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Phylogenetic Cléssixfication and the

Universal Tree

W. Ford Doolittle

From comparative analyses of the nucleotide sequences of genes encoding
ribosomal RNAs and several proteins, molecular phylogeneticists have con-
structed a “universal tree of life,” taking it as the basis for a “natural”
hierarchical classification of all living things. Although confidence in some of
the tree’s early branches has recently been shaken, new approaches could still
resolve many methodological uncertainties. More challenging is evidence that
most archaeal and bacterial genomes (and the inferred ancestral eukaryotic
nuclear genome) contain genes from multiple sources. If “chimerism” or
"lateral gene transfer” cannot be dismissed as trivial in extent or limited to
special categories of genes, then no hierarchical universal classification can be
taken as natural. Molecular phylogeneticists will have failed to find the “true
tree,” not because their methods are inadequate or because they have chosen
the wrong genes, but because the history of life cannot properly be repre-
sented as a tree. However, taxonomies based on molecular sequences will
remain indispensable, and understanding of the evolutionary process will
ultimately be enriched, not impoverished.

The impulse to classify organisms is ancient, as
is the desire to have classification reflect the
“natural order.” Before Darwin, biologists
thought that God or some other eternal principle

created that order (/, 2). After Darwin (3), they
knew the ordering principle to be shared descent
from an ever more limited number of common
ancestors (Fig. 1), back to the last common

ancestor of all living things. A phylogenetic
classification is thus the only natural one, and it
should be “inclusively hierarchical” (/): Each
species should be part of one and only one
genus, each genus should be part of one and
only one family, and so forth.

Much of modern phylogenetics is molecular
phylogenetics. Microbial phylogeneticists in
particular depend on molecular sequence char-
acters, because prokaryotes (Bacteria and Ar-
chaea) offer relatively little in the way of com-
plex morphology and behavior. Beyond this
practical consideration is the understanding that
molecular sequences define, in the words of
Zuckerkandl and Pauling, “the essence of the
organism”—not only do genes reveal the phy-
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logenetic pattern, they engender and embody it
4).

Since 1965, when arguments in favor of mo-
lecular phylogenetics were first advanced, gene
sequence data have become astonishingly abun-
dant. Today, molecular phylogeneticists appear
to have realized Darwin’s hope for a universal
phylogenetic tree (5), a hierarchical classifica-
tion of “groups subordinate to groups” going
back to the first dawn of life, when all life was
microbial. This tree is shown in cartoon form,
emphasizing only its early branchings, in Fig. 2.

Establishment of a Universal
Molecular Phylogeny

In its early period (1965-77), microbial mo-
lecular phylogeny depended on sequences
of proteins, in particular, ferredoxins and
cytochromes. These data delineated certain
relationships among bacteria and gave
strong support to the “serial endosymbiosis
theory”—the notion that mitochondria and
chloroplasts are descendants of what are
now called a-proteobacteria and cyanobacte-
ria, respectively (6).

In the mid-1970s, Woese and his collabora-
tors began to assemble the massive database of
sequence information on small subunit ribosom-
al RNA (SSU rRNA) on which the current
universal tree rests (5, 7). This molecule is
superior to cytochromes or ferredoxins as a
“molecular chronometer” for many reasons,
spelled out by Woese at the outset. It is abun-
dant, it is coded for by organellar as well as
nuclear and prokaryotic genomes, it has slow-
and fast-evolving portions (“hour hands and
minute hands™), and it has a universally con-
served structure (7). Two other factors that con-
tribute materially to the confident use of SSU
rRNA are its obviously ancient and essential
fundamental function in the cellular economy
and its interaction with many (well over 100)
other coevolved cellular RNAs and proteins (8).
These last features would seem to make rRNA
genes the least liable of all genes to experience
interspecific lateral gene transfer (LGT).

Figure 2 presents a crude sketch of the
universal SSU rRNA tree (5), commonly taken
as a representation of organismal phylogeny
and the basis for a natural classification. The
distinct and cohesive nature of each of its three
“domains” (Archaea, Bacteria, and Eukarya)
and the branching pattern of hundreds of sub-
ordinate taxa (kingdoms and lower divisions)
within each domain are supported by SSU
rRNA sequences. The primary branching pat-
tern (separating Bacteria on one side from Ar-
chaea and Eukarya on the other) is not. For
nontrivial technical reasons (9), this “rooting”
rests on analyses of a few families of ubiquitous
duplicated protein-coding genes.

How True Is This Phylogeny?

There -is much support for the general fea-
tures of Fig. 2. Many other molecular phy-
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logenies and some strong phenotypic charac-
ters distinguish its three domains and concur
in supporting major divisions within them
(10). For instance, all archaea use diphytanyl-
glycerol diether or dibiphytanyldiglycerol tet-
raether or both as major lipid constituents,
whereas bacteria and eukaryotes use diacyl-
glycerol-derived lipids; bacteria with cell
walls employ petidoglycan as a strengthening
agent, but archaea and eukaryotes never do;
eukaryotes all have tubulin- and actin-based
cytoskeletons, whereas bacteria and archaea
have only very distant homologs of these
proteins and no cytoskeletons in the eukary-
otic sense. The specific affinity (sisterhood)
between archaea and eukaryotes shown in
Fig. 2 is also supported by the strikingly
eukaryotic nature of the components and
mechanisms of archaeal replication, tran-
scription, and translation systems (117).

At the same time, there is now less general
agreement about the larger meaning and truth
of Fig. 2 than there would have been even a

year ago. This contradictory state of affairs
has two causes. First, more critical analyses
of both rRNA and protein-based phylogenies
show that artifacts related to within-molecule
and between-lineage differences in evolution-
ary rate and mutational saturation can be
misleading about deep branchings and the
rooting of the tree (12—14). Second, and com-
pletely independent of these methodological
problems, are doubts stemming from the fact
that many genes give believably different
phylogenies for the same organisms (15, 16),
almost certainly because they have been “lat-
erally transferred.” If instances of LGT can
no longer be dismissed as “exceptions that
prove the rule,” it must be admitted (i) that it
is not logical to equate gene phylogeny and
organismal phylogeny and (ii) that, unless
organisms are construed as either less or
more than the sum of their genes, there is no
unique organismal phylogeny. Thus, there is
a problem with the very conceptual basis of
phylogenetic classification.
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difference in a single
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Fig. 2. The current
consensus or standard
model. Only a few of
the "kingdoms” of the
“domain” Bacteria are
shown. Branching or-
ders of several king-
doms within Bacteria
and Eukarya remain in
dispute. Mitochondrial
and chloroplast endo-
symbioses are indicat-
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diagonal arrows, respec-
tively. Archezoa, as a
subkingdom composed
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be extinct. For SSU rRNA trees with much more detail, see (5).
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Methodological Problems

Concerns ‘about resolution in deep phylogeny
have come to the fore because of convincing
demonstrations that SSU rRNA has, in a few
striking instances, been unreliable. In eukaryote
phylogeny, microsporidia are the exemplar.
These anaerobic protists had been classified by
Cavalier-Smith as “archezoa”—eukaryotes that
diverged from the main line before the acqui-
sition of mitochondria—on the basis of what
looked to be primitive cytological features (/7).
Although a deep branching of microsporidia is
favored by SSU rRNA analyses (Fig. 2) (/8),
protein phylogenies, most notably for the larg-
est subunit of RNA polymerase, position mi-
crosporidia with or within the fungi (/4). RNA
polymerase is as fundamental to cell function
and as integrated in its action with other com-
ponents as is rRNA. There is no compelling
reason other than pride of place to chose IRNA
as the more reliable molecular chronometer.

Such inconsistencies have prompted a reex-
amination of SSU rRNA phylogenies and pro-
tein-sequence data (principally for elongation
factors) that support all deep eukaryotic and
prokaryotic branchings (/2—14, 19). Philippe
and colleagues (/2) are the most enthusiastical-
ly deconstructive of the “revisionist” phyloge-
neticists. Not only do they assert that available
methods are inadequate for reconstructing early
evolution, but also that the rooting of the uni-
versal tree is hopelessly compromised by meth-
odological artifacts and LGT.

Despite the vigor of their critique, even
Philippe and colleagues (/2) have not given
up on deep phylogeny. They propose a
fuller development of Fitch’s concomitant-
ly varying codon (covarion) theory [which
predicts lineage-specific patterns of rate
variation among sites (20)], more suitable
taxon selection (especially of out-groups),
and the identification of rare molecular
events that unite taxa (such as a 12—amino
acid insertion with semiconserved sequence
found only in the elongation factor EF-las
of animals, fungi, and microsporidia). For
early eukaryote evolution, paralogous
genes produced by duplications occurring
since the origin of eukaryotes might also be
fruitfully used. Deeper (preduplication)
taxa would have single copies of such
genes, identifiable as out-groups to the
paralogous duplicates. A third approach
would be to use events of LGT as charac-
ters in phylogenetic reconstruction, as
Gogarten (/5) has proposed: Taxa sharing
a transferred gene must surely share a com-
mon (pretransfer) ancestor.

LGT Challenges the Conceptual Basis
of Phylogenetic Classification

The endosymbiont hypothesis, widely accepted
since the mid-1970s, imagined that although
most of the a-proteobacterial endosymbiont’s
genes have been lost, some were transferred to

their host’s nuclear genome (27). Gene transfer
from mitochondrion to nucleus is, of course, a
form of LGT. Most biologists have nevertheless
been comfortable seeing eukaryotes as a natural
group, closest to archaea, probably because (i)
the mitochondrion could be viewed as an in-
vader, (ii) the genes transferred from it to the
nuclear genome were thought to be relatively
few in number, and (iii) the products of these
genes were thought mostly to be targeted (by
suitable leader sequences) back into mitochon-
dria, serving their original functions.

However, modern surveys of eukaryotic
gene phylogenies (22) show that many (perhaps
most) enzymes involved in eukaryotic cytosolic
metabolism are also of bacterial origin, not of
archaeal ancestry as one would expect (Fig. 2).
Resolution is, in most cases, inadequate to pin-
point bacterial sources. Most of these genes
might have the same original protomitochon-
drial ancestry as those whose products still func-
tion in that organelle, and there is (as yet) no
reason to suppose that multiple independent
LGTs have played a major role in the evolution
of eukaryotes since their origin. Nevertheless,
serious modifications of the original endosym-
biont hypothesis are called for (23), and one
must ask why archaea are still considered to be
the eukaryotes’ closest relatives, when only a
minority.of eukaryotic genes may show this to
be true.

Recent evidence that LGT is a major and
continuing force in archaeal and bacterial evo-
lution is dramatic and of three distinct sorts:
analyses of guanine plus cytosine (GC) content
and codon usage in individual genomes, ge-
nome-by-genome content comparisons, and in-
dividual gene trees. Lawrence and Ochman (24,
p. 9413), from an analysis of GC content and
codon usage in the completed Escherichia coli
genome, concluded that an astonishing “755 of
4288 [open reading frames] ORFs [18%] have
been introduced into the E. coli genome in at
least 234 lateral transfer events since this spe-
cies diverged from the Salmonella lineage 100
million years ago.” Among these ORFs are
determinants of all phenotypic characters (such
as lactose utilization, citrate utilization, indole
production, and propanediol utilization), which
distinguish E. coli from Salmonella enterica.

Comparative examination of the gene con-
tents of other completed genomes show that
extensive LGT is not just an evolutionary pecu-
liarity of enteric bacteria. For instance, the com-
pleted genome (25) of Archaeoglobus fulgidis,
the heterotrophic archaeon often found metabo-
lizing deep-sea oil supplies, bears many genes
for fatty acid degradation that are unknown in
other sequenced archaeal genomes, but recog-
nizable as genes for fatty acid metabolism be-
cause they have homologs in bacteria. One
might assert that these “bacterial” genes were
present in the bacterial/archaeal common ances-
tor and lost in other archaea, but using this
strategem in all such cases produces an ancestor

whose enormous genome contained direct ante-
cedents of all genes found in all contemporary
prokaryotes. Moreover, there are many notable
instances  [3-hydroxy-3-methylglutaryl coen-
zyme A (HMGCoA) reductases of Archaeoglo-
bus, lysyl-transfer RNA (tRNA) synthetase of
spirochetes (26)] where interdomain transfer
has clearly resulted in the displacement of an
isofunctional resident enzyme.

Complete genome surveys have also al-
lowed genome-versus-genome comparisons
of genes present in both bacterial and ar-
chaeal domains. From analyses of four bac-
terial and two archaeal genomes, Lake and
co-workers (27) have extracted 40 data sets
for such genes: Whereas 6 of 12 replication,
transcription, or translation-related genes sup-
port the topology of Fig. 2, only 1 of 28 trees
for central metabolism and housekeeping func-
tions shows this topology. Other surveys (22),
with other methods, support the same general
result: There has been extensive sharing (LGT)
between bacterial and archaeal domains, es-
pecially of housekeeping biosynthetic or cat-
abolic genes. Gene sharing within domains is
less readily detectable in such crude surveys
but surely is even more frequent.

LGT among and between bacteria and
archaea is not new: Gogarten has been thor-
oughly documenting individual (especially
prokaryotic) instances for several years, sug-
gesting in 1993 (28) that, for many genes,
“the tree of life becomes a net.” Martin and
collaborators have similarly been emphasiz-
ing the role of LGT in the evolution of eu-
karyotic metabolism (/6). Much earlier,
when the involvement of plasmids in the
spread of antibiotic resistance among infec-
tious bacteria was first understood, several
authors expounded the evolutionary impor-
tance of LGT. Most outspoken were Sonea
and Reanney (29), asserting that the activities
of plasmids, phages, and other DNA ex-
change devices made all the planet’s bacteria
into a single “global superorganism.”

These radical claims did not divert the main-
stream of microbial evolutionary discourse.
Plasmid-borne determinants seemed mostly re-
stricted to genes for resistance to antibiotics and
toxins or for use of unusual substrates—dis-
pensable” functions not at the core of any or-
ganism’s biology. But, now LGT is known to
have been the source of a substantial fraction of
many bacterial and archaeal genomes, and it is
known to have affected genes that are very
much a part of the cellular economy, such as
archaecal HMGCoA reductase, glutamine syn-
thetase, Hsp’®, H"-dependent adenosine tri-
phosphatases (ATPases), and aminoacyl-tRNA
synthetases (26, 28).

How Can a Phylogenetic Classification
Be Preserved?

Can LGT still be treated as just a nuisance in
phylogenetic classification, or is it the es-
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sence of the phylogenetic process (at least for
prokaryotes and the earliest eukaryotes) and
thus a threat to the whole enterprise of clas-
sification? There are several popular and rea-
sonable defenses for the conservative view
that LGT is interesting but not a threat. I con-
sider three, with arguments for and against.

Gene transfer seems unlikely to affect genes
for replication, transcription, and translation,
especially rRNA genes. LGT describes an out-
come (incongruent gene phylogenies), not a
specific biological process. In general, it might
be thought that most processes producing in-
congruent phylogenies involve a “donor,”
which contributes only a small amount of
DNA, and a recipient. It is presumably the
lineage of the recipient cell (organism) and its
progeny that should be represented by phylog-
enies such as Fig. 2. Those who argue for the
untransferability of transcription- and transla-
tion-related genes are arguing that such genes
reliably track that cellular (organismal) lineage.

There are two rationales for arguing in this
way. First, transcription and translation genes
are central to the “essence of the organism.”
They encode the hardware that reads the ex-
changeable genes for the cellular software (me-
tabolism) and thus are more “fundamental” to
the cell. Second, transcription and translation
machinery are complex, and their individual
components in any cellular lineage must have
many highly coevolved interactions with each
other: They should not integrate well with the
components of substantially unrelated cellular
lineages (7).

Against the first of these commonsense
views, one might object that cells do not actu-
ally know what is fundamental to them, which
of their genes encode hardware rather than soft-
ware. Countering the second view, one could
point out that some transcription/translation
components (for instance, aminoacyl-tRNA
synthetases) interact with few macromolecular
partners, whereas complex multicomponent
machines are also involved in many noninfor-
mational cellular processes (chaperonins, pro-
teosomes, and adenosine triphosphatases).
Also, there are examples of LGT affecting cel-
lular hardware: (i) the replacement of a bacte-
rial-type RNA polymerase by a phage-type en-
zyme in mitochondrial evolution (30), (ii) ex-
changes of mitochondrial elongation factor-G
(EF-G) genes between eukaryotic nuclei and
spirochetes (37), (iii) LGTs of ribosomal pro-
tein genes (32), and (iv) frequent between-do-
main exchanges of genes encoding aminoacyl-
tRNA synthetases (33).

Nevertheless, the most trusted molecular
chronometer, SSU rRNA, is at the very core of
the cell’s most complex machine. Surely, SSU
rRNA genes are immune to LGT. Perhaps, but
there are reasons, both old and new, to suspect
that even rRNA genes can be transferred (34).
Three decades ago, in vitro experiments
showed that rRNA and proteins from very dif-
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ferent bacteria can form partially functional ri-
bosomes (35), and comparative structural stud-
ies continue to show that it is those nucleotide
residues involved in intramolecular, not inter-
molecular, interactions that change most rapid-
ly in evolution [providing the phylogenetic sig-
nal (36)]. Very recently, Squires and co-work-
ers (37) have demonstrated that the SSU rRNA
of E. coli can be completely replaced by that of
Proteus vulgaris (and the ribosomal protein
L11 binding domain of E. coli 23S can be
replaced by the homologous region of yeast
28S) without reducing growth rate by more than
10 to 30%. Much smaller rates might easily be
selected for against a no-growth background
imposed by RNA-targeted antibiotics. Gupta
(38) has not unreasonably suggested that such
antibiotic pressure might drive LGT of SSU
rRNA genes, as it has clearly done for amino-
acyl-tRNA synthetase genes (39). Finally, Ueda
et al. (40) have proposed that LGT may be a
good explanation for the SSU rRNA heteroge-
neity observed within strains of Streptomyces.
For whatever reason, most genes will tell the
same story as rRNA, even though LGT “noise”
is higher than expected. The argument against
this often-articulated view is that several prelim-
inary genome-by-genome studies show it to be
false (22). A thorough gene-by-gene analysis of
all available genomes has yet to be presented,
and some apparent cases of LGT will surely turn
out to be methodological artifacts. It might still
be the case that there will be more genes that
support a division of living things into Bacteria,
Archaea, and Eukarya than support any other
single trifurcation (or other simple division) of
all known taxa. Nevertheless, such a “majority
rule” classification is not the “natural” scheme
that Darwin, Zuckerkandl and Pauling, or
Woese first had in mind. Inclusive organismal
hierarchy may just not be a biological reality.
LGT was a problem in early evolution, but
things have improved since. In a recent article
(41) on “the universal ancestor,” Woese re-
affirmed and expanded his views of the last
common ancestor, which he has held since

Fig. 3. A reticulated tree,
or net, which might more
appropriately represent life’s
history. Martin (76), in a
review covering many of
the same topics as this
one, has presented some
striking colored represen-
tations of such patterns.
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his original discovery of the trifurcation in
rRNA trees. He envisions a different tempo
and mode of evolution, driven by LGT be-
tween primitive cells with as yet inefficient
and error-prone replication, transcription, and
translation: and short exchangeable “opero-
nal” chromosomes. Since then (after the di-
vergence of Bacteria, Archaea, and Eukarya)
genomes began to “anneal,” becoming refrac-
tory to LGT as hardware components became
refined and highly interdependent.

Inefficient and error-ridden primitive cells
surely did once exist, but the patterns of
prokaryotic gene trees (Fig. 3) can probably
be accounted for by invoking LGT at the
frequency inferred by Lawrence and Ochman
(24) for E. coli’s past 100 million years,
operating between cells not radically differ-
ent from modern bacteria and archaea over
the past 3.5 billion years, which is the age of
the earliest cellular fossils. (LGT is not ex-
pected to be common among or play the same
role in the evolution of multicellular plants
and animals, especially those with sequestered
germ lines, and there simply is no extensive
data on LGT in unicellular eukaryotes.)

What If Phylogenetic Classification Is
Just Let Go?

Before Darwin, the purpose of a natural classi-
fication was to reveal divine or other eternal
ordering principles that explained patterns of
similarity and difference between species. Dar-
win argued that “propinquity of descent—the
only known cause of the similarity of organic
beings—is the bond, hidden as it is by various
degrees of modification, which is partially re-
vealed to us by our classification” (3, p. 399).
Biologists came to think that living species
diverge from an ever smaller number of ances-
tral species, back to the very first organism,
such that the ultimate natural order is a single
inclusively hierarchical, “universal phyloge-
netic tree,” without reticulation. They might not
be certain as to which genus (or kingdom) a
species (or phylum) belonged, but there was no
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question of its belonging to more than one.

After Zuckerkandl and Pauling (4), biolo-
gists came to think that the universal tree could
be reduced to a tree based on sequences of
orthologous genes, any of which (practical con-
siderations aside) could serve as a marker for an
entire genome, organism, or species. If, howev-
er, different genes give different trees, and there
is no fair way to suppress this disagreement,
then a species (or phylum) can “belong” to
many genera (or kingdoms) at the same time:
There really can be no universal phylogenetic
tree of organisms based on such a reduction to
genes. ‘

To save the trees, one might define organ-
isms as more than the sums of their genes and
imagine organismal lineages to have a sort of
emergent reality—just as we think of our-
selves as real and continuous over a lifetime,
while knowing that we contain very few of
the atoms with which we were born. But, one
cannot learn about the histories of such emer-
gent entities by studying the histories of their
individual parts unless arguable assumptions
of the sort discussed above are made.

For prokaryotes, LGT compromises the
definition of taxa at all ranks, especially the
highest. Archaea (or Bacteria) may well be
definable by sets of genes conserved within
and not between them, but the hierarchical
pattern shown in Fig. 2 is only one of many
possible depictions of relationships between
individual archaeal or bacterial genes and is
thus not a fair (at least not complete) depic-
tion of the actual evolutionary history of any
lineage of real organisms.

Perhaps it would be easier, and in the long
run more productive, to abandon the attempt to
force the data that Zuckerkandl and Pauling
stimulated biologists to collect into the mold
provided by Darwin. If there were believable
genealogies of all genes (and intragenic recom-
bination could be ignored), one could then ask
which genes have traveled together for how
long in which genomes, without an obligation to
marshal these data in the defense of one or
another grander phylogenetic scheme for organ-
isms. One could, as Maitin (/6, p. 104) has
exhorted, set about discovering the “principles
which must govern the distribution of genes
across bacterial genomes.” While retaining use-
ful names for recognized groups (Archaea and
Bacteria), one could see these as taxonomic
descriptors based directly on shared genes, but
only based indirectly and unpredictably on
shared ancestry. As an example, one could then
easily accept the fact that the cyanobacteria
appear to be a very “good” taxon in the sense
that many molecules support their monophyly
but that they nevertheless might derive major
elements of their uniquely defining photosyn-
thetic biochemistry from different bacterial an-
tecedents (42). As another, one might cease
being surprised or upset that the obvious exten-
sive sharing of genes between thermophilic pro-

karyotes makes the placement of any individual
thermophile in its “true” position in the tree a
highly problematic exercise (43). In other
words, biologists might rejoice in and explore,
rather than regret or attempt to dismiss, the
creative evolutionary role of LGT.
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