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Abstract  26 

Novel method has been developed to efficiently produce high-quality cellulose for biomaterial 27 

production. This study introduces Juncus rigidus shoots derived from callus as a new cellulose 28 

source.  Application of CaCl₂ and NaCl significantly enhanced shoot proliferation and elongation 29 

of J. rigidus, leading to a notable improvement in cellulose content (25.1%). XRD (X-Ray 30 

diffraction) and FTIR (Fourier transform infrared spectroscopy) confirmed the presence of 31 

characteristic bands associated with crystalline structure of cellulose. Cellulose-related peaks 32 

appeared fused in the absence of CaCl₂ and NaCl.  FTIR spectra of tissue culture-derived cellulose 33 

from CaCl₂ and NaCl-treated samples (JT4) exhibited distinct bands at 3440 cm⁻¹, 2926 cm⁻¹, 1300 34 

cm⁻¹, 1440 cm⁻¹, 1163 cm⁻¹, and 1040 cm⁻¹. These bands serve as fingerprints of pure cellulose 35 

components. The JT4, TGA (Thermogravimetric analysis) analysis revealed highest thermal 36 

stability with the greatest mass loss (72.73%) and lowest char residue (1.34%), indicating high 37 

cellulose purity and crystallinity. Additionally, DTG (Derivative Thermogravimetry) of JT4 38 

exhibited a peak at 342°C, which falls within the typical cellulose degradation range (330°C–39 

370°C).  The DSC analysis of JT4 exhibited a strong exothermic peak at 389.4°C, indicating high 40 

crystallinity and thermal stability. While others samples showed degradation-associated 41 

endothermic transitions, influenced by cellulose quality and salt treatments. Thermogravimetric 42 

analysis revealed CaCl₂ and NaCl-treated cellulose exhibited greater thermal resistance. To the 43 

best of the authors' knowledge, this study pioneers the use of J. rigidus callus regenerated shoots 44 

for producing high-quality cellulose for biomedical applications.  45 

Keywords: Juncus rigidus, In vitro cultures, Cellulose, Sodium chloride, Callus 46 
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Introduction  55 

Plant tissue culture was mainly explored for propagation in the past but in the recent past, it has 56 

also been employed to identify and isolate bioactive phytocompounds. These compounds have 57 

medicinal properties, making them valuable for producing pharmaceuticals and nutraceuticals as 58 

they possess high value characteristics. The application of in vitro culture methods for the 59 

development of bioengineered products and valuable plant-derived metabolites with medicinal or 60 

commercial significance is well-established. As the vast amount of available information is not 61 

possible to include as all studies are not within the scope of this article. We extend our apologies 62 

to the authors whose work could not be referenced. This article offers extraction of the compound 63 

formed by plant cells, tissue culture for biomedical application. According to Fischer et al. (2015), 64 

plant cell culture is now an effective method of producing a number of useful natural compounds. 65 

These include pigments and anti-inflammatory agents such as rosmarinic acid and berberine, and 66 

anti-cancer compounds like paclitaxel and podophyllotoxin. One notable development is the 67 

enzyme taliglucerase alfa, marketed as by two companies to cure Type 1 Gaucher disease. In 2014, 68 

regulatory agencies approved it as the first commercially available human recombinant therapeutic 69 

protein produced from plants developed under controlled conditions (Pfizer 2014; Pastores et al. 70 

2016). Meanwhile, several other plant-based products are undergoing clinical trials pending 71 

approval. Companies such as Icon Genetics, Ventria Bioscience, and Greenovation Biotech have 72 

the technological capabilities to develop a wide range of plant-derived pharmaceuticals. However, 73 

the progress in this field has been relatively slow, primarily due to several challenges such as low 74 

production yields, undesired glycosylation of products, difficulties in purification, and 75 

complications in downstream processing (Tuse et al., 2014; Yao et al., 2015). Nevertheless, plant 76 

pharmaceuticals' the supply has frequently lacked consistency and uniformity. Plant tissue culture 77 

is one option for creating significant plant active chemicals since it removes the requirement for 78 

wild plants and ensures independence from geographic conditions.  Additionally, plant 79 

transformation makes it possible to use plants in the future to produce synthetic chemicals like 80 

vaccines and various medications.  The key bioactive substances that are currently produced by 81 

plant tissue culture (PTC), as well as the basic techniques and plants used to manufacture them. 82 

Bacterial cellulose (BC) production by various genera, including Komagataeibacter, 83 

Gluconacetobacter, Enterobacter, Pseudomonas, Achromobacter, Alcaligenes, Aerobacter, 84 

Azotobacter, Agrobacterium, Burkholderia, Dickeya, Escherichia, Rhizobium, Salmonella, and 85 

Sarcina, has been extensively documented for a range of applications (Klemm et al., 2001; Zhu et 86 

al., 2011; Maneerung et al., 2008; Cauerhf and Castro, 2013; Lee et al., 2014; Augimeri et al., 87 
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2015; Cacicedo et al., 2016; Rastogi et al., 2018). BC is biodegradable, non-toxic, and 88 

characterized by high crystallinity and a high degree of polymerization (Hsieh et al., 2008; 89 

Kaewnopparat et al., 2008; Szymańska-Chargot et al., 2011). Several experimental factors 90 

influence BC synthesis, including: (1) the composition of the culture media, particularly the 91 

sources of carbon, nitrogen, and essential micro- and macronutrients; (2) cultivation conditions 92 

such as temperature, pH, dissolved oxygen levels, and cultivation methods (Ramana et al., 2000; 93 

Tompson & Hamilton, 2001; Chawla et al., 2009; Pa'e et al., 2011; Matsuoka et al., 1996); and (3) 94 

the evaluation of various carbon sources for BC synthesis (Hestrin & Schramm, 1954; Park et al., 95 

2003; Hungund et al., 2013). Cannabis sativa (industrial hemp) is considered an excellent 96 

bioenergy source. Its studies on callus cultures derived from different parts of in vitro-grown hemp 97 

seedlings have demonstrated its potential for use in the Hydrothermal Liquefaction process, 98 

highlighting their role as a next-generation energy crop. The integration of plant tissue culture with 99 

thermochemical processes presents a promising approach for biofuel production and the synthesis 100 

of value-added chemicals. In vitro-grown biomass hydrothermally liquefied can be used for bio-101 

crude production (Norouzi et al., 2022).  102 

Plant fibers are known as lignocellulosic fibers, and since long used for various applications like 103 

development of different types of composites. They are accessible, recyclable, inexpensive, eco-104 

friendly, abrasion-free, biodegradable, and have respectable mechanical performance. (Guimarães 105 

et al., 2009, Hamza et al., 2013). Juncus rigidus, or stiff rush, is a potential source of cellulose and 106 

can grow in saline environments (Singh et al., 2019, Vyas and Singh, 2024). Sulphated and 107 

carboxylated cellulose nanocrystals (CNC) have been produced from Juncus (Kassab et al., 2020). 108 

Juncus fiber characteristics were similar to those of some synthetic fibers and can be suitable for 109 

producing cellulose derivatives (Naili et al. (2017). Despite the advantages of in vitro culture for 110 

both basic and applied research compared to traditional methods, only a limited number of recent 111 

studies have focused on the generation of in vitro cultures of halophytes (Joshi et al., 2012; Kulpa 112 

et al., 2020; López-Corona et al., 2019; de Jesus Raposo & de Morais, 2021; Oliveira et al., 2016; 113 

Papafotiou et al., 2014; Regalado et al., 2020; Sedun et al., 2021; Singh et al., 2015; Xiong et al., 114 

2019 ; Vyas et al., 2021; Yao et al., 2021; Jurado-Mañogil et al., 2024 ). Plants are the primary 115 

source of cellulose, and their cultivation typically involves the use of insecticides and pesticides. 116 

In cotton farming 24% of insecticides and 11% of pesticides are used (Bhad, 2022), posing 117 

significant risks to both human health and the environment (Bhad, 2022). As a result, cellulose 118 

derived from such sources may contain harmful pesticide residues (Bhad, 2022). Therefore, 119 

producing plant-based cellulose through in vitro cultures offers a pesticide- and insecticide-free 120 
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alternative, making it suitable for biomedical applications. In recent past, plants in vitro cultures 121 

are explored for various application (Pfizer 2014; Pastores et al. 2016) other than propagation 122 

techniques. Till now no studies were carried out on generation of cellulose and their 123 

characterization using plant cultures, except few (Vyas and Singh, 2021). In previous study 124 

cellulose was extracted from J. rigidus using low cost clonal propagation method with 80-150 125 

shoot buds and there is a need to further minimize the culture cost by increasing number of shoot 126 

bud using liquid medium and characterize the cellulose obtained from modified medium for 127 

appropriate valorization.  128 

The study was carried out to investigate the effect of different culture medium supplements (CaCl₂ 129 

and NaCl) on the structural, thermal, and crystalline properties of cellulose extracted from Juncus 130 

in vitro cultures, with the goal to identify its suitability for sustainable biomaterial applications. 131 

The study includes cellulose extraction from treated in vitro-grown tissues, analyzing thermal 132 

behaviour using TGA (Thermogravimetric analysis), DTG (Derivative Thermogravimetry), and 133 

DSC (Deferential scanning calorimetry), evaluating chemical composition through FTIR (Fourier 134 

transform infrared spectroscopy), and determining crystallinity using XRD (X-Ray diffraction). 135 

The study further aimed to compare the impact of different treatments on cellulose purity, 136 

crystallinity, and assessing the potential of plant tissue culture as a scalable method for producing 137 

high-quality, pesticide and insecticide free cellulose for customized products.  138 

Materials and methods 139 

Plant material and culture initiation 140 

 Surface sterilized (Vyas et al., 2021) shoots of 1.0-1.5 cm sized were cut and kept on MS 141 

(Murashige and Skoog) medium supplemented with 3.0 mg/L TDZ (Thidiazuron) for callus 142 

development. These callus was cultured on 0.5 mg/L TDZ and 0.5 mg/L IAA (Indole-3-acetic 143 

acid) for shoot bud initiation and elongation for 30 days in a liquid culture medium. These shoot 144 

buds were used for further experiments.  145 

Effect of additives on shoot multiplication and elongation for cellulose extraction 146 

To examine the impact of various additives on shoot buds, explants were inoculated into the Ms 147 

medium supplemented with CaCl2 -200.00 mg/L and 400.0 mg/L, NaCl – 100mM, and 200mM. 148 

Buds were also inoculated on MS media. Sucrose concentration (3%), pH value (5.8), and PGRs 149 

(Plant Growth Regulators) (IAA 0.3g/L + BAP (6-Benzylaminopurine) 0.5g/L) were similar in all 150 

treatments. Results were recorded after 70 days. 151 
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Cellulose extraction  152 

To isolate cellulose fiber, dried tissue culture shoots samples were cut into pieces and then digested 153 

using 5 M NaOH solution at 100⁰ C for 3 hours. Followed by bleaching for 1 hour at 95o C using 154 

hydrogen peroxide (H2O2) (10ml/L) solution. Sodium Silicate (3%) was added to H2O2, it was 155 

used as a stabilizer for H2O2.  Sample solution ratio was   1:3 (w/v). At every stage of the various 156 

treatments, the insoluble residue was thoroughly washed with demineralize water till 7 pH was 157 

achieved, oven-dried at 50o C for two days, and their weight was recorded. After NaOH treatment 158 

the solution was collected and treated with H2SO4 for lignin estimation.  159 

XRD characterization  160 

The PANalytical Empyrean apparatus was used to perform X-ray powder diffraction research in 161 

order to evaluate the crystalline structure of cellulose fibres.  The 2θ range of 0° to 80° was used 162 

to analyse the diffraction pattern.  The peak height approach as per Singh et al. (2019), was used 163 

to calculate the crystallinity index (CI). The CI was calculated using the following empirical 164 

equation (Segal et al., 1959): 165 

CI (%) = (I200 - Iam) / I200 * 100  166 

The most intense diffraction peak, known as I200, corresponds to the (200) crystallographic planes 167 

and typically appears between 22° and 23°, and reflects crystalline and noncrystalline area. The 168 

intensity of the noncrystalline region denoted as Iam, generally occurs between 18° and 19°. In this 169 

study, diffraction maxima for Iam, I200, and the crystallinity index (CI) were noted at 2θ angles 170 

around 16°, 22°, and 34°, respectively.  171 

FTIR characterization  172 

FTIR (Perkin Elmer, GX-FTIR) spectroscopy was performed to examine for the Sample JT-C 173 

(Control), JT1-CaCl2 200, JT2-400, JT3-CaCl2 200 + 100mM NaCl, and JT4- CaCl2 200+ 200mM 174 

NaCl) in the 400–4000 cm− 1 ranges. The KBr pellet method was used for the analysis, wherein 1 175 

mg of sample was mixed with KBr to pelletize the sample.  176 

Cellulose water and other solvents solubility 177 

Cellulose solubility was systematically assessed in water, various organic solvents (methanol, 178 

isopropanol, acetone, butanol and chloroform), and distilled water mixture of NaOH-urea- (6% 179 

and 4%) was prepared.  180 

Thermal analysis 181 



7 

 

Thermogravimetric analysis (TGA) 182 

Thermal strength analysis was performed by a Netzsch TGA machine. This technique measures 183 

changes in sample weight as temperature increases, under a precise heating rate in an inert 184 

condition. Approximately, 10 mg sample was subjected to heating at 10 °C per minute up to 900 °C 185 

under a nitrogen atmosphere 186 

Derivative Thermogravimetry (DTG) 187 

The Netzsch model determines DTG. This process involves plotting the changes in mass of a 188 

sample as a function of temperature or time.  189 

Differential Scanning Calorimetry (DSC) 190 

A Phoenix device with Netzsch software was used for DSC measurements.  First thermal scan was 191 

performed using a heating rate of 10 °C /min, 6 to10 mg sample was heated at -30 °C to 200 °C 192 

temperature. A second thermal scan was then performed after the materials had been quickly 193 

chilled by submersion in liquid nitrogen.  The second scan was conducted -30 °C to 450 °C at a 194 

heating rate of 2 °C /min. 195 

Experimental Design  196 

All the experiments were laid down according to completely randomized block design (CRBD). 197 

Each experiment was repeated twice with a minimum of 3 replicates per treatment. Observations 198 

on culture response and the number of shoot buds were scored after a regular interval. Numbers of 199 

shoot buds were counted per culture vessel.  200 

Results and discussion 201 

Effect of CaCl2, and NaCl on the number of shoot buds 202 

In tissue culture, the medium plays a key role on the culture's growth and development (Fig. 1 A-203 

H). Hence, addition of additional CaCl2 and NaCl were evaluated for the same. Exposure to 200 204 

mM NaCl the growth and development of Juncus rigidus enhanced, in addition to it salinity 205 

increased cellulose content (Vyas et al., 2024). J. rigidus cultures were able to tolerate 200 mM 206 

NaCl treatment. Moreover, liquid culture medium proved to be cost-effective and promoted better 207 

culture growth (Vyas et al., 2021). In the present study, 3-6 cm long shoot bud numbers 208 

considerably increased in 200mg/L CaCl2 (JT1) treatment followed by 400mg/L (JT2). Among all 209 

the treatments, 400 mg/L CaCl2 has a higher number of shoot buds of 0.5-2.0 cm length, whereas, 210 

3-5 cm shoots was similar to control.  211 
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 213 

 214 

 215 

 216 

 217 

Fig. 1. Effect of different type of media on Juncus rigidus culture generation in JT-C MS medium BAP+ 218 

IAA (A), addition of CaCl2 100mg/L (B),  JT1-CaCl2 200mg/L (C), JT2-CaCl2 400mg/L (D), JT3- CaCl2 219 

200mg/L +NaCl 50 mM (E), JT4-CaCl2 200mg/L + NaCl 100mM  70 days old (F-G-H), Cellulose film (I), 220 

cellulose in organic solvents (J), SEM image of cellulose film depicting network of microfibers of cellulose 221 

(K).   222 
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Highest Ca content has bad impact on shoot elongation as only 6 shoots were noted of 8-14cm 223 

length in JT2 (Fig. 2). Results reveals that high Ca restricts shoot elongation. Total number of 224 

shoot buds were less JT2 (987) compared to Ca 200 JT1 (1296). Shoot buds cultured in media 225 

containing CaCl2 with different NaCl concentrations demonstrate moderate changes in shoot bud 226 

development (Fig. 1). The total number of buds were highest in the JT1 treatment compared to the 227 

control and comparable with JT3 and JT4 treatments. In contrast, salinity in the nutrient solution 228 

led to a significant reduction in both shoot and root yield in barley cultivars (Morales, 1992). 229 

Similarly, Akhavan‐Kharazian et al. (1991) observed that increasing NaCl concentrations inhibited 230 

plant growth and various physiological functions. In different rice genotypes, salinity stress caused 231 

a substantial decline in pigment biosynthesis (chlorophyll a, chlorophyll b, and total chlorophyll) 232 

and overall plant yield, including root and shoot dry weight (Ali et al., 2004). The present study 233 

was in corroborate with Salicornia culture growth that remained unaffected by the salinity stress 234 

(Singh et al 2015).   235 

 236 

Fig. 2. Effect of CaCl2, and NaCl on the shoot proliferation and elongation of Juncus rigidus.  237 

  238 

 239 

 240 

0

200

400

600

800

1000

1200

1400

JT-C JT1 JT2 JT3 JT4

N
o

. 
o

f 
sh

o
o

t 
b

u
d

s

8- 14 cm 6-8 cm 5 - 6 cm 3-5 cm 2-3 cm 0.5 -2 cm



10 

 

Effect of CaCl2 and NaCl on cellulose content  241 

 242 

 243 

Fig. 3. Effect of CaCl2, and NaCl on cellulose content in Juncus rigidus in vitro shoots  244 

 245 

In the present study, 17.1 % crude cellulose was noted in the control JT-C, addition of 200mg/L 246 

CaCl2 to the medium enhanced cellulose content. The modified medium increased the content of 247 

BC (Almihyawi et al 2024). However, addition of 400mg/L CaCl2 to the medium did not further 248 

improve the cellulose content. The highest crude cellulose (25.1 %) content was obtained from 249 

JT4 (Fig. 3). The results reveal that CaCl2 enhanced cellulose content. Calcium-dependent protein 250 

kinase 32 (CPK32) plays a key role in regulating cellulose biosynthesis in Arabidopsis thaliana 251 

(Xin et al 2023). In plants, cellulose synthase (CesA) complexes situated on the plasma membrane 252 

play a key role in controlling both cellulose production and salinity tolerance (McFarlane et al., 253 

2014; Schneider et al., 2016). The first cellulose synthase gene in plants was discovered in cotton, 254 

leading to the identification of the broader CesA superfamily (Pear et al., 1996, Wang et al., 2010; 255 

Li et al., 2013) along with Cellulose Synthase-Like D (CSLD) cellulose synthases (Yang et al., 256 

2020) has been characterized across various plant species. The expression of PvCesA4 and 257 

PvCesA6 genes directly influences cellulose percentage and CI (Mazarei et al., 2018).  258 
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 259 

 Fig. 4. Effect of CaCl2, and NaCl on lignin content in the in vitro shoots of Juncus rigidus  260 

 261 

Additionally, the Cellulose Synthase-Like D5 (CSLD5), a protein related to CesA enhances abiotic 262 

stress tolerance in Arabidopsis (Chen et al., 2005; Kang et al., 2008; Zhu et al., 2010). Similar to 263 

our study, modification in the HS medium with molasses, molasses + ethanol, and antioxidants 264 

increased the yield of BC compared to control (Park et al. 2003; Son et al. 2003, Keshk 2014a, b). 265 

The successive batch culture increased BC content in 56 days (Gomes et al., 2023). The lignin 266 

content was not considerably different (Fig. 4).  267 

Physical properties of cellulose.  268 

The cellulose film was white (Fig. 1I) and odourless. 269 

Cellulose solubility in water and other solvents 270 

Cellulose solubility assessment test in water, various organic solvents, and a NaOH-urea-distilled 271 

water mixture confirmed that cellulose remained insoluble in water and organic solvents methanol, 272 

isopropanol, acetone, butanol and chloroform (Fig. 1J), and there by consistent with its inherent 273 

properties, however, with successfully dissolved in the NaOH-urea-distilled water mixture. This 274 

insolubility in water and organic solvents is attributed to its strong intermolecular hydrogen 275 

bonding and high polarity (El-Naggar et al., 2023).  276 

Scanning electron microscopy (SEM) 277 

4.3

4.4

4.5

4.6

4.7

4.8

4.9

5

5.1

5.2

JT-C JT1 JT2 JT3 JT4

L
ig

n
in

 (
%

)



12 

 

Spectrophotometry characterization of cellulose obtained from in vitro shoots showed compact 278 

arrangement of cellulose micro-fibrils (Fig. 1K) similar to BC (Jozala et al 2015).  The energy 279 

dispersive X-ray spectra reveal the presence of Na, Cl, N, O, and C. Carbon and oxygen are derived 280 

from natural polymers, while sodium and chlorine result from the treatment process. In BC, the 281 

higher atomic percentages of calcium and phosphorus in BC/HA-A indicate that the agitation 282 

method enhances mineralization efficiency compared to the static technique. During static 283 

fermentation, hyaluronic acid (HA) has minimal interaction with BC throughout the production 284 

process. As a result, the calcium (Ca) and phosphorus (P) ratios are higher under agitated 285 

conditions compared to those observed in static conditions, as indicated by the X-ray spectra (Saleh 286 

et al 2024). 287 

X‑ray diffraction (XRD) 288 

The crystallographic structure of the extracted cellulose (from in vitro shoot on medium 289 

supplements) developed peaks in the XRD diffractogram at 2θ values of 16.4°, 22.55°, and 290 

34.83°in all the samples except JT4 (Fig. 5). To analyze the XRD patterns originPro software 291 

program was used for baseline correction. The peak observed at around 16.4 degrees (2θ) in the 292 

XRD pattern of cellulose is typically attributed to the (110) plane, which indicates the presence of 293 

crystalline regions within the sample and peaks around 22 degrees often attributed to the (200) 294 

plane. This specific diffraction peak is a known signature of the native cellulose Iβ allomorph and 295 

is indicative of well-ordered cellulose structures found in plant-derived materials. However, Barud 296 

et al. (2007) observed diffraction peaks at 16° and 22.5°, corresponding to the cellulose Iα and Iβ 297 

phases in BC.  34.8° is typically assigned to the (004) crystallographic plane of crystalline 298 

cellulose, especially in Cellulose Iβ and sometimes in Cellulose II depending on structure and was 299 

absent in JT4. The absence of the peak may be due to the medium optimization. The 2θ values 300 

changed with change in the BC medium composition (Saleh et al 2024). Numerous techniques 301 

employed to ascertain the crystallinity of cellulose, and it is widely known that the outcome 302 

depends on the approach employed (Park et al., 2010).  One important property of cellulose is its 303 

crystallinity, which determines its mechanical and physical properties and significantly influences 304 

the nanoparticles' ultimate use (de Souza et al., 2020).  A basic crystalline structure present in a 305 

wide variety of cellulosic fibres is cellulose I.  For hydrogel synthesis with enhanced mechanical 306 

qualities, cellulose I can be utilised (Mahmud et al., 2019).  Cellulose I is a crystalline form of 307 

cellulose composed of parallel chains and is naturally synthesized by various organisms, including 308 

bacteria, algae, and plants (Wada et al. 2010; Seddiqi et al 2021). Thermodynamic metastability 309 

allows the cellulose I structure to change into cellulose II or III.  310 
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 326 

  327 

          Fig. 5. XRD pattern of cellulose film extracted from in vitro shoots of Juncus rigidus  328 

 329 

The Crystallinity Index (CI) of JT4 sample was highest 51.6% followed by JT3 (Fig. 6). The 330 

medium composition affected the CI of the extracted cellulose test samples. In corroborate with 331 

our results, the BC crystallinity was 73.5% in  medium containing molasses + ethanol under static 332 

conditions, while molasses + ascorbic acid medium produced lower crystallinity cellulose under 333 

same conditions  (Shezad et al., 2010).  334 

 335 

 336 
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  337 

Fig. 6. The percent crystallinity index of cellulose extracted from in vitro shoots of Juncus 338 

rigidus 339 

 FTIR analysis 340 

The characteristics of cellulose are influenced by multiple factors (Szymańska-Chargot et al. 341 

2011). In the present study, cellulose crystallinity was affected by  culture media treatments that 342 

developed changes in the FTIR spectra. The spectra of Juncus tissue culture cellulose (JT) 343 

extracted from treatment samples, control (JT-C), CaCl2 200 (JT1), CaCl2 400 (JT2), CaCl2 200+ 344 

100Mm NaCl (JT3), and CaCl2 200+ 200mM NaCl (JT4) in the wavenumber range of 4000-400 345 

cm-1. To compare the FTIR spectral functional groups in JT, a reference material, BC was also 346 

analyzed. As illustrated in Fig. 7, the JT cellulose exhibited all the characteristic bands of cellulose, 347 

similar to BC, confirming that Juncus cellulose possessed a comparable cellulose structure.  FTIR 348 

spectra of BC grown in different media showed bend shifts related to the valence vibrations of 349 

hydroxy groups. The level of cellulose crystallinity plays a crucial role in defining BC 350 

characteristics. Molecular structure of plant and BC were similar, they vary notably in their 351 

crystalline structures, which are related to the various cellulose polymorphs (I–IV). Cellulose types 352 

II, III, and IV are produced from cellulose I through chemical modification (Brett & Waldron, 353 

1996; Szymańska-Chargot et al., 2011). In the FTIR spectra of JT4, a band at 3340 cm⁻¹ 354 

corresponds to O-H stretching vibrations in cellulose, while bands between 2919–2893 cm⁻¹ are 355 

associated with C-H stretching (Vyas et al., 2024; Singh et al., 2019). Additionally, symmetric and 356 

asymmetric C-H stretching vibrations produce bands around 2918 cm⁻¹ and 2893 cm⁻¹. Notably, 357 

band at 1730 cm⁻¹, typically linked to acetyl and ester groups in hemicelluloses and lignin (Reddy 358 

et al 2014) were absent in JT4 (Fig. 7).  359 
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 360 

          Fig. 7. FTIR peaks of cellulose extracted from in vitro shoots of Juncus rigidus  361 

The band at approximately 1640 cm⁻¹ represents H-O-H bending for absorbed water, while a 362 

sharper and more intense band at 1644 cm⁻¹ in JT4 indicates a strong carbonyl (C=O) bond. In 363 

contrast, band shifts observed at 1655 cm⁻¹ and 1669 cm⁻¹ in other treatments appeared weaker 364 

and merged. The presence of this band reflects potential water adsorption properties (da Silva et 365 

al., 2018). The band at 1645 cm⁻¹ corresponds to the glucose carbonyl group (C=O) (He et al., 366 

2020), while this band at 1645.77 cm⁻¹ was either absent or weak in other treatments. Additionally, 367 

BC 
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the absorption bands around 1506 cm⁻¹ and 1238 cm⁻¹ were absent in all samples, indicating the 368 

effective removal of hemicellulose and lignin (Vyas et al., 2024). The band at 1367 cm⁻¹ 369 

corresponds to C-H deformation vibration (Maheswari et al 2012). The absorption band at 1423 370 

cm⁻¹ was attributed to the –CH₂ bending vibration of cellulose. In the JT4 treatment, a well-defined 371 

band appeared at 1428 cm⁻¹ (CH₂), indicating the presence of highly crystalline cellulose as this 372 

band signifies crystalline absorption (Poletto et al., 2014). However, the weak band in JTC, JT1, 373 

and JT2 shows lower crystallinity compared to JT3 and JT4. These findings align with our XRD 374 

data (Fig. 5). The absorption band at 1450 cm⁻¹, corresponding to C–H deformation in lignin’s 375 

methyl and methylene groups were absent in JT4 and BC, while weak fused bands were observed 376 

in other samples. Additionally, the lignin band at 1269 cm⁻¹ was detected (Maheswari et al 2012). 377 

According to Naili et al. (2017), the samples did not exhibit the stretching vibration of C-O.  These 378 

findings indicate that lignin and hemicellulose, pectin and phenols were absent (Kacurakova et al., 379 

2000). This implies that the chemical treatment has caused the noncrystalline components to be 380 

gradually eliminated.  Additionally, cellulose did not exhibit any structural alterations as a result 381 

of salt stress. According to these investigations, cellulose's hydroxy group and chains have not 382 

changed in response to salinity. Furthermore, 1158 cm-1 and 1103 cm-1 bands indicated the C-O-383 

C deformation vibration and C-C bending, respectively (Nikonenko et al., 2000). The bands 384 

observed at 1158 cm⁻¹ were assigned to the C-O-C asymmetric stretching vibrations associated 385 

with the β (1→4)-glycosidic linkage observed in JT4 and MCC samples attributed to β-D glucose. 386 

The absorption bands detected in the 1160–1030 cm⁻¹ range in both spectra correspond to C-O 387 

stretching and C–H deformation vibrations within the pyranose ring structure of cellulose (Reddy 388 

et al 2014). The bands between 1028–1030 cm⁻¹ correspond to the stretching vibrations of C-O. 389 

The band at 1030 cm⁻¹ observed in all cellulose samples was associated with the C-O stretching 390 

vibrations (Maache et al., 2017), except for JT-C, where only a very weak band developed. The 391 

arabinose band at 975 cm⁻¹ was present in JT1 but absent in BC and JT4, indicating the lack of 392 

this sugar in the later samples. The band at 896 cm⁻¹ originates from the β-glycosidic linkages 393 

between sugar units in the cellulose structure. Additionally, the band shift observed at 896 cm⁻¹ in 394 

JT4 and BC corresponds to the C–O–C vibrations of the β-glycosidic linkages connecting sugar 395 

units in cellulose (Dalmis et al., 2020). The absorption band at 894 cm⁻¹ corresponds to β-396 

glucosidic linkages (Maheswari et al 2012). FTIR spectroscopy is commonly employed to analyze 397 

cellulose microfibers, offering a simple and effective way to directly assess their chemical 398 

composition. The high-intensity bands in JT4 may be attributed to the growth and development of 399 

shoot buds, influenced by modifications in calcium (Ca) and sodium (Na) levels in the medium.   400 
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Pyrolysis characteristics 401 

TGA 402 

 The TGA analysis of the extracted cellulose revealed a three-stage pyrolysis process. The initial 403 

stage, occurring between 150–200°C, was observed in all samples and was primarily attributed to 404 

the removal of moisture and other volatile components. The cellulose samples tested contained 405 

approximately 8–13% moisture, as indicated by the relatively minor initial weight loss in the TGA 406 

curve (Fig. 8). Recent studies have emphasized that medium composition and ionic supplements 407 

significantly influence cellulose thermal stability by altering crystallinity and hydrogen bonding 408 

networks (Parajuli et al., 2021; Poletto et al., 2014). In particular, divalent cations such as Ca²⁺ are 409 

known to induce ionic crosslinking and promote alignment of cellulose microfibrils, thereby 410 

delaying the onset of thermal decomposition (Parajuli et al., 2021; Chen et al., 2022). The second 411 

stage, taking place between 200-600°C, corresponded to active pyrolysis (devolatilization), while 412 

the final stage occurred at temperatures exceeding 600°C. A distinct degradation in JT-C started 413 

at ~ 154 ºC and continued till 500 ºC, during this the mass loss occurred in two stage with 35 %. 414 

Whereas, JT1 sample exhibited distinct degradation at 176 ºC and continued until 500 ºC during 415 

this the mass loss was 58.72 %. In JT2 sample, degradation started at 195 till 500 C and in JT3 416 

sample, pyrolysis started at 195 till 500 ºC with a mass loss 53.10 %.  While in JT-4 sample, 417 

pyrolysis started at 209.5 till 600 C with the highest mass loss at 72.73 % (Fig. 8).  Similar results 418 

were reported in BC, The BC decomposition produced by the isolate on HS medium ranged from 419 

260 to 415°C, reaching approximately 98.2% and with whey medium was 43 % (Kumar et al., 420 

2021). Furthermore, the peak decomposition temperature was 310 °C for BC produced using the 421 

alternative medium and 290 °C for BC derived from the HS medium (Costa et al., 2017).  Our 422 

results were in corroborated BC results revealing that medium composition/supplements affect 423 

cellulose thermal stability.  The addition of CaCl2 and NaCl to the medium enhances the thermal 424 

stability and crystallinity.  The tightly packed structure of cellulose, resulting in increased 425 

crystallinity, serves as a barrier against thermal degradation. Intramolecular hydrogen bonding 426 

plays a key role in improving cellulose thermal stability by minimizing thermal expansion (Poletto 427 

et al., 2014). During the 3rd phase of scan, a large fraction of sample is converted into volatile 428 

compounds and solid char. The slower weight loss at this stage is attributed to the aromatization 429 

reaction, which breaks down the carbonaceous content in the char residue, accompanied by the 430 

cleavage of C-H or C-O bonds (Wang et al., 2007). A higher temperature decreases char residue, 431 

likely due to removal of volatile substances from a solid, liquid, or gaseous material (Peterson et 432 

al., 2022).   433 
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 434 

Fig. 8. TGA-DTG analysis of cellulose extracted from in vitro shoots of Juncus rigidus  435 

 436 

The solid residue (biochar) obtained at approximately 800°C varied across samples, measuring 437 

2.18%, 13.79%, 14.33%, 12.37%, and 1.34% for JT-C, JT1, JT2, JT3, and JT4, respectively. A 438 

lower char residue percentage, as observed in JT4, indicates higher cellulose purity, whereas other 439 

samples had higher char content, aligning with reports that optimal processing reduces thermally 440 

labile impurities and enhances cellulose quality (Peterson et al., 2022; Wang et al., 2007). The 441 

lowest remaining weight among all samples was recorded in JT-C and JT4 likely due to optimal 442 
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delignification (Devnani & Sinha, 2019). JT4 exhibited the highest thermal stability among all 443 

tested samples (Fig.5). The charred ashes accounted for approximately 37% of the BC produced 444 

and 42% of that obtained using the alternative modified HS media, with mass loss rates remaining 445 

low above 700°C (Costa et al., 2017). 446 

DTG 447 

Differential Thermogravimetric Analysis (DTG) provides insights into the heat reaction type, 448 

distinguishing between exothermic and endothermic processes. The maximum degradation 449 

temperature (Tmax) for JT1 was observed at 273.51°C and 331.49°C, while JT4 exhibited a Tmax of 450 

261.3°C (Fig. 8). The peak at 331.49°C corresponds to cellulose decomposition, whereas the 451 

temperatures of 273.51°C and 261.3°C are associated with hemicellulose degradation (Fig.8). The 452 

results were in corroboration with Rosli et al., (2013). Low Tmax represents presence of 453 

hemicellulose in the sample. Cellulose degradation occurred at a Tmax of 322.49°C in JT2, 454 

261.39°C in JT2, and 310.49°C in JT3. Notably, the higher thermal stability observed in JT2 455 

(Tmax 322.49°C) and JT3 (Tmax 310.49°C) suggests an increase in crystallinity, which enhances 456 

heat resistance and further improves the thermal stability of cellulose (Rosli et al., 2013). The 457 

results reveals that the elimination of non-cellulosic material enhances crystallinity, which in turn 458 

improves thermal stability and heat resistance. Crystallinity, defined as the degree of molecular 459 

order within cellulose chains, plays a crucial role in analyzing the material’s thermal properties. 460 

Consistent with previous studies, Treatment-B exhibited the highest crystallinity index (CI) and 461 

the greatest thermal stability based on DTG analysis. Additionally, its higher Tmax value indicates 462 

superior heat resistance (Poletto et al., 2012; Jiang et al., 2020). The DTG findings align with TGA 463 

analysis of same type of cellulose (Vyas et al 2024). 464 

DSC of cellulose  465 

The DSC thermograms of JTC, JT1, JT2, JT3 and JT4 samples was carried out to evaluate the 466 

changes that occurred in the cellulose by the addition of CaCl2 and NaCl in the culture medium. 467 

Also, the DSC curve reflects the energy consumption properties of cellulose. All samples exhibited 468 

an initial endothermic peak between 59–88°C, attributed to removal of water (Fig. 9). The first 469 

transformation peak, occurring between 10 and 200°C, varied significantly among the initial BC 470 

samples due to differences in water evaporation (Auta et al., 1996). Likewise, George et al. (2005) 471 

observed a transformation associated with the melting of the crystalline phase of cellulose 472 

occurring at temperatures ranging from 80 to 140°C.  473 

 474 
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 475 

 476 

 477 

            Fig. 9. DSC analysis of cellulose extracted from in vitro shoots of Juncus rigidus  478 

 479 

Interestingly, the DSC thermograms of JT-C, JT1, and JT2 displayed sharp second endothermic 480 

peaks between 198–358°C, while no exothermic peaks were observed (Fig. 9). This suggests the 481 

presence of amorphous regions within the cellulose structure, potentially due to insufficient CaCl₂ 482 

and NaCl content in the medium. Xin et al. (2023) reported that calcium-dependent protein kinase 483 

32 (CDPK32) plays a regulatory role in cellulose biosynthesis in A. thaliana. Additionally, CDPKs 484 

are essential for plant growth regulation and responses to abiotic stress (Shi et al., 2018). The DSC 485 

thermogram clearly displays an early endothermic peak, with changes occurring between 59.5°C 486 

and 87.9°C across all samples. This minor enthalpy shift results from moisture desorption as 487 
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trapped water within the polysaccharide structure is released. This behaviour is inherent to 488 

cellulosic materials due to interactions between water molecules and nonsubstituted hydroxy 489 

groups. In this study, the presence of a strong exothermic peak at 389.4°C indicates a high degree 490 

of crystallinity in the cellulose structure of JT4, which is further supported by XRD results. In BC 491 

second endothermic peak around 216.26°C was attributed to melting, while the third exothermic 492 

peak at 298.21°C corresponds to the crystallization. As temperature increases, a gradual and 493 

reversible transition occurs in the solid phase, shifting from a rigid, glassy state to a more flexible, 494 

rubbery state—this phenomenon is known as the "glass transition."  According to Mishra et al. 495 

(1999), as the temperature of an amorphous solid polymer increases, its viscosity decreases. At a 496 

certain point, known as the crystallization temperature, polymer particles undergo an exothermic 497 

transition, reorganizing into a crystalline solid and gaining mobility. This enhanced stability likely 498 

results from the compact nature of the crystalline structure, which resists thermal degradation by 499 

limiting intramolecular interactions before the eventual breakdown of cellulose (Merkel et al 500 

2014).  The low thermal stability of JT2 cellulose might be due to poor cellulose development or 501 

non-cellulosic constituents with poor thermal stability, such as hemicellulose (amino acids, sugars, 502 

and protein (Çakar et al., 2014) in invitro shoots. The CaCl2 and NaCl treated cellulose samples, 503 

JT3 and JT4 exhibited exothermic peaks (representative of Tc for crystallinity) at around 296.4 504 

and 389.4 °C, respectively. Despite this, the rest of the samples showed more prominent 505 

endothermic peaks within the 197 and 390 °C temperatures, which represent a strong degradation 506 

phenomenon during thermal analysis.   507 

Conclusion  508 

This study highlights the potential of in vitro-cultured shoots of J. rigidus as a novel and 509 

sustainable source of cellulose. By optimizing culture conditions shoot proliferation, cellulose 510 

yield and quality can be improved considerably.  The structural and thermal analyses (XRD, FTIR,   511 

TGA, DTG, and DSC) collectively revealed that cellulose extracted from Juncus in vitro cultures 512 

were influenced by the addition of CaCl₂ and NaCl. XRD analysis confirmed this with sharp peaks 513 

at 2θ = 16.4°, and 22.55° representing the cellulose I crystalline form, and the highest Crystallinity 514 

Index (CI) in JT4 (51.6%). FTIR spectra of JT4 showed the absence of lignin and hemicellulose 515 

peaks, presence of strong O–H, C–H, and β-glycosidic linkage bands, and a distinct 1428 cm⁻¹ 516 

band, indicating high crystallinity and structural integrity. DSC thermograms JT4 exhibiting a 517 

strong exothermic peak at 389.4°C, suggesting enhanced crystallinity. TGA and DTG confirmed 518 

a three-stage degradation process in JT4 showing the highest thermal stability, greatest mass loss 519 

(72.73%), and lowest char residue, indicating higher cellulose purity. These findings demonstrate 520 
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that optimized salt supplementation in the culture medium enhances cellulose purity, crystallinity, 521 

and thermal stability that makes it a promising candidate for applications in development of 522 

biopolymer based biomaterials in medical and drug delivery fields. The findings suggest that in 523 

vitro cultivation of J. rigidus under optimized conditions not only improves biomass production 524 

but also enhances cellulose extraction efficiency. This approach offers an environmentally friendly 525 

method for producing high-quality, pesticide and insecticide free cellulose. To the best of our 526 

knowledge, this study is the first to demonstrate the successful extraction and characterization of 527 

cellulose from callus based in vitro-grown J. rigidus shoots. Exploring a broader range of abiotic 528 

factors or stress conditions on in vitro cultures may influence cellulose characteristics and content. 529 

Future research can focus on scaling up the production process for developing cellulose with 530 

desired properties by further modifying culture medium compositions, exploring the genetic and 531 

molecular mechanisms underlying cellulose biosynthesis. This could support the development of 532 

nanocellulose-based biomaterials and identify new high-cellulose plant sources. Integrating plant 533 

tissue culture offers a sustainable alternative to traditional methods, meeting the growing demand 534 

for eco-friendly, chemical-free biomaterials. 535 

Funding sources 536 

The financial support was received from CSIR, New Delhi, India (MLP 0073), and DST-INSPIRE 537 

(GAP 2145), New Delhi, India. 538 

Acknowledgment 539 

CSIR-CSMCRI Communication No 104/2025. The financial support received from CSIR and 540 

DST, New Delhi, India (GAP 2145 and MLP0073) is acknowledged. The analytical department of 541 

CSIR-CSMCRI acknowledged the support and cooperation throughout the analysis of samples. 542 

The Academy of Scientific & Innovative Research (AcSIR), CSIR-Central Salt and Marine 543 

Chemicals Research Institute, is gratefully acknowledged. 544 

Conflicts of interest/Competing interests- No conflict of interest.  545 

Credit author statement 546 

Conceptualization: Aneesha Singh; Methodology: Aneesha Singh, Krupali Vyas.; data analysis: 547 

Krupali Vyas; Writing - original draft preparation: Krupali Vyas; Writing – critical reviewing and 548 

editing: Aneesha Singh; Resources: Aneesha Singh; Supervision: Aneesha Singh 549 

 550 

 551 



23 

 

References 552 

Akhavan‐Kharazian, M., Campbell, W. F., Jurinak, J. J., & Dudley, L. M. (1991). Calcium 553 

amelioration of NaCl effects on plant growth, chlorophyll, and ion concentration n Phaseolus 554 

vulgaris. Arid Land Research and Management, 5(1), 9-19. https://doi.org/10.10            555 

80/15324989109381262 556 

Almihyawi, R.A.H., Musazade, E., Alhussany, N. et al. (2024). Production and characterization 557 

of bacterial cellulose by Rhizobium sp. isolated from bean root. Scientific Reporter 14, 10848 558 

https://doi.org/10.1038/s41598-024-61619-w 559 

Akhlaghi, S. P., Tiong, D., Berry, R. M., & Tam, K. C. (2014). Comparative release studies of two 560 

cationic model drugs from different cellulose nanocrystal derivatives. European Journal of 561 

Pharmaceutics & Biopharmaceutics, 88(1), 207-215.https://doi.org/10.1016/j.ejpb.2014. 562 

04.012 563 

Ali, Y., Aslam, Z., Ashraf, M. Y., & Tahir, G. R. (2004). Effect of salinity on chlorophyll 564 

concentration, leaf area, yield and yield components of rice genotypes grown under saline 565 

environment. International Journal of Environmental Science & Technology, 1, 221-566 

225.https://doi.org/10.1007/BF03325836 567 

Augimeri, R. V., Varley, A. J., & Strap, J. L. (2015). Establishing a role for bacterial cellulose in 568 

environmental interactions: lessons learned from diverse biofilm-producing 569 

Proteobacteria. Frontiers in microbiology, 6, 1282. https://doi.org/10.3389/ 570 

fmicb.2015.01282 571 

Barud, T. H. S., Ribeiro, C. A., Crespi, M. S., Martines, M. A. U., Dexpert-Ghys, J., Marques, R. 572 

F. C., Messaddeq, Y., & Ribeiro, S. J. L. (2007). Thermal characterization of bacterial 573 

cellulose-phosphate composite membranes. Journal of Thermal Analysis and 574 

Calorimetry. 87, 815–818. https://doi.org/10.1007/s10973-006-8170-5 575 

Bhad PR. (2022) Biopesticides use on cotton and their harmful effects on human health & 576 

environment. International Journal of Clinical Microbiology & Biochemical Technology. 5: 577 

005-008. 578 

Brett, C. T., & Waldron, K. W. (1996). Physiology and biochemistry of plant cell walls (Vol. 2). 579 

Springer Science & Business Media. 580 



24 

 

Cacicedo, M. L., Castro, M. C., Servetas, I., Bosnea, L., Boura, K., Tsafrakidou, P., & Castro, G. 581 

R. (2016). Progress in bacterial cellulose matrices for biotechnological 582 

applications. Bioresource technology, 213, 172-180. 583 

Çakar, F., Özer, I., Aytekin, A. Ö., & Şahin, F. (2014). Improvement production of bacterial 584 

cellulose by semi-continuous process in molasses medium. Carbohydrate polymers, 106, 7-585 

13.https://doi.org/10.1016/j.carbpol.2014.01.103 586 

Chawla, P. R., Bajaj, I. B., Survase, S. A., & Singhal, R. S. (2009). Microbial cellulose: 587 

fermentative production and applications. Food Technology & Biotechnology, 47(2). 588 

Chen, Z., Hong, X., Zhang, H., Wang, Y., Li, X., Zhu, J. K., & Gong, Z. (2005). Disruption of the 589 

cellulose synthase gene, AtCesA8/IRX1, enhances drought and osmotic stress tolerance in 590 

Arabidopsis. The Plant Journal, 43(2), 273-283.https://doi.org/10.1111/j.1365-313X.200 591 

5.02452.x 592 

Costa, A. F., Almeida, F. C., Vinhas, G. M., & Sarubbo, L. A. (2017). Production of bacterial 593 

cellulose by Gluconacetobacter hansenii using corn steep liquor as nutrient sources. Frontiers 594 

in microbiology, 8, 2027.https://doi.org/10.3389/fmicb.2017.02027 595 

da Silva, C., Prasniewski, A., Calegari, M. A., de Lima, V. A., & Oldoni, T. L. (2018). 596 

Determination of total phenolic compounds and antioxidant activity of ethanolic extracts of 597 

propolis using ATR–FT-IR spectroscopy and chemometrics. Food Analytical Methods, 11, 598 

2013-2021.https://doi.org/10.1007/s12161-018-1161-x 599 

Dalmis, R., Koktas ,̧ S., Seki, Y., & Kılınç, A, C., (2020). Characterization of a new natural 600 

cellulose based fiber from Hierochloe odarata. Cellulose, 27, 127–139. https://doi. 601 

org/10.1007/s10570-019-02779-1. 602 

de Souza Coelho, C. C., Silva, R. B. S., Carvalho, C. W. P., Rossi, A. L., Teixeira, J. A., Freitas-603 

Silva, O., & Cabral, L. M. C. (2020). Cellulose nanocrystals from grape pomace and their use 604 

for the development of starch-based nanocomposite films. International Journal of Biological 605 

Macromolecules, 159, 1048-1061.https://doi.org/10.1016/j.ijbiomac.2020. 05.046 606 

Delmer, D. P. (1983). Biosynthesis of cellulose. Advances in carbohydrate chemistry and 607 

biochemistry, 41, 105-153.https://doi.org/10.1016/S0065-2318(08)60057-8 608 

Dhyani, V., Bhaskar, T., (2018). Kinetic analysis of biomass pyrolysis. In: Waste Biorefinery. 609 

Elsevier, pp. 39–83. https://doi.org/10.1016/B978-0-444-63992- 9.00002-1.  610 



25 

 

El-Naggar, N. E. A., Mohammed, A. A., & El-Malkey, S. E. (2023). Bacterial nanocellulose 611 

production using Cantaloupe juice, statistical optimization and characterization. Scientific 612 

Reports, 13(1), 51.https://doi.org/10.1038/s41598-022-26642-9 613 

Fischer, R., Vasilev, N., Twyman, R. M., & Schillberg, S. (2015). High-value products from 614 

plants: the challenges of process optimization. Current Opinion in Biotechnology, 32, 156-615 

162.https://doi.org/10.1016/j.copbio.2014.12.018 616 

George, J., Ramana, K. V., Sabapathy, S. N., Jagannath, J. H., & Bawa, A. S. (2005). 617 

Characterization of chemically treated bacterial (Acetobacter xylinum) biopolymer: Some 618 

thermo-mechanical properties. International journal of biological macromolecules, 37(4), 619 

189-194.https://doi.org/10.1016/j.ijbiomac.2005.10.007 620 

Gomes, R. J., Ida, E. I., & Spinosa, W. A. (2023). Bacterial cellulose production by 621 

Komagataeibacter hansenii can be improved by successive batch culture. Brazilian Journal of 622 

Microbiology, 54(2), 703–713. https://doi.org/10.1007/s42770-023-00910-w 623 

Guimaraes, J. L., Frollini, E., Da Silva, C. G., Wypych, F., & Satyanarayana, K. G. (2009). 624 

Characterization of banana, sugarcane bagasse and sponge gourd fibers of Brazil. Industrial 625 

Crops and Products, 30(3), 407-415.https://doi.org/10.1016/j.indcrop20 626 

            09.07.013 627 

Hamza, S., Saad, H., Charrier, B., Ayed, N., & Charrier-El Bouhtoury, F. (2013). Physico-628 

chemical characterization of Tunisian plant fibers and its utilization as reinforcement for 629 

plaster based composites. Industrial Crops and Products, 49, 357-365.https://doi.org/10.1            630 

016/j.indcrop.2013.04.052 631 

Hestrin, S., & Schramm, M. J. B. J. (1954). Synthesis of cellulose by Acetobacter xylinum. 2. 632 

Preparation of freeze-dried cells capable of polymerizing glucose to cellulose. Biochemical 633 

Journal, 58(2), 345. https://doi.org/10.1042/bj0580345 634 

Hungund, B., Prabhu, S., Shetty, C., Acharya, S., Prabhu, V., & Gupta, S. G. (2013). Production 635 

of bacterial cellulose from Gluconacetobacter persimmonis GH-2 using dual and cheaper 636 

carbon sources. Journal of Microbial & Biochemical Technology, 5(2),31-637 

33.http://dx.doi.org/10.4172/1948-5948.1000095 638 



26 

 

Jiang, L. Q., Lin, Q., Lin, Y., Xu, F. X., Zhang, X., Zhao, Z. L., & Li, H. B., (2020). Impact of 639 

ball-milling and ionic liquid pretreatments on pyrolysis kinetics and behaviors of crystalline 640 

cellulose. Bioresource Technology, 305, 123044. https://doi.org/10.1016/j.bi. 641 

Johansen, J.M., Jensen, P.A., Glarborg, P., De Martini, N., Ek, P. and Mitchell, R.E., 2018. High 642 

heating rate devolatilization kinetics of pulverized biomass fuels. Energy & Fuels, 32(12), 643 

pp.12955-12961.https://doi.org/10.1021/acs.energyfuels.8b03100 644 

Joshi, M., Mishra, A., & Jha, B. (2012). NaCl plays a key role for in vitro micropropagation of 645 

Salicornia brachiata, an extreme halophyte. Industrial crops and products, 35(1), 313-646 

316.https://doi.org/10.1016/j.indcrop.2011.06.024 647 

Jozala AF, Pértile RA, dos Santos CA, de Carvalho Santos-Ebinuma V, Seckler MM, Gama FM, 648 

Pessoa A Jr. (2015) Bacterial cellulose production by Gluconacetobacter xylinus by 649 

employing alternative culture media. Applied Microbiology & Biotechnology.  99(3), 1181-650 

90. doi: 10.1007/s00253-014-6232-3.  651 

Jurado-Mañogil, C., Díaz-Vivancos, P., Hernández, J. A., Piqueras, A., & Barba-Espín, G. (2024). 652 

Efficient in vitro platform for multiplication, acclimatization, and deliver of high-NaCl-653 

tolerant clones of the halophyte Arthrocaulon macrostachyum. Journal of Plant Growth 654 

Regulation, 43(5), 1631–1641. https://doi.org/10.1007/s00344-023-11210-w 655 

Kacurakova, M., Capek, P., Sasinkova, V., Wellner, N., & Ebringerova, A. (2000). FT-IR study 656 

of plant cell wall model compounds: pectic polysaccharides and 657 

hemicelluloses. Carbohydrate Polymers, 43, 195-203. https://doi.org/10.1016/S0144-658 

8617(00)00151-X. 659 

Kaewnopparat, S., Sansernluk, K., & Faroongsarng, D. (2008). Behavior of freezable bound water 660 

in the bacterial cellulose produced by Acetobacter xylinum: An approach using 661 

thermoporosimetry. Aaps PharmSciTech, 9, 701-707.https://doi.org/10.1208/s12249-008-662 

9104-2 663 

Kang, J. S., Frank, J., Kang, C. H., Kajiura, H., Vikram, M., Ueda, A., & Koiwa, H. (2008). Salt 664 

tolerance of Arabidopsis thaliana requires maturation of N-glycosylated proteins in the Golgi 665 

apparatus. Proceedings of the national academy of sciences, 105(15), 5933-5938. 666 

https://doi.org/10.1073/pnas.0800237105 667 



27 

 

Kassab, Z., Syafri, E., Tamraoui, Y., Hannache, H., Qaiss, A. E. K., & El Achaby, M. (2020). 668 

Characteristics of sulfated and carboxylated cellulose nanocrystals extracted from Juncus 669 

plant stems. International Journal of Biological Macromolecules, 154, 1419–1425. 670 

https://doi.org/10.1016/j.ijbiomac.2019.11.023 671 

Keshk, S. M., (2014a). Bacterial cellulose production and its industrial applications. Journal 672 

Bioprocess Biotech, 4(2), 150.https://doi.org/10.4172/2155-9821.1000150 673 

Keshk, S. M., (2014b). Vitamin C enhances bacterial cellulose production in Gluconacetobacter 674 

xylinus. Carbohydrate polymers, 99, 98-100.https://doi.org/10.1016/j.carbpol.2013. 08.060            675 

Klemm, D., Schumann, D., Udhardt, U., & Marsch, S. (2001). Bacterial synthesized cellulose—676 

artificial blood vessels for microsurgery. Progress in polymer science, 26(9), 1561-677 

1603.https://doi.org/10.1016/S0079-6700(01)00021-1 678 

Kondo, T., (2005). Hydrogen bonds in cellulose and cellulose derivatives. Polysaccharides: 679 

Structural diversity and functional versatility, pp.69-98. 680 

Kulpa, D., Wrobel, M., & Bednarek, M. (2020). Type of explant affects in vitro development and 681 

multiplication success of the rare halophyte plant Honckenya peploides L. Ehrh. Plants, 9(11), 682 

1526.https://doi.org/10.3390/plants9111526 683 

Kumar, V., Sharma, D. K., Sandhu, P. P., Jadaun, J., Sangwan, R. S., & Yadav, S. K. (2021). 684 

Sustainable process for the production of cellulose by an Acetobacter pasteurianus RSV-4 685 

(MTCC 25117) on whey medium. Cellulose (London, England), 28(1), 103–116. 686 

https://doi.org/10.1007/s10570-020-03519-6 687 

Kumar, V., Sharma, D. K., Sandhu, P. P., Jadaun, J., Sangwan, R. S., & Yadav, S. K. (2021). 688 

Sustainable process for the production of cellulose by an Acetobacter pasteurianus RSV-4 689 

(MTCC 25117) on whey medium. Cellulose, 28(1), 103-116.https://doi.org/10. 1007/s105             690 

70-020-03519-6 691 

Lee, K. Y., Buldum, G., Mantalaris, A., & Bismarck, A. (2014). More than meets the eye in 692 

bacterial cellulose: biosynthesis, bioprocessing, and applications in advanced fiber 693 

composites. Macromolecular bioscience, 14(1), 10-32. https://doi.org/10.1002/mabi.20130            694 

0298 695 



28 

 

Lee, K. Y., Quero, F., Blaker, J. J., Hill, C. A., Eichhorn, S. J., & Bismarck, A. (2011). Surface 696 

only modification of bacterial cellulose nanofibres with organic acids. Cellulose, 18, 595-697 

605.https://doi.org/10.1007/s10570-011-9525-z 698 

Li, A., Xia, T., Xu, W., Chen, T., Li, X., Fan, J., & Peng, L. (2013). An integrative analysis of four 699 

CESA isoforms specific for fiber cellulose production between Gossypium hirsutum and 700 

Gossypium barbadense. Planta, 237, 1585-1597.https://doi.org/10.1007/s00425-013-1868-2             701 

Maache, M., Bezazi, A., Amroune, S., Scarpa, F., & Dufresne, A. (2017). Characterization of a 702 

novel natural cellulosic fiber from Juncus effusus L. Carbohydrate polymers, 171, 163-703 

172.https://doi.org/10.1016/j.carbpol.2017.04.096 704 

Maheswari, C. U., K. O. Reddy, E. Muzenda, B. R. Guduri, and A. V. Rajulu. (2012). Extraction 705 

and characterization of cellulose microfibrils from agricultural residue-Cocos nucifera L. 706 

Biomass Bioenergy 46, 555–563. https://doi.org/10.1016/j.biombioe.2012.06.039 707 

Mahmud, M. M., Perveen, A., Jahan, R. A., Matin, M. A., Wong, S. Y., Li, X., & Arafat, M. T. 708 

(2019). Preparation of different polymorphs of cellulose from different acid hydrolysis 709 

medium. International journal of biological macromolecules, 130, 969-976.https://doi.or           710 

g/10.1016/j.ijbiomac.2019.03.027 711 

Maneerung, T., Tokura, S., & Rujiravanit, R. (2008). Impregnation of silver nanoparticles into 712 

bacterial cellulose for antimicrobial wound dressing. Carbohydrate polymers, 72(1), 43-51. 713 

https://doi.org/10.1016/j.carbpol.2007.07.025 714 

Matsuoka, M., Tsuchida, T., Matsushita, K., Adachi, O., & Yoshinaga, F. (1996). A synthetic 715 

medium for bacterial cellulose production by Acetobacter xylinum subsp. 716 

sucrofermentans. Bioscience, biotechnology, and biochemistry, 60(4), 575-579. 717 

Mazarei, M., Baxter, H. L., Li, M., Biswal, A. K., Kim, K., Meng, X., & Stewart Jr, C. N. (2018). 718 

Functional analysis of cellulose synthase CesA4 and CesA6 genes in switchgrass (Panicum 719 

virgatum) by overexpression and RNAi-mediated gene silencing. Frontiers in plant 720 

science, 9, 1114. https://doi.org/10.3389/fpls.2018.01114 721 

McFarlane, H. E., Döring, A., & Persson, S. (2014). The cell biology of cellulose synthesis. Annual 722 

review of plant biology, 65(1), 69-94. https://doi.org/10.1146/annurev-arplant-050213-723 

040240 724 



29 

 

Merkel, K., Rydarowski, H., Kazimierczak, J. Bloda, A. (2014). Processing and characterization 725 

of reinforced polyethylene composites made with lignocellulosic fibres isolated from waste 726 

plant biomass such as hemp. Composite Part B Engineering. 67, 138–144. 727 

https://doi.org/10.1016/j.compositesb.2014.06.007 728 

Mishra, J. K., Raychowdhury, S., & Das, C. K. (2000). Heat‐shrinkable polymer blends based on 729 

grafted low‐density polyethylene and polyurethane elastomer. Part I. Polymer 730 

international, 49(12), 1615-1623. https://doi.org/10.1002/1097-0126(200012)49:12%3C             731 

1615::AID-PI560%3E3.0.CO;2-N 732 

Morales, F., Abadía, A., Gómez‐Aparisi, J., & Abadía, J. (1992). Effects of combined NaCl and 733 

CaCl2 salinity on photosynthetic parameters of barley grown in nutrient solution. Physiologia 734 

Plantarum, 86(3), 419-426.https://doi.org/10.1111/j.1399-3054.1992.tb01338.x 735 

Naili, H., Jelidi, A., Limam, O., & Khiari, R. (2017). Extraction process optimization of Juncus 736 

plant fibers for its use in a green composite. Industrial Crops and Products, 107, 172–183. 737 

https://doi.org/10.1016/j.indcrop.2017.05.006 738 

Nikonenko, N. A., Buslov, D. K., Sushko, N. I., & Zhbankov, R. G. (2000). Investigation of 739 

stretching vibrations of glycosidic linkages in disaccharides and polysaccarides with use of 740 

IR spectra deconvolution. Biopolymers: Original Research on Biomolecules, 57(4), 257-741 

262.https://doi.org/10.1002/1097-0282(2000)57:4%3C257::AID-BIP7%3E3.0.CO;2-3 742 

Norouzi, O., Hesami, M., Pepe, M., Dutta, A., & Jones, A. M. P. (2022). In vitro plant tissue 743 

culture as the fifth generation of bioenergy. Scientific Reports, 12(1), 5038. 744 

https://doi.org/10.1038/s41598-022-09066-3 745 

Papafotiou, M., Majumder, D. A. N., Martini, A. N., & Bertsouklis, K. F. (2014). 746 

Micropropagation of Atriplex halimus L. In XXIX International Horticultural Congress on 747 

Horticulture: Sustaining Lives, Livelihoods and Landscapes (IHC2014): 1113 pp. 207-210. 748 

https://doi.org/10.17660/ActaHortic.2016.1113.31 749 

Parajuli, P., Acharya, S., Shamshina, J., & Abidi, N. (2021). Tuning the morphological properties 750 

of cellulose aerogels: An investigation of salt-mediated preparation. Cellulose. 751 

https://doi.org/10.1007/s10570-021-04028-w 752 



30 

 

Park, J. K., Jung, J. Y., & Park, Y. H. (2003). Cellulose production by Gluconacetobacter hansenii 753 

in a medium containing ethanol. Biotechnology letters, 25, 2055-2059. https://doi. 754 

org/10.1023/ B:BILE.0000007065.63682.18  755 

Park, S., Baker, J. O., Himmel, M. E., Parilla, P. A., & Johnson, D. K. (2010). Cellulose 756 

crystallinity index: measurement techniques and their impact on interpreting cellulase 757 

performance. Biotechnology for biofuels, 3, 1-10. https://doi.org/10.1186/1754-6834-3-10 758 

Pear, J. R., Kawagoe, Y., Schreckengost, W. E., Delmer,  P. A., & Stalker, D. M. (1996). Higher 759 

plants contain homologs of the bacterial celA genes encoding the catalytic subunit of cellulose 760 

synthase. Proceedings of the National Academy of Sciences, 93(22), 12637-761 

12642.https://doi.org/10.1073/pnas.93.22.12637 762 

Peterson, A. B., Smith, C. D., Johnson, E. F., & Lee, G. H. (2022). Influence of pyrolysis 763 

temperature on the physicochemical properties of biochars obtained from herbaceous and 764 

woody plants. Bioresources & Bioprocessing, 9, 131. https://doi.org/10.1186/s40643-022-765 

00618-z 766 

Poletto, M., Ornaghi Junior, H. L., & Zattera, A. J. (2014). Native cellulose: structure, 767 

characterization and thermal properties. Materials, 7(9), 6105-6119.https://doi.org/10.339 768 

0/ma7096105 769 

Poletto, M., Zattera, A. J., & Santana, R. M., (2012). Structural differences between wood species: 770 

Evidence from chemical composition, FTIR spectroscopy, and thermogravimetric analysis. 771 

Journal of Applied Polymer Science, 126, E337-E344. https://doi.org/10.1002/app.36991 772 

Prokopiuk, B., Kapczyńska, A., & Pawłowska, B. (2024). Light conditions and auxin influence 773 

the in vitro efficiency of rooting and acclimatization of Pennisetum ‘Vertigo®’. Agronomy, 774 

14(10), 2203.https://doi.org/10.3390/agronomy14102203 775 

Reddy, K. O., J. Zhang, J. Zhang, and A. V. Rajulu. 2014. Preparation and properties of self-776 

reinforced cellulose composite films from agave microfibrils using an ionic liquid. 777 

Carbohydrate Polymer. 114:537–545. https://doi.org/10.1016/j.carbpol.2014.08.054 778 

Reddy, K. O., B. Ashok, K. R. N. Reddy, Y. E. Feng, J. Zhang, and A. V. Rajulu. 2014. Extraction 779 

and characterization of novel lignocellulosic fibers from thespesia lampas plant. International 780 

Journal of Polymer Analysis and Characterization 19(1), 48–61.https://doi.org/10.1080/ 781 

1023666X.2014.854520 782 

https://doi.org/10.1186/s40643-022-00618-z
https://doi.org/10.1186/s40643-022-00618-z


31 

 

Ramana, K. V., Tomar, A., & Singh, L. (2000). Effect of various carbon and nitrogen sources on 783 

cellulose synthesis by Acetobacter xylinum. World Journal of Microbiology and 784 

Biotechnology, 16, 245-248.https://doi.org/10.1023/A:1008958014270 785 

Rastogi, A., Singh, J., Das, M., Kundu, D., & Banerjee, R. (2018). An understanding of bacterial 786 

cellulose and its potential impact on industrial applications. In Principles and applications of 787 

fermentation technology. Hoboken: Wiley.DOI:10.1002/9781119460381 788 

Regalado, J. J., Tossi, V. E., Burrieza, H. P., Encina, C. L., & Pitta-Alvarez, S. I. (2020). 789 

Micropropagation protocol for coastal quinoa. Plant Cell Tissue and Organ Culture, 142, 790 

213-219. https://doi.org/10.1007/s11240-020-01840-3 791 

Rosli, N.A., Ahmad, I., & Abdullah, I., (2013). Isolation and characterization of cellulose 792 

nanocrystals from Agave angustofolia fibre. Bioresources, 8, 1893–1908. 793 

10.15376/biores.8.2.1893-1908 794 

Saleh, A.K., Tolba, E. & Salama, A. (2024). In situ development of bacterial 795 

cellulose/hydroxyapatite nanocomposite membrane based on two different fermentation 796 

strategies: characterization and cytotoxicity evaluation. Biomass Conversion & Biorefinery. 797 

14, 18857–18867. https://doi.org/10.1007/s13399-023-03940-4 798 

Schneider, R., Hanak, T., Persson, S., & Voigt, C. A. (2016). Cellulose and callose synthesis and 799 

organization in focus, what's new?. Current Opinion in Plant Biology, 34, 9-800 

16.https://doi.org/10.1016/j.pbi.2016.07.007 801 

Seddiqi, H., Oliaei, E., Honarkar, H. (2021). Cellulose and its derivatives: towards biomedical 802 

applications. Cellulose 28, 1893–1931. https://doi.org/10.1007/s10570-020-03674-w 803 

Segal, L. G. J. M. A., Creely, J. J., Martin Jr, A. E., & Conrad, C. M. (1959). An empirical method 804 

for estimating the degree of crystallinity of native cellulose using the X-ray diffractometer. 805 

Textile Research Journal, 29(10), 786-794.https://doi.org/10.1177/004051755902901003 806 

Shezad, O., Khan, S., Khan, T., Park, J.K. (2010). Physicochemical and mechanical 807 

characterization of bacterial cellulose produced with an excellent productivity in static 808 

conditions using a simple fed-batch cultivation strategy. Carbohydrate. Polymers, 82, 173–809 

180. https://doi.org/10.1016/j.carbpol.2010.04.052 810 

Shi, S., Li, S., Asim, M., Mao, J., Xu, D., Ullah, Z., Liu, G., Wang, Q., & Liu, H. (2018). The 811 

Arabidopsis calcium-dependent protein kinases (CDPKs) and their roles in plant growth 812 



32 

 

regulation and abiotic stress responses. International Journal of Molecular Sciences, 19(7), 813 

1900. https://doi.org/10.3390/ijms19071900 814 

Singh, A., Jani, K., Kumari, P., & Agarwal, P. K. (2015). Effect of MgCl2 and double concentration 815 

of Murashige and Skoog medium on in vitro plantlet and root cultures generation in halophytic 816 

grasswort Salicornia brachiata. Plant Cell, Tissue and Organ Culture, 120, 563-817 

570.https://doi.org/10.1007/s11240-014-0622-1 818 

Singh, A., Ranawat, B., & Meena, R. (2019). Extraction and characterization of cellulose from 819 

halophytes: next generation source of cellulose fibre. SN Applied Sciences, 1, 1-820 

10.doi.org/10.1007/s42452-019-1160-6 821 

Son, H. J., Kim, H. G., Kim, K. K., Kim, H. S., Kim, Y. G., & Lee, S. J. (2003). Increased 822 

production of bacterial cellulose by Acetobacter sp. V6 in synthetic media under shaking 823 

culture conditions. Bioresource technology, 86(3), 215-219.https://doi.org/10.1016/ S0960-824 

8524(02)00176-1 825 

Surma-Ślusarska, B., Presler, S., & Danielewicz, D. (2008). Characteristics of bacterial cellulose 826 

obtained from Acetobacter xylinum culture for application in papermaking. Fibres & Textiles 827 

in Eastern Europe, 16(4), 108–111. 828 

Szymańska-Chargot, M., Cybulska, J., & Zdunek, A. (2011). Sensing the structural differences in 829 

cellulose from apple and bacterial cell wall materials by Raman and FT-IR 830 

spectroscopy. Sensors, 11(6), 5543-5560.https://doi.org/10.3390/s110605543 831 

Thompson, D. N., & Hamilton, M. A. (2001). Production of bacterial cellulose from alternate 832 

feedstocks. In Twenty-second symposium on biotechnology for fuels and chemicals (pp. 503-833 

513). Humana Press.https://doi.org/10.1007/978-1-4612-0217-2_43 834 

Tusé, D., Tu, T., & McDonald, K. A. (2014). Manufacturing economics of plant‐made biologics: 835 

case studies in therapeutic and industrial enzymes. BioMed research international, 1, 836 

256135.https://doi.org/10.1155/2014/256135 837 

Vyas, K. D., & Singh, A. (2024). Juncus rigidus high biomass and cellulose productivity under 838 

wastewater salinity stress-A paradigm shift to the valorization of RO reject water. Science of 839 

The Total Environment, 933, 173076.https://doi.org/10.1016/j.scitotenv.2024.173076 840 

Vyas, K. D., Ranawat, B., & Singh, A. (2021). Development of high frequency cost-effective 841 

micropropagation protocol for Juncus rigidus using liquid culture medium and extraction of 842 



33 

 

cellulose from their in vitro shoots-An important rush. Biocatalysis & Agricultural 843 

Biotechnology, 35, 102099.https://doi.org/10.1016/j.bcab.2021.102099 844 

Wada M, Ike M, Tokuyasu K (2010). Enzymatic hydrolysis of cellulose I is greatly accelerated 845 

via its conversion to the cellulose II hydrate form. Polymer Degradation & Stability 95:543– 846 

548. https://doi.org/10.1016/j.polymdegradstab.2009.12. 014 847 

Wang, L., Guo, K., Li, Y., Tu, Y., Hu, H., Wang, B., & Peng, L. (2010). Expression profiling and 848 

integrative analysis of the CESA/CSL superfamily in rice. BMC plant biology, 10, 1-16. 849 

https://doi.org/10.1186/1471-2229-10-282 850 

Wang, S., Liu, Q., Luo, Z., Wen, L., & Cen, K., (2007). Mechanism study on cellulose pyrolysis 851 

using thermogravimetric analysis coupled with infrared spectroscopy. Frontiers of Energy & 852 

Power Engineering in China, 1, 413-419. https://doi.org/10.1007/s11708-007-0060-8 853 

Xin, X., Wei, D., Lei, L., Zheng, H., Wallace, I. S., Li, S., & Gu, Y. (2023). CALCIUM‐854 

DEPENDENT PROTEIN KINASE32 regulates cellulose biosynthesis through post‐855 

translational modification of cellulose synthase. New Phytologist, 239(6), 2212-2224. 856 

https://doi.org/10.1111/nph.19106 857 

Xiong, Y., Liang, H., Yan, H., Guo, B., Niu, M., Chen, S., & Ma, G. (2019). NaCl-induced stress: 858 

physiological responses of six halophyte species in in vitro and in vivo culture. Plant Cell, 859 

Tissue and Organ Culture, 139, 531-546. https://doi.org/10.1007/s11240-019-01697-1 860 

Yang, J., Bak, G., Burgin, T., Barnes, W. J., Mayes, H. B., Peña, M. J., & Nielsen, E. (2020). 861 

Biochemical and genetic analysis identify CSLD3 as a beta-1, 4-glucan synthase that 862 

functions during plant cell wall synthesis. The Plant Cell, 32(5), 1749-1767. 863 

https://doi.org/10.1105/tpc.19.00637 864 

Yao, J., Weng, Y., Dickey, A., & Wang, K. Y. (2015). Plants as factories for human 865 

pharmaceuticals: applications and challenges. International Journal Of Molecular 866 

Sciences, 16(12), 28549-28565. https://doi.org/10.3390/ijms161226122 867 

Yeo, J.Y., Chin, B.L.F., Tan, J.K. and Loh, Y.S., 2019. Comparative studies on the pyrolysis of 868 

cellulose, hemicellulose, and lignin based on combined kinetics. Journal of the Energy 869 

Institute, 92(1), pp.27-37.https://doi.org/10.1016/j.joei.2017.12.003 870 



34 

 

Zhu, H., Jia, S., Yang, H., Jia, Y., Yan, L., & Li, J. (2011). Preparation and application of bacterial 871 

cellulose sphere: a novel biomaterial. Biotechnology & Biotechnological Equipment, 25(1), 872 

2233-2236. https://doi.org/10.5504/BBEQ.2011.0010 873 

Zhu, J., Lee, B. H., Dellinger, M., Cui, X., Zhang, C., Wu, S., & Zhu, J. K. (2010). A cellulose 874 

synthase‐like protein is required for osmotic stress tolerance in Arabidopsis. The Plant 875 

Journal, 63(1), 128-140. https://doi.org/10.1111/j.1365-313X.2010.04227.x 876 

 877 


