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ABSTRACT — The recent genome sequencing of some species has accumulated evidence that for a large number of traits, the
control and action of genes are far more complex than previously thought. This article discusses possible implications of new
insights into the gene concept on the work of plant breeders. Apparently, the successful application of biotechnological techniques is
not as simple as once assumed. The evident changes in the available concept of genes confirmed what the past experience had shown,
i.e, selection should focus on the phenotype, under the same conditions as the plant is to be cultivated in. Advanced vocational
training of plant breeders must be continuously maintained, focusing on phenotype-based selection in as accurate as possible
experiments.
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INTRODUCTION

The overall concept of plant breeding is defined as
“the science, art and business of improving plants for
human benefit” (Bernardo 2002). This approach expressly
declares that the breeder should have scientific knowledge,
individual skills (art) to select plants and/or progenies,
the aptness of a good manager and, above all, a holistic
view of agriculture and its interactions with human society.

In terms of scientific knowledge, the concept of
genes/alleles is of course, primarily essential for plant
breeders. However, as will be shown, this concept has
been changing over time, due to the accumulation of
information about how gene regulation and action occur
(Wain et al. 2002, Pearson 2006, Gerstein et al. 2007, Scherrer
and Jost 2007a,b, Joaquim and El Hani 2010). These changes

became more far-reaching after the publication of studies
of the genome of some species (AG Initiative 2000, Qing-
Po and Qing-Zhong 2006, Orjuela et al. 2010). It is an open
question how the gene concept will affect the work of
breeders in the future.

Ever since the domestication of plants, selection has
been based on the phenotype. With the advent of
biotechnology, selection became possible directly in the
genotype by means of molecular marker techniques and
by gene introduction into unrelated species through
recombinant DNA technology. Some success has been
achieved, but much remains to be done and recent findings
on gene action and regulation allow the identification of
some difficulties, particularly with regard to biotechnological
methods, to contribute effectively to the establishment of
new cultivars.
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The purpose of this review is to approach the changing
concept of genes and specifically discuss the implications
of current insights into gene regulation and action on the
work of plant breeders in the coming years.

The concept of genes/alleles prior to the discovery of the
DNA structure

It is undeniable that the question how genetic
information is passed on from father to son, or between
cells of a body, must have attracted the attention of mankind
ever since its origin. There are reports that the Greeks
established some hypotheses trying to explain the transmission
of genetic information. However, only in the late nineteenth
century some information about the genetic control of traits
was published with the work of Mendel. However, Mendel
did not use the term gene, but “factor” instead. The term
“genetics” for example, was coined by Bateson in 1902, in
his book “Mendel’s principles of heredity: a defence”,
who also proposed the definition of allele as “one of two
or more dissimilar factors or genes which on account of
their corresponding position in corresponding chromosomes
are subject to alternative (Mendelian) inheritance”
(Darlington and Mather 1950). The Danish Wilhelm
Johannsen termed the Mendelian factors “genes”, in
analogy to genetics, as “any particle to which the properties
of'a Mendelian factor may be attributed” (Darlington and
Mather 1950)

The work of Thomas Hunt Morgan, in which he
associated the gene to chromosomes, represented another
major advance in the 20s of the twentieth century. He
conceptualized a gene as “any particle in a chromosome
which is distinguishable from other particles by either
crossing-over or mutation” (Darlington and Mather 1950).
This idea has triggered great advances in genetics and
has not been challenged ever since.

The publications on genetics of this period barely
ever mention the chemical composition and structure of a
gene. In 1928, F. Griffith had already shown that DNA was
the transforming principle in bacteria. The proof that in
most organisms the gene was the DNA was only delivered
in 1944, in studies of Avery, MacLeod and McCarthy
(Griffiths et al. 2000, Ramalho et al. 2008).

It is noteworthy that in the time preceding the
discovery of the DNA structure, substantial progress was
made in the genetic improvement of cultivated plants,
without any knowledge of the structure and chemical
composition of genes. Heterosis became known in the early
20t century. In this period, the influence of the environment
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on the phenotypic trait expression was also emphasized,
requiring the evaluation of progenies in experiments with
replications; i.e., experimental statistics were developed
(Simmonds 2000).

Great importance should also be attached to the
paper of Beadle and Tatum published in 1941, which
associated gene mutations with metabolic pathways, leading
to the establishment of the famous “one gene - one
enzyme” hypothesis (Griffiths et al. 2000).

The gene/allele concept according to Watson and Crick

The DNA structure must have intrigued many
researchers. One of the first reports in this regard, by
Darlington and Mather (1950), reads as follows (pages
145 and 146): “The nucleic acid consists of an unlimited
polymerization of desoxyribose nucleotides to form a
column. The nucleotides are spaced at the same distance
of 3.3 Angstrom units apart, as are the repeats in the
stretched polypeptide chain. Desoxyribose nucleic acid
is found only attached to chromosomes and in bacteria
and certain animal and bacterial viruses. In all of these it
must indicate the presence of genetically analogous
structures.” Clearly, they hinted at a chromosome structure
that is very similar to that proposed later for DNA, by
Watson and Crick (1953). Interestingly, shortly after the
publication of Watson and Crick, some researchers
commented on the difficulty of conceptualizing what a
gene is. Waddington (1956) commented that the definition
of a gene is unsatisfactory, since there are cases where it
does not apply, for example to the effects of position,
which shows that the action of interchangeable genes on
the development of an organism is not independent.

The period from 1961 to 1966 was particularly
important for science, when the genetic code was deciphered
(Ramalho et al. 2008). This code associated a triplet of
mRNA bases, called codon, with one of the 20 essential
amino acids. This evidenced the DNA-protein association
even more clearly. The allele has been conceptualized as
alternative form of the same gene that arises by changes
in the sequence of one or few DNA bases. From then on,
the concept of a gene has also began to be more explicitly
cited in papers, as a DNA segment located in a specific
position of the chromosome responsible for producing a
polypeptide chain (Burns 1983, Elseth and Baumgardner
1984). However, exceptions to this gene concept began to
appear, since not all transcribed RNAs are translated into
polypeptides, e.g., rRNAs and tRNAs, as Waddington
(1956) had commented. With the ongoing development of
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cloning and sequencing techniques, unearthing details
on how genes are organized and expressed, molecular
biology was revolutionized (Gerstein et al. 2007).

The second half of the 20™ century saw the greatest-
ever population boom. The world population increased
from 2.5 billion to 6.0 billion (USCB 2008). This rise required
enormous efforts in food production to be able to meet
such a high demand. By the use of fertilizers, irrigation
and mechanization, along with genetic improvement, all
the necessary food was produced (Miles and Pandey 2004,
Tracy etal. 2004). It is worth emphasizing that improvement
has been achieved so far without making use of the molecular
genetic knowledge (Duvick et al. 2004).

The era of biotechnology at the end of the 20
century aroused great expectations with regard to the
possibilities of selection of plants and animals directly by
the genotype. The use of molecular markers was seen as a
key strategy to continuous genetic progress. The recombinant
DNA and transgenic technology showed that the passage
of genes between species, hitherto unthought of, was
possible. The challenges to satisfy all these expectations
were huge and led to the need to sequence the entire
genome of a species.

The of gene/allele concept in the era of genomics

In the late 90s of last century, research was intensified
to sequence genomes. As of 1999, there was a massive
effort to sequence the human genome. The development
of new sequencing machines and the evolution of
bioinformatics contributed such that the task that was
expected to take 15 years or more was completed in little
less than three years. In June 2000, the world was informed
that the human DNA had been sequenced (Venter et al.
2001, Collins et al. 2003). The greatest challenge was yet
to come, that is, establish an association of the DNA
sequence with a particular phenotype (Houle et al. 2010).

Another ten years have passed and some new facts
have emerged elucidating gene regulation and action of
the gene itself. It became evident that there are more
polypeptide chains than genes, so the association one
gene - one protein is not an absolute truth. It was also
shown that the DNA previously considered “junk”, i.e.,
untranslated DNA, is extremely important for gene
regulation. The environmental effect on gene expression
is also more pronounced than previously assumed. These
facts and novel concepts, hitherto unimagined, some of
which are listed in Table 1, cast doubt on the generalization
of the gene concept outlined for the control of all
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characters. The controversy was such that the Nature
magazine, in 2006, issued an invitation to renowned
geneticists to discuss the concept gene for two days. The
conclusion was “a locatable region of genomic sequence,
corresponding to a unit of inheritance, which is associated
with regulatory regions, transcribed regions and/or other
functional sequence regions” (Pearson 2006). However,
even this broad concept is now being challenged. The
ENCODE Project Consortium (ENCODE- ENCyclopedia Of
DNA Elements), which unites a group of institutions
working to develop knowledge on the human genome,
makes restrictions to the previously accepted concept (The
Encode Project Consortium 2007).

Thus, evidence accumulated that the gene consists
of differently combined modular DNA segments to
generate the product (Gerstein et al. 2007). In other words,
the gene action depends on several DNA segments scattered
throughout the genome, usually in regions distant from
the structural part that will produce mRNA. These DNA
segments are involved in the production of transcription
factors, i.c., factors that participate in the induction or
repression of transcription as well as in other processes,
and in the production of several RNA types whose function
is related to the regulation of gene action. In Brazil, this
issue has attracted great interest, for obvious reasons
(Joaquim and El Hani 2010). The main conclusion is that
there is not always a ratio of 1:1:1, in other words, one
gene — one polypeptide chain — one function, but it seems
that this relationship is far more complex.

The changing concepts of gene and plant breeding

As stressed above, improvement is science as well
as art. It is art, translated in the intuition of someone to see
an opportunity in a plant, beginning with domestication
and continued to the present, though less intense. It is
science, evolved from the work of Mendel, passing on to
experimental statistics, to cytogenetics and computational
tools, among other areas. In the 20t century, science and
art jointly resulted in the development of new cultivars,
with optimized grain yields for the continuous and
vertiginous growth of the human species.

The challenges in the 215 century will by no means
be smaller. Certainly there will be some difficulty in opening
up new areas for agriculture, even in countries as Brazil,
where extensive farmland is still available. Probably there
will not be an ever-increasing use of fertilizers, due to the
gradual depletion of reserves. The more extensive use of
irrigation is also repeatedly questioned due to the probable
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Table 1. Phenomena that make it difficult to have a single gene concept applicable to all situations

Phenomenon

Description

Issue

Gene location and structure

A gene within another, ie with
overlapping reading

Enhancers, silencers

A DNA region can code for two or more
different protein products in different
parts of the readings.

Gene structural elements

Two genes can occupy the same place, so
there is no 1:1 correspondence between
DNA and protein sequence

DNA sequences determining expression
can be widely separate d from one another
in the genome, there is no clear border
between the different genes.

Structural variation

Mobile elements

Gene rearrangements/introns and
exons can alter in different genic
products

Copy-number variants

Genetic element appears at new
locations over generations

DNA rearrangement or splicing in
somatic cells results in many alternative
gene products

Copy number of genes/regulatory
elements may differ between individuals

A genetic element may not be constant at
its location

Gene structure is not hereditary, or
structure may differ across individuals or
cells/tissues

Genetic elements may differ in their number

Epigenetics and chromosome structure

Epigenetic modifications,
imprinting
Effect of chromatin structure

Inherited information may not be only
DNA-sequence based

Chromatin structure, which influences
gene expression, is only loosely
associated with particular DNA
sequences

Phenotype is not determined strictly by
genotype

Gene expression depends on packing of
DNA. DNA sequence is insufficient to
predict gene product.

Post-transcriptional events

Alternative splicing of RNA

RNA editing

One transcript can generate multiple
mRNAs, resulting in different protein
products

RNA is enzymatically modified

Multiple products from one genetic locus;
information in DNA is not linearly related
to that in protein

The information in the DNA is not
encoded directly into RNA sequence

Post-translational events

Protein splicing, viral polyproteins

Protein trans-splicing

Protein modification

Protein product self-cleaves and can
generate multiple functional products.
Distinct proteins can be spliced together
in the absence of a trans-spliced
transcript

Protein is modified to alter structure and
function of the final product

Start and end sites of protein not
determined by genetic code
Start and end sites of protein not
determined by genetic code

The information on the DNA is not
encoded directly into protein sequence

Retrogenes

Retrogenes

A retrogene is formed from reverse
transcription of the mRNA of its parent
gene and by insertion of the DNA
product into a genome

RNA-to-DNA flow of information

Sources: adapted from Gerstein et al. (2007) and Joaquim and El-Hani (2010).

fact is discovered, the genetic improvement of plants will
continue to be the main alternative to increase grain yields.

Biotechnology has emerged in the second half of
the 20t century, as the main strategy available to overcome

lack of drinking water and even the increasing cost of
water in the 215t century. It is known that the expansion of
environmental awareness will result in a reduced use of
pesticides. Summing up, unless some new extraordinary
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the challenge of developing new cultivars in a short time,
able to produce more and better food. The use of DNA
molecular markers, by the possibility of selection of
genotypes rather than phenotypes, was hailed as an
innovation with great potential, without the least objection.
In the last 30 years many types of markers have been
developed, the latest marker always being touted as the
most powerful and revolutionary (Guimaraes et al. 2007,
Bernardo 2008, Borém and Caixeta 2009). The number of
publications on this topic was and is huge.

After the period of maturation of biotechnological
techniques, scientists now question whether these means
are being used efficiently in plant breeding. There is
evidence that their application in improvement is
effectively restricted to a few multinational seed producers
(Eathington et al. 2007). But even in these cases there is
no information on whether biotechnological techniques
are indispensable in the generation of new cultivars. As
discussed above, the gene is an entity distributed across
the entire genome and its expression depends on the
coordinated action of all these regions as well as on the
environmental influence. So hardly a marker could or will
be able to identify the DNA region which, under given
conditions, is responsible for a better phenotypic
expression. Considering “alternative splicing”, that is, a
same DNA sequence, structural region of a given gene,
being rearranged to originate multiple gene products, the
use of the marker is even more restrictive. There is evidence
that alternative splicing is less frequent in plants than in
animals, but still does occur (Griffiths et al. 2000). One
should not forget that rearrangements of proteins also
occur after translation. In this case, it is very unlikely that
a DNA marker would be associated with the various
arrangements of polypeptide chains. These are some of
the arguments that would restrict the use of DNA molecular
markers, for a large number of characters, based on the
current concept of the gene. All this indicates that there is
still a long way to go before the techniques of molecular
markers can effectively contribute to the production of
new cultivars superior to the existing.

The recombinant DNA technology for the production
of genetically modified plants has been a huge success,
especially in the case of herbicide resistance and insect
pest control, by bt insertion. The efficiency was surprising.
It is noteworthy that in all successful cases, a gene of
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prokaryotic origin was used, which seems to have a simpler
regulatory system. The current knowledge of the genome
clearly indicates that for many characters the insertion of
an exogenous gene and its subsequent expression would
be a most unlikely event. Although there are publications
emphasizing that a new generation of GM crops is nearly
market-ready (Green 2009, James 2009), their market release
has been delayed for some reason. Once again, the mode
of action and regulation of eukaryotic genes shows that
much remains to be done until other economically viable
GM products will be available on the market.

The challenge is even greater when considering the
quantitative traits. What are polygenes really like? Do they
actually exist? Are they simply the products of one or few
genes, whose action and regulation are distributed
throughout the genome? The answers to these questions
could explain the response to long-term selection observed
in a number of situations (Dudley and Lambert 2004, Muir
etal. 2004). That is, during selection the benefits add up in
different genome regions that affect one or few genes
involved in the trait expression.

In this scenario, the phenotypic selection most
breeders use is not likely to change much. The reason is
that even without directly manipulating the genotype, the
breeder tries to identify plants/progenies with the best
phenotypes for the target environment of the selection,
exploiting the gene/allele action and the factors that
regulate their expression. The experience of the past allows
the conclusion that phenotypic selection is a method that
will always be efficient and therefore always vital. Lee
(2006) commented “another certainty is that the phenotypic
era of plant breeding is endless and irreplaceable. The real
challenge is how to enable phenotypic selection and to
make it more effective”. This author concludes by quoting
the evolutionist Mayr (1997) “the development of the
phenotype involves many stochastic processes that preclude
a one-to-one relation between genotype and phenotype.
This is, of course, precisely why we must accept the
phenotype as the object of selection rather than the
genotype.” In short, the evidence for an evolution of the
available concept of genes demonstrated what the
experience in the past had shown, i.¢., selection should be
performed for the phenotype, under the cultivation
conditions of the plant in the future.
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RESUMO — Recentemente, com o sequenciamento do genoma de algumas espécies, acumularam-se evidéncias, que para um
grande numero de caracteres, a regulagdo e a a¢do dos genes é bem mais complexa do que se imaginava. O que se discute neste
artigo sdo quais as implicagdes das informagoes atuais a respeito do conceito de gene no trabalho dos melhoristas de plantas. Ao
que tudo indica o sucesso do emprego das técnicas biotecnologicas serd mais dificil do que se supunha. As evidéncias da evolugdo
do conceito de gene disponivel comprovaram o que a experiéncia do passado vem mostrando, ou seja, a sele¢do deve ser realizada
pelo fendtipo nas condigoes em que a planta serd cultivada no futuro. E é necessario continuar o treinamento dos melhoristas de

plantas, tendo como foco a sele¢do fundamentada no fendtipo em experimentos com a maior precisdo possivel.

Palavras-chave: melhoramento de plantas, genética, marcador molecular, transgénico.
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