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Abstract

While the definition of the ‘genotype’ has undergone dramatic changes in the transition from clas-
sical to molecular genetics, the definition of the ‘phenotype’ has remained for a long time within the
classical framework. In addition, while the notion of the genotype has received significant attention
from philosophers of biology, the notion of the phenotype has not. Recent developments in the tech-
nology of measuring gene-expression levels have made it possible to conceive of phenotypic traits in
terms of levels of gene expression. We demonstrate that not only has this become possible but it has
also become an actual practice. This suggests a significant change in our conception of the pheno-
type: as in the case of the ‘genotype’, phenotypes can now be conceived in quantitative and measur-
able terms on a comprehensive molecular level. We discuss in what sense gene expression profiles can
be regarded as phenotypic traits and whether these traits are better described as a novel concept of
phenotype or as an extension of the classical concept. We argue for an extension of the classical con-
cept and call for an examination of the type of extension involved.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

‘To give a new concept’ can only mean to introduce a new employment of the con-

cept, a new practice. (Wittgenstein, 1978, p. 432)
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Our central aim in this article is to present a current extension in the way the concept of
the phenotype is being applied, namely its becoming more comprehensively quantitative
and grounded in complex molecular level properties. This development is driven by the
increasing power of molecular measurement technologies. We observe that practitioners
in biology and medical genetics currently extend the classical notion of the phenotype
to include measurable levels of gene expression. To better understand the current develop-
ments in the concept of the phenotype, we note the changes that took place in the concept
of the genotype within the context of the transition from Mendelian to molecular genetics.
This transition has brought about a radical transformation in our conception of genes:
from functional and informational unit to structural molecular one. While heredity units
were already presupposed in Mendel (1865) and an explicit distinction between soma and
germ cells was made by Weismann (1889 [1885]), genotypes were first defined by Johann-
sen (1909) as abstract accounting or calculating units. Such units were postulated by Mor-
gan (1917) and his colleagues to be ‘physical genes lined up on the chromosomes in the
fruit fly’s nucleus’ (Harman, 2006), while others, especially in Germany, considered them
to be holistic and/or vitalistic entities located both within and outside the nucleolus (Har-
wood, 1993, pp. 49–52; Harrington, 1996, pp. 49–51).

Abstract or physical, mechanical or vitalistic, however divergent conceptions of genes
were employed in the classical period of genetics, (that is, until the early nineteen fifties),
genes were defined according to the phenotypic trait they were responsible for. In the
molecular period, the genome was identified with the DNA molecule and genes came to
be defined as segments on the DNA molecule. The genome thus came to be seen as a
molecular entity defined by its sequence of nucleotide base pairs.1 Yet, in practice, the def-
inition of gene as a segment on the DNA molecule is not purely structural but also func-
tional. A ‘gene’ is typically defined as the segment coding information for the production
of a polypeptide chain of a functional protein (see Stotz & Griffiths, 2004). In fact, our
current understanding of cellular regulatory mechanisms implies that an accurate
definition of genes requires an accommodation of a plurality of DNA segments as well
as disjunctive functions. For example, Berg & Singer (1992) define a gene as ‘a combina-
tion of DNA segments that together constitute an expressible unit—that is, a unit whose
expression leads to the formation of either a functional RNA or a polypeptide’ (ibid.,
p. 135).

While the concept of the gene is not defined in current molecular genetics in purely
structural and chemical terms (that is, as entirely independent of its function and activ-
ity), and even if this concept is quite ambiguous (Moss, 2002), it is beyond doubt that
the molecular conception of the genotype has proven to be immensely fruitful. More-
over, Falk (1986) has convincingly argued that the functional/structural ambiguity has
itself been very fruitful and influential. The molecular approach, with its definition of
the genome as the complete sequence of DNA and genes as segments on the DNA
sequence, is likewise the current definition in the minds of working scientists (see Stotz

1 As Lewontin nicely points out ‘a complete description of the DNA sequence is identical with a complete
specification of the genotype : : : the developments of techniques of observing the phenotype have been
revolutionary for genetic analysis, precisely because they solve the problem of inferring genotype from phenotype
by eliminating development. All genotypes, irrespective of their influence on development, can be unambiguously
discriminated at the molecular level [of the phenotype]’ (Lewontin, 1992, p. 143).
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& Griffiths, 2004, for an empirical study that supports this conclusion). We note that a
genotype of an individual is a measurable quantitative property, as individuals differ in
the actual content of specific loci in their genomes. The currently prevalent methods of
genotyping and DNA sequencing enable us to map and compare the full genomes, or
parts thereof, of such organisms as yeast, rice, nematodes and humans. Even if this point
has been widely overstated in recent years, it is, no doubt, a remarkable feat of molec-
ular genetics as well as a remarkable confirmation of the intuitions and insights of its
founders.

At the same time, the great success in deciphering and mapping the genome has
revealed the enormous complexity of the transition from the genotypic level to the pheno-
typic one. Since, in most cases, the causal relation between genes and phenotypic traits is a
many–many relation, the transition from genes to phenotypic traits in an organism is far
more complex than the mere mapping of the genome. As Lewontin (1992, p. 140) notes,
‘the forward mapping of genotypic description into phenotypic description is not possible
except in special cases’. In other words, the rapid advances in our understanding of the
genome have made it clear that this is merely a first step in understanding the complex pro-
cesses of development and of cell function and regulation. One might say that the clarity
we have gained about the chemical structure of the genotype has shown how vague and
general remains our notion of the phenotype—a notion that is still widely defined in clas-
sical terms. The widely accepted notion of phenotype is ‘the observable traits of the organ-
ism’, still remarkably similar to Johannsen’s original definition: ‘The phenotype of an
individual is thus the sum total of all his expressed characters’(Johannsen, 1909, p. 163).
Johannsen considered ‘the individual’s worth as an ancestor [as] essentially determined
by the ‘‘type’’ to which it belongs and not by its purely personal condition’ (Johannsen,
1905, p. 82 [Dunn, 1991, p. 91]).2 For this reason, in his classical 1909 definition of the
‘phenotype’, he describes an appearance-type (Erscheinungstypus).3

Being rich and precise, Johannsen’s original definition still commends our attention. It
is clear that the notion Johannsen had in mind is thoroughly statistical, defined in relations
to variations between individuals. We should also stress that this concept of the phenotype
is, generally speaking, non-controversial. While so much in biology has changed, the def-
inition of the phenotype is still current. To see this, let us consider the currently best avail-
able definition of the phenotype. In his article ‘Genotype/phenotype distinction’ in The

Stanford encyclopaedia of philosophy, Lewontin continues Johannsen’s line: ‘The ‘‘pheno-
type’’ of an organism is the class to which that organism belongs as determined by the
description of the physical and behavioural characteristics of the organism, for example
its size and shape, its metabolic activities and its pattern of movement’ (Lewontin, 2004,

2 ‘‘‘Phenotype’’: : : namely what can be observed as typical’ (Johannsen, 1905, p. 123).
3 Johannsen clearly states that ‘‘‘type’’: : : is merely an appearance of superficial nature, which may mislead;

only through further investigations will it be decided whether a single or several biological types are at hand.
Therefore one could properly denote the statistical emerging type as appearance-type, or briefly and clearly, as
‘‘phenotype’’. Such phenotype are, as a matter of fact measurable realities: namely what can be observed as
typical; i.e., with relation to variations, the centers about which the variants group. By the word phenotype merely
the necessary reservation is made that from appearance alone no far reaching conclusion may be made’
(Johanssen, 1909, p. 123). We deeply thank Rafi Falk for translating Johannsen’s text from German, and for
calling our attention to many other important references and critical remarks.
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p. 1). Lewontin goes on to distinguish between the ‘phenotype’, which is a descriptor, and
the material object it describes, the ‘phenome’. He writes:

It is essential to distinguish the descriptors of the organism, its genotype and pheno-
type, from the material objects that are being described. The genotype is the descriptor
of the genome which is the set of physical DNA molecules inherited from the organ-
ism’s parents. The phenotype is the descriptor of the phenome, the manifest physical
properties of the organism, its physiology, morphology and behaviour. (Ibid.)

We shall return to Lewontin’s insightful definition in the discussion section. At present, we
would like to highlight the point that after a hundred years of genetics our present (2004)
definition of the phenotype is very close to Johannsen’s original definition of the pheno-
type. Lest there be any misunderstanding, let us state clearly that the current definition
of the phenotype has an interesting history. We cannot unfold this history here, only to
point out some of its highlights. For example, although ‘behaviour’ is not a physical trait,
Johannsen regarded it as part of the phenotype. Thus, it was only natural for most biol-
ogists since the 1950s to suppose that the phenotype does not stop at skin surface. Simi-
larly, although ‘shape and size’ were initially perceived as traits reserved for the organism,
tissue or cell levels, most found it easy to think about the shape of a protein—for example
the protein of the sickle cell anaemia—or the size of a mature mRNA molecule as a phe-
notypic trait of an organism.4 Thus, it is clear that, although the notion of the phenotype
has gone through some modifications and developments its definition remains very general
and—most important for our purposes—essentially classical.

This leads to the first point we would like to emphasize. While the definition of the
‘genotype’ has undergone dramatic transformation from an abstract to a molecular
notion, the definition of the ‘phenotype’ has remained within the classical framework.
The second point is that there has been a wide gap in the attention of the philosophical
community regarding these notions: while considerable attention has been dedicated to
the concept of the genotype, much less work has been dedicated to the concept of the phe-
notype. A quick survey of the literature will indicate that the number of books and articles
written about the ‘genome’, the ‘genotype’, ‘genes’ and the ‘gene’ is on an entirely different
scale than the number of works written about the ‘phenotype’. In fact, it is not easy to find
works that focus directly on the concept of the phenotype.5 Accordingly, it is not surpris-
ing that a prominent philosopher of biology, Evelyn Fox-Keller, has labelled the twentieth
century ‘The century of the gene’ (Keller, 2000). In addition, the prevalent use of many
derivative terms of the word genotype, such as ‘gene’, ‘genome’, ‘genotyping’, ‘genomics’
in the biological literature, in contrast to the very few derivative terms from ‘phenotype’
nicely reflects the difference in the attention devoted to the genotypic and the phenotypic
levels.6 Considering the fact that techniques in molecular biology have rendered genomes
amenable to quantitative analysis, this is hardly surprising.

4 We would like to thank Yaron Ramati for this point.
5 For an exceptional direct reference to Phenotype, see Rollow (1995). Another exception to this point should

be made to Dawkins’ notion of the ‘extended phenotype’, which is irrelevant in this context. Even Lewontin’s
insightful discussion is in the context of an Encyclopedia or Key Words article.
6 Thosewho doubt the importance of language to scientific practice and knowledge are referred to the Preface and

the first chapter of Keller (1995) for an eloquent argument regarding the importance of the language of science, and
Chapters 4–6 in Keller (2002), for a forceful illustration of this argument with regard to ‘gene’ metaphors.
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In recent years, more and more attention is being directed in biological and medical
research not only to gene sequencing but also to mapping and measuring their activity.
A central technology that enables this is the mRNA measurement in cell populations—
a measurement assay that has come to be called gene expression profiling. To make the
significance of this approach clear, one has only to recall a basic fact underlying our under-
standing of an organism’s development: while all the somatic cells of an organism are
(nominally) genetically identical, they differ in almost every other respect. A bone cell
and a pancreatic cell of the same organism share the same genetic content, that is, an iden-
tical DNA sequence. It is clear, therefore, that the differences between them are reflected in
the expression (or, more precisely, the expression levels) of their genes. In other words,
much of the difference in the cells’ function is due to variation in the quantity of activation
(or inhibition) of their genotypes by epigenetic and other regulation mechanisms. Func-
tional and structural differences of cells are thus partly explained in terms of the levels
of expression of certain genes in comparison to others.

It is for this reason that the study of gene expression is rapidly advancing. The great
strides in this field are enhanced by new techniques which make it possible to measure
the expression profiles of thousands of genes in specific cells or tissues. In effect, and here
we come to our central point, these current methods for measuring and profiling the
expression of genes allow us, if not force us, to rethink our classical definition of the phe-
notype. In fact, it would be more accurate to say that scientists are already using the new
methods in gene expression analysis to extend the concept of the phenotype. In practice, a
number of scientists have already taken the profile of expressed genes as phenotypic traits
and therefore as an important part of the phenome. They do so on the basis of gene
expression measurements not only at the level of the cell but also at the level of tissues,
and at the level of entire organisms.

It is arguable that this approach and these new techniques of measurement are trans-
forming our concept of the phenotype in a similar way to that the concept of the genotype
was transformed since the 1950s, namely that it, too, is being ‘made molecular’ (Waters,
1994). If possible, such a ‘moleculalrization’ of the phenotype would have obvious similar
advantages: unlike the classical notion, it is empirically well-defined, directly quantifiable,
and comprehensively measurable. The ‘degree of expression of each gene becomes a quan-
titative trait’ (Darvasi, 2003, p. 269). Notice that the gene’s degree of expression may be
seen as a phenotypic measurable unit. As we shall indicate below, practitioners in this field
are already presupposing such a concept of the phenotype.

At the same time, we would like to emphasize that the practitioners who lead this new
employment of the phenotype are using and advancing the technology without considering
its conceptual implications. In other words, as one might expect, the practitioners’
approach is practical rather than critical. For this reason, we believe that some reflection
is called for at this juncture. As Earnest Mayr clearly stated: ‘Too often in the past the
biologists have ignored the analyses of philosophers, and the philosophers have ignored
the discoveries of the biologists’ (Mayr, 1988, p. vii). In this article, we seek to examine
the impact of the new technologies from a conceptual perspective.

In Section 2, we present the recently developed techniques of measuring gene expression
profiles by means of microarrays. In Section 3, we demonstrate that, in practice, scientists
already conceive of gene-expression profiles as phenotypic traits. In Section 4, we discuss
whether these changes are better described as a novel concept of the phenotype or as an
extension of its classical definition.
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2. The technology

2.1. What is an expression profile of a cell or a system?

With only a few exceptions, every cell of the body of an individual organism contains a
full set of chromosomes and the same set of genes with identical nucleotide base sequences.
The exact content of the DNA that resides in cells constitutes the genome of the individual
organism. Genes encode molecular instructions that are carried out through a mechanism
that involves their expression, typically in the form of mature mRNA molecules (messen-
ger RNA), and then, as the protein molecules which execute cellular functions. In different
cells of the same individual organism various genes are expressed in different levels, and it
is the profile of this expression activity that confers unique properties to each cell type or
to cells in different conditions. Such conditions may include developmental stages, expo-
sure to stimulants or drugs, and disease status, among others. Gene expression is the term
used to describe the transcription of a sequence of nucleic acids contained within the DNA
molecule into a mature mRNA molecule. The ensemble of all amounts of mRNA pro-
duced by a cell, indexed by their genes (or splice variants) of origin, is the cell’s expression
profile. Mathematically, this is represented as a vector or an indexed set of numbers. For
example, the expression profile of a population of S. cerevisiae (a type of yeast) cell expres-
sion profiles would be represented as a vector of about 6000 numbers, each standing for a
single gene; when comparing a human normal lung cell population to a lung tumour cell
population expression profiles are represented by a vector of �30000 numbers, each cor-
responding to the expression level of some single specific gene. Gene expression is a highly
complex and tightly regulated process that allows a cell to respond dynamically to envi-
ronmental stimuli and to its own changing needs. The expression profiles of all cells in
an organism at a given time t can be thought of as the expression profile of the organism
at t. While the genome of an organism is relatively invariant, the expression profiles of
cells, of cell populations, and of organisms are highly variable, changing over time as a
function of developmental, environmental and other conditions.

2.2. Expression profiling

The view of expression profiles as phenotypic traits is based on technologies that can
support their measurement and relate them to other phenomena. Currently, the most
widely used and accepted technology for measuring gene expression uses microarray based
hybridization assays. Expression profiling is widely used in studying a wide variety of bio-
logical phenomena. These studies include human disease classification and pathogenesis,
organism and tissue development processes and comparisons between organisms. In Bhat-
tacharjee et al. (2001) the authors study the differential expression of lung cancer as com-
pared to normal human lungs. Spellman et al. (1988) measured the expression levels of all
S. cervisiae genes in different stages of the organism’s cell cycle. In Stuart, Segal, Koller, &
Kim (2003), as well as in Bergmann, Ihmels, & Barkai (2004) expression pathways and net-
works of different organisms are systematically compared. In this section, we shall describe
the principles of microarray expression profiling.

Microarray-based hybridization assays work by exploiting an important natural prop-
erty of mRNA molecules: the ability to bind specifically, in a chemical reaction called
hybridization, to matched DNA sequences. A microarray is a membrane or a glass slide
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on which chemical moieties can be placed in a pre-defined pattern. In each spatially defined
and addressable location thereof, a microarray contains many copies of DNA molecules
(called probes) that would specifically bind to an mRNA molecule of interest. When
mRNA extracted from a sample is brought in contact with the microarray, the amount
of mRNA bound to each site on the array indicates the expression level of that mRNAmol-
ecule. Each array has thousands of defined locations, or sites, and thus enables the measure-
ment of thousands of mRNA variants, or the expression levels of thousands of different
genes. In this way, a microarray enables the measurement of the expression profile of a sam-
ple.7 (See Fig. 1.) Data that result from microarray-based expression profiling studies are
often graphically represented as figures similar to Fig. 2 (e.g. Hedenfalk et al., 2001).

Microarrays represent a significant technology improvement because they enable the
simultaneous measurement of the expression levels of thousands and tens of thousands
of genes (compared to single genes or dozens which could be handled by earlier technolo-
gies such as qRT-PCR) and because they facilitate the study of small samples. The latter is
an important feature, enabling the study of clinical samples, which are often limited in size.
Microarrays may be used to profile single samples or to compare the profiles of several

Two cell 
populations 

Extract 
mRNA, and  
label/amplify 

Mix and hybridize 
mixture to the 
microarray 

Analyze the laser-scanned image to obtain 
information about the target sample. 

Fig. 1. Expression profiling by microarrays. The expression of genes in two cell populations (e.g. one derived
from a tumor sample and one from normal cells in the same individual) are compared in this assay. Extra-nuclear
mRNA is extracted from both populations, separately. The mRNA in each extract is labeled with a different
fluorescence chemical dye, represented in the schematic by green and red (e.g. green for the normal cells and red
for the tumor cells). The labeled samples are mixed and hybridized to a surface carrying oligonucleotide or cDNA
probes in a pre-defined pattern. This surface is the microarray. Each spot on the microarray contains many copies
(all nominally identical) of molecules that were designed to probe (and enable the measurement of) a specific
mRNA transcript. The spots are called features. Features are depicted as circles in the bottom of the schematic
description. Laser scanning determines the levels of red and green fluorescence in each feature. For features where
red is dominant we infer that the gene for which this probe is designed has higher expression in the red labeled
sample (e.g. tumor) than in the green sample (e.g. normal). Intermediate colors (such as yellow) represent more
equal expression levels. Black spots represent no hybridization at either channel. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

7 More details of microarray-based expression profiling are described in the National Center for Biotechnology
Information (2004) website.
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different cell types or tissue samples, such as in healthy and diseased tissue. In so doing, this
technology identifies small subpopulations that homogenously respond to a drug, and
advances the vision of an individualized approach to medicine. Microarray technology is
rapidly developing. New applications of microarrays, such as profiling the structure of can-
cer genomes are under development (e.g. Barrett et al., 2004; Bignell et al., 2004; Harbison
et al., 2004), and promise more insight into cellular processes, gained by exploring thou-
sands of parameters and mining the results to find the significant ones. The high throughput
nature of microarray-based expression profiling allows practitioners to treat expression
profile signatures as well as the expression levels of single genes as molecular representa-
tions of phenotypes—a central aspect of this article that we shall now demonstrate.

3. Examples

In this section, we demonstrate the practice of several current research groups to mea-
sure expression profiles and treat them as measurements of phenotypes.

Fig. 2. Differential expression of BRCA1 mutant breast cancer tumor samples and BRCA1 wildtype breast
cancer tumor samples. The results of a microarray based expression profiling study are represented as a matrix as
follows: the rows represent genes; the columns represent samples (in this case each tumor sample is taken from an
individual patient); yellow intensity represents high expression levels and blue intensity represents low expression
levels. In this figure the BRCA1 mutant samples are in the 7 left hand columns and the BRCA1 wildtype samples
are on the right. Genes are partitioned according to wildtype vs mutant differential expression. Note that the
sample indicated by the arrow at the bottom of the matrix has an expression profile of a mutant even though it is
BRCA1 wildtype. For this patient an aberrant methylation pattern of the BRCA1 promotor region was measured
– representing a different silencing mechanism that results in an expression profile that is much like the one
possessed by cells with defective BRCA1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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3.1. Cheung & Spielman (2002): ‘The genetics of variation in gene expression’

In a review article in Nature Genetics of ‘recent studies that have used micoroarrays to
obtain data on gene expression phenotype, genotypes, or both’, Cheung & Spielman
(2002) write:

The genetic basis of variation in gene expression lends itself to investigation by
microarrays. For genetic analysis, we view the expression level of a gene as a quan-
titative or ‘complex’ trait, analogous to an individual’s height or cholesterol level,
and, therefore, as an inherited phenotype. Several genetic analyses of ‘gene expres-
sion phenotypes’ have been carried out in experimental organisms, and initial steps
have been taken toward similar studies in humans : : : . (Ibid., p. 502)

Cheung & Spielman proceed to note that, in the studies under review, (references 1–8 in
their article) ‘the expression level of a highly variable gene in an individual is considered
as the ‘‘phenotype’’ : : :’. Let us take note of the fact that the authors indicate with inverted
commas that their use of the word phenotype in this context is not in its ordinary sense,
certainly not the classical one. Interestingly, in the sequel they abandon the use of inverted
commas and are more explicit about identifying gene expression as a specific phenotype.
They remain careful, though, to explicitly state this new conceptual linkage between
expression levels and phenotypes. As they write: ‘When the expression levels of genes
are defined as phenotypes genetic analysis can be done to map, identify and characterize
the genetic determinants that are responsible’ (ibid., p. 523). By the end of the article they
reiterate the new linkage between expression profiles and the concept of the phenotype and
relate it to microarrays: ‘The development of microarrays has made it possible to expand
the phenotype to include another form of variation: genome-wide gene expression levels’
(ibid., p. 524). ‘Ultimately, it will be necessary to extend the studies to include variation in
proteins. At present, however, microarrays have made it possible to analyze phenotype at
the transcript level’ (ibid.). These citations speak for themselves and require little com-
ment. One can almost sense how the notion of the phenotype is being revised or, more pre-
cisely, expanded as they write, that is, as they shift slightly from a classical notion of
phenotype to one defined in terms of gene expression, and as they move from reserved cau-
tion to hopeful forecasts. We take this to be good evidence of the current change in the
articulation of the notion of the phenotype. At the same time, Cheung & Spielman also
very nicely mark the current state of the art: we can now measure variations in RNA tran-
scripts but not in proteins.

3.2. Darvasi: ‘Gene expression meets genetics’

In a review of the comprehensive and innovative study by Schadt et al. (2003) entitled
‘Gene expression meets genetics’ and published in Nature, Darvasi (2003) writes:

The expression level of each gene is : : : treated as a quantitative trait. Quantitative
traits are determined by more than one gene and show a graded variation across a
population, such that the variation can only be measured quantitatively. Height
and weight are typical examples, but it is perfectly reasonable to consider gene-
expression levels as a quantitative trait, too. (Ibid., pp. 269–270)
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An additional degree of sophistication can be introduced to such analyses by including
a particular trait—a disease, for instance. Gene-expression data might help to define
such a trait more accurately, generating genetically more homogeneous groups of individ-
uals that have that characteristic. Schadt et al. (2003) looked at obesity, specifically the
mass of fat pads, in mice. They first divided mice into groups with high versus low fat-
pad mass, and then analyzed gene expression data. They subsequently subdivided the
high-mass class into two subgroups. Genetic analysis of these subgroups then allowed
the authors to identify QTLs (chromosomal regions that are significantly correlated with
a quantitative trait, fat-pad mass in this case) that affect one subgroup but not the other
(ibid., p. 270).

In this example, the concept of gene expression profile is already put to work, as a more
accurate way to categorize and treat the phenotype of obesity. In other words, Schadt
et al. assume that the trait of obesity, traditionally located by visual means or by measure-
ments of fat mass, is better located by pinpointing the specific region on the chromosome
that is transcribed into mRNA. What seemed a single disease—obesity—turns out to be
two different diseases, which should perhaps be medicated differently.

3.3. Morley et al. and Cox, ‘An expression of interest’

Commenting on a Nature review article by Morley et al. (2004), Nancy J. Cox (2004)
distinguishes quite explicitly between the classical phenotypic traits such as height and
eye colour and the baseline level of gene expression. She writes:

In searching for the genetic basis of a measurable trait, or phenotype—height or eye
colour, for example—geneticists start by identifying people with variation in that
trait. In the simplest situations, the variation is traced to a single gene, and particular
variations in the sequence of that gene are shown to determine the observed pheno-
typic variation. A less tangible, but no less significant, trait is the baseline level of
gene expression. (Ibid., p. 733)

Cox goes on to explain the rationale, as well as the employment of treating the baseline
level of gene expression, as a phenotypic trait:

Much of our progress so far in understanding the basis of rare genetic diseases has
come through identifying changes in gene sequence that change the nature of the
encoded protein, so that it is insufficiently or inappropriately functional. But changes
in the amount of protein produced might also affect the health of an organism. This
amount is determined in part by gene expression—or how much messenger RNA
(mRNA) is transcribed from the relevant DNA sequence—and the relative abun-
dances of mRNA for many thousands of genes can now be routinely assessed for
any accessible tissue. (Ibid., p. 733)

Cox here explains the approach taken by Morley et al., stated explicitly in their Discussion
section:

Our study combined microarray expression data with publicly available SNP geno-
type data, and applied genome-wide mapping techniques to identify the chromo-
somal regions linked to the gene expression phenotypes. Level of gene expression
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is thus a trait like many others, and is amenable to genetic analysis. (Morley et al.,
2004, p. 746)

The most significant point for our present purposes is that (once again, but more explic-
itly) gene expression level is treated as a phenotypic trait, ‘like many others’. This point is
underlined by Morley et al.’s approach in seeking the causes of these phenotypic traits at
the DNA level. As Cox explains:

[G]ene expression is generally regulated by DNA regions outside the parts of genes
that actually encode proteins, and there is much that is not yet understood about this
process. In particular, little is known about how variation in DNA sequences might
affect the variability in baseline levels of gene expression among individuals—the
topic of Morley and colleagues’ investigations. (Cox, 2004, p. 733)

Morley and colleagues seek the genetic determinants of these phenotypic traits by means
of genetic analysis. In thus relating the novel molecular notion of the phenotype (levels of
mRNA) with the molecular notion of the genotype (DNA sequences), their approach
strongly supports this emerging notion of phenotype.

Cox highlights this point:

The investigators characterize their results as indicating that the human gene-expres-
sion phenotype is ‘a trait like many others : : : amenable to genetic analysis’. To vet-
erans of linkage-mapping studies on complex human phenotypes, this may seem to
be an understatement on a par with Watson and Crick’s ‘it has not escaped our
notice : : :’. Indeed, these gene-expression phenotypes seem to be particularly amena-
ble to genetic analysis, which bodes well for the future studies that will build on these
results. (Ibid., p. 734)

This comment indicates the great importance which leading scientists ascribe to this ap-
proach and the methods that permeate it—all of which strongly attest to the fact that
the emerging notion of the phenotype is already well at work as well as firmly entrenched
in the minds and the practices of working scientists.

3.4. Tsalenko et al.: ‘Analysis of SNP-expression association matrices’

To substantiate Cox’s point a bit further, let us draw on a yet unpublished article. In the
introduction to the article, entitled ‘Analysis of SNP-expression association matrices’, the
authors summarize the emerging approach to the phenotype (as well as their own), as
follows:

The development of high throughput techniques for expression profiling and genotyp-
ing enables the study of the genetic determinants of expression variation, both in
humans and in other organisms. Expression levels are taken as quantitative pheno-
types, of independent interest, as well as determinants or indications of end-point clin-
ical phenotypes. Much of our understanding of the genetic base of disease comes from
identifying polymorphisms that affect protein structure or integrity. We know, how-
ever, that protein abundance and expression levels of mRNA are also responsible
for disease processes. It is therefore important to explore the genetic base of variation
in gene expression, regarded as a quantitative phenotype. (Tsalenko et al., 2005, p. 1)
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In this section, we have tried to illustrate the current expansion of the concept of the phe-
notype. This process is still under way, and by following these noteworthy examples, one
may see how the concept of gene-expression-as-a-phenotype is gradually being formed. It
is interesting to observe that a conceptual shift that has been explicitly noticed and dis-
cussed within the community of genomics in 2002 is only mentioned en passant in 2005.
We predict that, in the near future, this transformation will not even require mentioning
and will undergo what Latour (1987, pp. 3–4) has called ‘black boxing’.

4. Discussion

The main point we would like to address in concluding this article is whether the
changes we have described and exemplified in Section 3 are better seen as a novel con-
cept of phenotype or as an extension of the classical concept of the phenotype. As we
noted in the first section, the widely accepted definition of the phenotype is still the clas-
sical ‘sum total of [an individual’s] expressed characters’ (Johannsen, 1909, p. 163).
Lewontin’s recent work on the genotype/phenotype distinction is an important exception
to the lack of attention the notion of the phenotype has received from philosophers of
biology. It is clear that Lewontin’s concept of phenotype is much more sophisticated—
both biologically and philosophically—than Johannsen’s. Yet, it is remarkable that the
most sophisticated definition of the phenotype currently available is still comparable to
Johannsen’s original definition.8 In contrast to Johannsen’s emphasis on the type rather
than the individual, Lewontin notes the impracticality of the type–token distinction in
this case. Lewontin argues that an organism’s development involves many genetic muta-
tions and micro environments, so that its genotype and phenotype turn out to be classes
with only a single member. Most important to our purposes, Lewontin argues that ‘In
practice genotypic and phenotypic descriptions are not total but partial, restricted to
some subset of the characteristics of the organism that is regarded as relevant for a par-
ticular explanatory or experimental purpose’ (ibid., p. 4). We shall return to this insight-
ful observation.

While the phenotypic traits we have considered, such as mRNA profiles of cell popu-
lations of an organism in various conditions, were clearly not among the observable traits
of the organism in the classical sense of ‘observable’ (that is, seen by a naked eye or under
an optic microscope, in contrast to the non-observable and unexpressed genotype), they
have certainly become observable and measurable by virtue of the new methods we have
outlined in Section 2. In addition, since these new traits require complex manipulations in
order to be ‘seen’, they may be at variance with the classical sense of phenotypic traits. The
definition of the phenotype as ‘all the observable features of an organism’ is, however,
broad and inclusive, so that it can be taken to also include mRNA levels.

As previously mentioned, while the definition of the phenotype remained more or less the
same, the traits included under the concept of phenotype have certainly changed. It is clear
that the tendency to moleculalrize the phenotype did not begin with the development of high
throughput expression profiling technologies. Since its early days, molecular biology empha-
sized the importance of the structure of gene products in bringing about macroscopic phe-
notypic changes (e.g. CF and sickle cell anaemia), so that not only molecular structure was

8 This point is made evident by the bibliography to Lewontin’s article.
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important but also the degree of molecular differences.9 As an example, consider Habby and
Lewontin’s 1966 measurements of electrophoresis gel migration of proteins from different
natural populations of Drosophila pseudoobscura.10 In this sense, the molecular structure
and quantity of proteins has been considered a part of the phenotype for a long time. In
addition, the current shift to the molecular level of the concept of the phenotype, as we dis-
cuss in this article, is part of a wider development within medical genetics that redefines and
reclassifies disease conditions by quantifying biochemical properties that are likely to repre-
sent the many genes involved in the disease instead of its visible clinical-syndrome of the
organism as a whole (Belmaker 2004; Gottesman & Gould, 2003).11

Given this context, let us consider the significance of concept shift represented by
mRNA levels being seen as phenotypic traits. Morley et al. (2004, p. 746) write that, ‘Level
of gene expression is : : : a trait like many others’, thus stressing its similarity rather than
difference from classical traits. So, what is new about such traits, beyond the excitement in
the rhetoric we have recorded? We just noted that a molecular approach to the phenotype
is not new. Nor is a quantitative and statistical approach. A quantitative approach already
appears in Johannsen, and during the past two decades biologists have been measuring the
presence and levels of various biochemical moieties, including mRNA.

Despite the above, the current changes in the way we think about of the phenotype are
highly significant, rather than merely incremental, in two respects: (1) The current technol-
ogy allows for a comprehensive quantitative and molecular snapshot of the totality of
mRNA activity in a certain cell-population under a certain condition. The comprehensive-
ness here means that we measure not several mRNA transcripts but tens of thousands of
them. (2) This comprehensiveness together with the flexibility and relative simplicity of
expression profiling makes it possible to construe phenotypes as classes of different devel-
opmental stages of a single organism and (alternatively) classes of different cells or tissues
of a single organism.12 Such a considerable change in scale may bear conceptual implica-
tions. It constitutes a significant advance in the attempt to observe classes of different cells
or tissues of a single organism, track their changes during the organism’s development and
compare them to other organisms in its population or meta-population. Comprehensive
snapshots of gene activity are thus new and it is certainly new that they are treated as phe-
notypic traits. Simply put, the phenome is now taken to include traits that could not be
observed and measured previously.

To illustrate point 2 above, let us note some features of gene expression profiling. While
none of these features is entirely new, taken together they indicate the change in the clas-
sical notion of the phenotype as driven by current tendency for more refined classification
in medical genetics and the emergence of profiling technologies. (1) Expression profiling
can potentially facilitate protocols to define the existence, development or retreat of a dis-
ease, and by so doing might change the working context of diagnosing and treating dis-
ease. (2) It permits the quantitative study of developmental processes. The same is true
for technologies that will enable a comprehensive understanding of the next stage in the
causal pathway of protein production. (3) Comparing organisms on the basis of molecular

9 We would like to thank Yaron Ramati for this point.
10 We would like to thank Rafi Falk for this example.
11 We thank an anonymous referee for this point.
12 We thank an anonymous referee for this formulation.
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and cellular networks is enabled by the existence of comprehensive functional data (Stuart,
Segal, Koller, & Kim 2003; Bergmann, Ihmels, & Barkai, 2004). (4) What is denoted by
‘phenotype’—a vector of numbers representing quantities of mRNA molecules—can only
be an open ended trait with very fine grained degrees of activity which does not apply to
discrete traits such as having a certain blood type.

Yet we should emphasize that, unlike in the case of the genome, a full description of the
phenome is practically unattainable. As Lewontin (2004) noted, it is clear that an exhaus-
tive description of the inherently dynamic phenotype is not feasible. We take this to illus-
trate an important difference between the genotype and the phenotype that remains intact.
While the phenotype is intrinsically variable, the genotype is relatively stable. We should
not lose sight of the fact that, while genetic variation can be now described by means of
different combinations of a few simple molecular elements (base pairs), the phenotypic
level, on the other hand, encompasses enormous multiplicity, complexity and diversity
of phenomena, which operate at very different levels of organization. A molecular notion
of phenotype, defined in terms of gene expression profiles, however useful in some con-
texts, may be too narrowly defined in many others. For example, when we describe the
migration patterns of certain birds, it is not clear that a gene expression profile is the most
useful mode of description. In such contexts, the gap between the molecular level and the
macro, phenomenal level may be too wide to attempt a description in terms of gene expres-
sion profiles alone. Such an attempt to reduce the notion of the phenotype oversimplifies
the biological complexity. We would like to note that the attempt to capture all the aspects
of phenome (and thus all phenotypic traits) in terms of mRNA transcripts is misguided. In
addition to its indisputable dependence on the varying conditions of the physical environ-
ment and on the organism’s stage of development (time index), the notion of a phenotype
is intrinsically context sensitive in other respects as well. One aspect of this context-sensi-
tivity derives from the practical need to focus on a phenotypic trait among infinitely many
traits. The focus on a phenotypic trait is normally confined to a particular interest. We
may be looking at a disease, such as cancer, or we may be looking at obesity or at the
exceptional beauty of an orchid or at the symmetrical pattern of a butterfly or at some
complex relation between them. In this connection, it is useful to recall Lewontin’s recent
point that, ‘In practice, genotypic and phenotypic descriptions are not total but partial,
restricted to some subset of the characteristics of the organism that is regarded as relevant
for a particular explanatory or experimental purpose’ (Lewontin, 2004, p. 4). In practice,
we are unable to investigate a whole phenotype. We must focus on a certain aspect within
a certain context. Thus we fully agree with Lewontin’s point that, ‘The problem of what
parts of the genome and phenome are to be included in the partial genotypic and pheno-
typic descriptions of the organism in particular cases is one of the most problematic in
biology. While it is undoubtedly true that every part of the genome is connected causally
with the phenome by some pathway, it is simply impossible to consider all pathways of
connection’ (ibid., pp. 4–5). This implies that what we call phenotype depends on what
we are looking for—it may be cancer, which applies at the level of certain cells, tissues
or organs; it may be adventurism, which applies at the level of individual behaviour in
comparison to others; or it may be sexual tendency which applies at the level of several
organisms. And this points to yet another aspect in which phenotypes are intrinsically con-
text sensitive. The common (and classical) presumption is that the phenotype is a pheno-
type of a whole organism. However, this largely simplifies the rich complexity and
diversity of biological phenomena. For example, when trying to map a genotype to a
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phenotype of a cell it is crucial to study the buffering (canalization) of the relevant trait
across its different micro cellular environments, while the macro environment of the organ-
ism as a whole is not always relevant. In fact, the new technique to determine the number,
location and magnitude of QTLs is already put to use for tracking the molecular mecha-
nisms of canalization directly (Flatt, 2005). Since biological entities have a complex struc-
ture, and are certainly not limited to multi-cellular organisms, and since organisms
themselves entail different levels of organization, a phenotype may vary according to
the particular trait under consideration. In other words, the question of what ‘phenotype’
refers to (cell, tissue, organism, species, developmental system etc.) remains entirely under-
determined without a given context.

This point becomes acutely clear in light of the examples of phenotypic traits we have
considered in Section 3. Some of these are phenotypes of cells or even of the activity of
some of their genes, rather than phenotypes of the whole organism. In this sense, it cer-
tainly seems that the new technology is opening the way for thinking about genetic phe-
nomena differently. Classically, phenotypes have been construed as classes of organisms.
As we have noted above, new array technologies makes it possible to construe phenotypes
as classes of different developmental stages of a single organism as well as classes of dif-
ferent cells or tissues of a single organism. The implications of this recent development
merit attention and careful reflection from the philosophical community.13

Having made this point, let us observe that there are also rare cases where a specific
phenotypic context is well defined and in a one-to-one correspondence with a certain geno-
type. In such a case, we may benefit from treating ‘gene expression profile’ as the most rel-
evant phenotype. An example of such a case is the hereditary breast cancer involving a
dysfunctional BRCA1 gene. A patient may show the symptoms of a dysfunctional BRCA1
while possessing a non-mutant genotype (see Fig. 2 above). In the case studied by Heden-
falk et al. (2001), the expression of BRCA1 is inhibited due to aberrant methylation of the
gene’s promoter. In effect, this situation implies that this disease, while hereditary, is best
understood (diagnosed and/or treated) at the level of the mRNA rather than at the level of
DNA. Therefore, in this context, the most pertinent phenotype is the amount of mRNA
molecules.

To conclude, we think that the contextual and partial character of the phenotype high-
lighted in this discussion supports a pluralistic, rather than a reductive notion of a pheno-
type. A pluralistic notion of the phenotype accommodates different traits of various
biological entities and operates at different levels of complexity which the new technology
enables us to articulate, observe, and measure. This conclusion confirms Lewontin’s
account (2004) which argues that applying the operative concept of partial phenotype
requires making a decision about ‘what set of phenotypes and genotypes are to be
regarded as indistinguishable and so are to be included in the definitions of the partial
genotypic and phenotypic classes’. This implies that, as methodologies change, the parti-
tioning of objects into phenotypes will change as well. In this respect, expression profiles
are best seen as new phenotypic traits that extend the classical concept of the phenotype.
This is in line with Wittgenstein’s insightful remark that ‘‘‘To give a new concept’’ can only
mean to introduce a new employment of the concept, a new practice’.

13 We owe this formulation to a referee of this journal.
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