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Figure 1.  Reciprocal Best BLAST Hits
between Bacteria and Archaea

Vertical Descent or Lateral Transfer? Unravelling the Large Number of Whole-Genome
Reciprocal BLAST Hits between Anaerobic, Thermophilic Bacteria and Archaea
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Abstract
Whole genome comparisons using reciprocal BLAST hits (RBHs) can provide a measure of 
the number of shared genes between two genomes, even across domains. Reciprocal 
BLAST, however, does not distinguish between genes that are shared because of evolution-
ary vertical descent and those shared due to lateral gene transfer. In a reciprocal BLAST da-
taset of pairwise comparisons among 132 Bacterial genomes and 18 Archaeal genomes, 
thermophilic and anaerobic Bacteria had significantly more reciprocal BLAST hits to Ar-
chaeal genomes than did other Bacteria when adjusted for genome size. Several lines of evi-
dence indicate that the Last Common Ancestor may have evolved in a thermophilic, anaero-
bic environment -- environmental conditions in which many of the Archaea used in our da-
taset are found today. We initially tested the hypothesis that the genomic relationship was 
explainable by vertical descent (and not lateral gene transfer) by statistically comparing a 
distance matrix based on numbers of RBHs among Bacteria and Archaea to a 16S rRNA dis-
tance matrix, and found a significant correlation, though we also found a significant correla-
tion between the RBH distance and a 'phenotypic' distance matrix generated using environ-
mental parameters of temperature, oxygen requirements, and habitat. To further investigate 
these findings we sorted RBHs into clusters of orthologous groups (COGs) to determine 
which COGs were driving the genomic relationships. In general, COGs involved in 'core 
processes' (e.g. replication and transcription) better explained the relationships than did 
COGs expected to be more susceptible to lateral gene transfer (e.g coenzyme metabolism 
and transport), though important exceptions were evident. Phylogenetic analyses of indi-
vidual genes from influential COGs that are more frequently shared between thermophilic 
or anaerobic Bacteria and Archaea will provide a higher resolution view of the combined in-
fluences of vertical descent and lateral gene transfer on microbial evolution.
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Figure 3. Generation of distance matrix based on bacterial residual RBHs with Archaea 

Figure 4. Bacterial residual RBHs with Ar-
chaea visualized on a non-metric MDS 
plot.
These RBHs have been corrected for 
genome size and only include Bacteria-
Archaea RBHs. The unusual relationship be-
tween anaerobes and thermophiles (our in-
titial observation in Figure 1) is now evident.

Table 1. ANOSIM significance and statistics of bacterial phenotypic 
groupings 
An analysis of similarity (ANOSIM) test was conducted to determine 
whether the patterns seen in the MDS plot (Figure 5) are statistically sig-
nificant. Boxes highlighted in yellow indicate that the grouping is statisti-
cally significant. The results show that the matrix consisting only of 
Bacteria-Archaea residual RBHs clearly groups bacteria based on their 
oxygen respiration abilities and their optimum growth temperature. In 
short, anaerobic and thermophilic bacteria are statistically different 
from aerobes and mesophiles based on their residual RBHs with Ar-
chaea.

Table 2. Correlations among RBHs, 16S rRNA phylogeny, and phenotypes using Mantel tests. 
              Matrix A & Matrix B     while controlling for Matrix C 

Matrices include 
Bacteria-Bacteria RBHs 
and 16S rRNA phylog-
netic  distances

Matrices include only 
Bacteria-Archaea RBHs 
and 16S rRNA phyloge-
netic distances

{
{

To further explore the relationship between anaerobic, 
thermophilic Bacteria and Archaea, we need to quantita-
tively account for genome size when considering recipro-
cal best BLAST hits (RBHs).
  
Figure 2A) The primary determinant of number of 
RBHs is the number of genes in the bacterial 
genome. Genome size class of each bacterium is shown 
here in a non-metric MDS plot of  RBHs of each bacterial 
genome with the total set of archaeal genomes.

Figure 2B&C) Neither of two published methods sat-
isfactorily removed the genome size artifact. Of the 
various methods put forth to account for genome size, 
we tested two for their ability to remove the genome 
size signal from the dataset: Sorensen’s quotient of simi-
larity (B) and the weighted average transformation of 
Korbel et al., 2002 (C).

The number of RBHs can be approximated by a 4-
parameter logistic function. The number of RBHs be-
tween genomes increases to a plateau at about 4000 
genes (Figure 1A) in a manner that can be approxi-
mated by a 4-parameter logistic function.  For each ar-
chaeal genome, we performed nonlinear least-squares 
regressions of the number of RBHs between that ar-
chaeon and the total set of bacteria (shown in Figure 
1B).  From this best fit line we calculated the mean 
number of RBHs for each archaeon and a bacterial 
genome of arbitrary size (as well as 95% confidence in-
tervals around that mean).  Subtracting the mean from 
the RBHs we obtained the number of 'residual' RBHs for 
each bacterial genome against each archaeal genome.

Figure 2D) The 'residuals' method successfully re-
moves the signal from bacterial genome size. The 
non-metric MDS plot shows no influence of bacterial 
genome size on RBHs, which was also statistically cor-
roborated using an ANOSIM (Table 1).

Key for equations:
α is the number of genes in the archaeal genome, β is the 
number of genes in the bacterial genome, and γ is the 
number of RBHs between them.

Table 3. ANOSIM 
statistics for 
grouping of Bac-
teria by pheno-
type based on 
their RBHs with 
Archaea in each 
COG. Only R 
values that were 
significant (p < 
0.05) are listed.

Table 4. Mantel test results for correlation of 16S 
rRNA phylogeny with a Bacteria-Bacteria matrix 
representing Archaeal residual RBHs in each COG. 

Figure 5. Non-metric MDS plot visualizing the 
Bacteria-Bacteria matrix of residual RBHs with ar-
chaeal proteins in the Replication COG.  ANOSIM statis-
tics for this plot are in Table 3. 

             An R value of 1 = perfect correlation. All correlations were highly significant  (p < 0.002)

Conclusion from Mantel Tests:
1. Bacteria-Archaea RBHs are less correlated to 16S rRNA phylogenetic distance than 
are RBHs among Bacteria.
2. Bacteria-Archaea RBHs are more strongly correlated to phenotypes (growth temp & 
oxygen respiration).

Therefore: Lateral transfer appears to be a significant cause of RBHs between Bac-
teria and Archaea.

Photobacterium profundum str. SS9
Yersinia pseudotuberculosis str. IP 32953
Erwinia carotovora subsp. atroseptica SCRI1043
Vibrio cholerae O1 biovar eltor str. N16961
Shewanella oneidensis str. MR−1
Idiomarina loihiensis str. L2TR
Colwellia psychrerythraea 34H str. 34H; BAA−681
Pseudoalteromonas haloplanktis str. TAC125
Saccharophagus degradans str. 2−40
Pseudomonas fluorescens str. Pf−5
Hahella chejuensis
Acinetobacter sp. str. ADP1
Psychrobacter arcticum str. 273−4
Methylococcus capsulatus str. Bath
Nitrosospira multiformis str. ATCC 25196
Nitrosomonas europaea str. ATCC 19718
Rhodoferax ferrireducens str. DSM 15236
Dechloromonas aromatica
Azoarcus sp. str. EbN1
Burkholderia thailandensis E264 str. E264; ATCC 70
Ralstonia solanacearum str. GMI1000
Thiobacillus denitrificans str. ATCC 25259
Chromobacterium violaceum str. ATCC 12472
Nitrosococcus oceani str. ATCC 19707
Geobacter metallireducens str. GS−15
Pelobacter carbinolicus str. DSM 2380
Anaeromyxobacter dehalogenans str. 2CP−C
Desulfotalea psychrophila str. LSv54
Desulfovibrio desulfuricans str. G20
Nostoc sp. PCC 7120 str. PCC7120
Anabaena variabilis str. ATCC 29413
Synechocystis sp. str. PCC 6803
Thermosynechococcus elongatus str. BP−1
Synechococcus sp. WH 8102 str. WH8102
Prochlorococcus marinus str. MIT 9312
Gloeobacter violaceus str. PCC 7421
Rhodopirellula baltica SH str. 1
Blastopirellula
Gemmata obscuriglobus
Candidatus Kuenenia stuttgartiensis
Dehalococcoides ethenogenes str. 195
Agrobacterium tumefaciens str. C58 U. Washington s
Sinorhizobium meliloti str. 1021
Mesorhizobium loti str. MAFF303099
Jannaschia sp. str. CCS1
Rhodobacter sphaeroides
Zymomonas ZM4 subsp. mobilis str. ZM4; ATCC 31821
Erythrobacter litoralis
Novosphingobium aromaticivorans str. DSM 12444
Rhodospirillum rubrum str. ATCC 11170
Gluconobacter oxydans str. 621H
Magnetospirillum sp.
Caulobacter crescentus str. CB15
Bradyrhizobium japonicum USDA 110 str. USDA110
Nitrobacter winogradskyi str. Nb−255
Rhodopseudomonas palustris str. BisB18
Candidatus Pelagibacter ubique
Thiomicrospira denitrificans str. ATCC 33889
Chlorobium tepidum str. TLS
Pelodictyon luteolum str. DSM 273
Salinibacter ruber
Bdellovibrio bacteriovorus HD100
Clostridium acetobutylicum str. ATCC 824
Nocardia farcinica str. IFM 10152
Mycobacterium avium subsp. paratuberculosis K−10
Corynebacterium glutamicum ATCC 13032
Thermobifida fusca YX
Frankia sp. str. CcI3
Streptomyces avermitilis str. MA−4680
Bifidobacterium longum str. NCC2705
Desulfitobacterium sp. Y51
Lactococcus Il1403 subsp. lactis str. IL1403
Enterococcus faecalis str. V583
Oceanobacillus iheyensis str. HTE831
Bacillus cereus str. ATCC 10987
Geobacillus kaustophilus str. HTA426
Moorella thermoacetica str. ATCC 39073
Carboxydothermus hydrogenoformans str. Z−2901
Thermoanaerobacter tengcongensis str. MB4
Symbiobacterium thermophilum IAM 14863 str. IAM148
Thermus thermophilus str. HB8
Deinococcus radiodurans str. R1
Thermotoga maritima str. MSB8
Aquifex aeolicus str. VF5
Haloarcula marismortui str. ATCC 43049
Halobacterium sp. str. NRC−1
Natronomonas pharaonis DSM 2160
Methanosarcina acetivorans str. C2A
Methanospirillum hungatei str. JF−1
Methanothermobacter thermautotrophicus str. H
Methanosphaera stadtmanae str. DSM 3091
Picrophilus torridus DSM 9790
Thermoplasma volcanium str. GSS1
Archaeoglobus fulgidus DSM 4304
Methanococcus maripaludis str. S2
Methanocaldococcus jannaschii str. DSM 2661
Thermococcus kodakaraensis str. KOD1
Pyrococcus horikoshii str. OT3
Methanopyrus kandleri AV19
Sulfolobus tokodaii str. 7
Pyrobaculum aerophilum
Aeropyrum pernix K1

0.10

Our dataset:
134 bacterial genomes:
72 aerobic   118 mesophilic   55 heterotrophic
30 facultative     7  thermophilic  48 pathogenic
24 anaerobic      5 pyschrophilic  21 autotrophic
  8 microaerophilic    4 hyperthermophilic   6 endosymbiotic
             4 mixotrophic

18 archaeal genomes:
  5 aerobic      6  mesophilic     9 heterotrophic
  3 facultative     4  thermophilic    0 pathogenic
10 anaerobic      0 pyschrophilic    9 autotrophic
  0 microaerophilic    8 hyperthermophilic   0 endosymbiotic
             0 mixotrophic

Korb el et al. 2002 transformation
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Overall topology score = 65.1%
Thermophiles appear closer to Archaea in protein tree than in 16S tree, 
but there are no obvious topology discrepancies. 

16S rRNA Tree Protein Tree
(fructose 1,6 bisphosphatase)

Figure 6. Topology comparison between two  protein family trees 
and the corresponding 16S rRNA tree. Thermophilic Bacteria are 
highlighted in pink. A topology comparison score is generated for each 
pair by the algorithm of Nye et al. (2005). Blue branches are shorter 
than the corresponding red branches, and thicker branches have 
greater mismatch with the corresponding branch on the other tree.

16S rRNA Tree

 The most definitive test of lateral gene transfer (LGT) is to compare 
the phylogeny of the gene of interest to that of a gene assumed to have 
experienced no lateral transfer, such as 16S rRNA. We are beginning to 
use this test on our dataset by constructing phylogenetic trees for each of 
the protein families comprised of reciprocal best BLAST hits (RBHs).
 All 337,734 proteins which represent the 6,681,6331 RBHs in our 
study were clustered into 29,629 clusters according to their BLAST e-
values by the MCL Markov clustering algorithm (Enright et al., 2002). 
Each cluster generated in this process is considered to be one protein 
family of orthologs. Clustal multiple sequence alignments of each clus-
ter (we've made approx. 1400 so far) were converted to distance matri-
ces and trees with Phylip's protdist and neighbor-joining algorithms.
 Next, a 16S rRNA distance matrix containing the same set of species 
as represented in each protein tree was generated by pruning the overall 
16S rRNA distance matrix. 
 The final (unfinished step) will be to compare the topology of each 
protein family tree with the corresponding 16S rRNA trees using the 
toplogy comparison tool of Nye et al. (2005). Two examples of the 
output of this procedure are shown in Figure 6.
 Our goal is to use topology comparison with 16S rRNA phylogeny 
to identify individual proteins that appear to have been laterally trans-
ferred. We can then ask to what degree these proteins are causing 
anaerobic, thermophilic Bacteria to have unusually high numbers of 
RBHs with Archaea.

The same ANOSIM and Mantel analyses performed on the whole dataset in sections 3 and 4 were applied to the dataset partitioned into separate 
clusters of orthologous groups (COGs) representing functional categories of proteins.  

Residual RBHs in some COGs show statistically significant different patterns  for Bacteria grouped by:
  oxygen respiration...     or growth temperature...     or trophic level

For example, residual RBHs in the Replication COG show 
strong differences in mesophiles vs thermophiles: 

RBHs between ‘housekeeping’ 
proteins are correlated to 16S 
rRNA distance.. 

RBHs in most COGs show some 
correlation to a distance matrix 
representing phenotypes.

Protein Tree
(CooC, part of the acetyl-CoA synthase complex)
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Overall topology score = 61.7%
Protein distances are greater than 16S distances,
and protein tree shows obvious lateral transfer between Bacteria and Archaea.

1. Introduction
 One way to identify orthologous genes  in phylogenetically diverse genomes is by the 
reciprocal best BLAST hits (RBHs) between the two genomes (Snel et al., 1999). In  other 
words, a pair of orthologs can be operationally defined as two genes that are each others’ 
best BLAST hit when performing a pairwise whole genome BLAST search. This method ex-
cludes paralogs by requiring the BLAST hits to be reciprocal, and it identifies orthologs in 
diverse genomes  by comparing genomes pairwise rather than by querying a mulitple-
genome database. Furthermore, the pairwise comparison is less susceptible to taxonomic 
biases in the sequence databases.
 Our previous study (Fuchsman and Rocap, 2006) reported that the number of RBHs be-
tween bacterial and archaeal genomes increases linearly with the number of genes in the 
bacterial genome until a plateau at approximately 4,000 genes (Figure 1). When the overall 
plot is partitioned into multiple plots each containing only one archaeal genome (the right-
hand column), it is clear that anaerobic and thermophilic Bacteria are often above the curve 
representing the average number of RBHs for a bacterial genome of given size. In other 
words:

Anaerobic and thermophilic Bacteria often have more reciprocal best BLAST hits 
(RBHs) with Archaea than would be expected from their genome size.  

This study explores ecological and evolutionary explanations of this observation. Specifi-
cally, we investigate two alternative hypotheses:

1. Anaerobic and thermophlic Bacteria inhabit similar environments 
with the Archaea in our dataset and are therefore more likely to
exchange genes via lateral gene transfer (LGT).

2. Anaerobic and thermophilic Bacteria retain unusually large numbers
of genes that are ancestral to the bacterial and archaeal
domains of life.

2. Adjusting for 
Genome Size

3. Adjusting for Bacteria-Bacteria RBHs
Due to the predominance of bacterial genomes (134) over archaeal genomes (18) in our study, the Bacteria-Bacteria 
RBHs swamp any signal from Bacteria-Archaea RBHs in our analyses. Since we are interested in examining RBHs 
across the bacterial and archaeal domains, we need to create a matrix containing only Bacteria-Archaea RBHs (Figure 3).

4. Vertical Descent or Lateral Transfer?
 Are the reciprocal best BLAST hits (RBHs) between anaerobic, thermophilic Bacteria and Archaea due to conserva-
tion of ancestral genes or to lateral transfer?
 If the number of RBHs between Bacteria and Archaea is simply a reflection of their phylogenetic distance, then the 
residual RBH distance matrix generated above should strongly correlate to a distance matrix of their 16S rRNA se-
quences. 
 Alternatively, if the number of RBHs is greatly affected by lateral transfer, then the RBH distance matrices should 
strongly correlate to a distance matrix representing the organisms' opportunities to exchange genetic material. We have 
attempted to construct such a matrix using phenotypic characteristics which allow organisms to inhabit similar environ-
ments - namely, their optimum growth temperature and their ability to respire oxygen (aerobic, microaerophilic, faculta-
tive, or anaerobic). The matrix correlations were calculated with a Mantel test.

5. Exploring vertical descent vs. lateral transfer in 
specific functional groups of proteins (COGs)

6. Future direction: 
Testing lateral transfer by 
tree topology

Matrix A Matrix B p R Matrix C p R

16S Nucleotide residuals 0.001 0.369 pheno 0.001 0.317
Replication residuals 0.001 0.313 0.002 0.230
NotInCOGs residuals 0.001 0.290 0.004 0.198

Carbs residuals 0.002 0.289 0.002 0.239
Translation residuals 0.001 0.228 0.003 0.162
InorgIon residuals 0.003 0.196 0.017 0.125

AminoAcid residuals 0.010 0.202 0.022 0.156
Cell Wall residuals 0.035 0.101 0.032 0.097
Energy residuals 0.007 0.164 0.169 0.046

Coenzyme residuals 0.076 0.104 0.151 0.058
Posttrans residuals 0.164 0.055 0.425 0.007

Lipid residuals 0.360 -0.023 0.123 -0.051
Transcription residuals 0.538 -0.005 0.092 -0.071

pheno Energy residuals 0.001 0.431 16S 0.001 0.406
NotInCOGs residuals 0.001 0.401 0.001 0.347
Replication residuals 0.001 0.377 0.001 0.316
InorgIon residuals 0.001 0.283 0.001 0.242

Translation residuals 0.001 0.272 0.001 0.222
Nucleotide residuals 0.001 0.264 0.001 0.177

Carbs residuals 0.001 0.229 0.001 0.159
Transcription residuals 0.001 0.214 0.001 0.225
AminoAcid residuals 0.003 0.192 0.004 0.143
Coenzyme residuals 0.001 0.171 0.001 0.148
Posttrans residuals 0.001 0.168 0.001 0.159

Lipid residuals 0.017 0.089 0.009 0.100
Cell Wall residuals 0.241 0.028 0.500 -0.001
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RBHs between Bacteria and Archaea

Bacteria-Bacteria Euclidean distance matrix
representing RBHs with Archaea

B

C

D

A B

p R p R
Oxygen Respiration 
(overall ANOSIM) 0.003 0.135 not signif

Aerobic vs Anaerobic 0.001 0.392

Anaerobic vs Facultative 0.001 0.345
Growth Temperature 

(overall ANOSIM) 0.025 0.230 not signif
Mesophilic vs 

Hyperthermophilic 0.005 0.423
Mesophilic vs 
Thermophilic 0.004 0.424

Trophic Level (overall 
ANOSIM) 0.034 0.065 not signif

Pathogen vs Autotroph 0.001 0.274

Pathogen vs Heterotroph 0.018 0.038
# Genes in Bacterial 

Genome not signif 0.001 0.091

Bacterial Phylum 0.001 0.188 0.001 0.604

Bacteria-Archaea 
residuals

Bacteria-Bacteria 
residuals

A

Matrix A Matrix B R Matrix C R

16S rRNA phenotype 0.324

RBHs 16S rRNA 0.830 phenotype 0.808

RBHs phenotype 0.411 16S rRNA 0.269

16S phenotype 0.290

residual RBHs 16S rRNA 0.311 phenotype 0.210

residual RBHs phenotype 0.458 16S rRNA 0.380

COG

Oxygen 
Respiration 

(overall 
ANOSIM)

Aerobic vs 
Anaerobic

Anaerobic vs 
Facultative

Aerobic vs 
Facultative

Growth 
Temperature 

(overall 
ANOSIM)

Mesophilic vs 
Hyperthermo

philic
Mesophilic vs 
Thermophilic

Hyperthermo
philic vs 

Thermophilic

Trophic Level 
(overall 

ANOSIM)
Pathogen vs 
Autotroph

Pathogen vs 
Heterotroph

Autotroph vs 
Heterotroph

Translation
Transcription 0.152 0.286 0.167 0.226 0.439
Replication 0.164 0.356 0.237 0.215 0.522 0.341

Cell Wall 0.111 0.383 0.268
Posttrans. Mod. 0.145 0.283 0.092 0.097

Energy 0.351 0.648 0.264 0.173
Carbohydrates 0.241 0.600 0.248

Aminoacids
nucleotide
Coenzyme

Lipids
Inorganic Ions 0.134 0.275 0.223 0.090

not in COGs 0.100 0.314 0.262 0.265 0.507 0.401 0.031
2º Metabolites

General 0.170 0.413 0.349 0.320 0.468 0.560 0.088 0.404 0.082
Unknown 0.127 0.342 0.272 0.235 0.315 0.453 0.058 0.390

Nonlinear least-squares regression

ƒ(β)= c+ d− c
1+exp(b(log(β)− log(e)))

Sorensen’s Quotient of Similarity

2γ
α+β

RBHs (no transformation)

Archaea 1 Archaea 2 Archaea 3

Bacteria 1 282 399 355

Bacteria 2 330 454 497

Bacteria 3 283 410 474
Archaea 1 Archaea 2 Archaea 3

Bacteria 1 23.85 156.83 1.06

Bacteria 2 -60.51 79.48 10.70

Bacteria 3 -101.14 41.84 -5.93
Bacteria 1 Bacteria 2 Bacteria 3

Bacteria 1 0

Bacteria 2 387.12 0

Bacteria 3 121.41 489.96 0

Residual RBHs
(adjusted for genome size)

16S rRNA phylogenetic tree representing most of the 
organisms in our study.  Sequences were downloaded 
and aligned with the GreenGenes site 
(greengenes.lbl.gov), and the tree was constructed in 
the ARB software environment (www.arb-home.de). 

Gammaproteobacteria 3416 facultative heterotroph Psychrophilic
Gammaproteobacteria 3901 facultative pathogen Mesophilic
Gammaproteobacteria 4472 facultative pathogen Mesophilic
Gammaproteobacteria 2742 facultative pathogen Mesophilic
Gammaproteobacteria 4324 facultative mixotroph Mesophilic
Gammaproteobacteria 2628 aerobic heterotroph Mesophilic
Gammaproteobacteria 4910 facultative heterotroph Psychrophilic
Gammaproteobacteria 2940 aerobic heterotroph Psychrophilic
Gammaproteobacteria 4008 aerobic heterotroph Mesophilic
Gammaproteobacteria 6137 aerobic heterotroph Mesophilic
Gammaproteobacteria 6778 aerobic heterotroph Mesophilic
Gammaproteobacteria 3325 aerobic pathogen Mesophilic
Gammaproteobacteria 2120 aerobic heterotroph Psychrophilic
Gammaproteobacteria 2960 aerobic heterotroph Mesophilic
Betaproteobacteria 2757 aerobic autotroph Mesophilic
Betaproteobacteria 2461 aerobic autotroph Mesophilic
Betaproteobacteria 4170 facultative heterotroph Mesophilic
Betaproteobacteria 4171 facultative heterotroph Mesophilic
Betaproteobacteria 4133 facultative heterotroph Mesophilic
Betaproteobacteria 3276 aerobic pathogen Mesophilic
Betaproteobacteria 3440 facultative pathogen Mesophilic
Betaproteobacteria 2827 facultative autotroph Mesophilic
Betaproteobacteria 4407 facultative heterotroph Mesophilic
Gammaproteobacteria 2974 aerobic autotroph Mesophilic
Deltaproteobacteria 3519 anaerobic heterotroph Mesophilic
Deltaproteobacteria 3119 anaerobic heterotroph Mesophilic
Deltaproteobacteria 4346 anaerobic heterotroph Mesophilic
Deltaproteobacteria 3116 anaerobic heterotroph Psychrophilic
Deltaproteobacteria 3775 anaerobic heterotroph Mesophilic
Cyanobacteria 5366 aerobic autotroph Mesophilic
Cyanobacteria 5039 aerobic autotroph Mesophilic
Cyanobacteria 3167 aerobic autotroph Mesophilic
Cyanobacteria 2475 aerobic autotroph Thermophilic
Cyanobacteria 2517 aerobic autotroph Mesophilic
Cyanobacteria 1809 aerobic autotroph Mesophilic
Cyanobacteria 4430 aerobic autotroph Mesophilic
Planctomycetes 7325 aerobic heterotroph Mesophilic
Planctomycetes 6025 aerobic heterotroph Mesophilic
Planctomycetes 8953 aerobic heterotroph Mesophilic
Planctomycetes 4663 anaerobic autotroph Mesophilic
Chloroflexi 1580 anaerobic heterotroph Mesophilic
Alphaproteobacteria 2785 aerobic pathogen Mesophilic
Alphaproteobacteria 3341 aerobic heterotroph Mesophilic
Alphaproteobacteria 6743 aerobic heterotroph Mesophilic
Alphaproteobacteria 4212 aerobic autotroph Mesophilic
Alphaproteobacteria 3022 facultative mixotroph Mesophilic
Alphaproteobacteria 1998 anaerobic heterotroph Mesophilic
Alphaproteobacteria 3011 aerobic autotroph Mesophilic
Alphaproteobacteria 3324 aerobic heterotroph Mesophilic
Alphaproteobacteria 3791 facultative autotroph Mesophilic
Alphaproteobacteria 2432 aerobic heterotroph Mesophilic
Alphaproteobacteria 4559 microaerophilicheterotroph Mesophilic
Alphaproteobacteria 3737 aerobic heterotroph Mesophilic
Alphaproteobacteria 8317 aerobic heterotroph Mesophilic
Alphaproteobacteria 3122 facultative mixotroph Mesophilic
Alphaproteobacteria 4886 facultative mixotroph Mesophilic
Alphaproteobacteria 1354 aerobic heterotroph Mesophilic
Epsilonproteobacteria 2097 anaerobic autotroph Mesophilic
Bacteroidetes/Chlorobi 2252 anaerobic autotroph Thermophilic
Bacteroidetes/Chlorobi 2083 anaerobic autotroph Mesophilic
Bacteroidetes/Chlorobi 2801 aerobic autotroph Mesophilic
Deltaproteobacteria 3587 aerobic pathogen Mesophilic
Firmicutes 3672 anaerobic heterotroph Mesophilic
Actinobacteria 5683 aerobic pathogen Mesophilic
Actinobacteria 4350 aerobic pathogen Mesophilic
Actinobacteria 3057 facultative heterotroph Mesophilic
Actinobacteria 3110 aerobic heterotroph Thermophilic
Actinobacteria 4499 aerobic heterotroph Mesophilic
Actinobacteria 7577 aerobic heterotroph Mesophilic
Actinobacteria 1727 anaerobic heterotroph Mesophilic
Firmicutes 5060 anaerobic heterotroph Mesophilic
Firmicutes 2321 facultative heterotroph Mesophilic
Firmicutes 3113 facultative pathogen Mesophilic
Firmicutes 3500 aerobic heterotroph Mesophilic
Firmicutes 5603 aerobic pathogen Mesophilic
Firmicutes 3498 aerobic heterotroph Thermophilic
Firmicutes 2465 anaerobic heterotroph Thermophilic
Firmicutes 2620 anaerobic autotroph Hyperthermophilic
Firmicutes 2588 anaerobic heterotroph Hyperthermophilic
Actinobacteria 3337 microaerophilicheterotroph Thermophilic
Deinococcus-Thermus 1973 aerobic heterotroph Thermophilic
Deinococcus-Thermus 2629 aerobic heterotroph Mesophilic
Thermotogae 1858 anaerobic heterotroph Hyperthermophilic
Aquificae 1529 microaerophilicautotroph Hyperthermophilic
Euryarchaeota 4240 aerobic heterotroph Thermophilic
Euryarchaeota 2605 facultative heterotroph Mesophilic
Euryarchaeota 2822 aerobic heterotroph Mesophilic
Euryarchaeota 4524 anaerobic autotroph Mesophilic
Euryarchaeota 3139 anaerobic autotroph Mesophilic
Euryarchaeota 1855 anaerobic autotroph Thermophilic
Euryarchaeota 1534 anaerobic autotroph Mesophilic
Euryarchaeota 1535 aerobic heterotroph Thermophilic
Euryarchaeota 1524 facultative heterotroph Thermophilic
Euryarchaeota 2436 anaerobic autotroph Hyperthermophilic
Euryarchaeota 1722 anaerobic autotroph Mesophilic
Euryarchaeota 1750 anaerobic autotroph Hyperthermophilic
Euryarchaeota 2306 anaerobic heterotroph Hyperthermophilic
Euryarchaeota 2061 anaerobic heterotroph Hyperthermophilic
Euryarchaeota 1692 anaerobic autotroph Hyperthermophilic
Crenarchaeota 2826 aerobic autotroph Hyperthermophilic
Crenarchaeota 2587 facultative heterotroph Hyperthermophilic
Crenarchaeota 2694 aerobic heterotroph Hyperthermophilic


