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Due to the environment pollution by cadmium (Cd) near industrial metallurgic factories and the widespread use of phosphorus
fertilizers, the problem of toxic Cd effect on plants is well discussed by many authors, but the phytotoxicity of Cd under iron (Fe)
deficiency stress has not been sufficiently studied. The aim of the work was to study comprehensively the effect of Cd under Fe
deficiency conditions on physiological, biochemical, and anatomical parameters of rice varieties, to identify varietal differences
in plant response to the effect of double stress. Relative resistance and sensitivity to the joint effect of Cd and Fe deficiency
stress rice varieties have been identified. Double stress decreased a linear growth and biomass accumulation of roots and
shoots (by 36-50% and 33-46% and 32-56% and 32-48%, accordingly), content of photosynthetic pigments (Chla, Chlb, and
carotenoids by 36-51%, 32-47%, and 64-78%, accordingly), and relative water content (by 18-26%). Proline content increased
by 28-103% in all rice varieties, but to a lesser extent in sensitive varieties. The thickness of the lower and upper epidermis and
the diameter of vascular bundles of leaves decreased by 18-50%, 46-60%, and 13-48%, accordingly. The thickness of the root
endodermis and exodermis and diameter of the central cylinder mainly decreased. The thickness of the exodermis increased
slightly by 7%, and the diameter of the central cylinder remained at the control level in resistant Madina variety while in
sensitive Chapsari variety, these indicators decreased significantly by 50 and 45%, accordingly. Thus, the aggravation of adverse
effect of Cd under Fe deficiency conditions and the varietal specificity of plants’ response to double stress were shown. It
creates the need for further study of these rice varieties using Fe to identify mechanisms for reducing the toxic effect of Cd on
plants as well as the study of Fe and Cd transporter genes at the molecular level.

1. Introduction

Environmental pollution with heavy metals has a toxic effect
on human health, as they can accumulate in the body. The
high rate of industrialization entails an increase in heavy
metal pollution around industrial enterprises in many coun-
tries [1]. The wastes of many industries contain heavy metals
in their composition. Among heavy metals, cadmium (Cd) is
highly toxic to living organisms even at low amounts.
According to the International Agency for Research on Can-
cer (IARC), Cd is a strong carcinogen for humans. Human
exposure to Cd mainly occurs when consuming contami-

nated food products and when inhaling polluted air by
employees of metallurgical enterprises [2, 3].

In Kazakhstan, rice is an important import-substituting
and export crop. The total area of the engineered systems
for rice cultivation is about 225000 ha [4]. Therefore, to
ensure food security, the development of rice farming in
Kazakhstan is an important strategic task [5].

Heavy metal pollution is a big problem, as heavy metals
around metallurgical factories, as well as around mining
deposits, accumulate in large amounts in the soil and are
transmitted along the food chain [6, 7]. Cd is usually present
in trace amounts in the soil. The functioning of metallurgical
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enterprises and the use of phosphogypsum on saline soils,
which contains Cd in its composition, also contribute to its
accumulation [8, 9]. Cd is found in the composition of phos-
phorite rocks, which are used in the production of phospho-
rus fertilizers [10, 11]. The widespread application of
phosphorus fertilizers increases the accumulation of Cd in
the soil [12–17]. Cd is a very mobile element and easily
moves through the phloem to other parts of plants [18,
19]. When Cd ions enter the human body, it causes various
diseases [20, 21]. Rice grown on contaminated soils, espe-
cially in Southeast Asia, as well as in other contaminated
regions, is the main source of Cd intake in the human body
along with food [22]. Cd, which has high mobility in the soil,
enters plants through the roots and moves through all parts
of plants and causes multiple symptoms of toxicity [23]. The
level of Cd accumulation in plants depends on many factors,
such as its total content in the soil, biological availability,
genetic features of plants, soil properties, and the rhizo-
sphere [24–26]. Cd negatively affects the growth and devel-
opment of plants, and it has a negative impact on various
physiological and biochemical processes, but plants have
developed various resistance mechanisms to reduce Cd tox-
icity [27]. Under Cd stress, growth parameters decrease and
physiological and biochemical processes are disrupted—the
content of photosynthetic pigments and the intensity of
photosynthesis decrease, and water absorption, mineral
nutrition, and carbohydrate metabolism are disrupted
[28–30].

The decline of plant biomass is a result of the alterations
in the photosynthesis process. It was found that Cd affects
stomatal conductivity, and its index is affected by transpira-
tion and the net rate of photosynthesis [31]. It was revealed
that Cd reduced the photochemical efficiency of PSII. It is
assumed that a strong decrease in plant growth is a conse-
quence of a decrease in the absorption of CO2, which occurs
due to a decline in the activity of the enzyme Rubisco. Also,
under Cd stress, the absorption of nutrients and carbohy-
drates decreases [32]. It was found that under heavy metal
stress, the carbohydrate content decreases due to violation
of biosynthesis of chlorophyll. The greatest reduction in car-
bohydrate content was shown with Cd stress compared to
exposure to lead (Pb) and copper (Cu) [33]. Oxidative stress
caused by Cd disrupts important biochemical and physio-
logical processes in plants, which have a negative impact
on growth and metabolic processes and accelerate aging
[34, 35]. Reactive oxygen species (ROS) can damage pro-
teins, nucleic acids, and amino acids and cause lipid peroxi-
dation [36–39]. It was revealed that Cd reduces the content
of the main macro- and microelements in plants [40–42].
There is an antagonistic interaction in plants between Cd
and mineral elements such as Fe, manganese (Mn), Cu,
and Zn [27].

There are chemical similarities between divalent cations
like Zn2+, Fe2+, Ca2+, and Cd2+. Cd ions can be transported
by transporters of Ca2+ and Zn2+[43]. The excess of Cd in
the soil reduces the assimilation of important nutrients by
plants, such as Zn, Mn, and Fe, due to their competition
on the surface of the roots. The appearance of chlorosis
and necrosis of leaves and a decrease in plant height are

physical symptoms of Cd toxicity [44]. Rolling of leaves, clo-
sure of stomata, and reduced water content are the symp-
toms of Cd toxicity in plants. It is assumed that changes in
the ratio Fe/Zn and the negative influence of Cd on the
metabolism of chlorophyll are the causes of leaf chlorosis
under Cd stress [45]. Mineral elements like as Fe, sulfur
(S), and silicon (Si) reduce Cd poisoning to higher plants,
preventing its accumulation [46].

Fe is the most effective and potentially important trace
element among minerals, which plays a key role in reduc-
ing the toxicity of heavy metals. It has been established
that the use of Fe to decrease the toxic effects of metals
on plants is effective. It was found that Fe absorption
reduces Cd intake in plants, while Fe deficiency enhances
Cd accumulation in plants [47–49]. On the contrary, the
deficiency of Fe leads to increased absorption and accumu-
lation of Cd [50, 51]. It was shown that Cd (5, 20, and
40μM) decreases Fe content in the leaves and roots of
Arabidopsis thaliana. Cd (40μM) reduced the content of
elements such as Zn, Mn, and calcium (Ca) [52]. It was
found that Cd reduces the rate of Fe transport from roots
to the aboveground parts in Brassica napus, and a rapid
increase in the Fe content in the roots and the Fe defi-
ciency in the aboveground organs were also detected
[53]. The Fe content in xylem and phloem considerably
decreased, while content of Cd increased [54]. It was
determined that the differential sensitivity of some trans-
porter genes to Fe deficiency is associated with high or
low Cd accumulation in Solanum species [55]. Cd absorp-
tion is carried out by transporters such as the family of
Zn- and Fe-regulated transporters (ZIP), heavy metal-
transporting ATP-ases (HMA), and the family of natural
resistance-associated macrophage proteins (NRAMP) that
participate in the intake of basic mineral elements. They
can also transport divalent metal ions (Cd2+, Fe2+, Cu2+,
Ni2+, Mn2+, Zn2+, and Co2+) [1, 56–59]. It has been shown
that Fe transporters OsIRT1 and OsIRT2 and Zn trans-
porter OsZIP1 can also serve as Cd transporters [60].

NRAMP consists of a conservative family of integral cell
membrane proteins that are involved in the transport of Fe
[1, 61]. Fe transporters such as OsNRAMP1 and OsN-
RAMP5 are also considered Cd transporters in the plasma
membrane [62]. AtNRAMP6 belongs to Cd transporters
inside the cell [63]. The content of Fe in the soil is usually
high, but iron is mainly in insoluble form (Fe3+), particularly
in aerobic conditions and at high pH. This is the reason for
the lack of available forms of Fe [64, 65]. Since plants usually
absorb Fe from the soil in the form of Fe2+, a deficiency of
available Fe in the soil leads to Fe deficiency in plants [66].
Fe is essential in plant metabolism; it is a component of
the electron transport chain in the processes of photosynthe-
sis, respiration, and fixation of molecular nitrogen [67–70].
Fe is necessary for the synthesis of specific chlorophyll pro-
tein complexes in chloroplasts, and under Fe deficiency con-
ditions, yellowing of leaves is observed and photosynthetic
activity decreases [71]. Fe also is a cofactor for some
enzymes [72]. Fe deficiency reduces the content of Fe-
containing components in chloroplasts, such as Fad (ferre-
doxin protein Fe-S) [73].
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Fe deficiency in soils can be observed at very high and at
very low pH [74]. It was found that Cd in the nutrient
medium exacerbates Fe deficiency. Leaf chlorosis, similar
to chlorosis due to Fe deficiency, is one of the visual signs
of Cd toxicity. Some studies have shown that under Cd
stress, a translocation of Fe from the roots to the above-
ground organs decreased, which contributes to a decrease
in the synthesis of chlorophyll in plant leaves [27, 75–77].
For Cd accumulation by plants, the process of its absorption
by plant roots is the key point. In radish plants, Cd signifi-
cantly reduced the accumulation of biomass, increased the
content of malondialdehyde and increased the permeability
of membranes, and reduced the content of chlorophyll and
the absorption of mineral nutrients such as Fe, K, and Ca.

After application of Fe-enriched biochar (Fe-BC), Cd toxic-
ity to plants was reduced, the activity of antioxidant enzymes
such as heme-based ascorbate peroxidase (APX) was
enhanced, the accumulation of primary and secondary
metabolites increased, and the mineral nutrition of plants
improved. It is assumed that Fe-BC regulates the activity of
the peroxidase enzyme and supports redox homeostasis
[78]. It has also been established that Fe activates the
APX1 gene and regulates the expression of the activity of
the cytosolic enzyme APX [79, 80]. It has been revealed that
genes associated with the absorption and transport of Fe can
play a crucial role in reducing Cd accumulation and increas-
ing plant resistance to it. It follows that uptake, transport,
and accumulation of Cd in grains of rice can be lowered
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Figure 1: The effect of Cd and Fe deficiency on the biomass accumulation in aboveground organs of 14 d rice seedlings. Control-Fe norm-
Cd: nutrient medium (NM)+100 μМ Fe; Fe norm+Cd: NM+100μМ Fe+200 μМСd; Fe deficiency-Cd: NM+0 μМ Fe; Fe deficiency+Cd: NM
+0μМ Fe+200 μМ Сd. Vertical bars represent ±SE of three replicates (n = 3); the differences within variety between control and treatments:
∗p < 0:1, ∗∗p < 0:05, and ∗∗∗p < 0:01; the differences across varieties are significant at p < 0:001.
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Figure 2: The effect of Cd and Fe deficiency on the length of aboveground organs of 14 d rice seedlings. Control-Fe norm-Cd: nutrient
medium (NM)+100 μМ Fe; Fe norm+Cd: NM+100 μМ Fe+200 μМ Сd; Fe deficiency-Cd: NM+0 μМ Fe; Fe deficiency+Cd: NM+0 μМ Fe
+200μМ Сd. Vertical bars represent ±SE of three replicates (n = 3); the differences within variety between control and treatments: ∗p <
0:1; ∗∗p < 0:05, and ∗∗∗p < 0:01; the differences across varieties are significant at p < 0:001
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by creating genotypes that limit Cd uptake. To do this,
CRISPR/Cas9 technologies can be used for knocking out or
editing these genes [81]. Cd loading into the xylem and its
translocation with other plant organs can be controlled by
the expression of the OsHMA2 gene [82], and the expression
of OsNRAMP5 and OsLCT1 is associated with Cd phloem
transport [62]. To identify new genes is needed to better
understand Cd transport and its accumulation in rice
plants [83].

It was revealed that the adsorption of Cd by oxides of
Fe(III) increased with an increase in pH to 6.5, which
reduces the content of dissolved Cd in the soil [84]. It has
been shown that the Fe plaque persists at a pH level above
6.5 and disappears at a pH level below 4.5 [85]. Due to con-
tinuous flooding and weekly alternation of humidification
and drying in naturally polluted rice soil, a pH of 4.29-8.62
is achieved. This contributes to the transformation of crystal
Fe (III) oxide into a formless state, which leads to better
immobilization of Cd and significantly reduces the availabil-
ity of Cd in the soil [86–88].

Also, it was shown that Fe nanoparticles (Fe NPs) are
specific strong adsorbents that have an original structure
and electronic features. Magnetic Fe nanoparticles can be
separated from the absorbent medium using a magnetic
field [69]. The mechanism of operation of nano-Fe is that
it adsorbs heavy metals, stimulates the formation of a Fe
film on the surface of the root, and activates the antioxi-
dant system [89]. It is assumed that Fe-Si-Ca, organic fer-
tilizers, and biocoal from coconut shells contributed to an
increase in the cadmium phytostabilizing ability of Boeh-
meria nivea L. plants [90, 91]. Nano-Fe and Fe-
containing fertilizers can be used for increasing plant
growth [92]. It was shown that nanoscale zero-valent Fe
(nZVI) reduced the accumulation of heavy metals in sun-
flowers, increased superoxide dismutase (SOD) and perox-
idase (POD) activities in plant leaves, and promoted plant
growth [92].

It was demonstrated that after application of nZVI to
rice seedlings, expression of genes of YSL2, YSL15, IRT1,
and IRT2 that are responsible for Cd and Fe uptake was
downregulated. On the contrary, overexpression of OsVIT1
and OsCAX4 genes leads to isolation of Cd in vacuoles
[93]. It was shown that soil and foliar application of
Fe2O3-NPs (5-20 ppm) under Cd stress reduced Cd content
in grains, the dry weight, and the electrolyte leakage of leaves
and enhanced the activity of antioxidant enzymes of wheat
[94]. It was demonstrated that the foliar application of Fe-
NPs is more preferable. Foliar application of Fe NPs has mit-
igating effects on Cd stress in rice, and this effect was
enhanced by application of biochar [95]. But in other study,
biochar-Fe3O4 nanocomposites contributed to greater Cd
mobility in water-saturated soil, which indicates that not
all risks have been studied yet [96].

It was shown that drought aggravated the negative effect
of Cd on plants. The addition in the soil of Fe2O3 NPS
improved photosynthesis indicators, increased productivity,
and decreased the content of Cd in grain of wheat [97].
Spraying of these Fe materials has been shown to reduce
DNA damage caused by Cd, and the positive effect of NPS
Fe2O3 was more pronounced than that of FeCl3. Also, the
effect of foliar application of Fe2O3-NPs and FeCl3 for seed-
lings rice plants was studied (Hybrid Rice Y Liangyou 900),
growing hydroponically with 50μM CdCl2[98]. It was
shown that spraying of these Fe materials reduces damage
of DNA, caused by Cd, and the positive effect of NPS
Fe2O3 was more pronounced than that of FeCl3.

The results of these studies on the use of Fe compounds
in organic fertilizers and foliar application of iron nanopar-
ticles indicate a significant role of Fe to reduce Cd phytotox-
icity. The Fe deficiency in the growth medium under Сd
stress is a significant factor, influencing the toxicity of Cd
for plants. But the impact of Fe deficiency on the phytotox-
icity of Cd at physiological, biochemical, and anatomical
parameters under Cd stress and the varietal specificity of this

⁎
⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎ ⁎⁎

⁎

⁎⁎
⁎⁎

⁎⁎

⁎⁎

0

2

4

6

8

10

12

14

Madina Bakanas Barakat Chapsari

D
ry

 w
ei

gh
t o

f r
oo

ts 
pe

r 1
 p

la
nt

 (m
g)

Control-Fe norm-Cd Fe norm + Cd

Fe deficiency- Cd Fe deficiency + Cd

Figure 3: The effect of Cd and Fe deficiency on root biomass of 14 d rice seedlings. Control-Fe norm-Cd: nutrient medium (NM)+100 μМ
Fe; Fe norm+Cd: NM+100μМ Fe+200 μМ Сd; Fe deficiency-Cd: NM+0μМ Fe; Fe deficiency+Cd: NM+0 μМ Fe+200 μМ Сd. Vertical bars
represent ±SE of three replicates (n = 3); the differences within variety between control and treatments: ∗p < 0:1, ∗∗p < 0:05, and ∗∗∗p < 0:01;
the differences across varieties are significant at p < 0:001.
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effect have not been sufficiently studied. Based on the above,
the objective of our work was to study comprehensively the
joint effect of Cd and Fe deficiency on rice varieties, identify
resistant rice varieties to separate and joint effects of these
stress factors, and reveal the degree of the effect of different
Fe status in nutrient medium on the phytotoxicity of Cd.

2. Materials and Methods

Rice plants (Oryza sativa L.) of 4 varieties Madina, Bakanas,
Barakat, and Chapsari were grown under hydroponic condi-
tions in plastic containers in 3 replicates each variant
(3 × 4 variants = 12). Plants were grown 14 days in a nutrient
medium containing the main mineral elements in factor
static conditions at 22°C during the day and 18°C at night,
with a 14-hour photoperiod, at light intensity of
61μmolm−2 s−1. The variants differed in the content of Fe
and Cd in the nutrient solution (nutrient medium content:
K2SO4—0.70mM, KCl—0.10mM, KH2PO4—0.10mM,
Ca(NO3)2—2.0mM, MgSO4—0.50mM, H3BO3—10μM,
MnSO4—0.50μM, CuSO4—0.20μM,
(NH4)6Mo7O24—0.01μM, and ZnSO4—0.5μM), and Fe in
concentration 100μМ was added as Fe(III)-EDTA (pH6.0)
[99]. Rice plants were grown up to 14 days in the following
variants: (1) control-Fe norm-Cd (nutrient medium
(NM)+100 μМ Fe), (2) Fe norm+Cd (NM+100μМ Fe
+200μМ Сd), (3) Fe deficiency-Cd (NM+0μМ Fe), and
(4) Fe deficiency+Cd (NM+0μМ Fe +200μМСd). The mea-
surement of growth parameters was carried out as follows:
the plants were separated into aboveground organs and
roots, and the length of roots and aboveground organs was
measured. To determine the dry biomass, the plants were
placed in a dry-burning cabinet and dried at 105°C to a con-
stant weight, cooled to room temperature, and weighed.

Photosynthetic pigments were determined by spectro-
photometry. Extraction of chlorophyll and carotenoid was
carried out by using acetone [100]. Samples of plant material
(0.3-0.5 g) were ground in a porcelain mortar with a small
amount of 80% acetone (2-3ml) and pure quartz sand; then,
it was filtered. The supernatant was transferred, and the pro-
cedure was repeated till the residue becomes colourless.
Then, they were infused (2-3 minutes) with subsequent fil-
tration. The resulting extract was filtered through a filter
paper from a funnel into flasks of 25ml and passed for
10ml. The chlorophyll pigments and carotenoid concentra-
tions were determined based on the absorbance of three
wavelengths: 649, 665, and 440.5 nm. Concentrations of
chlorophyll pigments were calculated according to the equa-
tion of Vernon [101]:

Ca mg/Lð Þ = 11:63 × D665 − 2:39 × D649

Cb mg/Lð Þ = 20:11 × D649 − 5:18 × D665
, ð1Þ

The carotenoid content was determined by Von Wett-
stein’s equation [102]:

Ccar mg/Lð Þ = 4:695 × D440:5 − 0:268 × Ca + Cbð Þ: ð2Þ

Content of photosynthetic pigments was calculated
according the following equation:

A = C ×V
P × 1000

, ð3Þ

where A is the content of pigments (mg/g); Ca and Cb
are concentrations of chlorophylls a and b (mg/l); Ccar is
the concentration of carotenoids (mg/l); D665, D649, and
D440.5 are optical densities of solutions at corresponding
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wavelengths; V is the volume of the extractant (ml); and P is
the weight of the plant leaf sample (g).

A = C ×V
P × 1000

, ð4Þ

where A is the content of photosynthetic pigments (mg/g,
wet weight), C is the concentration of photosynthetic pig-
ments (mg/l), V is the volume of the extractant (ml), and
P is the weight of the leaf sample (g).

The proline content is determined by Bates et al. with
ninhydrin [103].

A sample of fresh plant leaves (200mg) was poured with
5-20ml boiling distilled water and kept for 30 minutes in a
water bath at a temperature of 100°C. Then, 1ml of glacial
acetic acid and 1ml of ninhydrin reagent were poured into
a clean test tube, and 1ml of the prepared extract was added.
The samples were incubated for 60 minutes in a water bath,
after which it was quickly cooled to room temperature. After
cooling (with cold water or ice), the optical density was
determined on a spectrophotometer at a wavelength of
520nm. The concentration of proline was determined using
a calibration curve. The calculation of proline content was
performed by the following formula:

A =
nV
P

, ð5Þ

where A is the proline content, n is the value according to
the calibration curve, V is the dilution volume (ml), and P
is the weight of the sample (g).

The relative water content (RWC) in the leaves was
determined using the method described by Schonfeld et al.
[104]. It is necessary to determine the fresh weight (FW),
turgor weight (TW), and dry weight (DW) of plant leaves.
Five seedlings were taken from each variant, and the raw
mass of the plant (FW) was measured. After that, the leaves

were incubated with distilled water for 16-18 hours. The tur-
gor weight (TW) of the plant was determined after incuba-
tion. Before the measurement, the samples were dried with
filter paper to get rid of excess moisture. The samples were
dried for 72 hours at 70°C. After drying, the dry weight
(DW) of the plant sample was determined. After all the mea-
surements were obtained, the relative amount of water
(RWC) was determined using the following equation:

RWC =
FW –DW
TW −DW

� �
× 100, ð6Þ

where RWC is the relative water content (%), FW is the raw
weight of the plant sample (g), TW is the turgor weight (g),
and DW is the dry weight of the plant sample (g).

Microscopic studies were carried out on the plant mate-
rial. It was fixed in a mixture, containing alcohol, glycerin,
and water (1 : 1 : 1). For anatomical studies, generally
accepted methods in plant anatomy were used [105–107].
Anatomical specimens were made by a microtome with a
freezing device OL-ZSO (InMedProm, Russia), with a dou-
ble concave blade. The anatomical sections have a thickness
10-15 microns. For quantitative analysis, morphometric
parameters were measured with an ocular micrometer
MOV-1-15 (by a lens ×9, magnification ×10.7). Micrographs
of anatomical sections were taken on a microscope MC300
(Micros, Austria) with a video camera CAMV400/1.3M
(JProbe, Japan).

Statistical data processing was carried out using two-way
analysis of variance with varieties and treatments as the
main factors and one-way variance analysis to determine
the significance of the difference between control and treat-
ments using the Statistica 11.5 package and Excel 2010 from
the Microsoft Office XP package. In the figures, the values
are marked with asterisks for the significance level as com-
pared to the control. All values were expressed as the average
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of 3 measurements for each treatment. The number of repli-
cations is 3, and each measurement was conducted using
plant seedlings from 3 separate growth plastic containers
for each variant. Values were represented as means ±
standard error (SE).

3. Results and Discussion

3.1. The Effect of Cd and Fe Deficiency on the Growth
Parameters of Rice Seedlings. The separate and joint effect
of Cd and Fe deficiency stress on growth parameters of rice
seedlings was negative (Figures 1 and 2). Cd and Fe defi-
ciency caused inhibition of growth of aboveground organs
as well as roots. The length of rice plant shoots of 14 d rice
seedlings decreased in the following order (% to control):
Fe norm+Cd—Madina ð86Þ > Bakanas ð77Þ > Barakat ð72Þ
> Chapsari ð63Þ; Fe deficiency-Cd—Madina ð89Þ > Bakanas
ð86Þ > Barakat ð83Þ > Chapsari ð70Þ; and Fe deficiency
+Cd—Madina ð68Þ > Bakanas ð66Þ > Barakat ð59Þ >
Chapsari ð44Þ.

Cadmium stress and Fe deficiency decreased the biomass
of the shoots of 14 d seedlings of rice plants. The degree of
reduction in the biomass of aboveground rice organs in var-
iants with different Fe and Cd contents increased in the fol-
lowing order (% to control): Fe norm
+Cd—Madina ð77Þ > Bakanas ð74Þ > Barakat ð63Þ >
Chapsari ð61Þ; Fe deficiency-Cd— Madina ð88Þ > Bakanas ð
83Þ > Barakat ð78Þ > Chapsari ð76Þ; and Fe deficiency
+Cd—Madina ð68Þ > Bakanas ð63Þ > Barakat ð57Þ >
Chapsari ð52Þ.

The biomass of the shoots in Madina, Bakanas, Barakat,
and Chapsari varieties in different variants decreased in the
following order (% to control): Fe deficiency‐Cd ð88, 83, 78,
and 76Þ > Fe norm + Cd ð77, 74, 63, and 61Þ > Fe deficiency
+ Cd ð68, 63, 57, and 52Þ.

In the presence of Fe under Cd stress, the biomass of
aboveground organs decreased in rice varieties to various
degrees (Figure 1). It was observed that the dry weight of

the shoots of 14 d seedlings of rice varieties decreased by
23, 26, 37, and 39% in the varieties Madina, Bakanas, Bara-
kat, and Chapsari, respectively, and the biomass of Barakat
and Chapsari varieties decreased to the greatest extent.

The Fe deficiency also reduced the accumulation of bio-
mass in the aboveground organs of rice seedlings. Chapsari
plants suffered the most from the Fe deficiency (by 24%).

But double stress, both Fe deficiency and the effect of Cd,
significantly reduced the biomass accumulation in shoots of
rice seedlings. In all the studied varieties, the greatest
decrease in biomass relative to the control variant was
observed in variant “Fe deficiency+Cd” by 32, 37, 43, and
48% in Madina, Bakanas, Barakat, and Chapsari varieties,
respectively. The most affected varieties were Barakat and
Chapsari.

Root growth also decreased under the effect of Fe defi-
ciency and excess of Cd with joint and separate effect. The
reduction in the root length of 14 d rice seedlings can be
reflected in the following order (% to control) (Figure 3
and 4): Fe norm+Cd—Madina ð83Þ > Bakanas ð77Þ >
Barakat ð71Þ > Chapsari ð66Þ; Fe deficiency-Cd— Madina ð
87Þ > Bakanas ð82Þ ≥ Barakat ð82Þ > Chapsari ð79Þ; and Fe
deficiency+Cd—Madina ð64Þ > Bakanas ð61Þ ≥ Barakat ð58Þ
> Chapsari ð50Þ.

The level of the root length decrease in Madina, Bakanas,
Barakat, and Chapsari varieties can be presented in the fol-
lowing order (% to control): Fe deficiency‐Cd ð87, 83, 82,
and 79Þ > Fe norm + Cd ð82, 77, 71, and 66Þ > Fe deficiency
+ Cd ð64, 61, 58, and 50Þ.

The root dry weight also decreased to varying degrees in
different varieties of rice (% to control) (Figure 3): Fe norm
+Cd—Madina ð73Þ > Bakanas ð68Þ = Barakat ð68Þ ≥
Chapsari ð67Þ; Fe deficiency-Cd— Bakanas ð88Þ >Madina ð
84Þ > Barakat ð79Þ ≥ Chapsari ð78Þ; and Fe deficiency
+Cd—Bakanas ð67Þ >Madina ð66Þ > Barakat ð59Þ >
Chapsari ð54Þ.

The variants by the level of decrease for Madina, Baka-
nas, Barakat, and Chapsari varieties are shown in the
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following order (% to control): Fe deficiency‐Cd ð88, 84, 79,
and 78Þ > Fe norm + Cd ð73, 68, 68, and 67Þ > Fe deficiency
+ Cd ð67, 66, 59, and 54Þ.

The decrease in linear growth and biomass accumulation
by rice seedlings was observed under Fe deficiency condi-
tions. Fe deficiency aggravated the inhibitory effect of Cd
on rice plant growth in our studies. The greatest decrease
in the growth parameters of roots and aboveground organs
was observed in the variant with Fe deficiency under Cd
stress. The same results have been shown by other
researchers.

According to other researchers, it is known that Fe defi-
ciency reduces plant productivity [108], protein synthesis in
leaf chloroplasts [109], the activity of Rubisco (ribulose-1,5-
bisphosphate carboxylase/oxygenase) activity [110], the
activity of photosystem 2 (PSII), and the content of photo-
synthetic pigments [111]. It was found that the rate of pho-
tosynthesis measured before flowering is a good indicator of
productivity for grain sorghum. There is a correlation
between the rate of photosynthesis and productivity of
plants. Therefore, violations of photosynthesis processes
entail negative phenomena such as a decrease in growth
parameters and a decrease in biomass accumulation [112,
113]. The results of many studies show that Cd reduces the
productivity of plants, inhibits their development, and dis-
rupts photosynthesis, water balance, ion exchange, and min-
eral nutrition, which leads to inhibition of linear growth and
accumulation of biomass by plants [53, 114, 115].

The supply of important nutrients in the required
amounts is necessary for better plant growth, because they
create the structure and functional components of the cells.
It has been established that an excess of Cd in the growing
medium disrupts the mineral nutrition of plants. There is a
negative correlation between the absorption and distribution
of the necessary macro- and microelements in various plant
organs under Cd stress [41, 53, 116]. The first target of the

negative effect of Cd is the cell membrane, as well as trans-
porters that participate in the absorption of K, Mn, and
Mg elements [117]. It was found that Cd absorbed by plant
roots enters the cell through the plasmalemma using the
ZIP family of transporters (ZRT-IRT-like protein, Zn-
regulated transporter, and Fe-regulated transporter) and
NRAMP. Cd competes with the main nutrients [50, 60], is
transferred to the aboveground organs, and leads to a
decrease in growth. A decrease in growth rates and yields
with an increased Cd content in nutrient media leads to leaf
rolling and leaf and stem chlorosis [29] and reduces gas
exchange [118]. The negative effect of Cd on the absorption
of mineral elements is explained by a decrease in transpira-
tion due to a decrease in the conductivity of stomata [119],
and the consequence of a decrease in root growth is a
decrease in their absorption of mineral elements from the
soil [120].

Photosynthesis is a fundamental, well-organized, and
consistent process involving photosynthetic pigments and
photosystems, an electron transport system, and ways of
assimilation of CO2. Multiple damage caused by Cd, at any
level, has a negative effect on photosynthesis in general
[121]. A decrease in the photochemical efficiency of PSII
was observed under Cd stress (at 10 and 50μM). The
decrease in CO2 assimilation due to the decrease in Rubisco
activity led to a strong inhibition of plant growth in the pres-
ence of Cd in growing medium. Cd also changes the nutri-
tion of various parts of plants, which can also have great
physiological significance for photosynthesis [29, 122, 123].
Electron transport in PSI and PSII photosystems is also dis-
rupted; the Kelvin cycle was disrupted, reducing Rubisco
activity under Cd stress [124, 125]. Cd caused the stomata
closure due to its entry into the guard cells of the stomata
instead of Ca2+[126], and the content of stomata per unit
area decreased [127]. It has been shown that Cd affects the
conductivity of stomata, and its index is influenced by
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Figure 7: The effect of Cd and Fe deficiency on the content of carotenoids in the leaves of 14 d rice seedlings. Сontrol-Fe norm-Cd: nutrient
medium (NM)+100 μМ Fe; Fe norm+Cd: NM+100 μМ Fe+200 μМ Сd; Fe deficiency-Cd: NM+0 μМ Fe; Fe deficiency+Cd: NM+0 μМ Fe
+200μМ Сd. Vertical bars represent ±SE of three replicates (n = 3); the differences within variety between control and treatments: ∗p <
0:1, ∗∗p < 0:05, and ∗∗∗p < 0:01; the differences across varieties are not significant (p > 0:05).

8 BioMed Research International



transpiration and the net rate of photosynthesis [128]. Cd
stress reduced the net photosynthesis rate in Brassica juncea
L. varieties, which corresponded to a decrease in the activity
of Rubisco and carbonic anhydrase (CA) [129]. Under the
influence of Cd, a decrease in the amount of chlorophylls
(Chl(a+b), Chla, and Chlb) was observed to varying degrees
in Brassica juncea L. varieties [129], which may be a conse-
quence of violated chlorophyll biosynthesis [123].

Thus, the decrease in growth parameters of rice seed-
lings, like length and biomass accumulation of vegetative
parts, was observed. According to data of other researchers,
there is a result of changes in biochemical and physiological
processes under Cd stress in Fe deficiency conditions, in par-
ticular, decrease in photosynthetic rate and content of pho-
tosynthetic pigments. Therefore, the next step was the
study of the Cd effect on chlorophyll and carotenoid content
in different Fe status in rice plants.

3.2. The Effect of Cd and Fe Deficiency on the Content of
Photosynthetic Pigments in the Leaves of Rice Seedlings. The
effect of Cd and Fe deficiency on the content of chlorophyll
a in the leaves of 14-day rice seedlings was evaluated. In all
variants, the content of chlorophyll a (Chla) decreased rela-
tive to the control in all the studied rice varieties. The degree
of reduction in the content of Chla in rice seedlings of
Madina, Bakanas, Barakat, and Chapsari varieties was deter-
mined; the following pattern was observed (% to control,
respectively): Fe deficiency‐Cd ð86, 82, 80, and 73Þ > Fe
norm + Cd ð70, 71, 60, and 56Þ > Fe deficiency + Cd ð64, 61,
53, and 49Þ (Figure 5).

In all the studied varieties, the greatest decrease in Chla
content was observed in variant “Fe deficiency+Cd” by 36,
39, 47, and 51% in varieties Madina, Bakanas, Barakat, and
Chapsari, respectively.

The greatest decrease in this variant was found in the
Chapsari variety (% to control): Fe norm+Cd— Bakanas ð
71Þ ≥Madina ð70Þ > Barakat ð60Þ > Chapsari ð56Þ; Fe defi-

ciency-Cd— Madina ð86Þ > Bakanas ð82Þ > Barakat ð80Þ >
Chapsari ð73Þ; Fe deficiency+Cd—Madina ð64Þ > Bakanas ð
61Þ > Barakat ð53Þ > Chapsari ð49Þ.

Content of Chlb was decreased in the following order (%
to control) (Figure 6): Fe norm
+Cd—Madina ð80Þ > Bakanas ð72Þ > Chapsari ð71Þ ≥
Barakat ð65Þ; Fe deficiency-Cd—Madina ð89Þ > Bakanas ð
86Þ > Barakat ð84Þ > Chapsari ð80Þ; and Fe deficiency
+Cd—Madina ð68Þ ≥ Bakanas ð60Þ > Chapsari ð54Þ ≥
Barakat ð53Þ.

The following degree of reduction in the content of Chlb
in Madina, Bakanas, Barakat, and Chapsari varieties was
observed (% to control, accordingly): Fe deficiency‐Cd ð89,
86, 84, and 80Þ > Fe norm + Cd ð80, 72, 71, and 65Þ > Fe
deficiency + Cd ð60, 50, 53, and 54Þ.

In all the studied varieties, the greatest decrease in the
content of Chlb relative to the control was observed in vari-
ant “Fe deficiency+Cd” by 20, 28, 29, and 35% in varieties
Madina, Bakanas, Barakat, and Chapsari, respectively. The
greatest decrease in this variant was found for the Chapsari
variety.

3.3. The Effect of Cd and Fe Deficiency on the Content of
Carotenoids in the Leaves of Rice Seedlings. The following
pattern was observed in carotenoid content in rice varieties
(% to control) (Figure 7): for Madina variety— Fe norm +
Cd ð93Þ > Fe deficiency‐Cd ð54Þ > Fe deficiency + Cd ð36Þ;
for Bakanas variety— Fe norm + Cd ð120Þ > Fe deficiency‐
Cd ð83Þ > Fe deficiency + Cd ð25%Þ; for Barakat variety—
Fe norm + Cd ð100Þ > Fe deficiency‐Cd ð62Þ > Fe deficiency
+ Cd ð41Þ; and for Chapsari variety— Fe norm + Cd ð71Þ
> Fe deficiency‐Cd ð41Þ > Fe deficiency + Cd ð22Þ.

In different variants, carotenoid content can be pre-
sented in the following order (% to control): Fe norm
+Cd— Bakanas ð105Þ ≥Madina ð93Þ > Barakat ð100Þ >
Chapsari ð71Þ; Fe deficiency-Cd— Bakanas ð83Þ >Madina ð
54Þ > Barakat ð62Þ > Chapsari ð41Þ; and Fe deficiency
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+Cd—Madina ð36Þ = Bakanas ð25Þ > Barakat ð15Þ >
Chapsari ð22Þ.

It was found that in variant “Fe norm+Cd” in Madina,
Bakanas, and Barakat cvs, carotenoid content slightly chan-
ged or did not change, while in Fe deficiency condition
and under double stress in variant “Fe deficiency+Cd” in
all rice varieties, carotenoid content decreased.

The most decline of carotenoid content was observed in
Chapsari cv.

Thus, chlorophyll and carotenoid content in leaves of
rice seedlings decreased under Cd stress and in most degrees
under joint effect of Cd stress and Fe deficiency conditions.

The data obtained are consistent with the results of stud-
ies by other authors. According to other studies, plant pho-
tosynthetic systems are specific targets of Cd [130].
According to the researchers, photosynthetic systems are
severely damaged by an increase in the level of Cd in the
growing medium, a decrease in the content of chlorophyll,
and the assimilation of carbon by the enzyme Rubisco. It
has been found that Cd inhibits chlorophyll biosynthesis,
increases its breakdown, disrupts carboxylation reactions as
well as photochemical reactions of photosynthesis, and gen-
erally destroys chloroplast metabolism [131]. Leaf chlorosis
as a result of Cd toxicity was directly associated with a
decrease in the level of chlorophyll biosynthesis in rice
plants [116] as well as mungbean [29], peas [40], and bras-
sica [122].

High concentrations of Cd prevent the incorporation of
Mg2+ into protoporphyrinogen and cause the breakdown
of chlorophylls (Chla and Chlb) [121].

It is assumed that the decrease in the content of chloro-
phyll may be associated with increased activity of chloro-
phyllase, which destroys chlorophylls, or with a decrease in
the activity of a crucial enzyme in the biosynthesis of chloro-
phyll, 5-aminolevulinic acid dehydratase (ALAD) [132]. It
was established that in Fe deficiency conditions caused by

Cd, the development of thylakoid membranes and the syn-
thesis of chlorophylls and chlorophyll-protein complexes
are disrupted, as a result of which the composition of the
thylakoid is modified [133].

Fe deficiency causes destructions in the structure and
functions of the entire photosynthetic apparatus in higher
plants. The reduction in pigment content caused by Fe defi-
ciency seems to be related to the absolute need for Fe in the
formation of the thylakoid membrane.

Under conditions of iron deficiency in leaf thylakoids,
disturbances were observed in the stoichiometry of PSII
and PSI, in the ratios of chlorophylls and xanthophylls,
and in their lipid profile [134].

It can be noted that in the Bakanas variety, carotenoid
content slightly increased (by 5%), and in Barakat cv, it did
not change. Content of carotenoids increases [135, 136] or
decreases [51, 137] under Cd stress in different studies.

Carotenoids are low-molecular-weight antioxidants
[138], so an increase in their amount under stressful condi-
tions indicates the activation of protective functions. Main-
tenance of a stable level of pigments of photosynthesis is
an important demonstration of plant resistance to heavy
metals [132]. Besides their photochemical function, caroten-
oids significantly alleviate the oxidative damage in mem-
brane thylakoids caused by adverse environmental
conditions [139]. In our studies in Fe-deficient conditions,
chlorophyll content and carotenoid content decreased in
all varieties. Other researches obtained the same results. It
was established that Fe deficiency causes a reduction of chlo-
rophyll and carotenoid content [140, 141]. Joint effect of Cd
and Fe deficiency stress amplified the negative separate effect
of these stresses.

3.4. The Effect of Cd at Different Fe Status on the Relative
Water Content (RWC) in the Leaves of Rice Seedlings. Unfa-
vorable conditions for plant growth cause a decrease in
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water content in plant parts [69, 87]. Relative water content
in leaves of rice seedlings, subjected to Cd and Fe deficiency
stresses and their joint effect, was studied.

Relative water content (RWC) in different rice varie-
ties decreased in the following order (% to control)
(Figure 8): Fe norm+Cd—Madina ð92Þ > Bakanas ð90Þ >
Chapsari ð84Þ = Barakat ð84Þ; Fe deficiency-Cd— Madina
ð93Þ ≥ Bakanas ð92Þ = Barakat ð86Þ > Chapsari ð83Þ; and Fe
deficiency+Cd—Madina ð82Þ > Bakanas ð79Þ > Barakat ð75Þ
> Chapsari ð74Þ.

The decrease in RWC in leaves of rice seedlings of
almost all varieties was observed. The greatest decrease
in RWC was observed in Barakat and Chapsari varieties
(by 25 and 26%, respectively). The degree of RWC
decrease in Madina, Bakanas, Barakat, and Chapsari
can be presented in the following order (% to control,
accordingly): Fe norm + Cd ð92, 90, 84, and 84Þ > Fe
deficiency − Cd ð93, 92, 86, and 83Þ > Fe deficiency + Cd ð82,
79, 75, and 74Þ.

In all the studied varieties, the greatest decrease in RWC
was observed in variant “Fe deficiency +Cd” by 18, 21, 25,
and 26% in varieties Madina, Bakanas, Barakat, and Chap-
sari, respectively. The greatest decrease in this variant was
found for Barakat and Chapsari varieties.

In all the studied varieties, the greatest decrease in RWC
was observed in variant “Fe deficiency+Cd” by 18, 21, 25,
and 26% in Madina, Barakat, Bakanas, and Chapsari varie-
ties, respectively. The greatest decrease in this variant was
found in the Chapsari variety.

The relative water content in Madina, Bakanas, Barakat,
and Chapsari varieties was decreased in studied variants in
the following order (% to control): Fe deficiency‐Cd ð92, 92
, 86, and 83Þ ≥ Fe norm + Cd ð91, 90, 84, and 86Þ > Fe
deficiency + Cd ð82, 79, 75, and 74Þ. According to obtained
results, Cd and Fe deficiency caused a decrease in RWC
and the level of decrease under Cd stress in Fe deficiency
conditions was the greatest.

According to other research, heavy metals, including Cd,
reduce the water content in the plant cell. In conditions of
high concentration of heavy metals in growth medium,
plants are subjected to osmotic stress, since the osmotic
potential of the growing medium will be lower than that in
plant cells, so that water is not absorbed by the plant roots
[142]. And as a consequence, Cd stress caused a decrease
in the stomatal aperture area per unit leaf area [143] and sto-
matal closing [144]. It was found that the reason for the
decrease in the aperture of stomata in Setaria viridis plants
under Cd stress was the release of potassium and calcium
from the stomatal guard cells due to an increase in the per-
meability of cell membranes [145]. It was also proposed that
Cd2+ causes stomata closing independently from ABA by
entering the cytosol using Ca2+ channels [124]. It is sup-
posed that heavy metals slow down the transport of water
over short distances in both symplast and apoplast. This
decreases the influx of water into the vascular system and
affects the supply of water to the aboveground organs.

Water transport over long distances is limited because of
a decrease in hydroconductivity in the root, stem, and mid-
dle part of the leaf, due to a decrease in the size of
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conducting vessels, as well as partial lock of xylem vessels by
cell debris or gum [124].

There are the opposite data concerning water status of
plants under Fe deficiency conditions. It was shown that Fe
deficiency causes a decrease in stomatal conductance. It
was supposed that Fe deficiency leads to retaining water sta-
tus in plants [146]. According to other research, levels of sto-
matal conductivity were close to control or increased, which
leads to a loss of stomatal control and causes a decrease in
water content in leaves [147].

In our studies, with relative tolerance to Cd and Fe defi-
ciency stresses in Madina and Bakanas varieties, RWC
decreased to a lesser extent compared to that in Barakat
and Chapsari varieties in all variants. The double stress of
Cd and Fe deficiency aggravated their separate negative
effect on RWC in leaves of rice plants.

3.5. The Effect of Cd and Fe Deficiency on the Proline Content
in the Leaves of Rice Seedlings. Proline as an amino acid plays
an important role as an osmolite under adverse environmen-
tal conditions. Proline was synthesized in tissues capable of
rapid cell division, such as shoot apical meristems, in pollen
and seeds, where it protects cells from dehydration of cell
structures [148].

In rice seedlings, the following pattern was observed in
proline content (% to control) (Figure 9): Madina vari-
ety— Fe deficiency + Cd ð206Þ > Fe norm + Cd ð176Þ = Fe
deficiency‐Cd ð176Þ; Bakanas variety— Fe deficiency + Cd
ð133Þ > Fe deficiency‐Cd ð131Þ > Fe + Cd norm ð120Þ; Bar-
akat variety— Fe deficiency + Cd ð141Þ > Fe norm + Cd ð
133Þ > Fe deficiency‐Cd ð122Þ; and Chapsari variety— Fe
deficiency + Cd ð128Þ > Fe norm + Cd ð119Þ > Fe deficiency
‐Cd ð113Þ.

The level of increase in proline content in different vari-
ants among rice varieties can be presented in the following
order (% to control): Fe norm+Cd— Madina ð178Þ >
Bakanas ð120Þ > Barakat ð133Þ > Chapsari ð119Þ; Fe defi-
ciency— Madina ð176Þ > Bakanas ð132Þ > Barakat ð122Þ >
Chapsari ð113Þ; and Fe deficiency+Cd—Madina ð203Þ >
Barakat ð141Þ > Bakanas ð133Þ > Chapsari ð128Þ.

In all the studied varieties, the greatest increase in pro-
line content was found in variant “Fe deficiency+Cd” by
103, 33, 41, and 28% in varieties Madina, Bakanas, Barakat,
and Chapsari, respectively. In the studied varieties, the pro-
line content increased most in the “Fe deficiency+Cd” vari-
ant. Among the varieties, the highest increase in proline
was observed in resistant varieties Madina and Bakanas.

Other studies have also observed an increase in proline
content in plants exposed to Cd. Proline provides membrane
and protein protection at extreme temperatures and excess
inorganic ions in the growing medium. Under conditions
of osmotic stress, proline is important for the cell, stabilizes
proteins, membranes, and subcellular structures, and pro-
tects the cell from oxidative stress. The overproduction of
proline synthesis led to an increase in the resistance of trans-
genic tobacco plants to osmotic stress [149, 150]. Proline
provides membrane and protein protection under extreme
temperatures and excess of inorganic ions [150]. Various
transgenes designed to overproduce proline have demon-
strated resistance to abiotic stress [151]. A correlative link
was found between high levels of proline and the effect of
stress factors on plants [149]. Expression of proline in trans-
genic plants produced increased root biomass under water
stress [151]. In transgenic Arabidopsis plants, with sup-
pressed proline synthesis, morphological changes, and
hypersensitivity to water deficiency, low activity of
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antioxidant enzymes was found [152]. Under conditions of
heavy metal contamination, the synthesis of osmolytes such
as proline is one of the ways by which plants fight stress
[153, 154]. It is assumed that the accumulation of proline
can contribute to osmotic regulation and stabilization of
macromolecule structure [155]. Proline also acts as a major
source of energy and nitrogen, which can be used to renew
growth after stress [156].

According to other researchers, under Cd stress
(500μM), the studied rice varieties showed a high content
of proline compared to control and the protective effect of
proline under osmotic stress was established [157]. It was

shown that overexpressing osmolite biosynthesis exhibits
increased stress resistance [158]. Fe deficiency, salinity, and
the combined effect of these two stresses also caused an
increase in the proline content in barley varieties. More
resistant to Fe deficiency, varieties showed a higher content
of proline in the leaves [150, 159].

3.6. Cadmium Effect at Different Fe Status on the Anatomical
Structure of the Aboveground Organs of Rice Seedlings. The
anatomical structure of leaves and roots under Cd stress in
Fe deficiency conditions was studied. In variants with sepa-
rate effect of Cd and Fe deficiency and joint effect of these
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stresses, the thickness of the lower epidermis decreased in all
varieties (Figures 10 and 11). The lowest decrease was
observed in the variant with Fe deficiency. The greatest
decrease was observed in the Chapsari variety (by 30, 30,
and 50%, accordingly). This parameter decreased in less
extent in Madina and Bakanas cvs in all variants. The most
decrease in the lower epidermis was observed under double
stress of Cd and Fe deficiency.

The thickness of the upper epidermis was also decreased
in all variants, but it can be noted that in variant with Fe
deficiency, this parameter was decreased in a lesser extent:
by 2, 6, 8, and 24% in Madina, Bakanas, Barakat, and Chap-
sari, respectively (Figures 10 and 12). The thickness of the
upper epidermis decreased mostly under joint effect of Cd
and Fe deficiency as well as the thickness of the lower epider-
mis. The Chapsari variety had the greatest decrease (by 52,
34, and 60% under Cd stress and Fe deficiency conditions
and under their joint effect, accordingly) in the upper epi-
dermis of leaves in all variants.

The diameter of the conducting bundles of rice varieties
of leaves decreased in all studied variants in different degrees
(Figures 10 and 13). The greatest changes are observed in the
variant “Fe deficiency+Cd.” The smallest changes in the size
of the conducting bundles were observed in the variant “Fe
norm+Cd.”

Under Fe deficiency stress, the diameter of the con-
ducting bundles decreased in less extent; moreover, in
Madina cv, this parameter was on the control level. The
greatest changes were also found in the Chapsari variety.
Thus, in Fe-deficient conditions, leaf structure changed in
less extent. According to other researchers, the Cd effect
rather than Fe deficiency alters the leaf anatomy [160,
161]. It was shown that Cd stress and joint effect of Cd
and Fe deficiency cause the significant alterations in the leaf
anatomy. It was found that under Cd stress, there were
changes in the thickness and density of the stomata of the
leaves, which can promote an increase in the resistance of
the leaves to the metal toxicity [162]. There was a decrease
in the thickness of the upper epidermis while the number
of stomata and the thickness of the palisade parenchyma
increased with Cd toxicity. A decrease in the thickness of
the upper epidermis was observed, but at the same time,
the number of stomata and the thickness of the palisade
parenchyma increased with Cd toxicity. It was observed that
the upper epidermis thickness decreased, but at the same
time, the thickness of the palisade parenchyma and the
number of stomata increased under Cd stress [163].

According to the authors, it was observed that the thick-
ness of the abaxial and adaxial sclerenchyma and pericycle
was greater under heavy metal (Cu, Cd, Zn, and Pb) stress,
and there was a thickening of the epidermis on the abaxial
and adaxial sides of the leaves of Brachiaria decumbens. It
was supposed that it is a strategy for reducing water losses
during transpiration, also associated with a large turgor of
the leaf blade, which was observed in plants that were con-
taminated with heavy metals [161]. Some authors have
shown an increase in the epidermis thickness and the den-
sity of stomata in peanut leaves under Cd stress [164]. In
some plant species, depending on their anatomical plasticity,
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modified leaf tissues appear, which provides better adapta-
tion under stress [165]. It is also known that the number
of conducting elements is reduced, an adaptive reaction to
ensure the flow of water [166].

3.7. Cadmium Effect at Different Fe Status on the Anatomical
Structure of the Rice Roots. Anatomical parameters of rice
roots changed under Cd and double stress (Fe deficiency
+Cd), but differences were not significant. According to the
change in the root exodermis, in the variant “Fe norm
+Cd,” rice varieties can be arranged in the following order
(% to control) (Figures 14 and 15): Madina ð110Þ >
Bakanas ð97Þ > Barakat ð76Þ > Chapsari ð50Þ. In the presence
of Cd, the thickness of the root exodermis in the Chapsari
variety decreased to the greatest extent.

At Fe deficiency conditions, a decrease in the thickness
of the root exodermis was observed in all the studied rice
varieties. In the variant “Fe deficiency-Cd,” the rice varieties
by the decrease in this parameter can be presented in the fol-
lowing order: Madina ð92Þ > Bakanas ð89Þ > Barakat ð74Þ >
Chapsari ð68Þ.

In the variant “Fe deficiency+Cd” only in the Madina
variety, there was a slight increase (by 7%) in the thickness
of the root exodermis; this indicator decreased by 16%,
33%, and 50% in the varieties Bakanas, Barakat, and Chap-
sari, respectively (% to control): Madina ð107Þ > Bakanas ð
84Þ > Barakat ð67Þ > Chapsari ð50Þ.

The study of the endodermis thickness under Cd stress
and Fe deficiency conditions showed that under Cd stress in
varieties Madina and Bakanas, it was slightly increased (by
6% in Madina cv) or stayed on the control level (by 1% in
Bakanas cv); in Chapsari and Barakat cvs, this parameter
decreased by 21 and 27%, respectively (Figures 14 and 16).

In the variant “Fe norm+Cd,” the endodermis thickness
of the varieties can be arranged in the following order (% to
control): Madina ð106Þ > Bakanas ð101Þ > Chapsari ð79Þ >
Barakat ð73Þ.

In the variant “Fe deficiency-Cd,” the thickness of the
endodermis decreased in the following order (% to control):
Bakanas ð100Þ >Madina ð93Þ > Barakat ð84Þ > Chapsari ð79Þ
(Figures 14 and 17). Under Fe deficiency conditions, thick-
ness of the endodermis was on the control level, and in
Madina, Barakat, and Chapsari, it decreased by 7, 16, and
21%, accordingly.

Under double stress in the Madina variety, the endoder-
mis thickness decreased in less extent; this parameter
decreased by 12, 26, and 36% in Bakanas, Barakat, and
Chapsari cvs, respectively.

In the variant “Fe deficiency+Cd,” the thickness of the
endodermis decreased in all the studied rice varieties (in %
to control): Madina ð96Þ > Bakanas ð88Þ > Barakat ð74Þ >
Chapsari ð64Þ.

The diameter of the central cylinder of roots in the toler-
ant variety Madina slightly increased under Cd stress. In
other varieties which decreased in different levels, the most
decrease was observed in Chapsari cv.

According to the change in the diameter of the central cyl-
inder in the “Fe norm+Cd” variant, the varieties are arranged
as follows (% to control) (Figures 14and 16): Madina ð107Þ
> Bakanas ð96Þ > Barakat ð91Þ > Chapsari ð64Þ.

The varieties in the variant “Fe deficiency-Cd” by the
change of this indicator are arranged as follows (% to con-
trol): Madina ð99Þ ≥ Bakanas ð98Þ > Barakat ð88Þ > Chapsari
ð67Þ. Under Fe deficiency stress, the Chapsari variety was
distinguished by the most decrease in the diameter of the
central cylinder.

Under double stress, the same pattern has been
preserved.

In the variant “Fe deficiency+Cd,” varieties can be
arranged in the following order (in % to control): Bakanas
ð99Þ >Madina ð94Þ > Barakat ð81Þ > Chapsari ð55Þ.

In resistant Madina cv, the exodermis of roots slightly
increased under Cd and double stress (Fe deficiency+Cd)
(by 10 and 7%, respectively), as well as endodermis thickness
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and the diameter of the central cylinder under Cd stress (by
6 and 7%); in other varieties, all root anatomical parameters
do not change or have tendency to decrease, but the differ-
ences were not significant. The alterations in anatomical
structure of plant roots were observed by other researchers.
According to other studies, the diameter of the roots of Cicer
arietinum L. decreased under Cd stress. The endodermal
cells of the Cd-treated roots had smaller size and thick walls
than those of the control plant roots. The stem diameter
decreased due to the reduction in the size of cells and vascu-
lar elements under Cd stress [167]. In chickpea plants, the
area of cortical stem cells was smaller due to the action of
Cd compared to control plants.

Xylem vessels in Cd-treated plants had smaller size, and
their number also decreased. The area of vessels in the

treated Cd leaves became smaller compared to that in the
control leaves.

A decrease in the thickness of the leaves and in the area of
the vessels and the closure of the stomata compared to the
control sample were observed [168]. Other researchers have
shown that the thickness of the exodermis and endodermis
of roots, xylem cell walls, and cortical parenchyma in Bra-
chiaria decumbens thickens with increasing heavy metal con-
tent in the growing medium [161]. The thickness of the
exodermis and endoderm of plants roots increased under the
conditions of contamination. It is assumed that the destruc-
tion of the epidermal tissue was compensated by the thicken-
ing of the exodermis tissue [169]. The endodermis and
exodermis of plant roots are of great importance in protecting
plants from various stress factors [170]. During the study of
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the heavy metals’ effect on the plant Brachiaria decumbens, it
is assumed that the thickening of the root exodermis and
endodermis is a response to reduce the metal translocation
from roots to shoots. This property indicates a high tolerance
to heavy metals and may be a plant strategy to minimize the
transfer of metals to aboveground organs. An increase in the
thickness of the exodermis and endodermis in roots of plants
indicates a high resistance to heavy metals [169]. The thicken-
ing of the exodermis and endodermis indicates a better ability
to prevent the apoplastic movement of the metal, and the
increase in cell wall thickness contributes to the accumulation
of heavy metals in the roots, reducing their movement to
aboveground organs. Caspari belts reduce the surface of the
membrane available for ion absorption [171]. The lowering
of the epidermal layer of leaves was observed by other authors.
The decrease in the thickness of plant leaves observed by other
researchers is explained by the flattening of epidermal cells,
which results in a reduction in intercellular spaces in meso-
phyll tissues [172].

4. Conclusion

Cadmium contamination of the soil due to the functioning of
metallurgical plants and the widespread use of phosphorus
fertilizers aggravated by the unbalanced mineral composition
of the soil is a big problem in developing countries. The
importance of this work is that a comprehensive study at the
physiological, biochemical, and anatomical level of Cd effect
under Fe deficiency conditions on various rice varieties was
carried out. The degree of reduction of all studied parameters
under double stress was the greatest compared to other vari-
ants, which indicates that a decrease in the Fe content in the
nutrient medium exacerbates the toxic effect of Cd. This indi-
cates the need for a full-fledged plant mineral nutrition, espe-
cially Fe, under Cd stress. Based on obtaining integral
indicators under the joint effect of Cd and Fe deficiency condi-
tions, it can be concluded that plant responses at the physio-
logical, biochemical, and anatomical levels in resistant rice
varieties were expressed to a greater extent compared to those
in Cd-sensitive varieties. The identification of relatively resis-
tant and sensitive varieties to the effects of double stress and
revealed variety specificity of rice plant responses allow assum-
ing differences in plant response mechanisms against the joint
effect of Cd and deficiency of Fe, also in the activity of genes,
responsible for the transport of these metals in rice varieties.
The further investigation of the influence of Fe-containing fer-
tilizers on these rice varieties to decrease the toxicity of Cd, in
order to reveal the mechanisms of their effect at the physiolog-
ical and biochemical level, as well as the study of Fe and Cd
transporter genes at the molecular level, is needed. The further
study of the expression of Cd and Fe transporter genes will
expand knowledge about the genetic determinacy of plant
responses to stress and use them to reduce the unfavorable
impact of Fe deficiency for plants.

Data Availability

We have not put any data concerning our results in any
archived datasets.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Atabayeva S.D. was responsible for the supervision, design of
the research, and analysis of the data and wrote the article
with contributions of all authors. Rakhymgozhina A., Asran-
dina S.S., and Amirova A. performed physiological and bio-
chemical experiments. Usenbekov B.N. was responsible for
the seed supply and rice growing methodology. Nurmaha-
nova A.S. and Tynybekov B.V. were responsible for the
botanical studies and preparation of anatomical sections.
Alybayeva R.A was responsible for the calculations and con-
struction of graphs. Kenzhebayeva S.S. reviewed and edited
the paper with respect to the English language. All authors
have read and agreed to the published version of the
manuscript.

Acknowledgments

We are incredibly grateful to the administration team of the
Research Institute of Ecology Problems of Al-Farabi Kazakh
National University for administrative and technical sup-
port. This research was funded by the Ministry of Education
and Sciences of the Republic of Kazakhstan under the Pro-
ject 0590/GF4: “Investigation of trace element composition
and physiological and biochemical characteristics of rice
(Oryza sativa L.) under conditions of environmental pollu-
tion by cadmium to identify varieties promising for cultiva-
tion in ecologically unfavorable areas of Kazakhstan.”

References

[1] T. Abedi and A. Mojiri, “Cadmium uptake by wheat (Triti-
cum aestivum L.): an overview,” Plants, vol. 10, no. 9,
p. 500, 2020.

[2] S. Lata, H. P. Kaur, and T. Mishra, “Cadmium bioremedia-
tion: a review,” International Journal of Pharmaceutical Sci-
ences and Research, vol. 10, no. 9, pp. 4120–4128, 2019.

[3] C. Wang, W. Guo, X. Cai, R. Li, and D. W. Ow, “Engineering
low-cadmium rice through stress-inducible expression of
OXS3-family member genes,” New Biotechnology, vol. 48,
pp. 29–34, 2019.

[4] L. Mamonov, “Goals and objectives of plant physiology as a
theoretical and practical basis for rice breeding,” in Scientific
Foundations and Practice of Rice Farming in Kazakhstan, L.
Mamonov and B. Sarsenbayev, Eds., Nauka, (In Russian).
Almaty, 2012.

[5] “The development of rice farming in Kazakhstan is an impor-
tant strategic task,” 2020, https://online.zakon.kz/Document/
?doc_id=31278064.

[6] M. Helal, E. Baibagyshew, and S. Saber, “Uptake of Cd and Ni
by spinach, Spinacea oleracea (L.) from polluted soil under
field conditions as affected by salt water irrigation,” Agrono-
mie, vol. 18, no. 7, pp. 443–448, 1998.

[7] M. Jamali, T. G. Kazi, M. B. Arain, H. I. Afridi, N. Jalbani, and
A. R. Memon, “Heavy metal contents of vegetables grown in
soil, irrigated with mixtures of wastewater and sewage sludge
in Pakistan, using ultrasonic-assisted pseudo-digestion,”

17BioMed Research International

https://online.zakon.kz/Document/?doc_id=31278064
https://online.zakon.kz/Document/?doc_id=31278064


Journal of Agronomy and Crop Science, vol. 193, no. 3,
pp. 218–228, 2007.

[8] A. Endovitsky, V. P. Kalinichenko, and T. M. Minkina,
““State of lead and cadmium in chernozem after making
phosphogypsum.” (In Russian),” Soil Science, vol. 3,
pp. 340–350, 2014.

[9] L. Tovazhnyanskyi, P. A. Kapustenko, and L. Georgii,
““Having complex processing of phosphogypsum with the
extraction of rare earth elements.” (in Russian),” Integriro-
vani tehnologii ta energozberezhenia, vol. 2, pp. 73–81,
2008.

[10] K. Gnandi and H. J. Tobschall, “Heavy metals distribution of
soils around mining sites of cadmium-rich marine sedimen-
tary phosphorites of Kpogamé and Hahotoé (southern
Togo),” Environmental Geology, vol. 41, no. 5, pp. 593–600,
2002.

[11] A. Kubier, R. T. Wilkin, and T. Pichler, “Cadmium in soils
and groundwater: a review,” Applied Geochemistry, vol. 108,
pp. 1–16, 2019.

[12] R. Lambert, C. Grant, and S. Sauvé, “Cadmium and zinc in
soil solution extracts following the application of phosphate
fertilizers,” Science of the Total Environment, vol. 378, no. 3,
pp. 293–305, 2007.

[13] M. Francois, C. Grant, R. Lambert, and S. Sauve, “Prediction
of cadmium and zinc concentration in wheat grain from soils
affected by the application of phosphate fertilizers varying in
Cd concentration,” Nutrient Cycling in Agroecosystems,
vol. 83, no. 2, pp. 125–133, 2009.

[14] C. Grant, M. A. Monreal, R. B. Irvine, R. M. Mohr, D. L.
McLaren, and M. Khakbazan, “Preceding crop and phospho-
rus fertilization affect cadmium and zinc concentration of
flaxseed under conventional and reduced tillage,” Plant and
Soil, vol. 333, no. 1-2, pp. 337–350, 2010.

[15] K. Jones and E. A. Johnston, “Cadmium in cereal grain and
herbage from long-term experimental plots at Rothamsted,
UK,” Environmental Pollution, vol. 57, no. 3, pp. 199–216,
1989.

[16] K. Kpomblekou-A and M. A. Tabatabai, “Metal contents of
phosphate rocks,” Communications in Soil Science and Plant
Analysis, vol. 25, no. 17-18, pp. 2871–2882, 1994.

[17] S. Sheppard, C. A. Grant, M. I. Sheppard, R. Reinder De Jong,
and J. Long, “Risk indicator for agricultural inputs of trace
elements to Canadian soils,” Journal of Environmental Qual-
ity, vol. 38, no. 3, pp. 919–932, 2009.

[18] Y. Vodyanitskyi, Heavy metals and metalloids in soils. (In
Russian), М.: GNU named after V.V. Dokuchayev Soil Insti-
tute RAAS, 2008.

[19] E. Epstein and A. J. Bloom,Mineral Nutrition of Plants: Prin-
ciples and Perspectives, Sinauer Associates, Inc. Publishers,
Massachusetts, USA, 2nd ed edition, 2005.

[20] R. Chunhabundit, “Cadmium exposure and potential health
risk from foods in contaminated area, Thailand,” Toxicologi-
cal Research, vol. 32, no. 1, pp. 65–72, 2016.

[21] S. Satarug, S. H. Garrett, M. A. Sens, and D. A. Sens, “Cad-
mium, environmental exposure, and health outcomes,” Envi-
ronmental Health Perspectives, vol. 118, no. 2, pp. 182–190,
2010.

[22] J.-F. Gu, H. Zhou, H.-L. Tang et al., “Cadmium and arsenic
accumulation during the rice growth period under in situ
remediation,” Ecotoxicology and Environmental Safety,
vol. 171, pp. 451–459, 2019.

[23] A. Gutsch, K. Sergeant, E. Keunen et al., “Does long-term
cadmium exposure influence the composition of pecticpoly-
saccharides in the cell wall of Medicago sativa stems?,”
BMC Plant Biology, vol. 19, p. 271.17, 2019.

[24] M. Kato, S. Ishikawa, K. Igarashi et al., “Possible chemical
forms of cadmium and varietal differences in cadmium con-
centrations in the phloem sap of rice plants (Oryza sativa
L.),” Soil Science Plant Nutrition, vol. 56, no. 6, pp. 839–847,
2010.

[25] N. Yamaguchi, S. Ishikawa, T. Abe, K. Baba, T. Arao, and
Y. Terada, “Role of the node in controlling traffic of cad-
mium, zinc, and manganese in rice,” Journal of Experimental
Botany, vol. 63, no. 7, pp. 2729–2737, 2012.

[26] N. Kobayashi, K. Tanoi, A. Hirose, and T. M. Nakanishi,
“Characterization of rapid intervascular transport of cad-
mium in rice stem by radioisotope imaging,” Journal of
Experimental Botany, vol. 64, no. 2, pp. 507–517, 2013.

[27] S. Qin, H. Liu, Z. Nie et al., “Toxicity of cadmium and its
competition with mineral nutrients for uptake by plants: a
review,” Pedosphere, vol. 30, no. 2, pp. 168–180, 2020.

[28] Q.-B. He and B. R. Singh, “Cadmium availability to plants as
affected by repeated applications of phosphorus fertilizers,”
Acta Agriculturae Scandinavica, vol. 45, pp. 22–31, 1995.

[29] A. Wahid, A. Ghani, and F. Javed, “Effect of cadmium on
photosynthesis, nutrition and growth of mungbean,” Agron-
omy for Sustainable Development, vol. 28, no. 2, pp. 273–
280, 2008.

[30] X. Li, M. Zhao, L. Guo, and L. Huang, “Effect of cadmium on
photosynthetic pigments, lipid peroxidation, antioxidants,
and artemisinin in hydroponically grown Artemisia annua,”
Journal of Environmental Sciences (China), vol. 24, no. 8,
pp. 1511–1518, 2012.

[31] S. Bindhu and A. K. Bera, “Impact of cadmium toxicity on
leaf area, stomatal frequency, stomatal index and pigment
content in mungbean seedlings,” Journal of Environmental
Biology, vol. 22, no. 4, pp. 307–309, 2001.

[32] M. Dias, C. Monteiro, J. Moutinho-Pereira, C. Correia,
B. Gonçalves, and C. Santos, “Cadmium toxicity affects pho-
tosynthesis and plant growth at different levels,” Acta Physio-
logiae Plantarum, vol. 35, no. 4, pp. 1281–1289, 2013.

[33] N. Baruah, S. C. Mondal, M. Farooq, and N. Gogoi, “Influ-
ence of heavy vemtals on seed germination and seedling
growth of wheat, pea, and tomato,” Water, Air, & Soil Pollu-
tion, vol. 230, p. 273, 2019.

[34] S. Siyar, S. Sami, and A. Majeed, “Heavy metal stress in
plants: effects on nutrients and water uptake,” in In: Cellular
and Molecular Phytotoxicity of Heavy Metals, M. Faisal, Q.
Saquib, A. A. Alatar, and A. A. Al-Khed-Hairy, Eds.,
pp. 89–98, Nanotechnology in the Life Sciences: Springer,
Cham, 2020.

[35] M. Khan, U. Aymen, A. H. Mir et al.et al., “Understanding
heavy metal stress in plants through mineral nutrients,” in
In: Heavy Metals in Plants Physiological to Molecular
Approach, J. Kumar, S. Gaur, P. K. Srivastava, R. K. Mishra,
S. M. Prasad, K. Devendra, and C. Taylor, Eds., p. 29, Francis
eBooks: CRC Press, 2022.

[36] K. Muhammad, D. Khan, L. Mei et al., “Cadmium-induced
upregulation of lipid peroxidation and reactive oxygen spe-
cies caused physiological, biochemical, and ultrastructural
changes in upland cotton seedlings,” BioMed Research Inter-
national, vol. 2013, Article ID 374063, 2013.

18 BioMed Research International



[37] F. T. Li, J. M. Qi, G. Y. Zhang et al., “Effect of cadmium stress
on the growth, antioxidative enzymes and lipid peroxidation
in two kenaf (Hibiscus cannabinus L.) plant seedlings,” Jour-
nal of Integrative Agriculture, vol. 12, no. 4, pp. 610–620,
2013.

[38] O. Sytar, A. Kumar, D. Latowski, P. Kuczynska, K. Strzałka,
and M. N. Prasad, “Heavy metal-induced oxidative damage,
defense reactions, and detoxification mechanisms in plants,”
Acta Physiologiae Plantarum, vol. 35, no. 4, article 1169,
pp. 985–999, 2013.

[39] M. Farooq, S. Ali, A. A. Hameed et al., “Cadmium stress in
cotton seedlings: physiological, photosynthesis and oxidative
damages alleviated by glycinebetaine,” South African Journal
of Botany, vol. 104, pp. 61–68, 2016.

[40] L. Hernandez and D. T. Cooke, “Modification of the root
plasma membrane lipid composition of cadmium-treated
Pisum sativum,” Journal of Experimental Botany, vol. 48,
no. 7, pp. 1375–1381, 1997.

[41] S. Astolfi, S. Zuchi, and C. Passera, “Effect of cadmium on H
+ATPase activity of plasma membrane vesicles isolated from
roots of different S-supplied maize (Zea mays L.) plants,”
Plant Science, vol. 169, no. 2, pp. 361–368, 2005.

[42] T. Ghnaya, I. Slama, D. Messedi, C. Grignon, M. H. Ghorbel,
and C. Abdelly, “Effects of Cd2+ on K+, Ca2+ and N uptake in
two halophytes Sesuvium portulacastrum and Mesembryan-
themum crystallinum: consequences on growth,” Che-
mosphere, vol. 67, no. 1, pp. 72–79, 2007.

[43] C. Stephan, D. M. Antosiewicz, J. M. Ward, D. P. Schacht-
man, and J. I. Schroeder, “The plant cDNALCT1 mediates
the uptake of calcium and cadmium in yeast,” Proceedings
of the National Academy of Sciences USA, vol. 95, no. 20,
pp. 12043–12048, 1998.

[44] M. Rizwan, S. Ali, A. Hussain et al., “Effect of zinc-lysine on
growth, yield and cadmium uptake in wheat (Triticum aesti-
vum L.) and health risk assessment,” Chemo-sphere, vol. 187,
pp. 35–42, 2017.

[45] G. DalCorso, S. Farinati, S. Maistri, and A. Furini, “How
plants cope with cadmium: staking all on metabolism and
gene expression,” Journal of Integrative Plant Biology,
vol. 50, no. 10, pp. 1268–1280, 2008.

[46] A. Raza, M. Habib, S. N. Kakavand et al., “Phytoremediation
of cadmium: physiological, biochemical, and molecular
mechanisms,” Biology, vol. 9, no. 7, p. 177, 2020.

[47] A. Emamverdian, Y. Ding, F. Mokhberdoran, and Y. Xie,
“Heavy metal stress and some mechanisms of plant defense
response,” The Scientific World Journal, vol. 2015, Article
ID 756120, 2015.

[48] Y. Su, J. Liu, Z. Lu, X. Wang, Z. Zhang, and G. Shi, “Effects of
iron deficiency on subcellular distribution and chemical
forms of cadmium in peanut roots in relation to its transloca-
tion,” Environmental and Experimental Botany, vol. 97,
pp. 40–48, 2014.

[49] B.-Y. He, D.-P. Yu, Y. Chen et al., “Use of low-calcium culti-
vars to reduce cadmium uptake and accumulation in edible
amaranth (Amaranthus mangostanus L.),” Chemosphere,
vol. 171, pp. 588–594, 2017.

[50] H. Nakanishi, I. Ogawa, Y. Ishimaru, S. Mori, and N. K.
Nishi-zawa, “Iron deficiency enhances cadmium uptake and
translocation mediated by the Fe2+ transporters OsIRT1
and OsIRT2 in rice,” Soil Science Plant Nutrition, vol. 52,
no. 4, pp. 464–469, 2006.

[51] A.-F. López-Millán, R. Sagardoy, M. Solanas, A. Abadía, and
J. Abadía, “Cadmium toxicity in tomato (Lycopersicon escu-
lentum) plants grown in hydroponics,” Environmental and
Experimental Botany, vol. 65, no. 2-3, pp. 376–385, 2009.

[52] A. Lešková, R. F. Giehl, A. Hartmann, A. Fargašová, and
N. von Wiréna, “Heavy metals induce iron deficiency
responses at different hierarchic and regulatory levels,” Plant
Physiology, vol. 174, no. 3, pp. 1648–1668, 2017.

[53] C.-G. Kim, N. B. Bell, and S. A. Power, “Effects of soil cad-
mium on Pinus sylvestris L. seedlings,” Plant and Soil,
vol. 257, no. 2, pp. 443–449, 2003.

[54] J. Morrissey and M. L. Guerinot, “Iron uptake and transport
in plants: the good, the bad, and the ionome,” Chemical
Reviews, vol. 109, no. 10, pp. 4553–4567, 2009.

[55] J. Xu, J. H. Sun, L. G. Du, and X. J. Liu, “Comparative tran-
scriptome analysis of cadmium responses in Solanum nigrum
and Solanum torvum,” New Phytologist, vol. 196, no. 1,
pp. 110–124, 2012.

[56] A. Yan, Y. Wang, S. N. Tan, M. L. Yusof, S. Ghosh, and
Z. Chen, “Phytoremediation: a promising approach for
revegetation of heavy metal-polluted land,” Frontiers in Plant
Science, vol. 11, p. 359, 2020.

[57] L.Williams and R. F. Mills, “P1B-ATPases - an ancient family
of transition metal pumps with diverse functions in plants,”
Trends in Plant Science, vol. 10, no. 10, pp. 491–502, 2005.

[58] K. Hendrik and L. V. Kochian, “Transcriptional regulation of
metal transport genes and mineral nutrition during acclima-
tization to cadmium and zinc in the Cd/Zn hyperaccumula-
tor,Thlaspi caerulescens (Ganges population),” New
Phytologist, vol. 185, no. 1, pp. 114–129, 2010.

[59] Z. Hassan and M. Aarts, “Opportunities and feasibilities for
biotechnological improvement of Zn, Cd or Ni tolerance
and accumulation in plants,” Environmental and Experimen-
tal Botany, vol. 72, no. 1, pp. 53–63, 2011.

[60] S. Ramesh, R. Shin, D. J. Eide, and D. P. Schachtman, “Differ-
ential metal selectivity and gene expression of two zinc trans-
porters from rice,” Plant Physioliology, vol. 133, no. 1,
pp. 126–134, 2003.

[61] S. K. Singh, R. S. Raghuvir Tomar, D. Garg et al., “Phyloge-
netic analysis (in-silico) of natural resistance-associated mac-
rophage protein (NRAMP) and identification of its homoLog
in bread wheat (Triticum aestivum L.),” International Journal
of Applied Biology and Pharmaceutical Technology, vol. 7,
pp. 228–238, 2016.

[62] S. Uraguchi and F. Toru, “Cadmium transport and tolerance
in rice: perspectives for reducing grain cadmium accumula-
tion,” Rice, vol. 5, no. 1, p. 5, 2012.

[63] F. Peng, C. Wang, Y. Cheng et al., “Cloning and characteriza-
tion of TpNRAMP3, a metal transporter from polish wheat
(Triticum polonicum L.),” Frontiers in Plant Science, vol. 9,
p. 1354, 2018.

[64] S. Prem, C. D. Bindraban, L. Nagarajan, A. Roy, and
R. Rabbinge, “Revisiting fertilisers and fertilisation strategies
for improved nutrient uptake by plants,” Biology and Fertility
of Soils, vol. 51, pp. 897–911, 2015.

[65] L. Ye, L. Lin, W. Lu et al., “MPK3/MPK6 are involved in iron
deficiency-induced ethylene production in Arabidopsis,”
Frontiers in Plant Science, vol. 6, p. 953, 2015.

[66] T. Kobayashi and N. K. Nishizawa, “Iron uptake, transloca-
tion, and regulation in higher plants,” Annual Review of Plant
Biology, vol. 63, no. 1, pp. 131–152, 2012.

19BioMed Research International



[67] O. Thimm, B. Essigmann, S. Kloska, T. Altmann, and T. J.
Buckhout, “Response of Arabidopsis to iron deficiency stress
as revealed by microarray analysis,” Plant Physiology,
vol. 127, no. 3, pp. 1030–1043, 2001.

[68] G. R. Rout and S. Sahoo, “Role of iron in plant growth and
metabolism,” Reviews in Agricultural Science, vol. 3, pp. 1–
24, 2015.

[69] L. Jiajiang, F. He, S. Binglin, and M. Sun, “The stabilizing
mechanism of cadmium in contaminated soil using green
synthesized iron oxide nanoparticles under long-term incu-
bation,” Journal of Hazardous Materials, vol. 379,
p. 120832, 2019.

[70] M. Li, P. Zhang, M. Adeel et al., “Physiological impacts of
zero valent iron, Fe3O4 and Fe2O3 nanoparticles in rice plants
and their potential as Fe fertilizers,” Environmental Pollution,
vol. 269, p. 116134, 2021.

[71] A. Konaté, Y. Wang, X. He et al., “Comparative effects of
nano and bulk-Fe3O4 on the growth of cucumber (Cucumis
sativus),” Ecotoxicology and Environmental Safety, vol. 165,
pp. 547–554, 2018.

[72] J.-F. Briat, C. Curie, and F. Gaymard, “Iron utilization and
metabolism in plants,” Current Opinion in Plant Biology,
vol. 10, no. 3, pp. 276–282, 2007.

[73] V. Tognetti, M. D. Zurbriggen, E. N. Morandi et al., “Ehanced
plant tolerance to iron starvation by functional substitution
of chloroplast ferredoxin with a bacterial flavodoxin,” Pro-
ceedings of the National Academy of Sciences, vol. 104,
no. 27, pp. 11495–11500, 2007.

[74] A. Jiménez, A. S. Blanco, B. J. L. Guerra, and C. J. I. Flores,
Evaluación Fisiológico Nutrimental de Tres Razas de Agua-
cate en Suelos con Diferentes Niveles de CaCO3 (No. TESIS.),
Colegio de Postgraduados, Campus Montecillo, Centro de
Fruticultura, 1985.

[75] H. Hodoshima, Y. Enomoto, K. Shoji, H. Shimada, F. Goto,
and T. Yoshihara, “Differential regulation of cadmium-
inducible expression of irondeficiency-responsive genes in
tobacco and barley,” Physiologia Plantarum, vol. 129, no. 3,
pp. 622–634, 2007.

[76] A. R. Meda, E. B. Scheuermann, U. E. Prechsl et al., “Iron
acquisition by phytosiderophores contributes to cadmium tol-
erance,” Plant Physiology, vol. 143, no. 4, pp. 1761–1773, 2007.

[77] C. Gao, Y.Wang, D.-S. Xiao et al., “Comparison of cadmium-
induced iron-deficiency responses and genuine iron-
deficiency responses in Malus xiaojinensis,” Plant Science,
vol. 181, no. 3, pp. 269–274, 2011.

[78] D. Fiza, P. Dad, W.-u.-D. Khan et al., “Influence of iron-
enriched biochar on Cd sorption, its ionic concentration
and redox regulation of radish under cadmium toxicity,”
Agriculture, vol. 11, no. 1, 2021.

[79] P. Fourcroy, G. Vansuyt, S. Kushnir, D. Inzé, and J.-F. Briat,
“Iron-regulated expression of a cytosolic ascorbate peroxi-
dase encoded by the APX1 gene in Arabidopsis seedlings,”
Plant Physiology, vol. 134, no. 2, pp. 605–613, 2004.

[80] A.-a. Mozafari, A. Ghadakchias, and N. Ghaderi, “Grape
response to salinity stress and role of iron nanoparticle and
potassium silicate to mitigate salt induced damage under
in vitro conditions,” Physiology and Molecular Biology of
Plants, vol. 24, no. 1, pp. 25–35, 2018.

[81] B. Hussain, M. J. Umer, J. Li et al., “Strategies for reducing
cadmium accumulation in rice grains,” Journal of Cleaner
Production, vol. 286, p. 125557, 2021.

[82] T. Ryuichi, Y. Ishimaru, H. Shimo et al., “The OsHMA2
transporter is involved in root-to-shoot translocation of Zn
and Cd in rice,” Plant Cell and Environment, vol. 35, no. 11,
pp. 1948–1957, 2012.

[83] H. Yan, W. Xu, J. Xie et al., “Variation of a major facilitator
superfamily gene contributes to differential cadmium 1140
accumulation between rice subspecies,” Nature Communica-
tions, vol. 10, no. 1, p. 2562, 2019.

[84] Q. Chen, P. Q. Peng, J. Long et al., “Cadmium phytoavailabil-
ity evaluation in rice-soil system using a field capacity-
derived soil solution extraction: an entire growth period
study in subtropical China,” Soil and Tillage Research,
vol. 194, article 104315, 2019.

[85] Q. Zhang, H. Chen, D. Huang, C. Xu, H. Zhu, and Q. Zhu,
“Water managements limit heavy metal accumulation in rice:
dual effects of iron-plaque formation and microbial commu-
nities,” Science of the Total Environment, vol. 687, pp. 790–
799, 2019.

[86] S. Li, S. Chen, S. Chen et al., “Iron fractions responsible for the
variation of Cd bioavailability in paddy soil under variable pe
+pH conditions,” Chemosphere, vol. 251, p. 126355, 2020.

[87] S. Li, X. Lei, L. Qin et al., “Fe(III) reduction due to low pe+pH
contributes to reducing Cd transfer within a soil-rice system,”
Journal of Hazardous Materials, vol. 415, p. 125668, 2021.

[88] Z. Feng, P. Rui, W. Lifeng, and J. Huidan, “Iron and sulfur
reduction caused by different growth seasons inhibits cad-
mium transfer in the soil-rice system,” Ecotoxicology and
Environmental Safety, vol. 236, p. 113479, 2022.

[89] A. Konate, X. He, Z. Zhang et al., “Magnetic (Fe3O4) nano-
particles reduce heavy metals uptake and mitigate their toxic-
ity in wheat seedling,” Sustainability, vol. 9, no. 5, p. 790,
2017.

[90] M.-M. Lan, C. Liu, S.-J. Liu, R.-L. Qiu, and Y.-T. Tang,
“Phyto-stabilization of Cd and Pb in highly polluted farm-
land soils using ramie and amendments,” International Jour-
nal of Environmental Research and Public Health, vol. 17,
no. 5, 2020.

[91] P. Zhou, M. Adeel, N. Shakoor et al., “Application of nano-
particles alleviates heavy metals stress and promotes plant
growth: an overview,” Nanomaterials, vol. 11, no. 1, p. 26,
2020.

[92] M. Rui, C. Ma, Y. Hao et al., “Iron oxide nanoparticles as a
potential iron fertilizer for peanut (Arachis hypogaea),” Fron-
tiers in Plant Science, vol. 7, 2016.

[93] T. Guha, S. Barman, A. Mukherjee, and R. Kundu, “Nano-
scale zero valent iron modulates Fe/Cd transporters and
immobilizes soil Cd for production of Cd free rice,” Chemo-
sphere, vol. 260, p. 127533, 2020.

[94] A. Hussain, S. Ali, M. Rizwan et al., “Responses of wheat (Tri-
ticum aestivum) plants grown in a Cd contaminated soil to
the application of iron oxide nanoparticles,” Ecotoxicology
and Environmental Safety, vol. 173, pp. 156–164, 2019.

[95] M. Rizwan, S. Noureen, S. Ali et al., “Influence of biochar
amendment and foliar application of iron oxide nanoparticles
on growth, photosynthesis, and cadmium accumulation in
rice biomass,” Journal of Soils and Sediments, vol. 19,
no. 11, pp. 3749–3759, 2019.

[96] M. Chen, D. W. XinyiTao, Z. I. Xu et al., “Facilitated trans-
port of cadmium by biochar-Fe3O4 nanocomposites in
water-saturated natural soils,” Science of the Total Environ-
ment, vol. 684, pp. 265–275, 2019.

20 BioMed Research International



[97] M. Adrees, S. Khan, S. Ali et al., “Simultaneous mitigation of
cadmium and drought stress in wheat by soil application of
iron nanoparticles,” Chemosphere, vol. 238, p. 124681, 2020.

[98] Y. Wang, K. X. Wang, P. Y. Li et al., “Effects of foliar applica-
tion with nano-iron materials on CD toxicity in rice seed-
lings,” Fresenius Environmental Bulletin, vol. 27, no. 12,
pp. 9280–9288, 2018, https://www.prt-parlar.de/.../.

[99] R. Sperotto, M. W. Vasconcelos, M. A. Grusak, and J. P. Fett,
“The effect of different Fe supplies on mineral separation and
remobilization during the reproductive development of rice
(Oryza sativa L.),” Rice, vol. 5, no. 27, 2012.

[100] D. Aron, “Copper enzymes isolated chloroplasts, polyphenolox-
idase in Beta vulgaris,” Plant Physiology, vol. 24, pp. 1–15, 1949.

[101] L. P. Vernon, “Spectrophotometric determination of chloro-
phylls and pheophytins in plantextracts,” Analytical Chemis-
try, vol. 32, no. 9, pp. 1144–1150, 1960.

[102] D. Von Wettstein, “Chlorophyll-letale und der submikrosko-
pische formwechsel der plastiden [chlorophyll lethals & sub-
microscopic morphological changes in plastids],”
Experimental Cell Research, vol. 12, no. 3, pp. 427–506, 1957.

[103] L. S. Bates, R. Waldren, and I. Teare, “Rapid determination of
free proline for water-stress studies,” Plant and Soil, vol. 39,
no. 1, pp. 205–207, 1973.

[104] M. A. Schonfeld, R. C. Johnson, B. F. Carver, and D.W.Morn-
hinweg, “Water relations in winter wheat as drought resistance
Indicators,” Crop Science, vol. 28, no. 3, pp. 526–531, 1988.

[105] R. Barykina, T. Veselova, A. G. Devyatov, H. H. Dzhalilova,
G. M. Ilina, and N. V. Chubatova, Handbook of Botanical
Micro-Technology, Foundations and Methods Moscow:
MGU, 2004.

[106] A. Permyakov, Microtechnics, Moscow: MGU, 1988.
[107] M. N. Prozina, “Botanical microtechnics,” Moscow: MGU,

1960.
[108] M. Sanz, J. Cavero, and J. Abadia, “Iron chlorosis in the Ebro

river basin, Spain,” Journal of Plant Nutrition, vol. 15, no. 10,
pp. 1971–1981, 1992.

[109] A. S. Shetty and G. W. Miller, “Influence of iron chlorosis on
pigment and protein metabolism in leaves of Nicotiana taba-
cum L,” Plant Physiology, vol. 41, no. 3, pp. 415–421, 1966.

[110] W. Thomas and J. Nishio, “Early iron deficiency stress
response in leaves of sugar beet,” Plant Physiology, vol. 108,
no. 4, pp. 1487–1494, 1995.

[111] M. Bertamini, N. Nedunchezhian, and B. Borhi, “Effect of
iron deficiency induced changes on photosynthetic pigments,
ribulose-1,5-bisphosphate carboxylase, and photosystem
activities in field grown grapevine (Vitis vinifera L. cv. Pinot
noir) leaves,” Photosynthetica, vol. 39, no. 1, pp. 59–65, 2001.

[112] C. Babu, P. S. N. Srinivasan, and N. Rangasamy, “The rela-
tionship between the rate of leaf photosynthesis and yield in
blackgram genotypes [Vigna mungo (L.) Hepper],” Photo-
synthetica, vol. 19, no. 2, pp. 159–163, 1985.

[113] S. Peng, D. R. Krig, and F. S. Girma, “The rate of leaf photo-
synthesis correlates with biomass and grain production in
grain sorghum lines,” Photosynthetica, vol. 28, pp. 1–7, 1991.

[114] L. Varalakshmi and A. N. Ganeshamurthy, “Effect of cad-
mium on plant biomass and cadmium accumulation in amar-
anthus (Amaranthus tricolor) cultivars,” The Indian Journal
of Agricultural Sciences, vol. 79, no. 11, pp. 861–864, 2009.

[115] S. Ullah, J. Khan, K. Hayat et al., “Comparative study of
growth, cadmium accumulation and tolerance of three chick-
pea (Cicer arietinum L.) cultivars,” Plants, vol. 9, p. 310, 2020.

[116] T. Adhikari, E. Tel-Or, Y. Libal, and M. Shenker, “Effect of
cadmium and iron on rice (Oryza sativa L.) plant in
chelator-buffered nutrient solution,” Journal of Plant Nutri-
tion, vol. 29, no. 11, pp. 1919–1940, 2006.

[117] K. Mengel, E. Kirkby, H. Kosegarten, and K. Tjomas Appel,
Principles of Plant Nutrition, Springer, Heiberg, 5th ed edi-
tion, 2001.

[118] A. Vassilev and F. Lidon, “Cd-induced membrane damages
and changes in soluble protein and free amino acid contents
in young barley plants,” Emirates Journal of Food and Agri-
culture, vol. 23, no. 2, pp. 130–136, 2011.

[119] C. Chaffei, K. Pageau, A. Suzuki, H. Gouia, M. H. Ghorbel,
and C. Masclaux-Daubresse, “Cadmium toxicity induced
changes in nitrogen management in Lycopersicon esculen-
tum leading to a metabolic safeguard through an amino acid
storage strategy,” Plant and Cell Physiology, vol. 45, no. 11,
pp. 1681–1693, 2004.

[120] C. Masclaux, M.-H. Valadier, N. Brugière, J.-F. Morot-Gau-
dry, and B. Hirel, “Characterization of the sink/source transi-
tion in tobacco (Nicotiana tabacum L.) shoots in relation to
nitrogen management and leaf senescence,” Planta,
vol. 211, no. 4, pp. 510–518, 2000.

[121] P. Parmar, N. Kumari, and V. Sharma, “Structural and func-
tional alterations in photosynthetic apparatus of plants under
cadmium stress,” Botanical Studies, vol. 54, no. 1, p. 45, 2013.

[122] A. Baryla, P. Carrier, F. Franck, C. Coulomb, C. Sahut, and
M. Havaux, “Leaf chlorosis in oilseed rape plants (Brassica
napus) grown on cadmium-polluted soil: causes and conse-
quences for photosynthesis and growth,” Planta, vol. 212,
no. 5-6, pp. 696–709, 2001.

[123] U. Shukla, J. Singh, P. C. Joshi, and P. Kakkar, “Effect of bio-
accumulation of cadmium on biomass productivity, essential
trace elements, chlorophyll biosynthesis, and macromole-
cules of wheat seedlings,” Biological Trace Element Research,
vol. 92, pp. 257–274, 2003.

[124] L. Perfus-Barbeoch, N. Leonhardt, A. Vavasseur, and
C. Forestier, “Heavy metal toxicity: cadmium permeates
through calcium channels and disturbs the plant water sta-
tus,” The Plant Journal, vol. 32, no. 4, pp. 539–548, 2002.

[125] F. Pietrini, Z. Massimo, I. Volter, P. Lucia, M. Ferretti, and
A. Massacci, “Spatial distribution of cadmium in leaves and
its impact on photosynthesis: examples of different strategies
in willow and poplar clones,” Plant Biology, vol. 12, no. 2,
pp. 355–363, 2010.

[126] L. Bindhu, N. Leonhardt, A. Vavasseur, and C. Forestier,
“Impact of cadmium toxicity on leaf area, stomatal frequency,
stomatal index and pigment content in mungbean seedlings,”
Journal of Environmental Biology, vol. 22, no. 4, pp. 307–309,
2001.

[127] N. Mallick and F. Mohn, “Use of chlorophyll fluorescence in
metal-stress research: a case study with the green microalga
Scenedesmus,” Ecotoxicology and Environ-mental Safety,
vol. 55, no. 1, pp. 64–69, 2003.

[128] R.-R. Ying, R.-L. Qiu, Y.-T. Tang et al., “Cadmium tolerance
of carbon assimilation enzymes and chloroplast in Zn/Cd
hyperaccumulator Picris divaricata,” Journal of Plant Physiol-
ogy, vol. 167, no. 2, pp. 81–87, 2010.

[129] M. Mobin and N. A. Khan, “Photosynthetic activity, pigment
composition and antioxidative response of two mustard
(Brassica juncea) cultivars differing in photosynthetic capac-
ity subjected to cadmium stress,” Journal of Plant Physiology,
vol. 164, no. 5, pp. 601–610, 2007.

21BioMed Research International

https://www.prt-parlar.de/.../


[130] T. Balakhnina, A. Kosobryukhov, A. Ivanov, and
V. Kreslavskii, “The effect of cadmium on CO2 exchange, var-
iable fluorescence of chlorophyll, and the level of antioxidant
enzymes in pea leaves,” Russian Journal of Plant Physiology,
vol. 52, no. 1, article 3, pp. 15–20, 2005.

[131] Y. Ekmekci, D. Tanyolaç, and B. Ayhana, “Effect of cadmium
on antioxidant enzyme and photosynthetic activities in leaves
of two maize cultivars,” Journal of Plant Physiology, vol. 165,
no. 6, pp. 600–611, 2008.

[132] S. Bhattacharjee and A. Mukherjee, “Heavy metals alter pho-
tosynthetic pigment profiles as well as activities of chloro-
phyllase and 5-aminolevulinic acid dehydratase (ALAD) in
Amaranthus lividus seedlings,” Journal of Environmental
Biology, vol. 24, no. 4, pp. 395–399, 2003.

[133] M. Fagioni, G. M. D’Amici, A. M. Timperio, and L. Zolla,
“Proteomic analysis of multiprotein complexes in the thyla-
koid membrane upon cadmium treatment,” Journal of Prote-
ome Research, vol. 8, no. 1, pp. 310–326, 2009.

[134] J. Abadía, “Leaf responses to Fe deficiency: a review,” Journal
of Plant Nutrition, vol. 15, no. 10, pp. 1699–1713, 1992.

[135] M. Burzynski and A. Zurek, “Effects of copper and cadmium
on photosynthesis in cucumber cotyledons,” Photosynthetica,
vol. 45, no. 2, pp. 239–244, 2007.

[136] G. Chaneva, P. Parvanova, N. Tzvetkova, and A. Uzunova,
“Photo-synthetic response of maize plants again cadmium
and paraquat impact,” Water, Air, & Soil Pollution,
vol. 208, pp. 287–293, 2010.

[137] S. Hattab, B. Dridia, L. Chouba, B. K. Mohamed,
H. Bousettaa, and B. Dridi, “Photosynthesis and growth
responses of pea Pisum sativum L. under heavy metals stress,”
Journal of Environmental Sciences, vol. 21, no. 11, pp. 1552–
1556, 2009.

[138] T. Grune, P. Schröder, and H. K. Biesalski, “Low molecular
weight antioxi-dants,” in In The Handbook of Environmental
Chemistry, HEC 2, vol 20, T. Grune, Ed., pp. 77–90, Berlin,
Heidelberg, Springer, 2020.

[139] K. Smeets, A. Cuypers, A. Lambrechts et al., “Induction of
oxidative stress and antioxidative mechanisms in Phaseolus
vulgaris after Cd application,” Plant Physiology and Biochem-
istry, vol. 43, no. 5, pp. 437–444, 2005.

[140] M. Bertamini, N. Nedunchezhian, and B. Borhi, “Effect of
iron deficiency induced changes on photosynthetic pigments,
ribulose-1,5-biphosphate carboxylase, and photosystems
activities in field grown grapevine (Vitis vinifera L., cv. Pinot
noir) leaves,” Photosynthetica, vol. 39, no. 1, pp. 59–65, 2001.

[141] S. Sharma and G. Sanwal, “Effect of Fe deficiency on the pho-
tosynthetic system of maize,” Journal of Plant Physiology,
vol. 140, no. 5, pp. 527–530, 1992.

[142] R. Rucin’ska-Sobkowiak, “Water relations in plants subjected
to heavy metal stresses,” Acta Physiologiae Plantarum,
vol. 38, p. 257, 2016.

[143] M. Greger and M. Johansson, “Cadmium effects on leaf tran-
spiration of sugar beet (Beta vulgaris),” Physiologia Plan-
tarum, vol. 86, no. 3, pp. 465–473, 1992.

[144] N. Kumar, A. Tomar, and A. K. Bhatnagar, “Influence of cad-
mium on growth and development of Vicia faba Linn,”
Indian Journal of Experimental Biology, vol. 38, pp. 819–
823, 2000.

[145] N. Kaznina, A. Titov, Y. Batova, and G. Laidinen, “The resis-
tance of plants Setaria veridis (L.) Beauv. to the influence of

cadmium,” Biology Bulletin, vol. 41, no. 5, article 6622,
pp. 428–433, 2014.

[146] N. Terry, “Limiting factors in photosythesis IV. Iron stress
mediated changes in light-harvesting and electron transport
capacity in vivo,” Plant Physiology, vol. 65, pp. 114–120, 1983.

[147] T. Davis, V. Jolley, W. Ronald, J. Brown, and A. Blaylock,
“Net photosynthesis of Fe-efficient and Fe-inefficient soybean
cultivars grown under varying iron levels,” Journal of Plant
Nutrition, vol. 9, no. 3, pp. 671–681, 1986.

[148] P. Armengaud, L. Thiery, N. Buhot, G. G.-D. March, and
A. Savouré, “Transcriptional regulation of proline biosynthe-
sis in Medicago truncatula reveals developmental and envi-
ronmental specific features,” Physiologia Plantarum,
vol. 120, no. 3, pp. 442–450, 2004.

[149] M. A. Hossain, A. Hoque, D. J. Burritt, and M. Fujita, “Pro-
line protects plants against abiotic oxidative stress: biochem-
ical and molecular mechanisms,” in In: Oxidative Damage to
Plants: Antioxidant Networks and Signaling, P. Ahmad, Ed.,
pp. 477–522, Academic press, 2014.

[150] S. Swati, V. Yadav, S. Liu et al., “Role in abiotic stress toler-
ance,” Frontiers in Environmental Science, vol. 5, p. 86, 2018.

[151] K. Kishor, S. Sangam, R. N. Amrutha et al., “Regulation of
proline biosynthesis, degradation, uptake and transport in
higher plants: its implications in plant growth and abiotic
stress tolerance,” Current Science, vol. 88, pp. 424–438, 2005.

[152] T. Nanjo, M. Kobayashi, Y. Yoshiba et al., “Biological func-
tions of proline in morphogenesis and osmotolerance
revealed in antisense transgenic Arabidopsis thaliana,” The
Plant Journal, vol. 18, no. 2, pp. 185–193, 1999.

[153] P. Sharmila and S. P. Pardha, “Proline accumulation in heavy
metal stressed plants: an adaptive strategy,” in In: Physiology
and Biochemistry of Metal Toxicity and Tolerance in Plants,
N. V. Majeti, Ed., Prasad and Kazimierz Strzałka Dordrecht,
Germany, Springer, 2002.

[154] V. Zemanová, D. Pavlíková, and J. Najmanová, “Cadmium
induced changes of proline in two ecotypes of Thlaspi caeru-
lescens,” in E3S Web of Conferences cowned by the authors,
published by EDP Sciences, vol. 1, 2013.

[155] J. R. John, A. Parvaiz, K. Gadgil, and S. Sharma, “Effect of
cadmium and lead on growth, biochemical parameters and
uptake in Lemna polyrrhiza L,” Plant, Soil and Environment,
vol. 54, no. 6, pp. 262–270, 2008.

[156] K. R. Chandrashekhar and S. Sandhyarani, “Salinity induced
chemical changes in Crotalaria striata DC,” Indian Journal of
Plant Physiology, vol. 1, pp. 44–48, 1996.

[157] K. Shah and R. Dubey, “Effect of cadmium on proline accu-
mulation and ribonuclease activity in rice seedlings: role of
proline as a possible enzyme protectant,” Biologia Plantarum,
vol. 39, no. 1, pp. 121–130, 1997.

[158] P. Yancey, “Organic osmolytes as compatible, metabolic and
counteracting cytoprotectants in high osmolarity and other
stresses,” The Journal of Experimental Biology, vol. 208,
no. 15, pp. 2819–2830, 2005.

[159] C. Arias-Baldrich, N. Bosch, D. Begines, A. B. Feria, J. A.
Monreal, and S. García-Mauriño, “Proline synthesis in barley
under iron deficiency and salinity,” Journal of Plant Physiol-
ogy, vol. 183, pp. 121–129, 2015.

[160] R. P. Araújo, A.-A. F. de Almeidaa, L. S. Pereira et al., “Pho-
tosynthetic, antioxidative, molecular and ultrastructural
responses of young cacao plants to Cd toxicity in the soil,”

22 BioMed Research International



Ecotoxicology and Environmental Safety, vol. 144, pp. 148–
157, 2017.

[161] G. Shi and Q. S. Cai, “Photosynthetic and anatomic responses
of peanut leaves to cadmium stress,” Photosynthetica, vol. 46,
no. 4, pp. 627–630, 2008.

[162] I. Ozyigit, K. Chekirovbrahim, D. Baktybekova, A. Hocaoglu-
Ozyi-git, G. Kurmanbekova, and I. E. Yalcin, “The effects of
cadmium on growth, some anatomical and physiological
parameters of wheat (Triticum aestivum L.),” International
Journal of Life Sciences and Biotechnology, vol. 4, no. 2,
pp. 235–253, 2021.

[163] M. Gomes, T. C. L. L. D. S. Marques, M. D. O. G. Nogueira,
E. M. D. Castro, and Â. M. Soares, “Ecophysiological and
anatomical changes due to uptake and accumulation of heavy
metal in Brachiaria decumbens,” Scientia Agricola (Piraci-
caba, Braz.), vol. 68, no. 5, pp. 566–573, 2011.

[164] H. C. Melo, E. M. D. Castro, Â. M. Soares, L. A. D. Melo, and
J. D. Alves, “Anatomical and physiological alterations in
Setaria anceps Stapf ex Massey and Paspalum paniculatum
L under water deficit conditions(in Portuguese, with abstract
in English),” Hoehnea, vol. 34, pp. 145–153, 2007.

[165] P. Baas, E. Werker, and A. Fahn, “Some ecological trends in
vessel characters,” International Association of Wood Anato-
mists Bulletin, vol. 4, no. 2-3, pp. 141–159, 1983.

[166] M. Srighar, S. V. Diehl, F. X. Han, D. L. Monts, and S. Yan,
“Anatomical changes due to uptake and accumulation of Zn
and Cd in Indian mustard (Brassica juncea),” Environmental
and Experimental Botany, vol. 54, no. 2, article
S0098847205000250, pp. 131–141, 2005.

[167] S. J. Liza, K. K. J. Shethi, and P. Rashid, “Effects of cadmium
of the anatomical structures of vegetative organs of chickpea
(Cicer arientinum L.),” Dhaka Univer-sity Journal of Biologi-
cal Sciences, vol. 29, no. 1, pp. 45–52, 2020.

[168] P. H. Raven, F. Ray, and S. Evertm, “Eichhorn root: structure
and development,” in In: Biology of Plants, P. H. Raven, R. F.
Evert, and S. E. Eichhorn, Eds., pp. 567–585, Guanabara Koo-
gan, Rio de Janeiro, RJ, Brazil, 6 edition edition, 2001.

[169] D. E. Enstone, C. A. Peterson, and F. Ma, “Root endodermis
and exodermis: structure, function, and responses to the
environment,” Journal of Plant Growth Regulation, vol. 21,
pp. 335–351, 2002.

[170] A. A. Lux, A. Sottniková, J. Opatrná, and M. Greger, “Differ-
ences in struture of adventitions roots in Salix clones with
contrasting characteristics of cadmium accumulation and
sensitivity,” Physiologia Plantarum, vol. 20, pp. 537–545,
2004.

[171] M. H. Salah and A. Gowayed Omar, “Effect of copper and
cadmium on germination and anatomical structure of leaf
and root seedling in maize (Zea mays L.),” Australian Journal
of Basic and Applied Sciences, vol. 7, no. 1, pp. 548–555, 2013.

[172] V. Yadav, N. Arif, J. Kováč et al., “Structural modifications of
plant organs and tissues by metals and metalloids in the envi-
ronment: a review,” Plant Physiology and Biochemistry,
vol. 159, pp. 100–112, 2021.

23BioMed Research International


	Rice Plants (Oryza sativa L.) under Cd Stress in Fe Deficiency Conditions
	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	3.1. The Effect of Cd and Fe Deficiency on the Growth Parameters of Rice Seedlings
	3.2. The Effect of Cd and Fe Deficiency on the Content of Photosynthetic Pigments in the Leaves of Rice Seedlings
	3.3. The Effect of Cd and Fe Deficiency on the Content of Carotenoids in the Leaves of Rice Seedlings
	3.4. The Effect of Cd at Different Fe Status on the Relative Water Content (RWC) in the Leaves of Rice Seedlings
	3.5. The Effect of Cd and Fe Deficiency on the Proline Content in the Leaves of Rice Seedlings
	3.6. Cadmium Effect at Different Fe Status on the Anatomical Structure of the Aboveground Organs of Rice Seedlings
	3.7. Cadmium Effect at Different Fe Status on the Anatomical Structure of the Rice Roots

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

