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Evolutional Reason for Having so Much Junk DNA *
S. OnxNo

Over the years, I have learned that there is no such thing as a fact. What pas-
ses for a fact is in truth a set of observations and its interpretation. Therefore,
the interpretation is just as important to a fact as the observation itself,

I have also learned that a discussion tends to be more fruitful if each person
polarizes his view to an extreme; not because he is an extremist, but merely for
the sake of discussion. Even in science, the adversary system seems the best
way to bring out a glimpse of truth.

The points I wish to make are: 1) Natural selection is an extremely conser-
vative force. So long as a particular function is assigned to a single gene locus
in the genome, natural selection only permits trivial mutations of that locus to
accompany evolution. 2) Only a redundant copy of a gene can escape from na-
tural selection and while being ignored by natural selection can accumulate
meaningful mutation to emerge as a new gene locus with a new function. Thus, ,
evolution has been heavily dependent upon the mechanism of gene duplication.
3) The probability of a redundant copy of an old gene emerging as a new gene,
however, is quite small. The more likely fate of a base sequence which is not
policed by natural selection is to become degenerate. My estimate is that for
every new gene locus created about 10 redundant copies must join the ranks
of functionless DNA base sequence. 4) As a consequence, the mammalian ge-
nome is loaded with functionless DNA which is the subject of this meeting. The
only contributions which these base sequences make may be stated as »the
importance of doing nothing «.

e s T
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Conservative nature of natural selection and an escape from natural selection as
a prerequisite of evolution

The complete amino acid sequences of increasing numbers of polypeptide
chains have become known in recent years. This has given us the chance to
look at the direct products of genes and has further enabled us to deduce the
evolutional history of individual gene loci. The extremely conservative nature

* Supported in part by a grant (CA 05138) from the National Cancer Institute, U.S.
Public Health Service.
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chances of a redundant copy emerging triumphant as a new gene, however, are

exceedingly small. The more likely fate which awaits a redundant copy is de-
generacy.

Of randomly sustained mutations, a frameshift mutation due to deletion or
addition of a single or two consecutive DNA bases would almost surely lead to
degeneracy of a redundant copy, since the complete alteration of the amino
acid sequence of a gene product is a consequence. The three consequences of
a mutational single DNA base substitution are samesense, missense and non-
sense. These three types should occur in the ratio of 6:17:1 (15). Therefore,
there is one in 24 chance that g first bases substituting mutation sustained by
a redundant copy would be a chain-terminating nonsense mutation which
would again lead to degeneracy. ; :

In order to avoid degenerating into a worthless DNA base sequence, a redun-
dant copy must acquire a new function useful to the well-being of an organism
in a relatively short period and thus again come under the Protection of natural
selection. It is natural selection which protects a newly emerged gene locus by
preventing further accumulation of randomly sustained mutations. It is in this
role that natural selection becomes an active contributor to evolutional
change instead of being a conservative force. Since a redundant copy cannot
be long ignored by natural selection, however, a group of genes which shared
& common ancestry, as a rule, show only a limited degree of functional diver-
gence; i.e., myoglobin and hemoglobin genes (8).

sine qua non of evolution, the process of acquiring new gene loci was a rather
expensive one. For every redundant copy which has succeeded in becoming a
new gene, there must have been a great number which degenerated. My esti-
mate of the success/failure ratio is !}10- It follows then that doubling of the num-

ber of gene loci may have been accompanied by 10-fold increase in the genome
size (DNA content).

Functionless DNA and the importance of doing nothing

The realistic number of functionally significant gene loci in the mammalian
genome has been estimated to be 4—5 X 101 (3, 11). This many gene loci ac-
count for no more than 2% of the total genomic DNA (3 X 10° base pairs).
Although ribosomal and transfer RNA genes which exist in multiple copies
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172 S. Ohno

sequences. Accordingly, these sequences are undergoing very rapid evolutional
changes by unrestricted accumulation of randomly sustained mutations (14).

A functional gene locus is defined as that DNA base sequence which may sus-
tain deleterious mutations. A DNA base sequence in which all sorts of muta-
tional changes are permissible is obviously not contributing to the well-being
of an organism, and for this very reason, it has no function. Attempts have often
been made in the past to attribute a vaguely defined regulatory function to ap-
parently functionless DNA base sequence. The function of a regulatory base
sequence (operator), however, is to offer a binding site to a regulatory gene
product (repressor or activator protein or RNA); thus, it can not afford to ac-
cumulate randomly sustained mutations. Mutational changes in an operafor
base sequence which lead to either increase or decrease in its binding affinity
to a regulatory gene product would be deleterious and therefore be eliminated
by natural selection. Since the simultaneous occurrence of two independent mu-
tations one affecting the regulatory gene locus and the other affecting the ope-
rator base sequence is mathematically improbable, a regulatory base sequence
would be conserved by natural selection to the same extent as any respectable
structural gene base sequence. Rapidly evolving DNA base sequences cannot
possibly have regulatory functions of any kind.

Deleterious mutations randomly affect all the functional gene loci at the spon-
taneous rate of 105 per locus per organism generation. Thus, there is a finite
upper limit to the number of functional gene loci an organism can afford to
keep. This is what HALDANE (6) termed the cost of natural selection. 5 x 10t
gene loci per genome is permissible since the overall deleterious mutation rate
per generation is 0.5. On the other hand, 3 x10° gene loci per genome wouid
surely lead to the extinction of a species for the overall deleterious mutation
rate becomes 30. If any of the 30 is dominant, it would immediately lead to the
extermination of an affected individual, while recessive deleterious mutations
would accumulate in the genome generation after generation at an alarming
rate until the final extinction of a species. No matter how we look at it, we come
to the inevitable conclusion that the bulk of DNA in the mammalian genome
must have no function aside from that of »the importance of doing nothing «.

If functional genes customarily occupied the region around the centromere,
the Robertsonian type of evolutional changes of chromosome complements
would not have occurred as often as has been observed. Because the centro-
meric heterochromatin which represents long tandem repeats of a short se-
quence (9, 13) can be partially lost or duplicated without deleterious conse-
quences, speciation more often than not has been accompanied by chromoso-
mal changes. Functionless DNA base sequences in the euchromatic region which
space adjacent functional genes apart may also be useful in a negative way.
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Chromosome breaks occur s

pontaneously at a high rate (10-2 per cell gene-
ration or so)

; rejoining of broken ends may be accompanied by deletion, addi-
tion and substitution of a few base pairs. Yet, they are h

break occurs at a partitioning functionless base sequence.

If 4-5 x 10* functional gene loci are neatly packed into a proportionally small
genome, mammalian cells may divide as fast prokaryotic cells which would not
be conducive to organogenesis during embryonic development or to the relative-
ly long life span of individuals. The bulk of functionless DNA in the mamma-

lian genome may serve as a damper to give a reasonably long cell generation
time (12 hours or so instead of several minutes).

armless so long as a
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Discussion

OuNO: Dr. PARDUE, mess RNA for immunoglobulin light chain as well
as for hemoglobin «- or f-chain appears to be at least twice longer than the
length expected from the lyﬁeptide chain length. It appears as though
mammalian messenger RNA’s contain a great deal of untranslatable junk
sequence, only a part of which is poly-A. Are-histone messengers considerably
longer than 330-bases? | |

/ . ;

PARDUE: Our calculat?‘éms of the léistone messenger size a}g compatible with
the size of the histone proteins. I shoi}ld say/one thing which I forgot and that is
that the Drosophila histones are unugually|different from the histones of other
species. COHEN and, GoTcHEL!) |have compared: Drosophila histones
from birds, mammai and amphibia, and find that there are at least
three of the Drosophila histones whiéh show a quite different .electrophoretic
pattern. They have Been able to show that this différence in electrophoretic
mobility is caused both by changes i s:ize and by changes i‘p some of the
aminoacid content. Therefore it is almost certain that we are hot looking at
complete cross-hybrirization of the seg-urchin histoizle message?to Drosophila

DNA. 4 \

!
Yunis: Is there a i)oly-A sequence for any of the h\stone m es?
! 4

§

PArDUE: No, there| is no poly-A sequende in the his%one message.\ At least it
has’nt been found yet. We don’t know whether the imessage, which we see
binding to that one region represents all five of the histdne messages or whether
perhaps only one of the messages is actually cross-hy idizing. We are in the
process of characterizing the hybrid. Also we\would like ko measure the amount
of ‘Drosophila DNA, which actually codes for histones. From our experiments,
making a lot of assumptions, we can say that the amount of DNA which we
think might be necessary to code for all of the histones is enough DNA to make
up one large band in Drosophila. These bands are a lot larger than average and
might accomodate thé spacer also.

1) J. Biol. Chem. 246: 1841 (1971).
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question, I would say that wehaye not yet looked at the centromeric regions of
cattle chromosomes under the H. M., but»'w@'wrcl)u/ld_,exﬁéct to observe a failure
of dye uptake rather than a logs of material following the ASG schedule. I say
this since there certainly is noevidence of a loss from the positive staining
results obtained in these regions with C-banding techniques.

Evaxs: Dr. Ouxo, I suppose the take-home message was that in your view
certainly the highly repetitive DNA is junk and you said that lots of the unique
sequences are also junk. This point of view is now open to discussion.

Younis: I wonder if you really mean »junk« You are equating non-trans-
lational and non-transcriptional DNA with junk. I agree that you must be right
up to some extent, but I wonder whether you have ignored the proven poly-
ploidization as a way of evolution.

OmnNo: If there is any gene which is doing some good for your general well-
being, you will suffer when you lose that gene. For this very reason a fraction
of randomly sustained mutations of that locus would be deleterious. There is
simply no way of having a useful gene without paying a certain price for the
cost of natural selection. If, on the other hand, there is a gene which is totally
irrelevant, you will lose that gene sooner or later, for natural selection would not
police that gene.

Yuxis: We know that constitutive heterochromatin is rich in repetitive DNA
and that satellite DNA spaces essential regions such as the centromere and
nucleolar organizer. Isn’t this an important role?

OmNoO: Yes, spacer is important in the same negative way as fibrinopeptides A
and B. Only a short stretch of base sequence at its end would have to be
conserved as a signal to be nicked by ribonuclease.

Hexnxia: I feel one could accept to some extent both views. From all what is
known so far we can conclude that probably the nucleotide sequence as such
does not matter. Furthermore the actual amount of simple sequence DNA
(within some limits) seems not to be important. But since this kind of DNA is

there one has to correlate it to some kind of function. That means that either
simply the presence of some portion of this material is essential for structural or
functional reasons. Or one could imagine that this kind of DNA is a product of
certain molecular mechanisms which as such are essential for the eukaryote
genome. This, of course, should be some kind of multiplication mechanism.
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Such a mechanism may, for example, exist in order to keep ribosomal cistrons
or 58 cistrons ete. by occasional multiplications alike. Such multiplication steps
could, accidentally or not, include adjacent DNA sequences, thus producing
simple sequence DNA. It is remarkable that nucleoli usually are associated with
heterochromatin which contains simple sequence DNA. Also the histone genes
in Drosophila seem to be associated with heterochromatin as Dr. PARDUE has
shown.

Yunis: It is important to emphasize that, in general, there is a certain
constancy in the amount and distribution of satellite DNA.

Hexnia: It is certainly true that there is a constancy in certain limits of
simple sequence DNA. But these limits could be governed by simple mechanical
requirements of the chromosomes, for example in segregation of the chromo-
somes. Extremely large chromosomes do have difficulties during cell division
and thus an upper limit could be introduced by the size of chromosomes. I think
the variability of the heterochromatic arm of the X chromosome of the Droso-
phila species, which we are studying, is a good example for a block of simple
sequence DNA which seems not to be essential. Deletion of the long hetero-
chromatic arm of the X in D. hydei has no obvious consequences for the flies.
This could mean that there is some DNA which may not be necessary but is
there and is kept. Of course, this deletion stock has not been tested for its success
in a population in competition with the wild type.

Forp: I think the word »junk« is a powerful word. The only thing that I
would seriously question is this assumption that perhaps just 10 units would
be sufficient to act as a spacer when 100 or more were there. Do we really know
enough to be sure of that point?

Omxo: If we argue that a given spacer can change its base sequence any way
it likes, but that a length of it has to be conserved rigidly, deletions would
become deleterious to spacer function. It follows then that spacer sequences,
too, contribute to the overall mutation load, and for this very reason, we cannot
even afford to keep too many spacers.

Forp: I think it just would’nt be there unless it would do it. Something was a
functional reason of some kind for it.

Yunis: This is what I emphasized earlier, that this DNA must have a
functional value since nothing is known so widespread and universal in nature
that has proven useless.
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Fraccaro: Well, there is an exception to that rule. A lot of us have perma-
nent positions at the University but are considered by others (mainly by
students) meaningless and of no utility whatsoever.

Evans: Well with that very splendid comment I think we should now draw
today’s discussion to a close. I should remind you, however, that we have at
least a full hour available tomorrow to continue this discussion and would like
to end by thanking all the speakers for their excellent presentations and the
discussants for taking part in the discussion.




