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Biological soil crusts (biocrusts) harbor a diverse community of various microorganisms
with microalgae as primary producers and bacteria living in close association. In mesic
regions, biocrusts emerge rapidly on disturbed surface sail in forest, typically after clear-
cut or windfall. It is unclear whether the bacterial community in biocrusts is similar
to the community of the surrounding soil or if biocrust formation promotes a specific
bacterial community. Also, many of the interactions between bacteria and algae in
biocrusts are largely unknown. Through high-throughput-sequencing analysis of the
bacterial community composition, correlated drivers, and the interpretation of biological
interactions in a biocrust of a forest ecosystem, we show that the bacterial community
in the biocrust represents a subset of the community of the neighboring soil. Bacterial
families connected with degradation of large carbon molecules, like cellulose and chitin,
and the bacterivore Bdellovibrio were more abundant in the biocrust compared to bulk
soil. This points to a closer interaction and nutrient recycling in the biocrust compared to
bulk soil. Furthermore, the bacterial richness was positively correlated with the content
of mucilage producing algae. The bacteria likely profit from the mucilage sheaths of the
algae, either as a carbon source or protectant from grazing or desiccation. Comparative
sequence analyses revealed pronounced differences between the biocrust bacterial
microbiome. It seems that the bacterial community of the biocrust is recruited from
the local soil, resulting in specific bacterial communities in different geographic regions.

Keywords: microbial interaction, biofilms, biological soil crusts, forest soil, terrestrial algae, biodiversity

INTRODUCTION

Biological soil crusts (biocrusts) make up 12% of terrestrial ground cover and over 50% in both
cold and hot arid regions where vascular plants cannot thrive (Belnap et al., 2016; Borchhardt
et al.,, 2017). They also act as pioneer stages in soil recolonization, e.g., after disturbance (Belnap
et al,, 2003). Biocrusts are an association of microorganisms that strongly interact with the
surrounding soil thereby shaping biogeochemical and physical properties of the first millimeters
of the soil surface. Biocrusts consist of a huge variety of organisms, such as bacteria, microfungi,
microalgae, lichens, and mosses. These organisms live on and interact with the underlying soil
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and the atmosphere in terms of nutrient cycling, water-
holding capacity, and soil stabilization. Algal and cyanobacterial
filaments, fungal hyphae, and their extracellular polymeric
substances glue soil particles together, which results in a stable
biocrust (Belnap et al., 2016). Furthermore, nutrients such as
carbon, nitrogen, and phosphorus are enriched in biocrusts
(Beraldi-Campesi et al., 2009; Diimig et al., 2014; Baumann et al,,
2017). Prokaryotic nitrogen fixation at the soil surface can even
result in a net transfer of inorganic plant available nitrogen into
the underlying soil (Johnson et al,, 2007). Also the bacterial
nitrogen turnover is enhanced in biocrusts compared to bare
soil or underlying soil (Brankatschk et al., 2013). Thus, biocrusts
represent microecosystems with intense interactions between
autotrophic and heterotrophic components of both prokaryotic
and eukaryotic organisms.

Many previous studies focused on the persistent biocrusts
of extreme habitats, their prokaryotic and eukaryotic diversity
(Buidel et al., 2016), ecophysiology of isolated strains (Gray et al.,
2007; Karsten et al., 2010), net primary productivity in situ, or
their development and succession as the dominant vegetation
form in these areas (Belnap et al., 2016). In the temperate zone,
particularly extreme weather events as drought or storms affect
the vegetation also in temperate forests (Schelhaas et al., 2003)
and create open spaces for biocrust development (Belnap et al.,
2001). Bare soil at high vegetation climax sites is generated
by animal activities and windfall, and by forest management,
such as the removal of trees and the creation of skid trails
or driving lanes for heavy equipment. The favorable climatic
conditions in middle European temperate regions allow biocrusts
to develop within weeks after disturbance, usually starting
with a biofilm of eukaryotic algae, which are, besides mosses,
the most dominant biocrust phototrophs in temperate forests
and heaths (Gypser et al, 2015; Glaser et al, 2017, 2018).
Biocrusts in temperate regions can sustain many years, but
their activity is seasonal dependent (Diimig et al., 2014; Rieser
et al, 2021). Even in well-developed European forest soils,
biocrusts accumulate nutrients more strongly than surrounding
bulk soils (Baumann et al., 2017; Drahorad et al., 2020) and also
might counteract soil erosion as has been shown in other forest
ecosystems (Seitz et al., 2017). Furthermore, temperate biocrusts
impact the hydrological characteristics of the respective habitat
(Gypser et al., 2016b).

Cyanobacteria and eukaryotic microalgae are crucial for the
biocrust formation and development as major contributors to
carbon fixation (Biidel et al., 2016; Szyja et al., 2018). Eukaryotic
algae are the least studied phototrophs in biocrusts, even though
as many as 350 species have been described in biocrusts to
date (Biidel et al, 2016). Eukaryotic algae play minor roles
in the formation of biocrusts in hot arid regions compared
to cyanobacteria (Biidel et al, 2016) but are found more
prominently in Arctic and Antarctic regions (Belnap et al., 2016;
Pushkareva et al., 2016; Rippin et al., 2018a) as well as in
Mediterranean and temperate climates (Glaser et al., 2017, 2018;
Samolov et al., 2020). For temperate biocrusts, hardly anything
is known about the role of microalgae and their interaction with
the environment or surrounding microbiome (Corbin and Thiet,
2020), even though biocrust can reach locally high coverage rates

as determined by remote sensing for example in sandy heaths
(Rieser et al., 2021).

With the exception of cyanobacteria, biocrust bacterial
communities only recently gained increasing attention by
applying high-throughput-sequencing analyses.  Archaea,
Chloroflexi, and anaerobic bacteria appeared to be less prominent
in the biocrusts than below the biocrust (Steven et al., 2013).
Data on the bacterial community in biocrusts and underlying
soils of the same sampling site are so far restricted to semiarid
sites (Steven et al., 2013; Albright et al., 2019; Moreira-Grez
et al,, 2019; Pombubpa et al., 2020). These studies at different
arid geographical regions, Western Australia, Colorado Plateau,
and the Mojave Desert, United States, found major differences
in the bacterial communities between biocrusts and underlying
soils. Cyanobacteria were enriched in the biocrusts, whereas
bacterial richness was higher in the underlying soils for most
bacterial and archaea groups. The same pattern was found for
bare surface soils in close proximity to the biocrust covers, which
appear to have a higher microbial diversity than the biocrusts
(Abed et al., 2019; Moreira-Grez et al., 2019). Compared to bare
soil, biocrusts promoted high proportions of Proteobacteria
and Acidobacteria in Western Australia (Moreira-Grez et al.,
2019), whereas in Oman, Actinobacteria were reported as the
most abundant bacteria phylum in most biocrust samples (Abed
etal., 2019). It seemed that biocrusts affect the bacterial diversity
by promoting a smaller subset of the bulk soil microbiome
(Moreira-Grez et al., 2019). For these biocrusts, network analyses
revealed most connections in bacteria-bacteria interactions
rather than cross-domain interactions of bacteria and fungi, both
in the biocrust and underlying soil alike (Pombubpa et al., 2020).

Algae-bacteria interactions are known from different habitats
and even found their way into biotechnological applications
[reviewed in Ramanan (2016)]. So far, only Rippin et al.
(2018b) studied eukaryotic microalgae and their interaction
with the bacterial communities in Arctic and Antarctic
biocrusts by analysis of co-occurrence networks. These networks
revealed clusters of multiple nodes combining eukaryotic and
prokaryotic organisms indicating cross-domain interactions.
Close interactions of algae and bacteria in biocrusts are very
likely because exopolysaccharides and decaying biomass of the
phototrophic community provide organic material for the growth
of the heterotrophic community. Previous studies reported
an altered bacterial community depending on the biocrust
developmental stage, which was determined by the dominating
phototrophic organisms (Maier et al., 2018; Miralles et al., 2021).
The identity of the main phototrophic species likely influences
the biocrust microbiome since microalgae species differ in their
functional traits such as excretion of exopolysaccharides (EPS).
Those EPS protect the microalgae from predation or desiccation
but also shape the soil matrix and could serve as a carbon source
for the heterotrophic community. During biocrust development
on organic-poor soils, also bacterial EPS genes become more
abundant (Cania et al., 2019). The influence of the biocrust
phototrophs on the bacterial community has been addressed for
poorly developed semiarid and Arctic soils (Maier et al., 2018;
Juottonen et al., 2020) but not for well-developed soils as they
occur in temperate forests. Only few studies were conducted
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so far in temperate regions with open landscapes like heaths
or postmining areas studying the nutrient turnover in biocrusts
at different developmental stages (Brankatschk et al., 2013;
Diimig et al., 2014; Gypser et al., 2016a). It may be expected
that the organic-rich temperate forest soils may support a rich
community of heterotrophic bacteria, which are less dependent
on organic input by microalgae.

We expect that the functional traits of algae, such as a
filamentous life form or EPS excretion, affect the bacterial
diversity. Comparing biocrusts and bare soil, we hypothesize that
the bacteria in biocrusts are a subset of the overall soil bacteria
favoring specialists, such as saprotrophic bacteria. Furthermore,
we analyzed the factors driving bacterial and algal community
in German forest biocrusts and considering environmental
parameters such as soil properties, main tree species, and
forest management.

MATERIALS AND METHODS
Study Site and Sampling

Samples were taken from German forest plots of the Biodiversity
Exploratories, in Swabian Alb (a low-mountain site), Hainich (a
lowland), and Schorfheide-Chorin (moraine landscape) (Fischer
et al,, 2010). The forests are dominated by deciduous (European
beech Fagus sylvatica) or coniferous species (Scots Pine Pinus
sylvestris or Norway spruce Picea abies). The plots were
either located in natural protected forest areas or in managed
forests (age-class) and were characterized by their silvicultural
management intensity index (SMI) and the effect of management
on the stand density (SMId). The numerical index SMI takes
into account the SMId, main tree species, and stand age and
ranges between 0 and 1 (Schall and Ammer, 2013). The higher
the SMI, the more intense the management. The higher the SMId,
the more intense the effect of the silvicultural management on
the natural stand density. The SMId ranged in our sampling
site from 0 in the natural forests to 0.57 in an intensively
managed beech forest.

Biological soil crusts were collected in June 2014 and 2015
from litter-free bare soil in the forests like on root plates of fallen
trees, in digging holes of wild boars, and at exposed mounds at
all three sampling sites. Biocrusts were visible by eye as green
cover without lichen or moss thalli. For the identification of algae,
the top soil, on which biocrusts had been visually detected as
green cover, was collected by pressing the opening of a petri
dish into the biocrust and removing it gently with a spatula.
After transportation to the lab, the upper two millimeters of
the biocrust was separated from the adhering soil underneath
using a razor blade and stored air-dry in paper bags prior to
cultivation. For elemental analyses, samples were finely ground
using a mortar grinder (Pulverisette 2, Fritsch, Idar-Oberstein,
Germany). Samples used for DNA extraction were collected next
to the previous sampling spot. For this, a small (5 mm) cork borer
was used to transfer the top 2 mm of soil in a plastic tube, which
was immediately frozen in the field at -80°C.

Bulk soil samples were collected during the sampling
campaign in May 2014 following the procedure described earlier

(Solly et al., 2014). Samples were immediately frozen at -80°C for
further analyses.

Element Content in Biocrusts and Soils

The total C, N, and S contents of biocrusts were determined
by dry combustion using an elemental analyzer (VARIO EL,
Elementar Analysensysteme GmbH, Hanau, Germany). Total
P content was measured after microwave-assisted aqua regia
digestion using inductively coupled plasma optical emission
spectroscopy (ICP OES) (JY 238 UL Trace, France). All analyses
were done in duplicate.

Cultivation, Identification, and Richness
of Algae

The procedure for culturing (enrichment cultivation) and
morphological identification of algae and cyanobacteria followed
exactly the procedure described earlier (Glaser et al, 2018).
The results of one experimental site (Schortheide) were already
published. Here, we extent the data set by two more study sites
(Swabian Alb and Hainich) and compare the algae with the
bacterial community.

We used the total number of algae and cyanobacteria species
per sample, i.e., species richness, as the measure of alpha diversity.
As a measure of beta diversity, the similarity between the plots
was calculated based on the presence/absence of individual
species using the Bray-Curtis dissimilarity index, combining the
total number and the identity of all algal taxa observed. As the
ecological functions of individual species differ, the identified
algae and cyanobacteria were categorized based on (1) their
life form (filamentous or coccal), (2) characteristics of mucilage
(no mucilage, mucilage only around individual cells, or strong
mucilage around colonies), and (3) organism size (pico < 20 pum,
nano > 20 wm and < 200 wm, micro > 200 pm).

DNA Extraction, High-Throughput
Sequencing, and Taxonomic
Classification of Marker-Gene Amplicons

For bacterial community analyses, DNA was extracted from the
biocrusts using a MoBio Soil Extraction Kit (MoBio Laboratories,
Carlsbad, CA, United States) following the manufacturer’s
instructions. Bacterial RNA was extracted from bulk soil
samples as described by Lueders et al. (2004) with appropriate
modifications developed for forest soils within the Biodiversity
Exploratories (Wiist et al., 2016). Samples were thawed on ice
and transferred to a 2-ml screw cap tube containing 0.7 g of
sterilized zirconium/silica beads (diameter, 0.1 mm), 750 ul
sodium phosphate solution (112.9 mM Na;HPO4, 7.1 mM
NaH,POy), and 250 pl TNS-Buffer (500 mM Tris-HCl pH
8, 100 mM NaCl, 10% sodium dodecyl sulfate). Cells were
disrupted by bead-beating (2 times at 6.5 mes~! for 45 s).
After centrifugation, samples were extracted with phenol-
chloroform-isoamyl alcohol (25:24:1 v/v/v) then chloroform-
isoamyl alcohol (24:1), and nucleic acids were pelleted by
the addition of polyethylene glycol and centrifugation. Pellets
were washed with cold ethanol (70%) and resuspended in
20 to 50 pl Tris-HCI buffer (pH 8.5). RNA was prepared

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 769767


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Glaser et al.

Biocrust Promote Specific Bacteria Community

by digestion of co-extracted DNA with RNase free DNase
I (ThermoScientific, Waltham, MA, United States) according
to the instructions of the manufacturer and subsequently
precipitated in sodium acetate (3M, pH 5.2) and isopropanol
(99.5%), washed with ethanol (70%, v/v), and resuspended in
RNase-free water. Concentrations of RNA were determined using
the Quant-iT RiboGreen RNA Assay Kit (Life Technologies,
Darmstadt, Germany) and a microtiter plate reader (Tecan
Infinite 200 PRO; Minnedorf, Switzerland). RNA extracts were
treated with a RiboLock RNase inhibitor (final concentration
1 U pl™!; Fermentas, Waltham, MA, United States) prior
to reverse-transcription PCR. For the synthesis of ¢cDNA
from extracted RNA, the GoScript Reverse Transcription
System was employed according to the protocol of the
manufacturer (Promega, Madison, WI, United States) using
random hexamers.

For all samples, biocrusts, and bulk soil, the V3 region
of the 16S rRNA was amplified using modified primer
pairs 341F (5-CCTACGGGWGGCWGCAG-3') and 518R (5'-
CCGCGGCTGCTGGCAC-3") (Muyzer et al, 1993), which
contained Illumina adapter sequences and binding sites for
sequencing primers. Additionally, the reverse primer included
an index region of six nucleotides (Bartram et al, 2011).
All samples were amplified in triplicates. The reaction mix
(final volume of 50 pl) contained 10 wl PCR buffer (5x;
GC Phusion buffer), 1 pl dNTP mix (10 mM each), 0.2 pl
each of forward and reverse primers (50 WM each), 1.5 pl
dimethyl sulfoxide (DMSO; 100% v/v), and 1 pl Phusion
High-Fidelity DNA Polymerase (2 U pl™!; Thermo Scientific,
Waltham, United States). Amplification proceeded by an initial
denaturation step at 94°C for 5 min, followed by 20 cycles at
94°C for 15 seconds, 59°C for 15 seconds, 72°C for 15 seconds,
and final extension step at 72°C for 7 minutes. Amplifications
were carried out in a Veriti 96-well thermal cycler (Applied
Biosystems, Foster city, CA, United States). Amplicons were
purified in 2% Metaphor (Lonza group, Basel, Switzerland)
agarose gels to allow the separation of products from primers
and primer dimers. Subsequently, the PCR products were cleaned
with a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel,
Diiren, Germany) and quantified using a Qubit® dsDNA HS
Assay Kit (Life Technologies, Carlsbad, CA, US). Quality was
checked with a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, United States), and triplicates from amplification step
were pooled in equal amounts. Sequencing was performed on a
HiSeq 2500 (Illumina, San Diego, CA, United States) in a paired-
end run, yielding a total of 4.70 x 10% sequence reads of 100-bp
length. The raw sequencing data were deposited in the European
Nucleotide Archive (ENA) under the project PRJEB50153.

Raw sequence reads were processed using plugins available
in the QIIME 2™ platform (Version 2017.12)" (Caporaso
et al, 2010). Raw sequence reads were imported, joined,
quality filtered, chimera checked, and denoised, and the
distinct sequences obtained were subsequently allocated to
samples using the plugins “vsearch,” “quality-filter;” and “deblur”
(Bokulich et al, 2013; Amir et al, 2017). In detail, the

Uhttps://qiime2.org/

QIIME2 default parameters for quality filtering and chimera
checking and removal were used. These are listed in the qiime2
command line interface scripts at https://docs.qiime2.0rg/2017.
12/plugins/available/quality-filter/q-score-joined/ and at https://
docs.qiime2.0rg/2017.12/plugins/available/deblur/denoise-16S/.

First, the reads were trimmed in deblur at a length of
165 bases. Then, briefly, read check and chimera check were
performed in the plugin “deblur” as a twofold step. The first
step involves a “positive filtering by comparison to a database
of known sequences (by default the Greengenes 13_8 88%
OTUs).” The second step addresses “chimeras originating from
PCR amplification prior to sequencing. Therefore, the reads
are additionally filtered for de novo chimeras using VSEARCH
with non-default parameters: -dn = 0.000001, -xn = 1000, -
minh = 10000000, -mindiffs = 5.” The above details are quotes
from the Supplementary Text 1 of Amir et al. (2017), which
contains further details and references with respect to the
chimera check procedure.

The representative sequences were aligned to reconstruct
a midpoint-rooted tree using the plugins “feature-table,
“alignment,” and “phylogeny.” The taxonomic classification
of representative sequences was performed using a Naive
Bayes classifier, which was trained using the 16S rRNA
gene sequence database of SILVA (version 132) using the
plugin “feature-classifier.” For further statistical analysis, the

TABLE 1 | Concentration of total carbon, nitrogen, sulfur, and phosphorus in
biocrusts from three sampling sites in Germany: A-Alb, H-Hainich, and
S-Schorfheide.

Plot Cin g/kg N in g/kg Sin g/kg C/N Ratio P in mg/kg
Al 61.6 4.7 0.5 18.2 730.4
A2 167 9.5 0.9 17.6 954.5
A3 70.3 4.8 0.6 14.8 762.4
A8 68.2 5.2 0.7 13.3 841.3
A9 57.9 4.6 0.6 12.6 815.9
A22 89.3 6.1 0.8 14.6 755.2
A33 120.9 8.2 1 14.8 1209.3
A34 142.4 7.8 0.8 18.1 1093.4
A42 69.6 5.7 0.7 12.2 949.4
H2 24 2 0.6 1.7 590.9
H3 761 4.5 0.6 16.9 498.6
H7 38.7 3 0.4 12.9 556.3
H8 521 4 0.6 18.0 4731
H9 37.2 3.1 0.4 121 326.5
H10 25.8 1.9 0.3 13.9 536.0
H11 43.2 3.4 0.4 12.6 733.1
H12 53.8 3.5 0.4 16.3 372.0
H13 96.9 5.5 0.7 17.5 567.0
S1 58 2.8 0.9 20.5 340.2
S6.1 38 2.7 0.6 13.8 445.2
S7 1.8 1 0.2 1.9 309.6
S8 36.5 25 0.3 14.9 282.6
S9 30.4 1.9 0.3 16.1 314.1
S40 17.1 1.2 0.2 13.8 500.4
S$43 48.5 2.8 0.3 17.6 2411
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read abundance table, the taxonomic classification, and the
phylogenetic tree were imported into the R package “phyloseq”
version 1.24 (McMurdie and Holmes, 2013).

Statistical Analysis

All statistical analyses were conducted in R Version 4.0.2 for
Windows (R Development Core Team, 2009). For correlation
analyses of alpha diversity (i.e., richness or number of OTUs) with
environmental factors including the sampling site, ANOVA was
conducted; the best predictors for the alpha diversity variance
were selected by backward elimination stepwise regression
analysis based on the AIC (Akaike information criterion)
using the “step” command in R (stats package). Environmental
data were standardized to account for different scales before
analysis. For categorical data, post hoc Tukey test was performed
after ANOVA. Furthermore, the alpha diversity and significant
environmental data were included in a generalized linear model
using the “glm” command. For correlation analyses of beta
diversity, PERMANOVA with the command “Adonis” from the
vegan package (Anderson, 2001) was applied using the Bray-
Curtis dissimilarity index, including a permutation test with
1,000 permutations. Ancom analyses was used to identify bacteria
families that were significantly more or less abundant in biocrust
samples compared to bulk soil (Mandal et al., 2015).

RESULTS

Biocrust Occurrence and Elemental

Contents of Biocrusts

We analyzed the bacterial community of 27 biocrust samples
from all three sampling sites (Alb, Hainich, and Schortheide) and
measured the element content of these biocrusts. Particularly,

the total C, N, S, and P content was measured, and the C/N
ratio was calculated (Table 1). Phosphorus, N, and C content
differed between the three sampling sites: in the Alb samples, the
P, N, and C content was significantly higher than in Hainich, and
Schorfheide biocrusts had the lowest contents (Figure 1).

Algal Species in Biocrusts

In 27 biocrusts from three sampling sites, we identified
in total 71 algae and cyanobacteria morphotypes in the
cultivated enrichments. In median, we observed 8 different
algae species based on morphological identification, with
at least 3 and maximum 11 species per biocrust sample.
At all three sampling sites, Alb, Hainich, and Schorfheide,
Chlorophyta (comprising Chlorophyceae and Trebuxiophyceae)
was the dominant phylum (Figure 2). The three sites,
especially Schorfheide, differed remarkably in the relative
composition of algae: particularly the richness of cyanobacteria,
Stramenopiles (primarily Xanthophyceae), and Streptophyta
(only Klebsormidiophyceae) was significantly different between
the three sampling sites. Most cyanobacteria were found in Alb,
less in Hainich, and only one Cyanobacterium in Schortheide.
More Xanthophyceae were observed in Hainich and Alb than
in Schorfheide. Klebsormidiophyceae, in contrast, were more
frequently found in Schorfheide than at the other sites. In
each biocrust, at least one filamentous alga (like species
from the genera Klebsormidium, Xanthonema, Microcoleus, or
Nostoc) was detected.

Bacterial Alpha Diversity

High-throughput-sequencing allows a deep insight into the
bacterial community because of the high number of sequence
reads, irrespective of DNA- and RNA-based analyses. In our
study, the number of reads was much higher in the bulk
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FIGURE 2 | Taxonomic composition of algae community on class level in
biocrusts from temperate forests at three sampling sites; significant differences
between the three sites were estimated by ANOVA followed by post hoc
Tukey test and are indicated with letters; n = 9 for each sampling site.

soil sampling batch (RNA) than in the biocrust samples
(DNA). After rarefaction, nearly all biocrust samples still
reached the saturation in rarefaction analyses, but some bulk
soil samples did not reach the saturation in rarefaction
analyses. Thus, we might underestimate the diversity of
bacteria in bulk soil samples. Nevertheless, we are convinced
that our approach was suitable for this kind of analysis
because we rather focused on the bacteria communities
in biocrust than to describe the bacteria community in
bulk soil in detail.

The most abundant bacteria phyla in the biocrust and the
bulk soil were the Proteobacteria, followed by Actino- and
Acidobacteria (Supplementary Table 1). Proteobacteria alone
accounted for nearly half of the biocrust bacteria OTUs (44.7%).

The ten most abundant Dbacterial families (relative
abundance in either biocrusts or bulk soil > 5%) differed
in their relative abundance in the biocrust compared to bulk
soil (Figure 3 and Supplementary Table 2). In particular,
Chitinophagaceae, Sphingomonadaceae, and Burkolderiaceae
were more abundant in the biocrust. Vice versa, Isosphaeraceae,
Solibacteraceae, and Gemmataceae were more abundant in
the bulk soil. Other families did not differ in their relative
abundance between the two habitats like Acidobacteriaceae and
Xanthobacteraceae.

Additionally, we performed Ancom analyses in order to
identify bacterial families that were significantly enhanced in
biocrust or in bulk soil, respectively (Supplementary Table 2).
For example, we found significantly more Bdellovibrionaceae
in biocrust than in bulk soil samples. Members of this group
are known bacterivores. Also, we found significantly more
Chitinophagaceae, Cytophagaceae, and Streptomycetaceae in
biocrusts. All three bacteria families comprise many members
that could hydrolyze chitin, cellulose or lignin, respectively. Also,
two families with high relevance for the nitrogen cycle were
significantly more abundant in biocrusts: Nitrosomonadaceae
are nitrifying bacteria and some Pseudomonas (the only
detected genus in the Pseudomonadaceae) are denitrifier.
Rhodobacteraceae were also more abundant in biocrust;
they inherit denitrifiers, too. Furthermore, Rhodobacter
as a photosynthetic member of this family was detected
only in biocrusts.
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FIGURE 3 | Taxonomic composition of bacteria on the family level in biocrusts and bulk soil from three sampling sites. Families with the highest relative abundance
(>5%) are shown; n = 9 for each sampling site and soil type. Taxonomic composition on the phylum level is given in Supplementary Table 2.
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significant differences (based on ANOVA followed by Tukey post hoc test):

FIGURE 4 | Boxplot visualizes the number of algal species (right) and of bacterial OTUs (left) in biocrusts from three sites (n = 9 per site); asterisk indicates
*p < 0.05, **p < 0.01.
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Environmental Factors Driving Algal and

Bacterial Diversity

We observed much lower bacteria OTU richness in Schorfheide
than in Alb or Hainich. The number of identified algal
species was also lower in Schorfheide (Figure 4). However, the
richness of bacterial OTUs was not correlated with the richness
of algal species.

Model selection based on the lowest AIC identified the similar
environmental factors as a major driver for bacterial as for algae
species richness besides the sampling site: stand density (SMId)
and total P (Table 2). The SMId was significantly correlated with
the algal richness (Figures 5A,B), ranging from natural forest (0)
to beech forest thickened with shelter wood (0.57). Nevertheless,
we observed that only in Schortheide the algal richness was
correlated with the SMId; in Alb and Hainich, algal richness was
independent of SMId. The bacterial OTU richness and the algal
species richness were correlated with the P content across the
three sampling sites (Figures 5C,D).

PERMANOVA was conducted to identify environmental
parameters that correlate with the community composition. Also,
on the level of beta-diversity, similar environmental drivers
were identified that shaped the community composition of algae

TABLE 2 | Correlation of environmental factors with the richness (based on
ANOVA results) and the community composition (based on PERMANOVA results)
of algae and bacteria; Signif. codes: ***p < 0.001, **p < 0.01, *p < 0.05,°

p < 0.1; n.s.—not significant.

Richness Beta diversity
Algae Bacteria Algae Bacteria
Sampling site n.s. e e e
SMid = ° n.s. n.s.
pH n.s. ° n.s. e
N n.s. n.s. * *
P n.s. n.s. n.s. n.s.

and bacteria (Table 2). The most important driver was again
the sampling site, with Schorfheide as the most different site
compared to Alb and Hainich. For algal as well as bacterial
community composition, the content of N and P in the biocrusts
was important. Total P differed between the sampling sites and
thus was not significant in the co-analysis with the sampling site
(Figure 1). This means we cannot conclude from our data if the
content of P influences the community because the effects might
be masked due to the overall differences of the sites.

Impact of Functional Algal Groups on

Bacteria

We observed higher bacterial richness when the proportion of
algae with mucilage on total algal species was higher (Table 3 and
Figure 6). It is important to note that also the proportion of algae
with mucilage depends on the sampling site. In Schorfheide, we
observed a lower proportion of algal species with mucilage than
in the other sites (p < 0.01, ANOVA, Tukey post hoc).

DISCUSSION

General Description of Eukaryotic Algae

We observed eight algae per biocrust (median) with a maximum
of 11 species. The number of algae species in our study is lower
compared to previous studies on biocrusts from Germany with
up to 40 species per sample on sandy soils (Langhans et al,
2009; Schulz et al., 2016). Nevertheless, the species richness in
the biocrusts from forest in Hainich and Alb was in the similar
range compared with that in biocrusts from forest in Schortheide,
which was published earlier (Glaser et al., 2018).

The most abundant algal phylum was Chlorophyta. This
observation is typical for terrestrial habitats in temperate regions
(Biidel et al., 2016). Interestingly, we observed a gradient from
Alb over Hainich to Schortheide in terms of relative abundance
of cyanobacteria, which decreased, and Streptophyta, which
increased. The low relative abundance of cyanobacteria in
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Schortheide can be explained by the lower pH of around 3.5 in
that region (Kaiser et al., 2016) compared to Hainich and Alb (pH
~ 5) because cyanobacteria are typically rare in acidic forest soils
(Hoffmann et al., 2007). In Schorfheide, we frequently observed
the algal genus Klebsormidium (Streptophyta), but genus
Xanthonema (Ochrophyta) was rare. In Alb and Hainich, the
opposite was found: few Klebsormidium species and frequently
Xanthonema were observed. Both genera are characterized by
long, stable filaments, which can potentially initiate biocrust
formation. It has been reported that Klebsormidium seems to be
favored acidic sandy soils, whereas Xanthonema is rare in acidic
soils (Lukesovd, 2001). This corresponds well with Schorfheide
pH, which was lower than that at the other two sites (Kaiser
et al., 2016), which could explain the more frequent occurrence
of Klebsormidium at this site.

Filamentous algae or cyanobacteria initiate soil stabilization
and biocrust formation. These organisms interweave with the soil
matrix and stick the particles together by means of large amounts
of polymeric substances (EPS) (Belnap and Biidel, 2016). Thus,

it does not surprise that every biocrust in this study contained
at least one filamentous algal or cyanobacterial species. This
points to the high importance of filamentous species for biocrust
formation even in well-developed soils such as European forest
soils. This is in congruence with observation from (semi)arid
sites and coastal sand dunes, where also filamentous species were
abundant in the early stage of biocrusts (Schulz et al., 2016; Weber
et al., 2016).

TABLE 3 | Correlation of bacterial richness with functional groups of algae
selected according to the results of model selection by AIC; Signif. codes:
**p < 0.01, *p < 0.05.

Df Sum squares F-value P-value
No mucilage 1 5,934,091 13.352 0.00114 =
Nanosize 1 14,380 0.032 0.85864
Microsize 1 2,807,452 6.317 0.01849 *
Residuals 26 11,554,980
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Biocrust Bacterial Communities

The general composition of phyla in the bulk soil samples
was equal to those described three years earlier for these sites
(Kaiser et al., 2016), indicating a stable bacterial community
in forest soils irrespective of the nucleic acids analyzed. The
bulk soil data of this study rely on RNA, while Kaiser et al.
(2016) used DNA, which indicates the compatibility of these
approaches at the investigated areas. In contrast to bulk soil
and the biocrust algal and cyanobacterial composition, bacterial
communities in biocrusts from temperate forests cannot be
compared with literature since there are no data available so far.
In dry land studies, a much smaller proportion of Proteobacteria
and higher proportion of cyanobacteria than in our study was
found (Kuske et al., 2012; Steven et al., 2013; Maier et al., 2018).
The latter is obvious because cyanobacteria dominate biocrusts
in arid regions due to their pronounced desiccation tolerance.
Bacterial communities of cold region biocrusts are dominated by
cyanobacteria and Proteobacteria, even though eukaryotic algae
were present and abundant (Rippin et al., 2018b).

Specifics of biocrust bacteria communities can be addressed
in our study by comparison to bulk soil samples. We observed
higher richness in bulk soil than in the biocrust. This observation
is in congruence with previous studies from sandy soils in
(semi)-arid regions (Abed et al., 2019; Moreira-Grez et al., 2019;
Pombubpa et al., 2020), where also higher bacterial was observed
in the biocrust compared to bare soil. In contrary, studies from
loess plateau in humid regions and from weakly developed soils
in arid regions revealed higher bacterial richness in biocrust than
in the bare soil (Xiao and Veste, 2017; Chilton et al., 2018; Maier
et al., 2018). In the latter studies, the authors reasoned that the
lower diversity was caused by the low organic content and high
mobility of the sand in bulk soil. It is clearly a completely different
situation in forest ecosystems: here, fully developed, organic-rich,
and stable soils dominate, in which a rich bacterial community

can develop and sustain even without the support of the biocrust
phototrophic communities.

We hypothesized that the bacteria in biocrusts are a subset of
the overall soil bacteria. Indeed, a closer look revealed that the
bacterial communities of biocrusts and bulk soil differed strongly.
This means that the bacterial biocrust community seems to be
only a subset of the soil bacterial community. The differences
may result from the biocrust phototrophic community, which
support a unique bacterial community composition. A deeper
look into the respective OTUs should clarify which functional
traits of bacteria might be favored in biocrusts.

Significantly more Nitrosomonadaceae and
Pseudomonadaceae (Pseudomonas sp.) OTUs were observed
in biocrust than in bulk soil samples. Many members of this
group are nitrifying and denitrifying bacteria. Their higher
relative abundance might point to a more active nitrogen cycle
in biocrust compared to bulk soil. A previous study at the same
sites observed no clear pattern comparing gene abundance
assigned to N-mineralization when comparing biocrust and
bare soil (Kurth et al., 2020). This finding further supports the
idea of higher nitrogen turnover N in biocrusts compared to
bulk soil. Previous studies showed a high N-fixation potential in
biocrusts compared to trampled soil (Steven and Kuske, 2018).
In our study sites, we observed nitrogen-fixing cyanobacteria
in low abundances with one OTU assigned to Nostoc. Also
non-photosynthetic diazotrophic genera known from early-stage
biocrusts like Shigella, Klebsiella, and Ideonella were missing
in our study (Pepe-Ranney et al., 2016). This points toward
no N-limitation and an efficient N-recycling in well-developed
forest soils in temperate regions.

Also, Chitinophagaceae, Cytophagaceae, and
Streptomycetaceae appeared more often in biocrusts than in
bulk soils. Members of these bacterial families are able to
hydrolyze chitin, cellulose, or lignin, respectively. A higher
relative proportion of these families point toward a fast recycling
of C-compounds and a higher content of such complex
C-compounds in the organic matter in biocrusts. Also a previous
study reported more Chitinophagaceae and Cytophagaceae in
biocrust compared to bulk soil (Maier et al., 2018). Furthermore,
this observation is in congruence with a study on chitinase
activity in biocrusts, which also observed a much higher activity
in biocrusts compared to biocrust-free soil (Brankatschk et al.,
2013). In biocrusts from forest, significantly more fungi and
microfauna were reported compared to bulk soil (Ngosong et al.,
2020). The cell walls of microalgae and mosses contain high
proportions of cellulose. A higher density of cell-wall-containing
organisms could explain also the higher relative abundance of
cellulose-hydrolyzing bacteria in biocrusts.

A significantly  higher  relative = abundance  of
Bdellovibrionaceae was observed in biocrusts than in bulk
soil samples. This bacterial family is very interesting because
it inherits bacterivores. Indeed, the genus Bdellovibrio was
frequently detected in biocrusts (in total 107 different OTUs).
The interesting fact about bacterivore bacteria is that they diverge
from the classical position of bacteria in the microbial loop.
In contrast to phages, Bdellovibrio has a broader host range
and feeds on different bacterial species and genera. Although it
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is known to be widely distributed, its impact on the bacterial
community is not well-defined (Johnke et al., 2014). A higher
relative abundance of the family members might be due to
an increased bacterial density in biocrusts. Although bacterial
biomass was not measured in our study, other studies already
confirmed a higher bacterial biomass (based on lipid analyses) in
biocrusts compared to bulk soils (Ngosong et al., 2020). Another
study from the same forest sites of all three regions found only
a slightly higher bacterial abundance (analyzed by quantitative
PCR) in biocrust compared to biocrust-free top soil stating that
rich forest soils already allow high microbial abundances at the
surface (Kurth et al., 2020). Thus, we assume that biocrusts in
the forest generally have a higher bacterial density compared to
deeper bulk soil where effects of litter are less prominent. The
reduction of bacterial biomass in the bulk soil of arid regions
is much stronger and has been shown to be as high as 99%
compared to the biocrusts while the diversity remained similar
(Steven et al., 2013). In our opinion, our results point toward an
important functional role of Bdellovibrio in terms of nutrient
recycling in a microbial hotspot like biocrusts. In previous
studies, Bdellovibrio was not mentioned explicitly. However,
the supplementary figure in one study of biocrusts seems not
to indicate a significant difference in the relative abundance of
Bdellovibrionaceae in biocrusts and bare soil (Maier et al., 2018).

Bacteria and Algae Interactions
We hypothesized that the algal and bacterial communities are
linked to each other. First attempts were already conducted to
correlate photosynthetic organisms with the bacterial community
by comparing the bacterial community of different biocrust types,
which were defined as cyanobacteria, chlorolichen, and moss-
dominated (Maier et al., 2018). In our study, the comparison was
made on the level of individual algal species with respect to their
characteristic features, i.e., potential functional traits in biocrusts.

At first sight, we did not observe a correlation of algae
richness with bacterial richness. This means that more different
algae species do not necessarily mean higher bacterial OTU
richness. This might be due to the organic-rich forest soils,
where bacterial community might be less dependent on organic
input by microalgae compared to semiarid regions. Nevertheless,
similar environmental factors were identified that shape the
bacterial and algal communities in biocrusts. The sampling site
was the most important factor for the algal and bacterial biocrust
communities. In detail, one sampling site (Schorfheide) differed
from the other two sites, Alb and Hainich. The geographical
distances between the sites are about the same from Schorfheide
to Hainich and Hainich to Alb. Hence, biogeography can be
excluded as potential reason. The soil in Schorfheide is much
sandier, and the pH is lower than in Alb and Hainich (Kaiser
et al,, 2016). These differences in soil parameters might explain
the variation of bacterial community between the sampling sites.
Indeed, previous work at the same sampling sites identified also
the pH as a major driver of the bacterial community composition,
whereas the silvicultural management and the dominant tree
species were of minor importance (Kaiser et al., 2016).

The SMId, a measurement for stand density in the context
of silvicultural management (Schall and Ammer, 2013), affected

the richness of both algae and bacteria in Schorfheide. Stand
density influences the light intensity at the forest floor. Especially
in spring, the soil surface temperature strongly depends on
sunlight hitting the ground, which is crucial for organism
activity. Furthermore, higher stand densities lead to higher
litter fall and, thus, higher nutrient input to the topsoil layer.
The tree species influence the soil pH, e.g., coniferous litter
is more acidic than deciduous species, with a higher stand
density enhancing this effect (Kaiser et al., 2016). Leaf covers
also change the water regime by retention of precipitation
and lower the evaporation by shading. Biocrust development
is driven by the phototrophic community and consequently
depends on their photosynthetic activity. Although the biocrust
community in the two regions (Alb and Hainich) was not
correlated with the silvicultural management, the overall biocrust
occurrence might be influenced by the management. For
example, skid trails and clear-cuts disturb the vegetation cover
and bare soil gets exposed. At such places, biocrusts can
develop fast, whereas in a natural forest, only small-scale
disturbances occur, like windfall or digging of holes by wild
boars. Thus, silvicultural management might have an impact
on the frequency of biocrust occurrence but less on the
community composition.

The content of N was correlated with both bacterial and
algal community composition. N poor spots promote a microbial
community that favored specialists for N-fixation. Nitrification
and denitrification are processes mainly driven by microbes.
Denitrification would cause a certain N loss from the biocrust
system, whereas the transformation of N-containing compounds
by nitrifiers stimulates the whole community and might enhance
nutrient recycling. Previous studies on biocrusts at different
developmental stages observed a higher potential enzyme activity
and higher gene abundance in terms of nitrification and
denitrification in biocrusts increasing with biocrust development
(Brankatschk et al, 2013; Li et al, 2020). In terms of
N-fixation, the results were contrasting: one study found higher
enzyme activity and copy numbers in biocrust increasing with
developmental stage (Brankatschk et al., 2013), whereas another
study found lower copy numbers of N-fixation genes in bacterial
biocrusts compared to moss biocrusts (Li et al., 2020). This
supports the idea that phototrophic community, which changes
during biocrust development, is linked to the mainly bacteria-
driven nitrogen cycling.

The P content of the biocrust was highly correlated with the
bacterial richness. In contrast to N, P cannot be fixed from the
atmosphere, which makes it a hard-to-overcome limiting factor.
Atmospheric deposition of P by dust or rain is limited (Berthold
et al, 2019), and its weathering from minerals is energy-
consuming as many strategies require a sufficient C supply. The
small inputs of atmospheric P may lead to an accumulation over
time in the biocrusts because organic bound P as well as the
available P pools undergo rapid transformation by the biocrust
biota (Baumann et al., 2017). Thus, recycling of P is the main
source for microbial growth and is pronounced in P depleted soils
(Jones and Oburger, 2011; Kurth et al., 2020). The size of the P
pools consequently shaped the bacterial community and, as with
N, favored specialists (Kurth et al., 2020).
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The soil pH was correlated with the bacterial community of
the bulk soil. Soil pH was often reported as the main driver
for bacterial diversity (Lauber et al., 2009). Furthermore, it has
been described that the pH is an important factor for algal group
dominance, e.g., in acidic soils, mostly green algae are found
(Hoffmann, 1989), although reports on a direct link between
algae diversity and pH are missing. This may be because algae
shape the pH in their closest environment by photosynthetic
activity. A study at the same forest sites showed an increase
in pH in biocrusts compared to bulk soil for acidic soils,
whereas the pH was lowered in already alkaline environments
(Kurth et al., 2020).

We observed a positive correlation of mucilage producing
algal species and bacterial OTUs in biocrusts. Mucilage sheaths
protect algae from desiccation (Holzinger and Karsten, 2013)
and coccal algae from grazing by, e.g., amoeba. Although many
bacteria species are able to produce EPS, they might grow and use
the mucilage sheaths from algae possibly also as a carbon source.
It seems reasonable that other organisms use the sheaths of algae
and live attached or close by: the production of EPS is “expensive”
as a lot of carbon is needed to build this protecting sheath. The
positive effect of foreign EPS has been proven in an experiment
by Knowles and Castenholz (2008) who could already show
that algae without mucilage could cope better with desiccation
stress if supported by EPS from other organisms (Knowles and
Castenholz, 2008). However, for solid conclusions on commensal
live styles, in vivo observations would be necessary.

CONCLUSION

This study is the first to report on bacteria in biocrust from
temperate forests. Although the soil was well developed in
the study areas, the bacterial biocrust community differed
significantly from the bulk soil bacteria. It seemed that the
bacteria were recruited from bulk soil, but due to the activity of
phototrophs, excretion of EPS, and generally higher content of
nutrients, a different bacterial community could establish. We
identified the sampling site, N and P concentration, and the
presence of mucilage-excreting algae as important drivers for
bacterial biocrust community pattern. In conclusion, biocrusts in
European forest seem to be biodiversity hotspots and inherit a
specialized bacterial community compared to bulk soil.
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