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Abstract:

Microbial pathogens strategically acquire metabolites from their hosts during infection.
Here we show that the host can intervene to prevent such metabolite loss to pathogens.
Phosphorylation-dependent regulation of sugar transport protein 13 (STP13) is required for
antibacterial defense in the plant Arabidopsis thaliana. STP13 physically associates with the
flagellin receptor flagellin-sensitive 2 (FLS2) and its co-receptor BRASSINOSTEROID
INSENSITIVE 1-associated receptor kinase 1 (BAK1). BAK1 phosphorylates STP13 at
threonine 485, which enhances its monosaccharide uptake activity to compete with bacteria for
extracellular sugars. Limiting the availability of extracellular sugar deprives bacteria of an
energy source and restricts virulence factor delivery. Our results reveal that control of sugar
uptake, managed by regulation of a host sugar transporter, is a defense strategy deployed against
microbial infection. Competition for sugar thus shapes host-pathogen interactions.

One sentence summary:
Phosphorylation of the sugar transporter STP13 promotes Arabidopsis sugar uptake in
competition with pathogens for extracellular sugars

Short title:
Sugar transporter regulation in plant defense



Main text:

Plants assimilate carbon into sugar by photosynthesis, and a broad spectrum of plant-
interacting microbes exploits these host sugars (1, 2). In Arabidopsis, pathogenic bacterial
infection causes the leakage of sugars to the extracellular spaces (the apoplast) (3), a major site
of colonization by plant-infecting bacteria. While leakage may be a consequence of membrane
disintegration during pathogen infection, some bacterial pathogens promote sugar efflux to the
apoplast by manipulating host plant sugar transporters (4, 5). Interference with sugar absorption
by bacterial and fungal pathogens reduces their virulence, highlighting a general importance of
sugar acquisition for microbial infection (4-7).

Plants control apoplastic sugar levels by sugar transporters and glycoside hydrolases.
For example, sucrose exported to the apoplast is hydrolyzed to glucose and fructose by cell wall-
bound invertases (cwINVs), which are then transported to the cytoplasm by sugar transport
proteins (STPs) (8). Of the 14 Arabidopsis STP transporters, STP1 and STP13 largely govern the
uptake of monosaccharides (9). In plant defense, STP13 contributes to resistance against the gray
mold fungus Botrytis cinerea in Arabidopsis (10). On the contrary, the Lr67res mutation, which
results in impaired transporter activity of LR67 (an STP13 ortholog), enhances resistance against
both rust and powdery mildew fungal pathogens in wheat although the process remains
undetermined (11).

Here, to investigate whether sugar uptake by STP1 and STP13 contributes to
antibacterial defense in Arabidopsis, we spray-inoculated the phytopathogenic bacterium
Pseudomonas syringae pv. tomato (Pst) DC3000 (12) onto stpl stp13 double mutant plants. The
plants showed increased susceptibility to Pst DC3000 (Fig. 1A left), but exhibited a wild-type
(WT)-like stomatal closure response (13) to the flg22 peptide of bacterial flagellin (fig. S1). Thus,
the elevated susceptibility of stpl stpl3 plants seems to reflect defects in their post-invasion
defenses. Indeed, growth of syringe-infiltrated Pst DC3000 4ArcC, a less virulent strain lacking
the type 111 secretion system (T3SS) that delivers virulence factors called effectors into plant
cells, was also elevated in stpl stpl3 plants (Fig. 1A right). Our results suggest that STP1 and
STP13 restrict bacterial proliferation in the apoplast by retrieving sugars.

To determine whether apoplastic monosaccharide levels fluctuate during antibacterial
defense, we measured apoplastic glucose levels following exposure to flg22. Apoplastic glucose
levels in the leaves of stpl stpl3 plants were significantly higher than in WT plants, but were
indistinguishable from WT in non-elicited plants (fig. S2A). Moreover, cwINV activity was
comparably induced in WT and stpl stp13 plants in response to flg22 (fig. S2B). Together, these
data indicate that STP1 and/or STP13 absorb cwINV-generated monosaccharides in the apoplast
during antibacterial defense, and thus perhaps significantly reduce apoplastic sugar content
during bacterial challenge.

We also found that monosaccharide uptake activity in Arabidopsis seedlings increased
after flg22 application, but not in the absence of the leucine-rich repeat receptor kinase (LRR-
RK) FLS2, the flg22 receptor in Arabidopsis (Fig. 1B), further suggesting that plants actively
absorb sugars during antibacterial defense. Because the contribution of STP1 and STP13 to



antibacterial defense implies their roles in flg22-induced monosaccharide uptake activity in
Arabidopsis plants, we measured monosaccharide uptake in stpl and stp13 plants upon mock and
flg22 application. stpl plants retained an increase in monosaccharide uptake in response to flg22
while the basal activity of mock-treated plants was reduced (Fig. 1B). In contrast, stp13 plants
failed to show enhanced activity after flg22 application (Fig. 1B). This demonstrated that STP1
and STP13 contribute to basal and flg22-induced monosaccharide uptake activity, respectively.
Consistent with this role of STP13, the introduction of functional STP13-GFP (9) expressed by
native STP13 regulatory DNA sequences eliminated the elevated apoplastic glucose levels of
stpl stpl3 plants in response to flg22 (fig. S2C). Nevertheless, STP1 and STP13 seem to work
redundantly in antibacterial defense, given the enhanced susceptibility of stpl stpl3 double
mutants, but not stp13 single mutants, to Pst DC3000 (Fig. 1A left). STP1-mediated activity may
compensate for the absence of STP13 by absorbing monosaccharide beyond the threshold
required for bacterial suppression. Indeed, simultaneous loss of STP1 and STP13 caused
significantly lowered monosaccharide uptake with or without flg22 application (Fig. 1B), which
probably led to the enhanced susceptibility of stpl stp13 plants.

The STP13 dependence of flg22-induced monosaccharide uptake prompted us to
explore the molecular mechanisms for regulation of STP13 activity during antibacterial defense.
We found that STP13 but not STP1 expression was induced in response to flg22 (fig. S3).
STP13-GFP protein level also rose in seedlings and mature leaves following flg22 application
(Fig. 1C and fig. S4). STP13-GFP fluorescence spread at the plasma membranes of epidermal
and mesophyll cells after flg22 application, but was detected mainly to guard cells upon mock
treatment (Fig. 1D). Thus, STP13 was transcriptionally activated during antibacterial defense.

Post-translational modifications including phosphorylation can also modulate
transporter activity (14), and to investigate such modification of STP13 during antibacterial
defense, we first identified STP13-interacting proteins. The initiation of plant immunity occurs
when exogenous or endogenous immune elicitors are perceived by pattern-recognition receptors
(PRRs) at the plasma membrane (15), where STP13 is also localized. We tested whether STP13
associates with PRRs by co-immunoprecipitation (co-1P) analysis, using a transient expression
system in Nicotiana benthamiana. STP13-FLAG co-immunoprecipitated with GFP fusions of
FLS2 and two other PRRs, elongation factor-Tu receptor (EFR) and Pep receptor 1 (PEPR1),
which recognize the elf18 peptide of bacterial elongation factor-Tu and the endogenous elicitor-
active Pep peptides, respectively (15, 16) (fig. S5), but did not co-immunoprecipitate with the
GFP fusion of the plasma membrane marker protein low temperature-inducible 6b (LTI6b) (fig.
S5), indicating the specificity of STP13 interactions with these PRRs at the plasma membrane.
Upon ligand perception, these PRRs associate with another LRR-RK, BAK1, which triggers the
activation of downstream factors including the receptor-like cytoplasmic kinase botrytis-induced
kinase 1 (BIK1) through trans-phosphorylation events (15). We found that BAK1-HA, as well as
FLS2-HA, associated with STP13-FLAG in Arabidopsis protoplasts while BIK1-HA did not (Fig.
2A). Moreover, STP13-GFP associated with FLS2 and BAK1 in mock-treated and 10-h flg22-
treated stable transgenic plants (Fig. 2B and fig S6); an FLS2-BAK1 association was also



detectable 10 h after flg22 application (fig. S7). From these interaction data, we infer that STP13
exists in complexes with FLS2 and/or BAK1, irrespective of their ligand-dependent activation
states. The results suggest that STP13 participates in various PRR complexes, each of which may
directly regulate STP13 activity during antibacterial defense.

We next asked whether STP13 is phosphorylated by PRR complexes in vitro. In
multipass transmembrane proteins such as transporters, the longer cytoplasmic regions tend to be
phosphorylated (17). We tested whether two STP13 fragments, the middle loop (ML, located
between the 6th and 7th transmembrane domains) and the C-terminal tail (CT), expressed as
glutathione S-transferase (GST) fusions in Escherichia coli could be phosphorylated (fig. S8A,
S8B). A maltose binding protein (MBP) fusion to BAK1 cytoplasmic kinase domain (CD)
phosphorylated GST-STP13 CT, but not GST-STP13 ML. Neither MBP-PEPR1 CD nor MBP-
BIK1 phosphorylated STP13 fragments in vitro (fig. S8C). We used PEPR1 CD for this assay
because FLS2 CD shows weak in vitro kinase activity (18). Several serine and threonine residues
occur in the STP13 CT fragment (Fig. 2C top), including the previously reported
phosphorylation site S513 (17). Although we substituted S513 with a non-phosphorylatable
alanine (A) residue, MBP-BAK1 CD still phosphorylated GST-STP13 CT (S513A) (Fig. 2C left).
On the other hand, BAK1-mediated STP13 phosphorylation was reduced by alanine substitution
at T485 but unaffected by alanine substitutions at S517, S523 and T524 (Fig. 2C). We concluded
that BAK1 phosphorylates STP13 at T485. The corresponding residue was conserved in STP13
orthologs of other plant species (fig. S9A), but rarely among Arabidopsis STP homologs (fig.
S9B), implying that critical and specific regulation of STP13 occurs through T485
phosphorylation in plants.

To examine whether T485 phosphorylation affects the transporter activity of STP13, we
tested the function of STP13 (T485D)-GFP, in which T485 was substituted with a phospho-
mimic aspartic acid (D) residue. When introduced to a yeast strain deficient in multiple
monosaccharide transporters, STP13 (T485D)-GFP promoted yeast growth on 10 mM glucose,
more so than did STP13-GFP, although this enhancement became less clear at lower glucose
concentrations (fig. S10A and S10B). In addition, STP13 (T485D)-GFP yeast cells absorbed
more *C-labeled monosaccharides than STP13-GFP cells (Fig. 3A, fig. S10C). On the other
hand, the T485A substitution did not affect monosaccharide uptake activity (Fig. 3A), indicating
that basal sugar transport activity of STP13 is insensitive to the T485A substitution. Protein
accumulation and intracellular localization of STP13 were unaffected by the T485D substitution
(fig. S10D and S10E), which suggests that it affects STP13 transporter activity per se. We
observed a low affinity (Kn value, 121.3 + 6.3 uM) and high capacity (Vmax value, 8.5 = 0.6
nmol/10 min) of STP13 (T485D)-GFP cells for glucose, compared with a Kmn of 71.7 £ 3.6 uM
and a Vmax 0of 3.3 £ 0.3 nmol/10 min of STP13 (T485A)-GFP cells (fig. S10F).

To test whether T485 phosphorylation also affects STP13 activity in planta, we
measured flg22-induced glucose uptake in STP13-GFP and STP13 (T485A)-GFP plants in the
stpl stpl3 background. Although the T485A substitution did not affect STP13 activity in yeast
cells or in non-elicited plants (Fig. 3A, 3B), it reduced flg22-induced glucose uptake activity in



plants (Fig. 3B). Protein accumulation in STP13-GFP and STP13 (T485A)-GFP plants was
comparable (fig. S11). We concluded that STP13 underwent phosphorylation at T485 in
response to flg22, which enhanced its sugar transport capacity. Glucose uptake in response to
flg22 also increased somewhat in STP13 (T485A)-GFP plants (Fig. 3B), probably via
transcriptional induction. Thus, STP13 activity is regulated at transcriptional and post-
translational levels during antibacterial defense.

We investigated the contribution of STP13 T485 phosphorylation to antibacterial
defense. Complementation of stpl stpl3 mutant plants with STP13-GFP restored resistance to
bacterial infection to WT levels (Fig. 3C), whereas the alanine-substituted version, STP13
(T485A)-GFP, was ineffective. Thus, regulation of STP13 activity through T485
phosphorylation is required for the plant to suppress bacterial proliferation.

Pathogens coordinate virulence factor expression in response to localized environments
in their hosts. In the case of phytopathogenic bacteria such as Pst DC3000, T3SS regulatory
cascades are activated via recognition of external sugars (19, 20). We speculated that reduced
sugar uptake activity in stpl stpl3 plants might therefore augment bacterial effector delivery into
plant cells. To test this, we inoculated plants with bacteria expressing the T3SS effector avrPto
fused to adenylate cyclase (Cya) (21), which produces cAMP only when delivered into
eukaryotic cells. We observed higher cAMP levels in stpl stpl3 plants than in WT plants,
without increased bacterial growth (Fig. 3D and fig. S12), indicating elevated effector delivery in
stpl stpl3 plants. Introduction of STP13-GFP, but not STP13 (T485A)-GFP, reversed this trend
(Fig. 3D). We conclude that phosphorylation-dependent regulation of STP13 activity suppresses
bacterial effector delivery. The likely mechanism is that STP13 reduces sugar content in the
apoplast, resulting in limited bacterial T3SS activation.

Our findings illuminate a critical role for sugar transporter regulation during bacterial
challenge (fig. S13). Stimulation of STP13 activity suppresses bacterial effector delivery (Fig.
3D), thereby reducing bacterial virulence. Moreover, the elevated growth of AhrcC strain,
which is defective in T3SS effector delivery, in the apoplast of stpl stp13 plants (Fig. 1A right)
suggests that apoplastic sugars represent an energy source for bacterial proliferation.
Phytopathogenic bacteria exploit various host-derived metabolites, in addition to sugars, as
energy sources or signaling molecules (22, 23). Regulation of metabolite uptake upon recognition
of microbial molecules may thus emerge as a key host defense strategy to restrict pathogen
proliferation.
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Fig. 1. Sugar transporters STP1 and STP13 contribute to antibacterial defense, and STP13
activity is induced in response to flg22. (A) Growth of spray-inoculated Pst DC3000 (black) or
syringe-inoculated Pst DC3000 4 hrcC (gray) in Arabidopsis leaves. Results are averages + SE,
n=>5(* p < 0.05 compared to the corresponding values of WT plants in two-tailed t-tests). (B)
14C-labeled monosaccharide uptake activity in Arabidopsis seedlings 24 h after water (mock,
white) or 4 uM flg22 (black) application. Results are averages + SE, n = 3 (*, p < 0.05 compared
to the corresponding values of each mock treatment; A, p <0.05, A A, p<0.005, AA A, p<
0.0005 compared to the corresponding values of mock-treated WT plants; two-tailed t-tests). Fw,
fresh weight of seedlings. (C) Anti-GFP immunoblot analysis for STP13-GFP in Arabidopsis
seedlings exposed to water (mock) or 0.5 uM flg22. Numbers below the immunoblot represent
relative intensities of STP13-GFP bands, normalized to backgrounds in Ponceau S-stained
loading controls (bottom) and with the 0-h mock treatment value set as 1.0. (D) GFP
fluorescence of STP13-GFP in Arabidopsis seedlings exposed to water (mock) or 0.5 uM flg22
for 10 h. Red fluorescence indicates autofluorescence of chloroplasts.
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Fig. 2. STP13 participates in FLS2 complexes and is phosphorylated by BAK1. (A and B)
Co-immunoprecipitation analysis between STP13 and known FLS2 complex components in
Arabidopsis protoplasts (A) and transgenic Arabidopsis plants (B). + and - indicate 0.5 uM flg22
and mock treatment, respectively, for 10 h. IP and IB denote immunoprecipitation and
immunoblotting with the indicated antibodies. BAKL1 (arrows) and cross-reactive bands
(asterisks) are indicated. (C) Autoradiograph of an in vitro kinase assay. Serine and threonine

residues in the STP13-CT fragment (top) are highlighted in red. Coomassie Brilliant Blue-
stained controls are shown below.
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Fig. 3. Regulation of STP13 activity by T485 phosphorylation is required to suppress
bacterial proliferation, partly by limiting virulence factor delivery. (A) *C-labeled
monosaccharide uptake assay in yeast cells. Results are averages + SE, n = 3 (*, p < 0.05 in two-
tailed t-tests compared to the corresponding values of STP13-GFP cells). (B) Glucose uptake
activity in Arabidopsis seedlings 24 h after water (mock, white) or 4 uM flg22 (black)
application. Results are averages + SE, n = 3 (*, p < 0.05, compared to the corresponding values
of each mock treatment; A, p <0.05, compared between indicated values; two-tailed t-tests). (C)
Growth of spray-inoculated Pst DC3000 in Arabidopsis leaves. Results are averages + SE, n =5
(*, p < 0.05 compared to the values of WT plants using two-tailed t-tests). (D) CAMP amounts in
Arabidopsis leaves at 10 h after spray inoculation with Pst DC3000 (avrPto-Cya). Results are
averages + SE, n = 4 (*, p < 0.05 compared to the corresponding values of WT plants using a
two-tailed t-test).



