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The structure of biological systems, from molecules to ecosystems, is the result of a long evolutionary 

process that began over 3 billion years ago. The idea that studying the pattern and process of 

evolution is the key to understanding living systems is now becoming widely accepted.
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Different types of molecules are discussed in relation to their fitness for 
providing the basis for a molecular phylogeny. Best fit are the 
“semantides”, i.e. the different types of macromolecules that carry the 
genetic information or a very extensive translation thereof. The fact that 
more than one coding triplet may code for a given amino acid residue in a 
polypeptide leads to the notion of “isosemantic substitutions” in genie 
and messenger polynucleotides. Such substitutions lead to differences in 
nucleotide sequence that are not expressed by differences in amino acid 
sequence. Some possible consequences of isosemanticism are discussed. 

1. The Chemical Basis for a Molecular Phylogeny 

Of all natural systems, living matter is the one which, in the face of great 

transformations, preserves inscribed in its organization the largest amount of 

its own past history. Using Hegel’s expression, we may say that there is no 

other system that is better aufgehoben (constantly abolished and simultan- 

eously preserved). We may ask the questions where in the now living systems 

the greatest amount of their past history has survived and how it can be 

extracted. 

At any level of integration, the amount of history preserved will be the 
greater, the greater the complexity of the elements at that level and the smaller 

the parts of the elements that have to be affected to bring about a significant 

change. Under favorable conditions of this kind, a recognition of many 

differences between two elements does not preclude the recognition of their 

similarity. 
One may classify molecules that occur in living matter into three categories, 

designated by new terms, according to the degree to which the specific 

information contained in an organism is reflected in them: 
(1) Semantophoretic molecules or semantides-molecules that carry the 

information of the genes or a transcript thereof. The genes themselves are the 
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We [..] ask the questions where in the now living systems the greatest amount of 

their past history has survived and how it can be extracted.[..] 

Best fit are the “semantides”, i.e. the different types of macromolecules that carry 

the genetic information or a very extensive translation thereof. [..] 

Using Hegel’s expression, we may say that there is no other system that is better 

aufgehoben (constantly abolished and simultaneously preserved).

and cattle  fetal chains, and differ in  the cattIe adult chain. 

Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and the gene present in the descent of the Primates prior to the 
appearance of the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 

obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot be taken seriously  as long as it remains single. 

As mentioned, the absence of one residue at or next to  the N-terminus 
of chains seems to be limited to a relatively small group of 

mammals. We may therefore assume that we  are dealing with a deletion 

hemoglobin
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ABSTRACT A phylogenetic analysis based upon ribosomal
RNA sequence characterization reveals that living systems
represent one of three aboriginal lines of descent: (i) the eu-
bacteria, comprising all typical bacteria; (ii) the archaebacteria,
containing methanogenic bacteria; and (iii) the urkaryotes, now
represented in the cytoplasmic component of eukaryotic
cells.

The biologist has customarily structured his world in terms of
certain basic dichotomies. Classically, what was not plant was
animal. The discovery that bacteria, which initially had been
considered plants, resembled both plants and animals less than
plants and animals resembled one another led to a reformula-
tion of the issue in terms of a yet more basic dichotomy, that of
eukaryote versus prokaryote. The striking differences between
eukaryotic and prokaryotic cells have now been documented
in endless molecular detail. As a result, it is generally taken for
granted that all extant life must be of these two basic types.

Thus, it appears that the biologist has solved the problem of
the primary phylogenetic groupings. However, this is not the
case. Dividing the living world into Prokaryotae and Eukar-
yotae has served, if anything, to obscure the problem of what
extant groupings represent the various primeval branches from
the common line of descent. The reason is that eukaryote/
prokaryote is not primarily a phylogenetic distinction, although
it is generally treated so. The eukaryotic cell is organized in a
different and more complex way than is the prokaryote; this
probably reflects the former's composite origin as a symbiotic
collection of various simpler organisms (1-5). However striking,
these organizational dissimilarities do not guarantee that eu-
karyote and prokaryote represent phylogenetic extremes.
The eukaryotic cell per se cannot be directly compared to

the prokaryote. The composite nature of the eukaryotic cell
makes it necessary that it first be conceptually reduced to its
phylogenetically separate components, which arose from an-
cestors that were noncomposite and so individually are com-
parable to prokaryotes. In other words, the question of the
primary phylogenetic groupings must be formulated solely in
terms of relationships among "prokaryotes"-i.e., noncomposite
entities. (Note that in this context there is no suggestion a priori
that the living world is structured in a dichotomous way.)
The organizational differences between prokaryote and

eukaryote and the composite nature of the latter indicate an
important property of the evolutionary process: Evolution seems
to progress in a "quantized" fashion. One level or domain of
organization gives rise ultimately to a higher (more complex)
one. What "prokaryote" and "eukaryote" actually represent
are two such domains. Thus, although it is useful to define
phylogenetic patterns within each domain, it is not meaningful

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
"advertisement" in accordance with 18 U. S. C. §1734 solely to indicate
this fact.

to construct phylogenetic classifications between domains:
Prokaryotic kingdoms are not comparable to eukaryotic ones.
This should be recognized by, an appropriate terminology. The
highest phylogenetic unit in the prokaryotic domain we think
should be called an "urkingdom"-or perhaps "primary
kingdom." This would recognize the qualitative distinction
between prokaryotic and eukaryotic kingdoms and emphasize
that the former have primary evolutionary status.
The passage from one domain to a higher one then becomes

a central problem. Initially one would like to know whether this
is a frequent or a rare (unique) evolutionary event. It is tradi-
tionally assumed-without evidence-that the eukaryotic
domain has arisen but once; all extant eukaryotes stem from a
common ancestor, itself eukaryotic (2). A similar prejudice holds
for the prokaryotic domain (2). [We elsewhere argue (6) that
a hypothetical domain of lower complexity, that of "pro-
genotes," may have preceded and given rise to the prokaryotes.]
The present communication is a discussion of recent findings
that relate to the urkingdom structure of the prokaryotic do-
main and the question of its unique as opposed to multiple or-
igin.

Phylogenetic relationships cannot be reliably established in
terms of noncomparable properties (7). A comparative ap-
proach that can measure degree of difference in comparable
structures is required. An organism's genome seems to be the
ultimate record of its evolutionary history (8). Thus, compar-
ative analysis of molecular sequences has become a powerful
approach to determining evolutionary relationships (9, 10).
To determine relationships covering the entire spectrum of

extant living systems, one optimally needs a molecule of ap-
propriately broad distribution. None of the readily character-
ized proteins fits this requirement. However, ribosomal RNA
does. It is a component of all self-replicating systems; it is readily
isolated; and its sequence changes but slowly with time-per-
mitting the detection of relatedness among very distant species
(11-13). To date, the primary structure of the 16S (18S) ribo-
somal RNA has been characterized in a moderately large and
varied collection of organisms and organelles, and the general
phylogenetic structure of the prokaryotic domain is beginning
to emerge.
A comparative analysis of these data, summarized in Table

1, shows that the organisms clearly cluster into several primary
kingdoms. The first of these contains all of the typical bacteria
so far characterized, including the genera Acetobacterium,
Acinetobacter, Acholeplasma, Aeromonas, Alcaligenes, An-
acystis, Aphanocapsa, Bacillus, Bdellovbrio, Chlorobium,
Chromatium, Clostridium, Corynebacterium, Escherichia,
Eubacterium, Lactobacillus, Leptospira, Micrococcus, My-
coplasna, Paracoccus, Photobacteriurn, Propionibacterium,

* Present address: Department of Biophysical Sciences, University of
Houston, Houston, TX 77004.
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Table 1. Association coefficients (SAB) between representative members of the three primary kingdoms

1 2 3 4 5 6 7 8 9 10 11 12 13

1. Saccharomyces cerevisiae, 18S - 0.29 0.33 0.05 0.06 0.08 0.09 0.11 0.08 0.11 0.11 0.08 0.08
2. Lemna minor, 18S 0.29 - 0.36 0.10 0.05 0.06 0.10 0.09 0.11 0.10 0.10 0.13 0.07
3. L cell, 18S 0.33 0.36 0.06 0.06 0.07 0.07 0.09 0.06 0.10 0.10 0.09 0.07

4. Escherichia coli 0.05 0.10 0.06 - 0.24 0.25 0.28 0.26 0.21 0.11 0.12 0.07 0.12
5. Chlorobium vibrioforme 0.06 0.05 0.06 0.24 - 0.22 0.22 0.20 0.19 0.06 0.07 0.06 0.09
6. Bacillus firmus 0.08 0.06 0.07 0.25 0.22 - 0.34 0.26 0.20 0.11 0.13 0.06 0.12
7. Corynebacterium diphtheriae 0.09 0.10 0.07 0.28 0.22 0.34 - 0.23 0.21 0.12 0.12 0.09 0.10
8. Aphanocapsa 6714 0.11 0.09 0.09 0.26 0.20 0.26 0.23 - 0.31 0.11 0.11 0.10 0.10
9. Chloroplast (Lemna) 0.08 0.11 0.06 0.21 0.19 0.20 0.21 0.31 - 0.14 0.12 0.10 0.12

10. Methanobacterium thermoautotrophicum 0.11 0.10 0.10 0.11 0.06 0.11 0.12 0.11 0.14 - 0.51 0.25 0.30
11. M. ruminantium strain M-1 0.11 0.10 0.10 0.12 0.07 0.13 0.12 0.11 0.12 0.51 - 0.25 0.24
12. Methanobacterium sp., Cariacoisolate JR-1 0.08 0.13 0.09 0.07 0.06 0.06 0.09 0.10 0.10 0.25 0.25 - 0.32
13. Methanosarcina barkeri 0.08 0.07 0.07 0.12 0.09 * 0.12 0.10 0.10 0.12 0.30 0.24 0.32 -

The 16S (18S) ribosomal RNA from the organisms (organelles) listed were digested with T1 RNase and the resulting digests were subjected
to two-dimensional electrophoretic separation to produce an oligonucleotide fingerprint. The individual oligonucleotides on each fingerprint
were then sequenced by established procedures (13, 14) to produce an oligonucleotide catalog characteristic of the given organism (3, 4, 13-17,
22, 23; unpublished data). Comparisons of all possible pairs of such catalogs defines a set of association coefficients (SAB) given by: SAB =
2NAB/(NA + NB), in which NA, NB, and NAB are the total numbers of nucleotides in sequences of hexamers or larger in the catalog for organism
A, in that for organism B, and in the interreaction of the two catalogs, respectively (13, 23).

Pseudomonas, Rhodopseudomonas, Rhodospirillum, Spiro-
chaeta, Spiroplasma, Streptococcus, and Vibrio (refs. 13-17;
unpublished data). The group has three major subdivisions, the
blue-green bacteria and chloroplasts, the "Gram-positive"
bacteria, and a broad "Gram-negative" subdivision (refs. 3, 4,
13-17; unpublished data). It is appropriate to call this urking-
dom the eubacteria.
A second group is defined by the 18S rRNAs of the eukaryotic

cytoplasm-animal, plant, fungal, and slime mold (unpublished
data). It is uncertain what ancestral organism in the symbiosis
that produced the eukaryotic cell this RNA represents. If there
had been an "engulfing species" (1) in relation to which all the
other organisms were endosymbionts, then it seems likely that
18S rRNA represents that species. This hypothetical group of
organisms, in one sense the major ancestors of eukaryotic cells,
might appropriately be called urkaryotes. Detailed study of
anaerobic amoebae and the like (18), which seem not to contain
mitochondria and in general are cytologically simpler than
customary examples of eukaryotes, might help to resolve this
question.

Eubacteria and urkaryotes correspond approximately to the
conventional categories "prokaryote" and "eukaryote" when
they are used in a phylogenetic sense. However, they do not
constitute a dichotomy; they do not collectively exhaust the class
of living systems. There exists a third kingdom which, to date,
is represented solely by the methanogenic bacteria, a relatively
unknown class of anaerobes that possess a unique metabolism
based on the reduction of carbon dioxide to methane (19-21).
These "bacteria" appear to be no more related to typical
bacteria than they are to eukaryotic cytoplasms. Although the
two divisions of this kingdom appear as remote from one an-
other as blue-green algae are from other eubacteria, they
nevertheless correspond to the same biochemical phenotype.
The apparent antiquity of the methanogenic phenotype plus
the fact that it seems well suited to the type of environment
presumed to exist on earth 3-4 billion years ago lead us tenta-
tively to name this urkingdom the archaebacteria. Whether or
not other biochemically distinct phenotypes exist in this king-
dom is clearly an important question upon which may turn our
concept of the nature and ancestry of the first prokaryotes.

Table 1 shows the three urkingdoms to be equidistant from

one another. Because the distances measured are actually
proportional to numbers of mutations and not necessarily to
time, it cannot be proven that the three lines of descent
branched from the common ancestral line at about the same
time. One of the three may represent a far earlier bifurcation
than the other two, making there in effect only two urkingdoms.
Of the three possible unequal branching patterns the case for
which the initial bifurcation defines urkaryotes vs. all bacteria
requires further comment because, as we have seen, there is a
predilection to accept such a dichotomy.
The phenotype of the methanogens, although ostensibly

"bacterial," on close scrutiny gives no indication of a specific
phylogenetic resemblance to the eubacteria. For example,
methanogens do have cell walls, but these do not contain pep-
tidoglycan (24). The biochemistry of methane formation ap-
pears to involve totally unique coenzymes (23, 25, 26). The
methanogen rRNAs are comparable in size to their eubacterial
counterparts, but resemble the latter specifically in neither
sequence (Table 1) nor in their pattern of base modification
(23). The tRNAs from eubacteria and eukaryotes are charac-
terized by a common modified sequence, T*CG; methanogens
modify this tRNA sequence in a quite different and unique way
(23). It must be recognized that very little is known of the
general biochemistry of the methanogens-and almost nothing
is known regarding their molecular biology. Hence, although
the above points are few in number, they represent most of
what is now known. There is no reason at present to consider
methanogens as any closer to eubacteria than to the "cyto-
plasmic component" of the eukaryote. Both in terms of rRNA
sequence measurement and in terms of general phenotypic
differences, then, the three groupings appear to be distinct
urkingdoms.

If a third urkingdom exists, does this suggest that many more
such will be found among yet to be characterized organisms?
We think not, although the matter clearly requires an exhaus-
tive search. As seen above, the number of species that can be
classified as eubacteria is moderately large. To this list can be
added Spirillum and Desulfovibrio, whose rRNAs appear
typically eubacterial by nucleic acid hybridization measure-
ments (27). Because the list is also phenotypically diverse, it
seems unlikely that many, if any, of the yet uncharacterized
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ABSTRACT All extant organisms are thought to be clas-
sified into three primary kingdoms, eubacteria, eukaryotes,
and archaebacteria. The molecular evolutionary studies on the
origin and evolution of archaebacteria to date have been
carried out by inferring a molecular phylogenetic tree of the
primary kingdoms based on comparison of a single molecule
from a variety of extant species. From such comparison, it was
not possible to derive the exact evolutionary relationship among
the primary kingdoms, because the root of the tree could not
be determined uniquely. To overcome this difficulty, we com-
pared a pair of duplicated genes, elongation factors Tu and G,
and the a and f3 subunits ofATPase, which are thought to have
diverged by gene duplication before divergence of the primary
kingdoms. Using each protein pair, we inferred a composite
phylogenetic tree with two clusters corresponding to different
proteins, from which the evolutionary relationship of the
primary kingdoms is determined uniquely. The inferred com-
posite trees reveal that archaebacteria are more closely related
to eukaryotes than to eubacteria for all the cases. By bootstrap
resamplings, this relationship is reproduced with probabilities
of 0.96, 0.79, 1.0, and 1.0 for elongation factors Tu and G and
for ATPase subunits a and ., respectively. There are also
several lines of evidence for the close sequence similarity
between archaebacteria and eukaryotes. Thus we propose that
this tree topology represents the general evolutionary relation-
ship among the three primary kingdoms.

Based on comparison of the small rRNAs, Woese and
colleagues (1-3) proposed that there are two fundamentally
different groups of bacteria, eubacteria and archaebacteria,
and that, with eukaryotes, they constitute the three primary
kingdoms of life. Although the existence of the archaebac-
terial urkingdom is accepted by many biologists, the classi-
fication is still a matter of controversy: Lake and colleagues
(4, 5) argued that archaebacteria are paraphyletic; sulfobac-
teria (eocytes) are more closely related to eukaryotes than to
other archaebacteria, whereas halobacteria are more closely
related to eubacteria than to other archaebacteria. Phyloge-
netic trees based on the small and large rRNAs (2, 3, 6), 5S
rRNA (7), and the RNA polymerases (8), however, support
the monophyletic view of the archaebacteria originally pro-
posed by Woese and colleagues (1-3).
The evolutionary relationship of the three primary king-

doms is another crucial problem that remains unanswered.
There are several reports that, in some RNA and protein
species, archaebacteria are much more similar in sequence to
eukaryotes than to eubacteria. These include 5S rRNA (7, 9,
10), elongation factors Tu (11) and G (12) (EF-Tu and EF-G),
large subunit of DNA-dependent RNA polymerase (8, 13),
and several ribosomal proteins (14, 15). The a and /3 subunits
of Sulfolobus ATPase (16, 17) also bear closer resemblance
in sequence to eukaryotic counterparts than to eubacterial

ones. However, a close similarity in sequence does not
necessarily mean a close relatedness in phylogeny, unless
similar rates of evolution for different lineages can be pos-
tulated. There is no a priori reason to believe that the three
primary kingdoms have evolved with similar rates.
A phylogenetic tree inferred from a comparison of a single

RNA or protein species from a variety of organisms of the
primary kingdoms is generally unrooted, because one cannot
determine the root, the universal ancestor from which all
extant life ultimately diverged. This difficulty, however,
could be overcome by inferring a composite phylogenetic tree
from a comparison of a pair of duplicated genes that exist in
all extant life. It is reasonable to consider that this gene
duplication occurred prior to the divergence of the primary
kingdoms and thus the root of the inferred composite tree
could be unambiguously set at a point where the two genes
diverged by gene duplication. The universal ancestor and the
evolutionary relationship of the three primary kingdoms are
subsequently determined from the composite phylogenetic
tree. Pairs of genes for EF-Tu and EF-G and for the a and 8
subunits of Fl-ATPase, Fl-a and F1-,3, are examples of such
duplicated genes. Each pair shows extensive sequence sim-
ilarity for species of the three primary kingdoms.
On the basis of the composite trees for EF-Tu and EF-G

and for F1-a and F1-P, we report that archaebacteria are
phylogenetically more closely related to eukaryotes than to
eubacteria. Judging from the strong sequence similarities
between archaebacteria and eukaryotes found in 5S rRNA,
RNA polymerases, and ribosomal proteins, the phylogenetic
relationship presented here would represent the general
evolutionary relationship among the three primary kingdoms.

METHODS

Phylogenetic Tree. Alignment of amino acid sequences was
carried out as described (18). The number of amino acid
substitutions per site or evolutionary distance between se-
quences of extant species was measured by calculating the
proportion of amino acid difference, K, between the se-
quences compared and by correcting K for multiple substi-
tutions by using k = -ln(1 - K) (19); positions where gaps
are present in any one of the aligned sequences were ex-
cluded from the analysis. Based on the evolutionary distance
matrix, a phylogenetic tree was inferred by the neighbor-
joining method (20).

Reliability of the Tree. To obtain the reliability of the
inferred phylogenetic tree, the bootstrap method (21) was
applied. The bootstrap resamplings were repeated 1000
times, and for each of the resamplings a tree was inferred by
the neighbor-joining method. The bootstrap probability that
a particular tree topology occurs during the resamplings was
evaluated.

Abbreviations: EF-Tu and EF-G, elongation factors Tu and G,
respectively; LDH, lactate dehydrogenase; MDH, malate dehydro-
genase.
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ABSTRACT All extant organisms are thought to be clas-
sified into three primary kingdoms, eubacteria, eukaryotes,
and archaebacteria. The molecular evolutionary studies on the
origin and evolution of archaebacteria to date have been
carried out by inferring a molecular phylogenetic tree of the
primary kingdoms based on comparison of a single molecule
from a variety of extant species. From such comparison, it was
not possible to derive the exact evolutionary relationship among
the primary kingdoms, because the root of the tree could not
be determined uniquely. To overcome this difficulty, we com-
pared a pair of duplicated genes, elongation factors Tu and G,
and the a and f3 subunits ofATPase, which are thought to have
diverged by gene duplication before divergence of the primary
kingdoms. Using each protein pair, we inferred a composite
phylogenetic tree with two clusters corresponding to different
proteins, from which the evolutionary relationship of the
primary kingdoms is determined uniquely. The inferred com-
posite trees reveal that archaebacteria are more closely related
to eukaryotes than to eubacteria for all the cases. By bootstrap
resamplings, this relationship is reproduced with probabilities
of 0.96, 0.79, 1.0, and 1.0 for elongation factors Tu and G and
for ATPase subunits a and ., respectively. There are also
several lines of evidence for the close sequence similarity
between archaebacteria and eukaryotes. Thus we propose that
this tree topology represents the general evolutionary relation-
ship among the three primary kingdoms.

Based on comparison of the small rRNAs, Woese and
colleagues (1-3) proposed that there are two fundamentally
different groups of bacteria, eubacteria and archaebacteria,
and that, with eukaryotes, they constitute the three primary
kingdoms of life. Although the existence of the archaebac-
terial urkingdom is accepted by many biologists, the classi-
fication is still a matter of controversy: Lake and colleagues
(4, 5) argued that archaebacteria are paraphyletic; sulfobac-
teria (eocytes) are more closely related to eukaryotes than to
other archaebacteria, whereas halobacteria are more closely
related to eubacteria than to other archaebacteria. Phyloge-
netic trees based on the small and large rRNAs (2, 3, 6), 5S
rRNA (7), and the RNA polymerases (8), however, support
the monophyletic view of the archaebacteria originally pro-
posed by Woese and colleagues (1-3).
The evolutionary relationship of the three primary king-

doms is another crucial problem that remains unanswered.
There are several reports that, in some RNA and protein
species, archaebacteria are much more similar in sequence to
eukaryotes than to eubacteria. These include 5S rRNA (7, 9,
10), elongation factors Tu (11) and G (12) (EF-Tu and EF-G),
large subunit of DNA-dependent RNA polymerase (8, 13),
and several ribosomal proteins (14, 15). The a and /3 subunits
of Sulfolobus ATPase (16, 17) also bear closer resemblance
in sequence to eukaryotic counterparts than to eubacterial

ones. However, a close similarity in sequence does not
necessarily mean a close relatedness in phylogeny, unless
similar rates of evolution for different lineages can be pos-
tulated. There is no a priori reason to believe that the three
primary kingdoms have evolved with similar rates.
A phylogenetic tree inferred from a comparison of a single

RNA or protein species from a variety of organisms of the
primary kingdoms is generally unrooted, because one cannot
determine the root, the universal ancestor from which all
extant life ultimately diverged. This difficulty, however,
could be overcome by inferring a composite phylogenetic tree
from a comparison of a pair of duplicated genes that exist in
all extant life. It is reasonable to consider that this gene
duplication occurred prior to the divergence of the primary
kingdoms and thus the root of the inferred composite tree
could be unambiguously set at a point where the two genes
diverged by gene duplication. The universal ancestor and the
evolutionary relationship of the three primary kingdoms are
subsequently determined from the composite phylogenetic
tree. Pairs of genes for EF-Tu and EF-G and for the a and 8
subunits of Fl-ATPase, Fl-a and F1-,3, are examples of such
duplicated genes. Each pair shows extensive sequence sim-
ilarity for species of the three primary kingdoms.
On the basis of the composite trees for EF-Tu and EF-G

and for F1-a and F1-P, we report that archaebacteria are
phylogenetically more closely related to eukaryotes than to
eubacteria. Judging from the strong sequence similarities
between archaebacteria and eukaryotes found in 5S rRNA,
RNA polymerases, and ribosomal proteins, the phylogenetic
relationship presented here would represent the general
evolutionary relationship among the three primary kingdoms.

METHODS

Phylogenetic Tree. Alignment of amino acid sequences was
carried out as described (18). The number of amino acid
substitutions per site or evolutionary distance between se-
quences of extant species was measured by calculating the
proportion of amino acid difference, K, between the se-
quences compared and by correcting K for multiple substi-
tutions by using k = -ln(1 - K) (19); positions where gaps
are present in any one of the aligned sequences were ex-
cluded from the analysis. Based on the evolutionary distance
matrix, a phylogenetic tree was inferred by the neighbor-
joining method (20).

Reliability of the Tree. To obtain the reliability of the
inferred phylogenetic tree, the bootstrap method (21) was
applied. The bootstrap resamplings were repeated 1000
times, and for each of the resamplings a tree was inferred by
the neighbor-joining method. The bootstrap probability that
a particular tree topology occurs during the resamplings was
evaluated.

Abbreviations: EF-Tu and EF-G, elongation factors Tu and G,
respectively; LDH, lactate dehydrogenase; MDH, malate dehydro-
genase.
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carried out by inferring a molecular phylogenetic tree of the
primary kingdoms based on comparison of a single molecule
from a variety of extant species. From such comparison, it was
not possible to derive the exact evolutionary relationship among
the primary kingdoms, because the root of the tree could not
be determined uniquely. To overcome this difficulty, we com-
pared a pair of duplicated genes, elongation factors Tu and G,
and the a and f3 subunits ofATPase, which are thought to have
diverged by gene duplication before divergence of the primary
kingdoms. Using each protein pair, we inferred a composite
phylogenetic tree with two clusters corresponding to different
proteins, from which the evolutionary relationship of the
primary kingdoms is determined uniquely. The inferred com-
posite trees reveal that archaebacteria are more closely related
to eukaryotes than to eubacteria for all the cases. By bootstrap
resamplings, this relationship is reproduced with probabilities
of 0.96, 0.79, 1.0, and 1.0 for elongation factors Tu and G and
for ATPase subunits a and ., respectively. There are also
several lines of evidence for the close sequence similarity
between archaebacteria and eukaryotes. Thus we propose that
this tree topology represents the general evolutionary relation-
ship among the three primary kingdoms.

Based on comparison of the small rRNAs, Woese and
colleagues (1-3) proposed that there are two fundamentally
different groups of bacteria, eubacteria and archaebacteria,
and that, with eukaryotes, they constitute the three primary
kingdoms of life. Although the existence of the archaebac-
terial urkingdom is accepted by many biologists, the classi-
fication is still a matter of controversy: Lake and colleagues
(4, 5) argued that archaebacteria are paraphyletic; sulfobac-
teria (eocytes) are more closely related to eukaryotes than to
other archaebacteria, whereas halobacteria are more closely
related to eubacteria than to other archaebacteria. Phyloge-
netic trees based on the small and large rRNAs (2, 3, 6), 5S
rRNA (7), and the RNA polymerases (8), however, support
the monophyletic view of the archaebacteria originally pro-
posed by Woese and colleagues (1-3).
The evolutionary relationship of the three primary king-

doms is another crucial problem that remains unanswered.
There are several reports that, in some RNA and protein
species, archaebacteria are much more similar in sequence to
eukaryotes than to eubacteria. These include 5S rRNA (7, 9,
10), elongation factors Tu (11) and G (12) (EF-Tu and EF-G),
large subunit of DNA-dependent RNA polymerase (8, 13),
and several ribosomal proteins (14, 15). The a and /3 subunits
of Sulfolobus ATPase (16, 17) also bear closer resemblance
in sequence to eukaryotic counterparts than to eubacterial

ones. However, a close similarity in sequence does not
necessarily mean a close relatedness in phylogeny, unless
similar rates of evolution for different lineages can be pos-
tulated. There is no a priori reason to believe that the three
primary kingdoms have evolved with similar rates.
A phylogenetic tree inferred from a comparison of a single

RNA or protein species from a variety of organisms of the
primary kingdoms is generally unrooted, because one cannot
determine the root, the universal ancestor from which all
extant life ultimately diverged. This difficulty, however,
could be overcome by inferring a composite phylogenetic tree
from a comparison of a pair of duplicated genes that exist in
all extant life. It is reasonable to consider that this gene
duplication occurred prior to the divergence of the primary
kingdoms and thus the root of the inferred composite tree
could be unambiguously set at a point where the two genes
diverged by gene duplication. The universal ancestor and the
evolutionary relationship of the three primary kingdoms are
subsequently determined from the composite phylogenetic
tree. Pairs of genes for EF-Tu and EF-G and for the a and 8
subunits of Fl-ATPase, Fl-a and F1-,3, are examples of such
duplicated genes. Each pair shows extensive sequence sim-
ilarity for species of the three primary kingdoms.
On the basis of the composite trees for EF-Tu and EF-G

and for F1-a and F1-P, we report that archaebacteria are
phylogenetically more closely related to eukaryotes than to
eubacteria. Judging from the strong sequence similarities
between archaebacteria and eukaryotes found in 5S rRNA,
RNA polymerases, and ribosomal proteins, the phylogenetic
relationship presented here would represent the general
evolutionary relationship among the three primary kingdoms.

METHODS

Phylogenetic Tree. Alignment of amino acid sequences was
carried out as described (18). The number of amino acid
substitutions per site or evolutionary distance between se-
quences of extant species was measured by calculating the
proportion of amino acid difference, K, between the se-
quences compared and by correcting K for multiple substi-
tutions by using k = -ln(1 - K) (19); positions where gaps
are present in any one of the aligned sequences were ex-
cluded from the analysis. Based on the evolutionary distance
matrix, a phylogenetic tree was inferred by the neighbor-
joining method (20).

Reliability of the Tree. To obtain the reliability of the
inferred phylogenetic tree, the bootstrap method (21) was
applied. The bootstrap resamplings were repeated 1000
times, and for each of the resamplings a tree was inferred by
the neighbor-joining method. The bootstrap probability that
a particular tree topology occurs during the resamplings was
evaluated.
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ABSTRACT Molecular structures and sequences are gen-
erally more revealing of evolutionary relationships than are
classical phenotypes (particularly so among microorganisms).
Consequently, the basis for the definition of taxa has progres-
sively shifted from the organismal to the cellular to the molec-
ular level. Molecular comparisons show that life on this planet
divides into three primary groupings, commonly known as the
eubacteria, the archaebacteria, and the eukaryotes. The three
are very dissimilar, the differences that separate them being of
a more profound nature than the differences that separate
typical kingdoms, such as animals and plants. Unfortunately,
neither of the conventionally accepted views of the natural
relationships among living systems-i.e., the five-kingdom
taxonomy or the eukaryote-prokaryote dichotomy-reflects
this primary tripartite division of the living world. To remedy
this situation we propose that a formal system of organisms be
established in which above the level of kingdom there exists a
new taxon called a "domain." Life on this planet would then
be seen as comprising three domains, the Bacteria, the Ar-
chaea, and the Eucarya, each containing two or more king-
doms. (The Eucarya, for example, contain Animalia, Plantae,
Fungi, and a number of others yet to be defined.) Although
taxonomic structure within the Bacteria and Eucarya is not
treated herein, Archaea is formally subdivided into the two
kingdoms Euryarchaeota (encompassing the methanogens and
their phenotypically diverse relatives) and Crenarchaeota
(comprising the relatively tight clustering of extremely ther-
mophilic archaebacteria, whose general phenotype appears to
resemble most the ancestral phenotype of the Archaea).

Need for Restructuring Systematics

Within the last decade it has become possible to trace
evolutionary history back to the (most recent) common
ancestor of all life, perhaps 3.5-4 billion years ago (1, 2).
Prior to the mid 1970s evolutionary study had for all intents
and purposes been confined to the metazoa and metaphyta,
whose histories at best cover 20% of the total evolutionary
time span. A sound basis for a natural taxonomy was pro-
vided in these cases by complex morphologies and a detailed
fossil record. The evolution of the microbial world-whose
history spans most ofthe planet's existence-was at that time
beyond the biologist's purview, for, unlike their multicellular
equivalents, microbial morphologies and other characteris-
tics are too simple or uninterpretable to serve as the basis for
a phylogenetically valid taxonomy (3, 4). The sequencing
revolution, by making accessible the vast store of historical
information contained in molecular sequences (5), has
changed all that. As a result, the biologist finds that textbook
descriptions of the basic organization of life have become

outmoded and so, misleading. The time has come to bring
formal taxonomy into line with the natural system emerging
from molecular data.

This revision, however, is not accomplished simply by
emending the old system. Our present view of the basic
organization of life is still largely steeped in the ancient notion
that all living things are either plant or animal in nature.
Unfortunately, this comfortable traditional dichotomy does
not represent the true state of affairs. Thus, as a prerequisite
to developing a proper natural system we have to divest
ourselves of deeply ingrained, cherished assumptions, as
regards both the fundamental organization of life and the
basis for constructing a system of organisms. The system we
develop will be one that is completely restructured at the
highest levels.
Haeckel in 1866 (6) formally challenged the aboriginal

plant/animal division of the living world. He recognized that
the single-celled forms, the protists, did not fit into either
category; they must have arisen separately from both animals
and plants. Haeckel saw the tree of life, therefore, as having
three main branches, not two. Copeland (7) later split out a
fourth main branch, a new kingdom accommodating the
bacteria, and Whittaker (8) created a fifth, for the fungi.
While Haeckel's original proposal and its two more recent
refinements did away with the idea that animal/plant was the
primary distinction, they left unchallenged the notion that it
is a primary distinction (by representing it at the highest
available taxonomic level). The last of these schemes (Whit-
taker's), which divides the living world into Animalia, Plan-
tae, Fungi, Protista, and Monera, is the most widely received
view of the basic organization of life today (8, 9).

It has been apparent for some time, however, that the
five-kingdom scheme (and its predecessors) is not phyloge-
netically correct, is not a natural system. There are sound
logical grounds for presuming that the two eukaryotic micro-
bial taxa (Protista and Fungi) are artificial. It is generally
accepted that the metaphyta and metazoa evolved from
unicellular eukaryotic ancestors; the extant groups of eu-
karyotic microorganisms, therefore, comprise a series of
lineages some (or many) of which greatly antedate the
emergence of the Plantae and Animalia. This is confirmed by
the fossil record, wherein recognizable eukaryotic unicells
appear about 200 million years before the first primitive
algae, and over a billion years before the first animals and
higher plants (10). There are thus good reasons in principle to
presume that the Protista and perhaps also the Fungi are

paraphyletic at best.
More seriously, in giving the kingdom Monera the same

taxonomic rank as the Animalia, Plantae, Fungi, and Protista,
the five-kingdom formulation ignores the fact that the differ-
ences between Monera (prokaryotes) and the four other
kingdoms are far more significant, and of a qualitatively
different nature, than the differences among these four. In

tTo whom reprint requests should be addressed.
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FIG. 1. Universal phylogenetic tree in rooted form, showing the three domains. Branching order and branch lengths are based upon rRNA

sequence comparisons (and have been taken from figure 4 of ref. 2). The position of the root was determined by comparing (the few known)

sequences of pairs of paralogous genes that diverged from each other before the three primary lineages emerged from their common ancestral

condition (27). [This rooting strategy (28) in effect uses the one set of (aboriginally duplicated) genes as an outgroup for the other.] The numbers

on the branch tips correspond to the following groups of organisms (2). Bacteria: 1, the Thermotogales; 2, the flavobacteria and relatives; 3,
the cyanobacteria; 4, the purple bacteria; 5, the Gram-positive bacteria; and 6, the green nonsulfur bacteria. Archae: the kingdom Crenarchaeota:

7, the genus Pyrodictium; and 8, the genus Thermoproteus; and the kingdom Euryarchaeota: 9, the Thermococcales; 10, the Methanococcales;
11, the Methanobacteriales; 12, the Methanomicrobiales; and 13, the extreme halophiles. Eucarya: 14, the animals; 15, the ciliates; 16, the green

plants; 17, the fungi; 18, the flagellates; and 19, the microsporidia.

eukaryotic homologs have no apparent counterpart among

the eubacteria (29, 30).
From a systematic perspective the specific relationship

between eukaryotes and archaebacteria does not require
taxonomic recognition; these two groups are sufficiently
dissimilar, and they diverged so early, that little would be
gained by defining a taxon that encompasses both. In other
words, the archaebacteria and eukaryotes themselves show
the kind of profound molecular differences that distinguish
either from the eubacteria.

Proposal for a New Highest Level Taxon

The only truly scientific foundation of classifi-
cation is to be found in appreciation of the
available facts from a phylogenetic point of view.
Only in this way can the natural interrelation-
ships [among organisms] . .. be properly under-
stood. (31)

A phylogenetic system must first and foremost recognize
the primacy of the three groupings, eubacteria, and archae-
bacteria and eukaryotes. These must stand above the con-

ventionally recognized kingdoms, Animalia and the like. This
raises the question ofwhether the term "kingdom" should be
used for the taxon of highest rank, with the traditional
kingdoms being assigned to a new, lower-level taxon. For
two reasons we feel this is not the correct solution: From a

scientific perspective, the distinctions among eubacteria,
archaebacteria, and eukaryotes are more profound than those
customarily associated with kingdoms. Furthermore, two

centuries of association of the label "kingdom" with the
animals and (green) plants constitutes a tradition that would
be most difficult and divisive to change. The most flexible and
informative (and least disruptive) approach would appear to
be to add a new rank at the top of the existing hierarchy. The
name we propose for this new and highest taxon is "domain"
(whose Latin counterpart we take to be regio). The formal
suffix that we would associate with names of domains is -a,

chosen for its simplicity.
Naming of the individual domains has been guided by

several general considerations: (i) maintaining appropriate
continuity with existing names; (ii) suggesting basic charac-
teristics of the group; and (iii) avoiding any connotation that
the eubacteria and archaebacteria are related to one another,
which, unfortunately, is implied by their common names. For

the eubacteria the formal name Bacteria, based upon a

traditional common name for the group, is suggested. The
term Eucarya derives from that group's common name and
captures its defining cytological characteristic-i.e., cells
with well-defined encapsulated nuclei. The archaebacteria
are called Archaea to denote their apparent primitive nature

(vis a vis the eukaryotes in particular). The formal names for
the domains are simple enough that they can also serve in
common usage (note that this requires that "bacteria" be
used in a sense that does not include the archaea). Addition-
ally, "eukaryotes" will continue to be an acceptable common
synonym for the Eucarya. However, we recommend aban-
donment of the term "archaebacteria," since it incorrectly
suggests a specific relationship between the Archaea and the
Bacteria.
We will not at this time address the matter of the individual

kingdoms within the domains, with the exception of the
Archaea. For the others, suffice it to say that, there will be
numerous kingdoms within each domain, and their formal
structuring will require a more detailed analysis than is
possible here. We anticipate that such an analysis of the
Eucarya will preserve the kingdoms Plantae, Animalia, and
Fungi (with the last somewhat restructured to reflect new

molecular insights), and will replace Protista with a series of
kingdoms corresponding to the various ancient protistan
lineages. For the Bacteria, we expect that the majority of the
described "phyla" (2) will deserve elevation to kingdom
rank.
There are, however, two reasons for suggesting formal

names for the kingdoms that constitute the Archaea at this

time: One is that the phylogenetic structure of the domain
seems relatively simple and well defined at the kingdom level.
The other is that the kingdoms within the Archaea have never

had appropriate names of any kind.
Phylogenetically the Archaea fall into two distinct groups,

two major lineages (refs. 2 and 32; see Fig. 1). One, the

methanogens and their relatives, is phenotypically heteroge-
neous, comprising extreme halophiles, sulfate-reducing spe-

cies (the genus Archaeoglobus), and two types of thermo-
philes (the genus Thermoplasma and the Thermococcus-
Pyrococcus group), in addition to the three methanogenic
lineages (2, 33). The proposed formal name for the metha-
nogens and their relatives is Euryarchaeota. For this king-
dom we use the common name euryarchaeotes or, more

casually, euryotes.

Bacteria

6

Archaea Eucarya

1.

4578 Evolution: Woese et al.

Prelude



P(A |G, Q) = ∏
i

P(Ai |G, Q)

phylogenetic likelihood: 

e.g.

(Felsenstein 1981)

G

l1

l2

l3

l4

l5
observations

gene tree

We are very good at reconstructing gene trees..

gene tree

sequences 

species tree unaware

sites

input 

output 

PhyloBayes

trix 

A   T   G   C

A 

T  

G  

C

A

A

A

T

C

A

C

A

G

G

G

T

G

G

T

T

T

A

T

A

…

…

…

…

…

…

…

…

gene from species 1.

gene from species 2.

gene from species 3.

gene from species 4.

sites

sequences 

(alignment)

Ai, Ai+1, Ai+2, …

MODEL 

matrix of substitution rates

DATA 

DATA MODEL 

RAxML

MrBayes

observations

Which gene tree produced my sequences? 

Prelude



(Ciccarelli 2006)

 The golden age of molecular evolution

31 
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191 

genomes
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New genomes, old questions

New genomes instead of bringing into sharper focus major evolutionary 

events such as the origin of eukaryotes or the diversification of major 

animal lineages have instead reignited old debates.  
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.. 
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Williams, Cox, Foster, Szöllősi, Embley Systematic Biology (2022) 
Phylogenomics provides robust support for a two-domains tree of life

We are very good at reconstructing gene trees..
..but only as good as the model of sequence evolution used! 
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Compositionaly constrained sites drive long branch attraciton

..but only as good as the model of sequence evolution used! 
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Species tree aware & unaware methods 

“phylogenomics — why we are doing it all wrong”

models of gene family evolution with D&L 

joint reconstruction with DL of the mammalian ToL 

just how much HGT? 

HGT as information 

HGT in the context of species tree-aware methods 

HGT from the dead 

faster models of gene family evolution with D,T&L

Amalgamated Likelihood Estimation 

Phylogenomics — “why we are doing it all wrong”

with an emphasis on Horizontal Gene Transfer

models of gene family evolution with D,T&L

outgroup-free rooting 



What process generates genes trees?

Independent of the details of reproduction the story of two homologous pieces of 

DNA can (locally) always be traced back to a single replication event. For a set of  

sequences this implies the existence of a bifurcating gene tree along which the 

sequences evolved  

DNA 

replication

A TA AG AT TA A

AA TAA

rooted tree 

with time like  

branch lengths 

“phylogenomics — why we are doing it all wrong”

gergely.szollosi@oist.jp



..with two practical caveats

G

l1

l2

l3

l4

l5
observations

observations

gene tree

rooted tree 

with time like  

branch lengths 

unrooted tree 

with rate  time 

branch lengths 

×

1. computational constraints on calculating   

the phylogenetic likelihood              

restrict us to the subset of site independent and time reversible  

substitution models:     

P(A |G, Q) = ∏
i

P(Ai |G, Q)

A T

πA pA,T(t) = pA,T(t)πT

t

stationary frequencies:  {πA, πT, πG, πC} : Qπ = 0

under which the likelihood is independent of root position. 

2. without knowledge of the root and additional calibrations on  

evolutionary rates (e.g. fossils) rate and time are confounded   

T

We are very good at reconstructing gene trees..

gergely.szollosi@oist.jp
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Two more fundamental issues!

I. Individual genes alone contain limited signal, e.g., in modern datasets the number of sequences 

often approaches or exceeds the number of sites

? unrooted tree 

with rate  time 

branch lengths 

×

bifurcations 
are DNA  

replication events

observations  
are genes 

(related sequences)

The Most Likely tree is most likely wrong ..

?
EF-Tu / 1α

EF-G / 2

gergely.szollosi@oist.jp
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Two more fundamental issues!

I. Individual genes alone contain limited signal, e.g., in modern datasets the number of sequences 

often approaches or exceeds the number of sites

II. What we are interested in is the tree is species 

or gene trees in the context of the species tree:

today’s vertebrates

unrooted tree 

with rate  time 

branch lengths 

×

rooted tree 

with time like  

branch lengths 

bifurcations 

are speciations

observations  

are genomes

bifurcations 
are DNA  

replication events

observations  
are genes 

(related sequences)

?

Most likely tree

?

EF-Tu / 1α

EF-G / 2

gergely.szollosi@oist.jp
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The problem is gene trees are not the species tree

Species tree

Gene tree

Gene tree/species tree reconciliation
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L

D

t2

t2

t1

t1

Daubin & Szöllősi 2016

Duplication 

Transfer 

Loss 

ILST

?

D

T

L

Gene tree evolving  

along the species tree

Gene tree 

A gene tree is a deformation of the species tree through the prism of 

genome evolution and population genetics processes.

genes 
from species

Species tree 

species

gergely.szollosi@oist.jp

“phylogenomics — why we are doing it all wrong”



gene duplication

single gene in 

Hu+Ho+C ancestor

Human Horse Cow

gene tree draw into the species tree

species

genes

single gene in 

Ho+C ancestorgene duplication

Gene duplication often results in new or modified function 

Gene trees tell evolutionary stories in the context of the species tree
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Moran & Jarvik 2010 Science

Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

fungi

red aphid

animals

loss of enzymes  

for carotenoid biosynthesis

gene 

transfer

pea aphids

(if we assume only D&L we need 

many losses)

Gene trees tell evolutionary stories in the context of the species tree

“phylogenomics — why we are doing it all wrong”



MARKER GENES

The history of the 1%
Carefully choosing gene present in a single copy in each organism and introducing 

external information we can equate gene trees with the species tree   .. 

e.g. ribosomal genes

16S rRNA 

gergely.szollosi@oist.jp

“phylogenomics — why we are doing it all wrong”
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are genomes

bifurcations 

are speciations
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✔

rooted tree 

with time like  

branch lengths 
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external information we can equate gene trees with the species tree   .. 
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Carefully choosing gene present in a single copy in each organism and introducing 
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Phylogenetic awareness

Daubin & Boussau 2011 TrEE

“phylogenomics — why we are doing it all wrong”



Daubin & Boussau 2011 TrEE

In the “unaware” path (the traditional way of inferring the species tree) each stage 

of the phylogenetic inference is independent from the steps up- and downstream.  

“phylogenomics — why we are doing it all wrong”



Daubin & Boussau 2011 TrEE

In contrast, the “aware” path models the dependency between each step using 

knowledge from different fields of biology..   

S-aware tree inference

G-aware alignment

? 

the future of phylogenomics 

?

this talk..

e.g. PRANK

Löytynoja & Goldman PNAS 2005

“phylogenomics — why we are doing it all wrong”



Species  tree-awareness

Szöllősi,.., Boussau 2015 Syst. Biol.

S-aware

S-unaware 

ASTRAL 
[Mirarab et al. 2014]

“phylogenomics — why we are doing it all wrong”



Molecular phylogenetics infers gene trees based on sequence..

gene tree

sequences  

“sequence only” inference

species tree-unaware

sites  

gene trees
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Which gene tree 
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The problem is gene trees are not species trees

Species tree

Gene tree

Gene tree/species tree reconciliation
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Daubin & Szöllősi 2016
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Species tree

Gene tree evolving  

along the species tree

Gene tree 

A gene tree is a deformation of the species tree through the prism of 

genome evolution and population genetics processes.
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S

Gj

S

.. but gene trees are generated along the species tree

Daubin & Boussau 2011 Trends Ecol. Evol.

gene trees

species tree

A gene tree is a deformation of the species tree through the prism of genome evolution and 

population genetics processes. As a result some gene trees are more likely than others 

given a particular species tree, informing us about the species tree along which they were 

generated.  

“phylogenomics — why we are doing it all wrong”



Daubin & Boussau 2011 Trends Ecol. Evol.

ssolo@elte.hu

A gene tree is a deformation of the species tree through the prism of genome evolution and 

population genetics processes. As a result some gene trees are more likely than others 

given a particular species tree, informing us about the species tree along which they were 

generated.  

The solution is to model how gene trees are generated along the species tree 

Genomes as documents of evolutionary history

Which species tree  

produced my gene trees? 

DATA MODEL 

DATA MODEL 

gene trees

species tree
Which gene tree 

produced my sequences? 

sites  

gene trees

gergely.szollosi@oist.jp
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gene trees

The solution is to model how gene trees are generated along the species tree 

“sequence only” inference “joint” inference

species tree-awarespecies tree-unaware

Species tree

t2 t1
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TACCAGGTT..

TACCAGGAT..

species tree

gene tree
T
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D

t2

t1
D

L

T

?

A species tree induces a probability distribution over gene trees (some gene trees are more 

likely than others given a particular species tree), and in return, the inferred distribution of 

gene trees informs about the species tree along which they were generated.  

sites  

gene trees 

species tree 
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The stories gene families can be complicated
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The story of each gene family consist of a unique series of evolutionary events that often 

results in a change of copy number and shifts in function.

The stories gene families can be complicated
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and cattle  fetal chains, and differ in  the cattIe adult chain. 

Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and the gene present in the descent of the Primates prior to the 
appearance of the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 

obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot be taken seriously  as long as it remains single. 

As mentioned, the absence of one residue at or next to  the N-terminus 
of chains seems to be limited to a relatively small group of 

mammals. We may therefore assume that we  are dealing with a deletion 

���

ancestral gene duplications
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Errors in gene trees will result in conflicts with the species tree that imply spurious evolutionary events.  
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The story of individual gene families is often blurred
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models of gene family evolution with D&L



Given a model of gene family evolution a species tree induces a probability distribution over gene trees, 

thus some gene trees are more probable than others given a particular species tree.

less probable gene tree more probable gene tree

and cattle  fetal chains, and differ in  the cattIe adult chain. 

Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and the gene present in the descent of the Primates prior to the 
appearance of the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 

obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot be taken seriously  as long as it remains single. 

As mentioned, the absence of one residue at or next to  the N-terminus 
of chains seems to be limited to a relatively small group of 

mammals. We may therefore assume that we  are dealing with a deletion 

Zukerkandl & Pauling 1965
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The solution is to model how gene trees are generated along the species tree 
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Given a model of gene family evolution a species tree induces a probability distribution over 
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Calculating the likelihood of the sequences A given the gene tree G  

requires summing over all possible substitution paths.    

P(A |G, Q) = ∏
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(Felsenstein 1981)
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We are very good at reconstructing gene trees..



Felsenstein 1981

Calculating the likelihood of the sequences A given the gene tree G  

= PAA (l1)×PAA (l2)×PAA (l5)×PAA (l3) ×PAT (l4) +

requires summing over all possible substitution paths.    

sum over subs. along branch 

conditional on states on top and bottom sum over ancestral states

sites  

gene trees

P(A |G, Q) = ∏
i

P(Ai |G, Q)
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.. but gene trees are generated along the species tree
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Hierarchical generative model:
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Gene trees and species trees can be jointly reconstructed
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Estimating genes and species history can be achieved through a hierarchical structure, on top of 

which a species tree is inferred from gene trees through models of gene family evolution, themselves 

inferred from sequence alignments through models of sequence evolution.  

Felsenstein 1981Arvestad 2010
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sequences

Boussau, Szöllősi, Duret, Gouy, Tannier & Daubin Genome Res. (2013) 
Genome-scale coestimation of species and gene trees 
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Gene trees and species trees can be jointly reconstructed
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Estimating genes and species history can be achieved through a hierarchical structure, on top of 

which a species tree is inferred from gene trees through models of gene family evolution, themselves 

inferred from sequence alignments through models of sequence evolution.  

Daubin & Boussau 2011
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Boussau, Szöllősi, Duret, Gouy, Tannier & Daubin Genome Res. (2013) 
Genome-scale coestimation of species and gene trees 

Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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and cattle  fetal chains, and differ in  the cattIe adult chain. 

Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and the gene present in the descent of the Primates prior to the 
appearance of the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 

obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot be taken seriously  as long as it remains single. 

As mentioned, the absence of one residue at or next to  the N-terminus 
of chains seems to be limited to a relatively small group of 

mammals. We may therefore assume that we  are dealing with a deletion 
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Errors in gene trees will result in conflicts with the species tree that imply spurious evolutionary events.  
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and cattle  fetal chains, and differ in  the cattIe adult chain. 

Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and the gene present in the descent of the Primates prior to the 
appearance of the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 

obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot be taken seriously  as long as it remains single. 

As mentioned, the absence of one residue at or next to  the N-terminus 
of chains seems to be limited to a relatively small group of 

mammals. We may therefore assume that we  are dealing with a deletion 
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Errors in gene trees will result in conflicts with the species tree that imply spurious evolutionary events.  

The story of individual gene families is often blurred
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Joint reconstruction gives more  

realistic gene content
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  Tree of mammals    

Genome-scale reconstruction of the tree of mammals

Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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two neighbours three or more neighbours

gene tree errorscorrect gene trees

..

one or zero neighbours

DL

Boussau, Szöllősi, Duret, Gouy, Tannier & Daubin Genome Res. (2013) 
Genome-scale coestimation of species and gene trees  

Bérard, Gallien, Boussau, Szöllősi, Daubin, Tannier Bioinformatics (2013) 
Evolution of gene neighborhoods within reconciled phylogenies
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joint trees

Joint reconstruction imply more  

realistic ancestral gene order

ancestral gene order can be reconstructed  

using gene trees drawn into the species tree

Genome-scale reconstruction of the tree of mammals

Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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Stewart 2013

DNA from outside the cell can be incorporated in to the genome and passed on vertically.

Bacteria

Archaea

thermophilic enzymes

antibiotic resistance

Horizontal Gene Transfer classic examples:

Horizontal gene transfer



Acyrthosiphon pisum

colour of flamingos and the human eye’s macula lutea

plants, alga and fungi; bacteria and archaea;

they produce it

they eat it

except!

Carotenoids

a species of aphid living on peas

Horizontal gene transfer

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

Moran & Jarvik 2010 Science

HGT in the context of species tree-aware methods



Moran & Jarvik 2010 Science

Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

fungi

red aphid

animals

loss of enzymes  

for carotenoid biosynthesis

gene 

transfer

pea aphids

Horizontal gene transfer

(if we assume only D&L we need 

many losses)

HGT in the context of species tree-aware methods



Elysia chlorotica

Rumpho et al. 2008 PNAS

photosynthesis

chloroplasts of 

algae and green plants
cyanobacteria

Horizontal gene transfer

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

Eastern emerald elysia  

(US East Coast) 

except!

HGT in the context of species tree-aware methods



Elysia chlorotica

Elysia chlorotica

Rumpho et al. 2008

Eastern emerald elysia  

(US East coast) 

algae and green plants

Solar-Powered  

Sea Slug

animals

endosymbiosis

HGT

Majority of plastid genes 

transferred to the nucleus

plastid ancestor

Horizontal gene transfer

of photosynthesis-supporting genes

HGT in the context of species tree-aware methods

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.



Doolittle 1999

Horizontal gene transfer as noise

LUCA

Gene transfers result in apparently contradicting gene phylogenies, fungi can seem closely related to aphids. A 

potentially high rate of transfer esp. early in the evolution of life, suggests that the vertical signal may be drowned 

in noise.   

HGT in the context of species tree-aware methods



The problem is gene trees are not species trees

Species tree

Gene tree

Gene tree/species tree reconciliation
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Daubin & Szöllősi 2016
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Gene tree 

A gene tree is a deformation of the species tree through the prism of 

genome evolution and population genetics processes.

HGT in the context of species tree-aware methods


