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Gene inversion led to the emergence of brackish archaeal
heterotrophs in the aftermath of the Cryogenian Snowball
Earth
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Abstract

Land-ocean interactions greatly impact the evolution of coastal life on earth. However, the ancient geological forces and genetic
mechanisms that shaped evolutionary adaptations and allowed microorganisms to inhabit coastal brackish waters remain largely
unexplored. In this study, we infer the evolutionary trajectory of the ubiquitous heterotrophic archaea Poseidoniales (Marine Group II
archaea) presently occurring across global aquatic habitats. Our results show that their brackish subgroups had a single origination,
dated to over 600 million years ago, through the inversion of the magnesium transport gene corA that conferred osmotic-stress
tolerance. The subsequent loss and gain of corA were followed by genome-wide adjustment, characterized by a general two-step
mode of selection in microbial speciation. The coastal family of Poseidoniales showed a rapid increase in the evolutionary rate during
and in the aftermath of the Cryogenian Snowball Earth (~700 million years ago), possibly in response to the enhanced phosphorus
supply and the rise of algae. Our study highlights the close interplay between genetic changes and ecosystem evolution that boosted
microbial diversification in the Neoproterozoic continental margins, where the Cambrian explosion of animals soon followed.

Keywords: brackish microorganisms, gene inversion, archaeal evolution, osmotic stress, Snowball Earth

Significance Statement

Global-scale land-ocean interactions stimulate ecosystem transformation and have had tremendous impacts on the evolution of an-
imals and plants; however, they are poorly studied for microorganisms that evolved in deep time. One of the long-standing questions
is the origination of brackish microbial communities, whose genetic repertoire might have recorded the dynamic environmental
changes on continental margins. We demonstrate that the origination of the brackish subgroups of Marine Group II archaea likely
happened after the Cryogenian glaciation. The complex rearrangement of the magnesium transporter gene corA in their genomes
was demonstrated to be critical to this habitat transition. Our results provide a glimpse into the microbial evolution in
Precambrian coastal oceans, where microorganisms might have paved the way for the arrival of animals.
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Introduction

Salinity is among the strongest environmental factors determin-
ing the community composition of both macro- and microorgan-
isms (1, 2), which is so-called the “salinity divide” (3). Compared
with distinct and characteristic biological populations in marine
and freshwater ecosystems, biodiversity in brackish environ-
ments, such as estuaries and enclosed seas, is less understood,
despite the importance of these environments in land-ocean in-
teractions and their vulnerability to human activities. In the
past decade, the existence of a unique, highly diverse and possibly
globally distributed brackish community of bacteria and protists
has been reported (4-6). Two recent studies inferred that the evo-
lutionary transitions of bacteria and archaea among freshwater,
brackish, and marine environments started in the early earth
(7, 8); yet the geological forces and genetic mechanisms that drove
the origination of brackish microorganisms are still largely
unknown.

Brackish ecosystems are different from marine and freshwater
ones in various environmental factors, such as salinity, nutrients,
predators, and competitors (9). It is thus challenging to identify
the key genetic changes and the primary selective force triggering
the divergence between these ecosystems. Recent genome com-
parisons among saline and freshwater subgroups of bacteria
and archaea have revealed functional differences in these two
subgroups in osmotic regulation and in growth substrate specifi-
city (10-16). Two fundamental questions remain, including (i)
the primary vs. secondary genetic changes during the transition
and (ii) whether the transition was caused by a sudden event or
by gradual and cumulative effects (10, 17).

Land-ocean interactions may have strongly affected marine life
evolution in geological history of the earth. A typical example is
the Cambrian explosion of animals, which happened largely on con-
tinental margins (18). This drastic shift of global biota is attributed to
interconnected global changes after the Cryogenian Snowball Earth
and in the Ediacaran-Cambrian transition (18, 19) (~700-485.4 mil-
lion years ago, Ma), with rapid sea level rise, orogeny, and enhanced
land weathering (20, 21). Consequently, pulses of nutrients supplied
to the ocean (22) boosted coastal primary productivity (23) and food
web complexity (24). At the same time, the rise and variability of
ocean oxygen levels (25, 26) might have accompanied a large in-
crease in the abundance of planktonic algae (27). While numerous
fossil records provide details on the radiation of multicellular ani-
mals and photoautotrophs during this period (28), evidence of a
change in the evolution and ecology of bacterial and archaeal heter-
otrophsis lacking. Specifically, it is unclear whether the evolutionary
rate of microorganisms accelerated in this period as that of animals
(29) and whether changes in quantity and quality of organic matter
altered the “microbial loop” (30) of the transforming food webs in the
Ediacaran-Cambrian coastal waters. Moreover, the postglacial
ocean is considered to be stably stratified with a surface layer of
brackish and oxic water (31), but the biological impact of these ex-
panded brackish environments on microbial evolution is currently
unknown.

Marine Group II archaea (Ca. Poseidoniales) are among the
most abundant planktonic archaea in global oceans, playing es-
sential roles in marine carbon cycles (32, 33). Genomic analyses
support the idea that they are heterotrophs living on algal-derived
organic substrates. They are an important part of the “microbial
loop” (32-37) and the microbial carbon pump processes (38) in
the open ocean and coastal marine environments. Highly abun-
dant Poseidoniales 16S rRNA genes were recently found at the es-
tuary mixing zone with salinity below 15%. (39), suggesting the

possible existence of brackish Poseidoniales populations. In this
study, an in-depth analysis of global brackish metagenomes al-
lowed us to identify the evolutionary transition of Poseidoniales
between marine and brackish habitats and to elucidate the
important genetic changes that accompanied the origin of the
brackish subclades. Furthermore, the evolutionary rates of
Poseidoniaceae and Thalassarchaeaceae, the two families of
Poseidoniales that adapt to nearshore and pelagic waters, respect-
ively, were compared to reveal the possible geological and envir-
onmental driving forces during this marine-brackish shift.

Results and discussion

Global distribution of diverse and active
brackish-specific Poseidoniaceae

Metagenome-assembled genomes (MAGs) of Poseidoniales were
reconstructed from 282 metagenomes of global estuarine, en-
closed sea, and coastal environments (Fig. S1 and Table S1) and
phylogenetically analyzed together with those obtained in recent
studies (32, 33, 37). This approach contributed 94 (20.7%) high-
quality genomes to the updated nonredundant Poseidoniales
genome dataset (455 MAGs, completeness median =84.36%,
contamination median =1.09%) based on a cutoff of 99% aver-
age nucleotide identity (Table S2), which would contribute to a
better understanding of the species diversity of Poseidoniales
in low-salinity environments. Poseidoniales include two family-level
subgroups, MGlla (Poseidoniaceae) and MGIIb (Thalassarchaeaceae)
(32). Abundance mapping of this nonredundant MAG dataset
in global surface waters with distinct salinities shows that
Poseidoniaceae are abundant in enclosed seas and estuaries, while
Thalassarchaeaceae are detected exclusively in samples with
salinities over 30%. (Fig. 1A). This spatial distribution pattern is in
line with the previous observation that Poseidoniaceae are
adapted to more eutrophic and diverse coastal environments but
Thalassarchaeaceae usually remain in the open ocean that is com-
monly oligotrophic (32-37). Notably, two distinct patterns of abun-
dance distribution along the salinity gradient are detected in
Poseidoniaceae: a “salt-preferred” pattern in which their abundance
increased with the increase in salinity and a “brackish-specific” pat-
tern in which they were enriched at salinities between 6.6 and 23%.
but depleted or absent at salinities beyond this range (Fig. 1A).
Furthermore, we analyzed the abundance of Poseidoniales MAGs in
the metatranscriptomes of 20 samples collected from three estuaries
(Table S1). The results support that Poseidoniaceae of both patterns
were in an active state (Fig. S2).

In the phylogenomic tree, Poseidoniaceae genomes from global
estuaries and enclosed seas form several clusters (Fig. S3). Based
on the above abundance analysis, six monophyletic brackish
(BK)-specific clusters can be identified (labeled with a prefix “BK”
in Figs. 1A and S3). They either branch within or as close sisters
to previously classified Poseidoniaceae genus-level subgroups
(32). Some of these brackish-specific lineages are found in differ-
ent estuaries globally but enriched only in one estuary or one en-
closed sea (Fig. 1A), implying that both global dispersion and local
adaptation may play a role in their geographic distribution (8).
Repeated presence but interannual variability in abundance of
these brackish-specific lineages is observed in the Baltic Sea and
the Pearl River estuary, suggesting they have specifically adapted
to coastal brackish waters, but factors other than salinity might
have impacted their temporary abundances (37).

Acidified proteome isoelectric point (plI) is recognized to be a
strong indicator of microorganisms inhabiting saline environ-
ments (41, 42). We found that marine Poseidoniales have typical
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Fig. 1. Global distribution and proteome adaptation of brackish- and marine-specific Poseidoniales. A) Abundance pattern of Poseidoniales MAGs based
on 246 metagenome samples from surface waters of global marine and brackish environments. MAGs with RPKM value >1 in enclosed sea and estuarine
samples and >5 in coastal and oceanic samples are shown. The maximum-likelihood tree at the left of the panel is reconstructed based on 83 marker
genes as the subset of the ar122 (40) (see Materials and methods). Solid dots on internal branches show branch supports of ultra-fast bootstrapping (1,000)
inIQTree >95%. The letter codes and the shade colors of the genus-level subgroups are consistent with Rinke et al. (32), except for brackish clades (labeled
with a prefix “BK”) which are in gray. Abbreviations of sampling areas are: RE, river estuary; PR, Pearl River estuary; Y, Yangtze River estuary; PH, Port
Hacking; H, Helgoland; YQ, Yaquina Bay; Alt, Atlantic; Ind, Indian; S, Southern/South; N, North; NE, Northeast; SW, Southwest; and SE, Southeast.
Salinity shows the sample salinity or the average of the collection of samples. RPKM shows the abundance or the maximum abundance of each MAG in
each sample or a collection of samples, respectively. B) Habitat salinity and proteome acidity of Poseidoniales MAGs found in estuaries and enclosed seas.
Circles and solid lines belong to Poseidoniaceae MAGs, while squares and dashed lines belong to Thalassarchaeaceae MAGs. The position of each dot on
the y-axis shows the optimal salinity of that organism. The scale of each vertical line on the y-axis shows the upper and lower limits of salinity for that
organism. The different colors of circles, squares, and lines show Poseidoniales genus-level subgroups in consistent with those in Fig. 1 of Rinke et al. (32),
except for brackish clades whose circles and lines are in gray. The regression of these dots is shown as the dashed black line.
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acidified proteomes (Fig. S9 and supplementary material). To ver-
ify that the brackish-enriched Poseidoniaceae are specifically
adapted to low-salinity habitats, we plot their optimum salinity
values (i.e. the salinity of an environment in which a MAG
had the highest abundance) detected in enclosed sea and
estuarine samples according to the estimated acidity of their
proteome pl patterns. Figure 1B clearly shows a polynomial correl-
ation (R?=0.46, P<0.01, n="56) between proteome acidity and
salinity adaptation. Almost all Thalassarchaeaceae MAGs have
acidity values over 2.9 (except one) and optimum salinity over
30%o (except two). Most Poseidoniaceae with acidity above 2.0
were abundant at salinities from 20 to 36%.. In contrast,
Poseidoniaceae MAGs of acidity below 2.0 belonging to brackish-
specific clades have optimum salinities below 30%. and down to
8%o. Some taxa are detectable even in river mouths at a salinity
of around 1%.. This distinct distribution pattern of marine and
brackish Poseidoniaceae subgroups is consistent with the sugges-
tion of long-term divergent evolution (42).

The emergence of brackish Poseidoniaceae after
the inversion of the corA gene in a stress-response
gene cluster

Researchers have proposed various genes potentially contributing to
the land-ocean divergence in microbial evolution, including those
functioning in osmotic regulation, substrate preference, and adapta-
tion to dynamic environments (3, 8). To identify genes potentially re-
sponsible for differentiating the marine and brackish Poseidoniales
subgroups, we annotated Poseidoniaceae and Thalassarchaeaceae
MAGs (Table S2) and conducted gene-centered comparison.
Remarkably, the magnesium transporter gene corA (arCOG02265)
is the only one that is present in >80% MAGs (30 in 33, or 90.9%) of
the brackish clades and in <40% MAGs (18 in 369, or 11.0%) of the
marine clades of Poseidoniaceae (Fig. S5). Student’s t test shows
that the proteome acidities of Poseidoniaceae encoding corA are sig-
nificantly lower than those without this gene (P=0.016, two-tailed;
Fig. 2A) and MAG completeness does not significantly affect the
presence/absence analysis of corA (P=0.266, two-tailed; Fig. S6).
CorA is one of the main import channels for magnesium ions
(Mg®") in bacteria and archaea (43). Its potential bidirectional and
concentration-regulated feature (44) suggests that it may act as a
condition-dependent valve to maintain a stable intracellular magne-
sium concentration in hydrodynamic estuaries. This observation
suggests that intracellular magnesium, which can potentially stabil-
ize or modulate the structures of macromolecules such as DNAs,
RNAs, and proteins, may be important in the adaptation of brackish
Poseidoniaceae (supplementary material). It also highlights that the
stress of salinity fluctuation in brackish environments instead of a
steady and moderate salinity is potentially the primary barrier for
brackish water adaptation of Poseidoniales.

Neighboring gene analysis integrated with phylogenetic inter-
ference analysis indicates that corA had a highly conserved evolu-
tionary trajectory and may have played an essential role in stress
response. Specifically, the tree of corA is highly congruent with the
phylogenomic tree of Poseidoniales suggesting that after its gain
in the common ancestor of Poseidoniales possibly from a bacter-
ium (Fig. S7 and supplementary material), corA was generally
passed vertically when Poseidoniales diversified (Figs. 2B and S8
and supplementary material). The absence of corA in some
Poseidoniaceae and the majority of Thalassarchaeaceae are likely
a result of sporadic loss (Figs. 2B and S9 and supplementary
material). Moreover, in Poseidoniales, corA is exclusively found
at the tail of a highly conserved gene cluster consisting of over 10

syntenous genes (Figs. 2C and S9). This gene cluster contains core
gene sets involved in DNA repair (e.g. exonuclease VII), transcription
(e.g. archaeal DNA-directed RNA polymerase RpoF), translational
regulation (e.g. large subunit ribosomal protein L21e and ribosomal
RNA small subunit methyltransferase A), and posttranslational
modification (e.g. tRNA pseudouridine synthase 10) by modifying
macromolecules such as DNAs, RNAs, and proteins (supplementary
material). Adjacent and syntenous genes often form operons and
transcribe simultaneously (49). By mapping available metatran-
scriptomic reads of estuarine samples (i.e. samples of the Pearl
River estuary and the Columbia River estuary) to the brackish
Poseidoniaceae genomes, we identify RNA reads mapped across
the intergenic regions of corA and upstream three syntenous
genes, suggesting that co-transcription could have possibly oc-
curred (Fig. S10 and supplementary material). However, as little
is known about the transcriptional mechanisms of Poseidoniales
that are still uncultured, further evidence is needed to fully under-
stand the transcriptional variation of corA in different Poseidoniales
lineages.

Importantly, we find that the sporadically distributed brackish
clades in the Poseidoniaceae evolutionary tree might have had a sin-
gle origination, likely after the inversion of corA in the common ances-
tor of Poseidoniaceae. In the two basal genus-level subgroups P and
Q1 of Thalassarchaeaceae, the coding direction of the only three
corA copies is reversed to those of the syntenous genes in the stress-
response gene cluster (Figs. 2B, C, and S9). As phylogenetic analysis
suggests the copies of corA in Thalassarchaeaceae diverged earlier
than those in Poseidoniaceae, they likely represent the ancestral
versions (Fig. S7 and supplementary material). In this direction,
despite the benefit that corA may have brought to these
Thalassarchaeaceae lineages, the transcription of corA may have dis-
rupted the integrity and transcription of the stress-response gene
cluster, and the net effect might be deleterious. Consequently, it
may be prone to negative selection and loss. In comparison, in the
common ancestor of Poseidoniaceae, the corA gene was inverted
and then lied in the same coding direction as the rest of the gene clus-
ter, making co-transcription possible (Figs. 2B, C and S9 and
supplementary material). However, after this inversion event, corA
did not seem to immediately establish co-transcription with up-
stream syntenous genes in stress response, since a basal monophy-
letic clade of Poseidoniaceae containing genus-level subgroupsJ1,J2,
and J3 partially contained corA yet showed no brackish-adaptational
features. Instead, the emergence of brackish Poseidoniaceae likely
only occurred after the branching out of J1, J2, and J3 (more likely
after the branching out of TULLY-TrashBin17), but no later than
the common ancestor of all the extant brackish lineages (indicated
by the starin Fig. 2B), in which corA might have fully coupled its tran-
scription to the upstream genes (supplementary material). This re-
arrangement provided a selective advantage for Poseidoniaceae in
adaptation to brackish waters, and corA was thus preserved in fur-
ther diversification. The following sporadic loss of corA gene in other
Poseidoniaceae lineages, however, forced them to go back to the
more saline water (Fig. 2B).

A proposal of two-step changes in habitat
transition of Poseidoniaceae

Genetic mechanisms are elusive in the study of evolutionary tran-
sitions across the salinity barrier. Eiler et al. (10) suggested a grad-
ual tuning of metabolic pathways and transporters of the marine
clades of SAR11 bacteria toward organic substrates in freshwater
environments. In contrast, Henson et al. (17) proposed that the ir-
reversible loss of osmolyte transporters could be the critical step
in the formation of freshwater SAR11 bacteria. We notice that
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proteome acidity in genomes of Poseidoniaceae with or without the corA gene. B) Molecular dating results and proteome acidity patterns of Poseidoniales
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curve copied from Fig. 1 of Laakso et al. (47), and the relative contribution of eukaryotic and bacterial lipids to sedimentary organic matter is
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the evolutionary history of Poseidoniaceae transitioning between
brackish and marine habitats is characterized by multiple
salinity-based divergent events (Fig. 2B). To elucidate these com-
plex evolutionary processes, we focused on the gene-gain and
gene-loss events in association with the salinity and proteome
acidification diversification of selected high-quality MAGs (com-
pleteness median = 93.63%, contamination median =0, Table S3)
belonging to the genus-level subgroups BK4, BKS, and M and the
subgenus-level subgroup BK6 based on the ALE results (Table S4).

A broad two-step genomic change was identified during the
marine-brackish inter-transition (Fig. 3). The first step was the
gain or loss of the corA gene. Specifically, the gene was replaced
by a new copy in the common ancestor of BK4 and then vertically
transferred into this subgroup. In the monophyletic clade contain-
ing BK5, M, and BK6, corA was vertically transferred, followed by
sporadic losses in marine species of the genus M (Fig. 3).

In the second step, accompanying and especially following the
change of corA, massive gains or losses of habitat-specific genes
possibly mediated by lateral gene transfer are observed in
Poseidoniaceae genomes during their gradual diversification to
marine or brackish environments (Fig. 3). For example, as the
less-acidified proteomes of brackish Poseidoniaceae comprise
more basic amino acids than those of their marine counterparts
(Fig. 1B), the concentration of free basic amino acids in the cyto-
plasmic pool needs to be lowered by either increasing export or
stopping biosynthesis to maintain charge balance. Indeed, the ac-
quisition of lysine/arginine efflux happened in the ancestors of
BK4 and BK6, respectively, and the loss of lysine biosynthesis hap-
pened in the ancestor of BK4 (Fig. 3). Moreover, microorganisms
living in brackish and marine environments face great physio-
chemical differences in nutrient availability, substrate compos-
ition, and stress types. Accordingly, we find large-scale loss of
genes involved in phosphorus and trace element uptake, peptide
degradation (peptidases/proteases), and organic-matter utiliza-
tion in the BK4 and BK6 lineages. At the same time, some pepti-
dases and biosynthetic enzymes required for brackish water
adaptation were obtained in brackish taxa. For example, the ac-
quisition of fructose/tagatose bisphosphate aldolase by organism
ShenzhenBay-2018-35 and 2-keto-4-pentenoate hydratase in the
catechol meta-cleavage pathway by organism PearlRE-2016-260
possibly reflects the adaptation of brackish Poseidoniaceae to con-
sume terrestrial substrates (Fig. 3 and Table S4) (50).

This observation is consistent with the fundamental rule that sal-
inity is the strongest environmental barrier in the microbial habitat
transition between land and ocean and highlights the possibility
that multiple stages may be required for microorganisms to complete
the physiological adaptation from one saline environment to the
next. Specifically, the sudden change of primary and qualitative
niche traits (e.g. adaptation to salinity fluctuation) precedes the grad-
ual changes in secondary and accumulative traits (e.g. proteome
acidity change and multidimensional metabolism adjustment) in
Poseidoniaceae genomes. This evolutionary model supports the hy-
pothesis that gene-specific selection drives speciation followed by
genome-wide divergence (51), which may shed light on the debate
raised by Eiler et al. (10) and Henson et al. (17) and may also explain
the previous discovery of “temporal fragmentation of speciation” (52).

Habitat divergence and evolutionary rate
changes of Poseidoniales potentially affected
by the enhanced land weathering and the rise
of algae after the Snowball Earth

Temporal connection between genetic changes and major geological
events can provide insights into the potential environmental driving

force of microbial evolution in the absence of a fossil record. Despite
the frequent discussion on the uncertainty of methodology that may
impair dating accuracy, molecular clock analysis aided by biomarker
records has unveiled important events in life evolution before the
emergence of multicellular organisms (7, 53-58). We here establish
a geological time scheme in the evolutionary diversification of
Poseidoniales to infer the possible geological and environmental
driving force in the origination of brackish lineages (Fig. 2B). To en-
sure the robustness of molecular dating analysis on Poseidoniales,
we here compare the results from alternative phylogenetic tree top-
ologies (i.e. “methanogen-basal” vs. “DPANN-basal,” supplementary
material), select a modeling method based on the justification in our
previous study (54), and build our conclusions on multiple intercon-
nected lines of genetic and geological evidence (Fig. 2B-E).

Our dating analysis shows that the origination of brackish
Poseidoniaceae was temporally linked to the emergence of eukaryot-
ic algae in the Ediacaran Period. Based on the “methanogen-basal”
tree topology, the emergence of Poseidoniales and the division of
Poseidoniaceae and Thalassarchaeaceae might have happened
around 1.104 billion years ago (Ga) with a 95% CI from 1.476 to
0.826 Ga (Figs. 2B and S11A). The divergence of the crown groups of
both Poseidoniaceae and Thalassarchaeaceae might have happened
before 0.9 Ga. The insertion of corA into the common ancestor of
Poseidoniales was in the period from 1.351 (95% CI=1.77 to 1.031)
Ga to 1.104 (95% CI=1.476 to 0.826) Ga and its inversion
happened between 1.104 (95% CI=1.476 to 0.826) Ga and 0.920
(95% CI=1.308 to 0.647) Ga (Figs. 2B and S11A). Notably, the
common ancestor of extant brackish Poseidoniaceae emerged after
639 (95% CI=1,012 to 403) but no later than 564 (95% CI=916 to
348) Ma (611 and 541 Ma according to the “DPANN-basal” tree, Figs.
2B and S11), covering the Marinoan Glaciation (~650 to 632.3 Ma) to
Ediacaran (635 to 541 Ma) period. This period is also highlighted by
therise of eukaryotic algae (27), which might have enhanced the pro-
duction of organic substrates for the growth of Poseidoniaceae (34).
After that the divergence of brackish and marine lineages of
Poseidoniaceae happened multiple times in an algal-dominant
ocean until a most recent major divide between the stem groups of
subclades BK6 and M (a) around 108 (95% CI =254 to 46) Ma (Fig. 2B).

The evolutionary rates of Poseidoniaceae and Thalassarchaeaceae
were remarkably different in the past 700 Ma, probably reflecting dif-
ferent levels of influence from the land. The rapid increase in evolu-
tionary rate of Poseidoniaceae started generally with the Cryogenian
glaciation and accelerated in the Ediacaran-Cambrian period (Figs.
2D and S12). After that, the evolutionary rate increased in a constant
pattern until the present. This tendency is consistent with the in-
crease of continental weathering (20, 21), coastal sedimentary phos-
phorite (22), and the rise of algae (27) (Fig. 2E). It is also consistent
with the origination and diversification of brackish species
Poseidoniaceae after the Snowball Earth and throughout the
Phanerozoic (Fig. 2B), implying a potential impact of land nutrient
supply and consequently coastal algal bloom on the evolution of
nearshore-inhabiting Poseidoniaceae. In contrast, the evolutionary
rate of Thalassarchaeaceae stayed at a low level in the past 1 billion
years (Figs. 2D and S12) in line with their preferred environments that
are oligotrophic and distant from the shore.

Genetic and geological integration supporting
the origination of brackish Poseidoniaceae

The emergence of novel life forms in earth’s history was likely trig-
gered by a mixture of geological and ecological changes, while
genetic innovation made it possible. However, collecting mutually
corroborated lines of evidence to prove such ancient processesis a
formidable task, especially for microorganisms that lack fossil
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Fig. 3. Essential gene-gain and gene-loss events in the marine-brackish divergence of the BK4-BK5-M-BK6 monophyletic clade of Poseidoniaceae. The
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and terminal taxa are illustrated on relevant branches. Capital C means the corA gene. MAG completeness values range from 66.5 to 100% (median =

93.63%), and the contamination values range from 0 to 4.35% (median = 0).

records. Here, based on the detailed genetic features of brackish
vs. marine lineages and the trend of global environmental
changes on continental margins in history, we reconstruct the
possible trajectory in the origination of brackish Poseidoniaceae
(Fig. 4). After the divergence of the stem groups of Poseidoniaceae
and Thalassarchaeaceae in about 1.1 Ga, the corA gene inserted
at the end of an archaeal stress-response gene cluster in earlier
times was inverted, providing a genetic predisposition for brackish
adaptation. Several hundred million years later, on the postglacial
Ediacaran coasts, a rapid increase in phosphorus from land supply
and organic-matter release might have led to the rise of algae. The
nutrient-stimulated algal boom should be most significant in
coastal waters, and the flourishing of algal-derived organic matter
then fed the emerging animal species (59) in a transforming food
web on the continental shelf. These algal-derived organic matters
also accelerated the evolution and diversification of coast-
inhabiting Poseidoniaceae, possibly along with other heterotrophic
bacteria and micro- and macropredators, and resulted in a highly
competitive community on the Ediacaran-Cambrian coasts. At
the same time, enhanced nutrient supply might have stimulated
algal blooms in the expanded brackish water bodies during the
postglacial transgression (31). This food-rich but predator-poor
environment formed a remarkable niche gap. Consequently,
Poseidoniaceae populations were continually selected when

(i) the corA gene formed co-transcription with upstream stress-
response genes to tolerate the stress of salinity fluctuation, (ii)
the proteome was less acidified to meet lower average salinity,
and (iii) the metabolism was better adapted to more nearshore en-
vironments. This gradual tuning in gene regulation, proteome
amino acid composition, and substrate metabolism finally led to
the origination of the brackish Poseidoniaceae. Later, when
land weathering and phosphorus supply kept increasing in
Phanerozoic, some brackish lineages continued exploring up-
stream habitats with salinity going down to 1%. and even devel-
oped capabilities to utilize land-plant derived organic compounds,
which increased rapidly from Silurian to Carboniferous (60). On
the other hand, some lineages lost the corA gene and returned to
marine habitats. In some rare cases, they might further gain the
corA genes, possibly through recombination and shuffle between
marine and brackish niches in expanded shallow marine environ-
ments (61).

Conclusion

The origin of global brackish microorganisms is a long-standing
question. In this study, we apply detailed genome comparison
and evolutionary analysis to investigate the key and detailed gen-
etic changes causing the origination of the brackish lineages of the
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Fig. 4. A schematic diagram shows the process of genetic changes during the transition of Poseidoniales between salinity distinct habitats and
environmental features in the origination of brackish Poseidoniaceae in the Ediacaran-Cambrian coasts.

most abundant archaeal heteroplankton Poseidoniales. We find
that the divergent and globally distributed brackish lineages of
Poseidoniaceae have a single origination. Importantly, we identify
the corA gene as the key gene for adaptation in brackish environ-
ments, which may regulate intracellular magnesium concentra-
tion to stabilize macromolecules. The regulation of this gene
was likely coupled to a highly conserved archaeal stress-response
gene cluster after an ancient inversion event, allowing concerted
responses to multiple stresses, including fluctuating salinities in
brackish waters. Importantly, we find that the losses and gains
of corA were followed by metabolic acclimation and diversification
mediated by lateral gene transfer of substrate-specific genes.
Molecular dating and geological inference suggest brackish
Poseidoniaceae in the Ediacaran-Cambrian possibly flourished
due to the rise of algal productivity in coastal and even brackish
waters because of enhanced phosphorus supply in response to
land weathering (62).

Our results highlight the coordination of genome rearrange-
ment and global environmental changes driven by major geological
events in the emergence of novel planktonic archaea. On the other
hand, the emergence of these brackish microbes filled the new niche
gaps in the Ediacaran-Cambrian coasts and contributed to the recyc-
ling of organic matter produced by algae through the microbial loop;
thus, brackish Poseidoniales may have been an important player in
the microbial carbon pump at that time (38, 63). The accelerated evo-
lutionary rate of coastal Poseidoniales since the Ediacaran period in-
dicates that evolution of both the macroheterotrophs (the animals)
(29) and microheterotrophs (Poseidoniaceae and other heterotrophic
archaea or bacteria) has been stimulated since the late-Proterozoic.
Therefore, these heterotrophic archaea and bacteria could have en-
hanced the biomineralization of organic matter in seawater (61)
after the Snowball Earth.

We are, however, aware of the caveats that are inherited with
molecular clock calculation of geological ages of ancient microor-
ganisms, which are improving in precision given the growing
database of high-quality genomes and rapid development in

methodology (55, 64, 65). We expect that our prediction of the gen-
etic changes in habitat specificity of Poseidoniales can be further
validated with in vivo experiments when pure or enriched cul-
tures are available (34). In addition, modeling Ediacaran coastal
hydrodynamic and biogeochemical cycles with sedimental re-
cords of biomarkers for specific brackish microorganisms may
provide further support for our findings.

Materials and methods

Sample and dataset collection

Microplanktons were collected at the Pearl River estuary in 2011,
2012, 2016 (66), 2018 (in the adjacent Shenzhen Bay), and 2019
(National Omics Data Encyclopedia, NODE, https:/www.biosino.
org/node/, project: OEP001662), the Jiulong River estuary in 2018
(NODE project: OEP000961), the Yangtze River estuary in 2016
(NODE project: OEP001524), the Brisbane River estuary in 2020
(NCBI project: PRINA872317), and the Northwest Pacific in 2015
and 2017 (NODE project: OEP001662; Table S1).

Immediately after collection, surface water was first filtered
through 2.7-um pore-size glass fiber filters (Shanghai Mosutech,
Shanghai, China) to remove large particles, and the filtrates
were then filtered through 0.22-um pore-size membrane filters
(Pellicon cartridge, Millipore Corp., Billerica, MA, USA) to collect
microbial cells. Filters were then frozen in liquid nitrogen and
stored at —80 °C in the laboratory untill further processing. DNA
was extracted by using the FastDNA SPIN kit for soil (MP
Biomedicals, Solon, OH, USA) following the manufacturers’ in-
structions. Metagenome sequencing was conducted on an
Illumina HiSeq 2500 platform at Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China). Raw reads of the published
metagenomes of the Caspian Sea (67), the Baltic Sea (5, 68-70),
the Columbia River estuary (71), the Amazon River estuary (72),
the Yaquina Bay (73), the Helgoland coast (37), the Port Hacking
coast (32), and the Tara Oceans Project (74) were downloaded
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from public databases (Table S1). Clean reads of the above meta-
genomes were generated by using the reads_gc module of
MetaWRAP (v. 1.2.1) (75).

Generation of the global nonredundant
Poseidoniales genome dataset

To obtain potential brackish Poseidoniales genomes, we used
IDBA-UD (v. 1.1.3) (76) to assembly clean reads of the metage-
nomes of the Pearl River estuary, Shenzhen Bay, the Brisbane
River estuary, the Jiulong River estuary, the Yangtze River estuary,
the Columbia River estuary, the Amazon River estuary, Caspian
Sea, and Baltic Sea (Table S1). Contigs longer than 2kb were
used for binning by using the binning module of MetaWRAP re-
cruiting metaBAT?2 (77), Maxbin?2 (78), and CONCOCT (79) meth-
ods. Bins with completeness >50% and contamination <10%
as evaluated by CheckM (v. 1.0.5) (40) and those classified
as Poseidoniales by GTDB-Tk (v. 1.3.0, release 95) (80) were
used for further selection and analyses. Previously published
Poseidoniales genomes generated by Rinke et al. (32), Tully (33),
and Orellana et al. (37) were downloaded from their online depos-
its. The combination of downloaded genomes with those gener-
ated in this study results in 835 Poseidoniales MAGs (Table S2).
Potential contaminant contigs in each MAG were further removed
by manual check aided by using acdc (v. 1.2.1) (81). A nonredun-
dant MAG dataset was generated by using dRep (v. 2.6.2) (82)
with a cutoff of 99% average nucleotide identity. This dataset con-
tains 455 Poseidoniales MAGs. The quality check and taxonomic
classification of these MAGs were conducted using CheckM and
GTDB-Tk, respectively. Specifically, a manually selected subset
containing 148 MGII-specific single-copy marker genes (present
in at least 328 of the 455 Poseidoniales MAGs) were selected for
MAG completeness assessment when CheckM was used
(Table S5). Genes and proteins of the MAGs were predicted using
Prodigal (v. 2.6.3) (83).

Poseidoniales abundance and activity calculation
To profile the distribution of Poseidoniales in global marine sur-
face water, the nonredundant MAGs were mapped by clean reads
of metagenomes and metatranscriptomes obtained from surface
samples of the Pearl River estuary, Shenzhen Bay, the Jiulong
River estuary, the Yangtze River estuary, the Columbia River estu-
ary, the Amazon River estuary, Caspian Sea, Baltic Sea, the
Helgoland region, the Port Hacking offshore region, the Yaquina
Bay, Northwest Pacific, and the Tara oceans project (Table S1).
To minimize potential unspecific mapping, rRNA and tRNA genes
in the MAGs were identified by using Metaxa (v. 2.2) (84), and low-
complexity regions were predicted by using DustMasker (v. 1.0.0)
(https://github.com/ncbi/ncbi-cxx-toolkit-conan). These regions
of the MAGs were masked by using Bedtools (v. 2.27.1) before map-
ping. Read mapping was conducted by using Bowtie2 (v. 2.3.5) (85)
and followed by sorting and format convert to BAM files by using
SAMtools (v. 1.9) (86). The BAM files were filtered by using BamM
(v. 1.7.3) (https:/github.com/minillinim/BamM); with thresholds
of 99% identity and 75% read coverage. Finally, bbmap (http://
jgi.doe.gov/data-and-tools/bb-tools/) was used to calculate read
counts for each contig and the reads per kb of each genome per
millions of reads (RPKM) was calculated for each MAG in each
sample, respectively.

Proteome acidity estimation

The pls of proteins in MAGs were calculated by using Pepstats
from the EMBOSS package (87). pI frequency distribution of a

proteome was calculated, as previously described (42). Proteome
acidity in this study is defined as the ratio of the frequency of
the acidic peak (plI 4.5) to the frequency of the semi-acidic peak
(pI 6.25), as shown in Fig. S4.

Habitat salinity range analysis

Habitat salinity was investigated by calculating the abundance
(RPKM) of Poseidoniales MAGs in metagenomes from diverse sal-
inities (Table S1). AMAG s considered present in a metagenome if
its RPKM value is above 0.01. The up-limit habitat salinity of a
Poseidoniales taxon is set as the highest salinity where it is pre-
sent, and the down-limit is set as the lowest salinity where it is
present. Its optimum habitat salinity is set as the salinity, where
it has the highest RPKM value.

Phylogenomic analysis of the nonredundant
Poseidoniales MAGs

For the phylogenetic tree in Fig. S3, we used hmmsearch (v. 3.1b2; -E
1E-5) (88) to search for the 122 archaeal single-copy marker proteins
(40) in the 455 nonredundant Poseidoniales MAGs based on hidden
Markov models in Pfam (89) and TIGRfam (90) databases. MGIII eur-
yarchaeal and other archaeal genomes were used as the outgroup
(Table S3). Eighty-three Marker proteins present in >60% taxa were
retained and aligned, respectively, by using MUSCLE (v. 3.8.1551; —
maxiters 16; Table S6) (91). The alignment matrixes were denoised
by using trimAl (v1.2rev59; -automatedl) (92) and then concaten-
ated. Missing data were filled with gaps. A maximume-likelihood
tree was reconstructed by using FastTree (v. 2.1.10; -gamma -lg)
(93) and visualized in the Interactive Tree of Life (iTOL, v.5.1.1) (94).
Assignment of the MAGs to genus-level subgroups was conducted
based on GTDB-Tk classification (80) and named according to
Rinke et al. (32).

The above selected 83 marker genes were used to reconstruct
the phylogenetic tree in Fig. 1A. For the phylogenetic trees in
Fig. S13 containing 188 taxa and the ones in Fig. S14 containing
231 taxa, and the one in Fig. S8, 39 of the 41 marker proteins de-
scribed by Adam et al. (45) were used. The other two proteins
were excluded because they are absent in most of the
Poseidoniales MAGs in this dataset. The marker proteins of each
MAG were identified according to the genome functional annota-
tions. Alignment and trimming were conducted as above.
Removal of compositional heterogeneous sites was conducted
by applying a y°-score-based approach (95). Maximum-likelihood
trees were reconstructed with the LG+C60+F model imple-
mented in IQ-Tree (v. 2.0.3) (96) and then visualized in iTOL.
Ultra-fast bootstrapping supports for branches were calculated
after 1,000 iterations.

For the tree of CorA in Fig. S7, protein sequences annotated as
“ALR,” “CorA,” “LPE10,” “MRS2,” “NMR,” or “ZntB” were obtained
from the NCBINR database, and a nonredundant dataset was gen-
erated by using CDHIT (v4.8.1) (97) with 70% identity cutoff. A tree
was inferenced by using FastTree. Taxa on the branches next to
Poseidoniales and MGIII were selected for tree reconstruction.
For this tree and trees of CorA and ZnuA in Fig. S8, protein sequen-
ces were aligned by using MAFFT L-INS-I (98) and denoised by us-
ing trimAl (automatedl). The trees were constructed by using
IQ-Tree with the parameters “-seqtype AA -m MFP -B 1000 -bnni.”

Functional annotation and comparison of MAGs

Protein sequences of MAGs were annotated based on the KEGG
database by using kofamscan (99), and the COG (100), arCOG
(101), Pfam (102), and Tigrfam databases (90) by using BLASTp
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(103) (E-value <1073, bit score >50, similarity >50%, and coverage
>70%), respectively. The accuracy of annotation was further veri-
fied by clustering all the protein sequences of MAGs based on 95%
similarity before annotation. Genes specifically enriched in brack-
ish Poseidoniales were defined by plotting and visualizing the
presence percentage of all the annotated genes (arCOG and
KEGG) in the brackish clades and the normal marine clades of
Poseidoniaceae (Fig. S5).

To test whether MAG completeness has an impact on the pres-
ence/absence result of corA in Poseidoniaceae, the F test was con-
ducted in Microsoft Excel for Mac (v. 16.69), and a P-value of 0.002
was obtained, suggesting the variances of the two groups were not
significantly different. The Student’s t test was then conducted by
setting a two-tailed distribution and type of two-sample equal
variance.

To compare proteome acidity values of Poseidoniaceae with
and without corA, the F test was conducted in Microsoft Excel
for Mac (v. 16.69), and a P-value of 0.002 was obtained, suggesting
the variances of the two groups were significantly different. The
Student’s t test was then conducted by setting a two-tailed distri-
bution and type of two-sample unequal variance.

Amalgamated likelihood estimation analysis

The ALEml_undated algorithm of the ALE package (104) was used
to reconcile the functional gene tree against the phylogenomic
tree to infer the numbers of duplication, loss, transfer (within
the sampled genome set), and origination (including both transfer
from other phyla outside the species tree or de novo gene forma-
tion) on each branch of the Thermoplasmatota species tree. The
results were visualized in iTOL.

Co-transcription analysis

We analyzed the transcriptional levels of corA and the syntenous
genes of Poseidoniales by visualizing the mapping profile of the
metatranscriptomic reads on the contigs of MAGs. Because
Poseidoniales are in relatively low abundance in these samples,
to obtain enough read mapping depth for analysis, we pooled
the BAM files of all the metatranscriptomic samples from the
Pearl River estuary, the Columbia River estuary, and the
Amazon River estuary generated from the above metatranscrip-
tomic mapping analysis (Fig. S2). Read distributions on the open
reading frame annotated contigs were visualized in Geneious (ver-
sion 2022.2 created by Biomatters. Available from https:/www.
geneious.com).

Gene-gain and gene-loss analyses for
the BK4-BK5-M-BK6 monophyletic clade
of Poseidoniaceae

Selected MAGs with relatively high quality (completeness values
range from 66.5 to 100%, median = 93.63%; contamination values
range from 0 to 4.35%, median =0) were processed for analysis.
The event number of a gene (KO or arCOG entry) in a terminal tax-
on (MAG)is set to 1if the geneis present and O if absent. The event
number of a gene in an internal node is defined as the DTLO event
numbers calculated by applying the branchwise_numbers_of_
events.py script described by Sheridan et al. (105). Gene-gain
and gene-loss events between adjacent internal nodes or between
adjacent internal nodes and terminal taxa are defined as the fol-
lowing: (i) a loss event is defined if the event number of the older
node (an internal node) is >0.8 and is eight times greater than that
of the younger node (an internal node or a terminal taxon); and (ii)
a gain event is defined if the event number of the younger node (an

internal node or a terminal taxon) is >0.8 and eight times greater
than that of the older node (an internal node).

Molecular clock analysis and speciation rate
calculation

Node divergence time of the 231-taxa maximume-likelihood trees
was estimated by using RelTime in MEGA X (v10.1.5) with
the LG +G model and with 95% CI (106). The root of Archaea
(4.38-3.46 Ga) (107-109), three constraints related to the Great
Oxygenation Event (i.e. the roots of Thermoproteales,
Sulfolobales, and Thermoplasma, <2.32 Ga) and one related to
the gene transfer between cyanobacteria and methanogens (the
latest common ancestor of Methanosarcinales and
Methanomicrobiales) (110, 111) were used for calibration
(Table S7). The evolutionary rate of each branch in the time trees
was estimated by BAMM (v2.5.0) (112).
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