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Abstract. Salinity is a significant abiotic stress that adversely affects growth, the content of secondary 

metabolites, and can even cause cell genotoxicity. Lemon (Citrus limon L.) plants are sensitive to levels of 

NaCl salinity. To ascertain the response of C. limon plants to NaCl salinity stress, two distinct genetic 

techniques were used. The genotoxic effects of NaCl on tissue-cultured plants of C. limon was investigated 

using the comet test. Moreover, the expression of terpene genes was also investigated. Results revealed that 

NaCl 200 mM caused high severity levels DNA destruction (15.62%) in C. limon plants, whereas the level 

of 100 mM NaCl scored a tail length of 10.65 µm, the tail moment was 0.77 units. RtME gene expression 

peaked at a ratio of 2.29 when the plants were exposed to NaCl 100 mM, while collecting transcripts for 

the RtLS was 2.21 in plants treated with 100 mM NaCl. Conclusively, comet analysis technique provides a 

suitable technique to identify DNA damage and terpene genes possessing post-transcriptional control in 

C. limon salinity stress on plant cells. Prospective investigation is necessary to assess the applicability of 

comet assay and gene expression methods using additional genes that exhibit sensitivity to various stressors 

on lemon plus additional plants. 
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Introduction 

Lemon (Citrus limon L.) tree has evergreen leaves and tasty yellow fruits. The fruit, 

especially the juice and essential oil extracted from it, serves as the primary raw material 

for C. limon, they are used to manufacture and package the juice and extract the volatile 

oils found in the peels, which are used in many food industries as safe alternatives to 

preservatives. They are also considered natural flavor and aroma additives used in many 

industries (Goetz, 2014; Russo et al., 2015). Numerous modern scientific research has 

supported this widespread application of C. limon, which has been recognized since 

antiquity. In traditional medicine, lemon juice is also used to treat high blood pressure, 

common cold, and irregular periods. Additionally, the application of C. limon essential 

oil is a well-known treatment for coughs (Papp et al., 2011; Bhatia et al., 2015). 

According to Riaz et al. (2014) and Otang and Afolayan (2016), C. limon is known for 

its diverse chemical composition, which includes treatments for antibacterial, antifungal, 

anti-inflammatory, anticancer, hepatoregenerating, and cardioprotective actions. 

Phenolic acids, coumarins, carboxylic acids, amino acids, and vitamins, in addition to 

flavonoids and other substances are also a major class of secondary metabolites found in 

the fruit. Monoterpenoids are the main constituents of the essential oil. C. limon holds a 

significant position in the food and cosmetics industries thanks to these useful chemical 

components (Abad‐García et al., 2012; Russo et al., 2015). 

The concept of salinity is a serious issue, in particular for citrus plants, which are 

among the most significant and salt-sensitive horticulture crops worldwide. Numerous 

researches were carried out to assess the efficacy of C. lemon rootstock at various salt 
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levels (Salwa, 2018). Salt-sensitive plants are those in the citrus and closely related 

genera, even though cultivar-specific differences in salt tolerance have been documented 

(Storey and Walker, 1999). In contrast to many other species, the harmful impact of salt 

on citrus appears to be brought on by chloride ions (Bañuls et al., 1997). These ions 

gradually build up in plant tissues, causing well-reported adverse outcomes (Gómez-

Cadenas et al., 1998). An essential asexual technique for creating virus-free rootstock 

plants is micropropagation (Roistacher et al., 1976). Various citrus species and explant 

sources have been the focus of methods for cell culture and micropropagation (Duran-

Vila et al., 1992; Hassanein and Azooz, 2003). The majority of recent research has been 

directed at determining the ideal cultural media composition for a given set of 

environmental parameters. The tissue culture of this plant has received very little 

attention. Cell culture methods have frequently been utilized through a study program 

utilizing in vitro chosen NaCl-tolerant plants is a possible strategy to elucidate the 

molecular mechanisms behind salt tolerance. Some researchers have avoided cultivating 

hole seedling by using tissue culture of plants as an alternative since growth conditions 

can be readily controlled in plant cell cultures (Davenport et al., 2003; Gu et al., 2004). 

The comet assay techniques in regard to plants for pertinent distinctions, such as the 

restricted occurrence of juvenile buds and the strong cell wall present in plant cells those 

are typical (for example, the concentration of cells that divide quickly in the root apex). 

Detailed technical reviews of plant comet tests in various tissues and genera have been 

conducted by Gichner et al. (2009). The comet assay's basic idea is based on how DNA 

is arranged spatially in the nucleus: loops are created when a linear molecule attaches 

itself to the nuclear matrix periodically, and additional double helix wrapping around 

protein cores forms nucleosomes. Because of this arrangement, the DNA maintains its 

compact, supercoiled shape even after the proteins are eliminated during the assay's lysis 

phase. Nevertheless, the supercoiling of the loops relaxes in the presence of a DNA SB. 

Under a fluorescent microscope, this relaxation causes these loops, which are still 

connected to the nuclear matrix, to be dragged toward the anode, where they form the 

distinctive "comet tail" (Collins et al., 2023). The proportion of total DNA in the tail 

indicates how frequently breaks occur. In genotoxicity testing, the comet assay is a widely 

accepted technique for identifying DNA damage and few toxicological investigations 

with a small number of model plants, as Allium cepa, Nicotiana tabacum, Vicia faba, and 

Arabidopsis thaliana, for almost ten years (Ventura et al., 2013). A variety of DNA 

damages can be found using technique variations (Angelis et al., 1999; Collins et al., 

2008). Contrasting the cellular tests, which isolate and analyze the nuclei of non-stressed 

plant cells, cellular assays process the nuclei of plants that have been subjected to 

suspected genotoxicants. This is followed by comet assay analysis. In a nutshell, an 

alkaline treatment (also known as A/A) was investigated (Azqueta et al., 2011a). Along 

with strategy and scoring, there is still discuss over the ideal scoring criteria (Azqueta et 

al., 2011b). However, regardless of the method and scoring, it is widely agreed that this 

technique enables the collection of data appropriate for thorough statistical analyses. The 

outcomes multiple challenges have been investigated in relation to botanical genotoxicity. 

The results of the comet test have shown that a potential tool to detect DNA damage and 

repair despite capacity specific to individual cells salinity's status as one of the most 

important abiotic factors controlling DNA and reason genotoxicity (Gichner et al., 2000). 

This investigation will examine the most recent information about this method's efficacy 

usage as a great strategy for checking into how salinity stress conditions affecting the 

genotoxicity of lemon plants. The extraordinary differences of essential oils can be 
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attributed to environmental elements like cultural practices, soil, insects, maturity stage, 

and weather (Azizi et al., 2009). Responses of seven citrus cultivars to stress caused by 

varying salt levels were previously examined in vitro and in vivo (Salwa, 2018). Genes 

related to a single volatile oil, or group of volatile oils, were also discovered. Crucially, 

the transcription factors and pathways identified in this investigation point to the 

possibility that, depending on the situation, essential oils might either induce cell death 

or boost cell growth and self-defense. The biological activity of essential oils in many cell 

types requires further validation and verification by follow-up investigations (Plant and 

Stephens, 2015). 

Transcriptome study could offer a substantial, thorough, and diverse molecular 

regulatory network of citrus fruit during developmental life stages and under various 

situations to offer in-depth and priceless resources for the molecular networks and genes 

important for oils production (Feng et al., 2019). In a different study, 24 samples of four 

different citrus tissue types from six different developmental phases were used to build 

72 libraries in total. The examinations of the transcriptomes produced encouraging results 

(Feng et al., 2019). Transcriptional activity and the mode of action of the genes related to 

volatile oil production may be clarified by genome study (Ashour et al., 2010). As a result, 

it might be able to look at choosing genes that might be for this biological goal. The 

important enzyme farnesyl diphosphate synthase RtFPPS is involved in the production of 

isoprenoids. It provides sesquiterpene precursors for a number of types of vital 

metabolites, such as proteins' farnesylation and geranylgeranylation substrates, as well as 

sterols, dolichols, ubiquinones, and carotenoids. It facilitates the entire picture 

condensation of dimethylallyl diphosphate and two isopentenyl diphosphate molecules in 

a sequential manner. The enzyme is made up of homodimers of its subunits, each of which 

has a couple of bind sites, one for isopentenyl diphosphate and one for allylic diphosphate 

(Anna and Danuta, 2005). Speeding up the conversion of Hexoses that require ATP to be 

turned into hexose 6-phosphates is the glycolytic enzyme hexokinase synthase RtHK 

(Jang et al., 1997). Linalool accumulation and linalool synthase gene transcript levels are 

strongly correlated with the linalool synthase enzyme RtLS (Lane et al., 2010). 

RtGPPS, a monoterpene biosynthesis enzyme that is known to be plastid localized, is 

present in plastids (Tholl et al., 2004). The path's second enzyme, 1-deoxy-D-xylulose-5-

phosphate reductoisomerase DXR, uses Mg2+ and NADPH as cofactors to catalyze the 

reduction and isomerization of DXP to 2-Cmethyl-D-erythritol-4-phosphate (MEP). 

Fosmidomycin, a potential inhibitor of DXR and an organic antibiotic, has already been 

found; preclinical research and clinical trials have shown that it possesses antimalarial 

properties (Jomaa et al., 1999; Oyakhirome et al., 2007). These results suggest that DXR 

is a realistic goal, and that apicomplexan's chemotherapy might benefit from using 

inhibitors of this enzyme. Aminotransferases play a significant part in a variety of 

metabolic processes, including as amino acid catabolism and anabolism, vitamin 

production, carbon and nitrogen uptake, and additional metabolism, and gluconeogenesis, 

among others (Liepman and Olsen, 2004; Oyakhirome et al., 2007). The purpose of the 

research was to determine the genotoxicity of salinity on C. limon plants using a comet 

assay and to utilize the transcriptome technology for the expression of genes associated 

with terpenes in tissue-cultured plants exposed to different salinity levels. 
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Materials and Methods 

Plant components and salinity in vitro testing 

The seeds of C. limon were obtained from Taif, Saudi Arabia's Al-Shafa region, and 

disinfected by rinsing with 70% ethanol alcohol and a few droplets of Tween 20 for thirty 

seconds. Seeds were then washed using three rounds of distilled water, followed by a ten-

min immerse in 1% sodium hypochlorite (Market Clorox solution, 10%) for 10 minutes 

in sterile circumstances within a hood with laminar air flow. After that, sterile distilled 

water was used to rinse them five times. The nutritious (Murashige and Skoog, 1962) 

medium (MS), which contains 3% sucrose and 0.7% agar for solidification, was 

aseptically inoculated with three sterilized seeds per jar. After dividing the media into 

growth jars (30 mL each), it was autoclaved at 121 °C for 20 minutes to sanitize it after 

being adjusted to a pH of 5.8. Seed cultures were grown at 25 °C in the absence of light 

for 10 days. Every photoperiod, cultures were relocated under 2,000 Lux of 16 hours of 

constant cool white fluorescent lighting. Following germination, explants were 

subcultured twice weekly in uncontaminated circumstances making use of identical MS 

media with varying numerous NaCl concentrations (0, 50, 100, and 200 mM), 

maintaining the previously stated culture parameters. Growth characteristics and the 

impact of genotoxicity were assessed after being preserved fourteen days of salt exposure 

using the protocol outlined below. 

Genotoxicology test  

Leaf explants isolated from the seedlings were maintained in a petri dish using 

Sörensen buffer (50 mM sodium phosphate), 0.1 mM of EDTA, or ethylene diamine tetra 

acetic acid, 0.5% DMSO stored on ice, and a 6.8 pH value. The transplanted leaf tissue 

was carefully sliced, and then the final product was repeatedly submerged in the freezing 

cold Sörensen's reserve. After filtering the released nuclei suspension using a disposable 

30 µm filter (Partec, Münster, Germany) to get rid of most of the contaminants, it went 

through a centrifuge for five minutes at 4 °C at 550 g. 

Nuclear separation 

The leaves were put in a petite Petri plate with 200 µL of 400 mM Tris-HCl (on ice) 

solution that was cool and pH 7.5. A "fringe" formed by the softly split leaves under 

yellow light to allow atoms to enter the buffer. It has been observed that using this method 

to isolate nuclei is the most efficient way to obtain cells from control samples with little 

DNA damage. At the first, nuclear suspension (1%) produced using phosphate-buffered 

saline was immersed in low melting point (LMP) agarose, then the slide had a layer of 

1% agarose with a normal melting point (NMP) and dried at 40 °C prior to getting coated 

in a slip. The coverslip was taken off the slide after at least five minutes on the ice. After 

reinstalling the coverslip, 0.5% LMP agarose in 110 µL were carefully overflowed the 

top. The coverslip was gradually removed after five minutes of being placed on ice. The 

mutagen solutions were applied before being washed three times in cold, distilled water 

for five minutes each time, for two hours, slides utilized in single cell gel electrophoresis 

(SCGE) were heated at 26 °C. Slides used in a horizontal gel electrophoresis containing 

plant cell nuclei container stuffed newly made (300 mM NaOH, 1 mM EDTA, pH > 13) 

chilled electrophoresis solution kept for 15 minutes. Electrophoresis procedure included 

the following settings: 16 V, 300 mA, and 4 °C for 30 minutes. In previous research, the 

electrophoresis settings used in this experiment were appropriate since they produced 
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negligible amounts of DNA toxicity in control cells and a linear level-response for the 

formation of comets following chemical mutagenic treatment. Ethidium bromide 

(20 g/mL) staining was applied to the gels for five minutes having been three times 

400 mM Tris-HCl (pH 7.5) neutralized the reaction. Gels then colored, immediately 

immersed within icy distilled water, and inspected. 50 cells from each slide were 

randomly examined using a fluorescence microscope covered with a 546 nm a stimulus 

filter and a 590 nm gate filter using a photo processing computer (Komet Version 3.1., 

Kinetic Imaging, Liverpool, UK). DNA (TD %) and the Tail moment (TM) were used as 

measures for DNA damage (Juchimiuk et al., 2006). 

RNA extracting and expression of genes 

Extraction of RNA 

After extraction, total RNA was obtained from samples of the C. limon plant  (MacRae, 

2007). Five hundred µL of triazole were added to 0.5 g of each treatment. The material 

had been ground finely, together with Chloroform, 100 µL. Centrifuge for five minutes 

at 10,000 rpm. The top layer was gently scraped off and it was mixed with 250 µL of 

isopropanol. The resulting mixture was ultimately five minutes of centrifuging at a speed 

of 10,000 rpm. Once the little ball has formed, the filtrate must be carefully removed. 

After mixing 500 µL of 75% ethanol, and DEPC water  25%, the mixture was centrifuged 

for 5 minutes. Once the minuscule RNA particles have dried, discard the filter, and allow 

them 15 minutes at 55–60 °C in a water bath to dissolve before adding 50 µL of DEPC 

water. Using 1% agarose in an agarose gel electrophoresis, the purity of the extracted 

RNA was confirmed. To prepare it, 1X TBE buffer was used to dissolve the agarose. The 

extracted RNA was examined using a Biometra UV star 15 transilluminator for UV light. 

Reaction of cDNA first-strand synthesis 

Thermoscientific Recert Kit for First Strand cDNA Synthesis, Lithuania, was used to 

create cDNAs by completing a 20 µL final reaction volume with 2 µL of total RNA as 

directed by the manufacturer. The cDNA synthesis method includes the following steps, 

the following ingredients were added: 20 µL of RiboLock RNase inhibitor, 2 µL of 

10 mM dNTP, 1µL (dT) 18 Primer mix, 200 µL Revert Aid RT, 4 µL of 5X Reaction 

Buffer, and 9 µL of nuclease-free water. Finally, 20 µL of treated water containing 

diethylpyrocarbonate (DEPC) was added, mixed, and incubated for 60 minutes at 42 °C. 

After that, the mixture was heated to halt the process for five minutes at 70 °C. The 

cDNAs were refrigerated for at least 3-5 minutes after receiving them. 

The PCR technique 

Transcribing in reverse was done using the Promega High Capacity Access RT-PCR 

System on whole RNA aliquots that had been isolated in accordance with the directions 

provided by the manufacturer. Previous studies have been taken into consideration when 

selecting the primer, the genes' coding sequences the supplementary metabolites RtME, 

RtIDH, RtFPPS, RtLs, PAL and RtDxR (Table 1). The primary PCR reaction blend was 

made as follow: overall volume of the master mix was up to 20 U with the addition of 

ddH2 12.8 U and the use of a detrimental control. The original quantities were 0.6 U 

primer, 4 U PCR, and 2 U cDNA. RT-PCR assays that were semi-quantitative were 

conducted using a Thermo Scientific PXE 0.5 thermocycler. They were cycles according 

to: Step 1 lasts for 2-4 minutes at 94 °C; Step 2 (40 Cycles) lasts for 30 s at 94 °C; 1 
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minute at 61.1 °C; Step 3 lasts for 7 minutes at 68 °C; and Step 4 lasts for 4 °C. The 

SqRT-PCR data were examined via conventional Electrophoresis on agarose gel. 

 
Table 1. PCR amplification primers 

Genes Forward primer 5ʹ– 3ʹ Reverse primer 5ʹ– 3ʹ 
Gene pathways for 

terpene biosynthesis 
References 

RtME 
GCCACTGATAAGTTTGAG

ATGT 

CCATCTCATCACTACCAA

TGTTC 
mannose-3′, 5′ -epimerase 

Doubnerová and 

Ryslavá, 2011 

RtIDH 
CCGATCTAATGTTGGTCC

AGAGA 

CATCTGCACCAATATCCT

TTGCAA 
L-idonate 5-dehydrogenase 

Lemaitre and 

Hodges, 2006 

RtFPPS 
GGCACTAGAACTTTCAAA

CGAA 

CTTGCTCTCGTACTCCAT

AAATG 

Farnesyl pyrophosphate 

synthase 

Zhou and Zhu, 

2020 

RtLs 
CTTTCGACTTCTCAGACA

ACAAG 

CAGCCTCTTCAAGTACTC

TATCT 
Linalool synthase 

Zerihun et al., 

2011 

PAL 
CCAAGATGATCGAGAGA

GAGATCAA 

TAGCTCAGAGAATTGAGC

GAAGAGA 

Phenylalanine ammonia-

lyase 

Zhou and Zhu, 

2020 

RtDxR 
GTTGCGGTAAGAAATGAG

TCAT 

GCAACCTACTATCCCTGT

AACTA 

Deoxy-D-xylulose 5- 

phosphate reductoisom 

Zhou and Zhu, 

2020 

Actin 
GTTCTCAGTGGTGGCTCA

ACTATGT 

GAGGAGCAACCACCTTAA

TCTTCAT 
House keeping Nicot et al., 2005 

 

 

Agarose gel separation 

As previously mentioned, PCR samples were investigated using 1.5% gel agarose that 

was generated for 90 minutes at 100 V. UV transelements were used to photograph and 

display the samples. The sizes of reaction byproducts included computed due to the 

100-1500 bp DNA molecular size range. GelPro32, version 4.03, was utilized on a 

computer to quantify the created bands. 

Statistics 

The results' standard deviation and mean are displayed (SD). For each plant sample 

and four biological samples, each data point shows the average over five replicates. The 

software program GraphPad Prism 8 (GraphPad Software, La Jolla, California, USA) was 

used for all statistical calculations. To evaluate the data, analyzing variance in one way 

(ANOVA) with Duncan’s test was employed to compare means. Major variations were 

detected when the p-values were less than 0.05.  

Results 

Characteristics of C. limon tissue cultures' growth 

The salt tolerance of C. limon was examined by placing it under specific salinity 

conditions (0, 50, 100, and 200 mM of NaCl). According to our findings, C. limon plants 

exposed to 100 and 200 mM NaCl, respectively decreased plant length by 6.33 and 

4.83 cm (Figures 1, 2), whereas, plants subjected to MS medium with 0 and 50 mM 

supplements of NaCl valued 8.63 and 7.4 cm. The number of leaves was also decreased 

with values 6.33 and 5 when plants exposed to 100 and 200 mM NaCl, while it was 10 

and 8 in plants treated with 0 and 50 mM NaCl, respectively (Figure 3). 
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Figure 1. After 14 days, the growth characteristics of C. limon plants grown on MS media 

supplemented with 0, 50, 100, and 200 mM of NaCl were assessed 
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Figure 2. C. limon plants were measured for plant length (cm) after being exposed to various 

doses of NaCl salt stress for an additional 15 days while being developed in full strength MS 

culture media. Bars with identical letter annotations are not substantially differ (p < 0.05, 

based on Duncan test) 
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Figure 3. The number of leaves on C. limon plants after 10 days of growth in full strength MS 

culture media under different degrees of NaCl salinity stress. Bars tagged with the same letter 

don’t have notable variations (p < 0.05, according to the Duncan test) 



Al Kashgry: Evaluation of genotoxicity and expression pattern of genes associated with terpenes in lemon (Citrus limon L.) plants 

under the influence of salinity stress 
- 1874 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(2):1867-1883. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2202_18671883 

© 2024, ALÖKI Kft., Budapest, Hungary 

Comet assay 

Each C. limon plant cultivated in M.S media with 0.0, 50, 100, and 200 mM NaCl 

added was evaluated for DNA damage to the nucleus. Figures 4 and 5 show that, in all 

samples, damage appeared to grow from 200 mM NaCl, which resulted in a notable rise 

in the tail moment, DNA tail%, tail length, DNA head%, and tail moment, respectively. 

C. limon plants underwent dose 100 mM NaCl scored DNA damage at a tail moment of 

2.21 units in comparison to untreated plants (Control) as appeared in Figure 5D. DNA 

damage was reflected in the tail at 200 mM NaCl 15.62% (Figure 5B), which is a highly 

significant increase when compared to control plants. When comparing plants treated 

with 100 mM NaCl to untreated ones, the level of damage acquired 11.41% with a 

noticeable rise. When the tail length reached 10.65 µm, the levels of 100 mM NaCl caused 

a significant amount of damage (Figure 5C). When C. limon plants were cultivated on 

100, 200, and 50 mM NaCl in M.S. medium, accordingly, damage reflected by head 

DNA% reached 94.84, 88.57, and 84.33% levels of damage, which is considered to be 

relatively significant (Figure 5A). Regarding DNA tail length and other criteria, the 

control treatment showed no damage. Prior measurements of the comet test parameters 

revealed non-significant damage in tail lengths of 6.57 and 8.06 µm. When 50 and 

200 mM of NaCl were added to MS medium, the greatest decrease in all damage metrics 

as measured by control plants. 

 

Figure 4. DNA damage of C. limon seedling leaf nuclei cultivated on MS media at various 

salinity variant levels. (A) 0.0 mM NaCl, (B) 50 mM NaCl, (C) 100 mM NaCl, and (D) 200 mM 

NaCl. Arrows indicate to the changes in DNA damage among salinity levels 

 

 

Gene expression 

Changes for terpene synthetic transcription are linked due to the plant's response to 

increased abiotic stress caused by NaCl, as shown by the impact of salinity on in vitro 

cultivation of four different C. limon treatments motivated RtME, RtIDH, RtFPPS, RtLS, 

PAL and RtDXR genes. Therefore, it was prudent to monitor the expected precursor 

number for the pathway. 
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Figure 5. DNA toxicity dose exposure curve for nuclei obtained from C. limon culture cells on 

MS medium at various NaCl concentrations. (A) Head DNA%, (B) Tail DNA%, (C) Tail 

moment (Unit), and (D) Tail Length (µm) 

 

 

Comparing C. limon plants that have received varied concentrations of housekeeping 

Actin gene and of NaCl to regulate plants, as well as any recorded changes related to 

these comparisons, is done using six primers of terpene biosynthesis pathway in semi-

quantitative PCR (Figure 6). According to the expression profiles of RtME and RtDXR, 

the findings demonstrated that C. limon plants significantly minimized the alternative 

collection of transcripts produced by salt. In C. limon plants those were cultured on MS 

medium containing 100 mM NaCl, the expression patterns showed an immediate reaction 

and sharp increase in RtIDH transcript amount, which reached 1.91 as opposed to 1.13 in 

plants exposed to 50 mM NaCl. When C. limon plants were grown in a 200 mM NaCl 

medium, the transcript quantity of RtIDH decreased to 0.58. In contrast, plants grown in 

a zero mM NaCl media scored 1.01. On comparison to control, plants with a salinity 

problem those cultured on MS media at 50, 100, and 200 mM NaCl displayed enhanced 

PAL a description of 1.72, 2.08, and 2.1. Additionally, there was not a noticeable change 

in the results between the transcripted plants grown on media containing 100 and 200 

mM NaCl. The plants received 100 mM NaCl got a considerably greater number of 

transcripts (2.21), when the RtLS increase of gene transcripts was observed in salt 

circumstances, in contrast to the untreated plants, which scored about 1.9, and compared 

with treated plants with 50 mM NaCl transcript level (2.003). It was clear that plants 

grown on media containing 100 mM NaCl had RtFPPS transcript levels of 2.02 that were 

comparable to plants grown on media without NaCl which transcript levels of 1.67. 

Whereas, plants supplied with 200 mM NaCl had transcript levels reduced to 1.8 that 

were comparable to plants grown on media with 100 mM NaCl, the same gene scored its 

lowest transcription 1.34 when C. limon cultures exposed to MS medium supplemented 

with 50 mM NaCl. After repairing RtDXR transcripts linked to plants grown in MS media 

at 0.0 and 200 mM NaCl, plants did not exhibit any clear targets; both transcripts were 

0.9, and the difference between them was not statistically significant. While, the largest 

expression was 1.23 at the level of 50 mM NaCl and, the lowest expression 0.60 appeared 

when plants exposed to NaCl 100 mM. The findings revealed that plants grown on 
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medium with 100 mM NaCl scored 0.3 whereas those grown on medium containing 50 

mM NaCl had RtME transcript 0.15 if compared with the level of NaCl 0.0 mM expressed 

0.18, but the level of 200 mM NaCl scored the low expression of RtME gene 0.05. There 

was a not significant increase between the transcript amount 0.34 cultured on 100 mM 

NaCl when compared with the transcript amount 0.15 scored when culture plant medium 

supplemented to 50 mM NaCl, but there was a significant decrease between the transcript 

number of plants cultured on 200 mM NaCl and plants cultured on 100 mM NaCl. 

 

Figure 6. RT-PCR analysis of C. limon cell cultures revealed transcription of RtME, RtIDH, 

RtFPPS, RtLS, PAL, and RtDXR was shown to increase when exposed to salt stress. The 

findings are presented as mean ± SD (ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001). Changes in terpene biosynthetic exposure to NaCl at levels of (0.0, 50, 100, 

and 200) are related to transcription. As an internal standard for normalization, actin was used 

 

 

The amount of RtME transcript gradually decreased under salt stress conditions. The 

amount of RtDXR in salinity conditions, transcript quality was at its lowest point, in 

cultured plants given 0, 50, 100, and 200 mM NaCl treatments, significant quantities and 

specific activity of RtLS, a crucial enzyme in the route of linalool synthesis, were 

discovered (Figure 6). In contrast to plants under salt stress at 200 and 100 mM NaCl, 

data proved the RtLS transcript levels in control plants increased significantly by 1.9. 

Compared to the treatments previously mentioned, in relation to band intensity rose when 

C. limon plants were cultured in 50 mM NaCl 2.0, but it was not statistically significant. 

The findings unmistakably shown that the involved gene in Phenylalanine Ammonia-

lyase Biosynthesis PAL in C. limon plants was impacted. Nevertheless, this transcription 

increase was not induced by NaCl salinity at the various salinity concentrations, 

substantial. The genes' patterns of expression RtFPPS, RtIDH, and PAL were identified 

transcription was shown to increase when exposed to salt stress in response to salt 

exposure, as shown in (Figure 6). 
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Discussion 

Salt stress clearly inhibits poplar development, according to certain results (Wang et 

al., 2008). Three genera of sweet basil showed growth decline, which may be related to a 

reduction in water intake from salt growing media (Saira et al., 2014). Many plants 

showed reduced development caused by salinity as lucerne and canola (Rogers et al., 

2003; Zadeh and Naeini, 2007). Additionally, restriction of growth in various medicinal 

plants in saline conditions further supports our findings (Zia and Khan, 2002). In the 

current study, the development of C. limon plants was reduced, which may have been 

caused by the culture medium's low water content, which increased osmotic pressure; this 

typically happens in situations of salt stress (Munns et al., 2006). Therefore, the growth 

of C. limon plants is impacted by various amounts of NaCl salt stress. Data cleared, the 

development of lemon plants was impacted by varying levels of NaCl salt stress, and non-

saline lemon plants grew more than treated plants. In salt-affected plant cultures, plant 

development is mostly suppressed for two reasons. Firstly, salinity in plant cultivation 

firstly reduces the capacity of the plants to absorb from the media, which results in slower 

growth. Salt stress essentially causes this osmotic action. Second, the accumulation of 

salts in photosynthetic leaves can harm leaf cells, which can impair photosynthesis and 

plant growth (Munns et al., 2006). A decrease in water intake from saline growth media 

may be the cause of the growth depression in three salt levels of cultivars (Jamil et al., 

2006), this result was agreed with current study. The results are also consistent with 

Keshavarzi (2011). Additionally, it was shown that plant growth is impeded by salinity 

stress because of the imbalance, ion toxicity, and low water potential that these factors 

excrete (Greenway and Munns, 1980). Current research shows that the 200 mM/L stress 

remedy with NaCl decreased the number of leaves. By obtaining a sizable amount of 

NaCl from the trees, the leaves served as a mechanism for salt removal (Chen et al., 1997). 

In their leaves, a number of halophytes show the presence of modified trichomes, which 

are salt secretory structures with epidermal origins (Shabala et al., 2014). 

The percentage of DNA in the tail, which is independent of tail length and represents 

the comet's overall intensity, is the metric that most correctly represents DNA damage. 

NaCl is a genotoxic stimulus that alters recombination rates in a transgenic manner by 

causing somatic and rational alterations. It is stated how adding NaCl to plants can harm 

their DNA. These modifications were initially caused by contact with Cl ions (Boyko et 

al., 2010; Nikolova et al., 2013). An earlier investigation revealed that oxidative stress 

increases the genotoxicity of the element Al. Using the comet test, the mechanisms of Al 

genotoxicity were investigated, highlighting the function of bound cell walls anchored 

NADHPX in Al genotoxicity brought on by oxidative bursts (Achary et al., 2012). 

Moreover, the process by which Ca2+ sends messages (Achary et al., 2013) and the MAP 

Kinases (Panda and Achary, 2014) as a result of Al, DNA damage and cell death. As 

stated by Monteiro et al. (2012), these evident results are due to the creation of longer 

DNA fragments and protein cross-links because of high concentrations of Cd-DNA, as 

well as the incapacity of DNA repair systems. Lead induces genotoxicity, which plays a 

critical role in oxidative stress and DNA damage, both of which have been investigated 

in two studies on Allium cepa (Jiang et al., 2014; Kaur et al., 2014). Boyko et al. (2021) 

established that the chloride ion was responsible for sodium chloride's effect on genome 

stability. Rearrangements in the genome occur frequently and increase when chloride ions 

were added to the medium, whereas recombination rates (RR) were unaffected by sodium 

ions. How precisely the Cl- ion harm influences the delicate complement of DNA is still 

a mystery. In plants, Na+ poisoning results in a startling loss in ion homeostasis. In line 
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with Hasegawa et al. (2000), K+ deficiency is brought on by salt stress, and genotoxicity 

requires Cl-. NaCl salt was applied to four treatments of C. limon plants, with the main 

impact on the quantity of secondary plant products. In fact, delayed growth of plants 

under abiotic stresses like NaCl stress is seen to demonstrate their capacity for adaptation 

and continued health (Sabir et al., 2012). The present research showed that under salt 

stress, terpenoid synthesis increased significantly despite cell damage restricting growth 

and the availability of definite sources for precursors to metabolites. The cooperation of 

pathway- genes unique was primarily responsible for terpenoid accumulation (Sangwan 

et al., 2011) concluding that, phytochemicals produced by glandular cells are necessary 

for the plant to defend itself from abiotic and biotic stressors. 

The transcription activity for RtME, RtIDH, RtFPPS, RtLS, PAL, and RtDXR was 

contrary to that of the secondary metabolites’ synthase enzyme, substantially found in 

C. limon when cultivated on the medium supplemented with 200, 100, and 50 mM NaCl. 

Multiple isoforms of the protein family known as malic enzyme RtME can be found in 

various eukaryotic cell compartments. A crucial enzyme controlling the metabolism of 

malic acid is the malic enzyme RtME. It can work with reversible malate oxidative 

decarboxylation is catalyzed by the coenzyme, generate pyruvic acid and CO2, and assist 

in the synthesis of NAD(P)H. Plant MEs are classified as either NAD+ dependent malic 

enzymes (NAD-ME; EC 1.1.1.38 and EC 1.1.1.39) or NADP+ dependent malic enzymes 

(NADP-ME; EC 1.1.1.40) depending on the cofactors (Liu et al., 2011). Furthermore, 

NADP serves as a crucial reducing agent by supplying NADPH for the synthesis of 

protective compounds including lignin and flavonoids. Additionally, it is a component 

necessary for the metabolism of reactive oxygen species (ROS). NAD-ME, on the other 

hand, predominantly functions as an oxidant during catabolism, which uses oxidation to 

produce energy (ATP) (Chen et al., 2019). Under 100 mM salinity stress, RtME in 

C. limon leaves considerably rises, and it is discovered that the de novo synthesis of 

NADP-ME is improved. Anions like malic acid and Cl build in cells during salt stress to 

counteract the excess Na+ in plant. Currently, it is expected that the cells' ME produced 

will act a role in the metabolism of malic acid (Shao et al., 2011). Isocitrate 

dehydrogenase, NAD-dependent a Krebs cycle enzyme found in mitochondria is called 

RtIDH. Although it may be involved in glutamate synthesis, it is thought that the main 

role of IDH is as a Krebs cycle enzyme. The availability of NaCl to C. limon plants affects 

the transcript level of the gene coding for IDH (Lancien et al., 2000; Abiko et al., 2005). 

However, the gene encoding FPPS was up-regulated by a 100 mM NaCl supply, its 

transcript level only increased by 2.017 compared to 50 mM NaCl-treated C. limon plants, 

which only recorded a 1.347 increase. As a crucial enzyme in the isoprenoid biosynthesis 

process, farnesyl diphosphate synthase FPPS produces sesquiterpene precursors for a 

variety of essential metabolites, such as sterols, dolichols, ubiquinones, and carotenoids, 

as well as substrates for the geranyl geranylation and farnesylation of proteins. It causes 

the two molecules of dimethylallyl diphosphate and isopentenyl diphosphate to 

sequentially condense from head to tail. FPPS enzyme is the homodimer of subunits 

(Szkopinska and Plochocka, 2005). According to reports, the Arabidopsis thaliana 

encoding gene FPPS is under transcriptional and expression regulation. Without the 

signal sequence, it is still feasible to transcribe and translate a protein or peptide into its 

mitochondrial-targeted isoform (Cunillera et al., 1997). The 100 mM NaCl boosted the 

activity of linalool RtLS in C. limon. The present data supported (Lane et al., 2010) in 

which linalool was shown to be the main ingredient in Lavandula angustifolia essential 

oil, and it was directly demonstrated that RtLS expression is fully tied to the linalool 
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content in lavender flowers. This is not remarkable because terpenoid synthases can 

consistently change a single molecule into a multitude of molecules (Tholl et al., 2005; 

Degenhardt et al., 2009). Results showed disagreement, heterogeneity in gene transcript 

levels, and genotype-specificity overall. In response to culture conditions, it is found that 

each genotype exhibits variable levels of their up- or down-regulation. In comparison to 

C. limon plant cultures exposed to free NaCl, additionally, the PAL gene's expression was 

raised by up to 2.1-fold. As the first stage in the phenylpropanoid pathway and a crucial 

transitional regulator between primary and secondary metabolism, cinnamic acid is 

created when PAL catalyzes the deamination of Phe (Raes et al., 2003). For functional 

investigation of the PAL gene family in plant growth, development, and responses to 

environmental challenges, furthermore, other studies have made use of genetic and 

molecular methods to mute or interfere with the PAL genes (Dixon and Paiva, 1995). In 

C. limon culture media supplemented with 50 mM NaCl, DXR expression level increased 

to 1.2, but lower expression levels were connected to the levels of 0.0 and 100 mM NaCl. 

DXR, also known as 1-deoxy-D-xylulose-5-phosphate reductoisomerase, is the second 

enzyme in the pathway, which uses the cofactors Mg+2 and NADPH to catalyze the 

reduction and isomerization of DXP to 2-methyl-D-erythritol-4-phosphate (MEP) 

(Oyakhirome et al., 2007). These results suggest that DXR is a legitimate target, and that 

apicomplexan's chemotherapy might benefit from using inhibitors of this enzyme. 

Conclusions 

In a separate experiment, the plant comet assay seemed to be a suitable technique for 

determining DNA damage brought on by subjecting plants to known genotoxic doses, 

especially high salt stress levels (100 and 200 mM NaCl). Semi-quantitative RT-PCR was 

used to demonstrate the relatively steady expression of RtME and RtDXR transcripts in 

C. limon plants under the pressure of saltiness. The results corroborated the idea that 

RtIDH, RtFPPS, RtLS, and PAL might be regulated post-transcriptionally, resulting in 

their abundance in plant cells under salinity stress. 
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