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Abstract

Salinity is a critical abiotic stress that significantly limits plant growth and productivity by disrupting
physiological and biochemical processes. This study investigated the effects of NaCl-induced salinity on
the in vitro culture of Chrysanthemum x morifolium Ramat. The present study investigated the induction,
multiplication, rooting, and salinity tolerance of Chrysanthemum morifolium under both in-vitro and in-
vivo conditions. Maximum shoot induction (89.66%) and proliferation (13.03 shoots per explant) were
obtained on half-strength MS media supplemented with 2.0 mg/L BAP. To evaluate salinity tolerance,
eight NaCl concentrations (0—-300 mM) were tested in-vitro, showing highest regeneration at 25 mM and
survival up to 30 days at 100 mM, indicating moderate tolerance. Salt primed microshoots were rooted
efficiently (90.40%) on half-strength MS media containing 0.2 mg/L IBA, with the longest roots (12.30
cm) at 0.4 mg/L IBA. During the hardening phase, the highest survival rate was obtained using a potting
mixture of coco peat, sand, vermicompost, and garden soil in a 2:1:1:1 ratio. In-vivo pot culture studies
revealed that exposure to 100 mM NaCl resulted in moderate stress symptoms, whereas 200 mM NacCl
caused pronounced growth inhibition, significant biomass reduction, leaf scorching, and necrosis.
Physiological and biochemical analyses revealed that moderate salinity (25-100 mM) enhanced
chlorophyll, carotenoids, and prolin, whereas severe salinity (=200 mM) led to a sharp decline in
pigments, elevated proline accumulation, and activation of antioxidant enzymes (SOD, CAT) to mitigate
oxidative stress. This integrated in-vitro and in-vivo approach provides a robust platform for screening
and developing salt-tolerant C. morifolium genotypes suitable for cultivation under saline conditions.

Introduction

The global floriculture industry, one of the fastest growing agricultural sector, plays a significant
economic role, with countries like the Netherlands, the United States, Japan and Germany being leaders
in the production and export of cut flowers (Getu 2009). Chrysanthamum x morifolium species
predominantly originate from East Asia, with China, Japan, Thailand, and India being major producers.
With its diverse agro-climatic zones, India is well-suited for floriculture, with states like Tamil Nadu,
Karnataka, Madhya Pradesh, and West Bengal leading in cultivation (Kumar et al. 2023). As India's
floriculture industry expands, the area under Chrysanthemum cultivation has grown by 225.33%, with
production increased by 391.77% from 2014 to 2024 (Kumar et al. 2024).

Chrysanthemum (Chrysanthemum x morifolium), commonly called as the "Queen of the East", belongs
to the family Asteraceae. It is a highly attractive, short-day plant, often treated as a seasonal bloomer in
late autumn despite being perennial. Chrysanthemum cut flowers are valued for floral arrangements due
to their extended vase life and are cultivated for various decorative uses, including garlands, bouquets
and floral decorations for social and religious events (Bohra and Kumar 2014, Patil et al. 2017). Apart
from its economic value, Chrysanthemum also holds therapeutic importance in traditional medicine,
used for treating inflammation, bruises, snake bites, and even as a remedy for fever (Ryu et al. 2019).
Additionally, the petals are used in Chinese cuisine and for making herbal teas (Collins et al. 1997).

Page 2/29



Abiotic stress factors such as salinity, drought, and extreme temperatures significantly affect C.
morifolium, reducing its growth, flower longevity, and aesthetic value (Vinocur and Altman 2005). By
2050, salinity is predicted to affect about 33% of the world's irrigated agricultural land (Shao et al., 2008).
High salinity impacts various physiological processes in plants, inhibiting growth and damaging key
metabolic activities like photosynthesis and protein synthesis (Munns and Tester 2008, Acosta-Motos et
al. 2015). Salinity stress induces the accumulation of toxic products, such as reactive oxygen species
(ROS), in plants, disrupting their metabolic balance and causing oxidative damage (Ahanger et al. 2017).
In response to salt stress, plants undergo a series of physiological changes, including increased activity
of antioxidant enzymes, and elevated proline content (AbdElgawad et al. 2016, Sarabi et al. 2017). These
changes reflect the plant's response to salt stress at various levels, with some mechanisms protecting
against oxidative damage and enhancing salt stress tolerance.

Analysis of stress responses in plants grown through traditional propagation methods is slow and
labour-intensive. Plant tissue culture and micro-propagation techniques offer faster, more efficient
alternatives for studying plant responses to stress conditions. This method enables the rapid production
of large numbers of plants or herbal products from plant cells or tissues (explants) cultured on artificial
nutrient media (Oseni, Pande and Nailwal 2018, Dogan, Karatas and Aasim 2018).

Salt stress can be simulated in plant tissue culture by supplementing the media with sodium chloride
(NaCl), providing a controlled system to study cellular responses (Shibli et al., 2007). The studies have
demonstrated species-specific variations in in vitro salt tolerance in sugarcane tolerated up to 212-254
mM NaCl with stability confirmed under greenhouse conditions (Laksana et al., 2023), Pistacia vera L.
showed highest performance at 120 mM NaCl ( Raoufi et al., 2021), and nodal explants of Limnophila
aromatica (Lamk.) Merr. and Bacopa monnieri (L.) Wettst. tolerated up to 100 mM NaCl ( Dogan, 2020).
The present study aimed to optimize NaCl concentrations for tissue-cultured chrysanthemums under in
vitro conditions and to apply the optimized levels to in vitro-developed plants under polyhouse
conditions. The plants were exposed to varying NaCl concentrations to assess their effects on growth
and stress tolerance, along with associated physiological and biochemical responses during
development.

Materials and Methods

The experiment was conducted in Plant Tissue Culture Laboratory, College of Forestry at Banda
University of Agriculture and Technology, Banda, Uttar Pradesh during the years 2022-2024. The climate
in Banda is semi-arid/tropical, with dry, hot summers (reaching 49°C) and cold winters (down to 2°C).
Annual rainfall averages between 800 and 910 mm and mostly occurring from mid-June to September.

2.1 Source of explant and surface sterilization: Healthy donor plants of Chrysanthemum x morifolium, a
perennial herb maintained through vegetative propagation, were collected from the greenhouse of the
Ornamental Nursery at department of Floriculture, Banda University of Agriculture and Technology,
Banda (UP). Nodal segments were rinsed with running tap water for 30 min. The surface sterilization of
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explant was done under aseptic condition using different concentration of biocides, fungicides, and
sodium hypochlorite, followed by HgCl, as surface sterilization for in vitro culture (Table S1).

2.2 Preparation of Culture Media: Murashige and Skoog (MS) basal media salt (Murashige and Skoog,
1962) (Hi-medis, India) was prepared with sucrose (30 g/L) as carbon source, and solidified with agar (7
g/L). The pH was adjusted to 5.7-5.8 before autoclaving at 121°C and 1.05 kg cm - 2 pressure for 20
min. All the cultures were incubated in culture room at 25 + 1°C with light intensity 40 pmol™2s™ " for 16
h/8 h light/dark photoperiod provided by cool white, fluorescent tubes (Philips, India).2.3 In vitro shoot
induction and multiplication: For shoot induction and multiplication, C. morifolium, nodal explants (3-4
cm) were cultured for assessing the effects of different culture media for in vitro shoot multiplication. A
total of eighteen either full or half MS strength culture media supplemented with various concentrations
of 6-Benzylaminopurine (BAP), kinetin (Kn), Thidiazuron (TDZ) were used for the present study. Full or
half strength basal MS media free from plant growth regulators was used as control. Observations were
recorded for percentage shoot induction, number of shoots per explant, and shoot length. The details of
different culture media are presented in Table S1.

2.4 Sub-Culturing and Root Induction Under Salt Stress: To evaluate salinity effects, sterile NaCl stock
solutions (25-300 mM) were added to MS media (pH 5.7-5.8) prior to autoclaving. The microshoots (3—
5 cm) were subcultured on NaCl-supplemented media. Plant growth was regularly monitored for signs of
salt stress, including growth rate, physiological changes like chlorophyll and carotenoid content,
biochemical changes such as protein, proline levels, antioxidant enzyme activities, or altered root
development, and these parameters were recorded to analyze the effects of NaCl stress on the plants.
Healthy microshoots (2-5 cm) were inoculated onto half-strength MS media supplemented with IBA or
IAA (0.2-1.0 mg/L) (Table S2).

2.5 Establishment of In-vitro propagated plants for hardening

Rooted plantlets were gently removed from culture bottles, washed to eliminate agar, treated with a mild
fungicide, and subjected to primary hardening for two weeks in a cocopeat, perlite, and vermiculite
mixture (2:1:1) under poly-house conditions without salt stress. Subsequently, the acclimatized plants
were transferred to pots containing vermicompost, garden soil, sand, and cocopeat (2:1:1:1) for
secondary hardening and maintained under controlled poly-house conditions. During this period plants
were then irrigated with NaCl solutions at 25, 50, 100, 200, and 400 mM, while normal soil of BUAT,
Banda (So-) and vermicompost, garden soil, sand, and cocopeat (2:1:1:1) (So*) plants served as
controls. Physiological and biochemical responses, including growth rate, chlorophyll and carotenoid
content, protein concentration, proline accumulation, and antioxidant enzyme activity, were monitored
under both stress and control conditions. Growth traits were recorded at 15, 30, and 45 DAT, and data
were analysed statistically using ANOVA at a 5% significance level

2.6 Physiological parameters
2.6.1. Chlorophyll and carotenoid contents of leaves

Page 4/29



To analyse chlorophyll and carotenoid contents, fully matured open leaves were taken from both control
and stressed conditions. The chlorophyll content (chlorophyll a, b and total chlorophyll) of the leaves
was estimated using the method described by Hiscox and Israelstam (Hiscox and Israelstam 1979). A
sample of 50 mg of leaves was placed in 10 ml of dimethyl sulfoxide (DMSO, Analytical grade) and
incubated at 65°C for 4 hours. Post-incubation, the tubes were cooled to room temperature, and the
absorbance was measured at 663, 645, and 470 nm using a UV-VIS spectrophotometer (5704 ECIL,
India) against pure DMSO as the blank. The chlorophyll and carotenoid contents were calculated using
the following formulas:

Chlorophyll a (Chl-a) = 12.21 A663 - 2.81 A645
Chlorophyll b (Chl-b) = 20.13 A645 - 5.03 A663

Total Chlorophyll (mg g-* DW) = (20.7 x OD645) + (8.02 x 0D663) x volume x dilution / (1000 x weight of
the sample)

Total Carotenoids = [1000 A470 - (3.27 Chl-a + 104 Chl-b)] / 229

All chlorophyll values were expressed in pg/g of fresh weight (fw). The ratio of chlorophyll a and b was
calculated by dividing chlorophyll a by chlorophyll b to assess the balance between different chlorophyll
types under stress and control conditions. The ratio of carotenoid to chlorophyll was calculated by
dividing total carotenoids by total chlorophyll to analyze how stress conditions affected pigment
composition.

2.6.2. Biochemical Parameters
2.6.2.1. Antioxidant Enzyme Activity:

The antioxidant enzyme activities were analyzed to assess oxidative stress in C. morifolium under in-
vitro conditions. Leaf samples from each treatment were collected in an ice-box to prevent proteolytic
degradation. One gram of leaf tissue was homogenized in a pre-chilled mortar and pestle with 5 ml of
chilled phosphate buffer (50 mM, pH 7.0). The homogenate was centrifuged at 15,000 rpm for 20 min at
4°C. The supernatant was used for the following enzyme assays:

2.6.2.1.1. Superoxide Dismutase (SOD) Activity

SOD activity was determined according to Fridovich (Fridovich 1975). The reaction was based on the
ability of SOD to inhibit the photochemical reduction of nitro blue tetrazolium (NBT). Absorbance was
recorded at 560 nm, and enzyme activity was expressed as unit/min/mg of protein.

2.6.2.1.2. Catalase (CAT) Activity

Catalase activity was measured using the method of Luck (Liick 1965). Residual hydrogen peroxide
(H,0,) was quantified by titration with potassium permanganate. Results were expressed as pmol of
H,0, decomposed per minute per mg of protein.
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2.6.3. H,0, Content Estimation

H,0, content was determined following the method of Alexieva et al. (Alexieva et al. 2001). Using 0.1%
TCA for extraction, the H,0, was reacted with potassium iodide (KI), and the absorbance was measured
at 390 nm. Results were expressed as pmol g=" of fresh weight.

2.6.4. Proline Content

Proline was quantified following the method of Bates et al. (Bates, Waldren and Teare 1973). The leaves
were homogenized in 3% sulpho-salicylic acid, and the proline content was determined by the formation
of a pink chromophore with acid ninhydrin, followed by toluene extraction. Absorbance was recorded at
520 nm, and proline content was expressed as pg/g of dry weight.

2.6.5. Protein Content

Protein content was estimated using Lowry's method (Lowry et al. 1951). The protein was precipitated
using TCA, and absorbance of blue color developed after treatment with Folin-Ciocalteu reagent was
measured at 660 nm. Protein content was calculated based on a standard curve prepared using bovine
serum albumin (BSA).

2.6.6. Histochemical detection of superoxide and H,0, by
NBT and DAB staining

Superoxide and H,0, were detected in leaf tissues using NBT and DAB staining techniques following
Kumar et al. (Kumar et al. 2014). The leaves were stained overnight, cleared with ethanol and visualized
against a contrast background. Superoxide appeared as dark blue spots, while H,0, as reddish-brown
spots.

2.7. Experimental Design and Statistical analysis

The experiments were conducted using a completely randomized design (CRD) with three replications
per treatment. Data on shoot induction, proliferation, and rooting were recorded at defined intervals,
expressed as mean + standard error (Mean + SE), and analyzed by one-way ANOVA using Microsoft Excel
to assess the significance of treatment effects

Result
3.1 In vitro shoot induction and multiplication:

The study investigated the effect of sterilizing agent, basal media composition, phytohormones, and
NaCl treatments on shoot induction, regeneration frequency, and shoot growth. Surface sterilization
using an optimized combination of 2% NaOCI, 0.10% fungicide, 0.02% biocide, and 0.10% HgClI, resulted
in the highest survival of C. morifolium nodal explants, whereas higher concentrations significantly
reduced viability (Table S1). Full-strength and half-strength MS media were supplemented with different
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concentrations of phytohormones, including BAP, TDZ, and kinetin, and the results demonstrated
significant variations in shoot induction and growth. In full-strength MS media, the addition of BAP at 2
mg/L yielded the highest shoot induction (69.67%) with an average of 3.57 shoots per explant and a
mean shoot length of 5.43 cm. TDZ at 0.5 mg/L resulted in 59% shoot induction with 2.97 shoots and a
shoot length of 2.77 cm. Among kinetin treatments, 1 mg/L produced the highest induction rate
(50.33%), with an average of 3.23 shoots and a shoot length of 3.67 cm. However, higher concentrations
of TDZ and kinetin reduced shoot induction and growth, indicating a concentration-dependent response.
Half-strength MS media supplemented with 2 mg/L BAP was the most effective for shoot induction and
growth. It achieved the highest shoot regeneration frequency (89.67%), producing an average of 13.03
shoots per explant with a mean shoot length of 8.9 cm. BAP at 0.5 mg/L also showed high efficacy, with
an 80.33% induction rate and 11.67 shoots per explant (Figure ST1a&b and Table S2).

3.2. Sub-Culturing and Root Induction in C. morifolium
under Salt Stress:

To evaluate the effect of salinity stress on shoot regeneration, eight NaCl concentrations (0, 25, 50, 75,
100, 125, 150, 200, and 300 mM) were used to establish a gradient from mild to severe stress. These
concentrations were incorporated into half-strength MS medium supplemented with 2 mg L' BAP for
subsequent culture experiments. Under control conditions (T0), the regeneration frequency was same as
described above (Figure S1a&b and Table 1). At 25 mM NaCl (T1), the regeneration frequency decreased
to 79.87%, and shoot length reduced to 5.97 cm. With increasing NaCl concentrations, the inhibitory
effect became more pronounced. At 100 mM NaCl (T4), regeneration frequency dropped to 54.73%, and
shoot length decreased to 3.27 cm. At 300 mM NaCl (T8), the lowest regeneration frequency (5.33%)
and shoot length (0.9 cm) were observed, reflecting the severe impact of salt stress on shoot
development (Fig. 1 (a-X), y & z; Table S3). The result showed that the salt stress caused a substantial
decline in regeneration frequency and shoot length, with the inhibitory effects increasing with higher
NaCl concentrations. The healthy microshoot of C. morifolium grown at salt stress of 150 mmol of
shooting media after 30 day stress were transferred to NaCl-free, half-strength MS incorporated with 0.2-
1.0 mg/L IBA/IAA media. In which 0.2 mg/L IBA gave the highest rooting (90.4%, 11.66 roots/shoot),
while 0.4 mg/L IBA produced the longest roots (12.30 cm). IAA showed lower efficiency, and higher
auxin levels (1.0 mg/L) suppressed rooting (Fig. 2a &b and table S4).

3.3. Physiological and biochemical changes in C.
morifolium under in-vitro salt stress:

The study examined the physiological and biochemical responses of C. morifolium under varying salinity
stress. Chlorophyll A and B content decreased with increasing salt levels, with the highest chlorophyll A
(113.34 pg/g) and B (72.30 pg/g) observed at 25 mmol/L NaCl, and the lowest at 300 mmol/L NaCl. The
chlorophyll A/B ratio increased with salinity, while total chlorophyll and carotenoid content also declined,
with the highest total chlorophyll (207.49 ug/g) and carotenoid (38.13 pg/g) at 25 mmol/L NaCl (

Fig. 3a). Proline, significantly increased with salinity, at 300 mmol/L NaCl (92.33 pg/g) (Fig. 3b).
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Superoxide Dismutase (SOD) and Catalase (CAT) activities elevated under high salt stress, with the
highest SOD activity (107.20 unit/min/mg protein) and CAT activity (137.86 pmoles of H,0,
decomposed min-1 mg-1 protein) recorded at 300 mmol/L NaCl. Hydrogen Peroxide (H,0,) levels also
significantly increased under salinity, reaching a maximum of 133.52 pmoles g-1 fw in 300 mmol/L NaCl
(Figure: 3c-3e). These findings highlight how C. morifolium responds to salinity stress by activating
stress-responsive biochemical pathways, including protein degradation, proline accumulation, and
enhanced antioxidant enzyme activity (Fig. 3a-€). In contrast, at 25 mmol/L NaCl (T1), ROS accumulation
was much lower. These findings align with increased H,0, and SOD levels, confirming that oxidative
stress increases with salinity (Fig. 3a-e).

3.4. Histochemical detection of Superoxide and H,0, by NBT and DAB staining of C. morifolium leaves
under NaCl treatment

The histochemical analysis of C. morifolium leaves under NaCl-induced salinity showed significant
accumulation of ROS, including hydrogen peroxide (H,0,) and superoxide anions. At 300 mmol/L NaCl
(T8), DAB staining revealed intense brown pigmentation, indicating high H,0, accumulation (Fig. 4A (T -
Tg)), while NBT staining showed dark blue spots, indicating superoxide build up (Fig. 4B (Ty-Tg)).

3.5. Principle component analysis

The Principal Component Analysis (PCA) biplot (Figure S3) provides a clear visualization of the impact of
various treatments on plant growth and stress responses. The first principal component (F1), accounting
for 98.78% of the variance, is primarily influenced by growth-promoting factors such as shoot
regeneration frequency, total chlorophyll, chlorophyll A, chlorophyll B, carotenoids, protein content, and
shoot length. Treatments T1, T2, T3, and TO, positioned on the right side of the biplot, show strong
positive associations with these variables, indicating favourable conditions for growth, chlorophyll
synthesis, protein accumulation, and shoot regeneration. These treatments likely provided optimal
environmental or nutrient conditions, enabling the plants to allocate energy toward growth and
development. In contrast, the second principal component (F2), which explains only 0.80% of the
variance, is associated with stress-related variables like superoxide dismutase (SOD), hydrogen peroxide
(H,0,), and proline. Treatments T4 and T5, positioned closer to these stress markers, indicate a
moderate level of stress, activating antioxidant defense mechanisms to counteract oxidative and
osmotic stress. Proline accumulation suggests osmotic stress responses. Conversely, treatments T8,
T6, and T7, positioned on the far-left side of F1, are negatively correlated with growth-related variables,
indicating detrimental effects on plant growth. The large separation between these treatments and
growth parameters suggests that they inhibited shoot regeneration and reduced biomass accumulation,
possibly due to poor environmental conditions, nutrient deficiencies, or other stress factors. (Figure S2).
The biplot clearly shows the trade-off between growth and stress responses. Treatments such as T1, T2,
T3, and TO promoted growth, enhancing shoot regeneration and chlorophyll synthesis. In contrast,
treatments like T4 and T5 activated stress-related pathways, redirecting resources toward antioxidant
and osmotic adjustments, which limited biomass accumulation. This is reflected by the increased SOD,
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H,0,, and proline levels, indicating oxidative and osmotic stress. The PCA biplot effectively differentiates
between treatments that favor growth and those that trigger stress responses. Treatments T1, T2, T3,
and TO provided optimal conditions for plant development, while treatments like T4 and T5 activated
defense mechanisms. Treatments T8, T6, and T7 were the least effective, resulting in suppressed
growth. The biplot emphasizes the need to balance growth and stress responses for successful
regeneration and development under varying conditions.

3.6. Establishment of /n-vitro propagated plants of C.
morifolium for hardening

The tissue culture-raised, salt stress-primed and rooted C. morifolium plants were subjected to
sequential acclimatization and hardening. In the primary hardening stage, the plants exhibited significant
growth in a media comprising cocopeat, perlite, and vermiculite in a 2:1:1 ratio. During secondary
hardening, the plants continued to grow well in a mix of cocopeat, sand, and vermicompost (2:1:1).
Finally, the acclimatized plants were transplanted into a healthy potting medium comprising
vermicompost, garden soil, sand, and cocopeat in a 2:1:1:1 ratio, where they were allowed to establish
well under controlled polyhouse conditions. After one month of establishment, tissue culture-raised
(TCR) C. morifolium plants were subjected to in vivo screening under different salt concentrations.
Treatments included a negative control (field soil from BUAT, Banda), a positive control (designed soil
mixture), and NaCl solutions at 25, 50, 100, 200, and 400 mM, applied in distilled water as irrigation three
times at 15-day intervals following primary and secondary hardening (Figure S3). The effects of these
treatments were assessed at 15, 30, and 45 days after transplanting (DAT) under controlled polyhouse
conditions (Fig. 5a—b). Significant effects were observed on parameters such as the number of leaves
(Fig. 5¢), plant height (Fig. 5d), secondary shoots (Fig. 5e), and plant spread (Fig. 5f), (Fig. 5¢-f and Table
S5). The highest number of leaves and plant height were recorded in treatments S2 and S3 (Fig. 5¢).
Secondary shoots at S3 (19.25 at 30 DAT) and S5 (14 at 15 DAT), while plant spread was greatest in S1
(18.45 cm at 30 DAT). Shoot diameters were maximized under S4 and S3, respectively (Table S5). The
higher NaCl concentrations generally suppressed plant growth, with S1 and S3 performing best across
most parameters. Negative controls demonstrated significantly reduced responses compared with
positive controls.

Root length measurements at the end of the experiment (45 DAT) revealed the longest roots under ST
salt treatment (15.22 cm), followed by S2. Negative controls produced shorter roots compared to
positive controls (Figs. 6A,B). Soil conductivity (E.C.) and pH were also influenced by NaCl levels
(Supplementary table S6). At 45 DAT, S5 had the highest E.C. (25.10), while S1 recorded the lowest
(8.13). Soil pH was highest in S1 and S2 (7.69), and lowest in S5 (7.49). Negative controls showed
consistently poorer performance compared to positive controls in both plant and soil parameters (Table
S6).

3.7. Effect of NaCl on physiology and biochemical changes of tissue cultured raised C. morifolium under
in vivo salt stress
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This study investigated the impact of different NaCl concentrations on tissue-cultured C. morifolium
under in-vivo conditions, highlighting significant physiological and biochemical changes. Chlorophyll A
and B contents decreased progressively with increasing NaCl concentrations, with the highest levels
recorded at S1 (105.71 pg/g for chlorophyll A and 61.57 ug/g for chlorophyll B), while the lowest were
observed at S5 (39.27 ug/g for chlorophyll A and 18.74 pg/g for chlorophyll B) (Figure. 7a). The
chlorophyll A/B ratio increased under higher salt stress, at S5 (2.09) (Figure. 7a). Total chlorophyll
content also showed a decreasing trend, with S1 exhibiting the highest (167.28 ug/g) and S5 the lowest
(58.01 pg/g) carotenoid content similarly declined with increasing NaCl, reaching the highest in S1
(33.16 pg/g) and the lowest in S5 (6.49 ug/g), resulting in a carotenoid/chlorophyll ratio of 0.19 in S1 and
0.11 in S5 (Fig. 7a). Proline, an osmoprotectant, increased markedly under high salt stress, at S5 with
98.63 ug/g of fw, compared to the lowest content in S1 (40.88 pg/g of fw) (Fig. 7b). Antioxidant enzyme
activities, including SOD and catalase, were significantly elevated in response to salt stress, with
catalase activity at 143.87 pmoles of H,0, decomposed/min/mg of protein in S5 (Fig. 7c), and SOD
activity reaching a maximum of 113.19 unit/min/mg of protein in S5 (Fig. 7d). H,0, accumulation also
increased under higher salt conditions, with the highest content recorded in S5 (139.14 pmoles/g of fw),
compared to the lowest in S1 (74.37 umoles/g of fw) (Fig. 7e). Negative controls consistently showed
lower values compared to positive controls across all parameters, confirming the detrimental effects of
higher NaCl concentrations on plant growth, chlorophyll synthesis, protein content, and antioxidant
defense mechanisms.

3.8. Histochemical Detection of superoxide and H,0, by NBT and DAB Staining of In-vivo raised tissue
cultured plants C. morifolium

Histochemical analysis of C. morifolium leaves under different NaCl concentrations (0—400 mmol)
revealed hydrogen peroxide (H,0,) and superoxide anion accumulation. In leaves collected 45 DAT, DAB
staining showed brown spots indicating H,0, accumulation, while NBT staining revealed blue pigments,
signifying superoxide anion presence. Severe cell damage was observed at 400 mmol NaCl (S5), with
intense brown and blue pigmentation, while fewer symptoms were seen at 25 mmol NaCl (S1). These
findings align with biochemical analysis, where higher H,0, and SOD activity were recorded in S5
compared to the control (Figure S4).

3.9. Principle component analysis:

The Principal Component Analysis (PCA) biplot reveals the relationships between physiological and
biochemical variables and treatments explaining a total variance of 84.04% through two principal
components, F1 and F2. The F1 accounts for 71.06% of the variance and is strongly influenced by stress-
related variables like proline, hydrogen peroxide (H,0,), and superoxide dismutase (SOD), which are
prominently associated with higher salinity treatments such as S5 (400 mM) and S4 (200 mM). These
treatments show a positive correlation with oxidative stress and osmotic regulation responses,
indicating that they induce significant stress in the plant. Conversely, F2, which explains 12.99% of the
variance, is dominated by growth-related variables such as plant height at 30 and 45 days, root length,
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and the number of leaves at 15 days. These growth parameters are positively associated with lower
salinity treatments like S1 (25 mM) and S2 (50 mM), demonstrating that mild salinity levels promote
plant growth. The negative control (So) is centered near the origin, showing a moderate response across
all variables, while the positive control (So+) clusters near chlorophyll content (Chl A and Chl B),
highlighting optimal conditions for photosynthesis and plant health under non-stress conditions. The
biplot distinctly separates growth-related responses, aligned with the positive side of F2, from stress-
related responses, positioned on the positive side of F1 (Figure S5). This separation emphasizes that
higher salinity levels hinder growth while activating stress defense mechanisms. In summary, the PCA
biplot effectively visualizes the differential impacts of salinity treatments on plant growth and stress,
demonstrating that lower salinity fosters growth, whereas elevated salinity triggers biochemical stress
responses.

Discussion

4.1. Induction and multiplication of C. morifolium under
without and with salt stress condition

This study focuses on identifying optimal NaCl concentrations that do not adversely affect C. morifolium
growth in both in-vitro and in-vivo (pot culture) conditions. Field-grown explants face microbial
contamination challenges in in-vitro cultures. The explants under goes pre-treatments with 0.1%
Carbendazim, 0.02% 8-HQC (30 min), and 0.1% HgCl, (3 min) resulted in 51.00% survival. Higher survival
rates (75.56%) were reported with 0.2% Mancozeb, 0.2% Carbendazim, and 200 mg/L 8-HQC (Verma et
al. 2012). Similarly, 0.1% HgCl, was most effective in Stevia (Verma et al. 2011) and yielded 65.08%
survival in Chrysanthemum (Anjum et al. 2023). For shoot induction, half-strength of MS media with 30
g/L sucrose, 2.0 mg/L BAP, and 7 g/L agar achieved 89.66% induction. Comparable rates were reported
in C. morifolium at 76.66%, 2.0 mg/L BAP (Yesmin et al. 2014), 83.30% with 2.0 mg/L BAP + 0.5 mg/L
IAA (Waseem et al. 2011) and 84.74% in Xanthosoma sagittifolium (Bansal et al. 2023). Jahan et al.
(Jahan et al. 2021) recorded 100% regeneration with 2.0 mg/L BAP, while Boonkamijat et al. (Boonkamjat,
et al.,) reported 93.33% with 1 mg/L BA + 0.1 mg/L IAA in Chrysanthemum. Shoot proliferation was
highest (13.03 shoots) in half-strength MS media supplemented with 2.0 mg/L BAP. Similar findings
were reported in Chrysanthemum (7.7 shoots) (Waseem et al. 2011) and Xanthosoma sagittifolium
(13.44 shoots) (Bansal et al. 2023). Shoot length (8.90 cm) was optimal with 2.0 mg/L BAP, consistent
with Ghosh et al.(Ghosh et al. 2021).

For development of salt-tolerant plants through in-vitro techniques, a total of eight NaCl treatments
(0/control, 25, 50, 75, 100, 125, 150, 200, and 300 mM) were selected to cover a broad salinity gradient
ranging from mild to severe stress. The Fig. 1a (A-X) and graph (B&C) indicates a progressive decline in
shoot regeneration frequency with increasing NaCl concentration. The highest regeneration ocurred at
25 mmol/L followed by a steady reduction as salinity increased. At 100 mmol/L, plants still survived up
to 30 days, suggesting moderate tolerance. However, at 150 mmol/L, regeneration of plant up to 20 day
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after that growth dropped sharply, showing that this concentration marks the onset of severe stress.
Further increases to 200—300 mmol/L resulted in a drastic reduction in regeneration, with the lowest
value at 300 mmol/L, indicating near-complete growth suppression under extreme salinity. Similar high-
salt treatments have been successfully employed in C. morifolium by Hossain et al. 2007 and Li et al.
2024, confirming that concentrations in this range are suitable for screening salinity tolerance. Salt
stress generally reduces plant growth, with slower growth often linked to better stress survival (Queiros
et al., 2007). Similar to result in Chrysanthemum also reported by (Thongpukdee et al., 2012; Hossain et
al., 2007) and in Bacopa monnieriby (Sable et al., 2018). Comparable tolerance has been observed in
sugarcane at 212-254 mM NaCl by Laksana et al., 2023, in Pistacia vera at 120 mM; by Raoufi et al.,
2021, and in Limnophila aromatica and Bacopa monnieri at 100 mM by Dogan, 2020, indicating that
moderate salinity can support acclimation, whereas higher levels strongly inhibit regeneration.

The microshoot grown at 100 mmol Nacl, MS media upto 30 days transfer to NaCl free rooting media
contained different concentration of IAA and IBA. The root induction was highest (90.40%) with half-
strength MS media + 0.2 mg/L IBA as supported by studies of Yesmin et al. 2014; Rashid et al. 2009;
Waseem et al. 2011, Sushmarani et al. 2021. Higher auxin concentrations inhibited rooting (Kaul et al.
1990) and longest roots (12.30 cm) were obtained with 0.4 mg/L IBA (Komalavalli and Rao 2000), while
maximum roots (11.66 per shoot) were observed with 0.2 mg/L IBA, aligning with Yesmin et al. 2014,
and Deltalab et al. 2024.

4.2 Physiological, biochemical and histological analysis of
in-vitro regenerated plant under NaCl stress

Under salinity stress, C. morifolium displayed significant physiological and biochemical alterations
compared to control conditions. Salinity treatment influenced photosynthetic pigments, including
chlorophyll and carotenoids. The highest levels of chlorophyll A, chlorophyll B, total chlorophyll, and
carotenoids were observed at 25 mmol/L NaCl (T1). However, the chlorophyll A/B ratio and
carotenoid/chlorophyll ratio (0.231) at 200 mmol/L NaCl (T7). This decline in chlorophyll is attributed to
pigment-protein complex instability under stress, as noted in previous studies (Dogan 2020, Rai et al.
2020). Moreover, the proline and protein levels varied significantly under salt stress. Maximum protein
content was observed at 25 mmol/L NaCl, while proline accumulation peaked at 300 mmol/L, reflecting
the role of osmolites in stress mitigation. Antioxidative enzymes showed increased activity, with SOD,
CAT, and H,0, scavengers rising by 2.3-, 2.8-, and 3.1-fold, respectively, at 300 mmol/L NaCl, supporting
previous findings in Chrysanhemum (Guan et al. 2012). NBT and DAB staining confirmed increased O,-
and H,0, accumulation under salt stress, leading to oxidative damage, reduced membrane integrity, and
necrotic lesions at 300 mmol/L NaCl, consistent with studies on Brassica napus and Chrysanthemum
(Banerjee and Roychoudhury 2017, Ahmad et al. 2019; Hossain et al. 2007)).

4.3 The impact of varying NaCl concentrations on tissue-
cultured C. morifolium plants under in-vivo conditions
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Salinity stress significantly impacted plant biomass by altering water potential, increasing ion toxicity,
and inhibiting cell wall expansion, leading to reduced root growth and plant height. In the present study,
tissue culture-raised C. morifolium plants were exposed to a range of NaCl concentrations (25, 50, 100,
200, and 400 mM) to evaluate salinity tolerance under controlled polyhouse conditions. At Lower
concentrations (25-100 mM) was TCR C. morifolium growth showed mild to moderate stress effects,
whereas at 200mM - 400 mM represented severe stress conditions. A decline in growth parameters was
observed with increasing NaCl concentrations, with the most significant biomass reduction at 45 DAT in
S5 (400 mmol/L NaCl). Li et al. (2024) reported that 200 mM NaCl provides a consistent and measurable
level of salinity stress in chrysanthemum plants without causing complete lethality, particularly when
transferring a CmDOF18 gene. Leaf number, plant height, and secondary shoot numbers varied across
treatments, with S1, S2, and S3 showing the highest values at different stages. Plant spread was highest
in S1, while primary stem diameter in S4 and secondary shoot diameter in S2, S3, and S4 at different DAT
intervals. These results align with previous studies on ornamental plants like Tagetes erecta (Sayyed et
al. 2014), Chrysanthemum (Bafién et al. 2010), and marigold (Bahmanzadegan and Aboutalebi 2013),
where salt stress-induced growth reduction was attributed to osmotic and ionic imbalances, inhibited
cell division and elongation, and decreased cell wall extensibility. Prolonged salinity exposure led to
severe symptoms such as leaf scorching, necrosis, and leaf drop, potentially resulting in plant death.

Salinity significantly affects root growth by limiting nutrient and water uptake, ultimately impacting plant
health and yield. In our study, maximum root length was recorded under S1 (25 mmol/L NaCl), while the
negative control exhibited the least growth. Similar reductions in root length under increasing salinity
have been reported in Chrysanthemum indicum (Ranganayakulu, Veeranagamallaiah and Chinta
Sudhakar 2013, Mazhar et al. 2012). Additionally, soil EC, a key indicator of soil health, increased with
higher NaCl concentrations, in S5 (400 mmol/L NaCl) at 45 DAT. In contrast, soil pH remained highest in
S1 and S2 at different time points.

4.4 Effect of NaCl on physiology, biochemical and histochemical changes of tissue cultured raised C.
morifolium under In vivo salt stress

Salinity stress significantly impacts photosynthesis by inducing chlorosis, reducing pigment synthesis,
and increasing oxidative stress(Shaw 1995, Parida and DAT 2005). Carotenoids, which protect against
ROS, decline under salt stress, leading to chlorophyll degradation (Rao and Rao 1981). In our study, the
highest chlorophyll A (105.71 pg/g), chlorophyll B (61.57 pg/g), total chlorophyll (167.28 pg/g), and
carotenoids (33.16 pg/g) were observed in S1 (25 mmol/L NaCl), while the highest chlorophyll A/B ratio
(2.09 pg/g) was found in S5 (400 mmol/L NaCl), consistent with previous reports in corn (Molazem,
Qurbanov and Dunyamaliyev 2010), cucumber (Malik et al. 2010), and purslane (Parvaneh, Shahrokh and
Meysam 2012). Protein content, crucial for osmotic adjustment, was highest in S1 (47.87 pg/qg),
indicating a balance between synthesis and degradation under moderate stress (Dogan 2020, Shatnawi
et al. 2010). Proline, a key osmo-protectant, peaked in S5 (98.63 pg/g), supporting its role in salinity
tolerance as reported by other researchers (Ashraf and Tufail 1995, Mansour et al. 2005).
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ROS scavenging enzymes, such as SOD and CAT, play a vital role in mitigating oxidative stress (Yasemin
et al. 2021, Parvin et al. 2019). The highest SOD (113.19 unit/min/mg), CAT (143.87 pmoles H,0,
decomposed min-1 mg-1), and H,0, content (139.14 pmoles g-1 FW) were observed in S5, indicating
increased ROS detoxification at higher salinity (Zandalinas et al. 2017, Laxa et al. 2019). High ROS levels,
including superoxide anions (0,”) and H,0,, lead to oxidative damage and plasma membrane disruption,

as observed in C. morifolium under severe salt stress (Banerjee and Roychoudhury 2017, Su et al. 2019).
Similar trends have been reported in Brassica napus (Huang et al. 2022), where enhanced CAT and GR
activity contributed to stress tolerance (Bor, Ozdemir and Tiirkan 2003, Yasar and Ellialtioglu 2013).

Conclusion

The present study successfully established a reproducible and efficient protocol for the in-vitro
regeneration and salt stress screening of C. morifolium. The standardized protocol ensures the
production of true-to-type plants, which are otherwise difficult to obtain for this species, and can be used
for large-scale multiplication to meet the growing demand for high-quality planting material. Half-
strength MS medium supplemented with 2.0 mg/L BAP was found optimal for shoot induction and
proliferation, while 0.2 mg/L IBA achieved the highest rooting efficiency.

In-vitro and in-vivo salinity experiments revealed that C. morifolium exhibits moderate tolerance up to
100 mM NacCl, beyond which growth, biomass, and physiological performance declined sharply. Severe
salinity stress (=200 mM NaCl) caused marked reductions in root development, chlorophyll and
carotenoid content, and photosynthetic efficiency, accompanied by membrane damage, necrosis, and
biomass loss. Biochemical and histological analyses confirmed that salinity imposes both osmotic and
ionic stress, disrupting cellular homeostasis, impairing photosynthetic apparatus, and restricting nutrient
accumulation. Plants exposed to moderate salinity showed enhanced chlorophyll, carotenoids, and
protein content, suggesting a priming effect, while elevated proline accumulation and upregulated
antioxidant enzymes (SOD, CAT) under higher salinity indicated activation of stress mitigation pathways
that protect against oxidative damage caused by Na* and CI- ions. These findings highlight the adaptive
mechanisms employed by C. morifolium under salt stress and provide a robust platform for screening,
selecting, and propagating salinity-tolerant genotypes. The outcomes of this work have significant
commercial implications for sustainable floriculture and the development of salt-tolerant
chrysanthemum cultivars for cultivation in saline-affected soils.

Declarations

Acknowledgement

The plant tissue culture work was performed in Plant Tissue Culture Laboratory developed under
Rashtriya Krishi Vikas Yojana (UP/RKVY-AGRE/2019/861). Biochemical work conducted at Biochemistry
laboratory developed under ICAR fund at BUAT, Banda.

Page 14/29



Author contributions: SP, RK: conceived the idea and drafted the manuscript; RM: performed Plant tissue
culture work; VC & AG: analysis of physiological and biochemical work and editing work; SK, SKJ and
AKS edited the manuscript.

Declaration of competing interest: The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this paper.

Conflict of Interest: The authors declared that no conflict of interest exists.
Ethics approval and Consent to participate: Not Applicable.

Funding Declaration in the manuscript: This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Data Availability declaration in the manuscript. All the data generated in the experiments are presented in
the manuscript and its supplementary files.

Competing Interest declaration. The authors declare that they have no competing interests.

Author contributions: SP, RK: conceived the idea and drafted the manuscript; RM: performed Plant tissue
culture work; VC: analysis of physiological and biochemical work and editing work; SK and AKS edited
the manuscript.

References

1. AbdElgawad, H., Zinta, G., Hegab, M. M., Pandey, R., Asard, H., & Abuelsoud, W. (2016). High salinity
induces different oxidative stress and antioxidant responses in maize seedling organs. Frontiers in
Plant Science, 7,276.

2. Acosta-Motos, J.-R., Diaz-Vivancos, P, Alvarez, S., Fernandez-Garcia, N., Sanchez-Blanco, M. J., &
Herndndez, J. A. (2015). Physiological and biochemical mechanisms of the ornamental Eugenia
myrtifolia L. plants for coping with NaCl stress and recovery. Planta, 242, 829—-846.
https://doi.org/10.1007/s00425-015-2330-4

3. Ahanger, M. A,, Tomar, N. S, Tittal, M., Argal, S., & Agarwal, R. (2017). Plant growth under water/salt
stress: ROS production; antioxidants and significance of added potassium under such conditions.
Physiology and Molecular Biology of Plants, 23, 731—-744. https://doi.org/10.1007/s12298-017-
0462-7

4. Ahmad, R., Hussain, S., Anjum, M. A, Khalid, M. F,, Saqib, M., Zakir, I., Hassan, A., Fahad, S., & Ahmad,
S. (2019). Oxidative stress and antioxidant defense mechanisms in plants under salt stress. In M.
Hasanuzzaman, K. Nahar, & M. Fujita (Eds.), Plant abiotic stress tolerance: Agronomic, molecular
and biotechnological approaches (pp. 191-205). Springer. https://doi.org/10.1007/978-3-030-
06118-0_9

Page 15/29



5.

10.

11.

12.

13.

14.

15.

16.

17.

Alexieva, V., Sergiev, ., Mapelli, S., & Karanov, E. (2001). The effect of drought and ultraviolet
radiation on growth and stress markers in pea and wheat. Plant, Cell & Environment, 24, 1337-1344.
https://doi.org/10.1046/j.1365-3040.2001.00778.x

. Anjum, N., Dogra, S., Pandey, R., Pandotra, P, Laishram, N., Singh, A., Kashyap, S., & Shah, A. H.

(2023). Optimization of sterilization and acclimatization protocol for micropropagation of
commercial cultivar chrysanthemum ‘Maghi White'. International Journal of Advanced Research in
Science, Communication and Technology, 3(1), 232-239.

. Ashraf, M., & Tufail, M. (1995). Variation in salinity tolerance in sunflower (Helianthus annuus L.).

Journal of Agronomy and Crop Science, 174, 351-362. https://doi.org/10.1111/j.1439-
037X.1995.tb01117.x

. Bahmanzadegan, M., & Aboutalebi, A. (2013). Interaction between ammonium nitrate and salinity on

germination rate and vegetative growth of French marigold ( 7Tagetes patula). International Journal ot
Agriculture and Crop Sciences, 5(3), 236-240.

. Banerjee, A., & Roychoudhury, A. (2017). Abiotic stress, generation of reactive oxygen species, and

their consequences: An overview. In A. Roychoudhury & D. Tripathi (Eds.), Reactive oxygen species
in plants: Boon or bane—Revisiting the role of ROS (pp. 23-50). Wiley-Blackwell.
https://doi.org/10.1002/9781119324928.ch2

Bafon, S., Conesa, E., Valdés, R., Miralles, J., Martinez, J., & Sanchez Blanco, M. (2010). Effects of
saline irrigation on phytoregulator-treated chrysanthemum plants. In XXVIII International
Horticultural Congress on Science and Horticulture for People (IHC2010): International Symposium
on 937 (pp. 307-312).

Bansal, S., Sharma, M. K., Singh, S., Joshi, P,, Pathania, P, Malhotra, E. V., Rajkumar, S., & Misra, P.
(2023). Histological and molecular insights into in vitro regeneration pattern of Xanthosoma
sagittifolium. Scientific Reports, 13, 5806. https://doi.org/10.1038/s41598-023-33034-5

Bates, L. S., Waldren, R, & Teare, |. (1973). Rapid determination of free proline for water-stress
studies. Plant and Soil, 39,205-207. https://doi.org/10.1007/BF00018060

Bohra, M., & Kumar, A. (2014). Studies on effect of organic manure and bioinoculants on vegetative
and floral attributes of chrysanthemum cv. Little Darling. The Bioscan, 9, 1007-1010.

Boonkamijat, T., Saetiew, K., & Teerarak, M. (n.d.). Influence of plant growth regulators on shoot
development of Chrysanthemums. [No publication details provided].

Bor, M., Ozdemir, F.,, & Tiirkan, I. (2003). The effect of salt stress on lipid peroxidation and
antioxidants in leaves of sugar beet (Beta vulgaris L.) and wild beet (Beta maritimaL.). Plant
Science, 164, 77-84. https://doi.org/10.1016/S0168-9452(02)00437-6

Collins, R., Ng, T., Fong, W., Wan, C., & Yeung, H. (1997). A comparison of human immunodeficiency
virus type 1 inhibition by partially purified aqueous extracts of Chinese medicinal herbs. Life
Sciences, 60, PL345-PL351. https://doi.org/10.1016/S0024-3205(96)00586-8

Deltalab, B., Kaviani, B., Kulus, D., & Sajjadi, S. A. (2024). Optimization of shoot multiplication and
root induction in Saintpaulia ionantha H. Wendl. using thiamine (vitamin B1) and IBA: A promising

Page 16/29



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

approach for economically important African violet propagation. Plant Cell, Tissue and Organ
Culture (PCTOC), 156, 74. https://doi.org/10.1007/s11240-023-02592-7

Dogan, M. (2020) Effect of salt stress on in vitro organogenesis from nodal explant of Limnophila
aromatica (Lamk.) Merr. and Bacopa monnieri (L.) Wettst. and their physio-morphological and
biochemical responses. Physiology and molecular biology of plants, 26, 803-816.

Dogan, M., Karatas, M., & Aasim, M. (2018). Cadmium and lead bioaccumulation potentials of an
aquatic macrophyte Ceratophyllum demersum L.: A laboratory study. Ecotoxicology and
Environmental Safety, 148, 431-440. https://doi.org/10.1016/j.ecoenv.2017.11.016

Fridovich, I. (1975). Superoxide dismutases. Annual Review of Biochemistry, 44, 147-159.
https://doi.org/10.1146/annurev.bi.44.070175.001051

Getu, M. (2009). Ethiopian floriculture and its impact on the environment. Mizan Law Review, 3,
240-270.

Ghosh, U. K., Islam, M. N,, Siddiqui, M. N., & Khan, M. A. R. (2021). Understanding the roles of
osmolytes for acclimatizing plants to changing environment: A review of potential mechanisms.
Plant Signaling & Behavior, 16,1913306. https://doi.org/10.1080/15592324.2021.1913306

Guan, Z., Chen, S, Chen, F, Liu, Z., Fang, W., & Tang, J. (2012). Comparison of stress effect of NaCl,
Na* and Cl- on two Chrysanthemum species. Acta Horticulturae, 369, 23-30.
https://doi.org/10.17660/ActaHortic.2012.369.3

Hiscox, J., & Israelstam, G. (1979). A method for the extraction of chlorophyll from leaf tissue
without maceration. Canadian Journal of Botany, 57, 1332-1334. https://doi.org/10.1139/b79-163
Hossain, Z., Mandal, A. K. A,, Datta, S. K., & Biswas, A. K. (2007). Development of NaCl-tolerant line in
Chrysanthemum morifolium Ramat. through shoot organogenesis of selected callus line. Journal of
Biotechnology, 129(4), 658—-667. https://doi.org/10.1016/j.jbiotec.2007.02.020

Huang, Q., Farooq, M. A., Hannan, F,, Chen, W,, Ayyaz, A., Zhang, K., Zhou, W,, & Islam, F. (2022).
Endogenous nitric oxide contributes to chloride and sulphate salinity tolerance by modulation of ion
transporter expression and reestablishment of redox balance in Brassica napus cultivars.
Environmental and Experimental Botany, 194, 104734.
https://doi.org/10.1016/j.envexpbot.2022.104734

Jahan, M., Islam, S., Islam, P, DAT, M. M., Islam, M., Kabir & Mamun. A., (2021) Clonal propagation of
Chrysanthemum morifolium ramat using various explants obtained from field grown plants. GSC
Biol. Pharm. Sci, 16, 87-93.

Waseem, K., Jilani, M., Khan, M. K., Mehwish, K., & Khan, G., (2011) Efficient in vitro regeneration of
chrysanthemum (Chrysanthemum morifolium L.) plantlets from nodal segments.

Kaul, V., Miller, R. M., Hutchinson, J. F,, & Richards, D. (1990). Shoot regeneration from stem and leaf
explants of Dendranthema grandiflora Tzvelev (syn. Chrysanthemum morifolium Ramat.). Plant Cell,
Tissue and Organ Culture, 21(1), 21-30.

Komalavalli, N. & Rao, M.V,, (2000) In vitro micropropagation of Gymnema sylvestre—A multipurpose
medicinal plant. Plant cell, tissue and organ culture, 61,97-105.

Page 17/29



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kumar, A., Pathania, S., Kashyap, B., Dhiman, R., & Gupta, Y. (2024). A decade analysis of flower area,
production and instability index — A review. Journal of Ornamental Horticulture, 27,1-10.

Kumar, A., Pathania, S., Kashyap, B., Dhiman, S., & Gupta, Y. (2023). Indian floriculture: Current issues
and initiatives — A review paper. Journal of Ornamental Horticulture, 26, 1-9.

Kumar, D., Yusuf, M. A, Singh, P, Sardar, M., & Sarin, N. B. (2014). Histochemical detection of
superoxide and H,0, accumulation in Brassica juncea seedlings. Bio-protocol, 4, e1108.
https://doi.org/10.21769/BioProtoc.1108

Laksana, C., Sophiphun, O., & Chanprame, S. (2023). In vitro and in vivo screening for the
identification of salt-tolerant sugarcane (Saccharum officinarum L.) clones: molecular, biochemical,
and physiological responses to salt stress. Saudi Journal of Biological Sciences, 30(6), 103655.
Laxa, M., Liebthal, M., Telman, W., Chibani, K., & Dietz, K.-J. (2019). The role of the plant antioxidant
system in drought tolerance. Antioxidants, 8, 94. https://doi.org/10.3390/antiox804009

Li, P, Fang, T., Chong, X., Chen, J., Yue, J., & Wang, Z. (2024). CmDOF18 positively regulates salinity
tolerance in Chrysanthemum morifolium by activating the oxidoreductase system. BMC Plant
Biology, 24, 232. https://doi.org/10.1186/s12870-024-04914-y

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein measurement with the
Folin phenol reagent. Journal of Biological Chemistry, 193, 265-275.
https://doi.org/10.1016/S0021-9258(19)52451-6

Liick, H. (1965). Catalase. In H. Bergmeyer (Ed.), Methods of enzymatic analysis (pp. 885-894).
Elsevier.

Malik, A. A, Li, W.-G,, Loy, L.-N., Weng, J.-H., & Chen, J.-F. (2010). Biochemical and physiological
characterization and evaluation of in vitro salt tolerance in cucumber. African Journal of
Biotechnology, 9, 3298-3302. https://doi.org/10.5897/AJB2010.000-9131

Mansour, M., Salama, K., Ali, F., & Abou Hadid, A. (2005). Cell and plant responses to NaCl in Zea
mays L. cultivars differing in salt tolerance. General and Applied Plant Physiology, 31,29-41.
Mazhar, A. A,, Shedeed, S. |., Abdel-Aziz, N. G., & Mahgoub, M. (2012). Growth, flowering and
chemical constituents of Chrysanthemum indicum L. plant in response to different levels of humic
acid and salinity. International Journal of Agriculture and Biology, 14, 1-6.

Molazem, D., Qurbanov, E., & Dunyamaliyev, S. (2010). Role of proline, Na* and chlorophyll content in
salt tolerance of corn (Zea mays L.). American-Eurasian Journal of Agriculture & Environmental
Science, 9, 319-324.

Munns, R., & Tester, M. (2008). Mechanisms of salinity tolerance. Annual Review of Plant Biology, 59,
651-681. https://doi.org/10.1146/annurev.arplant.59.032607.092911

Murashige, T., & Skoog, F. (1962). A revised medium for rapid growth and bioassays with tobacco
tissue cultures. Physiologia Plantarum, 15,473-497. https://doi.org/10.1111/j.1399-
3054.1962.tb08052.x

Oseni, 0. M., Pande, V., & Nailwal, T. K. (2018). A review on plant tissue culture, a technique for
propagation and conservation of endangered plant species. International Journal of Current

Page 18/29



46.

47.

48.

49.

50.

o1.

92.

53.

o4.

99.

56.

o7.

Microbiology and Applied Sciences, 7, 3778-3786. https://doi.org/10.20546/ijcmas.2018.706.434

Parida, A. K., & Dat, A. B. (2005). Salt tolerance and salinity effects on plants: A review.
Ecotoxicology and Environmental Safety, 60, 324—349.
https://doi.org/10.1016/j.ecoenv.2004.06.010

Parvaneh, R., Shahrokh, T., & Meysam, H. S. (2012). Studying of salinity stress effect on germination,
proline, sugar, protein, lipid and chlorophyll content in purslane (Portulaca oleraceaL.) leaves.
Journal of Stress Physiology & Biochemistry, 8, 182-193.

Parvin, K., Hasanuzzaman, M., Bhuyan, M. B., Nahar, K., Mohsin, S. M., & Fujita, M. (2019).
Comparative physiological and biochemical changes in tomato (Solanum lycopersicum L.) under
salt stress and recovery: Role of antioxidant defense and glyoxalase systems. Antioxidants, 8, 350.
https://doi.org/10.3390/antiox8050350

Patil, U., Karale, A., Katwate, S., & Patil, M. (2017). Mutation breeding in chrysanthemum
(Dendranthema grandiflora T.). Journal of Pharmacognosy and Phytochemistry, 6,230-232.

Queiros, F,, Fidalgo, F,, Santos, ., & Salema, R. (2007). In vitro selection of salt tolerant cell lines in
Solanum tuberosum L. Biologia Plantarum, 51, 728-734. https://doi.org/10.1007/s10535-007-0117-
0

Rai, H., Namita, N., Raju, D., Singh, M., Singh, K. P, Kumar, G., Sinha, S. K, Lekshmy, S., Pandey, R., &
Poulose, B. (2020). In vitro screening of chrysanthemum (Chrysanthemum morifolium) varieties for
salt tolerance. The Indian Journal of Agricultural Sciences, 90, 2138-2144.

Ranganayakulu, G., Veeranagamallaiah, G., & Chinta Sudhakar, C. S. (2013). Effect of salt stress on
osmolyte accumulation in two groundnut cultivars (Arachis hypogaea L.) with contrasting salt
tolerance. International Journal of Plant Physiology and Biochemistry, 5(6), 75—82.

Rao, G., & Rao, G. (1981). Pigment composition and chlorophyllase activity in pigeon pea (Cajanus
indicus Spreng) and gingelly (Sesamum indicum L.) under NaCl salinity (pp. 768-770). Council of
Scientific and Industrial Research Publications & Information Directorate, New Delhi.

Rashid, M., Khalekuzzaman, M., Hasan, M., Dat, R., Hossain, M., & Mahabbat-E-Khoda, S. (2009).
Establishment of an efficient method for micropropagation of an important medicinal herb
(Scoparia dulcis L.) from shoot tips and nodal segments. International Journal of Sustainable Crop
Production, 4, 5-9.

Raoufi, A., Salehi, H., Rahemi, M., Shekafandeh, A., & Khalili, S. (2021). In vitro screening: The best
method for salt tolerance selection among pistachio rootstocks. Journal of the Saudi Society of
Agricultural Sciences, 20(3), 146-154. https://doi.org/10.1016/j.jssas.2020.05.005

Ryu, J., Nam, B., Kim, B.-R., Kim, S. H., Jo, Y. D., Ahn, J.-W,, Kim, J.-B., Jin, C. H., & Han, A.-R. (2019).
Comparative analysis of phytochemical composition of gamma-irradiated mutant cultivars of
Chrysanthemum morifolium. Molecules, 24, 3003. https://doi.org/10.3390/molecules24163003

Sable, A. D., Kardile, P. B., Sable, A. D., & Kharde, A. V. (2018). Studies on effect of different
concentration of NaCl on bacoside production from brahmi (Bacopa monnieri) under in vitro
condition. Journal of Pharmacognosy and Phytochemistry, 7,1386—1389.

Page 19/29



58.

99.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sarabi, B., Bolandnazar, S., Ghaderi, N., & Ghashghaie, J. (2017). Genotypic differences in
physiological and biochemical responses to salinity stress in melon (Cucumis melo L.) plants:
Prospects for selection of salt tolerant landraces. Plant Physiology and Biochemistry, 119,294-311.
https://doi.org/10.1016/j.plaphy.2017.07.004

Sayyed, A., Gul, H., Ullah, Z., & Hamayun, M. (2014). Effect of salt stress on growth of Tagetes erecta
L. Pakhtunkhwa Journal of Life Science, 2, 96—106.

Shatnawi, M., Al-Fauri, A., Megdadi, H., Al-Shatnawi, M. K., Shibli, R., Abu-Romman, S., & Al-Ghzawi, A.
(2010). In vitro multiplication of Chrysanthemum morifolium Ramat and its responses to NaCl
induced salinity. Jordan Journal of Biological Sciences, 3,101-110.

Shaw, B. (1995). Changes in the levels of photosynthetic pigments in Phaseolus aureus Roxb.
exposed to Hg and Cd at two stages of development: A comparative study. Bulletin of
Environmental Contamination and Toxicology, 55, 574—-580. https://doi.org/10.1007/BF00199653

Shibli, R. A, Kushad, M., Yousef, G. G., & Lila, M. A. (2007). Physiological and biochemical responses
of tomato microshoots to induced salinity stress with associated ethylene accumulation. Plant
Growth Regulation, 51, 159-169. https://doi.org/10.1007/s10725-006-9160-5

Su, L.-J., Zhang, J.-H., Gomez, H., Murugan, R., Hong, X., Xu, D., Jiang, F.,, & Peng, Z.-Y. (2019).
Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis.
Oxidative Medicine and Cellular Longevity, 2079, 5080843. https://doi.org/10.1155/2019/5080843

Sushmarani, Y., Venkatesha Murthy, P,, & Deeksha Raj, N. (2021). Influence of BAP with TDZ growth
regulators on in vitro regeneration in chrysanthemum (Dendranthema grandiflora cv. Marigold).
Journal of Pharmacognosy and Phytochemistry, 10,1171-1176.

Thongpukdee, A., Chanjirakul, K., Thepsithar, C., Obsuwan, K., & Chantadech, R. (2012). In vitro salt
tolerance of chrysanthemum 'Money Maker Improve'. In International Symposium on Orchids and
Ornamental Plants, 1025,173—-178.

Verma, A. K., Prasad, K., Anakiram, T., & Kumar, S. (2012). Standardization of protocol for pre-
treatment, surface sterilization, regeneration, elongation and acclimatization of Chrysanthemum
morifolium Ramat. International Journal of Horticulture, 2, 1-8.

Verma, S., Yaday, K., & Singh, N. (2011). Optimization of the protocols for surface sterilization,
regeneration and acclimatization of Stevia rebaudiana Bertoni. American-Eurasian Journal of
Agricultural and Environmental Sciences, 11(2), 265-270.

Vinocur, B., & Altman, A. (2005). Recent advances in engineering plant tolerance to abiotic stress:
Achievements and limitations. Current Opinion in Biotechnology, 16, 123-132.
https://doi.org/10.1016/j.copbio.2005.01.008

Yasar, F,, & Ellialtioglu, S. (2013). Antioxidative responses of some eggplant genotypes to salinity
stress. Yuzuncu Yil University Journal of Agricultural Sciences, 23,215-221.

Yasemin, S., Deger, A. G., Cevik, S., & Koksal, N. (2021). Benchmarking of the effects of salinity on
antioxidant enzymes activities, lipid peroxidation and H,0, levels in the leaves of two zinnia species.
Kahramanmaras Siitgii Imam Universitesi Tarim ve Doda Dergisi, 24, 31-39.

Page 20/29



71. Yesmin, S., Hashem, A, Dat, K., Hasan, M., & Islam, M. (2014). Efficient in vitro regeneration of
chrysanthemum (Chrysanthemum morifolium Ramat.) through nodal explant culture. Nuclear
Science and Applications, 23, 47-50.

72. Zandalinas, S. |., Balfagén, D., Arbona, V., & Gémez-Cadenas, A. (2017). Modulation of antioxidant
defense system is associated with combined drought and heat stress tolerance in citrus. Frontiers
in Plant Science, 8,953. https://doi.org/10.3389/fpls.2017.00953

Table 1

Table 1 is not available with this version.

Figures

s Shoot regeneration frequency ( %40)

- —Linear (Shoot regeneration frequency (%))

= 100
90 1 v =-9.9739x + 102.08
80 7 R®=0.9713

Shoot Regeneration Frequence

P Sl O ol R

& F F :
DQ' -‘iﬁ" 1.}“ 1*..":“ Q§ "‘[.-‘Ff# %@‘ “@ ﬁ@
T A Rl i L L

b
f v =-0.8243x + 7.8856

R? = 10.9665

Shoot length in cm

=T T T Y R I = e - =]

YA AE L o
@Q \.@ "»@% "bﬂ%
SR il i R

Page 21/29



Figure 1

a) Shoot multiplication in Murashige and Skoog (MS) media under different concentrations of NaCl salt
stress: 25 mM (A - 10 days, B - 20 days, C - 30 days), 50 mM (D - 10 days, E - 20 days, F - 30 days), 75 mM
(G- 10 days, H - 20 days, | - 30 days), 100 mM (J - 10 days, K - 20 days, L - 30 days), 125 mM (M - 10 days,
N - 20 days, O - 30 days), 150 mM (P - 10 days, Q - 20 days, R - 30 days), 200 mM (S - 10 days, T - 20 days,
U - 30 days), and 300 mM (V - 10 days, W - 20 days, X - 30 days).

b) Graphical representation of Shoot regeneration frequency at different concentration of NaCl (25mM,
50mM, 75mM,100mM,125mM,150mM, 200mM,200mM) in half MS media.

c) Graphical representation of Shoot length at different concentration of NaCl (25mM, 50mM,
75mM,100mM,125mM,150mM, 200mM,200mM) in half MS media.
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Figure 2

(A) Healthy, prime microshoots of C. morifolium subjected to 100 mmol NaCl stress for 30 days were
transferred to root induction and multiplication media with varying auxin concentrations (0.2-1.0 mg/L
IAA (a—c) and IBA (d—f)) (B) Graphical representation of root response under, showing both root number
and root length (cm).
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Figure 3

Physiological and Biochemical analysis of leaves collected from tissue culture raised plants at different
concentration of NaCl (Control, 25mM, 50mM, 75mM,100mM,125mM,150mM, 200mMand300mM) in
half MS media. @) Chlorophyll and Carotenoid b) Proline c) SOD d) CAT e) H,0, estimation by

spectrophotometer methods.
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Figure 4

The histochemical analysis of C. morifolium leaves grown under tissue culture half MS media
supplemented with different concentration Control (T0) 25mM (T1), 50mM
T2)75mM(T3),100mM(T4),125mM(T5),150mM(T6),200mM(T7),300mM(T8) of NaCl :) a) DAB Staining
showed the accumulation of H202 b) NBT Staining showed the accumulation of SOD
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Figure 5

TCR-C. morifolium plants transferred to media having different concentration of NaCl (0 — 400 mmol)
under /n-vivo conditions a) after 15 days b) after 45 days; (c)Number of leaves; (d) Plant height (cm); (e)
Number of secondary shoots; (f) Plant spread (cm) at 15, 30 and 45 DAT.
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Figure 6

a) Root observation after different salt stress under /n-vivoconditions at 45 DAT and b) Graphical
representation of the root length (cm) at 45 DAT
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Figure 7

Physiological and biochemical analysis of leaves collected from in vivo planted TCR-Chrysanthemum
plants subjected to different concentrations of NaCl (Control, 25 mM, 50 mM, 75 mM, 100 mM, 150 mM,
200 mM, 400 mM) in a specially designed soil mixture. A) Chlorophyll and Carotenoid B) Protein C)
Proline D) CAT E) H,0, F)SOD estimation by spectrophotometer methods.
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