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Abstract

A pot experiment was performed to assess the useful effects of seed soaking or seedling foliar spray using 0.25 mM spermine
(Spm), 0.50 mM spermidine (Spd), or 1 mM putrescine (Put) on heavy metal tolerance in wheat plants irrigated with water
contaminated by cadmium (2 mM Cd** in CdCL,) or lead (2 mM Pb** in PbCl,). Cd** or Pb** presence in the growth medium
resulted in significant reductions in growth and yield characteristics and activities of leaf peroxidase (POD), glutathione reductase
(GR), ascorbic acid oxidase (AAO), and polyphenol oxidase (PPO) of wheat plants. In contrast, significant increases were
observed for Cd** content in roots, leaves and grains, superoxide dismutase (SOD) and catalase (CAT) activities, radical
scavenging activity (DPPH), reducing power capacity, and fragmentation in DNA in comparison to controls (without Cd** or
Pb>" addition). However, treating the Cd**- or Pb**-stressed wheat plants with Spm, Spd, or Put, either by seed soaking or foliar
spray, significantly improved growth and yield characteristics and activities of POD, GR, AAO, PPO, SOD, and CAT, DPPH,
and reducing power capacity in wheat plants. In contrast, Cd** levels in roots, leaves, and yielded grains, and fragmentation in
DNA were significantly reduced compared with the stressed (with Cd** or Pb**) controls. Generally, seed soaking treatments
were more effective than foliar spray treatments. More specifically, seed priming in Put was the best treatment under heavy metal
stress. Results of this study recommend using polyamines, especially Put, as seed soaking to relieve the adverse effects of heavy
metals in wheat plants.

Keywords Wheat - Cadmium - Lead - Polyamines - Antioxidant enzymes - Antioxidant activity - Genomic DNA - Growth and
productivity

Introduction to add some heavy metals to agricultural soils. This causes
deleterious effects on the environmental system of the

Worldwide, wheat is one of the major cereals due to the rich-
ness of wheat in protein and calories. About 82% and 85% of
the world’s population depend on wheat for basic protein and
calories, respectively (Chaves et al. 2013).

Recently, environmental pollution from heavy metals in-
creased due to multiple industrial activities, solid waste man-
agement, and improved agricultural techniques. Increased
dependence of agriculture on chemical fertilizers, irrigation
with sewage wastewater, and rapid manufacturing are shown
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surrounded soil. Among the top toxicants, cadmium (Cd)
has been placed at a seventh rank (Kumar 2013; Rady et al.
2019a). Cd is found in normal soils to be less than 0.5 mg per
kilogram of soil but can reach up to 3.0 mg per kilogram
depending on the materials of soil parent (Nazar et al.
2012). The Cd accumulation in plants causes several
physio-biochemical and structural changes (Howladar
2014; Rady and Hemida 2015) due to the toxicity of Cd to
plant cells causing oxidative stress with the overproduction
of reactive oxygen species (ROS) (Yadav 2010). Lead (Pb), a
potentially poisonous heavy metal with no recognized bio-
function, has attracted more and more attention due to its
widespread distribution and potential environmental haz-
ards. As a result, soil contamination with Pb not only arouses
changes of its microorganisms, their activities and relations
by the deterioration of soil fertility, but also directly affects
several physiological signals and decline crop growth and
productivity (Majer et al. 2002).
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Polyamines (PAs) are low molecular weight polycations
(Cohen 1998) and are known to be pivotally needful for
growth and development in eukaryotes and prokaryotes
(Tiburcio et al. 1990). In plant cells, putrescine (Put; diamine),
spermidine (Spd; triamine), and spermine (Spm; tetramine)
are reported to constitute major PAs found as free forms or
as conjugates bound to phenolic acids and other low molecu-
lar weight compounds. In addition, they are found as conju-
gates bound to macro-molecules such as nucleic acids and
proteins. Polyamines are found to stimulate the replication,
transcription, and translation of DNA (Frugier et al. 1994;
Chen et al. 2019). They are involved in a wide range of bio-
functions in plant growth and development, including senes-
cence, environmental stress, and fungal and viral infections.
Therefore, PAs are involved in diverse environmental stresses
(Liu et al. 2007; Chen et al. 2019), which includes metal
toxicity (Groppa and Benavides 2008; Shevyakova et al.
2010; Rady and Hemida 2015; Rady et al. 2016a, 2016b).

The main objective of this work was to evaluate the poten-
tial capacity of PAs seed soaking or seedling foliar spraying
applications to alleviate the harmful effects of the heavy metal
stress such as Cd** or Pb>* in wheat plants through assessing
plant growth and yield and its Cd** and Pb** levels. To eluci-
date the alleviation effect of different PAs on Cd**- or Pb**-
stressed plants, the activities of some antioxidant enzymes,
radical scavenging activity (DPPH), reducing power capacity,
and fragmentation in DNA were also assessed.

Material and methods
Plant material, growing conditions, and treatments

Plastic pots of 35 cm in diameter and 30-cm depth were used
to conduct an experimental attempt in which wheat seeds were
soaked or seedlings were sprayed using the major three poly-
amines (PAs; ChemTex Speciality LTD, Kolkata, West
Bengal, India, 100% Purity). A homogeneous lot of wheat
(Triticum aestivum L.) seed, cv. Sakha 93 was obtained from
the Field Crop Institute at the Research Center, Giza, Egypt.
This cultivar was found to be sensitive to heavy metals (Rady
etal. 2016a, 2016b). Using 0.001 M HgCl, solution, the seeds
were surface sterilized two times and then washed thoroughly
several times with distilled water. The seeds were soaked in
0.25 mM Spm, 0.5 mM Spd, and 1.0 mM Put, or in distilled
water for 8 h. These concentrations of PAs and soaking time
were selected based on a preliminary study (data not shown).
After seed soaking and air-drying, the treated seeds along with
another amount of untreated seeds (for foliar spray treatments)
were planted (15 wheat grains were sown in each container) in
sterilized ion-free sand. The particle size of the sand was
0.25 mm, obtained through a sieve that has 0.25-mm-diameter
holes. The ions (all anions and cations) were effectively

removed from the sand by washing with commercial HCI
(30% concentration) for 24 h. Then, the sand was washed with
distilled water several times to remove the acid completely.

A 's-strength nutritious solution (Hoagland and Arnon
1950) was used for this study. The components of this nutri-
tive solution were KNO;5 (1020 mg L1, Ca(NO3),-4H,0
(492 mg L"), NH4H,PO, (230 mg L"), MgS0,4-7H,0
(420 mg L"), H;BO; (2.86 mg L"), MnCl,-4H,0
(1.81 mg L"), H,M0oO,H,0 (0.09 mg L"), FeSO47H,0
(0.07 mg L"), and (CHOH),(COOH), (0.02 mg L™").

The kinds of nutritive solution were adjusted by using pure
CdCl, or PbCl, (2 mM; Shree Bajrang Sales (P) Ltd., Nagpur
- 440018, Maharashtra, India) to obtain the tested levels of
heavy metals in the nutrient solution (based on a preliminary
study). The experiment was comprised of 15 treatments. The
experimental layout was a completely randomized block de-
sign that replicated three times. Each one of the 15 treatments
was replicated 3 times and each replicate consisted of 8 pots.
The description of the treatments is shown in Table 1.

Irrigation with heavy metals in the nutrient solution was
done 20 times (60 days) starting from 15 days after sowing.
Heavy metal concentrations were maintained and controlled
in the growing medium by an inductively coupled plasma
atomic emission spectrometry (ICP- AES, IRIS-Advan type,
Thermo, USA). Wheat seedlings were sprayed to run-off with
the mentioned concentrations of PAs three times at 20, 40, and
60 days after sowing. By using a handheld manual sprayer
(model 0417.02.00; Guarany Ind. & Com. Ltd), different so-
lutions were sprayed on the upper leaf surface until run-off
(approximately 120 mL per pot), and few drops of 1% Tween-
20 were added to the spray solutions as a surfactant.

The experiment was continued until harvest, but irrigation
with the Cd**- or Pb**-containing nutritive solution was ter-
minated on the 60th day of sowing. Plants of 75 days (at the
end of the tillering; vegetative growth stage with the first
node) were collected from each treatment for different growth
and physio-biochemical measurements. Leaves and roots
were collected from plants of each treatment, frozen in liquid
N and then stored immediately at —80 °C until use for en-
zymes activities (leaves only) and heavy metals contents
(leaves and roots). At harvest (ripening stage), the yielded
grains were used for the assessments of DPPH-antioxidant
activity, antioxidant reducing power, genomic DNA assays,
and their Cd** and Pb>* ion levels. In addition, the yield and
its components assessments were conducted.

Assessments of plant growth and yield and its
components, and Cd** levels

Wheat plants of 75 days were removed gently from their pots
and then moved to remove the adhering sand particles by
dipping plant roots several times in a water-filled bucket. To
record fresh weights, plant shoots were weighed and then
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Table 1 Description of treatments used in the current study
Heavy metal Polyamines used as:

Seed soaking

Foliar spray

Control. Dry seeds without any of seed soaking or seedlings without any of foliar treatments,

and pots were irrigated with nutrient solution free from heavy metals

Irrigation for these 7 treatments
was done with the nutrient solution
contained 2 mM CdCl,

Seeds soaked in distilled water
Seeds soaked in 0.25 mM Spm
Seeds soaked in 0.50 mM Spd
Seeds soaked in 1.0 mM Put

Seeds soaked in distilled water, and seedlings sprayed with distilled water

Irrigation for these 7 treatments
was done with the nutrient solution
contained 2 mM PbCl,

Seeds soaked in distilled water
Seeds soaked in 0.25 mM Spm
Seeds soaked in 0.50 mM Spd
Seeds soaked in 1.0 mM Put

Seeds soaked in distilled water
Seeds soaked in distilled water

Seeds soaked in distilled water

Seeds soaked in distilled water

Seeds soaked in distilled water, and seedlings sprayed with distilled water

Seedlings sprayed with 0.25 mM Spm
Seedlings sprayed with 0.50 mM Spd
Seedlings sprayed with 1.0 mM Put

Seedlings sprayed with distilled water
Seedlings sprayed with distilled water
Seedlings sprayed with distilled water

Seedlings sprayed with 0.25 mM Spm
Seedlings sprayed with 0.50 mM Spd
Seedlings sprayed with 1.0 mM Put

Seedlings sprayed with distilled water
Seedlings sprayed with distilled water
Seedlings sprayed with distilled water

placed in an electrical oven at 70 °C until reached constant
weights and dry weights (DW) were recorded. At 150 days
after planting (harvest stage), spikes were collected from all
pots of each treatment to assess 1000-grain weight and grain
weight per plant.

The powdery dried plant samples (leaf, root, and yielded
grain) were burned at 500 °C for 12 h to obtain ash to deter-
mine the Cd** ion levels. Ash samples were dissolved in
HNO; (3.3%, v/v). The Cd** levels were assessed by induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES, Varian, and Australia). Measurements of Cd** ions in
plants were tested against the certificated Cd** values in dif-
ferent reference plant materials obtained from the National
Institute of Standards and Technology (Gaithersburg, USA).

Assays of antioxidant enzymes

Using a mortar and pestle, 1 g of fresh fully expanded leaf
samples was homogenized in 5 mL of ice-cold phosphate
buffer (50 mM, pH 7.6) containing 0.1 mM Na-EDTA.
Supernatants were obtained by centrifugation (at 4600xg
forl5 min) of the homogenized samples, and then repeated
for the supernatants to use for enzyme assays. All previous
operations were performed at 4 °C. Excluding the SOD en-
zyme, all enzymatic activities were performed using a 1-mL
volume of supernatant. According to the methods suggested
by Beer and Sizer (1952), Maehly and Chance (1954),
Dawson and Magee (1955), Taneja and Sachar (1974), and
Schaedle and Bassham (1977), the activities of CAT, POD,
AAO, PPO, and GR, respectively, were assayed.
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Superoxide dismutase (SOD) activity was performed as
in the photochemical method outlined by Cakmak and
Marshner (1992). Based on a SOD-inhibitable reduction
of NBT by O,™, the assay was done in an illuminated
growth chamber. The components—phosphate buffer
(50 mM, pH 7.6), sodium ethylenediaminetetraacetic acid
(Na-EDTA; 0.1 mM), enzymatic extract (50-150 pL),
Na,CO;5 (50 mM, pH 10.2), L-methionine (12 mM), and
NBT (75 uM)—were the reaction medium that finally re-
ceived 2 uM riboflavin in a glass vial. Initiation of the
reaction was done by turning lights on at an intensity of
700 uE m 2 s~' and assays lasted 15 min. Enzyme amount
which caused a 50% decrease in SOD-inhibitable NBT
reduction was spectrophotometrically read at 560 nm ex-
pressing the enzyme activity.

Investigation of antioxidant activity
Extract preparation

The harvested seeds were ground to a fine powder, and a
weight of 2 g of the powder was separately shaken for 48 h
in methanol (85%) at a room temperature. The obtained ex-
tracts were then filtered through the Buckner funnel and filter
papers (Whatman No. 1). Using the rotary evaporator and
reduced pressure, the filtrates were concentrated to dryness
at 40 °C. The extracts were re-suspended using methanol
(the respective solvent) to obtain 100 mg per milliliter of stock
solution (Taylor et al. 1996).
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Antioxidant activity (DPPH assay)

The method outlined in Brand-Williams et al. (1995) was used
to assess the activity of free radical scavenging by using
DPPH (1.1-diphenyl-2-picryl-hydrazil) reagent. Methanol

(85%, v/v) was used to dissolve wheat seed extract, and
1.0 mL DPPH solution (20 pg mL ™", freshly prepared) was
added to 0.5 mL extract sample, and the mixture was then
stirred. At 5 min from beginning the reaction, discoloration
processes were scored at 517 nm against a blank control.

Antioxidant activity = 100 x [(control absorbance—sample absorbance)/control absorbance]

Reducing power assay

Reducing the power of methanolic extract of wheat seeds was
assessed as outlined by Oyaizu (1986). To phosphate buffer
(2.5 mL, 0.2 M, pH 6.6) and K;3[Fe(CN)¢] (2.5 mL, 1%), a
volume (0.5 mL) of crude plant extract with isolated com-
pounds were added, and at 50 °C, the mixture was incubated
for 20 min, and then 2.5 mL of TCA (10%) was added.
Centrifugation (at 1000 rpm for 10 min) was then practiced.
Solution upper layer (2.5 mL) was collected and mixed with
2.5 mL of distilled water and 0.5 mL of FeCl; solution (0.1%,
freshly prepared). Absorbance was read at 700 nm, and an
increase in absorbance indicates the increase in reducing
power.

DNA extraction

Genomic DNA was extracted from ground seed samples and
preserved until extraction (Porebski et al. 1997). DNA was
purified using a method that prevents degradation to prepare
an adequate amount of DNA to allow for multiple end uses.
Using liquid N, the initial grinding stage was employed and
samples were suspended in CTAB buffer once they were ap-
propriately ground. For purifying the DNA, soluble protein
and others were separated by the centrifugation process and
insoluble particles were discarded. From the aqueous phase,
DNA was precipitated and thoroughly washed to discard any
contaminating salts. Purified DNA was re-suspended and then
stored in Tris-EDTA buffer or sterilized distilled water. This
procedure conferred the intact genomic DNA from tested sam-
ples. To test extracted DNA quality, the samples were run on
the agarose gel, stained with EtBr (ethidium bromide), and
then visualized under ultraviolet light (Porebski et al. 1997).
The sample (200 mg) was ground in 500 uL of CTAB
buffer to a fine paste and the mixture was then transferred to
a microfuge tube for incubation at 55 °C for 15 min.
Thereafter, the mixture was spied (at 12000xg for 5 min) to
spin down cell debris. To clean microfuge tubes, the superna-
tant was transferred. A volume of 250 uL of
chloroform:isoamyl alcohol (24:1) was added and the solution
was mixed by inversion. Then, the tubes were spied again (at
13000 rpm for 1 min). The upper aqueous phase which

contained DNA was taken to clean microfuge tube, and am-
monium acetate (CH;COO™ NH,*; 50 puL, 7.5 M) and 500 pL
of ice-cold ethanol (absolute) were added. For several times,
the tubes were inverted, slowly, to precipitate DNA. In gener-
al, DNA can precipitate out of solution. As an alternative, the
tubes can cool for 1 h under — 20 °C after adding the ethanol
for precipitating the DNA. Thereafter, DNA was pipetted off
by slowly rotating a tip in the old solution. DNA was washed
by transferring the precipitate to a microfuge tube that
contained ice-cold ethanol (500 uL, 70%) and by inverting
the tube slowly. Precipitate can also be isolated through tube
spinning (at 13000 rpm for 1 min) to form the DNA pellet.
Then, the supernatant was discarded and the DNA pellet was
washed by the ice-cold ethanol (70%). DNA was then spied to
a pellet through a centrifugation (at 13000 rpm for 1 min)
process. The supernatant was discarded and the DNA pellet
was allowed to dry (for about 15 min). DNA was re-suspended
and then incubated for 20 min at 65 °C for destroying any
found DNase and was then stored at 4 °C (Porebski et al.
1997).

DNA quality confirmation

For a couple of minutes, agarose solution (1%) was cooled
and EtBr (2.5 puL) was added, and then they were mixed well.
On a flat surface for at least 20 min, the gel was allowed to set
at aroom temperature. The following was loaded into separate
wells: 10 uL 1kb ladder, 5 uL sample + 5 uL. water +2 pL 6%
loading buffer; the gel was run for 30 min at 100 V, and was
then exposed to ultraviolet light and photographed (demon-
stration). The quality of DNA was confirmed by the presence
of highly resolved high molecular weight bands, which indi-
cates good DNA quality, while the presence of smeared bands
indicates degraded DNA (Porebski et al. 1997).

Statistical analysis

By using SAS (Statistical Analysis System) version 9.0
(2002), data of the current study were analyzed. The means
(n=3) of different treatments were separated using Duncan’s
multiple range test, and the P value <0.05 was identified as
significant.
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Results and discussion

Few studies including the current work have focused on the
modulating effect of exogenous PA application on heavy
metal—stressed plants. Plants are negatively affected by heavy
metal stress (Alzahrani et al. 2018; Desoky et al. 2019; Rady
et al. 2019b). However, exogenous PA applications mitigated
the heavy metal stress effects by increasing the endogenous
contents of PAs and decreasing the contents of heavy metals in
different plant parts (Rady and Hemida 2015; Rady et al.
2016a, 2016b). The Cd** and Pb>* stress adversely affected
growth, physio-biochemical attributes, and antioxidant de-
fense systems in wheat plants; however, modulating effects
for these attributes were occurred with exogenous PAs treat-
ment (Rady and Hemida 2015; Rady et al. 2016a, 2016b). In
addition, enzyme activities were completely restored by PA
treatments (Chen et al. 2019).

Effect of different polyamine applications on growth
and yield characteristics of a heavy metal-stressed
wheat plant

Data set in Table 2 show that the presence of CdCl, (2 mM) or
PbCl, (2 mM) in the growing medium led to significant re-
ductions in growth and yield traits (i.e., shoot fresh and dry
weights, 1000-grain weight, and grain weight per plant) of
wheat plants compared with the normal controls (without
Cd** or Pb>* addition). The reductions were 68 or 65% for
shoot fresh weight, 78 or 54% for shoot dry weight, 73 or 67%
for 1000-grain weight, and 85 or 73% for grain weight per
plant by Cd** or Pb**, respectively, showing that Cd** was
more toxic on wheat plants. However, treating wheat plants
subjected to Cd** or Pb** with Spm, Spd, or Put, either by
seed soaking or by foliar spraying, significantly improved the
aforementioned growth and yield characteristics. Seed
soaking in Put at I mM was the best treatment under the stress
of either 2 mM Cd** or 2 mM Pb*. This best treatment in-
creased shoot fresh weight (FW), shoot dry weight (DW),
1000-grain weight, and grain weight per plant by 94 or 97%,
109 or 84%, 180 or 127%, and 397 or 177% under Cd** or
Pb**, respectively.

Results of the current study reveal that Cd** was more toxic
than Pb>* as reported earlier by Lewis (1995). The Cd** stress
reduced plant vigor and inhibited plant growth and productiv-
ity (Aldesuquy et al. 2014; Semida et al. 2015; Rady and
Hemida 2015). Kopittke et al. (2010) reported that toxic con-
centrations of Cd** and Pb** are 0.3 pM and 5 uM, respec-
tively. The Cd**-induced growth inhibition and yield limita-
tion have been proved to come from inhibiting the cell elon-
gation and division rates, and consequently the decline in the
production of plant biomass that adversely reflects in plant
yield. This occurs mainly due to a permanent inhibition of
the proton pump, which is responsible for these processes
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(Choudhury and Panda 2004). The reduction in wheat plant
growth and yield was associated with Cd**-induced increase
in Cd** ions concentrations (Fig. 1). These results are in agree-
ment with those of Rady et al. (2016a, 2016b), which indicat-
ed that the wheat (cv. Sakha 93) plant had reduced tolerance to
2 mM Cd** or 2 mM Pb** stress. This reduced heavy metal
tolerance in wheat (cv. Sakha 93) may be due to the elevated
uptake of Cd** or Pb>* by roots and translocation rapidly to
shoots in toxic amounts that affect physiological and biochem-
ical processes in plant cells via Cd** or Pb**-stimulated oxi-
dative damages to different cellular components (Lamhamdi
et al. 2013; Rady and Hemida 2015; Rady et al. 2016a,
2016b). Moreover, Kaur et al. (2012) have reported the inhib-
itory effect of Pb>* on wheat plant growth due to a reduction in
meristematic cells in the shoot region by the accumulation of
Pb**. The inhibition of cell division in the meristematic zone
of root and shoot systems by Pb>" is also reported earlier
(Bashmakov et al. 2005; Jili et al. 2009). They have attributed
the effects of heavy metals on meristematic cells to some of
the enzymes found in the cotyledon and endosperms, which
are affected by heavy metals, as well as to the reduced mitotic
cells in meristematic zone of root and shoot.

To alleviate and repair the damage caused by ROS
overproduced by the Cd** or Pb®* presence in plant growing
medium, exogenous application of antioxidants such as PAs
enables crop plants to stimulate their antioxidant defense sys-
tems to increase the cellular defense strategy against Cd**- or
Pb**-induced oxidative stress (Wu et al. 2013). Exogenous
Spm, Spd, or Put application minimized the poisonous influ-
ences of Cd** or Pb** and considerably improved growth and
yield characteristics of the wheat plant (Table 2). These im-
proved growth and yield traits of plant growing under Cd** or
Pb* stress could be due to the minimized endogenous levels
of Cd** ion by PA application (Fig. 1). In this connection,
Alexandra and Tiburcio (1997) have stated that PAs are im-
plicated in various physio-biochemical functions related to
plant growth and development, as well as the functions related
to the quality of grain yield such as development of reproduc-
tive organ and fruits, formation of tubers, initiation of flowers,
and fruit ripening (Tiburcio et al. 2002; Chen et al. 2019),
which could elucidate the preventive role of Spm, Spd, or
Put in Cd**- or Pb**-stimulated inhibition of plant growth.
The elevated yield induced by PA applications may be attrib-
uted to the elevation in biomass of wheat plant (Table 2) and
leaf longevity that may be contributed to grain filling by im-
proving the supplementation period of photosynthates into
grains (Kaur et al. 2012). In addition, several studies reported
that PAs are implicated in several defense mechanisms during
environmental stresses (Groppa and Benavides 2008; Rady
and Hemida 2015). The increases in the activity of the antiox-
idative enzymes (Table 3), radical scavenging activity, and
reducing power capacity (Fig. 2) as a result of Cd** or Pb**
stress are monitored in the current study, and the different PAs
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Table 2 Changes in the growth and yield characteristics as a response to polyamine (PAs—spermine, Spm; spermidine, Spd; and putrescine, Put)
applications as seed soaking (SS) or foliar spraying (FS) to heavy metal-stressed wheat plants

Treatments Parameters

Heavy metal PAs Shoot fresh weight (g) Shoot dry weight (g) 1000-grain weight (g) Grain weight per plant (g)
SS FS

Control 935+0.82a 1.51+£0.11 a 252+18a 6.12+037a

Cd Dw 2.98+0.24] 0.57+0.06 g 69+04 g 094+0.12 g
Dw Spm 4.09+0.371 0.81+£0.06¢ 14.8+1.1 de 3.58+0.28 de
Dw Spd 4.35+0.34 hi 0.81+£0.07¢ 15.7+£1.2 cd 3.80+0.29 cd
Dw Put 511+044d 1.18+£0.09 b 192+15b 4.65+0.33b
Spm Dw 4.50+0.42 gh 0.84+£0.06 ¢ 15.1+1.2 ¢d 3.66+0.27 cd
Spd Dw 4.75+0.43 efg 0.86+£0.07 de 164+13¢ 397+£030¢
Put Dw 5.78+0.48 ¢ 1.19£0.09b 193£1.60 4.67+0.38b

Pb Dw 3.24+0.27] 0.69+0.05 f 83+0.7 g 1.64+0.21 f
Dw Spm 4.80+£0.45 ef 0.86£0.06 de 133£13f 322+027e
Dw Spd 5.03+0.47 de 0.94+0.09 cd 13613 ¢ 329+027¢
Dw Put 6.08+0.50 b 1.26+£0.10b 185+£140b 448+0.38b
Spm Dw 4.35+0.38 hi 0.96+£0.07 ¢ 15.6+£1.3 cd 3.78+0.27 cd
Spd Dw 4.72+0.38 fg 1.03£0.09 ¢ 158+1.3 cd 3.82+0.28 cd
Put Dw 637+£0.52b 1.27£0.11b 18.8£1.5b 4.55+0.39b

Values are means of triplicate measurements = SE

Values followed by the same lower-case letters are not significantly different (P <0.05)

The control means plants without any treatments
Dw distilled water
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o
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Control Dw+(Cd

Cd*2 concentration mg/Kg m-1 DW

Dw 1Spm Dw £ Spd

Treatments

B Root

Leaf

B Grain

Dw 1 Put Putt Dw
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Spm Dw

Fig. 1 Changes in the concentration of Cd** in heavy metal-stressed
wheat plants as a response to polyamines (PAs—spermine, Spm;
spermidine, Spd; and putrescine, Put) applied as seed soaking or foliar
spraying. Values are means of triplicate measurements + SD. Control
means seeds or plants without any treatments, Dw + Cd means soaking
seeds in distilled water (Dw) and foliar spray with Dw under Cd** con-
tamination, Dw + Spm means soaking seeds in distilled water and foliar
spray with spermine under Cd** contamination, Dw + Spd means soaking

seeds in distilled water and foliar spray with spermidine under Cd**
contamination, Dw + Put means soaking seeds in distilled water and foliar
spray with putrescine under Cd** contamination, Spm + Dw means
soaking seeds in spermine and foliar spray with distilled water under
Cd** contamination, Spd + Dw means soaking seeds in spermidine and
foliar spray with distilled water under Cd** contamination, and Put + Dw
means soaking seeds in putrescine and foliar spray with distilled water
under Cd** contamination
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treatments induced further increases in these antioxidative sig-
nals in wheat plant, which offer additional mechanisms by
which PAs ameliorated the toxic influences of Cd** and
Pb* stresses on wheat growth and yield.

Among the applied PAs, Put was most effective through
either seed soaking or foliar spray in this regard in the current
study. This result comes from the most positive effect of Put,
in our study, on inducing the activity of the antioxidative en-
zymes, radical scavenging activity, and reducing power capac-
ity under Cd** and Pb*" stresses. It has been reported that Put
could be sufficient to minimize the oxidative damages in-
duced, indirectly, by heavy metals (Mandal et al. 2013,
2014). Also, the composition nature of Put as a diamine (hav-
ing lower molecular mass) may confer it the preference to
rapidly translocate to bind with the negatively charged domain
of the cell membranes compared with both Spd and Spm as
triamine and tetraamine (having higher molecular masses),
respectively, and consequently perhaps prevent the proteins
from its oxidation by ROS (Rady and Hemida 2015). Our
results confirm this suggestion that Spd conferred better re-
sults than Spm (Tables 2 and 3, Figs. 1 and 2). In addition,
seed priming with PAs generally induced better results than
PAs foliar spraying. This result may be due to that seeds
supporting with PAs give the powerful for seeds to confer
strong seedlings against the tested stresses. Seed priming with
PAs might increase their endogenous levels within plant tis-
sues (Rady and Hemida 2015), improving seed vigor and
seedling growth that could be a result of the improved meta-
bolic activities: effective mobilization and employment of
seed reserves and preferable genetic rehabilitation (Farooq
etal. 2008). PAs play key roles in modulating cell enlargement
and division rates (Cvikrova et al. 1999) and increasing cell
division within the apical meristem (Farooq et al. 2008).
These results could be monitored via the improved fresh and
dry weights of plant shoots that significantly reflected in
higher grain yield under stress.

Effect of different polyamine applications on Cd** ion
levels in a heavy metal-stressed wheat plant

Data set in Fig. 1 indicate that the presence of 2 mM Cd** in
the growing medium resulted in significant increases in wheat
root, leaf, and yielded grain concentrations of Cd** compared
with the normal controls (without Cd** addition) in which
Cd** was scored traces. However, treating wheat plants sub-
jected to Cd** with Spm, Spd, or Put, either by seed soaking or
by foliar spraying, significantly declined the concentrations of
Cd** in all wheat plant organs. Generally, seed soaking treat-
ments were more effective than foliar spray treatments. In
addition, seed priming using Put was the best treatment under
Cd** stress, reducing the concentrations of Cd** by 50% in
roots, 53% in leaves, and 61% in grains, showing the
prolonged improving effect of Put.

@ Springer

PAs stabilize and protect cell membrane systems against
metal ion stress (Groppa et al. 2007) through modulating
Cd** stress effect on tissue relative water content and
membrane integrity (Rady and Hemida 2015), reducing
Cd** ion content (Fig. 1). Under Cd** stress, disruptions
occur in antioxidant defense systems when plant cells can-
not maintain a low level of Cd** through effective detoxi-
fication mechanisms. Thus, oxidative damage might occur
to various components of cells, resulting in reduced plant
growth (Groppa et al. 2007; Rady and Hemida 2015) as
reported in the current study. Pretreatment using PAs has
supported plant cells to maintain a minimized level of Cd**
ion (Fig. 1), which lead, consequently, to healthy seedling
growth under Cd stress.

There is no specific transport channel for the non-
essential element, including Cd** within the plant. The
non-essential elements were transported into plants via
transporters (Clemens et al. 1998). Wheat plants accumu-
lated high amounts of Cd** in roots than in shoots, and in
turn than in grains. Semida et al. (2018) recorded a higher
Cd** accumulation in cucumber roots and lower in leaves
in an experiment, determining Cd** uptake and its locali-
zation in cucumber transplants that confirmed our results
(Fig. 1). Compared with shoot growth, root growth is more
sensitive to heavy metals, and this evidence is correlated to
data indicated in this study a significant lower root length
under Cd>* treatment than that of the normal control (Rady
and Hemida 2015). The ameliorative effects of PAs on
heavy metals and reducing their contents in wheat plant
organs (Fig. 1) come through inducing the synthesis of
specific proteins that increases the tolerance of wheat
plants to heavy metals (Chen et al. 2019). This PA-
stimulated repairing effect may be attributed to that PAs
elevate phytochelatins (PCs) production, especially in root
(Pal et al. 2017), elevate cell wall and vacuolar storage of
these toxic metals, increase the detoxification of heavy
metals by increasing the accumulation of these metals in
trichomes of leaves and peduncles of wheat plants
(Alsokari and Aldesuquy 2011), and act as an effective
antioxidants and free radical scavengers under these stress-
es (Ferreira et al. 2002), as well as PAs stimulate the root
exudates including heavy metals into the soil (biosphere)
(Aldesuquy 2016). Among the tested PAs, Put was the
most effective, greatly reducing the wheat plant organs
contents of Cd** compared with Spd and Spm. The best
improving effects of Put may be attributed to that Put is
actively synthesized via ornithine decarboxylase (ODC)
and arginine decarboxylase (ADC), sustaining enough en-
dogenous Put content and/or poor Put conversion into Spd.
In addition, the better effect of Spd than Spm may be due to
that Spd is actively produced by Spd synthase (SPDS) to
form enough endogenous Spd content and/or poor Spd
conversion into Spm or thermospermine.
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Table3  Changes in the activities of enzymatic antioxidants (superoxide
dismutase, SOD; catalase, CAT; peroxidase, POD; glutathione reductase,
GR; ascorbic acid oxidase, AAO; and polyphenol oxidase, PPO) as a

response to polyamine (PAs—spermine, Spm; spermidine, Spd; and
putrescine, Put) applications as seed soaking (SS) or foliar spraying
(FS) to heavy metal—stressed wheat plants

Treatments Parameters

Heavy metal PAs SOD activity CAT activity POD activity GR activity AAO activity PPO activity
SS FS nm min ' g~ leaf fresh mass

Control 0.17+0.004 £ 0.14+0.005 f 0.32+0.007 ¢ 0.70+0.016d 0.11+£0.004 d 0.17+0.005 e

Cd Dw 0.24+0.005 e 0.19+£0.003 e 0.19+£0.004 g 0.52+0.010 e 0.07£0.003 e 0.11+0.003 f
Dw Spm  0.26+0.003 d 0.24+0.007 ¢ 0.44+0.009 ¢ 0.75+£0.017 ¢ 0.20+£0.007 ¢ 0.26+0.007 ¢
Dw Spd 0.26+0.004 d 0.24+0.005 ¢ 0.46+£0.008 ¢ 0.76+0.016 ¢ 0.21+0.008 ¢ 0.27+0.008 ¢
Dw Put 0.29+0.002 ¢ 0.27+0.006 b 0.50+0.008 b 0.83+£0.015b 0.26+0.009 b 0.30+0.007 ab
Spm  Dw 0.26+0.002 d 0.24+0.005 ¢ 0.50+0.011 b 0.77+0.020 ¢ 0.21+0.007 ¢ 0.26+0.006 ¢
Spd Dw 0.26+0.004 d 0.24+0.004 ¢ 0.50+0.011 b 0.76+0.017 ¢ 0.21+0.008 ¢ 0.27+0.007 ¢
Put Dw 0.33+£0.004 a 0.28+0.005 a 0.55+0.010 a 0.88+0.017 a 0.26+0.008 b 0.32+0.007 a

Pb Dw 0.26+0.006 d 0.20+0.003 d 0.23+0.004 f 0.50+£0.014 ¢ 0.06+0.003 e 0.13+0.003 f
Dw Spm 0.29+0.002 ¢ 0.24+0.005 ¢ 0.37+0.007 d 0.69+0.017d 0.20+0.006 ¢ 0.21+0.005d
Dw Spd 0.29+0.004 ¢ 0.26+0.004 b 0.39+0.008 d 0.71+0.016 d 0.20+0.005 ¢ 0.23+0.005d
Dw Put 0.33+£0.004 a 0.29+0.005 a 0.44+0.009 ¢ 0.82+£0.016 b 0.27+0.005 ab 0.28+0.006 be
Spm  Dw 0.31+0.004 b 0.26+£0.007 b 0.40+0.012d 0.75+0.020 ¢ 0.21+0.006 ¢ 0.23+0.008 d
Spd Dw 0.31+0.003 b 0.26+0.005 b 0.38+0.010d 0.75+0.018 ¢ 0.20+0.005 ¢ 0.23+0.007 d
Put Dw 0.34+0.005 a 0.29+0.007 a 0.50+0.011b 0.84+0.016 ab 0.28+0.008 a 0.30+0.009 ab

Values are means of triplicate measurements = SE

Values followed by the same lower-case letters are not significantly different (P <0.05)

The control means plants without any treatments
Dw distilled water

Effect of different polyamine applications
on antioxidant enzymes activity of a heavy
metal-stressed wheat plant

Data set in Table 3 display that the presence of 2 mM Cd**
or Pb®* in the growth medium resulted in significant in-
creases in the activities of SOD and CAT, while resulted in
significant reductions in the activities of POD, GR, AAO,
and PPO of wheat leaves compared with the normal con-
trols (without Cd** or Pb>* addition). The increases in the
SOD and CAT activities were 41 or 53%, and 36 or 43%,
respectively, while the reductions in the POD, GR, AAO,
and PPO activities were 41 or 28%, 26 or 29%, 36 or 45%,
and 35 or 24%, respectively. However, treating wheat
plants exposed to Cd** or Pb>* with Spm, Spd, or Put,
either by seed soaking or by foliar spraying, significantly
elevated the activities of POD, GR, AAO, and PPO, and
further increased the activities of SOD and CAT in wheat
plant leaves. Generally, seed soaking treatments were more
effective than foliar spray treatments. In addition, seed
priming using Put was the best treatment under the stress
of either Cd** or Pb**, increasing the activities of SOD,
CAT, POD, GR, AAO, and PPO by 38 or 31%, 47 or 45%,
189 or 117%, 69 or 68%, 271 or 267%, and 191 or 131%,
respectively.

Enzymatic antioxidants are outstanding biochemical sig-
nals of stress. Increase in the activities of these antioxidant
enzymes could be a potential to ameliorate the heavy metal
stress-stimulated oxidative stress. Under Cd** or Pb** stress,
PAs induced increases in the activities of all tested enzymes in
different degrees, which might be attributed to the antioxidant
characteristics of PAs against ROS generation; besides that,
the plant tries to force this by stimulating its antioxidants de-
fenses (Li et al. 2011). Excessive production of ROS is a
common outcome of different stressors, including Cd** and
Pb2". Under a stress condition, a balance is required between
generation and degradation of ROS to maintain healthy met-
abolic functions; otherwise, oxidative damages may eventu-
ate. ROS levels are controlled in plant tissues by antioxidant
defense systems, including enzymatic antioxidants (SOD,
CAT, POD, PPO, AAO, and GR tested in the current study)
and non-enzymatic antioxidants like proline, glutathione
(GSH), tocopherols, and carotenoids (Rady and Hemida
2015; Schutzendubel and Polle 2002). Thus, it was expected
that wheat plant exposure to Cd** or Pb** stress enhance the
activities of enzymatic antioxidant, but present study results
showed the reverse state, except for SOD and CAT activities
which were increased. However, all enzyme activities tested in
this study were improved or further improved in wheat leaves
by PAs treatments (by seed soaking or by foliar spraying)
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Fig. 2 Changes in the reducing power capacity and the radical
scavenging activity (DPPH) in heavy metal-stressed wheat plants as re-
sponses to polyamines (PAs—spermine, Spm; spermidine, Spd; and

under the stress of Cd** or Pb®*. The interesting thing in the
current study is that seed soaking in PAs was better than a
foliar spray, improving the enzymatic activities that play a
pertinent role in reducing the harmful effects of heavy metal
stress. Many researchers have investigated that treatment of
heavy metals promotes ROS formation, and therefore, sub-
stantially elevates the activities of ascorbate peroxidase
(APX), CAT, and SOD (Bashri and Prasad 2015). As the first
defense line to cope with the superoxide (O,") radical, SOD
stimulates O,” conversion to H,O,, which in turn is convert-
ed by POD to H,O (Alscher et al. 2002), by functioning sev-
eral reductants like guaiacol, ascorbate, and phenolic com-
pounds (Apel and Hirt 2004). This explanation elucidates
the increased activity of SOD under Cd** or Pb** stress in
our study. Like POD, CAT scavenges H,O, by converting it
to H,O and O,. The increased expression of GR maintains the
GSH pool in the reduced state that, in turn, reduces
dehydroascorbate to ascorbate and enhances tolerance to oxi-
dative stress (Noctor and Foyer 1998). Many researchers sug-
gested different mechanisms to elucidate the increase of the
antioxidant status occurred due to PAs, which can act as direct
effective scavengers of ROS (Drolet et al. 1986). They can be
bound to enzymatic antioxidants or can be linked to antioxi-
dant molecules and allow them to permeate oxidative stress
sites (Poduslo and Curran 1996), or may be interacted with
molecular complexes to stabilize the thylakoid membranes
(Besford et al. 1993). Functions of plasma membrane nega-
tively affected rapidly by toxic levels of heavy metals
(Quartacci et al. 2001); however, PAs contribute to stabilize
the plasma membrane and maintain its functions. PA applica-
tions showed a greater increase in the activities of enzymatic

@ Springer

putrescine, Put) applied as seed soaking (SS) or foliar spraying (FS).
Values are means of triplicate measurements + SD

antioxidants as a proved synergy between PAs and enzymatic
antioxidants as an effective protective mechanism (Gill and
Tuteja 2010). Antioxidative protection conferred by PAs for
plant tissues is attributed to maintain the integrity of mem-
branes via stabilization of membrane lipids and to avoid inor-
ganic leakage under Cd**- or Pb**-induced oxidative stress.
Otherwise, Kurepa et al. (1998) have stated that the resistance
of paraquat is not correlated with increased contents of PAs. It
has been proposed also that the antioxidative impacts of PAs
are attributed to combined properties linked to anions and
cations. PA binding to anions (nucleic acids, phospholipid
membranes) is contributed to high local levels at specific sites
prone to the oxidations, while binding to cations is effectively
prevented at specific sites for the generation of hydroxyl rad-
ical, OH", and singlet oxygen, 102 (Lovaas 1997).

Effect of different polyamine applications on DPPH
radical scavenging activity of a heavy metal-stressed
wheat plant

Antioxidants can prevent, inhibit, or even delay the oxidation
of' material that is able to be oxidized by ROS scavenging and,
therefore, minimize the oxidative stress effects. DPPH has
been extensively employed as an empirical free radical to
assess reducing materials. Figure 2 displays the inhibition lev-
el of DPPH radical generation. The stress of Cd** or Pb**
increased the DPPH radical scavenging activity by 36 =
0.4% or 37 £0.2%, respectively, compared with the untreated
control plants (19 £0.5%).

The elevated activity of DPPH radical scavenging may be
due to the increased content of some secondary metabolites
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such as polyphenolic compounds (phenols and flavonoids)
(Alietal. 2018). The increase in these metabolites under stress
contributes to the increase of the antioxidative defense be-
cause they are considered as the main responsible compounds
in the antioxidant activity. In Cd**- or Pb**-stressed plants,
treatment of PAs (Sp, Spd, or Put) reduced the DPPH radical
scavenging activity, but it is still higher than the control (with-
out any treatments). Our results are in the similar trend of
those obtained by Groppa et al. (2001) and Zhao and Yang
(2008). In the first report, exogenously added PAs mitigated
the negative effects of Cd**- or Cu**-induced oxidative dam-
age in sunflower leaf discs, and they alleviated the lipid per-
oxidation induced by Cd** stress in Malus hupehensis in the
second report. Polyphenols (and 2,2-diphenyl-1-
picrylhydrazyl; DPPH) are implicated in plant defense mech-
anisms and their concentrations are improved as a response to
environmental stressors (Dudjak et al. 2004). There is evi-
dence that phenolic metabolism induction occurs as a re-
sponse to metal stress (Michalak 2006; Singh and Malik
2011). Phenolic compounds have powerful antioxidative ac-
tivities in the heavy metal-stressed plant. In their chemical
structure, the antioxidant action is established mainly. By
POD, phenols are oxidized and contributed to H,O, scaveng-
ing (Singh and Malik 2011).

Effect of different polyamine applications on reducing
power ability of a heavy metal-stressed wheat plant

A compound reducing capacity may be functioned as a pivotal
indicator of its potential antioxidative activity (Duh et al.
1999). Increased absorbance of their reaction mixture indi-
cates increased reducing power. It has been suggested that
reducing power and antioxidative activity are related to each
other (Duh 1998). Results of reducing power capacity are
presented in Fig. 2 which illustrates that either Cd** or Pb>*
stress increased the reducing power capacity of plants. It was
increased by about 193 or 260% under Cd** or Pb** stress,
respectively, compared with the control (without any treat-
ments). This means that the increase in some secondary me-
tabolites increases the reducing power capacity in wheat
plants. Treatment with PAs as seed soaking or foliar spray
reduced the reducing power capacity, but it is still higher than
the control.

Many studies have confirmed the intricacy of the reaction
between ROS and PAs, particularly when the plant is grown
under stress (Velarde-Buendia et al. 2012; Pottosin et al.
2014). Also, when the cellular PA contents are increased, their
catabolism is also increased; this is in conjunction with in-
creasing the level of H,O,, various ROS, and different anti-
oxidant defense systems in the plant. Their function in allevi-
ating damages from stresses such as heavy metal is valuable.
The benefit of PAs in enhancing antioxidant defense systems
to increase the adaptation of the plant against several stresses

was considered the main reason in the production of superox-
ide molecule in cells (Chmielowska-Bak et al. 2013; Mandal
et al. 2013; Scoccianti et al. 2013). Other studies have inves-
tigated that PA effects may be increased in cellular PA titers
participated in both ROS-antioxidant equation sides under
stress conditions. Otherwise, ROS are participated in environ-
mental, abiotic and biotic, stressors as pathway parts of signal
transduction to increase the defense system (Moschou et al.
2012).

Effect of different polyamine applications on genomic
DNA of a heavy metal-stressed wheat plant

Figure 3 shows agarose gel electrophoresis of genomic DNA
samples extracted from seeds of wheat treated with Spm, Spd,
or Put and cultivated under Cd** or Pb** stress, as well as the
control using 1% agarose gel in 1X TBE buffer.

Lane (1) represents the DNA of untreated control that
shows no fragmentation. Lanes (2) to (7) represent DNA sam-
ples of Cd** and Pb** stresses, as well as seed soaking and
plant spraying using Spm under Cd** and Pb*" stresses, which
show moderate degree of fragmentation that represented by
moderate smearing on the gel, while lanes (8) to (11) represent
samples of seed soaking and plant spraying using Spd under
Cd** and Pb** stresses that exhibit intact DNA with a minor
degree of fragmentation. In addition, lanes (12) to (15) repre-
sent DNA of samples treated with Put (seed soaking and foliar
spraying) in Cd**- and Pb**-stressed plants that reveal small
degree of fragmentation, which indicates that Spd treatment is
the most effective PAs in alleviating the harmful effect of
heavy metal stress on the DNA of plants, followed by Put
treatment. As small aliphatic amines found in all plant kinds,
PAs are considered as a new category of growth substances. It

M 12 3 4 5 6 7 8 9101112131415

Fig. 3 Response of genomic DNA in heavy metal-stressed wheat plants
to polyamines (PAs—spermine, Spm; spermidine, Spd; and putrescine,
Put). Control without treatments (1), Cd** only (2), Pb** only (3), Spm —
seed soaking + Cd** (4), Spm — foliar spray + Cd** (5), Spm — seed
soaking + Pb** (6), Spm — foliar spray + Pb** (7), Spd — seed soaking +
Cd** (8), Spd — foliar spray + Cd>* (9), Spd —seed soaking + Pb>* (10),
Spd — foliar spray + Pb>* (11), Put — seed soaking + Cd** (12), Put — foli-
ar spray + Cd** (13), Put — seed soaking + Pb** (14), Put — foliar spray +
Pb>* (15)
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has been reported that PAs are implicated in various plant
processes such as cell division, fruit ripening, organ develop-
ment, gene transcription, and regulation of DNA replication,
as well as they are considered as anti-senescence (Yin 1994).

It has been elucidated that the exogenous PA application
scavenged the destructive influences of salinity stress in the
plant. Further, PAs have the merit of catalyzing the biosynthe-
sis of DNA and RNA, and protecting the replication of DNA
from the oxidative damage (Khan et al. 1992; D’Agostino
et al. 2005). The plant should also develop a group of bio-
defenses to ameliorate the destructive sources through the ex-
pression of a wide range of functions of proteins and genes in
response to different environmental stressors (Voronova et al.
2014; Finatto et al. 2015).

Conclusions

It can be concluded, from our results, that exogenous applica-
tion of 0.25 mM Spm, 0.50 mM Spd, or 1.0 mM Put, partic-
ularly when used as seed soaking, could alleviate the harmful
effects of 2.0 mM Cd** or 2 mM Pb*" stress in wheat plants.
Exogenously applied PAs, particularly Put, significantly im-
proved antioxidant enzymes activities, DPPH radical scaveng-
ing activity, reducing power capacity, and genomic DNA, and
significantly declined Cd** and Pb** levels in roots, leaves,
and yielded grains in Cd**- or Pb**-stressed wheat plants.
These results were positively reflected in plant growth and
yield. Generally, the best PA treatment was seed soaking in
Put concerning all of the above attributes, except for genomic
DNA (Spd was the best). In the same time in which numerous
works have confirmed the positive roles of PAs in alleviating
the adverse effects of heavy metal stress, more studies are
requested to specify exactly the mechanisms by which Put
maintain the DNA free from fragmentation and improve the
DPPH radical scavenging activity and the reducing power
capacity under heavy metal stress.
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