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Abstract

Nutrient transporters are integral membrane proteins that regulate the uptake, translocation and redistribution of essential nutrients in
plants. Under abiotic and biotic stresses, their activity plays a pivotal role in maintaining ionic homeostasis, osmotic balance and stress
signalling. This review explores how nutrient transporters respond to environmental cues and mediate stress tolerance. For instance,
potassium transporters mediate stomatal closure under drought, maintain Na*/K* homeostasis under salinity and facilitate structural
adaptations such as adventitious root and aerenchyma formation under flooding. Similarly, plasma membrane H*-ATPase maintains
membrane integrity under heat stress, while metal transporters regulate the uptake and detoxification of heavy metals. In response to
biotic stress, calcium and silicon transporters enhance structural defences and stimulate the biosynthesis of secondary metabolites.
Collectively, these mechanisms underscore the central role of nutrient transporters in plants under stress and highlight their potential as

targets for engineering crops with improved nutrient use efficiency and stress tolerance.
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Introduction

The global population is estimated to reach 8.5 billion by 2030, with
a subsequent increase to 9.7 billion in 2050 and a further rise to 10.4
billion by 2100. Food production needs to be doubled in developing
countries to meet future food demands by 2050 (1). The challenge
of doubling food production is complicated by the various stresses
that plants encounter. As sessile organisms, plants are often
exposed to various abiotic stresses, such as drought, salinity, heat
stress, cold stress, heavy metal toxicity, flooding and nutrient
imbalances (both deficiencies and toxicities), as well as biotic
stresses, such as pathogen attack and pest damage. These stresses
adversely affect photosynthesis, respiration and water and nutrient
uptake, leading to excessive production of reactive oxygen species
(ROS), disruption of ion homeostasis and hormonal imbalances,
which ultimately impair plant growth and productivity, causing
substantial economic losses and posing a serious threat to global
food security (2). The maintenance of ion homeostasis is one of the
critical mechanisms for optimal growth and development.
Stress disrupts the structural integrity of the plasma membrane,
which in turn impairs the function of membrane-embedded
transporters. Consequently, the plant’s ability to uptake, transport
and distribute vital metabolites and nutrients across the membrane
is significantly hindered (3).

The uptake of nutrients from the soil into the plant roots,
followed by their transport to the root vascular tissues, is mediated
by a range of nutrient transporters. Nutrient transporters are
specialised membrane transporters that facilitate the movement of
nutrients across cellular membranes, enabling plants to uptake
nutrients from the soil and distribute them throughout the plant
(Table 1) (19). Based on the type of nutrient ions they transport,
transporters are categorised as cation transporters, which mediate
the uptake of ions such as potassium (K), calcium (Ca*), magnesium
(Mg*) and iron (Fe**) and anion transporters, which facilitate the
transport of ions such as nitrate (NO;) and chloride (Cl). These
nutrient transporters are indispensable for maintaining nutrient
homeostasis, which supports plant growth, development and stress
adaptation (20). Plants employ various mechanisms to withstand
stress, including osmotic adjustment, maintenance of ionic balance,
activation of antioxidant defence systems, regulation of stomatal
aperture, stabilisation of cellular membranes, protection of the
photosynthetic apparatus and synthesis of secondary metabolites
(21). Among these mechanisms, maintaining ionic homeostasis is
critical for stress tolerance, with nutrient transporters playing a
significant role in this process. Under stress conditions, nutrient
transporters contribute to stress tolerance by improving nutrient-
use efficiency (20).
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Table 1. Major and micronutrient transporters in plants

S.No. Nutrients  Transporter family Trsa:;{);pr:er Primary function Location Reference
Major nutrients
Epidermis near root tips, cortex or
NRT1.1 Act as a dual-affinity nitrate  endodermis in mature roots, emerging @)
(NPF6.3) transceptor leaves and reproductive parts such as
style, stigma and anthers
(NEH%) Actas atlgﬁ;?)fgrqg nitrate Root hairs and root epidermis (4)
NRTL5 Involved in xylem loading and
(NPF7.3) root-to-shoot translocation of Xylem-pole pericycle (4)
: nitrate
Nitrate transporter 1/ . -
Nitrate peptide family NE’E? Uptake of nitrate into ovules Vascular tlssfue; oflthe silique and (4)
(NRT1/NPF) ( .5) uniculus
NRT1.7 Involved in nitrate Phloem of the minor veins in the old @)
(NPF2.13) remobilisation leaves
NRT1.8 Involved in xylem unloading of  Xylem parenchyma cells of roots and @)
(NPF7.2) nitrate and stress tolerance leaves
NRT1.9 Involved in phloem loading of .
(NPF2.9) nitrate in roots Companion cells of root phloem (4)
NRT1.11 and
NRT1.12  Involved in xylem-to-phloem  Companion cells of the major veins in (@)
(NPF1.2 and nitrate redistribution in leaves expanded leaves
NPF1.3)
NRT2.1and Act as a high-affinity nitrate :
NRT2.2 transporter Older part of the main root (5)
s b Em Younger part of the primary root and the
Ni 5 NRT2.4 and It i?;:sgr?eh%hinaﬂzletg B'tr,\?te distal region of lateral roots (NRT2.4); root (5)
1. Nitrogen itrate transporter NRT2.5 porter, Ing Y hair zone of primary and lateral roots
family (NRT2) starvation (NRT2.5)
NRT2.6 Involved in plant defence Leaves (5)
Involved in vacuolar nitrate
NRT2.7 storage in seeds Seed tonoplast (5)
Nitrate transporter 3/
Nitrate assimilation- NRT3.1and  Actas accessory proteins,
related family (NRT3/ NRT3.2 modulate NRT2 function Root plasma membrane (NRT3.1) (5)
NAR2)
Act as a high-affinity
AMT1.1 ammonium transporter Outer cell layers of roots (6)
Uptake of ammonium into the
AMT1.2 root epidermis supports Endothelial cells (6)
symplastic transport
Act as a high-affinity
AMT1.3  ammonium transporter (Major Outer cell layers of roots (6)
Ammonium contributor)
transporter family Expressed in pollen, involved in .
(AMT) AMT1.4 reproductive development Pollen grains and pollen tubes (6)
Contributes to ammonium
AMT1.5 uptake, especially under Roots (6)
limiting conditions
Involved in root-to-shoot
AMT2.1 ammonium translocation Roots (6)
Involved in ammonium .
AMT2.2 transport and distribution Leaves and petioles (6)
Act as a high-affinity phosphate
(Pi) transporter (Major
PHT1 contributor to root Pi uptake Root plasma membrane (")
and initial translocation)
It acts as a low-affinity Pi
PHT2 transporter and imports Chloroplast envelope (7)
Phosphorus phosphate into chloroplasts
transporter Family Transport Pi into mitochondria
(PHT) PHT3 and supports ATP synthesis Mitochondrial inner membrane (7
Transport Piinto the golgi .
PHT4 bodies and other organelles Plastid (7)
Act as a Vacuolar Pi transporter
2. Phosphorus PHT5 and regulates cytosolic Pi Tonoplast W)
homeostasis
PHO1 (SPX-EXS family) PHO1 Xylem loading of Pi for root-to- Root stellar cells are found in the lower 7)
Family shoot translocation part of the hypocotyl
SULTR-like
phosphorus . . .
distribution SPDT Allocation ?r: CPé;cgaslieds/gralns Xylem and phloem (7)
transporter (SPDT)
family
Metabolic exchange of Pi with
Phosphate TPT, PPT, phosphorylated intermediates Plastids

Translocator Family GPT and XPT

across plastid envelope
membranes
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3.

4.

5.

6.

Potassium

Magnesium

Calcium

Sulphur

Potassium
transporter/high-

affinity K" transporter/ KT/HAK/KUP

K* uptake permease
family

High-affinity K*
transporter family

K* efflux antiporter
family (KEA)

Cation/H* exchanger
family

Shaker-like K* channel
family

Tandem-pore K*
channel family

K*inward rectifier
channel family

Magnesium
transporters (MGT)

Mg*/H* exchanger

Ca*-permeable
channels (Cyclic
nucleotide-gated
channels,
Depolarisation-
activated Ca?*
Channels,
Hyperpolarisation-
activated Ca?*
Channels, Glutamate
receptor-like
receptors and
Nucleotide-binding
leucine-rich repeat
receptors)
Ca**-ATPases
(Autoinhibited Ca?*-
ATPases, ER-type Ca?-
ATPases)

Ca?/Cation
antiporters (Ca?*/H*
exchangers), Ca?'/
Cation exchangers,
Na*/Ca? exchangers)

Sulphate transporters
(SULTR)

HKT

KEAL, KEA2,
KEA3, KEA4,
KEAS5 and
KEA6

CHX17 and
CHX21

AKT1, AKT2,
KAT1, SKOR
and GORK

TPK1, TPK2,
TPK3, TPK4
and TPK5

Kir-like
proteins

MGT1, MGT6
and MGT7

MGT2 and
MGT3

MGT4, MGT5
and MGT9

MGT10

MHX

CNGCs,
DACCs,

HACCs, GLRs

and NLRs

ACAs and
ECAs

CAXs, CCXs
and NCXs

SULTRL.1,
SULTR1.2
and
SULTR1.3

SULTR2.1
and
SULTR2.2

SULTR3.1,
SULTR3.2,
SULTR3.3,
SULTR3.4
and
SULTR3.5

SULTR4.1
and
SULTR4.2

It acts as a high-affinity
potassium transporter and is
involved in root-to-shoot
translocation

It acts as a K*/Na* co-
transporter and is involved in
Na* exclusion and K*
homeostasis, especially under
salt stress
Act as a K*/H* antiport and are
involved in K" and pH

Root plasma membrane

Plasma membrane of root stele cells

Chloroplast inner envelope (KEAL & 2);
thylakoid membrane (KEA3);

homeostasis in chloroplasts, endomembrane compartments (KEA4,5 &

endomembranes and vacuoles
Transport K* and other cations
and involved in pH regulation,
pollen tube growth and
osmotic adjustment
Act as a low- and high-affinity

6)

Root plasma membrane (CHX17);
chloroplast envelope (CHX21)

K" transporter and are involved Root periphery (AKT1); phloem tissues
in K' loading into xylem, guard (AKT2); root xylem sap (SKOR); guard cells

cell function and long-distance
transport
Involved in K* flux across
vacuolar and endomembrane
systems, osmotic adjustment
Act as an inward-rectifying K*
channelinvolved in K* uptake
in specific tissues
Involved in Mg? uptake from
soil and long-distance
transport
involved in the maintenance of
Mg?* homeostasis in mesophyll
cells

Involved in the active transport

of Mg?* for pollen development
Import Mg?* into chloroplasts,
essential for photosynthesis
Involved in Mg*/H* exchange

and Mg?* sequestration into the

vacuole

Mediates Ca? influx into the
cytosol, crucial for signalling
and stress responses

Use ATP to pump Ca* out of
the cytosol into organelles or
apoplast, maintaining low
cytosolic Ca?

Exchange Ca* with protons or
other cations, sequester Ca?*
into the vacuole or the ER for

homeostasis.

It acts as a high-affinity
sulphate transporter and is
involved in phloem loading and
redistribution.

Act as Low-affinity sulphate

(KAT1 &2)

Tonoplast

Tonoplast

Root plasma membrane

Tonoplast

Various membranes and predominantly
found in anther and pollen cells

Chloroplast envelope

Tonoplast

Plasma membrane

Plasma membrane (ACAs); endoplasmic

reticulum (ECAs)

Tonoplast

Epidermis and cortex of roots (SULTR1.1,
SULTRL.2), phloem (SULTRL.3),

Vascular tissue of both the leaves and the

transporters and are involved roots (SULTR2.1) and phloem of roots and

in long-distance sulphate
translocation.

Import sulphate into plastids
and modulate other SULTRs

Efflux of sulphate from the
vacuole to the cytosol

vascular bundle sheath in

leaves (SULTR2.2)

Chloroplast

Tonoplast

(10)

(10)

(11)

(11)
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Micronutrients
Iron-regulated Transports Fe?" into the root
transporter family IRT1 after Fe* reduction Root plasma membrane (12)
Natural resistance-
A NRAMP1 .
associated ’ Involved in vacuolar Fe
macrophage protein anl\éR'\/l\allAPﬁm mobilisation Plasma membrane or vacuoles (12)
(NRAMP)
Responsible for the transport
YSL1. YSL2 of Fe complexes such as Fe-
Yellow stripe-like (YSL) and YsL3 nicotianamine/Fe- Plasma membrane and phloem (12)
phytosiderophore and involved
in long-distance transport of Fe
. Involved in the storage and
Vacuolariron - .
VITlandVIT2  sequestration of Fe into Tonoplast (12)
transporter (VIT) vacuoles
Mitochondrial iron MIT1 and - . - - -
transporter (MIT) MIT2 Import Fe into mitochondria Mitochondrial membrane (12)
Ferric reductase 3 2
1. Iron oxidase (FRO) FRO2 Reduces Fe*" to Fe* for uptake Plasma membrane (12)
Critical for Fe solubilization
Ferric Reductase and translocation through
Defective 3 FRD3 xylem by loading citrate into Plasma membrane (12)
the root vasculature
. . Transport Fe into the phloem
Oligopeptide : o
transporter (OPT) OPT3 and helps in long-distance Plasma membrane and phloem (12)
signalling
Permease In . .
Chloroplasts (PIC) PIC1 Import Fe into chloroplasts chloroplast inner envelope (12)
Essential for the secretion and
internal movement of
muT?ﬁgfcp:critgr(%M) TOTI\glMaznd phytosiderophores, which Plasma membrane (12)
g resulted in iron chelation and
uptake
Nicotianamine NASland  Synthesise nicotianamine, a
synthase NAS2 chelator for Fe transport Cytosol (12)
NRAMP1, Epidermal cells (NRAMP1), trans-golgi
Natural resistance- ~ NRAMP2, network (NRAMP2), xylem and phloem
associated NRAMP3, (NRAMP3), tonoplast (NRAMP4),
macrophage protein  NRAMP4, exodermis and endodermis (NRAMP5),
family (NRAMP)  NRAMP5 and Golgi apparatus and trans-golgi network
NRAMP6 (NRAMPS)
Involved in the transport of
Zinc-regulated Mn?% into the cytosol (13)
transporter/lron-
regulated transporter lellpaznd
(ZRT/IRT)-related
protein family
N YSL1, YSL2,
Yel]lgmi?tr(lggl:l)lke YSL3 and Plasma membrane
y YSL6
Vacuole (MTP8), plasma membrane
Cation diffusion MTP8. MTP9 (MTP9), plasma membrane of
5 M facilitator/Metal MTP10 and parenchyma cells around the xylem
. anganese  transport protein MTP11 (MTP10) and Golgi apparatus, pre-
family (CDF/MTP) vacuolar compartment and trans-Golgi
network (MTP11)
Vacuolariron
transporter family VIT1and VIT2 Vacuole
(VIT)
CAXL CAYD Involved in the transport of (13)
2/Cati ; ) , Mn?* out of the cytosol
Czu/(é?ft;?r?ifn(tclgggfr CAX3 and y Vacuole
P y CAX4
Bivalent cation
transporter family BICB,IA(':I'Aszznd Chloroplast
(BICAT)
Endoplasmic reticulum and nuclear
P2A-type ATPase ECAl and envelope (ECA1) and Golgi apparatus, pre-
family ECA3 vacuolar compartment and trans-golgi

network (ECA3)
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3.

5.

Copper

Zinc

Molybdenum

Boron

Copper transporter
family (COPT)

ZIP (ZRT/IRT-like
Protein)

Yellow stripe-like

P-type ATPases (HMA HMA1, HMAS,
HMAG, HMAT7 chloroplasts and thylakoids,

family)

ZRT/IRT-like Protein
(ZIP)

Heavy metal ATPase
(HMA)

Cation diffusion
facilitator/metal
transporter protein
(CDF/MTP)

Yellow Stripe-Like
(YSL)

Lazarus (LAZ) family

Molybdate transporter
(MOT)

Boron exporter family
(BOR)

COPT1L,
COPT2,
COPT3 and
COPT4

COPT5

COPT6

ZIP2 and
ZIP4

YSL1,YSL2
and YSL3

and HMA8

ZIP1, ZIP2,
ZIP3, ZIP4,
ZIP5, ZIPY,

Act as a high-affinity copper

Plasma membrane
transporter

Act as a vacuolar copper
exporter, critical for
remobilizing stored copper
under deficiency

Tonoplast

Involved in copper uptake and
redistribution, especially
important for copper
allocation to aerial tissues and
seeds

Plasma membrane-localized (notably in
vasculature and reproductive tissues)

Involved in Cu? uptake Plasma membrane

Involved in the transport of Cu-
nicotianamine (Cu-NA)
complexes

Plasma membrane

Involved in Cu efflux from the
cytosol, delivery to
detoxification, ethylene thylakoid membrane
receptor biogenesis.

Responsible for absorbing Zn*
from the soil, importing it into

the symplast and contributing Plasma membrane

ZIP10, ZIP11 to zinc redistribution within the

and ZIP12

HMA2 and
HMA4

MTP1and
MTP3

YSL1 and
YSL3

LAZ1, LAZ2,

LAZ3 and
LAZ4

MOT1

MOT2

BOR1

BOR2

BOR4

plant.

Involved in the Zn?* efflux,
loading into xylem for root-to-
shoot translocation

Plasma membrane and xylem
parenchyma

Involved in Zn?" sequestration

into the vacuole Tonoplast

Involved in the transport of Zn-
nicotianamine (Zn-NA)
complexes

Plasma membrane

Involved in Zn?* uptake and

. Plasma membran
homeostasis lasma membrane

It acts as a high-affinity
molybdate transporter
responsible for molybdate
uptake from the soil into root
cells.

Root epidermis and plasma membrane

Involved in molybdate
transport and redistribution
from roots to shoots through

the vascular tissues, facilitating
long-distance translocation.

Xylem and phloem

Efflux of boron from roots to

shoots Plasma membrane of root stele cells

Essential for distributing boron
in the root cell wall, facilitating
root elongation under boron-
limited conditions.

Root plasma membrane

Exports excess B to prevent
toxicity under high B
conditions

Root epidermis

Plasma membrane, chloroplast envelope,

(15)

(17)

(17)

(18)
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Stress influences the function, localisation and expression
of nutrient transporter proteins. For instance, drought stress
induces depolarisation of the plasma membrane, which activates
guard cell outward rectifying K* (GORK) channel, a type of
potassium (K) channel. This activation promotes the efflux of K*ions
from guard cells, resulting in stomatal closure as a critical adaptive
response to enhance drought stress tolerance (22). Similarly, biotic
stress also induces the activation of GORK channels, leading to K*
loss and subsequent programmed cell death, which contributes to
the plant’s defence against biotic stress (23). In addition to their
crucial role in the plant stress response, the regulation of nutrient
transporters is essential for their effective function. At the
transcriptional level, stress-specific transcription factors, such as
Dehydration-Responsive  Element Binding protein  (DREB),
tryptophan-arginine-lysine-tyrosine (WRKY) and NAC (NAM, ATAF1/2
and CUC2), modulate the expression of ion transporter genes,
thereby facilitating their timely activation or inactivation in response
to environmental cues (24, 25). Furthermore, Post-transcriptional
mechanisms such as microRNA (miRNA) - mediated gene silencing
and post-translational modifications such as phosphorylation and
ubiquitination enable the rapid activation or inactivation of nutrient
transporter protein activity (26-28). This multi-level regulation of
nutrient transporters ensures plant tolerance to various stresses.

Recent transcriptomic studies have provided valuable
insights into the stress-responsive regulation of nutrient transporters
across different plant species. For instance, transcriptomic analyses
revealed that low nitrogen (N) conditions induce the expression of
NOs transporters (NRTs) such as NRT1, NRT24 and NRT2.5 in lettuce
and NRT22 and NRT2.5 in maize, suggesting enhancement in NO5
uptake and nitrogen use efficiency (NUE) (29, 30). Complementary
to transcriptomic approaches, clustered regularly interspaced short
palindromic repeats/CRISPR-associated (CRISPR/Cas) system-based
functional genomics has emerged as a powerful tool to validate the
roles of nutrient transporters in stress adaptation. For example,
knockout studies of High-Affinity K* Transporter (HAKs) such as
OsHAKS and OsHAKI in rice confirmed their roles in K' uptake,
translocation and ion homeostasis, while genome editing of OsHAK3
enhanced nutrient-use efficiency and stress tolerance, highlighting
the potential of combining these approaches for developing resilient
crops (31). This review summarises current insights into the effects of
abiotic and biotic stresses on the function and regulation of nutrient
transporters, emphasises their crucial roles in plant stress tolerance
and explores their potential application in the development of
climate-resilient crops.

Drought stress and nutrient transporters

Drought stress is a significant abiotic stress that reduces soil
moisture and nutrient mobility, thereby limiting the mass flow of
nutrients to root cells and disrupting ionic balance in plants. This
nutrient imbalance, coupled with reduced water availability,
triggers stomatal closure as a drought response mechanism. While
stomatal closure helps conserve water, it simultaneously restricts
CO, uptake, thereby limiting photosynthesis and ultimately
reducing plant productivity (32). Drought stress also impairs root
hydraulic conductivity, further restricting nutrient absorption. N
uptake, which largely relies on the mass flow of water, is
significantly constrained under drought conditions because of
reduced mineralisation and diffusion. Similarly, phosphorus (P) and
potassium (K) uptake are affected, as reduced soil water availability
limits their transport under stress conditions (33).

6

Drought induces the dynamic regulation of NOs
transporters: short-term drought upregulates NRT1.1 and NRT1.5
to increase nitrate uptake and transport, whereas long-term stress
downregulates these transporters to conserve energy and prioritise
root nitrate allocation (34). High-affinity transporters such as NRT2.1
and NRT2.4, which could be key NO; sensors under drought,
become dominant under low-N conditions (35). Ammonium (NH*)
uptake through ammonium transporters (AMTs) is also critical
under drought, with AMT11 and AMTL2 functioning as
transceptors. Their activity is tightly regulated by post
transcriptional phosphorylation to prevent ammonium toxicity and
maintain cellular homeostasis (33).

P uptake is mediated by the phosphate transporter (PHT/
PHO/PT) family. Under drought, high-affinity PHT1 transporters are
upregulated to maintain phosphate uptake through the proton/
phosphate (H/Pi) symporter mechanism, whereas low-affinity
transporters, such as PHT4, are involved in internal phosphate
mobilisation (36). Mitochondrial PHT3 transporters facilitate
phosphate transfer for ATP synthesis, which is crucial for reducing
the oxidative damage caused by droughtinduced ROS, as
antioxidant systems require energy for their optimal function (37).
These adjustments help sustain phosphate acquisition and the
cellular energy balance during stress.

Maintaining cytosolic K* is vital for drought tolerance, as it
supports stomatal regulation, photosynthesis and growth (38).
Drought triggers the modulation of high- and low-affinity K*
transport systems, which are often regulated by ROS signalling, to
ensure efficient K" uptake and distribution. Enhanced K* transport
also improves root hydraulic conductivity, supporting water uptake
under drought (39). Genotypic differences in K' transporter
expression and activity determine drought tolerance, as efficient K*
loading into the xylem and translocation to shoots are crucial for
sustaining plant growth under water deficit (40). Nutrient
transporters are tightly regulated by stress-signalling pathways
involving transcription factors such as DREB and myeloblastosis
(MYB), as well as plant hormones including abscisic acid (ABA) and
ethylene. ABA, a stress-responsive hormone, modulates the activity
of the K channel in Arabidopsis thaliana 1 (KAT1) to regulate
stomatal closure during drought, preventing water loss by
maintaining ionic balance (Fig. 1) (41). In summary, targeted
regulation of nutrient transport is essential for drought tolerance and
represents a key strategy for improving crop resilience under
drought conditions.

Salinity stress and nutrient transporters

Salinity stress arises when high levels of soluble ions like sodium
(Na*), Ca*, K* and Mg* accumulate in the root zone, disrupting key
physiological functions in plants. The primary effects of salinity
stress on plant growth are osmotic stress, cytotoxicity and ionic
imbalance. The degree of salt tolerance in plants is governed by
their capacity for osmotic adjustment and the maintenance of ionic
homeostasis (42). Osmotic adjustment involves the accumulation
of osmolytes such as organic acids, sugars and amino acids, which
help plants to reduce their water potential and improve their water
uptake under salinity stress (43). During salinity stress, plants often
take up more Na* than K, leading to a higher (Na*/K’) ratio and
further affecting cellular functions (44). Excessive Na" influx disrupts
ion channels, replaces essential nutrients and causes membrane
depolarisation, impairing nutrient uptake and assimilation. Neither
glycophytes nor halophytes can tolerate high cytoplasmic salt
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N, P, K Transporters and Drought Stress

®

v
[ ]
v
() Ntransporters
() Ptransporters

K transporters

Increase NO;" uptake |
and transport

Key NO; sensors

Increase NH,* uptake and
remobilization

Regulate stomatal
closure

Internal Pi
mobilization

Increase Pi uptake
and transport

Reduce oxidative
damage

Fig. 1. N, P and K transporters involved in drought stress. NRT1.1: Nitrate transporter 1.1, NRT1.5: Nitrate transporter 1.5, NRT2.1: Nitrate
transporter 2.1, NRT2.4: Nitrate transporter 2.4, AMT1.1: Ammonium transporter 1.1, AMT1.2: Ammonium transporter 1.2, PHT1: Phosphate
transporter 1, PHT3: Phosphate transporter 3, PHT4: Phosphate transporter 4, GORK: Guard cell outward rectifying K* channel, KAT1: K" inward

-rectifying channel 1.

concentrations, but halophytes have specialised mechanisms to
sequester excess Na* ions, enabling them to thrive under salinity
stress. Thus, maintaining a proper Na*/K* balance is crucial for plant
growth under salinity stress (45).

Nutrient transporters are central to salt tolerance, facilitating
Na* exclusion and K' retention to preserve a high K'/Na* ratio. Key
cation transporters, including the high-affinity K* transporter 1.1
(HKT1.1) and the Na'/H* antiporters 1 (NHX1) and salt overly
sensitive 1 (SOS1), are crucial for maintaining ionic homeostasis
under salinity stress (Fig. 2) (46, 47). These proteins mediate Na*
exclusion from the cytoplasm and its compartmentalisation into
vacuoles, which are subsequently energised by vacuolar ATPase (V-
ATPase) (48). While Na* exclusion and compartmentalisation are

vital, maintaining adequate K’ levels is equally important for plant
survival under salinity stress. HKT1 transporters, especially in the
root xylem parenchyma, retrieve Na* from the xylem, limiting its
translocation to shoots (49). Their sodium selectivity is determined
by a serine residue in the first poreloop domain (50). HKT2
transporters, which are permeable to both Na* and K, support K*
uptake in cereals under salt stress (51). Monocots such as rice
possess multiple HKT genes, including OsHKT1;5 and OsHKT21,
which restrict Na* movement from roots to shoots. (49).

Salinity stress also affects the transport of anions,
particularly NOs, which is vital for growth and photosynthesis (52).
NOs uptake is mediated by low- and high-affinity transporters
(NRT1 and NRT2), which are regulated through phosphorylation.

Nutrient Transporters and Salinity Stress

Osmotic stress

NRT1.1
NRT1.5
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The long-distance NO; transporters NRT1.5 and NRT1.8 play a key
role in root-to-shoot NOs translocation (53, 54). Under salinity stress,
the expression of these transporters is downregulated, reallocating
NOs; to roots and reducing shoot NO; availability (52). NRT1.5
mutants show altered expression of salt-responsive genes, including
those involved in Na* regulation (such as HKT1 and SOSI) and
osmolyte biosynthesis [such as P5CSI (A-pyrroline-5-carboxylate
synthase 1) and AtPCS1 (phytochelatin synthase 1)], suggesting that
NOs transporters play an integrated role in coping with salt stress
(52). Overall, this regulatory mechanism underscores the
importance of nutrient transporters in maintaining ionic balance
and reducing salt-induced nutrientimbalances.

Heat stress and nutrient transporters

Heat stress occurs when plants are subjected to temperatures
beyond their optimal range for extended periods, resulting in
ireversible disruptions to key physiological processes. It causes
multiple cellular disturbances, including membrane destabilisation,
protein denaturation, enzyme inactivation and diminished activity of
enzymes essential for photosynthesis and respiration. These
cumulative effects ultimately hinder water and nutrient uptake in
plants. One of the primary consequences of heat stress is the
overproduction of ROS and malondialdehyde (MDA), which damage
cell membrane structures and affect nutrient uptake pathways (55).
Among physiological processes, photosynthesis is especially
sensitive to heat stress. Damage to the photosynthetic apparatus
inhibits the electron transport chain and carbon assimilation,
processes critical for nutrient uptake and assimilation (56).

Heat stress adversely impacts root system architecture
(RSA) by reducing root biomass, the number of lateral roots and the
root-to-shoot ratio, leading to reduced nutrient uptake (57). These
structural changes also impair plasma membrane function. The
plasma membrane H* ATPase, which is essential for generating the
H* gradients required for active transport, shows increased activity
as a compensatory response under moderate heat stress. However,
prolonged stress reduces transporter proteins essential for nutrient

uptake (58). At the molecular level, heat stress interferes with
nutrient uptake by modulating gene expression and alternative
splicing and inhibiting the synthesis of transporter proteins (59).
Within 24 hr of exposure to heat stress above 35 °C, key transporters
for NOs (NRT1,NRT2), NHs" (AMTI1), P (PHT1), Fe* [ferric reductase
oxidase 1 (FROI)] and boron [boron transporter 1 (BORI)] are
downregulated, limiting the uptake of these essential nutrients and
disrupting ionic homeostasis (Fig. 3) (60, 61). Further integrative
studies are needed to elucidate the regulatory networks linking
heat stress responses to nutrient transporter functions to improve
tolerance to heat stress.

Cold stress and nutrient transporters

Cold stress occurs when plants are exposed to suboptimal
temperatures, which can be classified into chilling stress
(temperatures above 0 °C but below optimal growing conditions)
and freezing stress (temperatures below 0 °C) (62). Cold stress
disrupts cellular functions, including photosynthesis, nutrient
absorption and essential metabolic activities. Cold stress reduces
photosynthetic efficiency by impairing electron transport in the
thylakoid membranes and disrupting carbon fixation processes
(63). This inhibition is partially due to a reduced availability of free
phosphate in the chloroplast, which is related to the reduced
expression of the vacuolar phosphate transporter PHT4. As cold
stress decreases phosphate utilisation, triose-phosphate
accumulates, limiting phosphate availability for the Calvin cycle, a
critical photosynthetic process (64). Cold stress also lowers plant
water potential, resulting in reduced water uptake. In response,
plants undergo osmotic adjustments to maintain their osmotic
potential (65). Another significant effect of chilling temperatures is a
reduction in membrane fluidity. As temperatures decrease, fluid-
crystalline lipid components transform to a rigid solid-gel state,
causing functional impairments such as increased permeability,
loss of intracellular solutes and inactivation of transport and
channels (66).
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Root systems are especially sensitive to cold stress, leading
to reduced nutrient acquisition (67). NOs and NH4" uptake both
decline under chilling, with cold-sensitive varieties showing slower
recovery after stress. Cold stress also affects soil N availability by
inhibiting nitrifying bacteria, increasing the ammonium-to-nitrate
(NH,*/NO3) ratio and further limiting N uptake. The expression of
key N transporters (NRT1.1,NRT1.2,NRT1.4,NRT1.5,NRT1.8,NRT2.1,
AMT?2) is downregulated under cold, as observed in Brassicajuncea
(Fig. 4) (34). Micronutrient uptake is also affected by cold stress. For
instance, cold stress decreased the expression of the natural
resistance-associated macrophage protein 1 (AtNRAMPI)
transporter in A. thaliana, impairing the uptake of divalent cations
such as Fe?* and manganese (Mn*) (68). Additionally, intracellular
nutrient transport mechanisms could be altered, such as the
vacuolar Cation/H* Exchanger 1 (CAX1), whose upregulation by ABA
signalling increases cytosolic Ca?* levels, influencing various cellular
processes (69). Overall, cold stress affects the expression of key
nutrient transporters, such as N and micronutrient transporters,
leading to reduced nutrient uptake.

Heavy metal stress and nutrient transporters

Heavy metals are metals with an atomic number greater than 20 or
an atomic density above 5 g cm that can be toxic to plants at high
concentrations. Heavy metal stress arises when plants are exposed
to excessive levels of heavy metals in the soil, negatively affecting
growth and development. Heavy metals such as cadmium (Cd*),
lead (Pb*) and copper (Cu?*) compete with essential nutrients for
transport pathways, disrupting nutrient uptake in contaminated
soils (70). In general, heavy metals broadly impair the uptake and
transport of Fe**, Mn*, Mg*, N and P. Specifically, Cd* inhibits zinc
(Zn*) uptake and Pb* disrupts Ca* absorption (71).

Heavy metals bind to root plasma membranes, affecting the
activity of nutrient transporters and reducing nutrient absorption in
plants. In some cases, this stress can lead to heavy metal toxicity.
Cd* toxicity specifically inhibits K* transporter activity through the
overproduction of ROS,; resulting in lipid peroxidation, which leads to
plasma membrane damage and the disruption of membrane-

bound nutrient transporters (71). Despite these challenges, nutrient
transporters also play crucial roles in reducing heavy metal toxicity.
They help plants cope by sequestering heavy metals into vacuoles,
thereby reducing their availability in the cytosol and minimising
cellular damage. For instance, members of the heavy metal ATPase
(HMA) family, zinc/iron-regulated transporter-like protein (ZIP) family
and natural resistance-associated macrophage protein (NRAMP)
family, which collectively contribute to metal detoxification and
homeostasis (Fig. 5) (72). Overall, heavy metal stress imposes
significant challenges on nutrient transport by impairing transporter
functionality and disrupting cellular integrity. Moreover, the adaptive
role of nutrient transporters in reducing heavy metal toxicity through
metal sequestration highlights their critical contribution to plant
resilience under stress conditions.

Flooding stress and nutrient transporters

Flooding stress occurs when plants experience waterlogging,
leading to hypoxic or anoxic conditions that severely limit oxygen
availability to the roots and impair root respiration. This stress
results in restricted water and nutrient uptake, accumulation of
toxic metabolites and inhibited photosynthetic activity, ultimately
hindering overall plant growth and development (73). Flood
induced hypoxia impairs the activity of H-ATPase in the xylem
parenchyma of the stele, reducing the proton gradient and causing
membrane depolarisation. This disrupts energy-dependent
secondary nutrient transporters, leading to decreased nutrient
transport from roots to shoots. Anoxic conditions particularly affect
xylem loading, further reducing nutrient delivery to aerial parts of
the plant (74).

To cope with these challenges, plants initiate a range of
adaptive responses. Morphologically, they develop adventitious
roots, aerenchyma and hypertrophic lenticels. Adventitious roots,
especially cereals, are more efficient at nutrient uptake under low
oxygen conditions because their epidermal and cortical cells
maintain better oxygenation for oxidative phosphorylation and
nutrient transport (75). At the molecular level, hypoxia is sensed by
mitochondria or plasma membrane-localised receptors, triggering
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rapid increases in cytosolic Ca* (76). This activates nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases, encoded by
Respiratory Burst Oxidase Homolog (RBOH) genes, leading to
apoplastic hydrogen peroxide (H,0,) production. H,0, then moves
into the cytosol via aquaporins, activating potassium efflux
channels such as GORK and initiating programmed cell death (PCD)
for aerenchyma formation (77). Ca* channels are thus crucial for
this adaptive process.

Hypoxia also activates ethylene response factor VIl (ERF V)
transcription factors, which increase ROS production and Ca*
signalling. This cascade promotes K' uptake by activating
Arabidopsis K* transporter (AKT) channels while desensitising GORK
channels to maintain turgor. Mechanosensitive Ca* channels
respond to root expansion and ROS-triggered GORK activity
facilitates localised K* loss and PCD, enabling adventitious root
penetration (77). Recent studies have identified key cation
transporters as hypoxia stress sensors, including K* Channel
Outward-rectifiers (KCO1, KCO4, KCO5 and KCO6), the AKT2 shaker
K* channel and the two-pore Ca*-permeable channel 1 (TPC1)
(Fig. 6) (10). These transporters are critical for maintaining nutrient
uptake and ionic homeostasis during flooding stress.

Biotic stress and nutrient transporters

Biotic stress caused by living organisms such as pathogens (fungi,
bacteria and viruses) and pests (insects and weeds) significantly
impacts plant growth and productivity. Pathogens and pests can
interfere with nutrient uptake and transport processes, leading to
nutrient imbalances or deficiencies (19). Plants encounter biotic
stress through interconnected morphological, physiological and
biochemical responses, which include the synthesis of cuticular
waxes, trichomes, secondary metabolites such as phytoalexins and
protease inhibitors, as well as the activation of nutrient transporters
and phytohormonal signalling pathways involving jasmonic acid,
salicylic acid and ethylene. Nutrient transporters play a central role
in plant defence by modulating nutrient uptake and homeostasis
and influencing stress signalling, structural reinforcement and
metabolic adjustments, leading to reduced pathogen and pest
infestation (78).

Ca* acts as a vital secondary messenger in plant
development and biotic stress responses. Biotic stress triggers a
rapid influx of cytosolic Ca** and activates downstream signalling
cascades, including membrane depolarisation, phytohormone
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production and secondary metabolite synthesis. Furthermore, Ca*-
mediated ROS production and the activation of antioxidant
enzymes, including superoxide dismutase (SOD) and catalase (CAT),
enhance plant defence mechanisms. These Ca?* fluxes during biotic
stress are mediated by calcium channels such as cyclic nucleotide-
gated channels (CNGCs), glutamate receptor-like receptors (GLRs)
and two-pore channels (TPCs) (78). In addition to Ca*, K* levels
directly influence plant resistance to biotic stress. Higher K* levels
improve nutrient allocation, support repair mechanisms and
enhance defence through increased phenolic biosynthesis (79).
Biotic stress often triggers the ROS-induced activation of K* efflux
channels, such as GORK, leading to K* loss and the initiation of PCD.
This mechanism facilitates pathogen defence and stress tolerance
(23). Interestingly, studies highlight K* flux as more critical than Ca**
flux during viral infections. Fe* availability and transport are
dynamically regulated during biotic stress. Pathogen attacks induce
apoplastic Fe** accumulation, triggering oxidative bursts that
activate defence genes. The translocation of Fe** to the apoplast
induces intracellular Fe* deficiency, which in tum upregulates Fe**
uptake transporters. This dynamic regulation, facilitated by Fe*
transporters, enables plants to either restrict Fe*availability to
pathogens or locally increase Fe*levels to initiate a toxic oxidative
response, thereby limiting pathogens (80). Mn?-dependent
enzymes, such as oxalate oxidase, play a critical role in generating
ROS for pathogen defence. Manganese (Mn) transporters such as
the NRAMP, ZIP, Yellow Stripe-Like 9 (YSL) and Cation Diffusion
Facilitator (CDF) families ensure Mn homeostasis, enabling the
lignification of cell walls to strengthen physical barriers against
pathogen entry (81).

In addition to various micronutrients, silicon (Si) contributes
to biotic stress tolerance by reinforcing structural defences and
reducing susceptibility to pathogens and pests. Passive and active

11

silicon transporters, including Lsil (low silicon 1), Lsi2, Lsi3 and Lsi6,
facilitate Si uptake, distribution and deposition. This accumulation
strengthens cell walls, making them less palatable to pathogens
and pests (Fig. 7) (82). Overall, nutrient transporters are essential for
maintaining plant resilience under biotic stress. By regulating the
uptake and distribution of key nutrients such as Ca*, K, Fe*, Mn?*
and Si, these transporters enhance defence responses, strengthen
structural barriers and facilitate effective stress management. This
dynamic interplay ensures improved stress tolerance and
promotes overall plant health in the face of biotic challenges. A
comparative analysis of nutrient transporter responses under
different stress conditions is summarised in Table 2 and Fig. 8. Fig. 8
represents the schematic representation of plant responses to
different abiotic and biotic stresses through the regulation of
nutrient and ion transporters. Under unstressed conditions,
transporters support nutrient uptake, ionic balance, turgor-driven
growth and signalling. Under various stresses, specific transporters
are activated to mitigate damage and maintain cellular
homeostasis. For example, drought induces K* transporters leading
to stomatal closure, while salt stress activates Na*/K* exchangers to
promote Na* efflux. Heat stress enhances plasma membrane H*-
ATPase activity to maintain ion gradients. Cold stress triggers Ca**
channel activation, serving as a signal for tolerance. Heavy metal
stress alters the expression of cation transporters like Natural
Resistance-associated Macrophage Protein (NRAMP), ZIP (ZRT, IRT-
like protein), Iron-Regulated Transporter (IRT) and Yellow Stripe-Like
(YSL) to regulate metal uptake. Flooding promotes K and Ca*
transporter activity to aid in root adaptation and biotic stress
stimulates Ca®* channels and transporters for Fe, Mn and Si,
strengthening plant defence against pathogens and pests. These
coordinated responses enhance plant tolerance across a range of
stress conditions.
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Table 2. Overview of stress-induced regulation of nutrient transporters under stress conditions
S. No. Transporters Plant species Function and effects of transporters under stress Reference
Drought stress
Nitrogen
NRT1.1, . The expression of all these nitrate transporters is downregulated after 24 hrs
L NRT1.5 and NRT2.1 Brassica napus L. of exposure to drought stress (34)
2. NRT1.1 Arabidopsis thaliana L. Plays a role in stomatal opening under drought stress (83)
3 NRT2.4 Malus domestica (Suckow)  High-affinity nitrate transporter whose transcript levels increase under (84)
’ : Borkh. prolonged drought, indicating a potential function as a drought stress sensor
; The expression of AMTT1.2 increased in drought-resistant rice, facilitating
4. AMT1.2 Oryza sativa L. ammonium remobilisation under drought stress (85)
AMT1.2 Triticum aestivum L. High-affinity ammonium transporter; upregulated under drought stress (86)
Phosphorus
PHOS and PHO9 is involved in phosphorus transport to shoots and maintaining
an . .. phosphate homeostasis during stress, while PHT1.2 is a high-affinity
6. PHT1.2 Populus simonii Carr. transporter that enhances inorganic phosphate (Pi) uptake under drought (87)
stress
PHTL1.5, PHT1.7, . The expression of MdPHT1.5, MdPHT1.7 and MdPHT4.7 is upregulated in
7. PHT4.7, Malus domBeosrtll(cr? (Suckow) roots, whereas the expression of MdPHT3.7 and MdPHTA4.3 is upregulated in (36)
PHT3.7 and PHT4.3 ’ leaves
8. PT11,PT34and PT38 Brassica napus L. H*/Pi symporters; upregulate in the root and facilitate Pi uptake under stress ~ (88)
Potassium
: : : Its overexpression enhances K* accumulation in root tissues, which helps in
S AKT1 Arabidopsis thaliana L. osmotic and drought stress tolerance (89)
HAKL, HAK5,
KUP1, HAK1, HAKS5, KUP1 and KUP2 are high-affinity K* transporters; AKT1 is a K*
10. KUP2, Hordeum vulgare L. Channel; SKOR is a K* Efflux Transporter. All these gene expressions were (41)
AKT1 and affected by drought in a genotype-specific manner
SKOR
Salinity stress
NHX1, NHX2, NHX3 . . . Plasma membrane and tonoplast-localised H* antiporters mediate Na*/H* or
L and NHX4 Arabidopsis thaliana L. K*/H* exchange, ensuring ionic homeostasis under salinity stress (20)
. . . Plasma Membrane Na*/H" antiporters, which extrude Na*from the cell under
2. SOS1 Arabidopsis thaliana L. salinity stress (90)
: : : Facilitate the removal of Na* from the xylem stream, thereby limiting its
3. HKT1 Arabidopsis thaliana L. accumulation in shoots and mitigating sodium toxicity (20)
Gossypium arboretum
4 KEA L., G. raimondii Ulbr., Helps in K" homeostasis within endomembrane systems and confers (91)
) G. hirsutum L. and G. tolerance to salinity stress
barbadense L.
CHX17
5. CHX20 Arabidopsis thaliana L. Involved in K* homeostasis and regulates Na* concentration in leaves (92)
CHX21
MGT1 mediates magnesium transport in the root maturation zone and
6. MGT1 Oryza sativa L. enhances HKT1.5 activity, thereby restricting sodium uptake and promoting (93)
salinity tolerance
Low affinity cation . Mediate low-affinity uptake of cations, thereby enhancing salinity stress
7 transporterl (LCT1) Oryza sativa L. tolerance (94)
Heat stress
NRT1,
NRT2, . Heat stress reduces the levels of transporter protein, thereby impairing the
L AMT1, AMT2, BORL, Solanum lycopersicum L. uptake of nitrate, ammonium, boron and phosphate (60)
NIP5.1 and PHT1
. . Heat stress decreased FRO1 enzyme activity, which is primarily involved in (58)
2. FRO1 Pisum sativum L. iron uptake by reducing ferric iron (Fe**) to ferrous iron (Fe?")
3 PM H* ATPase Pisum sativum L. Moderate heat stress increases actil\:;)t%/atl?emamtam ion gradients for nutrient (58)
Cold stress
NRT1.1, NRT1.2, : ) .
L NRT1.4, NRTL5, Brassica juncea L. Cold stress reduces the (edxepcr:ees::;g g{tl::%/enl:trsgﬁetra nsporters, resulting in (34)
NRT1.8 and NRT2.1 P
. . . Cold stress upregulates CAX1, which elevates cytosolic free Ca?*
2. CAX1 Arabidopsis thaliana L. concentration and affects various cellular processes (69)
: . : Cold stress suppresses the expression of NRAMP1 transporters, resulting in
3. NRAMP1 Arabidopsis thaliana L. reduced uptake of Fe and Mn (68)
Heavy metal stress
; hizaL. . Transportsdivalent cations such as Fe?*, Mn%, Zﬁ” and Cd?*; Heavy metals
1. NRAMP Spirodela polyrhiza like Cd* compete for NRAMP transporters, reducing Fe?* and Mn?* uptake and  (95)
causing nutrient imbalances
Responsible for uptake of Zn%, Fe?* and Mn? and their translocation to
2. ZIP Oryza sativa L. shoots; Cd?* and Pb? inhibit ZIP function, leading to deficiencies in Zn?, Fe?* (96)
and Mn%
Flooding stress
: . : CAX1is transiently autodownregulated during anoxia to regulate calcium
L CAX1 Arabidopsis thaliana L. signalling and improve stress tolerance (o7
Biotic stress
CNGC9 Oryza sativa L. Play a critical role in resistance to Magnaporthe oryzae (98)
Lsi Oryza sativaL. Mediate silicon accumulation, which helps in the reduction of lesions caused (99)

by Magnaporthe grisea (rice blast fungus)
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Fig. 8. Transporter-mediated plant responses under stressed and unstressed conditions.

Conclusion and prospects

Nutrient transporters are central regulators of plant adaptation to
both abiotic and biotic stresses. They not only mediate the uptake,
translocation and redistribution of essential nutrients but also act
as key modulators of stress perception, signalling and defence
responses. Under abiotic stresses such as drought, salinity,
temperature extremes, flooding and heavy metal toxicity, nutrient
transporters maintain ionic and osmotic balance, regulate stomatal
function and protect cellular structures through coordinated
transcriptional and post-translational control. Similarly, during
biotic stresses, transporters of calcium, potassium, iron,
manganese and silicon reinforce structural defences, modulate
redox signalling and activate secondary metabolite biosynthesis to
restrict pathogen invasion and pest damage.

Integrative studies combining omics approaches, functional
genomics and CRISPR/Cas-based genome editing have deepened

our understanding of transporter regulation and revealed novel
targets for improving nutrient use efficiency and stress tolerance
(Fig. 9). Under stress conditions, plants experience reduced
photosynthesis, hormonal imbalance and ROS production and
nutrient imbalance. To mitigate nutrient imbalance, plants trigger a
cascade of stress responses, including changes in gene expression,
transcription and regulation of nutrient transporters. These adaptive
responses help to maintain nutrient homeostasis and improve stress
tolerance. Thus, genetic engineering of nutrient transporters offers
additional potential for enhancing plant resilience. However, most
functional studies have focused on individual stress conditions,
while plants in natural environments often encounter muiltiple,
interacting stresses simultaneously. Therefore, future research
should focus on multistress interactions, cross-talk among
transporter networks and hormonal and signalling integration to
develop a holistic understanding of nutrient transport under
complex environments. Overall, elucidating the regulatory
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mechanisms governing nutrient transporters and haressing them
through advanced breeding and biotechnology offer promising
strategies to engineer climate-resilient, nutrient-efficient crops,
ensuring sustainable productivity and food security under changing
environmental conditions.
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