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Investigation of the potential role 
of fusicoccin, a fungal phytotoxin, 
in mitigating salt stress in onion 
roots
Kürşat Çavuşoğlu 1,3* & Dilek Çavuşoğlu 2,3

Fusicoccin is a diterpene glycoside that plays an important role in the regulation of plant growth and 
development. Fusicoccin produced by Fusicoccum amydali fungus is known to affect plant growth 
positively with external applications due to its potential to stimulate the tolerance system of plants 
under stress conditions. In this study, it was aimed to reduce the negative effects of salt (0.15 M 
NaCl) stress on the germination and growth of onion (Allium cepa L.) bulbs by external fusicoccin 
(3 µM) application. For this purpose, the germination percentage, root length, root number, fresh 
weight, mitotic activity, micronucleus frequency, chromosomal abnormality, antioxidant enzyme 
activity, osmolyte accumulation, cell membrane damage and root anatomical structure were 
investigated in the current study. Salt stress caused a statistically significant difference (p < 0.05) in all 
examined parameters. External application of fusicoccin to onion bulbs germinated under salt stress 
conditions was found to be promising as a plant growth promoter and mitosis stimulator. In addition, 
fusicoccin application alleviated the harmful effects of salt stress on the chromosome structure and 
root anatomical structure and protected the cells from the cytotoxic and genotoxic effects of salt. 
Moreover, this application contributed to the fight against reactive oxygen species of onion plant and 
increased salt tolerance by regulating the accumulation of osmolyte substances such as proline and 
antioxidant enzymes such as superoxide dismutase and catalase, and by minimizing cell membrane 
damage in root cells. In conclusion, this study showed that exogenous application of 3 µM fusicoccin 
reduced the damage caused by oxidative stress in onion bulbs and served for healthy germination and 
growth.

Salinity is one of the most important environmental stress factors affecting crop production and productivity1,2. 
In arid and semi-arid climatic regions, approximately 23% of agricultural lands are affected by high salinity 
due to insufficient precipitation and high evaporation, insufficient drainage, improper agricultural practices 
and artificial irrigation methods3. Plants are extremely sensitive to salt stress and can exhibit many differences 
in salinity at the morphological, anatomical, physiological, cytogenetic and biochemical levels4–6. In addition, 
salinity increases the formation of reactive oxygen species (ROS) in plants and causes both osmotic and oxidative 
stresses. The resulting ROS cause lipid peroxidation, antioxidant enzyme inactivation, DNA damage and protein 
denaturation in the membranes of plant cells7–9.

Plants can reduce osmotic and oxidative stress damage caused by salinity and provide salinity tolerance by 
activating some basic mechanisms such as osmoregulation, ion separation and up-regulation of antioxidant 
activities10,11. In addition, they can reduce and repair the damages of salinity stress by increasing the synthesis of 
antioxidant enzymes such as catalase (CAT) and superoxide dismutase (SOD) and non-enzymatic antioxidants 
such as ascorbate, salicylate, glutathione and carotenoids12–14.

The term phytotoxin is used by plant pathologists to refer to highly toxic substances produced by plants 
and plant pathogens. The terms plant poisons, plant allelochemicals and phytochemicals are also frequently 
used to express these substances that belong to the group of plant secondary metabolites15,16. These toxins 
occur naturally in both vegetative (leaf, bark and root) and generative (flower and fruit) organs of plants17,18. 
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Phytotoxins are considered as plant growth regulators because they exert their stimulating effects on plants at 
very low concentrations19,20. They also allow to grow and survive of plants under various biotic and abiotic stress 
conditions21,22.

Phytotoxin fusicoccin (FC) is a diterpene glycoside produced by the fungus Fusicoccum amydali, a parasite 
of almond and peach trees23. FC has an original carbon skeleton characterized by a 5–8–5 ring system shared 
with other bioactive terpene families such as ophiobolins and cotylenes24. FC has a detrimental effect on plants 
and causes their death. Both the remarkable phytotoxic activity of FC and the fact that it is even more effective 
than the hormone auxin in stimulating cell and tissue growth has led to further research on its effects in plants25. 
Although the mode of action of FC at the molecular level is different, in many respects it mimics the effects of the 
hormone auxin23. It is well known that FC binds to the H+-ATPase/14–3–3 complex, stabilizing it, thereby caus-
ing an increase in H+ pump efficiency26. In addition, this toxin stimulates various physiological and biochemical 
processes such as cell wall acidification, cell elongation, breaking seed dormancy, ethylene production, stomatal 
opening, nutrient uptake, cytochrome c release from mitochondria, solute transport, seed germination, seedling 
growth, chlorosis, necrosis and transpiration in plants25,27–29.

Allium cepa L. (onion), belonging to the Amaryllidaceae family and the Allioideae subfamily, is considered 
one of the most consumed and grown vegetables in the world30. In addition to its nutritional value, it has been 
reported to be used as a medicinal plant since ancient times due to its antioxidant, antidiabetic and antimicro-
bial effects31. Mostly a biennial or perennial herb, Allium cepa L. can grow to about half a meter. Its bulb can 
be spherical, oval or elongated. Its body is cylindrical and hollow. The leaves can be yellowish to bluish green. 
They are fleshy, hollow, cylindrical and flat on one side. Seeds are shiny black. Its flowers are hermaphrodite and 
greenish-white32,33. On the other hand, it is preferred as a bioindicator in experimental researches for different 
reasons such as its easy supply and cultivation, low number of chromosomes and large chromosomes, and easy 
measurement of biochemical products such as enzymes and proteins34.

Studies on exogenous FC application during the germination stage of Allium cepa L. bulbs under saline 
conditions are not available in the literature. Therefore, in this study, it was aimed to alleviate or eliminate the 
inhibition of salt stress on various parameters (physiological, cytogenetic, biochemical and anatomical) in onion 
plants germinated in saline conditions with FC.

Materials and methods
Determination of experimental material and effective concentrations.  This study was carried 
out with bulbs of onion (Allium cepa L.) grown as an important agricultural plant. Bulbs were purchased from 
a commercial store in Isparta/Turkiye. Fusicoccin/FC (CAS number: 20108-30-9) was supplied from Sigma-
Aldrich Company, and sodium chloride/NaCl (CAS number: 7647-14-5) was supplied from Merck Company. 
As a result of a preliminary experiment conducted by us, the NaCl stress level to which the bulbs are exposed 
was determined as 0.15 M, and the externally applied FC dose was determined as 3 µM. Experimental research 
on plant samples, including the supply of plant material, complies with institutional, national and international 
guidelines and legislation.

Growing conditions and experimental plan.  Approximately the same size, plump and healthy bulbs 
were selected. Bulbs separated into four groups. The groups, experimental stages and schematic summary of the 
study are shown in Figs. 1, 2 and 3. 20 bulbs of each determined group were placed in sterile plastic containers 
with a volume of 1.7 L and with a perforated lid on which the bulbs will enter, with the root parts inside and the 
other parts outside, and germinated in the dark for 168 h (7 days) in an incubator set at 20 °C. Control bulbs in 
the first group were germinated in tap water medium until the end of the study; the bulbs in the second group 
were germinated in salt stress (0.15 M NaCl) medium; bulbs in the third group were germinated in FC (3 µM) 
medium; the bulbs in the fourth group were germinated in FC treated medium together with salt stress (0.15 M 
NaCl + 3 µM FC).

At the end of the 168 h application period, the hairy roots of the germinated bulbs belonging to the control 
and treatment groups were counted; root lengths were measured in mm by using a ruler with millimetric scales; 
fresh weights were determined in g by using precision balance, and germination percentages were expressed in 
% with the help of Eq. (1). The protrusion of the radicle from the testa by 10 mm was taken as the germination 
criterion. All trials in this study were arranged in triplicate in order to statistically interpret the data obtained35.

Determination of mitotic index and chromosomal abnormalities.  In order to detect chromosomal 
damage, materials cut about 1–2 cm long from the onion root tip were taken into saturated paradichlorobenzene 
for 4 h, fixed in 3 parts of ethyl alcohol: 1 part of acetic acid solution and stored in 70% ethyl alcohol. For per-
manent preparation processes, root tips were hydrolyzed in 1 N HCl at 60 °C for 17 min, stained with Feulgen 
for 1–1.5 h, crushed on a slide in 45% acetic acid, covered with a coverslip, balm applied around the coverslip, 
and photographed under a microscope at 100 × magnification36. In order to calculate the mitotic index (MI), 
30.000 cells were counted for each root tip from the prepared preparations and the percentage of cells entering 
mitosis was calculated using Eq. (2). Chromosomal abnormalities (CAs) were calculated as % of 2.000 dividing 
cells counted.

(1)Germination (%) =
[

number of germinated bulbs/total number of bulbs
]

× 100

(2)MI(%) = [number of cells undergoing mitosis/total number of cells] × 100
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Spectrophotometric determination of antioxidant enzyme activity.  An amount (0.2 g) of root 
sample was homogenized with 50 mM chilled sodium phosphate buffer (pH 7.8). The homogenate was filtered 
through coarse filter paper and centrifuged at 10,000 rpm for 20 min. The supernatant was used for the spectro-
photometric analysis of superoxide dismutase (SOD) and catalase (CAT) enzyme activities.

SOD activity; it was determined by examining the photochemical reduction of NBT (Nitroblue tetrazolium 
chloride) at 560 nm. The reaction was performed in a total of 1.5 mL of 0.05 M sodium phosphate buffer (pH 7.8) 
containing 750 μM NBT, 130 mM l-methionine, 0.1 mM EDTA-Na2, 20 μM riboflavin, 4% polyvinylpyrrolidone, 
supernatant and deionized water. Riboflavin was added last in the dark and the reaction mixture was incubated 
for 10 min under 15-W fluorescent light37. SOD activity was expressed as “U/mg FW”38.

CAT activity; it was measured by tracking the decrease in absorbance at 240 nm. The reaction was carried 
out by incubating 0.1 M H2O2, supernatant and deionized water at 37 °C for 2 min in 200 mM pH 7.8 sodium 

Figure 1.   Experimental groups. FC fusicoccin, NaCl sodium chloride.

Figure 2.   Experimental stages of the study. GP germination percentage, RL root length, RN root number, FW 
fresh weight, MI mitotic index, MN micronucleus, CAs chromosomal abnormalities, MDA malondialdehyde, PR 
proline, SOD superoxide dismutase, CAT​ catalase.
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phosphate buffer, and the reaction was terminated with 1 M HCl. One unit of enzyme activity was defined as 
the amount of enzyme required for the degradation of 1 μmol H2O2. CAT activity was expressed as “OD240 nm 
min/g FW”39.

Spectrophotometric determination of lipid peroxidation.  Lipid peroxidation is expressed as 
malondialdehyde (MDA) content. 0.5 g root sample taken from onion roots was homogenized with 10 mL of 5% 
trichloroacetic acid (TCA), and then the homogenate was centrifuged at 12,000 rpm at 24 °C for 15 min. 1 mL 
of the clear part of the centrifuged sample was taken and 0.5% thiobarbituric acid (TBA) dissolved in 4 mL of 
20% TCA was added to it. After the mixture was kept at 96 °C for 25 min, it was rapidly cooled in an ice bath 
and centrifuged at 10,000 rpm for 5 min. Then, absorbance was determined at 532 nm wavelength from the 
clear part and MDA content was calculated by using the extinction coefficient of 155 M−1 cm−1 and expressed 
as “µmol/g FW”40.

Spectrophotometric determination of free proline amount.  Fresh root sample (0.5 g) was homoge-
nized with sulfosalicylic acid (10 mL of 3%). Root samples were then passed through Whatman filter paper. 2 mL 
of extract was taken, 2 mL of acid anhydrin and 2 mL of glacial acetic acid were added. The mixture was first 
kept in a 100 °C water bath for 1 h and then in an ice bath for 5 min. Toluene (5 mL) was added to the reaction 

Figure 3.   Schematic summary of the study. FC fusicoccin, NaCl sodium chloride.
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mixture, mixed with vortex for 15–20 s, and left for a while to form two phases. The upper phase was taken with 
the help of a micropipette and the absorbance values were read in the spectrophotometer at 520 nm against the 
pure toluene control. The results from the examples were compared with the results from the L-proline standard. 
The amount of free proline (PR) was calculated with the help of Eq. (3) and expressed as “µg/g”41.

Microscopic analyzes.  For the detection of anatomical damage, cross-sections were taken from the root 
tips of the bulbs treated with FC and NaCl for 168 h, stained with 2% methylene blue, closed with the help of 
entellan, and photographed at 500 × magnification.

Data analysis.  Statistical analyzes of the obtained data were made by using the SPSS 23 analytical software 
program for Windows and the differences between the results were presented as mean ± standard deviation. It 
was analyzed at p < 0.05 significance level by using one-way ANOVA followed by Duncan test.

Ethics approval and consent to participate.  The authors confirm that the manuscript has been read 
and approved by all authors. The authors declare that this manuscript has not been published and not under 
consideration for publication elsewhere.

Results and discussion
Effect of FC on the physiological parameters.  Figure 4 shows the effect of exogenous FC on the physi-
ological parameters of Allium cepa L. bulbs. While external FC application showed the same effect (100 ± 0.0%) 
as the control group on the germination of onion bulbs under normal conditions, it showed an encouraging 
effect on the growth parameters of the bulbs. Namely, the root length (RL), root number (RN) and fresh weight 
(FW) of Group I (control) bulbs grown in tap water medium were 70.1 ± 1.2 mm, 41.8 ± 1.1 and 12.5 ± 0.9 g, 
respectively, while these parameters were determined as 78.3 ± 1.4  mm, 47.4 ± 1.3 and 16.2 ± 0.7  g in Group 
III bulbs grown in medium with FC alone. Some researchers reported that exogenous FC application severely 
caused inhibition of the seed germination and early seedling growth in Cercis siliquastrum42 and Pisum sativum43 
under normal conditions. On the contrary, some researchers also determinated that FC treatment significantly 
stimulated the seed germination and seedling growth in Raphanus sativus28, Allenrolfea occidentalis44, Cera-
toides lanata45 and Sorghum vulgare46 under non-stress conditions. All these results revealed that exogenous FC 
showed different effects on seed and bulb germination under stress-free conditions, depending on plant species, 
pretreatment form and application dose.

Salinity is an important abiotic stress factor that can cause serious damage even to halophytes47. In this study, 
salt stress once again showed its inhibitory effect on the germination and growth of the onion plant (Fig. 4). All of 
Group I (control) bulbs germinated (100 ± 0.0%) at 168 h (7 days) in tap water medium. However, only 26 ± 0.9% 
of Group II bulbs germinated in 0.15 M NaCl medium. Therefore, the germination percentage (GP) decreased by 
74% in saline conditions. Similarly, RL, RN and FW of Group I (control) bulbs grown in tap water medium were 
measured as 70.1 ± 1.2 mm, 41.8 ± 1.1 and 12.5 ± 0.9 g, respectively, while Group II bulbs grown in 0.15 M NaCl 
medium showed a statistically significant decrease (p < 0.05) and was determined as 13.7 ± 1.0 mm, 13.9 ± 0.6 
and 4.4 ± 0.1 g (Figs. 4 and 5). The inhibitory effect of salt stress on bulb germination48,49 and growth50,51 has also 
been reported in previous studies. Salinity stress may have exerted its negative effects on the growth parameters 
by affecting various metabolic processes. First, because of the high osmotic pressure, the roots cannot get enough 
water, and the fresh weight and water content of the bulbs decrease (Fig. 4). Second, salinity inhibits mitotic 
activity in root tip meristem cells (Fig. 6) and the root number and length of bulbs reduce.

3 µM exogenous FC application to Group IV bulbs germinated in 0.15 M NaCl medium significantly increased 
GP, RL, RN and FW (p < 0.05). The GP, RL, RN and FW of Group II bulbs in 0.15 M NaCl medium alone were 
26 ± 0.9%, 13.7 ± 1.0 mm, 13.9 ± 0.6 and 4.4 ± 0.1 g, respectively, while these parameters were determined as 
91 ± 2.4%, 44.2 ± 0.7 mm, 24.2 ± 0.6 and 10.7 ± 0.3 g in Group IV bulbs in which FC was applied with salt (Figs. 4 
and 5). Many researchers reported that FC markedly alleviated the detrimental effect of salinity on the germina-
tion and growth of various plants52–54 and this results are consistent with the findings obtained in the present 
work. FC have demonstrated its success on salt-induced bulb germination and growth by increasing water uptake 
(Fig. 4), by stimulating mitotic activity (Fig. 6), by reducing lipid peroxidation (Fig. 9) and by regulating free 
proline content and antioxidant enzyme activities (Fig. 9). In addition, it may have also performed its success on 
salt stress by providing the stabilization of cell membranes55 or by staging a counter-attack against the abscisic 
acid (ABA), the internal amount of which increases in the plant in salinity54,56.

Effect of FC on the cytogenetic parameters.  The effects of exogenous FC on some cytogenetic param-
eters (mitotic index/MI, micronucleus/MN frequency, chromosome aberrations/CAs) in the root cells of onion 
bulbs exposed to salinity are shown in Fig. 6. The MI (7.1 ± 0.8%) in the root of Group III bulbs grown in the 
medium with FC alone increased by 1.2 fold according to MI (5.9 ± 0.5%) of Group I (control) bulbs grown in 
tap water medium, whereas their MN frequency and CAs statistically demonstrated similar values as ones of the 
control group.

The degree of cytotoxicity of a chemical agent can be determined by the change in MI57. Salinity stress both 
reduces the mitotic activity and causes serious damages on the chromosome structure58,59. Similar results were 
also observed in the present study. While MI was 5.9 ± 0.5% in the roots of Group I (control) bulbs grown in tap 

(3)

[(

µg proline /mL × mL toluene
)

/115.5µg /µmole
]

/
[(

g sample
)

/5
]

= µmoles proline/g of fresh weight material
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water medium, this parameter was 2.3 ± 0.3% in the roots of Group II bulbs grown in 0.15 M NaCl medium and 
decreased by 61% compared to the control. At the same time, this salt concentration (0.15 M) caused a significant 
increase on the MN frequency and CAs in onion root tips. For instance, MN frequency and CAs in the roots of 
Group I (control) bulbs grown in tap water medium were calculated as 0.9 ± 0.2% and 1.3 ± 0.7%, respectively, 
while these parameters in the roots of Group II bulbs grown in 0.15 M NaCl medium showed a statistically 
significant increase (p < 0.05) and were determined as 9.8 ± 1.6% and 27.2 ± 1.8% (Fig. 6).

Figure 4.   Effect of FC on some physiological parameters of Allium cepa L. Group I (control) was treated with 
tap water; Group II was treated with 0.15 M NaCl; Group III was treated with 3 µM FC; Group IV was treated 
with 3 µM FC + 0.15 M NaCl. The error bars indicate the standard deviation (± SD).
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On the other hand, 3 µM exogenous FC application to Group IV bulbs grown in 0.15 M NaCl medium sig-
nificantly increased MI, decreased MN frequency and CAs (p < 0.05). The MI, MN frequency and CAs in the root 
cells of Group II bulbs in 0.15 M NaCl medium alone were 2.3 ± 0.3%, 9.8 ± 1.6% and 27.2 ± 1.8%, respectively, 
while these parameters were determined as 5.9 ± 0.6%, 4.3 ± 1.2% and 7.6 ± 1.7% in the root cells of Group IV 
bulbs in which FC was applied with salt (Fig. 6). These findings are a sign that exogenous FC administration can 
alleviate salt-induced damage on the mitotic activity and chromosome structure. The present study is the first 

Figure 5.   The germination situations at the end of seventh day of Allium cepa L. bulbs. Group I was treated with 
tap water, Group II was treated with 0.15 M NaCl, Group III was treated with 3 µM FC, Group IV was treated 
with 3 µM FC + 0.15 M NaCl.

Figure 6.   Effect of FC on some cytogenetic parameters of Allium cepa L. Group I (control) was treated with tap 
water; Group II was treated with 0.15 M NaCl; Group III was treated with 3 µM FC; Group IV was treated with 
3 µM FC + 0.15 M NaCl. The ± symbol indicate the standard deviation (SD).
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study to investigate the effects of FC on MN frequency and CAs in the root cells of plants grown under both 
normal and saline conditions. In addition, it has been found only one study about the effects of FC on the MI of 
the root tip cells under normal and saline conditions in result of the literature review so far. In the mentioned 
work, Lutsenko et al.46 reported that 5 × 10–6 M FC application increased the MI in the root meristematic cells of 
sorghum seedlings under both normal and saline (0.1 and 0.2 M NaCl) conditions, and this result was similar 
to our current research findings.

Normal mitotic phases observed during microscopic examination of onion root tip preparations are shown 
in Fig. 7 and abnormal mitotic phases are shown in Fig. 8. Significant abnormalities in the preparations were 
micronucleus (Fig. 8a), lobulated nucleus/several lobulated nuclei (Fig. 8b,c), chained prophase (Fig. 8d), irregu-
lar prophase (Fig. 8e), metaphase with chromosomes encircled (Fig. 8f), metaphase with chromosomal loss 
(Fig. 8g), disrupted equatorial plate in metaphase (Fig. 8h), anaphase with fragment (Fig. 8i), bridges in anaphase 
(Fig. 8j), anaphase/telophase with vagrant chromosome (Fig. 8k,l,n), polar slip at anaphase/telophase (Fig. 8l,o), 
lagging chromosome in anaphase/telophase (Fig. 8m,p). MN occurs as a result of chromosomes or chromosome 
breaks that remain in anaphase and fail to fuse with both nuclei in telophase60,61. Although their incorporation 
into the nucleus is different, bud and MN formation are morphologically similar62. MN and bud formation can 
lead to loss of genetic material63. Watched chromosome fragment shows clastogenic action while chromosome 
stickiness could be a consequence of inter-chromosomal linkages coupled with excessive formation of nucleo-
proteins. Chromosome loss is a change that occurs with the malfunction of the mitotic spindle64. The vagrant 
chromosome is derived from the irregularly shaped and unequally sized nuclei of daughter cells with unequal 
chromosomes65. Chromosome stickiness and impaired chromosome segregation can lead to bridge formation 
in anaphase and cause structural mutations in the chromosome66. Lobed nuclei forms when a nuclear poison 
214 blocks DNA synthesis in the S phase of the interphase67. Lagging chromosomes result due to failure of the 
chromosomes to become attached to the spindle fiber and to move to either of the two poles68. Anaphase and 
telophase with fault polarization occur as a result of spindle disorders69.

Effect of FC on the biochemical parameters.  Free radicals or reactive oxygen species (ROS) are cyto-
toxic molecules that can damage important cellular materials such as DNA, protein, carbohydrates and lipids. 
These highly reactive molecules also regulate the expression of defense systems-related genes as intermediate 
signaling molecules70,71. Plants contain antioxidant enzymes such as superoxide dismutase (SOD) and catalase 
(CAT), which have scavenging effects to prevent damage to cellular structures by ROS72,73. It was determined 
that SOD (38 ± 1.7 U/mg FW) and CAT (0.7 ± 0.2 OD240 nm/min g FW) enzyme contents in the roots of Group 
III bulbs grown in FC medium alone were statistically similar to those (SOD 37 ± 1.5 U/mg FW; CAT 0.8 ± 0.1 
OD240 nm/min g FW) of Group I, which was grown in tap water medium and the control group (Fig. 9). This 
data clearly showed that exogenous FC application did not cause an additional ROS formation in onion roots.

Neverthless, NaCl stress caused a significant increase in SOD (92 ± 4.4 U/mg FW) and CAT (4.1 ± 0.6 OD240 
nm/min g FW) enzyme activities in the roots of Group II bulbs by 2.5 and 5.1 times, respectively, compared to 
those (SOD 37 ± 1.5 U/mg FW; CAT 0.8 ± 0.1 OD240 nm/min. g FW) of Group (control) I (Fig. 9). SOD and 
CAT antioxidant enzyme contents were found to increase in many plant species exposed to salinity stress74–76. 
The increase in SOD, CAT, MDA, MN frequency and CAs in the roots of Group II bulbs is a reliable indicator of 
NaCl-induced ROS formation and oxidative stress (Figs. 6 and 9). On the other hand, 3 µM exogenous FC appli-
cation to Group IV bulbs grown in 0.15 M NaCl medium significantly reduced SOD and CAT levels (p < 0.05). 
The SOD and CAT amounts in the root cells of Group II bulbs in 0.15 M NaCl medium alone were 92 ± 4.4 U/
mg FW and 4.1 ± 0.6 OD240 nm/min g FW, respectively, while these parameters were determined as 55 ± 3.9 U/

Figure 7.   Normal mitosis phases in Allium cepa root meristem cells (a) prophase (b) metaphase, 2n = 16 
chromosomes (c) anaphase (d) telophase. Scale bar = 10 μm.
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mg FW and 1.4 ± 0.3 OD240 nm/min g FW in the root cells of Group IV bulbs in which FC was applied with 
salt (Fig. 9). The fact that FC applied externally to Group IV bulbs exposed to salinity reduces SOD and CAT 
contents is an important sign that ROS is swept away and salt tolerance is achieved.

Lipid peroxidation (LP) is the reaction of oxidative degradation of polyunsaturated lipids by ROS. As an indi-
cator of LP, determination of malondialdehyde (MDA) levels is made by using spectrophotometric methods77,78. 
It was determined that MDA (7.3 ± 1.5 µmol/g FW) content in the roots of Group III bulbs grown in FC medium 
alone was statistically similar to that (7.6 ± 1.7 µmol/g FW) of Group I, which was grown in tap water medium 
and the control group (Fig. 9). This data clearly showed that exogenous FC application did not cause an additional 
damage in membranes of the root cells.

Neverthless, NaCl stress caused a significant increase in MDA (33.4 ± 3.1 µmol/g FW) amount in the roots 
of Group II bulbs by 4.4 times, approximately, compared to that (7.6 ± 1.7 µmol/g FW) of Group I/the control 
(Fig. 9). Salt stress showed a destructive damage on the cell membranes by increasing the MDA content statisti-
cally (p < 0.05). MDA content, which is an indicator of LP was found to increase in many plant species such as 
tomato79, sweet pepper80, mint75 and mung bean81 exposed to salinity stress. On the other hand, 3 µM exogenous 
FC application to Group IV bulbs grown in 0.15 M NaCl medium significantly reduced MDA level (p < 0.05). 
The MDA amount in the root cells of Group II bulbs in 0.15 M NaCl medium alone was 33.4 ± 3.1 µmol/g FW, 
while this parameter was determined as 15.6 ± 2.8 µmol/g FW in the root cells of Group IV bulbs in which FC was 
applied with salt (Fig. 9). The fact that FC applied externally to Group IV bulbs exposed to salinity reduces MDA 
content is an important sign that ROS is swept away, oxidative stress is suppressed and salt tolerance is achieved.

Proline (PR), one of the amino acids that make up proteins, is an osmolyte commonly produced in plants 
exposed to various environmental stresses such as salinity82. This amino acid, which is synthesized through 

Figure 8.   Chromosomal aberrations in Allium cepa root tip cells (a) micronucleus = arrow (b) lobulated nucleus 
with bud(= arrow) (c) several lobulated nuclei (d) chained prophase (e) irregular prophase (f) metaphase with 
chromosomes encircled(= arrows) (g) metaphase with chromosomal loss(= arrow) (h) disrupted equatorial 
plate in metaphase (i) anaphase with fragment(= arrow) (j) bridges in anaphase (k) anaphase with vagrant 
chromosome(= arrow) (l) polar slip (= patterned) at anaphase with vagrant chromosomes(= arrows) (m) lagging 
chromosome in anaphase(= arrow) (n) telophase with vagrant chromosome(= arrow) (o) polar slip (= patterned) 
at telophase (p) lagging chromosome (= patterned) at telophase with chromosome loop. Scale bar = 10 μm.
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glutamate in plants, serves to maintain osmotic potential and turgor83,84. However, it also undertakes the task of 
protecting cells by stabilizing cell membranes and proteins during dehydration85,86.

It was determined that free PR (17.4 ± 1.3 µmol/g FW) content in the roots of Group III bulbs grown in FC 
medium alone was statistically similar to that (16.3 ± 1.7 µmol/g FW) of Group I, which was grown in tap water 
medium and the control group. Neverthless, NaCl stress caused a significant increase in free PR (69.8 ± 3.5 µmol/g 
FW) amount in the roots of Group II bulbs by 4.3 times, approximately, compared to that (16.3 ± 1.7 µmol/g FW) 
of Group I/the control (Fig. 9). It has been reported in previous studies that PR amino acid accumulates in plants 

Figure 9.   Effect of FC on some biochemical parameters of Allium cepa L. Group I (control) was treated with tap 
water; Group II was treated with 0.15 M NaCl; Group III was treated with 3 µM FC; Group IV was treated with 
3 µM FC + 0.15 M NaCl. The ± symbol indicate the standard deviation (SD).
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exposed to salt stress87,88 and salt tolerance of plants increases89,90. However, a negative correlation between abiotic 
stress tolerance and accumulation of free PR has also been reported91,92. On the other hand, a positive correlation 
between MDA and PR accumulation76 was once again confirmed by this study. These data are a strong indication 
that PR helps scavenge salt-induced ROS and protect cells from oxidative damage93.

On the other hand, 3 µM exogenous FC application to Group IV bulbs grown in 0.15 M NaCl medium 
significantly reduced free PR level (p < 0.05). The free PR amount in the root cells of Group II bulbs in 0.15 M 
NaCl medium alone was 69.8 ± 3.5 µmol/g FW, while this parameter was determined as 31.2 ± 2.6 µmol/g FW 
in the root cells of Group IV bulbs in which FC was applied with salt (Fig. 9). The reduction of free PR content 
of FC in the roots of Group IV bulbs exposed to salinity may allow the expression of new proteins associated 
with stress tolerance. Because, Khedr et al.94 reported that PR amino acid increased the protein content in sea 
daffodil (Pancratium maritimum L.) plant exposed to salt stress. This is the first study to examine its effects on 
antioxidant enzyme (SOD and CAT) activity, LP and free PR content of externally applied FC to plants grown in 
a stress-free medium or exposed to salt stress. Therefore, the data obtained from this study are very important.

Effect of FC on the anatomic parameters.  Root is an organ that usually grows into the soil in developed 
plants adapted to land life. It is an organ that is frequently exposed to environmental stresses and toxic agents 
because it is in contact with the soil. As a result of this exposure, serious changes and damages occur in the ana-
tomical structure of the root. The anatomical damages caused by salinity stress in the roots of onion bulbs and 
the protective role of FC against these damages are shown in Table 1 and Fig. 10.

Table 1.   Determination of the damages observed in the root anatomical structures of bulbs. ECI epidermal 
cell injury, GN giant cell nucleus, ITT indistinct transmission tissue, NA necrotic areas, (−) no damage, (+) 
little damage, (++) moderate damage, (+++) severe damage.

Experimental groups ECI GCN ITT NA

Group I/control − − − −

Group II +++ ++ +++ +++

Group III − − − −

Group IV + + + +

Figure 10.   Anatomic damages induced by NaCl in root tip cells (a) healthy appearance of epidermis cells (b) 
healthy appearance of cell nucleus (oval) (= arrow) (c) normal appearance of transmission tissue (d) healthy 
appearance of cortex cells (e) epidermal cell injury (= arrows) (f) giant cell nucleus (= arrow) (g) indistinct 
transmission tissue (h) necrotic areas (= arrow).
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As a result of examination with the help of light microscopy of the preparations prepared from the roots of 
Group I (control) bulbs grown in tap water medium and Group III bulbs grown in 3 µM FC medium alone, no 
anatomical damage was found. On the contrary, in the preparations prepared from the roots of Group II bulbs 
grown at 0.15 M salinity alone and Group IV bulbs treated with 3 µM FC together with salt, epidermal cell injury 
(Fig. 10e), giant cell nucleus (Fig. 10f), indeterminate vascular tissue (Fig. 10g) and necrotic areas (Fig. 10h) 
were observed.

These damages and changes observed in root anatomical structure are the result of defense mechanisms 
developed by cells and tissues to reduce the severity of salinity. For example, plants exposed to environmental 
stresses or hazardous chemicals develop mechanisms that alter the anatomical structure, such as reduced sub-
stance transport and indistinct vascular tissue, to mitigate the damage caused by these stresses and chemicals95. 
Epidermal cell damage is a sign that high salinity disrupts cell wall integrity. Shape change may occur in response 
to cellular changes in the nucleus, which is normally spherical or elliptical in appearance. In addition, disruptions 
in DNA double helix structure, DNA volume and nuclear protein concentration can lead to abnormalities in the 
volume and shape of the cell nucleus96,97.

On the other hand, 3 µM exogenous FC application to Group IV bulbs grown in 0.15 M NaCl medium signifi-
cantly reduced the severity of root anatomical structure damage (Table 1). This is the first study in the literature 
to investigate the effects of exogenous FC on the root anatomical structure of plants exposed to salt stress.

Conclusion
In this study, the role of FC, a phytotoxin, in mitigating the negative effects of salinity in onion plant, which is 
consumed as an important food source all over the world, was investigated by considering physiological, cytoge-
netic, biochemical and anatomical responses. When the new scientific data obtained from the current study are 
evaluated, it can be said that FC applied externally at the appropriate dose and time increases the tolerance to 
salinity in the onion plant. In addition, the positive effects of FC in the germination phase of onion bulbs give 
the impression that it can play a role as a growth regulator in growth-development regulation.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 27 January 2023; Accepted: 12 June 2023

References
	 1.	 Ahanger, M. A. & Agarwal, R. M. Salinity stress induced alterations in antioxidant metabolism and nitrogen assimilation in wheat 

(Triticum aestivum L.) as influenced by potassium supplementation. Plant Physiol. Biochem. 115, 449–460 (2017).
	 2.	 Lin, J., Wang, Y., Sun, S., Mu, C. & Yan, X. Effects of arbuscular mycorrhizal fungi on the growth, photosynthesis and photosynthetic 

pigments of Leymus chinensis seedlings under salt-alkali stress and nitrogen deposition. Sci. Total Environ. 576, 234–241 (2017).
	 3.	 Jouyban, Z. The effects of salt stress on plant growth. Tech. J. Eng. App. Sci. 2, 7–10 (2012).
	 4.	 Gumi, A. M., Aliero, A. A., Shehu, K. & Danbaba, A. Salinity stress: Effects on growth, biochemical parameters and ion homeostasis 

in Solanum lycospersicum L. (cv. Dan eka). Central Eur. J. Exp. Biol. 2, 20–25 (2013).
	 5.	 Cavusoglu, K. & Bilir, G. Effects of ascorbic acid on the seed germination, seedling growth and leaf anatomy of barley under salt 

stress. ARPN J. Agric. Biol. Sci. 10, 124–129 (2015).
	 6.	 Cavusoglu, K. & Cavusoglu, D. Role of l-ornithine in mitigation of salt stress in Allium cepa L. Bangladesh J. Bot. 50, 1165–1171 

(2021).
	 7.	 Garg, N. & Manchanda, G. ROS generation in plants: Boon or bane?. Plant Biosyst. 143, 81–96 (2009).
	 8.	 Gill, S. S. & Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. 

Biochem. 48, 909–930 (2010).
	 9.	 Ahmad, P. et al. Role of Trichoderma harzianum in mitigating NaCl stress in Indian mustard (Brassica juncea L.) through antioxi-

dative defense system. Front Plant. Sci. 6, 868–882 (2015).
	10.	 Ahmad, P. et al. Nitric oxide mitigates salt stress by regulating levels of osmolytes and antioxidant enzymes in chickpea. Front. 

Plant Sci. 7, 347–357 (2016).
	11.	 Ahanger, M. A., Tittal, M., Mir, R. A. & Agarwal, R. M. Alleviation of water and osmotic stress-induced changes in nitrogen 

metabolizing enzymes in Triticum aestivum L. cultivars by potassium. Protoplasma 254, 1953–1963 (2017).
	12.	 Sairam, R. K. & Tyagi, A. Physiology and molecular biology of salinity stress tolerance in plants. Curr. Sci. 86, 407–421 (2004).
	13.	 Triantaphylides, C. & Havaux, M. Singlet oxygen in plants: Production, detoxification and signaling. Trends Plant Sci. 14, 219–228 

(2009).
	14.	 Bidabadi, S. S., Mehri, H., Ghobadi, C., Baninasab, B. & Afazel, M. Morphological, physiological and antioxidant responses of 

some Iranian grape vine cultivars to methyl jasmonate application. J. Crop Sci. Biotechnol. 16, 277–283 (2013).
	15.	 Thakur, A., Sharma, V. & Thakur, A. Phytotoxin: A mini review. J. Pharmacogn. Phytochem. 7, 2705–2708 (2018).
	16.	 Chen, H. et al. An exploration on the toxicity mechanisms of phytotoxins and their potential utilities. Crit. Rev. Env. Sci. Tech. 52, 

395–435 (2020).
	17.	 Froberg, B., Ibrahim, D. & Furbee, R. B. Plant poisoning. Emerg. Med. Clin. North Am. 25, 375–433 (2007).
	18.	 Patel, S., Nag, M. K., Daharwal, S., Singh, M. R. & Singh, D. Plant toxins: An overview. Res. J. Pharmacol. Pharmacodyn. 5, 283–288 

(2013).
	19.	 Yamane, H. et al. Chemical defence and toxins of plants. In Comprehensive Natural Products II Chemistry and Biology (eds Mander, 

L. & Lui, H. W.) 339–385 (Elsevier, 2010).
	20.	 Abbas, T., Nadeem, M. A., Tanveer, A. & Chauhan, B. S. Can hormesis of plant released phytotoxins be used to boost and sustain 

crop production?. Crop Protect. 93, 69–76 (2017).
	21.	 Kobayashi, K. Factors affecting phytotoxic activity of allelochemicals in soil. Weed Biol. Manage. 4, 1–7 (2004).
	22.	 Bucheli, T. D. Phytotoxins: Environmental Micropollutants of Concern? (Publications, 2014).
	23.	 Ballio, A. et al. Fusicoccin: A new wilting toxin produced by Fusicoccum amygdali. Nature 203(4942), 297 (1964).
	24.	 Au, T., Chick, W. S. & Leung, P. The biology of ophiobolins. Life Sci. 67, 733–742 (2000).
	25.	 Marre, E. Fusicoccin: A tool in plant physiology. Annu. Rev. Plant Physiol. 30, 273–288 (1979).



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9801  | https://doi.org/10.1038/s41598-023-36917-4

www.nature.com/scientificreports/

	26.	 Würtele, M., Jelich-Ottmann, C., Wittinghofer, A. & Oecking, G. Structural view of a fungal toxin acting on a 14–3−3 regulatory 
complex. EMBO J. 22, 987–994 (2003).

	27.	 Turner, N. C. & Graniti, A. Stomatal response of two almond cultivars to fusicoccin. Physiol. Plant Pathol. 9, 175–182 (1976).
	28.	 Ballarin-Denti, A. & Cocucci, M. Effects of abscisic acid, giberellic acid and fusicoccin on the transmembrane potential during 

the early phases of germination in radish (Raphanus sativus L.). Planta 146, 19–23 (1979).
	29.	 Malerba, M., Crosti, P. & Bianchetti, R. Regulation of 1-aminocyclopropane-1-carboxylic acid oxidase by the plasmalemma proton 

pump in Acer pseudoplatanus L. cultured cells. J. Plant Physiol. 145, 711–716 (1995).
	30.	 Peruzzi, L., Carta, A. & Altinordu, F. Chromosome diversity and evolution in Allium (Allioideae, Amaryllidaceae). Plant Biosyst. 

151, 212–220 (2017).
	31.	 Marrelli, M., Amodeo, V., Statti, G. & Conforti, F. Biological properties and bioactive components of Allium cepa L.: Focus on 

potential benefits in the treatment of obesity and related comorbidities. Molecules 24, 119–136 (2019).
	32.	 Ashwini, M. & Sathishkumar, R. Onion (Allium cepa)-ethnomedicinal and therapeutic properties. Handb. Med. Plants Bioactive 

Compd. 1, 27–34 (2014).
	33.	 Lim, T. K. Modified stems, roots, bulbs. in: Edible Medicinal and Non-Medicinal Plants, 124–203 (Springer, 2015).
	34.	 Yalcın, E., Macar, O., Kalefetoglu Macar, T., Cavusoglu, D. & Cavusoglu, K. Multi-protective role of Echinacea purpurea L. water 

extract in Allium cepa L. against mercury (II) chloride. Environ. Sci. Pollut. Res. 28, 62868–62876 (2021).
	35.	 Cavusoglu, D. & Cavusoglu, K. Functions of exogenously proline against negative effects of salt stress in onion (Allium cepa L.). 

Int. J. Environ. Agric. Biotechnol. 5, 197–202 (2020).
	36.	 Sharma, P. C. & Gupta, P. K. Karyotypes in some pulse crops. Nucleus 25, 181–185 (1982).
	37.	 Beauchamp, C. & Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 

44, 276–287 (1971).
	38.	 Zou, J., Yue, J., Jiang, W. & Liu, D. Effects of cadmium stress on root tip cells and some physiological indexes in Allium cepa var 

agrogarum L.. Acta Biol. Cracov. Ser. Bot. 54, 129–141 (2012).
	39.	 Beers, R. F. & Sizer, I. W. Colorimetric method for estimation of catalase. J. Biol. Chem. 195, 133–139 (1952).
	40.	 Unyayar, S., Celik, A., Cekic, F. O. & Gozel, A. Cadmium-induced genotoxicity, cytotoxicity and lipid peroxidation in Allium 

sativum and Vicia faba. Mutagenesis 21, 77–81 (2006).
	41.	 Bates, L. S., Waldren, R. P. & Teare, I. D. Rapid determination of free proline for water stress studies. Plant Soil. 39, 205–207 (1973).
	42.	 Profumo, P., Gastaldo, P. & Parisi, V. Azione della fusicoccina sulla dormienza dei semi di Cercis siliquastrum. Rend. Accad. Naz. 

Lincei. 13, 135–140 (1977).
	43.	 Lioi, L., Petruzzelli, L., Morgutti, S. & Cocucci, S. M. Inhibition by fusicoccin of germination of pea seeds. Plant Physiol. 76, 819–822 

(1984).
	44.	 Gul, B. & Weber, D. J. Effect of dormancy relieving compounds on the seed germination of non-dormant Allenrolfea occidentalis 

under salinity stress. Ann. Bot. 82, 555–560 (1998).
	45.	 Khan, M. A., Gul, B. & Weber, D. J. Action of plant growth regulators and salinity on seed germination of Ceratoides lanata. Can. 

J. Bot. 82, 37–42 (2004).
	46.	 Lutsenko, E. K., Marushko, E. A., Kononenko, N. V. & Leonova, T. G. Effects of fusicoccin on the early stages of sorghum growth 

at high NaCl concentrations. Russ. J. Plant Physiol. 52, 332–337 (2005).
	47.	 Al-Karaki, G. N. Germination, sodium, and potassium concentrations of barley seeds as influenced by salinity. J. Plant Nutr. 24, 

511–522 (2001).
	48.	 Cavusoglu, D. Cytogenetical and physiological effects of l-tryptophan in onion (Allium cepa L.) exposed to salt stress. Russ. Agr. 

Sci. 46, 341–346 (2020).
	49.	 Cavusoglu, D. Role of β-carotene on alleviation of salt-induced stress in Allium cepa L. Bulg. J. Crop Sci. 57, 61–68 (2020).
	50.	 Cavusoglu, K., Dincturk, I. & Cavusoglu, D. The effects of aspartic acid on some physiological and cytogenetical parameters in 

Allium cepa L. seeds germinated under salt stress. Bulg. J. Crop Sci. 57, 66–72 (2020).
	51.	 Cavusoglu, K., Togay, D. & Cavusoglu, D. Physiological and cytogenetical effects of glutamine treatment in onion (Allium cepa L.) 

seeds exposed to salt stress. Bulg. J. Crop Sci. 57, 60–65 (2020).
	52.	 Gulzar, S. & Khan, M. A. Alleviation of salinity-induced dormancy in perennial grasses. Biol. Plant. 45, 617–619 (2002).
	53.	 Khan, M. A., Ungar, I. A. & Gul, B. Alleviation of salinity-enforced seed dormancy in Atriplex prostrata. Pak. J. Bot. 36, 907–912 

(2003).
	54.	 Getlawi, A. O., Shahba, M. A. & Hughes, H. G. Glaucium species seed germination at different salinity levels as influenced by 

growth regulators. Horticult. Int. J. 3, 77–85 (2019).
	55.	 Siemieniuk, A. & Karcz, W. Effect of K+ and Ca2+ on the indole-3-acetic acid and fusicoccin-induced growth and membrane 

potential in maize coleoptile cells. AoB. Plants. 7, 1–12 (2015).
	56.	 Meulen, R. M. et al. Effects of fusicoccin and gibberellic acid on the germination of embryos from dormant barley grains: Roles 

of starch degradation and external pH. Seed Sci. Res. 10, 171–182 (2000).
	57.	 Fernandes, T. C. C., Mazzeo, D. E. C. & Marin Morales, M. A. Mechanism of micronuclei formation in polyploidizated cells of A. 

cepa exposed to trifluralin herbicide. Pest. Biochem. Physiol. 88, 252–259 (2007).
	58.	 Radic, S., Prolic, M., Pavlica, M. & Pevalek-Kozlina, B. Cytogenetic effects of osmotic stress on the root meristem cells of Centaurea 

ragusina L. Environ. Exp. Bot. 54, 213–218 (2005).
	59.	 Cavusoglu, K., Dogu, F. & Cavusoglu, D. Effects of sodium hypochlorite on some physiological and cytogenetical parameters in 

Allium cepa L. exposed to salt stress. Bangladesh J. Bot. 48, 223–229 (2019).
	60.	 Fenech, M. The in vitro micronucleus technique. Mutat. Res. 455, 81–95 (2000).
	61.	 Norppa, H. & Falck, G. C. What do human micronuclei contain?. Mutagenesis 18, 221–223 (2003).
	62.	 Fenech, M. & Crott, J. W. Micronuclei, nucleoplasmic bridges and nuclear buds induced in folic acid deficient human lymphocytes-

evidence for breakage-fusion-bridge cycles in the cytokinesis block micronucleus assay. Mutat. Res. 504, 131–136 (2002).
	63.	 Ruan, C., Lian, Y. & Lium, J. Application of micronucleus test in Vicia faba in the rapid deletion of mutagenic environmental pol-

lutants. Chin. J. Environ. Sci. 4, 56–58 (1992).
	64.	 Leme, D. M. & Marin-Morales, M. A. Allium cepa test in environmental monitoring: A review on its application. Mutat. Res. 82, 

71–81 (2009).
	65.	 El-Ghamery, A. A., El-Kholy, M. A. & Abou El-Yousser, M. A. Evaluation of cytological effects of Zn2+ in relation to germination 

and root growth of Nigella sativa L. and Triticum aestivum L. Mutat. Res. 537, 29–41 (2003).
	66.	 Turkoglu, S. Genotoxicity of five food preservatives tested on root tips of Allium cepa L. Mutat. Res. 626, 4–14 (2007).
	67.	 Sutan, N. A., Popescu, A., Mihaescu, C., Soare, L. C. & Marinescu, M. V. Evaluation of cytotoxic and genotoxic potential of the 

fungicide Ridomil in Allium cepa L. Analele Stiint Univ, Al I Cuza Iasi. 60, 5–12 (2014).
	68.	 Albertini, R. J., Anderson, D. & Douglas, G. R. IPCS guidelines for the monitoring of genotoxic effects of carcinogens in humans. 

Mutat. Res. 463, 111–172 (2000).
	69.	 Kalcheva, V. P., Dragoeva, A. P., Kalchev, K. N. & Enchev, D. D. Cytotoxic and genotoxic effects of Br-containing oxaphosphole on 

Allium cepa L. root tip cells and mouse bone marrow cells. Genet. Mol. Biol. 32, 389–393 (2009).
	70.	 Vranova, E., Inze, D. & Van Breusegen, F. Signal transduction during oxidative stress. J. Exp. Bot. 53, 1227–1236 (2002).
	71.	 Srivastava, A. K. & Singh, D. Assessment of malathion toxicity on cytophysiological activity, DNA damage and antioxidant enzymes 

in root of Allium cepa model. Sci. Rep. 10, 1–10 (2020).



14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9801  | https://doi.org/10.1038/s41598-023-36917-4

www.nature.com/scientificreports/

	72.	 Ashraf, M. Biotechnological approach of improving plant salt tolerance using antioxidants as markers. Biotechnol. Adv. 27, 84–93 
(2009).

	73.	 Kachout, S. S., Hamza, K. J., Bouraoui, N. K., Leclerc, J. C. & Ouerghi, Z. Salt-induced changes in antioxidative enzyme activities 
in shoot tissues of two atriplex varieties. Not. Bot. Hortic. Agrobot. Cluj Napoca. 41, 115–121 (2013).

	74.	 Merati, M. J., Hassanpour, H., Niknam, V. & Mirmasoumi, M. Exogenous application of penconazole regulates plant growth and 
antioxidative responses in salt-stressed Mentha pulegium L. Plant Interact. 9, 791–801 (2014).

	75.	 Haddadi, B. S., Hassanpour, H. & Niknam, V. Effect of salinity and waterlogging on growth, anatomical and antioxidative responses 
in Mentha aquatica L. Acta Physiol. Plant. 38, 119–129 (2016).

	76.	 Boughalleb, F., Abdellaoui, R., Mahmoudi, M. & Bakhshandeh, E. Changes in phenolic profile, soluble sugar, proline, and antioxi-
dant enzyme activities of Polygonum equisetiforme in response to salinity. Turk. J. Bot. 44, 25–35 (2020).

	77.	 Lima, A. L. S., DaMatta, F. M., Pinheiro, H. A., Totola, M. R. & Loureiro, M. E. Photochemical responses and oxidative stress in 
two clones of Coffea canephora under water deficit conditions. Environ. Exp. Bot. 47, 239–247 (2002).

	78.	 Farmer, E. E. & Mueller, M. J. ROS-mediated lipid peroxidation and RES-activated signaling. Annu. Rev. Plant Biol. 64, 429–450 
(2013).

	79.	 Ahanger, M. A., Mir, R. A., Alyemeni, M. N. & Ahmad, P. Combined effects of brassinosteroid and kinetin mitigates salinity stress 
in tomato through the modulation of antioxidant and osmolyte metabolism. Plant Physiol. Biochem. 147, 31–42 (2020).

	80.	 Abdelaal, K. A. et al. Treatment of sweet pepper with stress tolerance-inducing compounds alleviates salinity stress oxidative 
damage by mediating the physio-biochemical activities and antioxidant systems. Agronomy 10, 26–40 (2020).

	81.	 Ahmad, P. et al. Silicon (Si) supplementation alleviates NaCl toxicity in mung bean [Vigna radiata (L.)Wilczek] through the 
modifications of physio-biochemical attributes and key antioxidant enzymes. J. Plant Growth Regul. 38, 70–82 (2019).

	82.	 Sadiqov, S. T., Akbulut, M. & Ehmedov, V. Role of Ca2+ in drought stress signaling in wheat seedlings. Biochem. 67, 491–497 (2002).
	83.	 Munns, R. & Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681 (2008).
	84.	 Celik, O. & Atak, C. The effect of salt stress on antioxidative enzymes and proline content of two Turkish tobacco varieties. Turk. 

J. Biol. 36, 339–356 (2012).
	85.	 Kumar, S. G., Reddy, A. M. & Sudhakar, C. NaCl effects on proline metabolism in two high yielding genotypes of mulberry (Morus 

alba L.) with contrasting salt tolerance. Plant Sci. 165, 1245–1251 (2003).
	86.	 Wang, X. S. & Han, J. G. Changes in proline content, activity, and active isoforms of antioxidative enzymes in two alfalfa cultivars 

under salt stress. Agric. Sci. China. 8, 431–440 (2009).
	87.	 Mishra, N. & Gupta, A. K. Effect of salt stress on proline metabolism in two high yielding genotypes of green gram. Plant Sci. 169, 

331–339 (2005).
	88.	 Jaleel, C. A. et al. Studies on germination, seedling vigour, lipid peroxidation, and proline metabolism in Catharanthus roseus 

seedlings under salt stress. S. Afr. J. Bot. 73, 190–195 (2007).
	89.	 Yazici, I., Turkan, I., Sekmen, A. H. & Demiral, T. Salinity tolerance of purslane (Portulaca oleracea L.) is achieved by enhanced 

antioxidative system, lower level of lipid peroxidation, and proline accumulation. Environ. Exp. Bot. 61, 49–57 (2007).
	90.	 Aly, A. A. & Latif, H. H. Differential effects of paclobutrazol on water stress alleviation through electrolyte leakage, phytohormones, 

reduced glutathione and lipid peroxidation in some wheat genotypes (Triticum aestivum L.) grown in-vitro. Rom. Biotech. Lett. 6, 
6710–6721 (2011).

	91.	 Lutts, S., Majerus, V. & Kinet, J. M. NaCl effects on proline metabolism in rice (Oryza sativa) seedlings. Physiol. Plant. 105, 450–458 
(1999).

	92.	 Shannon, M. C. & Grieve, C. M. Tolerance of vegetable crops to salinity. Sci. Hort. 78, 5–8 (1999).
	93.	 Matysik, J., Alia-Bhalu, B. & Mohanty, P. Molecular mechanisms of quenching of reactive oxygen species by proline under stress 

in plants. Curr. Sci. 82, 525–532 (2002).
	94.	 Khedr, A. H. A., Abbas, M. A., Wahid, A. A. A., Quick, W. P. & Abogadallah, G. M. Proline induces the expression of salt-stress-

responsive proteins and may improve the adaptation of Pancratium maritimum L. to salt-stress. Exp. Bot. 54, 2553–2562 (2003).
	95.	 Baker, A. J. M. Accumulators and excluders-strategies in the response of plants to heavy metals. J. Plant Nutr. 3, 643–654 (1981).
	96.	 Dahl, K. N., Ribeiro, A. J. & Lammerding, J. Nuclear shape, mechanics, and mechanotransduction. Circ. Res. 102, 1307–1318 

(2008).
	97.	 Dauer, W. T. & Worman, H. J. The nuclear envelope as a signaling node in development and disease. Dev. Cell. 17, 626–638 (2009).

Author contributions
All authors (K.Ç., D.Ç.) contributed to the study conception and design. All authors read and approved the final 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.Ç.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigation of the potential role of fusicoccin, a fungal phytotoxin, in mitigating salt stress in onion roots
	Materials and methods
	Determination of experimental material and effective concentrations. 
	Growing conditions and experimental plan. 
	Determination of mitotic index and chromosomal abnormalities. 
	Spectrophotometric determination of antioxidant enzyme activity. 
	Spectrophotometric determination of lipid peroxidation. 
	Spectrophotometric determination of free proline amount. 
	Microscopic analyzes. 
	Data analysis. 
	Ethics approval and consent to participate. 

	Results and discussion
	Effect of FC on the physiological parameters. 
	Effect of FC on the cytogenetic parameters. 
	Effect of FC on the biochemical parameters. 
	Effect of FC on the anatomic parameters. 

	Conclusion
	References


