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ABSTRACT 29 

 30 

The rise of microbial species is associated with multiple genetic changes and niche reconstruction 1,2. 31 

While recombination, lateral gene transfer and point mutations can contribute to microbial speciation 3, 32 

acquisition of niche-specific genes was found to play an important role in initiating ecological 33 

specialization followed by genome-wide mutations 4. The critical step at the very early microbial 34 

speciation between ecologically distinct habitats, such as land and ocean, however, is elusive. Here we 35 

show that the divergence of archaea Poseidoniales between brackish and marine waters was triggered by 36 

rearranging a magnesium transport gene corA in a global geological background. The corA gene was 37 

inserted within a highly conservative gene cluster and possibly function in concert with the other genes in 38 

this cluster in osmotic stress response. It then went through sporadic losses and gains that were coincident 39 

with the Pangea tectonic activities and sea-level rising. Notably, metabolic adjustment and proteome-wide 40 

amino acid substitution were found after the change of corA. Our results highlight salinity adaptation as 41 

the primary factor in microbial speciation at the interface between land and ocean. Such a process can 42 

start from simply changing one gene but may need coherent gene cluster rearrangement and work in tune 43 

with strong selective forces such as global landform changes.  44 
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Introduction 46 

 47 

The origin of species is a fundamental question of evolution 5. While the concept of microbial species is still in 48 

discussion, speciation has been considered essential in studying microbial pangenome, phylogenetics, 49 

biogeography, pathogen emergence, and ecological impacts of global changes 6. Modeling the historical process 50 

of microbial speciation in natural environment is challenging because of the complex relationship between 51 

genetics and ecology of microorganisms 1. Limited studies of microbial pangenomes in the last decade have 52 

proposed several modes of microbial speciation; one of them suggests selection drives speciation and is 53 

followed by genome-wide divergence 3. This mode is supported by studies identifying niche-specific genes 54 

potentially critical in initial speciation of recently diverged clinical and marine bacteria 4,7–9.  55 

 56 

A critical knowledge gap, however, is the trajectory of microbial speciation during evolutionary transitions 57 

between distinct habitats such as land and ocean in the deep history of the earth. Marine and freshwater 58 

ecosystems are different in various environmental factors such as salinity, nutrients, and competitors 10; it is thus 59 

challenging to identify the key selective force triggering the speciation. Exploring new living substrates in a 60 

different habitat may be a strong motive 11, but considering the difficulty in microbial acclimation to different 61 

environmental salinities 12, such a benefit is likely insufficient in driving the transition. On the other hand, land-62 

ocean transition of many microbial lineages is infrequent and ancient which is so called the ‘salinity divide’ 13,14. 63 

The lack of reliable geological records leaves such speciation events in mists. 64 

 65 

Another fundamental question is whether the genetic change in the initiation of the transition is caused by a 66 

sudden event (e.g. gene loss, gene gain or rearrangement) or a result of gradual and cumulative effects (e.g. 67 

genome-wide mutation, or combination of genes in adaptation to multiple niches). Recent genome comparisons 68 

among marine and non-marine subgroups of Pelagibacterales 15, Flavobacteria 11, Rhodobacteraceae 16, 69 

Actinobacteria 17, Hikarchaeia 18, Synechococcus 19 and Nitrososphaeria 20 have revealed common functional 70 

differences in osmotic regulation and substrate specificity that play a key role in microbial adaptation to habitats 71 

of different salinities. However, details of the gene-level transition across the salinity barrier are still obscure. 72 

Eiler et al. addressed this question by studying the freshwater group LD12 of Pelagibacterales and suggested a 73 

gradual tuning of metabolic pathways and transporters towards organic substrates in freshwater environments 15. 74 

In contrast, Henson et al. proposed that the irreversible loss of two osmolyte transporters could be the critical 75 
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step in the formation of the LD12 clade 21. These differing opinions likely resulted from the lack of genomes 76 

representative of the intermediate state during the marine-freshwater transition of Pelagibacterales. Therefore, 77 

studies analyzing larger genome sets are required to capture a more refined scale of the evolutionary trajectory 78 

are required to answer the question asked above.  79 

 80 

Marine Group II Euryarchaea (now known as Poseidoniales) are among the most abundant archaeal plankton in 81 

global oceans with great ecological potential 22,23. They are so far only found in marine waters. While 82 

Poseidoniales are still not cultured, genomic analyses support that they have a heterotrophic lifestyle by 83 

remineralizing organic matter such as algal-derived substrates 22–25. Poseidoniales include two family-level 84 

subgroups, MGIIa (Poseidoniaceae) and MGIIb (Thalassarchaeaceae) 22. Poseidoniaceae are found to be 85 

dominant in coastal areas where algal oligosaccharides would be more readily available, while most 86 

Thalassarchaeaceae are adapted to mesopelagic and oligotrophic waters where direct algal inputs are limited 26,27. 87 

Recently, high abundance of Poseidoniales 16S rRNA genes was reported at the Pearl River estuary mixing zone 88 

with salinity below 15 practical salinity unit (PSU) 28, suggesting these populations of Poseidoniales might have 89 

evolved to adapt to brackish waters. However, detailed genetic evidence has not been provided because of the 90 

lack of genomic representatives of brackish-specific lineages of Poseidoniales. 91 

 92 

The identification of brackish Poseidoniales 93 

 94 

In this study, we sampled 128 global brackish metagenomes (Fig. S1, Table S1) to identify Poseidoniales 95 

lineages specifically adapted to brackish waters and to reconstruct their detailed evolutionary trajectory between 96 

salinity-distinct habitats. Poseidoniales metagenome-assembled genomes (MAGs) were reconstructed and 97 

phylogenetically analyzed together with those obtained in recent studies 22,23,27. This approach contributed 94 98 

(20.7%) novel genomes to the updated non-redundant Poseidoniales genome dataset (455 MAGs, completeness 99 

> 47%, completeness median = 70.76%, contamination < 10%, contamination median = 0.8%) based on a cutoff 100 

of 99% average nucleotide identity (ANI) (Table S2) and thus has filled a significant gap in species diversity of 101 

global low-salinity Poseidoniales. In the phylogenomic tree, genomes from global estuaries and enclosed seas 102 

form several clusters in the subclade of Poseidoniaceae (Fig. S2). Many of those clusters show remarkable 103 

evolutionary distance from adjacent oceanic relatives. 104 

 105 
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To map the distribution of Poseidoniales in global coastal and pelagic surface waters with distinct salinities, we 106 

calculated their abundances in 267 metagenomes and 21 metatranscriptomes of two low-salinity enclosed seas, 107 

four major estuaries, four coastal regions, and eight pelagic regions of global oceans. In general, Poseidoniaceae 108 

are in high abundance in inland seas and estuaries, while Thalassarchaeaceae are only detected in most of the 109 

nearshore and all the pelagic samples. This spatial distribution pattern is in line with the previous observation 110 

that Poseidoniaceae are adapted to more eutrophic and diverse coastal environments 22,23. Notably, two patterns 111 

of abundance distribution along the salinity gradient are detected in Poseidoniaceae: a ‘salt-preferred’ pattern in 112 

which their abundance increased with the increase of salinity and a ‘brackish specific’ pattern in which they 113 

were enriched in salinity between 6.6 to 23 PSU but depleted or absent in salinity beyond this range (Fig. 1A). 114 

The metatranscriptomic analysis supports that Poseidoniaceae of both patterns are in an active state (Fig. S3). 115 

 116 

 117 
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 118 

Fig. 1 | Global distribution and proteome adaptation of Poseidoniales. (A) Abundance pattern of 119 

Poseidoniales MAGs based on 246 metagenome samples from surface waters of global marine and brackish 120 

environments. MAGs with RPKM value above 0.4 in enclosed sea and estuarine samples are shown. In the 121 

maximum-likelihood tree at the left of the panel, solid dots on internal branches show branch supports of ultra-122 

fast bootstrapping (1000) in IQTree > 90%. Shades on branches show Poseidoniales genera with the color code 123 

according to Rinke et al. 2019 22, except for brackish clades which are in grey. Abbreviations of sampling areas 124 
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are: RE = river estuary, PR = Pearl River estuary, Y = Yangtze River estuary, PH = Port Hacking, H= Helgoland, 125 

Alt = Atlantic, Ind = Indian, S= Southern/South, N = North, NW = Northwest, NE = Northeast, SW = 126 

Southwest, SE= Southeast. Time ranges show the sampling period spans. Salinity shows the sample salinity or 127 

the average of the collection of samples. RPKM shows the abundance or the maximum abundance of each MAG 128 

in each sample or a collection of samples, respectively. (B) Habitat salinity and proteome acidity of 129 

Poseidoniales MAGs found in estuaries and enclosed seas. Circles show Poseidoniales MAGs. Filled circles and 130 

solid lines belong to Poseidoniaceae MAGs, while empty circles and dashed lines belong to Thalassarchaeaceae 131 

MAGs. The position of each dot on the y-axis shows the optimal salinity of that MAG. The scale of each line on 132 

the y-axis shows the upper and down limits salinity of that MAG. The color code of dots and lines shows MGII 133 

genera according to Rinke et al. 2019 22, except for brackish clades which are in grey.  134 

 135 

 136 

Based on this observation, six monophyletic brackish-specific clades can be identified in the tree of 137 

Poseidoniaceae (Fig. 1A and Fig. S2). They either branch within or as close sisters to certain previously 138 

classified Poseidoniaceae genera 22. Some of these brackish-specific lineages are found in different estuaries 139 

globally, while others are found to be enriched only in one estuary or one enclosed sea (Fig. 1A), implying that 140 

global dispersion and local adaptation may both have a function (see discussion in ref 29). Repeated presence but 141 

interannual variability in abundance of these brackish specific lineages are observed in the Baltic Sea, the Pearl 142 

River estuary and the Amazon River estuary, suggesting they have specifically adapted to coastal brackish 143 

waters but factors other than salinity might impact their temporary abundances 27.  144 

 145 

Acidified proteome isoelectric point (pI) was recognized to be a strong indicator of microorganisms inhabiting 146 

saline environments 12, which is a response to higher intracellular ion concentration 30. The pI distribution of 147 

Poseidoniales proteomes shows typical acidification, suggesting they may import cations to balance osmotic 148 

pressure in seawater (Fig. S4, SI). Indeed, potassium transporter Trk is present in all Poseidoniales genomes 149 

(Fig. S5, SI). To verify that the brackish-enriched Poseidoniaceae are specifically adapted to low-salinity 150 

habitats because of evolution, we calculated the optimum salinity values of the MAGs (i.e., the salinity of an 151 

environment in which a MAG has the highest abundance) detected in inland and estuarine samples and plotted 152 

them according to the estimated acidity of their proteome pI patterns. Fig. 1B clearly shows a correlation 153 

between proteome acidity and salinity adaptation -- most Poseidoniaceae with acidity above 2.0 enriched in 154 
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salinity from 20 to 35 PSU, with up-limit to over 36 PSU. All Thalassarchaeaceae MAGs have acidity values 155 

over 2.9 (except one) and optimum salinity over 30 PSU (except two). In contrast, Poseidoniaceae MAGs of 156 

acidity below 2.0 belong to brackish-specific clades and have optimum salinities below 30 and down to 8 PSU, 157 

which were detectable even in river mouth at a salinity around 1 PSU but never detected at a salinity above 32 158 

PSU. This observation strongly suggests that the distinct distribution pattern of marine and brackish 159 

Poseidoniaceae subgroups results from long-term divergent evolution 12. 160 

 161 

 162 

Evolution of key genes in salinity adaptation 163 

 164 

Researchers have proposed various genes potentially contributing to the land/ocean divergence in microbial 165 

evolution including those functioning in osmotic regulation, substrate preference and adaptation to dynamic 166 

environments 13. To identify key genes potentially responsible for differentiating the marine and brackish 167 

Poseidoniaceae subgroups, we annotated genes of Poseidoniales MAGs and conducted gene-centered 168 

comparison between the group containing all brackish Poseidoniaceae and the group containing all marine 169 

Poseidoniaceae. Remarkably, two divalent cation transporters stood out as the only genes distinguishing these 170 

two groups -- the magnesium transporter CorA and the zinc/manganese ABC transport complex ZnuABC. CorA 171 

is the only gene present in almost all genomes of brackish clades while it was absent in nearly all other 172 

Poseidoniales genomes that contained the znuABC gene set (Fig. 2C, Fig. S5). This observation suggests that 173 

intracellular magnesium may be the key factor in low-salinity adaptation of brackish Poseidoniaceae, while zinc 174 

or manganese is required by marine subgroups of Poseidoniaceae. In addition, an additional extensive analysis 175 

of genes potentially involved in osmotic regulation (SI) suggests that three proteins/protein complexes are 176 

possibly responsible for the observation that Poseidoniaceae are more adapted to dynamic coastal waters while 177 

Thalassarchaeaceae generally restrict their habitat in pelagic zones with a more stable salinity 27 (Fig. 2C, Fig. 178 

S5). 179 

 180 

 181 
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 182 

Fig. 2 | Proteome acidification, key gene changes and geological background in Poseidoniales evolution. 183 

(A) Geological timing of Poseidoniales evolution and major geological events. The tree is part of the tree in Fig. 184 

S9A. Bars on nodes show 95% confidence interval. Clades filled in grey are brackish subgroups. Proteome 185 

acidity levels show the median values of MAGs in each clade. Glaciation events shown here are Huronian 186 

(2.29–2.25 Ga), Sturtian (717–659 Ma), and Marinoan (645–635 Ma). MBT = methanogen basal tree, DBT= 187 

DPPAN basal tree. (B) Arrangement of the stress-response gene cluster in Poseidoniales genomes. Arrows with 188 

dashed edges suggest that the genes are present in part of the MAGs in each clade. Gene names are explained in 189 

Fig. S5. (C) The presence of representative ion transport genes. Color density shows the percentage of MAGs 190 

having the gene in each clade. 191 

 192 

 193 

Integration of neighboring gene analysis and phylogenetic analysis of corA and znuA suggests their distinct 194 

evolutionary trajectories. The tree of corA was highly congruent to the phylogenomic tree of Poseidoniales and 195 

adjacent Marine Group III (MGIII) archaea suggesting that corA was generally passed vertically when 196 
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Poseidoniales diversified (Fig. S6). The absence of corA in some Poseidoniaceae and the majority of 197 

Thalassarchaeaceae was likely a result of sporadic loss (Fig. S5, SI). In Poseidoniales, corA was exclusively 198 

found at the tail of a highly conservative gene cluster consisting of over ten syntropic genes (Fig. 2B, Fig. S5). 199 

This gene cluster contained core gene sets involved in DNA repair, transcription, translational regulation, and 200 

post-translational modification by modulating macromolecules such as DNAs, RNAs and proteins (SI). Notably, 201 

in the three genomes of basal Thalassarchaeaceae, corA was in opposite coding direction to the rest of the gene 202 

cluster while in Poseidoniaceae it was always in the same coding direction. Such an arrangement suggests an 203 

inversion event in the ancestor of either Poseidoniaceae or Thalassarchaeaceae (SI). As adjacent and syntropic 204 

genes often form operons and transcribe simultaneously 31, genes in this cluster are possibly regulated in concert 205 

with each other in stress response. In contrast, the evolution of znuA in Poseidoniales is often mediated by 206 

lateral gene transfer (LGT) (Fig. S6) including 39 gain- and 35 loss events of znuA, respectively, as suggested 207 

by amalgamated likelihood estimation (ALE) (Fig. S5). Moreover, the znuABC gene set is not associated with 208 

any specific genes or gene clusters (Fig. S5).  209 

 210 

Both magnesium and zinc are essential elements in cellular functions. While they may be involved in various 211 

ways in cells’ response to environmental stresses such as drastic salinity fluctuation at estuaries, their common 212 

and fundamental role is likely to stabilize or modulate structures of macromolecules such as DNAs, RNAs, and 213 

proteins (SI). At least 133 of the 159 (83.6%) Poseidoniales MAGs in Fig. S5 encode either corA, znuABC, or 214 

both, suggesting that the import of divalent cations may be crucial to the survival of Poseidoniales. On the other 215 

hand, the mutually exclusive distribution of corA and znuABC in Poseidoniales suggests these two ion 216 

transporters may be functionally redundant (Fig. S5, SI). However, genetic conservation and genomic location 217 

of corA suggest that the regulatory coupling of magnesium import with other essential stress-response functions 218 

is the strongest determinant of brackish Poseidoniaceae. In marine Poseidoniaceae whose corA is lost from the 219 

stress-response gene cluster, znuABC is then obtained as compensation for divalent cation transporter.  220 

 221 

 222 

Gene gain and loss during habitat shift 223 

 224 

The sporadic loss of the habitat-determinant gene corA in Poseidoniaceae genera provides a unique opportunity 225 

to reconstruct the evolutionary history of Poseidoniaceae transitions between brackish and marine habitats at 226 
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species to strain level. There were at least ten salinity-based divergent events in the evolutionary history of 227 

Poseidoniaceae (Fig. 2A). As an example, we tracked the gene gain and loss events in association with the 228 

salinity and proteome acidification diversification in subgroups BK4, BK5 and M (MAG completeness 229 

minimum = 55.96%, completeness median = 80.28%, contamination < 5%) based on the ALE results (Table 230 

S4). The corA gene was replaced by a new copy in the common ancestor of BK4 and then vertically transferred 231 

in this subgroup. In BK5, M and BK6, corA is vertically transferred followed by sporadic losses in marine 232 

species of the M subgroup. Remarkably, immediately before or after the loss of corA, znuABC was gained and 233 

maintained for at least one copy (Fig. 3). One additional gain event of corA and subsequent loss of znuABC is 234 

found in a branch of M-b. This observation again supports the hypothesis that these two ion transporters may 235 

partially be functionally redundant.  236 

 237 

Accompanying and especially following the change of corA, various and massive gains and losses of habitat-238 

specification genes possibly mediated by LGT were observed in Poseidoniaceae genomes during their gradual 239 

diversification to marine or brackish environments. For example, as the less acidified proteome of brackish 240 

Poseidoniaceae comprises more basic amino acids than that of their marine counterparts (Fig. 1B), the 241 

concentration of free basic amino acids in the cytoplasmic pool needs to be lowered by either increasing export 242 

or stopping biosynthesis to maintain charge balance. Indeed, the acquisition of lysine/arginine efflux and the 243 

loss of lysine biosynthesis happened in the ancestors of BK4 and BK6, respectively (Fig. 3). Moreover, 244 

microorganisms living in brackish and marine environments face great physiochemical differences in nutrient 245 

availability, substrate composition and stress types. Accordingly, we found large-scale loss of genes involved in 246 

phosphorus and low-abundant metal uptake, peptide degradation (peptidases/proteases), and organic matter 247 

utilization in BK4 and BK6 lineages, reflecting a relative eutrophic brackish environment where extra substrate 248 

transport machinery is unnecessary. At the same time, some peptidases and biosynthetic enzymes required for 249 

brackish water adaptation were obtained in brackish taxa. For example, the acquisition of fructose/tagatose 250 

bisphosphate aldolase by genome ShenzhenBay-2018-35 and 2-keto-4-pentenoate hydratase in the catechol 251 

meta-cleavage pathway by genome PearlRE-2016-260 possibly reflect the adaptation of brackish 252 

Poseidoniaceae to consuming terrestrial substrates (Table S4).  253 

 254 

In addition, frequent loss and gain of different types of ribosomal proteins were found. Variations in the content 255 

and number of ribosomal proteins could contribute significantly to differences in maintaining large RNA 256 
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structure and thus ribosomal performance 32. The turnover of ribosomal proteins suggests a dynamic population 257 

of ribosomes with heterogeneous protein composition and potentially diverse functions in response to habitat 258 

shift 33.  259 

 260 

All these results support a model in salinity transition within a microbial genus that the transition is initiated 261 

with the sudden change of a key gene involved in osmotic stress adaptation and followed by gradual tuning in 262 

metabolism and proteome acidification. This model is in line with the ‘salinity divide’ paradigm that salinity is 263 

the primary factor in spatial isolation of aquatic microbes 34. 264 

 265 

 266 

 267 

Fig. 3 | Essential gene gain and loss events during the diversification of the BK4-BK5-M-BK6 268 

monophyletic clade of Poseidoniaceae. The cladogram of the BK4-BK5-M-BK6 clade of Fig. S7A is shown. 269 

Gene gain/loss events between adjacent internal nodes or between adjacent internal nodes and terminal taxa are 270 

illustrated on relevant branches. Capital C and Z mean the corA gene and the znuABC gene set, respectively. 271 
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Shapes with black edges or letters in black show gain events, while that with white edges or letters in white 272 

show loss events. Numbers inside the shapes indicate the number of genes. p/a, proteome acidity. 273 

 274 

Dating the salinity divergence in deep time 275 

 276 

Finally, we establish a geological time scheme in the evolution of the brackish and the marine Poseidoniales to 277 

study the possible correlation between salinity adaptation and geo-environment changes. Our recent approach 278 

has found a strong correlation between the diversification of Nitrososphaeria and geological events such as the 279 

Great Oxidation Event 35. Building on this analytic framework, we calculated the evolutionary timepoint of 280 

Poseidoniales diversification in the phylogenetic tree of Archaea by conducting a molecular clock analysis. The 281 

archaeal root and three oxidation constraints were used for time calibration (SI). We then projected global 282 

geological events to the time scale of Poseidoniales diversification (~1.5 Gyr to now) and found that the 283 

divergence of Poseidoniaceae and Thalassarchaeaceae happened at about 0.969 Gyr (Fig. 2A).  284 

 285 

Notably, two identifiable periods existed in the evolutionary history of Poseidoniales, which was supported by 286 

applying different rooting strategies and modeling methods (SI). The first period was from 0.834 to 0.28 Gyr, 287 

when the formation of all the Poseidoniales genus-level subgroups happened. This period coincides with the 288 

increase of atmospheric oxygen from that of the boring billion years to the current level 36. As Poseidoniales are 289 

aerobic heterotrophs, an increase in ocean oxygen level may enhance their oxidative capacity to access more 290 

complex organic substrates and/or facilitate their exploration to previously anoxic marine habitats that are rich 291 

in various organic matter. Both processes promote niche diversification. The second period was from 0.284 to 292 

0.094 Gyr when the divergence of the brackish and the marine subgroups of Poseidoniaceae happened. This 293 

period was aligned to the Pangea tectonic period and the large-scale change of sea level 37. A similar observation 294 

was made for amphipods diversification due to habitat shift during the closing of Tethys 38 and the breakup of 295 

Gondwana 39. Our finding provides strong evidence that, like animals, landform and sea level changes, which 296 

create drastic changes in the salinity of coastal aquatic habitats, can be a strong driving force for the cross-297 

salinity evolution of Poseidoniales.  298 

 299 

 300 

Conclusion 301 
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 302 

In this study, we track the evolution trajectory of Poseidoniales subgroups transited between marine and 303 

brackish habitats by focusing on identifying the primary selective force and the key genetic change that initiated 304 

the transitions. We discover that the speciation was triggered by the insertion, inversion, possibly regulatory 305 

coupling, and subsequent loss of a key gene corA in a highly conservative stress-response gene cluster. The 306 

regulatory coupling of corA with this gene cluster potentially contributes to osmotic adaptation of Poseidoniales 307 

in brackish waters. The sudden losses and gains of corA were then followed by metabolic acclimation and 308 

diversification mediated by LGT. The establishment of a geological time frame in genome evolution of 309 

Poseidoniales demonstrates that this salinity-based speciation is possibly selected by strong coastal 310 

hydrodynamics in the background of global tectonic activities and sea level changes. 311 

 312 

Based on these discoveries of Poseidoniales evolution, we propose a model with a hierarchical structure of 313 

selection in the early process of microbial speciation (Fig. 4). In this model, the sudden change of primary and 314 

qualitative niche trait (e.g. salinity adaptation in this study) precedes the gradual changes in secondary and 315 

accumulative traits (e.g. proteome acidity change and multidimensional metabolism adjustment). We also 316 

highlight the essential roles of strong selective force (e.g. rapid environmental salinity change) and gene co-317 

regulation (e.g. in a stress-response gene cluster) to fix the primary niche trait and facilitate further speciation. 318 

This model is potentially applicable to elucidate long-stand puzzles in other ancient microbial speciation events 319 

between ecologically distinct habitats such as the emergence of pathogens 8, endosymbionts 40, and 320 

extremophiles 41. 321 

 322 

 323 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 27, 2022. ; https://doi.org/10.1101/2022.09.25.509439doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.25.509439


 324 

Fig. 4 | A schematic picture shows the process of genetic changes during the speciation of Poseidoniales 325 

between salinity distinct habitats and the potential selective force. The three globes roughly show the 326 

movement of land plates during the Pangaea tectonic period. The light blue edges of the continents conceptually 327 

show the merged coastal land as a result of high sea-level.  328 

 329 

 330 

 331 

Methods 332 

Sampling metagenomes. Microplanktons were collected at the Pearl River estuary in 2011, 2012, 2016 42, 2018 333 

(in the adjacent Shenzhen Bay) and 2019 (National Omics Data Encyclopedia (NODE, 334 

https://www.biosino.org/node/) project: OEP001662), the Jiulong River estuary in 2018 (NODE project: 335 

OEP000961), the Yangtze River estuary in 2016 (NODE project: OEP001542), the Brisbane River estuary in 336 

2020 (NCBI project: PRJNA872317), and the Northwest Pacific in 2015 and 2017 (NODE project: 337 

OEP001662) (Table S1). Immediately after collection, surface water was first filtered through 2.7 μm pore-size 338 

glass fiber filters (Shanghai Mosutech, Shanghai, China) to remove large particles and the filtrates were then 339 

filtered through 0.22 μm pore-size membrane filters (Pellicon cartridge, Millipore Corp., Billerica, MA, USA) 340 

to collect microbial cells. Filters were then frozen in liquid nitrogen and stored at -80� in lab till further 341 

processes. DNA was extracted by using the FastDNA SPIN kit for soil (MP Biomedicals, Solon, OH, USA) 342 

following the manufacturers’ instructions. Metagenome sequencing was conducted on an Illumina HiSeq 2500 343 
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platform at Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). Raw reads of the published 344 

metagenomes of the Caspian Sea 43, the Baltic Sea 29,44–46, the Columbia River estuary 47, the Amazon River 345 

estuary 48, the Yaquina Bay estuary 49, the Helgoland coast27, the Port Hacking coast22, and the Tara Oceans 346 

Project 50 were downloaded from public databases (Table S1). Clean reads of the above metagenomes were 347 

generated by using the reads_qc module of MetaWRAP (v. 1.2.1) 51. 348 

 349 

Generation of the global non-redundant Poseidoniales genome dataset. To obtain potential brackish 350 

Poseidoniales genomes, we used IDBA-UD (v. 1.1.3) 52 to assembly clean reads of the metagenomes of the 351 

Pearl River estuary, Shenzhen Bay, the Brisbane River estuary, the Jiulong River estuary, the Yangtze River 352 

estuary, the Columbia River estuary, the Amazon River estuary, Caspian Sea, and Baltic Sea (Table S1). Contigs 353 

longer than 2�kb were used for binning by using the binning module of MetaWRAP recruiting metaBAT2 53, 354 

Maxbin2 54, and CONCOCT 55 methods. Bins with completeness >50% and contamination <10% as evaluated 355 

by CheckM (v. 1.0.5) 56 were kept and those classified as Poseidoniales by GTDB-tk (v. 1.3.0, release 95) 57 356 

were used for downstream analysis. Previously published marine Poseidoniales genomes generated by Rinke et 357 

al. 22, Tully 23, and Orellana et al. 27 were downloaded from their online deposits. The combination of 358 

downloaded genomes with those generated in this study results in 835 Poseidoniales metagenome-assembled 359 

genomes (MAGs) (Table S2). Potential contaminant contigs in each MAG were further removed by manual 360 

check aided by acdc (v. 1.2.1) 58. A non-redundant MAG dataset was generated by using dRep (v. 2.6.2) 59 and 361 

setting a cutoff of 99% average nucleotide identity. This dataset contains 455 Poseidoniales MAGs. Quality 362 

check and taxonomic classification of these MAGs were conducted by using CheckM and GTDB-tk, 363 

respectively. Genes and proteins of the MAGs were predicted by using Prodigal (v. 2.6.3) 60. 364 

 365 

Phylogenomics of the non-redundant Poseidoniales MAGs. We used hmmsearch (v. 3.1b2; -E 1E-5) 61 to 366 

search for the 122 archaeal single-copy marker proteins 56 in the 455 non-redundant Poseidoniales MAGs based 367 

on hidden Markov models (HMMs) in Pfam 62 and TIGRfam 63 databases. MGIII euryarchaeal and other 368 

archaeal genomes were used as the outgroup (Table S3). Marker proteins present in ≥60% taxa were retained 369 

and aligned, respectively, by using MUSCLE (v. 3.8.1551; --maxiters 16) 64. The alignment matrixes were 370 

denoised by using trimAl (v1.2rev59; -automated1) 65 and then concatenated. Missing data were filled with 371 

gaps. A maximum-likelihood tree was reconstructed by using FastTree (v. 2.1.10; -gamma -lg) 66 and visualized 372 

in the Interactive Tree of Life (iTOL, v.5.1.1) 67. 373 
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 374 

MAG abundance calculation. To profile the distribution of Poseidoniales in global marine surface water, the 375 

non-redundant MAGs were mapped by clean reads of metagenomes and metatranscriptomes obtained from 376 

surface samples of the Pearl River estuary, Shenzhen Bay, the Jiulong River estuary, the Yangtze River estuary, 377 

the Columbia River estuary, the Amazon River estuary, Caspian Sea, Baltic Sea, the Helgoland region, the Port 378 

Hacking offshore region, Northwest Pacific, and the Tara oceans project (Table S1). To minimize potential 379 

unspecific mapping, rRNA and tRNA genes in the MAGs were identified by using Metaxa (v. 2.2) 68, and low 380 

complexity regions were predicted by using DustMasker (v. 1.0.0) (https://github.com/ncbi/ncbi-cxx-toolkit-381 

conan). These regions of the MAGs were masked before mapping using Bedtools (v. 2.27.1). Read mapping was 382 

conducted by using Bowtie2 (v. 2.3.5) 69 and followed by sorting and format convert to BAM files by using 383 

SAMtools (v. 1.9) 70. The BAM files were filtered by using BamM (v. 1.7.3) 384 

(https://github.com/minillinim/BamM;) with thresholds of 99% identity and 75% coverage. Finally, bbmap 385 

(http://jgi.doe.gov/data-and-tools/bb-tools/) was used to calculate read counts for each contig and the RPKM 386 

(Reads Per Kbp of each genome per Mbp of each metagenomic sample) value was calculated for each MAG in 387 

each sample, respectively. 388 

 389 

Proteome acidity estimation. The isoelectric points (pI) of proteins of MAGs were calculated by using Pepstats 390 

of the EMBOSS package 71. pI frequency distribution of a proteome was calculated as previously described 12. 391 

Proteome acidity in this study is defined as the ratio of the frequency of the acidic peak (pI 4.5) to the frequency 392 

of the semi-acidic peak (pI 6.25) as shown in Fig. S4.  393 

 394 

Habitat salinity range analysis. Habitat salinity was investigated by calculating the abundance (RPKM) of 395 

Poseidoniales MAGs in metagenomes from diverse salinities (Table S1). A MAG is considered present in a 396 

metagenome if its RPKM value is above 0.01. The up-limit habitat salinity of a Poseidoniales taxon is set as the 397 

highest salinity where it is present, and the down-limit is set as the lowest salinity where it is present. Its 398 

optimum habitat salinity is set as the salinity where it has the highest RPKM value. 399 

 400 

Functional annotation and comparison of MAGs. Protein sequences of MAGs were annotated based on the 401 

KEGG database by using kofamscan 72, and the COG 73, arCOG74, Pfam 75 and Tigrfam databases 63 by using 402 

BLASTp 76 (E-value < 10−3, bit score > 50, similarity > 50%, and coverage > 70%), respectively. Genes 403 
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specifically enriched in brackish Poseidoniales were defined as those present in > 85% brackish MAGs but < 404 

5% in marine MAGs. Genes specifically enriched in marine Poseidoniales were defined vice versa. 405 

 406 

Tree of Poseidoniales and other archaea. To build the tree for the dataset containing 188 taxa (Fig. S7), 39 of 407 

the 41 marker proteins described by Adam et al., 2017 77 were used. The other two proteins were excluded 408 

because they are absent in most of the Poseidoniales MAGs in this dataset. Detection of the marker proteins in 409 

each MAG was based on functional annotation. The marker proteins of each MAG were identified according to 410 

the genome functional annotations. A multisequence alignment of concatenated marker proteins was constructed 411 

by using MUSCLE and automatically trimmed by using trimAl. Removal of compositional heterogenous sites 412 

was conducted by applying a χ2-score-based approach 78. Maximum likelihood trees were reconstructed with the 413 

LG+C60+F model implemented in IQ-TREE (v. 2.0.3) 79 and then visualized in iTOL. Maximum-likelihood 414 

trees of the dataset containing 230 taxa (Fig. S8) were reconstructed in the same manner.  415 

 416 

Amalgamated likelihood estimation (ALE) analysis. Functional genes in the 231-taxa dataset were aligned by 417 

using MAFFT L-INS-I 80 and denoised by using trimAl (automated1). The ML tree was constructed by using 418 

IQ-TREE with the parameters “-seqtype AA -m LG+PMSF+G -B 1000 --bnni”. The ALEml_undated algorithm 419 

of the ALE package 81 was used to reconcile the functional gene tree against the phylogenomic tree to infer the 420 

numbers of duplication, loss, transfer (within the sampled genome set), and origination (including both transfer 421 

from other phyla outside the species tree or de novo gene formation) on each branch of the Thermoplasmatota 422 

species tree. The results were visualized in iTOL.  423 

 424 

Gene gain/loss event analysis for the BK4-BK5-M-BK6 monophyletic clade of Poseidoniaceae. The event 425 

number of a gene (KO or arCOG entry) in a terminal taxon (MAGs) is 1 if the gene is present and is 0 if absent. 426 

The event number of a gene in an internal node is defined as the DTLO event numbers calculated by applying 427 

the branchwise_numbers_of_events.py script described by Sheridan et al. 82 Gene gain/loss events between 428 

adjacent internal nodes or between adjacent internal nodes and terminal taxa are defined as the following: 1) A 429 

loss event is defined if the event number of the older node (an internal node) is greater than 0.8 and is eight 430 

times greater than that of the younger node (an internal node or a terminal taxon); and 2) A gain event is defined 431 

if the event number of the younger node (an internal node or a terminal taxon) is greater than 0.8 and is eight 432 

times greater than that of the older node (an internal node). 433 
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 434 

Molecular clock analysis. Node divergence time of the 231-taxa maximum-likelihood trees was estimated by 435 

using RelTime in MEGA X (v10.1.5) with the LG+G model and with 95% confidence interval 83. The root of 436 

Archaea (4.38-3.46 Ga) 84–86 and three constraints (i.e. the roots of Thermoproteales, Sulfolobales and 437 

Thermoplasma) related to the Great Oxygenation Event (2.32 Ga) 87,88 were used for calibration as introduced in 438 

our previous study 35.  439 

 440 

Reference of geological events. The estimation of geological atmospheric oxygen level in Fig. 2A is based on 441 

Catling and Zahnle 2020 36 and Campbell and Allen 2008 89. Glaciation events are based on Tang and Chen 442 

2013 90. Tectonic active period is based on Nance et al. 2014 91. Sea level changes are based on Marcilly et al. 443 

2022 37.  444 

 445 

 446 
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