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Abstract

Plants often face combinatorial stresses in their natural environment. Here, arsenic
(As) toxicity was combined with hypoxia (Hpx) in the roots of Arabidopsis thaliana as
it often occurs in nature. Arsenic inhibited growth of both roots and leaves, whereas
root growth almost entirely ceased in Hpx. Growth efficiently resumed, and Hpx
marker transcripts decreased upon reaeration. Compromised recovery from HpxAs
treatment following reaeration indicated some persistent effects of combined stresses
despite lower As accumulation. Root glutathione redox potential turned more oxi-
dized in Hpx and most strongly in HpxAs. The more oxidizing root cell redox potential
and the lowered glutathione amounts may be conducive to the growth arrest of plants
exposed to HpxAs. The stresses elicited changes in elemental and transcriptomic com-
position. Thus, calcium, magnesium, and phosphorous amounts decreased in rosettes,
but the strongest decline was seen for potassium. The reorganized potassium-related
transcriptome supports the conclusion that disturbed potassium homeostasis contrib-
utes to the growth phenotype. In a converse manner, photosynthesis-related param-
eters were hardly affected, whereas accumulated carbohydrates under all stresses and
anthocyanins under Hpx exclude carbohydrate limitation. The study demonstrates the
existence of both synergistic since mutually aggravating effects and antagonistic

effects of single and combined stresses.
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Recent studies showed that plants do not necessarily respond to

stress combinations in the same way as to individual stresses (Bankaji,

Plants are often exposed to multiple environmental stresses simulta-
neously (Mittler, 2002). Exposure to combinatorial stresses frequently
alters the acclimation response. This may lead to both beneficial interac-
tions, such as between hypoxia (Hpx) and aluminium stress (Ma, Zhu,
Shabala, Zhou, & Shabala, 2016), and synergistic effects causing substan-
tial losses in crop yield. Since long, plant survival and tolerance mechanisms
have been studied in response to changes in single abiotic variables at a
time (Mittler, 2002). Understanding of tolerance mechanisms is essential
to utilize genetic engineering or smart breeding for crop improvement
(Bohnert, Gong, Li, & Ma, 2006; Hirayama & Shinozaki, 2010).

Sleimi, Lopez-Climent, Perez-Clemente, & Gomez-Cadenas, 2014;
Rasmussen et al., 2013; Syvertsen & Garcia-Sanchez, 2014). Plants
experiencing stress combinations show unique transcriptomic, proteo-
mic, and metabolic changes (Pandey, Ramegowda, & Senthil-Kumar,
2015). The combination of drought with heat specifically affected
>400 transcripts compared with the set of transcripts affected by
drought or heat alone. Also, Arabidopsis thaliana accumulated sugars
like sucrose and maltose as osmolytes under drought in the presence
of heat, instead of proline, which increased in response to single
drought stress (Rizhsky et al., 2004).
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Likewise, heavy metal combinations, compared with exclusive
exposure to Cu, Zn, or Cd individually, revealed both antagonistic and
synergistic effects (Sharma, Schat, Vooijs, & Van Heerwaarden, 1999;
Upadhyay & Panda, 2010). In some studies, single heavy metal stress
enhances plant susceptibility to low concentrations of another less toxic
metal ion (Sharma et al., 1999). In recent years, an increasing number of
studies addressed plant responses to stress combinations (Prasch &
Sonnewald, 2015). Understanding the underlying mechanisms for toler-
ance and sensitivity in the natural environment requires in-depth test-
ing of stress combinations in laboratory experiments (Todgham &
Stillman, 2013). Arsenic (As) and Hpx are two such environmental fac-
tors that have a deleterious effect on plant growth and can occur in
nature simultaneously. It has been shown in barley roots that priming
by Hpx improved cell viability under aluminium or low pH stress, prob-
ably by an enhanced antioxidative capacity (Ma et al., 2016).

The metalloid arsenic is an identified carcinogen and inhibits plant
growth. Widespread contamination of groundwater and agricultural
land exposes millions of people worldwide to As toxicity. For instance,
groundwater As concentrations in Southeast Asia (Bengal basin; Ban-
gladesh, Bengal) exceed the limits defined by the World Health Orga-
nization. Around 50 million lives are threatened (Zhao, McGrath, &
Meharg, 2010). In plants, As(V) interferes with phosphate homeostasis
and impairs processes like phosphate transport, protein phosphoryla-
tion, and ATP synthesis (Abercrombie et al., 2008; Catarecha et al.,
2007; Tu & Ma, 2003).

As(V) is readily reduced by arsenate reductase to As(Ill) using glu-
tathione (GSH) as reductant. As(lll) reacts with thiols and thereby
binds to protein sulphhydryl groups interfering with protein structure
and function (Hughes, 2002). As(lll) is sequestered by plants into the
vacuole as phytochelatin (PC)-As(Ill) complexes (Song et al., 2010).
Synthesis of PCs is strongly induced by arsenic through activation of
PC synthase, GSH synthesis, and sulphur (S) metabolism (Schmdoger,
Oven, & Grill, 2000). As(Ill) also leads to generation of reactive oxygen
species (ROS) and severe oxidative stress in plants due to lipid perox-
idation (Sharma & Dietz, 2009; Srivastava, Ma, Singh, & Singh, 2005).
ROS accumulation is critical because maintaining a steady state of
ROS below the toxicity threshold is crucial to mediate efficient stress
signalling (Mittler, Vanderauwera, Gollery, & Van Breusegem, 2004).

In the absence of active oxygen transport, oxygen gradients are
established in plant tissues due to barriers for gaseous diffusion. Oxy-
gen availability further deteriorates upon flooding and in compact
soils. Hpx generates an energy crisis in plant cells and also inhibits
other oxygen-dependent biochemical processes (Bailey-Serres &
Voesenek, 2010; Lindsay & Maathuis, 2017). Low oxygen constraints
plant growth and leads to losses of crop yield.

The primary challenge for plants under low oxygen is to maintain
life-sustaining processes at the cost of accessory ones and to allocate
the limited energy in an optimal manner (Shingaki-Wells, Millar,
Whelan, & Narsai, 2014). Energy metabolism shifts to substrate level
phosphorylation via glycolysis or anaerobic fermentation pathways
for ATP generation in the absence of oxidative phosphorylation
(Bailey-Serres & Voesenek, 2008; Van Dongen et al., 2008). Global
changes in signalling patterns, transcript expression, synthesis of pro-
teins, and primary and secondary metabolites are evident responses

in hypoxic plants (Bailey-Serres & Chang, 2005).
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Interestingly, even in low oxygen environments, ROS signalling
plays a major role in inducing the acclimation response in plants (Stef-
fens, Steffen-Heins, & Sauter, 2013). A fine balance between NADPH
oxidases as generator of ROS and the ROS-scavenging system gener-
ates ROS signals, which bring about adaptation to hypoxic conditions
(Blokhina & Fagerstedt, 2010; Poyton, Ball, & Castello, 2009).

Thus, arsenic as well as hypoxic growth conditions generates a
characteristic signalling pattern, a significant part of which is mediated
by ROS (Islam, Khan, & Irem, 2015; Pucciariello, Banti, & Perata, 2012).
Oxidative bursts accompany As toxicity (Finnegan & Chen, 2012) and
also participate in the ROS generation and ROS-mediated signalling
for acclimation and tolerance under Hpx (Steffens et al., 2013). Arse-
nic tolerance in plants majorly depends on As complexation by PCs
whose synthesis is S intensive. On the other hand, low oxygen in gen-
eral impedes nutrient uptake and can affect S availability (Ernst, 1990).
Hence, the similarities and dissimilarities between As stress and Hpx
make the combination of these two stresses challenging for the plants.

Hpx and As stresses often occur simultaneously because under
flooded conditions As(V) is reduced to As(Ill), and thus, As usually
becomes much more available for plants. Therefore, the current work
aimed to explore the effects of single and combined Hpx and As
stresses applied at realistic stress levels to hydroponically grown
A. thaliana. A. thaliana was chosen because many breakthroughs in
the understanding of As detoxification were achieved with Arabidopsis
(e.g., As(V) reductases and PC-As transporters).

To this end, marker transcripts and growth recovery were moni-
tored to assess the reversibility of the severe inhibition under Hpx in
both the presence and absence of As. To understand this response,
the antioxidant network and the response of stress-specific markers
were scrutinized. Intriguing observations concerned the rapid root to
shoot signalling evident in form of effects of Hpx in roots on
normoxia-exposed shoots, distinct effects of the stresses on ascorbate
and thiol redox homeostasis, and the depletion of potassium as part of
a comprehensive element analysis. Transcriptome analysis in roots
revealed massive disturbance of potassium, sulphur, and redox
homeostasis-related transcripts with synergistic and antagonistic

responses.

2 | MATERIALS AND METHODS

2.1 | Plant growth and stress application

A. thaliana (Col-0; WT) and its Grx1-roGFP2 variant were grown
hydroponically in 0.25 strength Hoagland's nutrient medium
(1.25 mM KNOg3, 0.5 mM (NH4)H,PO,4 0.75 mM MgSO,, 1.50 mM
Ca(NOg), micronutrients, 14.5 uM Fe-EDTA, 500 uM MES, pH 5.25)
for 32 days in 10-hr light (100 umol m™2 s™%) at 22/19°C (day/night
temperature) and 50% relative humidity. The nutrient medium was
renewed weekly and continuously aerated during the growth period
(ambient air 21% O,). After 32 days of growth, plant roots were
exposed to 250 uM As(V) (Na,HAsO,), to Hpx, or to the combination
of both. The low oxygen state was established by transfer of the
plants to new nutrient medium preflushed with air from a nitrogen
generator for 48 hr (99.6% N, and 0.4% O,) to achieve immediate
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hypoxic conditions. During the treatment, hypoxic conditions were
maintained by continuous flushing (99.6% N, and 0.4% O,) for hyp-
oxic and combination treatment, while control plants were aerated
as before (21% O,). The shoots remained in air under control light
conditions. Reaeration was started by transferring the plants to nutri-
ent medium aerated with 21% O, similar to the control conditions for
3 weeks.

The O, content of the media was determined daily using a Clark-
type oxygen electrode. The average O, concentration (M + SE, n = 15
experiments) of the growth media was 262 + 6.8 nmol ml™ for control
and As, and 86 + 4.3 nmol ml™? for Hpx and HpxAs. The oxygen con-
tent remained stable over the 7-day treatment period in control as
well as in the hypoxic growth media. Plant material was harvested
after 7 days of treatment and 4 hr and 3 weeks of reaeration. The har-
vested plant material was either weighed for growth measurement or
grinded in liquid N, and stored at -80°C.

2.2 | Photosynthesis-related parameters and
pigments content

Photosystem Il (PSIl) quantum yield was measured with the Photosyn-
thetic Yield Analyzer (Mini-PAM, Walz, Germany) as (F ., = Fo)/ F m,
with F, and F, being the minimum and maximum values of chloro-
phyll fluorescence for dark-adapted leaves (Motohashi & Myouga,
2015). The amount of photosystem | (PSI; P700) and the redox state
of ferredoxin (Fdx) were analysed in intact leaves using the Dual/
KLAS-NIR 100 (kinetic LED array spectrophotometer near infrared;
Klughammer & Schreiber, 2016; Schreiber, 2017; Schreiber &
Klughammer, 2016). Parameters were measured either before the
start of the light period or after 1-hr dark adaptation.

Chlorophyll (extract in 80% acetone) and anthocyanin contents
(extract in MeOH with 1% HCI) were measured photometrically. Their
amounts were determined using the following equations
(Lichtenthaler & Buschmann, 2001; Rabino & Mancinelli, 1986):

Chl, (ug mri) = 12.25A6630m — 2.79Aga50m. (1)
Chly (g mi™) = 21.50Asq50m ~ 5.10A6s0m, 2
Anthocyaniny, = Aszonm = 0.25A657nm. (3)

2.3 | Microarray and quantitative transcript analysis

Plant tissues were pulverized in liquid nitrogen and stored at -80°C.
RNA was isolated using the LiCl precipitation method. Cells were
extracted with 750 pl of Tris buffer (100 mM; pH 7.8) containing sodium
dodecyl sulphate (SDS; 4%), NaCl (600 mM), and EDTA (20 mM) and
750 ul phenol:chloroform:isoamylalcohol (PCl; 25:24:1). After shaking
for 30 min, the samples were centrifuged (16,000xg, 20 min). The col-
lected uppermost layer was cleared by adding 750 ul PCl to remove pro-
teins and other metabolites, leaving behind nucleic acids. After
centrifugation, RNA was precipitated by adding 8 M LiCl (0.75 volume
of the sample) and incubation overnight at 4°C. The RNA pellet was
resuspended in autoclaved distilled water (200 ul). After addition of

50 ul sodium acetate (3 M, pH 5.2) and 1 ml EtOH (96%, —20°C), the
samples were incubated at —80°C for 1 hr. RNA precipitates collected
after centrifugation were washed two times with 70% EtOH (-20°C)
to remove salts. The precipitates were dried at 56°C and dissolved in
RNase-free water at 56°C with shaking. Quantity and quality of the
RNA were tested with the NanoDrop ND-1000 spectrophotometer
and by gel electrophoresis (Aranda, LaJoie, & Jorcyk, 2012).

Root RNA was used for microarray hybridization. RNA quality was
tested prior to hybridization using the Agilent 2100 Bioanalyzer sys-
tem. All samples had RNA integrity numbers > 9. Sample preparation
was carried out as described in the Affymetrix GeneChip WT PLUS
manual (Affymetrix, Inc., Santa Clara, CA). In brief, double-stranded
cDNA synthesized from 200 ng of total RNA was used for cRNA syn-
thesis; 12 ug cRNA was purified and reverse transcribed into sense-
strand (ss) cDNA containing synthetic dUTP residues. Purified ss
cDNA was fragmented using a combination of uracil DNA glycosylase
and apurinic/apyrimidinic endonuclease 1 (APE 1) followed by a termi-
nal labelling with biotin; 3.8 pg of fragmented and labelled ss cDNA
was hybridized to Affymetrix Arabidopsis Gene 1.0 ST arrays for
16 hr at 45°C in a GeneChip Hybridization Oven 640. Hybridized
arrays were washed and stained in an Affymetrix Fluidics Station
FS450, and the fluorescent signals were measured with an Affymetrix
GeneChip Scanner 3000 7G. Fluidics and scan functions were con-
trolled by the Affymetrix GeneChip Command Console v4.1.3 soft-
ware. Sample processing was performed at an Affymetrix Service
Provider and Core Facility, “KFB-Center of Excellence for Fluorescent
Bioanalytics” (Regensburg, Germany; www.kfb-regensburg.de). The
array data were deposited at GEO-NCBI and are available with the
accession number GSE119327.

Summarized probe set signals in Log2 scale were calculated by
using the RMA (Irizarry et al., 2003) algorithm with the Affymetrix
Gene Chip Expression Console v1.4 Software. The generated “cel”
files were analysed further using the Expression Console Version
1.4.1 (Affymetrix) and Transcriptome Analysis Console Version 3.1
(Affymetrix). Average signal values from three independent experi-
ments were evaluated; sample sets with a fold change > 2 and p
value < 0.05 were considered as significantly regulated. Venn dia-
grams were prepared using the online tool Draw Venn Diagram (bioin-
formatics.psb.ugent.be/webtools/Venn/).

RNA samples were processed to generate cDNA for qRT-PCR by
using MMLYV reverse transcriptase in presence of RNasin (Promega).
Transcripts were quantified on MyiQ (Bio-Rad) using KAPA SYBR
gPCR Master Mix. qRT-PCR primers (Table S1) were designed using
Primer3Plus (www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.
cgi; Untergasser et al., 2007) and tested to exclude unspecific binding
in Arabidopsis Refseq mRNA database using NCBI Primer-BLAST (Ye
et al., 2012). The programme for qRT-PCR consisted of 5 min 95°C,
15 s 95°C, annealing (specified for different primer pairs) 30 s, and
45 s 72°C. The melt curve consisted of a ramp from 55°C to 95°C.
PCR efficiency and amplification curves for different target genes
were analysed using LinRegPCR 11.0 software (Ramakers, Ruijter,
Deprez, & Moorman, 2003; Ruijter et al., 2009). Gene expression
was normalized by calculating the normalization factor from the geo-
metric mean of actin (ACT2) and tubulin (TUB5) expression as
described by Vandesompele et al. (2002).
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2.4 | Gene Ontology enrichment analysis and heat
diagrams

The transcriptome data were analysed for enrichment of biological
process-related Gene Ontology (GO) terms using the online GO classi-
fication tool PANTHER7 (http://www.pantherdb.org/; Mi et al., 2009;
Thomas et al., 2003). The transcripts specifically responding to HpxAs
were mapped into different categories related to cell metabolism and
transport using the MapMan tool (Thimm et al., 2004). Heat diagrams
were developed using HeatMapper (http://www.heatmapper.ca/;
Babicki et al., 2016).

2.5 | Ratiometric analysis of in vivo GSH redox
potential

The cytosolic GSH redox potential (Egsy) in root cells was measured
ratiometrically with a confocal laser scanning microscope (LSM 780,
Carl Zeiss, Germany). The 405-nm laser diode (30 mW) and the argon
multiline laser (488 nm, 25 mW) were used with corresponding main
beam splitters to excite roGFP2 at both characteristic excitation
bands. roGFP2 emission was recorded between 500 and 530 nm. At
10x magnification (Zeiss Plan-Apochromat 10x/0.45 M27) with a pixel
dwell time of 1.2-2.2 ps and a data depth of 12 bits per pixel, seven to
10 images were recorded per treatment per time point in line-
switching mode. The signal-to-noise ratio was optimized by adjusting
the gain (master) and pinhole for different images. DTT and H,O,
(10 mM each) were administered at the end of the measurement to
get fluorescence intensities for completely reduced and oxidized
roGFP2, respectively. Images were evaluated with the ZEN software
for fluorescence intensities of oxidized and reduced roGFP2.

Fluorescence intensities for both excitation channels were col-
lected separately from three different regions of interests (ROls)
within the meristematic zone in the root apex. Background noise
was below 1% and, thus, negligible. The ratio R; was calculated for
each ROI (region of interest) based on the mean intensities of the
two channels. Calculations per treatment and time point were carried
out for seven to 10 independent root images. The ratios allowed for
calculation of the degree of oxidation (OxD) of each image based on
Equation 4 (Schwarzlander et al., 2008).

Rt - Rred

I
4860 (Rox - Rt) + (Rt - Rred)
laggred

OxDrocrp2 = ) (4)

where R; gives the fluorescence ratio at 405/488 nm and Req and Ry
are ratios for completely reduced or oxidized roGFP2. Further, l4ggred
and 4880« are the intensities at 488 nm for fully reduced and fully oxi-
dized roGFP2, respectively. The Egsy was estimated by inserting the

OxD in the derived Nernst equation as shown in Equation 5:

R Tln[l - OxDroGrp2]

— 5
zF " [OxXDrocrp2] )

Ecsh = Erocrp2 = E\Driepy =
where R is the gas constant (8.315 J K™* mol™?), T the absolute tem-
perature (298.15 K), z the number of transferred electrons (2), and F

the Faraday constant (9.648 x 10% C mol™). The redox potentials of

GSH (Egsn) depend on OxD of the respective redox pair. EP"\ cepo
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is the midpoint redox potential of roGFP2 based on the standard

midpoint potential at pH 7 corrected for the estimated cytosolic pH
of 7.2 (Equation 6):

E;ngm = Ensgrpz = 60.1mV (pH = 7), (6)

where EO',DGFPQ was set to -280 mV previously suggested as consen-
sus midpoint redox potential by Hanson et al. (2004). The pH
corrected ?"PM gepo of —292.02 mV was used in Equation 6 to calcu-
late kinetics of stress-specific Egsn.

To visualize differences in Egsy, ratiometric images from the two
channels (excitation with 405 and 488 nm) were calculated (ZEN soft-

ware black edition, Carl Zeiss microscopy).

2.6 | Biochemical and physiological parameters

Nonprotein thiols, GSH, and ascorbate were determined in freshly
harvested tissues, which were grinded in liquid nitrogen within 24-
48 hr. In the meantime, plant tissues were stored at -80°C if needed.
Nonprotein thiols were measured with 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB), which releases one 2-nitro-5-thiobenzoate per one thiol
and can be detected spectrophotometrically at 412 nm. Acidic extrac-
tion in 0.2 N HCI with 1 mM EDTA ensured precipitation of proteins.
GSH standard was used for calculation. Sample absorption at 412 nm
was subtracted to get the DTNB-specific absorbance.

GSH and ascorbate redox state and contents were measured
with the plate reader assay described by Queval and Noctor
(2007). Leaf and root tissues were extracted with 0.2 N HCI followed
by neutralizing with 0.2 N NaOH. GSH was specifically determined
with GSH reductase (EC 1.6.4.2) along with its substrate NADPH in
the presence of DTNB at 412 nm. To determine the content of
GSH disulphide (GSSG), one part of the neutralized extract GSH
(reduced GSH) was blocked by using 2-vinyl pyridine. GSH (O-
0.90 nmol) and GSSG (0-0.18 nmol) standards were used for calcu-
lating amounts.

Ascorbate was measured in the neutralized extract using ascor-
bate oxidase (AO). The decrease in absorbance at 265 nm was deter-
mined 2 min after AO addition. The subtraction of initial absorbance
for leaf extracts and the final absorbance after 2 min of AO addition
gave the ascorbate-specific absorbance change. Total ascorbate was
measured after treating the neutralized leaf extract with DTT
(1 mM), whereas the samples without DTT quantified the reduced
fraction. Oxidized ascorbate was calculated from total minus reduced
ascorbate amounts. Calculations were based on the corrected extinc-
tion coefficient for ascorbate (7,000 Mt cm™) for the 96-well plate
(Queval & Noctor, 2007).

Soluble and insoluble sugars were measured with the anthrone
assay (Yemm & Willis, 1954). Plant tissues (20-30 mg) were homoge-
nized with 1 ml EtOH (80%) and incubated at 50°C for 10 min. The
samples were centrifuged and the resulting supernatant was used for
measurement of soluble sugars. The washed pellet was suspended in
1 ml HCI (1 N) and incubated at 95°C for 1 hr to hydrolyse the insol-
uble carbohydrates. Further centrifugation provided the supernatant
for measurement of insoluble sugars. Sugars were quantified spectro-

photometrically as furfural derivative-anthrone complex at 620 nm.
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The sugar extract from the plant tissues (30-50 pl) was mixed with
970 ul of anthrone reagent (40% anthrone in 75% H,SO,4 supple-
mented with 0.4% of thiourea) and incubated at 95°C for 15 min.
The absorbance of the samples at 620 nm was compared with that
of a glucose standard (0-30 pg).

Hydrogen peroxide contents were measured in freshly prepared

samples with a luminol-based assay as described by Koénig et al.
(2014).

27 |
PrxIIF

Immunological detection of redox status of

PrxIIF amounts and redox state were assessed by Western blot.
Proteins were extracted from stored (-80°C) samples in Tris
buffer (120 mM, pH 6.8) with or without MPEGsog0-maleimide
(methoxypolyethylene glycol maleimide; mass shift of 5 kDa). Protein
was quantified in the supernatant (Bradford, 1976). Protein
equivalent to 10 pg was mixed with DTT (100 mM) to reduce all
disulphides (oxidized thiols) and further incubated at 95°C with SDS
(5%) containing protein-loading buffer for 10 min to denature the
proteins. These samples were run on SDS-polyacrylamide gel
electrophoresis, and proteins blotted on nitrocellulose membrane.
The membrane was incubated with PrxlIF specific antibody. The
secondary antibody was used as horseradish peroxidase conjugate.
The signal was detected through chemiluminescence on X-ray films
(Konig et al., 2014).

2.8 | Elemental analysis and measurement of
hormonal content

Element contents were quantified in leaves or roots washed in ice-
cold buffer (1 mM K,;HPO,4, 0.5 mM Ca(NOs),, 5 mM MES, pH 5.6)
for 30 min to remove traces of surface adsorbed As. The samples were
dried at 80°C, acid digested (5-150 mg in 2 to 4 ml of 65% HNO3 sup-
plemented with 1 to 2 ml of 30% H,0,) at 80°C for 10 min, and sub-
sequently heated to 180°C for 16 min in a microwave oven. The metal
contents were measured by inductively coupled plasma-optical emis-
sion spectrometry using the following wavelength: Ca 396.8 nm, K
766.4 nm, Mg 279.0 nm, P 185.9 nm, S 182.0 nm, As 189.0 nm, and
Mg 285.2 nm. Hormone levels (ABA, JA, JA-lle, cis-OPDA, and JA)
were determined by LC-MS/MS from the undiluted methanol extract
prepared as described by Vadassery et al. (2012) using an APl 5000
mass spectrometer (Applied Biosystems).

2.9 | Statistical analysis

Data are presented as means with standard error. Statistical analysis
(one-way and two-way analysis of variance followed by Tukey's post
hoc test) was performed to evaluate significant differences among
means using IBM SPSS Statistics 20 (IBM, 2011). Significantly
different means (p < 0.05) are marked with different letters, whereas

missing letters indicate lack of significance.

3 | RESULTS

3.1 | Plant growth and phenotypes

Hydroponically grown 32-day-old A. thaliana plants were treated with
250 uM As, or the nutrient medium was flushed with 0.4% O,, com-
pared with 21% O, under control conditions to establish root Hpx,
or exposed to the combination of both for 7 days (Figure 1a). Plants
subjected to Hpx were subsequently reaerated with 21% O,. The
plants continued to grow in the presence of As, albeit at a reduced
rate. In a converse manner, root growth essentially ceased in hypoxic
environment, whereas the rosettes still showed some biomass
increase (Figure 1b). Root growth was inhibited in the presence of
the combined stresses similarly as in single Hpx stress. However,
rosette growth was more inhibited in the combined treatment, indicat-
ing some additional interference or additive inhibitory effects. The
severity of the stress-induced disorder after 7 days of stress was
investigated by reaeration of the hydroponic medium (Figure 1c). Both
root and rosette growth recovered during reaeration from previous
Hpx and combined stresses. Efficient recovery was particularly evi-
dent for the Hpx-treated plants and demonstrates the transient nature
of growth arrest in low O,, which was readily overcome upon resupply
of adequate O,. However, presence of arsenic impeded the growth

recovery of roots if combined with Hpx.

3.2 | Transcript response of stress marker genes

To dissect the responses of roots and rosettes in detail and to address
involved mechanisms, we first analysed the response of marker tran-
scripts and then scrutinized the global transcriptome response.

Changes in marker transcript levels revealed the expected strong
increases in Hpx markers such as alcohol dehydrogenase 1 (ADH1), hyp-
oxia response attenuator 1 (HRA1), and stearoyl acyl carrier protein
desaturase 9 (HUP9; Figure 2a). The maximum fold change among
these markers was 7,100-fold for HUP? in roots. After reaeration of
the Hpx-exposed plants, each of these transcripts decreased within
4 hr; for example, HUP9 dropped from 7,100 to 21 relative units.
ADH1 and HRA1 showed a small increase also in leaves, albeit they
were not exposed to Hpx (Figure 2b).

Markers for As toxicity (Isayenko & Maathuis, 2008; Lindsay &
Maathuis, 2017; Remy et al.,, 2012; Song et al., 2010) such as the
phosphate transporter AtPHT1;9, boric acid transporter of the aquapo-
rin family (AtNIP7;1), and the multidrug resistance protein AtABCC1
showed a trend towards increased expression in roots of As-treated
plants and also under Hpx and under combined stresses (Figure 2c).
Apart from ABCC1, these marker transcripts showed no significant

changes in leaves (Figure 2d).

3.3 | Root transcript profiles reveal stress-specific
expression pattern

Root transcriptome profiles were established for each of the stresses.
Stress-dependent increases in amounts greater than twofold were
seen for 1,088 transcripts in As, 966 in Hpx, and 1,307 in HpxAs

(Figure 3a). The overlap is shown in Venn diagrams and comprised
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FIGURE 3 Venn diagrams of transcripts responding to arsenic (As), hypoxia (Hpx), and HpxAs and heat maps depicting changes in transcript
amounts linked to K homeostasis, S metabolism, and redox markers. (a) The diagrams depict transcripts with increased or decreased abundance
in roots after 7 days of stress. Overlapping areas indicate coregulation. The stimulation or inhibition in transcript expression was calculated by
comparison with control roots. Statistically significant changes are presented with thresholds of >2 (increase) and less than -2 (decrease; p < 0.05,
n = 3, three experiments). (b, ¢, d) Absolute Log2 scale values for transcript abundance under all experimental conditions were used to generate
heat maps for K (b) and S homeostasis and S transport-related genes (c), and redox marker genes (d) using “HeatMapper” (http://www.
heatmapper.ca/). The expression values are means from three independent experiments (p < 0.05). Each map consists of the 20 most strongly
increased and decreased transcripts (except for S-related transcripts with only 12 increased transcripts; Table S4) filtered as per their response to
HpxAs stress. The range of expression is colour coded and ranges from red to blue, as given in scale, with red depicting the least expression

about one third of the changing transcripts with 313 transcripts com-
mon between As and Hpx; 360 transcripts were above the threshold
only in the combined stress sample. Higher numbers of transcripts
were seen in the sets with decreased abundance; 1,301 transcripts
were down in As-treated plants, 1,872 in Hpx, and 2,331 in the com-
bined stresses with an overlap of 674 between As and Hpx. Also
important are 527 transcripts that were specifically inhibited in
expression by HpxAs. Lists of the 50 most strongly responding tran-
scripts are available in Tables S5-S9.

GO terms related to cell proliferation, rRNA metabolic process,
and response to stress were overrepresented in the set with increased
expression, and glucuronoxylan biosynthesis, pectin metabolic pro-
cesses, cell wall synthesis, and response to osmotic stress in the set
with decreased expression (Figure S1). The detailed results can be
seen in Tables S2 and S3. Further, mapping of HpxAs-specific tran-
scripts into different metabolism and transport categories is available
in Figures S2 and S3. The overview of altered transcripts of metabo-
lism revealed profound changes in cell wall and lipid metabolism (Fig-
ure S2). Here, HpxAs-specific responses of the secondary metabolic
pathway transcripts are visible. Furthermore, it was apparent that
transporters involved in potassium and cation transport and of the
ABC type were most responsive, whereas amino acid metabolism-

related transcripts showed stronger decrease (Figure S3).

We selected redox-, sulphur-, and potassium-related transcripts
for a deeper dissection of the transcriptional changes (Table S4;
Figure 3b-d). Potassium homeostasis genes were selected according
to the report by Shabala and Cuin (2008), and the changes in transcript
levels were presented as heat diagram (Figure 3a). A rather homoge-
neous response was seen for the K* homeostasis-related transcripts.
Highly expressed transcripts were progressively decreased under As,
Hpx, and, in many cases, HpxAs stress, whereas transcripts of low
abundance under control conditions accumulated under the stresses.
The response of the outward-rectifying K*-channel SKOR was con-
firmed by gRT-PCR with 40% down-regulation under Hpx and close
to 90% down-regulation under As and HpxAs treatment (Figure S4).

A large set of transcripts coding for sulphur transporters and com-
ponents of sulphur metabolism changed their abundance in response
to the stress treatments. The low-affinity sulphate transporter
SULT3;5 and the flavonoid glycoside 7-sulphotransferase SOT4B were
examples for transcripts with lower abundance under stresses. This
was confirmed by gRT-PCR for SOT4B but remained statistically insig-
nificant for SULT3;5. Another set showed increase under As stress and
little response to Hpx. This type of response was validated for
SULTR2;1 by gRT-PCR (Figure S4).

The category “redox” was based on the list of redox network
genes published by Mittler et al. (2004; Figure 3c). A set of transcripts
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with low abundance in control plants increased under stress, but less
homogenous than in the case of potassium homeostasis. Thus, about
half of the transcripts were maximally expressed in As-exposed plants,
slightly less under Hpx, and the least under HpxAs. The response was
validated by gqPCR for alternative oxidase 1A (AOX1A) and the respira-
tory burst oxidase homolog protein D (RBOHD; Figure S4). Other tran-
scripts expressed at high levels wunder control conditions
progressively decreased with stress in the order As < Hpx < HpxAs.
The change in ferric reduction oxidase (FRO4) expression was exemplar-

ily confirmed by gRT-PCR (Figure S4).

3.4 | Severe decline in potassium contents

Deregulation of nutrient, in particular potassium homeostasis-related
transcript, prompted us to analyse mineral nutrient composition in
roots and rosettes (Figure 4). Arsenic contents were high in As-
exposed roots and also increased in rosettes as expected. Arsenic
incorporation in roots was 1.65-fold higher in As-treated roots com-
pared with HpxAs roots. Pronounced decrease in dry weight-related
potassium contents was evident in both roots and leaves of all
stressed plants. Calculation of whole plant potassium contents
revealed the strong decline in total potassium incorporation from
1.65 mg in control plants to 0.98 mg in As, 0.64 mg in Hpx, and
0.4 mg in combined stresses (Figure S5). Also, low in leaves were Ca,
Mg, and P amounts under Hpx, whereas sulphur was high in leaves

of As-treated plants.

3.5 | Content and state of redox metabolites

The altered transcript amounts related to redox homeostasis and the
previous reports that had established a strong influence of As or Hpx
stress on cell redox state prompted us to determine redox metabolites
and the root cell redox state as parameters possibly influencing plant
development in our experimental setup. Typical for As exposure was
the up-regulation of GSH and nonprotein thiols in roots and shoots
(Figure 5a,b). The high level of nonprotein thiols in As-exposed roots
indicates the synthesis of PCs. Estimated PC synthesis was only half in
HpxAs compared with As, correlating with the amount of incorporated
As (Figure 5). Importantly, the GSH pool declined to half of control in
HpxAs treatment. Leaf ascorbate amounts increased from control con-
ditions to As exposure, Hpx, and combined stresses; thus, ascorbate was
three times elevated in HpxAs compared with control (Figure 5a). H,O,
dropped from the level in control roots to very low amounts in As-
treated roots (Figure 5b). H,O, levels in hypoxic roots were similar to
those in control roots and slightly decreased in roots exposed to com-
bined stresses (HpxAs). In a converse manner, the leaf H,O, amounts
were elevated in plants exposed to Hpx in the rooting medium.

The amount and redox state of the mitochondrial peroxiredoxin
PrxIIF was exemplarily explored in root and leaf extracts of differently
treated plants (Figure 5a). No differences in PrxIIF amounts were dis-
cernible between the treatments in both roots and leaves. Leaf and root
proteins were also extracted in buffer containing mPEGsg0-maleimide
to label reduced thiols. The majority of PrxIIF was present in the oxi-

dized form running as lower band. The reduced fraction was small in
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quantified after 7 days of stress. Data are presented as M + SE, n = 4 experiments (Tukey's test, p < 0.05). Different letters label significantly
different means for individual elements (the relative water content and total K per plant are given in Figure S5)
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FIGURE 5 Redox metabolites and nonprotein thiols. (a) Contents and redox status of glutathione were measured in leaves and roots of roGFP2
plants (Grx1-roGFP2) treated with arsenic (As), hypoxia (Hpx), or HpxAs for 7 days. Oxidized and reduced ascorbate contents were analysed in
leaves of these plants but were undetectable in roots. Redox status of mitochondrial peroxiredoxin IIF (PrxIIF) was analysed in differentially
treated plants. Protein extraction in presence of methoxypolyethylene glycol maleimide (mPEGmal) labelled the sulphhydryl groups.
Immunoblotting was performed using PrxIIF specific antibodies after separating proteins of three experiments. (b) Nonprotein thiols (NPTs) and
H,0, contents were measured in leaves and roots of Arabidopsis thaliana (Col-0) after 7 days of treatment. Data are M + SE, n = 9 (NPTs and
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indicate significance of difference (Tukey's test; p < 0.05)

the control and Hpx samples and further decreased in As and combined
stresses. Similar patterns were observed for roots and leaves (Figure 5a).

3.6 | Effect on the cytosolic GSH redox state

The changed redox parameters prompted us to estimate the cytosolic
GSH redox state in vivo using the redox-sensitive reporter roGFP2
fused to glutaredoxin and stably expressed in A. thaliana. The fluores-
cence ratio at 405 to 488 nm allows calculating the Egsy. It should be
noted that this calculation at low 405/488 ratios only gives an estimate
because the probe saturates. Thus, the given redox potentials should be
considered with care below -315 mV. The redox potential shifted from
highly negative values to more positive values in As-treated roots within
60 min (Figure 6a). This shift was also seen in the combined stresses,
whereas Egsy initially remained unchanged in hypoxic roots and only
increased afterwards. The changes in cytosolic Egsy were further man-
ifested during the subsequent 7-day treatment period (Figure éb). The

highest value in As-treated roots was detected after 2-4 days. Subse-
quently, the redox potential reversed to more negative values, whereas
it increased further in the combined stresses. The micrographs of root
tips (Figure 6c) exemplarily depict the raw data for ratiometrically deter-
mined readouts of the redox potentials after 7 days of treatment. The
shift to oxidizing conditions was observed in the cell layers underneath
the rhizodermis and also covered the area of the quiescent centre and
the descendant cell arrays. The shift was strong in arsenic-treated roots
and particularly pronounced in roots exposed to combined stresses.

3.7 |
roots

Stress-dependent hormone levels in leaves and

The redox and nutrient imbalance and the altered growth pattern were
expected to interfere with the hormonal state of the plants and vice
versa. The increased shoot-to-root fresh weight ratio (Figure S5a) likely

compromised the water status as reflected by increased abscisic acid
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present representative images recorded at 405 and 488 nm after 7 days of treatment. Also shown are representative images obtained after
treatment with 10 mM H,O, for full oxidation and 10 mM DTT for full reduction [Colour figure can be viewed at wileyonlinelibrary.com]

levels in stressed rosettes (Figure 7). Variation of hormone levels
between the four independent experiments was very high. Thus,
despite large changes of mean values, significance was only revealed
for a few hormones and conditions. Oxophytodienoic acid (OPDA)
functions as precursor of jasmonic acid (JA) but also exerts JA-indepen-
dent roles (Maynard, Groger, Dierks, & Dietz, 2018). OPDA was tenta-
tively increased in rosettes under As and Hpx and was particularly
strong in the combined stress treatment. OPDA was decreased in
stressed roots. To elucidate the hormonal state with additional parame-
ters, selected marker transcripts were quantified in roots of treated
plants. Transcript levels of the sulphurase (ABA3) and the protein kinase
OST1 increased in roots with higher ABA contents in leaves. Both
marker transcripts accumulated in the stress treatments, particularly
OST1, which increased in the order of As < Hpx < HpxAs treatment.
The JA marker transcripts SRG2 and lipoxygenase LOX1 were elevated
under stress in roots; however, JA contents were invariable among dif-

ferent treatments and showed no significant change in roots or shoot.

3.8 | Photosynthetic performance

Parameters of photosynthesis, pigments, and kinetic parameters

were determined in order to assess the effects on leaf metabolism

of the stressors, which primarily act on roots. Anthocyanins strongly
accumulated in plant exposed to Hpx or combined stresses
(Figure 8c), whereas photosynthesis-related parameters were not
significantly different between the treatments (Figure 8a). Only very
early after 4 hr of treatment were kinetic parameters distinctly
changed in a short illumination experiment (Figure 8b). The Fdx
pool was most reduced upon illumination in leaves of those plants
that were exposed to Hpx and the least in As-treated plants. Inter-
estingly, the redox kinetics of Fdx under combined stresses devi-
ated the
(Figure 8b).
Lack of O, inhibits the respiratory electron transport, the citric

least among all treatments from control conditions

acid cycle, and efficient ATP production. In this metabolic context,
it appeared interesting to quantify soluble and nonsoluble sugars
as indicators of the metabolic state (Figure Sé). Both soluble
and nonsoluble sugars, which mostly represent starch, significantly
increased in leaves of hypoxic plants and also in plants exposed
to combined As and Hpx stresses. Soluble sugar contents
were slightly elevated in roots from stressed plants, as were the
Thus,

carbohydrate availability was ample and unlikely limited growth

insoluble sugars in Hpx- and HpxAs-treated plants.

under stress.
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FIGURE 7 Hormone levels in leaves and roots and abundance of selected hormone marker transcripts in roots of arsenic (As), hypoxia- (Hpx), and
HpxAs-treated plants. (a) Hormone levels in leaves and roots at Day 7 (M + SE, n = 4; four experiments; Tukey's test, p < 0.05). Different letters indicate
groups of significant difference. (b) Relative marker transcript amounts for abscisic acid (ABA) and jasmonic acid (JA) as analysed in roots of stressed
plants by gRT-PCR. Data are M + SE, n = 4 (two experiments; Tukey's test, p < 0.05). Different letters signify significantly different means

4 | DISCUSSION
4.1 | Establishment of Hpx for roots and normoxia for
leaves

To approach the response of A. thaliana to Hpx and arsenic as combi-
natorial stresses, it was important to choose appropriate conditions
that resemble natural stress levels. The aeration of the hydroponics
medium with normal air (21% O,) as control or air with 0.4% O, as
hypoxic treatment established severe but reversible Hpx stress as
shown by efficient resumption of root growth after reaeration
(Figure 1). Decreasing amounts of Hpx marker transcripts showed
the rapid initiation of transcript degradation upon resumption of
normoxia (Figure 2). This response also involves degradation of tran-
scription factors, for example, with the N-end rule mechanism (Gibbs
et al, 2011; Licausi et al., 2011; Sasidharan & Mustroph, 2011). The
recovery was slightly compromised by the presence of As for some

transcripts (Figure 2). Interestingly, the normoxic leaves also rapidly

perceived the stress state of the roots. The leaves initiated acclimation
events leading to adjustment of photosynthesis and assimilate
partitioning (Figure 8; Figure S6). Neither roots nor leaves were defi-
cient in carbohydrates.

The results from the transcript analysis in roots demonstrated the
peculiarities and similarities of the single and combined treatments
(Figure 3, Figures S1-5S4). A set of 887 genes responded specifically
to the combined stress treatment, the bigger portion (527) of which
was down-regulated (Figure 3). The biochemical and transcriptome
data obtained in this study will be discussed with respect to the local

stress response and long-distance effects in the following account.

4.2 | Local effects of arsenic, Hpx, and combined
stresses in roots

421 |

The cytoplasmic redox potential of root cells strongly increased within

Cytosolic redox state

a few hours upon addition of As and HpxAs; the increase was slightly
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FIGURE 8 Photosynthesis-related parameters and pigment contents. (a) Stress effects on the photosynthetic quantum yield (PPSIl) and
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experiments except at 4 and 8 hr where data are from two experiments). (b) Effect of As, hypoxia, and HpxAs on kinetic change of ferredoxin (Fdx)
redox state upon exposure to a short (1.5-s) pulse of light (160 pumol quanta m™2 s%) in dark-adapted leaves of Arabidopsis thaliana (Col-0) 4 hr
after start of stress application. Data represent M + SE, n = 4 (two independent experiments). Statistical analysis (one-way analysis of variance) for
differences among means was performed at t = 1 + 0.25 s. Different letters represent significantly different means (Tukey's test; p < 0.05). (c)
Anthocyanin and chlorophyll contents as measured after 7 days of treatment (M + SE, n = 9; three experiments; Tukey's test, p < 0.05). Different
letters give significantly different means [Colour figure can be viewed at wileyonlinelibrary.com]

delayed and of lower magnitude in Hpx (Figure 5). The likely reason is
the decrease in cell energization (ATP/ADP) by inhibition of mitochon-
drial respiration and disturbance of mitochondrial redox homeostasis
in the presence of As (Chen et al., 2014). The partial recovery of the
cytosolic redox potential under As during the prolonged 7-day expo-
sure indicates acclimation presumably by vacuolar compartmentation
mediated by ABCC1 and ABCC2 (Sharma, Dietz, & Mimura, 2016;
Song et al., 2010). However, the deviation from redox homeostasis
was still enhanced in the combined stresses despite the lower accu-
mulation of As (Figure 6). This may be attributed to inefficient As
sequestration under HpxAs stress, compared with single As stress,
due to inadequate PC synthesis as a consequence of lower sulphur
and GSH amounts (Figures 4 and 5). Further, the incomplete relief
from Hpx under As stress might be due to the ongoing growth in
the presence of As stress only. The increase in biomass may assist in
removing As from the root tip cells by As distribution in a larger tissue
volume. In a converse manner, the ceased root growth in HpxAs
impeded dilution of As by biomass increase (Figure 1).

The long-term readjustment of the cytosolic redox potential in As-
treated roots (Figure 6b) might be explained by de novo synthesis
induced by the changed GSH/GSSG ratio (Noctor et al., 2012). Inter-
estingly, up-regulation of the vacuolar As transporter ABCC1 also
occurred under Hpx and HpxAs, suggesting some redox-dependent
effects on gene expression (Figure 2).

The results from redox imaging in the root tip only partly matched
the response of the GSH pool measured in whole root extracts
(Figure 5). Apparently, the root tip including the calyptra, the quies-
cent centre, and the descendant cells are particularly sensitive targets
of Hpx and As stresses (Dho, Camusso, Mucciarelli, & Fusconi, 2010),

whereas the older plant tissues that dominate the result from total

root analysis were less affected by single As stress but severely
affected in the combined stresses. Thus, the GSH and the nonprotein
thiol pools were increased in roots under As stress, remained
unchanged in Hpx, but decreased in HpxAs. Efficient synthesis of thiol
compounds plays a central role in realizing As tolerance. A major por-
tion of the cellular sulphur in the presence of As is drained into PC
synthesis (Schmager et al., 2000).

Increased sulphur availability and thereby altered S metabolism
improve performance of rice upon As stress (Dixit et al., 2015). The
transcript of the plastid O-acetylserine(thiol)lyase OASTL-B was
strongly increased in HpxAs roots (Figure 3). This may indicate the
activation of a regulatory feedback to restore the GSH pool in the
roots. However, the up-regulation of transcripts was insufficient as
revealed by the low GSH pool in roots of HpxAs plants (Figure 5). It
is concluded that the altered redox potential and the lowered GSH
amounts likely contribute to the growth arrest of plants exposed to
HpxAs (Vernoux et al., 2000). Nonprotein thiol accumulation (PCs)
correlated with As-amounts, that is, with efficient As sequestration

in roots and very small amounts detected in leaves.
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The interference of Hpx, As, and combined stresses with S metabolism

Sulphur homeostasis and metabolism

is also apparent from the transcriptome analysis (Figure 3). Transcript
accumulation of most sulphate transporters was altered often under
all three stress conditions (Figure 3). Expression of the vacuolar
SULTR4;2 was stimulated by As but not affected by the combined
stresses. SULTR4;2 controls the efflux of vacuolar sulphate into the
cytosol to optimize the internal sulphur distribution under sulphur
deprivation (Kataoka et al., 2004; Zuber et al., 2010).
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Transcript of SULTR2;1, which mediates transfer of sulphate from
old to young leaves (Kataoka, Hayashi, Yamaya, & Takahashi, 2004),
accumulated in HpxAs, whereas transcript of SULT3;5, which transports
sulphate from the root to the shoot, decreased under all stress condi-
tions (Figure 3). Transcript amounts of high-affinity sulphate trans-
porters SULTR1;1 and SULTR1;2 (El-Zohri, Odjegba, Ma, &
Rathinasabapathi, 2015) strongly decreased in the HpxAs treatment
(Figure 3). These two genes influence As accumulation in roots and
induce its translocation to the shoot but do not inhibit As uptake. Inter-
estingly, along with decreased As accumulation in roots, phosphate
accumulation and potassium accumulation are also impeded (El-Zohri
et al., 2015). A similar pattern was observed under HpxAs for root P

and K contents along with lower As accumulation (Figure 4).

423 |

The change in redox state was reflected in altered accumulation of

Redox and ROS homeostasis transcripts

redox-related transcripts (Figure 3, Figure S2). Amounts of many iron
homeostasis- and antioxidant defence-related transcripts were low
under the stress treatments, particularly under HpxAs (Figure 3). This
group includes peroxiredoxin IlE with a role in chloroplast stress
defence (Romero-Puertas et al., 2007), monodehydroascorbate reduc-
tase 6 (MDARG), and cytosolic dehydroascorbate reductase 1 (DHAR1)
with roles in stress defence against toxins, GSH oxidation, and salicylic
acid signalling (Johnston et al., 2015; Rahantaniaina et al., 2017) and
catalase 3 (Tiew, Sheahan, & Rose, 2015). CAT3 function has been
linked to cell division because cat3-mutants were compromised in cell
division induction (Tiew et al., 2015).

Transcript amounts coding for AOX1A were strongly increased
under As, whereas AOX1D was up under Hpx. The response was
smaller in the combined stresses. AOXs play important roles in fine-
tuning the mitochondrial respiratory activity and the cellular redox
state particularly under stress (Saisho et al., 1997; Selinski et al.,
2018). Such a contrasting response was seen for several redox-related
transcripts. Like AOX1A, transcripts coding for glutathione reductase 1
and glutaredoxin Cé6 were strongly induced in As but scarcely
responded in Hpx and HpxAs (Figure 3).

The simultaneous exposure to As and Hpx aggravated the experi-
enced stress. This is evident from the delayed recovery of HpxAs plants
after 7 days of stress. The root growth of HpxAs plants, compared with
the control, remained slow after reaeration, whereas root growth of As-
and Hpx-stressed plants caught up with that of the control (Figure 1).
Apparently, the plants encounter cumulative effects that establish
long-lasting physiological modifications and inhibit resumption of
growth. Such enduring stress effects could involve GSH-dependent
processes (Diaz Vivancos, Wolff, Markovic, Pallardd, & Foyer, 2010),
which also affect epigenetic processes. Notably, the persistent stress
effects were not related to excessive As accumulation because on a

dry-weight basis As accumulated less in HpxAs than in As (Figure 4).

4.3 | Stress signalling and photosynthesis

The establishment of Hpx in the rooting medium caused rapid changes
in the rosettes and leaf metabolism (Figures 1 and 8). It is concluded
that long-distance effects link the metabolic state of the roots to that

of the shoot. Candidate information mechanisms concern a backlog of

assimilates (Figure S6) due to decreased assimilate consumption in the
roots and thus inhibited sink activity, lack of nutrients (Figure 4) due to
inhibited uptake in the roots, redox signals (Figure 5), and hormones
(Figure 7; see also Jackson, 2002).

Within a few hours, the photosynthetic machinery adopted a dif-
ferent state in the differently exposed plants. Most pronounced were
the differences in Fdx levels, namely, strongly lowered Fdx reduction
in As-exposed plants and increased Fdx reduction in Hpx-treated
plants (Figure 8). Fdx functions as a hub in electron distribution down-
stream of PSI. Its increased reduction may indicate decreased drainage
of electrons by reductive metabolism in leaves under Hpx as long as
the metabolic adjustment has not been optimized (Bukhov &
Carpentier, 2004). In a converse manner, As stress may transiently
increase the demand for reductive power because arsenic functions
as an uncoupling agent (Good, 1977). The combined exposure to
Hpx and As mediated an intermediate Fdx redox state.

The increase in anthocyanin contents along with the accumulation
of the redox metabolite ascorbate in leaves of Hpx- and HpxAs-
treated plants (Figures 5 and 8) may protect the leaf cells from oxida-
tive damage (Das & Roychoudhury, 2014; Foyer & Noctor, 2012).

The shift towards a more oxidized state of the cytosol and mito-
chondria in roots was evident from the H,O, accumulation and
decreased reduction of PRXIIF in HpxAs-treated plants (Figure 5).
The As response was different because root growth was maintained
albeit with lower rate leading to a proportional decrease of both root
and shoot growth (Figure 1).

The differences in photosynthetic state were compensated within
less than 2 days showing the efficient adjustment of the photosyn-
thetic apparatus despite the severe drop in assimilate demand in
Hpx and HpxAs (Figure 1). The adjustments of the photosynthetic
apparatus coincided with anthocyanin accumulation on the abaxial
side of the leaf. Anthocyanin accumulation is an established indicator
for metabolic changes and plays an adaptive role under stress. With
longer stress impact, all measured photosynthetic parameters were
indistinguishable between the treatments, that is, ®PSIl and PSI redox

state (Figure 8), whereas sugars and starch accumulated (Figure S6).

4.4 | A role for hormones in signalling under
combined stresses

Here, the well-aerated leaves of the plants under Hpx and combined
stresses showed hyponasty, a well-documented Hpx response (Colmer
& Voesenek, 2009). The involved signalling pathways were proposed
to be carbohydrate independent (Jackson, 2002). It is known for free
ABA and ABA conjugates to act as a long-distance signal (Sauter,
Dietz, & Hartung, 2002). Leaf water status changed in Hpx- and
HpxAs-treated plants (Figure S5) and is evident from the strong accu-
mulation of transcripts of OST1, the core ABA signalling component
that responds to leaf water status (Sussmilch, Atallah, Brodribb, Banks,
& McAdam, 2017; Figure 7). Further, the highly increased shoot-to-
root ratio is a rather peculiar response brought about by the strong
Hpx-induced inhibition of root growth (Figure 1). Stresses like salinity
and drought induce contrasting responses, namely, shoot growth inhi-
bition and root growth stimulation to minimize aerial water loss, and

increase the nutrient and water uptake by the roots as, for example,
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shown for tomato (Albacete et al., 2008). Because Hpx involves ethyl-
ene as signalling molecule that mediates growth inhibition, it is inter-
esting that ABA exerts an antagonizing role that may decrease the
ethylene-dependent inhibition (Sharp & LeNoble, 2002). Thus, it might
be speculated that ABA accumulation in the shoots might play a role in
maintaining shoot growth under Hpx and HpxAs.

cis-OPDA accumulated strongly in leaves, especially under com-
bined stress treatment. Unlike ABA, cis-OPDA is synthesized in the
chloroplasts under stress. cis-OPDA functions as precursor of JA syn-
thesis but also acts as a JA and COIl1-independent signalling com-
pound, both triggering acclimation responses to stress (Maynard
et al., 2018; Okazaki & Saito, 2014; Wasternack & Strnad, 2016).
OPDA influences the gene expression of redox metabolism-related
genes like OXI1, essentially linked to oxidative burst signal transduc-
tion pathway in Arabidopsis (Taki et al., 2005). Further, it should be
noted that regulation of S metabolism was recently linked to OPDA
by stimulating cysteine synthesis (Park et al., 2013). Also, as a signal-
ling molecule independent of JA and its derivatives, OPDA has been
implicated to interact with ABA and in turn regulates seed germination
in A. thaliana (Dave & Graham, 2012). The interference of cis-OPDA-
and ABA-dependent signalling pathways may have adaptive implica-
tions for the plants under combined stresses and should be further
investigated.

4.5 | Severe disturbance of potassium homeostasis

As a consequence of disproportionate inhibition of root growth and
impeded root metabolism (Figure 1), uptake of several nutrients was
decreased under all stress treatments. Declined shoot levels of K,
Mg?*, Ca?*, and phosphorus indicate a severe nutritional disorder
(Figure 4). The decreased K* and Mg?* uptake and translocation could
restrict shoot growth under these treatments. Potassium homeostasis
has been recognized as an important regulator of plant growth under
Hpx. Wang et al. (2017) used mutants lacking a functional potassium
channel of the GORK type and observed that the improved K*-reten-
tion in the roots ameliorated plant performance under Hpx. The
mutant realized a water logging-tolerant phenotype.

Several K*-related transcripts that were expressed at a low level
under control conditions accumulated under stress, for example, the
potassium transporter 1 and 2 (KT1, KT2), and also the cation proton
exchanger CHX14 (Figure 3). CHX14 regulates K* redistribution in
the plant body. This could indicate the activation of mechanisms to
counteract the K* shortage. Other potassium-related transcripts that
were highly expressed under control conditions were repressed under
the stresses, for example, the outward-rectifying K*-channel SKOR
delivering K* to the xylem (Figure 3). The profound reorganization of
the potassium-related transcriptome was striking and supports the
conclusion that disturbance of potassium homeostasis significantly

contributes to the observed growth phenotypes.

5 | CONCLUSION

The presence of multiple abiotic factors above or below their optimum

intensity for plant growth and development is a common phenomenon

WILEY- ‘ \ Ut
in nature. Here, the naturally occurring combination of Hpx, for exam-
ple, following flooding, and arsenic exposure was addressed and
revealed responsiveness of the plant exposed to combinatorial
stresses distinct from that of plants treated with Hpx or arsenic indi-
vidually. The rapid (within 1 hr) changes in root cell redox potential
and the redox shift (within 4 hr) of components of the photosynthetic
electron transport (e.g., Fdx) indicate fast long-distance effects within
the plant. Along with ROS and sugars, ABA and the JA precursor cis-
OPDA may play crucial roles in acclimation to combined stresses. In
addition to disturbance of redox homeostasis, the aggravation of
nutrient disorder, in particular of K and S, under HpxAs stress is sug-
gested to impose a severe constraint on plant performance. Following
reaeration, the rapid decline in Hpx marker transcripts indicated
recovery of plants from both single and combined stresses. However,
the resumption of growth in HpxAs plants was compromised after
reaeration pointing to persistent physiological effects and manifested
damage despite lower accumulation of As. It will be important to more
closely scrutinize the 360 and 527 transcripts that were specifically
increased and decreased, respectively, in the combined stresses as
compared with single stresses. It is hypothesized that they will provide
clues on the nature of the long-lasting stress effects following HpxAs

exposure.
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