
SHORT NOTE

Differential ability of ectomycorrhizas to survive drying
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Abstract To test the hypothesis that, depending on the
fungal symbiont, ectomycorrhizas are differentially affected
by severe drought stress, we developed a simple method to
quantify the loss of vitality of excised ectomycorrhizal tips
subjected to drying under controlled conditions. The
method uses 96-well microtitration plates with one single
ectomycorrhizal tip per well, and is based on measuring the
loss of volume and the loss of electrolytes before and after the
imposed stress. This approach very significantly discriminated
the two ectomycorrhizal morphotypes formed with beech
(Fagus silvatica) by Lactarius subdulcis and Cenococcum
geophilum, which confirmed the ability of the latter fungal
species to protect roots against desiccation already suggested
by previous works. The new method should contribute to the
present effort in deciphering the functional diversity of
complex ectomycorrhizal communities.
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Introduction

Most of the fine roots of forest trees are packed in the
uppermost horizons of the soil, which are rich in organic
matter and where nutrient cycling is most intense. In
temperate and boreal forests, these absorbing fine roots
are symbiotically associated with a wide diversity of
ectomycorrhizal fungi, which contribute to mobilizing
nutrients and transferring them to the trees. However, the

upper horizon is also the part of the soil that suffers most
from drought in summer, when water is limiting and the
demand by the trees is high. This results in the periodical
death of ectomycorrhizas (Courty et al. 2006), which have
to form again when drought ends before being able to
resume nutrient uptake. Therefore, because the regeneration
of fine roots is carbon-costly, it is an adaptive advantage for
the trees to have ectomycorrhizas that can survive and
remain active longer during drought periods.

However, this character is somewhat distinct from other
mechanisms involved in water supply and conservation by
ectomycorrhizas and which cannot be tested on excised root
tips, such as uptake and conduction by rhizomorphs
(Lamhamedi et al. 1992), hydraulic conductivity of the
soil–root interface and osmotic adjustment (Guehl et al.
1992), or modification in sugar metabolism (Shi et al.
2002).

In this work, we hypothesized that ectomycorrhizal types
differ in their ability to survive in a drying soil. To test this
hypothesis, we developed a method to quantify this
character, and we used it to compare two ectomycorrhizal
types common and often dominant in beech forests in
central Europe.

Materials and methods

Roots were collected from the A1 horizon (mull-type humus,
about 5 cm thick) in a mature beech stand (Fagus silvatica
L.) on a luvic cambisol (mull type humus, pH 4.6 in the A1

horizon) in July and August 2006. They were gently washed
in tap water and observed with a dissecting microscope. The
ectomycorrhizas formed by Lactarius subdulcis (Pers.: Fr.)
S. F. Gray and Cenococcum geophilum Fr. were morpho-
logically identified according to Agerer’s Colour Atlas of
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Ectomycorrhizae (Agerer 1987). One vital ectomycorrhizal
tip (1–2 mm long) was excised and placed individually, with
100 μl of distilled water, in the wells of a clear, 96-well
microtitration plate with flat bottoms. The ectomycorrhizal
tips were considered as vital when turgid, not shrunken or
discolored and, in the case of C. geophilum, when the black,
thick, emanating hyphae typical of this species were still
abundant (they turn brittle in senescent ectomycorrhizas and
break easily at washing). Fourteen ectomycorrhizal tips in 14
wells were used for each assay on each ectomycorrhizal
type, keeping two empty wells per type (thus, it would have
been possible to assay six ectomycorrhizal types simulta-
neously instead of two). The plates were kept covered at 4°C
overnight to be further processed the next day because the
following steps of the procedure take a whole day.

The next day, the covered plates were scanned and the
projected surface area of each tip was measured using the
WinRhizo scanner and image analysis software (Regent
Instruments, Quebec, Canada) as described by Buée et al.
(2005). The tips were then transferred into another plate
containing 100 μl of fresh distilled water per well, using
soft tweezers (Roth Gmbh+Co, Karlsruhe, Germany). This
new plate was shaken (60 rpm) at 25°C for 20 min in the
Inkubator 1000 (Heidolph, Schwabach, Germany). The
contents of the 14 wells per morphotype were then pooled
(1.4 ml) for measuring the conductivity of the solution
using the ECTestr low+ conductivity meter (Fisher Bioblok
Scientific, Illkirch, France). When the conductivity of the
distilled water used to fill the wells was not zero, the value
was used to correct the conductivity readings; this was
rarely necessary according to the sensitivity of the
instrument. The corrected conductivity values (C) were
expressed in microsiemens. The ectomycorrhizal tips were
removed from the wells with the soft tweezers and
transferred into a third plate with empty (dry) wells, after
blotting on dry filter paper. This plate was put in a flat,
600-ml Tupperware© box (600 ml, 23×14×3 cm) with an
air-tight lid, together with three 3.5-cm Petri dishes
containing an oversaturated solution of Ca(NO3)2 or CaCl2,
providing atmosphere relative humidity of 31 or 51%,
respectively. The box was kept at 25°C without shaking for
2 or 3 h. At the end of this period of time, the plate was
scanned with the WinRhizo to determine the projected
surface area of each apex after desiccation. The plate must
be kept covered during measurement to prevent further
drying in the atmosphere of the laboratory. Each well was
then filled with 100 μl of distilled water, the plate was
shaken (60 rpm) at 25°C for 20 min, and the conductivity
of the solution was measured as previously described.

This procedure provided two types of results. First, the
relative loss of projected surface area (S) during the
desiccation process ([S before drying − S after drying] / S
before drying); this is an indicator of the loss of water by

the ectomycorrhizal tips, resulting in cell collapse and
shrinking. Second, the specific loss of electrolytes ([C after
drying − C before drying] / S before drying); this is an
indicator of cell damage associated with the loss of turgor
(McKay 1992; Jaglo-Ottosen et al. 1998).

Five series of experiments were performed with ecto-
mycorrhizas collected from July 18 to August 29, involving
two stress intensities (31 and 51% relative humidity) and
two stress durations (2 and 3 h). One to five replicates (of
14 tips each) were tested for each treatment, depending on
the number of ectomycorrhizas found in each root sample.
ANOVA was performed (using Statview 5.0, SAS Institute,
Cary, NC, USA) on the data from the three experiments
with at least two replicates for both ectomycorrhizal types,
and Fisher’s least significant difference was used to
compare the two ectomycorrhizal types.

Results

Table 1 shows that the drying treatment resulted in relative
loss of projected surface area (ΔS / Sinitial) ranging from
0.416 to 0.665 for L. subdulcis and from 0.065 to 0.490 for
C. geophilum, while the conductance of the immersion
water, reported to the prestress surface area (specific loss of
electrolytes: ΔC / Sinitial) ranged from 1,424 to 2,700 for L.
subdulcis and from 0 to 831 for C. geophilum. In the five
series of experiments, these two indices were always lower
for the latter ectomycorrhizal type, indicating that the
vitality of C. geophilum ectomycorrhizas was less affected
by the treatments than that of L. subdulcis ectomycorrhizas.

However, Fig. 1 shows that the two indices did not
similarly discriminate the two ectomycorrhizal morphotypes:
while ΔC / Sinitial very consistently discriminated the two
sets of plots on the graph independently of the sampling date
and of the experimental conditions, ΔS / Sinitial displayed a
higher variability and poorer discriminating power.

From the methodological point of view, we can therefore
conclude that the desiccation treatment of 31% relative
humidity for 3 h efficiently reveals differences in the ability
of different types of ectomycorrhizas to remain vital when
subjected to drought stress, and that the specific loss of
electrolytes is a more reliable indicator of ectomycorrhizal
integrity than the relative loss of surface area.

Discussion

Lactarius subdulcis is a beech-specific fungal symbiont that
forms branched, monopodial ectomycorrhizal clusters with
a smooth mantle. This morphotype belongs to the “contact
exploration type” according to Agerer (2001). Cenococcum
geophilum is not host-specific and forms tiny, jet-black,
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hairy and unbranched ectomycorrhizas with a wide range of
tree species in all ectomycorrhizal forests worldwide. This
morphotype belongs to Agerer’s “medium distance explo-
ration type.” Together, L. subdulcis and C. geophilum
ectomycorrhizas usually represent a high proportion (some-
times up to 50%, Le Tacon, personal communication) of all
morphotypes in the ectomycorrhizal community in a beech
forest. Both of these ectomycorrhizal types have hydrophilic
mantle and hyphal surfaces (Unestam 1991; Unestam and
Sun 1995), but C. geophilum displays additional characters
that may contribute to drought tolerance, such as the
accumulation of melanin and thick, microfibrillar and

gelatinous cell walls (Pigott 1982a). In that, C. geophilum
(an Ascomycete) resembles many lichen-forming Ascomy-
cetes, in which the fungal hyphae swell and become
gelatinous in water, thus storing water and keeping the lichen
tissue moist longer after rain.

Here, we compared these two morphotypes for their
ability to survive controlled drying in a desiccating
atmosphere that mimics the conditions in the voids of a
drying soil. We assessed their vitality before and after the
drying treatment using two criteria: the loss of electrolytes
and the loss of volume (shrinking). We optimized the
experimental conditions such as to maximize the response.
We found that C. geophilum ectomycorrhizas always stood
the stress better than L. subdulcis ectomycorrhizas.

These results validate our hypothesis that ectomycorrhizal
morphotypes can differ in their loss of integrity and vitality
when subjected to a severe drought stress. This is of great
ecological significance at a time when deciphering the
functional complexity of ectomycorrhizal communities in
connection with the global climate change is a key
challenge. More specifically, our results directly confirm
the early observations by Pigott (1982b), Neves-Machado
(1995), and Jany et al. (2003), which suggested that C.
geophilum was a symbiont particularly efficient in protecting
the absorbing short roots of forest trees against drought
damage. Screening a wider range of ectomycorrhizal types
with our test could also eventually contribute to finding other
drought-tolerant types, for instance when selecting fungal
strains for the controlled mycorrhization of plantation forests
in dry areas (Neves-Machado 1995).

Finally, from the methodological point of view, the
method proposed here is cheap, simple, rapid, and can be
run in routine together with the multienzymatic activity
assays developed by Pritsch et al. (2004) and Courty et al.
(2005) to address the functional diversity of ectomycor-
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Fig. 1 Specific loss of electrolytes (ΔC/Si, μS cm−2) plotted against
relative loss of projected surface area (ΔS/Si) of L. subdulcis (open
circles) and C. geophilum (solid circles) beech ectomycorrhizas
subjected to controlled desiccation. The two plots from one experiment
are linked by a dotted line (see Table 1 for experimental conditions).
ΔC = conductivity after drying − conductivity before drying. Si initial
projected surface area (before drying). ΔS = projected surface area
before drying − projected surface area after drying

Table 1 Relative loss of projected surface area (ΔS / Sinitial) and specific loss of electrolytes (ΔC / Sinitial) of L. subdulcis and C. geophilum beech
ectomycorrhizas subjected to controlled drought stress (results of five different experiments)

Sampling
date

Replicate
number

Stress duration
(h)

Stress intensity
(% relative humidity)

ΔS / Sinitial ΔC / Sinitial (μS cm−2)

Ls Cg Ls Cg

Jul. 18 Ls3, Cg2 2 51 0.665 (2.7)a 0.442 (13.8) 2,143 (13.8)a 160 (6.5)
Jul. 18 Ls3, Cg1 2 51 0.479 (8.6) nd 0.415 2,700 (19.7) nd 831
Aug. 2 Ls3, Cg1 2 31 0.505 (4.7) nd 0.490 2,087 (13.3) nd 0
Aug. 17 Ls3, Cg3 3 31 0.549 (2.2)b 0.065 (8.7) 1,982 (11.1)a 326 (>100)
Aug. 29 Ls5, Cg5 3 51 0.416 (34.1) NS 0.251 (6.5) 1,424 (18.2) NS 503 (>100)

Mean values of individual test run with 14 ectomycorrhizal tips (see text) and replicated one to five times, depending on the experiment. Values in
brackets (when more than two replicates) are variation indices calculated as standard deviation / mean × 100 and expressed in percent. The
variation index is higher than 100% in two cases because C. geophilum sometimes had nil ΔC values. ANOVAwas performed on the data from
the three experiments with at least two replicates for C. geophilum, and Fisher’s least significant difference was used to compare the two
ectomycorrhizal types
LsL. subdulcis, CgC. geophilum, NS difference not significant (p>0.05), nd ANOVA not done
a Difference significant at the probability level of 0.01
b Difference significant at the 0.001 probability level
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rhizal communities. It can be operational as it has been
described here, but there is no doubt that future works
under various conditions and with a diversity of ectomycor-
rhizal types may contribute to improve it.
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