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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 fithess 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 groups'. 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 method? ). 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 method?) 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 x 107%)
while a clear correlation was found for 16S rRNA (R =0.91, p
=9.8x 107%).
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Supplementary Figure 2. Genome size (Eq.1 @) and
number of ORFs (Eq.1 ) 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 x 107°). Inset: The
amount of ORFs were correlated with genome size
(R=0.968, p=4.2x10"%).
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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 x 107>
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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
10710, 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 method?).
Correlation coefficient (R = 0.5p = 0.001 ).

3/14



Natronomonas pharaonis DSM 2160

NC_007426 10.7215961253

348780

Natronomonas meolapensis 8.8.11

INC_020388 12.6126290873
268739

Haloarcula marismortul ATCC 43049

INC_006396 11.7131366182

272569 20

Halomicrobium mukohataei DSM 12286 T

INC_013202 13.294848692 o

485914

Halobacterium salinarum NRC-1

NC_002607 13.6141052709
64091
Halalkalicoccus jeotgali B3 18 - e
IC_014297 11.282305214
795797 o
Haloterrigena turkmenica DSM 5511
——®@NC_013743 12.4089460255 o
543526 (]
Natrialba magadii ATCC 43099 16
— NC_013922 13.9184562168
547559
Natronobacterium gregoryl SP2
—lINC_015792 11.7406087478
797304
— Halovivax ruber XH-70
NC_019964 10.8383189249 14 - P [ ] X ,
797302 []
Natrinema pellirubrum DSM 15624 em ©
——@NC_019962 13.4168878568
797303 X ® [
Natronococcus occultus SP4 L] L]
— NC_015974 12.9260218869
694430 12}F . i
Halopiger xanaduensis SH-6 Xx
—— NC_015666 10.9969760285 o
797210 [}
Haloferax mediterranei ATCC 33500

IC_017941 13.7559406232
523841 10 I I I I I I I
Haloferax volcanil DS2
NC. 013967 133421496444 30 40 50 60 70 80 90 100 110
1 309800 o H
Halogeometricum berinquense DSM 11551 OGT ( CEISIUS)

—— NC_014729 12.8785946363
469382

eSS MM 7S R Supplementary Figure 10. Information content plotted
604354 . :
Thermococcus barophilus MP against optimal growth temperature for the 39 archeal
INC_014804 18.9002174774 . . .
- 307623 genomes in Fig 3, but each symbol (square, circle, cross)
Pyrococcus furiosus DSM 3638 . .
NC_003413 Ll represents a cluster formed with the same clustering method
Pyrococcus abyssi GES 3 M
—enc onosss 17.7892796515 as in Figure S 9.
272844
Pyrococcus yayanosli CH1
—— NC_015680 17.9378824717
529709
Archaeoglobus sulfaticallidus PM70-1
—— NC_021169 12.5872831364
387631
Archaeoglobus profundus DSM 5631
—— NC_013741 13.7819419106
572548
Archaeoglobus fulgidus DSM 4304
— NC_000917 12.9224381352
224325
Archaeoglobus veneficus SNP6
—— NC_015320 14.0351791165
693661 20
Ferroglobus placidus DSM 10642
NC_013849 13.6811171485
589924
— Ferroplasma acidarmanus ferl
—— NC_021592 11.3545323581
333148 18}
Vulcanisaeta distributa DSM 14429
NC_014537 18.7564388196 [ )
572478 ° L4
Vulcanisaeta moutnovskia 768-28 [ ]
NC_015151 18.8187059316
985053
Pyrobaculum oguniense TE7
NC_016885 17.4968691395
698757
Thermoproteus uzoniensis 768-20
NC_015315 16.4694019155
999630
Thermofilum pendens Hrk 5
—— NC_008698 14.8046285545
368408
Desulfurococcus fermentans DSM 16532
NC_018001 15.0026725863
768672 ." o® L
Desulfurococcus mucosus DSM 2162 ()
INC_014961 14.1490524623
765177
Thermosphaera aggregans DSM 11486 10} [ ) N
— —NC_014160 12.7572537266 [ ]
— 633148 [ ] o
Aeropyrum camini SY1 = JCM 12091
[ NC_022521 13.0635384435
1196449 8 I

Il Il Il Il Il Il
L ;?C“j"ljfgf aggregans DSM 17230 Hese9 RS 30 40 50 60 70 80 90 100 110
Optimal Growth Temp (° Celsius)

IC (bits)
x®

14} : g

Rsequence (bits)

583356
Fervidicoccus fontis Kam940
—— NC_017461 16.8855891783
1163730

s S Supplementary Figure 11. Rsequence correlates with

11.8621636334
— et optimal growth temperature. We calculated Rseq considering

small sample correction.”.

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
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Supplementary Table 1. Optimal Growth Temperature
for all reference completed archaeal genomes.

Species

Acidianus hospitalis
Acidilobus saccharovorans
Aciduliprofundum boonei
Aeropyrum camini
Archaeoglobus fulgidus
Archaeoglobus profundus
Archaeoglobus sulfaticallidus
Archaeoglobus veneficus
Caldisphaera lagunensis
Caldivirga maquilingensis
Cenarchaeum symbiosum
Desulfurococcus fermentans
Desulfurococcus mucosus
Ferroglobus placidus
Ferroplasma acidarmanus
Fervidicoccus fontis
Halalkalicoccus jeotgali
Haloarcula hispanica
Haloarcula marismortui
Halobacterium salinarum
Haloferax mediterranei
Haloferax volcanii
Halogeometricum borinquense
Halomicrobium mukohataei
Halopiger xanaduensis
Haloquadratum walsbyi
Halorubrum lacusprofundi
Haloterrigena turkmenica
Halovivax ruber

Ignicoccus hospitalis
Ignisphaera aggregans
Metallosphaera cuprina
Metallosphaera sedula
Methanobrevibacter ruminantium
Methanobrevibacter smithii
Methanocaldococcus infernus
Methanocaldococcus jannaschii
Methanocaldococcus vulcanius
Methanocella arvoryzae
Methanocella conradii
Methanocella paludicola
Methanococcus maripaludis
Methanococcus voltae
Methanoculleus marisnigri
Methanohalobium evestigatum
Methanohalophilus mahii
Methanolobus psychrophilus
Methanomethylovorans hollandica
Methanoregula formicica
Methanosaeta concilii
Methanosaeta harundinacea
Methanosalsum zhilinae
Methanosarcina barkeri
Methanosarcina mazei
Isolated from cow rumen, at 40 °C3!

Opt. Growth Temp (°C)
80°
82*
70°
856
767
828
75
7710
7211
8512
1013
8114
8515
8016
3817
6718
3519
3720
4921
4921
4921
4521
4121
4222
3723
4524
3425 *
5121
3726
8627
9328
6529
7430
3931
3732
8533
8534
8035
4536
5537
3538
3839
3840
2241
4842
3743
1844
3545
3146
3547
3748
4549
375()
3751

Supplementary Table 1. Continuation.

Species
Methanothermobacter marburgensis
Methanothermococcus okinawensis
Methanothermus fervidus
Methanotorris igneus
Natrialba magadii

Natrinema pellirubrum
Natronobacterium gregoryi
Natronococcus occultus
Natronomonas moolapensis
Natronomonas pharaonis
Pyrobaculum aerophilum
Pyrobaculum arsenaticum
Pyrobaculum oguniense
Pyrococcus abyssi

Pyrococcus furiosus
Pyrococcus yayanosii
Pyrolobus fumarii
Staphylothermus hellenicus
Sulfolobus acidocaldarius
Sulfolobus islandicus
Sulfolobus solfataricus
Thermococcus barophilus
Thermococcus gammatolerans
Thermococcus kodakarensis
Thermococcus onnurineus
Thermococcus sibiricus
Thermofilum pendens
Thermogladius cellulolyticus
Thermoplasmatales archaeon
Thermoproteus uzoniensis
Thermosphaera aggregans
Vulcanisaeta distributa
Vulcanisaeta moutnovskia

* Isolated from cow rumen, at 40 °C3!

Opt. Growth Temp (°C)

6552
6253
8354
8855
3942
5 121
3742
4521
3856
4521
100%7
8458
9259
9660
10061
9862
106%
8564
8065
8066
8067
8568
8869
9570
8071
7872
8773
8474
40 *31
9075
8576
8777
7978

514



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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