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Abstract

In all eukaryotes, the unfolded protein response (UPR) relieves endoplasmic reticulum (ER) stress,
which is a potentially lethal condition caused by the accumulation of misfolded proteins in the ER.
In mammalian and yeast cells, reactive oxygen species (ROS) generated during ER stress attenuate
the UPR, negatively impacting cell survival. In plants, the relationship between the UPR and ROS
is less clear. Although ROS develop during ER stress, the sources of ROS linked to ER stress
responses and the physiological impact of ROS generation on the survival from proteotoxic stress
are yet unknown. Here we show that in Arabidopsis thaliana the respiratory burst oxidase
homologs, RBOHD and RBOHF, contribute to the production of ROS during ER stress. We also
demonstrate that during ER stress RBOHD and RBOHF are necessary to properly mount the
adaptive UPR and overcome temporary and chronic ER stress situations. These results ascribe a
cytoprotective role to RBOH-generated ROS in the defense from proteotoxic stress in an essential
organelle, and support a plant-specific feature of the UPR management among eukaryotes.
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Although reactive oxygen species (ROS) are known to be produced during endoplasmic reticulum
stress, the source of ROS and their potential effects on the canonical unfolded protein response
(UPR) are largely unknown. Here we demonstrate that the respiratory burst oxidase homologs
RBOHD and RBOHF positively contribute to plant survival under these conditions.
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Introduction

Physiological and stress situations causing insufficiency of the endoplasmic reticulum (ER)
to meet cellular demands for secretory protein folding lead to a potentially lethal condition,
known as ER stress (Gething et al. 1992). To overcome ER stress and restore homeostasis,
protective signaling cascades, collectively called the unfolded protein response (UPR), are
originated at the ER and lead to the synthesis of ER chaperones and foldases to attenuate ER
stress. If this adaptive UPR fails, such in conditions of unresolved or chronic ER stress, cells
commit to programmed cell death (Ron et al. 2007, Ruberti et al. 2015, Angelos et al. 2017).
In all eukaryotes, the adaptive phase of the UPR is initiated with the activation of IREL, an
ER-associated membrane kinase and ribonuclease, which catalyzes the unconventional
splicing of transcripts of bZIP-transcription factors: yeast HacZ, mammalian XbpZ, or plant
bZIP60. This step is necessary for the production of an active transcription factor that
controls the expression of UPR target genes (Deng et al. 2011, Nagashima et al. 2011,
Moreno et al. 2012). In multicellular eukaryotes, the UPR has expanded to include
additional UPR effectors, such as membrane tethered bZIP transcription factors (MTTFS),
namely mammalian ATF6 and plant bZIP28. Upon sensing ER stress, these MTTFs
translocate to the Golgi, where the cytosol-exposed transcription factor domain is
proteolytically removed from the transmembrane anchor and translocated to the nucleus for
the transcriptional regulation of UPR target genes (Liu et al. 2007b, Gao et al. 2008,
Srivastava et al. 2013, Sun et al. 2013).

In metazoan cells, a third arm of the UPR is activated by the ER associated PKR-like ER
kinase (PERK) protein, which oligomerizes and autophosphorylates in conditions of ER
stress. PERK activity results in the phosphorylation and inactivation of the eukaryotic
translation initiation factors elF2A thereby promoting a global repression of the rate of the
protein translation (Harding et al. 1999, Shen et al. 2002). The transcription factors ATF4
and Nrf2 downstream of PERK are able to escape this translational repression and
upregulate an oxidative stress response through the production of antioxidant proteins
(Harding et al. 2000, Cullinan et al. 2003). Indeed, mutations in PERK signaling markedly
increase the generation of reactive oxygen species (ROS), which negatively affect UPR
efficiency and the ability of cells to survive ER stress (Marciniak et al. 2004, Back et al.
2009, Han et al. 2013, Maity et al. 2016). In yeast, which similarly to plants lack PERK, a
dysregulated production of H,O, under ER stress results in a translational attenuation of ER
stress genes (Maity et al. 2016). Therefore, in metazoans and yeast, ROS cause attenuation
of the cytoprotective functions of the UPR and acceleration of responses leading to cell
death. In humans, this process potentiates the development of multiple diseases including
diabetes, neurodegenerative diseases, and atherosclerosis (Malhotra et al. 2007).

In plants, a functional connection between ROS and the UPR management has not yet been
clearly defined. During growth and in conditions of stress, several organelles including the
mitochondria, chloroplasts, and peroxisomes generate ROS intracellularly (Tripathy et al.
2012). ROS are also produced in the apoplast mainly by the activity of the membrane-bound
NADPH Oxidase (NOX) enzymes, known in plants as respiratory burst oxidase homologues
(RBOH) (Torres et al. 2002). The NOX/RBOH enzymes generate O,~ through electron
transfer from NADPH to oxygen (Gapper et al. 2006). O, is highly reactive and is
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Results

dismutated to H,O,, either via the superoxide dismutase (SOD) enzymes or spontaneously
(Mori et al. 2004). H,0, is more stable than O, and moves through membranes via
aquaporins (Bienert et al. 2007), and it is therefore considered as a potent signaling ROS in
plants (Sadhukhan et al. 2017). Thus far in plants, an increase of soluble H,O, and lipid
peroxidation during ER stress have been reported (Ozgur et al. 2014, Ozgur et al. 2015,
Ozgur et al. 2018) but the source of ROS during ER stress and the influence of ER-stress
generated ROS on UPR signaling are not yet established. The oxidative function of ERO1 in
the ER lumen is a significant source of ER peroxides both in homeostatic conditions of
growth and during ER stress; however, an increase in NADPH Oxidase activity has also
been observed via biochemical assays during the early UPR (Tu et al. 2004, Sevier et al.
2008, Zito 2015, Ozgur et al. 2018). Under similar conditions, small inductions in transcript
levels of RBOHD and RBOHF, two plasma membrane-localized NADPH Oxidases (Torres
et al. 2002, Torres et al. 2005), were also noted in tissues subjected to ER stress treatment,
leading to the suggestion that increases in ROS levels were due to the respiratory burst
oxidase homologs D and F (RBOHD and RBOHF) (Ozgur et al. 2014). Nonetheless, it is yet
to be experimentally tested to what extent RBOH activity contributes to the ROS levels
during ER stress, and whether these enzymes are necessary for the actuation of effective ER
stress responses. More generally, the downstream effects of increased ROS levels during
plant ER stress responses are also largely unmapped. Previous reports have shown a variable
regulation of the antioxidant defense systems under conditions of ER stress. For example, in
conditions of ER stress the O,~ scavenging activity of superoxide dismutase is induced in
roots, but down-regulated in shoots. Conversely, H,O, scavenging activities of catalase and
ascorbate peroxidase are upregulated in shoots but have no change in roots (Ozgur et al.
2014). However, in both roots and shoots a significantly increased glutathione content and
glutathione reductase activity during ER stress lends weight to the conclusion that
antioxidant defenses are upregulated to manage the increased ROS production in ER stress
(Ozgur et al. 2014). Nonetheless, critical questions remain unanswered. For example, it is
yet unknown what effects an increase in ROS levels may have on the adaptive UPR, nor is it
understood whether ROS may contribute to life or death decisions in temporary and chronic
ER stress. To address these fundamental questions, in this work we explored the functional
connection between ROS and the UPR in plants. We demonstrate that O,~ and H,O5 are
significantly contributed by RBOHD and RBOHF during ER stress. We also show that
RBOHD and RBOHEF elicit a transcriptional response to ROS during ER stress in the
adaptive UPR. Furthermore, we provide evidence for a stringent requirement of RBOHD
and RBOHF to prevent the progression of cell death in recovery from temporary ER stress
and under chronic ER stress. Together, these findings support a positive role of superoxide
signaling in potentiating the cell’s ability to survive temporary and chronic ER stress and
ascribe a significant role to two RBOH proteins in this process.

ER stress induces accumulation of superoxide by NADPH Oxidases

We first aimed to test whether ER stress activates NADPH Oxidases by establishing the
levels of O,7, the product of NADPH Oxidases, in seedlings subjected to induced ER stress
conditions. To do so, we followed O,~ accumulation /77 situ using nitrotetrazolium blue
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(NBT), a chromogenic substrate for oxidases commonly applied to the study of NADPH
Oxidase activity /n7 vivo (Dunand et al. 2007). We analyzed roots of wild type (WT) and a
double RBOHD and RBOHF knockout seedlings (herein dubbed rbohd rbohf (Torres et al.
2002)). RBOHD and RBOHF belong to a ten-member family of proteins and are mainly
expressed in the shoot and vascular tissue (Morales et al. 2016) After 7 days of growth on
solid %2 LS media, the seedlings were transferred to solid ¥z LS media containing the well-
established ER stress inducer tunicamycin (Tm) for 24 or 48 hours to induce the adaptive
UPR in a plate system (lwata et al. 2005, Liu et al. 2007a, Chen et al. 2013).. We found that
at 24 hours, the levels of NBT staining were only slightly increased, mainly at the root tip,
both in Tm-treated WT and rbohd rbohfcompared to the respective DMSO controls (Tm
solvent) (Figure 1A, root tip indicated with A). However, at 48 hours of TM treatment, in
WT and in the rbohd rbohfline the levels of NBT staining had dissipated at the root tip and
increased along the maturation zone and mature root tissues (Figure 1A; mature zone and
maturation zone indicated with T and £, respectively). The NBT staining was higher in the
mature zone of WT roots compared to rbohd rbohf. These observations were validated by
measurements of the relative levels of NBT staining along the root length using ImageJ
(Figure 1B). These verified differences in NBT staining at the tissue level are consistent with
the notion that RBOHD and RBOHF are expressed largely in shoot tissues and mature root
tissues but not at the root tip in Arabidopsis (Morales et al. 2016). We next tested whether
the observed NBT staining in rbohd rbohf could be due to other RBOH activity. Therefore,
we supplemented the Tm-treated samples with diphenyleneiodonium (DPI), a broad
spectrum flavoprotein inhibitor that is commonly applied in the study of RBOH proteins
(Ogasawara et al. 2008). We found that DPI-treatment largely ablated the Tm-induced NBT-
staining in WT and rbohd rbohf (Figure 1A,B). These results indicate that the remaining
Tm-induced NBT staining found at the root tips may be sourced from the activity of RBOH
other enzymes functioning redundantly to RBOHD and RBOHF (Huang et al. 2016).
Together, these results indicate that RBOHD, RBOHF, and potentially other RBOH enzymes
are involved in ER stress-induced O,~ production, which at least for RBOHD and RBOHF is
with the previously described expression pattern at the tissue level.

ER stress induces the accumulation of hydrogen peroxide dependent upon RBOHD and
RBOHF activity and intact UPR signaling

Because O, is converted to H,O5, we next aimed to establish the levels of accumulation of
H»0, in seedlings undergoing ER stress. To do so, we first set up an assay to measure
reliably H,O, levels in untreated tissues. We utilized a sensitive enzymatic fluorimetric
assay based on the stoichiometric oxidization of non-fluorescent Amplex Ultra Red (AUR)
by H,0, by exogenous horseradish peroxidase (HRP) to brightly fluorescent resorufin
(Queval et al. 2008, Zhu et al. 2010, Chakraborty et al. 2016). We expected that this assay
would lead to the detection of resorufin fluorescence in the presence of HRP and to reduced
levels of resorufin fluorescence in the absence of this enzyme. We first conducted tissue
extraction using potassium phosphate buffer (Chakraborty et al. 2016, Le et al. 2016), and
found no significant differences in oxidization of non-fluorescent AUR by added HRP
compared to the control (Figure 2A). These results indicate either that the assay was not
sensitive enough or that the AUR oxidation was saturated in the absence of HRP. To test this,
we implemented a 10% trichloroacetic acid extraction (neutralized: NTCA) to precipitate
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possibly interfering enzymatic reactions, and then assayed the levels of H,O,. Consistent
with our original hypothesis, we found that, in the presence of HRP, the levels of resorufin
fluorescence were significantly higher than in the absence of the enzyme compared to the
control (Figure 2A). As a further control for the validity of our assay, we treated the samples
with catalase, which specifically dismutates H,O in the extract and should therefore further
lower the levels of resorufin fluorescence in HRP-treated samples. Conversely, we expected
no differences in catalase treatment of samples extracted in potassium phosphate buffer
compared the untreated control. In samples extracted with NTCA, we found that the levels
of resorufin fluorescence were significantly lower in catalase-treated samples compared
untreated samples (Figure 2C). As expected also, the addition of catalase did not alter the
levels of fluorescence of potassium phosphate buffer-extracted samples compared to
untreated samples (Figure 2B). These results support that the resorufin fluorescence levels
detected in the potassium phosphate buffer-extracted samples are due to HoO»-independent
oxidation of AUR. Importantly, these results also indicate that we have established a
quantitative approach to track specifically H,O, levels in tissues.

We then used this assay to measure the levels of H,O, in seedlings experiencing ER stress
during the adaptive phase of the UPR. Using the same plate system detailed earlier (Figure
1), we compared the effects of Tm treatment for 6, 24, and 48 hours against seedlings
growing on plates containing DMSO as control. We tested WT, rbohd rbohf, a mutant
lacking the two IRE1 isoforms (/rela ire1b; (Chen et al. 2012)) and a double mutant lacking
functional bZIP60 and bZIP28 transcription factors (bzip60 bzip28, (Deng et al. 2013)). We
found differences in H,O, concentrations among the various backgrounds and their controls
(Figure 2D), in support of a significant bearing of RBOHD and RBOHF activity as well as
intact UPR on H,0, production. To better illustrate such differences we estimated the fold
change in concentration between Tm/DMSO (Figure 2E). Specifically, we found that in all
backgrounds at 6-hours of treatment there were no differences in fold change of H,O»
concentrations (TM/DMSO; Figure 2E). At 24 hours, we established that Tm-treatment led
to a small but significant increase in H,O5 levels in the jrela ire1b mutant background only.
However, at 48 hours, coincident with significant increases in O, in mature WT tissues
(Figure 1B), we found a significant increase in H,O, levels in WT that were not observed in
the rbohd rbohfmutant (Figure 2E), indicating that RBOHD and RBOHF are required for
the accumulation of H,O, under ER stress conditions. Noticeably, the increase of H,O»
verified in WT but not rbohd rbohfwas significantly greater in /rela irelband bzip60
bzip28 mutants (Figure 2E), supporting a requirement of an intact UPR signaling for the
management of H,O, levels in conditions of ER stress. Together, these results indicate that
H,0, accumulates in response to ER stress in the adaptive phase of the UPR dependent on
RBOHD and RBOHF activity and also influenced by the integrity of UPR signaling.

UPR regulators influence RBOHD and RBOHF expression during adaptive UPR

Having established that RBOHD and RBOHF activity is required for ER stress-induced Oy~
and H,0, production (Figures 1, 2), we next aimed to determine if the canonical UPR arms
affected RBOHD or RBOHF expression at the transcriptional level. Therefore, we tested
whether ER stress modulated RBOHF or RBOHD transcript levels as it occurs for other ER
stress responsive genes, such as b.Z/P60, BiP3, ERAJ3A and ERdj3B (Chen et al. 2012,
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Ruberti et al. 2018). To do so, a subset of seedlings from the H,0, quantification
experiments (Figure 2) were used to follow the changes in gene transcript levels by
quantitative RT-PCR (gRT-PCR) during Tm treatment in the plate system (lwata et al. 2005,
Liu et al. 2007a, Chen et al. 2013). We found no changes in the RBOHF transcript levels in
the WT, irela irelb, or bzip60 bzjp28 lines at 6 hours of treatment. However, at 24 and 48
hours of TM treatment, the bzjp60 bzip28 line had slightly lower levels of the RBOHF
transcripts compared to WT (Figure 3A). Conversely, in the WT and Jrela ire1b, the
RBOHD transcripts were transiently induced at 24 hours and then restored to basal levels at
48 hours. We also observed that the FBOHD induction was significantly higher in jrela
fre1b compared to WT (Figure 3B). The RBOHD transcript levels in the bzijp60 bzip28 line
we found to be slightly repressed at 6 hours of treatment (with a TM/DMSO ratio of ~0.8;
Figure 3B). Noticeably, however, at 24 hours in the bzijp60 bzip28 line the RBOHD
transcript levels were significantly lower compared to WT and irela ire1b. Together these
results demonstrate that although the integrity of UPR signaling is required for maintaining
homeostatic levels of RBOH expression during ER stress, the timing of the observed
changes does not directly correlate with RBOHD and RBOHF dependent O, (Figure 1) or
H,0, production (Figure 2) in WT plants. This indicates that other factors, such as post
translational modifications, protein-protein interactions, or altered endomembrane
trafficking of the protein product may contribute to these outcomes.

To provide further evidence that the observed increases in O, (Figure 1) are dependent
upon RBOHD and RBOHF activity during ER stress, we quantified the expression of
ZAT12 an O, responsive marker gene (Miller et al. 2009, Xu et al. 2017). Consistent with
transiently increased levels of NBT staining at 24 hours in the root tip, which was largely
independent of RBOHD and RBOHF activity (Figure 1A), we found a 6-fold upregulation in
ZAT12levels in the WT and rbohd rbohflines (Figure 3C). Significantly at 48 hours, where
we observed an increase in NBT staining of mature root tissues and upregulated H,O, levels
in WT but not rbohd rbohfseedlings (Figures 1, 2), we also found that rbohd rbohf seedlings
had significantly lower levels of ZA712transcript (Figure 3C). These results demonstrate
that 48 hours of ER stress induces O,~ accumulation via RBOHD and RBOHF (Figure 1) to
a level that elicits a transcriptional response.

We next aimed to test whether UPR regulation of RBOHD and RBOHF transcripts or HoO»
levels (Figures 2, 3A, 3B) was correlated with changes in superoxide-dependent signaling.
We found that at 6 hours of Tm treatment in jrela ire1bthe levels of ZAT12were
significantly higher compared to WT. At 24 hours of treatment, ZA712levels in bzip60
bzip28and irela ire1b mutants were slightly lower and higher than WT levels, respectively.
Conversely, at 48 hours of treatment ZAT12levels in bzip60 bzjp28 and irela ire1b mutants
were higher and lower than WT levels, respectively (Figure 3C). Although the increased
ZAT12levels in the irela ire1b mutant are consistent with the verified increase in
transcription of RBOHD and H,0O5 accumulation at 24 hours, the regulation of ZA712in
both UPR mutant lines does not correlate with the RBOH transcription, or HyO»
accumulation at 48 hours. We therefore propose that an impaired UPR response likely has
pleiotropic effects in the regulation of superoxide production, superoxide signaling, and
H,0, accumulation during adaptation to ER stress.
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We next tested whether impaired RBOHD and RBOHF activity affected the canonical UPR
at a transcriptional level. We tested the levels of ER stress-responsive genes such as spliced
bzIP60transcripts (s62/P60) and BIP3, whose abundance is primarily regulated by IRE1-
bZIP60, as well as ERDJ3B, whose expression is primarily regulated by bZI1P28 (Ruberti et
al., 2018). In WT, we found that the Tm treatment led to increased levels of s62/P60
transcripts at 6 hrs, which were attenuated at 24 and 48 hours (Figure 3D). Compared to WT,
in the rbohd robhfline, we observed no significant changes in the induction of s62/P60
levels at 6 hours but a significant ~2 fold reduction of s62/P60 levels at 48 hours (Figure
3D). An altered UPR signaling in rbohd rbohfwas reflected in our analyses of B/P3
transcript levels, which were ~2-fold higher at 6 hours of treatment and ~4 fold lower at 48
hours in the rbohd rbohfline compared to WT (Figure 3E). Conversely, £Raj3B was found
to be ~1.2-fold lower at 6 hours in the rbohd rbohfline compared to WT, but was otherwise
insignificantly different. Taken together, these results indicate that RBOHD and RBOHF
contribute to maintain UPR signaling homeostasis during ER stress.

RBOHD and RBOHF are necessary for recovery from short-term and chronic ER stress

We next aimed to test whether RBOHD and RBOHF could contribute to ER stress resolution
in situations subsequent to the adaptive phase. In this context, progression of the plant UPR
has been studied in conditions of relief from ER stress (temporary ER stress; (Ruberti et al.
2018)) and in conditions of unresolved ER stress (chronic ER stress; (Chen et al. 2013)).
Therefore, we first tested the role of RBOHD and RBOHF in recovery from temporary ER
stress. In this assay, 7-day old-seedlings are transferred to liquid media containing Tm for 6
hrs, and then re-plated on growth medium without Tm. After 3 further days of growth, shoot
fresh weight, root length and chlorophyll content are assayed to assess the ability of the
various genetic backgrounds to overcome ER stress upon relief from an ER stress inducer.
For the assay, we used WT, rbohd rbohfand irela ire1b. Consistent with previous findings
(Ruberti et al. 2018), at the completion of the recovery phase, we found that the shoots of the
frela irel1b mutant weighed significantly less that DMSO-treated controls and lost most of
their chlorophyll; the root also ceased further growth (Figure 4A-D). We also found that
although the shoots of the Tm-treated rbohd rbohf plants weighed similarly to the Tm-
treated WT (Figure 4B), a significant reduction of chlorophyll content was evident (Figure
4C). The roots of Tm-treated rbohd rbohfalso showed an overall reduction in length
compared to WT (Figure 4D). These results indicate that RBOHD and RBOHF are
necessary to successfully overcome temporary ER stress.

We then tested the requirement of RBOHD and RBOHF for overcoming chronic ER stress.
To do so, we followed the customary approach to germinate seeds on growth medium
containing Tm for comparison with seedlings germinated on control plates (Chen et al.
2012). As positive controls, we again used /rela irelbas well as bzip60 bzijp28, which are
hypersensitive to chronic ER stress (Liu et al. 2007a, Chen et al. 2012). After fourteen days
of growth, we examined shoot fresh weight and chlorophyll content (Figure 5A-C).
Consistent with previous findings (Chen et al. 2012, Ruberti et al. 2018), the /irela ire1band
bzip60 bzip28 mutants showed a strong phenotype with marked reduction in shoot fresh
weight and loss of chlorophyll content. When we analyzed rbohd rbohf, we found a
significant reduction in the average shoot fresh weight and chlorophyll content compared to
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WT. These results indicate that, similar to temporary ER stress recovery, RBOHD and
RBOHF are required to successfully overcome chronic ER stress.

RBOHD and RBOHF contribute to preventing ER stress induced cell death

Previous reports have detailed the protective role that RBOHD and RBOHF play in
preventing the spread of cell death during plant immune system response through yet
undetermined mechanisms (Torres et al. 2005). Having established that RBOHD and
RBOHF are required for successful recovery from temporary ER stress and survival from
chronic ER stress, we postulated that these enzymes could be involved in mechanisms
preventing cell death caused by ER stress. To test this hypothesis, we followed cell death by
quantification of electrolyte leakage (Lee et al. 2010) in WT, rbohd rbohf, irela irelb, and
bzip60 bzip28 seedlings exposed to Tm for two and six days (Figure 6A,B). We found that
although the shoot and root of Tm-treated WT seedlings grew considerably less compared to
DMSO control, no significant differences were detected in electrolyte leakage levels (Figure
6B). As expected, the bzjp60 bzip28and irela jre1b mutants showed considerable
chlorophyll loss with electrolyte leakage reaching almost 50% at 6 days of Tm treatment.
We found that rbohd rbohfplants also showed a significant chlorophyll loss and electrolyte
leakage by 6 days of Tm-treatment (Figure 6B) compared to WT plants. These results
indicate that RBOHD and RBOHF contribute in preventing cell death in ER stress
conditions.

Discussion

In plants, the identity of several critical sensors and transducers of ER stress has been
unraveled (Angelos et al. 2017), and the challenge ahead is to discover additional factors that
participate in the UPR management. In this work, we have established that two NADPH
Oxidases are necessary to overcome specific situations of ER stress, such as recovery from
ER stress conditions and unresolved ER stress. These results enrich the general knowledge
of the identity of the proteins and signaling pathways that contribute to ER stress survival in
plants. The ability of mammalian cells to overcome ER stress is negatively influenced by
NADPH Oxidases-produced ROS (L. et al. 2010). In plants, the relationship between ROS
and the UPR was unknown. In this work, we showed that, in conditions of an intact UPR
signaling, NADPH Oxidases-produced ROS exert a positive role on the ability of the plant to
overcome ER stress. These findings support the conclusion that, despite the functional
conservation of canonical ER stress sensors and transducers such as IRE1 and bZIP-
transcription factors, plants have evolved unique strategies for ER stress survival.

NADPH Oxidases contribute to ROS production in conditions of ER stress

Several metabolic and signaling processes affect cellular concentrations of H,O in plants,
including biotic and abiotic stress responses (Miller et al. 2009), nutrient availability
(Contento et al. 2010), circadian rhythms (Zhong et al. 1994), and gravity (Hausmann et al.
2014). In Arabidopsis there are also studies indicating that ER stress affects cellular
concentrations of H,O», through both direct measurements (Ozgur et al. 2014, Ozgur et al.
2018) and analyses of redox-related biochemical activities that are intimately linked with
cellular H,0, levels (Ozgur et al. 2014). However, prior to our work the nature of the
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enzymes contributing to H,O, levels in conditions of ER stress had yet to be clearly
established in plants. In this work, we have set up a sensitive assay to measure H,0, levels
(Figure 2). Using this assay, superoxide staining and a genetic background lacking RBOHD
and RBOHF, we showed that ER stress causes activation of NADPH Oxidase-coupled
superoxide production, leading to the accumulation of H,O5 (Figures 1, 2). We further show
that a superoxide-responsive signaling pathway (Xu et al. 2017) is also activated, as
demonstrated by transcriptional induction of the marker gene ZA712 (Figure 3C). The
concomitant reduction of three different ROS reporters in the rbohd rbohfline compared to
WT under conditions of ER stress (Figures 1, 2, 3; 48 hours) supports that the elevation of
H»0, in conditions of stress is contributed partially by RBOHD and RBOHF. Therefore,
these findings identify two of the enzymes that operate in ROS management during ER
stress potentially sharing redundant functions with other RBOH-enzymes.

Although, the exact molecular mechanisms leading to activation of these enzymes in
response to ER stress have yet to be elucidated, a regulation of RBOH enzymes by altered
cytosolic calcium levels and association with G-protein signaling components may be
postulated as contributing factors. In metazoans cellular calcium ion homeostasis is
intimately linked with ER stress, as calcium is required for the proper functioning of ER
luminal foldase activities (Krebs et al. 2015). Inhibition of sarcoplasmic/endoplasmic
reticulum calcium ATPase (SERCA) transporters leads to the induction of ER stress and the
UPR (Krebs et al. 2015). Upon prolonged UPR activation, a number of factors, including ER
lumen hyper-oxidation by ER oxidase 1a (ERO1a), leads to calcium release from the ER
through activation of inositol triphosphate receptors (IP3R) and apoptotic events (Sovolyova
et al. 2014). Although IP3R-like ER calcium channels have yet to be identified in plants,
SERCA-like transporters have been identified (Liang et al. 1997). Therefore it is possible
that ER stress/UPR induction could alter ER and cytosolic calcium levels, which can
promote RBOHD activation (Ogasawara et al. 2008). Furthermore, in plant responses to
bacterial pathogen attack, it has also been demonstrated that a null mutation in the
Arabidopsis GB subunit (agb1) of the heterotrimeric G-protein plasma membrane signaling
complex was epistatic to the rbohd rbohfnull mutation(Torres et al. 2013). The AGBL1 gene
acts in concert with receptor-like kinases to mediate oxidative burst response to pathogen-
associated molecular pattern (PAMP) triggered immunity(Liu et al. 2013, Liu et al. 2016b).
Although it is yet to be tested whether AGB1 interacts genetically with RBOHD and
RBOHF in ER stress, similar to rbohd rbohf, agb1 is sensitive to chronic ER stress (Chen et
al. 2012). It is therefore possible that AGB1 may contribute to RBOH signaling in
conditions of ER stress.

Unlike in metazoans, NADPH Oxidase-produced ROS are beneficial to overcome ER stress

in plants

Many aspects of the UPR regulators are conserved between plants and metazoans at a
functional level even when compared to yeast wherein only IRE1 arm of the UPR is
genetically encoded (Ron et al. 2007, Ruberti et al. 2015, Liu et al. 2016a). However, it is
increasingly obvious that the different evolutionary contexts between plants and animals
have forced the development of different survival strategies in overcoming ER stress. The
lack of a plant homolog of the mammalian PERK UPR pathway is evidence to that effect.
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NADPH Oxidases are largely conserved between mammals and plants (Suzuki et al. 2011).
However, the activities of mammalian NADPH Oxidase 2 (Nox2) and NADPH Oxidase 4
(Nox4), two homologs of RBOHD and RBOHF, promote apoptosis during ER stress
(Pedruzzi et al. 2004, Li et al. 2010). Specifically, an intravenous tunicamycin challenge in
Nox2—-/-mice resulted in a dramatic reduction of renal cell apoptosis and increased
protection against renal dysfunction when compared to WT mice (Li et al. 2010). In this
work, we show that rbohd rbohfplants display a significant sensitivity to ER stress
conditions (Figures 4, 5, 6). Specifically, in the recovery from acute Tm treatment, in rbohd
rbohf, the resumption of plant growth is markedly delayed, and under chronic stress
conditions (Figures 5, 6), rbohd rbohfplants exhibit enhanced progression of cell death
(Figure 6). Therefore, differently from the mammalian system, during ER stress NADPH
Oxidases RBOHD and RBOHF exert a pro-survival role in the ER stress response. As such,
the results presented in this study identify RBOHD and RBOHF as important positive
contributors to UPR adaptation in plants in a manner that runs differently from the
mammalian cell system.

Homeostasis of NADPH Oxidase activity is required to maintain an effective UPR

Several studies, including studies of RBOH activity during heat stress response in plants,
support a non-specific “transcriptional priming” by which fast acting ROS production by
RBOHD amplifies initial stress-specific transcriptional responses in local and systemic
tissues (Mittler et al. 2015). In our analyses, we established that the RBOHD and RBOHF
are involved in the adaptive phase of the UPR (Figure 3D-F) as well as in recovery from
temporary ER stress and in situations of chronic ER stress (Figures 4, 5). Consistent with a
priming role of RBOH activity in stress responses, the verified misregulation of the adaptive
phase of the UPR due to a compromised RBOH activity may lead to a defective actuation of
proper cytoprotective responses necessary for surviving temporary and chronic ER stress.
Interestingly, when compared to £Rdf3B levels, we verified a stronger impact on the
induction levels of s62/P60and BIP3in rbohd rbohfcompared to WT (Figure 3D-E). Based
on the findings that B/P3expression is principally controlled by the IRE1-bZIP60 arm and
that the ERqj3B is principally controlled by bZIP28 arm, we propose that the activity of
RBOHD and RBOHF positively influences the transcriptional role of bZIP60. This
hypothesis does not exclude that other RBOH enzymes may affect the transcriptional role of
bZ1P60 as well as bZ1P28. Indeed, in our work, while we demonstrate that RBOHD and
RBOHF activity is required for successfully overcoming these specific conditions of ER
stress, the activity of these enzymes is not strictly essential. This is supported by the relative
survival of rbohd rbohf compared to jrela irelband bzip60 bzip28in temporary and chronic
ER stress conditions (Figures 4, 5, 6). Given the relatively large size of RBOH family and
the residual NADPH Oxidase marker activity observed in the rbohd rbohfline (Figure 1), it
is possible that RBOHD and RBOHF share redundant activity with other RBOH enzymes in
temporary and chronic ER stress conditions.

In ER stress conditions, the production of ROS is antagonized by IRE1 and the bZIP60/
bZIP28 transcription factors

The plant IRE1 as well as the availability of bZIP28 and bZIP60 together are strictly
necessary to overcome temporary and prolonged stress, as demonstrated by the evidence that
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death is accelerated in the jrela ire1band bzip60 bzip28 mutants compared to WT in
situations of recovery from temporary ER stress or in conditions of chronic ER stress
((Nagashima et al. 2011, Chen et al. 2012, Deng et al. 2013, Liu et al. 2016a); Figures 4, 5).
An analysis of ER stress response in Chlamydomonas reinhardtii reported a significant
transcriptional induction of ROS-dependent marker genes in /REI knockouts (Yamaoka et
al. 2018). These findings led to the hypothesis that an increase in ROS may contribute to the
ER stress sensitivity of ireZ knockout lines in this model systems (Yamaoka et al. 2018). Our
results that in the Arabidopsis /rela ire1b line, which is hypersensitive to ER stress ((Chen et
al. 2012); Figures 4-6), the H,O, levels are higher at 24 and 48 hours of Tm treatment
compared to WT (Figure 2E) corroborate this hypothesis. Our results also provide direct
evidence in support of the hypothesis that UPR regulators are required to manage cellular
H,0, concentrations under ER stress conditions in plants like they do in metazoans
(Hourihan et al. 2016). However, the verified increases in H,O, content in the /rela irelb
and bzip60 bzip28 mutants were not directly correlated with the observed misregulation of
ZAT12/RBOHD transcript levels in these lines compared to WT, which may indicate that an
intact UPR signaling potentially coordinates ROS production/signaling through multiple
mechanisms to promote proper ER stress management. Conversely, the verified differences
in transcript induction of UPR marker genes (i.e., s62/P60, BIP3and ERAJ3B) in rbohd
rbohfcompared to WT (Figure 3D-E) indicate that RBOH activity is required to maintain
proper UPR signaling. How the observed increase in HoO5 levels may affect the UPR is yet
undetermined at a mechanistic level. Recent findings have shown that ER stress alters the
cytosolic redox potential, which in turn modulates the activity of the transcriptional
coregulatory NPR1 (nonexpresser of PR genes), which binds and represses the
transcriptional function of bZIP28 and bZIP60 (Lai et al. 2018). It is similarly possible that
an excessive elevation of H,O, in conditions of ER stress changes the activity of UPR and
programmed cell death modulators. The ROS species produced by RBOHD and RBOHF
suppress the spread of runaway cell death in a pathway parallel to the Lesion Stimulating
Disease 1 (LSD1) zinc-finger protein under normal growth conditions, in response to
salicylic acid, extracellular superoxide, and pathogen induced hypersensitive response
(Torres et al. 2005). The results of our study indicate that RBOHD and RBOHF may also
prevent the propagation of cell death in response to chronic ER stress (Figure 6). Under this
light, the noted misregulation of RBOH activity and accumulation of H,O5 in jrela irelb
and bzijp60 bzip28 mutants during ER stress (Figures 2E, 3C) may represent convergent
signals that initiate processes leading toward programmed cell death, and could at least
partially explain the hypersensitivity of these lines to ER stress conditions (Figure 4-6)
(Chen et al. 2012, Deng et al. 2013). Therefore, together our results support the hypothesis
for a dual role of H,O, in ER stress-induced programmed cell death, which is differently
manifested in WT and mutants of the UPR signaling pathway. Specifically, in cells with an
intact UPR, RBOH activity and H,O, levels are maintained to levels that promote survival;
however, a defective UPR likely causes misregulation of RBOH activity and excess HoO2
accumulation that may lead to cell death. The latter scenario may be beneficial for plants to
favor the survival only of cells with an intact ability to overcome proteotoxic stress.
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Methods

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0), rbohd rbohf, (Torres et al. 2002) irela irelb,
and bzijp60 bzip28 (Chen et al. 2012, Deng et al. 2013) plants were used in this study. For all
experiments, surface-sterilized seeds were plated directly onto petri dishes containing half-
strength Linsmaier and Skoog (%2 LS) medium, 1.0% wi/v sucrose, and 1.0% agar and then
cold treated (4°C) in the dark for two days to synchronize germination. Plates were then
transferred to a Percival growth chamber and incubated for the indicated time at 21°C under
continuous light (130 pE).

Superoxide Histochemical Staining and Quantification

WT or rbohd rbohf seedlings were grown vertically on for 7 days, and then transferred to %
LS media containing 1.0 pg/ml Tm, 1.0 pg/ml TM + 2.5 uM DPI, or DMSO and allowed to
grow for a further 24 or 48 hours in the growth chamber. Whole seedlings were used for the
subsequent Nitro Tetrazolium Blue (NBT) staining which took place at the same time on
each day. NBT was dissolved to a concentration of 1 mg/ml in 20 mM HEPES pH 6.1, and
protected from light until used. To reduce the inherent variability created by staggered
staining of the seedlings for very short incubation periods, all experimental groups were
treated with NBT solution at the same time. To do so, six 60mm Petri dishes containing 2 ml
of ddH,0 were prepared. Fifteen individuals from each genotype/treatment were then
transferred to separate dishes with forceps. Once all seedlings were transferred, 15 ml of
NBT solution was added to each dish and covered for 15 minutes. For each plate, the NBT
solution was quickly removed with a seriological pipette and replaced with ~20 ml of
ddH,0 to remove excess NBT. Restarting at the first dish, the ddH,O was then removed, and
seedlings were submerged in 95-100% ethanol for 10 minutes to fix the root tissues.
Seedlings were then mounted on slides in a 1:1 ethanol:glycerol solution with a coverslip
covering just the roots. Images were obtained using the microscope function of an Olympus
Tough F2.0 camera outfitted with ring LED light guide. Over a white surface, slides were
placed on a 60mm Petri dish marked with a reference distance. The slide and 60mm dish
were then placed in the center of a 100mm square Petri dish and covered with the lid. The
camera was placed directly on the square lid for imaging to ensure consistent distance from
the subject. Three independent experiments were performed with similar results.

To quantify the stain intensity along the root, unedited images were converted to 32 bit black
and white in ImageJ. Beginning at the root apex, pixel intensities were recorded along a
traced line segment (1000 individual measurements). The same line traces were then moved
immediately left or right of the root and background pixel intensities were recorded. For
each root, relative pixel stain intensity was calculated by subtracting the background value
from the original trace value. For each experimental group the relative stain intensity from 8
roots was averaged and standard error calculated. Three independent experiments were
performed with similar results.

Plant J. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Angelos and Brandizzi Page 13

Extraction and Quantification of HyO» in Seedling Tissues using Amplex Ultra Red

(Chakraborty et al. 2016)Two H,0, extraction methods described previously (Chakraborty
etal. 2016, Le et al. 2016) were tested: 1) phosphate buffer (K;HPO4 20mM pH 6.5) and 2)
neutralized Trichloroacetic Acid (TCA). For phosphate buffer extractions, 200 microliters
was added to frozen tissue then briefly vortexed. Samples were then centrifuged at 21000 xg
and 4°C for 20 minutes to ensure plant debris was pelleted then used immediately for H,O,
quantification. NTCA extractions were performed as follows: ten percent trichloroacetic acid
(TCA), and 1M sodium bicarbonate solutions were prepared and kept on ice. Two hundred
microliters of 10%TCA was added to still frozen samples on ice and briefly vortexed until
mixture was homogenous and centrifuged at 21000 xg and 4°C for 20 minutes. In separate
microcentrifuge tubes 86.6 microliters of sodium bicarbonate solution was aliquoted and
150 microliters of the centrifuged 109%TCA supernatant extract was added to bicarbonate
containing tubes on ice. Any pink coloration due anthocyanin content in extracts should
change to a dark blue hue after neutralization. One hundred microliters of the neutralized
supernatants were arranged in 96 well plates on ice, to allow for sample transfer to assay
with a multichannel pipette.

A working solution of catalase was prepared by centrifuging ten microliters of ammonium
sulfate catalase suspension (Sigma, C3515-10MG). The clear ammonium sulfate
supernatant was then removed before catalase pellet was dissolved in 600 microliters of
ddH,0. Five microliters of catalase working solution was then added to the remaining
neutralized sample extracts in microcentrifuge tubes. These samples were incubated at room
temperature for a minimum of 10 minutes. One hundred microliters of the catalase treated
supernatants were then stored in the same 96 well plate on ice.

An H,05, standard curve was prepared by serial dilution of 30% H,05 to concentrations of
100 pM, 50 uM 25 pM 10 uM and 5 uM which were then diluted 10x (from 50 microliter
aliquots) by sequential addition of 200 microliters of 10% TCA, 122 microliters of 1M
sodium bicarbonate and 128 microliters of ddH,O to mimic extraction procedure. Final
concentrations of H,O standards therefore ranged from 10 uM to 0.5 pM. NTCA extraction
resulted in no net loss of H,0,. H,O, standards were prepared fresh daily.

Amplex Ultra Red (AUR) working solution was prepared by dissolving 1 vial of AUR in
340 microliters of DMSO per manufacturer’s instructions to make a 10mM AUR stock.
AUR assay solutions were prepared immediately before use. Fifty microliters of AUR stock
was added to 10 ml of ddH,O containing 5 pg/ml commercial horseradish peroxidase (AUR-
HRP) and to another 10 ml of ddH,0 without HRP (AUR-NoHRP). Solutions were kept on
ice and protected from light. All assays were performed in clear 96 well microplates and
prepared on a cold block. Twenty five microliters of neutralized samples and catalase treated
samples were always pipetted prior to addition of 75 microliters of the appropriate AUR
assay solution by multichannel pipette. The plate was then briefly incubated (5 min) at room
temperature in the dark. Longer incubation periods did not lead to greater differences
between catalase treated samples and untreated samples, only increases in AUR chemical
auto-oxidation. The microplates were read using a SpectramaxM2 (Molecular Devices)
equipped with fluorescence detection capabilities. The excitation wavelength was set to 544
nm, and emission was recorded at 590 nm.
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Experiments were performed to test the effectiveness of extraction procedures, dose
response, and catalase treatment (Figure 2A,B,C). WT seedlings (~2g) were ground in a
mortar with liquid nitrogen, to a fine powder and separated into triplicate 40, 30, 20, or 10
mg aliquots. Extraction procedures were performed as described above and assayed with
AUR-HRP or AUR-NOHRP as indicated.

To assay H,O, accumulation under ER stress conditions WT, rbohd rbohf, irela irelb, and
bzip60 bzip28 were grown for 7 days and transferred to plates containing 1.0 pg/ml Tm or
DMSO for 6, 24, or 48 hours as indicated, and harvested at the same time on consecutive
days. Three biological replicates consisting of approximately 30-60 mg of seedling tissue
each were briefly dried on a Kimwipe and exact fresh weight recorded before samples were
placed in 1.7ml microcentrifuge tubes with two glass beads, and frozen in liquid nitrogen.
Samples were ground to a fine powder in a Retch MM301 (Retch; Haan, Germany) by
agitation at a frequency of 30/sec for two sets of 30 seconds which were separated by
refreezing in liquid nitrogen and stored in liquid nitrogen. Samples were extracted with
NTCA, and then treated with catalase as indicated. For each biological replicate the
neutralized samples and catalase samples were assayed in two technical replicates in the
same plate with a standard curve. Each genotype was assayed in a separate plate. The
catalase labile signal was calculated by subtracting average fluorescence intensity of catalase
treated replicates from the average fluorescence intensity of the neutralized sample
replicates. The samples were compared to the individual H,O5 standard curves to derive an
[Ho05] of the samples, and total micromoles of H,O5 in the extract. This was normalized to
recorded sample fresh weights.

RNA extraction and Quantitative RT-PCR Analyses

The RNA measurement experiments were performed in parallel with the H,O5
quantification experiments. Seedlings germinated under normal growth conditions and
grown for 7 days were transferred to plates containing %2 LS media with 1.0% sucrose and
1.0 pg/ml Tm or DMSO for 6, 24, or 48 hours as indicated, and harvested at the same time
on two consecutive days. Groups of 5-10 seedlings were pooled placed in 1.7ml
microcentrifuge tubes with two glass beads, and frozen in liquid nitrogen. Total RNA was
extracted from whole seedlings using a NucleoSpin Plant RNA kit (Machery-Nagel)
according to the manufacturer’s instructions, including on column DNase Digestion. All
samples within the experiment were reverse-transcribed using iScript Reverse Transcriptase.
RT-PCR with SYBR Green detection using a AASt method was performed in technical
triplicates using the Applied Biosystem 7500 Fast Real-Time 7500 PCR system, and data
normalized to the expression of UBQ10 (AT4G05320). The values presented are the mean of
three independent biological replicates +SE.

Recovery from ER stress, and Chronic ER stress Phenotypic Analyses

For the recovery from ER stress experiments WT, rbohd rbohf, and irela ire1b were
germinated on %2 LS plates grown vertically for 5 days, transferred to liquid %2 LS media
containing 1.0 ug mI~1 Tm for 6 hours, then replated on ¥ LS plates and grown vertically
for a further 3 days. The plates were then photographed and the root lengths of at least 30
individuals from 4 separate plates were determined using ImageJ; the mean £SE was then
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calculated. In groups of two shoots were excised, fresh weight recorded, placed in 1.7ml
microcentrifuge tubes with two glass beads, and frozen in liquid nitrogen.

For the chronic ER stress experiments WT, rbohd rbohf, irela irelb, and bzjp60 bzip28 were
germinated on % LS plates containing DMSO, 5 ng/ml, 10 ng/ml, or 25 ng/ml Tm and
grown for two weeks then photographed. In groups of five, shoots were excised, fresh
weight recorded, placed in 1.7ml microcentrifuge tubes with two glass beads, and then
frozen in liquid nitrogen.

For both ER stress recovery and chronic stress experiments, total chlorophyll content
(chlorophyll a+ chlorophyll b) per mg fresh weight was determined as described previously
(Tait et al. 2003). Samples were ground to a fine powder in a Retch MM301 (Retch; Haan,
Germany) by agitation at a frequency of 30/sec for two sets of 30 seconds which were
separated by refreezing in liquid nitrogen. From the liquid nitrogen 1 ml of DMSO was
added to the sample tubes, inverted until mixed then incubated at room temperature for 20
minutes in the dark. Samples were then centrifuged at 21000xg and 200ul aliquots added to
a clear 96 well plate for spectrophotometric quantification of chlorophyll content using a
SpectramaxM2 (Molecular Devices). For all experiments at least 10 biological replicates for
each experimental group were recorded, presented data represents the mean +SE.

Electrolyte Leakage Measurements

WT, rbohd rbohf, irela irelb, and bzip60 bzijp28 seedlings were grown for 7 days then
transferred to plates containing 1.0 ug/ml Tm, or DMSO. Seedlings were imaged after six
days on treatment plates. After 48 and 144 hours the extent of cell death was determined by
quantification of percent electrolyte leakage as described previously with minor
modifications (Dong et al. 2006, Lee et al. 2010). Groups of five seedlings were briefly
washed in ddH,0, and then incubated in 4 ml of ddH,O for 3 hours in glass culture tubes
with gentle agitation. Liquid conductivity was measured (Measurement 1). The tubes were
autoclaved with caps and allowed to cool under gentle agitation for 3 hours. Total
conductivity was measured (measurement 2) and percentage of the total was calculated as
(Y6=measurementl/measurement2*100).
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Figure 1. NADPH oxidase dependent O2- isgenerated during ER Stress partially through
RBOHD and RBOHF activity

In situ detection and semi-quantification of superoxide in root tissues by staining with nitro-
tetrazolium blue (NBT) A. WT or rbohd rbohf seedlings treated with 1.0 ug/ml Tm, 1.0
pg/ml TM + 2.5 uM DPI, or DMSO were stained with NBT after 24 or 48 hours. T: mature
zone; F: maturation zone; A: root tip. B. Tissue-specific differences in superoxide are shown
by relative pixel intensities of NBT stain from the root tip + SE.
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|:_iguarj<|a_2. ER Stressinduced H2O» are controlled by RBOHD and RBOHF aswell asintact UPR
signallin

Di’velop?nenz‘ and application of an Amplex Ultra Red protocol for H»0, quantification from
seedlling tissues subjected to ER stress. A. Comparison of H,O, extraction methods using
potassium phosphate buffer (PHOS) or 10% TCA neutralized with NaHCO3 (NTCA)
incubated in the presence or absence of horseradish peroxidase (HRP). B. Evaluation of
tissue loading during PHOS extraction and catalase treatment. C. Evaluation of tissue
loading during NTCA extraction and catalase treatment. D. WT, rbohd rbohf, irela irelb,
and bzip60 bzip28 seedlings were treated in a plate system with Tm or DMSO for the
indicated time and H,0, quantified; see materials and methods. Data represent the mean
concentration £ SE. E. From the values in (D) average fold change + SE (Tm/DMSQO) was
determined from biological replicates in the order that they were measured. Statistical
significance compared to equivalent WT value, unless a bracket is used to indicate
comparison. Statistical significance determined using Student’s unpaired t-test and indicated
by: *=p<0.05, **=p<0.005 ***=p<0.0005, NS=not significant.
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Figure 3. Intact UPR signaling isrequired to maintain homeostasis of RBOH transcript levels
and ROS signaling, while RBOH activity affects UPR homeostasis.

Time course gene expression analysis of WT, rbohd rbohf, irela irelb, and bzip60 bzip28
seedlings subjected to ER stress. QRT-PCR analyses were performed using primers specific
for either RBOHF (A), RBOHD (B), ZAT12 (C), spliced bZIP60 (sb.ZIP60, D), BIP3 (E), or
ERAj3B (E). Data represent the mean ratio + SE (biological replicates=3); Statistical
significance compared to equivalent WT value, unless a bracket is used to indicate
comparison. Statistical significance determined using Student’s unpaired t-test and indicated
by: *=p<0.05, **=p<0.005 ***=p<0.005, NS=not significant.
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Figure4. RBOHD and RBOHF arerequired in therecovery from temporary ER stress.
Phenotypic analyses of the various genetic backgrounds subjected to temporary ER Stress.

A. WT, rbohd rbohf, and irela irelb seedlings were subjected to ER stress and were imaged
after a 3 day recovery. From the seedlings grown in (A) shoot fresh weight (B), average total
chlorophyll (C), and root length (D), were recorded as described in the materials and
methods. Data represent the mean + SE. (at least 10 biological replicates). Letters above
each data point indicate statistically significant groups using Student’s unpaired t-test

(p<0.05).
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Figure 5. RBOHD and RBOHF arerequired for adaptation to chronic ER stress.
Phenotypic analysis of different seedling genetic backgrounds subjected to chronic ER

stress. A. WT, rbohd rbohf, irela irelb, and bzip60 bzip28 were germinated on media
containing the indicated concentration of Tm or DMSO grown for two weeks. Shoots fresh
weight (B) and total chlorophyll content (C) were measured. Data represent the mean + SE
(at least 10 biological replicates). Letters above each data point indicate statistically
significant groups using Student’s unpaired t-test (p<0.05).
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Figure 6. RBOHD and RBOHF act to prevent ER stressinduced cell death
Determining the extent of cell death in seedlings of different genetic background subjected

to prolonged ER stress. A. WT, rbohd rbohf, irela irelb, and bzip60 bzip28 seedlings treated
with Tm in a plate system for 48 and 144 hours, and then photographed at 144 hours. B. The
extent of cell death was determined by quantification of percent electrolyte leakage. Data
represent the mean + SE (4 biological replicates). Letters above each data point indicate

statistically significant groups using Student’s unpaired t-test (p<0.05).
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