
ENVIRONMENTAL MICROBIOLOGY

Ecophysiological Response on Dehydration and Temperature
in Terrestrial Klebsormidium (Streptophyta) Isolated
from Biological Soil Crusts in Central European
Grasslands and Forests

Antje Donner1 & Karin Glaser1 & Nadine Borchhardt1 & Ulf Karsten1

Received: 22 September 2016 /Accepted: 9 December 2016 /Published online: 24 December 2016
# Springer Science+Business Media New York 2016

Abstract The green algal genus Klebsormidium
(Klebsormidiophyceae, Streptophyta) is a typical member of
biological soil crusts (BSCs) worldwide. Ecophysiological
studies focused so far on individual strains and thus gave only
limited insight on the plasticity of this genus. In the present
study, 21 Klebsormidium strains (K. dissectum, K. flaccidum,
K. nitens, K. subtile) from temperate BSCs in Central
European grassland and forest sites were investigated.
Photosynthetic performance under desiccation and tempera-
ture stress was measured under identical controlled condi-
tions. Photosynthesis decreased during desiccation within
335–505 min. After controlled rehydration, most isolates re-
covered, but with large variances between single strains and
species. However, all K. dissectum strains had high recovery
rates (>69%). All 21 Klebsormidium isolates exhibited the
capability to grow under a wide temperature range. Except
one strain, all others grew at 8.5 °C and four strains were even
able to grow at 6.2 °C. Twenty out of 21 Klebsormidium
isolates revealed an optimum growth temperature >17 °C, in-
dicating psychrotrophic features. Growth rates at optimal tem-
peratures varied between strains from 0.26 to 0.77 μ day−1.
Integrating phylogeny and ecophysiological traits, we found
no phylogenetic signal in the traits investigated. However,
multivariate statistical analysis indicated an influence of the

recovery rate and growth rate. The results demonstrate a high
infraspecific and interspecific physiological plasticity, and
thus wide ecophysiological ability to cope with strong envi-
ronmental gradients. This might be the reason why members
of the genus Klebsormidium successfully colonize terrestrial
habitats worldwide.
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Introduction

Members of the filamentous green algal genusKlebsormidium
(Klebsormidiophyceae, Streptophyta) can be found world-
wide in a number of geographical regions ranging from tem-
perate to tropical, and from cold to hot environments [e.g.,
1–5]. Like many other green algae, they occur in freshwater
habitats, but Klebsormidium species are not restricted to
aquatic systems, since they colonize plant and rock surfaces,
as well as soil [6]. In Europe, Klebsormidium has been report-
ed from a number of artificial and natural habitats, including
basements of walls [7], golf courses [8], dumps and post-
mining areas [9, 10], dunes [11, 12], soil [3], and biological
soil crusts (BSCs) [13, 14]. Among these habitats, BSCs have
the mos t complex communi ty s t ruc tu re . These
microecosystems consist of cyanobacteria, bacteria, algae,
microfungi, lichens, and bryophytes, compromising the top-
soil layer bound by organic material by these organisms [15].
Through their ecological important functions such as primary
production [16], nutrient cycling [16–19], water retention
[17], and soil stabilization [18], BSCs can be characterized
as ecosystem engineers. As a member of pioneer habitats
and BSCs, Klebsormidium has the potential to cope with wide
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changes of temperature, water availability, and solar radiation
[e.g., 19–23]. Changes in the environmental conditions are not
only a result of the intrinsic characteristics of the habitat, but
they could also be a result of mechanical disturbances, nutrient
inputs, and land use intensities by agriculture and forestry.
Land use is estimated as the major driver for biodiversity
changes in the near future [24].

The phylogenetic diversity of Klebsormidium was in the
past years subject of a number of studies. Molecular methods
based on ITS and rbcL sequences identified seven superclades
A to G [25]. Rindi et al. [24] showed that the genetic diversity
is greater than the morphological diversity would suggest [1].
Clade A corresponded with the genus Interfilum, and B–G
comprised Klebsormidium species from various habitats and
geographical origin [25, 26]. Klebsormidium species, which
have been found in Europe, were assigned to superclades B–F
[1, 13, 25, 27–30], while members of clade G were so far
mainly reported in BSCs of South African drylands [25, 31].
However, some strains seem to prefer certain habitats, such as
low or high pH substrates [27, 29]; either humid or xerophytic
conditions [13]; aquatic, artificial, or natural habitats [32, 33];
or BSCs in arid regions [25]. These conspicuous preferences
point to genetic adaptations in Klebsormidium with regard to
environmental conditions. In recent years, several studies fo-
cused on physiological traits against desiccation, temperature,
light, UVR, and pH [19–23, 27, 31, 34–39]. Morphological
and structural features, for example, can explain differences in
desiccat ion tolerance between two co-occurr ing
Klebsormidium species from high alpine BSCs [37, 40, 41].
K. crenulatum forms long, firm filaments, sometimes as rope-
like aggregates, which protect against water loss. In contrast,
K. dissectum exhibits thinner filaments, which easily disinte-
grate and hence resulte in faster dehydration. The broad eco-
physiological response patterns along with specific ultrastruc-
tural properties of the cell wall in Klebsormidium are support-
ed by some recent transcriptomic and genomic analysis [34,
42]. Both studies demonstrated that within Klebsormidium
similar plant-like ancestral physiological adaptations for ter-
restrial environments exist. The genome of K. flaccidum
(superclade E) shows the presence of a basic system involved
in high-light protection, which includes cyclic electron flow
activity at photosystem I, and that is activated under radiation
stress and desiccation [42]. The cyclic electron flux is as-
sumed to enhance the proton gradient across the thylakoid
membrane, which induces nonphotochemical quenching and
ATP biosynthesis, followed by the dissipation of excess radi-
ation energy [42].

So far, all ecophysiological studies focused on individual
strains representing the existing Klebsormidium superclades.
Conclusions from single results to whole phylogenetic line-
ages cannot be generalized [32], as these studies are spotlights
and differences might be specific characteristics of individual
strains. A comprehensive ecophysiological study on a high

number of genetically closely related Klebsormidium strains
is still missing. Therefore, we characterized for the first time
ecophysiological traits in 21 Klebsormidium strains from tem-
perate BSCs of the so-called Biodiversity Exploratories in
Germany [43]. The Biodiversity Exploratories are a German
Science Foundation funded project for large-scale and long-
term functional biodiversity research providing a set of stan-
dardized field plots with different land use intensities in grass-
land and forests along a north-south meteorological and soil
gradient in Germany [43]. Many of these environmentally
well-characterized plots contain BSC communities, and hence
provide the unique opportunity to investigate whether and
how the ecophysiological response patterns of the studied
Klebsormidium isolates are influenced along those gradients
and land use intensities. A previous study characterized 75
strains genetically and revealed a surprisingly low genetic
diversity in each of the prevailing superclades B/C and E [28].

The aim of the present study was to evaluate physiological
plasticity among many genetically closely related
Klebsormidium strains, and to verify whether there are eco-
physiological differences that might explain taxa-specific hab-
itat preferences. Desiccation tolerance was investigated by
measuring photosynthetic activity under controlled dehydra-
tion and recovery conditions. Additionally, the growth re-
sponse as function of a temperature gradient was determined.
Using the data of the ecophysiological traits, we analyzed the
phylogenetic signals.

Material and Methods

Strain Origin and Culture Conditions

The strains were originally collected and isolated from BSCs
collected in 2011 and 2012 within the DFG priority program
Biodiversity Exploratories [44]. Three regions in Germany,
Swabian Alb (sub-montane to montane plateaus), Hainich (a
low mountain range), and Schorfheide-Chorin (lowland with
diverse postglacial geomorphological structures), forest and
grassland sites were sampled (Fig. 1). The sampled plots rep-
resent different land use systems ranging from near-natural to
intensively used plots. Grassland plots were categorized into
pastures, mown pastures, and meadows differing in fertiliza-
tion, grazing, and number of cuts per year. The forest plots
were either natural sites or age class forests in different states.
Detailed BSC sampling strategy and isolation of the
Klebsormidium strains via enrichment culturing technique
are described by Glaser et al. [28]. Detailed data on habitat,
origin, and taxonomic assignment of the 21 strains are sum-
marized in Table 1.

The stock cultures were maintained in Erlenmeyer flasks
(volume 100–200 mL) filled with modified Bold’s Basal
Medium (3NBBM+V; [44]). The algae were kept at 20 °C
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and 30–40 μmol photons m−2 s−1 under a light/dark cycle of
16:8 h L/D (Osram Daylight Lumilux Cool White lamps
L36W/840, Osram, Munich, Germany). The low-light condi-
tions have been chosen on the base of previous experiments,
which all indicate optimum photosynthesis at low-light con-
ditions for Klebsormidium and closely related Interfilum spe-
cies [33, 41–43]. For all experiments, log-phase cultures were
always used.

Phylogenetic Analysis

Twenty-nine strains of Klebsormidium and Interfilum were
used for comparison with the 21 herein ecophysiologically
investigated Klebsormidium strains (Table 1). The sequences
of the 21 Klebsormidium strains were obtained as described
by Glaser et al. [32]. Multiple alignment of ITS1, 5.8S, and
ITS2 rDNA sequences of all strains were assembled using
clustalo algorithm implemented in seaview software v4.4.2
[45]. The evolutionary model that fitted the data was chosen
on the lowest AIC [46] calculated with the software MEGA
v7.0.18 [47]. The unrooted Bayesian tree was constructed in
MrBayes v3.2.2 [48] using the GTR+G+I model with
5,000,000 generations. Two runs of four Monte Carlo

Markov chains were calculated simultaneously, with trees
sampled every 500 generations. Split frequency between the
runs was below 0.01 at the end of calculation. The trees sam-
pled before the likelihood scores reached saturation were
discarded afterwards.

Desiccation and Rehydration Experiment

For the desiccation experiments, a standardized setup was
applied to follow kinetics of controlled dehydration and sub-
sequent rehydration on the effective quantum yield of photo-
system II (PSII) using noninvasive pulse amplitude modula-
tion (PAM) fluorometry. The experiment was carried out in a
modified desiccation chamber after [39]. All PAM measure-
ments were done on low-light acclimated samples (30–
40μmol photons m−2 s−1). Cells of eachKlebsormidium strain
were concentrated on four replicate MGF glass fiber filters
(Munktell and Filtrak, Bärenstein, Germany). Onto each filter
200 μL of the fragment suspension (ca. 1–2 mg chlorophyll
a L−1) were concentrated in the center as a light green spot.
These moist filters were positioned on perforated metal grids
on top of a glass Petri dish placed on four glass columns inside
a transparent 200-mL polystyrol box. Each box was filled with
100 g of freshly activated silica gel (Silica Gel Orange, Carl
Roth, Karlsruhe, Germany) in order to create relative air hu-
midity of ~10% and sealed with a transparent top lid. The
boxes were kept at 22 ± 2 °C and 30–40μmol photons m−2 s−1

(Osram light sources, see above). The methodological details
are described in Karsten et al. [39].

The effective quantum yield (ΔF/Fm′) of photosystem II
was regularly determined during the dehydration period (up to
505 min depending on the strain) using a pulse-amplitude
modulated fluorimeter (PAM 2500, Heinz Walz GmbH,
Effeltrich, Germany). ΔF/Fm′ was calculated as (Fm′ − F)/
Fm′ with F as the fluorescence yield of light-treated algal cells
and Fm′ as themaximum light-adapted fluorescence yield after
employing a 800-ms saturation pulse as described by
Schreiber and Bilger [49]. The PAM light probe was posi-
tioned outside the coverlid of the boxes (always 2-mm dis-
tance) to guarantee undisturbed RAH conditions inside, i.e.,
all fluorescence measurements were done through the
polystyrol lids. The distance from the PAM light probe to
the algal sample onto the glass fiber filters was always kept
constant at 10 mm.

After the dehydration period, the dried glass fiber filters
were transferred to a new polystyrol box which was filled with
100 mL tap water instead of silica gel to create a high-
humidity atmosphere (>95%). The filters were rehydrated by
adding 200 μL of the standard growth medium (3NBBM+V,
see above) to each filter and recovery of (Fm′ − F)/Fm′ was
followed with the same methodology as described above in
regular intervals with the last measurement 24 h after the ex-
perimental begin.

Fig. 1 Location of the three sampling sites Swabian Alb, Hainich, and
Schorfheide-Chorin in the Biodiversity Exploratories (Fischer et al. [42])
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Growth Experiment Under Temperature Gradient

The growth rate was monitored as an increase of in vivo chl a
fluorescence Ft over time as an indicator for biomass accumu-
lation [50]. For the in vivo measurement of the effect of dif-
ferent temperatures on the growth, cultures were grown in
quadruples in 24-well microplates (Costar, Corning GmbH,
Kaiserslautern, Germany) with each well filled with 1.5% agar
of modified 3NBBM+V. Ten different temperatures were ap-
plied (6.2, 7.0, 8.5, 11.6, 14.4, 17.0, 18.8, 20.2, 21.7, 23.5,

24.5, and 26.9 °C ± 1 °C) at 40 μmol photons m−2 s−1 and a
light/dark cycle of 16:8 h L/D. For the growth experiments, a
modified self-constructed algal incubator as described in
Woelfel et al. [51] was used. The adjusted incubator was
equipped with an LED array (LED neutral white Ediline III
3.5 W COB Modul, Edison Opto Corporation, Taipei,
Taiwan). All measurements were done with log-phase cul-
tures, which were adapted for 10 days to the temperature con-
ditions described above. After this preincubation, 200 μL of
the fragment suspension (ca. 1–2 mg chlorophyll a L−1) was

Table 1 Overview of the Klebsormidium strains investigated in this study: strain number, assigned species according to Rindi et al. [24], origin, short
description of the sampling site, and accession number

Strain Identification Clade assignment
to Rindi et al. [24]

Origin, habitat Accession
number

AEG12-1 K. cf. dissectum B/C RW 3526015, HW 5361315; fertilized meadow,
Swabian Alb

LK392526

AEG18-1 K. cf. dissectum B/C RW 3538700, HW 5360700; fertilized meadow,
Swabian Alb

LK392544

AEG42-2 K. cf. dissectum B/C RW 3527920, HW 5362310; fertilized mown
pasture, Swabian Alb

LK392539

HEG3-1 K. cf. dissectum B/C RW 4390100, HW 5652600; fertilized meadow,
Hainich

LK392527

SEG31-3 K. cf. flaccidum B/C RW 5422220, HW 5891400; unfertilized
meadow, Schorfheide-Chorin

LK392537

SEG37-3 K. cf. flaccidum B/C RW 5424911, HW 5889781; unfertilized pasture,
Schorfheide-Chorin

LK392519

AEW13-2 K. cf. subtile E RW 3529608, HW 5360197; managed spruce
forest, Swabian Alb

LK392554

AEW23-1 K. cf. flaccidum B/C RW 3536219, HW 5361004; managed beech
forest, Swabian Alb

LK392531

AEW33-3 K. nitens E RW 3536400, HW 5361600; managed spruce
forest, Swabian Alb

LK392573

AEW35-1 K. subtile E RW 3530790, HW 5367630; managed beech
forest, Swabian Alb

LK392553

AEW35-5 K. flaccidum B/C RW 3530790, HW 5367630; managed beech
forest, Swabian Alb

LK392520

HEW1-2 K. nitens E RW 4382900, HW 5673600; managed spruce
forest, Hainich

LK392582

HEW1-3 K. nitens E RW 4382900, HW 5673600; managed spruce
forest, Hainich

LK392580

HEW36-3 K. cf. dissectum B/C RW 4388700, HW5664670; natural beech forest,
Hainich

LK392541

HEW40-1 K. cf. dissectum B/C RW 4394870, HW5661610; natural beech forest,
Hainich

LK392540

HEW42-5 K. cf. flaccidum B/C RW 4392230, HW5664203; natural beech forest,
Hainich

LK392534

HEW42-7 K. cf. flaccidum B/C RW 4392230, HW5664203; natural beech forest,
Hainich

LK392535

HEW42-9 K. flaccidum E RW 4392230, HW5664203; natural beech forest,
Hainich

LK392581

SEW25-3 K. cf. subtile E RW 5416808, HW 5866100; managed oak forest,
Schorfheide-Chorin

LK392557

SEW29-1 K. nitens E RW 5423780, HW 5876699; managed pine
forest, Schorfheide-Chorin

LK392552

SEW35-1 K. nitens E RW 5423000, HW 5864916; managed beech
forest, Schorfheide-Chorin

LK392585

SEW35-6 K. cf. subtile E RW 5423000, HW 5864916; managed beech
forest, Schorfheide-Chorin

LK392591

Geographical position (RW and HW) is given as Gauß-Krüger coordinate system
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transferred onto the agar medium in a new 24-well microplate
with quadruples for each strain. The chlorophyll a fluores-
cence as proxy for growth was measured every 24 h for
10 days with a SpectraMax M2e multiplate reader (MPR;
Molecular Divices, Biberach, Germany). For chlorophyll a
fluorescence, an excitation wavelength of 480 nm was chosen
and the emitted fluorescence was detected at a wavelength of
680 nm, using the top read function. Increasing fluorescence
values were measured every 24 h for 10 days as relative fluo-
rescence units (RFUs). The fluorescence measured directly
after the inoculation of the 24-well microplates served as a
starting value. Before each measurement, a dark incubation
of 10 min was performed in order to open all reaction centers
of photosystem II. The calculation of the growth rate for each
individual replicate was performed according to the well-
established protocol of Gustavs et al. [50] which requires a
linear relationship between algal biomass and chlorophyll a
fluorescence as well as exponential growth of the investigated
algae. This method offers a simple, rapid, noninvasive, repro-
ducible, and calibration-free measurement of growth rates in
unialgal cultures, and the low detection limits avoid self-
shading and nutrient limitation during growth rate
determination.

Dur ing the exponen t i a l g rowth phase of the
Klebsormidium strains, the fluorescence Ft (RFU) at a given
time point t can be calculated as Ft = F0 e

μt with F0 (RFU) as
initial fluorescence and μ (day−1) as growth rate in the respec-
tive time interval. For the calculation of μ the measured chlo-
rophyll a fluorescence values were fitted with the growth
equation mentioned above. The fitting was based on the sum
of the mean square error AFl which was calculated as
(Ft − Ft,cal)

2 with Ft (RFU) as measured fluorescence at a
given time point t and Ft,cal (RFU) as calculated fluorescence
at a given time point t with at least three subsequent fluores-
cence values. AFl was minimized by the MS Excel 2013 add-
in Solver with the model BGRG-nonlinear .̂ A growth rate of
1 means a doubling of biomass within 1 day.

Statistical Analysis

All statistical analyses were done with the statistical software
R [52].

Statistical significance of the median of recovery rates were
tested with a one-way ANOVA followed by a Tukey’s multi-
ple comparison test to find significant differences between
species.

For the quantitative traits of dehydration and recovery rate,
the existence of phylogenetic signal was calculated using
Blomberg’s K and Pagel’s λ [53, 54]. Since available data
are restricted to our analyzed Klebsormidium and as outgroup
species Interfilum sp. SAG36.88 (EU434027), we could only
use these two traits. The trait values for Interfilum sp.
SAG36.88 were taken from Karsten et al. [39]. Further values

of Interfilum sp. SAG36.88 and other potential strains were
based on different methodological approaches and thus not
suited for the analysis performed.

Blomberg’s K quantifies the phylogenetic signal by esti-
mating the accuracy of the original phylogeny to describe
the variance-covariance pattern observed in the data set. K
values of 1 imply a strong phylogenetic signal and trait evo-
lution under Brownianmotion model.K value >1 imply closer
similarity of relatives, than expected under Brownian motion
model of trait evolution. The reverse is true for K <1.

Pagel’s λ measures correlations relative to the correlation
expected under Brownian evolution. Values of λ = 1 indicates
a strong phylogenetic signal in the trait and the evolution
under Brownian motion model. Values <1 imply no phyloge-
netic signal in the trait than expected under Brownian motion
model.

The K value and randomization test was calculated by
Bphylosignal^ function in the Picante package [55]. While
Bphylosignal^ accept no polytomies, we transformed all
polytomies into series of dichotomies with the function
Bmulti2di^ in the Ape package [56]. Values for λ were
calculated using BfitContinous^ function of the Geiger
package [57].

Additionally, in order to visualize the dissimilarities be-
tween the Klebsormidium strains according to their ecophys-
iological performances, a redundancy analysis (RDA) was
performed using the command rda from the vegan package.
The following ecophysiological parameters were included:
minimum, maximum and optimum temperature, growth rate,
recovery rate, and dehydration time.

Results

Phylogenetic Analysis

The genetic identification of the analyzed strains assigned to
the Klebsormidium clades B/C and E followed the proposed
system of Rindi et al. [25] (Fig. 2). The sequence difference
between strains belonging to the clades B and C were low;
therefore, we referred to B/C as one clade [25, 27]. All 21
Klebsormidium strains used is the present study could unam-
biguously assigned to the strains responding to K. dissectum,
K. flaccidum, K. nitens, and K. subtile using ITS1, 5.8S, and
ITS2 rDNA sequences.

Dehydration and Recovery

The standardized methodological approach with the dry
chamber and PAM measurements from outside allowed
comparative effective quantum yield determinations in all
samples during the desiccation experiment (for initial
values, see Supplement Table 2). The results demonstrated
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that all tested Klebsormidium strains gave a positive signal
of ΔF/Fm′ for at least 335 min, before a threshold was
reached, after which the signal rapidly decreased to a quan-
tum yield of zero or values near to zero (Fig. 3). The strains
identified as K. flaccidum and K. cf. flaccidum, and
K. dissectum and K. cf. dissectum (both B/C clade) had
similar time points until the thresholds of ΔF/Fm′ were
reached, 380–505 and 400–505 min, respectively. The
K. nitens strains showed a decrease of ΔF/Fm′ for 390–
450 min. The K. subtile and K. cf. subtile strains exhibited
for 335–480 min a positive signal of ΔF/Fm′ (Fig. 3). The
time points within each species showed the lowest variation
in K. nitens and were largest in K. subtile.

After dehydration and subsequent rewetting, almost all
samples were rehydrated within 90 min (data not shown).
Nevertheless, recovery of the effective quantum yield was
variable between the Klebsormidium strains of one species,
as well as between species, and there were conspicuously
different responses during the rehydration process (Fig. 4).
In general, the recovery after 1440-min rehydration varied

between 0.4 and 95.9% (Fig. 4). The K. dissectum and K. cf.
dissectum strains (clade B/C) had in comparison with all other
Klebsormidium strains the highest recovery rates of 68.7–
95.9%. The recovery rates for K. flaccidum and K. cf.
flaccidum strains varied between 0.4 and 64.5%. Strain
K. flaccidum AEW35-5 and K. cf. flaccidum SEG37-3, both
B/C clade members, exhibited with 0.4 and 1.5% the overall
lowest recovery rates (Fig. 4). Such low recovery rates indi-
cate the non-survival of the experimental desiccation condi-
tions, which is supported by the observation of no further
increase in fluorescence signal even after extended recovery
intervals (data not shown). K. nitens strains showed recovery
rates of 20.5–77.7%, whereas only HEW1-3 and SEW29-1
reached more than 50%. Three out of four of K. subtile and
K. cf. subtile had high recovery rates (64.0–90.4%; Fig. 4). As
we had for K. subtile and K. dissectum strains quite high
recovery rates, there was no significant difference on both
species. The same was observed for the low recovery rates
ofK. nitens in comparison withK. flaccidum. Conversely, this
means that the differences between K. dissectum and

Interfilum sp. SAG 36.88 EU434027 
Interfilum paradoxum SAG 4.85 EU434016 

SEG 31-3 K. cf. flaccidum
Klebsormidium flaccidum SAG 7.91 EU434019 

AEG 18-1 K. cf. dissectum
HEW 40-1 K. cf. dissectum 

AEG 42-2 HEW 36-3 K. cf. dissectum
AEW 23-1 K. cf. flaccidum 
HEW 42-5 HEW 42-7 K. cf. flaccidum  
AEG 12-1 HEG 3-1 K. cf. dissectum  
Klebsormidium sp. Kuehtai1 HF955437 

SEG37-3 K. cf. flaccidum
AEW 35-5 K. cf. flaccidum
Klebsormidium flaccidum UTEX 2017 EU434018 

Klebsormidium flaccidum SAG 12.91 EU434024 
Klebsormidium flaccidum SAG 335-5 HF955422 

Klebsormidium subtile SAG 384-1 EF372517 
HEW 1-2 SEW 35-1 K. cf. nitens
Klebsormidium nitens LUK S67 KM197133 

HEW 1-3 HEW 42-9 K. cf. nitens
AEW 33-3 K. cf. nitens
Klebsormidium sp. K07 HE649316 

Klebsormidium sp. K43 HE649330 
Klebsormidium sp. ASIB:V103 HF955434 

SEW 35-6 K. cf. subtile
Klebsormidium sp. K37 HE649327 

Klebsormidium sp. CAUP J302 HE649335 
Klebsormidium SAG 2107 HF955423 

SEW 29-1 K. cf. nitens 
Klebsormidium SAG 2065 EU434032 

AEW 35-1 K. cf. subtile

AEW 13-2 K. cf. subtile
Klebsormidium sp. K40 HE649334 
Klebsormidium sp. K09 HE649333 

Klebsormidium bilatum SAG 5.96 AM490841 
Klebsormidium elegans SAG 7.96 AM490840 

SEW 25-3 K. cf. subtile

1

1

1

1

1

1

1

1

1

1

1

Klebsormidium flaccidum SAG 2307 AM490838 

Klebsormidium nitens SAG 13.91 HG9730471 
Klebsormidium nitens  SAG 9.96 AM490839

Klebsormidium dissectum BOT2 (SAG 2417) HG973017 

A

B/C

E

D
F

G

0.99

0.96
0.66

0.99

0.97

1

0.95

0.76

0.74

0.95

0.81

0.98
0.60

0.99

1
0.76

0.70

0.99

0.99

Fig. 2 Molecular phylogeny of Interfilum and Klebsormidium based on
ITS1, ITS2, and 5.8S rDNA sequence comparison. Bayesian tree
showing phylogenetic position of the studied Klebsormidium strains

(bold) within the genus Klebsormidium. The clade designation (A–G)
followed the suggestion of Rindi et al. [24]. Probability under 0.6 is not
shown
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K. flaccidum, and between K. dissectum and K. nitens were
highly significant (p ≤ 0.001). The same was true for the
comparison of K. subtile and K. flaccidum, as well K. subtile
and K. nitens (p ≤ 0.001 and p ≤ 0.01, respectively).

The ecophysiological trait dehydration and recovery rate
showed no phylogenetic signal in Blomberg’s K and Pagel’s
λ. However, both trait values were lower than expected under
Brownian model of evolution (K < 1 and λ < 1). Only the
recovery rate has a trend towards statistical significance
(K = 0.109 and p = 0.014).

Some strains showed a fast return of the quantum yield
value within the first 90 min after rewetting, e.g., K. cf. subtile
AEW13-2, others had after the same period only weak fluo-
rescence signals, indicating a very low to almost no activity of
the photosynthetic apparatus, e.g., K. cf. flaccidum SEG37-3
(Supplement Fig. 1). However, even longer rehydration pe-
riods up to 1500 min did not lead to significantly increased
recovery values (Supplement Fig. 1). This observed response
pattern further points to increasing mortality of strains with
low recovery rates.

Fig. 4 The effect of controlled
rehydration on recovery rates on
the effective quantum yield (ΔF/
Fm′) of photosystem II in 21
strains of Klebsormidium isolated
from biological soil crusts in the
Biodiversity Exploratories (see
Fig. 1) (n = 4, median
value ± SD). For better
comparison, the highest effective
quantum yield value have been
standardized to 100%.
Additionally, phylogenetic
assignment towards species, B/C
clade, and E clade of each strain is
given. All measurements were
done under 30–40 μmol
photons m−2 s−1, 22 ± 1 °C and
measured with a PAM 2500

Fig. 3 The effect of desiccation on the chlorophyll a fluorescence of
photosystem II in 21 strains of Klebsormidium isolated from biological
soil crusts in the Biodiversity Exploratories (see Fig. 1). Shown are the
effect of controlled desiccation on the time point when the effective quan-
tum yield (ΔF/Fm′) reached zero (no fluorescence signal detectable)

during the course of the experiment. (n = 4, median value ± SD).
Additionally, the phylogenetic assignment towards species, B/C clade
and E clade of each strain is given. All measurements were done under
30–40 μmol photons m−2 s−1, 22 ± 1 °C and measured with a PAM 2500
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Temperature Requirements for Growth

The effect of increasing temperatures showed a wide range in
the capability for growth in all investigated Klebsormidium
strains, whereas only K. nitens SEW35-1 and K. flaccidum
AEW35-5 grew at the complete temperature range tested
(6.2–26.9 °C; Fig. 5).K. dissectum and K cf. dissectum strains
required a minimum temperature of 8.5 °C for growth; four
strains were able to grow at 7.0 °C (AEG12-1, AEG18-1,
AEG42-2, and HEW40-1). The maximum growth

temperature for all K. dissectum and K cf. dissectum strains
were 26.9 °C. K. flaccidum and K. cf. flaccidum strains exhib-
ited the overall most individual growth pattern for each strain.
The minimal growth temperatures varied between 6.2 and
11.6 °C. The same was observed for the maximum tempera-
tures, which varied between 21.7 and 26.9 °C. The most strik-
ing growth pattern of all tested strains was observed in K.cf.
flaccidum SEG31-3 (Figs. 5 and 6). This strain was able to
grow between 6.2 and 17 °C, with optimum growth at 17 °C.
Surprisingly, SEG31-3 grew at 23.5 °C, but not between 18.8

Fig. 6 Growth rate (as μ day−1)
of 21 Klebsormidium strains
under optimum temperature
conditions (n = 4, median
value ± SD). Additionally, species
identification of each strain is
given

Fig. 5 Temperature range in
which the studied 21
Klebsormidium strains studied
showed growth (bars). Gray
boxes mark the temperature with
the highest growth rate (as
μ day−1, n = 4). Asterisks mark
strains, which might have higher
optimum temperature than tested
in the present experiment.
Additionally, species
identification and phylogenetic
assignment towards B/C clade
and E clade of each strain is given
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and 21.7 °C (Fig. 6). This response pattern was observed in
two independent runs of the experiment (data not shown). The
K. nitens strains grew at a minimum temperature of 7.0 °C,
and two strains were already able to grow at 6.2 °C (HEW1-3
and SEW29-1). The maximum temperature for K. nitenswere
24.5–26.9 °C. TheK. subtile and K. cf. subtile strains required
a minimum temperature of 8.5 °C for growth. One K. cf.
subtile strain was already able to grow at 7.0 °C (AEW13-
2). The maximum growth temperature for K. subtile and K. cf.
subtile strains were 24.5 and 26.9 °C, respectively (Fig. 5).

The B/C clade strains K. dissectum and K. flaccidum ex-
hibited both a broad distribution in their optimal growth tem-
perature (Fig. 6; Suppl. 1 ). The K. subtile and K. nitens
strains, members of the E clade, showed in general more co-
herent optimal growth temperatures within the higher tested
temperatures (Fig. 6; Suppl. 1). The six K. dissectum strains
exhibited optimal growth temperatures ranging from 11.6 to
24.5 °C with growth rates between 0.26 and 0.54 μ day−1

(Fig. 6) The K. dissectum group showed with 11.6 °C the
overall lowest optimal temperature, as well with
0.26 μ day−1 the lowest growth rate. Nevertheless,
K. dissectum strain AEG18-1 was capable to grow between
7.0 and 26.9 °C, at least with low rates. Strains, which were
identified as K. flaccidum and K. cf. flaccidum, exhibited a
similarly diverse pattern for optimal growth temperatures as
the K. dissectum isolates. The temperatures ranged between
17.0 and 26.9 °C, with growth rates between 0.42 and
0.77 μ day−1 (Fig. 6). The K. flaccidum strains AEW35-5

and AEW23-1 showed the highest growth rate at the highest
tested temperature of 26.9 °C (Fig. 6). If both strains are ca-
pable to grow at even higher temperature remains open.
K. nitens strains exhibited the highest growth rates at temper-
atures of 23.5–24.5 °C (0.60–0.74 μ day−1). Only K. nitens
AEW33-3 had a much lower optimal growth temperature of
17.0 °C with a rate of 0.46 μ day−1 (Fig. 6) The optimal
growth temperature for K. subtile and K. cf. subtile strains
varied between 21.7 and 24.5 °C with growth rates between
0.31 and 0.59 μ day−1. The ecophysiological trait optimal
growth temperature had no phylogenetic signal on
Blomberg’s K (K = 0.553, p = 0.088). However, similar to
the traits dehydration and recovery rate, optimal growth tem-
perature value was lower than expected under Brownian mod-
el of evolution (K < 1 and λ < 1).

The phylogenetic signal of the traits dehydration, recovery
rate, and optimal temperature was not significant. The recov-
ery rate and growth rate captured ~55% of total variance in the
RDA (Fig. 7). There is one group of strains with low and
another one with high recovery activity. All strains plotted in
direction of the arrow BRecovery^ showed a high recovery
rate (> 69%); all other strains plotted in the opposite direction
of this arrow exhibited a low recovery rate (< 25%). The group
of strains with high recovery rate consist all K. dissectum
strains, as well K. subtile AEW 13-2 and SEW25-3, and
K. nitens SEW29-1. The RDA clearly separated K. cf.
dissectum AEG18-1 as the most isolated from all other
Klebsormidium strains, especially due to the combination of

Fig. 7 Redundancy analysis
(RDA) diagram showing the
response of 21 Klebsormidium
strains to dehydration time
(Dehydration), recovery rate
(Recovery), temperature range
(Min, Max), optimum temperature
(Optimal), and growth rate
(Growth rate)
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the lowest optimum growth temperature (11.6 °C) in conjunc-
tion with the lowest growth rate (0.26 μ day−1; compare
Figs. 5 and 6).

Discussion

Dehydration and Rehydration

The standardized approach to investigate desiccation stress in
all 21 Central European Klebsormidium strains isolated from
BSCs revealed a tolerance for at least 335 min. Members of
both phylogenetic clades exhibited similar temporal ranges
until a zero signal of the effective quantum yield was reached.
In B/C-clade (K. dissectum and K. flaccidum), it ranged from
380 to 505 min, and 350 to 480 min in E clade members
(K. nitens and K. subtile). More specifically, the difference
was not only within one species high (K. subtile with 335–
480 min) but also between both E clade members (K. nitens
vs. K. subtile). In contrast to cyanobacteria, lichens, bryo-
phytes, and angiosperm resurrection plants, only few publica-
tions on the ecophysiological responses under changing water
potentials exist in terrestrial green algae (Streptophyta and
Chlorophyta; [19, 58], and references therein), which makes
a comparison challenging. Karsten et al. [31] compared four
Klebsormidium sp. strains concerning desiccation tolerance,
three from African G clade and one Arctic E clade member
(according to [25]), and used a comparable methodological
approach. The African strains exhibited photosynthetic activ-
ity for 330–380 min and the Arctic Klebsormidium sp. strain
little less (300 min) until the effective quantum yield was
completely inhibited [31]. In contrast, K. dissectum (E clade)
from a European high alpine BSC revealed under ambient
experimental desiccation conditions only for 180 min a posi-
tive effective quantum yield signal [40]. Arctic and Antarctic
strains from B as well E clade showed with ~410 min similar
dehydration response curves [59] as in the present study.
However, all these studies focused on a low number of indi-
vidual strains, which makes it difficult to draw for single spe-
cies or clades conclusions that are more comprehensive. This
is even more difficult by the fact of the use of different meth-
odological approaches in the mentioned studies [e.g., 21, 23,
37, 40]. The observation by Mikhailyuk et al. [13] that B/C
clade members are more adapted to moderate xerophytic con-
ditions than clade E members is neither supported nor rejected
by the data presented in our study.

For the other genera of the Klebsormidiophyceae,
Interfilum, Entransia, and Hormidiella, only limited ecophys-
iological data on the response to desiccation stress exist too.
Interfilum showed with 330–405 min similar dehydration pe-
riods like Klebsormidium [39]. Two strains of the sister genus
Entransia exhibited with 210–230 min a shorter dehydration
time and one Hormidiella isolate with 370 min a similar

temporal interval in comparison to Klebsormidium [60].
However, the investigated Central European Klebsormidium
strains of the present investigation showed a generally slightly
lower dehydration capacity and thus higher desiccation toler-
ance compared with other Klebsormidium strains from differ-
ent phylogenetic clades as well as biogeographic regions.
Other streptophyte green algae of the Zygnematophyceae ex-
hibit a much lower tolerance to desiccation. Photosynthetic
activity of cells of filamentous Zygogonium strains was
completely inhibited after 150-min desiccation [61]. Two fil-
amentous Zygnema strains from hydroterrestrial habitats
dehydrated within 60–120 min [62]. The response to desicca-
tion in four polar Zygnema isolates was even faster (< 20 min)
when the experimental design caused a very fast dehydration
[63]. In contrast, when the design allowed a slow desiccation,
the tolerance towards desiccation was higher and resulted in
prolonged positive effective quantum yield signals [63, 64]. A
higher desiccation tolerance was also observed in older cul-
tures of Zygnema, which consisted mainly of pre-akinetes
(cells with thickened cell walls and filled with storage com-
pounds; [62]). The higher desiccation tolerance in
Klebsormidium in comparison to Zygnema can be explained
by habitat-specific adaptions, as Zygnema usually occurs in
moist soils or streams. In contrast, Klebsormidium occurs in
soils and BSCs; hence, Zygnema is adapted to habitats with
more humid conditions. Furthermore, in comparison with
Zygnema, Klebsormidium cell walls contain a higher callose
content, which was even enhanced by desiccation stress [65].
As desiccation stress has been described to cause drastic cell
wall deformations and callose is involved in wound responses
related to mechanical stress, the latter authors assumed that
this glucan is incorporated into deformed areas of the
Klebsormidium cell wall. This would imply an important con-
tribution to desiccation tolerance, since flexible cell walls are
crucial for surviving cellular water loss by allowing regulated
shrinkage of the protoplast and thereby preserving the struc-
tural integrity of the cell including all organelles [37, 65].
Whether the BSC coccoid Coccomyxa (Trebouxiophyceae)
has such structural specification in the cell wall remains un-
known, but Antarctic strains of this genus tolerated similar
dehydration periods like Klebsormidium (300–400 min;
[ 6 6 ] ) . T h e g e nu s Coc c omy xa b e l o ng s t o t h e
Trebouxiophyceae, a group of derived Chlorophyta.
Together with Chlorophyceae, Trebouxiophyceae switched
almost completely from saltwater to freshwater and many ter-
restrial habitats during the evolution of higher plants and col-
onization of land [67]. The adaptation to freshwater and moist
habitats was a crucial step for the colonization of land by
plants. The genome analysis of K. flaccidum indicated that
terrestrial plant-like physiological adaptations for survival in
terrestrial habitats indeed exist ([42]; see BIntroduction^).

Recovery kinetics of ΔF/Fm′ after dehydration of the des-
iccated Klebsormidium strains exhibited an unexpectedly
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large variability. Almost all strains were rehydrated within
90 min after the end of the dehydration period, and according
to the response patterns, the 21 isolates can be divided into
two groups with strain specific differences (Fig. 6). The first
response type is characterized by high recovery rates (> 69%).
The second response type exhibited strains, which showed
low recovery rates (< 25%). The latter group includes of
K. subtile, K. nitens, and K. flaccidum strains. The strains with
high recovery rates are more homogenous and include all
K. dissectum, and only single K. subtile and K. nitens strains.
These results, together with the RDA, show that adaption for
xerophytic or humid conditions seems to be heterogeneous
distributed within the phylogenetic clades as previously ob-
served by Mikhailyuk et al. [13]. In order to analyze if
Klebsormidium strains with low and high recovery rates show
differences in long-time response, and hence long-time sur-
vival patterns, it is necessary to expand the experimental setup
to a longer period. High recovery rates of Klebsormidium are
similar to those of members of the closely related genera
Interfilum [31, 39], Entransia, and Hormidiella [65]. Strain-
specific differences can be confirmed for Klebsormidium iso-
lates from different phylogenetic clades and geographical or-
igin [21, 31, 40]. In contrast to the morphological interpreta-
tion (e.g., cell wall properties) of Karsten et al. [31], the spe-
cific response differences in the present study cannot be ex-
plained by strain morphology and ultrastructure alone, be-
cause isolates with disintegrated, as well as with firm fila-
ments showed both low and high recovery rates. These data
rather point to physiological traits, especially the recovery
rate.

In general, all investigated K. dissectum and K. subtile
strains showed high recovery rates, which indicates that they
can at least survive short-term and fast desiccation situations
at very low rH conditions of approximately 10%, and that they
can be photosynthetically active during desiccation for several
hours. Such ecophysiological characteristics are the prerequi-
site for long-term survival under terrestrial conditions. The
other tested Klebsormidium strains had lower recovery rates,
which makes predictions for long-term survival difficult.
Nevertheless, the present results indicated only the survival
during short stress intervals (24 h), and hence, in future stud-
ies, the long-term ecophysiological performance of various
Klebsormidium strains of one species, as well of the different
phylogenetic lineages, should be tested too. So far, there exists
only one publication on long-term desiccation effects on the
optimum PSII quantum efficiency in K. dissectum [40]. These
authors demonstrated that K. dissectum exposed for up to
3 weeks to different rH scenarios of 100, 55, and 5%, followed
by rehydration for another 2 weeks, fully recovered under all
conditions but with different recovery kinetics.

Similar to the mentioned dehydration process, members of
the Zygnematophyceae from freshwater habitats exhibited al-
so generally slower and lower recovery rates than those of the

Klebsormidiophyceae [61, 63, 64]. In contrast, various coc-
coid Chlorophyta (among others Chlorella sp., members of
the Trebouxiophyceae, etc.) from desert BSCs recovered al-
most completely within 1 h from desiccation [68], while four
Coccomyxa (Trebouxiophyceae) strains showed a fast, but
only partial recovery rate, varying from 34 to 59% [66]. As
for the Klebsormidiophyceae and Zygnematophyceae, also
members of the Trebouxiophyceae exhibit strain-specific re-
sponses to rehydration. The recovery rate can be partly influ-
enced by other abiotic conditions during the desiccation pro-
cess. Recovery rates of trebouxiophyceaen algae were higher,
when the cells desiccated in dark and under a slow dehydra-
tion scenario [68, 69]. Fast responses within minutes on rehy-
dration, measured as an increase of the effective quantum
yield, are not only detectable for isolated green algal cultures
but also for natural green algal biofilms on building surfaces
[70]. Such fast responses have been observed in prokaryotes
(cyanobacteria) and eukaryotes (bryophytes), which led to the
conclusion that not a protein de novo synthesis is involved,
but instead it was due to reassemble PSII from intact and
active photosystem components [71, 72].

The strain-specific differences in desiccation tolerance as
shown in the present study can not only be explained by mor-
phological and ultrastructural features, but rather reflect a
spectrum of physiological responses for members of the same
lineage identical controlled conditions which is interpreted as
plasticity width of similar/identical genotypes. As organisms
living in a habitat like BSCs with extreme changing environ-
mental conditions, it may be a great benefit to have a certain
plasticity and hence an adaption to a broad spectrum of abiotic
conditions.

Temperature and Growth Response

The response of increasing temperatures on growth in the
tested Klebsormidium strains matches the environmental con-
ditions in the respective sampling sites. Except strain
K. flaccidum HEW42-9, all other strains grew at the mean
annual temperature of the localities (Swabian Alb and
Hainich 6.5–8 °C, Schorfheide-Chorin 8.0–8.4 °C; [43]).
Additionally, the investigated strains exhibited relatively high
optimum growth temperatures (> 17 °C, except strainAEG18-
1 K. cf. dissectum with 11.6 °C), and hence, they can be
regarded as psychrotroph to psychrotolerant [73, 74]. In ac-
cordance with the definition of psychrotroph, almost all
Klebsormidium strains were capable to grow at temperatures
below 10 °C. Similar temperature requirements for photosyn-
thesis have been described forK. crenulatum andK. dissectum
from a high alpine BSC [40, 41]. In contrast, Klebsormidium
strains fromAfrican and Arctic BSCs had a narrower range for
photosynthesis towards higher or lower temperature, respec-
tively [31]. The data of the present study support the existence
of different ecophysiological response pattern in

860 Donner A. et al.



Klebsormidium as function of the temperature conditions in
the natural habitat [31]. This is in accordance to certain
Klebsormidium genotypes preferring acidic habitats [27] or
natural versus artificial substrates [32].

Similar to the genus Klebsormidium, further data on the
temperature requirements for growth in the closely related
genera of the Klebsormidiophyceae Interfilum, Entransia,
and Hormidiella are missing. Growth-temperature data on
other green algae are rare as well, but the reported growth rates
well correlate with the temperature conditions of the respec-
tive sampling sites, such as in the genera Cosmarium
(Zygnematophyceae; [75]), Coccomyxa (Trebouxiophyceae;
[66]), and Stichococcus (Chlorophyceae; [76]). Interestingly,
the temperature requirements for growth of some of these
strains were not affected or changed by artificial long-term
cultivation, even the culture conditions did not reflect the
original habitat conditions [66, 76], pointing to genetically
fixed traits. Whether this is true for the investigated
Klebsormidium strains remains an open question, as these
isolates underwent only short-time cultivation.

Organisms living in BSCs have to cope among other envi-
ronmental factors with seasonal and diurnal changes of tem-
perature. These fluctuations depend onmicroclimatic and geo-
graphical factors. At the sampling sites of the Biodiversity
Exploratories, the temperature in 5-cm soil depth, varied be-
tween −10 and −2 °C in January 2011, and in July 2011, it
reached values of 17–30 °C (data not shown, BExIS). These
natural temperature data of the soil indicate that the tested
Klebsormidium strains experience in Central European BSCs
suitable environmental conditions for growth and biomass
production for long periods of the year. This might explain
the conspicuously high ecological success of Klebsormidium
in many BSC communities in this geographic region.

Problems in Estimating Significant Statistic Signals
and Future Implications

The statistical analysis of ecophysiological values of the
herein investigated Klebsormidium strains gave contrasting
results. The phylogenetic signal in Blomberg’s K and
Pagel’s λ indicated no significance with each trait value
below 1 (dehydration and recovery rate). The significance
of the phylogenetic signal of traits is influenced by several
factors. The first point is the sample size of the dataset.
Blomberg’s K has a good power to detect significance with
a sample size > 20 [54] and Pagels’s λ > 30 [77]. With
n = 21 for the number of species we included in each trait,
we achieved the prerequisite only for Blomberg’s K. This
means, even we found no phylogenetic signal, in another
analysis based on a bigger dataset, one might find a signif-
icant signal. The low number of species is even more in-
tensified by the limited number of strains per species and
clade. The phylogenetic signal may vary already between

species or clades, but this could be also true for only higher
taxonomic scales (more precisely genera). This leads to a
further challenge. For the investigated traits, only some data
from other studies exists, mostly these data have been gen-
erated by other methodological approaches. For example,
Karsten and Holzinger [40] measured the dehydration ca-
pacity under ambient conditions, while the herein presented
data were collected through a desiccation chamber, which
simulates defined atmospheric conditions. A further prob-
lem is the measurement error, which influences Blomberg’s
K in at least simulated data [78]. This error can also in-
crease if different studies are combined. Another issue to
consider is the low genetic diversity within the herein used
Klebsormidium strains from BSCs in Central Europe, espe-
cially in strains assigned to clade E [28]. The reason for
that might be low genetic diversity within the internal tran-
scribed spacer region, which were used for that study [24].
Taken together, future studies should address the following
points. First, more strains (> 30) of the different species,
clades, and especially different climatic conditions (e.g.,
tropical vs. polar strains) should be included. Secondly,
appropriate genetic maker with high resolution should be
considered (e.g., combination of ITS and rbcL). Thirdly,
ecophysiological parameters should be collected under
comparable conditions and with similar methods.

Acknowledgements We thank the managers of the three Exploratories,
Kirsten Reichel-Jung, Swen Renner, Katrin Hartwich, Sonja Gockel,
KerstinWiesner, andMartin Gorke, for their work in maintaining the plot
and project infrastructure; Christiane Fischer and Simone Pfeiffer for
giving support through the central office; Michael Owonibi for managing
the central database; and Markus Fischer, Eduard Linsenmair, Dominik
Hessenmöller, Jens Nieschulze, Daniel Prati, Ingo Schöning, François
Buscot, Ernst-Detlef Schulze, Wolfgang W. Weisser, and the late
Elisabeth Kalko for their role in setting up the Biodiversity
Exploratories project. We thank Thomas Pröschold and Tatyana
Darienko for setting up the Klebsormidium cultures. We further thank
Tatiana Mikhailyuk for the identification of the strains and the discussion
of some results. We also thank the reviewers whose comments and sug-
gestions greatly improved the manuscript. The work has been funded by
the Deutsche Forschungsgemeinschaft (DFG) Priority Program 1374
BInfrastructure-Biodiversity-Exploratories^ in the frame of the project
SoilCrust (KA899/20-1). Field work permits were issued by the respon-
sible state environmental offices of Baden-Württemberg, Thüringen, and
Brandenburg (according to § 72 Brandenburgisches Naturschutzgesetz).

References

1. Rindi F, Guiry MD, López-Bautista JM (2008) Distribution, mor-
phology, and phylogeny of Klebsormidium (Klebsomidiales,
Charophyceae) in urban environments in Europe. J. Phycol.
44(6):1529–1540. doi:10.1111/j.1529-8817.2008.00593.x

2. Neustupa J, Škaloud P (2010) Diversity of subaerial algae and
cyanobacteria growing on bark and wood in the lowland tropical
forests of Singapore. Plant. Ecology and Evolution 143(1):51–62.
doi:10.5091/plecevo.2010.417

Ecophysiological Response on Dehydration and Temperature 861

http://dx.doi.org/10.1111/j.1529-8817.2008.00593.x
http://dx.doi.org/10.5091/plecevo.2010.417


3. Lokhorst GM (1996) Comparative taxonomic studies on the genus
Klebsormidium (Charophyceae) in Europe. Cryptogamic Studies,
Gustav Fischer, Stuttgart

4. Hoffmann L (1989) Algae of terrestrial habitats. Bot. Rev. 55(2):
77–105

5. Broady PA (1996) Diversity, distribution and dispersal of Antarctic
terrestrial algae. Biodivers. Conserv. 5(11):1307–1335

6. Ettl H, Gärtner G (1995) Syllabus der Boden-, Luft- und
Flechtenalgen. Spektrum Akademischer Verlag, Stuttgart

7. Rindi F, Guiry MD (2004) Composition and spatial variability of
terrestrial algal assemblages occurring at the bases of urban walls in
Europe. Phycologia 43(3):225–235. doi:10.2216/i0031-8884-43-3-
225.1

8. Baldwin NA, Whitton BA (1992) Cyanobacteria and eukaryotic
algae in sports turf and amenity grasslands: a review. J. Appl.
Phycol. 4(1):39–47. doi:10.1007/BF00003959

9. Lukešová A (2001) Soil algae in brown coal and lignite post-mining
areas in Central Europe (Czech Republic and Germany). Restor.
Ecol. 9(4):341–350. doi:10.1046/j.1526-100X.2001.94002.x

10. Lukešová A, Komárek J (1987) Succession of soil algae on dumps
from strip coal-mining in the Most region (Czechoslovakia). Folia
Geobot. Phytotax. 22(4):355–362. doi:10.1007/BF02853232

11. Schulz K, Mikhailyuk T, Dreßler M, et al. (2016) Biological soil
crusts from coastal dunes at the Baltic Sea: cyanobacterial and algal
biodiversity and related soil properties. Microb. Ecol. 71(1):178–
193. doi:10.1007/s00248-015-0691-7

12. Langhans TM, Storm C, Schwabe A (2009) Community assembly
of biological soil crusts of different successional stages in a temper-
ate sand ecosystem, as assessed by direct determination and enrich-
ment techniques. Microb. Ecol. 58(2):394–407. doi:10.1007
/s00248-009-9532-x

13. Mikhailyuk T, Glaser K, Holzinger A, et al. (2015) Biodiversity of
Klebsormidium (Streptophyta) from alpine biological soil crusts
(Alps, Tyrol, Austria, and Italy). J. Phycol. 51(4):750–767.
doi:10.1111/jpy.12316

14. Büdel B (2001) Synopsis: comparative biogeography of soil-crust
biota. In: Belnap J, Lange O (eds) Biological soil crust: structure,
function, and management. Springer, Berlin Heidelberg, pp. 141–152

15. Belnap J, Lange OL (2001) Biological soil crusts: structure, func-
tion, and management. Ecological studies, vol 1. Springer-Verlag,
Berlin, Heidelberg

16. Lange OL, Kidron GJ et al (1992) Taxonomic composition and
photosynthetic characteristics of the ‘Biological Soil Crusts’ cover-
ing sand dunes in the Western Negev Desert. Funct Ecol 6(5):519–
527

17. Eldridge D, Bowker M, Maestre F, et al. (2010) Interactive effects
of three ecosystem engineers on infiltration in a semi-arid
Mediterranean grassland. Ecosystems 13(4):499–510. doi:10.1007
/s10021-010-9335-4

18. Eldridge DJ, Greene RSB (1994) Assessment of sediment yield by
splash erosion on a semi-arid soil with varying cryptogam cover. J.
Arid Environ. 26(3):221–232. doi:10.1006/jare.1994.1025

19. Holzinger A, Karsten U (2013) Desiccation stress and tolerance in
green algae: consequences for ultrastructure, physiological and mo-
lecular mechanisms. Front. Plant Sci. 4:327. doi:10.3389
/fpls.2013.00327

20. Kitzing C, Proeschold T, Karsten U (2014) UV-induced effects on
growth, photosynthetic performance and sunscreen contents in dif-
ferent populations of the green alga Klebsormidium fluitans
(Streptophyta) from alpine soil crusts. Microb. Ecol. 67(2):327–
340. doi:10.1007/s00248-013-0317-x

21. Karsten U, Rindi F (2010) Ecophysiological performance of an
urban strain of the aeroterrestrial green alga Klebsormidium sp.
(Klebsormidiales, Klebsormidiophyceae). Eur. J. Phycol. 45(4):
426–435. doi:10.1080/09670262.2010.498587

22. Elster J, Degma P, KováčikĽ, et al. (2008) Freezing and desiccation
injury resistance in the filamentous green algaKlebsormidium from
the Antarctic, Arctic and Slovakia. Biologia 63(6):839–847.
doi:10.2478/s11756-008-0111-2

23. Kaplan F, Lewis L, Wastian J, et al. (2012) Plasmolysis effects and
osmotic potential of two phylogenetically distinct alpine strains of
Klebsormidium (Streptophyta). Protoplasma 249(3):789–804.
doi:10.1007/s00709-011-0324-z

24. Sala OE, Stuart Chapin III F, et al. (2000) Global biodiversity sce-
narios for the year 2100. Science 287(5459):1770–1774.
doi:10.1126/science.287.5459.1770

25. Rindi F, Mikhailyuk TI, Sluiman HJ, et al. (2011) Phylogenetic
r e l a t i o n s h i p s i n I n t e r f i l um a n d K l e b s o rm i d i um
(Klebsormidiophyceae, Streptophyta). Mol. Phylogenet. Evol.
58(2):218–231. doi:10.1016/j.ympev.2010.11.030

26. Mikhailyuk TI, Sluiman HJ, Massalski A, et al. (2008) New
streptophyte green algae from terrestrial habitats and an new
streptophyte green algae from terrestrial habitats and an assessment
of the genus Interfilum (Klebsormidiophyceae, Streptophyta). J.
Phycol. 44(6):1586–1603. doi:10.1111/j.1529-8817.2008.00606.x

27. Škaloud P, Lukesová A, Malavasi V, et al. (2014) Molecular evi-
dence for the polyphyletic origin of low pH adaptation in the genus
Klebsormidium (Klebsormidiophyceae, Streptophyta). Plant.
Ecology and Evolution 147(3):333–345. doi:10.5091
/plecevo.2014.989

28. Glaser K, Donner A, Albrecht M, et al. (2016) Habitat-specific
composition of morphotypes with low genetic diversity in the green
algal genus Klebsormidium (Streptophyta) isolated from biological
soil crusts in Central European grasslands and forests. Eur. J.
Phycol. doi:10.1080/09670262.2016.1235730

29. Ryšánek D, Holzinger A, Škaloud P (2016) Influence of sub-
strate and pH on the diversity of the aeroterrestrial alga
Klebsormidium (Klebsormidiales, Streptophyta): a potentially im-
portant factor for sympatric speciation. Phycologia 55(4):347–
358. doi:10.2216/15-110.1

30. Ryšánek D, HrčkováK, Škaloud P (2015) Global ubiquity and local
endemism of free-living terrestrial protists: phylogeographic assess-
ment of the streptophyte alga Klebsormidium. Environ. Microbiol.
17(3):689–698. doi:10.1111/1462-2920.12501

31. Karsten U, Herburger K, Holzinger A (2016) Living in biological
soil crust communities of African deserts—physiological traits of
green algalKlebsormidium species (Streptophyta) to cope with des-
iccation, light and temperature gradients. J. Plant Physiol. (194):2–
12. doi:10.1016/j.jplph.2015.09.002

32. Škaloud P, Rindi F (2013) Ecological differentiation of cryptic spe-
cies within an asexual protist morphospecies: a case study of fila-
mentous green alga Klebsormidium (Streptophyta). J. Eukaryot.
Microbiol. 60(4):350–362. doi:10.1111/jeu.12040

33. Škaloud P (2006) Variation and taxonomic significance of some
morphological features in European strains of Klebsormidium
(Klebsormidiophyceae, Streptophyta). Nova Hedwigia 83(3–4):
533–550. doi:10.1127/0029-5035/2006/0083-0533

34. Holzinger A, Kaplan F, Blaas K, et al. (2014) Transcriptomics of
desiccation tolerance in the streptophyte green alga Klebsormidium
reveal a land plant-like defense reaction. PLoS One 9(10):e110630.
doi:10.1371/journal.pone.0110630

35. Ryšánek D, Elster J, Kováčik L, et al. (2016) Diversity and dispersal
capacities of a terrestrial algal genus Klebsormidium (Streptophyta)
in polar regions. FEMS Microbiol. Ecol. 92(4). doi:10.1093
/femsec/fiw039

36. Kitzing C, Karsten U (2015) Effects of UV radiation on optimum
quantum yield and sunscreen contents in members of the genera
Interfilum, Klebsormidium, Hormidiella and Entransia
(Klebsormidiophyceae, Streptophyta). Eur. J. Phycol. 50(3):279–
287. doi:10.1080/09670262.2015.1031190

862 Donner A. et al.

http://dx.doi.org/10.2216/i0031-8884-43-3-225.1
http://dx.doi.org/10.2216/i0031-8884-43-3-225.1
http://dx.doi.org/10.1007/BF00003959
http://dx.doi.org/10.1046/j.1526-100X.2001.94002.x
http://dx.doi.org/10.1007/BF02853232
http://dx.doi.org/10.1007/s00248-015-0691-7
http://dx.doi.org/10.1007/s00248-009-9532-x
http://dx.doi.org/10.1007/s00248-009-9532-x
http://dx.doi.org/10.1111/jpy.12316
http://dx.doi.org/10.1007/s10021-010-9335-4
http://dx.doi.org/10.1007/s10021-010-9335-4
http://dx.doi.org/10.1006/jare.1994.1025
http://dx.doi.org/10.3389/fpls.2013.00327
http://dx.doi.org/10.3389/fpls.2013.00327
http://dx.doi.org/10.1007/s00248-013-0317-x
http://dx.doi.org/10.1080/09670262.2010.498587
http://dx.doi.org/10.2478/s11756-008-0111-2
http://dx.doi.org/10.1007/s00709-011-0324-z
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1016/j.ympev.2010.11.030
http://dx.doi.org/10.1111/j.1529-8817.2008.00606.x
http://dx.doi.org/10.5091/plecevo.2014.989
http://dx.doi.org/10.5091/plecevo.2014.989
http://dx.doi.org/10.1080/09670262.2016.1235730
http://dx.doi.org/10.2216/15-110.1
http://dx.doi.org/10.1111/1462-2920.12501
http://dx.doi.org/10.1016/j.jplph.2015.09.002
http://dx.doi.org/10.1111/jeu.12040
http://dx.doi.org/10.1127/0029-5035/2006/0083-0533
http://dx.doi.org/10.1371/journal.pone.0110630
http://dx.doi.org/10.1093/femsec/fiw039
http://dx.doi.org/10.1093/femsec/fiw039
http://dx.doi.org/10.1080/09670262.2015.1031190


37. Holzinger A, Lütz C, Karsten U (2011) Desiccation stress causes
structural and ultrastructural alterations in the aeroterrestrial green
alga Klebsormidium crenulatum (Klebsormidiophyceae,
Streptophyta) isolated from an alpine soil crust. J. Phycol. 47(3):
591–602. doi:10.1111/j.1529-8817.2011.00980.x

38. Gladis-Schmacka F, Glatzel S, Karsten U, et al. (2014) Influence of
local climate and climate change on aeroterrestrial phototrophic
b i o f i lms . B io fou l i ng 30 (4 ) : 401–414 . do i : 10 . 1080
/08927014.2013.878334

39. Karsten U, Herburger K, Holzinger A (2014) Dehydration, temper-
ature and light tolerance in members of the aeroterrestrial green
algal genus Interfilum (Streptophyta) from biogeographically dif-
ferent temperate soils. J. Phycol. 50(5):804–816. doi:10.1111
/jpy.12210

40. Karsten U, Holzinger A (2012) Light, temperature, and desiccation
effects on photosynthetic activity, and drought-induced ultrastruc-
tural changes in the green alga Klebsormidium dissectum
(Streptophyta) from a high alpine soil crust. Microb. Ecol. 63(1):
51–63. doi:10.1007/s00248-011-9924-6

41. Karsten U, Lütz C, Holzinger A (2010) Ecophysiological perfor-
mance of the aeroterrestrial green alga Klebsormidium crenulatum
(Charophyceae, Streptophyta) isolated from an alpine soil crust
with an emphasis on desiccation stress. J. Phycol. 46(6):1187–
1197. doi:10.1111/j.1529-8817.2010.00921.x

42. Hori K, Maruyama F, Fujisawa T, et al. (2014) Klebsormidium
flaccidum genome reveals primary factors for plant terrestrial adap-
tation. Nat. Commun. 5:1–9. doi:10.1038/ncomms4978

43. FischerM, Bossdorf O, Gockel S, et al. (2010) Implementing large-
scale and long-term functional biodiversity research: the biodiver-
sity Exploratories. Basic and applied Ecology 11(6):473–485.
doi:10.1016/j.baae.2010.07.009

44. Starr RC, Zeikus JA (1993) UTEX—the culture collection of algae
at the University of Texas at Austin 1993 list of cultures. J. Phycol.
29:1–106. doi:10.1111/j.0022-3646.1993.00001.x

45. Gouy M, Guindon S, Gascuel O (2010) SeaView version 4: a
multiplatform graphical user Interface for sequence alignment and
phylogenetic tree building. Mol. Biol. Evol. 27(2):221–224.
doi:10.1093/molbev/msp259

46. Akaike H (1974) A new look at the statistical model identification.
IEEE Trans. Autom. Control 19(6):716–723. doi:10.1109
/TAC.1974.1100705

47. Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolu-
tionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 33(7):1870–1874. doi:10.1093/molbev/msw054

48. Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phyloge-
netic inference under mixed models. Bioinformatics 19(12):1572–
1574. doi:10.1093/bioinformatics/btg180

49. Schreiber U, Bilger W (1993) Progress in chlorophyll fluorescence
research:major developments during the past years in retrospect. In:
Behnke H-D, Lüttge U, Esser K, et al. (eds) Progress in botany /
Fortschritte der Botanik: structural botany physiology genetics tax-
onomy Geobotany / Struktur Physiologie Genetik Systematik
Geobotanik. Springer Berlin Heidelberg, Berlin, Heidelberg, pp.
151–173

50. Gustavs L, Schumann R, Eggert A, et al. (2009) In vivo growth
fluorometry: accuracy and limits of microalgal growth rate mea-
surements in ecophysiological investigations. Aquat. Microb.
Ecol. 55(1):95–104. doi:10.3354/ame01291

51. Woelfel J, Schoknecht A, Schaub I, et al. (2014) Growth and pho-
tosynthesis characteristics of three benthic diatoms from the brack-
ish southern Baltic Sea in relation to varying environmental condi-
tions. Phycologia 53(6):639–651. doi:10.2216/14-019.1

52. R Development Core Team (2009) R: a language and environment
for statistical computing. R foundation for statistical computing

53. Pagel M (1999) Inferring the historical patterns of biological evo-
lution. Nature 401(6756):877–884. doi:10.1038/44766

54. Blomberg SP, Garland T, Ives AR (2003) Testing for phylogenetic
signal in comparative data: behavioral traits are more labile.
Evolution 57(4):717–745. doi:10.1111/j.0014-3820.2003.tb00285.x

55. Kembel SW, Cowan PD, HelmusMR, et al. (2010) Picante: R tools
for integrating phylogenies and ecology. Bioinformatics 26(11):
1463–1464. doi:10.1093/bioinformatics/btq166

56. Paradis E, Claude J, Strimmer K (2004) APE: analyses of phyloge-
netics and evolution in R language. Bioinformatics 20(2):289–290.
doi:10.1093/bioinformatics/btg412

57. Harmon LJ, Weir JT, Brock CD, et al. (2008) GEIGER: investigat-
ing evolutionary radiations. Bioinformatics 24(1):129–131.
doi:10.1093/bioinformatics/btm538

58. Holzinger A, Pichrtová M (2016) Abiotic stress tolerance of
charophyte green algae: new challenges for omics techniques.
Front. Plant Sci. 7. doi:10.3389/fpls.2016.00678

59. Pfaff S (2015) Desiccation tolerance and temperature dependent
growth of Klebsormidium and Coccomyxa, two green algal genera
from polar soils. Master Thesis, University of Rostock

60. Herburger K, Karsten U, Holzinger A (2015) Entransia and
Hormidiella, sister lineages of Klebsormidium (Streptophyta), re-
spond differently to light, temperature, and desiccation stress.
Protoplasma:1–15. doi:10.1007/s00709-015-0889-z

61. Aigner S, Remias D, Karsten U, et al. (2013) Unusual phenolic
compounds contribute to ecophysiological performance in the
purp le -co lo red green a lga Zygogon ium er ice to rum
(Zygnematophyceae, Streptophyta) from a high-alpine habitat. J.
Phycol. 49(4):648–660. doi:10.1111/jpy.12075

62. Herburger K, Lewis LA, Holzinger A (2014) Photosynthetic effi-
ciency, desiccation tolerance and ultrastructure in two phylogenet-
ically distinct strains of alpine Zygnema sp. (Zygnematophyceae,
Streptophyta): role of pre-akinete formation. Protoplasma 252(2):
571–589. doi:10.1007/s00709-014-0703-3

63. Pichrtová M, Kulichová J, Holzinger A (2014) Nitrogen limitation
and slow drying induce desiccation tolerance in conjugating green
algae (Zygnematophyceae, Streptophyta) from polar habitats. PLoS
One 9(11):e113137 EP. doi:10.1371/journal.pone.0113137

64. Pichrtová M, Hájek T, Elster J (2014) Osmotic stress and recovery
in field populations of Zygnema sp. (Zygnematophyceae,
Streptophyta) on Svalbard (high Arctic) subjected to natural desic-
cation. FEMS Microbiol. Ecol. 89(2):270–280. doi:10.1111/1574-
6941.12288

65. Herburger K, Holzinger A (2015) Localization and quantification
of callose in the Streptophyte green algae Zygnema and
Klebsormidium: correlation with desiccation tolerance. Plant Cell
Physiol. 56(11):2259–2270. doi:10.1093/pcp/pcv139

66. Pfaff S, Borchhardt N, Boy J, et al. (2016) Desiccation tolerance
and growth- temperature requirements of Coccomyxa
(Trebouxiophyceae, Chlorophyta) strains from Antarctic biological
soil crusts. Algol. Stud.:1–18. doi:10.1127/algol_stud/2016/0245

67. Becker B, Marin B (2009) Streptophyte algae and the origin of
Embryophytes. Ann. Bot. 103(7):999–1004. doi:10.1093
/aob/mcp044

68. Gray DW, Lewis LA, Cardon Z (2007) Photosynthetic recovery
following desiccation of desert green algae (Chlorophyta) and their
aquatic relatives. Plant Cell Environ. 30(10):1240–1255.
doi:10.1111/j.1365-3040.2007.01704.x

69. Gasulla F, Nova PG, Esteban-Carrasco A, et al. (2009) Dehydration
rate and time of desiccation affect recovery of the lichenic algae
Trebouxia erici: alternative and classical protective mechanisms.
Planta 231(1):195–208. doi:10.1007/s00425-009-1019-y

70. Häubner N, Schumann R, Karsten U (2006) Aeroterrestrial
microalgae growing in biofilms on facades—response to tempera-
ture and water stress. Microb. Ecol. 51(3):285–293. doi:10.1007
/s00248-006-9016-1

71. Harel Y, Ohad I, Kaplan A (2004) Activation of photosynthesis and
resistance to photoinhibition in cyanobacteria within biological

Ecophysiological Response on Dehydration and Temperature 863

http://dx.doi.org/10.1111/j.1529-8817.2011.00980.x
http://dx.doi.org/10.1080/08927014.2013.878334
http://dx.doi.org/10.1080/08927014.2013.878334
http://dx.doi.org/10.1111/jpy.12210
http://dx.doi.org/10.1111/jpy.12210
http://dx.doi.org/10.1007/s00248-011-9924-6
http://dx.doi.org/10.1111/j.1529-8817.2010.00921.x
http://dx.doi.org/10.1038/ncomms4978
http://dx.doi.org/10.1016/j.baae.2010.07.009
http://dx.doi.org/10.1111/j.0022-3646.1993.00001.x
http://dx.doi.org/10.1093/molbev/msp259
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.3354/ame01291
http://dx.doi.org/10.2216/14-019.1
http://dx.doi.org/10.1038/44766
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
http://dx.doi.org/10.1093/bioinformatics/btq166
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.1093/bioinformatics/btm538
http://dx.doi.org/10.3389/fpls.2016.00678
http://dx.doi.org/10.1007/s00709-015-0889-z
http://dx.doi.org/10.1111/jpy.12075
http://dx.doi.org/10.1007/s00709-014-0703-3
http://dx.doi.org/10.1371/journal.pone.0113137
http://dx.doi.org/10.1111/1574-6941.12288
http://dx.doi.org/10.1111/1574-6941.12288
http://dx.doi.org/10.1093/pcp/pcv139
http://dx.doi.org/10.1127/algol_stud/2016/0245
http://dx.doi.org/10.1093/aob/mcp044
http://dx.doi.org/10.1093/aob/mcp044
http://dx.doi.org/10.1111/j.1365-3040.2007.01704.x
http://dx.doi.org/10.1007/s00425-009-1019-y
http://dx.doi.org/10.1007/s00248-006-9016-1
http://dx.doi.org/10.1007/s00248-006-9016-1


desert crust. Plant Physiol. 136(2):3070–3079. doi:10.1104
/pp.104.047712

72. ProctorMC, Smirnoff N (2000) Rapid recovery of photosystems on
rewetting desiccation-tolerant mosses: chlorophyll fluorescence
and inhibitor experiments. J. Exp. Bot. 51(351):1695–1704.
doi:10.1093/jexbot/51.351.1695

73. Elster J (1999) Algal versatility in various extreme environments.
In: Seckbach J (ed) Enigmatic microorganisms and life in extreme
environments. Springer Netherlands, Dordrecht, pp. 215–227

74. Morita RY (1975) Psychrophyilic bacteria. Bacteriol. Rev. 39(2):
144–167

75. Stamenković M, Hanelt D (2013) Adaptation of growth and photo-
synthesis to certain temperature regimes is an indicator for the geo-
graphical distribution of Cosmarium strains (Zygnematophyceae,

Streptophyta). Eur. J. Phycol. 48(1):116–127. doi:10.1080
/09670262.2013.772657

76. Kvíderová J, Lukavský J (2005) The comparison of ecological
characteristics of Stichococcus (Chlorophyta) strains isolated from
polar and temperate regions. Algol. Stud. 118(1):127–140.
doi:10.1127/1864-1318/2006/0118-0127

77. Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis
and comparative data: a test and review of evidence. Am. Nat.
160(6):712–726

78. Hardy OJ, Pavoine S (2012) Assessing phylogenetic signal with
measurement error: a comparison of Mantel tests, Blomberg
et al.’s k, and phylogenetic distograms. Evolution 66(8):2614–
2621. doi:10.1111/j.1558-5646.2012.01623.x

864 Donner A. et al.

http://dx.doi.org/10.1104/pp.104.047712
http://dx.doi.org/10.1104/pp.104.047712
http://dx.doi.org/10.1093/jexbot/51.351.1695
http://dx.doi.org/10.1080/09670262.2013.772657
http://dx.doi.org/10.1080/09670262.2013.772657
http://dx.doi.org/10.1127/1864-1318/2006/0118-0127
http://dx.doi.org/10.1111/j.1558-5646.2012.01623.x

	Ecophysiological...
	Abstract
	Introduction
	Material and Methods
	Strain Origin and Culture Conditions
	Phylogenetic Analysis
	Desiccation and Rehydration Experiment
	Growth Experiment Under Temperature Gradient
	Statistical Analysis

	Results
	Phylogenetic Analysis
	Dehydration and Recovery
	Temperature Requirements for Growth

	Discussion
	Dehydration and Rehydration
	Temperature and Growth Response
	Problems in Estimating Significant Statistic Signals and Future Implications

	References


