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Abstract

Gram-negative bacterial pathogens of plants and animals employ type Il secreted effectors
to suppress innate immunity. Most characterized effectors work through modification of host
proteins or transcriptional regulators, although a few are known to modify small molecule
targets. The Xanthomonas type lll secreted avirulence factor AvrRxo1 is a structural homo-
log of the zeta toxin family of sugar-nucleotide kinases that suppresses bacterial growth.
AvrRxo1 was recently reported to phosphorylate the central metabolite and signaling mole-
cule NAD in vitro, suggesting that the effector might enhance bacterial virulence on plants
through manipulation of primary metabolic pathways. In this study, we determine that
AvrRxo1 phosphorylates NAD in planta, and that its kinase catalytic sites are necessary for
its toxic and resistance-triggering phenotypes. A global metabolomics approach was used
to independently identify 3-NADP as the sole detectable product of AvrRxo1 expression in
yeast and bacteria, and NAD kinase activity was confirmed in vitro. 3-NADP accumulated
upon transient expression of AvrRxo1 in Nicotiana benthamiana and in rice leaves infected
with avrRxo1-expressing strains of X. oryzae. Mutation of the catalytic aspartic acid residue
D193 abolished AvrRxo1 kinase activity and several phenotypes of AvrRxo1, including tox-
icity in yeast, bacteria, and plants, suppression of the flg22-triggered ROS burst, and ability
to trigger an R gene-mediated hypersensitive response. A mutation in the Walker A ATP-
binding motif abolished the toxicity of AvrRxo1, but did not abolish the 3'-NADP production,
virulence enhancement, ROS suppression, or HR-triggering phenotypes of AvrRxo1. These
results demonstrate that a type Il effector targets the central metabolite and redox carrier
NAD in planta, and that this catalytic activity is required for toxicity and suppression of the
ROS burst.

Author summary

Infectious bacteria have many strategies to weaken the defenses of their hosts. One com-
mon strategy is to inject proteins called effectors into the host cells. Many effectors
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inactivate proteins that transmit defense signals, disabling the alarm systems that alert the
plant to defend against the pathogen. In this paper, we show that pathogens can also target
very important small molecules in eukaryotes. We found that the plant pathogen effector
AvrRxol adds a modification to NAD, a molecule required for hundreds of respiratory
and signaling reactions, when expressed inside yeast or plant cells. This modification pro-
duces an unusual molecule, 3-NADP, that is not able to be used efficiently by the cell.
This finding demonstrates a new way that effectors can target essential central metabolites
to manipulate the host.

Introduction

A central theme in gram-negative bacterial pathogenesis is the injection of Type III-secreted
effectors (T3E) into host cells. Plant pathogen effectors may suppress two tiers of innate immu-
nity: PAMP-Triggered Immunity (PTI), triggered by perception of pathogen-associated molec-
ular patterns (PAMPs) by pattern recognition receptors, or Effector-Triggered Immunity (ETI),
triggered by perception of specific T3E by cognate nucleotide binding-leucine rich repeat resis-
tance (R) genes [1]. With the exception of the DNA-binding Transcriptional Activator-Like
effectors of Xanthomonas, the known molecular functions of T3E were once thought to be lim-
ited to the mimicry or covalent modification of host proteins involved in signaling [2]. Recently,
the Ralstonia solanacearum effectors RipTPS and RipAY were reported to synthesize the sugar
trehalose-6-phosphate and degrade the small peptide glutathione, respectively, demonstrating
that small molecules might also be strategic targets of T3E in plants [3, 4].

AvrRxol (also called XopA]) is a T3E produced by several species of Xanthomonas, Acido-
vorax, and Burkholderia plant pathogens of monocot and dicot plants. Putative homologs
lacking the T3 secretion signal are also found in a variety of environmental bacteria with no
known pathogenic role [5]. AvrRxol has been implicated in several different T3E functions; it
triggers a type I1I secretion-dependent hypersensitive resistance response (HR) in maize or
transgenic rice plants expressing the resistance protein Rxol1 [6, 7], enhances virulence of
Xanthomonas oryzae on rice [8], and suppresses nonhost resistance to X. oryzae on tobacco
[9]. Homologs of AvrRxol are always encoded upstream of a gene encoding a small protein
binding partner, Arcl.

The solved structure of the X. oryzae homolog of AvrRxo1 revealed a T4 polynucleotide
kinase (T4pnk) domain [8], typically involved in phosphorylation of polynucleotides and
nucleoside small molecules [10]. Among T4pnk domain proteins, AvrRxo1 shares the stron-
gest structural homology with a zeta ({) toxin, part of a toxin-antitoxin (TA) system from
Streptococcus pyogenes [8, 11]. TA systems are ubiquitous gene modules comprised of a bacte-
rial growth-suppressing toxin and a neutralizing antitoxin, which function in metabolic stress
management and DNA maintenance [12]. Consistent with this structural homology, AvrRxol
is bacteriostatic to Escherichia coli in the absence of Arcl, demonstrating that AvrRxol func-
tions as TA system toxin in addition to a T3E [5]. AvrRxol also triggers growth suppression
and watersoaked tissue collapse when expressed in yeast and plant cells, respectively [8, 13].
The bacteriostatic function of AvrRxol1 is dependent on two key functional residues conserved
among T4pnk domain proteins. A catalytic aspartic acid (D193) is predicted to coordinate the
hydroxyl group on the target carbon of the substrate, activating it for nucleophilic attack, and a
Walker A threonine (T167) is predicted to coordinate the ATP [8, 14].

AvrRxo1’s toxic effects in prokaryotes and eukaryotes suggests that it has a universally es-
sential target. While many TA toxins work by disrupting aspects of polynucleotide replication
or translation, zeta toxin phosphorylates a product of central metabolism, the peptidoglycan
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precursor uridine diphosphate-N acetylglucosamine (UNAG), to generate a nonfunctional
and inhibitory analog [15]. Despite its structural similarity to zeta toxin, AvrRxo1 differs at
most predicted substrate-coordinating residues and does not phosphorylate UNAG [8].
Recently, Schuebel and colleagues used a rational bottom-up approach to demonstrate that
AvrRxol acts as a nucleotide kinase that phosphorylates NAD and its derivative NAAD at the
3’ hydroxyl position in vitro, and also generates the product 3’-NADP in targeted assays in E.
coli [16]. However, the presence and broader implications of this kinase activity in eukaryotic
and plant host systems were not investigated, and the relevance of NAD phosphorylation to
toxicity or immune suppression remains unclear.

Here, we used a top-down global metabolomics approach to identify molecular targets of
AvrRxol. Accumulation of 3’-NADP was the most substantial detected metabolic consequence
of AvrRxol expression in yeast and bacteria. Targeted assays revealed 3-NADP accumulation
in plant tissue upon transient expression of avrRxol in leaves of N. benthamiana, and during
infection of rice with an avrRxol-containing strain of X. oryzae. The catalytic aspartic acid
D193 was essential for NAD phosphorylation and for the AvrRxol phenotypes of toxicity,
Rxol-triggered immunity, and ROS suppression. A mutation in the Walker A threonine
strongly reduced 3’-NADP accumulation and abolished AvrRxol toxic phenotypes, but did
not eliminate the ability of AvrRxol to trigger Rxol or suppress the flg22-mediated ROS burst
in plants. These results demonstrate that T3E can directly modify a central primary metabolite
in eukaryotic cells, representing a novel strategy for immune triggering and suppression by
secreted effectors.

Results

Involvement of predicted key catalytic sites in toxic and resistance gene-
triggering effects of AvrRxo1

Structural analysis of AvrRxol identified several conserved residues predicted to be required
for catalytic activity. Mutation of two of these, the catalytic aspartate D193 and the Walker A
threonine T167, abolished growth-suppressive activity of AvrRxol in E. coli [8]. Here, we
asked whether the predicted sites D193 and T167 are necessary for other reported phenotypes
of AvrRxol, including yeast growth suppression, watersoaking upon transient expression in
plants, and triggering the Rxo1-dependent HR.

We previously found that growth suppression by AvrRxol was more pronounced in E. coli
liquid cultures induced from a lower initial density than from a higher density [5], suggesting
that toxicity is reduced above a threshold cell density, as was observed in a zeta toxin [15].

For a sensitive comparison of bacteriostasis by site-directed AvrRxol mutants in E. coli, we
assayed for AvrRxol and catalytic site mutant growth suppression at multiple cell densities

on solid media. 6xHis-AvrRxol, but not T167N and D193T mutant derivatives, abolished

E. coli growth when expression was induced below the density of 2X10” CFU/mL, but not at
4X10” CFU/mL or above (Fig 1A). AvrRxol expression similarly inhibited growth of Saccharo-
myces cerevisiae in a manner dependent on the two catalytic residues; here growth suppression
was obvious at all densities tested (Fig 1B). Previous work demonstrated that transient expres-
sion of YFP-tagged AvrRxol induced a toxic-like watersoaking and cell collapse phenotype in
several plant species, and that this was abolished by the T167N mutation [8]. We found that
transient expression of HA-tagged AvrRxol triggered toxic cell collapse by 50 hours post-infil-
tration (hpi) in leaves of N. benthamiana, and both the T167 and D193 residues were necessary
for this phenotype (Fig 1C). Expression of the catalytic mutants was confirmed using Western
blot analysis (S1 Fig); although expression of HA-AvrRxol could not be detected, possibly due
to cell death associated with expression.
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Fig 1. Requirement of predicted catalytic residues of AvrRxo1 for toxic or growth-suppressive effects in prokaryotes and eukaryotes
and for induction of HR in Rxo17rice. (A) E. colitransformed with pDEST-AvrRxo1, pDEST-AvrRxo1-D193T, pDEST-AvrRxo1-T167N, and
pDESTcv grown on (-IPTG) and inducing (+IPTG) media. (B) S. cerevisiae transformed with pESC-Trp-DEST-AvrRxo1 and catalytic site mutant
derivatives pESC-Trp-DEST-D193T and -T167N on repressing (SD media amended with 2% glucose) and inducing (SD media amended with 2%/
1% galactose/raffinose) media. (C) N. benthamiana leaf during transient Agrobacterium-mediated expression of HA-AvrRxo1, HA-AvrRxo1-D193T
and HA-AvrRxo1-T167N. Leaf was imaged 50 hours after infiltration. Expression analysis shown in S1 Fig. (D) Leaves of transgenic rice variety
Kitaake expressing Rxo1 were inoculated with derivatives of X. oryzae strain X11-5A carrying pHM1-AvrRxo1, pHM1-AvrRxo1-D193T,
pHM1-AvrRxo1-T167N, or the empty vector pHM1. Appearance of water-soaking lesions or HR were recorded 5 days post infiltration.

https://doi.org/10.1371/journal.ppat.1006442.9001

We next investigated whether residues D193 and T167 were required for triggering Rxo1-
mediated resistance in rice. We and others have been unable to obtain a knockout mutant of
avrRxol from the model X. oryzae pv. oryzicola strain BLS256 in repeated attempts over many
years [7], perhaps because of its function as part of a TA system and addiction module. There-
fore, avrRxol:arcl gene module and mutant derivatives were introduced into the weakly path-
ogenic X. oryzae strain X11-5A on the low-copy cosmid vector pHM1. X11-5A has an arcl
antitoxin gene in its chromosome, allowing avrRxol:arcl to be introduced without detrimental
growth effects. At five days post infiltration (dpi) into leaves of Kitaake Rxol transgenic rice, vec-
tor control X11-5A (pHM1) caused watersoaking, while X11-5A (pavrRxol/ pHM1-AvrRxol)
inoculation sites were characterized by brown color development and absence of watersoaking,
characteristic of the Rxo1 resistance response (Fig 1D). X11-5A (pHM1-AvrRx01-D193T) caused
a watersoaking phenotype similar to the control, indicating that the catalytic aspartate is necessary
for triggering Rxol. However, the X11-5A (pHM1-AvrRxo01-T167N) also exhibited a browing
phenotype and did not show signs of watersoaking (Fig 1D). This finding, in addition to our pre-
vious observation that the T167N mutant retains virulence enhancement of X. oryzae in rice [8],
suggests that the T167N mutation uncouples AvrRxo1 toxicity from immune triggering or sup-
pressing functions. A western blot confirmed expression of AvrRxol and catalytic site mutants
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during rice infection (S2 Fig). Unlike during expression in tobacco, AvrRxo1-T167N accumulated
to lower levels than AvrRx01-D193T or AvrRxol, which may affect the phenotype of AvrR-
x01-T167N in rice.

Accumulation of 3’-NADP is the major metabolic change induced by
expression of AvrRxo1 in E. coliand Saccharomyces cerevisiae

We used untargeted metabolomics to uncover small molecule targets of ectopically expressed
AvrRxol in bacteria and yeast. Having demonstrated that a substitution in the predicted sub-
strate-binding residue D193T abolishes diverse known phenotypes of AvrRxol, we selected
AvrRxo1-D193T as the inactivated AvrRxol control for the study along with the control vectors
used in Fig 1A and 1B. AvrRxol expression in E. coli cultures was induced at a density well
above the threshold for discernible growth repression as observed in Fig 1A, to minimize off-tar-
get effects of AvrRxo1 toxicity on the metabolome. Triplicate cultures were subjected to meta-
bolic profiling using zwitterionic-hydrophilic interaction liquid chromatography (ZIC-HILIC)
coupled to time-of-flight mass spectrometry (TOF-MS). Analysis revealed that AvrRxol expres-
sion affected bacterial and yeast central metabolism in distinct but overlapping ways. In both
organisms, the most dramatic AvrRxol-dependent change was the strong accumulation of a sin-
gle peak annotated as NADP (Fig 2A and 2B. S1 File). Other effects, some of which were specific
to E. coli, included modest (1.5 to 2-fold) increases in relative abundance of predicted metabolites
involved in the TCA cycle (citric acid, succinic acid, malic acid, and pantothenic acid), in some
amino acids (aspartic acid, lysine, leucine/isoleucine, phenylalanine, tyrosine, and tryptophan),
in glutathione, and in pyrimidine nucleotides. Heatmaps summarizing relative changes in abun-
dance of 79 annotated metabolites are found in Supplemental S3 and S4 Figs, and boxplots of
individual metabolites are found in Supplemental s1 File. In both organisms, some metabolite
changes were observed in both AvrRxol and AvrRxo1-D193T (S3 Fig and S4 Fig), suggesting
that AvrRxol can exert some metabolic changes in a manner independent of the catalytic
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Fig 2. Accumulation of 3’-NADP is the major metabolite change elicited by AvrRxo1 expression in E. coliand S. cerevisiae. (A-B) Extracted ion LC-
MS chromatograms of the NADP parent ion, m/z 742.067, in negative ion mode in yeast (A) and bacteria (B) expressing either AvrRxo1, AvrRxo1-D193T, or
the relevant control. S. cerevisiae strains analyzed in (A) carried pPESC-TRP-DEST-AvrRxo1, -AvrRxo1-D193T, or pESC-TRP. E. coli strains analyzed in (B)
carried pDEST-AvrRxo1, pDEST-AvrRx01-D193T, or pDESTcv. Biological replicates, n = 3, are overlaid. (C) Extracted ion LC-MS chromatogram of NADP
in a representative AvrRxo1-expressing bacterial extract from (B), unspiked, spiked with 3-NADP, or spiked with both 3-NADP and NADP.

https://doi.org/10.1371/journal.ppat.1006442.9002
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aspartic acid. For example, the NADP precursor NAD decreased in relative abundance as a result
of expression of both AvrRxol and AvrRxo1-D193T in E. coli, but increased slightly in abun-
dance during the expression of both treatments in yeast (pg. 12 of S1 File). We also profiled tis-
sues of Kitaake rice 48 hours after inoculation with X. oryzae strain X11-5A carrying avrRxol:
arcl and the empty vector pHM1, but no significant differences were observed (S1 File).

Given that a large accumulation of NADP observed upon AvrRxol expression in yeast and
bacteria would be unlikely due to metabolic turnover, spiking experiments were performed to
determine whether the annotation was accurate. Lysates from AvrRxol-expressing E. coli cells
were amended with commercial NADP and subjected to TOF-MS/MS analysis. NADP formed
a distinct peak from the AvrRxol-dependent metabolite, with a retention time roughly 10s
longer (S5A and S5B Fig). However, the mass spectra of NADP and the AvrRxol-dependent
metabolite were identical (S5C and S5D Fig) indicating that the peak represented a close ana-
log of NADP. Interpretation of the MS/MS fragmentation pattern suggested that the most
probable NADP analog that would generate a nearly identical spectrum would be 3>-NADP.
Spiking of AvrRxol-expressing E. coli lysates with commercially available 3°>-NADP standard
or simultaneously with both NADP isomers confirmed that the AvrRxol-dependent com-
pound has an identical retention time to 3’-NADP (Fig 2C). In addition, the AvrRxol-depen-
dent molecule was a spectral match to the 3-NADP standard, confirming its identity as 3’-
NADP (S6 Fig). Thus, AvrRxol expression in yeast and E. coli results in a strong accumulation
of 3’>-NADP, and not in other polar metabolites detectable through the ZIC-HILIC method.
To determine whether AvrRxol mediates 3’-NADP accumulation through direct phosphoryla-
tion of NAD, 6xHis-AvrRxol and 6xHis-AvrRxo1-D193T were purified and tested for NAD
kinase activity in an in vitro assay (S7 Fig). 3’-NADP accumulated in the presence of 6xHis-
AvrRxol1 (S7C Fig) but not in the presence of 6xHis-AvrRxo1-D193T (S7D Fig), confirming
that AvrRxol is an NAD kinase dependent on the D193 catalytic site.

3’-NADP accumulates upon AvrRxo1 expression in planta and during
infection with X. oryzae pv. oryzicola

AvrRxol is a T3E that has been associated with virulence enhancement and suppression of
nonhost resistance when expressed from X. oryzae, and with phytotoxic cell collapse when

41
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Fig 3. AvrRxo1 produces 3’-NADP upon transient expression in N. benthamiana. (A-B) LC-MS/MS analysis of NADP
from leaves of N. benthamiana transiently expressing HA-AvrRxo1 (A) or HA-AvrRxo1-D193T (B). N. benthamiana leaf
samples were collected 36 hours post infiltration (hpi), prior to visible cell collapse symptoms. Similar results obtained for 3
independent experiments.

https://doi.org/10.1371/journal.ppat.1006442.9003
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transiently expressed in planta [8, 9]. To determine whether AvrRxol phosphorylates NAD in
plant cells, HA-AvrRxol and HA-AvrRx01-D193T were transiently expressed in leaves of N.
benthamiana. Leaf discs were collected at 36 h after Agroinfiltration, prior to the initial onset
of watersoaking symptoms in AvrRxol-expressing leaves. Both NADP and 3’-NADP were
detected by LC-MS/MS in the AvrRxol-expressing leaves (Fig 3A), but only NADP was
detected in leaves infiltrated with the AvrRx01-D193T construct (Fig 3B).

We next tested whether X. oryzae pv. oryzicola (Xoc), the pathogen that produces AvrRxol,
can generate 3’~-NADP during the infection of rice by wild-type X. oryzae. Because of our
aforementioned difficulty in inactivating avrRxol, we were unable to generate a deletion
mutant in BLS256 mutant to conclusively determine that avrRxo1 is the sole source of 3’-
NADP during infection. However, some leaf streak-causing Xoc isolates from Africa naturally
lack avrRxo1. Profiling of diverse Xoc strains has shown that avrRxo1 gene presence or absence
is tightly linked to the phenotypes of Rxol activation and suppression of tobacco nonhost
resistance [17]. The Xoc strain MAI10 was used as an avrRxol-negative leaf streak pathogen in
this study. MAI10 is a close genetic relative of BLS256 that produces similar symptoms and
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<
NADP
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Fig 4. 3'-NADP accumulates in rice leaves upon inoculation with a naturally avrRxo1-expressing strain of X. oryzae, but not with an
avrRxo1-deficient strain. (A-C) LC-MS/MS analysis of rice leaves 48 h after infiltration with water (A), the avrRxo1-negative strain Xanthomonas
oryzae pv. oryzicola MAI10 (B), or the avrRxo1-positive strain BLS256 (C). (D-E) Relative peak area of NADP (D) and 3'-NADP (E) in three
biological replicates (means + SEM, n = 3). Letters denote treatments statistically different from the 12h timepoint (p<0.05).

https://doi.org/10.1371/journal.ppat.1006442.9004

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006442 June 19,2017 7/22


https://doi.org/10.1371/journal.ppat.1006442.g004
https://doi.org/10.1371/journal.ppat.1006442

@'PLOS | PATHOGENS

AvrRxo1 phosphorylates NAD

encodes a nearly identical complement of non-TAL effector genes other than avrRxol,
although it differs in TAL effector composition [17-19]. Leaves of rice variety Kitaake were
infiltrated with strain MAI10, BLS256 or sterile water, and samples were collected and ana-
lyzed at 12, 24 and 48 hpi. 3’-NADP was detected in samples inoculated with BLS256, but not
with MAI10 or a water control (Fig 4A-4C). To confirm that avrRxol1 is the key genetic factor
conferring the difference in 3-NADP accumulation between BLS256 and MAI10, we intro-
duced pHM1-AvrRxol and pHM1 into MAI10 via triparental mating. A very low but distinct
3’-NADP signal was detected in three out of four replicates of the inoculations with MAI10
(pHM1-AvrRxo1), but not in inoculations with MAI10 alone or MAI10 (pHM1) (S8 Fig).
These results demonstrate that AvrRxol NAD kinase activity occurs during Xoc infection of
rice.

3’-NADP was detectable within 12 hpi of infection with BLS256, with relative abundance
increasing through 48 hpi (Fig 4D and 4E, S9 Fig). Unlike the heterologous expression condi-
tions in which 3>~-NADP accumulates to a very high relative abundance, relative peak areas of
3’-NADP were far smaller than those of native NADP in rice tissues within 48h. This is consis-
tent with the lack of observable increase in the NADP/3’-NADP peak identified in our initial
metabolomic profile in infected rice. Although this experiment does not conclusively prove
that the source of the 3>-NADP was the rice and not and intercellular X. oryzae, it is well-estab-
lished that AvrRxol is introduced into and active in rice cells during infection [20], and that
AvrRxol activity is strongly inhibited in bacteria, in vitro, and in planta in the presence of the
antitoxin Arcl [8, 16]. We have not been able to introduce an expressed avrRxol gene into X.
oryzae strains in the absence of the arcI gene, thus it is presumed that free AvrRxol is toxic to
bacteria and thus is likely inactivated in BLS256 cells. Although NADP and 3’-NADP are both
synthesized from NAD, there was no significant difference in total (2°)-NADP levels associated
with the presence of avrRxol during X. oryzae pathogenesis on rice (Fig 4A-4C). Together,
these results demonstrate that AvrRxol catalyzes 3’-NADP production in plants and that 3’-
NADP is produced early in bacterial leaf streak infection.

The toxicity-deficient Walker motif mutant AvrRxo1-T167N generates 3’
NADP in yeast and retains ability to suppress the flg22-induced oxidative
burst in plants

In previous work, we demonstrated that AvrRxol enhances early proliferation of pathogenic
Xanthomonas in rice leaves. The T167N substitution in the Walker motif abolished growth
suppression in E. coli and cell collapse in plants, but still retained AvrRxol virulence enhance-
ment on rice [8] and recognition by Rxo1 (Fig 1D). Because the Walker A threonine has been
reported essential for the activity of other Pnk domain kinases [21], we initially hypothesized
that the Walker site mutant may be catalytically inactive but retain selected phenotypes due to
retention of an intact substrate-binding site, perhaps due to sequestration of the hypothetical
substrate in the cell [8]. Alternatively, AvrRxol could be recognized structurally by Rxol. In
light of AvrRxol 3’ NAD kinase activity, we decided to revisit the activity of the T167N
mutant. Specifically, we wanted to determine whether the T167N substitution uncouples NAD
kinase activity from immune suppression or recognition in the plant.

We first determined whether AvrRx01-T167N could produce 3’-NADP in yeast. Induced
culture lysates of yeast strains depicted in Fig 1B were subjected to metabolic profiling using
HILIC-LC-MS/MS. AvrRxo01-T167N generated detectable 3-NADP in yeast, although the
level was low compared to AvrRxol (Fig 5A-5C), accumulating roughly in proportion to
NADP. Thus, yeast expression of AvrRxo1-T167N retains a level of kinase activity that is insuf-
ficient to cause visible toxicity.
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In addition to enhancing virulence, AvrRxol is a suppressor of flg22-mediated innate
immunity in Arabidopsis [9, 22]. We determined the impact of transient AvrRxol expression
on generation of the PAMP-triggered burst of reactive oxygen species (ROS), a critical early
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Fig 5. AvrRxo1-T167N retains low NAD kinase activity that allows suppression of flg22-induced oxidative burst in N. benthamiana, but not
menadione induced oxidative burst in yeast. (A-C) LC-MS/MS analysis of NADP from yeast cells expressing either AvrRxo1 (A), AvrRxo1-T167N (B) or
AvrRxo1-D193T (C). (D-E) FIg22 (1 uM) (D) or water (mock) (E) induced ROS burst measured in leaf discs of N benthamiana transiently expressing either
HA-AvrRxo1, HA-AvrRxo1-D193T or HA-AvrRxo1-T167N. Figure represents mean data of one independent experiment with three technical replicates
(mean £SD; n = 3). Similar results were seen in three independent experiments. Statistical analysis was performed using t-test for values corresponding to
maximum response. (F) Menadione-induced intracelluar ROS production measured in yeast cells carrying pESC-TRP-AvrRxo1, -AvrRxo1-T167N,
-AvrRxo01-D193T or the vector pESC-TRP in inducing media. Values were normalized to protein concentration. Figure represents mean data of one
independent experiment with four technical replicates (mean +SD; n = 4). Similar results were seen in three independent experiments.

https://doi.org/10.1371/journal.ppat.1006442.9005
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event in plant defense signaling. The initial apoplastic oxidative burst is largely generated by
plasma membrane NADPH oxidases from NADPH or NADH in the cytoplasm [23], where
AvrRxol is also localized [22]. NAD and NADP are also thought to have signaling roles in gen-
eration of the oxidative burst [24, 25], and therefore we hypothesized that AvrRxol1 activity
might suppress ROS formation. In a luminol-HRP based chemiluminescence assay performed
on leaves prior to the onset of cell collapse, HA-AvrRxol transient expression in N. benthami-
ana strongly suppressed flg22-induced ROS accumulation in comparison with HA-AvrR-
x01-D193T (Fig 5D). AvrRx01-T167N also strongly suppressed ROS accumulation (Fig 5D),
while no signal was detected in mock-induced leaves (Fig 5E). While this is not a quantitative
comparison of HA-AvrRxol and HA-AvrRxo01-T167N ROS suppression efficacy- HA-AvrRxol
was not detected by Western Blot, preventing comparison of expression levels with HA-AvrR-
x01-T167N (S1 Fig)- these results demonstrate that AvrRxol suppresses the PAMP-triggered
ROS burst even in a mutant that generates subtoxic levels of AvrRxol activity.

Finally, we asked whether AvrRxol and the catalytic site mutants were able to suppress
ROS generation in other eukaryotes, or whether ROS suppression was specific to the flg22-in-
duced burst in plants. Menadione is a redox cycling agent that stimulates ROS production
from mitochondrial NAD(P)H in yeast [26]. In a fluorescence assay, AvrRxol expression
reduced levels of menadione-induced ROS compared with AvrRx01-D193T. AvrRx01-T167N
did not suppress yeast ROS levels (Fig 5F). These findings demonstrate that AvrRxo1 is a sup-
pressor of multiple mechanisms of ROS generation in diverse eukaryotes, and determined that
although the mutant AvrRxo1-T167N can suppress the flg22-mediated ROS burst in plants, it
does not suppress mitochondrial ROS accumulation in yeast.

Discussion

AvrRxol is part of an ancient family of bacterial toxins co-opted by the type III secretion sys-
tem for secretion into plants. This study demonstrates that AvrRxo1 phosphorylates NAD in
eukaryotic cells, and that a catalytic site necessary for this kinase function is required for the
toxic and immune-triggering functions of AvrRxol. NAD is a coenzyme and redox carrier
universally essential for metabolic function, and host metabolism is a common target for path-
ogens. In human pathogenic bacteria, glycohydrolase domain toxins metabolically poison
target host or microbial cells by degrading NAD, gaining access via cytolysin-mediated trans-
location or through the type VI secretion system [27, 28]. Pathogens of plants and animals are
known to affect diverse host primary metabolites through metabolic crosstalk or manipulation
of host transcription and signaling [29, 30]. A few type III secreted effectors directly target host
small molecules, including sugars and glutathione [3, 4], challenging the former paradigm of
effectors as protein modifiers. This work demonstrates that a type III secreted effector can
phosphorylate a universally essential cofactor in the host. The direct modification of a univer-
sal metabolic player and redox carrier such as NAD represents a novel pathogen strategy for
manipulation of host function.

AvrRxol exhibits toxicity upon ectopic (i.e., high-level) expression in bacteria, yeast, and
plants, and these phenotypes are abolished upon mutation of the D193 or T167 catalytic sites.
The drastic accumulation of 3°>-NADP in yeast and bacteria, and the lack of detection of any
other novel AvrRxol-dependent metabolites in the global metabolomic profile, suggests that
NAD is a primary small molecule target of AvrRxol function. One putative avenue for
AvrRxo1 toxicity is enzyme inhibition by its product 3>~-NADP. The AvrRxol structural homo-
log PezT, which phosphorylates UDP-GlcNac to generate a non-native analog, exerts toxicity
both through UDP-GlcNac depletion and through inhibition of the UNAG-utilizing enzyme
MurA by the phosphorylated product [31]. Unlike UNAG, NAD and NADP are required for
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hundreds of essential reactions, and therefore determining the in planta enzyme inhibition effects
of 3-NADP may not be as straightforward. Accumulation of 3’>-NADP upon AvrRxol expression
in bacterial and yeast cells suggests that 3’-NADP is not an enzyme substrate, nor is it turned over
rapidly in these organisms. Early biochemical studies found little indication of 3’-NADP utiliza-
tion or competitive inhibition of numerous central NADP-specific enzymes from various organ-
isms, including the dehydrogenases of the pentose phosphate pathway, isocitrate dehydrogenase,
glutathione reductase, and NADP phosphatases and transhydrogenases [32-35].

AvrRxol might also confer toxicity through depletion or sequestration of its substrate,
NAD, and a resulting alteration in NAD(H) homeostasis and redox environment. We did
not observe changes in relative NAD abundance that were dependent on catalytically active
AvrRxol in bacteria, yeast, or infected rice. However, due to tightly maintained homeostasis of
NAD levels, experimental manipulation of NAD synthesis or turnover often does not elicit
measurable changes in NAD abundance, but often rather affects the rate of NAD metabolism
[36, 37]. Therefore, the lack of association of NAD levels with AvrRxo1 activity does not rule
out NAD depletion as a mechanism of immune suppression. Profiling of diverse organisms
chemically or genetically manipulated to alter NAD production have frequently reported
effects on abundance of metabolites pertinent to NAD-related functions, notably TCA cycle
intermediates, nucleotides, and glutathione species [36-40]. These trends are consistent with
the profile of metabolites modestly affected by AvrRxol expression in yeast and bacteria (S1
File, S3 Fig, S4 Fig). Enhancement of NAD consumption or inhibited NAD production is usu-
ally associated with a decreased abundance of these metabolites, and vice-versa [36-39], so it is
interesting that the NAD-modifying enzyme AvrRxol caused them to increase in our study.
AvrRxol metabolic effects were studied here in conditions under which no toxic effects were
observable (i.e., early timepoints or high cell densities), and may only reflect early events in
AvrRxol metabolic modification. NAD(H) quantification and assessment of metabolic flux
and redox changes during the process of AvrRxol intoxication, as well as during immune sup-
pression, will be needed to determine how metabolic perturbation by AvrRxol affects growth
suppression or cell collapse.

Expressed from a low-copy vector in X. oryzae on rice, AvrRxol shows no signs of toxicity
or of major metabolic remodeling (S1 File), but it does exhibit several classic phenotypes of
effectors in the plant infection process, including suppression of PT1I, triggering of ETI, and
suppression of a nonhost HR [8, 9]. The Walker A site mutant AvrRxo1-T167N, which has no
growth suppressing or cell collapse phenotype, retains an ability to trigger HR, suppress ROS,
and enhance pathogen proliferation (summarized in Table 1). In N. benthamiana, this muta-
tion uncouples the toxic effects of AvrRxol from plant immune functions, suggesting that the
latter may be more sensitive to subtoxic levels of AvrRxol activity. As with toxicity, plant
immune functions could be modulated through NAD utilization and/or through generation of
3’-NADP. AvrRxol is localized to the plant cytoplasm [9, 22], which is thought to contain a
small fraction of the tightly compartmentalized NAD in the eukaryotic cell [41, 42]. Cyto-
plasmic NAD is an critical early signal in plant defense against diverse pathogens that is
required for the PAMP-induced ROS burst and activation of stomatal immunity [43], salicyclic
acid signalling, and callose deposition [25]. Manipulation of NAD metabolism by AvrRxol
could disrupt a delicate redox balance key for NAD function in early defense signaling [24].
The observation that AvrRxo1-T167N inhibited the cytoplasmic NAD(P)H-derived ROS burst
in plants, but not the mitochondria-localized ROS burst in yeast, would be consistent with the
hypothesis that the smaller cytoplasmic pool of pyridine nucleotides is especially sensitive to
subtoxic levels of AvrRxol activity. NAD is also required for production of the NADPH and
cyclic ADP-ribose that function in the oxidative burst and calcium signaling, and for post-
translational defense signaling by sirtuins and poly-ADPribosyltransferases [24].
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Table 1. Phenotypes of AvrRxo1 and catalytic site mutants.

Phenotype AvrRxo1 AvrRxo1 AvrRxo1
(D193T) (T167N)
Activity 3’-NADP accumulation in vitro + - NT
3-NADP accumulation in E. coli + (>>NADP)? - NT
3’-NADP accumulation in yeast + (>>NADP) - + (~ NADP)
3’-NADP accumulation in transient Nb expression + (=~ NADP) - NT
3’-NADP accumulation during Xoc infection + (<NADP) - NT
Toxic E. coli growth suppression + - -
Effect Yeast growth suppression + - -
Plant cell collapse upon transient expression + - -
Host Immune Effects Activation of Rxo1-mediated defense + - +
Enhancement of Xo proliferation on rice + NT +[8]
Suppression of flg22-mediated ROS burst in plants + - +
Suppression of menadione-induced ROS in yeast + - -

+: exhibits the respective phenotype; -: lacks the respective phenotype; NT: not tested
2 indicates the relative abundance of 3'-NADP in comparison with NADP

https://doi.org/10.1371/journal.ppat.1006442.t001

3’-NADP could also be a critical inhibitor of the flg22-mediated ROS burst. 3’-NADP did
not inhibit many central respiratory enzymes in older studies [32], but was later found to effec-
tively inhibit maize NADP-malic enzyme in a noncompetitive fashion [44]. NADP-malic
enzyme is a cytosolic electron donor that donates the electrons necessary for the defense-
related oxidative burst in plants; the Magnaporthe oryzae effector AVR-Pii targets the rice
malic enzyme Os-NADP-ME2 to inhibit the ROS burst [45]. Another logical ROS-blocking
mechanism of 3°>-NADP could be the inhibition of synthesis of NAADP from NADP by ADP-
ribosyl cyclases. NAADP is a second messenger involved in calcium release, but its synthesis is
not well characterized in plants. AvrRxol was also recently found to phosphorylate the NAD
precursor, NAAD, in vitro at a similar efficiency to NAD, generating the product 3> NAADP
[16]. NAAD is a very low-abundance metabolite and we did not detect evidence of 3> NAADP
accumulation through global metabolome profiling, but this does not rule out NAAD as a
potentially relevant target of AvrRxol-induced phenotypes.

Perhaps the most intriguing question arising from this work is that of how AvrRxol1 triggers
activation of resistance mediated by the canonical NB-LRR R protein Rxol. The lack of a
phenotype in the D193T mutant suggests that AvrRxo1 kinase activity is required for Rxol
activation. However, bacterial avirulence effectors are generally recognized through their activ-
ity on a protein target. The finding that AvrRxol modifies a small molecule prompts many
questions on the nature of resistance activation- might the recognized signal be 3’-NADP, a
change in the redox environment, or a change in NAD-dependent post-translational modifica-
tion of proteins? By establishing NAD as an effector phosphorylation target during infection,
this work demonstrates that direct “cofactor engineering” may be an effective strategy for path-
ogen manipulation of the host- and possibly, an effective signal for host recognition of the
pathogen.

Materials and methods
Strains and culture conditions

The bacterial strains used in this study included E. coli DH5a for plasmid maintenance, E. coli
BL21 (DE3) for protein expression, Agrobacterium tumefaciens strain GV2260 for transient
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expression in N. benthamiana, Xanthomonas oryzae pv. oryzicola strains BLS256 and MAI10
for infection of rice plants, and Xanthomonas oryzae strain X11-5A for detection of the Rxo1-
mediated HR. Saccharomyces cerevisiae strain Y2H gold (TakaraBioUSA, Mountain View, CA)

was used for AvrRxol expression.

E. coli strains were routinely cultured in Luria Bertani (LB) medium at 37° C unless stated
otherwise and A. tumefaciens strain GV2260 was grown in YEB medium at 28° C with appro-
priate antibiotics. X. oryzae pv. oryzicola strains BLS256 and MAI10 and Xanthomonas oryzae
strain X11-5A were grown on peptone sucrose agar (PSA) at 28° C. Saccharomyces cerevisiae
was grown in SD (Synthetic defined) media lacking tryptophan and containing either glucose

(2%) or galactose (2%) or galactose/raffinose (2%/1%).

Plasmid construction and transformation

Plasmids used in this study are listed in Table 2. For protein expression studies in E. coli, previ-
ously published pDEST527-derived clones were used for expression of 6xHis-AvrRxol and the

Table 2. List of plasmids used in this study.

Plasmid

pENTR/D-Topo
pENTR/D-Topo-AvrRxo1
pENTR/D-Topo-AvrRxo1-D193T
pENTR/D-Topo-AvrRxo1-T167N
pDEST-527

pDEST527-AvrRxo1

pDEST527-AvrRx01-D193T
pDEST527-AvrRx01-T167N
pDEST527-cv

pHM1

pavrRxo1
(also referred to as pHM1-AvrRxo1)

pHM1-AvrRxo1-T167N
pENTR/D-Topo-pAvrRxo1

pENTR/D-Topo-pavrRxo1-D193T
pHM1-AvrRxo1-D193T
pEARLEYGATE 201

pEARLEYGATE 201-AvrRxo1

pEARLEYGATE
201-AvrRx01-D193T

pEARLEYGATE
201-AvrRxo1-T167N

pESC-TRP
pESC-TRP-DEST

pESC-TRP-DEST-AvrRxo1
pESC-TRP-DEST-AvrRx01-D193T
pESC-TRP-DEST-AvrRxo1-T167N

Relevant characteristics and use

Entry vector for Gateway cloning technology, Km®

avrRxo1from X. oryzae pv. oryzicola strain BLS256 cloned into pENTR/D-topo, Km®
pENTR/D-Topo-AvrRxo1 with D193T substitution, Km®

pENTR/D-Topo with T167N substitution, Km®

Gatgway destination vector for E. coli expression, T7 promoter, N-terminal 6xHis tag, Amp",
Cm

avrRxo1from X. oryzae pv. oryzicola strain BLS256 in pDEST527, N terminal 6xHis tag,
Amp®

avrRxo1-D193Tin pDEST527, N terminal 6xHis tag, Amp®

avrRxo1-T167Nin pDEST527, N terminal 6xHis tag, Amp©

pDEST-527 with Gateway cassette replaced by a 300 nt fragment of the 5’ end of avrRxo1
Broad-host range cosmid vector, Sp™

The 1.797-kb Sphl fragment subcloned into pHM1 from VB1C that contains the avrRxo1and
arc1 genes, Sp™

pHM1-AvrRxo1 with T167N substitution, Sp™
Sacl-Pstl flanked insert from pavrRxo1 in pENTR/D-topo, Km™

Sacl-Pstl fragment from pHM1-avrRxo1 with D193T substitution in pENTR/D-Topo Km";
Sacl-Pstl fragment of pENTR/D-Topo-pAvrRxo1-D193T in pHM1; Sp©

Gateway destination vector for binary expression with N-terminal HA tag, CaMV 35S
promoter, Km™

insert from pENTR/D-Topo-AvrRxo1 in pEARLEYGATE201 KmF,
insert from pENTR-D-Topo-AvrRxo1-D193T in pEARLEYGATE201, KmF;

insert from pENTR-D-Topo-AvrRxo1-T167N in pEARLEYGATE201, KmF;

pUC plasmid origin, auxotrophic marker gene TRP1, GAL1 and GAL10 promoter, Amp™;
protein expression studies in S. cerevisiae

Sal fragment from destination cassette C.1 (Gateway Vector Conversion System) in
pESC-TRP

insert from pENTR/D-Topo-AvrRxo1 in pESC-TRP-DEST, Amp®
insert from pENTR/D-Topo-AvrRx01-D193T in pESC-TRP-DEST, Amp©
insert from pENTR/D-Topo-AvrRxo1-T167N in pESC-TRP-DEST, Amp®

https://doi.org/10.1371/journal.ppat.1006442.t002

Source
Invitrogen
(8l

(8l

(8l
Addgene.org

(8]

(8l

(8l

(]

R. Innes, Indiana
University

(71
(8]
This study

This study
This study
[47]

This study
This study

This study
Agilent
This study

This study
This study
This study
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catalytic site mutants 6xHis-AvrRxo1-D193T and 6xHis-AvrRxo1-T167N [8]. pDESTcv, used
as a second control strain for pDEST studies, replaces the toxic Gateway cassette with the first
300 nt of the 5’ end of avrRxo1; this construct was previously shown to lack any growth sup-
pression phenotype in bacteria [5]. For bacterial assays in rice, pAvrRxol (also referred to as
pHM1-AvrRxol) [7], pHM1-AvrRxo1-T167N [8] and pHM1-AvrRxo1-D193T (this study)
were used with pHM1 (R. Innes, Indiana University) as the empty vector control. For con-
struction of pHM1-AvrRxo01-D193T, the plasmid pAvrRxol [7] was used as a template for
amplification of SacI-Pstl flanked avrRxol:arcl region using the primers avrRxol:arclfor,
caccgagctcgacgcatttttatagettcgttcg, and avrRxol:arclrev, gatcctgcagacagaggactcggattgaaccagt.
The fragment was cloned into pENTR-D-Topo (Invitrogen). A single-site substitution was
introduced using primers pHM1AvrRxo1D193Tfor, gggaaaggttgcgtgaatccaactgtattcaagagtt
cgcttgeg, and pHM1AvrRxo1-D193Trev, cgcaagcgaactcttgaatacagttggattcacgcaacctttece, in a
mutagenic PCR designed according to the manufacturer’s instructions for QuikChange II
Site-Directed Mutagenesis Kit (Agilent), to generate pPENTR-D-Topo-pAvrRxo1-D193T.
Mutagenesis was confirmed by sequencing. The SacI-PstI fragment from vector pENTR-D-
Topo-pAvrRxo1-D193T was cloned into pHM1. Inserts of all pHM1 and Gateway constructs
were sequenced to confirm that avrRxoI-containing inserts were identical except for the single
site mutations. pHM1 constructs were introduced into X. oryzae strain X11-5A by electropora-
tion as previously described [7], and into MAI10 by triparental mating as previously described
[46]. For Agrobacterium-mediated transient assays, entry vector pPENTR-D-Topo clones carry-
ing wild type avrRxol, avrRx01-D193T and avrRxo1-T167N [8] were used for recombination
of the desired inserts into the Gateway compatible destination vector pPEARLEYGATE 201
[47] using LR clonase according to manufacturer’s instructions (Invitrogen, Carlsbad, CA).
The plasmids were transformed into A. tumefaciens via electroporation. For inducible expres-
sion in yeast, the Gateway destination vector pESC-Trp-DEST was constructed by cloning

the Sall fragment of destination cassette C.1 (Gateway Vector Conversion System, Thermo-
Fischer Scientific) into the MCS2 of pESC-TRP (Agilent). Wild type avrRxo1, avrRxo1-T167N,
and avrRxo1-D193T were recombined into pESC-Trp-DEST vector from the corresponding
PENTR-D-Topo clones [8] via LR clonase reactions; the incorporated stop codon prevents
expression of the C-terminal Myc tag. The plasmids were transformed into yeast using the Fro-
zen-EZ Yeast Transformation Kit (Zymo Research, Irvine, CA) according to manufacturer’s
instructions.

Estimation of the threshold E. coli cell density resistant to AvrRxo1
toxicity

Freshly streaked strains of E. coli transformed with IPTG inducible plasmid pDEST527 carry-
ing wild type 6xHis-avrRxo1, 6xHis-avrRxo1-T167N, 6xHis-avrRxo1-D193T and the pDESTcv
plasmid were grown for 4 h. Exponentially growing cells were diluted to ODgp 0.2 and then
2-fold serial dilutions were spotted onto LB agar plates with and without the inducer 1 mM
IPTG. Colonies were photographed after 24 h incubation at 37° C.

Detection of avrRxo1-induced toxicity in S. cerevisiae

Freshly streaked strains of S. cerevisiae transformed with pESC-TRP-DEST vectors carrying
wild type avrRxol, avrRxo1-D193T or avrRxo1-T167N were grown overnight in media con-
taining 2% glucose. Exponentially growing cultures were serially diluted and spotted on SD
agar plates containing galactose/raffinose (2%/1%).
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Protein expression in E. coliand S. cerevisiae

Overnight cultures of E. coli transformed with pDEST527-derived plasmids were suspended to
ODgg 0.2 and expression was induced by addition of 1 mM IPTG. At 6 hpi, cells were har-
vested and washed thrice with sterile ice cold HPLC grade water. Cell pellets were frozen in liq-
uid nitrogen and stored at -80° C prior to analysis.

For protein expression in yeast, cultures of Saccharomyces cerevisiae transformed with
pESC-TRP-DEST vectors carrying wild type avrRxo1, avrRxo1-D193T or pESC-TRP alone
were grown in SD media containing 2% glucose for 3 days. Cultures were washed, resuspended
in SD media containing 2% galactose and adjusted to ODgg 0.5. At 6 hpi in galactose-contain-
ing media, cells were harvested and washed thrice in sterile ice cold HPLC grade water. Cell
pellets were snap-frozen and stored at -80° C until further use.

Purification of polyhistidine-tagged proteins

Overnight cultures of E. coli transformed with pDEST527-AvrRxol and pDEST527-AvrR-
x01-D193T were diluted 1:100 with LB medium and grown at 30° C. When the culture density
reached ODygq 0.4, expression was induced by addition of 1 mM IPTG. After 5 h, cells were
harvested, resuspended in TBS (Tris buffered Saline, pH 7.2), lysed by sonication and incu-
bated in bacterial protein extraction reagent (ThermoFisher Scientific, Rockford, IL). for 30
min before centrifugation of pellet. Proteins were purified using HisPur Colbalt Resin (Ther-
moFisher Scientific, Rockford, IL) according to manufacturer’s instructions and eluted in TBS
with 0.3 M imidazole. Samples were desalted using Zeba Spin Desalting columns, 7K MWCO
(ThermoFisher Scientific, Rockford, IL) according to manufacturer’s instructions, and eluted
in water. Purified proteins were stored at -80° C until further use.

In vitro NAD kinase assay

The in vitro NAD kinase assay was performed according to Kornberg et al. [48], with modifica-
tions. Briefly, a reaction mixture comprising of purified 6xHis-AvrRxol or 6xHis-AvrR-
x01-D193T (3 uM), 5 mM NAD", 5 mM ATP, 10 mM MgCl,, 100 mM Tris-HCl (pH 7.5) was
incubated for 1.5 h or overnight at 29° C. The samples were snap-frozen and stored at -80° C
until further use.

A. tumefaciens-mediated transient expression

A. tumefaciens strain GV2260 was used for transient expression in N. benthamiana. A. tumefa-
ciens strains carrying different constructs were re-suspended in Agro-infiltration buffer

(IM MgCl,, 1 M MES, and 200 uM acetosyringone) to ODgg, 0.8. Leaves of 4-5-week old N.
benthamiana were infiltrated using a needleless syringe on the abaxial surface and the plants
were incubated in 16 h daylight. For LC-MS based metabolic profiling, leaf discs were collected
36 hpi, macerated in liquid nitrogen and stored at -80° C until further use. For recording of
watersoaking, photographs were taken 50 hpi.

Inoculation of rice leaves with Xanthomonas oryzae pv. oryzicola

Leaves of 6-week-old Oryza sativa ssp. Japonica cv. Kitaake were inoculated with cell suspen-
sions of X. oryzae pv. oryzicola strains (ODggo 0.2) prepared in water from a 48- to 72-h-old
PSA plate cultures. The inoculations were done by infiltration of the suspensions on the abax-
ial leaf surface using a needleless syringe. For LC-MS based metabolic profiling, leaf discs were
collected 12, 24, 48 hpi, macerated in liquid nitrogen and stored at -80p C until further use.
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Induction of Rxo1-mediated HR response in rice

Four-week-old transgenic rice plants (cv. Kitaake) expressing Rxol [6] were grown in a growth
chamber, and fully-expanded leaves were inoculated with 10°® cfu/mL X. oryzae strain X11-5A
carrying pHM1, pHM1-AvrRxol, pHM1-AvrRxo1-T167N, or pHM1-AvrRxo1-D193T by leaf
infiltration using needleless syringe as described by [6]. Inoculation sites were photographed
at 5 days post infiltration.

Metabolite extraction

For samples from E. coli and S. cerevisiae expressing avrRxol or avrRxo1-D193T, 500 pL of
MTBE solution (2:3 75% methanol: methyl tert-butyl ether v:v) was added to cell pellets, fol-
lowed by 90 min of sonication at room temperature. 125 pL of H,0 was added to induce phase
separation, followed by 5 min of vortexing. After centrifugation at 2095 x g for 15 min at4° C,
the bottom aqueous phase was removed and analyzed by LC-MS.

For in vitro kinase assay reaction mixtures and infiltrated N. benthamiana leaf disc samples,
500 uL MTBE solution was added followed by 30 min of sonication, 30 min vortexing, and
again 30 min of sonication at room temperature. 300 pL of H,0 was added to induce phase
separation followed by 15 min vortexing. After centrifugation at 2095 x g for 15 min at4° C,
the bottom, aqueous phase was removed, dried down under a gentle stream of nitrogen, resus-
pended in 150 L of 40% methanol and then analyzed by LC-MS.

For inoculated rice leaf samples, 1000 uL MTBE solution was added to each sample fol-
lowed by 90 min of sonication at room temperature. 250 pL of H,0 was added to induce phase
separation followed by 5 min of vortexing. After centrifugation at 2095 x g for 15 min at 4° C,
the bottom aqueous phase was removed and analyzed by LC-MS.

LC-MS

Liquid chromatography coupled to mass spectrometry (LC-MS) was performed on a Waters
Acquity UPLC system coupled to a Waters Xevo G2 time-of-flight (TOF) mass spectrometer
(MS) for untargeted metabolomics analysis. For high resolution ms/ms experiments, a Waters
Q-TOF MS was used to selectively fragment the parent ion of interest. A ZIC-pHILIC station-
ary phase (Merck Millipore, 150 x 2.1 mm, 5 uM) was used for the separation of polar metabo-
lites. Mobile phase A was H,0 with 10 mM NH,HCOj; adjusted to pH 9.6 with NH,OH and
mobile phase B was acetonitrile. Flow rate was 270 pL/min and the column was held at 50° C.
Injection volume was 2 pL. The gradient was as follows: 0 min 90% B, 1.5 min 90% B, 8.5 min
62% B, 11 min 40% B. The column was washed at 150 pL/min with 5% B for 1 min, then equili-
brated at starting conditions with 7.3 column volumes of solvent.

For experiments performed on the TOF-MS, source and desolvation temperatures were at
150° C and 350° C, respectively. Desolvation gas flow was 850 L/hr. The MS was operated in full
scan mode with an m/z range of 50-1200. Capillary voltage in negative ion mode was 2.2 kV.

For experiments performed on the QQQ-MS, source and desolvation temperatures were at
150° C and 500° C respectively. Desolvation, cone, collision, and nebuliser gas flows were 1000
L/hr, 150 L/hr, 0.2 mL/min, and 7 Bar, respectively. The MS was operated in selected reaction
monitoring mode. 2’- and 3>-NADP have a precursor ion of 744.08 and product ions of 604
(collision energy = 20) and 136 (CE = 35). Capillary voltage in positive ion mode was 3.1 kV.

Detection of flg22-triggered oxidative burst in N. benthamiana

Detection of the flg22-based oxidative burst was performed using a luminol-HRP-based
chemiluminescence assay. 24 h after infiltration of N. benthamiana leaves with A. tumefaciens,
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leaf discs (5 mm diameter) were collected and incubated overnight in H,O. Per measurement,
two leaf discs were removed from H,O and transferred into cuvette containing 300 uL assay
solution (20 mM luminol, 1 pg/ml horseradish peroxidase and 100 nM flg22 (EZBiolab, Car-
mel, IN, USA) or H,0 (mock)). Luminescence was measured over a period of 30-40 min
using an FB12 single tube Luminometer (Berthold Detection Systems GmbH, Pforzheim,
Germany).

Measurement of menadione generated intracellular oxidation levels in
Saccharomyces cerevisiae

The oxidant-sensitive probe H,DCFDA (ThermoFisher Scientific) was used to determine the
intracellular levels of ROS generated in yeast cells after treatment with menadione. Yeast cells
were grown overnight in media containing glucose. They were then washed and diluted in SD
media containing galactose/ raffinose for induction of expression. Exponentially growing cells
were harvested at ODg 0.8, washed and resuspended in 10 mm potassium buffer (6.15 mM
K,HPO,, 3.85 mM KH,PO,, pH 7.0) followed by incubation for 30 min in the same buffer
with 10 uM of H,DCFDA. After 60 min exposure to 8 mM menadione, cells were washed and
resuspended in distilled water and disrupted using glass beads. Fluorescence of the cell lysate
was measured at Agx = 490 nm and Agy = 519 nm using Synergy HI microplate reader (Bio-
tek). The values were further normalized by protein concentration.

Production of anti-AvrRxo1 polyclonal antibody

A DNA fragment containing AvrRxol (65-421aa) was amplified from the genomic DNA

of Xanthomonas oryzae pv. oryzicola strain BLS256, and cloned into the protein expression
vector pGEX4T-1 (GE Healthcare Bio-Sciences, Pittsburgh, PA). To facilitate the removal of
GST tag, a TEV protease cleavage site was inserted between the GST and targeted protein. The
GST-AvrRxol (65-421aa) fusion protein was expressed in E. coli and purified as previously
described [8]. The GST tag was removed by cleavage with ACTEV (ThermoFisher Scientific,
Waltham, MA) and separated on PAGE. The protein band corresponding to AvrRxol (65-
421aa) was used to generate anti-rabbit polyclonal antibodies (Cocalico Biologicals, Inc.,
Reamstown, PA).

Immunoblot analysis

To confirm expression of AvrRxol and derivatives in X11-5A, leaves of six-week-old O. sativa
cv. Kitaake plants were inoculated with cell suspensions of X. oryzae pv. oryzicola strains as
described above. Inoculated 3-cm leaf sections were collected at 48h, homogenized in liquid
nitrogen, and then ground in 100 uL crude extraction buffer (50 mM Tris-HCI, pH 7.5, 2%
SDS, 10 mM DTT, and 1 mM PMSE). Lysates were mixed 4:1 with urea-amended SDS loading
dye, for a final concentration of 1 M urea. Roughly 50 ug of total protein sample was separated
on 10% SDS/PAGE gel and transferred to a PVDF membrane or stained with GelCode Blue
Stain Reagent (ThermoFisher Scientific, Rockford, IL). Immunodetection was performed in a
1:3000 dilution anti-AvrRxol polyclonal antibody, followed by a 1:5000 dilution of goat anti-
rabbit IgG-HRP conjugate. Commercial antibodies were obtained from ThermoFisher Scien-
tific (Rockford, IL). The blot was incubated with ECL Plus Western blotting detection reagents
(GE Healthcare, Amersham) following the manufacturer’s instructions, and blot was devel-
oped for two minutes on autoradiography film.

To confirm expression of AvrRxol in transient expression experiments, N. benthamiana
leaf disks were collected at 42 hours after infiltration with Agrobacterium strains for transient
expression of HA-AvrRxol, HA-AvrRx01(D193T) and HA-AvrRxo1(T167N); this is after
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initial appearance of watersoaking in the HA-AvrRxol treatment but prior to total leaf tissue
collapse. Lysis and separation was performed using the protocol above. Immunodetection was
performed in a 1:1000 dilution mouse anti-HA primary antibody followed by a 1:3000 dilution
of goat anti-mouse IgG-HRP conjugate. Blot developing was performed as described above
except that the blot was visualized under a Chemi-Doc-It 2 chemiluminescence imager (UVP,
Upland, CA).

Supporting information

S1 Fig. Analysis of catalytic site derivative expression in N. benthamiana post transient
expression. (A) Western blot analysis of HA-AvrRxo1 and catalytic site mutants HA-AvrR-
x01-D193T and HA-AvrRxo1-T167N after transient expression in N. benthamiana. Leaf sam-
ples were collected 50 hpi, the time point used in Fig 1C; no expression of any treatment was
detected in samples collected at 36 h, the time point used for detection in Fig 3. Blot was
imaged using a luminescence-detecting camera. (B) In-gel detection of Rubisco observed from
the same protein extracts using Coomassie staining.

(EPS)

S2 Fig. Analysis of catalytic site derivative expression in rice tissues after inoculation with
AvrRxol-expressing derivatives of Xoo strain X11-5A. (A) Western blot analysis of AvrRxol
in tissues of rice cv. Kitaake after inoculation with X11-5A (pHM1-AvrRxol), X11-5A
(pHM1-AvrRx01-D193T), X11-5A (pHM1-AvrRx01-T167N), and X11-5A (pHM1). (B) In-
gel detection of Rubisco observed from the same protein extracts using Coomassie staining.
(EPS)

S3 Fig. Identification of metabolic changes in E. coli cultures expressing AvrRxol. Hierar-
chical clustering analysis summarizing relative changes in abundance of 79 annotated metabo-
lites obtained upon LC-MS analysis of IPTG-induced E. coli carrying pDESTcv, pDEST-
AvrRxol or pDEST-AvrRx01-D193T (n = 3).

(EPS)

$4 Fig. Identification of metabolic changes in S. cerevisiae cultures expressing AvrRxol.
Hierarchical clustering analysis summarizing relative changes in abundance of 79 annotated
metabolites obtained upon LC-MS analysis of S. cerevisiae cultures carrying the vector
pESC-TRP, pESC-TRP-DEST-AvrRxol (WT) or pESC-TRP-DEST-AvrRx01-D193T in
inducing media (n = 3, n = 2 for WT)

(EPS)

S5 Fig. Identification of the AvrRxo1-dependent compound. (A-B) TOF-MS/MS-generated
spectra of NADP from lysates of E. coli transformed with pDESTcv (A) or expressing 6xHis-
AvrRxo1 spiked with NADP (B). (C-D) Mass spectra from the AvrRxol-dependent peak (C)
was a spectral match to that of NADP (D).

(EPS)

S6 Fig. Confirmation of identity of the AvrRxol-dependent compound. (A-B) Mass spectra
of the suspected 3’-NADP signal in AvrRxol-expressing bacteria (A) and that of a synthetic 3’-
NADP standard (B).

(EPS)

S7 Fig. Purified 6xHis-AvrRxol, but not AvrRx01-D193T, phosphorylates NAD in vitro.
(A) Eluate of 6xHis-AvrRxol and AvrRxo1-D193T purification. The middle three lanes show
a co-purification with Arcl, not relevant to this study. (B-D) LC-MS/MS analysis of NADP in
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a neat solution containing synthetic NADP and 3’~-NADP standards (overlaid chromatograms)
(B), and in vitro kinase assays using purified 6xHis-AvrRxol (C) or 6xHis-AvrRxoI-D193T
(D) incubated overnight in buffer with ATP and NAD.

(EPS)

S8 Fig. 3>-NADP can be detected in rice leaves after inoculation with MAI10 (pHM1-
AvrRxol) but not with MAI10 or MAI10 (pHM1). (A) LC-MS/MS analysis of NADP species
from rice leaves 48h after inoculation with the avrRxol-negative strain X. oryzae pv. oryzicola
MAI10, MAI10 (pHM1), and MAI10 (pHM1-AvrRxol). (B) Relative peak areas at the position
of the 3’-NADP commercial standard for four replicate samples inoculated with MAI10,
MAI10 (pHM1), and MAI10 (pHM1-AvrRxol).

(EPS)

S9 Fig. Rice leaves inoculated with an AvrRxo1- producing Xoc strain accumulate 3’-
NADP within 12h. (A-F) LC-MS/MS analysis of NADP species from rice leaves 12 and 24 h
after infiltration with water (A, B), the avrRxol-negative strain X. oryzae pv. oryzicola MAI10
(C, D), and the avrRxo1-positive strain BLS256 (E, F).

(EPS)

S1 File. Normalized abundance of 79 annotated metabolites in bacteria, yeast, and rice
metabolomic studies. Boxplots representing the range and standard deviation of the normal-
ized abundance of 79 metabolites upon expression of AvrRxol, AvrRxo1-D193T, or control in
E. coli (ecoli) and S. cerevisiae (yeast), and 48h after infection of rice cv. Kitaake with X. oryzae
strain X11-5A expressing avrRxol or carrying an empty vector (rice). “BV” denotes pDESTcv
in E. coli, pESC-TRP in yeast, and pHM1 in rice. “WT” denotes the AvrRxol treatment, and
the D193T treatment is here labeled as “D143T” (n = 3 except for the WT treatment in S. cere-
visiae, for which n = 2). Anova p-values by species and treatment are shown at the top left,
with significant values highlighted in red.

(PDF)

Acknowledgments

We thank Changhe Zhao and Jianyong Li for AvrRxo1 antibody development, and Regan
Huntley for technical assistance. Nicole K. Clay provided material assistance and advice.

Author Contributions
Conceptualization: LRT CDB TS.
Data curation: CDB JSK TS.
Formal analysis: CDB JSK TS.
Funding acquisition: LRT JEL.
Investigation: TS JSK CDB JJL JM LRT.
Methodology: TS JSK CDB LRT.
Project administration: LRT.
Resources: JM BZ.

Supervision: LRT CDB.
Visualization: TS CDB.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006442 June 19,2017 19/22


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006442.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006442.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006442.s010
https://doi.org/10.1371/journal.ppat.1006442

@’PLOS | PATHOGENS

AvrRxo1 phosphorylates NAD

Writing - original draft: TS CDB LRT.

Writing - review & editing: T'S JSK CDB JJL BZ JEL LRT.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Jones JD, Dangl JL. The plantimmune system. Nature. 2006; 444(7117):323-9. https://doi.org/10.
1038/nature05286 PMID: 17108957

Galan JE. Common themes in the design and function of bacterial effectors. Cell Host Microbe. 2009; 5
(6):571-9. https://doi.org/10.1016/j.chom.2009.04.008 PMID: 19527884

Fujiwara S, Kawazoe T, Ohnishi K, Kitagawa T, Popa C, Valls M, et al. RipAY, a plant pathogen effector
protein, exhibits robust y-glutamyl cyclotransferase activity when stimulated by eukaryotic thioredoxins.
J Biol Chem. 2016; 291(13):6813-30. https://doi.org/10.1074/jbc.M115.678953 PMID: 26823466

Poueymiro M, Cazale AC, Francois JM, Parrou JL, Peeters N, Genin S. A Ralstonia solanacearum type
1l effector directs the production of the plant signal metabolite trehalose-6-phosphate. MBio. 2014; 5(6).

Triplett LR, Shidore T, Long J, Miao J, Wu S, Han Q, et al. AvrRxo1 is a bifunctional type Ill secreted
effector and toxin-antitoxin system component with homologs in diverse environmental contexts. PLoS
One. 2016; 11(7):e0158856. https://doi.org/10.1371/journal.pone.0158856 PMID: 27391081

Zhao B, Lin X, Poland J, Trick H, Leach J, Hulbert S. A maize resistance gene functions against bacte-
rial streak disease in rice. Proc Natl Acad Sci U S A. 2005; 102(43):15383-8. https://doi.org/10.1073/
pnas.0503023102 PMID: 16230639

Zhao B, Ardales EY, Raymundo A, Bai J, Trick HN, Leach JE, et al. The avrRxo1 gene from the rice
pathogen Xanthomonas oryzae pv. oryzicola confers a nonhost defense reaction on maize with resis-
tance gene Rxo1. Mol Plant Microbe Interact. 2004; 17(7):771-9. https://doi.org/10.1094/MPMI|.2004.
17.7.771 PMID: 15242171

Han Q, Zhou C, Wu S, Liu Y, Triplett L, Miao J, et al. Crystal structure of Xanthomonas AvrRxo1-ORF1,
a type Il effector with a polynucleotide kinase domain, and its interactor AvrRxo1-ORF2. Structure.
2015; 23(10):1900-9. https://doi.org/10.1016/.str.2015.06.030 PMID: 26344722

LiuH, Chang Q, Feng W, Zhang B, Wu T, Li N, et al. Domain dissection of AvrRxo1 for suppressor,
avirulence and cytotoxicity functions. PLoS One. 2014; 9(12):e113875. https://doi.org/10.1371/journal.
pone.0113875 PMID: 25437277

Wang LK, Lima CD, Shuman S. Structure and mechanism of T4 polynucleotide kinase: an RNA repair
enzyme. EMBO J. 2002; 21:3873-80. https://doi.org/10.1093/emboj/cdf397 PMID: 12110598

Meinhart A, Alonso JC, Strater N, Saenger W. Crystal structure of the plasmid maintenance system
epsilon/zeta: functional mechanism of toxin zeta and inactivation by epsilon 2 zeta 2 complex formation.
Proc Natl Acad Sci U S A. 2003; 100(4):1661-6. https://doi.org/10.1073/pnas.0434325100 PMID:
12571357

Schuster CF, Bertram R. Toxin-antitoxin systems are ubiquitous and versatile modulators of prokaryotic
cell fate. FEMS Microbiol Lett. 2013; 340(2):73-85. https://doi.org/10.1111/1574-6968.12074 PMID:
23289536

Salomon D, Dar D, Sreeramulu S, Sessa G. Expression of Xanthomonas campestris pv. vesicatoria
type lll effectors in yeast affects cell growth and viability. Mol Plant Microbe Interact. 2011; 24(3):305—
14. https://doi.org/10.1094/MPMI-09-10-0196 PMID: 21062109

Bernstein NK, Karimi-Busheri F, Rasouli-Nia A, Mani R, Dianov G, Glover JN, et al. Polynucleotide
kinase as a potential target for enhancing cytotoxicity by ionizing radiation and topoisomerase | inhibi-
tors. Anticancer Agents Med Chem. 2008; 8(4):358—67. PMID: 18473721

Mutschler H, Gebhardt M, Shoeman RL, Meinhart A. A Novel Mechanism of Programmed Cell Death in
Bacteria by Toxin—Antitoxin Systems Corrupts Peptidoglycan Synthesis. PLOS Biology. 2011; 9(3):
€10010383. https://doi.org/10.1371/journal.pbio.1001033 PMID: 21445328

Schuebel F, Rocker A, Edelmann D, Schessner J, Brieke C, Meinhart A. 3'-NADP and 3'-NAADP—Two
metabolites formed by the bacterial type I effector AvrRxo1. J Biol Chem. 2016.

Gonzalez C, Szurek B, Manceau C, Mathieu T, Sere Y, Verdier V. Molecular and pathotypic characteri-
zation of new Xanthomonas oryzae strains from West Africa. Molecular Plant-Microbe Interactions.
2007; 20:534—46. https://doi.org/10.1094/MPMI-20-5-0534 PMID: 17506331

Triplett LR, Hamilton JP, Buell CR, Tisserat NA, Verdier V, Zink F, et al. Genomic analysis of Xanthomo-
nas oryzae isolates from rice grown in the United States reveals substantial divergence from known X.
oryzae pathovars. Applied and Environmental Microbiology. 2011; 77(12):3930-7. https://doi.org/10.
1128/AEM.00028-11 PMID: 21515727

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006442 June 19,2017 20/22


https://doi.org/10.1038/nature05286
https://doi.org/10.1038/nature05286
http://www.ncbi.nlm.nih.gov/pubmed/17108957
https://doi.org/10.1016/j.chom.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19527884
https://doi.org/10.1074/jbc.M115.678953
http://www.ncbi.nlm.nih.gov/pubmed/26823466
https://doi.org/10.1371/journal.pone.0158856
http://www.ncbi.nlm.nih.gov/pubmed/27391081
https://doi.org/10.1073/pnas.0503023102
https://doi.org/10.1073/pnas.0503023102
http://www.ncbi.nlm.nih.gov/pubmed/16230639
https://doi.org/10.1094/MPMI.2004.17.7.771
https://doi.org/10.1094/MPMI.2004.17.7.771
http://www.ncbi.nlm.nih.gov/pubmed/15242171
https://doi.org/10.1016/j.str.2015.06.030
http://www.ncbi.nlm.nih.gov/pubmed/26344722
https://doi.org/10.1371/journal.pone.0113875
https://doi.org/10.1371/journal.pone.0113875
http://www.ncbi.nlm.nih.gov/pubmed/25437277
https://doi.org/10.1093/emboj/cdf397
http://www.ncbi.nlm.nih.gov/pubmed/12110598
https://doi.org/10.1073/pnas.0434325100
http://www.ncbi.nlm.nih.gov/pubmed/12571357
https://doi.org/10.1111/1574-6968.12074
http://www.ncbi.nlm.nih.gov/pubmed/23289536
https://doi.org/10.1094/MPMI-09-10-0196
http://www.ncbi.nlm.nih.gov/pubmed/21062109
http://www.ncbi.nlm.nih.gov/pubmed/18473721
https://doi.org/10.1371/journal.pbio.1001033
http://www.ncbi.nlm.nih.gov/pubmed/21445328
https://doi.org/10.1094/MPMI-20-5-0534
http://www.ncbi.nlm.nih.gov/pubmed/17506331
https://doi.org/10.1128/AEM.00028-11
https://doi.org/10.1128/AEM.00028-11
http://www.ncbi.nlm.nih.gov/pubmed/21515727
https://doi.org/10.1371/journal.ppat.1006442

@’PLOS | PATHOGENS

AvrRxo1 phosphorylates NAD

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wonni |, Cottyn B, Detemmerman L, Dao S, Ouedraogo L, Sarra S, et al. Analysis of Xanthomonas ory-
zae pv. oryzicola population in Mali and Burkina Faso reveals a high level of genetic and pathogenic
diversity. Phytopathology. 2014.

Zhao B, Ardales E, Raymundo A, Bai J, Trick HN, Leach JE, et al. The avrRxo1 gene from the rice path-
ogen Xanthomonas oryzae pv. oryzicola confers a nonhost defense reaction on maize with resistance
gene Rxo1. Molecular Plant-Microbe Interactions. 2004; 17:771-9. https://doi.org/10.1094/MPMI.2004.
17.7.771 PMID: 15242171

Wang LK, Shuman S. Domain structure and mutational analysis of T4 polynucleotide kinase. J Biol
Chem. 2001; 276(29):26868—74. https://doi.org/10.1074/jbc.M103663200 PMID: 11335730

Popov G, Fraiture M, Brunner F, Sessa G. Multiple Xanthomonas euvesicatoria type lll effectors inhibit
flg22-triggered immunity. Mol Plant Microbe Interact. 2016; 29(8):651-60. https://doi.org/10.1094/
MPMI-07-16-0137-R PMID: 27529660

Shapiguzov A, Vainonen JP, Wrzaczek M, Kangasjarvi J. ROS-talk—how the apoplast, the chloroplast,
and the nucleus get the message through. Front Plant Sci. 2012; 3:292. https://doi.org/10.3389/fpls.
2012.00292 PMID: 23293644

Petriacq P, de Bont L, Tcherkez G, Gakiere B. NAD: not just a pawn on the board of plant-pathogen
interactions. Plant Signal Behav. 2013; 8(1):e22477. https://doi.org/10.4161/psb.22477 PMID:
23104110

Petriacq P, Ton J, Patrit O, Tcherkez G, Gakiere B. NAD acts as an integral regulator of multiple
defense layers. Plant Physiol. 2016; 172(3):1465-79. https://doi.org/10.1104/pp.16.00780 PMID:
27621425

Herrero E, Ros J, Belli G, Cabiscol E. Redox control and oxidative stress in yeast cells. Biochim Biophys
Acta. 2008; 1780(11):1217-35. https://doi.org/10.1016/j.bbagen.2007.12.004 PMID: 18178164

Ghosh J, Anderson PJ, Chandrasekaran S, Caparon MG. Characterization of Streptococcus pyogenes
beta-NAD+ glycohydrolase: re-evaluation of enzymatic properties associated with pathogenesis. J Biol
Chem. 2010; 285(8):5683—94. https://doi.org/10.1074/jbc.M109.070300 PMID: 20018886

Whitney JC, Quentin D, Sawai S, LeRoux M, Harding BN, Ledvina HE, et al. An interbacterial NAD(P)
(+) glycohydrolase toxin requires elongation factor Tu for delivery to target cells. Cell. 2015; 163
(3):607—-19. https://doi.org/10.1016/j.cell.2015.09.027 PMID: 26456113

Rojas CM, Senthil-Kumar M, Tzin V, Mysore KS. Regulation of primary plant metabolism during plant-
pathogen interactions and its contribution to plant defense. Front Plant Sci. 2014; 5:17. https://doi.org/
10.3389/fpls.2014.00017 PMID: 24575102

Olive AJ, Sassetti CM. Metabolic crosstalk between host and pathogen: sensing, adapting and compet-
ing. Nat Rev Microbiol. 2016; 14(4):221-34. https://doi.org/10.1038/nrmicro.2016.12 PMID: 26949049

Mutschler H, Meinhart A. €/ systems: their role in resistance, virulence, and their potential for antibiotic
development. J Mol Med (Berl). 2011; 89(12):1183-94.

Shuster L, Kaplan NO. The preparation and properties of 3'-triphosphopyridine nucleotide. J Biol Chem.
1955; 215(1):183-94. PMID: 14392153

Hoek JB, Rydstrom J, Hojeberg B. Comparative studies on nicotinamide nucleotide transhydrogenase
from different sources. Biochim Biophys Acta. 1974; 333(2):237-45. PMID: 19400036

Rydstrom J. Site-specific inhibitors of mitochondrial nicotinamide-nucleotide transhydrogenase. Eur J
Biochem. 1972; 31(3):496-504. PMID: 4405493

Rutter WJ, Lardy HA. Purification and properties of pigeon liver malic enzyme. J Biol Chem. 1958; 233
(2):374-82. PMID: 13563505

Hashida S-n, Itami T, Takahara K, Hirabayashi T, Uchimiya H, Kawai-Yamada M. Increased Rate of
NAD Metabolism Shortens Plant Longevity by Accelerating Developmental Senescence in Arabidopsis.
Plant and Cell Physiology. 2016.

Takahashi H, Takahara K, Hashida SN, Hirabayashi T, Fujimori T, Kawai-Yamada M, et al. Pleiotropic
modulation of carbon and nitrogen metabolism in Arabidopsis plants overexpressing the NAD kinase2
gene. Plant Physiol. 2009; 151(1):100-13. https://doi.org/10.1104/pp.109.140665 PMID: 19587098

Tan B, Young DA, Lu ZH, Wang T, Meier Tl, Shepard RL, et al. Pharmacological inhibition of nicotin-
amide phosphoribosyltransferase (NAMPT), an enzyme essential for NAD+ biosynthesis, in human

cancer cells: metabolic basis and potential clinical implications. J Biol Chem. 2013; 288(5):3500—-11.
https://doi.org/10.1074/jbc.M112.394510 PMID: 23239881

Bhute VJ, Palecek SP. Metabolic responses induced by DNA damage and poly (ADP-ribose) polymer-
ase (PARP) inhibition in MCF-7 cells. Metabolomics. 2015; 11(6):1779-91. https://doi.org/10.1007/
$11306-015-0831-6 PMID: 26478723

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006442 June 19,2017 21/22


https://doi.org/10.1094/MPMI.2004.17.7.771
https://doi.org/10.1094/MPMI.2004.17.7.771
http://www.ncbi.nlm.nih.gov/pubmed/15242171
https://doi.org/10.1074/jbc.M103663200
http://www.ncbi.nlm.nih.gov/pubmed/11335730
https://doi.org/10.1094/MPMI-07-16-0137-R
https://doi.org/10.1094/MPMI-07-16-0137-R
http://www.ncbi.nlm.nih.gov/pubmed/27529660
https://doi.org/10.3389/fpls.2012.00292
https://doi.org/10.3389/fpls.2012.00292
http://www.ncbi.nlm.nih.gov/pubmed/23293644
https://doi.org/10.4161/psb.22477
http://www.ncbi.nlm.nih.gov/pubmed/23104110
https://doi.org/10.1104/pp.16.00780
http://www.ncbi.nlm.nih.gov/pubmed/27621425
https://doi.org/10.1016/j.bbagen.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18178164
https://doi.org/10.1074/jbc.M109.070300
http://www.ncbi.nlm.nih.gov/pubmed/20018886
https://doi.org/10.1016/j.cell.2015.09.027
http://www.ncbi.nlm.nih.gov/pubmed/26456113
https://doi.org/10.3389/fpls.2014.00017
https://doi.org/10.3389/fpls.2014.00017
http://www.ncbi.nlm.nih.gov/pubmed/24575102
https://doi.org/10.1038/nrmicro.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/26949049
http://www.ncbi.nlm.nih.gov/pubmed/14392153
http://www.ncbi.nlm.nih.gov/pubmed/19400036
http://www.ncbi.nlm.nih.gov/pubmed/4405493
http://www.ncbi.nlm.nih.gov/pubmed/13563505
https://doi.org/10.1104/pp.109.140665
http://www.ncbi.nlm.nih.gov/pubmed/19587098
https://doi.org/10.1074/jbc.M112.394510
http://www.ncbi.nlm.nih.gov/pubmed/23239881
https://doi.org/10.1007/s11306-015-0831-6
https://doi.org/10.1007/s11306-015-0831-6
http://www.ncbi.nlm.nih.gov/pubmed/26478723
https://doi.org/10.1371/journal.ppat.1006442

@’PLOS | PATHOGENS

AvrRxo1 phosphorylates NAD

40.

M.

42,

43.

44.

45.

46.

47.

48.

Berri SJ, Bennett GN, San K-Y. Metabolic engineering of Escherichia coli: increase of NADH availability
by overexpressing an NAD+-dependent formate dehydrogenase. Metabolic engineering. 2002; 4
(3):217—29. PMID: 12616691

Cambronne XA, Stewart ML, Kim D, Jones-Brunette AM, Morgan RK, Farrens DL, et al. Biosensor
reveals multiple sources for mitochondrial NAD(+). Science. 2016; 352(6292):1474—7. https://doi.org/
10.1126/science.aad5168 PMID: 27313049

Di Stefano M, Conforti L. Diversification of NAD biological role: the importance of location. FEBS J.
2013; 280(19):4711-28. https://doi.org/10.1111/febs.12433 PMID: 23848828

Macho AP, Boutrot F, Rathjen JP, Zipfel C. Aspartate oxidase plays an important role in Arabidopsis
stomatal immunity. Plant Physiol. 2012; 159(4):1845-56. https://doi.org/10.1104/pp.112.199810 PMID:
22730426

Spampinato CP, Paneth P, O’Leary MH, Andreo CS. Analogues of NADP(+) as inhibitors and coen-
zymes for NADP(+) malic enzyme from maize leaves. Photosynth Res. 1991; 28(2):69-76. https://doi.
org/10.1007/BF00033716 PMID: 24414860

Singh R, Dangol S, Chen Y, Choi J, Cho YS, Lee JE, et al. Magnaporthe oryzae effector AVR-Pii helps

to establish compatibility by inhibition of the rice NADP-malic enzyme resulting in disruption of oxidative
burst and host innate immunity. Mol Cells. 2016; 39(5):426—-38. https://doi.org/10.14348/molcells.2016.
0094 PMID: 27126515

Streubel J, Pesce C, Hutin M, Koebnik R, Boch J, Szurek B. Five phylogenetically close rice SWEET
genes confer TAL effector-mediated susceptibility to Xanthomonas oryzae pv. oryzae. New Phytologist.
2013; 200(3):808-19. https://doi.org/10.1111/nph.12411 PMID: 23879865

Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, et al. Gateway-compatible vectors for
plant functional genomics and proteomics. Plant J. 2006; 45(4):616-29. https://doi.org/10.1111/].1365-
313X.2005.02617.x PMID: 16441352

Kornberg A. Enzymatic synthesis of triphosphopyridine nucleotide. J Biol Chem. 1950; 182(2):805—13.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006442 June 19,2017 22/22


http://www.ncbi.nlm.nih.gov/pubmed/12616691
https://doi.org/10.1126/science.aad5168
https://doi.org/10.1126/science.aad5168
http://www.ncbi.nlm.nih.gov/pubmed/27313049
https://doi.org/10.1111/febs.12433
http://www.ncbi.nlm.nih.gov/pubmed/23848828
https://doi.org/10.1104/pp.112.199810
http://www.ncbi.nlm.nih.gov/pubmed/22730426
https://doi.org/10.1007/BF00033716
https://doi.org/10.1007/BF00033716
http://www.ncbi.nlm.nih.gov/pubmed/24414860
https://doi.org/10.14348/molcells.2016.0094
https://doi.org/10.14348/molcells.2016.0094
http://www.ncbi.nlm.nih.gov/pubmed/27126515
https://doi.org/10.1111/nph.12411
http://www.ncbi.nlm.nih.gov/pubmed/23879865
https://doi.org/10.1111/j.1365-313X.2005.02617.x
https://doi.org/10.1111/j.1365-313X.2005.02617.x
http://www.ncbi.nlm.nih.gov/pubmed/16441352
https://doi.org/10.1371/journal.ppat.1006442

