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Evolutionary trees of prokaryotes usually define the known classes and phyla but less often agree on the relationships
among those groups. This has been attributed to the effects of horizontal gene transfer, biases in sequence change, and
large evolutionary distances. Furthermore, higher level clades of prokaryote phyla rarely are supported by information
from ecology and cell biology. Nonetheless, common patterns are beginning to emerge as larger numbers of species are
analyzed with sophisticated methods. Here, we show how combined evidence from phylogenetic, cytological, and
environmental data support the existence of an evolutionary group that appears to have had a common ancestor on land
early in Earth’s history and includes two-thirds of known prokaryote species. Members of this terrestrial clade
(Terrabacteria), which includes Cyanobacteria, the gram-positive phyla (Actinobacteria and Firmicutes), and two phyla
with cell walls that differ structurally from typical gram-positive and gram-negative phyla (Chloroflexi and
Deinococcus–Thermus), possess important adaptations such as resistance to environmental hazards (e.g., desiccation,
ultraviolet radiation, and high salinity) and oxygenic photosynthesis. Moreover, the unique properties of the cell wall in
gram-positive taxa, which likely evolved in response to terrestrial conditions, have contributed toward pathogenicity
in many species. These results now leave open the possibility that terrestrial adaptations may have played a larger role in
prokaryote evolution than currently understood.

Introduction

The evolutionary history of prokaryotes has been in-
tensely studied using DNA and protein sequences, gene
content, and sequence signatures (e.g., Gupta 1998; Wolf
et al. 2001; Brochier et al. 2002; Battistuzzi et al. 2004; Cic-
carelli et al. 2006; Lienau et al. 2006). Although the mono-
phyly of most classes and phyla is well resolved, no
consensus has been reached on relationships among those
groups, especially among phyla. Horizontal gene transfer
(HGT) has been considered at least part of the reason for
this phylogenetic uncertainty (Doolittle and Bapteste
2007), although a working model holds that the tree can
be resolved with a set of core genes (proteins) having re-
duced levels of HGT (Choi and Kim 2007). Core proteins
are those shared by a set of species for which a major in-
fluence of HGT can be excluded. Based on different HGT
detection methods and species sets, this core protein ap-
proach has identified overlapping sets of 20–40 proteins
from complete genomes that are shared by eubacteria (also
called ‘‘Bacteria’’), archaebacteria (also called ‘‘Archaea’’),
and eukaryotes (e.g., Battistuzzi et al. 2004; Charlebois and
Doolittle 2004; Ciccarelli et al. 2006). However, phyloge-
netic studies using core proteins often have differed in ma-
jor ways from analyses of ribosomal RNA (rRNA) genes,
leading to an overall uncertainty in prokaryote phylogeny.
Here, we conducted sequence analyses of both types of
genes to search for common patterns and reconcile the
differences.

For our primary analysis, we constructed a core pro-
tein tree with 25 protein-coding genes from 218 species. For
comparison with the protein tree, we also built an rRNA
tree, from 189 species, that combined sequences of the
small subunit (SSU), the gene traditionally used for analy-
ses, and the rarely used large subunit (LSU). We subjected

these data sets to a suite of sequence analyses and identified
a sequence bias in the rRNA data that, when corrected,
brings the rRNA and protein trees into closer agreement
than in past studies. The trees reveal a large clade of phyla
comprising two-thirds of the 9,740 recognized species of
prokaryotes, including all gram-positive species and most
species that form spores. Together with environmental data
from culture-independent studies and molecular clock anal-
yses, we show that this clade likely evolved on land early in
the Precambrian, with some lineages later reinvading ma-
rine habitats. These results have implications for under-
standing the relations between the key adaptations of the
terrestrial clade and the environment in which they evolved.

Materials and Methods
Data Assembly and Sequence Analyses

For our primary analysis, we constructed a protein tree
with 25 protein-coding genes. These correspond to a subset
of previously identified orthologous core proteins (Battistuzzi
et al. 2004) that were used as queries for a similarity
search (Altschul et al. 1997) against 311 fully sequenced
genomes of Eubacteria and Archaebacteria (supplementary
table S1, Supplementary Material online). Given the large
number of species analyzed, a few species-specific gene
losses are expected even in widely distributed genes. To
maximize the number of protein-coding genes, 28 species
showing such losses were omitted resulting in a data set of
283 species. In doing so, we created a complete matrix of
genes and species and avoided any potential bias of missing
data. We chose classes as our working taxonomic level be-
cause species of the same class are obtained in our and other
phylogenies in highly supported monophyletic clusters
(Ciccarelli et al. 2006; Pisani et al. 2007). The omitted spe-
cies are members of monophyletic classes already repre-
sented. The retrieved sequences were aligned for each
protein by ClustalX (Thompson et al. 1994). Distance and
maximum likelihood (ML) single-protein phylogenies
were built in the program MEGA4 (Tamura et al. 2007)
(Neighbor-Joining, model JTT þ gamma 5 0.5, 1, and
1.5, complete deletion of gaps) and the program RAxML
(Stamatakis 2006) (ML, model JTT þ estimated gamma),
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respectively, to check for orthology and possible HGT
events. Genes with nested domains (Eubacteria and Archae-
bacteria) and/or highly supported (�95% bootstrap) nesting
of one classwithin anotherwere considered as candidates for
nonvertical inheritance and deleted from the data set.

The remaining genes (25) were concatenated in a final
alignment of 18,586 amino acid sites. From this alignment,
site homology was further refined (Castresana 2000) using
monophyly of classes as an approximation of the strength of
the phylogenetic signal in progressively reduced data sets
(i.e., a stronger signal results in more monophyletic clas-
ses). Based on this analysis, nonconserved sites were omit-
ted, resulting in a final concatenated alignment of 6,884
amino acids and 218 nonredundant (i.e., one strain per spe-
cies) species, which were used in nonpartitioned and par-
titioned analyses. For comparison, we built a phylogeny
with all available nonredundant species (189 total; 19 eubac-
terial classes, 10 archaebacterial classes) from the European
Ribosomal RNA Database (see supplementary table S1 in
Supplementary Material online). The initial rRNA alignment
based on secondary structure (Wuyts et al. 2004) was mod-
ified to include only conserved sites using the same approach
applied to proteins to select a threshold between number of
sites and phylogenetic signal (Castresana 2000). The final
alignment included a total of 3,786 conserved nucleotides
(60% of the original alignment) from the concatenation of
SSU and LSU rRNA genes. We made little modifications
to the species composition of the rRNA alignments to pre-
serve the original secondary structure alignment; only two
species (Methanopyrus kandleri and Nanoarchaeum equi-
tans) that were absent from the database were added because
they represented additional classes.

Phylogenetic analyses of aligned sequences were con-
ducted with ML and Bayesian methods (Ronquist and
Huelsenbeck 2003; Stamatakis 2006) on partitioned data
sets in order to allow the optimization of parameters for
each gene. Phylogenetic confidence was estimated with
100 bootstrap replicates in the ML phylogeny and by pos-
terior probability (PP) in the Bayesian approach. Additional
analyses were carried out on the protein and rRNA data set
with a method (Brinkmann and Philippe 1999) designed to
identify slow-evolving sites. For the primary phylogenetic
analyses, the root was set between eubacteria and archae-
bacteria, which is the current consensus based on duplicate
gene evidence (Zhaxybayeva et al. 2005). In the rRNA
analyses, we also used a modified version (Tamura and
Kumar 2002) of the LogDet analysis (Lockhart et al.

1994) for modeling base compositional differences, as im-
plemented in the program MEGA4 (Tamura and Kumar
2002); this was carried out on the complete data set with
100 bootstrap replicates.

Times of divergence were estimated using the protein
and rRNA data sets separately, ML phylogenies, and three
methods: nonparametric rate smoothing (Sanderson 1997),
penalized likelihood (Sanderson 1997), and Bayesian anal-
ysis (partitioned and nonpartitioned data sets) (Thorne and
Kishino 2002). Separate analyses were carried out with eu-
bacteria and archaebacteria using reciprocal rooting.
Branch lengths were estimated with a JTTþ gamma model
for the protein data set and Felsenstein 84 (F84) model
(Kishino and Hasegawa 1989; Felsenstein and Churchill
1996) with estimation of gamma distribution and transi-
tion/transversion ratio for the rRNA data set; this was ac-
complished with the programs Estbranches (Thorne and
Kishino 2002) and PAML (Yang 1997). We used six cal-
ibration points from the geologic and biomarker records,
including the earliest habitable time at 4.2 billion years
ago (Ga) based on ocean-boiling impact probabilities (such
impacts also may have occurred as late as 3.8 Ga during the
late heavy bombardment) (Sleep et al. 1989; Zahnle et al.
2007), earliest continents at 4.0 Ga (Rosing et al. 2006),
earliest methanogens at 3.46 Ga (Bapteste et al. 2005; Ueno
et al. 2006), earliest oxygen at 2.3 Ga (Holland 2002), di-
vergence of Chlorobia and Bacteroidetes at 1.64 Ga
(Brocks et al. 2005), and of Gammaproteobacteria and Be-
taproteobacteria at 1.64 Ga (Brocks et al. 2005). Additional
details on parameter specifications for each analysis are in
the Supplementary Material online.

Species Counts

A list of validly published bacterial names was ob-
tained from the Deutsche Sammlung vonMikroorganismen
und Zellkulturen GmbH (DSMZ), the German Collection
of Microorganisms and Cell Culture (www2.dsmz.de).
From this list, all subspecies and synonymous names were
removed to obtain a total count of prokaryote species. Cy-
anobacteria were not included in the DSMZ list because
they have been historically associated with algae in taxo-
nomic treatments. We retrieved information regarding this
phylum from Algaebase (www.algaebase.org). Further-
more, we integrated the genera listed in DSMZ with those
present in National Center for Biotechnology Information

 
FIG. 1.—Unrooted ML phylogenies of the rRNA tree (A) and protein tree (B) for Eubacteria. Each panel has an inset showing the relationship of

the trees rooted with Archaebacteria. Insets in panel A show phylogenies before (no LogDet) and after (LogDet) the correction for compositional biases.
Triangles on branches are proportional to the number of sequences analyzed within each lineage (total 5 189 and 218, respectively). ML confidence
values (left of slash) and Bayesian PPs are shown at each node; nodes supporting the two major groups in (B) are bold, with middle support value from
ML analysis of slow-evolving sites. Filled circles next to clade name in (A) indicate .70% GC content of the conserved sites for each lineage; filled
triangle indicates 70%; open circles indicate ,70%. Dashes represent groups not present in the Bayesian phylogeny. The Greek letters indicate the five
classes of the phylum Proteobacteria. Lineages in insets are abbreviated. Actino, Actinobacteria; Alpha, Alphaproteobacteria; Aquif, Aquificae; Bacil,
Bacilli; Bacte, Bacteroidetes; Beta, Betaproteobacteria; Chlam, Chlamydiae; Chlor, Chlorobia; Chlorof, Chloroflexi; Clost, Clostridia; Cyano,
Cyanobacteria; Deino, Deinococcus–Thermus; Delta, Deltaproteobacteria; Epsilon, Epsilonproteobacteria; Fibro, Fibrobacteres; Flavo, Flavobacteria;
Fusob, Fusobacteria; Gamma, Gammaproteobacteria; Molli, Mollicutes; Planc, Planctomycetacia; Solib, Solibacteres; Spiro, Spirochaetes; Sphin,
Sphingobacteria; and Therm, Thermotogae. Some classes appear multiple times in the tree because their representative species are nonmonophyletic.
The arrow points to the root.
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(http://www.ncbi.nlm.nih.gov/) (e.g., Dehalococcoides). A
breakdown of the number of species in each major category
is given in supplementary table S3 (Supplementary Mate-
rial online).

Environmental Evidence

Information on the natural habitat of families or single
genera was retrieved from the literature. Lineages were cat-
egorized as terrestrial if their known habitat is strictly non-
marine (e.g., soil or rock on continents), freshwater (e.g.,
lakes, rivers, and springs), or if their host is a nonmarine
species. Marine lineages have their primary habitat in salt-
water environments (e.g., sea surface, water column, sea
floor, and deep-sea vent) or are associated with marine
hosts. ML family-level phylogenies for each of the classes
Actinobacteria, Cyanobacteria, and Deinococci were esti-
mated from an SSU alignment (secondary structure) using
one representative per family. One member of each of the
other classes in the terrestrial clade (Group I) was used as
outgroup. The class-level phylogeny of Firmicutes (fig. 1B)
and an existing phylogeny of Chloroflexi (Costello and
Schmidt 2006) were used. The habitat assignments of
the lineages and of the common ancestor were estimated
with maximum parsimony (MP) and ML (Maddison WP
and Maddison DR 1989, 2008). Evidence supporting
Groups I and II was drawn from phylogenetic analyses (this
study) and the literature for gram staining and spore produc-
tion (Holt 1984; Garrity 2001). For quantitative estimates of
Group I versus Group II sequences from different environ-
ments (table 1), only culture-independent studies were con-
sidered, to avoid biases introduced by culturing methods,
although other biases may be present. Information for four
diverse habitat classifications was retrieved from the liter-
ature: 1) deep sea (Tringe et al. 2005; Sogin et al. 2006;
Huber et al. 2007; Lauro and Bartlett 2008), 2) sea surface
(DeLong 2005; Rusch et al. 2007), 3) humid soils (Tringe
et al. 2005; Roesch et al. 2007; Aislabie et al. 2008), and 4)
arid (warm and dry) soils (Chanal et al. 2006; Connon et al.
2007). Additional details are available in the Supplemen-
tary Material online.

Results and Discussion
Phylogenetic Evidence

The ML phylogeny obtained with the concatenated
data set of SSU and LSU rRNA genes from 189 species
(fig. 1A) is similar to earlier SSU-only phylogenies in iden-
tifying a single large group of classes and phyla, supported
here by 89% ML bootstrap probability (BP) and 100%
Bayesian PP. The group contains Bacteroidetes, Chlamy-
diae, Chlorobia, Fibrobacteres, Planctomycetacia, Proteo-
bacteria, and Spirochaetes. The tree was rooted with
Archaebacteria and the remaining classes stem in a ladder-
like fashion from the rooted tree (fig. 1A, insets). The hyper-
thermophilic classes Aquificae and Thermotogae are the
most basal branches, followed by Deinococcus–Thermus
and Cyanobacteria. An ML phylogeny built from an align-
ment with only slow-evolving sites and a Bayesian analysis

of all sites both formed the identical large group of classes
and phyla and showed the same topology at the base of the
tree. Furthermore, they differed only at nodes that were
poorly supported in both trees (see Supplementary Material
online).

The protein tree (fig. 1B) is similar to the rRNA tree in
supporting the same cluster of classes and phyla, at 89% BP
and 100% PP. It differs from the rRNA tree in placing all
other eubacteria, except for the hyperthermophiles and Fu-
sobacteria, in an even larger group (Group I), supported by
53% BP and 100% PP, rather than in a stepwise branching
order near the root. Members of Group I include the phyla
Actinobacteria, Chloroflexi, Cyanobacteria, Deinococcus–
Thermus, and Firmicutes. An ML phylogeny built from an
alignment with only slow-evolving sites was identical and
showed increased support for Group I (81% BP) (fig. 1B).
Trees showing similar major groupings of phyla have been
found in the past (Gupta and Johari 1998; Brochier et al.
2002; Wolf et al. 2002; House et al. 2003; Battistuzzi
et al. 2004; Lienau et al. 2006) indicating stability with in-
creased taxon sampling and application of diverse methods.
Nonetheless, most relationships of the phyla within Group I
and the other smaller group (Group II) remain uncertain.

Although the rooted versions of the two trees (rRNA
and protein tree) are different in the order of their earliest
branches (fig. 1, insets), the overall similarity of the un-
rooted trees suggested that a base compositional bias pres-
ent in the rRNA sequences might explain the difference,
especially given the high GC ratio of SSU and LSU in taxa
near the root of the rRNA tree (Deinococci, Aquificae, and
Thermotogae; fig. 1A). When methods designed to compen-
sate for such biases have been used on rRNA gene data in
the past (Brochier et al. 2002), they did not fully reproduce
Group I but nonetheless supported major components of
Group I. For example, the high GC taxon of Group I,
Deinococcus–Thermus, that typically clusters with other
high GC taxa (hyperthermophiles) near the root instead
clustered with the Group I taxon Cyanobacteria (Brochier
et al. 2002).

When we used a nucleotide substitution model
(Tamura and Kumar 2002) to compensate for composi-
tional biases in the combined SSU–LSU rRNA data set,
all components of Group I were obtained (69% BP) except
Deinococcus–Thermus. Group II was also obtained, albeit
with a lower support (41% BP) (fig. 1A and Supplementary
Material online). Nonetheless, the deep position of the high
GC Deinococcus–Thermus lineage probably reflects the
susceptibility of rRNA data sets to compositional biases
even when ameliorating methods are applied. As is typical
of most sequence analyses of these deeply divergent groups
(Brochier et al. 2002), none of these trees are strongly sup-
ported, except with Bayesian PPs. Although further resolu-
tion and support of the GC-bias hypothesis may not be
possible, this evidence suggests that it has affected several
key nodes in the prokaryote rRNA phylogeny, placing
greater emphasis on the protein phylogeny (fig. 1B). De-
spite the small number of nodes affected in the rRNA phy-
logeny, it appears to have delayed general recognition of
a major evolutionary clade, Group I.

The deepest (most basal) nodes in the protein and
rRNA trees are occupied by the hyperthermophiles, Groups
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IV and V (Aquificae and Thermotogae), a position that has
been criticized based mostly on compositional biases dic-
tated by their lifestyle (Brochier and Philippe 2002). How-
ever, contrary to previous phylogenies (Brochier and
Philippe 2002; Ciccarelli et al. 2006; Pisani et al. 2007),
the use of multiple methods to compensate for this and other
biases (e.g., analysis of only slow-evolving sites) did not
change the phylogenetic position of these two lineages
in either the protein or rRNA trees, increasing the confi-
dence in an early origin of the hyperthermophiles. The phy-
lum Fusobacteria (Group I/III) appears in the protein tree of
eubacteria basal to Groups I and II and above the hyperther-
mophiles. Although this lineage has generally been consid-
ered a close relative of Firmicutes (Mira et al. 2004),
alternative positions have been found, often associated with
hyperthermophiles, in large phylogenetic studies (Gupta
2003; Ciccarelli et al. 2006; Pisani et al. 2007). Further-
more, in a Bayesian analysis of the protein data set, Fuso-
bacteria is placed within Group I with 100% PP. Based on
this phylogenetic evidence and on the extensive HGT his-
tory of this lineage (Mira et al. 2004), the position of
Fusobacteria remains uncertain.

Organismal Evidence

The cytological and physiological characteristics of
eubacteria (table 1) lend support to the recognition of these
two major groups. Group I phyla Actinobacteria and Firmi-
cutes (including the classes Bacilli, Clostridia, and Molli-
cutes) are gram positive and as such have a thick
peptidoglycan layer; they also include mostly terrestrial
taxa (see below). Group II (ancestrally marine, see below)
includes most of the gram-negative taxa, many of which
are also terrestrial. These include members of Proteobacte-
ria, Acidobacteria, and the Cytophaga–Flavobacteria–
Bacteroidetes group (Connon et al. 2007). However,

experiments have shown that gram-negative species that
are terrestrial decrease in abundance after soil drying,
whereas gram positives (Actinobacteria and Firmicutes) in-
crease (Rokitko et al. 2001), suggesting an ancestral func-
tion (desiccation resistance) of the peptidoglycan layer.
Furthermore, the gram-positive taxa and Cyanobacteria
produce resting stages (e.g., spores), albeit not evolution-
arily related, which confer resistance to multiple stresses
typical of terrestrial habitats such as desiccation, ultraviolet
radiation, and high salt concentration (Potts 1994; Nichol-
son et al. 2000). Only one other type of spore is known in
prokaryotes and it is constrained to one order (i.e., derived)
within the Group II Class Deltaproteobacteria (Myxococ-
cales) (Nicholson et al. 2000).

There is confusion in the literature over the number of
described species of prokaryotes. Often, the number re-
ported is approximately 6,000 (Oren 2004) but our prelim-
inary survey showed this number to be an underestimate by
as much as 30–40%. We found that there are 9,740 recog-
nized species of prokaryotes, of which Group I comprises
63% and Group II comprises 33%. The most species-rich
lineages are Actinobacteria and Cyanobacteria (Group I)
and Gammaproteobacteria (Group II), with more than
1,000 known species in each taxon (Supplementary Mate-
rial online). Many pathogens of humans and other terrestrial
eukaryotes are gram positive and therefore are members of
Group I (Holt 1984; Fischetti et al. 2006). The structural
characteristics of gram-positive prokaryotes, such as the
lack of an outer membrane and presence of a thick pepti-
doglycan layer, have led to novel adaptations for pathoge-
nicity including unique surface proteins, toxins, and
enzymes (Fischetti et al. 2006). Thus, aspects of their path-
ogenicity are probably related to a terrestrial ancestry, either
directly or indirectly. Similarly, radiation tolerance of
Deinococcus is likely related to selection for desiccation
tolerance (Mattimore and Battista 1996).

Table 1
Multiple Evidence Supporting Two Major Groups of Eubacteria (Groups I and II)

Phylum or Lineage

Phylogeny

Gram Stain Spores

Environmental Surveys

Protein rRNA Deep Sea Sea Surface Humid Soils Arid Soils

Actinobacteria I I P Yes 5% 1% 13% 64%
Chloroflexi I — P/N No 4% 1% 5% 1%
Cyanobacteria I I N Yes ,1% 6% 4% —
Deinococcus–Thermus I III P No — ,1% ,1% 1%
Firmicutes I I P Yes 2% 6% 6% 1%
Group I, total (min–max) 12% (0–23%) 14% (7–20%) 28% (7–41%) 67% (32–99%)
Acidobacteria II — N No ,1% — 13% 1%
Bacteroidetes II II N No 8% 9% 19% 2%
Chlamydiae II II N No — — — —
Chlorobi II II N No — — — —
Fibrobacteres — II N No — — — —
Planctomycetes II II N No 1% 13% ,1% 1%
Proteobacteria II II N No 79% 64% 40% 22%
Spirochaetes II II N No — ,1% — —
Group II, total (min-max) 88% (77–100%) 86% (80–93%) 72% (59–93%) 33% (1–68%)
Fusobacteria I/III — N No — — — —
Aquificae IV V N No — — — —
Thermotogae V IV N No — — — —

NOTE.—P, gram-positive stain; N, gram-negative stain; Deinococcus–Thermus stains P but has a cell wall structurally similar to that of gram-negative taxa. Percentages

refer to average taxonomic composition of sequences across multiple geographic sites; see Supplementary Material online for references. Spores in Proteobacteria are

confined to one order in the Deltaproteobacteria. Dashes indicate that no data were available.
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FIG. 2.—Timescale of prokaryote evolutionary history. The timetree shows divergences for Eubacteria and Archaebacteria (ML, protein data set)
with particular attention to major groups: Hydrobacteria and Terrabacteria (Eubacteria) and Euryarchaeota and Crenarchaeota (Archaebacteria). First
occurrences of major events in the geologic record are represented by arrows on the timescale. The timescale is in billion years ago. Each horizontal line
represents a class; exceptions are the phyla Bacteroidetes (which includes two classes), Cyanobacteria, and Nanoarchaeota. Thicker lines are lineages
that include hyperthermophilic species. Gray bars show the range of time estimates for each node, from each of the four estimation methods. For source
of species counts and methods, see Supplementary Material online.
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Environmental Evidence

The environment occupied by species in these two
groups is consistent with the evolution of desiccation-
resistant traits in Group I. Culture-independent sampling
of prokaryotes, including metagenomic studies, shows that
marine samples have the lowest fraction of Group I taxa and
that continental (terrestrial) samples have the highest frac-
tion (table 1). At the extremes of the marine and terrestrial
environments, some deep-sea sampling (Tringe et al. 2005)
reveals a virtual absence (0–1%) of Group I sequences
whereas hyperarid desert samples are comprised almost ex-
clusively (99%) of Group I sequences (Connon et al. 2007).
Near-surface marine samples (Rusch et al. 2007) have on
average a higher fraction (14%) of Group I sequences than
those from the deep sea, and samples of arid soils (Chanal
et al. 2006) usually have a higher fraction than those of hu-
mid soils (Tringe et al. 2005). Viral communities also par-
allel this pattern, with viruses of Group I species
dominating terrestrial samples and those of Group II dom-
inating marine samples (Fierer et al. 2007). Despite these
general trends, the composition of soil communities is phy-
logenetically and structurally complex, with different phyla
dominating based on the location, type, and structure of the
soil (Mummey et al. 2006).

Ancestor analysis provides additional support by
showing that the earliest branching lineages of each phylum
in Group I are terrestrial (supplementary figs. S6 and S7,
Supplementary Material online). In agreement with previ-
ous studies, these include Gloeobacteria (Cyanobacteria)
and Rubrobacteriales (Actinobacteria) which are found ex-
clusively in terrestrial environments (Stackebrandt et al.
1997; Ludwig and Klenk 2001; Seo and Yokota 2003;
Gao et al. 2006; Tomitani et al. 2006; Kunisawa 2007)
and most of Clostridia (Firmicutes) which inhabit soil or
are parasites of terrestrial hosts. There are only three known
families in Deinococcus–Thermus; two of them (Deinococ-
caceae and Trueperaceae) are terrestrial and the third con-
tains both marine and terrestrial species. Finally,
terrestriality is widespread in the Phylum Chloroflexi with
evidence of the earliest branches living in terrestrial habitats
(Costello and Schmidt 2006). Parsimony and ML ancestral
state reconstructions show support (MP: 100%, ML: 73%)
for a terrestrial habitat preference in the ancestor of Group I.
Although the natural habitat and distribution of most spe-
cies of prokaryotes is not well known, the combined evi-
dence from phylogenetic, organismal, and environmental
analyses supports a terrestrial origin of Group I (table 1).

For Group I, the appropriate name Terrabacteria is
available, previously applied to a subset of phyla (Actino-
bacteria, Cyanobacteria, and Deinococcus–Thermus) in
a study involving fewer sequences (Battistuzzi et al.
2004). The current analysis differs in defining a larger land
clade (expanded to include Bacilli, Chloroflexi, Clostridia,
and Mollicutes), reconciling rRNA and protein tree differ-
ences, and integrating cytological and environmental data.
Fusobacteria may be an additional member of Terrabacteria
because its position varied from below the major Group I/
Group II split in the ML protein tree (weakly supported) to
within Group I in the Bayesian tree (strongly supported).
Members of Group II occupy diverse environments from

marine to terrestrial (Madigan et al. 2003). However, the
limited ecological information indicates that terrestrial
adaptations of Group II are mostly restricted to low taxo-
nomic levels (species and genera) rather than higher (de-
rived) levels. This would suggest an aquatic ancestor for
this group as a whole; and thus, we propose the name Hy-
drobacteria (from the Greek, hydro, water) in allusion to the
moist environment inferred for the common ancestor of
these species. Although specific environments appear to
have influenced the early evolutionary history of each of
the two major groups, many descendant species living
today are adapted to other environments.

Early Evolution

The earliest evidence of life in the fossil record is from
marine environments, 3.5 Ga (Schopf et al. 2007), whereas
ancient soils from South Africa (2.6 Ga) record the earliest
terrestrial ecosystems (Watanabe et al. 2000). Later in the
Precambrian, there is abundant evidence of terrestrial life
(Horodyski and Knauth 1994; Schwartzman 1999). To bet-
ter constrain the timing of the colonization of land, we es-
timated divergence times among lineages using Bayesian
and ML methods. The divergence of Terrabacteria and
Hydrobacteria was estimated to have occurred in the mid-
Archean, 3.18 Ga (2.83–3.54 Ga) (fig. 2), which is consis-
tent with both the origin of continents that occurred earlier
(4.0–3.8 Ga) (Hawkesworth and Kemp 2006; Rosing et al.
2006) and the first evidence of terrestrial ecosystems that
occurred later (2.6 Ga). Alternatively, assuming that the
Earth’s surface was not habitable until as late as 3.8 Ga (in-
stead of 4.2 Ga), the resulting estimates are ;4% to 5%
younger. A recent study on the effects of UV fluxes for ter-
restrial life (Cockell and Raven 2007) suggests that coloni-
zation of land was possible even before the establishment of
a protective ozone layer. This scenario agrees with our evo-
lutionary hypothesis of a land clade (Terrabacteria) in
which Cyanobacteria and, thus, oxygenic photosynthesis
(Raymond and Blankenship 2008) evolved after the colo-
nization of land (3.54–2.66 Ga). Although it is too soon to
conclude that all of the major adaptations of Terrabacteria—
including oxygenic photosynthesis and resistance to envi-
ronmental hazards—necessarily evolved on land, these re-
sults now leave open the possibility that terrestrial
adaptations may have played a larger role in prokaryote
evolution than currently understood.

Supplementary Material

Supplementary methodological information, tables
S1–S4, and figures S1–S7 are available at Molecular Biol-
ogy and Evolution online (http://www.mbe.oxfordjournals.
org/).
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