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Compared to other organisms, plants have evolved a greater number of aquaporins with diverse sub-
strates and functions to adapt to ever-changing environmental and internal stimuli for growth and devel-
opment. Although aquaporins were initially identified as channels that allow water molecules to cross
biological membranes, progress has been made in identifying various novel permeable substrates.
Many studies have characterized the versatile physiological and biophysical functions of plant aquapor-
ins. Here, we review the recent reports that highlight aquaporin-facilitated regulation of major physiolog-
ical processes and stress tolerance throughout plant life cycles as well as the potential prospects and
possibilities of applying aquaporins to improve agricultural productivity, food quality, environmental
protection, and ecological conservation.

� 2024 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
2. Plant aquaporin substrates and their functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
2.1. Water (H2O) and hydrogen peroxide (H2O2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
2.2. Gases (CO2, O2, NO, NH3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
2.3. Neutral organic compounds (glycerol, urea, lactic acid) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647
2.4. Metalloids (B, Si, Se, As, Sb, Ge) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648
2.5. Charged ions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 649
3. Potential biotechnology applications of plant aquaporins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 650

3.1. Enrichment of beneficial elements and application in agriculture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 650
3.2. Detoxification of harmful heavy metal(loid)s and application in agriculture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 650
4. Conclusion and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 651
Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 651
CRediT authorship contribution statement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 652
Declaration of competing interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 652
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 652
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 652
Co., Ltd.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cj.2024.04.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.cj.2024.04.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xiaodong.ding@neau.edu.cn
https://doi.org/10.1016/j.cj.2024.04.005
http://www.sciencedirect.com/science/journal/22145141
http://www.keaipublishing.com/en/journals/the-crop-journal/


Q. Sun, X. Liu, Y. Kitagawa et al. The Crop Journal 12 (2024) 641–655
1. Introduction

Plant growth and development depend on strict water transport
and regulation in plants. Aquaporins (AQPs) (see Glossary), which
mediatewater transmembrane transport, areparticularly important
in plantwater transport. Aquaporinswere first discovered and stud-
ied in animals. In 1993, the first aquaporins, AtTIP1;1, c-tonoplast
intrinsic protein (c-TIP) in plants was isolated from Arabidopsis by
Maurel et al. [1] and its functional characterization laid the ground-
work for elucidating the molecular mechanisms underlying water
transport in plants [1,2]. Aquaporins belong to a superfamily of
highly conservedmembrane proteins calledmajor intrinsic proteins
(MIP) (see Glossary). Aquaporins in plants are more abundant than
those in animals and microorganisms, and show greater diversity.
For example, there are about 30–70 aquaporins homologues in Ara-
bidopsis, soybean, corn, rice, tomato and other plants [3–7]. The dis-
covery of these aquaporins provides evidence for studying the
molecular basis of water transmembrane transport.

The rapid accumulation of genomic and transcriptomic data
from previously unknown species contributes to a better under-
standing of the evolution of MIPs. Plant aquaporins are not only
phylogenetically diverse but also functionally evolved, allowing
them to transport more substrates with specific physiological func-
tions than any other aquaporins [8]. Thus, based on structure and
subcellular localization, the plant MIP superfamily proteins can
be divided into various subfamilies that are not only permeable
to water molecules but also to small molecules such as glycerol,
boric acid, hydrogen peroxide, urea, and so on [1,9–12]. These
accomplishments contribute to an overall improvement in the
molecular characterization of plant membrane transport systems
and introduce new paradigms to address the molecular basis of
water utilization in plants. In this review, we summarize the recent
advances in substrate transport of plant aquaporins, mainly includ-
ing the role of substrate transport in plant growth and develop-
ment and response to abiotic stress [13–19]. Finally, we focus on
their practical applications of plant aquaporins in agriculture and
environmental protection by absorbing beneficial and/or extruding
harmful metalloids.
2. Plant aquaporin substrates and their functions

Recent reports have suggested that plants show a significantly
higher diversity and abundance than those in animals [14]. The
molecular basis for aquaporin substrate specificity is being widely
investigated. Despite their highly conserved structures, key aqua-
porin motifs, such as NPA motifs, ar/R selectivity filters, and Fro-
ger’s positions (Fig. 1A) are responsible for the differences in
channel selectivity. In higher plant, aquaporins can be classified
into five major subfamilies: PIP, TIP, NIP, SIP, and XIP based on their
sequences, structures (Fig. 1B), and subcellular localization (Fig. 2).
These aquaporins function in tandem to perform specific physio-
logical functions throughout the plant life cycle [20]. The Xenopus
oocyte system, yeast cells, and functional reconstitution of recom-
binant aquaporins in liposomes are the most common means of
studying aquaporin permeability to water and other substrates.
All expression systems have revealed that plant aquaporins are
multifunctional channels with a wide range of selectivity profiles
[2,8,12]. Here, we present the recently characterized plant aqua-
porins, as well as their permeable substrates and relevant physio-
logical functions (Table 1).
2.1. Water (H2O) and hydrogen peroxide (H2O2)

Most plant aquaporins, including the PIP, TIP, and NIP subfamily
isoforms, can actively channel H2O molecules across biological
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membranes [10,11,12,14,2,21,22]. Owing to the similarity in the
chemical properties of H2O and H2O2, some aquaporins can trans-
port both H2O2 and H2O [23]. These channels are known as perox-
iporins (see Glossary) and are classified as a subclass of the
aquaporin family [24]. As H2O2 is a relatively stable reactive oxy-
gen species (ROS) (see Glossary) that acts as an extracellular and
intracellular signal molecule that mediates pleiotropic effects in
plants [25], its transport suggests that aquaporins may be involved
in signal transduction in many pathways. Biotic and abiotic stres-
ses induce rapid production of ROS in apoplasts�H2O2 can be easily
transported into the cytoplasm via aquaporins [26,27].

Arabidopsis AtPIP2;1, AtPIP2;2, AtPIP2;4, AtPIP2;5, and
AtPIP2;7 demonstrated H2O and H2O2 transport in yeast. The
H2O2 permeability of AtPIP2;4 was confirmed using proteolipo-
somes (see Glossary) [24]. A genome-wide association study
(GWAS) discovered that the AtNIP1;1 gene was correlated to the
H2O2-sensitive phenotype, and AtNIP1;1 was verified as an H2O2

transporter [28]. ROS production is a consequence of many intra-
cellular and extracellular signaling pathways in plants; therefore,
it is of interest to investigate the physiological significance of
aquaporin-mediated H2O2 transport. Stomatal movements play a
key role in controlling plant water status and protecting plants
against pathogens. Similar to abscisic acid (ABA), flg22, a patho-
genic PAMP (see Glossary), requires AtPIP2;1 to induce stomatal
closure [29]. The use of a generic probe for intracellular H2O2

revealed that both ABA and flg22 triggered the accumulation of
H2O2 in wild-type guard cells but not in atpip2;1 guard cells. When
subjected to drought, excess light, and/or disease, ABA- and flg22-
activated AtPIP2;1 is a key channel for reducing guard cell turgor
and subsequently promoting stomatal closure (Fig. 3) [30]. How-
ever, a quadruple atpip1;1/atpip1;2/atpip2;1/atpip2;2 mutant did
not show a significant decrease in stomatal aperture and stomatal
conductance (gs) upon ABA treatment when compared to the wild-
type line [31], suggesting that it requires further verification by
other means.

Rice OsPIP2;2 transports pathogen-induced apoplastic H2O2

into the cytoplasm to intensify rice resistance to various patho-
gens. The OsPIP2;2-mediated transport of H2O2 is required for
flg22 to activate the MAPK cascade and induce downstream
defense responses [32]. A recent study demonstrated that wheat
aquaporin TaPIP2;10 confers innate immunity against pathogens
and aphid pests when phosphorylated at the S121 site to transport
H2O2 from the apoplast into the cytoplasm [33]. SlTIP1;1 knockout
in tomatoes resulted in delayed organ abscission. Further analysis
indicated that SlTIP1;1 mediated abscission via the gating of cyto-
plasmic H2O2 concentrations and cell turgor pressure, which in
turn imposed a breaking force for abscission zone cell separation
[34]. The accumulation of H2O2 in tobacco BY-2 cells expressing
maize aquaporin ZmPIP2;5 was detected using a fluorescence
H2O2 sensor, indicating that ZmPIP2;5 can promote the transmem-
brane diffusion of H2O2. In contrast, the ZmPIP2W85A mutant pro-
tein lacks channel activity for transporting water or H2O2 [35]. A
very recent study shows that an AT1 (Alkaline Tolerance 1) locus
was identified from natural high-alkaline-tolerant sorghum gen-
ome through GWAS analysis. AT1 encoding an atypical G protein
c subunit that affects the phosphorylation of aquaporins to modu-
late the distribution of hydrogen peroxide (H2O2). These processes
appear to protect plants against oxidative stress by alkali [36].

2.2. Gases (CO2, O2, NO, NH3)

The structural organization of aquaporins in tetramers results in
the presence of a central or fifth pore located on the central sym-
metry axis of the four monomers. Structural biology studies sug-
gest that these central pores and/or single pores can mediate the
transport of gases (CO2, O2, NO, and NH3) [37].



Fig. 1. Sequence alignment and channel structures of the representative aquaporins. (A) Comparison of NPA motifs (yellow highlighted), ar/R selectivity filters (in green), and
Froger’s positions (in red) of representative Arabidopsis and bacterial aquaporins from different subfamilies. (B) 3D channel structures, pathways, and pore sizes. The NPA
motifs folded as half membrane-spanning helices that create dipole movement and stop proton (H+) entry into the cell. The ar/R selectivity filters act as size exclusion filters
for water and small molecules. Replacement of the hydrophilic H218 in AtPIP1;1 by the hydrophobic V216 and I190 in AtNIP1;2 and AtTIP3;1, and their different pore sizes
and distances along the pathways that allow the permeation of multiple molecules besides water, and subsequently endow plant aquaporins with more physiological
functions [61,85,89].
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CO2 is a substrate for plant photosynthesis and an end product
of catabolism. The plasmalemma and chloroplast envelope mem-
branes impose significant barriers to CO2 diffusion in pathways
643
from the substomatal cavity to the chloroplast stroma, limiting
photosynthetic efficiency. Mounting evidence shows that CO2-
permeable aquaporins function in leaf mesophyll and stomatal



Fig. 2. Subcellular localization of the representative plant aquaporins and their permeable substrates and physiological functions. PM-localized aquaporins: AtPIP2;1: H2O,
H2O2, and ions for stomatal movement, resistance to disease and salt stresses [135,136]; AtPIP2;2: H2O, H2O2, As, and ions for pollen dehydration and resistance to salt stress
[97,135,136]; NtPIP1;3: O2 for photosynthesis [44]; NtAQP1: H2O and CO2 for photosynthesis [39]; OsPIP1;2: H2O and CO2 for plant growth and yield [40,41]; OsPIP1;3: H2O,
CO2, and NO3

– for plant growth and resistance to disease and drought [20,22,50]; OsPIP2;2: H2O and H2O2 for resistance to drought and disease [33,137]; HvPIP2;8: Na+ and K+

for plant resistance to salt stress [110]; AtNIP1;1: H2O2, glycerol, As and Sb for tolerance to abiotic and biotic stresses [29,69,104]; AtNIP2;1: lactic acid and As for resistance to
hypoxia and metalloid stresses [66,67,69]; AtNIP5;1: urea, B and As for flower development and vegetative growth [53,64,103]; AtNIP6;1: urea, B and As for plant growth
[53,64,89,103]; AtNIP7;1: Sb and B for resistance to metalloids and pollen development [53,70,74,103]; OsLsi1: B, Si, As, and Se for plant growth and tolerance to metalloids
[69,79.80,81,88,90,99,133]; NtXIP1;1: B for plant development [77]; GmNod26: H2O, NH3, and glycerol for plant growth, nitrogen fixation, symbiosis, and resistance to salt
stress [54,60,109]. ER-localized aquaporins: AtSIP1;1: H2O and H2O2 for pollen germination [138]; VvSIP1: H2O for stress tolerance [139]; OsPIP1;1: H2O for seed germination,
plant growth and salt resistance [41]; OsPIP1;3: H2O, CO2, and NO3

– for plant growth and drought stress [22,50]. Es-localized aquaporins: AtPIP1;2 and AtPIP2;1: H2O and ions
for plant growth and resistance to salt stress [140]. Gg-localized aquaporins: AtPIP1;2 and AtPIP2;1: H2O and ions for plant growth and resistance to salt stress [140]. Mt-
localized aquaporins: AtTIP5;1: H2O and urea for hypocotyl elongation and pollen development [141–143]; AtTIP1;3: H2O and urea for pollen development [142,144]. Cp-
localized aquaporins: AtSIP1;1: H2O for pollen germination and pollination [138]; NtAQP1: H2O and CO2 for photosynthesis [39]. Vc-localized aquaporins: c-TIP: H2O [1,2];
AtTIP2;2: Zn2+ for resistance to heavy metal stress [113]; AtTIP4;1: H2O and urea for seed germination [63]; SlTIP1;1: H2O and H2O2 for organ abscission [35]; VgTIP2;1: H2O
and urea for plant growth [65]. This figure was designed with Biorender (https://biorender.com).
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guard cells. Low concentrations of CO2 induce stomatal opening,
whereas high concentrations induce stomatal closure (Fig. 3)
[38]. The functional dissection of an aquaporin (SsAqpZ) in the
cyanobacterium Synechococcus sp. PCC7942 revealed the signifi-
cant role of aquaporins in CO2 gas diffusion. In yeast cells, SsAqpZ
demonstrated CO2 permeability. The ssaqpz mutant cyanobacterial
lines exhibited lower CO2 uptake, photosynthesis rate, and growth
than the wild-type line in the air at different CO2 concentrations
[32]. Tobacco NtAQP1 is localized in the plasma membrane and
the inner envelope of the chloroplast where it can substantially
increase cellular CO2 uptake rates (Fig. 2) [39]. In rice, the expres-
sion of OsPIP1;2 in the leaves increased five-fold through high-CO2

treatment. OsPIP1;2 overexpression promotes mesophyll CO2 con-
ductance and photosynthetic efficiency. In field experiments,
transgenic rice lines generated more effective tillers and spikelets
per panicle and yielded 25% more grains than the wild-type line
[40]. A similar report indicated that overexpression of OsPIP1;3 in
rice enhanced the photosynthesis rate and grain yield by 30% and
11%–34%, respectively [20]. Additional evidence suggests that the
rice ospip1;1 and ospip1;2 mutant lines showed significantly lower
mesophyll CO2 conductance, photosynthetic rate, tiller number,
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and plant height than the wild-type line [41]. TaPIP2;10 can trans-
port CO2 to promote wheat photosynthesis and grain yield when
phosphorylated at S280 [34]. However, the role of aquaporins as
CO2 permeable channels remains debatable [42]. Some studies
have shown that simple manipulation of these aquaporins did
not result in changes in mesophyII conductance or photosynthetic
efficiency. In Arabidopsis, the mesophyll CO2 conductance values
of atpip1;2, atpip1;3, and atpip2;6 mutants were not significantly
different from those of the wild-type Arabidopsis line [43]. In addi-
tion, the ectopic expression of AtPIP1;2 or AtPIP1;4 in tobacco did
not further increase mesophyll conductivity, nor the assimilation
rate of CO2. Knockout of a PIP2 aquaporin (AtPIP2;3), which had
no effect on CO2-related processes.

O2 is required for respiration in plants, and it is released as a
byproduct of photosynthesis. Both direct and indirect evidence
indicate the involvement of plant aquaporins in the transport of
O2 [44,45]. Plant response to hypoxia (see Glossary) involves the
downregulation of aquaporin activity and function by pH-
dependent gating and phosphorylation [46–48]. In trembling
aspen (Populus tremuloides) seedlings, hypoxia inhibits the expres-
sion of aquaporin genes and root hydraulic conductance. Exoge-

https://biorender.com/


Table 1
The permeable substrates and physiological functions of the representative plant and plant-related aquaporins.

Sub-
family

Species Aquaporin
isoform

Substrate
specificity

Physiological relevance Reference

PIP1 Arabidopsis
thaliana

AtPIP1;2 H2O, CO2 Growth, pollen dehydration,
photosynthesis and resistance to salt
stress

Luu et al. [140]; Kromdijk et al. [43]; Windari et al. [138]

AtPIP1;3 H2O, CO2 Photosynthesis Clarke et al. [38]
AtPIP1;4 H2O Cold acclimation and freezing

tolerance
Rahman et al. [158]

Nicotiana
tabacum

NtAQP1 H2O, CO2 Growth and photosynthesis Fernández-San Millán et al. [39]
NtPIP1;3 H2O, O2 Hypoxia Zwiazek et al. [44]

Oryza sativa OsPIP1;1 H2O, Na+, K+ Seed germination, growth and
resistance to salt stress

Huang et al. [41]; Tao et al. [159]

OsPIP1;2 H2O, CO2 Grain yield Xu et al. [40]
OsPIP1;3 H2O, CO2, NO3

– Growth and stress resistance Liu et al. [50]; Liu et al. [22]; Chen et al. [20]
Citrus limonia ClPIP1;1 H2O, Al3+ Resistance to Al3+ stress Cavalheiro et al. [160]

ClPIP1;2
Zygophyllum
xanthoxylum

ZxPIP1;3 H2O, H2O2 Growth and resistance to salt stress Li et al. [147]

Solanum
nigrum

SnPIP1;5 H2O, NH4
+ Resistance to Cd stress Zhang et al. [112]

Helianthemum
almeriense

HaPIP1;1 H2O, CO2, NH3 Tolerance to drought stress Navarro-Ródenas et al. [161]

PIP2 Arabidopsis
thaliana

AtPIP2;1 H2O, Na+, K+, CO2,
H2O2

Seed germination, root growth,
stomatal movement and tolerance to
salt and drought stresses

Luu et al. [140]; Byrt et al. [136]; Kourghi et al. [162]; Rodrigues
et al. [10]; Ding et al. [146]; Qiu et al. [47]; Cui et al. [29];
Rodrigues et al. [30]; Hoai et al. [163]

AtPIP2;2 H2O, H2O2, Na+, As Growth and resistance to As and salt
stresses

Hooijmaijers et al. [135]; Byrt et al. [136]; Kourghi et al. [162];
Modareszadeh et al. [97]

AtPIP2;4 H2O, H2O2 Growth Hooijmaijers et al. [135]
AtPIP2;5 H2O, H2O2 Growth and cold acclimation Hooijmaijers et al. [135]; Rahman et al. [158]
AtPIP2;7 H2O, H2O2 Growth Hooijmaijers et al. [135]

Zea mays ZmPIP2;1 H2O AM symbiosis and resistance to
drought stress

Quiroga et al. [151]

ZmPIP2;4 H2O, NH4
+, urea AM symbiosis and resistance to

drought stress
Quiroga et al. [58]

ZmPIP2;5 H2O, H2O2, Li+ Stomatal closure and redox signaling Ahmed et al. [35]; He et al. [118]
Oryza sativa OsPIP2;2 H2O, H2O2 Defense, drought tolerance Bai et al. [137]; Zhang et al. [32]

OsPIP2;4 H2O, As Growth Mosa et al. [100]
OsPIP2;6
OsPIP2;7
OsPIP2;8 H2O Seed germination Liu et al. [50]

Gentiana
scabra

GsPIP2;2 H2O Corolla movement, flower
development

Nemoto et al. [164]

Beta vulgaris BvPIP2;2 H2O pH gating and sensing and resistance
to hypoxia stress

Scochera et al. [48]

Hordeum
vulgare

HvPIP2;8 H2O, Na+, K+ Salt stress resistance Tran et al. [110]

Populus
tremuloides

PtPIP2;4 H2O Resistance to hypoxia stress Tan et al. [49]
PtPIP2;5

Prunus dulcis PdPIP2;2 H2O Growth Rios et al. [126]
Triticum
aestivum

TaPIP2;10 H2O, H2O2, CO2 Growth and defense Lu et al. [33]

Nicotiana
benthamiana

NbPIP2;2 H2O, H2O2 Disease resistance Ai et al. [153]

Kandelia
obovata

KoPIP2;1 H2O Cold tolerance Fei et al. [165]

Solanum
nigrum

SnPIP2;7 H2O, NH4
+ Resistance to Cd stress Zhang et al. [112]

Gossypium
hirsutum

GhPIP2;7 H2O, urea Resistance to drought Guo et al. [154]

Helianthemum
almeriense

HaPIP2;1 H2O, CO2, NH3 Tolerance to drought stress Navarro-Ródenas et al. [161]

TIP Arabidopsis
thaliana

AtTIP1;1 H2O, urea Growth and resistance to nematode Liu et al. [63]; Baranowski et al. [152]

AtTIP1;2 H2O, urea Growth and resistance to nematode Liu et al. [63]; Baranowski et al. [152]
AtTIP1;3 H2O, urea Pollen development Soto et al. [144]; Wudick et al. [142]

Zea mays ZmTIP1;1 H2O, NH4
+, urea AM symbiosis and resistance to

drought stress
Quiroga et al. [58]

Solanum
lycopersicum

SlTIP1;1 H2O, H2O2 Pedicel abscission Wang et al. [34]

Helianthemum
almeriense

HaTIP1;1 H2O, CO2, NH3 Tolerance to drought stress Navarro-Ródenas et al. [161]

Prunus dulcis PdTIP1;1 H2O Growth Rios et al. [126]

(continued on next page)
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Table 1 (continued)

Sub-
family

Species Aquaporin
isoform

Substrate
specificity

Physiological relevance Reference

Arabidopsis
thaliana

AtTIP2;1 H2O, urea, NH3 Growth Liu et al. [63]; Loqué et al. [55]; Kirscht et al. [56]
AtTIP2;2 H2O, Zn2+ Resistance to heavy metal Wang et al. [24]
AtTIP2;3 H2O, urea, NH3 Growth Loqué et al. [55]

Gossypium
hirsutum

GhTIP2;1 H2O, urea Resistance to drought Guo et al. [154]

Citrus sinensis CsTIP2;1 H2O, H2O2 Growth, redox Martins et al. [166]
Zea mays ZmTIP2;1 H2O, Co2+ Resistance to heavy metal Ozfidan-Konakci et al. [167]
Vriesea
gigantea

VgTIP2;1 H2O, urea Growth Matiz et al. [65]

Prunus persica PpTIP2 H2O Temperature sensitivity, flower type
and size

Lian et al. [168]

Vitis heyneana VhTIP2;1 H2O Drought tolerance Zhang et al. [169]
Solanum
nigrum

SnTIP2;1 H2O, NH4
+ Resistance to Cd stress Zhang et al. [112]

Zea mays ZmTIP3;1 H2O Seed germination and seedling
development

Su et al. [170]

Arabidopsis
thaliana

AtTIP4;1 H2O, urea Growth Liu et al. [63]

Pteris vittata PvTIP4;1 H2O, As Stress resistance He et al. [130]
Arabidopsis
thaliana

AtTIP5;1 H2O, urea Pollen development Soto et al. [144]

Populus alba Aqua1 H2O, Zn2+ Resistance to heavy metal Neri et al. [129]

NIP Arabidopsis
thaliana

AtNIP1;1 H2O, H2O2, As, Sb Cell death, hypoxia stress Bienert et al. [69]; Kamiya et al. [104]; Sadhukhan et al. [28]

AtNIP1;2 H2O, As, Al3+ Resistance to Al3+ stress Kamiya et al. [104]; Wang et al. [115]
Prunus avium PaNIP1;1 H2O, lactic acid Hypoxia stress Mateluna et al. [171]
Oryza sativa OsNIP1;1 H2O, As Resistance to metalloids Sun et al. [101]
Vitis vinifera VvTnNIP1.1 H2O, gly, Co2+, Se Not determined Sabir et al. [61]
Arabidopsis
thaliana

AtNIP2;1 H2O, lactic acid, As Hypoxia stress Choi et al. [66]; Bienert et al. [69]; Beamer et al. [67]

Oryza sativa OsNIP2;1
(Lsi1)

H2O, Si, Se, As, B,
Sb

Growth, seed development, and
tolerance to various biotic and
abiotic stresses

Ma et al. [79]; Bienert et al. [69]; Ma et al. [99]; Zhao et al. [90];
Fang et al. [80]; Li et al. [81]; Kiany et al. [133]; Mukarram et al.
[88]

OsNIP2;2
(Lsi6)

H2O, As, Sb, Si Growth Bienert et al. [69]; Ma et al. [99]; Kiany et al. [133]

Hordeum
vulgare

HvNIP2;1 H2O, Ge, B, As, KCl,
MgSO4, sucrose,
and lactose

Resistance to metalloids Venkataraghavan et al. [111]

Cajanus cajan CcNIP2-1 H2O, As, Sb, Ge Resistance to metalloids Mandlik et al. [105]
Lagenaria
siceraria

LsiNIP2-1 H2O, Si Leaf development Kumawat et al. [172]

Vitis vinifera VvNIP2;1 H2O, Si, As Fruit development Noronha et al. [87]
Vigna radiata VrNIP2-1 H2O, As, GeO2, Si Uptake of metalloids Thakral et al. [173]
Oryza sativa OsNIP3;2 H2O, As, Sb As absorption and transport Bienert et al. [69]; Chen et al. [148]

OsNIP3;3 H2O, As Resistance to metalloids Sun et al. [101]
Brassica napus BnNIP4;1 H2O, B Growth and pollen development Diehn et al. [174]
Arabidopsis
thaliana

AtNIP5;1 H2O, As, B, urea,
Sb

Flower development and vegetative
growth

Takano et al. [68]; Bhattacharjee et al. [103]; Kamiya et al.
[104]; Yang et al. [64]; Pommerrenig et al. [89]; Kolbert et al.
[53]

Vitis vinifera VvTnNIP5;1 H2O Not determined Sabir et al. [61]
Medicago
truncatula

MtNIP5;1 H2O, B Rhizobial symbiosis Granado- Rodríguez et al. [149]

Physcomitrella
patens

PpNIP5;2 H2O, B, As, Ge Growth Pommerrenig et al. [89]

Brassica napus BnNIP5;1 H2O, B Growth and pollen development Diehn et al. [174]
Arabidopsis
thaliana

AtNIP6;1 H2O, As, B, urea,
Sb

Growth Bhattacharjee et al. [103]; Yang et al. [64]; Pommerrenig et al.
[89]; Kolbert et al. [53]

Vitis vinifera VvTnNIP6;1 gly Not determined Sabir et al. [61]
Brassica napus BnNIP6;1 H2O, B Growth and pollen development Diehn et al. [174]
Arabidopsis
thaliana

AtNIP7;1 H2O, Sb, B, As Growth and pollen development Bhattacharjee et al. [103]; Isayenkov et al. [70]; Routray et al.
[74]; Kolbert et al. [53]

Brassica napus BnNIP7;1 H2O, B Growth and pollen development Diehn et al. [174]
Glycine max GmNOD26 H2O, gly, NH3,

formamide,
malate

Growth, nitrogen fixation, nodule
symbiosis and resistance to salt
stress

Dean et al. [60]; Hwang et al. [54]; Tyerman et al. [109]

SIP Arabidopsis
thaliana

AtSIP1;1 H2O Pollen dehydration Windari et al. [138]

Vitis vinifera VvSIP1 H2O Not determined Noronha et al. [139]

XIP Nicotiana
tabacum

NtXIP1;1 H2O, B, gly, H2O2,
urea

Flower development Bienert et al. [175]; Bienert et al. [77]

Vitis vinifera VvXIP1 H2O, gly, H2O2, B,
Cu2+, As, Ni2+

Resistance to abiotic stresses Noronha et al. [176]
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Fig. 3. Participation of aquaporins in the regulation of stomatal movement.
AtPIP2;1 can transport H2O, H2O2, CO2, and ions across the plasma membrane of
guard cells [30]. ABA and pathogen PAMP flg22 can activate OST1 and BAK1 kinases
to phosphorylate Ser121 of AtPIP2;1 and close the stomata to block pathogen and
drought stress [10]. The excess light triggers phosphorylation of the S280/S283 sites
to close stomata via the induction of high levels of H2O2. The low levels of H2O2 and
CO2 may directly activate AtPIP2;1 to induce stomatal opening, and the low light
may activate the other channels or transporters to induce stomatal opening
[31,145]. The appropriate regulation of stomatal movement is critical for plant
transpiration, photosynthesis, and prevention from pathogen attack and drought
stress. This figure was designed with Biorender (https://biorender.com).
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nous ethylene treatment enhances the transcript abundance of
PtPIP2;4 and PtPIP2;5 in hypoxic roots. The increased number of
aquaporins could potentially facilitate root water transport, which
could in turn enhance gas exchange in hypoxic plant leaves and
roots [49].

Nitric oxide (NO) is an important gas signaling molecule that is
involved in several pathways. An early study in rice showed that
exogenous NO stimulates the expression of OsPIP1;1, OsPIP1;2,
OsPIP1;3, and OsPIP2;8 in germinating seeds, suggesting that aqua-
porins play a critical role in seed germination in response to NO
signaling [50]. NO is a key regulator of plant-rhizobium symbioses
(see Glossary). The fungus Laccaria bicolor has an ectomycorrhizal
association with its host plant, trembling aspen. The expression
of fungal LbAQP1 and LbAQP6 in yeast revealed that LbAQP1, but
not LbAQP6, had NO permeability, suggesting that the aquaporin
LbAQP1 acts as a molecular signaling channel, which is essential
in the development of ectomycorrhizal symbiosis in P. tremuloides
roots [51]. NO also participates in the regulation of plant responses
to salt and metalloid stress. Salt treatment enhances the protein
levels of aquaporins HaPIPs and HaTIPs in sunflower (Helianthus
annuus) roots, whereas exogenous application of NO downregu-
lates the abundance of these aquaporins, suggesting a correlation
between AQPs and ion homeostasis in response to salt stress and
NO [52]. The primary role of NO in metalloid stress response is
to alleviate oxidative stress by activating antioxidant defense at
the level of protein activity and gene expression. Since metalloid
transporters are proteins and NO signaling is achieved mainly by
647
posttranslational modifications, NO may regulate proteins via S-
nitrosation, increasing or decreasing their metalloid transport
activity. This hypothesis has been validated in silico. NO intensified
the stress-mitigating effect of silicon (Si) but enhanced the toxic
effects of arsenic (As) and antimony (Sb), whereas NO promoted
the beneficial effect of Se at low concentrations and alleviated
the damage caused by boron (B) deficiency [53].

NH3 is a gaseous nitrogen nutrient for plants and a product of
nitrogen fixation by rhizobia during symbiosis�NH3 must be trans-
ported to specific locations to be converted into non-toxic products
and exported out of the cells�NH3 transport across membranes has
received new attention in light of a subgroup of animal and plant
aquaporins named ammoniaporins (see Glossary). The presence
of isoleucine or valine in the constriction region of NIPs and TIPs
makes the channels more hydrophobic and allows NH3 transport
(Fig. 1B) [12]. Soybean GmNod26 is the most abundant aquaporin
protein in the symbiosome (see Glossary) membrane (SM). The iso-
lated SM vesicles demonstrated NH3 permeability, which could be
inhibited by Hg2+, suggesting that this activity was mediated by
aquaporins [54]. Arabidopsis AtTIP2;1 and AtTIP2;3 facilitate NH3

transport into vacuoles [55,56]. In the model pennate diatom
Phaeodactylum tricornutum, both PtAQP1 and PtAQP2 were highly
induced by ammonia and high CO2 (1%). Constitutive overexpres-
sion of PtAQP1 and PtAQP2 significantly increased CO2 and NH3 per-
meability in P. tricornutum, indicating that these algal aquaporins
mediated CO2/NH3 conductance [57]. Arbuscular mycorrhizae
(AM) (see Glossary) symbioses are usually beneficial to host plants.
In maize, ZmTIP1;1 and ZmPIP2;4 genes were upregulated by
ammonia and AM symbiosis, suggesting the importance of their
roles in AM-mediated N homeostasis in maize [58].

2.3. Neutral organic compounds (glycerol, urea, lactic acid)

The MIP superfamily can be divided into aquaporin and
aquaglyceroporin (see Glossary) families based on evolutionary
pathways, structure, and substrate selectivity. Aquaglyceroporin
families contain subfamilies with multiple functions including
the transport of H2O and some neutral organic compounds [59].

Similar to the well-known glycerol transporter GlpF in E. coli,
the soybean GmNod26 could transport glycerol 43-fold higher
than the control in the SM vesicles, which was further confirmed
in Xenopus oocytes showing that GmNod26 facilitated glycerol flux
in a manner indistinguishable from the GlpF glycerol facilitator
[60]. Several Nod26-like intrinsic proteins have since been func-
tionally characterized. When grape (Vitis vinifera) VvTnNIP1;1,
VvTnNIP5;1, and VvTnNIP6;1 were heterogeneously expressed in a
yeast aqy-null mutant, VvTnNIP5;1 exhibited only water perme-
ability and VvTnNIP1;1 demonstrated high water and glycerol per-
meability, whereas VvTnNIP6;1 was impermeable to water but
presented high glycerol permeability. Phylogenetic analysis of NIPs
from various plant sources demonstrated the unambiguous clus-
tering of VvTnNIP1;1 with the archetype GmNod26 [61]. The phys-
iological importance of glycerol in plants is still unclear because no
apparent role in osmoregulation has been found in opposition to
the aquaglyceroporin (Fps1) channel in yeast. However, glycerol
has been proposed as a carbon source in plants, and exogenous
glycerol has been shown to affect plant and root growth [62].

Urea is a plant nutrient that is rapidly degraded by soil microor-
ganisms to ammonia and nitrate; it is also directly acquired and
utilized by plants. Similar to glycerol, urea needs larger pores to
pass through than water molecules (Fig. 1B). Using heterologous
complementation of a urea uptake-defective yeast mutant,
AtTIP1;1, AtTIP1;2, AtTIP2;1, and AtTIP4;1 were found to transport
urea from an Arabidopsis cDNA library. Uptake studies using
14C-labeled urea in AtTIP2;1-expressing Xenopus oocytes
demonstrated that AtTIP2;1 facilitated urea transport in a
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Fig. 4. Schematic diagram of uptake of different molecules by aquaporins and the resulting physiological phenomena in plants. Plant aquaporins can take up and transport
several molecules besides water to exert many physiological functions. Water flux via aquaporins directly determines cell turgor, expansion, and division [22,41]; flower
opening, seed germination, and seedling growth [8,12,74]; CO2 uptake, O2 release, photosynthesis, and transpiration [20,37,38,42–44]; leaf and root growth and development
[12,41,146,147]; Uptake and extrusion of beneficial and harmful elements besides water by roots from soil [69,71,94,99,120,121,132,136,148,149]; plant-rhizobium
symbioses [58,150,151]; Abiotic and biotic stresses [84,123,137,152–155]. This figure was designed with Biorender (https://biorender.com).
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pH-independent manner [63]. Although AtNIP5;1 and AtNIP6;1
demonstrated urea permeability in Xenopus oocytes, they exhib-
ited distinct expression patterns in response to exogenous urea
in Arabidopsis. AtNIP5;1 was induced but AtNIP6;1 was strongly
repressed by urea [64]. In maize roots, urea-induced ZmTIP1;1,
and the use of 15N-labelled urea showed that ZmTIP1;1 is involved
in urea transport in yeast and in planta [58]. Tropical plant epi-
phytic bromeliads (Vriesea gigantea) can obtain nitrogen by decom-
posing debris and excreta of associated organisms. HgCl2 treatment
reduced urea absorption by 78%, indicating the role of aquaporins
in urea uptake. Functional characterization of VgPIP1;1, VgPIP1;2,
and VgTIP2;1 in yeast and Xenopus oocytes suggests that VgTIP2;1
is capable of transporting urea and H2O [65].

The first aquaporin to transport lactic acid was identified in Lac-
tobacillus plantarum [66]. Similar to animals, when plants experi-
ence O2 depletion, the energy crisis triggers anaerobic
fermentation to produce lactic acid and induces the expression of
NIP aquaporin genes to overcome hypoxic stress by mediating lac-
tic acid transport [45]. Arabidopsis AtNIP2;1 is predominantly
expressed in root vascular tissues and is significantly upregulated
by hypoxic stress. Functional characterization in Xenopus oocytes
indicated that AtNIP2;1 mediates lactic acid permeability in a
pH-dependent manner [67]. In response to a hypoxic challenge,
the Arabidopsis atnip2;1 mutant lines accumulate lactic acid
within root tissues and compromise acidification of the external
medium due to reduced efflux of lactic acid. The atnip2;1 mutant
lines also exhibit poor survival during hypoxic stress with a high
incidence of chlorosis and seedling death [67].

2.4. Metalloids (B, Si, Se, As, Sb, Ge)

Metalloids (see Glossary) are present in polluted soil and water
as either negatively charged ions or uncharged molecules, depend-
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ing on the environmental pH and redox potential. Metalloids play a
variety of roles in biological processes, ranging from essential to
toxic. Metalloid homeostasis in plants is primarily regulated by
aquaporins [68–72].

B is essential for the growth of most plant species and must be
finely regulated to an optimal range. Plant NIP aquaporins play
critical roles in plant growth and development by facilitating the
efficient transport of B across biological membranes [73]. Ara-
bidopsis AtNIP7;1 is involved in pollen cell wall formation and
exhibits boron permease activity without water permeability.
The atnip7;1 mutant produces defective pollen with low germina-
tion rates and causes deformative siliques with the abortion of
seed development [74]. Rapeseed (Brassica napus) is an oil crop
that requires plenty of B for growth and reproduction. In rapeseed
QY10 variety, BnaA3.NIP5;1, BnaA2.NIP5;1, and BnaA3.NIP5;1 were
identified as B-efficient candidate genes. Genetic modification of
these gene expression levels significantly alters B uptake. Notably,
elevated expression of a BnaA3.NIP5;1Q allele caused by the pres-
ence of a CTTTC tandem repeat in its 5́ UTR made a significant con-
tribution to high rapeseed yields in natural populations and near-
isogenic lines (NILs) [75,76]. In addition to the NIP subfamily, the
XIP subfamily may facilitate B transport. Some monocots and
dicots, including A. thaliana are assumed to have lost XIPs. B depri-
vation induced the tobacco NtXIP1;1 transcript, and the encoded
protein transported B in Xenopus oocytes. Overexpression of
NtXIP1;1 in plants caused abnormal growth and infertility, but
exogenous boric acid effectively alleviated these symptoms [77].

Si has beneficial effects on plants. Staple food crops such as rice,
wheat, barley, and maize accumulate high levels of Si, resulting in
improved plant growth and crop yields. In the past decade, silicon-
transporting proteins have been identified in several monocot and
dicot species [78]. The discovery of the first silicon transport chan-
nel protein, OsLsi1 (OsNIP2;1) in rice prompted the search for sil-
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icon transport mechanisms in other plant species. OsLsi1 mutation
resulted in reduced Si uptake and accumulation. The oslsi1 mutant
rice yielded only one-tenth of the grains of wild-type rice and was
susceptible to pests and diseases [79]. OsLsi1-OE rice plants depos-
ited significant amounts of Si, displaying a high tolerance to vari-
ous biotic and abiotic stresses [80,81]. Silicon can upregulate
OsLsi1 expression and can subsequently stimulate the Salt-Overly
Sensitive (SOS) pathway to enhance salinity stress tolerance and
yield in rice [82]. The oslsi1mutant plants displayed higher suscep-
tibility to leaffolder (Cnaphalocrocis medinalis) and blast fungus
(Magnaporthe grisea) [83,84]. The crystal structure of the rice
OsLsi1 protein shows that the hydrophilic selectivity filter com-
prising five residues (T65, G88, S207, G216, and R222) is critical
for its activity [85]. The tobacco (Nicotiana sylvestris) NsLsi1 protein
is a rare exception with these molecular signatures and has been
reported to be a low-Si accumulator. In Xenopus oocytes, NsLsi1
exhibited approximately 10% Si permeability of OsLsi1 but the
NsLsi1(P125F) mutant displayed significantly enhanced Si trans-
portability [86]. Recently, several novel Si transporters fromwoody
plants have been functionally characterized [61,87,88].

The trace mineral Se is essential to human and animal health.
Although the importance of Se in higher plants has not been recog-
nized, plants are the main sources of dietary Se. However, the
mechanisms by which plants absorb Se from the environment
are poorly understood [89]. Se can also be transported by the rice
silicon transporter OsNIP2;1. When the oslsi1 rice mutant and
wild-type rice lines were exposed to Se solutions for a certain per-
iod, the accumulated Se levels in shoots and xylem saps of the
wild-type line were significantly higher than those in the oslsi1
mutant lines. Moreover, the expression of OsNIP2;1 in yeast
enhances selenite uptake in a pH-dependent manner [90]. Plants
can absorb both inorganic and organic Se through aquaporins. Rad-
ish, rice, and wheat can uptake organic Se when fed with
selenomethionine (SeMet), methylselenocysteine (MeSeCys), and
selenomethionine-oxide (SeOMet), which could be inhibited to dif-
ferent degrees by aquaporin inhibitors (AgNO3 and carbonyl cya-
nide 3-chlorophenylhydrazone (CCCP)), suggesting that Se may
be transported through aquaporins [91–93]. Recently, the tea
(Camellia sinensis) aquaporin (CsNIP2;1) gene was found to be
upregulated by exogenous Se, providing evidence that aquaporins
are involved in Se transport in woody plants [94].

Arsenic (As) is a non-essential toxic metalloid found in all living
organisms. Aquaporins are critical for As uptake and efflux. Owing
to the structural similarity between arsenite and glycerol, E. coli,
yeast, and mammalian aquaglyceroporins GlpF, FPS1, AQP7, and
AQP9 have been found to transport As in addition to glycerol
[95]. Several plant NIP aquaporins, such as Arabidopsis AtNIP1;1,
AtNIP1;2, AtPIP2;2, AtNIP3;1, AtNIP5;1, AtNIP6;1, and AtNIP7;1,
have been shown to transport arsenite and arsenate in planta and
in heterologous systems [72,96–98]. Rice is a hyperaccumulator
of As. In Xenopus oocytes and yeast, OsLsi1 (OsNIP2;1) showed As
influx permeability. The oslsi1 rice mutant accumulated less As
than the wild-type rice. As and Si are efficiently accumulated in
rice as they have a common highly efficient pathway in grains
[99–101]. In addition, OsNIP1;1, OsNIP2;2, OsPIP2;4, OsPIP2;6,
OsPIP2;7, OsNIP3;1, OsNIP3;2, and OsNIP3;3 showed arsenite per-
meability in vitro and in planta [99–101]. OsNIP1;1 and OsNIP3;3
were also found to be highly permeable to arsenite in Xenopus
oocytes. The overexpression of OsNIP1;1 or OsNIP3;3 inhibited
root-to-shoot translocation of arsenite and markedly decreased
the shoot arsenic concentration [101]. Expression of wheat
TaNIP2;1 in yeastDfps1 andDacr3mutants altered yeast sensitivity
to As stress, and ectopic expression of TaNIP2;1 in Arabidopsis
increased As levels in transgenic plants [102].

The transport of Sb and Ge by aquaporins has seldom been
reported. Since antimonite Sb(III), germanite Ge(III), and arsenite
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As(III) have similar structures and chemical properties as glycerol,
they can all be absorbed by E. coli via the glycerol channel GlpF. In
plants, these metalloids may be taken up in similar ways. Ara-
bidopsis can take up Sb through AtNIP5;1, AtNIP6;1, and AtNIP7;1,
with different affinities [103]. Expression of AtNIP5;1 and AtNIP6;1
in yeast lowers sensitivity to Sb, but AtNIP7;1 elevates yeast sensi-
tivity to Sb [104]. Pigeonpea (Cajanus cajan) is a silicon accumula-
tor, mainly through CjNIP2;1. Exogenous Si application induces the
expression of CjNIP2;1 and alleviates Sb toxicity, implying that Si
may competitively antagonize Sb to pass through CjNIP2;1 [105].
Barley (Hordeum vulgare) is highly sensitive to Ge toxicity. Two
barley QTLs associated with Ge toxicity symptoms were located
on chromosomes 6H and 2H. The 6H locus includes HvNIP2;1. In
yeasts, functional expression of HvNIP2;1 in yeast enhances sensi-
tivity to Ge stress. Expression of HvNIP2;1(G88A) and HvNIP2;1
(G88C) alleviated yeast sensitivity to B and Ge, but enhanced yeast
sensitivity to As, suggesting that HvNIP2;1 may transport Ge, B,
and As [106]. The grape VvNIP2;1 gene is predominantly expressed
in roots. VvNIP2;1 showed Ge, Si, and As permeability in Xenopus
oocytes [87]. Overall, the mechanisms underlying Sb and Ge trans-
port remain elusive, and further investigation is required in the
future.

2.5. Charged ions

Most aquaporins transport water and/or uncharged inorganic or
organic molecules. A subset of aquaporins, however, can transport
charged cations or anions and act as ion-conducting aquaporins
[107,108]. Although the concept of ion channel function in aqua-
porins remains controversial, researchers are beginning to define
not only the ion channel function but also the detailed molecular
mechanisms that govern and mediate multifunctional aquaporin
capabilities [109].

Since the first ion-conducting aquaporin, soybean GmNod26,
was characterized, several plant ion-conducting aquaporins have
been reported. AtPIP2;1 is implicated in stomatal closure (Fig. 3).
In Xenopus oocytes and yeast, AtPIP2;1 increased water permeabil-
ity and induced non-selective cation conductance, mainly associ-
ated with Na+. The phosphorylation states of S280 and/or S283
promoted AtPIP2;1-facilitated water and cation (Na+ and K+) trans-
port [47]. In Xenopus oocytes, the expression of barley HvPIP2;8
showed ion conductance of Na+ and K+, implying that HvPIP2;8
may be involved in barley salt-stress responses [110]. Unlike
barely PIP family members, the solute selectivity analysis of NIP
family member HvNIP2;1 showed that HvNIP2;1 permeated disac-
charide sucrose and hydrated ion pairs KCl and MgSO4 at a high
rate, while CH3COONa and NaNO3 ion pairs transported at a lower
rate [111]. Novel ion-conducting aquaporins have also been
reported. Cd2+ can upregulate the expression levels of SnPIP1;5,
SnPIP2;7, and SnTIP2;1 to enhance NH4

+ but inhibit NO3
– absorption

in Solanum nigrum, implying that the ions may be taken up through
these channels [112]. A very recent study shows that a novel fluo-
rescent photo-switchable Li+ sensor was used to determine the
cation channel activity of ZmPIP2;5 in BY-2 cells [35]. AtTIP2;2 is
localized to the tonoplasts in the root cells, it presumably facili-
tates Zn sequestration from the cytosol to the vacuole of the root
cell [113]. The cellular GSH could function as an AtTIP2;2 activator,
or it may be part of the transport substrate of AtTIP2;2 in the form
of a GSH-Zn complex. When expressed in yeast, AtTIP2;2 facilitates
the across tonoplast transport of GSH-Zn complexes. Hydrangea
macrophylla regulates flower color by transporting Al3+ through
aquaporins HmVALT and HmPALT1, the overexpression of VALT
and PALT1 in Arabidopsis conferred Al-tolerance and Al-
sensitivity, respectively [114]. Arabidopsis AtNIP1;2 can transport
malate and AtNIP2;1 can conduct lactate [67,115]. We used an
electrophysiological approach to demonstrate that rice OsPIP1;3
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showed permeability to nitrate (NO3
–). Overexpression of OsPIP1; 3

in tobacco promotes plant growth and resistance to drought stress
[22].

With the development of new techniques, an increasing num-
ber of novel substrates for known and unknown aquaporins can
be identified, which can help us understand how aquaporins play
critical functions in plant biology and physiology (Fig. 4).
3. Potential biotechnology applications of plant aquaporins

With the rapid development of biotechnology and bioengineer-
ing, many promising aquaporin genes have been genetically
manipulated in certain plants to generate expected phenotypes
and performances for practical applications. These applications
include genetic modification and the use of nanomaterials such
as nanoparticles (see Glossary), quantum dots (see Glossary), gra-
phene oxide (GO) (see Glossary), and chemicals to regulate aqua-
porin activities [116,117]. A very recent report shows that
coronatine (COR), a jasmonic acid analog, can enhance the expres-
sion level of ZmPIP2;5 gene and the hydraulic conductivity in maize
roots by binding to the N241 residue in loop E of ZmPIP2;5 [118].
These technologies advance our understanding of how a given AQP
isoform contributes to the homeostasis of water and other compo-
nents, particularly under adverse conditions. Several functional
genomics studies have shown that aquaporin modulation can
increase plant tolerance to stress conditions and crop yield
[13,59,116]. For example, the treatment of broccoli protoplasts
with 10 lg mL�1 nanotubes significantly increased BoPIP1 and
BoPIP2 expression levels and osmotic permeability under normal
conditions but not under salt stress conditions [119]. Here, we
focus on the recent progress in the uptake of beneficial and/or
extrusion of harmful metalloids by the regulation of plant aquapor-
ins, and the potential value of these technologies in agriculture,
horticulture, and environmental protection.
3.1. Enrichment of beneficial elements and application in agriculture

Some plant aquaporins transport selenium and silicon. Se is an
essential trace nutrient for animals. People who are Se-deficient
suffer from many health problems (e.g., cancers and cardiovascular
diseases); therefore, it is important to acquire sufficient Se nutri-
ents from food sources. Plants, especially cereals and their prod-
ucts, are the principal sources of dietary selenium, but their
selenium content is usually too low to meet human nutritional
requirements. Genetic manipulation of specific aquaporins may
enhance Se content in plants. For example, the aquaporin OsLsi1
(OsNIP2;1) transports Se in rice. OsLsi1 knockout resulted in a sig-
nificant decrease in Se concentration in the shoots, xylem sap flu-
ids, and rice grains [90]. Therefore, the proper modification of
OsLsi1 expression should efficiently increase Se uptake in rice
grains. Another method for increasing plant Se content is to apply
Se fertilizer to the plants. Red Se nanoparticles (SeNPs) are highly
bioactive in plants. Under the SeNPs treatment, Se was primarily
accumulated in roots of rice rather than in shoots, whereas the
addition of aquaporin inhibitors reduced the absorption of SeNPs
by rice [120]. Similar results were observed for the SeNP-treated
wheat seedlings [121]. These findings suggest that SeNPs are
mainly taken up via the aquaporin pathways. A recent report indi-
cated that SeNPs elevated the expression levels of BnPIP1;1 and
BnPIP2;1 in rapeseed (Brassica napus) and increased plant resis-
tance to salt stress [122].

Si is a beneficial macronutrient for plants. The application of Si
fertilizer is known to be an ecologically compatible and environ-
mentally friendly technique for stimulating plant growth and
enhancing plant resistance to multiple stresses [123]. Silicon
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nanoparticles (SiNPs) and silicon quantum dots (SiQDs) have been
used in agriculture and postharvest preservation of horticultural
products. Treating ginger (Zingiber officinale) rhizomes with 50–1
00 lg mL�1 SiNPs increased the firmness and disease resistance
and decreased decay severity. SiNPs likely decreased water loss
by altering the expression of aquaporin genes in the ginger rhi-
zomes [124]. In cucumber (Cucumis sativus) seedlings, treatments
with a wide range of concentrations of SiQD significantly promoted
the expression levels of aquaporin genes and plant growth [125].
Many horticultural crops require adequate amounts of boron for
vegetative and reproductive growth. Foliar application of nanoen-
capsulated boron in almond (Prunus dulcis) trees allows B move-
ment within trees and induces water uptake and transport by
upregulating the expression levels of PdPIP2.2 and PdTIP1;1 aqua-
porin genes [126]. Treatment of sweet cherry (Prunus avium) with
0.5% CaCl2 upregulated the expression level of PaPIP1;4 which is
dominantly expressed in the fruit peduncle to prevent fruit crack-
ing [127].
3.2. Detoxification of harmful heavy metal(loid)s and application in
agriculture

With the rapid development of worldwide industrialization,
economic prosperity is being accompanied by severe environmen-
tal pollution. Pollutants include, but are not limited to, heavy met-
als and metalloids such as Cd and As. Pollutants in soil and water
can be absorbed and accumulated in plants, which directly affects
crop yield and quality. Contaminated plants can adversely affect
animals and humans via the food chain [128]. Thus, pollution con-
trol and treatment via phytoremediation and phytoextraction are
currently of high priority.

Populus alba is highly tolerant to heavy metals, such as Cd2+ and
Zn2+. Overexpression or knocking out its aquaporin gene, AQUA1,
greatly altered the response to heavy metal stress [129]. Fern Pteris
vittata is an As hyperaccumulator. Heterologous expression of the
PvTIP4;1 gene in yeast demonstrated that PvTIP4;1 facilitates As
diffusion. Thus, hyperaccumulator plants like Pteris vittate can
function as pioneer and indicator plants to control arsenic pollu-
tion [130]. In rice roots, overexpression of OsNIP1;1 and OsNIP3;3
disrupts arsenite radial transport [101].

Another potential strategy is to use plant-associated microbes
to remediate the contaminated soils. Endophytic microbes isolated
from plants growing in contaminated habitats possess specialized
properties that help their hosts detoxify contaminants. The endo-
phytes from the As-tolerant plant Lantana camara could enhance
As resistance of the As-sensitive plant Solanum nigrum whose
aquaporin SnTIP2-2 and SnPIP1 gene expression was upregulated
upon endophyte inoculation. Therefore, the As-tolerant endophytic
consortium could regulate aquaporins to improve the As-
phytoremediation efficiency of other crops [131]. The medicinal
plant Dittrichia viscosa is an As hyperaccumulator. The expression
ratio of DvNIP1;1 in roots and shoots is a promising selection mar-
ker to predict As content in soils and can be used as an As-indicator
plant [132]. In rice, the application of thiourea (a non-physiological
ROS scavenger) at millimolar concentrations can efficiently miti-
gate As toxicity and reduce grain As accumulation by downregulat-
ing the expression levels of OsNIP2;1 (OsLsi1) but upregulating the
expression levels of OsPIP1;1, OsPIP2;1, and OsTIP4;1 [117].

Application of silicon nanoparticles (SiNPs) could modulate
OsLsi1, OsLsi2, and OsLsi6 expression patterns by increasing Si but
decreasing As uptake in metal(loid)-exposed rice plants [133].
SiNPs can also activate aquaporin OsLsi1 in rice to take up more
Si and antagonize Cd and As [88]. Graphene oxide (GO) is another
promising nanomaterial for pollution control. GO application in
wheat and tomato could upregulate TaPIP1;1, TaNIP4;2, SlPIP1;1,



Fig. 5. Genetic and chemical regulation of the expression levels and channel activities of aquaporins inhibit the uptake of harmful elements and promote the uptake of
beneficial elements into rice grains.

Q. Sun, X. Liu, Y. Kitagawa et al. The Crop Journal 12 (2024) 641–655
SlTIP1;2, and SlNIP1;2 expression levels and alleviate As toxicity in
plants [134].

Overall, plant aquaporins are important genetic and/or chemi-
cal targets for efficiently regulating the uptake of beneficial and
harmful elements into food crops (Fig. 5) [98,111].

OsLsi1, OsLsi2, and OsLsi6 are the major Si, Se, and As trans-
porters in rice. Appropriate downregulation of the expression
levels and activities of these aquaporins can alleviate As uptake
[101,102,128]. Alternatively, the application of silicon nanoparti-
cles (SiNPs), selenium nanoparticles (SeNP), and other compounds
can alter the transporter functions to competitively inhibit As
uptake by up-regulating Si and Se transport into rice grains
[95,120,133,156,157]. Figure was designed using Biorender
(https://biorender.com).
4. Conclusion and perspectives

Significant progress has been made in recent years in under-
standing the uptake, extrusion, and speciation of water, hydrogen
peroxide, gases, neutral molecules, ions, and metal(loid)s in plants
[12]. However, substantial knowledge gaps exist, particularly
regarding the mechanisms and physiological functions of
aquaporin-permeating substrate(s) in specific spatiotemporal pat-
terns. Hence, using genetic and pharmacological approaches, we
can efficiently regulate the expression levels and/or channel activ-
ities of aquaporins to maintain the homeostasis of water and other
substances necessary for plant growth, development, metabolism,
and adaptation to environmental stresses [14,84]. The drastic
physiological relevance of the characterized aquaporin isoforms
leads us to suspect that the importance of these aquaporins for
plant physiology is more far-reaching than currently known.
Future research on aquaporins at molecular, genetic, and physio-
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logical levels is essential to fully unravel the regulation of sub-
stance transport processes to improve agriculture, environmental
protection, and other industries, as our current knowledge about
plant aquaporins is still limited.
Glossary

1. Aquaporin (AQP): A class of membrane proteins with six
transmembrane domains to form channels to permeate water,
and some members can also permeate small neutral molecules
and ions through the channels.

2. Major intrinsic protein (MIP): A protein superfamily consist-
ing of six transmembrane domains to form a channel to permeate
water and other small molecules.

3. Peroxiporin: Aquaporin proteins which can transport H2O2.
4. Reactive oxygen species (ROS): Highly reactive molecules

which are produced from the incomplete reduction reaction of
oxygen. These include superoxide (O2

–), hydrogen peroxide
(H2O2), hydroxyl radical (OH–) and so on.

5. Proteoliposome: The unilamellar lipid bilayer vesicles recon-
stituted with proteins embedded in the membrane for functional
assay

6. Pathogen-associated molecular pattern (PAMP): The specific
pathogenic molecule or compound which can stimulate the
immunological reaction of the host organism. e.g. the bacterial
flg22 can cause hypersensitive reaction (HR) in Arabidopsis.

7. Hypoxia: The oxygen-deprivation or low-oxygen condition
which induce anaerobic respiration in the cells.

8. Symbiosis: A specific microorganism lives in a large multicel-
lular organism to benefits to each other. e.g. the relationship of
nitrogen-fixation rhizobium and soybean.

https://biorender.com/
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9. Symbiosome: Within the infected nodule cells, the rhizobia
are enclosed in a plant-derived membrane to form an organelle-
like compartment called the symbiosome.

10. Arbuscular mycorrhizae (AM): A symbiosis between plants
and members of an ancient phylum of fungi, the Glomeromycota,
improves the supply of water and nutrients, such as phosphate
and nitrogen, to the host plant.

11. Ammoniaporin: Protein channel transporting ammonia.
12. Aquaglyceroporin: Protein channel transporting glycerol.
13. Metalloid: Elements between metal and nonmetal. e.g.

arsenic (As), antimony (Sb), boron (B), germanium (Ge), silicon
(Si) and tellurium (Te).

14. Nanoparticle (NP): The various materials with nanometer
sizes potential applications in diagnostics, imaging, gene and drug
delivery and other types of therapy.

15. Graphene oxide (GO): A distinct 2D carbon-based nanoma-
terial composed of a number of functional oxygen groups and gra-
phene layer.

16. Quantum dot (QD): a special type of engineered nanomate-
rials with outstanding optoelectronic properties that make them as
a very promising alternative to conventional luminescent dyes in
biomedical applications, including biomolecule (BM) targeting,
luminescence imaging and drug delivery.

CRediT authorship contribution statement

Qi Sun: Writing – original draft. Xin Liu: Investigation. Yoshi-
chika Kitagawa: Conceptualization. Giuseppe Calamita: Concep-
tualization. Xiaodong Ding: Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This work was supported by the National Key Research and
Development Program of China (2021YFD1201104-02) and
National Natural Science Foundation of China (32272048) to Xiao-
dong Ding. We thank Dr. Zhenglai Zhang from Institute of Bio-
physics, Chinese Academy of Sciences for assisting bioinformatics
work and Dr. Victor Manon for his critical reading and revising this
manuscript.

References

[1] C. Maurel, J. Reizer, J.I. Schroeder, M.J. Chrispeels, The vacuolar membrane
protein gamma-tip creates water specific channels in xenopus oocytes, EMBO
J. 12 (1993) 2241–2247.

[2] C. Maurel, Y. Boursiac, D.T. Luu, V. Santoni, Z. Shahzad, L. Verdoucq,
Aquaporins in plants, Physiol. Rev. 95 (2015) 1321–1358.

[3] F. Chaumont, F. Barrieu, E. Wojcik, R. Jung, Aquaporins constitute a large and
highly divergent protein family in maize, Plant Physiol. 125 (2001) 1206–
1215.

[4] U. Johanson, M. Karlsson, I. Johansson, S. Gustavsson, S. Sjovall, L. Fraysse, A.R.
Weig, P. Kjellbom, The complete set of genes encoding major intrinsic
proteins in Arabidopsis provides a framework for a new nomenclature for
major intrinsic proteins in plants, Plant Physiol. 126 (2001) 1358–1369.

[5] J. Sakurai, F. Ishikawa, T. Yamaguchi, M. Uemura, M. Maeshima, Identification
of 33 rice aquaporin genes and analysis of their expression and function, Plant
Physiol. 46 (2005) 1568–1577.

[6] S. Reuscher, M. Akiyama, C. Mori, K. Aoki, D. Shibata, K. Shiratake, Genome-
wide identification and expression analysis of aquaporins in tomato, PLoS
ONE 8 (2013) e79052.

[7] M. Sutka, G. Amodeo, M. Ozu, Plant and animal aquaporins crosstalk: What
can be revealed from distinct perspectives, Biophys. Rev. 9 (2017) 545–562.

[8] R.K. Singh, R. Deshmukh, M. Muthamilarasan, R. Rani, M. Prasad, Versatile
roles of aquaporin in physiological processes and stress tolerance in plants,
Plant Physiol. Biochem. 149 (2020) 178–189.
652
[9] C. Hachez, A. Besserer, A.S. Chevalier, F. Chaumont, Insights into plant plasma
membrane aquaporin trafficking, Trends Plant Sci. 18 (2015) 344–352.

[10] O. Rodrigues, G. Reshetnyak, A. Grondin, Y. Saijo, N. Leonhardt, C. Maurel, L.
Verdoucq, Aquaporins facilitate hydrogen peroxide entry into guard cells to
mediate ABA and pathogen-triggered stomatal closure, Proc. Natl. Acad. Sci.
U. S. A. 114 (2017) 9200–9205.

[11] R. Kapilan, M. Vaziri, J.J. Zwiazek, Regulation of aquaporins in plants under
stress, Biol. Res. 51 (2018) 4.

[12] Y. Wang, Z.J. Zhao, F. Liu, L.R. Sun, F.S. Hao, Versatile roles of aquaporins in
plant growth and development, Int. J. Mol. Sci. 21 (2020) 9485.

[13] M.M. Kurowska, Aquaporins in cereals-important players in maintaining cell
homeostasis under abiotic stress, Genes 12 (2021) 477.

[14] S. Ahmed, S. Kouser, M. Asgher, S.G. Gandhi, Plant aquaporins: a frontward to
make crop plants drought resistant, Physiol. Plant 172 (2021) 1089–1105.

[15] T. Safdar, M.H.N. Tahir, Z. Ali, M.H.U. Rahman, Exploring the role of HaTIPs
genes in enhancing drought tolerance in sunflower, Mol. Biol. Rep. 50 (2023)
8349–8359.

[16] M.Y. Liu, Q.S. Li, W.Y. Ding, L.W. Dong, M. Deng, J.H. Chen, X. Tian, A. Hashem,
A.F. Al-Arjani, M.M. Alenazi, E.F. Abd-Allah, Q.S. Wu, Arbuscular mycorrhizal
fungi inoculation impacts expression of aquaporins and salt overly sensitive
genes and enhances tolerance of salt stress in tomato, Chem. Biol. Technol.
Agric. 10 (2023) 5.

[17] M. Yaghobi, P. Heidari, Genome-wide analysis of aquaporin gene family in
Triticum turgidum and its expression profile in response to salt stress, Genes
14 (2023) 202.

[18] A. Salvatierra, P. Mateluna, G. Toro, S. Solís, P. Pimentel, Genome-wide
identification and gene expression analysis of sweet cherry aquaporins
(Prunus avium L.) under abiotic stresses, Genes 14 (2023) 940.

[19] D. Labarga, A. Mairata, M. Puelles, I. Martín, A. Albacete, E. García-Escudero, A.
Pou, The rootstock genotypes determine drought tolerance by regulating
aquaporin expression at the transcript level and phytohormone balance,
Plants-Basel 12 (2023) 718.

[20] X.C. Chen, J.B. Ma, X. Wang, K. Lu, Y. Liu, L.Y. Zhang, J.F. Peng, L. Chen, M.K.
Yang, Y. Li, Z.Q. Cheng, S.Q. Xiao, J.F. Yu, S.S. Zou, Y.C. Liang, M.X. Zhang, Y.H.
Yang, X.H. Ding, H.S. Dong, Functional modulation of an aquaporin to
intensify photosynthesis and abrogate bacterial virulence in rice, Plant J. 108
(2021) 330–346.

[21] X.D. Ding, T. Matsumoto, P. Gena, C.W. Liu, M. Pellegrini-Calace, S.H. Zhong, X.
L. Sun, Y.M. Zhu, M. Katsuhara, I. Iwasaki, Y. Kitagawa, G. Calamita, Water and
CO2 permeability of SsAqpZ, the cyanobacterium Synechococcus sp. PCC7942
aquaporin, Biol. Cell 105 (2013) 118–128.

[22] S.Y. Liu, T. Fukumoto, P. Gena, P. Feng, Q. Sun, Q. Li, T. Matsumoto, T. Kaneko,
H. Zhang, Y. Zhang, S.H. Zhong, W.Z. Zeng, M. Katsuhara, Y. Kitagawa, A.X.
Wang, G. Calamita, X.D. Ding, Ectopic expression of a rice plasma membrane
intrinsic protein (OsPIP1;3) promotes plant growth and water uptake, Plant J.
102 (2020) 779–796.

[23] M. Groszmann, A. De Rosa, W. Chen, J. Qiu, S.A. McGaughey, C.S. Byrt, J.R.
Evans, A high-throughput yeast approach to characterize aquaporin
permeabilities: profiling the Arabidopsis PIP aquaporin sub-family, Front.
Plant Sci. 14 (2023) 1078220.

[24] H. Wang, S. Schoebel, F. Schmitz, H.S. Dong, K. Hedfalk, Characterization of
aquaporin-driven hydrogen peroxide transport, Biochim. Biophys. Acta-
Biomembr. 1862 (2020) 183065.

[25] G.P. Bienert, A.L.B. Moller, K.A. Kristiansen, A. Schulz, I.M. Moller, J.K.
Schjoerring, T.P. Jahn, Specific aquaporins facilitate the diffusion of
hydrogen peroxide across membranes, J. Biol. Chem. 282 (2007) 1183–1192.

[26] C. Maurel, C. Tournaire-Roux, L. Verdoucq, V. Santoni, Hormonal and
environmental signaling pathways target membrane water transport, Plant
Physiol. 187 (2021) 2056–2070.

[27] P.E. Verslues, J. Bailey-Serres, C. Brodersen, T.N. Buckley, L. Conti, A.
Christmann, J.R. Dinneny, E. Grill, S. Hayes, R.W. Heckman, P.K. Hsu, T.E.
Juenger, P. Mas, T. Munnik, H. Nelissen, L. Sack, J. Schroeder, C. Testerink, S.D.
Tyerman, T. Umezawa, P.A. Wigge, Burning questions for a warming and
changing world: 15 unknowns in plant abiotic stress, Plant Cell 35 (2023) 67–
108.

[28] A. Sadhukhan, Y. Kobayashi, Y. Nakano, S. Iuchi, M. Kobayashi, L. Sahoo, H.
Koyama, Genome-wide association study reveals that the aquaporin NIP1;1
contributes to variation in hydrogen peroxide sensitivity in Arabidopsis
thaliana, Mol. Plant 10 (2017) 1082–1094.

[29] Y.N. Cui, Y.X. Zhao, Y.Q. Lu, X. Su, Y.Y. Chen, Y.B. Shen, J.X. Lin, X.J. Li, In vivo
single-particle tracking of the aquaporin AtPIP2;1 in stomata reveals cell
type-specific dynamics, Plant Physiol. 185 (2021) 1666–1681.

[30] O. Rodrigues, L. Shan, Stomata in a state of emergency: H2O2 is the target
locked, Trends Plant Sci. 27 (2022) 274–286.

[31] L. Ding, F. Chaumont, Are aquaporins expressed in stomatal complexes
promising targets to enhance stomatal dynamics?, Front. Plant Sci. 11 (2020)
458.

[32] M. Zhang, H.T. Shi, N.N. Li, N.N. Wei, Y. Tian, J.F. Peng, X.C. Chen, L.Y. Zhang, M.
X. Zhang, H.S. Dong, Aquaporin OsPIP2;2 links the H2O2 signal and a
membrane-anchored transcription factor to promote plant defense, Plant
Physiol. 188 (2022) 2325–2341.

[33] K. Lu, X.C. Chen, X.H. Yao, Y.Y. An, X. Wang, L.N. Qin, X.X. Li, Z.D. Wang, S. Liu,
Z.M. Sun, L.Y. Zhang, L. Chen, B.Y. Li, B.Y. Liu, W.Y. Wang, X.H. Ding, Y.H. Yang,
M.X. Zhang, S.S. Zou, H.S. Dong, Phosphorylation of a wheat aquaporin at two
sites enhances both plant growth and defense, Mol. Plant 15 (2022) 1772–
1789.

http://refhub.elsevier.com/S2214-5141(24)00084-9/h0005
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0005
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0005
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0010
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0010
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0015
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0015
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0015
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0020
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0020
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0020
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0020
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0025
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0025
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0025
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0030
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0030
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0030
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0035
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0035
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0040
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0040
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0040
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0045
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0045
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0050
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0050
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0050
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0050
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0055
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0055
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0060
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0060
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0065
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0065
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0070
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0070
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0075
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0075
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0075
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0080
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0080
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0080
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0080
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0080
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0085
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0085
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0085
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0090
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0090
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0090
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0095
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0095
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0095
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0095
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0100
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0100
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0100
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0100
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0100
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0105
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0105
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0105
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0105
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0105
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0110
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0110
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0110
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0110
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0110
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0115
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0115
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0115
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0115
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0120
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0120
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0120
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0125
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0125
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0125
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0130
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0130
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0130
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0135
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0135
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0135
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0135
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0135
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0135
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0140
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0140
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0140
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0140
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0145
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0145
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0145
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0150
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0150
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0150
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0150
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0155
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0155
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0155
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0160
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0160
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0160
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0160
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0160
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0160
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0165
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0165
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0165
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0165
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0165


Q. Sun, X. Liu, Y. Kitagawa et al. The Crop Journal 12 (2024) 641–655
[34] R. Wang, R.Z. Li, L.N. Cheng, X.Y. Wang, X. Fu, X.F. Dong, M.F. Qi, C.Z. Jiang, T.
Xu, T.L. Li, SlERF52 regulates SlTIP1;1 expression to accelerate tomato pedicel
abscission, Plant Physiol. 185 (2021) 1829–1846.

[35] J. Ahmed, A. Ismail, L. Ding, A.J. Yool, F. Chaumont, A new method to measure
aquaporin-facilitated membrane diffusion of hydrogen peroxide and cations
in plant suspension cells, Plant Cell Environ. 47 (2023) 527–539.

[36] H.L. Zhang, F.F. Yu, P. Xie, S.Y. Sun, X.H. Qiao, S.Y. Tang, C.X. Chen, S. Yang, C.
Mei, D.K. Yang, Y.R. Wu, R. Xia, X. Li, J. Lu, Y.X. Liu, X.W. Xie, D.M. Ma, X. Xu, Z.
W. Liang, Z.H. Feng, X.H. Huang, H. Yu, G.F. Liu, Y.C. Wang, J.Y. Li, Q.F. Zhang, C.
Chen, Y.D. Ouyang, Q. Xie, A Gc protein regulates alkaline sensitivity in crops,
Science 379 (2023) eade8416.

[37] M. Herrera, J.L. Garvin, Aquaporins as gas channels, Pflug. Arch. Eur. J. Phy.
462 (2011) 623–630.

[38] V.C. Clarke, A. De Rosa, B. Massey, A.M. George, J.R. Evans, S. von Caemmerer,
M. Groszmann, Mesophyll conductance is unaffected by expression of
Arabidopsis PIP1 aquaporins in the plasmalemma of Nicotiana, J. Exp. Bot.
73 (2022) 3625–3636.

[39] A. Fernández-San Millán, I. Aranjuelo, C. Douthe, M. Nadal, M. Ancín, L.
Larraya, I. Farran, J. Flexas, J. Veramendi, Physiological performance of
transplastomic tobacco plants overexpressing aquaporin AQP1 in chloroplast
membranes, J. Exp. Bot. 69 (2018) 3661–3673.

[40] F.Y. Xu, K. Wang, W. Yuan, W.F. Xu, S. Liu, H.J. Kronzucker, G.L. Chen, R. Miao,
M.X. Zhang, M. Ding, L. Xiao, L. Kai, J.H. Zhang, Y.Y. Zhu, Overexpression of rice
aquaporin OsPIP1;2 improves yield by enhancing mesophyll CO2 conductance
and phloem sucrose transport, J. Exp. Bot. 70 (2019) 671–681.

[41] X.H. Huang, Z.X. Wang, J.L. Huang, S.B. Peng, D.L. Xiong, Mesophyll
conductance variability of rice aquaporin knockout lines at different growth
stages and growing environments, Plant J. 107 (2021) 1503–1512.

[42] M. Groszmann, H.L. Osborn, J.R. Evans, Carbon dioxide and water transport
through plant aquaporins, Plant Cell Environ. 40 (2017) 938–961.

[43] J. Kromdijk, K. Glowacka, S.P. Long, Photosynthetic efficiency and mesophyll
conductance are unaffected in Arabidopsis thaliana aquaporin knock-out lines,
J. Exp. Bot. 71 (2020) 318–329.

[44] J.J. Zwiazek, H. Xu, X.F. Tan, A. Navarro-Ródenas, A. Morte, Significance of
oxygen transport through aquaporins, Sci. Rep. 7 (2017) 40411.

[45] X.F. Tan, H. Xu, S. Khan, M.A. Equiza, S.H. Lee, M. Vaziriyeganeh, J.J. Zwiazek,
Plant water transport and aquaporins in oxygen-deprived environments, J.
Plant Physiol. 227 (2018) 20–30.

[46] C. Tournaire-Roux, M. Sutka, H. Javot, E. Gout, P. Gerbeau, D.T. Luu, R. Bligny,
C. Maurel, Cytosolic pH regulates root water transport during anoxic stress
through gating of aquaporins, Nature 425 (2003) 393–397.

[47] J.E. Qiu, S.A. McGaughey, M. Groszmann, S.D. Tyerman, C.S. Byrt,
Phosphorylation influences water and ion channel function of AtPIP2;1,
Plant Cell Environ. 43 (2020) 2428–2442.

[48] F. Scochera, G.Z. De Palma, A.C. Fortuna, J. Chevriau, R. Toriano, G. Soto, A.
Zeida, K. Alleva, PIP aquaporin pH sensing is regulated by the length and
charge of the C-terminal region, FEBS J. 289 (2022) 246–261.

[49] X.F. Tan, M.M. Liu, N. Du, J.J. Zwiazek, Ethylene enhances root water transport
and aquaporin expression in trembling aspen (Populus tremuloides) exposed
to root hypoxia, BMC Plant Biol. 21 (2021) 227.

[50] H.Y. Liu, X. Yu, D.Y. Cui, M.H. Sun, W.N. Sun, Z.C. Tang, S.S. Kwak, W.A. Su, The
role of water channel proteins and nitric oxide signaling in rice seed
germination, Cell Res. 17 (2007) 638–649.

[51] A. Navarro-Ródenas, H. Xu, M. Kemppainen, A.G. Pardo, J.J. Zwiazek, Laccaria
bicolor aquaporin LbAQP1 is required for Hartig net development in
trembling aspen (Populus tremuloides), Plant Cell Environ. 38 (2015) 2475–
2486.

[52] A. Kumari, S.C. Bhatla, Regulation of salt-stressed sunflower (Helianthus
annuus) seedling’s water status by the coordinated action of Na+/K+

accumulation, nitric oxide, and aquaporin expression, Funct. Plant Biol. 48
(2021) 573–587.

[53] Z. Kolbert, A. Ördög, Involvement of nitric oxide (NO) in plant responses to
metalloids, J. Hazard. Mater. 420 (2021) 126606.

[54] J.H. Hwang, S.R. Ellingson, D.M. Roberts, Ammonia permeability of the
soybean nodulin 26 channel, FEBS Lett. 584 (2010) 4339–4343.

[55] D. Loqué, U. Ludewig, L.X. Yuan, N. von Wirén, Tonoplast intrinsic proteins
AtTIP2;1 and AtTIP2;3 facilitate NH3 transport into the vacuole, Plant Physiol.
137 (2005) 671–680.

[56] A. Kirscht, S.S. Kaptan, G.P. Bienert, F. Chaumont, P. Nissen, B.L. de Groot, P.
Kjellbom, P. Gourdon, U. Johanson, Crystal structure of an ammonia-
permeable aquaporin, PLoS Biol. 14 (2016) e1002411.

[57] H. Matsui, B.M. Hopkinson, K. Nakajima, Y. Matsuda, Plasma membrane-type
aquaporins from marine diatoms function as CO2/NH3 channels and provide
photoprotection, Plant Physiol. 178 (2018) 345–357.

[58] G. Quiroga, G. Erice, R. Aroca, A. Delgado-Huertas, J.M. Ruiz-Lozano,
Elucidating the possible involvement of maize aquaporins and arbuscular
mycorrhizal symbiosis in the plant ammonium and urea transport under
drought stress conditions, Plants-Basel 9 (2020) 148.

[59] J.P. Bezerra-Neto, F.C. de Araújo, J.R.C. Ferreira-Neto, M.D. da Silva, V. Pandolfi,
F.F. Aburjaile, T. Sakamoto, R.L.D. Silva, E.A. Kido, L.L.B. Amorim, J.M. Ortega,
A.M. Benko-Iseppon, Plant aquaporins: Diversity, evolution and
biotechnological applications, Curr. Protein Pept. Sci. 20 (2019) 368–395.

[60] R.M. Dean, R.L. Rivers, M.L. Zeidel, D.M. Roberts, Purification and functional
reconstitution of soybean nodulin 26. An aquaporin with water and glycerol
transport properties, Biochem. 38 (1999) 347–353.
653
[61] F. Sabir, S. Gomes, M.C. Loureiro-Dias, G. Soveral, C. Prista, Molecular and
functional characterization of grapevine NIPs through heterologous
expression in aqy-null Saccharomyces cerevisiae, Int. J. Mol. Sci. 21 (2020) 663.

[62] F. Sabir, A. Di Pizio, M.C. Loureiro-Dias, A. Casini, G. Soveral, C. Prista, Insights
into the selectivity mechanisms of grapevine NIP aquaporins, Int. J. Mol. Sci.
21 (2020) 6697.

[63] L.H. Liu, U. Ludewig, B. Gassert, W.B. Frommer, N. von Wirén, Urea transport
by nitrogen-regulated tonoplast intrinsic proteins in Arabidopsis, Plant
Physiol. 133 (2003) 1220–1228.

[64] H.Y. Yang, J. Menz, I. Häussermann, M. Benz, T. Fujiwara, U. Ludewig, High
and low affinity urea root uptake: Involvement of NIP5;1, Plant Physiol. 56
(2015) 1588–1597.

[65] A. Matiz, C.A. Cambuí, N. Richet, P.T. Mioto, F. Gomes, F.C. Pikart, Involvement
of aquaporins on nitrogen-acquisition strategies of juvenile and adult plants
of an epiphytic tank-forming bromeliad, Planta 250 (2019) 319–332.

[66] W.G. Choi, D.M. Roberts, Arabidopsis NIP2;1, a major intrinsic protein
transporter of lactic acid induced by anoxic stress, J. Biol. Chem. 282 (2007)
24208–24218.

[67] Z.G. Beamer, P. Routray, W.G. Choi, M.K. Spangler, A. Lokdarshi, D.M. Roberts,
Aquaporin family lactic acid channel NIP2;1 promotes plant survival under
low oxygen stress in Arabidopsis, Plant Physiol. 187 (2021) 2262–2278.

[68] J. Takano, M. Wada, U. Ludewig, G. Schaaf, N. von Wirén, T. Fujiwara, The
Arabidopsis major intrinsic protein NIP5;1 is essential for efficient boron
uptake and plant development under boron limitation, Plant Cell 18 (2006)
1498–1509.

[69] G.P. Bienert, M. Thorsen, M.D. Schüssler, H.R. Nilsson, A. Wagner, M.J. Tamás,
T.P. Jahn, A subgroup of plant aquaporins facilitate the bi-directional diffusion
of As(OH)3 and Sb(OH)3 across membranes, BMC Biol. 6 (2008) 26.

[70] S.V. Isayenkov, F.J.M. Maathuis, The Arabidopsis thaliana aquaglyceroporin
AtNIP7;1 is a pathway for arsenite uptake, FEBS Lett. 582 (2008) 1625–1628.

[71] N. Handa, P. Gupta, K. Khanna, S.K. Kohli, R. Bhardwaj, P. Alam, Aquaporin-
mediated transport: insights into metalloid trafficking, Physiol. Plant. 174
(2022) e13687.

[72] S. Mondal, K. Pramanik, S.K. Ghosh, P. Pal, P.K. Ghosh, A. Ghosh, Molecular
insight into arsenic uptake, transport, phytotoxicity, and defense responses in
plants: a critical review, Planta 255 (2022) 87.

[73] A.F. Onuh, K. Miwa, Regulation diversity and evolution of boron transporters
in plants, Plant Physiol. 62 (2021) 590–599.

[74] P. Routray, T. Li, A. Yamasaki, A. Yoshinari, J. Akano, W.G. Choi, C.E. Sams, D.M.
Roberts, Nodulin intrinsic protein 7;1 is a tapetal boric acid channel involved
in pollen cell wall formation, Plant Physiol. 178 (2018) 1269–1283.

[75] M.L. He, S.L. Wang, C. Zhang, L. Liu, J.Y. Zhang, S. Qiu, H. Wang, G.S. Yang, S.W.
Xue, L. Shi, F.S. Xu, Genetic variation of BnaA3.NIP5;1 expressing in the lateral
root cap contributes to boron deficiency tolerance in Brassica napus, PLoS
Genet. 17 (2021) e1009661.

[76] M.L. He, C. Zhang, L.Y. Chu, S.L. Wang, L. Shi, F.S. Xu, Specific and multiple-
target gene silencing reveals function diversity of BnaA2.NIP5;1 and BnaA3.
NIP5;1 in Brassica napus, Plant Cell Environ. 44 (2021) 3184–3194.

[77] M.D. Bienert, B. Muries, D. Crappe, F. Chaumont, G.P. Bienert, Over-expression
of X Intrinsic Protein 1;1 in Nicotiana tabacum and Arabidopsis reduces boron
allocation to shoot sink tissues, Plant Direct 3 (2019) 143.

[78] D.K. Tripathi, V.P. Singh, A. Lux, M. Vaculik, Silicon in plant biology: from past
to present and future challenges, J. Exp. Bot. 71 (2020) 6699–6702.

[79] J.F. Ma, K. Tamai, N. Yamaji, N. Mitani, S. Konishi, M. Katsuhara, M. Ishiguro, Y.
Murata, M. Yano, A silicon transporter in rice, Nature 440 (2006) 688–691.

[80] C.X. Fang, L.L. Li, P.L. Zhang, D.H. Wang, L.K. Yang, B.M. Reza, W.X. Lin, Lsi1
modulates the antioxidant capacity of rice and protects against ultraviolet-B
radiation, Plant Sci. 278 (2019) 96–106.

[81] Z. Li, S.Z. Feng, W.S. Zhan, L.N. Xu, C.X. Fang, Z.X. Zhang, W.X. Lin, Lsi1 plays an
active role in enhancing the chilling tolerance of rice roots, Plant Growth
Regul. 90 (2020) 529–543.

[82] B.K. Gupta, K.K. Sahoo, K. Anwar, R.C. Nongpiur, R. Deshmukh, A. Pareek, S.L.
Singla-Pareek, Silicon nutrition stimulates Salt-Overly Sensitive (SOS)
pathway to enhance salinity stress tolerance and yield in rice, Plant
Physiol. Biochem. 166 (2021) 593–604.

[83] Y.B. Lin, Z.X. Sun, Z.F. Li, R.R. Xue, W.K. Cui, S.Z. Sun, T.T. Liu, R.S. Zeng, Y.Y.
Song, Deficiency in silicon transporter Lsi1 compromises inducibility of anti-
herbivore defense in rice plants, Front. Plant Sci. 10 (2019) 652.

[84] A. Ranjan, R. Sinha, M. Bala, A. Pareek, S.L. Singla-Pareek, A.K. Singh, Silicon-
mediated abiotic and biotic stress mitigation in plants: underlying
mechanisms and potential for stress resilient agriculture, Plant Physiol.
Biochem. 163 (2021) 15–25.

[85] Y. Saitoh, N. Mitani-Ueno, K. Saito, K. Matsuki, S. Huang, L.L. Yang, N. Yamaji,
H. Ishikita, J.R. Shen, J.F. Ma, M. Suga, Structural basis for high selectivity of a
rice silicon channel Lsi1, Nat. Commun. 12 (2021) 6236.

[86] D. Coskun, R. Deshmukh, H. Sonah, S.M. Shivaraj, R. Frenette-Cotton, L.
Tremblay, P. Isenring, R.R. Bélanger, Si permeability of a deficient Lsi1
aquaporin in tobacco can be enhanced through a conserved residue
substitution, Plant Direct 3 (2019) 163.

[87] H. Noronha, A. Silva, N. Mitani-Ueno, C. Conde, F. Sabir, C. Prista, G. Soveral, P.
Isenring, J.F. Ma, R.R. Bélanger, H. Gerós, The grapevine NIP2;1 aquaporin is a
silicon channel, J. Exp. Bot. 71 (2020) 6789–6798.

[88] M. Mukarram, P. Petrik, Z. Mushtaq, M.M.A. Khan, M. Gulfishan, A. Lux, Silicon
nanoparticles in higher plants: uptake, action, stress tolerance, and crosstalk
with phytohormones, antioxidants, and other signalling molecules, Environ.
Pollut. 310 (2022) 119855.

http://refhub.elsevier.com/S2214-5141(24)00084-9/h0170
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0170
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0170
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0175
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0175
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0175
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0180
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0180
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0180
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0180
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0180
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0185
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0185
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0190
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0190
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0190
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0190
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0195
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0195
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0195
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0195
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0200
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0200
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0200
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0200
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0200
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0205
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0205
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0205
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0210
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0210
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0215
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0215
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0215
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0220
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0220
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0225
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0225
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0225
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0230
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0230
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0230
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0235
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0235
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0235
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0240
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0240
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0240
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0245
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0245
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0245
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0250
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0250
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0250
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0255
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0255
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0255
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0255
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0260
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0260
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0260
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0260
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0260
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0265
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0265
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0270
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0270
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0275
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0275
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0275
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0275
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0280
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0280
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0280
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0285
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0285
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0285
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0285
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0285
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0290
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0290
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0290
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0290
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0295
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0295
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0295
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0295
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0300
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0300
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0300
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0305
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0305
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0305
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0310
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0310
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0310
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0315
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0315
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0315
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0320
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0320
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0320
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0325
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0325
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0325
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0330
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0330
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0330
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0335
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0335
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0335
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0340
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0340
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0340
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0340
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0345
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0345
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0345
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0345
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0345
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0350
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0350
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0355
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0355
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0355
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0360
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0360
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0360
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0365
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0365
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0370
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0370
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0370
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0375
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0375
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0375
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0375
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0380
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0380
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0380
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0385
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0385
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0385
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0390
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0390
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0395
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0395
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0400
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0400
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0400
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0405
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0405
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0405
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0410
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0410
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0410
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0410
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0415
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0415
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0415
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0420
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0420
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0420
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0420
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0425
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0425
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0425
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0430
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0430
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0430
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0430
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0435
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0435
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0435
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0440
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0440
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0440
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0440


Q. Sun, X. Liu, Y. Kitagawa et al. The Crop Journal 12 (2024) 641–655
[89] B. Pommerrenig, T.A. Diehn, N. Bernhardt, M.D. Bienert, N. Mitani-Ueno, J.
Fuge, A. Bieber, C. Spitzer, A. Braeutigam, J.F. Ma, F. Chaumont, G.P. Bienert,
Functional evolution of nodulin 26-like intrinsic proteins: From bacterial
arsenic detoxification to plant nutrient transport, New Phytol. 225 (2020)
1383–1396.

[90] X.Q. Zhao, N. Mitani, N. Yamaji, R.F. Shen, J.F. Ma, Involvement of silicon influx
transporter OsNIP2;1 in selenite uptake in rice, Plant Physiol. 153 (2010)
1871–1877.

[91] R.F. Liu, L.H. Zhao, J. Li, C.Y. Zhang, L.H. Lyu, Y.B. Man, F.Y. Wu, Influence of
exogenous selenomethionine and selenocystine on uptake and accumulation
of Se in winter wheat (Triticum aestivum L. cv. Xinong 979), Environ. Sci.
Pollut. Res. 30 (2022) 23887–23897.

[92] Q. Wang, L.X. Kong, Q.Q. Huang, H.F. Li, Y.A. Wan, Uptake and translocation
mechanisms of different forms of organic selenium in rice (Oryza sativa L.),
Front. Plant Sci. 13 (2022) 970480.

[93] X.S. Zou, Y.T. Wang, R.Q. Sun, J. Wang, An analysis of the content changes in
free and combinative forms of organic selenium in radish sprouts cultivated
with solutions of selenoamino acids, Food Res. Int. 158 (2022) 111558.

[94] H.Z. Ren, X.M. Li, L.N. Guo, L. Wang, X.Y. Hao, J.M. Zeng, Integrative
transcriptome and proteome analysis reveals the absorption and
metabolism of selenium in tea plants [Camellia sinensis (L.) O. Kuntze],
Front. Plant Sci. 13 (2022) 848349.

[95] L.D. Garbinski, B.P. Rosen, J. Chen, Pathways of arsenic uptake and efflux,
Environ. Int. 126 (2019) 585–597.

[96] F.L. Deng, X. Liu, Y.S. Chen, B. Rathinasabapathi, C. Rensing, J. Chen, J. Bi, P.
Xiang, L.Q. Ma, Aquaporins mediated arsenite transport in plants: Molecular
mechanisms and applications in crop improvement, Crit. Rev. Environ. Sci.
Technol. 50 (2020) 1613–1639.

[97] M. Modareszadeh, R. Bahmani, D. Kim, S. Hwang, Decreases in arsenic
accumulation by the plasma membrane intrinsic protein PIP2;2 in
Arabidopsis and yeast, Environ. Pollut. 275 (2021) 116646.

[98] J. Zhang, A. Hamza, Z.M. Xie, S. Hussain, M. Brestic, M.A. Tahir, Z. Ulhassan, M.
Yu, S.I. Allakhverdiev, S. Shabala, Arsenic transport and interaction with plant
metabolism: clues for improving agricultural productivity and food safety,
Environ. Pollut. 290 (2021) 117987.

[99] J.F. Ma, N. Yamaji, N. Mitani, X.Y. Xu, Y.H. Su, S.P. McGrath, F.J. Zhao,
Transporters of arsenite in rice and their role in arsenic accumulation in rice
grain, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 9931–9935.

[100] K.A. Mosa, K. Kumar, S. Chhikara, J. Mcdermott, Z.J. Liu, C. Musante, J.C. White,
O.P. Dhankher, Members of rice plasma membrane intrinsic proteins
subfamily are involved in arsenite permeability and tolerance in plants,
Transgenic Res. 21 (2012) 1265–1277.

[101] S.K. Sun, Y. Chen, J. Che, N. Konishi, Z. Tang, A.J. Miller, J.F. Ma, F.J. Zhao,
Decreasing arsenic accumulation in rice by overexpressing OsNIP1;1 and
OsNIP3;3 through disrupting arsenite radial transport in roots, New Phytol.
219 (2018) 641–653.

[102] C.F. Wang, Y.F. Zhang, Y.P. Liu, H. Xu, T. Zhang, Z.B. Hu, L.Q. Lou, Q.S. Cai,
Ectopic expression of wheat aquaglyceroporin TaNIP2;1 alters arsenic
accumulation and tolerance in Arabidopsis thaliana, Ecotox. Environ. Safe.
205 (2020) 111131.

[103] H. Bhattacharjee, R. Mukhopadhyay, S. Thiyagarajan, B.P. Rosen,
Aquaglyceroporins: ancient channels for metalloids, J. Biol. Chem. 7 (2008)
29.

[104] T. Kamiya, T. Fujiwara, Arabidopsis NIP1;1 transports antimonite and
determines antimonite sensitivity, Plant Cell Physiol. 50 (2008) 1977–1981.

[105] R. Mandlik, P. Singla, S. Kumawat, P. Khatri, W. Ansari, A. Singh,
Understanding aquaporin regulation defining silicon uptake and role in
arsenic, antimony and germanium stress in pigeonpea (Cajanus cajan),
Environ. Pollut. 294 (2022) 118606.

[106] J.E. Hayes, M. Pallotta, U. Baumann, B. Berger, P. Langridge, T. Sutton,
Germanium as a tool to dissect boron toxicity effects in barley and wheat,
Funct. Plant Biol. 40 (2013) 618–627.

[107] A.J. Yool, W.D. Stamer, J.W. Regan, Forskolin stimulation of water and cation
permeability in aquaporin 1 water channels, Science 273 (1996) 1212–1218.

[108] S.W. Henderson, S. Nourmohammadi, S.A. Ramesh, A.J. Yool, Aquaporin ion
conductance properties defined by membrane environment protein structure
and cell physiology, Biophys. Rev. 14 (2022) 181–198.

[109] S.D. Tyerman, S.A. McGaughey, J.E. Qiu, A.J. Yool, C.S. Byrt, Adaptable and
multifunctional ion-conducting aquaporins, Annu. Rev. Plant Biol. 72 (2021)
703–736.

[110] S.T.H. Tran, T. Horie, S. Imran, J.E. Qiu, S. McGaughey, C.S. Byrt, S.D. Tyerman,
M. Katsuhara, A survey of barley PIP aquaporin ionic conductance reveals
Ca2+-sensitive HvPIP2;8 Na+ and K+ conductance, Int. J. Mol. Sci. 21 (2020)
7135.

[111] A. Venkataraghavan, J.G. Schwerdt, S.D. Tyerman, M. Hrmova, Barley Nodulin
26-like intrinsic protein permeates water, metalloids, saccharides, and ion
pairs due to structural plasticity and diversification, J. Biol. Chem. 299 (2023)
105410.

[112] L.D. Zhang, L.Y. Song, M.J. Dai, Z.J. Guo, M. Wei, J. Li, C.Q. Xu, X.Y. Zhu, H.L.
Zheng, Cadmium promotes the absorption of ammonium in
hyperaccumulator Solanum nigrum L. mediated by ammonium transporters
and aquaporins, Chemosphere 307 (2022) 136031.

[113] Y.Q. Wang, Y. Kang, W.C. Yu, S.M. Lyi, H.W. Choi, E.Z. Xiao, L.F. Li, D.F. Klessig,
J.P. Liu, AtTIP2;2 facilitates resistance to zinc toxicity via promoting zinc
immobilization in the root and limiting root-to-shoot zinc translocation in
Arabidopsis thaliana, Ecotox. Environ. Safe. 233 (2022) 113333.
654
[114] T. Negishi, K. Oshima, M. Hattori, M. Kanai, S. Mano, M. Nishimura, K.
Yoshida, Tonoplast- and plasma membrane-localized aquaporin-family
transporters in blue hydrangea sepals of aluminum hyperaccumulating
plant, PLoS ONE 7 (2012) e43189.

[115] Y.Q. Wang, E.Z. Xiao, G.R. Wu, Q. Bai, F. Xu, X.Y. Ji, C.N. Li, L. Li, J.P. Liu, The
roles of selectivity filters in determining aluminum transport by AtNIP1;2,
Plant Signal. Behav. 16 (2021) e1991686.

[116] S. Rezaei Cherati, S. Shanmugam, K. Pandey, M.V. Khodakovskaya, Whole-
transcriptome responses to environmental stresses in agricultural crops
treated with carbon-based nanomaterials, ACS Appl. Bio. Mater. 4 (2021)
4292–4301.

[117] A.K. Srivastava, M. Pandey, T. Ghate, V. Kumar, M.K. Upadhyay, A. Majumdar,
A.K. Sanjukta, A.K. Agrawal, S. Bose, S. Srivastava, P. Suprasanna, Chemical
intervention for enhancing growth and reducing grain arsenic accumulation
in rice, Environ. Pollut. 276 (2021) 116719.

[118] R. He, H.Q. Su, X. Wang, Z.J. Ren, K. Zhang, T.Y. Feng, M.C. Zhang, Z.H. Li, L.G. Li,
J.H. Zhuang, Z.Z. Gong, Y.Y. Zhou, L.S. Duan, Coronatine promotes maize water
uptake by directly binding to the aquaporin ZmPIP2;5 and enhancing its
activity, J. Integr. Plant Biol. 65 (2023) 703–720.

[119] M.C. Martinez-Ballesta, N. Chelbi, A. Lopez-Zaplana, M. Carvajal, Discerning
the mechanism of the multiwalled carbon nanotubes effect on root cell water
and nutrient transport, Plant Physiol. Biochem. 146 (2020) 23–30.

[120] K. Wang, Y.Q. Wang, K. Li, Y.N. Wan, Q. Wang, Z. Zhuang, Y.B. Guo, H.F. Li,
Uptake, translocation and biotransformation of selenium nanoparticles in
rice seedlings (Oryza sativa L.), J. Nanobiotechnol. 18 (2020) 103.

[121] T. Hu, H.F. Li, J.X. Li, G.S. Zhao, W.L. Wu, L.P. Liu, Q. Wang, Y.B. Guo, Absorption
and bio-transformation of selenium nanoparticles by wheat seedlings
(Triticum aestivum L.), Front. Plant Sci. 9 (2018) 597.

[122] A.M. El-Badri, M. Batool, I.A.A. Mohamed, Z.K. Wang, C.Y. Wang, K.M. Tabl, A.
Khatab, J. Kuai, J. Wang, B. Wang, G.S. Zhou, Mitigation of the salinity stress in
rapeseed (Brassica napus L.) productivity by exogenous applications of bio-
selenium nanoparticles during the early seedling stage, Environ. Pollut. 310
(2022) 119815.

[123] J.J. Rios, M.C. Martínez-Ballesta, J.M. Ruiz, B. Blasco, M. Carvajal, Silicon-
mediated improvement in plant salinity tolerance: the role of aquaporins,
Front. Plant Sci. 8 (2017) 948.

[124] H.M. Peng, H.J. Hu, K.Y. Xi, X.M. Zhu, J. Zhou, J.L. Yin, F.L. Guo, Y.Q. Liu, Y.X.
Zhu, Silicon nanoparticles enhance ginger rhizomes tolerance to postharvest
deterioration and resistance to Fusarium solani, Front. Plant Sci. 13 (2022)
816143.

[125] Y.J. Li, W. Li, H.R. Zhang, R.Y. Dong, D.N. Li, Y.L. Liu, L. Huang, B.F. Lei,
Biomimetic preparation of silicon quantum dots and their phytophysiology
effect on cucumber seedlings, J. Mat. Chem. B 7 (2019) 1107–1115.

[126] J.J. Rios, A. Lopez-Zaplana, G. Barzana, A. Martinez-Alonso, M. Carvajal, Foliar
application of boron nanoencapsulated in almond trees allows B movement
within tree and implements water uptake and transport involving
aquaporins, Front. Plant Sci. 12 (2021) 752648.

[127] R. Breia, A.F. Mósca, A. Conde, S.C. Correia, H. Conde, G. Noronha, B. Soveral, H.
G. Gonçalves, Sweet cherry (Prunus avium L.) PaPIP1;4 is a functional
aquaporin upregulated by pre-harvest calcium treatments that prevent
cracking, Int. J. Mol. Sci. 21 (2020) 3017.

[128] S. Vats, S. Sudhakaran, A. Bhardwaj, R. Mandlik, Y. Sharma, S. Kumar, D.K.
Tripathi, H. Sonah, T.R. Sharma, R. Deshmukh, Targeting aquaporins to
alleviate hazardous metal(loid)s imposed stress in plants, J. Hazard. Mater.
408 (2021) 124910.

[129] A. Neri, S. Traversari, A. Andreucci, A. Francini, L. Sebastiani, The role of
aquaporin overexpression in the modulation of transcription of heavy metal
transporters under cadmium treatment in poplar, Plants-Basel 10 (2021) 54.

[130] Z.Y. He, H.L. Yan, Y.S. Chen, H.L. Shen, W.X. Xu, H.Y. Zhang, L. Shi, Y.G. Zhu, M.
Ma, An aquaporin PvTIP4;1 from Pteris vittata may mediate arsenite uptake,
New Phytol. 209 (2016) 746–761.

[131] G. Mukherjee, C. Saha, N. Naskar, A. Mukherjee, A. Mukherjee, S. Lahiri, A.L.
Majumder, A. Seal, An endophytic bacterial consortium modulates multiple
strategies to improve arsenic phytoremediation efficacy in Solanum nigrum,
Sci. Rep. 8 (2018) 6979.

[132] A. De Paolis, M. De Caroli, M. Rojas, L.M. Curci, G. Piro, G.P. Di Sansebastiano,
Evaluation of Dittrichia viscosa aquaporin NIP1.1 gene as marker for arsenic-
tolerant plant selection, Plants-Basel 11 (2022) 1968.

[133] T. Kiany, L. Pishkar, N. Sartipnia, A. Iranbakhsh, G. Barzin, Effects of silicon and
titanium dioxide nanoparticles on arsenic accumulation, phytochelatin
metabolism, and antioxidant system by rice under arsenic toxicity, Environ.
Sci. Pollut. Res. 29 (2022) 34725–34737.

[134] X.Y. Gao, A. Kundu, V. Bueno, A.A. Rahim, S. Ghoshal, Uptake and
translocation of mesoporous SiO2-coated ZnO nanoparticles to Solanum
lycopersicum following foliar application, Environ. Sci. Technol. 55 (2021)
13551–13560.

[135] C. Hooijmaijers, J.Y. Rhee, K.J. Kwak, G.C. Chung, T. Horie, M. Katsuhara, H.
Kang, Hydrogen peroxide permeability of plasma membrane aquaporins of
Arabidopsis thaliana, J. Plant Res. 125 (2012) 147–153.

[136] C.S. Byrt, M.C. Zhao, M. Kourghi, J. Bose, S.W. Henderson, J.E. Qiu, M. Gilliham,
C. Schultz, M. Schwarz, S.A. Ramesh, A. Yool, S. Tyerman, Non-selective cation
channel activity of aquaporin AtPIP2;1 regulated by Ca2+ and pH, Plant Cell
Environ. 40 (2017) 802–815.

[137] J.Q. Bai, X. Wang, X.H. Yao, X.C. Chen, K. Lu, Y.Q. Hu, Z.D. Wang, Y.J. Mu, L.Y.
Zhang, H.S. Dong, Rice aquaporin OsPIP2;2 is a water-transporting facilitator
in relevance to drought-tolerant responses, Plant Direct 5 (2021) e338.

http://refhub.elsevier.com/S2214-5141(24)00084-9/h0445
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0445
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0445
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0445
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0445
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0450
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0450
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0450
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0455
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0455
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0455
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0455
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0460
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0460
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0460
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0465
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0465
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0465
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0470
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0470
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0470
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0470
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0475
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0475
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0480
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0480
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0480
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0480
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0485
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0485
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0485
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0490
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0490
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0490
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0490
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0495
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0495
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0495
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0500
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0500
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0500
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0500
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0505
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0505
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0505
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0505
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0510
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0510
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0510
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0510
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0515
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0515
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0515
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0520
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0520
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0525
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0525
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0525
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0525
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0530
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0530
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0530
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0535
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0535
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0540
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0540
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0540
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0545
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0545
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0545
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0550
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0555
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0555
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0555
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0555
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0560
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0560
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0560
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0560
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0565
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0565
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0565
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0565
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0570
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0570
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0570
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0570
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0575
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0575
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0575
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0580
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0580
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0580
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0580
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0585
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0585
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0585
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0585
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0590
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0590
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0590
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0590
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0595
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0595
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0595
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0600
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0600
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0600
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0605
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0605
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0605
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0610
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0610
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0610
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0610
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0610
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0615
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0615
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0615
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0620
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0620
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0620
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0620
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0625
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0625
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0625
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0630
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0630
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0630
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0630
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0635
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0635
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0635
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0635
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0640
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0640
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0640
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0640
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0645
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0645
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0645
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0650
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0650
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0650
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0655
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0655
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0655
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0655
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0660
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0660
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0660
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0665
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0665
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0665
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0665
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0670
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0670
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0670
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0670
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0670
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0675
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0675
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0675
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0680
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0680
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0680
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0680
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0680
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0685
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0685
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0685


Q. Sun, X. Liu, Y. Kitagawa et al. The Crop Journal 12 (2024) 641–655
[138] E.A. Windari, M. Ando, Y. Mizoguchi, H. Shimada, K. Ohira, Y. Kagaya, T.
Higashiyama, S. Takayama, M. Watanabe, K. Suwabe, Two aquaporins, SIP1;1
and PIP1;2, mediate water transport for pollen hydration in the Arabidopsis
pistil, Plant Biotechnol. 38 (2021) 77–87.

[139] H. Noronha, A. Agasse, A.P. Martins, M.C. Berny, D. Gomes, O. Zarrouk, P.
Thiebaud, S. Delrot, G. Soveral, F. Chaumont, H. Gerós, The grape aquaporin
VvSIP1 transports water across the ER membrane, J. Exp. Bot. 65 (2014) 981–
993.

[140] D.T. Luu, A. Martinière, M. Sorieul, J. Runions, C. Maurel, Fluorescence
recovery after photobleaching reveals high cycling dynamics of plasma
membrane aquaporins in Arabidopsis roots under salt stress, Plant J. 69
(2012) 894–905.

[141] G. Soto, R. Fox, N. Ayub, K. Alleva, F. Guaimas, E.J. Erijman, A. Mazzella, G.
Amodeo, J. Muschietti, TIP5;1 is an aquaporin specifically targeted to pollen
mitochondria and is probably involved in nitrogen remobilization in
Arabidopsis thaliana, Plant J. 64 (2010) 1038–1047.

[142] M.M. Wudick, D.T. Luu, C. Tournaire-Roux, W. Sakamoto, C. Maurel,
Vegetative and sperm cell-specific aquaporins of Arabidopsis highlight the
vacuolar equipment of pollen and contribute to plant reproduction, Plant
Physiol. 164 (2014) 1697–1706.

[143] Y.Q. Pang, J.T. Li, B.S. Qi, M. Tian, L.R. Sun, X.C. Wang, F.S. Hao, Aquaporin
AtTIP5;1 as an essential target of gibberellins promotes hypocotyl cell
elongation in Arabidopsis thaliana under excess boron stress, Funct. Plant Biol.
45 (2018) 305–314.

[144] G. Soto, K. Alleva, M.A. Mazzella, G. Amodeo, J.P. Muschietti, AtTIP1;3 and
AtTIP5;1, the only highly expressed Arabidopsis pollen-specific aquaporins
transport water and urea, FEBS Lett. 582 (2008) 4077–4082.

[145] C.J. Huang, X.H. Wang, J.Y. Huang, C.G. Zhang, Y.L. Chen, Phosphorylation of
plasma membrane aquaporin PIP2;1 in C-terminal affects light-induced
stomatal opening in Arabidopsis, Plant Signal. Behav. 15 (2020) 1795394.

[146] L. Ding, N. Uehlein, R. Kaldenhoff, S.W. Guo, Y.Y. Zhu, L. Kai, Aquaporin PIP2;1
affects water transport and root growth in rice (Oryza sativa L.), Plant Physiol.
Biochem. 139 (2019) 152–160.

[147] M.Z. Li, M.F. Li, D.D. Li, S.M. Wang, H.J. Yin, Overexpression of the Zygophyllum
xanthoxylum aquaporin ZxPIP1;3, promotes plant growth and stress tolerance,
Int. J. Mol. Sci. 22 (2021) 2112.

[148] Y. Chen, S.K. Sun, Z. Tang, G.D. Liu, K.L. Moore, F.J.M. Maathuis, The nodulin
26-like intrinsic membrane protein OsNIP3;2 is involved in arsenite uptake
by lateral roots in rice, J. Exp. Bot. 68 (2017) 3007–3016.

[149] S. Granado-Rodríguez, L. Bolaños, M. Reguera, MtNIP5;1, a novel Medicago
truncatula boron diffusion facilitator induced under deficiency, BMC Plant
Biol. 20 (2020) 552.

[150] T. Li, Y.J. Hu, Z.P. Hao, H. Li, B.D. Chen, Aquaporin genes GintAQPF1 and
GintAQPF2 from Glomus intraradices contribute to plant drought tolerance,
Plant Signal. Behav. 8 (2013) e24030.

[151] G. Quiroga, G. Erice, L. Ding, F. Chaumont, R. Aroca, J.M. Ruiz-Lozano, The
arbuscular mycorrhizal symbiosis regulates aquaporins activity and
improves root cell water permeability in maize plants subjected to water
stress, Plant Cell Environ. 42 (2019) 2274–2290.

[152] L. Baranowski, E. Rózanska, I. Sanko-Sawczenko, M. Matuszkiewicz, E. Znojek,
M. Filipecki, F.M.W. Grundler, M. Sobczak, Arabidopsis tonoplast intrinsic
protein and vacuolar H+-adenosinetriphosphatase reflect vacuole dynamics
during development of syncytia induced by the beet cyst nematode
Heterodera schachtii, Protoplasma 256 (2019) 419–429.

[153] G. Ai, Q.Y. Xia, T.Q. Song, T.L. Li, H. Zhu, H. Peng, J. Liu, X.W. Fu, M. Zhang, M.F.
Jing, A. Xia, D.L. Dou, A Phytophthora sojae CRN effector mediates
phosphorylation and degradation of plant aquaporin proteins to suppress
host immune signaling, PLoS Pathog. 17 (2021) e1009388.

[154] A.H. Guo, J.F. Hao, Y. Su, B. Li, N. Zhao, M. Zhu, Y. Huang, B.M. Tian, G.Y. Shi, J.P.
Hua, Two aquaporin genes, GhPIP2;7 and GhTIP2;1, positively regulate the
tolerance of upland cotton to salt and osmotic stresses, Front. Plant Sci. 12
(2021) 780486.

[155] S.J. Chen, K. Xu, D.Y. Kong, L.Y. Wu, Q. Chen, X.S. Ma, S.Q. Ma, T.F. Li, Q. Xie, H.
Y. Liu, L.J. Luo, Ubiquitin ligase OsRINGzf1 regulates drought resistance by
controlling the turnover of OsPIP2;1, Plant Biotechnol. J. 20 (2022) 1743–
1755.

[156] G. Dixit, A.P. Singh, A. Kumar, S. Mishra, S. Dwivedi, S. Kumar, Reduced
arsenic accumulation in rice (Oryza sativa L.) shoot involves sulfur mediated
improved thiol metabolism antioxidant system and altered arsenic
transporters, Plant Physiol. Biochem. 99 (2016) 86–96.

[157] J.H. Cui, T.X. Liu, F.B. Li, J.C. Yi, C.P. Liu, H.Y. Yu, Silica nanoparticles alleviate
cadmium toxicity in rice cells: mechanisms and size effects, Environ. Pollut.
228 (2017) 363–369.

[158] A. Rahman, Y. Kawamura, M. Maeshima, A. Rahman, M. Uemura, Plasma
membrane aquaporin members PIPs act in concert to regulate cold
655
acclimation and freezing tolerance responses in Arabidopsis thaliana, Plant
Physiol. 61 (2020) 787–802.

[159] L.Y. Tao, B. Wang, S.C. Xin, W. Li, S.C. Huang, L.H. Liu, J. Cui, Q.R. Zhang, X.G.
Cheng, A cluster of mutagenesis revealed an osmotic regulatory role of the
OsPIP1 genes in enhancing rice salt tolerance, Crop J. 11 (2023) 1204–1217.

[160] M.F. Cavalheiro, M.A. Gavassi, G.S. Silva, M.A. Nogueira, C.M.S. Silva, D.S.
Domingues, Low root PIP1-1 and PIP2 aquaporins expression could be related
to reduced hydration in ‘‘Rangpur” lime plants exposed to aluminium, Funct.
Plant Biol. 47 (2020) 112–121.

[161] A. Navarro-Ródenas, G. Bárzana, E. Nicolás, A. Carra, A. Schubert, A. Morte,
Expression analysis of aquaporins from desert truffle mycorrhizal symbiosis
reveals a fine-tuned regulation under drought, Mol. Plant-Microbe Interact.
26 (2013) 1068–1078.

[162] M. Kourghi, S. Nourmohammadi, J.X.V. Pei, J.E. Qiu, S. McGaughey, S.D.
Tyerman, Divalent cations regulate the ion conductance properties of diverse
classes of aquaporins, Int. J. Mol. Sci. 18 (2017) 2323.

[163] P.T.T. Hoai, J.E. Qiu, M. Groszmann, A. De Rosa, S.D. Tyerman, C.S. Byrt,
Arabidopsis plasma membrane intrinsic protein (AtPIP2;1) is implicated in a
salinity conditional influence on seed germination, Funct. Plant Biol. 50
(2023) 633–648.

[164] K. Nemoto, T. Niinae, F. Goto, N. Sugiyama, A. Watanabe, M. Shimizu,
Calcium-dependent protein kinase 16 phosphorylates and activates the
aquaporin PIP2;2 to regulate reversible flower opening in Gentiana scabra,
Plant Cell 34 (2022) 2652–2670.

[165] J. Fei, Y. Wang, H. Cheng, H. Wang, M. Wu, F. Sun, X.X. Sun, An aquaporin gene
(KoPIP2;1) isolated from mangrove plant Kandelia obovata had enhanced cold
tolerance of transgenic Arabidopsis thaliana, Bioengineering-Basel 10 (2023)
878.

[166] C.P.S. Martins, D.M. Neves, L.C. Cidade, A.F.S. Mendes, D.C. Silva, A.A.F.
Almeida, Expression of the citrus CsTIP2;1 gene improves tobacco plant
growth antioxidant capacity and physiological adaptation under stress
conditions, Planta 245 (2017) 951–963.

[167] C. Ozfidan-Konakci, B. Arikan, F. Elbasan, H. Cavusoglu, E. Yildiztugay, F.N.
Alp, The biphasic responses of nanomaterial fullerene on stomatal movement
water status, chlorophyll a fluorescence transient, radical scavenging system
and aquaporin-related gene expression in Zea mays under cobalt stress, Sci.
Total Environ. 826 (2022) 154213.

[168] X.D. Lian, H.P. Zhang, C. Jiang, F. Gao, L. Yan, X.B. Zheng, J. Cheng, W. Wang, X.
B. Wang, X. Ye, J.D. Li, L.L. Zhang, Z.Q. Li, B. Tan, J.C. Feng, De novo
chromosome-level genome of a semi-dwarf cultivar of Prunus persica
identifies the aquaporin PpTIP2 as responsible for temperature-sensitive
semi-dwarf trait and PpB3-1 for flower type and size, Plant Biotechnol. J. 20
(2022) 886–902.

[169] W.E. Zhang, J. Hu, F. Li, E. Chen, T. Zhao, X. Pan, Cloning and expression of
tonoplast membrane intrinsic protein genes in leaves of Vitis heyneana and
overexpression of VhTIP2;1 in Arabidopsis confer drought tolerance, Acta
Physiol. Plant. 45 (2023) 44.

[170] Y.C. Su, Z.H. Liu, J.H. Sun, C.L. Wu, Y. Li, C.Q. Zhang, Genome-wide
identification of maize aquaporin and functional analysis during seed
germination and seedling establishment, Front. Plant Sci. 13 (2022) 831916.

[171] P. Mateluna, A. Salvatierra, S. Solis, G. Nuñez, P. Pimentel, Involvement of
aquaporin NIP1;1 in the contrasting tolerance response to root hypoxia in
Prunus rootstocks, J. Plant Physiol. 228 (2018) 19–28.

[172] S. Kumawat, P. Khatri, A. Ahmed, S. Vats, V. Kumar, R. Jaswal, Understanding
aquaporin transport system, silicon and other metalloids uptake and
deposition in bottle gourd (Lagenaria siceraria), J. Hazard. Mater. 409 (2021)
124598.

[173] V. Thakral, Y. Sharma, R. Mandlik, S. Kumawat, G. Patil, H. Sonah, P. Isenring,
R. Bélanger, T.R. Sharma, R. Deshmukh, Identification of VrNIP2-1 aquaporin
with novel selective filter regulating the transport of beneficial as well as
hazardous metalloids in mungbean (Vigna radiata L.), Plant Physiol. Biochem.
203 (2023) 108057.

[174] T.A. Diehn, M.D. Bienert, B. Pommerrenig, Z.J. Liu, C. Spitzer, N. Bernhardt,
Boron demanding tissues of Brassica napus express specific sets of functional
Nodulin26–like intrinsic proteins and BOR1 transporters, Plant J. 100 (2019)
68–82.

[175] G.P. Bienert, M.D. Bienert, T.P. Jahn, M. Boutry, F. Chaumont, Solanaceae XIPs
are plasma membrane aquaporins that facilitate the transport of many
uncharged substrates, Plant J. 66 (2011) 306–317.

[176] H. Noronha, D. Araújo, C. Conde, A.P. Martins, G. Soveral, F. Chaumont, S.
Delrot, H. Gerós, The grapevine uncharacterized intrinsic protein 1 (VvXIP1)
is regulated by drought stress and transports glycerol hydrogen peroxide
heavy metals but not water, PLoS ONE 11 (2016) e0160976.

http://refhub.elsevier.com/S2214-5141(24)00084-9/h0690
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0690
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0690
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0690
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0695
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0695
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0695
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0695
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0700
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0700
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0700
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0700
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0705
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0705
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0705
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0705
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0710
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0710
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0710
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0710
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0715
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0715
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0715
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0715
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0720
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0720
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0720
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0725
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0725
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0725
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0730
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0730
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0730
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0735
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0735
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0735
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0740
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0740
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0740
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0745
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0745
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0745
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0750
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0750
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0750
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0755
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0755
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0755
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0755
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0760
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0760
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0760
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0760
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0760
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0760
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0765
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0765
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0765
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0765
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0770
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0770
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0770
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0770
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0775
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0775
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0775
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0775
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0780
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0780
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0780
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0780
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0785
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0785
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0785
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0790
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0790
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0790
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0790
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0795
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0795
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0795
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0800
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0800
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0800
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0800
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0800
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0805
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0805
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0805
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0805
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0810
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0810
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0810
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0815
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0815
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0815
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0815
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0820
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0820
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0820
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0820
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0825
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0825
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0825
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0825
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0835
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0835
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0835
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0835
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0840
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0840
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0840
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0840
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0840
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0845
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0845
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0845
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0845
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0845
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0845
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0850
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0850
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0850
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0850
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0855
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0855
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0855
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0860
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0860
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0860
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0865
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0865
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0865
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0865
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0870
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0870
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0870
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0870
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0870
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0875
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0875
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0875
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0875
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0880
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0880
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0880
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0885
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0885
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0885
http://refhub.elsevier.com/S2214-5141(24)00084-9/h0885

	Plant aquaporins: Their roles beyond water transport
	1 Introduction
	2 Plant aquaporin substrates and their functions
	2.1 Water (H2O) and hydrogen peroxide (H2O2)
	2.2 Gases (CO2, O2, NO, NH3)
	2.3 Neutral organic compounds (glycerol, urea, lactic acid)
	2.4 Metalloids (B, Si, Se, As, Sb, Ge)
	2.5 Charged ions

	3 Potential biotechnology applications of plant aquaporins
	3.1 Enrichment of beneficial elements and application in agriculture
	3.2 Detoxification of harmful heavy metal(loid)s and application in agriculture

	4 Conclusion and perspectives
	Glossary
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


