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Abstract

A prevailing hypothesis for the emergence of life on Earth holds that it might have originated in hydrothermal vents, where
the environmental conditions, although physically and chemically extreme (acidity, lack of oxygen, high pressure, very high
temperature), vary very little. According to this view, single-celled organisms that appeared under these conditions sub-
sequently began to colonize first all aquatic environments, then terrestrial ones. Here, I study the proteomes of more than
250 reference proteomes of archaea as well as those of a few non-reference Promethearchaeati (ASGARD), which have an
optimal growth temperature of between 10 °C and 100 °C. I found a correlation between the chaperome present in these
organisms, and in particular the presence/absence of the Hsp70 family (DnaK-DnaJ-GrpE, KJE for brevity), the proteome
size, and the optimal growth temperature. These findings suggest that the presence of Hsp70s in mesophilic archaea is

associated with larger proteomes and may have facilitated adaptation to more diverse environments.

Keywords

Background

Since life first appeared on Earth at the bottom of the
oceans near hydrothermal vents, some 3.5-4 billion
years ago, constant evolution has driven organisms to
colonize the entire Earth, taking forms as varied as
single-celled bacteria and archaea, plants, fungi, and
sponges, right up to metazoans like cats, blue whales
and human.' Life appeared in conditions that, while
extreme if compared with the environment in which
most eukaryotes tend to evolve, due to high acidity, lack
of oxygen, extreme pressure, and temperatures up to
120 °C, are remarkably stable, unchanging, and, for
well-adapted organisms, rather unchallenging.” Indeed,
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organisms living in these extreme environments have
proteins that are optimally adapted,”” with high evo-
lutionary pressure not to change anymore.

Singer and Hickey" showed that thermophilic organisms
living in elevated growth temperatures are imposed with
selective constraints at all three molecular levels; the nu-
cleotide content, codon usage, and amino acid composition.
It has been established that the amino acid composition of
thermophilic proteins confers enhanced stability of the
folded state at high temperatures.”” Moreover, several stu-
dies have shown that hyperthermophiles such as the model
organisms Thermus thermophilus® and Sulfolobus acid-
ocaldarius’ have lower mutation rates than their mesophilic
counterparts. Indeed, neutral mutations can be compen-
sated in mesophilic conditions, and as a consequence me-
sophilic organisms tend to evolve more rapidly and diversify
more easily.” Instead, the same mutations likely become
deleterious in the extreme physical and chemical conditions
of hyperthermophiles. Furthermore, in mesophilic bacteria’
and archaea,” this selective pressure appears to be more
pronounced for highly expressed genes and proteins. "'

The phylogenomics of 10,575 bacterial and archaeal
genomes has recently demonstrated the proximity between
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the two domains of prokaryotic life, as well as the nu-
merous exchanges between them, mainly through hor-
izontal gene transfer (HGT).'">"” The constant presence of
HGTs also affects "housekeeping genes,”, emphasizing the
importance of both inter- and intra-domain HGT."" Be-
cause of the shuffling of the gene pool, tracing the ap-
pearance or disappearance of certain genes requires in-
depth study of gene families, such as chaperones like Hsp60
(GroEL in bacteria, thermosomes in archaea) or the main
component of the chaperone network, Hsp70 (DnaK for the
most conserved Hsp70 member in prokaryotes). According
to several studies, Hsp70s first appeared in mesophilic
bacteria, then was transferred by HGT to archaea."'”'°

DnaK is considered to be the central hub of the cha-
perone network, and in Escherichia coli about 700, mostly
cytosolic, proteins usually interact with DnaK under stan-
dard growth conditions.'” Furthermore, a recent study on
the bacterium Myxococcus xanthus demonstrated that
DnaK duplication and specialization in bacteria correlates
with increased proteome complexity.'” DnaK has already
been determined to increase mutational robustness, as well
as to allow proteins that are its obligate clients to evolve
faster than those that are not by supporting their folding."”
Therefore, the presence of DnaK, and more in general of
the protein quality control (PQC) system, has profound
long-term effects on genome evolution.””** These studies
provide evidence that even a single protein, or a limited set
of proteins (the chaperones), can have a disproportionate
effect on the evolution of the proteome.

This study examines the relationship between proteome
size and optimal growth temperature in over 250 meso-
philic or thermophilic archaea. Specifically, I analyze this
relationship as a function of their chaperome composition,
including the presence or absence of Hsp70 and its asso-
ciated system (Dnal, GrpE, as well as Hsp90-like HtpG and
Hsp100-like ClpB).” The aim is to extend our under-
standing of the relationship between an organism’s com-
plexity, its environment, and its chaperone system, this time
with a focus on archaea (and some bacteria), unlike our
previous study that covered less specifically the whole Tree
of Life." In particular, using archaeal reference proteomes, I
am testing whether the presence or absence of key com-
ponents of the PQC, in particular the Hsp70/DnaK system,
is associated with proteome size and growth temperature.

Results

Selection of archaea and comparison between optimal growth
temperature and GC content of 165 RNA of prokaryotes

Phylogenetic analyses of 16S rRNA genes in thermophilic
and hyperthermophilic organisms have consistently shown

a correlation between optimal growth temperature and GC
composition, as first demonstrated by Kimura and collea-
gues”' and later confirmed by Hu et al.”

To investigate this relationship further, I analyzed
the 16S rRNA sequences of selected prokaryotes. As
expected, GC content in 16S rRNA increases with op-
timal growth temperature, likely reflecting the en-
hanced thermodynamic stability of GC-rich sequences™
(Figure 1A). T next looked at the correlation between
proteome size and optimal growth temperature, finding
that organisms adapted to higher temperatures have on
average smaller proteomes (Figure 1B), possibly due to
constraints on protein stability or metabolic efficiency.
These trends appear to be more prevalent in archaea,
which is in keeping with the observation that most
hyperthermophiles organisms are of the archaea do-
main”® (archaea in general seem to be better adapted to
more extreme conditions).

Although GC content has been linked to thermal
adaptation because of its effect on DNA melting tem-
perature,” it doesn't fully explain the variations of en-
vironment seen among archaeal lineages. Other
molecular mechanisms may also contribute to adapta-
tion to different thermal environments, in particular the
PQC,”” which is essential for protein folding and stress
response in organisms. Thus, I next examined the cor-
relation between the presence or absence of specific
chaperone families and growth temperatures in ar-
chaea.

Because hyperthermophilic organisms are particu-
larly informative for addressing these questions, the
analysis focused primarily on archaeal lineages. The
Tempura®’ database, which was already curated, was
used as a reference to see which prokaryotes are the
most interesting ones. Very few archaeal organisms
were included in it (Figure 1A and B), so it was ne-
cessary to use another database (BacDive’”) and select
organisms manually from UniProt references proteomes
to refine the results for archaea. In total, 234 archaeal
reference proteomes were collected (see Methods and
Supplementary Information S2). Their average pro-
teome size (2763 + 960 proteins) was comparable to
that of the initial selection (Supplementary Figure 1),
which is 2920 + 880 (see Supplementary Informa-
tion S1).**

A general, albeit weak, correlation between proteome
size and optimal growth temperature was observed
across Archaea (Supplementary Figure 2). Other statis-
tical methods were tested against the dataset
(Supplementary Figure 3, Supplementary Information
S10). This correlation between optimal growth tem-
perature and proteome size also correlates weakly with
the taxonomic classification of different archaeal
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Fig. 1 Scatter plot of proteins per proteome and 16S GC content of selected organisms from the Tempura and Uniprot databases and
comparison of different microbial groups based on their mean proteome size and mean growth temperature. (A) Bacteria and archaea
show a positive correlation between GC content and optimal growth temperatures. Archaea (blue) have a steeper trend line than
bacteria (red), suggesting a stronger relationship between temperature and GC content in archaeal species (equation for archaea and
bacteria: Y = 0.1617*X + 50.90, R? 0,6901, P value < 0.0001 and Y = 0.1064*X + 51.77, R? 0.184, P value < 0.0001). (B) Mean values
for proteins of archaeal proteomes (blue) are 2920 and for bacterial (red) 4026. Fitted trend lines show a negative correlation between

optimal growth temperatures and proteomes size (Equation for Archaea and Bacteria: Y = —27.87*X + 4209, R* 0,07697, P value
<0.0001 and Y = —34.92*X + 5047, R? 0.2946, P value < 0.0001). Dotted lines: 95% CIL. Trend lines are simple linear regression
between the x and y axis calculated with PRISM. (C) Proteome sizes vary significantly across groups, with some, like Halobacteriales,
having larger ranges. (D) Differences in growth temperatures, where thermophilic groups (eg, Thermoprotei, Thermococci) have
higher mean growth temperatures than others. Black dots represent individual values. A Kruskal-Wallis test followed by a post-hoc
(Dunn’s multiple comparison test) was used to test for statistically differences between groups. Groups with different letters are
statistically distinct, while groups with the same letter are not statistically different from each other.

groups, which show distinct trends in proteome size and
growth temperature. Some groups, like Halobacteriales,
display a broader range of proteome sizes while pre-
ferring lower temperatures. Others, such as
Thermococci, have smaller proteomes and grow at
higher temperatures (Figure 1C and D).

To go further than just looking at these overall cor-
relations and check out these patterns in terms of cha-
perone system composition, I then analyzed how the
presence or absence of the DnaK-DnalJ-GrpE (KJE)
system changes based on proteome size and optimal
growth temperature (Figure 2A and B).

As shown in Figure 2, archaea encoding for the KJE
system tend to have larger proteomes and are mainly
associated with mesophilic to moderately thermophilic
growth temperatures, while organisms lacking KJE are
more frequently found among hyperthermophiles with
smaller proteomes.

Co-occurrence patterns between chaperones and selected genes
in archaea

A detailed survey of the presence of the different cha-
perones and the proteasome subunits (psmA and psmB,
since the proteasome is required for cell growth and
stress responses’’), is shown in Figure 3. The vast ma-
jority of all the archaea analyzed here (~98%-100%)
possess one or more thermosomes (chaperonins sub-
units), small Heat Shock Proteins (sHSPs), prefoldins
(here called TPS system)' and 20S proteasomes,”’ at-
testing for their crucial relevance at all temperatures. As
a matter of fact, prefoldins, chaperonins, and sHSPs are
considered to be among the most conserved in archaea
and constitute the oldest chaperone system that, ac-
cording to several bioinformatics analyses, was already
part of the Last Universal Common Ancestor (LUCA).”
Using these protein families also enabled us to check
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Fig. 2 Mean archaeal proteome size and optimal growth temperature depending on the presence or absence of DnaK. (A) Mean
archaeal proteome size of all archaea in the subset is 2763 proteins. Without DnaK, 1936 and with DnaK 3023. The y-axis represents
the number of proteins per proteome, ranging from 0 to 8000. (B) Mean for organisms with DnaK is 36.75 °C and for those without
78.18 °C. Black dots representing individual proteomes. Statistical comparisons (Student ¢-test) between datasets are denoted by

asterisks, ****: P value < 0.0001.

the databases and the robustness of the analysis, given
that thermosomes are thought to be ubiquitously pre-
sent and highly expressed.”’

One chaperone system showed instead a striking
correlation with optimal growth temperature: the KJE
system, which is mostly associated with mesophilic
species (Figure 3; Supplementary Figure 4). In

particular, attesting for the stringent relation between
DnaK and Dnal, they are always present (or absent)
together. Instead, GrpE was absent in a few organisms
that have DnaJ and DnaK but was never present in their
absence, a feature that has already been observed in the
past in several parasitic organisms.”” Nonetheless, the
physiological interest in losing GrpE, which enhances
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Fig. 3 Taxonomic tree of the selected 234 archaeal organisms. Different taxonomy has been represented on the inner tree;
Thermoproteati (light red), Thermoproteota (maroon), Thermoplasmatota (orange), Methanobacteriota (sea green), Methanomada
group (sea blue), Thermoccoci (purple), Archaeoglobales (pink, grey), Methanomicrobia (lime), and Halobacteriales (pear). On the
outside of the tree are different classes of chaperones and proteases represented by the presence (colored circle) or absence of the
protein; Thermosomes (pink), SHSP (sea green), Prefoldin A/B (blue), Proteasome subunit A/B (green), GroES (light blue), GroEL
(yellow), DnaK (red), DnaJ (green), GrpE (yellow), HtpG (deep blue), and ClpB (purple). Then an heatmap of the optimal growth
temperature of the organisms between 10 (blue) to 100 °C (red). On the outer side are proteome size of each organism (black bars)
with the mean size (dotted line). This tree has been constructed using the NCBI taxonomy~’ of selected organisms and visualized in

iTOL.”

the efficiency of the KIJ system, would be evolutionarily
difficult to explain.'*” It is nevertheless possible that the
transfer of certain operons possessing only DnaK or
Dnal by HGT may have been possible, as a review of
bacterial genomes™ showed that tripartite JEK or bi-
partite KE/KJ/JE operons compositions exist. It is also
notable that the proteomes of archaea and bacteria'®
that possess DnakK, and the KJE system in general, are
larger (Figure 2A and 3).

Differential distribution of chaperone systems in archaeal
lineages

The Methanomicrobia class, and more specifically the
Methanosarcinales order, comprises mesophilic to
moderately thermophilic archaea, including
Methanosarcina acetivorans™" (lime clade in Figure 3
and Supplementary Information S5-S6 and S9). Several
members of this group, such as Methanosarcina magzei,>

possess not only thermosomes but also group I cha-
peronins (GroELS)," which have different substrate
specificity and that have been likely acquired from
bacteria by HGT.

In addition to GroELS, several members of this group
of archaea seems to have also acquired the AAA+
chaperone of the Hsp100 family (ClpB) (purple dots on
Figure 3, supplementary information S6, S9).° This
suggests that members of this mesophilic group have
undergone a fairly large number of HGTs for the cha-
perone network. But why is ClpB, together with
GroELS, only present in Methanomicrobia? Is it the
specificity of the environmental niche’’ in which these
archaea live that has enabled successive HGTs with
bacteria sharing it? Studying the prokaryotic commu-
nities that cohabit in this type of niche, as well as
finding which other genes might have been transferred,
could provide an answer. Another observation that de-
serves to be explored in more detail is the presence in
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Fig. 4 Taxonomic tree of the selected 18 Promethearchaeati (ASGARD) organisms. On the outside of the tree are different classes of
chaperones and proteases represented by the presence (colored circle) or absence of the protein; Thermosomes (pink), sHSP (sea
green), Prefoldin A/B (blue), Proteasome subunit A/B (green), GroES (light blue), GroEL (yellow), DnaK (red), DnalJ (green), GrpE
(yellow), HtpG (deep blue), and ClpB (purple). Then an heatmap of the optimal growth temperature of the organisms between 10
(blue) to 100 °C (red). On the outer side are the proteome size of each organism (black bars) with the mean size (dotted line, 3626).
This tree has been constructed using the NCBI taxonomy”’ of selected organisms and visualized in iTOL.*

some Thermoplasmatota organisms of the chaperone
Hsp90 (HtpG, deep blue dots on Figure 3), which is
generally accepted to be absent from most archaea.”

Analysis of the chaperone network in the Promethearchaeati
(ASGARD) family

In recent years, several new members of the archaea do-
main have been discovered, among which the ASGARD
family™” which was recently renamed and classified in the
Promethearchaeati kingdom.” This group is currently
thought to be the closest to the archaea that fused with
bacteria during endosymbiosis to become the Last Eu-
karyotic Common Ancestor, LECA.*" Although most of the
available proteomes of these new archaea are not con-
sidered reference proteomes and thus were not considered
in the analysis above, I selected some of the most complete
and annotated ones in order to characterize their cha-
perome, optimal growth temperatures, and the relative size
of their proteomes. Most of these taxa have not been validly
described based on their nomenclatural status,*” Pro-
metheoarchaeum syntrophicum MK-D1 being the only re-
ference organism. I reprise the same analysis here on this
more specific dataset, showing that compared to other ar-
chaea, Promethearchaeati tend to have larger proteomes
(Supplementary Figure 4, Supplementary Information
S3+S8), in keeping with their mostly mesophilic or mod-
erately thermophilic nature.”**

I then compared these data with the chaperone
composition, finding that they all possess the KIE
system (Figure 4), and a few have Hsp90 (HtpG) or
Hsp100 (ClpB). The presence of a more robust cha-
perone repertoire in these mesophilic archaea, which

are considered to be the closest relatives of eukaryotes,"”
is not surprising, because the proteome and eukaryotic-
related complexity found in Promethearchaeati’” often
go hand in hand with the expansion of the chaperone
system." Interestingly, in these archaea it appears that
HGT from bacteria did not occur for the GroELS system
(Figure 4), but due to the small set of genomes analyzed
here, it is yet unwarranted to draw general statements.

Phylogenetic analysis of Hsp70 in selected organisms

I have then selected one Hsp70 sequence from each or-
ganism displaying one or more Hsp70 genes (ie, 178 archaea
from the first dataset and the 18 Promethearchaeati) and
they were aligned to verify their sequence homology (see
Supplementary Information S7). The presence of one or
more copies of DnaK or Hsp70 in mesophilic or light
thermophilic organisms, as well as in all Promethearchaeati,
is an interesting marker for the joint hypothesis of the
maintenance of proteins that possess otherwise deleterious
mutations, as well as proteome expansion.'” The selected
Hsp70 sequences were then used to generate a phylogenetic
tree (Figure 5). To compare the sequences present in these
archaea with bacteria, a selection of Hsp70 from Pseudo-
monadota (gram-negative) and Bacillota (mostly gram-po-
sitive) were added (see method and Supplementary
Information S11), as well as a recently discovered archaeon
(Candidatus Sukunaarchaeum mirabile) which has under-
gone extreme genome reduction but retained the KIE
system.”® The results indicate that DnaK from archaea tend
to cluster with those from gram-positive bacteria, having the
same indels as previously showed,"” and that archaea with
more than one Hsp70 all possess a bona fide DnaK besides
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other Hsp70-like (Figure 5). Interestingly, all archaea that
have more than one copy of Hsp70 are Halobacterium,
Thermoplasmatota or Promethearchaeati. Halobacterium™
live in high-salinity environment and Thermoplasmatota*’
are acidophiles and light thermophilic, growing in pH < 2.
This could explain the diversification of their Hsp70s to
adapt to these environments,” as described in acidophiles
bacteria’’ or archaea.”” Promethearchaeati encode KJE
and several Hsp70 genes and have relatively large pro-
teomes, although these data remain preliminary given cur-
rent genome completeness and curation.

Discussion

The present analysis reveals that archaeal lineages en-
coding the KJE chaperone system tend to have larger

proteomes and occupy mesophilic’® niches. This con-
sistent trend across all independent clades suggests that
maintenance of the KJE system is linked to proteome
expansion and folding requirements, rather than tem-
perature alone. Therefore, the KJE complex may act as a
molecular capacitor, buffering folding stress. Con-
versely, the recurrent absence of KJE in hyperthermo-
philic lineages likely reflects an adaptation to
intrinsically stable proteomes and a reduced need for
ATP-dependent folding assistance. Moreover in pro-
karyotes, ATP production is limited by the available cell
surface” and the cost of repairing or degrading proteins
can also influence what will be the choice in the cell.”
The energy demands of a cell are primarily dictated by
their volume regardless of complexity,” but complexity
drives complexity, and protein synthesis accounts for
70%-80% of the ATP budget of prokaryotes.”” Finally it



Rebeaud

has been hypothesized that costly in energy PQC path-
ways can systematically promote the evolution of pro-
tein networks.” These results indicate that the
interaction between proteome complexity, environ-
mental temperature, and the distribution of folding
mechanisms such as KJE played a role in shaping the
evolutionary trajectories of archaea.”

Possible interpretations

One explanation is that chaperones, here the KIE
system, contribute directly to mutational buffering of
their clients,””*" thereby permitting the retention of
more proteins and supporting proteome expansion in
moderate environments.'””*°" Experimental work in
bacteria has shown that Hsp70 clients evolve faster and
accumulate destabilizing mutations that are tolerated
thanks to chaperone assistance.'”*"*

Another possibility is that KJE distribution reflects
HGT dynamics. Archaeal Hsp70 operons are thought to
have been acquired from bacteria,' " and because most
donor bacteria are mesophiles, archaeal mesophiles
would be more likely to retain these genes, while hy-
perthermophiles would not.

A third explanation is that hyperthermophilic en-
vironments inherently constrain proteome expansion,
as proteins in such conditions must remain stable and
highly optimized, and organisms utilize multiple ad-
vantages of IDPs, leaving little tolerance for the accu-
mulation of destabilizing variants®*“’ and making some
chaperones, like the KJE system, unnecessary. In this
view, the correlation between KJE and proteome size
would be indirect.

Implications for archaeal evolution

The case of Promethearchaeati is especially noteworthy.
These lineages, which have been proposed as close re-
latives of the host that gave rise to eukaryotes, "
possess expanded proteomes and encode the full KIE
machinery, together with the occasional acquisition of
Hsp90 and Hsp100. This combination supports the idea
that expanded chaperone networks may have facilitated
increased proteomic complexity during early archaeal
diversification and possibly prior to eukaryogenesis.' At
the same time, other lineages such as Halobacteriales or
Methanomicrobia illustrate how possible repeated
HGTs can reshape the chaperone repertoire,’ ">
suggesting that ecological context and microbial com-
munity composition also played an important role in the
formation of these systems. Thermoplasmatota con-
stitutes another interesting group, with light thermo-
philic and, above all, extreme acidophilic species.

Despite their reduced genomes (Figure 1C), their acid-
ophilic nature and the ecological niche in which they
evolve seem to have favored the acquisition of the KJE
system,”””" despite the light thermophilic environment.

Alternative evolutionary scenarios

These results can be discussed in the broader frame-
work of archaeal and early cellular evolution. Several
studies have argued that LUCA was a thermophilic or
even hyperthermophilic organism™*', which would
imply that KJE was later acquired as archaea adapted to
cooler environments. Other analyses, including phylo-
genetic reconstructions of reverse gyrase, suggest in-
stead that LUCA was mesophilic.”” Polygenic models of
adaptation propose that temperature shifts result from
the cumulative effect of horizontally acquired genes
rather than single determinants.’"**°” Another type of
adaptation to a mesophilic environment involves genes
playing a role in the regulation of membrane fluidity
and membrane composition’’ and transport across
membranes, as a large proportion of HGT from bacteria
belong to two of these metabolic cate-
gories.”"** Differentiating between these scenarios re-
quires gene-level phylogenies of the extended PQC
network in the archaeal and bacterial domains, coupled
with ecological and environmental reconstructions.
Aside from whether LUCA was mesophilic or ther-
mophilic, other evolutionary scenarios can be proposed
specifically for the KJE system itself. One could think of
a progressive recruitment, in which ancestral archaeal
lineages initially relied solely on group II chaperonins
(thermosomes) for protein folding, then incorporated
bacterial-type Hsp70s through HGT. In this view, the
KJE system would have been selectively conserved in
lineages experiencing increased proteomic diversity or
more variable environments. A contrasting co-evolu-
tionary model could suggest that KJE did not simply
complement existing systems but co-evolved with the
expansion of proteomes, forming an integrated network
that increased folding capacity as complexity increased.
Previous work on bacterial systems showed correlations
between DnaK duplication and proteome complexity.'®

Limitations

This work is subject to several limitations. The dataset is
unevenly sampled, with many reference proteomes re-
ported at 37 °C, which may bias correlations despite
robustness checks. Presence/absence hits may be af-
fected by annotation or assembly errors. While these
results are consistent with a relation between the
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expansion of chaperone systems and the complexity of
the proteome, it seems nonetheless important to point
out that the KJE system does not act alone as an evo-
lutionary capacitor and that other members of the PQC
(ie, GroELS, Hsp90) could be implicated in these
adaptations.””*"""’* Finally, targeted experiments (eg,
reconstruction of ancestral proteins and associated
growth tests, knock-in/knock-out experiments in model
archaea) and more detailed phylogenetic analyses to test
different scenarios more directly would be necessary.

Future directions

Further work will be needed to evaluate the mechan-
isms underlying these associations. Experimental ap-
proaches to determine whether archaeal proteins with
and without KJE differ in terms of folding efficiency and
mutational tolerance would allow direct testing of the
capacitor hypothesis in similar experimental system as
in Aguilar-Rodriguez et al.'” Comparative metagenomic
studies of archaeal habitats could help identify the
ecological conditions under which Hsp70 transfers
occur.

Conclusion

In summary, I have analyzed over 250 archaeal pro-
teomes to make the broadest possible comparison using
quality proteomes that are as complete as possible so as
to limit the possibility that the absence of proteins is due
to poor sequencing or lack of completion. The
KJE system in archaea is associated with mesophilic
growth temperatures and larger proteomes. However, it
is unknown whether KJE specifically played a role in
expanding archaeal proteomes in mesophilic archaea or
if it simply emerged through repeated horizontal
transfers from cohabiting organisms. Future phyloge-
netic and experimental studies will be needed to clarify
the evolutionary role of KJE.

Material and methods
Prokaryotic database

The Tempura”’ and BacDive™ databases were used to
retrieve information on optimal growth temperatures
for the various organisms, as well as information on the
GC content of 16S ribosomal RNA. For missing in-
formation and values, publications on the various or-
ganisms were retrieved to complete the database. In the

case of Promethearchaeati, several papers have been
used to infer temperatures of most of them.***

Selection of organisms and local datasets creation

The archaea selected to create the local database were
retrieved on UNIPROT’® from the reference proteomes
and filtered against the BUSCO’* Score with less than
10% of the proteome missing. For the first dataset,
around 2000 archaeal and bacterial organisms were se-
lected based on the Tempura values. Then, 234 archaea
were selected to create the second dataset, to which
several organisms from the Promethearchaeati (AS-
GARD)" clade were added in a separate third dataset.
The Promethearchaeati proteomes are not reference
proteomes but are those of the archaea closest to the
common ancestor of all eukaryotes, LUCA."" The
FASTA files from each of these organisms have been
fetched and assembled with BLAST+ to be used on a
local database against selected sequences.

Establishing presence or absence of proteins in the selected
datasets

The two datasets containing exclusively archaea (the 234
archaea and the 18 Promethearchaeati) were then blasted
against a selection of proteins from bacteria (Escherichia coli
K12, UP000000625) and archaea (Thermoplasma acid-
ophilum, UP000001024; Methanothermobacter thermauto-
trophicus, UP000005223; Thermoplasma acidophilum,
UP000001024 and  Methanocaldococcus  jannaschii
UP000000805). Each selected protein from each organism
was blasted against the two local databases with an E_value
of 1e-5 for most of the proteins (1e-2 for sHSP) and then
manually curated. Based on the result of the BLAST sear-
ches and if the presence of hits in each organism were not
present, another BLAST was performed with another clo-
sely related protein and/or with a lowered E_value up to 1.
Subsequent results were analyzed by hand, and the pre-
sence or absence of each protein was reported. Finally, the
results were compared with the InterPro’® database to
check that the proteins obtained and the domains present
were correctly annotated. All proteins used can be found in
supplementary information S4. To ensure that some of the
proteins were correct, an alignment was carried out using
MUSCLE"” to check the MSA.

Phylogenetic analysis of Hsp70 homologs

Phylogenetic analyses of Hsp70 (DnaK, HscA, and
others) homologs were performed using IQ-TREE
2.4.0.® Protein sequences were aligned with the
MUSCLE3"” algorithm, and poorly aligned regions were
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trimmed with trimAl (v1.4) using the -gt (gapthreshold)
and -cons (minimum percentage of positions in the
original alignment to conserve) methods.”” The best-
fitting substitution model was determined by Mod-
elFinder” as LG+F+I1+G4, which was subsequently
used for maximum likelihood (ML) tree reconstruction.
Branch support was estimated using 1000 ultrafast
bootstrap replicates” and approximate likelihood-ratio
test-aLRT tests.”' The resulting tree was visualized and
annotated in iTOL.*

Figure creation

The figures were all made using GraphPad PRISM
version 10 and iTOL®” for the phylogenetic and taxo-
nomic trees.

Statistical analysis

All statistical analyses were performed in R (version
>4.5) and GraphPad Prism version 10. Continuous re-
lationships (eg, proteome size versus optimal growth
temperature) were tested using linear regression (GLM)
or generalized least squares; for each regression slope,
R2, 95% confidence intervals, and P value were reported.
Corrected analyses using generalized least squares with
the ML model and other statistical methods im-
plemented via the nlme/glmmTMB/DHARMa/lmtest
packages in R were performed to compare the results.
Comparison between models have been plotted with
ggplot2 and modelsummary packages in R. For group
comparisons (eg, mean proteome size between taxo-
nomic groups), Kruskal-Wallis tests followed by Dunn’s
post-hoc tests, where used. Presence/absence analyses
(eg, presence of KJE relative to temperature class) were
tested using Student’s t-test or one-way ANOVA in
PRISM10.
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