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Abstract

Due to industrialization and expansion of nanotetbgy, ecosystem contamination by
nanopatrticles is likely. Overall, nanoparticles waoalate in environmental matrices and induce
phytotoxicity, however future climate (elevated C@CQ)) may affect the distribution of
nanoparticles in ecosystems and alter their impacplants. In the current study, nickel oxide
nanoparticles (NiO-NPs) with an average diametesdhm were synthesized using Triton X-
100 and characterized by scanning electron micmsd®EM), UV-VIS spectroscopy and
Fourier transform infrared spectroscopy (FTIR). Méve investigated the impact of NiO-NPs at
a concentration of 120 mg Kgoil, selected based on the results of a prelirpieaperiment, on
accumulation of Ni ions in wheafjticum aestivumL.) and how that could influence plant
growth, photosynthesis and redox hemostats undeC@® scenarios, ambient (aG@00 ppm)
and eCQ (620 ppm). NiO-NPs alone reduced whole plant ginpuwhibited photosynthesis and
increased the levels of antioxidants. However, oupd defense system was not enough to
lessen photorespiration induced@4 accumulationand oxidative damage (lipid and protein
oxidation). Interestingly, eC{significantly mitigated the phytotoxicity of NiOf&. Although,
eCQ did not affect Ni accumulation and translocatinowiheat, it promoted photosynthesis and
inhibited photorespiration, resulting in reduced &R@roduction. Moreover, it further improved
the antioxidant defense system and maintained AB8/nd GSH/GSSG redox balances.
Organ specific responses to NiO-NPs and/or g@@ére indicated and confirmed by cluster
analysis. Overall, we suggest that wheat plant§ lveilmore tolerant to NiO-NPs stress under

future climate CQ@
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1. Introduction

Over the last decades, there has been a growirgnaee\wf consumer products based on
nano-sized heavy metal. For instance, due to iguerproperties, nano-sized nickel oxide (NiO-
NPs) is utilized for several products, such asebi@, gas sensors and electrochromic devices
(Kim and Lee, 2014; Salimi et al., 2007; Zhu et aD12). Inevitably, these nano-sized heavy
metals are likely released both from point and mampsources leading to deterioration of
environmental matrices and toxification of biotaoiidck and Bucheli, 2007). In fact, because of
their higher dissolution, nano-sized heavy metafgasent a stronger environmental hazard, as
compared with their bulk form (Faisal et al., 20XKatsumiti et al., 2016). Therefore, risk
assessment and amelioration of biological toxiatynano-sized heavy metals have received
much attention (Savolainen et al.,, 2010; Torabifatd al., 2018). In this regard, many
investigations have addressed the toxicologicahbien of nano-sized heavy metals on animals,
however much less efforts have been devoted far pingtotoxicity (Meena et al., 2015; Sager
et al.,, 2016). Beside their importance in susteeaofc food for human, plants are essential
component of the ecosystem and are frequently stdojeo environmental pollutants, such as
nano-sized heavy metal (Antisari et al., 2015).réfwe, substantial efforts should be given to
develop efficient approaches for alleviating theatt of such pollutants on plant productivity

and limiting their accumulation in the edible partghe plant.

Despite of the considerable difference in their gatgl properties, once inside plants
nano-sized heavy metals impose the same toxicabgiechanisms as their bulk form (Faisal et
al., 2013; Soares et al., 2018; Yusuf et al., 20115 well recognized that Ni is an essential
micronutrient for plants, it is utilized as a cdfarcfor several metalloenzymes such as urease and
glyoxalase | (Brown et al., 1987). However, at leégbhoncentrations of Ni, 10 mg/Kg dry mass

3
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in sensitive species, phytotoxicity symptoms susltldorosis, necrosis and wilting are evident
(Yusuf et al.,, 2011). The deleterious effect of dfi plant growth, could be ascribed to its
negative impact on photosynthesis, dark respirataod mineral nutrition (Seregin and
Kozhevnikova, 2006; Srivastava et al., 2012). Bypsigering its impact on photosynthesis, Ni
has been reported to inhibit the synthesis of mithetic pigments, replace the Mg ion of
chlorophyll molecule, induce damage in the thyldkoaembrane, restrain electron transport
chain, and inhibit the activity of ribulose-1,53hbsphate carboxylase/oxygenase (rubisco) and
other Calvin cycle enzymes (Soares et al.,, 201baSava et al.,, 2012; Yusuf et al., 2011).
Owing to its critical role in metabolism, such stggsion of the photosynthetic C assimilation is
inevitably reflected on other metabolic processeswall as plant growth and development.
Although Ni is not a redox active metal, but itksown to impose oxidative stress, mainly
through impairing redox homeostasis leading to amdation of reactive oxygen species (ROS)
that is normally produced during metabolic proceg8accouch et al., 2006; Pandey and Gopal,
2010). Under these circumstances, the increaseslslef ROS can result in damage of cell
compartments, by oxidation of lipids and proteiasd disturbance of cellular functions (Apel
and Hirt, 2004). Therefore, to tolerate the toxdedls of Ni, plants have to develop an efficient
antioxidant defense system and to maintain progefopnance of the critical physiological

processes, such as photosynthesis.

Unlike its bulk counterpart, limited number of skeslhave addressed the stress imposed
by nano-sized Ni, e.g. NiO-NPs, on plants. In tlegard, Faisal et al. (2013) assessed the
phytotoxicity of NiO-NPs using roots of tomato skegks as ann vivo model. They reported that
NiO-NPs treatment reduced root elongation, increabe levels of ROS, lipid peroxidation,

glutathione (GSH) and superoxide dismutase (SODiviaes, and induced cell death as
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indicated by the increased number of apoptotic rextotic cells. They ascribed the oxidative
damage caused by NiO-NPs to dissolution, uptake amecdimulation of Ni ions in the plant
tissues, which was significantly higher as compatedthe bulk form of NiO. Recently,
cultivation of barley in artificial soil treated thi NiO-NPs (120 mg Kd) resulted in significant
reduction in growth and photosynthesis relatedmpatars (Soares et al., 2018). They found that
NiO-NPs triggered oxidative damage in barley, asgeated by overproduction of ROS and

higher lipid peroxidation.

Another factor that represents a future challemgepfants is the progressive increase in
the concentration of atmospheric COPCC, 2013). Interestingly, within a physiolodicange,
elevated CQ (eCQ) has been reported to improve plant growth by eobment of the
photosynthetic C assimilation; thus providing thelding blocks and energy required for plant
growth and development (Misra and Chen, 2015; Tetbal., 2003; Watanabe et al., 2014).
Moreover, it has been documented that g€auld mitigate the adverse effect exerted by wexio
stress factors on plants (Abdelgawad et al., 20E¢z-Lopez et al., 2009; Zinta et al., 2014).
eCQ could not only affect plant growth and physiologyt it may also alter the distribution of
contaminants, such as heavy metals, in the ecaosystethis regard, some investigations have
addressed the impact of elevated,Gid the uptake, accumulation and partitioning ahso
heavy metals in hyperaccumulator and nonaccumupdémt species (Guo et al., 2011; Li et al.,
2010). In addition, some efforts has been devotedtudy the combined effect of eg@nd
limited number of heavy metal (Cd, Cu and to lese® Pb) on growth, photosynthesis and
some parameters related to the antioxidant defeystems in hyperaccumulator plants (Guo et
al., 2015; Jia et al., 2010; Pietrini et al., 20XBh contrary, much less attention has been given

for the effect of eC@on the phytotoxicity induced by nano-sized heawtats. In this context,
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eCQ was reported to intensify the adverse effect of ANP's on growth of rice and wheat by
improving the uptake and translocation of Ti (Duaét 2017; Jiang et al., 2017). Moreover,
Yadav et al. (2014) found that eg®@eatment improved the accumulation of Fe and izZn i
different parts of rice plant grown in hydroponialtares supplemented with different
concentrations of KF®s;-NPs and ZnO-NPs, respectively. However, none e$dhstudies had

investigated the impact of eG@n the antioxidant defense system of plants undeo-sized

heavy metal contamination. Moreover, so far theeereo studies investigating the concurrent

effect of nano-sized Ni and eGOn plants

In the current study, we have addressed the ingfagtO-NPs, alone or in combination
with future climate C@ on growth and redox homeostasis in one of thet mgsortant crops for
human food, bread wheafr{ticum aestivuniL.). The uptake and accumulation of Ni ions and
the triggered changes in photosynthesis, photowgm, molecular ROS scavengers and
antioxidant enzymes as well as the detailed chamg@SC-GSH cycle were studied in wheat
subjected to NiO-NPs (120 mg/Kg soil) under tweelswof CQ, ambient (aC@ 400 ppm) and

eCQ (620 ppm).
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2. Materialsand methods
2.1.Preparatiorof Nickel oxide nanopatrticles (NiO-NPs)

NiO-NPs were synthesized following the method addgiy Kooti and Jorfi (2009). To
200 ml of NiCb.6H,O (0.1 M), 5ml of Triton X-100 was added and thé&uson was stirred for
15 min. Then, 200ml of sodium hypochlorite solutioontaining 0.1M of NaOH was added
drop wise under continuous stirring for 20 min. Hiack precipitate of NiQwas performed at
6000 rpm for 10 min, then washed with distilled @atThe collected precipitate was placed into
a beaker containing 50 mL of methanol and stiroed2fh till the black solid turned to dark olive
green indicating the formation of NiO. The greeaqipitate was collected by centrifugation and
washed with distilled water and methanol and thdeddin an oven at 90°C for 5 h, then

calcined at 300°C for 6h to afford nanosized NiO.

2.2. Characterization of NiO-NPs
2.2.1. Size and morphology

The size and morphology of synthesized NiO-NPs mowdere characterizedsing
JEOL, JSM-6510 scanning electron microscope (SHMg instrument waeperated at 30 keV
and scanning electron imaging was taken with aluéea of 50,000 and a width of 250 mm on

a 0.5 um scale.

2.2.2. Ultraviolet-Visible Spectroscopy (UV-VIS)

The optical features of NiO-NPs were determinedP&UV Lambda 950 UV/VIS/NIR
in the wavelength range of 250-800 nm. NiO-NPs pawd were suspended in
Dimethylformamide (DMF) with the help of a magnesiarrer for 30 min prior analysis by UV-

VIS spectrophotometer

2.2.3. Fourier transform infrared spectroscopyT(R)
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FTIR analysis of NiO-NPs powder was performed ngsia Bruker IFS66V
FTIR spectrometer for the frequency range between 4088 400 crii at room
temperatureNiO sample was mixed with potassium bromide, whigre ground and pressed

into a transparent pellet with a diameter of 13 mm.

2.3. Experimental setup

Uniform wheat seedsT(iticum aestivuni., Sids 13, a commercial variety) were surface
sterilized with 35 % (v/v) of commercial bleach 80 min. Sterilized seeds were grown in pots
contained artificial soil with 5% organic matterdapH 6 (OECD, 2006). Pots were transferred
to controlled-growth rooms under varied climate ditons, viz: 1) ambient CE(aCQ) (400
ppm), 2) aC@ + NiO-NPs (120 mg/Kg soil), 3) elevated €@CQ) (620 ppm), 4) eCO+
NiO-NPs (120 mg/Kg soil). NiO-NPs were applied aflfeweek from sowing in the form of
suspension. Other climate conditions included: tligtiensity of 150umol m? s, 16/8 h
day/night photoperiod, 21/1% air temperature and 60/70% humidity. After 3 week NiO-
NPs exposure, roots and leaves were harvestedestad/materials were immediately frozen in
liquid N, and stored at -80 °C for biochemical analysise Thncentration of NiO-NPs was
chosen based on the results of preliminary assaythe impact of a range of NiO-NPs doses
(60-480 mg/Kg soil) on growth and accumulation wéss markers in wheat plants, under both

aCQ and eCQ (supplementary materials).

2.4. Determination of photosynthesis rate and stahw@nductance

For measuring the rates of photosynthesis and atfdntonductance the protocols
described in our previous work (Al Jaouni et aD18) were followed up. Photosynthesis at
saturating light (Asat, pmol CO2 “ms?) were determined (LI-COR LI-6400, LI-COR Inc.,

Lincoln, NE, USA) on the youngest fully expandefl.minimum of 5 min of leaf equilibration

8
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was set at each step before data were logged. IR-[é&f chamber conditions were set at 400 or
620 ppm CG, 22 °C (block temperature) and saturated photondensity (1500 pmol s?).
Stomatal conductance (gs, mol £@- m? s') was measured on the abaxial side of
fully developed leaves with a Leaf Porometer (Model SOdcagon Devices, IncHopkins,
Pullman, WA USA). The average vapor pressure dediod leaftemperature were 0.37+0.02
and 20+2.02, respectively. Chlorophyll fluorescence wasasured on dark acclimated fully
expanded leaveasing FMS2 pulsemodulated fluorometer (Hansatech Instruments, Nkyrfo
UK). The minimal fluorescence ¢ and maximal fluorescence {Fwere measured for 30
min dark-adapted leaves. The photochemical efficiericy il (K/Fy) for dark adaptedeaves

were calculated, wherg, FMaximal variable fluorescence ) ,F F.

2.5. Photorespiration

Glycolate oxidase (GO) and hydroxypyruvate redct@dPR) activities were measured
according to (Feierabend and Beevers, 1972; Schwetzel and Siegenthaler, 1984),
respectively. Moreover, to calculate glycine/senato, frequently used as an index to estimate
photorespiration (Kebeish et al., 2007), glycined aerine were quantified using a Waters

Acquity UPLC-tqd system (Al Jaouni et al., 2018).

2.6. Stress markers

Lipid peroxidation was determined according to tiobarbituric acid assay (Hodges et
al., 1999). Protein oxidation was assessed viaoocgtbquantification (Levine et al., 1994).
Xylenol orange method was employed to quantify tdgein peroxide (kD) in TCA (0.1%)
extract of plant samples (Murphy and Noack, 1994)e concentration of nitric oxide was

determined by measuring the production of metheoimgl(Feelisch and Noack, 1987).
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2.7. Total antioxidant capacity (TAC)

TAC was assessed according to the FRAP (ferricaiaduantioxidant power) method
described by Benzie and Strain (1999) using tr@igma-Aldrich, St. Louis, MO, USA) as a
standard.

2.8. Triphenyltetrazolium chloride—dehydrogenastvay (TTC-DHA) assay

The activity of dehydrogenase was measured by TedDation method (Casida Jr et al.,
1964). Samples were treated with 0.1 M TTC andbated for 24 h at 37°C. Formed triphenyl
formazan was extracted and assayed at 485Tii@-DHA was expressed as pg formazan/g
tissue
2.9. Antioxidant metabolites

Reduced ascorbate (ASC) and reduced glutathiondéi®&re quantified by HPLC.
Total ascorbate (ASC+DHA) and glutathione (GSH+G¥$Gncentrations were determined
after reduction with DTT as described in Zinta ket(2014). Polyphenols and flavonoids were
quantified using Folin-Ciocalteu and aluminum clderassays, respectively (Mohamed et al.,
2017). Separation and quantification of tocophemskre conducted by HPLC (Shimadzu,
Hertogenbosch, Netherlands) using normal phaseitocmmsl (Particil Pac 5um column mate-
rial, length 250 mm, i.d. 4.6 mm).

2.10. Antioxidant enzyme activities

Superoxide dismutase (SOD), peroxidase (POD),asdgCAT), glutathione peroxidase
(GPX), ascorbate peroxidase (APX), glutathione ctahe (GR), monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAfRutathione-S-transferase (GST)
activities were assayed according to the protodekcribed in our previous work (Abdelgawad

et al., 2015).
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2.11. Statistical analyses

Data analyses were performed using the procedu@gdpd in Statistical Analysis
System (SPSS Inc., Chicago, IL, USA). Data normalitd the homogeneity of variances were
checked using the KolmogoroveSmirnov test and Le'setest, respectively. All the data were
subjected to one-way Analysis of Variance (ANOVAukey's Test (p < 0.05) was carried out
as the post-hoc test for mean separations. Nunilyeplicates for each experiment were three (n
= 3). Cluster analysis was performed by using RPeadistance metric of the MultiExperiment
Viewer (MeV)™ 4 software package (version 4.5, D&aaber Cancer Institute, Boston, MA,

USA).
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3. Results
3.1. Characterization of NiO-NPs

The size and morphology of the synthesized NiO-SRHhown in Figure 1a. SEM image
revealed that, particles are homogeneous shapdttiggmrwith an average size of 54 nm.
Additionally, the image shows that, the synthesipadicles have a tendency to form uniform
aggregations, therefore, uniform particle dimengshape and size). UV-VIS analysis (Figure
1b) displays that, NiO nanoparticles exhibit theareleteristic absorption edge in the range of
280-350 nm. From FTIR spectrum of fabricated Ni@haparticles (Figure 1c), the peak at
3418.1 critis ascribed to O-H group stretching vibrational maahd the peak at 1625.48 tiw
attributed to the bending vibrational mode of O-kFoup. The appearance of these peaks
indicated the presence of water moleculesptgdpon the surface of NiO particles from
surrounding atmosphere. Additionally, there isbabsorption in the range of 424.38- 542.18
cm?, corresponding to the Ni-O bond stretching vileratwhile, absorption bond at 636 ¢ris

assigned to Ni-O-H stretching bond.

3.2. Ni accumulation and biomass production

plants grown under eGChave significantly higher biomass than those grawaCQ
(Table 1). NiO-NPs reduced biomass production urtien levels of C@ However, the NiO-
NPs-induced biomasses reduction was much lowerrue@€ than under. Root growth was
more affected by NiO-NPs than shoot, whereas aba% and 41% inhibition in dry masses
were observed for root and shoot, respectiv@ly.the other hand, NiO-NPs increased Ni ions
accumulation in root and shoot at both &vels. Meanwhile, the concentration of Ni ions in

both organs was not significantly affected by &@richment.

3.3. Photosynthesis and stomatal conductance

12
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Elevated CQ alone did not significantly affect chlorophyll am@rotenoids contents,
chlorophyll fluorescence, rubisco activity or stdaalaconductance; however it significantly
improved the net photosynthetic rate and consetyusrdreased starch level (Table 2). On the
other hand, NiO-NPs significantly decreased alltpiynthesis related parameters, except for the
content of carotenoids that was significantly imsed. Interestingly, the synchronous treatment
with eCQ and NiO-NPs significantly mitigated NiO-NPs-inducgthibition in photosynthesis
related parameters . The values of photosynthetsded parameters, except for carotenoids,
under the combined treatment (e@@iO-NPs) were significantly higher than those IfONNPs

alone treatment (Table 2).

3.4. Photorespiration

As compared with the control plants, ed@d no significant impact on photorespiratory
key enzymes (GO or HPR) as well as the glycineiseratio; while NiO-NPs significantly
induced them (Table 2). Interestingly, the co-aggilon of eCQ with NiO-NPs significantly

reduced the impact of NiO-NPs on photorespiratelated parameters.

3.5. Stress markers, TAC and TTC-DHA

Atmospheric enrichment with eGhad no significant effect on the levels opC,
MDA, NO or protein carbonyls in either root or shaissues (Figure 2). On contrary, NiO-NPs
treatment significantly increased® and MDA levels in root and shoot and protein cast®
and NO level in root of aCQreated plants. The coexistence of @@@d NiO-NPs significantly
reduced the levels of the measured oxidative markewralues comparable to those detected in

the control plant.

13
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Although, TAC or TTC-DHA levels were not altered@CQ treated plants, they were
scientifically reduced in shoot and root after NNPs treatment (Figure 2). Meanwhile, the
incorporation of eC@ mitigated the NiO-NPs-induced inhibition in TTC-BHwhich was in

consistence with the improvement in TAC (FRAP)antrand to less extent in shoot.

3.6. Antioxidant metabolites

Phenolics, flavonoids and tocopherols levels wese significantly affected by eCO
treatment (Figure 2). NiO-NRseatment alone improved the accumulation of treeg@xidants
in root but not in shoot tissues. g@nrichment further improved the levels of tocopkeiin
root and that for phenolics in shoot of NiO-NPsteg plant, while it had no significant impact

on the content of flavonoids.

3.7. SOD, CAT, POD and GST activities

CO, enrichment had no significant impact on SOD, CAll 0D activities (Figure 2).
Plant treated with NiO-NPs showed increase in POvity in both organs, but not in SOD
activity, relative to the control plant. On the ethhand, CAT activity significantly increased
only in root-treated with NiO-NPs and e&®lo change in GST activity was observed for shoot
after eCQ and/or NiO-NPs treatments, while it was signifitammproved in root of NiO-NPs
treated plant regardless of €@evel, whereas the improvement was more evidentha

combined treatment.

3.8. ASC-GSH cycle

GSH/ASC cycle related enzymes and metabolites wetaltered by eCOtreatment in

root (Figure 2). However, eGreatment caused significant improvement in theARDactivity

14
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and in the ratios of ASC/DHA and GSH/GSSG in shatiich was in consequence with reduced
levels of DHA and GSSG, respectively, rather tham increase in the concentrations of their

reduced forms, compared to control plant.

Regardless of the plant organ, NiO-NPs treatmeptored GPX and GR activities, but
not APX, MDAR or DHAR activities. Moreover, NiO-NRseatment increased the contents of
DHA in root and GSSG in both organs resulting iwdo ASC/DHA and GSH/GSSG ratios in
plant grown under aCOOn the other hand, the synchronous existencei©fNNPs and eC®
resulted in significant enhancement in GR and DHadRvities in root and shoot and that for
GPX and APX in root only, as compared with NiO-NB®ne treatment. Moreover, the
combined treatment (NiO-NPs+eg)Csignificantly recovered the decrease in ASC/DHAd a
GSH/GSSG ratios in both organs. Such improveme®3@&/DHA and GSH/GSSG ratios was

mainly in consistence with increased levels ofréticed forms, ASC and GSH.
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4. Discussion

The current study was conducted to assess, fofirgtetime, how the future climate
(eCQ) could alter the growth retardation and oxidatilenage induced by NiO-NPs in wheat.
Although few studies have addressed the concueféett of eCQ and nano-sized heavy metals
on plants (Guo et al., 2011; Li et al., 2010), nohéhem had investigated the physiological and
biochemical mechanisms underlying the mitigatine@f of eCQ on heavy metal-induced
oxidative stress in plants. Therefore, the curmasults have been discussed in view of the
previous studies addressing the combined effea@® and other types of oxidative stress

inducing agents such as the bulk counterpart ofyneeetals.

4.1. eCQ did not affect Ni accumulation, bregduced NiO-NPs induced growth inhibition in

wheat plants.

As one of the essential micronutrient for plantsis\hormally taken up by roots and then
translocated to shoot in extremely small amounts$,exceeding few micrograms per gram dry
mass in nonaccumulators (Yusuf et al., 2011). H@rewmcreasing the level of Ni in the growth
medium is known to increase the uptake and traastmt of Ni in plants (Pandey and Gopal,
2010; Rodrigues et al., 2017). Compared to thelk lmounterpart NiO-NPs are reported to
provide higher levels of dissolved Ni ions, and sEmuently could exhibit higher uptake and
accumulation in the plant tissues (Faisal et &13}. In the current study, application of NiO-
NPs into the soil caused manifold increases incthrecentration of Ni in both root and shoot
tissues, about 410 and 78 fold respectively und&D.,aenvironment (Table 1). This result
suggests that Ni is preferentially accumulatedoiot tissues, a mechanism whereby plants act to

tolerate Ni toxicity by limiting the translocatiarf Ni to the photosynthetic organs (Soares et al.,
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2018). In line with the present result, Soaresle(2018) reported that root of barley grown
under NiO-NPs had accumulated much higher Ni thenotsdid. Similar behavior was recorded
for wheat and other plants treated with bulk Ningay and Gopal, 2010; Rodrigues et al., 2017,

Soares et al., 2016; Urug Parlak, 2016).

The comparable levels of Ni that detected in plamtsvn under both levels of GO
suggest that eC{had no impact on the processes of uptake anddrat®n of Ni in wheat. In
fact, no studies have discussed the accumulatioNidh eCQ treated-plants, however the
uptake and accumulation of other heavy metals siscl@d, Cu, Pb, Ti, Zn, and Fe from their
nano-sized or bulk forms under e€kave been previously reported (Du et al., 20174 &ual.,
2015, 2011, Jia et al., 2016b, 2010; Jiang et28l1,7; Yadav et al., 2014). Moreover, heavy
metal accumulation in eCQreated-plants seems to be dependent on the gpacies and the
metal studied (Guo et al., 2015, 2011, Jia et28@l10). For instance, Cd accumulation increased
in wheat and rice plants (Guo et al., 2011), butingoplars and willows (Guo et al., 2015)

under CQ enriched environment.

Despite of the considerable difference in their gtgd properties, nano-sized heavy
metals share the same phytotoxicity mechanisméeis bulk counterpart (Faisal et al., 2013;
Soares et al., 2018; Yusuf et al., 2011). It isl\webwn that Ni has deleterious effect on various
critical processes for plant growth and developnserch as cell division, nutrient utilization and
photosynthesis (Seregin and Kozhevnikova, 200&aStava et al., 2012). The accumulation of
Ni reported herein was concomitant with a greatucéidn in wheat growth (Table 1). Such
growth retardation could be attributed to the as@eimpact of NiO-NPs on photosynthesis
related parameters (chlorophyll and starch contesttborophyll fluorescence, rubisco activity

and the net photosynthetic rate). In agreemengllpareductions in growth and chlorophyll
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concentration and fluorescenceplants exposed tbliO-NPs (Soares et al., 2018) or bulk Ni
(Pandey and Gopal, 2010; Pandolfini et al., 199@drigues et al., 2017; Soares et al., 2016;

Yusuf et al., 2011) were reported.

Synchronous application of eG@ignificantly recovered the inhibitory impact of bh
photosynthesis related parameters (Table 2) ansegoently improved wheat growth (Table 1).
This stress mitigation role could be explained Ime thio-fertilization activity of eCg
particularly in G plants such as wheat. In this context, increagiegCQ concentration, within
a physiological limit, could improve C fixation artlus lead to higher availability of non-
structural carbohydrates that are needed for nopfaait growth and metabolism (Al Jaouni et
al., 2018). In fact, there is no literature abdut tombined effect of eGQand Ni stress on
plants, however there are evidence that eGfdld reduce the deleterious impact of other heavy
metals, especially Cd, on growth and photosynthesisyperaccumulator and nonaccumulator
plants (Jia et al., 2016a; Li et al., 2010). Thetgetive effect of eCOon plants suffering Cd
and/or Pb stress was attributed to enhanced chighlopontent, intracellular COconcentration
and net assimilation rate (Guo et al., 2015; Jialgt2016b, 2010). Oppositely, egforther
strengthen the inhibitory effect of T#NPs on growth of rice and wheat (Du et al., 2Qli&ng

et al., 2017).

4.2. eC@mitigated NiO-NPs-induced oxidative damage in wiveateducing HO, production

As the current results revealed, NiO-NPs treatntextt increased the endogenous Ni
levels in wheat. Although Ni is not considered ag@ox active metal, but at phytotoxic levels
Ni is known to cause oxidative stress by impairnedox homeostasis leading to accumulation of

ROS (Gajewska and Sktodowska, 2007). Such ovemadletion of ROS could trigger damage
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352 of cell compartments by oxidation of lipids and teins (Baccouch et al., 2006; Pandey and
353  Gopal, 2010). Oxidative damage due to increasedkepand accumulation of Ni from both
354 nano-sized and bulk materials was reported in whadtother plant species (Baccouch et al.,
355  2006; Faisal et al., 2013; Pandolfini et al., 199dares et al., 2018; Yusuf et al., 2011). In
356 agreement, we found that NiO-NPs induced severatixiel stress i.e., higher levels of®3,

357 oxidation products of lipids and proteins (MDA apisbtein carbonyls, respectively) and NO (a
358 signal molecule in stress response), and reducétes/eof TTC-DHA (indication for cell
359 metabolic activity, (Berridge et al., 2005)). Sianito our results, Faisal et al. (2013) and Soares
360 et al. (2018) reported increases in the levels OSRand MDA in tomato and barley after

361 treatment with NiO-NPs.

362 Interestingly, the coexistence of egC@ith NiO-NPs significantly mitigates the Ni-
363 induced oxidative stress, whereas treated plamwrgunder eC@showed less tissue damage
364 e.g., reduced ¥D,, MDA, protein carbonyls and NO levels, and incegh§ TC-DHA. In this
365 context, eCQtreatment has been reported to ameliorate theatxeldamage imposed by Cd on
366  poplar, willow andolium sp. as indicated by lower levels of MDA as comdasgth Cd-stressed
367 plants grown under aGQGuo et al., 2015; Jia et al., 2010). MoreoverQg@as found to to
368 decrease the production 0f®, MDA and protein carbonyls in plants suffering sl types of
369 oxidative stress-inducing agents such as heat,gttpsalinity and ozone (Abdelgawad et al.,

370 2016, 2015; Zinta et al., 2014).

371 The mitigating effect of eCOcan be partly explained by downregulation of thess
372 induced-HO, generating process such as photorespiration asated by decreased Gly/Ser
373 ratio and GO and HPR activitiealthough HO, is produced by several cellular activities such

374 as NADH oxidase, lipid oxidation and mitochondrialectron transport chain, however
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photorespiration is considered as the major aneégapathway for production of;B, (Costa et

al., 2010; Foryer and Noctor, 2000; Quan et alQ&0The lower photorespiration and higher

photosynthesis rates as affected by eQOuld be attributed to the improvement in the

carboxylation rather than the oxygenation actietyubisco (Al Jaouni et al., 2018). Decreased
GO and HPR and Gly/Ser ratio as indication for Iopleotorespiration were frequently seen in

eCO2 (Abdelgawad et al., 2015; Zinta et al., 20T4king together, these results suggest a role
for eCQ in maintaining redox homeostasis in plants growmden Ni stress by reducing the

production of ROS.

4.3. eCQ improved ROS detoxification system and mainta®@8#/GSSG and ASC/DHA redox

balances in NiO-NPs stressed wheat.

Plants have evolved different strategies to maintae levels of ROS under control.
These include molecular antioxidant scavengersh s carotenoids, tocopherols, phenolics,
flavonoids, ASC and GSH, and the antioxidant enz/8©D, CAT and various peroxidases
(Blokhina et al., 2003). Among these, the ASC/GStthway is of immense importance for
scavenging KO, (Foyer and Noctor, 2009). Overall, we found tles€CQ, improved TAC in root
and to less extent in shoot of NiO-NPs treated wH&ach impact was in consistence with the
positive impact of eC@®on the accumulation of tocopherols in root and thaphenolics in both
root and shoot, under NiO-NPs stress. Similar m®es in the contents of tocopherols and
phenolics were reported iArabidopsis thalianasubjected to eCOunder combined heat and
drought stress (Zinta et al., 2014). The enhanasdiraulation of phenolics and vitamins in
eCQ treated plants could be ascribed to the increasadability of C and N intermediates and

metabolic energy required for their biosynthesier(his and Mattson, 1992). In this regard, the
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regulatory effect of eCOon C and N metabolism is well known (Al Jaounakt 2018; Noguchi

et al., 2015; Nunes-Nesi et al., 2010).

The improved activity of peroxidases (APX, GPX &fdX) reported herein under e€O
climate suggests a significant role for diregOp scavenging enzymes in detoxification of04
in wheat subjected to Ni stress. Similarly, Gajeavs&t al. (2006) recorded four-fold
improvement in POX activity in shoot of wheat teghtvith 200uM Ni. Moreover, the activity
of APX were significantly improved by eCOtreatment in willow grown in high Cd
contamination (Guo et al., 2015). On the other h&@D activity was not affected by NiO-NPs
and or eCQtreatment in either root or shoot. In disagreem86tD was improved in tomato and
barley subjected to NiO-NPs (Faisal et al., 20k#r8s et al., 2018). Thus, the response of SOD

to NiO-NPs seems to be species dependent.

Elevated CQ treated-plants possessed much higher GSH/GSSGA&GQUDHA ratios
during NiO-NPs stress. Such improved redox stabuddcbe attributed to the enhanced activities
of GSH and ASC recycling enzymes, GR and MDAR reSpely, under CQ@ enriched
environment. This result points to a role for th&HBASC cycle, upregulated by egQn
confrontation of the oxidative stress imposed by iNiwheat. GSH and ASC levels and
GSH/GSSG and ASC/DHA ratios are known to be canstély elevated in plants adapted to
oxidative stress induced by heavy metals and @gents (Foyer, 1993; Seth et al., 2012; Yadav,
2010). Similar to our results, Jia et al. (201@omted higher GSH levels in Cd-stressadium
plants grown under eGQcompared to those grown in ag@CQ treatments also has been
found to enhance GR activity in willow plant expdde Cd (Guo et al., 2015) and retrieve the

depletion in GSH/GSSG ratio caused by Cdemna minoi(Pietrini et al., 2016).
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In fact, the enhanced GSH level is not only neagsieat maintaining GSH/GSSG redox
balance and regeneration of ASC, as substrate AR but it is also important for
detoxification of heavy metals and xenobiotickje to nucleophilic nature of its thiol group, in
a reaction catalyzed by GST (Yadav, 2010). Interght, the current result revealed that the
activity of GST was improved in wheat roots as eke by NiO-NPs, the effect that
strengthened by the co-application of eC@ line with this result, Gajewska et al. (2006)
reported significant enhancement in GST activityvimeat in response to Ni treatment. Similar
improvement in GST activity was reportedRisum sativunsubjected to high concentrations of

Cd in hydroponic culture (Dixit et al., 2001).

4.4. Root and shoot respond differently to NiO-NRger future eC@climate

Hierarchical clustering of stress markers and aideant metabolites and enzymes in root
and shoot of wheat revealed variations in theipoase to NiO-NPs and/or eG@eatments
(Figure 3). Overall, three major groups are distiaged: those were higher in shoot than in root
under eCQ levels, and were mainly improved in shoot of Ni®@s\treated plants by co-
application of eC®(group 1); those were not affected by eCGbne treatment in both organs,
but were improved in shoot and to more extent ot s affected by the combined treatment
(group 2); and those were improved in root onlyasponse to NiO-NPs, regardless of ,0&vel
(group 3). Stress markers and most of diregdtHscavenging enzymes , were confined to group
3 and antioxidant metabolites were mainly clustengthin group 2, while ASC-GSH cycle
related parameters were distributed all over tloigs. The relatively higher accumulation of
H,O,, MDA, protein carbonyls and J@, detoxifying enzymes in roots of NiO-NPs treated
wheat indicates a severe oxidative damage in haot in shoot. Such effect could be ascribed to

the preferential accumulation of Ni ions in roothachanism whereby the plant act to limit the
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translocation of Ni to the photosynthetic organmifarly, Soares et al. (2018) reported that root
of barley grown under NiO-NPs accumulated much érigii than shoot did. Moreover, Faisal et
al. (2013) reported that the accumulation of Nisiam the roots of tomato seedlings treated with
NiO-NPs had resulted in sever oxidative damaga@isted by elevated levels of ROS and lipid

peroxidation products.

5. Conclusion

This study provides the first report regarding ititeractive effect of NiO-NPs and eGO
on growth, photosynthesis, photorespiration andxdtbmeostasis in plants. Compared to NiO-
NPs alone, the co-application of eCitnproved growth and photosynthesis and mitigatéd N
induced oxidative stress in wheat. In view of thesent results, the plausible strategies whereby
eCQO mitigates the oxidative stress imposed by NiO-WNPw#heat include: (1) recovery of the
deleterious effect of Ni on photosynthesis; (2)ilbitton of photorespiration and therefore
decreasing the production o®; (3) increasing ROS detoxification via improving antideint
defense. Consequently, reduced cellular damageli¢exi proteins and membrane lipids) and

proper GSH/GSSG and ASC/DHA redox balances (Figluingere observed in this study.
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Figure Captions

Figure 1. Characterization of NiO-nanoparticles using scagrélectron microscope (SEM) (a),
UV-VIZ spectroscopy (b) and Fourier transform imé@ spectroscopy (FTIR, c).

Figure 2. Effect of NiO-nanoparticles (NiO-NPs), elevated @CQ) and their combination
(NiO-NPs+eCQ@) on the accumulation of oxidative stress markdesels of molecular
antioxidants and the activity of antioxidant enzgniie shoot (A) and root (B) of wheat. Each
value is the mean of 3 independent replicates antical bars represent the standard error. Same
lower-case letters on bars, in the same chartcatelinon-significant difference at the 0.05
probability level. MDA, malondialdehyde; NO, nitraxide; TTC-DHA, triphenyl tetrazolium
chloride—dehydrogenase activity; TAC, total antdaat capacity; SOD, superoxide dismutase;
APX, ascorbate peroxidase; CAT, catalase; POD, xuaee; GPX, glutathione peroxidase;
GST, glutathione S-transferase; ASC, reduced aatmrtDHA, oxidized ascorbate; GSH,
reduced glutathione; GSSG, oxidized glutathione; AR dehydroascorbate reductase;
MDHAR, monodehydroascorbate reductase; GR, gldathreductasé&ame lower-case letters
on bars indicate no significant difference at tt@Qorobability level.

Figure 3. Heatmap for oxidative stress markers and antioxidaetabolites and enzymes in root
and shoot of wheat grown under NiO-nanoparticle®©¢{NPs), elevated CO(eCQ) and their
combination (NiO-NPs+eC MDA, malondialdehyde; NO, nitric oxide; TTC-DHAjphenyl
tetrazolium chloride—dehydrogenase activity; TA@at antioxidant capacity; SOD, superoxide
dismutase; APX, ascorbate peroxidase; CAT, catalR§¥D, peroxidase; GPX, glutathione
peroxidase; GST, glutathione S-transferase; AS@jaed ascorbate; DHA, oxidized ascorbate;
GSH, reduced glutathione; GSSG, oxidized glutayiddbHAR, dehydroascorbate reductase;
MDHAR, monodehydroascorbate reductase; GR, gluathi reductase. The relative
accumulation patterns are shown in the heatmapdbasehe average value (n = 3) for each
parameter. Red and blue colors indicate lower aglieln concentrations, respectively.

Figure 4. An overview of the impact of NiO-nanoparticles (NMPs) on growth, physiology
and redox homeostasis of wheat under ambient (CQ) or elevated C®(eCQ). As
compared with the control plant, +, = ardindicate positive, tolerant and negative impact,
respectively. PODs, peroxidases; ASC, reduced bategr DHA, oxidized ascorbate; GSH,
reduced glutathione; GSSG, oxidized glutathione.



Table 1. Effect of NiO nanoparticles (NiO-NPs), elevated £(@CQ) and their combination (NiO-NPs+e@Oon biomass
production and accumulation of Ni ions in shoot amot of wheatValues are mean * standard error of three indepegndglicates.

Means followed by the same lower-case letter iovado not differ significantly at the 0.05 probatyilevel.

Control eCQ NiO-NPs NiO-NPs+eC®
Fresh weight (g plar
Shoot 2.244 + 0.162c 2.89% 0.109d 1.31¢+ 0.036a 1.999+ 0.101b
Root 0.365+ 0.026cd 0.401+ 0.018d 0.147+ 0.006a 0.247+ 0.012b
Total 2.610+ 0.180c 3.30& 0.120d 1.46t+ 0.040a 2.240+ 0.110b
Dry weight (g plant)
Shoot 0.337+ 0.015c 0.422 0.010d 0.19¢+ 0.007a 0.294+ 0.015b
Root 0.050 £ 0.003c 0.06% 0.002d 0.02¢+ 0.001a 0.040% 0.002b
Total 0.388 + 0.020c 0.49% 0.010d 0.222+ 0.010a 0.334% 0.020b

Ni accumulation (mggDW)
Shoot
Root

0.0039+ 0.001a
0.0044 + 0.000a

0.003% 0.001a
0.004t 0.001a

0.307+ 0.083b
1.80¢ + 0.155b

0.292+ 0.039b
1.688+ 0.135b




Table 2;

Effect of NiO nanopatrticles (NiO-NPs), elevated 48CQ) and their combination (NiO-NPs+e@)®n photosynthesis and
photorespiration related parameters in wheat. \&aéwe mean + standard error of three independplitates. Means followed by the
same lower-case letter in a row do not differ digantly at the 0.05 probability level

Control eCQ NiO-NPs NiO-NPs+eC®
Photosynthesis related parameters
Chlorophyll (mg ¢ FW) 0.15 £0.02b 0.19+ 0.03b 0.05 = 0.00a 0.12+ 0.01b
Carotenoids (mg §FW) 0.021 £0.002a  0.018+ 0.003a 0.038 £0.007b 0.027 + 0.003a
Rate of photosynthesis (Lmol €@ sY) 7.29 £0.66¢C 9.45+ 1.04d 3.24+ 0.47a 5.94+ 0.64b
Chlorophyll Fluorescencié-,/Fp,) 0.80 +0.00c 0.80+ 0.01c 0.65+ 0.0l1a 0.71+ 0.01b
Rubisco activity (nmol 3-PGA mg protéimin™) 71.88 £9.25b 76.46+ 3.33b 31.61% 2.77a 74.70+£11.43b
Stomatal conductance (mmoi’rs™) 129.98 +5.13b  119.72+ 9.37b 101.23+ 5.84a 113.77+6.22ab
Starch (mg g FW) 6.35 £ 0.73b 7.71+ 0.69c 3.48+ 0.41a 5.87+ 0.24b
Photorespiration related parameters
GO (unit/mg protein.min) 1.0Gt 0.12a 0.87+ 0.05a 245+ 0.12b 1.22+ 0.08a
HPR (unit/mg protein.min) 2.0& 0.29a 1.96+ 0.21a 4.01+ 0.26b 2.89% 0.20a

GLY/SER 0.56 +0.02a 0.52+ 0.05a 0.72+ 0.04b 0.59+ 0.05a




(b)

Absorbance (a.u)

Transmittance (%)

&
W

w
W A
L L L

2.5 A

0.5 -

250

350

450 550 650
Wave length(nm)

750

100+

954

90+

85

80+

75

70+

65

379585 ——

341840 —

174766 ——
162548 ——
138082 ——

T
3500

3000

T T T
2500 2000 1500
Wavenumber (cm!)

1000

500




l control

B eco, ENiO-NPs

NiO-NPs+eCO2

pmoligFW
>
H >

MDA

>

nmoligFW
PN
>
>
Hm

o
Protein Carbonyls

nmolimg protein
o 2 n o w
>

>
>

°

SoD

Phenols

mg gallic aci
2858 b
>
o

Flavonoids
z 3
Ela a
2
£ 2 A A
3
g I
1
g

Unitimg protein.min

o

Unitimg protein.min

CAT

£5
£
£4
s
B 3|
5
>
22
1
5
ol

GPX

n
°

=

L]
Ho
e o
o n
©
o

Unitimg protein.min
o o
o N
>-3

e
b=
°
o

DHAR

°
&
5
3

o
s
>
>
1>
o
bl

°
s
2

Unit/mg protein.min
=
g 3

umol/gFwW

NO Tocopherols 0.00
6 A 25, E
- AAZA o AL 2
3
EN B 1 g
3 E
E 2 10 0.0 A
5 0.00
o ol
ASC DHA ASC/DHA GSH/GSSG
w0 TTC-DHA w0 TAC 0.4 0.15 30
cc z s sod s c ] o«
s . c BC
“ Pofaa, 2l 5 Ia 501 gc ) i B
A 2 A 302 3 4 I
20| Z 0 501 £ 0.5 " 10 ) ASl
g : AT A A
ol o 0.0/ 0.00/ o o
B
€
£ , CAT ,s POD e GPX s ©ST
£ 100 £ as B =" B £ . e
° Eol A agml E 2.) B £ 0] £ c
£ 50 $ 5 13 L 3 AB| 5 0.10 T
1. SOD 5 o 24 I So4 A 2
Lo = B0 A A 2 Zoos| A A
£, £2 £, Eo2 £
20 : H : :
£ 0. 2o S0 > 0.0 > 0.00!
5
0. [ CAT | H,0
0 1 | 2
Phenols
10 =3 c
H
z° 2 el
9 6 g
S o | ahB
E 4 B
€ 3:'
2 2 010 GSH
: ° o.oa 8
Protein carbonyls Flavonoids z e
5 3 S 0.06]
£ B g 8 3
2 4 £y £ 0.04
3 2 AB .
g A Ea| aAS E A
WY b g 1 0.02] parEn A
£, £
5 31 0.00
£ 2
° o oo, GSSG
. NO Jocopherols ; B
B c E.o.oa B |
2 6 AB 30 2
5 A AT z B ES S 0.02
g E)
54 §= A A o
©2 10
0.00
o o
TTC-DHA TAC 4 25HIG88S
c z 60 c &
BC B ] B T 3l B ih
40 8 240 A
I 2]A 2)
A £ A
20{ S 20] 1
£
o o ol




-0.2514639

0.37426805

o)

-1.5
m
w
< (]
m w B
w0 =
o~ |
o (o] (o]
- Q el
Q [} =
|

NPs+eC02 SH

0.

0 1.5
[
o
~N
® O
% & O
o z 0
o~ | +
O O m
H O A A
O ©® = =
L
[

SOD

ASC
MDHAR
ASC/DHA
GSH/GSSG
TTC-DHA
APX

DHA

DHAR

GSH

TAC
Phenolics
GSSG
Flavonids
CAT

GR

GPX

GST
Tochoph
POD

MDA

H202

NO

Pro carbonyls -

Group 1

Group 2

Group 3



ACCEPTED MANUSCRIPT
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Highlights

NiO-NPs alone induced severe growth and oxidative damage in wheat.

eCO, did not affect the accumulation and translocation of Ni in wheat, but antagonizes its
phytotoxicity.

eCO, promoted photosynthetic reactions and thus mitigated growth reduction in NiO-NPs
treated wheat.

eCO, reduced ROS induced cellular damage and maintained redox balance under NiO-
NPs stress.

ROS content were reduced at production level, via decreased photorespiration and at
detoxification level by improved antioxidant defenses.

Root was more responsive to imposed treatments and used several strategies to overcome

stress impact.



