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Abstract

Key message PeTIP4;1-1, an aquaporin gene involved
in bamboo shoot growth, is regulated by abiotic stresses.
Overexpression of PeTIP4;1-1 confers drought and
salinity tolerance in transgenic Arabidopsis.

Abstract Aquaporins play a central role in numerous
physiological processes throughout plant growth and
development. PeTIP4;1-1, an aquaporin gene isolated
from moso bamboo (Phyllostachys edulis), comprises an
open reading frame (ORF) of 756 bp encoding a peptide
of 251 amino acids. The genomic sequence correspond-
ing to the ORF of PeTIP4;1-1 was 1777 bp and contained
three exons separated by two introns. PeTIP4;1-1 was con-
stitutively expressed at the highest level in culms, and the
expression level was elevated with increasing height of
the bamboo shoot. PeTIP4;1-1 was significantly up-regu-
lated in response to drought and salinity stresses in bam-
boo roots and leaves. To investigate the role of PeTIP4;1-1
in response to drought and salinity stresses, transgenic
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Arabidopsis plants overexpressing PeTIP4;1-1 under the
control of CaMV 35S promoter were generated and sub-
jected to morphological and physiological assays. Com-
pared with Col-0, the transgenic plants showed enhanced
tolerance to drought and salinity stresses and produced
longer taproots, which had more green leaves, higher F/F
and NPQ values, higher activities of SOD, POD and CAT,
lower MDA concentration and higher water content. Tran-
script levels of three stress-related genes (AtP5CS, AtNHX1
and ArLEA) were enhanced. These results indicated that
PeTIP4;1-1 might play an important function in response
to drought and salinity stresses, and is a candidate gene for
breeding of stress tolerance in other crops through genetic
engineering.

Keywords Aquaporin - Phyllostachys edulis - Drought
and salinity stresses - F/F,, - NPQ

Abbreviations

AQPs Aquaporins

AOD Average optical density

CAT Catalase

FJF, Maximum quantum yield in photosystem II

LEA Late embryogenesis abundant

MDA Malondialdehyde

MS Murashige and Skoog

NHX Na*/H" antiporter

NPQ Non-photochemical quenching

NSCs Non-structural carbohydrates

ORF Open reading frame

P5CS A'-Pyrroline-5-carboxylate synthetase

POD Peroxidase

gRT-PCR Quantitative real-time polymerase chain
reaction

ROS Reactive oxygen species
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RT-PCR  Reverse transcription PCR

SOD Superoxide dismutase
TIP Tonoplast intrinsic protein
Introduction

Aquaporins (AQPs), which belong to the ancient family of
major intrinsic proteins, play an important role in main-
taining water and hydraulic conductivity balance in plants
(Maurel et al. 2008). Recent studies show that AQPs consti-
tute a large gene family in monocots. For instance, 35 AQP
homologues were identified in wheat (Forrest and Bhave
2008), 33 in maize (Yue et al. 2012), 34 in rice (Nguyen
et al. 2013), 40 in barley (Hove et al. 2015), and 26 in moso
bamboo (Sun et al. 2016a), respectively. Based on the
sequence of amino acids, membrane localization and sub-
strate specificity, AQPs are classified into five major sub-
families, consisting of plasma membrane intrinsic proteins,
tonoplast intrinsic proteins (TIPs), nodulin 26-like intrinsic
proteins, small basic intrinsic proteins and uncharacter-
ized X intrinsic proteins. The TIPs of Arabidopsis thali-
ana are further classified into five subgroups (Johanson
et al. 2001; Schiissler et al. 2008). TIPs are mainly local-
ized in the vacuole or plasma membrane and are known to
increase the permeability of membranes to water and other
small molecules, such as urea, ammonia and hydrogen per-
oxide (Schiissler et al. 2008; Yin et al. 2014). Numerous
studies have showed that TIPs perform multiple functions
throughout plant growth and development, including water
transport, embolism repair and response to various abiotic
stresses (Maurel et al. 2008).

Abiotic stresses, such as drought, waterlogging and
salinity, are known to disturb the water balance and induce
osmotic stress in plants, which may result in substantial
losses in plant production throughout the world (Boyer
1982). The relationship between AQPs and osmotic stress
has been investigated (Yin et al. 2014; Khan et al. 2015;
Li et al. 2015; Chang et al. 2016). Investigation of the
response of all known AQP genes of moso bamboo (Phyl-
lostachys edulis) to drought and salinity stresses has dem-
onstrated that most T/P genes show no significant tran-
script changes in roots and leaves during stress treatments,
whereas PeTIP4;1 and PeTIP4;2 in roots and PeTIPI;2
and PeTIP4;1 in leaves were up-regulated briefly during
drought stress. It was suggested that the inducible expres-
sion of PeTIP4;I in roots and leaves might compensate
for the severe drought stress at an early stage (Sun et al.
2016a). However, the function of PeTIP genes requires fur-
ther investigation.

As an important group of forest, bamboo is mainly dis-
tributed at low latitudes, where climatic and environmen-
tal conditions are unfavorable for growth, and in particular
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high osmotic stress seriously affects the growth and devel-
opment of bamboo. Although AQP genes in bamboo have
been subjected to genome-wide analysis (Sun et al. 2016a),
the functions of PeAQPs involved in osmotic stress toler-
ance remain unclear. In the present study, the open read-
ing frame (ORF) of PeTIP4,;1-1 and its genomic sequence
were isolated from the cDNA and genomic DNA of moso
bamboo, respectively. The gene structure, phylogenetic
relationships and expression pattern of PeTIP4;1-1 were
analyzed. The ORF of PeTIP4;1-1 was transformed into
Arabidopsis thaliana. The phenotype, physiological param-
eters, activity of antioxidant enzymes and transcript level
of stress-related genes in PeTlP4;1-1-overexpressing
Arabidopsis plants under drought and salinity stresses were
investigated. These results provide a foundation for under-
standing the function of PeTIP4;1-1.

Materials and methods
Plant materials and treatments

Moso bamboo (Phyllostachys edulis) seedlings were grown
in pots in a growth chamber under a light intensity of
200 pmol m~2 s~ with a 16 h light/8 h dark photoperiod
at 28 °C. To detect tissue-specific gene expression patterns,
samples of roots, culms, immature leaves, mature leaves,
leaf sheaths and tender shoots were collected from 3-year-
old juvenile plants. To investigate the changes in gene
expression levels with shoot development, samples were
collected from the base of shoots of 2, 5, 15 and 30 cm
height 3-year-old juvenile plants. One-year-old seedlings
were subjected to drought and salinity stress treatments.
After uprooting and washing with sterile water, 30 seed-
lings were exposed to the open air for drought treatment,
whereas the roots of another 30 seedlings were submerged
in 400 mM NacCl solution for salinity treatment. The roots
and leaves were collected from the treated seedlings after
treatment for 1, 2, 3 and 4 h. All samples were immedi-
ately frozen in liquid nitrogen after collection and stored at
—80°C for further analysis.

cDNA synthesis and genomic DNA extraction

Trizol® Reagent solution (Invitrogen, Carlsbad, CA, USA)
was used to isolate total RNAs from the above-mentioned
samples. The total RNAs extract was treated with RNase-
free DNase I (Tiandz, Beijing, China) for 30 min at 37°C
to remove contaminant DNA. The absence of DNA was
validated by PCR (Sun et al. 2016a). The RNA quality and
concentration were examined with a spectrophotometer
(Nanodrop 2000, Thermo Fisher, USA). The reverse tran-
scription system (Promega, Beijing, China) was used for
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first-strand cDNA synthesis, with incubation at 42°C for
45 min. The final cDNA product was diluted fivefold prior
to use. Genomic DNAs were extracted from moso bamboo
leaves using the cetyltrimethylammonium bromide method
(Gao et al. 2006).

Gene isolation and bioinformatics analysis

The primers TIP4;1-F and TIP4;1-R were designed based
on the nucleotide sequence of PeTIP4;1-1. Both the
cDNAs and genomic DNAs were used as templates in
PCRs for amplification of PeTIP4;1-1 with TIP4;1-F and
TIP4;1-R using PrimeSTAR® DNA polymerase (Takara,
Japan). The promoter region sequence (PeTIP4,1-1pro) was
amplified using the primer pair TIP4;1p-F and TIP4;1p-R.
The PCR products were inserted into the pGEM®-T Easy
vector (Promega, USA) and subsequently confirmed by
sequencing with an ABI 3730 sequencer (Applied Bio-
systems, USA). The sequences of all relevant primers are
listed in supplementary S1.

The gene structure of PeTIP4;1-1 was analyzed using
VectorNTI software. The number and position of introns
were determined with WinPlas version 2.7. Sequence
homology was evaluated by searching the National
Center for Biotechnology Information database using the
BLASTN tool (http://www.ncbi.nlm.nih.gov). Multiple
sequence alignment of PeTIP4;1—-1 and TIP4;1s from other
plants (Oryza sativa, Brachypodium distachyon, Zea mays,
A. thaliana and Populus trichocarpa) was generated using
ClustalW version 1.83. A neighbor-joining tree was con-
structed using complete deletion parameters, and a boot-
strap analysis with 1000 replicates was performed to assess
the robustness of the topology using MEGAG6.0 (Tamura
et al. 2013). The cis-acting regulatory elements in the pro-
moter sequence were predicted from the PlantCARE data-
base (Lescot et al. 2002).

Gene expression analysis in moso bamboo

Moso bamboo cDNA samples from the roots, culms,
mature and immature leaves, leaf sheaths and tender
shoots were used for analysis of PeTIP4;1-1 expression in
the different tissues. Semi-quantitative reverse transcrip-
tion PCR (RT-PCR) was performed with the primer pair
TIP4;1-F and TIP4;1-R. PeActin (GenBank Accession No.
GU434145) was used as an internal control under the same
PCR condition with the primer pair PeActin-F and PeAc-
tin-R (Sun et al. 2016Db).

The cDNAs prepared from shoots of different heights,
and those from roots and leaves of plants subjected to
drought and salinity treatments, were used for quantitative
real-time PCR (qRT-PCR) analysis of PeTIP4;1-1 tran-
script levels. The qRT-PCR analysis was performed on a

qTOWER2.2 real-time PCR system (Analytik Jena, Ger-
many) using the Roche LightCycler®480 SYBR Green 1
kit, as previously described (Sun et al. 2016a). The primer
pair PeTIP4;1F and PeTIP4;1R were used in the PCR reac-
tion. All reactions were performed at least in biological
triplicate with three technical replicates. The corresponding
C, values were normalized using the C, value of NTB (Fan
et al. 2013; Sun et al. 2016a). The AAC, method was used
to calculate the gene expression level (Livak and Schmitt-
gen 2001).

Transient expression analysis

A fragment of the promoter region upstream of PeTIP4;1—1
was obtained using the gene-specific primer pair TIP4;1p-
F1 and TIP4;1p-R1 harboring the Xbal and BamHI restric-
tion sites, respectively (S1). The fragment was ligated into
pBI101 vector digested with Xbal and BamHI to generate
the construct PeTIP4;1-1pro::GUS for transient expres-
sion in tobacco leaves (Yang et al. 2000). The activity of
B-glucuronidase (GUS) was examined after 2 days using
GUS histochemical assays kit (Real-Times, China) follow-
ing the manufacturer’s protocol. Images were captured with
a digital camera (SONY DSC-HX50).

Transformation and transgenic plant generation

To construct the PeTIP4,1-1-overexpression vector, the
coding sequence of PeTIP4;1-1 was amplified using the
gene-specific primer pair TIP4;1-F1 and TIP4;1-R1 har-
boring the Xbal and BamHI restriction sites, respectively
(S1). The resulting fragment was subcloned into the cor-
responding sites of the pPZP-GFP expression vector (Chen
et al. 2007) under the control of the CaMV 35S promoter.
The construct pPZP-PeTIP4;1-1 was introduced into com-
petent cells of Agrobacterium tumefaciens (strain EHA105)
by electroporation. Transformation of A. thaliana ecotype
Columbia (Col-0) was conducted using the floral-dip
method (Clough and Bent 1998). Transgenic plants were
selected on Murashige and Skoog (MS) medium supple-
mented with kanamycin (50 mg L™!) and validated by RT-
PCR using the primer pair TIP4;1-F and TIP4;1-R. The
third generation of homozygous plants was used for further
analysis. The expression levels of PeTIP4;1-1 in seven
independent lines were investigated by RT-PCR using
AtUbiquitin as an internal control (Yang et al. 2015a). Phe-
notypes of transgenic and Col-0 plants were observed and
recorded simultaneously.

Stress tolerance analysis of transgenic plants

To test the stress tolerance of the transgenic Arabidop-
sis plants, seeds of PeTIP4,1-1-overexpressing transgenic
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lines (L6 and L7) and Col-0 (control) were sown on MS
medium. After incubation at 4 °C for 48 h in darkness, the
seeds were incubated under a 16 h light/8 h dark photoper-
iod at 22°C. After 1 week, the seedlings were transplanted
to vertically standing MS plates supplemented with man-
nitol (0, 50, 100, 150 and 200 mM) or NaCl (0, 50, 100
and 150 mM). The taproot length was measured and pho-
tographed under a binocular microscope after 2 weeks. In
addition, another part of seedlings was transplanted into
a substrate with a mixture of soil and vermiculite (1:1),
and grown under normal water management for 2 weeks.
Afterwards, stress treatments were applied by withholding
water or irrigated with 200 mM NaCl for 8 and 14 days,
respectively. To estimate the degree of stress experienced
by the Arabidopsis plants, the non-photochemical quench-
ing (NPQ) and maximum quantum yield in Photosystem
Il (F,/F,,) of leaves were monitored using Imaging PAM
chlorophyll fluorometer (Walz, Germany). After stress
treatment, the plants were harvested and the activities of
superoxide dismutase (SOD), catalase (CAT) and peroxi-
dase (POD), malondialdehyde (MDA) and water content
were measured. Gene expression in the seedlings was also
investigated using qRT-PCR before collection.

Measurements of antioxidant enzyme activities,
malondialdehyde and water content

To determine the activities of SOD, CAT and POD, as well
as the content of MDA, each 0.5 g sample was ground in
liquid nitrogen and homogenized in 5 mL extraction buffer
containing 1Xphosphate buffer (pH 7.4). The homoge-
nate was centrifuged at 5000g at 4°C for 10 min and the
supernatant was collected for further analysis. For SOD, an
assay kit (AOOI-1, Jiancheng, China) was used following
the manufacturer’s instructions. After incubation in a water
bath for 40 min at 37 °C, the samples were mixed well and
held at room temperature for 10 min, and then the absorb-
ance at 550 nm was measured with a 1 cm optical path
cuvette. For CAT, an assay kit (A0OO7-1, Jiancheng) was
used. After treatment for 1 min at 37 °C, the absorbance at
405 nm was measured with a 0.5 cm optical path cuvette.
For POD, an assay kit (A084-3, Jiancheng) was used. After
treatment for 30 min at 37 °C, the samples were mixed well
and centrifuged at room temperature for 10 min. The super-
natant was used for absorbance measurement at 420 nm
with a 1 cm optical path cuvette. For measurement of MDA
concentration, an assay kit (A003-1, Jiancheng) was used.
The samples were heated at 95°C for 40 min, and after
cooling were centrifuged at room temperature for 10 min.
The supernatant was used for absorbance measurement at
532 nm with a 1 cm optical path cuvette. The activities of
SOD, CAT and POD, as well as the MDA concentration
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were calculated using the formulae (S2), based on the aver-
age optical density values of three replicates.

For measurement of the water content of transgenic
and Col-0 plants, the above-ground parts of the seedlings
were collected and the fresh weight (FW) was deter-
mined. After placement on an open Petri dish and drying
for 24 h at 80°C, the dry weight (DW) was recorded. The
water content was calculated according to the formula:
water content (%) = (FW — DW)/FW X 100.

Expression analysis of stress-related genes

The transcript levels of three stress-related genes in
the transgenic and Col-0 Arabidopsis plants were esti-
mated by gqRT-PCR. The three monitored genes were
AtNHX1 (AT5G27150), AtLEA (AT1G02820) and AtP5CS
(AT3G55610), and AtUBQ (NM_116771) was used as the
reference gene (Chen et al. 2015). The primer sequences
used for qRT-PCR are listed in supplementary S1.

Statistical methods

One-way analysis of variance was used for the evaluation of
the statistical significance of differences among means for
the qRT-PCR data, taproot length, chlorophyll fluorescence
parameter values, water content, MDA concentration, and
activities of SOD, CAT and POD. Differences were consid-
ered significant at the 5% significance level.

Results
Molecular characterization of PeTIP4;1-1

The predicted ORF of PeTIP4;1 (PHO1000003G3730) was
amplified from moso bamboo leaves by RT-PCR using the
primer pair TIP4;1-F and TIP4;1-R. The ORF consisted of
756 bp encoding 251 amino acids with a calculated molec-
ular mass of 25.48 kDa and a theoretical isoelectric point of
6.35. The sequence was completely consistent with that of
FP096242.1 in GenBank. However, it shared only 93.25%
identity with the putative protein encoded by PeTIP4;1 in
the BambooGDB database at the locus PH0O1000003G3730
(Sun et al. 2016a), indicating that the isolated gene repre-
sented a previously uncharacterized T/P4 in moso bamboo.
To avoid confusion, the gene was designated PeTIP4;1-1.
The genomic sequence corresponding to the ORF of
PeTIP4;1-1 was isolated using the primer TIP4;1-F and
TIP4;1-R. The amplified fragment was 1777 bp in length
and contained three exons and two introns (S3). The introns
were fully in compliance with the intron splicing principles
of GT-AG (Moore et al. 1993), in which the composition of
A+T and G+ C was 46.26 and 53.74%, respectively.
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The promoter sequence of PeTIP4;1-1 isolated from the
genomic DNAs of moso bamboo was 1497 bp. In addition
to the essential promoter elements, such as TATA-box and
CAAT-box, many stress-responsive elements were detected
in the promoter sequence (S4), such as ATCT-motif, Box 4,
GA-motif, TC-rich repeats and MBS, which indicated that
PeTIP4;1-1 may be involved in response to stresses.

Alignment and phylogenetic affinities of PeTIP4;1-1

Sequence alignment of TIP4;1 homologous proteins was
performed. The predicted protein encoded by PeTIP4;1-1
showed the highest homology of 88% with the homo-
logue from rice, and more than 78% with those of other
monocots, such as Setaria italica, B. distachyon and Triti-
cum aestivum. This result indicated that TIP4;1 genes
were highly conserved among monocots. Similar to other
TIPs,PeTIP4,;1-1 contains six transmembrane o-helices
and two conserved ‘NPA’ motifs (Chaumont et al. 2001)
(S5). The neighbor-joining tree showed that TIP4;1s were
mainly grouped into two clusters that discriminated mono-
cots and dicots (Fig. 1).PeTIP4;1-1 and other TIP4;1s from
monocots were placed in the same cluster separate from
dicots, which is consistent with the existing plant phylog-
eny and classification.

Expression patterns of PeTIP4;1-1
Transcripts of PeTIP4;1-1 in the roots, culms, mature

and immature leaves, leaf sheaths and tender shoots of
moso bamboo were analyzed using semi-quantitative

RT-PCR. PeTIP4;1-1 was differentially expressed in
all six tissues; the highest transcript level was observed
in culms, with high levels detected in roots and ten-
der shoots, and low levels detected in leaves and leaf
sheaths (Fig. 2). The expression pattern of PeTIP4;1-1
indicated that it might be important for water transport
during the period of rapid shoot growth, which requires
supply of ample water. Therefore, we also analyzed the
changes in PeTIP4;1-1 expression in shoots of different
heights. The qRT-PCR analysis indicated that the level of
PeTIP4;1-1 transcripts increases continuously with shoot
growth. Compared with that of in 2 cm shoots, the tran-
script accumulation level increased by about ninefold in
30 cm shoots (Fig. 3). This finding further indicated that
PeTIP4;1-1 might be involved in water transport during
rapid growth of bamboo shoots.

It is well known that abiotic stresses are important
factors that limit the growth and development of plants,
among which drought and salinity seriously affect water
transport. To investigate whether PeTIP4;1-1 was
responsive to drought and salinity stresses, expression

1 2 3 4 5 6

Fig. 2 Transcriptional level of PeTIP4;1-1 in P. edulis was analyzed
by RT-PCR with PeActin as an internal control. / Roots; 2 culms; 3
mature leaves; 4 immature leaves; 5 leaf sheaths; 6 tender shoots. The
amount of transcription was checked after 28 cycles by PCR

Hordeum vulgare BA166438.1
Triticum urartu EMS56264.1

Brachypodium distachyon XP_003568717.1

Oryza sativa Q75GAS.1

|Phyllostachys edulis Protein encoded by FP096242.1 |

SJOJ0UON

{ Setaria italica XP 014660290.1
99 Zea mays Q9ATL6.1

100

0.05

Fig. 1 Phylogenetic tree constructed on the basis of PeTIP4;1-1
and TIP4;1 proteins from other plants. The number beside the
branches indicated the bootstrap values based on 1000 replicates
using MEGAG6.0. Their GenBank Accession Numbers are as follows:
Phyllostachys edulis (PeTIP4;1-1, encoded by FP096242.1); Oryza
sativa (OsTIP4;1, Q75GAS5.1); Brachypodium distachyon (BdTIP4;1,

Nicotiana tomentosiformis XP_009612974.1

Arabidopsis thaliana NP_180152.1

$1001(q

Gossypium arboreum KHG13169.1

Populus trichocarpa XP_002309548.1

XP_003568717.1); Zea mays (ZmTIP4;1, Q9ATL6.1); Arabidopsis
thaliana (AtTIP4;1, NP_180152.1); Populus trichocarpa (PtTIP4;1,
XP_002309548.1); Gossypium arboreum (GaTIP4;1, KHG13169.1);
Hordeum vulgare (HvTIP4;1, BAI66438.1); Nicotiana tomentosi-
formis (NtTIP4;1, XP_009612974.1); Setaria italica (SiTIP4;1,
XP_014660290.1); Triticum urartu (TuTIP4;1, EMS56264.1)
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Fig. 3 Transcriptional analysis of PeTIP4;1-1 in shoots at differ-
ent development stages during rapid growth period using qRT-PCR.
The transcript of PeTIP4;1-1 demonstrated an increasing trend with
the growth of shoots, in which 5, 15 and 30 cm shoots were higher
than those of 2 cm shoots. Vertical bars represent standard deviation
of three independent biological replicates. Asferisks indicate a signifi-
cant difference at *p <0.05, **p <0.01

of PeTIP4;1-1 in the roots and leaves of moso bamboo
seedlings subjected to drought and salinity stress treat-
ments was analyzed. The transcript level of PeTIP4,1-1
was significantly up-regulated with increasing duration

of treatment, especially in roots and leaves of plants
under drought stress which increased to more than 10
and 80 times than those of the control after 4 h treat-
ment, respectively (Fig. 4). All of these results implied
that PeTIP4;1-1 might be involved in drought and salin-
ity stresses tolerance.

Transient expression analysis of PeTIP4;1-1pro::GUS
showed that GUS activity was detected in tobacco leaves,
indicating that PeTIP4,1-1pro was able to initiate transcrip-
tion of the GUS gene in tobacco leaves (S6). The role of
PeTIP4;1-1pro in regulation of gene expression needs to be
validated.

Stress tolerance of PeTIP4;1-1-overexpressing
Arabidopsis

Given that accumulation of PeTIP4;I-I transcripts was
enhanced by drought and salinity stresses, PeTIP4;1-
I-overexpressing Arabidopsis plants were used to verify
whether PeTIP4;1-1 was involved in stress tolerance.
Seven independent lines overexpressing PeTIP4;1-1 were
obtained. Expression of PeTIP4;1-1 was detected in all
seven lines but not in Col-0 plants (S7). Two T; transgenic
lines (L6 and L7) that highly expressed PeTIP4,;1-1 were
selected for further analysis.

Fig. 4 Transcript analysis of
PeTIP4;1-1 in rlc))ots ar?d leaves @) 12 r Hk (b) 100 r *k
under drought and salinity _T_ —L
stresses using qRT-PCR. a g 10 5 80 r
PeTIP4;1-1 expression in g g | %‘
roots treated with drought. ] L 60 L
b PeTIP4;1-1 expression in %‘ %
leaves treated with drought. o 6 ot
¢ PeTIP4;1-1 expression in B Z 40 r ok
roots treated with 400 mM T“j 4T '%S
NaCl. d PeTIP4;1-1 expres- [ 5 L % % & 20
sion in leaves treated with % *%
400 mM NaCl. Treatment 0 . I—I ) ) ) 0 N ) ) )
for O h served as the control. 0h Ih h 3h 4h oh Ih h 3h 4h
Vertical bars represent standard
deviation of three independent
biological replicates. Asterisks
indicate a significant differ- (©) 25 1 ok (d) 40 r _*Ti
ence at ¥p <0.05, *¥p <0.01, ] Hk
with respect to corresponding =20 F = T
controls -g -% 3.0

5 6

515 r g,

s 5§20

210 2 *

05 | 2 10

0.0 . . . . g 0.0 . . . . g
Oh lh 2h 3h 4h Oh lh 2h 3h 4h
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The chlorophyll fluorescence parameters, such as F,/F,,
and NPQ, are the important indices to reflect the photoinhi-
bition degree of plants under stresses (Maxwell and John-
son 2000). The F/F,, values and the phenotype of trans-
genic plants (L6 and L7) were similar to those of Col-0
plants under the non-stress condition. The phenotype of L7
was similar to that of L6 during drought and salinity stress
treatments. After 8 days of drought treatment, there was no
significant difference in phenotype (Fig. 5a), and the val-
ues of F/F, between the transgenic and Col-0 plants were
observed (Fig. 5e), but the NPQ values of transgenic plants
were higher than those of Col-O plants (Fig. Se). After
drought treatment for 14 days, Col-O plants showed more
severe wilting and retardation of growth as compared with
the transgenic plants (Fig. 5b), and F,/F,, and NPQ values
of transgenic plants (L6 and L7) were significantly higher
than those of Col-0 plants (F,/F: p<0.05; NPQ: p<0.05)
(Fig. 5e, f). Under salinity stress, Col-0 plants wilted and
growth was retarded, whereas transgenic plants remained
green after 8 days (Fig. 5c). After prolonged salinity
treatment for 14 days, Col-0 plants were severely wilted,
whereas transgenic plants showed lesser severity of wilting
(Fig. 5d). The F/F,, and NPQ values of transgenic plants
(L6 and L7) were significantly higher than those of Col-0
plants after salinity stress for 14 days (p <0.01) (Fig. 5g, h).

To further explore the role of PeTIP4;1-I in the con-
ferral of stress tolerance, changes in root morphology of
PeTIP4; 1-1-overexpressing Arabidopsis plants were inves-
tigated. The PeTIP4,1-1 transgenic lines (L6 and L7) were
cultured on vertical plates in MS medium supplemented
with different concentrations of NaCl or mannitol. No dif-
ference in phenotype was observed between transgenic and
Col-0 plants cultured on media lacking mannitol and NaCl.
In the presence of mannitol and NaCl, no significant differ-
ence in phenotype between comparison of transgenic and
Col-0 plants was observed except in taproot length (S8).
The average taproot length of transgenic plants (L6 and
L7) was longer than that of Col-0 plants under both man-
nitol and NaCl treatments (Fig. 6). These results indicated
that the increase in taproot length may contribute to the
enhanced tolerance of PeTIP4;I-1-overexpressing trans-
genic plants to drought and salinity stresses.

Water content and MDA concentration
in PeTIP4;1-1-overexpressing Arabidopsis

The water content of the transgenic plants (L6 and L7)
was significantly higher than that of Col-0 plants; the dif-
ference was much strongly significant under salinity stress
(»<0.01) as compared with that under drought stress
(p<0.05) (Fig. 7a). The MDA concentration showed the
opposite trend to water content. The MDA concentration
was significantly lower in transgenic plants as compared

with that of Col-0 plants under both drought and salinity
stresses (p<0.01) (Fig. 7b). These physiological indices
demonstrated that the transgenic plants were more tolerant
to drought and salinity stresses than Col-0 plants.

Antioxidant enzyme activities
in PeTIP4;1-1-overexpressing Arabidopsis

The decreased MDA concentration implied that transgenic
plants may suffer less membrane damage and lipid peroxi-
dation than Col-0 plants under drought and salinity stresses.
Antioxidant enzymes play important roles in ROS scav-
enging. No significant difference in SOD, POD and CAT
activities between transgenic plants (L6 and L7) and Col-0
plants before stress treatment was observed. However, the
activities of SOD, POD and CAT in transgenic plants were
higher than those in Col-0 plants after 14 days of drought
and salinity stresses. The difference levels of SOD were
at p<0.05 in L6 after drought and salinity stresses and at
p<0.01 in L7 after salinity stress (Fig. 8a), those of POD
were at p<0.01 in L6 and at p <0.05 in L7 after drought
and salinity stresses (Fig. 8b), those of CAT were all at
p<0.01 in L6 and L7 after drought and salinity stresses
(Fig. 8c). These changes in physiological indices indicated
that overexpression of PeTIP4;1-1 conferred enhanced
drought and salinity tolerance to transgenic Arabidopsis.

Expression profile analysis of stress-related genes
in PeTIP4;1-1-overexpressing Arabidopsis

Ion transporters and osmotic regulators are well known
two key factors contributing to plant drought and salinity
tolerance. Transcript levels of Na*/H* antiporter (NHX)
gene, late embryogenesis abundant (LEA) protein gene
and A'-pyrroline-5-carboxylate synthetase (P5CS) gene are
known as the physiological indices associated with abiotic
stresses (Chen et al. 2015). In order to reveal the mecha-
nism through which PeTIP4;1-1 involved in enhancement
of stress tolerance in transgenic plants, the transcript lev-
els of three stress-related genes (P5CS, NHX and LEA)
were assayed after stress treatments. No significant differ-
ences in the transcript levels of AtP5CS, AtNHX and AtLEA
were observed between transgenic lines and Col-0 plants
under the non-stress condition. However, increased levels
of AtP5CS, AtNHX and AtfLEA transcripts were observed
in transgenic plants (L6 and L7) compared with those in
Col-0 plants under drought and salinity stresses. The differ-
ence levels of AtP5CS were at p<0.01 in L6 and at p <0.05
in L7 after drought and salinity stresses (Fig. 9a); those of
AtNHX were at p<0.05 in L6 after salinity stress and in L7
after drought stress, and at p <0.01 in L7 after salinity stress
(Fig. 9b); those of AtLEA in L6 and L7 were at p <0.05
after drought stress and at p<0.01 after salinity stress
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Fig. 5 Tolerance analysis of
transgenic plants under drought
and salinity stresses. Col-0,

L6 and L7 plants subjected to
drought stress by withholding
irrigation for 8 days (a) and

14 days (b), and those subjected
to salinity stress with 400 mM
NaCl for 8 days (c) and 14 days
(d). Comparison analyses of
F/F, (e, g) and NPQ (f, h)
between L6, L7 and Col-0
plants treated with drought

and salinity stresses for 8 and
14 days. Asterisks indicate a
significant difference between
transgenic plants and Col-0
(*p<0.05, *¥*p<0.01)

(Fig. 9c). These results suggested that an indirect transcrip-
tional regulatory mechanism may be responsible for the
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Fig. 6 Comparison analysis of taproot length between PeTIP4;1-
1-overexpressing transgenic plants (L6, L7) and Col-0 plants under
stress treatments. a Taproot length under different concentrations of
mannitol. b Taproot length under different concentrations of NaCl.
The length of taproots was counted with a binocular microscope
directly (n=18) 14 days after germination. Asterisks indicate a sig-
nificant difference between transgenic plants and Col-0 (*p<0.05;
**p<0.01)

Discussion

Given its rapid growth rate and highly developed rhizome
system, bamboo may show a strong capability for water
transport (Yang et al. 2015b), which is supported by the
phenomenon of shoots rapidly elongating after spring
rain. The water content of bamboo shoots ranges from
88.9 to 92.8% (Zhou et al. 2013), indicating that hydrau-
lic conductivity contributes to maintain the morphologi-
cal changes of the cell during the rapid growth stage. The
maximum height of bamboo shoots is determined by root
pressure (Cao et al. 2012) and a strong water-potential gra-
dient is a key factor that drives rapid growth (Yuan et al.
2015). Thus, water supply is essential for rapid growth of
bamboo. AQPs regulate rapid water transport, and about
70-90% of water transportation is dependent on AQPs
(Henzler and Steudie 1995). Recently, numerous of AQP
genes have been identified in plants, such as pepper (Yin
et al. 2014), barley (Utsugi et al. 2015) and jatropha (Khan
et al. 2015). Although 26 AQP genes have been identified
in moso bamboo genome, their function remains uncertain
(Sun et al. 2016a). In the present study, PeTIP4,;1-1 is the
first aquaporin gene cloned and characterized from bamboo
and one of only a small number of T/P genes studied in
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Fig. 7 Analyses of water loss rate (a) and MDA content (b) in
PeTIP4;1-1-overexpressing transgenic plants (L6, L7) and Col-0
plants after drought and NaCl treatments. Asterisks indicate a sig-
nificant difference between transgenic plants and Col-0 (*p<0.05;
**p<0.01)

monocots. Based on sequence alignment and phylogenetic
analysis,PeTIP4;1-1 was shown to contain six transmem-
brane a-helices and two conserved ‘NPA’ motifs, which
indicated it may perform a similar function to that of the
TIPs of other plant species.

Previous studies have demonstrated that TIPs are
involved in transportation and storage of water, and control
of intracellular osmotic pressure by transporting osmotic
adjustment substances (Utsugi et al. 2015). The “explo-
sively growing” shoots of moso bamboo achieve height
and diameter growth by using non-structural carbohy-
drates (NSCs) transferred from the attached mature bam-
boos, which support the structural growth and metabolism
of shoots (Song et al. 2016). NSCs are transported in the
sap flow, which indicates that water supply is essential for
maintaining normal physiological function during the rapid
growth of bamboo. Some studies suggest that AQPs play an
important role in cell elongation which is a vital component
in the rapid growth of bamboo shoots, via the coregulation
of auxin and gibberellin (Eisenbarth and Weig 2005; Peng
et al. 2013b). We observed that PeTIP4,;1—-1 was constitu-
tively expressed in all tissues examined, and the expres-
sion level increased with the vertical growth of the shoots.
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Fig. 8 Analysis of SOD (a), POD (b) and CAT (c¢) activities in
PeTIP4;1-1-overexpressing transgenic plants (L6, L7) and Col-0
plants after drought and NaCl treatments. Asterisks indicate a sig-
nificant difference between transgenic plants and Col-0 (*p<0.05;
**p<0.01)

Moreover, three meristem expression elements (CAT-
box) detected in the PeTIP4;1-1 promoter regions also
support its crucial roles in bamboo growth and develop-
ment. PeTIP4;1-1 transgenic Arabidopsis plants exhibited
higher water content after exposure to drought and salinity
stresses, indicating thatPeTIP4;1-1 may be an important
protein involved in bamboo water and NSCs transport .
AQPs can enhance tolerance to drought and high-salin-
ity stress in pepper (Yin et al. 2014), jatropha (Khan et al.
2015) and the halophyte Atriplex canescens (Li et al. 2015).
Leaf and root are the two most sensitive organs under
stresses. Accumulation of PeTIP4;1-1 transcripts in bam-
boo roots and leaves was significantly induced by exposure
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to drought and salinity stress, suggesting that PeTIP4;1-1
may play a role in the response to stresses. Many stress-
response elements were identified in the promoter sequence
of PeTIP4;1-1, which supported its involvement in
response to stresses. Interestingly, using bare-rooted bam-
boo seedlings exposed to the open air for drought stress
treatment, we observed that the roots showed a slower and
less significant response than the leaves, which may reflect
the ease of water loss by bamboo leaves, into which greater
quantities of water must be transported. This was sup-
ported by the significantly up-regulated expression level of
PeTIP4;1-1 in leaves under drought stress. To further eval-
uate the biological function of PeTIP4;1-1, we generated
transgenic Arabidopsis plants overexpressing PeTIP4;1-1.
The transgenic plants exhibited longer taproots, more green
leaves with higher F/F,, and NPQ values, and higher water
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content than Col-0 plants exposure to drought and salin-
ity stress. This result was consistent with previous studies
demonstrating that overexpression of T/Ps can boost stress
resistance (Yin et al. 2014; Khan et al. 2015).

Accumulation of ROS is characteristic of plants under
stress (Apel and Hirt 2004), ROS alter aquaporin structure,
thereby leading to channel closure through a direct oxida-
tive mechanism (Kourie 1998; Zhou et al. 2011). To avoid
damage to cellular components and oxidative destruction
of cells, ROS must be detoxified via the ROS-scavenging
pathway, which is mainly dependent on activities of anti-
oxidant enzymes, such as SOD, POD and CAT. The activi-
ties of SOD, POD and CAT were enhanced in PeTIP4;1-1
transgenic plants under drought and salinity stress, indicat-
ing that overexpression of PeTIP4;1-1 effectively improved
the antioxidant defense system, which in turn protected
the plant against ROS-mediated injury under the applied
stresses. This result was consistent with overexpression of
SpAQPI in tobacco, which exhibited enhanced salt toler-
ance through increased activities of antioxidant enzymes
(Chang et al. 2016). As a product of lipid peroxidation,
MDA is an indicator of salinity stress damage caused by
ROS (Niu et al. 2012). The concentration of MDA was
lower in PeTIP4;1-1 transgenic plants than that of Col-0
plants under drought and salinity stress, which indicated
that the transgenic plants may experience less lipid peroxi-
dation and membrane injury under salinity or drought con-
ditions (Moore and Roberts 1998).

As one of AQPs, PeTIP4;1-1 might not be directly
involved in the regulation of ion transporters and osmotic-
related protein genes. To explore indirect effects of
PeTIP4;1-1 overexpression, the expression profiles of
three stress-related genes (P5CS, NHX and LEA) were
analyzed. Our results showed that the transcript levels of
AtNHX1, AtLEA and AtP5CS were up-regulated in trans-
genic Arabidopsis plants overexpressing PeTIP4;1-1 com-
pared with those in Col-O plants under both drought and
salinity stresses. NHX is an important ion transporter.
Overexpression of LNHXI confers salt and drought tol-
erance in tobacco plants (Rauf et al. 2014), and enhanced
expression of AtNHXI in transgenic groundnut improves
salt and drought tolerance (Asif et al. 2011). In the pre-
sent study, the increased accumulation of AtNHXI tran-
scripts implies that overexpression of PeTIP4;1-1 may
improve ion transportation, which indirectly confers salt
and drought tolerance in transgenic plants. Up-regulation
of AtP5CS is mainly responsible for proline accumulation
during salinity or drought stress (Zhang et al. 1995; Szaba-
dos and Savouré 2010), thus overexpression of PeTIP4;1-1
may have enhanced the proline content in transgenic Arabi-
dopsis. LEAs are an ubiquitous group of polypeptides cor-
related with acquisition of desiccation tolerance (Pedrosa
et al. 2015). Up-regulation of A7LEA transcription in

PeTIP4, 1-1-overexpressing Arabidopsis plants suggested
that there might be an unknown mechanism forPeTIP4,;1-1
interaction with LEA.

Taken together, our results demonstrated that stress
tolerance conferred by PeTIP4;1-1 might be associ-
ated with a variety of pathways involved in regulation of
drought and salinity responses in transgenic plants. This
study represents the first attempt to elucidate the function
of PeTIP4;1-1, but further research is required to better
understand the function of PeTIP4;1—1 in bamboo.
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