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Plasma-membrane intrinsic proteins (PIPs) play important regulatory roles in plant growth and
development, and in the maintenance of water homeostasis under stress conditions. To investigate
the function of SlPIP1;7 in tomato (Solanum lycopersicum) plants, we created transgenic tomato
lines in which the SlPIP1;7 gene was overexpressed or silenced. SlPIP1;7-overexpressing and
SlPIP1;7-silenced plants were taller and shorter than wild-type plants, respectively. Additionally,
silenced lines had a significantly narrower stem diameter than wild-type plants and severely retarded
shoot and root growth, suggesting that overexpression of SlPIP1;7 enhances tomato growth. Moreover,
SlPIP1;7-overexpressing plants exhibited increased salt stress tolerance, while SlPIP1;7-silenced
plants were more sensitive to salt stress. SlPIP1;7-overexpressing plants showed a higher photosynthetic rate and root hydraulic conductivity, less electrolyte leakage, and less malondialdehyde and
reactive oxygen species accumulation under salt stress compared to the wild-type; SlPIP1;7silenced plants showed the opposite tendencies. These results suggest that overexpression of
SlPIP1;7 promotes photosynthetic efficiency, root water uptake, and antioxidant defense in plants
under salt stress, thereby imparting salt tolerance. SlPIP1;7 is thus a valuable genetic resource to
enhance stress tolerance in tomato plants.
Additional key words: aquaporins, plasma-membrane intrinsic proteins, root hydraulic conductivity,
soil salinity, stomatal conductance

Introduction
Soil salinity can greatly affect plant growth by causing osmotic stress and ion toxicity, and results
in major crop yield losses worldwide (Zhu et al., 2020). Ion toxicity causes ionic imbalance in plants,
leading to leaf necrosis and even death, while osmotic stress inhibits root water uptake by reducing
root hydraulic conductivity (Lpr) (Qian et al., 2015). Lpr can be decreased by salt, drought, and other
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abiotic stresses (Sánchez-Romera et al., 2014). Decreased Lpr under salt stress conditions may slow
water flow from the roots to the soil when the soil has a lower osmotic potential than the roots (Aroca
et al., 2012). Previous studies have shown that water absorption under salt stress was largely
dependent on the amount and activity of aquaporin (AQPs), which could be altered by changes of Lpr
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(Han et al., 2020a).
AQPs are a class of water-channel proteins that selectively and efficiently mediate the transport of water across
membranes, and are widely distributed in plant roots, stems, leaves, seeds, and floral organs (Verdoucq and Maurel,
2018). AQPs are usually classified into seven subfamilies, including plasma-membrane intrinsic proteins (PIPs),
tonoplast intrinsic proteins (TIPs), nodulin-26-like intrinsic proteins (NIPs), hybrid intrinsic proteins (HIPs), GlpF-like
intrinsic proteins (GIPs), small basic intrinsic proteins (SIPs) and X intrinsic proteins (XIPs) (Maurel et al., 2015).
Proteins in the PIP subfamily, which is one of the most extensively studied groups, mediate two-way transport of water
and neutral molecules across the membrane (Maurel et al., 2016). PIPs play vital roles in maintaining the water balance
in plants under stress conditions (e.g., salt, drought, abnormal temperature, high CO2 concentration, or nutrient deficiency).
Plants can adapt to such stress by regulating the expression of PIPs, thus affecting Lpr (Kapilan et al., 2018; Jia et al.,
2020). A previous study reported that Lpr and PIP expression in barley (Hordeum vulgare) roots decreased significantly
under salt stress (Przedpelska-Wasowicz and Wierzbicka, 2011). Pou et al. (2016) observed that Lpr in roots of
Arabidopsis thaliana under salt stress decreased with decreasing promoter activity and PIP2;7 transcript level. However,
contrary results regarding the Lpr and PIP expression under various abiotic stresses have also been reported. For example,
the transcripts of most PIPs in maize (Zea mays) were up-regulated under drought stress, while the Lpr decreased (Hachez
et al., 2012). Similarly, salt treatment increased the transcripts of most PIP genes of Arabidopsis, except PIP2;6 and
PIP1;5 in roots (Jang et al., 2004). Additionally, root Lpr in Arabidopsis decreased rapidly in response to 45 min of salt
stress, while the transcript levels of most PIPs and TIPs were down-regulated after 4 h of salt stress (Boursiac et al., 2005).
These studies demonstrated that the expression of PIPs varies depending on the tissues, plants, and stress conditions, and
some PIPs exhibit different responses to the same stress condition. Moreover, there was evidence that PIPs played
important roles in plant photosynthesis, since the overexpression of NtAQP1 in tobacco (Nicotiana tabacum) increased
the photosynthetic rate (Pn) by 20% compared to controls (Flexas et al., 2006).
Cultivated tomato (Solanum lycopersicum), one of the most popular fruit in the world, has moderate sensitivity to soil
salinity, which makes it a useful model plant for studying the functions of genes related to salt stress (Han et al., 2020a).
The tomato AQP family consists of 47 members, including 14 SlPIPs (Reuscher et al., 2013). However, the functions of
most of these PIP isoforms under abiotic stresses are still unknown. In our previous study, the SlPIP1;7 gene showed
differential expression profiles in response to salt stress in tomato leaves and roots. Salt stress rapidly up-regulated the
expression of SlPIP1;7 after 1 h; however, its expression decreased after 24 h of salt stress, but it was fully or partially
recovered after being transferred to the control culture solution (Jia et al., 2020). Furthermore, among various SlPIP
isoforms, SlPIP1;7 exhibited relatively high expression in the roots of a wild tomato species (Solanum pimpinellifolium
‘L03708’) compared to a cultivated tomato (‘M82’) under salt stress (data not shown). These results imply that SlPIP1;7
may play an important role in regulating water transport under salt stress conditions. To determine the function of
SlPIP1;7 under salt stress, we generated SlPIP1;7-overexpressing and SlPIP1;7-silenced transgenic tomato lines. We
investigated the Lpr, reactive oxygen species (ROS) accumulation, electrolyte leakage and malondialdehyde (MDA)
content in wild-type and transgenic plants under salt stress. This study sheds light on the role of SlPIP1;7 in water
transport in tomato plants under salt stress, and reveals that SlPIP1;7 is a valuable genetic resource for breeding
salt-tolerant tomato plants.
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Materials and Methods
Plant Materials, Growth Conditions and Seedling Treatments
The seeds of tomato (Solanum lycopersicum L.) cultivar ‘AC’ were sterilized in a water bath at 55°C for 15 min and
cultured in an incubator at 28°C for 2 days. The germinated seeds were sown in a commix medium in a glasshouse.
Three-leaf seedlings were transferred to containers filled with 1/4 strength of Hoagland nutrient solution, then transferred
to 1/2 strength of Hoagland nutrient solution after 3 days (Jia et al., 2020). For salt stress treatment, 150 mM NaCl was
added to the nutrient solution. Meanwhile, the plants grown in the nutrient solution without addition of NaCl were used
as control. All plants were grown in the glasshouse under natural light with day/night temperatures of 28°C/18°C. The
plant samples were collected and quickly frozen in liquid nitrogen prior to being stored at −80°C for further analysis.

Vector Construction of SlPIP1;7 and Tomato Transformation
The SlPIP1;7 gene (GenBank accession no. NP_001289851) coding sequence was obtained by RT-PCR amplification
from total RNA isolated from tomato leaves with the RevertAid First Stand cDNA Synthesis Kit and the PCR amplification
kit (Thermo Scientific, USA). To construct the plant overexpression vector, forward (5'-GCTCTAGAATGGAGCATA
GAGAAGAGG-3') and reverse (5'-GGGGTACCTCATTTGGACTTGAATGGG-3') primers were designed to amplify
the complete ORF of SlPIP1;7 and inserted into the pMBP1 plasmid at XbaI and KpnI endonuclease sites. To generate the
RNAi construct, two 217-bp fragments of SlPIP1;7 were amplified with primers that included restriction sites for
XbaI/HindIII and XhoI/KpnI, respectively (SlPIP1;7-1F: 5’-GCTCTAGAACATTTGGGCTTTTCTTAGCG-3’; SlPIP1;7-1R:
5’-CCCAAGCTTAGACAAGAACAAATGTGCCGAT-3’; SlPIP1;7-2F, 5’-CCGCTCGAG ACATTTGGGCTTTTC
TTAGCG-3’; SlPIP1;7-2R, 5’-GGGGTACCAGACAAGAACAAATGTGCCGAT-3’). The amplified fragment products
were then digested and inserted into a pKANNIBAL vector and then digested with NotI and ultimately inserted into the
binary plasmid pART27 (Wesley et al., 2001). The PMBP1 and two recombinant vectors were subsequently transferred
into Agrobacterium tumefaciens strain LBA4404 with the leaf disc method through callus, shoot, and root induction (Han
et al., 2020b). Three independent overexpression lines and two RNAi transformants (T2 generation) were obtained after
selection on kanamycin plates and were labeled as OE1, OE4, OE7, RNAi3, and RNAi8, respectively.

Determination of Biomass
The plant height (from the base of the stem to the highest growth point of the stem), the second internode length (from
the second to the third fully developed leaf) and the stem diameter (the middle part of the plant) of tomato plants were
measured by a straight ruler and vernier caliper. For each replication, at least 10 seedlings were measured.

Measurement of Photosynthetic Parameters
The net photosynthesis rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and cellular CO2 concentration (Ci)
were detected with a portable photosynthesis system (Li-6800; LI-COR Inc., Lincoln, NE, USA). The second fully
expanded leaf was assayed at a photon flux density of 800 µmol m-2·s-1. Six biological replicates were used for these
experiments.
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Water Potential and Hydraulic Conductance
The water potential of leaf and root was assayed with a pressure chamber (PMS Model 1505D, USA). The second fully
expanded leaves were used to determine the leaf water potential according to Zhu et al. (2015). The hydraulic conductance
of leaves (Kleaf) and roots (Lpr) was measured using the same pressure chamber (Han et al., 2020a). The root and leaf
surface area was determined using a root scanner (Model MRS-9600TFU2L, Microtek, Shanghai, China). The hydraulic
conductance was calculated according to Han et al. (2020a). Three biological replicates were used for these experiments.

Determination of the Relative Electrolyte Leakage and MDA
The leaf electrolyte leakage was assayed after salt stress for various periods of time according to Han et al. (2020b). The
concentration of MDA was determined with the thiobarbituric acid reaction (Shi et al., 2014).

Determination and Histochemical Detection of ROS
The content of hydrogen peroxide (H2O2) and superoxide anion (O2−) in the leaves was tested following the method of
Han et al. (2020b) and Puyang et al. (2015), respectively. The content of H2O2 and O2− was calculated with a standard
curve. The in situ formation of H2O2 and O2− in the plants was detected by dipping the leaves into diaminobenzidine
(DAB) and nitroblue tetrazolium (NBT), respectively (Han et al., 2020b). Six biological replicates were used for these
experiments.

Statistical Analysis
The data were subjected to Student’ s t-test using SPSS 19.0 software (IBM, Armonk, NY).

Results
Phenotypes of Wild-type and Transgenic Plants
To investigate the function of SlPIP1;7 in tomato plants, we constructed transgenic tomato plants in which SlPIP1;7
was overexpressed or silenced (Fig. 1). Three SlPIP1;7-overexpressing lines (OE-1, OE-4 and OE-7) and two
SlPIP1;7-silenced transgenic lines (RNAi-3 and RNAi-8) were obtained (Fig. 1A, and 1B). SlPIP1;7-overexpressing and
-silenced plants were taller and shorter than wild-type plants, respectively (Fig. 1C). The silenced lines had significantly
lower internode length and stem diameter than the wild-type and SlPIP1;7-overexpressing plants. These results indicated
that overexpression of SlPIP1;7 in the transgenic lines enhanced tomato growth relative to that of the wild-type, while the
shoot and root growth of SlPIP1;7-silenced seedlings were severely retarded.

Morphological Changes under Salt Stress
To explore the role of SlPIP1;7 in the salt stress response, wild-type and SlPIP1;7 transgenic plants (T2 generation)
were treated with 150 mM NaCl for different periods of time (Fig. 2). After treatment for 24 h, SlPIP1;7-overexpressing
plants showed little change, while the wild-type showed slight withering and the SlPIP1;7-silenced seedlings showed
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severe wilting.

A

B

C

Fig. 1. Comparison of plant growth among WT and SlPIP1;7 transgenic plants. (A) Phenotypic characterization of
six-week-old wild-type and SlPIP1;7 transgenic plants grown in hydroponic culture. Bars = 5 cm. (B) Relative expression
levels of SlPIP1;7 in the leaf tissues of SlPIP1;7-overexpressing and SlPIP1;7-silenced lines. Data are represented as mean
± SD (n = three biological replicate samples). Each replicate sample consisted of leaves from three seedlings. (C) Plant
height, stem diameter and internode length of wild-type and SlPIP1;7 transgenic plants. The statistical significance was
estimated by a Student’ s t-test (n > 10). *, p < 0.05; **, p < 0.01. Error bars represent ± SD.

Fig. 2. Phenotypic evaluation of salt stress tolerance in WT, SlPIP1;7-overexpressing and SlPIP1;7-silenced tomato lines.
Six-week-old tomato seedlings were treated with 150 mM NaCl for 24 h. Bars = 5 cm.
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Table 1. The net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intracelluar CO2 (Ci) of
WT, SlPIP1;7-overexpressing and SlPIP1;7-silenced tomato plants under salt stress. OE and RNAi represent three
SlPIP1;7-overexpressing lines and two SlPIP1;7-silenced lines, respectively
Net photosynthetic rate
Pn (µmol CO2·m-2·s-1)

Treatment

0h

NaCl
6h
NaCl
12h
NaCl
24h

Transpirational rate
Tr (mmol H2O·m-2·s-1)

Stomatal conductance
Gs (mmol CO2·m-2·s-1)

Intracellular CO2,
Ci (µmol CO2·mol-1 air)

AC

7.945 + 0.560 b

4.455 + 0.084 b

212.297 + 8.498 b

257.612 + 6.698 b

OE

10.652 + 0.564 a

5.606 + 0.129 a

265.260 + 12.464 a

307.319 + 12.872 a

RNAi

6.622 + 0.408 c

4.178 + 0.053 c

147.031 + 11.944 c

249.957 + 11.879 b

AC

5.258 + 0.143 b

3.608 + 0.125 b

159.141 + 7.576 b

233.973 + 7.102 b

OE

8.856 + 0.571 a

4.549 + 0.222 a

179.446 + 3.967 a

259.723 + 19.766 a

RNAi

5.198 + 0.168 b

3.085 + 0.084 c

133.541 + 5.015 c

238.273 + 20.301 b

AC

4.755 + 0.488 b

2.068 + 0.075 b

111.799 + 8.617 b

226.053 + 9.024 b

OE

6.196 + 0.719 a

2.750 + 0.471 a

148.877 + 13.432 a

267.736 + 9.511 a

RNAi

4.744 + 0.674 b

2.078 + 0.125 b

115.711 + 7.603 b

243.670 + 22.253 b

AC

5.983 + 0.493 b

1.182 + 0.099 b

137.496 + 4.616 b

227.916 + 15.217 b

OE

8.624 + 0.454 a

2.433 + 0.253 a

168.153 + 8.706 a

284.754 + 5.440 a

RNAi

4.470 + 0.534 c

1.350 + 0.200 b

123.445 + 5.671 c

231.034 + 17.121 b

Note: Different lowercase letters denote significant differences between various tomato plants at p < 0.05.

Photosynthesis of the Different Tomato Lines under Salt Stress
The net photosynthesis rate (Pn) was measured in wild-type and SlPIP1;7 transgenic plants under salt stress for
different periods of time. SlPIP1;7-overexpressing lines had significantly higher Pn than wild-type plants both under
control and salt stress conditions (Table 1). Salt stress treatment for 6 h significantly reduced the Pn of wild-type and
SlPIP1;7-overexpressing tomato leaves (33.8% and 16.9%, respectively, vs. the control condition). SlPIP1;7-silenced
plants had significantly lower Pn than wild-type plants under normal conditions, and after NaCl treatment for 24 h.
Changes in the stomatal conductance (Gs) of SlPIP1;7-overexpressing lines were consistent with changes in Pn. The
transpiration rate (Tr) in SlPIP1;7-overexpressing lines was two times higher than that of the control plants after salt stress
for 24 h. Salt stress treatment significantly reduced the intracellular CO2 concentration (Ci) of wild-type and SlPIP1;7
transgenic tomato leaves; however, Ci was still higher in SlPIP1;7-overexpressing lines than in wild-type and
SlPIP1;7-silenced plants.

The Water Potential and Hydraulic Conductivity of Tomato Plants under Salt Stress
Water potential has been used as an index of the water status, and salt and drought stress, of crops in arid regions. In this
study, the SlPIP1;7-overexpressing plants showed significantly higher leaf and root water potential than wild-type plants
under normal conditions. SlPIP1;7-overexpressing plants still had higher root water potential than wild-type plants after
salt stress treatment for 6 h and 24 h, as well as elevated leaf water potential after salt stress treatment for 12 h (Fig. 3A and
3B). The water uptake and capabilities of plants can be expressed by Lpr and leaf hydraulic conductivity (Kleaf). To

investigate the effect of salt stress on water status, we measured the Kleaf and Lpr of wild-type and transgenic tomato
seedlings under normal and salt stress conditions (Fig. 3C and 3D). Kleaf and Lpr did not differ significantly among
wild-type and transgenic plants under normal conditions. However, the Kleaf and Lpr of SlPIP1;7-overexpressing plants
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A

B

C

D

Fig. 3. Effect of salt stress on water potential and hydraulic conductance of tomato seedlings. (A) Leaf and (B) root water
potential under salt treatment for various periods of time. (C) Leaf (Kleaf) and (D) root hydraulic conductivity (Lpr) under
salt treatment for various periods of time. The statistical significance was estimated by a Student’ s t-test (n > 3). *, p <
0.05; **, p < 0.01. Error bars represent ± SD.

increased significantly after salt treatment for 6 h compared to wild-type and SlPIP1;7-silenced plants. In addition, no
significant difference in Lpr was observed between wild-type and SlPIP1;7-silenced plants, but Kleaf decreased
significantly in SlPIP1;7-silenced plants after salt treatment for 24 h compared to wild-type and SlPIP1;7-overexpressing
plants.

Accumulation of ROS in Various Tomato Plants under Salt Stress
Hydrogen peroxide (H2O2) and superoxide anion (O2−) accumulation in leaves under normal and salt stress conditions
were evaluated (Fig. 4). H2O2 and O2− contents did not differ significantly among the tomato lines under control
conditions. After salt stress treatment, all the tomato plants showed increased staining, indicating that salt stress increased
the accumulation of ROS in all of the plant types (Fig. 4A and 4B). In addition, the accumulation of H2O2 and O2− was
lower in SlPIP1;7-overexpressing plants than in wild-type plants under salt stress treatment. The accumulation of O2− in
SlPIP1;7-silenced plants was significantly higher than that in wild-type plants. H2O2 contents in SlPIP1;7-silenced plants
were higher after 6 h of salt stress treatment, but lower after 24 h, compared to wild-type plants. The H2O2 and O2−
contents of leaves in wild-type and transgenic plants under normal and salt stress conditions (Fig. 4C and 4D) were
consistent with the staining results.
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A

B

C

D

Fig. 4. Comparison of reactive oxygen species (ROS) accumulation in leaves of WT and SlPIP1;7-transgenic plants under salt
stress at various time points. (A) Diaminobenzidine (DAB) staining of hydrogen peroxide (H2O2) accumulation in leaves.
(B) Nitroblue tetrazolium (NBT) staining of superoxide anion (O2−) accumulation in leaves. Comparison of the content of
H2O2 (C) and O2− (D) in leaves of transgenic and wild-type plants under NaCl treatment. The statistical significance was
estimated by a Student’ s t-test (n > 3). *, p < 0.05; **, p < 0.01. Error bars represent ± SD.

A

B

Fig. 5. Comparison of the electrolyte leakage rate and malondialdehyde (MDA) accumulation in leaves of WT and
SlPIP1;7-transgenic plants under salt stress at various time points. (A) The relative electrolyte leakage of tomato leaves
from WT and SlPIP1;7 transgenic tomato plants. (B) The MDA content of tomato leaves from WT and SlPIP1;7 transgenic
tomato plants. The statistical significance was estimated by a Student’s t-test (n > 3). *, p < 0.05; **, p < 0.01. Error bars
represent ± SD.

Detection of Cell Membrane Injury of the Different Tomato Lines under Salt Stress
The cell membrane damage in the tomato lines under salt stress was assessed by detecting the relative levels of
electrolyte leakage and MDA accumulation (Fig. 5). There was no significant difference in electrolyte leakage among
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SlPIP1;7-overexpressing and wild-type plants; however, leaf electrolyte leakage increased significantly in SlPIP1;7-silenced
plants after salt stress (Fig. 5A). MDA content did not differ significantly among the tomato lines under control conditions
(Fig. 5B). SlPIP1;7-overexpressing plants had a lower MDA content than SlPIP1;7-silenced and wild-type plants,

regardless of the length of the salt stress treatment. The MDA content in SlPIP1;7-silenced plants was significantly higher
than that of the wild-type and SlPIP1;7-overexpressing plants after salt stress.

Discussion
PIPs were the first class of AQPs to be defined, and most currently known AQPs are PIPs (Maurel et al., 2016). PIPs are
the main pathway of water transport through cellular membranes and play a vital role in water absorption by plants
(Maurel et al., 2015). PIPs are divided into PIP1 and PIP2 subclasses in higher plants, according to their characteristics
and N-terminal and C-terminal activities (Maurel et al., 2016). PIP1s are distributed in almost all tissues, which suggests
that they may play multiple roles in plant growth and development (Biela et al., 1999). Previous studies have shown that
PIP1s are involved in growth and development processes of plants, such as seed maturation and germination, lateral root
development, flowering, and fruit maturation (Gattolin et al., 2011; Reinhardt et al., 2016; Kong et al., 2018).
Furthermore, some studies have shown that PIP1s can improve the growth rate, Pn, and water use efficiency of plants
(Sade et al., 2010; Pawlowicz and Masajada, 2019). In our study, overexpression of SlPIP1;7 in the transgenic line
enhanced tomato plant growth compared with wild-type plants, while the growth of SlPIP1;7-silenced seedlings was
suppressed (Fig. 1A and 1C). Moreover, SlPIP1;7-overexpressing plants had significantly higher Pn, Gs, Tr, and leaf
water potential than wild-type plants under control conditions (Table 1). Tomato plant Ci was significantly reduced by salt
stress treatment, but it was higher in SlPIP1;7-overexpressing lines than in wild-type and SlPIP1;7-silenced plants. The
stomatal opening and transpiration of most crops decreases under salt stress, which leads to insufficient CO2 supply,
resulting in a decline in Pn. Hence, Ci reflects CO2 supply capacity and the potential utilization of CO2 by photosynthetic
organs (Xu et al., 2016). The overexpression of NtAQP1 in tobacco increased Pn and Ci of plants under normal growth
conditions, which yielded a major improvement in productivity due to the high photosynthetic rate (Sade et al., 2010). In
our study, we found that the overexpression of SlPIP1;7 in transgenic lines increased Gs and improved the leaf water
status under control conditions, thus enhancing photosynthesis and Tr, and further improving plant growth and
development compared to wild-type plants. The decrease in these photosynthetic indices may also have restricted the
growth of the SlPIP1;7-silenced plants. Furthermore, overexpression of SlPIP1;7 has been reported to increase plant Lpr,
suggesting that increasing membrane permeability might be an important role of SlPIP1;7 in its impact on the whole plant
(Fig. 2). Thus, SlPIP1;7 has a dual impact not only at the cellular level but also at the whole-plant level, where its

expression increases both transpiration and net photosynthetic fluxes.
Salt stress treatment for 6 h significantly reduced the Pn of wild-type and SlPIP1;7-overexpressing tomato leaves, by 33.8%
and 16.9%, respectively, compared to the control condition (Table 1). Additionally, the Kleaf of SlPIP1;7-overexpressing
plants increased significantly compared to wild-type and SlPIP1;7-silenced plants after salt stress treatment for 6 h (Fig.
2). Kleaf is a major determinant of Pn in plants under both optimal and adverse environmental conditions (Scoffoni et al.,

2012). In general, overexpression of SlPIP1;7 attenuated the decreased Pn in tomato leaves caused by salt stress, which
might help explain the increased salt tolerance of SlPIP1;7-overexpressing plants. Similarly, a previous study reported
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that overexpression of NtAQP1 in tobacco improved Pn, leaf CO2 conductivity, Gs, and water use efficiency under both
control and salt stress conditions (Sade et al., 2010). Overexpression of the barley HvPIP2;1 isoform in rice (Oryza sativa)
plants was found to increase Pn (Hanba et al., 2004). Another study found that transgenic tomato plants overexpressing
TIP2;2 were more resistant to drought and salt stress than controls and had improved yield under control and stress
conditions, since a high level of TIP2;2 expression increased transpiration under normal growth conditions and limited
the reduction of transpiration under drought and salt stress conditions (Sade et al., 2009).
Environmental stresses, such as salinity and drought, usually inhibit root water uptake and alter water balance, thus
limiting the growth and development of plants (Gong et al., 2014). The water uptake capabilities of plants can be
expressed in terms of Kleaf and Lpr, which are important indicators of a plant’s ability to cope with abiotic stress (Qian et
al., 2015). Soil salinity, a kind of osmotic stress, usually inhibits root water absorption and affects the expression of AQPs,
which in turn affects Lpr (Han et al., 2020a). It was reported that Lpr in Arabidopsis decreased as the transcript level of
PIP2;7 decreased under salt stress (Pou et al., 2016). In our study, overexpression of SlPIP1;7 in tomato plants improved
their tolerance to salt stress treatment, whereas SlPIP1;7-silenced plants were more sensitive to salt stress. Furthermore,
the root Lpr of SlPIP1;7-overexpressing plants increased after salt treatment for 6 h compared to wild-type and
SlPIP1;7-silenced plants (Fig. 2). These results suggest that tomato SlPIP1;7 protein may increase the resistance of plants
to salt stress, at least in part, by regulating the early hydraulic conductivity and maintaining water potential in roots.
Increasing Gs and photosynthetic efficiency while maintaining normal root Lpr under salt stress conditions suggests that
SlPIP1;7 has two independent roles in whole-plant hydraulic control.
Plants continuously generate ROS under favorable conditions, which is a product of multiple metabolic pathways (Das
and Roychoudhury, 2014). A threshold level of ROS is required for normal physiological processes like signal
transduction, cell growth, and activation of endogenous antioxidants (Banerjee et al., 2020). Salt stress increases the
accumulation of ROS, such as H2O2, O2-, and O•−, which can induce oxidative damage in plants, potentially leading to
cytoplasmic membrane damage and even cell death (Ahanger et al., 2019). In addition, MDA accumulation and relative
electrolyte leakage reflect the degree of membrane damage of plants under abiotic stress (Han et al., 2020b).
SlPIP1;7-overexpressing plants under salt stress accumulated significantly less H2O2 and O2− than wild-type plants,
while SlPIP1;7-silenced plants accumulated more (Fig. 3). Furthermore, SlPIP1;7-overexpressing plants had lower
MDA content than SlPIP1;7-silenced and wild-type plants, and SlPIP1;7-silenced plants showed significantly more
electrolyte leakage and MDA accumulation than wild-type plants under salt stress. Thus, SlPIP1;7-overexpressing plants
had a strong antioxidant defense.
In the present study, we created transgenic tomato plants in which SlPIP1;7 was overexpressed or silenced. The
overexpression of SlPIP1;7 increased Gs and improved leaf water status under control conditions, thus enhancing Pn and
further improving the growth and development of SlPIP1;7-overexpressing plants compared to wild-type plants.
Moreover, SlPIP1;7-overexpressing plants were tolerant to salt stress, while SlPIP1;7-silenced plants were more
sensitive. The SlPIP1;7 protein may increase the resistance of tomato plants to salt stress by increasing the Gs and Kleaf of
leaves, resulting in increased photosynthetic efficiency, and by maintaining normal Lpr and promoting root water uptake
under salt stress conditions (Fig. 6). SlPIP1;7-overexpressing plants exhibited less plasma membrane damage, better
maintenance of plasma-membrane integrity, and stronger oxidation resistance. These results elucidate the relationship
between plant salt tolerance and SlPIP1;7, which may be a useful biotechnological tool for improving the salt tolerance
of different plant species.

804

Horticultural Science and Technology

The Role of SlPIP1;7 in Improving Photosynthetic Efficiency, Root Water Uptake, and Salt Stress Tolerance of Tomato

Fig. 6. A model for the function of SlPIP1;7 in modulating the salt stress response. Gs: stomatal conductance; Kleaf: leaf
hydraulic conductivity; Lpr: root hydraulic conductivity.

Literature Cited
Ahanger MA, Qin C, Mao DQ, Dong XX, Ahmad P, Abd-Allah EF, Zhang L (2019) Spermine application alleviates salinity induced growth
and photosynthetic inhibition in Solanum lycopersicum by modulating osmolyte and secondary metabolite accumulation and
differentially regulating antioxidant metabolism. Plant Physiol Biochem 144:1-3. doi:10.1016/j.plaphy.2019.09.021
Aroca R, Porcel R, Ruizlozano JM (2012) Regulation of root water uptake under abiotic stress conditions. J Exp Bot 63:43-57.
doi:10.1093/jxb/err266
Banerjee S, Ghosh S, Mandal A, Ghosh N, Sil PC (2020) ROS-associated immune response and metabolism: a mechanistic approach with
implication of various diseases. Arch Toxicol 94:2293-2317. doi:10.1007/s00204-020-02801-7
Biela A, Grote K, Otto B, Hoth S, Hedrich R, Kaldenhoff R (1999) The Nicotiana tabacum plasma membrane aquaporin NtAQP1 is
mercury-insensitive and permeable for glycerol. Plant J 18:565-570. doi:10.1046/j.1365-313x.1999.00474.x
Boursiac Y, Chen S, Luu DT, Sorieul M, Van D, Dries N, Maurel C (2005) Early effects of salinity on water transport in Arabidopsis roots.
Molecular and cellular features of aquaporin expression. Plant Physiol 139:790-805. doi:10.1104/pp.105.065029
Das K, Roychoudhury A (2014) Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental
stress in plants. Front Environ Sci 2:1-13. doi:10.3389/fenvs.2014.00053
Flexas J, Ribas-Carbo M, Hanson DT, Bota J, Otto B, Cifre J, McDowell N, Medrano H, Kaldenhoff R (2006) Tobacco aquaporin NtAQP1
is involved in mesophyll conductance to CO2 in vivo. Plant J 48:427-439. doi:10.1111/j.1365-313X.2006.02879.x
Gattolin S, Sorieul M, Frigerio L (2011) Mapping of tonoplast intrinsic proteins in maturing and germinating Arabidopsis seeds reveals
dual localization of embryonic TIPs to the tonoplast and plasma membrane. Mol Plant 4:180-189. doi:10.1093/mp/ssq051
Gong B, Wen D, Bloszies S, Li X, Wei M, Yang F, Shi Q, Wang X (2014) Comparative effects of NaCl and NaHCO3 stresses on respiratory
metabolism, antioxidant system, nutritional status, and organic acid metabolism in tomato roots. Acta Physiol Plant 36:2167-2181.
doi:10.1007/s11738-014-1593-x
Hachez C, Veselov D, Ye Q, Reinhardt H, Kniofer T, Fricke W, Chaumont F (2012) Short-term control of maize cell and root water permeability through plasma membrane aquaporin isoforms. Plant Cell Environ 35:185-198. doi:10.1111/j.1365-3040.2011.02429.x
Han W, Jia J, Hu Y, Liu J, Guo J, Shi Y, Huo H, Gong H (2020a) Maintenance of root water uptake contributes to salt-tolerance of a wild
tomato species under salt stress. Arch Agron Soil Sci 67:205-217. doi:10.1080/03650340.2020.1720911
Han N, Fan S, Zhang T, Sun H, Zhu Y, Gong H, Guo J (2020b) SlHY5 is a necessary regulator of the cold acclimation response in tomato.
Plant Growth Regul 91:1-12. doi:10.1007/s10725-020-00583-7
Hanba YT, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo K, Terashima I, Katsuhara M (2004) Overexpression of the barley aquaporin
HvPIP2;1 increases internal CO2 assimilation in the leaves of transgenic rice plants. Plant Cell Physiol 45:521-529. doi:10.1093/pcp/p
ch070
Jang JY, Kim DG, Kim YO, Kim JS, Kang HS (2004) An expression analysis of a gene family encoding plasma membrane aquaporins in

Horticultural Science and Technology

805

The Role of SlPIP1;7 in Improving Photosynthetic Efficiency, Root Water Uptake, and Salt Stress Tolerance of Tomato

response to abiotic stresses in Arabidopsis thaliana. Plant Mol Biol 54:713-725. doi:10.1023/B:PLAN.0000040900.61345.a6
Jia J, Liang Y, Gou T, Hu Y, Zhu Y, Huo H, Guo J, Gong H (2020) The expression response of plasma membrane aquaporins to salt stress
in tomato plants. Environ Exp Bot 178:104190. doi:10.1016/j.envexpbot.2020.104190
Kapilan R, Vaziri M, Zwiazek JJ (2018) Regulation of aquaporins in plants under stress. Biol Res 51:4. doi:10.1186/s40659-018-0152-0
Kong WL, Bendahmane M, Fu XP (2018) Genome-wide Identification and characterization of aquaporins and their role in the flower
opening processes in carnation (Dianthus caryophyllus). Molecules 23:1895. doi:10.3390/molecules23081895
Maurel C, Boursiac Y, Luu DT, Santoni V, Shahzad Z, Verdoucq L (2015) Aquaporins in plants. Physiol Rev 95:1321-1358. doi:10.1152/ph
ysrev.00008.2015
Maurel C, Verdoucq L, Rodrigues O (2016) Aquaporins and plant transpiration. Plant Cell Environ 39:2580-2587. doi:10.1111/pce.12814
Pawlowicz I, Masajada K (2019) Aquaporins as a link between water relations and photosynthetic pathway in abiotic stress tolerance in
plants. Gene 687:166-172. doi:10.1016/j.gene.2018.11.031
Pou A, Jeanguenin L, Milhiet T, Batoko H, Chaumont F, Hachez C (2016) Salinity-mediated transcriptional and post-translational
regulation of the Arabidopsis aquaporin PIP2;7. Plant Mol Biol 92:731-744. doi:10.1007/s11103-016-0542-z
Przedpelska-Wasowicz EM, Wierzbicka M (2011) Gating of aquaporins by heavy metals in Allium cepa L. epidermal cells. Protoplasma
248:663-671. doi:10.1007/s00709-010-0222-9
Puyang X, An M, Han L, Zhang X (2015) Protective effect of spermidine on salt stress induced oxidative damage in two Kentucky
bluegrass (Poa pratensis L.) cultivars. Ecotoxicol Environ Saf 117:96-106. doi:10.1016/j.ecoenv.2015.03.023
Qian ZJ, Song JJ, Chaumont F, Ye Q (2015) Differential responses of plasma membrane aquaporins in mediating water transport of
cucumber seedlings under osmotic and salt stresses. Plant Cell Environ 38:461-473. doi:10.1111/pce.12319
Reinhardt H, Hachez C, Bienert MD, Beebo A, Swarup K, Vob U, Bouhide K, Frigerio L, Schjoerring JK, et al (2016) Tonoplast aquaporins
facilitate lateral root emergence. Plant Physiol 170:1640-1654. doi:10.1104/pp.15.01635
Reuscher S, Akiyama M, Mori C, Aoki K, Shibata D, Shiratake K (2013) Genome-wide identification and expression analysis of aquaporins
in tomato. PLoS ONE 8:e79052. doi:10.1371/journal.pone.0079052
Sade N, Gebretsadik M, Seligmann R, Schwartz A, Wallach R, Moshelion M (2010) The role of tobacco Aquaporin1 in improving water
use efficiency, hydraulic conductivity, and yield production under salt stress. Plant Physiol 152:245-254. doi:10.1104/pp.109.145854
Sade N, Vinocur BJ, Diber A, Shatil A, Ronen G, Nissan H, Wallach R, Karchi H, Moshelion M (2009) Improving plant stress tolerance and
yield production: is the tonoplast aquaporin SlTIP2;2 a key to isohydric and anisohydric conversion? New Phytol 181:651-661.
doi:10.1111/j.1469-8137.2008.02689.x
Sánchez-Romera B, Ruiz-Lozano JM, Li G, Luu DT, Martínez-Ballesta MC, Carvajal M, Zamarreño AM, García-Mina JM, Maurel C, et al
(2014) Enhancement of root hydraulic conductivity by methyl jasmonate and the role of calcium and abscisic acid in this process.
Plant Cell Environ 37:995-1008. doi:10.1111/pce.12214
Scoffoni C, McKown AD, Rawls M, Sack L (2012) Dynamics of leaf hydraulic conductance with water status: quantification and analysis
of species differences under steady state. J Exp Bot 63:643-658. doi:10.1093/jxb/err270
Shi Y, Zhang Y, Yao H, Wu J, Sun H, Gong H (2014) Silicon improves seed germination and alleviates oxidative stress of bud seedlings in
tomato under water deficit stress. Plant Physiol Biochem 78:27-36. doi:10.1016/j.plaphy.2014.02.009
Verdoucq L, Maurel C (2018) Advances in botanical research. membrane transport in plants. 87. Elsevier Academic Press, pp 26-56.
doi:10.1016/S0065-2296(18)30072-7
Wesley SV, Helliwell CA, Smith NA, Wang MB, Rouse DT, Liu Q, Gooding PS, Singh SP, Abbott D, et al (2001) Construct design for
efficient, effective and high-throughput gene silencing in plants. Plant J 27:581-590. doi:10.1046/j.1365-313x.2001.01105.x
Xu Z, Jiang Y, Jia B, Zhou G (2016) Elevated-CO2 response of stomata and its dependence on environmental factors. Front Plant Sci 7:657.
doi:10.3389/fpls.2016.00657
Zhu Y, Jiang X, Zhang J, He Y, Zhu X, Zhou X, Gong H, Yin J, Liu Y (2020) Silicon confers cucumber resistance to salinity stress through
regulation of proline and cytokinins. Plant Physiol Biochem 156:209-220. doi:10.1016/j.plaphy.2020.09.014
Zhu YX, Xu XB, Hu YH, Han WH, Yin JL, Li HL, Gong HJ (2015) Silicon improves salt tolerance by increasing root water uptake in Cucumis
sativus L. Plant Cell Rep 34:1629-1646. doi:10.1007/s00299-015-1814-9

806

Horticultural Science and Technology

