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SUMMARY

Genetic heterogeneity exists within all microbial populations, with sympatric cells of the same species often
exhibiting single-nucleotide variations that influence phenotypic traits, including metabolic efficiency. How-
ever, the evolutionary dynamics of these strain-level differences in response to environmental stress remain
poorly understood. Here, we present a first-of-its-kind study tracking the adaptive evolution of an anaerobic,
carbon-fixing microbiota under a controlled engineered ecosystem focused on carbon dioxide bioconver-
sion into methane. Leveraging strain-resolved metagenomics with an ad hoc variant calling and phasing
approach, we mapped mutation trajectories and observed that the two dominant Methanothermobacter spe-
cies maintained distinct sweeping haplotypes over time, most likely due to niche-specific metabolic roles. By
combining population genetic statistics and peptide reconstruction, mer and mcrB genes emerged as poten-
tial drivers of archaeal strain-level competition. These findings pave the way for targeted engineering of mi-
crobial communities to enhance bioconversion efficiency, with significant implications for sustainable energy

and carbon management in anaerobic systems.

INTRODUCTION

Carbon-fixating microbiomes harbor a reservoir of untapped re-
sources that remain hidden within the natural ecosystem.” A pri-
mary challenge in investigating anaerobic microorganisms that
metabolize simple carbon-based compounds arises from their
prevalence across diverse biomes, typically within harsh and
inaccessible niches (i.e., deep vents, peatlands, etc.).”* Conse-
quently, the need for more controlled systems becomes evident,
facilitating the effective modeling of ecological processes and
elucidating the underlying microbial dynamics. Synthetic cultiva-
tion platforms establish controlled ecosystems where tailored
laboratory conditions drive microbial metabolism toward
enhanced production of high-energy compounds.® Leveraging
recent advancements in sequencing technologies, novel cultiva-
tion-independent molecular methods, such as metagenomics,
have emerged over the past two decades.’ Notably, shotgun
sequencing enables direct analysis of genomes and genes
sourced from microbial populations, facilitating the extraction
of crucial functional insights.'®""

Nonetheless, genome-centric metagenomics and the extrac-
tion of metagenome-assembled genomes (MAGs) fall short of
fully harnessing the intra-population diversity within a micro-
biome, as its resolving capacity is mainly limited to the species
level. Microbial genetic heterogeneity extends beyond this
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boundary, influenced by de novo mutations generating new hap-
lotypes within the populations.'? Thus, the composition of a mi-
crobiome can vary substantially at the strain level, and these
shifts are thought to play an important role in the stability and ef-
ficiency of microbial metabolism. Understanding how this micro-
bial ecosystem changes from week to week through periods of
growth, stress, and treatment is crucial for personalized bio-
process management. Variant frequencies fluctuate over time
due to genetic drift or selection processes driven by specific
environmental pressures, shaping microbiome evolution. The
newly emerged strains, characterized by their unique genetic
makeup, may display enhanced metabolic capabilities due to
advantageous mutations that rapidly increase in frequency and
become predominant in the population through positive selec-
tion."® At the opposite end of the spectrum is purifying selection,
a mechanism that maintains the integrity of functional sequences
by eliminating deleterious mutations.’ Although short-read
sequencing does not enable the precise determination of com-
plete haplotypes within a microbial population, novel computa-
tional methodologies made possible the reliable identification
of genetic variants and their frequencies across constituent
species.'® " Through the tracking of species-level single-nucle-
otide variants (SNVs), recent investigations into the gut micro-
biome have unveiled its propensity for genetic variations over
time, even among healthy human hosts.'®'® These differences
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Figure 1. Phylogenetic composition and functional potential of the microbiome in two vessels packed with carbon particles (TBR1) and a
plastic pellet (TBR2)
(A) Study design. Shotgun metagenomic sequencing was performed on 40 liquid samples collected during a 1-year continuous operation period. The sequential
experimental periods are highlighted as follows: Sl (stage I; yellow), SlI (stage II; purple), SlII-SP (stage lll starvation; red), and SllI-OP (stage Il operation; green).
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may arise from a combination of external replacement events
and the evolutionary dynamics of resident strains.?® SNVs have
been suggested to establish strain-level hierarchies within the
same species by altering the 3D structure of key metabolic en-
zymes,”"?? thereby influencing the relative fitness of different
haplotypes. However, while research on the gut microbiota is
driven by the need for personalized responses to drugs or ther-
apies, the population genetic processes underpinning these
strain-level dynamics remain poorly characterized in other natu-
ral environments. A preliminary study on methanogenic micro-
biomes revealed strain-level SNV dynamics over a short time
period but lacked structural evidence regarding the impact on
the proteins encoded by genes under selective pressure.”
Understanding the mechanisms of mutation, selection, and
genetic drift is crucial for predicting ad hoc strategies aimed at
optimizing the biotechnological potential inherent in microbio-
logically relevant processes in nature, such as anaerobic carbon
dioxide (CO,) reduction.

To address this gap, this study employed deep shotgun meta-
genomic sequencing and a tailored SNV tracking approach to
monitor the evolution of microbial dynamics within an anaerobic
mixed-methanogenic culture. By cultivating the microbiome un-
der thermophilic conditions across two controlled systems, the
bioconversion of CO, into methane (CH,4) was explored. Genetic
heterogeneity was accessed over a 1-year continuous adaptive
laboratory evolution (ALE), examining responses to variations in
gaseous substrate flow rate and to carbon and electron source
deprivation. The SNV trajectories of key microbial players were
reconstructed, enabling the tracing of the evolution of methano-
genesis-related genes within the archaeal haplotype population
upon imposed stress periods. Increasing the gas supply turn-
over, as previously hypothesized,”*~>° was shown to be a strong
selective pressure, driving the evolution of haplotypes within the
existing microbial population. This approach provides a valuable
framework for understanding strain-level adaptive genetic
mechanisms in anaerobic microbiomes, with implications for
optimizing CH4 production and advancing microbial applications
in bioenergy and carbon cycling.

RESULTS

Community stratification of an anaerobic CO,-fixating
microbiome

Genome-resolved metagenomics was employed to study the mi-
crobiome in two anaerobic vessels entirely filled with small plastic
or carbon support structures. Such vessels are commonly
referred to as trickle bed reactors (TBRs) and will hereafter be
designated as TBR1 and TBR2. The system was maintained at
55°C under anaerobic conditions for over a 1-year (415-day)
period, which encompassed three sequential experimental stages
(Figure 1A; see Table S1). First, the community was pushed to-
ward higher bioconversion efficiency through a stepwise increase
of the H, and CO, supply flow, a process referred to as gas reten-
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tion time (GRT) reduction (stage | [SI]). Secondly, a 40-day recov-
ery period was employed, where the microbiota were kept at a
constant feeding stream of 1-h GRT to favor acclimation and sta-
bility after prolonged stress (stage Il [SII]). Lastly, stepwise opera-
tion (OP) and starvation (SP) periods were tested. Specifically, the
response to transient carbon and electron source deprivation
events was explored by alternating progressively longer periods
of starvation (stage Il [SIII-SP]) and feeding (stage Il [SIII-OP]),
simulating a real-life scenario where H,/CO, availability fluctuates.
Biomethane daily production (LCH./Lr day~") and volatile fatty
acid (VFA) concentrations were continuously monitored as prox-
ies for microbial activity (Figure 1B).

Microbiome investigation was performed following a co-assem-
bly strategy, and the resulting bins were clustered at 95% average
nucleotide identity, allowing us to separate taxa at the species
level. Ultimately, a total of 330 medium-to-high-quality MAGs
were recovered, which were divided into 17 archaeal and 313 bac-
terial genomes (see Table S2). The reconstructed MAGs provide a
reliable snapshot (see Figure S1A), as profiling of single-copy
marker genes identified only 14 species in the unmapped reads
(see STAR Methods). The microbiomes underwent substantial
perturbation in species-level composition during ALE, especially
when comparing the starvation periods with the continuous
feeding provision (Figure 1C). The liquid-phase microbial dy-
namics can be considered representative of the biofilm micro-
biome, as >70% of reads from triplicate biofilm samples collected
at the final time points in both cultivation vessels aligned to the
MAGs (see Figure S1B). With the goal of applying population-
based analyses to the dominant species-level lineages, only the
species with a relative abundance (RA) above 2% in at least one
time point of either cultivation vessel were retained for a total of
26 MAGs (Figure 1D). The dominant microbiome fraction was
stratified into 26 phyla and governed by two hydrogenotrophic
archaea: Methanothermobacter marburgensis GRT2.8 and Meth-
anothermobacter thermoautotrphicus GRT1.1. The same metha-
nogens were dominant in both liquid and biofilm at the conclusion
of the experiment, alongside bacterial taxa such as Mycobacte-
rium sp. STV1.135, Bacillota sp. STV1.178, and Coprothermo-
bacter proteolyticus STV2.316 (see Figure S1B). While the RA of
the two methanogens fluctuated during the experiment, with
M. thermoautotrphicus GRT1.1 emerging as the winner in the sub-
strate competition, a return to near baseline values by the end of
the study was observed (see Table S2). On the other hand, the bac-
terial fraction of the microbiome was far more plastic. During S,
three bacteria increased progressively in RA, namely Thermoto-
gales sp. GRT1.19, Candidatus Saccharicenans sp. STV2.192,
and an unclassified species named Bacteria sp. GRT2.72 (see
Table S2). These co-occurring species declined over 10-fold dur-
ing the starvation periods in spite of the rise of new bacterial
players. Although these shifts in RA suggest selection, their inter-
pretation requires caution due to the compositional nature of the
data, which may not fully reflect changes in total biomass or selec-
tion strength.

(B) Line plot of average CH,4 production, expressed as LCH,/L, produced daily, and bar plot of cumulative VFA (acetate, propionate, and butyrate) in mg/L.
(C) Species-level composition indicated as a-diversity (Shannon index) in the line plot and bar plot of cumulative RA for archaea and bacteria.

(D) Functional profiles of the dominant 26 MAGs with RA > 2% in at least one sample point. Phylogenetic composition and gene-level mining of 45 marker genes
were employed to characterize functional guilds based on selected metabolisms of interest.
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A gene-level survey expanded the analysis, corroborating in-
sights from phylogenetic classification and identifying specific
microbial guilds within the microbiomes. Many taxa showed
metabolic deficiencies, which may suggest potential syntrophic
partnerships (Figure 1D; see Table S3), as already proposed in
previous studies.?” However, this could also result from incom-
plete genome reconstruction, despite most MAGs having a
completeness of over 90% (Figure 1D). Nonetheless, Candidatus
Saccharicenans sp. MAGs (phylum Acidobacteria, RA: 5%) were
characterized by a wide range of functional potential, including
the use of H, and reduced forms of sulfur compounds as electron
donors.?® Given the nature of the system setup, which relies on
the extracellular polymeric substance (EPS) coating, the
contribution of the dominant microbiome fraction to biofilm ma-
trix formation was further investigated. The high abundance of
Candidatus Saccharicenans sp. STV2.192 and Anaerolineae
sp. STV2.214 during Sl (see Figure S2), along with their genetic
background, suggests a pivotal role in EPS synthesis. Although
the eps operon is absent, both taxa possess the cps genes,
which collectively facilitate the biosynthesis and export of
capsular polysaccharides (Figure 1D). Additionally, the detection
of the tad operon in Anaerolineae sp. STV2.214, containing
genes involved in surface adhesion as well as the cpa/rcp pilus
assembly genes, further supports the proposed roles of these
species in biofilm formation during the initial operational stages.

Strain-resolved metagenomics reveals shifts in
populations genetic composition

The population of 330 reconstructed MAGs was further charac-
terized for variant detection. Detected SNVs, both nonsynony-
mous and synonymous, were subjected to stringent filtering to
enhance confidence in variant calling following a previously es-
tablished procedure.”® Considering that MAGs were derived
from metagenomic samples of two distinct cultivation systems,
each representing a discrete “ecosystem within a vessel,” inves-
tigations were conducted to assess whether the use of different
substrates for supporting the biofilm formation influenced micro-
bial growth and evolution. Observed nucleotide diversity among
selected microbiome constituents exhibited notable discrep-
ancies between the two engineered systems (see Figure S2A),
displaying values ranging from 0 to 0.007. Notably, M. marbur-
gensis sp. GRT2.8 demonstrated the most pronounced signifi-
cance (p = 2.2e—06), underscoring the impact of packing mate-
rials on the adaptability of methanogens, either enhancing or
impairing their fitness (see Figure S2A). Thus, each vessel was
analyzed separately to identify relationships between microdi-
versity and operational parameter alteration, facilitating the
tracking of genetic variations within species over time.

Across the sampling time series, cumulative totals of 318,284
and 278,339 high-confidence SNVs from the 26 MAG datasets
were identified within the TBR1 and TBR2, respectively. It was
evident that the initial levels of genetic diversity exhibited consid-
erable variation across species (Figures 2A-2D). The dominant hy-
drogenotrophic archaea, M. marburgensis sp. GRT2.8 and
M. thermoautotrphicus sp. GRT1.1, harbored more than ~1,000
and 2,400 nonsynonymous SNVs at intermediate frequencies
(0.1 < f < 0.9). On the other hand, several bacterial members,
including Fervidobacterium pennivorans STV1.130 and Tissierel-
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laceae sp. STV2.313, had fewer than ~250 detectable SNVs (or
even 0). Of particular interest are SNVs that underwent remarkable
changes in frequency between the initial and later time points
(e.g., from 0.15 < fto f > 0.75), henceforth referred to as sweeping
SNVs (see STAR Methods). These events indicate a nearly
complete sweep within the species of interest where the new allele
becomes fixed, as proposed by Rodgar and colleagues.*’
Throughout SI, three species underwent more than 100 frequency
shifts, including M. marburgensis sp. GRT2.8. Similarly, there was
a broad range in the total of sweeping SNVs cataloged during
intermittent feeding treatment, ranging from ~400 in certain spe-
cies (e.g., Bacillota sp. STV1.136) to ~10, or even none, in others
(Figure 2B). Finally, among the nonsynonymous SNVs present at
the initial time points, a variable fraction is also tracked with a fre-
quency exceeding 0.6 at the end of Sl and SlII. It is noteworthy that
in this regard, the two archaea exhibit divergent behaviors. While
M. thermautotrophicus GRT1.1 retains 4% of these SNVs, the per-
centage retained by M. marburgensis sp. GRT8 at the end of Sl is
around 16% (Figure 2C). Conversely, at the end of the fifth week of
starvation, the dynamics are reversed, with nearly identical values
of SNVs fixed.

The same fluctuating trends were identified in TBR2, except
for M. marburgensis sp. GRT8, whose RA sharply declined dur-
ing the starvation phase. A large spectrum of genetic heteroge-
neity was evidenced, with Mycobacterium sp. STV1.135 and
M. thermautotrophicus GRT1.1 exhibiting the highest numbers
of detected SNVs. Although shorter GRT did not cause an
extensive accumulation of sweeping SNVs, several species ex-
ceeded the threshold of ~200 during the intermittent feeding
(Figure 2E). This includes M. thermautotrophicus GRT1.1 and
C. proteolyticus STV2.316, which exhibit fluctuations in RA cor-
responding to the feeding regimes (Figure 2E). As expected, the
archaeon predominates when H, and CO, are provided,
whereas the proteolytic species takes over during microbiome
starvation. The considerable number of SNVs accumulated by
these microbes was also partly retained at a high frequency at
later stages. Specifically, 21% and 14% of the SNVs observed
during the 1-week starvation for M. thermautotrophicus
GRT1.1 and C. proteolyticus STV2.316, respectively, exceeded
0.6 in the populations (Figure 2F).

Comparing SNV density across species during experimental
stages Sl and SlII-SP reveals correlations with environmental
changes. Specifically, during the progressive GRT reduction,
the two dominant Methanothermobacter species, Candidatus
Saccharicenans sp. GRT2.83 and Mycobacterium sp.
STV1.135, exhibited SNV densities greater than 1,500 SNVs/
Mbp (Figures 2A and 2D). Statistical comparison using the
Mann-Whitney U test revealed significant differences in genomic
plasticity between these species and the rest of the microbiome
across both average (ptgr1 = 0.00052 and prgr2 = 0.03110) and
individual time points (see Figure S2B). Under starvation condi-
tions, the two archaea, along with C. proteolyticus STV2.316
and Limnochordia sp. STV2.225, displayed the highest SNV den-
sities, which were statistically significant (p1grs = 0.00148 and
Prer2 = 0.00414) when compared to the rest of the microbiome
(see Figure S2B). These findings further support the hypothesis
of ecological resilience acquired through ALE, particularly for
the archaeal species involved in the bioconversion process.



Cell Genomics ¢ CellP’ress

OPEN ACCESS

A R1 - Periods L 2500
i ° s
a - o e su - 2000
k<) © SlI-sP
s . . B3 e SIOP | 4500
; ° ° ° o
2 3 o o ® . . . - 1000
° o
w . N o . i . . oo - 500
- * °
B [ote® 00080'43‘&00“0009“00“20 MMO o® ° - ceoe oﬂooﬂtoi“—:l ocetel 0

10

10"

10° 3

[

; g
10 &
10’
10°

0.4
B
S 0.3
3 0.2
5
.g 0.1
= L oo
D
R2 ° . ig Periods [ 3000
o e sl - 2500
a ﬁ! °lge o sil
) . o o SIksP |- 2000
S o ’f o sil-oP
)
2 i“ P - 1500
7} S d °
2 ° ° e[ 1000
L]
T - MAELAS | R T )
° ° "“ Be

E [0o0e oo o«ioﬂ*“om cece 00 T O &n&uo’ 0® &N ® " oo ﬁ.m‘oo‘:' ﬂio %8~ o

10°

10"

10° E)

2 2
10 <
10’ I 5

; U | 9
10 -

F'o 0.4
< Lo3
c - 0.2
S
g 0.1
- S 2 L oo

= I 2] ~ o Jre] ~ @ - - @ & I N ~ . © N re] © ) =) o - ~ -

N ~ ~ - - N I - @ @ - N N N [y E - z : & ; ; z c m :

oN - - - N o = = N N - N oN N o -

S E EEEE %55 EEEEEE S EEESEEECEE EE

123 L2 7 7 B %) o 0 o o o 0 |7 7 7 o 0 o n »
MAGs

Figure 2. Varied ecological and genetic responses across 26 abundant species in TBR1 and TBR2

Varied ecological and genetic responses across 26 abundant species in TBR1 (A-C) and TBR2 (D-F).

(A and D) Within-species nucleotide diversity for each time point, as measured by the fraction of core genome sites with intermediate allele frequencies
(0.1 <f<0.9) (see STAR Methods). Each sample is indicated by a point, and the samples from the same epoch are connected by a boxplot to aid in visualization.
The sequential experimental epochs are highlighted as follows: Sl (stage [; yellow), Sl (stage II; purple), SIII-SP (stage Ill starvation; red), and SIII-OP (stage IlI
operation; green).

(B and E) The total number of sweeping SNVs between a baseline time point and each of the later epochs (see STAR Methods). The height of the white area
indicates the total number of polymorphic nonsynonymous SNVs that were tested for temporal variation.

(C and F) Fractions of sweeping SNV that are retained at the final time point (f > 0.5). In many species, only a minority of these SNVs gained during Sl or Sl are
retained.
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Sweeping SNVs reveal strain replacement, evolutionary
modification, and selection

The variability in genetic responses cannot be explained by spe-
cies phylogeny or abundance fluctuations only. No correlation
was found between genetic alterations and changes in RA;
thus, the source of these sweeps remains unclear. SNV fre-
quencies fluctuated across different time points (Figures 3A-
3F). To account for these dynamics, a phasing approach was
used to cluster SNVs based on their frequency across the entire
experimental period. Nonsynonymous SNVs were selected to
separate natural selection from demographic stochasticity,
avoiding masking the effect of causative "driver" variations.
This technique enabled the simultaneous monitoring of nonsy-
nonymous SNV trajectories within 26 different species, meeting
our minimum coverage thresholds (see STAR Methods). The re-
sulting species-level patterns revealed whether the evolutionary
dynamics either mirrored or diverged from the trends in their cor-
responding species abundance. Additionally, the phased haplo-
types were confirmed by applying a strain deconvolution algo-
rithm on the MAGs and reconstructing the dominant fraction of
the microbiome at the strain level. As an example, Figure 3 illus-
trates the range of reported behaviors for RA, SNV frequency tra-
jectories, and strain deconvolution for four representative
species.

The M. thermautotrophicus population exemplifies a strain
replacement event, showcasing sweeping haplotypes encom-
passing over 5,000 nonsynonymous SNVs dispersed throughout
the genome and organized into three distinct clusters. Less than
7% of these SNVs persisted from Sl to SllI (Figures 2C-2F), sup-
porting the hypothesis of replacement by a genetically distant
strain. Specifically, a group of SNVs rapidly became fixed in the
populations (f > 0.75) and decreased in frequency only later on,
during SII. Notably, the SNV trajectories and strain-level abun-
dances depicted in Figures 3A and 3B indicate that the geneti-
cally distant strain had already reached substantial frequencies
(~10%-25%) well before its substantial fitness advantage
became apparent. Furthermore, Figures 3E and 3F illustrate a
comparable pattern in the C. proteolyticus population, where
multiple coexisting strains evolved during the intermittent feeding
phase. These findings suggest that the identified replacement
events stemmed from a rapid proliferation of pre-existing strains
rather than new strains arising from de novo SNV accumulation.

On the other side of the spectrum, Haloplasmataceae sp.
STV2.228 provides an example of an evolutionary modification
event (Figure 3H). In this case, a cluster of SNVs suddenly
increased in frequency during 4- and 5-week operational pe-
riods, nearly reaching fixation (f > 0.75). Unlike the strain replace-
ment mentioned above, this sweep shared nearly 40% of the
phased SNVs from the dominant haplotypes at the initial time
point (Figure 2F), suggesting that the two strains recently de-
scended from a common ancestor. Beyond these extreme
cases, we also observed a third category of events where the mi-
nority haplotype was already segregating at substantial fre-
quencies (~5%-20%) before treatment. This pattern suggests
that frequency-dependent selection may have initially driven
these mutant lineages to intermediate frequencies, keeping
them genetically stable until substrate depletion or other envi-
ronmental shifts triggered their spread throughout the rest of
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the population. The behavior of M. marburgensis in TBR1 mimics
this scenario, with two clusters of SNVs gradually increasing in
frequency during SI and becoming dominant during Sl
(Figure 3C). Additionally, the fraction of synonymous SNVs (dn/
ds = 0.46) falls within the spectrum between conventional purify-
ing selection values (d\/ds = ~0.1) and those indicative of posi-
tive adaptive selection (dn/ds > 1). This observation implies a po-
tential prolonged coexistence of lineages within this species
population.

Magnitude of natural selection upon M. marburgensis
and M. thermautotrophicus genomes

The role of natural selection in driving the observed genetic
changes within species was investigated, focusing on the adap-
tation of the two dominant archaeal species that underwent ALE
across phases of increased availability of gaseous substrates
(SI), recovery (Sll), and incremental starvation periods (SlIl).
MAG contigs were aligned with respect to the reference genomes
of both species, and the distribution of SNVs per kilobase (SNVs/
kbp) at the genomic level revealed that M. thermautotrophicus
exhibits greater genomic stability, whereas M. marburgensis
demonstrates a higher genetic plasticity (Figures 4A and 4B).
Although both species exhibit random hotspot regions,
M. marburgensis contains four scaffolds (GRT2.8_7, GRT2.8_8,
GRT2.8_14, and GRT2.8_15) consistently reporting low SNV
densities below 5 SNVs/kbp. These regions harbor genes
involved in molybdenum cofactor biosynthesis (moaB) and trans-
port (modA/B/C), as well as genes associated with hydrogenotro-
phic methanogenesis, including 4Fe-4S ferredoxin (fwdF) and
two subunits of heterodisulfide reductase (hdrB2/C2). Despite
nearly half of the predicted genes lacking KEGG orthologs, they
remain intriguing and uncharacterized, presenting significant
opportunities for further exploration. When comparing methano-
genesis gene clusters between the two Methanothermobacter
species, both exhibit three main groups located on three
distinct scaffolds, with similar SNV densities ranging from 15 to
25 SNVs/kbp. However, while the corresponding scaffolds in
M. thermautotrophicus (GRT1.1_5, GRT1.1_7, and GRT1.1_9)
are relatively closely located, one scaffold in M. marburgensis is
notably more distant from the other two (GRT2.8_1, GRT2.8_3,
and GRT2.8_13). This distinct spatial distribution may be shaped
by several factors, including operon structure, co-regulation, hor-
izontal gene transfer, minimization of genetic recombination
disruption, and/or metabolic efficiency. Even though the two spe-
cies belong to the same genus and share the same metabolic
pathways, further studies are needed to identify the primary
drivers behind this spatial organization.

The effect of the selective pressure imposed by ALE was
further assessed by examining the dy/ds ratio of genes encoding
enzymes crucial to the hydrogenotrophic biomethanation (see
Table S4). Eleven of the 50 methanogenesis-related genes anno-
tated on the M. thermautotrophicus genome had dy/ds ratios
over 1. Notably, these include mtrG, which encodes a mem-
brane-associated multienzyme complex (Mtr) involved in CHy4
biosynthesis along with methyl-coenzyme M reductase (Mcr).
Additionally, several subunits of two energy-converting hydrog-
enases (energy-converting hydrogenase A [EhA] and EhB),
which have an anaplerotic role in the methanogenesis pathway,
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Figure 3. Ecological and genetic dynamics in four representative species

A subset of the species reported in Figure 2 was chosen to illustrate a range of strain-level characteristic behaviors in TBR1 and TBR2 vessels:
M. thermautotrophicus (A and B), M. marburgensis (C and D), C. proteolyticus (E and F), and Haloplasmataceae sp. STV2.228 (G and H). For each of the four
species, the top image illustrates the relative abundance over time, the middle image presents the frequency of nonsynonymous SNVs within the species, and the
bottom image depicts the deconvoluted strain composition. The color of the bars is linked to the specific experimental phase. The sequential experimental
periods are highlighted as follows: Sl (stage [; yellow), SlI (stage II; purple), SlII-SP (stage Ill starvation; red), and SIII-OP (stage IIl operation; green). Colored lines
indicate SNVs clustering together over time in terms of frequency in the population. The colors of temporally varying SNVs were assigned based on hierarchical
clustering, and the corresponding strain is colored accordingly (see STAR Methods).
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Figure 4. Frequencies of SNVs/kbp across M. marburgensis and M. thermautotrophicus genomic scaffolds

Scaffolds were ordered with respect to the reference genome of the two Methanothermobacter species deposited on the NCBI database. Predicted genomic
islands are highlighted by vertical lines delimiting the start and the end of the region. SNVs/kbp was calculated at scaffold-level for M. marburgensis GRT2.8
(A) and M. thermautotrophicus GRT1.1 (B) using a sliding window of 1,500 bp. A different color identifier was assigned to each scaffold.

exhibited d\/ds ratios above the threshold. Conversely, the
M. marburgensis metagenome revealed only two genes meeting
the aforementioned threshold, encoding a specific subunit of the
formylmethanofuran dehydrogenase (Fwd/Fmd) and EhB,
respectively. Furthermore, when considering the role of environ-
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mental factors in driving the observed strain-level dynamics, it
was found that SNVs also accumulate after the starvation phase
in biofilm adhesion genes (i.e., galE, cps, and g/m). During this
phase, both archaea were required to recolonize the reactor. In
M. thermautotrophicus, this process occurs through multiple
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stages, while in M. marburgensis, it is exclusive to the final time
point (OP5). This suggests that a newly emerging strain is colo-
nizing the biofilm and outcompeting the previous haplotype
(Figure 3D).

3D reconstruction of mutated enzymes undergoing
positive selective pressure in Methanothermobacter
species

After establishing that genetic adaptation likely drove the
increased dn/ds ratios in the two archaea, the putative effect of
fixed SNVs on the function of relevant proteins was investigated.
The Grantham distance (Gd) was used as a proxy to assess the
impact of nonsynonymous SNVs on the protein function (see
Tables S5 and S6), measuring the physical and chemical differ-
ences between the reference and mutated amino acids (aa).*’
The Gd values range from 5 (L > I) to 215 (C > W), indicating vary-
ing degrees of functional impact. In M. marburgensis, the domi-
nant haplotype during S| harbored three variants with medium
to high Gd. Two SNVs were localized on mer, encoding the
5,10-methylenetetrahydromethanopterin reductase (Mer), and
correspond to aa substitutions with Gd values of 99 (A192S)
and 121 (E52V), respectively. Both switches entail a change of
the aa polarity. Another variant was identified within fwdE
(G58E), which encodes subunit E of Fwd, the enzyme catalyzing
the initial step of methanogenesis from CO,. The substitution of
glycine, a nonpolar aa, with glutamate, which has a negatively
charged side chain, resembles changes observed in Mer. Puta-
tive high-impact SNVs were less common within the dominant
haplotype of M. thermautotrophicus during Sl. Among the note-
worthy variants were changes on the mcrB gene, encoding a sub-
unit integral to Mcr, which resulted in aa substitutions K283T,
K285N, and S346G. Conversely, the sweeping haplotypes in
Slll encompass multiple SNVs with a frequency near fixation
(f > 0.75) and moderate Gd. The tetrahydromethanopterin
S-methyltransferase (mtrB) and Fwd (fwdC) genes were mutated
in three and two positions, respectively, all with Gd values above
89. Similarly to the other archaeon, all the aa switches determine
a polarity change, thus possibly determining structural rear-
rangements for Mtr, Mcr, and Fwd complexes. The presence of
pathway-specific fixed SNVs further supports the previously pro-
posed hypothesis of selection. However, structural evidence
demonstrating the impact of these changes on peptide confor-
mation and function is still required.

Leveraging recent advancements in protein structure predic-
tion,® which facilitate rapid and accurate structural character-
ization of protein sequences from metagenomic data, we con-
ducted a 3D reconstruction of ten peptide structures, both wild
type and mutated, for five different proteins (Mer, McrB, MtrB,
FwdC, and FwdE). Major structural impacts resulting from aa
substitutions were predominantly observed in Mer (Figures 5A-
5C) and McrB (Figures 5D-5F). The analysis of phi/psi angles
via Ramachandran plot revealed the clustering of main-chain tor-
sion angles within the favored a- and $-regions, aligning with ex-
pectations for a properly folded protein (Figures 5A and 5D). In
M. marburgensis, the mutated Mer exhibited changes at residue
positions 52 and 192, which are located in the a2 and a6 helices,
respectively (Figures 5B and 5C). Sequence alignments revealed
that the terminal portion of the a2 helix is conserved within the
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Methanothermobacter genera, whereas in other species, such
as Methanopyrus kandleri, a higher presence of hydrophobic
aa is observed (see Figure S3). The 3D reconstruction of MtrB
and McrB in M. thermautotrophicus reveals changes that may
have affected their binding site functionality. The cluster of three
high-impact aa changes was detected at positions 63, 65, and
66 of the MtrB sequence, falling inside one of the transmem-
brane helices of the Mtr complex.33 Additionally, the three aa
switches on McrB were located on the C-terminal domain of
the subunit g (Figures 5E and 5F; see Figure S4), where the bind-
ing site for coenzymes F430, B, and M are located.®* Finally, the
structural analysis of FwdC and FwdE in both archaea did not
elucidate the critical positions of the aa changes encoded within
their genes.

DISCUSSION

The emergence of metagenomics has increased our under-
standing of the structure and functions of microbial commu-
nities, offering new insights into their evolutionary and functional
diversity.>> Notably, extensive de novo assembly of reads into
metagenomes can provide invaluable knowledge into the exis-
tence of previously uncharacterized organisms and their genetic
potential.” """ The response of microbial communities to envi-
ronmental selective pressure is known to be associated with
their bioconversion efficiency,*° the spread of stress-resistance
mechanisms,*” and their long-term stability.*® While numerous
studies have described the taxonomical or functional resilience
of these communities, strain-level fluctuations contributing to
ecological features are still poorly characterized. The knowledge
gap is even more pronounced when considering microbiomes
other than those colonizing the human gut,*® as investigations
on ALE and the patterns of natural genetic variation through se-
lection are lacking.

In this pioneering study, we provide the first in-depth charac-
terization of within-species dynamics by monitoring the micro-
biome of two anaerobic cultivation vessels. Gene presence
screening enabled the identification of key species, including hy-
drogenotrophic archaea responsible for biomethanation, as well
as bacterial species that secrete EPS, thereby contributing to
biofilm formation. When comparing biofilm and liquid samples,
the dominant planktonic bacterial species (i.e., Mycobacterium
sp. STV1.135 and C. proteolyticus STV2.316) are also the most
abundant within the EPS matrix, and the same holds for the
archaeal population. This further reinforces the relevance of
our downstream results, which are based on the microbiome
analysis of the liquid phase, given the vessel-related limitations.
Utilizing deep shotgun metagenomic sequencing alongside an
ad hoc variant calling and phasing methodology, we tracked
the trajectories of SNVs within 26 distinct species and compared
these trends with broader ecological shifts at the species level.
Consistent with our expectations, we demonstrated that ALE
can lead to widespread shifts in the genetic composition of indi-
vidual CO,-fixating species, as reported in the antibiotically
treated gut,'®“° upon heavy metal perturbation in the soil*' or
increased ammonia load®® in biotechnological systems. Howev-
er, these within-species variations rarely supported the hypoth-
esis of extinction followed by recolonization under more
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Figure 5. Structural characterization of enzymes involved in methanogenesis under selective pressure in M. marburgensis and

M. thermautotrophicus

For each selected protein, a Ramachandran plot and the superposition of the predicted AlphaFold original (coral) and mutated structure (purple) were generated.
In the Ramachandran plot, the main-chain torsion angles (phi and psi) are depicted as light blue triangles for glycine, light blue squares for proline, and blue circles
for all other residues. The aa changes are colored in turquoise. Specifically, (A) and (D) represent the Ramachandran plot, while (B) and (E) depict the Mer and
McrB structure prediction in M. marburgensis and M. thermautotrophicus, respectively. In the zoomed regions of (B) and (E), protein segments impacted by aa
changes in Mer and McrB are highlighted in gray, with their hydrophobic surfaces superimposed. (C) and (F) present a section of the alignment of peptide se-
quences, with mapped aa shifts indicated by an asterisk (*). aa are colored according to their hydrophobicity, from red (hydrophobic) to blue (hydrophilic).

selective conditions. Instead, the genetic responses varied
widely across species, with some resident populations showing
a large number of variants while others exhibited only a handful.
Observed SNVs may represent either de novo mutations or the
emergence of pre-existing strains that diverged over generations
before eventually becoming dominant, resulting in strain
replacement. These genetic changes were frequently witnessed
in taxa without substantial changes in abundance. Conversely,
large abundance fluctuations were not always accompanied by
widespread genetic alterations. Furthermore, we found that
some of the utmost fluctuations in RA and the appearance of
SNVs occurred at lower GRTs and during the starvation weeks,
especially in Methanothermobacter species. Together, these
findings suggest that the response to more selective conditions
was not driven by discrete recolonization events but rather by the
subtler processes of strain-level competition and evolution, as
previously documented in antibiotic-treated gut microbiomes.*°

At this population’s genetic level, strain dynamics were consid-
erably more intricate than those described by the neutral theory of
molecular evolution.*” This theory posits that most molecular-
level variations have negligible effects on fitness, thus suggesting
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that stochastic processes best explain the evolutionary fate of
genetic variation.*”**> Conversely, a Tajima’s D value above +5
for M. marburgensis and M. thermautotrophicus indicates an
excess of rare genetic variants relative to neutrality expecta-
tions,** possibly due to factors like population expansion, posi-
tive selection, or purifying selection against deleterious mutation.
Our results reveal comparable behaviors in mixtures of distantly
related strains, as well as in haplotypes that presumably evolved
de novo. While similar instances of strain replacement have been
previously reported,?**° the current comprehensive time-series
analysis conducted over a 1-year period uncovers unprece-
dented, condition-driven evolutionary events in microbial com-
munities. The observed partial genome-wide sweeps contained
multiple linked nonsynonymous SNVs, clustering together
according to their frequency. Within these clusters, SNVs had
previously segregated at substantial frequencies (f > 5%) before
transitioning to either a lower GRT or entering a starvation
phase. In the activated carbon-packed vessel, a haplotype of
M. thermautotrophicus experienced a rapid increase in fre-
quency over weekly timescales but later on reverted the sweep.
These observations align with temporally fluctuating selection
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pressures, wherein reversions do not culminate in extinction but
rather stabilize close to their initial frequency. A similar sweep
was also evidenced for M. marburgensis; however, the haplotype
became fixed in the population during SI and was maintained
throughout SlII. The same fluctuations were also identified within
the other vessel despite the fact that the two systems are inde-
pendent and exhibit structural differences, with the exception
of M. marburgensis. Altogether, these evolutionary events imply
that the sweeping haplotypes may have been consistently main-
tained within their respective populations over time, possibly due
to the presence of stable metabolic or spatial niches. The findings
emphasize, for the first time, broader microbial dynamics that
extend beyond specific material influences, underscoring the
utility of this novel approach for understanding microbial struc-
ture and function in engineered ecosystems.

Strain-level investigations documented in the literature have
already demonstrated that newly emerging strains arise and
attain dominance due to their capacity to withstand inhibitory
conditions, including antibiotic treatment®® or environmental
stressors.?® However, an unresolved question remains as to
whether the variations accumulated and maintained by these
fluctuating haplotypes serve as the primary determinant of their
superior fitness. To address this gap, the current study aims to
uniquely complement the variant phasing approach adopted
with gene-level statistics and a 3D reconstruction of the peptide
sequences targeted by SNV-induced aa alterations. Mapping
the SNVs onto the genes and calculating the dy/ds unveiled
selective pressure on genes associated with the hydrogenotro-
phic methanogenesis metabolic pathway. Notably, within both
M. marburgensis and M. thermautotrophicus, multiple subunits
of the Mtr and Mcr complexes exhibited a ratio exceeding 1.
These findings corroborate how environmental alterations in
bioconversion systems can induce selection, resulting in the fix-
ation of specific haplotypes distinguished by their unique ge-
netic makeup compared to other strains within the popula-
tions.?® Furthermore, the potential of these nonsynonymous
SNVs to positively influence the activity of the enzymes was re-
vealed by the superposition of the predicted structures. The
positioning of aa changes within the conserved binding sites
clefts of McrB in M. thermautotrophicus indicated reduced ste-
ric hindrance, potentially enhancing substrate docking.*®
Conversely, the shift from a hydrophilic to hydrophobic aa in
M. marburgensis has the potential to alter the tetrameric state
of Mer. Previous studies have shown that the interface region
involved in tetramer formation in Methanothermobacter species
exhibits lower hydrophobicity compared to M. kandleri,*® dis-
turbing the protein complex assembly. Therefore, the observed
switch from Glu52 to Val52, corresponding to Val54 in
M. kandleri,"® enhances the region’s hydrophobic character,
probably promoting the tetrameric state of Mer. These alter-
ations, bolstered by moderate Gd metrics, may have provided
a phenotypic advantage to the strains harboring them, deter-
mining a shift in dominance among archaeal population haplo-
types during Sl and Sll.

Limitations of the study
There are several limitations inherent in the metagenomic data
and methodology used in this study. A key limiting factor is
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the current inability to directly link the identified SNVs to the
strain of origin. Emerging approaches leveraging single-cell
technologies are presently under development based on the
concept that single-amplified genomes with closely related
SNVs can be regarded as belonging to the same strain.*’
Although our ad hoc SNV phasing approach represents a first
in allowing the observation of distinct behavioral responses
across individual species within the same community, even at
the strain level, further research is needed to assess the preva-
lence of these patterns across haplotypes and upon different
stressors. Nonetheless, our high-resolution time series pro-
vides a valuable framework that can guide future classification
efforts in larger but lower-resolution studies. Unlike conven-
tional metagenomic analyses, which primarily focus on identi-
fying key microbial taxa at the taxonomic level and inferring their
functional roles, we developed a first-of-its-kind population
genetic workflow to quantitatively track fine-scale genetic
changes within microbial populations over time. By monitoring
the microbiome through periods of increased H, and CO, flow
rate, recovery, and intermittent feeding provision, we uncov-
ered new evidence suggesting that the ecological resilience in
microbial communities extends down to the strain level. Under-
standing how this resilience arises from the intricate interplay
between haplotype populations and fluctuations in operational
parameters, as well as its broader implications for microbiome
evolution and engineering, remains an exciting avenue for future
research.
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METHOD DETAILS

Experimental setup

The study employed TBRs consisting of 1L packed-bed biochambers, gas and liquid delivery systems, and a gas-metering system.
Briefly, TBRs provide a large surface area for the development of microbial biofilms, a configuration that facilitates the absorption of
CO, from the gaseous phase and its subsequent biological conversion into CH,. A detailed schematic of the experimental setup is
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provided in the associated publication.”® Specifically, TBR-1 contained activated carbon pellets (dimensions: 20 x 4 mm, surface
area 20 m?/g, total pore volume 6 x 10-2 cm®/g, micropore volume 1 x 10-3 cm®/g), while TBR-2 was filled with high-density poly-
ethylene Raschig rings (dimensions: 10 x 10 mm, surface area 3.3 x 10-3 m?/g). Both systems operated at a stable thermophilic
temperature (55 + 1°C) using thermal jackets. Each cultivation vessel was connected to a dedicated liquid reservoir maintained in
a temperature-stabilized water bath. Nutrient medium delivery was achieved using a peristaltic pump (Sci-Q 300, Watson Marlow,
United Kingdom) at a flow rate of 95 mL/min. The growth substrate providing vitamins and cofactors was composed by exhaust
biomass (see Table S1). The biochambers were fed an 80% H, and 20% CO, synthetic gas mixture through a dual-head peristaltic
pump (Ismatec Reglo, Masterflex, United States), injected concurrently with the liquid flow. The 1:4 of CO, to H, represents a stoi-
chiometry that facilitates methanogenesis. Gas production was monitored daily using automated water-displacement gas meters
with a 100 mL reversible cycle. Additionally, throughout the entire experiment, metabolites and environmental conditions, including
pH, VFA concentrations, and atmospheric composition, to assess microbiome’s stability (Figure 1B). The experimental process con-
sisted of three stages: Stage | involved continuous operation with progressively reduced GRT over 162 days, Stage Il maintained a
stable 1-h GRT to allow recovery lasting 40 days, and Stage Ill introduced intermittent starvation conditions (213 days). During Stage |
the GRT was gradually reduced by increasing gas supply until reaching stable CH,4 output (>95%). The two TBRs were tested at eight
GRTs, from 12 to 1 h (data regarding the 45 min GRT time point were excluded from the current analysis but are reported in the asso-
ciated publication).”® Stage Ill involved five starvation phases, lasting from 1 to 5 weeks (SP1-SP5), alternated with equal-duration
normal operation periods (OP1-OP5). During starvation (SllI-SP), feeding gas was withheld, while temperature conditions were main-
tained. Conversely, during the regular operational periods (SllI-OP), the bioreactors were kept at 1-h GRT. The impact of starvation on
recovery time during subsequent normal operation was evaluated. Figure 1A outlines the experimental design, incorporating oper-
ational and starvation phases.

Analytical monitoring of biochemical parameters

Gas phase composition was analyzed using a gas chromatograph (GC-2014187 Pro, Shimadzu, Japan) equipped with a thermal
conductivity detector and Porapak Q Column (1.8 m length, 1/8-inch inner diameter, film thickness 2 mm), followed by an Agilent
J&W CP-Molsieve 5 A column (1.8 m length, 1/8-inch inner diameter, film thickness 2 mm) with helium as the carrier gas at a flow
rate of 20 mL/min. Both the column and detector were set at 100°C. Liquid samples were collected twice weekly for pH and VFA
analysis. pH was measured with an HI2020 EDGE pH meter (HANNA Instruments, USA). VFAs concentration was determined using
gas chromatography (GC-2010 Pro, Shimadzu, Japan) with a flame ionization detector and Agilent J&W Capillary Column (30 m
length, 0.5 mm inner diameter, film thickness 1.020 pm). Helium, hydrogen, and synthetic air were used as carrier gasses.

DNA extraction and sequencing

Genomic samples were collected from the liquid phase of the cultivation vessels on the last day of each operation change, which was
either the day prior to the GRT reductions (Stage I) or the day before the starts/stops of H,/CO, supply (Stage Il). DNA extraction was
carried out employing the DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany), following the manufacturer’s recommended proced-
ure. The library was prepared using the Nextera DNA Flex Library Prep Kit (lllumina Inc. in San Diego, CA.) and sequencing was con-
ducted on an lllumina NextSeq 500 platform (lllumina Inc. in San Diego, CA.). The sequencing process was performed at the CRIBI
Biotechnology Center sequencing facility (University of Padova, Italy). Sequencing depth was ranging between 9 and 28 millions of
reads (average 14 million), depending on the sample considered. Raw reads were deposited to the SRA portal under the BioProject
identifier PRUNA1179988.

Metagenomics reconstruction of the microbiome

The sequencing reads (150 bp paired) underwent preprocessing using Trimmomatic v0.39.® To check for contamination, BBDuck
v38.93? was utilized. Paired reads were merged with BBMerge v38.93,%° and short-read co-assembly was conducted using Spades
v3.15.5,%° resulting in an assembly size of 1.39 Gb. The metagenome’s percentage of alignment on the reads varies across samples,
ranging from 60 to 90% (see Figure S1A). The MAGs acquisition involved multiple binning software: MaxBin v2.2.7,°" MetaBAT1,°?
MetaBAT2 v2.15,°° and VAMB v4.13.* Subsequently, all recovered bins were refined and dereplicated utilizing DAS_Tool v1.1.6°°
followed by dRep v3.4.0°° (parameters: -pa 0.9 -sa 0.95), ensuring the recovery of reliable species-level MAGs according to average
nucleotide identity. Only medium to high-quality MAGs were retained for subsequent analyses, according to MIMAG standards.”"
Quality and completeness of MAGs were evaluated using checkM2 v1.0.2,°” and their RA was estimated through coverM
v0.6.1,°® using a range from 0 to 100%. SingleM v0.18.3°° was used to evaluate the representation of the microbial community
by our set of 330 MAGs, considering all marker genes available in the software. Species were classified as not reconstructed only
if they had >100 unassembled reads mapping to a marker gene but were absent from the MAGs. Taxonomic assignment was carried
out using GTDB-TK v2.1.1°? and database version R214. Phylogenetic tree was reconstructed using PhyloPhlAn v3.0.°" Gene pre-
diction was executed using Prodigal v2.6.3°° and functional annotation with eggNOG-mapper v2.1.10.5° The KEGG database’” was
used for manual metabolic reconstruction of pathways of interest, including microbial carbon metabolism, hydrogenotrophic meth-
anogenesis and biofilm formation. Plasmids from assembled archaeal sequences were identified using geNomad v1.8.0,%° while
genomic islands were detected using Treasurelsland.®®
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SNVs profiling over time within species

SNVs analysis was performed using the software InStrain v1.8.0'° (parameters: -min_read_ani 0.98, -min_mapq 2, -min_cov 5,
—-min_freq 0.05, —fdr 1e—06, —-min_genome_coverage 1, —skip_plot_generation, —skip_mm_profiling) on the high-quality MAGs recov-
ered. Species identified in samples with less than 50% breadth of coverage were excluded from subsequent downstream analysis.
Then, MAGs with RA > 2% were selected based on variant metrics, and the STRONG®* strain deconvolution pipeline was applied.
The abundances of the deconvoluted strains were defined taking into account the RA of the corresponding MAG. A variant phasing
approach was performed by clustering the SNVs frequency and then comparing this information with the abundance of predicted
strains, as previously described.?® The approach was based on a hierarchical clustering algorithm, using the Ward distance as a
metric for calculating variant similarity. This procedure allowed to group together SNVs most probably belonging to the same strain,
enabling to track the transmission of genetic modifications over time.

SNVs filtering, SNVs sweeps identification and dy/ds ratio

The results obtained from the variant calling using InStrain were processed in order to remove low confidence results. A total of
366,298 and 327,035 SNVs were originally detected across TBR1 and TBR2 reactors, respectively. First, all the SNVs located within
150 bp from the 3’ and 5’-end of each scaffold were removed, since in those genomic regions the coverage tends to drop along with
the results reliability. Then, all the variants where the difference between the coverage of the SNV and the average coverage of the
scaffold exceeded the interval [-100; +100] were discarded. Lastly, the ratio between the number of reads supporting the variant
allele and the one supporting the reference allele was computed and all the SNVs where this ratio was lower than 0.1 in all time points
were discarded. This process resulted in the removal of an average of 15.37% of the initial SNV total: 58,014 and 48,696 from TBR1
and TBR2 reactors, respectively. The detected SNVs were used to estimate the overall levels of genetic diversity in Figure 2, defined
as the fraction of sites in the “core genome” in which the alternate allele was present at an intermediate frequency (0.1 < f < 0.9).
Additionally, allele frequency trajectories were used to identify subsets of SNVs that experienced large changes in frequency between
pairs of sequenced time points. We refer to these as “sweeping SNVs,” because they indicate a full or partial “sweep” of the allele
through the resident population of interest. For each ordered pair of time points, we identified SNVs with minor allele frequencies that
increased from f < 0.3 at the initial time point to f > 0.60 at the subsequent time point. Finally, the d\/ds ratio was calculated at the
pathway and gene level, including in the calculation all the synonymous and nonsynonymous SNV that passed the filtering step. Ra-
tios above +1 were considered as indicators of selective pressure.

3D reconstruction of mutated protein

Genes harboring high Gd distance (>70) and dy/ds ratios (>1) in the two dominant archaeal species were selected for 3D reconstruc-
tion through machine learning approaches. The predicted sequence of the proteins® were modeled with AlphaFold® to obtain the
3D structure of the mutated polypeptides and compare them with the original ones. Moreover, the sequence of the proteins was
aligned using the multiple sequence alignment tool Clustal Omega,®” based on the ClustalW algorithm, against reference crystallo-
graphic structure deposited in the Swiss-Prot database.”® This comparison allowed us to evaluate the potential impact of the SNVs
on the investigated protein, localizing the SNV-encoded AA changes along the 3D model. Alignments were visualized using the Jal-
view v2.11.3.0 software.®® ChimeraX v1.9 was employed for PDB visualization.®®
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