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Abstract

e Mycorrhizal fungi and hydrogels (water-absorbing polymers) can improve water availability for
trees. The combination of both factors for plant performance under water limitation has not yet been
studied.

o To investigate the influence of the ectomycorrhizal fungus Paxillus involutus, hydrogel and the com-
bination of both factors, a drought-sensitive poplar, Populus euphratica, was examined in this study.
o After 16 weeks of inoculation, no ectomycorrhizas were found. Nevertheless, P. involutus-
inoculated poplars displayed increased concentrations of soluble sugars and osmolality, leading to
an improved water status. Growth was diminished compared with non-inoculated P. euphratica. The
presence of hydrogels in the rooting medium resulted in increased biomass and higher plant water
content and decreased the osmolality of plant tissues. Drought markedly decreased water contents
in rooting medium and plants, and leaf chlorophyll fluorescence, and stimulated the root growth,
concentrations of soluble sugars and osmolality in plants. Under drought conditions, P. euphratica
exhibited osmoregulation by accumulation of low-molecular-weight carbohydrates.

e These data indicate that adding hydrogels to soils may improve the plant performance. The rea-
sons for improved osmoregulation by fungi and hydrogels were probably related to their stimulating
influence on the formation of soluble carbohydrates under drought conditions.

Résumé — Le champignon ectomycorhizien Paxillus involutus et les hydrogels influencent les
performances de Populus euphratica en condition de stress hydrique.

o Les champignons mycorhiziens et les hydrogels (polymeres absorbant I’eau) peuvent améliorer la
disponibilité de I’eau pour les arbres. La combinaison des deux facteurs pour améliorer la perfor-
mance des plants en conditions de limitation d’eau n’a pas encore été étudiée.

o Pour étudier ’influence d’un champignon ectomycorhizien Paxillus involutus, des hydrogels et la
combinaison des deux facteurs, un peuplier sensible a la sécheresse, Populus euphratica, a été étudié
dans ce travail.

e Apres 16 semaines d’inoculation, aucune ectomycorhize n’a été trouvée. Néanmoins, 1’inoculation
de P. involutus aux peupliers a provoqué une augmentation des concentrations de sucres solubles et
de I’osmolalité conduisant a une amélioration du statut hydrique. La croissance a été diminuée par
rapport a des individus non inoculés. La présence d’hydrogels dans 1’enracinement a entrainé une
augmentation de la biomasse et une teneur supérieure en eau des plants et une diminution de 1’os-
molalité des tissus des plants. La sécheresse a diminué sensiblement le contenu en eau des racines,
des plants ainsi que la fluorescence de la chlorophylle des feuilles, et stimulé la croissance des ra-
cines, les concentrations de sucres solubles et I’osmolalité chez les plants. En condition de sécheresse,
P. euphratica a présenté une osmorégulation par accumulation d’hydrates de carbone de faible poids
moléculaire.

e Ces données indiquent que 1’ajout d’hydrogels dans les sols peut améliorer la performance des
plants. Les raisons de 1’amélioration de I’osmorégulation par les champignons et les hydrogels étaient
probablement liées a leur influence sur la stimulation de la formation d’hydrates de carbone solubles
en conditions de sécheresse.
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1. INTRODUCTION

It has been estimated that currently about 28% of the earth’s
land areas are too dry for plant production (IPCC, 2001).
It is expected that global warming will increase the severity
and frequency of drought (IPCC, 2001; Schir et al., 2004).
Drought represents a major constraint on plant growth and
productivity (Ciais et al., 2005). For example, the extreme
drought and heat wave in 2003 in Europe had significantly
negative impacts on tree growth and forest health (Bréda
et al., 2006). Furthermore, drought is a major limiting fac-
tor for seedling survival, especially during the establishment
of forests (Rennenberg et al., 2006). To cope with drought,
approaches are required which may alleviate drought stress
on seedlings or trees in drought-affected areas and enable es-
tablishment of forest plantations. In this respect, mycorrhizal
fungi and hydrogels are of interest.

Mycorrhizal fungi can interact with roots of host plants to
form mutualistic associations. In this symbiosis, the host plant
receives mineral nutrients from the fungus and the fungus
obtains photosynthetically-derived carbon compounds from
the host (Smith and Read, 1997). Mycorrhizal fungi can im-
prove the water status of plants and increase plant survival
and growth under drought conditions (Auge, 2001; Smith and
Read, 1997), but the mechanisms of this protection are not
clear (Marjanovic et al., 2005; Rincon et al., 2005). For ex-
ample, in Populus tremuloides seedlings inoculated with ec-
tomycorrhizal fungi, root hydraulic conductance and shoot
water potential were higher than in non-mycorrhizal plants
(Landhausser et al., 2002). It is generally believed that positive
effects of mycorrhizal fungi on host plants are dependent on
the formation of mycorrhizas, although there is evidence that
mycorrhizal fungi affect host growth and metabolism even if
no mycorrhizas are found in inoculated plants (e.g., Dell et al.,
1994; Vierheilig et al., 1994).

Hydrogels are polymers that absorb water; sometimes
400 times or more than their own weight, and then release the
water progressively along with depletion of soil water. In other
words, hydrogels function as an additional water reservoir for
the soil-plant-air system (Bhardwaj et al., 2007), and there-
fore, reduce drought stress on seedlings and trees (Bouranis
etal., 1995). Hydrogels may last a few years in the soil before
they are degraded into non-toxic components (Holliman et al.,
2005). Due to these properties, hydrogels have been used to aid
forest establishment and seedling growth in drought-affected
areas (Arbona et al., 2005; Hiittermann et al., 1999). The pres-
ence of hydrogels in soil prolongs the survival of plants and
increases water use efficiency and dry matter production dur-
ing periods of drought (Arbona et al., 2005; Hiittermann et al.,
1999; Viero et al., 2000). Seedlings of Pinus halepensis treated
with 0.4% (w/w) hydrogels survived drought stress twice as
long as those in control soils (Hiittermann et al., 1999). Dur-
ing the drought period, the seedlings treated with hydrogels
exhibited three-fold higher growth than those in soil without
hydrogels (Hiittermann et al., 1999). Whether hydrogels and
mycorrhizas have synergistic effects is unknown.

Populus species are usually grown at riparian sites and most
genotypes are drought-sensitive (Sixto et al., 2006). Populus
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euphratica displays salt tolerance (Gu et al., 2004; Ottow et al.,
2005) and grows in arid areas, but recent studies indicate that
it may be a drought-sensitive species (Bogeat-Triboulot et al.,
2007; Hukin et al., 2005). In the present study, we used this
species to investigate whether drought tolerance of P. euphra-
tica can be improved by a mycorrhizal fungus (Paxillus invo-
lutus) and hydrogels, to find out whether this combination can
be used to increase plant performance in drought-affected ar-
eas. Plant genotypes have been shown to differ both in their
ability to form mycorrhizas, and in the relative benefit re-
ceived from mycorrhizal colonization (Smith and Read, 1997).
Several genotypes of Populus species are able to form ecto-
mycorrhizas with P. involutus (Baum and Makeschin, 2000;
Langenfeld-Heyser et al., 2007; Reddy and Satyanarayana,
1998). However, to our knowledge, it is unknown whether
P. euphratica is able to establish ectomycorrhizas with P. in-
volutus. The aims of this study were to investigate (i) whether
P. euphratica formed ectomycorrhizas with P. involutus; and
(ii) to find out whether inoculation with P. involutus, the pres-
ence of hydrogels, or both factors together ameliorated the
performance of P. euphratica under drought stress. To this
end, we determined how the water status in soil and plants,
plant growth, soluble sugars, sugar alcohols, and osmolality
responded to P. involutus, hydrogel and drought treatments in
P. euphratica.

2. MATERIALS AND METHODS
2.1. Cultivation of plants and fungi

Plantlets of P. euphratica were multiplied by micropropagation.
To acclimatize the plants to ambient conditions, rooted plantlets were
cultivated in hydroponic LN-nutrient solutions with low nitrogen
supply (modified after Matzner et al., 1982: 300 uM NH4NOs3) for
3 weeks in a growth room (21 °C, 50-60% relative air humidity, 16 h
of light per day at 150 pmol photons m~2s~") before transfer to a cli-
mate chamber with conditions similar to those in the growth room.

Paxillus involutus (Bartsch.) (Strain MAJ in the Géttingen stock
collection, initially collected in France under a poplar tree) was
grown on 2% Modified Melin-Norkrans agar medium (MMN) and
subsequently in liquid culture medium as described previously
(Langenfeld-Heyser et al., 2007).

2.2. Inoculation, rooting medium and hydrogels

Mycelia in liquid culture were used for inoculation. The upper
clear supernatant of the culture medium was discarded, and 50 mL
mycelia of P. involutus were homogenized and used to inoculate
the rooting medium. The rooting medium consisted of 5 parts peat,
5 parts fine sand (grain size: 0.1-0.3 mm) and 10 parts coarse sand
(grain size: 1.2-2.0 mm). The rooting medium was sterilized in Er-
lenmeyer flasks (120 °C, 20 min, Zirbus HST 666). Subsequently, it
was inoculated with mycelia of P. involutus or only with liquid cul-
ture medium without mycelia (50 mL for 100 mL of rooting medium)
and incubated for 3 weeks in an acclimatized dark room (22 °C, 67%
relative air humidity) before transfer to the growth tubes.

The rest of the rooting medium was also sterilized. Half of
the rooting medium was mixed with hydrogels (Stockosorb K 400,
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Chemische Fabrik Stockhausen GmbH Co. KG, Krefeld, Germany)
at a concentration of 0.6% (w/w). Growth tubes with a nylon mesh
at the bottom were filled with ca. 500 mL rooting medium with or
without hydrogels [0.6% (w/w)] and 100 mL rooting medium inocu-
lated or not inoculated with P. involutus, yielding the following four
treatments: (i) control, (ii) hydrogels, (iii) fungus and (iv) hydrogels
and fungus. Subsequently, poplar plantlets were planted in the growth
tubes. The plants were randomized twice a week. Each plant was irri-
gated daily with 20 mL sterilized LN-nutrient solution in the morning
and 20 mL sterilized water in the evening. Poplar plants were main-
tained in the climate chamber for 16 weeks before drought stress.

2.3. Drought stress and harvest

The watered plants were irrigated to field capacity with sterilized
water twice a day. Half of the plants of each of the four treatments
were exposed to water deficit by stopping irrigation. After 5 days of
drought stress, the watered and stressed plants were harvested. The
plants were separated into leaves, stem and roots for fresh mass deter-
mination. Stem heights and length of main roots were also measured.
About 100 g of the rooting medium was collected for gravimetrical
determination of water contents.

For biochemical analysis, samples of fresh leaves, stem and roots
were immediately frozen in liquid nitrogen and subsequently stored
at —80 °C. Samples were milled into fine powder with a ball mill
(Retsch, Haan, Germany), pre-cooled in liquid nitrogen. Aliquots of
fine powder were used for determination of the ratio of fresh to dry
mass and the relative water contents (RWC) in plants after 48 h of
drying at 60 °C. RWC was calculated as follows: RWC% = (Fresh
weight — Dry weight)/Fresh weight x100.

2.4. Leaf chlorophyll fluorescence yield measurements

The chlorophyll fluorescence of trees was measured regularly un-
der ambient light with a photosynthesis yield analyzer (Mini-PAM,
Walz, Effeltrich, Germany) in the chamber and calculated as quan-
tum yield of PSII (®):

O = (Fn — Fo)/ Fi (Kitajima and Butler, 1975), where Fp,, and F
are the maximum and basic fluorescence levels, respectively.

2.5. Formation of mycorrhizas

Root systems of P. euphratica inoculated or not inoculated with
P. involutus strain MAJ were spread in Petri dishes and the whole
plant root system was examined under a binocular for ectomycor-
rhizal root tips.

2.6. Determination of sugars and sugar alcohols

Soluble sugars (glucose, fructose and sucrose) and starch in leaves
and stems were determined as described previously (Luo et al., 2006).

Carbohydrates in roots were analyzed in detail since they play ma-
jor roles in osmotic adjustment. About 50 mg of freeze-dried ma-
terials for each sample were extracted and analyzed by GC/MS as
described by Hu et al. (2005).
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2.7. Determination of osmotic pressure

The osmolality of leaves, stems and roots was determined by
freezing point depression with an osmometer (Knauer, Halbmikro
ML Osmometer, Germany) according to the instructions of the man-
ufacturer.

2.8. Statistical analysis

All statistical tests were performed with Statgraphics (STN, St.
Louis, MO, USA). When interactions were significant, an a posteriori
comparison of means was made. To reduce the chance of type I errors,
all P-values of these multi-comparisons were corrected by the Tukey-
HSD method. Data were tested for normality with the Shapiro-Wilks
test. Differences between parameter means were considered signifi-
cant when the P-value of the ANOVA F-test was less than 0.05.

3. RESULTS
3.1. Formation of ectomycorrhizas

Ectomycorrhizas were not found in root systems of
P. euphratica inoculated with P. involutus after growing in-
oculated plants for 16 weeks in a climate chamber. The plants
grown in soil without inoculation were also examined and no
ectomycorrhizas were detected.

3.2. Water contents in soil and plants

Soil water contents (SWC) and the relative water contents
(RWCQC) of plants were determined at harvest (Tab. I). SWC
was unaltered in rooting medium inoculated with P. involu-
tus compared with the soil mixture without inoculation. As
expected, SWC was significantly higher (+36%) in rooting
medium with hydrogels than in medium without hydrogels.
SWC markedly decreased (—-80%) under drought conditions in
comparison with well-watered conditions.

RWC in roots, stems and leaves were 65.6-83.6%,
52.2-64.1% and 50.1-79.4%, respectively, depending on the
treatments. RWC in roots and stems significantly increased
by 5 and 9%, respectively, in inoculated in comparison with
non-inoculated plants. RWC in roots, stems and leaves also
increased 7, 4 and 11%, respectively, in plants with hydro-
gels compared with plants without hydrogel addition. RWC in
roots, stems and leaves markedly decreased by 11, 8 and 15%,
respectively, in plants exposed to drought compared with well-
watered plants.

3.3. Biometric measurements

Stem height, length of main roots and leaf biomass of plants
remained unaffected by inoculation with P. involutus (Figs. 1
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Table 1. The gravimetric soil water content and the RWC in roots, stem and leaves at the end of the drought stress of P. euphratica grown
in a climate chamber. Data indicates mean + SE (n = 6). The plantlets of P. euphratica were either inoculated with P. involutus (P) or not
inoculated with this fungus, with either added hydrogels (H) or no hydrogels in the soil and either drought-stressed (D) or normally watered
(W). Significance levels are shown for the P-values of the ANOVAs of P. involutus strain MAJ — Paxin, Hydrogel and Drought, * P < 0.05;
#* P < 0.01; #* P < 0.001; **** P < 0.0001. No interactions were significant.

Treatments Soil water content (%) RWC in roots (%) RWC in stem (%) RWC in leaves (%)
D 1.27 £ 0.02 65.6 + 1.1 522+ 1.1 63.09 + 0.41
w 10.67 + 0.03 77.6 +1.2 582 +24 73.62 + 0.46
HD 2.77 £ 0.02 747+ 1.8 55.2+0.9 70.79 + 0.46
HW 12.93 £ 0.02 82.1+1.1 59.6 £ 0.9 74.13 £ 0.46
PD 1.23 £ 0.01 68.5+1.3 56.7 +0.9 50.12 + 0.47
PW 7.77 £ 0.02 83.6+1.2 64.1 +1.2 79.43 + 0.41
PHD 3.73 £0.02 799+ 1.2 628 +1.3 75.86 = 0.45
PHW 13.20 + 0.03 822 +09 639+ 1.0 79.43 + 0.41
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Figure 1. Stem height (a) and lengths of main roots (b) of P. euphrat-
ica. The plantlets of P. euphratica were either inoculated with P. invo-
lutus (P) or not inoculated with this fungus, with either added hydro-
gels (H) or no hydrogels in the soil and either drought-stressed (D) or
normally watered (W). The bar indicates mean + SE (n = 6). Differ-
ent letters for the same parameter indicate significant difference.

D w HD HW PD PW PHD PHW
Figure 2. Dry biomass of roots, stem and leaves of P. euphratica. The
plantlets of P. euphratica were either inoculated with P. involutus (P)
or not inoculated with this fungus, with either added hydrogels (H) or
no hydrogels in the soil and either drought-stressed (D) or normally
watered (W). The bar indicates mean = SE (n = 6). Different letters
for the same parameter indicate significant difference.

and 2, Table II). Interestingly, plants inoculated with the fun-
gus had less root (-27%) and stem (-21%) biomass than those
grown without inoculum. Plants grown with hydrogels had
significantly higher stem height (+17%), and biomass of roots
(+17%), stems (+33%) and leaves (+31%) than those grown
without hydrogels. However, the length of the main root was
shorter (—35%) in plants grown in the presence compared with
those grown in the absence of hydrogels. Stem height and
biomass of leaves and stems were unaffected by drought stress.
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Table II. Statistical results of aboveground height, length of main
root, and dry weight (DW) of roots, stem and leaves of P. euphratica
grown in a climate chamber. The plantlets of P. euphratica were either
inoculated with P. involutus (strain MAJ) or not inoculated with this
fungus, with either added hydrogels or no hydrogels in the soil and
either drought-stressed or normally watered. Significance levels are
shown for the P-values of the ANOVAs of P. involutus strain MAJ —
Paxin, Hydrogel and Drought, * P < 0.05; ** P < 0.01; *** P <
0.001; *#*#** P < 0.0001. No interactions were significant.

Source Height Lengthof DWof DWof DW of

main root roots leaves stem
Paxin wok *
Hydrogel ok sk # ] #
Drought Hok *

The length of main roots and biomass of roots were increased
11 and 22%, respectively, by drought stress.

3.4. Yield of chlorophyll fluorescence

The quantum yield of PSII (®) was measured regularly un-
der light (Fig. 3). It was noted that @ was significantly lower
in plants grown in soils inoculated with P. involutus than in
those without inoculation. ® was higher in plants with hydro-
gels than in plants without hydrogel addition. ® was signifi-
cantly decreased in plants under drought conditions in com-
parison with well-irrigated plants.

3.5. Carbohydrates

Concentrations of soluble carbohydrates (glucose + fruc-
tose + sucrose) and starch in stems and leaves are shown
in Figure 4 and Table III. Leaves of plants inoculated with
P. involutus contained significantly higher concentrations of
sucrose and total soluble sugar concentrations, but decreased
concentrations of fructose, than non-inoculated plants. Plants
with hydrogels contained increased concentrations of starch
and soluble sugars, but decreased concentrations of glucose in
leaves.

In their stems, plants inoculated with P. involutus contained
significantly elevated concentrations of glucose, fructose and
sucrose compared with non-inoculated plants. Plants with hy-
drogels contained decreased concentrations of sugars in their
stems compared with plants without hydrogels.

In response to drought, concentrations of sugars in leaves
and stems were markedly increased, which is apparently
mainly due to the hydrolysis of starch under drought condi-
tions compared with watered conditions.

In roots, concentrations of carbohydrates were analyzed in
detail and glucose, fructose, sucrose, inositol, galactose, man-
nitol, sorbitol and trehalose were found (Fig. 5 and Tab. IV).
Glucose, fructose and sucrose accounted for more than 95% of
total sugars analyzed and hence were the major soluble sugars
in roots (Fig. 5a). Although the other compounds also showed
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Figure 3. Yield of chlorophyll fluorescence in leaves of P. euphrat-
ica. The plants were cultivated in a growth chamber and were either
not inoculated with P. involutus in Figure 3a or inoculated with P. in-
volutus in Figure 3b and grown without or with added hydrogels (H)
in the soil for 16 weeks. Plants were either normally watered (W)
or drought-stressed (D) for 5 days at the end of the experiment. The
dashed line indicates the beginning of the drought stress. The symbol
indicates mean + SE (n = 6).

Table III. Statistical results of carbohydrates in leaves and stem of
P. euphratica grown in a climate chamber. The plantlets of P. eu-
phratica were either inoculated with P. involutus (strain MAJ) or not
inoculated with this fungus, with either added hydrogels or no hy-
drogels in the soil and either drought-stressed or normally watered.
Significance levels are shown for the P-values of the ANOVAs of
P. involutus strain MAJ — Paxin, Hydrogel and Drought, * P < 0.05;
*#t P < 0.01; ¥** P < 0.001; **** P < 0.0001. No interactions were
significant.

Tissue Source  Glucose Fructose Sucrose Starch Sum
Paxin * wE *
Leaves Hydrogel — I
Drought ek ek * *
Paxin ek ek (s
Stem  Hydrogel =~ ik sk ®
Drought ] wds ok ok
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Figure 4. Carbohydrates in leaves (a) and stem (b) of P. euphratica.
The plantlets of P. euphratica were either inoculated with P. involu-
tus (P) or not inoculated with this fungus, with either added hydrogels
(H) or no hydrogels in the soil and either drought-stressed (D) or nor-
mally watered (W). The bar indicates mean + SE (n = 6). Different
letters for the same parameter indicate significant difference.

significant fluctuations with treatments, they contributed only
marginally to osmotic adjustment. Therefore, the following
description will focus only on the major soluble sugars.

For the fungus treatment, under well-watered conditions,
concentrations of sucrose, glucose and fructose in roots grown
in soil inoculated with P. involutus were markedly higher than
those in roots in soil with non-inoculation (Fig. 5a, PW-W).
When hydrogels were added to the substrate, the concentra-
tion of sucrose in roots grown in soil inoculated with P. in-
volutus was significantly higher than that in roots grown in
soil with non-inoculation (Fig. Sa, PHW-HW). Under drought
conditions, sucrose content in roots in soil inoculated with
P. involutus was markedly higher than that in roots in soil
with non-inoculation (Fig. 5a, PD-D). When hydrogels were
added to the substrate, levels of sucrose and glucose in roots
in soil inoculated with P. involutus were significantly elevated
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Figure 5. Sugars and sugar alcohols in roots of P. euphratica. The
plantlets of P. euphratica were either inoculated with P. involutus (P)
or not inoculated with this fungus, with either added hydrogels (H) or
no hydrogels in the soil and either drought-stressed (D) or normally
watered (W). The bar indicates mean + SE (n = 6). Different letters
for the same parameter indicate significant difference.

in comparison with those in roots in soil with non-inoculation
(Fig. 5a, PHD-HD).

For hydrogel treatment, under well-watered conditions,
contents of sucrose, glucose and fructose in roots in soil with
hydrogel addition were pronouncedly higher than those in
roots in soil without hydrogel addition (Fig. 5a, HW-W), but
these effects disappeared when the soil was inoculated with
P. involutus (Fig. 5a, PHW-PW). Under drought conditions,
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Table IV. Statistical results of sugars and sugar alcohols in roots of P. euphratica grown in a climate chamber. The plantlets of P. euphratica
were either inoculated with P. involutus (strain MAJ) or not inoculated with this fungus, with either added hydrogels or no hydrogels in the soil
and either drought-stressed or normally watered. Significance levels are shown for the P-values of the ANOVAs of P. involutus strain MAJ —
Paxin, Hydrogel and Drought, * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < (0.0001. No interactions were significant.

Source Glucose Fructose Sucrose Inositol Galactose Mannitol Sorbitol Trehalose Sum
Paxin ® eskeok Hskeok sk sk * sk
Hydrogel *

Drought sk seskok sk e e sk

levels of sucrose, glucose and fructose in roots in soil with
hydrogel addition were markedly lower than those in roots
in soil without hydrogel addition (Fig. Sa, HD-D). When soil
was inoculated with P. involutus, levels of sucrose and fructose
were significantly lower in roots in soil with hydrogel addition
than those in roots in soil without hydrogel addition (Fig. Sa,
PHD-PD).

Drought markedly increased contents of sucrose, glucose
and fructose in roots compared with those in well-watered
roots (Fig. 5a, D-W), but these effects disappeared when hy-
drogels were added to soil (Fig. 5a, HD-HW). When soil was
inoculated with P. involutus, levels of these sugars in roots ex-
posed to drought were also markedly elevated compared with
those in well-watered roots (Fig. 5a, PD-PW). When hydro-
gels and P. involutus were both added to soil, levels of glucose
and fructose in roots were markedly enhanced in comparison
with those in well-watered roots (Fig. 5a, PHD-PHW).

3.6. Osmolality

Osmolalities determined in different poplar tissues in-
creased in the order roots < stem < leaves (Fig. 6 and Tab. V).
Since changes in osmolality in roots, stem and leaves had a
similar pattern (Fig. 6), the following description will focus
only on osmolality changes in leaves (Fig. 6a).

For the fungus treatment, under well-watered conditions,
osmolality in leaves of P. euphratica grown in soil inocu-
lated with P. involutus remained unchanged in comparison
with that in soil with non-inoculation of this fungus, irrespec-
tive of hydrogel addition (Fig. 6a, PW-W and PHW-HW). Un-
der drought conditions, osmolality in leaves of P. euphratica
grown in soil inoculated with P. involutus was markedly higher
than that in soil with non-inoculation (Fig. 6a, PD-D), but this
effect disappeared when hydrogels were added to soil (Fig. 6a,
PHD-HD).

For hydrogel treatment, under well-watered conditions, os-
molality in leaves of P. euphratica grown in soil with hydrogel
addition remained unaltered compared with that in soil without
hydrogel addition, irrespective of inoculation with P. involutus
(Fig. 6a, HW-W and PHW-PW). Under drought conditions,
osmolality in leaves of P. euphratica grown in soil with hydro-
gel addition was significantly lower than that in soil without
hydrogel addition, irrespective of inoculation with P. involutus
(Fig. 6a, HD-D and PHD-PD).

For drought treatment, osmolality in leaves of P. euphratica
exposed to drought stress was significantly higher than that in

well-watered leaves, irrespective of hydrogel addition and/or
inoculation with P. involutus (Fig. 6a, D-W, HD-HW, PD-PW
and PHD-PHW).

To investigate whether measured osmolality was correlated
with osmolality produced by the major soluble sugars (glu-
cose + fructose + sucrose), regression analysis was conducted
(Fig. 7). These data indicate that at the tissue as well as
at whole-plant level, positive correlations were observed be-
tween total osmolality and osmolality from soluble sugars.

4. DISCUSSION

4.1. Non-host responses of P. euphratica to inoculation
with P. involutus

The present study indicates that P. euphratica is un-
able to form mycorrhizas with P. involutus, although many
genotypes of Populus species are host trees for this ectomy-
corrhizal species (Baum and Makeschin, 2000; Langenfeld-
Heyser et al., 2007; Reddy and Satyanarayana, 1998). To ex-
clude possible limitations of our experimental system, we also
tested an axenic Petri dish system which is highly effective
for mycorrhiza formation, as shown by Hampp et al. (1996),
and which functioned very well with Paxillus involutus (strain
MAJ) and P. x canescens (Gafur et al. 2004). Again, no ec-
tomycorrhizas were found in fine roots of P. euphratica inoc-
ulated with P. involutus (data not shown). These observations
underline that P. euphratica is not a competent host species for
P. involutus.

Although ectomycorrhizas with P. involutus were not
formed, an effect of fungal inoculation on plant growth and
metabolism was observed. This might have been due to inter-
actions, which can occur between fungi and plants, even if no
symbiosis is built up (e.g., Dell et al., 1994; Vierheilig et al.,
1994). P. euphratica benefited from the fungus by improved
relative water contents, increased concentrations of sucrose
and glucose in roots and elevated osmolality in leaves. Neg-
ative effects of the fungus on plants were decreases in growth
of roots and stem and reduced yield of chlorophyll fluores-
cence in leaves. It is possible that the improved water status
of plants inoculated with the fungus were due to modifica-
tions in soil structures or facilitated capillary water transport
along the hyphal cell walls. The fungal partner in the ectomy-
corrhizal association is able to attract sugars towards the root
system, leading to higher concentrations of carbohydrates than
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Figure 6. Osmolality in leaves (a), stem (b) and roots (c) of P. eu-
phratica. The plantlets of P. euphratica were either inoculated with
P. involutus (P) or not inoculated with this fungus, with either added
hydrogels (H) or no hydrogels in the soil and either drought-stressed
(D) or normally watered (W). The bar indicates mean = SE (n = 6).
Difterent letters for the same parameter indicate significant differ-
ence.

in non-mycorrhizal roots (Hampp and Schaeffer, 1999; Nehls
et al., 2001; Smith and Read, 1997). However, in our study
the enhanced soluble sugar concentrations in roots of plants
inoculated with P. involutus were not a consequence of ec-
tomycorrhiza formation. It is possible that the fungus affects
sink capacities by hormonal effects (Nehls et al., 2007). Indi-
rect effects must also be considered. The increased sugar con-
tents in roots might be due to the water competition with fun-
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Table V. Statistical results of osmolality in roots, stem and leaves
of P. euphratica grown in a climate chamber. The plantlets of P. eu-
phratica were either inoculated with P. involutus (strain MAJ) or not
inoculated with this fungus, with either added hydrogels or no hy-
drogels in the soil and either drought-stressed or normally watered.
Significance levels are shown for the P-values of the ANOVAs of
P. involutus strain MAJ — Paxin, Hydrogel and Drought, * P < 0.05;
¥ P < 0.01; #* P < 0.001; **** P < 0.0001. No interactions were
significant.

Source Leaf Stem Root
Paxin Ak
Hydrogel Hskkok Hk Hskeok
Drought Hskeok seskok Hskkok
3000 - ® Root A A
O Stem
A |eaf
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Figure 7. The correlation between osmolality of soluble sugars (glu-
cose + fructose + sucrose) and total osmolality in roots (closed cir-
cles), stem (open circles) and leaves (closed triangles) of P. euphrat-
ica grown in a climate chamber. The correlation was statistically sig-
nificant at P < 0.0001.

gal hyphae. The accumulation of sucrose and glucose in roots
of poplar inoculated with P. involutus might be required for
successful competition by keeping roots at higher osmotic po-
tentials. The negative effects of the fungus on the plant could
also be the result of this competition if the carbon costs of this
acclimation were high.

It has been documented that mycorrhiza formation can im-
prove water availability for the host plants due to the large
contact area between fungal mycelia and soil and the enhanced
water-transporting capacity (Marjanovic et al., 2005). It is be-
lieved that the benefit the host plant gains with respect to
drought tolerance is based on mycorrhiza formation. However,
here we report that the improved water status in the plants can
also occur even if no mycorrhizas were formed between the
plant and the fungus.
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4.2. Influence of hydrogels on P. euphratica

Hydrogels applied to the rooting medium may absorb wa-
ter during irrigation and then release the water progressively
along with the water depletion in the medium. This feature
of hydrogels is critical for improving plant growth in soils
or media with low water-holding capacity. Due to the water
reservoir provided by hydrogels in the rooting medium, soil
water content, plant water status and photosynthesis, as indi-
cated by chlorophyll fluorescence of leaves, were enhanced.
Increased plant height growth and biomass were probably also
a consequence of the improved water status. These findings
suggest that assimilated carbon is more efficiently utilized to
build biomass in plants with hydrogels compared with plants
without hydrogels. Effective conversion of assimilated carbon
may have led to decreases in soluble sugar concentrations in
plants grown in the presence of hydrogels, and thus a drop in
osmolality. Another explanation is that in soil with hydrogels,
higher water-holding capacity does not required decreases in
the osmotic potential to drive plant water uptake. Thus, soluble
carbohydrates can be inverted into starch or biomass. Over-
all, our data are consistent with previous studies, which have
demonstrated that application of hydrogels to soils improved
plant performance (Arbona et al., 2005; Viero et al., 2006). For
instance, Arbona et al. (2005) found that application of hydro-
gels to the substrate increased water content, leaf water poten-
tial, root biomass, CO, assimilation and stomatal conductance
of citrus trees.

It is interesting that the root biomass increased but the
lengths of main roots decreased due to the application of hy-
drogels in rooting medium (Figs. 1b and 2). This was caused
by changes in root morphology, which were also observed
during the examination of the roots under a stereomicroscope
(data not shown). The main roots in plants with hydrogels were
thicker (bigger diameter) and the root tips were blunt, which
is quite different from the sharp root tips of plants without hy-
drogels. These morphological changes in main roots may be
an adjustment to the improved water status of plants with hy-
drogels.

4.3. Influence of drought on P. euphratica

Recently, responses of P. euphratica to gradual soil wa-
ter deficit have been studied in detail at the protein, tran-
script and metabolite levels, but most of the analyses focused
on leaves (Bogeat-Triboulot et al., 2007). Information on the
physiological changes in drought-stressed P. euphratica roots
may be especially relevant for practical applications, e.g. when
growing this species in drought-affected areas. In this study,
P. euphratica exposed to drought stress exhibited decreases in
water status and leaf chlorophyll fluorescence, and increases
in the length of main roots, root biomass, concentrations of
soluble sugars and osmolality, which are common responses
of plants to water deficit (Polle et al., 2006). When the tissue
water content was not sufficient to maintain normal physio-
logical functions, P. euphratica had to reduce the water con-
sumption by stomatal closure. This may have led to decreases
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in chlorophyll fluorescence, reflecting decreases in photosyn-
thetic electron transport.

Accumulation of low-molecular-weight carbohydrates is an
effective strategy for P. euphratica to cope with drought stress.
The sum of glucose, fructose and sucrose, i.e. the major solu-
ble carbohydrates in roots, stem, and leaves of P. euphratica
were 84, 99 and 123% increased compared with the irri-
gated plants. Since glucose, fructose and sucrose are major
osmolytes in trees exposed to drought conditions (Merchant
et al., 2006), the accumulation of these sugars and the positive
correlation with osmolality indicate that these carbohydrates
play an essential role in osmoregulation in P. euphratica. Since
the slope of the positive correlation line was higher than 1
(Fig. 7), this suggests that other osmolytes (e.g. ions, sugar
alcohols) may also be important contributors to the osmotic
pressure in P. euphratica.

Taken together, P. euphratica displayed an improved water
status in roots and stem due to the presence of P. involutus in
the rooting medium, although no mycorrhizas were formed.
Plant biomass decreased in response to the inoculation. P. eu-
phratica grown in the rooting medium with hydrogels dis-
played an improved water status and exhibited enhanced
growth. However, no synergistic effects on plant performance
were found in the presence of hydrogels in combination with
fungal inoculation, suggesting that both factors influence plant
metabolism independently.
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