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In 1966, Fitch proposed the ambiguity reduction hy-
pothesis of the origin of the genetic code, based on a
vicw that the origin of life was a process in which local
(pre}biclogical order arose from molecular chaos on
the earth, driven by the asymmetric energy budget of
the earth’s atmosphere, a process in which subsets of
random biochemical events gradually became the pro-
grammed rule of the system. This in turn led to a view,
regarding the origin of the genetic code, that suggests
that originally there may have been little specificity
regarding which amino acids were charged to the vari-
ous RNA acceptors that paired to the message. Under
such conditions, no messenger RNA is likely to pro-
duce exactly the same protein twice, The advantages of
obtaining a well-defined protein sequence, however,
would have gradually reduced the variability in the
assignment of amino acids to codons until the current
genetic code emerged. If so, the history of that reduc-
tion in ambiguity might be recorded in the phylogenetic
history of the tRNAs. This suggests a test of the hy-
pothesis. Does a correspondence exist between the
pattern of the genetic code and the inferred phylogeny
of the tRNAs? In this paper, we show that, for eight
tRNAs, the correspondence is precisely of the type
required by the ambiguity reduction hypothesis,

THE HYPOTHESIS

Many of the details of that ambiguity reduction are
irrelevant to this study. It does not matter if, at an
carfier time, there were more or less than 20 amino
acids, nor does it matter to what cxtent deoxynu-
cleotides might have been involved. Perhaps during this
period some of the amino acids that might have been
uscd were pradually excluded. a-Amino butyrate and
sarcosine are both common products of attempts to
create amino acids abiotically (Miller 1957). If they
were common originally, they must have been present
in pre-genetic-code proteins and later selected against.
The ambiguity reduction hypothesis does require, how-
ever, at the time of its occurrence. that the basic
method of an acceptor tRNA of about 75 nucleotides,
having 3 nucleotides that base-pair with message, had
already been reasonably well developed. It further re-
quircs that a genetic information-storing system was
already present and that the descendant tRNAs are alt
paralogous, having arisen by gene duplication.
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As there are several scenarios that are consistent
with the hypothesis, it is useful to elaborate onc. The
general nature of the reduction can be visualized in the
following way. If there were no specificity whatsoever,
then any amino acid could be charged to any anticodon
acceptor. This could easily be the case since, if the
protein sequences were not weli specified, the charging
enzymes might not be able to distinguish onc nu-
cleotide from anather. The cade would then have been
NNN = any amino acid (N =any nucleotide; Fig. 1.
top). However, if the system developed a bias that
tended to charge hydrophobic amino acids preferen-
tially to tRNAs matching messenger-coding triplets
that had a central pyrimidine (Y), and tended to charge
hydrophilic amino acids to tRNAs matching mes-
senger-coding triplets that had a central purine (R},
then the code would become NYN = hydrophobes,
NRN = hydrophiles. Hydrophobes and hydrephiles are
broadly descriptive of what the NYN and NRN codons
encode today. This is equivalent to separating the
codons into two groups, as shown by the column of
closed circles in the genetic code (Fig. 1, middle). Tt is
also equivalent to improving the charging enzyme to
the point where it can distinguish between the sizes of
the two major classes of nucleotides,

It is not important to the test of the hypothesis to
know or gucss what the first ambiguity reduction step
was nor what the selective force furthering that choice
was, hut it may be useful to sugpest how even a first
differentiation such as NYN/NRN might have been
advantageous. Consider a simplc repeat of
(NYNNRN), . Although it dees not define a protein, it
docs define, as suggested by Brack and Orgel (1973),
an alternating scrics of hydrophobic and hydrophilic
amino acids, exactly what is required to form 8-pleated
sheets, one of the two major forms of secondary struc-
ture in proteins today. Similarly, «-hclical properties
would reside in another repeat only slightly more com-
plicated. By so minor a reduction in ambiguity, one
may specifically code for the twe most important sub-
structures of biologically active proteins.

The second ambiguity reduction step might have
been a choice. as shown by the row of filled squares in
Figure 1 (bottom). between purines and pyrimidines in
the first codon position leading to YYN, RYN. YRN.
and RRN, specifying four different groups of amino
acids. The cyclic amino acids (tyrosine. histidine, tryp-
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tophan, proline, and phenylalanine) all have codons
beginning with a pyrimidine in the first position. In a
subscquent step, the pyrimidine might have been sepa-
rated into the cytidine and uridine specificities that
today scparate those amino acids with phenyl rings
(tyrosine, tryptophan, and phenylalanine) from the
heteroeyelics histidine and proline (not specifically de-
picted in Fig. 1).

1t is only necessary to continue the process of increas-
ing codon specificity (ambiguity reduction) through ad-
ditional steps to arrive at a stage where every amino
acid has its own set of codons, the ones it uses today
(Fig. 1, bottom). This work was started for the purpose
of finding evidence that such a process did indeed
occur.

The third position of the genetic code is today largely
differentiated, if at all, by a purine-pyrimidine division.

Figure 1. The genctic code. (Top) The fully ambiguous
“genetic code™ as it might have been initially with no particu-
lar preference of any amino acid for any particular codon.
(Middle) The genetic code as it might have been at an early
stage if the first reduction in ambiguity had been the institution
of a preference for hydrophobic amino acids to be charged to
acceptors recognizing a pyrimidine in the middie codon peo-
sition and for hydrophylic amino acids to be charged to accep-
tors recognizing a purine in the middle codon position. (Bor-
tom) The genctic code as it is today. The various symbols
indicate possible evolutionary divergences fram an ambiguous
ancestral assignment. Squares and circles denote the first dif-
ferentiation into purine and pyrimidine recognition in the first
and second codon positions, respectively; short vertical lines
denote the subsequent differentiation into adeninc and
guaninc Tecognition in the first position purines; triangles
denote the subsequent differentiation inta cytosine and uracil
recognition in the second position pyrimidine; dotted line
denotes the differentiation into G and not-G recognition in the
third position of the AUN codon. The order of these differen-
tiations is assumed to be independent except that at any onc
position the purine-pyrimidine differentiation must precede
any other differentiation at that position. This restriction was
chosen solely on the basis that the purine-pyrimidine differen-
tiation is essentially what is seen in the third position today.
Other possible differentiations arc omitted because no amino
acid reflective of that section of the coding table was used in
this study. These differentiation symbols are used to clarify the
interpretation of the phylogenies in Fig. 2. All capitalized
amino acid abbreviations denote aming acids whose tRNAs
are used in this study.

Moreover, it could well be that proteins at the carliest
stages of evolution were not able to discriminate more
finely than between purines and pyrimidines. We have
therefore assumed that the purine-pyrimidine division
was the first to occur in the first two codon positions as
well. There is nothing that forbids, for example, a
G-not G( = H) division as in fact is, except for some
mitochondria, present today in most methionine-
isoleucine codons. These codons must, therefore,
either have divided that way mitially or else isoleucine
later acquired the AUA codon from methionine. Qur
restriction of the initial division in the first two codon
positions into purines and pyrimidines limits the num-
ber of possible evolutionary patterns that can be con-
structed that are consistent with the pattern of the
genetic code. This is important to the statistical test to
be presented.
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METHODS AND RESULTS
General Considerations

Materials. A total of 300 tRNA sequences were
examined. For cach of the foliowing amino acids there
was the accompanying number of tIRNAs: Ala, 39; Gly,
43; lle, 32; Met,, 48; Met_, 20; Phe, 29; Thr, 35; and
Val. 54. There may have been inadvertant duplicates in
the sct in that two sequences obtained from different
sources that did not agree completely would both be
included, there being no clfort to see if the difference
might not be a sequencing error as opposed to strain
differences. Three fungal met s are in fact recent du-
plications of the met, and are genetically in that cate-
gory, although they were counted here in the functional
met, categery. Sources of sequences were GenBank,
EMBO, W. McLain, and H. Nicholas (unpubl.}, R.
Cedergren {unpubl.), and Sprinzl et al. (1985a.b).

It is important that the sequences be in homologous
alignment. The alignment of Sprinzl et al. (1985a,b) is a
spatially equivalent alignment because the portions that
form the sccondary structure arc given a dominating
preference. Tn this case the homologous and spatially
equivalent alignments are almost always congruent,
and we therefore adopted their alignment. In the few
cases where it seemed obvious that the spatially equi-
valent alignment was nonhomologous, we altered the
former to the homologous alignment.

Tree construction and ancestral sequence estimation.
Given a set of sequences homelogously aligned, it is
possible. for any particular proposed genealogical
(phylogenetic) relationship, to determine the minimum
number of nucleotide substitutions necessary to obtain
these sequences from their common ancestor by the
method of Fitch {1971).

We began by examining the set of tRNAs for each
amino acid separately to find the most parsimonious
tree for each. We used many different starting trees
representing different possible phylogenetic relation-
ships. Each of these trees was subjected to the swap-
ping of its neighboring branches in search of better
(more parsimonious) trees until a tree was obtained
that could not be improved by swapping neighboring
branches. The tree requiring the fewest substitutions,
after brunch swapping, from among all starting
phylogenics was presumed to be the best estimate of
the true phylogeny. In these procedures, all positions of
the tRNA were treated equally, irrespective of their
basc pairing and irrespective of any posttranscriptional
modifications.

The Test of the Ambiguity Reduction Hypothesis

Imagine that one has a good estimate of the nu-
cieotide sequence for cach of eight amino acid tRNAs
as they existed tn the most recent ancestor common to
all the organisms that are alive today. that is, in the
cenancestor (cen-, from the Greek kainos, meaning
recent, and koinos, meaning common). One can im-

agine that the phylogeny of the cenancestral tRNAs for
those amino acids might correspond to the pattern of
ambiguity reduction shown in the trees of Figure 2. In
that case, the tRNA phylogeny and the ambiguity re-
duction hypothesis would correlate perfectly. One
problem is to determine the probability of a favorable
outcome.

The test will involve the set of eight tRNAs whose
amino acids are shown at the branch tips of Figure 2.
The determination of their cenancestral sequences will
be the concern in the next section. For now, we necd to
know how many possible phylogenies there are for
eight (cenancestral tRNA) sequences. The number of
unrooted trees, ¢, for n taxa = (n — 2)!1 =11(2i — 1) for
i = 1— n — 2 (Fitch and Margoliash 1968). Thus there
are 10,395 unrooted trees. We only count unrooted
trees because the procedure we shall use involves a
parsimonious estimate of the total number of nu-
cleotide substitutions required for a tree, an estimate
that is not affected by the location of the root of the
tree.

The next question is, how many of those 13,395 trees
are consistent with the genetic code’s having a pattern
of ambiguity reduction like that in Figure 17 Only the
four shown in Figure 2. A favorable outcome for the
ambiguity reduction hypothesis would be that at least
one of the four ambiguity reduction trees was (among)
the most parsimonious of the 10,395 trees.

Constructing the Cenancestral Sequence
for Each tRNA

Theory. The test using the eight cenancestral tRNA
sequences first requires that we have an estimate of that
sequence for each of them. This will require the use of
the parsimony method that necessarily has within it, for
each node on a tree, an estimate of the ancestral se-
quence that is consistent with the fewest possible nu-
cleotide substitutions on that tree (Fitch 1971). For that
ancestor to be as good an estimate as possible the
following must be true. (1) There must be the largest
possible number of tRNAs for each amino acid. We
used a total of 300 tRNAs. (2} The diversity of the taxa
must span the diversity of extant species. If only mam-
malian species were included, the estimated ancestral
tRNA sequence would be only that in the ancestral
mammal, not that in the cenancestor. We required that
any tRNA have at least one known representative from
each of the following five major groups: archaebac-
teria, eubacteria, cukaryotes (preferably plants, ani-
mals, and fungi), chloroplasts, and mitochondria (there
is no met_ in mitochondria where one met tRNA
serves both purposes and it is of the met, lineage). (3)
The root of the tree of living species must be known.
This is not known but is sclvable as shown below.

Result. The most parsimonious tree(s) from all
starting trees was examined for each amino acid tRNA
separately. From these we discovered that each of the
five major groups of sequences consistently appeared as
a single group on the tree. That is, for any one amino
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could well be that there is value in terms of amino-acyl-
tRNA-synthetase efficiency if isoacceptor tRNA pairs
differ only in their anticodon. If so, and if a pair of
isoacceptor tRNAs had drifted genetically apart, there
might be positive selection to replace an older form by
a newer one created by geme duplication and a G-U
interchange in the anticodon of the duplicated gene.

Rooting the Tree

Theory. The characteristics of the mostrecent ances-
tor of a group of organisms are potentially inferable
from the characteristics of its descendants. One cannot
usually infer the characteristics of organisms more an-
cient than that ancestor due to the absence of other
relatives that would provide information. The tRNAs
appcar to be an exception, however, in that they are
presumed to be paralogous, the gene for these various
amino acid acceptors having arisen by gene dupli-
cations that occurred prior to the cenancestor, before
the most recent ancestor of all the organisms alive
today. Thal hypothesis of a paralogous relationship will
be tested below and found to be statistically supported,
but, for the moment, let us consider the consequences
if the hypothesis is indeed correct and if all the gene
duplications occurred prior to the cenancestor.

Figure 3 illustrates for a group of three taxa and a set
of three genes. The question arises, what would happen
if a single tree were to be sought using all nine se-
quences at once? Of the 135,135 possible unrooted
trecs, three nonrandom examples are shown.

In the second row, the tree has three subtrees, each
for a different taxonomic group. This might reflect
reality, but it would imply that al! the gene duplications
occurred subsequent to the divergence of the tax-
onomic groups being studied.

In the third row is a possible result in which there arc
aguin three subtrees, each for a different gene, the
divergence of the species having occurred after the
gene duplications. Unfortunately, no two of the threc
subtrces show the same order of taxon divergence.

In the bottom row is the desired result. The three
subtrees separate the genes. implying that the genes
duplicated prior to the cenancestor and that the order
of the taxon divergence within each subtree is the same.
This permits us to identify the cenancestral node as the
root of these subtrees. This is shown as a closed circle
on each of the three subtrees and corresponds to link-
ing the top row irees to each other at their correspond-
ing closed circles. A similar approach to tree rooting
using the internal duplication of bacterial ferredoxin
was presented by Schwartz and Dayhoff (1978).

In the actual test, there will be sequences for eight
genes from each of the major taxonomic groups giving
a result rather better than that shown in the third row,
but not as perfect as that shown in the bottom row. If,
at the level of the major groups of sequences, the
tRNAs for each amino acid are orthologous, then one
should get the same phylogeny of the groups for each
amino acid tRNA. Moreover, if one constructs a large
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Figure 3. Finding the root of the tree of life, a hypothetical
example. The top row shows three trecs, each for a separate
paralogous pene, A, G, and V. They could be, for example,
the tRNAs of alanine, glycine, and valine. For ¢ach gene we
have a representative from each of three widely divergent
taxa, a«, 3, and ¥, that onc expects to span the range of all
living things. They could be, for example, from archaebac-
teria, eubacteria, and eukaryotes. The dots represent the roots
of that trce. The other three trees show, from the top down,
increasing relatedness to their correct phylogeny if all three
genes arose via gene duplications prior to the speciation of the
arganisms in which they reside.

phylogeny that includes simultancously the five major
group ancestral tRNAs (eubacterial, archaebacterial,
eukaryotic, chloroplast, and mitochondrial} for all
eight amino acid tRNA sets, then one should get a tree
with four properties: (1) All the group ancestral tRNAs
for any one amino acid set should cluster together; (2)
within cach such cluster one should observe the same
evolutionary relationships  among  the five major
groups; (3) the position possessing the link from any
one cluster to the other clusters should locate in the
tree where the cenancestral tRNA for that amino acid
is to be found; and (4) that position, that amino acid
set’s root, should be the same for each set. Because the
chloroplast and eubacterial sequences always clustered
together in the study using all the tRNAs separately,
we used the common ancestor of the two, thereby
reducing the number of major groups from five to four.

Result.  The group ancestors of the tRNA set were
examined by the parsimony method with branch swap-
ping with the following results: (1) The four group
ancestors in each (RNA set clustered together except
for the noninitiating met,, tRNA. which contained the
initiating mes, tRNA cluster within it; (2) the tree for
each cluster was the same for the seven clustered scts
and is shown in Figure 4: (3) the root location for each
set (also shown in Fig. 4) is not the same.
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Figure 4. The clustering and rooting of the five major groups
for each tRNA. The most parsimonious tree(s) for 31 group
ancestral tRNAs was sought. These group ancestral IRNAs
were for the eight sets of amino acid tRNAs (the seven shown:
A, alanine; F, phenylalanine; G, glycine; I, isoleucine; T,
threonine; ¥, valine; M,, initiating methionine; plus the not-
shown noninitiating methionine) for cach of the four groups
{Ar. archacbacteria, Ek, eukaryotic; Mt, mitochondrial; and
the composite Ba, eubucterial plus Cl, chloroplast). These 32
{=8sets X 4 groups) ancestars are reduced to 31 because
there are no noninitiating met tRNAs in mitochondria. The
tRNAs for any one of the seven amino acids on the figure
cluster exclusively among themseltves. Moreover, within any
one amino acid set, the phylogeny of its four group ancestral
tRNAs was, in every case, identical to that shown in the
figure. The location of the point in the subtree that connects
that subtree to all the athers (the root) is shown by the arrows
labeled according to the amino acid set whose root is located
there. Had all the amine acid tRNA sets rooted at the same
location, it would have provided strong cvidence that the tree
of life was rooted there, that the cenancestor accurs at that
point. In the absence of a clear choice, the node with a circle
around it was chosen to represent the cenancestor.

From the uniformity of these results, we concluded
that the basic arrangement of the five major groups is as
shown and supports the carlier suggestion from
Woese's laberatory (Fox et al. 1980) of three major
kingdoms. Unfortunately, it is not possible to deter-
mine from these data where the root lics and hence not
possible to determine which was the carliest speciation
event, that is, which two of the three kingdoms are the
most closely related. Nevertheless., it is clear that the
circled node in Figure 4 represents that node closest to
the cenancestor, and its sequence was therefore chosen
to represent the cenancestor in the tinal test.

The Tree for Eight Cenancesiral (RNAs

None of the species phylogenies for an individual set
of tRNAs agreed in detail with any other and we there-
forec took the preceding results only to indicate the
relationships required of the five groups and to de-
termine the node whose sequence would represent the
cenancestor. Accardingly. we then constructed, using
parsimony, a cenancestral sequence for each set of
tRNAs, based upon trees that were consistent among
all eight tRNAs and that represented our judgment of
what biologists would believe 10 be the correct tree.
Only where we could not discover what that belicf

might be did we let the parsimony results from the
analyses above influence decisions as to the order of
bifurcation within the five major groups. Only in the
latter instances did we allow parsimony to influence the
nature of the tree.

With the eight cenancestral tRNAs in hand, all pos-
sible trees for them were examined by the parsimony
procedure. The distribution of the resulting 10,395 tree
lengths is shown in Figure 5. The ideal result to support
the ambiguity reduction hypothesis would be if one of
the four most parsimonious trees (length =100 nu-
cleotide substitutions) were one of the four trees (Fig.
2) that are consistent with the genetic code. That was
not the case. One of the code-consistent trees required
104 nucleotide substitutions, the other three required
106. The details for this tail of the distribution are
presented in Table 1. As seen there, all four code-
consistent trees reside in the lower 3.3% of the distri-
bution.

An important assumption of this work is that the
different tRNA genes arc paralogous. that is, homolo-
gous by virtue of gene duplications, rather than analo-
gous, that is, similar by virtue of convergence from
unrelated ancestral genes. The method of Fitch (1970)
permits one to decide between these two choices. This
test was applied to each of the interior nodes in the
upper left tree of Figure 2. For no node was the prob-
ability greater than 107" that the sequence similarity
between its two immediate descendants could, by
chance, be as great as that observed. Thus, we have
direct evidence that the different tRNA genes arose
from a common ancestor as required for the ambiguity
reduction hypothesis.

As another by-product of the method, one obtains an
estimate of the urancestral tRNA sequence that was the
gene that, by gene duplication, pave rise to the various
paralogous tRNA genes. This sequence is shown in
Figure 6. Immediately below it is the ursequence as
proposed by Eigen and Winkler-Oswatitsch (1981),
what they called the “master sequence.” It was formed
from a different, but not disjoint, set of tRNAs by a

Table 1. Distribution of Most Parsimonious
Trees in Tail

Substitutions Trees X Trees 710,395
100 4 4 0.0004
1 11 14 0.0013
102 21 35 00034
103 25 6l 0.0058
104 S5¢1} 115 0.0111
105 89 204 0.0196
106 144(3) 348 (1.0335

Columa 1 is the number of nuclestide substitutions required
to account for the descent of the cight cenancestral tRNAs
from their common orancestral sequence. Column 2 is the
number of trees that require the number of substitutions
shown in column 1. Column 3 is the number of trees that
require 2 number of substitutions equal to or less than the
number shown in column L Column 4 is the fraction of all
trees thal require no more than the number of substitutions
shown in column 1. (1) and (3) are the number of trees at that
number of substitutions that are consistent with the ambiguity
reduction hypothesis.
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Figure 5. Distribution of tree lengths among the 10,395 possible unrooted trees for the cenancestral tRNAs for eight amino acids.
The trees all required between 100 and 125 nucleotide substitutions, inclusive, which number is shown on the abscissa. The
number of trees that required any specific number of substitutions is plotted on the ordinate. The locations of the four trees that
are consistent with the genetic code as shown in Fig. 2 are indicated at the left of the distribution and they fall. as shown, in the
lower 10335 of the distribution. That value was found by dividing the number of trees whose length is = 106 substitutions (346)
by the total number of trees examined (10,395}, The probability that all four trees would fall in the lower (1.(08335 of the distribution
must be less than 0.0335.

different method. When allowance is made for the four base pair before the D loop. Only 4 of the 21 base-

extra positions we have retaincd from our alignment
process, the agreement appears rather good and sug-
gests that the estimates have some validity.

Although the ancestral sequences were reconstructed
without regard to whether the secondary structure was
retained, as can be seen in Figure 7, the secondary
structure has been retained except for the last (fourth)

pairing positions (including the fourth on the D-loop
stem} have A or U nucleotides. This is less than the
average tRNA but not less than some present-day
tRNAs. One should not infer from this that the urances-
tral sequence was richer in GC pairs to withstand a
warmer environment. That might be true but, if the
sequences today need a preponderance of GC pairs in

GCSSCAGURG CUCAGUUUGG UURAGCAGCRY

66GG6G6CGURG CUCAGUU 'G6

CAGMCURYZA

*UAG 'AGCAC

AWCUGGAGGU CCCSGGUUCE

C6G6CCUXYZA RAGCCGG6G66G6U CGCGGG6UUCG

AUUCCSGGUC UGSSGCACCA
AUUCCEG'UC GCCCCCACCHA

Figure 6. Compatison of our urancestral sequence with the master sequence of Eigen and Winkler-Oswatitsch. The upper
sequence is from this work, the lower from Eigen and Winkler-Oswatitsch (1981}, The subsequence XYZ represents the
anticodon, hyphens are gaps introduced in their sequence to improve the correspondence. and dots between sequences indicate
mismatches. The difference in length arises because some tRNAs have extra positions and. since our sequence prescryes them all
whether they were in fact present in the original ancestral sequence, no disagreement in this respect between the sequences should
be inferred. We do, however, believe that an alignment based on homology is preferred to one based on structural cquivulence if
one is trying to infer ancestral sequences. The single letter IUB code for nucleotides is used, in which Y=Cor U, R=A or (.
S=Cor . W=A or U, and M = A or C {Nomenclature Committee of the International Union of Biochemistry [986).
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Figure 7. Tertiary structure of the urancestral tRNA. The
sequence is the same as the upper sequence of Fig. 6, except
that ambiguous nucleotides were made less ambiguous
whenever some of the alternative nucleotides were not consis-
tent with normal AU or GC pairing.

their stems but do not care too much where they are,
and if through the course of evolution the minority of
AL pairs have become distributed across many of the
positions, then a simple consensus method must, and a
parsimony method is likely to, infer a GC pair to be
ancestral in any particular position not functionally
required to be an AU pair.

DISCUSSION
Implications of the Result

The shape of the distribution of trees in Figure 5, had
it been obtained from random sequences, would have
been quite normal looking. Thus its very shape, with its
skewed distribution and an extended tail to its lower
end, implies the retention of significant biological infor-
mation in the eight reconstructed cenancestral se-
quences. This is fortunate since, if the distribution had
appeared normal, we would have given less credence to
the observation that all four consistent trees were in the
lower 3.5% of the distribution.

The probability that any one tree would lie in the
lower 3,5% of the distribution is, of course, (1035, That
at least one of the four trees would lie there is consid-

erably greater. That all four would lic there is consid-
crably less than 0.035 but certainly not as low as
(0.035)", since the trees are not independent of euch
other. It is, nevertheless, a conservative estimate to say
that there is less than a 0.035 probability that the null
hypothesis is true, that there is no relation between the
pattern of the genetic code and the phylogeny of the
tRNAs. Said differently, the phylogeny of the tRNAs is
consistent with the pattern of the genetic code with
better than a 96.5% level of confidence, thus support-
ing the ambiguity reduction hypothesis.

Limitations to the Significance of the Result

We regard the result as significant in that it rejects
the null hypothesis. That is not the same as proving the
ambiguity reduction hypothesis that motivated the test
in the first instance. Any hypothesis that required this
kind of a relationship between the pattern of the
genetic code and the phylogeny of the tRNAs is equally
supported by our result.

Moreover, the observation of the pattern says noth-
ing about the forces, if any, that might create such a
pattern. For example, Woese (1967) has proposed what
has been called the instructive or direct recognition
theory (Fitch 1973). In its extreme form, this means
that there is a specific interaction between the amino
acid and the anticoding triplet so strong that if the
evolutionary process were to occur a second time, the
identical coding assignments would be made. We are
not fond of this version, but in a version closer to
Woese’s original proposal one can imagine, for ex-
ample, that there might be preferences or tendencies
that made it more likely that hydrophobes would be
associated with a second position adenine (A} in the
anticodon (that is, with a wracil in the messenger
RNA).

Woese (1965) also proposed that his direct recogni-
tion process was probhably faulty in the early stages of
evolution of the translation apparatus. His proposal is
not materially different from mine. except that he pro-
poses a mechanism, reduction in the erroneous recogni-
tion of the fit between amino acid and adapter.

On the other hand, perhaps the assignment was, as
Crick (1968) has suggested, a largely random assign-
ment, & frozen accident such that. if that evolutionary
process occurred a second time. the coding assignmenits
would have little relation to the present one. Thus, our
result may constrain physical theorics to forms consis-
tent with an evolutionary development of increasing
specificity, but it cannot be in conflict with any physical
theory so constrained.

Our results are also not in conflict with special
theories such as Jukes’s inrruder hypothesis (1973).
which suggests that proteins originally used ornithine
and only later was arginine substituted for it. The ob-
servation of the pattern does not depend on the pres-
ence or absence of subsequent switching of one aming
acid for another. Such switching, if it has occurred and
is unrecognized, might confound attempts to infer
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physical bases for the original assignment of amino
acids to the tRNAs, but it does not affect the conclu-
sion of a relationship between the genetic code and the
history of its tRNAs.

Qur results do appear, however, to contradict the
proposal of Sheppard (1981) that the primitive code
was for only the cight amine acids coded today by the
subset of 16 coding triplets defined by RNY, This ap-
pears to us an unlikely proposal in that it alsoe requires
the recognition system to specifically differentiate ail
four nucleotides but not use that ability fuliy in any
pusition.
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