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In the Atacama Desert, cyanobacteria grow on Key index words: 16S rRNA; Atacama Desert;
various substrates such as soils (edaphic) and quartz Chasmoendolithic; Coastal Cordillera; cyanobacteria;
or granitoid stones (lithic). Both edaphic and lithic hypolithic; quartz
cyanobacterial communities have been described but
no comparison between both communities of the
same locality has yet been undertaken. In the
present study, we compared both cyanobacterial
communities along a precipitation gradient ranging
from the arid National Park Pan de Azucar (PA),
which resembles a large fog oasis in the Atacama
Desert extending to the semiarid Santa Gracia
Natural Reserve (SG) further south, as well as along
a precipitation gradient within PA. Various
microscopic techniques, as well as culturing and
partial 16S rRNA sequencing, were applied to
identify 21 cyanobacterial species; the diversity was
found to decline as precipitation levels decreased.
Additionally, under increasing xeric stress, lithic
community species composition showed higher
divergence from the surrounding edaphic
community, resulting in indigenous hypolithic and
chasmoendolithic cyanobacterial communities. We
conclude that rain and fog water, respectively, cause
contrasting trends regarding cyanobacterial species
richness in the edaphic and lithic microhabitats.

Abbreviations: a.s.l., above sea level; Cinorgs inor-
ganic carbon; CLSM, confocal laser scanning
microscopy; Corg, Organic carbon; CTAB, cetyltrime-
thylammoniumbromide; C,, total carbon; EC, electri-
cal conductivity; EPS, extracellular polysaccharides;
mg, milligram; nMDS, nonmetric multidimensional
scaling; N, total nitrogen; PA, Pan de Azucar; P, to-
tal phosphor; SG, Santa Gracia; S,, total sulfur

Cyanobacteria in the Atacama Desert can be
found as soil-inhabiting (edaphic) as well as stone-
inhabiting (lithic) communities. Schulze-Makuch
et al. (2018) reported edaphic communities from
soils of the hyperarid core of the Atacama Desert
where they are only temporarily active. Lithic com-
munities develop in cracks and fissures of porous
and nonporous rocky substrates (chasmoendolithic;
Diruggiero et al. 2013) or as biofilms under, for
example, translucent quartz stones (hypolithic;
Azta-Bustos et al. 2011).

In harsh environments, such as hot or polar
deserts, these quartz stones function as refugia and
“diversity oases” by providing habitat to more than 60
different species, including cyanobacteria, hetero-
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where the habitat beneath the substrate surface pro-
vides stability as well as buffering from extremes in
temperature, water availability, and UV radiation
(Wierzchos et al. 2013). This type of adaptive mecha-
nism is well known for organisms common in dry-
lands, such as cyanobacteria that require a microbial
or substrate “cabana” with multiple protective charac-
ters, this has been described as the “cabana strategy”
(Pointing and Belnap 2012). Tracy et al. (2010)
found that in Northern Australia hypolithic
cyanobacteria can be active for about 75 days during
a year using this life strategy. Hypolithic cyanobacte-
rial communities can colonize up to 80% of all stones
in a location, thriving on fog as the main regular
source of water (Azua-Bustos et al. 2011). Quartz
stones from the Atacama Desert, for example, have a
higher thermal conductivity than the surrounding
soil resulting in lower daytime temperatures at the
quartz—soil interface, creating a microenvironment
which favors water condensation and thus enables
colonization by hypolithic species (Aztia-Bustos et al.
2011). However, it remains unknown how water avail-
ability, including fog water input, affects edaphic and
lithic cyanobacterial communities in the Atacama
Desert. Warren-Rhodes et al. (2007) suggested that
the efficiency of moisture capture from fog by surface
rocks increased with increasing rock size, which was
supported by Azua-Bustos et al. (2011), who found
high colonization rates of quartz stones with a weight
greater than 20 g. Although predicted productivity
rates of the hypolithic cyanobacterial communities of
approximately 1 g G- m 2 -y ' are low, hypolithic
cyanobacterial biomass production provides an
important food source for grazing nematodes and
protozoans, therefore, providing the basis for the
vitality of a whole ecosystem in extreme environ-
ments (Thomas 2005, De los Rios et al. 2014).

Lithic locations have been described as refugia
for communities from virtually all deserts of the
world (Vogel 1955, Rundel et al. 1990, Gorbushina
2007, Warren-Rhodes et al. 2007, Adriaenssens et al.
2015, Le et al. 2016, Christian et al. 2017), but less
attention has been paid to the comprehensive
edaphic cyanobacterial diversity present in soils of
the same sites. Except for a few studies, comparisons
of edaphic and lithic communities from the same
location have rarely been conducted (Pointing et al.
2009, Van Goethem et al. 2016). It remains unclear
whether lithic microenvironments, with their protec-
tive character, represent a true “oasis” for all
cyanobacterial species found in the soil or if there
are pronounced microhabitat-related communities.

The aim of this study was to elucidate for the first
time the relationship between adjacent edaphic and
lithic cyanobacterial communities and describe dif-
ferences in species richness and composition
depending on environmental parameters in a large
fog oasis of the Atacama Desert. In the present study,
we investigated corresponding microhabitats along a
North—South and West-East precipitation gradient in

the southern edge of the Atacama Desert including
unstudied areas. We hypothesized that (i) cyanobac-
terial species richness in edaphic as well as lithic habi-
tats decreases with decreasing water availability, since
only specialized species are expected to cope with
high xeric stress. Additionally, it was hypothesized
that (ii) the divergence of soil- (edaphic) and stone
(lithic)-inhabiting ~ cyanobacterial ~ communities
increases with decreasing water availability because
quartz stones provide a protective “cabana.” We eval-
uated these hypotheses using a polyphasic approach
including culturing, partial sequencing of the 16S
rRNA, and various microscopic techniques applied to
soil and biofilms from different hypo- and chasmoen-
dolithic substrates to generate an in-depth overview
of the dominant cyanobacterial taxa.

MATERIALS AND METHODS

Sampling site description. Soil substrate, as well as biofilms
from stones, were collected at four different sites in Chile
(Fig. 1): three sites (forming the West—East precipitation gra-
dient) were situated along the Coastal Cordillera in the
National Park of Pan de Aztcar (PA; arid site) in the Atacama
Desert (Fig. 1b) and one site was at the Santa Gracia Natural
Reserve (SG; semiarid site; 29°45'33" S; 71°09'57” W; 704 m
as.l; Fig. 1f), 500 km south of PA (N-S precipitation gradi-
ent). In both areas, cacti and Euphorbia shrubs were present
and allowed the settlement of animals, such as Guanacos and
foxes (Bernhard et al. 2018). At PA, the West-East precipita-
tion gradient ranged from the top hills close to the coast (PA
ridge; 25°59'03” S, 70°36'55” W; 764 m a.s.l.; Fig. 1c) over a
transect 2.5 km further inland (PA grit 25°58'24" S;
70°36'56" W; 667 m a.s.l.; Fig. 1d) to the beginning of the
core zone of the desert (PA core; 26°06'39” S; 70°32'54" W;
409 m a.s.l; Fig. 1e) 15 km from the coast. This gradient was
accompanied by changing soil structures comprised of loamy
sand at PA ridge, quartz and granitic grit at PA grit, as well as
quartz grit and granitic stones at PA core. Liquid water supply
by dew and fog plays a major role at the National Park PA and
as reported in Lehnert et al. (2018) the latter is blown inland
from the coast. Quartz stones of various sizes with hypolithic
cyanobacteria were found randomly distributed over the
ground at PA ridge, PA grit, PA core and SG. In addition,
limestones colonized by hypolithic cyanobacteria and granitic
stones with chasmoendolithic cyanobacteria growing in cracks
were found at PA core. The N-S precipitation gradient was rep-
resented by PA and SG, which have differing climates, for the
most part, due to mean annual rainfall amounts of 15 and
83 mm - y ', respectively (Baumann et al. 2018).

Precipitation measurement. Three automatic weather stations
were installed in March 2016 at PA ridge and PA core, as well
as at SG, as described in Lehnert et al. (2018). The stations
were equipped with standard sensors measuring rainfall with
a rain gauge, temperature, relative humidity, solar radiation,
and soil temperature. Fog water fluxes were measured with a
cylindrical fog collector (“harp™type) at PA ridge and SG sta-
tions designed according to Falconer and Falconer (1980).
Measuring intervals were set to 5 min. Rainfall was recorded
from January 2017 to December 2017, which was partly influ-
enced by El Nino-like conditions where positive sea surface
temperature anomalies off the coast generated cut-off lows
bringing unusual rain events to this arid area (Bozkurt et al.
2016).

Soil parameters. For soil analyses, three replicates of barren
substrate were taken from the top 5 to 10 mm of each site.
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Fic. 1. Sampling sites. (a) Map of Chile showing the two sites studied, Pan de Aztcar National Park and Santa Gracia Natural Reserve.
(b) Map of the Pan de Azicar National Park with the sites PA ridge (c), PA grit at (d), and PA core (e). (f) View of the Santa Gracia Nat-
ural Reserve sampling site. Images were taken during the local winter season. [Color figure can be viewed at wileyonlinelibrary.com]

The pH (HyO, 1:2.5 w:v) and electrical conductivity (EC, 1:5
w:v) of air-dried soil were determined by standard procedures
as described by Blume et al. (2011). For total element analy-
ses, air-dried substrate was ground to <0.5 mm particle size.
Total G, N, and S (C,, N,, S,) were measured using a Vario
EL elemental analyzer (Elementar Analysensysteme, Hanau,
Germany). Inorganic carbon (Ciyerg) was determined by a
Scheibler calcimeter and organic carbon (C,,s) was calculated
from the differences (Blume et al. 2011). Total Al, Ca, Fe, K,
Mg, Mn, P, and Zn were extracted from 0.5 g of substrate by
microwave-assisted digestion with Aqua regia solution (3:1

hypochloric acid:nitric acid) (Chen and Ma 2001; ISO stan-
dard 11466) and their concentration was subsequently deter-
mined by inductively coupled plasma-optical emission
spectroscopy.

Cyanobacteria sampling. At each sampling site, seven stones
of the dominant type (quartz at PA ridge, PA grit, PA core,
SG; limestone at PA core; granite at PA core) larger than
5cm (or >15g) were randomly collected. Hypolithic
cyanobacterial biofilms from the bottom or the edges of five
stones were completely removed with a sterile scalpel and
stored in falcon tubes. Chasmoendolithic cyanobacteria were
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scratched off naturally occurring cracks after breaking the
granite stones. The additional two stones were used for
direct microscopic observations by various techniques. For
investigation of the edaphic cyanobacterial community, soil
samples were taken by pressing five sterile 9 cm diameter
Petri dishes randomly into the soil in close vicinity (within
2 m) to the collected stones at each sampling site. All sam-
ples were collected in July 2017, shipped air-dry and stored
frozen in the laboratory until the beginning of investigations
2 weeks later. Experience has shown that this treatment
does not affect species diversity at microscopic or DNA
levels.

Enrichment cultures and isolation. Enrichment cultures from
soil material and biofilms were prepared as described in Jung
et al. (2018b) on solidified basal medium (BBM; Bischof and
Bold 1963) and solidified BGI1 medium (Stanier et al.
1971). The enrichment cultures were kept in a culture cabi-
net at 15-17°C under a light/dark regime of 14:10 h at a
photon fluence rate of 20-50 pmol photons - m™% - 57" as
described in Langhans et al. (2009), for at least 4 weeks. The
cultures were inspected twice a week for the appearance of
cyanobacteria and colonies were transferred with a sterile
metal needle to new BGI1 medium agar plates. This was
repeated until unialgal cultures were established. The growth
of the colonies was frequently monitored, and several subcul-
tures were generated by further serial transfers under sterile
conditions, until contamination with other cyanobacteria,
green algae, or fungi was eradicated and unialgal stock iso-
lates could be established.

Microscopic  investigations. Scanning electron microscopy
(FEI) and CLSM were applied directly to air-dried and wet
biofilms attached to the stones in order to present an in situ
snapshot of the undisturbed cyanobacterial community. Air-
dried biofilms were expected to show the interaction between
the particles of the substrate and the cyanobacteria, while the
wet biofilms reflected the proportion of conspicuous
cyanobacterial species more appropriately. Additionally, bio-
films were scraped from the quartz stones and dissolved in
water. A droplet of water was transferred to an objective slide
and investigated by light microscopy to directly identify the
species of the biofilm. The biofilm organisms were cultivated
on agar plates and isolates were prepared and studied by
light microscopy.

Images of air-dried biofilms were obtained with an FEI
Helios NanoLab 650 microscope (FEI) without cryoprepara-
tion. The different microscopic methods were applied to all
lithic samples and one sample is shown for colonized quartz
stones from PA ridge (Fig. 2).

Wet biofilms attached to quartz stones were directly visual-
ized with a CLSM (LSM700, Carl Zeiss, Jena, Germany)
equipped with diode lasers as described in the study by Jung
et al. (2018a). Photomultiplier parameters were adjusted to
achieve the maximum signal from cyanobacteria, while simul-
taneously keeping the noise signals generated by quartz and
adhering soil particles to a minimum. Their maximum pro-
jection was converted into 2-D pictures to give an overview of
the in situ community.

Small proportions of cyanobacterial isolates from agar
plates were transferred to a drop of water on an objective
slide under a binocular stereoscope. Cyanobacterial strains
were studied by light microscopy (Axioskop; Carl Zeiss) using
oil immersion and a 630-fold magnification in combination
with AxioVision software (Carl Zeiss) and appropriate taxo-
nomic keys (Geitler 1932, Komdrek and Anagnostidis 1998,
2005). Species identified by light microscopy or obtained
sequences were displayed with their most recent species
names (e.g., Leptolynbya badia described by Johansen et al.
2011, = Trichocoleus badius redefined by Miihlsteinova et al.
2014).

DNA extraction and PCR. Total genomic DNA of cyanobac-
terial isolates was extracted using a cetrimonium bromide
(CTAB) method followed by phenol-chloroform-isoamyl
alcohol purification adapted for BSCs (Williams et al. 2017b).
DNA was stored at -20°C until further processing. A nested
PCR approach was chosen for a first PCR with the primer set
27F1 and 1494Rc followed by a subsequent second PCR with
the primer set CYA361f and CYA785r for cyanobacteria
(Miihling et al. 2008), but instead of 59°C, an annealing tem-
perature of 61°C was applied. The obtained PCR products
were cleaned by using the NucleSpin® Gel and PCR Clean-up
Kit. Cleaned PCR products were sequenced by Seq-It GmbH
& Co. KG (Pfaffplatz 10, 67655 Kaiserslautern, Germany), the
resulting sequences were submitted to the European Nucleo-
tide Archive (ENA) and can be found under the project code
PRJEB31521. They were compared with publicly available
sequences in the National Center for Biotechnology Informa-
tion (NCBI) database (http://www.ncbi.nlm.nih.gov/) using
the Basic Local Alignment Search Tool for Nucleotides
search function.

Phylogenetic tree. The 16S rRNA gene sequences were
aligned using the ClustalW algorithm of Mega 7 (Kumar
et al. 2016) and refined manually using conservation of sec-
ondary structure as a guide where necessary. The evolutionary
history was inferred by using the maximum likelihood
method based on the Jukes—Cantor model (Jukes et al.
1969), produced with Mega 7. The bootstrap consensus tree
inferred from 500 replicates was taken to represent the evolu-
tionary history of the taxa analyzed, rooted to Gloeobacter viola-
caeus PCC 7421. A total of 389 bp was used as partial 16S
rRNA gene sequence in the final dataset. The percentage of
replicate trees in which the associated taxa clustered together
in the bootstrap test is shown next to the branches. Initial
trees for the heuristic search were obtained automatically by
applying Neighbor-Joining and BioN] algorithms to a matrix
of pairwise distances estimated using the maximum compos-
ite likelihood approach, and then selecting the topology with
a superior log likelihood value. All positions containing gaps
and missing data were eliminated. Alternative maximum like-
lihood trees with bootstrap analyses using Paup 4.0b10
yielded similar results to trees made with Seaview 4.0 (data
not shown).

Statistics. 'The soil parameters were not always found to
conform to a normal distribution according to the Kol-
mogorov-Smirnov test, therefore, I“tests and heteroscedastic
ttest were used to verify homogenous variances and analyze
differences between sites, respectively. The effect of soil
parameters on the alpha-diversity (richness) of the cyanobac-
teria was tested by Spearman’s correlation. The similarities
between edaphic and hypo-/chasmoendolithic cyanobacteria
communities were visualized in a nonmetric multidimen-
sional scaling (nMDS) plot. Plots with a 2D stress <0.2 are
considered to provide a good representation of the overall
structure of the communities. The effect of soil parameters
on the Beta-diversity (community structures) was determined
by PerManova (with adonis function in R [Anderson 2001])
using the Bray—Curtis dissimilarity index (Bray and Curtis
1957), including permutation test with 999 permutations. All
statistical analyses were performed using R version 3.4.3 (R
Development Core Team 2017). Unless otherwise noted, sig-
nificant differences refer to P < 0.05.

RESULTS

Precipitation. In total, 110 mm of precipitation
(including fog water deposition) was recorded for
PA ridge, 17 mm for PA core, and 120 mm for SG
from January to December 2017, which was in part
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Fic. 2. Average precipitations between January and December of 2017. (a) PA ridge site, (b) PA Core site, and (c) SG site with their
corresponding total sum measured during the record period of 1 year. [Color figure can be viewed at wileyonlinelibrary.com]

TabLE 1. Sampling sites’ soil parameters (mean values & SD, n = 3). PA, Pan de Azucar; SG, Santa Gracia; small letters
show significant differences between sites.

Cinors Core
Co(g-kg™h (g-kg (g-kg’)  Ni(g-kg) Si(g-keh Al (g - kg™ Ca (g kg Fe (g- kg ")
PA 0.82 + 0.33 0.03 &+ 0.00 0.79 &+ 0.33 0.10 &= 0.03 0.08 &= 0.04 18.62 + 5.14°® 1.78 + 0.82 37.84 + 1.71°
ridge
PA 0.33 £0.20 0.17 £ 0.08 0.16 & 0.13 0.03 & 0.02 0.06 & 0.01 4.30 & 0.77°  5.70 £ 3.38 14.08 4+ 2.77°
grit
PA 0.07 + 0.04 0.03 & 0.01 0.05 & 0.03 0.01 £ 0.00 0.06 £+ 0.03 3.70 & 2.92*  6.49 + 2.02 11.35 + 9.17%
core

SG* 0.57 + 0.18 0.06 £ 0.06 0.52 & 0.22 0.06 & 0.02 0.03 = 0.01 10.03 £ 0.95° 5.28 + 1.15 38.66 + 5.70°
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influenced by El Nino-like conditions (Fig. 2).
Almost zero rainfall could be recorded from all sites
during summer time between January and April and
an intensive rain period occurred in May at SG
(Fig. 2¢).

Soil parameters. Soils of the sampled sites showed
no significant differences regarding C,, inorganic
carbon (Cinorg), organic carbon (Cgrg), N, S;, cal-
cium (Ca), magnesium (Mg), manganese (Mn) con-
tents and EC (Table 1). The sites PA grit and PA
core showed similar low concentrations of total alu-
minum (Al), iron (Fe), potassium (K), and P, ranging
from 3.7 t0 4.3, 11 to 14, 1.7t0 1.9 g - kg soil !, and
185 to 261 mg - kg soil !, respectively. Similar high
concentrations of total Al, Fe, and K were found at
PA ridge and SG ranging from 10 to 19, 38 to 39,
and 2 to 6 g - kg soil !, respectively. Soil pH was
between 6.5 (PA ridge) and 8.1 (SG) and, thus, dif-
fered significantly between sites. According to Per-
Manova calculations, soil parameters were not
found to significantly influence the variance of the
communities (data not shown).

Image analysis. To present an in situ snapshot of
an undisturbed hypolithic cyanobacterial commu-
nity, a biofilm attached to a quartz stone from PA
ridge (Fig. 3, a and b) was investigated in detail with
different microscopic techniques in an air-dry and
wet state (Fig. 3, c and d). The biofilm contained a
diverse community of cyanobacteria with single cells
suggesting the presence of Pleurocapsa sp. as the
most abundant growth form. In addition, filamen-
tous morphologies suggest the presence of Pseu-
dophormidium sp. and Nostoc sp. During in situ
investigations of an air-dry state with the FEI micro-
scope, a dense matrix of mineral particles, filamen-
tous cyanobacteria (likely Pseudophormidium sp.), and
undefined clumps were observed (Fig. 3c). Observa-
tions with CLSM of similar parts of the same stone
in a wet state (Fig. 3d) showed the co-occurrence of
filamentous (Pseudophormidium sp.) and coccoidal
cyanobacteria (Pleurocapsa minor). These strong dif-
ferences in the presence of P. minor between wet
and air-dried samples were found for all quartz
stones studied. In contrast to cyanobacteria, green
algae always played a minor role in all lithic
biofilms.

Community composition. A total of 21 species across
all sites and substrates were identified by 16S rRNA
gene sequence analysis, and the key players are
shown in Figure 4. Species closely related to Scy-
tonema hyalinum (Fig. 4c), Nostoc sp. (Fig. 4h), or Tvi-
chocoleus sociatus, Pseudophormidium sp. (Fig. 4g) and
P. minor (Fig. 4d) were shared across most sites
(Table 2). Cyanobacterial species that were unique
for lithic microhabitats included Alteriella sp.
(Fig. 4a), Gloeocapsopsis sp. (Fig. 4e), and Kastovskya
adunca (Fig. 4b), whereas others such as Phormides-
mis sp., Nodosolinea epilithica, and Mojavia pulchra
only occurred in soils. Green algae were identified
in soil samples by Baumann et al. (2018), but here
we also identified a minor proportion of lithic green
algae, most of which could be assigned to members
of the genera Stichococcus, Chlorella, Trebouxia, Spon-
giochloris, Aptatococcus, and  Myrmecia (data not
shown).

The PA core site contained the species poorest
communities with five edaphic species and five
hypolithic species of which two were shared between
sites (Fig. ba). Most species were found at the site
SG with 11 edaphic species and seven hypolithic
species of which five species were shared between
sites (Fig. 5d). At the PA core site, the hypolithic
limestone and chasmoendolithic granite cyanobacte-
rial communities differed strongly from the edaphic
community (Fig. 5, b and c). Beta-diversity ordina-
tion showed highest similarities between the
edaphic and lithic communities from the site SG
and indicated a strong divergence at the site PA
core between the two hypolithic sites and the
edaphic sites as well as the chasmoendolithic site
(Fig. be).

Phylogeny. A total of 44 partial 16S rRNA gene
sequences (390 bp) were obtained from all samples
processed, and all of these exhibited a similarity
>97% compared to sequences published in Gen-
Bank (NCBI-NIH), so that a robust phylogenetic
tree could be constructed based on cyanobacteria of
the Atacama Desert (Fig. 6). Most of the taxa were
identified to the genus and some to the species
level, such as Trichocoleus desertorum ATA2-1-CV7,
Pseudophormidium sp. ATA2-1-KO12, Nostoc sp. ATA2-
1-CV6, or Kastouvskya adnunca ATA6-11RM11.

K (g-kg™") Mg (g - kg™ ') Mn (mg - kg™') P (mg - kg ") Zn (mg - kg ') pH (H,0) EC (mS - em™)
5.62 + 0.90° 7.88 &+ 4.52 1104.09 4+ 259.09 367.76 + 88.48" 54.33 + 7.20° 6.51 4+ 0.18%  1688.00 £ 919.92
1.93 4 0.44* 1.51 + 0.46 183.24 + 42.95 260.78 + 71.73% 31.21 + 21.90°"  7.93 £ 0.14° 2724.33 + 1925.64
1.71 £ 0.76* 1.01 + 1.35 255.26 + 265.39  185.31 4 233.75* 15.25 £ 14.34* 7.13 + 0.18° 317.00 4+ 400.91
2.00 + 0.27*°> 2,55 + 0.23 316.09 + 69.69 699.20 + 85.82° 22.54 + 7.96% 8.06 £ 0.32¢ 50.33 + 12.58
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DISCUSSION

Here, we show that cyanobacterial species richness
decreases with decreasing water availability, confirm-
ing our first hypothesis that only tolerant species
can cope with high xeric stress under low water con-
ditions. Also, in accordance with our second hypoth-
esis, the divergence of soil- (edaphic) and stone
(lithic)-inhabiting ~ cyanobacterial ~ communities
increased with decreasing water availability. In the
following sections the two hypotheses are discussed
based on the comparisons between PA and SG and
on comparisons between the three sites of PA
(ridge, grit, core).

Effects of different water sources on edaphic and lthic
cyanobacterial communities. Increasing levels of rain-
fall from PA (long term mean annual rainfall
15 mm -y~ o) to SG (long -term mean annual rain-
fall 88 mm -y ') result in a greater cyanobacterial
species richness in edaphic communities at SG. This
increased richness can be explained by the fact that
cyanobacteria require liquid water to be photosyn-
thetically active, since they are unable to use other
water sources such as high air humidity (Lange
et al. 1986, Budel and Lange 1991). Besides precipi-
tation, soil properties such as a thicker A horizon
and more P in SG soils (Table 1) may have not only
led to higher levels of vegetation (Bernhard et al.
2018), greater abundances of bacterial and archaeal
16S rRNA gene copy numbers (Oeser et al. 2018),
but also to a higher cyanobacterial species richness.
This may be explained by a broader ecological
niche at SG compared with the more arid site of
PA, which provides more favorable conditions for
the establishment of edaphic cyanobacterial species.
The broader ecological niche at SG does not only
favor a greater species richness but also leads to a
higher congruence between edaphic and lithic com-
munities since specialization toward xeric stress is
less important (Fig. 5).

Lithic cyanobacterial species richness was likely
higher at PA because low cloud frequency was
higher (32%) compared with SG (18%; Baumann
et al. 2018). This implies a higher fog water avail-
ability at PA. Azta-Bustos et al. (2011) has shown
that more fog water condensed at cooler quartz
stones, which in turn, and in addition to rainfall, is
accessible to hypolithic communities. For these rea-
sons it could be assumed that cyanobacteria at SG
depend less on the lithic habitat compared with the
more diverse lithic community at arid PA.

Similar effects of the source of water on lithic and
edaphic communities were observed for the W-E
gradient in PA. Stomeo et al. (2013) also found that
hypolithic communities exhibited a fog-related dis-
tribution along a W-E aridity gradient in the Namib
Desert. Water availability and different soil types
form a gradient at PA: on the one hand, fog and
dew are the main drivers for life (Lehnert et al.
2018) together with rare rainfall events. Here, a

gradient is formed where total prec1p1tat1on
decreases from the coast (110 mm -y " to the
inland (17 mm -y~ Y. On the other hand, there are
different types of substrates along this gradient
ranging from silt- and clay-rich soil at the site PA
ridge close to the Pacific Ocean to granite and
quartz grit (>5 mm) at the site PA grit and non-
weathered porous granite rocks at the site PA core
(Fig. 1, c—e). In addition to the limitations caused
by soil structure and fog water availability, other soil
parameters, such as nitrogen and phosphorus, seem
to play a role because they were found to be similar
in PA ridge, PA grit, and PA core (Table 1). There-
fore, the increased xeric stress caused by less precip-
itations in this transect determined a decrease in
total species richness (Fig. 5a; Table 2), thus sup-
porting hypothesis (i).

Further inland, at the PA grit site, the highest
congruence (70%) between lithic and edaphic
cyanobacteria was found (Fig. 5a), which may be
due to the similar structure of the soil substrate
(grit) and the bigger quartz stones that were colo-
nized by biofilms. At PA core, 60% of all observed
species had a distinct habitat (Fig. ba) and the
nMDS showed the strongest divergence between the
lithic and edaphic communities as well as among
the lithic communities (chasmoendolithic and hypo-
lithic) for all sites (Fig. be). While hypolithically col-
onized quartz and limestones only showed minor
differences within the community composition
(Fig. be), the chasmoendolithic microhabitats of
cracks and fissures of granitoid stones and rocks
strongly differed. Diruggiero et al. (2013) also
reported chasmoendolithic communities from the
Atacama Desert that were dominated by Chroococcid-
iopsis species, together with only one phylotype that
could be assigned to the order Nostocales, which
was reflected here by the detection of Scytonema hyal-
inum (Nostocales; Fig. 4c) as the only filamentous
species for the chasmoendolithic PA core site. By
comparing PA ridge with PA core the divergence
between lithic and edaphic communities can be
seen to increase with increasing xeric stress from
the coast toward the inland of PA (Fig. ba), thus
confirming hypothesis (ii).

In situ detection of lithic cyanobacterial communi-
ties. Whenever different substrates such as stones or
complex soil structures are colonized by cyanobacte-
ria, it is crucial to visualize the phototrophs’ interac-
tion with these substrates in order to better
understand their localization and ecological niche.
This has been repeatedly applied to lithic communi-
ties from hot and dry deserts (Azta-Bustos et al.
2011, Yung et al. 2014, GémezSilva 2018). In the
present study, bright field, FEI, and CLSM allowed
for a preliminary inspection of the cyanobacterial
community (Fig. 3). These methodologies are useful
tools whenever a first overview of cyanobacterial
community present in terrestrial biofilms is required
and can also provide observations based on
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Fi6. 3. Microscopy of hypolithic biofilms. (a) Quartz stone
with hypolithic biofilm from PA ridge. (b) Bright field micro-
scopy of biofilm scraped off the stone surface. (c) In situ FEI
microscopy of air-dried biofilm samples showing a matrix of min-
eral particles and filamentous cyanobacteria. (d) In situ CLSM
image of wetted biofilm samples showing filamentous and coc-
coidal cyanobacteria. [Color figure can be viewed at wileyonline
library.com]

morphological details of individual microorganisms.
Compared with findings of De los Rios et al. (2006,
2014), who reported structural differences within
moss and/or cyanobacterial dominated biofilms of
endo-/hypolithically  colonized  granite  from
continental Antarctica, we generally also found a
dense matrix of cyanobacteria, extracellular polysac-
charides, and mineral particles (Fig. 3c). While De
los Rios etal. (2006, 2014) identified only one
unspecified cyanobacterial strain, we found a matrix
that was formed by several filamentous cyanobacte-
ria such as Pseudophormidium sp. and single-celled
species like Pleurocapsa minor and Chroococcidiopsis sp.
(Fig. 4b). Interestingly, a strong dominance of fila-
mentous taxa was detected when FEI was applied to
air-dried in situ samples from more humid sites

(Fig. 3c). Additionally, collapsed coccoidal species,
which were less visible than filamentous cyanobacte-
ria and thus more difficult to differentiate were
detected from these sites. In contrast, hypolithic
and chasmoendolithic microhabitats of the dry site
PA core appeared to be dominated by unicellular
species such as Chroococcidiopsis. Similar trends have
previously been reported for the Atacama Desert
(Aztia-Bustos et al. 2011, Yung et al. 2014, Gomez-
Silva 2018), which implies that among coccoid gen-
era, such as Chroococcidiopsis, Pleurocapsa, and Gloeo-
capsopsis, highly specialized species exist that are
highly adapted to the lithic microhabitat. In the pre-
sent study, CLSM (used on stone attached wet bio-
films) was found to be a better technique for
reflecting the cyanobacterial community due to a
less disturbed overview of the community. CLSM
images clearly indicated a similar proportion of sin-
gle-celled cyanobacteria with filamentous species
(Fig. 3d), which could be confirmed by light micro-
scopy of the biofilm (Fig. 3b). Accordingly, the
CLSM technique seems to be the method of choice
when comparing the properties of different mor-
phological groups of cyanobacteria in situ.

Assignment of cyanobacterial species to edaphic and
lithic habitats. In general, our results suggest that
some species, such as Gloeocapsopsis sp. (Fig. 4e),
conform to the concept of strictly lithic or edaphic
cyanobacteria. This species showed high similarities
to other species of its genus isolated from the Ata-
cama Desert (Fig. 6; Gloeocapsopsis sp. AAB1), that
have been found on quartz stones biosynthesizing
sucrose and trehalose in response to desiccation
(Azua-Bustos et al. 2014).

In addition, we found three species of cyanobacte-
ria only in soils (Phormidesmis sp., Nodosolinea epilithica,
Mojavia pulchra), while other species were solely pre-
sent in lithic habitats (Aliterella sp., Gloeocapsopsis sp.,
Kastovskya adunca). In contrast to our results, Kastovs-
kya adunca (Fig. 4b) has been found in both habitats
(Schwabe 1960, Miihlsteinova et al. 2014) preventing
a clear assignment of this species to a distinct micro-
habitat. A similar case may apply to the recent
assigned genus Aliterella (Fig. 4a). A few known spe-
cies have been isolated from soil and sea water (Rigo-
nato et al. 2016), but the strain isolated by us from
the Atacama Desert appears to be a new species based
on the investigated gene fragment (Fig. 6). This sug-
gests that species of the genus Aliterella still cannot be
the strictly assigned to either lithic or edaphic habi-
tats. Our results, like Makhalanyane et al. (2013) who
investigated hypolithic cyanobacteria in the Namib
Desert, provide strong evidences for a high congru-
ence between lithic and edaphic cyanobacterial com-
munities in the Atacama Desert and also the
existence of some few specialists for each niche.
Makhalanyane et al. (2013) concluded that hypoli-
thons do not develop independently from microbial
communities found in the surrounding soil, but
selectively recruit from local populations and also
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from the existence of a few specialists in each niche
(Makhalanyane et al. 2013).

This study shows a strong consistency between the
taxonomic assignments attained from the direct
microscopy observation of the samples, the micro-
scopy observation of the isolates obtained, and their
phylogenetic  analyses. Furthermore, sequences
obtained from isolates of this study such as those
from Trichocoleus sociatus, some Nostoc sp., T. desertorum,
Kastovskya  adunca, Gloeocapsopsis sp., and Pseu-
dophormidium sp., could even be assigned to

FiG. 4. Bright field microscopy
of cyanobacterial isolates. (a)
Aliterella sp., (b) Kastovskya adunca,
(c)  Seytonema  hyalinum,  (d)
Pleurocapsa minor, (e) Gloeocapsopsis
sp., (f) Trichocoleus desertorum, (g)
Pseudophormidium sp., and (h)
Nostoc sp. Scale bars indicate
10 pm. [Color figure can be
viewed at wileyonlinelibrary.com]

sequences obtained from taxa isolated from the Ata-
cama Desert during previous studies (Fig. 6; for
example, accession abbreviation ATA). This vali-
dates the applied polyphasic approach that combi-
nes morphological and phylogenetic results.

SUMMARY

Sequencing and microscopy allowed us to inspect
the edaphic and lithic cyanobacterial communities
present at the southern edge of the Atacama Desert.
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TasLE 2. List of species detected by 16S rDNA gene sequences and bright field microscopy (n = 5). X represents the pres-

ence of species.

Soil community Hypolithic L
Type Chasmo-endolithic
Soil Quartz . .
Substrate Limestone Granite
Location PA ridge PA grit PA core SG PA ridge PA grit PA core SG PA core PA core
Aliterella sp. X
Chroococcidiopsis sp. X X X X X X X
Gloeocapsopsis sp. X X X
Kastovskya adunca X X
Leptolyngbya sp. X X
Microcoleus vaginatus X X X X
Mojavia pulchra X
Myxosarcina sp. X X
Nodosolinea epilithica X
Nostoc cf. edaphicum X X X
Nostoc cf. punctiforme X X
Nostoc sp. X X X X X X X X X
Phormidesmis sp. X X
Phormidium autumnale X X X X
Pleurocapsa minor X X X X X
Pseudophormidium sp. X X X X X
Scytonema hyalinum X X X X X
Tolypothrix sp. X X
Trichocoleus badius X X X
Trichocoleus desertorum X X X
Trichocoleus sociatus X X X X X X
Species richness 6 10 5 11 8 10 5 7 5 5
a PA ridge PA grit PA core
5 3 3 3 7 3 3 2 3 Fi6. 5. Venn  diagrams  of
cyanobacterial communities. Venn
diagrams (a—d) for species in
edaphic microenvironments
(rectangles) and lithic micro-
b PA core limestone e environments (circles). The
Lithic: number of species shared is shown
Hypolithic in the overlapping areas. (a)
& 2 3 @ @Quartz Hypolithic quartz community
° ] SG @Quanz compared to edaphic community
@ @ — of the same habitat along the W-E
PAr 4 precipitation gradient of PA. (b)
o Quartz Hypolithic limestone community

(7]

C P4 core granite

~7 ..:.:1 Limestone compared to edaphic community.
(c) Chasmoendolithic community

compared to edaphic community.

B PAg] Chasmoendolithic o t
3 2 3 . ('} Granite (d) Hypolithic quartz community
e '@ compared to edaphic community.
Edaphic: (e) Beta-diversity nMDS
ordination of the similarity in
‘ T ‘ ‘ Ri dge cyanobacterial community
d 05 00 05 10 : composition of different sites and
SG Pl substrates (stress = 0.13). [Color
Core figure can be viewed at wile
2 5 6 yonlinelibrary.com]

A total of 21 cyanobacterial species were identified.
In combination with soil and climate data, a
decrease in species richness along a N-S gradient
along the Coastal Cordillera and the declining water
availability along a W-E precipitation gradient of
the Atacama Desert was observed. In these arid
ecosystems, lithic microhabitats such as translucent
quartz stones are considered to be refugia for

cyanobacterial communities. Our analyses suggest
that the composition of both edaphic and lithic
communities diverge as Xeric stress increases.
Higher precipitation resulted in edaphic and lithic
communities showing high congruence compared
to arid conditions where only a few species were
shared between both microhabitats, resulting in
more distinct communities.
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Grit 75

Core — Nostoc sp. clone 700581
Nostoc sp. s6 1SSl
—_ 0.02 o 62| |Nostoc sp. 57 20
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Scytonema hyalinum CG

|- Scytonema hyalinum ETH2.2.M10
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Scytonema hyalinum CMT-1BRIN-NPC39

Microcoleus vaginatus S11
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99 | Myxosarcina sp. S26
Chroococcidiopsis sp. CCMP1489

50 Chroococcidiopsis sp. CCMP2623

@
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”

— Plewrocapsa minor $27
64 Pleurocapsa sp. CALU 1126

L Pleurocapsa sp. CENA351
64| |- Pleurocapsa minor SAG 4.99.
Pleurocapsa minor S28
44 | Pleurocapsa minor S29 L&D
Pleurocapsa minor S30
Pleurocapsa minor S31 [0
Trichocoleus badius $32

40 | Trichocoleus badius  S33

Trichocoleus sp. CNP1-Z1-C2
Trichocoleus badius  S34
Leptolyngbya badia CRS-1

Leptolyngbya badia CRS-2

Leptolyngbya badia CRS-3

Trichocoleus desertorum S35
Trichocoleus desertorum S36 [
Trichocoleus desertorum strain ATA4-8-CV2

% | Trichocoleus desertorum ATA2-1-CV7

Trichocoleus desertorum ATA3-4Q-KO9

50 Phormidesmis sp. SR
—mi__m'zsms sp. WUT24-NPBG20
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Pseudophormidium sp. ATA2-1-KO12
7 | Pseudophormidium sp. ATAS-5-1-DP04
Pseudophormidium sp. S38 E
Pseudophormidium sp. S39
Pseudophormidium sp. S40
Pseudophormidium sp. S41
27 | Pseudophormidium sp. S42 [T
Pseudophormidium sp. ATA55-1-KO8

Nodosolinea epilithica S343
Modosilinea epilithica ACSSI 169
Nodosilinea epilithica ACSSI 166
Leptolyngbya cf. halophila LEGE 06152
Leptolyngbya sp. S44
Leptolyngbya norvegica SABC031702

ag | Leptolyngbya africana SABC011801

Gloeobacter

strain PCC 7421

0020

F16. 6. Phylogenetic tree.
Maximum  likelihood  phylo-
genetic tree obtained from the
aligned a 16S rRNA gene
sequences. Color and
abbreviation codes denote the
origin of the isolates, sites, and
type of substrates. [Color figure
can be viewed at wileyonlinelibra
ry.com]
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