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Abstract It is well known that the arbuscular mycorrhizal
(AM) symbiosis helps the host plant to overcome several
abiotic stresses including drought. One of the mechanisms
for this drought tolerance enhancement is the higher water
uptake capacity of the mycorrhizal plants. However, the
effects of the AM symbiosis on processes regulating root
hydraulic properties of the host plant, such as root hydraulic
conductivity and plasma membrane aquaporin gene expres-
sion, and protein abundance, are not well defined. Since it is
known that K+ status is modified by AM and that it regu-
lates root hydraulic properties, it has been tested how plant
K+ status could modify the effects of the symbiosis on root
hydraulic conductivity and plasma membrane aquaporin
gene expression and protein abundance, using maize (Zea
mays L.) plants and Glomus intraradices as a model. It was
observed that the supply of extra K+ increased root hydrau-
lic conductivity only in AM plants. Also, the different
pattern of plasma membrane aquaporin gene expression
and protein abundance between AM and non-AM plants
changed with the application of extra K+. Thus, plant K+

status could be one of the causes of the different observed
effects of the AM symbiosis on root hydraulic properties.
The present study also highlights the critical importance of
AM fungal aquaporins in regulating root hydraulic proper-
ties of the host plant.
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Introduction

Plants in nature are exposed to several environmental con-
straints which depress their growth and development. How-
ever, most plants establish a symbiosis with arbuscular
mycorrhizal (AM) fungi which increases their tolerance to
several stressful conditions (Ruiz-Lozano et al. 2006; Evelin
et al. 2009). In return, AM fungi find a niche to complete
their life cycle and acquire carbon from the plant (Bago et al.
2002). It is well documented that AM affect the response of
plants to drought and that water regimes may affect the
development of the symbiosis (Ruiz-Lozano et al. 2006;
Aroca et al. 2008b). Most research on how AM symbiosis
improves plant host tolerance to drought stress has focused
on single or combined anatomical, physiological, biochem-
ical, and molecular approaches (Ruiz-Lozano et al. 1995,
1996; Miller et al. 1997; Goicoechea et al. 2004; Porcel et
al. 2004, 2006; Krishna et al. 2005). Results conclude that
AM plants are able to take up more water from the soil than
non-AM plants under drought conditions (Ruiz-Lozano and
Azcón 1995; Marulanda et al. 2003; Khalvati et al. 2005;
Allen 2007) due to the direct transfer of water from the
fungal hyphae to the host roots (Ruth et al. 2011). This
higher water uptake capacity of AM plants could be one of
the causes of their higher drought tolerance.

In the last years, evidence has pointed to the critical
role of plant aquaporins in regulating water uptake by
roots. Thus, Postaire et al. (2010) found that the Arabi-
dopsis AtPIP1;2 aquaporin knockout line had lower root
hydraulic conductivity (L) than wild-type plants. Similar
results were previously reported for another Arabidopsis
aquaporin knockout line (Javot et al. 2003) and using
aquaporin-silenced tobacco plants (Siefritz et al. 2002).
Plant aquaporins constitute a large and diverse gene
family composed of 30 to 70 different proteins,
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classified into five groups based on amino acid sequence
similarities, each of which is subdivided in several subgroups
(Maurel et al. 2008; Park et al. 2010).The five main groups
are: plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins, nodulin-like intrinsic proteins, small and
basic intrinsic proteins, and the most recently discovered
uncharacterized intrinsic proteins.

Several publications have reported on how the AM sym-
biosis regulates host root aquaporin expression and abun-
dance. Under non-stressed conditions, some studies found
an upregulation of aquaporin gene expression by the AM
symbiosis (Roussel et al. 1997; Uehlein et al. 2007; Aroca et
al. 2008a, b; Alguacil et al. 2009), while others reported
their downregulation (Ouziad et al. 2006; Porcel et al. 2006;
Ruiz-Lozano et al. 2009). The different results are related to
the specific genes analyzed (Ouziad et al. 2006; Aroca et al.
2007, 2008a; Ruiz-Lozano et al. 2009). However, a consis-
tent downregulation of PIP protein abundance in the AM
symbiosis has been reported under non-stressed conditions
(Aroca et al. 2007; Benabdellah et al. 2009; Ruiz-Lozano et
al. 2009). Under drought conditions, Ruiz-Lozano et al.
(2009) found an upregulation of two out of seven PIP genes
in AM maize roots and confirmed this upregulation at the
protein level, but a downregulation of PIP gene expression
by the AM symbiosis under drought conditions, as well as a
lower protein levels, has also been observed (Porcel et al.
2006; Aroca et al. 2008b). This phenomenon depends on the
AM fungal species involved and the aquaporin isoform
studied (Porcel et al. 2006). These apparent discrepancies
in the modification of aquaporin expression by the AM
symbiosis fit with the idea that each plant aquaporin gene
should have a specific function in each plant tissue and
under specific environmental conditions (Jang et al. 2007;
Peng et al. 2007; Ruiz-Lozano and Aroca, 2010).

Potassium (K+) tissue concentration is an important phys-
iological parameter which regulates root water uptake ca-
pacity and that is also altered by the AM symbiosis (Porras-
Soriano et al. 2009; Benlloch-González et al. 2010).
Drought influences K+ uptake and K+ tissue concentration
resulting from K+ availability also modifies plant response
to drought (Egilla et al. 2001; Cakmak 2005). Although
there is much information about the effects of K+ starvation
on root hydraulic properties, to our knowledge, there is only
one study associating analysis of PIP gene expression. Thus,
Liu et al. (2006) found that an increase in root hydraulic
conductivity and an upregulation of several PIP genes was
caused by K+ starvation in rice plants. Also, a decrease in
root water transport capacity caused by K+ channel inhib-
itors has been observed (Tazawa et al. 2001; Liu et al. 2006).
These results indicate a tight co-regulation between water
and K+ uptake processes.

While it is well-documented that water regime, AM
symbiosis, and plant K+ status affect root hydraulic

properties (Liu et al. 2006; Aroca et al. 2008b), how the
interaction between these three factors modifies root hy-
draulic properties has not yet been explored. In this context,
the present research was aimed at evaluating the combined
effects of plant K+ contents, drought, and AM symbiosis on
root hydraulic conductivity and aquaporin gene expression
and protein abundance. To achieve this goal, maize plants
were grown in the presence or absence of the AM fungus
Glomus intrardices, under drought or well-watered condi-
tions and at three levels of potassium. Shoot nutrient con-
centration, leaf stomatal conductance, root hydraulic
conductivity, and root PIP aquaporin expression and abun-
dance were analyzed. Moreover, since an aquaporin from
the AM fungus used here has been cloned (Aroca et al.
2009), its gene expression was also analyzed.

Material and methods

Biological material and experimental design

Maize (Zea mays L.) seeds were surface-disinfected by incu-
bating them for 10 min in 0.1% (w/v) NaClO and rinsed three
times in distilled water. Seeds were sown in 1-L pots filled
with a mixture of sterilized sand and soil (1:1). Soil was
collected from Estación Experimental del Zaidín (Granada,
Spain), sieved (2 mm), and then sterilized by steaming (1 h at
100°C for three consecutive days). The soil had a pH of 8.1
(water); 1.81% organic matter, nutrient concentrations (milli-
grams per kilogram): N, 2.5; P 6.2 (NaHCO3-extractable P);
K, 132.0. The soil texture was made up of 35.8% sand, 43.6%
silt, and 20.5% clay. Plants were grown in a glasshouse with
temperature ranging from 22°C to 27°C, RH from 40% to
60%, and a photoperiod of 16:8 (light/dark) supplemented
with fluorescent lamps.

At sowing, 10 g of AM fungal inoculum (Glomus intra-
radices Schenck and Smith, isolate BEG 121) was added to
half of the pots. Inoculum was bulked in an open-pot culture
of Trifolium repens L. mixed with Sorghum vulgare Pers. X
Sorghum×drummondii (Steud.) Millsp. & Chase plants and
consisted of substrate (vermiculite/sepiolite, 1:1), spores,
mycelia, and infected root fragments. Uninoculated control
plants received the same amount of autoclaved mycorrhizal
inoculum together with a 3-ml aliquot of a filtrate (<20 μm)
of the inoculum in order to provide a general microbial
population free of AM fungal propagules. All pots received
per week 10 mL nutrient solution composed of 3 mM
KNO3, 4.4 mM Ca(NO3)2, 0.4 mM NaH2PO4, 1.5 mM
MgSO4, 67 μM EDTA–Fe, 5 μM MnSO4, 1 μM CuSO4,
1 μM ZnSO4, 30 μM H3BO3, and 0.15 μM Na2MoO4. At
the same time, one third of the pots received an extra 10 mL
10 mM K2SO4 solution once a week (level 1 of K+), while
another third of the pots received an extra 10 mL 20 mM
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K2SO4 solution per week (level 2 of K+). Finally, the
remaining one third of the pots received 10 mL water, as
controls.

Simultaneously, 6 weeks after sowing, half of the pots
from each treatment were subjected to drought stress during
an additional week. Water was supplied daily to maintain
soil at 100% of field capacity during the first 6 weeks after
sowing, then half of the plants were allowed to dry for 2 days
until soil water content reached 75% of field capacity, while
the other half were maintained at field capacity. The 100%
soil water holding capacity corresponded to 20% volu-
metric soil moisture, and the 75% soil water holding
capacity corresponded to 12% volumetric soil moisture,
both measured with a ThetaProbe (AT Delta-T Devices
Ltd., Cambridge, UK) and determined experimentally in
a previous experiment using a pressure plate apparatus.
The soil water content was measured daily (morning) with
the ThetaProbe ML2 before rewatering (at the end of the
afternoon), and the amount of water lost was added to each
pot in order to keep the soil water content at the desired
level of 75% field capacity (Porcel and Ruiz-Lozano 2004).
During the 24-h period between each rewatering, the soil
water content progressively decreased, reaching a minimum
value of approximately 85% and 60% of field capacity for
well watered and water stressed plants, respectively. Plants
were maintained under such conditions for 1 week before
harvesting. These percentages of soil moisture were select-
ed based on previous studies carried out also in maize
(Bárzana et al. 2012).

Mycorrhizal development and growth analyses

Five plants per treatment were harvested. The percentage of
root length colonized by G. intraradices was estimated
microscopically after clearing washed roots in 10% KOH
and staining with 0.05% trypan blue in lactic acid (v/v). The
extent of mycorrhizal colonization (percent and total root
length) was calculated according to the gridline intersect
method (Giovannetti and Mosse 1980). Shoot and root dry
weights were measured after incubating plant material at 75°
C in an oven during 2 days.

Root hydraulic conductivity (L)

Root hydraulic conductivity was measured 2 h after dawn in
plants exuding under atmospheric pressure as previously
described by Ruiz-Lozano et al. (2009) and Marulanda et
al. (2010). Briefly, at harvest, shoots of five plants per
treatment were removed 1 cm above the root insertion. A
silicon tube was attached to the stem; the exuded sap of the
first 15 min was discarded to avoid phloem contaminations,
and the exuded sap in the following 2 h was collected and
weighed. Osmotic potential of the collected sap and the

nutrient solution was measured using a cryoscopic osmom-
eter (Osmomat 030, Gonotec Gmbh, Berlin, Germany). L
was calculated as the ratio between root water flux (grams
water per gram root dry weight per hour) and the osmotic
potential gradient (in megapascals) between the exuded sap
and the nutrient solution.

Stomatal conductance

Stomatal conductance was recorded 2 h after dawn by a
porometer system (Porometer AP4, Delta-T Devices Ltd.,
Cambridge, UK) in the last fully expanded leaf of five plants
per treatment. Measurements were done the same day that L
was measured in five different plants in order to elucidate
any correlation between the two parameters. Each measure-
ment was repeated three times in each leaf, and the mean of
the three measurements was considered in order to diminish
variability in this parameter.

Plant mineral analyses

Mineral analyses were carried out in 0.05 g of ground leaf
material of five plants per treatment using an ICP plasma
analyzer, as previously described by Marulanda et al.
(2010).

PIP aquaporin expression and protein abundance

Three different samples of RNA and microsomes coming
from three different plant roots were analyzed. RNA extrac-
tion and expression analyses of six maize PIP aquaporin
genes (ZmPIP1;1, ZmPIP1;2, ZmPIP1;5, ZmPIP2;1,
ZmPIP2;5, and ZmPIP2;6) by quantitative real-time PCR
were performed as previously described by Marulanda et al.
(2010). These genes were selected based on their reported
high expression levels in root tissues (Hachez et al. 2006).
At the same time, the expression of the aquaporin of G.
intraradices (GintAQP1) was quantified (Aroca et al. 2009).
PIP1 and PIP2 protein abundance in root tissues was ana-
lyzed by Western blots using specific antibodies, as de-
scribed by Hachez et al. (2006) and Marulanda et al.
(2010). The anti-PIP1 antibody used recognizes all the
PIP1 proteins present in maize except ZmPIP1;6, while the
anti-PIP2 antibody recognizes ZmPIP2;1, 2;2, and 2;7, and
most probably ZmPIP2;3, 2;4 and 2;6. At the same time,
specific antibodies against ZmPIP1;2, 2;1, 2;5 and 2;6 were
used.

Statistical analyses

Means of each parameter from different treatments were
compared using one way-ANOVA and Fisher least signifi-
cant difference (LSD) tests at significant level of p<0.05.
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The sources of variation were water regime, AM fungal
inoculation,, and potassium added, giving 12 different treat-
ments: plants with or without AM fungal inoculation, plants
well watered or subjected to drought, and plants treated with
three levels of K+.

Results

Growth and mycorrhizal and physiological parameters

At harvest, no significant differences (p>0.05) in total and
shoot dry weights were observed among the 12 treatments
(data not shown). Overall total and shoot dry weights were
0.91 and 0.44 g, respectively. However, level 2 of K+
increased root dry weight by 30% under well-watered con-
ditions (Fig. 1). Also, root dry weight of plants from level 2
of K+ and subjected to drought was lower (by 28%) than
root dry weight of the corresponding plants from level 1 of
K+ (Fig. 1).

No mycorrhizal colonization was detected in non-
inoculated plants. Percent root length colonization ranged
from 64% in water-stressed plants under control K+ condi-
tions to 82% in well-watered plants under level 2 of K+.
However, no significant differences (p>0.05) were found
among the different treatments (data not shown). Total root
length colonized was calculated since differences in root
development were observed (Fig. 1). Drought stress dimin-
ished root length colonized under conditions where no extra
K+ added (15%) and even more under level 2 of extra K+

(48%) (Table 1). Under well-watered conditions, extra K+

addition at level 2 increased total root length colonized by
about 30% (Table 1).

In the absence of extra added K+, root hydraulic conduc-
tivity (L) was not affected by AM fungal inoculation
(Fig. 2a). Drought treatment decreased L by 75% in non-
AM plants but had no effect in mycorrhizal ones (Fig. 2a).

Addition of both extra K+ levels almost doubled L values,
but only in AM plants (except in those subjected to water
stress and treated with level 1 of K+; Fig. 2a). Thus, under
added K+ conditions, AM plants always showed L values
higher than non-AM, regardless of water regime or K+ dose
(Fig. 2a). Plants treated with level 1 or 2 of K+ had the same
L values within each water regime or within each inocula-
tion treatment conditions (Fig. 2a).

Under well-watered conditions in the absence of K+

applications, stomatal conductance was not affected by the
AM symbiosis (Fig. 2b). However, drought treatment re-
duced stomatal conductance more abruptly in non-AM
plants (by 77%) than in mycorrhizal ones (by 35%)
(Fig. 2b). Application of the two levels of K+ did not cause
any significant (p>0.05) change in stomatal conductance in
plants subjected to drought, but they reduced stomatal con-
ductance in well watered plants by around 44% (Fig. 2b),
which could indicate a possible osmotic stress.
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Fig. 1 Root dry weight of AM (black bars) or non-AM (white bars)
maize plants, grown well-watered (WW) or subjected to drought (D)
under conditions of no extra potassium added, or levels 1 and 2 of extra
K+. Bars represent mean±SE (n05). Different letters indicate signifi-
cant differences among treatments (p<0.05) after ANOVA and LSD
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Table 1 Total root length (centimeters) colonized by the AM fungus
G. intraradices in maize plants well-watered (WW) or subjected to
drought (D) under conditions of no added potassium (level 0), or levels
1 or 2 of extra K+

Level 0 of extra
K+

Level 1 of extra
K+

Level 2 of extra
K+

WW 326±20 b 364±14 b 456±14 c

D 278±12 a 365±8 b 240±22 a

Means±SE are shown (n04). Different letters indicate significant
differences among treatments (p<0.05) after ANOVA and LSD tests
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Fig. 2 Root hydraulic conductivity (a) and stomatal conductance (b)
of AM (black bars) or non-AM (white bars) maize plants, grown well-
watered (WW) or subjected to drought (D) under conditions of no extra
potassium added, or levels 1 and 2 of extra K+. Bars represent mean±
SE (n05). Different letters indicate significant differences among treat-
ments (p<0.05) after ANOVA and LSD tests
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Shoot K+ content was increased almost three-fold by both
added K+ levels, and level 2 of K+ application further
increased shoot K+ content in water-stressed AM plants
(Fig. 3a). The effect of the application of K2SO4 on
plant sulfur content was also analyzed, but no signifi-
cant (p>0.05) differences were found among all the
treatments (data not shown). The application of K+

modified the contents of other nutrients involved in L
regulation (Cabañero and Carvajal 2007; Li et al. 2009).
Added K+ had an effect on phosphorous content in AM plants
subjected to drought under level 2 of K+ application, where a
two-fold increase was observed (Fig. 3b). On the contrary,
both levels of applied K+ decreased shoot Mg2+ content by
half in all plant treatments (Fig. 3c). No significant differences
(p>0.05) in shoot calcium content were found among treat-
ments (data not shown).

Since level 2 of K+ changed root growth, total root
length colonized by G. intraradices under well-watered
conditions, shoot P contents of AM plants, and in-
creased the differences in K+ contents between AM
and non-AM plants under drought conditions, this level
of extra K+ was not considered for further analyses (PIP
expression and protein abundance).

PIP aquaporin expression and abundance

Root expression of ZmPIP1;5 was not significantly altered
(p>0.05) by any treatment (Fig. 4c). AM inoculation did not
change the expression of any of the PIP genes analyzed in
the absence of level 1 of K+ added under well-watered
conditions, except that of ZmPIP2;1 which showed a slight
upregulation (34%; Fig. 4d). In the absence of added K+,
drought treatment almost doubled the expression of
ZmPIP1;1 and ZmPIP2;5 in both AM and non-AM roots
and that of ZmPIP1;2 in AM roots (Fig. 4). Application of
level 1 of K+ did not change the expression of any of the
analyzed PIP genes under well-watered conditions, al-
though differences in ZmPIP2;1 gene expression were ob-
served between AM and non-AM roots (Fig. 4d). In
contrast, under drought conditions, level 1 of K+ caused a
downregulation of five of the six PIP genes in AM and non-
AM roots, although the decrease was more pronounced in
AM roots (Fig. 4).

Expression of the fungal GintAQP1 gene was downregu-
lated (around 90%) by drought stress independently of the
K+ treatment. However, level 1 of K+ increased slightly the
expression of GintAQP1 by 30% in AM roots under well-
watered conditions (Fig. 5).

Six different antibodies were used to determine the reg-
ulation of PIP protein abundance in root membranes by the
AM symbiosis, drought stress, and K+ supply (Fig. 6). PIP
protein abundance was reduced by the AM symbiosis under
well-watered conditions in the absence of added K+.
Drought treatment reduced ZmPIP2;6 protein abundance
in non-AM roots in the absence of extra K+, while no other
changes in PIP protein amounts was observed in these roots.
However, drought treatment increased the amount of PIP
protein in AM roots in the absence of added K+, especially
that of PIP1s and ZmPIP1;2.

Application of extra K+ at level 1 did not change the
amount of any of the PIP proteins in non-AM roots under
well-watered conditions (Fig. 6). Conversely, applied K+

caused an increase in the amount of all analyzed PIP pro-
teins in AM roots under well-watered conditions, being
highest for PIP1s and PIP1;2 proteins. Application of level
1 of K+ decreased ZmPIP2;6 protein abundance under
drought conditions and, to a greater extent, in AM roots
than in non-mycorrhizal ones.

Discussion

Previous reports on the effect of AM inoculation on root
hydraulic conductivity (L) under both well-watered or water
stress conditions are not consistent. The results range from
positive effects under both water conditions (Dell’Amico
et al. 2002; Sánchez-Blanco et al. 2004), or only under
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well-watered conditions (Graham and Syvertsen 1984;
Aroca et al. 2008b), to negative effects under both water
conditions (Levy et al. 1983) or only under well-watered
conditions (Aroca et al. 2007). There are also reports of no
AM effect under either water condition (Ruiz-Lozano et al.
2009) or only under water stress conditions (Aroca et al.
2007, 2008b). In the present study, no effect of the AM
symbiosis on L values in maize plants was observed in
absence of extra K+ doses, independently of the water

regime. These results confirm those of Ruiz-Lozano et al.
(2009) using the same maize cultivar and G. intraradices
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Different letters indicate significant differences among treatments (p<
0.05) after ANOVA and LSD tests
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Fig. 5 GintAQP1 gene expression of well-watered (white bars) or
droughted (black bars) AM maize plants grown with or without added
K+. Bars represent mean±SE (n05). Different letters indicate signifi-
cant differences among treatments (p<0.05) after ANOVA and LSD
tests

Fig. 6 Western blots of microsomes from roots of AM (AM) or non-
AM (NM) maize plants grown under well-watered conditions (WW) or
subjected to drought (D) with (+K) or without level 1 of extra K+. The
antibodies used are indicated on the right. PIP1s: an antibody raised
against several PIP1 proteins; ZmPIP1;2: an antibody raised only
against ZmPIP1;2 protein; PIP2s: an antibody raised against several
PIP2 proteins; ZmPIP2;1: an antibody raised against ZmPIP2;1 and
ZmPIP2;2 proteins; ZmPIP2;5: an antibody raised only against
ZmPIP2;5 protein; ZmPIP2;6: an antibody raised against only
ZmPIP2;6 protein. The bottom panel shows Coomassie-Blue-stained
gels
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isolate. The use of different plant and fungal species could
explain previously observed discrepancies.

Plant K+ concentration has not been taken into account in
previous studies of AM effects on L, although the AM
symbiosis can modify the amount of K+ in the host plant
tissues, either enhancing K+ contents (Querejeta et al. 2007;
Porras-Soriano et al. 2009) or reducing them (Berreck and
Haselwandter 2001; present study). On the other hand, it is
well documented that K+ starvation usually increases root
hydraulic conductivity (Liu et al. 2006; Benlloch-González
et al. 2010). In the present study, it was found that different
K+ content of plant tissues influences the regulation of L by
the AM symbiosis under both well-watered and drought
stress conditions. The discrepancies about how mycorrhiza
regulates L could therefore be related to different K+ con-
tents of the host plant studied.

Curiously, added K+ only increased root hydraulic con-
ductivity in AM maize plants, although these plants had the
same shoot K+ content as non-mycorrhizal ones. The lack of
an L response to K+ in non-AM plants could be caused by a
different stomatal conductance behavior (Steudle 2000), but
this seems unlikely as no differences in stomatal conduc-
tance between AM and non-AM plants were observed upon
K+ application. Dell’Amico et al. (2002) found a strong
correlation between stomatal conductance and L in tomato
plants, but AM plants always showed higher L for a given
stomatal conductance value. This behavior of mycorrhizal
plants could result from the ability of the external mycelium
to take up water (Ruth et al. 2011), and the same mechanism
could be acting under the conditions of added K+ in the
present study. Recently, Oddo et al. (2011) reported the
enhancement of whole plant and shoot hydraulic conduc-
tances in Laurus nobilis trees after short-term application of
K+ fertilization. These findings corroborate with the current
data for AM maize plants at the root level.

It is known that P deficiency may cause reductions in root
hydraulic conductivity (Fan et al. 2007; Li et al. 2009).
Since AM plants are able to take up more P from the soil,
they could explain their higher L values as compared with
non-mycorrhizal plants. However, the AM maize plants
always had a higher leaf concentration of P than non-AM
plants, but it was only in the presence of added K+ that AM
plants showed higher L values than non-mycorrhizal ones,
without any further increase in leaf P concentrations. So,
different P concentrations were not related to differences in
L values observed in the present study between AM and
non-AM maize plants.

A decrease in magnesium contents was also observed in
the shoots of extra K+-treated maize plants. Cabañero and
Carvajal (2007) found that Mg2+ deprivation could cause a
transitory L elevation. This mechanism could explain why L
values increased in AM plants upon their exposure to added
K+ but not why non-mycorrhizal plants failed to respond to

K+. Analyses of PIP gene expression and protein abundance
were performed in an attempt to answer to this question.

The differences observed in root hydraulic conductivity
values between AM and non-AM maize plants under extra
K+ conditions are difficult to explain in relation to the PIP
gene expression data. In fact, no differences in the expres-
sion of the PIP genes analyzed were found between mycor-
rhizal and non-mycorrhizal roots under extra K+ conditions.
At the same time, the increase in L values observed in AM
plants after K+ addition was accompanied by a downregu-
lation of all the PIP genes analyzed under drought condi-
tions, while such an effect was not observed under well-
watered conditions. So, the PIP gene expression data does
not correlate with L values. This could be caused by a lack
of correlation between PIP gene expression and PIP protein
abundance (Aroca et al. 2005; Marulanda et al. 2010; Muries
et al. 2011). However, application of K+ changed the PIP
expression pattern under drought conditions when comparing
AM and non-AM plants, and differences for ZmPIP1;5 and
ZmPIP2;1 gene expression were eliminated. So, although PIP
gene expression cannot account for the increase in L values
observed in AM plants after K+ application, they could par-
tially explain the different PIP expression patterns reported
previously between AM and non-AM plants (Porcel et al.
2006; Aroca et al. 2008b; Ruiz-Lozano et al. 2009).

When studying aquaporins in mycorrhizal plants, not
only root but also fungal ones should be taken into account.
It is known that extraradical hyphae of AM fungi are able to
take water up directly from the soil and transport it to the
host roots (Ruth et al. 2011). In this context, the GintAQP1
aquaporin expression data could partly explain why AM
maize plants increased their root hydraulic conductivity in
presence of added K+ under well-watered conditions, since
the fungal gene expression was increased slightly by such
K+ addition. However, drought stress caused a downregula-
tion of GintAQP1 expression for both K+-supplied and non-
supplied plants. Aroca et al. (2009) reported that GintAQP1
did not show any water transport activity when it was
expressed in Xenopus laevis oocytes. Other aquaporin
genes, apart from GintAQP1, must exist in G. intraradices.
In fact, recently, Tisserant et al. (2012) found two new
aquaporin genes in G. intraradices. Also, seven different
aquaporin genes have been reported for the ectomycorrhizal
fungus Laccaria bicolor (Dietz et al. 2011). Hence, it cannot
be ruled out that other aquaporins from the AM fungal
partner could be involved in the K+-dependent increment
of L values observed in AM plants.

Since aquaporin gene expression and protein abundance
do not always match (Aroca et al. 2005; Marulanda et al.
2010; Muries et al. 2011), it is crucial to look at PIP protein
abundance to have a complete picture of the root water
uptake properties. In accordance with previous results
(Aroca et al. 2007; Benabdellah et al. 2009; Ruiz-Lozano
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et al. 2009), the AM symbiosis diminished the amount of
PIP protein in maize roots under well-watered conditions,
when extra K+ was absent. However, root hydraulic con-
ductivity and stomatal conductance values were the same in
both mycorrhizal and non-mycorrhizal maize plants. Again,
G. intraradices aquaporins could be involved in the overall
L values observed in the AM plants.

Drought stress increased the amount of all PIP proteins in
the roots of AM maize plants, while the only effect observed
in non-AM roots was a reduction in the amount of
ZmPIP2;6 protein. The higher amount of protein in AM
roots could explain why these roots kept their L at the same
level as well-watered roots, even though the expression of
GintAQP1 was downregulated. Aroca et al. (2009) reported
that, when the expression of host plant PIP aquaporins was
downregulated, the expression of GintAQP1 increased.
Here, the opposite effect was observed in that, when the
amount of maize PIP protein increased, the expression of
GintAQP1 decreased. This behavior could be caused by a
compensatory mechanism between plant and fungal aqua-
porins, as was previously suggested (Aroca et al. 2009).
However, this pattern could not be confirmed in the
maize–G. intraradices mycorrhiza under conditions of
added K+.

The observed reduction in root hydraulic conductivity
caused by drought treatment in non-mycorrhizal maize
plants without K+ addition was not matched by a diminution
in PIP root protein abundance, except for the ZmPIP2;6
protein. Data about the capacity of the ZmPIP2;6 protein
to transport water or any other solute are not currently
available. Also, no correlation was found between L values
and ZmPIP2;6 protein amounts in the roots of different
maize lines with different concentrations of abscisic acid
(Parent et al. 2009). However, the possibility that this spe-
cific PIP protein plays a role during drought periods needs
to be further tested.

The lack of a response of root hydraulic conductivity to a
K+ application in non-AM maize plants under well-watered
conditions was associated with a lack also in the variation in
amounts of root PIP protein. At the same time, the increase
in L values in the AM plants following the K+ application
under well-watered conditions was accompanied by an in-
crease in root PIP protein. However, AM maize plants had
lower amounts of several PIP proteins (ZmPIP2s,
ZmPIP2;5, and ZmPIP2;6) in their root tissues than non-
AM plants, while they maintained higher L values. Not only
different sub-cellular localization (Sorieul et al. 2011) or
phosphorylation state (Maurel et al. 1995) of PIP proteins
between AM and non-AM roots but also the activity of
fungal aquaporins could contribute to such L differences
between AM and non-AM plants. Also, the decrease in L
values caused by drought treatment in both AM and non-
AM maize plants exposed to extra K+ was accompanied by

a diminution in the amount of PIP proteins in roots from
either kind of plants. Again, the reduction in protein amount
was more abrupt in AM maize roots, although L decreased
more in non-mycorrhizal plants. These results highlight,
once again, the crucial role that fungal aquaporins may play
in regulating overall L values in AM plants.

In conclusion, it has been demonstrated that differences
observed between AM and non-AM maize plants in terms of
root hydraulic properties and PIP aquaporin expression and
abundance depend on the K+ status of the plant. Also, the
results presented here point to a potential role of AM fungal
aquaporins in regulating the L behavior of the host plant. So,
the possible involvement of the new aquaporin genes cloned
from G. intraradices should be addressed (Tisserant et al.
2012). However, why AM plants increase their L values
under extra K+ conditions and not non-mycorrhizal plants
remains an unanswered question. Since K+ uptake capacity
could control L values (Tazawa et al. 2001; Liu et al. 2006),
it is possible that the higher capacity of AM roots to take up
K+ (Querejeta et al. 2007; Porras-Soriano et al. 2009) or the
putative direct transport of K+ by the AM fungus to the host
roots (Dupré de Boulois et al. 2006) could also influence
root and hyphal water uptake capacity. Future studies using
water and potassium channel inhibitors could contribute to
answering this question.
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