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ABSTRACT The Atacama Desert in Chile is one of the driest and most inhospitable 
places on Earth. To analyze the diversity and distribution of microbial communities 
in such an environment, one of the most important and challenging steps is DNA 
extraction. Using commercial environmental DNA extraction protocols, a mixture of 
living, dormant, and dead cells of microorganisms is extracted, but separation of the 
different DNA pools is almost impossible. To overcome this problem, we applied a 
novel method on soils across a west–east moisture transect in the Atacama Desert to 
distinguish between extracellular DNA (eDNA) and intracellular DNA (iDNA) at the cell 
extraction level. Here, we show that a large number of living and potentially active 
microorganisms, such as Acidimicrobiia, Geodermatophilaceae, Frankiales, and Burkholder
iaceae, occur in the hyperarid areas. We observed viable microorganisms involved as 
pioneers in initial soil formation processes, such as carbon and nitrogen fixation, as 
well as mineral-weathering processes. In response to various environmental stressors, 
microbes coexist as generalists or specialists in the desert soil environment. Our results 
show that specialists compete in a limited range of niches, while generalists tolerate 
a wider range of environmental conditions. Use of the DNA separation approach can 
provide new insights into different roles within viable microbial communities, especially 
in low-biomass environments where RNA-based analyses often fail.

IMPORTANCE The novel e- and iDNA separation technique offers insights into the living 
community at the cell extraction level in the hyperarid Atacama Desert. This approach 
provides a new framework for analyzing the composition and structure of the poten
tially active part of the microbial communities as well as their specialization, ecological 
network and community assembly process. Our findings underscore the significance of 
utilizing alternative genomic techniques in low-biomass environments where traditional 
DNA- and RNA-based analyses may not be feasible. The results demonstrate the 
viability of the proposed study framework and show that specialized microorganisms 
are important in initial soil formation processes, including microbial-driven mineral 
weathering, as well as the fixation of carbon and nitrogen.

KEYWORDS microbial diversity, DNA extraction, extracellular DNA, intracellular DNA, 
Atacama Desert, specialist, microbiome

T he Atacama Desert in northern Chile is one of the driest and oldest deserts on Earth, 
with a stable climate and a surface that has been barely disturbed by erosion over 

the past 150 million years (1–3). The extreme aridity is a result of the strong Pacific 
anticyclone and the cold north-flowing Humboldt Current. This combination leads to a 
constant temperature inversion, offshore winds, and a rain shadow from the Andes to 
the east (4–6). The most hyperarid zone of the Atacama Desert, located ~60 km inland, 

December 2024  Volume 90  Issue 12 10.1128/aem.01443-24 1

Editor Jennifer B. Glass, Georgia Institute of 
Technology, Atlanta, Georgia, USA

Address correspondence to Dirk Wagner, 
dirk.wagner@gfz-potsdam.de.

Alexander Bartholomäus and Steffi Genderjahn 
contributed equally to this article. Author order was 
determined alphabetically.

The authors declare no conflict of interest.

See the funding table on p. 17.

Received 12 August 2024
Accepted 11 October 2024
Published 14 November 2024

Copyright © 2024 Bartholomäus et al. This is an 
open-access article distributed under the terms of 
the Creative Commons Attribution 4.0 International 
license.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
16

 J
an

ua
ry

 2
02

5 
by

 1
39

.1
7.

21
2.

20
0.

https://crossmark.crossref.org/dialog/?doi=10.1128/aem.01443-24&domain=pdf&date_stamp=2024-11-14
https://doi.org/10.1128/aem.01443-24
https://creativecommons.org/licenses/by/4.0/


has a mean annual precipitation of about 2 mm year−1, and rare rainfall events typically 
occurring only once per decade during El Niño years (1, 4, 7).

This extreme aridity is one reason why it is considered the most hostile environment 
with regard to the dry limit for life on Earth (8). The main source of water in this region is 
coastal fog, though most of it is blocked by the western mountain range, the Cordillera 
de la Costa, and thus water availability decreases with increasing distance from the coast 
(9). The rare fog events that do occur provide little moisture (10). As a result the sparsely 
vegetated ground surfaces are located only in the coastal region or where groundwater 
occurs via local springs (11).

The development of this extremely dry climate has led to the accumulation of 
chloride, nitrate, sulfate, and perchlorate, bearing minerals, from tropospheric and eolian 
depositional processes, and has resulted in massive salt-indurated soil horizons that are 
overlain by unconsolidated sulfate-rich topsoil horizons (12). In addition, the environ
mental conditions in the Atacama Desert are characterized by wide daily temperature 
fluctuations (0°C–32°C), the world’s highest levels of surface UV radiation (3.5–5 kWh 
m−2), and extremely low organic carbon content of the soils of <0.1% (13, 14).

Nevertheless, the Atacama Desert is colonized by abundant and diverse microbial 
communities. Previous studies found culturable bacteria in the range from almost 0 
to 106 colony forming units (CFU) g−1 soil, reflecting a large spatial heterogeneity (8, 
15). Modern DNA-based analyses have shown a wide range of gene copy numbers for 
bacteria and archaea, from 104 to 108 and 104 to 106 g−1 soil, respectively (14, 16). A 
characterization of the individual communities by sequencing 16S rRNA gene clone 
libraries of top soil horizons performed by Connon et al. (15) revealed Actinobacteria as 
the dominant phylum along with low abundances of Saccharibacteria (formerly known 
as candidate phylum TM7), Firmicutes, and Proteobacteria. A study by Neilson et al. (17) 
focused on bacterial communities in soil (15–25 cm depth) in the transition zone from 
arid to hyperarid soils along a west–east elevational transect. Crits-Christoph et al. (18) 
characterized soil microbial communities (0–10 cm depth) along a north–south moisture 
gradient. Both of these studies confirmed the high abundance of Actinobacteria, typical 
of desert soils (19–21), but differed with regard to composition and abundances of 
less frequent phyla and classes essentially comprising Proteobacteria, Acidobacteria, 
Bacteroidetes, Chloroflexi, Firmicutes, Saccharibacteria, Gemmatimonadetes, Thermomi
crobia, Tenericutes, and Nitrospira. The results showed that the overall diversity of 
microbial communities in these arid to hyperarid soils decreases with decreasing 
humidity.

Although in recent years great progress has been made in microbial community 
analyses in extreme environments, conventional DNA- or RNA-based methods often 
fail due to the low yield of extractable genomic material in desert soils (8, 22, 23). 
The matter of fact that microbial cells can only be intermittently active in the desert’s 
environment (14) leads to an overall low biomass and extremely low RNA levels. To 
the best of our knowledge, no metatranscriptome analysis from the Atacama Desert 
has yet been published that could provide insights into the functional diversity in this 
extreme habitat. Nevertheless, it is possible to extract total DNA from desert soils using 
common methods, which obviously include DNA from living, dormant, and dead cells. 
Based on the total DNA extract, it is therefore not possible to distinguish whether the 
DNA originates from living microorganisms (intracellular DNA, iDNA) or represents DNA 
that is preserved “naked” in the sediment (extracellular DNA, eDNA) and thus represents 
dead microorganisms. Differentiation of these two DNA pools may provide insights into 
the living and potentially active microorganisms of the desert microbiome independ
ently of transcriptome analyses. Furthermore, distinguishing between iDNA and eDNA 
is critical for improving the resolution of DNA data in low biomass environments and 
to avoid misinterpretation of the diversity of the actual living microbial community (24, 
25). Therefore, the separation into these two DNA pools can be a valuable attribute 
when studying the microbial diversity of original habitats, particularly in low-biomass 
ecosystems.
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To study ecological key organisms, specialist and generalist analyses have been 
performed for different environments (26, 27). Specialists are organisms that might be 
highly adapted to specific environmental condition that might be especially important 
in extreme environments. Generalists are often considered to be very flexible and 
adaptable and able to cope with different conditions (28). Together, with the iDNA 
extraction methods used here, the detection of specialist could give a more reliable 
picture of organisms that are currently living.

In the present study, we investigated the microbial community in detail along a 
moisture transect and two hyperarid reference sites in the Atacama Desert. We combined 
molecular biological data obtained with the DNA separation approach with environmen
tal parameters to determine important community-shaping parameters, and thus better 
understand hyperarid ecosystems and their associated diverse living microbial commun
ities. In addition, we characterized generalists and specialists by focusing on their key 
roles in adapting to environmental variation.

RESULTS

Bacterial abundance along the studied moisture transects

The bacterial gene copy numbers for both DNA pools and the microbial biomass 
calculated from phospholipid fatty acids (PLFA) have been determined along the fog 
related W-E moisture transects, namely Coastal Sand (CS), Aluvial Fan (AL), Red Sand 
(RS), and Yungay (YU), and two additional hyperarid reference sites, Maria Elena (ME) 
and Lomas Bayas (LB) (Fig. 1A). The microbial abundance was determined at two depth 
intervals (0–5 and 20–30 cm) for all sites.

The numbers for eDNA varied between 7.5(±1.9) × 102 16S rRNA gene copies g−1 soil 
in RS and 3.9(±1.2) × 107 gene copies g−1 soil (Fig. 1B) in CS. For some eDNA extracts (e.g., 
AL, LB), it was not possible to obtain qPCR results (Table S1). The gene copy number of 
the iDNA varied less compared with the eDNA, between 6.9(±1.3) × 103 gene copies g−1 

soil in AL and 1.0(±0.18) × 106 gene copies g−1 soil in RS. Based on the PLFA concentra
tion, complimentary cell numbers were calculated, which varied between 6.8 × 103 cells 
g−1 soil at the 20–30 cm soil depth in AL and 5.4 × 106 cells g−1 soil in the soil surface of 
CS. The PLFA values were in most cases in good agreement with the gene copy numbers 
in the iDNA pool. No general trend in the bacterial abundances along the moisture 
transect was seen, except that the surface bacterial community at the coastal site CS is 
more abundant than in the desert location. For the subsurface community such a trend is 
not obvious.

General composition of microbial communities

The microbial community composition was analyzed by high-throughput sequencing for 
all study sites at the two soil depth intervals (0–5 and 20–30 cm), and with a differentia-
tion between eDNA and iDNA (each in triplicates). A total of 72 samples resulted in 
4,239,159 sequencing reads. After demultiplexing, filtering, denoising, merging the 
forward and reverse reads, and chimeric removal, 2,835,790 reads remained in the final 
data set, which corresponds to 66.9% of all sequences (Table S2). These sequences were 
distributed to 49% in the eDNA pool and 51% in the iDNA pool. The number of reads per 
sample ranged from 14,515 to 106,973 with a mean value of 38,846. In total, 96.1% of all 
amplicon sequence variants (ASVs) were assigned to Bacteria, 3.8% to Archaea, and 0.1% 
others. After taxonomic classification, 6,205 putative taxa (5,965 for Bacteria, 235 for 
Archaea) were obtained.

The Shannon, Chao, and Simpson indices, were used to estimate and compare the 
alpha diversity of the different samples along the moisture transect (Fig. S1). The 
Shannon index ranged from 6.5 to 2.9, with the highest alpha diversity found in the 
surface sample (0–5 cm) of CS.

The microbial communities at the two sampling depths (0–5 and 20–30 cm) along the 
transect were characterized by six dominant phyla (group defined as relative 
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abundance ≥10%; total coverage 70.2%–93.5%; Fig. S2; Table S3): Actinobacteria, 
Proteobacteria, Chloroflexi, Cyanobacteria, Firmicutes, and Euryarchaeota. While 
Actinobacteria (10.1%–70.9%) and Proteobacteria (11.0%–81.9%) occur virtually at all 
locations and depth intervals, the phototrophic groups Chloroflexi (10.4%–30.3%) and 
Cyanobacteria (11.1%–33.5%) only appear as dominant phyla in the surface samples. The 
distribution of Firmicutes (10.8%–47.4%) showed no clear trend. ASVs of the archaeal 
phylum Euryarchaeota (34.1%–59.9%) were only detected at CS at the 20–30 cm soil 

FIG 1 Location of the study sites and bacterial abundances. (A) Location of the study sites along the 

Atacama Desert. Moisture gradient including Coastal Sand (CS), Alluvial Fan (AL), Red Sands (RS), Yungay 

(YU), and two hyperarid reference sites, Maria Elena (ME) and Lomas Bayas (LB). (B) Bacterial abundance 

based on 16S rRNA gene copy numbers of the e- and iDNA pools (means ± SE, n = 3–4, see Table S1), and 

phospholipid fatty acids (PLFAs) in the different investigation sites along the Atacama transect. Missing 

gene copy numbers for the eDNA pool indicate less than three replicates for the respective study site.
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depth, but with highest abundance in both DNA pools. Actinobacteria and Proteobacte
ria were found in all samples in both DNA pools. In contrast, Chloroflexi dominated in the 
iDNA pool at a depth of 0–5 cm at all study sites except AL, while all other dominant 
phyla showed no clear trend in the distribution between the e- and iDNA pools.

In contrast to the dominant phyla (abundance ≥10%), another 15 less dominant phyla 
with an abundance between 1% and 9.9% (total coverage 3.3%–27.1%; Fig. S2; Table S3) 
were present. It should be noted that the six dominant phyla defined above have a lower 
relative abundance (<10%) in some other study sites/samples and thus also fall into the 
group of less dominant phyla at these sites. Of the 15 less dominant phyla, Firmicutes 
(2.0%–8.5%), Chloroflexi (1.1%–6.6%), Cyanobacteria (1.1%–8.2%), Gemmatimonadetes 
(1.1%–8.7%), and Bacteriodetes (1.0%–4.4%) were the most common, which occurred 
in more than 10 samples out of 24 for the upper two depth intervals. Firmicutes were 
found in almost all samples and thus have the largest distribution overall, followed by 
Cyanobacteria. The less dominant phyla are Cyanobacteria and Chloroflexi, especially at 
a depth of 20–30 cm in both DNA pools and in all study sites with the exception of CS, 
while they were dominant in the surface layer as described above. Gemmatimonadetes 
(1.1%–8.7%) occurred predominantly at a soil depth of 20–30 cm, especially in the iDNA 
pool of all sites with the exception of AL. Bacteroidetes (1.0%–4.4%) were found in the 
surface samples of CS and AL in both DNA pools. Moreover, Bacteroidetes occurred 
in the eDNA pool at a 20–30 cm soil depth of all sites except RS. In addition to the 
Euryarchaeota occurring as a dominant phylum, with the Thaumarchaeota (1.0%–1.2%), 
another archaeal group was detected as a less dominant phyla, which appeared only in 
the iDNA pool of the surface sample from CS. All other phyla (Acidobacteria, Actinobac
teria, Deinococcus-Termus, Euryarchaeota, Patescibacteria, Planctomycetes, Proteobac
teria, and Spirochaetes) were detected in only a few samples, without a clear trend 
regarding study sites or DNA pools.

The 161 most abundant ASVs (> 0.1% mean abundance) could be assigned to 49 
families or to a higher taxonomic level, if the assignment to the family level was not 
possible (Fig. 2). Within this group of most abundant ASVs, the majority belonged to the 
phyla Actinobacteria (75 ASVs) and Proteobacteria (29 ASVs), followed by Firmicutes (17 
ASVs) and Chloroflexi (14 ASVs).

A few families/groups occur in more or less strong dominance along the entire 
moisture transect, such as Acidimicrobiia, Frankiales (e.g., Blastococcus), Solirubrobacteria
ceae (e.g., Conexibacter, Solirubrobacter), the lineage AKIW781 of Chloroflexi and the 
Burckholderiaceae (e.g., Acidovorax, Pelomonas, Ralstonia). Other families occur very 
prominently only at individual sites, such as Halomicrobiaceae (e.g., Natronomonas, 
Halomicrobium) at a 20–30 cm depth in CS, Bacillaceae (e.g., Aquibacillus) at a 20–30 cm 
depth in AL, or Xanthomonadaceae (e.g., Stenotrophomonas, Xanthomonas) at a 0–5 cm 
depth in AL. Overall, almost all of these groups show a relatively high abundance in both 
DNA pools.

Differences in the structure of the microbial communities in the e- and iDNA 
pools

The separation of iDNA from eDNA showed clear differences between the two pools (P < 
0.001) with varying proportions of unique and shared (overlap) ASVs (Fig. 3). With the 
largest overlap of shared ASVs in both soil depths (72.5% in 0–5 cm and 55.8% in 20–
30 cm), CS differs from all other study sites along the transect (P < 0.001, CS vs other 
sites), especially the CS surface sample, which showed only a smaller amount of unique 
ASVs in both pools (14.4% eDNA and 13.1% iDNA). In contrast to CS, all other sites are 
characterized by a lower proportion of shared ASVs, ranging between 18.5% to 44.8% in 
0–5 cm depth and 13.3% to 37.6% in 20–30 cm depth. Accordingly, a higher proportion 
of unique ASVs was found in both DNA pools. A significant trend between both soil 
depths was not observed.

The differences observed in the two DNA pools and between CS and the other 
locations in terms of ASV proportions were also reflected in the structure and the relative 
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abundances of the microbial communities (Fig. 3; Fig. S2). The surface sample of CS 
showed about the same distribution of individual phyla in both DNA pools (dominated 
by Actinobacteria and Proteobacteria), reflecting the high proportion of shared ASVs. A 
similar trend in the structure and relative abundance of the microbial communities in 
both DNA pools can also be seen in the surface sample from ME (also dominated by 
Actinobacteria and Proteobacteria, but with a high proportion of Cyanobacteria and 
Chloroflexi) and the samples from the 20–30 cm soil depth from CS (dominated by 
Euryarchaeota) and AL (dominated by Firmicutes). In all other study sites and sampling 
depths, the microbial community composition differed notably between the iDNA and 
eDNA pools. For example, the eDNA pools in YU and in LB (both at 0–5 cm soil depth) 
were dominated by Proteobacteria (71% and 61%, respectively), while the iDNA of the 
surface layers was dominated by Actinobacteria (51% and 60%, respectively).

FIG 2 Relative abundances of the top 161 ASVs (>0.1% mean abundance) summarized by family level for the e- and iDNA pools along the moisture gradient: 

Coastal Sand (CS), Aluvial Fan (AL), Red Sands (RS), Yungay (YU), and additional hyperarid study sites Lomas Bayas (LB) and Maria Elena (ME). Bubbles represent 

the mean value of relative abundances from three technical replicates. ASVs are sorted by phylum and characterized by their family name; otherwise, the next 

highest classification level was chosen (o = order, c = class). k_Bacteria represents an unknown environmental clone related to Firmicutes (86% similarity) and 

Chloroflexi (87% similarity).
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Besides these shifts in abundance, there were also some taxa that were unique to 
either the eDNA or iDNA pool (Fig. 3). The most dominant groups in the eDNA pool were 
Acinetobacter, Burckholderiaceae, Curvibacter, Methylosinus, Micrococcus, Pseudomonas, 
and Sericytochromatia, and for the iDNA pool Acidimicrobia, the lineage AKIW781 of 
Chloroflexi, Frankiales, Longimicrobiaceae, Rubrobacter, and Solirubrobacteriaceae. These 
unique ASVs contributed to the differences in the community structure between the 
eDNA and iDNA pools described above due to their membership of the dominant phyla, 
such as Actinobacteria and Proteobacteria.

The relationship of ASV (iDNA pool) distribution and environmental parameters (Table 
S4) was examined by applying a CCA (Fig. 4; Table S5). Even if the adjusted explained 
compositional variation was low (17.5%), some parameters, such as chloride (P < 0.001), 
magnesium (P < 0.001), potassium (P < 0.011), pH (P < 0.001), UV (P < 0.001), elevation 
(P < 0.001), air temperature (P < 0.001), and relative humidity (P < 0.001) showed a 
significant impact on the ASVs distribution. A strong correlation was found between the 
unique community of CS and the relative humidity as well as the chloride and magne
sium content, which clearly separated this site from all other sides along the transect. 
All other study sites were mainly influenced by air temperature, UV, and elevation. When 
comparing the differences in the community composition of the sample site (depth 0 
and 20 cm combined), all sites differ (Table S6).

In some cases, the differences between the communities of eDNA and iDNA were 
extreme (Fig. 5A and B). As shown already in Fig. 3, there is only a small overlap of eDNA 
and iDNA ASVs, and many ASVs are unique in each pool (Fig. 5B). Some groups of ASV, 
e.g. almost all Bacilli, Chloroflexia, Rubrobacteria, and Thermoleophilia were only present 
in the iDNA (see Fig. 5A and B, blue stars), while other groups (e.g. Alphaproteobacteria 
and Holophagae, red stars) only exist in the eDNA pool.

Microbial generalists and specialists along the moisture transect

In order to analyze the microbial communities along the transect and their signifi-
cance in each study site, an analysis of the iDNA pool was carried out on generalists 
and specialists. Specialist ASVs were detected using the indicator-value analysis and 
predominately occur in distinct samples. Generalists are defined as ASV that occur 
with >0.1% abundance in 90% of our samples.

FIG 3 Microbial community structure and relationship between eDNA and iDNA pools at six soil sampling sites in the Atacama Desert: CS, AL, RS, YU, LB, and 

ME. Venn diagrams (each upper row) of eDNA (red bubble) and iDNA (blue bubble) ASV intersections (violet area) for samples collected at 0–5 and 20–30 cm soil 

depth. Numbers indicating the numbers of different ASVs (replicates pooled by mean first) refer to relative abundances of reads unique to eDNA or iDNA. Bars 

(each lower row) show relative abundances of main phyla in the eDNA and iDNA pools at the indicated sampling depth. Low abundance ASVs (<0.1%) were not 

counted.
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Generalists occurred at every study site and depth, while specialists were not 
detected at CS in the top soil or at ME. Bacterial generalists comprise four phyla with 
16 ASVs, which were assigned to Actinobacteria, Chloroflexi, Firmicutes, and Proteo
bacteria (Fig. S3). Actinobacteria and Proteobacteria were the most dominant phyla, 
each with seven related ASVs. As Actinobacteria-related groups Acidimicrobiia, Frankiales 
and Geodermatophilaceae were identified as well as Burkholderiaceae, Methylophilaceae, 
and Xanthomonadaceae for the Proteobacteria-related groups. While the Proteobacteria-
related ASVs are about evenly distributed across the transect, with the exception of 
Xanthomonadaceae, which predominated in the surface sample of AL, the Actinobacteria-
related ASVs tend to show a dominance for certain locations. In the latter phylum, ASV2 
is somewhat more evenly distributed, while all other ASVs show a clear preference for a 
specific site [e.g., ASV9 dominated at RS (0–5 cm), ASV11 at all depths of LB, ASV18 at YU 
(0–5 cm), and ASV15 at ME (0–5 cm)]. The AKIW781-related ASV10 predominate in the 
surface layer of YU and ME, and the Alicyclobacillaceae-related ASV3 (Firmicutes) in AL 
(20–30 cm). All 16 ASVs of the generalists belonged to the top 50 ASVs.

FIG 4 Canonical correspondence analysis (CCA) of the microbial community for the iDNA pool based on Bray–Curtis dissimilarities. In total, CA 1 and CA 2 

explained 17.5% of the variance between samples from the different study sites along the transect (CS = Coastal Sand, AL = Aluvial Fen, RS = Red Sand, YU = 

Yungay, ME = Maria Elena, LB = Lomas Bajas). Environmental variables are projected as black vectors.
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In total, 40 ASVs were identified as habitat specialists, which were assigned to 
seven phyla, of which Actinobacteria (12 ASVs), Chloroflexi (8 ASVs), Euryarchaeota (8 
ASVs), and Firmicutes (6 ASVs) were the dominant groups (Fig. S4). The specialists were 
dominant (indicator value >0.8) in only one study site along the transect. The highest 
proportions of Actinobacteria-related specialists were detected in the subsoil samples of 
the hyperarid sites RS, YU, and LB (with the exception of ASV28, which was dominant 
in the surface sample). A similar pattern is visible in the Chloroflexi-related ASVs (mainly 
lineage AKIW781), but in contrast to the Actinobacteria-related specialists, these taxa 
were mainly found in the surface layer of the respective study sites (RS, YU, and LB). All 
Euryarchaeota-related ASVs (mainly Halomicrobiaceae) were dominant in the subsurface 
layer of CS, and the Firmicutes-related specialists (mainly Bacillaceae) were detected in 
the subsurface samples in CS and AL. In general, no predominant habitat specialists 
could be identified in the soil surface at CS or for either soil depth intervals at ME. 
However, the importance of the habitat specialists for the Atacama Desert environment 
is demonstrated by the fact that 11 out of 40 ASVs belong to the top 50 ASVs.

DISCUSSION

Findings from the eDNA and iDNA differentiation

The analysis of the microbial communities’ abundance and diversity in natural environ
ments is usually based on the total DNA extracted from environmental samples. No 
distinction is made between DNA from intact living cells (iDNA) and DNA from dead 
cells predominantly preserved “naked” in the sediment (eDNA). In environments that 
support active microbial life with high turnover rates, such as grass- or farmland, the 
eDNA pool is continually replenished by the biomass turnover of living cells, resulting 
in e- and iDNA pools being similar in terms of community composition (29). In contrast, 
extreme habitats, such as the Atacama Desert (Fig. 1), are characterized by microbial 
communities that are only sporadically active or have only low rates of metabolism (14). 
For this reason, methods based on mRNA often fail because of the low RNA level in 
desert soils. Our results show that the microbial communities represented by the e- and 
iDNA pools differ clearly in the Atacama Desert (Fig. 3 and 5; Tables S6 to S8), and that 
considering both pools separately is essential for understanding microbial life in these 
extreme habitats.

According to Torti et al. (30), the iDNA pool can theoretically include not only DNA 
from intact living cells, but also DNA from already dead, but structurally intact cells. The 
death and lysis of microbial cells are time-dependent processes that are controversial 
with regard to the question “How dead is dead?” (31). Cell lysis is dependent on the 

FIG 5 (A and B) Circular phylogenetic tree of the microbial community composition exemplarily for the surface layer (0–5 cm depth) in Yungay (0.1% 

abundance); color codes reflect microbial classes (A). Clades unique to the e- or iDNA are shown in (B). Additionally, red and blue stars indicated predominate 

eDNA and iDNA clades in (A). NA means no taxonomic class.
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type of organism, the lethal agent and the cell damage, and in most cases leads to cell 
disintegration after minutes to hours (32). In our study, we define the iDNA pool as the 
fraction of microbial communities representing intact, living (supported by growth tests 
and live dead staining method; Fig. S6; Table S9), and potentially active microorganisms. 
This also applies to endospores, which end up in the iDNA pool during our separation 
process. In contrast to the DNA from the intact cells (the actual iDNA pool), the spore 
DNA is not extracted from the endospores by the mild extraction procedure used (33). 
This assumption aligns with the phylogenetic analyses of the iDNA sequences, which do 
not correspond to the presence of endospores from the Firmicutes phylum at our study 
sites (Fig. 2), despite Firmicutes being known as spore-forming bacteria (14). The living 
microbial community can only be considered in detail, if the eDNA pool is separated. 
Extracellular DNA could escape degradation processes via adsorption mechanisms and 
accumulate in sediments (34), which in turn cannot be imaged using conventional total 
DNA extraction methods. The eDNA might also include DNA material from cell lysis, 
active secretion by living cells, or allochthonous input of biogenic matter (35–37). In 
contrast to free eDNA, which is degraded within a few days, adsorbed DNA on minerals 
can remain in sediment for a long and even geological period of time (38, 39). Clay 
minerals for instance could enhance the DNA preservation through adsorption onto the 
mineral surface (40, 41). Adsorbed DNA can also be transported spatially and temporally 
by sediment processes. For this reason, when estimating the present biodiversity, it 
is important to estimate eDNA and iDNA to discriminate from allochthonous or past 
microbial input (42).

In the Atacama Desert, where most investigated habitats are deficient in organic 
carbon and water, active release of DNA into the environment is unlikely. The amount of 
shared ASVs of e- and iDNA is highest in the coastal study area CS (Fig. 3) where fog and 
sea spray provide regularly moisture (Fig. 4; Table S4). The increased availability of water 
and nutrients enables active cell turnover, especially in the top soil of CS. In contrast, 
the set of shared ASVs decreased in arid and hyperarid regions, likely indicating less cell 
turnover. Generally, microbial metabolism is thought to be negligible for most of the 
time in these extreme soil environments (14, 18).

The quantification of eDNA using qPCR often failed for these samples due to the 
lower gene copy numbers (Fig. 1B). With one exception (location CS), gene copy 
numbers of eDNA were lower or not measurable compared with the iDNA. These 
data show that even in the hyperarid areas, an abundant living microbial community 
existed, apparently very well adapted to the hostile conditions of the desert. A series 
of phospholipid fatty acids confirmed the existence of bacterial life in these soils as a 
biomarker, since intact membrane phospholipids are only stable in living organisms and 
rapidly degrade after cell death (43, 44). Gene copy numbers of iDNA were supported by 
the quantification of PLFAs which are both in the same range (Fig. 1B).

The cladogram (circular family tree, Fig. 5) illustrates the importance of distinguish
ing between e- and iDNA. Some clades appear almost exclusively as eDNA (such as 
Alphaproteobacteria and Holophagae). If there is no differentiation between e- and iDNA, 
the no longer living organisms cannot be adequately considered.

Considering the shared pool of e- and iDNA (Fig. 3 and 5), we get a broader 
understanding of the viable and potentially active microbial communities (14, 36), 
since the identification of e- and iDNA of similar source can show the active cell 
turnover of the stationary phase (24). Based on this assumption, a putatively active 
community of Actinobacteria (mainly Acidimicrobiia, Geodermatophilaceae, Frankiales, 
Rubrobacteriaceae and Solirubrobacteriaceae) and Proteobacteria (primarily Burkholder
iaceae, Methylophilaceae, Moraxellaceae, Sphingomonadacea and Xanthomonadaceae) 
dominated at all study sites (Fig. 2). Furthermore, another probably active taxon is 
the AKIW781 lineage, which dominated the phylum Chloroflexi, as well as Alicyclobacilla
ceae and Bacillaceae of the phylum Firmicutes. These spore-forming Firmicutes (45, 46) 
are well adapted to extreme conditions, such as drought or high UV radiation (47). A 
richness of endospore DNA in the iDNA pool can be excluded because the procedure to 
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extract iDNA does not extract DNA from spores (14, 24). In addition, AKIW781 has been 
reported from desert soils and in lithic communities (48, 49). The presence of Geoder
matophilaceae on altered rock surfaces and dry soils was described by Urzi et al. (50) 
and Normand (51). They are resistant to environmental stress, such as desiccation, high 
salinity or UV radiation. Gammaproteobacteria, within the families of Xanthomonadaceae, 
Burkholderiaceae, and Moraxellaceae, were also reported to survive under low nutrient 
availability and were found in rocks (52–55). The presence of lithobiotic microorganisms 
at all investigated study sites suggests a wide distribution of these microorganisms 
in arid environments preferring retreating niches, such as shaded rock surfaces (56). 
Colonizing refuge niches can be a strategy to reduce environmental stress, while niches 
form a protective environment by shielding against radiation, desiccation, and large 
temperature fluctuations (57).

Insights into the living microbial community

To gain a more detailed insight into the living microbial community, we analyzed 
the composition of the iDNA in detail. Therefore, the differentiation between habitat 
specialist and generalist will help identify specific aspects on adaptation strategies and 
ways of living. The distinction between specialists and generalists can help to deepen 
the understanding of microbial diversity and its role in different ecosystems. General
ists indicate a broad environmental tolerance and are found in many habitats, while 
specialists show narrow environmental tolerance and live in a limited habitat (28, 58, 59).

Dominant phyla as generalists and their adaptation strategies

In general, the microbial communities were dominated by Actinobacteria and Proteobac
teria followed by Firmicutes and Chloroflexi (Fig. 2 and 3), which were also identified 
in the iDNA pool as generalists (Fig. S3). These phyla consist of species that are highly 
adapted to extreme environmental conditions [e.g., dryness or UV radiation (Fig. S5)]. 
Actinobacteria are pioneers for the colonization of initial soil ecosystems and therefore 
play an important role in the development of soils and the underlying biogeochemical 
cycles (60). Most identified Actinobacteria belong to the class Acidimicrobiia and to the 
nitrogen-fixing bacteria Frankiales (61). Both were previously described as members of 
the core actinobacterial microbiome in low-elevation Atacama soils (62, 63). Genome-
resolved analyses indicate Acidimicrobiia are metabolically flexible, possessing the ability 
to use atmospheric H2 to support aerobic respiration and carbon fixation (64). Together 
with Geodermatophilaceae and the Chloroflexi lineage AKIW781, they occurred in high 
abundance in RS, YU, LB, and ME (Fig. 2). Moreover, Alicyclobacillaceae (Firmicutes) 
and Burkholderiaceae (Proteobacteria) occurred in high abundance in all study sites. 
Burkholderiaceae can inhabit diverse ecological niches due to their capability to perform 
different metabolic functions (65). They are found in soils, ground water, and rock 
surfaces (49). Burkholderiaceae were described to promote plant growth by enhancing 
nitrogen fixation and improving overall host adaptation to environmental stresses (65, 
66).

The widespread presence of generalists indicates their tolerance to different soil 
characteristics, competitive ability, and widespread use of resources (67, 68). Compared 
with specialists, generalists can react quickly to the availability of resources, and they 
are less controlled by environmental selection than specialists (69). The high abundance 
of eDNA and iDNA for Acidimicrobiia, Geodermatophilaceae, Frankiales, and Burkholderia
ceae, and their occurrence as generalists, indicates active cell turnover in the Atacama 
Desert, which is also supported by the findings of Schulze-Makuch et al. (14). We see 
the occurrence of hypolithic microorganisms, such as Burkholderiaceae, or Geodermato
philaceae, and their potential in terrestrial colonization in the Atacama Desert. Mineral 
weathering can be a microbial-driven process, which is important for soil formation as 
well as nutrient supply and by this for the general developments of the habitats. Based 
on the community description, it could be shown that biological nitrogen fixation can 
be potentially carried out by microorganisms, such as Frankiales. This is a key process in 
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the nitrogen cycle and the main source of nitrogen available in soil. Other generalists 
present, such as Solirubrobacterales, can handle the lowest soil organic carbon levels 
(70). In addition to the previously mentioned high-abundant generalists, Acidimicrobiia 
refer to a potentially active community indicating in the Atacama Desert. Together with 
Rubrobacteriaceaea, Acidimicrobiia are capable of hydrogenotrophic carbon fixation (64), 
enabling soil formation processes.

Specialized microorganisms across study sites

The differences in the microbial communities of the various study sites are more 
pronounced (Fig. 4), with an overabundance of specialists compared with generalists 
(Fig. S4). Changes within the community are evident along the transect when going 
from wetter to drier conditions, as changes between the two investigated depths. The 
abundance of halophilic archaea (Haloadaptaceae, Halobacteriaceae, Halomicrobiaceae, 
and Halobacteriales) at a depth of 20 to 30 cm at the CS site is remarkable. The deep 
layers of CS were enriched in sodium, chloride, and sulfate (Fig. S4; Table S5), a necessity 
for halophilic and halotolerant microbes. Furthermore, the availability of nitrate indicates 
growth through denitrification via nitrate reduction (71). The presence of Natronomonas, 
member of Halobacteriaceae, is mainly driven by high nitrate, chloride, sodium and 
magnesium concentrations in the deep layers of CS (Fig. S4; Table S5). Natronomonas 
is an extremely haloalkaliphilic archaeon formerly isolated from alkaline brines that 
are enriched in carbonate and chloride. They can tolerate extreme saline conditions, 
high pH (~11), and are able to assimilate nitrate (72). In addition, it was shown that 
halophilic archaea occur in both the eDNA and iDNA pool (Fig. 3), indicating that there is 
a steady cell turnover. The coastal sea spray is the main source of chloride and a valuable 
amount of sodium, making CS a unique habitat compared with the Atacama’s hyperarid 
regions. Members of Firmicutes (Bacillaceae, Paenibacillaceae, Sporolactobacillaeae) and 
Proteobacteria (Geminicoccaceae) occurred in high abundance at a depth of 20 to 30 cm, 
which could not be observed at the surface of CS. Geminicoccaceae has been isolated 
from desert sandy soils and can adapt to environmental stress, such as desiccation, 
osmotic stress, or carbon starvation (73).

Although specialists can be found at certain depths, they are not necessarily tied to 
the location, but are adapted to the corresponding soil conditions. The specialists in AL 
also occur with high frequency at the 20–30 cm depth and consist mainly of Bacilla
ceae. The surface of RS was characterized by high abundance of Chloroflexi, such as 
lineage AKIW781 and Kallotenuaceae. In contrast, these families are less abundant in the 
deeper layers of RS, while Euzebyaceae (class Nitriliruptoria), Micromonosporaceae, and 
Solirubrobacteraceae, all belonging to Actinobacteria, were found in higher abundance. 
Nitriliruptoria were detected by Idris et al. (62) as rare actinobacterial taxa in the Atacama 
region. In YU, specialists, such as Solirubrobacteraceae and AKIW781 dominated, while at 
20–30 cm Acidobacteria Subgroup 6, Gaiellales and IMCC26256 were more common. The 
deeper soils were characterized by higher water content (12%, Table S4) and high sulfate 
concentration. Gaeiellales have been previously obtained from diverse environments, 
such as saline-alkali soils (74), mangrove wetlands (75), lithic environments (76), and 
marine deep-sea sediments (77). In LB, Sphingomonadaceae and JG30-KF-CM45 occurred 
in high abundance in the top soils, whereas Euzebyaceae and Solirubrobacteraceae could 
be identified as specialist in the deeper soils. Solirubrobacterales have the ability for 
chemosynthetic CO2 fixation (78), promote soil organic matter and enhance soil fertility 
(79). Their abundance correlated to the lower temperatures and higher relative humidity 
at CS compared to other regions.

Recent studies show that differences in available moisture for extremely hyperarid 
soil microbial communities can have impacts on community composition, functional 
potential, and the capacity of growth in response to soil wetting (80). Nevertheless, the 
microbial profiles can provide an indication of supposed life and adaptation strategies 
in hyperarid areas. The analysis of the specialists shows that every niche in the Atacama 
Desert is colonized by specialized well adapted microorganisms, thus enabling active 
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life in an otherwise hostile environment. Differences in the living microbial community 
can be observed due to differentiation in e- and iDNA. Combined with the distinction 
between generalists and specialists, the diversity of a living community in nutrient-poor 
and water-limited areas like the Atacama Desert can now be understood in more detail.

Conclusion

We conducted a soil microbial study using e- and iDNA extraction methods combined 
with NGS technology and analysis tools to study bacterial communities inhabiting 
Atacama Desert soils. Our goal was to go beyond descriptions of the composition of 
the entire microbial community in such a low-biomass environment. By distinguishing 
between e- and iDNA, it was possible to focus on the living community at the cell 
extraction level. In low-biomass habitats, this is an essential step in the analysis of the 
initial microbial community. Starting from the iDNA, we were able to look deeper into the 
living community and identify habitat-specific microorganisms. Differences in the sites, 
especially with regard to water availability, become visible when focusing on iDNA only. 
Cell turnover appeared to be noticeably reduced in the drier areas, making analysis at the 
mRNA or protein level challenging if not impossible. The distinction between specialists 
and generalists in the iDNA pool allowed a detailed understanding of the composition 
of the living microbial community. Specialists were adapted to the limited resources, 
occurred in more inconsistently distributed habitats, and had smaller overall popula
tion sizes than generalists. Because of their resource specialization, suitable habitats 
for specialists are spatially limited. For example, we found that the location affected 
by the salt-rich coastal sea spray harbored halophilic archaea as specialists. Further
more, we observed viable microorganisms (such as Acidimicrobiia, Geodermatophilaceae, 
Frankiales, and Burkholderiaceae) as generalists, known for involvement in initial soil 
formation processes, such as carbon and nitrogen fixation as well as mineral-weathering 
processes.

MATERIALS AND METHODS

Field site description and sampling

Soil samples were collected from the surface (0–5 cm) and near-subsurface (20–30 cm) 
at six locations along a west–east transect with a decreasing moisture gradient (Fig. 
1A). Samples were collected in sterile sampling containers using appropriate tools (e.g., 
spoons sterilized with ethanol) and latex sampling gloves. The most western and least 
arid sampling location was designated Coastal Soil (CS, 481 masl, S 23.8247, W 70.4888) 
and consisted of widely spaced vegetation and distinct hypolithic communities. The 
upper 20 to 30 cm consisted of silty-to-sandy material with occasional large weathered 
clasts. No vegetation was present anymore at the next sampling site further east, which 
was designated Alluvial Fan (AL, 847 masl., S 24.0008, W 70.2958). The surface of the 
alluvial fan is covered with loose sandy sediments, with some clasts reaching up to 15 cm 
in diameter. Below this top layer lies a few-centimeter thick spongy evaporitic layer 
and variable alluvial deposits. The next site along the transect is part of the hyperarid 
region and was designated Red Sands (RS, 1027 masl, S 24.10007, W 70.1288). The 
top layer is a few-centimeter thick and consists of cemented desert crust, while the 
sediments beneath are composed of poorly sorted sand with crude lamination. The next 
site along the transect is Yungay (YU, 1004 masl, S 24.0883, W 69.9946) being the most 
lithological diverse site. Lithic particles on the surface range from silt to pebbles, and 
between them occur partially cracked, cake-shaped sulfate mineral bearing lobes (losa). 
Beneath the surficial layer is poorly sorted sand in some areas, while in other areas 
there is a highly porous sponge-like gypsum horizon. The reference site Lomas Bayas 
(LB, 1528 masl, S 23.3933, W 69.6039) is located in the northeast from the transect. LB 
is covered by angular clasts of up to 40 cm in diameter. Between the clasts the surface 
is largely covered by sandy to gravely material and the soil beneath is composed of clay 
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to cobble-sized particles of angular shape with poor to no sorting. Marina Elena (ME, 
1313 masl, S 22.2631, W 69.7243) is the northernmost study area. ME is a field of cobbles 
and boulders reaching a few meters in diameter. The top soil between the boulders 
consists of coarse sand to fine pebbles, while the sediments below are composed of 
weakly cemented silt to coarse sand with abundant planar and cross-bedding.

Extraction of extracellular (e) and intracellular (i) DNA

DNA was extracted according to the method of Alawi et al. (81), which was slightly 
modified as follows. All samples were processed in triplicates and included blank controls 
for the iDNA and eDNA.

Soil removal

In a 15 mL sterile conical tube, 6.5 g of Atacama Desert soil sample and 0.4 g polyvinylpo
lypyrrolidone (PVPP, Sigma-Aldrich order no. 77627) were carefully suspended in 5–6 mL 
of cold (4°C) sodium phosphate (NaP) buffer (Na2HPO4 and NaH2PO4, 0.12 M, pH 8) to 
form a slightly viscous slurry [Ogram et al. (40)]. The tube was chilled on ice for 1 min and 
then shaken twice for 5 min at 150 rpm in a horizontal position on an orbital shaker with 
cooling on ice in between for 3 min. After a centrifugation step (500 × g, 4°C, 10 min, 
swing-out rotor), the supernatant was transferred to a sterile 15 mL conical tube and 
kept on ice. The remaining pellet was resuspended in 3.0–3.5 mL NaP buffer, and the 
separation procedure was repeated three more times with all supernatants pooled in one 
tube (6–8 mL).

eDNA and iDNA separation

After centrifugation (4,643 × g, 4°C, 1 h, swing-out rotor), the supernatant representing 
the eDNA fraction was transferred to a new tube, and the pellet containing the intact 
cells with the iDNA were kept on ice. The supernatant was passed through a 0.2 µm 
syringe filter (VWR international, cellulose acetate) pre-rinsed with 500 µL NaP buffer. 
After passing the sample, the filter was rinsed with another 500 µL NaP buffer and then 
added to the filtered eDNA solution. The filtrate was collected in a sterile 50 mL conical 
tube and kept on ice until further processing. The iDNA containing pellet was carefully 
resuspended in 1 mL NaP buffer, transferred to a sterile 2 mL reaction vial (Eppendorf, 
low binding), and centrifuged for 20 min at 12,000 × g to remove any remaining eDNA.

iDNA extraction

The supernatant was discarded, and the pellet suspended in 750 µL NaP buffer by 
incubation in a thermal shaker for two periods of 5 min at 70°C and 250 rpm with cooling 
on ice in between for 2 min. The suspension was transferred to a PowerBead tube (Mo 
Bio Laboratories, Inc.) (buffer removed), mixed with 60 µL solution C1 (PowerSoil Kit, 
Mo Bio) and vortexed horizontally for 10 min according to the kit instructions. After 
centrifugation (10,000 × g, 1 min), the supernatant was transferred to a new low binding 
2 mL reaction vial and mixed with 250 µL solution C2 (vortex 5 s; incubation 5 min, 4°C; 
centrifugation at 10,000 × g, 1 min). The supernatant (ca. 1 mL) was kept on ice in a 
50 mL sterile conical tube.

Further eDNA and iDNA handling

iDNA and eDNA solutions were each mixed with the threefold amount of guanidine 
hydrochloride (GuaHCl) (6M GuaHCl in TE buffer, pH 6.7, 10 mM Tris HCl, 1 mM EDTA) 
and 15 µL (iDNA) or 18 µL (eDNA) silica suspension [prepared according to reference (81)] 
by inverting the tubes several times. The tubes were secured horizontally on an orbital 
shaker and shaken for 45 min and 175 rpm to bind the DNA to the silica particles. Finally, 
the silica was allowed to settle for 10 min on ice before the centrifugation step (4,643 
× g, 10 min, RT, swing-out rotor). The supernatants were carefully removed by suction 
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except for a residual of 1.5 mL to resuspend the silica pellets. The suspensions were 
transferred to new sterile 2 mL low-binding reaction vials and centrifuged (9,000 × g, RT, 
3 min). The supernatants were discarded, and the pellets were each washed with 600 µL 
washing buffer (55% EtOH, 70 mM NaCl, 10 mM Tris, 2.6 mM EDTA) (vortex 2s, centrifuge 
at 9,000 × g, 1 min). The resulting supernatants were discarded, the pellets were again 
centrifuged (9,000 × g, RT, 3 min), and the remaining buffer was removed. The pellets 
were air-dried in a clean bench for 15 min. Finally, the DNA was eluted by resuspending 
the pellets in 100 µL (eDNA) or 80 µL (iDNA) Tris buffer (1 mM Tris, pH 8.0, preheated to 
50°C) by pipetting up and down, vortex 2s, followed by an incubation period of 10 min in 
a thermal shaker (50°C, 300 rpm). The silica suspensions were centrifuged (9,000 × g, RT, 
2 min), and the supernatants were transferred to new 1.5 mL low-binding reaction vials. 
To remove any residual silica particles, the supernatants were centrifuged again (9,000 
× g, RT, 5 min) and transferred to new vials. DNA concentrations were mostly below the 
detection limit of fluorometric quantification methods.

Quantitative PCR analysis (qPCR)

qPCR was performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad, 
CA, USA) in triplicates of iDNA and eDNA and corresponding blank controls using iTaq 
Universal SYBR Green Supermix (Bio-Rad). DNA was amplified with the universal primers 
331F and 797R (8) and the following cycling parameters: initial denaturation at 95°C, 
4 min followed by 40 cycles (95°C, 30 s; 58°C, 30 s; 72°C, 30 s; 80°C, 3 s). The correlation 
coefficient for the standard curves was 0.99, and the PCR efficiency was on average 90%. 
The standard was a known concentration of a 16S rRNA gene PCR fragment of Bacillus 
subtilis.

16S rRNA gene amplicon pool preparation for Illumina MiSeq sequencing

PCR amplification targeted the hypervariable region V4 of the 16S rRNA (forward primer, 
515F: 5′-GTGCCAGCMGCCGCGGTAA-3′; reverse primer, 806R: 5′-GGACTACHVGGGTWTC
TAAT-3′, each of them specified with 6 bp tags). PCR amplification was performed in 
at least triplicates in 25 μL reactions (2.5 µL 10× PCR buffer, 0.5 µL ultrapure dNTP-mix 
(5 mM), 0.25 µL of each primer (10 mM), 1.5 µL MgCl2 (25 mM), 2–5 μL template, 0.25 µL 
HotStar Taq polymerase (Qiagen, Hilden, Germany) under the following conditions: initial 
denaturation at 95°C for 15 min, followed by 10 cycles of 95°C for 30 s, 65°C–1°C/cycle 
for 30 s, 72°C for 45 s, 25 to 40 cycles (depending on DNA concentration of the different 
samples) of 95°C for 30 s, 56°C for 30 s, 72°C for 45 s, and a final extension step of 10 min 
at 72°C. The reactions were pooled, purified with Agencourt AMPure XP magnetic beads 
(Beckman Coulter, CA, USA), and quantified with the Qubit Fluorometer (Invitrogen™, 
Thermo Fisher Scientific, USA). Purified PCR amplicons from all samples were pooled in 
equimolar ratios to a final concentration of approximately 120 ng/µL. Library preparation 
and sequencing of the amplicon pool with the Illumina MiSeq technology were done by 
Eurofins Genomics (Ebersberg, Germany).

Processing of 16s rRNA MiSeq data

Paired-end sequencing raw reads were demultiplexed and quality trimmed using 
Cutadapt v2.5 (82), discarding low-quality bases (-q 20) and short reads (-m 150). DADA2 
v1.10.2 (83) was used to generate an ASV table with pooling approach and assign 
taxonomy, including forward and reverse read merging. Non-default parameter for the 
different functions were the following: filterAndTrim: truncLen 240/200, minLen 200, 
maxN 0, maxEE 2,2, truncQ 2, rm.phix TRUE; dada: pool TRUE; removeBimeraDenovo: 
method consensus. For taxonomic assignment SILVA database v138 (84) was used.

Statistical analysis, visualization, generalists, and specialists

For statistical analysis and visualization, R v3.6.1 (85) including package 
ggplot2 v3.2.1 (86), phyloseq v1.28.0 (87), vegan v2.5–6 (https://cran.r-project.org/
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package=vegan), labdsv 2.0-1 (https://cran.r-project.org/package=labdsv), igraph 
v1.2.4.1 (https://cran.r-project.org/package=igraph), and VennDiagram v1.7.3 (https://
CRAN.R-project.org/package=VennDiagram),was used. For ordination, pyhloseq with 
CCA method and Bray–Curtis distance was used. Environmental parameters were fitted 
using the vegan envfit function. Replicates were summed by (arthicmetic) mean. 
Community differences were tested using PERMANOVA and the adonis2 function of 
the vegan package. Venn diagrams were generated using the VennDiagramm package 
and using ASV’s > 0.1% relative abundance. Specialists were detected using replicates 
of iDNA samples of depth 0–5 cm and 0–20 cm and the indicator species detection 
(88) implemented in indval function of the labdsv package using P ≤ 0.05 and indicator 
values ≥0.8. We defined generalist as a non-specialist (ASVs not detected as specialist) 
that showed an abundance of >0.1% in 90% of the samples of the iDNA sample of depth 
0–5 and 0–20 cm

Phospholipid fatty acid (PLFA) analysis

This analysis was carried out by MicrobialInsights (Knoxville, Tennessee, USA) using 
the following procedure. About 60 g of freeze-dried and ground sample material was 
extracted using a flow blending system with a methanol (MeOH)/dichloromethane 
(DCM)/ammonium acetate (NH4OAc) buffer (2:1:0.8, pH 7.6) solvent mixture following 
a modified Bligh and Dyer method (89). After transferring the extract into a separation 
funnel, 50 µg of 1-myristyl-(D27)-2-hydroxy-sn-glycerol-3-phosphocholine was added as 
internal standard for subsequent quantification. To separate the water from the organic 
phase, DCM and water were added, at a ratio of 1:1:0.9. Subsequently, the organic 
phase was removed, and the water phase was re-extracted twice with DCM. Finally, all 
organic phases were combined. The organic extract was then separated into different 
fractions of polarity [low polar lipids, free fatty acids, glycolipids, and phospholipids 
(PL)] following the column separation method described in Zink and Mangelsdorf (89). 
To improve the recovery of the PLs, the column material was additionally rinsed with 
25 mL of a MeOH/water (60:40) mixture. After phase separation by adding 15 mL of DCM 
and 3.5 mL of water (MeOH/DCM/water, 1:1:0.9), the organic phase was removed, and 
the water phase was re-extracted twice with DCM. All organic phases were combined 
and dried before storing the sample extracts at −20°C until analysis. To obtain the 
PLFAs, half of the PL-fraction was exposed to an ester-cleavage procedure outlined by 
(90). Afterwards, the resulting PLFAs were detected using gas chromatography–mass 
spectrometry (GC-MS). The measurement was conducted on a Trace GC Ultra coupled 
to a DSQ MS (both Thermo Electron Corporation). The GC was equipped with a cold 
injection system operating in the splitless mode and a SGE BPX five fused-silica capillary 
column (50 m length, 0.22 mm ID, 0.25 µm film thickness) using the following temper
ature conditions: initial temperature 50°C (1 min isothermal), heating rate 3°C/min to 
310°C, held isothermally for 30 min. Helium was used as carrier gas with a constant 
flow of 1 mL/min. The injector temperature was programmed from 50 to 300°C at a 
rate of 10°C/s. The MS operated in the electron impact mode at 70 eV. Full-scan mass 
spectra were recorded from m/z 50–650 at a scan rate of 1.5 scans/s. Total amounts of 
PLFAs in pmol per gram soil dry weight were multiplied by 20,000 cells/pmol following a 
conversion factor presented by reference (91).
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