Eukaryotes versus Prokaryotes:

An Estimate of Evolutionary Distance

Abstract. The divergence of nucleated organisms and bacteria was 2.6 times
more remote in evolution than the divergences of the nucleated organisms into
separate kingdoms, as evidenced by genetic changes in cytochrome c and transfer
RNA. The development of the genetic code through the differentiation of transfer
RNA’s for different amino acids was still more remote in evolution. The overall
rates of transfer RNA evolution in bacteria and nucleated organisms were

comparable.

Recently, biologists have realized that
the most basic division between orga-
nisms is not that between animals and
plants. Rather, the difference between
the eukaryotes (nucleated organisms)
and the prokaryotes (bacteria and blue-
green algae), which is marked by pres-
ence or absence of true nuclei, mitosis,
meiosis, and certain cell organelles, is
the most important distinction in the
course of evolution (/). We now add
further evidence derived from protein
and nucleic acid sequences and tenta-
tively quantify this major divergence.

We estimated evolutionary distance
by the quantity of difference in unit
characters between kingdoms; the quan-
tity of difference between prokaryotes
and -eukaryotes was compared to the
quantity of difference between separate
eukaryote kingdoms. The unit charac-
ters which we counted are defined by
three criteria. (i) The unit characters
are determined by coding in the chro-
mosmal DNA. (ii) Each unit character
can be independently altered by a point
mutation (single nucleotide change) or
other single genetic event, such as the
insertion of a small section of DNA into
the gene. (iii) A change in one unit
character can alter the efficiency of the
organism and can influence the effect
of natural selection on the organism.
A well-known example of such a change
is the substitution of valine for glutamic
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Fig. 1. The relation of the observed per-
centage of difference between sequences
to PAM’s (accepted point mutations
per 100 positions). These are correction
curves for superimposed mutations. The
solid line represents comparisons of tRNA
sequences; the dashed line represents com-
parisons of protein sequences (5).
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acid in position six of the 8 chain of
hemoglobin, which results in sickle-cell
anemia (2).

The unit characters which we used
are the individual amino acids making
up proteins and the nucleotides compos-
ing the metabolically functional ribonu-
cleic acids (RNA). The information for
our estimate of evolutionary distance
was elicited from the sequences of two
types of molecules. The first type is cy-
tochrome c, a part of the electron trans-
port system. Although this protein func-
tions in the mitochondria of eukaryotes,
the code for its structure is contained in
the nuclear DNA (3). The related pro-
tein cytochrome c,, from the photo-
anaerobe Rhodospirillum rubrum, ap-
pears to function in the photosynthetic
electron transfer chain of this bacteri-
um (4). The second type of molecule
is composed of the transfer RNA’s
(tRNA’s), which transport specific
amino acids into a protein chain as it
is being synthesized.

Twenty-two sequences were used for
comparisons in the cytochrome group
and eleven in the tRNA’s (5). We have
used as many sequences of cytochrome
c and tRNA as possible in order to
average the variations in individual
species. The enzymatic modifications of
the tRNA nucleotides were ignored in
our comparisons.

The cytochrome sequences contain an
average of 108 unit characters and the
tRNA’s have 58 unit characters. The
number of unit characters in each
sequence was determined by removing
from the total sequence those positions
which would not have changed inde-
pendently in the course of evolution.
For both the cytochromes and tRNA’s,
it is very probable that additions or
deletions of several adjacent residues
were due to a single event and thus
should be compared as a single change;
therefore, all but one of the residues
of such an addition were removed be-
fore comparisons. For the tRNA’s, the
anticodon was removed because it is
part of the definition of a tRNA as to

type; generally, any change in the anti-
codon would alter the basic function of
the molecule. Also, one side of each
base-paired region was removed from
the tRNA sequences. These base-paired
regions maintain the conformation of
the molecule (6), and in all of the
known sequences only 5 percent of the
pairs are mismatched. Whenever one
member of a pair mutates, selection
pressure evidently favors a second muta-~
tion in the pair to reestablish the bond-
ing; thus the evolution of the two sides
is not independent.

In comparing two sequences from
diverse organisms which have evolved
separately for some time, we expect
that any one position might have under-
gone superimposed or parallel muta-
tions. Obviously these multiple changes
became more numerous over longer
periods of evolution. A direct count of
changed positions would underestimate
the actual number of separate changes
and thus reduce the apparent evolu-
tionary distance. Therefore, using the
curves of Fig. 1, we have estimated the
true number of changes. These curves
were based on a model of random muta-
tions (5). The model reflected the un-

Cytochrome ¢ comparisons

Plant  Fungi Prokaryotes (c, )
Animals 405 449 66.1
Plant 493 69.0
Fungi 743

Comparisons within tRNA types

Types of Eukaryote Eukaryote
tRNA vs. Eukaryote vs. Prokaryote
wna e 6 165
tRNA TV 235
wna Vel 225
tRNA Ser 9

Comparisons between tRNA'types

T{giliof RNATY  rNAVal  rNASer
|RNA PPe 224 209 24.1
tRNA 1Y 25.1 21.7
trNA Val 26.1

Fig. 2. The average numbers of amino
acid differences in comparisons between
cytochrome sequences and of nucleo-
tide differences in comparisons between
tRNA'’s. The cytochrome figures are aver-
ages of from 1 to 51 comparisons of se-
quences of about 108 units; those for
tRNA are averages of from 1 to 9
comparisons of sequences of 58 units (5).
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Fig. 3. The evolutionary distances between
eukaryote kingdoms, between eukaryotes
and prokaryotes, and between tRNA
types. Not shown are the further differen-
tiations of each type of tRNA with the
divergences of groups of organisms. Those
events giving rise to greater amounts of
differences are shown as happening pro-
portionately earlier in evolutionary his-
tory.

equal frequency of occurrence of the
amino acids and nucleotides and the
unequal rates of change of one amino
acid or nucleotide to another, based on
the information actually observed in the
total available data on sequences. We
express the adjusted number of accepted
point mutations per 100 positions in
units called PAM’s (5).

Sequences of each eukaryote and
each prokaryote were compared, and
the number of differences was averaged
within each group (Fig. 2). Then se-
quences of members of different king-
doms of eukaryotes were compared and
averaged. Animals, green plants, and
fungi were considered to be three sepa-
rate kingdoms which diverged from
each other within a relatively short time
(7). In each comparison, the percentage
of difference in unit characters was con-
verted to PAM’s. The average distance
between the different eukaryote Kking-
doms is 58 PAM’s for cytochrome and
15 PAM’s for tRNA’s. Between the
eukaryotes and prokaryotes there are
137 PAM’s for cytochrome and 53 for
tRNA’s. Although four different types
of tRNA are represented in the data,
complete series of sequences are not
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known for all of them. At least two types
contribute to each estimate of distance;
thus, we considered the tRNA’s as
equivalent to two sets of comparisons
comprising 116 unit characters. To com-
bine the data from the different kinds
of molecules in proportion to the num-
bers of unit characters counted, the
cytochrome average was weighted as
48 percent and added to the tRNA
average, which was weighted as 52
percent. The eukaryote kingdoms are
separated by an average of 36 PAM’s,
whereas the prokaryotes are 93 PAM’s
distant from the eukaryotes (Fig. 3).
The quantity of difference, in unit char-
acter changes, from the eukaryotes to
the prokaryotes is 2.6 times as great
as the difference between eukaryote
kingdoms. Using an alternate method,
we calculated the evolutionary distance
ratio for the combined data by weight-
ing the ratio from each type of mole-
cule in inverse proportion to its vari-
ance. This procedure yields a similar
value of 2.7 for the combined ratio.
The standard error in this figure is 0.4,
or 14.7 percent (8). Our results are con-
sistent with those of Jukes (9) who, in
an unadjusted comparison of four t-
RNA’s, estimated that the divergence
of bacteria and plants was about twice
as remote as the divergence of yeasts
and higher plants.

Thus, it can be seen that there is
greater similarity among the eukaryote
groups than between any of these and
the prokaryotes, and that the animals,
green plants, and fungi developed from
a common ancestral stock which differs
greatly from the prokaryotes.

The divergences of these major groups
of living organisms can be related to an
even earlier group of events in a very
primitive organism—the development
of the genetic code through the prolif-
eration and distinction of genes for dif-
ferent tRNA molecules capable of
transporting different amino acids. Us-
ing the same technique and data on
tRNA as given above, we made com-
parisons between the tRNA’s which
carry different amino acids (Fig. 2).
The differences between these tRNA
types average 62 PAM’s. The ratio of
the evolutionary distance between t-
RNA types to the evolutionary distance
between prokaryotes and eukaryotes is
1.2. In Fig. 2 this differentiation is
placed at a distance proportional to the
scale of the other divergences.

The relationship of time to the
amount of change in unit characters is

of great interest. One might expect the
rate of change in sequences to corre-
spond to the rate of change in morphol-
ogy and thus that the bacteria would
show less change than the eukaryotes.
On the other hand, one might expect
the bacterial sequences to change more
rapidly, as indicated by the ease of pro-
ducing mutant strains in the laboratory.
We can compare the rate of change
in tRNA in the two major groups of
organisms. Within the prokaryote line,
and separately within the eukaryote line,
we compared tRNA’s of different types,
for example, valine tRNA and phenyl-
alanine tRNA from Escherichia coli.
The time interval is the same for
these comparisons because the diver-
gence of the tRNA’s took place in
a common ancestor before the diver-
gence of the eukaryote and prokaryote
lines. A number of separate counts of
this type are possible for the tRNA’s
of phenylalanine, valine, and tyrosine.
There is an average of 22.2 changes
for the bacterial line and an average of
22.7 changes for the eukaryote lines,
with a standard deviation of =+2.8
changes. From these data, it is evident
that the overall rates of tRNA evolu~
tion in the bacterial and eukaryote lines
are comparable. We have therefore
drawn Fig. 3 as though the rates were
the same.
P. J. McLAUGHLIN
M. O. DAYHOFF
National Biomedical Research
Foundation, 11200 Lockwood Drive,
Silver Spring, Maryland 20901
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Scanning Electron Microscopy of Developing Plant Organs

Abstract. Shoot apices and young meristematic leaves can be examined directly
with the scanning electron microscope without prior fixation or metal coating. The
form of the shoot apex, cellular organization, and leaf arrangement (phyllotaxis)
can be observed, perhaps as they have never been visualized before.

A large volume of literature is avail-
able on phyllotaxis and on the form,
structure, and development of shoot
apices and leaves. Ordinarily, the re-
sults of these investigations are based

on observations of sectioned material
with the light microscope or, in some
instances, of fresh material with a dis-
secting microscope. Permanent photo-
graphic records of entire living shoot

apices are often difficult to obtain. In
some instances, material is chemically
fixed and stained, and the entire object
is photographed in the conventional
way (I). These preparations are often
excellent, but they frequently lack a
three-dimensional quality.

Einert et al. (2) have examined
Lilium apices with the scanning elec-
tron microscope (SEM); however,
their preparative procedure involved
freeze-drying and exposure to acetone,
which resulted in some distortion of
the tissues.

It was recently shown (3) that sur-
faces of fragments of mature leaves
may be examined in the wet and fresh
condition with the SEM without re-
course to metal coating to prevent an
accumulation of surface charge. We
found the same to be true for meriste-
matic regions of the plant.

We wish to report that the SEM is
an excellent instrument for examining
delicate meristematic regions such as
the shoot apex itself and young leaf
primordia or floral appendages, at least
in many species. Moreover, the SEM
offers resolution and depth of field not
always attainable by light microscopy.
Figure 1 is representative of our re-
search with the shoot tips of Tropae-
olum. Older leaves were removed until
the shoot apex and young leaf primor-
dia were visible. Then the shoot tip
was attached to a specimen stub with
an animal-hide glue. No fixatives, de-

Fig. 1. The apex and four leaf primordia of the vegetative shoot tip of Tropaeolum, as viewed from above.

the abaxial surface of an entire young Tropaeolum leaf, the lamina of which measured 1 c¢m. Veins are normally prominent in
leaves of Tropaeolum.
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Fig. 2. A portion of
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