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Abstract
Systemic acquired resistance (SAR) is a mechanism that plants utilize to connect a local pathogen infection to global de-
fense responses. N-hydroxy-pipecolic acid (NHP) and a glycosylated derivative are produced during SAR, yet their individual
roles in this process are currently unclear. Here, we report that Arabidopsis thaliana UGT76B1 generated glycosylated NHP
(NHP-Glc) in vitro and when transiently expressed alongside Arabidopsis NHP biosynthetic genes in two Solanaceous
plants. During infection, Arabidopsis ugt76b1 mutants did not accumulate NHP-Glc and accumulated less glycosylated sali-
cylic acid (SA-Glc) than wild-type plants. The metabolic changes in ugt76b1 plants were accompanied by enhanced defense
to the bacterial pathogen Pseudomonas syringae, suggesting that glycosylation of the SAR molecules NHP and salicylic acid
by UGT76B1 plays an important role in modulating defense responses. Transient expression of Arabidopsis UGT76B1 with
the Arabidopsis NHP biosynthesis genes ALD1 and FMO1 in tomato (Solanum lycopersicum) increased NHP-Glc production
and reduced NHP accumulation in local tissue and abolished the systemic resistance seen when expressing NHP-
biosynthetic genes alone. These findings reveal that the glycosylation of NHP by UGT76B1 alters defense priming in sys-
temic tissue and provide further evidence for the role of the NHP aglycone as the active metabolite in SAR signaling.

Introduction

Systemic acquired immunity in plants is a coordinated
defense response that leads to heightened disease protec-
tion throughout the plant body following an initial, local-
ized pathogen attack. Several small molecules help
orchestrate this process, including the ubiquitous

hormone salicylic acid (SA; Klessig et al., 2018) and the
recently discovered signaling metabolite N-hydroxy-pipe-
colic acid (N-hydroxy-pipecolic acid [NHP]; Chen et al.,
2018; Hartmann et al., 2018), which is thought to play a
lead role in systemic acquired resistance (SAR). The en-
zyme flavin monooxygenase 1 (FMO1) catalyzes the N-hy-
droxylation of the nonproteinogenic amino acid pipecolic
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acid (Pip) during the biosynthesis of NHP and is required
for the initiation and amplification of SAR signaling
(Chen et al., 2018; Hartmann et al., 2018).

Both SA and NHP can be isolated from plants with several
metabolic modifications, most notably as glycosylated deriv-
atives. In prior work using Arabidopsis thaliana
(Arabidopsis) plants, we and others observed that both NHP
and its hexose-conjugated derivative (NHP-Glc) accumulate
after bacterial infection in seedlings and leaves (Chen et al.,
2018; Hartmann and Zeier, 2018). Both NHP-Glc and the
aglycone are absent from unelicited plants and pathway
mutants deficient in FMO1, prompting questions about the
role of NHP glycosylation in SAR. The glycosyltransferase re-
quired for the generation of NHP-Glc, however, has
remained elusive.

Structural modifications of small plant signaling molecules
appear to have evolved as a dynamic mechanism to modu-
late the activity of these chemical signals. Common enzy-
matic modifications to base hormone scaffolds include
hydroxylation, carboxylation, sulfation, acetylation, methyla-
tion, amino acid conjugation, and glycosylation (Westfall
et al., 2013). Some hormones, such as the defense hormone
jasmonic acid (JA), undergo multiple enzymatic modifica-
tions (Wasternack and Hause, 2013) to create bioactive
(Staswick and Tiryaki, 2004), inactive (Smirnova et al., 2017),
and differentially active (Nakamura et al., 2011) compounds.
Often, loss-of-function mutations of these modifying
enzymes can have severe impacts on plant physiology, lead-
ing to developmental phenotypes in the case of auxins
(Nakazawa et al., 2001; Takase et al., 2004; Staswick et al.,
2005), brassinosteroids (Choi et al., 2013), and gibberellins
(Wang et al., 2012) and to altered responses to environmen-
tal stresses in the case of abscisic acid (Liu et al., 2015), JA
(Caarls et al., 2017; Smirnova et al., 2017), and SA (Liu et al.,
2009; Boachon et al., 2014). In some instances, hormone
conjugation appears to serve as a reservoir of a molecule for
fast deployment, whereas in other cases, it seems to be a
metabolic mechanism for attenuating the activity and de-
pleting the active form of the hormone (Piotrowska and
Bajguz, 2011).

Several lines of evidence suggest that the NHP aglycone is
sufficient to initiate SAR signaling but have not yet revealed
a functional role for glycosylation. For example, the treat-
ment of Arabidopsis (Chen et al., 2018; Hartmann et al.,
2018), sweet pepper (Capsicum annuum; Holmes et al.,
2019), or tomato (Solanum lycopersicum; Holmes et al.,
2019) leaves with synthetic NHP induces resistance against
bacterial infection in distal tissues not treated with NHP.
Furthermore, transient overexpression of the Arabidopsis
NHP biosynthetic enzymes AGD2-LIKE DEFENSE PROTEIN1
(ALD1; Navarova et al., 2012) and FMO1 (Chen et al., 2018;
Hartmann et al., 2018) leads to the production of NHP in
tomato leaves and results in enhanced resistance to bacterial
infection in distal tissues (Holmes et al., 2019). Notably,
NHP-Glc was not detected in the NHP-treated tomato
leaves, suggesting that NHP-Glc biosynthesis and/or

accumulation may not occur in tomato. These data, coupled
with the observation that NHP-Glc does not accumulate in
the absence of infection in Arabidopsis, suggest that NHP-
Glc is not simply a storage form of NHP.

Despite the clear role of NHP biosynthesis in the initiation
of systemic resistance, several open questions remain regard-
ing (i) the active form of NHP metabolites; (ii) the potential
role of NHP glycosylation in modulating SAR signaling; and
(iii) more broadly, mechanisms of signal initiation, transport,
and attenuation in plant systemic resistance. In an effort to
better understand the potential role of NHP-Glc in the SAR
response, we sought to establish the genetic and biochemi-
cal basis for NHP glycosylation in Arabidopsis and test the
influence of the putative glycosylating enzyme(s) in SAR-
mediated disease resistance. Here, we report that the
Arabidopsis UDP-glycosyltransferase UGT76B1 can generate
glycosylated NHP (NHP-Glc) in vitro and when transiently
expressed alongside Arabidopsis NHP biosynthetic genes in
two Solanaceous plants. Our results provide important
insights into how plants use specific metabolic transforma-
tions to alter the behavior of the key signaling molecule
NHP during systemic defense responses.

Results

Heterologously expressed Arabidopsis UGT76B1
glycosylates NHP in planta
Previous studies have indicated that NHP-Glc accumulates
in Arabidopsis after pathogen infection (Chen et al., 2018;
Hartmann and Zeier, 2018). We hypothesized that a dedi-
cated NHP-glycosyltransferase may be highly expressed un-
der pathogen stress conditions (Figure 1, A). We analyzed a
set of publicly available microarray datasets for the mRNA
expression patterns of 103 Arabidopsis UDP-dependent gly-
cosyltransferase genes (UGTs) under various biotic stress
conditions (Supplemental Figure S1). We prioritized testing
of candidate UGTs based upon their high levels of mRNA
abundance across all biotic stress conditions and selected a
few others based upon their high levels of mRNA abun-
dance under a specific pathogen stress. For the initial screen,
we selected 14 UGTs from this microarray analysis
(Supplemental Figure S1) as well as four additional UGTs
(UGT73B2, UGT73B3, UGT73C3, and UGT73C5) based on ex-
pression profiles in RNA sequencing experiments (Bernsdorff
et al., 2016; Hartmann et al., 2018). Our goal was to first
identify Arabidopsis UGTs that could generate NHP-Glc dur-
ing heterologous expression and to subsequently determine
the roles of any candidates in Arabidopsis.

In previous studies, we used Agrobacterium-mediated tran-
sient expression in Nicotiana benthamiana (Kapila et al.,
1997) as a heterologous expression platform to produce
NHP in planta (Chen et al., 2018; Holmes et al., 2019).
Under these transient expression conditions, NHP-Glc was
not detected in extracts from N. benthamiana leaves (Chen
et al., 2018; Holmes et al., 2019). We hypothesized that this
heterologous expression system could be used to screen
Arabidopsis UGT candidates with minimal background
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signal from native enzymes. We cloned 18 candidate UGT
cDNAs and transiently expressed them with Arabidopsis
ALD1 and FMO1 (the minimal set of genes required for
NHP biosynthesis; Holmes et al., 2019) in N. benthamiana
leaves. To expedite testing and metabolite analysis, we
expressed our candidate enzymes in groups of three by
combining Agrobacterium strains harboring separate UGT
candidates and GFP in equal proportions and co-infiltrated
them with Agrobacteria harboring ALD1 and FMO1.

Liquid chromatography–mass spectrometry (LC–MS)
analysis of methanolic extracts from these leaves revealed
that one set of genes (UGT76B1, UGT76F2, and UGT85A1)
led to significant accumulation of NHP-Glc when

coexpressed with ALD1 and FMO1 compared with coexpres-
sion of ALD1 and FMO1 with GFP (Figure 1, B). We then
transiently expressed each of these respective UGTs with
ALD1 and FMO1 and found that leaves expressing UGT76B1
(At3g11340) were the only ones that accumulated a signifi-
cant amount of NHP-Glc (Figure 1, B). Nicotiana benthami-
ana leaves transiently expressing ALD1, FMO1, and UGT76B1
accumulated significantly less free NHP (as measured using
LC–MS) than did leaves expressing ALD1 and FMO1 alone,
indicating a high conversion rate from NHP to NHP-Glc by
UGT76B1 (Supplemental Figure S2). The compound pro-
duced in N. benthamiana had the same LC–MS retention
time (Figure 1, C) and MS/MS fragmentation pattern
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Figure 1 Screen of 18 Arabidopsis UGTs for their ability to glycosylate NHP. A, Biosynthetic pathway for the production of NHP-Glc from L-Lys in
Arabidopsis. The biosynthetic activity of UGT76B1 was characterized in this work. B, Abundance of NHP-Glc measured with LC–MS after transient
expression of GFP or respective Arabidopsis UGTs alongside Arabidopsis ALD1 + FMO1 in N. benthamiana leaves. In the initial screen,
Agrobacterium strains harboring distinct UGTs were combined in equal proportions and co-infiltrated with Agrobacterium strains harboring ALD1
and FMO1. In the second screen, Agrobacterium strains harboring UGT76B1, UGT76F2, or UGT85A1 were separately co-infiltrated with
Agrobacterium strains harboring ALD1 and FMO1. Total inoculum (OD600) was kept constant in both experiments by including Agrobacteria har-
boring GFP as a control. Bars represent the mean ± SD (n = 3 independent biological replicates). Values reported as zero indicate no detection of
metabolites. Asterisks indicate significant differences in NHP-Glc levels (one-tailed t test; *P 5 0.05, **P 5 0.01). The experiment was repeated
two times with similar results. C, Representative LC–MS chromatograms of NHP-Glc (m/z = 308.134) in extracts from N. benthamiana (black)
and Arabidopsis adult leaves (blue) transiently expressing ALD1 + FMO1 + UGT76B1 after infiltration with 1 mM NHP synthetic standard. D,
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(Figure 1, D) as NHP-Glc produced in adult Arabidopsis
leaves, suggesting that Arabidopsis UGT76B1 produced the
same glycosylated NHP derivative as the compound that na-
tively accumulates in Arabidopsis.

In vitro biochemistry of UGT76B1 expressed in N.
benthamiana and E. coli
UGT76B1 glycosylates the plant hormone SA and the isoleu-
cine catabolite 2-hydroxy-3-methyl-pentanoic acid (ILA)
in vitro and contributes to the accumulation of their respec-
tive glycosides in planta (von Saint Paul et al., 2011;
Noutoshi et al., 2012; Maksym et al., 2018; Bauer et al.,
2020a). Our results in N. benthamiana suggested that
UGT76B1 could glycosylate a third defense-related metabo-
lite, NHP. To confirm these previous findings and determine
that the NHP-Glc we detected in N. benthamiana was a di-
rect result of UGT76B1 activity, we spiked crude protein
extracts from N. benthamiana leaves expressing GFP or
UGT76B1 with UDP-glucose and the aglycone substrates
ILA, SA, or NHP. Protein extracts from leaves expressing GFP
did not produce any of the respective glycosides, whereas
extracts from leaves expressing UGT76B1 produced all three
compounds (Figure 2, A). Furthermore, we transiently
expressed His-tagged UGT76B1 in N. benthamiana leaves
and enriched for UGT76B1 using Ni-NTA affinity purifica-
tion. Partially purified UGT76B1-6xHis from N. benthamiana
catalyzed the synthesis of NHP-Glc in vitro, while denatured
protein did not (Figure 2, B).

Given the promiscuity of some plant UGTs on structurally
similar substrates (Lim et al., 2002), it is not surprising that
UGT76B1 can glycosylate ILA, SA, and NHP. To better un-
derstand the ability of this enzyme to glycosylate these sub-
strates, we expressed and enriched UGT76B1-6xHis from E.
coli (Figure 2, C) and tested its activity using an enzyme-
coupled assay (Zegzouti et al., 2013). During each UGT cata-
lytic reaction, UDP is released and the concentration of free
UDP in a given reaction can be directly measured using this
assay. Reactions with NHP generated significantly more UDP
over the course of 1 h than was generated with SA or ILA
as substrates (Figure 2, D). The initial rate of reaction with
NHP was also approximately 2� faster than that with either
SA or ILA (Figure 2, E). These results confirm the notion
that UGT76B1 acts on ILA, SA, and NHP and indicate that
it is more active on NHP as a substrate under these
conditions.

To determine where glucose conjugation is occurring on
NHP, we derivatized synthetic NHP and an extract from N.
benthamiana leaves transiently expressing ALD, FMO1, and
UGT76B1 with trimethylsilyldiazomethane (TMSD), a re-
agent commonly used to selectively methylate carboxylic
acids (Kühnel et al., 2007; Topolewska et al., 2015).
Derivatization of synthetic NHP generated a major, singly
methylated product and a minor doubly methylated prod-
uct (Supplemental Figure S3, A). We hypothesize that the
singly methylated product is NHP methyl ester based upon
MS/MS fragmentation and the reported activity of TMSD

(Supplemental Figure S3, A). Derivatization of the N. ben-
thamiana extract revealed a methylated NHP-Glc product
with an MS/MS fragmentation pattern that matches that of
NHP methyl ester (Supplemental Figure S3, B), suggesting
that UGT76B1 is generating NHP-b-D glucoside. UGT76B1 is
also known to generate the b-D-glucoside of SA (SA-Glc;
von Saint Paul et al., 2011; Noutoshi et al., 2012). A synthetic
standard of NHP-Glc (which is currently unavailable) is re-
quired to definitively elucidate the structure of the glycosy-
lated NHP produced by UGT76B1.

Arabidopsis ugt76b1 mutants are impaired in NHP-
Glc and SA-Glc production
Given that UGT76B1 is capable of glycosylating NHP when
expressed heterologously in N. benthamiana, we next sought
to determine its native function in Arabidopsis. We
obtained the Syngenta Arabidopsis Insertion Library (SAIL;
Sessions et al., 2002) T-DNA insertional line SAIL_1171_A11
(ugt76b1-1; hereafter ugt76b1) from the Arabidopsis
Biological Resource Center (ABRC). This mutant line was
previously used to study the function of UGT76B1 (von
Saint Paul et al., 2011). To quantify NHP and SA derivatives,
we grew wild-type Arabidopsis Col-0 (hereafter WT) and
ugt76b1 plants axenically in hydroponic medium for 2
weeks, treated the seedlings with 10 mM MgCl2 (mock),
Pseudomonas syringae pathovar tomato DC3000 (Pst), 1
mM NHP, or 100 mM SA, and measured metabolite levels
using GC–MS and LC–MS (Figure 3 and Supplemental
Figure S4). WT plants had significantly higher abundance of
NHP-Glc and SA-Glc than ugt76b1 in Pst-treated plants
(Figure 3), highlighting the important contribution from
UGT76B1 in the glycosylation of NHP and SA during infec-
tion. While NHP-treated ugt76b1 plants did contain detect-
able NHP-Glc, the abundance was reduced over 99%
compared with WT plants, suggesting that UGT76B1 is the
primary NHP glycosyltransferase in Arabidopsis
(Supplemental Figure S4). There may be other minor
enzymes that contribute to NHP glycosylation, but NHP-Glc
was only detectable in ugt76b1 plants when they were sup-
plemented with a high concentration of NHP (Supplemental
Figure S4) and not when the plants were treated with Pst
(Figure 3). The abundance of SA-Glc was reduced approxi-
mately 60% in ugt76b1 plants compared with WT when
supplemented with SA (Supplemental Figure S4), suggesting
that the activity of UGT76B1 may also contribute signifi-
cantly to the glycosylation of SA in Arabidopsis. Our findings
also corroborate recent work reported in this issue showing
that UGT76B1 is required for the production of NHP-Glc in
Arabidopsis (Bauer et al., 2020b; Mohnike et al., 2020). In
particular, Mohnike et al. (2020) demonstrate that other
mutant alleles (ugt76b1-3 and ugt76b1-4) are deficient in
NHP-Glc accumulation, providing evidence that this effect is
not due to an unknown second site mutation in ugt76b1-1
(Mohnike et al., 2020).

The Plant Cell, 2021 Vol. 33, No. 3 THE PLANT CELL 2021: 33: 750–765 | 753

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaa052#supplementary-data


Arabidopsis ugt76b1 mutants are more resistant to
bacterial infection than the wild type
A previous study showed that Arabidopsis ugt76b1 mutants
are more resistant to the biotrophic pathogen Pst and more
susceptible to the necrotrophic pathogen Alternaria brassici-
cola than the wild type (von Saint Paul et al., 2011), indicat-
ing that UGT76B1 plays a critical role in regulating disease
resistance signaling. Given that UGT76B1 can glycosylate
NHP in Arabidopsis (Figure 3 and Supplemental Figure S4),
we hypothesized that UGT76B1 might regulate the abun-
dance of NHP that is available to initiate and sustain defense
priming during SAR. To test this hypothesis and explore the
functions of NHP-Glc and UGT76B1, we performed SAR
experiments as previously described (Chen et al., 2018;
Hartmann et al., 2018). Briefly, three lower leaves (leaf num-
ber 5–7) of 4-week-old WT, ugt76b1, and fmo1 (a NHP- and

SAR-deficient mutant) plants were infiltrated with 10 mM
MgCl2 (mock) or a 5 � 106 cfu/mL suspension of Pst
avrRpt2, an avirulent strain that induces a strong defense re-
sponse in WT plants. Two days later, an upper leaf of each
plant was challenged with a 1 � 105 cfu/mL suspension of
Psm ES4326, a virulent strain (Figure 4, A and Supplemental
Figure S5, A). Disease symptoms and titers of Psm ES4326 in
the infected upper leaves were then photographed and
quantified at 3 days post infiltration (dpi), respectively
(Figure 4, B and Supplemental Figure S5, B).

Upper leaves from WT plants initially treated with Pst
avrRpt2 harbored significantly less growth of Psm ES4326
than WT plants under mock treatment (Figure 4, B and
Supplemental Figure S6, A). These plants also developed
fewer disease symptoms (e.g. bacterial speck and chlorosis;
Supplemental Figure S5, B), indicating the establishment of
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SAR. By contrast, SAR protection was abolished in fmo1
plants (Figure 4, B and Supplemental Figure S5, B). Notably,
the titers of Psm ES4326 in the upper leaves of mock-
treated ugt76b1 plants were significantly lower than those of
mock-treated WT plants. In addition, the titers of Psm
ES4326 in the upper leaves of ugt76b1 plants under mock
and Pst avrRpt2 treatment were similar (Figure 4, B), indicat-
ing that an initial pathogen infection was not required for
disease resistance in the ugt76b1 leaves. Finally, all lower
leaves (mock or Pst avrRpt2) of ugt76b1 plants showed early
senescence on the leaf margin, and leaves of uninfected
ugt76b1 plants were consistently smaller than those of WT

plants (Supplemental Figure S5, B), which is consistent with
a previous report (von Saint Paul et al., 2011). Taken to-
gether, these findings indicate that the mutation of
UGT76B1 leads to enhanced resistance regardless of an initial
pathogen infection.

Based on our observations that ugt76b1 seedlings have al-
tered abundances of NHP, SA, and their glycosylated forms
(Figure 3 and Supplemental Figure S4), we measured deter-
mined the abundance of these metabolites using a modified
SAR assay. We used the same experimental setup; however,
we did not challenge the plants with Psm ES4326. Instead,
we harvested lower and upper leaves 2 days after mock or
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Figure 3 Abundance of NHP- and SA-related metabolites in WT and ugt76b1 mutant seedlings. Arabidopsis WT (white bars) and ugt76b1 (red
bars) seedlings were grown axenically in hydroponic medium for 2 weeks and treated with 10 mM MgCl2 (mock) or a suspension of Pst at OD600

of 0.01. After 24 h, the seedlings were harvested and analyzed for NHP-related metabolites (A) and SA-related metabolites (B). Pip and NHP were
measured as trimethylsilyl (TMS) and 2-TMS derivatives, respectively, using GC–MS. NHP-Glc, SA, and SA-Glc were measured using LC–MS. Bars
represent the means ± SD (n = 6 independent biological replicates). Values reported as zero indicate no detection of metabolites. Asterisks indi-
cate a significant difference in metabolite levels (one-tailed t test; *P 5 0.05). The experiment was repeated two times with similar results.
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Pst avrRpt2 treatment for metabolite analysis. We detected
high background levels of Pip, SA, and SA-Glc in mock-
treated ugt76b1 plants, indicating that these plants are al-
ready primed with both NHP- and SA-related metabolites
(Supplemental Figure S5, C and D). Neither fmo1 nor

ugt76b1 plants accumulated any NHP-Glc, while WT plants
showed significant increases NHP-Glc levels in both the
lower and upper leaves (Figure 4, C and Supplemental
Figure S6, B), confirming the requirement for these two
enzymes in the NHP-Glc biosynthetic pathway. As previously

Figure 4 SAR assays in Arabidopsis WT, ugt76b1, and fmo1 plants. A, Design of SAR assays in Arabidopsis. Three lower leaves (leaf numbers 5–7) of
each plant were infiltrated with a 5 � 106 cfu/mL suspension of Pst avrRpt2 (Psta; local infection) or 10 mM MgCl2 as a mock control. For the bacte-
rial growth assays in (B): 2 days after local infection, one upper leaf (leaf number 10) of each plant was challenged with 1 � 105 cfu/mL suspension
of Psm ES4326 (distal infection). Three days later, the disease symptoms of upper leaves were photographed and the titer of Psm ES4326 was deter-
mined. For metabolite analysis in (C): 2 days after local infection with Pst avrRpt2, the three lower infected leaves and three upper uninfected leaves
(leaf numbers 8–10) were harvested and separately pooled for metabolite analysis. B, Titer of Psm ES4326 in upper, challenged leaves of WT (white
bars), ugt76b1 (red bars), and fmo1 (blue bars) plants. Bars represent the mean ± SD (n = 4 independent biological replicates). Asterisks indicate a sig-
nificant difference in bacterial titer (one-tailed t test; *P 5 0.05, **P 5 0.01, ***P 5 0.001, ****P 5 0.0001, NS—not significant). The experiment was
repeated three times with similar results. Repetition 2 of this experiment is reported in Supplemental Figure S6. C, Extracted ion abundances of DC-
NHP (a degradation product of NHP) and NHP-Glc in methanolic tissue extracts from lower and upper leaves of WT (white bars), ugt76b1 (red
bars), and fmo1 (blue bars) plants. Bars represent the means ± SD (n = 3 or 4 independent biological replicates). DC-NHP and NHP-Glc were mea-
sured using LC–MS. Values reported as zero indicate no detection of metabolites. Asterisks indicate a significant difference in metabolite levels (one-
tailed t test; *P 5 0.05, **P 5 0.01, ***P 5 0.001). The experiment was repeated two times with similar results.
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reported (von Saint Paul et al., 2011), ugt76b1 plants con-
tained significantly more SA-Glc than WT plants under
mock conditions, suggesting that other UGTs are still able
to generate SA-Glc at appreciable levels in this context
(Supplemental Figure S5, D). We did not directly detect any
free NHP by GC–MS in this experiment, perhaps due to the
instability of the molecule (Chen et al., 2018). The abun-
dance of decarboxylated NHP (DC-NHP; which has been
reported as a degradation product of NHP; Chen et al.,
2018) was significantly elevated in mock- and Pst avrRpt2-
treated ugt76b1 plants versus the WT (Figure 4, C and
Supplemental Figure S6, B), pointing to the constitutive ac-
cumulation of NHP and its subsequent degradation (either
in planta or during the metabolite extraction process).

To provide further structural evidence for DC-NHP, we
synthesized 2,3,4,5-tetrahydropyridine N-oxide (DC-NHP) us-
ing two separate chemical methods (Stappers et al., 2002;
Gella et al., 2009; Chen et al., 2018; Supplemental Figure S7,
A). Previous evidence suggests that this molecule spontane-
ously dimerizes and exists primarily in its dimer form
(Alford et al., 1966; Alsbaiee and Ali, 2008). This observation
is consistent with the co-eluting m/z features at 199.144
(DC-NHP dimer) and 100.075 (DC-NHP) that we observed
in both ugt76b1 plants and the product of our chemical syn-
thesis (Supplemental Figure S7, B and C). This finding is also
consistent with the results of MS/MS of the dimer mass,
which fragments exclusively into the monomer mass at a
collision-induced voltage of 10 V (Supplemental Figure S7,
D). The MS/MS fragmentation patterns of the plant-derived
molecule and synthesized DC-NHP are consistent with one
another (Supplemental Figure S7, E), providing further evi-
dence for this structural characterization. Taken together,
these results indicate that enhanced resistance in ugt76b1 is
associated with elevated abundance of NHP- and SA-related
metabolites under uninduced conditions.

Expression of UGT76B1 abolishes NHP-induced pro-
tection in tomato
The enhanced resistance exhibited by Arabidopsis ugt76b1
mutants with significantly reduced levels of NHP-Glc sug-
gested that the glycosylation of NHP reduces its bioactivity
as a SAR signaling molecule. We next turned to tomato as a
model system to further investigate the role of NHP glyco-
sylation using Agrobacterium-mediated transient expression
of UGT76B1 in the context of a pathogen infection. We pre-
viously used this approach to establish that NHP can induce
a SAR response in a tomato. Here, we reasoned that pheno-
typic analysis of tomato leaves expressing UGT76B1 in addi-
tion to the NHP pathway would allow us to better isolate
the role of NHP glycosylation, independently of its role in
SA glycosylation, and avoid the complex metabolic dynamics
observed in adult Arabidopsis ugt76b1 mutants grown in
soil (including the constitutive accumulation of NHP-derived
metabolites). We previously determined that transient ex-
pression of Arabidopsis ALD1 and FMO1 in tomato leaflets
proximal to the main stem is sufficient to induce the

production of NHP and inhibit the growth of Pst in infected
distal leaflets (Holmes et al., 2019). Notably, altering NHP
levels alone in tomato did not lead to the production of
NHP-Glc (Holmes et al., 2019), suggesting that background
activity of native tomato UGTs would not interfere with our
interpretation of the results of the assay.

We hypothesized that overexpressing Arabidopsis
UGT76B1 with ALD1 and FMO1 would increase the ratio of
NHP-Glc to NHP in proximal tomato leaflets and decrease
the SAR response in distal leaflets infected with Pst. To test
this hypothesis, we infiltrated the two proximal leaflets of a
fully expanded tomato leaf with Agrobacterium strains har-
boring GFP or GFP + ALD1 + FMO1 (Pathway), or Pathway
+ UGT76B1 (Figure 5, A). Two days post-infiltration, we har-
vested both proximal and distal leaflets for metabolite analy-
sis (Figure 5, A–C). Proximal leaflets accumulated
significantly less NHP and SA when expressing UGT76B1
alongside the NHP biosynthetic genes than did leaflets
expressing NHP biosynthetic genes alone (Figure 5, B and C).
Conversely, these leaflets accumulated significantly more
NHP-Glc and SA-Glc, than the control, suggesting that the
aglycones had been directly converted (Figure 5, B and C).
The only significant metabolic change that we measured in
distal leaflets was the accumulation of free SA in leaves
expressing only the NHP metabolic pathway enzymes
(Supplemental Figure S8).

Using the same experimental design that we used for me-
tabolite profiling, we inoculated two proximal tomato leaf-
lets with Agrobacterium strains harboring GFP or GFP +
ALD1 + FMO1 (Pathway), or Pathway + UGT76B1 (Figure 5,
A). At 48-h post inoculation, we challenged three distal leaf-
lets with a 1 � 105 cfu/mL suspension of Pst. Consistent
with a previous report (Holmes et al., 2019), transient ex-
pression of the NHP pathway in proximal leaflets resulted in
significant protection against Pst in challenged distal leaflets
compared with leaflets transiently expressing GFP alone
(Figure 5, D). Notably, this systemic resistance was compro-
mised when UGT76B1 was overexpressed alongside the NHP
pathway in proximal leaflets. Expressing UGT76B1 alone did
not alter protection compared with expressing GFP alone
(Supplemental Figure S9). Together, these results demon-
strate that overexpressing UGT76B1 is sufficient to convert
NHP to NHP-Glc. Moreover, these data indicate that in-
creasing the abundance of NHP-Glc is not sufficient to in-
duce defense priming, suggesting that NHP, and not NHP-
Glc, is the bioactive signal for SAR.

Discussion
UGTs are a highly expanded class of biosynthetic enzymes
in plants, with 120 UGT genes in the Arabidopsis genome
(Paquette et al., 2003). Characterized UGTs from
Arabidopsis play diverse roles, including the detoxification of
xenobiotic substrates and the regulation of active hormone
levels. Substrate promiscuity is a feature of some plant
UGTs, allowing them to conjugate diverse xenobiotic sub-
strates (Osmani et al., 2009) while others have evolved to be
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Figure 5 Transient expression of Arabidopsis UGT76B1 with ALD1 and FMO1 in tomato leaves. A, Design of the transient SAR assays in tomato.
Two leaflets of a tomato leaf proximal to the main stem (highlighted in red) were inoculated with Agrobacteria harboring GFP (GFP) or a combi-
nation of strains harboring GFP + Arabidopsis ALD1 + Arabidopsis FMO1 (Pathway) without and with Arabidopsis UGT76B1 (Pathway + UGT).
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far more specific, including the glycosyltransferases UGT74F1
and UGT74F2, which glycosylate SA in a regiospecific man-
ner (George Thompson et al., 2017). The role of hormone-
specific UGTs is often to generate inactive yet stable storage
forms of a hormone that, in some cases, may be hydrolyzed
back into the active molecule (Westfall et al., 2013). Our
results indicate that NHP-Glc is an inactive or less active de-
rivative of NHP in Arabidopsis and tomato. It is unknown
whether NHP-Glc can be enzymatically hydrolyzed back into
NHP to reactivate immune signaling; however, little to no
NHP-Glc accumulates in Arabidopsis plants in the absence
of infection (Chen et al., 2018), which suggests that NHP
biosynthesis is the primary mechanism to initiate NHP-
dependent SAR signaling.

Given the proposed role of UGT76B1 in NHP glycosyla-
tion, one might expect that the loss of a glycosylation step
in ugt76b1 plants would cause a reciprocal increase in the
levels of aglycone substrates of UGT76B1. While we could
not measure this trend directly for NHP due to its instability
in planta and in extracts (Chen et al., 2018), we did observe
a reciprocal increase in the level of DC-NHP, a downstream
product of NHP instability (Supplemental Figure S7), in the
upper leaves of adult ugt76b1 plants treated locally with Pst
avrRpt2 (Figure 4, B). This suggests that, under these condi-
tions, NHP does accumulate, but only transiently due to its
instability. We did not observe this reciprocal increase under
all conditions, however (e.g. in seedlings [Figure 3, A] or lo-
cal leaves of adult plants [Figure 4, B]). One possible reason
that seedlings do not accumulate aglycone products is due
to their physiological and developmental state. The accumu-
lation of NHP and SA in ugt76b1 plants likely occurs over
time and may cause positive feedback for their biosynthesis
(Chen et al., 2018; Hartmann and Zeier, 2019), such that
their accumulation does not occur linearly over time. Adult
ugt76b1 plants treated locally with Pst avrRpt2 also did not
accumulate more aglycone than WT plants (Figure 4, B and
Supplemental Figure S5, D), pointing to the existence of
complex regulatory mechanisms that maintain an optimal
abundance of active signaling molecules in plants under
pathogen stress. These metabolite measurements are also a
snapshot over the course of the infection process and

therefore do not provide a complete picture of the dynam-
ics of NHP accumulation, interconversion, and degradation.
Time course studies and methods for measuring NHP-
specific responses could provide more information on the
complex dynamics of NHP accumulation in ugt76b1 plants.

By mining publicly available Arabidopsis mRNA expression
data, we found that the core NHP biosynthetic genes ALD1
and FMO1 appear to be tightly co-regulated. Even though
UGT76B1 is induced under many pathogen stress conditions,
its expression is not as highly correlated with the expression
of core pathway genes across these same conditions
(Supplemental Figure S10). We observed a similar phenome-
non with known SA UGTs (Supplemental Figure S10). This
suggests that the differential expression of hormone-
modifying UGTs with different pathogen stressors may help
coordinate dynamic immune responses. This highlights the
importance of further investigation into how transcriptional
and/or posttranscriptional regulation of UGT76B1 expression
affects the abundance of bioactive metabolites during SAR.
UGT76B1 is constitutively expressed in roots (von Saint Paul
et al., 2011), suggesting that it may also play a role in the
tissue-specific regulation of metabolite levels.

While NHP-Glc is the primary form of NHP detected in
Arabidopsis and in the closely related plant rapeseed
(Brassica rapa; Chen et al., 2018; Holmes et al., 2019), we did
not observe NHP-Glc accumulation in N. benthamiana or
tomato without ectopic expression of Arabidopsis UGT76B1.
These data differ from the patterns of accumulation ob-
served for SA-Glc, which has been detected in diverse plant
families, including the Solanaceae (Lee et al., 1995). We
showed that the expression of UGT76B1 can inactivate
NHP-related pathogen defense responses in tomato
(Figure 5), which raises the question of how, or if, tomato
can natively modulate the abundance of NHP, the active
SAR signal. Other compounds downstream of NHP have
been detected during the transient expression of NHP bio-
synthetic enzymes in N. benthamiana (Chen et al., 2018;
Holmes et al., 2019), perhaps representing distinct mecha-
nisms that have evolved to modulate the abundance of ac-
tive hormones during defense in other plant species.

For the bacterial growth assay in (B): 2 dpi with Agrobacteria, distal leaflets (highlighted in purple) were inoculated with a 1 � 105 cfu/mL suspen-
sion of Pst. Four dpi, distal leaves were harvested for quantification of Pst titers. For metabolite analysis in (C) and (D): 2 dpi with Agrobacteria,
both proximal leaflets infiltrated with Agrobacteria and distal, untreated leaflets were harvested independently for analysis. B, Abundances of Pip,
NHP, and NHP-Glc in tomato leaflets expressing GFP, Pathway, and Pathway + UGT (white bars) and leaflets distal to those infiltrated with
Agrobacteria (gray bars). Bars for proximal leaflets represent means ± SD (two leaflets each from n = 3 independent plants). Bars for distal leaflets
represent means ± SD (three leaflets each from n = 3 independent plants). Pip and NHP were measured as TMS and 2-TMS derivatives, respec-
tively, using GC–MS. NHP-Glc was measured using LC–MS. Values reported as zero indicate no detection of metabolites. Asterisks indicate a sig-
nificant difference in metabolite levels (one-tailed t test; *P 5 0.05, ***P 5 0.001, ****P 5 0.0001, *******P 5 1 � 10–6, ********P 5 1 � 10–7).
The experiment was repeated two times with similar results. C, Abundances of SA and SA-Glc in tomato leaflets expressing GFP, Pathway, and
Pathway + UGT (white bars) and leaflets distal to those infiltrated with Agrobacteria (gray bars). Bars for proximal leaflets represent means ± SD

(two leaflets each from n = 3 independent plants). Bars for distal leaflets represent means ± SD (three leaflets each from n = 3 independent
plants). SA and SA-Glc were measured using LC–MS. Values reported as zero indicate no detection of metabolites. Asterisks indicate a significant
metabolite difference in metabolite levels (one-tailed t test; **P 5 0.01, ****P 5 0.0001). The experiment was repeated two times with similar
results. D, Titer of Pst in distal leaflets 4 dpi. Bars represent mean log cfu/cm2 ± SD (three leaflets each from n = 3 independent plants). Asterisks
indicate a significant difference (one-tailed t test; **P 5 0.01).

Figure 5 (continued)
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ugt76b1 plants have increased resistance to Pst and altered
SA-dependent gene expression in local tissues (von Saint
Paul et al., 2011). Our results reveal that ugt76b1 plants have
a basal level of resistance to Psm ES4326 infection equivalent
to an SAR response induced in WT plants (Figure 4). We hy-
pothesize that the increased availability of free NHP may be
a driver of this phenotype in ugt76b1, as these plants have
little to no ability to glycosylate NHP (Figure 3 and
Supplemental Figure S4), and NHP is known to be a potent
modulator of defense responses (Chen et al., 2018;
Hartmann et al., 2018).

Many aspects of plant defense are intimately intertwined.
Complex regulatory mechanisms underlie responses to dif-
ferent pathogens (Glazebrook, 2005) and the coordination
of SAR (Shah et al., 2014). Vital components of the
Arabidopsis signaling network include NHP and SA, which
are both required to establish functional SAR (Klessig et al.,
2018; Hartmann and Zeier, 2019). RNA sequencing has un-
covered a large overlap between NHP- and SA-dependent
gene regulation, as well as the presence of SA-independent
regulation of SAR (Bernsdorff et al., 2016; Hartmann et al.,
2018; Hartmann and Zeier, 2019). Our biochemical studies
demonstrated that the enzyme previously known to glycosy-
late SA and ILA (von Saint Paul et al., 2011; Maksym et al.,
2018) can also metabolize NHP (Supplemental Figures S4,
S5), further connecting these signaling molecules. It is possi-
ble that the true biological function of UGT76B1 is to glyco-
sylate a set of small molecules and that all of these
molecules play distinct roles in defense. One potential
mechanism for how UGT76B1 achieves specificity in the gly-
cosylation of signaling metabolites is through spatial or tem-
poral expression patterns. It is possible that the changes in
local concentrations of small molecule substrates over time
and physical proximity with metabolic enzymes enhance the
underlying specificity we observe in vitro. Experiments that
track the movement of these metabolites could help eluci-
date the role of spatial patterning across plant tissue in sig-
naling in the future.

Notably, our experiments in tomato provided additional
evidence that NHP is a bioactive signaling molecule in SAR
and revealed that glycosylation can be used to modulate
this systemic response. Simply by expressing UGT76B1
alongside the NHP biosynthetic enzymes in tomato, the
beneficial effect of producing NHP was abolished (Figure 5,
B). This finding raises the question of whether NHP metabo-
lism is used in other plants to regulate signaling. Such infor-
mation will also be valuable for engineering approaches that
seek to tune enhanced resistance in tomato. Improving re-
sistance using synthetic chemicals has been challenging due
to an inherent imbalance of plant defense and growth in
the presence of inducers (Heil et al., 2000; Huot et al., 2014).
In order to engineer immunity using synthetic approaches,
defense-yield tradeoffs that naturally occur in plants to bal-
ance limited resources will need to be addressed (Mauch
et al., 2001; Ning et al., 2017). While NHP may be protective
in the context of infection, constitutive expression of NHP

would likely cause unintended growth defects, and any sta-
ble system would require inducible control of pathway
enzymes and a mechanism to attenuate the signal in the ab-
sence of infection. We have shown that UGT76B1 can elimi-
nate the NHP-dependent SAR signal in tomato (Figure 5);
this activity could be leveraged to engineer dynamic control
over crop defense.

In closing, our results reveal that metabolism by the UDP-
glycosyltransferase UGT76B1 plays critical role in modulating
immunity in Arabidopsis by glycosylating NHP, the key
chemical initiator of SAR. We anticipate that uncovering the
association of UGT76B1 with NHP signaling will more
broadly contribute to our understanding of how plants use
metabolic transformations of small plant signals to tune the
dynamics, tissue specificity, and spatial regulation of defense
responses.

Materials and methods

Gene expression and correlation analysis
Arabidopsis microarray datasets were obtained from the
NASCArrays database (Craigon et al., 2004; indexed experi-
ments can be found at http://arabidopsis.info/affy/link_to_
iplant.html). Log-scaled gene expression ratios were calcu-
lated from experiments 120, 122, 123, 167, 169, 330, 415,
and 447 as previously described (Rajniak et al., 2015).
Pearson’s r correlation coefficients between genes were cal-
culated from log2 normalized expression data from these mi-
croarray datasets.

Plant materials and growth conditions
For experiments with hydroponically grown seedlings, A.
thaliana ecotype Col-0 (WT), homozygous SAIL (Sessions
et al., 2002), or T-DNA insertional line (SAIL_1171_A11;
ugt76b1-1; Col-0 background) seeds were surface sterilized
with 50% ethanol for 1 min, followed by 50% bleach for 10
min, washed three times in sterile water, and resuspended
in 1� Murashige–Skoog (MS) medium with vitamins
(PhytoTechnology Laboratories; pH 5.7). The seeds were
placed into 3 mL of MS medium + 5 g/L sucrose in wells of
six-well culture plates (five seeds/well). The plates were
sealed with micropore tape (3 M), vernalized at 4�C for 48
h, and transferred to a growth chamber at 50% humidity,
22�C, and 100 mmol/m2/s photon flux (Philips F17T8/TL841
17 W bulbs) under a 16-h/8-h day/night cycle. After 1 week,
spent medium was removed and replaced with 3 mL of
fresh MS medium + 5 g/L sucrose. Plants were elicited after
an additional week of growth. For experiments with adult
Arabidopsis plants, Col-0, fmo1-1 (SALK_026163; Col-0 back-
ground), and ugt76b1 plants were grown in soil in a growth
chamber at 80% humidity, 22�C, and 100 mmol/m2/s photon
flux (Philips F32T8/TL941 32W bulbs) under a 10-h/14-h
day/night cycle. For experiments with tomato (S. lycopersi-
cum cultivar VF36), plants were grown in a greenhouse (14-
h/10-h day/night cycle, 25�C–28�C, natural light) for 4–5
weeks. Nicotiana benthamiana plants were grown in soil on
a growth shelf at room temperature and humidity, and 140
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mmol/m2/s photon flux (Fluence Bioengineering RAZR3 LED
array) under a 16-h/8-h day/night cycle for 4 weeks prior to
transient transformation.

Cloning of Arabidopsis UGT candidate genes
Agrobacterium tumefaciens GV3101 and C58C1 pCH32
strains harboring Arabidopsis ALD1 and FMO1 genes in the
pEAQ-HT vector (Peyret and Lomonossoff, 2013) were con-
structed previously (Holmes et al., 2019). Arabidopsis UGT
candidates were PCR-amplified from Arabidopsis WT com-
plementary DNA (cDNA) using gene-specific primers
(Supplemental Table S1), cloned into pEAQ-HT between
AgeI and SmaI cut sites using Gibson assembly, and trans-
formed into E. coli 10-b. Sequence-confirmed plasmids were
then transformed into A. tumefaciens GV3101 using heat
shock. To create the His-tagged construct, Arabidopsis
UGT76B1 was PCR-amplified from WT cDNA using gene-
specific primers (Supplemental Table S1), cloned into the
pET24b vector under the control of the T7 promoter, and
transformed into E. coli BL21.

Transient expression in N. benthamiana
Agrobacterium strains were grown on LB agar plates with
the appropriate antibiotics for 24 h. Cells were scraped from
the plates with an inoculation loop, washed three times
with Agrobacterium induction medium (10 mM MES buffer,
10 mM MgCl2, and 150 mM acetosyringone [pH 5.7]), resus-
pended in Agrobacterium induction medium, and incubated
at room temperature for 2 h with agitation. To screen can-
didate UGTs, Agrobacteria harboring ALD1, FMO1, and the
respective UGT genes were combined in equal proportions
with each culture at an OD600 of 0.1. In all cases,
Agrobacteria harboring GFP were added to ensure an equal
final OD600 of 0.6. These solutions were infiltrated into the
leaves of 4-week-old N. benthamiana plants using needleless
syringes. Plants were incubated for 72 h on growth shelves
under a 16-h light/8-h dark cycle prior to sample harvest.

Sample harvest and derivatizations
For all metabolomics experiments, plant tissue was har-
vested, lyophilized to dryness, and homogenized using a ball
mill (Retsch MM 400) at 25 Hz for 2 min. Single-well
Arabidopsis hydroponics samples were resuspended in 500
mL of 80:20 MeOH:H2O and incubated at 4�C for 10 min.
Nicotiana benthamiana and tomato samples were resus-
pended in 20 mL of 80:20 MeOH:H2O per mg dry tissue and
incubated at 4�C for 10 min. The liquid fraction of each
sample was split for LC–MS and GC–MS analysis, respec-
tively. Samples for GC–MS analysis were further derivatized
with N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA;
Holmes et al., 2019). Samples were derivatized with TMSD
using previously established methods (Topolewska et al.,
2015). Briefly, 200 mL dried methanolic extracts were resus-
pended in 125 mL, methanol, 50 mL toluene, and 50 mL 2M
TMSD in hexane, incubated for 1 h at room temperature,
dried under N2, and resuspended in 200 mL AcN + 0.1%
formic acid (FA) for LC–MS analysis.

LC–MS analysis
NHP, NHP-Glc, and TMSD-derivatized NHP and NHP-Glc
were measured using previously published methods on an
Agilent 1260 HPLC coupled to an Agilent 6520 quadrupole
time-of-flight electrospray ionization (Q-TOF ESI) mass spec-
trometer (Chen et al., 2018). DC-NHP was previously identi-
fied as an NHP-degradation product using untargeted
metabolomics and was measured using previously published
methods on an Agilent 1260 HPLC coupled to an Agilent
6520 Q-TOF ESI mass spectrometer (Chen et al., 2018). For
in vitro metabolomics experiments, SA-Glc and ILA-Glc
were measured using the same parameters except in nega-
tive ionization mode. NHP-Glc and TMSD-derivatized NHP
compounds were fragmented using a collision-induced dis-
sociation (CID) energy of 10 V. TMSD-derivatized NHP-Glc
was fragmented using a CID of 40 V. Extracted ion chro-
matogram (EIC) values were determined by extracting chro-
matograms with a 20-ppm error and integrating peak areas
using MassHunter software (Agilent).

SA and SA-Glc were measured using an Agilent 1290
Infinity II UHPLC coupled to an Agilent 6470 triple quadru-
pole (QQQ) mass spectrometer. A 1.8-mm, 2.1 � 50 mm
Zorbax RRHD Eclipse Plus C18 column was used for reverse
phase chromatography with mobile phases of A [water with
0.1% FA] and B [acetonitrile (AcN) with 0.1% FA]. The fol-
lowing gradient was used for separation with a flow rate of
0.6 mL/min (percentages indicate percent buffer B): 0–0.2
min (5%), 0.2–4.2 min (5%–95%), and 4.2–5.2 min (95%–
100%). The MS was run in negative mode with the following
parameters: gas temperature, 250�C; gas flow rate, 12 L/min;
nebulizer, 25 psig. SA was measured using monitored transi-
tions with the following parameters: Precursor ion, 137.0239;
product ions, 93 and 65.1; dwell, 150 ms; fragmentor voltage,
158 V; collision energy, 20 and 32 V, respectively, cell accel-
erator voltage, 4 V. SA-Glc was measured using monitored
transitions with the following parameters: Precursor ion,
299.0767; product ions, 137 and 93; dwell, 150 ms; fragmen-
tor voltage, 158 V; collision energy, 5 and 20 V, respectively,
cell accelerator voltage, 4 V.

GC–MS analysis
TMS-derivatized samples were measured for Pip and NHP
using published methods on an Agilent 7820A gas chro-
matograph coupled to an Agilent 5977B mass spectrometer
(Holmes et al., 2019).

Bacterial strains and growth conditions
Escherichia coli strain 10-b, P. syringae strains pv. tomato
DC3000 (Pst), pv. maculicola ES4326 (Psm ES4326), and pv.
tomato harboring the avirulence gene avrRpt2 (Pst avrRpt2),
and A. tumefaciens strains GV3101 and C58C1 pCH32 were
used in this study. Escherichia coli strains were grown in
lysogeny broth (LB) agar containing the appropriate antibi-
otics at 37�C. Pseudomonas strains were grown at 28�C on
nutrient yeast glycerol agar (NYGA) medium containing ri-
fampicin (100 lg/mL). Agrobacterium strains were grown at
28�C on LB agar containing rifampicin (100 lg/mL),
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tetracycline (5 lg/mL), and kanamycin (50 lg/mL) for
C58C1 pCH32 and gentamycin (100 lg/mL) and kanamycin
(50 lg/mL) for GV3101.

Elicitation methods
For hydroponics experiments, Pst was grown on LB agar
plates at 30�C. A single colony was grown in liquid LB me-
dium to an OD600 of �0.5, washed three times, and resus-
pended to an OD600 of 0.1 in MS medium + 5 g/L sucrose.
Thirty microliters of 1 M MgCl2 (mock), 100 mM NHP, 10
mM SA, or the Pst solution were used for elicitations.

SAR assays in Arabidopsis
SAR bacterial growth assays were performed as described
(Chen et al., 2018). A 30–32-day-old Col-0, fmo1, and
ugt76b1 plants were used in this assay. Briefly, three lower
leaves (leaf numbers 5–7) of each plant were infiltrated with
10 mM MgCl2 or a 5 � 106 cfu/mL suspension of Pst
avrRpt2 in 10 mM MgCl2. Two days later, one upper leaf
(leaf number 10) of each plant was inoculated with a
1 � 105 cfu/mL suspension of Psm ES4326, and the plants
were kept under a dome to maintain humidity. The disease
symptoms of Psm ES4326-infected upper leaves were photo-
graphed at 3 dpi, and the titer of Psm ES4326 in these leaves
was quantified by homogenizing leaves discs in 1 mL of 10
mM MgCl2, plating appropriate dilutions on NYGA medium
with rifampicin (100 lg/mL). Plates were incubated at 28�C
for 2 days prior to counting bacterial colonies.

Metabolic profiling of defense priming in
Arabidopsis
Three lower leaves (leaf numbers 5–7) of 30–32-day-old
Col-0, fmo1, and ugt76b1 Arabidopsis plants were infiltrated
with 10 mM MgCl2 and a 5 � 106 cfu/mL suspension of Pst
avrRpt2 in 10 mM MgCl2. Forty-eight hour later, the three
treated lower leaves and three untreated upper leaves (leaf
numbers 8–10) were harvested, pooled, and frozen in liquid
nitrogen for metabolic profiling by GC–MS, LC–MS, and tri-
ple quadrupole (QQQ)-MS analysis.

Transient expression and SAR assays in tomato
Transient expression and SAR assays were performed as pre-
viously (Holmes et al., 2019). Briefly, Agrobacterium C58C1
pCH32 strains harboring combinations of GFP, FMO1, ALD1,
and UGT76B1 were infiltrated into two proximal (bottom)
leaflets of the third and fourth compound leaves of 4–5-
week-old tomato plants for 48 h. For metabolic profiling,
two proximal and three distal leaflets of the third com-
pound leaf were harvested. For the bacterial growth assays,
the three distal leaflets of the fourth compound leaves were
inoculated with a 1 � 105 cfu/mL suspension of Pst. Plants
were incubated for four additional days, and the titer of Pst
was then determined by plating serial dilutions (Holmes
et al., 2019).

In vitro assays
Crude protein was extracted from 80 mg of fresh tissue
from N. benthamiana leaves transiently expressing GFP,
UGT76B1, or UGT76B1-6xHis using a P-PER plant protein
extraction kit (Pierce). Crude extracts of GFP and UGT76B1
were used directly in in vitro metabolomics assays. Protein
concentrations were determined using a bicinchoninic acid
assay kit (Pierce). All in vitro metabolomics assays with pro-
tein from N. benthamiana were performed in 200 mL reac-
tion volumes at room temperature with the following
concentrations of reagents: 0.1 M Tris–HCl pH 7.5, 5 mM
UDP-Glucose, 1 mg total protein, and 0.5 mM aglycone
(NHP, SA, or ILA). The reactions were quenched by adding
50 mL reaction to 150 mL AcN.

Escherichia coli BL21 strains harboring His-tagged
UGT76B1 were grown overnight at 37�C in LB. Two millili-
ters of overnight culture was inoculated into 25 mL LB and
cultures were grown at 37�C to an OD600 of 0.6. The cul-
tures were then induced with 0.5 mM IPTG and grown for
an additional 5 h at 28�C. The cells were harvested and dis-
rupted using an EmulsiFlex B15 (Avestin). The soluble frac-
tions were enriched using gravity flow through Ni-NTA
agarose resin and eluted with increasing concentrations of
imidazole. Proteins were concentrated using 30 kDa centrifu-
gal filters, buffer-exchanged into 50 mM Tris–HCl, pH 8 with
10% glycerol, and kept at –80�C for long-term storage.

In vitro time course experiments were performed with 1
mM enriched E. coli UGT76B1-6xHis protein fraction in 200
mL reactions containing 0.1 M Tris–HCl pH 7.5, 0.5 mM
UDP-Glc, and aglycone substrates at a concentration of 0.5
mM. The reactions were monitored as a time course at 5,
10, 30, and 60 min. Free UDP was measured as a proxy for
reaction progress using a UDP-Glo enzyme assay kit
(Promega; Zegzouti et al., 2013).

Synthesis of DC-NHP
2,3,4,5-Tetrahydropyridine N-oxide (DC-NHP) was synthe-
sized from pyridine using previously established methods
(Gella et al., 2009). Briefly, 2 mmol piperidine was added to
3.5 mL of a 4:1 AcN:tetrahydrofuran (THF) mixture on ice.
2.8 mL of 0.1 M aqueous Na2EDTA was added and stirred,
followed by 0.84 g NaHCO3. The solution was kept on ice
with constant stirring and 1.29 g Oxone (potassium peroxy-
monosulfate) was added over the course of 2 h. After the
addition of Oxone, the solution was stirred on ice for one
additional hour prior to purification. The final solution was
extracted twice with 10 mL ethyl acetate and the organic
fraction was dried and used for downstream analyses. DC-
NHP was also synthesized from N-hydroxypiperidine as pre-
viously described (Chen et al., 2018). Briefly, two equivalents
of meta-Chloroperoxybenzoic acid (mCPBA) were added
dropwise to a solution of N-hydroxypiperidine in dichloro-
methane on ice, with constant stirring. The solution was
stirred on ice for 5 min, followed by 30 min at 20�C. The
structure of DC-NHP is known to exist in its dimeric form,
which is consistent with our observations in planta and
with synthesized DC-NHP (Alford et al., 1966; Alsbaiee and
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Ali, 2008). The large in-source fragment of m/z = 100.075
was used throughout to quantify the abundance of DC-NHP
in plant extracts.

Statistical analyses
One-tailed or two-tailed Student’s t tests were performed to
determine statistically significant differences between experi-
mental and control groups. One versus two-tailed t tests
were determined based upon the null hypothesis and are in-
dicated in the figure legends. P-values 50.05 were consid-
ered statistically significant, and all significance levels are
indicated in the figure legends (*P5 0.05, **P5 0.01,
***P5 0.001, ****P5 0.001). Statistical testing results are
shown in Supplemental Data Set S1).

Accession numbers
The sequence data for this article can be found in the
Arabidopsis Genome Initiative under the following accession
numbers: UGT71B4 (AT4G15260), UGT73B2 (AT4G34135),
UGT73B3 (AT4G34131), UGT73C5 (AT2G36800), UGT73D1
(AT3G53150), UGT74F2 (AT2G43820), UGT76B1 (AT3G
11340), UGT76F2 (AT3g55700), UGT85A1 (AT1G22400),
UGT85A7 (AT1G22340), UGT86A2 (AT2G28080), UGT89A2
(AT5G03490), UGT73C3 (AT2G36780), UGT92A1 (AT5G
12890), UGT73B4 (AT2G15490), UGT87A2 (AT2G30140),
UGT76E12 (AT3G46660), ALD1 (AT2G13810), and FMO1
(AT1G19250). Germplasm used in this study includes fmo1-
1 (SALK_026163) and ugt76b1-1 (SAIL_1171_A11). LC–MS
and GC–MS data integral to the conclusions in the manu-
script have been deposited in Mass Spectrometry Interactive
Virtual Environment (MassIVE; https://massive.ucsd.edu/
ProteoSAFe/static/massive.jsp) under accession numbers
MSV000086046, MSV000086048, and MSV000086056.
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