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Abstract 

Background  In recent decades, arsenic (As) toxicity has emerged as a significant challenge in many countries. It 
not only reduces the growth and performance of plants, but also poses a threat to human health. The synthesis 
of compatible solutes, particularly proline, is a mechanism plants utilize to cope with stress. Investigating the meta-
bolic pathways of proline would deepen our understanding for future molecular breeding or genetic engineer-
ing efforts. Therefore, the aim of this study was to explore the metabolic and catabolic pathways of proline, as well 
as the morpho-physiological traits of tobacco, under As stress.

Results  The results revealed a significant decrease in morphological traits and photosynthetic efficiency, chlorophyll 
content, and total soluble protein content with increasing As concentration. The results also showed that proline con-
tent, total soluble carbohydrates, hydrogen peroxide, and malondialdehyde, as well as the activity of two antioxidant 
enzymes, superoxide dismutase and ascorbate peroxidase, increased with increasing As concentration. At 10 mg As 
Kg−1 soil, the expression of Δ1-pyrroline-carboxylate synthetase (P5CS) and P5C reductase (P5CR) genes was not differ-
ent from the control, but their expression increased significantly at 20 and 40 mg As Kg−1 soil. At 10 mg As Kg−1 soil, 
the expression of proline dehydrogenase (PDH) and P5C dehydrogenase (P5CDH) genes decreased sharply com-
pared to the control but remained unchanged at 20 and 40 mg As Kg−1 soil. At 10 and 20 mg As Kg−1 soil, expression 
of the ornithine δ-aminotransferase (OAT) gene was unchanged compared to the control, but at 40 mg As Kg−1 soil, it 
increased sharply.

Conclusion  The results showed that the accumulation of proline at the lowest (10 mg As Kg−1 soil) tested As concen-
tration was due to a decrease in the expression of proline catabolic genes (PDH and P5CDH), while the genes involved 
in proline synthesis did not play a role. At 20 mg As Kg−1 soil, proline accumulation was caused by the increased 
expression of genes (P5CS and P5CR) involved in the glutamate pathway of proline synthesis. Additionally, 
at the highest concentration of arsenic (40 mg As Kg−1 soil), the OAT gene, which is active in the ornithine pathway, 
was also involved in proline synthesis, along with the P5CS and P5CR genes.
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Introduction
During their growth, plants are constantly challenged by 
unfavorable environmental conditions such as biotic and 
abiotic stresses [1]. Heavy metal stress is an abiotic stress 
that significantly impacts plant growth and performance 
by altering various biochemical responses [2]. Heavy 
metals are metallic elements that are toxic or poisonous 
at low concentrations, or metals and metalloids with an 
atomic density > 4 g cm−3 [3].

Arsenic (As) is one of the heavy metals that is harmful to 
plants, animals, and humans, and according to the World 
Health Organization (WHO), the level of As in drinking 
water should not exceed 10 µg L−1 [4, 5]. Its accumula-
tion in food products can pose a risk to human health. 
Data published by the Agency for Toxic Substances and 
Disease Registry shows that As is ranked first in terms of 
its toxicity to humans [6]. Over 200 million people in 105 
countries are exposed to As concentrations that exceed 
the permissible limit recommended by the WHO and, 
according to the International Agency of Research on 
Cancer, As is classified as a class-1 carcinogen [7].

As naturally enters the food chain through the degra-
dation of minerals by microorganisms [8]. In addition, 
human activities such as mining, copper smelting, coal 
combustion, use of pesticides, herbicides, wood preserva-
tives, and irrigation with As-contaminated groundwater 
are other sources of As contamination [6, 9, 10]. As is 
not an essential element for plants, but the exposure of 
roots to As can inhibit their growth and expansion due to 
reduced cell division and expansion [11–13]. As toxicity 
in plants can lead to multiple negative responses to their 
growth and physiology, including reduced germination, 
impaired energy production, decreased area and number 
of leaves, wilting and necrosis of leaves, inhibition of res-
piratory enzymes, inhibition of photosynthetic activity, 
reduction of nutrition uptake, irregularity in membrane 
structures, lipid peroxidation, and electrolyte leakage [14]. 
To cope with heavy metal stress, plants employ a range 
of strategies, including exclusion, the synthesis of metal-
binding polypeptides, the formation of complexes such as 
metallothioneins and phytochelatins, but plants can also 
store heavy metals in specific parts of the plant, via com-
partmentalization, and synthesize compatible solutes in 
response to them [15, 16]. Compatible solutes, which are 
organic composites with low molecular weight and high 
solubility, are typically non-toxic even when they are pre-
sent at high concentrations within cells [17]. These solutes 
protect plants against stress by assisting with the stabili-
zation of enzymes or proteins, scavenging free radicals, 
adjusting of cellular osmosis, and protecting membrane 

integrity [18, 19]. Quaternary ammonium compounds, 
polyols, trehalose, sucrose, and proline are some of the 
most functionally important compatible solutes [20].

Proline is a proteinogenic amino acid that functions as a 
metal chelator, signaling molecule, excellent osmolyte, and 
antioxidant defense molecule during environmental stress 
[21, 22]. The increase in proline content when plants are 
exposed to stress caused by heavy metals such as As, cad-
mium (Cd), lead (Pb), copper (Cu), and chromium (Cr) has 
been reported in wheat (Triticum aestivum L.) [23], carrot 
(Daucus carota L.) [24], barley (Hordeum vulgare L.) [25], 
tomato (Solanum lycopersicum L.) [26], and mungbean 
(Vigna radiata L.) [27] plants. The accumulation of pro-
line during heavy metal stress prevents the denaturation 
of enzymes, assists with osmoregulation, regulates cyto-
solic acidity, stabilizes protein synthesis, scavenges free 
radicals, and serves as a reservoir of carbon and nitrogen 
[28, 29]. Proline is synthesized from glutamate and ornith-
ine pathways in plants. The glutamate pathway is found in 
the cytosol and chloroplasts and consists of two steps [30]. 
In this pathway, glutamate is reduced to glutamate semi-
aldehyde (GSA) by Δ1-pyrroline-carboxylate synthetase 
(P5CS), and GSA is converted to pyrroline-5-carboxylate 
(P5C), which is then reduced to proline by P5C reductase 
(P5CR) [31]. Proline can be synthesized from ornithine 
through an alternative pathway, in which ornithine is first 
transaminated by ornithine δ-aminotransferase (OAT), 
producing GSA and P5C, which is then converted to pro-
line [30, 31]. Two enzymes, proline dehydrogenase (PDH) 
and P5C dehydrogenase (P5CDH), are responsible for 
proline catabolism in mitochondria. P5CDH and PDH are 
encoded by one and two genes, respectively [32–34]. Pro-
line is converted to P5C by PDH and then P5C is oxidized 
to glutamate by P5CDH. If P5C oxidase is disrupted, P5C 
can enter the cytosol from mitochondria by an unknown 
transporter and is then reduced to proline by P5CR. How-
ever, this metabolic shortcut is unknown in plants and 
there is limited evidence to either support or refute its 
existence [31].

Worldwide, tobacco (Nicotiana tabacum L.) is a widely 
recognized economically important crop, and soils con-
taminated with As not only reduce the yield and growth 
of this plant but could be transferred to smokers after 
being absorbed by the plant, with the potential of causing 
heart diseases and cancer [35]. As toxicity is facing chal-
lenges and criticisms in various countries, particularly in 
regions of Iran where tobacco is cultivated using As-con-
taminated water [36, 37].

To date, no comprehensive study in plants has reported 
the proline metabolic pathway under As toxicity. 
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Therefore, this research was conducted to evaluate the 
proline pathway, molecular responses, as well as some 
morpho-physiological traits of tobacco under As stress to 
strengthen our knowledge of this plant’s stress response 
under As stress, offering critical insight to develop stress-
tolerant plants through molecular breeding or genetic 
engineering.

Materials and methods
Experimental site and design
In order to evaluate the effect of As toxicity on the meta-
bolic and catabolic pathways of proline and the mor-
pho-physiological characteristics of tobacco plants, a 
greenhouse experiment was conducted in a completely 
randomized design in the greenhouse of the Department 
of Horticultural Science, University of Kurdistan, San-
andaj, in Iran. As stress was evaluated at four levels: 0.05, 
10, 20, and 40 mg As Kg−1 soil, with four replications for 
each level.

Plant materials, growth conditions, and arsenic treatments
The soil used in the experiment was collected from a 
depth of 0–30 cm from the research farm of the Faculty 
of Agriculture at the University of Kurdistan, in Iran 
(35°16´ E and 46°59´ N). Soil samples were grounded, 
homogenized, sieved through a 2 mm sieve, and mixed 
to determine their physicochemical properties (Table 1). 
Each pot was filled with 2.5 kg of soil. Before filling pots, 
2.5 kg of soil was weighed and placed in plastic bags. The 
required amount of As, in the form of Na2HAsO4.7H2O, 
was calculated based on the treatments of 10, 20, and 40 
mg As Kg−1 soil and added to the soil where it was mixed 
evenly. The plastic bags were exposed to successive wet-
dry cycles in the greenhouse over 3 months to redistrib-
ute the As in soil colloids. To achieve this, soil containing 
different concentrations of As was brought to 50% field 
capacity (FC) with water and then allowed to dry by air 
[38]. No As was added to control soil, although it con-
tained trace amounts of As (0.05 mg As Kg−1 soil). After 
3 months of storing As-contaminated soils in the green-
house, the pots (19 × 13 cm: diameter × height; 3684.01 
cm3 volume) were filled with 2.5 kg of soil. In this experi-
ment, pots without drainage were used so that when 
irrigating the plants, As did not filter out of the bottom 
of pots along with the water. Therefore, the amount of 

As in soil remained constant. Two seeds of tobacco cv. 
Burley 21 (Marivan Tobacco Company, Kurdistan, Iran) 
were planted in each prepared pot at a depth of 1 cm and 
kept in a greenhouse. Before planting, seeds were disin-
fected with 70% (v/v) ethanol for 1 min, followed by 30% 
(v/v) sodium hypochlorite for 10 min, and then rinsed 
once with distilled water [39]. When seedlings reached 
the two-leaf stage, the strongest seedling in each pot 
was kept while the remaining and weaker seedling was 
removed. Pots were kept in greenhouse conditions (aver-
age day and night temperatures of 24–18 °C, 50–60% 
relative humidity, 700–900 µmol m−2 s−1 photosynthetic 
photon flux density, and 15-h photoperiod) for 50 days. 
Pots were irrigated every three days to 70% of FC. After 
50 days, the whole plant was removed from each pot to 
perform physiological and molecular analyses. Before 
removing each plant, two terminal leaves were wrapped 
in aluminum foil, promptly placed in liquid nitrogen, and 
stored at –80 °C to measure physiological traits and gene 
expression.

Measurements
Morphological traits
After 50 days, plants were removed from pots, and the 
soil surrounding roots was carefully washed under run-
ning tap water. Root and shoot fresh weight (FW) was 
recorded immediately. Leaf area was measured using 
a leaf area meter (WinDIAS 3, Delta-T devices, Cam-
bridge, UK). Shoots and roots were placed in separate 
envelopes and dried in an electric oven (Heraeus Elec-
tric, Hanau, Germany) at 85 °C for 72 h, and then the dry 
weight (DW) of both shoots and roots was recorded [40].

Physiological traits
Photosynthetic efficiency
Four fully grown terminal leaves were used to measure 
photosynthetic efficiency with a portable photosynthesis 
meter (miniPPM-100, EARS, Delft, the Netherlands) [41].

Chlorophyll content
To assess chlorophyll content, 0.5 g of terminal leaves 
were homogenized in a mortar with 10 mL of 80% (v/v) 
acetone. The resulting extract was then centrifuged 
(MIKRO 200, Hettich, Tuttlingen, Germany) at 14,000 
g for 5 min. The supernatant was collected, and its 

Table 1  Some physico-chemical properties of soil used in this study

Field capacity (%) Permanent wilting point (%) Sand (%) Silt (%) Clay (%) pH EC
(dS m−1)

Organic matter (%) Arsenic
(mg kg−1 soil)

27 6 17 49 34 7.2 1.2 3.01 0.05
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absorbance was read at 663 and 646 nm with a UNICO 
UV-2100 spectrophotometer (Shanghai, China). Finally, 
chlorophyll content was determined using the following 
formula [42]:

where V is the volume of sample extract and W is sample 
weight.

Biochemical traits
Total soluble carbohydrates
To measure the soluble carbohydrates in samples, an 
established method was used [43]. Briefly, 0.5 g of ter-
minal leaves was crushed into a fine powder using a pes-
tle and liquid nitrogen in a mortar. To each powdered 
sample, 5 mL of 95% ethanol was added and thoroughly 
homogenized. Samples were then transferred into 15 
mL Falcon tubes (Corning, NY, USA) and centrifuged at 
3500 g for 10 min. One mL of the supernatant was mixed 
with 3 mL of anthrone reagent, which was prepared by 
dissolving 150 mg of anthrone in 100 mL of 72% sulfuric 
acid, and incubated in a hot water bath (WNB 45, Mem-
mert, Germany) at 100 °C for 10 min. Upon returning 
to ambient temperature, absorbance of the samples was 
recorded at λ = 625 nm. Total soluble carbohydrate con-
tent was quantified by a standard curve, which was cali-
brated with glucose at several concentrations: 0, 20, 40, 
60, 80, and 100 mg L−1.

Total protein content
Using Bradford’s [44] method, the enzyme extract was 
initially prepared by homogenizing 0.5 g of terminal 
leaves in 5 mL of 100 mM potassium phosphate buffer 
(pH 7.0) in a mortar with a pestle. The resulting homoge-
nate was centrifuged at 15,000 g for 20 min. A 100 μL 
aliquot of the supernatant was mixed with 5 mL of the 
color reagent, which was prepared as follows: 100 mg 
of Coomassie Brilliant Blue G-250 was dissolved in 
50 mL of 95% ethanol, then 100 mL of 85% orthophos-
phoric acid (H3PO4) was added, and the final volume was 
adjusted to 1000 mL with distilled water. Following brief 
vortexing, absorbance was measured at 595 nm. Protein 
content was determined by preparing a standard curve 
with bovine serum albumin at 0, 10, 20, 40, 60, 80, 100, 
and 140 mg L−1.

Proline content
Following the method established by Bates et  al. [45], 
proline content was assessed as follows: Initially, 0.1 g of 
terminal leaves tissue was homogenized in 2 mL of 3% 

Total chlorophyll (mg g−1 FW) = (20.2× A646 + 8.02× A663)× V/(W× 1000)

sulfosalicylic acid, followed by centrifugation at 10,000 g 
for 15 min, then 2 mL of the resultant supernatant was 
added to 2 mL of ninhydrin reagent (1.25 g of ninhydrin 
was dissolved in a mixture of 30 mL of acetic acid and 

20 mL of 6 M phosphoric acid, with the solution being 
stirred continuously at low heat) and 2 mL of acetic acid. 
The mixture was heated in a water bath at 100 °C for 1 h, 
then was promptly cooled on ice. To each sample, 4 mL of 
toluene was added, followed by vortexing for 30 s. Once 
the samples had settled, forming distinct phases, absorb-
ance of the upper phase was measured at 520 nm with 
a spectrophotometer. Proline content was determined 
from a standard curve prepared with proline standard 
solutions ranging from 0 to 60 mg L−1.

Hydrogen peroxide (H2O2) content
H2O2 content was measured using the Cui et al. [46] pro-
tocol. In this method, 1 g of terminal leaves was homoge-
nized with 2 mL of 0.1% (w/v) trichloroacetic acid (TCA) 
in a mortar with a pestle. After centrifuging the homoge-
nate at 12,000 g for 10 min, 500 μL of the supernatant was 
mixed with 0.5 mL of 10 mM K-phosphate buffer (pH 
7.0) and 1 mL of reagent (1 M potassium iodide in freshly 
double-distilled water). The mixture was incubated in the 
dark for 1 h, after which absorbance was measured at 390 
nm. H2O2 content was determined from a standard curve 
prepared with 0, 2, 4, 6, 8, and 10 mg L−1 H2O2.

Malondialdehyde (MDA) content
MDA content was measured using the Li et  al. [47] 
method. At first, 0.2 g of leaf tissue was homogenized in 5 
mL of 0.1% (w/v) TCA. The mixture was then centrifuged 
in a Falcon tube at 10,000 g for 5 min at 4 °C. After cen-
trifugation, 1 mL of the supernatant was mixed with 0.25 
mL of 20% (w/v) TCA, 0.25 mL of 0.01% (w/v) butylated 
hydroxytoluene, and 0.5 mL of 0.65% (w/v) thiobarbituric 
acid. The mixture was then heated in a water bath at 95 
°C for 30 min, then cooled on ice. Absorbance was meas-
ured at 470, 532, and 600 nm to calculate MDA content 
using the following formula:

Activity of antioxidant enzymes
To assess the activity of antioxidant enzymes, an enzyme 
extract was prepared by homogenizing 0.5 g of terminal 
leaves with 5 mL of 100 mM potassium phosphate buffer 
(pH 7.0) in a mortar, then centrifuged at 15,000 g for 20 

MDA (nmol g−1 FW) = 6.54 × (A532 × A600)− 0.56× A450
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min. This enzyme extract was then used to measure the 
activity of superoxide dismutase (SOD), ascorbate per-
oxidase (APX), catalase (CAT), and peroxidase (POD) 
enzymes, using the methods described by Kono [48], 
Nakano and Asada [49], Aebi et al. [50], and Pütter [51], 
respectively.

Molecular analysis
Primer design
Primers for P5CS, P5CR, PDH, P5CDH, OAT and elon-
gation factor-1α (TEF-1α) genes were designed based on 
sequences registered in the NCBI database (Table  S1) 
by AlleleID 7.60 software (PremierBiosoft International, 
Palo Alto, CA, USA) (Fig. S1). The primers used are listed 
in Table 2.

RNA extraction, DNase treatment, and cDNA synthesis
TRIzol reagent (Life Technologies, Carlsbad, CA, USA) 
was used to extract total RNA. Initially, 200 mg of leaf tis-
sue was powdered using a pestle and liquid nitrogen in a 
mortar. The powder was transferred to a 2 mL microtube, 
and 1 mL of TRIzol reagent was added. The microtube 
was vortexed for 1 min then kept at room temperature 
(RT) for 10 min. Next, 500 μL of chloroform was added 
to the microtube, gently inverted for 2 min, and left at RT 
for an additional 10 min. After this incubation period, 
the microtube was centrifuged at 15,000 g for 15 min at 
4 °C. The supernatant (800 μL) was carefully transferred 
to a new 2 mL microtube, and 500 μL of cold isopropanol 
was added. The microtube was again kept at RT for 10 
min and then centrifuged at 14,000 g for 15 min at 4 °C. 
The supernatant was discarded, and 500 μL of 80% etha-
nol was added to the precipitate to wash it. Following the 

RNA wash, samples were centrifuged at 12,000 g for 15 
min at 4 °C. The supernatant was removed and RNA pel-
lets were dried in an oven at 55–60 °C for 5 min. Finally, 
the RNA pellets were dissolved in 50 μL of DEPC-treated 
water. The extracted RNA was electrophoresed on a 1% 
agarose gel (Fig. S2) and its quantity was evaluated using 
a Nano-Drop 1000 spectrophotometer (Nano-Drop, 
Wilmington, DEL, USA). To remove genomic DNA, a 
DNase I Kit (Thermo Fisher Scientific, Waltham, MA, 
USA) was used. Specifically, 10 μL of the extracted sam-
ples was transferred to 0.2 mL microtubes. To each 
microtube, 2 μL of DNase I and 2 μL of reaction buffer 
(containing 100 mM Tris–HCl (pH 7.5), 25 mM MgCl2, 
1 mM CaCl2) were added and total volume was made up 
to 20 μL with DEPC-treated water. The resulting mixture 
was incubated for 30 min at 37 °C in a water bath. Finally, 
2 μL of EDTA (50 mM) was added to the mixture, and 
it was incubated for 10 min at 65 °C (this step was per-
formed using the PCR device). To ensure the removal 
of genomic DNA from the samples, the PCR reaction 
was performed using internal reference gene primers 
for TEF-1α. The absence of an internal reference gene 
band on the agarose gel indicated the successful removal 
of DNA from the RNA samples. After confirming the 
absence of genomic DNA, 500 ng of RNA was utilized for 
cDNA synthesis using the RevertAid First-Strand cDNA 
Synthesis kit (Thermo Fisher Scientific).

Quantitative Real‑Time PCR (qRT‑PCR)
The cDNAs obtained were diluted to a 2:5 (v/v) ratio 
with DEPC-treated water. The experiments were con-
ducted using an ABI StepOne instrument (Applied Bio-
systems-Thermo Fisher Scientific, Waltham, MA, USA) 
and detected with SYBR Green. qRT-PCR was performed 
in a total volume of 25 μL, including 1 μL of cDNA, 1 
μL of forward primer, 1 μL of reverse primer, 9.5 μL of 
DEPC-treated water, and 12.5 μL of SYBR Green reaction 
mixture (RealQ Plus Master Mix Green, AMPLIQON, 
Odense, Denmark). The following amplification program 
was used: denaturation at 95 °C for 15 min, 40 cycles of 
amplification at 95 °C for 30 s, annealing temperature 
for each gene (see Table  2) for 30 s, and 72 °C for 30 s 
after which a melting curve was produced at 60–95 °C. 
Threshold cycle (Ct) quality obtained from the device 
was checked and inserted into the 2−ΔΔCt formula to cal-
culate relative gene expression [52]. The TEF-1α gene was 
used as the internal reference gene.

Statistical analysis
Statistical analysis was performed using SAS ver-
sion 9.4 software (SAS Institute Inc., Cary, NC, USA). 
A one-way analysis of variance (ANOVA) was con-
ducted to determine if there were any statistically 

Table 2  Primer sequences for gene expression analysis of 
tobacco plants in arsenic treatments

Abbreviations: F forward, OAT Ornithine δ-aminotransferase, P5CDH P5C 
dehydrogenase, P5CR P5C reductase, P5CS Δ1-pyrroline-carboxylate synthetase, 
PDH proline dehydrogenase, R reverse, TEF-1α elongation factor-1α

Gene Sequence (5ʹ – 3ʹ) Annealing 
temperature 
(°C)

P5CS F: AAG​GAG​AGG​CAT​GAG​ACA​GTGAT​
R: CCA​GCA​TAA​GCA​GCA​TAC​ATA​GCA​

65

P5CR F: TCC​AAG​CGA​TTC​ATA​CAA​G
R: AAC​CAC​CTG​AGT​ATT​ATT​GTC​

65

OAT F: ACC​TGA​AGG​CTG​TTA​GAG​AT
R: ACT​CCA​CCA​CCT​AAT​GCT​

65

PDH F: GAT​CAT​TTG​TCC​GAT​GTC​TAA​
R: ACT​TGG​TCC​GTT​GGT​ATT​

62

P5CDH F: AGC​AAG​GTA​TGT​GTT​GTT​ATGGA​
R: GCT​AAC​TTC​TCT​GCC​ACT​CTT​

63

TEF-1α F: GCT​GCT​GAG​ATG​AAC​AAG​AG
R: AAC​TTC​CAC​AAG​GCA​ATA​TCAAT​

60
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significant differences among treatments. The LSD 
test was used to determine differences between treat-
ments at a significance level of 0.05. All morphologi-
cal and physiological traits were measured as four 
biological replicates. The relative expression of genes 
was calculated using four biological and three techni-
cal replicates.

Results
ANOVA analysis of evaluated parameters
The ANOVA results indicate that As treatment sig-
nificantly affected all measured morpho-physiological 
(Table  S1) and biochemical (Table  S2) traits, as well as 
the expression of genes related to proline synthesis and 
degradation (Table S3).

Morphological traits
Increasing As concentration in soil significantly reduced 
leaf area, as well as the FW and DW of both shoots 
and roots (Figs.  1  and  2a-e). Control plants displayed 
the highest values for these traits, while the lowest val-
ues were observed in plants treated with 40 mg As Kg−1 
soil, displaying a 53.97%, 52.94%, 63%, 41.72%, and 
62.14% decrease in shoot FW, shoot DW, leaf area, root 
FW and root DW, respectively, compared to the control 
(Fig. 2a-e).

Physiological traits
Photosynthetic efficiency and chlorophyll content
When As concentration in soil increased, there was a 
significant decrease in photosynthetic efficiency (Fig. 2f ) 
and chlorophyll content (Fig.  3a) in tobacco plants. The 
highest and lowest values of these traits were obtained 
in the control and 40 mg As Kg−1 soil treatment, respec-
tively (Figs.  2f and  3a). Photosynthetic efficiency in the 
10, 20, and 40 mg As Kg−1 soil treatments decreased by 

7.55%, 17.78%, and 26.36%, respectively (Fig.  2f ) while 
chlorophyll content decreased by 7.81%, 22.35%, and 
38.43%, respectively compared to the control (Fig. 3a).

Biochemical traits
Total soluble carbohydrate, protein and proline contents
As concentration significantly impacted the levels of total 
soluble carbohydrates, proteins, and proline (Fig.  3b-d). 
Carbohydrate and proline contents increased signifi-
cantly with an increase in As concentration in soil. The 
highest values for both were observed when As concen-
tration was 40 mg As Kg−1 soil, while the lowest val-
ues were observed in control plants (Fig.  3b and  d). In 
response to 40 mg As Kg−1 soil, carbohydrate and pro-
line content increased 1.7- and 4.31-fold, respectively, 
compared to the control (Fig. 3b and d). There was also a 
noticeable decline in protein content when As concentra-
tion in soil increased. Control plants exhibited the high-
est value, while the lowest value was observed at 40 mg 
As Kg−1 soil (Fig. 3c). Protein content in the 10, 20, and 
40 mg As Kg−1 soil treatments revealed a 26.97%, 64.15%, 
and 78.95% decrease respectively, compared to the con-
trol (Fig. 3c).

H2O2 and MDA contents
As concentration had a significant and similar effect on 
H2O2 and MDA contents (Fig. 3e, f ), with the highest and 
lowest content obtained in the 40 mg As Kg−1 soil treat-
ment and control, respectively (Fig. 3e, f ). H2O2 content 
in response to 10, 20, and 40 mg As Kg−1 soil increased 
5-, 4-, and sevenfold, respectively, while MDA content 
increased 4-, 5-, and sevenfold, respectively compared to 
the control (Fig. 3e, f ).

Activity of antioxidant enzymes
As concentration had a significant effect on the activ-
ity of SOD, APX, CAT, and POD (Fig.  4a-d). SOD and 
APX activities showed an increasing trend when As 

Fig. 1  The effect of different concentrations of arsenic on morphological traits and chlorophyll content of tobacco plants. From right to left, 
treatments of 0, 10, 20, and 40 mg kg-1 soil of arsenic, respectively



Page 7 of 17Adamipour et al. BMC Plant Biology          (2025) 25:258 	

Fig. 2  The effect of different concentrations of arsenic in soil on leaf area (a), shoot FW (b), shoot DW (c), root FW (d), root DW (e), 
and photosynthetic efficiency (f) in tobacco plants. The same letters above the error bars are not significantly different (LSD test; P ≤ 0.05). Bars 
indicate means ± SD (n = 4 biological replicates). DW, dry weight; FW, fresh weight
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Fig. 3  The effect of different concentrations of arsenic in soil on total chlorophyll content (a), total soluble carbohydrate content (b), total soluble 
proteins content (c), proline content (d), hydrogen peroxide (H2O2) content (e), and malondialdehyde (MDA) content (f) in tobacco plants. The same 
letters above the error bars are not significantly different (LSD test; P ≤ 0.05). Bars indicate means ± SD (n = 4 biological replicates). FW, fresh weight
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concentration in soil increased, and the highest activity 
was observed at 40 mg As Kg−1 soil (Fig. 4a, b). In addi-
tion, highest CAT and POD activities were observed at 
10 mg As Kg−1 soil, decreasing when As concentration 
was 20 and 40 mg As Kg−1 soil (Fig. 4c, d).

Expression of genes in the proline biosynthetic pathway
As concentration had a significant effect on the expres-
sion of genes involved in proline synthesis following 
the primary (P5CS and P5CR) pathway and the alterna-
tive (OAT) pathway (Fig.  5a-c). The expression of P5CS 
and P5CR genes showed a similar trend under As stress 
(Fig. 5a, b). The expression of these two genes in response 
to 10 mg As Kg−1 soil was not significantly different from 
the control, but their expression increased sharply when 
tobacco plants were exposed to 20 and 40 mg As Kg−1 
soil. The expression of P5CS and P5CR genes increased 
20.85- and 7.72-fold in the 20 mg As Kg−1 soil treatment 

and 34.52- and 26.05-fold in the 40 mg As Kg−1 soil treat-
ment compared to the control (Fig. 5a, b). At 10 and 20 
mg As Kg−1 soil, OAT expression was not significantly 
different from the control, but its expression increased 
sharply (19.01-fold compared to the control) when plants 
were exposed to 40 mg As Kg−1 soil (Fig. 5c).

Expression of genes in the proline degradation pathway
As concentration had a significant effect on the expres-
sion of genes (PDH and P5CDH) involved in the pro-
line degradation pathway (Fig.  5d, e). PDH and P5CDH 
expression showed a similar trend under As stress. In 
control plants, the expression of PDH and P5CDH was 
29.04 and 13.06, respectively. However, in plants treated 
with 10 mg As Kg−1 soil, their expression decreased to 3.2 
and 2.39, respectively. Interestingly, their expression lev-
els remained unchanged in the 20 and 40 mg As Kg−1 soil 
treatments (Fig. 5d, e).

Fig. 4  The effect of different concentrations of arsenic in soil on enzyme activity: Superoxide dismutase (SOD) (a), ascorbate peroxidase (APX) (b), 
catalase (CAT), (c) and peroxidase (POD) (d) in tobacco plants. The same letters above the error bars are not significantly different (LSD test; P≤ 0.05). 
Bars indicate means ± SD (n = 4 biological replicates)
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Fig. 5  The effect of different concentrations of arsenic in soil on the expression of Δ1-pyrroline-carboxylate synthetase (P5CS) (a), P5C reductase 
(P5CR) (b), ornithine δ-aminotransferasegenes (OAT) (c), proline dehydrogenase (PDH) (d), and P5C dehydrogenase (P5CDH) (e) genes in tobacco 
plants. The same letters above the error bars are not significantly different (LSD test; P ≤ 0.05). Bars are means ± SD (n = 4 biological replicates 
and three technical replicates)
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Discussion
The accumulation of As disrupts various physiological 
processes in plants, leading to inhibited growth and ulti-
mately resulting in plant death [53]. Morphologically, As 
inhibits shoot and root growth, but also causes leaf chlo-
rosis and necrosis, resulting in a decrease in leaf area and 
photosynthetic ability [54]. In this study, these growth 
indices decreased when tobacco plants were exposed to 
As stress (Figs. 1 and 2). Similarly, a decrease in growth 
characteristics such as leaf area, FW and DW of roots 
and shoots, and stem and root height was observed in 
Siberian wild rye (Elymus sibiricus L.) [55], bell pepper 
(Capsicum annuum L.) [56], barley (Hordeum vulgare 
L.) [57], Indian mustard (Brassica juncea L.) [58], and 
wheat [59] plants under As stress. Tobacco plants showed 
a decrease in root FW and DW under As stress (Fig. 2d, 
e). The exposure of roots to As induced the death of 
root cells, a decrease in the thickness of parenchyma tis-
sue and lateral root numbers, abnormal thickening and 
darkening of roots, as well as necrosis of the main root 
apex [39, 60]. The growth of roots is inhibited by As to 
a greater extent than aerial organs [61], probably due to 
the higher accumulation of As in roots, since roots are 
the initial point of contact with As [61, 62]. As stress can 
alter the expression of genes involved in root growth, 
including a decrease in the expression of genes related 
to root apical meristem activity, which is critical for root 
growth and differentiation [63]. Additionally, As can dis-
rupt energy metabolism pathways, such as NO-depend-
ent alternate oxidase and lactate fermentation, which are 
essential for maintaining root growth under stress condi-
tions [60, 64].

In tobacco shoots, As exposure resulted in a decrease 
in growth indices (leaf area, shoot FW and DW) 
(Figs.  1  and  2). Reduced plant growth under As stress 
has been attributed to reduced root growth and uptake 
and transport of nutrients [65]. As toxicity leads to nutri-
ent imbalances, particularly affecting the availability of 
essential elements such as P, Fe, Zn, and Mn, and these 
nutrient deficiencies can impair root growth and overall 
plant development [63]. In addition, As can interfere with 
the activity of transporters involved in the absorption 
and transport of nutrients, further exacerbating nutrient 
deficiencies and impairing growth [63]. For example, due 
to the chemical similarity of As to phosphate, As has a 
high affinity with phosphate transporter 1, so its uptake 
by roots is facilitated and it substitutes phosphate in sev-
eral cellular pathways, leading to the production of ATP, 
thus negatively impacting plant growth [65]. As toxic-
ity increases the production of reactive oxygen species 
(ROS), whose accumulation causes oxidative damage 
to plant cells, with the resulting oxidative stress impair-
ing cell function and inhibiting growth [66]. Our results 

showed that plant growth decreased when ROS accumu-
lated (Figs. 1 and 3e).

Another reason for reduced growth in the pres-
ence of As stress is the decline in photosynthesis due 
to chlorophyll destruction and stomatal closure [67]. 
Under heavy metal stress, the decrease in the net rate 
of photosynthesis is directly associated with stomatal 
conductance, a reduction in the content of photosyn-
thetic pigments, and the impaired activity of enzymes 
involved in CO2 fixation [68, 69]. Under As stress, 
stomatal closure leads to CO2 deprivation and arrests 
photosynthetic C-assimilation [70]. The high sensitivity 
of chlorophyll due to the toxicity of heavy metals has 
made it a suitable indicator for investigating the effects 
of heavy metal stress [70]. The decrease in chlorophyll 
biosynthesis has been attributed to the disruption of 
the thylakoid membrane and the effect of As ions in 
preventing the activity of rubisco, δ-aminolevulinic 
acid dehydratase, and protochlorophyllide reductase, 
which are involved in the formation of chlorophyll [60]. 
Our findings revealed a linear decrease in chlorophyll 
content when As concentration increased (Fig.  3a), 
with a direct negative impact on photosynthetic per-
formance (Fig.  2f ), suggesting a potential relationship 
with reduced plant growth. The reduction in maize 
(Zea mays L.) growth and yield under combined As and 
Cd stress was attributed to chlorophyll degradation, 
restricted CO2 uptake due to impaired stomatal func-
tion, decreased activity of CO2-fixing enzymes, and a 
subsequent decline in photosynthetic efficiency [70].

In tobacco, soluble carbohydrates accumulated when 
As concentration increased (Fig.  3b). Soluble carbohy-
drates accumulate during heavy metal stress as osmoreg-
ulators, protecting membranes and serving as a source 
of energy [71]. However, the accumulation of soluble 
carbohydrates is a response to reduced photosynthetic 
ability (Fig. 2f ) during heavy metal stress, acting as stor-
age reserves to carry out basic metabolism and supplying 
carbon for the growth and development of plants [71]. 
The accumulation of carbohydrates induced by As stress 
also provides protection against oxidative stress caused 
by the accumulation of free radicals, enhancing plant 
stress resistance [72]. As-resistant tobacco genotypes 
have a greater content of soluble carbohydrates [72]. In 
tobacco, under As stress, the production of soluble car-
bohydrates may have served the functions of an osmotic 
protector and to remove free radicals, which is associ-
ated with a decrease in the content of soluble proteins 
(Fig. 3c). In support of our results, a decrease in soluble 
proteins was observed in rice [73] and Myriophyllum ver-
ticillatum L. [74] plants under As stress. When carbohy-
drate levels are low, protein breakdown becomes a crucial 
source of carbon for respiration. Therefore, the typical 
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reduction in protein levels seen with As exposure, along 
with As likely lowering carbohydrate metabolism and 
thus hindering amino acid production, indicates that any 
changes in amino acid pools are probably due to amino 
acids being released after protein degradation [75].

Furthermore, the decrease in soluble proteins under As 
stress is a result of oxidative stress induced by ROS [76]. 
The increase of MDA and H2O2 in tobacco reflects the 
occurrence of oxidative stress (Fig. 3e, f ). The accumula-
tion of ROS, including H2O2, superoxide, hydroxyl, and 
singlet oxygen, is one of the consequences of heavy metal 
stress [77]. ROS can be generated by ROS-active metals by 
stimulating NADPH oxidases, or by inhibiting enzymes 
through the displacement of essential cations [78]. If the 
accumulation of ROS in cells exceeds their detoxification 
capacity, those cells will experience oxidative stress, lead-
ing to the oxidation of molecules such as DNA, proteins, 
and lipids [78, 79]. During As stress, the production of 
MDA – a result of lipid peroxidation – occurs after oxida-
tive stress, which is caused by the excessive accumulation 
of ROS [80]. Our findings showed that the accumulation 
of H2O2 and MDA in tobacco leaves occurred in response 
to an increase in As concentration (Fig.  3e, f ). These 
results show that oxidative stress occurred following the 
accumulation of H2O2, while the increase in MDA con-
tent indicates the oxidation of lipids and the collapse of 
cell membranes [60]. Plants are equipped with antioxidant 
enzyme defense systems such as APX, SOD, POD, and 
CAT, and non-enzymatic defense systems like ascorbic 
acid and glutathione to deal with oxidative stress [60]. Our 
results showed that SOD and APX activities increased 
when As concentration increased from 0 to 40 mg As 
Kg−1 soil (Fig. 4 a, b), reaching their peak activity at 40 mg 
As Kg−1 soil. However, CAT and POD activities increased 
at 10 mg As Kg−1 soil, but declined at higher concentra-
tions (Fig.  4c, d). Several studies that investigated the 
activities of antioxidant enzymes under As stress showed 
that the activities varied depending on the plant species, 
as well as the level and length of the stress [60]. However, 
in our research using tobacco, SOD and APX appeared 
to be effective antioxidants when dealing with As stress. 
An increase in SOD and APX activities was also reported 
in lettuce (Lactuca sativa L.) [81], wheat [82], and sweet 
wormwood (Artemisia annua) [83] plants under oxidative 
stress.

Our findings show that proline accumulation increased 
sharply when the concentration of As increased (Fig. 3d). 
Proline accumulation is a strategy to increase plant resist-
ance when faced with heavy metal stress [84]. Proline 
sustains cellular osmolarity, chelates metal ions, scav-
enges free radicals, improves protein functions, protects 
the photosynthetic apparatus, allows for redox homeo-
stasis, and stabilizes mitochondrial electron transport 

complex II, DNA, and protein in reaction to As [85–87]. 
Other plants, such as rice [85], tomato (Solanum lyco-
persicum L.) [87], pea (Pisum sativum L.) [88], faba bean 
(Vicia faba L.) [86], and finger millet (Eleusine coracana 
(L.) Gaertn) [89], accumulated proline in response to As 
stress. Plants accumulate proline under As stress via the 
action of enzymes involved in proline metabolism and 
catabolism [90]. One objective of this study was to deter-
mine the contribution of each pathway in the synthesis 
and degradation of proline. When As concentration was 
10 mg As Kg−1 soil, proline accumulated, and the expres-
sion of P5CS and P5CR genes did not show a significant 
difference relative to the control (Figs.  3d and  5a, b). 
However, at the same concentration, the expression of 
PDH and P5CDH genes implicated in proline catabolism 
showed a sharp decrease (Fig. 5d, e). Although the pro-
duction of proline is due to an enhancement in the activi-
ties of enzymes involved in proline synthesis, as well as 
a simultaneous decrease in the activities of enzymes 
involved in proline catabolism [91], in our research, 10 
mg As Kg−1 soil decreased the enzymatic activity related 
to proline degradation, leading to the accumulation of 
proline while the enzymes implicated in proline synthe-
sis played no role. The cause of proline accumulation 
in non-acclimated cucumber cell suspension cultures 
grown under salt stress (150 and 200 mM NaCl) was due 
to a reduction in the activity of PDH, an enzyme, and the 
role of P5CS was ineffective [92]. In tobacco, at 20 and 
40 mg As Kg−1 soil, P5CS and P5CR expression increased 
sharply, corresponding to an increase in proline content 
(Figs.  3d and  5a, b), suggesting that during As stress, 
the glutamate pathway was involved in proline synthe-
sis. Under stress, the accumulation of proline is medi-
ated through the main glutamate pathway by increasing 
the activity of P5CS and P5CR [93]. In agreement with 
our results, the expression of P5CS and P5CR genes, as 
well as the activity of their enzymes, has been reported 
under the toxicity of heavy metals such as Cr, Cd, and Pb 
in wheat [94], cotton (Gossypium herbaceum L.) [95], and 
tomato [96].

In contrast, in tobacco, the expression of PDH and 
P5CDH decreased sharply at 10 mg As Kg−1 soil but 
remained unchanged at 20 and 40 mg As Kg−1 soil 
(Fig.  5d, e). These results indicate that the enzymes 
associated with proline degradation only contributed 
to the increase of proline in response to a low concen-
tration of As, but were unresponsive when As concen-
tration was 20 and 40 mg As Kg−1 soil. In wheat plants 
exposed to Cu and Cd stress, PDH activity decreased 
initially, but remained unchanged throughout the stress 
treatments, attributing the increase of proline – when 
PDH activity was unchanged – to an increase in P5CS 
and P5CR activity [97].
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OAT is a crucial enzyme for the synthesis of proline 
and has a beneficial role in enhancing tolerance to envi-
ronmental stress by promoting the augmentation of 
proline [98]. For example, in salinity, PEG, H2O2, and 
dehydration stresses, OAT gene expression increased, 
accompanied by an enhancement of proline, in grape 
(Vitis vinifera L.) [99]. In order to confirm the role of 
OAT in proline accumulation under stress conditions, 
the use of gabaculine, an inhibitor of this enzyme, was 
associated with a reduction in proline content under 
salinity stress in radish (Raphanus sativus L.) cotyledons 
[100]. In addition, other studies confirmed the role of 
OAT in proline accumulation under stress conditions. 
For example, expression of the Arabidopsis thaliana (L.) 
Heynh. OAT-encoded gene (AtOAT) in wheat improved 
salinity and drought stress tolerance by increasing pro-
line content [101]. Similarly, overexpression of AtOAT 
in tobacco [102] and rice [103] increased resistance to 
salinity and drought stress by improving proline content. 
Even though several studies provide evidence of the posi-
tive role of OAT in improving stress tolerance through 
proline accumulation, some studies disprove this claim. 
For example, Roosens et al. [104] noted that despite the 
improvement of proline in 4-week-old Arabidopsis thal-
iana plants under salt stress, OAT gene expression was 
undetectable and OAT activity remained unchanged. 
Delauney et al. [105] observed a strong decrease in OAT 
expression in moth bean (Vigna aconitifolia (Jacq.) Mare-
chal.) plants exposed to 400 mM NaCl, whereas proline 
accumulated. The accumulation of proline in A. thaliana 
oat mutants was not significantly different than in wild 
type plants under salt stress [106].

Despite many studies on the ornithine pathway, its 
regulatory mechanism remains unclear. In tobacco, OAT 
expression was unchanged in response to 10 and 20 mg 
As Kg−1 soil compared to the control, but its expression 
increased significantly when As concentration was 40 mg 
As Kg−1 soil (Fig. 5c), suggesting that the ornithine path-
way contributed to the accumulation of proline at a high 
concentration of As. Activation of the ornithine pathway, 
and the subsequent accumulation of proline, appears 
to be impacted by the intensity of the stress [107]. OAT 
expression at a late stage of severe osmotic stress contrib-
uted to the amplification of proline in oilseed rape (Bras-
sica napus L.) [108].

In the pathway of proline synthesis via ornithine, P5C 
produced by OAT is converted to glutamate by P5CDH 
and again enters the main proline synthesis pathway, 
or P5C from mitochondria enters the cytosol by carri-
ers and is reduced to proline by P5CR [31]. Some stud-
ies reported that P5C produced by OAT is converted 
to glutamate by P5CDH, then re-enters the glutamate 
pathway. For example, Funck et  al. [106] observed a 

high correlation between OAT and P5CDH expression 
in A. thaliana, and under salt stress, P5C derived from 
OAT entered the glutamate pathway via P5CDH twice. 
However, some studies disagree with the conversion of 
P5C to glutamate by P5CDH. For example, due to the 
suppression of the P5CDH gene in wheat [101], grape 
[99], and cashew nut (Anacardium occidentale L.) [109], 
OAT-derived P5C cannot be converted to glutamate by 
P5CDH and enter the glutamate pathway again; instead, 
P5C is transported from the mitochondria to the cytosol, 
where it is converted to proline by P5CR. Our findings 
show that OAT expression increased significantly at the 
highest concentration of As (40 mg As Kg−1 soil) (Fig. 5c) 
whereas P5CDH expression was almost suppressed 
(Fig.  5e). These results indicate that OAT-derived P5C 
cannot be converted to glutamate by P5CDH, but instead 
enters the cytosol from mitochondria and is converted to 
proline by P5CR.

In the same context, it has been reported that in two 
species of rose (Rosa sp.) under drought, increased 
expression of the OAT gene facilitated the conversion of 
ornithine to P5C, but suppression of the P5CDH gene 
indicated that P5C could not be converted to glutamate 
and was transported from the mitochondria to the cyto-
sol, where it was reduced to proline by P5CR [110]. More 
robust data would be needed to verify this supposition. 
One unknown underlying a clearer understanding of the 
ornithine pathway is the lack of identification of P5C 
transporters.

Conclusion
Our findings showed that morphological traits of tobacco 
plants decreased under As toxicity, which may explain 
the destruction of chlorophyll and reduced photosyn-
thesis. The increased level of H2O2 and MDA as two 
biomarkers showed that oxidative stress occurred. In 
response, tobacco plants activated their antioxidant sys-
tem to deal with it, with SOD and APX being the most 
effective defense enzymes. The accumulation of proline 
by activation of glutamate and ornithine pathways, due 
to an increase in As concentration, shows that tobacco 
adopts a mechanism of accumulating soluble compounds 
to reduce the harmful effects of As stress. At a low con-
centration of As, the accumulation of proline was caused 
by a decrease in the activity of enzymes involved in pro-
line catabolism and not the enzymes involved in its syn-
thesis. When As concentration was 20 and 40 mg As 
Kg−1 soil, the glutamate pathway played the main role 
in the augmentation of proline, and the increase in OAT 
expression in response to 40 mg As Kg−1 soil indicates 
that the ornithine pathway was activated only at the high-
est concentration of As.
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