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ABSTRACT

The subtle mechanisms by which protein-DNA interactions remain functional across a wide range of temperatures are largely
unknown. In this work, we manually curated available information relating fully sequenced archaeal genomes with organism
growth temperatures. We built a motif that represents the core promoter of each species and calculated its information content.
We then studied the relation between optimal growth temperature (OGT) and information content (IC) in the promoter region.We
found a positive correlation between G+C content and OGT in tRNA regions and not in overall genome. Furthermore, we
found that there is a positive correlation between information content and optimal growth temperatures in Archaea. This can’t
be explained by an increased C+G composition nor by other obvious mechanisms. These findings suggest that increased
information content could produce a positive fitness in organisms living at high temperatures. We suggest that molecular
information theory may need to be adapted for hyperthermophiles.

Supplementary Material
We originally considered for this study all NCBI’s reference
archaeal genomes. We later on excluded Methane generating
Archaea, as there are some doubts about the mechanism of
transcription initiation in these groups1. The taxa, that have a
TBP, but are excluded for this reason are the following: NC
000909, NC 014222, NC 014253, NC 014002, NC 017034, NC
014658, NC 009515 , NC 015416 , NC 013665 , NC 009464 , NC
014122 , NC 003901 , NC 014408 , NC 009051 , NC 015636 , NC
015562 , NC 017527 , NC 007355 , NC 013790 , NC 013407 , NC
018876 ,NC 005791.

We show that the G+C content of 16s rRNA but not whole
genome sequences correlates with OGT in Figure S 1. This
might help to explain why the usual perception states that
G+C content correltates with OGT.

We show that OGT deacreses with increasing genome size
in Figure S 2 and that the number of ORFs correlates with
genome size on the inset in the same Figure S 2.

We show that most of the sites are within 100 bp shown
in Figure S 3 and that running a similar analysis to the one
performed in Fig 3 but using only 500 bp yields similar results
in Figure S 4.

We show in Figure S 5 that in the region surrounding the
transcription start sites (TSS) a negative correlation between
G+C % and IC is visible.

We also include a figure about the number of tRNA in
the different genomes considered in Figure S 6 and show it is
quite evenly distributed along the optimal temperature range.

We show in Figure S 7 that using a more restrictive thresh-
old for the score of the motifs, does not change the tendency.

As most of our results derive on putative motifs identi-
fied by MEME and to avoid biases produced by that tool,
we have obtained putative binding sequences in a MEME
independent way. We have directly recovered and aligned
the regions between 50 to 20 bp upstream of TSS of each
tRNA for the 39 Archaea genomes included in Fig 3. For the
alignment we used Clustalw under the parameters -type=DNA
-pwgapopen=500, and then calculated Rseq applying small
sample correction (using exact method2 ). As seen on figure
S8, the source of the motifs does not change the observed
tendency in Figure 3.

We then analysed if the motif divergency clusters maps
neatly onto a phylogenic tree, shown in Figure S 9 or if they
are related to the temperature clusters shown in Figure S 10.
Although not an exhaustive analysis, at least it shows that
the motifs found are not grouped by temperature range or
phylogenetic groups.

We show that applying small sample correction (using
exact method2) does not change the observed tendency, in
Figure S 11.

We include motifs instances as supplementary .fasta file,
where each sequence name includes the NC code, version,
starting position, and orientation of the sequence.
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Supplementary Figure 1. 16S rRNA but not full genome
composition increases its G+C content as a function of
temperature. All archaeal genomes in our dataset were
analyzed in terms of base compositions considering full
genome (filled circles) or 16S rRNA (empty circles) and
plotted against OGT. No correlation was found for full
genome composition obtaining (R =−0.21, p =2×10−4)
while a clear correlation was found for 16S rRNA (R =0.91, p
= 9.8×10−49).
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Supplementary Figure 2. Genome size (Eq.1 ω) and
number of ORFs (Eq.1 γ) decrease at higher temperatures.
Optimal growth temperature for our set of organisms was
compared to its corresponding genome’s size presenting a
negative slope (R =−0.5, p = 4.6×10−6). Inset: The
amount of ORFs were correlated with genome size
(R = 0.968, p = 4.2×10−27).
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Supplementary Figure 3. Histogram of the distances
from each of the TATA motif to the beginning of its
corresponding TSS. Combined data from all the species is
shown. Mode is -40 bp, consistent with what was expected
for core promoter region.
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Supplementary Figure 4. Information content correlates
with optimal growth temperature. Information content of the
TBS for 39 archaeal genomes is plotted against optimal
growth temperature. Each dot represents one species average
IC calculated upon the motifs obtained with a 500 bp window
instead of a 100 bp window as is shown in the main text.
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Supplementary Figure 5. Information content does not
increase with genome G+C content. G+C % and information
content were calculated for each genome and plotted.
Variance in information content seems to be negatively
correlated to G+C composition, with a correlation coefficient
of -0.67 and a p-value of 7×10−5
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Supplementary Figure 6. For all Archeal genomes the
number of tRNA for an organism, is relatively uniform with
varying OGT in our dataset. This accounts only for annotated
tRNA.
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Supplementary Figure 7. Information content correlates
with optimal growth temperature. Information content of the
TBS for 36 archaeal genomes is plotted against optimal
growth temperature. We changed the e-value threshold to
10−10. In the main text we perform a similar analysis with an
e-value cutoff of 10−3), being more restrictive does not
change the trend in the results.(But excludes 3 genomes and
therefore the number of datapoints is 36 not 39)
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Supplementary Figure 8. Rsequence vs OGT of the
regions between 50 to 20 upstream of TSS of each tRNA for
each of the 39 Archaea genomes included in Fig 3. We
aligned sequences using Clustalw under the parameters
-type=DNA -pwgapopen=500, and then calculate Rseq
applying small sample correction (using exact method2).
Correlation coefficient ( R = 0.5p = 0.001 ).
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Supplementary Figure 9. NCBI’s phylogenetic tree of
the 39 Archea genomes included in Fig 3. The symbols on the
left of each NC code denote they belong to a certain cluster.
Clusters where generated using a k-medoids algorithm with
n=3, using as distance between motifs TOM-TOM e-values.
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Supplementary Figure 10. Information content plotted
against optimal growth temperature for the 39 archeal
genomes in Fig 3, but each symbol (square, circle, cross)
represents a cluster formed with the same clustering method
as in Figure S 9.
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Supplementary Figure 11. Rsequence correlates with
optimal growth temperature. We calculated Rseq considering
small sample correction.2.
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Supplementary Table 1. Optimal Growth Temperature
for all reference completed archaeal genomes.

Species Opt. Growth Temp (◦C)
Acidianus hospitalis 803

Acidilobus saccharovorans 824

Aciduliprofundum boonei 705

Aeropyrum camini 856

Archaeoglobus fulgidus 767

Archaeoglobus profundus 828

Archaeoglobus sulfaticallidus 759

Archaeoglobus veneficus 7710

Caldisphaera lagunensis 7211

Caldivirga maquilingensis 8512

Cenarchaeum symbiosum 1013

Desulfurococcus fermentans 8114

Desulfurococcus mucosus 8515

Ferroglobus placidus 8016

Ferroplasma acidarmanus 3817

Fervidicoccus fontis 6718

Halalkalicoccus jeotgali 3519

Haloarcula hispanica 3720

Haloarcula marismortui 4921

Halobacterium salinarum 4921

Haloferax mediterranei 4921

Haloferax volcanii 4521

Halogeometricum borinquense 4121

Halomicrobium mukohataei 4222

Halopiger xanaduensis 3723

Haloquadratum walsbyi 4524

Halorubrum lacusprofundi 3425

Haloterrigena turkmenica 5121

Halovivax ruber 3726

Ignicoccus hospitalis 8627

Ignisphaera aggregans 9328

Metallosphaera cuprina 6529

Metallosphaera sedula 7430

Methanobrevibacter ruminantium 3931

Methanobrevibacter smithii 3732

Methanocaldococcus infernus 8533

Methanocaldococcus jannaschii 8534

Methanocaldococcus vulcanius 8035

Methanocella arvoryzae 4536

Methanocella conradii 5537

Methanocella paludicola 3538

Methanococcus maripaludis 3839

Methanococcus voltae 3840

Methanoculleus marisnigri 2241

Methanohalobium evestigatum 4842

Methanohalophilus mahii 3743

Methanolobus psychrophilus 1844

Methanomethylovorans hollandica 3545

Methanoregula formicica 3146

Methanosaeta concilii 3547

Methanosaeta harundinacea 3748

Methanosalsum zhilinae 4549

Methanosarcina barkeri 3750

Methanosarcina mazei 3751

*

Isolated from cow rumen, at 40 ◦C31

Supplementary Table 1. Continuation.

Species Opt. Growth Temp (◦C)
Methanothermobacter marburgensis 6552

Methanothermococcus okinawensis 6253

Methanothermus fervidus 8354

Methanotorris igneus 8855

Natrialba magadii 3942

Natrinema pellirubrum 5121

Natronobacterium gregoryi 3742

Natronococcus occultus 4521

Natronomonas moolapensis 3856

Natronomonas pharaonis 4521

Pyrobaculum aerophilum 10057

Pyrobaculum arsenaticum 8458

Pyrobaculum oguniense 9259

Pyrococcus abyssi 9660

Pyrococcus furiosus 10061

Pyrococcus yayanosii 9862

Pyrolobus fumarii 10663

Staphylothermus hellenicus 8564

Sulfolobus acidocaldarius 8065

Sulfolobus islandicus 8066

Sulfolobus solfataricus 8067

Thermococcus barophilus 8568

Thermococcus gammatolerans 8869

Thermococcus kodakarensis 9570

Thermococcus onnurineus 8071

Thermococcus sibiricus 7872

Thermofilum pendens 8773

Thermogladius cellulolyticus 8474

Thermoplasmatales archaeon 40 *31

Thermoproteus uzoniensis 9075

Thermosphaera aggregans 8576

Vulcanisaeta distributa 8777

Vulcanisaeta moutnovskia 7978

* Isolated from cow rumen, at 40 ◦C31
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Supplementary Table 2. Average information content by
position, it shows that some positions might be more relevant
than others. For each position the Pearson’s correlation
coefficient of IC vs OGT, and its two tailed p-value are
shown.

Position Average IC Pearson R P value
1 1 -0.187 0.254
2 1.15 -0.421 0.00762
3 1.01 -0.0835 0.613
4 1.15 0.367 0.0214
5 1.07 0.296 0.0677
6 0.786 -0.0718 0.664
7 0.934 -0.16 0.329
8 1.16 0.157 0.341
9 1.26 0.677 2.17e-06
10 1.08 0.395 0.0127
11 1.12 0.254 0.119
12 1.02 0.262 0.107
13 1.13 0.0185 0.911
14 1.07 -0.139 0.399
IC: Average IC for all motifs; R: Pearson’s correlation value
between IC and OGT; P: two tailed p-value calculated for
each position. Positions are relative to the logo shown on Fig
2
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Supplementary Figure 12. Core promoter Motifs for all studied archaea. Numbering corresponds to Figure 3 and Table 1 .
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Supplementary Figure 12. Core promoter Motifs for all studied archaea. Numbering corresponds to Figure 3 and Table 1 .
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Supplementary Figure 12. Core promoter Motifs for all studied archaea. Numbering corresponds to Figure 3 and Table 1 .
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Supplementary Figure 12. Core promoter Motifs for all studied archaea. Numbering corresponds to Figure 3 and Table 1 .
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und ökologische Mikrobiologie 3, 304–317 (1982).

16. Hafenbradl, D. et al. Ferroglobus placidus gen. nov.,
sp. nov., a novel hyperthermophilic archaeum that oxi-
dizes fe2+ at neutral ph under anoxic conditions. Arch.
Microbiol. 166, 308–314 (1996).

17. Dopson, M., Baker-Austin, C., Hind, A., Bowman, J. P. &
Bond, P. L. Characterization of ferroplasma isolates and
ferroplasma acidarmanus sp. nov., extreme acidophiles
from acid mine drainage and industrial bioleaching envi-
ronments. Appl. environmental microbiology 70, 2079–
2088 (2004).

18. Perevalova, A. A. et al. Fervidicoccus fontis gen. nov., sp.
nov., an anaerobic, thermophilic crenarchaeote from ter-
restrial hot springs, and proposal of fervidicoccaceae fam.
nov. and fervidicoccales ord. nov. Int. journal systematic
evolutionary microbiology 60, 2082–2088 (2010).

19. Roh, S. W. et al. Halalkalicoccus jeotgali sp. nov., a
halophilic archaeon from shrimp jeotgal, a traditional
korean fermented seafood. Int. journal systematic evolu-
tionary microbiology 57, 2296–2298 (2007).

20. Juez, G., Rodriguez-Valera, F., Ventosa, A. & Kushner,
D. J. Haloarcula hispanica spec. nov. and haloferax gib-
bonsii spec, nov., two new species of extremely halophilic
archaebacteria. Syst. Appl. Microbiol. 8, 75–79 (1986).

21. Robinson, J. L. et al. Growth kinetics of extremely
halophilic archaea (family halobacteriaceae) as revealed
by arrhenius plots. J. bacteriology 187, 923–929 (2005).

22. Tindall, B. J. et al. Complete genome sequence of halomi-
crobium mukohataei type strain (arg-2 t). Standards Ge-
nomic Sci. 1, 270 (2009).

23. Anderson, I. et al. Complete genome sequence of halop-
iger xanaduensis type strain (sh-6 t). Standards genomic
sciences 6, 31 (2012).

24. Burns, D. G. et al. Haloquadratum walsbyi gen. nov., sp.
nov., the square haloarchaeon of walsby, isolated from
saltern crystallizers in australia and spain. Int. J. Syst.
Evol. Microbiol. 57, 387–392 (2007).

11/14



25. Franzmann, P. et al. Halobacterium lacusprofundi sp.
nov., a halophilic bacterium isolated from deep lake,
antarctica. Syst. Appl. Microbiol. 11, 20–27 (1988).

26. Castillo, A. et al. Halovivax ruber sp. nov., an extremely
halophilic archaeon isolated from lake xilinhot, inner
mongolia, china. Int. journal systematic evolutionary
microbiology 57, 1024–1027 (2007).

27. Jahn, U. et al. Nanoarchaeum equitans and ignicoccus
hospitalis: new insights into a unique, intimate associ-
ation of two archaea. J. bacteriology 190, 1743–1750
(2008).

28. Niederberger, T. D., Götz, D. K., McDonald, I. R., Ron-
imus, R. S. & Morgan, H. W. Ignisphaera aggregans gen.
nov., sp. nov., a novel hyperthermophilic crenarchaeote
isolated from hot springs in rotorua and tokaanu, new
zealand. Int. journal systematic evolutionary microbiol-
ogy 56, 965–971 (2006).

29. Liu, L.-J., You, X.-Y., Guo, X., Liu, S.-J. & Jiang, C.-Y.
Metallosphaera cuprina sp. nov., an acidothermophilic,
metal-mobilizing archaeon. Int. journal systematic evolu-
tionary microbiology 61, 2395–2400 (2011).

30. Han, C. J., Park, S. H. & Kelly, R. M. Acquired ther-
motolerance and stressed-phase growth of the extremely
thermoacidophilic archaeon metallosphaera sedula in con-
tinuous culture. Appl. environmental microbiology 63,
2391–2396 (1997).

31. MacDonald, D. The encyclopedia of mammals. equinox
ltd (1984).

32. Miller, T. L., Wolin, M., de Macario, E. C. & Macario,
A. Isolation of methanobrevibacter smithii from human
feces. Appl. Environ. Microbiol. 43, 227–232 (1982).

33. Jeanthon, C. et al. Methanococcus infernus sp. nov.,
a novel hyperthermophilic lithotrophic methanogen iso-
lated from a deep-sea hydrothermal vent. Int. J. Syst.
Evol. Microbiol. 48, 913–919 (1998).

34. Jones, W., Leigh, J. A., Mayer, F., Woese, C. & Wolfe,
R. Methanococcus jannaschii sp. nov., an extremely ther-
mophilic methanogen from a submarine hydrothermal
vent. Arch. Microbiol. 136, 254–261 (1983).

35. Jeanthon, C. et al. Methanococcus vulcanius sp. nov., a
novel hyperthermophilic methanogen isolated from east
pacific rise, and identification of methanococcus sp. dsm
4213tas methanococcus fervens sp. nov. Int. J. Syst. Evol.
Microbiol. 49, 583–589 (1999).

36. Sakai, S., Conrad, R., Liesack, W. & Imachi, H.
Methanocella arvoryzae sp. nov., a hydrogenotrophic
methanogen isolated from rice field soil. Int. journal sys-
tematic evolutionary microbiology 60, 2918–2923 (2010).
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