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Abstract: Effects of 62 isolates (of 41 taxa) of fungi on growth of 1-year-old oak (Quercus robur) seedlings
were studied in an inoculation experiment. The fungi were isolated from roots of 80-96-year-old Q. robur
that had been subjected to periodic flooding and had symptoms of oak decline. The fungal genera included
Alternaria, Aspergillus, Calonectria, Chaetomium, Cladosporium, Clonostachys, Corynespora, Cylindrocarpon, Dicyma,
Geotrichum, Ilyonectria, Isaria, Metarhizium, Oidiodendron, Ophiostoma, Pezicula, Phialocephala, Phialophora, Pyr-
enochaeta, Sporendocladia, Sporothrix, Thelonectria, Trichoderma and Trimmatostroma. Mycelial colonies of fungi
growing in potato-dextrose broth were used for soil inoculation. Plant growth was assessed 2 years after
inoculation, when the plants were 3 years old. Stem lengths, and dry weights of stems, roots and leaves
were measured. Stem growth was inhibited by 31 isolates (50%) and root growth by 12 isolates (19%).
Stem growth was stimulated by two isolates (3%) and root growth by 17 isolates (27%). The overall ratio
of inhibitors to stimulants was 2.1. The proportion of taxa that inhibited stem growth was 16 times greater
than that which promoted stem growth. The proportion of taxa that promoted root growth was only 1.5
times greater than that which inhibited root growth. The structure of the fungal communities in periodical-
ly flooded oak forests suggests that they are more likely to inhibit than to promote vigour in oaks.
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cola, Pyrenochaeta cava and six species of Trichoderma.
Structural roots were usually colonized by more spe-

Fungal colonization was detected in 94% of 1296
root fragments of Quercus robur L., the dominant tree
in an area of forest displaying symptoms of oak de-
cline in Wotéw Forest District in Poland (Kwasna et
al., 2015). The fungal isolates represented 126 spe-
cies, including four species of Zygomycota, 117 spe-
cies of Ascomycota and five species of Basidiomycota.
The most common and frequent eudominants (with
colonization frequency >10%) were Aspergillus spp.,
Cosmospora sp., Ilyonectria destructans, Pezicula radici-

cies than fine roots. The number of species reported
in that research (Kwasna et al., 2015) corresponds
well with another study, in which 119 fungal taxa
were identified from living roots of Q. petraea and Q.
robur (Halmschlager and Kowalski, 2004).

The majority of species detected previously
(Kwasna et al., 2015) in Q. robur roots met the re-
quirements of Class 2 NC-endophytes (i.e. species
within Ascomycota or Basidiomycota which occur in
above- and below-ground plant tissues) (Rodriguez
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et al., 2009 a, b). Pezicula radicicola and Phialocephala
fortinii met the requirements of Class 4 NC-endo-
phytes (i.e. with darkly melanized septa, conidial or
sterile, and restricted to plant roots).

An endophyte is an endosymbiont (bacterium or
fungus) that lives within a plant for at least part of its
life without causing apparent disease (Carroll, 1986;
Clay & Schardl, 2002). The frequency of endophytes
and their high genetic diversity suggest that they are
important components of many ecosystems (Man-
dyam et al., 2012). They may assist in phytostimu-
lation (by production of hormones, i.e. auxins and
cytokinins, which stimulate the growth of plants and
of mycorrhizal fungi and promote symbiosis between
plant and mycorrhizal fungi), biofertilization (by in-
creasing the accessibility or supply of major nutri-
ents, mainly nitrogen and phosphorus), water uptake
and biocontrol (by protection from phytopathogens
and abiotic stresses) (Scervino et al., 2009; Upson
et al., 2009; Hanada et al., 2010; Newsham, 2011).
They may help in adaptation to habitats and induc-
tion of host resistance (Sieber, 2002; Rodriguez et
al., 2004, 2005; Schulz & Boyle, 2005; Rodriguez &
Redman, 2008).

There are also reports that point out the patho-
genic role of endophytes for different hosts, grow-
ing conditions and fungal isolates (literature sum-
marized in Griinig et al.,, 2008). Growth response
in tree seedlings may vary from negative to positive
(Wilcox & Wang, 1987; Jumpponen & Trappe, 1998).
Recent studies have more often reported neutral or
parasitic effects, manifested by reductions in host-
plant growth increments (Tellenbach et al., 2011;
Reininger & Sieber, 2012).

Many plant-fungus interactions have still not been
determined (Faeth, 2002, 2009). Since only limit-
ed information on plant-fungus relationships in the
field is available, the aim of this study was to learn
more about the possible function and role of fungi
(including NC-endophytes) from oak roots in oak
seedlings, and assess possible implications for their
involvement in oak decline. The 62 isolates tested
were mostly genotypically well-defined ascomycet-
ous fungi originating from the same host, Q. robur
(Kwasna et al., 2015). Their effects on growth of Q.
robur seedlings were determined under controlled en-
vironmental conditions.

Materials and methods

Fungi

Sixty-two isolates of 41 taxa of fungi were collect-
ed from fine (0.1-0.5 cm diam.) and structural (0.6—
2.0 cm diam.) roots of 80-96-year-old Q. robur sub-
jected to periodic flooding and with symptoms of oak

decline in Woltéw Forest District, Poland (51,329°N,
16,629°E) in 2011 (Kwasna et al., 2015).

Fungal inoculation and assessment of
test plants

The effects of 62 fungal isolates of 41 taxa on
growth of oak seedlings were evaluated in inocula-
tion tests. Inoculum was produced from potato-dex-
trose broth cultures. Three discs of each test fungus,
5 mm diameter, were added to 100 ml broth in a 250-
ml Erlenmeyer flask. After 30 days of incubation, the
pure culture (mycelial colony that developed on the
broth surface) and the broth itself, were added and
mixed into sandy forest soil (pH 6.9; sterilized twice
in superheated steam at 180-200°C, with a 24-h in-
terval, amended with moderate amount of fertilizer
solution) which was then put into 30-cm-diameter
pots. The soil had 2.8% humus content, 5.0 mg 100
g ' extractable nitrogen (NO,” + NH,*), 10.0mg 100
g ! extractable phosphorus, 11.0 mg 100 g extract-
able potassium and 4.0 mg 100 g' extractable mag-
nesium.

At the same time, four 1-year-old Q. robur seed-
lings (16-22 cm high, 0.5-1.0 cm diameter at the
root collar), grown containerized in a mixture of 75%
peat and 25% perlite, were planted in each of four
pots of each treatment. In the control treatment, only
100 ml of sterile liquid broth was added and mixed
with the soil. The soil water content was increased
weekly, stepwise from 50% to 70% of the maximum
water capacity, during the test. Pots were weighed
twice a week and soil moisture was adjusted by add-
ing water to the pots. Because of the range of sizes of
the seedlings, three control variants were included:
‘large control’ with large plants, 20-22 cm high; ‘me-
dium control’ with medium plants, 18-20 cm high;
‘small control’ with small plants, 16-18 cm high.

Plants were grown in a greenhouse using artificial
light of 280 wE m™ s for 14 h per day. A constant
temperature of 24°C day and night was chosen to
guarantee optimal growth of plants and fungi. Rela-
tive humidity was adjusted to 70-80%.

The plants were monitored for above-ground
symptom development during the incubation pe-
riod. Plants occasionally became infected naturally
with Erysiphe alphitoides (Griffon & Maubl.) U. Braun
& S. Takam. and spraying with a fungicide was nec-
essary. The fungicide bupirimate (Nimrod 250 EC,
applied at 0.1% concentration at the manufacturer’s
recommended dose) was sprayed on the seedlings
three times at one week intervals (first spray on June
28th).

Plant growth was determined at the end of the
experiment in September 2014, 2 years after inocu-
lation, when the plants were 3 years old. The plants
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were removed from the pots, the leaves were sep-
arated, and the root system was cut off and gently
washed. Stems, roots and leaves were oven-dried
at 65°C for 48 h and stem length and dry weights
of stems, roots and leaves of each plant were deter-
mined. Mean values were calculated.

Re-isolation of fungi from roots was attempted
after plant harvest. Two 5-cm-long root pieces from
each plant were surface-sterilized by shaking for
5 s in 70% ethanol and 15 min in 10% H,0,, and
subsequently rinsed three times for 3 min in sterile
distilled water, dried between sterile sheets of filter
paper, cut into 2-4-mm-long sections and placed in
Petri dishes on potato dextrose agar (PDA; Difco
PDA 39 g I, pH 5.5) amended with streptomycin
(0.06 g I'Y) and synthetic nutrient agar (SNA; KH-
,PO,1 g1, KNO, 1 g I, MgSO, 7H,0 0.5 g I, KCI
0.5 g 1", glucose 0.2 g I!, sucrose 0.2 g 1!, agar 20 g
I!). After incubation for 15-30 days at 25°C, cultures
were identified on the basis of their morphology and
sporulation. The percentage of positive re-isolation
was recorded.

The effects of the fungi on stem length and on dry
weights of stems, roots and leaves were analysed by
one-way analysis of variance (ANOVA) (GLM, SAS/
STAT 8-1). Ratios of stem weight effect (%): root
weight effect (%) were calculated.

Results

Aspergillus niger, A. pullulans, Basidiomycota (D
109), C. globosum (D 53), two strains of C. didymum
(D 9, D 15 partly), D. biophila (partly), I. destructans
(D 23), M. anisopliae, P. bubakii (D 57), P. verrucosa,
two strains of P. cava (D 6, D 30), S. inflata (D 102),
T. citrinoviride, T. polysporum (D 124), T. pubescens (D
115), T. virens (D 131 partly) and dark septate endo-
phyte (D 51) stimulated the growth of oak stems or
roots and sometimes also increased leaf biomass (Ta-
ble 1). The statistically significant (P< 0.05) stimula-
tory effects were 38 — 202% of the control.

Alternaria alternata, Armillaria sp., two species of
Basidiomycota (D 60, D 125), C. kyotensis, C. candela-
brum, C. rosea, Cosmospora sp. (D 24), C. didymum (D
15 partly), D. biophila, G. candidum, 1. destructans (D
4, D 12), I. fumosorosea, O. griseum, three isolates of
P. radicicola, P. fortinii, two isolates of P. cyclaminis, P,
cava (D 6), S. bactrospora, four isolates of S. inflata (D
47, D 50, D 101, D 102), T. harzianum, T. polysporum
(D 69), T. pubescens (D 64), T. virens (D 128, D 129)
and Trimmatostroma sp. reduced the length and/or dry
weight of oak stems and/or roots. The statistically
significant (P< 0.05) inhibitory effects were 17 -
70% of the control.

Chaetomium globosum (D 56), C. cladosporioides, C.
herbarum, C. citricola, Cosmospora sp. (D 1, D 2), L. de-

structans (D 5, D 11), P. cinerescens, P. cava (D 28), S.
inflata (D 26, D 33), T. lucida and dark septate endo-
phyte (D 7) did not affect plant growth.

Ratios of stem weight effect (%): root weight ef-
fect (%) show that there was a greater response (ei-
ther positive or negative) in stems than in roots to
20 isolates including Armillaria sp., Basidiomycota
(D 60), C. kyotensis, C. globosum (D 56), C. candela-
brum, C. rosea, Cosmospora sp. (D 24), I. fumosorosea,
O. griseum, P. radicicola (D 14), P. cyclaminis (D 16, D
54), S. inflata (D 33, D 47, D 50, D 101), T. harzianum,
T. polysporum (D 69), T. virens (D 129) and Trimmato-
stroma sp. Response to the other 42 isolates (either
positive or negative) was greater in roots. Effects on
roots increased as ratio of stem weight effect (%):
root weight effect (%) decreased.

Stem growth was inhibited by 31 isolates (50%)
and root growth by 12 isolates (19%). Stem growth
was stimulated by two isolates (3%) and root growth
by 17 isolates (27%). The overall ratio of inhibitors
to stimulants was 2.1. The proportion of taxa that
inhibited stem growth was 16 times greater than
that which promoted stem growth. The proportion
of taxa that promoted root growth was only 1.5 times
greater than that which inhibited root growth.

Forty-three isolates of fungi (70%) were success-
fully re-isolated from roots two years after applica-
tion. Positive re-isolation ranged from 25 to 100%
for individual isolates. Nineteen isolates (30%) were
not re-isolated (Table 1).

Discussion

Plant roots are colonized by a variety of micro-
organisms, including pathogenic, mycorrhizal and
endophytic fungi. The role of many fungal root col-
onizers is still un-known or controversial. Many
non-clavicipitaceous (NC) endophytes increase host
stem and/or root biomass by mechanisms that in-
volve induction of plant hormones by the host and/
or biosynthesis of plant hormones by the fungi
(Tudzynski & Sharon, 2002; Rodriguez et al., 2009 a,
b), modulation of plant growth via nutrient mineral-
ization (Waller et al., 2005; Baltruschat et al., 2008)
or earlier expression of age-dependent genes (Waller
et al., 2008). A wide set of phytohormones and their
signaling networks are involved in increasing root
growth and biomass of plants (Liarzi & Ezra, 2014).
They may be regulated epigenetically by the fungal
endophyte; in symbiotic plants the resources are
preferentially allocated into root growth until root
hairs are established, therefore increasing the rate of
root expansion (Rodriguez et al., 2009 a).

The present results, as well as those in some
other papers (Wilcox & Wang, 1987; Stoyke & Cur-
rah, 1993; Tellenbach et al., 2011; Mandyam et al.,
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2013), show, however, that most ascomycetous fungi
(including a wide range of endophytes) can reduce
host-plant growth increments. This agrees also with
Mayerhofer et al. (2013) who demonstrated that the
overall response of plant biomass to ascomycetous
root endophytes is neutral to negative. The total bi-
omass was 18% less in endophyte inoculated plants,
and individually, root biomass, shoot biomass, and
nitrogen concentration responses were often neu-
tral. An extensive meta-analysis by Mayerhofer et al.
(2013) included data from 34 publications and 21
different factors selected for their potential effects on
plant response to root colonizer.

The possible explanation for the present findings
as well as for the Mayerhofer et al. (2013) evaluation
is that the studies included a wide range of fungi,
not only the dark septate endophytes that are usually
typical stimulants (Alberton et al., 2010; Newsham,
2011) but also other endophytes that are potential
inhibitors.

In the present study, as in reports of Johnson et
al. (1997), Sturz & Nowak (2000) and Larimer et al.
(2010), three types of plant-fungus interactions along
the mutualism-parasitism continuum were observed.
Taxa that stimulated oak growth increments (con-
ferred benefits) seemed to be mutualistic and those
that inhibited oak growth seemed to be antagonistic
(i.e. parasitic). Some isolates of C. globosum, C. clad-
osporioides, C. herbarum, C. citricola, Cosmospora sp., L.
destructans, P. cinerescens, P. cava, S. inflata and T. lucida
as well as some dark septate endophytes seemed to be
neutral. Antagonists (i.e. parasites) may slow down
plant growth by allocation of resources or penetration
of living host cells. They may remain latent until the
host’s physical status or environmental conditions
change and trigger their pathogenicity instantly after-
wards (Sinclair & Cerkauskas, 1997; Saikkonen et al.,
1998; Sieber, 2007; Barrett et al., 2009).

The dominant species in Q. robur roots in Woléw
Forest District was P. radicicola (Kwasna et al., 2015).
The Q. robur-P. radicicola interaction observed in the
present study was usually parasitic. Other species
of Cryptosporiopsis (= anamorphs of Pezicula) may,
however, be commensals; they may confer resistance
to virulent pathogens in barley and larch (Schulz et
al., 1999). The aspen-P. radicicola and larch-Crypto-
sporiopsis spp. interactions, evaluated on the basis of
anatomical contacts and secondary metabolite pro-
duction, were defined, respectively, as antagonism
(Tsuneda et al., 2009) or balanced antagonism that
does not result in disease (Schulz et al., 1999).

Two of the five isolates of I. destructans significantly
inhibited stem length and weight, and another isolate
stimulated root growth. This result was rather unex-
pected since I. destructans is known to cause root die-
back in young and older oaks (Kessler, 1988; Sdnchez
et al., 2002; Halmschlager & Kowalski, 2004).

The three isolates of Pyrenochaeta cava (syn. Pho-
ma cava Schulzer) stimulated the growth of roots
and two of them stimulated, non-significantly, leaf
growth. This is consistent with findings of Newsham
(1994) and Macia’-Vicente et al. (2008 a, b) who ob-
served that Phoma fimeti Brunaud, P. glomerata (Cor-
da) Wollenw. & Hochapfel, P. herbarum Westend, P.
leveille Boerema & G.J. Bollen and P. putamina Speg.,
which are common root endophytes of Mediterra-
nean plants, grasses and natural vegetation, can in-
crease plant growth, confer fitness benefits to plants
and reduce symptoms caused by pathogens. They
colonize the rhizosphere and often the root cortex,
usually asymptomatically, sporulate in the root cells
and are passively distributed by the division of host
cells.

The host plants’ responses to C. globosum, Cosmo-
spora sp., I. destructans, S. inflata, T. pubescens and T.
virens in the inoculation test was isolate-dependent.
Similarly, a high level of variation among isolates was
regularly observed in other studies on mutualists
(Munkvold et al,. 2004; Koch et al., 2006) and path-
ogens (Robin & Desprez-Loustau, 1998; Wang et
al., 2007; Barrett et al., 2009; Rowe & Kliebenstein,
2010), indicating that it is essential to study many
isolates to fully recognize variation in host-fungus
relationships. Diverse effects on the plant, varying
from parasitic to symbiotic, may result from: (i) ac-
cumulation and concentration of hormones and the
intensity of plant reactions (Contreras-Cornejo et al.,
2009) or (ii) the cost-benefit ratio between the host’s
carbon investment to the maintenance of symbiosis
and the benefit derived from it (Johnson et al., 1997;
Schwartz & Hoeksema, 1998; Mandyam & Jumppo-
nen, 2005; Hoeksema et al., 2010).

The present study, with minimal environmental
variability, shows the simultaneous contribution of
fungal and host genotypes. A few other studies have
documented host and/or fungal genotypic effects
(Munkvold et al., 2004; Koch et al., 2006; Picule-
Il et al., 2008; Karst et al., 2009; Tellenbach et al.,
2011). Some emphasize the host (Redman et al.,
2001; Faeth & Sullivan, 2003), others the fungal
(Freeman & Rodriguez, 1993; Tanaka et al., 2006)
genotype as the governing agent.

We included only one isolate of Phialocephala for-
tinii in the inoculation test. This fungus was rare in
the roots of the 80-96-year-old Q. robur subjected to
periodic flooding; it occurred only in two sites, with
frequency 0.9-1.8% (Kwasna et al., 2015). Generally,
however, P. fortinii s. 1. is commonly isolated from a
wide variety of woody plants across North America
and Europe (Jumpponen & Trappe, 1998; Griinig et
al., 2008). In the inoculation test the fungus inhib-
ited the growth of seedlings, which tended to have
smaller biomass than the controls. This is in accord-
ance with studies of Melin (1922), Richard et al.
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(1971), Richard & Fortin (1974), Wilcox & Wang
(1987), Tellenbach et al. (2011) and Reininger et al.
(2012). Richard and Fortin (1974) suggested that,
despite its common occurrence in healthy roots, it
may be a mild pathogen. The effect may be strain-de-
pendent since some studies showed negative (Tellen-
bach et al.,, 2011; Reininger et al., 2012) and others
positive growth responses to P. fortinii (Jumpponen
et al., 1998; Ruotsalainen & Kytdviita, 2004; News-
ham, 2011).

The overall ratio of inhibitors to stimulants of
the oak seedlings’ growth was 2.1. This value was
determined by the spectrum of species and number
of isolates included in the inoculation tests. Because
this spectrum reflected the fungal community in oak
roots in Wotéw Forest District (Kwasna et al., 2015),
an overall inhibitory effect of the fungal community
may be expected in roots of oak in the particular con-
ditions of Wotéw Forest District.

Since the fungi tested had been isolated from
oak roots, a smaller ratio of inhibitors to stimulants
(even <1) was expected. Klironomos (2003) report-
ed that the benefits resulting from root colonization
may be related to host specificity of the colonizer.
Mayerhofer et al. (2013) reported a positive response
(up to 88% increase of root biomass) resulting from
inoculation with a fungus originating from the same
plant species or a negative response from inoculation
with a fungus from a different plant species. This
seems not to be confirmed by the present study.

The interactions observed resulted from host-fun-
gus relationships in single-strain treatments. Co-in-
oculations with multiple strains of the same species
or multiple species may result in different life strat-
egies and plant-growth-promoting characteristics.
Tellenbach et al. (2011) found that, even when only
two strains were involved in dual-strain treatment
in vitro, they had neutralizing effects on each other.
Experimental conditions influence the plant-fungus
relationship. Differences in methods applied and ex-
perimental conditions provided in different studies
undoubtedly contribute to the high levels of variabil-
ity in plant responses reported for individual fungi.
In the conditions of our inoculation test, plant re-
sponse was observed more often on roots than on
stems. Increase in root thickness was often inhibited
as roots became fibrous and development of more
lateral roots was observed. Most plants inoculated
with fungi developed more leaves than those in the
control. An overall increase of the aerial biomass
and development of inflorescence resulting from
the plant-fungus interaction has also been observed
(Das et al., 2012). Increased leaf area, higher pho-
tosynthetic potential and chlorophyll levels result in
increased carbon assimilation, which, in symbiotic
plants, is the basis for faster development and higher
biomass production.

In nature, fungi never act in sterile conditions. In
the inoculation tests, containerized seedlings, with
non-sterile roots, were planted into soil in order to
create the most natural conditions. Thus, prima-
ry colonizers (present before inoculation) of seed-
ling roots used in the experiment would have been
the same as those on seedlings used for planting in
the forest. We also did not want to eliminate the
impact of rhizosphere microorganisms by steriliza-
tion. Rhizosphere microbiota affect plants by modi-
fying the soil both chemically and physically in and
around the roots. This can be beneficial to the plant
(by pathogen suppression, formation of an effective
rooting area, release of nutrients and plant growth
regulators, altering enzyme production and activity,
or preventing dehydration and desiccation) or det-
rimental (by competition for nutrients) (Ridge &
Rovira, 1971; Sylwia et al., 2005). However, in avoid-
ing the consequences of habitat sterility, it was not
possible to avoid the consequences of non-sterility,
which may include interactions among soil/rhizos-
phere microbiota and the fungi being tested.

The re-isolation of fungi from roots two years af-
ter inoculation was mostly successful. The results
were, however, negative for 30% of taxa, possibly be-
cause of the non-sterile conditions used. Re-isolation
has also been unsuccessful in some previous studies
(Anderson & Anderson, 1964; Paz et al., 2007; Hod-
da et al,, 2008), and doubtful re-isolation, resulting
from changed morphology or other properties of the
fungi, have been reported (Srivastava et al., 2012).
Also, trees often respond negatively to endophyte
colonization (Mayerhofer et al., 2013), which may
affect future re-isolation success. The reliability of
the present results was, however, assured as far as
possible by comparisons with the non-inoculated
controls, which had the same non-sterile conditions.

The purpose of using a soil-based medium, amend-
ed only with a moderate amount of fertilizer, was to
create the most natural conditions and to avoid de-
crease in root biomass caused by acidic moss peat
(an alternative medium) or damage of roots caused
by over-fertilization (Mayerhofer et al., 2013).

Type of inoculum can greatly influence the effect of
inoculation on plant response. Using soil as the inoc-
ulum carrier may produce different plant-fungus in-
teractions. Abiotic soil factors can affect the chemical
composition of plants (Hol et al., 2003; Joosten et al.,
2009), which can subsequently affect the growth of
individual fungi and composition of the fungal com-
munity in soil (Hol & van Veen, 2002; Kowalchuk
et al., 2006). Additionally, co-occurring plants can
change the abiotic and biotic conditions in the soil,
which can then feed back to the focal plant (Aerts
& Chapin, 2000; Klironomos, 2003; van de Voorde
et al., 2011). Van de Voorde et al. (2012) found that
plant biomass was greatest in pots inoculated with a
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microbial suspension and smallest in pots inoculated
with soil containing the same microorganisms. We
used pure cultures of single species (colonies grown
on the surface of broth) and its metabolites (in the
broth itself) to eliminate the added-soil effect and in-
duce any metabolite effect.

Since the number of replicate plants treated in the
inoculation tests was small (four), this study should
be considered as a preliminary attempt to clarify the
plant-fungus relationships. Further detailed experi-
mentation on the effects of root fungi on the growth
of oak seedlings is planned.

Conclusions

Growth inhibitors of oak seedlings were more
frequent than growth stimulants among fungi isolat-
ed from roots of 80-96-year-old Q. robur growing in
Wotéw Forest District, where the trees had been sub-
jected to flooding and showed symptoms of decline,
suggesting that the root fungal community may con-
tribute to oak decline.
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