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Abstract: Soil salinity is an important abiotic stress factor that reduces both plant growth and development
and decreases diversity and metabolic potential of microorganisms, particularly fungi. However, some fun-
gal isolates, including mycorrhizal fungi, can increase tolerance of plants to salinity, e.g. by activation of de-
fense mechanisms. Main aim of our study was: (i) to identify and characterize fungal strains isolated from
fruitbodies growing at saline test sites and (ii) to determine the effect of fungal inoculation on the growth
and salinity tolerance of Alnus glutinosa Gaertn. seedlings. Two ectomycorrhizal strains (Amanita muscaria
OW-10 and Paxillus involutus OW-5) and a saprotrophic one (Gymnopus sp. OW-6) were isolated from fruit-
bodies collected at naturally saline test sites. The plant growth promotion was observed after inoculation of
plants with the ectomycorrhizal fungus — P. involutus OW-5, while the use of Gymnopus sp. OW-6, displaying
the highest hydrolytic activity, decreased seedling growth parameters. Moreover, P. involutus OW-5 (char-
acterized by characterized by medium salt tolerance salt tolerance) promoted growth of black alder in the
presence of salt, while A. muscaria OW-10 (with the highest salt tolerance) increased fresh and dry mass
of seedlings only in the absence of salt. Black alder seedlings inoculated with P. involutus OW-5 revealed
higher synthesis of proline in aboveground organs compared to the control plants which suggested that
accumulation of this compound can be a mechanism protecting black alder seedlings against salt stress. In
conclusion, we recommend the use of P. involutus OW-5, which displayed the best plant growth promoting
ability and salt tolerance, for inoculation of black alder trees used in reclamation of saline habitats.
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Introduction forests (Aguilar-Aguilar et al., 2009). Furthermore,

elevated salt levels decrease density, diversity and

The process of soil salinization is a widespread activity of microorganisms associated with forest
problem at the global scale and can significantly lim-  trees (Yan et al., 2015; Thiem et al., 2018). To date,
it growth of plants inhabiting temperate and boreal —most research was focused on improvement of salt
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tolerance in non-woody, herbaceous plants (e.g.;
Sharma et al., 2016; Szymanska et al., 2019). Howev-
er, salinity is more problematic for trees, since they
have to withstand unfavorable environmental condi-
tions for longer time (Chen et al., 2014). For this
reason more effort should be put into finding ways
of improving salt tolerance in trees. Application of
mycorrhizal fungi could be a good solution.

Alnus glutinosa Gaertn. (black alder) forms tripar-
tite symbiotic interaction with ectomycorrhizal (EM)
and arbuscular mycorrhizal fungi as well as bacte-
ria belonging to the Frankia genus. This tree species
can grow in soils affected by diverse environmental
stresses, e.g. drought, flooding (Diagne et al., 2013),
high pH as well as salinity (Beaudoin-Nadeau et al.,
2016). Due to this fact, alders have been planted in
different European regions for erosion control and
to improve soil fertility (Oliveira et al., 2014). In our
previous studies we have observed that black alder
can naturally grow in regions where salinity does not
exceed 5 dS m~! (Thiem et al., 2018). Moreover, mi-
crobiome of black alder growing in saline soil con-
sists of many symbionts, potentially important for
tree survival (Thiem et al., 2018).

Fungal inoculation has been frequently recom-
mended for improvement of trees salinity tolerance
(Li et al., 2012; Chen et al., 2014). There are sev-
eral studies on the role of arbuscular mycorrhiza in
modulating salt response in herbaceous plants (Giri
& Mukerji, 2004; Tain et al., 2004), whereas only few
studies were focused on the role of EM fungi in pro-
tection of trees against salinity (e.g.; Bandou et al.,
2006; Langenfeld-Heyser et al., 2007). EM fungi dis-
play genetic potential to produce many extracellular
substances which may be helpful in alleviating stress
in host plant, e.g. due to salinity. The association
with EM fungi allows trees to explore large volume
of soil to absorb more water and nutrients (Beltrano
et al., 2013; Séne et al., 2015). Moreover, EM fungi
can increase tolerance of host-plants to salinity by
ion-homeostasis regulation, protection of enzyme
activities and activation of defense response (Bel-
trano et al., 2013; Chen et al., 2014). EM fungi can
also activate specific genes responsible for (1) syn-
thesis of osmolytes such as proline, sugars and poly-
ols; (2) encoding antioxidant enzymes that decrease
amount of reactive oxygen species or (3) synthesis
of enzymes participating in glutathione synthesis
(Langenfeld-Heyser et al., 2007). Under salt stress
conditions the role of proline consists in scavenging
hydroxyl radicals and protecting of cytosolic enzymes
and cellular organelles, thus maintaining normal os-
motic conditions (Hajiboland et al., 2010; Zarei &
Paymaneh, 2014). Most studies have showed accu-
mulation of this compound in tissues of mycorrhizal
plants which resulted in protection of inoculated
plants (Sharifi et al., 2007; Zou & Wu, 2011).

Vital ectomycorrhizal symbiosis can improve
growth of trees and reduce damage caused by plant
pathogens. This aspect is particularly important in
case of Alnus, since many fungal diseases led to high
mortality of this species across Western, Central and
Northern Europe over the past several years (Solla et
al., 2010; Markovskaja, 2013).

Apart from the EM fungi, saprobes largely con-
tribute to microbial biomass in forest ecosystems
(Hogberg & Hogberg, 2002; Dutta et al., 2015). The
saprophytic fungi are responsible for decaying organ-
ic matter and play an important role in the cycling
of carbon, nitrogen, and other soil nutrients (Smith
& Read, 2008). The spectrum of decomposed com-
pounds of each fungal species varies depending on en-
vironmental conditions (Kubartovd et al., 2009). For
this reason, the presence of saprophytic fungi in the
proximity of tree roots can influence the tree growth
indirectly by nutrients releasing. The role of sapro-
phytic fungi in plant growth promotion under abiotic
stress conditions, such as salinity, is still unclear.

It should be stressed that practical application of
EM or saprophytic fungal species is limited by their
lack of salinity tolerance. Until now, in vitro studies
on salt tolerance of basidiomycetes fungi have shown
that they are generally salt sensitive (Chen et al.,
2001; Kernaghan et al., 2002). Salt tolerance of EM
fungi has been observed only in case of a few species,
e.g. Laccaria bicolor, Hebeloma crustuliniforme or Pisoli-
thus sp. (Kernaghan et al., 2002; Chen et al., 2001).

However, many previous studies have shown that
salt affected environments are rich in halotolerant
fungi (Cantrell et al., 2006; Evans et al., 2013; Fur-
tado et al., 2019). For this reason, the specific aims
of our study were: (i) to collect fruitbodies growing
under A. glutinosa trees at saline test sites, identify
fungal isolates and analyze their plant growth pro-
moting properties; (ii) to select strains promoting
growth and increasing salinity tolerance of A. glutino-
sa seedlings for application in saline habitats reclama-
tion. We hypothesize that (H1) fungal strains isolated
from fruitbodies at saline test sites will show a high
salt tolerance and plant growth promoting properties.
Moreover, we suppose that (H2) inoculation of seed-
lings with selected fungal strains will alleviate salt
stress in plants by increasing the levels of proline.

Methods

Site description, sampling and fungal
material

The study was carried out in Slonawy
(53°01'26.66"N, 17°37'47.3"E) localized in northern
part of Poland where weather conditions are typi-
cal for moderate climate. The main cause of salinity
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were saline springs contacting with the Zechstein
(Permian) salt deposits (Dadlez & Jaroszewski,
1994). Analyzed area is a monoculture of A. glutinosa
Geartn. trees. The groundcover is almost exclusively
dominated by nettle (Urtica dioica). Fruitbodies were
sampled in September 2015 under the nineteen-
years-old black alder and transported immediately to
the laboratory in plastic containers with small holes.
Then fruitbodies were cleaned under sterile condi-
tions and cut in half using sterile scalpel. Five pieces
(5%5 mm) were cut from the interior part of each
fruitbody and placed on the PDA medium (Becton
Dickinson, USA) containing ampicillin (50 mg/1)
(Sigma-Aldrich, Poland). Plates were incubated at
25°C for one month in darkness to obtain sterile fun-
gal mycelium. Finally, fungal mycelium was obtained
from seven fruitbodies.

Molecular and phylogenetic analysis

DNA from isolated fungal strains was extracted
from mycelium using the Plant & Fungi Purification
Kit (EurX, Poland) according to the manufacturer’s
protocol. The fungal taxa were identified based on
the internal transcribed spacer (ITS) region of the
rDNA according to the methodology described by
Hrynkiewicz et al. (2015). The National Center for
Biotechnology Information (NCBI) GenBank data-
base and UNITE (Nilsson et al., 2018) were used for
sequence comparisons. We required 99% identity
for strain identification. ITS fungal sequences were
assembled into contigs and aligned with the closest
BLAST matches of published sequences (GenBank/
UNITE) using Clustal W (Thompson et al., 1997).
Phylogenetic relationships was inferred using the
Neighbor-Joining method (Saitou & Nei, 1987) us-
ing Mega X, version 5 (Kumar et al., 2018). The evo-
lutionary distances were computed using the Maxi-
mum Composite Likelihood method (Tamura et al.,
2004) and support for branching was obtained from
bootstrap analysis performed using 1000 replicates
(Felsenstein, 1985).

Evaluation of the plant growth
promotion properties of fungal strains

To analyze hydrolytic potential, fungal strains
were cultivated for 14 days on media containing dif-
ferent substrates: tributyrin (Sigma-Aldrich, >97%)
to test for lipases and esterases, starch (POCH,
>99%) to test for amylases (Gibson & Gordon,
1974), casein (Sigma-Aldrich, >98%) to test for pro-
teases (Burbianka & Pliszka, 1977), carboxymethyl-
cellulose (Sigma-Aldrich) to test for cellulases (Berg
& Pettersson, 1977), K.HPO,, Ca,(PO,), (Chempur,
Poland, 299%) to test for phosphatases (Pikovskaya,

1948) and colloid chitin (Sigma-Aldrich) to test for
chitinases (Lingappa & Lockwood, 1962). Addi-
tionally, the ability to synthesize secondary metab-
olites was studied (after 14 days of cultivation): si-
derophores on CAS medium (Alexander & Zuberer,
1991) and polyamines on the medium supplemented
with L-arginine (Sigma-Aldrich, 298%) (Amprayan
et al., 2012). The coefficient of activity (W, ) was
calculated using the following formula, proposed by
Hrynkiewicz et al. (2010):

W_ =S2/(S, % t)
where S, is the diameter of the hydrolysis zone, S_
is the colony diameter, and t is the incubation time.

Analysis of indole-3-acetic acid (IAA) (Sig-
ma-Aldrich, > 98%) (Chang et al, 2014) and
ACC (1-aminocyclopropane-1-carboxylate)  (Sig-
ma-Aldrich, >98%) deaminase production (Am-
prayan et al., 2012) were performed in liquid MMN
medium (50 ml per 100 ml flask) supplemented re-
spectively in 0.1 g/L L-tryptophan (Sigma-Aldrich,
>99%) and 3.0 mM (filter sterilized) ACC as sole ni-
trogen source after one month of cultivation (25°C,
120 rpm). All metabolic activities were analyzed in
triplicate for each fungal strain. Non- inoculated me-
dia were incubated at the same conditions and used
as negative controls.

Salt tolerance of fungal strains

Fungal strains were inoculated on PDA (Becton
Dickinson) medium containing different concentra-
tions of sodium chloride (0, 50, 100, 200, 300, 400
mM NaCl) in triplicate. After one month of cultiva-
tion diameters of fungal colonies were measured.

Effect of fungal inoculation on the
growth and salt tolerance of black alder
seedlings

Containers (0.25 1) were surface sterilized with
alcohol and filled with 0.2 1 of sterile vermiculite and
sand mixture(1:1 v/v). Plants were grown in two var-
iants of substrate: (i) control without NaCl (0 mM,
-NaCl) and (ii) saline with 50 mM of NaCl (Chem-
pur, >99%) (+NaCl). Depending on the treatment,
plants were watered either with Hoagland’s medi-
um without or with 50 mM NaCl. Black alder seeds
(source: Forestry Dobrzejewice, Torun, Poland) were
surface sterilized with hydrogen peroxide (30%, 20
min), washed five times with distilled water and
sown in containers. Plants were grown in a green-
house under natural light conditions at 22-24°C. In-
oculation was performed after 8 weeks, when seed-
lings reached height of 3 cm. For both substrates
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four variants of inoculation were prepared: control
(no inoculation), and A. muscaria OW-10, Gymnopus
sp. OW-6, as well as P. involutus OW-5 inoculation (8
plants per variant, 64 in total). Mycelia were cultivat-
ed in liquid Hagem’s medium (McLaughlin, 1970)
for four weeks at 25°C with shaking (120 rpm). Ob-
tained cultures were centrifuged (10 min., 3000xg)
and washed three times with sterile 0.9% NaCl (50
ml). Finally, mycelia were vortexed for 5 min in ster-
ile 50 ml falcon tubes with 10 ml of glass beads and
20 ml of 0.9% NaCl. Each inoculum was diluted
with 0.9% NaCl to bring its OD,,, = 1.0. One hun-
dred microliters of each inoculum was cultivated on
PDA medium at 25°C in the dark to check the their
quality. Inoculum (0.5 ml per plant) was provided to
the root zone. Once per week plants were watered
using Hoagland’s medium (50 ml/plant), while dis-
tilled water was provided according to demand. Six
weeks after inoculation, plants were gently uproot-
ed, washed in distilled water to remove the substrate
and measured (stems and roots length). Roots were
observed under stereomicroscope to verify the pres-
ence of mycorrhizal tips. Fresh mass of leaves, stems
and roots was determined and dry mass of the organs
was measured after drying at 60°C for 24 h. Growth
parameters were analyzed for five plants per variant.
Remaining plant material (3 plants per variant) was
weighted and flash-frozen in liquid nitrogen for anal-
ysis of proline level, which was measured for each
plant organ in triplicates according to procedure de-
scribed by Abrahdm et al. (2010). Fifty mg of roots
from each variant were frozen at —20 °C and used for
DNA isolation and PCR reaction checking presence
of fungi. PCR reaction conditions were described
above (Molecular and phylogenetic analysis).

100 [ Amanita muscaria OW-10 [MT578009]

Statistical analyzes

All data obtained in in vitro tests and pot experi-
ment were tested by Levene’s tests for homogenei-
ty of variance and by Shapiro-Wilk’s normality test.
Significant differences between W _ values for syn-
thesis of lipases, amylases, DCP and siderophores
were tested separately using one-way ANOVA with
Newman-Keuls’s test as post hoc analysis. Principal
Component Analysis (PCA) was used to visualize all
W__ values obtained for synthesis of hydrolytic en-
zymes and secondary metabolites by all tested fungal
strains. Significance of differences in fungal growth
was assessed by one-way ANOVA and Newman-
Keuls’s post hoc test. Heat map illustrating tolerance
to NaCl was prepared using conditional formatting
in Microsoft Exel (2010).The effect of salinity, fungal
inoculation, and salinity x fungal inoculation on the
growth parameters (stems and roots length, fresh
and dry mass of organs) and the levels of proline in
plant organs were tested by two-way ANOVA and
Newman-Keuls’s tests as post hoc analysis. P-value <
0.05 was assumed significant in all conducted tests.
Statistical analysis was performed using program Sta-
tistica (ver. 8, StatSoft, 2007). Figures were prepared
in Microsoft Excel (2010) and Inkscape (ver. 0.92.2).

Results

Fungal isolates identification and
phylogenetic analysis

Three isolated strains turned out to be identical
in terms of ITS sequence and belonged to Amanita

| Amanita muscaria [AB015700]

Amanita muscaria isolate UP501 [DQ658860]

Paxillus sp. LM3490 [KM576464]

100 Paxillus involutus strain FRA [GQ389624]
100 L Paxillus involutus OW-5 [MT578007] _|

Gymnopus sp. Duke 242 [DQ480097]

o —

0.50

Gymnopus ocior [DQ449959]
100

” Gymnopus sp. OW-6 [MT578008]

97 | Gymnopus dryophilus [KR673450]

Fig. 1. Phylogenetic relationships of three halotolerant fungal strains. Neighbour-joining analysis of internal transcribed
spacer (ITS), using Maximum Likelihood method to calculation genetic distances, combined with bootstrap analysis
from 1,000 replicates (bootstrap values <50% not shown)
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muscaria — an ectomycrrhizal species of Agaricales.
The closest relative of these strains was A. muscar-
ia AB015700 (99.5% identity). Two identical strains
belonged to Paxillus involutus of Boletales, also an ec-
tomycorrhizal species. Their closest relative was P. in-
volutus FRA GQ389624 (99% identity). The remain-
ing two strains also were identical and belonged to
the Gymnopus genus of uncertain systematic position.
In this case, the closest relatives were G. dryophilus
(99.5% identity) and G. ocior (99% identity), which
precluded species-level assignment (Fig. 1). Fungi
belonging to this genus are saprophytes but occa-
sionally also attack living wood (Jang et al., 2016).
The sequences of fungal strains were deposited in
NCBI database: A. muscaria OW-10 [MT578069],
Gymnopus sp. OW-6 [MT578068], P involutus
[MT578067]. Based on phylogenetic analysis, one
strain of each species was chosen for plant inocula-
tion and physiological characterization.

Hydrolytic activities, plant-growth-
promoting properties and tolerance to
salinity of isolated fungal strains

Gymnopus sp. OW-6 showed higher metabolic ac-
tivity compared to both ectomycorrhizal fungi. This
strain synthesized hydrolytic enzymes belonging to
five different classes, with the highest level of carbox-
ymethylcellulose and casein hydrolysis (Fig. 2, Table
1). A. muscaria OW-10 and P. involutus OW-5 displayed
only two activities each: both were amylolytic, and
phosphatese was specific for the former, while lipase
for the latter (Fig. 2, Table 1). Of the three strains,
P. involutus OW-5 was the only one synthesizing pol-
yamines and produced highest level of siderophores
(13 times more than A. muscaria OW-10 and ~3 times
more that Gymnopus sp. OW-6 (Table 1). Chitinases
and triphosphatases were not synthesized by analyz-
ed fungi. None of the tested fungal strains synthe-
sized IAA nor ACC deaminase (Table 1).

25

20 Gymnu.pus sp.

10 CMC | proteases

lipgses

diphosphatases

Factor 2: 40,12%

sidero;

ases
polyapries

P. in volutus A. muscaria
.

-25 -20 -15 -1,0 -05 00 05 1,0 15 20 25
Factor 1: 59,88%

Fig. 2. Fungal activities and properties potentially involved
in plant growth promotion

0 50 100 200 300 400
A. muscaria 6,00a 622 a 622a 533a 389b
Gymnopus sp. | ,  666d  300e 300e
P. involutus 4,00 c 3,00 ¢ 3,00 ¢

S D
5 10 25

Fig. 3. Heat map of differences in fungal growth and their
tolerance to NaCl (0-400 mM). The intensity of green
colour determined average diameter of fungal mycelium.

The highest salt tolerance was observed for A.
muscaria OW-10, that grew in broad range of salinity
and was inhibited only by 400 mM NacCl, albeit the
growth was slow, regardless of salt concentration. P
involutus OW-5 grew optimally at 100 mM NaCl, but
was inhibited by 200 mM salt, while Gymnopus sp.
OW-6 grew optimally at 50 mM salt but was signifi-
cantly inhibited at 100 mM of NaCl (Fig. 3). Growth
of the latter strain was faster, compared to the ec-
tomycorrhizal strains. We observed that pigment
production was negatively related to salinity (Sup-
plementary material, Fig. S1).

Table 1 Fungal activities expressed as coefficient of activity (W_, + SD) and results of one-way ANOVA for synthesis of
lipases, amylases, DCP and siderophores. * CMC - carboxymethylcellulases; ® DCP - diphosphatases; TCP - triphos-
phatases; ¢{IAA - indole-3-acetic acid; ¢ ACC - 1-aminocyclopropane-1-carboxylate

A. muscaria OW-10  Gymnopus sp. OW-6  P. involutus OW-5 F p
hydrolytic activity lipases - 9.94 + 0.77 a 8.80 + 0.66 a 3.77  0.1242
amylases 579+ 1.05a 4,78 + 0.59 a 457 +0.59a 2.45 0.1766

proteases - 1.09 + 0.10 - - -

CMC* - 7.21 £2.38 - - -
DCP® 139 +0.14a 092 +0.09a - 24.44 0.0078

TCP ¢ - - - - -

chitinases - - - - -

plant growth promoting IAA production ¢ - - - - -

properties ACC deaminase ¢ - - - - -
siderophores production 1.73 £ 0.27 a 7.89 +1.88Db 23.10 + 1.86 ¢ 154.59 0.7*10°°

poliamines synthesis -

- 1.45 + 0.20 - -
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3
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control A muscaria Gymnopus sp. P. involutus

a
a . " b

Fig. 4. Length of (A) stems and (B) roots of seedlings " ! .

non-inoculated (control) and inoculated with fungi :

(Amanita muscaria OW-10, Gymnopus sp. OW-6, Paxillus

involutus OW-5) growing in two variants of substrate

without (-NaCl) and with salt (+NaCl) presented as 4

means with standard deviation. Means values with the

same letter are not significantly different (p < 0.05,

two-way ANOVA and Newman-Keuls’s test). Arrows

0

show significant increase (1) or decrease (]) compare
to control within the same substrate variant control A muscaria Gymnopus sp. P.involutus

(Ve
-
E

[=-]
=

lenght of roots (cm)
o

n

Table 2. Summary two-way ANOVA table testing salinity (S; — or + NaCl) and inoculation (I; control, A. muscaria OW-10,
Gymnopus sp. OW-6, P. involutus OW-5), and salinity X inoculation interaction (SxI) for each growth parameter and
level of proline separately

Source of Leaves Stems Roots
Parameter o

variation  MS:* Fb pe MS F p MS F p
lenght S - - - 0.0160 0.03 0.8551 0.0300 0.08 0.9295
I - - - 26.0980 54.99 0.0000*¢  16.2140 4.32 0.0091*
SxI - - - 2.5400 5.35 0.0030* 11.0200 2.93 0.0430*

Error - - - 0.4750 - - 3.7550 - -

fresh mass MS F P MS F p MS F P
S 0.0003 0.11 0.7446 0.0009 1.18 0.2942 0.0392 7.36 0.0153*
I 0.1616 52.62 0.0000* 0.0227 30.46 0.0000* 0.0537 10.08 0.0006*
SxI 0.0533 17.35 0.0000* 0.0037 4.97 0.0127* 0.0505 9.49 0.0008*

Error 0.0031 - - 0.0007 - - 0.0053 - -

dry mass MS F p MS F p MS F p
S 0.0003 0.82 0.3785 0.0000 0.23 0.6369 0.0000 0.05 0.8281
I 0.0094 24.44 0.0000* 0.0023 15.13 0.0001* 0.0014 9.52 0.0008*
SxI 0.0021 5.51 0.0086* 0.0004 2.31 0.1149 0.0009 6.24 0.0052*

Error 0.0004 - - 0.0002 - - 0.0002 - -

level MS F p MS F p MS F p
of proline S 771.37 94.32 0.0000* 122430.80  438.02 0.0000*  92287.10  521.48 0.0000*
I 1275.61 155.98 0.0000*  37581.70  134.46 0.0000*  11088.30 62.66 0.0000*
SxI 687.74 84.10 0.0000* 8570.90 30.66 0.0000*  24919.70  140.81 0.0000*

Error 8.18 - - 279.50 - - 177.00 - -

*MS - mean square; *F - ratio of MS to MS error; <p — p-value, level of significance; ¢ significant difference at p < 0.05 marked by star
symbol (*).
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Effect of salinity and fungal inoculation
on the growth parameters and proline
level in black alder seedlings

Brown ectomycorrhizae were observed on roots
of alder seedlings inoculated with P. involutus OW-5.
Although ectomycorrhizal root tips were not visible
in variant inoculated with A. muscaria OW-10, the
roots were devoid of root hair. Inoculation with Gym-
nopus sp. OW-6 caused increased root branching.

Generally, both ectomycorrhizal strains signifi-
cantly increased growth parameters of alder seedlings

=-NaCl
A a +NaCl fresh mass

lincrease
080 | decrease
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0,60

0,50

0.40
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A muscaria  Gymnopussp. P Involutus

leaves (g)

0.0
0,70
0.60
050
040
0.30

c
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0,20 b1 ]
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0,10 a . a a
-
oo W B &

C control A.muscaria Gymnopussp. P. involutus

stems (g)

0.80
070
0.60

d
050 I
0.40 bed 1
0.30
020

bl

roots (g)

0.10

ntrol A muscana Gymnopussp. P involutus

in variants without salinity, while saprophytic fungus
did not cause such an effect. P. involutus OW-5 sig-
nificantly enhanced growth also in seedlings treat-
ed with 50 mM NaCl, when A. muscaria OW-10 and
Gymnopus sp. OW-6 impaired plant growth under
these conditions (Fig. 4 and 5). While control plants
grew better in substrate with salt than without, in
general salinity had no effect on plants inoculated
with Gymnopus sp. OW-6 and P. involutus OW-5, ex-
cept for fresh mass of leaves in seedlings inoculated
with P. involutus OW-5. The negative effect of salinity
was observed for plants inoculated with A. muscaria
OW-10 (Fig. 5).

D dry mass
0.20

0.15 b1

0.10

005 " —[—

a

confrol A muscaria  Gymnopus sp. P. involutus

0.15

L]

0.10
be !
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a a a a
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| -+ |
0.00 ; . '
F control A muscaria  Gymnopus sp. P. involutus

0.20
0.15

0.10
bet

SN e
0.00 . ’

control A muscarna Gymnopus sp. P. involutus

Fig. 5. Fresh and dry mass of seedlings organs (A, D - leaves; B, E — stems; C, F — roots) non-inoculated (control) and in-
oculated with fungi (Amanita muscaria OW-10, Gymnopus sp. OW-6 or Paxillus involutus OW-5) growing in two variants
of substrate without (-NaCl) and with salt (+NaCl) presented as means with standard deviation. Mean values with

the same letter are not significantly different (p < 0.05,

two-way ANOVA and Newman-Keuls’s test). Arrows show

significant increase (1) or decrease (|) compare to control within the same substrate variant
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In general, the highest levels of proline were ob-
served for stems and the lowest for leaves [stems
(20-180 pg/g f.m.) > roots (15-70 ug/g fm.) >
leaves (0-35 ug/g f.m.)] (Fig. 6). Inoculated vari-
ants had significantly higher concentration of pro-
line in the absence of salt in all organs, and in leaves
when they grew in substrate containing NaCl. In the
presence of salinity only inoculation with A. musca-
ria OW-10 caused a significant increase of proline
in stems while the opposite tendency was observed
for Gymnopus sp. OW-6 in roots (+NaCl) (Fig. 6).
The presence of salinity significantly decreased the
levels of proline in stems and roots in control and
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Fig. 6. The level of proline (ug/g of fresh mass) in (A)
leaves, (B) stems, and (C) roots of seedlings non-in-
oculated (control) and inoculated with fungi (Amanita
muscaria OW-10, Gymnopus sp. OW-6 or Paxillus involutus
OW-5) in two variants of substrate without (—NaCl)
and with salt (+NaCl) presented as mean values with
standard deviation. Mean values with the same letter
are not significantly different (p < 0.05, two-way ANO-
VA and Newman-Keuls’s test)

all inoculated variants. Significantly increase of pro-
line levels was observed in leaves of plants inoculat-
ed with Gymnopus sp. OW-6 in the presence of salt

(Fig. 6).

Discussion

Fungal inoculation can be an important tool in
promoting trees growth and decreasing abiotic
stress effects (Chen et al., 2014; Kayama & Yamana-
ka, 2014; Yang et al.,, 2014). Searching for fungal
strains with plant growth promoting properties and
able to survive under specific unfavorable soil condi-
tions is crucial, especially in light of growing area of
lands affected by different environmental pollution.
In general, fungi are more sensitive to unfavorable
environmental conditions compared to bacteria, and
this is why diversity and number of fungal strains
can be lower at sites affected by adverse factors. In
our studies, a low number of fruitbodies present at
all investigated sites can be related to salinity, which
can inhibit their formation by reducing the availa-
bility of water and nutrients. Low number of sporo-
carps under unfavorable environmental conditions
was also observed by others, e.g. at three former
silver mining sites (Hrynkiewicz et al., 2008) or on
area affected by nitrogen and phosphorus fertili-
zation (Baum et al., 2000). The saprophytic strain
(Gymnopus sp. OW-6) investigated in our work, re-
vealed higher potential to synthesize hydrolytic en-
zymes, compared to mycorrhizal ones (A. muscaria
OW-10 and P. involutus OW-5). This can be due to
the fact that Gymnopus sp. OW-6, being a free-living
microorganism, needs a broader range of enzymatic
activities than mycorrhizal fungi that exchange nu-
trients with the host plant. The same tendency was
observed by Lyr (1963) who studied pectinolytic and
celulolytic activity of different mycorrhizal, path-
ogenic and saprophytic fungi. Author showed that
cellulolytic and pectolytic activities of saprophytic
fungi were significantly higher compared to mycor-
rhizal ones.

Siderophores were synthetized by all fungal iso-
lates investigated in this work. However, P. involutus
OW-5 showed the highest synthesis of secondary
metabolites (siderophores and polyamines). Syn-
thesis of siderophores by plant-associated micro-
organisms is an effective mechanism protecting
host-plants against different abiotic stresses such
as salinity (Li et al., 2017; Zloch et al., 2016) or
heavy metal contamination (Hrynkiewicz & Baum,
2006). Positive effect of microorganism-synthesized
siderophores on plants growing under saline condi-
tions was already confirmed (Furtado et al., 2019).
However, mechanisms involved in this process still
remain unknown.
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Polyamines are low-weight organic molecules
that play a pivotal role in plant stress tolerance un-
der unfavorable environmental conditions (Todoro-
va et al., 2013). The ability of EM fungus P. involutus
to synthesize and release free forms of polyamines,
both in the presence of abiotic stress (e.g.; heavy
metal contamination) or under control conditions,
was demonstrated by many researches (e.g.; Zarb &
Walters, 1996; Fornalé et al., 1999). However, the
positive effect of seedling inoculation with polyam-
ine-synthesizing P involutus, under salinity stress,
was confirmed in our work for the first time.

Salinity tolerance of fungal strains analyzed in
our work decreased in the following order: A. musca-
ria OW-10 > P. involutus OW-5 > Gymnopus sp. OW-
6. All fungal strains revealed the best growth at the
salinity 50-100 mM NaCl, which allowed to classify
them to the group of halotolerant microorganisms
(Evans et al., 2013). Kernaghan et al. (2002) showed
that growth of some fungi coming from Boletales,
including P. involutus, can be inhibited by high lev-
els of NaCl, which is in line with our study. Based
on results of this experiment, we decided to use
the 50 mM NaCl salinity concentration in the pot
experiment.

The optimal growth of black alder seedlings was
observed in the substrate with NaCl. Moreover, pro-
line level, which is known as a stress indicator, is
lower in plant organs exposed to salinity. The above
relation was observed both in the control and inoc-
ulated variants. The highest concentration of proline
in stems may be related with rapid cell growth and
stem elongation because proline is utilized by plant
in different development processes such as the reg-
ulation of cell division, cell wall building and cell ex-
tension that occur during stem elongation (Matiolli
et al., 2009; Kavi Kishor et al., 2015).

Both ectomycorrhizal strains (A. muscaria OW-
10 and P. involutus OW-5) used in our experiments
were effective in improving plants growth in con-
trol conditions, while P. involutus OW-5 also in sa-
line substrate. The stimulatory effect on tree seed-
lings growth after inoculation by different P. involutus
strains was observed also by Niemi et al. (2002). In
this experiment, inoculation caused rooting stimula-
tion and subsequent growth of Scots pine hypocotyl
cuttings in vitro. The inoculation of Populus sp. seed-
lings with lead tolerant P. involutus increased shoot
length and dry mass of roots, shoots and leaves (Szu-
ba et al., 2017). Our results are also in agreement
with the study of Langenfeld-Heyser et al. (2007),
who found that mycorrhization with salt tolerant
P. involutus resulted in higher whole-plant biomass
production under non-stressed conditions. Some
authors emphasized positive impact of P. involutus
strains on tree growth under exposure to different
abiotic stresses such as salinity (Langenfeld-Heyser

et al., 2007), drought (Luo et al., 2009), tailings
compounds (Beaudoin-Nadeau et al., 2016) or heavy
metal contamination (Li et al., 2012; Szuba et al,,
2017), but reports onblack alder are missing. To the
best of our knowledge, only few reports indicated the
positive effect of A. muscaria on tree growth, and they
generally concerned improvement of phytoextrac-
tion processes in heavy metal contaminated areas.
Brown & Wilkins (1985) showed a higher dry mass
of A. muscaria-inoculated Betula sp. plants compared
to non-inoculated trees under exposure to zinc con-
tamination. On the contrary, the negative effect of
A. muscaria inoculation was observed in studies con-
ducted by Hrynkiewicz & Baum (2012) who demon-
strated inhibition effect on the biomass production
of Salix dasyclados and S. viminalis.

Dighton et al. (1987) confirmed the positive ef-
fect of a saprotrophic fungus on plant growth medi-
ated by increasing of nutrients availability in soils.
In our study, the application of saprothropic Gymno-
pus sp. OW-6 had no effect on growth parameters of
alder seedlings neither in control nor in saline sub-
strate. It may be related with our earlier observation
that Gymnopus sp. OW-6 synthetize a broad range of
hydrolytic enzymes, which enables using nutrients
from the growth substrate to build its own hyphae.

Generally, increased concentration of amino ac-
ids in the inoculated plant’s tissues can be related
with important role of proline in protection against
metabolically damaging processes. The interaction
with fungi used for inoculation can be one of such
energy consuming processes. As mentioned earlier,
especially the saprophytic fungi, but also the myc-
orrhizal ones secrete hydrolytic enzymes (pectino-
lytic and celulolytic) which potentially can damage
plant cell wall. Proline and hydroxyproline are major
constituents of cell wall glycoproteins such as ex-
tensins, arabinogalactanoproteins and Hyp/proline
(Pro)-Rich proteins (Kavi Kishor et al., 2015). These
extracellular proteins are synthesized in response to
different external stimuli (Kavi Kishor et al., 2015)
and may be involved in cell wall remodeling under a
challenge imposed by the hydrolytic activity of fun-
gi-produced enzymes. This may explain the increase
of proline levels in roots and stems of fungi-inocu-
lated plants. Noteworthy, the effect occurred both in
roots and stems — organs which establish a relative-
ly closer contact with a fungi, but it was absent in
leaves. Increased levels of proline in leaves of plants
inoculated with mycorrhizal fungus compared to
non-inoculated ones was observed also in study of
Ruiz-Lozano et al. (1995). Similarly to our study they
showed higher proline accumulation in leaves of in-
oculated plants under drought conditions. We also
observed differences in proline accumulation among
the fungal symbioses. Fungi were able to induce dif-
ferent degrees of osmotic adjustment depending on
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plant organ and species. Although P. involutus OW-5
revealed lower tolerance to salinity compared to A.
muscaria OW-10 in the in vitro studies, its positive
impact on the growth of A. glutinosa seedlings was
confirmed in the pot experiment, both in control and
saline conditions. This effect may be related with
high metabolic activity of this strain, e.g. synthesis
of siderophores or polyamines. Stimulation of plant
biomass after inoculation with P. involutus OW-5 can
be related with the higher levels of proline.

Since our study was performed in vitro and in
pots, immense effect of soil conditions and other en-
vironmental parameters on symbiosis development
should be analyzed in future experiments. For this
reason, we plan to continue our studies with the
use of halotolerant fungal strains selected in this
work as potential plant inoculum in natural forests
ecosystem.
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