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Abstract Arbuscular mycorrhizal (AM) symbiosis can protect the host plants 
against the detrimental effects of the water deficit caused by osmotic stresses such 
as drought and salinity. Stomatal conductance (gs) and water use efficiency (WUE) 
are among the most studied water relations parameters in the mycorrhizal litera-
ture, since they are considered critical to the long-term performance of host plants 
in semiarid environments. Mycorrhizal effects on gs have been observed in about 
50% of experiments involving AM and nonAM plants of similar size. In fact, gs 
rates usually are higher in AM than in nonAM plants, which implies that AM plants 
have a lower resistance to vapour transfer from inside the leaves to the atmosphere. 
AM and nonAM plants have also shown different critical points or thresholds of 
stomatal behaviour during drought episodes. The higher gs rates in AM plants have 
been associated with lower xylem-sap abscisic acid (ABA) and lower ABA fluxes 
to leaves in AM plants. On the other hand, it has been suggested that extraradical 
hyphae or increased root branching may allow mycorrhizal roots to better explore 
a particular soil volume, extending soil water depletion zones and giving a mycor-
rhizal root system more access to available water. In addition, it has been estimated 
that about half of the promotion of gs by AM fungi can be attributable to the soil 
colonization by AM fungi. Nevertheless, these results can vary when the host plant 
shows a water conservative strategy. Moreover, different AM fungal species have 
been shown to modulate also differently the physiological response, including gs, 
of host plant to drought. The AM influence on gs can also be modulated by envi-
ronmental conditions such as irradiance, air temperature or leaf temperature. There 
are also several reports in the literature showing an increase of plant WUE by the 
AM symbiosis either under well watered or under osmotic stress conditions. The 
effects of AM symbiosis on WUE depend on the fungal species involved, without 
a correlation with the percentage of root infection. These effects have been rather 
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related to higher net photosynthetic rate and optimal quantum yield of photosystem 
II in AM plants than in nonAM ones and with enhanced activities of carbon assimi-
latory enzymes such as Rubisco. In any case, specific studies dealing with the effect 
of AM symbiosis on leaf morphology are needed in order to ascertain how these 
parameters influence the WUE of the host plant.

Keywords Abscisic acid • Arbuscular mycorrhiza • Osmotic stress • Stomatal 
conductance • Water use efficiency

Abbreviations

ABA Abscisic acid
AM Arbuscular mycorrhiza
AMF Arbuscular mycorrhizal fungus
gs Stomatal conductance
LAR Leaf area ratio
NAR Net assimilation rate
QY Optimal quantum yield of photosystem II
SLW Specific leaf weight
Y Water potential
WUE Water use efficiency

1  Introduction

Plants are constantly confronted with environmental constraints of both biotic and 
abiotic origin. Abiotic stresses such as drought, salinity and extreme temperatures 
are the most common environmental stress factors experienced by terrestrial plants 
(Seki et al. 2003). All of those stresses share a common osmotic component since 
they diminish water uptake by roots and cause a dehydration of plant tissues. Thus 
we refer to them as osmotic stresses (Zhu et al. 1997). The dehydration caused by 
those stresses is a consequence of the imbalance between the water lost in the 
leaves and the water taken up by roots (Aroca et al. 2001).

The water deficit caused by osmotic stresses interferes with both normal devel-
opment and growth and has a major adverse effect on plant survival and productivity. 
Indeed, water deficit accounts for over 70% of yield losses during crop production 
(Kramer and Boyer 1997; Bray 2004). Global climate change is increasing the risk 
of water deficit in the near future. Nowadays, there is broad consensus that climate 
change is occurring and that stresses from climatic extremes will continue, and 
possibly increase, and thus impose water deficit and significant difficulties to plant 
growth in many parts of the world. In fact, problems of water deficit have recently 
spread to regions where drought was negligible in the past. These difficulties will be 
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particularly pronounced in currently semi-arid agricultural zones and/or under 
conditions of irrigation that often exacerbate soil salinization (Araus et al. 2003; 
Denby and Gehring 2005).

Most terrestrial plants can establish a symbiotic association with a group of soil 
fungi called arbuscular mycorrhizal (AM) fungi. The AM symbiosis is present in 
all natural ecosystems, even in those affected by adverse environmental conditions 
(Varma 2008). Several eco-physiological studies investigating the role of AM sym-
biosis in protection against drought stress have demonstrated that the symbiosis 
often results in altered rates of water movement into, through and out of the host 
plants, with consequences on tissue hydration and plant physiology (for reviews see 
Augé 2001, 2004; Ruiz-Lozano 2003). Thus, it is accepted that AM symbiosis can 
protect host plants against the detrimental effects of water deficit and that the con-
tribution of the AM symbiosis to plant drought tolerance results from a combina-
tion of physical, nutritional and cellular effects (Ruiz-Lozano 2003). Studies 
carried out so far have suggested several mechanisms by which the AM symbiosis 
can alleviate drought stress in host plants. The most important are: direct uptake 
and transfer of water through the fungal hyphae to the host plant (Hardie 1985; 
Ruiz-Lozano and Azcón 1995; Marulanda et al. 2003), better osmotic adjustment 
of AM plants (Augé et al. 1992a; Ruiz-Lozano et al. 1995a; Kubikova et al. 2001), 
enhancement of plant gas exchange and WUE (Augé et al. 1992a; Ruiz-Lozano 
et al. 1995a,b, Goicoechea et al. 1997; Green et al. 1998) and protection against the 
oxidative damage generated by drought (Ruiz-Lozano et al. 1996, 2001; Porcel 
et al. 2003; Porcel and Ruiz-Lozano 2004). In addition, changes in soil water reten-
tion properties have also been suggested (Augé et al. 2001), although the real sig-
nificance of soil on mycorrhiza-induced plant drought tolerance is still doubtful 
according to other subsequent studies (Augé et al. 2004b).

It is well known that in higher plants stomata control leaf gas exchange, provid-
ing paths for CO

2
 intake and governing the efflux of water vapour to the atmosphere 

during transpiration. Adequate regulation of stomata may allow keeping the rate of 
evaporation to a minimum while the rate of CO

2
 assimilation is maintained, which 

in turn, enhances the plant water use efficiency (WUE). There is consistency in 
published data that mycorrhizal symbiosis usually promotes transpiration and sto-
matal opening, affecting thus the stomatal conductance (gs) and the WUE of the 
host plant (Augé 2000). In this chapter we will focus on AM alterations of plant 
stomatal behaviour and of plant WUE under drought and saline stress conditions.

2  Stomatal Behaviour of Arbuscular Mycorrhizal Plants 
Under Osmotic Stress

Water deficit causes several alterations on plant physiology, one of the most  common 
being stomatal closure (Rood et al. 2003; Aroca et al. 2003; Loreto and Centritto 
2008). Small changes in leaf water status can have relatively large effects on critical 
physiological processes such as photosynthesis and water transport. Changes in gs 
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and transpiration are typically balanced by changes in leaf hydraulic conductance, 
keeping changes in water potential gradient across the leaf to a minimum (Franks 
2006). As Augé (2001) noticed in one of the most comprehensive reviews on AM 
symbiosis and drought stress tolerance, mycorrhizal effects on gs have been unpre-
dictable, occurring in about 50% of experiments involving AM and nonAM plants 
of similar size. Currently, it is not clear how AM effects on stomatal behaviour vary 
among AM fungi or host plants. Indeed, the literature shows that gs of some Citrus 
species are little affected by AM colonization, while soybean, sunflower, lettuce or 
rose plants show frequent alteration of stomatal behaviour by AM symbiosis (Augé 
2001). Where gs rates differ in AM and nonAM plants, they usually are higher in 
AM than in nonAM plants, which implies that AM plants have a lower resistance to 
vapour transfer from inside the leaves to the atmosphere when exposed to the same 
water conditions. AM-induced increases in gs are often subtle, but promotion of gs 
by twofold in AM plants, have also been recorded (Ruiz-Lozano et al. 1995a; Augé 
et al. 2004a). These higher gs rates in AM plants have been associated with lower 
xylem-sap abscisic acid (ABA) and lower ABA fluxes to leaves in AM plants (Ebel 
et al. 1997). In contrast, it seemed that xylem sap concentrations of calcium or zeatin 
riboside equivalents were not affected by the AM symbiosis and had no influence on 
gs (Duan et al. 1996). On the other hand, it has been suggested that extraradical 
hyphae (Allen 1991) or increased root branching (Kothari et al. 1990) may allow 
mycorrhizal roots to better explore a particular soil volume, extending soil water 
depletion zones and giving a mycorrhizal root system more access to available water. 
Therefore, AM and nonAM root systems exposed to the same stress and constrained 
to similar soil volumes may not necessarily suffer similar strain, that would explain 
the higher gs rates in AM plants (Duan et al. 1996).

Recently, Augé et al. (2008) have studied if the changes in gs induced by the AM 
symbiosis are accompanied by changes in leaf hydraulic conductance and in gradi-
ents of leaf water potential. They observed that under amply watered conditions the 
fungus Glomus intraradices enhanced by 27% gs of squash plants, but leaf hydraulic 
conductance did not increase in these plants and, consequently, the water potential 
gradient across the leaf was higher in AM leaves. Authors concluded that the higher 
gradients of water potential in leaves of AM plants were consistent with the higher 
rates of gas exchange found in AM plants and that, presumably, are necessary to 
supply the carbon needs of the fungal symbiont.

It is also noticeable that AM and nonAM plants have shown different critical 
points or thresholds of stomatal behaviour during drought episodes. Leaf water 
potential (Y) was about 0.2 MPa lower in Glomus fasciculatum-colonized wheat 
plants than in similar-sized nonAM plants when stomata began to close (Allen and 
Boosalis 1983), and leaf Y at stomatal closure was about 0.7 MPa lower in AM rose 
plants than in similar-sized nonAM rose plants (Augé et al. 1986). Stomatal con-
ductance in AM plants has also remained unaffected by declines in available soil 
moisture longer than in nonAM plants (Osundina 1995; Duan et al. 1996). 
Furthermore, AM plants showed higher gs than nonAM plants when only a portion 
of a root system was dried and before drying affected leaf water status and these 
effects occurred independently of plant size or phosphorus nutrition through 
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 nonhydraulic signals (Augé et al. 1992b, 1994, 1995). In this context, it has been 
shown that when AM and nonAM plants were exposed to similar soil water deficits, 
gs of AM and nonAM plants were still different, suggesting also that the AM influ-
ence on gs is of biochemical nature (Augé 2000). Moreover, the questions whether 
intact root systems are required to observe an effect of AM fungi on transpiration, 
or whether there is some residual AM influence on foliage that continues to affect 
transpiration of leaves detached from root systems have been studied by Green 
et al. (1998). The results of such study showed that there was a residual influence 
of mycorrhizal symbiosis in rose leaves, but not in cowpea leaves and that exoge-
nous ABA, calcium or phosphorus had little influence on the transpiration rate of 
AM and nonAM leaves. It has also been shown that partial drying of a root system 
can lead to reduced gs, even when the rest of the root system is moist enough to 
fully supply shoot requirements for water (Davies et al. 1994). However, the AM 
symbiosis can affect the inhibition of gs that occurs when only a portion of the root 
system is dried and before drying affects leaf water potential, suggesting an AM 
effect on nonhydraulic root-to-shoot communication of soil drying (Augé and Duan 
1991; Ebel et al. 1996). Thus, it has been proposed that root dehydration alters root 
metabolism leading to the production of a nonhydraulic, chemical signal that moves 
to leaves where it induces stomatal closure. Root-to-shoot regulation of stomatal 
behaviour during soil drying may occur via a multiple chemical signal, including 
cytokinins and ABA (Druge and Schonbeck 1992; Goicoechea et al. 1997). In fact, 
Goicoechea et al. 1997 noted that higher gs and transpiration of mycorrhizal alfalfa 
plants was associated with altered ABA/cytokinins ratios in their leaves. Thus, the 
AM symbiosis can alter the production of ABA and cytokinins in drying roots in 
order to regulate stomatal opening and gs.

2.1  Influence of the Host Plant Life-Style and of AMF Origin

The induction of host gs by the AM symbiosis has been observed both under amply 
watered conditions and under drought stress conditions (Augé 2001). However, the 
greater impact on plant physiology can be found under drought stress conditions. 
For instance, Khalvati et al. (2005) found that under drought stress conditions the 
stimulatory effects of AM symbiosis on gs were more evident that under well-
watered conditions. Nevertheless, these results can vary when the host plant shows 
a water conservative strategy as is the case of Rosmarinus officinalis. R. officinalis 
is a perennial Mediterranean plant well adapted to dry conditions that avoids 
drought stress by reducing its transpiration rate, as well as its gs (Munné-Bosch 
et al. 1998). The behaviour of these plants against drought stress was studied by 
Sánchez-Blanco et al. (2004). Authors showed that, both under well-watered and 
under drought stress conditions, AM symbiosis enhanced root hydraulic conductivity 
and plant water status, but these effects did not correlate with gs since no signifi-
cant differences in gs between AM and nonAM plants were found (Fig. 1). On the 
contrary, significant increases of gs were found in two aridland woody plants such 
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as Olea europaea and Rhamnus lycioides inoculated with the AM fungus Glomus 
intraradices (Caravaca et al. 2003; Querejeta et al. 2003). In spite of the common 
enhancement of gs in both plants, WUE was significantly enhanced only in Olea 
europaea, but not in Rhamnus lycioides (Caravaca et al. 2003; Querejeta et al. 
2003). Authors related this differential behaviour with the own plant lifestyle. Olea 
is a long-lived, slow-growing evergreen tree with a conservative water use strategy, 
while Rhamnus is a drought-deciduous shrub with a shorter lifespan.

Finally, reduced gs under drought stress conditions in AM Anthyllis cytisoides 
plants has been observed by Goicoechea et al. (2004). A. cytisoides is a deciduous 
shrub plant that exhibits a slow growth rate and behaves as a drought avoider. 
It exhibits a resting period and one of its strategies to withstand prolonged water 
deficit is defoliation (Haase et al. 2000). In their study, Goicoechea et al. (2004) 
observed that drought stress induced a more pronounced decline in gs in AM plants 
than in nonAM plants. Moreover, when plants were recovered from drought, young 
leaves from previously stressed mycorrhizal plants continued showing lower gs 
values than those from nonAM plants, concomitantly with a higher rate of leaf 
abscission. Leaf shedding can be a beneficial adaptation that reduces water loss and 
redistributes resources in order to favour plant survival under drought stress 
(Munné-Bosch and Alegre 2004). Thus, authors considered that this behavior could 
minimize both water loss by transpiration and whole plant respiration, preventing 
mycorrhizal plants from suffering desiccation. They concluded that, in this way, 
AM symbiosis conferred a greater responsiveness of A. cytisoides to drought.

Despite their low host specificity, AMF are known to vary widely in their ability 
to modulate host plant physiology (van der Heijden 2004). Moreover, different 
AMF species have been shown to modulate also differently the physiological 
response, including gs, of host plant to drought (Ruiz-Lozano et al. 1995a, b). Thus, 
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Fig. 1 Stomatal conductance for Rosmarinus officinalis plants under four different treatments 
(NSNM – non-stressed non-mycorrhizal; NSM – non-stressed mycorrhizal; SNM – stressed non 
mycorrhizal; SM – stressed mycorrhizal) at three different moments of the experimental period  
(0, 7 and 14 days after the stress) (Taken from Sánchez-Blanco et al. (2004) with kind permission 
from Elsevier)
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the question whether native, drought-adapted AMF improve host plant performance 
to a greater extent than nonnative AMF was addressed by Querejeta et al. (2006). 
They conducted a field experiment in which seedlings of two native wild shrub 
species were inoculated with either native or nonnative Glomus species before out-
planting in an agricultural land. Their goal was to evaluate the nutritional and/or 
nonnutritional basis for any differential growth advantage conferred to the host 
plants by the drought-adapted native AMF under semiarid conditions. The results 
obtained showed that native AMF enhanced gs values (inferred from oxygen isoto-
pic measurements according to Scheidegger et al. 2000) to a greater extent than 
nonnative AMF in both shrub species.

2.2  Influence of Combined Salt Stress and of Environmental 
Conditions

The hypothesis that AM effects on stomatal conductance under drought stress 
would be more pronounced under saline conditions has been also tested (Cho et al. 
2006). The study was conducted on sorghum plants and the results showed one 
more time that gs was higher in AM than in nonAM plants. The average gs of AM 
plants during the drying episode was higher than that of nonAM plants by 32% with 
drought stress alone, by 38% with NaCl/drought stress and by 51% with osmotic/
drought stress (Fig. 2). However, considering the whole-plant response to drought 
stress, authors concluded that the presence of excess salt in soils widened the dif-
ference in drought responses between AM and nonAM plants only occasionally. 
In twice as many instances, salinity stress tended to nullify an AM-induced change 
in drought response.
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Fig. 2 Average stomatal conductance within treatments during the drying episode. Asterisk 
denotes significant differences (Taken from Cho et al. (2006) with kind permission from Elsevier)
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In any case, the positive effects of the AM symbiosis on gs under salinity stress 
alone have also been reported. For instance, in a study with maize plants, Sheng 
et al. (2008) showed that mycorrhization enhanced by 14–853% stomatal conduc-
tance under increasing salt levels (Fig. 3).

In order to better understand the AM influence on stomatal behaviour of host 
plants, Augé et al. (2004a) examined whether the magnitude of AM effects on gs 
was related to environmental conditions: irradiance, air temperature or leaf tem-
perature. These authors showed that gs of AM plants was markedly higher than gs 
of similarly sized nonAM plants (Fig. 4). AM promotion of gs was minimal at the 
lowest irradiances and lowest air and leaf temperatures, but was substantial at inter-
mediate irradiance and temperatures. AM promotion was again low or absent at the 
highest irradiances and temperatures. Thus, author concluded that AM symbiosis is 
more likely to promote gs when plants are growing in moderate environments.

2.3  Influence of Soil Colonization by AMF

The influence of AM symbiosis on plant water relations and on moisture retention 
properties of soils has also been analyzed (Augé 2004; Augé et al. 2004b). Augé and 
co-workers examined the possibility that mycorrhizal soil may directly influence plant 
water relations. Using wild-type (myc+) and noncolonizing (myc−) bean mutants 
planted into soils previously produced using AM or nonAM sorghum plants, they 
partitioned mycorrhizal influence on gs and drought resistance into soil and root com-
ponents, testing whether effects of AM fungi occurred mostly via mycorrhization of 
roots, mycorrhization of soil or both. The studies conducted showed that mycorrhizal 
effects on drought resistance were attributable to an effect on plant itself rather than to 
an effect of mycorrhizal soil. In contrast, about half of the considerable promotion of 
gs by two AM fungi was attributable to soil colonization  and about half to root 
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Fig. 3 Influence of Glomus mosseae on stomatal conductance in the leaves of maize plants 
inoculated (+M) or not (−M) with G. mosseae at five NaCl levels (Taken from Sheng et al. (2008) 
with kind permission from Springer-Verlag and Business Media)
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colonization. Moreover, merely growing in a mycorrhizal soil resulted in promotion of 
gs of nonAM plants under both amply watered and droughted conditions (Fig. 5). That 
means that AM soil can affect the physiology of nonAM plants when grown in that 
soil. To explain this surprising result, authors suggested a nonhydraulic basis for the 
AM influence on the nonAM plant and proposed that the biochemical effects of the 
different soil organisms that interact with AM fungi in the rhizosphere (including P 
solubilizers, N

2
 fixer, producers of hormones or siderophores, etc) may contribute to 

the effects of AM soil on gs of host and nonhost plants (Augé et al. 2004b).
In order to better understand why merely growing in a mycorrhizal soil resulted 

in promotion of gs of nonAM plants, Augé et al. (2007) further studied a possible 
relationship between the degree of soil mycorrhization (estimated as soil hyphal 
density) and variations in plant gs before and during drought. The objectives of the 
study were to learn if the amount of soil hyphae would also contribute to variation 
in stomatal behaviour and soil drying and to test if soil colonization would make 
stronger contributions than root colonization to these variables. Results obtained 
showed that both hypotheses were true. Firstly, the significant soil hyphae path 
coefficient occurred in each gs model (Fig. 6) and were negative, indicating that 
less hyphae in soil were related to higher gs values. Secondly, soil colonization had 
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more influence on gs values than did root colonization. Thus, authors concluded a 
role for mycorrhization of soil itself in contributing to the regulation of stomatal 
behaviour of host plants (Augé et al. 2007).

3  Water Use Efficiency of Arbuscular Mycorrhizal Plants 
Under Osmotic Stress

The term water use efficiency (WUE) refers to the ability to limit water loss while 
maintaining net carbon uptake in the leaves. Although in general the WUE is cal-
culated as the ratio of carbon fixed into dry weight to the total amount of water lost 
by evapotranspiration, there are several ways to measure or estimate WUE, each of 
those having its own components and their interpretation (Tambussi et al. 2007). 
In summary, there are two main ways of measuring plant WUE. The first method 
addresses the WUE of the photosynthetic organ, that is the leaf, and it is referred as 
instantaneous WUE (WUE

i
). WUE

i
 is measured by infrared gas analyzers and it is 

the ratio between net photosynthesis rate (CO
2
 gained by the leaf) and leaf transpi-

ration rate. The second way to measure WUE is to calculate the ratio between the 
dry biomass produced during a period of time and the total amount of water con-
sumed by the plant in the same time frame. This second type of measuring WUE is 
called biomass WUE (WUE

b
), and it is integrative of the whole plant processes and 

not only related to the photosynthetic efficiency of the leaf, hence more realistic to 
what happens in the field. For a review on the topic see Tambussi et al. (2007).

There are several reports in the literature showing an increase of plant WUE by 
the AM symbiosis either under well watered or osmotic stress conditions (Ruiz-
Lozano et al. 1995a; Kaya et al. 2003; Khan et al. 2008). At the same time, these 
reports were referred to both WUE

b
 (Kaya et al. 2003; Khan et al. 2008) or to WUE

i
 

(Ruiz-Lozano et al. 1995a). However, other authors have found no effect in the 
plant WUE neither calculated as WUE

i
 (Klingeman et al. 2005; Querejeta et al. 

2007) nor as WUE
b
 (Bryla and Duniway 1998). In any case, the effect on WUE by 

AM symbiosis depends on the fungus species involved without correlation with the 
percentage of root infection (Ruiz-Lozano et al. 1995a).

There are several physiological and biochemical parameters involved in the 
regulation of WUE besides stomatal conductance as is described above. WUE can 
be determined obviously by leaf photosynthetic efficiency, but also by leaf morpho-
logical traits as specific leaf weight (SLW) or leaf area ratio (LAR). In the follow-
ing sections we will discuss how AM symbiosis may alter these parameters.

3.1  Influence of AMF ont Leaf Photosynthetic Efficiency

In order to increase WUE without growth penalties, plants should either increase 
their net CO

2
 assimilation rate (NAR) without diminish their gs or decrease their gs 
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but keep their NAR. Both strategies involve an increase of the leaf photosynthetic 
efficiency. Hence, Wu and Xia (2006) found in tangerine trees a higher net 
photosynthesis and stomatal conductance during drought stress when plants were 
inoculated with the AM fungus Glomus versiforme. Therefore, in this case the 
photosynthetic efficiency was kept constant by AM fungus inoculation. However, 
in other several studies, leaf photosynthetic efficiency increase during drought or 
salt stresses by AM inoculation (Ruiz-Lozano et al. 1995a; Goicoechea et al. 1997; 
Sánchez-Blanco et al. 2004; Khalvati et al. 2005; Sheng et al. 2008). Thus, Khalvati 
et al. (2005) found a higher net photosynthesis rate in barley plants inoculated with 
the AM fungus G. intraradices than in non inoculated ones although both groups 
of plants showed similar gs. Ruiz-Lozano et al. (1995a) compared the effects of 
different AM fungi on net photosynthesis rate and gs of lettuce plants under drought 
stress. These authors found that almost all the fungi raised both parameters, but 
when the ratio between net photosynthesis and gs was calculated only a few fungi 
increased such ratio, and even the inoculation with the AM fungus G. etunicatum 
decreased this ratio (Fig. 7). Curiously, the fungus that showed the better ratio 
(G. ocultum) was the fungus that had the lower positive effect on lettuce growth under 
drought conditions (see Ruiz-Lozano et al. 1995a). At the same time, G. etunicatum 
was the second fungus among which was tested in enhancing lettuce growth under 
drought conditions (Ruiz-Lozano et al. 1995a). These results pointed out the diffi-
culty in establishing a correlation between WUE and growth (Blum 2005), and that 
each AMF species has its own mechanism in increasing host plant tolerance to 
drought.

One of the parameters more widely used to estimate leaf photosynthetic effi-
ciency is the optimal quantum yield of the photosystem II (QY; Baker 2008). When 
this parameter has been determined in Rosmarinus officinalis plants inoculated with 
G. deserticola under drought conditions (Sánchez-Blanco et al. 2004) or in maize 
plants inoculated with G. mosseae under salt conditions (Sheng et al. 2008), it 
showed higher values compared to plants not inoculated. At the same time, values 
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of QY correlated with higher values of shoot dry weight and net photosynthesis 
(Sánchez-Blanco et al. 2004; Sheng et al. 2008). Therefore, QY could be used as a 
simple parameter for a first screening in order to know how AM symbiosis is 
improving host plant tolerance to osmotic stresses.

Photosynthetic efficiency also depends on the activity of carbon assimilatory 
enzymes such as Rubisco (Masumoto et al. 2005). Valentine et al. (2006) found that 
grapevines inoculated with one AM fungus showed higher WUE and Rubisco activity 
than non inoculated ones during a drought period, establishing a relationship 
between WUE and Rubisco activity. Unfortunately, no more studies dealing with 
AM symbiosis effects on carbon assimilatory enzymes during an osmotic stress are 
available, and therefore this would be a matter of study for the next years.

3.2  Influence of AMF on Leaf Morphology Parameters

Higher values of the ratio between total leaf weight and total leaf area (called spe-
cific leaf weight; SLW) have been related in some reports to higher WUE under 
drought conditions (Craufurd et al. 1999; Songsri et al. 2009). Theses results are 
explained because since the leaves become thicker there should be more photosyn-
thetic machinery per leaf area to gain CO

2
 with less water lost by the stomata 

(Tambussi et al. 2007). There are very few reports where SLW has been analyzed 
in AM plants under osmotic stress conditions. Thus, Estrada-Luna et al. (2000) 
found that guava plantlets colonized by a mixture of AM fungi have higher growth 
rate and higher SLW during acclimatization to ex vitro conditions than non colo-
nized plantlets. However, earlier Berta et al. (1995) had been found that trans-
planted plum trees inoculated with either G. intraradices or G. mosseae had higher 
growth rate but also lower SLW than non colonized trees. Therefore, the relation-
ship between SLW and the improvement of WUE by the AM symbiosis needs to 
be further studied in the future, since SLW is a cheap and easy parameter to be 
measured.

In several reports a positive correlation between leaf area ratio (LAR; the ratio 
between the total leaf area and the total plant weight) and WUE have been found 
(Ghannoum et al. 2001; Ge et al. 2003). Plant relative growth rate (plant weight 
increment per plant weight unit) is determined by the net assimilation rate (the 
increase in plant weight per leaf area unit) and by LAR (Poorter and Remkes 1990). 
As happens for SLW, very few studies have addressed how AM symbiosis alters the 
host plant LAR. Thus, Lovelock et al. (1996) found an increase of LAR in a tropical 
tree (Beislchmiedia pendula) when it was inoculated with an AM fungus, being 
such increase in LAR the main reason for the increase at the same time of the tree 
relative growth rate. At the same time, Bray et al. (2003) found that increases in 
LAR by AM symbiosis depended on the different AM isolates. Unfortunately, the 
above studies were carried out without controlling the plant water regime. Therefore, 
specific studies dealing with the effect of AM symbiosis on leaf morphology, more 
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precisely analyzing SLW and LAR parameters, are needed in order to ascertain how 
these parameters influence the WUE of the host plant.
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