogens.

The OMV surface and lumen carry a wide variety of lipids
and other bacterial products, such as cell wall-degrading
enzymes, quorum-sensing signals, hyper-antigenic lipopoly-
saccharides molecules, peptidoglycan, toxins, and intracellu-
lar and outer membrane proteins, together with various
components of the periplasmic space (Sidhu et al, 2008;
Chowdhury and Jagannadham, 2013; Solé et al, 2015
Feitosa-Junior et al, 2019). Several OMV-triggered host im-
mune responses were reported to occur during bacterial in-
vasion, and they favored either bacterial pathogenesis or
activation of host immune responses (Bahar et al, 2016;
Chen et al, 2018). The biological significance of bacterial
OMVs has been studied extensively for animal-pathogenic
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bacteria (Cecil et al, 2019; Nagakubo et al, 2020). For in-
stance, in Neisseria gonorrheae, the major porin complex
protein PorB is transported into host cells and targeted to
the host cell mitochondrial membrane via OMVs, where
this complex contributes to macrophage apoptosis in a
time-dependent manner to suppress innate immunity (Deo
et al,, 2018). The stability of OMVs provides bacterial patho-
gens with unique access to long-distance transport of their
virulence factors into host cells without the need for direct
contact with targeted tissues (Bomberger et al., 2009).

Much less is known about the mechanistic interactions
between OMVs from phytopathogenic bacteria and plant
cells. OMVs produced by phytopathogenic bacteria can con-
tain as many components as OMVs from their animal-
pathogenic counterparts (Sidhu et al, 2008; Bonnington and
Kuehn, 2014; Solé et al,, 2015; Feitosa-Junior et al,, 2019) and
play significant roles in the bacterial life cycle inside host
plants (lonescu et al, 2014). For example, Xanthomonas
campestris pv. campestris (Xcc) OMVs can induce defense
gene responses in the plant host, and the immune corecep-
tors BRIT-ASSOCIATED KINASE 1 (BAK1) and SUPPRESSOR
OF BIR1-1 (SOBIR1) are involved in this response (Bahar
et al, 2016). Recently, two independent works reported the
immunotriggering properties of Pseudomonas syringae pv.
tomato DC3000 OMVs and OMV-induced protection
against the bacterium, as well as against a fungal pathogen
(Janda et al, 2021; McMillan et al, 2021). However, it is
unclear whether OMVs interact with plant cells beyond the
cell wall or plasma membrane (PM) barrier.

OMVs from human pathogenic bacteria can insert into
host PMs through lipid rafts/nanodomains, which are
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specialized regions in the membrane highly enriched in or-
dered lipids, such as sphingolipids and sterol; the OMVs are
internalized via clathrin-mediated endocytosis (CME;
Bomberger et al, 2009; O’'Donoghue et al, 2017). Plants also
have lipid rafts/nanodomains, which contain raft-associated
proteins, such as members of the remorin family (Jarsch
et al, 2014 Gouguet et al., 2020). This raises the possibility
that the integration and delivery of phytopathogen-derived
OMVs could occur in a similar manner in plants and
animals.

In this study, we focused on the mechanisms by which the
OMVs initially integrate into the plant PM and how host in-
tegration affects plant immune responses, using the black-rot
pathogen Xcc. We used mutants of Arabidopsis thaliana with
varying levels of surface nanodomain assembly and per-
formed pharmacological studies on the plant host and
coarse-grained molecular dynamics (MD) simulations of the
lipid bilayers to dissect the interaction between OMV mem-
branes and plant PMs upon contact and identify the effects
of OMVs on various biological activities of the plant PM.
Our results supported the hypothesis that Xcc OMV inser-
tion into the plant PM alters the membrane’s physicochemi-
cal properties, thereby altering the MD and membrane
organization of the plant PM. In addition, microscopy
revealed that nanodomain assembly mediates the initial fu-
sion between OMVs and the plant PM, the recruitment of
OMVs to nanodomain sites marked by remorins during in-
fection, and the enhanced plant defense responses induced
by OMV. Therefore, our work emphasizes not only the func-
tions of remorins and nanodomains but also the various
lipid—lipid and lipid—protein interactions occurring between
the host and pathogens during infection.

Results

Xcc OMVs directly insert into the Arabidopsis PM
but are not internalized.

OMVs extracted from Xcc cultures are typical sphere-
shaped vesicles, as previously described (Bahar et al,
2016), with an average diameter size of 39.58+0.66 nm
(Figure 1A). The hydrodynamic size of Xcc OMVs mea-
sured by nanoparticle tracking analysis (NTA) was larger
at 112.30£0.93 nm (Figure 1B). OMVs produced by hu-
man pathogenic bacteria can readily integrate into host
cell PM and deliver their contents into the host cytoplasm
(Bomberger et al, 2009; Jager et al, 2015; O’'Donoghue
et al, 2017). Therefore, we hypothesized that phytopatho-
genic bacteria may act similarly to human pathogens and
extrude OMVs that integrate into the plant cell PM and
deliver their contents inside plant cells.

To explore this hypothesis, we first tested the potential
host PM integration of Xcc OMVs by labeling OMVs with
the lipophilic dye FM4-64, then incubating the labeled
OMVs with roots of Arabidopsis Wave138Y seedlings,
which express a fusion of yellow fluorescent protein (YFP)
to the PM water channel protein (aquaporin) PLASMA
MEMBRANE INTRINSIC PROTEIN 1;4 (YFP-PIP1;4) as a
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marker of the PM (Geldner et al,, 2009). To confirm that
our labeling procedure followed by column-based dye re-
moval does not leave trace amounts of free FM4-64 dye,
we spiked phosphate-buffered saline (PBS) buffer with
FM4-64 and ran the buffer through a centrifugation col-
umn. We did not observe any FM4-64 signal with FM4-
64-spiked PBS, suggesting that the amount of dye remain-
ing on the column after centrifugation is negligible and
that this method can be used to observe OMV uptake
(Figure 1C). Next, we used super-resolution microscopy to
observe the labeled OMVs, which appeared as individual
puncta (Figure 1C). However, because OMYV sizes deter-
mined by transmission electron microscopy (TEM) and
NTA were below the resolution limit of our microscope,
it was not possible to discern whether these puncta were
individual vesicles or clusters of OMVs.

Intriguingly, after applying FM dye-labeled OMVs onto
YFP-PIP1;4 plants, we observed that FM4-64-labeled OMVs
integrated into the PM and the FM4-64 signal showed a
uniform distribution similar to that of the YFP-PIP1;4 signal
as early as 5 min after incubation (Figure 1C). Surprisingly,
the OMVs did not appear to be internalized further because
the FM4-64 signal from the OMVs remained in the PM up
to 30 min after incubation of the Arabidopsis seedling roots
and the signal intensity gradually increased over time. In
contrast, free FM4—-64 could be internalized by endocytosis
in the Arabidopsis roots (Supplemental Figure S1A).

To rule out the possibility that OMVs are merely trapped
in the plant cell wall, we also treated Arabidopsis proto-
plasts with labeled OMVs (Figure 1D) and observed similar
insertion of FM4—64 OMVs into the protoplast membrane
without further internalization of the signal, indicating that
OMVs integrate into the PM of plant cells. The above
results using relatively immobile FM4-64-labeled OMVs
showed that the OMV lipids might be constrained locally
on the host cell PM without undergoing free exchange with
surrounding plant lipids. Therefore, OMV internalization
from insertion sites by plant endocytosis is restricted.

Host-integrated OMVs are not transported via CME

but instead accelerate CME

The lack of internalization of OMV that we observed above
prompted us to test whether the inability of FM4-64-la-
beled OMV:s to be internalized into plant cells was due to
an impairment of overall host cell endocytosis. Plant PM dy-
namics are tightly linked to various factors, including the un-
derlying cytoskeletal organization, the plant cell wall, and
functional endocytic and exocytic machinery (Konopka
et al, 2008). As we observed that OMVs could insert effec-
tively into the plant PM, we sought to determine whether
OMV treatment inhibited the general endocytic process of
plant cells, which might prevent OMV internalization.

To evaluate plant endocytosis, we performed variable-
angle total internal reflection fluorescence microscopy
(VA-TIRFM) to measure the lifetimes of several endocytic
markers (fused to green fluorescent protein, GFP, or red
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Figure 1 Bacterial OMVs’ morphology and direct insertion of OMVs into plant PM. A, TEM micrographs of OMVs extracted from cell-free Xcc cul-
ture supernatant from NYG culture (bar, 500 nm in the left and 100 nm in the right). Arrowheads indicate several representative sizes of OMVs
observed in the electron micrographs. The frequency distribution of OMV diameter was curve fitted using Gaussian distribution with GraphPad
Prism 8.0. B, Diameter of Xcc OMVs measured by NTA. C, Labeling of Xcc OMVs with FM4-64 dye using centrifugal filter (bars, 5 um and 1 um)
and fusion of FM4-64-labeled Xcc OMV to plant PM. Super-resolution of FM4-64-labeled OMVs was acquired on a Nikon Ti2 system equipped
with Live-SR structured illumination microscopy. Xcc OMVs was labeled with FM4-64 dye, then applied onto Arabidopsis YFP-PIP1;4 seedling
roots. Seedlings were mounted immediately, and the confocal images of root cells were taken at indicated time-points up to 30 min after incuba-
tion. Insets beneath each image are regions marked by white dashed boxes (bar, 5 pm). Relative fluorescence intensity of FM4-64 (OMV) signal
on the PM over time was measured by Fiji and normalized to the intensity of the corresponding ROIs in the Green (YFP-PIP1;4) channel. In addi-
tion, PBS buffer was spiked with FM4-64 dye, subjected to centrifugation on a centrifugal column and the left-over buffer on the column was
used to apply onto YFP-PIP1;4 plants and imaged as control. D, Integration of FM4-64 labeled OMVs into the PM of Arabidopsis Col-0 protoplast.
FM4-64-labeled Xcc OMVs were applied on leaf protoplasts for 30 min (bar, 5 um) prior to imaging.

fluorescent protein, RFP) on the PM of seedlings, includ-
ing the CLATHRIN LIGHT CHAIN 2 marker (CLC2-GFP),
the TPLATE marker EH DOMAIN CONTAINING PROTEIN
2 (EH2-GFP), and the dynamin marker DYNAMIN-
RELATED PROTEIN 2B (DRP2B)-RFP (Konopka et al,
2008; Fujimoto et al, 2010; Gadeyne et al, 2014). An
analysis of kymographs from VA-TIRF time-lapse images

showed that compared to PBS-treated controls, OMV-
treated seedlings displayed a significant reduction in the
lifetime of CLC2, EH2, and DRP2B puncta in a dose-
dependent manner (Supplemental Figure S1, B-E), indi-
cating a more efficient CME rate. In PBS-treated plants,
the lifetimes of CLC2-GFP, EH2-GFP, and DRP2B-RFP
puncta were 15.31+0.34 s, 14.30+0.50 s, and 12.60+0.40
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s, respectively. In contrast, in OMV-treated seedlings, the
lifetimes of these endocytic markers were reduced
significantly (11.12+0.27 s, 6.70£0.19 s, and 6.90+0.27 s,
respectively).

OMVs contain immunogenic flagellin molecules that can
be recognized by plant surface receptors and trigger
receptor-mediated endocytosis (Robatzek et al, 2006;
Mbengue et al, 2016; Tran et al, 2020). Therefore, we then
determined if such ligands of endocytosed receptors contrib-
uted to the unexpected enhancement of CME by OMV. We
constructed a bacterial mutant lacking the FIiC subunit of
the flagellin molecule in Xcc 8004 strain, applied Xcc fliC”
OMVs to CLC2-GFP seedlings, and measured the CLC2 life-
time in comparison to seedlings treated with Xcc wild-type
(WT) OMVs. Our results showed that the OMV-induced en-
hancement of endocytosis was independent of flagellin as
the lifetime of CLC2-GFP puncta was similarly reduced when
plants were treated with Xcc fliCC OMVs (10.86£0.56 s,
Supplemental Figure S1B). These results demonstrate that
the immobilization of OMVs on the plant PM after insertion
is not caused by impairment of plant endocytosis. In fact,
Arabidopsis endocytic activity was enhanced in the presence
of Xcc OMVs, as indicated by the significantly shortened life-
times of the endocytic machinery markers CLC2, EH2, and
DRP2B. Together, our data demonstrate that Xcc OMVs un-
dergo a unique mode of integration that differs from plant
CME but could profoundly affect the host membrane trans-
port pathway by accelerating CME.

Xcc OMVs elevate lipid order, induce clustering of
remorin proteins, and enhance nanodomain
formation on the plant PM
Based on our observation that Xcc OMVs integrate into the
plant PM and accelerate Arabidopsis CME, we next investi-
gated whether the integration of bacterial OMVs influenced
plant membrane lipid packing. To address this question, we
used the lipid polarity dye di-4-ANEPPDHQ (Owen et al,
2012) to probe for changes in membrane lipid order on the
PM of Arabidopsis Col-0 cotyledons treated with PBS or Xcc
OMVs. The lipid order is reflected by the spectral shift be-
tween the disordered and ordered lipid phases and indicates
the degree of membrane lipid packing therefore, we
assessed lipid order based on the generalized polarity (GP)
values of the fluorescence signal, with higher GP values cor-
responding to a more-ordered membrane bilayer phase.
After a 30-min incubation with Xcc OMVs, the lipid order of
the plant PM increased significantly compared to the PBS-
treated control (Figure 2A), suggesting that the packing den-
sity of membrane lipids increased after OMV treatment.
Monitoring lipid order enhancement by OMVs stored at
4°C showed that after long storage (4 days after extraction),
OMVs lost the ability to induce lipid order changes in
Arabidopsis seedlings (Supplemental Figure S1F). Therefore,
OMVs were used within three days after extraction for fur-
ther experiments. We also confirmed that this ability to
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modulate the host membrane comes from OMVs them-
selves because only the treatments of Arabidopsis seedlings
with OMVs and bacterial culture supernatant containing
OMVs enhanced the plant membrane lipid order while the
PBS control or ultracentrifuge supernatant, which was de-
pleted of OMVs, did not (Supplemental Figure S1G).

Similar to the OMV-induced enhancement of endocyto-
sis (Supplemental Figure S1B), Xcc fliCC OMVs enhanced
the plant PM lipid order (Supplemental Figure S1H), sug-
gesting that the modification of membrane properties is
independent of flagellin. Moreover, the dynamics of lipid
order changes induced by OMVs versus flg22 peptide
(Supplemental Figure S11) showed that while flg22 elicited
only a transient lipid order change in the Arabidopsis PM
as previously reported (Sandor et al,, 2016), Xcc OMVs in-
duced a slower but much more dramatic increase in plant
PM lipid order. This finding indicates that the nature of
lipid order enhancement by microbe-associated molecular
pattern (MAMP) flg22 and OMVs are distinct.
Furthermore, the OMV-mediated change in lipid order
was not dependent on the plant cell wall, as evidenced by
the higher GP values of cellulose biosynthesis mutants
(cev1, prci-1, je5) or plants pretreated with the cellulose
synthase inhibitor isoxaben, once these seedlings were in-
cubated with Xcc OMVs, compared to those of PBS-
treated plants (Supplemental Figure S1)).

An increasing number of recent studies suggest that
highly ordered plant surface nanodomains play critical roles
in plant immune signaling during plant—pathogen commu-
nication (Buicherl et al,, 2017; Huang et al., 2019). The forma-
tion of nanodomains requires the orchestrated assembly of
remorin oligomers, phytosterols, and sphingolipids, in a spa-
tially regulated manner, which recruits and compartmental-
izes surface biomolecules for different biological activities
(Huang et al, 2019; Legrand et al, 2019). Therefore, we
sought to determine whether plants with compromised
nanodomain assembly would still undergo OMV-induced
enhancement of membrane lipid order. We examined the
membrane lipid order of the Arabidopsis remorin double
mutant rem1.2 1.3c, which lacks the two most transcription-
ally active remorins (Huang et al, 2019), using the lipid or-
der dye di-4-ANEPPDHQ. The rem1.2 1.3c mutant did not
display any significant change in lipid order after OMV treat-
ment (Figure 2A). This finding suggests that the increase in
lipid order caused by OMVs is dependent on the presence
of remorin in the plant PM.

To further examine the idea that nanodomain assembly
mediates the OMV-induced enhancement of lipid order, we
tested whether chemical disruption of plant membrane
nanodomains abolished the enhancement of lipid order
caused by OMVs. Methyl-B-cyclodextrin (MBCD) is an effec-
tive sterol-depleting drug that causes disruption of mem-
brane nanodomains and disassembly of nanodomain-
associated proteins (Hao et al, 2014, Huang et al, 2019
Tran et al, 2020). Here, we treated Col-0 seedlings with
MBCD and measured the plant PM lipid order in


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data

400 | THE PLANT CELL 2022: 34: 395-418 T. M. Tran et al.

OMV MBCD
A B p—— -
it
°
(&] g °e L v + i o e ns
A 3 % 10 g,
0 -
S > ¥ ks
o 05 " -t 8
o :
£ e :
: o . ) Z * * N PSS
oMV _ R aF O ¥
Cold  rem1.21.3 W W0
10 &
A
5 il 6x10% ik 0.4 — PBS — OMV
1 dekkk s sk
! . s 3 oa— 3 — MBCD — MBCD+OMV
i £ < £ 0.3
= 1 z 2
= [} 2 g
i 2 1 & 3%10% = 021
o £ 3 E
Lo = 0.1
5 =% P& 1| ¢
ns [
O T T T T D T T -.\l -\\ GU T 4 T 4 T 5 T i T S
S 0 Q Q 5 O 1x10°  2x10° 3x10% 4x10* 5x10
& “&)O O\X‘KO\S‘ & ‘!&c’ Q‘S\Oxo"&\ Intensity (A.U.)
Q @
$)
K W
D PBS MBCD MBCD+OMY
-t ns
5 - || S
h ‘ Nl'? 0.008 v ) 0.02-
o : E = ] L
< x 2 0064
E oo = oovey  — | 5,
@ - — € oo f51 | 2 001
[ e S bt =
Lo A S o0.002] By 3
Q - @ 4
o y b= b = - : :
P - = 0
£~ s 0 05 10 15 20
F 3 Time (s)
— PBS — MBCD
E — OMV = MBCD+OMV
9]
(]
=
o~
e
B
o
[m]
20
[e) <8
0=

Figure 2 OMVs increase the lipid order of the plant PM in a nanodomain assembly-dependent manner. A, OMVs induced an increase in lipid or-
der of Arabidopsis PM. PM order was monitored in Col-0 and rem1.2 1.3c double mutants treated with PBS or OMVs (30 pg-mL™", 30 min) using
the lipid dye di-4-ANEPPDHQ (N = 3 plants, bar, 5 um). B, OMV-induced lipid order increase could be reverted by an acute sterol depletion using
MBCD. Col-0 seedlings were incubated with PBS, MBCD (N = 3 plants, 2 mM, 30 min), Xcc OMVs (30 pg-mL™"), or MBCD followed by an OMV
treatment prior to staining with di-4-ANEPPDHQ dye (bar, 1 um). C, Density and signal intensity of GFP-REM1.2 foci on Arabidopsis PM. Seven-
day-old pREM1.2:GFP-REM1.2 seedlings were treated with PBS, MBCD (2 mM, 30 min), OMV (30 pg-mL™", 30 min) or a sequential treatment of
both MBCD and OMYV, then washed with 1/2 MS and imaged using a VA-TIRF microscope. GFP-REM1.2 foci density and signal intensity were
quantified using TrackMate in Fiji (N > 3 plants, bar, 1 pm). D, Dynamics of REM1.2 foci on Arabidopsis PM. pREM1.2:GFP-REM1.2 seedlings
were tracked and diffusion coefficient was measured with SpatTrack (bar, 1 pm). Representative tracks were shown for 100-frame time-lapse mov-
ies, with 100-ms intervals. E, OMVs insertion is dependent on membrane nanodomain. Vertically grown Col-0 and rem1.2 1.3¢ mutant were inocu-
lated with FM4—64-labeled OMV (100 pg-mL™") for 30 min before imaging (bar, 5 um).

combination with OMV treatment. Lipid order measure- We next sought to determine whether OMVs enhanced
ments showed that Xcc OMVs were no longer able to en-  endocytosis in the remorin-deficient mutant. Using CLC2-
hance the PM lipid order of sterol-depleted plants RFP marker lines in the WT and rem1.2 backgrounds, we
(Figure 2B). measured the CLC2-RFP lifetime on the plant PM using
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VA-TIRFM. The CLC2-RFP lifetime measured from VA-TIRF
kymographs (Supplemental Figure S2A) revealed that com-
pared with the WT, rem1.2 mutant did not show a signifi-
cant change in the CLC2 lifetime after incubation with
OMVs. Consistent with this observation, CLC2-GFP lifetime
measurements revealed that sterol depletion similarly abol-
ished the enhancement of endocytosis efficiency induced by
OMVs when CLC2-GFP plants were treated with MBCD
prior to the OMV treatment (Supplemental Figure S2B).
The above evidence suggests that both the OMV insertion
into the host PM and OMV-induced enhancement of endo-
cytosis and lipid packing are dependent on REM1.2/REM1.3
assembly.

Next, we asked whether OMVs directly influence the as-
sembly of PM nanodomains after inserting into the plant
PM. To address this question, we monitored the signal in-
tensity and density of GFP-REM1.2 foci, which reflect
remorin oligomerization during nanodomain assembly and
initiation of nanodomain formation. Single-particle analysis
of REM1.2 foci demonstrated that OMVs indeed enhanced
both the signal intensity and particle density of REM1.2, sug-
gesting the enhancement in the local assembly of nanodo-
mains and their overall formation on the cell surface
(Figure 2C). Sterol depletion with MBCD efficiently antago-
nized this increase in REM1.2 clustering (Figure 2C).
Analyzing the dynamics of REM1.2 foci on the PM with
TIRF time-lapse imaging showed that OMV reduced the lat-
eral dynamics of REM1.2 puncta, as measured by mean
square displacement (MSD; Figure 2D), suggesting the en-
hanced stability of local molecules along with the macromo-
lecular assembly of both remorin proteins and nanodomain
structures. However, in the MBCD-treated plants, the OMV-
induced decrease in MSD of REM1.2 particles was much less
strong than that observed in untreated plants, thus provid-
ing additional evidence for the opposite effects of OMV in-
tegration and MPBCD treatment on remorin assembly
(Figure 2, C and D). Collectively, the nanodomain-
dependent lipid order changes, as well as the REM1.2 clus-
tering and dynamics induced by OMVs suggest a clear con-
nection between membrane nanodomain stability and the
ability of Xcc OMVs to interact with and cause physico-
chemical changes in the host PM.

Plant nanodomains mediate progressive membrane
integration of OMVs and guide spatial association
with nanodomains during bacterial infection

By observing the host nanodomain alterations induced by
the integration of bacterial OMVs, we next sought to deter-
mine how plant PMs perceive the OMVs. The disruption of
nanodomain assembly by MBCD or by genetic mutation
reverted the OMV-induced enhancement of REM1.2 assem-
bly and endocytosis, respectively. However, it is unclear
whether these effects originated from the impaired insertion
of OMVs into the plant PM, or due to the lack of lipid ex-
change between OMVs and the PM after insertion. By ap-
plying FM4-64-labeled OMVs (which enhance endocytosis
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similarly to unlabeled OMVs; Supplemental Figure S2C)
onto rem1.2 1.3c plants and MBCD-treated Col-0 plants, we
showed here that the integration of FM4—-64-labeled OMVs
into plant the PM was less efficient in these plants
(Figure 2E). This finding supports the hypothesis that the
lack of the OMV-induced increase in lipid order and en-
hancement of endocytosis in nanodomain-disrupted condi-
tions could be the direct result of the poor integration rate
of Xcc OMVs into the plant PM.

Next, we tested whether interfering with the plant surface
membrane lipids or cytoskeletal structures would also affect
the integration of Xcc OMVs into the plant PM. Similar to
the effects of MBCD, disruption of membrane sphingolipid
biosynthesis by treatment with myriocin (Miyake et al,
1995) also reduced OMV insertion into the plant PM,
whereas the phosphatidylinositol 4-kinase inhibitor phenylar-
sine oxide (PAO; Simon et al, 2016) had little effect on
OMV integration (Supplemental Figure S3A). Surprisingly,
the actin polymerization inhibitor Latrunculin B (LatB) did
not block OMV insertion. Instead, destabilization of the cor-
tical actin cytoskeleton substantially increased the FM4-64
intracellular signal. In addition, the disruption of plant
microtubules by oryzalin drastically increased the FM4-64
dye on internalized vesicles and the PM. As a control, we
found that that the tested inhibitors (MBCD, myriocin,
PAO, and oryzalin) inhibited FM4-64 endocytosis without
an obvious effect on FM4-64 dye integration in the PM
(Supplemental Figure S3B). The distinct membrane integra-
tion and internalization of FM4-64 and FMé4-64-labeled
OMVs under different perturbations of the PM and cyto-
skeleton demonstrated that FM4-64 and OMVs utilized dif-
ferent membrane integration and trafficking mechanisms
upon interaction with the plant PM.

In addition to using multiple pharmacological inhibitors,
we also examined OMV integration into the PM of
Arabidopsis sterol biosynthesis mutants to evaluate the im-
portance of sterol homeostasis for the interaction between
Xcc OMVs and plant cells. We showed here that the sterol
mutants displayed obvious defects in OMV integration into
the plant PM (Supplemental Figure S4, A and B). Altogether,
our results demonstrate the roles of the PM-actin cytoskele-
ton continuum in the insertion and internalization of bacte-
rial OMVs.

The feedback regulation of nanodomain assembly and
OMV integration motivated us to further investigate their re-
lationship during bacterial infection. Since remorin proteins
were recently shown to function as host regulators that re-
spond to various biotic and abiotic environmental cues
(Perraki et al, 2014; Cheng et al, 2020; Abel et al,, 2021), we
first investigated whether remorins and nanodomains were
modulated by bacterial infection. We performed a flooding
assay using Xcc 8004 on Arabidopsis pREM1.2:GFP-REM1.2
plants and monitored the pattern of GFP-REM1.2 foci on the
plant PM. TIRFM revealed that the signal intensity of GFP-
REM1.2 foci on the PM increased over time after the plants
were exposed to pathogenic bacteria, reached a peak at
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approximately 6 h, and remained high up to 24 h post-
inoculation (Figure 3A). Then, we flooded Arabidopsis GFP-
REM1.2 plants with Xcc 8004, incubated them for 6 h and
then applied Xcc OMVs for another 30 min prior to VA-TIRF
imaging. Interestingly, the Xcc-infected plants showed high
colocalization of OMVs with REM1.2-marked membrane
nanodomains (Figure 3B), suggesting that the enhanced
nanodomain assembly triggered by bacterial infection favored
the recruitment of OMVs into nanodomain sites.

The modulation of the plant PM lipid order and microdo-
main assembly by Xcc OMVs (Figure 2, A-D) might be the
result of enhanced biosynthesis or transport of ordered lip-
ids (such as phytosterols, sphingolipids, ceramides) in the
PM, or the direct insertion of OMVs into existing membrane
nanodomains, which introduces lateral compression.
Although the first scenario is possible, it is less likely to oc-
cur within the short timeframe of the OMV treatment (30
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min) because changes transcriptional/translational processes
generally require more time to alter lipid biosynthesis.
Therefore, we investigated whether OMVs could preferen-
tially insert into remorin-occupied nanodomains in the plant
PM, such that interruption of these sites may lead to less
OMV insertion and abolishment of OMV-induced effects.
To this end, FM4-64-labeled Xcc OMVs were applied to
seedlings of several remorin marker lines, namely
pREM1.2:GFP-REM1.2, pREM1.3:YFP-REM1.3, as well as an
estradiol-inducible REM1.2 overexpression line (XVE:REM1.2-
GFP, hereby REM1.2-OE). The colocalization of OMVs and
remorins was observed using VA-TIRF imaging (Figure 3B;
Supplemental Figure S4). TIRF micrographs revealed that la-
beled Xcc OMVs inserted as distinct and irregular foci on
the Arabidopsis PM, and the distribution of OMV insertion
sites was not correlated with REM12 or REM13 foci
(Pearson’s R value ~ 0, Figure 3B). These results suggest that
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Figure 3 Colocalization of remorins with FM4-64-labelled OMVs. A, Time-dependent increment of GFP-REM1.2 intensity on Arabidopsis PM after
flooding inoculation with Xcc. Seven-day-old pREM1.2:GFP-REM1.2 seedlings were flooded with 1 x 107 CFU-mL™" bacterial suspension before
TIRFM imaging at the indicated times post-inoculation. Images of GFP-REM1.2 foci were acquired by VA-TIRFM using a Zeiss LSM780 + ELYRA
microscope, equipped with a 100 x oil objective (NA = 1.46, bar, 5 pm). B, VA-TIRF dual imaging of the colocalization of GFP-REM1.2, YFP-
REM1.3, GFP-REM1.2 in the XVE:GFP-REM1.2 seedlings (REM1.2-OE) and under infection condition (flooded with Xcc 8004 and incubated for 6 h)
with FM4-64-labeled OMVs. VA-TIRF dual-color images were acquired by a Zeiss LSM780 + ELYRA microscope equipped with a 100 X oil-objec-
tive lens. XVE:GFP-REM1.2 seedlings were induced with 5-uM B-estradiol for 24 h prior to imaging (bar, 5 tm). Violin plot shows Person’s R values,
representing the colocalization between remorins and FM4-64 labeled OMVs. The differences between treatments were determined by one-way
ANOVA (ns, not significant, *P <0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001).
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the initial insertion of OMVs does not require physical con-
tact with the outer leaflet of nanodomains, although surface
lipid environments maintained by nanodomains are neces-
sary for perceiving OMVs, as shown in the aforementioned
results (Figure 2E). However, if we overexpressed remorin
proteins to enhance remorin oligomerization and induce
nanodomain assembly, OMVs then strongly colocalized with
the REM1.2 signal. The enhanced OMV-remorin colocaliza-
tion occurred in a remorin-clustering and nanodomain
formation-dependent manner following progressive B-estra-
diol-mediated induction over time, or with early infection at
6-h post-inoculation with Xcc (Figure 3B; Supplemental
Figure S5). Pearson’s correlation coefficient analysis showed
that the colocalization of labeled OMVs with REM1.2 was
enhanced significantly with a longer incubation time with -
estradiol starting at 24 h and remained at a similar level up
to 48 h after induction.

Taken together, our data demonstrate that OMV insertion
into the plant PM requires the native physico-chemical
properties of the PM that are maintained by nanodomains.
The enhancement in nanodomain assembly is one of the
responses following plant—bacterial interactions, as evi-
denced by the increase in REM1.2-marked nanodomain as-
sembly upon bacterial infection. The observed increase
further established that the spatial association between bac-
terial OMV and host membrane nanodomains caused by
OMYV insertion and increased lipid order in the plant PM.

Sterol in the plant PM regulates the OMV-PM
interaction

To gain insight into the effect of sterols on OMV-plant PM
interactions at the molecular level, we carried out coarse-
grained MD simulations. The model phospholipid 1-palmi-
toyl-2-oleoyl-glycero-3-phosphocholine (POPC) was chosen as
a generic phospholipid for modeling the vesicle because it is
one of the major lipid species in Xcc OMVs and, like POPC,
more than half of the total lipids in OMVs contain mono-
unsaturated tails (Supplemental Data Set S1). In the simula-
tions, a 23-nm POPC (C16:0/C18:1) vesicle was placed atop
either a POPC (control) or a POPC:sterol (1:1; mimicking the
composition of the plant PM) planar bilayer membrane
(Figure 4A). Coarse-grained lipid models in which multiple
atoms are grouped into a single particle were used to con-
struct the vesicle and planar membrane (Marrink et al,
2007). Although the POPC vesicle size was smaller than the
reported mean diameter of OMVs measured from TEM
micrographs (Figure 1A), it was close to the peak of the
Gaussian fit to the OMV size distribution data (~30 nm).

As shown in Figure 4A, modeling showed that the electro-
static and van der Waals interactions between vesicle lipids
and the lipids in the planar membrane drove the planar
membrane to wrap around the vesicle as the vesicle binds
to the membrane, causing the vesicle to deform. The vesicle
turned into a hemisphere when it was bound to the
POPC:sterol (1:1) membrane (left panel of Figure 4A;
Movie 1). In contrast, the vesicle was wrapped to a much
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greater extent by the sterol-free membrane, and its shape
changed from spherical to rod-like (right panel of Figure 4A;
Movie 2). We characterized the extent of wrapping by quan-
tifying the fraction of the vesicle surface in contact with the
planar membrane, i.e, the wrapping ratio. The vesicle was
continuously wrapped by the sterol-free membrane until
~80% of its surface was in contact with the membrane (left
panel of Figure 4B; Supplemental Movie S1), whereas vesicle
wrapping stalled at a wrapping ratio of ~25% for the
POPC:sterol membrane. Such distinct behavior could be
due to the stiffness of the planar membrane, as a mem-
brane containing 50% sterol molecules is much stiffer
than a membrane with no sterol (Oradd et al.,, 2009) and
therefore, the POPC:sterol membrane cannot easily bend
to enclose the vesicle. The stalled wrapping of the vesicle
by the POPC:sterol membrane was consistent with our
observation of OMV immobilization and localization on
the host plant PM (Figure 1B).

Vesicle-planar membrane fusion was observed in both
systems by focusing on the early stage of membrane associa-
tions, with and without sterol in the membrane, although
the onset of fusion was much earlier for the membrane
with the sterols (Figure 4A). In the simulation, the vesicle
fused with the POPC:sterol membrane soon after binding
Lipid exchange occurred at the fused rim, where vesicle lip-
ids leaked onto the upper leaflet of the planar membrane
(Figure 4A). The number of leaked vesicle lipids initially in-
creased linearly with time and reached a plateau after ~0.6
s (right panel of Figure 4B). This finding suggests that the
lipid contents of OMVs might be transferred to the plant
PM via vesicle fusion with the membrane surface without
being endocytosed. In contrast, fusion occurred only after al-
most 80% of the vesicle surface was wrapped by the sterol-
free membrane, and a much smaller fused rim was close to
the upper membrane compared to the POPC:terol mem-
brane. Vesicle lipid leakage then accelerated and reached a
similar level as that of the POPC:sterol membrane. The
results suggest that, in the absence of sterol, significant
membrane bending is required before vesicle-membrane fu-
sion can occur. Hence, the delivery of lipids to the PM
would be more efficient when OMV binds to membrane
patches containing sterol, such as nanodomains.

Saturated phospholipids from OMVs increased
membrane lipid order in the plant PM

To better understand the lipid-lipid interaction between
the OMV membrane and the plant PM, we characterized
the lipid composition of the Xcc OMV membrane. Our
targeted lipidomic profiling of Xcc OMVs revealed that
Xcc OMVs contained a complex mixture of lipid constitu-
ents (Supplemental Data Set S1; Figure 4C), including
phosphatidylethanolamine (PE), phosphatidylcholine (PC),
sphingomyelin, lysophosphatidic acid, and phosphatidyl-
glycerol (PG). Interestingly, we found that of the lipid spe-
cies detected in our lipidomic analyses, the majority were
monounsaturated (61.04%, Supplemental Data Set S1),
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Figure 4 Simulation of OMV-plant PM interaction and the lipid order modulation in model plant membrane by receiving OMV lipids. A,
Molecular simulation snapshots of a 23-nm diameter POPC vesicle placed above a POPC-sterol (1:1) (Left) or POPC (Right) planar mem-
brane at the beginning of the simulation and after 1 ps. Bottom panels show the cross-sectional views. Phospholipid particles are colored as
follows: head-group particles in blue, phosphate particles in dark green, glycerol particles in pink, and fatty acid tail particles in cyan. Sterol
particles are colored as follows: head-group particles in purple and the rest in cyan. B, The temporal evolution of the wrapping ratio (Left)
and number of vesicle lipids leaked into planar membrane (Right) for systems in (A): POPC-sterol membrane (black solid line) and a control
system (POPC membrane, red dashed line). C, Saturation levels of lipids in Arabidopsis and Xcc OMVs characterized by lipidomic analyses.
Data represent the mean of six biological replicates (N = 6). Results of the Arabidopsis lipidome were reported previously (Tran et al., 2020).
D, Saturation levels of PEs in Arabidopsis and Xcc OMVs characterized by lipidomic analyses. Data represent mean of six biological replicates
(N = 6). E, Side views of the simplified Arabidopsis PM model (Top) and the ones with all PEs replaced by POPE (Middle) or by DPPE (DP:
dipalmitoyl) (Bottom) after 2 ps of simulation. Lipids are in ball-and-stick representation and colored as follows: sterols in gray, PEs in red,
PCs in blue, PGs in green, phosphatidylserines (PSs) in yellow, ceramides in white, and galactolipids in orange. Each lipid has one of its head-
group particles shown as a sphere (except for sterols). F, Lipid order parameters averaged over fatty acid tail particles from both tails for
phospholipids (PC, PS, PG) and ceramides (CER) with PE tails being poly-unsaturated (original: 1-palmitoyl-2-linoleoyl or PI, dilinoleoyl or
DI), mono-unsaturated (PO) or saturated (DP). JPPG (C16:1(3t)/16:0 PG) is phosphatidylglycerol lipid with trans-3-hexadecenoic acid tail
(sn1) and a palmitoyl (sn2) tail. DPCE, PXCE, and PNCE are ceramides with 18:0, 24:0, and 24:1 fatty acid tail, respectively. See Supplemental
Data Set S4 for detailed information on the fatty acid tails.
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1.00 us

Movie 1 Molecular simulation movie of a 23-nm-diameter POPC vesi-
cle placed above a POPC-sterol (1:1) planar membrane. Snapshots of
the movie are shown in Figure 4A (left).

Movie 2 Molecular simulation movie of a 23-nm-diameter POPC vesi-
cle placed above a POPC planar membrane. Snapshots of the movie
are shown in Figure 4A (right).

followed by diunsaturated (19.02%) and saturated lipids
(14.84%) and unsaturated lipids with more than two dou-
ble bonds (5.10%). With regard to the saturation level of
individual acyl tails, 52.07% of the acyl tails detected in
the lipidomic profile of Xcc OMVs were saturated, fol-
lowed by 40.31% with monounsaturated tails, 4.77% diun-
saturated, and 2.85% with unsaturated tails and more
than two double bonds (Supplemental Data Set S1).
Therefore, the saturation level of OMV lipids is much
higher than that of the A. thaliana lipidome (Tran et al.,
2020), which has only 1.51% saturated, 14.72% monoun-
saturated, 32.89% diunsaturated, and 50.90% unsaturated
lipids with more than two double bonds (Figure 4C
Supplemental Data Set S1).

Our experiments found that >14% of the total lipids in
OMVs contain saturated tails (Figure 4C; Supplemental Data
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Set S1), and incubation of OMVs with plant cells increased
the plant PM lipid order (Figure 2A). Within the PE group,
Xcc OMVs contained more saturated PEs (24.9%) compared
with Arabidopsis PEs (0.15%, Figure 4D). We hypothesized
that the introduction of phospholipids with saturated fatty
acid tails from OMVs into the plant PM might account for
the observed increase in plant PM lipid order. We tested
this hypothesis by constructing a model membrane using
coarse-grained lipid models based on the membrane lipid
composition determined by Uemura et al. (1995). In our
model, sterol accounted for 46% of the total lipids, and
phospholipids accounted for 47%, with PE and PC represent-
ing the dominant phospholipids (Supplemental Data Set
S2). The various lipids were uniformly distributed in the
model. The side-views of the model after equilibration are
shown in the top panel of Figure 4E. The magnified view of
the membrane model with all PE lipids as dipalmitoyl phos-
phoethanolamine (DPPE) showed that all lipids appeared
more straightened and aligned as compared to the original
model, thus leading to a slightly larger average membrane
thickness (based on the locations of phosphate particles) of
4.23+0.014 nm versus 4.11£0.026 nm in the original model.
The model with all PE lipids as POPE showed an intermedi-
ate alignment of lipids (middle panel of Figure 4E).

We further quantitatively characterized the packing of
each type of lipid by computing the P, value, which repre-
sents the lipid order through the alignment of individual
molecular bonds to the axis perpendicular to the mem-
brane. As shown in Figure 4F, the P, values were generally
higher for tails with a higher degree of saturation, i.e. fewer
carbon—carbon double bonds. For example, the averaged
lipid order parameter for 1-palmitoyl-2-linoleoyl PC (PIPC)
was higher than that for dilinoleoyl PC (DIPC) because one
of the tails of PIPC is fully saturated while both of the tails
of DIPC are unsaturated. 1,2-Dipalmitoyl-sn-glycero-3-phos-
phoglycerol and C(d18:1/18:0) Ceramide (DPCE) had some
of the highest lipid orders because both of their tails are
fully saturated.

We focused on the PE group because PEs are conical in
shape and have smaller headgroups, thus increasing their
likelihood of migrating into the host PM upon fusion
(Jouhet, 2013). After we replaced all PE lipids with POPE
(one saturated tail and one monounsaturated tail), the lipid
order of all other lipids remained the same or increased
slightly (blue symbols in Figure 4F). However, when we
replaced all PE lipids with DPPE (two saturated tails), the
lipid order of all other lipids increased (red symbols in
Figure 4F). The increased lipid order is consistent with the
enhanced lipid tail alignment shown in Figure 4E. This result
strongly suggests that the introduction of lipids with satu-
rated tails would increase the overall lipid order, supporting
our hypothesis that the transfer of saturated phospholipids
into the plant PM via fusion with OMVs might account for
the observed increase in PM lipid order.

Furthermore, we estimated the elastic modulus of the
three simplified membranes from our simulations and found
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that both the original model membrane and membrane
with all PEs as POPE had elastic moduli of ~160 mN-m™",
while the membrane with all PEs as DPPE had a much
higher elastic modulus of 390 mN-m~". The range of the
predicted elastic modulus values is consistent with previous
studies (Doktorova et al, 2019). This enhancement of the
membrane elastic modulus results from the enhanced mem-
brane lipid order.

OMVs enhance plant immunity in a remorin- and
sterol-dependent manner

Recent studies have demonstrated that OMVs produced by
a number of plant-interacting bacteria, such as the phyto-
pathogen Pseudomonas syringae pv. tomato and the bio-
control bacterium Pseudomonas fluorescens (Janda et al,
2021; McMillan et al, 2021) elicit plant innate immunity
and protective effects. However, there is little evidence con-
necting the interaction between OMVs and plant cells with
the outcome of the pathogen—plant interaction (Bahar
et al, 2016). Moreover, various studies highlighted mem-
brane nanodomain assembly and endocytosis as major con-
tributors to the outcome of diverse plant—microbe
interactions (Mbengue et al, 2016; Sandor et al., 2016). As
OMVs exert various effects on Arabidopsis cells and these
effects are nanodomain-dependent, we were particularly
motivated to determine (1) whether Xcc OMVs could con-
tribute to the outcome of the plant-bacteria interaction
and (2) whether Xcc OMV-mediated protection is also de-
pendent on membrane nanodomain assembly.

Reactive oxygen species (ROS) bursts are a hallmark of the
plant immune response. Therefore, to examine the effect of
Xcc OMVs on plant innate immune responses, we first mea-
sured ROS bursts in Arabidopsis Col-0 leaf strips pre-treated
with bacterial OMVs and those treated with the defense
elicitor flg22 or PBS/water control. Our results showed that
Xcc OMV treatment triggered a small ROS burst, although
to a much lower extent than that triggered by the flg22
peptide, in agreement with a previous study (Bahar et al,
2016; Supplemental Figure S6A).

We next investigated whether the induction of ROS
caused by OMVs could also lead to inhibition of other
receptor-mediated immune responses. In the plant defense
response, callose deposition reinforces the cell wall and lim-
its the spread of pathogens upon infection (Gomez-Gomez
and Boller, 2000). Xcc OMVs triggered significantly less cal-
lose deposition in Arabidopsis seedling leaves compared to
flg22 elicitation (Supplemental Figure S6B). Consistent with
the induction of ROS and callose deposition by Xcc OMVs,
we found that MITOGEN-ACTIVATED PROTEIN KINASE
(MAPK) phosphorylation in Arabidopsis leaves was also acti-
vated shortly after leaves were treated with OMVs (5 min),
and the pattern was similar to that of p-MAPK activation
by flg22 but at a lower level (Supplemental Figure S6C).
MAPK activation by Xcc OMVs is in agreement with the en-
hanced FLG22-INDUCED RECEPTOR-LIKE KINASE 1 (FRKT)
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expression (downstream of MAPK phosphorylation) in a
previous report (Bahar et al,, 2016).

To further dissect the contribution of MAMPs, especially
the potential flagellin carried in OMVs, to the ROS burst in-
duced in host tissue, we monitored ROS responses in
Arabidopsis plants lacking the flagellin sensor receptor ki-
nase FLAGELLIN-SENSITIVE 2 (FLS2). To this end, we used
Col-0 and fIs2 leaf strips elicited with Xcc WT or fliCC OMVs.
We found that the ROS response triggered by WT OMVs
on the fls2 mutant was lower, but not significantly different
from that of WT OMVs on Col-0 plants (Supplemental
Figure S6D). A similar trend was observed for fliCC OMVs on
Col-0 plants, suggesting that flagellin, even when present in
the OMV preparation, is not a major source of the ROS
burst induced by Xcc OMVs.

Flooding inoculation of Arabidopsis Col-0 seedlings pre-
treated with Xcc WT and fliCC OMVs showed that both
types of OMVs could induce significant protection against
Xcc infection, as indicated by the lower bacterial population
in OMV-treated plants (Supplemental Figure S6E). However,
the remaining MAMP flg22 in OMVs might still contribute
slightly to OMV-mediated protection because fliC OMV-
mediated protection was slightly reduced (Supplemental
Figure SGE). Similarly, without flg22-mediated protection, the
fls2 seedlings displayed a reduction in Xcc populations after
being treated with WT OMVs (Supplemental Figure SGE).
Our results suggest the MAMP flg22-independent protection
against bacterial pathogens occurs with OMVs.

A previous study showed that Xcc OMVs could simulta-
neously trigger defense gene activation through multiple
pattern-recognition receptors (PRRs). BAK1, the co-receptor
of several PRRs involved in innate immunity signaling (Xue
et al, 2020), is critical for OMV-mediated defense gene acti-
vation (Bahar et al, 2016). Here, using a flooding assay on
Arabidopsis seedlings, we showed that OMV treatment of
fls2 and efr (EF-Tu RECEPTOR) seedlings still provided pro-
tection against Xcc infection (Supplemental Figure S6F).
Unexpectedly, OMV pretreatment also protected the bak1-4
seedlings against bacterial infection (Supplemental Figure
S6F). Together, our data suggest that the OMV-induced pro-
tection against bacterial infection is complex and not medi-
ated by a single PRR or co-receptor.

We next evaluated whether PM biophysical properties,
such as membrane compartmentalization, contribute to the
effects of OMVs. Thus, we evaluated OMV-mediated protec-
tion against Xcc in Arabidopsis mutants defective in nanodo-
main assembly (rem1.2 1.3¢c, Col-0 background) and sterol
biosynthesis (fk-X224, Ler background). The fk-X224 mutant
was chosen for this assay because of its relatively normal
growth compared to that of other sterol mutants. Three days
post-inoculation (DPI), we observed water-soaking and chlo-
rosis symptoms on infected plants. Quantification of bacterial
populations at 3 DPI showed that compared with PBS-treated
plants, OMV-treated Arabidopsis Col-0 and Ler plants har-
bored significantly fewer bacteria and the plant tissues were
not as damaged with water-soaked lesions (Figure 5, A and


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab276#supplementary-data

OMVs alter plant defense via nanodomain modulation

B), thus demonstrating the protective effect of Xcc OMVs on
against Xcc infection. In addition, we observed this protection
to a lesser extent in rem1.2 1.3c and fk-X224 mutants, indicat-
ing that remorin assembly and phytosterols, which are key
components of nanodomains, are important for OMV-
mediated plant resistance against bacterial infection, possibly
due to the reduced OMV integration into the PM of these
mutants (Supplemental Figure S4, A and B).

Electrolyte leakage during bacterial infection is one of
the hallmarks of plant cell death, measured as an increase
in the electrolyte concentration in an aqueous bathing so-
lution containing the plant tissues (Johansson et al,
2015). Here, we used leaf infiltration to introduce Xcc bac-
teria into Arabidopsis leaf discs and measured the con-
ductivity increase in the bathing solution resulting from
electrolyte leakage. First, we found that OMV could signif-
icantly lower the amount of electrolyte leakage from leaf
discs after infiltration with Xcc, suggesting that OMV
treatment could prevent membrane damage during infec-
tion (Figure 5B; Supplemental Figure S6G). Consistent
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with disease assay results, rem1.2 1.3c and fk-X224 leaf
discs treated with OMVs showed a similar degree of ion
leakage in OMV treatment compared to their correspond-
ing PBS controls, indicating that proper phytosterol
content and nanodomain assembly are critical for OMV-
induced plant immunity against the bacterial pathogen.
This finding was further confirmed by measuring the elec-
trolyte leakage in leaf discs treated with OMVs in combi-
nation with MBCD. MBCD, which acutely depletes sterols
from the plant PM, could similarly abolish the OMV-
induced reduction of ion leakage during infection, thereby
providing additional evidence showing that the protective
effect of bacterial OMVs on plant immune defenses is de-
pendent on the membrane nanodomain assembly
(Figure 5C; Supplemental Figure S6H).

Discussion

The bacterial OMVs carry a wide variety of immunogenic
molecules, such as lipopolysaccharides, peptidoglycan,
toxins, and effectors (Sidhu et al., 2008; Chowdhury and
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Figure 5 Protective effect of Xcc OMVs against bacterial infection. A, OMVs protect Arabidopsis seedlings from Xcc infection. OMVs from Xcc
8004 were extracted as indicated above. Arabidopsis Col-0, rem1.2 1.3c, Ler, and fk-X224 seedlings were incubated with 10 pg-mL™" Xcc OMVs or
PBS (control) for 24 h prior to flooding inoculation with 20 mL of 107 CFU-mL™" Xcc 8004 bacterial suspension. Seedlings were sampled at 3 DPI
and the bacterial population was quantified by serial dilution plating on NYG plates (three plants were pooled as a single technical replicate,
N > 9 replicates/treatment). Statistical differences between treatments were determined by one-way ANOVA using GraphPad Prism 8.0 (ns, not
significant, *P < 0.05; **P < 0.01, **P < 0.001). OMV-induced protection of cell damage from pathogen infection is dependent on Remorin and
sterol balance (bars, 1 cm). B, Arabidopsis leaf discs of WT ecotypes (Col-0, Ler), remorin double mutant (rem1.2 1.3c), sterol biosynthesis mutant
(fk-X224 - Ler background) were incubated with Xcc OMV (30 pg-mL™") for 24 h, then infiltrated with Xcc 8004. Xcc hrcC™ was infiltrated into
Col-0 leaf discs as the negative control. AUC of conductivity increase was calculated by GraphPad Prism 8.0 and statistical differences between
treatments were determined by one-way ANOVA (ns, not significant, *P < 0.05; **P < 0.01, ***P < 0.001, ***P < 0.0001). C, lon leakage measure-
ment from Arabidopsis Col-0 leaf discs incubated with OMVs (30 pg-mL™"), MBCD (2 mM), or a combination of both (MBCD + OMV) prior to
vacuum infiltration with Xcc 8004 (WT). The Xcc hrcC mutant was used as the negative control. Statistical differences between treatments were
determined by one-way ANOVA (ns, not significant, *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001).
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Jagannadham, 2013; Solé et al., 2015), which could all in-
duce a wide range of host responses either favoring bac-
terial pathogenesis or activating host immune responses
(Bahar et al, 2016; Chen et al, 2018). Here, we have
revealed a mechanism by which OMVs interact with
host cells and directly modulate the plant PM physico-
chemical properties, which subsequently enhances host
immunity against bacterial infection.

Immunogenic nature of Xcc OMVs

In this study, we demonstrated that X. campestris pv. cam-
pestris OMVs induced and enhanced defense responses in
Arabidopsis plants by integrating and remaining in the host
PM, thereby modulating plant PM compartmentalization.
Plant PM lipids and remorin proteins in the host nanodo-
mains orchestrate the integration of OMVs and influence
host lipid packing and membrane compartmentalization.
Recent studies reported the elicitation of an ROS burst in
Arabidopsis and activation of MAMP-triggered immunity
(MTI)-related defense genes, including the activation of
FRK1, as well as protection against bacterial and fungal infec-
tion in Pto OMV-pretreated plants (Bahar et al, 2016; Janda
et al, 2021; McMillan et al, 2021). Similarly, Bahar et al.
(2016) showed that the OMV-induced defense responses de-
pend on multiple factors carried by OMVs, including EF-Tu,
flagellin, and eMAX because single, double, and triple
mutants of receptors for these MAMPs still react to Xcc
OMVs.

Here, our studies suggest a mechanism that plays an es-
sential role in microbe-host interactions independent of
MAMPs. Due to the inevitable impurity of OMV prepara-
tions, which include a trace amount of flagellin molecules,
we observed a small ROS burst, although not strictly depen-
dent on bacterial flagellin (Supplemental Figure S6D).
Interestingly, Xcc fliCC OMV is still able to protect plants
from the bacterial pathogen. This result shows that flagellin
is apparently not the only contributor to the protection
against Xcc during infection (Supplemental Figure S6, D and
E), which strongly supports the MAMP-independent en-
hancement of host immunity by OMV against bacterial
pathogens (Supplemental Figure S6E). Future studies are
needed to dissect the detailed immune signaling pathways
of plants that are modulated by bacterial OMVs and result
in enhanced defense against bacterial infection.

Based on the limited reports that are currently available,
one of the possible mechanisms underlying the OMV-
mediated protection against bacterial infection is the
changes in plant PM’s physico-chemical properties that pre-
vented cell death, a process that may benefit pathogens
from the release of nutrients (Kraepiel and Barny, 2016).
Cross-protection through priming of shared co-receptors
(Gong et al, 2019) or activation of plant immunity by
pathogen’s effectors could also underlie the protection of
OMVs during infection (Cheng et al,, 2015). More biophysi-
cal, cell biology, and pathology experiments will hopefully
validate the above-mentioned speculations.
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The observed OMV-mediated protection through nanodo-
main assembly creates new plant—pathogen communication
machinery that supports the emerging mechanisms underly-
ing plant immune responses by fine-tuning plant PM com-
partmentalization and organization (Blcherl et al, 2017; Ma
et al, 2021). Here, our results showed several striking aspects
of the host nanodomains and bacterial OMVs, in a spatio-
temporally regulated manner during bacterial infection. In
general, OMVs could integrate into the plant PM directly,
and this process requires compartmentalized plant PM with
appropriate nanodomain compositions, such as phytosterol
and remorin proteins. During early bacterial infection, the
nanodomain is rapidly modulated to increase assembly,
which further facilitates OMV insertion onto the plant sur-
face. Subsequently, progressive OMV integration over time
during infection enhances nanodomain assembly, thereby
establishing a feedback loop to allow spatial coordination in
recruiting OMVs to the nanodomain sites and eventually in-
creasing capabilities defense responses. Membrane compart-
mentalization and lipid order enhancement probably played
an essential role in fine-tuning signaling scaffolds on the
plant PM in response to abiotic and biotic environmental
cues, as shown in recent studies (Lefebvre et al, 2010;
Biicherl et al, 2017; Huang et al, 2019; Tran et al, 2020; Ke
et al, 2021; Ma et al, 2021). Therefore, whether and how
such OMV-enhanced nanodomain assembly further facili-
tates the surface receptor-mediated MTI signaling is worthy
of further study to gain a more comprehensive understand-
ing of the complex communication between bacterial
OMVs and host immune signal transduction.

What enables OMV insertion into plant PM?
Although the ability of OMVs produced by human patho-
genic bacteria to insert into the mammalian cell PM and
serve as a gateway for virulence factor delivery was estab-
lished more than a decade ago (Bomberger et al, 2009;
Kaparakis et al, 2010), whether phytobacterial OMVs inte-
grate into the plant cell PM and enter cells in a similar man-
ner remained unknown (Bahar, 2020). Here, we reported
that OMVs secreted by a bacterial plant pathogen could in-
sert directly into the PM of host cells (Figure 1, C and D).
This was rather surprising because the small 50 A pore size
of the plant cell wall mesh (Carpita et al, 1979) was com-
monly believed to hinder the passage of OMVs and any in-
teraction with the plant PM (Katsir and Bahar, 2017; Bahar,
2020). However, OMVs from several plant pathogenic bacte-
ria also package cell wall-degrading enzymes, such as cellu-
lase, xylanase (Sidhu et al, 2008), pectin lyase, and lipases/
esterases (Feitosa-Junior et al, 2019). The release of these
components could prime the cell wall for further enzymatic
attack (Adani et al,, 2011), facilitating cell wall loosening and
the passing of OMVs (especially smaller vesicles) through
the cell wall mesh. It remains to be determined if the trans-
location rates of OMVs through the plant cell wall would be
similar for OMVs of different sizes, and whether their lipid
components would differ significantly.
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We found that OMV insertion occurred quickly in
minutes, and it appeared that the lipid membrane of Xcc
OMVs integrated but did not homogenize with the plant
membrane phospholipid bilayer, as suggested by the distinct
OMV foci on the plant PM and the lack of intracellular sig-
nal from the FM4-64-labeled OMVs. The initial insertion of
OMVs into the plant PM was explained by our computa-
tional simulation, which suggested that lipid exchange
resulting from membrane fusion between OMV and the PM
may occur in a sterol-sensitive manner. Lipid exchange was
also observed when a model POPE-POPG vesicle binds and
fuses with a multicomponent PM model (containing 25%
POPC, 25% POPE, and 25% sterol) in another simulation
(Jefferies and Khalid, 2020). Without sterol molecules, the
lipid bilayers showed less fusion and lipid exchange with
OMV, although the model membrane’s lipid bilayer can be
more flexible and bent when coming into contact with the
model OMV. However, we would imagine that such PM
bending would be restricted by the plant cell wall in vivo.

In addition, our lipidomic analysis also showed that the
Xcc OMV membrane is highly enriched in a more saturated
acyl tail moiety (Supplemental Data Set S1), which is similar
to what was observed on P. aeruginosa OMVs, in which sat-
urated fatty acid accounted for >71% of phospholipids in
both early and late stationary stages (Tashiro et al,, 2011). In
contrast, our previous study (Tran et al, 2020), showed that
the Arabidopsis lipidome possessed mainly unsaturated lip-
ids (98.5%, Supplemental Data Set S1). Saturation and sym-
metry levels of phospholipids contribute to the order and
fluidity of lipid bilayers (Smith et al,, 2020). Therefore, the in-
sertion of saturated lipids from bacterial OMVs may intro-
duce a general increase in the lipid order in the plant PM.
Consistent with this notion, our molecular simulation
revealed that by changing only the saturation level of a sin-
gle minor lipid constituent (PE), the order of all other spe-
cies could be strongly affected, indicating that membrane
lipid order manipulation is a mechanism of interkingdom
communication between plants and microbial pathogens.

Previous studies demonstrated that OMVs secreted by hu-
man pathogenic Escherichia coli, P. aeruginosa, H. pylori, and
N. gonorrhea integrate into the host PM and then internalize
(Bomberger et al., 2009; Kaparakis et al, 2010; O’'Donoghue
et al, 2017). Lipopolysaccharide structures on the OMV sur-
face could immensely influence the entry kinetics of the
vesicles (O'Donoghue et al,, 2017; Jefferies and Khalid, 2020),
suggesting that the inability of Xcc OMVs to pass through
the plant PM might stem from the differences in the struc-
tures of lipopolysaccharides on the Xcc OMV surface com-
pared to that of other bacteria or the different nanodomain
organization of plant and mammalian cells.

Using multiple pharmacological inhibitors that target dif-
ferent cellular components, we identified the cellular com-
ponents that influence the rate of insertion and
internalization of Xcc OMVs. MBCD and myriocin deplete
sterols from the PM and inhibit sphingolipid biosynthesis,
respectively, which could effectively block OMV insertion.
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This is consistent with several previous studies that showed
that pharmacological disruption of membrane lipid rafts by
depleting sterols or sphingolipids could effectively block the
entry and NUCLEAR FACTOR KAPPA B (NF-xB) inducing
activity of OMVs (Bomberger et al, 2009; Kaparakis et al,
2010). Surprisingly, we also found that treatment with the
actin polymerization inhibitor LatB could induce the inter-
nalization of FM4-64-labeled OMVs (Supplemental Figure
S3). Contrary to a previous study, which reported that the
entry of OMVs into airway epithelial cells depends on the
actin cytoskeleton (Bomberger et al, 2009), we found that
disrupting the actin cytoskeleton and microtubule networks
indeed enhanced the internalization of OMV into plant cells.
We speculate that PM tethering by the underlying actin cy-
toskeleton as an interconnected continuum may create
more sophisticated biomechanical regulations during im-
mune response signaling (Ma et al, 2021), which also regu-
lates the internalization of OMVs from the plant PM.
Interestingly, previous work also showed that actin filaments
are often associated with surface nanodomain sites in the
plant (Bicherl et al., 2017). This complex regulation of OMV
integration into the plant PM and trafficking shared some
similarities with the mammalian system, but showed some
distinct mechanisms due to the unique mechanical scaffold-
ing structures at plant cell surface and the regulation of traf-
ficking pathways for OMV uptake by the continuum across
the cell wall-plant PM-actin cytoskeleton.

Macromolecular remorin assembly and structural
assembly of nanodomains mediate OMV
interactions with plant cells

We observed that REM1.2 density and intensity was en-
hanced in OMV-treated plants. In contrast, MBCD signifi-
cantly reduced REM1.2 signal intensity but only induced a
slight but not significant increase in REM1.2 density.
Although the increase in REM1.2 density by MBCD was not
significant as observed in a previous study (Huang et al,
2019), the difference could be due to the tissue type and
imaging technique used.

Both remorin and sterol molecules are actively involved in
mediating the integration of OMVs into the plant PM,
which is supported by the greatly reduced FM4-64-labeled
OMV signal on the plant PM in MBCD-treated seedlings
and in rem1.2 1.3c plants. This is in agreement with an ear-
lier work on pathogenic E. coli OMVs demonstrating that
MBCD and filipin, which disrupt lipid rafts, could signifi-
cantly reduce the internalization of OMVs into host cells
(O’Donoghue et al,, 2017). It was not clear how the lipid raft
structure or its assembly contributed to OMV insertion into
the host PM at the earlier stage of the OMV-PM
interaction.

Here, we showed that macromolecular assembly of remor-
ins and phytosterols, the factors directly controlling nanodo-
main assembly, are critical for the integration of Xcc OMVs
into the plant PM, and that Xcc OMVs are specifically
recruited to nanodomain sites occupied by AtREM1.2 when
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AtREM1.2 clustering is enhanced by overexpression, or dur-
ing bacterial infection. Remorins have gained much atten-
tion in the last several years as accumulating evidence
points to the functionality of this protein family in the mac-
romolecular assembly of membrane nanodomains (Gouguet
et al, 2020). The critical roles of this protein family and
nanodomains in plant development and responses to envi-
ronmental cues have also been studied extensively, including
hormonal responses (Huang et al,, 2019; Ke et al,, 2021), de-
fense response signaling (Perraki et al, 2017; Tran et al,
2020), symbiosis (Lefebvre et al,, 2010; Liang et al., 2018; Su
et al, 2020), and interactions with pathogens (Raffaele et al,
2009; Perraki et al, 2014, 2017; Fu et al, 2018; Albers et al,
2019; Khoza et al, 2019). Our results demonstrate that the
proper nanodomain organization on the PM is essential for
initial OMV insertion, although OMVs are not necessarily
recruited to the nanodomain sites. Additional evidence is
needed to shed light on the connection between OMV-
induced enhancement of endocytosis, lipid packing, and
nanodomain assembly because it is not solely limited to
AtREM1.2/AtREM1.3-occupied nanodomains.

OMVs increase nanodomain assembly and result in posi-
tioning OMVs at the nanodomain sites based on feedback
regulation. We found that plant responses to bacterial infec-
tion amplified the entrance of bacterial OMVs based on the
spatial recruitment of OMVs at the site of the host nanodo-
mains at the early stages of infection, which is when MTI is
the primary defense response in progress (Smith and Heese,
2014; Ngou et al, 2021). Such enhanced contact between
nanodomain and OMVs by a positive feedback regulation
might stimulate better immune responses because several
immune receptors and their interacting partners were
shown to preferentially occupy nanodomains once receptor-
signaling was mounted (Lherminier et al, 2009; Keinath
et al, 2010; Qi and Katagiri, 2012). Future studies are needed
to identify possible MTI enhancement by OMV integration
by studying PRR dynamics and membrane-bound immune
receptor signaling capacity.

How OMV insertion changes membrane dynamics within
and outside of nanodomains, such as the observed accelera-
tion of endocytosis in plants, has not been clarified. Our
computational simulation suggested constrained diffusion of
the OMV lipids into the simulated plant PM lipid bilayer.
This stage likely had not reached its equilibrium due to the
short simulation time and computational power available
for our simulation. One plausible explanation for the
changes in endocytosis is the multivalent nature of OMV
antigens. It is well established that CME mediates ligand-
induced endocytosis of immune receptors from the surface
of plant cells once they are bound to corresponding ligands
(Robatzek et al, 2006; Mbengue et al, 2016; Erwig et al,
2017). Thus, the contact of OMVs, carrying receptor ligands
at the surface, with plant cells might accelerate the general
endocytosis pathway through the simultaneous introduction
of multiple MAMPs (Robatzek et al, 2006; Mbengue et al,
2016). In addition, it is possible that OMV insertion
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introduced nonequilibrium and nonbalanced flow/dynamics
of membrane lipids via the enhanced membrane packing
within the nano-compartments, as well as the OMV-
exclusive membrane fractions (Cohen and Shi, 2020).
Although it remains to be experimentally and systematically
validated, one possible explanation is the overall increase in
dynamics of the membrane in non-OMV membrane com-
partments, thereby enhancing the endocytosis rate on the
Arabidopsis PM.

In summary, mounting evidence has shown that the inter-
actions between bacterial OMVs and hosts are complex and
possibly conveyed through many layers, namely, bacterial
physiology and intra- and interspecies interactions (lonescu
et al,, 2014; Cooke et al, 2020; Knoke et al, 2020), lipid-lipid
interaction (O’'Donoghue et al, 2017; Jefferies and Khalid,
2020), MAMP-PRR interaction (Shen et al, 2012; Bahar
et al, 2016; Janda et al, 2021), effectors—R proteins interac-
tions (Chowdhury and Jagannadham, 2013). OMVs, there-
fore, are an essential part of bacterial pathogenesis as well as
the basis of host immunity. Here, we reported that Xcc
OMVs could directly interact with the Arabidopsis PM, in-
creased the cellular endocytosis rate and PM lipid order, and
protect plants from electrolyte leakage and bacterial infec-
tion. These phenotypes are dependent on the plant mem-
brane nanodomain assembly mediated by remorins, thus
highlighting the important role of remorin-mediated nano-
domains as the signaling hubs in regulating plant immunity
during plant-microbe interactions. Further investigation is
needed to shed light on the complex mechanisms by which
diverse pathogen signals, such as OMVs, MAMPs, quorum-
sensing molecules, and effectors, orchestrate the communi-
cation with plant cells by spatiotemporally fine tuning the
macromolecular assembly of remorin complexes and nano-
domains. Similar to OMVs produced by human pathogens,
the stability of phytopathogen-produced OMVs and their
ability to trigger multiple defense response pathways will
open new opportunities to engineer OMVs as an underex-
plored gateway to boost plant immunity and combat plant
diseases (Lee et al., 2011; Shen et al, 2012).

Materials and methods

Plant and bacterial culture conditions

Arabidopsis (A. thaliana [L.] Heynh.) plants were maintained
regularly on 1/2-strength Murashige—-Skoog agar (1/2 MS) at
22°C, under long-day photoperiod (16-h light/8-h dark, 150
umol m™> s™' white light) in a growth chamber (Percival
AR95-L2). Plants used for ROS assays, conductivity assays, and
immunoblot experiments were grown on soil under short-day
photoperiod (8-h light/16-h dark, 120 pmol m™ s™' white
light) in a growth chamber (Panasonic MLR-352H-PE) to facil-
itate vegetative growth. Col-0, fIs2, efr, and bak1-4 Wave 138Y
(YFP-PIP1;4; Geldner et al, 2009) seeds were obtained from
the Arabidopsis Resource Center stock center (Ohio, USA).
Arabidopsis  pREM1.3:YFP-REM1.3,  pREM1.2:GFP-REM1.2,
XVERREM1.2-GFP, CLC2-GFP, rem1.2 1.3c, DRP2B-RFP, CLC2-
RFP, rem1.2 CLC2-RFP marker lines; and sterol mutants were
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described previously (Carland et al, 1999; Diener et al, 2000;
Schrick et al, 2000; Konopka et al, 2008, Men et al, 2008;
Fujimoto et al, 2010; Gadeyne et al, 2014; Jarsch et al, 2014;
Huang et al, 2019; Ke et al, 2021).

For cell biology imaging, the seeds were surface-sterilized
with 30% bleach and ethanol, then washed with sterile wa-
ter. Sterilized seeds were vernalized in water at 4°C for 2
days, then sown on 1/2 MS agar plates and grown at 22°C
for 6-7 days (16-h light/8-h dark) prior to imaging. For visu-
alization of OMV insertion in Arabidopsis roots, plants were
germinated vertically on 1/2 MS agar and imaged at 4 days
after sowing. For visualization of OMV insertion in meso-
phyll protoplasts, the protoplasts were extracted from 4- to
5-week-old plants as described previously (Yoo et al, 2007).
Protoplasts or intact seedlings were incubated with labeled
OMVs (100 pg-mL™") for 30 min before being mounted for
imaging.

Xcc 8004 was maintained regularly on NYG medium at
28°C. A list of plant, plasmids, and primers used in this
study is provided in Supplemental Data Set S3.

Bacterial mutagenesis

The unmarked Xcc deletion mutants Xcc fliCC and hrcC
were constructed by homologous recombination. Briefly, up-
stream and downstream regions of the Xcc fliC gene were
amplified by PCR from Xcc 8004 genomic DNA, then cloned
into pK18mobsacB by using the ClonExpress Ultra OneStep
Cloning Kit (Vazyme, China). Transformants were selected
on LB + Kanamycin plates. Positive clones were then
counter-selected on sucrose-supplemented NYG medium
for double recombination events. Colonies that grew on su-
crose were subsequently verified by Kanamycin susceptibil-
ity, as well as PCR and sequencing.

OMV extraction and quantification

Bacterial cultures were grown in NYG medium at 28°C with
agitation (200 rpm) overnight. The bacteria were then sub-
cultured into 1 L of fresh NYG with a 1:100 dilution from
the overnight culture and grown for 24 h with agitation
(200 rpm). The bacterial suspension was pelleted at 9,000g
for 15 min, and the supernatant was collected and filtered
through a 0.22-um membrane to remove the remaining
bacterial cells. The cell-free supernatant was then centri-
fuged at 120,000¢ for 1.5 h to pellet the OMVs, using a
Beckmann Ti-45 rotor and a Beckmann Ultracentrifuge
OPTIMA L-100XP. The OMV pellets were resuspended in 1
mL of PBS buffer and passed through a syringe-mounted
0.22-um filter. Purified OMVs were stored at 4°C and used
within 3 days after the extraction. OMV concentrations rep-
resented by total protein content were determined by the
Pierce BCA Protein assay kit (Thermo Scientific) using a mi-
crotiter plate reader (Biotek, VT).

NTA

To measure the OMV particle size, Xcc OMVs were first di-
luted in PBS buffer to a final concentration of 1x 10
particles-mL™". One mL of OMVs was then injected into a
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Nanoparticle Tracking Video microscope (ZetaView PMX-
120, Particle Metrix). OMV particle diffusion and size distri-
bution were recorded over 11 positions and analyzed by
ZetaView Particle Metrix software.

Labeling of OMVs with FM4-64

Purified OMVs from the cell-free culture supernatant of Xcc
8004 from NYG culture were labeled with 5-mM FM4-64
dye (Life Technologies) for 10 min in the dark at 4°C, then
transferred to a 5K Vivaspin column and centrifuged for 30
min at 4°C to remove the free FM4-64 dye. Labeled OMVs
were collected from the top of the centrifugation column.
The concentrations of OMVs were determined using the
Pierce BCA protein assay kit (Thermo Fisher). Labeled OMVs
were prepared right after extraction, stored in the dark at
4°C and used within three days after the extraction. As a
control, FM4-64 was added to 1x PBS and subjected to
centrifugal filtration, then the remaining PBS in the column
was used to apply onto Arabidopsis seedlings and imaged
with similar settings.

Microscopy

Confocal microscopy

Confocal microscopy was conducted on a Zeiss ELYRA
PS.1 + LSM 780 system with a 63X Plan-Apochromat oil-ob-
jective (NA = 1.4). The fluorophores GFP/YFP and FM4-64
were excited with 488-nm and 514-nm laser, and fluores-
cence signals were collected at 493-594 nm and 612-758
nm, respectively.

2D structure-illumination microscopy

Superresolution imaging of FM4—64-labeled OMVs was per-
formed on a spinning disk confocal (SDC) Nikon Ti2 micro-
scope with Live-SR structured illumination microscopy
(SDC-SIM, GATACA). OMVs were mounted on a glass slide
with acid-cleaned coverslip before imaging. Multifocal struc-
tured illumination microscopy (York et al, 2012) achieved
with this system allows us to combine the doubled resolu-
tion together with the physical optical sectioning of confocal
microscopy. The system is equipped with a CSU-W1 confo-
cal spinning head, a 100X Plan-Apo oil-objective
(NA = 1.49). The maximum resolution of the system is 128
nm with a pixel size of 64 nm in super resolution mode.
Excitation light was provided by 488 nm/150 mW (Vortran)
and emissions were collected at 672-812 nm. Image acquisi-
tion was from a back-illuminated sCMOS camera (Prime95B,
Teledyne Photometrics) and image processing was con-
trolled by MetaMorph 7.10 (Molecular Device) software.

Total internal reflection microscopy

VA-TIRFM imaging of PM markers: CLC2-GFP, EH2-GFP,
DRP2B-RFP, CLC2-RFP, rem1.2 1.3c CLC2-RFP, was per-
formed on a Zeiss ELYRA PS.1 + LSM 780 system equipped
with a 100X Plan-Apochromat oil-objective (NA = 1.46). To
monitor the lifetime of PM markers, time-lapse movies of
CLC-GFP, EH2-GFP, and DRP2B-RFP were acquired for 60
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frames with 1,000-ms exposure at 1% laser power. TIRF
images were deconvolved using Huygens Essential (Scientific
Volume Imaging) using theoretical point spread functions.
The lifetime of the endocytic markers was measured from
kymographs derived from time-lapse TIRF movies in Fiji
(Schindelin et al, 2012) with at least 200 individual endo-
cytic events.

TIRF imaging of FMé4-64-labeled OMVs with Remorin
marker lines: pREM1.2:GFP-REM1.2, pREM1.3:YFP-REM1.3,
REM1.2-GFP overexpression line (XVEREM1.2-GFP) were
performed on a Zeiss ELYRA PS.1 + LSM 780 ELYRA system
equipped with a 100X Plan-Apochromat oil-objective
(NA = 1.46). TIRF images were deconvolved using Huygens
Essential (Scientific Volume Imaging) and colocalization be-
tween remorins and OMVs was performed using Coloc2
plug-in in Fiji.

Transmission electron microscopy (TEM)

Negative staining of OMVs was performed by directly apply-
ing 5 L of OMVs, at a concentration of 70 pig-mL™", to the
glow discharged carbon-coated copper grid (200 mess,
Electron Microscopy Sciences Inc. USA), followed by a 30 s
staining with 1% uranyl acetate in water. Air-dried samples
were examined at 120 kV with an FEIl Tecnai 12 TEM, and
images were recorded using an Ultrascan 1000 CCD camera
(Gatan, Inc.). OMV sizes were measured from TEM micro-
graphs using Fiji software.

Remorin single-particle analyses

To quantify GFP-REM1.2 foci intensity and dynamics, we
captured time-lapse images of REM1.2 seedlings using VA-
TIRFM. 5 x 5 um” regions-of-interest (ROIs) in evenly illumi-
nated areas were then cropped from the original images
and analyzed in TrackMate (Tinevez et al, 2017) and
SpatTrack (Lund et al,, 2014) to quantify the signal intensity
and MSD of the GFP-REM1.2 foci, respectively. Diffusion co-
efficient D (um”s™") was defined by the formula: (At) = 4D
. At* in which o represents the diffusion exponent.

Quantification of plant PM lipid order

The lipid order dye di-4-ANEPPDHQ (Thermo Fisher, cat.
D36802) was used for imaging and quantification of mem-
brane lipid order. Seven-day old Arabidopsis seedlings were
incubated with PBS or 30 ug-mL™' OMV for 30 min, then
washed with 1/2 MS and stained with 5-pM  di-4-
ANEPPDHQ for 5 min diluted in 1/2 MS. After staining, the
seedlings were washed three times with fresh 1/2 MS,
mounted and imaged right away using a Zeiss ELYRA
PS.1 + LSM 780 system with a 63X Plan-Apochromat oil-ob-
jective (NA = 1.4). The dye was excited with single-photon
illumination at 488 nm and emission was collected at
500-580 nm (ordered lipid) and 620-750 nm (disordered
lipid). Image analysis was performed in Fiji software (Fiji is
just ImageJ) as described previously (Owen et al., 2012). For
imaging with di-4-ANEPPDHQ dye, three individual seedlings
were imaged, with > 8 images taken for each plant.
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Immunoblot of p-MAPK

Leaf discs from 5- to 6-week-old Arabidopsis Col-0 plants
were cut into 1-mm strips and floated on the water under
constant light for 16 h to reduce stress from wounding. The
leaf tissues were elicited with either 10-uM flg22 or 30-
ng-mL~" Xcc OMVs. The leaf strips were taken out at the in-
dicated time-points, washed with deionized water, blotted
dry, and flash-frozen in liquid nitrogen. Total protein extrac-
tion and immunoblotting using anti-p44/42-MAPK antibody
(1:3,000; Cell Signaling Technologies) was carried out as de-
scribed previously (Tran et al, 2020). Membranes were
stained with Ponceau S as the loading control. The experi-
ment was repeated three times with a similar result.

Measurement of ROS

We measured the production of Reactive Oxygen Species in
Arabidopsis leaf according to a previously described protocol
(Smith et al,, 2014). Leaf discs of 0.7 cm were punched from
5- to 6-week-old Arabidopsis Col-0 plants and cut into five
strips, then floated on sterile water for 24 h in a 96-well
solid-white plate, under constant light to reduce wounding
stress. FIg22 (1 uM) or Xcc OMVs (30 pg-mL™") were mixed
into the elicitation solution containing 20 pug-mL™" horserad-
ish peroxidase and 34 ug mL™' Luminol and added to leaf
strips. The luminescence was monitored immediately using
a plate reader (Biotek Cytation 5). The ROS measurement
was performed in duplicate, with each treatment performed
on N = 4 cut leaf discs.

Quantification of callose deposition in Arabidopsis
leaves

Callose deposition in response to OMVs or flg22 was per-
formed on 2-week-old Col-0 plants. The seedlings were
placed in six-well plates with 4 mL of 14, MS, and then
treated with either 34 ug-mL™"' Xcc OMVs, 1-uM fg22, or
PBS (control) for 24 h. The plants were then destained with
a solution of acetic acid: ethanol (1:3) overnight, then
washed with 150-mM K,HPO, for 30 min. The leaves were
stained with 0.01% aniline blue for 2 h and mounted on
glass microscope slides in 50% glycerol. Callose were imaged
on a Zeiss ELYRA PS.1 + LSM780 system equipped with a
10 X objective (excitation:emission, 370:509 nm). The experi-
ments were repeated twice on eight plants per treatment
(N = 20 images). Callose puncta were quantified using Fiji
software.

Flooding assay on Arabidopsis

Two-week-old Arabidopsis plants grown on 14, MS agar
(22°C, 16-h light/8-h dark) were used for flood-inoculation
with Xcc 8004 as described previously (Ishiga et al, 2011).
Briefly, plants were flooded with 40 mL of 10-mM MgCl, so-
lution containing 30 pg-mL™" OMV or PBS (control). After 1
day, the liquid was decanted, and the seedlings were flooded
with a bacterial suspension of 1 x 10" CFU-mL™" Xcc 8004
prepared in 10-mM MgCl, for 3 min. Afterward, the bacte-
rial inoculum was removed from the plates and the
Arabidopsis seedlings were returned to the growth chamber.
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Bacterial population was determined at 3 DPI by dilution
plating on NYG medium.

Measurement of electrolyte leakage in Arabidopsis
leaf discs

Leaf discs from 5- to 6-week-old Arabidopsis seedlings were
collected in 50-mL conical tubes filled with 20 mL of deion-
ized water (eight discs/tube). For treatments with OMVs,
the leaf discs were incubated with 30 ug-mL™' OMVs for 24
h prior to bacterial infiltration. For treatment with MBCD,
leaf discs were treated for an additional hour prior to the
addition of OMVs, or water (as a control for MBCD treat-
ment). After OMV or MBCD treatments, the leaf discs were
vacuum infiltrated with Xcc 8004 or the T3SS hrcC” mutant
(as negative control). Fully infiltrated leaf discs (discs that
sank to the bottom of the tubes after infiltration) were
washed with deionized water to remove leaked electrolytes
caused by wounding, then distributed into new conical
tubes filled with 20 mL of deionized water. Electrolyte leak-
age was measured by a conductivity meter (EC210, Horiba)
for 30 h. Area under curves of the conductivity increase
were calculated by GraphPad Prism 8.0. Differences between
treatments were analyzed by one-way analysis of variance
(ANOVA) (GraphPad Prism). The experiments were re-
peated twice with similar results.

Lipidomic analysis of Xcc OMVs

Xcc OMVs were extracted from liquid NYG cultures as de-
scribed above. Supernatant from 800 mL of NYG culture
was centrifuged and pooled into a single OMV pellet as a bi-
ological replicate. Vesicle pellet samples (N = 6) was treated
with 1.5 mL of methanol to extract the compounds and fol-
lowed by sonication for 10 min in ice. After centrifugation
at 21.1g for 10 min at 4°C, the supernatant was transferred
to a new tube and samples were dried using Speed Vac.
Dried extracted samples were stored at —20°C and, then 160
pL of methanol and 40 pL of the internal standard were
added to the samples before analysis.

Phospholipids were identified using ACQUITY UPLC
System (Waters) coupled to Xevo TQ-S triple quadrupole
mass spectrometer (Waters). Chromatographic separation
was performed on an ACQUITY UPLC BEH C18 (2.1 mm X
100 mm, 1.7 um) column (Waters) using isocratic elution of
solvent A (methanol/water 98/2, vol/vol, 5-mM ammonium
acetate, 0.01% formic acid) for positive MS mode and sol-
vent B (methanol/water 98/2, vol/vol, 10-mM ammonium
acetate, 0.01% formic acid) for negative MS mode. The flow
rate was 0.4 mL-min”’, column temperature was 45°C, and
the injection volume was 3 pL. The ion source for both pos-
itive and negative modes was operated at the following con-
ditions: capillary voltage, 3.5 kV; desolvation temperature,
350°C; cone gas flow, 150 L-h™"; desolvation gas flow, 650
L-h™"; source temperature, 150°C. The injection order of six
samples was performed together with injections of pooled
quality control and extracted blank samples to monitor sys-
tem stability and carryover.
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Molecular simulation of the interaction of lipid
vesicles with a planar membrane

To study how OMV interacts with the plant host PM, we
constructed molecular models of simplified OMV-mimic
and plant PM mimic. For the OMV-mimic, we constructed
a 23-nm-diameter vesicle composed of POPC phospholipids
based on the coarse-grained MARTINI model (Marrink et al,,
2004, 2007), following the same protocol published else-
where (Chng et al, 2021). The solvent-free Dry MARTINI
version 2.1 (Arnarez et al., 2015) was used in order to reduce
computational cost. The initial configuration and simulation
set-up files were generated using the Martini Bilayer Maker
(Qi et al, 2015) within the CHARMM-GUI web-based plat-
form (Jo et al,, 2008). GROMACS version 4.6.7 MD software
was used for the simulations (Abraham et al, 2015). Six 2-
nm-diameter pores were symmetrically placed in the vesicle
to allow the exchange of inner and outer water as well as
lipid flip-flops between the inner and outer leaflets in the
initial configuration. After energy minimization steps to re-
move any steric clashes present, MD simulations were car-
ried out with progressively reduced restraints on lipid tail
positions to progressively close the pores. Unrestrained sim-
ulations were subsequently carried out for 200 ns for equili-
bration of the vesicle.

For the plant PM mimic, we constructed a 160 X 160 nm
patch of planar bilayer membrane composed of 50% POPC
and 50% sterol using the INSANE Python script (Wassenaar
et al, 2015). We used cholesterol to replace sitosterol as the
latter is not available in the MARTINI model and their mo-
lecular structures are similar to each other. As a control, we
also constructed a 160 X 160 nm patch of planar bilayer
membrane composed only of POPC. Same as the vesicle,
the Dry MARTINI model was used to simulate the planar
membranes. After energy minimization steps, MD simula-
tions were carried out with progressively reduced restraints
on lipid head-group positions. Unrestrained simulations
were subsequently carried out for 250 ns for each mem-
brane for further equilibration. After equilibration, the
POPC:sterol membrane size was reduced to 130 nm x 130
nm, while the control was increased slightly to 164 nm X
164 nm.

The vesicle was then placed atop either the POPC or
POPC:sterol membrane, and three short MD simulation runs
of 2 ns each with progressively reduced restraints on lipid
head-group positions were performed to ease the vesicle
onto the membrane surface. Unrestrained simulations were
subsequently carried out for 1,000 ns for the POPC:sterol
membrane and 1,200 ns for the POPC membrane.

For both simulations, electrostatic interactions were com-
puted using the Reaction-Field method with the dielectric
constant of 15 and cut-off distance of 1.1 nm. Van der
Waals interactions were computed using cut-off method
with the same distance of 1.1 nm. System temperature was
maintained at 310 K with the velocity-rescale thermostat.
The planar membrane was maintained at a constant tension
at a physiologically relevant level of c~0.1 mN-m™
(Gauthier et al, 2012) by applying an in-plane pressure of
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-0.2 bar. The pressure was maintained using the Berendsen
barostat with semi-isotropic coupling (X-Y plane coupled
separately from the Z or bilayer normal direction), with a
time-constant of 4 ps and compressibility of 3.4 x 107 bar™
(Arnarez et al, 2015). The simulation time-step was 40 fs for
simulation with POPC membrane and 20 fs for simulation
with POPC:sterol membrane.

Molecular simulation of model A. thaliana PM

We constructed a simplified model of the Arabidopsis PM
based on the lipid composition determined by Uemura et al.
(1995). Detailed lipid compositions are listed in Supplemental
Data Set S2. Martini Bilayer Maker within the CHARMM-GUI
web-based platform was used to construct the model bilayer
membrane using the standard MARTINI version 2.2 model
with the various lipids uniformly distributed within each
monolayer. Cholesterol was used as a replacement for sitos-
terol, which is not available in the standard MARTINI model.
Energy minimization steps and restrained MD simulations
were carried out following the same protocol as introduced
above for the plant PM mimic. Unrestrained simulations were
subsequently carried out for 2,000 ns for each membrane for
further equilibration. As the simulation domain contained wa-
ter particles (and neutralizing ions) above and below the
membrane, the system pressure was maintained at 1 bar with
the same Berendsen barostat with semi-isotropic coupling
(X=Y plane coupled separately from the Z or bilayer normal
direction), with time-constant of 5 ps and compressibility of
34 x 107 bar™". The system temperature was maintained at
295 K with the velocity-rescale thermostat. The simulation
time-step was 10 fs.

Calculation of lipid order parameter and membrane
elastic modulus of a planar membrane
The order parameter P, = (3 cos2(0) — 1) /2 was calculated
as a measure of lipid order in the membrane, where 0 is the
angle between a selected lipid bond and the axis perpendic-
ular to the bilayer membrane. To calculate the P, value for
a specific bond within a specific type of lipids, this angle was
averaged over all lipids of the same type in the membrane
over a simulation time interval of 1,900-2,000 ns. The order
parameter takes a maximum value of 1 if the bond is per-
fectly aligned along the membrane normal, and a minimum
value of —1/2 if the bond is perpendicular to the membrane
normal. The overall lipid order ((P,).-) of a specific lipid
type was calculated by averaging the P, values for all the
bonds along with the lipid tails of the same type of lipids.
The order parameter was calculated using an in-house TCL
script running within the Visual Molecular Dynamics soft-
ware environment, which was also used to generate the mo-
lecular figures in Figure 4 (Humphrey et al, 1996). The
abbreviations of lipids included in the calculation of lipid or-
der are listed in Supplemental Data S4 and Figure 4 legend.
As a mechanical property of the membrane used to char-
acterize its resistance to in-plane stretching, the elastic mod-
ulus (also known as area compression modulus) of our
model A. thaliana PM and its PE variants was estimated
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based on the fluctuations in the projected membrane area
(A) as Ky =ksT(A)/(A—(A))* (Marrink et al, 2004),
where (A) denotes averaging the area over simulation time
interval (1,900-2,000 ns), kg is the Boltzmann constant and
T is the system temperature in Kelvin.

Quantification and statistical analysis

Statistical analyses and data visualization were conducted in
GraphPad Prism 8.0 (GraphPad, CA, USA). Mean compari-
sons were performed using one-way ANOVA (ns, not signifi-
cant, *P < 0.05 *P <001 **P < 0.001; ***P < 0.000).
Unless specified, data were presented as box-and-whiskers
plots with bars indicating the median, 25% and 75% quar-
tiles. Means are indicated by “+” symbol in box-and-
whiskers plots. Raw data and tables for statistical analysis
are provided in Supplemental Data Set S4.

Accession numbers

Major genes described in this work can be found in the
Genbank/TAIR database under the following accession num-
bers: FLS2 (AT5G46330), EFR (AT5G20480), BAKT (AT4G
33430), REM1.2 (AT3G61260), REM1.3 (AT2G45820), FACKEL
(AT3G52940), SMT1 (AT5G13710), CPIT (AT5G50375), CVP1
(AT1G20330), PIP1;4 (AT4G00430), EH2 (AT1G21630), CLC2
(AT2G40060), DRP2B (AT1G59610).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Xcc OMVs enhanced endocyto-
sis in A. thaliana.

Supplemental Figure S2. Nanodomain-dependent
acceleration of plant CME by Xcc OMVs.

Supplemental Figure S3. The effect of pharmacological
inhibitors and mutations in the sterol biosynthesis pathways
on OMVs uptake by Arabidopsis seedlings.

Supplemental Figure S4. Sterols regulate membrane inte-
gration of Xcc OMVs.

Supplemental Figure S5. Colocalization of REM1.2 in
XVE:GFP-REM1.2 seedlings (REM1.2-OE) with FM4-64-la-
belled OMVs after B-estradiol induction.

Supplemental Figure S6. Xcc OMVs trigger various plant
defense responses.

Supplemental Data Set S1. Composition and saturation
level of lipids from Xcc OMVs and Arabidopsis. Data of the
Arabidopsis lipidomic profile was reported in our previous
study (Tran et al,, 2020).

Supplemental Data Set S2. Lipid species in the simplified
plant membrane model for simulation.

Supplemental Data Set S3. Primers, plasmids, and plant
materials.

Supplemental Data Set S4. Raw data and statistical
analyses.
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