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Ectomycorrhizal fungal community in mature white poplar plantation
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Ectomycorrhizal communities are rarely studied on seasonal basis, especially
in poplar plantations.  In this study we analysed the ectomycorrhizal commu-
nity in a mature twenty-year-old white poplar (Populus alba L.) plantation
during  four  consecutive  seasons.  Using  morpho-anatomical  and  molecular
identification 30 taxa of ectomycorrhizal  fungi  were recorded  of which 15
were identified to the species level, 12 to the genus level, 2 to the family, and
one morphotype of ectomycorrhizae remained unidentified. The most abun-
dant among identified ectomycorrhizal fungi were: Inocybe griseovelata, Ino-
cybe splendens, Tuber rufum, and  Tomentella  sp. 2, which together repre-
sented up to 50% of all ectomycorrhizal root tips. The number of ectomycor-
rhizal fungal taxa and the percentage of vital ectomycorrhizal root tips were
highest in winter and spring, respectively. The diversity indices of ectomycor-
rhizae, number of vital ectomycorrhizal root tips, and total fine roots in the
studied  poplar  plantation  did  not  differ  between  seasons.  Ectomycorrhizal
fungi belonging to Inocybaceae family and the short-distance exploration strat-
egy were dominant in all four seasons. On the other hand, the abundance of
ectomycorrhizal root tips belonging to the medium-distance exploration strat-
egy type was significantly higher in spring in comparison with autumn and win-
ter.
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Introduction
White poplar (Populus alba L.) is a pioneer

tree species frequently found in lowlands,
in humid areas,  along rivers,  and in flood
land forests. The species has a wide distri-
bution  range  from  the  Mediterranean  to
central Asia (Palancean et al. 2018). It has
relevant environmental functions, such as
prevention of soil erosion and formation of
windbreaks,  as  well  as  ecological  impor-
tance for maintaining the high biodiversity
of  riparian  woodland.  Poplars  are  fast-
growing species with strong regenerative
abilities, whose wood is used for the pro-
duction  of  pellets  and  energy  as  well  as
raw material for the pulp and paper indus-
try  (Palancean  et  al.  2018).  Poplars  regu-
larly form dual associations with ectomyc-
orrhizal (ECM) fungi and arbuscular mycor-
rhizal fungi which are known to prefer dif-
ferent soil conditions (Karlinski et al. 2010,

Katanić et  al.  2013).  A detailed  review  on
ectomycorrhiza  of  Populus was  given  by
Szuba (2015).

Mycorrhizal  fungi  essentially  contribute
to the functioning of the forest ecosystem,
biogeochemical processes, and forest pro-
ductivity. They obtain water and nutrients
from the soil and deliver them to the host
plant  in  exchange  for  photosynthetically-
produced  carbohydrates  (Smith  &  Read
2008).  The  ECM  fungi  are  able  to  access
limiting  nutrients  (usually  nitrogen)  situ-
ated  beyond  the  nutrient  depletion  zone
which  surrounds  the  root  system  of  the
host plant (Smith & Read 2008). Also, they
can  release  nitrogen  from  immobilized
sources normally inaccessible to the plant,
such  as  soil  organic  matter  or  leaf  litter
that are accumulated on the forest  floor.
Additionally, they have an important role in
promoting  carbon  sequestration  in  soil

through increasing carbon storage (Stuart
& Plett 2020). Mycorrhizal fungi link above-
ground and belowground components  of
forest  ecosystems  through  the  common
mycelial  network  which  increases  seed-
lings’  survival  and improves  their  physiol-
ogy, as seedlings can receive carbon, nutri-
ents, and water from the older trees (Sel-
osse et al.  2006). They can improve plant
tolerance to different abiotic stress factors
as  well  as  boost  plant  immunity  and  in-
crease  resistance  to  pathogens  (Smith  &
Read  2008,  Milović  et  al.  2021).  Further-
more, mycorrhizas have an important role
in  forest  ecosystems’  stability  under  cli-
mate change, by mitigating the detrimental
effects of different unfavorable factors as
increased CO2 in the atmosphere, tempera-
ture rise,  drought, soil  acidification,  pollu-
tants,  pests,  diseases,  etc.  (Milović  et  al.
2021).

Since  the  functional  compatibility  and
stress  tolerance  of  ectomycorrhizae  de-
pend on both partners, especially on fun-
gus, the information on the ECM commu-
nity structure can be valuable in studies of
forest  ecosystems  functioning  (Kraigher
1996).

ECM  fungal  communities  on  autochtho-
nous white poplars were investigated in a
drought-adapted natural forest in the Hun-
garian Plain in Hungary (Jakucs 2002), and
in a natural poplar stand in Special Nature
Reserve  “Kovilj-Petrovaradin  marshes”  in
Serbia  (Katanić  et  al.  2015b).  Worldwide
ECM  fungal  communities  associated  with
Populus spp.  in nature forest were studied
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in  the  north-central  Rocky  Mountains  in
the  USA  (Cripps  2001)  and  in  the  Loess
Plateau in China (Long et al. 2016). In Ser-
bia ECM fungi were preliminary studied in
poplar plantation by  Katanić et al.  (2008)
and  Katanić et al. (2010). Furthermore, ec-
tomycorrhizas  were studied in  transgenic
poplar  plantations  (Danielsen  et  al.  2002,
Stefani  et  al.  2009) and transgenic aspen
clones  released  in  an  experimental  field
(Kaldorf et al. 2004). ECM communities as-
sociated with Populus tremula were investi-
gated  at  sites  contaminated  with  heavy
metals in Austria (Krpata et al. 2008) and in
the  USA  (Cripps  2003).  The  community
structure  of  ECM  fungi  associated  with
poplar  clones  growing  at  differently  pol-
luted sites was also investigated in Poland
(Karlinski  et  al.  2013),  while  Katanić et  al.
(2015a) studied ECM community of poplars
grown on pyrite tailing contaminated site
in Serbia. Communities of ECM fungi were
also  investigated  in  a  trial  with  a  poplar
clone exposed to elevated ozone concen-
tration in Italy (Katanić et al. 2014).

Besides preliminary studies of  Katanić et
al.  (2008,  2010) who recorded,  described,
and  determined  15  ECM  taxa  in  a  white
poplar plantation in two different seasons
of  two  consecutive  years,  there  are  not
many studies concerning diversity of ECM
fungi on white poplar grown in plantations.
The aim of our work was to analyse diver-
sity of ECM fungal community in a mature
plantation of white poplar grown in its nat-
ural distribution area during four consecu-
tive  seasons.  Additionally,  seasonal  varia-
tion of ECM diversity was analysed starting
from  the  hypothesis  that  diversity  and
composition  of  ECM  fungal  community
shift with the change of seasons.

Materials and methods

Sampling site and procedures
The  study  site  was  a  20-year-old  white

poplar (Populus alba L.) plantation located
at the Experimental estate of the Institute
of Lowland Forestry and Environment, Uni-
versity of Novi Sad, in the vicinity of Novi
Sad, Serbia (45° 17′ 25.5″ N, 19° 53′ 38″ E,  74
m a.s.l.).  The studied white poplar planta-
tion is  located in  the riparian zone along
the river Danube which provides a natural
habitat for this species. Other woody spe-
cies  present in  the plantation with  minor
share were:  Vitis silvestris L.,  Robinia pseu-
doacacia L.,  Acer negundo L.,  Sambucus ni-
gra L., Rubus idaeus L., Cornus sanguinea L.,
and  Morus  sp. Self-seeded poplars, includ-
ing white poplar,  also grow in the vicinity
of the experimental field. The average an-
nual precipitation in the area is 647.3 mm,
and the average yearly temperature is 11.4
°C, according to the nearby meteorological
station in Rimski Šančevi  (RSHS 2020). Cli-
mate is temperate continental. Soil type at
the experimental field is sandy loam fluvi-
sol with pH 7.84 and content of carbon and
nitrogen of 7.55 and 0.13 ppm, respectively
(Katanić 2013).

Soil samples were collected at the begin-
ning of each of four seasons present in the
temperate  zones  of  the  northern  hemi-
sphere, namely September 2009 (autumn),
December  2009  (winter),  March  2010
(spring), and July 2010 (summer). Trees for
sampling  were  randomly  selected  and
marked to be at least 20 m from each other
and at least 15 m from the edge of the plan-
tation. The same five trees were sampled
each season.  A standardized soil  corer of
274 ml volume and 18 cm deep was used
(Kraigher 1999) for taking soil core samples
at about 1 m from the tree trunk. Two soil
samples  were  taken  per  tree  located  on
the opposite sides of trees. The total num-
ber of samples per season was 10, making
overall 40 samples taken in the study. Soil
samples were stored at 4 °C for up to one
month and one day before analyses were
submerged in cold water. All roots found in
soil cores were carefully washed from soil
in tap water and examined under a dissect-
ing microscope to extract fine roots and to
classify them as vital ECM root tips, senes-
cent (SC) ECM root tips and nonmycorrhi-
zal (NM) root tips.

Identification of ectomycorrhizae
The  fungal  partner  in  ectomycorrhizae

was identified by combining morphological
and  anatomical  characterization  of  ECM
root tips by sequencing the complete inter-
nal  transcribed spacer  (ITS) region of  nu-
clear ribosomal DNA. Ectomycorrhizal root
tips were separated into different morpho-
types using a dissecting microscope Olym-
pus SZX 12 (magnifications 7.5-64×) and a
microscope Olympus BX 51 with magnifica-
tion 100-2000× (Olympus Corp.,  Tokyo Ja-
pan).  Morphotypes  of  ectomycorrhizae
were  described  and  when possible,  the
fungal partner was identified according to
published descriptions (Agerer 2008, Ager-
er et al. 2006, Agerer & Rambold 2020) fol-
lowing  methodology  given  by  Agerer
(1991) and  Kraigher  (1996).  Based on the
presence and abundance of emanating ele-
ments each morphotype of ectomycorrhi-
zae was classified into the corresponding
exploration  type  (Agerer  2001).  All  ECM
tips and other fine roots were counted un-
der the dissecting microscope.

The molecular identification of the fungal
partner was based on PCR amplification of
ITS  region  of  nrDNA  and  was  performed
for each morphotype in every season. Total
genomic  DNA  was  extracted  from  ECM
root tips (5-10 tips from the same cluster
per  extraction)  by  using  a  Plant  DNeasy®

Mini  Kit  (Qiagen,  Hilden,  Germany).  DNA
concentration  was  not  measured.  Primer
pairs ITS1F (Gardes & Bruns 1993) and ITS4
(White et al. 1990) were used for PCR am-
plification of the complete nuclear ITS re-
gion. The PCR mixture for one sample was
composed of 5 µl of 10× Gold Buffer, 5 µl of
Gene Amp® deoxynucleotide triphosphates
(2  mM each),  1  µl  of  each primer (10 µM
each), 5µl of MgCl2 (25 mM), 27.6 µl of ster-
ile distilled water, 0.4 µl of AmpliTaq Gold®

polymerase (5 U µl-1), and 5 µl of DNA ex-
tract.  Amplification  reactions  were  per-
formed in a  GeneAmp® PCR System 9700
(Applied Biosystems, Foster City, CA, USA)
and thermal cycling conditions were as fol-
lows:  initial  denaturation  and  polymerase
activation at 95 °C for 5 min; 15 cycles at 95
°C for 35 s, 55 °C for 55 s and 72 °C for 45 s;
15 cycles at 95 °C for 35 s, 55 °C for 55 s and
72 °C for 120 s; 10 cycles at 95°C for 35 s, 55
°C for 55 s and 72 °C for 180 s and a final ex-
tension at 72 °C for 10 min. Amplified DNA
fragments  were  first  separated  and  puri-
fied from the agarose gel using the Wizard
SV  Gel  and  PCR  Clean-Up® System  (Pro-
mega Corporation, Madison, WI, USA) and
send to Macrogen Korea (Seoul, Korea) for
sequencing. ECM fungi were determined at
the  level  of  species,  genus,  or  family  by
comparing  the  obtained  sequence  to  the
sequences  deposited  in  GenBank  (NCBI
2020) and UNITE (Nilsson et al. 2018) data-
base. The threshold value applied to differ-
entiate the different OTUs based on ITS se-
quence similarity was 97%.

Data analysis
After  determination of  ECM fungal  taxa

the  following  parameters  were  derived:
the number of taxa of ECM fungi, number
of vital ECM root tips, number of SC ECM
and NM root tips, number of all fine roots
(summary  of  vital  ECM,  SC  ECM  and  NM
root  tips),  percentage  of  vital  ECM  root
tips (the ratio of the number of vital ECM
tips  and all  fine roots) and abundance of
exploration types.

Ectomycorrhizal  fungal  diversity  indices
were  calculated  after  conversion  of  ECM
morphotypes  into specific fungal  taxa for
every season per single soil sample and to-
tal  sampling area.  The following formulas
given by Atlas & Bartha (1981) and Taylor et
al.  (2000) were used:  Species  richness  in-
dex (d) = (S-1)/log10N, where  S is the num-
ber of ECM fungal taxa and N is the number
of  all  mycorrhizal  tips;  Shannon-Weaver’s
diversity index (H) =  C/N(N  log  N – Σni  log
ni), where C=2.3, N is the number of all myc-
orrhizal tips and ni is the number of mycor-
rhizal tips of an individual ECM fungal tax-
on; Evenness (e) =  H/log  S, where  H is the
Shannon-Weaver’s diversity index and  S is
the number of ECM fungal taxa; Equitabil-
ity  (J)  =  H/Hmax,  where  H is  the  Shannon-
Weaver’s diversity index and Hmax is the the-
oretical maximum of H assuming that each
ECM  fungal  taxon  was  equally  abundant;
Berger-Parker’s  evenness  index  (BP)  =  1-
(Nmax/N), where Nmax is the number of myc-
orrhizal tips of the most frequent ECM fun-
gal taxon and N is the number of all mycor-
rhizal tips.

One-way  analysis  of  variance  (ANOVA)
and  Fisher’s  Least  Significant  Difference
(LSD) test based on individual soil samples
were used to test the effect of season on
the number of taxa of ECM fungi, vital ECM
root tips, SC ECM and NM root tips, all fine
roots,  percentage  of  vital  ECM  root  tips,
and abundance of exploration types. Prior
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Ectomycorrhizae in poplar plantation

to  the  statistical  analysis  of  these  traits,
normal  distribution  of  data  sets  was  ob-
tained  by  square  root  transformation  of
the count data (Bartlett 1936) and by the
arcsin  transformation  using  the  Bliss  for-
mula for the percentage values (Snedecor
&  Cochran  1976).  Kruskal-Wallis  ANOVA
and Multiple range comparison tests were
used to test differences in diversity indices.
According to Chao & Chiu (2016), non-para-
metric approach is usual in the analysis of
variation  of  diversity  indices.  Statistical
analyses  were performed using the pack-
age  STATISTICA® v.  12.0  (StatSoft,  Tulsa,
OK, USA).

Based on recorded data, the following pa-
rameters were derived: the percentage of
taxa  of  ECM  fungi  that  were  present  in
one, two, three, or four seasons; the per-
centage of vital ECM root tips belonging to
taxa  of  ECM  fungi  that  were  present  in
one,  two, three,  or four  seasons;  relative
abundance  of  ECM  fungal  families  and
number of taxa of ECM fungi belonging to
particular ECM fungal families.

Results

Fine root parameters and 
ectomycorrhizal diversity indices

From 40 soil samples in total, 56,101 fine
roots were analysed, 17,286 of them repre-
senting  vital  ECM  root  tips.  The  highest
number of ECM fungal taxa was recorded
in winter (22) followed by spring (19), while
the lowest number was counted in autumn
and summer (17  – Tab. 1). The mean num-
ber of all fine roots per individual soil sam-
ple ranged from 1281 (4678 dm -3) in autumn
to maximum of 1446 (5278 dm-3) in winter.
The average number of vital ECM root tips
per soil sample was lowest in autumn with
271  (991  dm-3)  and  highest  in  spring  with
576 (2105 dm-3 – Tab. 2). The ratio of vital

ECM root tips in the total number of all fine
roots was highest in spring (40.1%) and low-
est in autumn (21.2% – Tab. 1).

Diversity  indices  of  ECM  fungal  taxa  all
had the highest value in spring, except the
species richness index (d) with the highest
value in winter. On the other hand, all in-
dices showed the lowest value in summer
(Tab.  1).  ANOVA  results  showed  that  the
number of taxa of ECM fungi and the per-
centage of vital ECM root tips in total fine
roots were significantly affected by season
(p<0.04 and p<0.03, respectively). Accord-
ing to Fisher’s LSD test, significantly lower
values of the number of ECM fungal taxa
were recorded in summer and autumn in
comparison  to  winter.  Other  parameters
did not differ significantly among seasons,
yet the number of vital ECM root tips was
highest in spring, twice as much as in au-
tumn, and the average number of old non-

turgescent  and nonmycorrhizal  fine roots
was  highest  in  summer  and  lowest  in
spring (Tab. 2).  None of the analysed fun-
gal  taxa  diversity  indices  differed  signifi-
cantly  between  the seasons  according  to
Kruskal-Wallis ANOVA.

Ectomycorrhizal fungal community 
structure

Identification of fungal partner in ectomy-
corrhizae revealed 30 distinct taxa of ECM
fungi, from which 15 were identified to the
species level, 12 to the genus level, 2 to the
family level, while one morphotype of ecto-
mycorrhizae remained unidentified (Fig. 1,
Tab. S1 in Supplementary material).

Out of the 30 identified ECM fungi  only
nine were present in  all  four  seasons  (In-
ocybe  cincinnata,  Inocybe  griseovelata,  In-
ocybesplendens, Tuber rufum, Tuber macu-
latum, Geopora sp., Tomentella sp. 2, 3, and
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Tab. 1 - Total number of taxa of ectomycorrhizal fungi, vital ectomycorrhizal root tips,
senescent ectomycorrhizal and nonmycorrhizal root tips, total fine roots, percentage
of vital ectomycorrhizal root tips in total fine roots and diversity indices counted in
white poplar (Populus alba L.) plantation per season.

Counts Autumn Winter Spring Summer

Number of taxa of ectomycorrhizal fungi 17 22 19 17

Vital ectomycorrhizal root tips 2717 4596 5769 4204

Number of senescent ectomycorrhizal and 
nonmycorrhizal root tips

10101 9862 8615 10237

Total number of fine roots 12818 14458 14384 14441

% of vital ectomycorrhizal root tips in all fine roots 21.20 31.80 40.10 29.10

Species richness index (d) 4.66 5.46 4.79 4.42

Shannon-Weaver index (H) 2.40 2.36 2.60 2.02

Evenness (e) 0.85 0.78 0.88 0.71

Equitability (J) 1.95 1.79 2.03 1.64

Berger-Parker index (BG) 0.80 0.79 0.83 0.70

Tab. 2 - Season-based average values (± standard error) for number of taxa of ectomycorrhizal fungi, vital ectomycorrhizal root tips,
senescent ectomycorrhizal and nonmycorrhizal root tips, total fine roots, percentage of vital ectomycorrhizal root tips in all fine
roots and diversity indices calculated per soil sample from plantation of white poplar ( Populus alba L.) and compared among sea-
sons with one-way ANOVA and Fisher LSD test or Kruskal-Wallis test (KW) and Multiple range comparison tests. Values marked with
the same letter are not significantly different (p>0.05) after Fisher’s LSD test or Multiple range comparison test.

Parameters Autumn Winter Spring Summer -

- Fisher’s LSD test ANOVA
p-value

Number of taxa of ectomycorrhizal fungi 4.3 ± 0.4 b 5.8 ± 0.5 a 5.4 ± 0.4 ab 4.0 ± 0.6 b 0.036

Number of vital ectomycorrhizal root tips 271 ± 57 a 459 ± 72 a 576 ± 135 a 420 ± 164 a 0.249

Number of senescent ectomycorrhizal and nonmycorrhizal root tips 1010 ± 146 a 986 ± 129 a 861 ± 159 a 1025 ± 194 a 0.876

Total number of fine roots 1281 ± 159 a 1446 ± 147 a 1438 ± 255 a 1446 ± 321 a 0.945

% of vital ectomycorrhizal root tips in all fine roots 22 ± 4 b 32 ± 4 ab 39 ± 5 a 21 ± 5 b 0.021

- Multiple range comparison test KW
p-value

Species richness index (d) 1.38 ± 0.2 a 1.83 ± 0.2 a 1.65 ± 0.1 a 1.47 ± 0.2 a 0.278

Shannon Weaver index (H) 1.07 ± 0.1 a 1.32 ± 0.1 a 1.24 ± 0.1 a 0.98 ± 0.2 a 0.211

Evenness (e) 0.75 ± 0.04 a 0.75 ± 0.05 a 0.75 ± 0.04 a 0.65 ± 0.09 a 0.784

Equitability (J) 1.74 ± 0.1 a 1.73 ± 0.1 a 1.72 ± 0.1 a 1.49 ± 0.2 a 0.756

Berger-Parker index 0.45 ± 0.1 a 0.52 ± 0.1 a 0.53 ± 0.04 a 0.41 ± 0.1 a 0.431
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6). Several of them were one-season spe-
cific,  namely  Peziza  succosa  and  unidenti-
fied type R were recorded only in autumn,
Entoloma  sp.  and  Wilcoxina  sp.  in winter,
Hymenogaster olivaceus  and Tarzetta  sp. in
spring,  while  Genabea  fragilis,  Cortinaria-
ceae sp. and Peziza depressa were observed
in summer (Fig. 1).

The most abundant among the 30 identi-
fied ECM fungi were  Inocybe griseovelata,
Inocybe  splendens,  Tuber  rufum,  and  To-
mentella sp. 2 which represented up to 50%
of  total  ECM root  tips,  while  other  types
were recorded at lower rate. In winter 22
ECM  fungi  were  recorded.  Among  them
Tuber  rufum,  Inocybe griseovelata,  Tomen-

tella sp.  2,  Tomentella sp.  3,  and  Inocybe
splendens colonized more than 60% of  all
ECM root tips. In spring 19 ECM fungi were
found,  from  which  Tuber  rufum,  Inocybe
splendens, Tomentella  sp. 2,  Tomentella sp.
6,  and Inocybe  cincinnata  dominated  the
ECM community. In summer 17 ECM fungi
were observed but Inocybe griseovalata, In-
ocybe  cincinnata,  and  Tuber  maculatum
made up almost 70% of all ECM root tips. In
autumn also 17 ECM fungi  were observed
from  which  Inocybe  splendens,  Tuber  ru-
fum, Inocybe griseovelata, Tomentella sp. 5,
and  Scleroderma  bovista made  up  more
than 60 % of all ECM root tips (Fig. 1).

Seasonal variation
The composition of the ECM community

considerably  differed  among  seasons,  as
well as the abundance of the species that
occurred throughout the year (Fig. 2).  Tu-
ber  rufum was  the  most  abundant  ECM
fungus during autumn, winter, and spring
while in summer its abundance decreased.
In summer we recorded an increase in the
relative abundance of Inocybe griseovelata,
Inocybe  cincinnata, and Tuber  maculatum
which were the most abundant in this sea-
son. Inocybe splendens dominated the ECM
community in autumn and spring, while its
abundance  decreased  in  summer.  When
the abundance of  members of  the genus
Tomentella was  observed  seasonally,  To-
mentella  sp.  3  had  the  highest  relative
abundance  in  winter,  Tomentella  sp.  2  in
winter and spring, while Tomentella sp. 6 in
spring and summer. Although recorded in
all  seasons,  Geopora sp.  had  low  relative
abundance which reached its maximum in
winter.

The percentage of ECM fungi recorded in
one or more (two, three, or four) seasons
did not differ considerably and amounted
up to about 30% of the whole ECM commu-
nity. On the other hand, the proportion of
vital ECM root tips belonging to ECM fungi
that were present in one, two and,  three
seasons  amounted  up  to  10%  of  all  ECM
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Fig. 1 - Relative abundance 
of ectomycorrhizal fungi 
(based on the number of 
ectomycorrhizal root tips 
belonging to particular 
taxa of ectomycorrhizal 
fungi in relation to all ecto-
mycorrhizal root tips) in 
white poplar (Populus alba 
L.) plantation in four con-
secutive seasons.

Fig. 2 - Seasonal
dynamics of rela-

tive abundance
of ectomycor-

rhizal fungal
taxa present dur-
ing all seasons in
the white poplar
(Populus alba L.)

plantation.

Fig. 3 - Distribu-
tion of frequen-
cies of ECM fun-

gal taxa
recorded in the

plantation of
white poplar

(Populus alba L.),
i.e., sampled

once vs. twice
vs. three vs. four

different sea-
sons, expressed
using number of
taxa (blue bars)
and numbers of

ECM root tips
(red bars)
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Ectomycorrhizae in poplar plantation

tips, while ECM fungi that were present in
all four seasons represented 79% of all ECM
root tips, indicating that the dominant ECM
fungi were present in all four seasons (Fig.
3).

When the abundance of taxonomic fami-
lies recorded in our study was compared,
Inocybaceae stood out as the most abun-
dant  family,  with  percentages  ranging
from 32% of all root tips in winter up to 59%
in  summer  (Fig.  4).  Inocybaceae  was  fol-
lowed  by  Thelephoraceae  (ranging  from
19% in summer to 30% in spring) and Tuber-
aceae (from 19% in summer to 26% in au-
tumn – Fig. 4). According to the total num-
ber  of  types  of  ectomycorrhizae  in  the
studied year, the most taxa-rich family was
Inocybaceae.  The highest number of taxa
per season was recorded in Inocybaceae in
winter  and  Thelephoraceae  in  autumn
(seven), while the majority of other taxo-
nomic  families  had  only  a  single  species
recorded per season (Fig. 5).

Seasonal dynamics of the exploration 
types

In all  seasons,  the short  distance explo-
ration type dominated the ECM community
of  white  poplars.  Medium-distance explo-
ration type  had significantly  higher  abun-
dance in spring than in winter and autumn.
Other exploration types did not show sig-
nificant  variability  in  the  number  of  ECM
root tips between examined seasons (Tab.
3). Long-distance exploration type had low
abundance  in  all  seasons,  and  the pick-a-
back exploration type was not observed at
all (Tab. 3, Fig. 6).

Discussion
Only a few studies have been reported on

the ECM communities in poplar plantations
(Danielsen et al. 2002,  Katanić et al. 2008,

2010, Stefani et al. 2009) and even less with
their seasonal dynamics.

The  average  amount  of  vital  ECM  root
tips recorded in mature white poplar plan-
tation  (989-2102  dm-3)  is  comparable  to

white poplar stand from Special Nature Re-
serve (1106-1570 dm-3 – Katanić et al. 2015b)
and in poplar stand contaminated by pyrite
tailing  (2007  dm-3 – Katanić  et  al.  2015a).
However, the observed values are consid-
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ber of ectomycorrhizal root tips
belonging to particular family in

relation to all ectomycorrhizal
root tips in white poplar (Popu-

lus alba L.) plantation in autumn,
winter, spring and summer.

Fig. 5 - Seasonal number of taxa of ectomycorrhizal fungi belonging to particular fun-
gal taxonomic families in the studied white poplar (Populus alba L.) plantation.

Tab.  3 -  Seasonal  dynamics  of  the  average relative  abundance  of  ectomycorrhiza
exploration types (%, ± standard error) per soil sample. Fisher’s LSD test and one-way
ANOVA were used to assess differences among seasons.

Exploration type
Fisher’s LSD test ANOVA

p-valueAutumn Winter Spring Summer

Contact type 5.5 ± 4.0 a 10.9 ± 4.0 a 16.6 ± 7.0 a 6.6 ± 4.5 a 0.367

Short-distance 91.5 ± 4.0 a 88.2 ± 4.1 a 71.5 ± 9.8 a 81.3 ± 10.4 a 0.331

Medium-distance 0 b 0.8 ± 0.8 b 11.2 ± 6.9 a 2.0 ± 1.0 ab 0.030

Long-distance 3.0 ± 2.0 a 0.2 ± 0.2 a 0.6 ± 0.6 a 0 a 0.267
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erably higher in comparison to the poplar
clone exposed to increased ozone concen-
tration  (682  dm-3 – Katanić  et  al.  2015a).
The  number  of  all  fine roots  per  soil  vol-
ume  in  our  poplar  plantation  (4675-5278
dm-3) is lower compared to Nature Reserve
where this value was 8163-9651 dm-3 (Kat-
anić et al. 2015b) and in poplar clone sensi-
tive to ozone (10,398 dm-3 – Katanić et al.
2014)  as  well  as  in  poplar  stand contami-
nated by pyrite tailing (12,424 dm-3 – Kata-
nić et al. 2015a). It could be concluded that
in extreme conditions the number of total
fine roots tends to increase.

The  most  pronounced  seasonal  differ-
ence was observed in the number of ECM
fungal taxa which was significantly higher
in  winter  compared  to  summer  and  au-
tumn.  The  species  richness  index  in  the
studied  plantation  was  highest  in  winter
with a tendency to reduce in summer and
autumn.  Similarly,  Buée  et  al.  (2005) re-
corded a higher number of ECM morpho-
types in winter than in summer. They also
concluded that the species structure of the
ECM community and the metabolic activity
of  each  morphotype  changed  depending
on the season, temperature, and soil mois-
ture.  Furthermore,  on  willows  and  birch
Hrynkiewicz et al. (2015) observed a higher
number of morphotypes in spring than in
autumn.  However,  in  Quercus  ilex maxi-
mum  values  of  the  Species  richness  and
the Shannon diversity index were recorded
in  autumn  by  De  Roman  &  De  Miguel
(2005).  The  fine  roots  dynamics  also
showed  significant  seasonal  differences.
The percentage of vital ECM root tips was
highest  in  spring  and  lowest  in  autumn.
Similarly,  Courty et al. (2008) recorded the
highest number of ECM root tips in spring,
while the lowest value was observed in au-
tumn.  Further, in an autochthonous white
poplar site in a nature reserve (Katanić et
al.  2015b),  a  higher  number  of  vital  ECM
root tips were counted in spring compared

to  autumn,  reflecting  a  potential  general
effect  of  temperate  climate,  where  the
highest rate of root activity and renewal is
in spring. On the other hand, all calculated
indices  except  the  species  richness  were
lowest  in  summer,  which  could  be  ex-
plained by drought conditions. Similarly, De
Roman & De Miguel (2005) noted that the
lowest values of Species richness and Shan-
non diversity index were in summer. How-
ever, in the surface soil layer in a temper-
ate  oak  forest,  Courty  et  al.  (2008) re-
corded the  maximum  Species  richness  of
ECM fungi in September 2004, but in Sep-
tember  of  the  next  year  this  parameter
reached a minimum value. It might be as-
sumed that environmental factors that af-
fect a community of ECM fungi could vary
from year to year depending on the weath-
er condition. In order to get more informa-
tion  about  the  seasonal  dynamics  of  the
ECM  community  in  white  poplar  planta-
tions, further studies should include results
of more subsequent years.

In  the  analysed  plantation,  only  about
one-third  of  all  types  of  ectomycorrhizae
were present throughout the whole year,
while  others  were infrequent  and can be
considered as rare. This finding is in accor-
dance  with  the  results  of  many authors
(Kaldorf  et  al.  2004,  De Roman & De Mi-
guel 2005, Katanić et al. 2015b, Rosinger et
al. 2018), who observed that the ECM com-
munity is typically species-rich, made up of
a small  number of abundant species colo-
nizing most fine roots, and a high number
of rare species. Abundant species of ECM
fungi were present at studied site in all sea-
sons  with  a  different  or  similar  relative
abundance, while some rare species were
specific for a particular season. This finding
is in accordance with  Richard et al.  (2011)
who  found  that  the  differences  between
seasons generally had no significant effect
on  the  ECM  community  structure  but
caused  significant  changes  in  the  abun-

dance of particular families and species. Al-
though  Koide  et  al.  (2007) assumed  that
species of lower frequency could not be re-
liably  grouped according to  the temporal
pattern,  they  considered  temporal  parti-
tioning, a mechanism that promotes stable
species coexistence, such is the case when
species  are  active  at  different  times  of  a
year which could reduce the likelihood of
competitive exclusion.

Among  dominant  and  all-year  present
ECM  fungal  genera,  which  represented
over 3/4 of all vital ECM root tips (Inocybe,
Tuber, Tomentella), the genus  Inocybe was
the most abundant with 7 species of ecto-
mycorrhizal fungi, while genera Tomentella
and  Tuber had 6 and 2 members,  respec-
tively. Most of recorded dominant genera
can be considered as pioneer species (Ishi-
da et al.  2008) and were found in planta-
tion forests (Katanić et al. 2008,  2010,  Ste-
fani et al. 2009,  Karlinski et al. 2013). This
observation also supports the study of  Kr-
pata  et  al.  (2008),  where  the  same  taxa
dominated the ECM community of poplar
at an heavy metal polluted site. In an au-
tochthonous  white  poplar  stand  in  the
vicinity of our research site 20 ECM fungal
taxa were recorded in spring and autumn.
The  ECM  community  was  dominated  in
both seasons by Entoloma sp., Tuber macu-
latum, Cenococcum geophilum, Tuber rufum
and Peziza sp. (Katanić et al. 2015b). In our
study Inocybe  griseovelata,  Inocybe  splen-
dens,  Tuber  rufum,  and  Tomentella  sp.  2
were  present  during  the  whole  year  and
represented  about  50%  of  the  total  ECM
community. Therefore, the observed domi-
nant  and  year-around  recorded/present
taxa  may  be  the  key  for  the  stability  of
ECM community, sustaining the stability of
white poplar stands in a riparian zone, re-
gardless of stand age or time of the year.

Classification of ectomycorrhizae into ex-
ploration types (ETs) connects ECM fungal
biology, ecology, and morphology (Agerer
2001). ETs were proven to have certain site
indication value, particularly related to soil
composition and nutrients availability (Ru-
dawska et al. 2011). In the study of  Jakucs
(2002),  in  two poplars  dominated  forests
grown  on  sandy  soils  and  adapted  to
drought, dominant ECM fungi belonged to
the long-distance ET,  indicating that  both
mycobionts play a similar ecological role in
two plots. In our study, the most abundant
ET on white poplars in the examined poplar
plantation  in  all  analysed  seasons  was
short-distance ET, followed by contact ET.
Similarly,  in  autochthonous  white  poplars
from a nature reserve Katanić et al. (2015b)
recorded  short-distance  ET  as  the  most
abundant,  followed  by  medium-distance
ET.  In  Scots pine,  Rudawska  et  al.  (2011)
noted that the abundance of particular ET
was  related  to  the  soil  chemistry.  They
found  that  the  occurrence  of  contact  ET
was related to the high nutrient content,
while  a  high  proportion  of  medium-dis-
tance ET with fringes was found only at the
site  contaminated  with  heavy  metals.  At
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Fig. 6 - Seasonal dynamics of the percentage of exploration types in the ectomycor-
rhizae associated with white poplar (Populus alba L.).
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unpolluted sites characterized by a higher
level of nitrogen in the soil,  Karlinski et al.
(2013) found that the most abundant rep-
resentatives of the ECM community were
species of the genus Tomentella (belonging
to contact ET), while at a polluted site they
found as the most abundant a medium-dis-
tance  fringe  ET.  Also,  in  association  with
poplars  from pyrite  tailings  contaminated
site,  Katanić et al.  (2014) noted the domi-
nance of types of ectomycorrhizae belong-
ing to a medium-distance ET.

The  observed  dominance  of  ectomycor-
rhizae  belonging  to  short-distance  explo-
ration strategy in the white poplar planta-
tion  over all seasons, as well as in natural
white poplar dominated forests, might in-
dicate similar environmental conditions at
these  sites.  Investigating  patterns  in  the
distribution  of  ETs  on  roots  in  European
beech, pine, and spruce stands across Eu-
rope, Rosinger et al. (2018) found that con-
tact  or  short-distance  ETs  of  ECM  fungi
have broad environmental ranges and the
highest abundance compared to other ETs.
Short-distance ETs costs plant less carbon
and  were  favoured  in  colder  climates
where  soils  were  richer  in  total  nitrogen,
while long-distance ETs dominated commu-
nities were  more common in warmer and
less  fertile  environments  (Defrenne et  al.
2019).  Further,  a  low  proportion  of  me-
dium-distance and long-distance ETs at the
investigated  site  indicate  that  nutrients
and water were present in sufficient quan-
tities in the vicinity of fine roots, therefore
not so many ECM fungi had to explore dis-
tant parts of the soil and spend carbon on
it. A higher abundance of medium-distance
ET observed in spring compared to winter
and  autumn  could  be  explained  by  the
higher number of vital fine roots observed
in  the  spring.  It  seems  that  medium-dis-
tance ET with  emanating hyphae and rhi-
zomorphs  have  a  higher  chance to  make
contact  and  to  colonize  newly  formed
roots  in  spring  compared  to  contact  and
short-distance  ETs  that  are  characterized
by  poorly  developed  extrametrical  myce-
lium  (Agerer  2001).  Thus,  due  to  higher
chances to colonize an increased number
of new fine roots in spring, the abundance
of  ECM  fungi  belonging  to  medium-dis-
tance ET increased as well.

Conclusions
This  work  represents  the  first  relatively

comprehensive  study  of  the  diversity  of
ECM fungi in white poplar plantation dur-
ing  four  consecutive  seasons.  Thirty  ECM
fungal taxa were recorded and identified in
most  cases  by  molecular  methods  only,
due to lack of descriptions of their ectomy-
corrhizas  in  the  literature.  Although  the
number of ECM fungal taxa was highest in
winter  and  the  percentage  of  vital  ECM
root tips was highest in spring, our results
showed that the diversity indices of ecto-
mycorrhizae in  the studied poplar  planta-
tion did not change  across  seasons. How-
ever, the structure of ECM community de-

pended on the season but only in the case
of infrequent ECM fungal taxa, while abun-
dant ECM fungal species were present in all
studied seasons.  Since ECM fungi  belong-
ing to the short-distance exploration strat-
egy were dominant in all  four  seasons,  it
could be concluded that the functional di-
versity  of ECM fungal  community did not
change much with seasons.

Thus, we assume that the hypothesis con-
cerning the diversity  of  ECM fungal  com-
munity  shift  with  the  change  of  seasons
can be rejected, while the effect of seasons
on ECM fungal community composition has
been confirmed only in the case of  infre-
quent species.

Acknowledgements
HK,  SO  and  MM  conceived  the  study.

MM, TG and MB performed research. Data
analysis  was  performed  by  MM  and  BK.
The  manuscript  was  written  by  MM,  BK
and TG and all authors commented and ap-
proved the final version of the manuscript.

The study was co-financed by the Slove-
nian  Research  Agency  through  the  Re-
search  Programme  P4-0107  “Forest  Biol-
ogy, Ecology and Technology”, through the
Scholarship  Ad Futura (OMEGA D.O.O., for
MM)  and  project  no.  451-03-9/2021-14/
200197 financed by the Ministry of Educa-
tion,  Science  and  Technological  Develop-
ment of the Republic of Serbia.

References
Agerer R (1991). Characterisation of ectomycor-

rhiza.  Techniques for the study of mycorrhiza
In:  “Methods  in  Microbiology vol.  23” (Norris
JR, Read DJ,  Varma AK eds).  Academic Press,
London, UK, pp. 25-72.

Agerer R (2001). Exploration types of ectomycor-
rhizae. A proposal to classify ECM mycelial sys-
tems according to their patterns of differentia-
tion and putative ecological importance. Myc-
orrhiza 11 (2): 107-114. - doi: 10.1007/s005720100
108

Agerer R, Danielson RM, Egli S, Ingleby K, Luoma
D,  Treu  R  (2006).  Descriptions  of  ectomycor-
rhizae  -  vol.  10.  Einhorn-Verlag,  Schwäbisch
Gmünd, Germany.

Agerer  R  (2008).  Colour  atlas  of  ectomycor-
rhizae  (13th edn).  Einhorn-Verlag,  Schwäbisch
Gmünd, Germany.

Agerer R, Rambold G (2020). DEEMY - An infor-
mation system for characterization and deter-
mination  of  ectomycorrhizae.  München,  Ger-
many,  web  site.  [online]  URL:  http://www.
deemy.de

Atlas R, Bartha R (1981). Introduction to microbi-
ology.  Addison-Wesley  Publishing  Company,
Reading, UK, pp. 242-244.

Bartlett MS (1936). The square root transforma-
tion  in  analysis  of  variance.  Supplement  to
Journal of the Royal Statistical Society 3: 68-78.
- doi: 10.2307/2983678

Buée  M,  Vairelles  D,  Garbaye  J  (2005).  Year-
round  monitoring  of  diversity  and  potential
metabolic activity of the ectomycorrhizal com-
munity in a beech (Fagus sylvatica) forest sub-
jected to two thinning regimes. Mycorrhiza 15:
235-245. - doi: 10.1007/s00572-004-0313-6

Chao A, Chiu CH (2016). Species richness: estima-
tion and comparison. Wiley StatsRef: Statistics
Reference  Online,  pp.  1-26.  -  doi:  10.1002/978
1118445112

Courty PE, Frank A, Pierrat JC, Garbaye J (2008).
Temporal changes in the ectomycorrhizal com-
munity in two soil horizons of a temperate oak
forest.  Applied  and  Environmental  Microbiol-
ogy 74: 5792-5801. - doi: 10.1128/AEM.01592-08

Cripps CL (2001). Mycorrhizae of aspen forests:
ecology and potential application. In: Proceed-
ings  of  the  Symposium  “Sustaining  Aspen  in
Western  Landscapes”.  Grand  Junction  (CO,
USA), 13-15 June 2000, pp. 285-298.

Cripps CL (2003). Native mycorrhizal fungi with
aspen on smelter-impacted sites in the North-
ern Rocky Mountains: occurrence and potential
use in reclamation. In: Proceedings of the Na-
tional Meeting of the American Society of Min-
ing and Reclamation and the 9th Billings Land
Reclamation Symposium. Billings (MT, USA) 3-6
June 2003. ASMR, Lexington, KY, USA, pp. 193-
208.  [online]  URL:  http://www.researchgate.
net/publication/254715844

Danielsen  L,  Thürmer  A,  Meinicke  P,  Buée  M,
Morin E, Martin F,  Pilate G, Daniel  R,  Polle A,
Reich  M (2002).  Fungal  soil  communities  in  a
young transgenic poplar plantation form a rich
reservoir for fungal root communities. Ecology
and Evolution 2 (8): 1935-48. - doi:  10.1002/ece
3.305

De Roman M,  De  Miguel  AM (2005).  Post-fire,
seasonal and annual dynamics of the ectomyc-
orrhizal  community in a  Quercus ilex L.  forest
over a 3-year period. Mycorrhiza 15: 471-482. -
doi: 10.1007/s00572-005-0353-6

Defrenne  CE,  Philpott  TJ,  Guichon SHA,  Roach
WJ, Pickles BJ, Simard SW (2019). Shifts in ecto-
mycorrhizal  fungal  communities  and  explora-
tion types relate to the environment and fine-
root traits across interior Douglas-fir forests of
Western Canada. Frontiers in Plant Science 10:
643. - doi: 10.3389/fpls.2019.00643

Gardes M, Bruns TD (1993). ITS primers with en-
hanced  specificity  for  basidiomycetes-applica-
tion  to  the  identification  of  mycorrhizae  and
rusts. Molecular Ecology 2: 113-118. - doi: 10.1111/
j.1365-294X.1993.tb00005.x

Hrynkiewicz  K,  SzymaA,  Piernik  A,  Thiem  D
(2015).  Ectomycorrhizal  community  structure
of Salix and Betula spp. at a saline site in Central
Poland in relation to the seasons and soil  pa-
rameters. Water, Air and Soil Pollution: 226 (4):
99. - doi: 10.1007/s11270-015-2308-7

Ishida T, Nara K, Kazuhide T, Tanaka M, Kinoshita
A, Hogetsu T (2008). Germination and infectiv-
ity of ectomycorrhizal fungal spores in relation
to their ecological traits during primary succes-
sion. New Phytology 180: 491-500. - doi: 10.1111/
j.1469-8137.2008.02572.x

Jakucs  E  (2002).  Ectomycorrhizae  of  Populus
alba L.  in  south Hungary.  Phyton 42:  199-210.
[online] URL:  http://www.zobodat.at/pdf/PHY_
42_2_0199-0210.pdf

Kaldorf  M,  Renker  C,  Fladung  M,  Buscot  F
(2004).  Characterization  and  spatial  distribu-
tion  of  ectomycorrhizas  colonizing  aspen
clones released in an experimental field. Mycor-
rhiza 14: 295-306. - doi:  10.1007/s00572-003-026
6-1

Karlinski L, Rudawska M, Kieliszewska-Rokicka B,

iForest 14: 540-547 546

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1007/s005720100108
https://doi.org/10.1007/s005720100108
https://doi.org/10.1007/s00572-003-0266-1
https://doi.org/10.1007/s00572-003-0266-1
https://doi.org/10.1007/s00572-003-0266-1
http://www.zobodat.at/pdf/PHY_42_2_0199-0210.pdf
http://www.zobodat.at/pdf/PHY_42_2_0199-0210.pdf
https://doi.org/10.1111/j.1469-8137.2008.02572.x
https://doi.org/10.1111/j.1469-8137.2008.02572.x
https://doi.org/10.1007/s11270-015-2308-7
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.3389/fpls.2019.00643
https://doi.org/10.1007/s00572-005-0353-6
https://doi.org/10.1002/ece3.305
https://doi.org/10.1002/ece3.305
http://www.researchgate.net/publication/254715844
http://www.researchgate.net/publication/254715844
https://doi.org/10.1128/AEM.01592-08
https://doi.org/10.1002/9781118445112
https://doi.org/10.1002/9781118445112
https://doi.org/10.1007/s00572-004-0313-6
https://doi.org/10.2307/2983678
http://www.deemy.de/
http://www.deemy.de/


Milović M et al. - iForest 14: 540-547

Leski T (2010). Relationship between genotype
and  soil  environment  during  colonization  of
poplar  roots  by  mycorrhizal  and  endophytic
fungi. Mycorrhiza 20: 315-324. - doi: 10.1007/s00
572-009-0284-8

Karlinski L, Rudawska M, Leski T (2013). The in-
fluence of host genotype and soil conditions on
ectomycorrhizal  community  of  poplar  clones.
European Journal of Soil Biology 58: 51-58. - doi:
10.1016/j.ejsobi.2013.05.007

Katanić M, Grebenc T, Hrenko M, Stupar B, Galić
Z, Orlović S, Kraigher H (2008). First identifica-
tion of types of ectomycorrhiza in white poplar
(Populus alba L.) stand in vicinity of Novi Sad.
Topola/Poplar  181/182:  49-59.  [online]  URL:
http://scindeks.ceon.rs/article.aspx?artid=0563-
90340882049K&lang=en

Katanić M, Orlović S, Grebenc T, Stupar B, Galić
Z, Kovačević B, Kraigher H (2010). Identification
of  ectomycorrhizal  types  in  a  white  poplar
(Populus alba L.) plantation near Novi Sad. Les
62  (5):  155-159.  [online]  URL:  http://www.cab
direct.org/cabdirect/abstract/20103196543

Katanić M (2013). Diversity of mycorrhizal fungi
of poplars (Populus spp), PhD thesis, University
of Novi Sad, Novi Sad, Serbia, pp. 194. [in Ser-
bian with English summary]

Katanić M, Kovačević B, Glowska N, Paoletti  E,
Vasić  S,  Matavulj  M,  Kraigher  H  (2013).  Colo-
nization of poplar roots with ectomycorrhizal,
arbuscular  mycorrhizal  and  dark septated en-
dophytic fungi. Topola/Poplar 191/192: 17-29. [in
Serbian  with  English  summary]  [online]  URL:
http://scindeks.ceon.rs/article.aspx?artid=0563-
90341392017K&lang=en

Katanić M, Paoletti E, Orlovi S, Grebenc T, Krai-
gher H (2014). Mycorrhizal status of an ozone
sensitive poplar clone treated with the antiozo-
nant ethylenediurea. European Journal of For-
est Research 133 (4): 735-743. - doi:  10.1007/s10
342-013-0751-9

Katanić M, Grebenc T, Orlović S, Matavuly M, Ko-
vačević B, Bajc M, Kraigher H (2015a). Ectomyc-
orrhizal fungal community associated with au-
tochthonous white poplar from Serbia. iForest -
Biogeosciences and Forestry 9: 330-336. - doi:
10.3832/ifor1370-008

Katanić M, Orlović S, Grebenc T, Kovačević B, Ke-
bert M, Matavulj M, Kraigher H (2015b). Mycor-
rhizal fungal community of poplars growing on
pyrite tailings contaminated site near the river
Timok. South-east European Forestry 6: 53-63. -
doi: 10.15177/seefor.14-18

Koide RT, Shumway DL, Xu B, Sharda JN (2007).
On temporal partitioning of a community of ec-
tomycorrhizal  fungi.  New Phytology 174:  420-
429. - doi: 10.1111/j.1469-8137.2007.02000.x

Kraigher  H  (1996).  Tipi  mikorize:  taksonomija,
pomen, aplikacija [Types of ectomycorrhizae -
their taxonomy, role, and application]. Zbornik

Gozdarstva  in  Lesarstva  49:  33-66.  [In  Slove-
nian]

Kraigher H (1999). Diversity of types of ectomyc-
orrhizae on Norway spruce in Slovenia. Phyton
39 (3): 199-202. [online] URL: http://www.zobo
dat.at/pdf/PHY_39_3_0199-0202.pdf

Krpata  D,  Peintner  U,  Langer  I,  Walter  JF,
Schweiger P (2008). Ectomycorrhizal communi-
ties  associated with  Populus  tremula growing
on a heavy metal contaminated site. Mycology
Research 112: 1069-1079. - doi:  10.1016/j.mycres.
2008.02.004

Long  D,  Liu  J,  Han  Q,  Xiaobing  W,  Huang  J
(2016). Ectomycorrhizal fungal communities as-
sociated with  Populus simonii and  Pinus tabuli-
formis in  the  hilly-gully  region  of  the  Loess
Plateau,  China.  Scientific Reports  6 (1):  589.  -
doi: 10.1038/srep24336

Milović M, Kebert M, Orlović S (2021). How myc-
orrhizas can help forests to cope with ongoing
climate change? Šumarski List 5 (6): 279-286. -
doi: 10.31298/sl.145.5-6.7

NCBI (2020). GenBank. National Center for Bio-
technology Information, US National Library of
Medicine,  Bethesda,  MD,  USA,  Web site.  [on-
line]  URL:  http://www.ncbi.nlm.nih.gov/gen
bank/index.html

Nilsson RH, Larsson K-H, Taylor AFS, Bengtsson-
Palme J, Jeppesen TS, Schigel D, Kennedy P, Pi-
card K, Glöckner FO, Tedersoo L, Saar I, Kõljalg
U, Abarenkov K (2018). The UNITE database for
molecular identification of fungi: handling dark
taxa and parallel taxonomic classifications. Nu-
cleic Acids Research 47: 259-26. - doi:  10.1093/
nar/gky1022

Palancean  I,  Alba  N,  Sabatti  M,  De  Vries  SMG
(2018). Technical guidelines for genetic conser-
vation and use for white poplar (Populus alba).
European Forest  Genetic  Resources  Program-
me  -  EUFORGEN,  European  Forest  Institute,
Bonn,  Germany,  pp.  6.  [online]  URL:  http://
library.wur.nl/WebQuery/wurpubs/fulltext/468
243

Richard F, Roy M, Shahin O, Sthultz C, Duchemin
M,  Joffre  R,  Selosse  M-A  (2011).  Ectomycor-
rhizal  communities  in  a  Mediterranean forest
ecosystem dominated by Quercus ilex: seasonal
dynamics and response to drought in the sur-
face organic horizon. Annals of Forest Science
68: 57-68. - doi: 10.1007/s13595-010-0007-5

Rosinger  C,  Sandén H,  Matthews B,  Mayer  M,
Godbold DL (2018). Patterns in ectomycorrhizal
diversity,  community  composition,  and  explo-
ration  types  in  European  beech,  pine,  and
spruce forests. Forests 9 (8): 445. - doi: 10.3390
/f9080445

RSHS (2020). Home page. Hydrometeorological
Service  -  RSHS,  Beograd,  Republic  of  Serbia,
web  site.  [online]  URL:  http://www.hidmet.
gov.rs/eng/meteorologija/stanica_sr.php?moss

_id=13168
Rudawska M, Leski T, Stasinska M (2011). Species

and functional diversity of ectomycorrhizal fun-
gal communities on Scots pine (Pinus sylvestris
L.) trees on three different sites. Annals of For-
est Science 68: 5-15. - doi: 10.1007/s13595-010-00
02-x

Selosse M-A, Richard F, He X, Simard SW (2006).
Mycorrhizal  networks:  les  liaisons  danger-
euses? Trends in Ecology and Evolution 21: 621-
628. - doi: 10.1016/j.tree.2006.07.003

Smith SE, Read DJ (2008).  Mycorrhizal  symbio-
sis. Academic Press, Cambridge, MA, USA, pp.
800.

Snedecor  W,  Cochran  WG  (1976).  Statistical
methods, Iowa State University Press, IA, USA,
pp. 524.

Stefani FOP, Moncalvo J-M, Séguin A, Bérubé JA,
Hamelin  RC  (2009).  Impact  of  an  8-year-old
transgenic poplar plantation on the ectomycor-
rhizal fungal community. Applied and Environ-
mental  Microbiology 75 (23):  7527-7536.  -  doi:
10.1128/AEM.01120-09

Stuart  EK,  Plett  KL  (2020).  Digging  deeper:  in
search of the mechanisms of carbon and nitro-
gen  exchange  in  ectomycorrhizal  symbioses.
Frontiers in Plant Science 10: 2. -  doi:  10.3389/
fpls.2019.01658

Szuba A (2015). Ectomycorrhiza of  Populus. For-
est  Ecology  and  Management  347:  156-169.  -
doi: 10.1016/j.foreco.2015.03.012

Taylor AFS, Martin F, Read DJ (2000). Fungal di-
versity in ectomyccorhizal communities of Nor-
way spruce (Picea abies (L.) Karst.) and beech
(Fagus sylvatica L.) along north-south transects
in Europe. In: “Carbon and Nitrogen Cycling in
European Forest Ecosystems” (Schulze E-D ed).
Ecological  Studies  142,  Springer-Verlag,  Berlin,
Heidelberg, Germany, pp. 343-365.

White TJ, Bruns T, Lee S, Taylor J (1990). Amplifi-
cation and direct sequencing of fungal riboso-
mal RNA genes for phylogenetics. In: “PCR Pro-
tocols. A Guide to Methods and Applications”
(Innis  MA,  Gelfand  DH,  Sninsky  JJ,  White  TJ
eds). Academic Press, San Diego, CA, USA, pp.
315-322. - doi: 10.1016/B978-0-12-372180-8.50042-
1

Supplementary Material

Tab.  S1 -  Ectomycorrhizal  fungal  taxa  re-
corded in a white poplar plantation identi-
fied  on  the  basis  of  morpho-anatomical
characteristics and molecular methods and
their absolute / relative (%) abundance per
season.

Link: Milovic_3827@suppl001.pdf

547 iForest 14: 540-547

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/j.foreco.2015.03.012
https://doi.org/10.3389/fpls.2019.01658
https://doi.org/10.3389/fpls.2019.01658
https://doi.org/10.1128/AEM.01120-09
https://doi.org/10.1016/j.tree.2006.07.003
https://doi.org/10.1007/s13595-010-0002-x
https://doi.org/10.1007/s13595-010-0002-x
http://www.hidmet.gov.rs/eng/meteorologija/stanica_sr.php?moss_id=13168
http://www.hidmet.gov.rs/eng/meteorologija/stanica_sr.php?moss_id=13168
http://www.hidmet.gov.rs/eng/meteorologija/stanica_sr.php?moss_id=13168
https://doi.org/10.3390/f9080445
https://doi.org/10.3390/f9080445
https://doi.org/10.1007/s13595-010-0007-5
http://library.wur.nl/WebQuery/wurpubs/fulltext/468243
http://library.wur.nl/WebQuery/wurpubs/fulltext/468243
http://library.wur.nl/WebQuery/wurpubs/fulltext/468243
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1093/nar/gky1022
http://www.ncbi.nlm.nih.gov/genbank/index.html
http://www.ncbi.nlm.nih.gov/genbank/index.html
https://doi.org/10.31298/sl.145.5-6.7
https://doi.org/10.1038/srep24336
https://doi.org/10.1016/j.mycres.2008.02.004
https://doi.org/10.1016/j.mycres.2008.02.004
http://www.zobodat.at/pdf/PHY_39_3_0199-0202.pdf
http://www.zobodat.at/pdf/PHY_39_3_0199-0202.pdf
https://doi.org/10.1111/j.1469-8137.2007.02000.x
https://doi.org/10.15177/seefor.14-18
https://doi.org/10.3832/ifor1370-008
https://doi.org/10.1007/s10342-013-0751-9
https://doi.org/10.1007/s10342-013-0751-9
http://scindeks.ceon.rs/article.aspx?artid=0563-90341392017K&lang=en
http://scindeks.ceon.rs/article.aspx?artid=0563-90341392017K&lang=en
http://www.cabdirect.org/cabdirect/abstract/20103196543
http://www.cabdirect.org/cabdirect/abstract/20103196543
http://scindeks.ceon.rs/article.aspx?artid=0563-90340882049K&lang=en
http://scindeks.ceon.rs/article.aspx?artid=0563-90340882049K&lang=en
https://doi.org/10.1016/j.ejsobi.2013.05.007
https://doi.org/10.1007/s00572-009-0284-8
https://doi.org/10.1007/s00572-009-0284-8
http://iforest.sisef.org/pdf/Milovic_3827@suppl001.pdf

	Ectomycorrhizal fungal community in mature white poplar plantation
	Introduction
	Materials and methods
	Sampling site and procedures
	Identification of ectomycorrhizae
	Data analysis

	Results
	Fine root parameters and ectomycorrhizal diversity indices
	Ectomycorrhizal fungal community structure
	Seasonal variation
	Seasonal dynamics of the exploration types

	Discussion
	Conclusions
	Acknowledgements
	References
	Supplementary Material


