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We have performed the isolation, functional characteriza-
tion, and expression analysis of aquaporins in roots and
leaves of Helianthemum almeriense, in order to evaluate
their roles in tolerance to water deficit. Five cDNAs, named
HaPIPI1;1, HaPIP1;2, HaPIP2;1, HaPIP2;2, and HaTIPI;1,
were isolated from H. almeriense. A phylogenetic analysis
of deduced proteins confirmed that they belong to the water
channel proteins family. The HaPIP1;1, HaPIP2;1, and
HaTIPI;1 genes encode functional water channel proteins,
as indicated by expression assays in Saccharomyces cere-
visiae, showing divergent roles in the transport of water,
CO,, and NH;. The expression patterns of the genes iso-
lated from H. almeriense and of a previously described
gene from Terfezia claveryi (TcAQPI) were analyzed in my-
corrhizal and nonmycorrhizal plants cultivated under well-
watered or drought-stress conditions. Some of the studied
aquaporins were subjected to fine-tuned expression only
under drought-stress conditions. A beneficial effect on
plant physiological parameters was observed in mycorrhi-
zal plants with respect to nonmycorrhizal ones. Moreover,
stress induced a change in the mycorrhizal type formed,
which was more intracellular under drought stress. The
combination of a high intracellular colonization, together
with the fine-tuned expression of aquaporins could result
in a morphophysiological adaptation of this symbiosis to
drought conditions.

Terfezia claveryi Chatin is a desert truffle that establishes
ectendomycorrhizal symbiosis with species of the genus Heli-
anthemum (Morte et al. 2008). T. claveryi has become an alter-
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native agricultural crop in semiarid areas because of the low
water input required for its cultivation (Morte et al. 2009). Al-
though the association is well adapted to semiarid climates
(Morte et al. 2000, 2010; Navarro-Rddenas et al. 2011), the
fungus requires localized outbreaks of rain to develop and
fructify (Honrubia et al. 2007; Navarro-Rddenas et al. 2011).
In a recent 10-year cultivation trial, carpophores fructified
yearly and production increased in time because of suitable
land management techniques and irrigation (Morte et al. 2008,
2009). In contrast, in conditions of overwatering, plants do not
lose their leaves in summer and truffle harvesting does not occur
(Morte et al. 2010). These phenomena do not occur in natural
populations or in plantations under dry conditions, which re-
ceive only deficit irrigation. Thus, proper irrigation scheduling
is one of the most important factors for maintaining successful
cultivation (Morte et al. 2008). To this aim, it is necessary to
know which mechanisms are involved in tolerance to drought
in the mycorrhizal (M) symbiosis Helianthemum almeriense/
T. claveryi, and how water supply might affect these mecha-
nisms.

Although water stress favors growth and fructification of the
desert truffle, the symbiotic association also mitigates the
negative effects of drought stress on the plant partner. Morte
and associates (2000) showed that, under nursery conditions,
this mitigation could be attributed to higher chlorophyll con-
tent and nutritional status in M than in nonmycorrhizal (NM)
H. almeriense plants. The same authors also observed an
increase of plant hydraulic conductance in M plants, which
was more evident under drought-stress conditions. Similar re-
sults have been recently observed in the H. sessiliflorum/T.
boudieri mycorrhiza, where the enhanced ability of M plants
to survive in the harsh desert conditions was attributed to their
higher CO, assimilation rates and water use efficiency which,
in turn, are controlled by modification of hydraulic conduct-
ances (Turgeman et al. 2011).

In roots, the radial transport of water is a combination of
three pathways (apoplastic, symplastic, and transcellular). The
relative contribution of these pathways is modulated by envi-
ronmental factors such as drought stress (Steudle 2000). How-
ever, water has to pass, at least at certain points (exo- and endo-
dermal barriers), the plasma membrane before entering the
vascular system (Sanchez-Diaz and Aguirreolea 2008b). In this
sense, the discovery of aquaporins (AQP) in plants caused a



significant change in the understanding of plant water relations.
AQP are water-channel proteins that facilitate and regulate the
passive movement of water and other small polar molecules
(Zardoya 2005). Plant AQP are subdivided into five groups
based on their amino acid sequence homology: plasma mem-
brane intrinsic proteins (PIP), tonoplast intrinsic proteins
(TTIP), nodulin-like intrinsic proteins, small and basic intrinsic
proteins, and unrecognized intrinsic proteins (XIP), the group
most recently described (Danielson and Johanson 2008; Park
et al. 2010; Sade et al. 2009).

Several studies have focused on the role of mycorrhizae in
protection against drought stress, demonstrating that symbiosis
often results in altered rates of water movement into, through,
and out of the host plants, with consequences for tissue hydra-
tion and plant physiology (Augé 2001; Marjanovi¢ et al.
2005a,b; Morte et al. 2000; Ruiz-Lozano 2003). In some cases,
the effects of M symbiosis on plant water relations have been
attributed to alteration of plant AQP gene expression (Aroca et
al. 2007; Ouziad et al. 2006; Porcel et al. 2006; Ruiz-Lozano
and Aroca 2008; Ruiz-Lozano et al. 2006). Furthermore, up-
regulation of plant AQP that could be involved in water, glyc-
erol, and ammonia exchange processes between symbionts has
been described in arbuscular mycorrhiza (Giovannetti et al.
2012; Uehlein et al. 2007). However, although it is well known
that M mycelium transports water from the soil to the roots
(Duddridge et al. 1980; Marulanda et al. 2003; Ruiz-Lozano
and Azcon 1995), only three reports have targeted AQP of M
fungi and their functions (Aroca et al. 2009; Dietz et al. 2011,
Navarro-Rédenas et al. 2012b). Considering the H. alme-
rienselT. claveryi symbiosis, an AQP gene from the fungus
(TcAQP1) has been previously identified and characterized as
being able to increase water and CO, conductivity and to
promote drought tolerance of the mycelium grown in vitro
(Navarro-Rdédenas et al. 2012b), whereas no AQP of the plant
partner have been described up to now.
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Fig. 1. Phylogenetic comparison of the five different major intrinsic pro-
teins (MIP) from Helianthemum almeriense (Ha) pointed and the complete
set of 35 and 33 MIP from Arabidopsis thaliana (At) and Zea mays (Zm),
respectively, and two unrecognized intrinsic proteins (XIP) from Gossyp-
ium hirsutum (Gh) and Solanum lycopersicum (S1). Deduced amino acid
sequences were aligned using Mega 4 and the phylogenetic tree was gen-
erated using the neighbor-joining tree (1,000 resampling) method. NIP =
nodulin-like intrinsic protein, PIP = plasma membrane intrinsic protein,
SIP = small and basic intrinsic protein, and TIP = tonoplast intrinsic pro-
tein. AtNIPI;1 (NP_567572.1), AtNIP1;2 (NP_193626.1), AtNIP2;1
(Q8W037.2), AINIP3;1 (Q9C6T0.2), AtNIP4;1 (NP_198597.1), AtNIP4;2
(NP_198598.1), AtNIPS5;1 (NP_192776.1), AtNIP6;1 (NP_178191.1),
ANIP7;1 (NP_566271.1), AtPIP1;1 (NP_001078323.1), AtPIP1;2 (NP_
001078066.1), AtPIP1;3 (NP_171668.1), AtPIP1;4 (NP_567178.1),
AtPIP1;5 (NP_194071.1), AtPIP2;1 (NP_190910.1), AtPIP2;2 (NP_
181254.1), AtPIP2;3 (NP_181255.1), AtPIP2;4 (NP_200874.1), AtPIP2;5
(NP_191042.1), AtPIP2;6 (NP_181434.1), AtPIP2;7 (NP_195236.1);
AtPIP2;8 (NP_179277.1), AtSIP1;1 (NP_187059.1), AtSIP1;2 (NP_
197330.1), AtSIP2;1 (NP_191254.1), AtTIP1;1(NP_181221.1), AtTIP1;2
(NP_189283.1), AtTIP1;3 (NP_192056.1), AtTIP2;1 (NP_188245.1),
AtTIP2;2 (NP_193465.1), AtTIP2;3 (NP_199556.1); AtTIP3;1 (NP_
177462.1), AtTIP3;2 (NP_173223.1), AtTIP4;1 (NP_180152.1), AtTIPS;1
(NP_190328.1), GhXIP1;1 (ADE34299.1), SIXTP (BT014197.1), ZmNIP1;1
(AAK26750.1), ZmNIP2;1 (AAK26751.1), ZmNIP2;2 (AAK26752.1),
ZmNIP3;1  (AAK26753.1), ZmPIP1;1 (CAAS57955.1), ZmPIP1;2
(AAD29676.1), ZmPIP1;3 (AAK26754.1), ZmPIP1;4 (AAK26755.1),
ZmPIP1;5 (AAK26756.1), ZmPIP1;6 (AAK26757.1), ZmPIP2;1
(AAK26758.1), ZmPIP2;2 (AAK26759.1), ZmPIP2;3 (AAK26760.1),
ZmPIP2;4  (AAK26761.1), ZmPIP2;5 (AAD28761.1), ZmPIP2;6
(AAK26762.1), ZmPIP2;7 (AAK26763.1), ZmSIP1;1 (AAK26764.1),
ZmSIP1;2  (AAK26765.1), ZmSIP2;1 (AAK26766.1), ZmTIP1;1
(AAC09245.1), ZmTIP1;2 (AAK26767.1), ZmTIP2;1 (AAK26768.1),
ZmTIP2;2 (AAK26769.1), ZmTIP2;3 (AAK26770.1).

Thus, the main objective of the present study was to identify
and functionally characterize H. almeriense AQP and to ana-
lyze the expression of these genes and of the fungal AQP
TcAQP1 in M plants, under different water supply conditions,
with the aim of understanding whether they are involved in
adaptation to drought of the two symbionts.

RESULTS

Cloning of H. almeriense AQP.

Three different cDNA bands of approximately 450, 600, and
350 bp were isolated with TIP-sense/antisense (S/AS), PIP-
S/AS, and PIP-forward/reverse (for/rev) degenerated primers,
respectively. Sequencing revealed that the encoded amino acid
sequences displayed high (>80%) identity with those of plant
AQP. Five sequences were cloned; based on homology analysis,
two different 600-bp clones showed high similarity to PIP1
genes while two 350-bp clones presented high similarity to PIP2
genes. The 450-bp clone showed homology with the TIP group.

Phylogenetic analysis confirmed that four of the isolated
sequences are plasma membrane proteins: HaPIP1;1 and
HaPIP1;2 cluster with the PIP1 subfamily while HaPIP2;1 and
HaPIP2;2 cluster with the PIP2 subfamily. The other protein
(HaTIP1;1) belongs to the TIP1 group of the TIP subfamily
(Fig. 1). Thus, a proposed nomenclature for H. almeriense major
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intrinsic proteins (MIP) was established according to their re-
lated Arabidopsis proteins (Johanson et al. 2001).

The HaPIPI;1 cDNA sequence (GenBank accession number
JF491349) encodes a protein of 290 amino acids, with an ex-
pected molecular weight of 31.1 kDa, that has 96% identity with
GhPIP1;7 of Gossypium hirsutum (DAA33861.1; e = 9e-149).
The HaPIPI;2 cDNA sequence (GenBank accession number

HaPIP2;1
AtPIP2;7
HaPIP2;2

HaPIPl;1 MEGKEEDVRLGANKYSERQPLGTAAQSQDDN
———————— RLGANKYSERQPLGTAAQTQDE-
AtPIP1;3 MEGKEEDVRVGANKFPERQPIGTSAQT----

HaPIP1;2

JF491350), which is incomplete at its 5" end, has 92% identity
with GhPIP1;1 of G. hirsutum (ABK60194.1; e = 4e-109).
HaPIP2;1 cDNA (GenBank accession number JF491351)
encodes a predicted protein of 279 amino acids, with an
expected molecular weight of 29.8 kDa, that has 89% identity
with VVvPIP2;2 of Vitis vinifera (ABN14351.1; e = le-142),
while HaPIP2;2 cDNA sequence (GenBank accession number

41
42
41
60
51

; A 56
MPIRNIAVGGPSEATHPD : 25

HaTIP1;1
AtTIP1;1 MPIRNIAIGRPDEATRPDALKARLA 25
HaPIP2;1 98
AtPIDP2;7 99
HaPIP2;2 101
HaPIP1;1 117
HaPIP1;2 108
AtPIP1;3 113
HaTIP1;1 84
AtTIP1;1 84
HaPIP2;1 157
AtPIP2,;7 158
HaPIP2;2 159
HaPIP1;1 177
HaPIP1;2 168
AtPIP1;3 - P 172
HaTIP1;1 R IL!WIAQLLGSTVACLLLK—:hﬂ G----QTTSAFALSSGV 139
AtTIP1;1 1 IL!HIAQLLGSVVACLILK-;HH G----LAVPAFGLSAGV 139
HS5 LE1
HaPIP2;1 APLPIGE g ; 51l 217
AtPIP2;7 APLPIGE VEM ol 218
HaPIP2,2 - l'ﬁ' ¥i 5 219
HaPIP1;1 PLPIGF v L G| 237
HaPIP1,2 PLXIGE ¥ .i 5 228
AtPIP1;3 PLPIGFAVE] ol 232
HaTIP1;1 AFVLEIVMTEGLVYTVYATALD---PKKGNIGIIAPIAIGEI G 196
AtTIP1;1 LNAFVFEIVMTFGLVYTVYATAID---PKNGSLGTIAPIAIGFIVGA G 196
LE2P2 P3 P4 P35
HaPIP2;1 ' 277
AtPIP2;7 278
HaPIP2;2 279
HaPIP1;1 290
HaPIP1;2 281
AtPIP1;3 D 286
HaTIP1;1 JAGPLVGGGLAGLVYEFXFISNSGHEQLPSTDY- 252
AtTIP1;1 HAGPLVGGGIAGLIYEVFEINTT-HEQLPTTDY- 251
HaPIP2;1
AtPIP2;7
HaPIP2;2
HaPIP1;1 --
HaPIP1;2 --
AtPIP1;3 --
HaTIP1l;1 --
AtTIP1;1 --

Fig. 2. Alignment of the deduced amino acid sequences of HaTIP1;1 (ADU25490), HaPIP1;1 (JF491349), HaPIP1;1 (JF491350), HaPIP2;1 (JF491351), and
HaPIP2;2 (JF491352) from Helianthemum almeriense with three Arabidopsis thaliana aquaporins: AtPIP1;3 (NP_171668.1), AtPIP2;7 (NP_195236.1), and
AtTIP1;1 (P25818). Sequences were aligned using the ClustalW program. Amino acid numbers are shown on the right. Light blue indicates the residues that
are identical in all sequences analyzed. Red boxed regions are predicted to form transmembrane domains, the NPA motifs are shaded yellow and residues
conserved only in PIP family are shaded light green. Residues of serine shaded red represent possibly sites of phosphorylation while residues of histidine
involved in pH sensing are shaded light purple. Black boxes indicate ar/R (aromatic/arginine) filters (H2, HS, LE1, and LE2).
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JF491352) encodes a protein of 281 amino acids, with an
expected molecular weight of 30.0 kDa, that has 87% identity
with JrPIP2;2 of Junglans regia (AAO39008.1; ¢ = 4e-141).

The HaTIPI1;1 sequence (GenBank accession number
HQ234609) encodes a predicted protein of 252 amino acids,
with an expected molecular weight of 25.9 kDa, that shows
88% identity with HbTIP of Hevea brasiliensis (ACX37541.1;
e =1e-123).

All these H. almeriense AQP contain the MIP family signa-
ture sequence SGxHxNPAVT, which is repeated in the second
half of the protein as GxxxXNPARSxG in PIP (Zardoya 2005)
(Fig. 2). The PIP proteins contain, as expected, His residues
involved in pH sensing (Fischer and Kaldenhoff 2008; Luu and
Maurel 2005; Tornroth-Horsefield et al. 2006), Ser residues in
loop B, and, in the amino terminal only in PIP2, possible tar-
gets for phosphorylation (Johansson et al. 1998).

Water, CO, and NH; permeability.

Function of the identified AQP gene products was addressed
by yeast assay experiments. HaTIP1;1 and HaPIP2.;1 showed
a high water permeability coefficient (P;=7.2 1.6 x 102 and
10.9 + 2.8 x 102 cm s', respectively). The P; of the sphero-
plast membranes increased 18- and 27-fold in yeast expressing
HaTIP1;1 and HaPIP2;1, respectively, over the control (Fig.
3A). Yeast expressing HaPIP1;1 had a P, of 1.2 £ 0.3 x 107
cm s, similar to that of yeast grown in glucose (not induced)
(Fig. 3A). In the CO, transport analysis, yeast cells expressed
a tobacco carbonic anhydrase in addition to the AQP. Only
HaPIP1;1 (2.7 £ 0.3 x 102 cm s7') significantly increased
intracellular acidification rates in a CO, gradient above con-
trols (Fig. 3B). In contrast, HaTIP1;1 and HaPIP2;1 (1.6 £ 0.2 x
102 and 2.0 + 0.3 x 102 cm s/, respectively) were not func-
tional in this respect because their Pcp, was not statistically
different from the control (Fig. 3B). Only HaTIP1;1 showed a
significant increase in Pyyz; (4.1 + 0.4 x 10° cm s7!), which
was 15 times larger than in the control and spheroplasts ex-
pressing other HaPIP (Fig. 3C).

M colonization.

The percentage of total colonization differed significantly be-
tween water treatments. Inoculated plants under drought stress
presented a significantly higher root M colonization than well-
watered (WW plants (Table 1). The three M types were found
under both irrigation regimes, and a wide range of intra- and
intercellular hyphae were observed. However, the predominant
type of mycorrhiza and the relative proportion among types
were different. In the M-drought-stressed (DS) roots, the main
M type was endomycorrhiza followed by ectendo- and ectomy-
corrhiza without mantle, whereas the roots of M-WW plants
presented ectendomycorrhiza as the principal type of coloniza-
tion, with a low percentage of endomycorrhiza type (Table 1).
Noninoculated control plants did not show any M colonization
(data not shown).

Plant growth and leaf mineral and pigment concentration.

Irrigation treatment did not influence the concentration of
chlorophylls (a+b). However, the M status had a significant
effect on chlorophyll concentration, M plants presenting a
36% increase above NM plants as an average of the two water
treatments (Table 2). N, P, and K leaf concentrations were
similar in all treatments (Table 2).

Plant water status and gas exchange measurements.

The combined effects of drought stress and M inoculation
on plant water status are shown in Table 2. Shoot water poten-
tial (W) was statistically different between irrigation treatments
but not between M inoculation treatments. The lowest ¥ was

measured in NM-DS plants (-2.4 MPa), while the highest was
found in M-WW plants (—0.8 MPa).

A similar behavior was observed for gas exchange parameters
(Table 2). Net photosynthetic rate (A) and stomatal conductance
(g,) were significantly lower values under drought stress than
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Fig. 3. Effect of HaTIPI;1, HaPIP1;1, and HaPIP2;1 expression on CO,,
NH;, or water permeability of yeast plasma membranes. A, Water permea-
bility. HaTIP1;1, HaPIPI;1, and HaPIP2;1 expressed in yeast cells and non-
induced (negative control [NC]). Bars show the water permeability coetfi-
cient (Py) means + standard error (n = 6). B, CO,-triggered intracellular acid-
ification of yeast. HaTIPI;1, HaPIPI;1, and HaPIP2;1 expressed in yeast
cells and NtAQP1-3 helix protein (NC). In all cases, the cells also expressed
the tobacco carbonic anhydrase. Bars show the Py, means tstandard error
of CO, permeability coefficient (P¢¢;) (n = 6). C, Intracellular alkalinization
of yeast. HaTIP1;1, HaPIPI;1, and HaPIP2;1 expressed in yeast cells and
noninduced (NC). Bars show the Py; means tstandard error of NH; perme-
ability coefficient (Pygy3) (n = 6). P values for allocation to different signifi-
cance groups (indicated by different letters) were P < 0.001, as determined
by analysis of variance and a Tukey’s test.
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under WW conditions (Table 2). For both gas exchange parame-
ters, these differences were larger in NM than in M plants,
whereby A in NM-DS plants was 2.2-fold lower than in NM-
WW whereas, under drought stress, A in M plants was 1.8-fold
lower with respect to M-WW plants (Table 2). The g, values in
NM-DS plants were 3.0-fold lower than in M-WW plants but, in
M-DS plants, g, decreased 1.5-fold with respect to M-WW
plants (Table 2). Intrinsic water-use efficiency (WUE,,;isic) Was
similar in all treatments (approximately 70 umol CO, mol™
H,0), with the exception of NM-WW plants, where it was 38%
lower compared with M-WW plants (Table 2).

AQP expression.

The expression of five AQP from H. almeriense and one
AQP from T. claveryi was measured in leaves and roots (Fig.
4; Supplementary Table 1). For two of them, expression was
significantly affected by M status or irrigation treatment. The
expression of HaPIP1;1 showed an increase in NM roots with
respect to M roots, regardless of irrigation treatment. In the
case of HaPIPI,;2, roots of WW plants presented higher level
of expression than DS plants, regardless of M status. The gene
expression levels between leaves and roots were compared but
no significant differences were observed (data not shown).

In addition, significant correlations were observed between
the expression of some AQP and gas exchange parameters
such as A and g, (Table 3). Most of the significant correlations
observed were negative, implying that the lower the A or g
values, the greater the expression of these AQP. NM-DS plants
showed the highest number of correlations (n = 6) with AQP
expression in roots and leaves. M-DS plants presented four
correlations with AQP expression in roots only, including
TcAQP1. NM-WW plants presented only two correlations and
M-WW plants did not show any correlation.

DISCUSSION

M colonization of H. almeriense
under irrigation and drought stress.

M associations may affect water transport by altering plant
morphological characteristics (Calvo-Polanco et al. 2008) and,
possibly, through a direct contribution of the hyphal network
to water flow (Marjanovi¢ and Nehls 2008). One of the com-
mon explanations of improved water uptake by M compared
with NM plants (Boyd et al. 1986) is the increased absorbing
surface induced by hyphae growing in the soil, combined with
the fungal capability to take up water from soils with a low

Table 1. Percentages of total colonization and different types of mycorrhizal colonization in Helianthemum almeriense plants grown under greenhouse

conditions with different irrigation treatments”

Water-treatment Colonization(%) Endomycorrhiza(%) Ectendomycorrhiza(%) Ectomycorrhiza(%)
Drought stressed 543+55b 535+75b 347+72b 11.8+4.8b
Well Watered 345+3.7a 150+49a 51.5+6.8a 335+t64a

Z Data were subjected to x> analysis. Different letters indicate significant differences (P < 0.001) according to Bonferroni correction. Values are the
percentage * confidence interval at 95%.

Table 2. Fresh weight (FW) of whole plant (shoot + root), chlorophyll content (Chl) (pg g’l leaf), water potential (V') of 4-cm shoots, net photosynthesis (A)
(umol CO, m™ s7!), stomatal conductance (g,) (mmol H,O m™ s™'), intrinsic water use efficiency (WUE) (umol CO, mol™! H,0), and leaf mineral
concentration of N, P, and K of mycorrhizal (M) and nonmycorrhizal (NM) Helianthemum almeriense plants under drought-stressed (DS) or well-watered
(WW) conditions”

FW b4 Nroot N leaves P root P leaves Kroot Kleaves
Plants (g) Chl (a+b) (MPa) A g5 WUE (%) (%) (%) (%) (%) (%)

NM-DS 168%55a 971+£127a 237+034a 4.67+185a 656%352a 712+179a1.0£0.1a 1.9£0.1a 0.15+£0.0la 0.19+0.02a 1.2+0.1a 1.3+0.1a
M-DS 152+54a1319+£292b 1.90£0.29a 7.92£279ab 112.8+419a 702+£13.0a09+0.1a 20£02a 0.14£0.0la 0.18+0.01a 1.0+0.1a 1.1+0.1a
NM-WW 294+£78b 972+78a 1.09+£0.14b 10.08+£1.72bc 197.9+47.6b 509+11.8b09£0.1a 1.9£0.2a 0.13+£0.0la 0.19+0.02a 1.0+0.1a 1.3+0.1a
M-WW  278%£49b1346+101b 082+0.12b 1451£3.77¢c 178.1£56.0b 81.5£11.2209%0.1a 20£02a 0.11£0.0la 0.18£0.01a 0.8£0.01a1.3+0.1a

* Different letters indicate significant differences (P < 0.05) by analysis of variance and Tukey test. Values show means (n = 5) * standard error.
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Fig. 4. Relative expressions of five plant aquaporins and the fungal aquaporin assessed by reverse-transcriptase quantitative polymerase chain reaction in
mycorrhizal (M) and nonmycorrhizal (NM) Helianthemum almeriense plants under drought-stressed (D-S) or well-watered (W-W) conditions. Data for each
condition are presented as the mean and were obtained from three biological and three technical replicates. Bars show the standard error. Data were subjected
to analysis of variance but no significant differences were detected (P < 0.05).
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water potential (Lehto and Zwiazek 2011; Mexal and Reid
1973; Theodorou 1978; Theodorou and Bowen 1970).

H. almeriense M plants subjected to drought stress presented
a higher colonization percentage than in watered plants, con-
firming that this symbiosis is responsive to drought stress,
which modifies not only the total colonization of roots but also
the main type of mycorrhization. Fungal hyphae of ectomycor-
rhiza do not penetrate the cell wall of the root and, therefore,
one way of increasing hydraulic conductance in roots is by de-
creasing the water flow resistance of the apoplastic pathway
(Muhsin and Zwiazek 2002). However, apoplastic water flow
in roots is restricted by the presence of suberized barriers such
as the exo- or endodermis and water is then forced to follow
the cell-to-cell pathway (symplastic and transmembrane)
(Steudle and Peterson 1998). M-DS plants of H. almerienselT.
claveryi presented higher intracellular colonization than M-
WW plants. Intracellular hyphae could favor the passage of
water to the transcellular pathway because they would release
the water directly at the M interface, thus avoiding the need to
cross the root cell wall.

Several authors have discussed the structural versatility of
Helianthemum and Terefezia mycorrhiza to form endo-,
ectendo-, and ectomycorrhizas, focusing primarily on nutritional
factors such as the availability of phosphorus (Fortas and
Chevalier 1992; Kagan-Zur et al. 1994; Kovdcs et al. 2003;
Roth-Bejerano et al. 1990; Zaretsky et al. 2006) or iron (Roth-
Bejerano et al. 1990), culture conditions (Gutiérrez et al. 2003),
and even the interaction between phosphorus and intrinsic fac-
tors such as sensitivity to auxins (Zaretsky et al. 2006). In con-
trast, other factors such as water availability have not been
considered in spite of the wide adaptation to arid conditions
which desert truffles present. According to Navarro-Rédenas
and associates (2012a), there is no clear cut-off between the
three main types of mycorrhiza organization and this symbiosis
should be considered as an ectendomycorrhizal continuum, in
which water availability efficiently modifies the relative amount
between intra- and intercellular hyphae in this continuum. Our
results confirm that the scarcer the water, the more intracellu-
lar colonization becomes.

DS plants showed lower A and g, values, more negative ‘¥,
and lower growth than WW plants; however, for all the tested
parameters, NM plants suffered the drought-stress conditions
more evidently than M plants. It has been hypothesized that
the presence of a fungal sink may stimulate the rate of C assimi-
lation (Tinker et al. 1994). However, evidence in support of
this hypothesis remains limited due to conflicting results (Nehls
et al. 2010; Wright et al. 2000). The A values decreased less in
H. almeriense M-DS than NM-DS plants (Table 2). The higher
CO, assimilation in M plants may be explained by their higher

chlorophyll content (Azcon-Bieto and Talén 2008), regardless
of the water supply (Table 2). One of the most common re-
sponses to water deficit in plants is stomatal closure and in-
creased of WUE,,,insic (Sdnchez-Diaz and Aguirreolea 2008a).
In our assay, DS plants (both M and NM) showed higher
WUE,,insic values than NM-WW. However, M-WW plants
showed a WUE,,,;.sic Similar to DS plants. Thus, mycorrhiza
exert a certain control of transpiration, allowing M plants to
maintain, without water restrictions, higher levels of WUE,,,isics
with values comparable with plants subjected to drought.

Functional characterization of H. almeriense AQP.

Transmembrane water movement is controlled by the abun-
dance and activity of AQP (Maurel et al. 2008) and, for this
reason, we isolated five MIP from H. almeriense, including
one TIP and four PIP. The functional analysis of three of the
isolated AQP, representing the three main MIP families present
in plants (PIP1, PIP2, and TIP), revealed different putative
functions. PIP AQP behaved differently with regard to water
and CO, uptake when expressed in the yeast membrane.
HaPIP1;1 induced a significant increase in CO, flow rates but
showed a very low enhancement of P, (nine times lower) com-
pared with HaPIP2;1 which, in contrast, displayed no statisti-
cally significant differences from the control as concerns CO,
transport.

Several reports have shown that PIP1 AQP, expressed in het-
erologous systems, induce very low or undetectable increases
in membrane water permeability (Chaumont et al. 2000;
Kammerloher et al. 1994; Otto et al. 2010; Secchi et al. 2007,
2009). Thus, proteins from the PIP1 family usually exhibit little
or no water channel activity when expressed in oocytes, al-
though they have been reported to interact with PIP2 isoforms
and to increase their membrane permeability (Fetter et al.
2004; Temmei et al. 2005; Zelazny et al. 2007). This suggests
that PIP1 isoforms play a role in water permeability, possibly
interacting with PIP2 isoforms. In the present study, HaPIP1;1
showed a significantly different expression level in the roots
depending on M status. Therefore, although HaPIP1;1 did not
show water permeability when expressed alone, its expression
changes could affect transmembrane water flow by interacting
with an HaPIP2 isoform, in a similar way as observed for other
plant PIP1 proteins.

However, we must not lose sight of the capacity of HaPIP1;1
to increase CO, conductivity. The concept of CO, diffusion
through the plasma membrane has been changed by cooporins
(Terashima et al. 2006). Several studies, such as inhibition
with mercury (Terashima and Ono 2002) and transgenic plants
with altered AQP expression systems (Flexas et al. 2006;
Hanba et al. 2004; Uehlein et al. 2003, 2008), have demon-

Table 3. Correlations between net photosynthesis (A) or stomatal conductance (g,) and aquaporin expression of mycorrhizal (M) and nonmycorrhizal (NM)
Helianthemum almeriense plants under drought-stressed (DS) or well-watered (WW) conditions”

Leaf Root
Plants HaTIP1.1 HaPIP1.1 HaPIP1.2 HaPIP2.1 HaPIP2.2 HaTIPl.1 HaPIP1.1 HaPIP1.2 HaPIP2.1 HaPIP2.2 TcAQP1
NM-DS
A —0.983%* -0.692 -0.108 0.888* -0.617 —0.935% -0.385 0.478 0.250 0.199
g5 -0.968* -0.946* -0.233 0.573 -0.760 —0.953* -0.716 0.555 0.387 0.103
M-DS
A -0.024 0.327 0.119 -0.128 0.100 -0.792 0.566 -0.891* 0.548 0.846 -0.889*
g -0.164 0.643 0.024 -0.270 -0.116 —0.922%* 0.732 —0.952* 0.175 0.776 -0.755
NM-WW
A -0.471 -0.327 0.355 0.157 0.527 -0.420 -0.571 -0.901* -0.226 —0.882*
g5 -0.688 0.473 0.466 0.218 0.601 -0.781 0.116 -0.666 -0.422 -0.826
M-WW
A 0.259 0.403 0.491 0.024 0.536 0.247 0.563 -0.247 -0.503 -0.250 -0.863
g 0.517 0.677 0.655 0.988 0.681 0.098 0.497 -0.381 -0.550 -0.358 -0.866

* Values are the Pearson’s coefficients; * indicates the level of significance at P < 0.05.
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strated that PIP1 proteins can alter leaf mesophyll conductance
to CO, (g,) and assimilation capacity. One of the most studied
cooporins is NtAQP1 from tobacco, which also increases CO,
conductivity when expressed in yeast (Otto et al. 2010). Given
that HaPIP1;1 enhances the CO, permeability of yeast mem-
branes, we would expect it to increase g, in H. almeriense
leaves which, in turn, would increase leaf intercellular CO,
concentration and decrease g,. This hypothesis is corroborated
by the significant negative correlation between HaPIP1;1 ex-
pression in leaves and g, values in NM-DS plants.

HaTIP1;1 facilitated the transmembrane transport of water
and NH; in the yeast system and presents a histidine/isoleu-
cine/alanine/arginine signature in the constriction region
similar to other TIP (Jahn et al. 2004). Recent studies in my-
corrhiza have highlighted the potential for the direct transfer of
ammonia from fungal to plant cells (Chalot et al. 2006) and
suggested that attention should also be devoted to nonspecific
channels such as AQP.

Effects of M colonization and drought stress
on the expression of H. almeriense AQP.

In this experiment, a nutrient solution was supplied to NM
plants in order to obtain plants of comparable size, as is rou-
tinely done in M research (Porcel et al. 2004, 2006). Nutrient
solution was added to the pots before start of the stress treat-
ments (i.e., 30 days before harvest) and leaf mineral concentra-
tion of M and NM plants was not different; therefore, it is
unlikely that different nutrient availability may have induced
changes in gene expression. In roots, differences in expression
between M and NM plants were only observed for HaPIPI; 1,
which was downregulated by M colonization. In leaves, on the
contrary, we observed no effects of mycorrhization on AQP
gene expression, suggesting that AQP expression changes are
mediated by the direct interaction between plant and fungal
cells. However, several negative correlations between PIP2
AQP expression and g, or A values were detected, particularly
in roots. The expression level of PIP2 AQP, which efficiently
enhance transmembrane water transport in yeast membranes,
is expected to control plasma membrane permeability. These
negative correlations with gas exchange parameters could indi-
cate a control of the expression of certain AQP by A or g,. In
other words, when A decreases, an increase in the expression
of these AQP could act as a compensatory mechanism. In this
sense, we observed that the number of positive and negative
correlations in plants of each treatment were higher in the
most stressful physiological status (DS). Therefore, some of
the AQP analyzed in this study were only subjected to fine-
tuned expression when conditions were sufficiently restrictive.
We are aware that we only studied a few AQP within a family
that presumably counts more than 20 members but those we
isolated are probably highly expressed and could give a major
contribution to transmembrane water transport in H. almeriense.
More plant AQP should be studied to obtain a general AQP-
based interpretation of the physiological data. Several studies
have compared AQP expression in DS and WW NM and M
plants (Aroca et al. 2008; Krajinski et al. 2000; Lee et al. 2010;
Porcel et al. 2006; Roussel et al. 1997; Ruiz-Lozano 2003). Our
results show a fine-tuned control of AQP expression in roots of
H. almeriense, which might be important to improve root hy-
draulic conductance. Lovisolo and associates (2007) proposed
that olive tree, a species adapted to arid environments, may
have developed mechanisms of fine-tuned root AQP expres-
sion to improve water uptake. The upregulation of AQP could
be a way to increase water flow to specific organs that are
crucial for plant survival during drought or necessary for a rapid
recovery upon rehydration of the plant (Alexandersson et al.
2005) whereas, in general, downregulation of AQP might be a
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way to minimize water loss and maintain turgor in leaves
(Porcel et al. 2006).

Greater attention should be focused on 7. claveryi AQP ex-
pression. The expression of TcAQP1 appeared to be regulated
by A, increasing its expression when A decreased, but only in
DS plants. In two different studies, we observed that free-living
T. claveryi mycelium is able to sense and respond to water stress
(Navarro-Rédenas et al. 2011) and that TcAQP1 expression
shows a bimodal behavior with respect to external water stress,
thus contributing to improve the drought-stress tolerance of the
mycelium (Navarro-Rédenas et al. 2012b). However, the nega-
tive correlation with plant physiological parameters suggests
that there is some communication between symbionts, so that
the fungus responds to the plant’s needs. Lee and associates
(2010) suggested that the increase in hydraulic conductivity of
root cortical cells of ectomycorrhizal plants could be a result of
plant AQP-mediated water transport but that a role of fungal
AQP should also be taken into account. The combination of high
intracellular colonization in roots of M-DS plants, together with
the fine-tuned expression of TcAQP1, could result in a morpho-
physiological adaptation of the H. almeriense/T. claveryi mycor-
rhiza to arid and semiarid conditions.

MATERIALS AND METHODS

Biological materials, growth conditions, and
experimental setup.

Calcareous soil was collected from Zarzadilla de Totana,
Murcia (Spain) with a clay-loamy texture, pH 8.1, 123 [s cm™!
electrical conductivity, 1.2% organic carbon, 10.2 C/N ratio,
and nutrient concentrations (ppm) of P, 20.7; Fe, 4.4; Mn,
13.9; Cu, 1.0; and Zn, 1.5. This soil was mixed with black
peat, vermiculite, and sepiolite (2:2:2:1 [vol/vol]) and steri-
lized by steaming (100°C for 1 h on three nonconsecutive
days). The final pH of the mixture was 7.1.

H. almeriense seed-collected wild plants in the Zarzadilla de
Totana area (Murcia, Spain) were scarified and surface steri-
lized with 10% H,0O, (30 min) and sown in Murashige and
Skoog medium (Murashige and Skoog 1962) solidified with
8% agar. After 60 days of growth, seedlings were transferred
to 230-ml pots containing the above-described substrate. After
30 days, part of the plants were inoculated with approximately
107 mature spores each, obtained from ascocarps collected in
the same area under H. almeriense plants (Morte et al. 2008).
Six weeks after inoculation, inoculated and noninoculated plants
were transferred to 2.7-liter pots containing the same substrate.
Plants were grown under greenhouse conditions with 55 to
57% relative humidity; day and night temperature of 23 to 26
and 11 to 15°C, respectively; a photoperiod of 16 h; and photo-
synthetic photon flux density maximum of 1,100 umol m= s,
of which 300 were supplied by supplemental lights (sodium
vapor, 400 W; Gavita, Aalsmeer, The Netherlands).

Water stress was applied on part of the plants, 30 days before
harvest, by controlling irrigation. Soil moisture was measured
with Watermark tensiometers placed at 10 cm of depth in one
pot per treatment. For the WW control treatment (receiving 0.3
liters/week), the soil matric potential (‘) was maintained
between 0 and —10 kPa (container capacity) and, for the DS
treatments (receiving 0.15 ml/week), ¥, was maintained be-
tween —100 and —120 kPa.

NM plants received 300 ml of half-strength Compo Fertili-
zante Universal nutrient solution, three times before starting
the drought-stress treatment. M plants did not receive nutrient
solution. The aim of such fertilization was to obtain NM plants
of similar size to the M plants tested in this assay.

The plants were harvested after 30 days from the start of the
drought treatment. The soil was removed carefully from the



roots with water. Fine roots and leaves were frozen in liquid
nitrogen and stored at —80°C.

The experiment was set up as a two-by-two factorial with 10
replicate plants per each of four treatments: NM-WW, NM-
DS, M-WW, and M-DS. Replicate plants were arranged in ran-
domized blocks.

Analysis of M colonization, water status, and
leaf composition.

Fine frozen roots from three plants, randomly selected within
each water treatment, were sectioned as previously described
(Morte et al. 2010). All root sections were observed under an
Olympus BH2 microscope and classified into one of the fol-
lowing M types: “ectomycorrhiza”, with intercellular hyphae;
“ectendomycorrhiza”, with intracellular hyphae and intercellular
hyphae; or “endomycorrhiza”, when only intracellular hyphae
were observed (Gutiérrez et al. 2003).

Midday ¥ was measured immediately before harvest at
1200 to 1400 h on six plants randomly chosen within each
treatment. To this aim, 4 cm-long plant apices were cut with a
razor blade and immediately placed in a pressure chamber
(Soil Moisture Equipment Co; Santa Barbara, CA, U.S.A.) ac-
cording to Scholander and associates (1965).

Leaf gas exchange measurements were taken at the same
time. A and g, were measured as previously described (Morte
et al. 2010). WUE,,,,.,..i was calculated as A/g,.

Chlorophylls were extracted from 0.05 g of leaf tissue in a
mortar at 4°C after suspension in 5 ml of 80% aqueous acetone.
The homogenate was then centrifuged at 10,000 x g for 10 min
and the absorbance at 470, 646, and 663 nm was measured.
The concentrations of chlorophyll were calculated according
to Coombs and associates (1985) and Wellburn (1994). Leaves
and roots of five plants were briefly rinsed with deionized water,
oven dried at 60°C for 72 h, and ground to a fine powder. Tis-
sue P, N, and K concentrations were determined by inductively
coupled plasma optical emission spectrometry (Iris Intrepid II;

Table 4. List of primers used

Thermo Electron Corporation, Marietta, OH, U.S.A.) after acid
digestion.

RNA isolation and isolation of AQP genes.

RNA was isolated from frozen leaves and roots of five plants
according to the protocol of Chang and associates (1993). The
nucleic acid extract was treated with DNase (Promega, Madison,
WI, U.S.A.) according to the manufacturer’s instructions. The
concentration of RNA was quantified by measuring the absorb-
ance at 260 nm and its integrity was checked on agarose gels.

A reverse-transcription polymerase chain reaction (RT-PCR)
strategy was used to identify partial AQP transcripts. cDNA
was synthesized from 5 pg of total RNA using oligo-(dT);s
(Promega) and Superscript reverse transcriptase (Invitrogen,
Carlsbad, CA, U.S.A)).

Three different pairs of primers were used for amplification:
PIP type (PIP-S and PIP-AS) (Secchi et al. 2007), degenerate
primers for PIP-type (PIP-for and PIP-rev) (Porcel et al. 2006),
and degenerate primers for TIP-type (TIP-S and TIP-AS)
(Secchi et al. 2007).

PCR was performed using recombinant 7ag DNA polymer-
ase (Invitrogen), according to the manufacturer’s instructions.
The PCR cycles were: 1 cycle of 95°C for 9 min; 35 cycles of
94°C for 45 s, 55, 49, and 52°C for PIP-S/AS, PIP-for/rev, and
TIP-S/AS, respectively, for 45 s, and 72°C for 1 min; and a
final step at 72°C extended for 7 min. The amplification prod-
ucts were subjected to 2% agarose gel electrophoresis and
stained with SYBR Safe (Invitrogen). DNA from bands of the
expected product length were cloned by ligation into the
pGEM-T Easy vector (Promega) and the product was used to
transform Escherichia coli IM109 high-efficiency competent
cells (Promega). Positive clones were screened by PCR and
subcultured. Plasmid DNA was isolated using QIAprep Spin
miniprep kit (Qiagen, Hilden, Germany). The purified plas-
mids were sequenced on an ABI Prism 310 platform (Applied
Biosystems, Foster City, CA, U.S.A.) using the universal M13

Primer code DNA sequence Orientation® Use?
HaPIP1.1+ 5-GTGAGCTCTCATCATGGTCCTT-3’ N HaPIP1.1-3’ RACE
HaPIP1.1- 5’-CCAAGTGGACCAAGAAGACG-3’ AS HaPIP1.1-5" RACE
HaPIP1.2+ 5-GAGAGCTCACTTCTTGGTCCTT-3’ N HaPIP1.2-3’ RACE
HaPIP1.2- 5’-ATGAATCCCTTCACCACACC-3’ AS HaPIP1.2-5" RACE
HaPIP2.1+ 5-CTCAGTGTTTGGGAGCCATCT-3’ N HaPIP2.1-3’ RACE
HaPIP2.1- 5’-GTTTTAGTTGGTGGGGTTGC-3’ AS HaPIP2.1-5" RACE
HaPIP2.2+ 5-CTCAGTGTTTGGGAGCCATCT-3’ N HaPIP2.2-3’ RACE
HaPIP2.2- 5’-CCGGCTCTCAATATGTACTGG-3’ AS HaPIP2.2-5" RACE
HaTIP1.1+ 5-CTCTCCTCCGTGGAATTCTCTA-3’ N HaTIP1.1-3' RACE
HaTIP1.1- 5’-GGCGATAATTCCGATATTGC-3’ AS HaTIP1.1-5" RACE
Anchor 5"-GACCACGCGTATCGATGTCGAC-3’

Oligo-(dT)-anchor 5’-GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV-3’

HaTIP1.1for 5"-TAGTAACTCCGGCCATGAGC-3’ N HaTIP1.1 gPCR
HaTIP1.1rev 5’-CACAATAACAACAACTCCCA-3’ AS HaTIP1.1 gPCR
HaPIP1.1for 5-GATGGGTGATGATGATGAAGC-3’ N HaPIP1.1 gPCR
HaPIPI.1rev 5’-AGAAGGCGCATGGATAGAAG-3’ AS HaPIP1.1 qPCR
HaPIP1.2for 5’-TCAGGACCGTTGATTTGATG-3’ S HaPIP1.2 qPCR
HaPIP1.2rev 5’-CATCATGTAGGGCCCACTTAC-3’ AS HaPIP1.2 qPCR
HaPIP2.1for 5-TGCCTTTGTGTGTATGATGAAG-3’ S HaPIP2.1 qPCR
HaPIP2.1rev 5’-TGATACAAGCCACCACCAGA-3’ AS HaPIP2.1 qPCR
HaPIP2.2for 5-TGCCCAAATGTAGCATTATCC-3’ N HaPIP2.2 gPCR
HaPIP2.2rev 5-GAGAGGAAATGAACTTCACATT-3’ AS HaPIP2.2 qPCR
TcAQPIfor 5-AGATCGGTTACGGCATTCAG-3’ N TcAQP1 gPCR
TcAQPlrev 5’-CCAGGAAAATCGAAACCCTA-3’ AS TcAQP1 gPCR
TcElonfacfor 5-TCCGTTAAGGAAATTCGTCG-3’ S TcEF1-alfall gPCR
TcElonfacrev 5’-GTCCAGGGTGGTTCATCAAG-3’ AS TcEF1-alfall gPCR
Hal8Sfor 5’-CCTGCGGCTTAATTTGACTC-3’ N Hal8S qPCR
Hal8Srev 5"-AACTAAGAACGGCCATGCAC-3’ AS Hal8S qPCR

Y Orientation of the oligonucleotide relative to corresponding amino acid sequence: S = sense and AS = antisense.
* RACE = rapid amplification of cDNA ends and gPCR = quantitative polymerase chain reaction.
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primers. Similarity searches were carried out using the tBlastx
software available on-line from the National Centre for Bio-
technology Information. Several plasmids containing a puta-
tive AQP were obtained (pHaPIPI1;1, pHaPIP1;2, pHaPIP2;1,
pHaPIP2;2, and pHaTIPI,;1). Their sequence information was
then used to design specific primers for full-length gene clon-
ing by rapid amplification of cDNA ends (RACE). The 5" and
3’ first-strand cDNA were obtained and amplified using the
2nd Generation Roche 5’/3” RACE Kit according to the manu-
facturer’s instructions. The primers used in addition to the
adapter-specific primers are shown in Table 4. The 3’ and 5
full-length nucleotide sequences of four H. almeriense AQP
and one 5" incomplete (HaPIPI;2) sequence were determined
and submitted to Gen-Bank (accession numbers JF491349
[HaPIPI;1], JF491350 [HaPIPI;2], JFA91351 [HaPIP2;1],
JF491352 [HaPIP2;2], and HQ234609 [HaTIPI;1]).

Sequence analysis.

The deduced amino acid sequences of HaTIP1;1, HaPIP1;1,
HaPIP1;2, HaPIP2;1, and HaPIP2;2 were aligned with other
MIP encoding sequences using the program ClustalW. A phy-
logenetic analysis of the five HaMIP with the complete set of
Arabidopsis thaliana (n = 35) and Zea mays (n = 36) MIP and
two representatives of XIP from G. hirsutum and Solanum
lycopersicum (Chaumont et al. 2001; Johanson et al. 2001;
Park et al. 2010; Sade et al. 2009) was constructed using the
neighbor-joining method and drawn using MEGA4. THMM
was used for transmembrane domain prediction, NetPhos 2.0
Server (Blom et al. 1999) for the identification of phosphoryla-
tion sites, and the Compute pI/Mw tool for calculating the mo-
lecular weights.

Subcloning and yeast expression.

The complete open reading frames of H. almeriense
HaTlPI;1, HaPIPI;I, and HaPIP2;1 were inserted into
pYesDESTS52 (Invitrogen) yeast expression vector using Gate-
way (Invitrogen) technology. Saccharomyces cerevisiae strain
SY1 (Mato, ura3-52, leu2-3,112, his4-619, sec6-4%, and GAL?2)
(Nakamoto et al. 1991) containing the pGREG505-21L vector
with the Nicotiana tabacum carbonic anhydrase (GenBank
accession number M94135) (Otto et al. 2010) was transformed
by electroporation (Gene Pulser Xcell Electroporation System;
Bio-Rad, Hercules, California, U.S.A.). Selection was based on
ura3 and leu2 complementation. Transformed yeasts were
cultured in glucose-containing synthetic complete broth medium
without Ura/Leu for 20 h (225 rpm, 30°C) and heterologous
protein expression was induced by changing the medium carbon
source to galactose and growing for 16 h (225 rpm, 30°C).

P, was measured in yeast spheroplasts prepared as described
by Fischer and Kaldenhoff (2008). The measurement were
made in a stopped-flow spectrophotometer (SFM-300; Bio-
Logic SAS, Claix, France) and, for calculations of Py, Biokine
software (Bio-Logic SAS) was used as described earlier
(Navarro-Rdédenas et al. 2012b). For controls, yeasts grown in
glucose were used. The P, values were obtained for at least six
independent induction experiments with an average of 20
measurements per experiment (n = 120).

CO, uptake was observed by intracellular acidification,
monitoring the decrease in fluorescence in complete yeast
cells loaded with fluorescein bisacetate as described by
Fischer and Kaldenhoff (2008). The measurement were made
in a stopped-flow spectrophotometer (SFM-300; Bio-Logic
SAS) and, for calculations of P.y,, Biokine software (Bio-
Logic SAS) was used as described earlier (Navarro-Rédenas et
al. 2012b). As controls, yeasts expressing the three amino-ter-
minal helices of NtPIP2;1 and carbonic anhydrase from tobacco
were used (Otto et al. 2010). The P(, values were obtained
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for at least six independent induction experiments with an
average of 20 measurements per experiment (n = 120).

NH; conductivity measurements were made in yeast cells
loaded with fluorescein bisacetate as described by Fischer and
Kaldenhoff (2008). The measurement were made in a stopped-
flow spectrophotometer (SFM-300; Bio-Logic SAS) and, for
calculations of Pyy;, Biokine software (Bio-Logic SAS) was
used as described earlier (Navarro-Rédenas et al. 2012b) The
Pyys values were obtained for at least six independent induc-
tion experiments with an average of 20 measurements per ex-
periment (n = 120).

Quantitative real-time RT-PCR.

Expression of HaTIPI;1, HaPIP1;1, HaPIP1;2, HaPIP2;1,
HaPIP2;2, and TcAQPI (JF491353) was studied by real-time
PCR using an iCycler (Bio-Rad Laboratories). The primer sets
used to amplify HaMIPS and TcAQP1 genes are shown in
Table 4. Primers were designed in the 3" untranslated region
with Primer 3 v.0.4.0. Each 20-ul reaction contained 1 pl of a
dilution 1:10 of the cDNA, 200 nM dNTPs, 10 pl of QUANTiI-
PROBES 2x (Biotools, Jupiter, FL, U.S.A.), and 2.5 ul of 1x
SyBR Green (Molecular Probes, Eugene, Oregon, U.S.A.).

The PCR program consisted of a 4-min incubation at 95°C
to activate the hot-start recombinant Tag DNA polymerase,
followed by 35 cycles of 45 s at 95°C, 45 s at 59°C, and 45 s at
72°C, where the fluorescence signal was measured. The speci-
ficity of the PCR amplification procedure was checked with a
heat dissociation protocol (from 70 to 100°C). The efficiency
of the primer set was evaluated by performing real-time PCR
on several dilutions of cDNA. The results obtained for the dif-
ferent treatments were normalized to the 18S rRNA
(AF206926) levels for plants and to the elongation factor
(EF1-alfall) (JF491354) levels for fungi.

Real-time PCR experiments were carried out in separate
samples from at least five plants per treatment, with the thresh-
old cycle (Cr) determined in triplicate. Relative transcription
levels were calculated by using the 24" method (Livak and
Schmittgen 2001). Negative controls without cDNA were used
in all PCR reactions.

Statistical analyses.

Measures of the percentage of colonization and M type were
subjected to y? analyses. Data were subjected to analysis of
variance (ANOVA) or two-way ANOVA in a factorial design
of two irrigation treatments by two M colonization treatments
in randomized blocks. In order to fulfill the requisites for para-
metric analyses of the relative levels of transcription data, the
two most extreme data of each treatment were eliminated from
the data set, and measurements were transformed to the natural
logarithm (Rieu and Powers 2009). Statistical analyses were
carried out using the SPSS (version 15) statistical package.
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