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Abstract

In soil, chromium can be found in two main valence forms: hexavalent Cr (VI) and trivalent Cr (III). In terms of toxicity, the
most toxic form to plants is Cr (VI). In the present study, we investigated the impact of Cr (VI) (0, 25, 50, 75 and 100 ppm)
on growth, physiological parameters and the translocation kinetics of Cr (VI) in the faba bean plant (Vicia faba L.). The
results showed that Cr (VI) negatively affects growth parameters (— 15% to — 72%), tolerance index (— 34.05% to — 64.7%),
and reduce the total chlorophyll content (until 40%) compared to control plants without Cr (VI). However, the increase of
Cr (VI) concentration in the soil, stimulated the synthesis of sugars (max 6,97 mg/g FM), proteins (max 62.89 ug/mg FM)
and proline (max 98.57 pg/mg FM) and increased the electrolyte leakage (+2.5% to +9%) compared to control plants. Cr
(VD) concentrations in shoots and roots increased significantly for all Cr (VI) doses applied. The translocation factor results
showed that the majority of the Cr (VI) absorbed by the plant is stored in the roots, with a very low bioaccumulation factor,
which does not exceed 0.4. The findings show that Cr (VI) negatively affects the morpho-physiological parameters of Vicia
faba, the bioaccumulation of organic solutes and the low bioaccumulation factor of Cr (VI) can be considered as a strategy

of tolerance to Cr(V).
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Chromium is a chemical element that occurs naturally in
the environment. It is mainly present in nature in two forms:
trivalent (IIT) and hexavalent (VI). Cr (VI) is used in many
industries activities such as cooling tower water treatment,
metal plating, wood preservation and hide tanning. The hex-
avalent form is most mobile in soil and has mutagenic and
carcinogenic properties (Zhitkovich 2011).

The harmful effects of Cr (VI) on crops is widely stud-
ied in many species: maize at 50 ppm (Mohammed et al.
2021a), faba bean at 50 and 100 ppm (Bouhadi et al. 2024),
cyamopsis at 0.5, 1, 2, and 4 ppm (Sangwan et al. 2014),
mint at 10 ppm (Bouhadi et al. 2021a), chickpea (Wani et al.
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2010), radish at 150 ppm (Mohammed et al. 2021b), and
common sorghum at 2 and 4 ppm (Kumar et al. 2019). The
high concentration of Cr (VI) in soils has a negative impact
on plants. For example, exposure to Cr (VI) at unsafe levels
(more than 0.1 ppm in agricultural soils according to WHO)
limits photosynthesis and chlorophyll pigment synthesis, and
inactivates plant protein synthesis, thereby decreasing crop
yields (Shukla et al. 2022). Plant tissues containing too much
Cr are thought to undergo various morpho-physiological
and biochemical alterations (Bouhadi et al. 2021b, 2024).
Many studies have shown that Cr (VI) toxicity is mainly
related to its ability to establish interactions with genetic
processes, cellular macromolecules, and signal transduction
and transmission channels (Kumari et al. 2016; Paithankar
et al. 2021).

According to several researchers, Cr (VI) induces plant
growth inhibition by causing ultrastructural changes in
the cell membrane and chloroplasts, and consequently, the
occurrence of leaf chlorosis and pigment reduction. Also,
this metal disturbs the water and mineral balance as a result
of the alteration of transpiration and absorption of nitrogen

@ Springer


http://orcid.org/0000-0002-1887-9768
http://crossmark.crossref.org/dialog/?doi=10.1007/s00128-024-03864-3&domain=pdf

40 Page20of8

Bulletin of Environmental Contamination and Toxicology (2024) 112:40

and other mineral elements (Ali et al. 2015a; Farooq et al.
2016; Reale et al. 2016). In addition, Cr (VI) induces the
occurrence of several oxidative damages, such as the produc-
tion of reactive oxygen species (ROS) that disrupt the redox
balance of plants (Anjum et al. 2017).

Faced with anthropogenic pressure such as metal stress,
plants synthesize stress-related proteins such as antioxidant
enzymes, heat shock proteins, heavy metal chelating proteins
and other types of no-enzymatic proteins to neutralize and
detoxify oxidative damage (Sharma et al. 2019). In addition
to proteins, plants produce organic solutes such as sugars
and proline, which help them to tolerate stress and maintain
cell turgidity.

According to Moroccan decree no. 1276-01 on the use
of irrigation water, total chromium concentration must not
exceed 1 mg/l. However, when available water resources are
insufficient, the basin agency may allow the use for irriga-
tion of water whose limit values for salinity, toxic ions and
other effects do not meet the standards already mentioned
in the decree.

In this context, the objective of this work is to study the
effects of Cr (VI) on the morpho-physiological parameters of
Vicia faba L. and the evaluation of its absorption and trans-
location according to its concentration applied in the soil.
We chose Vicia faba L. due to its high sensitivity to metal
stress and its wide use by researchers as a stress biomarker.

Materials and Methods

Seeds of Vicia faba L. (var. Defes) were disinfected with a
10% sodium hypochlorite solution for 15 min, rinsed thor-
oughly several times and germinated in Petri dishes on fil-
ter paper in an oven at 28°C. After germination (approx.
5 days), the young seedlings were transplanted into plastic
pots (20x 15 cm) (3 seedlings per pot). The pots, containing
2 kg of soil (the physico-chemicals analysis of soil used are
attached in the supplemental data), were perforated at the
base, watered with distilled water and placed in the green-
house with a temperature ranging from 16-19 to 24-26°C
and humidity ranging from 75% to 85% with a photoper-
iod (16 h/8 h). After 40 days of transplanting, the pots are
divided into 5 groups and each group is treated differently:
G1: control, irrigated only with distilled water 50 ml twice
per week. G2: irrigated with a 25 ppm Cr (VI) solution. G3:
irrigated with a 50 ppm Cr (VI) solution. G4: irrigated by a
75 ppm Cr (VI) solution. G5: irrigated by a solution of 100
ppm of Cr (VI). The selected chemical form of Cr used in
this research is Cr (VI) as potassium dichromate (K,Cr,0,)
(Sigma Aldrich, India).

The study was conducted over 4 weeks. Every 7 days,
samples were taken from each group to determine the Cr
(VD) content in the roots and shoots of Vicia faba.
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Four weeks after treatment, Vicia faba plants were har-
vested to evaluate the effect of Cr (VI) on different morpho-
physiological and biochemical parameters. The plants of
each treatment were divided into two groups: the 1st is used
to determine the length and dry weight of the root and shoot
part (dry weight is determined after 48 h oven drying at
80°C). The 2nd is used to perform additional analyses as
described below:

From the dry matter yield of control and Cr (VI) treated
plants, the tolerance index was calculated using the formula
given by Wilkins (1978):

TI%) = dry matter yield of treated plants

dry matter yield of control plants

The percentage of electrolyte leakage was determined
according to the protocol of Ghoulam et al. (2002).

Pigment contents determined using the equations below
from Lichtenthaler (1987):

Chla =11.24 X A662 — 2.04 X A645
Chlb = 20.13 x A645 — 4.19 X A662

Carotenoids = (1000 x A470 — (1.9 X chla) — (63.14 x Chlb))/214.

The sugar content was determined by the phenol-sulfuric
acid colorimetric method described by Dubois et al. (1956).

Quantification of the proline content was performed
according to the ninhydrin-acetic acid method as described
Bergman and Loxley (1970).

Proteins are assayed according to the method of Bradford
(1976) (also known as the Coomassie protein assay).

The colorimetric method of Clesceri et al. (1998) was
used to determine the concentration of Cr (VI) in shoots and
roots of Vicia faba L. A 0.5 g sample of dry plant material
was incinerated in an oven at 600°C for 5 h, and the ash is
recovered in 3 ml hydrochloric acid (6 N), then diluted in
distilled water and filtered. The reaction mixture consists
of 5 ml filtrate, 0.8 ml distilled water, 0.2 ml 1,5-diphenyl-
carbazone (25 mg in 5 ml acetone) and 4 ml sulfuric acid
(2 N). Chromium (VI), if present, reacts with 1,5-diphe-
nylcarbazide to form a red-violet chromium-1,5-diphenyl-
carbazone complex. Extracts were measured spectropho-
tometrically at 540 nm using a double beam UV-6300PC
spectrophotometer (VWR, Radnor PA).

The translocation factor and the bioaccumulation factor
(BAF) of Cr (VI) was calculated According to (Bouhadi
et al. 2021a),

All analysis in this research were done in three replicates
and the analysis of variance is carried out with SPSS ver-
sion 24.0. The significance of variations was determined by
the ANOVA test and the groups by the Tukey post-hoc test
(Khadraji et al. 2020).
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Table 1 Effects of Cr (VI) on

shoot and root length and dry Treatments Length (cm) Dry weight (mg/plant)
weight of Vicia faba L. Root Shoot Root Shoot
Vicia faba L Control 20+1.2a 34+2.34a 689.1+23.2a 544.3+16.87a
Cr25 ppm 17+0.5b 28.5+0.98b 346+ 11.54b 452 +13.06b
Cr50 ppm 10+0.22¢ 25+0.76¢ 290+4.9¢ 433 +8.65¢
Cr75 ppm 8.5+0.15d 21+1,24d 222 +7.30d 378+7.57d
Cr100 ppm 6.2+0.8¢ 11+0.82¢ 189 +5.34e 231+6.09
Means (+ Stdev, n=23) with different letters show significant differences between them according to Tuk-
ey’s post-hoc test at p < 0.05
Fig. 1 The effect of Cr (VI) 70 A
on the tolerance index of Vicia
faba L. Means (+ Stdev, n=3) 60 B
with different letters show
significant differences between C
them according to Tukey’s post- g 50
hoc test at p <0.05 §
o - D
g
£ 30
S
é 20
0
25ppm S0ppm 75ppm 100ppm
Results 95 -
. . & 90 - A 8 p
Plant growth, estimated by length (cm) and dry weight o 5
(g/plant) of aerial and root part, decreased significantly < 85 -
(p <0.05) according to Cr (VI) concentrations (25, 50, 75, % C
and 100 ppm) compared to the control (Table 1). After Cr % 80 -
(VD) exposure, root length decreased by 15%, 50%, 58% §
and 69% and aerial length by 16%, 37%, 39% and 68%, w75 -
respectively for the 25, 50, 75 and 100 ppm Cr (VI) treat- ] I
ment compared to the control. The dry weight of both root 70 - ' ' ' '
control 25ppm  50ppm  75ppm  100ppm

and aerial parts decreased significantly (p <0.05) accord-
ing to Cr (VI) concentrations (Table 1). This decrease in
shoot and root dry biomass ranged from 17% to 58% and
50%-72%, respectively, compared to the control. Roots
of plants exposed to Cr (VI) also showed black necroses
several centimeters long.

Figure 1 shows that the tolerance index (TI) decreased
with increasing applied Cr (VI) concentration, i.e., the dry
matter yield of Cr (VI)-treated plants decreased compared
to control plants. The TI varied with increasing Cr (VI)
concentration. The maximum TI (64.7%) was recorded at
the low dose (25ppm), and the minimum TT (34.05%) was
noted in plants exposed to 100 ppm Cr (VI).

Fig.2 The effect of Cr (VI) treatments on the percentage of electro-
lyte leakage in Vicia faba L. Means (+ Stdev, n=3) with different let-
ters show significant differences between them according to Tukey’s
post-hoc test at p <0.05

The results in Fig. 2 show that the progressive increase in
Cr (VI) concentration adjusted electrolyte leakage in Vicia
faba L. leaves. The increase observed, compared with the
control, varied from 2.5% to 9% depending on the Cr (VI)
concentration applied.

Analyses of the pigment content in leaves of Vicia faba
L. exposed to Cr (VI) showed a decrease with increasing
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Cr (V]) concentration in the soil (Fig. 3A). The maximum
reduction (until 40%) is observed at a concentration of
100 ppm Cr (VI). Concerning the carotenoid content, there
is no significant difference between the different Cr (VI)
doses tested.

The results in Fig. 3B show that exposure to chromium
VIinduced a significant accumulation of TSS in the leaves
of Vicia faba L. This accumulation increased progressively
with the increase of the applied Cr (VI) dose. The maxi-
mum concentration (6.97 mg/g fresh matter) is recorded
in plants exposed to 100 ppm Cr (VI), with a 10% increase
compared to the control.

According to Fig. 4A, the increase in Cr (VI) dose in
soil led to an increase in protein content in Vicia faba
leaves compared to the control. At the concentration of
25ppm, the recorded protein content was 40.86 ug/mg MF.
This value reached 62.89 ug/mg MF for plants exposed to
100 ppm Cr (VD).

50 1
45 4 a u chlorophyll totale
40 N carotenoid

Pigments Content (ug/mg FM)
=R N N W oW
© 0 © ©n 6 O

wv

(=}

control

25ppm 50ppm 75ppm 100ppm

Soluble sugar content (mg/g FM)

The proline content in Vicia faba leaves increases with
increasing Cr (VI) (Fig. 4B). The difference between the
control and the different Cr (VI) treatments is significant.
The maximum proline content is recorded in plants treated
with 100 ppm Cr (VI) (with a value of 98.57 ug/mg MF),
which is 3 times more proline than in the leaves of control
plants.

Chromium levels in both aerial and root parts are pre-
sented in Fig. 5. Cr (VI) concentrations in both plant parts
increased significantly for all applied Cr (VI) doses (25, 50,
75, and 100 ppm). Bioaccumulation of Cr (VI) is higher in
the roots, independent of the Cr (VI) concentrations in the
soil.

The translocation factor (TF) represents the fraction of
metal transported to the aerial part relative to the amount of
metal stored in the roots. Based on the results of the Fig. 6,
the FT increases with the concentration of Cr (VI) in the
soil. The maximum FT recorded is about 56.44% for the
100 ppm dose, i.e. the Cr (VI) accumulated in the shoots
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Fig. 3 Effects of Cr (VI) on pigment content (A) and soluble sugar content (B) in leaves of Vicia faba. Means (+ Stdev, n=3) with different let-
ters show significant differences between them according to Tukey’s post-hoc test at p <0.05
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Fig.4 The effect of Cr (VI) on protein content (A) and proline content (B) in leaves of Vicia faba L. Means (+ Stdev, n=3) with different letters
show significant differences between them according to Tukey’s post-hoc test at p <0.05
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Fig.6 Cr (VI) translocation factor (A) and bioaccumulation factor (B) in Vicia Faba L. Means (+ Stdev, n=3) with different letters show signifi-
cant differences between them according to Tukey’s post-hoc test at p <0.05

represents 56.4% of the total amount accumulated in the
roots. The bioaccumulation factor (BAF) represents the
amount of the metal accumulated in the whole plant rela-
tive to the concentration of that metal in the soil. According
to the calculations, Vicia faba plants have a very low bioac-
cumulation factor for Cr (VI). This factor does not exceed
0.45 even at the high dose of 100 ppm Cr (VI).

Discussion

The exposure of Vicia faba plants to increasing concentra-
tions of Cr (VI) adversely affects morpho-physiological
and biochemical parameters. Damage intensity increases
with increasing Cr (VI) concentration applied. The results
revealed that the growth parameters of Vicia faba L. plants,
namely, the length and the aerial and root biomass signifi-
cantly decreased after exposure to increasing concentrations
of Cr (VI). The toxic effects of Cr (VI) on plant growth and
biomass are observed in many plants at the concentrations
range of 2 to 500 ppm are observed in many plants (Amna
et al. 2015; Bouhadi et al. 2019, 2022, 2023a, b; Shiyab

2019). Our results are consistent with those reported by
Afshan et al. (2015), These authors showed that the bio-
mass of roots, stem and leaves of Brassica napus L. exposed
to Cr (100 and 500 pM) are significantly lower compared
to control plants. The reduction in leaf, stem and root dry
biomass is 39%, 44% and 43%, respectively for the Cr (100
uM) treatment, and 70%, 73% and 72% for the Cr (500 uM)
treatment. The results of Kamran et al. (2017) showed that
root and shoot length of Eruca sativa decreased by 42%
and 39%, respectively after Cr exposure. Similarly, fresh and
dry biomass decreased by 51% and 43%, respectively. This
reduction could be due to ultrastructural alterations in plant
organs such as diffusely broken cell wall, ruptured thylakoid
membranes, interrupted golgibodies, immature nuclei and
chromosomal abberations under the higher concentration of
Cr (Gill et al. 2015). Cr (VI) exposure induces membrane
lipid peroxidation, leading to loss of membrane integrity
and increased electrolyte leakage (Ashraf et al. 2022). Our
results also showed that exposure of Vicia faba L. to Cr
(VD) has adverse effects on chlorophyll (a and b) and carot-
enoid content (variation No-significant). This decrease could
be attributed to blockage of the electron transport chain or
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degradation of chloroplasts, protein complexes and photo-
synthetic machinery. Similar results, are observed in Bras-
sica plants exposed to Cr and Cd (Afshan et al. 2015; Ali
et al. 2015a). Exposure to Cr (VI) induces the generation
of ROS, which act as alternative electron sinks, blocking
electron transport, disrupting photosystems and destroying
pigments (Shanker et al. 2005).

Other heavy metals showed adverse effects on pigment
content in plants, such as cadmium, lead and nickel in
tomato (Zeeshan et al. 2020), lead, cadmium, zinc and nickel
in cotton and chromium in wheat and mung bean (Jabeen
et al. 2016). Also, it has been reported that Cr (VI) induces
a strong reduction in pigment content in other plants such as
maize (Mohammed et al. 2021a), radish (Mohammed et al.
2021b), Brassica napus (Gill et al. 2015), mint (Bouhadi
et al. 2021a), mung bean (Jabeen et al. 2016) and wheat (Ali
et al. 2015b).

Under stress, plants usually develop several coping strate-
gies, such as synthesis of soluble solutes (sugars, proline ...
etc.) and development of antioxidant defense mechanisms
(Singh et al. 2015). According to our results, the presence
of Cr (VI) in the soil stimulated the synthesis of soluble
sugars, proteins (heavy metal chelating proteins, heat shock
proteins, enzymatic and non-enzymatic antioxidant proteins)
and proline. This synthesis increased with increasing Cr
(VD) concentrations in the soil. These results are consistent
with those of Jeddi et al. (2021) who recorded a significant
increase in proline and soluble sugar content in henna (Law-
sonia inermis L.) plants grown at industrial sites contami-
nated with heavy metals (Zn, Cu, Pb, and Cd). These plants
showed an increase of about 147% and 60% in proline and
soluble sugar in leaves, and about 104% and 39% in proline
and soluble sugar in roots, respectively, compared to plants
grown in control soils. Proline and total soluble sugars as
osmoprotective agents that preserve cell turgor, participate
in establishing osmotic balance by promoting plant tolerance
to different types of stress (Rai 2016). According to Aslam
et al. (2017), proline detoxifies free radical-induced oxida-
tive damage and serves as a nitrogen and carbon resource.
Proline also protects cells from oxidative damage caused by
metals (Siddique et al. 2018). Soluble carbohydrate accu-
mulation also improves membrane permeability, enhances
antioxidant defenses, and maintains water balance (Zouari
et al. 2016). Accumulation of Cr (VI) in plant cells and tis-
sues adversely affects plant physiology and biochemistry by
further significantly inhibiting plant growth (Afshan et al.
2015; Kamran et al. 2017). In this study, the bioaccumula-
tion of Cr (VI) in both parts (shoots and roots) of the Vicia
faba plant is strongly proportional to the dose of Cr (VI) sup-
plied. When the dose of this element in the soil increases, its
bioaccumulation in both parts also increases. The majority
of Cr (VI) absorbed by the plant is stored in the roots, the
rest being transported to the shoots. Many researchers have
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reported that the sequestration of Cr (VI) in the vacuoles
of root cells as a protective mechanism could explain the
increased accumulation of this element in the roots com-
pared to the aerial parts (Kushwaha et al. 2020). Thus, plants
have some inherent tolerance to Cr (VI) toxicity (Shanker
et al. 2004). Furthermore, the translocation of Cr from roots
to shoots is extremely limited and highly dependent on the
chemical form of Cr in the tissue (Shahid et al. 2017). This
is because Cr (VI) is converted to Cr (III) in plant tissues,
which prefers to adhere to cell walls, thus preventing Cr
transport (Kabata-Pendias and Szteke, 2015).

Conclusion

Chromium VI toxicity in Vicia faba plants is concentration-
dependent. According to our results, exposure of Vicia faba
L. to this metal has a negative influence on morpho-physi-
ological and biochemical parameters; furthermore, increas-
ing Cr (VI) concentration leads to more intense damages.
Faced with this stressful situation, the plant synthesizes and
accumulates more organic solutes such as soluble sugars and
proline as a tolerance strategy. The results showed that the
Vicia faba plant has a low bioaccumulation factor, studying
this property can be very useful for improving the resistance
and tolerance of plant species grown in areas contaminated
by heavy metals.
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