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Growth and water relations in mycorrhizal and nonmycorrhizal
Pinus halepensis plants in response to drought
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Abstract

Mycorrhizal and nonmycorrhizal Pinus halepensis plants were subjected to water stress by withholding irrigation for
four months and then rehydrated for 30 d. Water stress affected plants growth and mycorrhizal association was unable to
avoid the effects of drought on plant growth. However, when irrigation was re-established the increase in height, number
of shoots, total dry mass, and chlorophyll content in the mycorrhizal plants were greater than in non-mycorrhizal plants.
The decrease in soil water content decreased the leaf water potential, leaf pressure potential and stomatal conductance.
These decreases were higher for nonmycorrhizal than for mycorrhizal plants, indicating that the mycorrhizal fungi
permit a higher water uptake from the dry soils. The total content of inorganic solutes was not changed by presence of
mycorrhizae.
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Introduction

Nutritional aspects of conifer mycorrhizal associations
have been studied more often than water relations (Augé
et al. 1986, Fitter 1988). While different modification of
host plant water relations induced by the fungus have
been reported in the arbuscular mycorrhizal symbiosis,
but little information exists of ectomycorrhizal
associations. Stomatal conductance, transpiration rate and
leaf water potential is often higher in mycorrhizal plants
under drought because of a higher water uptake (Augé
1987, Duan et al. 1996, Subramanian es al. 1995).
However, other authors have suggested that
ectomycorrhiza may cause an increase in water stress,
since stimulation of transpiration may cause lower leaf
water potentials (Pallardy et al. 1995).
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Pinus halepensis Mill,, is well adapted to semiarid
conditions and widely used in reforestation programmes
in the Mediterranean area, in symbiosis with
ectomycorrhizal fungi. The response to water deficit,
osmotic adjustment (Meier et al. 1992, Newton et al.
1989), enhanced tissue elasticity (Meier ef al. 1992,
Emadian and Newton 1989), and the regulation of gene
expression (Funkhouser ef al. 1993) were observed.
However, the influence of ectomycorrhizal symbiosis on
these mechanisms is still unknown.

The objective of the present work was to study the
effects of drought/rewatering cycle and ectomycorrhizis
on the water relations and growth of Pinus halepensis
plants.

Abbreviations: g, - stomatal conductance; DM - dry mass; FM - fresh mass; ‘¥, - Jeaf water potential; ‘¥, - leaf pressure potential;.

Y, - leaf osmotic potential.
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Materials and methods

Carpophores of Suillus mediterraneensis were collected
in October 1995 under P. halepensis in La Puerta,
Moratalla, Murcia, Spain. Isolations were made from
carpophore tissue on modified Melin-Norkrans (MMN)
solid medium (Marx 1969), and then transferred to fresh
media every three months. 500 cm® bottles were filled
with mixture of peat:vermiculite (1:4 v/v), sterilised twice
by autoclaving (60 min, 120 °C), saturated with MMN
liquid medium, and again sterilised by autoclaving
(20 min, 120 °C). The bottles were inoculated with a
culture of S. mediterraneensis in MMN liquid medium
and then incubated at 23 °C in the dark for 8 weeks.

P. halepensis Mill. plants were from in Poliforest®
containers on a substrate consisting of a 2:1:1 (v/v)
mixture of Sphagnum peat / black peat / perlite + vermi-
culite, sterilised by autoclaving (115 °C, 60 min). Seeds
were sterilised in H,O, for 30 min before sowing. The
total amount of macronutrients received by each seedling
was 35 mg N, 27 mg P, 61 mg K. Controlled inoculation
was carried out three months after sowing, when the
seedlings had developed the secondary roots suitable for
mycorrhization, inoculum being placed on the root
surface at a rate 1:10 (v/v). The formation of mycorrhizae
was noted 1 - 2 months after inoculation, while three
months after inoculation all the plants were assessed for
mycorrhiza formation. Seedlings which showed more
than 50 % of mycorrhizal roots were selected for the
water stress experiment. One-year-old seedlings were
transferred to individual pots and maintained in the
greenhouse. When the plants were 18-months old, the
half of them was subjected to water stress by withholding
irrigation water for four months (from 20 October until
20 February). After this period, these plants were
irrigated to run off and were subsequently maintained at
sufficient water supply for 30 d. During the experiment,
temperatures ranged from 10 to 20 °C, and the relative
humidity was between 50 and 80 %. Control,
uninoculated seedlings were produced under the same
conditions. A total of 60 plants were used, 15 plants per
treatment.

Results

Water stress did no affect the percentage of root
mycorrhizal colonization but did affect P. halepensis
growth (Table 1). Mycorrhizal and nonmycorrhizal
control plants showed a slightly higher plant height, shoot
numbers and dry mass compared to mycorrhizal and
nonmycorthizal water stressed plants. Values of fresh
mass and FM/DM ratio in the mycorrhizal plants were
higher than in nonmycorrhizal plants, independently of
soil water conditions (Table 1). In general, the
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At the end of the stress and also at the end of the
recovery, five plants per treatment were harvested and
weighed. The percentage of colonisation was determined

_ before they were dried for 48 h at 100 °C. Chlorophyll

was extracted in acetone. The absorbance of the
chlorophyll extract was assessed with a spectrophoto-
meter (Gricel-RDJ-55, Barcelona, Spain), and the
chlorophyll concentration was calculated with the
equations of Inskeep and Bloom (Inskeep and Bloom
1985).

At the beginning of water stress (October), 2 months
after imposition of stress (December), at the end of the
stress (February) and at the end of recovery (March), leaf
water potential (‘¥}), leaf osmotic potential (¥) and leaf
pressure potential (‘¥,) were measured at midday on 6
apical twigs taken from each treatment. Water potential
was determined using a pressure chamber (Soil Moisture
Equipment Corp., Santa Barbara, USA), according to
Scholander et al (1965). ‘¥, was estimated using a vapour
pressure osmometer (Wescor 5500, Logan, USA) in
excised leaves, immediately frozen and stored at -30 °C.
Before the measurements were made, samples were
thawed and leaf sap expressed for osmotic potential
determination according to Gucci et al. (1991). Leaf
pressure potential (‘¥,) was calculated as the difference
between ‘¥| and ¥,

At the same times, leaf gas exchange was measured
at saturated photon flux density (PFD >1000 pmol m? s™)
on atached leaves, using a Licor LI-1600 (Lincoln, USA).

At the end of the water stress period samples of five
plants per treatment were weighed, dried and stored.
These dry shoot samples were used to determine nutrient
content. Mineral concentrations (N, P, K, Ca, Mg, Fe, Cu,
Mn, Zn, B and Na) in both shoots and roots tissues were
determined. Subsamples were digested in nitric:
perchloric acid mixture (5:3) for 6 h and phosphorus
contents was determined colorimetrically with the
malachite green reagent (Fernandez et al. 1985) and other
elements by atomic absorption spectrophotometry
(Perkin-Elmer 11008, USA).

chlorophyll content was higher in mycorrhizal plants, the
mycorrhizal control plants presented the highest values
(Table 1). Survival was also higher in mycorrhizal than in
nonmycorrhizal plants at the end of the water stress
period, when soil moisture percentage in the stressed
treatments was about 23 % of that in control treatments.
During recovery, the plant water content increased in
the previously stressed plants, and this increase was
greater in mycorrhizal than in nonmycorrizhal plants, the



height, number of shoots, the total dry mass and
chlorophyll content increased substantially (Table 1).
Thus, at the end of the experiment, these parameters were
close to level in control plants (Table 1).

PINE GROWTH AND WATER RELATIONS

No significant differences were observed in the shoot
mineral content between mycorrhizal and nonmycorrhizal
plants, and control and stressed plants (Table 2).

Table 1. Shoot height, number of branches, total fresh mass, dry mass, and leaf chlorophyll content for Pinus halepensis subjected to
four different tretaments (C+M, mycorrhizal control; C-M, nonmycorrhizal control; S+M, mycorrizal stressed; S-M, nonmycorrhizal
stressed) at end of water stress, end of recovery period. Means whithin a column and time that do not have a common letter are

significantly different by LSDj o5 test.

Treatment Shoot height ~ Number of Fresh mass Dry mass FM/DM Chlorophyl}
[cm] branches [g plant] [g plant™] [ng g'(OM)]

Stress C+M 17.1a 135a 148a 50a 296a 647 a

C-M 172 a 13.0a 10.7b 45a 2.38b 590 b

S+M 15.0b 11.5b 55¢ 24b 2.30b 464 ¢

S-M 145b 11.3b 45d 22b 2.05¢ 317d
Recovery C+M 175a 13.8a 151a 51a 297a 721 a

C-M 176 a 133 a 11.0b 4.6a 2390 660 b

S+M 163 b 1240 78¢ 2.6b 3.00a 631c

S-M 15.1c 11.8¢ 5.5d 23b 241 b 374 d

Table 2. Concentrations of N, P, K, Ca, Na, Mg, Fe, Cu, Mn, Zn and B [%] measured in both shoots and root tissues for Pinus
Halepensis subjected to four different treatments (C+M, mycorrhizal control; C-M, nonmycorrhizal control; S+M, mycorrizal
stressed; S-M, nonmycorrhizal stressed) at the end of the water stress period. Means whithin a element that do not have a common

letter are significantly different by LSDy o5 test.

Treatment N P K Ca Na Mg
C+M 0.81a 021a 0.99a 0.57a 0.14a 0.27a
C-M 0.70 a 0.22a 095a 047a 0.15a 0.25a
S+M 0.85a 022a 0.96a 043a 0.19a 021a
S-M 0.75a 0.28 a 0.94a 0.54a 0.17a 027a
Fe Cu Mn Zn B

C+M 0.00655 a 0.00027 a 0.02865 a 0.00498 a 0.00418a

C-M 0.00749 a 0.00013 a 0.02405 a 0.00588 a 0.00406 a

S+M 0.00836 a 0.00032 a 0.02371 a 0.00539 a 0.00403 a

S-M 0.00993 a 0.00014 a 0.02392 a 0.00561 a 0.00406 a

The midday leaf water potential was high in the
control plants throughout the experimental period, and no
significant  differences between mycorrhizal and
nonmycorrhizal plants were noted (Fig. 14). In the water
stress treatments a progressive decrease of ‘¥, was
detected from October to February. At the end of the
stress period, the differences between mycorrhizal and
nonmycorrhizal plants was about 0.4 MPa. The leaf
osmotic potential remained unchanged during the stress
period in all treatments (Fig. 1B). Leaf pressure potential
(‘¥,) behaved similarly to ‘¥, (Fig. 1C). When irrigation
was resumed, a slow recovery of ‘¥) and ¥, in stressed
plant was noted, ‘P, reaching values of about -1.04 MPa

and -0.85 MPa in nonmycorrhizal and mycorrhizal piants,
respectively. At the same time, the ‘¥, values of
mycorrhizal plants were generally higher than those of
nonmycorrhizal plants.

Stomatal conductance (g) of mycorrhizal and
nonmycorrhizal plants did not differ at high soil moisture
(Fig. 2). Once the soil had dried, a substantial drop in g,
was observed, particularly in stressed nonmycorrhizal
plants. This parameter recovered after rewatering in
mycorrhizal plants to reach similar values to those of
control plants and higher than those of nonmycorrhizal
plants (Fig. 2).
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Discussion

The mycorrhizal fungi permit a higher water uptake,
because they increase the total root surface (Augé et al.
1987, Duan et al. 1996, Subramanian et al. 1995). In our
experiment, the water content was higher in the
mycorrhizal plants. However, it was unable to avoid the
effects of drought on plant growth (Table 1), because
probably other factors in addition to the plant water status
were involved. However, when the plants were
rewatered, the increase in biomass in the inoculated
plants was greater than in uninoculated plants, which
demonstrates the substantial benefits of the ecto-
mycorrhizal fungus.

water stress recovery
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Fig. 1. Seasonal course of leaf water potential (), leaf osmotic
potential {¥;), and leaf pressure potential (¥,) at midday for
Pinus halepensis control plants (mycorrhizal - closed circles,
nonmycorrizal - open circles), and water stressed plants
(mycorrhizal - closed triangles, nonmycorrhizal - open
triangles), at four different times of the growing season
(October, December, February and March). Means of
6 measurements, vertical bars represent SE (not shown when
smaller than the symbols). The discontinuous line indicates the
irrigation time for the water stressed plants.

In well watered soil the effect of mycorrhizae on ‘¥
was not statistically significant, but under water stress
mycorrhizal plants exhibited midday ‘¥, and ‘¥, values
that were more than 0.4 MPa higher than in
nonmycorrhizal plants.

Stomatal conductance was higher in mycorrhizal
plants in similar soil water content similarly as pointed
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out by Augé et al. (1992) and Ebel et al. (1997). It has
been demonstrated that mycorrhizal symbiosis can alter
stomata sensitivity to ABA or change the amount of ABA
transferred to shoots. Another possibility for higher g
and shoot ¥, is the more efficient extraction of soil
moisture by mycorrhizal root systems in dry soil (Duan
et al. 1996). According to Sands and Mulligan (1990), the
importance of mycorrhizae in stimulating water
absorption is greater as the soil becomes drier.

After rewatering, leaf ‘¥, recovered in stressed plants,
being higher in mycorrhizal than in non-mycorrhizal
plants, as has been also described by Bryla and Duniway
(1997). This may explain the enhancement in growth
observed during this phase in the mycorrizhal plants.
Similar results have been found for Pinus virginia
(Walker ef al. 1982) and for Pinus taeda (Walker et al.
1989).
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Fig. 2. Seasonal course of stomatal conductance at midday for
Pinus halepensis control plants (mycorrhizal - closed circles,
nonmycorrizal - open circles) and water stressed plants
(mycorrhizal - closed triangles, nonmycorrhizal - open
triangles), at four different times of the growing season
(October, December, February and March). Means of
6 measurements, vertical bars represent SE (not shown when
smaller than the symbols).

The decrease in ¥, during water stress was not
accompanied by a clear decrease in ¥ which may be due
to water loss from the apoplast (Joly and Zaerr 1987).
These reductions in the water content of the apoplast and
the increase in wall cell rigidity could be the main
consequences of the drought stress in our assay. Such
effects of water stress on tissue elasticity have been
described previously in Pinus sp. (Meier 1992, Emadian
1989).

In Pinus species, osmotic adjustment has also been
shown to act as a mechanism for turgor maintenance
under water stress conditions (Nguyen and Lamant 1989),
although great genotypic variation has been observed in
this respect (Seiler 1990). For example, Newton et al.
(1989) reported no osmotic adjustment in Pinus taeda



under severe drought stress. Similarly, water stress
conditioning in the nursery and applied in the autumn did
not induce osmotic adjustment in P. halepensis seedlings
(Villar-Salvador 1999). In our experiment, the absence of
changes in the y; and no accumulation of inorganic
solutes indicate absence of osmotic adjustment.

The content of total inorganic solutes was not
changed by the presence of mycorrhizae (Table 2). Thus,
the indirect effect of improved P and N nutrition in
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