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Abstract Three endangered plant species, Plantago atrata
and Pulsatilla slavica, which are on the IUCN red list of
plants, and Senecio umbrosus, which is extinct in the wild
in Poland, were inoculated with soil microorganisms to
evaluate their responsiveness to inoculation and to select
the most effective microbial consortium for application in
conservation projects. Individuals of these taxa were
cultivated with (1) native arbuscular mycorrhizal fungi
(AMF) isolated from natural habitats of the investigated
species, (2) a mixture of AMF strains available in the
laboratory, and (3) a combination of AMF lab strains with
rhizobacteria. The plants were found to be dependent on
AMF for their growth; the mycorrhizal dependency for
P. atrata was 91%, S. umbrosus-95%, and P. slavica-65%.

The applied inocula did not significantly differ in the
stimulation of the growth of P. atrata and S. umbrosus,
while in P. slavica, native AMF proved to be the less
efficient. We therefore conclude that AMF application can
improve the ex situ propagation of these three threatened
taxa and may contribute to the success of S. umbrosus
reintroduction. A multilevel analysis of chlorophyll a
fluorescence transients by the JIP test permitted an in vivo
evaluation of plant vitality in terms of biophysical param-
eters quantifying photosynthetic energy conservation,
which was found to be in good agreement with the results
concerning physiological parameters. Therefore, the JIP test
can be used to evaluate the influence of AMF on
endangered plants, with the additional advantage of being
applicable in monitoring in a noninvasive way the
acclimatization of reintroduced species in nature.
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Introduction

The preservation of rare and endangered plant species is the
main goal of numerous conservation projects, and is an
obligation for a number of countries bound by international
agreements (Kaźmierczakowa and Zarzycki 2001). Several
active plant protection techniques are applied to multiply
plant material ex situ and to maintain natural populations of
these species. Soil microorganisms, especially arbuscular
mycorrhizal fungi (AMF), are considered to be crucial for
proper plant performance (Smith and Read 1997; Turnau and
Haselwandter 2002). This is why monitoring of soil and the
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selection of appropriate microbial strains to inoculate
cultivated plants could be of particular value. AMF may be
useful in the development of effective methods for the
maintenance and propagation of threatened plant species
and may significantly improve the success of plant conser-
vation actions (Fisher and Jayachandran 2002; Turnau and
Haselwandter 2002; Fuchs and Haselwandter 2004).

Our previous investigations concerned the mycorrhizal
status of numerous rare, endemic, or endangered plant
species from the Tatra Mts. (Western Carpathians) as well
as AMF related to them in the natural habitats (Zubek et
al. 2005, 2008). The research enabled us to select plant
species strongly colonized by AMF. Among them were
Plantago atrata Hoppe subsp. carpatica (Soó) Soó,
Pulsatilla slavica G. Reuss, and Senecio umbrosus Waldst.
et Kit., which all belong to the group of taxa of special
concern. P. atrata subsp. carpatica (Plantaginaceae) is
considered as a Pan-Carpathian endemic, and is listed on
the Polish, Slovakian, and IUCN Red List of Threatened
Plants. The second species, P. slavica (Ranunculaceae) is a
Western-Carpathian endemic, which is also threatened in
Poland, Slovakia, and on a global scale (Piękoś-Mirkowa
et al. 1996; Kaźmierczakowa and Zarzycki 2001). The
third one, the central-European species S. umbrosus (Aster-
aceae), is included in the red lists of Czech Republic and
Slovakia as well as Poland. In Poland, it is classified as
extinct in the wild (Mirek 1991; Kaźmierczakowa and
Zarzycki 2001). Presently, these three species are maintained
and multiplied ex situ, and the reintroduction of S. umbrosus
is planned in the original area of occurrence in the Tatra Mts.
(Kaźmierczakowa and Zarzycki 2001). Our findings from
the mycorrhizal survey created the possibility of AMF
application in the conservation programs of these valuable
taxa in order to improve their cultivation and propagation.

The aim of the present study was to test three inocula on
P. atrata, P. slavica, and S. umbrosus in order to evaluate
plant responsiveness to inoculation and to select the most
effective microbial consortium for application in conserva-
tion projects. Comparison of the effectiveness of native AMF
strains (isolated from the Tatra Mts.) and AMF available in
the laboratory was conducted. The impact of additional
inoculation with two strains of rhizobacteria on plants and
the development of mycorrhiza were also studied.

The effect of the microbial inoculation on P. atrata,
P. slavica, and S. umbrosus was evaluated by physiological
methods, namely, by shoot biomass and mycorrhizal
colonization assessments, as well as by biophysical meth-
ods, termed as JIP test. This test translates the polyphasic
chlorophyll (Chl) a fluorescence transient OJIP exhibited
by plants upon illumination to biophysical parameters of
the photosynthetic machinery, evaluating plants’ vitality.
The JIP test, which has been proven to be a very useful,
noninvasive, tool for the investigation of stress effects on

plants (for reviews, see Strasser et al. 2000, 2004), has been
also successfully used for the evaluation of the beneficial
role of mycorrhization (Tsimilli-Michael et al. 2000; Pinior
et al. 2005; Biró et al. 2006; Strasser et al. 2007; Tsimilli-
Michael and Strasser 2008).

Materials and methods

Plant material

The seeds of P. atrata, P. slavica, and S. umbrosus were
provided by the Mountain Botanic Garden of the Polish
Academy of Sciences in Zakopane. They were germinated
on Petri dishes according to optimised protocols by Piękoś-
Mirkowa and Kaczmarczyk (1990).

Inocula preparation

Three kinds of inocula were applied in the experiment; (1) a
mixture of AMF species available in the laboratory, (2)
native AMF isolated from the Tatra Mts., and (3) AMF lab
strains together with rhizobacteria.

The inoculum composed of AMF species available in the
laboratory contained the following isolates: Glomus claroi-
deum N. C. Schenck & S. M. Sm. [BEG96], Glomus
constrictum Trappe [262–5(6), the collection of C. Walker],
Glomus geosporum (Nicol. & Gerd.) C. Walker [25–4, the
collection of C. Walker], Glomus intraradices N. C. Schenck
& S. M. Sm. [E-1–99, BIORIZE Sarl France], Glomus
mosseae (Nicol. & Gerd.) Gerd. & Trappe [BEG12].

The dual inoculum was a combination of the aforemen-
tioned AMF lab strains with bacteria. Two isolates,
Azospirillum brasilense Sp7 and Paenibacillus validus
DSM3037 (kindly provided by Prof. H. Bothe from the
Institute of Botany, University of Cologne, Germany), were
applied. The bacteria were grown on solid media, then were
harvested and dilluted in sterile, distilled water. The
bacterial inocula contained 107 CFU ml−1 as determined
using the serial dilution method (Johnson and Case 2004).

Native AMF were isolated from the natural habitats of
the investigated plant species in the Tatra Mts. The soil
samples were collected from selected locations in the Polish
Tatra Mts. (Western Carpathians). In the case of P. atrata
and P. slavica, the soils were excavated from the immediate
vicinity (within 20 cm) of several individuals occurring in
natural populations (in order not to cause additional threat
to the taxa). As S. umbrosus is considered extinct in the
wild in Poland, the sampling procedure was carried out in
the site where the species used to grow in the Tatras. The
special permission for sampling was obtained from the
authorities of the Tatra National Park (TPN). The locations
of sampling were as follows: P. atrata-Krzesanica Mt.,
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2,110 m asl, 49°13′54″ N, 19°54′33″ E; P. slavica-
Koryciska Wielkie ravine, 1,130 m asl, 49°16′12″ N, 19°
48′27″ E; S. umbrosus-Szeroki Żleb gully in Chochołowska
valley, 1,130 m asl, 49°15′06″ N, 19°48′12″ E. The
procedure of trap cultures establishment, isolation, and
identification of AMF spores was reported by Zubek et al.
(2008). The three native inocula contained the following
isolates (UNIJAG.PL) (Zubek et al. 2008): P. atrata
inoculum [Acaulospora bireticulata F. M. Rothwell &
Trappe, Ac. paulinae Blaszk., Entrophospora baltica
Blaszk., Madej & Tadych, G. claroideum N. C. Schenck
& S. M. Sm., G. constrictum Trappe, Glomus trimurales
Koske & Halvorson]; P. slavica inoculum [Archaeospora
gerdemannii (S. L. Rose, B. A. Daniels & Trappe) J. B.
Morton & D. Redecker, Archaeospora trappei (R. N. Ames
& Linderman) J. B. Morton & D. Redecker, G. constrictum
Trappe, Glomus deserticola Trappe, Bloss & J. A. Menge,
Glomus macrocarpum Tul. & C. Tul., Scutellospora
dipurpurescens J. B. Morton & Koske]; S. umbrosus
inoculum [Acaulospora gedanensis Blaszk., A. mellea
Spain & N. C. Schenck, Glomus caledonium (Nicol. &
Gerd.) Trappe & Gerd., G. claroideum N. C. Schenck &
S. M. Sm., G. constrictum Trappe].

The bulk substratum from the trap cultures was harvested
to produce inocula for the experiments. The fungi were
multiplied in pots (3 l) on sterile substratum (sand/expanded
clay 2:1, v/v) with Zea mays and Plantago lanceolata as host
plants. After 4 months of cultivation, the shoots were
harvested, and the inocula were dried. One month later, the
quality control of the prepared inocula was performed. For
this purpose, P. lanceolata seedlings were inoculated (50 g of
dried inoculum) and cultivated in 500 ml pots for 6 weeks,
then the roots were stained and examined for AM coloniza-
tion according to Trouvelot method (Trouvelot et al. 1986).
More than 90% of P. lanceolata root length was colonized
by AMF in the case of all four inocula; no other root
endophytes were found in the material.

Experiment design

One-week-old seedlings of P. atrata, P. slavica, and S.
umbrosus were planted in pots (1,300 ml) on sterile

substrata that were inoculated with three kinds of inocula
(native AMF related to each of the species, AMF laboratory
strains, and the combination of AMF lab strains with
bacteria). Additionally, the autoclaved fungal inoculum
(AMF laboratory strains) was used as a control. In total,
40 individuals of each species were grown; ten replicates
for a treatment. The substrata, whose characteristics are
reported in Table 1, were collected from the Mountain
Botanic Garden of the Polish Academy of Sciences in
Zakopane, from the places where the species are cultivated.

The dried inoculum (100 g/pot) was mixed with the
substratum. In the case of plants co-inoculated with the
bacteria, the liquid bacterial inocula (3 ml) of each of
two strains-A. brasilense Sp7 and P. validus DSM3037
(107 CFU ml−1), were used per plant root system. The
plants were grown for 4 months in the Mountain Botanic
Garden in Zakopane-Antałówka (930 m asl, 49°17′34″ N,
19°58′39″ E). The chlorophyll a fluorescence measure-
ments were conducted, and the plants were harvested. The
roots were stained, and the shoots were dried.

Mycorrhizal colonization assessment

Mycorrhizal colonization analysis was conducted according
to the Trouvelot method (Trouvelot et al. 1986). The
parameters analyzed were mycorrhizal frequency (F),
relative mycorrhizal root length (M), and relative arbuscular
richness (A).

To assess the influence of bacterial inoculation on the
activity of fungal mycelium inside roots, the alkaline
phosphatase activity (ALP) staining was performed in the
case of P. atrata and S. umbrosus using a fluorescence
microscope. The pigmented rhizoderm of P. slavica roots
made it impossible to conduct this test. In the case of this
species, aniline blue staining was applied.

Alkaline phosphatase activity

The material was stained according to Van Aarle et al.
(2001) method. The roots were washed in tap water, rinsed
in distilled water, cut into 1 cm fragments, placed on
microscopic slides, and treated for 15 min with the reagents

Table 1 Chemical properties of substrata used in the experiment for cultivation of investigated plant species (see “Materials and methods”
section)

Substrata pH (H2O) N (%) C (%) Organic
matter (%)

C/N Total content mg/100 g of dry
soil

Exchangeable cations mg/100 g of dry
soil

K2O P2O5 CaO K Na Mg Ca

P. atrata 4.56 0.31 3.55 6.12 11.60 13.00 1.20 210.00 7.00 1.40 24.00 150.00
P. slavica 6.15 0.26 2.96 5.11 11.50 14.40 3.20 392.00 8.00 3.20 68.00 280.00
S. umbrosus 6.29 0.29 3.76 6.48 13.00 14.90 2.80 324.80 7.00 2.60 52.00 232.00
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of ELF97 Endogenous Phosphatase Detection Kit (Molec-
ular Probes). After staining, the roots were incubated in the
rinse buffer (30 mM Tris, 1.5 M NaCl, and 0.05% Triton X-
100, pH 8.0) for 15 min. Finally, the mounting medium
from the kit was used, and the slides were closed with
coverslide. The material was analyzed with Nikon Eclipse
800 fluorescence microscope.

Aniline blue staining

The roots were prepared according to the modified Phillips
and Hayman (1970) method. After careful washing in
running tap water, the 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. The roots were cut into
1 cm pieces and were mounted on slides in glycerol/lactic
acid (5:1). Mycorrhizal colonization analysis was con-
ducted using Nikon Eclipse 800 microscope with Nomarski
interference contrast optics.

Plant growth assessment

The shoots were washed in tap water in order to remove
soil particles. Then, the material was dried and weighed
using electronic analytical balance (Radwag, WPA 60/c/1)
with the precision of 0.0001 g. The mycorrhizal dependen-
cy (Md), indicating how much a plant species depends on
AMF for its growth, was determined according to Van der
Heijden (2002), by the following formula:

Md ¼ 1� bn
Pn

1
an

0

BB@

1

CCA� 100%

where

a mean dry mass of plants inoculated with AMF,
b mean dry mass of non-inoculated plants,
n number of treatments in which plants were inoculated

with AMF.

Evaluation of plants’ vitality

Measurement of Chl a fluorescence transient OJIP

Chl a fluorescence transients OJIP were measured with a
HandyPEA-fluorimeter (Hansatech Instruments, King’s
Lynn Norfolk, PE 30 4NE, UK). The transients were
induced by red light (peak at 650 nm) of 3,000 μmol
photons m−2 s−1 provided by an array of three light-
emitting diodes and recorded for 1 s with 12 bit resolution.

The data acquisition was every 10 μs (in the interval from
10 μs to 0.3 ms), every 0.1 ms (0.3–3 ms), every 1 ms (3–
30 ms), every 10 ms (30–300 ms), and every 100 ms
(300 ms to 1 s). The measurements were conducted on fully
expanded leaves, still attached on the plants (16–20
replicates for each treatment), which were dark-adapted
for 30 min prior to measuring.

The JIP test

For each species and treatment, the average OJIP fluores-
cence transient, as representative of the case, was analyzed
according to the JIP test (for a review, see Strasser et al.
2004), with the ‘Biolyzer’ software (Laboratory of Bioen-
ergetics, University of Geneva, Switzerland). We applied
two types of data processing:

1. Utilization of selected original data for the calculation of
biophysical parameters by the JIP test equations: the
selected data were: the maximal measured fluorescence
intensity, FP, equal here to FM since the excitation
intensity is high enough to ensure the closure of all
active reaction centers (RCs) of photosystem (PS) II; the
fluorescence intensity at 20 μs, considered as the
intensity F0 when all RCs are open; the fluorescence
intensities at 2 ms (J-step; FJ), and at 30 ms (I-step; FI);
the fluorescence intensities at 50 and 300 μs (F50ms and
F300ms); the complementary area (area) above the
fluorescence curve, i.e., the area between the curve, the
horizontal line F=FM, and the vertical lines at t=20 μs
and at t ¼ tFM (the time at which FM is reached).

The parameters chosen to be calculated in the present
study, all referring to the condition of the sample at time zero
(onset of fluorescence induction; all RCs open), were: (a) the
quantum yields of primary photochemistry (reduction of
primary electron quinone acceptor QA), TR0=ABS ¼ 1�
F0=FM (= φPo; maximum yield since all RCs are open), of
electron transport from Q�

A to plastoquinone pool (PQ),
ET0=ABS ¼ 1� FJ=FM, and of the reduction of PSI end
electron acceptors, RE0=ABS ¼ 1� FI=FM; (b) the effi-
ciencies/probabilities that an electron moves from Q�

A to PQ,
ET0=TR0 ¼ FM � FJð Þ= FM � F0ð Þ, and from the reduced
PQ to the PSI end electron acceptors, RE0=ET0 ¼
FM � FIð Þ= FM � FJð Þ; (c) the amount of active reaction
centers per absorption (arbitrary units; proportional to the
probability that a PSII antenna Chl a molecule is functioning
as RC), RC=ABS ¼ 1� F0=FMð Þ FJ � F0ð Þ½ �� 4 F300ms�

��

F50msÞ�; (d) the total electron carriers per reaction center,
EC0=RC ¼ Area= FM � F0ð Þ; (e) the performance indexes
PIABS and PItotal, which are products of terms expressing
“potentials” for photosynthetic performance (partial poten-
tials) at the sequential energy bifurcations from exciton to
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PQ reduction and to the reduction of PSI end acceptors
respectively:

PIABS ¼ RC=ABS½ � TR0= ABS� TR0ð Þ½ � ET0= TR0 � ET0ð Þ½ �

PItotal ¼ PIABS RE0= ET0 � RE0ð Þ½ �

2. Utilization of the whole fluorescence transients: the
transients were normalized between F0 and F300ms and
between F0 and FJ; hence, the kinetics of the relative
variable fluorescence W20�300ms ¼ V

�
V300ms ¼ F�ð

F0Þ
�

F300ms � F0

� �
and W ¼ V=VJ ¼ F � F0ð Þ= FJ�ð

F0Þ were derived, respectively (where V ¼ F � F0ð Þ=
FM � F0ð Þ). Then, the W20�300ms and W kinetics of
the non-inoculated plants were subtracted from those
of inoculated plants; the difference kinetics reveal
the L- and K-bands, respectively, hidden in the
original transients OJIP, which provide additional
information.

Statistical analysis

Data for mycorrhizal parameters and shoot dry weight were
analyzed with the Kruskal–Wallis test (p<0.05). The
analyses were conducted using STATISTICA ver. 7.1
(Statsoft).

Results

AMF colonization

Arbuscular mycorrhizae with arbuscules, which are the
structural and functional criterion of the symbiosis, were
observed in the case of all inoculated plants. Other root
endophytes were not detected in the investigated material.
No endophytes were observed in the control material
treated with autoclaved AMF inoculum.

In the case of P. atrata and S. umbrosus, there were no
differences in the effectiveness of root colonization between
all used inocula (Table 2). In the case of P. slavica, native
AMF proved to be less effective in root colonization than
laboratory strains (Table 2).

The additional co-inoculation with bacteria had no
significant impact on the colonization of roots of investi-
gated plant species. Only in the case of P. slavica, the mean
values of M and A parameters of individuals treated with
the dual inoculum were slightly higher than the rates of
these parameters obtained from the analysis of roots
inoculated with the AMF lab strains. However, these
differences were not statistically significant (Table 2).

Staining for alkaline phosphatase activity, providing
information on the viability of the fungal partner within roots,
showed that additional inoculation with bacteria did not also
influence the vitality of fungal mycelium. The values of all
mycorrhizal parameters estimated on the basis of alkaline
phosphatase activity did not differ significantly from the data
obtained from the assessment of fungal total root colonization
(autofluorescence of mycelium) (data not presented).

Plant growth

Mycorrhizal plants were characterized by increased bio-
mass in comparison to nonmycorrhizal controls (Fig. 1).
This effect was especially pronounced in the case of S.
umbrosus and P. atrata where the mean dry shoot weights
of inoculated plants were 19- to 22- and 11- to 14-fold
higher, respectively, than the biomass of the individuals
which were not inoculated (Table 3); nevertheless, in these
mycorrhizal plants, the shoot weights did not differ between
inoculated treatments. The inoculation of P. slavica indi-
viduals with native AMF had no significant effect on the
shoot biomass in comparison to the plants which were
treated with autoclaved inoculum. Individuals inoculated
with AMF lab strains and bacteria had the highest biomass,
but the means did not differ statistically from those of
plants treated only with lab AMF (Table 3).

Table 2 Mycorrhizal colonization (mean) of P. atrata, P. slavica, and S. umbrosus treated with three kinds of inocula (the mixture of AMF
laboratory strains, the combination of AMF laboratory strains with rhizobacteria, and native AMF isolated from the natural habitat of each
investigated species)

Treatment Plantago atrata Pulsatilla slavica Senecio umbrosus

F M A F M A F M A

AMF lab strains 96.0 a 67.9 a 56.5 a 95.9 a 50.8 ab 48.3 ab 100 a 57.0 a 45.0 a
AMF lab +
bacteria

92.9 a 64.0 a 51.8 a 95.6 a 58.2 a 52.7 a 100 a 53.8 a 32.2 a

Native AMF 98.7 a 60.5 a 47.1 a 50.4 a 24.4 b 21.0 b 98.7 a 48.0 a 37.0 a

Mycorrhizal parameters [%]: F mycorrhizal frequency, M relative mycorrhizal root length, A relative arbuscular richness; different letters after
values indicate statistically significant differences (p<0.05)
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The investigated plant species were strongly dependent on
AMF for their growth. The mycorrhizal dependency (Md) for
P. atrata was 91%, S. umbrosus-95%, and P. slavica-65%.

Analysis of the Chl a fluorescence transients OJIP
by the JIP test

Dark-adapted leaves of all species exhibited the typical
Chl a fluorescence transient OJIP, upon illumination with

red actinic light (650 nm; 3,000 μmol photons m−2 s−1).
Figure 2 depicts the transients from P. slavica, exhibited
by non-inoculated plants (control; closed circles) and by
plants inoculated with native AMF (open triangles), lab
AMF (closed squares), and lab AMF with bacteria (open
diamonds). Each transient, plotted on logarithmic time
scale from 20 μs to 1 s, is the average of raw fluorescence
transients from 16–20 samples. As shown in Fig. 2, there
are some differences among the transients from the
different treatments, which are rather small. In order to
reveal hidden differences related with the growth con-
ditions, the difference kinetics Δ W20�300ms

� �
and Δ[W]

(see “Materials and methods” section) were calculated and
plotted in the left and right panels, respectively of Fig. 3.

As demonstrated in Fig. 3, the difference kinetics for all
species reveal the L-band (0.1–0.15 ms) and the K-band (at
about 0.3 ms). The L-band is negative for all species and
treatments. According to the analysis by Strasser and co-
workers (Strasser et al. 2004, 2007), this means that the
extent of the energetic connectivity among PSII units is
bigger in the inoculated than in the non-inoculated plants.

Fig. 1 Representative plants
from the different experimental
treatments after 4 months of
growth; a P. atrata, b P. slavica,
c S. umbrosus

Table 3 Shoot dry weight [g] (mean) of plants after 4 months of
growth

Treatment Plantago
atrata

Pulsatilla
slavica

Senecio
umbrosus

AMF lab strains 0.383 a 0.056 ac 0.289 a
AMF lab strains + bacteria 0.448 a 0.074 a 0.253 a
Native AMF 0.355 a 0.022 bc 0.275 a
Control 0.033 b 0.018 b 0.013 b

Different letters after values indicate statistically significant differ-
ences between treatments (p<0.05)
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This increase reveals a beneficial impact of symbiosis,
since energetic connectivity increases the utilization of
excitation energy (Strasser 1978, 1981); moreover, in-
creased connectivity is related with improved stability of a
photosynthetic system (Strasser et al. 2004, 2007). The K-
band is also negative for all species and treatments,
indicating a higher activity of the oxygen evolving system
(Strasser et al. 2004, 2007) in inoculated plants. Accord-
ingly, the different amplitudes of the L- and K-bands reflect
different extents of the positive impact of all types of
inoculation.

The average OJIP transients were also translated to
biophysical parameters with the JIP test equations. Figure 4
depicts the impact of inoculation by lab AMF on the three
species (P. atrata-open triangles, P. slavica-open circles,
and S. umbrosus-closed diamonds) evaluated by the
behavior pattern of the following parameters of PSII: the
quantum yields TR0/ABS, ET0/ABS, and RE0/ABS;
the probabilities/efficiencies ET0/TR0 and RE0/ET0; the total
electron transport carriers per reaction center EC0/RC; the
reaction centers per absorption (or per antenna Chl a) RC/
ABS; the partial potentials TR0/(ABS−TR0), ET0/(TR0−
ET0), and RE0/(ET0−RE0); the performance indexes PIABS
and PItotal. For each species, the values of the calculated
parameters were normalized on those of the control plant;
hence, the deviation of the behavior pattern of the inoculated

plants from that of the non-inoculated (presented by the
regular dodecagon; thick black line) demonstrates the
fractional impact of the inoculation by lab AMF on each
species.

Figure 4 shows similar trends in all three species
concerning the fractional deviation of the parameters from
the control values, though of different extents. It also shows
that, not only TR0=ABS ¼ 1� F0=FM, which is commonly
used as criterion, but other parameters related with the
electron flow toward the Calvin cycle are affected by
mycorrhization. A clear beneficial impact is also recognized
concerning the density of RCs. As a result, the performance
indexes PIABS and PItotal, which incorporate all the processes
in the energy cascade from the first absorption events to the
reduction of the intersystem electron transport chain and the
PSI end electron acceptors, respectively, undergo the widest
changes. It is therefore suggested, in accordance with other
reports (Strasser et al. 2007; Tsimilli-Michael and Strasser
2008), that they can be used as overall measures of the
potential of the plants for energy conservation, in screening,
and comparing inoculation effectiveness.

Discussion

The application of rhizosphere microbiota, especially arbus-
cular mycorrhizal fungi (AMF), in the conservation projects
of rare and endangered taxa has been proposed several times
(Eriksen et al. 2002; Gemma et al. 2002; Turnau and
Haselwandter 2002; Fisher and Jayachandran 2005). Some
research clearly showed that AMF enhance performance of
threatened plants, e.g., nutrient uptake, growth, or survival
(Barroetavena et al. 1998; Fisher and Jayachandran 2002;
Panwar and Vyas 2002). In our research, we experimentally
studied the influence of microbial consortia on three plant
species of a high priority. The present studies provide
information on the responsiveness of these valuable species
to inoculation during their propagation ex situ. All investi-
gated species reacted positively to inoculation with AMF.
However, significant differences between inocula have been
found in the case of P. slavica, where native AMF isolates
related to the species in the natural habitats proved to be less
effective than AMF laboratory strains. The investigations
enabled the selection of microbial consortium that might be
implemented in restoration and conservation attempts of
these species. The mixture of laboratory AMF strains seems
to be preferable as a common inoculum for all three studied
plants at the stage of ex situ propagation. Nevertheless, as it
was highlighted by Fisher and Jayachandran (2002), each
endangered species must be studied individually in the
particular environmental conditions in order to determine the
most effective microbial consortium for the given practical
application. There is a possibility that after reintroduction,
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the laboratory AMF strains would be eliminated and the
plants could form symbiotic association mainly with AMF
which are present in the natural habitats. Further inves-
tigations, including studies performed on reintroduced plants
in nature, are needed to sustain that laboratory AMF are the
most appropriate for these species. Nevertheless, our findings
may contribute to planned reintroduction strategies of S.
umbrosus and improve methods of propagating these three
threatened taxa. It has been demonstrated that outplanted
individuals may have improved acclimatization in the natural
sites if they are first colonized by AMF (Sylvia and Williams
1992; Sylvia et al. 1993).

We tested AMF laboratory strains versus native isolates
as we had expected some differences in the plant–fungus
specificity in root colonization as well as in the efficiency
of fungal partners, and also differences in the effectiveness
of these isolates in the edaphoclimatic conditions (the
experiments were carried out in the Mountain Botanic
Garden; 930 m asl). Indigenous AMF isolates originating
from soil with conditions similar to these simulated in the
experiments have been reported by several authors to be the
most effective ones as the strains better adapted to local soil
and environmental conditions (Vosátka and Dodd 2002;
Orłowska et al. 2005). However, others have shown that
AMF strains not related to the certain soil conditions may
be equally or even more efficient as symbiotic partners

(Vosátka 1995; Enkhtuya et al. 2000). Our findings are in
agreement with the secondly mentioned tendencies. In the
case of P. atrata and S. umbrosus, the native AMF isolates
were equally effective as strains available in the laboratory.
Moreover, AMF related to the rhizosphere of P. slavica in
the natural habitat proved to be less effective than lab
strains.

The less efficient colonization of roots and plant
performance stimulation of P. slavica by native AMF may
be due to some specificity of AMF. Although AMF, in
general, colonize the roots of taxonomically diverse range
of plants, physical and functional specificity exists in the
symbiosis (McGonile and Fitter 1990; Helgason et al.
2002). If a certain strain of AMF is required for a particular
plant species, the lack of a compatible fungus may be the
reason of lower root colonization and worse plant perfor-
mance. In our research, native AMF inoculum contained
fungal strains isolated from the rhizosphere of P. slavica in
the Tatra Mts. However, due to the extreme rarity of the
taxon, the collection of roots during the sampling proce-
dure, which might have caused an additional threat to the
population, was not possible. The sampling method could
have eliminated the most compatible fungus (or fungi),
which was present in roots, but was not necessarily
occurring abundantly in the rhizosphere. The second
possible explanation is that AMF colonizing P. slavica in
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the natural site may be incompatible with the species in
these particular experimental conditions. Helgason et al.
(2002) found that individual AM fungi isolated from the
natural habitat of five plant species and occurring within
their roots at this site colonized these plants with different
intensity in the laboratory cultures. Some of them did not
colonize at all, indicating incompatibility under the con-
ditions used in the experiment (Helgason et al. 2002).
Finally, the third possible explanation is simply that the
mycorrhizal potential of the two tested inocula is different
and the symbiosis, and its consequences, developed slower
in the plants inoculated with the native AMF.

The bacterial strains from the genera Azospirillum and
Paenibacillus have been found to enhance plant perfor-
mance (growth, photosynthetic activity, nutrient content),
act antagonistically toward soil-borne fungal pathogens,
increase growth of AMF mycelium, and stimulate mycor-
rhiza formation (Zaady et al. 1994; Barea et al. 2002, 2004;
Bianciotto et al. 2002; Biró et al. 2000; Hildebrandt et al.
2002, 2006). In our studies, the co-inoculation with bacteria
had no significant impact neither on the AMF colonization

of roots nor the plant performance. In the case of P. slavica,
there was a tendency of growth enhancement when dual
inoculation was applied; however, the differences were not
statistically significant. Nevertheless, our findings are in
accordance with other literature data, where also no
significant impact or even negative interactions were found
when plants were dually inoculated (Sastry et al. 2000;
Vosátka and Gryndler 2000).

The additional bacterial inoculation did not also influ-
ence the vitality of intraradical mycelium in roots of
investigated threatened species. Such stimulation was
described by Vivas et al. (2003), where a Bacillus strain
improved alkaline phosphatase activity and enhanced
mycorrhizal parameters compared with those of roots
colonized by AMF alone.

More detailed studies taking into account mono (one
bacterial strain), dual (one bacterial strain/AMF), and
multilevel (bacterial strains/AMF) co-inoculation of these
taxa are needed. The limited number of seeds of the
investigated endangered species made it impossible to carry
out broader studies on the influence of bacteria on these
plants and the potential application of the bacteria in
conservation projects.

The analysis of chlorophyll a fluorescence transients
using the JIP test has been applied in several studies of the
impact of soil microbial activity on plants (see the
“Introduction” section). In the present study, we demon-
strated that this experimental approach is also a valuable
tool to evaluate the condition of endangered plant species
influenced by AMF. Our results from the analysis of the
fluorescence transients with the JIP test showed that the
plants inoculated with any of the three microbial consortia
exhibited increased efficiency for energy conservation and
increased stability. Differences of the impact of the three
consortia were also clearly revealed, in agreement with the
tendencies found in the case of plant growth evaluation.
Moreover, we could recognize differential effects at
different sites of the photosynthetic machinery of the three
species.

Our findings demonstrate that the JIP test is a powerful
tool for studies of the multilevel beneficial role of symbiosis,
with the added advantages of being applicable in a
noninvasive and quick way-less than a few seconds are
needed for each measurement. The method can be especially
recommended in the research on valuable plant material like
threatened taxa, which should not be destroyed, like e.g., by
biomass measurements. The evaluation of plant vitality with
the JIP test enables the control of reintroduced species by
monitoring the effects of AMF inoculation on plant
acclimatization in the natural sites, even more because it
can be applied for early diagnosis of vitality differences
(Strasser et al. 2004), before any morphological evidences
appear.
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