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Abstract
Objective

Salinity is one of the most important abiotic stresses limiting plant growth and shoot regeneration
in in vitro culture. Desert willow (Chilopsis linearis) is a drought-tolerant tree species, but little
information is available regarding its tolerance to salinity and the role of nano-chelate nitrogen in
mitigating salt stress. The aim of this study was to investigate the intrinsic tolerance of desert
willow to sodium chloride and the effect of nano-chelate nitrogen on growth traits, browning, and

rooting under in vitro conditions.

Materials and Methods

This experiment was conducted as a factorial arrangement in a completely randomized design
with two factors. The first factor was nitrogen source at two levels (10.3 mM ammonium nitrate
and 2.6 mM nano-chelate nitrogen), and the second factor was sodium chloride at five levels (0,
50, 100, 150, and 200 mM). Shoot explants of desert willow were cultured on half-strength MS
medium. After four weeks, traits including number of activated node, leaf number, percentage of

stem browning, rooting percentage, root number, root length, and shoot fresh and dry weight were
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evaluated. Data were analyzed using SAS software, and means were compared using Duncan's

multiple range test at a 5% probability level.

Results

The results showed that desert willow did not exhibit a significant reduction in leaf number, root
number, and root length up to 100 mM sodium chloride, but at 150 and 200 mM concentrations,
more than 89% reductionin these traits was observed. Nano-chelate nitrogen significantly
increased activated node number by 63%, root number by 64%, and root length by 236%
compared to ammonium nitrate. Furthermore, nano-chelate nitrogen reduced stem browning by
approximately 88% at 50 and 100 mM salinity levels. The interaction effect of nano-chelate
nitrogen x sodium chloride was significant for browning and rooting, such that at 200 mM

salinity, nano-chelate nitrogen completely inhibited rooting.

Conclusion

Desert willow is a moderately salt--tolerant species to salinity, exhibiting relative tolerance up to
100 mM sodium chloride. Nano-chelate nitrogen is a superior nitrogen source compared to
ammonium nitrate under in vitro conditions of this plant and can reduce salinity-induced
browning and improve rooting under mild to moderate salinity. However, at very high salinity

(200 mM), its application is not advisable.
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Figure 3. Interaction effect of nitrogen type x different concentrations of sodium chloride (NaCl) on

rooting (%) in desert willow (C. linearis) shoot under in vitro conditions (DMRT, p<0.05).
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Table 1. ANOVA for the effect of nano-chelate nitrogen (NNC) and sodium chloride (NaCl)

on in vitro growth traits of desert willow (C. linearis) shoot explants
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Figure 4. Effect of Nitrogen type and different concentrations of sodium chloride (NaCl) on root

number (A and B, respectively) in length (C and D, respectively) of desert willow (C. linearis) stem
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under in vitro conditions (DMRT, p<0.05).
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Figure 5 — Comparison of growth, browning, and rooting of desert willow (C. linearis) shoot
explants under different combinations of nitrogen source (NHsNOs and NNC) and salinity (NaCl)

after four weeks of in vitro culture.

o3l ()l ime ysbas (555 SUTL L parigel Sy (oSl o8 3 (i3 gl (ol bt 16 5 Ao

Y 1y o Jled 0,8 dlass )50 M9l it dguy (sladdiud gy cusS bl s o 1) (C. linearis) oble s olS 13,

20,5 Bl ) S oole cuilil Coge Cpioren 9 310 iul38l ply aw 3l (o 1y adyy Job g duoyd FY 1) ddy ) sl coyd

o oS s S Yoo Lo Voo cdale Ui cplas ol )l (gyad (A5 wyy i odalie NHINO3 jlos jo &S

B VYD ials coge cuipa jWao Lo Voo 9300 slacdale Lol caad oi olis S5elsd 90 Slas jo o pixe yials g arils
\td

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



RN,

VEo£ oo, Kah 5 95005

wamsml,

V0« B Voo odgdme jd Jooo Jlyoo ailinl 3gg ,Silo a5 05,5 ady, dlas ghopd AY B AL g Sy i coyd AY
o5 a3 ld) a8l (1D loged (B ) ()9 CIHL pSadiy slable Sl e imgly cnl 4Bl Seten ol Y50 Lo
Ver) opd o (5 dd )3 5 hopd M odgis b loged Y se lie Vet 5B (5)08 gslaw )3 45 (6 )sbods D39 (il
y liadey 39y ©MTHL 2,1 Yga oo Voo ) YU jlaws (6595 10 (Jb ol bl oS o> YA 55 (Y50 Lo
sl p b gl Jlais] JSUS b b s osms o ol 18 I35 3 S5 a1y ) )5 i LIS o
OSee L (558 0 Slydgil a8 Wladly LSy lelllee (Munns 2002; Munns & Tester 2008) il  Jobo puuis
ool b [(Etesami et al. 2021; Singh et al. 2024a) sl 4wl olS p aclie clyl ¢ 3lsl goliwsT (i gl b el
K*/Na* (Mahmood et al. 2024) S cass yioxiw yudas oSS slas pu50515] dinjls bapunsilSo ol abad aol ¢ Jls
Aazami et al. 2021; Mahmood et al. ) cul 2l clacdl 1> Pl xeos objyl g s 5] laes T el
» [(Etesami et al. 2021) cuwl juin slayingh Lojls loed (LS 3 (5yeb 5 lydgl Jolss JolS” )5 (2024
il et (lalae ) pasigel s (sly cunlie (30l plgiod Slgi e ot SMEL (imgh ol slaadl ol
ORIl gpSada sebar ) ey Spae 2l @lS )0y gad) Clhogad 4 pliwd e &Sl Wil gikae alS
chmecin; )byl ool 45 9500 Jols gy g0y 3 8es (il S ChalE Bpan b S0d jleds a3
S988 w5598 SIS L 3,18 Mo (slas g > 3o GRS 1) g5 (ladiie pizmen g Sy gl 5l 30
2o b ol S5 oy 3l g s 5o e 298 ol ) eolitl il elagypd 3 bl ogdpe sy Slio

2 295 g i slrosiS Jsaw

References

Aazami, M. A., Rasouli, F., & Ebrahimzadeh, A. (2021). Oxidative damage, antioxidant
mechanism and gene expression in tomato responding to salinity stress under in vitro
conditions and application of iron and zinc oxide nanoparticles on callus induction and
plant regeneration. BMC Plant Biology, 21(1), 597. https://doi.org/10.1186/s12870-021-
03379-7

Babu, S., Singh, R., Yadav, D., Rathore, S. S., Raj, R., Avasthe, R., Yadav, S. K., Das, A., Yadav,
V., Yadav, B., Shekhawat, K., Upadhyay, P. K., Yadav, D. K., & Singh, V. K. (2022).
Nanofertilizers for agricultural and environmental sustainability. Chemosphere, 292,
133451. https://doi.org/10.1016/j.chemosphere.2021.133451

Barker, A. V., & Pilbeam, D. J. (2007). Handbook of Plant Nutrition. CRC Press.

Bhardwaj, A. K., Arya, G., Kumar, R., Hamed, L., Pirasteh-Anosheh, H., Jasrotia, P., Kashyap,
P. L., & Singh, G. P. (2022). Switching to nanonutrients for sustaining agroecosystems

Yy

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



BN,

(V€-¢ b ¥ o)lM'S Y 5)9,:) AU (63154 ¢ S dlse

s,

and environment: The challenges and benefits in moving up from ionic to particle
feeding. Journal of Nanobiotechnology, 20(1), 19. https://doi.org/10.1186/s12951-021-
01177-9

Bittsanszky, A., Pilinszky, K., Gyulai, G., & Komives, T. (2015). Overcoming ammonium
toxicity. Plant Science, 231, 184-190. https://doi.org/10.1016/j.plantsci.2014.12.005

Britto, D. T., & Kronzucker, H. J. (2002). NH4+ toxicity in higher plants: A critical review.
Journal of Plant Physiology, 159(6), 567-584. https://doi.org/10.1078/0176-1617-0774

Chaudhuri, S., Roy, M., McDonald, L. M., & Emendack, Y. (2023). Land Degradation—
Desertification in Relation to Farming Practices in India: An Overview of Current
Practices and  Agro-Policy  Perspectives.  Sustainability,  15(8), 6383.
https://doi.org/10.3390/su15086383

Crawford, N. M., & Forde, B. G. (2002). Molecular and Developmental Biology of Inorganic
Nitrogen Nutrition. The Arabidopsis Book, 1, e0011. https://doi.org/10.1199/tab.0011

El-Hefnawy, S. (2020). Nano NPK and Growth Regulator Promoting Changes in Growth and
Mitotic Index of Pea Plants Under Salinity Stress. Journal of Agricultural Chemistry and
Biotechnology, 11(9), 263-269. https://doi.org/10.21608/jacb.2020.118213

Esteban, R., Ariz, I., Cruz, C., & Moran, J. F. (2016). Review: Mechanisms of ammonium toxicity
and the guest for tolerance. Plant Science, 248, 92-101.
https://doi.org/10.1016/j.plantsci.2016.04.008

Etesami, H., Fatemi, H., & Rizwan, M. (2021). Interactions of nanoparticles and salinity stress at
physiological, biochemical and molecular levels in plants: A review. Ecotoxicology and
Environmental Safety, 225, 112769. https://doi.org/10.1016/j.ecoenv.2021.112769

Fryer. (2022). Chilopsis linearis, desert-willow (Fire Effects Information System (FEIS)). U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station.
https://research.fs.usda.gov/feis/species-reviews/chilin

Gade, A., Ingle, P., Nimbalkar, U., Rai, M., Raut, R., Vedpathak, M., Jagtap, P., & Abd-Elsalam,
K. A. (2023). Nanofertilizers: The Next Generation of Agrochemicals for Long-Term
Impact on Sustainability in Farming Systems. Agrochemicals, 2(2), 257-278.
https://doi.org/10.3390/agrochemicals2020017

Giday, O. (2019). Effect of type and rate of urea fertilizers on nitrogen use efficiencies and yield
of wheat (Triticum aestivum) in Northern Ethiopia. Cogent Environmental Science, 5(1),
1655980. https://doi.org/10.1080/23311843.2019.1655980

Gilman, E., & Watson, D. (2003). Chilopsis linearis: Desert Willow: ENH318/ST159, 10/2003.
EDIS, 2003(10). https://doi.org/10.32473/EDIS-ST159-1993

YA

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



RN,

VEo£ oo, Kah 5 95005

wamsml,

Govindasamy, P., Muthusamy, S. K., Bagavathiannan, M., Mowrer, J., Jagannadham, P. T. K.,
Maity, A., Halli, H. M., G. K., S, Vadivel, R., T. K., D., Raj, R., Pooniya, V., Babu, S.,
Rathore, S. S., L., M., & Tiwari, G. (2023). Nitrogen use efficiency—A key to enhance
crop productivity under a changing climate. Frontiers in Plant Science, 14, 1121073.
https://doi.org/10.3389/fpls.2023.1121073

Hasegawa, P. M., Bressan, R. A., Zhu, J.-K., & Bohnert, H. J. (2000). P LANT C ELLULAR
AND M OLECULAR R ESPONSES TO H IGH S ALINITY. Annual Review of Plant
Physiology and Plant Molecular Biology, 51(1), 463-499.
https://doi.org/10.1146/annurev.arplant.51.1.463

Houmani, H., & Corpas, F. J. (2024). Can nutrients act as signals under abiotic stress? Plant
Physiology and Biochemistry, 206, 108313.
https://doi.org/10.1016/j.plaphy.2023.108313

Hunter, M. C., Smith, R. G., Schipanski, M. E., Atwood, L. W., & Mortensen, D. A. (2017).
Agriculture in 2050: Recalibrating Targets for Sustainable Intensification. BioScience,
67(4), 386-391. https://doi.org/10.1093/biosci/bix010

Jan, S., Jan, N., Singh, S., Shah, M. A., & Bhat, I. A. (2026). Nanotechnology in plant tissue
culture: A review. Horticultural Plant  Journal, 12(2), 237-256.
https://doi.org/10.1016/j.hpj.2025.02.019

Kottegoda, N., Sandaruwan, C., Priyadarshana, G., Siriwardhana, A., Rathnayake, U. A.,
Berugoda Arachchige, D. M., Kumarasinghe, A. R., Dahanayake, D., Karunaratne, V., &
Amaratunga, G. A. J. (2017). Urea-Hydroxyapatite Nanohybrids for Slow Release of
Nitrogen. ACS Nano, 11(2), 1214-1221. https://doi.org/10.1021/acsnano.6b07781

Li, J., Jiang, Y., Zhang, J., Ni, Y., Jiao, Z., Li, H., Wang, T., Zhang, P., Guo, W., Li, L., Liu, H.,
Zhang, H., Li, Q., & Niu, J. (2021). Key auxin response factor (ARF) genes constraining
wheat tillering of mutant dmc. PeerJ, 9, e12221. https://doi.org/10.7717/peerj.12221

Li, S., Yang, L., Huang, X., Zou, Z., Zhang, M., Guo, W., Addo-Danso, S. D., & Zhou, L. (2023).
Mineral Nutrient Uptake, Accumulation, and Distribution in Cunninghamia lanceolata in
Response to Drought Stress. Plants, 12(11), 2140.
https://doi.org/10.3390/plants12112140

Liu, R., Jia, T., Cui, B., & Song, J. (2020). The expression patterns and putative function of nitrate
transporter 2.5 in plants. Plant Signaling & Behavior, 15(12), 1815980.
https://doi.org/10.1080/15592324.2020.1815980

Lorenzo, H., Siverio, J. M., & Caballero, M. (2001). Salinity and nitrogen fertilization and
nitrogen metabolism in rose plants. The Journal of Agricultural Science, 137(1), 77-84.
https://doi.org/10.1017/S0021859601001150

¥

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



BN,

(V€-¢ b ¥ o)lM'S Y 5)9,:) AU (63154 ¢ S dlse

s,

Mahmood, M. Z., Odeibat, H. A., Ahmad, R., Gatasheh, M. K., Shahzad, M., & Abbasi, A. M.
(2024). Low apoplastic Na+ and intracellular ionic homeostasis confer salinity tolerance
upon Ca2SiO4 chemigation in Zea mays L. under salt stress. Frontiers in Plant Science,
14, 1268750. https://doi.org/10.3389/fpls.2023.1268750

Martini, A. N., & Papafotiou, M. (2020). In Vitro Propagation and NaCl Tolerance of the
Multipurpose Medicinal Halophyte Limoniastrum monopetalum. HortScience, 55(4),
436-443. https://doi.org/10.21273/HORTSCI14584-19

Mehta, S., & Bharat, R. (2019). Effect of Integrated Use of Nano and Non-Nano Fertilizers on
Yield and Yield Attributes of Wheat (Triticum aestivum L.). International Journal of
Current Microbiology and Applied Sciences, 8(12), 598-606.
https://doi.org/10.20546/ijcmas.2019.812.078

Molotoks, A., Stehfest, E., Doelman, J., Albanito, F., Fitton, N., Dawson, T. P., & Smith, P.
(2018). Global projections of future cropland expansion to 2050 and direct impacts on
biodiversity and carbon storage. Global Change Biology, 24(12), 5895-5908.
https://doi.org/10.1111/gcb.14459

Munir, T., Latif, M., Mahmood, A., Malik, A., & Shafiq, F. (2020). Influence of IP-injected ZnO-
nanoparticles in Catla catla fish: Hematological and serological profile. Naunyn-
Schmiedeberg’s Archives of  Pharmacology, 393(12), 2453-2461.
https://doi.org/10.1007/s00210-020-01955-6

Munns, R. (2002). Comparative physiology of salt and water stress. Plant, Cell & Environment,
25(2), 239-250. https://doi.org/10.1046/j.0016-8025.2001.00808.x

Munns, R., & Tester, M. (2008). Mechanisms of Salinity Tolerance. Annual Review of Plant
Biology, 59(1), 651-681. https://doi.org/10.1146/annurev.arplant.59.032607.092911

Murashige, T., & Skoog, F. (1962). A Revised Medium for Rapid Growth and Bio Assays with
Tobacco  Tissue  Cultures.  Physiologia  Plantarum,  15(3), 473-497.
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x

Nazaran, M. H. (2012). Chelate compounds (Patent No. US8288587B2).
https://patents.google.com/patent/US8288587B2/en

Parida, A. K., & Das, A. B. (2005). Salt tolerance and salinity effects on plants: A review.
Ecotoxicology and Environmental Safety, 60(3), 324-349.
https://doi.org/10.1016/j.ecoenv.2004.06.010

Parwez, R., Aftab, T., Gill, S. S., & Naeem, M. (2022). Abscisic acid signaling and crosstalk with
phytohormones in regulation of environmental stress responses. Environmental and
Experimental Botany, 199, 104885. https://doi.org/10.1016/j.envexpbot.2022.104885

D

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



RN,

VEo£ oo, Kah 5 95005

wamsml,

Polivanova, O. B., & Bedarev, V. A. (2022). Hyperhydricity in Plant Tissue Culture. Plants,
11(23), 3313. https://doi.org/10.3390/plants11233313

Raj, S. R. G., & Nadarajah, K. (2022). QTL and Candidate Genes: Techniques and Advancement
in Abiotic Stress Resistance Breeding of Major Cereals. International Journal of
Molecular Sciences, 24(1), 6. https://doi.org/10.3390/ijms24010006

Rizwan, M., Ali, S., Ali, B., Adrees, M., Arshad, M., Hussain, A., Zia Ur Rehman, M., & Waris,
A. A. (2019). Zinc and iron oxide nanoparticles improved the plant growth and reduced
the oxidative stress and cadmium concentration in wheat. Chemosphere, 214, 269-277.
https://doi.org/10.1016/j.chemosphere.2018.09.120

Sarasketa, A., Gonzéalez-Moro, M. B., Gonzéalez-Murua, C., & Marino, D. (2016). Nitrogen
Source and External Medium pH Interaction Differentially Affects Root and Shoot
Metabolism in Arabidopsis. Frontiers in Plant Science, 7.
https://doi.org/10.3389/fpls.2016.00029

SAS Institute Inc. (enter as a single-field corporate author by checking “Use as a single field”).
(2013). SAS/STAT® 9.4 User’s Guide. SAS Institute Inc.
https://support.sas.com/documentation/onlinedoc/stat/

Shalaby, T., Bayoumi, Y., Eid, Y., Elbasiouny, H., Elbehiry, F., Prokisch, J., EI-Ramady, H., &
Ling, W. (2022). Can Nanofertilizers Mitigate Multiple Environmental Stresses for
Higher Crop Productivity? Sustainability, 14(6), 3480.
https://doi.org/10.3390/su14063480

Singh, A., Rajput, V. D., Agrawal, S., Ghazaryan, K., Minkina, T., Al Tawaha, A. R. M,
Chauhan, A., Mandzhieva, S. S., Singh, R. K., Papadakis, M., & Alexiou, A. (2024a).
Nanoparticles Mediated Salt Stress Resilience: A Holistic Exploration of Physiological,
Biochemical, and Nano-omics Approaches. Reviews of Environmental Contamination
and Toxicology, 262(1), 19. https://doi.org/10.1007/s44169-024-00070-4

Singh, B. V., Singh, S., Verma, S., Yadav, S. K., Mishra, J., Mohapatra, S., & Gupta, S. P. (2022).
Effect of Nano-nutrient on Growth Attributes, Yield, Zn Content, and Uptake in Wheat
(Triticum aestivum L.). International Journal of Environment and Climate Change,
2028-2036. https://doi.org/10.9734/ijecc/2022/v12i1131193

Singh, N., Maurya, V., Singh, H., Sharma, S., Sharma, 1., Kumar, R., & Sharma, A. (2024b).
Salinity stress in crop plants: Effects and eco-friendly management. In Advances in Food
Security and Sustainability (Vol. 9, pp. 103-143). Elsevier.
https://doi.org/10.1016/bs.af2s.2024.07.001

Subramanian, K. S., Manikandan, A., Thirunavukkarasu, M., & Rahale, C. S. (2015). Nano-
fertilizers for Balanced Crop Nutrition. In M. Rai, C. Ribeiro, L. Mattoso, & N. Duran

A

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



BN,

(V€-¢ b ¥ o)lM'S Y 5)9,:) AU (63154 ¢ S dlse

s,

(Eds.), Nanotechnologies in Food and Agriculture (pp. 69-80). Springer International
Publishing. https://doi.org/10.1007/978-3-319-14024-7_3

Upadhyay, P. K., Singh, V. K., Rajanna, G. A., Dwivedi, B. S., Dey, A., Singh, R. K., Rathore,
S. S., Shekhawat, K., Babu, S., Singh, T., Kumar, Y., Singh, C., Rangot, M., Kumar, A.,
Sarkar, S., Dash, S., & Rawat, S. (2023). Unveiling the combined effect of nano fertilizers
and conventional fertilizers on crop productivity, profitability, and soil well-being.
Frontiers in Sustainable Food Systems, 7, 1260178.
https://doi.org/10.3389/fsufs.2023.1260178

Vaurasi, V., & Kant, R. (2016). Effects of Salinity and Plant Growth Media on in Vitro Growth
and Development of Taro (Colocasia Esculenta L.) Varieties. Acta Horticulturae et
Regiotecturae, 19(1), 17-20. https://doi.org/10.1515/ahr-2016-0005

Verma, K. K., Song, X.-P., Joshi, A., Rajput, V. D., Singh, M., Sharma, A., Singh, R. K., Li, D.-
M., Arora, J., Minkina, T., & Li, Y.-R. (2022). Nanofertilizer Possibilities for Healthy
Soil, Water, and Food in Future: An Overview. Frontiers in Plant Science, 13, 865048.
https://doi.org/10.3389/fpls.2022.865048

Xu, G., Fan, X., & Miller, A. J. (2012). Plant Nitrogen Assimilation and Use Efficiency. Annual
Review of Plant Biology, 63(1), 153-182. https://doi.org/10.1146/annurev-arplant-
042811-105532

Yuan, J., Chen, Y., Li, H., Lu, J., Zhao, H., Liu, M., Nechitaylo, G. S., & Glushchenko, N. N.
(2018). New insights into the cellular responses to iron nanoparticles in Capsicum
annuum. Scientific Reports, 8(1), 3228. https://doi.org/10.1038/s41598-017-18055-w

Zhao, W., Shan, Z., Li, J., & Li, Y. (2020). Effects of fertigation splits through center pivot on
the nitrogen uptake, yield, and nitrogen use efficiency of winter wheat grown in the North
China Plain. Agricultural Water Management, 240, 106291.
https://doi.org/10.1016/j.agwat.2020.106291

Zhu, J. K. (2001). Plant salt tolerance. Trends in Plant Science, 6(2), 66-71.
https://doi.org/10.1016/S1360-1385(00)01838-0

Zhu, J. K. (2016). Abiotic Stress Signaling and Responses in Plants. Cell, 167(2), 313-324.
https://doi.org/10.1016/j.cell.2016.08.029

oy

Journal of Genetics and Plant Breeding; Print ISSN: 3060-7965, Electronic ISSN: 3060-7221



