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Abstract

Cyanobacteria dominate ecosystems ranging from oligotrophic deserts to eutrophic lakes, yet it
remains unclear whether distantly related species thrive in disparate habitats through shared
genomic foundations or divergent specialization. Here, we address this question using Microcoleus
vaginatus, the pioneer stabilizer of biocrusts, and Microcystis aeruginosa, the agent of freshwater
blooms worldwide, as contrasting models of terrestrial and aquatic dominance. We assembled a
comparative framework of 504 high-quality cyanobacterial genomes, including 132 M. vaginatus, 148
M. aeruginosa, and 224 reference taxa, and jointly analyzed genome architecture, functional
repertoires, and genomic plasticity. Despite phylogenetic separation, both species share high rates of
horizontal gene transfer and retain a compact, conserved functional core centered on FAD-dependent
oxidoreductases, manganese efflux, and class II aldolases that collectively maintain redox balance,
photosynthetic performance, and metabolic robustness. Nevertheless, the two lineages followed
contrasting genomic strategies that M. vaginatus expands regulatory breadth and stress-resilience
gene families, whereas M. aeruginosa shows genome streamlining and rapid exploitation. Notably,
aquatic M. vaginatus strains retain terrestrial genomic scaffolds while gradually rewiring plasticity
mechanisms and niche-specific functions. Together, these results reveal a two-tier architecture of
cyanobacterial dominance, a conserved survival core coupled with divergent adaptive peripheries. It
offers a predictive framework for how cyanobacterial lineages will respond to the global-change
pressures.

Keywords: biocrusts; cyanobacteria; comparative genomics; drylands; ecological dominance;
freshwater bloom; life-strategy trade-offs; Microcoleus vaginatus; Microcystis aeruginosa

1. Introduction

Cyanobacteria are among the oldest oxygenic photoautotrophs on Earth and occupy nearly
every light-bearing habitat, from open oceans and freshwater systems to desert soils and polar rocks
[1-3]. Through oxygenic photosynthesis and biogeochemical cycling of C, N, and S, they continue to
shape the atmosphere and the modern biosphere [4,5]. Despite this pervasive success, the genomic
logic that allows distantly related cyanobacteria to achieve ecological dominance in strikingly
different niches remains an unresolved question in microbial evolution.

Nonetheless, Microcoleus vaginatus and Microcystis aeruginosa provide an ideal contrast for
addressing this question (hereafter referred to as M.v and M.a, respectively). M.v is the canonical
pioneer and stabilizer of biological soil crusts (known as Earth’s living skin [6]), playing a crucial role
in underpinning soil multifunctionality and dryland restoration [7,8]. In contrast, M.a is a globally
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invasive, harmful-bloom-forming species that periodically overwhelms eutrophic freshwaters and
coastal transition zones, impairing water quality, the integrity of the aquatic food web, and public
health [9-12]. The two species are separated by more than 1 billion years of phylogenetic divergence
and occupy habitats with opposing light, water, and nutrient regimes [13]. However, both achieve
monopolistic dominance within their realms. Whether this parallel ecological triumph reflects shared
genomic foundations, lineage-specific specialization, or a layered combination of the two
mechanisms is not known [14,15].

The ecological success of cyanobacteria is ultimately encoded at the genomic level, where
architecture, gene content, and plasticity jointly determine metabolic flexibility, stress tolerance, and
competitive capacity [3,16,17]. Transitions between terrestrial and aquatic lifestyles, in particular,
typically demand substantial genomic reorganization, ranging from streamlining for metabolic
efficiency in nutrient-poor waters to genome expansion to cope with environmental heterogeneity on
land [18,19]. These life-history contrasts are sculpted by positive selection, homologous
recombination, and gene gain/loss, which together shape pan-genome plasticity and niche
specialization [20-22].

Previous work has identified several traits that plausibly contribute to single-niche dominance,
including EPS-mediated filament bundling, surface motility, specialized signal transduction, and
phycosphere-based C/N exchange in M.v [23-25], and colony formation, gas-vesicle buoyancy, toxin
production, antiviral systems, and efficient nutrient storage in M.a [2,26,27]. However, these studies
have remained habitat-bounded, precluding a systematic test of which features are lineage-specific
adaptations and which belong to a broader cyanobacterial dominance toolkit. Moreover, although
genome streamlining is frequently invoked for aquatic specialists [28,29], many terrestrial
cyanobacteria retain the capacity to thrive in liquid culture, and aquatic M.v strains are increasingly
reported from transitional habitats. It remains unclear whether short-term terrestrial-to-aquatic
transitions reshape genomic plasticity and functional repertoires while retaining ancestral terrestrial
traits, and whether such transitions pass through identifiable genomic intermediates.

To address these gaps, we assembled a comparative framework comprising 504 high-quality
cyanobacterial genomes, including both terrestrial and aquatic ecotypes of bundle-forming M.v (n =
132) and bloom-forming M.a (n = 148), along with 224 additional cyanobacterial reference genomes.
By integrating analyses of genome architecture, functional gene repertoires, genomic plasticity, and
lineage-specific molecular evolution, complemented by metabolic modeling, we aim to resolve (i)
how genome architecture underpins ecological dominance across terrestrial and aquatic habitats, (ii)
how distinct plasticity mechanisms (HGT, recombination, gene gain/loss) orchestrate lineage-specific
genetic innovation, and (iii) how evolutionary processes jointly sustain a conserved functional core
while driving divergent adaptive peripheries, including the genomic signatures of aquatic M.v as
potential terrestrial-to-aquatic intermediates. Together, this study seeks to move cyanobacterial
comparative genomics beyond single-habitat descriptions toward a unified, mechanism-based
account of cross-habitat dominance and a predictive basis for how these lineages will respond to
global-change pressures as desertification and eutrophication.

2. Materials and Methods
2.1. Data Collection and Quality Control

We constructed a comprehensive dataset comprising 280 high-quality genomes, including 132
M.v genomes representing both terrestrial and aquatic ecotypes, and 148 M.a genomes from aquatic
environments. Of these, we previously sequenced 57 M.v genomes, and the rest were downloaded
from the NCBI database as of March 2024 (Table S1). The genome of strain M.a CS-567/02-A1 was
filtered out due to its low similarity to other M.a genomes. We assessed each genome using CheckM
v1.0.18 to meet stringent quality standards, with > 95% completeness and < 5% contamination [30,31].
In addition, we retrieved 245 cyanobacterial genomes marked as reference in NCBI, of which 224
strains with > 95% completeness were selected to provide evolutionary context for our comparative
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analysis (Table S1). To ensure the evolutionary coherence of each focal species, we verified that both
M.v and M.a populations maintain robust intra-species gene flow (Figure S1). The homoplasy-to-
nonhomoplasy ratio (h/m) across increasing numbers of genome samples was calculated using
ConSpeciFix v1.3.0 to quantify the extent of gene flow [32].

2.2. Genome Annotation and Architectural Characterization

All retained genomes were uniformly annotated using the Prokka v1.12 pipeline [33]. Genome
size, GC content, and gene density were calculated using a custom R script. The GC content at the
third codon position (GC3s) and the codon adaptation index (CAI) were determined using CodonW
v1.3 (Peden, http://codonw.sourceforge.net/). Before the formal analysis of genomic datasets, all
ribosomal protein genes annotated by Prokka were extracted for a preliminary run to generate the
cai.coa file required for subsequent CAI computation. We predicted tRNA genes using tRNAscan-SE
v2.0.5 [34]. Repetitive sequences and small RNAs were identified via RepeatMasker v4.0.8
(http://www.repeatmasker.org) and Infernal v1.1.5 against the Rfam database [35], respectively. For
functional classification, all protein-coding sequences were annotated against the EggNOG database
using eggNOG-mapper v2.1.8 to assign clusters of orthologous groups (COG) categories [36]. Genome-
scale metabolic models were reconstructed using CarveMe [37], and specific metabolic pathways were
further extracted through COBRApy [38].

2.3. Genomic Plasticity and Molecular Evolution Analysis

Orthologous group (OG) clustering was performed using OrthoFinder v2.2.7 [39], which employs
the diamond algorithm for sequence alignment. Based on the result file Orthogroups.GeneCount.csv,
which contains gene counts per sample for each OG, we performed 300 permutations for each OG to
calculate pan- and core-summary statistics. The pan-genome size was fitted to Heaps’ law, and core
genome decay was modeled using an exponential decay function [40].

Putative horizontal gene transfer (HGT) regions were predicted using Alien Hunter, an
application that calculates HGT boundaries using interpolated variable-order motifs [41]. Insertion
sequences (IS) and prophage regions were identified by ISEScan v1.7.3 and Phispy v3.7.8 [42,43]. For
defense systems, the restriction-modification (RM) system was screened against REBASE using
Diamond v2.0.8.146 [44,45], and we used a custom Python script to identify complete RM systems.
Type I systems required all three core subunits (RE, MT, S); Type II and III systems required both RE
and MT; Type IIG and Type IV systems were counted directly as functional units. The total number
of complete RM systems was summed across all types. CRISPRCasFinder v4.2.18 was used to find the
CRISPR-Cas genetic architecture in the genomes [46]. We curated the natural competence gene set
based on previous studies about natural transformation in Gram-negative bacteria and filamentous
cyanobacteria [47,48].

The protein sequences of core OGs present across all strains in each group were aligned using
MAFFT v7.453 with the parameter --localpair -maxiterate = 1000 [49], and back-translated to codon
alignments based on corresponding nucleotide sequences. We used KaKs_Calculator v2.0 to calculate
the pairwise non-synonymous substitution rate (Ka), synonymous substitution rate (Ks), and Ka/Ks
for core homologous genes using the YN algorithm [50]. The substitution rates of paralogous genes
were calculated by wgd v1 [51].

2.4. Niche-Specific Functional Divergence and Evolution

A custom R script was used to identify conserved and niche-specific elements. A count file of
orthologous genes or metabolic reactions was used as input, and the data were binarized into
presence-absence matrices. Conserved elements were those with > 95% prevalence within each target
group. Elements present in > 20% of the reference group were defined as ubiquitous and removed.
Venn diagram was employed to distinguish niche-specific elements and shared elements.
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Subsequently, niche-specific and shared OGs were selected as target OGs for comprehensive
functional and evolutionary characterization.

For function, we extracted COG annotations of all niche-specific and shared OGs. The top 12
dominant COG terms were retained, and low-frequency categories were combined into the Other
category. Reciprocal searches and domain profiling via eggNOG-mapper result files were used to
distinguish conserved OGs from their potential isozymes. Protein motifs were analyzed using MEME
suite v5.5.9 [52]. For evolution, corresponding gene coordinates were retrieved from GFF files
annotated by Prokka, and 10-kb flanking regions of target genes were generated using bedtools v2.27.1
[53]. A trusted HGT event was defined by genes overlapping with HGT regions identified by Alien
Hunter and accompanied by either Phispy-identified prophages or IS elements in the 10-kb flanking
sequences. Nucleotide sequences of genes from each specific/shared OG were extracted, and gene
pairs within each group were analyzed by KaKs_Calculator v2.0 to obtain median Ka/Ks. For shared
OG, median Ka/Ks values were eveluated within each group and averaged.

2.5. Statistical Analysis and Visualization

All visualizations were generated using R v4.2.2, which included the ggplot2, ggridges, gghalves,
VennDiagram, and corrplot packages. Correlations between genomic features and evolutionary indices
were calculated using Spearman’s rank correlation. Statistical significance between groups was
assessed using the Wilcoxon rank-sum test.

3. Results

3.1. Divergence in Genomic Architecture and Functional Repertoires

Comparative genomic analysis revealed pronounced architectural divergence between the two
species, while the M.v ecotypes exhibited minimal differentiation (Figure 1A, 1B). Both M.v ecotypes
maintained similar genome sizes (terrestrial strains: 7.36 + 0.64 Mb, aquatic strains: 7.24 + 0.53 Mb;
Wilcoxon test, p > 0.05), significantly larger than the genomes of M.a (4.86 + 0.40 Mb, p <0.001). Despite
this, M.v exhibits lower gene density (850 genes/Mb) than M.a (949 genes/Mb), suggesting a more
complex genomic architecture of M.v that accommodates additional regulatory elements or mobile
genetic content. Furthermore, M.v tends to have higher repeat proportions than M.a, with the
terrestrial strains of M.v peaking at the highest repeat ratios, and the aquatic strains showing similarly
elevated repeat ratios (Figure S2). The total SRNA hit distribution of M.v showed a parallel trend,
with aquatic strains at higher counts, followed by terrestrial strains, whereas M.a was skewed toward
lower counts (Figure S2).
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Figure 1. Divergence in genomic architecture and functional gene allocation among focal cyanobacterial
lineages. (A) Representative photographs of the typical habitats and microscopic morphologies of the focal
cyanobacterial species: Microcoleus vaginatus (M.v) inhabiting biological soil crusts in drylands, and Microcystis
aeruginosa (M.a) forming cyano-blooms in freshwater ecosystems. (B) Comparison of genomic features among
terrestrial M.v ecotypes, aquatic M.v ecotypes, M.a, and reference cyanobacterial genomes. (C) Proportions of
genes assigned to specific COG functional categories across the four groups. In the boxplots, the center line
represents the median, the box limits indicate the upper and lower quartiles, and whiskers extend to 1.5 times
the interquartile range. Only COG categories showing significant divergence in over half of all pairwise
comparisons were retained for visualization. Statistical significance was assessed using the Wilcoxon rank-sum
test (ns, not significant; * p <0.05; ** p < 0.01; ** p <0.001).

GC content patterns were consistent with genome size (Figure 1B). The terrestrial and aquatic
M.v ecotypes displayed significantly higher GC content (45.83 = 0.20% and 45.67 + 0.11%,
respectively) than M.a (42.64 + 0.28%, p < 0.001). This disparity was particularly prominent at GC3s,
where M.v maintained consistently elevated levels (~0.43), contrasting sharply with M.a (0.37 +0.01).
For translation metrics, M.v exhibited a lower CAI than M.a (p < 0.001). Moreover, M.v ecotypes

© 2026 by the author(s). Distributed under a Creative Com

ns CC BY license.



https://doi.org/10.20944/preprints202604.1526.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2026 d0i:10.20944/preprints202604.1526.v1

6 of 18

harbored elevated tRNA numbers (median: 76), far exceeding M.a (median: 41) and the upper quartile
of the reference genomes.

Functional annotation revealed distinct patterns of gene allocation (Figure 1C). M.v genomes
were enriched in transcriptional regulation (K), signal transduction (T), and carbohydrate
metabolism (G). In contrast, M.a displayed a pronounced bias toward translation (J), cell cycle control
(D), energy production and conversion (C), inorganic ion transport (P), and defense-related functions
(V). Both M.v (terrestrial and aquatic strains) and M.a lineages maintained significantly higher
proportions of L-class genes (replication, recombination, and repair) than reference genomes.
Correlation analysis demonstrated that the relative abundance of L-class genes was positively
associated with the proportion of IS elements (p < 0.001, Figure S3). Genome-scale metabolic model
reconstruction further delineated distinct metabolic boundaries (Table S2). M.v lineages possessed
metabolic features such as biotin biosynthesis, nitrite reductases [NAD(P)H], amide hydrolysis, and
specific stress response signaling coupled with lipid and peptidoglycan remodeling capabilities.
Given the aquatic transition, aquatic M.v strains additionally possessed pathways for organic
nitrogen assimilation and aromatic metabolism, including urea hydrolysis and tryptamine synthesis.
In contrast, M.a possessed high-affinity potassium transporter, methionine salvage cycles, histidine
biosynthesis, energy storage pathways, reactive nitrogen detoxification, and osmoadaptation
mechanisms.

3.2. Genomic Plasticity and Defense System Trade-Offs

Pan-genome accumulation curves revealed that all three lineages maintain open pan-genome
structures (Figure S4), as indicated by power-law parameters (y) ranging from 0.237 to 0.269,
reflecting ongoing horizontal gene acquisition and loss. They maintained substantially smaller core
genomes relative to pan-genome sizes, with M.a exhibiting the most streamlined core genome,
reflecting intensive adaptation to stable aquatic conditions. The open pan-genome structures
necessitate corresponding genomic plasticity mechanisms to integrate incoming genetic material, a
context in which the two focal species have evolved distinct genome management strategies. The
proportion of putative horizontal gene transfer (HGT) regions was markedly higher in M.v and M.a
than in reference genomes (Figure 2A), indicating pervasive horizontal acquisition. While the
genome fraction occupied by IS remained broadly comparable across the three lineages, the
composition-level diversity of IS differed, as reflected in IS family counts (Figure S5). In contrast,
significant enrichment of prophages was observed in the M.a genomes.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Mechanisms of genomic plasticity and molecular evolutionary signatures. (A) Ridgeline plots
illustrating the distribution of the genomic ratio (%) occupied by putative HGT regions, IS, and prophages across
terrestrial M.v ecotypes, aquatic M.v ecotypes, M.a, and reference genomes. (B) Distribution of CRISPR spacer
counts and complete RM system counts, reflecting the diversity and investment in defense systems across the
studied lineages. (C) Violin plot showing the distribution of pairwise non-synonymous to synonymous
substitution rate ratios (Ka/Ks) for core OGs in terrestrial M.v, aquatic M.v, and aquatic M.a. The center line
within the boxes indicates the median values. The percentage of gene pairs under positive selection (Ka/Ks > 1)
is noted above each distribution. Asterisks *** indicate significant differences (p < 0.001) between groups based

on the Wilcoxon rank-sum test.

To further assess DNA uptake as an additional route supporting HGT, we screened genomes for
a competence-associated gene set (Table S$3). Core components of the pilus/DNA uptake machinery
were widely conserved across lineages, indicating broad retention of the basic transformation
apparatus. Notably, the minor pilin fimT, the pilus assembly factor pilO, and the membrane-
associated DNA-binding receptor comEA were generally present in M.v but nearly absent from M.a.
In contrast, the pilin pilX was nearly restricted to M.a, but undetectable in M.v; and the secretin pilQ
was absent in M.v but present in 32% of M.a. These genes were present in part of the reference
genomes, ranging from 19% to 75%.

Defense systems modulate HGT rates and constitute crucial regulatory factors of genomic
plasticity. M.v displayed heterogeneous CRISPR spacer distributions yet minimal investment in RM
systems. Detailed system analysis revealed that Type II RM systems were most abundant across all
three lineages. However, M.a showed significant enrichment for complete Type [ and Type IIG
systems, whereas M.v maintained a greater number of Type IV systems (Figure S6). Both aquatic
lineages showed higher restriction enzyme abundance than terrestrial M.v (p <0.01). Notably, aquatic
M.v occupied intermediate positions across these metrics. The retention of elevated repetitive content,
combined with increasing prophage integration, suggests that aquatic M.v could be progressively
remodeling its genome to match aquatic selective pressures while retaining terrestrial adaptive
features.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3. Niche-specific Functional Divergence and Adaptation

Nucleotide-substitution rate analysis of core orthologs further supported the evolution of
ecological adaptation. Median Ks values declined progressively from terrestrial M.v (0.120) through
aquatic M.v (0.103) to M.a (0.083) (Figure S7A). While Ka/Ks ratios indicated predominant purifying
selection (Figure 2C), M.v maintained significantly higher median Ka/Ks values. Paralogous pairs
showed lower Ks but higher proportions under positive selection in M.v ecotypes than in M.a and the
references (Figures S7B, S7C).

To identify niche-specific adaptation in functional repertoires, we screened OG clusters that
were either unique to or shared among lineages. After filtering OGs present in > 20% of reference
genomes to exclude universally conserved functions, M.a possessed 343 exclusive OGs, substantially
exceeding those of individual M.v ecotypes (Figure 3A). By contrast, both terrestrial and aquatic
ecotypes of M.v shared 584 OGs that form the stable adaptive foundation for Microcoleus ecological
success across terrestrial and aquatic systems. Functional distribution analysis revealed that the
massive shared gene pool of M.v showed primary investment in signal transduction (T) and cell
wall/membrane biogenesis (M) (Figure 3B). Exclusive OGs of M.a were predominantly unknown or
unmapped. A gene annotated as the cell envelope-related transcriptional attenuator was shared
exclusively by aquatic M.v and M.a, despite being detected in most terrestrial M.v genomes (n = 81)
with a lower than 95% conserved threshold (Table S4). Three OGs shared across all lineages further
illustrate the fundamental conserved requirements for the ecological dominance of cyanobacteria,
including a FAD-dependent oxidoreductase, a manganese efflux pump (mntP), and a class Il aldolase
with an adducin N-terminal domain.
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Figure 3. Distribution patterns and functional characterization of niche-specific and shared OGs. (A) Venn
diagram displaying the number of conserved OGs (present in > 95% of strains within a group) that are exclusive
to or shared among terrestrial M.v, aquatic M.v, and M.a. OGs present in > 20% of the reference genomes were
filtered out to highlight non-ubiquitous function. (B) Bubble plot mapping the COG functional category
distribution (Y-axis) across unique and shared OG subsets (X-axis). Bubble size represents the number of
equivalent OGs, and the color gradient indicates the average COG category ratio (%) within each OG. The
columns “terrestrial M.v", “aquatic M.v’, and “aquatic M.a” show OGs unique to each specific ecotype or species,
driving their respective niche specializations. The column ‘aquatic M.v & terrestrial M.v" reveals the stable
adaptive foundation and conserved core genes of the Microcoleus vaginatus across different habitats. The column
‘aquatic M.v & aquatic M.a" represents OGs shared exclusively by the two aquatic lineages, reflecting potential
convergent adaptations to aquatic environments. The column ‘all-shared” identifies the three universal OGs
maintained across all focal lineages, representing the fundamental requirements for ecological dominance in

both terrestrial and aquatic ecosystems.
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Given the possibility that distinct gene families may annotate to identical functions, we
performed reciprocal searches on these conserved functional OGs and identified potential isozyme
gene families (Table S4). Multiple OGs encoding FAD-dependent oxidoreductases are widely
conserved across cyanobacteria. Domain profiling revealed that the homolog conserved in the M.v
and M.a lineages possesses the FAD_binding_3 and Trp_halogenase domains (Figure 4). Another OG
characterized by these domains was only present in two M.a strains. For the manganese efflux pump,
additional OGs identified by the search were detected in only a limited subset of reference genomes.
Regarding the class Il aldolase, one additional OG was found to be conserved in M.v but absent in
M.a, while another OG, missing in both lineages, was present in some reference genomes. All three
aldolase OGs harbor the aldolase II catalytic domain. However, motif analysis revealed substantial
structural variation. OG0002425 comprises a compact, conserved catalytic core of relatively small
size. While preserving similar catalytic segments, OG0002653 incorporates an additional alkaline-
enriched motif8 alongside an aromatic and hydrophobic motifl, and OG0010356 is characterized by
a significant C-terminal extension (Figure S8).
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PFAM Domain

Figure 4. Comparative domain profiling of FAD-dependent oxidoreductase OGs. The heatmap illustrates the
distribution of PFAM domains (X-axis) across various OGs (Y-axis) annotated as FAD-dependent
oxidoreductases. Blue rectangles indicate the presence of a specific domain within an OG. The OG highlighted
in red (OG0002323) represents the universally conserved core identified across all focal lineages. Red arrows
highlight the unique domain architecture of OG0002323, which harbors both the FAD_binding 3 and
Trp_halogenase domains, distinguishing it from other potential isozymes that lack this functional combination.

3.4. Evolutionary Drivers of Niche-Specific Genes

To further elucidate niche-adaptive strategies, we analyzed the evolutionary drivers of niche-
specific gene families, including HGT, gene duplication, and selection pressure. Correlation analysis
revealed significant synergistic relationships among genomic processes (Figure S9). The positive
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correlation between HGT, multicopy expansion, and Ks values (p <0.001) indicated that niche-specific
genes persist through dosage-driven stabilization and subsequent functional refinement rather than
representing transient adaptive responses. The strong positive correlation between median Ka/Ks and
the Ka/Ks > 1 ratio (r = 0.57, p < 0.001) validated median Ka/Ks as a reliable indicator of adaptive
evolutionary intensity.

Hotspot screening based on HGT ratio (> 0.5) or Ka/Ks > 1 revealed distinct evolutionary
trajectories, with genes bearing minimal reference genome counts emerging as high-priority targets
for unique niche specialization (Figure 5). M.v adaptation centered primarily on the positive selection
of lineage-specific genes. A striking example is OG0006890, which encodes arginyl-tRNA synthetase
(argS) and was detected in aquatic M.v with a reference count of only 1, yet exhibits extreme positive
selection (Ka/Ks ratio of 47.56%). The IS605 OrfB family transposase (Ref = 3), shared between both
M.v ecotypes, also shows strong positive selection. Beyond these positive selection hotspots,
horizontal acquisition further expanded the M.v adaptive repertoire. Terrestrial and aquatic M.v
maintain horizontally acquired elements crucial for stress response, including a gene encoding a
bacterial stress protein and grpE, which participates in the response to hyperosmotic and heat shock
by preventing the aggregation of stress-denatured proteins. Alternatively, aquatic M.a relied
predominantly on HGT-mediated acquisition of specialized metabolic modules rather than lineage-
specific positive selection. Notably, both aquatic lineages independently acquired distinct
orthologous groups annotated as clan AA aspartic protease via horizontal transfer. HGT hotspot
genes showed substantially higher multicopy representation and broader distribution across
reference genomes than positive selection hotspots, reflecting two complementary adaptive
strategies.
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Figure 5. Evolutionary hotspots driving niche-specific adaptation. The top bar chart shows the number of
evolutionary hotspot OGs identified across different lineages and their intersections. Hotspots are categorized
into two types: HGT hotspots (yellow), defined by an HGT ratio > 0.5, and positive selection hotspots (blue),
characterized by a median Ka/Ks > 1. The bottom table shows detailed evolutionary and functional metrics for

representative hotspot OGs.

4., Discussion

By comparing the genomes of M.v and M.g, this study identified a set of conserved keystone
mechanisms that underlie the evolution of distinct genomic properties to achieve ecological
dominance. Although both M.v and M.a are increasingly recognized as species complexes
encompassing substantial cryptic diversity [7,54], the main goal of this study is not to clarify their
taxonomic boundaries. Rather, we focus on the genomic basis driving the ecological success of this
important and dominant group of cyanobacteria.

4.1. Genomic Plasticity as a Prerequisite for Ecological Dominance

Our findings suggest that the ecological dominance of both lineages relies on high genomic
plasticity buffered by robust maintenance systems. M.v and M.a maintain open pan-genomes and
exhibit HGT ratios well above those of reference strains, indicating that continuous acquisition of
exogenous DNA is a shared prerequisite for occupying diverse niches. Repair-associated genes are
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significantly enriched across all focal lineages. They are positively correlated with IS elements,
supporting the idea that the mutational and structural burden imposed by active gene flow must be
counter-balanced by enhanced genome-integrity investment [55,56]. Despite shared plasticity and a
repair imperative, the routes by which the two lineages acquire and manage exogenous DNA diverge
in ways that match their habitats. M.v retains a comparatively complete natural competence toolkit
suited for active DNA scavenging in biocrusts (Table S3). The universal presence of the minor pilin
fimT, whose arginine-rich patches facilitate DNA binding to the type IV pilus [57], together with the
inner-membrane assembly factor pilO and the periplasmic receptor comEA, suggests a high-efficiency
DNA uptake and translocation platform [48]. This constitutive competence likely enables M.v to
exploit extracellular DNA pools under nutrient limitation and frequent physicochemical stress in
soils.

In contrast, M.a lacks these core competence receptors, indicating reduced reliance on direct
transformation in more stable aquatic settings. Instead, M.a uniquely retains pilX, a factor promoting
pilin polymerization that is often linked to biofilm and colony formation [58], suggesting that M.a has
repurposed its pilus machinery to support its colonial lifestyle. The high prophage content, which
provides superinfection exclusion and auxiliary metabolic genes [59,60], further supports a shift
toward phage-mediated transduction as a major HGT route in M.a. Although M.a harbors diverse
CRISPR-Cas systems [27], it shows reduced spacer representation but elevated investment in
restriction-modification systems relative to M.v, suggesting distinct defense trade-offs that shape
HGT permissiveness. Heterogeneous soil habitats may favor long-term immune memory against
intermittent threats, whereas bloom-forming aquatic populations may benefit more from constitutive
barrier defenses and prophage-mediated exclusion under sustained viral pressure [61,62].

4.2. Universal retention Requirements Across Ecological Boundaries

Beyond the divergent plasticity strategies observed between terrestrial- and aquatic-dominant
cyanobacteria, we identify a minimal conserved core that likely constrains ecological success across
habitats. The conservation of a FAD-dependent oxidoreductase is consistent with a shared
requirement to maintain redox homeostasis in oxygenic phototrophs, where photosynthetic electron
transport inevitably generates reactive oxygen species under fluctuating light and nutrient conditions
[63]. Likewise, the mntP regulates the tolerance to oxidative stress and photosystem II function
through manganese homeostasis [64,65]. It protects cyanobacterial cells from intracellular toxicity
under excess conditions [66], preventing oxidative damage and ensuring adequate manganese
cofactors for efficient water splitting. Furthermore, the universal presence of a class II aldolase OG
suggests the selection for maintaining robust carbon-flux capacity through central metabolism.
Although the function of the N-terminal domain of adducin in cyanobacteria has not been fully
characterized, its participation in cytoskeleton assembly in eukaryotes implies a potential role on the
cell wall/membrane binding [67], population adhesion, or maintenance of cell morphology,
contributing to their bundle or colony forming lifestyle [23,26]. The conservation of these specific OGs
over their isozymes appears to be driven by structural efficiency and functional indispensability. For
instance, while multiple aldolase isozymes exist, OG0002425 was selected as the conserved core likely
due to its compact catalytic structure, whereas its isozymes possess C-terminal extensions or
additional motifs that may impose higher metabolic costs due to niche-specific functions not required
for general dominance [68]. Meanwhile, the conserved FAD-dependent oxidoreductase is
characterized by its Trp_halogenase domain. Tryptophan halogenase catalyzes the first step in the
biosynthesis of pyrrolnitrin, an antibiotic with broad-spectrum anti-fungal activity [69].

4.3. Divergent Investment Upon Universal Chassis

Upon this conserved physiological foundation, M.v and M.a exhibit profoundly divergent
genomic architectures and functional investment patterns, reflecting two distinct evolutionary routes
for resource allocation. M.v invests in architectural complexity and regulatory plasticity, manifested
through larger and repeat-rich genomes, lower gene density with an emphasis on signal transduction
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and transcriptional regulation, and higher GC content, which grant the metabolic flexibility required
to rapidly respond to unpredictable soil micro-environmental pulses and stress [70]. It reflects
adaptive responses to frequent desiccation-rehydration cycles and to high irradiance in biological soil
crusts [15,24]. Genome-scale metabolic model reconstruction indicates that M.v lineages primarily
allocate metabolic capacity to cofactor autonomy and redox/structural resilience, including biotin
biosynthesis, NAD(P)H-dependent nitrite reduction, amide hydrolysis, and stress-response signaling
coupled with lipid and peptidoglycan remodeling, consistent with selection for rapid physiological
reconfiguration under brief nutrient pulses and recurrent envelope damage in soils (Table S2).
Despite the high metabolic cost of an additional gene and elevated GC content [43,46], the expanded
tRNA pool, coupled with a refined strategy of codon usage bias, decouples translation from stringent
optimization and facilitates rapid cell growth [71,72]. Evolutionary analysis indicates that M.v drives
adaptation primarily through intense positive selection on rare, lineage-specific genes and
paralogous subfunctionalization [48], effectively fine-tuning the intrinsic cellular machinery to
withstand localized stressors. Although tRNA synthetases form core components of the translation
machinery, whose functional mutations are typically lethal, a recent study showed that mutation of
the PheS aminoacyl tRNA synthetase increases bacterial tolerance to disinfectants [73]. Positive
selection on the IS605 OrfB family transposase also establishes a direct link between genomic
plasticity mechanisms and adaptive fine-tuning, indicating that evolvability itself is evolvable [74].

However, M.a embodies a specialized exploiter strategy [75]. Through genome streamlining and
translation-biased functional allocation, M.a prioritizes replication speed and metabolic efficiency to
achieve rapid biomass accumulation in eutrophic water bodies. Metabolism reconstructions highlight
M.a-specific investments in high-affinity potassium transporters, osmoadaptation, reactive nitrogen
detoxification, and energy storage pathways, alongside methionine salvage cycles and histidine
biosynthesis, which collectively support fast homeostasis, detoxification, and surge-capture growth
in fluctuating ionic and redox conditions of blooms. Moreover, bloom water bodies typically sustain
high viral abundance and rapid infection turnover, providing a plausible ecological basis for the
elevated representation of defense-related functions in M.a [62]. Rather than incremental fine-tuning,
M.a predominantly relies on the horizontal acquisition of specialized metabolic modules followed by
multicopy expansion, consistent with its high diversity in the accessory genome [76]. The coupling
between HGT and multicopy has also been observed in Staphylococcus [77], representing dosage-
amplified deployment to enable the rapid scaling of specific pathways to exploit sudden resource
availability or mount immediate competitive defenses.

4.4. Aquatic-Specific Adaptation and Gradual Ecological Transition

The transition from terrestrial to aquatic habitats highlights both convergent evolution and the
persistence of ancestral traits. We observed a case of potential convergent retention in which a cell
envelope-related transcriptional attenuator is shared exclusively by all aquatic focal lineages. It is also
present in most terrestrial M.v genomes, but at lower levels of conservation (Table S4). The homolog
has been reported to catalyze the final step in cell wall teichoic acid biosynthesis [78], reflecting
common selective pressures on the cell envelope integrity of aquatic microorganisms. Furthermore,
both aquatic lineages independently acquired distinct clan AA aspartic proteases via HGT, which are
believed to contribute to adhesion and invasion of host tissues by degrading cell-surface structures
[79].

Importantly, the genomic profile of aquatic M.v reveals that ecological transition is not an
immediate architectural overhaul. Its genome size, GC content, repeat proportion, and broad
functional investment remain strongly anchored to the terrestrial state. However, its plasticity-
regulatory networks, competence machinery, prophage load, and defense system allocation exhibit
distinct intermediate characteristics that progressively shift toward an aquatic phenotype. This
pattern aligns with evolutionary discordance among genes and the notion that ecological diversity
exceeds evolutionary diversity [80,81]. It suggests a stepwise evolutionary model in which genomic
architecture is conserved during initial colonization, serving as a stable, stress-resilient buffer. In
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contrast, genomic plasticity mechanisms and niche-specific functional repertoires are progressively
rewired to match the viral dynamics and nutrient profiles of the new aquatic habitat. Such gradual
remodeling ensures ecological continuity, allowing dominant terrestrial lineages to bridge
environmental boundaries without incurring the fitness costs of abrupt genomic contraction. Aquatic
M.v expanded its substrate spectrum by investing more in urea hydrolysis and tryptamine synthesis.
The former is in line with previous studies finding that the ureC gene is enriched in riparian zones
[82], while the latter is recognized as an endogenous signaling molecule that coordinates the response
of plants to environmental stress, which can improve the stress resistance of cyanobacteria by
enhancing the antioxidant defense system [83].

5. Conclusions

Taken together, our results advance a unified mechanistic framework for cyanobacterial
ecological dominance in which genomic plasticity provides the prerequisite for adaptability,
conserved functional cores supply the foundational requirements for phototrophic life, and lineage-
specific innovations serve as the competitive differentiator. The conserved mechanisms identified
here offer targets for predicting cyanobacterial responses to environmental perturbations, and the
distinct HGT and defense strategies illuminate how microbes navigate virus-driven arms races.
Future work should prioritize testing the functional significance of lineage-specific genes under field
conditions, elucidating the temporal dynamics of genomic transitions during colonization, and
extending these principles to other cyanobacterial taxa to assess the generality of the stepwise
transition model for microbial ecological success across environmental boundaries.
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