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LANT nutrition is an important branch of plant biology, which deals with different

nutrients, and their uptake by cultivated plants as well as their biochemical functions in
plants. This science is also involving the production of safe and healthy food depending on the
famous rule “the right 4R Nutrient Stewardship to improve nutrient use efficiency”. Several
methodologies have been used in plant nutrition research including pot, hydroponic or soilless,
micro-farm and field studies, as well as in vitro or plant tissue culture. These studies have
focused on many aspects (i.e., physiological, biochemical, anatomical and molecular scales).
The molecular plant nutrition has become a crucial issue in different case studies concerning
agricultural production particularly under stressful conditions. Molecular plant nutrition
research has gained a new dimension in the era of nanotechnology especially under plant
nano-nutrition. Several open questions still need to be answered such as what are the possible
applications of nanotechnology in molecular plant nutrition? To what extent nano-nutrients can
be used in molecular plant nutrition studies and which criteria should be followed in this usage?

Keywords: Nutrients, Nanoparticles, Nano-nutrients, Genetic level, Nano-nutrition.

1. Molecular plant nutrition

The agricultural production from crops depends
on several factors including the nutritive
elements in soil (Table 1). Yet the available
forms of these nutrients are almost not enough
to satisfy plant needs for proper plant growth
and also exhibit seasonal variations (El-Ramady
et al. 2014a). Generally, nutritive elements are
taken up selectively by plant roots via “intrinsic
transmembrane transporter proteins”, which are
divided into two classes: ion channels in plasma
membrane (Mitra 2015) and ion transporters or
carriers. These carriers are energetic ‘vectoral’

enzymes which can bind specifically with ions and
facilitate their movement across cell membrane
against the electrochemical gradient (not ion
channels). This process requires energy from the
hydrolysis of ATP molecules (Dubyak 2004).

Plant nutrients can be taken under genetic
control like nitrogen in form of NO,” or NH,".
Generally, there are high-affinity transporters,
for the influx of low ion concentrations, and the
low- affinity transporters which are mainly used
for transportation of high concentrations of ion
across plasma membrane (Table 2). Many of
these transporters have been characterized and
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their modes of action have become well known
(Mitra 2015).

During the last three decades, intensive
researches have been carried out globally for more
discoveries and explanations about the uptake of
nutrient by cultivated plants at the molecular level,
which has been generated a lot of information.
This information was resulted primarily from
using modern technology, which was developed
in different disciplines like biotechnology,
bioinformatics, -omics and modern computation

facilities (Mitra 2015). The uptake of different
nutrients depends on a large number of metabolic
enzymes, which can up- and down-regulate
these nutrients as a response to the deficiency
of plant nutrients. Therefore, many plant growth
regulators, amino acids, secondary metabolites
and the nutrients themselves are involved in the
repression or induction of transporter-encoding
genes as well as post- transcriptional modification
of transporter proteins (Mitra 2015). Table 2
presents list of the common transporters of main
and some beneficial nutrients.

TABLE 1. Different fields of plant nutritionhave been used in the study during the last decades

Item Details about the fields of plant nutrition (Reference)

The main books/articles in the field of plant nutrition

New remarks of a chemical nature on the choice of mature culture media and on the way of
formulating synthetic media (Berthelot 1934)

Serial culture of plant tissues on artificial media (Nobécourt 1937)
Soilless growth of plants (Eastwood 1947)

Diagnostic criteria for plants and soils (Chapman 1972)

Diagnosis of nutrient requirement by plants (Bergmann and Cumakov 1977)

Plant nutrition: an introduction to current concepts (Glass 1989)

Mineral nutrition of higher plants (Marschner 1995)

Growth and mineral nutrition of field crops (Fageria et al. 1997)

Plant nutrition research and its priorities in sustainable ways (Cakmak 2001)

Nutrient use efficiency in plants (Baligar et al. 2001)

Principles of plant nutrition (Mengel et al. 2001)

Mineral nutrition of plants: principles & perspectives (Epstein & Bloom 2005)

Plant nutrition for food security (Roy et al. 2006)

Plant nutrition of greenhouse crops (Sonneveld and Voogt 2009)

The use of nutrients in crop plants (Fageria 2009)

Trace elements and their contents in soils and plants (Kabata-Pendias 2011)

Plant nutrition and Soil fertility manual (Jones 2012)

Marschner’s Mineral Nutrition of Higher Plants (Marschner 2012)
Regulation of Nutrient Uptake by Plants Molecular Approach (Mitra 2015)
Handbook of Plant Nutrition (Barker and Pilbeam 2015)

The main topic-studiesin plant nutrition
Hydroponics

Pot experiments
Plant tissue culture
Field experiments
Greenhouse studies
Isotope studies
Controlled research
Micro-farm studies
Soilless culture

Molecular studies

Gericke (1937); Jones (1982, 2005); Vanipriya et al. (2021)

Trolldenier (1987); Madsen and Crook (2021)

Gautheret (1939); Murashige and Skoog (1962); Tarrahi et al. (2021)
Collis-George and Davey (1960); Gomez (1972); Fageria (2006)

Sonneveld and Voogt (2009); Incrocci et al. (2020)

Pfahler et al. (2017); Wang et al. (2021)

Soil fertility and plant nutrition research under controlled conditions (Fageria 2005)
El-Ramady et al. (2014a, b), (2016)

Gericke (1940); Steiner (1985); Raviv and Lieth (2008); Massa et al. (2020)

Mitra (2015); Tian et al. (2021)
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TABLE 2. List of the transporters of some nutrients that are common in molecular plant nutrition

Nutrient

Common transporters of nutrients

Reference

Nitrogen, N
Phosphorus, P
Potassium, K
Calcium, Ca
Magnesium, Mg
Sulphur, S
Boron, B
Chloride, C1-
Cobalt, Co

Copper, Cu

Iron, Fe
Manganese, Mn

Molybdenum, Mo

Nickel, Ni

NRT1 and NRT2 for nitrate

Pi-transports including PHT1, PHT2, PHT3, PHT4
AKTI, KAT1 and KAT2

Ca/H" antiporters, P-type Ca-ATPases

CorA and CorA homologues

Sultr (sulphate uptake pathway)

NIP 5;1 — NIP 6;1 — BOR1 (first boron transporter)
AtCLC, a-g (for Arabidopsis);OsCLC, 1-7 (for rice)

CDFs: Cation Diffusion Facilitators Family

COPT family, P -ATPases, ZIP family, YSL transporters
AtIRT1(at high affinity), AtIRT2 (at low affinity)

ZIP7, AtCAXI, and AtCAX2

Sultr5;2 (MOT]1) sulphate uptake pathway

AtIRT1 from ZIP family, YSL transporters, CAX
Selenate (SULTR1;1 and SULTR1;2), selenite by

Crawford and Glass (1998)
Bieleski (1973)

Gierth and Miser (2007)

De Silva et al. (1998)
Niegowski and Eshaghi (2007)
Shinmachi et al. (2010)
Takano et al. (2006)

de Angeli et al. (2009)

Hall and Williams (2003)

Milner et al. (2013), Yruela
(2009), Puig et al. (2007)

Mitra et al. (2009)
Cailliatte et al. (2010)

Shinmachi et al. (2010)

Eide et al. (1996)

Schiavon and Pilon-Smits

Selenium, Se phosphate transporters

Silicon, Si Si-transporters like LSil, LSi2and LSi6
Sodium, Na HKT (high-affinity K" transporters) like AtHKT1;1
Zinc, Zn MTPs, P-Type ATPase(HMAs), ZIP family

(2017), White (2018)

Ma et al. (2006), Yamayji et al.
(2012)

Miser et al. (2002)

Kramer (2005); Mapodzeke et
al. (2021)

Abbreviations: CorA: Cobalt-Resistant Phenotype of Bacterial Mutants; AtIRT1: Fe-regulated transporter]; MTPs: metal transporter
proteins; HMAs: The heavy metal ATPases and belong to P, subfamily of P-type ATPase superfamily; COPT: Copper Transporter
Proteins; NIP 5;1: Nodulin-26-Like Intrinsic Proteins; YSL: Yellow stripe-like transporters; CAX Family (Cation/H" Antiporters);

SULTR: sulphate transporters
Source: According to Mitra (2015)

Day by day, a great concern on the molecular
plant nutrition has been shown in different
regions worldwide like in Germany, which has
Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK), at Gatersleben as a famous
group of molecular plant nutrition (Fig. 1). The
significance of molecular plant nutrition may
back to the amazing progress in the field of
methodology, which could support researchers on
the genetical scale beside the biochemical or/ and
physiological levels.

2. Nanotechnology for molecular plant nutrition

Itis well known that, nanomaterials (NMs) have

received a great concern in the last decades due
to their unique properties and useful applications
in several fields leading to mass production of
these materials (Tarrahi et al. 2021). Based on
the extensive NM-applications in agriculture
and medicine, several plant-NM interactions
could be expected, which need a comprehensive
understanding of bio-nano interactions (Tarrahi et
al. 2021). Many applications of nanotechnology
in the field of molecular plant nutrition could
be identified such as biocontrol delivery system
for controlling some plant diseases (Djaya et al.
2019), genetic transformation in plants using
nanomaterials for smart delivery of biomolecules
(Banerjee et al. 2019; Sanzari et al. 2019),
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nano application for therapeutic and diagnostic
systems (Bassous and Webster 2020), gene
delivery to plants using nano-enabled strategies
(Chandrasekaran et al. 2020; Niazian et al. 2021),
and nanotoxicological studies under plant tissue
culture conditions (Tarrahi et al. 2021).

Therefore, this is a series of call for submitting
original articles, review or mini-review articles,
comments and notes to EBSS Journal, including the
integration of nanotechnology and biotechnology
for improving and sustaining crop production.
These integrated topics include molecular studies
(via biotechnology) and nanotechnology (through
using nano-nutrients or nanomaterials) in the field
of plant nutrition. This relationship also has paved
the way to develop and set up new techniques
in nano-biotechnology in precision, speed, and
reliability manner (Niazian et al. 2021). Thus,
many applications could be used in the plant nano-
biotechnology such as nano-biofertilizers, nano-
biotechnology for plant biotic/abiotic stresses, for
plant genetic engineering, and nano-toxicology.

Ethics approval and consent to participate

This article does not contain any studies with
human participants or animals performed by any
of the authors.

-
—

B

———

-——
= v
——
- ——
- ——am—
-
= et
rv——
-

:
4
"
- "
e I
- “
h]

I

Il

Consent for publication

All authors declare their consent for
publication.

Funding

This research received no external funding.
Conflicts of Interest:

The author declares no conflict of interest.

Acknowledgments

All following staff members in the Soil and
Water Dept., Faculty of Agriculture, Kafrelsheikh
University (Egypt) are asking our God “Allah”
to forgive and merci our colleague “Sarwat M.
Youssef” and enter him the highest levels of
Paradise: Profs. Saber Gaheen, Aly Balbaa, Taha
El-Essawy, M. Safwat Shams, Salah E-D Faizy,
M. Mohie Saffan, Mohamed Koriem, Rafaat
Ali, Mohamed Khalifa, Mohamed Abowaly,
Shaban  Ibrahim, Mohamed EL-Kammah,
Abdel Magied Rabie, Ekhlas Elwakeel, Sabry
Shaheen, Hassan El-Ramady, Ahmed Elhenawy,
Farahat Moghanem and Shimaa El-Mahdy. Our
condolences for the loss of Prof. Youssef and
our deepest condolences for the loss of such a
wonderful person.

Fig. 1. Some photos were taken by ElI-Ramady during his attending the International Conference of German
Society of Plant Nutrition “Plant Nutrition: From Basic Understanding to Better crops” 10 — 12 September
2014 / Halle (Saale), Germany. These photos belong the gene bank at Gatersleben in Germany and the
high-quality greenhouse, which uses in plant nutrition research

Env. Biodiv. Soil Security, Vol. 5 (2021)



MOLECULAR PLANT NUTRITION IN THE ERA OF NANOTECHNOLOGY... 285

Authors in brief

&

Sarwat M. Youssef (1948-2021) Mohamed Koriem is a full Prof.

was Prof. of plant nutrition.

University. Egypt.

3. References

Baligar VC, Fageria NK, He ZL (2001). Nutrient use
efficiency in plants. Commun. Soil Sci Plant Anal.
32, 921-950.

Banerjee K, Pramanik P, Maity A, Joshi DC, Wani
SH, Krishnan P (2019) Methods of using
nanomaterials to plant systems and their delivery
to plants (mode of entry, uptake, translocation,
accumulation, biotransformation and barriers). In:
Ghorbanpour M, Hussain Wani S (eds.) Advances
in phytonanotechnology, from synthesis to
application. Academic Press, pp. 123-152.

Barker AV, Pilbeam DJ (2015). Handbook of Plant
Nutrition. 2™ed. CRC Press.

Bassous NJ, Webster TJ (2020). Metal- and polymer-
based nanoparticles for advanced therapeutic and
diagnostic system applications. In: Li B, Moriarty
T, Webster T, Xing M (eds.) Racing for the surface.
Springer, Cham.

Bergmann W, Cumakov A (1977). Diagnosis of nutrient
requirement by plants. G. Fischer Verlag/ Priroda,
Jena/Bratislava, 295 (Cz)

Berthelot A (1934). New remarks of a chemical nature
on the choice of mature culture media and on the
way of formulating synthetic media. Bull Soc Chim
Biol Paris, 16, 1553-1557.

Bieleski RL (1973). Phosphate pools, phosphate
transport, and phosphate availability. Annu Rev
Plant Physiol 24, 225-252.

HassanEl-Ramady is Prof. of

of soil physics. His B. Sc. was from plant nutrition and soil fertility.
His B. Sc. was from Alexandria ~ Alexandria Uni. (1972), and his
Uni. (1972), and his Ph. D. from  Ph. D. from Tashkent University,
Berlin Uni., Germany (1988). He  Uzbekistan, Soviet Union (1984).
was a full prof. of plant nutrition =~ He is working now as a retired
and soil fertility at Kafrelsheikh  prof. at Kafrelsheikh University,

His B. Sc. was from Tanta Uni.
(1992), and his Ph. D. from
Braunschweig Uni, Germany
(2008). He is working now
as a full prof. at Kafrelsheikh
University, Egypt.

Cailliatte R, Schikora A, Briat J-F, Mari S, Curie
C (2010). High-affinity manganese uptake by
the metal transporter NRAMP1 is essential for
Arabidopsis growth in low manganese conditions.
Plant Cell, 22(3), 904-917.

Cakmak I (2001) Plant nutrition research: priorities to
meet human needs for food in sustainable ways. In:
Horst WJ, Schenk MK, Burkert A et al (eds.) Plant
nutrition: food security and sustainability of agro-
ecosystems. Kluwer, Dordrecht, pp 4-7.

Chandrasekaran R, Rajiv P, Abd-Elsalam KA (2020).
Carbon nanotubes: Plant gene delivery and
genome editing. In: AbdElsalam K (ed.) Carbon
nanomaterials for agri-food and environmental
applications. Elsevier, pp 279-296.

Chapman HD (1972) Diagnostic criteria for plants and
soils. University of California, Riverside, 793p.

Collis-George N, Davey BG (1960). The doubtful utility
of present-day field experimentation and other
determinations involving soil-plant interactions.
Soil Fertil. 23,307-310.

Crawford NM, Glass ADM (1998). Molecular and
physiological aspects of nitrate uptake in plants.
Trends Plant Sci Rev. 3(10), 367—407.

de Angeli A, Monachello D, Ephritikhine G, Franchisse
J-M, Thomine S, Gambale F, Barbier-Brygoo G
(2009). CLC mediated anion transport in plant
cells. Philos Trans R Soc B, 364(1514), 195-201.

De Silva DLR, Hetherington AM, Mansfield TA (1998).
The regulation of apoplastic calcium in relation to

Env. Biodiv. Soil Security,Vol. 5§ (2021)



286 SARWAT M. YOUSSEF et al.

intracellular signaling in stomatal guard cells. Z
Pflanzenerndhr Bodenkd, 161, 533-539.

Djaya L, Hersanti, Istifadah N, Hartati S, Joni IM
(2019). In vitro study of plant growth promoting
rhizobacteria (PGPR) and endophytic bacteria
antagonistic to Ralstonia solanacearum formulated
with graphite and silica nano particles as a
biocontrol delivery system (BDS). Biocatalysis and
Agricultural Biotechnology, 19, 101153. https:/
doi.org/10.1016/j.bcab.2019.101153

Dubyak GR (2004) Ion homeostasis, channels, and
transporters: an update on cellular mechanisms.
Adv Physiol Educ. 28(1-4), 143—154.

Eastwood T (1947). Soilless growth of plants, 2™ ed.
Reinhold Publishing, New York

Eide D, Broderius M, Fett J, Guerinot ML (1996). A
novel iron-regulated metal transporter from plants
identified by functional expression in yeast. Proc
Natl Acad Sci U S 4, 93, 5624-5628.

El-Ramady HR, Alshaal TA, Shehata SA, Domokos-
Szabolcsy E, Elhawat N, Prokisch J, Fari M,
Marton L (2014a). Plant Nutrition: From Liquid
Medium to Micro-farm. In: H. Ozier-Lafontaine
and M. Lesueur-Jannoyer (eds.), Sustainable
Agriculture Reviews 14: Agroecology and Global
Change, Sustainable Agriculture Reviews 14, DOI
10.1007/978-3-319-06016-3 12, pp: 449 — 508.
Springer International Publishing Switzerland.

El-Ramady HR, Abdalla NA, Alshaal T, Elhawat N,
Domokos-Szabolcsy E, Prokisch J, Sztrik A, Fari
M (2014b). Nano-selenium: from in vitro to micro
farm experiments. DOI: 10.13140/2.1.2260.4481.
Conference:  The international  Conference
“Biogeochemical Processes at Air-Soil-Water
Interfaces and Environmental Protection” for the
European Society for Soil Conservation, 23-26
June 2014At: Imola—Ravenna, Italy.

El-Ramady H, Alshaal T, Abdalla N, Prokisch J, Sztrik
A, Fari M, Domokos-Szabolcsy E (2016). Selenium
and nano-selenium biofortified sprouts using micro-
farm systems. Proceedings of the 4™ International
Conference on Selenium in the Environment and
human health, Sao Paulo, BRAZIL, 18-21 October
2015, pp: 189 — 190. (Eds.) G. S. Bafiuelos, Z.-
Q. Lin, L. R. G. Guilherme and A. R. dos Reis.
CRC, Taylor & Francis Group, London, UK, DOI:
10.13140/RG.2.1.1065.9925

Epstein E, Bloom AJ (2005). Mineral nutrition of
plants: principles and perspectives. 2™ ed. Sinauer
Associates, Sunderland.

Env. Biodiv. Soil Security, Vol. 5 (2021)

Fageria NK (2005). Soil fertility and plant nutrition
research under controlled conditions: basic
principles and methodology. J Plant Nutr. 28,
1975-1999. doi:10.1080/01904160500311037

Fageria NK (2006). Soil fertility and plant nutrition
research under field conditions: basic principles
and methodology. J Plant Nutr 30, 203-223.
doi:10.1080/01904160601117887

Fageria NK (2009) The use of nutrients in crop plants.
CRC Press, Boca Raton.

Fageria NK, Baligar VC, Jones CA (1997). Growth and
mineral nutrition of fi eld crops. 2" ed, Books in
soils, plants and the environments series. Marcel
Dekker, New York.

Gautheret RJ (1939). On the possibility of carrying
out indefinite culture of carrot tuber tissues. Compt
Rend Acad Sci Paris, 208, 118.

Gericke WF (1937). Hydroponics crop production in
liquid culture media. Science, 85, 177-178.

Gericke WF (1940). Complete guide to soilless
gardening. Prentice Hall, New York.

Gierth M, Miser P (2007) Potassium transporters
in plants — involvement in K+ acquisition,
redistribution and homeostasis. FEBS Lett. 581(12),
2348-2356.

Glass ADM (1989) Plant nutrition: an introduction to
current concepts. Jones & Bartlett Learning; 15 ed.

Gomez KA (1972). Techniques for field experiments
with rice. International Rice Research Institute, Los
Banos

Hall JL, Williams LE (2003). Transition metal
transporters in plants. J Exp Bot. 54(393), 2601—
2613.

Incrocci L, Thompson RB, Fernandez-Fernandez MD,
De Pascale S, Pardossi A, Stanghellini C, Rouphaele
Y, Gallardo M (2020). Irrigation management of
European greenhouse vegetable crops. Agricultural
Water Management, 242, 106393. https://doi.
org/10.1016/j.agwat.2020.106393

Jones JB (1982). Hydroponics: its history and use in
plant nutrition studies. J Plant Nutr. 5, 1003—1030.

Jones JB Jr (2005). Hydroponics—a practical guide for
the soilless grower, 2" ed. CRC Press, Boca Raton/
London/New York/Washington, DC.

Jones Jr JB (2012). Plant nutrition and Soil fertility
manual. 2" Ed., CRC Press, Taylor & Francis



MOLECULAR PLANT NUTRITION IN THE ERA OF NANOTECHNOLOGY... 287

Group, LLC.

Kabata-Pendias E (2011). Trace elements in soils and
plants, 4" ed. CRC Press/Taylor & Francis Group,
Boca Raton.

Kramer U (2005). MTP1 mops up excess zinc in
Arabidopsis cells. Trends Plant Sci. 10, 313-315.

Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S,
Katsuhara M, Ishiguro M, Murata Y, Yano M
(2006). A silicon transporter in rice. Nature, 440,
688-691.

Madsen AM, Crook B (2021). Occupational exposure
to fungi on recyclable paper pots and growing
media and associated health effects — A review of
the literature. Science of the Total Environment,
788, 147832. https://doi.org/10.1016/].
scitotenv.2021.147832

Mapodzeke JM, Adil MF, Sehar S, Karim MF, Saddique
MAB, Ouyang Y, Shamsi IH (2021). Myriad of
physio-genetic factors determining the fate of plant
under zinc nutrient management. Environmental
and Experimental Botany, 189, 104559. https://doi.
org/10.1016/j.envexpbot.2021.104559

Marschner, H (1995) Mineral nutrition of higher plants,
2" ed. Academic Press, New York.

Marschner P (2012). Marschner’s Mineral Nutrition of
Higher Plants. Third Edition, Elsevier Ltd.

Maiser P, Hosoo Y, Goshima S, Horie T, Eckelman
B, Yamada K, Bakker EP, Shinmyo A, Oiki S,
Schroeder JL, Uozumi N (2002). Glycine residues
in potassium channel-like selectivity fi Iters
determine potassium selectivity in four-loop-per-
subunit HKT transporters from plants. Proc Natl
Acad Sci. 99(9), 6428-6433.

Massa D, Magan JJ, Montesano FF, Tzortzakis N
(2020). Minimizing water and nutrient losses from
soilless cropping in southern Europe. Agricultural
Water Management, 241, 106395. https://doi.
org/10.1016/j.agwat.2020.106395

Mengel K, Kirkby EA, Kosegarten H, Appel T (2001).
Principles of Plant Nutrition. The 5" ed., Springer
Science + Business Media Dordrecht.

Milner MJ, Seamon J, Craft E, Kochian LV (2013).
Transport properties of members of the ZIP family
in plants and their role in Zn and Mn homeostasis. J
Exp Bot. 64(1), 369-381.

Mitra GN (2015). Regulation of Nutrient Uptake by
Plants: A Biochemical and Molecular Approach.

DOI 10.1007/978-81-322-2334-4, Springer New
Delhi, Springer India.

Mitra GN, Sahu SK, Nayak RK (2009). Characterization
of iron toxic soils of Orissa and ameliorating
effects of potassium on iron toxicity. Proceedings
of the IPIOUAT-IPNI international symposium,
Bhubaneswar. vol. I: Invited papers. IPI/IPNI,
Horgen/Norcross, p. 215

Murashige T, Skoog F (1962). A revised medium for
rapid growth and bio-assays with tobacco tissue
cultures. Physiol Plant, 15, 473-497

Niazian M, Nalousi AM, Azadi P, Ma’mani L, Chandler
SF (2021). Perspectives on new opportunities for
nano-enabled strategies for gene delivery to plants
using nanoporous materials. Planta, 254, 83.
https://doi.org/10.1007/s00425-021-03734-w

Niegowski D, Eshaghi S (2007). The CorA family:
structure and function revisited. Cell Mol Life Sci.
64, 2564-2574.

Nobécourt P (1937). Serial culture of plant tissues on
artificial media. Compt Rend Acad Sci Paris, 205,
521-523

Pfahler V, Tamburini F, Bernasconi SM, Frossard E
(2017). A dual isotopic approach using radioactive
phosphorus and the isotopic composition of oxygen
associated to phosphorus to understand plant
reaction to a change in P nutrition. 1. Plant Methods,
13, 75. DOI 10.1186/s13007-017-0227-x

Puig S, Andres-Colas N, Garcia-Molina A, Penarrubia
L (2007). Copper and iron homeostasis in
Arabidopsis: response to metal deficiencies,
interactions and biotechnological applications.
Plant Cell Environ. 30, 271-290.

Raviv M, Lieth JH (2008) Soilless culture: theory and
practice. Elsevier Science Ltd., Amsterdam.

Roy RN, Finck A, Blair GJ, Tandon HLS (2006). Plant
nutrition for food security: a guide for integrated
nutrient management. FAO fertilizer and plant
nutrition bulletin 16. Food and Agriculture
Organization of the United Nations, Rome

Sanzari I, Leone A, Ambrosone A (2019).
Nanotechnology in plant science: to make a long
story short. Front Bioeng Biotechnol. 7, 120.

Schiavon M, Pilon-Smits EAH (2017). The fascinating
facets of plant selenium accumulation —
biochemistry, physiology, evolution and ecology.
N. Phytol. 213, 1582-1596. https://doi.org/10.1111/

nph.14378.

Env. Biodiv. Soil Security,Vol. 5§ (2021)



288 SARWAT M. YOUSSEF et al.

Shinmachi F, Buchner P, Stroud JL, Parmar S, Zhao
F-J, McGrath SP, Hawkesford MJ (2010). Influence
of sulfur deficiency on the expression of specific
sulfate transporters and the distribution of sulfur,
selenium, and molybdenum in wheat. Plant
Physiol. 153(1), 327-336.

Sonneveld C, Voogt W (2009). Plant nutrition of
greenhouse crops. Springer Science + Business
Media B.V.

Steiner AA (1985) The history of mineral plant nutrition
till about 1860 as source of the origin of soilless
culture methods. Soilless Cult. 1(1), 7-24.

Takano J, Wada M, Ludewig U, Schaaf G, von Wirén
N, Fujiwara T (2006). The Arabidopsis major
intrinsic protein NIPS5;1 is essential for efficient
boron uptake and plant development under boron
limitation. Plant Cell, 18, 1498—1509.

Tarrahi R, Mahjouri S, Khataee A (2021). A review on
in vivo and in vitro nanotoxicological studies in
plants: A headlight for future targets. Ecotoxicology
and Environmental Safety, 208, 111697. https://doi.
org/10.1016/j.ecoenv.2020.111697

Tian X-Y, He D-D, Bai S, Zeng W-Z, Wang Z, Wang
M, Wu L-Q, Chen Z-C (2021). Physiological and
molecular advances in magnesium nutrition of

Env. Biodiv. Soil Security, Vol. 5 (2021)

plants. Plant Soil, https://doi.org/10.1007/s11104-
021-05139-w

Trolldenier G (1987). Estimation of associative
nitrogen fixation in relation to water regime and
plant nutrition in a long-term pot experiment with
rice (Oryza sativa L.). Biol Fertil Soils, 5, 133-140.

Vanipriya CH, Maruyi, Malladi S, Gupta G (2021).
Artificial intelligence enabled plant emotion
xpresser in the development hydroponics system.
Materials Today: Proceedings, 45, 5034-5040.
https://doi.org/10.1016/j.matpr.2021.01.512

WangK,LiW,LiS, TianZ,Koefoed P, Zheng X-Y (2021).
Geochemistry and cosmochemistry of potassium
stable isotopes. Geochemistry, 81, 125786. https:/
doi.org/10.1016/j.chemer.2021.125786

White PJ (2018). Selenium metabolism in plants.
Biochim. Biophys. Acta Gen. Subj. 1862,2333-2342.
https://doi.org/10.1016/j.bbagen.2018.05.006.

Yamaji N, Chiba Y, Mitani-Ueno N, Ma JF (2012).
Functional characterization of a silicon transporter
gene implicated in silicon distribution in barley.
Plant Physiol. 160(3), 1491-1497.

Yruela I (2009). Copper in plants: acquisition, transport
and interactions. Funct Plant Biol. 36(5), 409—430.



