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ABSTRACT: Cadmium (Cd) contamination is a major environmental stressor that adversely affects crop germination
and early development. This study assessed the impact of increasing Cd concentrations (0.125 to 1 g/L) on seed
germination and early seedling growth in three bread wheat (Triticum aestivum L.) cultivars: Achtar, Lina, and
Snina. The results revealed a clear dose-dependent inhibitory effect of Cd. Germination percentage (GP) significantly
declined with increasing Cd levels, while mean germination time was progressively delayed, particularly at higher
concentrations. Vigor index (VI) also showed significant reductions, reflecting compromised seedling establishment.
Morphological traits, especially shoot and root lengths, were negatively affected, with root systems exhibiting greater
sensitivity. Growth inhibition indices indicated a stronger suppression in roots than in shoots, and tolerance index (TI)
values demonstrated clear intervarietal differences, with Achtar displaying the highest tolerance and Lina the greatest
susceptibility. Pearson correlation analysis revealed strong positive relationships among GP, VI, TI, and seedling length,
and negative correlations with shoot and root growth inhibition. Principal component analysis further supported these
patterns, effectively separating cultivar responses across treatments. Overall, this study highlights the phytotoxic effects
of Cd on early wheat development and underscores the role of genetic variability in determining cultivar tolerance to
heavy metal stress.

KEYWORDS: Cadmium; heavy metal stress; seedling development; phytotoxicity; root growth; varietal differences;
tolerance index

1 Introduction
Ensuring safe and sustainable crop production is becoming more challenging as agricultural soils face

contamination from heavy metals. Among these pollutants, cadmium (Cd) is one of the most hazardous due
to its high mobility, persistence in the environment and ability to accumulate in biological organisms [1]. In
agricultural systems, Cd contamination arises from multiple sources, including phosphate-based fertilizers,
industrial emissions, sewage sludge, the uncontrolled use of untreated wastewater for irrigation, and natural
geological sources such as the weathering of parent rock [2,3]. Its accumulation in soil, especially in
water-scarce regions where marginal resources are reused, raises serious concerns for food safety and crop
viability [4]. In Morocco, concerning levels of Cd contamination have been recorded in agricultural regions
such as the Gharb Plain (Mnasra) and Mohammedia–Benslimane, where Cd concentrations in wheat soils
exceeded regulatory thresholds, reaching up to 10.4 ppm in some areas [5,6]. Cd’s phytotoxic effects are
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particularly severe during the first stages of plant development [1], not only impairing visible growth but also
disrupting biochemical and molecular processes. In wheat, Cd exposure can trigger excessive production
of reactive oxygen species (ROS), leading to oxidative damage in lipids, proteins, and nucleic acids. To
counteract this stress, plants activate enzymatic antioxidants such as superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX), as well as non-enzymatic antioxidants like glutathione (GSH) [7].
Cadmium also induces the synthesis of phytochelatins, which chelate and sequester the metal in vacuoles [8].
Recent multi-omics studies further reveal that Cd stress alters the expression of metal-transporter genes (e.g.,
HMA, ABCC, NRAMP families) and reprograms central metabolic pathways, including those involved in
sugar, amino acid, and osmolyte biosynthesis, changes that collectively influence germination performance
and early seedling establishment [9,10]. These integrated defense mechanisms ultimately influence a seed’s
ability to germinate and establish healthy seedlings under Cd stress [11]. Several studies have shown that
Cd significantly affects seed germination and early seedling development, which are crucial stages in
determining final plant productivity [12–14]. For instance, Lamhamdi et al. [15] demonstrated that Cd
reduced the germination percentage and inhibited shoot and root elongation in bread wheat, especially
at higher concentrations. Similarly, Shedeed and Farhat [16] observed that Cd stress altered biochemical
responses and suppressed seedling vigor in wheat, though some of these effects were alleviated using
phytoremediation agents like Azolla pinnata.

Wheat (Triticum spp.), one of the most cultivated cereals globally, is of particular concern due to its
widespread consumption and its potential to transfer heavy metals through the food chain [17]. While wheat
is known for its adaptability to different soil and climatic conditions, its performance under toxic stress,
particularly during the early growth stages, remains genotype-dependent [18,19]. As a staple food, ensuring
its safe production is of paramount importance. While Cd concentrations in Moroccan wheat grains may
vary regionally [20,21], its ability to accumulate in edible plant parts, including grains, shoots, and leaves,
raises concerns about potential entry into the food chain, affecting not only human health but also livestock
and broader ecosystems [22].

Germination marks the first and most sensitive stage of plant development, where the seed activates
metabolic pathways and begins development into a seedling [23]. This stage can be severely impaired by the
presence of toxic elements such as Cd, potentially delaying plant growth, inhibiting root and shoot elongation
and reducing seedling vigor, thus affecting the entire plant life cycle [24,25]. In a previous study conducted
in our laboratory, we assessed the impact of Cd on the germination and early growth of three durum wheat
(Triticum durum L.) cultivars. The results revealed that Cd significantly reduced germination rates, inhibited
root, and shoot elongation in a concentration-dependent manner, with root length being more affected than
shoot length. Among the tested cultivars, Louiza showed the highest sensitivity [26].

In Morocco, where wheat is a dietary staple and a key component of national food security, under-
standing its behavior under Cd stress is particularly important. Based on our previous findings in durum
wheat and the widespread cultivation of bread wheat (Triticum aestivum L.) in Morocco, we hypothesize
that Moroccan bread wheat cultivars may exhibit differential tolerance to Cd stress during germination.
Therefore, the objective of this study is to evaluate the germination performance and early growth responses
of three bread wheat varieties under increasing Cd concentrations, with the aim of identifying potential
varietal tolerance and contributing to future selection strategies for cultivation in contaminated soils.
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2 Results

2.1 Effects of Cd on Wheat Germination
Germination percentage (GP) declined progressively with increasing Cd concentrations, and the mag-

nitude of reduction differed across the three wheat cultivars (Fig. 1a). All cultivars showed full germination
(100%) under control and 0.125 g/L Cd. At 0.25 g/L, minor declines emerged, though not statistically
significant. From 0.375 g/L onward, differences became more apparent: Achtar maintained higher GP values,
while Lina and Snina showed significant reductions (p< 0.05). The most pronounced effects occurred at 0.875
and 1 g/L, where GP dropped sharply in Lina and Snina, whereas Achtar retained higher values throughout.

Figure 1: The impact of Cd on GP and MGT. (a) Germination percentage (%), (b) Mean Germination Time (days).
Bars marked with different letters denote statistically significant differences, as determined by Tukey’s post hoc test
following a one-way ANOVA (p < 0.05)

Cd stress progressively delayed germination in all cultivars, as reflected in the significant increase in
mean germination time (MGT) with rising Cd concentrations (Fig. 1b). Under control conditions, MGT
values were low and statistically similar across cultivars. Notably, Snina was the first to exhibit a measurable
delay at 0.125 g/L, while Lina and Achtar remained unaffected at that level. As Cd concentrations increased,
Lina and Snina showed a stronger delay at 0.25 g/L, whereas Achtar’s response remained mild. At higher
concentrations (≥0.5 g/L), Lina exhibited the most pronounced increase in MGT, peaking at 3.12 days, while
Achtar and Snina followed with more moderate delays. By 1 g/L, all cultivars experienced significant slowing
of germination compared to the control, with Achtar at 2.92 days, Snina at 2.43 days, and Lina at 2.17 days,
which is significantly higher and slower than the control (p < 0.05).

2.2 Effect of Cd on Seedling Development
Cd stress led to a progressive and pronounced reduction in shoot length (SL) across all three bread

wheat cultivars (Table 1). Under control conditions, Achtar showed the most vigorous shoot development
(10.16 cm), while Lina and Snina had shorter shoots (around 5.34–5.61 cm). At 0.125 g/L, Achtar’s SL was
significantly reduced by nearly 50% (p < 0.05), whereas Lina exhibited a statistically significant increase
compared to the control. From 0.25 g/L onward, all cultivars experienced a sharp decline in SL. Lina and
Snina dropped below 2.5 cm by 0.25 g/L, and by 0.5 g/L, Lina’s SL fell drastically to 0.42 cm, significantly lower
than Achtar (1.35 cm) and Snina (0.98 cm) (p < 0.05). At the highest Cd levels (0.875–1 g/L), shoot growth
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was almost completely arrested in all cultivars (below 0.1 cm). Despite this, Achtar consistently maintained
higher SL than Lina and Snina across treatments except the highest.

Table 1: Impact of increasing Cd concentrations on SL and RL, FW and DW in three bread wheat cultivars

Cd Concentrations (g/L) SL (cm) RL (cm) FW (g) DW (g)

Achtar Lina Snina Achtar Lina Snina Achtar Lina Snina Achtar Lina Snina
0 10.16 ±

1.32a
5.34 ±
0.24c

5.61 ±
0.48c

12.03 ±
1.64a

8.80 ±
1.12b

6.20 ±
1.10c

4.77 ±
0.86ab

4.28 ±
0.29bc

2.46 ±
0.14f

0.99 ±
0.06j

1.63 ±
0.04d-g

1.55 ±
0.05efg

0.125 5.15 ±
0.90c

6.39 ±
0.76b

5.34 ±
0.67c

4.13 ±
0.72d

3.63 ±
0.19de

2.44 ±
0.28fg

2.86 ±
0.81ef

5.12 ±
0.49a

3.90 ±
0.72c

1.11 ±
0.04i

1.35 ±
0.09h

1.50 ±
0.05g

0.25 4.10 ±
0.68d

2.38 ±
0.41e

2.40 ±
0.52e

2.90 ±
0.24ef

1.55 ±
0.03gh

1.33 ±
0.70hi

3.09 ±
0.11def

4.27 ±
0.23bc

3.80 ±
0.31cd

1.12 ±
0.02i

1.65 ±
0.03def

1.52 ±
0.10fg

0.375 2.18 ±
0.45ef

1.05 ±
0.31gh

1.03 ±
0.48gh

1.33 ±
0.56hi

0.15 ±
0.08j

0.28 ±
0.23ij

2.59 ±
0.16f

3.79 ±
0.08cd

3.55 ±
0.07cde

1.16 ±
0.01i

1.68 ±
0.10b-e

1.59 ±
0.04efg

0.5 1.35 ±
0.24fg

0.42 ±
0.51gh

0.98 ±
0.20gh

0.29 ±
0.07ij

0.09 ±
0.10j

0.11 ±
0.05j

2.53 ±
0.08f

3.76 ±
0.04cd

3.57 ±
0.16cde

1.19 ±
0.07i

1.78 ±
0.02abc

1.50 ±
0.06g

0.625 1.14 ±
0.04gh

0.30 ±
0.10h

0.50 ±
0.13gh

0.19 ±
0.02j

0.08 ±
0.02j

0.08 ±
0.02j

2.51 ±
0.13f

3.70 ±
0.09cd

3.80 ±
0.05cd

1.21 ±
0.07i

1.81 ±
0.05ab

1.67 ±
0.05cde

0.75 1.12 ±
0.15gh

0.27 ±
0.07h

0.19 ±
0.03h

0.18 ±
0.06j

0.05 ±
0.01j

0.06 ±
0.03j

2.63 ±
0.12f

3.58 ±
0.07cde

3.98 ±
0.25c

1.18 ±
0.04i

1.81 ±
0.05ab

1.73 ±
0.02a-d

0.875 0.15 ±
0.04h

0.19 ±
0.08h

0.18 ±
0.05h

0.08 ±
0.01j

0.03 ±
0.00j

0.06 ±
0.01j

2.48 ±
0.11f

3.53 ±
0.12cde

3.51 ±
0.31cde

1.15 ±
0.05i

1.84 ±
0.07a

1.68 ±
0.08b-e

1 0.08 ±
0.03h

0.09 ±
0.05h

0.08 ±
0.03h

0.05 ±
0.02j

0.01 ±
0.00j

0.03 ±
0.01j

2.48 ±
0.08f

3.59 ±
0.03cde

3.56 ±
0.16cde

1.21 ±
0.02i

1.78 ±
0.01abc

1.60 ±
0.04efg

Note: Values marked with different letters denote statistically significant differences within each column, as deter-
mined by Tukey’s post hoc test following a one-way ANOVA (p < 0.05).

Root length (RL) was even more severely affected by Cd than SL, with early and sharp reductions
observed as Cd levels increased (Table 1). In the absence of stress (0 g/L), Achtar displayed the most developed
roots, followed by Lina and Snina. A significant decline (p < 0.05) occurred at 0.125 g/L in all cultivars, with
reductions exceeding 65% compared to the control. RL continued to decrease rapidly across concentrations,
especially from 0.25 to 0.5 g/L, where Lina and Snina dropped below 0.12 cm. At 1 g/L, Lina’s RL reached
the lowest recorded value (0.01 cm), while Achtar consistently retained higher RL than the others at all
concentrations. ANOVA confirmed significant differences between cultivars and treatments (p < 0.05).

Cd exposure affected both fresh weight (FW) and dry weight (DW) accumulation, with significant
changes (p < 0.05) observed at specific concentrations (Table 1). In Achtar, FW significantly dropped from
control to 1 g/L (p < 0.05), while DW remained largely unaffected. Lina exhibited significant increases in
both FW and DW at low Cd concentrations (0.125–0.375 g/L) (p < 0.05), then plateaued. In Snina, DW
peaked at 0.75 g/L, showing a significant increase compared to the control (p < 0.05), whereas FW changes
were minimal.

2.3 Impact of Cd on Wheat Tolerance Indices
Cd exposure led to a substantial and progressive decline in vigor index (VI) across all three wheat

cultivars, indicating a strong suppressive effect on seedling performance under stress (Fig. 2). Under
control conditions (0 g/L Cd), Achtar exhibited the highest VI (2219.83), followed by Lina (1414.00) and
Snina (1181.50) with statistically significant differences between cultivars (p < 0.05). At 0.125 g/L Cd, VI
values declined notably to 927.67 (Achtar), 1046.89 (Lina), and 777.33 (Snina), yet remained statistically
distinguishable, indicating variability in cultivar responses at this stress level. As the stress intensified to 0.25
g/L, VI further declined to 675.73 (Achtar), 365.27 (Lina), and 355.39 (Snina), with Achtar maintaining a
significantly higher VI compared to the others (p < 0.05). Beyond 0.375 g/L, VI values significantly declined
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across all cultivars compared to the control (p < 0.05). At 0.5 g/L Cd, values fell to 137.00 (Achtar), 62.15
(Lina), and 92.59 (Snina), with statistical differences still evident. At 0.625 g/L, VI dropped below 95 across
all cultivars, with no statistically significant differences. At the highest concentrations tested (0.75–1 g/L), VI
values became negligible, with all cultivars showing values between 0.57 and 9.8. Although Achtar showed
slightly higher VI values at 0.875 and 1 g/L (9.8 and 5.26) compared to Lina (3.41 and 0.56) and Snina (6.88
and 2.63), these differences were no longer statistically significant (p < 0.05).

Figure 2: The impact of Cd on seedling vigor of the three studied wheat varieties. Bars marked with different letters
represent statistically significant differences as determined by Tukey’s post hoc test following a one-way ANOVA
(p < 0.05)

Cd exposure caused a sharp and dose-dependent reduction in Tolerance index (TI) across all three
wheat cultivars, with significant intervarietal differences detected from the lowest tested concentration
(p < 0.05) (Fig. 3). Under control conditions, TI was set at 100% for all cultivars. At 0.125 g/L, TI significantly
decreased by more than 50% (p < 0.05), with Lina recording 41.30%, followed by Snina (39.30%) and
Achtar (34.29%). As Cd levels increased, TI values dropped rapidly. At 0.25 g/L, Achtar recorded a higher
TI (24.07%), compared to Snina (21.45%) and Lina (17.67%), with differences being statistically significant
(p < 0.05). From 0.375 g/L onward, all cultivars exhibited marked declines in TI, falling below 12%. At 0.5
g/L, Achtar retained 2.40%, while Lina and Snina dropped below 2%. By 0.75 g/L, Lina fell below 1%, whereas
Achtar and Snina retained 1.53% and 1.04%, respectively. At 1 g/L, all cultivars showed near-total inhibition,
with TI values under 0.6%.

Analysis of shoot growth inhibition (GIS) revealed a clear concentration-dependent response to Cd
exposure, with differences becoming statistically significant at even low doses (p < 0.05) (Fig. 4a). At
0.125 g/L, Achtar exhibited 49.3% inhibition, while Lina showed a stimulation effect (−19.56%), and Snina
remained near the baseline (4.96%). From 0.25 g/L onward, GIS increased across all cultivars. At 0.375 g/L,
inhibition reached to 78.6% in Achtar, 80.4% in Lina, and 81.7% in Snina, with significant differences among
cultivars (p < 0.05). At higher concentrations ≥0.5 g/L, GIS exceeded 85% in all cultivars and approached
complete inhibition at 1 g/L, with values of 99.16% in Achtar, 98.22% in Lina, and 98.58% in Snina.
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Figure 3: The impact of Cd on wheat tolerance of the three studied wheat varieties. Bars marked with different letters
represent statistically significant differences as determined by Tukey’s post hoc test following a one-way ANOVA
(p < 0.05)

Figure 4: The impact of Cd on wheat shoot and root inhibition of the three studied wheat varieties. (a) Shoot growth
inhibition under Cd stress, (b) Root growth inhibition under Cd stress. Bars marked with different letters represent
statistically significant differences as determined by Tukey’s post hoc test following a one-way ANOVA (p < 0.05)

Root growth inhibition (GIR) also showed a strong concentration-dependent increase (p < 0.05)
(Fig. 4b). At 0.125 g/L, GIR reached 65.7% in Achtar, 60.7% in Lina, and 58.5% in Snina. At 0.25 g/L, GIR
exceeded 78% in all cultivars and continued to rise. At 0.375 g/L, Achtar reached 88.96%, Lina 98.31%, and
Snina 95.40%. From 0.5 g/L upward, GIR values plateaued near complete inhibition. At 1 g/L, all cultivars
showed GIR values above 99%, indicating strong suppression of root elongation.

2.4 Pearson Correlation and PCA
The Pearson correlation analysis revealed several statistically significant associations between

germination-related and growth-related traits in bread wheat cultivars exposed to Cd stress (Table 2). GP
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was positively correlated with SL (r = 0.796, p < 0.001), RL (r = 0.645, p < 0.001), VI (r = 0.727, p < 0.001),
and TI (r = 0.667, p < 0.001). Conversely, GP was negatively correlated with GIS (r = −0.781, p < 0.001), GIR
(r = −0.667, p < 0.001), and DW (r = −0.600, p < 0.001), while no significant association was found with FW
(r = 0.056, p > 0.05). MGT was inversely correlated with GP (r = −0.705, p < 0.001), SL (r = −0.780, p < 0.001),
RL (r = −0.696, p < 0.001), VI (r = −0.746, p < 0.001), and TI (r = −0.707, p < 0.001). MGT also showed positive
correlations with GIS and GIR (r = 0.778 and r = 0.707, respectively; both p < 0.001), indicating that slower
germination duration was statistically associated with greater inhibition scores. SL and RL exhibited a strong
positive correlation (r = 0.918, p < 0.001), and both were highly correlated with VI (r = 0.977 and r = 0.981,
respectively; p < 0.001), TI (r = 0.884 and r = 0.955; p < 0.001), and negatively correlated with GIS and GIR
(shoot: r = −0.925 and r = −0.884; root: r = −0.827 and r = −0.955; all p < 0.001). VI showed a strong positive
correlation with TI (r = 0.941, p < 0.001), and strong negative correlations with GIS and GIR (r = −0.896 and
r = −0.941, respectively; p < 0.001). TI showed a strong negative correlation with GIR (r = −1.000, p < 0.001)
and with GIS (r = −0.885, p < 0.001). GIS and GIR were positively correlated (r = 0.885, p < 0.001), reflecting
a shared pattern of inhibition in shoot and root growth. FW and DW were weakly associated with other
variables. FW showed a modest correlation with DW (r = 0.384, p < 0.05), but no significant correlation with
GP, SL, or RL, indicating limited association under the tested conditions.

Table 2: Correlation matrix (Pearson (n − 1)) of measured variables

Variables GP MGT VI FW DW SL RL GIS GIR TI
GP 1

MGT −0.705c 1
VI 0.727c −0.746c 1

FW 0.056 −0.391a 0.380 1
DW −0.600c 0.192 −0.413a 0.384a 1
SL 0.796c −0.780c 0.977c 0.379 −0.464a 1
RL 0.645c −0.696c 0.981c 0.358 −0.356 0.918c 1
GIS −0.781c 0.778c −0.896c −0.452a 0.254 −0.925c −0.827c 1
GIR −0.667c 0.707c −0.941c −0.293 0.241 −0.884c −0.955c 0.885c 1
TI 0.667c −0.707c 0.941c 0.293 −0.241 0.884c 0.955c −0.885c −1.000c 1

Note: aCorrelation is significant at p < 0.05, bCorrelation is significant at p < 0.01, cCorrelation is significant at
p < 0.001. DW Dry weight, FW Fresh weight, GP Germination percentage, GIR Root growth inhibition, GIS
Shoot growth inhibition, RL Root length, SL Shoot length, TI Tolerance index, VI Vigor index.

Principal component analysis (PCA) was conducted separately for each cultivar to explore the rela-
tionships among germination and growth parameters under Cd stress. The first two principal components
(PC1 and PC2) explained the majority of the total variance of 98.16% in Achtar (a), 95.03% in Lina (b), and
91.85% in Snina (c) (Fig. 5). In the biplots, control and low Cd concentrations (0 to 0.25 g/L) were clustered
on the positive side of PC1, and positively associated with GP, RL, SL, VI, and in some cases FW (Achtar
and Lina). Higher Cd concentrations (≥0.5 g/L) were positioned on the negative side of PC1, correlating
strongly with MGT, GIS, GIR, and DW. This distribution along PC1 reflects the separation between traits
linked to low stress and those affected by higher Cd exposure. PC2 contributed modestly to variance and
helped distinguish biomass traits, particularly in Lina and Snina.
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Figure 5: Principal component analysis of germination and growth traits in three wheat cultivars under varying Cd
concentrations. (a) Achtar, (b) Lina, and (c) Snina. DW: Dry weight; FW: Fresh weight; GP: Germination percentage;
GIR: Root growth inhibition; GIS: Shoot growth inhibition; RL: Root length; SL: Shoot length; TI: Tolerance index; VI:
Vigor index

3 Discussion
Seed germination marks the transition of a dormant seed into an active seedling and is initiated by

water uptake, triggering metabolic reactivation and culminating in radicle protrusion through the seed coat.
This developmental phase is essential for plant establishment and subsequent crop productivity [27,28].
However, environmental contaminants such as heavy metals can profoundly hinder this process [29].
Cd, a non-essential and highly toxic heavy metal, is absorbed unintentionally by plants and severely
disturbs physiological homeostasis, including nutrient balance and enzymatic activity [30]. In addition
to its inhibitory effects on early growth, Cd’s accumulation in edible plant parts, such as grains, poses a
serious risk to food safety and public health, further emphasizing the urgency of identifying tolerant wheat
genotypes [31]. In light of growing concerns regarding soil Cd contamination, our study investigated the
germination and seedling responses of three bread wheat cultivars (Achtar, Lina, and Snina) exposed to
increasing Cd concentrations (0.125 to 1 g/L). A clear inhibitory effect on germination was observed in
response to increasing Cd concentrations, as evidenced by a marked decline in GP across all tested cultivars
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at elevated Cd levels. Cd exposure also led to a noticeable delay in MGT, particularly in the sensitive
cultivar Lina. This delay suggests that Cd interferes not only with the onset of germination but also with its
temporal regulation. This suppression and delay is consistent with Cd’s recognized phytotoxic properties,
which interfere with water absorption and disrupt key enzymatic processes essential for reserve mobilization
needed for seed germination [14,32–34]. Notably, high Cd levels can inhibit sugar hydrolysis and its transport
from the endosperm to the embryonic axis, possibly due to Cd’s antagonistic effect on enzymes like acid
phosphatases and α-amylases, resulting in nutrient deprivation of the growing embryo [1,25]. Cd exposure
also appears to interfere with protein metabolism, modify protein profiles, and limit root respiration, leading
to accumulation of toxic compounds and hindered cellular activity [30,35]. These physiological disruptions
at the biochemical level manifest visibly in early seedling development, as reflected in the reduction of shoot
and root growth parameters. SL, a key marker of early vegetative development, was notably reduced under
Cd exposure, particularly in the cultivar Lina. This decline may result from Cd-induced oxidative stress or
disruption in hormonal signaling pathways that regulate cell elongation and division in shoot tissues [36].
Interestingly, however, Lina showed a slight but statistically significant increase in SL at 0.125 g/L, which
may reflect a hormetic response, a phenomenon where low levels of a stressor temporarily stimulate growth
before higher levels exert toxic effects [37]. Similarly, RL, which is highly sensitive to external stressors
due to its direct contact with the toxic medium, exhibited a more pronounced inhibition than SL [38].
This severe suppression, again most evident in Lina, likely reflects Cd’s interference with root meristem
activity, cell wall structure, and mitotic processes [25,39]. The greater sensitivity of roots highlights their
role as primary indicators of Cd phytotoxicity during early seedling development [40,41]. The extent of
RL inhibition varied among cultivars, with Achtar being the least affected and Lina the most, following
the order Achtar < Snina < Lina; a similar trend was observed for SL, albeit with a lower magnitude of
inhibition. The growth inhibition observed at the organ level was further supported by the decline in
composite indices such as the VI and TI. VI, which reflects the overall physiological strength of seedlings
by combining GP with total seedling length, decreased significantly under Cd stress in all cultivars. This
reduction captures the cumulative impact of both impaired germination and restricted elongation [12]. TI,
which compares seedling length under stress to that in control conditions, also declined sharply, indicating
the cultivars’ limited capacity to maintain growth in the presence of Cd [40]. These indices, by integrating
physiological and growth responses under stress, offer useful tools for early-stage screening and selection of
Cd-tolerant genotypes in breeding programs [42]. This pattern was clearly reflected in our findings, where
Achtar consistently showed higher VI and TI values compared to Snina and Lina, supporting its classification
as the most tolerant cultivar. These consistent differences across multiple traits suggest that the observed
responses to Cd are not merely phenotypic but are likely rooted in genotypic variation [10,43]. Achtar’s
superior performance may be linked to lower Cd uptake, more efficient compartmentalization, or stronger
antioxidant defenses, such as enhanced activity of ROS-scavenging enzymes (e.g., CAT, APX), as reported
in other studies on tolerant bread wheat genotypes [44–46]. PCA confirmed cultivar differentiation under
Cd stress, with Achtar grouping closely with favorable traits (GP, RL, SL, VI, TI), and Lina clustering with
inhibitory traits (GIS, GIR), highlighting contrasting tolerance levels. Snina showed an intermediate pattern.
While these multivariate results support genotype-specific responses, the overall range of tolerance remained
relatively narrow, and future studies may benefit from including more genetically contrasting genotypes
to better dissect tolerance mechanisms. When comparing the current results with our previous findings
on durum wheat subjected to similar Cd treatments, both bread and durum genotypes displayed dose-
dependent growth suppression. However, bread wheat, particularly Lina, demonstrated more pronounced
declines compared to durum wheat Louiza, especially in root metrics [26]. This difference may result from
species-specific physiological traits, such as higher root lignification and slower Cd translocation in durum
wheat compared to bread wheat, as well as cultivar-level variation in stress sensitivity [47]. These observed



3696 Phyton-Int J Exp Bot. 2025;94(11)

differences likely reflect underlying genotypic variation in Cd uptake, sequestration, and detoxification
mechanisms [48], emphasizing the importance of genotype selection in breeding wheat lines with improved
tolerance to heavy metal stress [10]. While our study focused on early phenotypic and physiological indicators
of Cd stress tolerance, recent integrative studies have highlighted the value of combining transcriptomic and
metabolomic approaches to gain deeper mechanistic insights. For instance, Wang et al. [49] demonstrated
that manganese sulfate mitigates Cd toxicity in wheat by regulating transporter gene expression, enhancing
cell wall reinforcement, and modulating metabolite profiles related to antioxidant defenses. Such multi-level
analyses could, in future studies, complement phenotypic screening and further clarify the molecular basis of
observed genotype differences in Cd tolerance. This knowledge can support Morocco’s wheat improvement
programs, especially in Cd-contaminated areas, by promoting the use of tolerant cultivars like Achtar in
screening efforts and contaminated-soil management strategies.

4 Materials and Methods
The seeds of the three cultivars of bread wheat (Triticum aestivum L. cv. Achtar, cv. Lina, cv. Snina) were

obtained from the National Institute for Agronomic Research (INRA), Rabat, Morocco. They are certified
cultivars and represent commonly grown wheat varieties in Morocco, known for their adaptation to local
agro-climatic conditions and frequently used in regional cultivation trials and research. All experiments were
carried out in the laboratory of Biochemistry, Environment, and Agri-food, at the faculty of Science and
Techniques of Mohammedia, Morocco. The methodology was adapted from our previous work on Cd stress
in durum wheat [26] to ensure for consistency in experimental design while focusing here on bread wheat
varieties. This study aimed to evaluate the effects of increasing Cd levels (0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75,
0.875, 1 g/L) on germination, seedling biomass, and shoot and root elongation. Cd treatments were prepared
by dissolving Cd chloride monohydrate (CdCl2, H2O) in ultrapure water, and the pH of each solution was
adjusted to 5.5 using nitric acid (HNO3). Wheat seeds exhibiting uniform size and appearance were surface-
sterilized by immersion in 5% (v/v) sodium hypochlorite solution for 10 min, followed by multiple rinses with
distilled water to remove residual sterilant. For each treatment and cultivar, three Petri dishes were prepared
as replicates, with 40 seeds placed in each dish, totaling 120 seeds per treatment per cultivar. Dishes were
lined with two layers of filter paper to ensure adequate moisture retention. The control group received 6 mL
of sterilized distilled water, while treated groups were irrigated with the same volume of Cd solution. All
dishes were maintained in complete darkness at a controlled temperature of 25± 2○C. The experimental setup
followed a factorial arrangement in a in a completely randomized design with three replicates per condition.
After seven days of incubation, the number of germinated seeds was assessed. Following the incubation
period, seedling shoot and root lengths were measured using a ruler, taking the main SL and average axial
root size. Seedling samples were weighed for FW, and DW was determined after a 48-h oven drying at 70○C.
To further evaluate the physiological response of the seedlings to Cd exposure, several growth indices were
calculated, including MGT, VI, growth inhibition (GI), and TI, using the formulas presented in Table 3.
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Table 3: Definitions and formulas for MGT, VI, GI and TI indices used in this study

Parameter Formula Variables Reference

Mean
germination
time (MGT)

MGT = ∑[D⋅n]
∑ n

“n” stands for the
number of seeds
that sprouted on

day “D”, where “D”
is the count of days

from the start of
germination.

[50]

Vigor index
(VI) V I = (RL + SL) ×GP

RL stands for root
length, SL stands
for shoot length

and, GP stands for
germination
percentage.

[51]

Growth
inhibition (GI)

GI =
Mean SL or RL incontrol−Mean SL or RL in Cd sol ut ion

Mean SL or RL in Cd sol ut ion

SL and RL stand
for shoot and root

length.
[52]

Tolerance
indices (TI) TI = Mean RL in Cd

Mean RL incontrol × 100 RL stands for root
length. [53]

Statistical analyses were carried out using IBM SPSS Statistics. Data presented are mean values based on
three biological repeats ± standard deviation (SD) per treatment. Treatment effects were evaluated through
one-way analysis of variance (ANOVA), and differences among means were identified using Tukey’s post hoc
test at a significance threshold of p < 0.05. To further interpret the relationships between measured variables,
Pearson’s correlation analysis (n − 1) and PCA were conducted using XLSTAT (version 2016). While the
correlation analysis assessed pairwise associations, PCA was used to reduce dimensionality and highlight
patterns across treatments and cultivars.

5 Conclusion
This study demonstrates that Cd exposure significantly hampers wheat germination and early seedling

development in a concentration-dependent manner. Key parameters such as GP, SL and RL, and VI were
notably affected, with root growth showing higher sensitivity. Differences among cultivars were evident,
with Lina being the most sensitive and Achtar the most tolerant. These findings reflect the disruptive
effects of Cd on nutrient mobilization, enzyme activity, and cellular development. Correlation analysis
and PCA supported these results by revealing consistent interrelations among traits and cultivar-specific
responses. Collectively, these results underscore the importance of varietal screening in identifying Cd-
tolerant wheat genotypes, which is vital for sustaining wheat production on contaminated soils. Future
studies should explore the molecular and biochemical mechanisms underlying these differences to support
breeding programs aimed at improving heavy metal tolerance in wheat.
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ABCC ATP-Binding Cassette Subfamily C
ANOVA Analysis of variance
APX Ascorbate Peroxidase
CAT Catalase
Cd Cadmium
DW Dry weight
FW Fresh weight
GI Growth inhibition
GIR Root growth inhibition
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GSH Glutathione
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INRA National Institute of Agronomic Research
MGT Mean germination time
NRAMP Natural Resistance-Associated Macrophage Protein
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