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Ammonia-oxidizing archaea (AOA) play a key role in the aquatic nitrogen cycle. Their genetic diversity is viewed
as the outcome of evolutionary processes that shaped ancestral transition from terrestrial to marine habitats.
However, current genome-wide insights into AOA evolution rarely consider brackish and freshwater represen-
tatives or provide their divergence timeline in lacustrine systems. An unbiased global assessment of lacustrine
AOA diversity is critical for understanding their origins, dispersal mechanisms, and ecosystem roles. Here, we
leveraged continental-scale metagenomics to document that AOA species diversity in freshwater systems is re-
markably low compared to marine environments. We show that the uncultured freshwater AOA, “Candidatus
Nitrosopumilus limneticus,” is ubiquitous and genotypically static in various large European lakes where it
evolved 13 million years ago. We find that extensive proteome remodeling was a key innovation for freshwater
colonization of AOA. These findings reveal the genetic diversity and adaptive mechanisms of a keystone species

that has survived clonally in lakes for millennia.

INTRODUCTION

Microbes of the phylum Nitrososphaerota (conventionally known
as Thaumarchaeota) (I, 2) comprise all ammonia-oxidizing
archaea (AOA) that are widely distributed in aquatic and terrestrial
environments (3, 4) and include key species that mediate global ni-
trogen, carbon, and phosphorus cycles (4, 5). Previous studies
showed a distinct habitat specificity of AOA in different ecosystems
[especially marine and terrestrial systems; see (6)], where niche
boundaries, diversification, and biogeography are reflected in adap-
tations to prevailing environmental conditions [e.g., high salinity
and pH; reviewed in (3, 4, 7)].

Recent genome-wide evolutionary studies inferred a timeline of
AOA evolution that extends from a thermophilic autotrophic terres-
trial ancestor to the initial colonization of the shallow marine envi-
ronments, and subsequent expansion into the deep interior of the
ocean (8—11). Within this evolutionary framework, the initial tran-
sition from terrestrial to shallow marine habitat took place during
the Meso-Proterozoic [~1.02 billion years (Ga) ago] and was
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accompanied by several functional gene gains and losses, including
the adoption of metabolic pathways conferring resistance to salinity
(8). Subsequent niche expansion of the Shallow Marine Group
(SMG) AOA into the interior ocean is estimated to have occurred
around 635 to 560 million years (Ma) ago through acquisition of
alternative strategies of nutrient acquisition and energy conserva-
tion (8, 12). A more recent study estimates a much younger evolu-
tionary timeline for the major AOA clades (11). However, both
studies focused exclusively on marine and terrestrial Nitrososphaer-
ota, completely neglecting transitions into/from brackish and
freshwaters.

To date, only one recent study has examined the genetic diversity
and evolutionary history of Nitrososphaerota in freshwater environ-
ments (13). In this pioneering study, three major clades of AOA
(related to the genera Nitrosoarchaeum, Nitrosopumilus, and Nitro-
sotenuis) were identified, their distribution along surface sediment
transects and waters in a selected number of lakes and rivers was
determined, and possible genetic mechanisms enabling adaptation
to freshwater were identified. However, the limited number of lacus-
trine ecosystems analyzed, the exclusion of globally important
freshwaters such as the Laurentian Great Lakes or European lakes,
and the neglect of brackish water as a bridging environment for
transition from marine to freshwater, combined with the strong
focus on surface sediments (which are distinct from open waters),
left several fundamental questions about the origin, diversity, and
evolutionary history of lacustrine Nitrososphaerota unanswered.
First, is there an evolutionary relationship between AOA in
ancient and modern freshwater lakes? Second, are brackish and
freshwater AOA clades evolutionarily related, or did freshwater
AOA directly descend from marine species? Third, are freshwater
AOA products of relatively recent biogeographic events that parallel
the Miocene (5 to 24 Ma) diversification of fauna inhabiting
modern lakes (14, 15)? Fourth, if biased taxon selection affects
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estimates of molecular divergence times (16), how does the inclu-
sion of brackish and freshwater AOA species affect estimates of di-
vergence times of major Nitrososphaerota clades in aquatic systems,
especially given the conflicting results of previous studies that
focused exclusively on marine and terrestrial AOA (8, 11)?

Accordingly, we examined the diversity and evolutionary diver-
gence of lacustrine Nitrososphaerota at an unprecedented scale
using an extensive metagenomic dataset of brackish waters and
freshwater lakes spanning five continents (including five extant Pa-
leolakes and several large Eurasian lakes). Our results provide an
integrated global overview of the diversification of planktonic Ni-
trososphaerota and reveal the unique evolutionary history of AOA
in brackish and freshwater ecosystems.

RESULTS AND DISCUSSION

An expanded global-scale genomic database of lacustrine
Nitrososphaerota

We compiled a global collection of 105 lacustrine metagenome-as-
sembled genomes (MAGs) comprising 58 new Nitrososphaerota
genomes (this study) and 47 previously reported MAGs (17-21).
Accession numbers and associated metadata are provided in table
S1. The MAGs are from independent metagenome samples derived
from geographically diverse freshwater (1 = 16) and brackish (n = 6)
lakes as well as inland seas (Fig. 1A and table S1). These are from
time-series metagenomic collections as well as surface (epilimnion)
and bottom (hypolimnion) water samples of thermally stratified
lakes (table S1). In addition, the studied lacustrine systems vary con-
siderably in their trophic states, basin types, water residence times
(~1 to 1000 years), and lifetimes (<1 to 30 Ma; table S2). The
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compiled global collection of planktonic lacustrine Nitrososphaer-
ota genomes includes 77 freshwater MAGs and 28 MAGs from
brackish lakes and inland seas (fig. S1 and table S1).

Phylogenomic inference based on a concatenated set of 122
protein families conserved in 301 archaea (data S1 and S2) revealed
that the genomes of lacustrine Nitrososphaerota (n = 105) belong to
five lineages (Fig. 1B), namely, Nitrosopumilus (n = 73), Nitro-
soarchaeum (n = 22), Nitrosotenuis (n = 3), Nitrosotalea (n = 2),
and a basal non-AOA Nitrososphaerota lineage (n = 5). Notably,
the basal lineage includes Nitrososphaerota that lack the
ammonia oxidation machinery and the AOA-specific carbon fixa-
tion pathway (22). Our results extend recent findings (13) of the rec-
ognized diversity of lacustrine AOA communities to environments
spanning the continents of Europe, Asia, Antarctica, and North
America, including the world's largest brackish (Caspian Sea) and
freshwater (Laurentian Great Lakes) systems. Crucially, the recon-
structed evolutionary history of Nitrososphaerota was robust to
marker gene selection (fig. S2 and data S1 to S4), exclusion of redun-
dant genomes (n = 83; details in table S1), and inference with com-
plementary phylogenomic approaches (figs. S3 and S4 and data S5
to S7) or use of the conserved 16S ribosomal RNA (rRNA) marker
gene (fig. S5).

Half of the MAGs (n = 52) formed a well-supported monophy-
letic clade within the genus Nitrosopumilus that was phylogenetical-
ly distinct from its closest brackish water relatives from the Black Sea
and Baltic Sea (figs. S2 to S5). The clade includes representatives
from 11 Eurasian freshwater lakes and, unexpectedly, from the
northern Caspian Sea (1.1 to 1.2% salinity), which were sampled
to a depth of 150 m (17). The Nitrosopumilus-like AOA genomes
from Eurasian lakes are phylogenetically indistinguishable from

“Ca. Nitrosopumilus”
“Ca. Nitrosoarchaeum”
“Ca. Cenarchaeum”
Deep water group (DMG) | 5
“Ca. Nitrosopelagicus” =
“Ca. Nitrosotenuis”
“Ca. Nitrosotalea”
Putative novel genus
“Ca. Nitrosocosmicus”
“Ca. Nitrososphaera” {
“Ca. Nitrosocaldus” ©
(5)Non-AOA Nitrososphaerota

AOA Nitrososphaerota

Fig. 1. Evolutionary history of planktonic Nitrososphaerota in lacustrine systems. (A) Metagenome sampling locations of freshwater lakes (n = 14) and brackish
lakes/inland seas (n = 6) lakes, from which MAGs were reconstructed or publicly available. (B) Phylogenomic maximum-likelihood (ML) tree of Nitrososphaerota based on
122 conserved archaeal single-copy genes. The ML tree was rooted using 38 euryarchaeotal genomes following Ren et al. (8). Branches are collapsed to genus level for
brevity. Values in parentheses indicate the number of genomes in lineages containing lacustrine Nitrososphaerota, with corresponding genus-level taxa highlighted in
blue. The closed black circles indicate nodes with bootstrap support of >80% [Shimodaira-Hasegawa-like approximate likelihood ratio (SH)] and >95% (UFBoot). For a full-
size tree, see fig. S2. The scale bar [in (B)] shows the number of amino acid sequence substitutions per variable site.
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their Caspian Sea counterparts as reflected by the very short and
isochronous branches in all inferred phylogenetic trees (figs. S2 to
S5). This is remarkable because the Caspian Sea is the world's largest
inland water body and has remained enclosed for nearly 5 Ma (23).
Overall, this suggests that the ecological speciation of this genotype
is relatively close in time, which, in turn, raises the question of
whether the 52 geographically widespread lacustrine Nitrosopumi-
lus MAGs represent a clonal population or separate subpopulations
(i.e., subspecies) of the same species.

The predominant freshwater Nitrosopumilus species
comprise four geographically distinct subpopulations of
“Candidatus Nitrosopumilus limneticus”

To gain further insight into the evolutionary history of the predom-
inant freshwater Nitrosopumilus clade, we performed genome-wide
pairwise comparisons of the nucleotide sequences and predicted
protein-coding genes from all available Nitrosopumilus genomes
(n = 108) including those from freshwater, brackish inland seas,
and marine environments (Fig. 2 and figs. S6 and S7). The results
showed that the 52 lacustrine Nitrosopumilus MAGs from large Eur-
asian freshwater lakes and the Caspian Sea were genetically very
similar and belonged to the same species, as reflected by the high
average nucleotide identity (>99% ANI) and the high degree of
gene conservation (Fig. 2 and fig. S6). This was also reflected in
the high proportion of shared orthologous genes, which on
average (+SD) accounted for 80 + 11% of the predicted proteomes
(Fig. 2), and the corresponding high average amino acid identity
(AAI) of 97 to 99% (fig. S7). The lower pairwise AAI values
between the 52 lacustrine Nitrosopumilus MAGs and their closest
Nitrosopumilus relatives from brackish water (81 to 85% AAIL fig.
S7) suggest that they are separate Nitrosopumilus species based on
the operational AAT thresholds for genome-based taxonomic ranks
(24). On the basis of these criteria, we found two additional geo-
graphically distinct new Nitrosopumilus species from meromictic
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Fig. 2. High degree of genome conservation in Ca. N. limneticus genomes.
Gene conservation among aquatic Nitrososphaerota genomes based on pairwise
comparison of orthologous genes. Bar graphs show total pan-genome size (left),
percentage of conserved proteins (middle), and AAl (right) of orthologous genes in
the genomes of all Nitrosopumilus species (n = 108), separately in Ca. N. limneticus
(n = 52), SMG Nitrosopumilus (n = 12), combined "“Ca. Nitrosopelagicus” and Deep
Marine Group (DMG) genomes (n = 30), and “Ca. Nitrosoarchaeum” (n = 26).
Among the freshwater Nitrososphaerota, Ca. N. limneticus has a relatively
smaller pan-genome (2413 genes) than Ca. Nitrosoarchaeum (3651 genes). The
bars show mean values, and the error bars show the SD.
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Lake Hoare (in Antarctica) and monomictic Lake Issyk-Kul (in
eastern Kyrgyzstan) that have only ~73 to 84% AAI to other se-
quenced Nitrososphaerota (figs. S2 to S7). This speciation is likely
due to ecosystem isolation, natural selection under the influence of
salinity, or both. Hereafter, we refer to the ubiquitous freshwater Ni-
trosopumilus species represented by the 52 highly similar MAGs as
“Ca. N. limneticus,” as recently proposed (25) in recognition of its
membership in the genus Nitrosopumilus and its ubiquity in large
freshwater lakes (“limneticus.”)

The second largest group of brackish and freshwater Nitrosos-
phaerota MAGs (n = 22) comprised four species of the genus
“Ca. Nitrosoarchaeum” (figs. S2 to S7), with genome-wide intra-di-
vergences averaging (£5D) 89 + 6% AAI (range, 52 to 99.6%; fig. S7)
and lower gene conservation levels (59 + 16%; Fig. 2). Overall, these
results suggest higher species diversity within the freshwater Nitro-
soarchaeum lineage from different lakes, despite having similar
niches to “Ca. N. limneticus”.

The relatively isochronous phylogenomic branches within the
Ca. N. limneticus clade (figs. S2 to S5) suggest that geographic lo-
cation is irrelevant to the reconstructed evolutionary history of this
freshwater AOA species. Accordingly, we performed genome-wide
single-nucleotide sequence variant (SNV) analyses to dissect strain-
level evolutionary processes and understand the population struc-
ture and biogeography of Ca. N. limneticus. Phylogenetic inferences
from genome-wide SNVs found outside putative recombinant
regions derived from a multiple genome sequence alignment
[~362 kilo—base pairs (kbp)] of 40 medium- to high-quality Ca.
N. limneticus MAGs with 1888 core genome SNVs (Table 1)
yielded four geographically centered Ca. N. limneticus subclades
(Fig. 3A). These four subclades are from the European perialpine
lakes (n = 29), the Caspian Sea (n = 4), Lake Fuxian (n = 5), and
Lake Baikal (n = 2). This is also supported by the high genetic sim-
ilarity between natural populations of Ca. N. limneticus at different
sites, as determined by a standard measure of genetic differentiation
between populations, the fixation index (Fsy). On the basis of
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Fig. 3. Four distinct subpopulations of planktonic Ca. N. limneticus in fresh-
water lakes. (A) Genome-wide SNV-based ML tree (unrooted) derived from the
multiple alignment of 40 Ca. N. limneticus MAGs. The scale bar shows the
number of nucleotide sequence substitutions per variable site. (B) Principal com-
ponents analysis of the fixation distance (Fs7) between lake samples based on pair-
wise allele frequencies of Ca. N. limneticus subpopulations in globally sampled
freshwater metagenomes. Fst measures the genetic differentiation between two
populations based on their SNVs. The first two axes (PC1 and PC2) account for
~81% of the total variance. The number of metagenomes per cluster is given in
parentheses.
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Table 1. Mutation rates exceed recombination rates in freshwater Ca. N. limneticus. The ratio of recombination and mutation rates (R/6) and the relative effect
of recombination and mutation (r/m) for all Ca. N. limneticus MAGs and the different subclades measured using ClonalFrameML. n.d., not determined because the

number of genomes is small.

Subclade (subpopulation)”

General information All genomes

European

Fuxian Caspian

Number of genomes analyzed

.83-1.44 0.

r/m* 0.57 (0.51-0.64)

0.86 (0.59-1.13)

0.67 (0.56-0.81) 1.71 (1.28-2.67) n.d.

*Subclades defined by the core SNV genome phylogeny of 40 Ca. N. limneticus MAGs (see Fig. 1D).
§Core genome alignment determined by progressiveMauve (details in Materials and

determined using JSpecies (details in the Supplementary Materials).
Methods).

genome-wide SNVs obtained from mapping Eurasian lacustrine
metagenomes (n = 46; table S3) against a high-quality reference
Ca. N. limneticus MAG (LH-02apr19-284) from Lake Lugano
(details in Materials and Methods), we found very low pairwise
Fsr values between European perialpine lakes (0.001 to 0.307;
mean + SD, 0.095 + 0.074), but distinctively higher Fgy values com-
pared to freshwater lakes outside Europe (0.801 to 0.898; mean + SD,
0.851 £ 0.027; table S4). Furthermore, samples were tightly clustered
according to the geographic origin of lakes (Fig. 3B), strongly sug-
gesting that geographic differentiation of Ca. N. limneticus popula-
tions in European perialpine lakes is extremely low. The low
heterogeneity of Ca. N. limneticus populations is likely due to
several factors, including common ancestry that is relatively close
in time, recent selection, large populations with strong dispersal fa-
cilitated by hydrological connectivity between lakes (e.g., via the
Rhine River), high gene flow via mobile genetic elements, or addi-
tional population constraints (e.g., extreme nutrient deficiency and
climate change impacts) that act similarly in the sampled lakes.

Mutation is a major driving force in the diversification of
Ca. N. limneticus in freshwaters

To gain further insight into the genetic diversification of Ca.
N. limneticus, we examined the effects of homologous recombina-
tion with ClonalFrameML (26). First, we evaluated whether recom-
bination rates derived from MAGs, which generally consist of
consensus sequences from potentially multiple abundant strains
of a species, reflect rates derived from genomes of isolates or
single cells. For benchmarking, we used single-cell amplified
genomes (SAGs) and MAGs of the ubiquitous freshwater clade
LD12 and the marine cyanobacterium Prochlorococcus (table S8),
and estimated both the relative frequency of recombination to mu-
tation (R/0) and the effect of recombination relative to mutation (r/

Ngugi et al., Sci. Adv. 9, eadc9392 (2023) 1 February 2023

YParameter values indicate the estimated mean, with 95% confidence intervals shown in parenthesis.

t Determined using CheckM (77). #Pairwise ANI

#r/m = (R/6) X 0 X v.

m) in MAGs, SAGs, and isolates of the same lineage. As described in
Supplementary Notes, we found that R/0 and r/m derived from
MAGs were relatively consistent with estimates from SAGs and iso-
lates, although the SAGs had much higher estimated contamination
levels (table S9). SAGs also typically have elevated sequencing errors
than MAGs (27).

The consistency of these results in conjunction with other factors
such as the population coherence evidenced at the geographic scale
(Fig. 3) coupled with the low number of sequence variants (~2 at
95% global nucleotide identity) of five independent universal
maker genes (COG0012, COG0016, COG0215, COGO0533, and
COGO0441) belonging to Ca. N. limneticus, detected from the
gene catalog of lacustrine microbiomes with ~14 million nonredun-
dant genes (see Materials and Methods), gives us confidence that R/
0 and r/m can be estimated from the MAGs. Moreover, the domi-
nance (95% of all reads) of a single sequence type (99% nucleotide
identity) of Nitrosopumilus 16S rRNA genes over an annual cycle in
Lake Constance (28) combined with the high pairwise nucleotide
sequence similarity of MAGs from European perialpine lakes, in-
cluding Lake Constance (99.5% ANI; Table 1), is also broadly con-
sistent with how clonal complexes (>99% ANI) are designated in
environmental and epidemiological studies based on isolates and
MAGs (29, 30).

Therefore, we determined recombination rates within the Ca.
N. limneticus clade (n = 40 MAGs) and the geographically distinct
subclades (Fig. 3A). The estimated R/0 for the entire Ca.
N. limneticus clade [mean: 0.48; 95% confidence interval (CI):
0.44 to 0.52] was remarkably close to the estimates for the European
(mean: 0.40; 95% CI: 0.31 to 0.53) and Fuxian (mean: 0.26; 95% CI:
0.22 to 0.31) subclades (Table 1), but three to four times lower than
the estimate for the Caspian subclade (mean: 1.12; 95% CI: 0.83 to
1.66; Table 1). The lower recombination-to-mutation ratio (R/0) for
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the European (0.40) and Fuxian (0.26) freshwater subclades
(Table 1) is within the theoretical R/6 threshold (0.25 to 1) at
which clonal divergence occurs (31, 32). The measured effect of re-
combination relative to mutation (r/m) in these three subclades, ac-
counting for the length and divergence of imported fragments
(Table 1), was almost twice as high in the Caspian subclade (1.71)
as in the European (0.86) and Fuxian (0.67) subclades. Neither evo-
lutionary metric could be determined for the Baikal subclade
because of the small number of MAGs (n = 2). The twofold lower
r/m estimates in the freshwater subclades (Table 1) indicate a lower
propensity for homologous recombination than in the brackish
Caspian subclade. The higher r/m estimate (>1) indicative of in-
creased homologous recombination in the Caspian subclade
might reflect the higher salinity of the Caspian Sea (~1% salinity)
(17) or its older age (2 to 5 Ma) compared to Eurasian lakes
(~10,000 years old) (23).

Consistent with these interpretations, R/6 and r/m estimates
derived from an alternative approach in which multiple freshwater
metagenomes were separately mapped against a single Ca.
N. limneticus reference MAG (details in Materials and Methods)
averaged 0.074 (95% CI: 0.066 to 0.083) and 0.98 (95% CI: 0.86 to
1.05), respectively, similar to results based on MAGs (Table 1). Low
r/m values are also reported for the freshwater clade LD12 (r/m,
0.14) (33) and Escherichia coli ET-1 group (r/m, 0.7) (34), with
the former being 450-fold lower than their marine SAR11 counter-
parts (34). In a previous metagenome study, a single clonal sweep
was also observed for a Chlorobium population over a 9-year period
in a freshwater lake (35). Together, this suggests that recombination
rates for these major freshwater taxa are also low or selection is ex-
tremely strong. Other studies also suggest that recombination may
be less important than clonal diversification and genetic drift for
some marine planktonic Nitrososphaerota (R/0 of 0.1 to 0.3) (29).
Overall, the results suggest that mutation is an important driving
force in the diversification of Ca. N. limneticus and other major
freshwater prokaryotic species.

The exceptionally low genetic diversity of Ca. N. limneticus pop-
ulations in freshwater lakes may be due to the relatively low evolu-
tionary mutation rates in Archaea and the dependence of
spontaneous mutation rates on temperature (36). This, combined
with the fact that deep-water temperatures in most stratified tem-
perate lakes are very low year-round (<5°C) (37), and the finding
that native Ca. N. limneticus populations (at 4°C) have in situ
growth rates [~0.012 generations per day (25)] that are 30 times
lower than those of marine and brackish Nitrosopumilus species cul-
tured under physiological environmental conditions (38), may con-
tribute to a legacy of spatial homogenization of phylogenetic
diversity. In this context, it is interesting that the evolutionary
history of Nitrososphaerota shows that they gradually adapted to
lower temperatures after the emergence of their thermophilic terres-
trial ancestors (8—10). Low temperatures, such as those found in
glacial climates, can constrain the evolution of species and diversity
patterns, trapping them in a state of low genetic diversity [see, e.g.,
(39)]. Therefore, the evolution of freshwater AOA may reflect tem-
perature limits on molecular evolution, growth rates, or a recent
speciation and colonization of the inhabited lakes.
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The divergence timeline of Ca. N. limneticus reflects the age
of freshwater lakes

To gain more insights, we reconstructed the divergence timeline of
the Nitrososphaerota with PhyloBayes (40) based on the maximum-
likelihood phylogeny of the concatenated alignment of 122 protein
families (data S5) and applied previous temporal clocks and root age
priors for calibration (see fig. S4). The time-calibrated phylogeny
constrains the Nitrososphaerota root of both AOA and basal non-
AOA groups at approximately 2.77 Ga [95% highest posterior
density (HPD) interval, 3.24 to 2.32 Ga; node 1 in Fig. 4]. The pre-
dicted mean age estimate for the root of the AOA (node 2, mean:
2.15 Ga, 95% HPD: 2.55 to 1.77 Ga; Fig. 4) is consistent with
several recent molecular clock analyses (8, 41), thus supporting
the proposed emergence of AOA after the Great Oxidation Event
(GOE; 2.3 to 2.4 Ga) (8). However, these results are inconsistent
with those of Yang et al. (11), who used a non-Bayesian approach
(i.e., RelTime). Specifically, Yang et al. (11) estimated that the root
of Nitrososphaerota postdates the GOE (2.10 Ga) and that the AOA
ancestors diverged from other non-AOA Nitrososphaerota around
1.17 Ga. The disagreement could arise from our extensive taxon
sampling of Nitrososphaerota genomes across diverse habitats [as
discussed in (16)], the additional temporal priors used by Yang
et al. (11), or both. In either case, the accuracy of molecular
clocks is constrained by the precision of the temporal priors used
to calibrate the clocks (e.g., the root of the Archaea), which is inde-
pendent of the models used for molecular dating—and remains un-
certain in the absence of fossil data. Notably, the evolutionary time
scales reported by Ren et al. (8) for the major nodes (nodes 1 to 4)
could be reasonably reproduced with our Bayesian approach using
their concatenated alignment of 77 protein families (n = 167
genomes; fig. S8, data S8, and table S5). Therefore, we emphasize
the relative rather than the absolute timing of the divergence
estimates.

Molecular dating results further suggested that AOA diversified
into aquatic systems around 1.40 Ga (node 3, 95% HPD: 1.73 to 1.11
Ga; Fig. 4) before partitioning into distinct clades that were either
exclusively marine (node 4, mean: 1.27 Ga, 95% HPD: 1.58 to 0.99
Ma; node 5, mean: 0.97 Ga, 95% HPD: 1.25 to 0.73 Ga; node 6,
mean: 0.24 Ga, 95% HPD: 0.36 to 0.16 Ga; Fig. 4) or inhabited
shallow nearshore marine, estuarine, or freshwater environments
(node 7, mean: 0.67 Ga, 95% HPD: 0.89 to 0.48 Ga; node 8,
mean: 0.81 Ga, 95% HPD: 0.11 to 0.61 Ga; Fig. 4)."Ca. Nitrosoarch-
aeum korense” MY1, enriched from rhizospheric soil (42), is a rare
exception in node 7.

Within the exclusively marine planktonic AOA clades (node 4;
Fig. 4), posterior age estimates indicate independent but relatively
similar diversification times for the Deep Marine Group (DMG;
node 9, mean: 0.93 Ga, 95% HPD: 1.22 to 0.68 Ga) and the SMG
(node 10, mean: 0.74 Ga, 95% HPD: 0.97 to 0.55 Ga; Fig. 4)
clades. This contrasts with the proposed sequential evolution of
the SMG and DMG AOA clades (11), which is most likely the
result of biased taxon selection that excluded lacustrine AOA
species. Note that the SMG clade traditionally includes the “Nitro-
sopumilus maritimus cluster,” which typically represents coastal and
sedimentary AOA (6, 38, 43). In addition, we observed a much
younger diversification age of the “Ca. Nitrosopelagicus” clade
(node 11, mean: 0.48 Ga, 95% HPD: 0.79 to 0.25 Ga; Fig. 4),
which is a sister clade of DMG (Fig. 4) and is considered a
pelagic model of marine Nitrososphaerota (44). The discrete
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Fig. 4. Timeline of the divergence of Ca. N. limneticus in the evolution of Nitrososphaerota. Time-calibrated phylogeny of Nitrososphaerota based on a species tree
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mentioned in the main text and represent 95% Cl. Genomes are color-coded based on the species habitat assignment. Vertical blue bars indicate the GOE (~2.33 Ga) (83)
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with significant rate shifts (i.e., accelerated rates of speciation relative to ancestral lineages) for each of the eight estimated shift configurations (where there is rate
heterogeneity) determined using the program BAMM (88, 89) and accounts for 60% of the posterior distribution of rate shift configurations (see fig. S9).
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phylogenetic placement and inferred independent diversification of
DMG and SMG clades (Fig. 4), combined with their niche prefer-
ences (open ocean and nearshore environments, respectively) and
unique genetic inventory [e.g., distinct adenosine triphosphatase
(ATPase) gene families and osmoregulatory pathways] (8, 12, 45),
emphasize that they comprise ecologically distinct marine Nitrosos-
phaerota clades.

Regarding lacustrine AOA lineages, our dated phylogeny shows
that Ca. Nitrosoarchaeum colonized freshwater systems much
earlier (node 12, mean: 0.54 Ga, 95% HPD: 0.74 to 0.38 Ga) than
the most recent common ancestor of Ca. N. limneticus and its
sister lineage in brackish water (node 13, mean: 0.23 Ga, 95%
HPD: 0.33 to 0.15 Ga; Fig. 4). The estimated divergence time
(0.54 Ga) of the freshwater Ca. Nitrosoarchaeum clade (node 12;
Fig. 4) is relatively consistent with recent estimates (363 to 216
Ma) (13). This suggests that its members evolved after the “Snowball
Earth” (~0.72 to 0.66 Ga) (46) in an atmosphere that likely had
oxygen levels close to present-day values during the Neoproterozoic
Oxygenation Event (~0.64 to 0.42 Ga) (47). In contrast, the lacus-
trine lineage of Nitrosopumilus (node 13; Fig. 4) evolved during the
Late Paleozoic Icehouse (~0.34 to 0.26 Ga) (48), which coincides
with the period of the largest species extinction on Earth
(Permian-Triassic, ~251 Ma) (49). In this context, note that predict-
ed net diversification rates (speciation minus extinction) of Nitro-
sosphaerota based on the time-calibrated tree (data S9) have
gradually slowed over the last 750 Ma (Fig. 5), following a burst
of diversification between 1.75 and 1 Ga (Fig. 5). Again, the sharp
decline in net diversification rates occurred during global glacia-
tions in the Neoproterozoic (730 to 580 Ma) (46). The extremely
low divergence rate is further evidence of recent speciation that is
likely the result of periodic selection. Biogeochemical and evolu-
tionary mechanisms that may favor persistence of Nitrosopumilus
species in low-temperature waters and during climatic shifts
include the observed high biomass and activity of nitrifying
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Fig. 5. Net diversification rates of planktonic Nitrososphaerota decreased
substantially after glaciation events. The program BAMM (88, 89) was used to
determine and quantify the heterogeneity in evolutionary rates based on the time-
stamped tree in Fig. 4. The thick black line represents the mean rate through time
[in million years (Ma)], and the gray density shading represents (from the bottom)
5,25, 75, and 95% credible intervals of the posterior distribution of rates through
time. Purple vertical bars, delineated by arrows, denote Snowball Earth events sep-
arated by a 1.5-Ga gap with no evidence of glaciation at any latitude [see (46)].
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communities under ice-covered conditions (<5°C) in freshwater
lakes (50, 51) and the ability to produce sufficient oxygen to
sustain nitrification under anaerobic conditions (52).

The root age of the common ancestor of Ca. N. limneticus,
whose members are widespread in Eurasian lakes (see below), is
constrained to approximately 13 Ma old (node 14, 95% HPD: 24
to 8 Ma; Fig. 4). In contrast to recent findings (13), the timing of
this diversification correlates remarkably well with the life-span
range (>1 to 30 Ma) of the inhabited large Eurasian freshwater
and brackish lakes (table S2), including ancient lakes such as the
Caspian Sea (2 to 5 Ma) and Lake Baikal (>25 Ma) (23). However,
the estimated divergence time of Ca. N. limneticus is an order of
magnitude higher than predictions based on evolutionary rates in
Archaea (see Supplementary Notes), but is remarkably consistent
with the Miocene marine-freshwater transitions (24 to 5 Ma) of
various modern freshwater faunas (14, 15).

Extremely low global species diversity of planktonic
freshwater Nitrososphaerota

The recovery of the same AOA species in geographically separated
Eurasian lakes not only suggests a wide distribution of Ca.
N. limneticus and its importance in Eurasian freshwater lakes but
also raises questions about the global biodiversity of planktonic
freshwater Nitrososphaerota. Accordingly, we examined the distri-
bution of planktonic freshwater Nitrososphaerota by assessing the
relative abundance of prokaryotic plankton in globally sampled la-
custrine metagenomes (1 = 157; table S3). For this purpose, we used
the universally conserved single-copy marker gene COGO0012 [a ri-
bosome-associated guanosine triphosphatase (GTPase)], which was
recently used in metagenomics to determine operational taxonomic
units (i.e., mOTUs) at the species level (53). Details are described in
the Supplementary Materials. Samples analyzed span the epilimni-
on (warm, photic layer) and hypolimnion (cold, aphotic layer) of
thermally stratified lakes. Taxonomic profiling of the prokaryotic
community based on the abundance of 2646 mOTUs (representing
all COG0012 gene clusters with 95% global nucleotide sequence
identity) in freshwater metagenomes revealed that Nitrososphaero-
ta formed the major nitrifying community relative to the total pro-
karyotic plankton (Fig. 6A). In the hypolimnion, they were five
times more abundant (mean * SD, 10.7 * 6.8%; n = 64;
maximum, ~33%) than ammonia-oxidizing bacteria (mean + SD,
2.0 + 3.4%; n = 35; maximum, ~16%) and three times more abun-
dant than nitrite-oxidizing bacteria (mean + SD, 3.8 + 2.6%; n = 69;
maximum, ~14%). The abundance of Nitrososphaerota in the hy-
polimnion was also 10-fold higher than in the epilimnion
(mean * SD, 1.5 £ 1.2%; n = 27; maximum, ~5%; Fig. 6A), confirm-
ing results from other deep oligotrophic lakes obtained using differ-
ent techniques [such as Catalysed reporter deposition-fluorescence
in situ hybridization (CARD-FISH)] (25, 28, 54). The low abun-
dance of nitrifying prokaryotes in the sunlit epilimnion may be
caused by photoinhibition and sensitivity to reactive oxygen
species produced by planktonic phototrophs (55, 56). A similar con-
tribution of active Nitrososphaerota of ~2 to 11% of the total pro-
karyotic community was found in the hypolimnion (85 m) of Lake
Constance (fig. S10), based on recent metatranscriptomes (n = 10,
two to three replicates) covering a single annual seasonal cycle (25).
Opverall, the results indicate that Ca. N. limneticus is an active and
abundant component of the hypolimnetic prokaryotic community
in European perialpine lakes.

7 of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
Marine | @ @ o o [
c Lacustrine — ° . o ° .
S AOA  § [AoB © NOB © T T T T T
£ 804 o™ N N N O &
2 € 101 > s & & &
o A o) &) o) O 9)
S 20+ 10 © O O O O O
8 5 (1) (2) (3) (4) (5)
o ] 5+ oy
& 104 5 ° C & mOTUs
5} = o 25
£ g @ g ® 50
b - o
5 015 S | 0i=0- O [ 01—¢ ; ° ® 100
B S & S & S S o ® 200
S . ,\Q’\‘ & A,\Q(\ & 2
S0 ol 0% : i
K0 RSP RN 4
D & &R - Lacustrine
N N N Universal single-copy marker genes
[] (shared)
Marine
D E [ |
g ) i ., O Epiimnion Lake mixing regimes
a. N. limneticus @ Hypolimnion O Monomictic
»| BS16-187 - - @ Dimictic
=| LHoare22m MBin21 © Epi-/mesopelagic m Meromictic by oxygen gradient
E IS42868in4§ . B Meromictic by salinity gradient
S __Con
¢ castsom-72 Soeaa 3
=| TOBG-NP-142
I N maritimus scMm1 10, *
3| Bin300027627_15 £ 204
5| Baikal-G1 3
S| Biwa-LBMAG-Bini 8 40
2| F1-80-MAGs016 E
- 008 [ < Ca. Npelag. brevis CN25 ~ § 60
Nitrosotenuis 3 b4
MDeep400mMBin94 5 ~
Miosotalea oy ak16_MAG10 &
 Basal non-A0A K heena5EMMBINGS \
Freshwater \\‘ Zuricho
1
\
Brackish

T

277/

s
i

A
TR

ANTARCTICA

Fig. 6. Global species diversity and biogeography of planktonic Nitrososphaerota in lacustrine systems. (A) Relative abundance of AOA, ammonia-oxidizing bac-
teria (AOB), and nitrite-oxidizing bacteria (NOB) derived from the coverage of near-species counts of the universally conserved single-copy marker gene COG0012 in
freshwater metagenomes (table S3). Sample counts are in parentheses; only metagenomes with relative abundances greater than 0.1% (n = 91) are shown. Abundances
are normalized relative to other prokaryotic plankton in each metagenome. The boxplot shows the median as horizontal lines and the interquartile range as boxes
(whiskers extend to 1.5 times the interquartile range). The mean is shown as a red-colored diamond. (B) Diversity of planktonic Nitrososphaerota inferred using
mOTUs derived from massive integrated microbiome gene catalogs of marine and lacustrine systems. Delimitations were derived from five independent universal
marker genes. (C) Contribution of lacustrine and marine mOTUs to global planktonic Nitrososphaerota diversity. Depending on the universal marker genes, the
number of common Nitrososphaerota mOTUs is 1 to 2; all are conserved only between brackish and marine habitats. (D and E) Biogeography of 15 Nitrososphaerota
genotypes (shown in panel D) in freshwater and brackish lakes based on genome-wide coverage (95% global identity) in globally sampled lacustrine metagenomes
(n = 157; panel E). The species tree [in (D)] illustrates the phylogenetic relationship and assignment (in gray) of the 15 dereplicated Nitrososphaerota reference
genomes with an ANI of 95% (i.e., at the species level). Metagenome IDs are enumerated for brevity; full details are in table S3.
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Using four additional universal single-copy marker genes found
in Nitrososphaerota genomes (table S6) and other prokaryotes (53),
we estimated the diversity of planktonic Nitrososphaerota in aquatic
systems almost to the species level and constructed a robust profile
of prokaryotic mOTUs in massively integrated microbiome gene
catalogs of oceanic (57) and lacustrine bacterioplankton (this
study). Our global census of planktonic Nitrososphaerota diversity
showed that species richness in lacustrine systems (mean + SD,
12 £ 2 mOTUs) was 20 times lower than in the ocean (mean * SD,
255 + 100 mOTUs; Fig. 6B). Almost all lacustrine Nitrososphaerota
mOTUs occurred exclusively in freshwater systems, with those that
phylogenetically overlapped with marine Nitrososphaerota (1 to 2
mOTUs) being mostly brackish (fig. S11). Overall, our findings
suggest that the diversity of planktonic Nitrososphaerota in fresh-
water lakes is exceptionally low compared with that in the ocean,
consistent with the notion that oceans are “hotspots” of AOA diver-
sity (6).

As described in Supplementary Notes, ancestral state reconstruc-
tion also shows that freshwater AOA lineages emerged more fre-
quently from brackish than from marine ancestral lineages and
evolved independently only within three AOA clades (Ca.
N. limneticus, Nitrosoarchaeum, and Nitrosotenuis) and one basal
non-AOA Nitrososphaerota clade (fig. S12). Of these transitions,
however, only the genus Nitrosoarchaeum is species-rich (about
four species; 95% AAI), but its members (and those of the genus
Nitrosotenuis) emerged much earlier (~0.54 Ga; Fig. 4) than the
Ca. N. limneticus clade (13 Ma old). The direct transition from
marine to freshwater could be metabolically costly, as salinity
stress affects the kinetics of ammonia oxidation in Nitrosopumilus
strains from brackish water grown under freshwater or marine con-
ditions (38, 43). Overall, these results may help explain the low di-
versity of AOA in freshwater systems and suggest that brackish
waters likely serve as bridging habitats for the transition between
marine and Eurasian freshwater habitats.

Several factors can influence species diversity differently in
freshwater and marine systems. For example, topographic complex-
ity (e.g., reefs and kelp forests), depth, stratification, currents, large
spatial extent, and age of the ocean are likely to provide more
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Fig. 7. Loss of ancestral gene families in the proteome of Ca. N. limneticus
caused by the transition from marine to freshwater. (A) Number of gene fam-
ilies (i.e., orthogroups) in Nitrosopumilus species from different aquatic systems. A
total of 7447 gene orthogroups were predicted, of which 4019 occurred in at least
one genome in all three habitats. Pie charts show counts of these 4019 gene fam-
ilies in freshwater (n = 48), brackish water (n = 25), and marine (n = 35) species. (B)
The Venn diagram shows the conservation of 1625 gene families in Nitrosopumilus
species from the three habitats. A total of 120 gene families are unique to fresh-
water genomes (i.e., Ca. N. limneticus). Details of the genomes and gene occur-
rence profiles (including annotations) can be found in tables S1 and S7,
respectively.
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habitats and conditions conducive to species diversification. Con-
versely, freshwater lakes favor higher species diversity as they are
spatially separated and extremely diverse, for example, in terms of
available ions and nutrients and trophic and redox status. However,
water masses in lakes have high turnover and are hydrologically
connected, which can lead to homogenization of microbial commu-
nities. In addition, the effects of climate change are more pro-
nounced in lakes than in the ocean, which has led to an
unprecedented loss of biodiversity, particularly in lakes [reviewed
in (58)].

Ca. N. limneticus predominates over other planktonic
Nitrososphaerota in Eurasian freshwater lakes

Next, we assessed the biogeography of Ca. N. limneticus in lacus-
trine ecosystems by comparing the prevalence of 15 high-quality
reference Nitrososphaerota genomes (including 12 freshwater ge-
notypes; Fig. 6D; details in the Supplementary Materials) in a
global collection of lacustrine metagenomes (n = 157; table S3).
Overall, we found a dependence of lacustrine Nitrososphaerota dis-
tribution on depth layer (epilimnion and hypolimnion) and geo-
graphic location at a global scale (Fig. 6E). Of note is the
consistently predominant pattern of Ca. N. limneticus (Fig. 6E) in
large lakes in Europe (relative abundance of 54 to 99%), which are
relatively strongly hydrologically connected, and in two Asian lakes
(relative abundance of ~14 to 86% in Fuxian and Baikal lakes),
which include the world's most voluminous and oldest existing
lake (27). However, freshwater AOA communities in Asian and
North American lakes, including the Laurentian Great Lakes,
were more diverse and dynamic. For example, abundances shifted
with depth toward different Nitrosoarchaeum species in Asian (~15
to 99%) and North American (~10 to 94%) lakes (Fig. 6E). In con-
trast, the freshwater Nitrosotenuis species MDeep400mMBin94
dominated in the two African lakes (relative abundance of >90%;
Fig. 6E), whereas the brackish Nitrosotalea species PowLak16_M-
Bin10 and a novel brackish Nitrosopumilus species LHoare22m_M-
Bin21 dominated in Lake Powell (southwestern USA) at various
depths (76 to 89%) and in two Antarctic dry valley lakes (Hoare
and Fryxell; 35 to 99%), respectively (Fig. 6E). These genome-
wide abundance results also confirm the extremely low global diver-
sity of freshwater planktonic Nitrososphaerota (Fig. 6, B and C) and
are consistent with the absence of Nitrosopumilus-like 16S rRNA
gene sequences in the Laurentian Great Lakes (59) and Lake Tan-
ganyika genotypes (60). Overall, the findings indicate that AOA
communities in Eurasian lakes are more similar to each other
than in lakes in Africa, Antarctica, and North America, underpin-
ning the influence of geographic separation on Nitrososphaerota
evolution.

Proteome sequence alteration as a basis for freshwater
colonization

Last, we focused on 108 Nitrosopumilus species from fresh (n = 48),
brackish (n = 25), and marine (n = 35) waters and inferred orthol-
ogous gene families using OrthoFinder2 (61) to assess the genomic
basis for the apparent clonality of Ca. N. limneticus populations in
Eurasian freshwater lakes. Comparative genomics was performed as
described in the Supplementary Materials. A total of 7447 gene fam-
ilies were predicted in the Nitrosopumilus genomes examined, half
of which (4019) occurred in at least one genome within the three
habitats (Fig. 7A). Of these, only ~47% (or 1906 gene families)
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were found in freshwater species, but accounted for ~72 and 89% in
brackish water and marine species, respectively (including eight
symbiotic species; Fig. 7A). Overall, the 1906 gene families found
in freshwater species represent ~82% of the 2328 pan-genes of Ca.
N. limneticus exclusively from freshwater (n = 48 genomes, exclud-
ing 6 from the Caspian Sea), suggesting that only 18% were genome-
specific genes (or singletons), many of which were not annotated.
This result, in turn, reveals a gradual loss of ancestral gene families
during the transition of Nitrosopumilus species from marine to
freshwater, reflected in the incidence of shared gene families
(Fig. 7A) and the lower number of habitat-specific gene families
(120 versus 935; Fig. 7B) and singleton genes (422 versus 1898) in
freshwater compared to marine species.

A total of 1625 gene families were conserved in the species from
all three habitats (Fig. 7B), representing 85.3% of the pan-genome of
Ca. N. limneticus (table S7). These highly conserved gene families
encode key carbon and energy metabolic systems of the marine/
brackish ancestors (Fig. 7A and table S7). As observed elsewhere
(25), Ca. N. limneticus can oxidize ammonia for energy, fix CO,
via the conventional autotrophic 3-hydroxypropionate/4-hydroxy-
buyrate pathway, use alternative nitrogen and carbon sources such
as urea, and generate adenosine triphosphate (ATP) using the A-
type ATPase complex. Ca. N. limneticus is also able to synthesize
vitamins (e.g., B12), amino acids, and cofactors and scavenge nutri-
ents (e.g., phosphorus) and has protective mechanisms against ul-
traviolet damage (e.g, DNA photolyase and UvrABC
endonuclease) and oxidative stress (table S7). Most of the gene fam-
ilies unique to Ca. N. limneticus (120 in total; Fig. 7B) have no pre-
dicted functions (table S7). As expected, Ca. N. limneticus cannot
synthesize osmolytes such as ectoine and hydroxyectoine (table S7).
However, Ca. N. limneticus encodes other mechanisms to cope with
osmotic stress (e.g., the higher potassium concentration in freshwa-
ter), such as the Trk-type potassium efflux pump (table S7), similar
to its marine and brackish Nitrosopumilus counterparts (Fig. 7A). In
addition, Ca. N. limneticus has energetically more efficient proton-
pumping NADH (reduced form of nicotinamide adenine dinucleo-
tide):quinone dehydrogenase (NDH), which is optimal for low-sal-
inity conditions and is common in freshwater bacteria (62). These
results suggest that freshwater AOA are maladapted to the higher
ionic strength (e.g., of Na*, CI~, and Mg**) of seawater, as reflected
in their proteome signatures (see below).

To address this latter suggestion, we examined the amino acid
composition and isoelectric point (pI) of predicted proteomes
(details in the Supplementary Materials) that might better reflect
evolutionary genome development during the transition from
marine to freshwater habitats. On the basis of the same 122 con-
served single-copy genes (see above), we analyzed the amino acid
composition of the predicted proteomes of the 108 Nitrosopumilus
comprising species from fresh, brackish, and marine waters (table
S1). Principal components (PC) analysis of amino acid frequencies
(data S11) distinguished Nitrosopumilus genomes by habitat assign-
ment (Fig. 8A). The amino acids isoleucine, aspartic acid, and valine
account for 85% of the variability in PC1, whereas leucine, arginine,
threonine, and asparagine together contribute 57% in PC2 (Fig. 8B).
This is also reflected in the significant (Kruskal-Wallis test, P < 0.05)
enrichment of charged residues (aspartic acid) in marine/brackish
species and residues with hydrophobic side chains (isoleucine) and
neutral residues (threonine and asparagine) in Ca. N. limneticus
(Fig. 8C). Although biases in amino acid composition may be
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indirectly correlated with GC content, genome-wide GC content
(30 to 35%) varied only slightly among Nitrosopumilus species
(table S1). Together, these results suggest that residues in the core
proteome of Nitrosopumilus species carry signatures that reflect
their ecological lifestyle and underscore the strength of environ-
mental selection in reshaping the proteome across the marine-
freshwater boundary.

In addition, we examined the pI of predicted proteomes (data
S12) but restricted the analysis to integral membrane proteins
with a single transmembrane domain. This is because extracellular
proteins evolve much faster than intracellular proteins (63) and are
thought to interact closely with the extracellular environment (45).
Moreover, the pI value is the biochemical property of a protein at
which pH it has no net charge. The plI value is highly dependent on
the solution (buffer) pH, implying that functional and evolutionary
links exist between environmental properties (pH) and protein pl
values in Nitrosopumilus species inhabiting the three distinct
aquatic habitats. The proportion of genes encoding integral proteins
relative to the total number of predicted proteins varied signifi-
cantly by species habitat (Kruskal-Wallis test, x*> = 18.495, df = 2,
P =9.636 x 107°). They were lowest in freshwater (mean + SD,
7.7 + 0.4%; n = 48), intermediate in brackish water (mean + SD,
8.4 + 1.4%; n = 25), and highest in marine species (mean + SD,
9.1 + 1.6%; n = 27). In addition, the predicted median pI value of
these proteins was significantly shifted in Nitrosopumilus species as
a function of habitat assignment (Kruskal-Wallis test, x> = 57.328,
df=2, P=3.559 x 10~ '% Fig. 8D). Values were highest in freshwater
species (median, 4.77; n = 48), intermediate in brackish water
species (median, 4.64; n = 25), and lowest in marine species
(median, 4.51; n = 27; Fig. 8D). In addition, the frequency distribu-
tion of pI was relatively unimodal in marine species (Hartigan's dip
test, P = 0.589), in contrast to lacustrine species with two maxima
(Fig. 8D). Overall, these results show that the transition from
marine to freshwater in the genus Nitrosopumilus was accompanied
by substantial amino acid substitutions in the membrane-anchored
proteome.

To summarize, we leveraged metagenomes from geographically
separated and ecologically diverse freshwater lakes to provide an in-
tegrated genome-wide view on the evolution and divergence of
planktonic lacustrine Nitrososphaerota on a global scale. We
found that the species diversity of planktonic Nitrososphaerota in
freshwater lakes (ca. 15 detected “species”) was 20-fold lower than
in marine ecosystems. However, the abundance of Nitrososphaerota
in freshwater lakes [this study and others; e.g., (25, 28, 54)] is similar
to that in the ocean [20 to 40% of prokaryotic plankton; discussed in
(3)]. This lower diversity is likely the result of a relatively recent
habitat transition of planktonic Nitrososphaerota into freshwater
systems or due to population bottlenecks associated with the tran-
sition from ocean to freshwater, such as adaptation to low salinity
(64). Thus, the diversity of aquatic Nitrososphaerota could be
related to ecosystem age, constrained by environmental conditions,
or the interaction of both factors.

Our results demonstrate the emergence of a clonal freshwater
AOA species and its propagation in major European perialpine
lakes. Theoretically, geographically isolated lakes are expected to
harbor locally evolving species—in the absence of disturbance
(e.g., human intervention), resulting in restricted gene flow, geno-
typic variation, and a high proportion of endemic freshwater micro-
organisms. This is true for freshwater lakes in Africa (Tanganyika
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Fig. 8. Marine-freshwater transition prompted extensive amino acid substitu-
tions in the proteome of Ca. N. limneticus. (A) Amino acid composition profile of
122 core genes in 101 Nitrosopumilus genomes (excluding eight host-associated
marine species) separates species into discrete ecological clusters using principal
components analysis. Polygons show 95% Cls for a set of species in each habitat
group. The two principal components explained 59.3% of the total variance. (B)
The amino acids isoleucine (1), aspartic acid (D), and valine (V) account for 55,
16, and 14% of the variability in PC1, respectively, while leucine (L), arginine (R),
threonine (T), and asparagine (N) account for 24, 18, 8, and 7% of the variability in
PC2, respectively. (C) These residues are also significantly differentially enriched in
freshwater and marine species. Boxplots show the median as middle horizontal
line and interquartile ranges (IQRs) as boxes (whiskers extend no further than
1.5 times the IQR). (D) Distribution of the median pl of putative integral proteins
in ecologically assigned Nitrosopumilus genomes. Within violins, boxes correspond
to the first and third quartiles of the distribution, while a thick horizontal line
shows the median, and whiskers extend to extremes no further than 1.5 times
the IQR. Asterisks show the adjusted significant P values of the unpaired two-
sided Wilcoxon test with Benjamini-Hochberg-Yekutieli correction (*P < 0.05,
**p < 0.01, **P < 1073, and ****P < 107°). F, freshwater; B, brackish water; M,
marine water.

and Kivu), Antarctica (e.g., Hoare and Bonney), and exemplary
inland brackish lakes (e.g., Issyk-Kul). In the major perialpine
lakes of Europe, however, the predominant (and often the only)
AOA evolved from a common brackish ancestor and underwent
limited diversification over millennia. The oldest lakes in the
world such as the Caspian Sea (2 to 5 Ma) and Lake Baikal (>25
Ma) (23) were found to harbor the same Nitrosopumilus genotype
as relatively young Eurasian lakes [10,000 years old (23)], despite
differences in age, salinity, and spatial separation (3400 to 6500
km). These results contrast with the high microbial species turnover
observed at smaller geographic scales in the ocean (65). They also
challenge the view that very few AOA species can dominate the
overall diversity of individual ecosystems (3, 6). Curiously, despite
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their extraordinarily low genetic diversity, planktonic freshwater
AOA exhibit nitrification rates comparable to or many times
higher than those of ocean gyres [discussed in (25)], converting
up to 11% of nitrogen assimilated via primary production (25).
This, in turn, emphasizes the ecological importance of Ca.
N. limneticus at the ecosystem level.

Freshwater systems are among the ecosystems undergoing the
greatest and most rapid changes because of climate change (37),
and the pace of these changes has resulted in unprecedented loss
of biodiversity (58). Recent records show, for example, a decline
of up to 80% in reference freshwater vertebrate fauna over the
past three decades, many of which are threatened with extinction
(58). Although low genetic diversity is a hallmark of highly endan-
gered species, extinction of freshwater AOA is less likely because, as
shown in our study, they are widespread, accounting for up to 30%
of microbial biomass (25), and, like other planktonic prokaryotes,
have minimal dispersal constraints due to their small size. However,
among prokaryotes, ecologically specialized species (such as che-
molithoautotrophic AOA) are more likely to face extinction under
disturbed conditions than prokaryotes that are generalists [dis-
cussed in (66)]. Some studies show that AOA are more sensitive
to disturbance (e.g., eutrophication) than their bacterial counter-
parts [see, e.g., (67)]. Our findings therefore have implications for
the role of Nitrososphaerota in freshwater energy and nutrient
fluxes, for the trophic interactions they support, and ultimately
for the function of freshwater lakes as sources of drinking water.

MATERIALS AND METHODS

Selection of metagenomes

The metagenomes used in this study are those generated as part of
this study and those obtained from the European Nucleotide
Archive (ENA). For ENA metagenomes, only those published in
a primary publication or for which the principal investigators had
given their consent were used. The full list of the studies and
samples are provided in table S3, including accession numbers
and corresponding metadata (when available). Detailed informa-
tion on sample collection and metagenome sequencing can be
found in the Supplementary Materials for several European perial-
pine lakes, Lake Issyk-Kul, and Antarctic dry valley lakes (Hoare,
the Westlobe of Bonney, and Fryxell). Metagenomes were prepro-
cessed and assembled into contigs using metaSPAdes v3.15.2 (68),
as described by Duarte et al. (57), or MEGAHIT v1.1.4-2 (69), as
described in the Supplementary Materials.

Genome-resolved metagenomic binning and additional
reference genomes

The resulting size-filtered metagenomic contigs were mapped to the
corresponding error-corrected metagenomic reads using BBMap
v38.90 (https://github.com/BiolnfoTools/BBMap) with default set-
tings except the “pairedonly=t" option. The resulting mean base
coverage per contig was used for unsupervised metagenome-re-
solved genome binning using MetaBAT2 v2.12.1 (70) with default
settings and a minimum contig size of 1.5 kbp. The quality of MAGs
was assessed using CheckM v1.1.3 (71) with the “lineage_wf"
command and were taxonomically assigned with GTDB-Tk v1.3.0
(72) using the “classify_wf” command with default settings and
GTDB database version 95 (accessed 23 July 2020).
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Additional reference genome drafts of marine and terrestrial
AOA were retrieved from three dedicated databases (accessed May
2018 and June 2020), including the National Center for Biotechnol-
ogy Information (NCBI; www.ncbi.nlm.nih.gov), the Integrated
Microbial Genomes and Microbiome (IMG; https://img.jgi.doe.
gov) database, and the National Genomic Data Center (NGDC;
https://bigd.big.ac.cn). These reference genomes were also exam-
ined using CheckM and GTDB-Tk (as described above) to check
their completeness and validate their taxonomic assignment. All
genomes used in this study are listed in table S1 (n = 301), where
additional information can also be found.

Subsequently, all MAGs and genomes that were assigned to the
phylum Nitrososphaerota and had completeness of at least 25% and
contamination of <10% were selected for further analyses (see list in
table S1). For the initial phylogenomic analyses, this level of com-
pleteness was used to obtain divergent clades of Nitrososphaerota
before further analyses were performed as described below or as de-
scribed in the Supplementary Materials, including analysis of
genome-wide ANI and AAI, comparative genomics based on or-
thologous gene families, and pI analysis of predicted proteomes
of Nitrosopumilus species.

Draft MAGs of Nitrososphaerota from brackish and freshwater
lakes have been deposited at NCBI under BioProject number
PRJNA820565 and ENA BioProject number PRJEB35640, while
metagenomes have been deposited in the Short Reads Archive
under the accession numbers provided in table S3.

Nitrososphaerota species tree inference using
concatenated marker genes and 16S rRNA gene phylogeny
All 301 genomes (table S1) were used to construct an initial
maximum-likelihood tree (fig. S2) based on a concatenated
protein alignment of 122 conserved archaeal single-copy genes
(data S1). Archaeal conserved genes were predicted with GTDB-
Tk v1.3.0 (72) using the GTDB database (release 95; accessed 23
July 2020) and the “classify_wf” command with default settings.
A maximum-likelihood tree (dataset S2) was then constructed
from the concatenated protein alignment with IQ-TREE v2.0.6
(73) using the best-fitting LG+F+R10 model, and confidence was
assessed by ultrafast bootstrapping (1000 iterations).

In parallel, a second complementary phylogenomic tree was in-
ferred from an independent set of 43 conserved single-copy marker
genes obtained with CheckM v1.1.3 (71) using the “lineage_wt"
workflow. Phylogenomic inference was performed from the result-
ing concatenated protein sequence alignment of 301 genomes (data
S$3) with IQ-TREE (73) using the best-fitting LG+F+R9 model with
1000 ultrafast bootstraps. For visualization, the resulting trees were
visualized in FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/
figtree/) and rooted using the 38 Euryarchaeota genomes (see list
in table S1) following the protocol of Ren et al. (8). Crucially, the
independent phylogenomic trees inferred from the 122 and 43
single-copy marker genes (data S2 and S4) were highly supported
and confidently maintained the topologies of the major lineages
(fig. S2), as determined using the “cophylo” command in the R
package "PhyTools” v1.0-1 (74).

After these tests, we reduced our original genome dataset from
301 to 218 genomes of medium to high quality [following Bowers
et al. (75)] to improve the run times of the computationally inten-
sive molecular dating analyses subsequently performed. The 218
representative genomes were selected by excluding redundant
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species after we inspected adjacent branches/leaves in the phyloge-
nomic trees (figs. S2 and S3) and considered genome completeness
(average ~85%) and estimated contamination levels (maximum
10%), while retaining all archaeal reference genomes (n = 78)
from Ren et al. (8). The 218 genomes are highlighted in table S1.
From these 218 genomes, we extracted and constructed a concate-
nated alignment of 122 protein families (data S5) using GTDB-Tk
(72), followed by inference of a maximum-likelihood tree (data S6)
using IQ-TREE, as described above.

A complementary Bayesian-based phylogenomic tree (data S7)
was constructed using the same concatenated alignment with 218
genomes using PhyloBayes v4.1 (40) with the CAT-GAT+TI
model, which is considered robust and computationally viable for
large phylogenomic datasets (76). Two independent Markov chains
were run until both reached convergence. The chains were run until
the effective sample size for each parameter was >100, and the rel-
ative difference between the parameters of each run was <0.3. The
burn-in for each chain was 100 points, and each chain was sampled
every 10 points up to 30,200 points. Markov chain Monte Carlo
(MCMC) convergence was evaluated using the “tracecomp” and
“bpcomp” commands in PhyloBayes (49). The majority consensus
tree resulting from the Bayesian analysis retained the evolutionary
relationships already supported by the maximum-likelihood tree
(fig. S3), as determined using PhyloTools (40). Unless otherwise in-
dicated, the maximum-likelihood tree of 218 genomes (fig. S4) is
reported in the main text and used for both divergence time estima-
tion and ancestral state reconstruction analysis (see below
for details).

The 16S rRNA gene sequences encoded in the 301 genomes were
extracted using Barrnap v0.9 (https://github.com/tseemann/
barrnap). Of these, 185 genomes encoded at least one gene sequence
with lengths > 1 kbp. When a genome carried multiple copies (for
35 non-Nitrososphaerota genomes), only the longest sequence was
considered. The predicted 16S rRNA gene sequences were aligned
using MAFFT-linsi v7.407 (77) (option: --adjustdirection) before
trimming the resulting alignment using trimAl vl.4.revl5
(option: -gappyout) (78) to remove ambiguous positions. The fil-
tered alignment with 1472 nucleotide positions was used to build
a maximum-likelihood tree (fig. S5) with IQ-TREE (-m
TESTNEW -bb 1000 -alrt 1000 -bnni -safe -mset GTR) under the
best-fitting GTR+F+R5 model.

Molecular dating of Nitrososphaerota divergence

The time of divergence of Ca. N. limneticus in the evolutionary
history of Nitrososphaerota was estimated using the Bayesian
dating approach in PhyloBayes v4.1c (40) based on the concatenated
alignment with 122 protein families (data S5) from 218 genomes of
medium to high quality (see full list in table S1). Bayesian analysis of
molecular dating was fixed to the corresponding maximum-likeli-
hood tree derived from the concatenated alignment (fig. S4 and data
S5), using both the full CAT and reduced CAT20 substitution
models separately, each in combination with the following
options: the relative exchange rate LG (-1g), a lognormal autocorre-
lated relaxed clock (-In), a birth-rate process (-bd), and four gamma
categories (-dgam 4). To compare posterior ages with estimations
obtained without the information from the concatenated protein se-
quence alignment, we generated age estimates under a prior process
(-prior) in PhyloBayes (40). The LG model is based on the best-
fitting model derived using IQ-TREE (73) after reconstructing the
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maximume-likelihood tree. On the other hand, the autocorrelated
clock model was chosen because the maximum-likelihood tree is
significantly autocorrelated (CorrScore = 0.90051, P < 0.01) accord-
ing to CorrTest (79). This, in turn, implies that the inferred Nitro-
sosphaerota phylogeny is a function of the temporal lag between
ancestors and descendants. In the main text, we report only the
CAT20-based results because no significant differences in mean
ages of major nodes were observed between the full CAT and the
CAT20-based analyses (table S5).

Four nodes in the phylogenomic tree were used for time scaling.
These were based on the temporal priors used previously to estimate
the divergence of marine Nitrososphaerota (8) and major prokary-
otic and eukaryotic lineages (including Nitrososphaerota) (41).
Figure S4 shows labeled nodes with molecular calibration points
that were used: (i) The root node of Archaea was set with a
gamma-distributed root prior of 3.95 + 0.25 Ga adopted from
(41, 80)—so that the root age is midway between the youngest
root of 3.8 to 2.7 Ga (81) and the most ancient root of 4.38 to
3.35 Ga used to estimate the evolution of methanogens (80); (ii
and iii) the inferred independent origin of the Crenarchaea (Ther-
moproteales and Sulfolobales) and Thermoplasma lineages after the
GOE of 2.33 Ga (82, 83) on the basis that members of these discrete
clades use oxygen as a terminal electron acceptor (84); and (iv) the
inferred age of the most recent common ancestor (~0.475 Ga) of the
Crenarchaeota Sulfolobus sulfotaricus and Sulfolobus islandicus,
which have chitinases thought to have arisen after the evolution
of lignin-producing plants (81).

Two independent MCMC were run in parallel until they reached
convergence based on a comparison of their posterior distributions
with the “tracecomp” program implemented in PhyloBayes (effec-
tive sizes of >100 and maximum discrepancy between chains of
<0.3; fig. S7). The chronogram of the species tree was generated
using the “readdiv’ command in PhyloBayes (40). MCMC chains
were sampled every 10 cycles after a burn-in of 500 points from
the first generations. The results of the parallel analyses performed
with the CAT20 substitution model were consistent with the full
CAT model, as indicated by the similarities in the age estimates of
the major Nitrososphaerota groups (table S5). Tree chronograms of
species under the CAT20 model and the full CAT model are provid-
ed in data S9 and S10, respectively.

A similar Bayesian divergence estimation analysis was per-
formed on the basis of the concatenated alignment of the 77
protein families (data 8) by Ren et al. (8) (n = 167 genomes) to
test the robustness of our molecular estimation approach with
respect to the mean age estimates for the nodes of greatest interest
compared with the original results derived using MCMCTree (8).
Accordingly, a maximum-likelihood tree was inferred with IQ-
TREE v2.0.6 (73) under the best-fitting LG+F+R9 substitution
model (1000 ultrafast bootstraps). Next, a molecular dating analysis
was performed with PhyloBayes using the above temporal con-
straints, the reduced CAT20 substitution model, the relative ex-
change rate LG (-lg), a lognormal autocorrelated relaxed clock
(-In), a birth-rate process (-bd), and four gamma categories
(-dgam 4). The resulting time-calibrated tree reasonably repro-
duced the previous divergence times (fig. S8 and table S5), suggest-
ing that procedural effects in the inferred Nitrososphaerota
divergence times between PhyloBayes and MCMCTree were negli-
gible and that the differences were mainly due to the expanded
dataset in our study.
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Genome-wide sequence variants and population structure
of Ca. N. limneticus

An alignment of the core genome was used to infer genome-wide
SNVs and to reconstruct phylogenetic relationships among the Ca.
N. limneticus genomes (n = 40) at the strain level. This also allowed
us to estimate the relative impact of homologous recombination on
the genetic diversification of Ca. N. limneticus populations in the
sampled freshwater systems. Because prediction of core genome
size depends on the size and quality of the genomes sampled, we
based our analysis on a set of 40 Ca. N. limneticus MAGs with a
total length of at least 70% of the median length (1.1 Mbp) of Ca.
N. limneticus MAGs (table S1). The selected MAGs represented
80% of the 52 Ca. N. limneticus genomes, originating from Eurasian
lakes (including Baikal and Fuxian) and the Caspian Sea.

To measure recombination rates in the Ca. N. limneticus popu-
lation, we created a multiple whole-genome alignment of the 40
MAGs with progressiveMauve v2.4.0 (85) using default settings.
The core genome alignments longer than 500 bp were then extract-
ed using the “stripSubsetLCB" script provided by Mauve (85). The
concatenated core genome alignment was then used to build a
maximum-likelihood tree using PhyML v3.3.20211231 (86) with
the options “--datatype nt -p --bootstrap 100 --model GTR -f m
--ts/tv e --alpha e --quiet --leave_duplicates.” With these datasets,
ClonalFrameML v1.12 (26) was used to infer the phylogeny of the
genomes based on SNVs outside of recombination and to estimate
both the relative frequency of recombination to mutation (R/6) and
the relative effect of recombination to mutation (r/m) for the whole
Ca. N. limneticus population and for each subclade defined in the
phylogeny. Note that R/6 and r/m represent different evolutionary
metrics because R/0 ignores the length and nucleotide diversity of
the imported fragments and therefore does not provide information
on the actual effect of recombination on evolutionary change (34).
The recombination parameter r/m is calculated as the product of (R/
0) x 0 x v, where 0 is the average length of the imported sequences
and v is the average nucleotide divergence of the imported sequenc-
es [see (26)]. In parallel, we investigated whether these recombina-
tion rates can be reliably estimated from MAGs by comparing
estimates derived from MAGs, single-cell genomes, and isolates
from two ubiquitous aquatic bacterial species (table S8). These
results are summarized in table S9 and discussed in Supplementary
Notes.

Using an alternative approach, we also quantified recombination
rates based on the core SNV alignment, which we obtained by
mapping independent freshwater metagenomes against the same
Ca. N. limneticus reference MAG (LH-02apr19-284). The reference
has a size of 1.16 Mbp and was selected for its high completeness
(100%), lack of contaminants, low number of contigs (26), and
high Nsq (~0.6 Mbp) compared to other genomes (table S1). We
inferred R/® and r/m of native Ca. N. limneticus populations
based on the metagenomes (n = 60) used to reconstruct medium-
to high-quality MAGs by mapping them separately against the ref-
erence MAG using Snippy v4.6.0 (https://github.com/tseemann/
snippy). Snippy was run with default settings (including the
minimum site coverage depth of 10 for allele determination).
Twenty-five of the metagenomes provided sufficient coverage
(10x) for SNV analysis, and from these, a core genome alignment
was created with common variants sites present in at least two
samples, representing the core SNV genome of natural Ca.
N. limneticus populations in each lake. Ambiguous gaps were
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trimmed from the core SNP genome alignment using trimAl
vl.4.revl5 (78) with the “-gappyout” option, followed by inference
of a maximum-likelihood tree using PhyML and estimation of re-
combination rates using ClonalFrameML as described above.
Genetic differentiation (population structure) of natural Ca.
N. limneticus populations in different Eurasian freshwater lakes
was also estimated based on the Fgr. POGENOM v0.8.3 (87) was
used to estimate Fgp based on pairwise comparisons of allele fre-
quencies in freshwater metagenomes mapped to the same represen-
tative genome (LH-02apr19-284) as above. Only metagenomes with
at least 10-fold average coverage and a minimum breadth of cover-
age to the reference genome of 40% were considered (46 of 157).

Statistics

Multivariate statistics were performed in the R environment (www.
R-project.org/) using the packages “rcompanion” v2.4.0 and
“rstatix” v0.6.0, and results were plotted using “ggplot2” v3.3.3.
The Kruskal-Wallis test was performed to examine differences in
the median isolectric point (pI) of Nitrosopumilus species assigned
to different habitats. Significant differences were then assessed with
the nonparametric Mann-Whitney U test for pairwise comparisons
using the Benjamini-Hochberg-Yekutieli correction to control for
false discovery rate (a = 0.05). All P values less than 0.05 were con-
sidered significant. Frequency distributions of the median pI that
deviated from unimodality were tested with Hartigan's dip test sta-
tistic with “diptest” v0.75-7 using simulated P values based on 2000
bootstrap replicates. pI distributions with P values less than 0.01
were considered significantly unimodal. Principal components
analysis biplots were generated using the R packages “reshape2”
v1.4.4,"ggbiplot” v0.55, ggplot2, “ggfortify” v0.4.11, and “ggConvex-
Hull” v0.1.0.
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