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Preface

In the ever-evolving field of plant biology, one of the most captivating and intricate
stories is the dialogue between plants and the elements—particularly metals and
metalloids. This edited book, “Metals and Metalloids in Plant Signaling” seeks
to unravel the captivating narrative of how these chemical entities, which are often
hidden beneath the soil or coursing through the plant’s vascular system, profoundly
impact the life and destiny of plants.

The plant kingdom, an exemplar of adaptive resilience, has developed an aston-
ishing array of strategies to perceive, respond to, and utilize metals and metalloids.
From the essentiality of metals like iron and copper in photosynthesis and respiration
to the enigmatic role of metalloids like arsenic in stress responses, this book journeys
through the multifaceted world of plant-element interactions.

Our exploration begins with a comprehensive overview of the transporters and
receptors that plants employ to sense and acquire metals from their environment.
We delve into the molecular mechanisms governing the exquisite interplay between
plants and metals, from uptake and storage to detoxification and cellular transport.
Throughout these chapters, we uncover the complexities of plant metal homeostasis
and the pivotal role of metallochaperones, efflux transporters, and metalloenzymes.
As we navigate further, we encounter the enigmatic world of metalloids, elements
that blur the line between essentiality and toxicity.

This volume unravels the intricate signaling pathways that plants deploy to
cope with metalloids such as arsenic, boron, and selenium. We explore how these
elements, often viewed with trepidation, can be harnessed by plants to enhance their
resilience in challenging environments. Additionally, we investigate the intersections
of metal and metalloid signaling with other vital physiological processes. From the
regulation of growth and development to the orchestration of stress responses and
immune defenses, the influence of these elements on plant biology is profound and
multifaceted.

While our primary focus is on the molecular and cellular aspects of plant-element
interactions, we also extend our gaze to ecological implications. The chapters in
this book illuminate how plant metal/metalloid interactions reverberate throughout
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ecosystems, impacting nutrient cycling, and the phytoextraction of heavy metals
from contaminated soils.

I owe immense gratitude to the dedicated scientists and experts who have
contributed their knowledge and insights to this volume. Their collective expertise
illuminates the complex web of interactions that governs the relationship between
plants and metals/metalloids. May this book serve as a guiding light for researchers,
educators, and students in the field of plant science, fostering a continued exploration
of the hidden world beneath our feet—the world where plants and elements engage
in an intricate and enduring dialogue.

Finally, I extend my appreciation to friends, research students, and the editor’s
family members for their invaluable moral support, blessings, and inspiration
throughout the book’s compilation process. Additionally, I would like to express my
gratitude to the Springer Nature team for their unwavering cooperation and support
at all stages of the book’s production.

Tariq Aftab
Aligarh Muslim University
Aligarh, India
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An Overview of Metal and Metalloid )
Toxicity and Signaling in Plants L

Devendra Singh, Sunil Kumar Verma, Kaiser Iqgbal Wani, and Tariq Aftab

Abstract Anthropogenic factors are mostly to blame for the rising incidences of
metal and metalloid toxicity in the world. Given that it has an effect on the produc-
tion of crops; metals and metalloids can go through the food chain and, lead to
bio-magnification and subsequent environmental changes that affect human health.
Throughout evolution, plants have created sophisticated defenses against these biotic
and abiotic stressors. The accumulation of these heavy metals and metalloids disrupts
essential functions in plant cells. By producing excess reactive oxygen species, indi-
rectly or directly, heavy metals can affect plants in a number of ways. By enhancing
defense responses, including sequestration within vacuoles, metal chelation, metal
intake regulation via transporters, and anti-oxidative process amplification, plants
combat such environmental metal overexposure. Plants respond to these stressors
in this manner and the complex signaling networks interact within the cell to trans-
late external inputs into an intracellular reaction. The 3 important signaling mecha-
nisms involved—calcium, hormone, and mitogen-activated protein kinase (MAPK)
signaling are addressed herein book chapter. A significant element in controlling
heavy metal stress is played by regulators other than signaling components, including
microRNAs and transcription factors. This book chapter highlights the critical part
MAPKSs play in synchronizing control of other signaling regulators and compo-
nents in stress caused by metals. Additionally, we also discussed chelators and metal
transporters which are controlled by mitogen-activated protein kinase signaling.
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1 Introduction

Only trace amounts of heavy metals are necessary to support life and their overuse
damages cells. Heavy metals prevalent in the surroundings have an antagonistic
consequence on the growth of many organisms. Both the plant and animal kingdoms
have been known to be disturbed by these metals. They have a very well-documented
negative influence on our agriculture (Tchounwou et al. 2012). A high heavy metal
concentration causes harm on the cellular level through a variety of processes. The
most systematic process is the generation of reactive oxygen species (ROS), which
leads to oxidative stress. Other mechanisms involve the biomolecule inactivation
via critical metal ions displacement or else through key functional group blocking
(Stohs and Bagchi 1995). The examples of metals that can act by displacing functional
groups or necessary metal ions are Hg, Pb, Cd, As, and Cr. Other metals, for example,
Mn, Zn, Al, Ni, and Cd, along with Pb produce ROS by indirect pathways. In contrast,
redox-active metals, for instance, Fe and Cu, directly produce ROS through redox
reactions. The activation of ROS-producing enzymes like NADPH oxidases or the
removal of necessary cations from the enzymes binding sites and activity inhibition
are two illustrations of indirect ROS formation. Standard physiological levels of ROS
enact critical functions (Chauhan et al. 2022), whereas their enhanced production
worsens cell function (Mani et al. 2017). The chelating compounds in plants like
phytochelatins (PCs), metallothionines (MTs), etc. demonstrate protection against
these heavy metal ions via vacuole sequestration. Not all of the defense reactions
exhibited by plants are caused by signaling cascades, but a significant portion of
them are a result of their ability to receive signals from upstream receptors and
pass them into the nucleus, where they regulate a number of genes involved in
defense (Jalmi and Sinha 2015). Receptors like ERECTA (ER), ethylene resistance 1/
2 (ETR1/2), FLS2, EF-Tu receptor (EFR), SIT1, protein kinases (RLKSs), and others
are identified to sense signals and are intensively investigated in plant stress and
development (Gupta et al. 2009; Lackman et al. 2011). MAPK signaling, hormone
signaling and calcium signaling are the main signaling networks that are active in
metal stresses as well as other environmental stresses (Luan et al. 2002). Numerous
calcium-sensing proteins, for instance, calcineurin B-like proteins (CBLs), CDPKs
and CMLs, calmodulins (CaMs), are involved in calcium signaling. These proteins
attach to Ca®* and activate several signaling pathways downstream (Dodd et al. 2010;
Steinhorst and Kudla 2013). There are various plant hormones that contribute to the
metal stress response in the case of hormone signaling (Chen et al. 2014; Vitti et al.
2013). The most common and sophisticated signaling module among the others is
the mitogen-activated protein kinase (MAPK) signaling, which is made up of the 3-
tier phosphorylation modules MAPKSs (Sanders et al. 2002), MAPKKSs (Zhao et al.
2014), and MAPKKKSs. Abiotic as well as biotic stress tolerance is largely recognized
to be provided by MAPKSs (Hamel et al. 2006; Patra et al. 2018).

The signaling molecule creation, in addition to stress-related proteins like chela-
tors and metal transporters, is a marker of the molecular reaction of plants to metal
stress. They reduce toxicity caused by heavy metal via sequestering and chelating



An Overview of Metal and Metalloid Toxicity and Signaling in Plants 3

them within plant vacuoles, which act as transitory storage for both beneficial and
harmful metabolites (Mendoza-Cézatl etal. 2011; Verbruggen et al. 2009). Grounded
on this capability, plants are currently frequently utilized in the process of phytore-
mediation, which removes the environmental contamination of heavy metals (Salt
et al. 1998).

Transporters located in parenchyma cells of partner cells of the phloem and xylem
carry out the transportation of heavy metals necessary for their translocation. In
the phloem and xylem, the transporters are primarily responsible for loading and
unloading of metal ions. Metallothionines, PCs, nicotinamide, and glutathione are
Cys-rich metal-binding peptides that are significant participants in metal transport
(Singh and Sharma 2015). Findings showing the involvement of Cys-rich metal
binding peptides and metal transporters in the absorption, transportation, and arsenic
metal detoxification have been explained (Kumar et al. 2015). The capability of
vacuoles to sequester metals (VSC), in addition to transporters and chelators, is
crucial for metal distribution. In response to a changing environment, the VSC is
adjusted by interactions between ion chelators and membrane-localized transporters
(Peng and Gong 2014). The heavy metal toxicity towards plants will be governed
through VSC regulation. Studying VSC’s regulatory mechanisms and how they ulti-
mately affect metal transport and sequestration is crucial. In order to control the
movement of metals, it is also crucial to research how plants perceive and transmit
metal signals. Figure 1 represents the HM effect on the plant.
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This chapter will primarily focus the action of heavy metal mechanism, various
signaling elements besides additional regulators elicited by stress caused by heavy
metal, the plant signaling effect on downstream defense reactions, coupled with the
incomplete work achieved on metal transporters regulation by MAPKs which even
so uncharted in plants.

2 Heavy Metal Effect on Plant Signaling

The difficulty of the plant to avoid ecological stresses like metal pollution has sparked
the creation of numerous methods to successfully observe, distinguish, and subse-
quently acclimatize to such challenges (Singh et al. 2022a). Plants that are exposed to
heavy metals respond through changing the biochemical and molecular cell systems
(Maksymiec 2007). Undoubtedly, a noteworthy signal transduction network oper-
ated through several signal transduction units within a plant cell is what triggers
this response (Singh and Sharma 2015). The plants final response is demonstrated
by the synthesis of metal binding as well as metal transporter proteins that aid the
plant in coping with disproportionate metal stress (Peng and Gong 2014). Initial
metal toxicity signs in many crops are recognized to resemble erstwhile ecological
stresses (Chen et al. 2001; Rucinska-Sobkowiak 2016; Yadav 2010). This response
commonality demonstrates the connectivity of complex signaling networks.

3 MAPK Signaling Under Heavy Metal Stress

Most decisive and extremely conserved signaling molecules, MAPKs work during
a variety of developmental processes and in response to extensive series of stressors
(Sinha et al. 2011). Three tiers of components make up the MAPK cascade (Hamel
et al. 2006). The phosphorylation events are mediated by MAPKs, MAPKKSs, and
MAPKKKSs from the upstream receptor to the downstream target (Fig. 2). A signifi-
cant number of cellular activities are controlled by MAPK signaling, which controls
the transfer of signals associated with stress. Stress caused by heavy metal is one of
the abiotic stimuli that has had a significant impact on MAPK signaling pathways.
It is known that some metal ligands and the ROS molecules produced during metal
stress can activate MAPKSs (Jalmi and Sinha 2015; Jonak et al. 2004; Smeets et al.
2013).

Numerous publications demonstrate how heavy metals cause MAPKs to activate
(Singh and Agarwal 2021; Ding et al. 2011; Yeh et al. 2007). However, very limited
investigations have been carried out to demonstrate the reactions to additional metals,
including Pb, Zn, and Fe (Rao et al. 2011). Similar to this, comprehensive research
to unravel a full MAPK signaling cascade in response to particular metal stress is
intangible (Jonak et al. 2004). The most well-known MAPKs in Arabidopsis are
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Fig. 2 Schematic representation of the uptake and signaling of heavy metals (represented by
different colored circles) in plants. Inside root cells, the heavy metals trigger different signaling
pathways like MAPK and Ca signaling for plant protection and metal sequestration into different
organelles

MPKG6 and MPK3, which are triggered by a variety of stimuli and identified to be
stimulated by CuSO, and CdCl, (Liu et al. 2010; Takahashi et al. 2011).

Plants are already known to produce ROS when exposed to heavy metals, and
its generally acknowledged that these ROS molecules play a significant role in
activating MAPK signaling. Additionally, MAPK pathways control ROS produc-
tion through positive feedback. Additionally, the OXI1-MPK6 cascade initiated via
reactive oxygen species controls ROS generation (Jalmi and Sinha 2015). These
investigations offer hypothesis and connection between MAPK cascades and ROS
molecules under various metal stress conditions (Pitzschke et al. 2009).

4 The Role of Calcium Signaling in Stress Caused by HM

Calcium ion functions as unanimous plants secondary messenger in their response
and in regular function to environmental challenges (Sanders et al. 2002). Numerous
stressors cause complicated interactions and signal transduction pathways, resulting
in a change in the free Ca>* cytosolic content (Steinhorst and Kudla 2013). Highly
sensitive calcium sensor proteins detect this brief rise in cytosolic concentration and
convert the chemical signal into a biological reaction (Luan et al. 2002). Numerous
calcium-sensing proteins are present in plants (Rudd and Franklin-Tong 2001). These
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proteins bind to Ca>* and activate several downstream signaling cascades (Kumar
et al. 2022a).

Numerous research has been conducted in numerous species of plant, comprising
tomato, Glycine max, Vitis vinifera, and chickpea to determine the role of Ca?t-
binding like proteins plus Ca’* sensor proteins in increased tolerance to diverse
abiotic stimuli (Tripathi et al. 2009; Ahammed et al. 2013; Alani et al. 2012; Das
et al. 2022). To reduce stress caused by heavy metals, research has shown that the
exogenous injection of Ca** can modify the biochemical and physiological responses.
Its been demonstrated that the exogenous Ca®* addition increases the activity of
antioxidant enzymes (Ahmad et al. 2015; Sharma et al. 2022). Regardless of abundant
publications, our understanding of response mechanisms through which they are
controlled is yet scanty and needs extra description.

An intriguing Arabidopsis seedlings study revealed that cross-talk between
signaling pathways is necessary to counteract stress caused by heavy metals. Ca*
reduces the Cd toxic effects by sustaining auxin homeostasis, which is how the subject
plants were able to withstand the effects of Cd. Additionally, yeast cell research has
suggested that the Ca?*-ATPases of Golgi and vacuolar membranes play a role in
dealing Cd toxicity. This is accomplished by working together with the Glutathione-
conjugated transporter Ycf1p (Mielniczki-Pereira et al. 2011), whose activity is once
again regulated by phosphorylation, introducing a line amongst several signaling
pathways in response to ecological stimuli.

It is known that CDPK and MAPK (Takahashi et al. 2011) collaborate to transmit
signals in retort to environmental changes so that organisms can adjust to their
surroundings (Opdenakker et al. 2012; Wurzinger et al. 2011). In rice, it is discov-
ered that a CDPK named CPK18 was an MPKS upstream kinase, phosphorylating
MPKS5 on the threonines 14 and 32. Additionally, Ca/CaM and MKXK3 jointly activate
MPKS, which in response to mechanical stress, controls the NADPH oxidase expres-
sion adversely (Xie et al. 2014). According to the report, Ca** increases the CDPK-
like kinase activity, which in turn triggers MAPK activation and Pb**-mediated cell
death (Huang and Huang 2008). In addition, it has been revealed that calmodulins
influence the MAPK signaling pathway, which outlines a potential scenario for how
they might interact with metal stress. Therefore, it is very helpful in increasing our
understanding of the significance of signaling cross-talk in addition to control of
Ca”* signaling in a plant with stress caused by heavy metal (Tebar et al. 2002).

5 Hormone Signaling During Heavy Metal Stress

The root architecture of plants cultivated in metal-polluted environments is very
important and the remodeling of root structural design in plants could be employed
as an escape method from stress caused by heavy metal (De Smet et al. 2015). As a
result, numerous studies have documented how these phytohormones contribute to
root system architecture being modified in heavy metal stress response. Auxin is a
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vital growth hormone that affects both stress and developmental responses in the envi-
ronment (Potters et al. 2007). The regulation of auxin homeostasis, which includes
auxin stability, transport, and redistribution, directly influences how plants react to
metal stressors. PIN2 and AUX1 mediate basipetal auxin transport via outer root
cell layers (Rashotte et al. 2000). Auxin-related genes like ABCB family, Gretchen
Hagen (GH3) genes, YUCCA (YUC), TIRI, CYP79B2 and CYP79B3, PATI, and
ABCB family (Wang et al. 2015) exhibit variable and dynamic expression in plants
metal stress response.

Auxin signaling and its transport are influenced by MAPK signaling (Tsai et al.
2012; Singh et al. 2022b). A fascinating study revealed a link between MAPKs
and auxin/cytokinin, and OsMKK4/5-OsMPK3/6 was identified as an equally crit-
ical actor in the auxin/cytokinin interaction that controls the OsPIN1b/9 expression
pattern. It’s still unclear, nevertheless, how auxin response regulation via MAPK
signaling plays a role in stress caused by metal (Singh and Sharma 2015). The link
concerning MAPK signaling and auxin signaling in Cd stress was demonstrated in an
interesting rice study. When exposed to Cd stress, MAPK was found to be negatively
regulating the majority of important auxin signaling genes expression, including
YUCCA, PIN, ARF, and IAA, as well as genes linked to the cell cycle. This sturdily
advocates MAPK signaling plays a significant role in controlling auxin signaling
under heavy metal stress (Zhao et al. 2014).

Cytokinins are N®-prenylated adenine derivatives that control how plants respond
to abiotic as well as biotic stimuli along ability to grow and develop (Perilli et al.
2010). According to certain studies, Cytokinins can reduce the toxicity caused by
heavy metals. Cytokinins restored inhibition of the chloroplast membranes and
photosynthetic pigment, enhancing photosynthetic capability along with primary
metabolite levels in plants under heavy metal stress. Soluble sugars, free amino acids,
and proline that mitigated the growth- and photosynthesis-inhibiting effects of Cd can
likewise be modulated by exogenous kinetin administration (Piotrowska-Niczyporuk
et al. 2012).

A major element of plant growth is controlled by the gaseous hormone ethylene.
ACC oxidase (ACCO) catalyzes the transformation of ACC to ethylene, which is
produced during its biosynthesis by ACC synthase, which changes AdoMet into
ACC. Numerous biotic and abiotic stimuli control the expression of the multigene
families that code for ACC synthase and ACCO (Kende 1993). Ethylene’s signifi-
cance in controlling plant metal stress responses is supported by numerous reports.
Metal and concentration both affect how metal stress affects ethylene synthesis in
plants (Thao et al. 2015). Rice has the following five major ET synthesis genes:
OsACO6, OsACOS, OsACO?2, OsACOI, and OsACS2, coupled by the transcription
factors ERF1, in addition, AP2 (Keunen et al. 2016; Chauhan et al. 2023). Under
Al stress, root growth is inhibited, and Al treatment led to an increase in ethylene
production (Montero-Palmero et al. 2014; Raj et al. 2019; Tian et al. 2014).

In addition to their impact on ethylene synthesis, heavy metals also have an impact
on ethylene signaling. The illustration of several ethylene response factors, as well
as ERF1, ERF2, and ERFS, increases after exposure to copper (Weber et al. 2006).
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6 MicroRNA Regulation in Heavy Metal Stress

In addition to the role signaling pathways play in transferring stimuli related to
heavy metals and controlling plant response, it has been discovered that addi-
tional regulators, like small RNAs, have a significant impact on how plants react
to metal stress. Small RNAs, like microRNAs, are non-coding RNAs with twenty
to twenty-four nucleotides that control the post-transcriptional stage of gene expres-
sion via preventing the degradation of mRNA or suppressing translation (Raghuram
et al. 2014). Different miRNA families have been demonstrated to be capri-
ciously controlled mutually geographically and temporally by means of deliberations
wavering from species to species (He et al. 2016).

In recent times, transcriptome analysis throughout the entire genome and next-
generation sequencing has been utilized in miRNA determination that respond to
stress caused by heavy metal in a variety of plant species (Ding et al. 2011). Through
various demonstrations, it has been observed that different conserved miRNAs are
variably controlled under stressful and normal circumstances (Bukhari et al. 2015).

Different miRNAs are regulated differently by plants that are subjected to exces-
sive Cd content. Cd exposure, for instance, alters the expression of a number of
conserved miRNAs in rice (Ding et al. 2011). While 12 miRNAs were found to
be down-regulated in response to Cd stress, the miR441 expression was noticeably
up-regulated, miR192 was downregulated and was predicted to be target the ABC
transporter. Under Cd Stress, rice seedling growth and seed germination were dras-
tically reduced by overexpression of miR192 when linked to wild-type plants which
imply; when miR192 levels are reduced, ABC transcripts start to accumulate and
eventually, during Cd stress contributes to Cd requisitioning with the help of ABC
transporter (Tang et al. 2014).

It has been discovered that most plant species experience downregulation of key
miRNAs under cadmium stress, including miR159 and miR166 (Pandey et al. 2015).
It has been demonstrated that numerous Cd-responsive miRNAs target the genes
involved in the heavy metal detoxification (Srivastava et al. 2013). Deep sequencing
in mustard, as well as rice, has recently been used in research to identify many As-
sensitive miRNAs (Kumar and Verma 2022; Singh et al. 2022d, e, f). According
to their findings, miR393, miR397, and miR408 were upregulated, while miR172’s
expression was noticeably downregulated. According to research, miR408 specifi-
cally targets proteins that contain copper (Srivastava et al. 2013). Additionally, it was
noticed that under conditions of heavy metal stress, ROS cause downregulation in
the laccase-targeting miR397 and the activation of lipid peroxidation. Through the
buildup of laccase enzymes might result in positive regulation of lignin production
(Jones-Rhoades and Bartel 2004).

A significant plant development limiting factor that interferes with cellular
redox equilibrium is aluminum. Two significant genes ATP sulfurylase (APS) and
SULTR2:1 ensued, discovered targets for miR395 that are known to induce by the
sulfur shortage, Cd stress coupled with Al stress. These 2 genes result in the creation
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of PCs and GSH, the two main compounds involved in the chelation of metal
(Matthewman et al. 2012).

The miRNA expression is influenced by other metals like mercury, lead, and
chromium. In M. truncatula, mercury treatment caused differential miRNA regula-
tion, with miR167 and miR172 upregulated, and miR169, miR164, miR172, miR398
and miR156 downregulated. miR156, miR398, and miR399 were downregulated in
cotton seedlings treated under Pb. Heavy metals’ differential regulation of these
crucial miRNAs could have a substantial negative plant development effect by
changing a variety of pathways (Smeets et al. 2013).

According to a study, Cd and Cu treatment caused OXI to regulate miR398b/c, illu-
minating the relationship amongst MAPK along with miRNA signaling. Upstream
from MPK6, OXI is a part of the MAPK cascade which regulates the synthesis of
ROS. Furthermore, it is discovered that a number of transcription factors that are
recognized downstream targets of MAPKSs are also targets of miRNA. These find-
ings clarify the idea that during the stress response there is interplay between several
plant components (Singh et al. 2022¢; Zhao et al. 2005, 2014).

7 Modulation of Transcription Factors Under Stress
from Heavy Metals

The major issue in the modern world is heavy metal poisoning (Ogawa et al. 2009).
As previously mentioned, plants have developed diversity in mobilization and detox-
ifying systems to neutralize heavy metal stress (Shim et al. 2010; Yanhui et al. 2006).
Complex signaling network activation is a significant contributor to the tolerance of
stress caused by heavy metals (Farinati et al. 2010; Wang et al. 2010). According to
numerous reports, exposure to heavy metals activates the MAPK signaling down-
stream targets cascade. Potential downstream MAPK targets include transcription
factors like basic leucine zipper (Roelofs et al. 2008).

In plants, transcription factors controls the gene expression that regulates a variety
of developmental processes and defensive mechanisms (Yanhui et al. 2006). Find-
ings revealed that after being exposed to Cd, rice exhibits various time-dependent
increases in the expression of the majority of the transcription factors from the fami-
lies NAC, WRKY, DREB, and MYB, AP2 (Ogawa et al. 2009). A huge family of
transcription factors with a variety of eukaryotic roles is the MYB family (Dubos
et al. 2010). Earlier reports have demonstrated that Zn and Cd metal stressors in
Arabidopsis strongly activated MYBs. It has been correspondingly discovered that
Zn/Cd-hyperaccumulator Thlaspi caerulescens showed lower metal sensitivity than
the MYB72 loss of function mutant in Arabidopsis. Lately, Li et al. (2016) discovered
MPKA4 is light-induced and controls the transcription factor MYB75/PAP1 to control
the production of photoprotective anthocyanins. A clue that MYBs may operate as
possible MAPK substrates under heavy metal stress comes from altered MYB gene
expression and MAPK activity in response to Cd stress.



10 D. Singh et al.

Another class of transcription factors, known as plant bZIP factors, protects
against environmental challenges such as heavy metal stress. According to reports,
exposure to Cd may stimulate the bZIP transcription factors expression (Opdenakker
et al. 2012; Ramos et al. 2007). According to a report, even the direct relationship
between MAPKSs and bZIP transcription factors was not revealed in the setting of
stress induced by heavy metal (Djamei et al. 2007). Furthermore, Cd also affects the
expression of 2 members of the AP2/ERF family in Arabidopsis: ERF5 and ERF1
(Herbette et al. 2006).

Overall, stress induced by heavy metal activates a number of signaling mecha-
nisms, including MAPK cascades. Despite the fact that findings on MAPK partici-
pation upstream of transcription factors in metal stress remain quite rare, the results
above showed that they do interact with transcription factors as well as mediate
plants’ tolerance in handling stress induced by heavy metal.

8 Metal Transport and Sequestration Using MAPK
Signaling

Plant roots react in a variety of ways when exposed to heavy metal. Metal is first
bound with the roots cell wall and then metal influx occurs through the plasma
membrane. By releasing metal ions into the apoplast and chelating amino acids,
organic molecules, PCs, and MTs in the cytoplasm, the high level of metal influx
is controlled (Fig. 2) (Mendoza-Cdzatl et al. 2011). These metal-ligand complexes
are carried to the tonoplast and deposited in the vacuoles for storage. This entire
cycle of metal absorption, transit, chelation, and sequestration involves a number of
molecules. These metal chelators and transporters are doing their jobs and defending
plants from metal toxicity (Verbruggen et al. 2009).

The crucial signaling components that transmit numerous signals connected to
stress, MAPKSs, are identified that are triggered by stress induced by heavy metal,
as was formerly stated (Fig. 2). MPK6 and MPK3 are well-known to be activated
and expressed via an extensive variety of metals and are the ones with the best
characteristics. These MAPKSs have been significantly impacted by cadmium and
copper in a variety of species. We can learn more about MPK3 and MPK6’s role in
maintaining metal homeostasis by looking at how they are up-regulated during retort
to Cu and Cd-responsive chelators or downstream metal transporters. Studies on the
final impact of their activation, however, remain intangible in plants. Although there
have been substantial publications on the control of metal transporters by MAPKs
in mammals, similar interactions can still occur in plants.

The main categories of metal transporters investigated include NRAMP, CDF,
ABC, CPx- and P1B-ATPases, ZIP, and heavy metal transport ATPases (Singh and
Agarwal 2021). The ability of ZIP members in the direction of transporting diva-
lent cations was initially discovered in plants (Eide et al. 1996). Iron is primarily
transported via the ZIP family member /RT] gene from Arabidopsis, which results
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in high-affinity Fe absorption. IRT] is triggered inside 24 h of Fe-deficient circum-
stances in environments where iron is limited and is only found in the roots. Plants
overexpressing /IRT1 assemble large amounts of Zn and Cd along with Fe (Connolly
et al. 2002).

Further ZIP participants according to research, ZIP1 and ZIP2 are Mn and Zn
transporters in roots that help Mn and Zn migrate into the xylem parenchyma (Singh
et al. 20224, e, f). Both genes’ expression is primarily restricted to the root stele in
accordance with their respective roles (Milner et al. 2013). This shows that metal
transport in plants involves both hormone pathways and MAPK signaling. While
there is only one report of MAPK being involved in controlling the metal transporter
in plants, this idea has been well investigated in animals. Metal transporters are as
responsible for activating MAPKs.

Family of additional metal transporters NRAMP is involved in many different
types of organisms. A number of the NRAMP genes, which are found in two
subfamilies in plants, are up-regulated in the presence of low levels of Fe, Mn,
and Cd. However, there is still a lack of functional characterization of plant NRAMP
transporters. A few research on animals points to MAPKSs as the regulators of the
NRAMP1 transporter (Moisan et al. 2006). Additionally, a different study suggested
that NRAMP1 may influence the MAPK pathway (Zhang et al. 2000).

Studies have shown that MAPKSs can also be activated by metal chelators, in
addition to transporters activating MAPKs or MAPKSs activating transporters. The
crucial metal chelators are the cysteine-rich short peptides known as PCs and MTs,
which have the ability to bind metal.

9 Conclusion

According to the chapter, heavy metals greatly influence plants by altering how they
operate on many different levels. Under heavy metal stress many signaling path-
ways are activated, which are distinguished in taking part in a significant function
in enhancing resistance to environmental challenges. MAPK signaling pathway is
one of these crucial signaling pathways that have substantial responsibility toward
controlling response against stress. When signaling pathways are active, other
downstream components are active and functional, which changes how genes are
expressed. In this study, it is undoubtedly stated how heavy metals affect MAPK
activation, hormone, and calcium signaling, as well as more regulators, including
miRNAs and transcription factors. MAPK signaling may have a substantial part in
the heavy metals stress, according to several research conducted by several scientific
groups. To understand the impact of stress caused by heavy metals, a comprehensive
analysis of the MAPK cascade is necessary.

Additionally, this chapter gathers the findings demonstrating the interaction of
calcium, auxin, and ethylene signaling with MAPK signaling in retort to stress caused
by heavy metals. Nevertheless, there aren’t many reports on the MAPKSs’ regulatory
network. It can be very helpful to research the significance of this signaling heavy
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metal stress cross-talk in plants. The interaction among MAPK signaling and another
regulator, in triggering a reaction in contradiction of metal stress, is also summarized
in this study. However, the limited information available on the regulatory network
of transcription factors and MAPKSs points to the need for more thorough research.
Additionally, research on how metals and metal transporters activate MAPKSs is
followed by MAPKSs controlling those activations. However, incomplete research
makes this region in plants a mystery. Investigating the controls over these metal
transporters will help a lot in figuring out how plants tolerate metal stress.

References

Ahammed GJ, Zhou YH, Xia XJ, Mao WH, Shi K, YuJQ (2013) Brassinosteroid regulates secondary
metabolism in tomato towards enhanced tolerance to phenanthrene. Biol Plant 57(1):154—158.
https://doi.org/10.1007/s10535-012-0128-9

Ahmad A, Hadi F, Ali N (2015) Effective phytoextraction of cadmium (Cd) with increasing concen-
tration of total phenolics and free proline in Cannabis sativa (L) plant under various treatments
of fertilizers, plant growth regulators and sodium salt. Int J Phytorem 17(1):56—65. https://doi.
org/10.1080/15226514.2013.828018

Alani F, Moo-Young M, Anderson W (2012) Biosynthesis of silver nanoparticles by a new strain
of Streptomyces sp. compared with Aspergillus fumigatus. World J Microbiol Biotechnol
28(3):1081-1086. https://doi.org/10.1007/s11274-011-0906-0

Bukhari SAH, Shang S, Zhang M, Zheng W, Zhang G, Wang T-Z, Shamsi IH, Wu F (2015) Genome-
wide identification of chromium stress-responsive micro RNAs and their target genes in tobacco
(Nicotiana tabacum) roots. Environ Toxicol Chem 34(11):2573-2582. https://doi.org/10.1002/
etc.3097

Chauhan V, Kaushal D, Dhiman VK, Kanwar SS, Singh D, Dhiman VK, Pandey H (2022) An insight
in developing carrier-free immobilized enzymes. Front Bioeng Biotechnol 2(10):794411. https://
doi.org/10.3389/fbioe.2022.794411

Chauhan D, Singh D, Pandey H, Khan Z, Srivastava R, Dhiman VK, Dhiman VK (2023) Impact
of transcription factors in plant abiotic stress: a recent advancement for crop improvement, pp
271-286. https://doi.org/10.1016/B978-0-323-90613-5.00005-4

Chen CT, Chen L-M, Lin CC, Kao CH (2001) Regulation of proline accumulation in detached rice
leaves exposed to excess copper. Plant Sci 160(2):283-290. https://doi.org/10.1016/S0168-945
2(00)00393-9

Chen Y-A, Chi W-C, Trinh NN, Huang L-Y, Chen Y-C, Cheng K-T, Huang T-L, Lin C-Y, Huang
H-J (2014) Transcriptome profiling and physiological studies reveal a major role for aromatic
amino acids in mercury stress tolerance in rice seedlings. PLoS ONE 9(5):e95163. https://doi.
org/10.1371/journal.pone.0095163

Connolly EL, Fett JP, Guerinot ML (2002) Expression of the IRT1 metal transporter is controlled by
metals at the levels of transcript and protein accumulation. Plant Cell 14(6):1347-1357. https:/
doi.org/10.1105/tpc.001263

Das R, Deb P, Pandey H, Shyam P, Singh D (2022) Botanical synthesis of silver nanoparticles
(AgNOs) and its antifungal effect against Alternaria porri causing purple blotch of onion: an
in vitro and natural epiphytic study. J Agric Food Res 100390. https://doi.org/10.1016/j.jafr.
2022.100390

De Smet S, Cuypers A, Vangronsveld J, Remans T (2015) Gene networks involved in hormonal
control of root development in Arabidopsis thaliana: a framework for studying its disturbance
by metal stress. Int J Mol Sci 16(8):19195-19224. https://doi.org/10.3390/ijms160819195


https://doi.org/10.1007/s10535-012-0128-9
https://doi.org/10.1080/15226514.2013.828018
https://doi.org/10.1080/15226514.2013.828018
https://doi.org/10.1007/s11274-011-0906-0
https://doi.org/10.1002/etc.3097
https://doi.org/10.1002/etc.3097
https://doi.org/10.3389/fbioe.2022.794411
https://doi.org/10.3389/fbioe.2022.794411
https://doi.org/10.1016/B978-0-323-90613-5.00005-4
https://doi.org/10.1016/S0168-9452(00)00393-9
https://doi.org/10.1016/S0168-9452(00)00393-9
https://doi.org/10.1371/journal.pone.0095163
https://doi.org/10.1371/journal.pone.0095163
https://doi.org/10.1105/tpc.001263
https://doi.org/10.1105/tpc.001263
https://doi.org/10.1016/j.jafr.2022.100390
https://doi.org/10.1016/j.jafr.2022.100390
https://doi.org/10.3390/ijms160819195

An Overview of Metal and Metalloid Toxicity and Signaling in Plants 13

Ding Y, Chen Z, Zhu C (2011) Microarray-based analysis of cadmium-responsive microRNAs in
rice (Oryza sativa). ] Exp Bot 62(10):3563-3573. https://doi.org/10.1093/jxb/err046

Djamei A, Pitzschke A, Nakagami H, Rajh I, Hirt H (2007) Trojan horse strategy in agrobacterium
transformation: abusing MAPK defense signaling. Science 318(5849):453-456. https://doi.org/
10.1126/science.1148110

Dodd AN, Kudla J, Sanders D (2010) The language of calcium signaling. Annu Rev Plant Biol
61(1):593-620. https://doi.org/10.1146/annurev-arplant-070109-104628

Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, Lepiniec L (2010) MYB transcription
factors in Arabidopsis. Trends Plant Sci 15(10):573-581. https://doi.org/10.1016/j.tplants.2010.
06.005

Eide D, Broderius M, Fett J, Guerinot ML (1996) A novel iron-regulated metal transporter from
plantsidentified by functional expression in yeast. Proc Natl Acad Sci 93(11):5624-5628. https://
doi.org/10.1073/pnas.93.11.5624

Farinati S, DalCorso G, Varotto S, Furini A (2010) The Brassica juncea BjCdR15, an ortholog of
Arabidopsis TGA3, is a regulator of cadmium uptake, transport and accumulation in shoots and
confers cadmium tolerance in transgenic plants. New Phytol 185(4):964-978. https://doi.org/
10.1111/j.1469-8137.2009.03132.x

Gupta M, Sharma P, Sarin NB, Sinha AK (2009) Differential response of arsenic stress in two
varieties of Brassica juncea L. Chemosphere 74(9):1201-1208. https://doi.org/10.1016/j.che
mosphere.2008.11.023

Hamel L-P, Nicole M-C, Sritubtim S, Morency M-J, Ellis M, Ehlting J, Beaudoin N, Barbazuk B,
Klessig D, Lee J, Martin G, Mundy J, Ohashi Y, Scheel D, Sheen J, Xing T, Zhang S, Seguin
A, Ellis BE (2006) Ancient signals: comparative genomics of plant MAPK and MAPKK gene
families. Trends Plant Sci 11(4):192-198. https://doi.org/10.1016/j.tplants.2006.02.007

He X, Zheng W, Cao F, Wu F (2016) Identification and comparative analysis of the microRNA
transcriptome in roots of two contrasting tobacco genotypes in response to cadmium stress. Sci
Rep 6(1):32805. https://doi.org/10.1038/srep32805

Herbette S, Taconnat L, Hugouvieux V, Piette L, Magniette MLM, Cuine S, Auroy P, Richaud P,
Forestier C, Bourguignon J, Renou JP, Vavasseur A, Leonhardt N (2006) Genome-wide tran-
scriptome profiling of the early cadmium response of Arabidopsis roots and shoots. Biochimie
88(11):1751-1765. https://doi.org/10.1016/j.biochi.2006.04.018

Huang T-L, Huang H-J (2008) ROS and CDPK-like kinase-mediated activation of MAP kinase
in rice roots exposed to lead. Chemosphere 71(7):1377-1385. https://doi.org/10.1016/j.chemos
phere.2007.11.031

Jalmi SK, Sinha AK (2015) ROS mediated MAPK signaling in abiotic and biotic stress-striking
similarities and differences. Front Plant Sci 6. https://doi.org/10.3389/fpls.2015.00769

Jonak C, Nakagami H, Hirt H (2004) Heavy metal stress. Activation of distinct mitogen-activated
protein kinase pathways by copper and cadmium. Plant Physiol 136(2):3276-3283. https://doi.
org/10.1104/pp.104.045724

Jones-Rhoades MW, Bartel DP (2004) Computational identification of plant microRNAs and their
targets, including a stress-induced miRNA. Mol Cell 14(6):787-799. https://doi.org/10.1016/j.
molcel.2004.05.027

Kende H (1993) Ethylene biosynthesis. Annu Rev Plant Physiol Plant Mol Biol 44(1):283-307.
https://doi.org/10.1146/annurev.pp.44.060193.001435

Keunen E, Schellingen K, Vangronsveld J, Cuypers A (2016) Ethylene and metal stress: small
molecule, big impact. Front Plant Sci 7. https://doi.org/10.3389/fpls.2016.00023

Kumar P, Verma SK (2022) Entrepreneurial opportunities in bioenergy. In: Rathoure AK, Khade
SM (eds) Advances in environmental engineering and green technologies. IGI Global, pp 3243

Kumar S, Dubey RS, Tripathi RD, Chakrabarty D, Trivedi PK (2015) Omics and biotechnology of
arsenic stress and detoxification in plants: current updates and prospective. Environ Int 74:221—
230. https://doi.org/10.1016/j.envint.2014.10.019


https://doi.org/10.1093/jxb/err046
https://doi.org/10.1126/science.1148110
https://doi.org/10.1126/science.1148110
https://doi.org/10.1146/annurev-arplant-070109-104628
https://doi.org/10.1016/j.tplants.2010.06.005
https://doi.org/10.1016/j.tplants.2010.06.005
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1111/j.1469-8137.2009.03132.x
https://doi.org/10.1111/j.1469-8137.2009.03132.x
https://doi.org/10.1016/j.chemosphere.2008.11.023
https://doi.org/10.1016/j.chemosphere.2008.11.023
https://doi.org/10.1016/j.tplants.2006.02.007
https://doi.org/10.1038/srep32805
https://doi.org/10.1016/j.biochi.2006.04.018
https://doi.org/10.1016/j.chemosphere.2007.11.031
https://doi.org/10.1016/j.chemosphere.2007.11.031
https://doi.org/10.3389/fpls.2015.00769
https://doi.org/10.1104/pp.104.045724
https://doi.org/10.1104/pp.104.045724
https://doi.org/10.1016/j.molcel.2004.05.027
https://doi.org/10.1016/j.molcel.2004.05.027
https://doi.org/10.1146/annurev.pp.44.060193.001435
https://doi.org/10.3389/fpls.2016.00023
https://doi.org/10.1016/j.envint.2014.10.019

14 D. Singh et al.

Kumar P, Rai S, Verma SK, Shakti Prakash P, Chitara D (2022a) Classification, mode of action
and uses of various immunomodulators. In: Kesharwani RK, Keservani RK, Sharma AK (eds)
Immunomodulators and human health. Springer Nature Singapore, Singapore, pp 3-38

Lackman P, Gonzélez-Guzman M, Tilleman S, Carqueijeiro I, Pérez AC, Moses T, Seo M, Kanno
Y, Hikkinen ST, Van Montagu MCE, Thevelein JM, Maaheimo H, Oksman-Caldentey K-M,
Rodriguez PL, Rischer H, Goossens A (2011) Jasmonate signaling involves the abscisic acid
receptor PYL4 to regulate metabolic reprogramming in Arabidopsis and tobacco. Proc Natl
Acad Sci 108(14):5891-5896. https://doi.org/10.1073/pnas.1103010108

Li S, Wang W, Gao J, Yin K, Wang R, Wang C, Petersen M, Mundy J, Qiu JL (2016) MYB75 phos-
phorylation by MPK4 is required for light-induced anthocyanin accumulation in Arabidopsis.
The Plant Cell 28(11):2866-2883.

Liu C-B, Wang X-J, Liu R-H, Wu Y-L, Luo S-L (2010) A new multifunctional polymer: synthesis
and characterization of mPEG-b-PAA-grafted chitosan copolymer. J Cent South Univ Technol
17(5):936-942. https://doi.org/10.1007/s11771-010-0580-7

Luan S, Kudla J, Rodriguez-Concepcion M, Yalovsky S, Gruissem W (2002) Calmodulins and
calcineurin B-like proteins: calcium sensors for specific signal response coupling in plants.
Plant Cell 14(suppl_1):S389-S400. https://doi.org/10.1105/tpc.001115

Maksymiec W (2007) Signaling responses in plants to heavy metal stress. Acta Physiol Plant
29(3):177-187. https://doi.org/10.1007/s11738-007-0036-3

Mani P, Sharma H, Gautam A, Singh T, Verma S, Hussain R (2017) Hydroxyapatite (Ha) attenuate
TiO, toxicity in bio-system triggering E. coli and mouse bone marrow mono-nuclear cells
(BMMNC’S). Int J Life Sci Pharm Res 7:46-57

Matthewman CA, Kawashima CG, Huska D, Csorba T, Dalmay T, Kopriva S (2012) MiR395 is
a general component of the sulfate assimilation regulatory network in Arabidopsis. FEBS Lett
586(19):3242-3248. https://doi.org/10.1016/j.febslet.2012.06.044

Mendoza-Cézatl DG, Jobe TO, Hauser F, Schroeder JI (2011) Long-distance transport, vacuolar
sequestration, tolerance, and transcriptional responses induced by cadmium and arsenic. Curr
Opin Plant Biol 14(5):554-562. https://doi.org/10.1016/j.pbi.2011.07.004

Mielniczki-Pereira AA, Hahn ABB, Bonatto D, Riger CJ, Eleutherio ECA, Henriques JAP (2011)
New insights into the Ca>*-ATPases that contribute to cadmium tolerance in yeast. Toxicol Lett
207(2):104-111. https://doi.org/10.1016/j.toxlet.2011.08.023

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. https://doi.
org/10.1093/jxb/ers315

Moisan J, Thuraisingam T, Henault J, De Sanctis J, Radzioch D (2006) Role of SLC11A1 (formerly
NRAMP1I) in regulation of signal transduction induced by toll-like receptor 7 ligands. FEMS
Immunol Med Microbiol 47(1):138-147. https://doi.org/10.1111/j.1574-695X.2006.00077.x

Montero-Palmero MB, Martin-Barranco A, Escobar C, Herndndez LE (2014) Early transcriptional
responses to mercury: arole for ethylene in mercury-induced stress. New Phytol 201(1):116-130.
https://doi.org/10.1111/nph.12486

Ogawa I, Nakanishi H, Mori S, Nishizawa NK (2009) Time course analysis of gene regulation under
cadmium stress in rice. Plant Soil 325(1):97. https://doi.org/10.1007/s11104-009-0116-9

Opdenakker K, Remans T, Vangronsveld J, Cuypers A (2012) Mitogen-activated protein (MAP)
kinases in plant metal stress: regulation and responses in comparison to other biotic and abiotic
stresses. Int J Mol Sci 13(6):7828-7853. https://doi.org/10.3390/ijms 13067828

Pandey C, Raghuram B, Sinha AK, Gupta M (2015) MiRNA plays a role in the antagonistic effect
of selenium on arsenic stress in rice seedlings. Metallomics 7(5):857-866. https://doi.org/10.
1039/c5mt00013k

Patra JK, Das G, Fraceto LF, Campos EVR, del Pilar Rodriguez-Torres M, Acosta-Torres LS, Diaz-
Torres LA, Grillo R, Swamy MK, Sharma S, Habtemariam S, Shin H-S (2018) Nano based drug
delivery systems: recent developments and future prospects. J Nanobiotechnol 16(1):71. https://
doi.org/10.1186/s12951-018-0392-8


https://doi.org/10.1073/pnas.1103010108
https://doi.org/10.1007/s11771-010-0580-7
https://doi.org/10.1105/tpc.001115
https://doi.org/10.1007/s11738-007-0036-3
https://doi.org/10.1016/j.febslet.2012.06.044
https://doi.org/10.1016/j.pbi.2011.07.004
https://doi.org/10.1016/j.toxlet.2011.08.023
https://doi.org/10.1093/jxb/ers315
https://doi.org/10.1093/jxb/ers315
https://doi.org/10.1111/j.1574-695X.2006.00077.x
https://doi.org/10.1111/nph.12486
https://doi.org/10.1007/s11104-009-0116-9
https://doi.org/10.3390/ijms13067828
https://doi.org/10.1039/c5mt00013k
https://doi.org/10.1039/c5mt00013k
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1186/s12951-018-0392-8

An Overview of Metal and Metalloid Toxicity and Signaling in Plants 15

Peng J, Gong J (2014) Vacuolar sequestration capacity and long-distance metal transport in plants.
Front Plant Sci 5

Perilli S, Moubayidin L, Sabatini S (2010) The molecular basis of cytokinin function. Curr Opin
Plant Biol 13(1):21-26. https://doi.org/10.1016/j.pbi.2009.09.018

Piotrowska-Niczyporuk A, Bajguz A, Zambrzycka E, Godlewska-Zytkiewicz B (2012) Phyto-
hormones as regulators of heavy metal biosorption and toxicity in green alga Chlorella
vulgaris (Chlorophyceae). Plant Physiol Biochem 52:52-65. https://doi.org/10.1016/j.plaphy.
2011.11.009

Pitzschke A, Djamei A, Bitton F, Hirt H (2009) A major role of the MEKK1-MKK1/2-MPK4
pathway in ROS signalling. Mol Plant 2(1):120-137. https://doi.org/10.1093/mp/ssn079

Potters G, Pasternak TP, Guisez Y, Palme KJ, Jansen MAK (2007) Stress-induced morphogenic
responses: growing out of trouble? Trends Plant Sci 12(3):98-105. https://doi.org/10.1016/j.tpl
ants.2007.01.004

Raghuram B, Sheikh AH, Sinha AK (2014) Regulation of MAP kinase signaling cascade by
microRNAs in Oryza sativa. Plant Signal Behav 9(10):¢972130. https://doi.org/10.4161/psb.
29804

Raj V, Ramashankar CR, Verma B, Verma SK (2019) An overview of edible vaccine and
immunization. https://doi.org/10.13140/RG.2.2.27821.61928

Ramos J, Clemente MR, Naya L, Loscos J, Pérez-Rontomé C, Sato S, Tabata S, Becana M (2007)
Phytochelatin synthases of the model legume Lotus japonicus. A small multigene family with
differential response to cadmium and alternatively spliced variants. Plant Physiol 143(3):1110-
1118. https://doi.org/10.1104/pp.106.090894

Rao KP, Vani G, Kumar K, Wankhede DP, Misra M, Gupta M, Sinha AK (2011) Arsenic stress
activates MAP kinase in rice roots and leaves. Arch Biochem Biophys 506(1):73—-82. https://
doi.org/10.1016/j.abb.2010.11.006

Rashotte AM, Brady SR, Reed RC, Ante SJ, Muday GK (2000) Basipetal auxin transport is required
for gravitropism in roots of Arabidopsis. Plant Physiol 122(2):481-490. https://doi.org/10.1104/
pp-122.2.481

Roelofs D, Aarts MGM, Schat H, Van Straalen NM (2008) Functional ecological genomics to
demonstrate general and specific responses to abiotic stress. Funct Ecol 22(1):8-18. https://doi.
org/10.1111/j.1365-2435.2007.01312.x

Rucinska-Sobkowiak R (2016) Water relations in plants subjected to heavy metal stresses. Acta
Physiol Plant 38(11):257. https://doi.org/10.1007/s11738-016-2277-5

Rudd JJ, Franklin-Tong VE (2001) Unravelling response-specificity in Ca?* signalling pathways
in plant cells. New Phytol 151(1):7-33. https://doi.org/10.1046/j.1469-8137.2001.00173.x

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol
49(1):643-668. https://doi.org/10.1146/annurev.arplant.49.1.643

Sanders D, Pelloux J, Brownlee C, Harper JF (2002) Calcium at the crossroads of signaling. Plant
Cell 14(suppl_1):S401-S417. https://doi.org/10.1105/tpc.002899

Sharma SK, Singh D, Pandey H, Jatav RB, Singh V, Pandey D (2022) An overview of roles of
enzymatic and nonenzymatic antioxidants in plant. In: Antioxidant defense in plants, pp 1-13.
https://doi.org/10.1007/978-981-16-7981-0_1

Shim D, Hwang J-U, Lee J, Lee S, Choi Y, An G, Martinoia E, Lee Y (2010) Orthologs of the class
A4 heat shock transcription factor HsfA4a confer cadmium tolerance in wheat and rice. Plant
Cell 21(12):4031-4043. https://doi.org/10.1105/tpc.109.066902

Singh D, Agarwal V (2021) Screening of antimicrobial, anti-quorum sensing activity and
cytotoxicity of origanumoil against gram-positive and gram-negative bacteria. Biomedicine
41(3):599-603. https://doi.org/10.51248/.v41i3.1200

Singh B, Sharma RA (2015) Plant terpenes: defense responses, phylogenetic analysis, regulation
and clinical applications. 3 Biotech 5(2):129-151. https://doi.org/10.1007/s13205-014-0220-2

Singh D, Pandey H, Dhiman VK, Thakur K, Sharma I, Dhiman VK, Singh V, Pandey D (2022a)
Assessment of environmental impacts of metal/metalloid pollution on plants. In: Metals
metalloids soil plant water systems. Academic Press, pp 217-232


https://doi.org/10.1016/j.pbi.2009.09.018
https://doi.org/10.1016/j.plaphy.2011.11.009
https://doi.org/10.1016/j.plaphy.2011.11.009
https://doi.org/10.1093/mp/ssn079
https://doi.org/10.1016/j.tplants.2007.01.004
https://doi.org/10.1016/j.tplants.2007.01.004
https://doi.org/10.4161/psb.29804
https://doi.org/10.4161/psb.29804
https://doi.org/10.13140/RG.2.2.27821.61928
https://doi.org/10.1104/pp.106.090894
https://doi.org/10.1016/j.abb.2010.11.006
https://doi.org/10.1016/j.abb.2010.11.006
https://doi.org/10.1104/pp.122.2.481
https://doi.org/10.1104/pp.122.2.481
https://doi.org/10.1111/j.1365-2435.2007.01312.x
https://doi.org/10.1111/j.1365-2435.2007.01312.x
https://doi.org/10.1007/s11738-016-2277-5
https://doi.org/10.1046/j.1469-8137.2001.00173.x
https://doi.org/10.1146/annurev.arplant.49.1.643
https://doi.org/10.1105/tpc.002899
https://doi.org/10.1007/978-981-16-7981-0_1
https://doi.org/10.1105/tpc.109.066902
https://doi.org/10.51248/.v41i3.1200
https://doi.org/10.1007/s13205-014-0220-2

16 D. Singh et al.

Singh D, Dhiman VK, Pandey H, Dhiman VK, Pandey D (2022b) Crosstalk between salicylic
acid and auxins, cytokinins and gibberellins under biotic stress. In: Auxins, cytokinins and
gibberellins signaling in plants. Springer, Cham, pp 249-262. https://doi.org/10.1007/978-3-
031-05427-3_11

Singh D, Pandey H, Dhiman VK, Bang NTH, Dhiman VK, Singh V, Pandey D (2022c) Secondary
metabolite engineering for plant immunity against various pathogens. In: Metabolic engineering
in plants. Springer, Singapore, pp 123—143. https://doi.org/10.1007/978-981-16-7262-0_5

Singh D, Singh V, Mishra SB, Sharma D, Agarwal V (2022d) Evaluation of anti-biofilm, anti-
quorum, anti-dysenteric potential of designed polyherbal formulation: in vitro and in vivo study.
J Appl Biomed 20(1):7-14. https://doi.org/10.32725/jab.2022.005

Singh D, Pandey H, Thakur K et al (2022e) Aquaporins and their functions in water transportation
in different plant species. Environ Sustain 5:443-456. https://doi.org/10.1007/s42398-022-002
51-8

Singh V, Pandey H, Misra V, Singh D (2022f) Biocompatible herbal polymeric nano-formulation
of [6]-Gingerol: development, optimization, and characterization. Ecol Environ Conserv
28(3):372-376. Accessed 26 Dec 2022. https://www.envirobiotechjournals.com/article_abst
ract.php?aid=12941&iid=362&;id=3

Sinha AK, Jaggi M, Raghuram B, Tuteja N (2011) Mitogen-activated protein kinase signaling in
plants under abiotic stress. Plant Signal Behav 6(2):196-203. https://doi.org/10.4161/psb.6.2.
14701

Smeets K, Opdenakker K, Remans T, Forzani C, Hirt H, Vangronsveld J, Cuypers A (2013) The
role of the kinase OXII in cadmium- and copper-induced molecular responses in Arabidopsis
thaliana. Plant Cell Environ 36(6):1228-1238. https://doi.org/10.1111/pce.12056

Srivastava S, Srivastava AK, Suprasanna P, D’Souza SF (2013) Identification and profiling of
arsenic stress-induced microRNAs in Brassica juncea. J Exp Bot 64(1):303-315. https://doi.
org/10.1093/jxb/ers333

Steinhorst L, Kudla J (2013) Calcium—a central regulator of pollen germination and tube growth.
Biochim Biophys Acta (BBA) Mol Cell Res 1833(7):1573—-1581. https://doi.org/10.1016/j.bba
mcr.2012.10.009

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in the toxicity of metal ions. Free Radical Biol
Med 18(2):321-336. https://doi.org/10.1016/0891-5849(94)00159-H

Takahashi F, Mizoguchi T, Yoshida R, Ichimura K, Shinozaki K (2011) Calmodulin-dependent
activation of MAP kinase for ROS homeostasis in Arabidopsis. Mol Cell 41(6):649-660. https://
doi.org/10.1016/j.molcel.2011.02.029

Tang M, Mao D, Xu L, Li D, Song S, Chen C (2014) Integrated analysis of miRNA and mRNA
expression profiles in response to Cd exposure in rice seedlings. BMC Genomics 15(1):835.
https://doi.org/10.1186/1471-2164-15-835

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy metal toxicity and the
environment. In: Luch A (ed) Molecular, clinical and environmental toxicology: volume 3:
environmental toxicology, experientia supplementum. Springer, Basel, pp 133-164

Tebar F, Lladé A, Enrich C (2002) Role of calmodulin in the modulation of the MAPK signalling
pathway and the transactivation of epidermal growth factor receptor mediated by PKC. FEBS
Lett 517(1-3):206-210. https://doi.org/10.1016/S0014-5793(02)02624-8

Thao NP, Khan MIR, Thu NBA, Hoang XLT, Asgher M, Khan NA, Tran L-SP (2015) Role of
ethylene and its cross talk with other signaling molecules in plant responses to heavy metal
stress. Plant Physiol 169(1):73-84. https://doi.org/10.1104/pp.15.00663

Tian Q, Zhang X, Ramesh S, Gilliham M, Tyerman SD, Zhang W-H (2014) Ethylene negatively
regulates aluminium-induced malate efflux from wheat roots and tobacco cells transformed with
TaALMT1. J Exp Bot 65(9):2415-2426. https://doi.org/10.1093/jxb/erul123

Tripathi V, Parasuraman B, Laxmi A, Chattopadhyay D (2009) CIPK6, a CBL-interacting protein
kinase is required for development and salt tolerance in plants. Plant J 58(5):778-790. https://
doi.org/10.1111/j.1365-313X.2009.03812.x


https://doi.org/10.1007/978-3-031-05427-3_11
https://doi.org/10.1007/978-3-031-05427-3_11
https://doi.org/10.1007/978-981-16-7262-0_5
https://doi.org/10.32725/jab.2022.005
https://doi.org/10.1007/s42398-022-00251-8
https://doi.org/10.1007/s42398-022-00251-8
https://www.envirobiotechjournals.com/article_abstract.php?aid=12941&iid=362&jid=3
https://www.envirobiotechjournals.com/article_abstract.php?aid=12941&iid=362&jid=3
https://doi.org/10.4161/psb.6.2.14701
https://doi.org/10.4161/psb.6.2.14701
https://doi.org/10.1111/pce.12056
https://doi.org/10.1093/jxb/ers333
https://doi.org/10.1093/jxb/ers333
https://doi.org/10.1016/j.bbamcr.2012.10.009
https://doi.org/10.1016/j.bbamcr.2012.10.009
https://doi.org/10.1016/0891-5849(94)00159-H
https://doi.org/10.1016/j.molcel.2011.02.029
https://doi.org/10.1016/j.molcel.2011.02.029
https://doi.org/10.1186/1471-2164-15-835
https://doi.org/10.1016/S0014-5793(02)02624-8
https://doi.org/10.1104/pp.15.00663
https://doi.org/10.1093/jxb/eru123
https://doi.org/10.1111/j.1365-313X.2009.03812.x
https://doi.org/10.1111/j.1365-313X.2009.03812.x

An Overview of Metal and Metalloid Toxicity and Signaling in Plants 17

Tsai C-Y, Cameron Finley J, Ali SS, Patel HH, Howell SB (2012) Copper influx transporter 1 is
required for FGF, PDGF and EGF-induced MAPK signaling. Biochem Pharmacol 84(8):1007—
1013. https://doi.org/10.1016/j.bcp.2012.07.014

Verbruggen N, Hermans C, Schat H (2009) Mechanisms to cope with arsenic or cadmium excess
in plants. Curr Opin Plant Biol 12(3):364-372. https://doi.org/10.1016/j.pbi.2009.05.001

Vitti A, Nuzzaci M, Scopa A, Tataranni G, Remans T, Vangronsveld J, Sofo A (2013) Auxin and
cytokinin metabolism and root morphological modifications in Arabidopsis thaliana seedlings
infected with cucumber mosaic virus (CMV) or exposed to cadmium. Int J Mol Sci 14(4):6889—
6902. https://doi.org/10.3390/ijms 14046889

Wang Y, Gao C, Liang Y, Wang C, Yang C, Liu G (2010) A novel BZIP gene from Tamarix hispida
mediates physiological responses to salt stress in tobacco plants. J Plant Physiol 167(3):222-230.
https://doi.org/10.1016/j.jplph.2009.09.008

Wang R, Wang J, Zhao L, Yang S, Song Y (2015) Impact of heavy metal stresses on the growth
and auxin homeostasis of Arabidopsis seedlings. Biometals 28(1):123—132. https://doi.org/10.
1007/s10534-014-9808-6

Weber M, Trampczynska A, Clemens S (2006) Comparative transcriptome analysis of toxic
metal responses in Arabidopsis thaliana and the Cd**-hypertolerant facultative metallophyte
Arabidopsis halleri. Plant Cell Environ 29(5):950-963. https://doi.org/10.1111/j.1365-3040.
2005.01479.x

Waurzinger B, Mair A, Pfister B, Teige M (2011) Cross-talk of calcium-dependent protein kinase and
MAP kinase signaling. Plant Signal Behav 6(1):8-12. https://doi.org/10.4161/psb.6.1.14012

Xie Y,HuL,DuZ, Sun X, Amombo E, Fan J, Fu J (2014) Effects of cadmium exposure on growth and
metabolic profile of bermudagrass [Cynodon dactylon (L.) Pers.]. PLoS ONE 9(12):e115279.
https://doi.org/10.1371/journal.pone.0115279

Yadav SK (2010) Heavy metals toxicity in plants: an overview on the role of glutathione and
phytochelatins in heavy metal stress tolerance of plants. S Afr J Bot 76(2):167-179. https://doi.
org/10.1016/j.sajb.2009.10.007

Yanhui C, Xiaoyuan Y, Kun H, Meihua L, Jigang L, Zhaofeng G, Zhiqiang L, Yunfei Z, Xiaoxiao W,
Xiaoming Q, Yunping S, Li Z, Xiaohui D, Jingchu L, Xing-Wang D, Zhangliang C, Hongya G,
Li-Jia Q (2006) The MYB transcription factor superfamily of Arabidopsis: expression analysis
and phylogenetic comparison with the rice MYB family. Plant Mol Biol 60(1):107—124. https://
doi.org/10.1007/s11103-005-2910-y

Yeh C-M, Chien P-S, Huang H-J (2007) Distinct signalling pathways for induction of MAP kinase
activities by cadmium and copper in rice roots. J Exp Bot 58(3):659-671. https://doi.org/10.
1093/jxbler1240

Zhang G, Wu H, Ross CR, Ernest Minton J, Blecha F (2000) Cloning of porcine NRAMPI and its
induction by lipopolysaccharide, tumor necrosis factor alpha, and interleukin-1p: role of CD14
and mitogen-activated protein kinases. Infect Immun 68(3):1086—-1093. https://doi.org/10.1128/
1AL.68.3.1086-1093.2000

Zhao J, Davis LC, Verpoorte R (2005) Elicitor signal transduction leading to production of plant
secondary metabolites. Biotechnol Adv 23(4):283-333. https://doi.org/10.1016/j.biotechadv.
2005.01.003

Zhao FY, Wang K, Zhang SY, Ren J, Liu T, Wang X (2014) Crosstalk between ABA, auxin,
MAPK signaling, and the cell cycle in cadmium-stressed rice seedlings. Acta Physiol Plant
36(7):1879-1892. https://doi.org/10.1007/s11738-014-1564-2


https://doi.org/10.1016/j.bcp.2012.07.014
https://doi.org/10.1016/j.pbi.2009.05.001
https://doi.org/10.3390/ijms14046889
https://doi.org/10.1016/j.jplph.2009.09.008
https://doi.org/10.1007/s10534-014-9808-6
https://doi.org/10.1007/s10534-014-9808-6
https://doi.org/10.1111/j.1365-3040.2005.01479.x
https://doi.org/10.1111/j.1365-3040.2005.01479.x
https://doi.org/10.4161/psb.6.1.14012
https://doi.org/10.1371/journal.pone.0115279
https://doi.org/10.1016/j.sajb.2009.10.007
https://doi.org/10.1016/j.sajb.2009.10.007
https://doi.org/10.1007/s11103-005-2910-y
https://doi.org/10.1007/s11103-005-2910-y
https://doi.org/10.1093/jxb/erl240
https://doi.org/10.1093/jxb/erl240
https://doi.org/10.1128/IAI.68.3.1086-1093.2000
https://doi.org/10.1128/IAI.68.3.1086-1093.2000
https://doi.org/10.1016/j.biotechadv.2005.01.003
https://doi.org/10.1016/j.biotechadv.2005.01.003
https://doi.org/10.1007/s11738-014-1564-2

Metalloids Accumulation )
and Translocation in Plants Becit

Umar Akram, Iqra Shahzadi, Sayeda Meryam Salman Peerzada,
Fatima Sajal, and Awais Farooq

Abstract Metals and Metalloids are posing a great threat to the ecosystem. Various
elements including Boron, Silicon, Arsenic, Cadmium, Germanium, Aluminum,
Antimony, Tellurium, Palladium, and others are considered metalloids which possess
both the properties of metals and non-metals. Studies reveal that plant cells use
transporters from the aquaporin family to facilitate the entry of metalloids. Excess
intake of metalloids poses stress to plant cell. Upon entering the plant, metalloids are
distributed to various tissues and organs, which can result in different physiological
effects. The signaling of auxin is crucial in regulating plant responses to changes in
the environment and in establishing defense mechanisms against the harmful effects
of exposure to toxic metals and metalloids. The presence of metalloids is one of
the environmental stresses that can trigger the production of reactive oxygen species
(ROS) in plants, although plants have different signaling pathways to reduce ROS
accumulation. Number of gene families including NRAMP, WRKY, ERF, MYB, NIP,
IRT, HMAs, STARI, HAC, PHT, LCT, Lsi, ZIP and PIP are involved in the regulation
of uptake and transportation and toxic metalloids. Research on these gene families
can further allow us to improve the plant defense system so that plants will be able
to withstand this serious abiotic stress.

1 Introduction

The escalating levels of pollutants represent the most significant environmental chal-
lenge of current era, contributing significantly to climate change and having severe
implications for the ecosystem. Among these pollutants are metals and metalloids,
which pose a particular threat to various life forms due to their toxicity. These trace
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elements can originate from either lithogenic or anthropogenic sources in the soil
(Antoniadis et al. 2017). The group of elements known as “metalloids,” consists
of six elements: boron (B), silicon (Si), arsenic (As), germanium (Ge), antimony
(Sb), and tellurium (Te). In periodic table these elements are located on the dividing
line between metals and non-metals and display characteristics that are intermediate
between these two groups of elements. The accomplishment of phytoremediation
tools and the providence of these elements in the environment are dependent on their
availability and mobility. The effects of trace metal/metalloid-induced toxicity may
not always be immediately apparent, as soil complexity, plant adaptation, and the
period of their existence in the topsoil can all have an impact (Talukdar et al. 2015).

Researchers have recently focused on understanding how plants can incorporate,
distribute, respond to, and adapt to elements such as arsenic (As), boron (B), and
silicon (Si) at the molecular level. It has been discovered that metalloids, which
include these elements, use transporters from the aquaporin family to enter plant cells.
These transporters allow metalloids to enter plant cells in a neutral protonated form
due to their similar shape to glycerol, which is a common substrate for aquaporins
(Sharma et al. 2021; Mukhopadhyay et al. 2014). Despite of recent researches, the
mechanisms involved in signaling, molecular response, and physiological adaptation
to elements like As, B, and Si are still being explored. However, there is a dearth
of information available regarding the phytotoxicity of elements such as Ge, Sb,
and Te, this could be because Ge, Sb, and Te are not as environmentally relevant
as other metalloids, which could explain the limited information available regarding
their phytotoxicity. The focus of metalloid-dependent signaling in plants has been
on As, B, and Si. The study of interactions between plants and metals as well as the
advancement of phytoremediation technologies depend on this integration. In spite
of the tremendous advancements achieved in this area recently, little has been known
about on how plants perceive the toxicity stress caused by metalloids like boron and
arsenic. While there have been advancements in understanding certain other abiotic
stresses, the precise sensing mechanisms and true metalloid sensor(s) for boron and
arsenic remain unclear (Rajabpoor et al. 2019; Lamers et al. 2020). The downstream
signaling elements or effectors in plants often show a significant overlap in their
response to various abiotic stresses, making them appear nonspecific. However, these
effectors are responsible for coordinating plant responses and adaptations to specific
stressors with remarkable accuracy (Pommerrenig et al. 2015).

2 Plant Reaction in Response to Metalloid Stress

Metalloids represent a group of elements that possess both metallic and non-metallic
properties. A significant threat to crop growth is associated with As and Sb. In list
of hazardous materials made by Agency for Toxic Substances and Disease Registry,
Arsenic is one among the top most hazardous substances (Genthe et al. 2018). A
phosphate analog named arsenate (AsV), penetrates plants through phosphate trans-
port systems. Problems regarding its effects on human health have been raised as a
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result of the buildup of arsenic in the tissues of significant crops and its subsequent
transfer to cereals (Panaullah et al. 2009). While plants generally exhibit tolerance
towards antimony (Sb), higher concentrations of this metalloid can hinder growth,
photosynthesis, and nutrient uptake, and decrease cellular metabolite synthesis. On
the other hand, selenium (Se), unlike boron (B) that is essential for growth and devel-
opment of plants, is not a required element but is known to boost antioxidant activity
and productivity. Selenium accumulation results in stunted growth, shorter roots, and
reduced photosynthesis efficiency due to elevated levels of boron, whereas elevated
levels of boron result in chlorosis of leaves and weakened shoots (Espinosa-Vellarino
etal. 2020). Silicon is known to enhance plant growth and productivity, but excessive
amounts can also induce abiotic stress (Sharma et al. 2019). An important source of
phytotoxicity is metalloid stress, one of the lesser known abiotic stresses (Adrees et al.
2015). There are also substances including nitric oxide, hydrogen sulfide, and mela-
tonin, that regulate other physiological processes such as auxin, ethylene, gibberellin,
cytokinin, and abscisic acid (Thao et al. 2015; Kohli et al. 2019).

Auxin signaling is essential for controlling how plants respond to environmental
changes and how they establish defenses against toxic metals and metalloid exposure.
In fact, introducing auxin-producing microorganisms into the rhizosphere of plants
under metalloid stress can improve plant output and adaptability (Vacheron et al.
2013). Auxins play an important role to reduce the concentration of ROS produces in
different cellular compartments, including mitochondria, plastids, peroxisomes, and
cytoplasm under the metalloids stress (Krishnamurthy and Rathinasabapathi 2013).
When plants are exposed to toxic levels of metalloids, they have a feedback mech-
anism to maintain auxin homeostasis. Degradation and/or transport of auxin results
in an increase in adaptability under adverse conditions, which improves adaptability.
When plants are exposed to toxic levels of metalloids, several auxin-responsive genes
may also change their transcript levels (Molndr et al. 2018).

3 Metalloids Homeostasis and Signaling During Plant
Uptake

Metalloids are essential for plant growth but can be toxic to plants when present in
excess. Plant uptake of metalloids involves a complex process of homeostasis and
signaling mechanisms that regulate their uptake, transport and distribution within
the plant (Ducic and Polle 2005). Homeostasis mechanisms regulate the uptake of
metalloids in plant roots by maintaining the balance between uptake and efflux (Liu
et al. 2019). Metalloids can enter plant cells through channels and transporters but
are also expelled from the root cells by efflux pumps. The transporters and pumps
responsible for metalloid uptake and efflux are regulated by several genes, such as the
ACRS3 gene in Arabidopsis thaliana, which encodes a transport protein that mediates
the uptake and efflux of As. Signaling mechanisms play a crucial role in metalloid
uptake and distribution in plants. Signaling events caused by metalloid stress regulate



