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Singlet Oxygen Plays an Essential Role in the Root’s
Response to Osmotic Stress!'O*EN]
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The high osmotic potentials in plants subjected to drought stress can be mimicked by the application of high molecular weight
polyethylene glycol. Here, we quantified the effects of exposure to polyethylene glycol on the growth of the main and lateral
roots of Arabidopsis (Arabidopsis thaliana) seedlings. The effects on root growth were highly correlated with the appearance of
singlet oxygen, as visualized using the singlet oxygen-specific probe singlet oxygen sensor green. The production of singlet oxy-
gen was followed by cell death, as indicated by the intracellular accumulation of propidium iodide due to the loss of membrane
integrity. Cell death began in the epidermal region of the root tip and spread in a dynamic manner to meristematic sections. In
parallel, gene expression changes specific to the presence of singlet oxygen were observed. The accumulation of other reactive
oxygen species, namely hydrogen, peroxide, nitric oxide, and superoxide, did not correlate with cell death. In addition, both the
singlet oxygen scavenger His and the lipoxygenase inhibitor salicylhydroxamic acid specifically inhibited singlet oxygen accu-
mulation and cell death. These results suggest a light-independent, type-I source of singlet oxygen production. Serpin-protease
interactions were used as a model to assess the possibility of vacuolar-type cell death. Osmotic stress induced the accumulation
of complexes between the cytoplasmic serpin AtSERPIN1 and its cognate vacuolar proteases, indicating that vacuolar integrity
was compromised. These findings imply that singlet oxygen plays an essential role in conveying the root response to osmotic

stress.

Drought is a common adverse environmental factor
that affects plant water balance, eliciting multiple reac-
tions in the plant that severely limit plant productivity
(Godfray et al., 2010). The altered soil-water status has
a profound effect on lateral root initiation and elon-
gation (van der Weele et al., 2000; Deak and Malamy,
2005). Experimental systems to understand the effects
of drought have incorporated cell-impermeable high
molecular weight polyethylene glycol (PEG; Lagerwerff
et al., 1961; Verslues et al., 1998). The use of PEG showed
that drought stress response could be separated into
components of high osmotic pressure effects and of
high salt toxicity effects, with each exhibiting distinct
transcriptome profiles (Patade et al., 2012; Monetti et al.,
2014). Indeed, PEG-generated osmotic stress was used
to select for novel drought-resistant rice genotypes in
embryogenic calli. The regenerated lines were shown
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to have elevated Pro content (Joshi et al., 2011), where
Pro imparts both osmolyte protection and antioxida-
tive properties (Hayat et al., 2012). Thus, PEG-induced
stress is a useful experimental system for studying
drought response.

Drought stress has been well documented in the
leaf to be associated with a variety of reactive oxygen
species (ROS). For example, due to the decrease in leaf
stomatal conductance, CO, availability during drought
is limited, leading to increased photorespiration (Voss
et al., 2013). This can result in increased toxic singlet
oxygen production in the chloroplast (Gechev et al.,
2012). Furthermore, photoinhibitory conditions in the
chloroplast stimulated by drought and high light were
shown to promote multiple types of ROS due to re-
duced chloroplast-scavenging capabilities (Petrov et al.,
2015; Feller, 2016). Perturbation of mitochondrial elec-
tron transport in drought also contributes to ROS pro-
duction (Rhoads et al., 2006). In that case, modification
of mitochondrial alternative oxidase, an activity that
regulates the organelle redox state, was shown to ame-
liorate drought sensitivity (Giraud et al., 2008). The
levels of ROS were shown to be controlled at the tran-
scription level by transcription factors. For example,
the ntl4 mutant, defective in a stress-responsive NAC
transcription factor, exhibited lower ROS, delayed leaf
senescence, and enhanced drought resistance (Lee et al.,
2012; Takasaki et al., 2015).

The effects of osmotic stress and resultant ROS
are well characterized in the aerial portions of the
plant, but less is known about the manifestations of
drought-induced ROS and programmed cell death
(PCD) in the root. In Arabidopsis (Arabidopsis thaliana),
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PEG-induced dehydration led to hydrogen peroxide
production in the root tip, as measured by general non-
specific probes for ROS, namely 3,3’-diaminbenzidine
and 2’,7’-dichlorofluorescein (Duan et al., 2010). In that
case, ROS production was accompanied by organelle
degradation. However, other experiments showed a
greater difference in the root transcriptome analysis of
hydrogen peroxide-induced genes during salt stress
compared to osmotic stress (Miller et al., 2010). Thus,
there is a need to further characterize ROS response to
stress induced by osmotic stress in roots.

Bioinformatics analyses of multiple stresses in leaves,
including drought, demonstrated signatures of singlet
oxygen in both dark and light conditions (Rosenwasser
et al., 2013). The singlet oxygen sensor green (SOSG)
probe, a specific two-component trap-fluorophore sys-
tem, is activated by singlet oxygen (Flors et al., 2006;
Gollmer et al., 2011). Consistent with the appearance
of singlet oxygen transcriptome signatures, an increase
in SOSG fluorescence was detected in the dark during
biotic and abiotic stresses in root tips (Mor et al., 2014).
Similarly, drought simulation by dehydration treat-
ment of leaves led to the rapid generation of singlet ox-
ygen as quantified by radical formation in the singlet
oxygen-specific spin trap 4-hydroxy-tetramethylpiper-
idine (Koh et al., 2016). Thus, singlet oxygen can have
nonphotosynthetic origins; however, the role of such
“dark” singlet oxygen in determining the milieu of
plant responses to stress is obscure. As the root lacks
photosynthesis, it is the ideal organ in which to study
nonphotosynthetic sources of singlet oxygen.

Osmotic stress responses in the root include PCD
(Duan et al., 2010). PCD is one means by which plants
can remobilize essential nutrients to benefit surviving
tissue (Munne-Bosch and Alegre, 2004, Rogers and
Munné-Bosch, 2016). In the root tip, PCD can be viewed
as an adaptive mechanism promoting lateral root de-
velopment (Huh et al., 2002; Ji et al., 2014). Mechanisti-
cally, PCD can be orchestrated by the disruption of the
tonoplast, as shown to occur during acute dehydration
stress in leaves (Koh et al., 2016). Indeed, in roots, os-
motic stress was shown to result in general organelle
membrane and vacuolar disruption, as qualitatively
visualized by electron microscopy (Duan et al., 2010).
The vacuoles harbor proteases that play an essential
role in vacuolar-mediated cell death during pathogen-
esis (Hara-Nishimura and Hatsugai, 2011; Dickman
and Fluhr, 2013). Upon disruption of the tonoplast, cell
death Cys proteases are released and their activity is
modulated in the cytoplasm by the presence of serpin
protease inhibitors that form inhibitory covalent com-
plexes (Lampl et al., 2010, 2013). However, whether
this process occurs in roots during cell death that is ini-
tiated by osmotic stress is unknown.

In this work, we chose Arabidopsis as a model to
analyze cell death induced by osmotic stress. Our find-
ings show that singlet oxygen, as reported by SOSG,
appears rapidly in the epidermal cell region of the root
and spreads in a dynamic manner to other sections
of the root. The resultant dynamics of cell death, as
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measured by plasmalemma membrane integrity, fol-
low the appearance of singlet oxygen, but not of other
ROS. Furthermore, singlet oxygen-responsive tran-
scripts are induced. The appearance of singlet oxy-
gen and the accompanying cell death were inhibited
by His, a singlet oxygen scavenger, and by salicylhy-
droxamic acid (SHAM), an inhibitor of lipoxygenases.
The latter result suggests a light-independent, type I
source for singlet oxygen accumulation. Other ROS
were not affected by such treatments. Finally, osmotic
stress is shown to compromise vacuolar integrity, as
indicated by the formation of covalent serpin-protease
complexes.

RESULTS

Osmotic Stress Diminishes Root Elongation and Induces
Dell Death

Growth rate as a function of the length of PEG treat-
ment was measured in 7-d-old roots. Seedlings were
transferred to PEG (30%; —2.035 MPa) for different
durations and then returned to regular growth media
for measuring growth rate over a 5-d period (Supple-
mental Fig. S1). Root growth rate was progressively
inhibited over 4 to 8 h of PEG treatment, and the main
root ceased to grow after 8 h (Fig. 1A). Interestingly,
roots that were exposed to PEG treatments of 4 to
8 h and then grown further in regular media showed
a local spot of “scarring” in the differentiation zone,
as indicated by tissue that lacked root hairs (Supple-
mental Fig. S2). The observation suggests that inter-
mediate levels of PEG treatment induced cell death in
outer-layer cells that are critical for the latter initiation
of root hairs. Reciprocally, and concomitant with the
decrease in growth of the main root, the subsequent
overall length of total lateral roots increased (Fig. 1B).
It is known that initiation of lateral roots can be stim-
ulated by direct excision of the main apical tip. The re-
sults suggest that more extended PEG treatment also
triggered root apical meristematic cell death.

To examine the relationship between death, cessa-
tion of growth, and PEG treatment at the cellular level
in a dynamic manner, we used propidium iodide (PI)
staining to differentiate between live and dead cells.
Live cells were impermeable to the stain, and PI was
restricted to the cell wall. However, in dead cells, PI
permeated the cell and stained the nuclei as well (Sup-
plemental Fig. S3A). To confirm the ability of PI stain-
ing to differentiate between live and dead cells, the cell
viability stain Sytox green was employed. A high cor-
relation was noted between the two methods of cell vi-
ability staining (Mander’s overlap = 0.9; Supplemental
Fig. 54). When the tissue distribution of the differential
staining by PI was examined in PEG-treated roots, the
percentage of dead cells increased over a 4-h period,
starting from the epidermal cell layer of the elongation
zone and progressing to occupy most of the epidermal
layer (Fig. 2). In all, cell death initiated by the transient
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Figure 1. Change in relative root elongation after treatment with 30%
PEG. Seedlings were treated with PEG and then plated on Murashige
and Skoog plates with 1% Suc. Growth of the main root or adventitious
root was measured daily after PEG treatment and quantitated with Fiji
software, where no treatment was defined as 1. A, Quantitation of the
main root growth rate relative to untreated control, following various
PEG treatments. B, Quantitation of the lateral root length relative to
untreated control, following various PEG treatments. Error bars are st
and n = 9 seedlings. Asterisks indicate significant difference from the
untreated sample (Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001).

Singlet Oxygen in Osmotic Stress

osmotic stress used here was limited to the root dis-
tal tip regions that include the apical meristem, basal
meristem, and the elongation zone (Supplemental Fig.
S3B). In parallel, the roots were labeled with the specific
SOSG probe. As shown in Figure 2, the appearance of
SOSG fluorescence coincided with latter appearance
of cell death (note arrows). The initial fluorescence
of SOSG in live cells was generally intense and accu-
mulated in the cytoplasmic regions, whereas a more
lingering fluorescence in cells that are permeable to
PI appeared to be punctate and weaker and to spread
throughout the cell (Supplemental Fig. S5). To quantify
this measurement, the area of the root tip with SOSG
fluorescence or Pl-determined cell death was quantified
as shown in the columns on the left (Fig. 2). Thus, the
appearance of singlet oxygen as probed by SOSG flu-
orescence both preceded cell death and persisted after
the tissue died as a necrotic postmortem phenomenon
(Fig. 2; Supplemental Fig. S5).

To directly assess the viability of cells in the apical
meristematic regions after PEG treatment, the integrity
of root tissue was measured in a transgenic plant line,
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Figure 2. Appearance of singlet oxygen and changes in cell permeability to propidium iodide after PEG treatment. Root tips
of 7-d-old seedlings stained with propidium iodide (PI) and singlet oxygen sensor green (SOSG). Median confocal slices are
shown for each of these stains, along with the corresponding bright field (BF) image. Treatments were for the times indicated
on the right: no treatment; 1 to 2 h, early; 3 to 4 h, mid; 5 to 8 h, late. Zones are as follows: AM, apical meristem; BM, basal
meristem; and EZ, elongation zone. The median plane of the root was imaged where opaque regions in Pl staining are indicative
of cell death. White outlined arrows indicate SOSG and PI staining of live cells (i.e. the stain is observed in the perimeter of
the cell). Solid white arrows indicate SOSG and PI staining of dead cells (i.e. where the PI stain permeates and fills the cell).
Graphs on the left show quantification of the fluorescence, calculated by estimating the area of the root (using threshold above
background) in a median slice that displayed SOSG or opaque PI fluorescence (using threshold above that obtained from live
cells). Scale bar, 100 pm. For quantification, error bars are sg, n = 8.

Plant Physiol. Vol. 177, 2018

1719


http://www.plantphysiol.org/cgi/content/full/pp.18.00634/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00634/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00634/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00634/DC1

Chen and Fluhr

PEG treatment (h)

1.5 4

o A

? A c

g E

©

w D

0 = T T T T T ﬁ_\

0 1 3 4 6 8

PEG treatment (h)

Figure 3. Relationship between integrity of the quiescent center and
root elongation. A, Fluorescence resulting from SCR::GFP expression
in the endodermis and quiescent center. Roots were exposed to 30%
PEG for 1 to 8 h and counterstained with propidium iodide (Pl). The
median plane was imaged where opaque regions in Pl staining indi-
cate cell death. Arrows indicate the quiescent center; scale bars, 100
pm. B, Root elongation rate following exposure to PEG. Student’s ¢ test,
alpha = 0.05; difference in letters signifies a P < 0.05 significant differ-
ence; error bars are s;, n = 13.

where the scarecrow promoter drives GFP expression
(SCR::GFP; Sabatini et al., 2003). The roots were coun-
terstained with PI to examine cell viability. Early in the
treatment, roots of SCR::GFP displayed fluorescence in
the endodermal and quiescent center (Fig. 3; 1 h). As
tissue death progressed (4-6 h), the fluorescence sig-
nal faded, and at 6 to 8 h of PEG treatment, the cells
around the quiescent center died and lost their fluores-
cence. The results are consistent with the observation
of irreversible cessation of root growth at 6 to 8 h of
treatment as well as the increase in total length of ad-
ventitious roots.

Different Patterns in Accumulation of Specific ROS
during Osmotic Stress and Induction of Singlet Oxygen-
Sensitive Transcripts after PEG Treatment

As the PEG-induced appearance of singlet oxygen
was associated with cell death, we asked if other ROS
were associated with cell death in a similar manner. To
examine this, the following probes for ROS were em-
ployed: BES-So-AM, which was shown to have high
selectivity for superoxide (O-,) by a nonredox reaction
dependent mechanism (Maeda et al., 2005); BES—HZOZ,
which was shown to be selective for hydrogen perox-
ide (Maeda et al., 2004); and DAF-FM for nitric oxide
(NO; Kojima et al., 1999). The dyes do not provide
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quantitative information but indicate the relative and
dynamic spatial change. Figure 4A displays the aver-
age composite of at least five images during control,
early, mid, and late stages of PEG treatment. Figure 4B
is a schematic representation of the results in Figure
4A. Cell viability staining by Pl is also depicted (Fig. 4,
bottom). As shown in Figure 4, each ROS showed
strikingly different dynamic accumulation after var-
ious PEG treatment durations. Singlet oxygen, as re-
ported by SOSG, was rapidly induced in the epidermal
layers, and the signal spread inwards and apically to
occupy the whole root. Its presence was detected in
cells after their death as well. This suggests that the
latter persistent appearance of SOSG fluorescence does
not require active cell metabolism and, as noted above,
may reflect postmortem degradative processes. The
appearance of singlet oxygen broadly recapitulates
the change in PI cell permeability (compare top and
bottom, Fig. 4, A and B). In contrast to singlet oxygen,
NO fluorescence showed constitutive presence at zero
time that gradually dissipated in a reciprocal manner
to SOSG fluorescence. This may indicate a negative in-
teraction between the two ROS and a requirement for
active cell metabolism for NO accumulation. Superox-
ide was detected constitutively in the epidermal layer
and was further induced internally and then dissipated
in all tissue. Adversely, hydrogen peroxide appeared in
a pervasive burst after the initial stress and slowly dis-
sipated as the tissue died. Notably, all ROS indicators,
other than singlet oxygen, required live tissue; however,
singlet oxygen was observed in both live and dead cells.
The results show that among the ROS types examined,
the appearance of singlet oxygen during osmotic stress
best overlaps with the dynamics of PEG-induced cell
death as measured by changes in cell permeability.

Singlet oxygen is associated with the accumulation
of hallmark transcripts in leaves (Mor et al., 2014; Koh
and Fluhr, 2016). To establish if the appearance of
singlet oxygen in the root as a result of PEG-induced
osmotic stress is accompanied by similar diagnostic
gene expression patterns, select singlet oxygen- and
hydrogen peroxide-associated transcripts were moni-
tored. The specificity of the transcripts was examined
by testing their expression in roots following treatment
with either photodynamic rose bengal in the light or
with hydrogen peroxide. As shown in Figure 5B, each
transcript responds only to a specific type of ROS treat-
ment. The application of PEG stimulated the accumu-
lation of both singlet oxygen-specific transcripts and
hydrogen peroxide-specific transcripts (Fig. 5A). The
results are consistent with the appearance of both these
ROS during PEG treatment.

Scavengers of Singlet Oxygen Prevent Cell Death and
Promote Root Growth in PEG-Treated Seedlings

As SOSG fluorescence indicated the presence of sin-
glet oxygen both before and after cell death, it is im-
portant to consider whether the appearance of singlet
oxygen is an essential component of PEG-induced

Plant Physiol. Vol. 177, 2018
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Figure 4. Composite of multiple confocal images of ROS accumula-
tion in root tips exposed to 30% PEG for different durations. A, Com-
posite of confocal images that were collated for each specific signal
(ROS probes and propidium iodide stain). Multiple image acquisitions
for each time point were aligned manually by rotation and overlaid
to create the average composite image using Matlab script. The Look
Up Table was set to “Fire” and scaled to maximum as white and min-
imum as blue. Shown are 'O,, measured using the SOSG probe; NO,
measured using the DAF-FM-AM probe; O-,, measured using the Bes-
So-AM probe; H,O,, measured using the Bes-H,O,-AC probe, and cell
permeability, measured using staining by propidium iodide. B, Schematic
representation of the fluorescence shown in A. Scale bar, 100 pm.

stress response or a symptom of cell death. In the for-
mer possibility, singlet oxygen would play a direct
role in the PEG responses, and specific scavengers of
singlet oxygen should mitigate its action. To test this,
His, a membrane-permeable specific scavenger of sin-
glet oxygen, was employed. His rapidly forms specific
endoperoxides in the presence of singlet oxygen. Itis a
weaker scavenger of hydroxyl radicals and hydrogen
peroxide and does not scavenge superoxide (Matheson
et al., 1975; Cai et al., 1995; Ishibashi et al., 1996). The
specificity of His as a scavenger for singlet oxygen as
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Figure 5. Singlet oxygen- and hydrogen peroxide-specific gene ex-
pression in roots. A, Transcript levels were measured by RT-qPCR anal-
ysis at 0, 1, 2, and 3 h after treatment with 30% PEG. B, Specificity of
gene expression. The transcript level fold change in roots; no treatment
(Control); treatment for 2 h in a 100 pm rose bengal aqueous solution
under 30 pE light (RB 2 h); treatment for 2 h in a 5 mm H,0, aqueous
solution (H,O, 2 h). Error bars are sg, n = 3. Asterisks indicate signifi-
cant difference from the untreated sample (Student’s t test, *P < 0.05,
**P < 0.01, ***P < 0.001).

opposed to the other ROS is shown in Supplemental
Figure S6. As indicated in Figure 6, A and B, His read-
ily mitigates the appearance of singlet oxygen as mea-
sured by SOSG. Significantly, the amount of cell death
was reduced by 50% (Fig. 6B) and, as shown in Figure
6C, the presence of His alleviated the repression of the
rate of root elongation by PEG. In all, the results lend
support for an active role of singlet oxygen in the re-
sponse to osmotic stress.

The light-independent origin of singlet oxygen is un-
clear. SHAM is a nonspecific inhibitor of mitochondrial
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Figure 6. Osmotic shock treatments and the accumulation of singlet oxygen and cell death in the presence of inhibitors and
scavengers. A, 7-d-old seedlings were treated with 30% PEG for 4 h and stained with singlet oxygen sensor green (SOSG) and
propidium iodide (PI) with or without His (HIS, 5 mM) or salicylhydroxamic acid (SHAM, 1 mM) and viewed with a confocal
microscope (see “Materials and Methods”). Confocal laser 561 nm energy settings for the control were set at Hv = 5, so that Pl
staining restricted to the cell walls is clearly visible. All other panels, 561-nm laser was set to Hv = 2. Zones indicated are as
follows: AM, apical meristem; BM, basal meristem; and EZ, elongation zone. Bar, 100 microns. B, Quantitation of cell death
and SOSG fluorescence. Left graph shows cell death as estimated by staining with Pl with and without treatments as in A. Right
graph shows quantitation of SOSG fluorescence with the treatments as in A. Error bars are sg, n = 8 seedlings. C, Root elongation
rate in seedlings after 30% PEG with or without (+/—) HIS treatment 5 d after exposure to different durations of PEG and His
treatments. Asterisks indicate significant difference between PEG and PEG with the addition of His (Student’s t test, *P < 0.05,

P < 0.01, ***P < 0.001). Error bars are sg, n = 8.

alternative oxidase enzyme, cyclooxygenases, and
lipoxygenases (Peterman and Siedow, 1983). All of
these enzymatic activities may produce ROS, including
direct or indirect production of singlet oxygen. When
applied to seedlings, SHAM inhibited both SOSG flu-
orescence and cell death (Fig. 6), indicating that sin-
glet oxygen accumulation is sensitive to SHAM, and
inhibition of its accumulation likely compromises cell
death. SHAM had no effect on probes specific for
other ROS (Supplemental Fig. S7). The results suggest
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possible sources for singlet oxygen in the root and
support an active role for singlet oxygen in promoting
the osmotic response.

Vacuolar Collapse Plays a Role in Cell Death and the
Response to Osmotic Stress

The dynamic generation of multiple ROS during
osmotic stress has been detected here, but based on the
use of scavengers and inhibitors, cell death appears to
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be associated with the production of singlet oxygen.
One method of cellular death is catalyzed by vacuo-
lar disruption (Dickman and Fluhr, 2013), and indeed
vacuolar collapse following osmotic stress was visu-
alized by electron microscopy (Duan et al., 2010).
A sensitive sensor of vacuolar integrity is the release of
cell death inducing protease to the cytoplasm. Serpins
are protease inhibitors that are localized to the cyto-
plasm and are thought to serve a cytoprotective func-
tion from vacuolar cell death-inducing proteases. The
release of proteases from the vacuole results in the
formation of quasi-stable serpin-protease complexes
that have been shown to control elicitor-induced cell
death (Lampl et al., 2013). To examine if vacuolar col-
lapse may play a role in osmotic stress as well, the
relevant transcript levels of the gene encoding the
major cell death protease AtRD21 (AT1G47128) and
its cognate serpin AtSERPINT (AT1G47710) were first
examined. No significant changes after 3 h were noted
for transcript levels of RD21, but a 2-fold increase in
AtSERPIN1T expression was observed (Fig. 7B). This
prompted us to use a transgenic line that contains
the tagged cytoplasmic AtSERPIN1-HA protease in-
hibitor, which forms a covalent complex with vacu-
olar Cys-type cell death proteases upon their release
(Lampl et al., 2013; Koh et al., 2016). The line is sen-
sitive to changes in the subcellular distribution of
RD21-like proteases that can be monitored by immu-
noblot analysis. Roots were exposed to PEG, and
protein extracts were made in the presence of the
protease inhibitor E-64 to prevent the spontaneous
formation of additional complexes. The extracts were
fractionated on denaturing nonreducing gels to main-
tain the redox-sensitive covalent bonds. As shown in
Figure 7B, upon exposure to PEG for 1 to 6 h, a tran-
sient increase in serpin and its complex was observed,
indicative of compromised vacuolar integrity. To assess
the ramifications of the appearance of serpin-protease
complexes, wild-type, overexpression AtSERPIN1-HA,
and AtSERPIN1 knockout (AtSERPIN1-KO) lines were
examined for changes in their sensitivity to osmotic
stress. As shown in Figure 7A, AtSERPIN1-HA lines
showed a protective effect to osmotic stress relative
to wild type, as measured by less attenuation of the
elongation rate after increasing hours of PEG treat-
ment. Reciprocally, AtSERPIN1-KO lines that lack the
protective effect of the protease inhibitor exhibited a
significant decrease in the elongation rate (Fig. 7A).
The results indicate that a component of PEG-induced
root cell death is mediated by the vacuole.

DISCUSSION

The use of PEG to alter water potential offers an ex-
perimental system to examine components of drought
stress (Duan et al., 2010). We showed that, concomitant
to the retardation of root elongation and stimulation of
auxiliary root growth, both cell death and the produc-
tion of singlet oxygen can be detected. Cell death was
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shown to start at the epidermis and proceed inwards
during PEG treatment to affect meristematic tissue.
As expected, once the cells of the quiescent center die,
the main root ceases to grow and the stimulation of
auxiliary root growth reaches its maximum. Interest-
ingly, if osmotic stress ceased before this critical event,
the main root continued to grow but was scarred and
could not generate root hairs in the affected region. The
latter lack of root hairs is consistent with the selective
demise of epidermal cells from which root hairs orig-
inate and is consistent with root hair developmental
plasticity (Grierson et al., 2014). Whereas root hairs are
generally thought to aid plants in nutrient acquisition,
they also significantly increase the root surface area
(Leitner et al., 2010). Hence, their absence in soil area
of high osmotic potential may serve to optimize water
balance in those places. Interestingly, osmotic stress as
applied here did not elicit ROS or cell death response
on the more mature sections of root tissue above the
elongation zone. Hence, during root maturation, cellu-
lar signal transduction pathways that connect osmotic
stress to PCD in epidermal cells are lost or undergo
vast changes in sensitivity.

ROS are significant secondary messengers of stress
signaling. The fluorescence of 2’,7’-dichlorofluorescin
diacetate, a nonspecific ROS fluorescent probe, was
shown previously to increase in PEG-stressed roots
(Duan et al., 2010). In this work, we dissected the
appearance of various ROS types using a number of
highly specific ROS probes, namely singlet oxygen, su-
peroxide, hydrogen peroxide, and nitric oxide. Strik-
ing spatial and temporal differences between their
accumulation were observed. In all, when ROS appear-
ance was compared with internalization of PI staining
serving as an indicator of cell death, the ROS most as-
sociated with the dynamics of cell death was singlet
oxygen. At different time points after the initiation of
osmotic stress, all of the ROS types examined were de-
tected in the apical root meristematic regions and may
also play roles in tissue response. However, it is nota-
ble that the application of the scavenger His with PEG
treatment significantly delayed cell death and reduced
the decrease in the rate of elongation. His is specific
for singlet oxygen (Telfer, 2014) and, as demonstrated
here, did not affect the other ROS. Hence, the appear-
ance of singlet oxygen in the osmotic stress response is
not only symptomatic of imminent cellular demise but
is also a necessary component.

Singlet oxygen as determined by SOSG fluorescence
was shown here to temporally precede cell death and
induce transcripts that are specifically sensitive to sin-
glet oxygen generated from photodynamic molecules
(Koh et al., 2016). Intriguingly, a fluorescent signal also
persisted in dead cells. The persistent signal cannot be
due to the residual presence of singlet oxygen as it has
an extremely short half-life, but it is likely indicative of
ongoing degradative processes that do not require ac-
tive cellular metabolism. The singlet oxygen-induced
response detected here are distinct from the tran-
sient bursts of singlet oxygen that have been detected
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Figure 7. The effect of PEG-induced osmotic shock on mutant AtSERPINT lines. A, Quantitation of root elongation rates in wild-
type (WT), AtSERPINT knockout (AtSERPINT-KO), and AtSERPINT overexpression (AtSERPINT-OE) lines at 7 d after the 30%
PEG treatments indicated on the right (h). Error bars are se, n = 8. Asterisks indicate significant difference from the wild-type
sample (Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001). B, AtSERPINT and AtRD21 expression levels after PEG treatment.
Transcript levels were measured at 0, 1, 2, and 3 h after 30% PEG treatment by RT-qPCR analysis. Error bars are s;, n = 3. C,
Immunoblot analysis of AtSERPINT after nonreducing sodium dodecy! sulfate-polyacrylamide gel electrophoresis fractionation.
Immunoblot (top) of AtSERPINT OE roots developed with anti AtSERPINTantibody after the indicated 30% PEG treatments.

Bottom, gel stained with Coomassie blue.

previously in root tips of seedlings 1 to 3 min after
wounding of the cotyledons (Mor et al., 2014). Those
transients were observed in multiple root cell layers
and were not associated with cell death. The appear-
ance of systemic wound-induced singlet oxygen tran-
sients is thus both spatially and temporally distinct
from PEG-induced stress.

The serpin protease inhibitors, including AtSER-
PIN1, act as surveillance monitors of leaked vacuolar
proteases (Dickman and Fluhr, 2013; Lampl et al., 2013).
Potent vacuolar papain-like Cys proteases are crucial
for the turnover of cellular proteins targeted to the vacu-
ole (Gu et al., 2012), and the sequestration of proteases
in the vacuole is vital for cell survival. Active proteases
that manage to escape their normal transport pathway
or that are released from the vacuole during PCD will
encounter serpins in the cytoplasm. The stable cova-
lent complexes that are formed dampen activity and
delay PCD (Lampl et al., 2013). Seedlings that overex-
press the cytoplasmic AtSERPIN1 were shown here to
be less sensitive to osmotic stress and to accumulate
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serpin-protease complex. Two scenarios can be envi-
sioned that would result in the formation of such serpin-
protease complex during osmotic stress. In the first,
vacuoles, as dynamic organelles that respond to osmotic
changes, were shown to morph into autophagosome-
like vesicles under osmotic stress treatment (Duan
et al., 2010). Indeed, analysis of mutants of the auto-
phagic process shows that autophagy plays a role in
tolerance to drought stress (Liu et al., 2009). Hence,
one consequence of multiple ROS production during
osmotic stress would be the accumulation of oxidized
proteins that are degraded in the vacuole through auto-
phagy (Xiong et al., 2007). In this scenario, autophagy-
directed engulfing of cytoplasmic content by the vacuole
may lead to serpin uptake and facilitate the forma-
tion of a complex. In another scenario, the formation
of a protease-serpin complex would be the direct re-
sult of vacuolar collapse that leads to the escape of
PCD-inducing proteases to the cytoplasm. Indeed, it
was previously shown that singlet oxygen produced
by the photodynamic molecule acridine orange caused
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vacuolar disruption initiating the release of vacuolar
proteases. In that case, the severity of cell death was
controlled by the presence of cytoplasmic serpins (Koh
et al., 2016). The latter scenario is more consistent with
the repressive impact that serpin overexpression exerts
on the osmotic stress-induced response shown here.

The source of nonphotosynthetic singlet oxygen can
be due to lipoxygenase activity on one of the abun-
dant membrane components, e.g. unsaturated linoleic
acid. This activity generates fatty acid hydroperoxides
that can interact to form singlet oxygen via the Russell
mechanism (Miyamoto et al., 2003, 2007). Alternatively,
peroxidation of fatty acid can be the result of a reac-
tion with the perhydroxyl radical, i.e. the protonated
form of superoxide or fatty acid reaction with hydroxyl
radicals formed between hydrogen peroxide and super-
oxide in the Haber-Weiss reaction (Haber and Weiss,
1934). However, it is important to keep in mind that
elimination of singlet oxygen specifically by the scav-
enger His was also potent in reducing cell death. In-
terestingly, wounded leaves were shown to produce
singlet oxygen that was diminished in the lipoxygen-
ase mutant lox2 (Prasad et al., 2017). As shown here,
the inhibition of the PEG responses by the reversible
inhibitor of lipoxygenase, SHAM, is consistent with
this result. The ubiquity of membrane substrate for
lipoxygenases can explain the persistence of singlet
oxygen production detected here even after cell death.
Developmentally programmed singlet oxygen pro-
duction that correlated with SOSG fluorescence was
traced to lipoxygenase activity in grapevine berry skin
ripening (Pilati et al., 2014). Indeed, in the case of rip-
ening grape berry, over 10% of the side chains were
oxidized to membrane bound 13-peroxy galactolipids.
The biological ramifications of direct oxidation could
be formation of membrane kinks (Riske et al., 2009).
Such kinks may directly contribute to destabilization
of the vacuolar membrane that contributes to cell death.
Alternatively, membrane destruction is indirect and
brought about by a signal transduction mechanism
initiated by singlet oxygen. Organelle membrane turn-
over during osmotic stress detected by Duan et al.
(2010) is consistent with the vacuolar membrane leak-
iness detected here. In this context, it is of interest that
in animal tissue active 15-lipoxygenase enzymes were
found to be integrated into organelle membranes prior
to their permeabilization (van Leyen et al., 1998).

If lipoxygenases are responsible for the production
of singlet oxygen, it is an open question how osmotic
stress could activate lipoxygenase activity. Some
lipoxygenases can be activated by calcium transients
(Tatulian et al., 1998), and calcium homeostasis was
shown to be perturbed during osmotic stress (Huda
et al.,, 2013). Alternatively, the level of toxic hydroperox-
ides could be negatively controlled in cells by the rate
of their detoxification to less harmful lipid hydroxides
through the activities of glutathione peroxidase (GPx)
or glutathione transferases (Bao and Williamson, 2000).
Indeed, in stressed cells this reaction may be inhibited
as was shown for animal cells, where the reduction in
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glutathione peroxidase 4 activity led to increased lipid
peroxidation and lipoxygenase-dependent cell death
(Seiler et al., 2008). Thus, the identification of an exact
source for PEG dark-induced singlet oxygen is cru-
cial to our understanding of osmotic stress-induced
responses.

MATERIALS AND METHODS
Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana; ecotype Columbia-0) seedlings (5 to 7 d
old) were grown under white light in a 16-h-light/8-h-dark cycle at 21°C on
Murashige and Skoog medium, supplemented with 1% (w/v) Suc and 0.8%
(w/v) Phytoagar (Invitrogen). Mutant lines of AtSERPIN1 (Lampl et al.,
2013) and SCR::GFP lines (Petricka et al., 2012) have been described. For os-
motic stress treatment, PEG average molecular weight 8,000 powder (Sigma-
Aldrich) was used. For PEG solutions, 30% (w/v) PEG was dissolved in
double distilled (dd)H,0 and pH was adjusted to 5.8 using HCl and KOH.
Solutions were supplemented with His (5 mm) or salicylhydroxamic acid
(0.1 mm) where indicated.

Confocal Microscopy and Image Analysis

All images were taken with a model A1 Confocal Microscope (Nikon). In
each figure, the images displayed are of equal laser power and acquisition
settings unless indicated. SOSG (Thermo Fisher Scientific) staining was per-
formed by incubation with 100 pm SOSG diluted in ddH,O in the dark for
20 min and washed three times before staining with 15 um PI (Thermo Fisher
Scientific) in the dark for 30 min. BES-So-AM (Wako Pure Chemical Indus-
tries) staining was performed by incubation with 33 um BES-So-AM diluted
in ddH,0 in the dark for 20 min after staining with PI. BES-H,0,-AM (10 pm;
Wako Pure Chemical Industries) and DAF-FM diacetate (10 pm; Thermo Fish-
er Scientific) staining was performed by incubation for 1 h after staining with
PI. Unless specified, all images were taken at 20x with 1.33 zoom. Excitation
of SOSG, BES-So-AM, BES-H,0,-AM, and DAF-FM diacetate was at 488 nm,
and emission was at 525 nm. For PI staining, excitation was at 561 nm, and
emission was at 580 nm. Image analysis was performed using either Image] or
Nikon NIS-Elements Advanced Research. Statistical analysis was performed
using either SAS JMP v8.0 or Microsoft Excel.

RNA Extraction and Reverse Transcription Quantitative
PCR Analysis

Three replicates of Arabidopsis seedlings (30 to 50 7-d-old seedlings per bi-
ological replicate) were used for each treatment. After treatment, the roots and
shoots were separated, and RNA was extracted separately from frozen tissues
using a standard Trizol extraction method (Sigma-Aldrich). RNA was treated
with DNase I (Sigma-Aldrich) and then reverse-transcribed using a high-
capacity cDNA reverse transcription kit according to the manufacturer’s
instructions (Quanta Biosciences). Reverse transcription quantitative-PCR
(RT-gPCR) analysis was completed using the SYBR green method (Kapa Bio-
systems) on a Step One Plus platform (Applied Biosystems) with a standard
fast program. RT-qPCR primers were designed using SnapGene software
(http://www.snapgene.com/) and PrimerBlast (https://www.ncbi.nlm.nih.
gov/tools/primer-blast). Primers sequences are in Supplemental Table S1.

Gel Fractionation and Immunoblots

Roots were collected from 100 seedlings for each sample. Root proteins
were extracted with extraction buffer (20 mM Tris, pH 8.0, 1 mM EDTA, and
50 mM NaCl), and 100 pm E-64 (E-64c; Cayman Chemical) was added to in-
hibit Cys proteases. Gel fractionation of 30 ug of protein from the extract was
carried out on 10% SDS-PAGE. Fractionated proteins were transferred onto
polyvinylidene fluoride membrane (Bio-Rad) with a wet transfer for 1.5 h
at constant voltage (100 V). The membrane was developed with AtSERPIN1
antibodies (1:1,000) and secondary anti-guinea pig horseradish peroxidase
(1:3,000).

1725


http://www.snapgene.com/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.plantphysiol.org/cgi/content/full/pp.18.00634/DC1

Chen and Fluhr

Accession Numbers

Sequence data used in this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: AT1G17860, NM_101649;
AT1G22810, NM_102128; AT3G09480, NM_111782; AT3G28740, NM_113795;
AT3G06500, NM_111526; At3g61190, NM_115983; At5g64870, NM_125885;
Atlg71030, NM_001334485; AT1G47128, NM_103612; and AT1G47710,
NM_103664.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Seven-day-old Arabidopsis seedlings exposed to
30% PEG.

Supplemental Figure S2. Scarred area on root posttreatment with PEG.

Supplemental Figure S3. Differential staining of root tips with propidium
iodide without and after PEG treatment.

Supplemental Figure S4. Cell permeability in Arabidopsis roots during
PEG-induced water stress.

Supplemental Figure S5. Epidermal tissue treated with PEG for 3 h to
illustrate SOSG fluorescence in live and dead cells.

Supplemental Figure S6. Specificity of the inhibition of ROS by His treatment.

Supplemental Figure S7. Specificity of the inhibition of ROS by treatment
with salicylhydroxamic acid.

Supplemental Table S1. Primer pairs used in this work.
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