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Abstract

The evaluation of fungal root endophytes of two multizonal mountain plant species
(Soldanella carpatica and Homogyne alpine) in relation to altitude was conducted.
The comparison of root colonization by coarse arbuscular mycorrhizal fungi (AMF)
and the fine AMF endophyte (Glomus tenue), as well as the presence of dark septate
endophytes (DSE) were assessed along altitudinal gradients (1000-2050 m a.s.l.) on
calcareous and non-calcareous substrata in the Tatra Mts. (Western Carpathians).
Additionally, AMF species composition in the rhizosphere of the investigated plants
was determined. Coarse AMF dominated over the fine endophyte in roots of S.
carpatica and H. alpina. In the case of S. carpatica, there was a tendency for coarse
AMF colonization decline with increasing altitude, while the reverse trend was
observed for the fine endophyte. In contrast, the altitudinal patterns of the two types
were opposite in H. alpina. Fifteen AMF species associated with the rhizosphere of S.
carpatica were identified at the sites located in the Western Tatra Mountains,
whereas spores of only four species were isolated from the rhizosphere of H. alpina in
the High Tatra Mountains. None of the identified AMF species was observed to
occur both in the High and Western Tatra Mts. DSE accompanied AMF in the roots
of S. carpatica and H. alpina at each site; however, the root colonization by this
group of fungi was low. The DSE colonization did not have a consistent relationship
with altitude in both plant species. The results suggest that at the investigated
altitudes factors such as the type of substrata, host plants, and local plant species
composition may play a more important role in determining root colonization as well
as the establishment of a local AMF community than the climatic changes with
increasing elevation above sea level.

Introduction have explored the arbuscular mycorrhiza development of a number
) ) ) of rare, endemic, and threatened species from this mountain range
In high mountain environments, vascular plants have devel- (Zubek et al., 2005, 2008). However, root endophyte (including

oped numerous adaptations imposed by stress factors of the harsh
conditions resulting from the increase in altitude (e.g. short growing
season, low temperatures, and shallow soils). These adaptations are
manifested in various growth forms, life strategies, and physiological

AMF) colonization of the plant species occurring in the Tatras in
relation to elevation has not been studied. Moreover, reports in the
literature concerning the occurrence of arbuscular mycorrhiza in
relation to elevation are inconsistent (Haselwandter and Read, 1980;

processes (Mirek, 1996; Korner, 1999). Adaptive strategies can also Read and Haselwandter, 1981; Ruotsalainen et al., 2004). Hence,
involve symbiotic association with mycorrhizal fungi, as several surveys of root endophyte colonization in a broad range of

types of mycorrhizas occur in mountain plant communities, e.g.

mountain plant species are important for understanding the

ectomycorrhiza, ericoid, orchid, and arbuscular mycorrhizas (Ha- mycorrhizal colonization patterns along altitudinal gradients.

selwandter and Read, 1980; Read and Haselwandter, 1981; Korner,

The aim of the present study was to evaluate fungal root

1999). Among them only arbuscular mycorrhiza (AM) has been endophytes of two multizonal plant species (Soldanella carpatica and

found even in the highest habitats (Haselwandter and Read, 1980;

Read and Haselwandter, 1981).

Homogyne alpina) growing in the Tatra Mts. along altitudinal
gradients. The first species was investigated on calcareous and the

The Tatra Mts. are located in the Western Carpathians and second on non-calcareous substrata. Three types of root endophytes

constitute the highest massif within the whole Carpathian Range.

were included in the study: (1) coarse AMF; (2) the fine AMF

This massif shows all features characteristic of an alpine system with endophyte Glomus tenue, which was found to dominate in some

well developed altitudinal belts up to the alpine and subnival zones.

alpine habitats (Haselwandter and Read, 1980); and (3) dark septate

It also represents the center of alpine plant biodiversity in this part of endophytes (DSE), considered to be frequent root colonizers of
Europe (Mirek, 1996; Pigkos-Mirkowa et al., 1996). The occurrence plants in alpine and arctic ecosystems (Jumpponen, 2001). The AMF

of mycorrhizal fungi and other endophytes within roots of Tatra species composition in the rhizosphere of the investigated plants at
Mits. plants was investigated in the 1950s by a group of Polish different sites along altitudinal gradients was also determined. This
mycologists (Nespiak, 1953; Dominik and Nespiak, 1954; Dominik research may contribute towards understanding the role of fungal

et al., 1954a, 1954b; Dominik and Pachlewski, 1956). Recently, we root endophytes in the functioning of mountain plant species.
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Materials and Methods
SITE DESCRIPTION AND FIELD SAMPLING

Two plant species were selected for this study, based on their
wide altitudinal distribution: Soldanella carpatica Vierh. (Primu-
laceae) and Homogyne alpina (L.) Cass. (Asteraceae). Moreover, in
our previous research these species were found to be colonized by
both AMF and DSE (Zubek et al., 2005, 2008).

For each species, the material was collected from three
selected locations in the Polish Tatra Mts. along an altitudinal
gradient ranging from montane to alpine. Numbers and location
of the sampling sites were as follows: Soldanella carpatica in the
Western Tatra Mts. (calcareous substrata): [-—Nosal Mt., 1000 m
a.s.l. (49°16'47"N, 19°58'59"E), II—Piec rock in Czerwone
Wierchy massif, 1510 m a.s.l. (49°14'49"N, 19°53’11"E), III—Kozi
Grzbiet ridge, 2050 m a.s.l. (49°13'59"N, 19°54'40"E); Homogyne
alpina in the High Tatra Mts. (non-calcareous substrata): IV—
Nizna Polana glade below Wotoszyn Mt., 1040 m a.s.l.
(49°14'51"N, 20°05'44"E), V—Szeroki Piarg above Morskie Oko
lake, 1550 m a.s.l. (49°11'28"N, 20°04'22"E), VI-—Marusarzowa
Turnia Mt., 2050 m a.s.l. (49°11'41"N, 20°05'05"E).

The plants were collected during the period of early seed
formation in September 2004 (S. carpatica) and September 2005
(H. alpina). At every sampling site, 10 replicate samples containing
1-3 individuals growing together were collected from the area (5 X
5 m) which had similar vegetation. Root systems with soil were
excavated intact and transported in plastic bags to the laboratory.

Phytocoenotic status of the investigated species at each site
was characterized by recording associated plant taxa using the
Braun-Blanquet method (Braun-Blanquet, 1964) (Table 1). Plant
species names were given after Mirek et al. (2002).

Chemical analyses of soil from the sampling sites were also
conducted (Table 2). Rhizosphere soils excavated with the roots of
each plant species at each site were mixed and analyzed as bulk
samples. The total phosphorus content was determined in
ammonium lactate extraction according to the Egner-Rim
method, total nitrogen by the Kjeldahl method, and total carbon
by the Tiurin method (Litynski et al., 1968; Kowalkowski et al.,
1973). Cation exchanges capacity (CEC) was calculated as the sum
of different cations measured with a flame photometer and
spectrophotometer in ammonium acetate (Litynski et al., 1968;
Kowalkowski et al., 1973).

ASSESSMENT OF FUNGAL ROOT COLONIZATION

Roots were prepared according to Phillips and Hayman
(1970) with modifications. After washing in running tap water,
roots were cleared in 10% KOH for 24 h and subsequently rinsed
in water. The material was acidified in 5% lactic acid in water for
24 h, then stained with 0.01% aniline blue in 80% lactic acid for
24 h, and finally stored in 80% lactic acid. Both clearing and
staining were carried out at room temperature.

Arbuscular mycorrhizal and DSE colonization was assessed
using a Nikon Eclipse 800 light microscope with Nomarski
interference contrast optics. Fine endophyte [usually considered
Glomus tenue (Greenall) I.R. Hall; Thippayarugs et al., 1999; Dodd
et al.,, 2000] AM-type colonization was counted separately from
coarse AM-type colonization. The fine endophyte was identified on
the basis of the following characteristics: mycelium ca. 1 um
diameter, deep blue stained hyphae, small vesicles or swellings of a
diameter varying from 3 to 9 um and fan-shaped branches.
Mycorrhizal development was assessed according to the Trouvelot
et al. method (1986). The following parameters were evaluated:

mycorrhizal frequency (F), relative mycorrhizal root length (M),
and relative arbuscular richness (A). An estimate of mycorrhizal
frequency (F%) is given as the ratio between root fragments
colonized by AMF mycelium and the total number of root
fragments analyzed. The relative mycorrhizal root length (M%) is
an estimate of the amount of root cortex that became mycorrhizal
relative to the whole root system. Arbuscule abundance (A%) is an
estimate of arbuscule richness in the whole root system. In the case
of DSE colonization, the frequency of DSE mycelium (hyphae and
sclerotia) occurrence in roots (Fpsg%) was estimated similarly as it
was calculated for the presence of AMF. The obtained data were
analyzed with the Kruskal-Wallis test (p < 0.05) using STATIS-
TICA ver. 7.1 (Statsoft).

ISOLATION AND IDENTIFICATION OF AMF SPORES

Soil samples were collected in the six studied locations in the
Tatra Mts., from which the plant material was obtained. Spores of
AMF were isolated by centrifuging the soil in 50% sucrose
solution and filtering (mesh size 50 um) (Brundrett et al., 1996).
Morphological properties of spores and their subcellular struc-
tures were determined in material mounted on a slide in a drop of
polyvinyl alcohol/lactic acid/glycerol (PVLG) and in a mixture of
PVLG/Melzer’s reagent (4:1, v/v) (Omar et al., 1979). Slides with
isolated spores were deposited in the slide collection of the
Department of Plant Protection, West Pomeranian University of
Technology, Szczecin. Fungal species nomenclature followed
Walker and Trappe (1993).

Results
ARBUSCULAR MYCORRHIZA

Arbuscular mycorrhizas with arbuscules, which are the
structural and functional criterion of the symbiosis, were observed
in roots of Soldanella carpatica and Homogyne alpina examined at
each sampling site. In roots of both plant species, coarse AMF
(mycelium diameter above 2 pm) were more abundant than the fine
endophyte along altitudinal gradients (Table 3). The fine endophyte
accompanied coarse AMF and was rarely observed to form
arbuscules. S. carpatica showed Paris-type colonization while the
mycorrhiza of H. alpina was of the Arum-type morphology.

In the case of S. carpatica, there was a tendency of coarse AMF
colonization to decline with increasing altitude; however, statisti-
cally significant differences were detected only in relative arbuscular
richness (A) between the highest site (I1I) and the other two sites (I,
II). In the case of the fine endophyte, an opposite trend was observed
and significant differences were found between all parameters
characterizing mycorrhizal colonization of roots, but only for the
highest site (I1I) compared to the lowest (I) site (Table 3).

In contrast, in the root systems of H. alpina, the opposite
patterns were observed. The coarse AM shift and fine endophyte
decline in mycorrhizal colonization were found with increasing
altitude. Nevertheless, statistically significant differences were
observed between the highest (VI) and the lowest (IV) site in the
case of relative mycorrhizal root length (M) and relative
arbuscular abundance (A) for coarse AMF, and mycorrhizal
frequency (F) for fine endophyte (Table 3).

AMF SPECIES DIVERSITY

In total, spores of 19 AMF species were extracted from the
rhizosphere soil samples collected in the Tatra Mts. (Tables 4 and
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TABLE 1

Plant species composition on sites of Soldanella carpatica along an altitudinal gradient in the Western Tatra Mts. (calcareous substrata; I =

1000 m a.s.l., Il = 1510 m a.s.l., III = 2050 m a.s.l.) and Homogyne alpina in the High Tatra Mts. (non-calcareous substrata; IV = 1040 m

a.s.l., V=1550 m a.s.l,, VI = 2050 m a.s.l.); abundance of plant species according to Braun-Blanquet method: species absent (—), few with
small cover (+), 1 = numerous but <5% cover, 2 = 5-25% cover, 3 = 25-50%, 4 = 50-75%, 5 = 75-100%.

Western Tatra Mts. High Tatra Mts.

Plant species 1 11 111 v A\ VI

Aconitum firmum Rchb. - —
Androsace obtusifolia All. - -
Anemone narcissifolia L. - -

+ 4+ -
|
|
|

Asplenium viride Huds. - + — — _ _
Anthoxanthum alpinum A. Love & D. Love - — 1 - - 1
Athyrium distentifolium Tausch ex Opiz - - — - 2 _
Athyrium filix-femina (L.) Roth — — — + _ _
Bartsia alpina L. - — 1 - — _
Botrychium lunaria (L.) Sw. - + — - — _
Calamagrostis arundinacea (L.) Roth 2 - — - — 1
Calamagrostis villosa (Chaix) J. F. Gmel. — - - _ 5 _
Campanula alpina Jacq. - — — — _ +
Campanula polymorpha Witasek - 2 — — — _
Cardaminopsis halleri (L.) Hayek - - + - — _
Carex capillaris L. - 1 — — — _
Carex firma Host 2 2 1

Carex parviflora Host - — 1 — — _
Carex sempervirens Vill. 1 +

Carlina acaulis L. 2 — — _ _ _
Clematis alpina (L.) Mill. +

Cicerbita alpina (L.) Wallr. - - — + — +
Cystopteris fragilis (L.) Bernh. — — — — + _
Deschampsia caespitosa (L.) P. Beauv. — - —

o+
|
|

Doronicum austriacum Jacq. - - -

|
+
|

Dryopteris expansa (C. Presl) Fraser-Jenk. & Jermy - — —

Erigeron uniflorus L. - - 1
Euphrasia salisburgensis Hoppe 2 - - - — _
Festuca picta Kit. — — — — 1 2
Festuca versicolor Tausch - 1 — — — _
Galeobdolon luteum Huds. — — — + _ _
Galium anisophyllon Vill. - + — — _ _
Gentiana asclepiadea L. — — - 2 + _
Gentiana punctata L. - - - - 1 2
Gentianella lutescens (Velen.) Holub subsp. lutescens 1 - - - - -
Geum montanum L. - - 2 — + 1
Gymnadenia conopsea (L.) R. Br. + — — — — —
Gymnocarpium dryopteris (L.) Newman — - — 1 _ _
Gymmnocarpium robertianum (Hoff.) Newman — — — 1 — _
Hieracium alpinum L. s.1. — - — — — 2
Hieracium villosum Jacq. - 2 - - — _
Homogyne alpina (L.) Cass. 1 - 2 4 3

Huperzia selago (L.) Bernh. ex Schrank & Mart. — — — — + _
Hutchinsia alpina (L.) R. Br. - - + - — _
Hypericum maculatum Crantz — — - 1 _ _
Juncus trifidus L. - — — — + _
Juniperus communis L. subsp. alpina (Sm.) Celak. + — — — — _
Leontodon hispidus L. 1 — — — _ _
Leucanthemum waldsteinii (Sch. Bip.) Pouzar — - - + _ _
Luzula alpino-pilosa (Chaix) Breistr. — — - - + —
Luzula luzuloides (Lam.) Dandy & Wilmott - - - +
Luzula sylvatica (Huds.) Gaudin — — - + — —
Maianthemum bifolium (L.) F. W. Schmidt
Mercurialis perennis L.

Minaurtia verna (L.) Hiern - 1 — — — _
Mutellina purpurea (Poir.) Thell. — - 2 — 2 3
Myosotis sylvatica Ehrh. ex Hoffm. - - —
Oxalis acetosella L. - — —
Parnassia palustris L. - 1 - - — _
Pedicularis verticillata L. — 1 +
Phleum commutatum Gaudin — — 1 — — _
Phyteuma orbiculare L. + 2 +
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TABLE 1

Continued.

Plant species

Western Tatra Mts. High Tatra Mts.
1 11 11t v v VI

Phyteuma spicatum L.

Pimpinella major (L.) Huds.

Poa alpina L.

Polygala amara L. subsp. brachyptera (Chodat) Hayek
Polygonum bistorta L.

Polygonum viviparum L.
Potentilla aurea L.

Potentilla crantzii (Crantz) Beck ex Fritsch
Potentilla erecta (L.) Raeusch.
Prenanthes purpurea L.

Primula elatior (L.) Hill
Ranunculus alpestris L.
Ranunculus repens L.

Rhinanthus minor L.

Rhodiola rosea L.

Rubus idaeus L.

Rumex alpestris Jacq.

Salix reticulata L.

Salix silesiaca Willd.

Saxifraga aizoides L.

Saxifraga moschata Wulfen
Saxifraga wahlenbergii Ball
Scabiosa lucida Vill.

Sedum fabaria W. D. J. Koch
Silene acaulis (L.) Jacq.
Soldanella carpatica Vierh.
Solidago alpestris Waldst. & Kit.
Sorbus aria (L.) Crantz

Thymus alpestris Tausch ex A. Kern.
Thymus pulcherrimus Schur
Tofieldia calyculata (L.) Wahlenb.
Trifolium badium Schreb.
Trifolium pratense L.

Urtica dioica L.

Veronica aphylla L.

Veronica fruticans Jacq.
Vaccinium gaultherioides Bigelow
Vaccinium myrtillus L.

Veratrum lobelianum Bernh.

— — — + — —

1o
+ o+
+
[
I
I

+
I
I
+
P
SR

5). In the case of S. carpatica sites (calcareous substrata), 15
species were identified. Spores of Acaulospora paulinae, Glomus
claroideum and Glomus constrictum were isolated from each site
along the gradient (Table 4). In the case of H. alpina sites (non-
calcareous substrata), four species were isolated from the plant
rhizosphere. All of them represented the genus Acaulospora.
Among them, only Acaulospora cavernata occurred at all altitudes
(Table 5). Interestingly, none of the identified AMF species were
detected both in the Western and High Tatra Mts. (calcareous and
non-calcareous sites, respectively).

DARK SEPTATE ENDOPHYTES

Dark septate endophytes (DSE) accompanied AMF in the
roots of S. carpatica and H. alpina at each site, but root
colonization by this group of fungi was low. Single, regularly
septated DSE hyphae with rarely observed sclerotia were detected
in the outer cortex. The mycelium stained with aniline blue or
remained brownish (unstained). DSE root colonization did not
have a consistent relationship with altitude in the case of both
plant species (Table 3).

Discussion

The positive effects of arbuscular mycorrhizal fungi on their
hosts, e.g. improved acquisition of water and soil nutrients,
increased pathogen resistance, better growth and reproduction,
have been well documented (Smith and Read, 1997). The benefits
plants derive from the symbiosis might be especially important for
high mountain species growing in harsh environments. However,
in ecosystems such as alpine and arctic habitats, it may be too
costly for a plant to maintain a fungal partner under stressful
conditions (Ruotsalainen et al., 2004). It has been proposed that
the advantage of the mycorrhizal symbiosis for the host plant
decreases with increased elevation above sea level. Hence, it could
be beneficial for plants to maintain different fungal colonization
levels at different altitudes (Ruotsalainen et al., 2004). Neverthe-
less, different patterns have been observed in mycorrhizal
colonization in relation to altitude. The coarse AMF declined
with increasing elevation (Haselwandter and Read, 1980; Read
and Haselwandter, 1981), but also the lack of a consistent
relationship with altitude was observed (Vére et al., 1997;
Ruotsalainen et al., 2004). The fine endophyte was found to be
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TABLE 2

The chemical properties of soil from the sites along altitudinal gradients in the Tatra Mts.; W.T. = Western Tatra Mts. (calcareous substrata),
H.T. = High Tatra Mts. (non-calcareous substrata).

Contents total in mg

100 g~ ! of dry soil Exchangeable cations in mg 100 g~ ' of dry soil

Organic
Site pH (H,0) N (%) C (%) matter (%) C/IN P,05 CaO K Na Mg Ca

Soldanella carpatica

W.T. I--1000 m 7.24 0.82 13.29 2291 12.90 5.00 665.00 8.00 5.50 23.25 475.00
W.T. II—1510 m 7.38 0.27 3.43 5.92 16.30 0.20 252.00 4.25 1.87 8.25 180.00
W.T. 1112050 m 7.40 0.32 4.47 7.71 13.50 1.40 350.00 8.00 2.75 10.25 250.00
Homogyne alpina

H.T. IV—1040 m 4.35 0.97 12.06 29.79 12.50 2.60 504.00 20.00 1.80 360.00 6.00
H.T. V—1550 m 4.20 1.19 20.64 35.58 17.40 7.00 560.00 24.80 1.60 400.00 17.00
H.T. VI--2050 m 4.15 1.20 17.24 29.77 14.30 11.40 283.00 25.60 2.00 202.00 9.00

more common at high than at low altitudes (Haselwandter and
Read, 1980; Ruotsalainen et al., 2004). In our research, we found
different patterns of AMF colonization in the two studied plant
species, S. carpatica and H. alpina. This suggests that at the
investigated altitudes factors like substrata and host plant species
play a more important role in determining root colonization than
climatic changes with increasing altitude above sea level.
Ruotsalainen et al. (2004) found that Sibbaldia procumbens had
high coarse AM colonization levels at high altitudes in comparison
to other plants. It was concluded that this may be due to the
species dependency on the symbiosis (Ruotsalainen et al., 2004).
Moreover, vegetation coverage may also affect mycorrhizal
colonization patterns along altitudinal gradients as mycorrhizal
colonization percentage has been found to be positively related to
host plant density (Hartnett et al., 1993; Genney et al., 2001;
Ruotsalainen et al., 2004). Nevertheless, in our studies, the
sampling of S. carpatica was only on the calcareous substratum
and H. alpina on non-calcareous. Both species occurred at each
substrata, however, they were not present at each altitude/site.
Moreover, when the species was present at the particular site, not
enough replicates were possible to collect due to small number of
individuals at the site. Therefore, the species were not collected on
both soils, but only on the substratum where they were abundant.
In this case, when the investigations were limited to one species on
each of the substrata, the obtained results might be from host
plant, soil type, or community vegetation type as well as elevation.

The mycelium of the fine endophyte was detected in roots of
the two investigated plant species. However, the colonization was

not abundant in comparison to coarse AMF. In the previous study
(Zubek et al., 2008), we found that this endophyte was occurring
abundantly in roots which were devoid of coarse AMF. The fine
endophyte was also observed to form arbuscules only in roots
where there were no other Glomeromycota species (Turnau et al.,
2005). This could suggest that the fungus may be the main root
colonizer only in the absence of competition with other AMF
(Turnau et al., 2005; Zubek et al., 2008). Hence its role might be
important at higher altitudes, where coarse AMF occur rarely or
are not present. The fine endophyte was observed to become
dominant above 3000 m a.s.l. in the Alps (Read and Haselwand-
ter, 1981).

Spores of 15 AMF species were found in the rhizosphere of S.
carpatica collected from the sites in the Western Tatra Mits.
(calcareous substrata), whereas only 4 species from a single genus
were associated with H. alpina in the High Tatra Mts. (non-
calcareous substrata). None of the identified AMF species was
observed to occur both in the High and Western Tatra Mts. This
suggests that bedrock and soil properties would play an important
role in establishment of the AMF community. Literature data
confirm the importance of soil pH in the symbiosis of plants with
AMF. In Koomen’s et al. (1987) studies, most AMF tested preferred
a near neutral pH. Although Oehl et al. (2003, 2004) did not find a
close correlation between AMF diversity and soil pH, they found the
highest diversity in a calcareous grassland. Root colonization by
Glomus macrocarpum has also increased with increasing rates of lime
(Lambais and Cardoso, 1988). In our studies, however, host plants
as well as the local plant species composition could also play an

TABLE 3

Fungal root colonization of Soldanella carpatica and Homogyne alpina at the sites along altitudinal gradients in the Tatra Mts.; W.T. =

Western Tatra Mts. (calcareous substrata), H.T. = High Tatra Mts. (non-calcareous substrata); mycorrhizal parameters [%] (mean):

mycorrhizal frequency (F), relative mycorrhizal root length (M), and relative arbuscular richness (A); Fpsg = frequency of dark septate

endophytes (DSE) occurrence in roots [%] (mean); different letters after values indicate statistically significant differences (p < 0.05). AMF =
arbuscular mycorrhizal fungi.

Coarse AMF Fine endophyte

Site F M F M A Fpsk
Soldanella carpatica
W.T. I—1000 m 65.88 a 1552 a 3.24b 8.12b 1.18 b 0.07 b 14.95 ab
W.T. II--1510 m 64.07 a 9.73 a 1.96 b 17.59 ab 2.80 ab 1.53 ab 5.05b
W.T. 1112050 m 4342 a 6.69 a 1.03 a 33.18 a 6.74 a 2.56 a 19.02 a
Homogyne alpina
H.T. IV—1040 m 75.14 b 32390 10.89 b 37.94 b 7.26 a 0.79 a 1.71 a
H.T. V—1550 m 92.70 a 46.44 ab 16.81 ab 17.08 ab 2.5l a 0.81 a 7.02 a
H.T. VI-2050 m 90.34 ab 57.70 a 26.23 a 14.08 a 427 a 132 a 149 a
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TABLE 4

AMF species (Glomeromycota) associated with Soldanella carpatica rhizosphere along an altitudinal gradient in the Western Tatra Mts.
(calcareous substrata); I = 1000 m a.s.l., Il = 1510 m a.s.l., III = 2050 m a.s.l.; AMF species present (+)/absent (—).

Site

Family Fungal species 1 11 111
Ambisporaceae Ambispora gerdemannii (S.L. Rose, B.A. Daniels & Trappe) C. Walker, Vestberg & Schuessler + - —
Acaulosporaceae Acaulospora bireticulata F. M. Rothwell & Trappe + + -
Ac. paulinae Blaszk. + + +

Ac. thomii Blaszk. - - +

Pacisporaceae Pacispora franciscana Sieverd. & Oehl + + —
Pac. robigina Sieverd. & Oehl - + -

Pac. scintillans (S. L. Rose & Trappe) Sieverd. & Oehl - + -

Glomeraceae Glomus claroideum N. C. Schenck & S. M. Sm. + + +
G. constrictum Trappe + + +

G. deserticola Trappe, Bloss & J. A. Menge - + -

G. fasciculatum (Thaxt.) Gerd. & Trappe emend. C. Walker & Koske + + -

G. geosporum (Nicol. & Gerd.) C. Walker + - -

G. macrocarpum Tul. & C. Tul. + — +

G. microcarpum Tul. & C. Tul. - + -

G. rubiforme (Gerd. & Trappe) R. T. Almeida & N. C. Schenck + + -

important role in determining AMF species diversity at both
investigated substrata, as the rhizosphere soil samples were collected
from two different plant species. It has been generally believed that
AMF have low host specificity (Smith and Read, 1997). Neverthe-
less, the few studies to date have consistently observed some physical
and functional specificity in the symbiosis (McGonile and Fitter,
1990; Bever et al., 1996; Helgason et al., 2002; Aldrich-Wolfe, 2007).
Consequently, there cannot be a clear separation between the
possible influences of soil and plant factors on fungal species
diversity in these studies.

Dark septate endophytes co-appear with mycorrhizal fungi in
different ecosystems, especially in arctic and alpine habitats, over
broad host and geographical ranges (Jumpponen, 2001). They
were also found to accompany AMF in the roots of S. carpatica
and H. alpina in the present study, but the level of colonization
was low in both cases. There were no altitude-related shifts in the
DSE root colonization, which is in agreement with the observa-
tions carried out by Ruotsalainen et al. (2004). However, more
abundant DSE colonization at high than at low altitudes was
found by Haselwandter and Read (1980) and Read and
Haselwandter (1981). Different results obtained in studies on
DSE infection patterns may be due to the fact that these
endophytes represent a taxonomically and ecologically diverse
group of fungi that probably includes saprobes, pathogens, and
symbionts (Jumpponen, 2001; Schadt et al., 2001; Ruotsalainen et
al., 2004). On the basis of our investigations, it is not possible to
conclude the effect these fungi have on the plants that they inhabit.
However, since some DSE strains have been shown to have

TABLE 5

AMF species (Glomeromycota) associated with Homogyne alpina

rhizosphere along an altitudinal gradient in the High Tatra Mts.

(non-calcareous substrata); IV=1040 m a.s.l., V=1550 m a.s.l., VI
= 2050 m a.s.l.; AMF species present (+)/absent (—).

Site
Family Fungal species Iv Vv VI
Acaulosporaceae Acaulospora alpina Oehl, Sykorova & Sieverd. — — +
Ac. cavernata Blaszk. + o+ o+
Ac. excavata Ingleby & C. Walker + + -
+

Ac. koskei Blaszk.

positive effect on plant growth and nutrition (Haselwandter and
Read, 1982; Wu and Guo, 2008), more attention should be paid to
these endophytes in ecological studies. Similarly to AMF, they
may improve plant performance in the case of taxa which are
rarely colonized by Glomeromycota fungi, e.g. species from the
Cyperaceae family (Miller et al., 1999). Haselwandter and Read
(1982) found that two Carex species were colonized by DSE in the
alpine habitats. They isolated DSE strains and reinoculated the
seedlings of two host species in the laboratory conditions. The
isolates were shown to stimulate plant growth or increase
phosphorus concentration of these alpine species (Haselwandter
and Read, 1982). In a similar experiment, Wu and Guo (2008) also
observed that the mountain species Saussurea involucrata (Aster-
aceae) displayed enhanced growth when the plants were colonized
by dark septate fungi.

In conclusion, our investigations revealed that (1) coarse
AMF dominated over the fine AMF endophyte in roots of both
plant species; (2) different patterns of these two types of AM
colonization were observed in S. carpatica and H. alpina; (3) none
of the identified AMF species was found to occur both in the High
(non-calcareous substrata) and Western Tatra Mts. (calcareous
substrata); and (4) DSE root colonization did not have a
consistent relationship with altitude. The results suggest that at
the investigated altitudes factors such as soil properties, host
plants, and local plant species composition could play a more
important role in determining root colonization as well as the
establishment of a local AMF community than the climatic
changes with increasing elevation above sea level. Further
observations concerning mycorrhizal colonization of other alpine
species as well as the assessment of S. carpatica and H. alpina
response to inoculation with AMF and DSE in laboratory
conditions are planned.

Acknowledgments

The present research was financially supported by the Polish
Ministry of Science and Higher Education, project no. 2 P04G
00628 (2005-2006) and the Jagiellonian University funds DS/758/
UJ. The authors are grateful to Professor H. Pigkos-Mirkowa
(Institute of Nature Conservation of the Polish Academy of
Sciences, Krakéw) for useful comments. M.Sc. engineer Barbara
Szczepanowicz (Institute of Botany, Jagiellonian University,

S. ZUBEK ET AL. / 277

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Krakow) is acknowledged for her assistance during the soil
samples analysis. We also wish to thank the authorities of Tatra
National Park (TPN) for permission for material collection.

References Cited

Aldrich-Wolfe, L., 2007: Distinct mycorrhizal communities on
new and established hosts in a transitional tropical plant
community. Ecology, 88(3): 559-566.

Bever, J. D., Morton, J. B., Antonovics, J., and Schultz, P. A.,
1996: Host-dependent sporulation and species diversity of

arbuscular mycorrhizal fungi in a mown grassland. Journal of

Ecology, 84: 71-82.

Braun-Blanquet, J., 1964: Pflanzensociologie. Wien: Springer-
Verlag.

Brundrett, M., Bougher, N., Dell, B., Grove, T., and
Malajczuk, N., 1996: Working with Mycorrhizas in Forestry
and Agriculture. Canberra, Australia: Pirie Printers, ACIAR
Monograph Series.

Dodd, J. C., Boddington, C. L., Rodriguez, A., Gonzalez-
Chavez, C., and Mansur, 1., 2000: Mycelium of arbuscular
mycorrhizal fungi (AMF) from different genera: form, function
and detection. Plant and Soil, 226: 131-151.

Dominik, T., and Nespiak, A., 1954: Untersuchungen tiber den
Mykotrophismus der Pflanzenassoziazionen im Krummholzkie-
fergebiet des Hohen Tatra-Gebirge (in Polish with German
summary). Acta Societatis Botanicorum Poloniae, 22: 753-769.

Dominik, T., and Pachlewski, R., 1956: Untersuchungen iiber den
Mykotrophismus der Pflanzenassoziazionen der unteren Wald-
stufe im Tatragebirge. Acta Societatis Botanicorum Poloniae, 25:
3-26 (in Polish with German summary).

Dominik, T., Nespiak, A., and Pachlewski, R., 1954a: Untersu-
chungen iiber den Mykotrophismus der Pflanzenassoziazionen
der hochsten Teile der Fichtenwiélder im Tatragebirge. Acta
Societatis Botanicorum Poloniae, 23: 487-504 (in Polish with
German summary).

Dominik, T., Nespiak, A., and Pachlewski, R., 1954b: Untersu-
chungen iiber den Mykotrophismus der Pflanzenassoziazionen
der Kalkfelsen im Tatragebirge. Acta Societatis Botanicorum
Poloniae, 23: 471-485 (in Polish with German summary).

Genney, D. R., Hartley, S. H., and Alexander, 1. J., 2001:
Arbuscular mycorrhizal colonisation increase with host density
at a heathland community. New Phytologist, 152: 355-363.

Hartnett, D. C., Hetrick, B. A. D., Wilson, G. W. T., and
Gibson, D. J., 1993: Mycorrhizal influence on intra- and
interspecific neighbour interactions among co-occurring prairie
grasses. Journal of Ecology, 81: 787-795.

Haselwandter, K., and Read, D. J., 1980: Fungal associations of
roots of dominant and sub-dominant plants in high-alpine
vegetation systems with special reference to mycorrhiza.
Oecologia, 45: 57-62.

Haselwandter, K., and Read, D. J., 1982: The significance of a
root-fungus association in two Carex species of high-alpine
plant communities. Oecologia, 53: 352-354.

Helgason, T., Merryweather, J. W., Denison, J., Wilson, P.,
Young, J. P. W., and Fitter, A. H., 2002: Selectivity and
functional diversity in arbuscular mycorrhizas of co-occurring
fungi and plants from a temperate deciduous woodland. Journal
of Ecology, 90: 371-384.

Jumpponen, A., 2001: Dark septate endophytes—Are they
mycorrhizal? Mycorrhiza, 11: 207-211.

Koomen, 1., Grace, C., and Hayman, D. S., 1987: Effectiveness of
single and multiple mycorrhizal inocula on growth of clover and
strawberry plants at two soil pHs. Soil Biology and Biochem-
istry, 19: 539-544.

Kowalkowski, A., Krol, H., Ostrowska, A., Sytek, S., and
Szczubietka, Z., 1973: Instrukcja laboratoryjna dla pracowni
gleboznawczo-nawozeniowych. Warszawa—Sekocin: IBL, 55-62
(in Polish).

278 | ARcTIC, ANTARCTIC, AND ALPINE RESEARCH

Korner, C., 1999: Alpine Plant Life. Berlin Heidelberg: Springer-
Verlag.

Lambais, M. R., and Cardoso, E. J. B. N., 1988: Avalia¢dao da
germinagdo de espores de fungos micorrizicos vesiculo-arbus-
culares e da coloniza¢do micorrizica de Stylosanthes guianensis
em solo acido distrofico. Revista Brasileira de Ciéncia do Solo,
12: 249-255.

Litynski, T., Jurkowska, H., and Gorlach, E., 1968: Analiza
chemiczno-rolnicza. Warszawa: PWN, 129-132 (in Polish).

McGonile, T. P., and Fitter, A. H., 1990: Ecological specificity of
vesicular-arbuscular mycorrhizal associations. Mycological Re-
search, 94: 120-122.

Miller, R. M., Smith, C. 1., Jastrow, J. D., and Bever, J. D., 1999:
Mycorrhizal status of the genus Carex (Cyperaceae). American
Journal of Botany, 86(4): 547-553.

Mirek, Z. (ed.), 1996: Nature of the Tatra National Park. Krakow—
Zakopane: Tatra National Park, W. Szafer Institute of Botany,
Institute of Nature Conservation, Polish Academy of Sciences
(in Polish with English summary).

Mirek, Z., Pigkos-Mirkowa, H., Zajac, A., and Zajac, M., 2002:
Flowering Plants and Pteridophytes of Poland. A Checklist.
Krakow: W. Szafer Institute of Botany, Polish Academy of
Sciences.

Nespiak, A., 1953: Mycotrophy of the alpine vegetation of the
Tatra Mts. Acta Societatis Botanicorum Poloniae, 22: 97-125 (in
Polish with English summary).

Oehl, F., Sieverding, E., Ineichen, K., Méder, P., Boller, B., and
Wiemken, A., 2003: Impact of land use intensity on the species
diversity of arbuscular mycorrhizal fungi in agroecosystems of
Central Europe. Applied and Environmental Microbiology, 69:
2816-2824.

Oehl, F., Sieverding, E., Mider, P., Dubois, D., Ineichen, K.,
Boller, B., and Wiemken, A., 2004: Impact of long-term
conventional and organic farming on the diversity of arbuscular
mycorrhizal fungi. Oecologia, 138: 574-583.

Omar, M. B., Bolland, L., and Heather, W. A., 1979: A permanent
mounting medium for fungi. Bulletin of the British Mycological
Society, 13: 13-32.

Phillips, J., and Hayman, D. S., 1970: Improved procedures for
clearing roots and staining parasitic and vesicular-arbuscular
mycorrhizal fungi for rapid assessment of infection. Transac-
tions of the British Mycological Society, 55: 158-161.

Pigkos-Mirkowa, H., Mirek, Z., and Miechowka, A., 1996:
Endemic vascular plants in the Polish Tatra Mountains—
Distribution and ecology. Polish Botanical Studies, 12: 1—
107.

Read, D. J., and Haselwandter, K., 1981: Observations on the
mycorrhizal status of some alpine plant communities. New
Phytologist, 88: 341-352.

Ruotsalainen, A. L., Vire, H., Oksanen, J., and Tuomi, J., 2004:
Root fungus colonization along an altitudinal gradient in North
Norway. Arctic, Antarctic, and Alpine Research, 36(2): 239-243.

Schadt, C. W., Mullen, R. B., and Schmidt, S. K., 2001: Isolation
and phylogenetic identification of a dark-septate fungus
associated with the alpine plant Ranunculus adoneus. New
Phytologist, 150: 747-755.

Smith, S. E., and Read, D. J., 1997: Mycorrhizal Symbiosis.
London: Academic Press.

Thippayarugs, S., Bansal, M., and Abbott, L. K., 1999:
Morphology and infectivity of fine endophyte in mediter-
ranean environment. Mycological Research, 103: 1369
1379.

Trouvelot, A., Kough, J. L., and Gianinazzi-Pearson, V., 1986:
Mesure du taux de mycorhization VA d’un systeme radiculaire.
Recherche de methodes d’estimation ayant une signification
fonctionnelle. In Gianinazzi-Pearson, V., and Gianinazzi, S.
(eds.), Physiological and Genetical Aspects of Mycorrhizae. Paris:
INRA, 217-221, http://www.dijon.inra.fr/bbceipm/Mychintec/
Mycocalc-prg/download.html.

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Turnau, K., Anielska, T., and Jurkiewicz, A., 2005: Mycothallic/
mycorrhizal symbiosis of chlorophyllous gametophytes and
sporophytes of a fern, Pellea viridis (Fosk.) Prantl (Pelleaceae,
Pteridales). Mycorrhiza, 15: 121-128.

Viare, H., Vestberg, M., and Ohtonen, R., 1997: Shifts in
mycorrhiza and microbial activity along an oroarctic altitudinal
gradient in northern Fennoscandia. Arctic and Alpine Research,
29(1): 93-104.

Walker, C., and Trappe, J. M., 1993: Names and epithets in
the Glomales and Endogonales. Mycological Research, 97:
339-344.

Wu, L., and Guo, S., 2008: Interaction between an isolate of dark-
septate fungi and its host plant Saussurea involucrata. Mycor-
rhiza, 18: 79-85.

Zubek, S., Turnau, K., and Blaszkowski, J., 2005: Arbuscular
mycorrhiza of plants from the Mountain Botanical Garden in
Zakopane. Acta Mycologica, 40(1): 25-41.

Zubek, S., Turnau, K., and Btaszkowski, J., 2008: Arbuscular
mycorrhiza of endemic and endangered plants from the Tatra
Mts. Acta Societatis Botanicorum Poloniae, 77(2): 149-156.

MS accepted September 2008

S. ZUBEK ET AL. / 279

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



