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Figure S1 | Genome search for homologous hibernation factors. An outline of the initial search for the homologs of ribosome hibernation factors later refined by the analysis of bacterial operon composition.
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Figure S2 | Distribution of HPF isoforms differing in protein domain composition across bacterial species. The bacterial tree of life illustrating the distribution of HPF isoforms and their gene copy number variation across bacterial clades. Note that this initial analysis merely reflects the domain composition rather than the evolutionary relationships between various HPF isoforms. Therefore, the short (HPF) and long (HPF-1xC) isoforms of HPF are shown as separate proteins, despite some of them being directly related through vertical evolution. Similarly, HPF and RaiA (e.g. in E. coli) are shown as two copies of HPF, despite only one of these proteins (HPF) can be traced as the direct vertically evolving homolog of the ancestral HPF shown in Fig. 1.
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Figure S3 | Analysis of hibernation factors’ operons. An example of tracing the conservation of hibernation factors’ operons in bacterial species shows the evolution of ElaB-coding operon.
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Figure S4 | RaiA gene has been acquired relatively recently in bacterial evolution. (a) A schematic tree calculated for proteins HPF and RaiA from γ-proteobacteria and HPF from other proteobacteria, illustrating that proteins HPF form a monophyletic cluster—while protein RaiA forms a stand-alone cluster. This branching illustrates that RaiA represents a more recently acquired isoform of HPF in proteobacteria and suggests its origin either via ancient horizontal gene transfer or a genome duplication followed by neofunctionalization. (b) Comparison of HPF-coding operons between four major branches of proteobacteria shown in panels (c,d). The panel illustrates a gradual reduction of HPF in size—this protein loses its C-terminal domain without losing its conserved position within the operon. (c) Schematics illustrates the origin of RaiA in γ-proteobacteria as a stand-alone gene. (d) Distribution of HPF (in blue) and RaiA (in magenta) by length.
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Figure S5 | Some horizontal gene transfer events appear to reflect phage infections. The tree illustrates the propagation of the RMF-coding gene across distant branches of bacterial species. It shows that some bacteria (e.g. Halovibrio or Halospina) have not one, but two RMF-coding genes. In these species, the first copy (RMF1) is traced back to the origin of γ-proteobacteria; however, the second copy (RMF2) clusters with RMF variants found either in distant bacterial lineages outside of the γ-proteobacteria group or in phages. This clustering indicates that the sporadic occurrence of RMF in non-proteobacterial species has a likely cryptic origin and originated via phage infections.
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Figure S6 | Unlike factors of protein synthesis, ribosome hibernation factors are highly prone to truncations and loss of N- and C-terminal domains. Structures compare homologous hibernation factors from E. coli and more earlier diverging bacteria with longer isoforms of hibernation factors. Overall, this illustrates that ribosome hibernation factors tend to undergo domain loss (or entire protein loss) in certain lineages of bacteria, which illustrates a qualitatively distinct mode of evolution for the factors of ribosome hibernation compared to the factors of protein synthesis (i.e. EF-Tu, EF-G, EF-P).




[image: A diagram of different types of numbers

AI-generated content may be incorrect.]

Figure S7 | Unlike factors of protein synthesis, hibernation factors evolve rapidly and under lower selective pressure. (a, b) The tree and diagram compare the rates of amino acid substitutions (a) and the ratios of synonymous to non-synonymous mutations among homologs of elongation factors and hibernation factors from three closely related bacterial species. (c, d) Sequence alignments for these species compare the conservation of the translation factor EF-Tu and the hibernation factor Sra.

image1.png
HPFs (Hpf/RaiA) collection

Common protein families in Hpf/RaiA
P m EZZ Sigma 54 modulation protein / S30EA ribosomal protein
e

s |
e % - -
o e
References
Initial screenin m 17423656 Ribosome hibernation promotion factor-like:
hmmsearch : PF02482 as a query —|
candidates
fo— L
Second screening : § [I——

Furthr rsding

InterProScan : Hit to IPR038416

56,274 HPFs

.





image2.png
Presence/Absence Copy number

O & O
S T >
QS LR LK

&

Copy number
24 (Up to 8)

- N w

o

Phylum

p__Pseudomonadota
W p__Actinomycetota
p__Bacteroidota
M p__Bacillota
W p__Bacillota_A
W p__Patescibacteria
M p__Planctomycetota
M p__Cyanobacteriota
__Bacillota_|
W p__Desulfobacterota
W p__Acicobacteriota
M Others





image3.png
WP_407704396.1#19|Winslowiella arboricola
WP_034894837.1#38|Erwinia typographi
WP_013358566.1#44|Pantoea vagans
WP_031376225.1#47|Pantoea brenneri
WP_034825045.1#24|Pantoea sp CTOTU50773 ——
WP_167140305.1#23|Candidatus Pantoea formicae =
'WP_021509227.1#16|Pantoea sp B270 =43
WP_145889026.1#21|Candidatus Pantoea soli s EE
WP_128601512.1#26|Pantoea wallisii S
WP_007889349.1#25|Pantoea nemavictus I
WP_038861609.1#49|Cronobacter muytjensii
'WP_004388266.1#50|Cronobacter sakazakii
'WP_024556236.1#22|Franconibacter pulveris
WP_002463438.1#15|Atlantibacter hermannii
WP_125291553.1#17|Atlantibacter subterraneus
WP_042389595.1#43|Pseudescherichia sp
WP_044172858.1#31|Phytobacter massiliensis
WP_079496251.1#29|Phytobacter diazotrophicus
'WP_039079901.1#32|Kluyvera intermedia
NP_461253.3#34|Salmonella enterica subsp enterica serovar Typhimurium str LT2
WP_020844804.1#33|Salmonella bongori serovar 48 z81
WP_012906837.1#10]Citrobacter rodentium NBRC 105723 DSM 16636
WP_042290656.1#9|Citrobacter sedlakii
WP_043000026.1#28|Citrobacter amalonaticus
WP_042317619 1#14|Citrobacter farmeri
WP_155108062.1#30|Intestinirhabdus alba
WP_000070629.1#8|Escherichia fergusonii
WP_064526644.1#3|Escherichia whittamii
WP_000070671.1#5|Escherichia marmotae
'WP_000070616.1#7|Escherichia albertii
NP_708152.1#6|Shigella flexneri 2a str 301
WP_000070617.1#4|Escherichia sp MOD1 EC6842
WP_000070621.1#2|Shigella sonnei
WP_ 038156703. 1#46|Trabulsiella odontotermitis
WP_258989228.1#27|Scandinavium hiltneri
'WP_006820936.1#20|Yokenella regensburgei
WP_028013924.1#37|Enterobacter bugandensis
WP_039030985.1#18|Leclercia adecarboxylata
WP_142486542.1#12|Leclercia sp $52
WP_271268855.1#13|Silvania confinis.
WP_028016253.1#11|Enterobacter cloacae complex sp 2024EL 00234
WP_028028061.1#40|Enterobacter cloacae
WP_017693006.1#36|Enterobacter hormaechei
'WP_063450380.1#51|Enterobacter cloacae complex sp 411F9
WP_022648821.1#39|Enterobacter hormaechei
WP_015959814.1#42|Lelliottia amnigena
WP_064326823.1#45|Huaxiibacter chinensis
WP_020883147.1#35|Enterobacter ludwigii
WP_152081700.1#41|Enterobacter oligotrophicus
WP_029485146.1#48|Enterobacter mori





image4.png
HPF lineage Rail lineage
y (RaiA)

.| 054 ) PtsN B . ‘A‘
54 PtsN v Vo S
| S S o 9
02 | > 2 L 3§

hpfin a conserved operon raiA is a stand alone gene




image5.png
RMF1 Halovibrio salipaludis
RMF1 Halospina denitrificans
RMF1 Hydrocarboniclastica marina

Genome-type (RMF1)

RMF2 Hydrocarboniclastica marina

_E RMF2 Halospina denitrificans
RMF2 Halovibrio salipaludis
RMF Caulobacter phage Cr30

_ _|: RMF Streptomyces phage Eklok
0.2 RMF Streptomyces jeddahensis

Phage-type (RMF2)

Conserved in
proteobacteria

Sporadic in
proteobacteria

Sporadic in phages
and non-proteobacteria

An apparent propagation of hibernation factors across bacterial genomes through HGT/cryptic phages




image6.png
|-HPF 4030 species :

xI-HPF isoforms
lm=—mm oo 4

¢ N x(@{'&", N
50 100 150 200 250 300 Long HPF Truncated HPF
HPF lengh across bacteria (amino acids) ; (S. aureus) (E. coli)

Vs B
I:F.Jcoll) 632 species ﬁ&@l&@ N N
C
C
80 100 120 140 160 Truncated YqjD Long YqiD
.. YqjD lengh across bacteria (amino acids) (M. lenta) (E. coli)

398 species

I-RIMF isof‘orms

(E. colj

40 60 80
i, _RMF lengh across bacteria (amino acids)

34 species

(E. coli) H
I-Sraisoforms
[
A. v
40 60 80 Long Sra Truncated Sra
Sra lengh across bacteria (amino acids) (P. vulgaris) (E. coli)

Balon 830 species
,YocB (P yrativorans)
| (B. subtilis)

250 300 350 400
alon lengh across bacteria (amino acids)

Long Balon  Truncated Balon (YocB)
. cyanobacterium) (B. subtili ;





image7.png
b Elongation Hibernation
+—i 0.01 SRS +— 0.01 SRR «

& g & 8 & 0 o 4
P2 &
~100 Mya \ ~Escherichia coli & & 3 Q§*$ 5 § & S L
ﬁsmmonella enteric:
~300 Mya - Klebsiella pasteurii -

$&& 2 &8 L£&aL4
Hibernation factors evolve at least 3 times faster than elongation factors

Elongation Hibernation

) ~100 Mya \ ;~Escherichia coli
I, € ‘15 ) ﬂs.almonella enterica_ &3 n 0.03 18 __
~300 Mya = Klebsiella pasteurii. o 1 I ) (F) (%) 0.41

Hibernation factors likely evolve under a weaker selective pressure

1 10 20 30 40 d 10 20 30

1 40
L EN Gl SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT Y| K. pasteurii Q3N LIAAN YK LEO[MKIAV L L AE T TAUHVRA
=Y Y- M SKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT Y| S. enterica INQOARHML G LR IiGE S WO IK BRYSY [KS|SVEAUNP . .
E. coli MSKEKFERTKPHVNVGTIGHVDHGKTTLTAAITTVLAKT Y EN-Ree] RSNEVE 1 1XRAD YR T EIN{RIY VT BT S|SVAINE .

High conservation of the elongation factor EF-Tu Low conservation of the hibernation factor Sra




