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Genetic fidelity and in vitro studies using molecular markers in salt stress ginger (Zingiber officinale Rosc.)



Abstract

Ginger (Zingiber officinale Rosc.) is one of the important spices commonly used for its aroma and flavor in the food, confectionary, and pharmaceutical industries. The current study deals with the comparative regeneration of ginger rhizome explants with different concentrations of hormones and NaCl salt stress conditions to find out salt-tolerant plants from in vitro and in vivo environments. Callus induction was rapid in MS media containing IAA (0.5 mg/L) and NAA (1.0 mg/L), whereas shoot induction and multiplication showed the maximum regeneration with 1.0 mg/L (BAP) and 1.5 mg/L (IAA) after 2 weeks of subculture. NaCl salt tolerance was evaluated by the ability of the callus to maintain its growth under different concentrations, ranging from (0 mM to 300 mM). The maximum salt-tolerant callus from 200 mM NaCl was regenerated in MS medium fortified with a suitable growth hormone combination of NAA (1.0 mg/L) and BAP (1.5 mg/L). Similarly, we observed a significant stress tolerance in vivo study up to (300 mM) concentration for 30 days. The control plant showed a high value of total chlorophyll compared to other salt-stressed plants. The genetic fidelity of the micropropagated plants was tested by ISSR (Inter Simple Sequence Repeat) selective molecular markers. Even uniform banding patterns suggest the genetic uniformity of micropropagated plants of in vivo and in vitro plants with respect to its mother plants. Conversely, the banding patterns of the salt-stressed plants differed from those of the control plants. These findings provide novel perspectives on crop improvement and enhancement of salt stress tolerance for the cultivar. 
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Introduction

Ginger, often referred to as ‘an aromatic of Paradise,’ is characterized in the ancient literature and possesses an extensive historical significance as a spice. Rhizome, which constitutes an improved underground stem of ginger, is used as a spice and flavoring agent for a diverse array of culinary preparations and food products. Furthermore, it finds particular application in traditional medicines (Laelago Ersedo et al. 2023). A rhizomatous perennial herb, reaching a height of 90 cm, with a thickness of 2-3 cm, exhibiting palmately lobed, greyish-yellow leaves with a pungent aroma. The major active ingredients in ginger oil are the sesquiterpenes, bisabolene, zingiberene and zingiberol (Zhukovets and Özcan 2020). The non-volatile ginger fraction, which includes gingerols, shogaols and diarylheptanoids (gingerenones), has been shown to exhibit antioxidant activity. Gingerols and their analogues were considered natural antioxidants (Zouchoune 2021; Alharbi et al. 2022). They annihilated the activity of free radicals, and they turned into simpler and harmless compounds.
The most significant substances, responsible for giving ginger its medicinal properties, are grouped into non-volatile and volatile compounds. The pungency is provided by non-volatile phenolic compounds consisting of an oleoresin (4.0-7.5%). The gingerol group responsible for ginger’s spicy flavour and relatively responsible for its numerous beneficial actions has been identified, which bears a lateral chain of variable length (Nair and Nair 2019). Shogaols (phenyl alkenones) are more pungent compounds that occur in lower concentrations and are formed through the dehydration of gingerol. Their concentration increases both drying and storage processes (Dalsasso et al. 2022). Additional pungent constituents, present in even lower proportions, include gingediols, gingediacetates, gingerdione and gingerenones (Gao et al. 2024). Volatile oils composition such as oleoresins, bisabolene, cineol, phellandrene, citral, borneol, and citronellol are present in ginger extract (Pang et al. 2017). Ginger possesses many bioactivities and could be available for the prevention of cancers, diabetes mellitus, cardiovascular diseases, obesity, nausea, emesis, respiratory disorders and neurodegenerative diseases (Mao et al. 2019).
The most significant use of tissue culture in crops that are proliferated from vegetative portions has been the producer of disease-free planting material with increased yield and quality. Tissue cultured ginger plantlets have not been commercialized because their ultimate success hinges on the ability to successfully transfer the tissue culture plantlets from a controlled, aseptic environment to farmland while retaining low costs and high survival rates (Zhao et al. 2022). This method enables the production of a huge number of genetically identical plants in a short period, making it an efficient and economical means of propagation. The persistence frequency of tissue culture plantlets transferred from a lab to soil is low, mostly because of differences in temperature, humidity conditions, biotic stresses, etc., which makes obtaining new seedlings challenging (Zhou et al. 2022). Moreover, tissue culture also enables the production of secondary metabolites, such as gingerols, shogaols, and zingerones, which are valuable for their medicinal and culinary properties. Furthermore, this approach enables investigation of the molecular and genetic mechanisms that underlie key physiological processes, including stress tolerance and secondary metabolite production (Ozyigit et al. 2023). The optimization of tissue culture protocols for ginger can also contribute to the conservation of genetic resources and the sustainable management of the crop.
Salinity is considered one of the most overwhelming environmental stresses that affect the productivity and quality of the spice crops. According to the “two-phase growth response to salinity” theory, developed by (Munns and Tester 2008). Due to their sessile nature, plants must develop appropriate mechanisms to adjust to high-salt environments. Consequently, in reaction to salt stress signals, plants adjust through several mechanisms, such as controlling ion balance, activating the osmotic stress pathway, facilitating plant hormone signaling, and regulating cytoskeleton dynamics and cell wall composition. Unravelling the mechanisms underlying these physiological and biochemical responses to salt stress could provide valuable approaches to improve agricultural crop yields (Hasanuzzaman and Fujita 2022).
The use of molecular characterization techniques has made a significant contribution to the authentication of herbal raw materials within the last decades. The main goals of characterization are to identify accessions and to determine the genetic relations between genotypes. One benefit of molecular characterization is its species specificity. Furthermore, molecular characterization can be conducted on herbs lacking specificity in terms of morphology, anatomy, and chemical content. It also allows the analysis of smaller quantities of samples compared to chemical tests, including powdered herbal samples (Ichim 2019; Wu and Shaw 2022). PCR-based methods have become widely used in evaluating the genetic relationship among genotypes. RAPD, RELP-PCR and ISSR polymorphism methods can be used for genetic diversity analysis and to study phylogenetic relationship (Cyriac et al. 2015). The ISSR method is an effective for differentiating relationships among closely related ginger cultivars (Ismail et al. 2019). In order to create the authenticity of ginger raw materials, thereby initiating the process of ensuring the quality, effectiveness, and safety of ginger products without compromising its genetic diversity, future breeding programs can be achieved.
Material and Methods
Collection of plant material
The present research were carried out in the Biotechnology laboratory of the Indian Cardamom Research Institute (ICRI), Spices Board India, Myladumpara, Kerala, India. The required plant materials were collected from the germplasm repository of the Indian Cardamom Research Institute (ICRI). 

In vitro culture initiation 
The explant ginger (Zingiber officinale Rosc.) cv. Suprabha involved establishing an aseptic culture of shoot buds. This is achieved through the disinfection, excision, and incubation of explants. Shoot buds are preferably harvested from the rhizome of ginger and it must be surface sterilized before the explants are transferred to culture. Wash the young sprouting buds collected in the field under running tap water thoroughly. Remove superfluous tissue by trimming away the outer sheath and tissues to obtain a small portion of the rhizome. Care should be taken to avoid cutting or removal of the axillary buds on the rhizome during dissection. Immerse the buds for 2 hours in 1% antibacterial solution (1 ml of each of gentamycin and tetracycline in 100 ml of distilled water), followed by 0.1% mercuric chloride solution for 10 min. A wetting agent or liquid detergent (Tween 20 or Tween 80 at 1 drop per 50 ml) is added to mercuric chloride solution to enhance penetration. Swirl the solution frequently. Under aseptic conditions, decant the mercuric chloride and rinse the buds thrice with sterile water. The buds are then placed in a sterile petri dish containing filter paper. The buds are now ready for inoculation. 

Primary culture establishment
Stimulation of primary cultures can be achieved by culturing rhizome buds on MS (Murashige and Skoog) basal medium (Murashige & Skoog 1962) supplemented with relatively high levels of cytokinin or auxin phytohormones. This reduces the dominance of the apical meristem, which results in the formation of adventitious and axillary buds that arise directly from the explants.
In vitro multiplication and treatments for salinity stress 
The various concentrations of salt (NaCl) used for the experiment were four different treatments (100 mM, 200 mM, 300 mM, 400 mM) that were added to the culture medium. For control plants without the addition of (NaCl) stress were studied. Once the primary cultures were established, the cultures of rhizome buds were moved to shoot multiplication medium with different concentrations of salt stress. When the primary cultures are about 30-40 mm long, they are separately transferred to shoot multiplication medium. In this medium an average of 3 shoots per explant developed within 30 days in the culture tubes. Shoots were subcultured regularly at intervals of 10-15 days to obtain approximately three shoots per explant. The multiplication of propagules was easily accomplished by subdividing the shoot or bud clusters. 

Rooting and acclimatization of the plantlets
The shoots regenerated in vitro were transferred to fresh rooting medium, modified with various concentrations of auxins (IBA and NAA) for root induction. The shoots are removed from the medium and dissected, and a single shoot is placed on a filter paper support in test tubes or directly in the bottles containing medium for root induction. Therefore, regenerated shoots with 50-60 mm of height were isolated from a rhizome portion. The rooted shoots then underwent an in vitro hardening period before transplantation into potting soil. Then there’s the plant survival according to the autotrophic nutrition, its resistance to abiotic stress in the nursery, and the availability of sophisticated facilities for humidity and shade control in the nursery. 

In vivo salinity stress treatments 
Young rhizomes containing buds were used for in vivo salinity stress studies for propagation. In the preliminary phase, autoclaved soils were collected for planting ginger samples. Ginger rhizomes weighing 25 gm are planted in a plastic growing tray. Four different concentrations of NaCl are used for treatment (100 mM, 200 mM, 300 mM, 400 mM) with a 3- day interval; plants are treated with 50 ml of salt for 20 days. The differences in plant growth were recorded regularly.

Estimation of chlorophyll content 
Salinity stress can affect plant chlorophyll content in micropropagated ginger plants. Chlorophyll content is extracted in 80% acetone, and the absorbance at 663 nm and 645 nm is read in a spectrophotometer. By using the absorption coefficients, the amount of chlorophyll is calculated, followed by the method (Heidari 2012). 
Calculate the quantity of chlorophyll present in the extract (mg chlorophyll per gram of tissue) by the following formula:
1) Chlorophyll a (mg/g) = 12.7 (A663) – 2.69 (A645) × V/1000 × W
2) Chlorophyll b (mg/g) = 22.9 (A645) – 4.68 (A663) × V/1000 × W
3) Total chlorophyll (mg/g) = 20.2(A645)–8.02 (A663) × V/1000 × W
Were,
A= Absorbance at specific wavelengths
V= Final volume of chlorophyll extract in 80% acetone
W= Weight of the fresh tissues extracted

Genomic DNA Isolation 
Young leaf samples were collected from the ginger plants for extraction of genomic DNA. Approximately 1 g of ginger leaves and 35 µl of β-mercaptoethanol, a pinch of PVP and sodium metabisulfite were crushed to a fine powder in a mortar and pestle using liquid nitrogen with a modified CTAB (cetyltrimethylammonium bromide) protocol (Aboul-Maaty and Oraby 2019). The quantity and quality of DNA were measured by the absorbance of extracted DNA solution at 260 nm and 280 nm using a NanoDrop Spectrophotometer (Thermo Scientific, USA).

PCR Amplification
Amplification of PCR was performed using UBC primers procured from Bangalore Genei. Optimal conditions for DNA amplification were experimentally determined by testing different concentrations of genomic DNA. Amplifications were carried out using a thermal cycler (Bio-Rad, USA) with an initial denaturation/activation step of 4 min at 95°C followed by 35 cycles of 30 s at 94°C, 60 sec at annealing temperature and 2 min extension at 72°C. A final extension for 10 min at 72°C was included. Annealing temperature was determined by testing a range of temperatures. PCR products were subjected to electrophoresis on 1.5% agarose gels, stained with ethidium bromide (0.5 μg/ml) and documented in gel documentation imaging (Bio-Rad, USA).





Results
Primary standardization of micropropagation of ginger
 The explants of the ginger variety “Suprabha” rhizome were inoculated in MS medium containing a specific concentration of hormones. The callus induction was rapid in MS media containing IAA (0.5 mg/L) and NAA (1.0mg/L). Shoot elicited with BAP (1.5 mg/l) + IAA (0.5 mg/l) for shoot multiplication and showed the best growth after 2 weeks. The quality of shoots and the overall growth response in terms of average shoot length were shown to be better in this growth regulator combination. A relatively lower response was recorded when BAP was added alone in the growth medium. 
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Fig. 1. (A-H) In vitro micropropagation of Zingiber officinale Rosc. (cv Suprabha). (A) Rhizome buds used as an explants (B) Surface sterilized rhizome buds. (C) Callus formation in rhizome buds. (D) Shoot proliferation in MS medium supplemented with 1.5 mg/l BAP. (E) Multiple shoot emergence in MS+2.0 mg/l BAP+0.5 mg/l NAA. (F) Subculturing of the micro shoots in fresh rooting media in ½ MS+NAA (2.0 mg/l). (G) Rooted plants transferred from MS media, (H) Hardened ginger plants in paper pots.

The effects of different types of auxins on root induction were dependent on their concentrations. Similarly, at lower levels of NAA (0.25 mg/l) treatments, there was hardly any growth or any rooting in the cultured shoots within the 4-week observation period.  Though, at higher concentrations (2.0 or 3.5 mg/l), the number of roots per plantlet was significantly different from each other (Fig.1F). The maximum frequency of root formation (100%) was induced on half-strength MS medium supplemented with IBA (1.5 mg/l) and NAA (2.0 mg/l). Well-rooted plants were transplanted to sterile poly pots (small paper cups) with pre-soaked vermiculite (TAMIN, India) and maintained inside a growth chamber at 70-80% relative humidity. Subsequently after three weeks they were shifted to earthen pots filled with a  mixture of soil, sand and manure (FYM) in a 1:1:1 ratio and kept under a shade house for three weeks for acclimatise. (Fig. 1H).
In vitro salinity in ginger  
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Fig. 2. (A-E) In vitro micropropagation of Zingiber officinale Rosc. (cv. Suprabha) under salinity stress treatments. (A) Rhizome buds in different concentrations of NaCl treatment. (B) Shoot proliferation in MS medium. (C) Multiple shoot emergence in MS+2.0 mg/l BAP+0.5mg/l NAA. (D) Sub culturing of the micro shoots in fresh rooting media. (E) Hardening of rooted micro-plantlets in paper cups.
Full and half strengths of MS supplemented with different concentrations of IBA (0.5-3.0 mg/l) are among the tested rooting media. After 30 days of micropropagated ginger plantlets rooted on MS medium, they were transferred for hardening process and acclimatization of plantlets under a shade net for two weeks (Fig. 2).

In vivo salinity stress treatments 
The ginger variety of ‘suprabha’ was cultivated in vivo condition, and the salinity stress tolerance was tested against NaCl treatment. Ginger plants showed a significant stress tolerance at different concentrations of NaCl treatment. Ginger plants survived a range of 200 millimolar concentrations of the salt, but after 4 weeks of treatment, plant growth was retarded and showed a symptom of drying of plant leaves (Fig.3). Ginger plants with 300 millimolar concentration showed stunted growth and dried up after two weeks. Fully acclimatized salt-tolerant plants were effectively established in a shade house.
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Fig. 3.  In vivo salinity stress treatment and micropropagation of Zingiber officinale Rosc. (cv. Suprabha). (A) Ginger rhizomes after surface sterilization. (B) Rhizomes buds in different concentration of NaCl treatment in soil. (C) Different concentration of NaCl solution in bottles. (D) Ginger seedlings growing at different concentration of salinity stress. (E) Salinity tolerant plants in pot. (F) Fully grown salt tolerant plant.  

Chlorophyll Content
Under salinity stress conditions, the chlorophyll content of chlorophyll a, chlorophyll b and total chlorophyll of ginger samples is shown in Table 1. Significant variation was noticed for chlorophyll a, chlorophyll b and total chlorophyll between the plants. The control plants showed the high amount of total chlorophyll content, compared to other salt-stressed ginger samples (T100 and T200) recorded for the total chlorophyll (Fig.4). When compared to total chlorophyll, a highly significant value is noticed in salt stress treated with T2 (200 mm) in chlorophyll b of ginger plants.

	Ginger sample
	Chlorophyll a (645) nm
	Chlorophyll b (6663) nm
	Total chlorophyll

	Control
	30.05 mg/ml
	51.18 mg/ml
	81.20 mg/ml

	Treatment
(100 mM)
	31.87 mg/ml
	32.20 mg/ml
	64.03 mg/ml

	Treatment
(200 mM)
	31.36 mg/ml
	20.56 mg/ml
	51.93 mg/ml



Table.1 Represents the chlorophyll a at 645 (nm), chlorophyll b at 663 (nm) of the total chlorophyll of ginger under different salt (NaCl) stress.
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Fig. 4. Chlorophyll estimation graph represents for chlorophyll a, chlorophyll b, and total chlorophyll content in control, T100, and T200 samples. Each value is the mean of three biological replicates. Data are the mean ± SEM (each group n = 3). Bars treatments with (*p < 0.05) are significant. 
Genetic Uniformity of micro propagated plants 
Genetic variation is sometimes observed in plants that originated from tissue culture plants, which is usually not desirable. Inter simple sequence repeats (ISSR) markers were used to verify the genetic fidelity of the micropropagation procedure. Five randomly selected plant samples (one control, two T100, and two T200) were chosen for the genetic homogeneity test. Five ISSR primers amplified 33 scorable amplicons with an approximate range from 250 to 1500 bp in size (Fig.5B). Similarly, genetic fidelity for in vitro and in vivo micropropagated plant samples was carried out by UBC 808 (Fig.5C). Every amplification products were monomorphic across all micropropagated plants, and every ISSR primer used produced mother plants. These data imply that the fidelity of the clonal plants generated through the present protocol is very good.
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Fig.5. (A) Represents genomic DNA isolated from ginger leaves. (B) Gel image showing amplification of DNA using ISSR UBC 841 for control, T100 & T200. (C) PCR amplified product of in vitro & in vivo samples of DNA using ISSR UBC 808.



Discussion

Zingiberaceae is a large family that has been characterized based on both vegetative and floral characteristics. This has led the focus of research into areas of plant tissue culture for developing improved varieties of spices and obtaining improved productivity from existing varieties. In vitro regeneration offers an opportunity for rapid multiplication of these plants in order to scale up production of secondary metabolites, improve antioxidant contents in plant cells and keep genetic homogeneity of desirable varieties (Bhardwaj et al. 2018). The present study investigated the effect of different plant hormones on callus proliferation, shoot regeneration, rooting and survival rate of plants under stressful conditions (Bidabadi and Jain 2020; Chandran et al. 2020).
Micropropagation of ginger also shows how the plants respond to specific growth factors like NAA, BAP and IAA. The study provides an effective protocol for rapid callus induction and micropropagation of the plants. According to these observations, BAP showed the highest regeneration potential in cultures of ginger that promote shoot regeneration, BAP produced shoots within 10-15 days in most cultures. It is also observed that the ginger explants were the first to produce callus from the above-mentioned media compositions in around 10 days. After an initial dormant period in the medium, plants were subcultured to produce more plants. The positive result of MS medium augmented with BAP on increasing the number of shoots was also reported by (Abbas et al. 2011; Van Yen and Li 2022). 
The NaCl treatment for the development of improved, salt-stress tolerant plant varieties for the enhanced production of different kinds of phytochemicals is a recent trend in plant biotechnology and is thoroughly researched all around the globe (Dogan 2020; Jadhav et al. 2025). The effect of salinity on plant growth and cellular components leads to the enhanced production of phytochemicals like polyphenols with antioxidant potential (Kumar and Kumari 2021; Azeem et al. 2023). This in turn improves the salt tolerance and the survival rate of the plants based on their stage of growth when exposed to stress. In the present study, the effect of salinity for a short period of time (35 days) was analyzed by observing growth from in vivo cultivated plants of Zingiber officianale. The results from this study suggest that the overall survival rate of mature plants decreased to 60% in the T200 mM concentration of salt-stressed ginger plants.
Chlorophyll is the essential component for photosynthesis and occurs in chloroplasts as green pigments in all the photosynthetic plant tissues (Pérez-Patricio et al. 2018; Jang et al. 2022). The difference in chlorophyll content in the control and salinity- treated ginger plants can be used as a potential salinity stress indicator since chlorophyll content is reduced in salt sensitive ginger plants under salinity stress conditions (Zhao et al. 2021). Salinity-stress circumstances expose chloroplasts to oxidative stress that reduces the size and number of chloroplasts in the leaves by inhibiting chloroplast synthesis (Lu et al. 2023; Wang et al. 2024). The activity of the chlorophyllase enzyme, which degrades chlorophyll, increases under salinity stress conditions, leading to a reduction in photosynthetic activity (Taïbi et al. 2016; Yang et al. 2020). Similarly high salt stress significantly reduces the total chlorophyll content in ginger plants, often leading yellowing (Fig.4). 
However, in most situations, the identifying traits are either not unique to a specific group or are not universal for all taxa within a tribe. Therefore, molecular data are crucial to establish species identity and study the Zingiberaceae family’s phylogenetic relationships (Kress et al. 2002; Sarker et al. 2023). The genetic fidelity of the micropropagated ginger plants was tested using the DNA based ISSR (Inter Simple Sequence Repeat) molecular marker, but there were no variations observed in in vitro and in vivo propagated plants, so micro propagated plants are stable (George et al. 2022; Biswas and Kumar 2023). Thus, it is revealed that a large amount of plants can be produced by these methods, which are disease-free and high-yielding.  Micropropagation within a short time resulted in uniformity in plant population with these findings researchers are now looking for novel micropropagation and genetic fidelity studies of the plants.
Conclusion
This research also provided an efficient micropropagation ability under salinity stress was optimized and PCR-based molecular identities of Zingiber officinale Rosc. (cv. Suprabha) indicated no genetic variation within micropropagated plants. This high-fidelity approach can be applied for commercial-scale multiplication and in vitro conservation of the desired germplasm of ginger seedlings under salt stress.
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