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Abstract

We lack a predictive understanding of the environmental drivers determining the structure and
function of archaeal communities as well as the proteome associated with these important soil
organisms. Here, we characterized the structure (by 16S rRNA gene sequencing) and function
(by metaproteomics) of archaea from 32 soil samples across terrestrial ecosystems with
contrasting climate and vegetation types. Our multi-“omics” approach unveiled that genes
from Nitrosophaerales and Thermoplasmata dominated soils collected from four continents,
and that archaea comprise 2.3+0.3% of microbial proteins in these soils. Aridity positively
correlated with the proportion of Nitrosophaerales genes and the number of archaeal proteins.
The interaction of climate x vegetation shaped the functional profile of the archaeal
community. Our study provides novel insights into the structure and function of soil archaea
across climates, and highlights that these communities may be influenced by increasing global
aridity.

Cross-biome studies on soil microbes, their environmental drivers and their contribution
to ecosystem services have mainly focused on bacteria and fungi. However, archaea are
ubiquitous in terrestrial environments [1,2] and have key roles in global carbon (C) (e.g.,
methanogenesis or CO; fixation) and nitrogen (N) (e.g., N2 fixation or oxidation of ammonia)
cycles [3]. Archaea make up to 10% of prokaryotes in soil based on the sequencing of the 16S
rRNA gene from extracted DNA [2,4] but were of higher relative abundance in extreme habitats,
i.e. with high acidity and low temperatures [5]. The actual contribution of soil archaea to
ecosystem functioning can be better understood by complementary “omic” approaches including
metaproteomics. Thus, The identification of proteins offers important advantages because
proteins are a more realistic surrogates of functionality [6]. Here, we describe the environmental
drivers shaping the structure and functionality of the archaeal soil community. We applied 16S
rRNA gene amplicon sequencing of extracted DNA and metaproteomics to a subset of 32 soils
collected from four continents (Figure S1) with different climate and vegetation types that
belonged to a larger set of soil samples [7,8] with the aim to extract the amplicon sequences on
OTU level and meta-proteins associated with soil archaea (DNA and protein extraction,
measurement, bioinformatic approaches and analysis of environmental parameters are
described in the supplementary material). Spearman correlations of the proportions of archaeal
classes or orders from amplicon sequencing and total archaeal proteins were performed against
11 environmental variables including important biological, chemical, and physical parameters
(Table S1). Regression models were calculated for the variables with significant Spearman
correlations. Permutational multivariate analysis of variance (PERMANOVA) to elucidate the
impact of climate and vegetation types was computed at the class or order level for taxonomy
and at the class level of cluster of orthologous groups (COGs) for functionality. Even though
deeper taxonomic levels are possible to assess in the amplicon data, the low abundance of
archaeal proteins made the use of deeper functional levels unfeasible, which is why we used
broad levels for both structure and function. Similar to bacterial and fungal communities [7,9,10],
we expect climate and vegetation to impact the composition of the archaeal community via
changes in C and N stocks, pH or plant cover.

The archaeal community was dominated by the thaumarchaeote Nitrososphaerales and
the euryarchaeote Thermoplasmata making up more than 80% of all archaeal sequences
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regardless of climate or vegetation types (Figure 1), which is in agreement with previous studies
on soil archaea [4,11,12]. PERMANOVA revealed that neither climate (R> = 0.039, F = 1.243, P =
0.272) nor vegetation type (R? = 0.099, F = 1.546, P = 0.192) had a significant influence on the
community structure. However, we were able to identify multiple significant associations
between the proportion of archaeal taxa and individual environmental factors. For example, we
found a negative correlation between the proportion of Nitrososphaerales and the content of
organic C associated with free-light fractions (i.e., relatively available forms of C in soils), which
suggests that this group of archaea often affiliated with slow growth rates might prefer low C
environments. The proportion of Nitrososphaerales negatively correlated with aridity index and
was therefore especially abundant in the most arid ecosystems (Figure 1). Increasing aridity was
reported to promote shifts in the soil niches by nutrient depletion, soil salinization and N-losses
[13] and the structure of archaeal communities [4,14,15]. We also found that the proportion of
taxa from the phylum Euryarchaeota previously reported to be more abundant in extreme
environments [16,17] were similar in dryland and mesic climates, and unaffected by any
environmental variables.

An average (t+ standard error) of 7,751+600 meta-proteins were identified from
59,007+3,084 spectra per sample (Table S1). Most proteins were affiliated with bacteria,
dominated by Proteobacteria (62.2+0.9%), Actinobacteria (10.620.7%), and Firmicutes
(8.6+0.7%) (Table S2), consistent with other large-scale genomic soil surveys [18,19]. In total, 416
meta-proteins associated with soil archaea (Table S3). We focused on the functionality of these
proteins as little is known about archaea and only a few archaeal protein coding sequences are
present among all sequences in UniProtKB/SwissProt. However, general functionality of COGs
should be equally well described as these processes are essential to both archaea and bacteria.
The proportion of archaeal proteins ranged between 0.6% and 6.8% of all soil proteins with an
average (+ standard error) of 2.3+0.3%, in the range of the 16S rRNA gene abundance reported
for soil archaea of up to 10% [2,4]. Methyl-coenzyme M reductase (MCRA, relative spectral
abundance = 2.3%), Tyrosine--tRNA ligase (SYY, relative spectral abundance = 1.7%) and DNA
protection during starvation (DPS, relative spectral abundance = 1.7%) were the most common
archaeal proteins found across global biomes. MCRA is central to methanogenic pathways [24]
performed by strictly anaerobic archaea who convert a restricted number of substrates to
methane [25]. The relatively large proportion of MCRA proteins in soil highlights the potential
influence of soil archaea in controlling methane production across climates. Vegetation, but not
climate (drylands vs. mesic), was significantly shaping the proportion of proteins assigned to
archaea (Tukey’s HSD-test). We found a higher relative abundance of archaeal proteins in
shrublands than in forests and grasslands (Figure 2a). These results suggested that changes in
land use that increase the proportion of shrubs (e.g., via shrub encroachment) can have direct
impact on the number of archaea in microbial communities. Our results further showed that
aridity helps to explain the distribution of archaeal proteins across soils from contrasting
ecosystems (Figure 2b & 2c). In fact, the increase of the number of genes from Nitrososphaerales
and of archaeal proteins with increasing aridity aligns with the loss in biodiversity of bacteria and
fungi with increasing aridity [26]. Further, PERMANOVA showed that only the interaction of
climate x vegetation (R? = 0.145, F = 2.450, P = 0.019) but not climate (R?> = 0.025, F = 0.840, P =
0.515) or vegetation type (R? = 0.061, F = 1.030, P = 0.403) had a significant impact on the
functionality of archaea as estimated with metaproteomics. Particularly in dryland environments
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with forest vegetation (n = 5), proteins related to protein biosynthesis and glycolysis were most
abundant while proteins related to one-C metabolism and gluconeogenesis were specific for
grassland vegetation (n = 5) (Figure 2d). Otherwise in mesic environments, proteins related to
transport of hydrogen and sodium ions were most abundant with forest vegetation (n = 15) while
proteins for biosynthesis were highly abundant with grassland vegetation (n = 2). It is still unclear
what the differential translation of proteins means for the archaeal community specifically and
the microbial community but only the combination of climate and vegetation shaped their
proportions.

In summary, our results constitute a first step to unveil the environmental drivers of the
structure (16S rRNA gene sequencing) and function (metaproteomics) of the soil archaeal
community across biomes. We observed that climatic features such as aridity might influence the
proportion of dominant archaeal groups and of archaeal proteins, highlighting the impact of
climate on the archaeal community. Our work indicates that the inclusion of archaea in future
research of ecosystem functioning has critical implications to understand how these ecosystems
respond to global change. Admittedly, our proteomic results could be biased by less stringent
search parameters (10% FDR). The FDR concept for protein identification was originally
established for pure culture proteomics [27], allowing to compare different mass spectrometers
and database search algorithms with a defined threshold of 1% [28]. However, searches against
large databases, such as the database used in this study, not only require long computation times
but also decrease the number of identified proteins due to the overestimation of the FDR [29].
In fact, the limitation of the target-decoy controlled FDR approach in combination with large
databases was responsible for missing valuable protein identifications [30], which makes FDR’s
higher than 1% common in metaproteomic approaches [31-34]. Therefore, using 10% FDR in
combination with all known protein coding sequences from UniProtkKB/SwissProt was a feasible
way to obtain archaeal taxonomical and functional information in our study without having ad
hoc metagenomes that would allow for a more stringent search.
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244
245  Figure 1: Relative abundance of archaeal taxa in the 16S rRNA gene amplicon sequencing as

246  affected by climate and vegetation, with taxa from the phylum Thaumarchaeota in shades of red,
247  Euryarchaeota in shades of blue and Parvarchaeota in shades of green, and their significant
248  Spearman correlation with environmental variables (P < 0.05). MA OC, IA OC, and FR OC stand
249  for mineral-associated, intra-aggregate and free organic carbon fraction, respectively, P for
250  phosphorus, C for carbon, MAT for mean annual temperature, and Al for aridity index.
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Figure 2: The relative abundance of archaeal proteins across climate and vegetation types as
average with standard errors (a). Italic numbers represent the sample size for each variable. Data
followed by the same letter is not statistically different according to the HSD test (P < 0.05).
Spearman correlations of the relative abundance of archaeal proteins with environmental
variables (P < 0.05) (b). Relationship between relative abundance of archaeal proteins and aridity
index with colors representing the different vegetation types (c). The functional profile of
archaeal proteins on the class level of cluster of orthologous groups across the interaction of
climate x vegetation types with bubble size as relative abundance (d). MA OC, IA OC, and FR OC
stand for mineral-associated, intra-aggregate and free organic carbon fraction, respectively, P for
phosphorus, C for carbon, MAT for mean annual temperature, and Al for aridity index.
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