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Abst rac t  The phenotype is the result of ontogenetic de- 
velopment. This holds true also at the molecular level, be- 
cause molecular biological processes take place within the 
organism. In ontogenesis, genetic and nongenetic factors 
interact in producing successive states, each of which is 
the prerequisite, and determines the conditions, for the 
next one to follow. In this interplay, genes are a necessary, 
but not sufficient, component. The structures already pre- 
sent, gradients, threshold values, positional relationships, 
and conditions of  the internal milieu, are equally essential. 
Thus, even monofactorial traits can be considered to be of 
multifactorial causation, and the varying borderline condi- 
tions that arise during development add to the complexity. 
From this standpoint, it is not to be expected that a muta- 
tion has a consistent phenotypic outcome, and the geno- 
type-phenotype relationship may be irregular. In the pre- 
sent review, genotypic heterogeneity versus phenotypic 
heterogeneity is discussed with the help of some selected 
examples of hereditary diseases. Conditions and mecha- 
nisms contributing to this heterogeneity are addressed. It 
is concluded that the genotype-phenotype relationship is 
neither unidimensional, programmatical nor hierarchical 
in a strict sense. Nevertheless, in particular cases, ontoge- 
netic modification appears to be of minor significance, so 
that the phenotype of a mutation can be predicted with 
considerable accuracy. This is no surprise if, depending 
on the nature of the mutation and the physiological func- 
tion of the gene affected, the genotype-phenotype rela- 
tionship is direct. However, this relationship may also be 
consistent in more complex conditions. It is assumed that 
the total of the non-genetic influences (epigenetic, envi- 
ronmental) are usually so similar or are compensated by 
the organism to such an extent that the respective muta- 
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tion acts as the major variable during ontogenetic devel- 
opment. 

Introduction 

Phenotypic variation forms the basis, and is the starting 
point, for genetic investigation. The range of variation 
comprises what is considered to be normal variability, and 
pathological conditions as well. The genetic approach as- 
sumes that phenotypic characters are either determined or 
influenced by the genetic constitution of an organism. 
Thus, either the structure of a single gene or the interac- 
tion between several genes is considered to be responsible 
for, or to contribute to, phenotypic variation. However, 
the analysis of the correlation between genotype and phe- 
notype has to take into account various problems involved 
with the realization of  the phenotype. There are a number 
of factors that can interfere with this process, by modify- 
ing particular steps or by changing the boundary condi- 
tions altogether. Among these, epigenetic modifications, 
the successively changing conditions during ontogenetic 
development, and influences of the external environment 
may be envisaged. The phenotype is, thus, the product of 
ontogenetic development rather than the mere conse- 
quence of the genetic constitution of  the zygote. Ontogen- 
esis takes place within a framework of conditions that 
form the scenario for the processes realizing the pheno- 
type. The principles inherent in ontogenesis are not the 
subject of the present article, and will be addressed sepa- 
rately (U. Wolf, manuscript). Semantic problems have 
also to be considered, and the terms used should be de- 
fined in order to interpret properly the complex interac- 
tions. Indeed, genetic terminology is metaphoric to some 
extent; in particular, the language of informatics has been 
largely adopted, suggesting that biological systems func- 
tion in an analogous way to a computer. Thus, the current 
terminology already carries concepts and interpretations 
in an unavoidable way. 
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Semantic considerations 

If we study genotype-phenotype relationships, it should 
be defined first, on which level of the underlying 
processes we are dealing with a phenotype. The total 
DNA forming the genome is no doubt the genotype. As 
far as the DNA is transcribed, though differentially at 
many gene loci, and the RNA is translated after its pro- 
cessing, there exists a one-to-one specification between 
DNA and RNA, and between RNA and the amino acid se- 
quence, while the structure of  a functional protein may 
not  be unequivocally determined by its amino acid se- 
quence. Because of this specification, the phenotypic level 
could be defined as commencing with proteins. However, 
only part of the DNA is transcribed into RNA, and only 
part of the transcripts are processed to serve as the mRNA 
that is translated into amino acid sequences; other RNA 
fractions are functional end products, such as tRNA and 
rRNA, or they become degraded immediately. Thus, there 
are clear deviations from a one-to-one equivalence be- 
tween DNA, RNA or protein, and these deviations vary 
between cells, organs, and individuals. RNA clearly dif- 
fers from DNA, despite its complementary nature to 
DNA, in its qualitative and quantitative representation 
within a given cell, and consequently contributes to phe- 
notypic variation. The phenotype can thus be defined as 
the total of markers or characters of an organism apart 
from the DNA itself. 

The terms "hereditary" and "genetically determined" 
are generally used synonymously. A phenotypic character 
or marker is considered to be genetically determined if its 
distinction from other markers or characters has a mere 
genetic cause, i.e., if it can be traced to a definite structure 
or change of this structure at the DNA level. In contrast, 
however, heritability is a statistical description of pheno- 
typic similarities between, e.g., parents and offspring. The 
occurrence of a particular character, e.g., a disease pheno- 
type, in families and even its apparent transmission from 
one generation to the next need not necessarily be genetic 
or only genetic. It may be determined by various factors, 
including genetic influences, and is thus multifactorial. 
However, a character may also appear to be hereditary, 
not because of a particular mutation, but because develop- 
mental conditions and constraints are similar or because 
environmental factors operate in the same direction. In 
this case, the character is a phenocopy. Therefore, the 
mode of inheritance may not always be conclusive re- 
garding whether a character is hereditary. 

The term "epigenetics" is used within the context of 
ontogenetic development, and refers to the interactions 
between genes and their products, and the various other 
conditions composing the milieu required for develop- 
mental processes to take place. Epigenetic changes are the 
result of these interactions, and may contribute signifi- 
cantly to the phenotype. 

A lasting debate has tried to single out the hereditary 
versus environmental portions in the realization of the 
phenotype. The concept of heritability refers to interindi- 

vidual variability within families or populations, and at- 
tempts to define the genotypic variance as a fraction of the 
phenotypic (total) variance. This distinction is based on 
the assumption that endogenously programmed processes 
take place that are invariant, but that are modified by an 
interfering environment. The stability of a characteristic 
in heredity, however, depends on the stability and range of 
variation of the developmental process resulting in this 
characteristic, and this is not just a matter of the stability 
of the genotype, but also of that of all the other conditions 
involved. Thus, heredity and environment are neither al- 
ternative nor independent causes for the manifestation of 
a characteristic. The organism organizes its environment 
and the environment acts upon the organism's structural 
and functional organization by selective reciprocal inter- 
actions. 

Ontogenetic development is considered to be a succes- 
sion of stages in which each particular stage requires the 
realization of the preceeding one. The successive stages 
are the result of interactions between internal and external 
factors and conditions, and this process does not allow for 
the separation of a hereditary and an environmental por- 
tion. In addition, it is almost impossible to define whether 
a particular component belongs to the hereditary or envi- 
ronmental complex: a gene finds itself in the environment 
of other genes that may interact, there are position effects 
and gradients of inactivation, the prospective fate of a dif- 
ferentiating cell depends upon its spatial position within 
the embryo or tissue, etc. The organism does not function 
like a computer running a program and producing results 
that are independent from any variables outside that pro- 
gram. Development is a historical process, and therefore, 
each developmental step is unique, as are other historical 
events. 

Exposition of the problem 

When analyzing the genotype-phenotype relationship, 
nevertheless the problem will be to dissect, in the case of 
a monofactorial trait, the range of effect of a particular 
gene. In the case of  a polygenic or multifactorial trait, at- 
t e m p t s  can be made to estimate the number and the nature 
of the genes involved and the possible contribution of 
each to the manifestation of the trait. In the light of  the 
considerations mentioned above, however, the relation- 
ship between the genetic contribution and the phenotype, 
even in the case of Mendelian inheritance, is expected to 
be complex, initially at the protein level, and more so be- 
yond. 

An indication supporting this assumption can be de- 
rived from a comparison of the number of Mendelian 
traits known in m a n  and the number of genes estimated to 
be contained in the human genome. The catalogue of 
McKusick et al. (1992) lists 5710 entries, whereas 60000- 
70000 genes are expected to be functional (Fields et al. 
1994). Many genes, if changed or eliminated by mutation, 
will not result in a readily distinguishable phenotype. On 
the other hand, many genes will show a phenotypic m a n i -  



festation, but escape phenotypic detection. The simplest 
explanation for this paradox is the assumption that muta- 
tions in different genes result in the same or a similar phe- 
notype. 

Thus, in the case of Mendelian characters, the follow- 
ing possibilities may be envisaged as contributing to a dis- 
tortion of a one-to-one relationship between genotype and 
phenotype. (1) One and the same mutation may result in 
different phenotypes. (2) Mutations at different sites of 
the same gene may cause either the same or different phe- 
notypes. (3) Mutations in different genes may result in the 
same phenotype. (4) A mutation may have no phenotype 
at all. In the case of polygenic characters, additive effects 
of the genes involved, interactions between genes, and in- 
direct effects on gene expression should be considered. 

Chromosome aberrations should also be taken into ac- 
count because they produce recognizable, but overlap- 
ping, phenotypes. They may indeed provide some insights 
into the basis of  multifactorial disease, just because of 
their relative nonspecificity and phenotypic overlap. 

While the above mentioned possibilities will be exam- 
ined by analyzing some examples at hand, it is foresee- 
able at the outset that the phenotype is not a mere conse- 
quence of the genotype or karyotype. The genotype itself 
and the chromosomes are not invariant entities. They are 
prone to mutations arising by endogenous mechanisms 
and exogenous agents. This is true both for germ cells and 
for somatic cells; in the latter case, mutations may con- 
tribute to the phenotype even if the constitutional geno- 
type is not affected by the respective mutation.The ex- 
pression of genes is modified, restricted, and canalized 
(Waddington 1942) by epigenetic interactions during de- 
velopment. Developmental constraints further narrow the 
spectrum of phenotypic manifestations. Moreover, in 
pathogenesis, secondary interactions, e.g., between meta- 
bolites, play a major part. 

It can be envisaged that genetic and epigenetic interac- 
tions modify the phenotypic manifestations of genetic dis- 
orders in varying degrees depending on the number of 
genes involved and the types of mutations. Thus, in 
monofactorial traits, variation is expected to be smaller 
than in polygenic traits, and to be most pronounced in 
multifactorial and chromosomal disorders. Some modify- 
ing conditions will now be briefly addressed. 

Mechanisms and conditions in development 
influencing the genotype-phenotype relationship 

Somatic mutations 

Mutations can have an effect on the phenotype; indeed, 
the main aim of the present article is to evaluate the rela- 
tionship between genotypic and phenotypic change. If the 
mutations considered are constitutional, they may have 
consequences, depending on the kind of mutation, at any 
time during ontogenetic development and for any cell of 
the organism. However, somatic mutations may also show 
phenotypic manifestations, even if only in a circum- 
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scribed way. As in constitutional mutations, somatic mu- 
tations may be of various kinds, including gene mutations, 
duplications and deletions, amplification, expansion and 
reduction, and chromosome aberrations. These mutations 
result in a mosaic composition of "normal" (constitu- 
tional) and mutant cell lines. 

Chromosomal mosaics, by definition, are of postzy- 
gotic origin. They are usually caused by mitotic non-dis- 
junction and result in cell lines with mono- or polysomies 
of individual chromosomes. In rarer cases, mosaics of 
chromosome structure are also found. Compared with the 
respective constitutional aberrations, chromosomal mo- 
saics are more mildly affected or even normal clinically 
(e.g., as in mosaic trisomy 21 or mosaic monosomy X). 
Trisomy of chromosome 8 is an example of a chromo- 
some aberration that is only viable as a somatic mosaic 
(Riccardi 1977; de Grouchy and Turleau 1982). 

Rearrangements of DNA sequences, as in the case of 
the immunoglobulin and T cell receptor genes, are to be 
considered as a regular process of cell differentiation and 
not as mutations. However, somatic mutations contribute 
considerably to immune cell and antibody diversity. 

Trinucleotide repeat expansion is another change at the 
genomic level occurring not only during gametogenesis 
(see below), but also during postzygotic development re- 
sulting in a mosaic constitution. An expansion may con- 
tribute to the phenotype, depending on the number of  re- 
peats and the distribution of ceils with different repeat 
sizes within the body. In myotonic dystrophy (DM), as in 
the other triplet repeat expansion syndromes, a progres- 
sively earlier age of onset and therefore increasing sever- 
ity of the disease in successive generations is known. This 
anticipation is correlated with an increasing number of re- 
peats of a CTG trinucleotide found within the DM gene. 
However, considerable variation in the relationship of re- 
peat expansion and age of onset has been ascribed to the 
mitotic instability of the repeat, which results in somatic 
mosaics with different repeat lengths (Hunter et al. 1992). 
In Huntington disease, a CAG repeat is expanded, and re- 
peat mosaicism occurs in a tissue-specific way, affected 
regions of the brain showing the largest repeat lengths 
(Telenius et al. 1994). Furthermore, somatic mosaics for 
varying sizes of a CGG repeat in the FMR-1 gene have 
been demonstrated in the fragile X syndrome (W6hrle et 
al. 1993), but a correlation with the clinical phenotype has 
not yet been established. However, the degree of methyla- 
tion of the repeats appears to influence the phenotype, and 
methylation mosaics may develop a milder form of the 
disease (E Steinbach, personal communication).  

Gene mutations occurring in somatic cells during de- 
velopment also contribute to phenotypic variation and 
may result in disease phenotypes of varying severity, de- 
pending on the relative abundance and the tissue distribu- 
tion of mutant cells. Examples are presented in Cooper 
and Krawczak (1993, p. 296 ff), one of which shall be 
quoted here as an illustration. A lethal mutation in the 
COL1A1 gene resulting in osteogenesis imperfecta was 
present in mosaic form in a mildly affected male, whereas 
his son exhibited the full extent of the disease and was not 
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viable. It was concluded that the father also had germline 
mosaicism (Wallis et al. 1990). Similar findings have 
been reported for numerous other mutations. 

Mutations in tumor susceptibility genes occurring dur- 
ing development or even later in the life of an organism 
can give rise to particular tumors. According to Knudson 
(1971 ), a heterozygote for a recessive tumor susceptibility 
gene is predisposed because the wild-type allele may be- 
come nonfunctional by somatic mutation or other mecha- 
nisms, resulting in the loss of heterozygosity and, in con- 
sequence, the tumor phenotype. Even a normal homozy- 
gote may develop the tumor if both alleles of a somatic 
cell lose their function successively. This hypothesis has 
been confirmed by abundant cases, including many differ- 
ent tumor susceptibility genes. 

Mitochondrial diseases may also develop by somatic 
mutations and by processes of differential proliferation 
during lifetime (Wallace 1992). A mutation in the mito- 
chondrial genome may be present as a minority popula- 
tion in the fertilized egg, or may arise later as a somatic 
mutation in a proliferating cell. The cell thus harbors a 
mixture of normal and mutant mitochondria (hetero- 
plasmy) that segregate randomly during cell division. 
Subsequently, in certain cell types, mutant mitochondrial 
genomes may become a majority by chance, resulting in 
the onset of disease. In the case of deletions, defective mi- 
tochondrial DNA may also progressively increase be- 
cause it is more rapidly replicated than full-size mito- 
chondrial DNA (Wallace 1992). A wide spectrum of de- 
generative diseases may be caused by these mechanisms. 

In connection with somatic mutations, environmental 
mutagens/carcinogens should be mentioned, some of 
which act specifically on certain cell types, tissues, or 
DNA sites. Some agents become mutagenic only after be- 
ing processed by the metabolism, a mechanism that could 
be considered as epimutagenesis. 

Thus, the genotype itself is not invariant during onto- 
genesis. Since somatic mutations can contribute to pathol- 
ogy, they may also influence normal phenotypic variation, 
apart from intrinsic mechanisms as in the case of the im- 
mune system. 

Phenocopies 

The occurrence of phenocopies demonstrates that pheno- 
typic characters (disease phenotypes), which are known to 
be the consequence of mutations, can also be produced by 
factors other than genetic influences. There are cases in 
which the underlying mechanism is well understood. For 
example, adrenogenital syndromes can be caused by mu- 
tations resulting in 21-hydroxylase deficiency; however, a 
similar phenotype develops because of adrenal tumors in 
the mother during pregnancy (Calaf et al. 1994). Embry- 
opathies caused by teratogens or other factors interfering 
with morphogenesis can mimic Mendelian traits, for ex- 
ample, in thalidomide embryopathy mimicking the Holt- 
Oram syndrome at least at a young age (Hurst et al. 1991), 
or cleft lip, deafness, and polydactyly. Congenital malfor- 

mations associated with chromosome aberrations can also 
occur in individuals with a normal karyotype, only with a 
considerably lower frequency, and not necessarily in a 
combination indicative of a particular chromosome dis- 
order (Shapiro 1983). Phenocopies thus clearly demon- 
strate, apart from the trivial fact that knowledge of the 
genotype cannot at once be derived from an individual 
phenotype, that similar discrete phenotypic characteristics 
can originate from categorically different causes. 

Non-Mendelian inheritance 

For a number of phenotypic characters known or assumed 
to have a monofactorial basis, deviations from Mendelian 
modes of inheritance are observed. This applies to ge- 
nomic imprinting, X inactivation, and trinucleotide repeat 
expansion. 

Genomic imprinting (or gametic imprinting; Barlow 
1994) and X inactivation can be considered to be epige- 
netic mechanisms (Lyon 1993). These phenomena are ba- 
sically reversible. They are transmitted during mitotic 
proliferation and may be temporal and/or tissue specific. 
X inactivation will be addressed below. Gametic imprint- 
ing results in the differential activity of alleles, depending 
on their parental origin (for a review, see Peterson and 
Sapienza 1993). Heterozygotes for a particular mutation 
(deletion) may therefore express the mutant phenotype 
only if the mutation was transmitted either by the father 
(as in the case of the Prader-Willi syndrome), or by the 
mother (as in the case of the Angelman syndrome). Thus, 
only one parental sex transmits the phenotype, a mode of 
inheritance that is incompatible with Mendelian genetics. 
Primary imprinting takes place in the gametes or in the 
early zygote, and is erased again (at the latest) in the germ 
cells. Postzygotic modifications are also involved, in par- 
ticular DNA methylation, which appears to be secondary 
to gene expression/repression; epigenetic chromatin con- 
figurations, replication asynchrony, and transacting factors 
have also been discussed (Surani 1994). 

Trinucleotide repeat expansion occurs during gameto- 
genesis, or early postzygotic development. A particular 
disease phenotype becomes manifest, depending on the 
number of repeats expanded. The X-linked FMR-1 gene 
includes a tandemly arranged repetitive sequence of CGG 
trinucelotides. In patients affected by the fra-X syndrome, 
the CGG repeats are amplified to about 1000 or more. The 
syndrome can be transmitted not only by female heterozy- 
gote carriers, but also by unaffected (hemizygous) males 
who show expanded repeat numbers of 60-230 compared 
with normal controls who have an average repeat number 
of 29. Repeat expansion can occur during oogenesis of fe- 
male carriers, but also at early postzygotic development, 
resulting in somatic mosaics as discussed above. Unaf- 
fected paternal carriers of X-linked diseases are not com- 
patible with Mendelian genetics, and the phenomenon is 
explained by mechanisms occurring during development. 

The triplet repeat expansion syndromes known so far 
are characterized by increased severity and/or an earlier 



onset of the disease in successive generations, a phenom- 
enon termed anticipation. The triplet repeats involved 
pass a labile stage of expansion, and the large number of 
repeats characteristic for the manifestation of the disease 
may be generated during gametic and early somatic de- 
velopment. The phenomenon of anticipation is another 
deviation from classical Mendelian genetics. 

Nonspecific factors involved in signal transduction 
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mary testis differentiation. It has been hypothesized (Bur- 
goyne 1989; McLaren 1991) that delayed TDF expression 
could be the reason for XY sex reversal. The supporting 
celt lineage, if not committed to the male pathway be- 
cause of a "timing mismatch" of TDF expression, differ- 
entiates into follicular cells, and sexual development fol- 
lows the female pathway. It can be easily imagined that, 
depending on the extent of the delay, various conditions of 
intersexuality could arise. The reasons for delayed gene 
expression may be genetic or epigenetic. 

Factors serving as signals for cell proliferation, cell differ- 
entiation, and various cellular responses are often nonspe- 
cific. They can bind to target structures (receptors or par- 
ticular binding sequences) of different cells or cellular 
components, thereby stimulating different effects. The 
specificity required does not involve the signal factor it- 
self, but rather the receptor, the machinery coupled with 
the receptor, or selective mechanisms at the target site. 
The signals may be gene products (proteins), e.g., proteo- 
hormones, growth factors, transcription factors, small 
peptides, other small molecules such as neurotransmitters 
and steroid hormones, or even ions. The signal transduc- 
tion processes show that largely nonspecific factors are 
used as signals by the cell or within the cell; these signals 
are transduced in successively more specific ways, even- 
tually resulting in a specific reaction or response. The 
processes cannot therefore be considered to be pro- 
grammed by the genome, as they depend on the availabil- 
ity and the number of the factors required, feed back 
mechanisms a nd  epigenetic interactions. Because of the 
mechanisms involved, signal transduction contributes con- 
siderably to phenotypic variation. 

Spatio-temporal patterns 

In the early postzygotic embryo, some cells are not yet 
committed to a specific pathway of differentiation; they 
are totipotent or pluripotent. However, at defined devel- 
opmental stages, and depending on its position within the 
embryo, a particular cell becomes restricted in its poten- 
tial, maintaining a committed state, named the positional 
value, even if transplanted into a different cellular envi- 
ronment. The positional value may be brought about by a 
concentration gradient of a morphogen that, through 
threshold effects and feedback amplification, stimulates 
differential gene expression. This process is usually not 
reversible; the cell "remembers" the effects to which it 
was exposed, during a sensitive period, in a particular spa- 
tial context. This process may recur several times, result- 
ing in an increasingly refined pattern of positional values. 

If a cell or blastemic tissue fails to become committed 
to a particular pathway of differentiation, it may follow a 
different morphogenetic pathway. For example, in the 
male embryo, the indifferent gonadal blastema, in the 
presence of the testis-determining factor (TDF), develops 
into a testis. The TDF gene has been shown to be ex- 
pressed only during a short period, viz. at the time of pri- 

Chromosomal effects on the phenotype 

X inactivation normally appears to be a random process 
taking place in early female embryogenesis of eutherian 
mammals. With the exception that some chromosome 
segments or individual genes escape inactivation, an en- 
tire X chromosome is inactivated. The mechanism of  in- 
activation is not yet fully understood (McBurney 1993), 
and a single gene, the Xist gene, active on the inactive X 
chromosome and vice versa seems to be involved (Brown 
et al. 1991). Differential methylation plays a role in the 
expression of the Xist gene, indicating that X inactivation 
is developmentally controlled (Norris et al. 1994). The 
randomness of the process implicates that the number of 
cells committed to a particular developmental pathway, 
with either an active maternal or active paternal X chro- 
mosome, varies. If cells are not yet committed at the time 
of inactivation, further variation is introduced by growth 
dynamics. Since the imprint is stably transmitted to suc- 
cessive cell generations, the mosaic composition of a par- 
ticular tissue, depending on the developmental processes, 
the size of the stem cell pool at the time of inactivation, 
and possible selection, may deviate considerably from the 
statistical mean, and an X-linked recessive phenotype 
may become manifest. Thus, stochastic events and epige- 
netic interactions can be constitutive for the phenotype. 

Chromosomal imbalance arises from duplications 
and/or deficiencies of entire chromosomes or chromo- 
some segments, the consequences of which have been ex- 
tensively discussed by Epstein (1986). Primarily, gene 
dosage is affected, and therefore, the phenotypic outcome 
is assumed to be the result of gene dosage effects. These 
dosage effects may not be proportional, and also, because 
of regulatory impairment, genes on nonaffected chromo- 
somes could be secondarily involved (Holtzman and Ep- 
stein 1992). Chromosomal disorders are characterized by 
congenital malformations and mental retardation, and 
each pathological trait when taken alone is nonspecific, 
and can be found in individuals with a normal karyotype. 
There is considerable overlap of malformation patterns 
between different chromosomal aberrations. For these and 
other reasons, the specificity of the relationship between 
chromosomal imbalance and the resulting phenotype has 
been debated, and the concept of disrupted homeostasis 
has been put forward (Shapiro 1983). This concept im- 
plies that chromosomal aberrations disrupt the genetic 
balance and, in consequence, the developmental physiol- 
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ogy; morphogenetic processes could thus become prone 
to impairment by intrinsic and extrinsic factors. Despite 
admitting that decreased developmental homeostasis is an 
intriguing concept, Epstein (1986) emphasizes that it must 
be ultimately based on the imbalance of particular genes. 
In view of the genetic, epigenetic, and environmental in- 
teractions taking place during the development of the phe- 
notype, it is not surprising that phenotypic variability is 
larger, and hence overlap between chromosomal pheno- 
types is wider, in the gross genetic imbalance caused by 
chromosomal aberrations compared with single gene de- 
fects. The quotation by Epstein (1986) from Weiss (1973) 
can be repeated here, viz., that phenotypic features are 
merely "the last scene of a long play of interactions". 

The biochemical network 

Each individual process studied in development is embed- 
ded in a network of interactions between genes and their 
products, metabolites, nutrients, and other environmental 
factors. The view can be taken that genes do not have a 
superordinate role in this interplay (Nijhout 1990). While 
gene expression can be regulated (in the case of non-con- 
stitutively expressed genes), the function of gene products 
can also be regulated, e.g., by allosteric mechanisms, 
feedback inhibition, rate of turnover, etc. Metabolism and 
biosynthesis are processes that are as specific and well 
controlled as is gene expression. Some disease pheno- 
types become manifest only under environmental chal- 
lenges to metabolism (pharmacogenetics). Therefore, be- 
cause of the molecular and biochemical interactions pro- 
ducing the phenotype, it appears to be arbitrary to give the 
genetic part a privileged rank. 

Selected examples of relationships 
between genotype and phenotype 

The question to what extent a change at the DNA level is 
represented at the phenotypic level on a one-to-one scale 
shall now be more closely examined by inspection of 
some well-documented examples. A principal difficulty 
that cannot be overcome is the multiplicity of variables in- 
volved, most of which are beyond experimental control or 
even unknown. At the genetic level, the phenotypic out- 
come will be influenced by the respective genetic back- 
ground. Although some examples are known that suggest 
the interference of modifier genes, interactions between 
various genes remain the major possibility in all cases, 
and it may be difficult or even impossible to differentiate 
between epistatic and epigenetic effects. This also applies 
to single copy genes with exactly defined mutations fol- 
lowing Mendelian modes of inheritance (see, for example, 
Suthers and Davies 1992). Therefore, conclusions can 
only be approximate, if not speculative. A whole range of 
deviations from a one-to-one representation of a particular 
mutation in a disease phenotype is expected to be found, 
and the borderline cases will be of  particular interest, i.e. 

the realization of such a direct relationship on one hand, 
and on the other hand the absence of any relationship. 
Whereas monofactorial traits will serve as the more ap- 
propriate models, some more complex conditions will 
also be discussed, because they may shed some light on 
the problems to be considered. 

Monofactorial traits: polypheny at identical mutations 

The term polypheny usually applies to mutations that af- 
fect one and the same gene, and that result in different 
phenotypes. It has only become possible to identify the 
nature of the respective mutations since the advent of 
DNA analysis, and surprisingly enough, it turned out that 
polypheny is not only observed in the case of mutations at 
different sites or of a different nature within the gene con- 
sidered, but also in the case of identical mutations. Thus, 
phenotypic variation based on allelic heterogeneity (het- 
eroallely) can now be discriminated from polypheny asso- 
ciated with identical mutations (homoallely), i.e., poly- 
pheny in its strict sense. This phenomenon is expected to 
provide the clearest examples for the interaction of other 
genes or non-genetic factors during the development of a 
particular phenotype. The various examples at hand may 
be classified according to the mechanisms involved, e.g., 
the influence of environmental factors, the interaction 
with modifier genes, the cases that remain to be clarified, 
etc. However, such a classification will be provisional at 
the present state of analysis, and may remain so to some 
extent, because gene expression and the modified or im- 
paired function of gene products are not isolated 
processes, but depend on all other variables interacting to 
produce a particular phenotype. 

In the following, some examples are provided to illus- 
trate this phenomenon. When refering to clinical variabil- 
ity in the case of  an identical mutation, it can hardly be 
avoided to mention also heteroallely, and therefore, some 
of the conditions discussed here also represent examples 
of allelic heterogeneity. 

A classical example is the hemaglobin beta-S mutation 
resulting in the substitution of valine for glutamic acid at 
position 6 of the ~-globin chain. In the homozygous state, 
this mutation usually causes sickle cell anemia, which 
shows wide variation in clinical severity in different pa- 
tients. Epistatic effects are believed to be responsible for 
this variation, and indeed, different genetic backgrounds 
or coinheritance of other hemoglobinopathies have been 
found to be associated with differing clinical severity of 
the disease, as discussed in detail by Cooper and Kraw- 
czak (1993, p. 300 ff). 

Defects in the metabolism of phenylalanine result in 
different clinical phenotypes that have been subdivided 
into classical phenylketonuria (PKU), moderate PKU, 
mild PKU, and non-PKU-hyperphenylalaninaemia (Grit- 
tier 1992). A closer differentiation can be made at the 
metabolic level. Activities of phenylalanine hydroxylase 
(PAH) vary between 0% and 50% of normal activity and 
are significantly correlated with blood phenylalanine lev- 
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els. DNA analysis of the PAH gene allows for a still closer 
differentiation, and more than 70 allelic mutations have 
been reported so far. Several different mutations result in 
similar phenylalanine levels, and thus, the spectrum of 
mutations can be closely correlated with metabolic pheno- 
types. In consequence, the metabolic phenotype can be 
predicted rather exactly by mutation analysis (Okano et 
al. 1991; Eisensmith and Woo 1992). However, genotype 
analysis does not allow, in all cases, a definitive prognosis 
of the clinical phenotype, which includes mental perfor- 
mance. In a family with three sibs affected by the same 
mutation and showing the same metabolic phenotype, two 
sibs who were never on a phenylalanine-restricted diet 
varied widely in their intellectual performance, one being 
normal, the other severely retarded. The third sib was on a 
diet and was also normal (Di Silvestre et al. 1991). These 
findings are based on haplotype analysis and not on DNA 
sequencing, and therefore, a remote possibility of se- 
quence differences remains. However, apart from this and 
other examples (e.g., Primrose 1983), mutation analysis is 
insufficient for the long-term prognosis of the clinical 
phenotype (Langenbeck et al. 1988; Scriver 1991; Eisen- 
smith and Woo 1992; Gilttler 1992). 

The severity of muscular dystrophy depends on the na- 
ture of the deletion in the dystrophin gene. According to 
the age of loss of ambulation, cases are classified as 
Duchenne muscular dystrophy (DMD) with early onset 
(up to 13 years) and Becker muscular dystrophy (BMD) 
with late onset (beyond 16 years); intermediate severity 
has also been defined (13-16 years), because the clinical 
spectrum is quasi-continuous. A reading frame hypothesis 
has been put forward based on DNA analysis (Monaco et 
al. 1988); it predicts that DMD results from frameshift 
deletions, and BMD from inframe deletions. This hypoth- 
esis is valid in 92% of all cases (Koenig et al. 1989). 
However, a number of cases with identical deletions show 
either DMD or the intermediate phenotype (Hodgson et 
al. 1989). Mental retardation and short stature are symp- 
toms not rarely associated with these muscular dystro- 
phies, but they have not been found to be correlated with 
specific deletions (Hodgson et al. 1989). Thus, other fac- 
tors, genetic or epigenetic, are assumed to be responsible 
for these variations in the clinical phenotype. In addition, 
asymptomatic individuals are expected to occur having 
in-frame deletions in regions of the dystrophin gene 
where no or only rarely deletions have been found so far 
(Koenig et al. 1989). If confirmed, this would provide an 
example of  mutations with no perceptible phenotypic con- 
sequences. 

Amyloid polyneuropathy (McKusick et al. 1992, no. 
176300.001) is characterized by extraceltular deposition 
of amyloid with peripheral and autonomic neuropathy, 
and in some patients with vitreous opacities. In this 
syndrome, a dominant mutation has been identified in 
the transthyretin gene (TTR) localized on chromosome 
18q12.1 (Sparkes et al. 1987). The mutation, a substitu- 
tion of methionine for valine at position 30 (TTR-met3~ 
is one and the same in families originating from countries 
including Portugal, Japan and Sweden (Saraiva et al. 

1983; Tawara et al. 1983; Nakazato et al. 1987; Holmgren 
et al. 1988b). Considerable clinical variation for this mu- 
tation has been reported, depending on the genetic back- 
ground of the respective populations, but also within a 
population or even within families. Thus, the age of onset 
of the disease in Sweden is much later (mean 53 years) 
then in Portugal (mean 32 years) and Japan (mean 32 
years) (Holmgren et al. 1988b). In the Swedish sample, 
cases developing vitreous opacities as the first symptom 
show a significantly later age of  onset than those present- 
ing with sensory and autonomous neuropathy as the first 
symptom (Sandgren et al. 1991). Age of onset also varies 
with the sex of the transmitting parent (Drugge et al. 
1993). In two homozygous sibs with the TTR-met 3~ muta- 
tion, the brother was affected by typical polyneuropathy 
and vitreous amyloid, whereas symptoms of the disease 
could not be demonstrated in his sister (Holmgren et al. 
1988a). These examples show that the TTR mutation, al- 
though present in all cases, does not determine the disease 
phenotype per se, and that interaction with other factors 
must be responsible for the clinical variation. 

Retinitis pigmentosa (RP) comprises a group of hered- 
itary retinal degenerations that are heterogeneous geneti- 
cally and to a lesser extent clinically. In this disorder, a 
number of different genes have been shown to be affected 
by mutation (see below), and allelic heterogeneity has 
also been described (Lindsay et al. 1992; Berson 1993), 
Among the genes concerned is the peripherin/RDS gene 
(rds = retinal degeneration slow in the mouse model of 
RP); an autosomal dominant form of RP results if this 
gene is defective. In an affected family, a three base-pair 
deletion in the peripherin/RDS gene has been identified, 
which, in different family members, is associated with 
three distinct phenotypes. The proband presented with 
adult-onset RE and of her three children, one daughter de- 
veloped pattern dystrophy of the pigment epithelium, 
whereas the other daughter and the son exhibited fundus 
flavimaculatus (Weleber et al. 1993). No other mutations 
or polymorphisms could be detected in the peripherin/ 
RDS and related genes (ROM1, rhodopsin) in this family, 
but the interaction of  other (unknown) genes cannot be 
excluded. 

Autosomal recessive proximal spinal muscular atrophy 
(SMA) is clinically classified according to the severity of 
the disease as type I (Werdnig-Hoffmann), type II (inter- 
mediate), and type III (Kugelberg-Welander), which is the 
mildest form (Dubowitz 1978). All three types have been 
mapped to the same chromosome region, viz., 5ql 2-q 14. 
Variation in severity has also been reported to occur 
within families, and different SMA types have been de- 
scribed in the same sibship. Mtiller et al. (1992) analyzed 
four sibships each exhibiting the coexistence of SMA 
types II and III; allelic heterogeneity could be excluded. 
Thus, the clinical differences are each associated with an 
identical mutation in the SMA gene, and other genetic or 
environmental factors are probably involved. 

Adrenoleukodystrophy (ALD) is another condition 
characterized by conspicuous clinical variation (Moser 
and Moser 1989); a putative gene has been assigned to the 
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distal part of chromosome Xq28 (Mosser et al. 1993). In 
two sibs with an identical deletion in this gene, one 
brother developed cerebral ALD at 8 years, whereas the 
other showed mild adrenal insufficiency only at 13 years. 
Secondary factors are assumed to influence this condition 
(Mosser et al. 1993). 

Marfan syndrome, a dominantly inherited disorder of 
connective tissue, is caused by mutations in the fibrillin 
gene FBN1 on chromosome 15q21.1 (Human Gene Map- 
ping 11 1991; Dietz et al. 1991). This condition shows a 
high penetrance, but great variability in the manifestation 
of skeletal, cardiovascular, and ocular abnormalities. 
Wide variability with respect to age of onset and severity 
of the disease was also observed in the affected members 
of  a three-generation family with an identical mutation in 
FBN1 (Dietz et al. 1992). It is concluded that the disease 
phenotype is determined by additional factors. 

Patients with Denys-Drash syndrome have severe abnor- 
malities of  the urogenital system resulting in nephropathy, 
and they may develop Wilms'  tumor. In XY individuals, 
gonadal dysgenesis is the most common genital abnor- 
mality, and in consequence, they have a female pheno- 
type. In the majority of cases, mutations in the Wilms'  tu- 
mor suppressor gene (WTI),  which codes for a zinc finger 
protein, have been identified. The most frequent mutation 
found so far (~ 55%) converts amino acid residue 394Arg 
to Trp, affecting a zinc finger domain that is critically in- 
volved in DNA recognition. Pelletier et al. (1991) report a 
number of cases with this mutation and a wide spectrum 
of genital anomalies; in particular, in one case, a normal 
ovary was found, whereas another individual had streak 
gonads. Similarly, Baird et al. (1992) state that "there is 
no obvious correlation between the type of mutation and 
phenotypic expression'in Denys-Drash syndrome. Coppes 
et al. (1992) present a patient with the 394Arg to Trp muta- 
tion, which was transmitted by his unaffected father. If the 
mode of inheritance in Denys-Drash syndrome is autoso- 
mal dominant as suggested by the molecular data, this 
case exhibits incomplete penetrance. As pointed out by 
Hastie (1993), "this difference in penetrance is likely to be 
either a reflection of developmental plasticity in the geni- 
tourinary system or of genetic background effects". 

XY gonadal dysgenesis (XYGD) is a sex-reversal syn- 
drome with streak gonads and female genitalia. In some 
15% of the cases, a mutation has been identified in the Y- 
linked SRY gene believed to code for the testis-determin- 
ing factor (reviewed in Wolf et al. 1992). Although most 
mutations are de novo, three familial mutations have been 
described, including normal male carriers and patients 
(Hawkins et al. 1992; Jfiger et al. 1992; Vilain et al. 1992). 
It is speculated that this incomplete penetrance could be 
due, among other reasons, to a threshold effect or interac- 
tion with different alleles of other sex-determining genes, 
or both. Thus, XYGD presents an example of identical 
mutations resulting in different phenotypes (normal and 
affected), and of different mutations (allelic and non-al- 
lelic) resulting in a uniform clinical phenotype. 

There are numerous reports on the concomitant occur- 
rence of XX males and true hermaphrodites within fami- 

lies (Berger et al. 1970; Fraccaro et al. 1979; Skordis et al. 
1987; McElreavey et al. 1993a). Patients may have bilat- 
eral or unilateral testes or ovotestes and varying degrees 
of genital ambiguities. In the cases of McElreavey et al. 
(1993a) and Skordis et al. (1987), SRY has been shown to 
be absent, and the reasons for partial or complete sex-re- 
versal are still unclear. However, there is evidence that 
several genes are involved in sex determination, and the 
quantitative variation of humoral factors may also play a 
part (reviewed in Wolf et al. 1992; McElreavey et al. 
1993b). 

Monofactorial traits: allelic heterogeneity 

Allelic heterogeneity refers to mutations at different sites, 
or of a different nature in one and the same gene or its per- 
taining regulatory elements. Allelic mutations may or 
may not have a different phenotypic outcome. They may 
produce completely separate phenotypes, a spectrum of 
related phenotypes of varying severity, or the same phe- 
notype, or they may show no recognizable phenotype at 
all. In view of the large number of allelic mutations iden- 
tified in some conditions, the number of discernible phe- 
notypes appears to be extremely low. In part, this will be 
a reflection of the parameters considered. Thus, from a 
clinical point of view, only a rough classification may be 
possible, whereas biochemical analysis may unravel finer 
differences that are of  little clinical relevance, and at the 
molecular level, several different alterations will result in 
the same biochemical (metabolic) phenotype. Various 
mechanisms may be responsible for this convergence of 
primary differences to a small number of phenotypes at 
higher levels of complexity. Needless to say, the structural 
or functional loss of a gene product can be the conse- 
quence of different mutations converging to the same phe- 
notype, and the same is true for a reduction of the biolog- 
ical activity of the gene product. Homeostatic mecha- 
nisms will compensate for some of the primary differ- 
ences, and threshold effects will be the reason for "all or 
none" reactions, restricting the possible spectrum of phe- 
notypes. Ontogenetic buffering systems may thus elimi- 
nate or diminish one or the other primary defect. 

If  allelic mutations lead to completely different pheno- 
types, functional differences of the altered gene product 
can be envisaged. Loss of function will have other conse- 
quences than gain of function, and in the latter case, vari- 
ous alternatives are conceivable. A few selected examples 
are specified in the following. 

The consequences of allelic heterogeneity are best un- 
derstood in the hemoglobinopathies. With the exception 
of sickle cell anemia, mutations in the globin genes or 
their regulatory elements are dominant because of the 
tetrameric structure of hemoglobin, which consists of two 
pairs of non-allelic subunits. Practically all types of muta- 
tions have been found, including those affecting the struc- 
ture or synthesis of hemoglobin chains, and the functional 
consequences are well explained by the respective muta- 
tions. Thus, the hemoglobinopathies provide an example 



of a straight forward relationship between genetic and 
phenotypic alterations; this is no surprise, since the dis- 
ease phenotype is the immediate consequence of the im- 
paired function of the gene product itself. Therefore, in 
the present context, hemoglobinopathies will not be dis- 
cussed in more detail, and the reader is referred to the lit- 
erature (e.g., Vogel and Motulsky 1986, p. 278 ff). 

The primary physiological defect in cystic fibrosis 
(CF) is believed to be a reduced conductance of chloride 
ions in the epithelial tissues affected by the disease. More 
than 400 mutations in the gene for the chloride ion chan- 
nel protein, the cystic fibrosis transmembrane conduc- 
tance regulator (CFTR), have been reported to be respon- 
sible for its dysfunction. In consequence, fluid secretion 
and salt absorption are impaired, and patients can show, 
among other symptoms, pancreas insufficiency and 
chronic obstructive lung disease. A significant correlation 
has been observed between the different CFTR mutations 
and the level of pancreatic enzyme secretion, although the 
severity of pulmonary disease varies independently of the 
respective mutations. Thus, unrelated CF patients with the 
same genotype (e.g., homozygotes for AF508) show a strik- 
ing variation in lung function. In contrast, significant con- 
cordance between affected siblings has been found within 
pedigrees (Dean and Santis 1994). This difference points 
to the influence of other factors, as yet unidentified. Other 
symptoms, such as meconium ileus, occurring in some 
10% of CF patients with pancreatic insufficiency, are also 
not associated with specific genotypes. It is generally be- 
lieved that the severity and progression of the CF pheno- 
type is strongly modified by additional factors that may be 
genetic and nongenetic, rendering prognosis difficult 
(Kerem et al. 1990; Tsui 1992; Dean and Santis 1994). 

In the CFTR gene, skipping of different exons has been 
found in clinically normal individuals; it occurs mostly in 
a mosaic form caused by alternative splicing. This may 
represent a polymorphism, or it may contribute to pheno- 
typic variation as discussed by Cooper and Krawczak 
(1993, pp. 304, 305). 

More than 90% of patients with osteogenesis imper- 
fecta have mutations in one of the two structural genes for 
type I procollagen, viz., COL1A1 coding for prowl (I) and 
COL1A2 coding for proo~2(I). McKusick et al. (1992) list 
34 allelic mutations in the COL1A1 gene (McKusick et 
al. 1992, no. 120150), and 25 in the COL1A2 gene 
(McKusick et al. 1992, no. 120160). Type I procollagen is 
a trimeric molecule consisting of two procO(I) and one 
proc~2(I) chains. Therefore, mutations in COL1A1 may 
cause a more severe form of the disease. In general, muta- 
tions resulting in abnormal pro(x chains (qualitative 
changes) are more deleterious than those affecting the 
quantity of the gene product. It has also been noted that 
mutations in different regions of the gene produce differ- 
ent phenotypes, from early lethality to moderate or mild 
forms occurring later in life or even overlapping with nor- 
mal variation. Mild to moderate forms are less predictable 
than severe forms, as discussed by Prockop et al. (1990). 
Clinical heterogeneity occurring within families has also 
been described; development of the phenotype is com- 
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plex, as reviewed by Prockop et al. (1990) and Byers 
(1990). 

Among peripheral neuropathies, Charcot-Marie-Tooth 
disease type IA (CMT1A) is the most frequently occur- 
ring type. In nearly 70% of patients, a stable duplication 
of 1.5 Mb has been found in the CMT1A region of chro- 
mosome 17pl 1.2-p12. Within the CMT1A region, a gene 
coding for a peripheral myelin protein has been localized, 
viz., PMP22. In cases carrying the duplication, PMP22 is 
overexpressed, and hence a gene dosage effect is believed 
to be the cause of the disease. However, in a number of 
cases without the duplication, point mutations have been 
identified in the PMP22 gene. These point mutations are 
usually dominant. Nevertheless, a family with a recessive 
mutation in the PMP22 gene has also been described with 
a similar disease phenotype (Roa et al. 1993). Thus, dif- 
ferent mechanisms, e.g., duplication and structural alter- 
ation, whether dominant or recessive, in the same gene re- 
sult in a similar phenotype. Clinically, variation of the dis- 
ease phenotype has been observed even among members 
of the same family, pointing to additional factors influ- 
encing the course of the disease (Patel 1993). 

Androgen insensitivity syndromes (AIS) are caused by 
mutations in the androgen receptor (AR) gene located on 
Xql 1-q12 (Brown et al. 1989) and coding for a ligand-ac- 
tivated transcription factor. Some 80 AR mutations have 
been described, resulting in a spectrum ranging from nearly 
normal female to nearly normal male phenotypes. A rough 
clinical classification differentiates between a complete 
form (CAIS, testicular feminization), a partial (or incom- 
plete) form (PAIS, ambiguous genitalia), and a mild form 
(MAIS, male external genitalia). A genotype-phenotype 
relationship is not yet well established. Mutations affect- 
ing the DNA-binding domain and those affecting the an- 
drogen-binding domain may cause various forms of AIS. 
In CAIS and MAIS, phenotypic variation within families 
is low, whereas it is high in PAIS, which covers the whole 
range of male to female phenotypes; a threshold effect has 
been proposed for PAIS (Pinsky et al. 1994). A third do- 
main, called the modulator or transactivational domain at 
the N-terminal, includes a CAG-repeat normally repre- 
sented by 11-31 trinucleotides, but expanded to 40-62 or 
more trinucleotides in spinal and bulbar muscular atrophy 
(SBMA, Kennedy disease). SBMA is often associated with 
MAIS (LaSpada et al. 1991). As in other trinucleotide re- 
peat expansion syndromes, the age of onset is inversely 
correlated with an increasing repeat number. It is pro- 
posed that the expansion alters the transcriptional regula- 
tory competence of the modulator domain without alter- 
ing the androgen-binding activity (Mhatre et al. 1993). In 
two male patients with breast cancer, constitutional point 
mutations have been identified in codons 607/608 of the 
DNA-binding domain associated with PAlS (Wooster et 
al. 1992; Lobaccaro et al. 1993). These mutations are be- 
lieved to increase the risk of breast cancer, and it is spec- 
ulated that either the protective effect of the androgen is 
lost, or a new function is gained by these mutations. 

In the RET gene coding for a receptor tyrosine kinase, 
different allelic mutations have been reported to give rise 
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to four different syndromes (van Heyningen 1994). The 
RET gene functions as a protooncogene and has been 
mapped to chromosome 10qll .2 (Ishizaka et a1.1989). 
The gene consists of  21 exons and comprises various do- 
mains, including an extracellular ligand-binding, a trans- 
membrane, and an intracellular tyrosine kinase domain. 
Mutations in the cysteine-rich region of the extracellular 
domain near the transition to the transmembrane domain 
(exons 10, 11) can result in familial medullary thyroid 
carcinoma (FMTC) or multiple endocrine neoplasia type 
2A (MEN2A) (Mulligan et al. 1993; Donis-Keller et al. 
1993). In the more severe MEN2B, mutations have been 
identified in exon 16 of the tyrosine kinase domain (Hof- 
stra et al. 1994). Finally, in Hirschsprung disease (HSRC), 
mutations at various locations of the gene have been iden- 
tified, including deletions and loss-of-function point mu- 
tations (Romeo et al. 1994; Edery et al. 1994). All the mu- 
tations in these four syndromes are constitutive and dom- 
inant with variable penetrance. In the cancer syndromes, 
the mutations identified so far result in amino acid substi- 
tutions compatible with the generation of an altered gene 
product that, in a dominant way, may initiate an onco- 
genic mechanism. In contrast, in HSRC, a gene product of 
the mutant allele is absent, resulting in a gene dosage ef- 
fect. Therefore, haplo-insufficiency of the RET gene is 
considered to be a major component in the causation of 
HSRC. 

The three cancer syndromes are phenotypically related, 
but are manifested with different severity. FMTC is the 
mildest form and only the thyroid is affected; in MEN2A, 
medullary thyroid carcinoma and pheochromocytoma oc- 
cur, and MEN2B patients develop ganglioneuromas and 
skeletal abnormalities, in addition to the symptoms of 
MEN2A. Identical mutations can also result in either 
FMTC or MEN2A (Donis-Keller et al. 1993). HSRC has 
rarely been observed associated with multiple endocrine 
neoplasia (Mahaffey et al. 1990), and the majority of 
cases do not develop these tumors. Thus, it appears that 
the different disease phenotypes associated with muta- 
tions in the RET gene are explained by mutations involv- 
ing either a gain or a loss of  function. 

Monofactorial traits: locus heterogeneity 

Locus heterogeneity is addressed if a similar disease phe- 
notype is based on a defect in one of several genes at dif- 
ferent map positions. It may be reflected by some clinical 
heterogeneity with an overlap of pathological characteris- 
tics. However, on mere clinical grounds, it is often diffi- 
cult or even impossible to delineate different etiological 
entities, and in these cases, only genetic analysis allows 
for a nosologic classification. Thus, analogous to a class 
of allelic mutations, mutations in different genes converge 
to give similar or even identical disease phenotypes. The 
question arises as to why the genes involved do not com- 
pensate for each other. The situation is trivial if the re- 
spective genes are complementary, coding for different 
polypeptide chains forming a heteropolymeric protein. In 

Table  1 Autosomal genes associated with dominant RP-muta- 
tions 

Gene symbol Map location 

RPI 8pl 1 q21 
RP5 3q 
RP7 = RDS 6p21.2-cen Peripherin 
RHO = RP4 3q21~124 Rhodopsin 
adRP 7p Inglehearn et al. 1993 
adRP 7q Jordan et al. 1993 
adRP 17p Greenberg et al. 1994 
adRP 19q 13.4 Al-Maghteth et al. 1994 

other conditions, locus heterogeneity may be attributable 
to additive polygeny, because several genes are required 
for the formation of a particular feature, i.e., the respec- 
tive gene products have differential functions. With re- 
spect to ontogeny, developmental pathways are canalized 
(Waddington 1942) and the competence of the cells or 
tissues concerned is limited, so that the range of possible 
responses is also narrowed. As a result, heterogeneous 
causes have a similar phenotypic effect. 

Non-syndromic retinitis pigmentosa (RP) presents an 
example for all kinds of heterogeneity, i.e., polypheny at 
an identical mutation, heteroallely, and in particular, asso- 
ciation with one of a multiplicity of different gene loci. 
Autosomal dominant, autosomal recessive, and X-linked 
modes of inheritance have been described. The number of 
independent gene loci is a matter of  debate, and more 
genes are expected to be detected. At least eight autoso- 
mal genes with dominant RP-mutations have been identi- 
fied (Chromosome Coordinating Meeting 1992; additional 
references are listed in Table 1). 

For autosomal recessive RP, no particular gene has as 
yet been mapped, although it is the most frequent genetic 
type. However, mutations in the rhodopsin gene can also 
be recessive (Rosenfeld et al. 1992), and involvement of  
the RHO and RDS genes was excluded in a large pedigree 
showing autosomal recessive inheritance of RP (Bleeker- 
Wagemakers et al. 1992). Three difl'erent recessive genes 
on the X chromosome have been recorded (Chromosome 
Coordinating Meeting 1992), viz., RP2 (Xpl 1.4-pl 1.23), 
RP3 (Xp21.1), and RP6 (Xp21.3-p21.2). In addition, a 
number of candidate genes are under study, but mutations 
in these genes causing non-syndromic RP have not yet 
been reported. Among these genes is ROMI ( l lq13) ,  
which codes for a transmembrane protein of the rod outer 
segment discs of the retina, as do the rhodopsin and pe- 
ripherin RDS genes. A candidate for an autosomal reces- 
sive RP gene is PDEB (4p16.3), coding for the ]3-subunit 
of a cGMP phosphodiesterase; a mutation is known in the 
mouse homolog of this gene, and results in degeneration 
of the retinal rod photoreceptor cells in the homozygous 
state. 

Clinically, RP can be classified into various types de- 
pending on the age of onset of visual impairment, includ- 
ing night blindness, narrowing of the visual field, and 
eventually complete visual loss, The mainly occurring 



types are type 1 characterized by early loss of rod func- 
tion, whereas cone function is lost much later in life, and 
type 2 with simultaneous regional (patchy) loss of both 
functions at various ages. Needless to say, clinical pheno- 
types can be differentiated in much more detail. However, 
no exact correlations between mutations in the different 
RP genes and the clinical variation of the retinopathies 
have been established. The same is true for allelic muta- 
tions in the RHO gene, in which up to 50 different muta- 
tions have been identified so far. Even one and the same 
mutation can result in inter- and intrafamilial variation 
(for a review, see Lindsay et al. 1992; Humphries et al. 
1993; Berson 1993). These findings point to the influence 
of other factors than the respective mutation itself (in the 
case of clinical heterogeneity at the same mutation), or to 
constraints in the development of the retina resulting from 
a limited range of possible responses of the affected cells 
(in the case of a similar clinical phenotype at different 
mutations). 

Locus heterogeneity is also extensive in congenital 
cataracts, and a clinical distinction between etiologically 
different forms is difficult. Autosomal dominant, autoso- 
mal recessive, and X-linked transmission has been report- 
ed. In autosomal dominant cataracts, a minimum of three 
gene loci has been assigned to different chromosomes, 
viz., CAE1 to lq21~125, CCL to 2q33-q35, and CTM to 
16; however, observations in other pedigrees exclude 
these loci (Lund et al. 1992), and point to yet unidentified 
genes. Among others, the numerous crystallin genes (sev- 
eral or, [3, and y genes) are candidates for mutations result- 
ing in cataracts. The morphologic similarities are ascribed 
to the limited "possible biological reactions of the lens ex- 
pressing a cataract gene" (Lund et al. 1992). 

The particularly complex interrelationship between 
phenotypical and etiological heterogeneity in microph- 
thalmus and coloboma has been reviewed recently by 
Warburg (1991, 1992, 1993). The author distinguishes be- 
tween three etiological classes, viz., genetic, acquired, and 
associations. These ocular anomalies may occur as iso- 
lated features or as part of a more complex symptomatol- 
ogy or a syndrome. The phenotype of microphthalmus 
and coloboma can be classified into a multiplicity of clin- 
ical variants (Warburg 1993), but this classification is eti- 
ologically irrelevant, and the features responsible, genetic 
or nongenetic, cannot be derived from the clinical picture. 
In the majority of cases, a genetic basis has been identi- 
fied, and Warburg (1991) lists more than 100 genetic dis- 
orders that are monofactorial, including autosomal domi- 
nant and recessive, and X-linked syndromes that are asso- 
ciated with microphthalmus and coloboma. Considerable 
intrafamilial variation of symptoms has been reported 
(Warburg 1993). Microphthalmus and coloboma also oc- 
cur in chromosome aberrations (Warburg and Friedrich 
1987). Various teratogens, infections of the mother, and 
abnormal conditions during prenatal development can 
also cause these eye disorders. Finally, microphthalmus 
and coloboma can be found in associations believed to be 
causally nonspecific and pathogenetically not related 
(Warburg 1992). 
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Renal cystic disease has been found associated with a 
number of inherited disorders (Reeders 1992), the most 
common of which is polycystic kidney disease (PKD) af- 
fecting approximately 1 in 1000 individuals. PKD has 
also proved to be based on locus heterogeneity. An auto- 
somal recessive form that has not yet been mapped can be 
differentiated clinically from a dominant form. Autosomal 
dominant PKD was ascribed to mutations in a gene desig- 
nated PKDI on chromosome 16p13.3 (Reeders et al. 
1985), accounting for some 85% of cases. This gene has 
been cloned recently (European Polycystic Kidney Dis- 
ease Consortium 1994). Because only a minority of 
nephrons is affected and the number of foci increases with 
age, it has been proposed that the constitutional mutation 
has no dominant effect, but a second event, "genetic or 
otherwise", at the somatic level is required to give rise to 
the disease (Reeders 1992). In some families, the gene re- 
sponsible for the disease has been assigned to chromo- 
some 4q13-q23 and named PKD2 (Peters et al. 1993; 
Kimberling et al. 1993). Furthermore, a family was stud- 
ied showing no linkage of the disease to either chromo- 
some 16 or 4, and the still unmapped gene responsible is 
to be named PKD3 (K. Zerres, personal communication). 
Clinically, these three autosomal dominant forms of PKD 
are similar with largely overlapping symptoms, PKD2 be- 
ing milder and PKD3 more severe, whereas PKD1 is vari- 
able. 

Charcot-Marie-Tooth disease (CMT) is another exam- 
ple showing extensive locus heterogeneity, including au- 
tosomal and X-linked dominant and recessive forms (for a 
review, see Vance 1991; Patel and Lupski 1994). In con- 
nection with allelic heterogeneity, one form, CMTIA,  has 
been discussed above. Clinically, two main types are dis- 
tinguished, viz., a slow nerve conduction type (CMT 1) and 
a type with nearly normal conduction velocities (CMT2). 
In type 1, locus heterogeneity is well documented, where- 
as the clinical findings, though variable, are similar. In 
CMT1A, the gene PMP22 has been located on chromo- 
some 17p12-pll.2, and a duplication within this gene or 
point mutations cause dominant CMT type 1; however, a 
recessive point mutation with a similar disease phenotype 
has also been described (Roa et al. 1993). A second locus, 
designated CMT1B, has been assigned to chromosome 
lq22-q23 (Bird et al. 1982; Lebo et al. 1991). Affected 
individuals exhibit typical CMT1 and the inheritance is 
dominant. A gene for a myelin protein, Po or MPZ (mye- 
lin protein zero), maps to the CMT1B locus, and in pa- 
tients with CMT1B, mutations in MPZ have been identi- 
fied suggesting that this is the disease gene (Kulkens et al. 
1993; Hayasaka et al. 1993a). Mutations in the Po gene 
can also be associated with the Dejerine-Sottas disease, a 
motor and sensory neuropathy similar to CMT, but with 
more severe symptoms (Hayasaka et al. 1993b). Thus, al- 
lelic heterogeneity also occurs at the Po locus. CMT has 
also been found to be X-linked (CMTX) and has been 
mapped to Xql3.1 where the gene for connexin 32 
(Cx32), a gap junction protein, is located. In families with 
CMTX, mutations have been identified in the Cx32 gene, 
suggesting that this gene has a crucial function in periph- 



138 

eral nerves (Bergoffen et al. 1993; Fairweather et al. 1994). 
Although CMTX mutations are dominant, X-linked reces- 
sive CMT mutations in other map positions may also ex- 
ist (Ionasescu et al. 1991). Finally, three additional auto- 
somal loci have been reported, viz., an autosomal reces- 
sive form on chromosome 8q (CMT4A; Ben Othmane et 
al. 1993a), a form of CMT2 on chromosome lp35-p36 
(CMT2A; Ben Othmane et al. 1993b), and a third form of 
autosomal dominant CMT1 that was excluded from link- 
age to chromosomes 17 and I and that was therefore 
named CMT1C (Chance et al. 1990). In total, three differ- 
ent proteins, viz., PMP22, MPZ, and Cx32, have thus 
been shown to be involved in CMT so far. 

In familial Alzheimer disease (FAD), three different 
genetic loci have been identified, and a fourth is derived 
from the exclusion of linkage to these three loci. Clini- 
cally, only differences in the age of onset are observed. 
Mutations in the amyloid precursor protein gene APP on 
chromosome 21q21.2 account only for a small minority of 
cases (AD 1 ; Goate et al. 1991 ; Murell et al. 1991 ). In over 
70% of families, FAD is linked to 14q24.3 (AD3; Schel- 
lenberg et al. 1992). A third locus has been assigned to 
chromosome 19q (AD2; Pericak-Vance et al. 1991), and it 
has been debated whether the gene responsible could be 
that for apolipoprotein E (APOE) on 19ql 3.2 (Strittmatter 
et al. 1993; Corder et al. 1993). Exclusion of these three 
locations in some Volga-German families gives evidence 
for the existence of still another gene responsible for FAD 
(Martin 1993). Most late-onset cases are sporadic, and it 
is generally believed that there is only a minor genetic 
contribution, if any, to the manifestation of the disease. 
However, Bergem (1994) questions this assumption in her 
study of twins with a mean age of 79 years. Concordance 
rates in monozygotic twins compared with dizygotic 
twins are 83% versus 42%. Thus, late-onset cases may be 
sporadic because relatives die before the disease develops. 
However, in view of the high prevalence of Alzheimer's 
disease (almost 30% at the age of 90 years; Jorm et al. 
1987), it is hard to believe that most of these cases are ge- 
netically determined. 

Multifactorial traits 

Multifactorial traits are characterized by an irregular 
mode of inheritance believed to be caused by the interac- 
tion of genetic (polygenic) and epigenetic factors, and the 
inner and outer environment. As we have seen, monofac- 
torial traits are also the consequence of normal and abnor- 
mal gene expression in a particular developmental and 
environmental context. From this viewpoint, the interac- 
tions taking place in the case of multifactorial traits are 
more complex, but not of a different quality. In proceed- 
ing pathogenetic analysis, it may turn out that the vast ma- 
jority of diseases involving genetic factors are multifacto- 
rial. The genetic component is addressed by terms such as 
increased risk, predisposition, or susceptibility for a cer- 
tain disease. The genes involved can have a weaker or 
stronger disease association, and exposure to environmen- 

tal factors (e.g., smoking, diet) acting on a particular ge- 
netic background can also predispose to disease. The phe- 
notypic penetrance and expressivity also vary, depending 
on these and other variables. In consequence, it is not to 
be expected that the phenotypic manifestation of a multi- 
factorial trait can be predicted from the genotype, even if, 
in a polygenic condition, the genotype is known. Because 
of their complexity of causation, multifactorial diseases 
are poorly defined, to date, in genetic terms; such diseases 
include cardiovascular conditions, diabetes, endogenous 
psychoses, and cancer (with some exceptions). In the pre- 
sent context, I shall select a few examples with a defined 
genetic contribution, preferentially those that can be con- 
sidered borderline conditions between monofactorial and 
multifactorial causation. 

Hirschsprung disease (HSCR) is a congenital intestinal 
agangliosis occurring as an isolated disorder affecting the 
distal segment of  the colon, or associated with a large 
number of different congenital defects including chromo- 
some aberrations (see Table 1 in Passarge 1993). Family 
data suggested a multifactorial causation, but dominant 
and recessive modes of inheritance with variable pene- 
trance were also discussed (Passarge 1993). After a locus 
for HSCR was placed in the paracentric region of chro- 
mosome 10q by linkage information (Lyonnet et al. 1993; 
Angrist et al. 1993), the receptor tyrosine kinase gene 
RET on 10qll .2 was found to be affected by mutation in 
patients with HSCR (Romeo et al. 1994; Edery et al. 
1994). These mutations cause loss of function, and there- 
fore, the disease is believed to be the result of haplo-in- 
sufficiency in the heterozygotes. Thus, HSCR can be con- 
sidered a monogenic dominant condition in these cases. 
However, some peculiarities remain to be explained. RET 
mutations were detected only in a minority of  patients. 
Even in familial occurrence, carriers of the mutation were 
found to have no symptoms, and the severity of the dis- 
ease phenotype varied within families. Because of incom- 
plete penetrance, the risk to siblings of a proband with re- 
spect to being affected is low. The expression is extraordi- 
narily variable, and the association with various malfor- 
mation syndromes of heterogeneous origin is not yet un- 
derstood. The sex modification with a sex ratio up to 4:1 
is also exceptional. Even in the case of null mutations in 
the RET gene, other genes and nongenetic factors seem to 
interact. Furthermore, linkage studies have excluded the 
RET region in some families, and a second locus is as- 
sumed to exist in a pedigree with a recessive form of 
HSCR (Angrist et al. 1993). Indeed, a recessive gene for 
HSCR has now been assigned to chromosome 13q22 in a 
large inbred kindred (Puffenberger et al. 1994). In this 
pedigree, penetrance is reduced and the sex ratio is dis- 
torted. Because of deviations from single Mendelian re- 
cessive inheritance, modifier genes have been sought. 
Preliminary evidence for genetic modifiers on chromo- 
some 21q22 and at the RET locus has been obtained. The 
involvement of chromosome 21 is of particular interest in 
view of the association between Down syndrome and 
HSCR. Thus, whereas the RET gene is to be considered a 
major HSCR locus, the disease appears to be heteroge- 



neous, including allelic and locus heterogeneity, different 
modes of inheritance, interaction with modifier genes, and 
possible nongenetic causes. Therefore, the disease should 
remain to be classified as multifactorial. This example il- 
lustrates the fluid transitions from mono- to multifactorial 
disorders, and the terminology turns out to be somewhat 
arbitrary. 

The manifestation of Hartnup disease depends on a 
mutation at the Hartnup locus coding for a polypeptide 
component of a transport system in the brush border 
membranes of epithelia. This system serves the renal and 
intestinal transport of a larger number of amino acids. Pa- 
tients show pellagra-like symptoms and aminoaciduria. 
Although the mutation is autosomal recessive, only some 
10% of mutant homozygotes are affected. The defect in 
the transport system predisposes to the disease, but clini- 
cal manifestation depends on various additional factors, 
including other genes and components of the environ- 
ment, such as diet. Thus, the metabolic phenotype is mono- 
genic, and the disease phenotype is multifactorial. Scriver 
(1988) coined the term "homeostatic phenotype" for such 
a condition. His interpretation is that the homeostasis of 
amino acids (interaction of polypeptides), which is con- 
trolled by genes other than the Hartnup gene, is lowered 
in affected families; in the presence of the Hartnup muta- 
tion, environmental influences may evoke the disease. 

Physiology teaches us that the level of blood pressure 
is multifactorial and based on the interplay of an indeter- 
minable number of endogenous and exogenous factors. 
Hypertension is believed to result from particular genetic 
backgrounds exposed to specific variables of the environ- 
ment. In view of the unknown number of genes involved 
and the complex environmental interactions, it seems 
hopeless to trace individual genes contributing to hyper- 
tension. Nevertheless, detailed physiological knowledge 
has focused interest on proteins involved in the regulation 
of blood pressure, and genetic studies of some of these 
proteins have succeeded in identifying at least a "'signpost 
in the labyrinth". Vascular tone is maintained by the 
renin-angiotensin system, and one component of the sys- 
tem is angiotensinogen serving as the substrate :for renin. 
Blood pressure has been shown to be related to plasma an- 
giotensinogen levels. The angiotensinogen gene (AGT) 
has been characterized and localized on human chromo- 
some lq42-q43. Allelic variants of AGT, in particular the 
allele T235, were found to be associated with hyperten- 
sion (Jeunemaitre et al. 1992). These variants are believed 
to be involved in the pathogenesis of hypertension, at 
least as predisposing factors. Interestingly, the T235 allele 
has also been found associated with preeclampsia, a preg- 
nancy-induced hypertensive condition (Ward et al. 1993). 

It may be debated whether or not familial hypercholes- 
terolemia (FH) is multifactorial. Clearly, mutations in the 
low-density lipoprotein receptor gene (LDLR) result in 
autosomal dominant hypercholesterolemia type II (McKu- 
sick et al., no. 143890), and mutations in other genes pro- 
duce a similar clinical phenotype (McKusick et al., no. 
144400). Thus, FH could be considered an example of lo- 
cus heterogeneity. In the case of LDL receptor mutations, 
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heterozygotes develop coronary artery disease later in life, 
whereas the rare homozygotes are more severely affected 
and the disease occurs earlier. Extensive variation in clin- 
ical signs has been observed in both heterozygotes and 
homozygotes (Goldstein and Brown 1989), and can be at- 
tributed, at least in part, to allelic heterogeneity. However, 
marked clinical differences are also seen among homozy- 
gotes carrying one and the same mutation in both alleles, 
viz., a deletion resulting in complete loss of the receptor 
protein (Hobbs et al. 1987). One of the patients developed 
coronary artery disease at the age of 17 and survived until 
the age of 33, whereas another died at the age of three 
years. Circulating levels of LDL were extremely high in 
both cases. These differences in susceptibility or resis- 
tance are ascribed by Scriver (1988) to the other genes 
controlling lipid homeostasis, and to sex, blood pressure, 
and life habits. Thus, the clinical manifestation has a mul- 
tifactorial causation. 

Monozygotic twins 

In monozygotic twins, occasionally only one twin may be 
affected by mutation, e.g., for trisomy 21 or DMD, and in 
these cases, the occurrence of phenotypic differences (dis- 
cordance) is to be expected. However, discordance has 
also been observed when the twins are assumed to be 
identical genetically. 

Leber's hereditary optic neuropathy (LHON) is linked 
to mutations in the mitochondrial genome (Wallace et al. 
1988) and results in visual loss. Phenotypic variation in- 
cluding intrafamilial variability is high, even in the case 
of identical mitochondrial mutations, and modifier genes, 
epigenetic mechanisms and environmental influences are 
believed to, or have been shown to, contribute to this vari- 
ation (Wallace 1993). Interestingly, a pair of monozygotic 
twins, identical in their nuclear and mitochondrial geno- 
mes including the most common mitochondrial mutation 
found in LHON at the 11778 position, were discordant at 
the clinical level for 6 1/2 years, the one twin being af- 
fected by optic neuropathy, the other not. Because of the 
apparent homoplasmy, this discordance is ascribed to dif- 
ferences in the occupational exposure to toxic substances 
(Johns 1993). 

In classic Juvenile-onset diabetes (IDDM, McKusick 
et al. 1992, no. 222100), half of the monozygotic pairs 
were discordant when the index twin developed the dis- 
ease before the age of 40 years; the discordance existed in 
half of these pairs for more than 10 years, so that the non- 
affected twin was not expected to become diabetic later 
(Tattersall and Pyke 1972). Although the discordance is 
ascribed in large part to non-genetic etiology, evidence for 
genetic predisposition is provided by the occurrence, in 
three out of 31 pairs, of an affected first-degree relative. 

Discordance in monozygotic twins for schizophrenia is 
also 50%. Among the discordant traits, an abnormal de- 
velopment of the hand ectoderm may be given here as an 
example (Bracha et al. 1991, quoted in Strohman 1993). 
This impairment occurs during the second trimester of 



140 

prenatal life when the distal upper limb is formed by mi- 
gration of ectodermal cells, and at the same time, neuronal 
cells migrate from the periventricular germinal matrix to 
the cortex. These slight discordances of the hand ecto- 
derm are considered to be the consequence of differential 
exposure of the twins to the uterine environment. Dys- 
morphological hand anomalies were found significantly 
more frequent in schizophrenic than in nonaffected twins. 

A broad range of variation in concordance rates of 
monozygotic twins has been compiled and discussed by 
Vogel and Motulsky (1986) for various multifactorial dis- 
eases. Although the above examples simply show that 
multifactorial diseases are multifactorial, they also dem- 
onstrate the strong influence of nongenetic factors during 
the developmental realization of the phenotype. 

Animal models 

Genetic disorders in laboratory animals are widely used as 
models for homologous defects in the human species. For 
a comparison of the phenotypic effects of a mutation, it 
has to be established that homologous loci are mutated in 
both species. Because of the possibility of allelic hetero- 
geneity, only those mutations resulting in homologous 
amino acid exchanges occurring in domains of homolo- 
gous function, or in complete loss of function (null muta- 
tion) should be considered. If, under these criteria, pheno- 
typic differences occur, they can be ascribed to interac- 
tions of factors other than the affected gene itself. 

The majority of  animal models are provided by the 
mouse, whether by spontaneous or induced mutation, or 
by the production of transgenic animals. Mouse models 
have been listed and critically discussed by Darling and 
Abbott (1992). Here, I will restrict myself  to some exam- 
ples of homologous null mutations showing significant 
phenotypic differences between the animal model and the 
human. 

X-linked muscular dystrophy in the mouse has been 
shown to be caused by a mutation, mdx, in a gene homol- 
ogous to the human dystrophin gene, and results in com- 
plete absence of the protein (Hoffman et al. 1987; Sicinski 
et al. 1989). In contrast to DMD, however, the mdx mouse 
develops no obvious muscle weakness, and because of 
muscle fiber regeneration, limb muscles do not degenerate 
progressively. Thus, although the mdx mouse is also af- 
fected by the mutation (Stedman et al. 1991), the differ- 
ence in clinical severity compared with DMD is striking. 

Lack of hypoxanthine guanine phosphoribosyltrans- 
ferase (HPRT) causes the Lesch-Nyhan syndrome (McKu- 
sick et al. 1992, no. 308000). In contrast, in the mouse, 
HPRT deficiency has only minor effects (Finger et al. 
1988). Differences in purine metabolism are beleived to 
be responsible for the almost complete absence of clinical 
features in the mouse mutant. Indeed, it has been shown 
that administration of an inhibitor of adenine phosphori- 
bosyltransferase (APRT) to HPRT-deficient mice results 
in behavioral changes similar to those seen in the Lesch- 
Nyhan syndrome (Wu and Melton 1994). Therefore, it is 

assumed that in the mouse, the purine salvage pathway re- 
lies on APRT rather than HPRT. 

An additional example is deficiency of carbonic anhy- 
drase II. The human CA2 gene is homologous to the 
murine Car-2 locus. Homozygous patients for an autoso- 
mal recessive null allele exhibit osteoporosis with renal 
tubular acidosis (McKusick et al. 1992, no. 259730) and, 
in consequence, failure to thrive and have a short stature: 
they also develop cerebral calcification. In the mouse, ho- 
mozygous mutants for a null allele also have renal tubular 
acidosis and are smaller than their unaffected siblings, but 
they do not develop osteoporosis or cerebral calcification 
(Lewis et al. 1988). Apparently, bone remodeling differs 
between the two species. 

Using a targeting construct, Schuchhardt et al. (1994) 
produced a loss of function mutant in the ret gene, coding 
for a receptor tyrosine kinase, in the mouse. This gene is 
homologous to the human RET gene, which, if affected 
by loss of  function mutations, causes or contributes to 
Hirschsprung disease. Although the mutations in the hu- 
man are dominant, that in the mouse is recessive. The 
phenotypic consequences in affected individuals are 
partly similar but partly different between the two species. 
Essentially, the mouse is more severely affected than 
human patients. Homozygous mouse mutants die shortly 
after birth. The anomalies detected so far include the 
absence of enteric neurons throughout the digestive tract 
and the absence of or rudimentary kidney development. 
Whereas the enteric nervous system is affected in both 
species, the disorders in the mouse with a complete ab- 
sence of the ret gene product are in contrast to Hirsch- 
sprung patients with aganglionic hindgut only. These dif- 
ferences are ascribed to the interaction of modifier genes 
and/or stochastic processes in development (van Heyni- 
gen 1994). 

At the chromosomal level, the phenotypic differences 
of the XO condition between the human and the mouse 
are marked. The XO mouse exhibits no obvious somatic 
anomalies, in particular, no Turner phenotype, and it is 
fertile, although its reproductive life span is diminished 
(Lyon and Hawker 1973). Lethality of XO embryos in the 
mouse is about 35% (Searle 1989), whereas it is over 99% 
in the human (Hassold 1986). Several genes escaping X 
inactivation in the human undergo inactivation in the 
mouse, and so far only one gene, Smcx, has been shown 
conclusively to escape inactivation in the mouse (Agulnik 
et al. 1994). Gene dosage requirements may be different 
in the two species; however, unless so-called Turner genes 
are identified, this issue remains speculative. 

The genotype-phenotype relationship 

There are basically two contrasting positions, emphasized 
by Stent (1985). The one position assumes that the pheno- 
type is the realization of a genetic program laid down in 
the genome, and that a single cell, the zygote, contains all 
the information necessary for ontogenesis. From this 
viewpoint, the genome is a unidimensional description of 



the whole organism. The other position considers the phe- 
notype as the result of interactions between a multiplicity 
of factors, of which genes represent only one category. 
Ontogenesis is seen as a historical rather than a program- 
matic process, being determined by genetic and epige- 
netic interrelationships that take place within and between 
cells, and on more complex levels of integration (Stent 
1981; Oyama 1985; Nijhout 1990; Strohman 1993). 

Considering the various examples analyzed above in 
order to trace the genetic contribution to the phenotype, 
the alternative put forward by Stent shall be discussed in 
the following subsections. (1) Is the genotype-phenotype 
relationship (GPR) unidimensional? (2) Is it programmat- 
ical? (3) Is it hierarchical? 

Is the GPR unidimensional? 

The term "unidimensional" is used here in the sense that a 
proportional projection exists between cause and effect, or 
in the present context, that a defined genetic structure is 
responsible for a defined phenotypic character. If this is 
so, the phenotype of a particular mutation can be pre- 
dicted, and the phenotype can be reduced to the genotype. 
A possible way to study this question is to analyze the 
phenotypic effects of mutations, as attempted above. 

In the case of chromosome aberrations, gene dosage 
deviates from the usually duplex representation, but spe- 
cific effects of individual genes occurring, for example, in 
uniplex or triplex have hardly been established. It is to be 
assumed that chromosomal phenotypes are the conse- 
quence of genetic imbalance, but this imbalance need not 
necessarily be additive. Apart from gene products that are 
tolerated within a wide range of quantitative variation, 
e.g., enzymes, others, e.g., some controlling factors, act 
only at certain threshold concentrations, and still others, 
e.g., monomeric components of heteromeric proteins, if 
produced in unequal amounts, lead to a shift in the pro- 
portion of different polymers. In the latter two cases, 
genes on non-affected chromosomes may also be in- 
volved. The manifold possible consequences of chromo- 
somal imbalance are comprehensively discussed by Ep- 
stein (1986). To account for the relative lack of specificity 
of phenotypes in chromosome aberrations, the concept of 
disrupted homeostasis has been put forward (Shapiro 
1983), as discussed above. The concept implies that chro- 
mosomal imbalance results in a general developmental in- 
stability and labile physiological homeostasis; in addition 
to direct gene dosage effects, a predisposition for devel- 
opmental disturbances is assumed that becomes manifest 
by epigenetic and environmental interactions. Although 
this concept is still vague, it appears plausible that the 
chromosomal phenotype is the result of multifactorial 
causation, including more specific effects that may ac- 
count for some of the syndromologic differences, and 
more nonspecific effects that interfere with basic morpho- 
genetic processes. 

With respect to multifactorial traits, modifications of 
the phenotype manifesting in incomplete penetrance and 
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variable expression are obvious. No doubt, the underlying 
mechanisms are heterogeneous. Whereas a particular com- 
bination of a number of recessive genes constituting the 
genetic background may be a prerequisite, the manifesta- 
tion of a multifactorial trait will depend on genetic and en- 
vironmental conditions. In epigenetics, chance may be con- 
tributive, in particular, if threshold effects are involved. In 
the case of quantitative variation, local concentrations of a 
factor, and in qualitative variations, e.g., higher concen- 
trations required for a factor with reduced affinity, will be 
influenced by chance during development. 

A basic difference exists phenomenologically between 
congenital malformations and late onset diseases. How- 
ever, this difference need not necessarily have its origin in 
different mechanisms, but it may be attributable to differ- 
ent genetic constellations in combination with particular 
boundary conditions, e.g., temporary or chronic noxes. 

The contribution of environmental conditions, in par- 
ticular nutrition, life habits, exposure to potential muta- 
gens, carcinogens, or teratogens, is well documented in 
some multifactorial traits. If these conditions vary, the 
manifestation of the trait may also vary. Thus, to some ex- 
tent, the polygenic basis is only a predisposition for the 
occurrence of a particular defect that could also occur in 
individuals considered not to be disposed genetically. 

If we admit the concept of disrupted homeostasis, it 
may be assumed that, in multifactorial diseases, particular 
morphogenetic processes or the homeostasis of particular 
metabolic pathways are also labile, depending on the na- 
ture of the genes involved. This would however occur in a 
more circumscribed and specific way than in chromosome 
aberrations. 

When considering monofactorial traits, some clear ex- 
amples of deviations from a proportional relationship be- 
tween specific mutations and specific phenotypic anom- 
alies can be found. Phenotypic variation in the case of one 
and the same mutation as defined in molecular terms indi- 
cates the interplay of additional factors. These may be the 
products of other genes (genetic background), metabolic 
interferences, and/or exogenous factors. If the gene af- 
fected is represented only once within the genome, if it 
fulfills a unique function, and if the gene product is totally 
lacking because of mutation, it is most probable that phe- 
notypic variation is the result of epigenetic and/or exoge- 
nous action. Vice versa, if one and the same phenotype is 
produced by different mutations, these mutations may ei- 
ther affect or block the same pathway (which is trivial), or 
the genes concerned may have a nonspecific function, and 
developmental and/or metabolic constraints may canalize 
the phenotypic manifestation. 

It is to be expected that, in dominant disorders, pheno- 
typic variation is wider than in recessive disorders, be- 
cause in the former, the wild-type gene product is also 
available. Although the proportional production rate may 
be the same in every cell, the concentrations of the prod- 
ucts may show regional fluctuations depending on chance 
and resulting in the variable expressivity of a trait. 

These findings and considerations touch on the mono- 
causal disease concept. There are not only many interme- 
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diate steps between a mutation and its phenotypic mani- 
festation, but this process is also not unidimensional in the 
sense that there would be a one-to-one projection between 
each step and the next one. 

The manifestation of X-linked mutations in females is 
another example of epigenetic interactions. The size of 
the stem-cell pools at the developmental stages when ran- 
dom X-inactivation occurs, and differential clonal prolif- 
eration have been shown to be responsible for a disease 
phenotype, often of milder expression, in carrier females. 
Similarly, mitochondrial diseases can be the result of mu- 
tant mitochrondrial genomes present as a minority popu- 
lation in the zygote or also at later ontogenetic stages; the 
mutant genome may become a majority population by 
chance or by selection. 

Twin studies may be considered crucial for defining 
the genetic contribution to the phenotype. Discordance of 
traits in monozygotic twins is well documented. Apart 
from genetic differences caused by mutational events af- 
fecting only one twin, phenotypic variation should be as- 
cribed to epigenetic and environmental interactions. As 
discussed in detail by Vogel and Motulsky (1986, p. 209 
ff), "chorionic transfusion syndrome" can occur in 
monozygotic twins, caused by anastomosis of blood ves- 
sels with the consequence of chronic malnutrition of the 
donor twin. This syndrome is believed to be the reason for 
birth-weight differences of more than 1000 g between the 
twins, and could also account for various malformations 
affecting one of the monozygotic twins only. Needless to 
say, discordance between monozygotic twins can be at- 
tributable to many other factors acting during pre- and 
postnatal life, as also discussed by Vogel and Motulsky 
(1986). Nevertheless, the fact that concordance for many 
complex parameters is high among monozygotic twins 
should be considered from the viewpoint that similarity of  
traits need not necessarily have a genetic or only genetic 
origin. As discussed above with respect to the heredity of  
a trait, developmental and environmental conditions, if 
operating in the same direction, will contribute to the sim- 
ilarity of a characteristic in related individuals, and these 
conditions will be even more alike in the case of monozy- 
gotic twins. Thus, twin studies, while referring to which 
characteristics are hereditary or not, cannot always differ- 
entiate between genetic and non-genetic contributions to 
the phenotype. 

The comparative use of animal models is only of  lim- 
ited value for the problem under discussion, because ge- 
netic, developmental, and ecological conditions are differ- 
ent between species. However, these models show that 
mutations considered to be homologous can have quite a 
different outcome. Apart from the genetic context, in par- 
ticular if no other genes are known to compensate for a 
mutation, epigenetic buffering systems must be at work 
when the phenotypic manifestation is milder in one 
species than in another. 

A comparison between chromosome aberrations in dif- 
ferent species depends on the size of conserved linkage 
groups. Here, the X chromosome forms an exception be- 
cause it has been conserved in its entirety within the infra- 

class of  eutherian mammals .  The conspicuous pheno- 
typic differences between human and murine XO females 
may be ascribed to differences in X-inactivation behavior; 
the genes that escape inactivation and that are candidates 
for the Turner phenotype are different in the mouse from 
the human. It will be interesting to determine whether 
these differences in inactivation behavior are the result of 
the position within the X chromosome of the genes con- 
cerned. The location of a gene, on the other hand, is the 
result of chance events during evolution if selection is not 
at work, and comparative gene mapping favors this view. 
Thus, the phenotypic differences between the XO condi- 
tions in man and mouse could be the result of random re- 
arrangements of genes within the X chromosome during 
evolution. 

In view of these considerations, a direct phenotypic 
manifestation of a mutation appears to be the exception 
rather than the rule. Clearly, the mutation, if it manifests 
itself, is the origin of a phenotypic change. However, the 
phenotypic outcome does not depend on the nature of the 
mutation only. The primary structural change, passed on 
into the network of developmental and metabolic path- 
ways, can result in a spectrum of consequences ranging 
from the complete blocking of a pathway to the complete 
compensation of the defect, depending on the epigenetic 
interactions. A majority of phenotypic traits caused by 
mutation may also be inducible under extreme exposure 
to exogenous factors, showing that the epigenetic network 
is finally responsible for the outcome of the trait. 

Since epigenetic processes have their own dynamics, it 
will not be possible to predict the phenotype exactly, even 
if the nature of a mutation is known. Here, we come to the 
borders of reductionism. 

Is the GPR programmatical? 

The idea of a DNA sequence as a program is closely con- 
nected with that of a unidimensional relationship between 
genotype and phenotype. A process follows a program if, 
in a succession of transformations, each step results from 
the previous one mechanically by the application of the 
same principle. In biological processes, this would mean 
that a complete structural correspondence exists between 
two patterns, the one being generated by the other. Such a 
relationship is found between nucleotide and amino acid 
sequences, the RNA processing being taken for granted. 
Indeed, the amino acid sequence can be deduced from the 
DNA sequence (cDNA) with considerable accuracy. 
However, the three-dimensional structure of a protein 
may take different configurations that are stable thermo- 
dynamically, and therefbre, the one-to-one projection 
from the DNA level ends at the polypeptide level. Protein 
folding is a complex process involving various cofactors 
(Gething and Sambrook 1992). 

In ontogenetic development, there are other quasi-pro- 
grammatical structures, such as so-called positional code 
and the morphogenetic code. The positional code refers to 
the phenomenon of an ordered spatial arrangement or dis- 



tribution of genes or gene products that transmit this order 
to cellular differentiation processes. Gradients in eggs and 
early embryos defining the various body axes of the de- 
veloping organism are an example (Manseau and Schtip- 
bach 1989). Moreover, the colinearity between homeotic 
genes and segmentation is striking. Here, the spatial order 
of genes, their temporal pattern of activity or repression, 
and embryonic pattern formation resulting in segmenta- 
tion of various parts of the body correspond to each other 
(Gaunt 1991; Krumlauf 1994). The specific combination 
of murine Hox genes, each expressed in a prevertebral 
segment, has been termed the "Hox code" (Kessel and 
Gruss 1991). It has been suggested that colinearity re- 
flects the course of evolution of the homeotic gene clus- 
ters (Sander 1994). If these clusters originated by duplica- 
tion and subsequent diversification (Ohno 1970), the 
genes expressed earlier in ontogenesis could be older in 
evolutionary terms, whereas the duplicated derivatives be- 
came expressed later. Thus, evolutionary history would be 
the primary reason for this programmatic behavior. 

A relationship between programmatical structures and 
morphogenetic processes can also be seen in cellular 
recognition attributable to differential cell surface struc- 
tures. The selective combination in the qualitative and 
quantitative composition of cell adhesion molecules and 
their spatial distribution appears to be substantial for 
histo- and organogenesis. The cell surface has a program- 
matical structure that, if corresponding to that of other 
cells, results in interactions of various kinds, thereby initi- 
ating morphogenetic processes. Since the cell surface is 
topographically specifically structured, this phenomenon 
has been named the morphogenetic code. 

Apart from these examples, signal transduction may be 
generally taken as evidence for the programmatic nature 
of  development and differentiation. As addressed by these 
examples, programmatic processes in ontogenesis and 
those serving the maintenance of the functioning of an or- 
ganism, are realized at various levels of complexity. How- 
ever, it is not to be concluded that the organism achieves 
its organization and functioning because it follows a pro- 
gram deposited in the genome. The programmatic interac- 
tions taking place are themselves products of ontogenesis 
and the functioning of  the organism, and they can be un- 
derstood as epigenetic consequences of these processes. 
The program for polypeptides is not the genome as such, 
but rather the expressed genome, and differential gene ex- 
pression is an achievement of ontogenesis and a conse- 
quence of intra-, inter-, and extracellular interactions. This 
also applies to the positional code as far as gene expres- 
sion is concerned. Otherwise, the positional and morpho- 
genetic codes are assembled during the course of ontoge- 
nesis, depending again on manifold interactions. All these 
programs have a specific spatio-temporal range of valid- 
ity, and a universal program for the entire organism is not 
recognizable. It may even be doubted whether "program" 
is the fight term for the structures generating isomorphic 
or quasi-isomorphic structures. The structure is consid- 
ered a program only after it is realized. Thus, program in 
this context is an a posteriori description of a structure, 
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and not an a priori instruction for generating a structure 
(Oyama 1985, p. 54). The program is to be equated with a 
process of  self-organization that takes place only if all the 
interacting factors that are necessary and sufficient are 
present in spatio-temporal terms. 

Is the GPR hierarchical? 

If the realization of a phenotype is neither a unidimen- 
sional nor a programmed process, it may still be subjected 
to hierarchical organization. A hierarchy implies a gradual 
succession of increasing competence, and consequently 
control and subordination in one direction only. There- 
fore, it can be asked in which direction the processes un- 
der discussion take their course. Is it from the gene to the 
phene or vice versa, or is no direction maintained over a 
longer span? 

Genes are essentially reactive (Oyama 1985). They re- 
act to various stimuli that need not necessarily be products 
of other genes. The way in which they react is not deter- 
mined by the nature of the stimulus. The signal as such is 
nonspecific; it only interacts with a target or various tar- 
gets (receptor, binding site), and the ligand-receptor inter- 
action results directly or indirectly in either activation or 
repression of a gene or genes. If, however, cell surface re- 
ceptors are transplanted onto other cells or if promotor re- 
gions are exchanged, then other genes become activated 
or repressed by the respective signal. Thus, genes are not 
instructed by a signal, but rather the nature of the cell or 
the gene determines the specificity of the response, in a 
reactive way. The specificity lies in the structural corre- 
spondence and in the reaction itself. The interactions are 
not hierarchical. 

The relationships are similar at other levels of organi- 
zation and complexity. The fate of a cell depends upon its 
position in the embryo, but only during a transient devel- 
opmental period, and the cell may have another fate if it 
does not react during this period. Conditions change con- 
tinuously depending on the interacting components, and 
each subsequent step is the consequence of the conditions 
reached by the foregoing step. One of the best studied ex- 
amples of a morphogenetic process is embryonic pattern 
formation in Drosophila, which has proved to be a model 
for similar mechanisms acting in other species including 
mammals. Positional differentiation is provided by gradi- 
ents of morphogenetic factors, and a particular structure is 
specified by a combination of concentration-dependent 
activation and repression events (Pankratz and J~ickle 
1990). Among the segmentation genes, some regulate the 
expression of one another (Ingham 1988). These and other 
mechanisms, by consecutive steps, lead to a successive 
subdifferentiation of the embryo, and the interactions are 
not hierarchical. It would be arbitrary to say which com- 
ponent is placed over others: the gene, the gene product, 
the position in space, or the conditions of the physico- 
chemical milieu. Control mechanisms interact by struc- 
tural correspondence, and this interaction may result in 
other controlling factors that directly or after a succession 
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of steps return to the point of departure. Thus, controll ing 
mechanisms are themselves controlled or control them- 
selves, and the system is self-referential. It would be dif- 
ficult to put such systems in a hierarchical order. 

Conclusions 

It appears that the realization of the phenotype is charac- 
terized by program-like, regulatory, stochastic, and histor- 
ical processes that interact to form a network of relation- 
ships, rather than a linear succession of events. There is 
no fundamental  design or program that is followed but 
rather the interactions taking place form the program. 
During the course of development,  each state presupposes 
the foregoing state; each subsystem produces successively 
the prerequisites for its further development.  The pro- 
cesses taking place are essentially reactive, depending on 
structural correspondences,  and are therefore highly selec- 
tive. Control phenomena  and cascade mechanisms are not 
hierarchical, but self-referential. Thus, there is no hierar- 
chy either from gene to phene or vice versa. The princi- 
ples that nevertheless guarantee identity, autonomy, and 
integration of the organism are not subject to this review; 
however, they are in concordance with the view presented 
here (U. Wolf, manuscript).  

For the reasons discussed, the genotype-phenotype re- 
lationship cannot be expected to follow strict laws, but 
rather to be irregular. Indeed, this relationship is highly 
prone to variation. The phenotype is not deducible from 
the genotype. The fact that variation is restricted to the ex- 
tent that, within certain limits, individual  phenotypes can 
be assigned to individual  mutations and vice versa can be 
ascribed to the extensive similarity, if not identity, of the 
majority of condit ions for the development  and function- 
ing of the organism, so that the respective mutation is the 
main variable within the system. 
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