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Abstract

Aquaporins are small membrane proteins belonging to the group of Major Intrinsic proteins (MIPs) that
facilitate the transport of water and small molecules across biological membranes. They were initially
identified as water channels and later it has become clear that they also play important roles in several
other physiological processes in plants. Plants have different types of aquaporins in terms of their loca-
tion, gating properties, and solute specificity and can mainly divide into four major subfamilies. They
are tonoplast intrinsic proteins (TIPs), nodulin26-like intrinsic proteins (NIPs), plasma membrane in-
trinsic proteins (PIPs), and the small basic intrinsic proteins (SIPs). All these aquaporins play a variety
of physiological activities at all stages of plant growth and development. Also, they are believed to play
a significant part in the plant’s defense mechanisms against biotic and abiotic stresses. This review com-
prehensively addresses the roles of diverse aquaporin homologs in growth and development and their
response to different environmental factors.
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Introduction

Aquaporins (AQPs) are widely distributed membrane channel proteins that enable
the transportation of water and other molecules across the plasma membrane and
other cell membranes. The unique structure of aquaporin makes them important in
several physiological activities in plants. They are located in the plasma membrane,
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endoplasmic reticulum, vacuoles, and plastids and are classified into different sub-
families including tonoplast intrinsic proteins, the nodulin26-like intrinsic proteins,
plasma membrane intrinsic proteins, small basic intrinsic proteins, and uncategorized
(X) intrinsic proteins (XIPs) (Anderberg, Kjellbom and Johanson, 2012). Among all
PIP consists of larger members and are mainly subdivided into two PIP1 and PIP2.
PIP1 has poor water transportation ability whereas PIP2 possesses more effective wa-
ter transport activity. Several studies have revealed that TIPs are responsible for the
high rate of water and solute transportation through the tonoplast. As the name im-
plies small intrinsic proteins have the smallest molecules among four subfamilies and
their role in plants is not clearly defined yet. NIPs are responsible for the transporta-
tion of different molecules including water, glycerol, NH3, and other minor solutes
(Maurel et al., 2015).

Many pathogens are likely to infect plants, thus plants evolve defense mechanisms
to fend them off. It has become evident that AQPs play a significant role in host-
pathogen contact (S Tian et al., 2016). By triggering a systemic acquired resistance
(SAR) and immune responses that are activated by pathogen-associated molecular
patterns (PAMP) in plants, AQPs can mediate the transport of H202 across plasma
membranes (PMs) and contribute to the activation of plant defenses. Therefore, it
is crucial to address the roles of AQPs in the plant immunity (Dodds and Rathjen,
2010). For more than a decade, plant scientists have been interested in the involve-
ment of AQPs in several physiological processes, particularly those involving abiotic
stresses. Aquaporins are responsible for maintaining osmotic pressure, and hydraulic
conductivity of plant tissues and are thus, considered as potential regulators of plant-
water interactions (Alexandersson et al., 2005). Also, AQPs have been discovered to
play roles in growth and development, including seed germination, root growth, leaf
expansion, and reproductive organ development (Liu et al., 2007).

Information on the molecular makeup, function, and regulation of plant AQPs
have been studied by many scientists. Therefore, the focus of this study is to summa-
rize the different roles of aquaporins in plants.

1. Aquaporins in plants

Aquaporins (AQPs) are membrane channel proteins that can be found in almost all
living organisms. It was first discovered by Peter Agre and Preston, who were working
on red blood cell membrane proteins in human erythrocytes (Preston and Agre, 1991).
They belong to one of the highly conserved membrane protein classes known as Major
Intrinsic proteins (MIPs). The arrangement of six transmembrane alpha-helices with N
and C termini located at the cytoplasm gives aquaporins a characteristic nature. Those
transmembranes are connected by internal and external loops which are hydrophobic.
Aquaporin polypeptide chains are composed of amino acid sequences which are ar-
ranged symmetrically. This symmetrical nature allows aquaporins to mediate bi-direc-
tional water flow. One of the most conserved amino acids, asparagine-proline-alanine
(NPA) located at the first intracellular and the third extracellular loop to form a narrow,
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water-filled channel (Reizer, Reizer and Saier, 1993). In addition to water, it is known
that aquaporins are the most prominent transmembrane transporters of CO2, NH3,
glycerol, urea, metalloids, and reactive oxygen species (ROS) (Maurel et al., 2015). Sci-
entists have found that there are fourteen types of aquaporins in mammals. But plants
have more diversity in terms of aquaporins variety (King, Kozono and Agre, 2004). A
higher degree of cell compartmentation and a greater need for precise water regula-
tion are the causes of plants’ increased aquaporin variety, which helps them adapt to
shifting environmental conditions. They are in a variety of isoforms that reflect a wide
range of transport selectivity, cellular localizations, and regulatory characteristics. For
instance, thirty-five sequences which are similar to aquaporin genes were identified in
Arabidopsis thaliana whereas, thirty-six and thirty-three sequences have been found in
maize and rice accordingly (King, Kozono and Agre, 2004). Aquaporins are located
mainly in the plasma membrane and in addition to that they can be localized in the
endoplasmic reticulum, vacuoles, and plastids.

2. The diversity of aquaporin gene family in plants

The researchers have identified over 30 isoforms of aquaporins in higher plants which
can be categorized under four major subfamilies. They are tonoplast intrinsic proteins
(TIPs), nodulin26-like intrinsic proteins (NIPs), plasma membrane intrinsic pro-
teins (PIPs), and the small basic intrinsic proteins (SIPs). In addition to that, another
subgroup called uncategorized (X) intrinsic proteins (XIPs) was discovered recently
(Anderberg, Kjellbom and Johanson, 2012). TIPs, NIPs, and PIPs are conserved in all
plants while some subclasses such as XIPs, Hybrid Intrinsic Proteins (HIPs), or Glo-
merular Intrinsic Proteins (GIPs were lost during the evolution of certain plant species.

2.1. Plasma membrane intrinsic proteins (PIPs)

Among all subfamilies, the PIP group comprises the largest number of members. As
the name implies PIPs are found in the plasma membrane. The properties of cellular
water uptake, water loss, and hydraulic conductivity are determined by PIPs. This
subfamily can be further classified as PIPI and PIP2. The amino acid residues present
in both PIPI and PIP2 are similar. But their cellular activity and permeability appear
to be different.

PIP1 aquaporins showed relatively poor water permeability in a variety of func-
tional characterization assays. However, the outcomes of several experiments suggest-
ed that they were involved in plant water interactions. For example, PIP] antisense
Arabidopsis seedlings resulted in poor hydraulic conductivity and lower water per-
meability of roots compared to controls, indicating their contribution to root water
transport (Martre et al., 2002). In addition to that, PIPIs should be activated in plants
to transport other molecules such as CO2, NH3, and urea. PIP1 aquaporins can mod-
ify their functions according to the requirement of plant tissues. For instance, PIP1s
may serve as tiny solute or gas transporters in leaf cells while the same molecules may
exhibit water channel activity in root plasma membranes through changes or inter-
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actions with other aquaporins. Many studies have shown that aquaporins from the
PIP2 subfamily have more effective water transport activity than those from the PIPI
family, which may be because PIP2s have a distinct molecular structure than PIPI iso-
forms. The first eight amino acids have longer carboxyterminal termini, and shorter
amino termini. Previous studies indicate that PIP2 aquaporins have five to twenty-
fold higher water permeability in comparison to control values. Members of the PIP2
subfamily and their involvement in various physiological processes have so far been
identified in many species. The proteins may have a role in cellular water transport in
roots, leaves, reproductive organs, and seed germination (Martre et al., 2002).

2.2. Tonoplast intrinsic proteins (TIPs)

Tonoplast is a semi-permeable membrane surrounding the vacuoles which involve
turgor regulation, cell signaling, and degradation. Aquaporin that was found in the
TP25 protein group in seeds of P. vulgaris was the first TIP aquaporin reported in
plants (Marzena et al 2020).

TIPs are responsible for the high rate of water and solute transportation through
the tonoplast. A study was performed to examine the rates of water transfer in pure to-
bacco tonoplast vesicles and found that urea or glycerol was more permeable through
tonoplast than plasma membrane vesicles (Gerbeau et al., 1999). NtTIPa is one of the
TIP homologs that was identified in Xenopus oocytes which have high permeability
to water, urea, and glycerol. Furthermore, different TIP isoforms that were isolated
from Arabidopsis thaliana were given similar results(Liu and Liu, 2003). Therefore,
the studies have proven that TIPs play a significant role in equilibrating urea concen-
trations between different cellular compartments in addition to water regulation.

2.3. Small intrinsic proteins (SIPs)

The small intrinsic proteins are composed of the smallest molecules among four sub-
families. Not only that, the number of groups present in SIPs is also the lowest. It
has only three members in Arabidopsis (AtSIPI;1, 1;2, and 2;1) and two members in
Oryza sativa (OsSIP1;1 and 2;1). The structural differences in SIP include, 1) varia-
tion in initial NPA motifs of different SIPs 2) shorter N-terminal tails with similar
C-terminal tails as those in PIPs and TIPs 3) a large number of basic molecules such
as Lysine, and 4) higher isoelectric points compare to other subfamilies which make
them unique to the other subfamilies (Venkatesh, Yu and Park, 2013).

2.4. Nodulin 26-like intrinsic proteins (NIPs)

The first member of the NIP family was discovered from the soybean nodulin 26
during the formation of symbiotic nitrogen-fixing root nodules (Fortin, Morrison
and Verma, 1987). Experiments have shown that this group is responsible for the
transportation of different molecules, and mediates the bidirectional transit of water,
glycerol, NH3, and other minor solutes between the cytoplasm of plants and sym-
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biotic bacteroid. NIP genes that were isolated from A. thaliana are categorized into
two subgroups as NIP group I and NIP group II. The main two structural differences
between the two groups are the aromatic Arginine selectivity filter close to the NPA
pore region in NIP II and the conserved CDPK phosphorylation site in NIP I which
cannot be found in other groups (Fortin, Morrison and Verma, 1987). Since NIP was
discovered to be crucial for boron transport in Arabidopsis plants, it has recently re-
ceived attention (Takano et al., 2006).

vacuole

chlo plast

Fig. 1. A diagram of Aquaporins found in different organelle membranes

Small basic intrinsic proteins (SIPs), tonoplast intrinsic proteins (TIPs), nodulin
26-like intrinsic proteins (NIPs) ,and plasma-membrane intrinsic proteins (PIPs) are
all found on the ER membrane, tonoplast, and plasma membranes respectively (Rod-
rigues et al., 2017).

3. Roles of Aquaporins in Plant-Pathogen Interaction

Plant pathogens such as viruses, bacteria, and fungus have evolved various strategies
to attack plants causing a variety of diseases that can lead to significant economic
losses (Savary et al., 2019). Plants have developed functional innate immune systems
against pathogens. The very first compartment where plant-pathogen interaction
takes place is in the plasma membrane. Their activity mostly depends on the activities
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Table 1. Characteristics of major aquaporin subfamilies in plants

Subfamily Cellular locations Physiological functions

Plasma membrane roots, | transport of water and other small neutral molecules such as glycerol,

PIP shoots and leaf tissues H202, and carbon dioxide across cellular biological membranes

TIP Vacuolar membranes in precisely regulating the movement of water, glycerol, urea, ammonia,

roots, seeds, and leaves hydrogen peroxide, and formamide
SIp Endoplasmic Reticulum | Involved in water activities in plants through the water channels in ER
(ER) membrane The membrane remains to be examined
. transportation of different molecules, mediate the bidirectional transit
NIP Membranes in root nodules P ues,

of water, glycerol, NH3, and other minor solutes

of membrane proteins and other biomacromolecules. Previous studies have revealed
that aquaporins play a significant role in plant defense mechanisms against pathogens
(Shan Tian et al., 2016).

3.1. Functions of aquaporins in the plant immunity

Plants have developed mechanisms against pathogens called pathogen-associated
molecular patterns (PAMPs) using different components of various organisms such
as chitin from fungus, bacterial flagellin, and harpin proteins. The molecular mecha-
nisms are further triggered by PAMP-triggered immunity (PTI) which leads to ac-
tivate various defense reactions. Those reactions include the production of reactive
oxygen species, the secretion of antimicrobial secondary metabolites the activation
of ion fluxes and conserved mitogen-activated protein kinase (MAPK) signaling cas-
cades, stomatal closure, and cell wall strengthening. Although plants have developed
many mechanisms, pathogens can still attack plants by suppressing PT1I by delivering
effectors proteins to plants. To counter this, plants have evolved a new, more potent
immune response known as effector-triggered immunity (ETI), which involves local-
ized cell death. This is also known as the hypersensitive response (HR), and systemic
acquired resistance (SAR) (Dodds and Rathjen, 2010).

Reactive oxygen species are formed at the infection site as a defense mechanism
after the pathogens have been attacked (Wang et al., 2019).The successful detection
of pathogen invasion is reflected by the sudden generation of ROS such as H202. In
turn, it triggers several immunological reactions, including PTI and SAR, to control
plant disease resistance (Torres, 2010). NADPH oxidase which is present in the plasma
membrane (PM) induces ROS burst in plants by transferring electrons to apoplastic
oxygen. Then superoxide dismutase catalyzes the production of H202. The resulting
H202 is then immediately translocated to the cytoplasm via a plasma membrane. At-
PIP1;4, a member of the PIP family in Arabidopsis, has recently been shown to be es-
sential for the movement of H202 across the PM (Shan Tian et al., 2016). Following
this procedure, various downstream defense responses happened, such as the produc-
tion of callose by inducing the expression of glucan synthase-like 5 GSL5, the activa-



Aquaporins: Multifunctional Players in Plant Growth, Development and Stress Responses 79

Pathogens attack plant cells

l

Pathogen-associated molecular patterns (PAMPs) are activated

l

Activation of the immune receptor complex

l

BAKI1 and OST1 activate NADPH oxidase enzyme and P/P/

l

Transfer electrons to apoplastic oxygen.

Superoxide dismutase catalyzes the production of H202

l l l

AtPIP1;2 involves H202 AtPIP1;2 enabled water AtPIP1; 4 interacts
translocation across the and H202 to travel with Hpa1 to facilitate
PM across the PM of guard H202 entering to the

l cells l cytoplasm
Activation of the Stomatal closure promotes translocation
PTl and SAR of effector proteins.

pathways ‘

Plant immunity

Fig. 2. The flow of the involvement of aquaporins in mediating plant immunity

tion of the nonexpresser of pathogenesis-related genes 1 NPRI and PR genes, and the
activation of conserved MAPK signaling cascades. H202 is unable to enter the cells
due to the presence of 4 knockout mutants in AtPIP1, leading to high amounts of
H202 accumulated within apoplastic areas. It creates an unfavorable environment for
pathogens. Therefore, these studies have proven that the AtPIPI;2 aquaporin group is
responsible for the translocation of apoplastic H202 to the activation of the PTT and
SAR pathways in response to PAMPs. Moreover, it has been shown that many other
Aquaporins in plants, such as PIPs and TIPs, mediate the transport of H202 across cell
membranes (Dynowski et al., 2008). Importantly, the structural arrangement might
make it much easier to understand how AQPs work. The recent studies on structural
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characteristics of AQPs for controlling H202 transport may help to understand the
complex mechanisms involving AQPs in host-pathogen interaction. In turn, H202
also controls the expression, activity, and localization of particular AQPs and modifies
their ability to transport H202, which helps to explain the immunological responses
that H202-induced stress in plants causes ( Kapilan, R., Vaziri, M. & Zwiazek, ].J 2018).

In addition, those plants have an ability to close their stomata in response to
pathogen invasion as a part of their natural immunity. According to the literature
the stress hormone ‘Abscisic Acid’ (ABA) is known to play a key role in control-
ling stomatal closure (Rodrigues et al., 2017). An experiment on stomatal closure
in Arabidopsis revealed that AtPIPI;2 enabled water and H202 to travel across the
PM of guard cells to facilitate pathogen-induced stomatal closure (Rodrigues et al.,
2017). The activation of AtPIP1;2 to transport H202 in response to ABA signaling
and PAMP identification may be caused by the phosphorylation of AtPIP1;2 at Ser121
by Brassinosteroid Insensitive 1-associated Receptor Kinase 1 (BAK1) and/or Open
Stomata 1 (OST1). These results proved that the PIP1 group is involved in the regu-
lation of stomatal activity in response to pathogen attacks which ultimately leads to
PAMP- triggered immunity. Furthermore, pathogenic bacteria can secrete a protein
called harpin (Hpal) which has an ability to create pores through cell membranes and
thus promotes translocation of effector proteins. Studies have shown that AtPIP1; 4
interacts with Hpal to facilitate H202 entering the cytoplasm which leads to the ini-
tiation of immune response (Li et al., 2019).

4. Roles of Aquaporins in Plant-Water Relations

Plants absorb water through the soil in order to carry out all physiological functions
including, photosynthesis, transportation of minerals and nutrients, and growth.
Plants absorb water using three major pathways: the apoplastic pathway, the sym-
plastic pathway, and the transcellular pathway (Steudle and Peterson, 1998). Trans-
portation of water for long distances occurs through the apoplastic route whereas the
transportation of water for shorter distances occurs through the symplastic, and the
transcellular pathway (Kaldenhoff et al., 2008). Since aquaporins involve in maintain-
ing osmotic pressure, hydraulic conductivity of plant tissues, and elongation of cells,
they can be considered as potential regulators of plant-water interactions.

4.1. Roles of aquaporins under drought stress conditions

Several studies have proven that AQPs are responsible for water deficit and play a
crucial role in drought stress tolerance. Moreover, PIPs and TIPs play a significant role
in mediating water intake and transcellular water flow in the roots of the majority of
plant species as they are the most abundant aquaporin groups in PM and tonoplast.
They are regulated at both transcriptional and post-translational levels. Many stud-
ies proved that aquaporins in different subfamilies exhibited different expressions in
response to drought stress, indicating that they play distinct roles in stress responses.
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Previous studies discovered that the majority of PIP and some TIP genes have high
levels of expression, while NIP genes have extremely low expression against drought
stress (Alexandersson et al., 2005). Also, the study revealed that all PIP genes ex-
cept AtPIP1; 4 and AtPIP2; 5 are down-regulated in drought stress response in leaves
while others are up-regulated. This is because some plants downregulate some AQPs
to reduce their membrane water permeability in order to prevent excessive water loss,
while others contend that plants enhance membrane water permeability by up regu-
lating AQPs during conditions of water shortage. Additionally, AtPIP2; 6 and AtSIPI;
I are expressed constantly, indicating they are not affected by the drought stress. Ac-
cording to several studies on Arabidopsis, PIPs are the most susceptible aquaporin
subfamily to drought stress which undergo transcriptional down-regulation (Jang et
al., 2004). Although the expression of different genes between Arabidopsis accessions
is similar, other plant species show differential responses by the same aquaporin ho-
molog among the same plant species (Vandeleur et al., 2009).

Several investigations have been conducted to find out the cellular and molecu-
lar mechanisms of AQPs under stressful circumstances. A study on spinach showed
that SoPIP2;1 aquaporin underwent a conformational change to prevent water flow
through the membrane (Jang et al., 2014). This mechanism is called ‘gating’ which
happens by dephosphorylation of certain serine residues. In addition to that, the
regulation of different PIPs is significantly influenced by ABA, a key participant in
drought stress signaling. The responsiveness of PIP genes to water stress and ABA is
different as it involves both ABA dependent and ABA-independent signaling mech-
anisms. ABA aids in modulating the expression of numerous PIPs in response to
drought. ABA synthesizes in plant tissues when there is a water deficit which may lead
to down-regulation of PIPs. It decreases the osmotic water permeability (Pf) of those
cells and thus, reduces the flow of water into the leaf (Meinzer, 2002). In contrast,
aquaporin response against drought stress is highly variable as it depends on several
factors such as type of tissue, species, stress levels, and other environmental factors.

4.2. Roles of aquaporins in salt stress

Salt stress is the stress that causes a disruption of the osmotic balance of cells due to
the mix of water and ions. Most of the salt stress responses in plants are associated
with drought stress mechanisms. PIPs and TIPs are mainly involved in regulating the
salt stress of plants. According to the previous studies, aquaporins appear to be relo-
calized or redistributed in response to high salt concentrations. For example, Arabi-
dopsis has also demonstrated that salt stress-induced re-localization of AtTIPI;1 into
intravacuolar invaginations. In addition to redistribution, endocytosis of PIPs via a
clathrin-dependent pathway or a salt-stimulated membrane raft-associated pathway
is another mechanism that controls PIP abundance in the plasma membrane(Gao et
al., 2010). For instance, Arabidopsis also internalized PIP2;1-GFP and relocalized a
TIP1;1-GFP into intracellular spherical formations in response to stress (Boursiac et
al., 2005).
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4.2. Roles of aquaporins in cold stress

Cold stress is a significant factor that determines the growth and development of
plants. Similar to other stresses PIPs and TIPs are the major groups that mediate
cold stress. When exposed to low temperatures, plant roots express more aquaporins,
which may control the response of aquaporins to cold stress by increasing root hy-
draulic conductivity. Different reactions have been seen when exposed to cold stress
for short and long periods. Aquaporin expression has also been connected to the re-
covery from cold stress, particularly in PIPs. For example, MusaPIP1;2 and Musa-
PIPI;2 of transgenic banana plants were upregulated while OsTIP1;1 and OsTIP2;2 of
rice were significantly downregulated against cold stress(Sakurai et al., 2005).

5. Roles of aquaporins in vegetative growth

5.1. Seed germination

The process of seed germination includes imbibition which results in rehydration
and expansion of the cells, followed by vacuole biosynthesis, mobilization of reserves
during seed germination, and development of the embryo axis into a seedling. AQPs
are facilitated most of these steps by up-taking water (Hoai et al., 2020). Previous
research has found that several TIP1, TIP2, and PIP genes are up-regulated during
seed germination in many plants, while TIP3s are down-regulated, emphasizing their
potential roles in germination. In addition to that genetic evidence supports the idea
that AQPs are necessary for seed germination. For instance, in rice, the rate of seed
germination was reduced due to the knockdown of OsPIPI;3. OsPIPI overexpres-
sion at a moderate or low level also dramatically increases amylase activity and seed
germination rates (Liu et al., 2007). There are two types of seeds as orthodox and re-
calcitrant in terms of their survival during drying and freezing. AQPs may serve roles
in the germination of both types. For example TIPs (HvTIP3;1), are involved in vacu-
olation and alpha-amylase activity of orthodox seeds (Lee et al., 2015). In recalcitrant
seed germination, vacuole enlargement is facilitated by AQPs through the increase in
water inflow. For example, AhTIP2, AhTIP3;1, AhPIP1, and AhPIP2 are up- regulated
during seed germination (Obroucheva et al., 2012).

5.2. Root growth

After seed germination, the growth of radicals in orthodox seed plants happens
through the fusion of provacuoles to generate large vacuoles while the growth of re-
calcitrant seed plants happens through the enlargement of existing vacuoles. Large
vacuoles are necessary for cell elongation and several experiments prove that TIPs and
PIPs are crucial for the synthesis of provacuoles and LVs by transporting water into
vacuoles and cytoplasm in order to facilitate root growth (Penfield, 2017). Further-
more, PIPs and TIPs are abundant and enriched in growing root tips, indicating their
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significance in root growth. For example, ZmPIP1; 2, ZmPIP2; 4, and ZmTIPI; 1 are
highly expressed in the root growing zone in maize (Hukin et al., 2002). Additionally,
AQPs help in root growth by absorbing water and nutrients through root tips.

5.3. Shoot growth

Leaves are important in several physiological processes in plants including photosyn-
thesis, transpiration and respiration. The activity of AQPs is vital for the growth and
development of leaves as it facilitates the movement of CO2 and water in leaf cells.
Many transcription studies indicate that expression patterns of TIP and PIP genes
are correlated with cell water permeability. For instance, In the elongation zones of
leaves in maize, ZmPIP1;1, ZmPIP1;2, ZmPIP1;3, ZmPIP2;1, and ZmPIP2;2 are ac-
tively expressed (Besse et al., 2011). APQs also play a role in leaf growth by enlarging
the hydraulic conductivity of leaves in growing tissues. An experiment on Sunflower
revealed that 25%-50% of leaf hydraulic conductivity depends on APQs activity (Pou
et al., 2013).

6. Role of aquaporins in gas permeability of plants

Although the gases like NH3 or CO2 simply diffuse through the lipids of membranes
in plants, It was proposed that an increased gas transport rate was controlled by aqua-
porins (Terashima and Ono, 2002). AQPs form tetramers to facilitate protein activity
and stabilization. They serve as a water channel and also help to transfer other vola-
tile materials such as CO2 or NH3. An experiment revealed that the PIP2 subfamily
contributes to facilitated CO2 transport in rice). There is evidence that TIPs have the
ability to regulate NH3 uptake by changing the membrane permeability (Kapilan, R.,
Vaziri, M. & Zwiazek, J.J] 2008)

Conclusion

AQPs play a significant role in plant growth and development by involving the regula-
tion of several activities. SIPs, TIPs, PIPs, and NIPs are the four main subfamilies of
aquaporins which are located in ER membrane, tonoplast and plasma membranes re-
spectively. In contrast, PIP and TIPs are mainly responsible for the transport of water
and other small neutral molecules such as glycerol, H202, and carbon dioxide across
cellular biological membranes and thus, involved in growth and development, plant
water interactions, biotic and abiotic stress responses. NIP’s role in bidirectional tran-
sit of water, glycerol, NH3, and specifically boron between the cytoplasm of plants and
symbiotic bacteroides received attention recently. SIP also has an impact on water
transportation but its mechanism remains to be examined. Each of these groups plays
a significant role in plants and transcriptional studies in different cell types indicate
their roles in different processes. Transcriptional studies revealed that some genes are
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up-regulated during certain physiological activities while others are down-regulated.
Gene expression depends on several factors including, the type of aquaporin involved,
type of tissue, and the species.
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