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INTRODUCTION: Bacteria are the most diverse
and abundant cellular organisms on Earth, and
in recent years environmental genomics has
revealed the existence of an enormous diver-
sity of previously unknown lineages. Despite
the abundance of genomic sequence data, the
root of the bacterial tree and the nature of the
most recent common ancestor of Bacteria have
remained elusive. The problem is that even
with the help of new data, tracing billions of
years of bacterial evolution back to the root
has remained challenging because standard
phylogenetic models do not account for the
full range of evolutionary processes that shape
bacterial genomes. In particular, standardmod-
els treat horizontal gene transfer as an imped-
iment to the reconstruction of the tree of life
thatmust be removed from analyses. But if hori-
zontal gene transfer is modeled appropriately, it
can provide information about the deep past
that is unavailable to standard methods.

RATIONALE: We reconstructed and rooted the
bacterial tree by applying a hierarchical phylo-
genomic approach that explicitly uses informa-
tion from gene duplications and losses within
a genome as well as gene transfers between
genomes. This approach allowed us to root the
tree without including an archaeal outgroup.
Outgroup-free rooting is a promising approach
for Bacteria, both because the position of the
universal root is uncertain and because the
long branch separating Bacteria from Archaea
has the potential to distort the reconstruction
of within-Bacteria relationships. Outgroup-free
gene tree-species tree reconciliation allowed us
to quantitatively model both the vertical and
horizontal components of bacterial evolution
and integrate information from 11,272 gene
families to resolve the root of the bacterial
tree. Notably, these analyses also provided
estimates of the gene content of the last bac-
terial common ancestor.

RESULTS:Our analyses place the root between
two major bacterial clades, the Gracilicutes
and Terrabacteria. We found no support for
a root between the Candidate Phyla Radiation
(CPR), a lineage comprising putative sym-
bionts and parasites with small genomes,
and all other Bacteria. Instead, the CPR was
inferred to be a member of the Terrabacteria
and formed a sister lineage to the Chloro-
flexota and Dormibacterota. This suggests
that the CPR evolved by reductive genome
evolution from free-living ancestors. Gene
families inferred to have been present at the
root indicate that the last bacterial common
ancestor was already a complex double-
membraned cell capable ofmotility and chem-
otaxis that possessed a CRISPR-Cas system.
Although ~92% of gene families have ex-
perienced horizontal transfers during their
history, tracing their evolution along the most
likely rooted tree revealed that about two-thirds
of gene transmissions have been vertical. Thus,
bacterial evolution has a major vertical com-
ponent, despite a profound impact of hori-
zontal gene transfer through time. Horizontal
gene flows can also provide insight into the
temporal sequence of events during bacterial
diversification, because donor lineages must
be at least as old as recipients. Analysis of
gene transfers in our dataset suggests that the
diversification of the Firmicutes, CPR, Acid-
obacteriota, and Proteobacteria is the oldest
among extant bacterial phyla.

CONCLUSION: The vertical and horizontal com-
ponents of genome evolution provide com-
plementary sources of information about
bacterial phylogeny. The vertical component
provides a robust framework for interpreting
species diversity and allows us to reconstruct
ancestral states, while the horizontal compo-
nent helps to root the vertical tree and orient it
in time. The inferred Gracilicutes-Terrabacteria
root will be useful for investigating the tem-
po and mode of bacterial diversification,
metabolic innovation, and changes in cell ar-
chitecture such as the evolutionary transitions
between double (diderm) and single (mono-
derm) membranes. Future development of
methods that harness the complementarity of
vertical and horizontal gene transmission will
continue to further our understanding of life
on Earth.▪
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A rooted phylogeny of Bacteria. The reconciliation of bacterial gene phylogenies places the root between
the major clades of Gracilicutes (including Proteobacteria and Bacteroidota) and Terrabacteria (including
Firmicutes and Cyanobacteria). On the basis of this hypothesis, ancestral genome reconstruction predicts
that the last bacterial common ancestor (LBCA) was a complex, double-membraned cell and that, on
average, two-thirds of gene transmissions have been vertically inherited along this rooted tree.
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A rooted phylogeny resolves early bacterial evolution
Gareth A. Coleman1†, Adrián A. Davín2†, Tara A. Mahendrarajah3, Lénárd L. Szánthó4,5, Anja Spang3,6,
Philip Hugenholtz2‡*, Gergely J. Szöllősi4,5,7‡*, Tom A. Williams1‡*

A rooted bacterial tree is necessary to understand early evolution, but the position of the root is contested.
Here, we model the evolution of 11,272 gene families to identify the root, extent of horizontal gene
transfer (HGT), and the nature of the last bacterial common ancestor (LBCA). Our analyses root the tree
between the major clades Terrabacteria and Gracilicutes and suggest that LBCA was a free-living
flagellated, rod-shaped double-membraned organism. Contrary to recent proposals, our analyses reject
a basal placement of the Candidate Phyla Radiation, which instead branches sister to Chloroflexota
within Terrabacteria. While most gene families (92%) have evidence of HGT, overall, two-thirds of gene
transmissions have been vertical, suggesting that a rooted tree provides a meaningful frame of reference
for interpreting bacterial evolution.

A
species tree captures the relationships
among organisms but requires a root to
provide the direction of evolution. Root-
ing deep radiations (1) is among the
greatest challenges in phylogenetics, and

there is no consensus on the root of the bac-
terial tree. On the basis of evidence (2–5) that
the root of the tree of life lies between Bacteria
and Archaea, early analyses with an archaeal
outgroup placed the bacterial root near Aquifi-
cales andThermotogales (6, 7) or Planctomycetes
(8). Alternative approaches, including analyses
of gene flows and the evolution of multimeric
protein complexes as well as other complex
characters (9), have instead suggested roots
within the monoderm (single-membrane) Bac-
teria (10) or between Chloroflexi and all other
cellular life (9). The development of techniques
for sequencing microbes directly from environ-
mental samples, without the need for labor-
atory cultivation, has greatly expanded the
genomic representation of natural prokaryotic
diversity (11–14). Recent phylogenomic analy-
ses of expanded sets of diverse bacteria have
placed the root between one of the recently
identified groups, the Candidate Phyla Radia-
tion [CPR, also knownasPatescibacteria (15, 16)]
and all other Bacteria (11, 16, 17). The CPR is
characterized by small cells and genomes that

appear to have predominantly symbiotic or
parasitic lifestyles, but much remains to be
learned about their ecology and physiology
(15, 17–19). If correct, the early divergence of
the CPR has important implications for our
understanding of the earliest period of cellular
evolution. Along with evidence that the root of
the archaeal domain lies between the reduced
and predominantly host-associated DPANN
superphylum (originally named after Diapher-
otrites, Parvarchaeota, Aenigmarchaeota, Nano-
archaeota, and Nanohaloarchaeota) and all
other Archaea (1, 20), the CPR root implies
that streamlined, metabolically minimalist pro-
karyotes have coexistedwith themore familiar,
self-sufficient lineages throughout the history
of cellular life (19, 21).
Improved taxon sampling can help to re-

solve evolutionary relationships (22, 23), and
the quantity and diversity of genome sequence
data now available presents an opportunity
to address long-standing questions about the
origins and diversification of Bacteria. How-
ever, deep phylogenetic divergences are diffi-
cult to resolve, both because the phylogenetic
signal for such relationships is overwritten by
new changes over time, and also because the
process of sequence evolution ismore complex
than the best-fitting models currently availa-
ble. In particular, variation in nucleotide or
amino acid composition across the sites of the
alignment and the branches of the tree can
induce long branch attraction (LBA) artifacts
in which deep-branching, fast-evolving, poorly
sampled or compositionally biased lineages
group together irrespective of their evolution-
ary history (24). These issues are widely ap-
preciated (11) but are challenging to address
adequately, particularly when sequences from
thousands of taxa (11, 13, 14, 16, 17) are used to
estimate trees of global prokaryotic diversity,
which precludes the use of the best-fitting
phylogenetic methods available.

Archaeal outgroup rooting does not
unambiguously establish the root
of the bacterial tree
The standard approach to rooting is to include
an outgroup in the analysis, and all published
phylogenies in which CPR forms a sister line-
age to the rest of the Bacteria (11, 16, 17) have
made use of an archaeal outgroup. Outgroup
rooting on the bacterial tree, however, has
three serious limitations. First, interpretation
of the results requires the assumption that the
root of the tree of life lies between Bacteria
and Archaea. While this is certainly the con-
sensus view, the available evidence is limited
and difficult to interpret (2–5, 25), and alter-
native hypotheses in which the universal root
is placed within Bacteria have been proposed
on the basis of indels (26, 27) or the analysis
of slow-evolving characters (9). Second, the
long branch leading to the archaeal outgroup
has the potential to distort within-Bacteria
relationships because of LBA. Third, joint analy-
ses of Archaea and Bacteria use a smaller num-
ber of genes that arewidely conserved andhave
evolved vertically since the divergence of the
two lineages, and sequence alignment is more
difficult owing to the low sequence identity
between homologs of the two domains.
We evaluated the performance of outgroup

rooting on a bacterial tree using 265 Bacteria
(see below) and 149 Archaea from a shared
subset of 29 phylogenetic markers (table S1).
Using this archaeal outgroup, the maximum
likelihood (ML) phylogeny under the best-
fitting model (LG+C60+R8+F, which accounts
for site heterogeneity in the substitution pro-
cess) placed the bacterial root between a clade
comprising Cyanobacteria, Margulisbacteria,
CPR, Chloroflexota, and Dormibacterota on
one side of the root and all other taxa on the
other (fig. S1). However, bootstrap support
for this root, and indeed many other deep
branches in both the bacterial and archaeal
subtrees, was low (50 to 80%). We therefore
used approximately unbiased (AU) tests (28)
to determine whether a range of published
alternative rooting hypotheses (table S2)
could be rejected, given the model and data.
The AU test asks whether the optimal trees
that are consistent with these other hypothe-
ses have a significantly worse likelihood score
than the ML tree. In this case, the likelihoods
of all tested trees were statistically indisting-
uishable (AU test, P > 0.05, table S2), indicat-
ing that outgroup rooting cannot resolve the
bacterial root on this alignment.

An alternative to outgroup rooting for deep
microbial phylogeny

Given the limitations of using a remote archaeal
outgroup to establish the root of the bacterial
tree, we explored outgroup-free rooting using
gene tree-species tree reconciliation (1, 29–31).
We recently applied this approach to root the
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archaeal tree (1), and similar approaches have
been used to investigate the root of eukaryotes
(32, 33) and to map and characterize whole-
genome duplications in plants (34). Gene tree-
species tree reconciliation methods work by
adding a layer to the standard framework for
inferring trees frommolecular data. This ad-
ditional step models the way in which gene
trees can differ from each other and the over-
arching rooted species tree. Substitutionmodels
[such as LG (35)] describe how the constituent
sequences of a gene family evolve along a gene
tree via a series of amino acid substitutions
that allow us to infer the most likely gene
tree. Reconciliation models describe how a
gene tree evolves along the rooted species tree,
beginning with gene birth (origination) and
followed by a combination of vertical descent
and events such as gene duplications, transfers,
and losses (this series of events is known as a
DTL reconciliation). Combining the substitution-
based modeling of sequences along the gene
tree with the reconciliation-basedmodeling of
gene trees along a rooted species tree allows
us to infer the most likely rooted species tree
from the constituent gene families. In other
words, reconciliation methods aggregate phy-
logenetic signal across gene families and, be-
cause the likelihood of reconciliations depends
on the position of the root, can be used to test
the support for competing root positions (1, 29),
providing a genome-wide (and gene transfer–
aware) extension of the classical approach used
to root the tree of life on the basis of ancient
gene duplications (3, 4).
Our method, amalgamated likelihood esti-

mation (ALE), improves on earlier approaches
by explicitly accounting for uncertainty in the
gene tree topologies and in the events leading
to those topologies while simultaneously esti-
mating rates of gene duplication, transfer, and
loss directly from the data (31). Simulations
suggest that root inferences under ALE are
robust to variation in taxon sampling and the
proportion of extinct lineages (fig. S2), that the
method finds the correct root even under high
levels of gene transfer (1, 29), and that the num-
bers of D, T, and L events are accurately re-
covered from the data (figs. S3 to S8). These
results suggest that ALE is appropriate for
the problem at hand (36).

Rooting Bacteria without an outgroup

To obtain an unrooted species tree for ALE
analysis, we selected a focal dataset of 265
genomes representative of bacterial diversity
according to the Genome Taxonomy Database
(GTDB) (13). We inferred the tree from a con-
catenation of 62 conserved single-copymarkers
(table S1) using the LG+C60+R8+F model in
IQ-Tree 1.6.10 (Fig. 1), which was chosen as the
best-fittingmodel using the Bayesian informa-
tion criterion (BIC) (37). This yielded highly
congruent trees when removing 20 to 80% of

the most compositionally heterogeneous sites
from the alignment (fig. S9), suggesting that
the key features of the topology are not
composition-driven LBA artifacts. One excep-
tion was the position of the Fusobacteriota,
which was recovered as a sister lineage to a
clade comprising Deinococcota, Synergistota,
and Thermotogota (DST) when 20% of the
most heterogeneous sites were removed (fig.
S9A) but was recovered as a single lineage be-
tweenTerrabacteria plus DST andGracilicutes
in all other trees.
We used ALE to test the support for 62 root

positions (tables S3 and S4) on the unrooted
topology by reconciling gene trees for 11,272
homologous gene families [inferred usingMCL
(38)] from the 265 bacterial genomes. Note
that thismethod does not assume that the root
lies between Bacteria andArchaea. In addition
to testing root positions corresponding to pub-
lished hypotheses, we exhaustively tested all
inner nodes of the tree above the phylum level.
The ALE analysis rejected all of the root posi-
tions tested (AU test, P < 0.05) except for three
adjacent branches, lying between the two
major clades of Gracilicutes (comprising most
diderm lineages) and Terrabacteria (compris-
ing monoderm and atypical diderm line-
ages) (Fig. 1); the difference between the
three root positions was the position of the
Fusobacteriota in relation to these two major
clades (Fig. 1B). Alternative roots were rejected
with increasing confidence as distance from
the optimal root region increased (Fig. 1C and
table S3).
We tested the robustness of the inferred

root region by (i) excluding gene families with
extreme duplication, transfer, or loss rates; (ii)
repeating the analysis using gene families con-
structed with an assignment to families in the
Clusters of Orthologous Genes (COG) (39) onto-
logy; and (iii) repeating the analysis on a sec-
ondary independent sampling of the tree, in
which CPRmakes up 40% of the genomes (11)
(figs. S10 to S13 and table S5). These analyses
consistently recovered the root between the
Gracilicutes and Terrabacteria, regardless of
thepositionof theFusobacteriota. AGracilicutes-
Terrabacteria root was previously reported
(40, 41), but these studies did not include the
CPR, which has recently been suggested to
represent the earliest diverging bacterial line-
age (11, 16). Our outgroup-free analysis con-
sistently recovered CPR nested within the
Terrabacteria, as a sister clade to Chloroflexota
andDormibacterota, evenwith CPR represent-
ing more than 40% of the taxa included. This
finding implies that the CPR evolved by ge-
nome reduction from a free-living ancestor, a
scenario that has been proposed previously (21).
Transfers contain information about the rel-

ative timing of divergences, because for each
transfer, the donor must be at least as old as
the recipient (42, 43). To establish the relative

ages of the crown groups of different phyla, we
used high-confidence relative age constraints
recovered in at least 95 of 100 bootstrap rep-
licates common to the focal and secondary
datasets (36). Simulations suggest that this
approach accurately recovers relative clade ages
(98.4% accuracy on a simulated dataset the
same size as the focal dataset, fig. S14). Our
analysis (Fig. 2) predicts that the Firmicutes
crown group is the oldest among extant bac-
terial phyla (median rank: 2 ± 1.43 SD) fol-
lowed by the crown groups of the CPR (median
rank: 3 ± 2), Proteobacteria (median rank: 3 ±
1.59), and Acidobacteriota (median rank: 3 ±
1.56), suggesting that these lineages were the
earliest to diversify within Bacteria. The crown
groups of lineages predominantly associated
with animal hosts, Spirochaetota (median rank:
10 ± 0.85) and Elusimicrobiota (median rank:
11 ± 0.62), appear to be the youngest among
extant phyla.

Is bacterial evolution treelike?

How much of bacterial evolution can be ex-
plained by the concept of a rooted species
tree? Horizontal gene transfer (HGT) is fre-
quent in prokaryotes, and published analyses
indicate that most or all prokaryotic gene fam-
ilies have experienced HGT during their his-
tory (1, 44). This implies that there is no single
tree that fully describes the evolution of all
bacterial genes or genomes (45, 46). Extensive
HGT is existentially challenging for concate-
nation, because it greatly curtails the number
of genes that evolve on a single underlying tree
(47). Phylogenetic networks (46, 48) were the
first methods to explicitly acknowledge non-
vertical evolution, but they can be difficult to
interpret biologically. Gene tree-species tree
reconciliation unites tree and network-based
approaches by modeling both the horizontal
components of genome evolution (a fully re-
ticulated network allowing all possible transfers)
and the vertical trace (a common rooted spe-
cies tree). This framework enables us to quan-
tify the contributions of vertical and horizontal
processes to bacterial evolutionary history.
Our analyses (Fig. 3) reveal that most bac-

terial gene families present in two or more
species (9678 of 10,518MCL families, or 92%)
have experienced at least one gene transfer
during their evolution; only very small fami-
lies have escaped transfer entirely on the time
scales considered here (fig. S15). Consistent
with previous analyses (1, 49), transfer rates
vary across gene functional categories, with
genes encoding proteins involved in defense
mechanisms (such as antibiotic biosynthesis)
and in the production of secondary metabo-
lites being the most frequently transferred,
and those coding for translational and cell
cycle proteins the least (Fig. 3B). Despite this
accumulation of HGT, most gene families
evolve vertically the majority of the time, with
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mean verticality estimated to be 64% in the
focal and 68% in the secondary dataset.
Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the

Coleman et al., Science 372, eabe0511 (2021) 7 May 2021 4 of 9

older
A B

Order of diversification (oldest to youngest)

Terrabacteria

Gracilicutes

CPR

Chloroflexota

Actinobacteriota

Firmicutes

Spirochaeotota

Elusimicrobiota

Proteobacteria

Acidobacteriota

Verrucomicrobiota

Bacteroidota

Cyanobacteria

Cya
nobac

te
ria

Chlo
ro

fle
xo

ta
CPR

Firm
icu

te
s

Act
in

obac
te

rio
ta

Spiro
ch

ae
to

ta

Elu
sim

icr
obio

ta

Pro
te

obac
te

ria

Acid
obac

te
rio

ta

Ver
ru

co
m

icr
obio

ta

Bac
te

ro
id

ota

Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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species tree (36). In the following reconstruc-
tion, we indicate when gene content inferences
differ between roots (36). Posterior probabil-
ities (PPs) for genes directly relevant to our
reconstruction are provided in table S7, and
all of the pathways we discuss below were con-
firmed in our analysis of the secondary dataset
(36). From the root placement and estimated
rates of gene family extinction in the focal
analysis (1), we predict that LBCA encoded 1293

to 2143 COG family members, the majority of
which (median estimates: 65 to 69.5%; 95%
confidence interval: 57 to 82%) survived to be
sampled in at least one present-day genome.
On the basis of the relationship between COG
family members and genome size for extant
Bacteria (Pearson’s correlation coefficient =
0.96, P = 8 × 10−153), we estimate the genome
size of LBCA to be 2.7 ± 0.4 Mb (SE) for root
1 of the focal analysis (Fusobacteriota with

Terrabacteria) (Fig. 1B), 2.6 ± 0.4Mb for root 2
(Fusobacteriota with Gracilicutes), and 1.6 ±
0.5 Mb for root 3 (Fusobacteriota root). Under
all three roots, the trend in genome size evo-
lution fromLBCA tomodern taxa is an ongoing
moderate increase through time in estimated
COG family complements and genome sizes.
The most notable departure from this trend
is a reduction in genome size of between 0.47
and 0.56 Mb on the CPR stem lineage after
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Fig. 3. The verticality of bacterial genome evolution. (A) The rooted bacterial
species tree (Fig. 1), with branches colored according to verticality: the fraction
of genes at the bottom of a branch that descend vertically from the top of that
branch (see inset; V, vertical; O, origination; T, transfer into a branch) (36). Node
heights reflect relative time order consistent with highly supported gene
transfers (Fig. 2). (B) Transfer propensity by COG functional category; that is,
the proportion of gene tree branches that are horizontal T/(V+T) for COG gene
families. Genes involved in information processing, particularly translation (J),
show the lowest transfer propensity (median: 0.31), while genes involved in cell

defense mechanisms (V, such as genes involved in antibiotic defense and
biosynthesis) are most frequently transferred (median transfer propensity: 0.47).
(C) From the genome’s eye view, this combination of vertical and horizontal
processes gives rise to a distribution of gene persistences (residence times),
reflecting the point in evolutionary history [within the Crown group, on the Stem,
or earlier (Before)] at which the gene was most recently acquired. Across all
phyla examined, 82% of genes on sampled genomes were most recently
acquired since the crown group radiation of that phylum. Lineage acronyms are
as in Fig. 1.
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divergence from their common ancestor with
Chloroflexota and Dormibacterota (fig. S16).
COG families lost on the CPR stem include
components of the electron transport chain,
carbon metabolism, flagellar biosynthesis and
motor switch proteins, amino acid biosynthe-
sis, the Clp protease subunit ClpX, and RNA
polymerase sigma factor-54 (table S8), consist-
ent with their absence in extant CPR (18).
The inferred ancestral gene set for LBCA

includes most components of the modern bac-
terial transcription, translation, and DNA repli-
cation systems (table S7). This gene set also
includes an FtsZ-based cell division machin-
ery and pathways for signal transduction,
membrane transport, and secretion (Fig. 4)
(36). Further, we identified proteins involved
in bacterial phospholipid biosynthesis, suggest-
ing that LBCA had bacterial-type ester-lipid
membranes (Fig. 4). We also identified most
of the proteins required for flagella and pili
synthesis and those for quorum sensing, sug-

gesting that LBCA was motile (51, 52). Given
that bacterial genes are typically maintained
by strong purifying selection (53), these find-
ings imply that LBCA lived in an environment
in which dispersal, chemotaxis, and surface
attachment were advantageous.
Moderate support for the presence of the

shape-determining proteins MreB (PP = 0.9,
0.88, and 0.73 for roots 1 to 3, respectively, as
depicted in Fig. 1B), MreC (PP = 0.82/0.79/
0.57), and MreD (PP = 0.86/0.83/0.63) at the
root suggests that LBCAwas a rod-shaped cell
(52). We also obtained high root PPs for pro-
teins mediating outer cell envelope biosynthe-
sis, including lipopolysaccharides (LPSs), from
which we infer that LBCA had a double mem-
brane with an LPS layer (36). Consistent with
this inference, there was strong support for
the flagellar subunits FlgH, FlgI, and FgA,
which anchor flagella in diderm membranes
(54), and for the type IV pilus subunit PilQ,
which among extant bacteria is specific to di-

derms (54, 55). Altogether, this supports hypothe-
ses (9) in which LBCA was a diderm (54–56)
and argues against scenarios in which the
Gram-negative double membrane originated
by endosymbiosis betweenmonoderms [single-
membraned bacteria (10)] or via the arrest of
sporulation (57) in a spore-formingmonoderm
ancestor. Thus, diderm-to-monoderm transi-
tions must have occurred subsequently on
multiple occasions within Bacteria (54–56).
We recovered components of several core

pathways for carbohydrate metabolism with
high posterior support, including glycolysis,
the tricarboxylic acid (TCA) cycle, and the pen-
tose phosphate pathway (Fig. 4, figs. S17 and
S18, and table S7) (36). Modern bacteria fix
carbon using several different pathways, in-
cluding the Calvin cycle, the 3-hydroxypropionate
bicycle and variations thereof, the reductive
glycine pathway (58), the Wood-Ljungdahl
pathway (WLP), and the reverse TCA cycle, of
which the latter two have been suggested to
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Fig. 4. Ancestral reconstruction of the last bacterial common ancestor
(LBCA). The reconstruction is based on genes that could be mapped to at least
one branch within the root region with a PP > 0.5 (figs. S17 and S18) (36).
The presence of a gene within a pathway is indicated as shown in the key. Our
analyses suggest that LBCA was a rod-shaped, motile, flagellated double-
membraned cell. We recover strong support for central carbon pathways,

including glycolysis, the TCA cycle, and the pentose phosphate pathway. We
did not find unequivocal evidence for the presence of a carbon fixation pathway,
but we did find moderate support for components of both the WLP and the
reverse TCA cycle. Although not depicted here, our analyses suggest that the
machinery for core information processing and quorum sensing was also present
in LBCA (table S7).

RESEARCH | RESEARCH ARTICLE
on M

ay 14, 2021
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


have emerged early in the history of life
(41, 59–63). Of these, we identified several en-
zymes of the TCA cycle and the reductive gly-
cine pathway, although we did not recover the
key enzymes of either pathway, and the direc-
tionality of the recovered enzymes is difficult
to assess (64) (Fig. 4 and figs. S17 and S18).
Furthermore, we identified several enzymes of
the methyl branch of the WLP for acetate bio-
synthesis and components of a putative Rho-
dobacter nitrogen-fixing (RNF) complex (Fig. 4
and figs. S17 and S18), which together may in-
dicate that LBCA was capable of acetogenic
growth (36, 65). However, the key enzyme of
the WLP, the carbon monoxide dehydrogenase/
acetyl coenzyme A synthase complex (41), had
only moderate root support (PP = 0.5 to 0.75)
for two subunits and low support (PP < 0.5) for
other subunits. Thus, while our analyses sup-
port the antiquity of components of the WLP,
acetogenesis, the TCA cycle, and several other
core metabolic pathways, they do not confi-
dently establish the combination of pathways
used by LBCA (36).
Finally, our reconstruction also indicated

high posterior support for elements of an ad-
aptive immune CRISPR-Cas system (66, 67),
including the universally conserved Cas endo-
nuclease, Cas1 (PP = 0.96/0.93/0.89), essen-
tial for spacer acquisition and insertion into
CRISPR cassettes (68, 69). Among other roles,
CRISPR systems are crucial in antiviral de-
fense and are activated in response to viral
exposure (70); therefore, these findings are
consistent with hypotheses suggesting that
LBCA was already coevolving with parasitic
replicators such as bacteriophages and plas-
mids (71, 72).

Vertical and horizontal evolution
are complementary

Here, we have used reconciliation methods to
model both the vertical and horizontal com-
ponents of bacterial evolution. These compo-
nents are complementary, illuminating different
facets of bacterial evolution, and we show that
the horizontal component can be used to root
and orient the vertical tree. Our analyses root
the Bacteria between two major clades, the
Terrabacteria and Gracilicutes, in contrast to
recent outgroup-rooted analyses that place the
root on the CPR branch. Instead, we predict
that CPR evolved from a common ancestor with
the Chloroflexota and Dormibacterota by reduc-
tive evolution. We infer that the last bacterial
common ancestor was a fully fledged free-living
diderm cell with an LPS layer, a multimeric
flagellum, and a type III CRISPR-Cas system.
Phylogenetic models are necessarily simpli-

fied, and there is much work to be done to
better capture the full heterogeneity of the
evolutionary process in the reconciliation
framework, from varying diversification rates
to endosymbioses. With increased sampling

and improved methods, reconciliation analy-
ses should be able to probe still deeper into the
early evolutionary history of life on Earth.

Methods summary
Phylogenetics

We used two alternative approaches to assem-
ble representative sets of bacterial genomes.
In the focal analysis, we sampled 265 genomes
evenly from across the GTDB taxonomy (13).
In the secondary analysis, we sampled 341 ge-
nomes according to the diversity of major
bacterial lineages reported in a previous study
(11). We used the OMA (73) algorithm to iden-
tify candidate single-copy orthologs and man-
ually inspected initial single gene trees to
identify a set of 62 congruent phylogenetic
markers. Sequences were aligned using MAFFT
7.453 (74) and trimmed using BMGE 1.12 (75)
with the BLOSUM30matrix. Unrooted species
trees were inferred from a concatenation of
the 62markers under the LG+C60+R8+Fmod-
el in IQ-TREE 1.6.10 (76), which was the best-
fitting model according to the BIC (37). To
perform outgroup rooting analyses, we searched
the genomes of 148 Archaea for orthologs of the
62-marker gene set and identified a subset of
29 genes with congruent single-gene phyloge-
nies. AU tests (28) were performed in IQ-TREE.

Gene tree-species tree reconciliation

To infer gene families, we performed all-versus-
all DIAMOND (77) searches among the input
protein sets and clustered the results using the
MCL algorithm (38) with an inflation param-
eter of 1.2. Gene clusters were aligned and
trimmed as described above, and bootstrap
distributions inferred under the best-fitting
model in IQ-TREE. We used ALEml_undated
(31) to perform gene tree-species tree recon-
ciliation. The relative ages of bacterial crown
groups were estimated with MaxTiC (43) using
only those transfer-based age constraints that
were recovered in both the focal and second-
ary datasets. Estimates of gene family and
lineage verticality were averaged over the re-
conciliations obtained in the focal analysis
when rooting on each of the three candidate
branches in the root region.

Simulations and sensitivity analyses

To evaluate ALE performance, we simulated
gene family evolution using Zombi (78) com-
bined with rejection sampling to obtain sets
of simulated gene families similar to the real
data in terms of inferred DTL events. We then
compared simulated and inferred numbers
of events under a range of conditions (36).
To evaluate the robustness of root inferences,
we ordered gene families by decreasing DTL
rates, rate ratios, and a range of other proxies
for lack of informativeness and potential for
introducing bias (36) and compared the like-
lihoods of competing root hypotheses as in-

creasing proportions of gene families were
excluded from the calculation.

Ancestral metabolic reconstruction

We inferred COG gene families by assigning
the sequences on each sampled genome to
gene families from the COGontology (39) using
eggNOG-mapper 2 (79), which were then used
to performgene tree-species tree reconciliation.
Root origination probabilities for each of the
23 COG functional categories were inferred by
maximizing the total reconciliation likelihood
over all gene families in that category. These
category-specific probabilities for origination
at the root were then used to estimate the PP
that each gene family was present at the root
of the tree. To infer the gene family content
and metabolic repertoire of LBCA, functional
annotations of protein sequences were ob-
tained and assigned to COG families present
at the root. The LBCA proteome was recon-
structed taking into account the respective PPs
for key gene families and metabolic pathways.
A detailed account of all analyses is provided
in the supplementary methods (36).
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