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ABSTRACT

Aquaglyceroporins (GlpFs) that transport glycerol along with water and other uncharged
solutes are involved in osmoregulation in myriad species. Fungal species form a large
group of eukaryotic organisms, and their GlpFs may be diverse with various actions.
However, few filamentous fungal GlpFs have been biologically investigated. Here, a
GlpF gene from the halophilic fungus Aspergillus glaucus (AgGIpF) has been verified to
be a channel of water or glycerol in Xenopus laevis Oocytes, and been further
functionally analyzed in three heterologous systems. In Saccharomyces cerevisiae, cells
overexpressing AgGIpF possessed significant tolerance to drought, salt, and certain metal
ions. Then AQGIpF was characterized in the filamentous fungus of Neurospora crassa.
Based on the NCAQP disruption mutant (Aagp), a series of complementary strains of
NCcAQP, AgGIpF and three NPA-deleted AgGIpF fragments were created. Through salt
resistant analysis, the AQGIpF complementary strain possessed the highest salt-resistant
ability among the tested strains. In addition, the intracellular glycerol content in the
AQGIpF complementary strain was markedly higher than that in the other strains. The
AgGlpF-GFP fusion protein was subcellularly localized in the plasma membrane of onion
epidermal cells, suggesting that AgGIpF functions in plants. Indeed, when AgGIpF was
expressed in Arabidopsis thaliana, transgenic lines survived under high osmotic stress,
and particularly under drought stress. Overall, our results revealed that AgGIpF as a

water/glycerol transporter is required for survivals of both fungi and plants under high
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osmotic stress and may have application values in genetic engineering for generating high
salt and drought resistance.

INTRODUCTION

Aquaporins (AQPs) belong to the superfamily of major intrinsic proteins (MIPs), which
are membrane water/glycerol channels involved in many physiological processes. The
primary function of MIPs is to facilitate the bidirectional transfer of water and small
solutes across biological membranes in response to osmotic gradients (1). The AQPs are
membrane channels that have been widely detected in most organisms, from bacteria and
fungi to plants and animals (2). According to their permeability and structure,
aquaglyceroporins (AQGPs) has been separated from AQPs.

The water permeability of plasma membranes was a strong focus in AQP research
until the first member of a solute transporter, the Escherichia coli glycerol facilitator
(GIpF), was discovered (3) and functionally characterized (4). The E. coli GIpF is
responsible for water and solute transport across the cell membrane (5-10), and its crystal
structure at a 2.2 A resolution has been well described (11).

In yeasts and filamentous fungi, AQGPs can be initially divided into three major
branches: FPS1-like, Yfl054-like, and other AQGPs (12). FPS1-like proteins are found
only in yeast and the other AQGPs only in filamentous fungi, whereas Yfl054-like
proteins are found in both yeasts and filamentous fungi (12). The other major subgroups
of fungal AQGPs are classified as o and B and are found in Ascomycota and

Basidiomycota, respectively (13). There are two small fungal AQGP subgroups
3
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designated y1 and y2. The y1 is mainly found in species of Mucoromycotina. The second
cluster, y2, is newly recognized to be in filamentous Ascomycota (14).

AQGPs in fungi are diverse and possess a large number of subgroups, but relatively
few filamentous fungal AQGPs have been functionally analyzed. Instead, those of the
yeast Saccharomyces cerevisiae have been the most thoroughly studied. The two genes
encoding AQGPs in the yeast genome, Fpsl (15,16) and Y1054 (16,17), are functional
glycerol facilitators. Fpsl play a key role in yeast osmoregulation by regulating
intracellular glycerol levels during changes in external osmolarity (18-20), whereas the
cellular function of Yfl054 remains uncertain (16).

Recently, AQGPs from the arbuscular mycorrhizal fungus have been paid more
attention to. The aquaglyceroporin GintAQPF2 from Glomus intraradices, a member of
the y subgroup (13), showed high activity when exposed to polyethylene glycol and high
capacity to transport water, which is crucial for transformed yeast cells to survive osmotic
stress (21). Similarly, two AQGPs (Lacbil:317173 and 391485) in the ectomycorrhizal
basidiomycete Laccaria bicolor, belonging to the a subgroup (13), enabled much higher
water permeability than did the orthodox AQP Lacbil:392091 (22). Lacbil:317173 and
Lacbil:391485 also enabled ammonia (Lacbil:391485 also enabled glycerol)
permeability, which might be responsible for nitrogen efflux in ectomycorrhiza symbiosis
(23).

In the genome of the rice blast fungus Magnaporthe oryzae, four orthodox AQPs and

one AQGP of clusters II and III each have been  deduced
4
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(http://genome.jgi.doe.gov/Maggrl/Maggrl.home.html); and three of these genes were

upregulated in the infection structure of appressoria (24). Aquaglyceroporin-mediated
glycerol efflux from appressoria might be essential in M. oryzae after plant cell wall
penetration to avoid cells bursting. Indeed, glycerol accumulation has also been shown to
be essential for plant cell infections (25).

Plant AQPs perform versatile functionsin water uptake, nutrient balancing,
nutrient/heavy metal acquisition, and seed development. Actually, plant AQPs also
function to modulate abiotic stress-induced signaling (26). In plant, AQPs comprise four
major groups on the basis of their localizations: plasma membrane intrinsic proteins,
tonoplast intrinsic proteins, NOD26-like intrinsic proteins, and small basic intrinsic
proteins. In addition to water, plant AQPs are also known to transport CO,, H,0O,, urea,
ammonia, silicic acid, arsenite, and a wide range of small uncharged solutes. The
NOD26-like intrinsic proteins have glycerol transport activity (27) and thus can be
regarded as plant glycerol transporters.

To date, 13 of AQPs have been well studied in mammalian tissues (AQP0—AQP12).
Among them, AQP3, AQP7, AQP9, and AQP10 belong to the subset of AQGPs that
allow the permeation of water, glycerol, and other small molecules. AQP7 has long been
believed to be the only aquaglyceroporin associated with adipose tissue. AQP7 facilitates
the efflux of glycerol from adipose tissue, and an AQP7 deficiency has been linked to
triglyceride accumulation in adipose tissue and adult onset obesity. The main

physiological functions of AQP3 are skin hydration and renal urine concentration (28,29).
5
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AQP9 expressed in liver facilitates the hepatic uptake of glycerol and thus the availability
of glycerol for de novo synthesis of glucose and triglyceride, which are both involved in
the pathophysiology of diabetes. AQP10 is abundantly expressed in the human duodenum,
jejunum, and ileum, contributing to intestinal water and glycerol absorption (30,31).
Studies to date on cellular functions of AQGPs in filamentous fungi are relatively
scarce, though filamentous species form a large group of eukaryotic organisms.
Previously, we isolated the halophilic fungus Aspergillus glaucus from air-dried wild
vegetation at the surface periphery of a solar salt field (32). This species shows extreme
salt tolerance, with a salinity range for growth from 5 to 32% (saturation) NaCl (32). In
order to uncover the molecular mechanisms of saline resistance, we first constructed a
cDNA vyeast library, screened this library on potato dextrose agar supplemented with
various concentrations of NaCl, and isolated a series of genes with strong saline
resistance. In the present study, we focused on an aquaglyceroporin candidate, AgGIpF,
confirming its water/glycerol transport activity, and analyzing its biological functions in
different systems: S cerevisiae, the model filamentous fungus Neurospora crassa, and
the model plant Arabidopsis thaliana. This is the first report describing the in planta
heterologous expression of a fungal aquaglyceroporin channel. The results of this study
provide a candidate gene for genetic engineering of enhanced stress tolerance in crops
and further the understanding of the regulation of salt tolerance in the halophilic fungus A.

glaucus.
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MATERIALS AND METHODS

Strains and culture conditions. Spores of A. glaucus were cultured (10°~10'
spores/mL) in potato dextrose medium containing 10% NaCl at 30°C for approximately 6
days. The E. coli strains employed in this study were DH5a. Standard procedures were
used for manipulating bacterial cells and recombinant DNA (33,34). The S. cerevisiae
strains used in the present study were INVScl (His-, Leu-, Trp-, and Ura-). Yeast cells
were grown in yeast potato dextrose (YPD; 2% peptone, 1% yeast extract, and 2%
glucose). Neurospora crassa were cultured in Vogel’s Medium (35,36) at 30°C.

Plant materials and culture conditions. Arabidopsis (Columbia ecotype) seeds
were surface-sterilized with 75% (v/v) ethanol for 1 min and 6% NaClO (v/v) for 5 min,
and then washed with sterile water five times. The sterilized seeds were germinated in
sterile water and grown in Murashige and Skoog (MS) solid medium with a 16 h light/8 h
dark cycle at 25°C and a relative humidity of 70-80% for 2 weeks. These seedlings were
transferred to a soil mixture of vermiculite:peat moss:perlite (1:1:1) in a greenhouse and
irrigated with Hoagland’s nutrient solution and allowed to grow for another 2 weeks.

Cloning of the AgGIpF gene from A. glaucus and protein sequence analysis.To
select genes related to salt tolerance, a primary cDNA library from A. glaucus treated
with NaCl was constructed in E. coli. Then whole c¢cDNA library plasmids were
transformed into S cerevisiae. Yeast transformants were functionally screened by
gradually increasing the concentration of NaCl, and transformants were obtained with a

tolerance of 20% NaCl (37). The full-length cDNA sequence of the AgGIpF gene was
7
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directly cloned from salt-tolerant transformants using primers (T7: 5'-TAATACGAC
TCACTATAGGGA-3' and attB2: 5'-CTTTGTACAAGAAAGCTGGGT -3").

The molecular weight and isoelectronic point predictions for the deduced AgGlpF
protein were performed using the computational isoelectronic point/molecular weight tool
(http://www.expasy.org/tools/protparam.html). Multiple alignments of AQPs sequences
(Table S1) were performed using CLUSTALW as implemented in MEGA 5.05. The
phylogenetic tree was constructed using the neighbor-joining method and the stability of
branch nodes was measured by performing 1,000 bootstraps.

The spatial structure prediction. The spatial structure of AgGIpF was predicted
with the SWISS-MODEL server (http://swissmodel.expasy.org/). Figures were generated
with Swiss-PdbViewer 4.1.0.

Determination of water or glycerol transport activity of the AgGIpF gene. The
AgGIpF open reading frame was inserted in the EcoRI-Xhol site of the reconstructed
pXbG-evl RNA expression vector. The resulting plasmid was linearized, and then mixed
with caped transcription reagents (NMESSAGE mMACHINE T7 Kit, Ambion) to in vitro
synthesize the capped cRNAs. Osmotic water or glycerol permeability assays were
carried out according to Uzcategui et al. (38). Briefly, The tage V of Xenopus oocytes
were stored in ND96 buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5
mM HEPES, pH 7.4) for next use. The defolliculated oocytes were injected with 50 ng of
cRNA in 50 nl RNase free water. Control oocytes were injected with the same volume of

RNase free water. Then injected oocytes were incubated in ND96 buffer at 18 °C for 3 d.
8
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To measure osmotic water permeability (Pf-water), the injected oocytes were transferred
into 1:3 diluted ND96 buffer. To measure glycerol permeability (Pf-glycerol), the oocytes
were transferred into iso-osmotic ND96 buffer in which 65 mM NaCl was replaced by
130 mM glycerol. Oocyte swelling were detected with video-microscopy and calculation
of oocyte permeabilities for water and glycerol using the formula: Pf = VO x d(V/VO)/dt[S
x VW X (OMj, - OM,y)]. Osmotic water permeability (Pf, pm/s) was calculated from the
oocyte surface area (S = 0.045 cm?), the initial slope of the relative volume increase
(d(V/VO)/dt in s™), the molecular water volume (Vw = 18 c¢m®/mol), and the osmotic
gradient (OM;,-OM,,) by the following equation:. The initial swelling rates (d(\V/V0)/dt
in s™) were used to compare solute permeabilities.

AQGIpF stress tolerance assays. The AQGIpF open reading frame was amplified
from the A. gdlaucus cDNA library using PCR with the primer pair
TScGlpF-F/TScGlpF-R (TScGIpF-F: 5-CGGGAATTCATGCTCCATAACTTTGTTG-3',
EcoRI site underlined; TScGlpF-R: 5-CCGCTCGAGCATCTACTGGCTCAATCC-3',
Xhol site underlined). The PCR-amplified product was ECORI-Xhol digested and
directionally cloned into the yeast expression vector pYES2, which contains a URA3
selection marker driven by the GALI promoter. The resulting plasmid was designated
pYES2-AgGIpF. The construct was then used to transform the S cerevisiae strain
INVS&cl (His-, Leu-, Trp-, and Ura-). Sequence analysis confirmed that the AgGIpF gene
was inserted into the pYES2 plasmid. The INVSC] yeast strain was inoculated from

colonies on YPD plates and grown for 3 days at 30°C.
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Plasmid transformation with both empty pYES2 and pYES2-AgGIpF was
performed using the lithium acetate method according to the pYES2 vector kit
instructions (Invitrogen, Carlsbad, CA, USA). Yeast cells harboring pYES2-AgGIpF and
the empty pYES2 vector (control) were incubated in SC-Ura liquid medium containing
2% glucose at 30°C overnight. The cultures were adjusted to an optical density (OD)soo of
0.4 in 5 mL of induction medium (SC-Ura medium supplemented with 2% (w/v)
galactose) and incubated at 30°C for 24 h to promote expression of the AQGIpF gene.

For the stress experiments, densities of yeast cells were measured (ODggg) after
incubation, and the culture samples (cells transformed with pYES2-AgGIpF and the
pYES2 vector control) were adjusted to an equal number of cells (ODgpp = 1.0 in 1 mL of
medium). The cells were cultured in 5 mL of medium containing 0.2%, 0.4%, 0.6%, 0.8%,
and 1% CuSO4at 30°C for 24 h with shaking. For salt and drought stress, the yeast cells
were cultured in 1 M, 2 M, or 3 M NaCl and 0.4 M, 0.8 M, 1.2 M, 1.6 M, or 2 M sorbitol
at 30°C for 24 h with shaking. Cell densities were measured (ODgqo) after each treatment.

Analysis of salt tolerance of AgGIpF in N. crassa. Neurospora crassa as a
filamentous fungus is often used as an experimental model, and the method for its genetic
transformation has been well refined. The homologous gene NCAQP (XP_965183) from
N. crassa was obtained using BlastP comparative analysis. Using the mutant strain Aagp,
complementary expression vectors (pSur-AgGIpF and pSur-NcAQP) were constructed
and further transformed into the mutant strain Aagp to verify its tolerance to salt and to

explore the mechanisms regulating the expression of the AGGIpF gene.
10
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The expression vector introduced into N. crassa was constructed for expression of
the AgGIpF gene by cloning it with the primer pair TNcGIpF-F/TNcGIpF-R. After
digestion with Xbal and EcoRI, the amplified AgGIpF fragment was inserted into plasmid
pSur, yielding plasmid pSur-AgGIpF. NCAQP was also subcloned into plasmid pSur using
the same procedure with the primer pair TNcAQP-F/TNcAQP-R.

Asparagine-proline-alanine sequences (NPA motifs) play a key function in
transporting water and solute. Thus, NPA-deleted AgGIpF complementary vectors were
constructed, and NPA-deletion products were amplified with fusion PCR using six
primers P1-P6. A schematic diagram for the construction of NPA-deleted AgGIpF
products is shown in Fig. S1 and the primers used in constructing complementary vectors
of transformed N. crassa are listed in Table S2.

The construct was transformed into N. crassa via electroporation methods using
spores. Then transformants were screened in medium supplemented with 100 mg/mL
hygromycin and verified by PCR using gene specific primers (Hyg-F/Hyg-R) with
genomic DNA as a template. The wild-type (WT) strain, mutant strain Aagp, AgGIpF
complementary strain, NCAQP complementary strain, NPAl-deletion complementary
strain, NPA2-deletion complementary strain, and NPA1,2-deletion complementary strain
were inoculated on Vogel’s solid medium containing 10% NaCl.

Measurement of intracellular glycerol content in N. crassa. Mycelium blocks 5
mm in diameter from WT N. crassa, mutant strain 4agp, and AgGIpF or NcAQP

complementary strains were obtained using a round punch, inoculated in Vogel’s liquid
11
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medium, and cultured for 2 days under normal conditions. The four different mycelia
were collected using three layers of gauze each and transferred into 10% or 15% NaCl in
Vogel’s liquid medium for 0.5h, 1 h, 2 h, 4 h, 8 h or 12 h. Untreated strains served as
controls. The intracellular glycerol concentration in N. crassa was measured using a
previously published method (39).

Expression patterns of glycerol metabolism-related genes in N. crassa and A.
glaucus. In response to a salt stressor, the expression profiles of glycerol
metabolism-related genes were analyzed using real-time PCR. Glycerol metabolism-
related genes and primer sequences employed in this analysis are provided in Table S3.

Total RNA from each sample was extracted using TRIzol reagent (Life Technologies
Corporation, Carlsbad, California, USA) in accordance with the manufacturer’s
instructions. Approximately 0.5 g of total RNA from each pool was reverse transcribed to
cDNA in the presence of oligo-deoxythymidine in a volume of 10 pL following the
protocol provided in the PrimeScript RT Reagent Kit (TaKaRa Corp, Dalian, China). The
synthesized cDNA was then diluted to 100 uL with sterile water and used as the template
for real-time PCR.

Real-time reverse transcriptase (RT)-PCR was conducted using a 7500 Real-Time
PCR system (Applied Biosystems). To normalize the amount of total RNA present in
each reaction, factin (XM_956040) genes were used as internal controls. PCR was
performed in a total volume of 20 puL containing 10 uL of SYBR Green Real-time PCR

Master Mix (Toyobo), 0.5 uM of each forward and reverse primer, and 2 pL of cDNA
12
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template (equivalent to 100 ng total RNA). The amplification was performed using the
following cycle parameters: 94°C for 30 s, followed by 45 cycles of 94°C for 12 s, 60°C
for 30 s, 72°C for 40 s, and 78.5°C for 1 s for plate reading. Three independent biological
repeats were performed for each treatment. Gene expression levels were calculated from
the threshold cycle according to the 2**“" method.

Plant transformation and subcellular location analysis of AQGIpF. The
sequencing-confirmed coding region of AgGIpF c¢DNA was cloned into the
pGFPGUSPIus vector (40) at the Xbal site using the primer pair TPGIpF-F/TPGIpF-R
(TPGIpF-F: 5'-GCTCTAGAATGCTCCATAACTTTGTTG-3'; TPGIpF-R:
5'-GCTCTAGATCAATCCAGTCGGAGAGC-3"), thus allowing the gene to be driven by
the CaMV 35S promoter. The construct was introduced into competent cells of the
Agrobacterium tumefaciens strain EH105 using the freeze-thaw method. The Arabidopsis
thaliana ecotype Columbia plants were grown under 16 h light/8 h dark conditions at
22°C for transformation. The prepared plasmid construct was transformed into
Arabidopsis plants via the Agrobacterium-mediated vacuum infiltration method
previously described (41). Seeds were collected and screened in MS medium
supplemented with 20 mg/mL hygromycin. Homozygous (T3 generation) transgenic
AQGIpF plants were crossed to obtain transgenic plants. Integration and expression of
these transgenes in the transgenic plants were assessed by PCR using gene specific
primers (TPGIpF-F/TPGIpF-R) with genomic DNA as a template and by quantitative

RT-PCR (RT-qPCR) using the total RNA isolated from leaf samples. Three independent
13
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transgenic homozygous T3 line (TG) seedlings and the WT were used for subsequent
experiments, with the Stubulin gene (Forward primer:
5'-ATGTTCAGGCGCAAGGCTT-3"; Reverse primer: 5'-TCTGCAACCGGGTCATTC
AT -3") used as an internal control.

To investigate the cellular localization of AgGIpF, the AgGlpF-GFP fusion
protein was expressed in onion (Allium cepa L.) epidermal cells using the
Agrobacterium-mediated transformation method (42). The GFP vector was used as a
control. The transformed cells were cultured for 24 h at room temperature in the dark on
MS medium to promote expression of the fusion protein prior to observation, and then
analyzed using a confocal laser scanning microscope (model LSM410; Zeiss, Jena,
Germany) with the following settings: 488 nm for excitation of GFP and 507 nm long
pass for emission. Fluorescent microscopic images were collected using a fluorescence
microscope.

Polyclonal antibody preparation and western blot analysis. The ORF of AgGIpF
was amplified with the primer pair TScGIpF-F/TScGlpF-R. The PCR-amplified product
was ECORI-Xhol digested and inserted to vector pET32a (Novagen, Billerica, MA, USA)
to generate a fusion protein with a hexahistidine tag. The fusion proteins were expressed
in E. coli BL21 transformants following standard procedures. Cells were harvested by
centrifugation, and disrupted by physical fragmentation. The total proteins were purified

by affinity chromatography using a nickel column (Ni-NTA agarose, Roche). The purified

14
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protein was injected into rabbits to produce primary polyclonal antibodies as previously
described (37).

The total proteins extracted from each of corresponding samples were denatured in
the SDS-PAGE loading buffer at 95°C for 10 min. Western blot analysis was performed
using the antiserum against AgGIpF and visualized with an enhanced horseradish
peroxidase-diaminobenzidine (HRP-DAB) substrate kit (Tiangen, Beijing China). The
conserved protein Stubulin was used as an internal control. Polyclonal antibody against
B-tubulin was purchased from Qiangyao Peptide Company (Shanghai, China).

Germination and seedling growth assays. For germination assays, seeds were
sterilized for 1 min with 70% (v/v) ethanol and 5 min with 6% NaClO (v/v), followed by
several rinses with sterile distilled water, and then maintained at 4°C in the dark for 2
days. Fifty seeds of each transgenic line and the WT were placed on the MS agar medium
(0.6%) supplemented with 150 mM NaCl or 350 mM mannitol, and then transferred to a
controlled environment (16 h of light at 22°C and 8 h of dark at 18°C). The germination
rate was calculated after the seeds were in the controlled environment for 7 days.

For early growth assessments, 5-day-old WT plants and three transgenic line
seedlings were placed on MS agar medium containing various concentrations of NaCl
and mannitol (0 mM, 100 mM, or 200 mM). Arabidopsis plants were grown vertically
under normal conditions. The root lengths were measured after 1 week.

Salt and drought treatments of transgenic Arabidopsis plants. Three 5-week-old

transgenic Arabidopsis lines (TL1, TL2, and TL45) and WT plants were subjected to
15
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various abiotic stress treatments. Thirty plants of each line were used for drought stress
and 30 plants of each line were used for salt stress treatments. For salt stress, plants were
irrigated with Hoagland’s nutrient solution containing 350 mM NaCl for 3 weeks, and
then returned to the original growth conditions for 2 weeks. The survival rate was
calculated. For drought stress, water was withheld from the plants for 3 weeks before
water was once again introduced. Two weeks later, the survival rate was calculated.
RESULTS

Isolation and characterization of AgGIpF. We selected genes conferring salt
resistance by screening the A. glaucus cDNA library in S cerevisiae on YPD solid
medium supplemented with 10%, 15%, or 20% NaCl, on which WT yeast strains cannot
survive. The cDNA fragments inserted from the salt-tolerant transformants were
identified by PCR amplification and then sequenced (accession number: AHZ59733).
The full-length ¢cDNA for AgGIpF was isolated from A. glaucus and determined to be
1,218 base pairs (bp) in length. The 5'- and 3'-untranslated regions (UTR) were 249 and
108 bp in length, respectively. The open reading frame was 861 bp and encoded a 287
amino acid protein with a calculated molecular weight of 31.1 kDa. Conserved protein
domains were analyzed using Basic Local Alignment Search Tool (BLAST,; National
Center for Biotechnology Information) alignment. The results showed that AgGIpF
contained six transmembrane domains at amino acid positions 20-39, 48-65, 96118,
158-177, 190-212, and 239-261, and two conserved NPA signature motifs of the AQP

family at amino acid positions 72—74 and 212-214 (Fig. S1). The spatial structure of the
16
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AgGIpF protein was predicted using the SWISS-MODEL server with the E. coli GlpF
channel (PDB ID: 1fx8) serving as a template (Fig. S2). Although the sequence identity
was 40.53%, the monomeric and tetrameric structures of AgGIpF and E. coli GIpF were
especially similar (Fig. S2), indicating a resemblance to the glycerol transporter.

The evolutionary relationships among the various species of AQPs were examined to
provide insight into their functional evolution. Thirty-seven AQPs in different fungi
species were used for alignment analysis with the AgGlpF protein (Fig. 1). The result
indicated that the AgGlpF protein shared an amino acid identity up to 94% with the GlpF
protein in Aspergillus ruber, and with other Aspergillus strains, the identity was greater
than 76%, suggesting that AgGIpF is a member of the third aquaglyceroporins subgroup.

Both Water and glycerol transport activities of AgGIpF in Xenopus laevis
Oocytes. The major function of GlpFs is water transport channel, which has been widely
detected in most organisms (1,2). The water transport activity test for AgGIpF was
performed in the membrane transport experimental system Xenopus laevis oocytes. As a
result, the AgGlpF injection in Xenopus oocytes led to a 7-fold increase of the osmotic
water permeability coefficient in comparison with water injection (Fig. 2A). As
mentioned in the introduction, GlpFs may transport glycerol or other small uncharged
solutes. Therefore, the glycerol permeability coefficient value of AgGlpF-expressing
oocytes (Pf-glycerol) was measured. As expected, oocytes expressing AgGIpF showed a
6-fold higher Pf-glycerol value than the water-injected oocytes (Fig. 2B), confirming that

AgGlpF functions as a aquaglyceroporin with both water and glycerol transport activities.
17
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AJGIpF improves osmotic tolerance in yeast. To validate the stress tolerance of
AgGlpF, two types of transformed yeast were generated. One was transformed with the
plasmid of pYES2-AgGIpF, and the other was transformed with an empty pYES2 as a
control. AgGIpF proteins expressed in yeast transformants were determined using western
blot analysis (Fig. 3A). The two types of yeast cells were treated with different osmotic
stresses to determine whether expression of AgGIpF confers osmotic stress tolerance to
transgenic yeast. The result demonstrated that there was no difference in growth between
these two kinds of yeast under normal culture conditions (Fig. 3B). By contrast, yeast
cells harboring pYES2-AgGIpF exhibited increased survival rates relative to the control
under NaCl (Fig. 3C), sorbitol (Fig. 3D), and CuSOy (Fig. 3E), confirming AgGIpF is
associated with high osmosis tolerance under selected stressors.

AgGIpF with two NPA motifs is important for high salt tolerance in N. crassa.
Neurospora crassa as a model fungus is convenient for genetic manipulation. In order to
analyze the salt tolerant ability of AQGIpF, several complementary transformants
containing expression vectors (pSur-AgGIpF, pSur-NcAQP, and three NPA-deleted
AgGIpFs) were created based on the NCAQP disruption mutant (4agp) of N. crassa. The
results indicated that the Aagp strain was barely alive on Vogel’s solid medium
supplemented with 10% NaCl, but the NCAQP complementary strain, like the wild type,
was still alive (Fig. 4A). Interestingly, the AQGIpF complementary strain grew faster than

the wild type or the NCAQP complementary strain (Fig. 4A), clearly demonstrating that
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AgGIpF is more resistant to salt stress than NCAQP is. The AgGIpF proteins expressed in
the selected transformants of N. crassa were analyzed using western blot (Fig 4B).

Asparagine-proline-alanine sequences (NPA motifs) play a key role in transporting
water, glycerol or other solutes. Three individual NPA-deleted AgGIpF fragments were
amplified with fusion PCR using six primers (P1-P6) and inserted into their respective
complementary vectors (Fig. S1). Each NPA-deleted AgGIpF was transferred into the
deletion strain Aagp. Salt resistance was analyzed on the same medium containing 10%
NaCl. The results demonstrated that each of the NPA-deletion complementary strains
grew on the salt medium, but tolerance in each of these strains was weaker than that in
the Aagp/AgGIpF, Aagp/NcAQP, or wild type (Fig. 4A), suggesting that the individual
NPA sites are important for salt resistance. Here, it's worth mentioning that in Fig. 4B,
three protein bands similar to AgGIpF in molecular weight were detected in lanes of
4npal, 4npal, and 4npal,2. The weaker signals could be due to lower level of
expression of proteins with deletions; alternatively, NPA deletions affected the binding of
the antibodies.

AgGIpF promotes intracellular glycerol accumulation in N. crassa. Intracellular
glycerol is a compatible solute for maintaining intracellular osmolality. We investigated
whether the accumulation of intracellular glycerol is associated with AgGIpF expression.
The results showed that under salt stress, the intracellular glycerol concentration of the
AQGIpF complementary strain (Aaqp/AgGIpF) was significantly higher than that of the

WT, mutant strain (Aagp), and NCAQP complementary strain (Aagp/NcAQP) (Fig. 5A).
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Moreover, with the increase of salt concentration, the intracellular glycerol accumulation
also increased (Fig. 5B).

AgGIpF localized on the cell membrane enhances osmotic tolerance in plants.
GlpFs are cell membrane channel proteins. According to the deduced amino acid
sequence, AgGIpF contains six transmembrane domains. To investigate its subcellular
localization in a plant, a transient expression onion system was applied. The AGGIpF-GFP
fusion protein (Fig. 6A) and the GFP protein were respectively introduced into onion
epidermal cells. Following 24-48 h of transformation, confocal laser scanning
microscopy was used to examine the cells. As a result, the AQGIpF-GFP fusion protein
was expressed and localized on the cell membrane of onion epidermal cells (Fig. 6B),
indicating that AgGIpF functions in plant.

Therefore, the role of AQGIpF in drought stress tolerance was further investigated by
generating transgenic Arabidopsis plants overexpressing AgGIpF under the control of the
CaMV 35S promoter (Fig. 6A). A total of 48 transgenic lines (T1) were screened by their
resistance to hygromycin and confirmed with PCR using primers specific to AgGIpF and
GFP (data not shown). Among the T1 lines, three transgenic lines (TL1, TL2 and TL45)
segregated with a ratio of 3:1 for hygromycin resistance. In addition, all the three
independent transgenic T2 line seedlings survived on MS medium containing 20 mg/L of
hygromycin. Transgenic T3 line seedlings were confirmed using RT-qPCR and western
blot (Fig. 7A). In this experiment, WT or transgenic plants harboring vacant vector lines

served as a negative control and were subjected to the same analysis. Arabidopsis seed
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germination was examined after the seeds were sown on MS medium supplemented with
various concentrations of mannitol or NaCl. Germination rates of control and TG seeds
showed no significant difference on normal MS medium (data not shown). However, as
shown in Fig. 7B, when seeds were germinated on 150 mM NaCl for 7 days, only 24.33%
germination was seen in the WT line, whereas the three TG lines, TL1, TL2 and TL45,
showed 85%, 80%, and 80.3% germination, respectively. Under mannitol stress, the
percentage germination over 7 days for the WT was much lower than that of the TG lines.
When the seeds of WT and TG lines were germinated in the presence of 350 mM
mannitol, the germination rates of the TG lines (TL1, 81.33%; TL2, 72.67; TL45, 81.67%)
were higher than those of the WT plants (20.33%) (Fig. 7C).

Arabidopsis seedlings are sensitive to certain concentrations of NaCl or mannitol.
As the concentration of NaCl or mannitol increased, the root lengths of the control lines
were significantly arrested. 5-day-old WT plants and three transgenic line seedlings were
placed on MS agar medium containing various concentrations of NaCl and mannitol (0,
100, or 200 mM). As shown in Fig. 8A, the growth was significantly different between
the WT line and TG lines for the various treatments. Under 100 mM and 200 mM NaCl
treatments, the roots were approximately twofold longer for transgenic lines than for WT
plants (Fig. 8B). However, the roots were approximately fourfold longer for AgGIpF
transgenic lines than for WT plants grown in media containing 100 mM and 200 mM
mannitol, respectively (Fig. 8C). Thus, overexpression of AgGIpF in Arabidopsis

increased tolerance to NaCl and mannitol stressors during seed germination and root
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growth. Above all, in comparison to the resistance to salt, AQGIpF appeared to be more
resistant to drought stress (Fig. 8C).

Plants that grow with higher survival rates, normal size or/and fewer yellow
leaves are considered more tolerant to stressors. To mimic the performance of AgGlpF
transgenic lines under drought and salt stress in natural field, the three TG lines and the
controls, were planted in soil. Compared with the WT plants under normal conditions, TG
Arabidopsis plants showed no apparent phenotypic difference before treatment; however,
under stress conditions, the TG plants did show differences. After 2 weeks of exposure to
350 mM NaCl, most of the leaves in the TG lines remained green, whereas leaves of the
WT plants turned yellow, and most of the WT plants withered and died (Fig. 9A). After 3
weeks of drought, the WT plants were undersized and more withered than TG plants. By
contrast, TG plants began bolting during the same time (Fig. 9C). The TG lines exhibited
higher survival rates than WT lines under both drought and salt stressors (Fig. 9B and
9D). The results further verified that overexpression of AGGIpF can enhance salt and
drought tolerance, implying a great application potential in osmotic resistant genetic
engineering.

DISCUSSION

GlpFs belong to a superfamily of major intrinsic proteins that are membrane
water/glycerol channels involved in many physiological processes. Filamentous fungal
aquaglyceroporins are still poorly characterized at both the molecular and the cellular

levels. The halophilic fungus A. glaucus, which was isolated from air-dried wild
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vegetation at the surface periphery of a solar salt field, shows extreme salt tolerance, with
a salinity range for growth up to 32% NaCl (32). Therefore, GIpF of A. glaucusis a good
candidate for use in achieving a deeper understanding of the physiological roles of
aquaglyceroporins in fungi. In this study, the AgGIpF gene was isolated by screening a
cDNA library of A. glaucus in yeast cells. Yeast cells overexpressing AgGIpF displayed
markedly enhanced tolerance to salt, drought, and heavy metal stressors, indicating that
AgGIpF is involved in tolerance to osmotic or other abiotic stress.

The sequence identity of aquaporins share limited similarity and differ in size, but
the reported X-ray structures of aquaporins, such as bovine AQP0, human AQP1, E. coli
AqpZ and GIpF, spinach SoPIP2;1, and Plasmodium falciparum PfAQP, show that these
proteins share a conserved overall typical hourglass model (43-45). AQPs are assembled
as homotetramers consisting of four independent monomers embedded in the lipid bilayer
(46). Each monomer comprises six membrane-spanning o-helices (H1-6) connected by
five loops (A—E), with both amino and carboxyl termini located in the cytoplasm (47).
The NPA signature motifs are located at the ends of the two short a-helices (loops B and
E), and are thought to be critical to water and substrate permeation (44). The two highly
conserved NPA signature motifs are also contained in the AgGIpF protein (Fig. S1); and
the spatial structure prediction of the AgGIpF protein clearly shows the typical aquaporin
structure (Fig. S2). Given the water/glycerol transport activities in Xenopus oocytes (Fig.
2) and the high levels of glycerol accumulated in cells of Aaqp/AgGIpF (Fig. 4), AgGIpF

is no doubt one of the glycerol transporters. In fact, the attribute of the AgGIpF can also
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be interpreted from the analysis of osmotic stress tolerance among the series of N. crassa
strains: the Aagp strain lost growth ability under salt stress (10% NaCl); and the
NPA-deletion complementary strain exhibited weaker salt tolerance than the
complementary strains of the full-length AgGIpF (Fig. 4).

The osmoregulatory mechanism has been extensively studied in the yeast S
cerevisiae. Upon hyperosmotic shock, the high osmolarity glycerol (HOG) signaling
pathway, one of the best understood MAPK cascades, is activated to control glycerol
accumulation (19). Hogl kinase stimulates transcription of genes encoding the enzymes
required for glycerol biosynthesis, glycerol-3-phosphate dehydrogenase (Gpdl) and
glycerol 3-phosphatase (Gpp2) (48,49) as well as glycerol import (via the glycerol/H"
symporter Stl1) (50). Hogl kinase also activates a regulatory enzyme in glycolysis
(Pfk26/27). In the mean time, the Fps1 glycerol channel rapidly closes to prevent glycerol
outflow (15,18). Both the extremely halotolerant yeast Hortaea werneckii and the
halophilic fungus Wallemia ichthyophaga accumulate glycerol to adapt to hyperosmotic
conditions. The levels of glycerol are increased with increasing salinity and decreased
after hypoosmotic shock (51,52). Several genes known to be involved in glycerol
production were found in the genomes of H. werneckii and W. ichthyophaga (53). Among
these genes, there are three aquaglyceroporins homologue to AgGIpF. Considering the
hyperosmotic resistant ability of these fungi, and that the AQGIpF complementary strain
of N. crassa was more resistant to salt and had significantly higher intracellular glycerol

content than the WT, Aagp, and NCAQP complementary strains (Fig. 5), thus, we
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hypothesized that the enhanced resistance to salt stress may be due to the accumulation of
intracellular glycerol.

Intracellular glycerol accumulation is dependent on glycerol synthesis, transport, and
retention, as well as on tightly regulated events. Thus, we analyzed the expression of
glycerol metabolism-related genes in N. crassa and A. glaucus using RT-qPCR. The
mitogen-activated protein kinase gene (MAPK) and AgGIpF were rapidly induced and
reached a maximum 2 h after treatment with NaCl in A. glaucus (Fig. S3A). However, in
N. crassa, the induced NcMPK and NcAQP peaked at 4 h after treatment with NaCl,
though the expression patterns of both genes were so similar (Fig. S3B). Upon
hyperosmotic shock, GPD1 and GUP1 were also induced by NaCl in both fungi; however,
the expression level of NcGPD1 was lower and the response to hyperosmotic shock was
slower than those for MAPK and AgGIpF or NCAQP. At this point, it appeared to be
that MAPK and AgGIpF are mainly responsible for this accumulation of glycerol.

This report describes the overexpression of the aquaglyceroporin gene AgGIpF from
the halophilic fungus A. glaucus in Arabidopsis plants as well as in fungal species. It also
demonstrated the subsequent phenotypic characterization of this transgenic plant during
salt and drought stress. While transgenic methods to explore the role of plant AQPs have
been reported previously (54-56), this is the first report describing the in planta
heterologous expression of an aquaglyceroporin derived from a filamentous fungus.
Recently, a viral aquaglyceroporin of Chlorovirus (agpvl) has been expressed in tobacco

(57). In the report, the transgenic tobacco plant performed better under drought conditions
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and showed faster recovery following re-watering than control plants, indicating a role
for a heterologous aquaglyceroporin in mitigating drought stress (57). In the present study,
overexpressing AgGIpF markedly enhanced tolerance to high salt and drought in
transgenic Arabidopsis plants. Thus, our results provide an even better candidate gene for
genetic engineering of enhanced stress tolerance in crops.

The halophilic fungus of A. glaucus may be a rich genetic pool for cloning osmotic
resistance genes, because in our previous research, we screened and discovered so many
resistant genes, such as AgRPL44 (37) and AgRPS3aE (58) in the halophilic fungus A.
glaucus. In conclusion, our findings advance the understanding of the molecular
mechanisms of salt tolerance in filamentous fungal cells and offer important insights in
the breeding of new stress-resistant crops.
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Figure legends

FIG 1 Phylogenetic tree of aquaporins from selected fungi. The multiple alignments
generated by ClustalW and the phylogenetic tree were constructed with MEGA 5.05
using a bootstrap test of phylogeny with the minimum evolution test and default
parameters. The strains and GenBank accession numbers of fungal aquaporin proteins

used for drawing the phylogenetic tree are shown in S1 Table.

FIG 2 Water/glycerol transport activity of AgGIpF. (A) Osmotic water permeability coefficient
(Pf-water) of oocytes injected with cRNA of AgGIpF or water. (B) Glycerol permeability coefficient
(Pf-glycerol) of oocytes injected with cRNA of AgGIpF or water. The Pf values were calculated from
the rate of oocyte swelling. The data represent means = SD of three experiments. Significant
differences between oocyte cells containing the cRNA of AgGIpF and control are indicated as *p <

0.05 or **p<0.01. Three biological experiments were performed, which produced similar results.

FIG 3 Stress tolerance analysis in AgGlpF-overexpressing yeast cells. (A) Western blot
analysis of AgGlpF protein in yeast cells. Total proteins extracted from the wild-type
strain pYES2 and pYES2- AgGlpF strains; AgGIpF was detected with an anti-AgGIpF
antibody, and the presence of B -tubulin was detected as an internal control; The
experiment was performed twice, and a representative blot is presented. (B-E) Stress
tolerance analysis. Yeast cells were cultured in YPD liquid medium (B), or in YPD liquid

medium supplemented with NaCl (C), sorbitol (D), and CuSO4 (E); The data represent
1
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means + SD of three experiments. Significant differences between yeast cells containing

pYES2-AgGIpF and control are indicated as *p < 0.05 or **p < 0.01.

FIG 4 Salt tolerance analysis of AgGIpF in N. crassa. (A) Salt-tolerant phenotypes of
various N. crassa strains grown on Vogel’s medium containing 10% NaCl. (B) Western
blot analysis. Equal amounts of protein were loaded in each lane on one gel. AgGIpF was
detected with an anti-AgGIpF antibody, and the presence of B -tubulin was detected as
an internal control; The experiment was performed twice, and a representative blot is
presented. Aagp indicates NCAQP deletion mutant strain; Aaqp/AgGIpF indicates AgGIpF
complementary strain; Aagqp/NCAQP indicates NCAQP complementary strain; Anpal,

Anpal, and Anpal,2 indicate the three NPA-deleted AgGIpFS complementary strains.

FIG 5 Intracellular glycerol content of various N. crassa strains. (A) Treatment with 1.7M
(10%) NacCl. (B) Treatment with 2.6M (15%) NaCl. WT indicates wild type strain; Aagp
indicates mutant strain; Aagp/AgGIpF indicates AgGIpF complementary strain;
Aagp/NcAQP indicates NCAQP complementary strain. Significant differences between

the Aagp/AgGIpF strain and other three strains are indicated as *p < 0.05, **p < 0.01.

FIG 6 AgGlpF-GFP fusion protein was subcellularlly localized on the cell membrane. (A)
Schematic diagram for the construction of the expression vector used for plant
transformation.  (B) Subcellular localization of AQGIpF in onion epidermal cells. Scale

bars in all panels are 50 pm.
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FIG 7 Transgenic Arabidopsis plants overexpressing AgGIpF and their seed germination
under osmotic stress. (A) Detection of AGGIpF expression using RT-PCR (the up panel)
and Western blot (the low panel) with B -tubulin as an internal control. (B,C) Germination

rates of Arabidopsis plants overexpressing the AGGIpF gene in the presence of stressors.

FIG 8 Salt and drought tolerance in transgenic Arabidopsis seedlings. (A) Salt and
drought tolerance phenotype of Arabidopsis overexpressing AgGIpF. (B,C) Root lengths
of Arabidopsis plants overexpressing the AQGIpF gene in the presence of stressors. Data
represent means + SD of three experiments. Significant differences between the TG lines

and control (WT) are indicated as *p < 0.05, **p < 0.01.

FIG 9 The enhanced salt and drought tolerance in transgenic Arabidopsis planting in soil .
(A) Phenotypes of WT and TG lines after 2 weeks of NaCl treatment. (B) Survival rates
after NaCl treatment. (C) Phenotypes in WT and TG lines after 3 weeks of drought. (D)
Survival rates after the drought treatment. Data represent means + SD of three
experiments. Significant differences between the TG lines and control (WT) are indicated

as **p<0.01.
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