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ABSTRACT

Reactive oxygen signaling regulates numerous biological processes, including stress responses in plants.
Redox sensors transduce reactive oxygen signals into cellular responses. Here, we present biochemical
evidence that a plant quiescin sulfhydryl oxidase homolog (QSOX1) is a redox sensor that negatively reg-
ulates plant immunity against a bacterial pathogen. The expression level of QSOX1 is inversely correlated
with pathogen-induced reactive oxygen species (ROS) accumulation. Interestingly, QSOX1 both senses
and regulates ROS levels by interactingn with and mediating redox regulation of S-nitrosoglutathione
reductase, which, consistent with previous findings, influences reactive nitrogen-mediated regulation of
ROS generation. Collectively, our data indicate that QSOX1 is a redox sensor that negatively regulates plant
immunity by linking reactive oxygen and reactive nitrogen signaling to limit ROS production.
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INTRODUCTION The ability of cells to regulate both production and elimination of
) ] ROS, as well as to transduce ROS-induced signaling, relies on redox
Reactive oxygen species (ROS) produced constantly as byprod- sensor proteins that are oxidized and reduced reversibly in response

ucts of photosynthesis and aerobic metabolism are also rapidly 15 ROS levels. Several thiol-based redox proteins with low pK,
induced 5'9”3_“”9 moleculgs. ngever, persistently h'gh Ieyels of  values, including protein tyrosine phosphatases (PTSs) and glycer-
ROS damage intracellular biological components leading to inflam- aldehyde-3-phosphate dehydrogenase (GAPDH), have been identi-
matory and degenerative diseases (Wiseman and Halliwell, 1996;  fieq as redox sensors that finely tune the intracellular responses to
Trachootham et al., 2009). Cells must therefore balance the changes in the level of ROS (Veal et al., 2007; Ostman et al., 2011;
transient induction of ROS for cellular responses with restoring  Tyistan et al., 2011; Garcia-Santamarina et al., 2014). Acting as
homeostasis to limit its detrimental effects. Precise control of  qjecylar switches, redox sensors respond to changes in redox
ROS production and scavenging, as well as ROS signaling, rely  potential through oxidative modifications of residues on both
on reversibly oxidized sensor proteins that transduce changes i themselves and client molecules. such as the formation of

redox potential into diverse signaling pathways through oxidative  gisyifide bonds (RSSR), sulfenation (SOH), sulfination (SO,H),
modifications of themselves and client molecules, including a

variety of thiol-based redox proteins (Foyer and Noctor, 2005;

Veal et al., 2007; Garcia-Santamarina et al., 2014; Hillion and Published by the Molecular Plant Shanghai Editorial Office in association with
Antelmann, 2015; Liu and He, 2016). Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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sulfonation (SO3H), S-nitrosylation (RSNO), peroxynitration (R-O
NOO), and glutathionylation (RSSG) (Spadaro et al., 2010). These
post-translational modifications transduce redox-mediated stimuli
into diverse signaling pathways for the regulation of downstream
gene transcription, translation, protein folding and stability, and sub-
cellular localization of biological molecules (Jang et al., 2004).
Redox-regulated oxidation/reduction of regulatory or active site
thiols modifies the activity of various classes of proteins, including
kinases, proteases, transcription factors and co-factors, disulfide
bond family proteins, protein disulfide isomerases (PDIs) and other
oxidoreductases belonging to the thioredoxin (Trx), glutaredoxin,
or peroxiredoxin subfamilies (Vazquez-Torres, 2012; Chae et al.,
2013; Hillion and Antelmann, 2015).

Plants lead a sessile lifestyle during which they encounter
numerous biotic and abiotic stresses. A hallmark response is a
burst of ROS, frequently generated by the respiratory burst
NADPH oxidase homologs (RBOHSs) located in the plant plasma
membrane (Grant and Loake, 2000; Torres et al.,, 2002;
Foreman et al., 2003; Kwak et al., 2003). RBOH-produced ROS
functions prominently in the plant immune system, including
basal defense and effector-triggered immunity (ETI) resulting
from activation of NOD-like receptors (NLRs) that typically have
C-terminal Toll/interleukin-1 (TNL) or coiled-coil (CNL) domains
(Gomez-Gomez and Boller, 2000; Schwessinger and Ronald,
2012; Zipfel, 2014). RBOH-produced ROS regulates defense-
associated cell death, termed the hypersensitive response (HR),
which is frequently induced during ETI (Torres et al., 2002;
Jones and Dangl, 2006; Torres, 2010; Jwa and Hwang, 2017).
Both basal defense and CNL- or TNL-induced ETI result in
elevated levels of salicylic acid (SA), which is part of a feedfor-
ward loop for ROS production (Herrera-Vasquez et al., 2015). In
addition, SA promotes ROS scavenging, at least in part through
increased glutathione levels and reducing power, by a currently
unknown mechanism (Mou et al., 2003; Mateo et al., 2006).
Prominent transcriptional reprogramming associated with SA-
signaling results from redox-mediated changes in the oligomeri-
zation state, subcellular localization, and post-translational modi-
fication of non-expressor of PR1 (NPR1) (Mou et al., 2003; Tada
et al., 2008; Lindermayr et al., 2010). Redox status has also
been implicated in regulating TGA transcription factors, which
functionally associate with NPR1, and jasmonic acid (JA)
signaling, which is often antagonistic to SA signaling (Mur et al.,
2006; Leon-Reyes et al., 2010; Farmer and Mueller, 2013).
While a rapid ROS burst is essential for robust and timely
responses to biotic stress, over- or mis-regulated accumulation
of ROS is detrimental. Plants displaying hybrid incompatibility,
as well as mutant plants identified in genetic screens, such as
those for “constitutive expression of PR1” and “accelerated
cell death,” have elevated levels of ROS and reduced stature,
associated with expression of defense genes and HR-like cell
death (Todesco et al., 2010; Chae et al., 2014; Zhu et al., 2018).
Thus, homeostatic control of ROS levels is critical to effective
plant immunity without inappropriately activated or constitutive
defense responses detrimental to plant growth and productivity
(Chugh et al., 2011).

Identification of novel redox sensors, which regulate global net-
works of diverse metabolic pathways and thus crucial functions
in cellular processes, is of great interest. However, theoretical
predictions based on Cys residues has proven challenging
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(Weerapana et al., 2010). To identify redox sensors in the model
plant Arabidopsis, we searched redox proteins from the http://
www.arabidopsis.org/ database and found a strong candidate
with homology to mammalian quiescin sulfhydryl oxidase
(QSOX), so named for its induction at the quiescent stages of
human fibroblast cells (Thorpe et al., 2002). QSOX contains two
discrete redox-active domains; a PDI-like oxidoreductase with
an active CxxC motif within a Trx-like fold and a sulfhydryl oxi-
dase mitochondrial ERV/ALR-related domain with two CxxC mo-
tifs and a flavin adenine dinucleotide (FAD)-binding motif. The
lower predicted pKj, of the Trx domain, coupled with the capacity
for efficient transfer of electrons via a dithiol/disulfide relay to the
EVR/ALR domain, then to FAD, and ultimately to terminal electron
acceptors, uniquely suits QSOX to sense ROS accumulation and
tune the oxidation state of client substrates during a variety of
biological processes (Thorpe et al., 2002; Alon et al., 2012).
Mammalian QSOX, which regulates protein folding and stability
of matrix proteins by exchanging the intermolecular dithiol/
disulfide bridges of target substrates (llani et al., 2013),
functions in various subcellular organelles, including
extracellular secretory granules, mitochondria, the Golgi
complex, and the endoplasmic reticulum, to regulate oxidative
stress-mediated liver degeneration, neuroblastoma tumorigen-
esis, prevention of angiogenesis, apoptosis, cancer, and degen-
erative diseases (Benayoun et al., 2001; Katchman et al., 2011;
Margittai and Sitia, 2011; Pernodet et al., 2012; Das et al.,
2013; llani et al.,, 2013; Shi et al., 2013; Poillet et al., 2014).
Despite the functional importance of mammalian QSOX
proteins, the limited knowledge about plant QSOX proteins
prompted us to investigate the two homologs of QSOX in
Arabidopsis, AtQSOX1 and AtQSOX2 (Alejandro et al., 2007).

Induced expression following pathogen challenge or exposure to
plant defense hormones focused our efforts on AtQSOX7.
Through knockout and overexpression, we demonstrate that
AtQSOX1 negatively regulates ROS levels following an initial
ROS burst induced during plant immunity. Consistent with this
finding, elimination or overexpression of AtQSOX1 heightens or
dampens, respectively, resistance against both virulent and avir-
ulent pathogens. AtQSOX1, which we demonstrate to possess
oxidoreductase activity, regulates ROS levels, at least in part,
through interacting with and oxidizing AtGSNOR. The AtQ-
SOX1-mediated oxidative inactivation of GSNOR elevates intra-
cellular levels of GSNO, which limits further ROS production
through inhibition of RBOHs (Yun et al., 2011). These results
reveal a mechanism through which plants sense an immune-
associated increase in ROS and subsequently favor restoration
of redox homeostasis via crosstalk with reactive nitrogen
signaling to limit the ongoing production of ROS.

RESULTS

Expression of AtQSOX1 is regulated during plant
immune responses

Based on the hypothesized function of AtQSOX proteins as
redox sensors and the known role of ROS during plant immu-
nity, we tested accumulation of the AtQSOX7 and AtQSOX2
(hereafter QSOX7 and QSOX2) transcripts following a variety
of stresses. Abundance of QSOX7 transcripts, measured by
RT-PCR, were unaffected by cold, heat, and methyl viologen-
induced oxidative stress (Figure 1A). However, unlike QSOX2,
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Figure 1. QSOX1 is involved in plant immune
response.
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cfu/ml Pst DC3000, 2 mM SA, or 100 uM MeJA.
Samples were harvested at the times indicated for
RT-PCR analysis.

(C and D) Quantitative real-time PCR analysis of
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oxidized nearly all of reduced RNase A
during a 2 h incubation, as measured by

H,O

2

SA

QSOX1 was induced by various biotic stresses, including
challenge with the virulent, Gram-negative bacterial pathogen
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000), an
avirulent strain of Pst DC3000 carrying a plasmid expressing
the ETl-eliciting type Il effector AvrRpt2 (Pst DC3000 [avrRpt2]),
as well as the defense hormones SA and methyl jasmonate
(MeJA), which is a precursor to biologically active JA. Because
Pst DC3000, SA, or MeJA had no effect on transcript levels of
QSOX2 (Figure 1B), we conducted a more thorough gRT-PCR
analyses of QSOX7 expression (Figure 1C and 1D). Pst
DC3000 caused a significant increase in QSOX7 transcript
levels by 12 h after infiltration with a continuing increase until
at least 48 h. Pst DC3000 (avrRpt2) also induced significant
accumulation of QSOX7 transcripts, although with slower
kinetics and reduced magnitude, possibly due to cell death
resulting from the induced HR. Vacuum infiltration with SA and
MedJA each significantly increased QSOX7 transcript levels by
6 and 12 h, respectively, and for at least 48 h.

Oxidoreductase activity of QSOX1

Oxidoreductase activity has been demonstrated for a plant
QSOX from soybean (GmQSOX1) (Okuda et al., 2014). To
determine if QSOX1 (Figure 2A) could similarly oxidize a
protein substrate in vitro, we purified it to near homogeneity
from E. coli (Supplemental Figure 1). Contrary to previous
findings (Limor-Waisberg et al., 2012), recombinant QSOX1

MeJA

increased mobility of oxidized RNase A in
non-reducing SDS-PAGE (Figure 2B). The
rate of RNase A oxidation was increased
by addition of a 10-fold excess of FAD rela-
tive to QSOX1 (Figure 2C), and substrate oxidation after 30 min
was correlated with increasing concentrations of FAD
(Figure 2D), indicating that FAD molecules likely serve as
terminal electron acceptors during the oxidization of RNase
A by QSOX1.

QSOX1 contains redox-active disulfide pairs in both its Trx and
ERV/ALR domains. The contribution of the reactive cysteines
within each of these domains to oxidation of the RNase A sub-
strate was determined (Figure 2E). Recombinant proteins with
the active cysteines of the Trx domain (QSOX1-M1), the ERV/
ALR domain (QSOX1-M2), or both (QSOX1-M3), mutated to ser-
ines (Supplemental Figure 1A) were purified to near homogeneity
(Supplemental Figure 1B). QSOX1-M3 does not detectably
oxidize RNase A, as predicted. QSOX1 and QSOX1-M1 each
oxidize RNase A at a similar rate while QSOX1-M2 oxidizes
RNase A at a reduced rate relative to QSOX1, likely due to the
combined effect of the molar excess of RNase A to QSOX1-M2
and its inability to relay electrons from the Trx domain to the
mutated cysteines of the ERV/ALR domain. Thus, although the
reactive cysteines within the Trx and ERV/ALR domains each
have the capacity to receive electron from reduced RNase A, un-
der our reaction conditions, the ERV/ALR domain efficiently,
directly oxidizes RNase A and transfer of electrons from the cys-
teines of the ERV/ALR domain to FAD is the rate-limiting step in
the reaction.
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A B Figure 2. QSOX1 is an active oxidoreductase.
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designated as gsox7 (previously referred to
as par1-4 [Alejandro et al., 2007]) and gsox2,
with Pst DC3000, revealed that gsox? plants
showed reduced disease symptoms and
bacterial growth (Figure 3A and 3B). The lack
of an apparent pathology phenotype for
gsox2, together with the observation that
expression of QSOX2 is not regulated during
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Time (min)

The ability of wild-type and M1, M2, and M3 mutant versions of
QSOX1 proteins to reduce a test substrate, 5,5'-dithiobis-(2-ni-
trobenzoic acid) (DTNB), in vitro was measured. Incubation of
increasing concentrations of QSOX1 with a >1000-fold molar
excess of DTNB showed a dose-dependent increase in reduction
of the test substrate (Figure 2F). QSOX1 and QSOX1-M2 reduced
DTNB at equal rates, while QSOX1-M1 showed a reduced rate
and QSOX1-M3 scarcely differed from the control reaction
(Figure 2G). These results indicate that reactive cysteines of
both the Trx and ERV/ALR domains can serve as electron
donors and that, consistent with their predicted lower pK,, the
reactive cysteines of the Trx domain do so more efficiently
under our reaction conditions (Thorpe et al., 2002).

QSOX1 negatively regulates plant immunity against

P. syringae

The induction of QSOX1 by bacterial pathogens and immune-
associated hormones, coupled with its ability to relay electrons
from a substrate to the reactive cysteines of relatively lower pK,
in its Trx domain, then to reactive cysteines of relatively higher
pKainits ERV/ALR domain, and ultimately to FAD, led us to hypoth-
esize that it is a redox sensor that functions in plant immunity. To
test this hypothesis, we identified Arabidopsis plants with T-DNA
insertions predicted to disrupt QSOX7 (AT1G15020) and QSOX2
(AT2G01270). Homozygous lines were identified and RT-PCR
failed to detect the full-length transcripts (Supplemental
Figure 2A and 2B). Spray inoculation of these mutants,
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3 4 5

biotic stress responses (Figure 1B), led us to
focus subsequent studies on the putative
negative regulator of plant immunity, QSOX7.

To confirm that the pathology phenotypes of
the gsox7 mutant result from the T-DNA insertion into QSOX7,
we constructed transgenic lines in the gsox7 background that
overexpress either QSOX1-HA or QSOX1-M3-HA (Supplemental
Figure2C and 2D). Lines with elevated levels of QSOX7-HA or
QSOX1-M3-HA transcripts, relative to native QSOX7 transcript,
were identified by RT-PCR and confirmed by anti-HA immunoblot-
ting to accumulate QSOX1-HA and QSOX1-M3-HA proteins to
levels correlating with transcript accumulation. QSOX1-HA
(QSOX1°E) lines no. 1 and no. 4 and QSOX1-M3-HA (QSOX1-
M3°E) lines no. 2 and no. 3 were selected for further analysis.
When not specified, QSOX1°F and QSOX1-M3°F hereafter refer
to line no. 4 and line no. 3, respectively.

The disease symptoms and growth caused by Pst DC3000 were
tested in QSOX1°F and QSOX1-M3°E (Figure 3A and 3B).
QSOX1°E plants complemented the phenotype of the gsox1
mutant and also showed more severe disease symptoms and
permitted more bacterial growth. On the contrary, the disease
symptoms and bacterial growth observed in the QSOX1-M3°F
plants were indistinguishable from the gsox?7 mutant. These
data support the conclusions that QSOX1, dependent on its
redox activity, is a negative regulator of Arabidopsis basal de-
fense against Pst DC3000.

Expression of Pathogenesis Related1 (PR1), deposition of callose
in plant cell walls, and a rapid ROS burst are hallmarks of plant
basal defense responses (Loon and Strien, 1999; Torres and
Dangl, 2005; Jin and Mackey, 2017). PR1 expression depends
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Figure 3. QSOX1 negatively regulates basal and HR defense against P. syringae.

(A) Disease symptoms of whole plants and leaves 3 days after spray inoculation with 10° cfu/ml of Pst DC3000.

(B) Bacterial growth analysis of Pst DC3000 after infiltration with 10* cfu/ml into the leaves of 4- to 5-week-old plants of the indicated genotypes. Different
letters above bars represent significant differences (P < 0.05) according to a Tukey test.

(C) Bacterial growth analysis of Pst DC3000 (avrRpt2) after infiltration with 10* cfu/ml into the leaves of 4- to 5-week-old plants of the indicated genotypes.
(D-F) Measurement of the HR induced by AvrRpt2. Leaves of 4-week-old plants of the indicated genotypes were infiltrated with 10 mM MgCl, or 5 x 107
cfu/ml of Pst DC3000 (avrRpt2) and representative leaves were photographed after 12 h. The percentage of leaves showing macroscopic HR are pre-
sented at the right of the photographs (D). Two-week-old plants of the indicated genotypes were vacuum infiltrated with 10 mM MgCl, or 108 cfu/ml of Pst
DC3000 (avrRpt2) and individual leaves were stained with Evans blue after 18 h. Scale bars correspond to 2.0 mm (E). Similarly, infiltrated leaf discs were
sampled at the indicated time points for measuring ion leakage (F) (solid symbols infiltrated with 10 mM MgCl, and hollow symbols with the bacteria).
(B-D) Different letters above the bars represent significant differences (P < 0.05) according to a Tukey test. See also Supplemental Figures 2 and 3 and

Supplemental Table 1.

largely on SA-induced, redox-mediated conversion of NPR1 from
cytoplasmically localized multimers to monomers that move into
the nucleus and function as transcriptional co-factors (Despres
et al., 2003; Mou et al., 2003). Thus, we examined the role of
QSOXT1 in PR1 expression at 6, 12, and 18 h after infiltration of
wild-type, gsox7, QSOX1°E, and QSOX1-M3°E plants with Pst
DC3000 (Figure S3A). As expected, the abundance of PR1
transcripts increased after infection of wild-type Col-
0 (Wildermuth et al., 2001; Qi et al., 2018). Notably, expression
of PR1 was more strongly induced in the gsox7 and QSOX1-
M3°E plants and less strongly induced in QSOX1°E plants.
Thus, consistent with its function as a negative regulator of dis-
ease resistance, QSOX1 negatively regulates Pst DC3000-
induced PR1 expression. Callose deposition and a rapid burst
of ROS are induced by microbe-associated molecular patterns,
such as flg22. However, these pattern-triggered immune (PTI) re-
sponses are likely unrelated to the role of QSOX1 in basal defense
since they did not differ between Col-0, gsox7, QSOX1°F, and
QSO0X1-M3°E plants (Supplemental Figure 3B and 3C).

QSOX1 is a negative regulator of ETI in Arabidopsis

The known role of reactive oxygen to the HR and defense re-
sponses during ETI (Tsuda and Katagiri, 2010) prompted us to

investigate the contribution of QSOX7 to ETI elicited by strains
of Pst DC3000 expressing type lll effectors recognized by
Arabidopsis NLRs. The strains tested were Pst DC3000
(avrRpt2), Pst DC3000 (avrRpm1), and Pst DC3000 (avrRps4),
which elicit ETI in Arabidopsis dependent on the RPS2 and
RPM1 CNLs and the RPS4/RRS1 dual pair of TNLs,
respectively (Bent et al., 1994; Mindrinos et al., 1994; Grant
et al.,, 1995; Zhang et al., 2004; Narusaka et al., 2009; Huh
et al., 2017; Halane et al., 2018). We first checked the effect of
QSOX1 on RPS2-induced PR1 expression. As observed for Pst
DC3000, the induction PR17 transcript accumulation by Pst
DC3000 (avrRpt2) was greater in gsox7 and QSOX1-M3°E and
lesser in QSOX1°E plants, relative to Col-0 (Supplemental
Figure 3D). Thus, QSOX1 also negatively regulates PR7
induction during ETI.

Next we investigated the effect of QSOX1 on bacterial growth re-
striction during ETI. The three NLR-activating bacterial strains
were infiltrated at a low density into the leaves of Col-0, gsox7,
QSOX19E, and QSOX1-M3°F plants. As expected, ETI reduced
the proliferation of each strain, relative to Pst DC3000, at
3 days after infiltration in Col-0 (compare Figure 3B with 3C,
and Supplemental Figure 3E and 3F). Notably, relative to Col-0,

1316 Molecular Plant 14, 1312-1327, August 2 2021 © The Author 2021.



QSOX1 regulates ROS/RNS-mediated plant immunity Molecular Plant

A B
_ MgCl, - ) I T 5
i = & £33 = o H gsox1 b
i 1T X tXy il [epds - 1.540QS0OX1¢
© 5 _ |OQSOX1-Mm3e:
= c o a
02127
Pst DC3000 (avrRpt2) s a
- 22091 27 4
Y Y s 2 a
3 N
Coo  gsoxt _#1__ # o] MBI WIIT
QSOX1°F QSOX1-M3°¢ MgCl, Pst DC3000
(avrRpt2)
¢ T Ly ° O Tmcoo c
™ ; | « Supi - 6\ 0.9 @ gsox1 ¢
iy (el FmEsa) \ o ] QSOX1°E
? . 7 S < 0.89[J QSOX1-M3°¢
. %2
: 4 Y& oW g7
2o
Pst DC3000 (aerptZ = £ 06+
Feo S go054
5 €
2=o.
W 0.31
COLORGeox] 2 o] MEELTT WS
QSOX1°E QSOX1-M3°E MgCl, Pst DC3000

(avrRpt2)

Figure 4. QSOX1 negatively regulates pathogen-induced, RBOH-dependent ROS accumulation.

(A and B) Detection of superoxide anion by NBT staining. Two-week-old Arabidopsis of the indicated genotypes were vacuum infiltrated with 10 mM
MgCl, or Pst DC3000 (avrRpt2). After 18 h, the whole plants were immersed in a solution containing 1 mM NBT for 12 h and then photographed (A) or leaf
discs were immersed in a solution containing 0.01% NBT and the oxidized NBT was quantified spectrophotometrically at A580 (B).

(C and D) Detection of hydrogen peroxide (H,O,) by DAB staining with plants infiltrated as in (A) and incubated for 18 h. Brown staining in photographed
leaves indicates polymerization of DAB in the presence of H,O, (C). Fluorescence signal was measured using 10-acetyl-3,7-dihydroxyphenoxazine to
detect H,O, concentration (D).

(E) Detection of H,O, by DAB staining in leaves of Col-0, gsox1, and rbohD/F plants 18 h after infiltration with buffer (10 mM MgCl,) or Pst DC3000
(avrRpt2) in the presence or absence of 20 uM DPI.

(F) Cell death by Evans blue staining in the leaves of Col-0, gsox7, and rbohD/F plants 18 h after infiltration with buffer (10 mM MgCl,) or Pst DC3000
(avrRpt2) in the presence or absence of 20 M DPI. Scale bars correspond to 2.0 mm. (B and D) Different letters above bars represent significant dif-
ferences (P < 0.05) according to a Tukey test.

See also Supplemental Figures 2 and 4 and Supplemental Table 1.

each ETl-eliciting strain proliferated less in gsox7 and QSOX1- QSOX1 negatively regulates multiple outputs of ETI, including
M3°E plants and more in QSOX1°E plants (Figure 3C and  HR-associated cell death, induction of PR1 transcription, and ulti-
Supplemental Figure 3E and 3F). These results, which parallel mately restriction of bacterial growth.

the observed effect of QSOX1 on the growth of virulent Pst

DC3000, indicate that QSOX1 also negatively regulates . .
bacterial growth restriction during CNL- or TNL-dependent ETI. QSOX1 regulates RBOH-mediated ROS accumulation

during ETI in Arabidopsis

In Col-0, ETI elicited by the CNLs, RPS2, and RPM1 is accompa- The ability of QSOX1 to negatively regulate ETI, including HR,
nied with an HR. The contribution of QSOX1 to HR was determined dependent on the redox-active cysteines in its Trx and ERV/
by challenging Col-0, gsox7, QSOX1°E, and QSOX1-M3°E plants  ALR domains, led us to hypothesize that it is a redox sensor regu-
with Pst DC3000 (avrRpt2) or Pst DC3000 (avrRpm1). Bacteria lating the accumulation or processing of ROS during ETI. To
were infiltrated at a high density so that the cell death response, explore this possibility, we examined the levels of superoxide
whichis limited to isolated, individual cells that encounter bacteria anion (O57) and hydrogen peroxide (H,O,) after infiltration of Pst
during a natural or low-titer infection, instead becomes confluent DC3000 (avrRpt2) into young Col-0, gsox?, QSOX1°E, and
and macroscopic. The macroscopic HR against Pst DC3000 QSOX1-M3°E plants. Qualitative (Figure 4A) and quantitative
(avrRpt2), which was absent as expected in rps2 mutant plants, (Figure 4B) detection, by staining with nitroblue tetrazolium
was observed with a similar, high frequency in Col-0, gsox1, and (NBT), revealed that QSOX1 negatively regulates accumulation
QSOX1-M3°E plants and less frequently in QSOX1°E plants of O, ™ . Relative to Col-0, more O, ~ accumulated in gsox? and
(Figure 3D). Cell death associated with the HR can be visualized QSOX1-M3°E plants. O, ~ also accumulated to lower levels in
by Evans blue staining and measured quantitatively as an QSOX1°E plants; however, the difference was not significant be-
increase in conductivity caused by electrolyte leakage from dead tween Col-0 and QSOX1°E, possibly because the signal was
cells into a bath solution. These assays reveal that Pst DC3000 close to the high background produced by the vasculature in
(avrRpt2) or Pst DC3000 (avrRpm1) induces a similar level of cell the assay. Results for H>O,, based on DAB staining, paralleled
death in Col-0, gsox?, and QSOX1-M3°E plants, but a reduced those for O, 7; relative to Col-0, gsox7, and QSOX1-M3°E plants
level in QSOX1°E plants (Figure 3E, 3F and Supplemental  accumulated more and QSOX1°F accumulated less H,O»
Figure 3G and 3H). Collectively, these results indicate that (Figure 4C and 4D). The results in Figure 4A-4D are measured
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at 18 h after bacterial infiltration. Notably, the status of QSOX1
does not influence the burst of ROS observed during the first
hour after bacterial challenge (Supplemental Figure 4A). To
assess the generality of these findings, leaves of the same
plants also were infiltrated with Pst DC3000 (avrRpm1) or Pst
DC3000 (avrRps4) and stained with DAB. Similar to the results
observed after RPS2 activation (Figure 4C), H,O, produced
during activation of RPM1 or RPS4/RRS1 were enhanced,
relative to Col-0, in gsox7 and QSOX1-M3°E plants and reduced
in QSOX1°E plants (Supplemental Figure 4B and 4C).
Collectively, these results demonstrate that QSOX1 negatively
regulates reactive oxygen production during the later stage of
ETIl in Arabidopsis.

Because RBOHSs are a primary source of ROS during plantimmune
responses, including the HR (Marino et al., 2012; Kadota et al.,
2015), we surmised these enzymes to be a likely source of
QSOX1-regulated ROS during ETI. To test this hypothesis, we
examined the effect of the flavoprotein inhibitor, diphenyleneiodo-
nium (DPI), on ROS generation and HR cell death in Col-0, gsox1,
and rbohD/F plants after infiltration with Pst DC3000 (avrRpt2)
(Figure 4E and 4F). In Col-0 plants, DPI inhibited the accumulation
of H,O, and the induction of cell death after activation of RPS2. As
already demonstrated, HR cell death and the accumulation of H,O»
were increased in gsox1 relative to Col-0. Notably, DPl dramatically
reduced these exaggerated responses ingsox 7. The accumulation
of H,O, and HR were absent in the rbohD/F mutant plants, indi-
cating that the gsox? mutation and DPI were influencing
RBOHD/F-dependent responses (Figure 4E and 4F). To once
again examine the generality of these findings, similar
experiments were conducted after infiltration of Pst DC3000
(@avrBom1) or Pst DC3000 (avrRps4) into Col-0 or gsox1
(Supplemental Figure 4D-4F). Again, the accumulation of H,O,
and HR-associated cell death observed in Col-0 and these exag-
gerated responses in gsox1 were reduced markedly in the
presence of DPI to similar, low levels. An alternative, and non-
exclusive explanation for the effect of QSOX1 on ROS accumula-
tion is via effects on ROS scavenging enzymes. Measurement of
catalase and ascorbate peroxidase activities revealed that the
basal activity of these enzymes was unaffected by the status of
QSOX1 (Supplemental Figure 4G and 4H). Interestingly, 24 h
after infiltration with Pst DC3000 (avrRpt2) these scavenging
activities, relative to Col-0 plants, were equal or higher in gsox1
or QSOX1-M3°E plants and equal or lower in QSOX1°E plants
(Supplemental Figure 4G and 4H). Thus, the activity of these
ROS scavengers is unlikely to account for the influence of
QSOX1 on ROS accumulation. On the contrary, the influence of
QSOX1 on ROS accumulation may drive compensatory changes
in ROS scavenger activity. Collectively, these results indicate
that (1) QSOX1 negatively regulates RBOHD/F-dependent ROS
production during ETI from activation of multiple NLRs and (2)
elevated ROS produced by RBOHD/F contributes to the exagger-
ated, NLR-dependent cell death observed in the gsox7 mutant.

QSO0X1 regulates RBOH-mediated ROS production
indirectly by interacting with and oxidatively inactivating
GSNOR

The primary source of ROS during Arabidopsis defense, including
ETI, is the NADPH oxidase AtRBOHD (hereafter RBOHD [Torres
et al.,, 2002]). Thus, our first hypothesis was that QSOX1

QSOX1 regulates ROS/RNS-mediated plant immunity

regulates either constitutive or ETI-induced expression of RbohD.
To test this possibility, we measured RbohD transcript levels in
Col-0, gsox1, QSOX1°E, and QSOX1-M3°E plants before and af-
ter challenge with Pst DC3000 (avrRpt2), Pst DC3000 (avrRpm1),
or Pst DC3000 (avrRps4). The baseline level of RbohD transcript,
as well as its modest induction from 12 to 48 h after infiltration
with each of the ETl-eliciting bacteria, was unaffected by muta-
tion or overexpression of QSOX7 (Supplemental Figure 4l).
These data refute the hypothesis that QSOX1 regulates ROS
levels by affecting expression of RbohD. A second hypothesis
was that QSOX1 interacts with RBOHD. However, neither co-
immunoprecipitation nor bimolecular fluorescence complemen-
tation (BiFC) following transient expression in Nicotiana ben-
thamiana detected such an interaction (Figure 5A and 5C,
respectively). These findings led us to consider that QSOX1
regulates the activity of RBOHD indirectly.

A candidate for indirect regulation of RBOHD is the S-nitrosoglu-
tathione reductase, AtGSNOR (hereafter GSNOR). During ETI,
elevated levels of reactive nitrogen species (RNS), including
GSNO, inactivate RBOHD through S-nitroylation of a conserved,
regulatory cysteine and resulting ejection of FAD from the enzyme
(Yun et al., 2011). Given that GSNOR is primarily responsible for
GSNO catabolism in plants and thus provides a potential
regulatory link to RBOHD, we hypothesized that QSOX1
interacts with GSNOR. Indeed, interaction of QSOX1 and
GSNOR was detected by both co-immunoprecipitation (co-IP)
and BiFC following expression in N. benthamiana (Figure 5B
and 5C). The BIFC signal from interaction of QSOX1-YN with
YC-GSNOR overlaps with that from FM4-64, which labels the
plasma membrane (Figure 5D). Furthermore, the M1-, M2-, and
M3-cysteine mutant derivatives of QSOX1 maintained the ability
to co-IP with GSNOR (Figure 5E). Thus, independent of its
oxidoreductase activity, QSOX1 interacts with GSNOR at the
cell periphery in planta.

Plant GSNORs contain nine positionally conserved cysteines that
are not involved in zinc coordination, three of which are predicted
to be surface exposed, raising the possibility that reversible thiol
oxidation regulates GSNOR function (Xu et al., 2013). Indeed,
non-reducing SDS-PAGE revealed that GSNOR exists in DTT-
sensitive dimers and higher-molecular-weight oligomers
(Figure 5F). Thus, we formed a two-part hypothesis that (1) the
burst of ROS during a plant immune response induces oxidation
of QSOX1 and (2) oxidized QSOX1 subsequently oxidizes its
client protein, GSNOR. These hypotheses were tested in vivo
by infilttrating QSOX1°% or QSOX1-M3°F plants with Pst
DC3000 (avrRpt2) and then measuring the oxidation state of the
QSOX1-HA or QSOX1-M3-HA and native GSNOR proteins. Sam-
ples immunoprecipitated with anti-HA or anti-GSNOR antibodies
were split and proteins in the subsamples were either biotinylated
on reduced thiols by treatment with biotin-HPDP or were bio-
tinylated on oxidized thiols by sequentially blocking reduced
thiols with N-ethylmaleimide (NEM), reducing S-nitrosylated cys-
teines with ascorbate or S-nitrosylated and dithiol cysteines with
DTT, and then treating them with biotin-HPDP (Supplemental
Figure 5). Subsequent protein blotting to detect biotin
established relative levels of the oxidized and reduced proteins
while immunoblotting of the initial extracts against HA or
GSNOR demonstrated total levels of QSOX1 or GSNOR,
respectively.
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Figure 5. QSOX1 interacts with GSNOR in planta, but not with RBOHD.

(A) RBOH fails to co-immunoprecipitate with QSOX1 following agro-transient expression in N. benthamiana leaves. IP was performed using an anti-HA
(QSOX1-HA) antibody followed by immunoblotting with anti-HA and anti-FLAG (RBOHD-FLAG) antibodies.

(B) Co-IP of QSOX1 and GSNOR expressed by agro-transient in N. benthamiana leaves. IP was performed with anti-GFP (QSOX1-GFP) antibody followed
by immunoblotting with an anti-GFP and anti-HA (HA-GSNOR) antibodies.

(C and D) Bimolecular fluorescence complementation (BiFC) assay. Confocal images of N. benthamiana leaves following agro-transient expression of
fusions of QSOX1 and GSNOR or RBOHD, with the N-terminal of YFP and the C-terminal of YFP (YN or YC), respectively (C). BiFC detection of QSOX1-
GSNOR interaction of which fluorescence was overlapped with that of FM4-64 used as a standard marker of plasma membrane (D). Scale bars
correspond to 50 um.

(E) Co-IP of GSNOR with native form of QSOX1 or its mutant derivatives following agro-transient expression in N. benthamiana leaves as in (B).

(F) Redox-dependent structural changes of GSNOR in vivo. Leaf extracts from 2-week-old wild-type plants were prepared and treated with 1 mM H,O, or
1 mM DTT for 1 h. Protein structure of GSNOR was determined by western blotting using anti-GSNOR antibody following separation on non-reducing
(top) and reducing (bottom) SDS-PAGE.

See also Supplemental Figure 4 and Supplemental Table 1.

QSOX1-HA existed primarily in a reduced state before Pst QSOX1 and express only the redox inactive QSOX1-M3-HA de-
DC3000 (avrRpt2) infiltration, but a significant portion became rivative that still interacts with GSNOR or gsox7 plants, the level
oxidized by 12 h after infiltration and remained so for at least 48 of oxidized GSNOR does not increase after infiltration of Pst
h (Figure 6A). The low levels of biotinylated oxidized or reduced DC3000 (avrRpt2) (Figure 6D and 6E). The same pattern of
forms of QSOX1-M3-HA, which lack the six reactive cysteines GSNOR oxidation, dependent on wild-type QSOX1, was also
found in its Trx and ERV/ALR domains, did not vary after bacterial observed in experiments using Pst DC3000 (avrRpm1) and Pst
infiltration (Figure 6B). Notably, the overall levels of QSOX1-HA DC3000 (avrRps4) (Supplemental Figure 6A and S6B).
and QSOX1-M3°E-HA remained similar before and after infiltra- Collectively these data indicate that QSOX1 senses the reactive
tion with Pst DC3000 (avrRpt2) (Figure 6A and 6B, bottom blot). oxygen burst during ETI by shifting its equilibrium from the
These data support the first part of our hypothesis that the reduced to the oxidized form and that oxidized QSOX1 then
reactive cysteines of QSOX1 becomes oxidized following oxidizes its client protein, GSNOR.
challenge with Pst DC3000 (avrRpt2), presumably by sensing
the elevated ROS that accumulates upon induction of ETI. Establishing that GSNOR is a client protein oxidized by QSOX1
led us to predict that QSOX1-dependent oxidation negatively
The data also support the second part of our hypothesis that regulates GSNOR enzymatic activity. GSNOR activity was
oxidized QSOX1 subsequently oxidizes GSNOR. In QSOX1°¢ measured before and 4, 8, 12, 24, and 48 h after infiltration with
plants, GSNOR is primarily reduced before infiltration and, after Pst DC3000 (avrRpt2) by quantifying the oxidative consumption
infiltration with Pst DC3000 (avrRpt2), becomes progressively of NADH dependent on the addition of the substrate, GSNO, to
more oxidized from 12 to 48 h (Figure 6C). Consistent with leaf extracts (Figure 6F). As expected, minimal enzymatic
GSNOR being a client protein of oxidized QSOX1, the timing of  activity was detected in control plants lacking GSNOR (gsnor1-
GSNOR oxidation lags behind that of QSOX1-HA (compare 3). Before bacterial infiltration, GSNOR activity did not differ
Figure 6A and 6C). In QSOX1-M3°E plants, which lack native  between Col-0, gsox?, QSOX1°E, and QSOX1-M3°E plants.
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Figure 6. QSOX1 mediates pathogen-induced inhibition of GSNOR activity through a redox relay.

(A-E) Redox status of reactive Cys residues of QSOX1 and GSNOR in vivo before and after inoculation of Pst DC3000 (avrRpt2). Leaves of 2-week-old
QSOX1°E (A and C), QSOX-M3°E (B and D), or gsox1 (E) were infiltrated with 10® cfu/ml of Pst DC3000 (avrRpt2) and leaf extracts were prepared at the
indicated hours post-inoculation (hpi). As outlined in Supplemental Figure 5, samples were immunoprecipitated with anti-HA (QSOX1) (A and B) or anti-
GSNOR (GSNOR) antibodies (C-E) and the subsamples were processed to biotinylate oxidized or reduced cysteines and immunoblotted with anti-biotin
antibodies. To determine total levels of QSOX1 and GSNOR, respectively, initial extracts were immunoblotted with either anti-HA (A and B) or anti-
GSNOR (C-E) antibody.

(F) GSNOR activity in leaf extracts of the indicated plants was determined at the indicated times after infiltration with Pst DC3000 (avrRpt2) by measuring
the GSNO-dependent oxidation of NADH.

(G and H) Total SNO levels (G) or NADPH oxidase activity (H) are shown for leaf extracts from 2-week-old plants of the indicated genotypes before (solid
bars) or 24 h after (hollow bars) infiltration with 108 cfu/ml of Pst DC3000 (avrRpt2). Values were normalized against whole-plant lysate protein content.
These experiments were repeated at least three times with similar results. Different letters above bars represent significant differences (P < 0.05) ac-

cording to a Tukey test.
See also Supplemental Figures 2, 5, and 6 and Supplemental Table 1.

GSNOR activity of all four plant lines decreased between 12 and
48 h after infiltration of Pst DC3000 (avrRpt2), but the extent of the
reduction differed significantly between the lines. Relative to Col-
0, GSNOR activity remained higher in gsox? and QSOX1-M3°E
and was lower in QSOX1°E. These data indicate that QSOX1-
dependent oxidation of GSNOR correlates with a reduction of
its enzymatic activity in leaf extracts tested in vitro.

We hypothesized that QSOX1-mediated, negative regulation of
GSNOR activity also occurs in planta and tested the prediction
by measuring levels of S-nitrosylated (SNO) protein (Figure 6G).
Reduction of GSNO by GSNOR reduces the pool of GSNO
available to nitrosylate proteins. Before infiltration with Pst
DC3000 (avrRpt2), the SNO protein levels did not differ
significantly between Col-0, gsox?, QSOX1°E, QSOX1-M3°E,
and gsnor1-3 plants. After infiltration, SNO protein levels
increased significantly in all five plant lines, but, as observed for
the in vitro activity of GSNOR, the extent of the increase differed
significantly between the lines. Specifically, relative to Col-0,
SNO protein levels were higher in QSOX1°E and gsnor?-3 and
lower in gsox? and QSOX1-M3°E, Thus, the extent of increase
in SNO protein levels in each plant type inversely correlated
with the in vitro activity of GSNOR measured in Figure 6F. The
generality of these findings after infiltration with Pst DC3000
(avrRpt2) is apparent from the similar effects of QSOX1 status
on SNO protein levels after infiltration with Pst DC3000

(avrRpm1) or Pst DC3000 (avrRps4) (Supplemental Figure 6C
and 6D). Thus, the data collectively support the hypothesis that
QSOX1-dependent oxidation inactivates GSNOR in planta.

Increased levels of GSNO resulting from the oxidative inactivation
of GSNOR by QSOX1 likely influence SNO levels of many target
proteins. To assess the potential role of S-nitrosylation on the
GSNOR-RBOHD signaling module, we measured the level of S-ni-
trosylation of each protein following challenge with Pst DC3000
(avrRpt2). In QSOX1°E plants, GSNOR was S-nitrosylated to low
but progressively increasing levels and with similar timing relative
to its oxidation to dithiols (Supplemental Figure 6E, compare with
Figure 6C), hinting at potential feedback regulation of GSNOR by
increasing levels of GSNO. More closely related to the central
model presented in this work, levels of S-nitrosylated RBOHD at
24 h after bacterial challenge were, relative to Col-0, reduced in
gsox1 and QSOX1-M3°E plants and elevated in QSOX1°E and
gsnor1-3 plants (Supplemental Figure 6F). These results parallel
those for NADPH oxidase activity (Figure 6H) and further point
to QSOX1-mediated inactivation of GSNOR leading to S-nitrosy-
lation-mediated inactivation of RBOHD.

DISCUSSION

In this study, we identify QSOX1 as a functional, redox-
responsive oxidoreductase that, during plant immune responses,
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senses initial and limits subsequent ROS accumulation. Taken
together, our data support a model for the QSOX1-mediated, ho-
meostatic control of ROS through a regulatory circuit designated
as a “pathogen-induced negative feedback loop” (PNFL)
(Figure 7). Central to the model is the oxidative activation of
QSOX1 upon its sensing of an initial, immune-associated ROS
burst. Activated QSOX1 in turn oxidizes and inactivates its client
protein, GSNOR, which causes an increase in available GSNO
and S-nitrosylated proteins, including RBOHD. These findings,
along with previous work indicating that GSNOR activity limits
S-nitrosylation-mediated inactivation of RBOHD, provide a
mechanistic explanation for how QSOX1 reduces the magnitude
of RBOH-dependent ROS production, limits the extent of HR-
type cell death, and, ultimately, negatively regulates the restric-
tion of bacterial growth during plant immune responses. The
rapid burst of pathogen-induced ROS that is sufficient to activate
plant defense signaling precedes SNO-mediated inhibition of
RBOHD resulting from subsequent QSOX1-mediated oxidation
of GSNOR. Similar to our model, abscisic acid (ABA)-induced
stomatal closure was desensitized by the inactivation of RBOHD
by S-nitrosylation in water-deficit conditions. During the process,
ABA rapidly transduced its signaling through SnRK2.6 activation
and S-nitrosylation of SnRK2.6 subsequently feedback inhibited
the ABA signaling (Wang et al., 2015b; Balmant et al., 2016). Thus,
our results provide a finely tuned molecular mechanism for the
feedback inhibition of pathogen-mediated immune signaling in
plants that is reminiscent of similar mechanisms in guard cells
regulating stomates in plants (Wang et al., 2015a) and T cells
regulating immune tolerance in mammals (Sakaguchi et al.,
2008).

QSOX1 negatively regulates distinct branches of the plant im-
mune system. These include basal defense against a virulent
pathogen (Pst DC3000) and ETI against avirulent strains of Pst
DC3000 expressing type Il effectors that activate either CNL or
TNL resistance proteins. The lack of effect of QSOX1 on PTl indi-
cates that it alternatively influences basal defense. Given the
involvement of ROS signaling in both basal defense and ETI,
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\\ ROS level of ROS production. These signaling cascades can

be followed by red lines with arrows.

Normal growth

signaling

the QSOX1-GSNOR-RBOH-based PNFL for homeostatic control
of ROS production likely contributes to the regulation of each.
However, the veracity of the proposed PNFL model excludes
neither redox-based regulation of QSOX1-client proteins other
than GSNOR nor effects of GSNOR regulation other than influ-
encing the activity of RBOHs. Indeed, distinctions between the
phenotype of gsox1 and gsnor or rbohd mutant plants (Torres
et al., 2002; Torres and Dangl, 2005; Miller et al., 2009; Pogany
et al., 2009; Malik et al., 2011; Kadota et al., 2015) indicate that
QSOX1 likely regulates additional aspects of plant immunity.

Overlaid onto the biochemical modification of client protein(s) by
QSOX1 is nuanced regulation of QSOX1 expression in response
to biotic stress. Induced accumulation of QSOX1 transcripts, by
pathogen exposure or mobile defense hormones, likely tunes
QSOX1 activity at different times and in different cells or tissues.
For example, regulated expression of QSOX7 may influence the
PNFL for ROS homeostasis during biotic stress. Relatively lower
levels of QSOX1 in naive cells, such as at a primary site of infec-
tion, may permit sustained activity from RBOHSs that contributes
to a robust initial defense response, including local HR that can
effectively control the spread of avirulent pathogens. One conse-
quence of this initial response is the production of mobile defense
hormones, including SA and JA, which can induce the expression
of QSOX1 and more generally alter the immune competence of
uninfected cells both nearby to a primary site of infection as
well as systemically. Along with heightened resistance, increased
QSOX1 activity in these nearby cells or distal tissues likely limits
oxidative stress by shortening the duration and/or reducing the
intensity of ROS production. Thus, QSOX1-mediated ROS ho-
meostasis, as well as other possible QSOX1-regulated immune
functions, may be different between primary and spreading or
distal sites of infection.

Crosstalk between ROS and RNS has been widely observed to in-
fluence plant immune responses (Frederickson Matika and Loake,
2014). The production, processing, and output activity of these
redox-active molecules are co-regulated and interconnected.
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For example, cytosolic Ca2* contributes to the production of both
ROS and nitric oxide (NO). Ca®*-dependent protein kinases
contribute to the rapid activation of RBOHs during plant defense
(Oda et al., 2010; Dubiella et al., 2013). The source of defense-
induced NO production is still ambiguous, but likely involves both
an oxidative, nitric oxide synthase-like pathway and an H,O,~
and MPKG6-regulated, nitrate reductase-like pathway, each of
which require Ca®* (Vandelle et al., 2016). NO pleiotropically
regulates numerous signaling pathways relevant to plant
defense, including ROS signaling. S-Nitrosylation of glutathione
produces GSNO which, when not reduced by GSNOR, serves as
an RNS reservoir and active signaling intermediate. GSNO
inhibits both the production, by glycolate oxidase, and
processing, by catalase, of H,O, in the peroxisome (Ortega-
Galisteo et al., 2012; Corpas and Barroso, 2014; Corpas et al.,
2019). In addition, NO can differentially regulate ascorbate
peroxidase through S-nitrosylation and tyrosine nitration to
influence the ROS scavenging glutathione-ascorbate cycle (de
Pinto et al., 2013; Begara-Morales et al., 2014; Yang et al., 2015).
GSNO regulates the activity of RBOHs, the direct product of
which is apoplastic O,~, which is rapidly converted to H,O, by
apoplastic and cytosolic superoxide dismutases (SODs) (Yun
et al, 2011; Wang et al, 2016; Lightfoot et al., 2017).
Alternatively, O,~ can interact efficiently with NO to form the
potent nitrating and oxidizing molecule peroxynitrite (ONOQO™).
Rather than directly promoting cell death, as in animal cells,
ONOO™, which accumulates during the HR in plants potentiates
defense through alternative signaling output(s). ONOO™ induces
tyrosine nitrosylation, which inactivates the ONOO™ detoxifying
enzyme peroxiredoxin Il E and, in vitro, inhibits the activity of
multiple SODs. Thus, ONOO™ may control HR through regulating
the balance in levels of NO, O, ™, and H,O, (Delledonne et al.,
2001; Romero-Puertas et al., 2007). QSOX1 adds a novel player
to the defense-associated ROS/RNS-signaling network as an
oxidatively activated sensor that, among likely numerous addi-
tional outputs, promotes accumulation of GSNO through inactivat-
ing GSNOR and, in turn, limits RBOH-mediated ROS production.
By thus regulating the balance between ROS and RNS levels,
QSOX1 likely influences various immune regulatory functions.
One obvious candidate is the complex regulation of NPR1
signaling by SA, ROS, and RNS levels (Mou et al., 2003; Tada
et al., 2008; Lindermayr et al., 2010; Kovacs et al., 2015; Ding
et al., 2018). However, given that HR mediated by numerous R
proteins, including RPM1, RPS2, and RPS4/RRS1, is largely or
entirely independent of NPR1 signaling, additional mechanisms
regulated by QSOX1 and possibly influenced by the balance of
ROS and RNS likely contribute to the negative regulation of HR.

Our findings firmly establish a role of QSOX1 in plant immune re-
sponses. The extent of QSOX-mediated regulation in other stress
and developmental contexts remains largely unknown. RBOH-
mediated ROS production is a signature of various abiotic
stresses, raising the immediate possibility that QSOX1 or
QSOX2 influence ROS and RNS homeostasis via a mechanism
directly analogous to the proposed PNFL (Balmant et al., 2016;
Zhou et al, 2016). A previous study demonstrated that
Arabidopsis plants overexpressing QSOX1 (therein referred to
as Par1, for polyamine resistant1) are better able to tolerate
exposure to polyamines (Alejandro et al., 2007). This raises the
interesting possibility that the presence of QSOX1 counteracts
an imbalance of ROS and RNS homeostasis that occurs during
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production of NO via oxidation of polyamines. More generally,
ROS and RNS signaling has been implicated in various
developmental processes, including germination, root growth,
flower development, and flowering time, as well as interaction
of roots with microorganisms in the rhizosphere (Pauly et al.,
2006; El-Maarouf-Bouteau and Bailly, 2008; Airaki et al., 2015;
Turkan, 2018). Whether QSOX1 and/or QSOX2 sense and
signal in response to shifts in cellular redox status resulted from
ROS generation at different sites, from cellular to tissue levels,
during these various stress and developmental pathways
awaits further investigations.

METHODS

Plant materials and growth conditions

Arabidopsis thaliana plants were all in the ecotype Columbia (Col-0).
Transgenic lines of Arabidopsis overexpressing QSOX1-HA (line no. 4 =
QSOX1°F) and the Cys residues mutant QSOX1-M3-HA (line no. 3 =
QSOX1-M3°F) were generated in the gsox? mutant background (T-DNA
insertion knockout, SALK_072829) using pGWB14 vector. To induce syn-
chronous germination, seeds were vernalized at 4°C for 3 days before
growth. Plants were grown under light at 100-120 pmol m~2 s~ photosyn-
thetic flux at 22°C, either in soil with 70% humidity and 8 h of light per day
or in plates of '/, MS medium, 2% sucrose and 0.25% phyta-gel (pH 5.8)
with 16 h of light per day. The rps2-101C (Kunkel et al., 1993), gsnor1-3
(Feechan et al., 2005) mutants were reported previously.

Bacterial pathogen inoculations

Bacterial strains used in this study were P. syringae pv. tomato DC3000,
Pst DC3000 (avrRpt2), Pst DC3000 (avrRpm1), and Pst DC3000 (avrRps4).
All strains were grown at 30°C on King’s B medium containing the appro-
priate antibiotics for selection. Vacuum and spray were used to inoculate
Arabidopsis plants. For vacuum inoculation, the bacteria were scraped off
from a fresh plate, resuspended in 10 mM MgCl, containing 0.005% Sil-
wet L-77 (Lehle Seeds, Round Rock, TX, USA) to 108 cfu/ml, and intro-
duced by vacuum infiltration into submerged leaves of plants previously
washed for 1 min in sterile distilled water. For spray inoculation, plants
were sprayed with a bacterial suspension containing 108 cfu/ml bacteria
with 0.005% Silwet L-77.

Purification of recombinant QSOX1 and its derivatives

E. coli BL21 ([DE3] pLysS) was transformed with pIH1119 encoding wild-
type QSOX1 or derivatives with active site Cys residues replaced with Ser.
The bacterial cells were cultured at 30°C in modified terrific broth (MTB)
medium supplemented with ampicillin (50 ng/ml). When the optical density
of the culture at 600 nm reached 0.5 to 0.6, isopropyl-B-D-thiogalacto-py-
ranoside (IPTG) was added to the culture at a final concentration of
0.2 mM and the cells were incubated for a further 4 h at 30°C. The cells
were harvested by centrifugation at 9000 g for 6 min and the pellet was re-
suspended in phosphate-buffered saline (PBS) buffer (containing 140 mM
NaCl, 2.7 mM KCI, 10 mM NayHPO,, and 1.8 mM KH,PO, [pH 8.0]) with
1 mM PMSF and stored at —70°C until use. After the cells were disrupted
by sonication, the MBP-fused QSOX1 proteins were purified with Amylose
resin (New England Biolabs, Ipswich, MA, USA) and the QSOX1 proteins
were separated from maltose binding protein (MBP) tag by thrombin
cleavage (Roche, Basel, Switzerland).

Gene expression analysis of QSOX7 and RBOH

To test the effect of biotic and abiotic stresses on QSOX7 and RBOH gene
expression, Arabidopsis plants (Col-0) grown in MS medium were exposed
to various stresses. Plants were vacuum infiltrated with 108 cfu/ml
P. syringae pv. tomato DC3000 and P. syringae pv. tomato DC3000
(avrRpt2), 2 mM SA, 100 uM MeJA, or 5 uM methyl viologen (MV). Also,
plants were incubated at 4°C for “Cold” or at 37°C for “Heat” treatments.
Plant tissues were sampled at the indicated time points, frozen
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immediately in liquid nitrogen, and RNA was extracted using a NucleoSpin
RNA Plant Kit (Macherey-Nagel, Duren, Germany). Two micrograms of to-
tal RNAs were reverse-transcribed using SuperScript Il Reverse Transcrip-
tase (Invitrogen, Carlsbad, CA, USA) and 1 pl oligo dT (Invitrogen, Carls-
bad, CA, USA). One microliter of the resultant reaction mixture was used
as a template for RT-PCR with the following reaction conditions; 5 min in-
cubation at 95°C, followed by 25 cycles of 30 s at 95°C, 1 min at 51°C-
58°C, 1 min at 72°C, and then 72°C for another 10 min for a final extension.
Tubulin or actin was used as a control for cDNA preparation. Quantitative
real-time PCR was performed with the StepOnePlus Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA, USA) using a Power SYBR
Green Master Mix (Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s protocol. PCR cycling conditions were as follows:
95°C for 10 min (1x), 95°C for 15 s/60°C for 1 min (40x), followed by a
melting curve step to confirm the specificity of the amplified products.
Amplification curves and gene expression were hormalized to the house-
keeping gene 18S, used as an internal standard.

Assay of oxidase and reductase activities of QSOX1

Reduced ribonuclease A (RNase A) prepared as described (Tu et al., 2000)
was used to assess QSOX1 oxidase activity in the reaction buffer
containing 100 mM Tris acetate (pH 8.0), 50 mM NaCl, and 1 mM EDTA.
At the indicated reaction times, free thiols were blocked by the addition
of SDS loading buffer and 10 mM AMS (4-acetamido-4’-maleimidylstil-
bene-2,2'-disulfonic acid) (Invitrogen, Carlsbad, CA, USA). The
oxidized and reduced forms of RNase A were separated by non-
reducing SDS-PAGE gel and visualized by staining with Coomassie bril-
liant blue. Disulfide reductase activity of QSOX1 was assayed with the
substrate, DTNB (Sigma-Aldrich, St. Louis, MO, USA) at 25°C. QSOX1
proteins were added to the reaction mixture of 50 mM HEPES (pH 8.0)
buffer containing 3 mM EDTA, 5 mM DTNB, 150 uM NADPH, and
0.1 uM AtNTRA, and the rate of DTNB reduction to produce 2TNB was
measured using a spectrophotometer at A412.

NBT, DAB, and Evans blue staining

Two-week-old Arabidopsis seedlings were vacuum infiltrated with bacte-
ria and incubated for 18 h. To detect the quantity of superoxide anion, the
whole plants were immersed in a solution containing 1 mM NBT (Sigma-
Aldrich, St. Louis, MO, USA) plus 10 mM sodium azide in 50 mM sodium
phosphate buffer (pH 7.4) for 12 h, washed three times with distilled water,
and de-stained with 90% ethanol. To detect hydrogen peroxide, detached
leaves were detached and incubated in 1 mg/ml DAB (Sigma-Aldrich, St.
Louis, MO, USA,) solution (pH 6.0) for 12 h. To develop the reddish-brown
coloration of the DAB polymer, stained leaves were placed in boiling
(65°C) 90% ethanol for 30 min. To detect cell death by Evans blue staining,
detached leaves were vacuum infiltrated with 0.1% (w/v) Evans blue solu-
tion for 20 min and placed in Evans blue solution (made up to 0.1% [w/v])
for 12 h before three washes with distilled water and de-staining with 90%
ethanol. NBT-, DAB-, and Evans blue-stained leaves were visualized using
a microscope (Olympus, SZX12). Plant growth conditions and bacterial
treatment method were the same for NBT, DAB, Evans blue staining
experiments.

Aniline blue staining

Four-week-old leaves of the indicated genotypes were hand infiltrated
with water control or 1 uM flg22 using a 1 ml needleless syringe. After
24 h, leaves were fixed and cleared in a solution of 96% ethanol overnight,
incubated for 30 min in 70 mM sodium phosphate buffer (pH 9), stained
with 0.005% aniline blue solution for 60 min in the same buffer, followed
by the addition of 0.1% calcofluor white. Observations were performed
using a microscope (Olympus, AX70).

Quantitative assay of the superoxide anion and H,0,

Two-week-old Arabidopsis seedlings were vacuum infiltrated with bacte-
ria and incubated for 18 h. For detection of the superoxide anion, three 5
mm diameter leaf discs were immersed in 3 ml of 0.01 M potassium phos-
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phate buffer (pH 7.8) containing 0.01% (w/v) NBT and 10 mM sodium azide
for 12 hiin the dark. Leaf discs were removed from the reaction mixture and
the remaining solution was boiled at 85°C for 15 min and cooled oniice. The
oxidized NBT was then measured at Asgo. For hydrogen peroxide detec-
tion, 200 mg of leaf tissue was ground with liquid nitrogen and resus-
pended in 500 pl potassium phosphate buffer (20 mM KoHPO,4 [pH 6.5]).
The extracts were centrifuged at 13 000 g for 15 min at 4°C and the super-
natants were used for hydrogen peroxide assay. The concentration of
hydrogen peroxide was measured using an Amplex Red hydrogen
peroxide/peroxidase assay kit (Invitrogen, Carlsbad, CA, USA) and the
fluorescence was detected using a microplate spectrofluorometer.

ROS production assay

Three leaf discs from 4-week-old plants (Col-0, gsox7, QSOX1 OE, and
QSOX1-M3°E) were collected and floated on sterile water overnight in
96-well plates. The water was removed and replaced with 100 pl of
solution containing 108 cfu/ml of Pst DC3000 (avrRpt2), 5 mM luciferin
(Biosynth International, Naperville, IL, USA), and 20 ug/ml horseradish
peroxidase (Sigma-Aldrich, St. Louis, MO, USA). Luminescence was
quantified by means of photon counts from each well using a CCD camera
(Berthold, NightSHADE LB 985).

Assays for the measurement of antioxidant protein activity

Two-week-old Arabidopsis seedlings grown in '/, MS media were vacuum
infiltrated with bacteria and incubated for 24 h. The plants were ground to
a fine powder in a pestle with liquid nitrogen. Catalase activity was
analyzed with a Catalase Activity Assay Kit (Abcam, Cambridge, MA,
USA) according to the manufacturer’s instructions. The fluorescence of
the samples was assessed using a spectrofluorometer at E,/E,, = 535/
587 nm. Ascorbate peroxidase activity was determined using an Ascor-
bate Peroxidase (APX) Activity Assay Kit (Elabscience, Beijing, China) ac-
cording to the manufacturer’s instructions. The absorbance of the sam-
ples was assessed using a spectrophotometer at A290.

Co-immunoprecipitation assay and BiFC

DNA constructs of GFP-tagged QSOX1 (QSOX1-GFP) and HA-tagged
GSNOR (HA-GSNOR) were co-expressed by agro-transient infiltration in
3- to 4-week-old N. benthamiana leaves. The leaf tissue harvested after
3 days was ground in liquid nitrogen and total proteins were extracted
by immunoprecipitation (IP) buffer containing 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM PMSF, and protease in-
hibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). After incubating the
proteins (1 mg) with a monoclonal anti-GFP antibody (Abcam, Cambridge,
MA, USA) and 30 ul of protein A agarose beads (Invitrogen, Carlsbad, CA,
USA) at 4°C for 4 h, the precipitated complexes were washed three times
with IP buffer. Proteins bound to the beads were separated on an SDS-
PAGE gel and subjected to immunoblotting with anti-GFP or anti-HA an-
tibodies. For BIiFC assay, the coding regions of QSOX1, RBOHD, and
GSNOR were cloned into pTOPO vector and introduced into the destina-
tion vectors, pDEST-SWVYNE, pDEST-®WVYCE, and pDEST-VYCE®" us-
ing the LR recombination mixture (Invitrogen). After the DNA constructs
were transformed into Agrobacterium strain GV3101, the bacteria were in-
filtrated into N. benthamiana leaves and incubated for 3 days. The fluores-
cence images of reconstituted YFP signals in leaves were examined under
a confocal laser scanning microscope (Olympus, FV1000MPE) and
analyzed by FV10-ASW 3.1 software.

Determination of the redox status of QSOX1 in vivo

Redox status of QSOX1 was determined in vivo with the procedures sche-
matically described in Supplemental Figure 5. Protein extracts isolated
from Arabidopsis leaves were equally divided into four aliquots. For the
immunoprecipitation assay, two samples were incubated with protein A
agarose immobilized with GSNOR antibody and the other two samples
with protein G agarose immobilized with HA antibody for 4 h and
washed three times with IP buffer. Using one of each sample type, the
reduced Cys residues were labeled with 1 mM biotin-HPDP (Thermo
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Fisher Scientific, Rockford, IL, USA) for 3 h in the dark at the room
temperature (RT) and washed three times with PBS. For the other
samples, the reduced Cys residues were blocked with 20 mM NEM for
2 hin the dark at RT followed by washing three times with PBS buffer.
Then the oxidized Cys residues were reduced with 2 mM DTT for 1 h in
the dark at RT followed by five washes and then labeled with 1 mM
biotin-HPDP for 3 h in the dark at RT and washed three times with PBS.
The proteins were separated on non-reducing SDS-PAGE gels and immu-
noblotted with anti-biotin, anti-HA, or anti-GSNOR antibodies.

S-Nitrosylation analysis of GSNOR and RBOHD in vivo

S-Nitrosylation of GSNOR and RBOHD were determined in vivo with the
procedures schematically described in Supplemental Figure 5. Protein
extracts isolated from Arabidopsis were immunoprecipitated with each
antibody (¢-GSNOR or «-RBOHD). Samples were incubated with
protein A agarose immobilized with each antibody for 4 h and washed
three times with IP buffer. Then the reduced Cys residues were blocked
with 20 mM NEM for 2 h in the dark at RT followed by washing three
times with PBS buffer. Then the S-nitrosylated Cys residues were
labeled by 1 mM biotin-HPDP with 5 mM ascorbate for 3 h in the dark
at RT followed by three washes with PBS. The proteins were separated
on non-reducing SDS-PAGE gels and immunoblotted with anti-biotin
antibody.

Measurement of GSNOR activity and SNO content

GSNOR activity was assayed spectrophotometrically at 25°C by
measuring the NADH oxidation at Ag4o. After incubating leaf extracts in
an assay mixture containing 20 mM Tris-HCI (pH 8.0), 0.2 mM NADH,
and 0.5 mM EDTA, the reaction was started by adding GSNO at a final
concentration of 400 uM. The activity was expressed as nmol-NADH
consumed per min per mg of protein (ez40 = 6.22 MM~ cm™"). To measure
the S-nitrosothiol (SNO) protein content, 2-week-old Arabidopsis seed-
lings grown in "/, MS media were vacuum infiltrated with bacteria and
13 plants were ground to a fine powder in a pestle with liquid nitrogen.
Samples were resuspended in 1 ml of extraction buffer (1x PBS [pH
7.4]), then centrifuged at 13 500 g for 10 min at 4°C. The supernatant
was transferred to a fresh tube and centrifuged at 16 000 g for 10 min at
4°C. Proteins in the supernatant were quantified by Coomassie (Bradford)
protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) according
to the manufacturer’s instructions. The SNO content was measured by in-
jecting 100 pl of supernatant protein fraction into the reaction vessel of Si-
evers’ Nitric Oxide Analyzer (NOA 280i, GE Water & Process Technolo-
gies, Ratingen, Germany) containing CuCl/cysteine reducing agent as
described (Yun et al., 2011) The SNO concentration determined from a
standard curve generated with cySNO was divided by the protein
amount to determine pmol SNO/mg protein.

NADPH oxidase activity assay

Two-week-old Arabidopsis seedlings grown in /> MS media were vacuum
infiltrated with bacteria and incubated for 24 h. The plants were ground to
a fine powder in a pestle with liquid nitrogen. The activity of NADPH oxi-
dase was monitored using an NADH Oxidase Activity Assay Kit (Colori-
metric) (BioVision, Milpitas, CA, USA) according to the manufacturer’s
instructions.

Quantification and statistical analysis

Statistically significant gene expression was analyzed by Student’s t-test
(P < 0.05, **P < 0.01), but the other statistics were performed by one-way
ANOVA with Tukey’s test. Samples with statistically significant difference
(P < 0.05 or P < 0.01 as indicated in the figure legends) are marked with
different letters (a, b, c, d, e, ab, ac), but the samples with no statistically
significant difference are labeled with the same letter. “ab” is used to mark
samples with no statistical difference for the two separate statistically
different groups. Error bars in all of the figures represent standard devia-
tions. Numbers of replicates are reported in the figure legends.
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