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Abstract Biological soil crusts (BSCs) represent a micro-
ecosystem consisting of various microorganisms including
algae in drylands worldwide. The green algal genus
Klebsormidium is a typical member of such communities,
and because of its filamentous morphology and sticky cells,
it plays an ecological key role in the stabilization of soil sur-
faces. In the present study, we investigated for the first time
the phylogeny and ecophysiological performance of five BSC
Klebsormidium strains from the semi-arid Colorado Plateau,
USA. The molecular phylogeny of rbcL sequences showed
that these strains belong to two subclades, which have been
described before from mainly humid habitats. During con-
trolled dehydration, the effective quantum yield of photosys-
tem II decreased during 370-430 min of exposure. After
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controlled rehydration, all strains recovered between 32.9 and
97.6% of the control, but with significant differences depending
on the genetic lineage. All five isolates grew between 18.1 and
27.9 °C, with isolate-specific optimal growth temperatures.
Similarly, all strains were grown under increasing photon
fluence rates from 4 to 110 pmol photons m > s~ with optima
under the higher tested light levels. Two strains showed inhibi-
tion at higher photon fluence rates and hence low light require-
ments for growth. Photosynthesis under increasing photon
fluence rates up to 314 pmol photons m > s indicated again
low light requirements, but with no photoinhibition. All results
underline a pronounced plasticity of the ecophysiological traits
of the investigated Klebsormidium strains, which allow these
terrestrial algae to exploit the environmental gradients within
BSCs in arid regions.

Keywords Terrestrial algae - Desiccation - Growth -
Photosynthesis - Drylands

Introduction

In drylands, where growth of vascular plants is limited due to
harsh environmental conditions, biological soils crusts (BSCs)
play an important ecological component of the habitat. BSCs
typically consist of bacteria, cyanobacteria, non-lichenized
fungi, lichens, bryophytes, algae, and microfauna (Belnap
2003). This micro-community provides important ecosystem
functions, making them to real ecosystem engineers. Through
the BSC composition of soil particles and organic compounds,
they stabilize soils and influence water cycles. As BSCs con-
sist of various photoautotrophic organisms, atmospheric car-
bon dioxide is fixed, biologically transformed, and finally
transferred into the soil. In addition, atmospheric nitrogen
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can be fixed by cyanobacteria, which contributes to nutrient
enrichments (Belnap 2002).

Drylands cover up to 40% of the terrestrial land surface
(Belnap et al. 2016), and they consist of regions with hyper-
arid, arid, semi-arid, and dry conditions, which includes polar
deserts as well. In these regions, BSCs can cover up 70-90%
of the terrestrial surface (Belnap 1994; Williams et al. 2017).
Because of their biological activity, it has been estimated that
these communities contribute ~7% of the net global primary
production and ~50% of the global nitrogen fixation (Elbert
et al. 2012). In fact, these numbers might be even higher, as
previous studies underestimated the biological activity, due to,
for example, experimental biases of chlorophyll fluorescence-
based methods for photosynthesis (Raanan et al. 2016).

BSCs have their main distribution area in North America in
southwestern hot and cold deserts. During the last decades,
investigations focused mainly on occurrence, biodiversity,
function, and succession of BSCs in the USA, rather than on
ecophysiological aspects of single components. The cool semi-
arid Colorado Plateau, localized in southwestern USA, is char-
acterized by average summer temperatures of 16-26 °C and
average winter temperatures between 0 and 8 °C, accompanied
with temporal annual soil freezing (Rosentreter and Belnap
2003). Precipitation is about 150-250 mm per year, with 35—
40% as summer monsoons and cold winters with significant
snow input (Rosentreter and Belnap 2003). Vascular plants on
the Colorado Plateau are dominated by Coleogyne, Atriplex,
Artemisia, Pinus, and Juniperus in a mixed shrub-, grass-,
and woodland (Rosentreter and Belnap 2003). BSCs on the
Colorado Plateau are widely distributed between the loosely
distributed vascular plants. They are composed of
cyanobacteria, green algae, Bacillariophyceae, bryophytes,
and lichens. The green algal diversity is high but usually low
in biomass (Rosentreter and Belnap 2003). Klebsormidium
flaccidum is a common green algal species in these BSCs
(Rosentreter and Belnap 2003). Although Klebsormidium
seems to have low biomass in these particular BSCs, it is an
alga which actively supports the formation of crusts by
entrapping soil particles due to their filamentous morphology
and secretion of sticky mucilage (Biidel et al. 2016).

Members of the genus Klebsormidium (Klebsormidiophyceae,
Streptophyta) are worldwide distributed in different habitats
such as natural and artificial substrates, including rock sur-
faces, soil, and BSCs (e.g., Lokhorst 1996; Rindi et al.
2011; Mikhailyuk et al. 2015). The phylogeny based on
ITS rRNA and rbcL sequences indicate the existence of sev-
en well-supported superclades (A-G; Rindi et al. 2011).
Superclade A contains the genus Interfilum and superclades
B-G the genus Klebsormidium. The most common monophy-
letic clade of Klebsormidium is E, with at least 14 lincages
(Rindi et al. 2011; Mikhailyuk et al. 2015; RySanek et al
2015). Members of this clade can be found in many different
regions, as well as in various terrestrial and freshwater
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habitats. Although the superclades are genetically well-sup-
ported, the morphological identification of single lineages is
still challenging due to overlapping morphological character-
istics and plasticity of species. However, certain genotypes
can be linked to special environmental factors, e.g., acidic
soils (Skaloud et al. 2014) and natural vs. artificial subaerial
substrates (Skaloud and Rindi 2013). These genotypes point
to the existence of cryptic species and might be suitable for a
discrimination of different ecotypes.

Ecophysiological studies on Klebsormidium from BSCs
focused so far mainly on strains from Europe (Glaser et al.
2017; Karsten and Rindi 2010; Karsten and Holzinger 2012)
and rarely from other regions, such as Alaska (Karsten et al.
2016). Studies on strains from North American dryland BSCs
are completely missing. As a recent comprehensive study of
Klebsormidium strains from temperate habitats revealed an
unexpectedly high physiological plasticity, strains from more
extreme habitats might give new insights in the existence of
infraspecific differentiation (Donner et al. 2016).

The aim of the present study was for the first time an eco-
physiological characterization of five strains of Klebsormidium
originating from semi-arid dryland BSCs in southwestern North
America. One goal was to examine the genetic diversity of the
selected strains using rbcL sequences, since such genetic data
from North American BSC Klebsormidium strains are missing.
Furthermore, photosynthetic activity response was evaluated as a
function of a light gradient, as well under controlled desiccation
and rehydration conditions. Additionally, the growth response as
a function of temperature and light gradients was investigated.

Material and methods
Strain origin and culture conditions

The strains were isolated from BSCs collected in May 2015.
Three sites in southwestern USA were sampled: (1) Dead
Horse Point, Utah (D1; 38°28'16.01"N, 109°44"27.08"W);
(2) near Moab, Utah (M1, M3; 38°38'45.57"N, 109°44'
10.05"W); and (3) Grand Canyon, Arizona (G6, G7; 36°3’
57.17"N, 112°8'7.30"W). All sites are located in the
Colorado Plateau, a cold semi-arid dryland spanning
210,000 km? of Utah, Colorado, Arizona, and New Mexico.
The sampled sites represent typical BSCs in semi-arid dry-
lands, where the vegetation is dominated by a patchy distribu-
tion of shrubs and grasses. Detailed data on habitat, origin, and
meteorology are summarized in Table 1.

All samples were cultivated on 1.5% agar supplemented
with modified Bold’s Basal Medium (3NBBM; Starr and
Zeikus 1993). Detected Klebsormidium filaments were trans-
ferred to Petri dishes with fresh 3NBBM medium. After three
transfers, the obtained cultures were inspected for unialgality
by examination under a light microscope. Samples and
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Table 1  Characterization of the five investigated Klebsormidium strains collected from BSCs at the semi-arid Colorado Plateau

Strain Habitat Meteorological data

M1 Biological Soil Crust, near Moab, Utah, USA; 38°38'45.57"N, 109°44'10.05"W Air temperature —3 to 25 °C
Leg.: David Rysanek Monthly precipitation 0-20 mm
Year 2015 Annual rainfall 200 mm

M3 Biological Soil Crust, near Moab, Utah, USA; 38°38'45.57"N, 109°44'10.05"W As M1
Leg.: David Rysanek
Year 2015

D1 Biological Soil Crust, Dead Horse Point, Utah, USA; 38°28'16.01"N, 109°44"27.08"W Air temperature —1.8-25.7 °C
Leg.: David Rysanek Monthly precipitation 12-25 mm
Year 2015 Annual rainfall 229 mm

G6 Biological Soil Crust, Grand Canyon, Arizona, USA; 36° 3'57.17"N, 112° 8'7.30"W Air temperature —1 to 20 °C
Leg.: David Rysanek Monthly precipitation 10-50 mm
Year 2015 Annual rainfall 390 mm

G7 Biological Soil Crust, Grand Canyon, Arizona, USA; 36° 3'57.17"N, 112° 8'7.30"W As G6

Leg.: David Rysanek
Year 2015

Strain number, habitat, and origin are given. Meteorological data include monthly air temperature (°C) and monthly and annual precipitation (mm)

(www.weatherbase.com)

unialgal stock cultures of Klebsormidium were maintained in
3NBBM at 20 °C under white fluorescent photon fluence rates
of 30-50 pmol photons m > s~ provided by 18 W cool tubes
(Philips TLD 18 W/33, Netherlands), with a 14:10 h light/dark
cycle. All experiments were carried out with vital log-phase
cultures (c. 1-2 mg chlorophyll a L™).

Light microscopy

The morphology of 4-week-old cultures was examined on
1.5% agar plates with 3ANBBM medium and in liquid
3NBBM medium during the exponential growth phase.
Morphology of strains was investigated using a light micro-
scope (BX51, Olympus, Japan) with Nomarski differential
interference optics. Light micrographs were taken with an
Olympus UC30 camera attached to the microscope and proc-
essed with the software cellSens Entry (Olympus, Japan).

Molecular analyses

DNA was isolated according to the protocol of RySanek et al.
(2015) and afterwards stored at —20 °C. The sequences of the
rbcL gene, which encodes the large subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase, were obtained by using
polymerase chain reaction (PCR) amplification with a
Touchgene Gradient cycler (Techne, United Kingdom). The
rbcL gene was amplified by using the newly designed primer
KF590 (5'-GAT GAA AAC GTA AAC TCT CAG C-3') and
the primer rbcL-KR2 (5'-GGT TGC CTT CGC GAG CTA-3")
(Skaloud and Rindi 2013). The primers were designed specif-
ically to amplify Klebsormidium species. Each 20 uL reaction
for PCR was conducted as described by Rysanek et al. (2015).

The PCR protocol followed that of Skaloud and Rindi (2013).
Sequencing reads were assembled and edited by using
SeqAssem software (Hepperle 2004).

Newly obtained Klebsormidium rbcL sequences and the
sequences available in the GenBank database were used to
produce an alignment for phylogenetic analyses. The final
alignment of 732 base pairs was constructed by using
ClustalW (Thompson et al. 1994) with MEGA v6.06
(Tamura et al. 2013). The aligned dataset was analyzed by
using Bayesian analysis (BI) with MrBayes v3.1.2
(Huelsenbeck and Ronquist 2001), maximum likelihood anal-
ysis (ML) with GARLI (Zwickl 2006), and maximum parsi-
mony (MP) analysis with PAUP v4.0b10 (Swofford 2002).
The evolutionary model was determined by using PAUP/
MrModeltest v2.3 (Nylander 2004). The model selected under
the Akaike information criterion was GTR + I + G. The BI
analysis was performed by using the priors set as default in
MrBayes; the robustness of the tree topologies was assessed
by bootstrapping the dataset as described by Skaloud and
Rindi (2013).

Photosynthesis under a light gradient

The effect of rising photon fluence rates on the relative elec-
tron transport rate of photosystem II (PSII) (rETR) was
followed by using non-invasive pulse amplitude modulation
(PAM) fluorometry. The rETR was measured with a PAM
2500 (Heinz Walz GmbH, Germany) at 22 °C. The range
was chosen as previous experiments indicated that higher pho-
ton fluence rates inhibited the photosynthesis and was lethal
for the cultures (data not shown). Log-phase cultures were
concentrated on four replicate GF/F Whatman glass fiber
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filters (Whatman, Germany). The filters were kept moist with
some drops of 3NBBM medium and dark-incubated for
15 min before algal cells were exposed to 14 photon flux
densities (PFDs) for 2 min each ranging from 0 up to
314 umol photons m 2 s~'. The actinic light was provided
by a red LED (650 nm) of the PAM2000. The distance be-
tween fiber optic and filter surface was always kept constant at
5 mm. After each light exposure, a saturating pulse was given
to detect F,, (maximum fluorescence yield) and AF/fm’ (ef-
fective photochemical efficiency). The relative electron trans-
port rate of PSII (tETR) was calculated according to
rETR = AF/fm’ * PFD where AF/fm’ = the effective PSII
quantum efficiency. Photosynthesis-irradiance (PI) curves as
rETR vs. PFD were calculated and again fitted by the mathe-
matical photosynthesis model of Walsby (1997).

Growth experiment under a temperature and light
gradient

The increase of in vivo chlorophyll a fluorescence F; over time
was used as an indicator for biomass accumulation and hence
for estimation of the growth rate (Gustavs et al. 2009). For the
measurement of the effect of different temperatures on the
growth, cultures were grown in quadruples in 24-well micro-
plates (Costar, Corning GmbH, Germany) with each well
filled with 1.5% agar of modified 3NBBM. For the tempera-
ture gradient growth experiment, six different temperatures
were applied (18.1, 19.1, 21.0, 24.6, 26.3, and 27.9 °C) at
40 umol photons m * s~ ' and a light/dark cycle of 16:8 h L/D.

For the temperature gradient growth experiments, a modi-
fied self-constructed algal incubator as described in Woelfel
et al. (2014) was used. The adjusted incubator was equipped
with a LED array (LED neutral white Ediline III 3.5 W COB
Modul, Edison Opto Corporation, Taipei, Taiwan). All mea-
surements were done with log-phase cultures, which were
adapted for 10 days to the temperature conditions described
above. After this pre-incubation, 200 pL of the cell suspension
(c. 0.1-0.2 mg chlorophyll a L™") was transferred onto the
agar medium in a new 24-well microplate with quadruples
for each strain. The chlorophyll a fluorescence as proxy for
growth was measured every 24 h for 10 days with a
SpectraMax M2e multiplate reader (MPR; Molecular
Devices, Germany). For chlorophyll @ fluorescence, an exci-
tation 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 fluorescence units
(RFU). The fluorescence measured directly after the inocula-
tion 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 rep-
licate was performed according to the well-established
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protocol of Gustavs et al. (2009) which requires a linear rela-
tionship between algal biomass and chlorophyll a fluores-
cence as well as exponential growth of the investigated algae.
This method offers a simple, rapid, non-invasive, reproduc-
ible, and calibration-free measurement of growth rates in uni-
algal cultures, and the low detection limits avoid self-shading
and nutrient limitation during growth rate determination.

The light gradient experiment was applied for six different
photon fluence rates (4, 8, 15, 30, 85, and 110 pmol photons
m 2s 1) at20°C (1 °C)and a light/dark cycle of 16:8 h L/D.
The pre-cultivation, preparation, and measurements were the
same as for the temperature gradient growth experiment (de-
scribed above).

During the exponential growth phase of the
Klebsormidium strains, the fluorescence F; (RFU) at a given
time point ¢ can be calculated as F, = F, "' with F, (RFU) as
initial fluorescence and p (day ') as growth rate in the respec-
tive time interval. For the calculation of W, 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 Ag; which was calculated as
(F,—F t,cal)z with F; (RFU) as measured fluorescence at a given
time point ¢ and F;., (RFU) as calculated fluorescence at a
given time point ¢ with at least three subsequent fluorescence
values. MS Excel 2013 add-in Solver with the model “GRG-
non-linear” was used to minimize Ag;. The growth rate L is a
relative unit and a rate of 1 equals a doubling of biomass
within 1 day.

Desiccation and rehydration experiment

For the desiccation experiments, a standardized set-up was
applied to follow kinetics of controlled dehydration and sub-
sequent rehydration on the effective quantum yield of photo-
system II (PSII) using non-invasive pulse amplitude modula-
tion (PAM) fluorometry. A modified desiccation chamber af-
ter Karsten et al. (2014) was used for the experiments. As all
samples originated from BSCs, all PAM measurements were
done on low-light acclimated samples (30—40 pmol photons
m 2 s ). Cells of each Klebsormidium strain were concentrat-
ed on four replicate GF/F Whatman glass fiber filters
(Whatman, Germany). Onto each filter, 200 pL of the cell
suspension (c. 1-2 mg chlorophyll @ L™') was concentrated
in the center as a light green spot. Prepared 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, Germany)
in order to create a relative air humidity of ~10% and sealed
with a transparent top lid. The boxes were kept at 22 + 2 °C
and 30-40 pmol photons m > s~ ' (Osram Daylight Lumilux
Cool White lamps L36 W/840, Osram, Germany).
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The effective quantum yield (AF/fm’) of photosystem II
was regularly determined during the dehydration period (up
to 430 min depending on the strain) using a pulse-amplitude
modulated fluorimeter (PAM 2500, Heinz Walz GmbH,
Germany). AF/fm' was calculated as (F,, — F)/fm’ with F as
the fluorescence yield of light-treated algal cells and F,,," as the
maximum light-adapted fluorescence yield after employing an
800-ms saturation pulse as described by Schreiber and Bilger
(1993). The PAM light probe was positioned outside the cover
lid of the boxes (always 2 mm distance) to guarantee undis-
turbed RAH conditions inside, i.e., all fluorescence measure-
ments 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 pL of the standard growth medium (BBM, see
above) to each filter, and recovery of (F,, — 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.

Statistical analysis

All statistical analyses were done with the software package R
(R Development Core Team 2009). Statistical significance of
the median of recovery rates, growth rates under temperature
and light gradient, and rETR were tested with a one-way
ANOVA followed by a Tukey’s multiple comparison test to
find significant differences between species, temperature, and
light steps, respectively.

Results
Light microscopy

Descriptions and images of semi-arid BSC Klebsormidium
strains are presented in Table 2 and Fig. 1. The multicellular
algae were unbranched and consisted of filaments, either as
long filament or as short fragments. Some strains with long
filaments disintegrated in liquid culture into short to unicellu-
lar fragments (strains M1, G6 and G7). The length of the cells
varied between 7.2 to 12.3 um and their width between 6.2
and 8.4 um. All cells contained plate-shaped chloroplasts,
with wavy to richly waved margins. The chloroplast encircled
40-70% of the inner cell surface, with slightly lower values in
liquid cultures. The pyrenoid inside the chloroplast was aver-
age to big in size, surrounded by several starch grains. Only
strain D1 showed during cell division on solid medium the
specific cell wall structures of H-pieces, which is an important

morphological character for some Klebsormidium species
(Mikhailyuk et al. 2014).

Molecular analyses

The phylogenetic analysis of Klebsormidium revealed seven
superclades sensu Rindi et al. (2011) with moderate to high
support (indicated with letters A—G; Fig. 2). Within
superclade E sensu Rindi et al. (2011), five clades with highest
support were recovered (E1, E2, E3, E4, and ES5).
Additionally, within superclade E, 13 lineages sensu
Skaloud and Rindi (2013) were recognized (indicated as 1—
13). The genetic diversity of the five newly investigated
strains was low, as they are all member of the highly supported
superclade E. However, the samples represent two different
genotypes, inferring with two distinct lineages. The strains
M1, G6, and G7 belonged with high support to lineage E2
(Skaloud and Rindi 2013). Other members of this lineage
were described so far from various aquatic, aerophytic, and
synanthrophic substrates from Europe, America and Oceania.
The other two investigated strains M3 and D1 are closely
related with high support with lineage E4 (Skaloud and
Rindi 2013). Members of this lineage were reported so far
from different aerophytic, rock, soil ,and synanthrophic sub-
strates from Europe and Australia.

Photosynthesis under light gradient

The relative electron transport rate as a function of increasing
photon fluence rates up to 314 umol photons m * s~ differed
between the strains investigated (Fig. 3a, b). Strains of lineage
E2 exhibited o values 0f 0.475 in M1, 0.525 in G6, and 0.475
in G7 (Fig. 3a). While the relative ETR ,,,x was highest for M1
(25.8), G6 and G7 had lower rates with 21.6 and 19.3, respec-
tively (Fig. 3a). The I, value was 55 pmol photons m 2 s~ for
M1 and 40 pmol photons m > s ' for G6, which are higher
compared to G7 that exhibited an I, value of 19 umol photons
m % s~! (Fig. 3a). Slight photoinhibition in response to in-
creasing photon fluence densities up to 314 umol photons
m 2 s could be observed in strains M1 and G6. Both E4
lineage strains showed « values of 0.231 and 0.236, which
were significantly lower in comparison with those of the E2
lineage strains (p < 0.001; Fig 3b). The relative ETR,,,x Was
lower as well (14.1 and 15.7), and I, was higher than in E2
lineage strains (63 and 68 pumol photons m > s '; Fig 3b).
However, in both E2 lineage strains M3 and D1, there was
no indication of photoinhibition (Fig. 3b).

Growth under temperature and light gradient
The effect of increasing temperatures showed the capability

for growth from 18.1 to 27.9 °C for all investigated
Klebsormidium strains, except strain D1, which exhibited
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Table 2 Description of 5
Klebsormidium isolates collected
from biological soil crusts in
southwestern USA drylands,
Colorado Plateau

only a low growth rate (<0.2 u~' day ") at 26.3 °C and at the
highest tested temperature of 27.9 °C (Fig. 4). The optimum
growth temperature for lineage E2 strains varied between 18.1
and 24.6 °C, with growth rates between 0.35 and 0.42 1 day '
(Fig. 4). Strain G7 (lineage E2) showed a surprising pattern,

Fig. 1 Morphology of the
investigated strains of
Klebsormidium from biological
soil crusts collected on the
dryland Colorado Plateau,
Western USA. a Klebsormidium

sp. M1. b Klebsormidium sp. M3.

¢ Klebsormidium sp. D1. d
Klebsormidium sp. G6. e
Klebsormidium sp. G7. Scale
bars represent 5 pm
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Strain

Clade

Description

M1

M3

D1

G6

G7

E2

E2

E2

Filaments are strong, long, usually constricted at cross walls in culture on solid medium, but
filaments are short and disintegrating to unicells in liquid culture. Cells usually cylindrical,
sometimes short cylindrical, (7.3)8.2(8.9) um width and (6.7)9.3(16.8) um length on solid
medium and slightly thinner in liquid medium ((8.0)8.4(8.8) um width and
(8.9)12.3(17.0) um length). Chloroplasts are plate-shaped, wavy at margins, covering
60-70% of inner cell surface (less (40-50%) in liquid medium), with large pyrenoid,
surrounded by many small starch grains. H-like fragments of cell wall were not observed.

Morphology of the strain is close to Klebsormidium sp. D1, cells (6.3)6.9(7.3) pm width and
(5.1)7.2(10.5) um length on solid medium and slightly thinner in liquid medium
((6.3)7.1(7.7) pm width and (6.5)9.5(12.1) pum length).

Filaments are strong, long, slightly constricted at cross walls in culture on solid and in liquid
media. Cells usually cylindrical, sometimes short cylindrical, (5.7)6.4(6.7) pm width and
(6.0)8.1 (12.2) um length on solid medium and slightly thinner in liquid medium
((4.3)6.2(7.1) um width and (6.6)7.9(10.3) um length). Chloroplasts are plate-shaped,
wavy at margins, with incision before cell division, covering 60-70% of inner cell surface,
with average pyrenoid size, surrounded by many small starch grains. H-like fragments of
cell wall are present in culture on solid medium and usually absent in liquid medium.

Filaments are short and disintegrating to unicells in culture on solid and in liquid media. Cells
are usually cylindrical, (6.3)7.3(7.7) um width and (7.6)11.1(14.6) pum length on solid
medium and slightly thinner in liquid medium ((6.0)6.5(7.4) um width and
(6.1)10.0(12.9) um length). Chloroplasts are plate-shaped, wavy at margins, covering
60-70% of inner cell surface (less (40-50%) in liquid medium), with big pyrenoid,
surrounded by many small starch grains. H-like fragments of cell wall were not observed.

Morphology of this strain is close to Klebsormidium sp. G6, cells (7.1)7.4(8.1) pm width and
(8.7)10.2(13.6) um length on solid medium and slightly thinner in liquid medium
((6.7)7.2(8.3) um width and (6.8)10.8(14.2) um length).

Clade assignment according to Rindi et al. (2011)

with the highest growth rate of 0.42 p day ' at 18.1 °C and at
26.3 °C with 0.43 t day ' slightly higher, whereas between
19.1 and 24.6 °C, the growth rate was lower (0.27-
0.38 1 day ). Strains of Klebsormidium lineage E4 had the
highest growth rates with 0.42-0.43 w day ' at 19.1 °C (M3)
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Fig. 2 Phylogenetic tree based 1.00/100/100

— Interfilum sp. SAG 2147

on Bayesian analysis of combined L——— Interfilum paradoxum SAG 4.85 a
newly retrieved rbcL sequences 1.00/6504 1.00/95/99f— Klebsormidium cf. flaccidum Lira? b
and sequences obtalned fropq 1.00/100/100 Klebsormidium flaccidum SAG 7.91
GenBank, showing the position | [ Klebsormidium flaccidum SAG 2307
of investigated Klebsormidium 0.93/100/96L Kjebsormidium flaccidum SAG 335.7 c
strains (bold) and related genus Klebsormidium bilatum SAG 5.96
Interfilum. Values at nodes Klebsormidium elegans SAG 7.96 d
1nd.1cate statistical support . 1.00/100/100 [ Klebsormidium sp. K22
estimated by MrBayes posterior p— Klebsormidium sp. K28 13
o . 1.00/100/
node probability (/eff), maximum 1 Klebsormidium sp. KOS
likelihood bootstrap (middle), and [ Klebsormidium sp. K40 10 | ES
maximum parsimony bootstrap Klebsormidium sp. K10
(right). Thick branches represent 1.00/99/[ L Kiebsormidium sp. GALW015300 12
nodes with highest posterior node Klebsormidium sp. TR 18
probability (1.00). Superclade 547 Klebsormidium sp. M3, D1 E4
(A—G) and clade demgn.atlon 0.96/ Klebsormidium sp. SAG 2065 11
(E1-E5) followed Rindi et al. 62/55 Klebsormidium sp. CAUP J302
(20¥ D). Nqnbers 1-13 g_lVe Klebsormidium sp. SAG 2107
strains affiliation to 13 lineages - Klebsormidium acidophilum Novis KM
sensu Skaloud and Rindi (2013). 0.71/70 Klebsormdium sp. K44 9
Scale bar indicates numbers of Klebsormidium dissectum NZL K25 E1
substitutions per site Klebsormidium fluitans CCAP335.13 8
Klebsormidium nitens SAG 32.91 e
1.00/66/99 1 00T 1.00/72/91[ Klebsormidium fluitans SAG 9.96 E3
: Klebsormidium sp. GALW015442
Klebsormidium flaccidum SAG 37.91
1.00/0 Klebsormidium sp. TR 31 5
) Klebsormidium nitens SAG 335.2b
Klebsormidium sp. SAG 2108
1.00/93/- Klebsormidium sp. K19 4
Klebsormidium sp. K26 2
Klebsormidium sp. K42 E2
Klebsormidium sp. Namibia 5
1.00/66/85 Klebsormidium sp. M1, G6, G7 3
Klebsormidium sp. GALW015463
Klebsormidium sp. K43 6
Klebsormidium nitens SAG 13.91
Klebsormidium nitens SAG 52.91 1
Klebsormidium dissectum SAG 2155
1.00/100/100 Klebsormidium sp. 14613.5e
‘— Klebsormidium sp. 14621.6 g
1.00/100/100 [~ Klebsormidium mucosum SAG 8.96 f
L Kiebsormidium crenulatum SAG 37.86
0.3

and 18.1 °C (D1) (Fig. 4). There were no significant differ-
ences of optimum growth temperature between strains of lin-
eage E2 and E4.

The effect of increasing photon fluence rates showed the
capability for growth from 4 to 110 pmol photons m > s~ " for
all five investigated Klebsormidium strains (Fig. 5). All strains
exhibited their highest grow rates at medium to highest tested
photon fluence rates. At 4 umol photons m > s ', all strains
grew only poorly, with growth rates between 0.11 and
0.19 w day ' (Fig. 5). Strains of E2 lineage (M1, G6, and
G7) exhibited the highest growth rate at 30—110 pmol photons
m %s ! (Fig. 5). Strain M1 showed the highest growth rate of
0.37 p day " at 110 umol photons m ' s !, whereas the
growth rates at 30 and 85 pmol photons m 2 s ! with 0.32

and 0.35 p day ' were quite similar (p > 0.001; Fig. 5).
Consequently, strain M1 exhibited no indication of inhibition
under increasing photon fluence densities. For strain G6, an
increase of photon fluence densities up to 85 pumol photons
m 2 s ! was accompanied by an almost linear rise in the
growth rate up to a maximum of 0.34 u day ' (p > 0.01;
Fig. 5). Exposure to 110 pmol photons m 2 s ' led to a de-
crease of the growth rate down to 0.28 w day ™' (Fig. 5). Strain
G7 exhibited a similar response pattern, with the highest
growth rate of 0.40 w day ' at already 30 pmol photons
m 2 s (p>0.01; Fig. 5). The increase in photon fluence
densities up to 110 umol photons m 2 s~ led first to a slight
and then a stronger decrease of the growth rate (0.35 and
0.28 p day ', respectively; Fig. 5). G6 and G7 exhibited low
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Fig. 3 Relative electron transport rate (tETR) curves in response to Klebsormidium sp. G6, and Klebsormidium sp. G7. b Strains of lineage

increasing photon fluence densities up to 314 umol photons m 2 s~ E4: Klebsormidium sp. M3 and Klebsormidium sp. D1. Data points were

(n = 4, mean + SD). a Strains of lineage E2: Klebsormidium sp. M1, fitted according to Walsby (1997)

light requirements for growth. For both lineage E4 strains (M3~ Klebsormidium strains gave a positive signal of AF/fm’
and D1), the increase of photon fluence densities up to for at least 370 min, before a threshold was reached, after
85 pmol photons m ? s ' were accompanied by an almost  which the signal rapidly decreased to a quantum yield of
logarithmic rise in the growth rate up to a maximum of 0.44  zero or values near to zero (data not shown). The three
and 0.38 pday ', respectively (p > 0.001; Fig. 5). The further ~ strains M1, G6, and G7 assigned to lineage E2 gave a
increase of photon fluence densities up to 110 pmol photons ~ positive fluorescence signal for 390 to 430 min, whereas
m %5 ' resulted for strain D1 a slight reduction in growthrates ~ the two strains M3 and D1 of linecage E4 exhibited a
(0.35 p day "), while in strain M3, the growth remained un-  positive signal for a slightly shorter time interval (370
changed (0.44 1 day_l). Both strains showed no indication of  and 395 min). Two representative examples for E2 (strain

inhibition under increasing photon fluence densities. There M1) and E4 (D1) are shown in Fig. 6.

were no significant differences in the growth rates as function After the signal of quantum yield reached zero or values
of the tested photon fluence rates between strains of lineage  near to zero, the samples were rehydrated and all samples
E2 and E4. recovered within 90 min, at least partially (data not shown).

The recovery of the effective quantum yield was highly vari-
Desiccation and rehydration able in Klebsormidium strains of lineage E2. The recovery in

strain M1 was 32.9% (Fig. 6), in G6 86.7% and in G7 66.3%.
The standardized methodological approach with the dry  In contrast, both E4 lineage strains showed with 95.4% (M3)
chamber and PAM measurements from outside allowed and 97.6% (D1) (Fig. 6), an almost complete recovery. The
comparative effective quantum yield determinations in all  differences of recovery rates between strains of lineage E2 and
samples during the desiccation experiment. All tested  E4 were highly significant (p < 0.01).

Temperature [°C]
Strain  Clade
181 191 210 246 263 279 Growth [ d-]
—t t f } t O <0.20
M1 E2 ©O O © 0 ©O @)
* QO 021-030
M = ® ¢ © 0O O @ o031-040
E3 . -u.
D1 E4 ® OO O 0 o o) °
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G  E2 ©O 0O 0 0 0 ©
L *
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Fig. 4 Growth rate (1 day ') of the five investigated Klebsormidium Asterisks mark highest measured growth rate under tested conditions.
strains collected from BSCs at the semi-arid Colorado Plateau under six Additionally, clade assignment followed Rindi et al. (2011) for each strain
different temperatures, ranging from 18.1 to 27.9 °C measured at 40 pmol is given

photons m > s™' and a light/dark cycle of 16:8 h L/D (mean, n = 4).
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Fig. 5 Growth rate (1 day ) of the five investigated Klebsormidium
strains collected from BSCs at the semi-arid Colorado Plateau under
increasing photon fluence densities, ranging from 4 to 110 pmol photons
m 2 s ' measured at 20 °C (+1 °C) and a light/dark cycle of 16:8 h L/D
(mean, n = 4). The significance of differences among photon fluence
densities are indicated by different letters (small letters for strain M1;

Discussion
Molecular analyses

Skaloud and Rindi (2013) proposed within Klebsormidium
superclade E the existence of three different habitat-type pref-
erences (natural subaerial, artificial subaerial, and aquatic) and
hence distinct genotypes and ecotypes. Some of the described
lineages seem to consist exclusively of strains with one
habitat-type preference; others compromised strains with dif-
ferent habitat types (E4 and E2, respectively). As the present
results on strains M1, G6, and G7 grouped to the original
habitat-type preference circumcising exclusively “artificial,”
our data contradict partially the assumed ecology of the
Klebsormidium superclade E. This can be caused by two rea-
sons: (I) either previous studies were not sufficiently compre-
hensive and hence not representative simply by not sampling
certain biogeographical regions or (II) the sole use of the ge-
netic marker rbcL failed to display the real genetic diversity.
Concerning the first case, the focus of previous studies was
indeed mainly Europe (e.g., Skaloud and Rindi 2013). Strains
from northwestern American dryland BSCs were not included
so far in earlier studies. Concerning the second case, it is
known that analysis based on single genes sometimes fail to
distinguish between closely related Klebsormidium strains
(e.g., Mikhailyuk et al. 2015). A combination of ITS rDNA
and rbcL gene would give higher nodal support and seems to
be more suitable for the detection of cryptic species (Rindi
etal. 2011; Skaloud and Rindi 2013).

The most common genotypes in Klebsormidium world-
wide are members of superclade B/C and E (Mikhailyuk
et al. 2015; RySanek et al. 2015). In many habitats, such as
alpine sites in Tyrol (Austrian Alps), at least these two B/C
and E genotypes dominate, although also others (e.g.,
superclade F) have been reported (Mikhailyuk et al. 2015).
In contrast, BSCs of the Colorado Plateau harbor only

capital letters for strain M3; cursive small letters for strain D1; cursive
capital letters for strain G6; bold small letters for strain G7) and was
calculated by one-way ANOVA (p < 0.001 for M1, M3, and DI;
p < 0.01 for G6 and G7). Asterisks mark highest measured growth rate
under tested conditions. Additionally, clade assignment that followed
Rindi et al. (2011) for each strain is given
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Fig. 6 The effect of controlled desiccation and rehydration on the
effective quantum yield (AF/Fm’) of photosystem II in 2 representatives
out of 5 Klebsormidium strains collected from BSCs at the semi-arid
Colorado Plateau. Strains M1 and D1 are representative for clade E2
and E4, respectively. AF/Fm' was measured at 30-40 pmol photons
m 2 s ' with a PAM 2500 according the approach of Karsten et al.
(2014) (n = 4, mean value + SD)
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members of the superclade E. Only few other locations seem
to be solely dominated by the Klebsormidium E clade, such as
algal biofilms on concrete, bark of trees, and rocks in
Washington, Ohio, and Connecticut, USA (RySanek et al.
2015). Until now, the present investigation is the first study
on the biodiversity of Klebsormidium strains from BSCs in
North American drylands. So far, and as there are no other
studies, it is impossible to make far-reaching conclusions on
the genetic diversity of Klebsormidium in BSCs of the
Colorado Plateau.

Photosynthesis under a light gradient

The effect of increasing photon fluence densities on rETR
revealed only minor differences among the five
Klebsormidium isolates. All strains exhibited a relatively high
« together with low values of 1, although a small but signif-
icant difference in « between E2 and E4 members was noted.
The combination of a high o together with low I value is
typical for low-light adapted algae (Henley 1993). Such low-
light response patterns are usually coupled with
photoinhibition under elevated irradiance levels (Bischof
et al. 1998). Photoinhibition could not be statistically docu-
mented in the present study, although in some strains, at least
such a trend is visible (Fig. 3). The tested Klebsormidium
strains rather confirm previous studies on other
Klebsormidium representatives and related genera Interfilum,
Entransia, and Hormidiella (Karsten et al. 2010, 2014, 2016;
Karsten and Holzinger 2012; Aigner et al. 2013; Holzinger
and Karsten 2013), which all document lack of
photoinhibition at least under 2—3-fold higher photon fluence
rates compared to the present study. These results were
interpreted as high photophysiological plasticity of the men-
tioned algal genera. The herein observed slightly
photoinhibition of strains M1 and G6, as well the lower P,
and higher I values of D1 and M3 in comparison with the
other three strains, might be the result of different small-scale
spatial distribution of Klebsormidium filaments and strains
within the BSCs. Depending on the succession stage of
BSCs and water availability, BSC species composition chang-
es and hence vertical distribution of crust members (Garcia-
Pichel etal. 2016). The vertical structure of BSCs results in the
occupation of microenvironments within the BSC where indi-
vidual cells are protected from damaging light levels (Gray
et al. 2007). A more recent study on the three-dimensional
structure of BSCs showed a steep decline in irradiance with
depth, but also the existence of “light pockets” where the
irradiance was 10-fold higher than in adjacent parts at the
same depth (Raanan et al. 2016). The photophysiological plas-
ticity of Klebsormidium might allow the occurrence along and
exploitation of different vertical micro-environmental gradi-
ents (e.g., solar radiation) in the complex three-dimensional
BSC structure, including light pockets (see above). The
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advantage of utilization of different light levels within the
crust is a protection from damaging irradiance levels (Gray
et al. 2007). Furthermore, Klebsormidium might be protected
through multi-layered carpet-like structures, which contribute
to self-shading and protection of single filaments (Karsten
etal. 2010). All these data indicate that even in high insolation
habitats such as the Colorado Plateau, BSCs provide a protec-
tive environment for many microorganisms due the specific
spatial and physicochemical structure.

Growth under a temperature and light gradient

The effect of increasing temperatures on growth indicated the
capability of all strains to cope with the tested temperature
range. All Klebsormidium strains were able to grow at the
highest average air temperature of the sampling sites (25 °C
in Moab, 25.7 °C Dead Horse Point, 20 °C Grand Canyon;
Table 1). The optimum growth temperature was relatively
high for all strains, and hence, they can be regarded as
psychrotolerant microorganisms (Elster 1999). As the herein
tested maximum temperature was 27.9 °C because of meth-
odological limitations, it is not possible to predict if the five
strains are able to grow also at higher temperatures. The same
is true for temperatures under 18.1 °C, as they were also not
tested. Nevertheless, the growth-temperature response pat-
terns of all investigated Klebsormidium strains well reflect
the seasonally occurring temperature fluctuations in the
Colorado Plateau habitats.

The effect of increasing photon fluence densities on growth
in all the five tested strains showed an optimum between 30
and 110 pmol photons m 2 s '. Two strains (G6 and G7)
showed at 85 and 110 pmol photons m 2 s ™', respectively,
already growth inhibition and hence low light requirements
for growth. In contrast, in the remaining three strains, higher
photon fluence densities did not lead to a reduction in growth
rates. This is an interesting result, because the few existing
studies on different Klebsormidium species pointed always
to low light requirements for photosynthesis and growth.
K. crenulatum, K. dissectum, and a no further specified
Klebsormidium species exhibited their optimum growth at
30 umol photons m > s ', along with always a strong reduc-
tion in growth rates at further increasing photon fluence den-
sities (Karsten and Rindi 2010; Karsten et al. 2010; Karsten
and Holzinger 2012). Other terrestrial filamentous green algae
of the genus Trentepohlia, such as Trentepohlia odorata and
T aurea, which grow on tree barks and building surfaces,
showed maximum growth rates between ~60 and 120 pmol
photons m 2 s~' (Tan et al. 1993; Abe et al. 1998). Such
growth data were always interpreted as an adaption to low
light conditions, which are in agreement with the low-light
requirements for photosynthesis (see above) (Karsten et al.
2010). Besides specific micro-habitat properties that support
light gradients inside a BSC, there exist various physiological
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mechanisms to avoid photoinhibition or even photodamage in
algae. These include, for example, phototactic movement of
plastids within cells, minimization of absorption, and utiliza-
tion of incident PAR for photosynthesis (Raven 2011). Such
processes aim to dissipate enhanced excitation of photosyn-
thetic pigments, for example, by non-photochemical
quenching (xanthophyll cycle) and photochemical quenching
(alternative electron transport pathways) (Raven 2011). The
underlying genes for such protective non-photochemical
quenching, i.e., cyclic electron flow activity at photosystem
I, have recently been found in the genome of K. flaccidum
(Hori et al. 2014).

Dehydration and rehydration

The dehydration of the five tested Klebsormidium strains of
superclade E under standardized conditions resulted in an in-
hibition of the effective quantum yield of PSII. All strains
gave a positive fluorescence signal for 370 to 430 min of
exposure to ~10% relative air humidity, with no statistical
difference between members of lineage E2 and E4. A recent
study including nine E-clade strains from temperate BSCs in
Germany resulted with 350480 min in a similar time period
until the effective quantum yield was completely inhibited
(Donner et al. 2016), while a clade E6 Klebsormidium strain
isolated from a snow layer in Alaska exhibited with 300 min a
much shorter positive photosynthetic signal (Karsten et al.
2016). However, few ecophysiological data exist on desicca-
tion of E-clade strains originating from other geographic re-
gions. The present results on the 5 E-clade strains of
Klebsormidium from the Colorado Plateau indicate that there
is no differentiation between genotypes possibly based on the
dehydration kinetics only.

In strong contrast, the recovery kinetics of AF/fm’ after
dehydration of the desiccated Klebsormidium strains exhibit-
ed lineage-specific differences. Strains of lineage E2 exhibited
a large variability in their recovery kinetics leading to 33—87%
of the control. The two E4 lineage strains M3 and D1 showed
a complete recovery of the control effective quantum yield.
Similar recovery kinetics have been observed in E-clade
strains from Alaska (Karsten et al. 2016), as well as in closely
related members of the genera Interfilum, Entransia, and
Hormidiella with recovery rates between 70 and 100%
(Karsten et al. 2014; Herburger and Holzinger 2015). High
recovery rates seem to be a specific trait of terrestrial green
algae, as numerous Chlorophyta show the same high recovery
rates (Gray et al. 2007). In contrast, aquatic Chlorophyta typ-
ically exhibit much lower recovery rates after desiccation
(e.g., Pichrtova et al. 2014). The present study suggests
lineage- and hence genotype-specific differences of the recov-
ery kinetics. Such strain-specific differences in desiccation
tolerance have already been observed in a recent study on

different Klebsormidium species and strains of superclades
B/C and E (Donner et al. 2016).

Mikhailyuk et al. (2015) provided a concept, in which E
clade strains are considered as typically adapted to more hy-
drophilic habitats, compared, for example, to the xerophytic F
clade. This ecological concept is based on ecophysiological
data and a wide distribution of E clade members in humid and
shaded habitats of Southwestern Europe, Asia, and North
America (Mikhailyuk et al. 2015, and references therein).
The present phylogenetic and ecophysiological results of E-
clade strains from North American dryland BSCs contradict
this assumption. The physiological properties reported in the
present study rather indicate xerophytic traits in the
Klebsormidium E-clade strains from the Colorado Plateau.
The environmental conditions at all three sampling sites on
the Colorado Plateau are semi-arid, with low monthly (0—
50 mm) and annual precipitation (200-390 mm), and hence,
these data well support the xerophytic features of the investi-
gated five E-clade strains of Klebsormidium.

Conclusions

In the present study, only clade E members of Klebsormidium
were found in BSCs collected at the semi-arid Colorado
Plateau. Until now, clade E members have mainly be reported
in humid habitats in southwestern Europe, Asia, and North
America (Mikhailyuk et al. 2015), and hence, the biogeogra-
phy of clade E has to be revised concerning drylands. The
ecophysiological response patterns as function of desiccation,
temperature, and light indicate a pronounced plasticity within
members of the genus Klebsormidium. All data well explain
the ecological success of these green algae in BSCs of the
Colorado Plateau.
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