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Abstract Function is a central concept in biological

theories and explanations. Yet discussions about function

are often based on a narrow understanding of biological

systems and processes, such as idealized molecular systems

or simple evolutionary, i.e., selective, dynamics. Conflict-

ing conceptions of function continue to be used in the

scientific literature to support certain claims, for instance

about the fraction of ‘‘functional DNA’’ in the human

genome. Here we argue that all biologically meaningful

interpretations of function are necessarily context

dependent. This implies that they derive their meaning as

well as their range of applicability only within a specific

theoretical and measurement context. We use this frame-

work to shed light on the current debate about functional

DNA and argue that without considering explicitly the

theoretical and measurement contexts all attempts to inte-

grate biological theories are prone to fail.
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Introduction

In light of available whole-genome data, we see a recent

reemergence of a debate about ‘‘functional DNA’’.

Specifically, the question ‘‘how much of the (human)

genome has an identifiable function’’ is discussed contro-

versially. Estimates range roughly from 5 to 90 % (The

ENCODE Project Consortium 2004, 2012; Graur et al.

2013; Kellis et al. 2014; Ponting and Hardison 2011). Such

divergence cannot be reconciled by more accurate data.

Rather it reflects dramatic disagreements about the proper

definition of function. In this debate, scientists frequently

refer to philosophical positions in support of their claims

(Wouters 2003). For instance, a number of papers attacking

the conclusion of the ENCODE project that most of the

genomic DNA is functional refer to the Selected Effect

(SE) concept of function in their refutation of this claim

(Graur et al. 2013; Doolittle 2013; Eddy 2013). The SE

concept of function defines the function of an item or trait

as the effect for which it was selected by natural selection

or by which it is maintained (Wright 1973; Millikan 1989;

Neander 1991; Griffiths 1993). This definition of a ‘‘proper

function’’ asks for the ‘‘purpose’’ of an item: ‘‘What is it

supposed to do’’ or ‘‘What is it good for’’. The contributors

to the ENCODE project, on the other hand, use their

measurements of transcribed and modified genomic regions

as proxy for a functional role. They derive their definition

of function from the Causal Role (CR) conception (Cum-

mins 1975; Craver 2007). CR function emphasizes what an

entity does, rather than why it does what it does. The

controversy is thus based on different theoretical and

measurement assumptions, rather than verifiable observa-

tions. Contrary to our colleagues, we see this not as a

problem, but as evidence for a more fundamental property

of biological concepts: their inherently context-dependent

nature.

Ambiguities related to biological function

From the perspective taken here, each of the two major

concepts of function discussed in the philosophical litera-

ture, the SE and CR account of function, has advantages

and shortcomings. To illustrate this claim, we will discuss

three concrete examples and demonstrate how each

account only captures part of the underlying biological

reality.

1. True novelty is well documented for protein coding

genes (Bornberg-Bauer et al. 2010; Tautz and Domazet-

Lošo 2011; Neme and Tautz 2013), microRNAs (Hertel

et al. 2006; Meunier et al. 2013), and regulatory elements

(Otto et al. 2009; Bradley et al. 2010). In all these cases

(seemingly), random DNA sequences start to produce new

products that fortuitously are placed into a pre-existing

regulatory network context. The innovations have well-

defined CR functions by virtue of their influence on the

organism’s phenotype. The SE concept, however, runs into

a serious problem: Novelty must first have come into

existence before selection can act on it. Thus, SE, in its

strict form, cannot capture innovations that have not been

exposed to natural selection yet, because it insists on

selection in the past as a prerequisite for present function. It

is often argued that the ‘‘time-gap’’ before selection can

begin to act is short enough to be negligible. We propose

here that instead of attempting to rescue strict SE function

by semantic acrobatics, the underlying biological realities

are captured better by embracing different, context-de-

pendent notions of function.

2. Cocaine presumably has evolved as an insecticide in

coca plants (Erythroxylum spp.) (Nathanson et al. 1993).

Human neurons have evolved receptors to recognize

endogenous neurotransmitters, yet, they can bind cocaine

as well and subsequently elicit a signaling cascade leading

to well-documented physiological and psychological

effects. Clearly, neither the coca plant’s secondary meta-

bolism that synthesizes cocaine nor the structure of mam-

malian neurotransmitters has evolved for these drug

effects. Taking a strict SE point of view, the drug effect of

cocaine is not a biological function of either cocaine or the

receptors. Under a CR conception, a functional attribution

can be made in each context. The cocaine example exposes

the fact that biological function, in practice, is dependent

on the context under consideration. For a junkie, the

function of cocaine is to cause a high; for the coca plant,

the function of cocaine is to kill insects that attack it. We

argue that neither point of view is a priori more valid then

the other.

The very same argument, whether or not the item under

consideration is under selection for its (CR) function in a

different context, can be made for the (CR) function of a

genomic locus or a gene product in geriatric diseases

(which for all we know are not subject to selection in the

human population).

3. Some macroRNA genes, e.g., mouse Air and human

Airn are consistently transcribed. It appears, however, that

the RNA product (which is also not translated) is irrele-

vant; instead the act of transcription itself is crucial in this

case for the maintenance of a genomic imprinting (Latos

et al. 2012). Here, the issue is the theory invoked to discuss

the function of Airn. The Airn locus has no discernible

selection on its nucleotide sequence, hence escapes a

research program grounded in SE function in practice.

A CR-based interpretation would tend to assign function to

the gene product, which is also not correct. This example

exposes that the concept of function requires a theoretical

framework, that in the case of Airn needs to allow
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functions, and eventually a selective effect, to be assigned

to the process of transcription, rather than a gene product or

a DNA location as such.

The role of theory and measurement

As we have seen in our examples all conceptions of bio-

logical function include references to (1) a specific type of

causal interaction; (2) a specific theoretical context T, such

as natural selection, biochemical reaction or regulation;

and (3) a corresponding way M of measuring the theoret-

ically specified effect in the system in question. We can

thus formalize biological function as y ¼ f ðx; T;MÞ.
Within a specific research field, the theoretical assumptions

T and measurement procedures M generally remain

implicit and unspecified as its practitioners understand and

share these assumptions.

The measurement context M is much more than just a

description of measurement procedure. Rather, it entails

particular data types and their interrelations, estimates of

accuracy, and a theoretical conception on how the mea-

sured data related to the reality of the biological systems.

For transcriptome sequencing with NGS methods, for

example, sequencing reads are interpreted as fragments of

RNA sequence that can be evaluated quantitatively. The

theoretical context T, on the other hand, encapsulates a

priori assumptions on the mutual relationship of biological

concepts. Again using NGS as an example, it entails in

particular a model of all the processes involved in tran-

scription and RNA processing. Scientific insights can be

deduced only when the measurement context M and theo-

retical context T are consistent.

The examples also show, however, that these assump-

tions are often not shared across research fields and that

these implicit contextual assumptions are no longer per-

ceived as such, rather they are elevated to the status of

unquestionable truth.

The continued debate about the ‘‘proper’’ definition of

biological function is thus at the same time pointless (as

there is no single right conception of function) and useful

(as it has revealed in some detail the specific theoretical

assumptions and measurements underlying each concep-

tion). For example, it is clear that SE function has a dif-

ferent theoretical framework than CR function, which

focuses on mechanistic interactions. At the same time, each

conception deploys a different type of measurement that

allows to distinguish functional from nonfunctional objects

and processes. Attributing biological functions is therefore

an example of theory-driven coarse graining within bio-

logical theory formation. For instance, the question which

phenotypic effects have to be measured, and which would

then define a unique, well-grounded notion of biological

function utterly depends on the theoretical perspective.

Most controversies revolve around the primacy of either

evolutionary, or more precisely selective interpretations or

causal-mechanistic (mostly molecular) descriptions. The

debates triggered by the interpretations of the ENCODE

data are a case in point.

The ENCODE controversy

The ENCODE Consortium concluded in their main paper

that ‘‘80.4 % of the genome is functional’’. Stated in this

form, this claim is as devoid of meaning as competing

ways of measuring function necessarily yield different

percentages. The statements that (1) ‘‘80.4 % of the gen-

ome take part in detectable molecular interactions and

processes such as transcription and histone modification’’

(The ENCODE Project Consortium 2012), (2) ‘‘8.2 % of

the genomic DNA is constrained’’ (w.r.t. to nucleotide

substitutions, insertions, and deletions) (Rands et al. 2014),

(3) ‘‘13.6 % of the genome is under stabilizing selection for

RNA secondary structures elements’’ (Smith et al. 2013),

and (4) ‘‘accounting for turnover a steady state value lies

between 10 and 15 %’’ (Ponting and Hardison 2011), all

report empirical observations transformed by specific—and

different—theoretical models that specify the criteria under

which a particular nucleotide belongs to the ‘‘positive set’’

of functional DNA in each study. Barring experimental

errors, all of them can be simultaneously true. Not sur-

prisingly, the lowest numbers are obtained using rather

stringent signatures of stabilizing selection at nucleotide

level, while the highest numbers combine biochemical

effects such as transcription or specific histone modifica-

tions and integrate over a larger number of individual

experiments.

The ‘‘ENCODE controversy’’, see, e.g., (Graur et al.

2013; Kellis et al. 2014; Graur et al. 2015) for pointed

expositions of the different points of view, thus has its root

in the simple, tacit, and erroneous assumption that there is a

unique notion of biological function that is independent of

a theoretical context and a frame of measurement, and that

everybody necessarily has to agree on.

More generally, the CR and SE concepts are incom-

patible only if one insists that SE function necessarily has a

purposive aspect and requires a ‘‘proper history’’. In a

weaker form, the SE concept assigns functions not only to

items that have been selected in the past but to all items

that are selectable in principle. In this version, SE function

becomes a CR endowed with a very specific form of

measurement, namely (natural) selection. Whether this SE–

CR function is a productive concept depends on the

underlying theoretical framework. It is perfectly adequate

in the context of constraints of sequence evolution. At the
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same time, it reduces to the tautology ‘‘what is functional is

selectable, and what is selectable is functional’’ in the

context of de novo innovations.

Context dependency and theory integration

Our brief analysis of biological function in the everyday

practice of biology revealed that all applications are con-

text dependent and that the relevant context includes both

theoretical assumptions and a specific type of measurement

procedure. As a consequence, each biological object can

have different functions or no function at all depending on

the theoretical and measurement context.

While the theoretical context of biological concepts,

such as function, is frequently discussed, less attention is

paid to the role of measurement, i.e., the assignment of

numbers to attributes of the natural world. Of course

biologists are well aware that biological objects are not

found as such in nature, that there is no natural kind of a

biological species or of a gene, but these discussions gen-

erally do not include the specific formal aspects of mea-

surement. Rather they refer to measurement problems

implicitly, for example, when discussing the limits of the

biological species concept and its measurement criteria

when going beyond sexually reproducing organisms

(Wilson 1999; Wheeler and Meier 2000; Hey 2006; Levy

2010). The same also holds true for any of the gene con-

cepts widely used in current biology, see, e.g., (Gerstein

et al. 2007; Gingeras 2007; Prohaska and Stadler 2008).

This suggests that what we need is an appropriate

application of measurement theory in biology (as reviewed

by Houle et al. 2011) and a more adequate conception of

biological function and other biological concepts that

explicitly reflect this theoretical and measurement depen-

dency. One consequence of the context-dependent nature

of biological concepts is a pluralistic approach. Pluralism

in this context must not mean ‘‘anything goes’’, a position

that has been advocated by some critics of science (based

on a misunderstanding of an earlier philosophical dis-

course) (Dupré 1993; Rosenberg 1994; Galison and Stump

1996; Feyerabend and Oberheim 2011; Galison and Stump

1996). Rather, we need a constrained pluralism that makes

explicit a specific and relevant theoretical context within

which a concept can be clearly and unambiguously defined

and the relevant quantities can be precisely measured.

This level of specificity in theory building is indis-

pensable in particular for all attempts to integrate the

results of different investigations. Several areas of the life

sciences, especially those that generate large amounts of

data through specific measurements, e.g., the Cancer

Genome Atlas and Brain Atlas projects, are now trying to

connect their data with other relevant domains. These

attempts can only be successful if both the theoretical and

measurement contexts are not only clearly specified but

also become an explicit part of the integration efforts. The

ongoing misunderstandings connected with the interpreta-

tion of the ENCODE data can serve as a warning of how a

failure to address these issues can result in highly unpro-

ductive debates.

Integration of data, or measurements, is, of course, a

highly theory-driven problem and is thus connected to

issues of theory development in the life sciences (Krakauer

et al. 2011). Despite some progress, the life sciences are

still a rather under-theorized science. Taking some inspi-

ration from physics, Krakauer et al. identified the issues of

coarse graining as one of the basic problems for theory

development in the life sciences. But not all cases of theory

integration can be solved simply by coarse graining of data

and measurements because not all problems are simply an

issue of scale and resolution. In each case, theory inte-

gration requires us to link different ‘‘units of biological

theory,’’ defined as collections of data, theory/models and

measurement, with each other. This cannot be done without

making explicit the various constraints related to theoreti-

cal and measurement contexts that are often hidden within

data models. Focusing on these formal aspects of data,

theory, and measurement is thus an important facet of

theoretical biology.
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