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Histone H2B monoubiquitination (H2Bub1) plays critical roles in regulating growth and development as well as stress
responses in Arabidopsis (Arabidopsis thaliana). In this study, we used wild-type and HUB1 and HUB2 loss-of-function
Arabidopsis plants to elucidate the mechanisms involved in the regulation of the plant’s defense responses to Verticillium
dahliae toxins (Vd-toxins). We demonstrated that HUB-mediated H2Bub1 regulates the expression of the NADPH oxidase
RbohD by enhancing the enrichment of histone H3 trimethylated on Lys-4 in response to Vd-toxins. RbohD-dependent
hydrogen peroxide (H2O2) signaling is a critical modulator in the defense response against Vd-toxins. Moreover, H2Bub1
also affects posttranscriptional mitogen-activated protein kinase (or MPK) signaling. H2Bub1 was required for the activation
of MPK3 and MPK6. MPK3 and MPK6 are involved in regulating RbohD-mediated H2O2 production. MPK3 and MPK6 are
associated with protein tyrosine phosphatases (PTPs), such as Tyr-specific phosphatase1 and mitogen-activated protein
kinases phosphatase1, which negatively regulated H2O2 production. In addition, H2Bub1 is involved in regulating the
expression of WRKY33. WRKY33 directly binds to RbohD promoter and functions as a transcription factor to regulate the
expression of RbohD. Collectively, our results indicate that H2Bub1 regulates the NADPH oxidase RbohD-dependent H2O2
production and that the PTP-MPK3/6-WRKY pathway plays an important role in the regulation of RbohD-dependent H2O2
signaling in defense responses to Vd-toxins in Arabidopsis.

Post-translational modifications of histones play
key roles in regulating chromatin dynamics, gene
transcription, and DNA repair. Histone H2B mono-
ubiquitination (H2Bub1) is a key modification that has
significant effects, mainly associated with transcrip-
tional activation and elongation, on genes (Pavri et al.,
2006; Weake and Workman, 2008). H2Bub1 regulates
multiple developmental processes in plants, including
seed dormancy, leaf and root growth (Fleury et al.,
2007; Liu et al., 2007), control of flowering time, plant
development (Cao et al., 2008, 2015; Gu et al., 2009;

Schmitz et al., 2009; Xu et al., 2009), photomorpho-
genesis, and circadian rhythms (Bourbousse et al., 2012;
Himanen et al., 2012). The roles of H2Bub1in flowering
time and circadian rhythm regulation are associated
with histone H3 trimethylated on Lys-4 (H3K4me3)
and/or with H3K36me3 (Cao et al., 2008; Himanen
et al., 2012; Malapeira et al., 2012; Feng and Shen,
2014; Zhao et al., 2019). Moreover, H2Bub1 is in-
volved in the regulation of defense responses and cu-
ticle composition, which is a defensive barrier that
protects plants against biotic stresses (Dhawan et al.,
2009; Ménard et al., 2014; Zou et al., 2014). However,
the mechanisms of H2Bub1 in plant defense responses
are not fully understood.

Verticillium dahliae is a soil-borne pathogen that cau-
ses Verticillium wilt in a range of important plant spe-
cies worldwide (Bhat and Subbarao, 1999). Although
the physiology of plant defenses against Verticillium
infection is well established (Fradin and Thomma, 2006;
Shaban et al., 2018), the molecular mechanisms and
regulatory pathways involved in the defense response
to Verticillium remain largely unknown. Hydrogen
peroxide (H2O2) may act as an upstream signal to
modulate the expression of defense genes against V.
dahliae toxins (Vd-toxins) in Arabidopsis (Arabidopsis
thaliana; Yao et al., 2011). H2Bub1 plays an important
role in the defense response to Vd-toxins, and HUB1
and HUB2 loss-of-function plants have reduced levels
of Vd-toxins-inducedH2O2 production (Hu et al., 2014).
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However, the molecular mechanisms of H2Bub1 in the
regulation of the defense response to Vd-toxins in
plants remain unknown.

The recognition of pathogens by plants triggers sev-
eral early defense responses, including the production
of reactive oxygen species (ROS) and the activation of

Figure 1. HUB1 andHUB2 are involved in regulating defense responses to Vd-toxins in Arabidopsis. A, Root growth of wild-type
Columbia-0 (Col-0), hub1-4, hub2-2, and hub1-4 hub2-2 mutants, and HUB1/hub1-4 complementation line seedlings treated
with Vd-toxins. Seedlings (4 d old) of the wild type and mutants were transferred from one-half-strength Murashige and Skoog
(MS) medium to one-half-strength MS medium without or with Vd-toxins (100–300 mg mL21). Photographs were taken 4 d after
transfer. B, Quantification of root lengths in A. Error bars indicate SD; n5 30. C, Vd-toxins-induced cell death in cotyledons of the
Arabidopsis wild type, the hub1-4, hub2-2, and hub1-4 hub2-2 mutants, and the HUB1/hub1-4 complementation line. Coty-
ledons of 7-d-old plants were treated with 150 mg mL21 Vd-toxins and stained with Trypan Blue. Leaves treated with double
distilled water were used as controls. D, Quantification of the cell death rates induced by Vd-toxins in C using ImageJ software.
Error bars indicate SD; n5 8. E, Relative expression levels of the defense gene PR1 in the wild type, the hub1-4, hub2-2, and hub1-
4 hub2-2 mutants, and the HUB1/hub1-4 complementation line were determined after treatment with 150 mg mL21 Vd-toxins.
Seedlings treatedwith double distilledwater were used as controls. Total RNAwas extracted 24 h after the Vd-toxins treatment for
RT-qPCR analysis. Error bars indicate SD; n5 15. Different letters represent significant differences at P, 0.05 by one-way ANOVA
with Tukey’s honestly significant difference posthoc tests. All experiments were repeated at least three times.
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mitogen-activated protein kinases (MAPKs; Lamb and
Dixon, 1997; Torres et al., 2005; Boller and Felix, 2009).
Plant NADPH oxidases, also known as respiratory
burst oxidase homologs (RBOHs), are major sources of
ROS during plant-pathogen interactions. RbohD and
RbohF mediate diverse physiological processes, in-
cluding responses to pathogens, in Arabidopsis. Both
AtRbohD and AtRbohF were initially described as key
components of plant defense (Torres et al., 2002; Torres
and Dangl, 2005). However, they have contrasting
functions in the regulation of cell death in response to
pathogen attack (Torres and Dangl, 2005). RbohD is
responsible for the generation of ROS in the response of
Arabidopsis to all pathogens tested (Miller et al., 2009;
Suzuki et al., 2011; Marino et al., 2012), whileAtRbohF is
a crucial modulator in the regulation of metabolic re-
sponses and resistance in Arabidopsis (Chaouch et al.,
2012).

MAPK cascades play pivotal roles in defense-related
signaling pathways of plants (Pedley andMartin, 2005).
In Arabidopsis, three MAPKs (MPK3, MPK4, and
MPK6) have been implicated in the defense against
pathogens (Asai et al., 2002; Ichimura et al., 2002).
MPK3 andMPK6 play positive roles in the activation of

defense responses in Arabidopsis (Beckers et al., 2009;
Rodriguez et al., 2010). However, the literature on the
connection between MAPK activation and ROS pro-
duction is contradictory. Some reports indicate that the
MAPKs function downstream of the ROS burst during
the triggering of plant immunity (Apel and Hirt, 2004;
Pitzschke and Hirt, 2009). In contrast, other studies
suggest thatMAPKs act upstream of ROS production in
the plant immunity-related signaling pathway (Zhang
et al., 2007; Asai et al., 2008). Recently, studies have
indicated that MAPK activation and the ROS burst are
two independent early-signaling events in plant im-
munity (Segonzac et al., 2011; Xu et al., 2014).

MAPKs can be inactivated fully by MAPK phos-
phatases that dephosphorylate both Ser/Thr and Tyr
residues (Chen et al., 2001). Tyr phosphatases play
important roles in the regulation of MAPK cascades
(Ichimura et al., 2002). Tyr phosphorylation plays a key
role in regulating defense signaling in plants (Lin et al.,
2014; Macho et al., 2014). Furthermore, protein Tyro-
sine Phosphatase1 (PTP1) and MAPK Phosphatase1
(MKP1), two main Tyr phosphatases, act as repressors
of MPK3/MPK6-dependent stress-related signaling
(Bartels et al., 2009). MKP1-mediated deactivation of

Figure 2. H2O2 production induced by Vd-toxins in the leaves of wild-type Arabidopsis Columbia-0 (Col-0) and mutants. A,
H2O2 was detected by fluorescence resulting from H2DCF-DA, as described in “Materials and Methods.” Bar 5 100 mm. B,
Quantification of the H2DCF-DA fluorescence intensities in A. Error bars indicate SD; n5 8. Different letters represent significant
differences at P , 0.05 by one-way ANOVA with Tukey’s honestly significant difference posthoc tests. C, Quantitative mea-
surements of H2O2 concentrations in the leaves using the chromogenic peroxidase-coupled assay. Error bars indicate SD; n5 3. D,
Relative expression levels ofGST1 after treatment with 150 mg mL21 Vd-toxins in the wild type, the hub1-4, hub2-2, and hub1-4
hub2-2 mutants, and the HUB1/hub1-4 complementation line. Seedlings treated with double distilled water were used as
controls. Total RNA was extracted 24 h after the Vd-toxins treatment for RT-qPCR analysis. Error bars indicate SD; n 5 3. All
experiments were repeated at least three times.
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Figure 3. AtRbohD and AtRbohF expression affect H2O2 production and the HUB1/HUB2-regulated AtRbohD expression level
in response to the Vd-toxins treatment in Arabidopsis. A, H2O2was detected in the leaves of wild-type Columbia-0 (Col-0) and the
atrbohD, atrbohF, and atrbohD/Fmutants by assessing the fluorescence resulting fromH2DCF-DA, as described in “Materials and
Methods.” Bar5 20 mm. B, Quantification of the H2DCF-DA fluorescence intensities in A. Error bars indicate SD; n5 8. C and D,
Relative expression levels of AtRbohD and AtRbohF after treatment with 150 mg mL21 Vd-toxins in the wild type and the hub1-4,
hub2-2, and hub1-4 hub2-2mutants. Total RNAwas extracted 24 h after the Vd-toxins treatment for RT-qPCR analysis. Seedlings
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MPK3/MPK6 in the stomatal signaling pathway has
been reported, and MKP1 regulates MAPK signaling
specificity and cell fate decisions during stomatal de-
velopment (Tamnanloo et al., 2018). H2Bub1modulates
the expression levels ofAtPTP1 andAtMKP1 genes and
affects the activation of MPK3 and MPK6 in salt-stress
responses (Zhou et al., 2017).

MAPK cascades also perform roles in transcriptional
reprogramming through WRKY transcription factors
(Pandey and Somssich, 2009; Ishihama and Yoshioka,
2012). Some WRKY transcription factors may be regu-
lated by MAPKs at the transcriptional and posttrans-
criptional levels in defense-related signaling pathways
(Eulgem and Somssich, 2007; Pandey and Somssich,
2009; Ishihama and Yoshioka, 2012; Adachi et al.,
2015). WRKY33 plays a vital role in Arabidopsis de-
fenses against necrotrophic fungi (Zheng et al., 2006;
Birkenbihl et al., 2012; Liu et al., 2017). WRKY33 may
function as a downstream component of the MPK3/
MPK6-mediated signaling pathway, and WRKY33
expression is regulated by the MPK3/MPK6 cascade
(Mao et al., 2011). However, the upstream events in
the MPK3/MPK6 cascade and the roles of the MPK3/
MPK6-dependent signaling pathway in the regula-
tion of defense responses to Vd-toxins are currently
unknown.

Here, we show that HUB-mediated H2Bub1 plays
an important role in regulating the H2O2-signaling
pathway in defense responses to Vd-toxins. H2Bub1
regulated the expression of the NADPH oxidase
AtRbohD and WRKY33 by enhancing the enrichment
of H3K4me3 in response to Vd-toxins. The active tran-
scription of WRKY33 regulates AtRbohD expression.
In addition, H2Bub1 also affects posttranscriptional
MAPK signaling. H2Bub1 is required for the activation
of MPK3 and MPK6. Moreover, MPK3 and MPK6 as-
sociate with PTPs, which negatively regulated H2O2
production. The PTP-MPK3/6-WRKY pathway regu-
lates H2O2 signals in the response against Vd-toxins
in Arabidopsis.

RESULTS

HUB1 and HUB2 Are Involved in Regulating the Defense
Response to Vd-Toxins

To explore the possible functions of H2Bub1 in the
defense response to Vd-toxins, wild-type and HUB1
and HUB2 loss-of-function Arabidopsis plants were

used in this study. First, we observed root growth after
exposure to Vd-toxins in the wild type and the hub1-4,
hub2-2, and hub1-4 hub2-2mutants of Arabidopsis. Root
growth was suppressed by exposure to Vd-toxins in a
concentration-dependent manner. Root lengths of the
mutants were significantly shorter than those of the
wild type after a 4-d Vd-toxins treatment (Fig. 1, A and
B). Thus, the HUB1 and HUB2 loss-of-function Arabi-
dopsis plants were more susceptible to Vd-toxins. We
also found that Vd-toxins could induce global changes
in H2Bub1 in wild-type plants (Supplemental Fig. S1).

The central features of plant defense responses
are rapid cell death and the activation of defense-
related genes, and this combination is known as the
hypersensitive response (HR; Dangl and Jones, 2001;
Greenberg and Yao, 2004). Next, we analyzed the rapid
cell death and Pathogenesis-Related Protein1 (PR1) gene
expression after exposure to Vd-toxins in the wild type
and the mutants. We used the Trypan Blue staining
method to detect cell death. The extensive cell death
was dramatically reduced in the leaves of the hub1-4,
hub2-2, and hub1-4 hub2-2 mutants 14 h after the Vd-
toxins treatment compared with the wild type (Fig. 1, C
and D). Furthermore, the relative expression levels of
PR1 were monitored by reverse transcription quanti-
tative PCR (RT-qPCR). The expression of PR1 was
strongly increased in the wild type after the Vd-toxins
treatment, whereas the expression of PR1 was sub-
stantially reduced in themutants, especially in the hub1-
4 hub2-2 mutant (Fig. 1E).

To corroborate that the phenotypes of the hub mu-
tants resulted from the disruption of HUB, the hub1-4-
complemented line HUB1/hub1-4 was used to analyze
the above phenotypes and defense responses. The
phenotype of the HUB1/hub1-4 complementation line
was restored to that of the wild type (Fig. 1).

Thus, the mutants showed the suppression of root
growth, reduction of Vd-toxins-induced cell death, and
expression of defense genes, suggesting that HUB1 and
HUB2 play important roles in regulating defense re-
sponses to Vd-toxins in Arabidopsis.

HUB1 and HUB2 Loss-of-Function Plants Have Reduced
Vd-Toxins-Induced H2O2 Production Levels

Following successful pathogen recognition, ROS are
proposed to orchestrate the establishment of plant de-
fenses (Torres et al., 2006). H2O2 accumulation is a
marker of the cellular defense response (Sang and

Figure 3. (Continued.)
treated with double distilled water were used as controls. Error bars indicate SD; n5 3. E, Schematic diagram of the AtRbohD and
AtRbohF genes. AtRbohD P1, AtRbohD P2, and AtRbohF P1 are gene body regions; arrows indicate transcription start sites. F and
G, Relative enrichments of H2Bub1 and H3K4me3 in the AtRbohD locus after treatment with Vd-toxins in the wild type and the
hub1-4, hub2-2, and hub1-4 hub2-2 mutants. Chromatin was extracted 12 h after the Vd-toxins treatment, and immunopreci-
pitated DNA was analyzed using qPCR. Data were determined as percentages of H2Bub1/H3 and H3K4me3/H3 for each in-
dividual gene position. Relative enrichments of H2Bub1 and H3K4me3 in the AtRbohF P1 locus were used as negative controls.
Error bars indicate SD; n 5 3. Different letters represent significant differences at P , 0.05 by one-way ANOVA with Tukey’s
honestly significant difference posthoc tests. All experiments were repeated three times.
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Macho, 2017). We next explored whether HUB1 and
HUB2 are involved in regulating H2O2 production in
defense responses to Vd-toxins. H2O2 in Arabidopsis
leaves was labeled using a 29,79-dichlorofluorescein
diacetate (H2DCF-DA) fluorescent probe. The fluores-
cence intensity observed in the wild type substantially
increased after the Vd-toxins treatment, whereas the
fluorescence intensity was only slightly increased in
hub1-4, hub2-2, and hub1-4 hub2-2 mutants. The inten-
sity of the HUB1/hub1-4 complementation line was
similar to that of the wild type (Fig. 2, A and B). Fur-
thermore, we measured the H2O2 content in leaves
using a chromogenic peroxidase-coupled assay, and,
similar to the above result, the level of H2O2 accumu-
lation induced by the Vd-toxins was dramatically re-
duced in the mutant compared with the wild type
(Fig. 2C).
The Glutathione-S-Transferase1 (GST1) gene can

function as amarker gene for ROS (Love et al., 2005). To
determine whether HUB1 and HUB2 loss-of-function
plants affect H2O2 production at the transcriptional

level, we measured the relative expression levels of
GST1 using RT-qPCR. The expression of GST1 was
strongly increased in the wild type after the Vd-toxins
treatment, whereas the expression of GST1 was sub-
stantially reduced in the mutants. The expression level
in the HUB1/hub1-4 complementation line was par-
tially restored to that of the wild type (Fig. 2D). Thus,
HUB1 and HUB2 play functional roles in regulating
H2O2 production in Arabidopsis defense responses to
Vd-toxins.

HUB1 and HUB2 Regulate NADPH Oxidase
AtRbohD Expression

NADPH oxidases are necessary for the H2O2 pro-
duction induced by Vd-toxins in Arabidopsis (Yao
et al., 2011). To further dissect the effect of H2Bub1 on
H2O2 production, we first examined H2O2 production
induced by Vd-toxins in the wild type, the NADPH
oxidase loss-of-function mutants atrbohD and atrbohF,

Figure 4. HUB1 and HUB2 affect the activation
of MPK3 and MPK6 in response to the Vd-toxins
treatment in Arabidopsis. A, The kinase activities
of MPK3 and MPK6 were detected by immuno-
blotting using anti-phospho-p44/42 MAPK anti-
bodies (p-MPK6 and p-MPK3). Seedlings (7 d old)
of wild-type Columbia-0 (Col-0) and the hub1-4
mutant were treated with 200 mg mL21 Vd-toxins,
and then total proteins were extracted after vari-
ous times for immunoblot analysis. b-Actin was
used as the loading control. Results are presented
three independent biological replicates. B,
Quantification of the kinase activities of MPK3
and MPK6 in A using ImageJ software. Error bars
indicate SD; n 5 3. C, The kinase activities of
MPK3 and MPK6 were measured in the wild type
and the hub1-4, hub2-2, and hub1-4 hub2-2
mutants. Seedlings (7 d old) of the wild type and
mutants were treated with 200 mg mL21 Vd-
toxins, and then total proteins were extracted af-
ter 30 min for immunoblot analysis. Results are
presented three independent biological repli-
cates. D, Quantification of the kinase activities of
MPK3 andMPK6 in C using ImageJ software. Error
bars indicate SD; n 5 3. Different letters represent
significant differences at P , 0.05 by one-way
ANOVA with Tukey’s honestly significant differ-
ence posthoc tests.

Plant Physiol. Vol. 182, 2020 645

H2Bub1 Regulates Hydrogen Peroxide-Mediated Defense Responses



as well as the atrbohD/F double mutant, using the
H2DCF-DA staining assay. H2O2 production was in-
duced by Vd-toxins, and the H2O2 level displayed a
time-dependent increase in both the wild type and
mutants. However, H2O2 production was significantly
lower in atrbohD, atrbohF, and atrbohD/F than in thewild
type (Fig. 3, A and B). Interestingly, H2O2 production
was significantly greater in the atrbohF mutant, espe-
cially later in the treatment (25–30 min), than in the
atrbohD or atrbohD/F mutant.

Next, we examined the expression levels of AtRbohD
and AtRbohF in the wild type and the hub1-4, hub2-2,
and hub1-4 hub2-2 mutants after Vd-toxins treat-
ment. The expression of AtRbohD was significantly
up-regulated in the wild type, whereas it was slightly
up-regulated in hub1-4, hub2-2, and hub1-4 hub2-2
mutants. In contrast, no marked differences in the ex-
pression levels of AtRbohF were detected between the
hub1-4, hub2-2, and hub1-4 hub2-2mutants and the wild
type (Fig. 3, C and D).

To further investigate how HUB1 and HUB2 influ-
enced the transcription of AtRbohD, we performed a
chromatin immunoprecipitation (ChIP) assay using an
anti-H2Bub1 antibody against chromatin derived from
the wild type and the hub1-4, hub2-2, and hub1-4 hub2-2
mutants, and we designed two fragments based on the
chromatin of AtRbohD for ChIP-qPCR, AtRbohD P1
(193–370) andAtRbohD P2 (724–901; Fig. 3E). qPCRwas
performed to detect the relative H2Bub1 enrichment in
the chromatin of AtRbohD, while the relative H2Bub1
enrichment in the chromatin of AtRbohF P1 (406–583)
was used as the negative control. H2Bub1 was enriched
intensively in the chromatin of theAtRbohD locus of the
wild type, whereas it was enriched weakly in the hub
mutants. Moreover, H2Bub1 was obviously increased
in the chromatin of AtRbohD of the wild type after the
Vd-toxins treatment, while it was barely increased in
the hub mutants (Fig. 3F).

In general, histone H3K4me3 is necessary for
gene activation while H3K27me is associated with
transcriptional repression (Li et al., 2007). H2Bub1
is required for H3K4 and H3K79 methylation in
yeast (Lee et al., 2007). Therefore, we performed
ChIP assays using an anti-H3K4me3 antibody to
detect the level of H3K4me3 enrichment in the
chromatin of AtRbohD. H3K4me3 was increased in
the chromatin of AtRbohD after Vd-toxins treat-
ment in both the wild type and hub mutants;
however, it was lower in the hub mutants (Fig. 3G).
These results indicated that H2Bub1 regulated the
expression of AtRbohD by enhancing the level of
H3K4me3 in the AtRbohD locus after the Vd-toxins
treatment.

Thus, AtRbohD may play a more important role than
AtRbohF in H2O2 production induced by Vd-toxins.
Additionally, H2Bub1 regulates the expression of
the NADPH oxidase AtRbohD, which is associated
with the enhancement of H3K4me3 in the chromatin
of AtRbohD.

HUB1 and HUB2 Are Required for the Activation of MPK3
and MPK6 during Defense Responses to Vd-Toxins

MPK3 and MPK6 have emerged as central players in
MAPK-mediated stress signaling (Bartels et al., 2009;
Pitzschke, 2015), while H2Bub1 is required for the ac-
tivation of MPK3 and MPK6 in modulating salt-stress
tolerance in Arabidopsis (Zhou et al., 2017). Therefore,
we examined whether MAPK is involved in the Vd-
toxins-induced responses and whether HUB1 and
HUB2 are required for the activation of MPK3 and
MPK6 during defense responses. To investigate the
latter, we confirmed the activation of MPK3 and
MPK6 in wild-type and mutant seedlings. Seedlings of
the 7-d-old wild type and the hub1-4 mutant were

Figure 5. Activation states of MPK3 and
MPK6 induced by Vd-toxins in wild-type
Arabidopsis Columbia-0 (Col-0) and atr-
bohD, atrbohF, and atrbohD/Fmutants. A,
The kinase activities of MPK3 and MPK6
were measured in the wild type and the
atrbohD, atrbohF, and atrbohD/Fmutants.
Seedlings (7 d old) of the wild type and
mutants were treated with 200 mg mL21

Vd-toxins, and total proteins were then
extracted after 30 min for immunoblot
analysis. b-Actin was used as the loading
control. Results are presented three inde-
pendent biological replicates. B, Quantifi-
cation of the kinase activities of MPK3 and
MPK6 in A using ImageJ software. Error bars
indicate SD; n5 3.Different letters represent
significant differences at P , 0.05 by one-
way ANOVA with Tukey’s honestly signifi-
cant difference posthoc tests.
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independently treated with 200 mg mL21 Vd-toxins,
and samples were taken at various times. MPK3 and
MPK6 were rapidly activated, and activities were sig-
nificantly elevated in the wild type within 30 min,
whereas their activity levels were partially elevated in
the hub1-4mutant compared with the wild type (Fig. 4,
A and B; Supplemental Fig. S2). Furthermore, seedlings

of hub2-2 and hub1-4 hub2-2 mutants were also inde-
pendently treated with 200 mg mL21 Vd-toxins for
30 min, and the results were consistent with those of
the hub1-4mutant (Fig. 4, C and D). Thus, HUB1 and
HUB2 appear to be required for the activation
of MPK3 and MPK6 during defense responses to
Vd-toxins.

Figure 6. MPK3 andMPK6 regulate H2O2 production and RbohD expression in Arabidopsis. A, H2O2 was detected in the leaves
of wild-type Columbia-0 (Col-0), the mpk3 and mpk6 mutants, the 35S:MPK3 and 35S:MPK6 lines, and the MKK5DD mutant
using fluorescence resulting from H2DCF-DA, as described in “Materials and Methods.” Leaves were treated with Vd-toxins plus
15 mM DEX. Bar5 20 mm. B, Quantification of the H2DCF-DA fluorescence intensities in A. Error bars indicate SD; n5 8. C, Cell
death in cotyledons of wild-type, the mpk3 and mpk6 mutants, the 35S:MPK3 and 35S:MPK6 lines, and MKK5DD Arabidopsis
seedlings. Cotyledons of 14-d-old seedlings were treated 14 h with 150 mg mL21 Vd-toxins plus 15 mM DEX and stained with
Trypan Blue. Seedlings treated with 15 mM DEX were used as controls. D, Quantification of the cell death rates induced by Vd-
toxins in C using ImageJ software. Error bars indicate SD; n5 15. E, Relative expression levels of AtRbohD after treatment in wild-
type, the mpk3 and mpk6 mutants, the 35S:MPK3 and 35S:MPK6 lines, and MKK5DD seedlings. Total RNA was extracted 12 h
after the Vd-toxins treatment for RT-qPCR analysis. Error bars indicate SD; n5 9. Different letters represent significant differences
at P , 0.05 by one-way ANOVA with Tukey’s honestly significant difference posthoc tests. All experiments were repeated
three times.
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Figure 7. MPK3 and MPK6 interact with PTP1 and MKP1, which negatively regulate H2O2 production in Arabidopsis. A, In-
teractions of PTP1 andMKP1 with MPK3 andMPK6 in the yeast two-hybrid system. The experiments were performed three times
with similar results. B, Co-IP of MPK3 and MPK6 interactions with PTP1 and MKP1. Total proteins were extracted from 15-d-old
wild-type Columbia-0 (Col-0) and transgenic 35S:PTP1 and 35S:MKP1 lines. Input and immunoprecipitated proteins were
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MPK3 and MPK6 Are Involved in Regulating
AtRbohD-Mediated H2O2 Production

To determine whether H2O2 production affected the
activation of MPK3 andMPK6 in response to Vd-toxins
or whether the activation of MPK3 and MPK6 affected
the H2O2 production induced by Vd-toxins, we exam-
ined the activation of MPK3/MPK6 and H2O2 pro-
duction in the wild type, atrbohD, atrbohF, atrbohD/F,
mpk3, and mpk6mutants, the 35S:MPK3 and 35S:MPK6
lines, and MKK5DD, a constitutively active MKK5 ki-
nase mutant, which leads to the rapid activation of
MPK3 and MPK6 during dexamethasone (DEX)
treatment.
We first examined the activation of MPK3 andMPK6

after the Vd-toxins treatment in the wild type and the
atrbohD, atrbohF, and atrbohD/Fmutants. The activation
states of MPK3 and MPK6 were induced by Vd-toxins
in the mutants and the wild type; however, there were
no significant differences in the activation levels of
MPK3 and MPK6 among the tested lines (Fig. 5). H2O2
production was significantly lower in atrbohD, atrbohF,
and atrbohD/F mutants compared with the wild type
(Fig. 3, A and B). Thus, the activation states of MPK3
and MPK6 are not affected by H2O2 production trig-
gered by Vd-toxins.
To further determine whether MPK3 and MPK6 af-

fected H2O2 production induced by Vd-toxins, we ex-
aminedH2O2 production in the wild type, thempk3 and
mpk6 mutants, the 35S:MPK3 and 35S:MPK6 lines, and
MKK5DD. H2O2 production increased dramatically af-
ter the Vd-toxins treatment in the wild type, 35S:MPK3,
35S:MPK6, and MKK5DD, whereas the induced H2O2
production was significantly reduced in the mpk3 and
mpk6 mutants compared with the wild type (Fig. 6, A
and B). Trypan Blue staining was used to determine
whether the mpk3 and mpk6 mutations affected the HR
cell death-related phenotypes. As shown in Figure 6, C
and D, the mpk3 and mpk6 mutations reduced the ex-
tensive cell death, indicating that MPK3 and MPK6 are
associatedwithHR-related cell death in response to Vd-
toxins. Furthermore, we examined the expression of
AtRbohD in the wild type, the mpk3 and mpk6 mutants,
the 35S:MPK3 and 35S:MPK6 lines, and MKK5DD after

exposure to Vd-toxins. As shown in Figure 6E, the ex-
pression levels of AtRbohD in mpk3 and mpk6 mutants
were much lower than those in the wild type,
35S:MPK3 and 35S:MPK6 lines, and MKK5DD, indicat-
ing that the expression of AtRbohD is positively regu-
lated by MPK3 and MPK6. Thus, MPK3 and MPK6
putatively regulate H2O2 production, and MPK3 and
MPK6 are involved in regulating the expression of
RbohD during the defense response to Vd-toxins.

MPK3 and MPK6 Interact with PTP1 and MKP1, and PTP1
and MKP1 Negatively Regulate H2O2 Production

PTP1 and MKP1 are important regulators of MPK3/
MPK6-dependent stress signaling (Bartels et al., 2009).
To examine whether PTP1 and MKP1 affect MPK3 and
MPK6 signaling involved in the defense response to
Vd-toxins, we used yeast two-hybrid and coimmuno-
precipitation (Co-IP) assays to detect whether PTP1 or
MKP1 interacts with MPK3 or MPK6. PTP1 and MKP1
interacted with MPK3 and MPK6 (Fig. 7, A and B).
To further determine whether PTP1 and MKP1 af-
fected the activation states of MPK3 and MPK6, kinase
activity assays were performed by immunoblotting
using an anti-phospho-p44/42 antibody. The wild-type
plants were independently transformed with vectors
expressing PTP1 andMKP1 cDNA driven by the strong
35S promoter of Cauliflower mosaic virus (35S:PTP1 and
35S:MKP1). The MPK3 and MPK6 activity levels were
significantly elevated by exposure to Vd-toxins in the
wild type and the ptp1 and mkp1 mutants, whereas the
MPK3 and MPK6 activity levels were partially in-
creased in the 35S:PTP1 and 35S:MKP1 lines (Fig. 7, C
and D). Thus, PTP1 and MKP1 act as negative regula-
tors of MPK3 and MPK6 activities.
To further investigate whether PTP1 andMKP1 affect

H2O2 production, we examined H2O2 production in-
duced by Vd-toxins in the wild type, the ptp1 and mkp1
mutants, and the 35S:PTP1 and 35S:MKP1 lines. The
H2O2 production levels were significantly increased by
the Vd-toxins treatment in ptp1 and mkp1 mutants
compared with the wild type, whereas H2O2 produc-
tion levels were markedly decreased in 35S:PTP1 and

Figure 7. (Continued.)
analyzed by independently immunoblotting with anti-MYC, anti-MPK3, and anti-MPK6 antibodies. C, The kinase activities of
MPK3 and MPK6 were detected by immunoblotting using anti-phospho-p44/42 MAPK antibodies (p-MPK6 and p-MPK3).
Seedlings (7 d old) of the wild type, the ptp1 andmkp1mutants, and the 35S:PTP1 and 35S:MKP1 lines were treated with 200 mg
mL21 Vd-toxins, and the total proteins were then extracted at various times for immunoblot analysis. b-Actin was used as the
loading control. D, Quantification of the kinase activity levels of MPK3 and MPK6 in C using ImageJ software. Results are pre-
sented three independent biological replicates. Error bars indicate SD; n5 3. E, H2O2 was detected in the leaves of the wild type,
the ptp1 andmkp1mutants, and the 35S:PTP1 and 35S:MKP1 lines using a fluorescence assay with H2DCF-DA, as described in
“Materials and Methods.” Bar 5 20 mm. F, Quantification of the H2DCF-DA fluorescence intensities in E. Error bars indicate SD;
n 5 8. G, Cell death induced by Vd-toxins in cotyledons of the wild type, the ptp1 and mkp1 mutants, and the 35S:PTP1 and
35S:MKP1 lines. Cotyledons of 14-d-old seedlings were treated 14 h with 150 mg mL21 Vd-toxins and stained with Trypan Blue.
H, Quantification of the cell death rates induced by Vd-toxins in G using ImageJ software. Error bars indicate SD; n5 9. Different
letters represent significant differences at P, 0.05 by one-way ANOVAwith Tukey’s honestly significant difference posthoc tests.
All experiments were repeated three times.
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Figure 8. HUB1 andHUB2 regulated the expression ofWRKY33 in response to Vd-toxins, andWRKY33 regulated the expression
of AtRbohD in Arabidopsis. A, The relative expression levels of WRKY33 induced by 150 mg mL21 Vd-toxins in wild-type
Columbia-0 (Col-0), the hub1-4, hub2-2, and hub1-4 hub2-2 mutants, and the HUB1/hub1-4 complementation line. Error
bars indicate SD. B, Schematic diagram of the WRKY33 gene. P1 and P2 are gene body regions; the arrow indicates the tran-
scription start site. C and D, Relative enrichments of H2Bub1 and H3K4me3 in the WRKY33 locus after treatment with 150 mg
mL21 Vd-toxins in the wild type, the hub1-4, hub2-2, and hub1-4 hub2-2mutants, and theHUB1/hub1-4 complementation line.
Chromatin was extracted 12 h after the Vd-toxins treatment, and immunoprecipitated DNA was analyzed by qPCR. Data were
determined as the percentages of H2Bub1/H3 and H3K4me3/H3 for each individual gene position. Relative enrichments of
H2Bub1 and H3K4me3 in the AtRbohF P1 locus were used as negative controls. Error bars indicate SD. Different letters in A, C,
andD represent significant differences at P, 0.05 by one-way ANOVAwith Tukey’s honestly significant difference posthoc tests.
E, WRKY33 regulates the expression of AtRbohD. The protoplasts of Arabidopsis harboring 35S:WRKY33 were used. The ex-
pression of AtRbohDwas examined after the protoplasts were exposed to Vd-toxins for 4 h. pSuper1300was used as the negative
control. Error bars indicate SD. F, GUS activity measurement in N. benthamiana leaves after the transient expression of Pro-
RbohD:GUS and 35S:WRKY33. pCAMBIA1391 and pSuper1300 were used as negative controls. LUC was used as an internal
control. G, Schematic diagram showing the promoter structure of theAtRbohD gene. The upstream regions and part of the coding
region are indicated by blackwide lines and awhite box, respectively. The solid arrowheads indicate the sites containingW-boxes
in the AtRbohD promoter. The two fragments (P1 and P2) used for the yeast one-hybrid assay and EMSA are indicated. H, Yeast
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35S:MKP1 lines (Fig. 7, E and F). Moreover, we exam-
ined whether PTP1 and MKP1 affected the defense re-
sponse to Vd-toxins. Trypan Blue staining indicated
that the 35S:PTP1 and 35S:MKP1 lines reduced the ex-
tensive cell death (Fig. 7, G and H). Thus, PTP1 and
MKP1 act as negative regulators of defense responses to
Vd-toxins. These data suggest that PTP1 and MKP1
negatively regulated H2O2 production and inhibited
the activity levels of MPK3 and MPK6 during defense
responses to Vd-toxins.

HUB1 and HUB2 Regulate WRKY33 Expression and
WRKY33 Regulates AtRbohD Expression

WRKY33 is a pathogen-inducible transcription fac-
tor, and its expression is regulated by theMPK3/MPK6
cascade (Mao et al., 2011). Therefore, we hypothesized
that HUB1 and HUB2 are involved in regulating the
expression of WRKY33 in response to Vd-toxins. To
determine whether HUB1 and HUB2 loss-of-function
plants affected WRKY33 expression, the relative ex-
pression levels of WRKY33 were analyzed after expo-
sure to Vd-toxins in the wild type, the hub1-4, hub2-2,
and hub1-4 hub2-2 mutants, and the HUB1/hub1-4
complementation line using RT-qPCR. The expression
ofWRKY33was strongly up-regulated in the wild type,
while it was reduced in the mutants compared with the
wild type. The expression level in the HUB1/hub1-4
complementation line was restored to that of the wild
type (Fig. 8A). ChIP assays were performed to examine
the levels of H2Bub1and H3K4me3 enrichment in
the chromatin of WRKY33 in the wild type, the hub1-4,
hub2-2, and hub1-4 hub2-2mutants, and theHUB1/hub1-
4 complementation line. Two fragments on the chroma-
tin of WRKY33 were targeted for ChIP-qPCR (Fig. 8B).
H2Bub1 enrichment was strongly detected in the
chromatin of WRKY33 in the wild type, but only a
weak enrichment was detected in the hub mutants.
H2Bub1 was obviously increased in the chromatin of
WRKY33 of the wild type after the Vd-toxins treatment,
while it was only slightly increased in the hub mutants
(Fig. 8C). Moreover, the level of H3K4me3 was greater
in the chromatin of WRKY33 after Vd-toxins treatment
in the wild type than in the hubmutant (Fig. 8D). These
results suggested that HUB1 and HUB2 regulated the
expression ofWRKY33 by enhancing the enrichment of
H3K4me3 after Vd-toxins treatment.
Next, we determined whether WRKY33 regulated

the expression of the AtRbohD gene. We detected
the gene expression of AtRbohD in a WRKY33 over-
expression line. The protoplasts of Arabidopsis
harboring 35S:WRKY33 were used. AtRbohD was
up-regulated in the 35S:WRKY33 line compared with

the control, which was protoplasts harboring the empty
vector (Fig. 8E).
To further substantiate the role of WRKY33 in the

regulation of AtRbohD expression, we performed tran-
sient transactivation assays in Nicotiana benthamiana
leaves to determine whether WRKY33 regulates the

Figure 8. (Continued.)
one-hybrid assay showing that WRKY33 binds to the AtRbohD promoter. I, EMSA showing WRKY33 binding to the AtRbohD
promoter. Biotin-labeled fragments of the AtRbohD promoter that containedW-boxes were used as probes. Each experiment was
repeated three times with similar results.

Figure 9. Model of the H2Bub1 mechanism used to regulate defense
responses to Vd-toxins in Arabidopsis. In this model, HUB-mediated
H2Bub1 regulates the expression of the NADPH oxidase RbohD and
WRKY33 by enhancing the enrichment of H3K4me3 in response to Vd-
toxins. H2Bub1 also affects posttranscriptional MAPK signaling.
H2Bub1 is required for the activation of MPK3 and MPK6. Phospho-
rylation of WRKY33 by MPK3 and MPK6 regulates the expression of
RbohD. Moreover, MPK3 and MPK6 associate with PTPs, which neg-
atively regulate H2O2 production. The PTP-MPK3/6-WRKY path-
way regulates H2O2 signals in the responses against Vd-toxins in
Arabidopsis.
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expression of AtRbohD. The leaves were inoculated with
Agrobacterium tumefaciens containing ProRbohD:GUS
and 35S:WRKY33. pCAMBIA1391 and pSuper1300were
used as negative controls. Luciferase (LUC) was used
as the loading control. The expression of AtRbohD
was greater in leaves that were cotransformed with
35S:WRKY33 than in the control (Fig. 8F). Next, we
performed yeast one-hybrid assays and electrophoresis
mobility shift assays (EMSAs) to determine whether
WRKY33 bound directly to the promoter of AtRbohD.
We analyzed the sequences of AtRbohD promoter re-
gions and found that the P1 and P2 fragments of the
AtRbohD promoter contain W-box structures (Fig. 8G).
The P1 and P2 fragments were independently inserted
into the pLacZi2m vector, and the coding sequence of
WRKY33 was inserted into the pB42AD vector. Only
the strain carrying both the AD-WRKY33 and AtRbohD
P1:LacZ plasmids turned blue, indicating an interaction
(Fig. 8H).

To perform the EMSA, the recombinant WRKY33
fusedwith aHis tag (WRKY33-His) was purified from a
prokaryotic system. The P1 and P2 fragments of the
AtRbohD promoter were each labeled with biotin.
WRKY33-His could bind to the AtRbohD P1, while no
bindingwas observed between the P2 fragment and the
WRKY33-His. The negative control and the addition of
the competitive probe (Cold-Probe-P1) also resulted in
no binding and weak binding, respectively (Fig. 8I).

Thus, HUB1 and HUB2 regulate the expression of
WRKY33 by enhancing the enrichment of H3K4me3 in
response to Vd-toxins. WRKY33 directly binds to AtR-
bohD promoter and functions as a transcription factor to
regulate the expression of AtRbohD.

DISCUSSION

In this study, we demonstrated that HUB-mediated
H2Bub1 plays an important role in regulating the
H2O2 signaling pathway in the defense response
to Vd-toxins. H2Bub1 regulated the expression of
the NADPH oxidase AtRbohD and WRKY33 genes.
H2Bub1 also affects posttranscriptional MAPK sig-
naling. H2Bub1 is required for the activation of MPK3
and MPK6. Moreover, MPK3 and MPK6 associate
with PTPs to affect H2O2 signal accumulation. The
WRKY33 transcription factor is necessary for regu-
latingAtRbohD’s expression. Thus, we have increased
our knowledge of the molecular regulatory mecha-
nisms of H2Bub1 that are involved in the defense
response against Vd-toxins.

H2O2 signals induce large transcriptional changes
and cellular reprogramming to control a large array of
biological processes, ranging from the regulation of
growth and development to responses to biotic and
abiotic stimuli (Gadjev et al., 2006; Mittler et al., 2011).
NADPH oxidase has a pivotal role in H2O2 production
under biotic and abiotic stress conditions (Suzuki et al.,
2011). In Arabidopsis, there are 10 different Rboh genes
and their expression ismainly transcriptionally controlled

in a tissue-specific manner. The RbohD and RbohF genes
belong to the group expressed throughout the whole
plant, and RbohD and RbohF are capable of generating
H2O2 in response to pathogen attacks (Torres et al., 2002;
Torres and Dangl, 2005). However, the expression levels
ofAtRbohD andAtRbohF are differentially modulated by
pathogen-associated molecular patterns, and this could
account for their action specificities (Morales et al., 2016).
In this study, we found that AtRbohD plays a more im-
portant role than AtRbohF in the H2O2 accumulation
induced by Vd-toxins. Moreover, HUB1 and HUB2 are
involved in regulating the expression of AtRbohD.

H2Bub1 controls flowering time primarily through
the transcriptional activation of FLC, and H2Bub1 is
required for the enhancement of H3K4me3 in the
chromatin of FLC and other FLC clade genes in Arabi-
dopsis (Cao et al., 2008). H2Bub1 also regulates the
expression levels of circadian clock genes (e.g. CCA1
and TOC1) by increasing the H3K4me3 deposition in
their chromatin (Himanen et al., 2012; Malapeira et al.,
2012). However, H2Bub1 and H3K4me3 deposition
were only connected at some gene-specific chromatin
regions. SET DOMAIN GROUP8 (SDG8; which en-
codes a histone methyl transferase) and SDG25 af-
fect distinct H3K4 and H3K36 methylations and
regulate the expression of plant immunity genes di-
rectly through histone Lys methylation or indirectly
through H2Bub1 (Lee et al., 2016). In addition, SA2Lb
(a euchromatic protein that functionally associates with
an AtCOMPASS-like complex) mediates H3K4me3
deposition independent of H2Bub1 (Fiorucci et al.,
2019). The interaction between H2Bub1 and H3K4me3
deposition in plant defense responses is poorly under-
stood. Our results showed that HUB1 and HUB2 reg-
ulate the expression of AtRbohD by enhancing the level
of H3K4me3 in the chromatin of AtRbohD. Therefore,
we concluded that AtRbohD is responsible for H2O2
accumulation during responses to Vd-toxins in Arabi-
dopsis and that H2Bub1 regulates the expression of
AtRbohD, which is associated with H3K4me3.

MAPK activation may lead to ROS production, and
MPK3/MPK6 may regulate the ROS bursts from
NADPH oxidases (Zhang et al., 2007; Asai et al., 2008).
Conversely, MAPKs may function downstream of ROS
bursts when triggering plant immunity (Apel and Hirt,
2004; Pitzschke and Hirt, 2009). In this study, we
demonstrated that MPK3 and MPK6 act as positive
regulators of defense responses to Vd-toxins. Addi-
tionally, MPK3/MPK6 played important roles up-
stream of H2O2 accumulation, and they regulated the
AtRbohD-dependent H2O2 production in the defense
response to Vd-toxins. The results indicate that
AtRbohD-dependent H2O2 production is required for
the activation ofMPK3 andMPK6 after exposure to Vd-
toxins. Thus, MAPK activation occurs upstream of
H2O2 production in this pathway. This is consistent
with an earlier study (Zhang et al., 2007). Thus, the
mechanisms ofMAPK-controlled H2O2 production and
H2O2-controlled MAPK activity should be discerned in
the near future.
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Protein Tyr phosphorylation plays an important role
in the regulation of MAPK signaling (Tena et al., 2001;
Zhang and Klessig 2001; Ghelis et al., 2008; Nemoto
et al., 2015). The two main Tyr phosphatases that de-
phosphorylate activated MAPKs are MKP1 and PTP1
(Bartels et al., 2009). For example, PTP1 and MKP1 act
as repressors of MPK3/MPK6-dependent stress sig-
naling (Bartels et al., 2009), andMKP1 acts as a negative
regulator of MPK6-mediated pathogen-associated mo-
lecular pattern responses and resistance against bacte-
ria (Anderson et al., 2011). Therefore, it is likely that
PTP1 and MKP1 have negative functions in defense
signaling pathways. In this study, we demonstrated
that PTP1 and MKP1 interact with MPK3 and MPK6
and negatively regulate H2O2 production. A previous
study showed that H2Bub1 modulates the expression
levels of AtPTP1 and AtMKP1 genes and affects the
activation states of MPK3 and MPK6 in salt-stress re-
sponses (Zhou et al., 2017).
WRKY transcription factors are transcriptional reg-

ulators of signaling pathways involved in biotic and
abiotic stress responses, and they act by specifically
binding to W-boxes (TTGACC/T) in the promoter re-
gions of target genes (Rushton et al., 1996; Yu et al.,
2001; Eulgem and Somssich, 2007; Lippok et al., 2007).
The WRKY family transcription factor member
WRKY33, a pathogen-inducible transcription factor, is
a direct phosphorylation target of MPK3 and MPK6
(Mao et al., 2011). In N. benthamiana, RbohA and RbohB,
the putative orthologs of Arabidopsis RbohF and
RbohD, are essential for H2O2 production in the re-
sponse against the oomycete pathogen Phytophthora
infestans (Yoshioka et al., 2003). The RbohB promoter
contains a functional W-box, and W-boxes are well
known cis-regulatory elements recognized by WRKY
transcription factors (Eulgem et al., 2000; Adachi et al.,
2015). The expression of WRKY33 was rapidly induced
by Vd-toxins, and the transcription factor was directly
involved in the activation of AtRbohD expression. In
addition, it is required for H2Bub1 to regulateAtRbohD-
dependent H2O2 signaling in the defense response to
Vd-toxins. A positive regulatory loop, consisting of
MPK3/6-WRKY33-ALD1-pipecolic acid, is a critical
regulatory mechanism of systemic acquired resistance
induction in Arabidopsis (Wang et al., 2018).
In conclusion, our results demonstrate that HUB-

mediated H2Bub1 is involved in the regulation of defense
responses against Vd-toxins through the transcriptional
activation of the NADPH oxidase AtRbohD and WRKY33.
H2Bub1 is associatedwithH3K4me3deposition during the
transcription induction of AtRbohD and WRKY33. The ac-
tive transcription of WRKY33 regulates AtRbohD expres-
sion, and AtRbohD-dependent H2O2 signaling is a critical
modulator in the defense response against Vd-toxins. In
addition, H2Bub1 also affects posttranscriptional MAPK
signaling. H2Bub1 is required for the activation of MPK3
and MPK6. Moreover, MPK3 and MPK6 associate with
PTPs, which negatively regulated H2O2 production. The
PTP-MPK3/6-WRKYpathway regulatesH2O2 signaling in
the response against Vd-toxins in Arabidopsis (Fig. 9).

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Columbia-0 was used as the wild-type.
Arabidopsis mutants and transgenic lines, hub1-4, hub2-2, hub1-4 hub2-2,HUB1/
hub1-4 (Cao et al., 2008), rbohd, rbohf, rbohd/f (Torres et al., 2002), mpk3, mpk6,
35S:MPK3, 35S:MPK6, MKK5DD (Liu et al., 2008), ptp1, mkp1, 35S:PTP1, and
35S:MKP1 (Zhou et al., 2017), were previously described.

The seeds were sterilized with 0.2% (v/v) sodium hypochlorite for 20 min,
rinsed with water, and grown on one-half-strength MS medium supplemented
with 1% (w/v) Suc and 0.8% (w/v) agar at 16°C or 22°C with a 16-h-light/8-h-
dark cycle and 70% relative humidity in a growth cabinet.

Preparation of Crude Vd-Toxins

Ahighly infectiousanddefoliating strainofVerticilliumdahliae (Vd991)wasused
to extract Vd-toxins. The Verticillium spp. culture filtrate was purified as described
previously (Jia et al., 2007; Shi andLi, 2008). The fungal culturewasfiltered through
filter paper, and the filtrate was centrifuged at 10,000g for 30 min to remove the
spores. The supernatant was frozen (220°C) for 24 h, lyophilized for 36 h, and
dissolved in distilled water to make a 0.5 mg mL21 solution. The solution was
dialyzed using 1-kD dialysis membranes (MWCO) in 4°C for 24 h. The concen-
trated solutionwas frozen and lyophilized again, and the powderwas dissolved in
distilledwater. The solution was then refiltered through a 0.45-mmMillipore filter.
The resulting filtrate was used as crude Vd-toxins extract for further experiments.

Vd-Toxin Treatment Assays

For the phenotypic analysis, seeds of the wild type and the hub1-4, hub2-2,
hub1-4 hub2-2, andHUB1/hub1-4mutantswere germinated on one-half-strength
MS medium for 4 d and then transplanted onto plates supplemented with Vd-
toxins (100–300 mg mL21) and grown for another 4 d. For root length deter-
minations after exposure to Vd-toxins, the root length of untreated seedlings of
each genotype was set at 100%, and the mean values 6 SD were shown as
percentages of root length of the respective controls. Three independent ex-
periments were performed, and at least 30 seedlings of each genotype were
measured in each experiment.

H2O2 Assays

For the H2DCF-DA staining assay, 7-d-old seedlings were incubated in 10 mM

MES-KCl buffer (pH 6) supplemented with 200 mg mL21 Vd-toxins and 20 mM

H2DCF-DA for 20 min at room temperature. Then they were washed three times
with 10 mM MES-KCl buffer (pH 6) to remove the excess H2DCF-DA. Seedlings
incubated in double distilled water were used as controls. Fluorescence was
detected with a confocal laser scanning microscope (Zeiss LSM 710) using the
following conditions: power 70%, excitation at 488 nm, and emission at 505 to 530
nm. This experiment was independently repeated at least three times.

H2O2 contentwasmeasured using the chromogenic peroxidase-coupled assay
(Veljovic-Jovanovic et al., 2002). The reactionmixture consisted of 0.1 M phosphate
buffer (pH 6.5), 3.3 mM 3-dimethylaminobenzoic acid, 0.07 mM 3-methyl-2-ben-
zothiazolinonehydrazone, and 0.1 unit mL21 peroxidase (Sigma). The 7-d-old
seedlings were treated with 200 mg mL21 Vd-toxins, then 0.1 g of the leaves was
ground to a fine powder in liquid nitrogen, and the powderwas extracted in 2mL
of 1 M HClO4. When required, the extractions were performed in the presence of
insoluble 5% (w/v) polyvinylpyrrolidone. Homogenates were centrifuged at
12,000g for 10 min, and the supernatants were neutralized with 5 M K2CO3 to pH
5.6 in the presence of 100mL of 0.3 M phosphate buffer (pH 5.6). The homogenates
were then centrifuged at 12,000g for 1 min to remove KClO4. When required, the
sample was incubated prior to the assay for 10 min with 1 unit of ascorbate oxi-
dase (Sigma) to oxidize ascorbate. The reaction was initiated by the addition of
200mL of the sample and 2,700mL of the reactionmixture. The absorbance change
at 590 nm was monitored at 25°C. Three independent experiments were per-
formed, each with three replicates, and similar results were obtained.

Detection of Cell Death in Leaves

Cell death in leaves was determined by staining them with Trypan Blue
according to themethod of Bowling et al. (1997). The experimentswere repeated
at least three times.
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RT-qPCR

Arabidopsis total RNA was isolated using TRIzol reagent (Invitrogen) and
treatedwithDNaseI according to themanufacturer’s specifications (Invitrogen).
For the RT-qPCR analysis, first-strand cDNAwas synthesized from 1mg of total
RNA using PrimeScript reverse transcription reagents kit (TaKaRa). RT-qPCR
was performed on an ABI 7500 Sequence Detector (Applied Biosystems) using
the SYBR Premix Ex Taq Kit (TaKaRa) with gene-specific primers and the in-
ternal control (ACTIN2). The gene-specific primer pairs are listed in
Supplemental Table S1. cDNA aliquots of 2 mL were amplified in a 25-mL re-
action volume containing SYBR Premix Ex Taq, PCR forward primer, PCR re-
verse primer, and the ROX reference dye in accordance with themanufacturer’s
instructions (TaKaRa). PCR was conducted at 95°C for 30 s, followed by 40
cycles of 95°C for 5 s (denaturation) and annealing at 60°C for 34 s. Data
analysis, including the determination of the threshold cycle that represents the
starting point of the exponential phase of PCR, and graphic presentation were
conducted using Sequence Detection Software version 1.07 (Applied Biosys-
tems). The quantification of the transcript levels of the cDNA fragments was
normalized to the expression of the ACTIN2 gene in Arabidopsis at several
points during the Vd-toxins treatment. Three independent experiments were
performed, each with three replicates.

Yeast Two-Hybrid Assays

To create bait and prey plasmids, fragments were amplified by different
primers and cloned into pGBKT7 and pGADT7, respectively. All the primer
sequences are listed in Supplemental Table S1. MPK2-, MPK3-, and MPK6-
coding sequences were independently cloned into the pGBKT7 vector (Clon-
tech) as the bait constructs, while PTP1 and MKP1 were independently cloned
into the pGADT7 vector (Clontech) as the prey constructs. Empty pGBKT7 and
pGADT7 vectors were used as controls. Bait and prey constructs were
cotransformed into Saccharomyces cerevisiae strain AH109. The transformants
were tested on synthetic defined (SD) screening medium. Positive clones were
identified by the ability to grow on the SD medium minus Leu/Trp/His/ad-
enine and containing 6 mM 3-aminotriazole and 20 mg mL21 5-bromo-4-chloro-
3-indolyl-b-D-galacto-pyranoside.

Yeast One-Hybrid Assays

The yeast one-hybrid assaywas performed as described byMiao et al. (2004)
and Li et al. (2010). The full-length cDNA of WRKY33 and DNA fragments of
the AtRbohD promoter were amplified and independently cloned into pB42AD
and pLacZi, respectively. All the primer sequences are listed in Supplemental
Table S1. Empty pB42AD and pLacZi vectors were used as controls. The fusion
constructs were cotransformed into S. cerevisiae strain EGY48. The transform-
ants were tested on SD medium minus uracil and Leu and containing 20 mg
mL21 5-bromo-4-chloro-3-indolyl-b-D-galacto-pyranoside.

GUS/LUC Assays

The transient GUS/LUC assay was performed as described by Zhao et al.
(2016). The pCAMBIA1391 vector containing the Pro-35S:WRKY33 or Pro-
RbohD:GUS construct was transfected into Agrobacterium tumefaciens strain
GV3101. All the primer sequences are listed in Supplemental Table S1. Then,
disposable sterilized syringes were used to inject these two bacterial solutions
into different positions on the same Nicotiana benthamiana leaf. Empty vectors
were used as controls. Three days after injection, the treated leaves were col-
lected to measure the GUS and LUC activity levels. Methyl umbelliferyl glu-
curonide (Sigma) was used in the test of the GUS activity. The binding activity
of WRKY33 to the AtRbohD promoter was determined by the GUS-to-
LUC ratio.

EMSA

EMSA was performed as described in the protocol of the LightShift EMSA
OptimizationControlKit (Thermo). TheEMSAprotocol of Zhao et al. (2016)was
also referenced. All the primer sequences are listed in Supplemental Table S1.
The recombinant proteins WRKY33-His and His were expressed and purified
from Escherichia coli (BL21). Biotin-labeled or unlabeled primers were used to
obtain two fragments (P1 and P2) of the RbohD promoter by PCR amplification.

The unlabeled fragments and His protein were used as competitors and neg-
ative control, respectively.

ChIP Assays

ChIP was performed as described by Zhao et al. (2019) using 3-week-old
seedlings. The anti-H2Bub1, anti-H3K4me3, and anti-H3 antibodies were
purchased from Cell Signaling Technology. ChIP-qPCR was performed to an-
alyze the enrichment of H2Bub1 and H3K4me3 in DNA fragments with anti-
H2Bub1 anti-H3K4me3 antibodies, and anti-H3 antibodies were used to nor-
malize H2Bub1 and H3K4me3 levels to nucleosome occupancy. As the H2Bub1
and H3K4me3 levels in ACTIN2 chromatin were similar among hub1-4, hub2-2,
and the wild type, ACTIN2 was used as an internal control. The primers are
provided in Supplemental Table S1.

Immunoblotting and MAPK Analyses

The 7-d-old Arabidopsis seedlings were treated with 200 mg mL21 Vd-toxins
at several timepoints and carefully placed into centrifuge tubes. Protein extraction
buffer (100 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA, 2 mM DTT, 10 mM

Na3VO4, 10 mM NaF, 50 mM b-glycerolphosphate, 1 mM phenylmethylsulfonyl
fluoride, 1 mM proteinase inhibitor cocktail and phosphatase inhibitor cocktail,
10% [w/v] glycerol, and 1% [w/v] polyvinylpolypyrrolidone) was added to
resuspend each sample. After centrifugation at 10,000g for 30 min at 4°C, super-
natants were transferred into clean tubes. The protein concentrations were de-
termined using the Bio-Rad protein assay kit (Bio-Rad) with BSA as the standard.

For western-blot analysis, 30 mg of total protein per lane was separated on an
8% SDS-PAGE gel. After electrophoresis, the proteins were transferred onto pol-
yvinylidene difluoride membranes. After blocking for 2 h in Tris-buffered saline
plus Tween 20 buffer with 5% (w/v) BSA at room temperature, the membranes
were incubated with anti-phospho-p44/42 MAPK (1:1,000; Cell Signaling Tech-
nology), anti-AtMPK3 (1:2,000; Sigma), and anti-AtMPK6 (1:2,000; Sigma) as pri-
mary antibodies and peroxidase-conjugated goat anti-rabbit IgG (1:2,000; Cell
Signaling Technology) as the secondary antibody. Then the membranes were vi-
sualized using enhanced chemiluminescence substrate (ThermoFisher).

Co-IP Assays

Co-IP assays were performed as described previously (Ding et al., 2015).
Transgenic plants independently harboring 35S:PTP1 and 35S:MKP1 and
expressing PTP1-MYC and MKP1-MYC, respectively, were used to detect the
interactions of MPK3/6 and PTP1/MKP1. Wild-type plants were used as the
negative control. The total proteins extracted from wild-type and stable trans-
genic plants were independently immunoprecipitated with anti-Myc agarose
(Sigma), anti-AtMPK3 (Sigma), and anti-AtMPK6 (Sigma). The immunopre-
cipitates were separated on a 10% SDS-PAGE gel and detected with corre-
sponding antibodies. Then, the membranes were visualized using an enhanced
chemiluminescence substrate (ThermoFisher).

Statistical Analyses

StatisticaldatawereanalyzedbySPSSstatistics software.Datawereanalyzed
by one-way ANOVAwith Tukey’s honestly significant difference posthoc tests.
Values of P, 0.05 are noted in the figure legends, and significant differences are
indicated by different letters.

Accession Numbers

Sequence data for the genes described in this article can be found in TAIR
(https://www.arabidopsis.org/) with the following accession numbers:
AT2G44950 for HUB1, AT1G55250 for HUB2, AT5G47910 for AtRbohD,
AT1G64060 for AtRbohF, AT2G14610 for PR1, AT2G38470 for WRKY33,
AT1G02930 for GST1, AT3G45640 for MPK3, AT2G43790 for MPK6,
AT1G71860 for PTP1, and AT3G55270 for MKP1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Global change in H2Bub1 induced by the
Vd-toxins treatment in wild-type Arabidopsis.
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Supplemental Figure S2. Kinase activity levels of MPK3 and MPK6
detected in wild-type, mpk3, and mpk6 Arabidopsis plants.

Supplemental Table S1. Primers used in this work.
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