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MICROBIOLOGY

Large-scale phylogenomics of aquatic bacteria reveal
molecular mechanisms for adaptation to salinity
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The crossing of environmental barriers poses major adaptive challenges. Rareness of freshwater-marine transi-
tions separates the bacterial communities, but how these are related to brackish counterparts remains elusive,
as do the molecular adaptations facilitating cross-biome transitions. We conducted large-scale phylogenomic
analysis of freshwater, brackish, and marine quality-filtered metagenome-assembled genomes (11,248).
Average nucleotide identity analyses showed that bacterial species rarely existed in multiple biomes. In contrast,
distinct brackish basins cohosted numerous species, but their intraspecific population structures displayed clear
signs of geographic separation. We further identified the most recent cross-biome transitions, which were rare,
ancient, and most commonly directed toward the brackish biome. Transitions were accompanied by systematic
changes in amino acid composition and isoelectric point distributions of inferred proteomes, which evolved
over millions of years, as well as convergent gains or losses of specific gene functions. Therefore, adaptive chal-
lenges entailing proteome reorganization and specific changes in gene content constrains the cross-biome tran-
sitions, resulting in species-level separation between aquatic biomes.

INTRODUCTION

Transitions between different environmental conditions have long
been identified as one of the major drivers of evolutionary innova-
tion (I). Evidence of fast dispersal of bacteria across the globe sug-
gests that physicochemical and biological factors constrain the
distribution of bacteria to a higher extent than geography and dis-
persal limitation (2). However, the highly dynamic nature of bacte-
rial genomes (3), including the ability to acquire new genes through
horizontal gene transfer (4), can potentially facilitate the crossing of
environmental barriers.

Salinity, pH, temperature, and other factors important for struc-
turing microbial diversity are predicted to change in coastal waters
because of climate change (5). Combined with the crucial role of
bacteria in such ecosystems (6), there is a need to understand the
potential and limitations of adaptation and dispersal in response
to changing environmental conditions. Comparative genome anal-
yses across major environmental barriers have the potential to
uncover the molecular mechanisms of such adaptation. Conducting
the analysis in a phylogenetic framework allows for identifying

evolutionary history of aquatic bacteria (9-11), pinpointing differ-
ences in salinity as a particularly strong barrier for microbes to over-
come. More recently, fragment recruitment—based metagenomic
analyses have indicated that brackish environments with intermedi-
ate salinity levels [between 0.5 and 30 Practical Salinity Units (PSU)]
also host genetically distinct bacterial lineages (12, 13). However,
this has not been confirmed in a rigorous phylogenomic frame-
work, and little is known about the biogeography of the potential
brackish microbiome and its relationship with its freshwater and
marine counterparts. Key questions remain unanswered, such as
which groups of bacteria have transitioned between the aquatic
biomes, how often, in which directions, and when have the transi-
tions taken place.

Protein properties such as isoelectric point distributions were re-
cently shown to differ between aquatic biomes with a pattern that
may reflect adaptation to different extra- and intracellular ion con-
centrations (14). Detected changes are mainly seen for surfaces of
soluble proteins and differ between certain groups of closely
related freshwater, brackish, and marine lineages (14). Likewise,
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genetic traits that have been convergently gained or lost in multiple
lineages in conjunction with switching from one environment to
another. Such traits are likely to be adaptive, in contrast to many
other traits that may differ in prevalence between the biomes
because of different taxonomic composition, i.e., through “hitch-
hiking” in genomes where other traits have been selected for by
the environment.

Salinity has long been considered the strongest physicochemical
factor determining bacterial community composition (7, 8). Dis-
tinct bacterial lineages inhabit freshwater and marine biomes, and
transitions between these biomes have been rare in the documented
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the functional gene content of microbial communities changes in
a salinity-dependent manner (11, 12, 15-17), although it is
unclear to what extent these effects are merely attributable to differ-
ences in the taxonomic composition. Widespread patterns of con-
vergent gene gain and loss accompanying cross-biome transitions,
as well as evolutionary factors and dynamics driving the shift in iso-
electric point distribution, could be further elucidated through a
systematic phylogenomic analysis across the bacterial tree of life.
Here, we analyze an extensive and diverse set of freshwater,
brackish, and marine metagenome-assembled genomes (MAGs)
in a phylogenomic framework. We cluster MAGs by average nucle-
otide identity (ANI) and compare the similarities of genomes from
the same and different biomes. We identify the most recent transi-
tions between the aquatic biomes and estimate their evolutionary
timeline and directionality. Last, we show that large-scale changes
in the properties of the predicted proteome and specific alterations
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in gene content accompany cross-biome transitions in diverse bac-
terial lineages.

RESULTS

A comprehensive dataset of MAGs from freshwater,
brackish, and marine biomes was compiled

A total of 13,783 MAGs reconstructed from freshwater (18-20),
brackish (17, 21), and marine (22, 23) biome metagenomic datasets
(Fig. 1A) were downloaded to analyze evolutionary histories and
functional adaptations in aquatic bacteria. These datasets come
from studies designed to cover a wide range of niches mostly
within the epipelagic (sunlit) zone via sampling at different
depths and across environmental gradients. The MAGs were fil-
tered at >75% completeness and <5% contamination thresholds,
and the 11,509 MAGs passing these criteria were considered for
the remaining analyses (11,248 bacterial and 233 archaeal). For
further analyses, we focused on the bacterial MAGs, of which
7643 were from fresh water, 2240 were from brackish water, and
1365 were from marine waters (Table 1). Collected MAGs contained
representatives from 72 phyla distributed across 135 classes and 348
orders, with the majority (91%) belonging to only 12 bacterial phyla
with >100 representatives per phylum (data S1).

Bacterial species are rarely shared between biomes
Clustering the bacterial MAGs using ANI at the threshold of the
operational definition of species [95% (24, 25)] resulted in 3561
genome clusters (Fig 1B). MAGs of the vast majority of genome
clusters (n = 3547) belonged to a single biome (2063 freshwater,
485 brackish, and 999 marine genome clusters), while no genome
cluster had representatives from all three biomes. Only 14 genome
clusters harbored MAGs belonging to pairs of biomes [nine, four,
and one genome clusters with freshwater-brackish (FB), brackish-
marine (BM), and freshwater-marine (FM) MAGs, respectively;
Fig 1C]. The only shared FM genome cluster was affiliated to the
genus Limnobacter (phylum Proteobacteria). Shared FB clusters
were affiliated to phyla Actinobacteriota, Proteobacteria, Verruco-
microbiota, and Bacteroidota. The shared BM clusters belonged to
phyla Proteobacteria, Verrucomicrobiota, and Bacteroidota.
Forty-five of the 485 brackish genome clusters had members
from both included brackish water bodies, the Baltic Sea and the
Caspian Sea, while 300 and 141 were unique to Baltic and
Caspian, respectively. The shared clusters belonged to 13 classes

in 10 different phyla (Planctomycetota, Verrucomicrobiota, Gem-
matimonadota, Bacteroidota, Actinobacteriota, Chloroflexota, Cya-
nobacteria, Firmicutes, Nitrospinota, and Proteobacteria). The
extent of overlap between Baltic Sea and Caspian Sea genome clus-
ters (18.6%) was significantly higher than between brackish and
freshwater (0.7%) and brackish and marine clusters (0.5%; P <
107'° for both comparisons), despite the geographic separation
and lack of hydrological connectivity between these ecosystems.
This supports the previously postulated existence of a global brack-
ish-specific microbiome (12, 21).

The clustering results above indicate that bacterioplankton be-
longing to the same species (within the 95% ANI threshold) are in-
habiting the geographically distinct and distant Baltic and Caspian
seas. To investigate intraspecific (within-species) biogeographical
patterns, we used a population genomics approach, where allele fre-
quencies in single-nucleotide variant (SNV) loci are obtained by
aligning metagenomic sequences to the genomes. As previously re-
ported (26), principal coordinate (PCoA) analysis of pairwise fixa-
tion indices (Fgy) showed that for each of the five genome clusters
where we applied this approach in the present study, populations
were highly structured according to salinity within the Baltic Sea
(Fig. 2A). However, adding the Caspian Sea data to the analysis re-
vealed even stronger population structuring between the two seas
(Fig. 2B), indicating geographic separation at the strain level
within these species.

Transitions between aquatic biomes are rare, ancient, and,
in most cases, directed into the brackish biome

We reconstructed the phylogeny of the aquatic MAGs using a set of
conserved housekeeping genes (27). The resulting tree was pruned
to contain a maximum of one MAG from each biome per previously
identified genome cluster (i.e., ~species; Fig. 3). The most recent
transitions between the aquatic biomes, if detected, should be rep-
resented on the phylogenetic tree as pairs of closest related mono-
phyletic and biome-specific groups. We call these clades
monobiomic sister groups (MSGs; Fig. 4A). We identified 310
MSG pairs, with brackish and marine (BM; n = 136) and freshwater
and brackish (FB; n = 119) transitions being twice as numerous as
freshwater and marine (FM; n = 55), despite the larger number of
freshwater and marine MAGs in the pruned tree (Fig. 4B). The
number of FB and FM transitions was also significantly lower
than would be expected if phylogeny would not correlate with

Table 1. Number of MAGs originated from each dataset.

Dataset #Metagenomes #Total MAGs #Filtered MAGs #Filtered Bacteria #Filtered Archaea Reference
North American lakes (F) 141 193 84 84 0 (18)
StratFrEShDB(F) ................................. 267 .......................... 35547654 ............................. 7554100 ........................... (20) ‘‘‘‘‘‘

|_a ke Ba |ka| (F) ...................................... 2 .............................. 35 .............................. 7 ................................... 5 ..................................... 2 ............................. ( 19) ......

Ba|t|csea(3)1z3 ........................... : 939 .......................... : 939 .............................. 1 954 ................................. 35 ............................ (17) ......

Casp.ansea(g) .................................... 3 ............................. 324 ........................... 324 ............................... 31410 ............................ (21) ......

G|oba| ocean . T (M) ............................ 2 43* ......................... 263 1 ........................... 990 ............................... 932 .................................. 53 ............................ (22 ) ......

G|0ba| ocean . D (M) ........................... 2 43* ,,,,,,,,,,,,,,,,,,,,,,,,,, 957 ,,,,,,,,,,,,,,,,,,,,,,,,,,, 461 ................................ 433 .................................. 28 ............................ (23 ) ,,,,,,
*The same metagenomes were used to obtain MAGs in (22, 23) but using different approaches.
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Fig. 1. Status of shared bacterial clusters in different biomes. (A) Map showing origins of MAGs (717-23). (B) Number (nr) of MAG clusters at different nucleotide
distance cutoffs in each biome. (C) Number of MAG clusters at different nucleotide distance cutoffs with members of different biome combinations. (D) Relative abun-
dance of MAGs affiliated to different phyla in the three different biomes. Frequency distributions of pairwise inter-MAG ANI values in the range of 90 to 100% in (E)

freshwater, (F) brackish, and (G) marine genomes. bp, base pairs.
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Fig. 2. Population structure of brackish genome clusters. (A and B) Left: Geographic origin of each metagenome sample included for the MAG. Right: A PCoA based on
pairwise Fsr values. Only Baltic Sea samples were included in (A), whereas both Baltic Sea and Caspian Sea samples were included in (B).
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Fig. 3. Reconstructed phylogeny of MAGs of the three aquatic biomes. Tree with branch lengths corresponding to estimated minimal times since divergence. Only
tips present in the pruned tree are visualized. Identified transitions, i.e., nodes corresponding to the most recent common ancestors (MRCAs) of MSG pairs, are color-
labeled by transition type.
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Fig. 4. The most recent transitions between biomes. (A) lllustration of an MSG pair corresponding to an FB transition. (B) Observed numbers of transitions between the
biomes. Numbers of MAGs included in the pruned tree are given in brackets under the biome names. The total number of all identified cross-biome transitions is shown in
gray in the middle of the plot. (C) Expected numbers of transitions between the biomes as predicted by random permutations of biome annotations. On the internal sides
of the arrows are P values for the estimated numbers being smaller (for FM and FB) or bigger (for BM) than the observed numbers of transitions. (D) The number of
transitions distributed across the lowest shared taxonomic level to which both MSGs could be classified. If no annotation was available at a taxonomic level, then a higher
one was considered. (E) Proportion of pairs of MSGs for broader taxonomic groups. (F) The distributions of estimated minimal times since divergence for all nodes on the
unpruned tree ("All MAGs"), nodes corresponding to most recent divergence events [pairs of bacterial species sharing an exclusive MRCA on the pruned tree, i.e.,
"Different species”], and nodes corresponding to transitions grouped by type. The timing of transitions within >95% ANI clusters is marked as “X." (G) Mean likelihoods
of ancestral biome states for transition between the biomes. On the sides of the triangle P values are given for difference in the likelihood for ancestral states of the two
biomes in which the MSGs for the transition type were identified (for example, between brackish water and fresh water for FB). (H) Numbers (and proportion) of transitions
of each type for which the direction of the transition indicated by the arrows was more probable than the two other ancestral biome states taken together. Both-sided

arrows indicated transitions with no identified dominant transition direction.

biome annotation (Fig. 4C). This corroborates observations for the
previously described genome clustering.

Most of the identified FB and BM MSG pairs belonged to the
same genus (around 55% in both cases), while for FM transitions,
the lowest-level shared taxonomic annotation was most often (49%)
at the family level (Fig. 4D and table S1). Only small proportions
(1.8 to 4.2%) of the MSG pairs belonged to the same species
[defined either by Genome Taxonomy Database (GTDB) annota-
tion or as a >95% ANI genome cluster]. The taxonomic distribution
of MSG pairs followed the overall distribution in the corresponding
biomes for BM and FM, but not for FB, probably because of the
overrepresentation of Actinobacteriota and Cyanobacteria in this
transition type (Fig. 4E and fig. S1).

Jurdzinski et al., Sci. Adv. 9, eadg2059 (2023) 26 May 2023

We estimated the minimal time since divergence of the MSG
pairs on the basis of phylogenetic distances using a method that
allows for variable evolutionary rates (Figs. 3 and 4F and fig. S2)
(28). As time constraints, we used minimal times since divergence
of genomes of endosymbiotic bacteria, known from fossil records of
their hosts (table S2) (29-37). As obligate endosymbionts have high
evolutionary rates that exceed those of free-living bacteria (37), this
model gives conservative estimates of time since the transitions
started. The timing differed depending on the transition type (P <
107 for all comparisons; Fig. 4F), FB being the most recent and FM
being the oldest. The difference in median times since FB and BM
transitions could not be attributed to the uneven representation of
biomes in the dataset (fig. S2B).
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The most recent transition was estimated to have happened at
least 44.8 thousand years (ka) ago, and all other transitions were
millions of years ago (table S3). Therefore, all the detected transi-
tions started long before the current brackish conditions were estab-
lished in the Baltic Sea [8 ka ago (38)] and only the six most recent
ones to the period since the Caspian has continuously been brackish
[2 to 3 million years (Ma) ago (39)]. These results imply that the
evolutionary history of the global brackish microbiome (12) by far
predates the formation of these two brackish basins.

To infer the directions of the biome transitions, we conducted
ancestral (biome) state reconstructions of the most recent
common ancestors (MRCAs) of the MSG pairs, correcting for the
uneven representation of biomes in the pruned tree (see Materials
and Methods). FB and BM transitions were generally more likely to
happen into than out of the brackish biome, while for FM transi-
tions, no significant direction preference was observed (Fig. 4, G
and H, and figs. S3 and 4).

Large-scale changes in proteome properties follow cross-
biome transitions

We next assessed if changes in proteome properties accompany the
biome transitions. The average distributions of isoelectric points
(pIs) of the proteins encoded in the genomes were compared
between MSGs in a pairwise manner. Significant differences (P <
107°) in the proportion of neutral (pI € [5.5, 8.5)) proteins were
observed for all the transition types (Fig. 5, A and B, and data
S3), with a higher proportion in the biomes of lower salinity. The
frequencies of acidic proteins (pI € [3.0, 5.5)) showed the opposite
pattern and were significantly different (P < 107°) for the compar-
isons that included freshwater MSGs but not for the BM transition
type. The results suggest that the higher representation of neutral
pls observed in freshwater bacteria (14) gradually diminishes with
increasing salinity, while low proportion of acidic proteins is a dis-
tinctive feature of freshwater bacteria. However, the extent of tran-
sition-related changes in pl distribution highly depended on
taxonomy, with particularly small changes for Actinobacteria
(fig. S5).

Polar, charged, and acidic amino acid frequencies broadly in-
creased (P < 107°) with salinity across the MSG pairs (Fig 5C and
data S3). Changes across all the transition types were significant (P <
107°) for acidic amino acids, which is a subcategory of the other two
categories and may thus also explain the changes observed for those.
In contrast, the frequency of basic amino acids differed significantly
(P<107°) only for BM transitions.

Among the acidic amino acids, there was significantly more glu-
tamate in proteomes inferred from relatives living in higher-salinity
biomes across all the transition types (P < 0.01), and the difference
between the biomes was bigger for glutamate than for aspartate in
all the cases (fig. S6 and data S3). For BM transitions, the higher
proportion of basic residues in marine proteomes could be attrib-
uted to lysine. Big and significant differences (P < 0.001) in the fre-
quency of alanine across BM and FM transitions suggest that this
nonpolar amino acid with a relatively “neutral” effect on protein
structure (40) is often substituted by charged residues in transitions
to higher salinity. For all transition types, there was significantly less
(P < 0.001) proline in the predicted proteomes at higher salinity.

To investigate the dynamics of how the proteome is reshaped
after biome transitions, we compared the differences in pI distribu-
tions to inferred times since divergence. The overall change in pl

Jurdzinski et al., Sci. Adv. 9, eadg2059 (2023) 26 May 2023

distributions followed different logarithmic relationships for
within-MSG (no transition) divergence times as compared to any
of the transition types (Fig. 5D). Moreover, the differences in pI dis-
tribution across transitions were consistently larger than changes
resulting from within-MSG (no transition) divergence events
when the latter were at least 44 to 181 million years more recent
(Fig. 5, G to I). This suggests that proteomes are under strong selec-
tion and continue to evolve to match the new salinity conditions
long after the switch to a new biome (fig. S7).

Specific changes in gene content accompany cross-biome
transitions

For each transition type, we were able to identify specific functional
genes [Kyoto Encyclopedia of Genes and Genomes (KEGG) orthol-
ogy groups (KOs)], significantly overrepresented [false discovery
rate (FDR)—corrected P < 0.1] in the MSGs of one of the compared
biomes after correcting for differences in estimated completeness of
the MAGs (Fig. 6 and data S4). However, transitions did not change
the gain and loss rates (Fig 5E), although gene numbers significantly
differed for BM transitions (Fig. 5F and data S3), with brackish
MAGs having a median of 386 more genes. Therefore, the gains
or losses of the same gene functions (KOs) that we observed in mul-
tiple independent transition events most likely result from analo-
gous changes in selective pressures caused by the biome transitions.

Transporters were the only functional category (KO level C)
overrepresented (FDR-corrected P < 0.05) in all transition types
(Fig. 6 and fig. S8), some with known roles in adaptation to
altered salinity. For FB transitions, brackish MAGs more frequently
contained components of two [or of the same (41)] potassium
uptake systems (K03498 and K03499) co-acting to allow growth
in higher osmotic pressure (42). A component of the uptake
system with higher affinity, K03499 (42), was also more prevalent
in marine genomes across FM transitions. In addition, for both
FB and FM MSG pairs, a Na*/Ca®" antiporter (K07301) was more
often found in the more saline biomes. Analogous changes in
presence of the same K" uptake systems and of Na*/Ca>" antiport-
ers were reported in a comparison of terrestrial and marine
Flavobacteriaceae (43). For BM MSG pairs, adenosine triphos-
phate—dependent phosphate transport genes were more prevalent
in the brackish genomes, consistent with less possibility of using
Na'-coupled phosphate transport compared to that in the marine
environment. Last, K03282, more frequently present in brackish
across BM transitions, is a mechanosensitive ion channel involved
in managing hypoosmotic stress (44).

Two distinct magnesium uptake systems (45, 46) were more fre-
quently present in lower-salinity biomes for FB and BM MSG pairs
(K01531 and K03284, respectively). Moreover, for BM transitions,
brackish MAGs displayed a higher presence of chemotaxis
(K03413) and two-component system sensors (K02482 and
K20974) involved in regulation of motility (47, 48). While Mg*" is
a major component of sea salt (11) and salinity can alter chemotac-
tic responses and motility (49-51), to the best of our knowledge, the
eco-evolutionary relevance of these genes has not been previously
suggested [although the differential presence of K03284 has been
noted in picocyanobacteria (52)]. For FB, a gene connected to
either pigment synthesis (K15777) or aromatic hydrocarbon degra-
dation (K04100) was more often found in freshwater MAGs. Both of
these functions may be connected to salinity-related changes in
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dissolved organic carbon concentration (see Supplementary Dis-
cussion for more details).

Other differentially present genes were less directly connected to
physicochemical differences between the biomes, suggesting more
complex and/or cryptic biological mechanisms associated with
transitions. For BM transitions, genes connected to various meta-
bolic pathways (including modifications of charged amino acids),
as well as transposases, antitoxins, and competence proteins, were
more often present in brackish MAGs than their marine counter-
parts. Typical housekeeping genes were absent among the differen-
tially present genes, which verifies the specificity of the method.

Last, we compared the above results with a phylogeny-unaware
approach, where the presence among the bacterial species of each
gene function was compared between the biomes without con-
straining to MSG pairs. With a few exceptions, the gene functions
identified in the MSG-based analysis were also significant here
(FDR-corrected P < 0.1) with the same patterns of differential pres-
ence, but each comparison identified thousands of additional gene
functions (31 to 46% of the total number of KOs in all genomes; fig.
S9 and data S4). Most of these are likely not directly linked to adap-
tation to the different biomes but display differential presence due
to taxonomic biases. This difference provides further support to the
notion that dissimilarities in gene content between bacteria inhab-
iting different biomes largely correspond to the selection of whole
lineages (16) and not necessarily to functional changes allowing ad-
aptation to a different environment.

DISCUSSION

In this study, we combined several large-scale datasets, which
allowed us to comparatively analyze bacterial genomes from fresh-
water, brackish, and marine biomes at an unprecedented scale. In-
cluding brackish genomes allowed for a more detailed analysis of
the evolutionary history of diverse aquatic bacteria than in previous
studies focusing on the two biomes at the extremes of the spectrum
(9-11, 16, 43, 53, 54) or specific bacterial taxa (52, 55, 56). The
brackish biome is a significant part of our global waters, and com-
bined, the two major brackish systems analyzed here have a similar
volume [~99,000 km® (57)] as all freshwater lakes on earth
[<102,000 km® (58)], albeit only a fraction of the volume of the
global ocean [~1.35 billion km? (59)].

We observed bacterial communities from the different biomes to
be separated on at least the species level; nearly all >95% ANI
genome clusters were restricted to a single biome. Brackish
genome clusters often had representatives from both the Baltic
Sea and Caspian Sea. These results provide further support that
the brackish biome hosts a distinct, globally distributed set of bac-
terial species (12). However, the fact that populations of individual
species were more genetically differentiated between the two brack-
ish seas than across the strong salinity gradient within the Baltic Sea
indicates that geographical barriers still have a structuring effect on
the distribution of aquatic bacteria. The substructuring of the pop-
ulation from the two basins could also be affected by differences in
other environmental factors, such as temperature. However, the size
of the effect of geographic location in comparison to the differences
across the pronounced environmental gradients of the Baltic Sea
suggests that the differences can at least partially be attributed to
limitations in microbial dispersal. While it might be of limited rel-
evance on a large evolutionary time scale, it is likely to be of crucial
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importance when an ecosystem is disturbed, as it may take substan-
tial amounts of time for migrating strains to fill the niches that open
up as a consequence of the disturbance. Understanding how bacte-
ria disperse and colonize new habitats is thus crucial to comprehend
and mitigate the effects of such disturbances, as well as in the
context of restoration efforts. For restoration, transferring of micro-
bial communities might be a crucial component, as has been pro-
posed for degraded soils (60).

Alternatively, local bacteria could adapt to environmental
changes, maintaining a diverse and functioning ecosystem through-
out the process. This is unlikely to be the case when it comes to
changes in salinity spanning across biome barriers, however, since
the formation of neither the Baltic Sea nor the Caspian Sea caused
an observable increase in transition rates, which is consistent with
previous notions of major geological events having little impact on
bacterial speciation rates (61). Therefore, most of the local micro-
diversity that we uncovered through population genomics is likely
to be lost as a consequence of such environmental changes. It has
been suggested for soil microbiomes that anthropogenic pressures
can lead to homogenization of communities and biodiversity loss
on a global scale (62, 63). Ultimately, the destruction and disturb-
ance of environments, enhanced in the times of global change,
threaten not only to decrease local microbial diversity in the short
run but also to diminish genetic diversity within species at a global
scale. A more detailed view of microdiversity is needed for proper
protection of the genetic richness of aquatic bacteria.

Our analyses support previous concepts of FM transitions being
rare (9—11) and show more common but still rare FB and BM tran-
sitions, which most often are directed toward the brackish biome.
However, as the three biomes have continuously existed throughout
geological history and bacterial species appear to be globally distrib-
uted within each of them (2), one might ask why any recent transi-
tions have even happened. A plausible scenario may be that genetic
innovation (gene gain/loss or mutation) can make a lineage com-
petitive in a different biome, either by opening up a new niche or
out-competing others in an existing one, in accordance with the
stable ecotype model (64). However, the benefits of the innovation
need to outweigh the decrease in fitness due to switching to a new
salinity regime. Thus, the smaller salinity difference between the
brackish and the other biomes would explain why it is associated
with more transitions.

The more frequent transitions into than out of the brackish en-
vironment are harder to explain. For FB, the reason could simply be
hydrological, i.e., that fresh water usually flows into brackish water
rather than the other way around. For BM, differences in population
sizes may instead be the explanation, as both the volume and surface
of the ocean are much bigger than of all brackish waters. Beneficial
mutations are thus more likely to appear among the more numerous
marine bacteria. We also observed that there was a small fraction of
FB and BM transitions with unusually high third-biome ancestral
states (fig. S4). These events might correspond to FM transitions
through brackish waters, where an intermediate period in brackish
water would allow for a more gradual adaptation than between FM
directly, as has been suggested before (11, 65).

Our results corroborate previous reports on differences in pre-
dicted proteomes at different salinities (14) and support them
with a systematic analysis across the bacterial tree of life. These
changes likely occur over long evolutionary time scales after the
actual transition, meaning that in the period after the transitions,
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bacteria may have a suboptimal protein repertoire in their new en-
vironment. This environmental mismatch would potentially lower
the fitness of newly transitioned lineages in addition to the bottle-
neck effects, traces of which are present in LD12 clade genomes (66)
and which can lead to fixation of slightly deleterious mutations (67).

We observed a shift toward more acidic protein pIs at higher sal-
inity, as also reported before (14, 52, 68). While comparison of
whole metagenomes has shown a higher proportion of acidic pro-
teins in the brackish than the marine environment (14), our analysis
shows an opposite trend across BM transitions, consistent with pre-
vious results on picocyanobacteria (52) and most other close brack-
ish and marine relatives (14). The discrepancy has been suggested to
be caused by taxonomic biases influencing metagenome-based
analysis (14), and we show that Actinobacteria, abundant in brack-
ish waters (Fig. 1D), have unusually high proportions of acidic
amino acids (fig. S5).

In addition, we connected the changes in isoelectric point distri-
bution to the proteome-scale increase in proportion of acidic amino
acids, most notably glutamate. This likely reflects that charged
amino acids increase protein solubility at higher ionic strength
(69, 70). However, an even stronger pattern observed was the pro-
portion of neutral proteins gradually diminishing with increasing
salinity, which is also known from previous studies but lacks expla-
nation (14). We hypothesize that this effect might be due to dimin-
ishing extracellular pH variation as the concentration of buffering
salts increases (11, 71). Moreover, Na*-coupled transport is the key
mechanism of pH homeostasis under alkaline conditions (72), to
which both freshwater (11) and brackish environments (71, 73)
transcend. Consistently, lower NaCl concentrations have been con-
nected with higher intracellular pH variation in alkaline conditions
(72). Thus, neutral proteins could be soluble and active outside and
inside the cell under pH variations in less saline environments.
Unlike fresh water, brackish pH rarely changes to an acidic state
(71, 73), which may explain why the difference in frequency of
acidic proteins was less significant for BM than for other transition
types, accompanied by a change in the frequency of not only acidic
but also basic amino acids.

For BM transitions, we identified genes involved in glutamate
posttranslational modifications (K03412, K05844, K14940, and
K18310) to be more frequent in brackish genomes. All these mod-
ifications increase the acidity of residues (74-77). Thus, depending
on the specificity of the enzymes, brackish bacteria may change the
charges (and pls) of their proteins to adjust to different salinities
(and varying pH). We also observed that brackish bacteria were en-
riched in gene functions for other physiological responses to envi-
ronmental cues, including chemotaxis, transcriptional regulation,
and synthesis of trehalose and polyamines (both osmolytes; see Sup-
plementary Discussion). Thus, phenotypic plasticity might be an
important hallmark of brackish bacteria, sustaining the populations
across the physicochemical gradients typical for many brackish
environments.

BM transitions seem to alter pangenome dynamics, as the acqui-
sition of mobile genetic elements (MGEs) appears to be more
common in brackish bacteria than their marine counterparts.
This is suggested by a set of transposases [previously reported to
be unusually abundant in the Baltic Sea (78)], competence proteins,
and, indirectly, antitoxins (79) being more often present in the
brackish MAGs (Fig. 6A). Consequently, more MGE:s in the brack-
ish MAGs could explain the higher numbers of genes as compared

Jurdzinski et al., Sci. Adv. 9, eadg2059 (2023) 26 May 2023

to the marine relatives (Fig. 5F). Moreover, MGEs tend to increase
gene gain and loss processes (80, 81) and may thus facilitate fast ad-
aptation to new physiochemical conditions. This may be especially
important in the brackish biome, where the environmental gradi-
ents make the niches smaller and conditions less stable. Niche gen-
eralists tend to have more open pangenomes than specialists (82).
Gene gains and losses also promote the establishment of a recom-
bination barrier between biomes (83). As homologous recombina-
tion inhibits divergence (83-87), these effects would give a further
mechanistic explanation for the “species-level” separation.

In this study, we compare bacterial species for which near-com-
plete genomes could be recovered from freshwater, brackish, and
marine metagenomes. Thus, they correspond to bacterial popula-
tions notably abundant in the samples. Mapping of metagenomic
reads and/or metabarcoding-based approaches could reveal that
some species abundant in one biome are also present in another
but in much smaller numbers. Similarly, the length of time that
we estimated to have passed since all the transition events may rep-
resent them being a two-step process. It is possible that in the period
following transitions, population sizes remain low in a new habitat
and rise to levels allowing MAG recovery only after a considerable
amount of time needed for the bacteria to further adapt to new con-
ditions. That, however, would not change the conclusions on how
the empty niches are filled after an abrupt environmental change. In
addition, although the data used for this study includes two of the
largest brackish water bodies, the Baltic and the Caspian seas, it does
not represent the full environmental and geographic diversity of
brackish waters worldwide. Expanding the analysis to include
more brackish ecosystems via recently available datasets [e.g.,
Black Sea (88), Chesapeake Bay (89), and Pearl River Estuary
(90)] will help in further resolving population structures and adap-
tations within the brackish microbiome. Moreover, while the MSG-
based approach allows for classifying transitions in a meaningful
way for comparative analyses without relying on ancestral state in-
ference, it is also deemed to miss events that were followed by
another cross-biome transition(s). A noteworthy example is the
freshwater SAR11 (Pelagibacterales) subclade LD12, probably the
best-known literature case of FM transition (91). The event
leading to its emergence, however, is not among the transitions
that we find, as its out-group is a BM MSG pair (T_218 as in data
S1), corresponding to a known transition between marine and
brackish biomes within SAR11 clade IIIa (56, 92, 93). Last, in the
gene gain and loss analysis, we corrected for the incompleteness
of the MAGs, increasing the specificity of the results. However,
the subsampling procedure that we used probably also had an
impact on the sensitivity of the method, and it is likely that more
genes are convergently gained or lost in diverse bacteria, as they
adapt to a different salinity regime. The functional annotation of
the genes, as well as conclusions based on it, should be treated
with caution, as the orthologs may have evolved to serve different
roles in the aquatic bacteria than in the model strains.

We used a unique comparative genomics approach to systemati-
cally compare close relatives differing in categorical states. It
allowed us to link evolutionary dynamics of cross biome transitions
to genomic changes induced by the events through analyses that did
not rely on often ambiguous ancestral state inference (which we still
perform but only for inferring directions of transitions and in the
process correcting for imbalances in the dataset in an evolutionary
history-informed manner). This connection can be instrumental to
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move beyond mere correlations of ecological and genomic changes
toward their causal relationship, as we showed by unraveling the
prolonged nature of posttransition proteome reorganization.
While correlation-based methods can also be adjusted for a taxo-
nomically balanced comparative genomics analysis (94), it is
much harder to connect these results to specific evolutionary
events. Furthermore, with our framework, we could correct for
varying levels of genome completeness across MSG pairs and not
downsampling all the MAGs to the same, lowest level, therefore
minimizing the information loss. Consequently, we detected gains
or losses of genes obviously related to adaptation to salinity but not
any housekeeping genes. We were thus able to distill the traces of
repeated gene gains and losses due to habitat change from the tax-
onomic effects that govern the differences in gene content of whole
metagenomes (16). As some of the gained or lost genes have
unknown functions or unobvious connections to adaptation to sal-
inity, these results may inform investigations aiming at discoveries
of new functional genes or additional functions of previously de-
scribed genes.

While the method is effective in identifying genes that via hori-
zontal transfer allows adaptation to a new environment, it will miss
those that are rarely transferred but still beneficial for occupying the
niches. An important example is the Na'-transporting reduced
form of nicotinamide adenine dinucleotide:ubiquinone oxidore-
ductase (NQR) complex. NQR functioning is directly connected
to Na' concentrations, and its evolutionary relevance as a distin-
guishing feature of marine, as opposed to freshwater, bacteria has
been backed by strong evidence (11). However, NQR is a big
complex composed of many genes. Moreover, it has multiple inter-
actions with the rest of the metabolic machinery of the cell, and how
advantageous it is as an adaptation to salinity depends on the phys-
iological setting (11). Thus, the conditions for the acquisition of the
whole metabolic module might be rare. NQR genes were absent
from the MSG-based gain/loss analysis but were among the 25
most significant ones in the phylogeny-unaware analysis for FB
and FM (data S4). Together, this suggests that NQR is a feature dis-
tinguishing dominant freshwater lineages from marine and brack-
ish ones and likely being one of the causes of the pronounced
differences in taxonomic composition. However, it is not a
common feature gained/lost by the newly transitioned lineages.
The existence of whole metabolic modules that improve adaptation
to a different environment but are unlikely to be acquired through
horizontal gene transfer may be one of the barriers that cause cross-
biome transitions to be rare.

Ultimately, we extend the view of transitions between aquatic
biomes and highlight the brackish environment, showing trends
specific for certain transition types and common across all of
them. We report patterns prevalent across the bacterial tree of life,
providing supplementary materials that allow investigation of the
changes for chosen taxonomic groups. We observed many
changes related to previously undescribed adaptation mechanisms
and/or poorly characterized genes, both of which call for further ex-
ploration. In the future, phylogenomic analyses should be supple-
mented with experimental and ecological approaches. This would
allow examining the relevance of the unraveled adaptation mecha-
nisms in the context of ecosystem functioning and physiology.

Jurdzinski et al., Sci. Adv. 9, eadg2059 (2023) 26 May 2023

MATERIALS AND METHODS

MAG collection and sources

Representative MAGs from freshwater, brackish, and marine
biomes were collected from seven previous studies as specified in
Table 1. Freshwater MAGs originate from two North American
lakes (Lake Mendota and Trout Bog), 44 lakes of the StratFreshDB
(mainly in Sweden, Finland, and Canada), and Lake Baikal (Russia)
(18-20). Brackish MAGs originate from the Baltic Sea (17) and the
Caspian Sea (21). Last, marine MAGs that were published by Tully
et al. (22) and Delmont et al. (23) originate from the Tara Oceans
Survey (95, 96).

MAG statistics, ANI calculations, and classification
Completeness and contamination of the collected MAGs were as-
sessed using CheckM (97). MAGs with >75% completeness and
<5% contamination were considered for further analyses. Pairwise
ANT between all MAGs was calculated using FastANI (v1.2), and
MAGs were clustered at the threshold of 95% (98). Clustering of
MAGs was done using hclust and cuttree functions in Rstudio. Tax-
onomic affiliation of MAGs was assigned using the “classify_wt"
workflow of the GTDB Toolkit (GTDB-tk) (v 0.3.2) (25, 27). To
compare proportion of interbiome and brackish interbasin clusters,
we used Fisher's exact test conditioned on the lower number of clus-
ters (two categories: the basin/biome with a lower number of clus-
ters and the number of shared clusters).

Population genomics

Population genomics was conducted with the POGENOM software
as described by Sjoqvist et al. (26). The same set of 22 MAGs [from
(17)] were used as references for mapping of metagenomic data
from the Baltic (17) and Caspian (21) seas. Only five of these ob-
tained sufficient coverage in the three Caspian Sea samples and
were included in the downstream analysis. The five MAGs all rep-
resent different (>95% ANI) genome clusters. The Input_POGE-
NOM pipeline was used for the automatic generation of input
files for POGENOM. The pairwise Fgr values output from
POGENOM were used to conduct PCoA using the Vegan
package in R. Maps were plotted with the rworldmap package.
For parameter settings of Input_ POGENOM and POGENOM,
see (26).

Phylogeny reconstruction

The “de_novo_wf" function of GTDB-tk (v 0.3.2) was used to re-
construct the phylogeny of MAGs (25, 27). The WAG (Whelan
and Goldman) amino acid evolution model was selected in the
infer step, and phylum Patescibacteria was selected as the out-
group (99). Most downstream phylogenetic analyses were per-
formed in RStudio (V3.6.2) with the R packages ape, phytools,
phangorn and ggplot. The multi2di function in R was used to
resolve multichotomies (that appear because some MAGs were
nearly identical) in the phylogenetic tree. Because this function ren-
dered some branches with zero length, we arbitrarily changed all
zero-length branches to 5 x 107* (which was the smallest length
of all other branches) to ensure that all branch lengths were >0.
To remove redundant information and reduce the complexity of
the phylogenetic tree, we generated a pruned tree, keeping only
one MAG with the highest difference between completeness and
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contamination from each cluster (or from each biome within the
cluster if it contained MAGs from different biomes).

Gene prediction and annotation

Prodigal (v2.6.3) was run with default settings to identify protein-
coding genes (100). Gene function annotation was performed with
eggNOG-mapper (v2.0.0), based on the eggNOG v5.0 database
(101, 102). A custom Python script was used to count the number
of occurrences of each KO in each annotated MAG.

Identifying MSGs for comparative analyses

Pairs of MSGs (Fig. 4A) were identified on the basis of the pruned
tree. The MRCAs of the monobiomic groups were identified by
choosing nodes for which on each of the two downstream branches
there were MAGs from a different and only one biome. Transition
types were defined by the two biomes from which the MAGs orig-
inate and do not take into consideration inferred direction of the
transition. The biggest possible pairs of monophyletic groups
within MSGs (coming from the same biome; only one pair for
each MSG with >1 representative MAG on the pruned tree) were
used as “no transition” divergence events.

Expected number of transitions

Biome annotation of the tips of the pruned tree was randomly per-
muted 100 times, and MSG pairs were reidentified using the same
tree structure and the random biome annotations. Rounded averag-
es of transitions obtained in all the iterations were used as the ex-
pected numbers. One-sided P values were calculated as the number
of iterations in which a lower/higher number of transitions of a type
was observed. The fractions of each transition type among all ex-
pected transitions were used as probabilities for X-squared test on
the observed values.

Minimal time since divergence

Six divergence-time constraints were set as minimal estimates of
time since divergence for pairs of obligate endosymbiont taxa
based on fossil record of host species (table S2 and data S2) (29—
37). Divergence times were calculated using RelTime (28) based
on the unpruned trees, including GTDB reference sequences.
Maximum relative rate ratio was set to 100. To correct for the dif-
ference between the placing of the root based on phylogenetic dis-
tances only (99) and the most probable position of the last bacterial
common ancestor on the tree (103), Fusobacteriota were chosen as
an out-group. Only the tips present in the pruned tree were chosen
for further analyses.

Transition directions

One MAG from each MSG was randomly chosen. Additional
MAGs from outside the MSGs were randomly chosen to downsam-
ple the dataset to the same number of genomes from each biome,
equal to the lowest number for any of the biomes (396 for brackish
after removing multiple MAGs within each MSG). “ace” function
from the “ape” package in R was used to obtain maximum likeli-
hood ancestral states of the MRCAs of MSG pairs using an all-
rates-different model (104). Pairwise Wilcoxon rank-sum test of
likelihoods of the ancestral states for the two biomes between
which transition occurred was performed for each transition type.
Random selection of MAGs within and outside the MSGs was
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iterated 100 times, and mean likelihoods and P values were used
for further statistical analyses.

Comparison of isoelectric points and amino acid
frequencies

Isoelectric points (pI) of all proteins within inferred bacterial pro-
teomes were obtained using the pepstats function from the
EMBOSS package (v6.6.0) (105). To get amino acid and amino
acid category frequencies, the whole proteomes were concatenated
into one sequence before running separate pepstats analyses. pI fre-
quencies within bins of pH width of 0.5 spanning the range from 3.0
to 12.5 were used to average, plot, and compare the distributions of
pls between MSGs. Average values over MAGs (95% ANI cluster
representatives) were used for MSGs consisting of more than
1 MAG.

For analysis of total changes in pI distribution, the absolute
values of differences for each 0.5 pH wide bin were summed up.
To compare transitions to divergence events within the same
biome, within each MSG bigger than one representative MAG, a
pair of monophyletic groups that diverged the longest time ago
were identified. The differences between these no transition
(within-MSG) monophyletic groups were compared with differenc-
es across the ancestral nodes (MRCAs of MSG pairs) in a pairwise
manner. All results were tested for significance, and only the signif-
icant results are discussed in the text.

Functional gene overlap and gene numbers

Occurrences of KOs were transformed into a binary table of
gene (1\17<O) presence/absence. Gene overlap was calculated
as: m, where Ny is the number of KOs shared between
2 genomes and Ng; and N, are the total numbers of KOs present
in the respective genomes (83). Formulas log(gene overlap) ~ diver-
gence times and gene overlap ~ divergence times were used to fit
logarithmic and linear models for each transition type, including
no transition (see the "Comparison of isoelectric points and
amino acid frequencies” section). The models were compared
using a method based on the least-square means statistic (106).
Numbers of distinct polypeptide sequences in the predicted prote-
omes were used as the gene numbers.

Gene presence/absence analysis

Occurrences of KOs were transformed into a binary table of gene
(KO) presence/absence. Random pairs of MAGs from the MSGs
were chosen for comparison for each transition type. To correct
for differences in genome completeness, the presence count for
the more complete MAG(s) (based on the CheckM completeness
estimate) in each pair was randomly downsampled to the level of
the less complete MAG. For each transition type, KOs present in
at least one of the MAGs within any of the MSGs were analyzed.
For each of the KOs, differences in the presence between MAGs
from each combination of two biomes were analyzed using paired
samples Wilcoxon test (107). The procedure was iterated 100 times,
starting from the step of randomly choosing pairs of MAGs. The
Benjamini-Hochberg method (108) was used to obtain FDR-adjust-
ed P values (g values), and average g values from the 100 iterations
for each KO were used to determine the significance of difference in
each KO's presence/absence. The identified KOs were annotated
using the KEGG orthology (109) table collected from the KEGG
website on 24 November 2021.
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To compare the gene content of lineages from different biomes
in a phylogeny-unaware manner, we first randomly downsampled

the genes present/absent in all the representative MAGs of identi-

fied bacterial species (i.e., the MAGs of the pruned tree) to 75%
completeness level. Then, we assessed the presence/absence of

each gene in a pair of biomes using unpaired Wilcoxon test.

Statistical analyses

If not stated otherwise, pairwise Wilcoxon rank-sum test (107) was
used to compare values across MSG pairs of a certain type. If not
stated otherwise, family-wise error rate <0.05 was considered as

the threshold of significance. The analyses were performed using R.
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