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SEZIONE III
(Botanica, zoologia, fisiologia e patologia)

Genetica. —  Redundancy of genetic information and evolution 
of living systems. Nota di F rancesco A maldi (,), Pedro A . L ava-  
S anchez (,) e M ario B uongiorno- N ardelli'(m), presentata ("* (**) (***)) dal 
Socio G. M ontalenti.

RIASSUNTO. — La reiterazione di alcuni geni nelle cellule eucariotiche è qui inter­
pretata come una ridondanza informazionale in senso cibernetico, comparsa nel corso 
dell’evoluzione in concomitanza con la distinzione tra linea somatica e linea germinale. 
Questa ridondanza genica tamponerebbe gli effetti fenotipici delle mutazioni somatiche e 
la sua comparsa sarebbe stata quindi essenziale per l’evoluzione di organismi viventi com­
plessi. Questo punto di vista implica una efficiente rettificazione dei geni ridondanti i cui 
possibili meccanismi sono qui discussi.

It is well known th a t in Eukaryotes the cellular DNA content varies, 
both in plants and animals, over a range of about io3 w ithout any  relation 
with variations of apparent developm ental, m orphological and physiological 
com plexity of the organisms. One of the possible explanations of this fact 
was offered by  C allan’s hypothesis which assumes the existence of m ultiple 
copies of each gene tandem ly arranged along the chromosomes [io , 25].

Reassociation kinetics studies of denaturated  DNA revealed the pres­
ence in the genome of all Eukaryotes of a consistent fraction of DNA 
sequences repeated m any times [6]. By this techniques the DNA can be 
generally resolved in three distinct components; highly repetitive, interm ediate 
and unique sequences. T he first one is not transcribed and cannot be 
considered to represent real genes bu t ra ther sequences involved in some 
special functions [27]. It is im portant to consider w hat is the relative 
arrangem ent w ithin the genome of the other two components which are, at 
least in part, transcribed. It seems tha t a fraction of repeated DNA is 
composed of short sequences interspersed with unique sequences [13]. It is 
possible to envisage several reasons for such sequences to be scattered along 
the genome; they  could represent recognition sites for factors and enzymes 
for replication, transcription, regulation etc. (see for instance the theory of 
B ritten and D avidson [5]). Divergence of duplicated sequences or conver­
gence of originally different ones could have originated, under selective pres­
sure, such repeated sequences which are in fact ra ther similar than  identical 
to each other.
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On the other hand another fraction of the interm ediate repeated DNA 
is surely composed of clusters of repeated sequences as suggested by “ circu­
larization ” experim ents [ i 8] and, for some genes at least, clearly proved 
by RNA-DNA m olecular hybridization. By this technique in fact it is 
possible to study  individual genes. For m any reasons those for ribosomal 
RNA have been the m ost deeply investigated in this last decade (for a 
review see [3]). O ther genes received also some attentions, those for 5 s RNA, 
tRNAs, histones globin, fibroin and ovoalbum in [7, 12, 11, 17, 4, 15, 23, 14]. 
These studies suggest th a t in eukaryotic cells some genes are unique while 
others are present in m ultiple copies from few tens to several thousands. 
Furtherm ore it is known, m ost but not only from studies on rR N A  genes, 
th a t the repeated genes tandem ly arranged in clusters (gene families). A t 
variance w ith the interspersed repeated sequences, the m ultiple gene copies 
w ithin ä clusters seem to be precisely repeated.

Gene Reiteration as informational redundancy

W e will discuss now which could be the physiological role of gene 
reiteration and why, once established, it has been m aintained through evo­
lution, thus suggesting its indispensability for eukaryotic life. Its most 
obvious role m ight be to enhance the rate of gene product synthesis. In  
other words m ultiple gene copies do their job faster than  a single one. This 
generally accepted in terpretation is m ainly based on the special case of the 
rR N A  genes which provide the ceil of an enormous am ount of ribosomes 
and in fact have been found to be repeated in m ultiple copies in all euka­
ryotic cells.

As m entioned, some other genes have been studied for multiplicity; 
while those for 5 s RNA, tR N A  and for histone m R N A  have been dem on­
strated  to be present in m ultiple copies [7, 12, 11, 17], the genes for globin, 
fibrpin and ovoalbum in m RNAs are not reiterated [4, 15, 23, 14]. Surpris- 
ingly even in the differentiated cells specialized in the production of great 
am ounts of the specific proteins, these genes are present in single or very 
few copies per haploid genome. On the other hand it is not clear why 
Eykaryotes, e.g. Drosophila, need hundreds of rR N A  genes while E . coli 
can m anage so well w ith very few ones, where genetic com plexity (total 
num ber of different genes) is in  the same order of m agnitude. Thus it 
seems to us th a t to relate gene m ultiplicity only with quantitative require­
m ents is a too simple interpretation not sufficiently supported by experi­
m ental evidences.

In  consideration of the fact th a t gene reiteration appears in Eukaryotes 
where a “ soma ” is present, we th ink tha t this condition m ight represent 
a redundancy ” in inform atic sense. It is well known th a t the m alfunction 
or error probability  of a m achine is proportional both to the m alfunction 
probabilities of the elements composing it and to the num ber of them. The 
w ay cybernetics bypass this difficulty to allow the construction of very
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complex reliable m achines is the reduction of error probability of the single 
elements and/or the introduction of redundancy for each element of the 
m achine. It is thus possible to build reliable machines even with low re­
liability elements if the degree of redundancy is opportunely regulated.

An higher organism can be viewed as a complex system m ade up of 
m any elements, the cells. These again are complex structures whose “ re­
liability ” depends on num erous functions genetically encoded in m any genes. 
In this sense the organism is a m achine for which, at various levels of its 
organisation, the laws of inform atics and cybernetics apply. R andom  m u­
tations occurring in the genome represent errors of the biological machine; 
here, at variance with the non biological machine, such errors are essential 
to occur in the germ inal line to generate the variability which is the basis 
for selection and thus evolution. On the other hand m utations, when 
occurring in the somatic line, are either dangerous both for individual cells 
and for the whole organism or at least useless for evolution. R edundancy 
at different organisation levels minimizes the phenotypic effects of m utations 
occurring in the soma. Those functions necessary for the life of the organism 
as a whole are in fact perform ed from m any equally differentiated cells; 
this represents a sort of “ cell redundancy ” . A t another organisation level 
the enhancem ent of the reliability of the individual cells is attained by “ gene 
redundancy  ” . Polyploidy and polyteny, which frequently occur in somatic 
cells, p robably  have this functional role. The m acronucleus of Protozoa is 
another case of gene redundancy; in these organisms the “ clone ” corresponds 
to the soma of pluricellular organisms. The above discussed gene reiteration 
(tandem ly arranged copies of a gene; rRNA, tR N A  genes etc.) is a particular 
m echanism  by which redundancy is introduced in the genome. R eiteration 
can be regulated at different levels for different genes according to their 
functions. In  this context it is striking the fact tha t a particularly  high 
level of gene reiteration has been dem onstrated up to now for genes (rRNA, 
5 sRNA, tl^NAs and histone mRNAs) whose functions, besides being neces­
sary  to the life of all individual cells display pleiotropic effects. O nly one 
m utation affecting one of the m any components of the protein synthesis 
m achinery could have deleterious effects on all synthesized proteins. T he 
genes found to be not appreciably reiterated (those for globin, fibroin and 
ovoalbum in) are responsible for the synthesis of proteins which, being specific 
of differentiated states of the cells, are relevant m ainly for the life of the 
organism  as a whole. From  our point of view these functions are sufficiently 
protected in the organism  by the m entioned “ cell red u n d an cy ” or at the gene 
level by  diploidy itself and eventually  by somatic polyploidy and polyteny.

L et’s consider ad absurdum a m ulticellular organism with no redundancy, 
both at gene and cell levels. In  this hypothetical organism each differ­
entiated function, including reproductive one, whould be carried out by a 
single cell, whose genome would consist only of unique genes, as prokaryotic 
cells. T he occurrence during somatic life of random  m utations would m ake 
the som a of this organism not to be the true phenotypic counterpart of the
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germ inal line so th a t selection would eventually act paradoxically; it would 
select against a “ b a d ” soma carrying a “ g o o d ” germ cell or viceversa. 
Different is the case of Prokaryotes; here the somatic and germ inal lines 
are not distinct and selection acts directly on individual cells. Gene redundancy 
is thus superfluous. On the contrary  the existence in Eukaryotes of redundan­
cy, buffering the effect of somatic m utations, guarantees that, in spite of them, 
the phenotype represents the original genotype of the individual through 
the lifetime. A  quite sim ilar interpretation of gene reiteration has been 
recently discussed in relation with the problem of ageing by M edvedev [19].

Genome size and evolution

L et’s consider now the variation of genome size (DNA content per 
genome) during evolution. It has been often observed th a t the organisms 
with a particu larly  high DNA content occupy peculiar phylogenetic positions. 
For exam ple am ong Vertebrates, the Dipnoi and the Urodeles which have 
the highest DNA content per cell, are representative of those ancestor 
V ertebrates which signed the m acroevolutive change from aquatic to te r­
restrial life. A n interpretation [20, 16] attributes to the higher DNA content, 
attained by gene duplication followed by divergence, the value of a reservoir 
of rough m aterial for new gene production. (It is clear tha t gene duplication 
is different from gene reiteration, the difference consisting in divergence due 
to lack of rectification as discussed below).

' W e th ink  th a t besides gene duplication, true gene redundancy m ay have 
also some relevance in the understanding of the DNA content paradox. 
T he variability, basis for darw inian evolution, is introduced by random  
m utational changes of genetic m aterial. The rate of this random  events is 
known to depend not uniquely from external factors, but to be largely due 
to genetically specified factors such as DNA-polymerases accuracy, repair 
systems efficiency and other “ m utator g e n e s” . In  other words m utation 
rate, as a real genetic trait, m ust be itself under selective pressure. Organisms 
with a high m utation ra te  are advantaged in those evolutive situations which 
require an higher variability, as for instance the ancestors of terrestrial 
V ertebrates to which we referred above. In  such organisms the higher 
m utability, required for evolutive purposes, m ust be accompanied by an 
increased protection of the soma against m utations. This is obtained by a 
higher gene redundancy which will contribute to the increase of the DNA 
content per genome.

Experim ental evidences showing a rough correlation between genome 
size and m utation ra te per locus have been recently discussed [1 ]. Follow­
ing our above presented hypothesis, the increased m utation rate per locus 
woqld not be a consequence of the increased genome size but ra ther the 
contrary; genome size would increase as a protective adaptation to the higher 
m utation rate necessary for evolution, obviously both param eters changing 
under selective pressure.
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R e c t if ic a t io n

If  the role of gene reiteration is to stabilize the phenotypic expression 
of some genetic inform ation during somatic life, the occurrence of a periodic 
efficient rectification event is compellent. Gene rectification proposed by 
Callan [io] and so nam ed by Thom as [25], is any process able to keep all 
the m em bers of a gene fam ily equal to each other, allowing though the 
possibility of evolutive changes for the family as a whole.

The concept of rectification, which can be compared with the “ horizontal 
evolution ” discussed by Brown [8] in opposition to the “ vertical evolution ” , 
m ust be accepted, while the mechanism(s) by which it is attained and its 
relationship w ith meiotic recom bination [28] are still m atter of discussion. 
Several alternative models have been proposed; some of them  involve a 
correction of the m ultiple gene copies by comparison, as the original “ m aster- 
slaves ” theory by Callan [10] and others derived from it [26]. A nother 
suggested mechanism  is the “ contraction-expansion ” of the cluster attained 
by unequal crossing-over (e.g. the deletion-magnification of rR N A  genes in 
Drosophila), which would result in a rectification at low efficiency [21, 24, 
22]; th a t is a m utation could be spread to the whole cluster only after m any 
generations. M oreover, neutral m utations, not subm itted to selective pressure, 
would not be rectified. F inally  a th ird  kind of models is based on the periodic 
substitution of the whole cluster of a reiterated gene w ith a set of new genes 
produced by a series of replication of a single one [9, 2] resulting in a very 
efficient rectification. T he m ost suited m om ent for such rectification to occur 
is meiosis which thus would have another basic function, th a t is to “ re ju ­
venate ” the “ aged ” families of reiterated genes.

Note added in proof: following submission of this paper, we became 
aware of a  paper by Jukes and G atlin (Progr. Nucl. Ac. Res. and Mol. Biol., 
(1971) i i ,  303) in which a cybernetic intepretation of genetic redundancy 
was also proposed.
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