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Bacterial pathogen deploys the iminosugar glycosyrin
to manipulate plant glycobiology
Nattapong Sanguankiattichai1,2, Balakumaran Chandrasekar1†, Yuewen Sheng3, Nathan Hardenbrook4,
Werner W. A. Tabak5, Margit Drapal6, Farnusch Kaschani7, Clemens Grünwald-Gruber8, Daniel Krahn9,
Pierre Buscaill1, Suzuka Yamamoto10, Atsushi Kato10, Robert Nash11, George Fleet12, Richard Strasser13,
Paul D. Fraser6, Markus Kaiser5, Peijun Zhang3,4*, Gail M. Preston1*, Renier A. L. van der Hoorn1*

The extracellular space (apoplast) in plants is a key battleground during microbial infections.
To avoid recognition, the bacterial model phytopathogen Pseudomonas syringae pv. tomato DC3000
produces glycosyrin. Glycosyrin inhibits the plant-secreted b-galactosidase BGAL1, which would
otherwise initiate the release of immunogenic peptides from bacterial flagellin. Here, we report the
structure, biosynthesis, and multifunctional roles of glycosyrin. High-resolution cryo–electron
microscopy and chemical synthesis revealed that glycosyrin is an iminosugar with a five-membered
pyrrolidine ring and a hydrated aldehyde that mimics monosaccharides. Glycosyrin biosynthesis
was controlled by virulence regulators, and its production is common in bacteria and prevents
flagellin recognition and alters the extracellular glycoproteome and metabolome of infected plants.
These findings highlight a potentially wider role for glycobiology manipulation by plant pathogens
across the plant kingdom.

T
he extracellular space in plant tissues
(the apoplast) is an important molecular
battleground during plant-pathogen in-
teractions (1). Thismicroenvironment is
colonized by bacteria, fungi, and oomy-

cetes that likely evolved various strategies to
avoid recognition, suppress immune responses,
andmanipulate host physiology. Previouswork
on interactions betweenNicotiana benthamiana
plants and the model bacterial pathogen
Pseudomonas syringae revealed a role for plant
apoplastic b-galactosidase BGAL1 in plant im-
munity (2). BGAL1 contributes to the hydrolytic
release of immunogenic peptides from glyco-
sylated flagella of P. syringae that activate
plant defenses (2). During infection, P. syringae
pv. tomato DC3000 (PtoDC3000) produces a
small molecule inhibitor of BGAL1 (2), which

we named glycosyrin.We report themolecular
structure of glycosyrin, elucidate its biosyn-
thesis and regulation, and clarify its impact on
plant glycobiology.

Glycosyrin biosynthesis gene cluster is
activated by virulence regulators

To identify genes required for glycosyrin bio-
synthesis, we transformed PtoDC3000 DhopQ1-1
(3) (wild type for glycosyrin production in this
work) with lacZ encoding the b-galactosidase
from Escherichia coli, which is routinely used
for blue staining with X-gal (5-bromo-4-chloro-
3-indoyl-b-D-galactopyranoside). We then
performed Tn5-transposon mutagenesis and
selection on virulence-inducing medium con-
taining X-gal and identified darker blue co-
lonies of glycosyrin-deficient mutants (Fig. 1A).
The loss of glycosyrin was confirmed in activity
assays with purified LacZ and a fluorogenic
substrate (fig. S1) and transposon insertion sites
were identified for 140 glycosyrin-deficient
mutants (data S1). These Tn5 insertion sites
concentrated in four virulence gene regulators
(hrpR, hrpS, hrpL, and rhpS) and one putative
glycosyrin biosynthesis gene cluster (gsn, locus
tags PSPTO_0834-0838, new NCBI locus tags
PSPTO_RS04425-RS04445; Fig. 1, B and C).
The deletion mutant lacking the gsn cluster
(Dgsn) was unable to produce the inhibitor, and
transformation of this mutant with a plasmid
carrying the gsn cluster restored inhibitor pro-
duction (Fig. 1D). Glycosyrin production was
also established in E. coli upon transforma-
tion with the plasmid carrying the gsn cluster
(Fig. 1D). Thus, the gsn gene cluster is neces-
sary and sufficient for glycosyrin production
in bacteria.
The gsn cluster contains five genes (gsnABCDE,

Fig. 1C). gsnA encodes an alcohol dehydrogenase

(Pfam PF00107, PF08240) and gsnB encodes a
reductase (PF01872). The DgsnA and DgsnB
mutants were unable to produce the inhibitor,
indicating that these two genes are indispens-
able (fig. S2, A and B). gsnC encodes a HAD
family phosphatase (PF13419) and gsnE en-
codes an MFS family transporter (PF07690),
possibly involved in the export of glycosyrin
or transport of other metabolites related to
biosynthesis. The DgsnC or DgsnE mutants
had partially reduced glycosyrin production
(fig. S2C), likely because the genome encodes
manyHAD andMFSmembers that tend to act
promiscuously and redundantly (4, 5). Finally,
gsnD encodes a protein with a domain of un-
known function (DUF1349, PF07081) and has
a concanavalin A-like fold (fig. S3A), which is
present in some lectins, glycosidases, andREE1,
a protein implicated in regulating galactose
metabolism (6). However, the DgsnDmutant
produced similar inhibitor levels compared
to wild-type (WT) bacteria (fig. S2C).
The promoter of the gsn gene cluster con-

tains the hrp box, a conserved binding site for
transcription factor HrpL (7), which is tran-
scriptionally regulated by HrpR/S and RhpS
(8) (Fig. 1C). RhpS, HrpR/S, and HrpL are
master regulators of virulence genes induced
during plant infection, including type-III effec-
tors such as avrPtoB (8). Indeed, expression of
the gsn cluster was impaired in rhpS, hrpR/S,
and hrpLmutants, similar to avrPtoB (Fig. 1E).
Consequently, as demonstrated with a gsn:lux
reporter strain, the gsn cluster was transcribed
from the initial to late stages of infection (Fig.
1F), consistent with inhibitor production dur-
ing infection (2). When compared with WT
bacteria, the Dgsnmutant had reduced growth
in N. benthamiana (Fig. 1G) but not in vitro
(fig. S4A), indicating that the gsn cluster con-
tributes to virulence during infection. This is
also consistent with reduced virulence for a
gsnAmutant onArabidopsis thalianadescribed
previously (7). The virulence role of the gsn
cluster, however, was not observed in the bgal1-1
mutant of N. benthamiana (fig. S4B), suggest-
ing that BGAL1 is the main virulence target of
glycosyrin under the tested conditions.
The gsn cluster is present in many strains

across the major phylogroups of P. syringae
(fig. S5A), but the phylogeny of gsnA is incon-
gruent with that of P. syringae (fig. S5B). The
gsn cluster is flanked by transposable ele-
ments and located downstream of tRNALys

loci (fig. S5, A and C), which are typical for in-
tegrase sites (9). The gsn cluster also has a
lower GC content than its neighboring regions
and the genomic average (fig. S5D). These find-
ings suggest that the gsn cluster has been dis-
persed in P. syringae through horizontal gene
transfer.
Strains carrying the gsn cluster produced

the inhibitorwhereas strains lacking the cluster
did not (fig. S5E). The hrp box in the gsn cluster
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promoter is also conserved across P. syringae
(fig. S5F). These data suggest that different
strains produce glycosyrin during infection of
various plants. Indeed, the bean pathogen
P. syringae pv. phaseolicola 1448A carries
the gsn cluster and also inhibits apoplastic
b-galactosidase activity during infection of
Phaseolus vulgaris (common bean), its native
host plant (fig. S22E).
GsnA homologs (alcohol dehydrogenases)

are present in diverse bacterial species in dif-
ferent gene clusters with similar gene func-
tions (fig. S6), some of which are known to
produce distinct iminosugars, potent glyco-
sidase inhibitors with sugar-like structures
containing a nitrogen instead of oxygen in the
ring (fig. S6) (10–12). However, unlike previously
characterized gene clusters, the gsn cluster also

encodes GsnB (homolog of reductase RibD)
(fig. S6), suggesting that glycosyrin is produced
by a different metabolic pathway.

Glycosyrin is a hydrated iminosugar
mimicking galactose

To elucidate the molecular structure of glyco-
syrin, we immobilized His-tagged LacZ on a
metal affinity resin to capture glycosyrin from
the crude secretome of the glycosyrin-producing
WT strain until LacZ saturation. Subsequent
washing and elution with imidazole yielded a
LacZ-glycosyrin complex with a high degree of
inhibitor saturation (Fig. 2, A and B). Using
cryo–electron microscopy (cryo-EM), we re-
solved the structure of the LacZ-glycosyrin
complex at 1.9 Å resolution and detected an
electron density in the active site that was ab-

sent in the negative control generated using the
secretome of the Dgsnmutant (Fig. 2, C and D,
and fig. S7). This density revealed that glyco-
syrin consists of a five-membered ring with
three defined chiral centers: two with putative
hydroxyls and one with a putative branching
geminal diol group, which likely forms upon
hydration of an aldehyde group (Fig. 2D). We
next chemically synthesized this molecule and
obtained a 1.4-Å resolution structure of its com-
plex with LacZ, which is identical to the native
glycosyrin (Fig. 2D and fig. S7), confirming the
structure of glycosyrin.
Because glycosyrin binding to LacZ is non-

covalent (fig. S8A), we analyzed solublemetab-
olites extracted from the capturedLacZ-glycosyrin
complex to further validate the glycosyrin struc-
tureusinggas chromatography-mass spectrometry
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Fig. 1. Glycosyrin biosynthesis gene cluster and its regulators identified by
forward genetics. (A) A genetic screen for glycosyrin-deficient mutants.
P. syringae expressing LacZ b-galactosidase was used to create a random
transposon insertion mutant library. When plated onto minimal medium
supplemented with X-gal, glycosyrin-deficient mutants could not inhibit LacZ,
resulting in a darker blue color. These candidates were confirmed in an enzymatic
assay and transposon insertion sites determined by sequencing. (B) Histogram
of the identified transposon insertion sites along the length of the genome,
highlighting genes required for glycosyrin production. (C) The gsn gene cluster
confers glycosyrin biosynthesis under the control of virulence gene regulators
RhpS, HrpR, HrpS, and HrpL. The promotor of the gsn cluster contains a
HrpL binding site (hrp box). (D) The gsn cluster confers glycosyrin biosynthesis
in P. syringae and E. coli. Supernatants from bacterial cultures in minimal
medium were tested for inhibitor using the FDG hydrolysis assay with LacZ.
b-galactosidase activity is reported as a percentage relative to the mean of the

no-inhibitor-control (Dgsn or empty vector). Arrows highlight inhibition. Data
are mean ± SD (n = 3). Asterisks indicate significant difference compared to
no-inhibitor-control (P < 0.001) from Welch’s t-test. (E) gsn gene expression is
dependent on hrpR, hrpS, hrpL, and rhpS. RNA from bacteria grown in minimal
medium was used for RT-PCR to monitor transcript levels of gsnA, avrPtoB
(type III secreted effector) and rpoD (reference gene). (F) The gsn cluster is
transcribed during infection. Bacteria carrying various promoter:luxCDABE
reporter constructs were infiltrated into N. benthamiana leaves and luminescence
was imaged at different time points. Signals displayed are scaled to the maximum
and minimum within each image. (G) gsn cluster contributes to virulence.
Bacterial strains were spray-inoculated onto N. benthamiana leaves and the
colony forming units per square centimeter were quantified at three days post
inoculation. Results from three independent experiments with 12 replicates each
are plotted in different colors. Asterisks indicate significant difference (P <
0.001) from two-way analysis of variance (ANOVA) with experiments as blocks.
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(GC-MS) (fig. S8B). The peaks of the synthetic
glycosyrin standard were identical to those
detected in native glycosyrin and absent in the
Dgsn-derived sample (fig. S8C) and these
spectra were consistent with the identified
structure (figs. S8C and S14). We detected
the same glycosyrin signals in apoplastic fluid
extracted from N. benthamiana leaves infected
with WT but not Dgsn mutant P. syringae
(fig. S8D).
Glycosyrin binds to the enzyme active site

and closely mimics the orientation of hydroxyl
groups of galactose (Fig. 2E) (13). The hydrated
aldehyde allows the five-membered glycosyrin
ring to mimic the conformation of the six-
membered galactose ring. Additionally, the
protonated nitrogen of glycosyrin electrosta-
tically interacts with the conserved catalytic
glutamic acid (E538) and establishes a cation-
pi interaction with the aromatic tryptophan
(W569) (Fig. 2E). Similar interactions were
predicted for active site of BGAL1 (fig. S9).
Indeed, inhibition assays showed that synthetic
glycosyrin was a potent inhibitor of both LacZ
and BGAL1, with an IC50 below that of 1-deoxy-
galactonojirimycin and galactostatin, twowell-
known iminosugars with 6-membered rings
that inhibit b-galactosidases (fig. S10).

Glycosyrin biosynthesis branches from
purine pathway

To resolve the biosynthesis pathway of glyco-
syrin, we first focused on GsnB because it is
specific to the gsn cluster in our comparative
genomics analysis (fig. S6). GsnB is homolo-
gous to RibD reductase, which functions in the
riboflavin synthesis pathway (fig. S11A). The
Alphafold2-predicted structure of GsnB con-
tains conserved active site pockets similar to
those in the crystal structures of RibD in com-
plexwith the substrate analog ribose-5-phosphate
and cofactor NADPH (14) (fig. S11B), suggest-
ing that GsnB could act on a similar substrate.
This GsnB substrate likely also contains an
amine group because the gsn cluster lacks an
aminotransferase, unlike other clusters contain-
ing GsnA homologs (fig. S6).
Considering that glycosyrin is a 5-carbon

sugar-like molecule, we hypothesized that
5-phosphoribosyl-1-amine (PRA) might be a
substrate of GsnB (Fig. 3A and fig. S11C).
Structural modeling also predicted NADPH
and PRA binding in the active site pockets of
GsnB (fig. S11D). PRA is produced by PurF
from5-phosphoribosyl-1-pyrophosphate (PRPP)
and is used by PurD in purine synthesis (Fig.
3A) (15). Indeed, when grown on purines to
complement for purine deficiency (fig. S12A),
the DpurFmutant was unable to produce gly-
cosyrin, unlike the DpurD mutant (Fig. 3B).
Notably, the DpurD mutant produced more
glycosyrin than WT bacteria (fig. S12B), likely
because more PRA is available for glycosyrin
production in the absence of PurD (Fig. 3A).
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Fig. 2. Glycosyrin structure and mechanism revealed by high-resolution cryoEM. (A) LacZ-
glycosyrin complex capture and downstream analyses. The Histidine-tagged b-galactosidase from E. coli
(LacZ:His), immobilized on Ni-NTA beads, was used to capture glycosyrin from the crude bacterial
secretomes of glycosyrin-producing P. syringae (wild type) or the glycosyrin-deficient mutant (Dgsn,
negative control). After washing, the complex was eluted and used for cryo-EM. (B) Captured LacZ
was saturated with glycosyrin. (Top) Total protein stain of eluted samples separated on SDS-PAGE.
(Bottom) b-galactosidase activity of each sample measured by the FDG hydrolysis assay showing
inhibition of the wild type compared with Dgsn samples. (C) Structure of LacZ-glycosyrin complex from
cryo-EM. The density map is shown for the top half of the structure and a fitted model is shown for
the bottom half. Each monomer of the LacZ tetramer is colored differently. Glycosyrin is colored orange.
(D) Structure of glycosyrin revealed by cryo-EM. (Top) Structures of the LacZ complex captures from
WT or Dgsn strains and of LacZ incubated with synthetic glycosyrin. Density maps with fitted protein
structures show the enzyme active site in the presence and absence of glycosyrin (orange). The
resolution of each structure is shown in brackets. (Bottom) Extracted density map with fitted structure
of glycosyrin from top and side view. (E) Glycosyrin mimics galactose binding in the active site.
Overlay of structures of the LacZ active site and side chains of interacting residues in complex with
glycosyrin (orange) or galactose (blue) showing similarity of overall binding pose and positioning
of hydroxyl groups (circled). A positive charge on the protonated nitrogen of glycosyrin will add
additional electrostatic interactions with the negatively charged catalytic glutamic acid (E538) and
cation-pi interaction with the aromatic tryptophan (W569), represented by arrows. The stick
representation of the molecular structure is colored by heteroatoms (red, oxygen; blue, nitrogen);
hydrogen is not shown. Dashed lines represent hydrogen bonds. Small spheres represent water.
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Thus, the purine intermediate PRA is the pre-
cursor for glycosyrin biosynthesis.
Given the reductase activity of RibD (fig.

S11A), we speculated that GsnB could similarly
reduce PRA into 1-amino-1-deoxy-D-ribitol-5-
phosphate (1ADRP) using cofactor NADPH
(Fig. 3C and fig. S11C). Subsequently, the pu-
tative phosphatase GsnC might remove the
phosphate of 1ADRP to produce 1-amino-1-
deoxy-D-ribitol (1ADR). Structural modeling
of GsnC indeed predicts the binding of 1ADRP
with its phosphate close to the conserved cat-
alytic aspartic acid residues and cofactorMg2+,
consistent with the expected phosphatase cat-
alytic mechanism (fig. S13) (16). Finally, the
putative oxidaseGsnAmight oxidise the secondary
hydroxyl group in 1ADR to produce the ketose
5-amino-5-deoxy-L-ribulose (5ADR) (Fig. 3C).
5ADR can spontaneously convert into the detected
hydrated glycosyrin (Fig. 3D), as explained below.
To confirm the enzymatic steps of glycosyrin

biosynthesis, we produced and purified four
enzymes (PurF, GsnB, GsnC, and GsnA, fig.
S15C) and incubated them with the predicted
substrate PRPP and cofactors. b-galactosidase
inhibitor was produced from the mixture with
all four enzymes but not when any of the four
enzymes was omitted (Fig. 3E), Thus these en-
zymes are necessary and sufficient for glyco-
syrin biosynthesis in vitro.
To verify the order of these reactions, we

first produced intermediates from each enzy-
matic step in vitro and then heat-inactivated
the enzymes. We were then able to produce
the inhibitor from these intermediates by add-
ing the subsequent enzymes and cofactors in
the expected order (Fig. 3F). Furthermore,
using GC-MS, the intermediates (PRA, 1ADRP,
and 1ADR)were detected after each enzymatic
step and these intermediates were depleted
upon the addition of subsequent enzymes (fig.
S15). To confirm the final enzymatic step, we
also detected glycosyrin formation from syn-
thetic 1ADR by GsnA (figs. S16 and S17B), an
NAD+-dependent oxidase (fig. S17C). Notably,
the pink color of purified GsnA indicated that
cobalt ion is a preferred cofactor, which was
confirmed in vitro (fig. S17D), unlike the an-
notation of this alcohol dehydrogenase family
as being zinc-dependent (17). Structural mod-
eling predicted the binding of 1ADR to GsnC
such that the catalytic threonine residue and
cofactors NAD+ and Co2+ are in close proxim-
ity to the hydroxyl group to be oxidized on
1ADR (fig. S17F) (18). Taken together, these re-
sults confirmed the biosynthesis pathway of
glycosyrin (Fig. 3, A and C).
We thus propose a chemical conversion path-

way for the final steps of glycosyrin formation
(Fig. 3D). First, the amine and ketone groups
in 5ADR will react to produce the cyclic imine
form of glycosyrin. This imine substructure
will undergo a spontaneous Heyns rearrange-
ment (19), resulting in the aldehyde form of

glycosyrin. This aldehyde is then hydrated to
yield the hydrate form (Fig. 3D). To confirm
that this pathway occurs spontaneously, we
chemically synthesized both the imine and
aldehyde derivatives of glycosyrin (fig. S18) and
found that, upon removing the protecting
group in water, they both spontaneously con-
verted into the hydrate form, detected by both
LC-MS and NMR as the major product (Fig.
3G and fig. S19). In addition, GC-MS analysis
of glycosyrin produced in vitro by GsnA from
1ADR detected both imine and aldehyde forms
of glycosyrin because GC-MS was performed
under anhydrous conditions (fig. S16). Thus,
spontaneous chemical conversions generate
the hydrate form of glycosyrin.

Glycosyrin manipulates plant glycobiology

The originally identified target of glycosyrin is
BGAL1, which acts in plant defense by facil-
itating the release of immunogenic peptides
from glycosylated flagellin protein (2). BGAL1
also removes the terminal b-D-galactose from
N- and O-glycans of transiently expressed re-
combinant proteins (20). Taking advantage of
a terminal b-D-galactose-specific lectin called
RCAI (21), we found that apoplastic fluids iso-
lated from the bgal1-1mutant contained RCAI-
positive proteins (Fig. 4A), indicating that BGAL1
also processes endogenous plant glycopro-
teins. Notably, RCAI-positive glycoproteins
also accumulated inWT plants upon infection
withWT P. syringae, more than with the Dgsn
mutant, whereas no differential RCAI-positive
glycoproteins were observed in bgal1-1mutant
plants (Fig. 4A). These findings indicated that
this modification of the host glycoproteome
occurs through BGAL1 inhibition by glycosyrin.
N-glycan analysis of the apoplastic proteome
revealed that glycosyrin production during in-
fection suppressed the accumulation ofN-glycans
that are likely produced by BGAL1 (fig. S20G).
We also purified RCAI-positive proteins from
the apoplast of infected plants and found that
FLA17 (Fasciclin-like arabinogalactan protein17,
NbL16 g25050) was differentially glycosylated
upon infection without showing differential
protein accumulation (fig. S20 and data S2).
Moreover, untargeted metabolomics of apo-

plastic fluid from plants infected withWT and
Dgsn P. syringae revealed that glycosyrin also
triggered the accumulation of galactosylglycerol
(873 ± 150 mM) and trehalose (46 ± 12 mM)
in the apoplast of leaves infected with WT
P. syringae (Fig. 4B, fig. S21, and data S3 and
S4). These metabolites were not consumed by
P. syringae in vitro (fig. S21D). Their accumu-
lation was independent of BGAL1 (fig. S21A),
suggesting that glycosyrin may target other
glycosidases involved in glycoside processing.
Indeed, glycosyrin inhibited several other gly-

cosidases, including other b-galactosidases and
b-glucosidases during infectionofN. benthamiana
leaves (fig. S22,A toC) and inapoplastic fluids (fig.

S22D), aswell as otherplanta- andb-glucosidases
(figs. S22E and S23). Thus, glycosyrin is amulti-
functional iminosugar produced by P. syringae
thatmanipulates different host glycosidases and
influences various aspects of plant glycobiology
during infection (Fig. 4C).

Discussion

We resolved the molecular structure of glyco-
syrin and its biosynthesis and regulation and
discovered its additional impact on plant gly-
cobiology. Amongst many identified natural
iminosugars and derived synthetic analogs (10),
glycosyrin is distinct as it carries an aldehyde
substituent attached to the heterocyclic ring.
The hydrated form of the aldehyde is stable at
physiological conditions and allows glycosyrin
to efficiently mimic galactose. Glycosyrin and
its derivatives may have medicinal applications
because iminosugars are used to treat type-II
diabetes and Fabry disease (22, 23). The gly-
cosyrin biosynthesis pathway is distinct among
iminosugars because it uses reductase GsnB
to convert an intermediate from the purine bio-
synthesis pathway. By contrast, biosynthesis of
other iminosugars starts with an aminotrans-
ferase acting on a sugar-phosphate precursor
(11, 12, 24, 25). The presence of GsnA homologs
in biosynthesis gene clusters in diverse bacte-
rial genomes indicates the iminosugar bio-
synthesis is common in bacteria.
In plants, glycosyrin inhibits BGAL1, which

acts in plant immunity against bacteria that
carrymodified viosamine (mVio) in theO-glycan
that decorates flagellin (2). The fact that the
virulence role of glycosyrin in PtoDC3000 is
dependentonBGAL1and thatBGAL1 suppresses
bacterial growth only of strains producingmVio
(2) indicates that at the tested conditions, gly-
cosyrin promotes bacterial growth by avoiding
the recognition of the flagellin elicitor. How-
ever, there aremany strains that lack themVio
transferase gene (vioT) and can still produce
glycosyrin, indicating that these strains may
produce glycosyrin for a different purpose.
Glycosyrin also changes the host glycopro-

teome during infection. N-glycan analysis indi-
cated that glycosyrin increases the accumulation
of putative BGAL1 products and high-mannose,
the latter being consistent with previous find-
ingswith PtoDC3000-infectedArabidopsis (26, 27).
Differential N-glycosylation might disturb the
function of proteins such as receptor kinase
MIK2, which carries an N-glycan that is es-
sential for complex formation with coreceptor
BAK1 (28). Glycosyrin also causes differential
glycosylation of FLA17, which carries O-linked
arabinogalactans (29), an obvious substrate
for apoplastic b-galactosidases (30). FLA pro-
teins are implicated in cell wall development
and remodeling as well as in cell-to-cell com-
municationandadhesion (31,32). It is also likely
that glycosyrin changes cell wall properties
directly by inhibiting b-galactosidases (33–35).
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Fig. 3. Glycosyrin biosynthesis branches off from purine biosynthesis
pathway. (A) Glycosyrin biosynthesis starts from PRA, an intermediate in the
purine synthesis pathway. (B) purF but not purD is required for glycosyrin
biosynthesis. Bacterial strains (WT or knockout mutants DpurF, DpurD, Dgsn)
were grown in virulence-inducing MG medium containing purines overnight.
(C) Three gsn-encoded enzymes convert PRA into 5ADR. (D) A chemical
conversion pathway of 5ADR into the hydrate form of glycosyrin. (E) PurF, GsnB,
GsnC, and GsnA are required and sufficient for the biosynthesis of glycosyrin
from PRPP in vitro. PRPP was mixed with and without purified enzymes and
their cofactors. (F) PurF, GsnB, GsnC, and GsnA act consecutively in glycosyrin
biosynthesis. PRPP was mixed with purified enzymes and their cofactors in
two separate steps: In the first step [1], enzymes added to produce an
intermediate followed by heat inactivation of the enzymes; in the second step [2],

enzymes were added to complete glycosyrin biosynthesis. (B, E, and F) Inhibitor
production was tested in an FDG hydrolysis assay with LacZ. b-galactosidase
activity is reported as a percentage relative to the mean of no-inhibitor-control
[Dgsn for (B); all enzymes omitted for (E); enzyme 2 omitted for (F)]. Arrows
highlight inhibition. Data are mean ± SD (n = 3). Different letters indicate groups
with significant difference (P < 0.001) from one-way ANOVA and post-hoc
Tukey HSD test. Asterisks indicate significant difference (P < 0.001) from Welch’s
t-test. (G) Both imine and aldehyde forms of glycosyrin spontaneously convert
into the hydrate form in water. (Top) Chemical synthesis of glycosyrin using
two routes, through imine or aldehyde forms. (Bottom) Products were analyzed
with LC-MS (left) and 1H-NMR (right), showing the spectra that correspond to
the hydrate form. Positions within the structure of the hydrate form are numbered
and labeled on the corresponding signals in NMR spectra.
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Glycosyrin production also triggers an accu-
mulation of galactosylglycerol and trehalose in
the apoplast, which is independent of BGAL1
and may result from inhibition of other glyco-
sidases. Galactosylglycerol may originate from
galactolipids in the thylakoid membrane, which
are also precursors of the immune signaling
molecule azelaic acid (36, 37). Although path-
ogens often induceaccumulationofhost-derived
sugars and metabolites in the apoplast as nu-
trient sources (38, 39), trehalose and galacto-
sylglycerol are not consumed by P. syringae
in vitro. However, these glycosides are well-
known osmolytes (40, 41) and may thus con-
tribute to the aqueous apoplast that promotes
virulence (42, 43). Elevated trehalose levels
may also dampen plant defense responses to
promote P. syringae infection (44). In addition,
by inhibiting b-glucosidases, glycosyrinmay also
prevent the activation of defense-related glu-
cosides, such as salicylic acid–glucoside and
cyanogenic glucosides (45). Thus, there are
many additional mechanisms through which
glycosyrin may promote virulence.
Glycosyrin production is widely distributed

in P. syringae infecting diverse host plants,
including almonds, olives, leeks, tomatoes, and
beans. Homologous iminosugar biosynthesis
gene clusters are also present in other plant
pathogens such asAcidovorax andErwinia and
in plant-associated bacteria such as Kosakonia,
Bacillus, and Paenibacillus. Taken together
with the fact that glycosyrin can inhibit multi-

ple glycosidases and that this inhibition is dif-
ficult to avoid because glycosyrin closelymimics
monosaccharide substrates, it is likely that
glycosidase inhibition is a common strategy
used by these bacteria to manipulate the gly-
cobiology of host plants.
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Fig. 4. Glycosyrin manipulates multiple
aspects of extracellular plant glycobiology.
(A) Accumulation of RCAI-positive
glycoproteins in the apoplast upon infection
is dependent on BGAL1 and glycosyrin
production. Proteins were extracted by
acetone precipitation of apoplastic fluids
from N. benthamiana [WT or BGAL1 knockout
mutant (bgal1-1)] with or without infection
by P. syringae (WT or Dgsn), then separated
on SDS-PAGE, and blotted and probed with
the RCAI lectin to detect galactose. FLA17
(fasciclin-like arabinogalactan protein17,
NbL16g25050) was identified as the differen-
tially accumulating glycoprotein (fig. S20).
FLA17 sequence features: signal peptide (SP),
fasciclin domain (FAS, PF02469) with putative
N-glycosylation sites, and disordered region
with arabinogalactan protein motif (AG) for
O-glycosylation. The full gel with loading
control is shown in fig. S20B. (B) Glycosyrin-
dependent accumulation of galactosylglycerol
and trehalose in the apoplast. Volcano plot
of soluble metabolites detected by GC-MS of apoplastic fluids from leaves infected with WT or Dgsn mutant (data S3). Glucoside components are shown with
galactose (Gal), glucose (Glu), and bond configuration (a or b). (C) P. syringae produces glycosyrin to manipulate multiple aspects of glycobiology inside host plants
by inhibiting plant glycosidases in the apoplast. [1] One major target of glycosyrin is BGAL1, the b-galactosidase that was previously shown to initiate the release
of immunogenic fragments from flagellin (2). [2] Inhibition of BGAL1 by glycosyrin also interrupts apoplastic glycoprotein processing resulting in the accumulation
of galactose-containing glycoproteins. [3] Glycosyrin also disrupts processing of glycosides by glycosidases other than BGAL1, resulting in the accumulation of specific
glycosides in the apoplast.
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