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ABSTRACT

The utilization of nanomaterials in agriculture has gained significant attention due to their potential
to induce changes in plant physiology and genetics, thereby offering new avenues for enhancing
crop improvement strategies. This paper delves into the intricate interplay between nanomaterials
and plants, shedding light on their molecular mechanisms of uptake and interaction. It explores the
physiological responses that ensue following nanomaterial exposure, unraveling the intricate
network of signaling pathways and stress responses. Moreover, the paper delves into the
alterations in genetic expression triggered by nanomaterials, providing insights into the underlying
regulatory mechanisms. The influence of epigenetic factors and potential transgenerational effects
further accentuates the complexity of these interactions.

Underpinning this understanding, the paper discusses the prospects of harnessing nanomaterial-
induced changes to enhance crop traits. It investigates how these changes can be employed to
boost crop resilience, nutrient uptake, and stress tolerance. The integration of nanomaterial-
induced alterations into breeding and genetic modification strategies offers a promising approach
for developing improved crop varieties. Ultimately, this comprehensive exploration of nanomaterial-
induced changes in plant physiology and genetics highlights their far-reaching implications for

revolutionizing crop improvement strategies in the face of evolving agricultural challenges.
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1. INTRODUCTION

1.1 Molecular Mechanisms of
Nanomaterial Uptake and Interaction

Nanomaterials have emerged as novel tools for
transforming agriculture, holding promise for crop
improvement strategies. Understanding the
molecular mechanisms underlying the uptake
and interaction of nanomaterials with plants is
pivotal for harnessing their potential benefits
effectively. The interaction between
nanomaterials and plants is a complex process
influenced by wvarious factors, including
nanomaterial size, shape, surface chemistry, and
plant species.

Upon exposure, nanomaterials interact with the
plant's surface, leading to their adsorption onto
the cell wall. Subsequently, nanomaterials may
enter plant cells through several mechanisms,
such as endocytosis, passive diffusion, or direct
penetration. Endocytosis involves the uptake of
nanomaterials through vesicles formed by
invagination of the plasma membrane. Passive
diffusion, on the other hand, relies on the
nanomaterial's physicochemical properties, such
as size and charge, allowing them to move
across the lipid bilayer [1].

The uptake of nanomaterials triggers molecular
responses within plants, including the activation
of receptor proteins, ion channels, and
transporters. These responses often involve
calcium-mediated signaling cascades, reactive
oxygen species (ROS) production, and activation
of stress-related genes. Such molecular events
play a crucial role in determining the fate of
nanomaterials within the plant, influencing their
distribution and potential toxicity [2].

Research has shown that nanomaterials can
penetrate various plant organs, including roots,
stems, leaves, and even reproductive tissues.
For example, carbon-based nanomaterials like
carbon nanotubes and graphene oxide have
been found to translocate from roots to shoots,
affecting plant growth and development [3].
Metal-based nanomaterials, such as
nanoparticles of silver or iron oxide, can
accumulate in roots and impact nutrient uptake
and transport.

Moreover, nanomaterials can interact with
cellular components, including cell membranes,
organelles, and biomolecules. These interactions
can lead to changes in membrane permeability,
disruption of organelle function, and alteration of
enzyme activities. Nanomaterials can also
modulate gene expression, influencing plant
responses to stressors and environmental cues.
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2. PHYSIOLOGICAL RESPONSES
ELICITED BY NANOMATERIAL
EXPOSURE

The interaction between nanomaterials and

plants goes beyond the molecular level and
extends to profound physiological responses that
influence plant health and growth. Understanding
these intricate physiological changes is crucial
for harnessing the potential benefits of
nanomaterials in crop improvement strategies.

2.1 Photosynthetic Efficiency and
Chloroplast Function
Nanomaterial exposure can impact

photosynthetic efficiency by altering chloroplast
function. While some nanomaterials may
enhance photosynthesis through increased light
absorption and electron transport, others could
induce oxidative stress, leading to chloroplast
damage and reduced photosynthetic capacity
[4].

2.2 Nutrient Uptake and Transport

Nanomaterials can modulate nutrient uptake and
transport processes in plants. They may enhance
the availability and uptake of essential nutrients,
such as nitrogen and phosphorus, by modifying
root morphology and nutrient transporters.
Conversely, nanomaterial-induced stress may
hinder nutrient assimilation and lead to nutrient
imbalances [5].

2.3 Water Relations and Transpiration

Nanomaterials have the potential to influence
water relations within plants. They could regulate
stomatal conductance, affecting transpiration
rates and water use efficiency. Nanomaterial-
mediated changes in root architecture might also
impact water uptake and hydraulic conductivity

[6].

2.4 Hormonal and Growth

Regulation

Signaling

Plant hormones play a pivotal role in growth and
development. Nanomaterial exposure can disrupt
hormonal  signaling pathways, affecting
processes like cell division, elongation, and
differentiation. This could lead to altered root and
shoot growth patterns, as well as modifications in
reproductive development.

2.5 Oxidative Stress and Antioxidant

Defense

Nanomaterials can induce oxidative stress by
generating reactive oxygen species (ROS). This
oxidative challenge triggers the activation of
antioxidant defense mechanisms, including
enzymatic and non-enzymatic antioxidants, to
mitigate potential damage and maintain cellular
homeostasis [7].

2.6 Defense Responses and Secondary
Metabolite Production

Plants often mount defense responses against
stressors, including nanomaterials. Nanomaterial
exposure may stimulate the production of
secondary metabolites, such as phenolics and
flavonoids, which contribute to plant defense
against oxidative stress, herbivory, and pathogen
attacks.

Understanding these physiological responses is
essential for evaluating the potential benefits and
risks of nanomaterial applications in agriculture.
By deciphering the intricate interplay between
nanomaterials and plant physiology, researchers
can devise strategies to optimize crop
performance and yield while ensuring
environmental sustainability.

3. GENETIC EXPRESSION ALTERATIONS
TRIGGERED BY NANOMATERIALS

The application of nanomaterials in agriculture
has revealed a fascinating interplay between
these engineered particles and the genetic
machinery of plants. Nanomaterial exposure has
been shown to induce alterations in genetic
expression, impacting various aspects of plant
growth, development, and stress responses.

3.1 Transcriptome Profiling and

Differential Expression

Nanomaterial exposure can lead to changes in
gene expression profiles, as evidenced by
transcriptome analysis. Genes involved in stress
response pathways, metabolism, and signal
transduction are often differentially expressed
upon nanomaterial exposure, indicating a
significant impact on plant cellular processes [8].

3.2 Stress-Responsive Genes and

Regulatory Networks

Nanomaterial-induced  stress  triggers the
activation of stress-responsive genes, such as
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those encoding heat shock  proteins,
antioxidants, and defense-related enzymes.
These genes are often regulated by complex
networks involving transcription factors, which
play a pivotal role in coordinating plant
responses to nanomaterial-induced stress [9].

3.3 Epigenetic Modifications and DNA
Methylation

Nanomaterial exposure has been linked to
epigenetic alterations in plants, particularly
changes in DNA methylation patterns. Epigenetic
modifications can influence gene expression
without altering the DNA sequence, providing a
mechanism through which nanomaterials can
induce long-lasting changes in plant phenotype
and response to stress [10].

3.4 miRNA-Mediated Regulation

MicroRNAs (miRNAs) are short RNA molecules
that play a crucial role in post-transcriptional
gene regulation. Nanomaterial exposure can
modulate miRNA expression, leading to the
differential  suppression or activation of
target genes. This miRNA-mediated regulation
contributes to the fine-tuning of plant responses
to nanomaterial-induced stress [11].

3.5Altered Metabolic Pathways
Secondary Metabolite Production

and

Nanomaterial exposure can trigger changes in
metabolic pathways, influencing the synthesis
of secondary metabolites. These compounds,
such as phenolics, alkaloids, and flavonoids,
play a role in plant defense mechanisms
and can be enhanced or suppressed by
nanomaterial-induced genetic expression
alterations [12].

Understanding the genetic expression alterations
induced by nanomaterials is crucial for
deciphering the underlying mechanisms of their
effects on plant physiology and stress responses.
By elucidating the intricate  molecular
interactions, researchers can harness these
alterations to develop innovative strategies for
enhancing crop performance and resilience.

4. EPIGENETIC INFLUENCES
TRANSGENERATIONAL EFFECTS

The introduction of nanomaterials into
agricultural systems not only affects immediate
plant responses but also has the potential to
induce epigenetic changes that influence plant
traits across generations. Epigenetic

AND

modifications play a vital role in shaping gene
expression patterns and phenotypic plasticity,
offering a new dimension to our understanding of
how nanomaterials impact crops.

4.1 DNA  Methylation
Modifications

and Histone

Nanomaterial exposure can lead to alterations
in DNA methylation and histone modifications,
which are key epigenetic mechanisms
regulating gene expression. Changes in these
marks can influence chromatin accessibility,
affecting the expression of genes involved
in stress responses, growth, and development
[13].

4.2 Small
Silencing

RNA-Mediated Epigenetic

Small RNAs, including microRNAs (miRNAs) and
small interfering RNAs (siRNAs), play a role in
epigenetic silencing of genes. Nanomaterial
exposure can impact the biogenesis and activity
of these small RNAs, leading to the epigenetic
regulation of target genes and pathways [14].

4.3 Transgenerational Effects

Nanomaterial-induced epigenetic changes can
be passed on to subsequent generations,
resulting in transgenerational effects. These
effects involve altered gene expression and
phenotypic traits in descendants that were not
directly exposed to the nanomaterials.
Transgenerational effects highlight the potential
long-term impacts of nanomaterial exposure on
crop populations [15].

4.4 Environmental and

Adaptation

Memory

Epigenetic changes induced by nanomaterials
can contribute to an "environmental memory" in
plants. This memory can influence how plants
respond to subsequent  stressors or
environmental changes. Epigenetic modifications
allow plants to fine-tune their responses to
optimize fitness in changing conditions [16].

4.5 Regulatory Implications for Crop
Improvement

Understanding  epigenetic  influences and

transgenerational  effects of nanomaterial

exposure has significant implications for crop
improvement. Harnessing these effects can offer
new avenues for targeted breeding strategies,
allowing the development of crop varieties with
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enhanced stress tolerance, and

adaptability.

5. UTILIZING NANOMATERIAL-INDUCED
CHANGES FOR ENHANCED CROP

TRAITS

yield,

Nanomaterials have demonstrated their potential
to induce a wide range of changes in plant
physiology, genetics, and epigenetics.
Leveraging these changes offers exciting
opportunities to enhance various crop traits,
leading to improved agricultural productivity,
resilience, and sustainability.

5.1 Stress Tolerance and Resilience

Nanomaterial-induced alterations in stress-
responsive gene expression and antioxidant
defense systems can be harnessed to enhance
crop stress tolerance. By priming plants with
nanomaterials, researchers can equip them with
better mechanisms to combat abiotic and biotic
stressors, ultimately increasing yield stability [17].

5.2 Nutrient Uptake and Use Efficiency

Nanomaterials can modify root architecture,
nutrient transporter expression, and nutrient
availability in the rhizosphere. These changes
can be exploited to enhance nutrient uptake and
utilization efficiency, reducing the need for
excessive fertilization and minimizing
environmental impacts [18].

5.3 Enhanced Photosynthetic Efficiency

Nanomaterial-induced modifications in
chloroplast  function and photosynthetic
machinery can lead to improved light absorption
and electron transport. By fine-tuning these
changes, it is possible to enhance overall
photosynthetic efficiency, resulting in increased
biomass accumulation and crop yield [19].

5.4 Increased Metabolite

Production

Secondary

Nanomaterial-induced  alterations in  gene
expression and epigenetic marks can influence
secondary metabolite  synthesis. These
compounds, such as antioxidants, flavor
compounds, and medicinal compounds, can be
enhanced to improve the nutritional quality and
market value of crops [20].

5.5 Transgenerational Inheritance  of

Traits

Epigenetic changes induced by nanomaterial
exposure can be transmitted across generations.

This transgenerational memory of nanomaterial-
induced changes can be exploited for breeding
purposes, allowing the development of crop
varieties with pre-adapted traits that enhance
performance under specific conditions [21].

5.6 Sustainable Agricultural Practices

By utilizing nanomaterial-induced changes,
farmers can adopt more sustainable agricultural
practices. Improved stress tolerance, nutrient use
efficiency, and resource utilization can contribute
to reduced inputs and enhanced resource
conservation, promoting ecological balance in
agricultural systems [22-25].

6. CONCLUSION

The integration of nanomaterial-induced
alterations into breeding and genetic modification
strategies offers a promising approach for
developing improved crop varieties. Ultimately,
this comprehensive exploration of nanomaterial-
induced changes in plant physiology and
genetics highlights their far-reaching implications
for revolutionizing crop improvement strategies in
the face of evolving agricultural challenges

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. Tripathi DK, et al. An overview on
manufactured nanoparticles in plants:
Uptake, translocation, accumulation and

phytotoxicity.  Plant  Physiology and
Biochemistry. 2017;110:2-12.
2. Sharma P, et al. Mechanistic

understanding of nanopatrticles'
interactions with extracellular matrices in
plant cells. Scientific Reports. 2016;
6:35465.

3. Khodakovskaya MV, et al. Carbon
nanotubes as plant growth regulators:

Effects on tomato growth, reproductive
system, and soil microbial community.
Small. 2012;8(16):2328-2338.

4. Lin D, Xing B. Phytotoxicity — of
nanoparticles: Inhibition of seed
germination and root growth.
Environmental Pollution. 2008;152(3);620-
629.

5. Khan MIR, et al. Nanoparticles uptake by
plants: A comprehensive insight. Frontiers
in Plant Science. 2017;8:1849.

2047



10.

11.

12.

13.

14.

15.

16.

Basak et al.; Int. J. Environ. Clim. Change, vol. 13, no. 11, pp. 2043-2048, 2023; Article no.lIJECC.106390

Dimkpa CO, et al. Silver nanoparticles
disrupt wheat (Triticum aestivum L.)
growth in a sand matrix. Environmental
Science & Technology. 2015;49(13):
7735-7743.

Mittler R. ROS are good. Trends in Plant
Science. 2017;22(1):11-19.

Eisa SS, et al. Transcriptional analysis of
rice upon thiolated and non-thiolated gold
nanoparticles exposure. Scientific Reports.
2019;9:8111.

Tripathi DK, et al. Silicon nanoparticles
more effectively alleviate arsenate toxicity
than silicon in maize cultivars: Insights of
physio-biochemical and gene expression

responses. Environmental Science and
Pollution Research. 2016;23(11):10871-
10886.

Wang C, et al. Mechanisms of plant
responses and adaptation to nanoparticle

stress: Current status and knowledge
gaps. Nanotoxicology. 2017;11(5):551-
569.

Khodakovskaya MV, et al. Regulation of
gene expression in plants by microRNA
nanoparticles. Plant Physiology and
Biochemistry. 2019;137:86-91.
Perez-de-Luque A, et al. Nanoparticles in
plants: Translocation and mechanisms of
action. Journal of Experimental Botany.
2020;71(1):14-23.

Kumar V, et al. Epigenetic modifications in
nanomaterial-exposed plants: Insights,
mechanisms, and impacts. Frontiers in
Plant Science. 2020;11:79.

Zhang H, et al. Nanoparticles in plant

development: Implications from
interactions with small RNA pathways.
Wiley Interdisciplinary Reviews:

Nanomedicine and Nanobiotechnology,
2019;11(1):e1527.
Virlouvet L. et al. Epigenetic inheritance in

crops: Implications for improving and
breeding. Plant Science. 2020;295:
110396.

Tricker PJ, et al.  Transgenerational,

dynamic methylation of stomata genes in
response to low relative humidity.

17.

18.

19.

20.

21.

22.

23.

24.

25.

International  Journal  of  Molecular
Sciences. 2015;16(7):13633-13650.
Rizwan M, et al. Nanomaterials for
enhancing crop productivity and nutrient
use efficiency. Trends in Plant Science.
2021;26(8):746-760.

Ma Y, et al. Benefits and potential risks of
nanotechnology in agroecosystems.
Environmental Science: Nano. 2016;
3(1):20-39.

Ali S, et al. Engineered nanomaterials for
sustainable agriculture: A perspective.
Frontiers in Plant Science. 2019;10:427.
Debnath N, et al. Nanotechnology in
agriculture: A perspective on current
trends and future implications. Frontiers in
Plant Science. 2020;11:610460.

Zhang H, et al. Nanoparticles as
epigenetic  regulators:  An  emerging
concept in plants. Annual Review of Plant
Biology. 2021;72:315-337.

Singh AK, Yadav N, Singh A, Singh A.
Stay-green rice has (greater drought
resistance: one unique, functional SG Rice

increases grain  production in  dry
conditions. Acta Botanica Plantae.
2023;V02i02:31, 38.

Nweze CC, Muhammad BY. Wandoo

Tseaa, Rahima Yunusa, Happy Abimiku
Manasseh, Lateefat Bisola Adedipe, Eneh
William Nebechukwu, Yakubu Atanyi
Emmanuel. Comparative Biochemical Ef-
fects of Natural and Synthetic Pesticides
on Preserved Phaseolus vulgaris in Male
Albino Rats. Acta Botanica Plantae.
2023;V02i01, 01-10.

Mana PW, Wang-Bara B, Mvondo VYE,
Bourou S, Palai O. Evaluation of the
agronomic and technological performance
of three new cotton varieties in the cotton
zone of Cameroon. Acta  Botanica
Plantae. 2023;2:28-39.

Fatima, Sadia, Ruksana Nausheed, Syeda
Maimuna Hussain, Israth Fatima, Nazneen
Begum, and Riffath Siddi-qua.
"Assessment of Soil Fertility Status of
Mango Orchard atVikarabadFarmhousein
Manneguda VillageofTelan-gana State)
Acta Botanica Plantae." (2023):11-17.

© 2023 Basak et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle5.com/review-history/106390

2048


about:blank

