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Abstract

This experiment was conducted to provide a better insight into the plant responses to nitric oxide (NO) and selenium nanoparticle
(nSe). Chicory seedlings were sprayed with nSe (0, 4, and 40 mg 1™"), and/or NO (0 and 25 uM). NO and/or nSe4 improved shoot
and root biomass by an average of 32%. The nSe40 adversely influenced shoot and root biomass (mean = 26%), exhibiting
moderate toxicity partly relieved by NO. The nSe and NO treatments transcriptionally stimulated the dehydration response
element B1A (DREBIA) gene (mean = 29.6-fold). At the transcriptional level, nSe4 or NO moderately upregulated phenylalanine
ammonia-lyase (PAL) and hydroxycinnamoyl-CoA quinate transferase (HC7I) genes (mean = sevenfold). The nSe4 + NO,
nSe40, and nSe40 + NO groups drastically induced the expression of PAL and HCT! genes (mean = 30-fold). With a similar
trend, hydroxycinnamoyl-CoA Quinate/shikimate hydroxycinnamoyl transferase (HQT1) gene was also upregulated in response
to nSe and/or NO (mean = 25-fold). The activities of nitrate reductase and catalase enzymes were also induced in the nSe- and/or
NO-treated seedlings. Likewise, the application of these supplements associated with an increase in ascorbate concentration
(mean = 31.5%) reduced glutathione (mean = 35%). NO and/or nSe enhanced the PAL activity (mean = 36.4%) and soluble
phenols (mean = 40%). The flowering was also influenced by the supplements in dose and compound dependent manner
exhibiting the long-time responses. It appears that the nSe-triggered signaling can associate with a plethora of developmental,
physiological, and molecular responses at least in part via the fundamental regulatory roles of transcription factors, like DREBIA
as one the most significant genes for conferring tolerance in crops.
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Introduction

Severe environmental conditions and various pollutants re-
duce plant growth rate and yield. Hence, diverse strategies
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have been employed to find a novel procedure to improve
nutritional status, stress tolerance, primary metabolism, sec-
ondary metabolism, yield, and biofortification in crops, and
industrial/medicinal plants. In this regard, the exogenous uti-
lization of selenium (Se) or nitric oxide (NO) has gained a lot
of concern to modify plant growth, metabolism, productivity,
and stress tolerance (Djanaguiraman et al. 2018; Safari et al.
2018; Rajaee et al. 2020; Sotoodehnia-Korani et al. 2020).
Taking scientific knowledge gaps into account, more convinc-
ing studies are required to gain a better insight into the molec-
ular and physiological principles of Se and NO functions/risks
in agriculture.

NO, a ubiquitous gasotransmitter signaling molecule, gov-
erns plant responses to internal and external cues. Moreover, it
has a close interplay with other signaling agents among which
hormones, reactive oxygen species, and H,S are of critical
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significance (Santisree et al. 2018). NO presents a
cytoprotective role against oxidative stress at the low concen-
trations through modifications in transcriptions of stress-
responsive genes (Huang et al. 2018). Besides, the fundamen-
tal regulatory roles of NO towards transcriptome and prote-
ome are supported by several recent reports in different plant
species, including Arabidopsis (Hussain et al. 2016; Imran
et al. 2018), and cotton (Huang et al. 2018).

Taking the health of humans into account, it has been em-
phasized that humans should daily consume Se, especially in
its organic forms (selenocysteine and selenomethionine) at the
concentration of 55 pg day ' (Babajani et al. 2019b).
Moreover, insufficient Se intake via daily diet (especially
seed/plant-originated foods) globally make Se deficiency as
a health concern. Hence, the productions of Se-biofortified
food and medicine derived from cultivating plants are of great
significance. Depending on the plant species, applied concen-
trations, Se type, plant developmental stage, and treatment
method, Se intake can be associated with both positive and
negative responses in the plants (Tamaoki and Maruyama-
Nakashita 2017; Djanaguiraman et al. 2018; Nazerieh et al.
2018; Babajani et al. 2019a, b; Hussein et al. 2019; Quiterio-
Gutiérrez et al. 2019; Zahedi et al. 2019). Nanoscience and
technologies are currently offering significant opportunities
for the productions of numerous innovative promising fertil-
izers, pesticides, and so on, thereby improving plant growth,
yield, metabolism, and protection (Seddighinia et al. 2020).
Moreover, recent scientific reports imply that nano-based
products can cause exclusive reactions in a biological system
different from bulk counterparts (Moghanloo et al. 2019a, b).
It has become evident that Se nanoparticle (nSe) provides a
great opportunity for raising Se bioavailability (Hu et al. 2018;
Babajani et al. 2019a).

Numerous researchers underlined the potential benefits of
individual utilization of Se to promote plant growth and resis-
tance against various stresses, including salinity (Zahedi et al.
2019; Soleymanzadeh et al. 2020), drought (Andrade et al.
2018), and high temperature (Djanaguiraman et al. 2018).
Activating the antioxidant system (Andrade et al. 2018;
Quiterio-Gutiérrez et al. 2019), enhancing the nutritional sta-
tus (Babajani et al. 2019a; Zahedi et al. 2019), inducing hor-
monal changes (Tamaoki and Maruyama-Nakashita 2017;
Cao et al. 2018; Babajani et al. 2019a; Zahedi et al. 2019),
stimulating primary metabolism (Sotoodehnia-Korani et al.
2020), and secondary metabolism (Babajani et al. 2019a;
Sotoodehnia-Korani et al. 2020) are known as the most im-
portant physiological mechanisms through which Se utiliza-
tion can promote plant growth and resistance. It is important to
note that nSe treatment may induce epigenetic responses
(Rajaee et al. 2020; Sotoodehnia-Korani et al. 2020).
However, convincing evidence on Se-mediated molecular
changes is rare, and involved mechanisms remain controver-
sial. Likewise, the potential advantages of exogenously

applied NO towards improving plant tolerance to stress con-
ditions have supported by several lines of evidence (Majeed
et al. 2018; Nabi et al. 2019; Nazeriech et al. 2018; Dai et al.
2020). Besides, beneficial roles of NO in improving stress
tolerance have been attributed to several major mechanisms,
including modification in primary metabolism (Majeed et al.
2018), transcriptional upregulation in stress-responsive genes
(Imran et al. 2018), post-translational modifications of pro-
teins (Huang et al. 2018), activation of the antioxidant system
(Akram et al. 2018; Nazerieh et al. 2018), regulation of devel-
opmental programs (Nabi et al. 2019), stimulation in primary
metabolism (Nazerieh et al. 2018), and induction in secondary
metabolism (Akram et al. 2018; Nabi et al. 2019). However,
NO (Nazerieh et al. 2018) and Se (Babajani et al. 2019a;
Rajace et al. 2020) at high concentrations can cause cytotox-
icity through oxidative/nitrosative stress and metabolic
disturbance.

The coordinated network of different signaling pathways
manages the plant responses to environmental factors. Signal/
stimulus reception and transduction are usually associated
with changes in transcriptions of genes, antioxidant machin-
ery, cell cycle, and chromatin epigenetic modification
(Iranbakhsh et al. 2020). Adaptation or acclimation to diverse
biotic and abiotic stress factors is mediated through the tran-
scriptional regulation of stress/stimulus-responsive genes.
Several families of transcription factors are involved in tran-
scriptional regulation of defense-related genes. As is well sup-
ported by recent scientific reports, dehydration-responsive el-
ement binding 1A (DREBI1A) transcription factor is contrib-
uted to regulating plant growth (Kohan-Baghkheirati et al.
2018), increasing yield (Donde et al. 2019), and conferring
plant tolerance to abiotic stress conditions, like salinity
(Kohan-Baghkheirati et al. 2018), drought (Kudo et al.
2017), and cold (Donde et al. 2019). DREBIA transcription
factors are proteins involved in the modulation of a plethora of
downstream genes through binding to the DRE (dehydration-
responsive element) cis-regulatory DNA sequence (Kohan-
Baghkheirati et al. 2018). Taking agricultural aims into ac-
count, the DREBIA gene has been characterized among the
most significant genes for conferring tolerance in crops
counteracting with stresses (Kudo et al. 2017; Donde et al.
2019). Hereby, we selected DREBIA as a target gene to ad-
dress transactional responses to the nSe and/or NO.

Along with photosynthesis, nitrogen metabolism is a deter-
mining factor for plant growth, productivity, metabolism, and
stress tolerance. In plants, a mineral nitrogen assimilation is a
fundamental event that is mediated through the catalytic ac-
tions of key enzymes, such as nitrate reductase, nitrite reduc-
tase, and glutamate synthase. Moreover, nitrate reductase is
also involved in NO production (Tejada-Jimenez et al. 2019).
Few studies focused on the effect of Se or nSe (Babajani et al.
2019a; Bian et al. 2020) and NO (Balotf et al. 2018) on nitro-
gen metabolism, which further highlights the necessity of
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conducting more studies. Hereby, we aimed to address the
possible changes in nitrate reductase activity as a target point
in primary metabolism, following individual or combined ap-
plications of nSe and NO.

The pools of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are influenced by both internal and
external cues. As is well known, these active agents trigger
complex signaling cascades, thereby regulating the activation/
inactivation of responsive genes and defense routes in re-
sponse to environmental factors. However, an imbalance be-
tween production and scavenging these active agents can be
hazardous to cells in terms of destructions of biomolecules,
cellular structures, and organelles. Plant cell employs both
enzymatic (like catalase, peroxidase, and superoxide dismut-
ase) and non-enzymatic (like carotenoids, ascorbate, glutathi-
one, tocopherol, and flavonoids) antioxidants to protect the
cell against oxidative stress. Ascorbate and glutathione are
non-enzymatic antioxidants which serve in maintaining redox
balance in plant cells under diverse stress conditions.
Moreover, the ascorbate-glutathione cycle (one of the most
significant components of the antioxidant machinery) in the
cytoplasm, mitochondria, and chloroplasts not only counter-
acts with the oxidative burst but also contributes to the mod-
ulation of plant developmental and metabolism programs
(Pandey et al. 2015). Furthermore, the transcriptional upregu-
lation in the ascorbate and glutathione pathway has become
evident in response to diverse environmental factors (Pandey
et al. 2015). Many researchers confirmed that Se fertilization
in forms of selenate or selenite in a dose-dependent manner
makes changes in the antioxidant system (Andrade et al. 2018;
Quiterio-Gutiérrez et al. 2019). However, evidence on the
nSe-associated potential changes in the antioxidant system,
especially the non-enzymatic component, is rare and needs
to be further explored. NO is also involved in the modulation
of enzymatic antioxidants and ascorbate/glutathione cycle,
mainly through post-translational modifications of proteins
(Huang et al. 2018). Therefore, monitoring the nSe- and/or
NO-mediated changes in the enzymatic and non-enzymatic
antioxidants is one of the objectives of this study.

Cichorium intybus L. (chicory) as one of the most impor-
tant medicinal herbs possesses pharmaceutical valuable sec-
ondary metabolites, especially chlorogenic acid
(monocaffeoyl quinic acid), isochlorogenic acid
(dicaffeoylquinic acid), caftaric acid (monocaffeoyl tartaric
acid), cichoric acid (dicaffeoyl tartaric acid), caffeic acid,
and flavonoids (Legrand et al. 2016). The considerable wound
healing, antidiabetic, hypolipidemic, anti-inflammatory, anti-
allergic, anti-tumor, antimicrobial, antioxidative, anthelmin-
tic, gastroprotective, and hepato-protective functions of
chicory-derived extract/medicines have been well illustrated.
As it is highlighted in Fig. 1, phenylalanine ammonia-lyase
(PAL), hydroxycinnamoyl-CoA: quinate hydroxycinnamoyl
transferases (HQTs), and hydroxycinnamoyl-CoA:
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Fig. 1 A schematic design on metabolic routes contributes to the
production of hydroxycinnamic derivatives in chicory. The
involvements of PAL (phenylalanine ammonia-lyase), HQTs
(hydroxycinnamoyl-CoA: quinate hydroxycinnamoyl transferases), and
HCTs (hydroxycinnamoyl CoA: shikimate/quinate hydroxycinnamoyl
transferases) in production of the significant secondary metabolites are
highlighted

shikimate/quinate hydroxycinnamoyl transferases (HCTs)
are the major checkpoints during the production of these valu-
able secondary metabolites. Moreover, PAL is contributed to
the generation of salicylic acid (SA) which is a significant
bioactive signaling agent (Sheteiwy et al. 2019). Among plant
secondary metabolites, phenolic substances are of critical im-
portance contributing to a plethora of biological functions,
including antioxidant activity, signaling events, and defense
responses (Sheteiwy et al. 2019). Considering antioxidant,
anti-senescence, anti-inflammatory, and anti-cancer activities
of diverse phenolic metabolites, the quantity and quality of
these secondary metabolites in plant-derived foods and med-
icine are among the most important qualitative factors which
are considered in the food and pharmaceutical industries. In
this regard, salicylic acid, a ubiquitous phenylpropanoid de-
rivative involves major signaling cascades through which cel-
lular transcriptional program is remodeled in response to in-
ternal and external environmental stimuli or stress conditions.
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We, therefore, aimed to monitor the nSe- and NO-associated
changes in the expression of HCT1, HQOT1, and PAL genes as
target points in secondary metabolism and defense system.

Within this framework, we aimed to explore whether foliar
applications of nSe and NO can associate with modifications
in (I) seedling growth, (II) physiology, (IIT) expression of
DREBIA transcription factor, (IV) transcription patterns of
HCTI1, HQTI, and PAL genes, and (V) flowering in
C. intybus (chicory).

Material and methods

Chicory (C. intybus) seeds (PAKANBAZR, ISFAHAN, Iran)
were grown in a pot containing peat and perlite (1:1). Thirty-
five-day old seedlings were grouped into eight treatment
groups with six independent replications. The nanoscale Se
was supplied in form of stock red solution (1000 mg I"' con-
taining 0.1% polyvinylpyrrolidone (PVP) as a stabilizer) with
traits, including zeta potential of — 16.32 mV (the negative
surface charge), APS of 1045 nm, density of 3.89 g cm >,
and spherical morphology from the company (NanoSany
Corporation, Iranian Nanomaterials Pioneers Company,
Mashhad City, Khorasan Province, Iran). The treatments were
selected based on the pretest experiment. Chicory seedlings
were sprayed with different concentrations of nSe (0, 4, and
40 mg ™, corresponding doses of Se (IV) oxide (SeO,) as a
bulk Se, and/or NO (sodium nitroprusside (SNP; Merck) as a
NO donor; 0 and 25 uM) for six times with 1-week intervals.
Seven days after the last sprays, seedlings of three replications
(pots) were harvested and subjected to further growth, physi-
ological, and molecular analysis, while the other three pots for
each treatment group were harvested 2 months after the last
sprays to evaluate flowering at plant reproductive stage (long-
term effects of the treatments).

Transcriptions of target genes

Expression patterns of the target genes were estimated in
leaves. Liquid nitrogen-grounded samples were subjected to
RNA purification in Trizol-based protocol (GeneAll
Biotechnology Co, South Korea). Next, the RNA purity was
validated according to the recorded absorbance ratio (260/280
nm) with nanodrop (Thermo Scientific™NanoDrop Model
2000c). After that, complementary DNA (cDNA) was synthe-
sized using a thermocycler (PEQLAB, 96Grad). The forward
and reverse primer sequences for the target genes, including
phenylalanine ammonia lyase (PAL; KP752086),
hydroxycinnamoyl-CoA quinate transferase (HCT1 gene;
KT222891), hydroxycinnamoyl-CoA quinate/shikimate
hydroxycinnamoyl transferase (HQOT1; KT222893), and
DREBIA transcription factor as well as elongation factor as
a housekeeping gene, are presented in Table 1. The

transcription profiles of the target genes were assessed based
on SYBR green (GeneAll, South Korea) and the real-time
quantitative PCR approach (Applied Biosystems StepOne™
Real-Time PCR). Next, according to the CT method, fold
differences were calculated using 2 22T to determine the
variations in expressions of the genes (Ghasempour et al.
2019).

Activities of target enzymes

Well-powdered leaves in liquid nitrogen were subjected to
enzyme extraction using the phosphate buffer (100 mM; pH
of 7.3) and centrifugation at 4 °C. According to the procedure
described by Babajani et al. (2019a), the nitrate reductase
activity was measured and expressed in micromole nitrite
per hour per gram fresh mass (umol NO2 h ~'g™' fw).
Besides, catalase activity was quantified based on the method
represented by Sheteiwy et al. (2019) and expressed in unit
enzyme per gram fresh weight (unit Eg™' fw). Also, PAL
activity was determined using the protocol of Beaudoin-
Eagan and Thorpe (1985) and expressed in microgram
cinnamate per min per gram fresh weight (g Cin min ' g’
fw).

Quantifications of ascorbate, reduced glutathione,
and soluble phenols

Quantification of ascorbate and reduced glutathione concen-
trations in leaves were spectrophotometrically performed ac-
cording to the reduction reaction of Mo (VI) to Mo (V) at an
acidic pH condition in the way the reaction mixture consisted
of leaf extract, 4 mM (NH4)¢Mo0,0,4.4H20, 28 mM
NaH,PO,, and 0.6 M H,SO,. The samples were incubated
at 95 °C for 90 min and then cooled. Finally, the absorbance
for each sample was monitored at 695 nm. The concentrations
of ascorbate and reduced glutathione were measured using a
molar absorption coefficient of 3400 and 2700 M " cm ',
respectively (Babajani et al. 2019a). Total soluble phenols in
the ethanolic leaf extracts were also estimated by the applica-
tion of Folin-Ciocalteu reagent and the standard curve of a
standard compound, tannic acid (Nazerich et al. 2018).

Statistical analysis

The experimental design was completely randomized. All da-
ta were subjected to analysis of variance (two-way ANOVA)
using SPSS software. The mean values of three independent
replications were submitted to variance analysis by the
Duncan test at a level of 5% of probability. The correlation
coefficient () was also evaluated to address the potential cor-
relation between the expression of genes.
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Table 1 The forward and reverse primer sequences for target genes,
including phenylalanine ammonia lyase (PAL; KP752086),
hydroxycinnamoyl-CoA quinate transferase (HC7! gene; KT222891),

hydroxycinnamoyl-CoA quinate/shikimate hydroxycinnamoyl
transferase (HQT1; KT222893), and DREBIA transcription factor as
well as elongation factor as a housekeeping gene

Primer name Sequence (5'-3") Tm Amplicon (bp)
PAL-F GCTAGGCCCACAAATCGAGGTCA 62 129
PAL-R CCTTGGAAGTTGCCACCGTGT 61

HCTI-R GTCTGGAGGTGCGTGTGTAA 59 199
HCTI-R GAATTTTACCGGCGGCGTAC 59

HQTI-F TCGTGATCATAGCCGCTCAC 60 161
HQTI-R CGGAGTGGTCGTGAACAAGA 60

EFa-F CAACGAGCCCAAGAGACCAT 60 109
EFa-R GACACCAGTTTCAACACGCC 60

DREBIA-F CGGAGGAGTTGGAAGAAATC 58 134
DREBIA-R ATCCATACAGTTGTCGTTCAC 57

Results NO, nSe40, and nSe40 + NO groups displayed the significant-

The NO, BSe4, nSe4, and nSe4 + NO treatments significantly
improved shoot biomass by 31.3%, 21.5%, 38.4%, and
74.6%, respectively (Fig. 2a), while the BSe40, nSe40, and
nSe40 + NO adversely influenced shoot biomass by 42.6%,
38%, and 24.9%, respectively (Fig. 2a). With a similar trend,
the NO (17.5%), BSe4 (12.7%), nSe4 (21%), and nSe4 + NO
(38%) treatments led to the significant increase in root fresh
mass when compared with the control (Fig. 2b). BSe40,
nSe40, and nSe40 + NO decreased root fresh mass by
23.5%, 18%, and 11% (Fig. 2b).

The NO, nSe4, and nSe4 + NO treatments moderately up-
regulated expression of DREBIA gene by 22.4-, 15-, and
31.2-fold, respectively (Fig. 3a). However, nSe4 and nSe4 +
NO treatments led to the drastic upregulation in DREBIA by
43.7- and 36-fold. The individual treatments of nSe4 and NO
led to slight upregulation in the expression of the PAL gene by
five- and 9.1-fold, respectively (Fig. 3b), while the nSe4 +
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Fig. 2 BSe, nSe, and/or NO-mediated changes in biomass accumulation
in the shoot (a) and root (b) of chicory seedlings. C, control; NO, NO of
25 uM, BSe4 BSe at 4 mg 17'; nSe4, nSe at 4 mg 17]; nSe4 + NO, nSe at
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ly higher expression of the PAL gene by 24.8-, 19.3-, and
31.9-fold, respectively (Fig. 3b). With a similar trend, the
slight increase in expression of the HCT gene resulted from
the individual nSe4 or NO treatments by 4.6- and 9.4-fold
(Fig. 3c). However, the nSe4 + NO, nSe40, and nSe40 +
NO treatment groups drastically induced expression of
HCTI gene by 28-, 39.9-, and 37.3-fold (Fig. 3c). NO,
nSe4, nSe4 + NO, nSe40, and nSe40 + NO treatments also
upregulated HQTI gene by 19-, 17.1-,23.2-, 31.3-, and 38.5-
fold, respectively (Fig. 3d). As it can be noticed in Fig. 3e,
there was a significant correlation among expressions of the
explored target genes.

The activities of nitrate reductase enzyme were enhanced
by NO (62.2%), nSe4 (60.5%), nSe4 + NO (twofold), and
nSe40 + NO (56.4%) treatments (Fig. 4a). However, the ob-
served slight increase (21.8%) in nitrate reductase activity in
response to the nSe40 treatment was not statistically signifi-
cant relative to the control. Moreover, the individual
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applications of NO (62.2%) or nSe4 (60.5%) moderately in-
duced the activity of catalase enzyme by 62.2% and 60.5%,
respectively, in comparison with the control (Fig. 4b).

However, drastic induction in catalase activity was observed
in the nSe4 + NO (twofold), nSe40 (2.1-fold), and nSe40 +
NO (twofold) treatment groups (Fig. 4b). The NO, nSe4, nSe4
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Fig. 4 nSe- and NO-mediated variations in different physiological traits, including nitrate reductase activity (a), catalase activity (b), ascorbate
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+ NO, nSe40, and nSe40 + NO treatments were also associ-
ated with significant increases in ascorbate concentration by
23.5%, 42%, 43.6%, 36.2%, and 48.9%, respectively, over
than the control (Fig. 4c). Similarly, the NO (25%), nSe4
(34%), nSe4 + NO (41%), nSe40 (32%), and nSe40 + NO
(42.9%) groups exhibited the significant higher contents of
reduced glutathione when compared with the control (Fig.
4d). The NO, nSe4, nSe4 + NO, nSe40, and nSe40 + NO
treatments significantly stimulated the activity of PAL en-
zyme by 28.3%, 35.4%, 46.5%, 41.5%, and 37.3%, respec-
tively (Fig. 4e). With a similar trend, the soluble phenols were
enhanced in response to the NO (20.7%), nSe4 (21.9%), nSe4
+ NO (38.6%), nSe40 (29.3%), and nSe40 + NO (41.4%)
treatments (Fig. 4f). The analysis of variance revealed that
the effects of NO, nSe, and their interaction (NO*nSe) on
almost all dependent variables were statistically significant
(Table 2).

At the reproductive stage, the long-time effects of the ap-
plied treatments of nSe or NO were evaluated based on the
numbers of produced flowers (Fig. 5). The NO, BSe4, nSe4,
and nSe4 + NO treatments were associated with increases in
the production of flowers by 45%, 23.8%, 50%, and 90%,
respectively, over the control (Fig. 5), while the BSe40,
nSe40, and nSe40 + NO treatments produced fewer numbers
of flowers (Fig. 5), exhibiting the long-time phytotoxicity.

Discussion

The foliar application of NO and/or nSe mediated significant
changes in plant growth, physiology, gene expression, and
flowering dependent on the supplement doses. Individual
NO or nSe4 supplementation enhanced growth and flowering,
while the simultaneous application (nSe4 + NO) exhibited to
be even more effective. However, the application of nSe at a
high concentration was associated with phytotoxicity risk.
Based on the best of our knowledge, this is the first report
addressing nSe and NO-associated functions or risks in chic-
ory. Furthermore, the observations manifest that plant behav-
ior to nSe is partly distinctive from that of the bulk which can

be attributed to differences in influx, metabolism, interactions
with biomolecules, and physicochemical properties of nano-
particles relative to the bulk counterpart (Hu et al. 2018;
Babajani et al. 2019a; Sotoodehnia-Korani et al. 2020). In line
with our results, nSe at an optimized dose modified growth
and physiology in Melissa officinalis (Babajani et al. 2019a),
strawberry (Zahedi et al. 2019), Arachis hypogaea (Hussein
et al. 2019), bitter melon (Rajaee et al. 2020), and pepper
(Sotoodehnia-Korani et al. 2020). However, its phytotoxicity
at high concentrations has also become evident (Babajani
et al. 2019a, b; Rajace et al. 2020; Sotoodehnia-Korani et al.
2020). Likewise, exogenous NO increased biomass in plant
species, like Brassica oleracea (Munawar et al. 2019), pep-
permint (Nazerieh et al. 2018), and citrus (Khoshbakht et al.
2018). In this regard, the Se-mediated improvement in photo-
synthesis performance (Hajiboland et al. 2019;
Soleymanzadeh et al. 2020), nutrition (Babajani et al. 2019a;
Zahedi et al. 2019), nitrogen metabolism (Rajaee et al. 2020;
Sotoodehnia-Korani et al. 2020), and transcriptional regula-
tion (Rajaee et al. 2020; Sotoodehnia-Korani et al. 2020) are
considered as main mechanisms. Similar mechanisms, includ-
ing modifications in plant nutrition, photosynthesis, phytohor-
mones, and transcriptions of genes, have been reported for
exogenously applied NO (Khoshbakht et al. 2018; Huang
et al. 2018; Nazerieh et al. 2018; Munawar et al. 2019; Nabi
etal. 2019).

The nSe and NO treatments upregulated DREBIA transcrip-
tion factor, PAL, HCTI, and HQTI genes. According to the
best of our knowledge, this is the first evidence on the nSe-
and NO-triggered upregulation in DREBIA, PAL, HCTI, and
HQTI genes. Taking the signal recognition and transduction
into account, plant hormones, concentrations of ROS/RNS (es-
pecially HO, and NO), transcription factors, and their interplay
are among major elements through which chromatin ultrastruc-
ture, gene accessibility, and/or transcriptions of genes can be
governed. The Se-associated changes in endogenous concen-
trations of ROS, especially H,O,, (Feigl et al. 2019) and NO
(Feigl et al. 2019; Hajiboland et al. 2019) have become evident.
H,0, and NO are major signaling molecules by which signal-
ing cascades can be triggered (Iranbakhsh et al. 2020).

Table2  Analysis of variance (two-way ANOVA) for NO, nSe, and their interaction (NO*nSe) for different molecular and physiological characteristics
in chicory

F value
Factors DREBIA HQTI  HCTI  PAL Soluble phenols Reduced glutathione Ascorbate PAL enzyme Nitrate reductase Catalase
NO 72.3%% 1587k QB.5%*  138.2%* 23.1%%* 47.6%* 23.3%%* 64.2%% 48.5%* 9.2%%
nSe 193.6%* 304.3%*% 998.2%* 207.6%* 19.9%* 72.4%%* 63.27%% 139.3%* 22.3%* 31.6%*
NO*nSe  58.6%*  20.5%*  92%* 14.6%* 0.8"™ 4.7*% 5.9%% 40.4% 1.4 3.5%

ns non-significant
"p<0.05
" p<0.001
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Number of flowers

Treatments

Fig. 5 The long-time effects of different individual and combined treatments of nSe and NO on the number of flowers at the reproductive stage of

chicory

Considering knowledge gaps, it is, therefore, necessary to mon-
itor potential fluctuations in endogenous NO, H,0O,, and H,S
following nSe and NO application in future studies. One of the
most vital regulation layers of genes is mediated through the
superfamilies of transcription factors, regulatory proteins
interacting with specific promoter sequences of their genes,
and a multitude of downstream genes. Transcriptome analysis
revealed that a plethora of transcription factors, like WRKYs,
MYBs, HSFs (Hussain et al. 2016; Huang et al. 2018; Imran
et al. 2018), are NO-responsive. Moreover, the NO-associated
modifications in transcriptome had been observed in
Arabidopsis (Hussain et al. 2016; Imran et al. 2018) and chick-
pea (Santisree et al. 2018). However, scientific reports on the
nSe-associated changes in the expression profile of transcrip-
tion factors and their responsive downstream genes are rare, and
the necessity of further researches is crystal clear. The expres-
sion of the DREBIA gene in the beneficial treatments (nSe4,
NO, and nSe + NO groups) were significantly lower (70% to
twofold) than the nSe40-treated plants. However, this upregu-
lation could be a sign of a slight transient Se stress and redox-
based activation of plant immunity response. Moreover, this
mechanism (upregulation in DREBIA) can explain how Se
application at low concentrations may improve plant growth
and stress tolerance; more molecular studies are needed.
However, it should be warned that the nSe40 treatment at high
concentration was associated with long-time moderate toxicity
in terms of a decrease in biomass and flowering. The growth-
promoting effects of the nSe4 and NO treatments can be ex-
plained by the increased nitrate reductase activity (a key en-
zyme in nitrogen primary metabolism) and enhanced antioxi-
dant system, thereby improving photosynthesis efficiency and

@ Springer

protection against photoinhibition event; the trade-offs are nec-
essary for coordinating plant growth rate and adaptation to
stress. In line with our results, numerous studies have reported
that the application of Se or NO can stimulate the defense
system as well as promote plant growth and yield (Santisree
et al. 2018; Quiterio-Gutiérrez et al. 2019; Rajaee et al. 2020;
Sotoodehnia-Korani et al. 2020). Transcriptome analyses in
Arabidopsis revealed that DREB transcription factors are Se-
responsive genes (Van Hoewyk et al. 2008). In rice, Se led to
overexpression of DREB2A and NACS transcription factors
(Khattab et al. 2014). As another consistent evidence, Se in
the form of selenite upregulated ERF96 (ethylene-responsive
element-binding factor transcription factors), thereby inducing
antioxidant system in Arabidopsis (Jiang et al. 2020). In bitter
melon, the nSe application in culture medium led to upregula-
tion in the WRKY]I transcription factor which is involved in
secondary metabolism and growth regulation (Rajaee et al.
2020). Moreover, the exposure to nSe resulted in upregulation
in bZIP and WRKY] transcription factors in pepper
(Sotoodehnia-Korani et al. 2020) which is consistent with our
result. Furthermore, the nSe treatments in wheat transcription-
ally stimulated heat shock factor A4A (HSFA4A; an anti-
apoptosis agent) which is involved in H,O, signal reception
and signaling (Safari et al. 2018), implying redox-based regu-
lation. Moreover, one important regulation level is epigenetic
responses (histone/DNA methylation or acetylation). Recently,
convincing reports showed that nSe supplementation was asso-
ciated with an epigenetic response through cytosine DNA
methylation in Capsicum annuum (Sotoodehnia-Korani et al.
2020) and Momordica charantia (Rajace et al. 2020).
Moreover, DREBIA is involved in the regulation of the
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metabolism of diverse phytohormones, like auxin (Xu et al.
2017). Therefore, the nSe- and/or NO-mediated induction in
the expression of DREBIA transcription factor can be regarded
as a mechanism by which nSe or NO application can modify
growth and confer plant tolerance to stress conditions. Growth
and stimulus/stress responses are coordinated through the inter-
play of signaling cascades and the involvement of a multitude
of endogenous factors such as hormones, nutrition, tran-
scriptome, and proteome profiles. At suitable low doses, nSe
and NO applications can lead to the promotion in growth and
primary metabolism as well as induction in the immune system
and secondary metabolism, while these supplements at the high
doses can be hazardous to cells through oxidative/nitrosative
stress, nutritional perturbation, metabolic disturbance, and ab-
normalities in the meristem (Sotoodehnia-Korani et al. 2020).
Besides, convincing reports highlighted the Se-mediated
changes in phytohormones, especially ethylene, jasmonic acid,
and salicylic acid (Tamaoki and Maruyama-Nakashita 2017,
Cao et al. 2018). Likewise, nSe was associated with modifica-
tion in salicylic acid (Soleymanzadeh et al. 2020), auxin
(Babajani et al. 2019a), and abscisic acid (Zahedi et al. 2019)
which are implicated in modulating organogenesis, growth, de-
fense system, metabolism, and gene expression. It appears that
the nSe-mediated alterations in endogenous NO along with
changes in the generation, distribution, and/or signaling of hor-
mones, in turn, trigger a plethora of developmental, physiolog-
ical, and molecular responses at least in part via responsive
transcription factors, like DREBIA. Taking agricultural aims
into account, the DREBIA gene has been characterized among
the most significant genes for conferring tolerance in crops
(Kudo et al. 2017). According to the results, nSe-triggered sig-
naling remodels transcription program through which the im-
mune system, primary/secondary metabolism, growth,
flowering, and stress tolerance can be modified. However, it
is necessary to warn that this compound can be associated with
cytotoxicity at high doses.

The observed significant positive correlations among the
DREBIA transcription factor and the studied target genes in
secondary metabolism and defense system (PAL, HCT1, and
HQTI) implying the potential crosstalk between this transcrip-
tion factor and regulation of secondary metabolism. With a
similar trend, nSe enhanced PAL activity and concentrations
of soluble phenols, indicating the induced secondary metabo-
lism. In this regard, Se/nSe treatments upregulated diverse
genes, including PAL and chalcone synthase in Brassica
Jjuncea (Handa et al. 2019), rosmarinic acid synthase (RAS),
and hydroxyphenylpyruvate reductase (HPPR) genes in
Melissa officinalis (Babajani et al. 2019a), as well as PAL
and 4-coumarate: CoA-ligase (4CL) in bitter melon (Rajace
et al. 2020). Apart from nSe, the exogenously applied NO in
chickpea transcriptionally upregulated chalcone synthase
(Santisree et al. 2018), implying the NO contributions into
the secondary metabolism and the ROS scavenging. PAL

enzyme is a major marker in the production of
phenylpropanoid-derived secondary metabolites, among
which salicylic acid (a signaling hormone) contributes to the
modulation of defense machinery and confers stress tolerance.
The foliar application of nSe in strawberry led to an increase in
salicylic acid, induction in antioxidants, a rise in secondary
metabolism, and promotion in salinity tolerance
(Soleymanzadeh et al. 2020). Consistent with our reports, ex-
ogenous application of NO (Akram et al. 2018; Santisree et al.
2018; Nabi et al. 2019) or nSe (Babajani et al. 2019a; Handa
et al. 2019; Sotoodehnia-Korani et al. 2020) mediated induc-
tion in secondary metabolism and production of secondary
metabolites. Taking phytochemistry of chicory into account,
chlorogenic acid, isochlorogenic acid, caftaric acid, cichoric
acid, caffeic acid, and flavonoids are phenylpropanoid deriv-
atives which confer a multitude of pharmaceutical functions in
chicory. Hence, the concentration and quality of these sub-
stances are among the most important qualitative factors con-
sidered in the food and pharmaceutical industries. Hereby, this
study provides molecular evidence on the potential functions
of nSe and NO to stimulate the production of secondary me-
tabolites in medicinal plants, like chicory. A schematic design
on the potential mechanisms involved in plant responses to
nSe and NO is presented in Fig. 6.

The results showed the potential advantageous of NO and
nSe at a suitable concentration towards nitrogen metabolism
through modification in nitrate reductase activity which is a
key index in primary metabolism. Moreover, nitrate reductase
is also involved in NO production (Tejada-Jimenez et al.
2019). In line with our results, nSe promoted nitrate reductase
in Momordica charantia (Rajaee et al. 2020), lettuce (Bian
et al. 2020), peppermint (Nazerieh et al. 2018), pepper
(Sotoodehnia-Korani et al. 2020), and Melisa officinalis
(Babajani et al. 2019a). The observed similarity in plant re-
sponses to individual treatments of NO or nSe indicates that
nSe signaling is mediated at least to some extent through en-
dogenous NO; it needs to be further explored. Our observation
indicated that nSe at a low dose and/or NO improved
flowering. However, nSe adversely influenced flowering at
the high dose, which can be attributed to the nSe40-
mediated restriction in growth, perturbations in nutrition, po-
tential changes in hormonal balances, and overexpression of
DREBIA. In plants, over-transcription of DREBIA, however,
may associate with dwarfism morphology and delayed
flowering (Kudo et al. 2017). As is well known, there is close
coordination between vegetative developmental stage, prima-
ry metabolism, and flowering (Seddighinia et al. 2020).

The increase in the generation of non-enzymatic antioxi-
dant compounds, like carotenoids, glutathione, ascorbic acid,
phenolics, flavonoids, and tocopherols, is a significant mech-
anism by which plant cell can protect themselves against ox-
idative burst. The observed stimulating influence of nSe and
NO on both enzymatic and non-enzymatic antioxidant
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Fig. 6 Schematic design on
potential molecular mechanisms
contributed to the plant responses
to nSe and NO. TFs transcription
factors

machinery can be also attributed to the regulatory roles of the
DREBIA transcription factor. In this concern, several lines of
evidence confirm the close interplay among DREBIA expres-
sion, ROS homeostasis, and antioxidant machinery in plants
(Kohan-Baghkheirati et al. 2018; Bhalani et al. 2019). In
Chrysanthemum morifolium, the close correlation among
DREBIA expression, concentrations of non-enzymatic, activ-
ities of enzymatic antioxidants, and stress tolerance have been
confirmed (Elansary et al. 2020). The nSe application en-
hanced non-enzymatic antioxidants, including ascorbate, glu-
tathione, and phenols in tomato plants (Quiterio-Gutiérrez
et al. 2019) which is in agreement with our findings. It was
observed that NO partly alleviated the moderate toxicity of
nSe at the high dose. In line with our results, Nazerich et al.
(2018) investigated the interaction of NO and nSe in pepper-
mint and found that NO has a considerable efficiency to pro-
tect plants against the risk-associated with nanoparticles.
Likewise, the exogenously applied NO alleviated the Se tox-
icity in rice through promoting antioxidant machinery and
regulating metabolism-related genes (Dai et al. 2020).

Conclusion

Taken together, the individual and/or combined treatments of
nSe and NO influenced growth, enzymatic and non-enzymatic
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Primary and
Secondary
Metabolism

Antioxidant
Machinary

(ascorbate and reduced glutathione) antioxidant system, nitro-
gen metabolism, secondary metabolism, transcription of
genes (DREBIA, HQOTI, HCT1I, and PAL), and flowering in
chicory seedlings. According to our results, it appears that the
nSe-triggered signaling can associate with a plethora of devel-
opmental, physiological, and molecular responses at least in
part via the fundamental regulatory roles of transcription fac-
tors, like DREBIA. This experiment highlights both potential
functions and risks associated with the nSe application. This
study underlined the nSe- and NO-mediated transcriptional
modification in secondary metabolism with a close positive
correlation with the DREBIA transcription factor. Moreover,
this study points out the necessity of monitoring molecular
behaviors of genes (especially transcription factors) in re-
sponse to the nanoparticles and their potential crosslink with
metabolic pathways.
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