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Origins of Prokaryotes, Eukaryotes,
Mitochondria, and Chloroplasts

A perspective is derived from protein and nucleic

acid sequence data.

Robert M. Schwartz and Margaret O. Dayhoff

Many proteins and nucleic acids are
“living fossils”” in the sense that their
structures have been dynamically con-
served by the evolutionary process over
billions of years (/). Their amino acid
and nucleotide sequences occur today as
recognizably related forms in eukaryotes
and prokaryotes, having evolved from
common ancestral sequences by a great
number of small changes (2). These se-
quences may still carry sufficient infor-
mation for us to unravel the early evo-
lution of extant biological species and
their biochemical processes. There are
two principal computer methods that can
be used to treat sequence data in order
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to elucidate evolutionary history. These
were first described more than 10 years
ago (3, 4) and have been used to con-
struct a vertebrate phylogeny from each
of a number of proteins (5-7). This
phylogeny is generally consistent with
both the fossil record and morphological
data. Only recently has enough sequence
information become available from
diverse types of bacteria and blue-
green algae, and from the cytoplasm and
organelles of eukaryotes, for us to
attempt the construction of a biologically
comprehensive evolutionary tree. These
sequences include ferredoxins, 55 ribo-
somal RNA’s, and c-type cytochromes.
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We describe here an evolutionary tree
derived from sequence data that extends
back close to the time of the earliest
divergences of the present-day bacterial
groups.

Knowledge of the evolutionary rela-
tionships between all species would have
great predictive advantage in many
areas of biology, because most systems
within the organisms would show a high
degree of correlation with the phyloge-
ny. Knowing the relative order of the di-
vergences of prokaryote types and their
protein constituents is important to un-
derstanding the evolution of metabolic
pathways. With such information the
long-standing question of how eukaryote
organelles originated might be resolved.

Before we consider the phylogenies
based on sequence data, we will briefly
review the fossil record and describe the
time scale during which the various pro-
karyote groups diverged (8, 9). The early
fossil record is sparse and subject to
some uncertainty of interpretation. The
oldest known bacterium-like structures
that could possibly be biogenic are pre-
served in the Swaziland sediments and
are more than 3.1 billion years old (8,
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10). Stromatolitic structures have been
dated at nearly 3.0 billion years old (/7).
These structures are widely assumed to
be evidence for the antiquity of blue-
green algae but might equally well be in-
terpreted as products of communities of
photosynthetic bacteria, gliding flex-
ibacteria, or non-oxygen-releasing an-
cestors of the blue-green algae (8). Both
coccoid and filamentous microfossils
from 2.3 billion years ago have been
identified. The fossil record of micro-
organisms from about 2 billion years ago
clearly shows a great abundance and di-
versity of morphological types, many re-
sembling present-day bacteria and blue-
green algae. Geological evidence sug-
gests that free oxygen began to accumu-
late in the atmosphere about 2.0 billion
years ago (I2). Eukaryote cells may have
originated as early as 1.4 billion years
ago, because there is an abrupt increase
in cell size and diversity in microfossils
of this age (/3). The multicellular eu-
karyote kingdoms, plants, animals, and
fungi, are thought to have diverged be-
tween 1 billion and 700 million years ago.
Fossils of metazoans nearly 700 million
years old have been found.

There is good evidence that, in many
bacterial sequences of basic metabolic
importance, the rate of accumulation of
point mutations accepted in the wild-
type population is even slower than it is
in higher plants and animals (/4). Thus,
even though the time span for the evolu-

o
ala

tion of prokaryotes is more than two
times as long, we hope to infer correct
evolutionary trees for them as well as we
do for eukaryotes. Because the morpho-
logical evidence of biologists has proved
to be inadequate to the task of organizing
the major groups of bacteria and because
the fossil record is difficult to interpret,
sequence data may prove to be essential.

In this article, we assume that the ma-
jor types of bacteria have conserved the
integrity of the groups of sequences per-
forming basic metabolic functions; we al-
so assume that the substitution of a new
sequence for one already functioning in a
group through genetic transfer is suffi-
ciently rare to be discounted. Frequent
transfer between closely related species
should not impair our ability to deduce
the course of evolution of the major bac-
terial types. Only sequences that were
transferred will lead to conflicting evolu-
tionary histories for the species in-
volved; sequences from any of the close
species would be equally useful in de-
ducing the evolutionary position of the
bacterial type.

Reconstructing Evolution on the Basis of

Sequence Data

Evolutionary history can be conve-
niently represented by a tree on which
each point corresponds to a time, a mac-
romolecular sequence, and a species
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within which the sequence occurred. Al-
though we may not yet be able to infer its
exact location, there is one point that
corresponds to the earliest time and the
original ancestral sequence and species.
Time advances on all branches of the
tree emanating from this point. During
evolution, sequences in different species
have gradually and independently accu-
mulated changes, yielding the sequences
found today in the extant species repre-
sented at the ends of the branches. The
absolute chronology, of course, cannot
be inferred from sequences; the topology
of the branches gives the relative order
of events. On the evolutionary trees in
this article the lengths of the branches
are proportional to the inferred amount
of change in the sequences. It is not usu-
ally possible to infer the position of the
point of earliest time on a tree from the
sequence data. An exception occurs
when a gene doubling produces a reiter-
ated sequence that is ancestral to all the
sequences on the tree and when this du-
plication has been well preserved. For
some biological groups, such as the ver-
tebrates, the fossil record can be used to
fix the location of the point of earliest
time as well as its approximate chrono-
logical date.

In constructing an evolutionary tree
on the basis of sequence data, we treat
each amino acid or nucleotide residue in
a sequence as an inherited biological
trait. This assumption implies our ability
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Anaerobic
photosynthetic

bacteria
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I

23 7 Chromatium sp.
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Fig. 1 (left). Probability of inferring the correct topology from sequences of simulated evolutionary connection. A history of five equal intervals of
mutational distance was used, as shown at the top of the figure. Ten sets of sequences of 100 residues were generated for each mutational distance
(L = 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 300, 400). Random events were assigned according to the average mutability and mutation
pattern of each amino acid #0). In totaling the number of correct topologies inferred, a single correct answer counted 1, a wrong answer 0, a two-
way tie 0.5, and a three-way tie 0.33. Smoothed curves through the data points art shown. The matrix method is clearly superior. This figure is

adapted from (2).

Fig. 2 (right). Evolutionary tree derived from ferredoxin sequences. Two subtrees were constructed separately on the basis

of matrices of percentage differences between sequences from bacteria and from plants and the blue-green algae. A matrix based on an alignment
omitting multiple-residue insertions and deletions was used to estimate the evolutionary distance and the connection between the subtrees.
Mutiple-residue insertions in the sequences were omitted in constructing the bacterial subtree. The numbers on the tree are evolutionary dis-
tances in units of accepted point mutations per 100 residues. The order of divergence of the Bacillus and Desulfovibrio lines is unclear, as
indicated by the dashed connection of the Desulfovibrio branch. An insertion of three residues in only these two sequences is consistent with the
topology shown, but the topology with the Desulfovibrio branch coming directly off the ancestral line to the anaerobic bacteria does have nearly
as short an overall branch length. For this alternative topology, the calculated branch lengths in the neighborhood of the Desulfovibrio connection

would be slightly different.
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to align sequences so that changes reflect
substitutions of one residue for another
during the course of evolution. In-
sertions and deletions of genetic material
affect our ability to align sequences. Su-
perimposed and parallel point mutations
limit the accuracy with which we can in-
fer the amount of evolutionary change.
(Superimposed mutations are multiple
changes at the same site in a sequence;
parallel mutations are independent
changes in two or more sequences result-
ing in the same amino acid or nucleotide
at corresponding positions.) Experimen-
tal and methodological errors in se-
quencing present further difficulties.
These problems affect the overall per-
spective less as more data become avail-
able.

One of the computer methods used for
constructing phylogenetic trees proceeds
by generating ancestral sequences (I5);
the other produces a least-squares fit to a
matrix of evolutionary distances be-
tween the sequences (2, 4). The ancestral
sequence method is a problem in double-
minimization of inferred changes. For
each possible configuration of the evolu-
tionary tree, a set of ancestral sequences
is determined that minimizes the number
of inferred changes. Of these configura-
tions, the one that minimizes the total
number of changes between ancestral
and known sequences is selected as the
best representation of the evolutionary
tree. This method also yields a set of an-
cestral sequences corresponding to the
branch points of the tree.

In the matrix method, used to con-
struct the trees described here, we begin
by calculating a matrix of percentage dif-
ferences between sequences in an over-
all alignment. Large unmatched regions,
either internal or at the ends of se-
quences, do not correspond to point mu-
tations and therefore are omitted from
our calculations. The matrix elements
are corrected for inferred parallel and su-
perimposed mutations according to a
scale based on the average way amino
acids change during evolution (/6); this
gives evolutionary distances in accepted
point mutations per 100 residues. For a
given matrix, the determination of the
best tree is a problem in double-mini-
mization. For each possible configura-
tion, a set of branch lengths is deter-
mined that provides a weighted least-
squares fit between the distances given
by the reconstructed matrix and those of
the original matrix. The configuration
that has the minimal total branch length
is selected as the best solution.

To test the accuracy of both of these
methods, we produced a number of fami-
lies of sequences that were related
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through simulated evolutionary change
that included amino acid replacements
but no insertions or deletions (2). The re-
sults (Fig. 1) show that for sparse trees of
distantly related sequences the matrix
method is clearly superior to the ances-
tral sequence method. Because this is
precisely the type of tree with which we
are concerned, all of the individual trees
shown here were constructed by the ma-
trix method.

The matrix method is much more ac-
curate for distantly related sequences be-
cause the information utilized is de-
graded more slowly by superimposed
and parallel mutations than that utilized
in the ancestral sequence method. If ge-
netic material has been deleted or in-
serted, there is an additional factor fa-
voring the use of the matrix method: the
results obtained are less affected by vari-
ations in gap placement. The number of
matching residues is not critically depen-
dent on the exact alignment of two se-
quences. Typically, several alignments
varying in the placement of gaps give the
same number, and there are usually
many more alignments corresponding to
slightly smaller numbers of matches.

Our alignments are based on a com-
puter program that determines the best
alignment of two sequences (17, 18). The
residue-by-residue comparisons match
amino acids according to a model of the
point mutation process that takes into
account amino acid mutabilities and re-
placement probabilities (/6). These pair-
wise sequence comparisons are adjusted
to produce a comprehensive alignment.
In the alignments used here, the relative
magnitudes of terms in the matrices of
percentage differences closely reflect the
order of similarity of the pairs of se-
quences. Other criteria can be used in
determining gap placement. For ex-
ample, because overall conformation ap-
pears to be well conserved by evolution,
Dickerson et al. (19) propose an align-
ment of c-type cytochromes that match-
es residues according to their positions
in the three-dimensional structure of the
molecules. Alignments based on muta-
tions are more appropriate here because
the programs for reconstructing phyloge-
ny seek a minimum number of genetic
events.

The topological configuration obtained
is not very sensitive to the correction
method used for the matrix elements. In
the simulated problems (Fig. 1), the
curve of correctly inferred topologies ob-
tained directly with the matrix of per-
centage differences is almost identical
with that obtained with the values cor-
rected for presumed superimposed and
parallel mutations. The reconstructed

branch lengths approached an asymptote
when the matrix of percentage differ-
ences was used, whereas they were cor-
rect on the average (but only very ap-
proximately in any particular case) when
the corrected matrix was used.

Four protein superfamilies include se-
quences from several prokaryotes and
eukaryotes: ferredoxin, 55 ribosomal
RNA, c-type cytochromes, and azurin-
plastocyanin. Two other superfamilies,
flavodoxin and rubredoxin, have se-
quences that are known from at least
four types of bacteria in common with
the first superfamilies. Each of these
groups of sequences can be used to con-
struct an evolutionary tree; generally,
the information that an individual tree
provides corresponds closely to the evo-
lution of the biochemical system within
which the molecule functions. Plastocya-
nin, for example, functions in oxygen-re-
leasing photosynthesis, and these se-
quences provide information about the
evolution of photosynthesis in the blue-
green algae and in the chloroplasts of
higher plants. Together with azurin se-
quences they also depict the divergence
of the blue-green algae from the bacteria.

None of these individual trees, how-
ever, gives an overall picture of the
course of evolution and the development
of new biochemical adaptations from the
appearance of the earliest living forms to
the divergence of the eukaryote king-
doms. For example, no one tree contains
sequences from both cytoplasm and
chloroplasts of higher plants; thus, indi-
vidual trees leave unresolved the ques-
tion of whether or not the eukaryote or-
ganelles had symbiotic origins. Under-
standing the development of new bio-
chemical pathways requires information
that cannot come from a tree derived
from data on a single type of molecule.
Fortunately, the groups of organisms
and eukaryote organelles from which se-
quences are available overlap in such a
way that the trees can be correlated and
a composite tree can be constructed.
This composite tree depicts more fully
the relationships between the major de-
velopments in early biological evolution.

Ferredoxins

The ferredoxins are small, iron-con-
taining proteins that are found in a broad
spectrum of organisms and that partici-
pate in such fundamental biochemical
processes as photosynthesis, oxidation-
reduction respiratory reactions, nitrogen
fixation, and sulfate reduction. The
amino acid sequences of these proteins
have been elucidated by a number of
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workers, including particularly K. T.
Yasunobu, H. Matsubara, and their co-
workers [see (20, 21)]. The tree (Fig. 2)
derived from these sequences provides a
framework for the events outlined in the
other evolutionary trees presented here;
moreover, a gene-doubling shared by all
the ferredoxin sequences makes it pos-
sible to deduce the point of earliest time
in these trees. The clostridial-type fer-
redoxins, in particular, are still very sim-
ilar in sequence to the extremely ancient
protein that duplicated. Most of these
ferredoxins are composed of fewer than
the 20 coded amino acids, and they lack
those amino acids that are thermody-
namically least stable, such as trypto-
phan and histidine (22).

The clostridial-type ferredoxins show
the strongest evidence of gene-doubling.
Using our computer program RELATE
(17), we compared all pairs of different
segments that were 15 residues long
within each of these proteins and calcu-
lated a probability of less than 107 that
the repetitive character of the two halves
occurred by chance. From an alignment
of the first and second halves of these se-
quences, we inferred an ancestral half-
chain sequence. This sequence, doubled,
was included in the computations of the
evolutionary tree. Because all of the fer-
redoxin sequences show some evidence
of gene-doubling, this event must have
occurred prior to the species divergences
shown here. The doubled sequence is
therefore located at the base of the tree.
All organisms near the base of the tree
(Clostridium, Megasphaera, and Pepto-
coccus) are anaerobic, heterotrophic
bacteria (23). Most species of these
groups lack heme-containing proteins,
such as the cytochromes and catalase. It
has long been thought that, of the extant
bacteria, these species most closely re-
flect the metabolic capacities of the
earliest species (24). In Fig. 2, Chloro-
bium and Chromatium are pictured as
having diverged very early from the an-
cestral heterotrophic bacteria, although
the exact point of this divergence is not
clearly resolved. Chromatium and Chlo-
robium are anaerobic bacteria capable of
photosynthesis using H,S as an exoge-
nous electron donor. Of the anaerobic
bacteria shown, only Chlorobium limi-
cola cannot live fermentatively, and it is
reasonable to suppose that this ability is
primitive and was lost by this bacterium.
The two ferredoxins in Chlorobium are
the result of a gene duplication within
this line.

In Fig. 2, the Bacillus and Desulfo-
vibrio lines diverge next from the line
leading to the blue-green algae. Members
of the genus Bacillus are either strictly
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aerobic or facultatively aerobic, capable
of respiring aerobically but living fer-
mentatively under anaerobic conditions.
Desulfovibrio is a sulfate-reducing bacte-
rium; it respires anaerobically using sul-
fate as the terminal electron acceptor.
The use of sulfate by Desulfovibrio con-
trasts sharply with the use of oxygen as
the terminal electron acceptor of respira-
tion by Bacillus. This difference suggests
that the divergence of these bacteria oc-
curred after some components in the res-
piratory chain had developed. The topol-
ogy pictured here indicates that the final
components in the chain evolved sepa-
rately in the Bacillus, Desulfovibrio, and
blue-green algal lines.

The plant-type ferredoxins are all very
closely related. Those from the green
alga Scenedesmus and the higher plants
are found in the chloroplasts of these or-
ganisms. Spirulina and Nostoc belong to
one major division of the blue-green al-
gae, the filamentous type; Aphanothece
represents the other major division, the
coccoid type, (25).

The tree in Fig. 2 indicates that the
structure of ferredoxin has changed
much more in some lines than in others;
this, at least in part, reflects changes in
ferredoxin function. The clostridial se-
quences are little changed over the entire
time represented, possibly more than 3
billion years. The adjustment to bacterial
photosynthesis required somewhat more
change, the adjustment to an aerobic me-
tabolism required still more, and the
most change occurred in the adaptation
to oxygen-releasing photosynthesis. Un-
like the situation in eukaryotes, the rate
of acceptance of point mutations in pro-
karyote sequences is very uneven and
cannot provide a useful evolutionary
clock.

Origins of Eukaryote Organelles

There are two schools of thought con-
cerning the origin of the eukaryote mito-
chondria and chloroplasts: one is that
they arose by the compartmentalization
of the DNA within the cytoplasm of an
evolving protoeukaryote (26); the other
is that they arose from free-living forms
that established symbiotic relationships
with host cells (27). According to the
first theory, all genes arose within a
single ancestral line, and homologs
found in both the nucleus and the organ-
elles arose by gene duplication. Thus, in
the evolutionary tree for ferredoxin, the
animals and fungi would appear together
with the higher plants in the upper por-
tion of the tree, after the divergence of
the blue-green algae.

According to the symbiotic theory, the
chloroplasts descended from free-living
blue-green algae; other symbionts would
include the mitochondrion, which was
originally a free-living aerobic bacte-
rium, and the flagellum and mitotic appa-
ratus, which may have descended from
spirochetes. It is proposed that these
prokaryotes separately invaded proto-
eukaryote host cells with which they
became symbiotic and continued to
evolve to their current status as organ-
elles. If the symbiotic theory is accurate,
mitochondrial and chloroplast genes
should show evidence of recent common
ancestry with the separate types of con-
temporary free-living prokaryote forms.
The host and organelles should occur on
different branches that also contain free-
living forms. The tree of plant-type fer-
redoxins would thus depict the radiation
of blue-green algae followed by the de-
velopment of symbiosis between one of
these organisms and an ancestor of
Scenedesmus and the higher plants. Al-
though the appearance of the ferredoxin
tree, particularly its branch lengths, is
more consistent with this theory than
with the first explanation, the tree by it-
self does not enable us to distinguish be-
tween the two theories because no fer-
redoxin sequences are available from the
eukaryote cytoplasm or mitochondria.

55 Ribosomal RNA

The 5S ribosomal RNA molecule has a
low molecular weight and is about 120
nucleotides in length. It is associated
with the larger ribosomal subunit and is
thought to function in the nonspecific
binding of transfer RNA to the ribosome
during protein synthesis (28). Because
this function is independent of the kind
of amino acid, this type of molecule
could be extremely ancient, predating
the contemporary form of the genetic
code. Sequences of 55 ribosomal RNA
have been determined by a number of
workers, including B. J. Forget, S. M.
Weissman, and C. R. Woese [see (29,
30)]; they have been taken from a wide
variety of sources, including aerobic and
anaerobic bacteria, blue-green algae, and
the cytoplasm of several eukaryotes.
The cytoplasmic sequences, in particu-
lar, present the possibility that an evolu-
tionary tree based on this molecule will
provide further insight into the origin of
the eukaryotes.

Aligning nucleotide sequences in a
way that reflects their evolution is more
difficult than aligning amino acid se-
quences because there are only four
kinds of bases. However, knowledge of
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the secondary structure alleviates the
alignment problem somewhat because
we can assume that positions involved in
the base-paired regions of the molecule
were highly conserved during evolution.
We have aligned the known sequences to
reflect their natural division into groups
from prokaryotes and eukaryotes and to
match a model of their secondary struc-
ture (29) adapted from Nishikawa and.
Takemura (37).

We derived an evolutionary tree (Fig.
3) on the basis of this alignment and
placed its base on the branch to the an-
aerobic bacterium Clostridium in con-
formance with the ferredoxin tree. All
the eukaryote 5S ribosomal RNA’s were
isolated from cytoplasmic ribosomes,
one of the three ribosomal systems found
in eukaryotes.

The branch leading to these cyto-
plasmic sequences diverges from the
prokaryotes at a point that is close to the
origin of the Bacillus branch. Like some
members of the genus Bacillus, Esche-
richia is also facultatively aerobic and
has both fermentative and respiratory
metabolisms. Unless aerobic respiration
arose separately in the Bacillus and
Escherichia lines, their most recent com-
mon ancestor had this bimodal metabolic
capacity also.

Prokaryotes Eukaryotes
Plants
Chlorella Animals
Drosophila

Chicken
Aerobic  RYe Human
Blue-green bacteria Toad

algae Pseudomonas
Anacystis

Photobacterium
‘ Escherichia,

Bacillus

Anaerobic bacteria

Clostridium

The two lines leading to organisms
that are capable of oxygen-releasing pho-
tosynthesis appear on opposite sides of
this tree. One leads to rye and Chlorella,
a eukaryote green alga, the other to Ana-
cystis, a blue-green alga. Anacystis is
grouped in the same family with Aphano-
thece (25), which appears on the ferre-
doxin tree. These coccoid blue-green al-
gae are certainly more closely related
than the blue-green algal orders repre-
sented by Aphanothece and Spirulina.
Thus, we predict that Aphanothece
would be found to diverge near the end
of the Anacystis branch, preceded slight-
ly by the divergence of the chloroplast
branches. The very separate history of
the cytoplasmic sequences points to a
symbiotic origin of the chloroplasts, with
the cytoplasmic sequences representing
the evolution of the organism that was
invaded by a blue-green alga.

C-Type Cytochrome

The evolutionary tree based on c-type
cytochromes (Fig. 4) is important to an
understanding of the origin and evolution
of the mitochondrion. R. Ambler, E.
Margoliash, D. Boulter, M. Kamen, E.
Smith, and G. Pettigrew, in particular,

Photosynthetic bacteria

Aerobic bacteria

Paracoccus
denitrificans

TTee—,—

Cs

Pseudomonas mendocina——.

Eukaryote mitochondria
C

Azotobacter_ Cssi Pseudomonas stutzeri
vinelandii W

are responsible for sequencing many of
these proteins [see (32)]. Cytochrome ¢
is coded in the nucleus but functions in
the mitochondrion. This is usually ex-
plained in the symbiotic theory by trans-
fer of genetic information, including the
gene for cytochrome c¢, from the in-
vading aerobic bacterium to the pro-
toeukaryote host during the develop-
ment of their current relationship. In the
nonsymbiotic theory, genetic rearrange-
ment is also an essential feature.

The eukaryote mitochondrion is
placed in the portion of the tree (Fig. 4)
that includes the aerobic bacteria after
their divergence from the blue-green al-
gae and chloroplasts. The cytochrome ¢
sequences are on a branch that most re-
cently diverged from cytochrome c, of
the nonsulfur, purple, photosynthetic
bacteria; together these diverged from
the branch leading to cytochrome css,
from strict aerobes such as Pseudom-
onas. This contrasts with the evolution
of the eukaryote cytoplasmic constitu-
ents depicted by the tree derived from 5§
ribosomal RNA (Fig. 3). There the eu-
karyotes diverged with the facultatively
aerobic bacteria, such as Bacillus, from
the line leading toward the blue-green al-
gae. Pseudomonas diverged from this
line somewhat later. This contrasting

Blue-green algae
and chloroplasts

Q°\° . Ce
& O o
. A3
‘&6%\&0 Q?%
o

O
3 Anaerobic
photosynthetic bacteria
48 Csss
Chlorobium limicola

38]  Prosthecochloris
aestuarii

Fig. 3 (left). Evolutionary tree derived from 58 ribosomal RNA. This tree was derived by the matrix method. Branches are drawn proportional to
the amount of evolutionary change they represent; selected branch lengths are indicated in numbers of accepted point mutations per 100 residues.
The order of divergence for the branches leading to the eukaryotes and to Bacillus is not clearly resolved; the tree whose topology reverses the
order of these branches has nearly as short an overall length. The prokaryote species shown are Clostridium pasteurianum , Bacillus megaterium,

B. licheniformis, Escherichia coli, Pseudomonas fluorescens, and Anacystis nidulans. The Chlorella species is C. pyrenoidosa.

Fig. 4 (right).

Evolutionary tree derived from c-type cytochromes. The subtrees pictured here, such as the cytochrome c, tree, were derived separately from
matrices of percentage differences between the complete sequences. Branches connecting the subtrees were estimated from a matrix calculated
from an alignment that omitted multiple-residue insertions and deletions. Branch lengths are given in accepted point mutations per 100 residues.
The points of earliest divergence in the individual subtrees cannot be precisely determined and, therefore, the bases of the subtrees are represent-
ed by dashed lines. Cytochrome c;s, and all of the c¢,’s differ from the other c-type cytochromes in having a deletion close to the heme-binding
cysteine in their sequences and on this basis were placed on a branch separate from the cytochrome c sequences. Euglena and Crithidia have
been placed on a single branch together, a configuration slightly less than optimal, because they share a unique mutation of the active cysteine.
The connections of the cys; and c,55 sequences have been centered. The genera Rhodospirillum and Rhodopseudomonas are abbreviated Rs. and
R., respectively. Cytochrome c; sequences were taken from the following species: Spirulina maxima, Monochrysis lutheri, Porphyra tenera,
Euglena gracilis, Alaria esculenta, and Plectonema boryanum; cytochrome ¢ sequences were taken from protists Euglena gracilis and Crithidia

oncopelti. This tree is adapted from (2).
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Photosynthetic and
aerobic bacteria

Rhodopseudomonas
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algae
Chloroplasts Spirulina
Golden algae

Mitochondria
Mammals Plants

Plants

0,-evolving
photosynthesis

Respiratior&

Anaerobic photosynthesis

using chlorophyll/'
Anaerobic fermentation

\\|Time of chloroplast invasions
“4# |Time of mitochondrion invasion
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Pseudomonas

Facultative
bacteria
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* Bacillus reducing bacteria
Desulfovibrio
Anerobic photosynthetic bacteria
Chlorobium
Chromatium

Anerobic bacteria
Clostridium

Ferredoxin doubling

Fig. 5. Composite evolutionary tree. This tree presents an overview of early evolution based on
ferredoxin, c-type cytochromes, and 55 ribosomal RN A sequences. The heavy lines represent a
tree calculated from a matrix of evolutionary distances combining two or more of the individual
trees. The lighter lines represent branches scaled from a single tree and added to the combined
tree. The point in evolution at which the mitochondrial symbiosis occurred is stippled; the

chloroplast symbiosis is shaded.

picture reinforces arguments favoring a
symbiotic origin for the mitochondrion.
The cytoplasmic 55 ribosomal RNA se-
quences appear to describe the evolution
of the protoeukaryote host. The subtree
for animals that was derived from cyto-
chrome ¢ (5) is consistent with that de-
rived from 5§ ribosomal RNA se-
quences. According to the symbiotic the-
ory, this would be because these diver-
gences were subsequent to the mito-
chondrial invasion of host cells.

Cytochrome c, is found in bacteria
such as Rhodomicrobium and Rhodo-
pseudomonas. These bacteria photosyn-
thesize anaerobically but respire aero-
bically. Paracoccus denitrificans pos-
sesses cytochrome cj5, Which is very
similar to cytochrome c, along its entire
length. The position of Paracoccus in the
tree suggests that it arose from a non-
sulfur photosynthetic bacterium by the
loss of its photosynthetic ability (/9).

Two different c-type cytochromes, c;
and c,;, are found in Pseudomonas,
a nonphotosynthetic bacterium. These
may be the result of a gene duplication
early in the tree with subsequent loss of
the ¢; gene in some lines. For species in
which the gene was not lost, we would
expect that the topology of the main tree
subsequent to the duplication would be
reiterated on the branch that included
the c; sequence. A transfer of genetic
material from a bacterium that contained
the ¢, gene to Pseudomonas could also
explain this branch.
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The presumed duplication of the c-
type cytochrome gene in Pseudomonas
brings up a problem in interpreting evo-
lutionary trees that is especially acute
here. If we are treating two products of
an unsuspected gene duplication, we will
assume that the two lines of protein evo-
lution correspond to a single pattern of
species evolution. This can lead us to be-
lieve that two closely related organisms
are quite distant from one another. For
example, if cytochrome c;5, had gone un-
detected in species of Pseudomonas, the
tree in Fig. 4 would suggest that Azoto-
bacter and Pseudomonas were very dis-
tantly related. At present, metabolic
function guides our selection of homol-
ogous proteins and helps avoid this diffi-
culty. In the tree of c-type cytochromes,
protein function has changed, and this
presents an added difficulty in inter-
pretation. As a more complete picture of
the protein complement of each species
becomes known, this problem will be-
come unimportant.

Cytochrome c; is found in the photo-
synthetic lamellae of blue-green algae
and in the chloroplasts of eukaryotes
where it functions in the electron trans-
port chain between photosystems I and
II. As in the ferredoxin tree, there is a
close similarity between the sequences
from the blue-green alga Spirulina and
the various eukaryote algal chloroplasts;
as in the 5S ribosomal RNA tree, the
blue-green algae are most closely related
to strictly aerobic bacteria, such as

Plants

Pseudomonas. It is not possible to locate
precisely the point at which the main tree
connects to the subtree of cytochrome
cs. However, the topology and branch
lengths reflect a symbiotic origin for pho-
tosynthesis in eukaryotes. There are sep-
arate branches leading to the two fila-
mentous blue-green algae, Spirulina and
Plectonema, intermixed with the eu-
karyote algae branches. The most direct
explanation for this is that the cyto-
chrome c¢g¢ subtree reflects, at least in
part, the evolutionary relationships
among the blue-green algae that became
symbionts rather than the speciation of
eukaryotes. Some of the eukaryote algal
chloroplasts appear to be derived from
different symbiotic associations, as Ra-
ven has suggested (33).

The point of earliest time on the tree
for c-type cytochromes was placed near
the divergence of Chlorobium and Pros-
thecochloris; both of these are anaero-
bic, obligate, photosynthetic bacteria.
This is consistent with the position of the
sequence from Chlorobium in the fer-
redoxin tree. As in the tree of 5§ ribo-
somal RNA’s, prokaryote branch
lengths are strikingly unequal, probably
reflecting changes in protein function,
and cannot be used to estimate time re-
liably.

Composite Evolutionary Tree

Each of the individual trees we have
presented contains information about the
early course of biological evolution. We
have used the topologies and evolution-
ary distances derived for these trees to
construct a composite tree (Fig. 5)
which, although it is based on sparse
data from a few species, begins to pro-
vide a coherent evolutionary framework
that can be expanded as new sequence
data become available.

We constructed the composite evolu-
tionary tree from a composite matrix ac-
cording to the same methods that we
used to construct the individual trees.
The matrix included the six species that
appear on at least two of the three indi-
vidual trees (their branches are repre-
sented by the heavy lines in Fig. 3).
First, the trees were scaled so that dis-
tances were comparable. To do this, we
compared the overall length of the dis-
tances each tree had in common with
each other tree. These ratios were ad-
justed slightly to give a consistent set of
scale factors. A combined matrix of dis-
tances between the six species was cal-
culated by averaging the scaled contribu-
tions from each of the individual trees.
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As previously, for each possible configu-
ration of the combined trees, a set of
branch lengths was determined that pro-
vided a weighted least-squares fit be-
tween the matrix of distances between
species and a matrix reconstructed from
the tree. The configuration with the
shortest overall branch length was cho-
sen. This configuration is the one that is
also consistent with all of the individual
trees. Finally, branches found in only
one tree were scaled in length and added
to the composite tree, maintaining the
relative internodal distances (these are
represented by light lines in Fig. 5).

The genetic doubling of the clostridial-
type ferredoxins allows us to locate the
base on this tree. Moreover, because the
species whose sequences have changed
least since this doubling event were all
anaerobic, heterotrophic bacteria, it is
likely that the ability to live fermenta-
tively is primitive.

The composite tree describes the evo-
lution of photosynthesis using chloro-
phyll, starting with the development of
the ability to synthesize this class of
compounds. Three families of photosyn-
thetic bacteria are represented: Chroma-
tiaceae, Chlorobiaceae, and Rhodospiril-
laceae. The divergence of the Chroma-
tiaceae and the Chlorobiaceae from the
other anaerobic bacteria was quite early,
and it is clear that this type of photosyn-
thesis arose at a very early stage in evo-
lution and has not changed much. The
Rhodospirillaceae provide an example of
the confusion that morphological criteria
can cause. As Stanier et al. (23) point
out, these bacteria are indistinguishable
in structure and pigments from members
of the Chromatiaceae under anaerobic
conditions; however, when grown under
strictly aerobic conditions, they appear
to be the same as nonphotosynthetic
bacteria of similar form, such as the
pseudomonads. The c-type cytochrome
sequences clearly place them in a portion
of the tree surrounded by strictly aerobic
forms on a branch leading to Pseudo-
mondas.

If we assume that it is very hard to
achieve a photosynthetic metabolism
with its many coordinated macromole-
cules, but relatively easy to lose one
through any one of many genetic
changes, then it is reasonable to suppose
that the main trunk of this tree repre-
sents a continuum of photosynthetic
forms. We would not be surprised to find
photosynthetic forms branching off at
any point. Except for the early anaer-
obes, all nonphotosynthetic bacteria
would be descended from a few ancestral
forms that have independently lost their
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photosynthetic ability. This is very dif-
ferent from biological classifications
where all photosynthetic forms - are
grouped together, separate from the non-
photosynthetic forms.

The next major event shown on the
main trunk of the tree is the development
of aerobic respiration. As we noted in
discussing the ferredoxin evolutionary
tree, the divergence of Bacillus and De-
sulfovibrio probably marks the appear-
ance of some components of this adapta-
tion. The final elements in this adapta-
tion were evolved separately because
these groups differ in their terminal elec-
tron acceptor in respiration. Additional-
ly, the divergence of cytochrome ¢y oc-
curred just prior to this time. In the tree
of the c-type cytochrome, it is unclear
whether this divergence represents a
gene duplication or a recent genetic
transfer; in the context of the evolution
of a respiratory metabolism, a dupli-
cation of the ancestral gene could have
provided the genetic material and re-
laxed evolutionary constraints necessary
for the development of aerobic respira-
tion.

The clearest and most direct inter-
pretation of the sequence data is pro-
vided by the symbiotic theory for the ori-
gin of the eukaryotes. The branch we
identify as the eukaryote host diverged
at about the same time as Bacillus and
Escherichia. Both of these bacteria are
facultative aerobes. This suggests that
the ancestral eukaryote host was also
facultatively aerobic at the time of its di-
vergence.

The bacterium that became the mito-
chondrion was most closely related to
the third family of photosynthetic bac-
teria, the Rhodospirillaceae. The topol-
ogy of the tree invites the speculation
that this ancestral bacterium was photo-
synthetic until shortly before or just after
it invaded the host. Because a single
cytochrome c is found in most eu-
karyotes, it seems reasonable to suppose
that the aerobic respiratory metabolism
of this invading protomitochondrion was
more effective than that of the host and
that the host lost any primitive system
that it might have had.

The final biochemical adaptation de-
picted here is the development of photo-
system II. The blue-green algae and
chloroplasts of the eukaryotes are ca-
pable of oxygen-releasing photosynthe-
sis, and the available sequence data
point to this capacity having evolved on-
ly once. It appears to have combined the
new biochemical adaptation, photosys-
tem II, with proteins modified from two
earlier adaptations, bacterial photosyn-

thesis and respiration. The chloroplasts,
like the mitochondria, are grouped to-
gether with free-living prokaryotes, a re-
sult consistent with the symbiotic theo-
ry.

It is frequently suggested that aerobic
respiration developed after oxygen-re-
leasing photosynthesis as a protective
mechanism in response to atmospheric
oxygen produced by blue-green algae
(24, 34). The composite tree clearly sug-
gests that many components of the res-
piratory chain predate oxygen-releasing
photosynthesis; all of the organisms on
the tree above Desulfovibrio are aerobic,
whereas the earlier branches all lead to
anaerobic forms. Although possible, it
seems unlikely that the use of oxygen as
the terminal electron acceptor in respira-
tion evolved separately in the lines lead-
ing to the blue-green algae, the facul-
tative aerobic bacteria, and the strictly
aerobic bacteria after the development of
photosystem II in the blue-green algal
line. As Schopf (8) has pointed out, it is
difficult to imagine the development of
oxygen-releasing photosynthesis prior to
the development of a rudimentary mech-
anism for coping with oxygen. Oxygen is
produced intracellularly in photosynthe-
sis, and it is intracellular components
that must be protected from oxidation. A
rudimentary form of aerobic respiration
most probably arose at a time near the
divergence of the Bacillus line from that
leading to the blue-green algae.

The composite tree makes it particu-
larly clear that the three branches that
contribute to the eukaryote host and or-
ganelles are distinctly separate; each is
closely related to free-living pro-
karyotes. The chloroplasts share a re-
cent ancestry with the blue-green algae;
the mitochondrion shares a recent an-
cestry with certain respiring and photo-
synthetic bacteria, the Rhodospiril-
laceae; whereas the eukaryote host di-
verged from the other groups at a
considerably earlier time along with Ba-
cillus and Escherichia.

Corroborative Sequence Data

A limited amount of sequence data
from four or more species is available
from other proteins. Azurin and plas-
tocyanin are blue, copper-containing
proteins whose sequences show statisti-
cal evidence of their common evolution-
ary origin (20). Moreover, they appear to
be parts of homologous electron trans-
port systems because each of them ex-
changes electrons with c-type cyto-
chromes. Azurin is thought to exchange
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an electron with cytochrome c;;; in bac-
terial respiration (35); plastocyanin ex-
changes an electron with cytochrome cg
in the electron transport chain between
photosystems I and II.

Plastocyanin sequences from both eu-
karyote chloroplasts and a blue-green al-
ga have been determined by a number of
workers (20, 36) including D. Boulter
and A. Aitken, in particular; azurin se-
quences from aerobic bacteria have been
determined by R. Ambler (20). We con-
structed an evolutionary tree (Fig. 6)
based on these sequences. The relation-
ships depicted are consistent with those
presented in the other trees. The aerobic
bacteria, on the right side of the tree, are
very closely related, and the extents of
their divergences are comparable to
those of the higher plants, shown on the
left side of the tree. Anabaena, a fila-

- mentous blue-green alga, is closely re-
lated to chloroplasts of the eukaryote
green alga Chlorella and of the higher
plants. The topology of this tree again is
“consistent with the symbiotic origins for
chloroplasts. The divergences of the
higher plant chloroplasts are close
enough to classical phylogenies to be ex-
plained by a single symbiotic association
that predated plant divergences. Lewin
(37) has recently proposed a new divi-
sion, the Prochlorophyta, for a group of
bright green, generally spherical, pro-
karyote algae. These had previously
been classified with the blue-green algae.
However, like the higher plant chloro-
plasts and unlike the blue-green algae
they contain both chlorophylls a and b
and no detectable bilin pigments. Se-
quences from these organisms might be
especially helpful in extending our un-
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derstanding of the evolution of higher
plant photosynthesis.

Flavodoxins are low-molecular weight
proteins that have been isolated so far
from only bacteria and algae. They have
one flavin mononucleotide prosthetic
group per molecule and substitute for
ferredoxins in a variety of reactions, in-
cluding the phosphoroclastic splitting of
pyruvate and the photosynthetic reduc-
tion of nicotinamide-adenine dinucleo-
tide phosphate. Flavodoxin sequences
are known from three anaerobic bac-
teria, Clostridium, Megasphaera, and
Desulfovibrio, and an aerobic bacterium,
Azotobacter; most of these sequences
were determined by K. T. Yasunobu, J.
L. Fox, and their co-workers [see (38)].
The matrix of the percentage differences
between these flavodoxin sequences
(Table 1) reveals the close relationship of
the highly conserved Megasphaera and
Clostridium sequences and of the more
highly evolved Desulfovibrio and Azoto-
bacter sequences, supporting the phy-
logeny we have drawn.

Rubredoxin, another protein that par-
ticipates in electron transport, has also
been used as a basis for constructing an
evolutionary tree (20, 39). This tree in-
cludes sequences from Megasphaera
elsdenii, Peptococcus derogenes, Clos-
tridium  pasteurianum, Pseudomonas
oleovorans, Desulfovibrio gigas, and D.
vulgaris, and is also consistent with the
ones we have constructed except that
the closely related Desulfovibrio se-
quences diverge close to the earliest
point on the tree and are very highly con-
served. That the placement of the De-
sulfovibrio branch is inconsistent with
that depicted in the trees for ferredoxin

and flavodoxin suggests that there might
be an unsuspected gene duplication in
the rubredoxins, a rare occurrence of an
accepted gene transfer, or a misleading
concatenation of evolutionary events in
these short sequences.

Summary

If current estimates of the antiquity of
life on earth are correct, bacteria very
much like Clostridium lived more than
3.1 billion years ago. Bacterial photosyn-
thesis evolved nearly that long ago, and
it seems reasonable, in view of our com-
posite tree, to attribute the most ancient
stromatolites, formed nearly 3.0 billion
years ago, to early photosynthetic bac-
teria. Blue-green algae appear to have
evolved later. The tree shows that by the
time oxygen-releasing photosynthesis
originated in the blue-green algal line,
there must have been a great diversity of
morphological types, including bacteria
that are ancestral to most of the major
groups pictured on the composite tree.
This time probably corresponded to the
great increase in complexity of the fossil
record about 2 billion years ago. Our
composite tree suggests that aerobic res-
piration preceded oxygen-releasing pho-
tosynthesis. This may mean that the for-
mation of oxygen from water in the
upper atmosphere was important to
evolving prokaryotes prior to 2 billion
years ago. Oxygen-releasing photosyn-
thesis arose later and was, in large mea-
sure, responsible for the final transition
to the present-day oxygen level in the at-
mosphere. Judging from the relative
branch lengths on the tree, the mitochon-

Tablé 1. Flavodoxins

Number of differences

Megasphaera elsdenii
Clostridium MP

Desulfovibrio vulgaris
Azotobacter vinelandii

Alcaligenes sp.

76 107 155
55 104 152
71 69 151
85 83 82

A. denitrificans
19

Percentage difference

A. faecalis
24

Fig. 6. Evolutionary tree derived from azurin and plastocyanin. Sub-
trees for the two proteins were derived separately from matrices cal-
culated from complete sequences. In order to estimate the evolution-
ary distance between the two families, we used a matrix calculated
from an alignment that omitted multiple-residue insertions and dele-
tions between the families. Branch lengths are drawn proportional to
amounts of evolutionary change in the units of accepted point muta-
tions per 100 residues. The positions of the connecting branch within
the subtrees cannot be precisely determined from the data, and there-
fore the connections are represented by dashed lines. The order of
divergence of the three biotypes of Pseudomonas fluorescens could
not be resolved. The order of divergence of the chloroplasts of higher
plants is also unclear; the topology with the minimal overall length is

variabilis.

shown. The algal species shown are Chlorella fusca and Anabaena
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drial invasion occurred during this tran-
sition. Finally, perhaps 1.1 billion years
ago, several independent symbioses be-
tween protoeukaryotes and various blue-
green algae gave rise to photosynthetic
eukaryotes; some of these developed in-
to modern eukaryote algae, whereas a
single line, possibly from an ancestral
green alga, appears to have evolved into
the higher plants.

By combining the information from
evolutionary trees based on several
types of sequences, we have developed a
broad outline of early events in the emer-
gence of life that can be refined as new
sequence information becomes avail-
able. The schema presents a working hy-
pothesis for relating the many observa-
tions from metabolic and morphological
studies of bacteria and from paleogeol-
ogy. Eventually all of the biochemical
components of intermediary metabolism
may be correlated with the development
of the prokaryote types and their meta-
bolic capacities. '
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