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INTRODUCTION: Immunogenic flagellin frag-
ments are a signature of bacterial invasion
in both plants and animals. Plants recognize
flagellin fragments via flagellin sensitive 2
(FLS2), a model receptor kinase that is highly
conserved among angiosperms. However, little
is known about events upstream of flagellin
perception by FLS2. The flagellin fragments
recognized by FLS2 are buried in the flagellin
polymer structure and require hydrolytic re-
lease before recognition can occur, yet the
hydrolases releasing these elicitors remain to
be identified. Uncovering their identity is a
daunting task because the extracellular space
of plants (the apoplast) contains hundreds of
uncharacterized glycosidases and proteases.

RATIONALE: We reasoned that pathogenic
bacteria would suppress plant hydrolases that
are important for immunity. To identify sup-

pressed hydrolases in the apoplast of infected
plants, we applied activity-based protein pro-
filing with the use of chemical probes that
irreversibly label the active site of hydrolases.
We applied this strategy to study the infection
of the tobacco relative Nicotiana benthamiana
with the bacterial pathogens Pseudomonas
syringae pv. tabaci (Pta6605), P. syringae pv.
syringae (PsyB728a), and a virulent mutant of
P. syringae pv. tomato [PtoDC3000(ARQ)].

RESULTS: Glycosidase activity profiling of
apoplastic fluids isolated from PtoDC3000
(AhQ)-infected plants revealed that the activity
of B-galactosidase 1 (BGALI) is suppressed in
the apoplast during infection. BGAL1 sup-
pression is caused by a heat-stable, basic, small
inhibitor molecule that is produced by the
bacteria under the control of ArpR/S/L virulence
regulators. Null mutants of N. benthamiana
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lacking BGALI generated by genome editing have
substantially reduced apoplastic f-galactosidase
activity and are more susceptible to PtoDC3000
(AhQ), demonstrating that BGALI contributes
to immunity. When investigating how BGALI1
functions in immunity, we discovered that
treatment of PtoDC3000(AAQ) and Pta6605
bacteria with apoplastic fluids containing

BGALI1 results in the re-
lease of an elicitor that
triggers a burst of reac-
tive oxygen species in leaf
discs, a signature immune
response in plants. The
released elicitor is flagellin
derived because the triggered immune re-
sponse requires both the FLS2 receptor in the
plant and the flagellin-encoding f7iC gene in the
bacteria. More precisely, treatment of purified
flagella with apoplastic fluids containing BGAL1
facilitates the release of immunogenic peptides
from flagellin.

The flagellin polymer of both PtoDC3000
(ARQ) and Pta6605 is O-glycosylated with gly-
cans consisting of several rhamnose residues
and a terminal modified viosamine (mVio).
Mutant Pta6605 bacteria carrying nonglyco-
sylated flagellin, or carrying rhamnosylated
flagellin lacking mVio, trigger the plant im-
mune response when treated with apoplastic
fluids, irrespective of BGALI presence, thus
demonstrating that BGALI requires mVio for
its function in immunity. Addition of a pro-
tease inhibitor cocktail to apoplastic fluids
blocks the release of the flagellin elicitor from
nonglycosylated flagellin, implicating apoplastic
proteases in elicitor release acting downstream
of BGALLI. Consistent with a specific role of
BGAL1in elicitor release, bgall null mutants of
N. benthamiana show increased susceptibility
only to bacterial strains carrying mVio. Treat-
ment of PsyB728a with apoplastic fluids con-
taining BGALI does not facilitate release of the
flagellin elicitor because its flagellin carries a
different glycan moiety lacking mVio, thus pro-
viding protection against recognition.

Read the full article
at http://dx.doi.
org/10.1126/
science.aav0748

CONCLUSION: Glycosidase BGAL acts upstream
of proteases in the apoplast of N. benthamiana
to release immunogenic peptides from glyco-
sylated flagellin, but only on glycosylated fla-
gellin containing mVio. P. syringae strains use
both BGALI inhibitors and glycan polymor-
phism to suppress BGALI function and escape
recognition. Glycan polymorphism is common
to bacterial pathogens, indicating a general
role for flagellin glycans in evading recog-
nition of bacterial pathogens by both plants
and animals.

The list of author affiliations is available in the full article online.
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Plants and animals recognize conserved flagellin fragments as a signature of bacterial
invasion. These immunogenic elicitor peptides are embedded in the flagellin polymer and
require hydrolytic release before they can activate cell surface receptors. Although much
of flagellin signaling is understood, little is known about the release of immunogenic
fragments. We discovered that plant-secreted p-galactosidase 1 (BGAL1) of Nicotiana
benthamiana promotes hydrolytic elicitor release and acts in immunity against pathogenic
Pseudomonas syringae strains only when they carry a terminal modified viosamine
(mVio) in the flagellin O-glycan. In counter defense, P. syringae pathovars evade host immunity
by using BGALIl-resistant O-glycans or by producing a BGAL1 inhibitor. Polymorphic glycans
on flagella are common to plant and animal pathogenic bacteria and represent an important
determinant of host immunity to bacterial pathogens.

lant pathogenic bacteria colonize the

extracellular space within plant tissues

(the apoplast) and manipulate their hosts

with toxins and effector proteins delivered

through the type III secretion system (T3SS)
(I). Whereas these manipulation events inside the
host cell are well studied, less is known about how
bacteria manipulate the host apoplast.

One crucial aspect of plant-bacteria interac-
tions is the recognition of extracellular pathogen-
associated microbial patterns (PAMPs) that the
plant can perceive, through pattern recognition
receptors (PRRs), to mount PAMP-triggered im-
munity (PTI) (2). Most plants are able to recognize
immunogenic peptides of bacterial flagellin
through homologs of FLS2 (flagellin sensitive 2),
a receptor kinase PRR (2, 3). The 22-amino acid
flagellin fragment flg22 has been intensively used
to study receptor-like kinase (RLK) signaling and
PTI in plants. Many T3SS-secreted effectors in-
terfere in FLS2 signaling, underlining the im-
portant role of FLS2 signaling in immunity (3, 4).
However, although the release of immunogenic
peptides like flg22 from the flagellin precursor
protein has been anticipated, the mechanism by
which this process occurs is unknown because
these peptides are buried in the flagellin polymer
structure (5). Identification of elicitor-releasing
hydrolases is a daunting task because the plant
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apoplast contains hundreds of glycosidases, pro-
teases, and other hydrolases (6, 7).

We set out to discover the apoplastic hydro-
lases involved in immunity under the assump-
tion that harmful host-secreted hydrolases will
be suppressed by bacterial pathogens. To study
apoplast manipulation, we investigated the in-
teraction between Nicotiana benthamiana and
the model bacterial pathogen Pseudomonas
syringae pv. tomato DC3000 (PtoDC3000) (8).
Whereas PtoDC3000 triggers nonhost resistance
via recognition of the hopQI-1 effector, the mu-
tant lacking this type III effector [PtoDC3000
(ARQ)] is virulent on N. benthamiana (8).

Results
BGALI1 is inhibited during infection

To monitor the suppression of extracellular glyco-
sidases, we applied glycosidase activity profiling
on apoplastic fluids (AFs) isolated from infected
plants and mock-inoculated control plants. Using
the fluorescent activity-based probe JJB70, which
labels the active site of glycosidases (9, 10), we
discovered a ~19-fold suppression of JJB70 label-
ing of a 45-kDa protein, previously identified as a
putative B-galactosidase [BGALIL, NbS00024332g0007
(10)] (Fig. 1A). BGALI carries a signal peptide and
is enriched in the apoplast (fig. S1). BGALI also
accumulates in the apoplast when transiently
overexpressed by infiltration of N. benthamiana
with Agrobacterium tumefaciens (agroinfiltration)
(Fig. 1B).

BGALI is a functional B-galactosidase because
it can cleave galactose from FDG (fluorescein
di-B-p-galactopyranoside) (fig. S2), and both
JJB70 labeling and FDG hydrolysis by BGAL1
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are blocked by the B-galactosidase inhibitor
galactostatin (GSTN) (Fig. 1B). BGALI also selec-
tively catalyzes hydrolyses of 4-nitrophenyl-p-
galactopyranoside but not other monosaccharide
conjugates (fig. S3). In contrast to active BGALI,
mutant BGALI protein carrying mutated catalytic
residues [BGALIFS3AE25A (here E183A denotes
Glu'®—Ala and E254A denotes Glu***—Ala)]
does not accumulate upon agroinfiltration (Fig.
1B). This nonaccumulating mutant BGALLI is used
as a “minus BGAL” (-BGALI) control in follow-up
experiments. Consistent with the strong suppres-
sion of JJB70 labeling in infected plants, FDG-
hydrolyzing activity is reduced by a factor of ~30
in AFs upon infection (Fig. 1C).

Quantitative proteomic analysis indicated no
change in the amounts of BGALI protein in AFs
of infected plants (fig. S4), suggesting that BGAL1
is inactivated during infection. To test whether
AFs of infected plants contain a BGALI inhibitor,
we mixed AFs from infected and noninfected
plants before and after JJB70 labeling, a method
we term “convolution ABPP” [activity-based pro-
tein profiling (71)]. AFs from infected plants could
suppress both JJB70 labeling (Fig. 1A) and FDG-
hydrolyzing activity (Fig. 1C) present in AFs from
the mock control, indicating that AFs from in-
fected plants contain a BGALI inhibitor (Fig. 1D).
The BGALI inhibitor is detected early during in-
fection (fig. S6A) and also when PtoDC3000(ARQ)
is grown in T3SS-inducing minimal media (fig.
S5B). Inhibitor production is absent in AhrpR,
AhrpS, and AhrpL mutants but present in AhrpA
and AhrcC mutants of PtoDC3000, demonstrat-
ing that BGALI inhibitor production is controlled
by virulence regulators but does not require the
T3SS system (fig. S5B). The BGALI1 inhibitor is a
heat-stable molecule of <3 kDa (fig. S6A) that is
hydrophilic and basic (fig. S6, B and C). This
BGALI inhibitor does not suppress the activity
profiles of other hydrolases (fig. S6D) but re-
mains to be identified.

BGALI contributes to immunity

We next investigated why PtoDC3000 inhibits
BGALIL BGALI is one of the 28 putative glycosyl
hydrolases of family 35 (GH35) of N. benthamiana
(fig. S7). N. benthamiana is an ancient alloploid,
and BGALI has one putative homeolog, which
has been pseudogenized (fig. S8A). Using genome
editing with CRISPR-Cas9 (12), we generated two
independent BGALI null mutants: bgall-1 and
bgall-2 (Fig. 2A and fig. S8). Both bgall mutants
contain frameshift mutations in the BGALI open
reading frame (fig. S8B), and BGALI1 depletion
causes no major growth or developmental pheno-
types (Fig. 2B). AFs from both bgall mutants lack
the JJB70 signal corresponding to BGALI1 (Fig.
2C) and have strongly reduced FDG hydrolyzing
activity (Fig. 2D). Upon spray inoculation with
PtoDC3000(ARQ), both bgall mutants support
enhanced bacterial growth (Fig. 2E) and develop
more disease symptoms (Fig. 2F), confirming
a role for BGALI in immunity. A similar increase
in susceptibility was observed upon depletion of
BGALI transcripts by virus-induced gene silenc-
ing (VIGS) (fig. S9).
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BGALI1 facilitates release of

flagellin elicitor

We hypothesized that BGAL1 contributes to
immunity by releasing an elicitor from bacteria
that triggers a burst of reactive oxygen species

(ROS), a signature immune response in plants.
We therefore established an elicitor-release assay
based on the incubation of bacteria with AFs and
detection of released elicitors in a ROS burst assay
using leaf discs of unchallenged plants (Fig. 3A).
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Fig. 1. BGAL1 is suppressed during bacterial infection. (A) BGALL labeling is suppressed in AFs of
infected plants at 2 days postinfection (dpi). The two samples were also mixed in a 1:1 ratio before
(mix and label) and after (label and mix) labeling with JUB70. The quantified fluorescence of the
BGALL signal is plotted below. Error bars indicate mean * SE of n = 3 replicates; t test was used

to determine P values. (B) BGALL has B-galactosidase activity. FDG-hydrolyzing activity was measured
on AFs isolated from leaves transiently expressing the silencing inhibitor P19 alone (control) or with
BGALL (+) or mutant BGALL (=), pre-incubated with or without 10 uM galactostatin (GSTN). Error
bars indicate mean * SE of n = 4 replicates; Tukey HSD was used to determine P values. The samples
were also labeled with JUB70 and stained with Coomassie. (C) Reduced B-galactosidase activity in

AF from infected plants isolated at 2 dpi. The two samples were also mixed in a 1:1 ratio before FDG was
added. Error bars indicate mean £ SE of n = 5 replicates; Tukey HSD was used to determine P values.
(D) Schematic diagram showing BGALL and its inhibitor.
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Fig. 2. BGALI1 contributes to immunity. (A) Open reading frames of wild type and two independent
bgall null mutants generated by genome editing (red, out-of-frame translation; orange, catalytic
Glu residues). (B) Representative photos of 5-week-old plants. (C) Both bgall null mutants lack
the BGALL signal in the JJB70 labeling profile. (D) AF from both bgal mutants has reduced
B-galactosidase activity. Error bars indicate mean + SE of n = 3 replicates; Tukey HSD was used to
determine ***P values < 0.001. (E) Compared with the wild type, both bgall mutants are less
resistant to PtoDC3000(AhQ). Bacterial growth of PtoDC3000(AhQ) upon spray inoculation was
measured at 3 dpi. Error bars indicate mean * SE of n = 4 replicates; t test was used to determine
*P values. CFU, colony-forming units. (F) Representative photos of spray-infected leaves showing
symptoms of bacterial spot disease at 6 dpi. Scale bars, 1 cm.
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The ROS burst was induced in leaf discs of
N. benthamiana when treated with bacteria
that were incubated with AF from leaves over-
expressing BGALI1 (Fig. 3B). The ROS burst was
also absent when bacteria were omitted (fig.
S10), indicating that the elicitor is derived from
the bacteria. A similar BGAL1-dependent ROS
burst was triggered in leaf discs of Arabidopsis
thaliana (Fig. 3C), indicating that the BGALI-
released elicitor is recognized by different plant
families.

We next found that Arabidopsis mutants lack-
ing glycan receptors LORE or CERK], or lacking
both LYM1 and LYMS3, still perceive the elicitor
(fig. S11), indicating that the BGALI-released eli-
citor is not related to lipopolysaccharide, chitin,
or peptidoglycan, respectively (13-15). The ROS
burst was also unaffected in leaf discs lacking
SOBIRI (fig. S11D) but was absent in leaf discs
lacking BAK1 (Fig. 3D), indicating that elici-
tor perception involves a membrane-localized
RLK but not a receptor-like protein (3). When
testing BAKI-dependent immune RLKs, we dis-
covered that leaf discs of the Arabidopsis mutant
lacking FLS2, the RLK mediating flagellin recog-
nition (I6), are blind to the BGALI-released eli-
citor (Fig. 3E). Likewise, N. benthamiana plants
silenced for the FLS2 ortholog [NDFIs2 (17)] were
unable to sense the BGALI-released elicitor (Fig.
3F). By contrast, an Arabidopsis mutant lacking
EFR, the receptor for fragments of the bacterial
EF-Tu protein, still perceives the BGALI-released
elicitor (fig. S11E).

Consistent with flagellin recognition via FLS2,
BGALI treatment of mutant bacteria lacking
flagellin [PtoDC3000(AhQAfTiC (18)] did not
trigger the ROS burst in Arabidopsis (Fig. 3G) or
N. benthamiana (Fig. 3H), indicating that the
BGALIl-released elicitor is derived from flagellin.
Indeed, treatment of purified flagellin with AFs
containing BGALI also releases the elicitor (Fig.
31), demonstrating that BGALI1 facilitates elicitor
release directly from flagellin. Mass spectrometric
analysis of peptides released from purified flagellin
by AFs containing BGALI revealed several pep-
tides known to trigger immunity (19) (fig. S12).
These data demonstrate that BGALI controls the
release of immunogenic peptides from flagellin.

BGAL1 acts on glycosylated flagellin

A conserved fragment of 22 amino acid residues
of flagellin (flg22) containing the immunogenic
sequence KINSAKDDAAGLQ (K, Lys; I, Ile; N,
Asn; S, Ser; D, Asp; G, Gly; L, Leu; Q, GIn) [flg15-
A2 (19)] is universally recognized in angiosperms
by orthologs of FLS2 (19-22). This immunogenic
region resides inside the flagellin rod (Fig. 4 and
fig. S13) and has to be unfolded and excised be-
fore it can interact with FLS2 (5, 23). The solvent-
exposed surface of flagella is covered with O-glycans
linked to six serine residues located in the D2
and D3 domains of each flagellin protein (Fig. 4.
The O-glycans of PtoDC3000 consist of two or
three rhamnose residues and a terminal modified
viosamine (mVio) (24, 25) (Fig. 4).

The involvement of BGALI in the release of
the flagellin elicitor suggests that BGALI acts on
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glycosylated flagellin and that glycan removal
exposes the flagellin protein to proteases that
release the flagellin elicitor (Fig. 5). We tested
this hypothesis using P. syringae. pv. tabaci
6605 (Pta6605), which is also pathogenic on
N. benthamiana (26) and has been used as a
model to elucidate the glycan structure on the
flagellin. The O-glycans on the flagellin of Pta6605
are identical to those of PtoDC3000 (Fig. 6A)
(24, 25, 27), but Pta6605 does not produce a
BGALI inhibitor (fig. S14)). As with PtoDC3000(AAQ),
BGALIl-treatment of Pta6605 bacteria releases an
elicitor detected in both V. benthamiana (Fig. 6B)
and Arabidopsis (fig. S15A), and Pta6605 grows
better on N. benthamiana bgall mutants than
on wild-type (WT) plants (Fig. 6C). The elicitor
released by BGALL is derived from flagellin, as it
is undetected in N. benthamiana and Arabidopsis

lacking NbFLS2 and FLS2, respectively (fig. S15,
B and C), and the elicitor is not released from
Pta6605(Af1iC) lacking flagellin (fig. S15D).
Next, we took advantage of Pta6605 mutants
that lack different enzymes involved in the O-
glycan formation on flagellin. Incubation of
Pta6605(Afgtl) bacteria, which carries unglyco-
sylated flagellin (Fig. 6D) (27), with AFs releases
the elicitor, irrespective of BGALI presence (Fig.
6E). Accordingly, Pta6605(AfgtI) bacteria grew
less when compared with Pta6605(WT), and
BGALI no longer contributed to immunity be-
cause Afgtl bacteria grew equally well on both
WT plants and bgall mutant plants (Fig. 6F).
Pta6605 mutants producing flagella that lack
one O-glycosylation site [S143A, S164A, S176A,
S183A, S193A, and S201A mutants, respectively
(27)] also released the elicitor when incubated
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Fig. 3. BGAL1 controls the release of the flagellin elicitor. (A) Experimental procedure to detect
BGALIl-released elicitors from bacteria. The pellet of a bacterial culture was resuspended and
incubated with AF isolated from N. benthamiana leaves transiently overexpressing BGALL (+) or the
minus BGAL control (). The treated bacteria were added to leaf discs floating on a solution
containing luminol and horseradish peroxidase (HRP), and ROS was detected over time by
chemiluminescence. The ROS burst is triggered in leaf discs of N. benthamiana (B) and
Arabidopsis (C) after pretreatment of bacteria with AFs from plants overexpressing BGALL (+BGAL1)
but not the nonaccumulating mutant BGALL (-BGAL1). This ROS burst requires BAK1 (D) and
FLS2 (E) and its ortholog NbFLS2 in N. benthamiana (F). The ROS burst also requires the
flagellin-encoding fliC gene in PtoDC3000 in both Arabidopsis (G) and N. benthamiana (H), and is
also induced in N. benthamiana by purified flagella treated with AF containing BGALL (I). Error
intervals (shaded regions) indicate mean £ SE of n = 6 [(B) and (I)] or n =12 [(C) to (H)] replicates.
RLU, relative luminescence units.
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Fig. 4. Flagellin is a glycosylated protein polymer with a buried immunogenic sequence.
Flagellin of PtoDC3000 was modeled on the basis of the flagellin polymer structure of

P. aeruginosa (5wk5). Positions of O-glycosylated Ser residues (green) are distributed over
the surface of the polymer.

Buscaill et al., Science 364, eaav0748 (2019) 12 April 2019

with AFs, even in the absence of BGALI (fig. S16).
Consistent with the implicated role of proteases
in the release of flagellin fragments, elicitor release
from Pta6605(Afgtl) bacteria and purified non-
glycosylated flagellin was blocked with a protease
inhibitor cocktail (fig. S17). These data demon-
strate that O-glycans on flagellin provide protec-
tion against hydrolytic elicitor release and that
BGALI1 overcomes this protection.

BGALI’s role is specific for mVio glycans

To further specify BGALI action, we tested the
Pta6605 mVio transferase mutant AvioT and
mVio biosynthesis mutants AvioA and AvioB,
which all carry flagellin with rhamnose O-glycans
that lack the terminal mVio residue (Fig. 6G) (28).
Like the AfgtI mutant, incubation of AvioT, AvioA,
and AvioB mutant bacteria with AFs released the
flagellin elicitor irrespective of BGALI1 presence
(Fig. 6H and fig. S18), and these mutant bacteria
grew equally well on WT and bgall mutant plants
(Fig. 61 and fig. S18). These data demonstrate that
rhamnosyl glycans on flagella do not prevent
elicitor release in the apoplast and indicate that
mVio protects against elicitor release. These data
also show that BGALI-mediated elicitor release
and the role of BGAL] in immunity requires
mVio on the flagellin glycans.

All P. syringae bacteria produce O-glycosylated
flagella but the structures of the O-glycans can
differ between strains. For instance, P. syringae
pv. syringae B728a (PsyB728a), which has been
isolated from bean but is also pathogenic on
N. benthamiana (29), does not carry a (1,3)-linked

P. syringae U

glycosylated
flagellin
Glycosidase BGAL1
A\ 4
deglycosylated /
flagellin
Protease(s)

A\ 4
flagellin ___
peptides “~ ",

(Apoplast)

A\ 4

| flg

Y FLS2

\ |
Plant Cell l
(Plant Cell Defense

Fig. 5. Hydrolytic release of immunogenic
peptides from flagellin. We hypothesize that
BGALL controls the release of immunogenic
flagellin elicitors (e.g., flg, red) from P. syringae
by initiating the removal of the glycan protection
layer from flagella. Proteases would then
process flagellin to release the peptide elicitors,
which are recognized by the FLS2 surface
receptor.
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Fig. 6. BGAL1 acts in immunity only on
bacteria carrying mVio on flagellin
O-glycans. (A to C) BGAL1 also releases

an elicitor from Pta6605. (D to F) BGALL is not
required to release the flagellin elicitor from
Pta6605(Afgtl) producing nonglycosylated
flagellin. (G to I) BGALL is not required to
release the flagellin elicitor from Pta6605(AvioT)
lacking the terminal mVio. (J to L) BGAL1

does not release the flagellin elicitor from
PsyB728a carrying a different flagellin glycan.
(A, D, G, and J) Structures of flagellin O-glycans,
determined previously. (B, E, H, and K) ROS
burst assays of elicitor fractions from bacteria
treated with AFs from plants overexpressing
BGALL (+BGALL) or mutant BGAL1 (-BGALL).
Error intervals (shaded regions) indicate mean £
SE of n =12 replicates. (C, F, |, L) Pta6605
growth at 3 dpi on WT and bgall mutant

plants after spray inoculation. Error bars indi-
cate mean + SEof n =3 (F),n =6 (l), or
n=8[(C)and (L)] replicates; t test was used to
determine P values.

mVio but instead carries a putative (1,2)-linked
terminal GlcNac [N-acetylglucosamine, Fig. 6J
(24, 25)]. Treatment of PsyB728a with AFs con-
taining BGALI does not release the flagellin elici-
tor (Fig. 6K), and PsyB728a also grows equally
well on WT and bgall mutant plants (Fig. 6L).
PsyB728a does not produce a BGALI inhibitor
(fig. S14) and may suppress elicitor release through
other mechanisms. These data indicate that the
flagellin glycan of PsyB728a is protected against
BGAL1 from N. benthamiana. However, plants
silenced for NbFls2 are more susceptible to PsyB728a
(17), which indicates that N. benthamiana has
hydrolases that can release the flagellin elicitor
from PsyB728a. We did not detect this activity in
our elicitor-release assays, possibly because these
hydrolases are not sufficiently present or active
in the isolated AFs used. Overexpression of these
hydrolases might overcome this limitation, as we
discovered for BGALI.

Discussion
Hydrolytic release of
immunogenic peptides

We discovered that BGALI acts in immunity by
controlling the release of immunogenic flagellin
peptides and that bacteria counter the role of
BGALI by producing a BGALI inhibitor or BGALI-
insensitive glycans. Our work also elucidates
an important role for proteases in the release
of immunogenic peptides. The N. benthamiana
apoplast contains nearly 200 proteases that may
act redundantly (7), and our strategy to identify
hydrolases that are suppressed during infection
may be useful for identifying the proteases that
act in the release of the flagellin elicitor. We anti-
cipate a similar important role for BGAL1 and
other hydrolases in the release of different im-
munogenic flagellin fragments that are recognized
in tomato and rice (30, 31). Hydrolytic release of
immunogenic peptides from precursors may also
be required for peptide elicitors elf18, nlp24, and
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possibly pepl3 from bacterial, fungal, and oomycete
pathogens because these are also buried within
folded protein structures (32-36). It will be inter-
esting to determine whether the role of BGAL1
and proteases is conserved across plant species
or whether host-specific hydrolytic processes
dictate elicitor release and host specificity.

Glycan polymorphism as a common
defense strategy

PsyB728a evades flagellin hydrolysis and recogni-
tion by the host, which suggests that polymorphic
glycans on flagellin might help other plant-
pathogenic bacteria evade recognition. Indeed,
2150-Da glycan moieties on flagellin in strain K1
of the bacterial rice pathogen Acidovorax avenae
(AcK1) prevent flagellin recognition in rice,
whereas 1600-Da glycan moieties on flagellin
from the related AcN1141 strain do not prevent
flagellin recognition (37). Likewise, despite being
identical in protein sequence, the glycosylated
flagellin of P. syringae pv. glycinea (Psg) triggers
cell death in tobacco (Wicotiana tabacum) but the
glycosylated flagellin of Pta6605 do not, probably
owing to the distinctive O-glycan moieties (38, 39).
These observations indicate that polymorphic
glycans are an important determinant in evading
host immunity and that host plants secrete spe-
cialized glycosidases to release immunogenic flagel-
lin fragments.

The role of flagellin glycans in host immunity
evasion also extends to animal-pathogenic bac-
teria. Flagellin glycosylation mutants of Pseudomonas
aeruginosa, for instance, are less virulent in wound
infection assays in mice (40). Likewise, non-
glycosylated flagellin proteins from the oppor-
tunistic human pathogen Burkholderia cenocepacia
stimulate stronger TLR5-dependent immune re-
sponses in human cell lines when compared with
glycosylated flagellin (41). Glycans on flagellin
are also polymorphic in animal-pathogenic bacteria
(42). For instance, B. cenocepacia, Burkholderia
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Pta6605(AvioT) PsyB728a
pseudomallei, and Burkholderia thailandensis
carry different glycans that may provide different
levels of protection against host hydrolases (43).
These data indicate that polymorphic glycans on
flagella are a common strategy to evade host
immunity driven by host-specific hydrolases in
both plants and animals.

Materials and methods
Plants

Nicotiana benthamiana plants were grown in a
growth chamber at 21°C and ~60% relative hu-
midity with a 12-hour photoperiod and a light in-
tensity of 2000 cd-sr m 2. Arabidopsis plants were
grown in a Fitotron growth chamber (Weiss
Gallenkamp, Loughborough, UK) at 21°C and
~60% relative humidity with a 12-hour photo-
period. Arabidopsis mutants used are all in Col-0
background and are summarized in Table 1.

Bacterial strains

The P. syringae strains used in this study are
listed in Table 2. PstDC3000 strains were grown
in Luria-Bertani (LB) medium with 50 pg/ml
rifampicin at 28°C. Pta6605 strains were grown
in King’s B (KB) medium at 28°C. For the infec-
tion assays, bacteria were cultured in Luria-Bertani
(LB) medium containing 10 mM MgCl, at 28°C.

Molecular cloning

All constructs were generated using standard
molecular biology procedures. All new vectors are
summarized in Table 3. All binary plasmids were
transformed into Agrobacterium tumefaciens
GV3101 (pMP90) by freeze-thawing and selected
for kanamycin resistance.

The full-length BGALI open reading frame
and its catalytic mutant (BGALI®'S34E2544) were
commercially synthesized without the sequence
encoding the signal peptide (SeqA, Biomatik,
Cambridge, Ontario, Canada). The synthetic se-
quence (SeqA) contained flanking Xhol/Sall

4 of 10

9202 ‘20 8unr Uo uopuo afs|joD eLedu | Je 610°80Us 195" MMM//:SANY WO ) popeojuMod



RESEARCH | RESEARCH ARTICLE

and BamHI restriction sites and a sequence en-
coding an N-terminal StreplI tag. The synthetic
sequences were received in pBluescript (pBS)
cloning vectors pBK23 and pBK25 for WT and
mutant BGALI, respectively. The open reading
frame was cloned into the pRH509 binary vector
(44) using Sall and BamH1 restriction sites, in
between the 35S promoter with a sequence en-
coding the PR1a signal peptide, and the PI-IT
terminator sites, resulting in binary vectors

pBK26 (WT BGALI1) and pBK27 (mutant BGALIL),
respectively.

The 281-bp fragment of BGALI (SeqB) used for
VIGS was commercially synthesized (Biomatik,
Cambridge, Ontario, Canada) and was received in
PBS vector pBK30. The fragment was cloned into
binary TRV2 vector (45) using EcoR1 and BamH1
restriction sites, resulting in binary vector pBK46.

The two CRISPR/Cas9 sgRNAs targeting BGAL
were designed to minimize off-targets by using

Table 1. Arabidopsis mutants lines used in this study. NASC, Nottingham Arabidopsis Stock

Centre.

Name Locus Origin Reference Provided by

sdI-29 Atlg61380 SAIL_857_E06 13) NASC

cerkl-2 At3g21630 GABI_096F09 (71) A. Gust, Thibingen

lymI-1/lym3-1  Atlg21880/Atlg77630  GABI_419G07 15) A. Gust, Thubingen
SALK_111212

bakl-4 At4g33430 SALK_116202C (72) NASC

sobirl-12 At2g31880 SALK_050715 73) M. Joosten, Wageningen

fls2c At5g46330 SAIL_691C4 (74) C. Zipfel, Norwich

Table 2. P. syringae strains used in this study. Rif, rifampicin; —, not applicable.

Strain Selection Reference
Pseudomonas syringae pv. tomato DC3000 AhQ Rif 8)
Pseudomonas syringae pv. tomato DC3000 AhQAfliC Rif 18)
Pseudomonas syringae pv. tomato DC3000 AhrpR Rif (75)
Pseudomonas syringae pv. tomato DC3000 AhrpS Rif (75)
Pseudomonas syringae pv. tomato DC3000 AhrpL Rif (75)
Pseudomonas syringae pv. tomato DC3000 AhrpA Rif (76)
Pseudomonas syringae pv. tomato DC3000 AhrcC Rif (76)
Pseudomonas syringae pv. tabaci 6605 - (77)
Pseudomonas syringae pv. tabaci 6605 AfliC - (77)
Pseudomonas syringae pv. tabaci 6605 Afgtl - 27)
Pseudomonas syringae pv. tabaci 6605 AvioT - 28)
Pseudomonas syringae pv. tabaci 6605 AvioA - 28)
Pseudomonas syringae pv. tabaci 6605 AvioB - 28)
Pseudomonas syringae pv. tabaci 6605 S143A - 27)
Pseudomonas syringae pv. tabaci 6605 S164A - 27)
Pseudomonas syringae pv. tabaci 6605 S176A - 27)
Pseudomonas syringae pv. tabaci 6605 S183A - 27)
Pseudomonas syringae pv. tabaci 6605 S193A - 27)
Pseudomonas syringae pv. tabaci 6605 S201A - 27)
Pseudomonas syringae pv. syringae B728a - 78)

Table 3. Binary vectors generated in this study. T-DNA, transferred DNA.

Name Description

pBK26 Binary vector carrying 35S::BGALI (SegA) and Npt/l on T-DNA

pBK27 Binary vector carrying 35S::BGALIS3AE254A and Nptll on T-DNA

pBK13 Binary vector carrying sgRNA_106, Cas9 and Npt/l on T-DNA, used to generate bgall-2
pBK14 Binary vector carrying sgRNA_147, Cas9 and Nptll on T-DNA, used to generate bgall-1
pBK46 Binary vector carrying TRV2 with 281-bp fragment (SeqB) of BGALL on T-DNA

Buscaill et al., Science 364, eaav0748 (2019)
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“CCTop - CRISPR/Cas9 target online predictor”
(46), and their on-target activity was predicted
according to Doench et al. (47). A CRISPR-Cas9
cloning vector (pL1V2-Kan-Cas9) was constructed
by combining pAGM4723 [Addgene 48015 (48)]
with pICH47742 [Addgene 49771 (49)], pICSL11017
(Addgene 51144)) and pICH47761 [Addgene 48003
(48)]in a Golden Gate reaction with Bpil, resulting
in pJK236. Specific PCR products were generated
by amplifying from the template for sgRNAs
PICH86966 [Addgene 46966 (12)] using forward
primers 5'-ttggtctcaattggecgtcaatgaccaacgeegtittaga-
getagaaatageaag-3' (for sgRNA_147/bgall-1) or 5'-
ttggtctcaattggecgaagttegttceeeeggttttagageta-
gaaatagcaag-3' (for sgRNA_106/bgall-2) and re-
verse primer 5'-ttggtctcaagegtaatgecaactttgtac-3'.
The two PCR products were combined with
pJK236 and the AtU6 promoter [pICSL01009,
Addgene 46968 (12)] in a Golden Gate reaction with
Bsal to generate pBK13 (for sgRNA _106/bgall-2)
and pBK14: (sgRNA _147/bgall-1), respectively.
SeqA (synthetic BGALI-encoding sequence):
Bold underlined: Codons encoding active site
glutamates were mutated into GCA and GCG in
the BGALI®'S3AE254A catalytic mutant. Underlined:
SeqB used for VIGS. Bold: Restriction sites. ltalic
with asterisk above: Two silent substitutions
introduced to remove EcoRI sites.
5'-atgtegacctegagctggteteatectcaatttgaaaagGC-
CAATGTGACGTATGATCACCGGGCGTTGGT-
CATTGACGGCCAGCGTAGAGTTCTCATCTCC-
GGCTCCATACATTACCCTCGTAGTACTCCTG-
ATATGTGGCCAGACCTTATACAGAAATCTAA-
AGATGGAGGATTGGATGTACTAGAGACATA-
TGTTTTCTGGAACATACATGAACCTGTTAGA-
AATCAGTATGATTTTGAAGGAAGGAAAGAT-
TTGGTTAAATTTGTGAAGTTGGTGGGGAAA-
GCTGGCTTATATGCTCATATAAGGATCGGG-
CCTTATGTTTGTGCAGAATGGAACTATGGTG-
GGTTTCCTCTTTGGTTGCATTTCATTCCTGG-
AGTTGAATTTCGAACTGATAATGAACCATT-
CAAGGCAGAAATGAAGCGGTTTACAGCAAAA-
ATTGTTGACATGCTCAAGCAAGAAAATCTTT-
ATGCATCCCAAGGGGGACCGGTTATTTTGTC-
TCAGATAGAAAATGAATATGGCAATGGGG-
ATATTGAGTCTCGTTATGGTCCTCGTGCCAAA-
CCTTATGTCAACTGGGCAGCAAAAATGGCTA-
CATCGTTGGATACAGGAGTGCCATGGGTTAT-
GTGCCAGCAACCAGATGCCCCTGATCCCATA-
ATAAACACTTGCAATGGATTCTATTGTGACC-
AATTCAAGCAGAACTCCGATAAGACACCCAA-
GATGTGGACGGAGAATTGGACTGGATGGTT-
TCTTTCTTTTGGTGGTGCTGTCCCTTACAGA-
CCTGTGGAAGACATTGCTTTTTCTGTGGCTC-
GATTTTTCCAGCGAGGTGGAACCTTTCAGAA-
CTATTACATGTACCACGGGGGAACGAACTTC-
GGCCGGACCAGTGGTGGGCCATTTATTTCAA-
CTAGCTATGACTATGATGCTCCTTTAGATGA-
GTATGGCCTTATAAGACAACCAAAGTGGGGC-
CACTTGAAAGATCTCCATAAAGCCATAAAGC-
TGTGCGAGGCTGCAATGGTGGCAACTGATC-
CAACTATCACTTCTCCAGGATCTAACATAGA-
GGTCAGTGTTTATAAAACTGGATCGGTGTG-
TGCTGCATTTCTTGCCAATGTGGGTACACAG-
TCTGACGCAGCCGTGACTTTCAATGGAAATT-
CATATCATTTGCCTCCTTGGTCCGTGAGCAT-
CTTACCTGATTGCAAAAATGTGGCATTTAGT-
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ACTGCAAAGATTAACTCGATGTCAACAATCT-
CAAAGTTTGTTACTCAGTCTACGGAAGCTG-
ATGGTTCTGGCGCATCCTTGTCAGGTTGGAC-
TTGGGTTAATGAGCCTGTAGGTATCTCAAGTG-
ATAACGCGTTCACAAAAACGGGTTTGATGG-
AGCAGATAAATACTACAGCAGATAAAAGTGA-
TTATCTTTGGTACTCTCTGAGTGTTAATGTA-
AAAAATGACGAGCCTTTCCTTCAAGATGGAT-
CTCAAACAGTACTTCATGTGGAATCACTTGGC-
CATGTTCTTCATGCTTTCATTAACGGAAAGCT-
ATCAGGAAGTGGGAAAGGAAACAGTGGAAAT-
TCTAAAGTTACAATTGATGTTCCTGTCACCCTT-
GTACCTGGAGAAAACAAAATCGACCTGTTGA-
GTGTGAATGTGGGGCTTCAGAACTATGGAGC-
ATTCTTTGATCTTAAGGGAGCAGGTATTACCG-
GTCCTGTGCAATTGAAAGGCTTCAAAAATGGC-
TCTACTATTGATCTTTCGTCAAAGCAATGGA-
CATATCAGGTTGGATTGAAAGGAGAAGAACT-
GGGGTTATCTGATGGAAGTTCTTCGCTTTG-
GAA C TCACAATCTGCATTGCCTACAAACCAAC-
CATTAATTTGGTATAAGGCAAGTTTTGATG-
CCCCTGCTGGAGATACCCCTCTTTCACTAG-
ATTTTACTGGAATGGGAAAGGGTGAAGCA-
TGGGTGAATGGACAAAGCATTGGCCGATTT-
TGGCCTACCAATACTGCATCAAATGGAGGTT-
GTACTGACTCCTGCAATTATAGAGGATCTTA-
CAATTCTAACAAATGTCTTAAAAATTGTGGAA-
AACCATCCCAGCTGCTATACCACGTTCCTCGT-
TCATGGCTGCAATCCACGGGAAATGTCATAG-
TGTTGTTTGAGGAAATGGGTGGGAATCCAAC-
AAAGCTATCTTTTGCAACAAGAGAGACAAGT-
AGTATATGCTCACGAGTTTCAGAGGCGCAT-
CCACTTCCTATTGACAAGTGGACGTCGGATG-
ACGATGCACGAAAGAAAGTAGGGCCAACTCT-
GTCTCTTGAGTGCCCTCGTCCTGATCAAGTC-
ATTTCTTCAATCAAATTTGCAAGCTTTGGC-
ACTCCTCTTGGTGCATGTGGAAGCTTTA-
GCCATGGTCGATGCACAAGCAACAATGCTCT-
TTCCCATGTAAAGAAGGCTTGCATTGGATCG-
AGACACTGTAGTGTTGGAGTTTCAATAGATG-
TATTTGGTGATCCATGTATAGGAGTCACAA-
AAAGTTTAGCCGTAGAAGCTTCCTGTTCG-
ggatce-3'

SeqB (fragment used for silencing BGALIL):
Bold: Restriction sites.

5-gaattcCTGTTAGAAATCAGTATGATTTTGAA-
GGAAGGAAAGATTTGGTTAAATTTGTGAAGT-
TGGTGGGGAAAGCTGGCTTATATGCTCATATA-
AGGATCGGGCCTTATGTTTGTGCAGAATGGA-
ACTATGGTGGGTTTCCTCTTTGGTTGCATTTC-
ATTCCTGGAGTTGAATTTCGAACTGATAATGA-
ACCATTCAAGGCAGAAATGAAGCGGTTTACA-
GCAAAAATTGTTGACATGCTCAAGCAAGAAA-
ATCTTTATGCATCCCAAGGGGGACCGGTTAT-
TTTGggatce-3'

sgRNA_106 (for bgall-2): Underlined: Spacer
sequence.

5'-GGCCGAAGTTCGTTCCCCCGGTTTTAGAGC-
TAGAAATAGCAAGTTAAAATAAGGCTAGTCC-
GTTATCAACTTGAAAAAGTGGCACCGAGTCG-
GTGCTTTTTTT-3'

sgRINNA_ 147 (for bgall-1): Underlined: Spacer
sequence.

5-GGCCGTCAATGACCAACGCCGTTTTAGAG-
CTAGAAATAGCAAGTTAAAATAAGGCTAGTC-
CGTTATCAACTTGAAAAAGTGGCACCGAGTC-
GGTGCTTTTTTT-3'

Buscaill et al., Science 364, eaav0748 (2019)

Plant transformation

Agrobacterium mediated transformation of
N. benthamiana was performed as described
(50). Briefly, 4-week-old N. benthamiana plants
were agroinfiltrated with A. tumefaciens strain
GV3101 pMP90 carrying binary plasmids pBK13
(carrying sgRNA_106 for bgall-2) and pBK14 (car-
rying sgRNA_147 for bgall-1). At 3 days post-
infiltration, the infiltrated leaves were cut into
1-cm? sections and were cultured under sterile
conditions on shooting media [per liter: 4.3 g
MS basal salts (1x), 30 g sucrose, 1x B5 vitamins,
0.1 mg naphthalene acetic acid (NAA), 0.59 g
MES, pH 5.7 using KOH, 4 g Agargel, after auto-
claving add 1 mg benzylaminopurine (BAP),
300 mg ticarcillin/clavulanic acid] for 3 days,
and subsequently transferred to shooting media
supplemented with 150 ug/ml kanamycin and
cultured for approximately 2 to 3 weeks to select
for stable transformants. Shoots were excised and
transferred to rooting media [per liter: 2.15 g MS
basal salts (0.5x), 5 g sucrose, 0.1 mg NAA stock,
pH 5.8 with KOH, 2.5 g Gelrite, after autoclaving
add 300 mg ticarcillin/clavulanic acid] sup-
plemented with 150 pg/ml kanamycin and were
further cultured until roots appeared, after which
plantlets were transferred to soil and grown in the
growth chamber. To identify stable N. benthamiana
transformants carrying mutant BGALI alleles,
the targeted segment of the BGALI gene was PCR
amplified using primers for bgalI-1 (forward
primer: 5'- tctgettctaagaacagat-3'; reverse primer:
5'-gtctctagtacatccaatee-3') and bgall-2 (forward
primer: 5-accatactcatctaaaggagca-3'; reverse primer:
5'-ggctegatttticcagegag-3'), and the PCR fragments
were sequenced by Sanger sequencing to confirm
mutations. Mutant lines were screened by ABPP
using the JJB70 probe to confirm BGALI deple-
tion in the T2 and T3 generations.

Virus-induced gene silencing (VIGS)

Agrobacterium cultures were grown overnight
and resuspended in agroinfiltration buffer (10 mM
MgCl,, 10 mM MES pH 5.0, and 100 uM ace-
tosyringone) at ODg( = 0.5. Bacteria containing
PBK46 (TRV::BGALI) or TRV2::GFP were mixed
1:1 with bacteria containing TRV1 (45). After in-
cubation for 1 hour at room temperature, the
mixed cultures were infiltrated into leaves of 10-
day-old N. benthamiana plants. The infiltrated
seedlings were grown for 3 to 4 weeks in a
growth chamber until use.

Agroinfiltration

For transient expression of proteins in N. benthamiana,
overnight cultures of Agrobacterium carrying binary
vectors were harvested by centrifugation. Cells
were resuspended in induction buffer (10 mM
MgCl,, 10 mM MES pH5.0, and 100 uM acetosyr-
ingone) at ODgy = 0.5. After 1 hour at 21°C, cells were
infiltrated into leaves of 4-week-old N. benthamiana.
Leaves were harvested and processed 4 days after
agroinfiltration.

Isolation of apoplastic fluids

AFs were collected as described previously (51).
Leaves from infected or agroinfiltrated plants
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were submerged in ice-cold water and infiltrated
by applying vacuum for 5 min. The surface of
water-infiltrated leaves were dried with absorbing
paper and leaves were carefully mounted in an
empty 20-ml syringe, placed in a 50-ml tube. AFs
were collected by centrifugation at 2000g at 4°C
for 20 min and used immediately.

In-solution digestion of apoplastic fluids
for proteome analysis

AFs (500 ul) from N. benthamiana were isolated
from 16 leaf discs. Proteins were reduced by in-
cubation with dithiothreitol (DTT, final concentra-
tion 5 mM) for 30 min at room temperature.
Samples were then alkylated with iodoacetamide
(TAA, final concentration 20 mM) for 30 min at
room temperature. Then the AFs were chloroform-
methanol precipitated, and the precipitated pro-
teins were dissolved in 100 pl of 6 M urea. 500-u1
water was added and protein digestion was per-
formed by adding 400 ng trypsin/LysC mix
(Promega, Madison, WI, USA). Sample was in-
cubated at 37°C for 18 hours. The protein digestion
was stopped by adding formic acid (FA, final
1% v/v), and peptides were purified using the
sep-paK C18 columns (Waters, Elstree, UK).

Proteome analysis of apoplastic fluids
Sample clean-up for LC-MS

Trypsin and LysC digested samples were de-
salted on homemade C18 StageTips as described
(52). On each two-disc StageTip, peptides (~15 ug)
were loaded (based on the initial protein con-
centration). After elution from the StageTips,
samples were dried using a vacuum concentrator
(Eppendorf) and the peptides were taken up into
10 ul of 0.1% formic acid solution. Samples for
the analysis endogenously digested peptides in
the AF were generated by supplementing the AF
with four volumes of MS-grade acetone, followed
by incubation on ice for 1 hour and centrifugation
at 18,000g for 15 min. Four-fifths of the super-
natants were then transferred to fresh Eppendorf
tubes and the acetone evaporated by vacuum
centrifugation. The dried peptide samples were
then dissolved in 0.1% formic acid and immediately
analyzed without further clean-up.

LC-MS/MS

Experiments were performed on an Orbitrap
Elite instrument [Thermo Fisher Scientific, Waltham,
MA, USA (563)] that was coupled to an EASY-nL.C
1000 liquid chromatography (LC) system (Thermo
Fisher Scientific, Waltham, MA, USA). The LC was
operated in the one-column mode. For full AF
analysis, the analytical column was a fused silica
capillary (75 um by 25 cm) with an integrated
PicoFrit emitter (New Objective) packed in-
house with Reprosil-Pur 120 C18-AQ 3-um resin
(Dr. Maisch). For analysis of endogenously digested
peptides from the AF, the analytical column had
alength of 35 cm and the resin was Reprosil-Pur
120 C18-AQ 1.9-um resin (Dr. Maisch). The
analytical column was encased by a column oven
(Sonation) and attached to a nanospray flex ion
source (Thermo Fisher Scientific, Waltham, MA,
USA). The column oven temperature was adjusted
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to 45°C during data acquisition. The LC was
equipped with two mobile phases: solvent A
(0.1% formic acid, FA, in water) and solvent B
(0.1% FA in acetonitrile, ACN). All solvents were
of UHPLC (ultra-high-performance liquid chro-
matography) grade (Sigma-Aldrich, Saint Louis,
MO, USA). Peptides were directly loaded onto
the analytical column with a maximum flow rate
that would not exceed the set pressure limit of
980 bar (usually around 0.5 to 0.8 ul/min). Pep-
tides were subsequently separated on the analyt-
ical column by running a 70- or 140-min gradient
of solvent A and solvent B [start with 7% B; gradient
7% to 35% B for 60 (or 120 min); gradient 35%
to 100% B for 5 min (or 10 min) and 100% B for
5 min (or 10 min)] at a flow rate of 300 nl/min. The
mass spectrometer was operated using Xcalibur
software (version 2.2 SP1.48). The mass spectrom-
eter was set in the positive ion mode. Precursor
ion scanning was performed in the Orbitrap
analyzer (FTMS; Fourier transform mass spectro-
metry) in the scan range of m/z = 350 to 1800
and at a resolution of 60,000 with the internal
lock mass option turned on [lock mass was
445.120025 m/z, polysiloxane (54)]. Product
ion spectra were recorded in a data dependent
fashion in the ion trap (ITMS; ion trap mass
spectrometry) in a variable scan range and at a
rapid scan rate. The ionization potential (spray
voltage) was set to 1.8 to 2.0 kV. Peptides were
analyzed using a repeating cycle consisting of a
full precursor ion scan (1.0 x 10° ions or 30 ms)
followed by 10 product ion scans (1.0 x 10* ions
or 50 ms) where peptides are isolated based on
their intensity in the full survey scan (threshold
of 500 counts) for tandem mass spectrum (MS2)
generation that permits peptide sequencing and
identification. CID (collision-induced dissociation)
collision energy was set to 35% for the generation
of MS2 spectra. During MS2 data acquisition,
dynamic ion exclusion was set to 60 s with a
maximum list of excluded ions consisting of 500
members and a repeat count of one. Ion injection
time prediction, preview mode for the FTMS,
monoisotopic precursor selection and charge
state screening were enabled. Only charge states
>1 were considered for fragmentation.

Peptide and protein identification
using MaxQuant

RAW spectra were submitted to an Andromeda
(55) search in MaxQuant (version 1.5.3.30). For
the analysis of trypsin/LysC digested samples, we
used the following settings (56): Label-free quan-
tification and match-between-runs was activated
(567). MS/MS spectra data were searched against
the ACE_0319_Niben_Final.fasta [N. benthamiana,
42853 entries (6)] and Uniprot reference database
UP000002515_223283 fasta, (Pseudomonas syringae
pv. tomato (strain ATCC BAA-871/DC3000), 5431
entries) databases. All searches included also a
contaminants database (as implemented in
MaxQuant, 267 sequences). The contaminants
database contains known MS contaminants and
was included to estimate the level of contamina-
tion. Andromeda searches allowed oxidation of
methionine residues (16 Da), acetylation of protein
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N terminus (42 Da) as dynamic modification, and
the static modification of cysteine (57 Da, alkyla-
tion with IAM). Enzyme specificity was set to
“Trypsin/P” with two missed cleavages allowed.
The instrument type in Andromeda searches was
set to Orbitrap and the precursor mass tolerance
was set to £20 ppm (first search) and +4.5 ppm
(main search). The MS/MS match tolerance was
set to +0.5 Da. The peptide spectrum match FDR
and the protein FDR were set to 0.01 (based on
target-decoy approach). Minimum peptide length
was seven amino acids. For protein quantification,
unique and razor peptides were allowed. Modi-
fied peptides were allowed for quantification. The
minimum score for modified peptides was 40.
For the analysis of endogenously digested pep-
tides in the AF, we used the following settings:
Label-free quantification and match-between-runs
was activated (57). MS/MS spectra data were
searched against the p19_vector_proteins.fasta
(two entries) and ACE_0383_SOI_v02.fasta (con-
taining the sequence of flagellin and BGALI1). As
above, all searches included also a contaminants
database (as implemented in MaxQuant, 267
sequences). Andromeda searches allowed oxida-
tion of methionine residues (16 Da) and acetyla-
tion of protein N terminus (42 Da) as dynamic
modification. Enzyme specificity was set to “un-
specific.” The instrument type in Andromeda
searches was set to Orbitrap and the precursor
mass tolerance was set to +20 ppm (first search)
and +4.5 ppm (main search). The MS/MS match
tolerance was set to 0.5 Da. The peptide spec-
trum match FDR and the protein FDR were set
to 0.01 (based on target-decoy approach). Min-
imum peptide length was 8 amino acids and the
maximum length 25. For protein quantification,
unique and razor peptides were allowed. Modi-
fied peptides were allowed for quantification. The
minimum score for modified peptides was 40.

Data analysis

Initial data analysis and filtering and statistical
evaluation was performed by using the PERSEUS
computational platform [version 1.5.5.3 (58)]. For
data generated from trypsin/LysC digested sam-
ples, we performed the following manipulations:
Briefly, only protein groups with at least two
identified unique peptides over all runs were con-
sidered for further analysis. Non-N. benthamiana
proteins and hits to the decoy database were
removed. For quantification, we combined related
biological replicates into categorical groups and
investigated only those proteins that were found
in all samples. Comparison of protein group
quantities (relative quantification) between dif-
ferent MS runs is based solely on the LFQ’s as
calculated by MaxQuant [MaxLFQ algorithm
(57)]. For the statistics, each biological replicate
was used for a pairwise comparison. The iden-
tified proteins were plotted by the mean of the
sum of Log,(LFQ intensity) of the mock and AhQ
samples against the mean of ratio(mock/ARQ) of
four biological replicates. For the analysis of data
generated from endogenously digested AF sam-
ples, we analyzed the peptide.txt output from
MaxQuant. Peptide intensities were loaded into
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PERSEUS grouped into categorical groups
(no_bGal or bGal) based on their treatment
and normalized by subtraction from median.
Missing values were then imputed and the
categorical groups compared by performing a
Student’s ¢ test (FDR 0.05; SO 0.1; number of
randomizations 250). The output was visualized
as volcano plot (+BGALI1 versus -BGAL1), an-
notated in PERSEUS and edited in CorelDraw.

TE versus AF proteomics

A comparison of an in-solution-digested
N. benthamiana apoplastic proteome (AF) versus
a leaf total extract (TE) was deposited recently
(6). Contaminants, reverse proteins, and those
only identified by matching were removed, and
majority protein groups found in three out
of four biological replicates of either AF or TE
were retained. Log,(sum LFQ intensity AF + TE)
is plotted over the distribution (sum LFQ in-
tensity AF)/(sum LFQ intensity AF + sum LFQ
intensity TE). A ratio closer to 1 indicates pre-
dominant identification in the leaf apoplastic
proteome, whereas a ratio closer to 0 indicates
predominant identification in the total extract
proteome.

Glycosidase activity profiling

AFs (50 ul) were incubated in 50 mM MES pH
5.0 with and without 1 uM JJB70 in the dark for
1 hour at room temperature. The labeling reaction
was stopped by adding gel-loading buffer [200 mM
Tris-HCl (pH 6.8), 400 mM DTT, 8% SDS, 0.4%
bromophenol blue, 40% glycerol] and heating
at 90°C for 5 min. The labeled proteins were se-
parated on 10% gels at 200 volts for 1 hour.

Convolution ABPP

Two different samples were prepared for con-
volution ABPP. For the “label-and-mix” sample,
AFs isolated from PtoDC3000(ARQ) infected plant
1 x 10° CFU/ml, 2 dpi), and the mock control
samples (from water infiltrated plant) were first
labeled individually with JJB70 for 1 hour at pH
5.0. After stopping the labeling reaction by boiling
in gel-loading buffer, the labeled proteomes were
mixed together in equal volumes. For the “mix-
and-label” sample, equal volumes of AFs isolated
from the PtoDC3000(AhQ)-infected and the mock
control samples were first mixed, preincubated
for 30 min and then labeled with JJB70 for 1 hour
at pH 5.0. The labeling reaction was stopped by
adding gel-loading buffer and heating at 95°C.

Detection of JJB70-labeled proteins

The fluorescently labeled proteins were detected
from protein gels using the Amersham Typhoon
5 Biomolecular Imager (GE Healthcare Life
Sciences, Little Chalfont, UK) using Cy2 settings
(488-nm excitation and 525PB20 filter). The fluo-
rescence was quantified using ImageQuant (GE
Healthcare Life Sciences, Little Chalfont, UK).

Multiplex fluorescence ABPP

JJB70, JJB383, and FP-Tamra probes were pre-
pared as 50 uM, 100 uM, and 10 uM stock solu-
tions, respectively, in dimethyl sulfoxide. Labeling
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was performed as described previously (10, 59).
For fluorescence gel imaging, the AFs were in-
cubated with 1 uM, 2 uM, and 0.2 uM probes,
respectively, for 1 hour at room temperature in
the dark at a 25-ul total reaction volume. The
labeling reactions were stopped by adding 4:x
gel-loading buffer [200 mM Tris-HCI (pH 6.8),
400 mM DTT, 8% SDS, 0.4% bromophenol blue,
40% glycerol] and heating at 90°C for 5 min.
The labeled proteins were separated on 10% pro-
tein gels at 200 volts for 1 hour. The fluorescently
JJB70, JJB383, and FP-Tamra-labeled proteins were
detected from protein gels using the Amersham
Typhoon-5 Biomolecular Imager (GE Healthcare
Life Sciences, Little Chalfont, UK) using Cy2
settings (488-nm excitation and 525PB20 filter),
Cy5 settings (633-nm excitation and 670PB filter),
or Cy3 settings (532-nm excitation and 610PB
filter), respectively.

B-galactosidase activity assays

AF samples from N. benthamiana leaves were
incubated at 25°C with 0.2 uM fluorescein di-
B-p-galactopyranoside (FDG) (Marker Gene Tech-
nologies, Eugene, OR, USA) and 50 mM MES
buffer pH5.0 in the total reaction volume of 100 ul.
The fluorescence of fluorescein, a product of FDG
hydrolysis by B-galactosidase, was measured over
time using an Infinite M200 plate reader (Tecan,
Mannedorf, Switzerland) with an excitation wave-
length of 485 nm and emission wavelength of
535 nm.

Colorimetric assay for glycoside
hydolase activities

4-Nitrophenyl conjugates of B-p-galactopyranoside,
o-pD-galactopyranoside, B-p-mannopyranoside,
B-p-glucopyranoside, o-p-glucopyranoside, B-p-
glucuronide, 3-p-xylopyranoside, a-p-xylopyranoside,
B-p-fucopyranoside, N-acetyl-p-p-glucosaminide,
N-acetyl-o-p-glucosaminide, N-acetyl3-p-galactosaminide,
and N-acetyl-a-p-galactosaminide (Sigma-Aldrich,
Saint Louis, MO, USA) were prepared as 10 mM
stock solutions in water. AFs from agroinfiltrated
plants were incubated with 1 mM of each 4-
nitrophenyl conjugate of monosaccharide buffered
with 50 mM MES at pH 5 for 10 min at 21°C. The
reactions were stopped by adding 1 M Na,COs3,
and the released 4-nitrophenol was measured
by monitoring absorbance at 420 nm using an
Infinite M200 plate reader (Tecan, Mannedorf,
Switzerland).

Fractionation apoplastic proteomes

AFs isolated from PtoDC3000(ARQ) infected
leaves were concentrated using Vivaspin 500
spin columns with 3000-Da MWCO filter (Sartorius
Stedim Biotech, Gottingen, Germany) by cen-
trifuging at 10,000g, 4°C for 60 min. The con-
centrate (>3 kDa) and filtrate (<3 kDa) were
normalized to equal starting volumes and used
for mixing and labeling assays.

Metabolite extraction

PtoDC3000(AhQ) was inoculated at ODgo = 0.5
and grown in mannitol-glutamate minimal me-
dium supplemented with iron (60). The overnight
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grown bacterial culture was centrifuged and
supernatant was collected. Chloroform-methanol
precipitation was performed by adding 4 ml of
extraction buffer (1:2.5:1 of chloroform-methanol-
water) to 4 ml of supernatant or only the medium
as control. The sample was vortexed and centri-
fuged. The upper hydrophilic (methanol:water)
phase and the lower hydrophobic (chloroform)
phase were collected and lyophilized. The lyo-
philized samples were dissolved in water and
concentrated using ultrafiltration spin columns
to remove the <3 kDa low-molecular weight
compounds. The filtrate fractions were collected
and treated with and without heating at 95°C
for 5 min.

Bacterial growth upon spray inoculation

For spray inoculations, an overnight culture was
washed and resuspended in sterile water to a
density of 1 x 10° CFU/ml and sprayed onto leaf
abaxial and adaxial surfaces of 3-week-old plants.
Before inoculation, eight plants per genotype
were incubated at 80% humidity for 1 day. Upon
inoculation, plants were kept for 3 to 4 days in a
growth cabinet at 21°C. Three leaf discs (1-cm
diameter) were excised from infected leaves and
each leaf disc (3.2-mm diameter) was soaked in
15% H,0, for 1 min to sterilize leaf surfaces. Leaf
discs were washed twice in sterile water and
ground in sterile water for 5 min using the tis-
suelyser and metal beads (Biospec Products,
Bartelsville, OK, USA). Serial dilutions of the
homogenate were plated onto KB agar plates
without selection for Pta6605 strains or con-
taining 50 pg/ml rifampicin for PtoDC3000
strains. Colonies were counted after 36 hours
of incubation at 28°C. The P value was cal-
culated using the two-tailed Student ¢ test to
compare bacterial growth between WT and BGALI
mutant plants.

Bacterial growth assay in vitro

Bacteria were harvested from an overnight pre-
culture in LB medium, washed with sterile water,
and inoculated in 150 pl of the specified medium
with the initial ODggo of 0.05. Bacterial growth
was then monitored with the measurement of
ODgp over time using Infinite M200 plate reader
(Tecan, Mannedorf, Switzerland) at 28°C with
shaking.

Isolation of flagellin proteins

Flagellin proteins were purified following the
previously described procedure (27).

Oxidative burst assays

The generation of ROS was measured by a
luminol-based assay on leaf discs adapted from
(61). Luminol (Sigma-Aldrich, Saint Louis, MO,
USA) was dissolved in dimethyl sulfoxide at a
concentration of 10 mg/ml, and kept in the dark.
Horseradish peroxidase (HRP) (Thermo Fisher
Scientific, Waltham, MA, USA) was dissolved in
water at a concentration of 10 mg/ml. Leaf discs
(6-mm diameter) were incubated overnight in
water in a 96-well plate. Bacterial pellets of an
overnight culture were washed with sterile water
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and resuspended to an ODgg of 0.005 and 0.05
for PtoDC3000 and Pta6605 stains in 5 ml AF
from leaves of N. benthamiana plants transiently
expressing the indicated proteins. After 1 hour
of incubation at 21°C, bacteria were centrifuged
and resuspended in 2.5 ml of assay solution (water
with 25 ng/ul luminol and 25 ng/ul HRP). For
assays with purified flagellin, 10 ng/ul of flagel-
lin were incubated in AF (ratio 1:15) from
N. benthamiana leaves transiently expressing
the indicated proteins for 1 hour and 30 min at
RT on a rotor. After incubation, 25 ng/ul luminol
and 25 ng/ul HRP were added to the AF. Before
measurement, the water was removed from the
96-well plate, and 100 ul of assay solution was
added to the leaf discs. Chemiluminescence was
recorded immediately using an Infinite M200
plate reader (Tecan, Mannedorf, Switzerland)
every minute for 1 hour. Standard errors were cal-
culated at each time point and for each treatment.
Experiments were repeated at least twice.

For protease inhibition experiments, AFs were
first incubated with 1x Protease Inhibitor Cocktail
(Sigma) for 1 hour at room temperature. An
overnight culture of Pta6605(Afgtl) was pelleted
and resuspended in sterile water. Bacteria were
added to the AF mixture to a final ODggq of 0.5.
Alternatively, flg22 peptide was added to a final
concentration of 100 nM. After a 1-hour incuba-
tion at RT, luminol and HRP were added to the
solution to final concentrations of 30 ng/ul and
20 ng/ul, respectively. ROS generation was then
measured as described above.

Flagellin modelling

The PstDC3000 FliC protein sequence was modeled
on 5wWk6 [cryo-EM structure of P. aeruginosa
flagellar filaments G420A (62)] using SWISS
MODEL (63) and visualized using PyMol. The
best template (homo-41-mer of P. aeruginosa
flagellin, 56.38% sequence identity) was identified
with HHblits (64) and the model was built using
ProMod3 version 1.1.0. The model quality param-
eters were: QMQE = 0.75 and QMEAN = -3.34.

RT-PCR

RNA was extracted by the addition of five vo-
lumes of Trizol and one volume of chloroform to
ground tissue. After brief incubation on ice, sam-
ples were separated by centrifugation and the
upper aqueous phase retained. RNA was pelleted
by the addition of isopropanol and centrifugation
at 12,000g. The pellet was washed in 70% ethanol,
air dried, and then resuspended in RNase-free
water. cDNA synthesis was performed using the
Superscript IT kit (Invitrogen, Carlsbad, CA, USA).
The resulting cDNA was diluted 10 times and
used as a template for PCR using the Mango Taq
kit (Bioline, London, UK) with the primers for
BGALI (5'atgtgacgtatgatcaccggg-3' and 5™-agctttece-
caccaacttca-3") and GAPDH [5-agctcaagggaattcte-
gatg-3' and 5'-aaccttaaccatgtcatcteee-3' (65)]. cDNA
was amplified with a T, of 53°C for 38 cycles.

Phylogenetic analysis

Arabidopsis and tomato GH35-domain containing
proteins (PF01301) were retrieved from GenBank
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(Arabidopsis RefSeq proteins and NCBI Solanum
lycopersicum annotation release 103). N. benthamiana
GH35-domain containing proteins were extracted
from the reannotated gene-models (6) and manually
verified against the draft genome of N. benthamiana
(66). Partial sequences and putative non-protein-
encoding pseudogenes were cross-validated against
the other available draft genomes (67). For pu-
tative pseudogenes, the closest BLAST hit in other
Nicotiana species was used to visualize pseudoge-
nization in the phylogenetic tree. Sequences were
aligned with Clustal Omega (68), and the amino
acid residues corresponding to BGAL1 (NbvO.
3scaffold63813_1713-94:38) position 26-732 [lack-
ing the signal peptide and the Gal-Lectin domain
(PF02140)] were extracted and realigned using
Clustal Omega. The evolutionary history was in-
ferred by using the maximum likelihood method
based on the Le_Gascuel_2008 model (69). The
tree with the highest log likelihood (-36048.75)
is shown. The percentage of trees in which the
associated taxa clustered together in 1000 boot-
strap repetitions is shown next to the branches.
Initial tree(s) for the heuristic search were ob-
tained automatically by applying Neighbor-Join
and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model, and then
selecting the topology with superior log likelihood
value. A discrete Gamma distribution was used to
model evolutionary rate differences among sites
[five categories (+G, parameter = 1.0633)]. The
rate variation model allowed for some sites to
be evolutionarily invariable ([+I], 5.50% sites).
The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site.
The analysis involved 72 amino acid sequences.
Evolutionary analyses were conducted in MEGA
X (70).

Statistics

All values shown are mean values, and the error
intervals shown represent standard error of the
mean (SE), unless otherwise indicated. P values
were calculated using two-tailed Student’s ¢ test
or Tukey HSD test, as indicated. All experiments
have been reproduced, and representative data-
sets are shown.
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Glycosidase and glycan polymorphism control hydrolytic release of immunogenic
flagellin peptides
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Glycosylation goes back and forth

Plants produce receptors that recognize fragments of microbial flagellin, thus monitoring for infection by bacteria.
Buscalll et al. studied how a flagellin fragment is made accessible for recognition by host glycosidases, which degrade
the glycosylations shielding the peptide that triggers the immune response. The pathogen, in turn, evades detection by
altering flagellin glycosylation and inhibiting the host glycosidase. This aspect of plant defense against infection plays
out in the apoplast, the extracellular space within plant tissues.
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