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Abstract

Heavy metals (HMs) are one of the major problems worldwide, limiting plant productivity and menacing human health. In
this study, we aim to investigate the effects of three HMs (cadmium (Cd), copper (Cu), and lead (Pb)) with three levels (100,
200, and 300 uM) on Origanum majorana L. (Marjoram) and Peganum harmala L. (Harmal) germination and antioxidant
enzymatic activities to highlight the possibility of their use in the rehabilitation of HM-polluted soil. Germination test was
conducted in sterilized Petri plates using Whatman filter paper and several physiological and biochemical parameters were
evaluated: seed germination parameters (such as germination percentage (G%), germination index (GI), Timson’s germina-
tion index (TGI), seedling vigor index (SVI), mean germination time (MGT), and metal tolerance (MT1)), shoot and root
growth, and biomass, in addition to the antioxidant enzyme activities of both plants. The shoot and root biomass slightly
decreased under stress for both plants compared to the control. The results showed that the roots were more affected by stress
than shoots. The MTI indicated that Marjoram was more tolerant to Pb and Harmal to Cu exposure at the germination stage.
The activity of glutathione peroxidase, glutathione reductase, glutathione S-transferase, and superoxide dismutase increased
in both plants. However, nicotinamide adenine dinucleotide phosphate—dependent isocitrate dehydrogenase decreased. The
data suggest that Marjoram and Harmal have an efficient antioxidant system protecting them against oxidative stress caused
by Cd, Cu, and Pb. Therefore, Marjoram and Harmal might be considered metallotolerants for Pb and Cu respectively.
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1 Introduction

Heavy metals (HMs) are among the most dangerous pol-
lutants that can be accumulated and persist in the environ-
ment for extended periods of time and can be spread to
non-contaminated sites through wind and water. They are
found in the aquatic environment, the atmosphere, soils,
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and plants (Farid et al. 2015). Several HMs are essential
for living beings (humans, plants, and animals) in adequate
quantities, including zinc (Zn), Cu, iron (Fe), manganese
(Mn), and nickel (Ni). They have an important role in
several biological and metabolic processes (Chaffai and
Koyama 2011; Fageria et al. 2009), but they are toxic at
higher concentrations (Nedjimi 2020; Zhang et al. 2020;

Laboratory of Biochemistry and Molecular Genetics, Faculty
of Sciences and Technologies of Tangier, Abdelmalek
Essaadi University, Tétouan, Morocco

Agricultural Innovation and Technology Transfer Center,
Mohammed VI Polytechnic University, Ben Guerir, Morocco

Institut National de la Recherche Agronomique (INRA),
Rabat, Morocco

Center of Excellence for Soil and Fertilizer Research
in Africa, AgrobioSciences Program, Mohammed VI
Polytechnic University, Ben Guerir, Morocco


http://crossmark.crossref.org/dialog/?doi=10.1007/s42729-022-00943-4&domain=pdf

Journal of Soil Science and Plant Nutrition (2022) 22:3942-3957

3943

Rajpoot et al. 2020). While non-essential metals such as
Cd, mercury (Hg), and Pb have no known vital biologi-
cal role in living organisms, they are extremely hazardous
even at very low doses.

These metals have different effects on natural resources.
When they are present in soil, they impact soil quality by
affecting physicochemical parameters such as pH, color, and
porosity, and may be leached into groundwater. These met-
als can be harmful to plants while also endangering human
and animal health. They can be consumed directly or enter
the food chain through eating of these plants by humans or
animals (Gupta et al. 2013).

The increasing number of HM-polluted lands world-
wide makes their rehabilitation indispensable. Various
physical, chemical, electrical, and thermal remediation
techniques (or their combination) have emerged to ful-
fill these needs including containment (surface capping,
encapsulation), extraction, solidification, soil washing,
soil flushing, immobilization, electrokinetic, vitrifica-
tion, and thermal desorption, which can be practiced
in situ or ex situ (Liu et al. 2018). However, most of them
are expensive and difficult to applied, and require a sig-
nificant amount of energy. Nowadays, the main research
interest is to develop alternative solutions to the problem
of HM-polluted soil without deteriorating the physical
structure of the ecosystem, their biological activities, and
chemical properties (Liu et al. 2018). This condition is
the main limitation of physical and chemical remediation
techniques contrary to biological methods (Kang 2014).
Phytoremediation is a sustainable and eco-friendly plant-
based strategy to remove, transform, and degrade pollut-
ants present in the air, water, and soil (Nedjimi 2020).
Furthermore, economic considerations and technical com-
plexities have made biological techniques the best option
for cleaning up the soil, in which bio/phytoremediation is
relatively economical compared to physical and chemical
remediation techniques.

The proper selection of plant species is very important
to develop a phytoremediation process. One of the most
important criteria for selecting plants for remediation is
their ability to grow in contaminated soil. Despite the rich
literature on using many edible crops for this purpose (Chu
et al. 2020; Sadia et al. 2016; Angelova et al. 2011; Dim-
kpa et al. 2009; Marchiol et al. 2004), a little concern is
provided to aromatic and medicinal plants (AMPs) as a
novel option for phytoremediation use. AMPs may be a
potential candidate for cultivation in HM-contaminated
soils, as this adverse environment may cause increased
production of their secondary metabolite (Ait Elallem
et al. 2021). Furthermore, many studies were focused
on the effects of HMs on the growing stage of the plant.
However, only few studies have been conducted during
their early seedling stage, especially for the AMPs. In fact,

more comprehensive research on seed germination, which
is a key stage in ensuring healthy and tolerant seedlings
to cope with the stress caused by pollution, should be
conducted.

Plants use different strategies to alleviate absorbed HMs
in foliar cells and roots, such as morphological, physi-
ological, biochemical, and genetic mechanisms (Schreck
et al. 2012). In fact, the overabundance of HMs leads to an
oxidative stress by increasing the reactive oxygen species
(ROS) levels (Singh et al. 2006). Thus, these ROS can be
eliminated by producing and raising the enzymatic and non-
enzymatic antioxidants that assist the alleviation of oxidative
stress and enhance environmental stress tolerance (Schutzen-
dubel 2002).

Metallotolerant AMPs were the best candidate for
phytoremediation especially phytostabilization of HM-
contaminated soils. The studies suggested that the cul-
tivation of these plants could remediate metal-contami-
nated agricultural soils (Maiti and Kumar 2016; Pandey
et al. 2019; Roodi et al. 2012). Several authors inves-
tigated the quality of essential oils from AMPs grown
on contaminated soils. They have shown that, despite
the fact that some AMPs could accumulate substantial
amounts of metals when grown on contaminated areas,
the essential oils produced by these crops have not been
significantly polluted by metals (Asgari Lajayer et al.
2017; Bensabah et al. 2015; Bozhanov et al. 2007; Lal
et al. 2013; Lydakis-Simantiris et al. 2016; Zheljazkov
et al. 2006). However, it seems important to learn more
about the impact of excessive concentration of HMs in
aromatic plants commonly used as a source of biologi-
cally active compounds.

0. majorana L. and P. harmala L. are two medicinal
plants commonly used as culinary herbs; their active
ingredients are widely used in cosmetics and pharma-
ceuticals (Dashti 2020). Researchers reported the exist-
ence of many phytochemicals in several parts of the two
plants such as phenols, flavonoids, and alkaloids. These
two plants are found in polluted soils, which means they
have the ability to cope with HMs than other plant spe-
cies. In this line, O. majorana L. and P. harmala L. were
chosen for this study as they are important and popular
aromatic and medicinal plants recognized for their essen-
tial oil production and therapeutic applications. Though
literatures on the effects of HMs on medicinal plants are
plenty, conducting germination test under laboratory con-
dition in Petri dishes using these two aromatic plants could
be helpful to evaluate their resistance under the stressful
conditions of HMs. Therefore, the aim of this study was
to evaluate the effect of HMs on seed germination, enzy-
matic activities, and oxidative state in O. majorana L. and
P. harmala L. cultivated in a medium supplemented with
Pb, Cu, and Cd.
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2 Materials and Methods
2.1 Plant Material

O. majorana L. is a perennial plant from the Lamiaceae fam-
ily, native to the eastern Mediterranean basin. P. harmala L.
is a perennial plant native to a wide area and quite common
in Morocco. It is a plant that survives in a stressful environ-
ment, and occurs naturally in degraded and contaminated
lands due to its tolerance to different environmental stress
and ecological conditions (Benidire et al. 2016, 2021; Bou-
larbah et al. 2006). Both plants serve as medicinal and aro-
matic plants.

Seeds of O. majorana L. were purchased from a com-
mercial store (Batlle—Huerto y Jardin). However, seeds of
P. harmala L. were hand-collected in July 2020 from an
arid urban zone next to a traffic road in Marrakech region
(N 31°64'60”/W 8°02'18"). Seeds were randomly harvested
from several individual plants in order to reduce the influ-
ence of genetic variation.

2.2 Germination Bioassays

Germination test was conducted in sterilized Petri plates
(90 mm of diameter) using Whatman No. 1 filter paper.
The papers were soaked with respective concentrations (0,
100, 200, and 300 uM) of metal solutions (supplied as Pb
(NO3),, CdSO,, and CuSO,) as described earlier in Nedjimi
(2020). The deionized water (representing the concentra-
tion 0) was used as a control. The seeds were placed in a
microcentrifuge tube and then, a 2% hypochlorite (NaClO)
solution was added. The tube was shaken for 5 min to steri-
lize the seeds. The seeds were washed several times with
sterile distilled water to remove the NaClO traces. Then,
they were placed on a sterilized filter paper and left to dry.
Twenty-five previously surface-sterilized seeds were put on
the Whatman filter paper germination plate, irrigated with
5 mL of the appropriate solution and covered with adhesive
tape to prevent moisture loss. The plates were kept in the
dark for 2 days to initiate the germination and then placed in
a 12/12 h photoperiod growth chamber with an average tem-
perature of 25 +2 °C, average humidity of 30+2% RH, and
average light intensity of 2600 I1x. At the end of 20 days, the
seedlings were analyzed for several germination parameters.

2.3 Biomass and Morphological Measurements

The seedlings were first washed thoroughly with distilled
water. Then, the height and root length of O. majorana L.
and P. harmala L. were measured in fresh samples with a
metric scale. Humid weight of roots (RHW) and shoots
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(SHW) was recorded separately (using electronic balance
RADWAG, model: AS 220.R2 PLUS, Poland). After taking
fresh samples for enzyme extraction, shoots and roots were
dried in oven (Memmert oven UF110, Germany) for 48 h
at 70 °C and weighed again to establish dry weight (SDW
and RDW).

2.4 Germination Parameters

To study the influence of the different metal treatments on
initial seedling growth, germination data were recorded
every 24 h, and several germination parameters were cal-
culated from the obtained data. Germination index (GI),
Timson’s germination index (TGI), mean germination time
(MGT), seedling vigor index I (VI), inhibition of germina-
tion (Inh G%), and metal tolerance index (MTI) were calcu-
lated using the equations described in Table 1.

2.5 Enzymatic Extraction and Essays

A quantity of 0.3 g fresh shoot samples was mixed in an
ice bath, each with 3 mL of cold 0.005 M potassium phos-
phate buffer (pH 7.8), 0.2 mM ethylenediaminetetraacetic
acid (EDTA), and 2% (w/v) polyvinylpyrrolidone (PVP).
The homogenate was centrifuged at 12,000 rpm for 20 min
at 4 °C (centrifuge: 521-1894 VWR Mega Star 600R,
Germany). Then, the supernatant was used for glutathione
reductase (GR), glutathione S-transferase (GST), glutathione
peroxidases (GPx), isocitrate dehydrogenase (ICDH), and
superoxide dismutase (SOD) activities assays (Mahdavian
et al. 2016).

2.5.1 Glutathione Reductase (GR) Activity

The GR activity was determined by the oxidation of nicoti-
namide adenine dinucleotide phosphate (NADPH) at 340 nm
(extinction coefficient 6.2 mM~! cm™') as described by Rao
et al. (1996). The reaction mixture contained 100 mM potas-
sium phosphate buffer (pH 7.8), 0.2 mM NADPH, 0.5 mM
glutathione disulfide (GSSG), and 10 pL of enzyme extract
in a final volume of 1 mL. The reaction was initiated by
the addition of NADPH at 30 °C. The activity of GR was
expressed as pmol of NADPH oxidized/min/mg of protein.

2.5.2 Glutathione S-Transferase (GST) Activity

The activity of GST was determined by the method of Habig
et al. (1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as a
substrate. A total of 1 mL of assay mixture contained 5 mM
GSH, 2 mM CDNB, 0.1% Triton X100, 0.1 M phosphate
buffer (pH 6.5), and 20 pL enzyme extract. The reaction
was monitored spectrophotometrically at 340 nm using
a UV-Vis spectrophotometer (GENESYS 50). Product
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Table 1 Germination parameter formula

Parameters Formula

Ref

Main germination time MGT=XNt.T /XN

Germination index GI=(GxND+((i—-1) x

N2)+ ...+ (1xNi)
Timson’s germination index

TGI=Y GUT

Percentage of inhibition of germi-
nation

InhG% = 100 — (GI of treatment /
GI of control) x 100
Seedling vigor index I SVI=G%xSL

Metal tolerance index MTI% = (RL/RLc) x 100

Nt: number of seeds newly germi-  (Al-Mudaris 1998)
nated at time t;
T: number of days since the start
of the germination test until
time t;
2N: number of seeds that germi-
nated on the final germination

day

N1, N2 ...Ni: number of seeds
germinated every day, and the
multipliers are weights given to
the days of the germination

(Ranal et al. 2009)

Gt: percentage of seed germinated (Khan and Gul 1998)
per day;
T: germination period

GI: germination index (Sarma et al. 2014)

G%: germination percentage
SL: seedling length (cm)

(Abdul-Baki and Anderson 1973)

RL: radicle length in metal solu- (Wilkins 1978)
tion,;

RLc: radicle length of the control

concentration was calculated using a molar extinction coef-
ficient of 9.6 mM ™' cm™'. GST activity was expressed as
umol of the GSH-CDNB conjugate formed min™' mg™! of
protein.

2.5.3 Glutathione Peroxidases (GPx) Activity

GPx activity was measured by the method of Lawrence and
Burk (1976) with slight modifications. The reaction mix-
ture contained potassium phosphate (0.05 M, pH 7.4), 1 mM
EDTA, 1 mM sodium azide, 1 mM GSH, GR (4 pg/mL),
0.2 mM NADPH, 0.25 mM of H,0,, and 5SuL of enzyme
extract. The rate of NADPH oxidation was monitored at
340 nm (GENESYS 50 UV-Vis spectrophotometer). GPx
activity was calculated and expressed as umol of NADPH
oxidized/min/mg protein using the extinction coefficient of
6.2mM~! cm™,

2.5.4 Isocitrate Dehydrogenase (ICDH) Activity

The NADP-ICDH activity was measured according to
Dominguez et al. (2003) with slight modifications. The assay
mixture contained 50 mM potassium phosphate buffer (pH
7.5), 1 mM MnCl,, 1 mM NADP™, and 4 mM isocitrate with
10 pL of enzyme extract. ICDH activity was measured by
NADPH production at 340 nm (GENESYS 50 UV-Vis spec-
trophotometer). One unit of ICDHA activity is defined as
the amount of enzyme catalyzing the production of 1 umol
of NADPH/min.

2.5.5 The Superoxide Dismutase (SOD) Activity

SOD activity assay was based on the method of Beau-
champ and Fridovich (1971). One unit of enzyme activity
was defined as the quantity of SOD required to produce
a 50% inhibition in the photochemical reduction of nitro
blue tetrazolium (NBT) at 560 nm (GENESYS 50 UV-Vis
spectrophotometer). The reaction mixture (3 cm®) contained
50 mM Na phosphate buffer (pH 7.8), 0.075 mM NBT,
2 mM L-methionine, 0.001 mM EDTA, 0.002 mM ribofla-
vin, and SpL of enzyme extract. Reactions were carried out
for 10 min at 25 °C, under Photosynthetic Photon Flux Den-
sity (PPFD) of about 300 pmol m~2 s~! (UVP White Light
Transilluminator (UVP 95,021,401), 1 xX32 W).

2.6 Statistical Analysis

The software R (version 4.0.2) was used to perform the sta-
tistical evaluation. A two-way ANOVA was used to deter-
mine the effect of HMs, their concentration, and the inter-
action of HMs’ concentration on germination parameters
and enzymatic activities of both medicinal plants. Tukey’s
honest significant difference (HSD) test was applied as a post
hoc test at P <0.05 level to evaluate significant differences
between treatments.

A normality test was performed prior analysis; Shap-
iro—Wilk’s test (P <0.05) and the analysis of their histo-
grams, normal Q-Q plots, and box plots showed that most
variables (germination parameters and enzymatic activities)

@ Springer



3946

Journal of Soil Science and Plant Nutrition (2022) 22:3942-3957

were approximately normally distributed for each metal. The
non-normally distributed variables were transformed (using
Box-Cox transformation) to ensure the normal distribution
of data. The graphics were generated using Excel.

3 Results

3.1 Heavy Metals’ Effect on Germination
Parameters of P. harmala and O. majorana

Seeds of O. majorana initiated germination in all media
(supplied or not with Cd, Cu, or Pb) after 3 days (Fig. la—c).
In contrast, the seed germination of P. harmala L. occurred
after 2 days (Fig. 1d—f), with a higher number of germi-
nated seeds recorded in the absence of HMs for both plants
(Fig. 1). Germination percentage at the end of germination
time was 81% and 92.8% for O. majorana L. and P. har-
mala L., respectively, in the absence of HMs in the medium.
The seed germination percentage of the two plants on the
medium supplied with Cd, Cu, or Pb was slightly reduced
with the increasing concentration compared to the control
(Fig. 1). Two-way ANOVA highlights the significant effect
of metal type (M) and metal concentration (C) (P < 0.001)
on MGT, GI, TGI, and inhG% for both plants (Table 2).

Among HMs, Cu had a more inhibitory effect on O.
majorana L. seed germination with a maximum decline of
germination by 20.94% and 19.51% observed at 300 uM
Cd and Cu, respectively. However, the minimum inhibitory
effect (3.92%) was recorded under 100 uM Pb. Seeds of
O. majorana L. treated with Cu, especially at the high-
est concentration (300 uM), showed the lowest germina-
tion indexes (both GI=199 and TGI=0.53) followed by
100 uM and 200 uM Cu and Cd under all concentrations
for TGI (0.57-0.58). However, Pb had no significant effect
(P < 0.05) on TGI compared to the control (0.63-0.64).
The longest main germination time (MGT =3.808 days)
was recorded under 300 uM Cd (Table 2). Compared to
the control, it delays germination by 0.43 day (12.72%)
(P <0.05). The level of metal effect on germination
parameters of O. majorana L. was in decreasing order:
Cu> Cd > Pb.

In contrast, P. harmala L. seeds at 300 uM Cd recorded
the highest germination inhibition (23.6%), which showed
the longest MGT (3.764 days) as it delays germination by
0.96 days (34.28%) compared to the control. The lowest
value of germination indexes (GI=242.5, TGI=0.647) was
also observed under 300 uM Cd (Table 2). The results indi-
cate that Cd had a significant suppressed effect (P < 0.05)
on germination parameters of P. harmala L. seeds. The level

100
Pb
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Fig.1 Effect of heavy metal treatments on the cumulative percent
germination of O. majorana L. (a—¢) and P. harmala L. (d-f) in
function of days. Data are mean+S.D. (n=6). Significant variation
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Table 2 Effects of heavy metals on the different germination parameters of P. harmala L. and O. majorana L

Treatment MGT (day) GI TGI Inh G%

PH oM PH oM PH oM PH oM

Control 2.80+0.57 3.38+0.13 311.5+5.42 255+23.91 0.83+0.014 0.64+0.02 _ _

cd 100 34540204 3.67+0.29% 263.8+31.165 227.5+32.318 0.70+0.083 B 0.61+£0.09 AB 15.16£2.54 4 15.03+£2.79 4
200 3.69+0.15% 375+0.12%  2582+31.47% 2155+1596%  0.69+0.084 ° 0.58+0.04 AB 2238+5914 17413114
300 3.76+0.28" 3.81+0.14 242.5+11.458 207+20.97 B 0.65+0.03 B 0.57+0.06 AB 23.6+0.99 A 20.94+4.134

Cu 100 3.27+0.148 3.44+0.18 202.83+28.87%  233.6+26.84%  0.78+0.08* 0.59+0.03 B 5.08+0.82 8 17.75+2.71 4
200 3.32+0.248 3.61+0.04% 287426414 224433928 0.74+£0.09 A 0.56+0.07 ® 11.72+6.028 17.75+£6.374
300 3.33+0.058 3.64+0.05%  264.5+38.05" 199+11.33 B 0.72+0.114 0.53+0.03 B 13.01+2.298 19.51+1.634

Pb 100 2.9+0.42¢ 3.42+0218 280 +25.7448 2475+18.42%  0.75+0.07°B 0.64+0.024 8.51+2.38 B 3.92+1.578
200 2.89+0.34°€ 3.46 +0.06° 279.25+23.19°  237.83+14.09"%  0.74+0.06 AB 0.63+0.04 4 12.71£4.69 8 569+1.118
300 3.00+0.49 € 349+0.16%  262.75+15.06*%  233.67+27.24%  0.68+0.06 *P 0.59+0.05 4 15.65+4.84 B 993+1"

M F-value  1539%%% 12,933 5,53%% 4,14% 5,015 6,277+ 33,05%# 48,995

C F-value  7,82%%* 12,49%#3 27 475 9,64 24,20k 9,03 20,27 6,75%%

MxC F-value 2,07 1,72 0,7 ns 0,68 " 0,75 ns 0,92 0,34 ns L

Data represented by mean +S.D. (n=6). Cd, cadmium; Cu, copper; Pb, lead. Numbers 100, 200, and 300 are metal concentrations in uM. MGT,
main germination time (in days); GI, germination index; TGI, Timson’s germination index; Inh G%, inhibition of germination (in %); PH, P.
harmala L.; OM, O. majorana L. Different superscripted letters in the same column indicate significant difference between treatments according
to Tukey’s (HSD) test (P < 0.05). Uppercase letters indicate the difference between effects among metals for each plant. M, metals; C, concentra-

tion. *P <0.05; **P <0.01; ***P <0.001; ns, not significant

of metal effect on germination parameters of P. harmala L.
was in decreasing order: Cd > Pb > Cu.

3.2 Effect of Heavy Metals on Biomass
and Morphological Parameters of P. harmala L.
and O. majorana L.

3.2.1 Shoot and Root Length

The effect of the three metals on the shoot and root length
of P. harmala L. and O. majorana L. seeds is presented in
Fig. 2. The result showed that the tested HMs affect the shoot
and roots length of both plants (P <0.001). Increasing metal
concentrations in the culture media progressively increased
the inhibition of root and shoot length in O. majorana L. and
P. harmala L. compared to the control (P <0.001).

The shoot length of O. majorana L. was significantly
(P <0.001) inhibited by the Cd concentration (20.7% at
100 uM, 23.4% at 200 uM, and 32.2% at 300 uM) (Fig. 2a).
However, Cu had a stronger negative effect on root length
(77.27% at 300 uM) when compared with Cd and Pb
(Fig. 2¢). Cu and Cd had the most significant effect in reduc-
ing the shoot and root length in O. majorana L., respec-
tively. The inhibition decreased in the order Cd > Cu > Pb
for shoots and Cu > Cd > Pb for roots.

The increasing concentration of Cd had a pronounced
effect on decreasing the shoot (32.19% at 300 uM) (Fig. 2b)
and root (81.58% at 300 uM) length (Fig. 2d) of P. harmala
L. The increasing concentration of Cu influenced especially
the root length which decreased significantly and gradually
to reach 55.8% at 300 pM Cu. However, Pb did not show any

significant effect on the shoot length at 100 uM (0.6% reduc-
tion compared to the control) (Fig. 2b) but had a pronounced
negative effect on root length starting at the lower concentra-
tion (48.5% at 100 uM to 55.35% at 300 uM) (Fig. 2d). Cd
was the metal with the most significant effect (P <0.001)
on reducing the shoot and root length in P. harmala L. com-
pared to Cu and Pb. The inhibition decreased in the order
Cd > Cu > Pb for shoots and Cd > Pb > Cu for roots.

In terms of elongation, the results showed that the plants’
roots are the most affected organ by the metal exposure. The
root elongation inhibition reaches 81.58% under Cd in P.
harmala L. and 77.27% under Cu in O. majorana L.

3.2.2 Shoot and Root Dry Weight

The shoot and root dry weights of both species tested in Cd,
Cu, and Pb treatments were significantly lower than those in
the control. Figure 3 shows that metal exposure had an inhib-
itory effect on the shoot and root dry weight of O. majorana
L. and P. harmala L. starting at 100 uM for the three met-
als with a clear and pronounced effect on O. majorana L.,
especially under Pb (81.5% for shoot and 87.6% for root dry
weight at 300 uM Pb). However, no significant difference
was observed on the inhibition of shoots (Fig. 3a) and root
(Fig. 3c) dry weights of O. majorana L. with the rising metal
concentration starting from 100 uM. The inhibitory effects
of the three metals in the shoot (Fig. 3b) and root (Fig. 3d)
dry weight of P. harmala L. were not as pronounced as it
was in O. majorana L. The inhibition percentage did not
exceed 26.42% in the shoot dry weight (Fig. 3b) and 56.12%
in root dry weight (Fig. 3d) under Pb treatment.
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Fig. 2 Inhibition of shoot and root length of O. majorana L. (a, c)
and P. harmala L. (b, d) exposed to increasing metal concentrations
(Cd, Cu, and Pb). Data are mean=+S.D. (n=6). Significant variation
between treatments (P <0.05) indicated with different letters. Upper-
case letters indicate the difference between effects of each metal, and

3.2.3 Metal Tolerance and Seedling Vigor Index

Metal tolerance index and seedling vigor index I showed
similar changes and were significantly impacted by metal
type (P <0.001), the concentration (P <0.001), and their
interaction (P <0.001). Figure 4 shows MTI (%) and SVI I
of O. majorana L. (Fig. 4a, ¢) and P. harmala L. (Fig. 4b,
d).

The increasing concentration of the three studied HMs
decreased significantly the SVI and MTI in both plants with
a severe reduction at 200 uM Cu in O. majorana L. seedling
to reach 122.94 and 22.7% for SVI and MTI respectively
at 300 uM. Under Pb and Cd treatment, MTI decreased
slowly with the increasing metal concentration to stabilize
in 300 uM at 84% and 77.8% respectively. Likewise, SVI
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lowercase letters indicate the difference between overall treatments
effects. A two-way ANOVA indicates a significant effect of metal
concentration and their interaction on the shoot length and root length
(***P<0.001)

decreased under Pb and Cd stress to reach 290 and 278 at
300 uM respectively.

The MTI and SVI under Cu treatment decreased pro-
gressively from 100 uM for P. harmala L. to reach 44.2%
and 327.6 respectively. Similar value (44.6% and 307.8)
was found under 300 uM Pb. SVI and MTI decreased more
quickly (100 uM) under Cd and Pb in P. harmala L.; at the
highest concentration of Cd, MTI of P. harmala L. decreased
to 18.4% and SVIto 185.7.

3.3 Effect of Heavy Metal Treatments
on Antioxidant Enzymes of the Plant

The analysis of the main antioxidant enzymatic activities is
shown in Fig. 5 for O. majorana L. and P. harmala L. The
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Fig.3 Variation in the shoot (SDW) and root (RDW) dry weight
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cant variation between treatments (P <0.05) indicated with differ-
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results demonstrated that HM exposure significantly pro-
motes the antioxidant enzymes over the control.

The GPx activity increased in P. harmala L. (Fig. 5b),
and O. majorana L. (Fig. 5a) shoot under different metal
exposures. It gradually increases with exposure levels and
reaches its highest level at 300 uM Cd (48.66 umol NADPH
min~! mg~") increasing by 63% in P. harmala L compared
to the control. The GPx activity increased to highest lev-
els in O. majorana L. at 300 uM Pb (35.47 pmol NADPH
min~! mg™!), and it exceeds the control by 80%.

HMs likewise generated GR activity in P. harmala L.,
particularly under Cd stress, starting at the lowest concen-
tration (29.07 to 35.87 mol NADPH min~' mg~! at 100 uM
and 300 uM, respectively) (Fig. 5d). It also increased

Metal concentration (uM)

of each metal, and lowercase letters indicate the difference between
metal X concentration effects. A two-way ANOVA indicates a signifi-
cant effect of metal concentration and their interaction on the SDW
and RDW (**P <0.01; ***P <0.001)

under Cu and Cd in O. majorana L. starting at 200 uM
(by 105% compared to the control to reach 12.98 pumol
NADPH min~! mg~!) and 100 uM (exceed by 102.7% to
reach 12.83 umol NADPH min~!' mg~') respectively and
increased with increasing exposure level (Fig. 5¢).

The same was observed for GST activity which was
higher under Cd stress for both plants. It increased by
41.3% for P. harmala L. and 44% for O. majorana at
300 uM, followed by Cu in P. harmala L. (Fig. 5f) and
Pb in O. majorana L. at 100 and 200 uM and reached
its higher point at 300 uM Pb (59.63 umol GSH-CDNB
min~! mg™") (Fig. Se). However, the GST activity was not
affected under Pb and Cu exposure in P. harmala L. and
0. majorana L., respectively.
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Fig.4 Metal tolerance index of O. majorana L. (a) and P. harmala
L. (b) and their seedling vigor index (c, d) exposed to Cd, Cu, and
Pb. Data are mean+S.D. (n=6). Significant variation between treat-
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indicate the difference between effects of each metal, and lowercase

SOD activity was induced in P. harmala L by Cd (74.64
U min~! mg~' at 100 uM) and Cu (65.52 U min~' mg~" at
100 uM) and gradually increased to attend its maximum
at 300 uM (40% and 33.4% higher than the control for
Cd and Cu, respectively) (Fig. 5h). In O. majorana L.,
SOD activity was also induced by Cu exposure (50.61
U min~! mg~! at 100 uM) (Fig. 5g). It increased at first
with a peak at 200 uM (26.4% higher than the control) and
then decreased at the concentration of 300 uM (to 4.75%
higher than the control). At the concentrations 100 uM
and 200 uM, no significant effect was observed on O.
majorana L. under Cd and Pb. However, when exposed to

@ Springer

Metal concentration (uM)

letters indicate the difference between metal X concentration effects. A
two-way ANOVA indicates a significant effect of metal concentration
and their interaction on the metal tolerance index and seedling vigor
index I (***P <0.001)

higher concentrations of those metals, the SOD produc-
tion has been changed. At 300 uM Cd, the SOD activity
was slightly increased while it decreased at 300 uM Pb
compared to the control.

Contrary to previous enzymatic activities, the ICDH
activity decreased significantly with metal exposure start-
ing at 100 uM. It decreases progressively with the increas-
ing concentration of Pb in P. harmala L. (Fig. 5j) and Cu
in O. majorana L. (Fig. 51). However, a severe decrease
in ICDH activity was highlighted under the other metals
in both plants.
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«Fig.5 Changes in the enzymatic activities of glutathione peroxidases
GPx (a, b), glutathione reductase GR (c, d), glutathione S-transferase
GST (e, ), superoxide dismutase SOD (g, h), and isocitrate dehydro-
genase ICDH (i, j) in O. majorana L. and P. harmala L. respectively.
Shoots after exposure to increasing metal concentrations (Cd, Cu, and
Pb). Data are mean +S.D. (n=6). Significant variation between treat-
ments according to Tukey’s (HSD) test (P <0.05) indicated with dif-
ferent letters. Uppercase letters indicate the difference between effects
of each metal, and lowercase letters indicate the difference between
metal X concentration effects. A two-way ANOVA indicates a sig-
nificant effect of metal concentration and their interaction on the five
enzymatic activities (***P <0.001) in both plants

4 Discussion

The result obtained in the present study revealed that seeds
of P. harmala L. and O. majorana L. exhibited different
germination responses to Pb, Cu, and Cd treatments with
respective concentrations (0, 100, 200, and 300 uM). The
inhibition of germination of P. harmala and O. majorana
reached its maximum at the highest concentration of Cd.
The GI and TGI of P. harmala L. and O. majorana seeds
were negatively influenced by the exposure to Cd, Cu, or
Pb especially by Cd treatment for P. harmala and Cu for O.
majorana. Metals’ effects on the structure and function of
plants differ depending on variations in HMs, their concen-
tration, and plant species (Greger 2004). These findings are
in concordance with prior research (Nedjimi 2020).

HMs applied in the study caused growth retardation in
both plants especially under the highest concentration of
Cd. These findings are in concordance with an earlier study,
where the germination of O. basilicum seed in the absence
of metals began after 4.66 days, and rising Cd and Pb con-
centrations increased germination time to 7.66 and 10 days,
respectively (Fattahi et al. 2019).

In addition, P. harmala plant was the subject of a similar
investigation (Nedjimi 2020). Nedjimi (2020) reported the
negative influence of metals (Cd, Cr, Pb, and Zn) on plant
germination characteristics. In general, plants react differ-
ently to different types of metals. Cd and lead treatments
significantly reduced seed germination of P. harmala that
hardly exceeded 20% in the Nedjimi study (2020). Their
results demonstrated that the germination characteris-
tics (G% and TGI) declined as the concentrations of HMs
increased. In a recent study, El-Shora et al. (2021) showed
that Pb altered the physiological parameters of Salvia offici-
nalis L. The germination percentage of S. officinalis L. seeds
was reduced (19.33%) when treated with 400 uM Pb com-
pared to control plants. Reduced germination percentage was
also reported for the seeds of Ocimum basilicum L. under Cd
and Pb treatment. By raising the Cd concentration to 16 mg
L~!, the germination was decreased by 4%. Furthermore,
basilic seed germination was significantly lowered to 9.33%
when 80 mg L~! Pb was used (Fattahi et al. 2019). Addi-
tionally, due to Cd exposure, the G% of Thymus vulgaris L.
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seed was significantly reduced (Moori and Ahmadi-Lahijani
2020).

HMs impact seed germination in different ways. Kranner
and Colville (2011) suggested that germination is affected
either by the overall toxicity of metals or by their ability
to limit water intake. Cd, for example, blocked seed imbi-
bition and decreased seedling water content in Dorycnium
pentaphyllum (Lefevre et al. 2009). Likewise, water intake
was reduced in Arabidopsis seed exposed to Cu during
germination (Li et al. 2005). From the obtained results, in
both plants, the harmful effects of Cd and Cu were revers-
ible, and the seeds were able to recover their germination
after washing. In fact, the presence of HMs can alter the
seed microenvironment and proteins involved in seed ger-
mination, which reduces its germination rate (Nanda and
Agrawal 2016). Moreover, increasing concentration of HMs
reduced seed germination rate, which has been associated
with high levels of abscisic acid (ABA) in the seeds of Oci-
mum basilicum L. (Fattahi et al. 2019). ABA levels of wheat
were also increased under Hg, Cd, and Cu stress during the
germination stage (Munzuroglu et al. 2008). Their finding
indicates that the inhibition of germination was related with
ABA accumulation in the seeds (Munzuroglu et al. 2008).
Since ABA is known to control plant water status, it limits
the availability of water, energy, and metabolites that are
essential for seed germination and embryo development. As
a mechanism of growth inhibition, it might inhibit H* efflux
(H*-ATPase) and cause cytosolic acidification (Planes et al.
2015).

Generally, biomass and elongation reduction are impor-
tant indicators to evaluate metal toxicity in plants. Previous
studies (Fattahi et al. 2019; Ibrahim et al. 2017; Mahda-
vian et al. 2016; Nanda and Agrawal 2016; Yang and Ye
2015; Zhang et al. 2020) have reported a decline in shoot
and root biomass and length due to metal stress. The aver-
age shoot length of Cassia angustifolia Vahl was found to
be decreased from 5.53 to 1.4 cm, whereas the average root
length decreased from 7.12 to 0.3 cm under Cu (Nanda and
Agrawal 2016), showing that roots are more sensitive organ
to metal exposure than shoots. Similar results were obtained
by Zhang et al. (2020) where radicle length was more sensi-
tive to Cu and Zn than other parameters. The present data
confirm these findings, as all the examined HMs impact the
length of the roots before the shoots. Furthermore, increas-
ing Pb concentrations decreased the dry weights of roots
and shoots in P. harmala L. populations (Mahdavian et al.
2016), and Ocimum basilicum L. recorded the lowest SDW
under Cd treatment (Fattahi et al. 2019). Yang and Ye (2015)
reported that the height and biomass of the 18 wetland spe-
cies used in their study under Pb treatment were signifi-
cantly lower than those of the control. In addition, Ibrahim
et al. (2017) observed a reduction in Gaultheria procumbens
(Lour.) Merr dry weight under Cd and Cu exposure.
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Seed vigor index is regarded as a summary of several
parameters and criteria developed to answer frequently
asked issues concerning seed functioning under unfa-
vorable environmental conditions (Marcos-Filho 2015).
In the current study, the effect of HMs on seedling vigor
index in O. majorana L. and P. harmala L. seedlings was
evaluated. In fact, vigorous seeds are desirable for cul-
tivation in polluted soils to ensure healthy and tolerant
seedlings under stressful environmental conditions. The
lowest vigor index was recorded in O. majorana L. under
Cu exposure. However, P. harmala L. seedling vigor index
was strongly affected by Cd at the highest concentration.
SVI of T. vulgaris L. was also reported to decrease with
increasing Cd concentration (Moori and Ahmadi-Lahijani
2020). Similarly, a gradual decrease was observed on SVI
of Thespesia populnea L. under increasing levels of Pb
and Cd (Kabir et al. 2008).

In many plants (Astrebla lappacea, Themeda australis,
Austrostipa scabra, and Acacia harpophylla), germination
percentage, MGT, and the shoot tolerance index (STI) were
ineffective indicators of metal toxicity to germination. Root
tolerance index (named as the metal tolerance index in our
study) was the most effective indicator of species metal tol-
erance during germination (Guterres et al. 2019). This index
was found to be the more sensitive to assess metal tolerance
during germination (Zhang et al. 2020). The decrease trend
of MTI in O. majorana L. and P. harmala L. was minimal at
Pb and Cu exposure, indicating that O. majorana L. may be
more tolerant to Pb and P. harmala L. to Cu exposure. Our
findings were in the same range of those found by Yang and
Ye (2015), where MTI varied from 29 to 82% and from 1 to
80% in the 900 mg Pb kg™! and 1800 mg Pb kg™ treatment,
respectively, for the 18 wetland plants tested.

In terms of these characteristics, the level of metal tox-
icity on germination parameters of P. harmala L. was in
decreasing order: Cd > Pb > Cu. Similar results have been
found for P. harmala L. where Cd was shown to be the most
toxic metal, followed by Pb (Nedjimi 2020). This might be
due to varying mobility levels of metals, with Cd being more
mobile than Pb and Cu (Greger 2004). However, the toxicity
of metals on O. majorana L. germination parameters was
in decreasing order: Cu>Cd>Pb. A high Cu toxicity on
O. majorana L. was emphasized according to our results.
Accordingly, other studies reported a toxic effect of Cu on
seed germination. Mahmood et al. (2007) highlighted a 35
and 60% decrease in germination of wheat and rice seeds,
respectively, after only 10 uM Cu exposure. Germination
percentage in rice seeds was also reported to be decreased as
Cu level increased from 200 to 1500 uM (Ahsan et al. 2007).
Reduced seed germination under Cu exposure may be due
to a decrease in alpha-amylase activity (Ahsan et al. 2007).
Furthermore, Cu toxicity in the seed germination process
has been related to the general alteration of metabolism and

water intake (Li et al. 2005; Sethy and Ghosh 2013; Nanda
and Agrawal 2016).

Along with the physical parameters, we observed an
enhancement in the activity of the antioxidative enzymes
(SOD, GPx, GR, and GST) in P. harmala L. and O. majo-
rana L. shoots exposed to the three different HMs.

HMs used in this experiment can be divided into redox-
active (Cu) and redox-inactive (Cd, Pb) (Hossain et al.
2012). Plants exposed to Cd or Pb experience oxidative
stress via indirect processes, including interaction with the
antioxidant defense system, interruption of the electron
transport chain, or induction of lipid peroxidation (Hossain
et al. 2012). In fact, ROS-induced oxidative stress is one
of the major toxic effects during HM exposure of plants,
which leads to DNA damage, lipid peroxidation, and inhi-
bition of adenosine triphosphate (ATP) synthesis (Yahaghi
et al. 2019).

Glutathione peroxidase is an important antioxidant
enzyme involved in plant stress responses and H,0,
detoxification. Its overproduction in several plant spe-
cies increases resistance to abiotic stress such as HMs and
oxidative stresses (Bela et al. 2017). Under different HM
stresses, GPx showed a significant rise compared to con-
trol. Initially, at lower metal concentrations, the increase of
GPx was moderate. Nevertheless, with the increasing con-
centration of HMs, GPx showed high activity. In fact, the
highest significant increase in GPx activity was recorded
in Cd-treated P. harmala L. compared to the control. GPx
activity was also observed to be higher in Origanum vulgare
L. shoots under Cd, Pb, and Zn polluted soil (Stancheva
et al. 2014). The study indicated an effective performance of
the ascorbate—glutathione cycle in O. vulgare L. Increased
GPx activity was observed in Hordeum vulgare L. root tip
under Cd exposure and was significantly correlated with root
growth inhibition. A similar significant increase in GPx was
observed under Cu application. However, a slight increase
in GPx was examined following Pb treatment (Haluskova
et al. 2009).

Glutathione reductase (GR) is an enzyme involved in the
AsA-GSH cycle and performs a critical function in scav-
enging ROS under stress and maintains both AsA and GSH
levels in cells (El-Shora and Abd-Elgawad 2014). Increased
GR activity in plants leads to increased glutathione (GSH)
levels, enhancing plant tolerance. The GR activity in our
study was induced by HMs, more strongly by Cd for P. har-
mala L. It also increased under Cu and Cd in O. majorana
L. In fact, Cd increased the mRNA levels of genes involved
in GSH production (gshl and gsh2) (Semane et al. 2007).
These results are confirmed by many authors, who reported a
significant increase in GR activity in response to HMs. Simi-
lar improvement in GR activity has also been reported in Cu-
treated C. angustifolia seedlings (Nanda and Agrawal 2016).
The GR activity of Triticum aestivum L. leaves was also
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increased by 96 and 97% at 1338 mg Cu kg~! and 24 mg Cd
kg~! respectively over the control (Rizvi and Khan 2017). In
the leaves and roots of two Kenaf (Hibiscus cannabinus L.)
plants, the highest specific activities of GR were observed at
20 uM Cd and then decreased at higher concentrations (up
to 120 uM) (Li et al. 2013).

In addition to GPx and GR, glutathione S-transferase
is another family of enzymes involved in the metabo-
lism of glutathione and is known for its ability to assess
plants to overcome different abiotic stresses. Several GST
enzymes have shown a GPx activity (Haluskov4 et al. 2009).
Haluskov4 et al. (2009) have investigated the GST and GPx
activities in Hordeum vulgare L. root tip induced by different
abiotic stresses, including HMs that caused an increase in
GST activity in the root tip. They have also detected a GPx
activity in barley root tip despite using an inhibitor of animal
GPx, indicating the fact that GST enzymes might have GPx
activity. Moreover, an improvement in the three antioxidant
enzyme activities (GPx, GST, and GR) was induced by the
HM pollution (Cd, Pb, and Zn) in Origanum vulgare L.
(Stancheva et al. 2014).

Concerning superoxide dismutase (SOD), the results
demonstrated low activity in control plants while it enhanced
under treatment with various concentrations. Increased SOD
activity in P. harmala L. shoots was shown to be strongly
linked with increasing concentrations of the examined HMs,
especially under Cd treatment. This increment could be
attributed to reducing superoxide radicals (Malecka et al.
2012). Cd causes H,0, production either directly or indi-
rectly through SOD activity. Comparable findings have
been found by Yeboah et al. (2021), where the SOD activity
significantly increased (P <0.001) in Ricinus communis L.
under Cd treatment compared to the control. In P. harmala
L. shoot under 10 uM Cu and 100 uM Cu, the SOD activ-
ity increased at the rate of 126 to 173% compared with the
control (Lu et al. 2010). Moreover, SOD activity in leaves
of 18 plant species significantly increased under Pb treat-
ments (Yang and Ye 2015). C. angustifolia Vahl. seedlings
exposed to Cu had a stronger SOD activity than Zn-treated
seedlings (Nanda and Agrawal 2016), indicating that Cu
has redox-active characteristics (Hossain et al. 2012). In
our study, the specific activity of SOD was also induced in
O. majorana L. by HM exposure, especially Cu (maximum
at 200 uM). However, the SOD production has been signifi-
cantly decreased when O. majorana L. seeds were exposed
to higher concentrations of Cu and Pb (300 uM). Similar
results were revealed by Li et al. (2013). This result might
be due to the overproduction of ROS of plants subjected to
environmental stresses, which overcome the capacity of the
antioxidant system, leading to physiological dysfunction and
enzyme damage (Zhang et al. 2007).

NADP-dependent isocitrate dehydrogenase (NADP-
ICDH) has been identified as an important component of
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antioxidative defense systems in animals’ cells and microor-
ganisms. However, few studies were conducted on the anti-
oxidant properties of NADP-ICDH in plant cells. NADPH
generated by mitochondrial and chloroplastic ICDH activ-
ity may have a critical role in glutathione regeneration in
the ascorbate—glutathione cycle and glutathione peroxidase
system. Its overproduction resulted in minimized dam-
age induced by ROS generation (Demidchik et al. 2003).
Under drought stress, Zahir (2021) found that plant growth
was associated with an increase of NADP-ICDH activity.
Furthermore, Ledn-Vaz et al. (2021) showed a significant
increase in ICDH activity in the microalga Chlorella soro-
kiniana under Cd and As (III). The content of ICDH in Rosa
canina L. collected from HM-polluted soil around a closed
mine was also greater than a control soil (Todirascu-Ciornea
et al. 2018). Unlike the previously cited studies, our results
demonstrated that the increase of metal concentration led
to a significant decrease of ICDH in both plants. Rajpoot
et al. (2020) also reported that the content of several car-
bohydrate-metabolizing enzymes, including ICDH, showed
a significant reduction in rice plants under excess of Mn.
This decline might be attributed to the fact that HM excess
affected carbohydrate metabolism, resulting in reduced plant
development.

In general, plants have developed a refined mechanism to
reinforce the cellular antioxidant system and deal with ROS
rise due to HM stress by increasing the production of anti-
oxidant enzymes. Among the HMs tested, Cd has the greater
effect on increasing antioxidant enzymes (SOD, GR, GPx,
and GST) in P. harmala L. despite its effect on decreas-
ing ICDH activity. However, the antioxidant enzymes of O.
majorana L. possessed a different response to each HM. GPx
and GST activities were higher under Pb exposure, while
GR and SOD were higher under Cu exposure. Moreover,
the most suppressive effect of ICDH activity was under Pb.

5 Conclusion

Medicinal and aromatic plants have been proposed as alter-
native crops in heavy metal-contaminated soils since they
can be exposed to different kinds of abiotic stresses. Metal
tolerance index is the most effective indicator of species
metal tolerance during germination which is a critical phase
of the plant in ensuring healthy and tolerant seedlings to mit-
igate the stress caused by heavy metal. O. majorana L. and
P. harmala L have shown the potential to tolerate lead and
copper respectively. The reactive oxygen species generated
under heavy metal stress were regulated through the different
enzymatic pathways activated, suggesting the role of oxida-
tive stress as a component of environmental stress on O.
majorana L. and P. harmala L. Tt appears that the differences
in response of enzymatic activities have a direct relation
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to the sensitivity of the two plants to heavy metals. This
study may suggest the possibility of using O. majorana L.
for rehabilitation and revegetation of Pb-polluted soils and
P. harmala L. for Cu-polluted soils. Thus, further in-depth
studies are required to determine the mechanisms of heavy
metal uptake and translocation in relation to their impact
on medicinal plant growth and development. Furthermore,
the roles of enzymatic antioxidants and the activated genes
need to be explored for different roots of heavy metal uptake.
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