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Polar lake microbiomes have distinct evolutionary
histories
Bjorn Tytgat1†, Elie Verleyen1†, Maxime Sweetlove1†, Koen Van den Berge2‡, Eveline Pinseel1,3§,
Dominic A. Hodgson4,5, Steven L. Chown6, Koen Sabbe1, Annick Wilmotte7, Anne Willems8,
The Polar Lake Sampling Consortium||, Wim Vyverman1†*

Toward the poles, life on land is increasingly dominated bymicroorganisms, yet the evolutionary origin of polar
microbiomes remains poorly understood. Here, we use metabarcoding of Arctic, sub-Antarctic, and Antarctic
lacustrine benthic microbial communities to test the hypothesis that high-latitude microbiomes are recruited
from a globally dispersing species pool through environmental selection. We demonstrate that taxonomic
overlap between the regions is limited within most phyla, even at higher-order taxonomic levels, with
unique deep-branching phylogenetic clades being present in each region. We show that local and regional
taxon richness and net diversification rate of regionally restricted taxa differ substantially between polar
regions in both microeukaryotic and bacterial biota. This suggests that long-term evolutionary divergence re-
sulting from low interhemispheric dispersal and diversification in isolation has been a prominent process
shaping present-day polar lake microbiomes. Our findings illuminate the distinctive biogeography of polar
lake ecosystems and underscore that conservation efforts should include their unique microbiota.
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INTRODUCTION
Toward the poles, life on land is increasingly dominated by micro-
organisms, which perform critical ecosystem functions (1, 2) and,
like their macroscopic counterparts, show adaptations to extreme
physical stresses experienced at high latitudes (3). However, it
remains unclear if polar microbiomes and macroscopic organisms
also share similar evolutionary trajectories. In macroscopic biota,
biodiversity patterns differ strongly between the Arctic and Antarc-
tic (4). Despite experiencing similar environmental conditions, ter-
restrial food webs in Antarctica are less diverse than those in the
Arctic. Moreover, Antarctic food webs are disharmonic (5), in
that they lack several key groups such as land-based mammals
and, apart from the northern part of the Antarctic Peninsula and
the sub-Antarctic islands, vascular plants (4, 6). Whereas circum-
Arctic distributions are more common among terrestrial plants
and animals (7, 8), terrestrial macrobiota in the Antarctic mostly
show strong geographical population divergence (9), often with
high levels of regional endemism (3). This has been attributed to
the long-term geographic isolation and persistence of biota in scat-
tered glacial refugia in Antarctica and on the isolated sub-Antarctic
islands (10–14). Antarctica has been experiencing glacial conditions
since the Late Eocene [ca. 35 million years (Ma)] and nearly

complete glaciation since the mid-Miocene (ca. 13 Ma). As a
result, multiple psychrophilic and psychrotolerant endemic clades
of macrobiota evolved in long-term isolation in the Antarctic and
on the sub-Antarctic islands (3, 4). This evolution in long-term iso-
lation, and past and ongoing dispersal limitation between ice-free
regions, also resulted in unique haplotypes being restricted to par-
ticular ice-free regions and even single valley systems, and hence
high levels of population genetic diversity in several invertebrate
groups (15, 16). In the Arctic, extensive continental ice sheets
only started to develop intermittently during the Pliocene-Pleisto-
cene transition (ca. 3.2 Ma) (17). This relatively recent and highly
dynamic glaciation history of the Arctic, combined with the conti-
nuity of land masses which allowed for highly effective dispersal and
gene flow, likely constrained evolutionary time for in situ speciation
of cold-adapted taxa. Although less well studied than terrestrial
animals, lacustrine macroinvertebrates also show a strong biogeo-
graphic differentiation between the Arctic, sub-Antarctic, and Ant-
arctica (18).

In contrast to macrobiota, it has since long been hypothesized
that polar microbiota consist of cold-adapted species recruited
from a globally dispersing species pool (19–21). This hypothesis
stems from the long-standing belief that microorganisms are able
to disperse globally and that their local occurrence mainly
depends on environmental selection (22). The assertion, however,
that decreasing body size invariably scales with increasing dispersal
ability (23, 24) generally ignores the deeply divergent evolutionary
histories and biology of major microbial groups (25) [but see (26)].
Recent work elsewhere has suggested that some microbiota may be
regionally restricted and much more spatially structured than pre-
viously thought, while others have a global distribution (27, 28). It
also remains largely unknown if diversification rates in microorgan-
isms are taxon-specific and vary in time or regionally. A recent anal-
ysis of multiple sequencing datasets covering >400,000 bacterial
lineages has shown that recent global bacterial speciation and ex-
tinction rates are roughly stable, with a net increase in the
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number of species (29), confirming previous observations (30).
However, this does not preclude the possibility of differences in spe-
ciation and extinction rates between and within taxonomic groups
(29). Order of magnitude differences in speciation rates between
different clades of eukaryotes and bacteria (31), and even within
clades (30), have been reported. In marine fish (32) and angio-
sperms (33), diversification rates are most elevated in ecosystems
with unsaturated niche space (34), but it is unknown to what
extent this also applies to microbial communities, which are often
regarded to be characterized by high functional redundancy (35).
Given the past extinction events, the isolated nature of ice-free
regions in Antarctica and the sub-Antarctic islands, and conse-
quently low microbial species diversity, niches are likely to be un-
saturated in these regions. We can hence expect an increased net
diversification rate (i.e., the net accumulation of new “genotypes”)
for Antarctic and sub-Antarctic microorganisms compared to the
Arctic, which should be reflected in a relatively higher amount of
operational taxonomic units (OTUs) at a high taxonomic
resolution.

Here, we apply molecular tools to investigate biogeographic pat-
terns and differences in the evolutionary history among the major
bacterial and microeukaryote phyla between the polar regions. Our
analyses are based on an extensive inventory of benthic lacustrine
biota in the polar regions (Fig. 1, B and D, and table S1). These or-
ganisms typically form structurally complex communities covering
the bottom of lakes (Fig. 2) (36), representing hotspots of biodiver-
sity and biological activity in an otherwise harsh and generally un-
productive terrestrial environment (2). Dispersal of these benthic
organisms is shown to occur through several mechanisms, such as
aerosols (37) or as detached microbial mats (38) and wind dispersal
(39), and can enter lakes directly, via catchment runoff, or through
hydrological connectivity between lakes via glaciers, ice-sheets, and
associated cryoconites (37). Long-distance dispersal of microorgan-
isms is thought to be common (28), and while certain species have
been found to be present in both polar regions (40), it is unclear to
what extent this occurs. Here, we investigate the hypothesis of the
existence of a global cold-adapted or cold-tolerant microbial species
pool with a shared evolutionary history which resulted from recur-
rent long-distance dispersal and high gene flow between the
polar regions.

We apply metabarcoding of variable regions of the 16S (Bacteria)
and 18S (Eukarya) ribosomal RNA (rRNA) genes and use three clus-
tering algorithms [UPARSE (41), DADA2 (42), and Swarm (43)] to
assess differences in region and taxon-specific diversity at lower tax-
onomic levels (e.g., intraspecies diversity). We then compare the
number of OTUs at different similarity levels between regions
and use their ratios in a smooth function as a proxy for detecting
differences in net diversification rates between regions. In combina-
tion with phylogenetic analyses of amplicon sequence variants
(ASVs), this allows us to assess regional differentiation between mi-
crobiota at deeper phylogenetic levels and to reveal differences in
the evolutionary history among phyla between the polar regions.

RESULTS AND DISCUSSION
Polar microbiomes are biogeographically structured
Canonical Analysis of Principal Coordinates (CAP) of presence-
absence OTU, ASV, and Swarm phylotype data consistently re-
vealed strong biogeographical structuring into Arctic, sub-

Antarctic, and Antarctic regions for both eukaryotes and bacteria
at the domain level (fig. S1), as well as for all major microbial
phyla analyzed separately (Fig. 3A and table S2).

Both geographic distance and environmental variables were cor-
related with the bacterial and eukaryotic community composition
and these results were congruent between clustering algorithms
(table S3). The effects of both sets of predictors were comparable
for eukaryotes (EukOTU97 rENV|GEO = 0.40, P = 0.001; EukOTU97
rGEO|ENV = 0.44, P = 0.001), while correlations with environmental
variables were relatively more important than geographic distance
in bacteria (BacOTU97 rENV|GEO = 0.43, P = 0.001; BacOTU97 rGEO|ENV
= 0.25, P < 0.001). Although part of the proportion uniquely ex-
plained by geographic distance might be related to unmeasured en-
vironmental variables, geographic distance was also substantially
correlated with beta diversity patterns in prokaryotic and eukaryotic
microbial communities in lakes, rivers, and marine systems suggest-
ing that their dispersal is not unlimited (23, 44–46). The proportion
of shared sequences between the three regions was low and de-
creased with increasing taxonomic resolution according to the algo-
rithm used to cluster the amplicon sequences. Only 13.7, 3.5, and
2.2% of the eukaryotic and 12.1, 1.7, and 1.0% of the bacterial OTUs,
phylotypes, and ASVs, respectively, were present in all three regions,
resulting in high correct classification rates (CCRs), which are a
measure of the differentiation between a priori defined regions in
the CAP analysis. As expected, these patterns were observed in
the metazoan sequence data (Fig. 3A), but in the case of microbiota,
they were clearly inconsistent with the hypothesis of a shared micro-
bial species pool between polar regions. This finding was further
evidenced by permutational multivariate analyses of variance (PER-
MANOVA) of the prokaryote and eukaryote datasets (fig. S1 and
table S4). Furthermore, in both microeukaryotes and Bacteria, the
CCR remained virtually constant for the different similarity cutoff
levels used to define OTUs, apart from the two lowest similarity
cutoff levels in Bacteria (Fig. 3B). This suggests deep phylogenetic
divergences of polar microbiota, with many clades being restricted
to one of the three biogeographic regions.

Phylogenies built from the ASV dataset validated the presence of
regionally unique phylogenetic clades in all major phyla (figs. S2A
and S3A). We used the consenTRAIT algorithm (47) to calculate
the mean trait depth (τD) at which these clades were restricted to
a particular region, thus treating “geographic region” as a trait.
We only considered clades consisting of two or more ASVs that
were all restricted to the same region, excluding singletons. Consen-
TRAIT calculates τD of a clade as the distance of its tips to the clade’s
root, which is subsequently averaged across all clades in the phylog-
eny. We can then calculate the average rRNA identity of tips within a
cluster, by multiplying τD by 2 and subsequently subtracting from 1.
For several bacterial phyla, including Actinobacteria, Bacteroidetes,
Chloroflexi, Cyanobacteria, and Proteobacteria, τD was significantly
larger than expected by chance (fig. S2B), indicating strong phylo-
genetic conservatism of geographic region in bacterial phyla. For
the eukaryotes, a significant τD was only observed in some
regions for the Ciliophora, Ochrophyta, and Streptophyta (fig.
S3B). Nevertheless, the analysis indicated that the rRNA identity
of the eukaryotes was within the same range as the bacteria:
average values of τD roughly centered on 0.01 for both, which cor-
responds with 98% rRNA similarity. In addition, maximum values
of τD centered on 0.05, which equates to 90% rRNA similarity (figs.
S2C and S3C). Although these differences in sequence divergence
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are seemingly small, both 16S and 18S rRNA evolve relatively slowly.
In bacteria, a single mutation in full-length 16S rRNA takes 0.7 Ma
to 3 Ma, meaning that 1% divergence in 16S rRNA is expected to
equate to ~10 Ma to 50 Ma of evolution (48). Similar rates have
been calculated for microeukaryotes: e.g., a 1124–base pair (bp)
region of diatom 18S rRNA, including the V4 and V9 regions,
evolves at a rate of about one substitution every 3.6 Ma (40).
Given that most substitutions will occur in the hypervariable loop
regions, including V1 to V3 16S and V4 18S rRNA, the actual mu-
tation rates of our amplicons will be higher than the above-listed
values. Yet, small differences (e.g., 99% similarity) in 16S and 18S
rRNA amplicons likely still equate to several hundred thousand or
even millions of years of evolution. Furthermore, given that closely
related sister species of microeukaryotes are not always differentiat-
ed in 18S rRNA (40), here, unrecognized species-level diversity

might be hiding within ASVs. Thus, consenTRAIT’s mean and
maximum trait depth values indicate that many of the phylogenetic
clusters that are confined to one of the polar regions (figs. S2A and
S3A) might have been restricted to these regions for a considerable
amount of time, almost certainly predating the last glacial
maximum, and possibly the Quaternary. Clearly, the phylogenetic
analyses confirm the CAP results that indicated deep phylogenetic
divergences of polar microbiota (Fig. 3B). Note, however, that our
analysis did not include temperate regions in the Northern and
Southern Hemispheres, so it is possible that some of these restricted
clades show wider geographic distributions outside of the polar
regions, such as is known for Arctic testate amoebae which are
part of Holarctic radiation (49). Nevertheless, our data are in line
with the handful of available phylogenetic datasets of Antarctic
biota that support endemism at deep phylogenetic levels. For

Fig. 1. Bipolar differences in microbial diversity and freshwater food web structure. (A and C) Rose plots of the average regional community composition for the
major (i.e., >1% of the reads) phyla identified in the lakes for (A) eukaryotes and (C) bacteria. Taxa are grouped according to broadly defined functional groups (i.e.,
Metazoa > 1 mm, Metazoa < 1 mm, photoautotrophic microeukaryotes, heterotrophic microeukaryotes, heterotrophic bacteria, and autotrophic bacteria). For Cyano-
bacteria, Proteobacteria, and large Metazoa (>1 mm), classes representing >0.1% of the reads are also shown. Phyla representing less than 1% of the reads of either
dataset are binned into “other Eukarya” and “other Bacteria,” respectively. The arcs of the rose plot segments represent the mean proportions of the taxa. The height
(along the radius) of the segments denotes the OTU richness (log2-scaled). The inner pie chart within each rose plot shows the relative abundances of the functional
groups. (B andD) Maps showing the 216 studied lakes (depicted by circles: blue = Arctic, magenta = sub-Antarctic, red = Antarctic) displayed on a polar projection of the
(B) Northern and (D) Southern Hemispheres. (E and F) Rarefaction curves showing the total regional richness (means ± SD) based on rarefied samples, and boxplot inserts
showing the distribution of the per-sample richness and the mean richness (white triangles) for the separate regions for Eukarya (E) and Bacteria (F), respectively.
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example, distinct Antarctic chlorophyte lineages have been shown
to have estimated ages between 17 Ma and 84 Ma and probably di-
verged around the opening of the Drake Passage (30 Ma to 45 Ma),
with evidence of even older lineages (65 Ma to 100 Ma) (50). In
another study, the radiation of a soil diatom was found to be con-
fined to the Antarctic and sub-Antarctic regions for ~6 Ma (40).

The high CCR of the samples analyzed at even low similarity
cutoff levels (Fig. 3B) also reflects the virtual absence of several
higher-order taxa in the Antarctic, including most animal classes
as well as vascular plants, with the exception of two species in the
Peninsula, and the dominance of other groups in the Arctic, such as
arthropods and annelids. This deep divergence between the

different regions further contributes to pronounced differences in
the diversity (composition and species richness) and relative abun-
dance of most food web compartments (Fig. 1, A and C, and fig. S4).
Antarctic food webs are impoverished compared with the Arctic
and sub-Antarctic. This is true both in terms of overall local and
regional OTU richness at the domain level and for 9 out of the 16
major phyla (Fig. 1, E and F, figs. S4 and S5, and table S5), as well as
in the relative abundance of functional guilds and phylogenetic
clades (Fig. 1, A and C, and figs. S6 and S7). The general lack of
large metazoan (>1 mm in size) OTUs, including Platyhelminthes,
Annelida, and Gastrotricha (Fig. 1A and fig. S6B), supports earlier
reports of reduced abundance of these organisms in Antarctic lakes

Fig. 2. Polar lake catchments and microbial consortia. (A to D) Examples and comparison of typical lake and pond catchments in polar deserts in (A) Svalbard, High
Arctic and (B) Schirmacher Oasis, East Antarctica, and low latitude wet tundra in (C) Nuuk, Greenland and (D) sub-Antarctic Marion Island. (E and F) High latitude benthic
lacustrine microbial mats in (E) Svalbard and (F) Skarvsnes, East Antarctica. [Photographs courtesy of J. Elster (A), E. Verleyen (B), K. Sabbe (C), D. A. Hodgson (D),
D. Velazquez (E), and S. Kudoh (F).]
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Fig. 3. The proportion of unique and shared OTUs, ASVs, and phylotypes and biogeographic clustering for the main taxonomic groups of lacustrine micro-
organisms in the polar regions. (A) The phylogenetic clades (phylum level) that represent at least 0.1% of the sequences are shown in the synthesized cladogram, with
clade branches that represent at least 1% of the total number of sequences terminating in the center figure (branch lengths are meaningless). The bar plots show the
proportion of unique (i.e., restricted to one single region) or shared OTUs for the different sequence similarity cutoffs (percentage identity) used with the UPARSE al-
gorithm. Bars toward the plot center represent lower cutoff values (81% for the innermost bar). The three outermost bars correspond to phylotypes, UPARSE OTUs
clustered at 99% sequence identity, and ASVs, respectively. The clustering according to the CAP analysis for each major phylum at the OTU 97% cutoff level is added
on the outside, including the overall correct classification rate (CCR), representing howwell samples are clustered into the three biogeographic regions (see table S2). The
colors highlighting the phylum names denote the functional guild to which they belong as used in Fig. 1. (B) The CCR (means ± SD) at the domain level for Eukarya and
Bacteria for each region across all OTU sequence similarity cutoff levels showing the strong biogeographic clustering into the three regions even at higher-order taxo-
nomic levels.
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(18). This low abundance of metazoans and hence a lack of strong
top-down control by grazing results in low levels of bioturbation of
sediments and biofilms (51, 52) in Antarctic lakes, which promotes
the formation of perennial microbial mats. These are physically
structured by filamentous Cyanobacteria and Chlorophyta (Figs. 2
and 1, A and C) and mainly grazed by heterotrophic microorgan-
isms (ciliates) and stress-tolerant microinvertebrates (Tardigrada
and Rotifera) (53, 54) and, predominantly in the Maritime Antarctic
and sub-Antarctic, small crustaceans (55, 56). By contrast, Arctic
benthic biofilms and microbial mats (Fig. 2) are generally dominat-
ed by fast-growing and grazing tolerant ochrophytes and unicellular
and filamentous Cyanobacteria, as previously observed in Canadian
High Arctic lakes (57). The dominance of Cercozoa and Fungi
among microeukaryotic heterotrophs in the sub-Antarctic lakes is
likely related to the high organic matter influx from lake catchments
and suggests an important role for allochthonous carbon, fuelling
food webs in these lakes (58).

Net diversification patterns are pronounced in Antarctic
microeukaryotes
Clustering reads at different similarity levels will generally show an
increase in the observed number of OTUs with increasing similar-
ity. It can thus be expected that there are more OTUs at 99% simi-
larity (i.e., binning all reads that have at least 99% nucleotide
similarity) than at 97% similarity. This also implies that there are
likely more OTUs shared between regions at lower similarity
levels (cf. higher-order taxonomic ranks such as class and order),
while at high similarity levels (i.e., species and subspecies), the pro-
portion of OTUs unique for a region will increase. We therefore
used the relative increase in OTUs unique for a region at, e.g.,
99% compared to 97% as a measure for regional taxon diversifica-
tion, and we refer to this as the “amplicon richness ratio.” Although
there might be differences between and even within clades, we
expect that the average background net diversification for a
certain taxon is equal between regions (29, 30), especially when dis-
persal between regions takes place. When the relative increase for a
region is higher than expected, we assume positive net diversifica-
tion (e.g., radiation). To test this, we modeled the divergence in re-
gionally unique taxa as a smooth function of the number of
regionally unique UPARSE OTUs clustered at the different se-
quence similarity thresholds by fitting a Poisson generalized addi-
tive model (GAM) for every major phylum (Fig. 4), accounting for
differences in sequencing depth and number of samples per region
(see Materials and Methods for a detailed description; see also note
S3 for a discussion on the regionally balanced control dataset). This
showed that the increase in the proportion of regionally unique taxa
with increasing taxonomic resolution varied strongly among phyla
as can also be observed in Fig. 3A.

Specifically, the model revealed that the relative increase in the
number of regionally unique OTUs at the 99% similarity level com-
pared with regionally unique OTUs at the 97% cutoff level (i.e., am-
plicon richness ratio) is significantly higher for Antarctica
compared with the Arctic in the bacterial phyla Cyanobacteria
and Firmicutes, as well as in all eukaryotic clades except for Dino-
flagellata and Streptophyta. By contrast, the increase in the ampli-
con richness ratio is significantly higher in the Arctic compared to
Antarctica only for Streptophyta and Acidobacteria. In Fungi, Cil-
iophora, Chlorophyta, and the bacterial phyla Actinobacteria and
Cyanobacteria, the amplicon richness ratio is significantly higher

in Antarctica compared to sub-Antarctica. In none of the eukaryotic
and bacterial clades, except for Actinobacteria, is this richness ratio
significantly higher in the Arctic compared with sub-Antarctica
(Figs. 3A and 4), while it is significantly higher for Metazoa,
Fungi, Cercozoa, and Chlorophyta in the sub-Antarctic compared
with the Arctic. These patterns suggest that the potential for (recent)
positive net diversification and radiations vary strongly among mi-
crobial clades in both domains of life, as well as between regions.
The higher amplicon richness ratios in all but two microeukaryotic
phyla in Antarctica compared with the Arctic are consistent with the
patterns observed in Metazoa in our dataset (Fig. 3A), as well as with
earlier reports of high population divergences observed in Antarctic
invertebrate species, such as mites, tardigrades, and springtails (9,
15, 59). In addition, the absence of unlimited dispersal within Ant-
arctica, and thus the potential for population-level divergence, has
been shown in cyanobacteria (60), chlorophytes (50), and diatoms
(61). Similarly, evolution in isolation, likely characterized by elevat-
ed diversification rates, has been shown to drive speciation in the
soil diatom Pinnularia borealis (40).

Polar microbial biogeographical patterns are congruent
with those of macroorganisms
The strong biogeographic structuring of benthic polar lake micro-
biomes in terms of taxonomic turnover, local and regional diversity
patterns, and food web structure is concordant with biogeographic
schemes recognized in terrestrial macrobiota (4, 62). These patterns
are robust at the scale of this study and are also supported by an
extensive analysis of fossil and recent diatom floras (63). Notably,
the disharmonic nature of Antarctic lacustrine food webs mirrors
biodiversity patterns of marine (in)vertebrates in the Southern
Ocean where some globally important groups are largely underrep-
resented, whereas others have undergone strong diversification and
display unusual forms of adaptation (64).

An unexpected finding was the consistently higher amplicon
richness ratios in lineages that are restricted to Antarctica in 75%
of the investigated microeukaryotic phyla, as well as Metazoa, Cya-
nobacteria, and Firmicutes compared with the Arctic (Fig. 4). Al-
though the evolutionary histories of most phyla remain poorly
documented and information on their dispersal ability is almost
completely lacking, these findings are consistent with increased op-
portunity for allopatric divergence, and the hypothesis of a long-
term episode of regional extinction of lake biota (65) in Antarctica.
This extinction wave was initiated since the onset of the mid-Ceno-
zoic cooling (17) and paralleled by the adaptation and diversifica-
tion of surviving microbiota on a continent subject to intensifying
habitat fragmentation due to expanding continental ice sheets (17,
63). On the basis of fossil evidence, repeated glacial-interglacial
cycles in Antarctica might have acted as a species pump for
diatoms, by triggering range shifts and isolation of populations in
glacial refugia, followed by vicariant speciation (63). Even during
interglacials, suitable habitats for microbiota were few and far
between, hampering effective gene flow that would have homoge-
nized populations. While this hypothesis does not preclude recolo-
nization of the Antarctic from lower latitudes (40) or dispersal
within and between regions (66), our dataset indicates that allopat-
ric divergence is likely a major driver for diversification across not
only diatoms, but most Antarctic microbial lineages, and compara-
ble to what is observed in macrobiota, such as Antarctic mosses (67)
and springtails (66). In addition, incomplete niche-filling following
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regional extinctions may act as a powerful driver for in situ diversi-
fication and the increased accumulation of genetic novelty in micro-
organisms in species-poor versus more diverse communities, as has
previously been observed in macroscopic organisms such as polar
marine fish and tropical songbirds (32, 34, 68, 69). Moreover, in
both marine mollusks, and beetles that are specialized in the
extreme (sub-)Antarctic environment, widespread habitat restruc-
turing in response to climate shifts, combined with novel ecological
opportunities, has been shown to drive diversification (70, 71), and
our data indicate that this is similarly true for microbial lineages in
the Antarctic and sub-Antarctic islands.

Together, our study provides strong evidence that the biogeog-
raphy and evolutionary history of polar microbial phyla are influ-
enced by both the geological and climatological history of the
polar regions, as well as by their biology and life histories. The de-
pauperate nature of contemporary Antarctic and sub-Antarctic mi-
crobiomes not only raises important questions regarding their
functional saturation and adaptive potential under future climate
scenarios but also stresses their vulnerability to non-native inva-
sions. This underscores the urgent need for the inclusion of micro-
bial taxa in management plans for the polar regions (10, 72, 73).

MATERIALS AND METHODS
Sample collection and datasets
All analyses in this study are based on samples from 216 lakes col-
lected during the course of field expeditions by coordination of na-
tional and international (paleo)limnological research programs in
three biogeographic regions, namely, Antarctica, the sub-Antarctic,
and the Arctic (table S1) following a standardized protocol (74, 75).
In general, visible microbial mats were targeted for sampling in the
littoral zone (between ±20- and 50-cm depth) using a sterilized
spatula. Deeper parts of the euphotic zone were sampled using
Glew surface sediment corers. The upper 1 cm of the core was con-
secutively aseptically removed using a sterilized spatula. All samples
were immediately stored in the dark at −20°C until DNA extraction.

In the Northern Hemisphere, study sites from the (sub-)Arctic
included 34 Norwegian high-altitude mountain lakes, 16 lakes in
southwest Greenland, 23 lakes in northeast Greenland, and 13
lakes in Svalbard (Fig. 1B and table S1). In the Southern Hemi-
sphere, samples were available from Antarctica (n = 114), and the
sub-Antarctic Macquarie (n = 13) and Marion (n = 18) Islands
(Fig. 1D and table S1).

Fig. 4. Modeled lineage through time plots showing the smooth function of the regionally unique UPARSE OTUs clustered at the different thresholds. The
differences in amplicon richness ratios (i.e., the relative increase in the number of OTUs unique for a region at a higher similarity level compared to those at the preceding
similarity level) for the 16 major eukaryotic (A) and bacterial (B) phyla are shown as a pairwise comparison between regions. Differences in this richness ratio of unique
taxa between regions are significant (*) when the confidence bands do not include “zero” (horizontal red line). If the difference is positive (confidence band, >0), then
there is a higher amplicon richness ratio (or net diversification rate) for the left-hand region in the column title, while the richness ratio is higher for the right-hand region
when the difference is negative (confidence band, <0). Phyla are grouped according to the different functional guilds. Functional group sidebar colors as in Fig. 1.
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Environmental data
In situ measurements of specific conductance and pH were available
for 208 lakes. Month-averaged (1990–2013) air temperature mea-
surements were obtained from the CRUTEM4 database (76, 77)
(version 4-2015-06) using records for the nearest station within a
500-km radius. When no temperature data were available (Transan-
tarctic Mountains), an approximation was made on the basis of
monthly averaged satellite data (1985–2005) from the NASA
Earth Observations database (NEO; NEO-team), which used data
provided by the MODIS Land Science Team (MODIS Land
Science Team, 2017; https://lpdaac.usgs.gov). Monthly averaged
(1983–2005) data of insolation incidents on a horizontal surface
(solar irradiance, in kWh m−2 day−1) were obtained from NASA
Surface Meteorology and Solar Energy (SSE; release 6.0) (78) at a
one-by-one degree resolution.

DNA extraction, PCR amplification, and sequencing
Genomic DNAwas extracted from homogenized subsamples (1.5 to
3 mg wet weight) using a phenol-chloroform–based protocol with
ethanol precipitation (79), preceded by a coagulation step to remove
extracellular proteins and DNA (80). The V4 variable region of the
18S rRNA gene of eukaryotes was targeted with the universal
primers TAReuk454FWD1 (50-CCA GCA SCY GCG GTA ATT
CC-30) and TAReukREV3 (50-ACT TTC GTT CTT GAT YRA-30)
(81). For Bacteria, the V1-V3 region of the 16S rRNA gene was tar-
geted with the universal primer pair pA (50-AGA GTT TGA TCC
TGG CTC AG-30) (82) and BKL1 (50-GTA TTA CCG CGG CTG
CTG GCA-30) (83). The polymerase chain reaction (PCR) was per-
formed in duplicate per sample to minimize potential biases. Each
reaction contained 2.5 μl of PCR reaction buffer (High-Fidelity PCR
system, Roche), 2.5 μl of 2 mM of each deoxynucleotide triphos-
phate (Life Technologies Inc.), 0.25 μl of FastStart High fidelity
Taq polymerase (Roche Inc.), 2 μl of each primer, 1 μl of DNA tem-
plate, and 14.75 μl of sterile high-performance liquid chromatogra-
phy–grade water with a final volume of 25 μl. For the 18S rRNA
libraries, the PCR program consisted of an initial DNA denatura-
tion step at 96°C for 5 min, followed by 35 touchdown cycles of de-
naturation at 96°C for 1 min, annealing at 57° to 52°C for 1 min, and
elongation at 72°C for 3 min. The final elongation was extended to
20 min to reduce the number of chimeric sequences (84). For bac-
teria, initial denaturation was done for 3 min at 95°C, followed by 27
cycles with 30-s denaturation at 95°C, 45-s annealing at 55°C, elon-
gation at 72°C for 3 min, and a final elongation of 10 min. After
pooling PCR duplicates, products were purified with Agencourt
AMPure XP beads (Beckman Coulter Inc.). The amplicon libraries
were barcoded using the NEXTERA XT tags (Illumina Inc.) using a
12-cycle version of the amplification PCR, after which they were
pooled equimolarly and sequenced on the Illumina MiSeq platform
(v3 reagent kit for 2 × 300 bp paired-end reads). Cluster density was
reduced by spiking with 20% PhiX DNA (Illumina Inc.), which has
been shown to increase the overall quality of the sequencing run
(85). Sequencing was performed by BaseClear B.V. (Leiden,
Netherlands).

Sequence quality control and technical reproducibility
Each run with either eukaryotic or bacterial samples contained two
replicates of a positive control sample (mock community), respec-
tively, containing 16 eukaryote or 21 bacterial strains (note S1),
which were grown from pure isolates. These mock samples

allowed for checking of overall run quality and inter-run reproduc-
ibility. In addition, randomly chosen samples were replicated within
and between runs to assess technical reproducibility (note S2). The
first run of each primer set also included a blank sample composed
of negative PCR controls.

The reproducibility and robustness of the patterns were assessed
with a control sequencing run (further referred to as “control run”
or “control dataset”) with a regionally balanced design, based on the
DNA extracts of 29 Arctic, 28 sub-Antarctic, and 29 Antarctic
samples that were randomly selected from the list of samples se-
quenced in the other runs (table S1). This was done for both eukary-
otes and bacteria, respectively, and sequenced independently at
Edinburgh Genomics (Edinburgh, UK). All major analyses were
performed on this control dataset and are shown in the supplemen-
tary data to confirm the patterns observed in the entire dataset.

Sequence data processing, clustering, and taxonomic
assignment
The main and control datasets (note S3) were processed into tradi-
tionally used OTUs using the well-established UPARSE (41) algo-
rithm, while two additional clustering algorithms based on either
phylotypes [SWARM v2.1.12 (43)] or ASVs [DADA2 (42)] were
applied to confirm the biogeographic patterns observed in the
OTU datasets. OTUs and Swarm phylotypes cluster together
closely related sequences based on sequence similarity (OTUs) or
on a limited number of nucleotide differences (Swarm phylotypes).
Recent approaches, such as DADA2, apply a noise correction algo-
rithm using a per-sequencing run-based error model to identify
true biological sequences, resulting in ASVs (42), also called exact
sequence variants, resolving to single-nucleotide differences. Con-
sequently, ASVs are thought to generally result in a higher (taxo-
nomic) resolution.

Paired-end reads were assembled using PEAR (86) version 0.9.1,
with minimum and maximum paired-read lengths of 360 and 500
bp for eukaryotes and 450 and 570 bp for bacteria, respectively.
Reads with more than two mismatches with the forward or
reverse primers were excluded from the dataset. The first and last
four bases of the remaining reads were trimmed to account for
their on average lower quality. Reads were further processed using
the USEARCH (87) (version 8.0.1632) pipeline with a maximum
expected error set at 1 for both datasets. De novo chimera detection
was performed simultaneously when clustering the reads into OTUs
using UPARSE (41) at the default 97% similarity level, excluding
true singleton reads (i.e., occurring only once in the entire
dataset) as clustering seeds. To create an OTU-by-sample matrix,
quality-filtered reads were mapped to OTUs with the usearch_global
command, setting themaxrejects andmaxaccepts to respectively 800
and 20. The clustering was repeated using similarity levels of 81, 85,
90, 93, 95, and 99%. These similarity cutoffs were used to broadly
approach the main taxonomic levels between phylum and (sub)
species (88, 89). It is important to emphasize that these values are
used as an approximation and that these cutoffs may represent dif-
ferent ranks depending on the focal taxon, gene, and target region of
a gene (88).

Swarm v2.1.12 was applied with default settings to the quality-
filtered reads of the main dataset (i.e., before the OTU clustering
step). The Swarm algorithm uses iterative single linkage with a
local clustering threshold, followed by a phase that uses the internal
abundance structures of clusters to split interlinked OTUs, resulting
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in fine-scaled molecular OTUs. To differentiate between UPARSE-
generated OTUs and Swarm OTUs, we refer to the latter as
phylotypes.

ASVs were created using DADA2 v1.14.0. Primers were removed
a priori using the FASTX trimmer tool (http://hannonlab.cshl.edu/
fastx_toolkit/), removing the primer lengths from the 50 side of both
the forward and reverse reads. DADA2 parameter settings were
maxEE set to 3 for the forward and set to 6 for the reverse reads;
truncQ = 2, maxN = 0, and a truncLen of 275 and 265 for, respec-
tively, the forward and reverse 16S rRNA reads; and 250 and 210 for,
respectively, the forward and reverse 18S rRNA reads. An error
model was calculated per run using 108 bases per sequencing direc-
tion for error learning after which the DADA2 algorithm was
applied. All runs were then merged and bimeras were removed
using the removeBimeraDenovo function.

Taxonomy was assigned with the Ribosomal Database Project
naïve Bayesian classifier algorithm (90) implemented in Mothur
(91) for each OTU, phylotype representative sequence, and ASV,
using a bootstrap value of 80%. The PR2 database (92) (version
gb_203) was used as a reference template for eukaryotic taxonomic
assignment and the Greengenes database (93) (version 13_5) for
bacteria.

Data postprocessing and filtering
The evaluation of the positive controls on mock samples (note S1)
required removing OTUs that were represented by less than three
reads to optimize the data quality at the different OTU-clustering
similarities. Furthermore, OTUs that were present in only one
sample were additionally removed, as well as nontarget groups
[Archaea, chloroplasts, and mitochondria in the 16S rRNA
dataset, and higher plants (Embryophyceae) and craniate animals
in the 18S rRNA dataset]. Samples with less than 4500 sequences
in the main dataset were not included in further analyses due to
undersampling based on species accumulation curves (fig. S8, A
and B), which were calculated using the rarecurve function with
default settings in the vegan v. 2.5-2 R package (94). Respectively,
223 and 182 samples were retained for eukaryotes and bacteria
after these quality controls. The same filtering was applied for the
phylotype and ASV data. For the ASV dataset, 4500 could be re-
tained as the per-sample minimum read threshold for both
domains, resulting in 218 and 182 samples for both eukaryotes
and bacteria, respectively. For the Swarm dataset, 4500 reads per
sample were used for eukaryotes, while lowering the threshold to
1000 reads was needed for bacteria to retain a comparable
number of samples with the other cluster methods, resulting in re-
spectively 221 and 190 samples. This conservative approach resulted
in 6924 and 6795 OTUs, 6073 and 10,591 ASVs, and 24,844 and
22,751 phylotypes for Eukarya and Bacteria, respectively, with a
total of 12,693,595 and 3,243,458, 12,042,783 and 7,492,766, and
9,151,145 and 1,319,563 reads remaining for the respective
domains and clustering approaches.

Differences in biodiversity, biogeography, and the amplicon
richness ratios between the three regions were assessed for the
whole eukaryotic or bacterial dataset (mentioned explicitly if sub-
sampled or not) as well as for the phyla representing more than 1%
of the total reads within either the Eukarya or the Bacteria datasets.
These major phyla were (in order of the phylogenetic relationships,
counterclockwise as shown in Fig. 3A) Metazoa, Fungi, Streptophy-
ta, Chlorophyta, Ciliophora, Dinoflagellata, Ochrophyta

(pigmented Stramenopiles), nonpigmented Stramenopiles (former-
ly Stramenopiles X in the PR2 database), and Cercozoa for the
Eukarya, and Proteobacteria, Acidobacteria, Bacteroidetes, Chloro-
flexi, Actinobacteria, Firmicutes, and Cyanobacteria for the Bacte-
ria. Note that Metazoa and Fungi are here considered to be phyla
following the PR2 database taxonomy but generally are considered
to be kingdoms. All downstream statistical analyses were executed
in the R statistical language environment (95) (version 3.5.1) and
implemented in the RStudio IDE (version 1.1.383).

Biogeographic regionalization and correlation with
environmental variables and geographic distance
Canonical Analysis of Principal Coordinates (CAP) (96) with the
CAPdiscrim function in the R package BiodiversityR (97) v2.11.3
was used to test to what extent the samples were clustering accord-
ing to the predefined three main biogeographic regions by calculat-
ing the CCR, both at the domain level, as well as for each of the
major phyla. CAPdiscrim parameter m was set to 0 to automatically
calculate the number of principal coordinates analysis (PCoA) axes
that provide the best distinction between the groups, with a default
maximum of 10 axes investigated. Only the first two axes were
plotted for the separate major phyla and the two domains
(Fig. 3A and fig. S1). A PCoA was performed on a Bray-Curtis dis-
similarity matrix followed by a linear discriminant analysis. The
presence-absence data were used because this is the most conserva-
tive approach to detecting potential patterns: Giving occurrences
equal weight will increase inter-regional clustering, attenuating
(and hence underestimating) biogeographical patterns. Samples
were subsampled to 4500 reads (1000 reads for the Swarm bacteria
dataset) and datasets were standardized to account for differences in
the number of samples between the regions, which otherwise might
inflate regional clustering patterns. This was done by taking a
random subset of samples equal to the lowest number of samples
with the taxon present in any of the three regions, or the lowest
number of samples for the domain-level analysis. This procedure
was iterated 1000 times to calculate the mean coordinates of the in-
dividual samples and the mean regional and overall CCR (Fig. 3A,
fig. S1, and table S2). To test the consistency of the biogeographic
patterns at different taxonomic levels, we clustered reads using a
range of similarity cutoffs (81, 85, 90, 93, 95, 97, and 99%) in
UPARSE. The CAP analysis was repeated for each different similar-
ity cutoff dataset and the overall CCR for each cutoff is shown for
both domains in Fig. 3B, which enabled us to assess phylogenetic
divergence at higher-order taxonomic levels. To further corroborate
the differentiation at lower taxonomic levels, we performed a phy-
logenetic analysis on the individual main phyla of both bacteria and
eukaryotes using the DADA2 ASVs since these represent unique bi-
ological entities with a resolution as low as 1 nucleotide (42). ASV
reads were extracted per phylum and aligned with Clustal Omega
v.1.2.4 (98) using 10 iterations, including three outgroup sequences
from the closest related major group based on the cladogram in
Fig. 3 (e.g., Proteobacteria for Acidobacteria). Highly variable
regions (i.e., loop regions) were visually assessed and removed to
prevent issues with misaligned regions. Phylogenetic trees were sub-
sequently obtained with IQ-TREE (99) using a generalized time re-
versible (GTR) substitution model and 1000 ultrafast bootstraps
(100). IQ-TREE created a consensus tree for visual representation
(figs. S2A and S3A) as well as 1000 bootstrapped trees for each
phylum which were used for further analysis (see below). All
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phylogenetic trees were rooted and the outgroups were removed in
R using the packages ape v.5.7.1 (101), Treetools v.1.9.1 (102), and
phytools v.1.5.1 (103). Consensus trees were displayed using
GGTREE (104), incorporating branch lengths. Branches were
colored according to the occurrence of the tip ASV: red for uniquely
occurring in Antarctica, bluewhen uniquely occurring in the Arctic,
magenta for unique sub-Antarctic ASVs, and ASVs shared between
any two or more regions are displayed in gray (figs. S2A and S3A).
Clades were colored accordingly while branches shared the same
state, switching to gray when internal nodes were no longer unique-
ly combining ASVs from a single region.

For each phylum, 100 randomly selected bootstrapped trees were
imported in castor v.1.7.8 (105) to calculate the consenTRAIT
metric (47). We were interested in testing the mean and
maximum trait depths for clades that were uniquely restricted to
any of the geographic regions and therefore considered geographic
region to be a trait. Since castor does not allow more than two traits
(i.e., presence/absence), the analysis was run four times for each
tree, respectively distinguishing between ASVs that were distributed
uniquely in (i) the Arctic, (ii) the Antarctic, (iii) the sub-Antarctic,
and (iv) the Antarctic plus sub-Antarctic (= presence of the trait)
versus any other distributions (= absence of the trait). Castor was
run using a minimum fraction of 1, 1000 permutations, and with
singletons excluded, given that singletons are inherently not part
of a clade with a unique distribution.

The initial sets of explanatory variables for the partial Mantel test
included lake pH and conductivity as environmental variables;
annual solar irradiance, variability in monthly mean solar irradi-
ance, summer mean solar irradiance, winter mean solar irradiance,
mean annual temperature, and variability in monthly mean temper-
ature as contemporary climate and energy-related predictors, as well
as the geographical factors longitude and latitude. Pearson’s corre-
lations were calculated to assess multicollinearity. Setting a thresh-
old of Pearson’s r > 0.8, climate- and energy-related variables were
reduced to retain only mean annual temperature and mean annual
solar irradiance. Conductivity was loge-transformed to better
conform to Gaussian distributions. All variables were centered to
zero mean and unit variance. These variables were then used to
test the effects of geographic or environmental distance on the com-
munity composition using partial Mantel tests. This allows to test
the correlation between two distance matrices (i.e., the community
matrix and either one of the environmental or geographic datasets)
while controlling for variation in the third distance matrix (respec-
tively, the geographic or environmental dataset). Partial Mantel tests
were performed using the partial.mantel function in vegan, with the
energy-related and environmental variables, combined as “environ-
mental variables,” converted to Euclidian distances, while the geo-
graphic variables longitude and latitude were transformed as
haversine distances. The community matrix consisted of Bray-
Curtis dissimilarities of either presence-absence or Hellinger-trans-
formed rarefied community datasets.

Statistical support for the proposed biogeographic zones was ex-
amined and validated using (nonparametric) PERMANOVA using
distance matrices. This analysis compares multivariate species
means between different sample categories and uses the adonis
function of the vegan package. We implemented the default
method, which is based on first identifying the relevant centroids
followed by the calculation of the squared deviations using the n
× n outer product matrix. Significance tests were done by

calculating pseudo-F ratios based on sequential sums of squares
from permutations of the raw data (n = 9999) and corrected accord-
ing to Benjamini and Hochberg (106).

OTU, phylotype, and ASV richness and community
composition
Regional species accumulation curves for both domains (Fig. 1, E
and F) were calculated using the specaccum function in R package
vegan using 100 permutations. The mean regional richness and rel-
ative abundance for each major phylum were calculated by aggre-
gating all samples within a region and subsampling 100 times to
2,000,000 reads for Eukarya and 200,000 reads for Bacteria
(Fig. 1, A and C). For comparison, additional species accumulation
curves were calculated using a balanced number of samples per
region (i.e., subsampled datasets to the lowest number of samples
in any region, being the sub-Antarctic) and iterated 100 times ap-
plying both awith and without sample replacement strategy. In each
iteration, the selected samples were randomly subsampled to 4500
reads (fig. S9). The taxa comprising less than 1% of the reads were
binned in either “other Eukarya” or “other Bacteria.” In addition,
the three most abundant phyla (Metazoa, Proteobacteria, and Cya-
nobacteria) were split into their respective classes (following the PR2

database) that made up >0.1% of the reads. The remaining classes
were binned in “other Metazoa,” “other Proteobacteria,” and “other
Cyanobacteria” (Fig. 1 and figs. S6 and S7). The lower number to
subsample to in the Bacteria dataset is due to the relatively low
number of reads for the sub-Antarctic (n = 210,583). Unclassified
reads at the domain level were excluded from this analysis. The
mean regional richness was log2-transformed for visualization
(Fig. 1, A and C).

To assess the differences in mean local OTU richness at the
domain level between the three major regions, a negative binomial
generalized linear model (Eukarya) or quasi-Poisson generalized
linear model (Bacteria) was applied (107), thereby accounting for
differences in the (log) number of sequences and evenness
(defined as the Shannon index divided by the natural logarithm
of the richness) between samples. Different distributions for the
two clades were applied since the mean-variance relationship of
the data for the Eukarya corresponded to the negative binomial dis-
tribution, while for Bacteria, this conformed to a quasi-Poisson dis-
tribution, following Ver Hoef and Boveng (107). We assessed the
effect of region conditional on sequencing depth and evenness
using type III ANOVA tests. Model-based estimates of the OTU
richness are shown as boxplot inserts in Fig. 1 (E and F) and in
fig. S10 for the two other clustering algorithms. The model deviance
(analogous to R2 in linear models) explained by the region was cal-
culated as the difference in explained deviance between a model
with and without the region as a fixed effect in the model. A post
hoc analysis was performed using function emmeans in package
emmeans v.1.4.5 (108) using the Tukey method for a P value adjust-
ment to investigate pairwise differences between regions. The same
approach was applied to the individual major phyla in the OTU
dataset (fig. S3 and table S5), where the distribution was determined
separately.

Lineage through time assessment and detection of
amplicon richness ratio per region
To assess regional differences in amplicon richness ratios, we calcu-
lated the proportion of OTUs unique to (i.e., defined as only
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occurring in one particular region) or shared between (i.e., occur-
ring in at least two regions) the different regions for each major
phylum based on the different OTU similarity cutoffs used for
CAP, as well as for the ASV and phylotype data (Fig. 3A). ASVs,
phylotypes, and OTUs clustered at the 99% similarity level
provide a finer taxonomic resolution (42, 43, 109, 110) and therefore
represent recent diversification events. When the proportions of
these high-resolution taxa uniquely occurring in each region are
compared with proportions of region-specific OTUs clustered at
the 97% similarity level, this gives an approximation of in situ am-
plicon divergence in each of the three regions. Hence, assessing
OTU biodiversity over different sequence clustering similarity
levels provides a proxy for the historical evolutionary radiation in
a taxonomical group in each region [i.e., “lineage-through-time”
plots (88)]. The occurrence of OTUs at lower similarity levels
unique for a region suggests the existence of higher-order taxonom-
ic clades that either evolved in that, or even a neighboring, region or
have since been lost in other regions. This analysis is based on data
subsampled to 4500 reads in 20 randomly selected samples per
region and iterated 100 times to minimize the effect of varying sam-
pling depth, and subsequent conversion to presence-absence data.

These lineage-through-time plots (Fig. 3A) were confirmed by a
model-based approach (Fig. 4). For every major phylum, we calcu-
lated the number of OTUs for every sample uniquely occurring in
each of the three regions, hereafter referred to as the unique biodi-
versity. We modeled the unique biodiversity as a smooth function of
sequence similarity using a Poisson GAM to account for the count
nature of biodiversity estimates. We allowed for an interaction
between the clustering percentage and the three regions (Arctic,
sub-Antarctic, and Antarctic), effectively allowing the biodiversity
patterns to vary between the different regions. We also added a
fixed sample effect to account for the correlation of the unique bio-
diversity levels across clustering percentages within a sample. Com-
paring unique biodiversity across clustering percentages by
conditioning on the sample has the additional advantage that
between-sample normalization, e.g., for sequencing depth, is un-
necessary since the comparisons are performed within every
sample. Using the GAM, we assessed differences in sequence diver-
gence rate in unique lineages between regions. We approximated
the divergence rate by estimating first derivatives using finite differ-
encing techniques on the smoothers across their range, which
amounts to estimating pointwise slopes of the smoother. Compar-
ing first derivatives hence amounts to comparing amplicon diver-
gence rates in unique taxa between regions. Since entire smooth
curves are being compared, pointwise confidence intervals are too
liberal and we needed to account for the fact that we compared
curves across an entire range, rather than at a particular point.
We therefore constructed simultaneous confidence bands for the
differences in the first derivatives to show the estimation uncertain-
ty along the entire two-dimensional fit of the curve. Hence, we
recast the GAM as a generalized linear mixed model (GLMM)
and simulated from the multivariate normal distribution of the
GLMM model parameters to estimate simultaneous confidence
bands (111). Using the 95% simultaneous confidence bands, a
smoother is significantly different from zero at a global 5% signifi-
cance level as soon as its confidence band does not include
zero (Fig. 4).

To demonstrate the principle of this approach (Fig. 4), an artifi-
cial toy dataset was generated (fig. S11), representing three regions

(region 1, region 2, and region 3) with 100 samples each. We sim-
ulated a case where a region effect was present in “region 1” and
“region 2” compared to “region 3,” i.e., there is a stronger increase
in the ratio between the number of unique OTUs from two sequen-
tial “cutoffs” compared to “region 3,” but not between the former
two although a difference in the absolute number of OTUs is
present (fig. S11A). We assumed an exponential function for the in-
crease in the number of unique OTUs (λ = 0.30, 0.20, and 0.15 for
region 1, region 2, and region 3, respectively). At each cutoff, the
number of unique OTUs was drawn from a Poisson distribution
for each sample, based on the value of the exponential function at
each cutoff for the specific region. Since we assumed an exponential
function, smoothing would not be necessary since log-transforming
it will make it perfectly linear. We therefore added random variation
to approach a more realistic distribution. This generated dataset was
then incorporated into the smooth function described above.
Results are displayed in fig. S11B.

We demonstrated the existence of distinct biogeographical
regions in both bacteria and microeukaryotes from polar regions
using a high-throughput sequencing approach. These patterns are
robust and comparable between the different pipelines used, despite
differences in the number of OTUs, ASVs, or Swarm phylotypes.
This suggests that variation is induced through, e.g., sequencing
errors, or simply because of true biological variation (for example,
the presence of closely related strains or gene copies) and how algo-
rithms deal with them. The robustness of the patterns however in-
dicates that the constructed representative reads are based on “true
biological sequences” that are largely restricted to one or few
regions. Despite this, it is clear that Swarm performed relatively
poorly, with a highly inflated richness (up to nearly 40 times
more phylotypes in the mock communities than expected), gener-
ating many singletons. UPARSE OTUs and DADA2 ASVs were
more comparable and approached mock community richness
much better. Patterns in the dataset were very similar and show
that conclusions from past OTU-based studies are still valid, provid-
ed that sufficient stringency in data processing was applied. Cluster-
ing approaches also have the advantage that different similarity
cutoffs can be used, targeting different approximate taxonom-
ic levels.
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