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Abstract
The hormones salicylic acid (SA) and jasmonic acid (JA) often act antagonistically in controlling plant defense pathways in
response to hemibiotrophs/biotrophs (hemi/biotroph) and herbivores/necrotrophs, respectively. Threonine deaminase
(TD) converts threonine to α-ketobutyrate and ammonia as the committed step in isoleucine (Ile) biosynthesis and contributes
to JA responses by producing the Ile needed to make the bioactive JA–Ile conjugate. Tomato (Solanum lycopersicum) plants
have two TD genes: TD1 and TD2. A defensive role for TD2 against herbivores has been characterized in relation to JA–Ile
production. However, it remains unknown whether TD2 is also involved in host defense against bacterial hemi/biotrophic
and necrotrophic pathogens. Here, we show that in response to the bacterial pathogen-associated molecular pattern
(PAMP) flagellin flg22 peptide, an activator of SA-based defense responses, TD2 activity is compromised, possibly through
carboxy-terminal cleavage. TD2 knockdown (KD) plants showed increased resistance to the hemibiotrophic bacterial pathogen
Pseudomonas syringae but were more susceptible to the necrotrophic fungal pathogen Botrytis cinerea, suggesting TD2 plays
opposite roles in response to hemibiotrophic and necrotrophic pathogens. This TD2 KD plant differential response to different
pathogens is consistent with SA- and JA-regulated defense gene expression. flg22-treated TD2 KD plants showed high expres-
sion levels of SA-responsive genes, whereas TD2 KD plants treated with the fungal PAMP chitin showed low expression levels
of JA-responsive genes. This study indicates TD2 acts negatively in defense against hemibiotrophs and positively against necro-
trophs and provides insight into a new TD2 function in the elaborate crosstalk between SA and JA signaling induced by patho-
gen infection.

Introduction
In nature, plants are simultaneously faced with assault by
numerous pathogens having different strategies for attacking
hosts (Heil and Baldwin, 2002; de Souza et al., 2016). These
plant pathogens are generally divided into biotrophs, hemibio-
trophs, and necrotrophs based on their lifestyles for obtaining
nutrients and water from a host plant (Glazebrook, 2005).
Biotrophs require host plant tissues that are actively

metabolizing in order to obtain nutrients, thus the patho-
gen must keep the host alive (Reuber et al., 1998; Vogel
and Somerville, 2000; Spanu and Panstruga, 2017).
Hemibiotrophs first require living host tissue followed by
a necrotic phase for nutrient access (Butt et al., 1998;
Thaler et al., 2004). On the other hand, necrotrophs kill
host cells by secreting degrading enzymes and toxin or ef-
fector molecules, which allow for access to nutrients from
the dead tissues (Otani et al., 1998; MacKinnon et al.,

Re
se
ar
ch

A
rt
ic
le

Received June 28, 2022. Accepted November 29, 2022. Advance access publication December 19, 2022
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

https://doi.org/10.1093/plphys/kiac584 PLANT PHYSIOLOGY 2023: 00: 1–19

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac584/6931846 by Texas A&M

 C
ollege Station user on 24 April 2023

mailto:tpd8@tamu.edu
https://academic.oup.com/plphys/pages/General-Instructions
mailto:tpd8@tamu.edu
https://orcid.org/0000-0001-8562-7213
https://orcid.org/0000-0003-0203-6173
https://orcid.org/0000-0002-9272-9602
https://orcid.org/0000-0001-9388-3946
https://orcid.org/0000-0002-5926-8349
https://orcid.org/0000-0001-6032-8049
https://doi.org/10.1093/plphys/kiac584


1999; Colmenares et al., 2002; Faris and Friesen, 2020).
Therefore, plants possess elaborate molecular mechanisms
that allow for efficient investment in and balance of the fit-
ness costs needed for the inducible defense systems re-
quired to repel the various pathogens they encounter
(Mur et al., 2006).
Plants have two levels of immunity: pattern-triggered

immunity (PTI) and effector-triggered immunity (ETI). In
PTI, conserved pathogen molecules termed pathogen-
associated molecular patterns (PAMP), such as the flg22
peptide derived from bacterial flagellin and chitin from
the fungal cell wall, are recognized through a series of cell
surface pattern recognition receptors (PRR), which leads
to the induction of basal defenses strong enough to defend
against most pathogens (Jones and Dangl, 2006; Macho and
Zipfel, 2014; Zipfel, 2014; Li et al., 2016). For ETI, pathogen
produced effector proteins, with the purpose of suppressing
PTI to cause disease, are recognized by host nucleotide-
binding domain leucine-rich repeat (NLR) receptors. This
leads to a strong defense response including the hypersen-
sitive response, which involves the induction of host pro-
grammed cell death to kill the invading pathogen and
prevent spread within the plant (Jones and Dangl, 2006;
Cui et al., 2015).
Plant defense responses such as PTI are mediated by

phytohormones. For example, salicylic acid (SA) controls
resistance to hemibiotrophic/biotrophic (hemi/biotroph)
pathogens, and jasmonic acid (JA) regulates defense re-
sponses to necrotrophic pathogens and insect herbivores
(Glazebrook, 2005; Robert-Seilaniantz et al., 2011; Thaler
et al., 2012). Because SA- and JA-mediated defense pathways
target pathogens with different lifestyles, SA–JA crosstalk
mostly results in reciprocal antagonism, i.e. SA responses sup-
press JA-mediated defenses and vice versa (Glazebrook, 2005;
Robert-Seilaniantz et al., 2011; Pieterse et al., 2012; Thaler
et al., 2012; Li et al., 2019; Yang et al., 2019). Accordingly,
plants with mutations in SA signaling lose resistance to
hemi/biotrophic pathogens while maintaining resistance to
necrotrophic pathogens, and loss of JA signaling compro-
mises defense against necrotrophs but leaves resistance to
hemi/biotrophs intact (Thomma et al., 1998; Glazebrook,
2005). While it is well accepted that SA–JA signaling path-
ways are antagonistic, some studies have shown SA and JA
responses act synergistically during defense (Schenk et al.,
2000; van Wees et al., 2000; Mur et al., 2006; Truman et al.,
2007; Liu et al., 2016).
During the development of these plant defensive traits

individual genes have evolved to contribute to host de-
fenses (Bergelson et al., 2001). One good example is tomato
(Solanum lycopersicum) threonine deaminase 2 (TD2).
Threonine deaminase (TD) is an enzyme that converts
threonine to α-ketobutyrate and ammonia (Supplemental
Figure S1) as the committed step in the biosynthesis of iso-
leucine (Ile) in plants and microorganisms (Sidorov et al.,
1981; Gallagher et al., 1998). In order for cells to maintain
the proper concentration of Ile, TD activity is inhibited by

high concentrations of Ile interacting with the TD regula-
tory domain in a negative feedback regulation mechanism
(Umbarger, 1956). Additionally, Ile-mediated inhibition of
TD activity is partially restored in the presence of high con-
centrations of valine (Val; Supplemental Figure S1), the end
product of a parallel competing pathway (Monod et al.,
1965; Chen et al., 2013).
Most organisms have a single TD gene, however, tomato

possesses two paralogous TD copies, TD1 and TD2. While
TD1 fulfills a housekeeping function for Ile production, TD2
has a role in both Ile biosynthesis and a defensive role against
herbivores (Chen et al., 2007; Gonzales-Vigil et al., 2011).
In response to herbivore attack, TD2 expression is highly up-
regulated as a means to provide Ile for the generation of the
bioactive JA–Ile conjugate, which is the active form of JA for
the induction of JA-mediated host defense responses (Kang
et al., 2006). Moreover, tomato TD2 has a post-ingestive de-
fensive role against herbivores, which directly disrupts the
uptake of nutrients by the insect (Chen et al., 2005; Chen
et al., 2007; Gonzales-Vigil et al., 2011). When tomato foliage
is eaten by lepidopteran herbivores, TD2 is cleaved in the in-
sect gut to generate a processed TD2 (pTD2), which results
from proteolytic removal of the TD2 regulatory domain,
thus removing any potential Ile-mediated inhibition
(Gonzales-Vigil et al., 2011). In this form, pTD2 constitutively
degrades Thr, eventually leading to nutritionally unbalanced
proteins in the lepidopteran gut (Gonzales-Vigil et al.,
2011). A role for tomato TD2 in the defense response
against hemi/biotrophic bacterial pathogens has not been
studied to date.
Recently, we serendipitously discovered that tomato TD2

is posttranslationally modified in response to treatment
with the bacterial flg22 peptide using an antibody directed
against a different protein. This modified TD2 shows in-
creased sensitivity to Ile-feedback inhibition and flg22 treat-
ment decreases TD2 enzyme activity in vivo. Using TD2 RNAi
KD plants in defense assays suggest negative and positive
roles for TD2 in resistance against hemi/biotrophic and ne-
crotrophic pathogens, respectively. Based on these data, we
propose a role for TD2 in contributing to the elaborate cross-
talk between SA and JA responses.

Results
An antibody raised against a tomato kinase
transiently detects a different protein
The tomato Ser/Thr protein kinase Adi3 (AvrPto-dependent
Pto-interacting protein 3) has cell death suppression (CDS)
activity, and prevention of this CDS activity induces the
cell death needed for resistance against the hemibiotrophic
bacterial pathogen Pseudomonas syringae pv. tomato (Pst)
during the ETI response (Devarenne et al., 2006; Ek-Ramos
et al., 2010; Ek-Ramos et al., 2014). Phosphorylation of Adi3
by its upstream kinase, 3-phosphoinositide-dependent pro-
tein kinase-1 (Pdk1), is required for Adi3 CDS function
(Devarenne et al., 2006; Ek-Ramos et al., 2010). In order to
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study any possible role for Adi3 in the Pst-mediated PTI
response, Adi3 phosphorylation dynamics in response to
flg22 was analyzed using an Adi3 phosphospecific anti-
body (α-pAdi3) developed against a 15 amino acid phos-
phopeptide (Figure 1A). This α-pAdi3 antibody was
designed to detect the Pdk1-mediated Adi3 phosphoryl-
ation event at Ser539 (Figure 1A) (Devarenne et al.,
2006), and by western blot (WB) showed specific detec-
tion of Pdk1 phosphorylated Adi3 from an in vitro kinase
assay (Supplemental Figure S2). However, when tomato
leaves were infiltrated with the flg22 peptide to induce
the PTI response, the α-pAdi3 antibody instead detected
a soluble protein by WB that had a lower molecular weight
than the endogenous Adi3 (Figure 1B). Furthermore, this
lower molecular weight protein displayed reduced detec-
tion by the α-pAdi3 antibody in a time-depend manner

in response to flg22 (Figure 1B). Over a 24-hour flg22
treatment, this decrease in protein detection by the
α-pAdi3 antibody was maintained for 50 minutes, by
1 hour after treatment the protein levels began to restore,
and by 24 hours the protein was back to control levels
(Figure 1C). These data indicate detection of this protein
in response to flg22 is transient and can be restored to
normal levels within 24 hours.
The simple explanation for these results is the α-pAdi3

antibody detects a truncated version of Adi3, and Adi3
Ser539 phosphorylation is reduced in response to flg22.
However, several lines of evidence suggest the α-pAdi3 anti-
body detects a protein other than Adi3: (1) no full-length
Adi3 is detected in the controls in Figure 1B; (2) Our previous
studies (Ek-Ramos et al., 2010) have shown Adi3 protein is
not degraded to smaller fragments; (3) Adi3 is found in the

Figure 1 Detection of a protein showing reduced detection by the α-pAdi3 antibody in response to flg22 peptide treatment. A, Adi3 protein do-
mains, Pdk1-mediated Ser539 phosphorylation site on Adi3, and sequence of the peptide used for producing the α-pAdi3 antibody. B, Detection of
an unknown protein by the α-pAdi3 antibody in response to flg22. Tomato leaves were infiltrated with 1 μM flg22 and samples were collected at the
indicated time points. 10 μg of total, soluble, and insoluble proteins were analyzed by α-pAdi3WB. C, Transient detection of the unknown protein by
the α-pAdi3 antibody in response to flg22. Tomato leaves were infiltrated with 1 μM flg22 and samples were collected at the indicated time points
followed by α-pAdi3 WB on 10 μg of soluble protein. In B and C, top panels, western blot (WB); bottom panels, Coomassie blue stain (CBS) of WB.
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insoluble fraction of leaf extracts; and (4) Adi3 protein levels
are tightly regulated and very low, suggesting the α-pAdi3
antibody cannot detect endogenous Adi3 protein.

Identification of threonine deaminase 2 and
confirmation of its detection by the α-pAdi3 antibody
To identify the protein with compromised detection by
the α-pAdi3 antibody in response to flg22 treatment, a 2D
SDS–PAGE and mass spectrometry (MS) approach was per-
formed with RuBisCO-depleted leaf extracts (Supplemental
Figure S3A). A WB of the 2D SDS–PAGE analysis showed
the protein detected by the α-pAdi3 antibody was separated
into several individual proteins indicating the target protein
has different forms with distinct isoelectric point (pI) values
(Supplemental Figure S3B). To identify this protein, the
silver-stained proteins were excised for liquid chromatog-
raphy–tandem mass spectrometry (LC–MS/MS) analysis
(Supplemental Figure S3A). The results identified TD2 as the
protein detected by the α-pAdi3 antibody from four inde-
pendent analyses, and the best result showed 68.6% coverage
of TD2 with 32 unique peptides excluding a chloroplast transit
peptide (cTP) (Supplemental Figure S3C).
In order to support that TD2 is a bona fide target of the

α-pAdi3 antibody, the endogenous TD2 was immunoprecipi-
tated from a leaf tissue extract using an α-TD2 specific anti-
body (Chen et al., 2007) and then analyzed by WB using both
the α-TD2 and α-pAdi3 antibodies. The results show the im-
munoprecipitated endogenous TD2 was detected by both

antibodies (Figure 2A). As mentioned above, tomato has
two paralogous TD copies (Chen et al., 2007; Gonzales-Vigil
et al., 2011). Although TD1 and TD2 do not share high amino
acid identity with each other (51%; Supplemental Figure S4,
A and B), it was necessary to test for detection of TD1 by
the α-pAdi3 antibody. Thus, both recombinant, E. coli ex-
pressed, tomato 6xHis-TD1 and 6xHis-TD2 proteins were
tested for WB detection by the α-TD2 and α-pAdi3 anti-
bodies, and only the TD2 protein was detected by both anti-
bodies (Figure 2B). This strongly indicates the α-pAdi3
antibody specifically detects the TD2 protein over the TD1
protein. Finally, a TD2 KD tomato line (Gonzales-Vigil et al.,
2011) was utilized to verify TD2 detection by the α-pAdi3
antibody. Although this TD2 KD plant was generated using
the MicroTom cultivar, which is different from the Rio
Grande PtoR cultivar we use as our research model, the
TD2 proteins of the two cultivars share exactly the same
amino acid sequence (Supplemental Figure S5). RuBisCO-
depleted soluble protein extracts from leaves of PtoR WT,
MicroTomWT, and MicroTom TD2 KD plants were analyzed
by WB with the α-TD2 and α-pAdi3 antibodies. Both anti-
bodies detected TD2 in the PtoR andMicroTomWT extracts,
but TD2 was not detected in the MicroTom TD2 KD extract
by either antibody (Figure 2C). Taken together, the α-pAdi3
antibody detects the TD2 protein.

Identification of the α-pAdi3 epitope in TD2
In an effort to find the TD2 epitope detected by the α-pAdi3
antibody, several N- and C-terminally truncated versions

Figure 2 Confirmation of TD2 detection by the α-pAdi3 antibody and TD2 epitope identification. A, The α-pAdi3 antibody detects TD2 protein
immunoprecipitated (IP’d) by the α-TD2 antibody. Native TD2 protein was IP’d from leaf extracts using the α-TD2 antibody followed by WB with
α-TD2 (left) and α-pAdi3 (right) antibodies. Lane 1, Soluble leaf proteins; lane 2, α-TD2 antibody IP’d proteins. IgG indicates rabbit IgG heavy chain
from the α-TD2 antibody used for IP. B, the α-pAdi3 antibody detects TD2 and not TD1. Recombinant 6xHis-TD1 and 6xHis-TD2 proteins were
analyzed by α-TD2 (left) and α-pAdi3 (right) WB. C, Loss of TD2 detection by the α-pAdi3 antibody inMicroTom (MT) TD2 knockdown (KD) plants.
The RuBisCO-depleted soluble protein extracts from Rio Grande PtoR wild-type, MT, WT, and MT-TD2 knockdown (KD) plants were analyzed by
α-TD2 (left) and α-pAdi3 (right) WB. D and E, Identification of the α-pAdi3 epitope in TD2. The recombinant MBP-TD2 point mutants shown in the
box, mutations in red and underlined, were analyzed by α-TD2 (D) and α-pAdi3 (E) WB. For all panels, top panels, western blot (WB); bottom panels,
Coomassie blue stain (CBS) of WB.
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of the recombinant MBP-TD2 protein were tested. Four
N-terminally truncated TD2 proteins were generated
(Supplemental Figure S6A) and analyzed by α-TD2 and
α-pAdi3 WB (Supplemental Figure S6B). Detection of all
N-terminally truncated TD2 versions by both antibodies
was confirmed (Supplemental Figure S6B, lanes 3–6). The
shortest N-terminally truncated TD2 protein contained
only the last 94 amino acids (Supplemental Figure S6A).
Thus, four additional MBP-TD2 C-terminal truncations within
the last 94 amino acids were prepared (Supplemental
Figure S6C) and analyzed for loss of detection by the
α-pAdi3 antibody. In WB analysis, all four C-terminally trun-
cated versions of TD2 were not detected by the α-pAdi3 anti-
body (Supplemental Figure S6D, lanes 3–6). These data
indicate the TD2 epitope detected by the α-pAdi3 antibody
must be located within the last 22 amino acids at the
C-terminus of the protein. The α-pAdi3 antibody is capable
of detecting the phosphorylated Ser539 residue of Adi3
(Supplemental Figure S2). The last 22 amino acids contain a
single Ser residue (Supplemental Figure S6C, Ser594), which
could possibly be phosphorylated by an E. coli kinase for detec-
tion by the α-pAdi3 antibody. To examine the possibility of an
E. coli kinase-mediated phosphorylation event on this residue,
Ser594 was mutated to Ala to inhibit any phosphorylation
event that may occur when the protein is expressed in E.
coli. Detection of the MBP-TD2S594A protein by the α-pAdi3
antibody was not eliminated (Figure 2E, lane 5), suggesting
the α-pAdi3 antibody does not detect a phosphorylation
event on the TD2 protein.
Since the α-pAdi3 antibody was designed to detect a phos-

phorylation event on Adi3 (Figure 1A), the antibody may be
detecting other negative charges within the last 22 amino
acids of TD2. The terminal Glu595 has two negative charges;
the carboxyl in the side chain and the free carboxyl termini.
Therefore, to test whether the double negative charges on
Glu595 could be a part of the TD2 epitope for the α-pAdi3
antibody, several MBP-TD2 point mutants, removal of
Glu595 (TD2ΔE595), mutation to Ala (TD2E595A), and addition
of Ala after Glu595 (TD2+Ala), were analyzed by WB with the
α-TD2 and α-pAdi3 antibodies (Figure 2, D and E).
Interestingly, all of these mutants showed loss of TD2 detec-
tion by the α-pAdi3 antibody, but no loss of detection by the
α-TD2 antibody (Figure 2, D and E, lanes 2–4), suggesting
Glu595 is required for detection by the α-pAdi3 antibody,
and at a minimum the negative charge of a free carboxyl ter-
mini is required since the addition of an Ala residue after
Glu595 (TD2+Ala) would eliminate this negative charge and
is not detected by the α-pAdi3 antibody (Figure 2E, lane 4).
Moreover, in an effort to determine the precise α-pAdi3 anti-
body epitope in TD2, the four residues located upstream of
Glu595 were substituted to Ala individually and in combina-
tions. Probably because the α-TD2 antibody is polyclonal
(Chen et al., 2007; Gonzales-Vigil et al., 2011), all MBP-TD2
versions were detected by the α-TD2 antibody (Figure 2D,
lanes 5–9). However, in the α-pAdi3 WB, all double, triple,
and quadruple mutants showed reduced MBP-TD2

detection (Figure 2E, lanes 5–9) except the S594A mutant
(Figure 2E, lane 5). Taken together, these data indicate
Glu595 of TD2 is indispensable for TD2 detection by the
α-pAdi3 antibody, but several hydrophobic amino acids
such as Leu591 and Val592/593 are required for full detection
by the α-pAdi3 antibody.
Interestingly, absolute conservation of a C-terminal Glu is

observed in the TD2 sequences from plants belonging to
the Solanaceous family, and not in the TD1 proteins
(Supplemental Figure S7). The TD1 and TD2 protein se-
quences were obtained from 11 Solanaceous plants, plus
from chickpea (Cicer arietinum) and the Arabidopsis thaliana
TD sequence, and analyzed phylogenetically with the E. coli
TD sequence used as an outlier (Supplemental Figure S7A).
The analysis shows that the TD1 and TD2 sequences clearly
cluster in separate groups (Supplemental Figure S7A). The
TD2 sequences have a 100% conservation of a C-terminal
Glu for all Solanaceous plants analyzed (Supplemental
Figure S7, C and D). However, the TD1 sequences contain nei-
ther a carboxyl-Glu or any negatively charged amino acids
within 7 amino acids from the C-terminus (Supplemental
Figure S7B), which corresponds with the inability of the
α-pAdi3 antibody to detect TD1 (Figure 2B).

Determination of the event occurring on TD2 in
response to flg22 leading to loss of detection by the
α-pAdi3 antibody
To identify the molecular event leading to reduced TD2 de-
tection by the α-pAdi3 antibody, three different approaches
were taken. First, the possibility of flg22-induced TD2 degrad-
ation was investigated. If TD2 degradation is involved, detec-
tion of TD2 by the polyclonal α-TD2 antibody should also be
reduced in response to flg22. However, when leaf protein ex-
tracts treated with or without the flg22 peptide were ana-
lyzed by WB, similar amounts of TD2 were detected by the
α-TD2 antibody in both samples (Figure 3A, left panels).
But, TD2 detection by the α-pAdi3 antibody was compro-
mised in response to a flg22 treatment (Figure 3A, right pa-
nels). Taken together, these data suggest TD2 is not
degraded, but possibly modified at or near the C-terminus
in a manner that directly or indirectly affects Glu595, or a
modification similar to the Ala replacement that reduced de-
tection in Figure 2E, for loss of detection by the α-pAdi3
antibody.
Next, leaf protein extracts treated with or without flg22

were loaded onto two different 2D SDS–PAGE gels to be
blotted with the α-TD2 and α-pAdi3 antibodies
(Supplemental Figure S8A). Interestingly, in the WB analysis
TD2 migrating in the range of pH 4 was detected by the
α-TD2 antibody predominantly in the flg22-treated sample
(Supplemental Figure S8B, blue box), and this TD2 showed
highly decreased detection by the α-pAdi3 antibody
(Supplemental Figure S8C, blue box). This indicates the
TD2 migrating in this region could be the TD2 modified in
response to flg22 treatment, which leads to a change in
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the acid/base properties of TD2. Three regions on the 2D gel
showing detection of TD2 were excised for LC–MS/MS ana-
lysis (Supplemental Figure S8B, red boxes #1, #2 (pH 4 re-
gion), and #3). Unfortunately, very low TD2 peptide
coverage was observed in all samples and peptides near the
TD2 C-terminus were not detected in the pH 4 region sample
where the modified TD2 is expected to be located
(Supplemental Figure S8D).
Finally, the α-TD2 antibody was covalently cross-linked to

magnetic protein A beads (Supplemental Figure S9) for immu-
noprecipitation (IP) of the endogenous TD2 from flg22-treated
leaf protein extracts followed by LC–MS/MS analysis. The MS
analysis generated 92 peptides (Supplemental Data Set S1)
for a 77% TD2 coverage and importantly, 7 peptides were
found that covered the last 20 amino acids of the
C-terminus (Supplemental Figure S10A). The C-terminal Glu595
is found in the tryptic peptide (K)LGYPYELDNYNEAFNLVVSE
(Supplemental Figure S10A; Supplemental Data Set S1), however,
no modifications to Glu595 were observed. Just upstream from
Glu595, two C-terminally shortened peptides were identified,
one peptide shortened by 6 amino acids and ending at
Phe589, (K)LGYPYELDNYNEAF, (Supplemental Figure S10,

B and C; Supplemental Data Set S1) and one shortened by 4 ami-
no acids ending at Leu591, (K)LGYPYELDNYNEAFNL
(Supplemental Figure S10, D and E; Supplemental Data Set
S1). These peptides were not considered as peptides hydro-
lyzed at the C-terminus by a posttreatment of trypsin because
they were not cleaved at Arg or Lys residues (Olsen et al.,
2004). Thus, the cleavage of these peptides at the
C-terminus could have occurred in planta to the TD2 protein
prior to extraction, or during sample processing. Furthermore,
in planta C-terminal cleavage at Phe589 and/or Leu591 could
be considered the potential flg22-induced TD2 modification
because (1) these cleavage sites are located near the
C-terminus (Figure 3B and Supplemental Figure S10); (2) re-
moval of the TD2 amino acids after these cleavage sites should
lead to a loss of TD2 detection by the α-pAdi3 antibody;
and (3) flg22 peptide treatment does not change the ob-
served molecular weight of TD2 in WB analysis (Figure 3A),
indicating that if TD2 is cleaved in response to flg22, only a
few amino acids are removed from the C-terminus. To sup-
port these points, TD2 C-terminal truncations with all amino
acids removed after Phe589 (MBP-TD2ΔF589) or Leu591
(MBP-TD2ΔL591) displayed similar sizes on SDS–PAGE as

Figure 3 flg22-induced proteolytic cleavage at the carboxyl-terminus of TD2. A, TD2 is not degraded in response to flg22. Tomato leaves were in-
filtrated with or without 1 μM flg22 for 20minutes, and 10 μg of a total protein leaf extract analyzed by α-TD2 (left) or α-pAdi3 (right) WB. B,
Schematic diagram of TD2 domain structure. cTP indicates chloroplast transit peptide and position of possible flg22-induced F589 and L591
C-terminal cleavage sites identified by LC–MS/MS analysis is shown. C, Cell-free proteolytic cleavage of TD2. Recombinant TD2–6xHis protein shows
a partial C-terminal cleavage in a flg22-dependent manner. Five hundred nanograms of TD2–6xHis was incubated for 0 or 30 minutes in the pres-
ence of 10 mM ATP with 10 μg of a soluble protein extract from tomato leaves infiltrated with or without 1 μM flg22 for 20 minutes. Samples were
analyzed by α-TD2 (left panel) and α-6xHis (right panel) WB. TD2 detection levels were expressed relative to the detection of TD2 protein incubated
with the protein extract for 0 minutes. In A and C, top panels, western blot (WB); bottom panels, Coomassie blue stain (CBS) of WB.
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compared to MBP-TD2WT, and they were not detected by
the α-pAdi3 antibody as predicted because these truncations
remove the epitope on TD2 for the α-pAdi3 antibody
(Supplemental Figure S11).
Next, to add support to the potential C-terminal cleavage

event of TD2 in response to flg22 treatment, a cell-free cleav-
age assay was conducted with the 6xHis C-terminally tagged
TD2 protein (TD2–6xHis). The TD2–6xHis protein was incu-
bated for 0 or 30 minutes with extracts from leaves treated
with or without the flg22 peptide. In this assay, if TD2–
6xHis is C-terminally cleaved by a flg22-activated protease,
TD2 should show a reduced detection by α-6xHis WB due
to loss of the 6xHis tag (Figure 3B), while α-TD2 detection
will be maintained. The results show that when TD2–6xHis
was incubated for 30 minutes with a flg22-treated leaf ex-
tract, α-6xHis antibody detection of TD2–6xHis was reduced
by 55% compared to the zero minute control (Figure 3C,
right panel, compare lanes 6 and 7). This reduced TD2–
6xHis detection was not induced by overall protein degrad-
ation because α-TD2-mediated detection was not decreased
(Figure 3C, left panel, lanes 6 and 7). It should be noted the
TD2–6xHis protein also displayed decreased detection by the
α-6xHis antibody in the presence of a non-flg22-treated ex-
tract (Figure 3C, right panel, lanes 3 and 4). However, this re-
duced detection was 10% lower while the TD2–6xHis
detection was reduced by 55% in the presence of the
flg22-treated extract (Figure 3C, right panel, lanes 4 and 7).
This assay was repeated with three additional biological repli-
cations with decreases in TD2–6xHis detection when incu-
bated with flg22-treated extracts of 50%, 39%, and 22%
(Supplemental Figure S12), and an N-terminally His-tagged
TD2 (6xHis-TD2) did not show cleavage of the His tag in
the presence of the flg22-treated extract (Supplemental
Figure S13A) as compared to the C-terminally His-tagged
TD2 (TD-6xHis) (Supplemental Figure S13B). Taken together,
these data support our hypothesis that TD2 is C-terminally
cleaved in response to flg22 treatment, possibly at Phe589
and/or Leu591 by a flg22-induced host protease.
Additionally, the loss of TD2 detection in response to flg22
by the α-pAdi3 antibody as seen in Figure 1B is the result
of the loss of the TD2 C-terminal residues by cleavage at
Phe589/Leu591.

C-terminal cleavage of TD2 alters its enzymatic
activity
To understand how proteolytic cleavage at the carboxyl-
terminus of TD2 affects its enzymatic properties, TD2 activity
and Ile-feedback inhibition rates for the TD2ΔF589 and
TD2ΔL591 mutants were measured and compared to WT TD2
(TD2WT). The TD2ΔF589 and TD2ΔL591 truncated proteins did
not show different enzyme activity from TD2WT (Figure 4A).
In contrast, the two C-terminally truncated mutants were
more sensitive to Ile-feedback inhibition, with TD2ΔL591 having
the highest sensitivity to Ile-feedback inhibition (Figure 4B).
Interestingly, while TD2ΔF589 was more inhibited than TD2WT

by Ile at levels below 1 mM, at Ile levels 1 mM or higher
TD2ΔF589 was inhibited at a rate similar to TD2WT (Figure 4B).
Two allosteric effectors, Ile and valine (Val), differently

regulate TD enzymatic properties during Ile biosynthesis
(Supplemental Figure S1; Eisenstein et al., 1994). It has been
shown that while Ile inhibits TD activity, this inhibition can
be partially reversed by Val (Chen et al., 2013)
(Supplemental Figure S1). Thus, the ability of Val to partially
reverse the Ile-feedback inhibition of the TD2ΔF589 and
TD2ΔL591 mutants was tested. Although TD2WT showed a
12% reduction in activity in the presence of Val alone, the
presence of Val rescued the Ile inhibited TD2WT activity by
16% (Figure 4C). The Ile inhibited activity of the TD2ΔF589

and TD2ΔL591 mutants was not rescued by Val, and
TD2ΔL591 showed highly compromised activity in the pres-
ence of Val alone as compared to TD2WT and TD2ΔF589

(Figure 4C).
Next, changes in endogenous TD2 enzymatic activity were

measured in response to flg22. Previously studies have shown
tomato TD2 to be heat resistant and exhibit maximal enzyme
activity at 60°C, while TD1 activity is completely eliminated
at 60°C with a maximum at 16°C (Gonzales-Vigil et al.,
2011). Consequently, assessment of TD enzyme activity at
60°C will only measure activity from the TD2 protein. Thus,
TD2 activity was tested at 60°C using soluble proteins ex-
tracted from tomato leaves treated with or without 1 μM
flg22. The results show TD2 activity in the flg22-treated sam-
ples had a 64% decrease compared to the control (Figure 4D).
Additionally, TD2 enzyme activity in the flg22-treated leaf
protein extract was more sensitive to the Ile-feedback inhib-
ition compared to the dH2O-treated sample (Figure 4E).
Taken together, these data suggest the TD2 protein may
be cleaved in response to flg22 and this modification com-
promises TD2 enzyme activity by increasing sensitivity to Ile.
It is possible that changes in the TD2 structure caused by

truncation at Phe589 and/or Leu591 are responsible for the
alterations seen in TD2 enzyme activity and Ile-feedback
regulation in response to flg22. To analyze this possibility,
predicted structures of the full-length TD2 (without cTP)
and the Phe589 and Leu591 truncated proteins were pro-
duced using AlphaFold (Jumper et al., 2021). An overlay of
these three structures (Supplemental Figure S14A) showed
no obvious overall differences in the structures. However,
the position of one of the potential residues for Ile binding
for feedback regulation, Glu522, was displaced in the
Phe589 and Leu591 truncated proteins in relation to the full-
length structure (Supplemental Figure S14B). At this time it is
unknown if this is related to the changes in TD2 activity seen
in this study.

Production of a TD2 knockdown line
To aid studies on the role of TD2 in host defense responses,
two KD lines, TD2 KD1 and TD2 KD2, were generated in the
Rio Grande PtoR cultivar. The transgenic plants were gener-
ated using the pHANNIBAL vector (Wesley et al., 2001) to
generate a TD2 hairpin RNA construct for RNA-mediated

Tomato TD2 function in host defense PLANT PHYSIOLOGY 2023: Page 1 of 19 | 7

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac584/6931846 by Texas A&M

 C
ollege Station user on 24 April 2023

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac584#supplementary-data


Figure 4 Flg22 treatment induces changes in TD2 enzyme activity. A, Enzyme activity of wild-type (WT) TD2 and the C-terminally truncated
TD2ΔF589 and TD2ΔL591 proteins. Fifty nanomoles of each MBP-TD2 protein was used to measure enzyme activity at room temperature for 30 mi-
nute. Error bars indicate standard error from three independent experiments. B, The C-terminally truncated TD2ΔF589 and TD2ΔL591 mutants display
enhanced susceptibility to isoleucine (Ile)-mediated inhibition as compared to TDWT. Fifty nanomoles of each MBP-TD2 protein was used to meas-
ure enzyme activity at room temperature for 30 minutes in the absence or presence of 0.05, 0.1, 0.2, 0.5, 0.7, 1.0, and 1.5 mM Ile. C, Ability of Val to
reverse Ile inhibition of wild-type and C-terminally truncated TD2ΔF589 and TD2ΔL591 mutants. The indicated TD2 proteins were incubated at room
temperature for 30 minutes in the presence or absence of Ile and Val or in the presence of Ile plus Val at the indicated concentrations. D, Endogenous
TD2 enzyme activity in response to flg22. Tomato leaves were infiltrated with dH2O or 1 μM flg22 for 20 minutes and TD2 activity from 10 μg of a
soluble leaf protein extract was measured at 60°C for 30 minutes. E, Ile inhibition of endogenous TD2 in response to flg22. TD2 enzyme activity was
tested with and without flg22 as in (D) plus in the presence of 0.1, 0.2, 0.4, and 2.0 mM Ile. In all panels, error bars indicate standard deviations from
three independent experiments.
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silencing (Supplemental Figure S15A). The region of TD2
used for the hairpin construct was a 275-bp region near
the 5′ end of the cDNA that was different from TD1 so as
to not cause cross-silencing (Supplemental Figure S15B).
RT-PCR analysis showed that the TD2 KD1 and KD2 plants
have a reduction in TD2 expression levels as compared to
the PtoR WT plant (Figure 5A). TD1 expression levels were
largely unchanged in the TD2 KD plants (Figure 5A).
Moreover, TD2 protein levels were also reduced in both
KD plants as analyzed by α-TD2 WB (Figure 5B), with a cor-
responding reduction in TD2 enzyme activity (Figure 5C).

TD2 has opposite roles in host defense to
hemibiotrophic and necrotrophic pathogens
To test whether the WT and TD2 KD plants show different
levels of resistance to bacterial infection, PtoR WT and the
two TD2 KD plants were infected with the Pst hrcC mutant
and the level of leaf bacterial growth was analyzed every day

for 3 days (Figure 5D). The Pst hrcC mutant was used be-
cause it is unable to deliver effector proteins into plant cells
(Yuan and He, 1996; Roine et al., 1997), and thus infection
with Pst hrcC allows for measurement of PTI-mediated re-
sistance only. At 1 day post-infection (1 dpi), both TD2
KD plants showed significantly less bacterial growth, and
thus more resistance to Pst hrcC compared to PtoR WT
plants (Figure 5D). This higher resistance against Pst hrcC
was maintained until 3 dpi in both KD plants (Figure 5D).
These data indicate TD2 negatively contributes to the
host immune response against bacterial hemibiotroph
pathogen attack.
Next, in an effort to determine whether TD2 is also involved

in the defense response to necrotrophic pathogens, Botrytis ci-
nerea infection assays were performed using PtoRWT and TD2
KD plants. The infection assay showed that B. cinerea induced
significantly larger lesions in both TD2 KD plants as compared
to the PtoR WT plants (Figure 5, E and F), indicating that both

Figure 5 Analysis of TD2 contributions to resistance against hemi/biotrophs and necrotrophs. A, Analysis of TD1 and TD2 mRNA levels in TD2 KD
plants. TD1 and TD2 mRNA were amplified by RT-PCR using cDNA from PtoR wild-type (WT) and TD2 KD plants. Transcript levels are expressed
relative to the level observed in the PtoR WT plants. B, Analysis of TD2 protein levels in TD2 KD plants. The α-TD2 antibody was used in a western
blot (WB) with 10 μg of soluble leaf protein extract to detect TD2 protein levels in PtoR WT and TD2 KD plants. TD2 detection levels are expressed
relative to the detection in the PtoRWT plants. Top panel, WB; bottom panel, Coomassie blue stain (CBS) of WB. C, Analysis of TD2 enzyme activity
in TD2 KD plants. TD2 activity was measured using 10 μg of a soluble leaf protein extract from the TD2 KD plants at 60°C for 30 minutes. D, TD2
negatively regulates host defense against hemi/biotrophic infection. Five-week-old PtoR WT and TD2 KD plants were vacuum-infiltrated with Pst
hrcC at a density of 1× 106 CFU/ml and bacterial leaf populations were measured at 0, 1, 2, and 3 days post-infection (dpi). Error bars indicate
standard deviation from three independent experiments. E, TD2 positively regulates host defense against necrotrophic infection. Detached leaflets
from the second and third leaf of 5-week-old PtoR WT and TD2 KD plants were spotted with a 10-µl B. cinerea spore suspension (106 spores/ml).
Photographs of the infected leaflets were taken 2 days after infection. Red arrows indicate necrotic lesions caused by B. cinerea, scale bar= 1 cm.
Images are representative of three independent experiments. F, Quantification of the data in (E). The lesion areas in (E) were measured using ImageJ.
Error bars represent standard error from three independent experiments. In D and F, asterisks indicate significant difference from WT according to
one-way ANOVA, Tukey’s multiple comparisons test: *P< 0.05; **P< 0.0001.
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KD plants are more susceptible to B. cinerea infection.
Therefore, TD2 plays a positive functional role in the host de-
fense against the necrotroph B. cinerea. Given the negative role
TD2 has in PTI-based resistance to Pst (Figure 5D) and positive
role in B. cinerea resistance (Figure 5, E and F), TD2 appears to
act antagonistically in the interaction between hemibiotrophic
and necrotrophic pathogens.

TD2 effects on expression of SA and JA marker and
biosynthesis genes in response to different PAMPs
Since our data indicate TD2 has an antagonistic function in
host defense against hemibiotrophic and necrotrophic
pathogens, and based on the known information on the an-
tagonistic relationship between SA an JA in defense re-
sponses, it was investigated whether TD2 functions in the
regulation of SA–JA crosstalk by analyzing gene expression

levels for SA and JA marker and biosynthesis genes in
PAMP-treated TD2 KD plants.
First, to determine the TD2-dependent SA-mediated gene

expression changes in response to hemi/biotrophic patho-
gens, WT and TD2 KD plants were treated with flg22 and
gene expression changes were analyzed by RT-qPCR analysis.
Expression levels for the SA-marker gene pathogenesis-related
protein 1 (PR-1a) (Ward et al., 1991; Takahashi et al., 2014),
increased over the time course in all plants in response to
flg22 (Figure 6A). However, the TD2 KD plants showed a
high basal expression level for PR-1a at 0 and 1 hour as com-
pared to WT, and the TD2 KD plants displayed a quicker and
larger increase in PR-1a expression compared to PtoR WT
over the 12-hour treatment (Figure 6A).
Additionally, a potential influence of TD2 on SA biosyn-

thesis was analyzed by measuring alterations in isochorismate

Figure 6 TD2 effects on SA- and JA-responsive gene expression in response to hemi/biotroph and necrotroph PAMPs. Leaflets on the second leaf of
5-week-old PtoR wild-type and TD2 KD plants were infiltrated with 1 µM flg22 (A–C) or 50 µg/ml chitin (D–F) to analyze expression levels of
hormone-responsive genes by RT-qPCR. A–C, Expression of the SA-responsive genes PR-1a and ICS-1 and the JA-responsive gene PDF1.2 was ana-
lyzed in response to flg22. D–F, Expression of the JA-responsive genes PDF1.2 and JAR1 and the SA-responsive gene PR-1awas analyzed in response to
chitin. For all panels, expression levels were normalized to the expression of actin, error bars indicate standard deviation from three independent
experiments, and asterisks indicate significant difference from WT according to one-way ANOVA, Tukey’s multiple comparisons test: *P value be-
tween 0.01 and 0.001; **P value between 0.001 and 0.005; ***P value between 0.005 and 0.0001. JA, jasmonic acid, SA, salicylic acid, WT, wild-type.
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synthase-1 (ICS-1) expression, which is involved in SA hor-
mone synthesis and has also been used as an SA-signaling
marker gene (Wildermuth et al., 2001; Tsuda et al., 2008).
Initial high expression levels of ICS-1 in response to flg22
were observed at the 0-, 1-, and 3-hour time points in TD2
KD plants and high ICS-1 expression levels were maintained
over the 12-hour treatment as compared to WT
(Figure 6B). Taken together, the increased expression levels
of PR-1a and ICS-1 correspond with the increased resistance
to Pst hrcC seen in the TD2 KD plants as compared to the
PtoR WT plants (Figure 5D).
Next, the expression of the JA marker gene plant defensin

1.2 (PDF1.2) (Kachroo et al., 2003; Spoel et al., 2003;
Lorenzo et al., 2004) was analyzed by RT-qPCR in WT and
TD2 KD plants treated with flg22. Although the TD2 KD
plants had higher initial PDF1.2 expression compared to
WT, and the expression levels increased at the 1-hour time
point, PDF1.2 expression levels quickly decreased and were
not significantly different from WT plants at the 6- and
12-hour time points (Figure 6C). These results suggest that
SA signaling is induced and JA signaling is compromised early
in the TD2 KD plants in response to flg22. This combined
with the bacterial resistance assays (Figure 5D) indicates
that TD2 has a negative influence on the SA signaling path-
way needed for host defense against hemibiotrophic
pathogens.
In order to support the positive role of TD2 in host defense

against necrotrophic fungi (Figure 5E, F), we analyzed the ef-
fect of TD2 on JA signaling and biosynthesis by monitoring
gene expression changes by RT-qPCR in response to the fun-
gal PAMP chitin (Doares et al., 1995a; Nojiri et al., 1996). The
expression of PDF1.2 in WT plants quickly increased at the
1-hour time point, then gradually declined over the
12-hour time course, and was generally higher across all
time points, except the 0 time point, compared to the TD2
KD plants (Figure 6D). In the TD2 KD plants, the basal
PDF1.2 expression levels were high at the 0 time point, and
then decreased to levels lower than WT over the 12-hour
time course (Figure 6D). These results suggest JA signaling
is compromised in the TD2 KD plants, which corresponds
to the increased susceptibility seen in the B. cinerea infection
assay (Figure 5, E and F).
The major bioactive form of the JA, JA–Ile, is generated by

the conjugating enzyme jasmonyl-L-amino acid synthase 1
(JAR1) (Staswick et al., 2002; Suza and Staswick, 2008). The
potential influence of TD2 on JA biosynthesis was analyzed
by measuring changes in JAR1 gene expression in response
to chitin. Although JAR1 expression levels were generally de-
creased across all plants at the 1-hour time point, they in-
creased in both wild-type and TD2 KD plants over the rest
of the 12-hour time course, with the WT expression higher
than the TD2 KD plants at 3, 6, and 12 hours (Figure 6E).
This suggests production of JA–Ile is compromised in the
TD2 KD plants, which would lead to reduced resistance to
necrotrophic pathogens. This agrees with our results from
the B. cinerea infection assays (Figure 5, E and F).

Finally, the expression changes in the PR-1a SA marker
were analyzed by RT-qPCR in WT and TD2 KD plants treated
with chitin. Although both TD2 KD lines showed higher basal
expression of PR-1a at the 0-hour time point, as was also seen
in the flg22 treatment analysis (Figure 6A), PtoRWT and TD2
KD lines did not show significantly different PR-1a expression
levels after the 1-hour time point (Figure 6F). Interestingly,
the expression levels of PR-1a were very similar in response
to both flg22 and chitin at the 6-hour time point (Figure 6,
A and F).

Discussion
The unexpected finding that TD2 has a negative
function in host defense against bacterial
hemibiotrophs
This study was initiated by the fortuitous discovery that TD2
can be detected by the α-pAdi3 antibody, which was initially
developed to detect the phosphorylated version of the Adi3
protein kinase (Figure 1A and Supplemental Figure S2), and
the reduced detection of TD2 by this antibody in response
to flg22 peptide treatment (Figure 1B). Based on the data
presented, we propose a role for TD2 in host PTI early de-
fense responses against bacterial infection. This is supported
by the finding of enhanced resistance against Pst hrcC seen in
the TD2 KD plants (Figure 5D), supporting a negative role for
TD2 in the host defense response to bacterial pathogens.
Accordingly, TD2 is functionally inhibited in response to
flg22, presumably to reduce JA–Ile production and reduce
interference with the SA signaling needed for full resistance
to Pst. Interestingly, studies on the involvement of TD2 in
the host immune response to bacterial pathogens have not
been previously reported.

Alterations in TD2 enzymatic properties in response
to flg22
Through a combination of MS analysis (Supplemental
Figure S10) and the cell-free TD2 cleavage assay (Figure 3C),
proteolytic cleavage at F589 and L591 near the C-terminus
was identified as the possible modification of TD2 in re-
sponse to flg22 treatment. Enzymatic analysis indicated
that the truncated mutants TD2ΔF589 and TD2ΔL591 and
the endogenous TD2 in response to flg22 treatment dis-
played enhanced sensitivity to Ile-feedback inhibition
(Figure 4, B and E). This suggests that the endogenous TD2
is cleaved during the response to flg22. However, the recom-
binant TD2ΔF589 and TD2ΔL591 proteins did not have altered
enzyme activity in the absence of Ile (Figure 4A), while the
endogenous TD2 enzyme activity from flg22 treatment dis-
played a reduction of enzyme activity in the absence of Ile
(Figure 4D). This contradiction in enzyme activity between
TD2ΔF589/TD2ΔL591 and endogenous TD2 in response to
flg22 could be explained by other post-translational modifi-
cations (PTMs) to TD2. While we were able to identify several
flg22-independent TD2 modifications by MS analysis
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(Supplemental Figure S16), such as phosphorylation of Ser54
(Supplemental Figure S16, B and C) and deamination of sev-
eral Gln (Supplemental Figure S16, D and E) and Asn
(Supplemental Figure S16, F and G) residues, flg22-dependent
PTMs were not identified. Additionally, recombinant TD2 was
phosphorylated in a flg22-independent manner in an in vitro
kinase assay using leaf soluble proteins (Supplemental
Figure S17). Thus, future experiments should focus on identi-
fying potential TD2 PTMs that may play a role in enzyme ac-
tivity regulation in response to flg22.
The question of how C-terminal cleavage actually affects

the enzymatic properties of TD2 remains to be determined.
In terms of increased Ile sensitivity, it is possible cleavage
causes a conformational change exposing a buried effector
binding site or enhancing effector binding at the existing
sites. Resolving this will require TD2 structural studies.
Several past studies on E. coli TD (EcTD) and Arabidopsis
thaliana TD (AtTD) have analyzed the TD structure in efforts
to understand Ile allosteric regulation (Eisenstein, 1995;
Gallagher et al., 1998; Halgand et al., 2002; Chen et al.,
2013; Xing and Last, 2017). EcTD has been shown to have
two Ile allosteric binding sites (Chen et al., 2013), each con-
sisting of six amino acids (Supplemental Figure S18), while
the two Ile binding sites in AtTD involve two key Tyr residues;
Tyr449 for the first site and Tyr 543 for the second site
(Supplemental Figure S18; Wessel et al., 2000). However,
any conformational changes caused by Ile, or the activator
Val, are still elusive since the EcTD structure was determined
in the absence of allosteric effectors. The crystal structure of
tomato TD2 has been determined, however the protein used
lacked the C-terminal regulatory domain (residues 78–415)
(Gonzales-Vigil et al., 2011). Thus, this structure does not of-
fer information about the effector inhibitory mechanism. To
better understand the alteration of TD2 activity due to bac-
terial attack, the tomato TD2 protein structure containing
both the catalytic and regulatory domains needs to be deter-
mined and compared in the absence or presence of allosteric
effectors.

Does tomato TD2 contribute to the regulation of SA–
JA crosstalk during the plant response to
hemibiotrophic bacterial attack?
In the pathogen infection assays, the TD2 KD plants displayed
opposite results for defense against pathogens with different
pathogenic lifestyles (Figure 5, D and E). Because of the differ-
ent strategies for these hemi/biotrophs and necrotrophs
against plants, the host defenses will differentially control
the pathogens via SA- or JA-mediated signaling pathways
(Heil and Baldwin, 2002; Spoel et al., 2003; Bostock, 2005;
Spoel et al., 2007; Caarls et al., 2015). For this reason, the
two hormone signaling pathways cross-communicate in an
antagonistic manner. For example, in plants that are resistant
to hemi/biotrophs, JA-mediated signaling is suppressed by
SA signaling in order to have maximal resistance (Doares
et al., 1995b; Glazebrook, 2005; Spoel et al., 2007;
Leon-Reyes et al., 2010).

In this study, the opposite roles of TD2 in defense against
biotrophic and necrotrophic pathogens (Figure 5, D and E)
suggest TD2 contributes to the crosstalk between SA and
JA. This is supported by the finding that the TD2 KD lines
treated with flg22 showed higher expression of the
SA-responsive genes PR-1a and ICS-1 (Figure 6, A and B),
but the JA-response genes PDF1.2 and JAR1 showed reduced
expression in response to treatment with the necrotroph
elicitor chitin, which stimulates JA-response signaling
(Figure 6, D and E). To better understand the role of TD2
in SA–JA crosstalk, SA and JA hormone levels need to be
measured and will be a focus of future studies.
However, there are several hurdles to overcome for future

studies related to the role of TD2 in SA–JA crosstalk. Given
that there are two TDs in tomato catalyzing the same reac-
tion for Ile biosynthesis (Chen et al., 2007), a TD1/TD2 double
mutant would need to be generated for future studies.
However, this mutant is likely to be lethal or show severe de-
velopmental defects due to the essential function of TD in Ile
production. In support of this, N. attenuata plants silenced
for TD using a construct that targets both TD1 and TD2
were severely stunted (Kang et al., 2006).
Furthermore, it has been shown that the α-ketobutyrate

used for the biosynthesis of Ile can also be supplied from
an alternative pathway in the cytoplasm where Met is con-
verted to α-ketobutyrate and methanethiol by methionine
γ-lyase (MGL) (Joshi et al., 2010). This MGL-produced
α-ketobutyrate can be transported into the chloroplast for
Ile biosynthesis (Joshi et al., 2010), indicating Ile equilibrium
is maintained through the activity of TD and MGL. Thus,
in TD2 KD plants, an analysis ofMGL expression level changes
and enzyme activity in response to flg22 or bacterial infection
could be analyzed to better understand the role of TD2 in
fine-tuning SA–JA crosstalk.

A model for TD2 function in tomato defense against
pst
Taken together, our data suggest a model (Figure 7A) for the
role of TD2 in host-mediated defense against bacterial infection:
(1) the C-terminus of TD2 is cleaved in response to bacterial at-
tack, (2) the C-terminally cleaved TD2 activity is compromised
via increased sensitivity to Ile-feedback inhibition, (3) this leads
to lower levels of Ile for the JA–Ile conjugate, which leads to re-
duced activation of JA-mediated suppression of SA signaling,
and (4) the host efficiently controls bacterial attack via in-
creased activation of SA-mediated host defenses. Thus, TD2
has a negative role in hemi/biotroph resistance and a positive
role in necrotrophy resistance (Figure 7B).

Materials and methods
Plant growth conditions and generation of transgenic
plants
The tomato (Solanum lycopersicum) cultivars Rio Grande,
PtoR line, and MicroTom were used for the studies as
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indicated. Plants were grown in a growth chamber main-
tained with a light intensity of 150–200 μmole/m2/sec, a
16-hour light period at 24°C followed by an 8-hour dark per-
iod at 20°C. A constant humidity of 70% was used.

Cloning, site-directed mutagenesis, and recombinant
protein expression and purification
All primers used in this study for ORF amplification, cloning,
and site-directed mutagenesis are listed in Supplemental
Table S1. The cDNAs of tomato TD1 (Solyc10g083760) and
TD2 (Solyc09g008670.2.1) (Chen et al., 2007) were obtained
by RT-PCR using tomato leaf total RNA isolated from leaflets
of the second leaf of 5-week-old plants. The total RNA
was extractedwith TRIzol reagent (Life Technologies) and first-
strand cDNA was generated with SuperScript III First-Strand
Synthesis System (Invitrogen). The TD1 and TD2 ORFs were
amplified by PCR from first strand cDNA with the primers
listed in Supplemental Table S1 using Phusion High-Fidelity
DNA Polymerase (ThermoFisher) and cloned into the
BamHI and SalI sites of pMAL-c2x and the BamHI or EcoRI
and SalI sites of pET-28a to express an N-terminal maltose
binding protein (MBP) or a-6xHis translational fusion protein,
respectively. Site-directed mutagenesis (SDM) was conducted
on TD2 cloned into pMAL-c2x using Pfu Turbo DNA
Polymerase (Stratagene) following manufacturer instructions
using primers listed in Supplemental Table S1. Due to a
BamHI site (nt 1,709–1,714) inTD1 that would prevent cloning
into the BamHI of pMAL-c2x, this site was removed by SDM
(GGATCC to GAATCC) without a change in the translated
amino acid sequence. To clone the full-length TD2 cDNA
into the EcoRI and SalI sites of pMAL-c2x, the EcoRI site in

TD2 (nt 4–9) was removed by SDM (GAATTC to GAAATC)
without a change in the translated amino acid sequence.
The constructs were transformed into E. coli BL21 Star
(DE3), grown at 37°C to OD600= 0.8, and protein expression
induced by adding 100 μM isopropylthio-β-D-galactoside
(IPTG). The induced cultures were grown for an additional
16-hour at 18°C, and the expressed recombinant proteins
were purified using amylose (NEB) or Ni-NTA agarose
(QIAGEN) resins in a gravity-fed column for MBP or 6xHis
translational fusing proteins, respectively.

Flg22 treatments
Leaflets on the second or third leaves of 5-week-old plants
were infiltrated with 1 μM flg22 peptide dissolved in dH2O
on the abaxial epidermis using a needleless syringe.

Western blot analysis
Proteins extracted from leaflet tissue (extracted in 50 mM
Tris–HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.1% (v/v)
Triton X-100, 1× protease inhibitor followed by centrifuga-
tion at 12,000×g, at 4°C for 10 minutes, and the supernatant
was transferred to a clean tube) or purified from E. coli ex-
pression were separated by SDS–PAGE and detected by
WB using a 1:2,000 dilution of the α-TD2 antibody or a
1:200 dilution of the α-pAdi3 antibody with a 1:3,000 dilution
of an α-rabbit-HRP antibody (ThermoFisher). WB detection
was conducted using Amersham ECL prime western blot de-
tection reagent (GE Healthcare) and the chemiluminescent
signal was detected using an Amersham Imager 600 (GE
Healthcare).

Identification of TD2 as the protein detected by the
α-pAdi3 antibody using 2D SDS–PAGE and mass
spectrometry
Preparation of RuBisCO-depleted leaf protein extracts
For better separation of proteins during 2D SDS–PAGE ana-
lysis, the RuBisCO protein was depleted from the leaflet pro-
tein extracts following the protocol in (Krishnan and
Natarajan, 2009). The tissue was ground in extraction buffer
(50 mM Tris–HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.1%
Triton X-100, 1× protease inhibitor cocktail) using a chilled
dounce homogenizer, and soluble proteins were prepared
by centrifugation at 125,000×g, at 4°C for 30 minutes and
saving the supernatant (soluble extract). To deplete
RuBisCO, 10 mM CaCl2·2H2O and 10 mM phytate were
added to the soluble extract, samples incubated at 42°C for
10 minutes, the samples centrifugated at 12,000×g at room
temperature for 10 minutes, and the supernatant transferred
to a clean tube.

2D SDS–PAGE and LC–MS/MS analysis
Two hundred micrograms of a RuBisCO-depleted leaf extract
was loaded on each of two separate 2D SDS–PAGE gels with
a first dimension pH range of 3–6 (Supplemental Figure S3,
A and B). One gel was visualized by silver staining and the

Figure 7 Model for inhibition of TD2 during recognition of bacterial
infection for reduction of JA–Ile production. A, Bacterial infection
induces compromised activity of the host TD2 via C-terminal cleavage.
Compromised TD2 activity leads to reduced production of JA–Ile,
which results in diminished JA-mediated suppression of SA signaling.
Consequently, SA-mediated host defenses contribute to full resistance
to Pst. B, TD2 plays negative and positive roles in defense against hemi/
biotrophic and necrotrophic pathogens, respectively. JA, jasmonic acid,
SA, salicylic acid.
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second gel was transferred to a PVDF membrane for blotting
with the α-pAdi3 antibody (Supplemental Figure S3A). The
two images of the stained gel and WB were overlaid in order
to confirm the precise location(s) of the protein of interest
on the silver-stained gel. The proteins on the silver-stained
gel aligning with the WB (Supplemental Figure S3B) were
excised for trypsin digestion followed by LC–MS/MS ana-
lysis to identify the protein. LC–MS/MS analysis was carried
out at the University of Texas, San Antonio mass spectrom-
etry core facility. The samples were reduced and alkylated
with iodoacetamide prior to trypsin digestion, and mass
spectra of trypsin-digested peptides were obtained using a
ThermoFisher LTQ linear ion trap mass spectrometer with
nano-LC peptide separations. MS/MS results were analyzed
using Mascot (Matrix Science, London, UK; version 2.6.2)
and X! Tandem (version CYCLONE). Mascot was set up to
search the SwissProt_2017_02 database (553,655 entries)
assuming trypsin digestion.

Sequence alignment and phylogenetic analysis of TD
proteins from solanaceous plants
The TD protein sequences shown in Supplemental Figure S19
were obtained from the Solanaceous Genomics Network
(https://solgenomics.net), the Arabidopsis Information
Resource (https://www.arabidopsis.org), Phytozome (https://
phytozome-next.jgi.doe.gov), and/or the NCBI GenBank data-
base. Gene ID numbers and/or accession numbers for each TD
sequence are given in Supplemental Figure S19. To analyze the
phylogenetic relationship among these TD proteins, a multiple
sequence alignment of the 22 TD protein sequences was gen-
erated using MUSCLE (MUltiple Sequence Comparison by
Log-Expectation) (Edgar, 2004). A neighbor-joining phylogen-
etic tree was created from the aligned TD protein sequences
using MEGA7 (Molecular Evolutionary Genetics Analysis)
(Saitou and Nei, 1987; Kumar et al., 2016). To obtain the con-
sensus sequence at the C-terminus of the TD proteins, the last
10 amino acids were analyzed using the online sequence logo
generator WebLogo (Crooks et al., 2004).

Isolation and analysis of endogenous TD2 for
post-translational modification in response to flg22
Covalent cross-linking of the α-TD2 antibody to protein A
beads
The α-TD2 antibody was covalently cross-linked to protein A
agarose beads to reduce the presence of antibody in the final
sample, which can interfere with the analysis (Sisson and
Castor, 1990). Protein A magnetic beads (New England
Biolabs) were washed by resuspension in 100 mM sodium
phosphate buffer pH 8.0, the beads pulled to the side of
the tube with a magnet, and the supernatant removed.
This step was repeated twice. Eighty microliters of 100 mM
sodium phosphate buffer pH 8.0 was added to the washed
protein A magnetic beads with 20 μg of the α-TD2 antibody,
the sample mixed, and incubated at 4°C for 30 minutes with
rotary shaking. The sample was then washed three times in

500 μl of 100 mM sodium phosphate buffer pH 8.0 as de-
scribed above. Next, to covalently cross-link the antibody
to protein A magnetic beads, 1 ml of cross-linking buffer
(200 mM triethanolamine pH 8.2) was added to the antibody
immobilized on the protein A magnetic beads, vortex to re-
suspend, the beads pulled to the side of the tube with a mag-
net, the supernatant removed, and the beads washed three
times with cross-linking buffer as described above. Next,
the sample was resuspended in 1 ml of cross-linking buffer
with 25 mM dimethyl pimelimidate dihydrochloride (DMP)
added (Supplemental Figure S9), mixed thoroughly, and in-
cubated at room temperature for 45 minutes with rotary
shaking. The beads were pulled to the side of the tube
with a magnet, the supernatant removed, the sample resus-
pended in 1 ml of blocking buffer (100 mM ethanolamine pH
8.2), and the sample incubated at room temperature for
1 hour with rotary shacking. The antibody cross-linked pro-
tein A beads were washed three times in 1 ml 1× PBS buffer
as described above. To remove any antibody that was not
cross-linked, the antibody cross-linked protein A beads
were resuspended in 1 ml elution buffer (100 mM glycine–
HCl pH 2.5) and the supernatant removed. The beads were
then resuspended in storage buffer (1× PBS, 0.1% Tween
20, 0.02% sodium azide) and stored at 4°C for future use.

Isolation of the endogenous TD2 using the antibody
cross-linked protein A beads
To isolate the endogenous TD2 protein using the α-TD2 co-
valently cross-linked to the magnetic protein A beads, to-
mato leaflets form the second leaf of 5-week-old plants
were infiltrated with 1 μM flg22 peptide, incubated for
20 minutes, protein extracted using extraction buffer
(50 mM Tris–HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.1%
Triton X-100, 1× protease inhibitor cocktail), the RuBisCO
protein depleted from the extract as described above, and
100 μg of this extract incubated with the α-TD2 cross-linked
magnetic protein A beads in 1 ml IP buffer (20 mM Tris pH
7.5, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton
X-100) at 4°C for 2 hours with agitation. After incubation,
the beads were washed five times with 500 μl of IP wash buf-
fer (20 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, 10% gly-
cerol, 0.1% Triton X-100) using a magnet as described above.
The TD2 protein bound to the α-TD2 antibody cross-linked
to the protein A resin was eluted by adding 50 μl of 5% SDS,
pulling the beads to the side of the tube with a magnet, and
collecting the supernatant. The IP was carried out five times
in order to collect as much endogenous TD2 as possible.
After the last IP all SDS elutions were pooled.

Sample preparation for MS analysis
For MS analysis, the eluted native TD2 protein was digested
by trypsin using the S-Trap system following manufacturer’s
instructions (ProtiFi). To reduce and alkylate disulfide bonds
and cysteines, 20 mM DTT and 40 mM iodoacetamide were
added to the eluate. The eluate was also acidified with 1.2%
phosphoric acid and the acidified sample was resuspended in
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S-Trap binding buffer [(90% methanol containing 100 mM
triethylammonium bicarbonate (TEAB), pH 7.1]. The acid-
ified eluate/S-Trap binding buffer mix was added into the
spin column and centrifuged at 4,000×g for 1 minute. Next,
the digestion buffer (50 mM TEAB, 20 μg trypsin) was added
onto the column, centrifuged at 4,000×g for 1 minute, and
incubated at 47°C for 2 hours. To elute the digested peptides
from the column, digestion buffer without trypsin was added
into the spin column and centrifuged at 1,000×g for 1 mi-
nute. To collect the hydrophobic peptides, 0.2% formic
acid and 50% acetonitrile were added to the column and
spun through at 1,000×g for 1 minute. All eluates were
pooled and used for MS analysis.

Identification of the endogenous TD2 by LC–MS/MS analysis
LC–MS/MS analysis of the peptides was carried out at the
University of Texas, San Antonio mass spectrometry core fa-
cility and results analyzed usingMascot and X! Tandem as de-
scribed above. Carbamidomethyl of cysteine was specified in
Mascot and X! Tandem as a fixed modification. Deamidation
of asparagine and glutamine, oxidation of methionine, acetyl-
ation of theN-terminus, phosphorylation of serine, threonine
and tyrosine and, and glutamylation of the C-terminus were
specified in Mascot as variable modifications.

Cell-free proteolytic cleavage assay
A cell-free cleavage assay was performed as previously de-
scribed (Osterlund et al., 2000; Lee et al., 2008). In brief, leaf-
lets from the second leaf of 5-week-old plants were infiltrated
with or without 1 μM flg22 for 20 minutes, extracts of the
samples made using extraction buffer (25 mM Tris, pH 7.5,
10 mM MgCl2, 5 mM DTT, and 10 mM NaCl) with centrifu-
gation at 12,000×g for 10 minute, and 10 μg of the extracts
with 10 mM ATP incubated in the absence or presence of
500 ng of recombinant TD2–6xHis protein at 30°C for 0 or
30 minutes. Reactions were stopped by the addition of 4×
SDS–PAGE sample buffer, separated by 10% SDS–PAGE
gels, and analyzed by WB using the α-TD2 (at 1:2,000) and
a-6xHis (at 1:2,000) antibodies.

TD2 activity assay and feedback inhibition rate
measurement
The TD2 enzyme activity assay is based on published protocols
with minor modifications (Dougall, 1970; Mourad and King,
1995). In brief, 50 nM of the recombinant TD2 protein or 10
μg of soluble leaf protein extract (50 mM Tris–HCl pH 8.0,
150 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 1× protease
inhibitor cocktail) was incubated in 200 μl of reaction buffer
(100 mM potassium phosphate buffer pH 8.0, 20 mM
L-threonine, and 1 μMpyridoxal phosphate) at room tempera-
ture, 37°C, or 60°C for 30 minutes. To terminate the reaction
and measure the generated α-ketobutyric acid, 150 μl of
30% trichloroacetic acid (w/v) and 200 μl of 0.1%
2,4-dinitrophenylhydrazine in 1 N HCl were added and incu-
bated at room temperature for 15 minutes. Finally, 400 μl of

2.5 N KOH was added, mixed, and incubated at room tem-
perature for 15 minutes. The amount of α-ketobutyric acid
produced was quantified via the ketone in α-ketobutyric
acid reacting with 2,4-dinitrophenylhydrazine, causing a color
change measured by an absorbance reading at 515 nm using a
spectrophotometer (BioMateTM3, ThermoFisher). To deter-
mine isoleucine feedback sensitivity of the TD2 protein,
20 μl of different concentrations of isoleucine was added to
180 μl of the TD2 reaction mix to give final Ile concentrations
of 0.05, 0.1, 0.2, 0.5, 0.7, 1.0, and 1.5 mM, and TD2 activity was
measured as described above. The relative TD2 activity was de-
termined by the ratio between TD2 activities in the presence
and absence of Ile.

Generation of TD2 RNAi knockdown plants
Gene construct and Agrobacterium preparation
To silence the TD2 gene, a self-complementary hairpin RNA
(hpRNA) construct containing sense/antisense arms with a
PDK (pyruvate orthophosphate dikinase) intron as a loop
structure (131 nt) was used (Supplemental Figure S15A).
The TD2 nucleotides from 24 to 298 (Supplemental
Figure S15B, 275 nt total) was used for the silencing con-
struct. The sense and antisense nucleotides of that region
were cloned into the multiple cloning sites upstream and
downstream from the PDK intron of pHANNIBAL using
the EcoRI and KpnI (sense) and HindIII and BamHI (antisense)
sites (Supplemental Figure S15A). The TD2 hpRNA construct
was transformed into Agrobacterium tumefaciens GV3101 by
electroporation using a MicroPulser Electroporator following
manufacturer’s instructions (Bio-Rad). Transformed cells
were grown at 30°C in 10 ml LB media with 50 μg/ml ampi-
cillin and 25 μg/ml rifampicin overnight.

Cotyledon explant generation and co-cultivation with
Agrobacterium
Tomato Rio Grande PtoR seeds were sterilized with a mix of
70% ethanol and 20% bleach for 20 minutes and washed
three times with sterile water. The sterilized seeds were ger-
minated onMurashige and Skoog’s (MS) medium under con-
stant light at 24°C and 70% humidity. Once the cotyledons
were fully expanded, approximately 8-day-old plants, they
were cut from the plants, the tips cut, and three to four holes
in the cotyledon were made using a sterile syringe needle in
order to enhance infection opportunity and transformation
efficiency for A. tumefaciens. The cotyledon explants
were placed in MS plates media containing 30 mg/ml su-
crose, 1 µg/ml 1-naphthaleneacetic acid (NAA), 1 µg/ml
6-benzylaminopurine (BAP) and pre-cultured for at room
temperature for 24 hours under the constant light. An over-
night Agrobacterium culture containing the TD2 hpRNA
construct was adjusted to OD600= 0.5, mixed with the coty-
ledon explants, and incubated at room temperature for
30 minutes. The cotyledons were removed from the bacter-
ial suspension, placed on MS plates, and incubated at room
temperature for 48 hours under constant light.
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Regeneration and confirmation of TD2 gene silencing
The Agrobacterium-inoculated explants were maintained on
MS plates containing 30 mg/ml sucrose, 1 µm/ml zeatin,
100 µm/ml ampicillin, and 300 µm/ml timentin to form cal-
lus tissue. Calli were transferred to fresh media plates every
2 weeks until shoots formed by somatic embryogenesis.
Shoots were excised from the callus, placed in a magenta
box containing MS media with 15 mg/ml sucrose, 1 µm/ml
zeatin, 1 µm/ml gibberellic acid, 100 µm/ml ampicillin, and
300 µm/ml timentin, and grown under consistent light at
RT until the shoot was approximately 5 cm. The shoots
were excised from the calli and transferred to rooting media
containing 15 mg/ml sucrose, 5 µm/ml indole-3-acetic acid,
100 µm/ml ampicillin, and 300 µm/ml timentin. Once plants
were grown to about 5 cm with roots, they were trans-
planted to soil, covered with a magenta box to maintain
high humidity, the cover removed after one week, and kept
in a growth chamber at 24°C and 70% humidity on 18 hour
light:6 hour dark cycle. Once plants were 2 weeks old, RNA
was extracted from leaf tissue and silencing of the TD2
gene was confirmed by RT-PCR, RT-qPCR, and α-TD2 WB
analyses.

Pathogen resistance assays
Bacterial leaf growth assay
The test for resistance to the hemibiotrophic bacterial patho-
gen P. syringae pv. tomato used the bacterial leaf growth as-
say as previously described (Lin and Martin, 2005). In brief,
the P. syringae pv. tomato (Pst) hrcC strain (Yuan and He,
1996; Tsuda et al., 2008) was cultivated overnight at 28°C
in 10 ml King’s B medium containing 50 μg/ml rifampicin.
The bacteria were then harvested by centrifugation at
1,000×g at room temperature for 2 minutes, washed twice
with sterilized dH2O, and resuspended in 1000 ml of
10 mM MgCl2. Three liters of 10 mM MgCl2 with 0.002%
Silwet was prepared and mixed with 3 ml of an OD600= 1.0
(1010 CFU/ml) stock bacterial solution, which gave a final
concentration of 107 CFU/ml. The bacterial solution was
placed in a beaker inside a vacuum chamber, 5-week-old
plants were inverted until fully submerged into the bacterial
solution, the vacuum was applied to infiltrate the bacterial
solution into the leaves, and after vacuum infiltration plants
were incubated at 24°C under constant light. To monitor
bacterial growth, six 0.635 cm diameter leaf discs were taken
from terminal leaflets of the second or third leaves at 0, 1, 2,
and 3 days after infiltration from three different plants for
each time point. The 0 time point was collected approxi-
mately 15 minutes after bacterial infiltration. The disks
were ground in 100 μl of 10 mMMgCl2 with three zirconium
oxide beads (2 mm diameter, Next Advance) using a Bullet
Blender Storm 24 (Next Advance). Cell debris was removed
by centrifugation at 800×g at room temperature for 1 min,
and the supernatant was transferred to a clean tube. The
samples were serially diluted and 10 μl of the dilutions
were spotted on tryptone soya agar (Smolka et al., 2003)
plates (1% Bacto tryptone, 1% sucrose, 0.1% glutamic acid,

and 1.5% agar) containing 25 μg/ml rifampicin, the plates in-
cubated at 28°C, and bacterial CFUs were counted.

Fungal leaf growth assay
To determine resistance against the necrotrophic fungal
pathogen Botrytis cinerea previously published protocols
were followed (Du et al., 2017). In brief, B. cinerea was cul-
tured on V8 medium (10% V8 juice, 0.1% CaCO3% and
1.5% agar) at room temperature for one week. Conidia
were collected and resuspended in liquid potato dextrose
agar (PDA) medium (Bacto, USA) and the suspension passed
through Miracloth. Six detached tomato leaflets from the se-
cond and third leaf of three different 5-week-old plants were
spotted with a 10-µl spore suspension of 106 spores/ml. The
infected leaflets were placed onto wet filter paper and incu-
bated at room temperature in a culture box with a clear lid to
maintain a moist environment. Pictures of the infected leaf-
lets were taken at 2 days after inoculation and the necrotic
halos were measured with ImageJ software using the polygon
tool.

RNA isolation and reverse transcription quantitative
PCR (RT-qPCR)
To determine flg22- or chitin-induced changes in gene ex-
pression, leaflets from the second leaf of 5-week-old plants
were treated with and without 1 μM flg22 or 50 μg/ml chitin
by syringe infiltration for 0, 1, 3, 6, and 12 hours. RNA was ex-
tracted with TRIzol reagent (Life Technologies) and cDNA
was generated by SuperScriptTM III First-Strand Synthesis
System (Invitrogen) according to the manufacturer’s instruc-
tions. RT-qPCR was conducted with iTaq Universal SYBR
Green Supermix (Bio-Rad) using a Bio-Rad CFX96 qPCR in-
strument (Bio-Rad) with primers listed in Supplemental
Table S1. The thermal cycling program was 95°C for 30 sec-
onds, 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds.
Actin was used as the internal reference. The relative Ct
(threshold cycle) values were measured and gene expression
levels were measured using the 2−ΔΔC method (Livak and
Schmittgen, 2001). Gene expression levels were normalized
to actin expression levels. A cycle number of each gene was
normalized to the cycle number of actin (ΔCt) and the trans-
formed cycle numbers (ΔΔCt) were calculated and normal-
ized to the ΔCt of each gene of the control plant.

In vitro kinase activity assay
In vitro kinase assays were performed in a total final volume
of 30 μl in a kinase buffer containing 10 mMTris–HCl, pH 7.5,
150 mM NaCl, 10 mM MgCl2, and 1 mM DTT. Reactions in-
cluding 3 μg of recombinant TD2 and 10 μg of soluble pro-
tein extract from leaves infiltrated with or without 1 μM
flg22 for 20 minutes were initiated with the addition of
1 μCi of [γ-32P]ATP (6,000 Ci/mmoL, Perkin-Elmer) and non-
radiolabeled ATP to a final concentration of 20 μM per reac-
tion followed by incubation for 1 hour at RT. Reactions were
stopped by the addition of 10 μl 4× SDS–PAGE sample
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buffer and samples separated on 8% SDS–PAGE gels. The
proteins in the gels were visualized using GelCode Blue
Stain Reagent (Thermo Fisher Scientific), and gels were dried
and exposed overnight to a phosphor screen. Visualization
and quantification of incorporated radioactivity were con-
ducted using a phosphorimager (Typhoon FLA7000, GE
Healthcare Life Sciences) and quantification software
(ImageQuant TL, GE Healthcare Life Sciences).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers
found in Supplemental Figure S19.
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this article.
Supplemental Figure S1. Threonine deaminase (TD) en-

zymatic reaction.
Supplemental Figure S2.Western blot (WB) detection of
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tein detected by the α-pAdi3 antibody.
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Supplemental Figure S10. Results of MS analysis on en-
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