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The Saccharomyces cerevisiae aquaporin Aqy1 is

involved in sporulation

Frédéric Sidoux-Walter, Nina Pettersson, and Stefan Hohmann*

Department of Cell and Molecular Biology/Microbiology, Goteborg University, Box 462, S-40530 Goteborg, Sweden

Edited by Peter C. Agre, Johns Hopkins University School of Medicine, Baltimore, MD, and approved November 2, 2004 (received for review June 17, 2004)

Aquaporins mediate rapid selective water transport across biolog-
ical membranes. Elucidation of their precise physiological roles
promises important insight into cellular and organismal osmoreg-
ulation. The genome of the yeast Saccharomyces cerevisiae en-
codes two similar but differentially regulated aquaporins. Here, we
show that expression of AQY1 is stimulated during sporulation and
that the Aqy1 protein is detectable exclusively in spore mem-
branes. When spores are rapidly frozen, those that lack Aqy1
survive better, providing for a functional test of active spore water
channels. Under ambient conditions, lack of Aqy1 reduces spore
fitness. Because this reduction is independent from germination
conditions, Aqy1 may be important during spore formation rather
than subsequent maintenance or germination. Indeed, it seems
that Aqy1 is degraded after spores have been formed and during
germination. Taken together, Aqy1 is developmentally controlled
and may play a role in spore maturation, probably by allowing
water outflow. Taken together, we demonstrate a functional role
of an aquaporin in gametogenesis, as well as in the formation of
durable structures such as spores, a role that may have wider
biological and medical implications.

aquaporins | gametogenesis | gene expression | water
transport | development

Aquaporins mediate the transport of water across biological
membranes with high velocity and specificity (1). Members
of this ancient protein family occur in all organisms, and each
species of higher animals and plants expresses numerous differ-
ent aquaporins (2, 3). This result suggests that aquaporins fulfill
different fundamental physiological roles at the cellular or
organismal level. For instance, mammalian AQP1 and AQP2
play critical roles in water resorption in the kidney (4), and AQP4
is a crucial aquaporin of the brain-blood barrier (5). Bacterial
glycerol facilitators are needed for uptake of glycerol as a
nutrient (6), and a yeast aquaglyceroporin controls the intracel-
lular level of the osmolyte glycerol in osmoregulation (7).
However, for the majority of the aquaporins, the precise phys-
iological roles remain to be established, and their elucidation
promises amazing insight into the mechanisms with which cells
and organisms control their relationship to water.

The yeast Saccharomyces cerevisiae is a widely used and
powerful model system in molecular cell biology. Its genome
encodes two aquaporins and two aquaglyceroporins (8). The
aquaporins Aqyl and Aqy2 are 88% identical (excluding the
short C terminus) (9-11). However, these proteins seem to be
expressed under different conditions: whereas expression of the
AQY?2 gene and its product Aqy2 have been observed only in
proliferating cells, AQY7 is expressed in resting cells and in
particular during sporulation (12, 13). Different phenotypes for
vegetative cells lacking these aquaporins have been reported,
such as a growth advantage upon repeated cycles of high and low
osmolarity (9, 11), as well as an impaired tolerance to repeated
cycles of rapid freezing and thawing (14).

Yeast sporulation is a complex developmental process tightly
coupled to meiosis. It resembles in many respects gametogenesis
in higher organisms (12, 15). Sporulation results in formation of
an ascus with four haploid spores. Spores are highly resistant to
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harsh environmental conditions, and they are surrounded by a
specialized wall, the ascospore wall. Spores display a reduced
water content and low metabolic activity (15). Sporulation is
triggered by nitrogen starvation on poor carbon sources such as
acetate. Spore germination is stimulated in the presence of a rich
carbon source. The process of meiosis and sporulation has been
studied by time course global gene expression analysis (12, 16)
as well as different genetic screens, including large-scale analysis
of knockout mutants (17, 18).

Here we show that Aqyl is a spore-specific aquaporin. The
protein seems to be poorly or not at all expressed in vegetative
cells, but it becomes abundantly expressed late during spore
formation. Mutants lacking AQY7 show reduced spore fitness.

Materials and Methods

Growth Condition. Yeast cells were grown in YPD (yeast extract/
peptone/dextrose) medium or in YNB (yeast nitrogen base)
lacking histidine (19). G418 resistance was tested on YPD
containing 200 mg/liter geneticin. For sporulation, cells were
pregrown in YPD to ODgigp nm of 0.6 or 1.0, harvested by
centrifugation, washed, resuspended in 1% KAc, and incubated
at 25°C. For germination, an aliquot of the sporulation culture
was harvested by centrifugation, and spores were prepared (see
below) and spread on YPD plates.

Strain Constructions. Yeast strains used in this study were isogenic
to SK1 (12) (MATa or MATa or MATa/MATa ho::hisG ura3 lys2
leu2::hisG trp1 AFA his3), which was kindly provided by L. Huang
(University of Massachusetts, Boston). For some initial exper-
iments, we used strains isogenic to 21278b provided by G. R.
Fink (20). AQYT was deleted in SK1 by PCR with YDp-H (21)
as template for the HIS3 gene and primers P1 and P2 (Table 1).
Correct gene deletion was confirmed by PCR on genomic DNA
by using primers P3/P4 and P5/P4. The gene for the green
fluorescent protein (GFP) was integrated at the C terminus of
AQYI. For this purpose, the yEGFP3-KanMX cassette from
pUG30 was amplified by using primers P6/P7 and transformed
into yeast. Correct integration was confirmed by PCR by using
primers P3/P8 and by sequencing on both strands. Wild-type
SK1 was converted to HIS3 by using the HIS3 gene amplified
from strain YSH4 with primers P12/P13. The PCR product was
transformed into SK1, and transformants were selected on His™
plates and checked by tetrad analysis.

Northern Blot Analysis. Total RNA was isolated, separated by
electrophoresis, and hybridized as described (21). Probes were
prepared by PCR from genomic DNA by using primers P3/P9
(AQYI) and P10/P11 (I8S) and labeled with 17 pmol
[@-*?P]dCTP, 3,000 Ci/mmol (1 Ci = 37 GBq). Signals were
detected by using a Bio-Rad FX PhosphorImager. The 18§
ribosomal RNA served to normalize transcript levels.

This paper was submitted directly (Track ) to the PNAS office.
Abbreviations: YPD, yeast extract/peptone/dextrose; ER, endoplasmic reticulum.
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Table 1. Oligonucleotides used

Oligonucleotide Sequence Effect

P1 GGTGCTGTCTGTCAATACGGCACATAAAGTAACATGTAATTAACTATAACCAGTGAATTCCCGGGGATCC Replacement
AQYT1::HIS3

P2 CGAGTATTATAACATTAAGTGCTAGTGAGCGAGAAATAAAGAAAAGGAGGTGACCATGATTACGCCAAGC Replacement
AQY1:HIS3

P3 GAACGATACCGACAAGCAAC Confirming deletion

P4 ATAAACTGGGCACACCAAG Confirming deletion

P5 GAGAGTGCGTTCAAGGCTCTTGCG Confirming HIS
presence

P6 TCGCTCACTAGCACTTAATGTTATAATATTCGGCAAAAACTCTAAAGGTGAAGAATTATTCACTG Insertion GFP

P7 AGGGATATTAAAAACACTAATTACCTCAGTAGTATGGATGGCATAGGCCACTAGTGGATCTG Insertion GFP

P8 GGCGTGAATGTAAGCGTGACAT Confirming GFP

P9 ACATTAAGTGCTAGTGAGCG Confirming insertion

P10 CTATCAACTTTCGATGGTAGG Probe 18S

P11 TATGGTTAAGACTACGACGGT Probe 18S

P12 TTTGAACACGGCATTAGTCAG Amplification of HIS3

P13 CTCGTTCAGAATGACACGTATAG Amplification of HIS3

Underlined residues match plasmid sequence.

Protein Extraction and Subcellular Fractionation. Cells were chilled
in ice-cold water, harvested by centrifugation, and washed in cell
wash buffer (10 mM Tris-HCI, pH 7.5/0.5 mM sucrose/2.5 mM
EDTA). Proteins were extracted, and plasma membranes were
prepared as described (22). For fractionation of cell membranes,
protein pellets were resuspended in lysis buffer (0.8 M sorbi-
tol/10 mM Mops, pH 7.2/2 mM Na,EDTA /mixture of protease
inhibitors), broken with glass beads in a FastPrep (9 cycles of 20 s
at full speed), and cellular debris was removed by two rounds of
centrifugations (5 min at 1,600 X g). Protein extracts were
fractionated on a 12-60% sucrose step gradient as described by
Egner et al. (23).

Western Blot Analysis. Ten micrograms of total protein was
incubated at 65°C for 10 min, loaded on a 12.5% SDS-
polyacrylamide gel, and blotted on poly(vinylidene difluoride)
(PVDF) membranes (Hybond-P, Amersham Pharmacia). The
anti-GFP antibody was used at a 1/2,000 dilution (mixture of two
mouse monoclonal anti-GFP antisera, Roche). Sucrose gradient
fractions were denaturated at 40°C for 20 min and separated as
above. Primary antibodies were rabbit anti-Pmal (plasma mem-
brane proton ATPase) antisera, 1/2,000, as a marker for plasma
membrane [kindly provided by P. Ljungdahl (Ludwig Institute
for Cancer Research, Stockholm), originally from A. Chang
(University of Michigan, Ann Arbor)]; and a mouse anti-Dpm1
(dolichol phosphate mannose synthase) antisera, 1/1,000, as a
marker for the endoplasmic reticulum (from Molecular Probes).
The secondary antibodies (Sigma) coupled to horseradish per-
oxidase were applied in 1/5,000, 1/2,000 and 1/2,000 dilutions.
Signals were visualized with the ECL plus substrate kit (Amer-
sham Pharmacia) and the FUJIFILM LAS-1000 camera.

Random Spores Analysis. Spores were prepared (19), incubated
twice for 2 h at 30°C with 1,000 units of lyticase (Sigma) and 0.1%
Tween 100, and checked microscopically. Spores were counted
in a hemocytometer, and 100 spores were streaked per plate. For
slow freezing experiments, aliquots were stored for 2 h in a
—20°C freezer, thawed for 10 min in a 30°C water bath, and
plated. For rapid freezing, aliquots were kept for 30 min in a
—20°C ethanol bath or for 20 min in liquid nitrogen. Three
aliquots were plated for each experiment, and experiments were
repeated several times.

Microscopy. Phase-contrast and fluorescence microscopy was
performed with a Leica DM-RXA microscope with epifluores-
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cence illumination coupled to a Leica computer system for image
integration (LEICA FW4000 program). DAPI staining was per-
formed as described (24). All experiments were done at least in
triplicate.

Results

Aqy1 Is Conserved in Yeasts. Recently, genome sequences from
seven Saccharomyces species have been determined (25, 26). All
contain AQY1 homologs in positions syntenic to AQYI from S.
cerevisiae. Although Aqyl from most laboratory strains is inac-
tivated by mutations in two critical residues, V121M and P255T
(9), Aqyl from all newly sequenced Saccharomyces species has
the conserved V121 and P255. The same is true for aquaporins
from five additional, more distantly related yeasts. Because all
these proteins contain the sequence elements known to be
important for aquaporin function, it seems that yeasts generally
possess a potentially active Aqyl and that laboratory S. cerevisiae
strains are an exception.

The C terminus of S. cerevisiae Aqyl showed strain-dependent
polymorphism (9, 10). It seems that Aqyl from all seven
sequenced Saccharomyces species has a short C terminus. Hence,
the longer version of the C terminus found in active Aqyl from
S. cerevisiae strain %1278 may be due to a mutation. The
extended C terminus in Aqyl 21278 caused reduced expression
of the protein in Xenopus oocytes (10). Taken together, it seems
that genuine yeast Aqyl has the conserved V121 and P255 and
a variable, commonly short C terminus.

Expression of AQY1 Is Stimulated in Sporulating Cells. Global ex-
pression analysis of the yeast sporulation gene expression pro-
gram indicated that AQY7 expression is stimulated in sporulating
diploid cells within the “Early II Phase” (12, 16) or “Expression
Cluster 4” (16). We tested expression of AQY] and AQY2 in a
diploid 31278 strain shifted to sporulation medium. Expression
of AQY2 remained undetectable throughout the experiment.
AQYI was expressed at a low level during the first 6 h and then
increased gradually to reach a maximum ~13 h after the shift
(not shown). Hence, expression of AQY1 is indeed stimulated in
sporulating cells.

Strain SK1 sporulates faster, synchronously, and with high
efficiency and therefore is commonly used for studies of meiosis
and sporulation. PCR amplification and diagnostic restriction
analysis (10), as well as sequence analysis, revealed that SK1
contains the same (functional) AQY7 allele as %1278. We grew
SK1 in complete YPD medium to an ODgj9 nm 0of 0.6 or 1.0 and
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Fig. 1. Aqy1 is expressed in sporulating cells. (A) Northern blot analysis. Cells of a diploid wild-type SK1 were shifted to KAc sporulation medium, and samples
were taken at different time points. 78S RNA served as loading controls. (B) Western blot analysis using an anti-GFP antibody shows expression of a 59-kDa
Aqy1-GFP fusion protein in spores. (C) Time-course Western blot analysis of Aqy1-GFP using an anti-GFP antibody from the same culture as in A. The appearance
of asci was monitored microscopically and coincided with that of Aqy1-GFP. (D) Western blot analysis of Aqy1-GFP in a batch culture growing in YPD. SK1 cells
start sporulating when glucose is exhausted. The appearance of asci was monitored microscopically and coincided with that of Aqy1-GFP.

shifted cells to KAc sporulation medium. During the first 6 h,
AQY1I was expressed at a low level (Fig. 14 and data not shown).
Approximately 8 h after the shift, the mRNA level for AQY1
increased strongly. This time point coincided with the appear-
ance of asci.

To correlate gene with protein expression, we fused AQY1 to
the coding sequence of GFP. This fusion is functional because
cells expressing Aqy1-GFP behaved like wild type in phenotypic
tests reported below. The fusion protein was detected at the
expected size of 59 kDa (32 kDa for Aqyl plus 27 kDa for GFP;
Fig. 1B). We could not detect Aqyl-GFP in vegetative cells, in
accordance with previous findings using an anti-Aqy1 antibody
(27). Aqy1-GFP was also undetectable during the first 10 h after
shift to sporulation medium, but, once asci were visible, the
protein rapidly accumulated (Fig. 1C).

We also tested Aqyl-GFP expression in an SKI1 culture
growing on YPD. In contrast to most strains, SK1 sporulates
even in YPD medium when proliferation ceases. Aqyl-GFP was
undetectable until cells ceased proliferation. Expression of the
fusion protein again coincided with the appearance of asci (Fig.
1D). The weak signal at time 0 h is due to some asci transferred
from the preculture.

Aqy1 Is Expressed in Spores. When sporulation was monitored
microscopically, Aqyl-GFP was not detectable in vegetative or
sporulating cells. Aqyl-GFP was visible only in asci that had
clearly distinguishable spores (Fig. 24). Moreover, only two of
the four spores in each tetrad showed clear Aqyl-GFP expres-
sion. Note that the AQY1/AQY1-GFP diploid is heterozygous for
Aqyl-GFP. DAPI staining confirmed that all four spores had
developed normally and contained a nucleus (Fig. 2B). Hence,
expression of Aqyl-GFP seems to occur after the spore genomes
were physically separated from each other.

Aqy1-GFP decorated the spore surface as well as an intracel-
lular ring. DAPI staining detecting nuclear DNA revealed that
the ring surrounds the nucleus (Fig. 2B) and hence likely
represents the endoplasmic reticulum (ER). To confirm ER and
plasma membrane localization of Aqyl-GFP, we performed
membrane fractionation and Western blot analysis with marker
proteins for ER (Dpm1, dolichol phosphate mannose synthase)
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and the plasma membrane (Pmal, plasma membrane proton
ATPase). Indeed, it seems that Aqyl-GFP is localized both to
the ER and to the plasma membrane (Fig. 2C). A similar
localization was previously observed for yeast Aqy2 (11) (un-
published data).

AQY1 Deletion Confers Resistance to Rapid Freezing. We prepared
young spores from the homozygous wild type (40Y1/AQYTI), the
homozygous deletion mutant (aqylA::HIS3/aqylA::HIS3) and the

A

GFP PC

C 1 2 3 4 5 6 7
Anti-GFP

Anti-Pma1
(PM)

(ER)

Fig.2. Aqy1-GFP localizes to spore membranes and is expressed in only two
spores of a heterozygous diploid. (A) Detection of the GFP signal in living asci.
(B) Comparison of asci in phase contrast (PC), detection of GFP and nuclear
DNA (DAPI). (C) Western blot analysis of sucrose gradient fractions. Pma1
(plasma membrane proton ATPase) serves as marker for the plasma mem-
brane (PM) and Dpm1 (dolichol phosphate mannose synthase) for the endo-
plasmic reticulum (ER). Top fraction 11 is at 12% sucrose, and bottom fraction
1is at 60% sucrose.
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Fig. 3. Spores of deletion mutants of AQY7 better survive rapid freezing in
liquid nitrogen. Spores were prepared from AQY1/AQY1 wild type,
AQYT1/aqy1A::HIS3 heterozygous diploids, and aqy1A::HIS3/aqy1A::HIS3 ho-
mozygous mutants, frozen, and thawed for six cycles. Numbers indicate the
proportion of aqy1A::HIS3 spores from AQY1/aqy1A::HIS3 heterozygous dip-
loids that produced colonies. Numbers >50% indicate that such spores have
a survival advantage.

heterozygous diploids (AQY1/aqylA::HIS3), exposed those to a
range of different harsh treatments, and subsequently tested their
ability to give rise to colonies of vegetative cells. When spores were
rapidly frozen in liquid nitrogen (Fig. 3), or lyophilized (not shown),
deletion of AQYI conferred a dramatic increase in survival. Al-
though almost no spores from wild-type diploid were detected after
four rounds of freezing/thawing, ~25% of the spores of the
homozygous aqylA::HIS3 /aqyl A::HIS3 mutant remained compe-
tent to form colonies even after six rounds. This effect is not due
to the presence of the HIS3 gene in the aqylA::HIS3 mutant
because two isogenic AQY1 wild-type cells, one being his3~ and the
other HIS3*, showed the same poor spore viability at rapid freezing
(data not shown). Heterozygous AQY1/aqylA::HIS3 attained an
intermediate level, which was, however, consistently lower than that
expected from the mathematical average of wild-type and homozy-
gous aqylA::his3 diploids. Also, the relative proportion of
aqylA::HIS3 spores able to form colonies in heterozygous diploids
was lower than expected. This result may be due to the lower spore
fitness of agyl A::HIS3 spores (see further). This test provides for a
clear phenotype in agylA spores and hence a suitable assay system.

aqy1A::HIS3 Spores Show Reduced Fitness. To test whether Aqyl
performs functionally important roles, the three diploids were
sporulated. We did not observe a difference between the three
strains in their efficiency to produce asci. Spores were prepared,
and equal numbers were plated on different media for germi-
nation. On average, the homozygous aqylA::HIS3 /aqylA::HIS3
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YPD
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Fig. 4. Deletion of AQY7 reduces spore fitness. Spores were prepared from
AQY1/AQY1 wild type, AQYT/aqyTA::HIS3 heterozygous diploids, and
aqy1A::HIS3/aqy1A::HIS3 homozygous mutants, and 100 spores per plate
were allowed to germinate under normal and different osmotic stress condi-
tions. The y axis represents the number of colonies per plate, and the standard
deviation is based on three plates per sample and at least three independent
experiments.

diploid produced 38% (between 20% and 50%) fewer viable
spores, and heterozygous AQY1/aqylA::HIS3 diploid produced
on average 18% fewer viable spores than wild type (Fig. 4). A
reduction was observed under standard as well as under different
osmotic stress conditions, suggesting that reduced fitness is due
to events that occur before germination. Consistent with this
notion, we did not observe a significant difference between
wild-type and aqyl A mutant spores with respect to the time point
when colonies appeared on germination plates or in colony size.
We also did not observe a significant difference in the lag phase
of cultures when germination was allowed in liquid culture (not
shown). Reduced fitness of agylA::HIS3 spores was also ob-
served when spores underwent repeated cycles of slow freezing
(not shown).

Fate of Aqy1p During Spore Maintenance and Germination. Because
it seemed that Aqy1 plays a role during sporulation but probably
not during germination, we followed Aqy1-GFP once spores had
been formed. After ~10 days in sporulation medium, it seemed
that the ER and plasma membrane pool of Aqyl-GFP dimin-
ished and a bright spot appeared that grew with time (Fig. 54).
This is likely a degradation product. Hence, there seems to be
turnover of Aqyl-GFP in spores. In Western blot analysis (data
not shown), we observed that a band corresponding to free GFP

8h

Fig.5. Aqy1-GFP turnover after sporulation and in germinating cells. (A) Aqy1-GFP seems to be degraded during spore maintenance. Pictures were taken from
asci that had been kept on sporulation medium for 10 days. (B) Aqy1-GFP rapidly disappears from membranes upon germination. Fresh asci were transferred
to YPD medium to allow germination, and GFP was monitored for 8 h. Arrows indicate green spots likely to represent a deposit of free GFP.
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(27 kDa) appeared 12-18 h after the Aqyl-GFP band became
visible, indicating that Aqyl turnover starts soon after sporula-
tion has been completed.

We then monitored Aqy1-GFP in young spores shifted to YPD
for germination. Within ~8 h, when cells started to germinate,
Aqyl-GFP disappeared from the plasma membrane and ER, and
a bright spot of GFP deposit appeared (Fig. 5B). Taken together,
it seems that Aqyl is degraded during spore maintenance and in
germinating cells.

Discussion

Aqy1 Is a Yeast Spore Aquaporin. Although the mRNA of AQY1 is
detectable at a low level in slowly growing or resting yeast cells (this
work and ref. 13), we could not detect the Aqyl-GFP protein in
vegetative cells (this work and ref. 9). This finding raises the
question of how previously reported phenotypes for an AQY7
deletion mutant [increased tolerance to osmotic cycles and reduced
freeze tolerance (9, 14)] can be explained. Aqyl might be produced
at very low levels in vegetative cells (9), and possibly the difference
between such low levels and complete absence accounts for the
observed effects. However, massively increased Aqyl expression
during sporulation suggests a specific role under these conditions.

It has previously been reported that expression of AQY7 is
stimulated in sporulating diploid cells within the early II phase (12)
or expression cluster 4 (16). Other genes expressed during these
stages encode functions in meiotic chromosome pairing and re-
combination. These events occur before the first meiotic division
and hence well before separation of the haploid genomes (15).
From our data, it seems that expression of Aqy1 coincided with the
appearance of asci, indicating that Aqyl rather classifies as a late
protein within the meiosis and sporulation program. In particular,
it seems that the haploid genome expressing AQYI-GFP cannot
serve as source for significant levels of Aqy1-GFP in another spore
of the same ascus. This finding suggests that Aqy1 is produced only
after the nuclear lobes with the four haploid genomes have been
separated from each other by cytoplasmic barriers that prevent
passage of newly synthesized mRNA, i.e., after meiosis II (28). It
should be noted, however, that agylA spores from heterozygous
diploids behaved in functional tests intermediate to wild-type
spores and agylA spores from homozygous agylA/aqylA diploids.
This finding indicates that small amounts of Aqy1 protein might be
produced before complete spore separation and hence be present
in aqyIA spores from heterozygous diploids.

These data also indicate some discrepancy between the gene and
protein expression pattern: although the AQY7 mRNA is detectable
in slowly growing or resting vegetative cells, the protein level seems
to be increased only in spores. Hence, it is possible that Aqyl
expression is also controlled posttranscriptionally.

Possible Roles of Aqy1 in Spore Formation. After meiosis, the four
haploid genomes are located within four nuclear lobes with one
spindle pole body each. The spindle poles serve as starting point
for formation of plaques, which differentiate to the prospore
wall, eventually separating the four spores (15). The spore wall
consists of two inner layers of primarily glucan, a third layer
consisting almost completely of chitosan and an outer protein-
aeous layer rich in dityrosine. The two outer layers confer the
characteristic resistance of spores against environmental stress
(29-32). Hence, the spore wall is quite distinct from that of
vegetative cells and likely is much less flexible.

Spores accumulate large amounts of trehalose as well as other

1. Hohmann, S., Agre, P. & Nielsen, S. (2001) in Current Topics in Membranes,
eds. Benos, D. J. & Simon, S. A. (Academic, San Diego), Vol. 51, pp. 390.

2. Borgnia, M., Nielsen, S., Engel, A. & Agre, P. (1999) Annu. Rev. Biochem. 68,
425-458.

3. Johanson, U., Karlsson, M., Johansson, I., Gustavsson, S., Sjovall, S., Fraysse,
L., Weig, A. R. & Kjellbom, P. (2001) Plant Physiol. 126, 1358-1369.
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material, resulting in a relative dry weight about twice as large as
that of vegetative cells. Hence, the relative water content of spores
is lower than that of vegetative cells (33). The accumulated com-
ponents generate an inward-directed force for water, likely leading
to an increased turgor pressure counteracted by the spore wall.
Aqgy1 may be important to facilitate the efflux of water out of spores
against its concentration gradient. The driving force for water efflux
is likely turgor pressure mediated by the spore wall. According to
this scenario, Aqy1 would serve as a valve to release excess pressure.
Inability to release excess pressure at this stage of spore maturation
may damage the spore surface and result in reduced spore viability,
as we observed for the mutants lacking Aqyl. Apart from release
of excess turgor pressure, a reduced spore water content may
contribute to diminishing metabolic activity and establishment of
spore dormancy.

Upon spore germination, water may be driven into spores
passively, supported by hydrolysis of trehalose to glucose (34).
Pressure is then probably diminished by the simultaneous degra-
dation of the spore wall, releasing the new vegetative cell. How the
newly developing cell controls volume and turgor and whether Aqy2
plays a role is an interesting question for future studies. The role of
Aqyl, however, seems to be restricted to the stages of spore
formation/maturation, because our data suggest that bulk Aqy1 is
degraded during spore maintenance and germination, and we did
not observe effects of deletion of AQYI on spore germination.
However, we cannot exclude at this point that some Aqyl is present
during germination and performs some function.

Most commonly used laboratory strains do not possess active
Aqy1 but show spore viability close to 100%. This result may be
due to compensatory suppressor mutations that arose during
“evolution” in the laboratory, where high spore viability is an
important criterion for strain selection. Why the aquaporins are
mutated in laboratory strains remains unclear. Rapid freezing of
spores, which favors survival of mutants lacking Aqyl, does not
seem to be a common procedure. Perhaps moderate expression
of Aqyl during vegetative growth generates a weak selective
disadvantage under laboratory conditions.

Implications. It has been suggested that mammalian AQP7 and
AQPS, which are expressed in testis and sperm, could play a role
in facilitating water efflux in the cytoplasmic condensation that
occurs in developing sperm (35). This physiological function
could therefore be analogous to that of yeast Aqyl.

The involvement of Aqyl in sporulation provides for interesting
implications of aquaporins in the generation of spores and pollen.
These structures have in common reduced relative water content,
the ability to survive harsh conditions and remain viable for long
periods. Involvement of aquaporins in spore fitness in Dictyostelium
has been documented (36, 37). In plants, where aquaporins are
particularly abundant, their involvement has not yet been reported
in pollen development but rather in pollen germination upon
contact with the stigma (38). It will also be of interest to investigate
whether aquaporins are involved in spore formation of pathogenic
bacteria, because they might serve as target for drugs controlling
spreading and infection.
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