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Summary. The distribution of functions within
genomes of higher organisms relative to processes
that lead to the spread of mutations in populations
is examined in its general outlines. A number of
points are enumerated that collectively put in ques-
tion the concept of junk DNA: the plausible com-
patibility of DNA function with rapid substitution
rates; the likelihood of superimposed functions along
much of eukaryotic DNA; the potential for a merely
conditional functionality in sequence repeats; the
apparent adoption of macromolecular waste as a
strategy for maintaining a function without selective
grooming of individual sequence repeats that carry
out the function; the likely requirement that any
DNA sequence must be “polite” vis-a-vis (com-
patible with) functional sequences in its genomic
environment; the existence in germ-cell lineages of
selective constraints that are not apparent in pop-
ulations of individuals; and the fact that DNA tec-
tonics—the appearance and disappearance of ge-
nomic DNA —are not incompatible with function.
It is pointed out that the inverse correlation between
functional constraints and rates of substitution can-
not be claimed to be a pillar of the neutral theory,
because it is also predicted from a selectionist view-
point. The dispensability of functional structures is
brought into relation with the concept of reproduc-
tive sufficiency—the survivability of genotypes in
the absence of fitter alleles.

Key words: Junk DNA — Equifunctional substi-
tutions — Functional involvement — Functional
constraints — DNA tectonics — Dispensability of
sequences — Reproductive sufficiency

Whereas prokaryotic genomes are known to be com-
posed of functional sequences in quasi-uninterrupt-
ed apposition, eukaryotic genomes are considered
to be constituted by functional DNA islands in a
sea of nonfunctional DNA.! The present paper fo-
cuses on relationships, observations, and inferences
germane to a problem that is far from having been
laid to rest—the proportion of functional sequences
in eukaryote genomes. Without denying the obvi-
ous, the existence of an islands/sea contrast between
coding and noncoding sequences, it will be shown
that available evidence does not refute, and increas-
ingly supports, the view that the sea itself is to a
significant extent permeated by function.

Functional Space, Selection Space, and Other
“Spaces” in Genomes

Functional structures and processes are those that
play a role in the operation and persistence of an
established biological system and that contribute to
defining what the system is.

While selection expresses function, selection
and function cannot be considered as congruent cat-
egories. Indeed, functional structures, e.g., a mutat-
ed nucleotide as compared with the nucleotide that
it replaces, can spread in populations by random
drift as equifunctional structures (Kimura 1983),
namely as functional structures endowed with suf-
ficiently similar positive selection coefficients for
selection to fail to come into play under prevailing

! To quote George Russev
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Fig.1. Relationshipsin eukaryote genomes, described in terms
of overlapping “phase spaces,” between the functional status of
sequences and modes of fixation of sequence change. Space
boundaries and arrows spanning spaces are dotted where the
phase spaces are only hypothetical or their recorded relations
appear to be only partly, or conditionally, operative. The polite

conditions. Perhaps, also, functional structures can,
in some situations, be perpetuated by being repeat-
edly regenerated from a functional and selected mas-
ter sequence, without selection acting on the copies
(Zuckerkandl et al. 1989).

There is in principle a population-genetical cri-
terion for functional sites. To a first approximation,
functional sites are those at which not a// occurring
mutations spread by neutral drift, i.e., sites at which
mutations do not spread by drift at mutation rate.
This criterion however does not take into account
that there might be additional functional sites at
which mutations do propagate at mutation rate
(Zuckerkandl et al. 1989). Moreover, the criterion
can be difficult to apply in the case of repetitive
sequences, because of a possible interference by pro-
cesses of molecular drive (see below).

There is an ongoing growth in our perception
(e.g., Pardue et al. 1987; Trifonov 1989; Vogt 1990;
Rogerson 1991; see also Zuckerkandl 1987) of what
one may term the genome’s functional space (Fig.
1). This is the proportion of an organism’s DNA
that fills a function of some kind. Though the func-
tional space is no doubt larger than the selection
space (because nonselected sequences may be func-
tional), we do not know how much larger. It is un-
likely for the functional space to grow without the
selection space growing also.

Some examples of the slow but apparently steady
invasion of the genome by function involve a few
of the clearest cases there are of so-called junk DNA:
purine-purine, pyrimidine-pyrimidine, and pu-
rine-pyrimidine dimer repeats. (TG), repeats, with
nabout 10-60 in humans, are spread in about 50,000

neutral drift space

nonselected other than drift

DNA space is a hypothetical space that is presumed to partake
in both the selection space (for negative selection only) and the
nonfunctional space. Although the segments of the figure’s radius
are not in a quantitatively meaningful relation to one another,
they do suggest that the functional space and the drift space are
particularly large.

copies over the genome (Litt and Luty 1989). Dro-
sophila has proteins that specifically bind to such
sequences, not only in isolated DNA, but in nuclei
(Gilmour et al. 1989). These long dinucleotide re-
peats correlate with overall transcriptional activity
in chromosomal regions, with the ability of the
regions to undergo meiotic recombination, and with
increased dosage compensation (Lowenhaupt et al.
1989). TG repeats have been found close to the
promoter and enhancer regions in a significant num-
ber of genes (see Boulikas 1991). They can function
as a highly specific protein recognition feature (Va-
shakidze et al. 1988), and this property is probably
linked to their ability to induce kinks in the DNA
(Bolshoy et al. 1991). Though no direct proof of
functions is available as yet, on this front nonfunc-
tionalists seem to have poor prospects. (CT), is an-
other example. Alternating CT repeats are present
in a number of genes (see Boulikas 1991). They bind
certain proteins specifically (e.g., Yee et al. 1991).
In Drosophila, there is a cooperative interaction be-
tween the (CT), element upstream of the heat-shock
gene hsp26 promoter and the proteins that bind to
the TATA box (Elgin 1990). Most decisively per-
haps as far as the existence of a function is con-
cerned, the (CT), repeat acts as a positive transcrip-
tional regulator and its deletion leads to a four- to
fivefold reduction in hsp26-inducible activity in vivo
(Glaeser et al. 1990).

Figure 1 represents the relationship between some
genomic “phase spaces.” The figure indicates a con-
ceptual, not a quantitative relationship between
phase spaces. The radius of the outermost circle in
the figure represents the total DNA of higher or-



ganisms. Different processes and characteristics are
assigned to various fractions of the total DNA. It is
shown that these processes and characteristics at
times exclude each other, at times overlap, and in
other cases are nested in one another. The sizes of
the selection, drift, and equifunctionality DNA
spaces can be expected to vary in relative amounts
as a function of population size. Thus, quantitative
concretizations of the diagram would require the
specification of effective population sizes and also
of other parameters.

Kimura (1983, p. 176) points out that his selec-
tively neutral mutations are the selectively equiv-
alent ones, and thus leaves the door wide open to
their having a function.? Kimura uses phrases such
as “neutral (i.e., equivalent)” (p. 196) and says: (The
neutral theory) ““holds that most evolutionary
changes are caused by random genetic drift of mu-
tant alleles that are selectively equivalent” (p. 54).
To equate selectively equivalent with equifunctional
is no doubt a good approximation. Admittedly, it
can be the case that a selectively equivalent sub-
stituent, say a substituent amino acid compared to
the substituted amino acid, has quite different prop-

2 Kimura (1983, p. 50) wrote: “The neutral theory by no means
claims that the genes involved are functionless as mistakenly
suggested by Zuckerkandl (1978).” There obviously has been
some misunderstanding, as I made no such statement. The mis-
understanding apparently arose because I pointed out, not using
exactly this wording, that there could be no nonfunctional gene
(except duplicates in the process of becoming pseudogenes, which
may yet fill functions other than the protein-coding function),
and that all genes, in order to become what they are, had to be
selected for. There is hardly an occasion for disagreement here.
Although substituents at a polypeptide site could spread by neu-
tral drift, I remarked, the site itself presumably will not be neutral,
neither in the sense of functional neutrality nor in that of neutral
drift. (There could be exceptions to this.) As mentioned, equi-
functionality rather than functional neutrality are emphasized by
the neutral theory. Yet the frequency of equifunctional substi-
tutions is said to increase as a molecule or a part of a molecule
becomes functionally less important (Kimura 1983, p. 157). At
the limit the function disappears, corresponding to total indif-
ference to substitution, all substitutions then being subject to
neutral drift. The point deserved to be put forth (it is made more
clearly here than in 1978) that whole proteins and also, according
to numerous indications, most protein sites cannot be expected
to develop a functional indifference to amino acid replacements
approximating the zone of extreme functional insignificance where
equifunctionality becomes congruent with nonfunctionality. It is
true that there may be sites in loops or at ends of polypeptide
chains that are not functional, yet still will not accept all sub-
stituents, because some are not compatible with the molecule’s
function as carried out by other sites. Such substituents are im-
polite (see definition of politeness, p. 262). Most sites of a protein
tend to be conserved either as a character of function or a char-
acter of politeness. Assume that an amino acid residue in an
a-helix fills no function [neither a specific nor a general one
(Zuckerkandl, 1976a)]—an unlikely eventuality. Even then, the
elimination of the amino acid site would be very impolite—it
would compromise the function of other sites in the helix—and
would no doubt be selected against
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erties, suggesting that it fills a different function. This
occurs when the substituent amino acid contributes
to a general molecular function (Zuckerkandl 1976a),
such as the polarity of the protein. For instance, the
replaced amino acid residue could be charged and
the replacing amino acid residue, apolar. Despite
the large difference in structure and properties be-
tween the amino acid residues successively found
at the molecular site in regard to the particular func-
tional characteristic considered, namely overall po-
larity, the site continues to fill the same global func-
tion. When the substituent is equifunctional, it means
that the difference in polarity and charge introduced
by the amino acid replacement, in terms of the whole
protein or of a region of it, is small enough under
the circumstances so as to be compatible with neu-
tral drift.

The equifunctional is an interface between the
functional and the neutral. An equifunctional sub-
stituent is functional but must spread by neutral
drift. The concept is most pertinent in its form of
near-equifunctionality, paralleling near-neutrality.
The size in the genome of the equifunctionality space
(Fig. 1) is an unsolved question. The number of
possible equifunctional substituents at any one site
must often be constrained by substituents at other
sites. Equifunctionality no doubt often involves a
complex combinatorial game that is arduous to ex-
plore experimentally. One equifunctional substitu-
tion may render nonequifunctional another that
would have been equifunctional had it occurred first.
Particularly in coding sequences and perhaps more
generally, the equifunctionality space may well be
smaller than had been anticipated (e.g., Barnard et
al. 1972; Zuckerkandl 1975, 1987), especially when
effective population sizes are substantial and smaller
differentials in selection coefficients can become ef-
fective.

The neutral drift space, which contains functional
structures besides nonfunctional ones, is higher up
on the totem pole of potential (future evolutionary)
functional impact than the nonfunctional space, if
it be true that, except in very early evolution, func-
tional structures mostly originate from other func-
tional structures (Zuckerkandl 1975).

The nonselected functional space reflects the te-
net that a significant portion of the total DNA is
likely to fill functions that require the interaction of
specific proteins with degenerate repeated short se-
quence motifs. These latter are thought to arise
mostly not through selection of individual nucleo-
tides, but via sectorial controls of DNA base com-
position (Zuckerkandl and Villet 1988), whatever
their mechanism. The existence of such controls has
been established by Bernardi and associates (Ber-
nardi et al. 1988). One part of this nonselected func-
tional space is represented by the hypothetical cheap
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genes, which are multiple sequence copies generated
from a selected progenitor sequence and presumed
originally to be capable of filling a function, yet
abandoned to a random decay that eventually abol-
ishes the daughter sequences’ function(s) and turns
these sequences into pseudogenes (Zuckerkandl et
al. 1989).

Because of constraints of representation, the non-
functional space (which probably is in part a con-
ditionally functional space, see point 3 below) is
represented twice in Fig. 1: once in order to show
that the nonfunctional space of course participates
in the drift space, and a second time to emphasize
that the same nonfunctional space may well also be
part of the selection space. Namely, it may, under
certain conditions, be subject to negative (not to
positive!) selection, when it fails to qualify as polite
DNA.

The “polite” DNA space (Zuckerkandl 1986) is
a phase space of sequences, sequence elements, or
base compositional characters that are not intrin-
sically functional but conform to structural imper-
atives in the interest of functions carried out else-
where in the DNA sector. Though not part of the
functional space proper, polite DNA encroaches
upon the neutral drift space,> which is thus de-
creased. In Fig. | polite DNA is therefore repre-
sented outside of both the functional and the neutral
drift spaces. At the same time it is presumed to
belong half-way to the selection space. For this rea-
son it is placed at the center rather than with other
nonfunctional sequences at the periphery of the fig-
ure. Politeness as such, separately from function,
cannot be positively selected, yet it is expected that
marked impoliteness is negatively selected. Posi-
tively selected structural features will in general also
be polite.

Selection as represented in the figure is selection
at the level of the individual. Selfish DNA, another
important category (Doolittle and Sapienza 1980;
Orgel and Crick 1980), is nonselected at the level
of the individual, but it is selected at the level of
the genome. It implies, therefore, a dimension that
is not represented in the figure, as Ford Doolittle
remarks (personal communication). In its capacity
of self-perpetuating, self-spreading parasitic DNA,
selfish DNA has to be integrated into the figure as
part of the nonselected-other-than-drift space. In
this sense it is given in the figure as sharing its space
with molecular drive (see below). A sequence that
selects itself selfishly in the genome could spread in
a population at a rate much higher than neutral drift
would allow “because its ability to transpose itself
would ensure that all progeny chromosomes from

3 The phrase neutral space was used by Takahata (1987)

ahybrid mating would be infected with the element”
(Ford Doolittle, personal communication). On the
other hand, selfish DNA is really not to be excluded
from any other category, exept from selection at the
level of the individual. For instance, it may coin-
cidentally be functional. Also, cheap genes, to the
extent to which they are generated by reverse tran-
scription followed by retroposition (cf. Rogers 1985),
certainly have a selfish trait.

The phase space for the processes subsumed un-
der the term molecular drive (Dover 1986) is rep-
resented in Fig. | in several bits and pieces. The
concept deals with mechanisms that keep certain
repeat sequences identical in the genome. Inasmuch
as the effects of molecular drive are brought about
by processes that express neither selection nor drift,
molecular drive has a genome space of its own, rep-
resented in the diagram, jointly with selfish DNA,
as the outermost shell. Like selfish DNA, DNA
spread by molecular drive may involve sequences
that are part of the functional as well as the non-
functional spaces. Negative selection could inter-
vene to block biased gene conversion. Positive se-
lection could favor individuals that have a larger or
smaller number of identical repeats of a kind. Dif-
ferences in these repeat numbers are liable to be
selectively significant when the numbers are small.
When copy numbers have grown large, then, above
a certain threshold of copy number, selection could
intervene in the “forward creep—back leap” mode
(Zuckerkandl 1986). In this mode, slightly delete-
rious mutations are assumed to accumulate locally
and progressively by neutral drift, until the summed
substitutions sufficiently lower relative fitness for
the DNA segment to be eliminated, or replaced, by
selection. In the present case slightly deleterious fur-
ther increases in copy number of a given sequence
would eventually lead to the elimination of a group
of the copies in a single event.

Processes of molecular drive, like selfish DNA,
could also occupy some of the equifunctional phase
space, as suggested in the figure. Indeed, a given
type of repeat sequence may be functional, yet func-
tion and selection may be indifferent to the identity
of the precise variant of the sequence type that acts
as the master sequence and insures the identity of
the repeats.

The imagined proportions of various genomic
spaces of the kind referred to—with none of the
proportions effectively determined so far—are shift-
ing in the minds of at least some evolutionists. In
particular, as mentioned, the functional space and
the selection space seem to be growing. What be-
comes in this process of one further space, one not
represented in the figure, even though it has been
in the limelight for many years, namely the genomic
space of junk DNA?



Circumstances that Discredit the Junk DNA
Concept

Most of the noncoding DNA sequences are sup-
posed to represent the genome’s “junk space” (Ohno
1972). Investigators who think that, for example,
satellite DNA is junk emphasize the rapid changes
in sequence and sequence organization in satellite
DNA, the variations from individual to individual,
the enormous quantitative variations from species
to species in the genomic multiplicity of any par-
ticular type of satellite sequence, and the fact that
their presence or absence has no obvious phenotypic
effect (except at times in the germ line) nor any
discernable functional impact (Miklos 1985).

Statements about the absence of phenotypic ef-
fects are often unsatisfactory. Few if any measure-
ments have been made to ascertain whether the reg-
ulation of some cellular mechanisms such as
transcription of certain genes and replication has
been modulated. Nor have long-term genetic effects
extending over many generations been evaluated.
Also, possible phenotypic effects during develop-
ment are rarely considered. Finally, possible effects
on fitness of the loss of intergenic sequences, e.g.,
of an important fraction of a type of satellite DNA,
have failed to be subjected to an essential test: to
extensive experiments putting mutant and wild-type
populations in competition with one another. Wu
(1990) likewise has voiced criticisms of this kind.

According to one’s assumptions about functional
strategies in genomes, the observations regarding
satellite DNA can be interpreted differently. All the
observations cited are compatible with function. The
junk concept can be confronted with a series of in-
ferred or presumptive features of molecular evolu-
tion that collectively seem capable of pushing the
Jjunk DNA paradigm out of the central position that
in many quarters it is still considered to occupy.

1) In noncoding DNA,* high rates of sequence
change are compatible with functionality, through
a) large contributions of equifunctional substitu-
tions and b) low functional involvement.

For a DNA sector, functional involvement® may
be defined as the proportion of nucleotide sites that
are involved in functions. Considerable work is re-
quired before functional involvement in noncoding

4 The phrase noncoding DNA is used here in the sense of non-
protein-coding and non-functional RNA-coding, even though
many different codes are used in genomes (Trifonov 1989)

5 The phrase functional involvement is used here rather than
functional density. Functional density has been defined as the
proportion of molecular sites involved in specific functions
(Zuckerkandl 1976a, 1986). Functional involvement can in the
future be estimated for sectors of DNA without regard to a dis-
tinction between specific and general DNA functions
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regions of DNA can be estimated, outside of some
short, specific regulatory elements (Zuckerkandl
1986). When functional involvement is low and the
rate of equifunctional substitutions is high, a fast
evolutionary rate of sequence change is in principle
compatible with the presence of a function in a given
segment of DNA. Thus, high rates of sequence change
do not by themselves strongly suggest, let alone
demonstrate, nonfunctionality. The convergence of
rates of base substitutions in different sectors of the
genome on a given maximum value has been taken
as a presumption in favor of that value expressing
the neutral drift rate (Roy Britten, personal com-
munication, 1989). This presumption is not strong.
Different functions, if their DNA substrata share in
relatively low functional involvement and/or high
incidence of near-equifunctionality, can in principle
be characterized by similar fast substitution rates,
not much different from true neutral drift rates. The
latter may never have been actually measured
(Zuckerkandl 1986), for lack of identifying func-
tionally completely unconstrained sectors of DNA.

Functionally involved nucleotides need to be in
certain spatial relationships with respect to one an-
other. They will therefore often be separated by in-
terspacing nucleotides whose function is to bring the
active nucleotides into the proper mutual spatial
relationship. In an assessment of functional involve-
ment, interspacing sequences that function exclu-
sively as such should be counted as equivalent to
single functional nucleotides irrespective of their
length, because their functional contribution, if any,
is that of a unit component. Thus, the longer the
interspacing sequences, the more they lower the val-
ue of functional involvement of the DNA sector in
which they occur. On the other hand, one functional
sequence element may be another’s interspacing se-
quence and vice versa, with overlaps and nesting
presumed to be common occurrences. In such cases,
functional involvement is increased in the DNA
sector. For instance, considering DNA binding sites
for glucocorticoid receptor and progesterone recep-
tor in the promoter of mouse mammary tumor vi-
rus, a promoter-proximal and promoter-distal group
of binding sites lie on the same side of a nucleosome,
separated by only 2 nm between two turns of the
DNA helix around the nucleosome (Pifia et al. 1990).
This proximity could favor interactions between
steroid receptor molecules that would not occur along
linear DNA. Thus, with respect to these receptor
binding sites, the intermediate 96 bp would appear
to function as an interspacing sequence; yet, within
this interspacing sequence, other functions are likely
to be present, such as those of nucleotides that de-
termine the position of the nucleosome to be where
it is found (Pifia et al. 1990).

A low functional involvement of a segment of
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DNA does not imply a lowly function for that seg-
ment; it only implies that the function, however
important it may be, requires or accommodates a
large contingent of interspacing sequences between
the active nucleotides.

2) Non-protein-coding sequences probably con-
tain different messages (codes) of which only some
are known at present. For example, many introns
exclude hairpin structures in favor of mirror-sym-
metric nucleotide sequences (Trifonov 1989). We
seem to be moving toward the discovery not only
of new functions, but of superimposed functions.
The existence of superimposed protein-coding se-
quences has been known for many years. There are
examples, and Trifonov (1989) has produced the
best so far, of protein-coding sequences upon which
several other codes are superimposed. An additional
example worth mentioning may result from struc-
tural requirements that are in part mutually exclu-
sive: in eukaryotes, coding sequences need to satisfy
simultaneously the imperatives of protein structure
and of chromatin structure. A way to reconcile these
competing imperatives is to keep uninterrupted runs
of codons short enough so that they do not signifi-
cantly destabilize chromatin structure. The inser-
tion into, or conservation within, structural genes
of intervening sequences appears to resolve the con-
flict (Zuckerkandl 1981; Beckmann and Trifonov
1991)—a suggestion to the effect that intervening
sequences are not junk. If they are functional with
respect to chromatin structure, overall substitution
rate in intervening sequences probably does not
measure true mutation rate.

We may expect to find superimposed sequence
constraints of different kinds to be widespread in
the intergenic parts of genomes also. There can be
little doubt that, at least during some phase of de-
velopment or of the cell cycle, every piece of poly-
nucleotide sequence is involved in multiple inter-
actions (DNA/protein, DNA/RNA, RNA/protein,
and corresponding ternary interactions) (Trifonov
1989). An unknown, but probably not small, pro-
portion of these interactions is likely to be accom-
panied by some constraints on nucleotide substi-
tutions, as required, for instance, for satisfactory
packaging of DNA. Such constraints may usually be
very weak for individual nucleotide positions but
may be significant at the level of the DNA sector.

An example of superimposed functions in non-
coding DNA has already been given: of a spacer
function and a nucleosome positioning function. One
can conceive of further kinds of superimposed se-
quence constraints in noncoding DNA. For exam-
ple, the same sequence thatis recognized by a certain
DNA-binding protein when the sequence is in one
structural state must also be such as to favor a dif-
ferent structural state in which the sequence does

not preferentially bind this protein but another, or
both. This is likely to apply to a DNA domain (a
chromatin loop) when its structural state changes,
as indicated by a switch from relative DNase I in-
sensitivity to a generalized moderate (“intermedi-
ate”) DNase I sensitivity (Stalder et al. 1980; Fel-
senfeld et al. 1982; Stumph et al. 1982), extending
over, say, 100 kb. One would anticipate that in its
two states, the state relatively insensitive to endon-
ucleases and the moderately semnsitive state, the
chromatin loop, in which noncoding sequences pre-
dominate, does not on average bind the same mix
of specific mass-binding (multiple-site-binding)
protein factors, such as histone H1 and some non-
histone proteins. This matter has apparently not yet
been explored.

Examples involving more limited regions of DNA
are better known. It appears that in vertebrates gen-
erally the binding of either an inhibitory nucleosome
or of the TATA box-binding transcription factor
TFIID to the same DNA sector determines whether
the structural state of chromatin is or is not com-
patible with the binding of RNA polymerase I and
with transcription (Workman and Roeder 1987;
Knezetic et al. 1988; Elgin 1990). A similar situation
applies to the action of polymerase III (see Work-
man and Roeder 1987). In the promoter of the mouse
mammary tumor virus the binding of nucleosomes
prevents the binding of nuclear factor 1 (NF1), which
is part of the transcription initiation complex,
whereas glucocorticoid receptor binds to its germane
DNA element when this element is engaged in a
nucleosome core (Archer et al. 1991). One may ex-
pect that many noncoding sequences need to be such
that they bind different proteins when in different
structural states. Each of these states implies certain
sequence requirements for binding the proteins.
These requirements need not imply the adherence
to a uniquely defined repeated sequence for binding
the proteins. A certain degeneracy of these sequenc-
es is expected (Trifonov 1983), for instance in in-
tergenic regions beyond the sequences adjacent to
the coding sequences. Such degeneracy is in prin-
ciple compatible with high specificity of binding of
a protein or a protein complex over a sector of DNA
(Zuckerkandi and Villet 1988).

3) For the generation and maintenance of func-
tional units, the genome may well use two different
strategies® that are probably somewhat comparable

¢ The term strategy of course does not refer to a real purposive-
ness, but to purely mechanistic processes expressing natural se-
lection, as understood by Ernst Mayr (1988) in his Essay Three.
At this point of development of the evolutionary sciences one
should not have to forego the convenience, at times, of finalistic
language for fear of literal and retrograde interpretations of im-
ages, in an area that scientific thinking has long since clarified



to K-selection and r-selection in populations, name-
ly the individual grooming of units through natural
selection or alternatively the repeated production of
a large number of potentially functional units that
are permitted to drift. It is likely that the same re-
peated sequences can be either pivotal for a function
or only conditionally functional and effectively su-
perfluous, according to the number of these se-
quence repeats available in the genome and to their
distribution. This conclusion is suggested by the
analysis of the structure and function of enhancers
and is probably of more general applicability (Zuck-
erkandl 1986). Enhancers are frequently made of
repeats of different sequence motifs that can replace
each other in various combinations (Serfling et al.
1985). For a given type of repeat, the effectiveness
of the enhancer increases with the repeat number
up to a limit. If z is a particular repeat added after
this limit has been reached, z can be considered as
functionless. However if, say, repeats x and y are
lost, z becomes functional. The effective function-
ality of a noncoding sequence is thus expected to
depend frequently not only on its own characteris-
tics, but on the amounts of similar or comparable
sequences that are available in the genomic neigh-
borhood. Though complete examples in support of
this expectation may not yet be available, part of it
has been verified. A case in point is the so-called
GC boxes, which bind the transcriptional activator
Spl. Although one or two GC boxes are sufficient
for low levels of transcriptional activation by Spl,
high levels of stimulation require multiple Sp1 bind-
ing sites close to the transcriptional start site (Courey
and Tjian 1988).

The intensity of constraints imposed by natural
selection on an individual sequence is likewise ex-
pected to be determined in part by the degree of
redundancy of the sequence, for instance in satellite
DNA. The constraints in an individual repeat may
tend toward zero when the repeat frequency is high,
and yet collectively such sequences may play a func-
tional role. Are redundant repeats that are only con-
ditionally functional to be considered as junk? No,
as a consideration related to the present one sug-
gests.

4) Indeed the genome probably has a tendency
to generate macromolecular waste, in the form of a
large excess of certain potentially functional se-
quences. This is a trend that can favor biological
success with little penalty attached to overshooting.
One is reminded of cellular waste in the production
of gametes. In many male organisms, more sperm
are produced than are required for the survival of the
species. On the other hand, the amount of sperm
produced in a species must be assumed to be reg-
ulated; not so precisely, however, that the presence
or absence of a large absolute number of individual
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sperm would make a detectable difference. Over-
shooting in the production of potentially functional
units does not prevent the individual units—ga-
metes or satellite sequence modules—from being
potentially functional; it does not turn the excess
units into junk. Each gamete in excess is still a so-
phisticated biological unit that is ready to function,
though individually deprived of a participation in
shaping the future of the species.

The mechanisms of generating wasted functional
sequences may well be in part those invoked for the
spread of selfish DNA (Doolittle and Sapienza 1980;
Orgel and Crick 1980). (Selfishness and altruism are
not necessarily mutually exclusive; quite to the con-
trary, they may be mutually supportive.) If a DNA
sequence capable of multiplying in the genome “par-
asitically” is also endowed with some functional
properties, the function, or a potential for it, will
spread in the genome, though much of this potential
may go to waste.

5) DNA sequences are probably constrained to
be polite vis-d-vis their sequence environment
(Zuckerkandl 1986; Holmquist 1989). Saying that
politeness is required on the part of DNA is a way
of saying that DNA sequences must not, by their
direct or indirect effects, be disruptive of functional
structures located in the same DNA sector or in
interacting sectors. Thus, even sequences that would
not be responsible for participating in any function
are expected to display structural and functional
compatibility. This in turn is expected to impose
some constraints on base sequence and/or compo-
sition.

The constraints of politeness can be mutual. This
occurs when two adjacent DNA segments have to
be mutually compatible, because each has its own
requirement. For example, the nucleosome linker
sequence needs to keep out the nucleosome, and the
nucleosome core DNA sequence needs to keep out
the linker sequence. Autonomously replicating se-
quences, ARS, are a case in point. It appears to be
functionally important for ARS in yeast to be lo-
cated in the more accessible linker region rather than
in the core region, where they cannot function prop-
erly (Simpson 1990). Exclusion of nucleosomes from
the linker region can be brought about by runs in
the linker region of poly(dA)-poly(dT) (Nelson et
al. 1987) and therefore by a contribution to function
of typical junk DNA. The presence of such sequenc-
es in the core region would be impolite. Likewise,
in the neighborhood of coding sequences, promoter
and enhancer regions, characterized in part by hy-
persensitivity to DNase I, need to remain nucleo-
some-free in preparation for and during transcrip-
tional activation (Elgin 1990; Archer et al. 1991;
Straka and Hérz 1991). The contrary requirement,
that of a particular sequence feature to be included
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in a nucleosome core, presumably as a protection
against DNA damage, appears to apply to the exon—
intron junctions (Beckmann and Trifonov 1991). A
DNA insertion that would compromise this rela-
tionship between nucleosome and exon—intron
Jjunction again would be impolite.

In the midst of what has been presumed to be
nonsense DNA, more sense is becoming apparent
progressively, and mandatory politeness of DNA is
presumably a part of it.

6) Functions do not cease being functions when
they are dispensable. DNA tectonics, namely the
bodily disappearance of old DNA and the appear-
ance of new DNA, are compatible with function-
ality. DNA tectonics have been examined in the
past, notably by Hinegardner (1976). The disap-
pearance of functions from the genome becomes a
threat to the persistence of the species only below
the level of reproductive sufficiency of the average
phenotype (Zuckerkandl 1976b, 1991). Reproduc-
tive sufficiency characterizes the mutational state of
an allele when a population of individuals homo-
zygous for this allele can maintain itself in the ab-
sence of a fitter allele. The disappearance from the
genome of a sequence or of a type of repetitive se-
quence may indeed not inferfere with the repro-
ductive sufficiency of the genome; yet, when present,
the sequence or sequences may have a function and
increase the fitness of the organism. Even a high
turnover rate of sequences, in terms of their bodily
disappearance and their generation through the var-
ious processes of DNA tectonics, is likely to be com-
patible with function of the sequences concerned
and does not justify their being considered as junk.

7) There are likely to be many selective events
not expressed in the postembryonic phenotype,
namely selective events at hierarchical levels lower
than that of the individual (Holmgquist 1989). These
events are expected to occur in part among germ-
cell lineages. At the levels of gametes and embryos,
selective constraints may come into play that are
not manifest later, and these constraints at times
might involve noncoding sequences in addition to
coding sequences. Certain noncoding sequences that
are considered to be junk in the adult could have
their functional effects at early developmental stages.
Perhaps heterochromatin in the grasshoppers of the
genus Atractomorpha furnishes an example. Here
quantitative variation over different species has sig-
nificant germ-line effects on recombinational prob-
abilities (John and Miklos 1979; Miklos 1985). No
phenotypic effects of variations in heterochromatin
have been detected in adult organisms by the same
authors. So far we are dealing in this case only with
an effect of heterochromatin and do not know as yet
whether the effect is functional.

As a reassessment of junk DNA and of DNA

function pushes much of the junk out of the genome,
junk DNA is only in part being transformed into
functional DNA. This should be clear from point 1
on functional involvement, point 3 on conditional
functionality, point 4 on molecular waste, and point
5 on polite DNA. The view discussed here or in
earlier papers (e.g., Zuckerkandl 1986), therefore, is
not that all DNA is functional, contrary to what Li
and Graur (1991) reported in their recent book. It
only gives functions a more pervasive place in eu-
karyote genomes than is commonly believed.

I shall further comment here on point 1 (rates of
sequence change and functionality) and point 6
(DNA tectonics and reproductive sufficiency).

Substitution Rates and Functional Constraints

It has often been stated that the correlation between
high substitution rates and low functional con-
straints is an important argument in favor of the
neutral theory. In fact, the correlation is compatible
with a selectionist as well as with a neutralist inter-
pretation.

Kimura (1989) restates as follows what he con-
siders to be an eminently proneutralist and antise-
lectionist feature of molecular evolution: “Mole-
cules or portions of molecules that are subject to
less functional constraint evolve faster (in terms of
mutant substitutions) than those that are subject to
stronger constraints.”

Kimura and Ohta (1973) recognize, however, that
“the fact that the rate of evolution is very low at
functionally critical sites may also be explained
readily by the traditional theory based on positive
Darwinian selection” —plus, one should of course
add, on negative selection. Indeed, from the very
beginnings of polypeptide sequence comparisons, it
was clear that a low rate of substitution must imply
a high degree of functional constraint and vice versa.
It is the vice versa, namely a high rate of substitution
implying a low rate of functional constraints, that
is claimed by Kimura and Ohta (1973) to be a piv-
otal criterion. The authors write: “Under the neutral
theory, the less stringent the constraint, the larger
the fraction of mutations that are selectively neutral
(not harmful) and therefore the higher the evolu-
tionary rate. Thus the upper limit of the evolution-
ary rate is set by the mutation rate. . . . On the other
hand, such an interpretation is meaningless under
the positive Darwinian theory. Rather, we should
expect that rapidly evolving molecules have im-
portant functional significance and are undergoing
very rapid adaptive improvements by accumulating
many advantageous mutations.” In fact, the high
rate/low constraint correlation is not at all mean-



ingless from a selectionist viewpoint, even though
under the selectionist interpretation the upper limit
of the evolutionary rate presumably falls short of
the mutation rate.

Rapid rates of substitution generated by positive
selection do occur, but only exceptionally, it seems;
only in few proteins; or perhaps in many proteins,
but during relatively short periods of their evolu-
tionary histories. Phases of rapid rates of positive
selection may be expected in particular at the time
some important functional change comes about in
a protein (Zuckerkandl and Pauling 1965). Good-
man et al. (1974, 1975) and Goodman (1981) found
support for this view in certain ancestral segments
of the reconstructed molecular phylogenetic tree for
hemoglobin chains. Kimura (1981, 1983) discussed
Goodman’s conclusion and found that it was based
on assumptions about evolutionary times of split of
molecular lineages that were not warranted (see,
however, Goodman et al. 1987). Hughes and Nei
(1988, 1989) analyzed in the murine major histo-
compatibility complex those parts of genes that cor-
respond to the antigen recognition sites. They found
higher rates of nonsynonymous than of synonymous
substitutions, an observation for which a selection-
ist hypothesis alone seems to be able to account. In
general, however, higher amino acid replacement
rates are associated with lower selective constraints,
as stated. Not only within a neutralist, but also with-
in a selectionist framework, the existence of a cor-
relation between high replacement rates and low
constraints is suggested by various circumstances:
by the position of the most rapidly substituted ami-
no acid sites mostly at the less functionally con-
strained surface of globular proteins; by the chem-~
ical or steric similarities between many of the
frequently interchanged amino acid residues, simi-
larities that should make it functionally easier for
them to replace one another; by the mostly small
effects of substituents at frequently substituted sites
on tertiary structure; and by their mostly moderate
effects on physico-chemical parameters associated
with function, as shown particularly by studies of
hemoglobin (Perutz 1983). The [high functional
constraints/low substitution rates—low functional
constraints/high substitution rates) correlation has
been and can be considered as a generally valid se-
lectionist correlation, with the exceptions to it
(namely high functional constraints/high substitu-
tion rates) being relatively rare.

In the early days of the field of molecular evo-
lution, it was indeed thought by many that selection
probably had its hand even in those high rates of
substitutional change that express low functional
constraints. For an unknown, potentially important
proportion of frequently substituted amino acid sites
this continues in fact to be a possible view, as in-
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directly suggested, in particular, by the work of
Kreitman and Hudson (1991) on the intervention
of selective forces at linked silent sites. As pointed
out above, rapid sequence change in itself does not
tell us whether selection is altogether absent and, if
absent, whether the neutral drift rate implies func-
tionlessness. Thus, although the rapid evolutionary
change of, say, pseudogenes is considered as lending
support to the neutral theory, one should merely say
that it is compatible with it. It should be clear that
this compatibility does not settle the question of
possible functions of the DNA included in pseu-
dogenes.

The recurrent use in recent literature of the phrase
nonfunctional DNA to designate non-protein-cod-
ing DNA, as though the equivalence of these phrases
were a matter of course, reminds one of the opposite
selectionist prejudices of an earlier time.

That functional constraints, and therefore natural
selection, would slow evolutionary sequence changes
in informational macromolecules has been assumed
quite independently of the neutral theory. Perhaps
the first formulation of this recognition was In-
gram’s. The human a-hemoglobin chain binds 3, v,
or § chains, whereas the 8 chain normally binds only
one different type of chain, the a chain. In 1961,
Ingram pointed out that hemoglobin chains that had
to interact with several different partner chains were
expected to evolve more slowly than hemoglobin
chains that needed to interact with only one different
type of partner chain. The idea clearly was that ad-
ditional functional constraints would slow molec-
ular evolution. A selectionist article published by
Linus Pauling and me in 1965 assumed the same
correlation.” Ingram’s prediction was borne out
(Derancourt et al. 1967; Kimura and Ohta 1973;
Langley and Fitch 1973).

A further prediction is likewise common to the
neutralist and selectionist theories and therefore also
cannot be used as a test. Kimura (1983) stated:
“Eventually, it will be found, if the neutral theory
is valid, that molecules or parts of one molecule

7 This is illustrated by the following quotes, which give by im-
plication the two terms of the rates/constraints correlation: *. . .
Numerous amino acid substitutions are possible because many
of the amino acid residues found in proteins are so similar in
structure and chemical properties to at least one other type of
residue that transitions from one amino acid to the most closely
related ones will usually represent a very small modification in-
deed.” [In other words, the greater the frequency of a structural
change is, the smaller is the functional change.]... “We may
venture the generalization that the outside of the globin molecule,
and perhaps of globular proteins in general, is more variable than
the inside. . . . It is plausible that this should be so, since it is at
the inside of protein subunits that the requirements for steric fit
between residues should be the most generalized” [in other words,
that special functional constraints are present)
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which are more important in function and which
therefore evolve more slowly, will show a lower level
of heterozygosity.” This is also expected from a se-
lectionist point of view, as alternative amino acid
residues at highly constrained sites will rarely be
tolerated functionally. Most selected alleles, like
neutral alieles, should therefore be found at the more
changeable amino acid sites, where amino acid re-
placements are more frequently functionally fit than
at the more highly constrained sites. Interestingly,
Kimura and Ohta (1973) themselves seem to imply
that this view is a possible one. “Under the theory
[of positive Darwinian selection], the observed low
evolutionary rate at functionally critical sites can be
explained by saying that the fraction of definitely
advantageous mutants is very small at such critical
sites. In other words, the more stringent the func-
tional requirements, the lower the chance that mu-
tations turn out to be advantageous.”

In conclusion, the rates/constraints correlation
argument cannot be considered as an argument in
favor of the neutral theory, nor of the selection the-
ory. On account of the originally selectionist view
of the rates/constraints correlation, the neutralists’
confiscation of the correlation—their proprietary
claim to it--came as a real surprise, one renewed
every time that the claim is repeated.

Reproductive Sufficiency and Dispensability
of Functions

Both the fitness and the survivability of a genotype
under given environmental conditions need to be
considered. For this purpose, one may use the con-
cept of reproductive sufficiency, as defined above,
the survivability of genotypes in the absence of fitter
alleles (called genetic sufficiency in Zuckerkandl
1978). Figure 2 shows that reproductive sufficiency
is both a threshold and a zone that encompasses the
upper domain of relative, and absolute, fitness. The

Threshold of reproductive sufficiency
-« (under given environmental

Fig. 2. Reproductive sufficiency as a threshold
and as a domain of fitnesses above the threshold

concept of reproductive sufficiency is closely related
to that of adaptedness, which was pertinently dis-
tinguished by Dobzhansky (1968) from relative fit-
ness and defined as the ability of a genotype or of
a population to survive and reproduce in a given
environment. Ayala (1969) has further analyzed and
in new ways quantified this concept and has mea-
sured adaptedness and its rate of increase by selec-
tion in Drosophila.

The concept of reproductive sufficiency empha-
sizes that relative fitnesses smaller than those of a
number of existing genotypes can be compatible with
adaptedness, provided that none of the fitter ge-
notypes be present in the population. The concept
also points to the fact that genotypes that are adapt-
ed per se to a given environment will disappear as
they become deadapted in the presence of any of
the fitter genotypes. The degree of adaptedness de-
pends among other things on the presence or ab-
sence of competing species. The conditions for re-
productive sufficiency also are both environmental
and genetic. The environmental conditions perforce
include ecological components. Among these might
again be other species that compete for the same
resources. Fitter genotypes of the same species are
however excluded from these conditions by defi-
nition.

In nature, a “fitness treadmill” is operating,
namely a constant trend to replace a population by
another formed of fitter alleles. There are many lev-
els of adaptedness over and above the population
survival threshold. Reproductive sufficiency desig-
nates the domain above this threshold value of
adaptedness, a threshold that will vary with the en-
vironment. Reproductive sufficiency thus is all-or-
none. It can certainly be explored experimentally
(Zuckerkandl 1978) and is of course to be used as
a complement of the concept of fitness, not as an
alternative to it.

It might be argued that the presence of a fitness
treadmill and thus of alleles fitter than those that



correspond to the threshold level of reproductive
sufficiency has a bearing on the chances of survival
of the species. The fitness treadmill could offer the
population an increased chance of long-term sur-
vival. It would do so by providing a buffer zone
against untoward changes that would endanger the
persistence of the population. This may be so at
times and not so at others. An allele that increases
the average fitness of the individuals that carry it
will not usually happen to be preadapted to the next
environmental challenge, the next threat to the per-
sistence of the population. Alleles that were the fitter
ones under preceding environmental conditions may
be of little help for responding successfully to the
new conditions. Thus, the threshold of reproductive
sufficiency of a genotype under given environmental
conditions relates to a minimum state of a genetic
system that is compatible not only with short-term
survival of the system but rather frequently, in prin-
ciple, also with a normal-term survival. Such sur-
vival, however, is not testable because in nature the
fitness treadmill does not remain fallow for long.
Ascertaining reproductive sufficiency thus is a way
of putting in parentheses part of biological reality,
in order to identify another part, namely intrinsi-
cally essential biological traits for persistence of a
population in a given environment. It seems that
this type of observation is required, if eventually the
relationships between genetic organizations and en-
vironments are to be thoroughly understood.

It is well known (see Wilson et al. 1977; Zuck-
erkandl 1991) that certain proteins whose sequence
has quite obviously been selected for during evo-
lution and whose structural adulterations have been
selected against can be lost without this loss com-
promising the survival or fertility of the null mutant.
Human serum albumin and lysozyme are such pro-
teins. Dispensability and functionality thus can go
hand in hand. Nonetheless, it is commonly thought
that noncoding sequences that are present in some
species and absent in other closely related ones clearly
manifest their nonfunctionality through their ability
to vanish. If even coding sequences can sometimes
be lost, then less-constrained noncoding sequences
surely can be lost very much more frequently, with-
out their disappearance implying nonfunctionality.

It is important to realize that the loss of a se-
quence may not compromise reproductive suffi-
ciency, whereas the presence of this sequence may
increase the individual’s fitness, as, in a proportion
of cases, competition experiments would probably
show. In other words, there can be function even
when its absence fails to endanger the species. In
higher organisms, function is likely often to be com-
patible with either sequence loss or sequence mul-
tiplication.

What results of mutational processes are to be
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considered as biologically important? Are function-
al sequences that are dispensable important because
they are functional or unimportant because they are
dispensable? Neither answer much helps our un-
derstanding. It appears that a concept of evolution-
ary importance needs to be linked to evolutionary
innovation, i.e., to the appearance of a function that
is new or regulated in a new way or altered more
profoundly than by a variation, within a limited
range, of some physico-chemical parameters.

The fact is that, upon a closer look, junk DNA
and functional noncoding DNA are expected often
to behave identically, be it in regard to rapid sub-
stitution rates, to ‘““wasteful” multiplication of se-
quences, or to the continuous elimination and gen-
eration of sequences through the processes of DNA
tectonics. Functionality in the noncoding genome
therefore cannot be negated on the basis of these
observations.
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