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Abstract Micropropagated grey poplar (Populus x canescens (Aiton) Sm.) plantlets
selected during in vitro culture as tolerant to toxic Cu and Pb ions, as well as control
plantlets, were inoculated ex vitro with selected strains of ectomycorrhizal fungi (Hebe-
loma crustuliniforme, Paxillus involutus) and an arbuscular mycorrhizal fungus (Rhiz-
ophagus irregularis BEG 87) or not inoculated, and were grown for 8 weeks in a growth
chamber. Successfully acclimatized microplants were transferred to a greenhouse and
grown for 16 weeks in unpolluted soil irrigated during the cultivation period with solutions
containing high concentrations of Cu or Pb ions or in soil contaminated with Cu and Pb
collected 1 km from a copper smelter. Ectomycorrhizal inoculation enhanced the survival
rate of plantlets during ex vitro acclimatization. Poplar microplants inoculated with H.
crustuliniforme and selected strains of P. involutus accumulated higher concentrations of
Cu and Pb when grown in contaminated soils than the uninoculated plants and reduced
concentration of the metals in the soils. In conclusion, grey poplar microplants tolerant to
heavy metals and inoculated with appropriate ectomycorrhizal fungi can facilitate the
adaptation of these plants to metal-polluted soils and may be used for afforestation and
phytoremediation of polluted land.
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Introduction

High concentrations of essential and nonessential trace metals in soil are potentially toxic
to plants (Balsberg-Pahlsson 1989; Migeon et al. 2009; Zacchini et al. 2009) and soil
microorganisms (Pennanen et al. 1996; Borghi et al. 2007; Wang et al. 2007). Areas
impacted by copper smelters may be highly contaminated by Cu and Pb (Krzaklewski et al.
2004; Bojarczuk and Kieliszewska-Rokicka 2010; Medynska-Juraszek and Kabata 2012).
High concentrations of the metals can reduce shoot and root growth and increase leaf
senescence due to over-production of reactive oxygen species in plants (Luna et al. 1994;
Pourrut et al. 2011).

Populus species, hybrids, and clones are fast-growing and deeply rooting trees, con-
sidered as good plant material for phytoremediation of metal-contaminated soils and
groundwater (Borghi et al. 2007; Stobrawa and Lorenc-Plucifiska 2007; Zacchini et al.
2009; Karlinski et al. 2010). Lines highly tolerant to increased concentrations of metals can
be selected successfully in vitro on media containing metal ions; these lines can be applied
for the afforestation of metal-polluted lands (Bojarczuk 2004a, b; Nehnevajova et al. 2007,
Vera-Estrella et al. 2009). However, the high mortality rate of microplants during the post-
vitro steps of the propagation process is an important obstacle to the large-scale use of this
method. In vitro or ex vitro biotization of microplants with mycorrhizal fungi and/or
symbiotic bacteria enables to surmount the problems of acclimatization microplants to ex
vitro conditions. Mycorrhizas improve plant growth and survival by enhancing water and
nutrient uptake and protecting the plant against environmental stresses, including heavy
metals (Smith and Read 2008). Both, ectomycorrhizal (ECM) and arbuscular mycorrhizal
(AM) associations may play an important role in establishment of vegetation in highly
polluted soils (Turnau et al. 2006). The ability to accumulate and detoxify heavy metals
show ECM fungi (Turnau et al. 1996; Rudawska and Leski 2005; Ott et al. 2002; Luo et al.
2014; Ma et al. 2014) and AM fungi (Joner et al. 2000; Hildebrandt et al. 2007; Bissonnette
et al. 2010; Bothe et al. 2010; Cicatelli et al. 2014). Mycorrhizal fungi can also enhance the
host plant tolerance by influence on its defence genes (Polle et al. 2013). To date, few
studies have reported on the effects of mycorrhizal fungi on the acclimatization of mi-
croplants of forest trees to ex vitro conditions. A positive effect of in vitro ECM inocu-
lation on poplar growth was previously reported for Populus tremula L. x Populus
tremuloides Mich (Hampp et al. 1996; Loewe et al. 2000) and for P. x canescens (Gafur
et al. 2004; Li et al. 2012; Ma et al. 2014). Inoculation of microplants ex vitro with
mycorrhizal fungi has been shown to improve poplar survival rate, health status, and
growth post-acclimatization (Langer et al. 2008).

Populus spp. can develop dual mycorrhizal associations with ECM and AM fungi,
however variable degrees of ECM and AM colonization have been observed in roots of
various species and hybrids (Vozzo and Hacskalyo 1974; Khasa et al. 2002; Rachwat et al.
2003; Gehring et al.2006; Karlinski et al. 2010), suggesting differential predisposition of
poplar genotypes to develop symbiotic associations with ECM or AM fungi. Natural
tendency of poplar genotypes to develop symbiotic associations with ECM and AM fungi
can be modified by environmental conditions, such as soil depth, soil moisture and con-
tamination of soil with heavy metals (Karlinski et al. 2010, and literature cited there).

Grey poplar (P. X canescens) is a natural hybrid between white poplar (P. alba) and
European aspen (P. tremula), occurring throughout Europe. P. X canescens has been
shown to accumulate high amounts of Cd and Zn when grown in metal-polluted soil
(Durand et al. 2011; He et al. 2013). ECM symbionts can influence physiological and
molecular processes of the poplar and modify mechanism of heavy metal detoxification
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(Luo et al. 2014). No data were reported yet on a contribution of AM fungi in colonization
of P. X canescens roots, but in several studies of P. X canescens microplants or cuttings
have been colonized effectively with ECM fungi (Gafur et al. 2004; Langenfeld-Heyser
et al. 2007; Luo et al. 2009b; Li et al. 2012; Ma et al. 2014). Species and strains of
mycorrhizal fungi vary in their ability to develop mycorrhizal symbiosis with tree mi-
croplants (Gafur et al. 2004; Luo et al. 2009a, b), in their tolerance to toxic metals (Blaudez
et al. 2000; Ma et al. 2014; Luo et al. 2014), and in their capacity for metal accumulation
and detoxification (Rudawska and Leski 2005; Baldrian 2009; Luo et al. 2011). Choosing
compatible and efficient mycorrhizal symbionts (species/isolates) is required to ameliorate
successfully the negative impacts of toxic contaminants on plants (Gafur et al. 2004;
Timonen et al. 2008; Li et al. 2012; Polle et al. 2013; Ma et al. 2014).

The aim of this study is to investigate (1) the effect of mycorrhizal inoculation of
selected metal-tolerant grey poplar microplants on their survival rate during ex vitro
acclimatization, and (2) the effect of mycorrhiza on poplar growth in the presence of
increased concentrations of Cu and Pb in the soil. Selected strains of ECM fungi [Hebe-
loma crustuliniforme (Bull.) Quel. and Paxillus involutus (Batch) Fr.] that are natural ECM
symbionts of poplars and AM fungus (Rhizophagus irregularis, syn. Glomus intraradices)
(Schenck and Smith) known as an effective symbiont of a wide variety of plants were used
to inoculate the microplants. We expected that mycorrhizal associations would enhance the
survival and growth of selected metal-tolerant lines of grey poplar and improve their ability
to colonize and clean up heavily contaminated soils.

Materials and methods
In vitro culture of poplar plantlets

Apical and lateral buds, as explants, were harvested from P. x canescens (Aiton) Sm. (=P.
tremula L. x P. alba L., clone 1), originating from the collection of poplars of the Institute
of Dendrology in Kornik, Poland [52°15’N, 17°04'E]. In vitro culture was performed on
modified half-strength MS medium (Murashige and Skoog 1962) supplemented with plant
hormones (0.1 mg dm™> 6-benzylaminopurine and 0.05 mg dm™> 1-naphthaleneacetic
acid) and solidified with Bactoagar (8 g dm™?). To this medium, we added 0.08 mM Cu
and 0.8 mM Pb as nitrates. The medium was adjusted to pH 4.5. Poplar cultures were kept
in 300-ml jars at 22-23 °C in a growth chamber illuminated with mercury fluorescent
lamps (7,500 mW m~?) for 16 h per day. From 6 to 12 passages maintained on medium
with the heavy metals (HM+) were necessary to obtain the plantlets adapted to increased
concentrations Cu and Pb. The control plants were cultivated on the same medium without
heavy metals (HM—).

Preparation of mycorrhizal inoculum

Mycelia of ECM fungi (H. crustuliniforme (Bull.) Quel. and P. involutus (Batch) Fr.) were
isolated from fungal sporocarps collected in the experimental forest in Kornik (52°15'N,
17°04’E) and were cultivated in Petri dishes on agar medium (Pachlewski and Pachlewska
1974). The mycelia of H. crustuliniforme and P. involutus were incubated for 6 or 3 weeks,
respectively, at 22 °C before the mycelia were used for plant inoculation. One H. crust-
uliniforme isolate and three P. involutus isolates have been selected in a preliminary
culturing in Petri dishes with increased Cu and Pb concentration in the agar medium
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(pH 4.5), containing 0.5 mM Cu (as Cu(NOj3),-3H,0 or 1.0 mM Pb (as Pb(NOs),, com-
pared to control, which did not contained the heavy metals. We selected for ex vitro
inoculation the fungal isolates of the tolerance indices higher than 0.8 (ratio of the diameter
of metal-treated mycelium to the diameter of control mycelium) and the ability to form
ectomycorrhizas with poplar plantlets in vitro.

Inoculum from the AM fungus Rhizophagus irregularis (syn. Glomus intraradices
Schenck and Smith (isolate BEG 87) (Merrild et al. 2013), was propagated on maize (Zea
mays L.) for 4 months in pots filled with a sterilized mixture of soil and quartz sand (1:1
v/v). The colonization of maize roots by AM fungi was evaluated after visualization of the
fungi in root samples (see details below). The average degree of root colonization was
89 % RLC (root length colonized). The inoculum consisted of dry soil from the pot
cultures and contained mycorrhizal mycelium, spores, and the colonized maize root pieces.
The mycorrhizal activity of the inoculum was controlled with white clover cultivated for
8 weeks in pot cultures with soil and quartz sand (1:1 v/v), inoculated with BEG 87. The
average degree of white clover root colonization was 90 % RLC.

Experiment 1: effect of mycorrhizal inoculation on ex vitro acclimatization

In vitro rooted plantlets of uniform size, the adapted to heavy metals (HM+) and the
control plantlets (HM—) were transplanted ex vitro into plastic containers (5.4 dm™ in
volume) filled with sterilized unpolluted forest soil pH 6.5, mixed with unsterilized peat
(3:1, v/v), or with sterilized quartz sand (1:1, v/v) (eight plantlets per container). The soil
and sand were sterilized by autoclaving at 121 °C and 1 kg cm ™2 for 1 h on 3 successive
days. The plantlets transplanted to the soil mixed with peat were inoculated with the ECM
fungi: H. crustuliniforme, and three strains of P. involutus (Pax A, Pax B, or Pax C). Three
mycelial plugs (@5 mm) were placed under each plant. The plantlets transplanted to the
soil mixed with sand were inoculated with AM fungus (50 g of inoculum per 1 kg of soil).
The acclimatization process was conducted in the growth chamber (see above). During the
first 3 weeks of acclimatization the plantlets were protected against water loss by plastic
covers and irrigated with sterile deionized water to maintain 60 % of the water capacity.
Then the plastic covers were removed and the microplants were irrigated once per week
with 50 ml of sterile nutrient solution after Bojarczuk and Kieliszewska-Rokicka (2010),
modified (N-NH,, 50 mg dm~>; N-NOs, 160 mg dm™%; K, 2 g dm™>; P, 2.4 g dm™%; S,
27 ¢g dm’3; Cu, 5 mg dm’3; Fe, 100 mg dm’3; Mn, 27 mg dm*3; Mo, 5 mg dm’3; and
B, 26 mg dm*; pH 4.5), and every second day with sterile water to 60 % of the water
capacity. The experiment ended 8 weeks after transplantation. Survival rate of the poplar
plants and the mycorrhizal status of their roots were assessed.

Experiment 2: effect of mycorrhiza on Cu- and Pb-treated microplants

After 8 weeks of acclimatization in the growth chamber, the plantlets of the heavy-metal
adapted poplar line (HM+) inoculated with the mycelia of H. crustuliniforme, P. involutus
(strains A, B, and C), Rhizophagus irregularis (BEG 87) and the uninoculated microplants
were planted in pots (17 cm in diameter, 13 cm high, 1.4 dm® in volume) filled with
unpolluted, unsterilized soil collected from a collection of poplar clones in Kérnik, mixed
with peat (3:1 v/v). One plantlet was planted per pot, 15—18 plans per variant. Plants were
grown for 16 weeks in a greenhouse for the period between May and August, and were
treated or not treated with increased levels of Cu or Pb. Substrate moisture was adjusted to
60 % water holding capacity every second day and the soil was irrigated once per week
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(0.05 dm® per pot) with the nutrient solution (as in the exp. 1) and once per week with
0.05 dm?® per pot of 4 mM Cu(NOs),-3 H,O or4 mM Pb(NO3), water solutions (pH 4.5). The
control and the treated plants were supplemented with adequate amounts of HNOj solution to
obtain equal concentration of nitrogen in the control and the metal-treated variants.

Experiment 3: effect of mycorrhiza on microplants grown in soil heavily contaminated
with Cu and Pb (Glogéw copper smelter)

P. x canescens microplants selected in vitro as metal-tolerant (HM+) and inoculated
during acclimatization with mycorrhizal fungi (H. crustuliniforme, Paxillus involutus
strains A, B, and C), R. irregularis as well as uninoculated control plants were planted in
pots (17 cm in diameter, 13 cm high, 1.4 dm® in volume) filled with a growth medium
consisting of metal-polluted soil and peat, (3:1, v/v). The polluted soil taken from the
vicinity of the Gtogéw copper smelter (51°37'N, 16°07'E), contained high concentrations
of Cu and Pb (Table [—supplement). Control growth medium was unpolluted forest soil
taken from Kornik (see above), mixed with peat (3:1 v/v). One plantlet was planted per pot,
15-18 plants per variant. The plants were grown for 16 weeks between May and August in
a greenhouse and were irrigated every second day with water by adjusting the soil moisture
to 60 % water capacity. Once per week each of the pots was irrigated with 0.05 dm’® of
nutrient solution (as in the exp. 1).

Plant harvest and analyses

A destructive harvest was conducted after the growth period. Individual plants were sep-
arated into leaves, stems, and roots. Soil was washed from the roots very carefully for
5 min with tap water to remove adherent particles, and the roots were further rinsed three
times with demineralized distilled water. The number of root tips, and the root length were
measured using the image analysis systems WinRhizo (version 5.0) (Reagent Instruments
Inc., Quebec, Canada). Three selected leaves (numbers 5—7 when counting from the top)
were taken for leaf dry mass. Samples of the roots were stored in 50 % ethanol for later
microscopic evaluation of mycorrhizal colonization. All parts of the plants assigned for
biomass evaluation were weighed immediately, then oven-dried to constant weight at
65 °C before the determination of dry weight.

Soil and plant chemical analyses

At the beginning of experiment 1 and at the end of experiments 2 and 3, the concentrations
of the soluble forms of macro- and micronutrients and pollutants were measured in the
soils. Soil samples were sieved (mesh size 4 mm) and visible plant material was removed
before air drying. Macronutrients were analyzed in an extract of 0.03 N acetic acid.
Micronutrients and pollutants were extracted in a modified Lindsey solution, which con-
tained in 1 dm?>: 5 g EDTAH,, 9 ml 25 % ammonia, 4 g citric acid, and 2 g (CH;COO),Ca
2H,0 (Komosa and Szewczuk 2002; Lindsay and Norvell 1978). After extraction, N-NHy,
N-NOs, and S-SO,4 were assayed with ion-selective electrodes; P was assayed colori-
metrically with ammonium molybdate; K, Ca, and Na were assayed with flame photom-
etry; chlorides and sulfates were assayed with nephelometrically; and Mg, Fe, Mn, Zn, Cu,
Pb, and Cd were assayed with atomic absorption spectroscopy. Soil pH was determined in
1:2.5 (w/v) soil-water suspension.
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Roots, stems and leaves were dried at 60 °C for 48 h. The concentrations of selected
elements were measured in the plant material as follows: total N by the micro-Kjeldahl
method and the concentrations of P, K, Ca, S, Mg, Fe, Mn, Zn, Cu, Pb, and Cd by the same
methods as described for soil analyses.

Analyses of mycorrhizal colonization

Fine roots were cut into sections ~ 1 cm long and soaked in distilled water. ECM root tips
were distinguished under a stereomicroscope (magnification 8-50x). One hundred 1-cm
root pieces per plant were examined to determine the number of root tips and the per-
centage of ECM colonization. ECM morphotypes were distinguished on the basis of
morphological traits such as color, branching pattern shape, structural features of the
hyphal sheath (mantle). The relative abundances of ECMs from each morphotype were
calculated separately for each plant as the proportion of root tips of a given morphotype
relative to the total number of root tips within the sample.

Five single ECM root tips from each of the main morphotypes were stored in a 2 %
cetyltrimethylammonium bromide buffer for DNA analysis. ECM fungi were identified by
sequencing the PCR-amplified internal transcribed spacer of the rDNA according to the
method developed by Gardes and Bruns (1996) and described by Leski et al. (2010). The
resulting sequences were compared with published sequences in the UNITE or NBCI
databases using BLAST.

To visualize AM colonization, the segments of the poplar fine root were stained according
to Kormanik and McGraw (1982), with modifications. The poplar roots were cleared in 10 %
KOH for 1-2 h at 90 °C, bleached for 1 h in alkaline H>O, at room temperature, and stained
with 0.05 % trypan blue in lactoglycerol. In the case of maize and clover roots the clearing
time was 1 h and bleaching was omitted. Root colonization by AM fungi was evaluated using
the intersection method (McGonigle et al. 1990) at 200 x magnification; a minimum of 100
line intersections per subsample of approximately 7 cm was scored for the presence of AM
fungal structures. Approximately 30 cm of fine roots in total was analyzed for each sample.
The results are presented as a percentage of root length colonized (%RLC).

Statistical analysis

Statistica 5.1 (StatSoft Inc.) was used for processing and statistical analysis of the data. The
plant growth data and concentrations of chemical elements in the soil were subjected to the
one-way analysis of variance ANOVA (p < 0.05) followed by the Tukey test (all pairwise
multiple comparisons). The data were transformed when necessary to achieve normality. The
tables and figures present non-transformed data. Non-metric multidimensional scaling was
used to compare ECM communities between variants. Distance measures were determined
according to the Bray-Curtis method using the PAST 1.89 software (Hammer et al. 2001).

Results
Experiment 1: effect of mycorrhizal inoculation on ex vitro acclimatization

Survival of the metal-adapted poplar plantlets (HM+-) inoculated with the mycelia of ECM
fungi (H. crustuliniforme, P. involutus strains A, B, and C) was higher (up to 100 %) than
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the plantlets inoculated with the AM fungus R. irregularis, and the uninoculated (HM+)
and (HM—) plantlets (Table 1). There were no significant differences in the shoot and root
dry mass among the treatments.

All ECM fungal strains used to inoculate plantlets developed ECMs on poplar fine roots
(Fig. 1). Additionally, some root tips were colonized by the ECM fungus Cenococcum
geophilum, whose propagules appeared spontaneously in the growth substrate. Relative
abundance of ECM morphotypes and non-mycorrhizal root tips in the total pool of poplar
fine roots after 8 weeks of acclimatization are shown in Fig. 2. Plantlets inoculated with H.
crustuliniforme and with the three strains of P. involutus had nearly 50 % of their root tips
colonized by the fungi used as inoculum; 8-10 % of the root tips were colonized by C.
geophilum, and the remaining root tips did not form any ECM. In non-inoculated poplar
plantlets ~10 % of the root tips were colonized by C. geophilum. Roots of the plantlets
inoculated during ex vitro planting with AM inoculum were, after 8 weeks of acclimati-
zation, colonized by the AM fungus, albeit at a low degree (~3 %). Vesicles and intra-
radical hyphae were present, but no arbuscules were observed (Fig. 1).

Experiment 2: effect of mycorrhiza on the Cu- and Pb-treated microplants

The roots of the poplar plantlets cultivated for 16 weeks in non-sterile soil were colonized
by various ECM fungi, however no AM structures were found in the root samples. The
ECM abundance did not differ significantly according to treatments (metal and ECM
fungi) (Fig. I—supplement). Morphotyping and molecular analyses revealed up to six
different fungal genera in the poplar roots (Fig. II—supplement). The roots of ECM pre-
inoculated plants dominated by ectomycorrhizas corresponded to fungal species used for
inoculation (Hebeloma or Paxillus type) (Fig. Ill—supplement). The analyses of selected
ECM root tips revealed also the presence of mycorrhizas with high similarity to H. pop-
ulinum and H. cavipes. Besides, ectomycorrhizas of genera: Cenococcum, Peziza, Tuber
and Thelephoraceae were distinguished in the poplar roots (Fig. II, Table [I—supplement).
Roots of plantlets uninoculated or inoculated with AM fungus R. irregularis, were colo-
nized predominantly by the Thelephoraceae fungus. Because of the absence of arbuscular
mycorrhiza in the AM pre-inoculated poplars, these plants were not taken under consid-
eration in the further analyses.

The plantlets grown in unpolluted soil and treated for 16 weeks with Cu(NO3), had
decreased leaf biomass (Fig. 3). No negative influence of Pb on leaf and root biomass was
observed (Fig. 3). The poplar microplants pre-inoculated with ECM fungi had higher leaf
biomass than the Cu-treated uninoculated plants, although only P. involutus-C influenced
significantly the stem biomass. Root biomass, length and number of root tips were
increased in the microplants grown in the presence of Pb, both inoculated with P. invo-
lutus-C and uninoculated (Fig. 3).

The plantlets irrigated with the copper nitrate solution accumulated in leaves up to
400 mg kg71 Cu. Significantly higher Cu concentration was recorded in leaves of poplars
inoculated previously with H. crustuliniforme and P. involutus strains B and C than in
leaves of the plants mycorrhizal with autochthonic ECM fungi or pre-inoculated with P.
involutus strain A. The ECM pre-inoculated plantlets had significantly lower concentration
of Cu in roots than the uninoculated plants (Fig. 4). The plant irrigated with lead nitrate
solution accumulated up to 400 mg kg~' Pb in stem, 300 mg kg~' Pb in root and
170 mg kg~' Pb in leaves. Pre-inoculation with P. involutus strain C significantly
increased concentration of Pb in leaves of the poplars when compared to those growing in
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Table 1 Influence of mycorrhizal fungi on the survival and growth of Populus x canescens microplants

Plant origin and mycorrhizal fungi Shoots mass (g) Roots mass (g) Plantlets survival (%)
(HM—) uninoculated 3.9 +£0.7a 3.9 £+ 0.6a 42.0 £+ 8.1a

(HM+) uninoculated 43 + 0.7a 4.4 + 0.8a 63.0 + 12.1ab
(HM+) Heb 5.4 + 1.0a 5.8 + 1.0a 100 £+ Ob

(HM+) PaxA 49 4+ 0.8a 54 £ 0.9a 100 £ Ob

(HM+) PaxB 44 £ 0.8a 4.6 £ 0.8a 100 £+ Ob

(HM+) PaxC 4.6 £ 0.8a 4.8 £ 0.8a 100 £+ Ob

(HM+) BEG 87 3.8 £0.7a 4.0+ 0.7a 63.3 + 12.1ab

The microplants were derived from in vitro cultures, inoculated with mycorrhizal fungi or remained
uninoculated and were cultivated ex vitro for 8 weeks in a growth chamber in unpolluted autoclaved soil
mixed with peat (3:1, v/v). (HM—), control plants cultivated in vitro in medium without heavy metals;
(HM+), plants with increased tolerance to heavy metals, grown in vitro in media containing Cu and Pb.
Heb, Hebeloma crustuliniforme; PaxA, PaxB, and PaxC, Paxillus involutus strains A, B, and C, respectively;
BEG 87, Rhizophagus irregularis, strain BEG 87. Values marked with the same letters within columns do
not differ significantly (mean & SE, p < 0.05; n = 8)

the presence of autochthonic fungi. Concentrations of Pb in stems and roots did not differ
significantly (Fig. 5).

The Cu-treated soil contained 15-fold more Cu than the unpolluted soil, while the Pb-
treated soil contained up to 120-fold more Pb than the control soil. No significant dif-
ferences were detected in the concentrations of the other mineral elements between the
soils treated with Cu and Pb and the control soil (Table 2). A significant reduction in the
amount of Cu was identified in soils under plants inoculated with P. involutus (strain A,
34.7 %; strain B, 29.5 %; strain C, 50.7 %) compared to soil cultivated with uninoculated
plants. The plantlets inoculated with H. crustuliniforme and P. involutus had a small effect
on the Cu concentration in the soil (Table 2).

Experiment 3: effect of mycorrhiza on of poplar microplants grown in soil heavily
contaminated with Cu and Pb (Gtogéw copper smelter)

After 16 weeks of cultivation in soil from the vicinity of the copper smelter, the poplar
plantlets previously inoculated with mycorrhizal fungi and the uninoculated plants were
colonized by ECM fungi, however only significant difference was found between the
uninoculated plants and the plants pre-inoculated with H. crustuliniforme (Fig. IlI—sup-
plement). Roots of the plantlets pre-inoculated with H. crustuliniforme were dominated by
Hebeloma- type mycorrhizas (65.7 %) and the roots inoculated with P. involutus isolates
were dominated by Paxillus-type mycorrhizas (49.8-72.3 %) (Fig. IV—supplement).
Seven main ECM morphotypes were distinguished by morphotyping in the poplar root
samples (Fig. IV—supplement) and nine fungal taxa were identified using molecular
analyses of the ECM root samples (Table II—supplement). The indigenous ECM fungal
symbionts associated with roots of the plantlets grown in soil from the vicinity of the
copper smelter were distinguished as Peziza sp., Hebeloma sp., P. involutus, C. geophil-
lum, a Thelephoraceae species, and two unidentified species.

After 16 weeks of poplars cultivation the concentration of available Cu in soil ranged
between 1,505 and 1,732 mg kg~ d wt and the concentration of Pb was 489-67 mg kg™ ',
depending on the ECM inoculum used for the plant pre-inoculation (Table 3). The polluted
soil contained also higher concentrations of other heavy metals (Cd, Fe, Mn, and Zn) and
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Fig. 1 Ectomycorrhizas of Populus x canescens plantlets developed by Hebeloma crustuliniforme (top)
and Paxillus involutus (middle) and arbuscular mycorrhiza with Rhizophagus irregularis (bottom) after an
8-week acclimatization in a growth chamber in sterilized soil substrate inoculated with the mycorrhizal
fungi

lower concentrations of macronutrients (P, K, Mg) than the unpolluted control soil. Under
poplars inoculated with H. crustuliniforme and P. involutus strain A, significantly reduced
Cu and Pb concentrations were recorded: Cu by ~9-11 %, Pb by ~7-18 %, although the
reduction in Pb concentration was not significant (Table 3).

Overall, no significant differences were detected in the biomass of leaves and stems of
poplar plantlets regardless treatment (Fig. 6a, b). The root biomass was significantly higher
in poplars inoculated with P. involutus A (Fig. 6¢). The plants associated with P. involutus
strain B, produced higher root length and more root tips than the uninoculated plants grown
in the heavily contaminated soil (Fig. 6d, e).
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Fig. 2 Relative abundance (%) of ECM root tips colonized by Hebeloma crustuliniforme (Heb), Paxillus
involutus (PaxA, PaxB, PaxC), and Cenococcum geophilum as well as non-mycorrhizal (NM) root tips in the
roots of Populus x canescens plantlets after 8 weeks of acclimatization in a growth chamber. Soils were
uninoculated (—M) or inoculated with the indicated fungus (n = 7)

Non-metric multidimensional scaling indicated similarities and differences between the
ECM communities from poplars after 16 weeks of post-acclimatization growth in unpol-
luted and metal-polluted soils (Fig. V—supplement). ECM communities from poplars
inoculated with three P. involutus strains and grown in soil treated with Cu(NOj3), and
ECM communities from poplars inoculated with P. involutus strains and grown in soil
taken from Glogéw formed two tight groups that were separated from each other, from the
ECM communities of uninoculated plants, and from the ECM communities of plants
inoculated with H. crustuliniforme grown in Cu-treated soil and in soil from the vicinity of
the copper smelter.

The poplars grown in the soil taken from the vicinity of the copper smelter accumulated
higher amounts of Cu and Pb in roots than in stems and leaves (Fig. 7). The concentration of
Cu in leaves of the poplars grown in the metal-contaminated soil was significantly higher in
the case of plants pre-inoculated with H. crustuliniforme than in uninoculated plants (55 and
45 mg kg™ "), and significantly lower in P. involutus inoculated plants (28 mg kg™")
(Fig. 7a). The poplar stems of H. crustuliniforme inoculated plants contained lower Cu than
the uninoculated plants (Fig. 7b). The poplar roots had 7—-10 times higher Cu concentration
than the leaves. Roots of the poplars inoculated with P. involutus strain C had significantly
higher Cu concentration than roots of plants inoculated with P. involutus A and B (Fig. 7c).
The highest concentration of Pb was recorded in stems of uninoculated poplars (74 mg kg™")
(Fig. 7). The ECM-inoculated poplars had higher Pb concentration in leaves than the unin-
oculated plants and significantly lower concentration in stems (Fig. 7).

Discussion

Results of this study confirmed our expectation that mycorrhizal associations would
enhance the survival and growth of selected Cu- and Pb-tolerant lines of grey poplar and
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Fig. 3 Growth parameters of Populus x canescens plantlets grown for 16 weeks in a greenhouse in
unpolluted, unsterilized soil mixed with peat (3:1 v/v) treated with Cu (as Cu(NOs;),-3H,0) or Pb (as
Pb(NOs),). The plants were pre-inoculated with Hebeloma crustuliniforme (Heb), Paxillus involutus (PaxA,
PaxB, PaxC) or remained uninoculated. Control soil (C) was not treated with heavy metals. Data are
mean £ SE. Values marked with the same letters are not significantly different (p = 0.05; n = 7)

improve their ability to colonize and clean up heavily metal-contaminated soils. Similarly,
in vitro culture has been used previously for selection of Al-tolerant grey poplar micro-
plants (Bojarczuk 2004b), and Al/Cu-tolerant silver birch microplants (Bojarczuk and
Szczygiet 2004). ECM fungi (H. crustuliniforme and P. involutus) developed ectomy-
corrhizas with P. x canescens microplants in vitro within 2-3 week after inoculation (data
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Fig. 5 Concentration of Pb in leaf, stem and roots of Populus x canescens plantlets grown for 16 weeks in
a greenhouse in unpolluted, unsterilized soil mixed with peat (3:1 v/v) and treated with Pb (as Pb(NOs),) or
in control soil (C) not treated with Pb. The plants were pre-inoculated with Paxillus involutus (PaxC) or
remained uninoculated. Data are mean £+ SE. Values marked with the same letters are not significantly
different (p = 0.05; n = 3)

not shown). Ex vitro inoculation of the grey poplar microplants resulted in abundant
ectomycorrhizas (Figs. 1, 2) and enhanced survival of the plantlets during ex vitro accli-
matization (Table 1). Colonization of a low percentage of root tips with ECM fungus
Cenococcum geophilum can be caused by propagules of the fungus present in the
unsterilized peat—component of growth media used in our experiments. Under natural
conditions, H. crustuliniforme and P. involutus develop ECM symbiosis with a wide
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Fig. 6 Growth parameters of Populus x canescens microplants grown for 16 weeks in polluted soil
collected from the vicinity of a copper smelter in Gtogéw (G) or in unpolluted soil (C). Soil were mixed with
peat (3:1, v/v). The plants were pre-inoculated with Hebeloma crustuliniforme (Heb), Paxillus involutus
strains (PaxA, PaxB, PaxC) or remained uninoculated. Data are mean £ SE. Values marked with the same
letters are not significantly different (p = 0.05; n = 7)

spectrum of deciduous and coniferous species (Cairney and Chambers 1999). P. involutus
have been identified as the most effective ECM symbiont of micropropagated Populus
deltoides, significantly enhancing the plant growth, while other fungi (C. geophilum,
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Fig. 7 Concentration of Cu and Pb in leaf, stem and roots of Populus x canescens plantlets grown for
16 weeks in a greenhouse in polluted soil collected from the vicinity of a copper smelter in Gtogéw (G) or in
unpolluted soil (C). Soils were mixed with peat (3:1, v/v). The plants were previously-inoculated with
Hebeloma crustuliniforme (Heb), Paxillus involutus strains (PaxA, PaxB, PaxC) or remained uninoculated.
Data are mean + SE. Values marked with the same letters are not significantly different (p = 0.05; n = 3)
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Laccaria laccata, and Pisolithus tinctorius) did not form ECM structures with P. deltoides
roots, although they colonized extensively the growth medium (Reddy and Satyanarayana
1998). Selected strains of P. involutus used for inoculation of P. X canescens microplants
enhanced tolerance of the poplar plants to salt stress (Langenfeld-Heyser et al. 2007; Li
et al. 2012), drought stress (Luo et al. 2009b), and cadmium toxicity (Ma et al. 2014).

Although Populus spp. and hybrids are considered as dual mycorrhizal plants, contra-
dictory results have been reported in the literature. Some authors suggested that AM is
dominant in young poplars and ECM is prevalent in older Populus plants. Such findings
reported Aguillon and Garbaye (1990) who found that 5-month-old P. x euramericana,
clone 1-214, inoculated with ECM fungus P. involutus and/or AM fungus Glomus mosse
had higher level of AM than ECM colonization. Todeschini et al. (2007) reported that
cuttings of P. alba and P. nigra clones planted in sterilized soil, inoculated with AM fungi
and after 40 days transplanted to unsterilized soil, revealed after 6 months variable levels
of AM colonization (P. alba 7-12 %, P. nigra 15-50 %), but they had no ECM. We
demonstrated that the young P. x canescens plants have a higher predisposition for ECM
than AM association. Low colonization (3 % RLC) of the plantlets by the AM fungus,
versus 50-60 % ECM colonization (Fig. [—supplement), and the fact that the poplar
plantlets after 16 weeks of cultivation in unsterilized soils were exclusively ECM, are
proof of this (Figs. II, Ill—supplement). Increasing amount of data indicate the influence of
host plant genotype on AM/ECM colonization. Khasa et al. (2002) investigated 28 Populus
clones grown in a 5-year-old plantation and found that ECM fungi dominated in roots of
most of the clones, colonizing 35-90 % of root tips, whereas AM colonization ranged
between 20 and 50 %. Rachwat et al. (2003) observed the ECM/AM ratio in roots of 15
Populus clones cultivated from cuttings in pots for one growing season and found 8 of the
clones dominated by AM (10-40 % RLC) with low ECM colonization (<5 % RLC), 6
clones dominated by ECM (50-90 % RLC) and one clone exclusively ECM. Comparison
of ECM/AM colonization of four poplar hybrids grown under three different environments
and three rooting depth (Karlinski et al. 2010) confirmed the dependence of the mycor-
rhizal status on poplar genotype and indicated a significant impact of soil contamination
with heavy metals and soil depth on the ECM/AM proportion. Our results revealed that
P. x canescens benefits from ectomycorrhiza. Similarly, significant positive influence on
tolerance of this poplar hybrid to toxic substances in soil reported Langenfeld-Heyser et al.
2007; Li et al. 2012; Luo et al. 2009b; Ma et al. 2014. The type of ECM fungus used for
pre-inoculation determined variability of ECM communities of the poplars (Fig. V—
supplement).

In this study the selected clone of P. x canescens accumulated increased amounts of Cu
and Pb when grown in metal-contaminated soils (Figs. 4, 5, 7). Cu was allocated to the
leaves when plants were grown at lower concentration of Cu ions, regularly supplied with
solution (pH 4.5) containing not high, but well available Cu (Fig. 4), and was accumulated
mostly in roots of poplars grown in soil heavily contaminated with Cu and Pb (soil from the
vicinity of the copper smelter) (Fig. 7; Table [I—supplement). The mobility of metals in soil
and their accumulation in plants depends on the metal, on plant genotype and the soil
conditions, such as pH, organic matter content, and ion exchange capacity. Therefore
usually the concentration of a metal in plants is not related to the concentration of the metal
in soil (Kabata-Pendias and Pendias 2001). Restriction of Cu mobility and its accumulation
mostly in plant roots was also reported by Baker and Brooks (1989) and Kopponen et al.
(2001). Polle et al. (2013) found that P. x canescens accumulated higher amounts of Cd in
roots and P. X euphratica in leaves. Pre-inoculation of the P. X canescens microplants
with ECM fungi H. crustuliniforme and P. involutus enhanced accumulation of Cu and Pb in
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the poplar leaves (Figs. 4, 5). In the heavily contaminated soil only the plantlets pre-inocu-
lated with H. crustuliniforme accumulated higher level of Cu in leaves (Fig. 7). Ma et al.
(2014) indicated that ectomycorrhiza with P. involutus enhanced concentration of Cd in
leaves, bark, wood and roots of P. x canescens and increased tolerance of the poplar to Cd.

The key benefit of ECM inoculation of the poplar plantlets in the present research seems
to be the enhancement of the plant tolerance to heavy metals. The microplants were able to
survive for 16 weeks in the soil contaminated with available Cu and Pb (Table I—sup-
plement) in concentrations that exceeded 22 times and 7 times, respectively, the maximal
allowable limits in Poland and other countries (Kabata-Pendias 1995). Furthermore,
P. x canescens microplants inoculated with selected ECM fungi have an improved
potential to reduce concentration of Cu and Pb (Tables 2, 3). Within 16 weeks of growth,
Cu concentrations in the soil from the vicinity of the copper smelter were reduced by
7-18 % (120-300 mg Cu kg~ ' dry weight of soil) under the plantlets inoculated with H.
crustuliniforme and PaxA, compared to the soil under non-inoculated poplars. The Pb
reduction in the soil under plantlets inoculated with H. crustuliniforme (18 %; 82 mg Pb
kg™ dry weight of soil) was more pronounced than under plants inoculated with P.
involutus strains and under the uninoculated plants (0-7 %; Table 3). Mycorrhizal fungi
may contribute to the protection of the host plant against toxic metals by a variety of
mechanisms. An important mechanism is the enhanced uptake of water and nutrients by the
fungal extramatrical hyphae, improving the plant water relations and plant nutrition (Luo
et al. 2009b; Beniwal et al. 2010). Fungi are able to accumulate significant amounts of
heavy metals (Gadd 1993) and to detoxify the metal ions via metal chelation by cysteine-
rich peptides such as reduced glutathione, phytochelatins, and metallothioneins (Blaudez
et al. 2000). Our previous study revealed accumulation of high concentrations of Cu and Pb
in ECM roots of birch seedlings and reduction of the heavy metals concentration in stems
and leaves (Bojarczuk and Kieliszewska-Rokicka 2010). P. involutus has been shown to
produce Cu-metallothionein; its production was correlated with the tolerance to Cu (Howe
et al. 1997). We can expect that extramatrical mycelium could have a role in reduction of
Cu and Pb availability in the metal-contaminated soils and uptake by P. x canescens.

In conclusion, in vitro plant propagation makes it possible to produce a large number of
plants with tolerance to heavy metals. This study revealed that in vitro selection of poplar
plantlets tolerant to toxic Cu and Pb ions and their biotization using appropriate ECM fungi
can facilitate plant acclimatization, may increase plant tolerance of biotic and abiotic
stresses, and contributes to better plant growth under stressful conditions. Inoculation of
young poplar plants with mycorrhizal fungi may enhance their potential for bioremediation
of soils contaminated with toxic metals.
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