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Abstract 

The paper analyzes in detail the Meselson-Stahl experiment, identifying two novel difficulties for 

the crucial experiment account, namely the fragility of the experimental results and the fact that 

the hypotheses under scrutiny were not mutually exclusive. The crucial experiment account is 

rejected in favor of an experimental-mechanistic account of the historical significance of the 

experiment emphasising that the experiment generated data about the biochemistry of DNA 

replication independently of the testing of the semiconservative, conservative and dispersive 

hypotheses.  

 

1. Introduction 

 The modern notion of crucial experiment emerged from the analysis of historical episodes 

where a single experiment seems to have conclusively sealed the fate of two or more competing 

hypotheses. The strategy behind such experiments hinges on the testing of the hypotheses under 

scrutiny relative to an aspect of empirical reality about which each of the competing parties makes 

a different prediction, such that the results can shift the balance in favor of the hypothesis making 

the correct prediction and against rivals that fail to do so. What differentiates crucial experiments 

from other kinds of experiments is that the former don’t only conclusively support a hypothesis, 

they also provide good reasons to reject rival hypotheses.  

  As philosophers of science like to point out, things are not quite as simple. The most 

famous challenge to a straightforward interpretation of the results of a crucial experiment is the 

underdetermination of scientific theory by evidence. One argument from underdetermination states 

that inferences about the falsity of the hypotheses making wrong predictions face the problem of 

confirmation holism. Since the derivation of testable predictions usually requires additional 

auxiliary hypotheses, it is seldom possible to test a scientific hypothesis in isolation. As a result, 
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falsifying results give no clear information about whether the tested or the auxiliary hypotheses 

are false (Duhem [1906/1954], pp. 303-4/185). Moreover, by choosing a different set of auxiliary 

assumptions it may be possible to save a hypothesis despite falsifying results (Putnam [1991]; 

Quine [1951]). A second argument from underdetermination states that even if falsification is 

conclusive, inferring that the theory whose prediction is confirmed must be true is questionable 

due to the problem of unconceived alternatives. A hypothesis cannot be confirmed against its rivals 

by means of crucial experiments because it cannot be ascertained that all possible alternatives have 

been considered (Duhem [1906/1954], p. 311/189). A similar shortcoming plagues abductive 

attempts to infer that the explanation that best responds to a set of epistemic virtues is true or the 

most likely to be true: the best explanation may simply be the best of a bad lot of false explanations 

(van Fraassen [1989], p. 143). 

 In response to these challenges, it has been argued that good science cannot rely on ad hoc 

assumptions whose sole purpose is to save hypotheses from being falsified (Lakatos [1970]). The 

argument from unconceived possibilities can be weakened by showing that it is sometimes possible 

to consider all possibilities, for instance, because only a very limited number of hypotheses can 

explain all empirical data while remaining compatible with accepted theoretical frameworks 

(Franklin [2007]; Roush [2005], p. 15). This also undermines the ‘bad lot’ argument, since these 

hypotheses are good hypotheses capable of explaining available data (Weber [2009]). Even if there 

could be other explanations which were not taken into consideration, they would not be empirically 

more accurate or theoretically more plausible than the ones already under consideration. 

Furthermore, a combination of evidence and simplicity considerations can favor a hypothesis 

against its rivals. For instance, if the hypothesis favored by the experimental results is also 

sufficient to explain a phenomenon without introducing additional assumptions, then we have no 

reasons to prefer a rival by itself incapable of accounting for the same results without adding 

further ‘epicycles’ to the explanatory story (Weber [2009]). In light of such considerations, some 

authors–most notably Allan Franklin ([2007]), Sherrilyn Roush ([2005]) and Marcel Weber 

([2009])–proceed to argue that there are at least some unquestionable examples of successful 

crucial experiments in the history of science, of which the Meselson-Stahl experiment stands out 

as one of the most striking illustrations. 

 In this paper, I re-examine the Meselson-Stahl experiment (described in section 2), 

identifying several difficulties for the crucial experiment account (section 3). My critique is not 
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based on the ‘unconceived possibilities’ and the ‘bad lot’ arguments, which I take to be 

successfully defused by Franklin, Roush and Weber. I do think that Duhem was right in worrying 

about confirmation holism, and I identify several auxiliary assumptions which troubled scientists 

at the time the experiment was conducted. However, my analysis also shows that most auxiliary 

hypotheses have been independently tested, meaning that the difficulties raised by confirmation 

holism are not insurmountable. Hence, my arguments are not based on the premise that issues 

related to confirmation holism are intractable or that they have been left unsolved. I am rather 

concerned by the retrospective reconstruction objection (Hacking [1983]; Lakatos [1970]), in this 

case the fact that distinct auxiliary hypotheses required testing over an extended period of time, 

thus undermining both the epistemic claim that a single set of experimental results supported one 

hypothesis while rejecting all others, as well as the historical claim that the fate of the tested 

hypotheses was conclusively decided at the time when the results of the experiment were 

published. I elaborate in more detail the issue of auxiliary assumptions, making a case for the 

fragility of the experimental results by showing how slight variations of the experimental 

procedures would have failed to replicate the results.  

Another set of difficulties target the possibility of designing crucial experiments in biology. 

I argue that even if it is plausible to assume that all possible hypotheses could have been listed, 

this does not mean that all these possibilities could have been simultaneously tested. Moreover, 

there were (and still are) no reasons to believe that alternate mechanistic explanations in biology 

are mutually exclusive. This leads to a combinatorial increase in the number of possible 

explanations, as well as to an inability to leverage a rejection of rival hypotheses given support for 

the leading hypothesis. In these respects, the Meselson-Stahl experiment was quite different from 

paradigmatic examples of crucial experiments from physics.  

 The critical assessment of the crucial experiment account is followed by an attempt to 

explain the historical significance of the experiment based on the interpretation of the experimental 

results Meselson and Stahl presented to the scientific community in the conclusion of their 1958 

paper (section 4). I propose that the experiment was part of a broader research project aiming to 

elucidate the mechanisms of DNA replication. From the perspective of this project, the historical 

significance of the Meselson-Stahl experiment had little to do with the expectations raised by the 

crucial experiment account. The primary goal of the experiment was to provide information about 

the transfer of atoms from parent to daughter DNA, information in turn required in order to gain 
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further insights about the chemical reactions involved in DNA synthesis. This objective could have 

been achieved irrespective of the rejection of rival hypotheses, and some information would have 

been gained even if none of the candidate hypotheses would have been conclusively supported. 

Finally, in the conclusion of the paper (section 5), I summarize my findings, drawing some general 

implications for philosophy of science.  

 

2. The Meselson-Stahl experiment  

 The elucidation of the structure of DNA suggested the possibility of a semiconservative 

mechanism of DNA replication (Watson and Crick [1953]): each of the two stands of the original 

DNA duplex serves as a template for the synthesis of a new complementary strand (Fig. 1, left). 

Alternatively, the conservative hypothesis (Fig. 1, center) postulated that proteins bound to the 

DNA duplex distort it in such a way that both strands are exposed for hydrogen bonding and a new 

DNA duplex is synthesized (Bloch [1955]). According to the dispersive replication hypothesis 

(Fig. 1, right), DNA is unwound into single strands, breaks are induced in order to eliminate 

supercoiling, complementary strands are then synthesized, and the segments are joined back 

together in two molecules of ‘patched’ duplex DNA containing alternating pieces from the original 

and the newly synthesized DNA (Delbrück [1954]).   

Meselson and Stahl ([1958]) devised an experimental setup that would allow them to 

distinguish between pre-existing parental DNA molecules and newly synthesized ones. They took 

advantage of the fact that it is possible to generate denser DNA species by feeding bacteria a 

nitrogen source containing the ‘heavy’ 15N isotope, which is gradually incorporated in newly-

synthesized nitrogen-containing macromolecules such as DNA; and then separate ‘heavier’ DNA 

containing the 15N isotope from ‘lighter’ DNA containing 14N by means of a density gradient 

sedimentation technique known as isopycnic centrifugation. Bacteria were therefore grown in 

‘heavy’ 15N medium for several generations. As a result, the DNA extracted from these bacteria 

was denser than ‘light’ DNA containing only 14N or ‘hybrid’ DNA containing a mixture of 14N 

and 15N. After transferring bacteria on a ‘light’ 14N growth medium, these approximate 

‘light’:‘hybrid’:‘heavy’ DNA ratios were observed: 0%:100%:0% for generation 1; 50%:50%:0% 

for generation 2; 75%:25%:0% for generation 3; 90%:10%:0% for generation 4. The observed 

pattern was consistent with a primarily semiconservative mode of replication. If replication had 

been primarily conservative, only ‘light’ and ‘heavy’ DNA should have been expected 
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(50%:0%:50% for generation 1; 75%:0%:25% for generation 2; etc.). If replication had been 

primarily dispersive, all of the DNA would have been of an intermediate density, becoming lighter 

and lighter with each generation. 

 

Figure 1. The Meselson-Stahl experiment 

 The above rendering is compatible with the claim that the experimental results obtained by 

Meselson and Stahl by measuring the relative densities of parental and newly synthesized DNA 

discriminated between three hypotheses by supporting the semiconservative hypothesis against the 

conservative and dispersive alternatives (Franklin [2007], pp. 236-42; Roush [2005], pp. 14-6). A 

more complex version of this argument states that the semiconservative hypothesis was positively 

selected as the best explanation via an abductive reasoning favoring the simplest explanation that 

would not require the introduction of additional assumptions about what happens during the 

experimental procedure (Weber [2009]).  

 

3. Some difficulties for the crucial experiment account 

 There are, however, reasons to doubt that the Meselson–Stahl experiment was a crucial 

experiment as typically understood by philosophers of science. There are reasons to doubt that the 

experimental results published in 1958 were sufficient to conclusively support the 
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semiconservative hypothesis (sections 3.1-3) and to definitively refute the conservative and 

dispersive hypotheses (section 3.4); in both cases, additional experiments were required. There are 

also reasons to doubt that the experimental design aligns with that of typical crucial experiments 

from physics given that not all hypotheses available at the time were tested, and that the hypotheses 

considered were not mutually exclusive (sections 3.5-6).  

 

3.1 Additional experiments were required in order to rule out alternative interpretations of the 

experimental results 

One concern amply discussed in the scientific literature at the time was that, depending on 

the configuration of the DNA molecules during the centrifugation stage of the experiment, the 

results were compatible with several hypotheses. Additional experiments by Meselson and Stahl 

showed that heat-denatured ‘hybrid’ DNA (heat breaks the H-bonds between the two DNA single-

strands) separates into two subunits having half the molecular weight of the whole molecule, but 

different densities. This result ruled out a primarily dispersive mechanism of replication. However, 

this result was insufficient to rule out a conservative mechanism. Meselson and Stahl explicitly 

acknowledge that the interpretation of the results depicted in Fig. 1 relies on the assumption that 

the observed bands do not consist of end-to-end or laterally associated linear DNA fragments1, as 

proposed by some proponents of conservative replication (Cavalieri, et al. [1959]).  

The Meselson–Stahl experiment conclusively shows that DNA is replicated primarily in a 

semiconservative fashion only in conjunction with a series of subsequent experiments. In 

particular, double-labeling 13C/15N experiments showed that DNA fragments do not reassociate in 

an end-to-end configuration (Rolfe [1962]), while studies using 5-bromouracil (a nucleotide-like 

compound that is integrated in DNA and alters its pH) provided evidence that DNA double-helices 

do not associate laterally in order to form quadruplex DNA (Baldwin and Shooter [1963]). Thus, 

despite its indisputable impact, the Meselson-Stahl experiment did not singlehandedly support the 

semiconservative hypothesis, but required the assistance of additional experiments in order to do 

so.  

                                                 
1 “The results of the present experiment are in exact accord with the expectations of the Watson-Crick model for DNA 

duplication. However, it must be emphasized that it has not been shown that the molecular subunits found in the 

present experiment are single polynucleotide chains or even that the DNA molecules studied here correspond to single 

DNA molecules possessing the structure proposed by Watson and Crick” (Meselson and Stahl [1958], p. 678). 
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On one hand, the episode illustrates Duhem’s concern that the interpretation of the 

experimental results requires additional auxiliary assumptions about what happens during the 

experimental procedure. On the other hand, it also shows that it is possible to adequately address 

issues related to confirmation holism by systematically testing auxiliary assumptions in order to 

provide conclusive evidence for or against a given hypothesis. Notwithstanding, two points remain 

problematic for the crucial experiment account. First, distinct hypotheses were independently 

tested, meaning that there was no single experimental result supporting one hypothesis against its 

rivals. Second, the fact that the testing of various auxiliary assumptions spanned another decade 

of research undermines the historical significance of the results as understood under a crucial 

experiment account, namely the claim that the fate of three tested hypotheses was conclusively 

decided in 1958, when the results were published. 

 

3.2 Simplicity considerations are not an adequate substitute for experimental testing  

 In an attempt to solve the problem, Weber ([2009]) argues that the semiconservative 

hypothesis was positively selected as the best explanation from the very beginning because it relied 

on the simplest interpretation of the results yielded by the experiment.2 Simplicity is defined here 

as the ability to account for a phenomenon or experimental result by relying on fewer auxiliary 

assumptions about what goes on during the experimental procedures. As pointed out earlier, the 

conservative mechanism could have also explained the observed banding pattern in the Meselson–

Stahl experiment. However, Weber argues, the latter is adequate only if we further assume, first, 

that DNA is sheared during the experimental procedures and, second, that the resulting fragments 

reassociate. In contrast, the semi-conservative hypothesis is simpler because it can account for the 

observed results without any need of additional assumptions.3   

                                                 
2 It is interesting to note that Delbrück ([1954]) also attempted to provide a non-empirical justification based on 

topological considerations. He correctly predicted the supercoiling of the unwinding DNA helix as it is being 

replicated and argued that a dispersive mechanism of DNA replication–postulating among other things the 

introduction of ‘nicks’ in the DNA that allow it to untwist–is necessary in order to release the building tension in the 

replicating DNA. In the end, Delbrück’s dispersive mechanism was abandoned, yet key elements of his account were 

ultimately incorporated in the mechanism of DNA replication as we understand it today, most notably the coiling of 

the DNA during replication, and the cleavage of DNA and other means of releasing the building coiling tension (see 

details in Fig. 2, bottom). 

3 More precisely, Weber ([2009], p. 38) frames simplicity in terms of absence of mechanisms other than the ones 

postulated by the tested hypothesis: “alternative mechanisms would require add-on mechanisms or ‘epicycles’ in order 

to explain the Meselson–Stahl data.” 
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Perhaps the immediate objection that comes to mind against this line of argumentation is 

that there is no record in the primary scientific literature supporting the claim that simplicity played 

any role in the acceptance of the semiconservative hypothesis. Quite on the contrary, a series of 

additional experiments aimed at testing auxiliary assumptions strongly indicates that simplicity 

itself was not taken to provide any substantial justification. Philip Hanawalt  ([2004]) attributes 

the preference for the semiconservative hypothesis to previous studies suggesting that each 

chromosome inherits one parental chromatid (Taylor, et al. [1957]), although the resolution of the 

detection technique was not enough to discriminate between a partially dispersive and a fully 

semiconservative mode replication, or to conclusively demonstrate that DNA (rather than proteins 

or other molecular components) were labeled in the experiment. If there is such a historical 

connection, then it is quite plausible that the unsolved issues of the initial study by Taylor and 

colleagues motivated Meselson and Stahl to develop higher resolution techniques capable to 

overcome the shortcomings of previous experiments, thus engaging in what James Marcum 

([2007]) calls an ‘experimental series’, whereby each experiment raises research questions, 

anomalies, data interpretation issues or experimental difficulties to be addressed by subsequent 

experiments.  

A second concern hinges on the fact that Meselson and Stahl did make further assumptions 

about what goes on during the experimental procedure, thus undermining the notion of simplicity 

on which Weber relies. Among other things, they assumed that the bands in the CsCl gradient 

consisted of whole linear DNA. The point can be further pressed given that this assumption was, 

in fact, false. DNA was indeed fragmented during the experimental procedure, as proposed by 

Cavalieri and colleagues, but the fragments did not reassociate. Weber ([2009], p. 29) attempts to 

diffuse the difficulty by arguing that this false assumption didn’t make any difference for the 

interpretation of the results because isopycnic centrifugation separates molecules by density, not 

length. However, it is not the length of the fragments that causes a problem. It was later shown 

that bacterial chromosomes are circular, not linear as assumed by Meselson and Stahl. Parent-

daughter circular DNA molecules remain temporarily interlocked (concatenated), thus altering the 

proportion of ‘hybrid’ DNA. Furthermore, in many experimental setups, linear, circular and 

supercoiled DNA have different densities, and therefore appear as distinct bands instead of the 

single band associated with linear DNA (Ts'o [1974]). 
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3.3 Uncertainties about auxiliary assumptions would have undermined the replicability of 

experimental results 

The issue of circular topologies demonstrates that the apparent simplicity of auxiliary 

assumptions does not guarantee that these assumptions are true, which is what is ultimately 

required in order to circumvent underdermination from confirmation holism. The issue also 

illustrates another complication. Fragmentation–which in the experimental design of Meselson and 

Stahl was the unplanned side-effect of the injection of DNA samples through a syringe–turned out 

to be essential for the success of the experiment. The flip side of this happy accident is that the 

experiment could have just as easily been inconclusive. In the absence of thorough fragmentation, 

an unpredicted and less clean-cut pattern would have been observed due to the presence of many 

new DNA species, including concatenated parent-daughter DNA molecules, circular and 

supercoiled species, as well as more exotic bits such as replication forks (Davis [2004]; Hanawalt 

[2004]).  

This does not mean that researchers would have not learned something about the 

distributions of atoms from parent to daughter DNA, or that they would have not eventually figured 

out the source of the problem. Nevertheless, the episode demonstrates the fragility of the 

experimental design. Slight, and seemingly irrelevant variations of the experimental design would 

have resulted in a failure to replicate the experimental results of Meselson and Stahl. In fact, many 

similar experiments did not replicate the results, but by that time much more was known about 

DNA topology, synthesis and replication to make sense of the divergent results. The implication 

is that the extent to which experimental results robustly support a hypothesis depends in a large 

measure on the ability to identify and test auxiliary assumptions. 

 

3.4 The interpretation of falsifying results was equally problematic 

  A similar set of difficulties face the interpretation of the falsifying results. It is certainly 

true that the Meselson-Stahl and satellite experiments did not support the conservative and 

dispersive hypotheses. Nevertheless, these experiments were geared towards the detection of large 

amounts of DNA. The experiments conclusively favored the semiconservative hypothesis in the 

sense that DNA patterns and structures compatible with a semiconservative mode of replication 

were detected. The non-detection of other kinds of patterns and structures was less conclusive, as 
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it could have been attributed to either the fact that such structures do not exist, or to the fact that 

they are too rare to be picked up by these experiments.  

The converse complication is also relevant. If the limited sensitivity of an experimental 

setup entails an uncertainty about the correct interpretation of negative results, the detection of rare 

molecular structures is plagued by uncertainties about the biological relevance of these structures.4 

The fact that large amounts of DNA structures compatible with the semiconservative hypothesis 

were detected in dividing bacteria was taken as a clear indication that these structures are involved 

in DNA replication. This greatly simplified the interpretation of the experimental results, since 

there was no need to demonstrate the biological relevance of the detected DNA structures–that is, 

show that they are not experimental artifacts but occur under physiological conditions and are 

specifically involved in DNA replication rather than other biological activities, such as 

recombination and DNA repair. Yet such fortunate circumstances are quite exceptional in biology. 

Meselson and Stahl came close to facing a biological relevance problem when they considered the 

possibility that high recombination rates may complicate the interpretation of the experimental 

results by producing dispersive-like structures, which in turn would require further experiments in 

order to disentangle the relative contributions of replication and recombination. This realization 

played a role in their decision to work with E. coli rather than phages or eukaryotic cells, which 

proved to be an inspired choice (Holmes [2001]).  

 Both difficulties are nonetheless illustrated by the fact that subsequent studies showed that 

recombination does in fact occur in E. coli, and as a result dispersive-like DNA is produced in 

these cells. Furthermore, these DNA structures were discovered using techniques and an overall 

experimental design in many respects similar to that employed by Meselson and Stahl (Pettijohn 

and Hanawalt [1964]). To make the story even more complicated, ‘bacterial recombination’ turned 

out to be the result of a DNA repair mechanism involving DNA synthesis (rather than swapping 

of pre-existing strands).5  

                                                 
4 In such cases, researchers rely on experiments demonstrating that interventions on molecular structures have an 

effect on biological activities (Baetu [2012]; Craver [2007]; Woodward [2013]). Perhaps the best known varieties of 

this kind of experiment are the ‘knock-out’ and the ‘transgenic’ experiments, whereby the elimination or addition of 

a particular molecular component results in a loss or gain of biological activity.  

5 Experiments relying on different techniques and experimental setups also revealed the existence of a variety of inter- 

and intramolecular DNA secondary structures, including quadruplex DNA (Keniry [2001]). The physiological 

relevance of quadruplex DNA is still debated, although it may play a role in regulating and facilitating DNA replication 

(Bochman, et al. [2012]) 
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These difficulties target an important aspect of the crucial experiment account, namely the 

claim that the Meselson-Stahl experiment provided conclusive evidence against the rival 

conservative and dispersive hypotheses. The experiment did not definitively rule out these 

hypotheses in the case of E. coli and it certainly did not rule them out simpliciter. Evidence 

suggesting that it is unlikely that DNA is ever replicated via alternate mechanisms came much 

later, and is ultimately dependent on comparative studies showing that most of the DNA replication 

machinery is highly conserved. However, to this day no one can guarantee that alternate 

mechanisms are impossible or inexistent. 

 

3.5 Not all possible hypotheses were considered, and it is highly unlikely that all possibilities could 

have been simultaneously tested 

 One argument for the crucial experiment account is that the number of possible 

mechanisms is restricted to a manageable number because any good explanation has to take into 

account topological constraints imposed by the chemical structure of the genetic material (Roush 

[2005], p. 15). In more general terms, it seems reasonable to assume that as the number of empirical 

and theoretical constraints increases, the number of explanations capable of satisfying them is 

bound to decrease, in some cases, down to a handful of possibilities. However, just because it is 

possible to enumerate all possibilities does not mean that it is possible to design a crucial 

experiment able to simultaneously discriminate among all candidates. Even if the total number of 

possibilities is relatively small, the required experimental design may still be exceedingly complex, 

to the point that practical difficulties outweigh the potential payoffs of a crucial experiment 

approach. 

 In the case of DNA replication, there were more possibilities than those tested by the 

Meselson-Stahl experiment, both in terms of hypotheses about the distributions of atoms from 

parent to daughter DNA, as well as topological configurations. In respect to the latter, circular and 

supercoiled configurations were not taken into account. In respect to the former, it is important to 

keep in mind that all three hypotheses considered by Meselson and Stahl shared the assumption 

that multi-nucleotide stretches of the parental DNA strands are passed on to the progeny. They 

differed in that the semiconservative hypothesis postulated that parental DNA is preserved as entire 

single strands, the conservative hypothesis postulated a complete preservation of the parental 

double-stranded DNA, while the dispersive hypothesis postulated that multi-nucleotide fragments 
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of single-stranded parental DNA are preserved. What was neglected, was the possibility that 

parental DNA is degraded and the resulting pieces are used to synthesize new DNA. This would 

have opened the door to a completely new type of replication mechanisms relying on non-DNA 

molecular structures as intermediary templates. Furthermore, within the general class of 

semiconservative mechanisms, it was not necessarily the case that both parental strands serve as a 

template for the synthesis of new strands. Alternative, ‘master strand’ hypotheses proposed that 

only one parental strand is used as a template for the synthesis of both daughter-strands, while the 

other is degraded (Kubitschek and Henderson [1966]). A crucial experiment capable of 

simultaneously differentiating among all of the above possibilities would have required that each 

hypothesis makes a distinct prediction. It seems doubtful that there are any tangible benefits to 

compensate for such a difficult to design and unlikely to succeed experiment.  

 

3.6 The hypotheses under scrutiny were not mutually exclusive 

 The number of candidate hypotheses is not the only difficulty standing in the way of a 

crucial experiment. A second complication arises when more than one hypothesis is true. This is 

far from trivial. A modest increase in the number of candidate hypotheses results in a combinatorial 

increase in the number of possible outcomes while effectively invalidating any inferences about 

the truth or falsity of a given hypothesis given evidence for the truth or falsity of alternative 

hypotheses.  

In order to better understand the issue, it is useful to consider the classical example of the 

corpuscular and wave theories of light (Duhem [1906/1954], pp. 305-11). Since each theory entails 

different predictions about the speed of light in different media, it seemed possible to select the 

explanation that can account for the observed results and at the same time eliminate the one that 

fails to do so, as attempted by Foucault in his famous 1850 experiment. Duhem explicitly assumed 

that behind the two hypotheses tested by Foucault lie two distinct models of light built on different 

premises (laws of motion applied to corpuscles vs. model of a vibrating object), contradictory 

assumptions about key aspects of reality (light has mass under corpuscular treatment, but has no 

mass if treated as a wave) and postulating seemingly irreconcilable ontologies (light either consists 

of corpuscles or is a wave traveling through a medium). These incompatibilities justified the 

mutual exclusivity of the wave and corpuscular theories of light. Hence, it seemed reasonable to 

assume that there are only two possible experimental outcomes, and that evidence for one theory 
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automatically counts as evidence against its rival, while lack of evidence for one theory positively 

supports the other.  

 In more general terms, if candidate hypotheses are mutually exclusive, this means, first, 

that the number of possible outcomes is significantly reduced because it cannot be the case that 

more than one hypothesis is true. Second, the interpretation of the results can benefit from an 

epistemic leveraging whereby the same evidence supports one hypothesis while providing reasons 

to reject other candidates. Granted, the effectiveness of such leveraging depends in no small 

measure on whether all the possibilities have been considered (Duhem [1906/1954], p. 311/189; 

van Fraassen [1989], p. 143). Notwithstanding, in as much as possible hypotheses are mutually 

exclusive, scientists may still rely on a weaker form of disjunctive elimination compatible with 

probabilistic and abductive approaches to confirmation: failure to confirm one hypothesis is 

expected to increase the probability that the remaining, conceived or unconceived alternatives are 

correct, while the corroboration of a hypothesis is expected to decrease the probability that other 

hypotheses are correct.  

Unfortunately, in the case of DNA replication, there were no prior reasons to believe that 

the three tested hypotheses are mutually exclusive. Figuring out possible distributions of atoms 

and topological configurations is just the physical chemistry side of the problem. There is still the 

biology part to be factored in. Just because there is a limited number of possibilities in terms of 

replication mechanisms does not entail that any given organism cannot use various combinations 

of these mechanisms, nor does it guarantee that all living organisms have to use the same 

mechanisms. The issue is obvious in Meselson and Stahl’s discussion of their inconclusive results 

with salmon sperm DNA. Facing a failure to replicate similar results with eukaryotic DNA, they 

speculated not only about the possibility that the mechanisms of DNA replication may vary 

significantly between prokaryotes and eukaryotes, but also about potential structural differences 

in the genetic material.6 The upshot of these considerations is that the Meselson-Stahl experiment 

could not have leveraged a conclusive refutation of the conservative and dispersive explanations 

                                                 
6 “On the one hand, if we assume that salmon DNA contains subunits analogous to those found in E. coli DNA, then 

we must suppose that the subunits of salmon DNA are bound together more tightly than those of the bacterial DNA. 

On the other hand, if we assume that the molecules of salmon DNA do not contain these subunits, then we must 

concede that the bacterial DNA molecule is a more complex structure than is the molecule of salmon DNA. The latter 

interpretation challenges the sufficiency of the Watson-Crick DNA model to explain the observed distribution of 

parental nitrogen atoms among progeny molecules” (Meselson and Stahl [1958], p. 681). 
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in virtue of the positive data for the semiconservative explanation, but only show that the 

semiconservative hypothesis accounts for the observed results within the limits of detection of a 

particular experimental setup involving a particular organism. Beyond these limits or in the context 

of different organism models, alternate hypotheses could have still turned out to be true. 

 The above is just an illustration of a common, yet often overlooked obstacle limiting the 

possibility to design and conduct crucial experiments in biology. The fact that a mechanism 

produces a certain phenomenon in one biological system offers no firm guarantees that the same, 

or similar mechanisms produce similar phenomena in other biological systems (Baetu [2015]; 

Bechtel [2009]). Subtle and not so subtle differences are omnipresent, from variations in the highly 

conserved mechanisms responsible for biological activities shared by all living things (e.g., slight 

variations of the genetic code, or the more significant differences between prokaryotic and 

eukaryotic genome expression mechanisms making possible the use of antibiotics), to differences 

in the mechanisms underpinning similar biological functions (e.g., acquired immunity is a shared 

characteristic of all jawed vertebrates, yet the mechanisms underpinning it vary in different 

species), to differences between individuals of the same species (e.g., AIDS pathogenesis in 

humans is variable due, in part, to resistance mediated by truncated receptors in human cells and 

the presence/absence of specific mechanisms of defense).  

 The limited potential for generalizability of mechanistic explanations is compounded by a 

second problem, namely that even within the same biological system, the same phenomenon may 

be simultaneously generated by more than one mechanism, with some mechanisms having a higher 

biological relevance in one situation, but not another. Again, examples abound. Selection of the 

same phenotype may occur by means of different mechanisms in different populations of the same 

species, there is more than one DNA repair mechanism and more than one signal transduction 

pathway leading to the expression of a particular gene product, more than one chemical mechanism 

may underlie any given biochemical reaction and any given chemical reaction may be catalyzed 

by different enzymes with distinct sequences, structures and modes of operation. Redundancy and 

duplications of mechanistic components are also common. For example, there are several DNA 

and RNA polymerases in both prokaryotes and eukaryotes, all of which perform the same basic 

polymerase function, but in the context of different mechanisms (DNA repair vs. replication) and 

substrates (ribosomal RNA, mitochondrial vs. nuclear genes, etc.).  
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The heterogeneity of biological systems hampers the ability to make inferences about the 

probable truth or falsity of a hypothesis given available evidence supporting the truth or falsity of 

rival hypotheses. Evidence supporting a particular mechanistic hypothesis does not automatically 

demonstrate that the mechanism in question is the only possible mechanism or the one uniquely 

responsible for producing a phenomenon in biological system or the most prevalent one in a 

physiologically relevant context, but only that the mechanism can explain the phenomenon in 

question because it was shown to contribute to its production in the context of a specific 

experimental setup.  

 

4. The historical and scientific significance of the Meselson-Stahl experiment 

4.1 The challenge for the crucial experiment account 

Given the above complications and difficulties, the challenge for the crucial experiment 

account is to show that the interpretation of the experimental results which we now take for granted 

was justified in 1958, when Meselson and Stahl published their results. It might be argued that the 

additional experiments testing auxiliary assumptions are extensions of the Meselson-Stahl 

experiment aimed at enhancing the original experimental design in order to eliminate errors, both 

in Mayo’s ([1996]; [2009]) more modest sense of error-statistical account of scientific reasoning, 

and in Marcum’s ([2007]) more ambitious sense of an experimental series culminating with the 

elucidation of the mechanisms of DNA replication. The proposal is perfectly legitimate. After all, 

it is often the case that an experiment builds up on previous experiments, meaning that the results 

it yields are interpreted in light of previous experimental results. The Meselson-Stahl experiment 

is no exception to this rule. The 1958 paper includes data from the core experiment described in 

section 2, plus a series of preparatory and auxiliary experiments required for the interpretation of 

the results of the main experiment.  

However, thus understood, the experiment extended over a decade or more, while the 

crucial experiment account wants to attribute all or most of the impact of the whole series of 

experiments to a single set of experimental results published in 1958. This kind of discrepancy led 

Lakatos ([1970]) and Hacking ([1983]) to argue that crucial experiment accounts are the result of 

retrospective reconstructions that may explain the importance we attribute to an experimental 

finding today, but fail to account for the significance of the finding at the time it was published. 

Weber ([2009]) proposes to address this issue by arguing that there are sometimes reasons others 



16                v3.31 5 May 2016 

than experimental confirmation to accept some assumptions as likely to be correct. As discussed 

in section 3.2, the proposal hinges on the notion that among a given set of good explanations 

satisfying the relevant empirical and theoretical constraints, some are preferable to others because 

of epistemic virtues such as simplicity. My concern is that even though such epistemic virtues 

guide scientific research, they are not adequate surrogates for epistemic justification. If anything, 

the case study demonstrates that simplicity can favor false assumptions.  

 

4.2 A mechanistic perspective on the experiment  

 In the remaining sections of the paper, I will attempt to provide an account of the historical 

importance of the Meselson-Stahl experiment given an incertitude about many of the background 

assumptions required for the interpretation of the results and the overall fragility of the 

experimental circumstances. This account takes at face value the ‘official’ assessment of the 

significance of the experimental results, as stated by Meselson and Stahl in the concluding lines 

of their 1958 paper. Instead of making claims about how the semiconservative explanation was 

favored against its rivals, they carefully describe the experiment in neutral terms, as providing 

evidence about the distribution of atoms in newly synthesized DNA, treating this evidence as one 

additional piece of information about the molecular mechanisms underpinning DNA replication in 

E. coli: 

“The results presented here give a detailed answer to the question of this distribution [of 

parental atoms among progeny molecules] and simultaneously direct our attention to other 

problems whose solution must be the next step in progress toward a complete understanding 

of the molecular basis of DNA duplication. What are the molecular structures of the subunits 

of E. coli DNA which are passed on intact to each daughter molecule? What is the 

relationship of these subunits to each other in a DNA molecule? What is the mechanism of 

the synthesis and dissociation of the subunits in vivo?” ([1958], p. 681) 

Two important points are explicitly made in the above quotation. First, the experiment was 

part of a broader research project aiming to provide a detailed, step-by-step description of the 

mechanism or mechanisms underpinning DNA replication (Fig. 2, top).7 From the perspective of 

                                                 
7 It has been argued that some of the most successful explanations in the life sciences amount to descriptions of 

mechanisms (Bechtel [2006], [2008]; Craver [2007]; Darden [2006]; Wimsatt [1972]). Machamer, Darden, and Craver 
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biochemistry and molecular biology, the ultimate goal was not to determine if DNA replication is 

semiconservative, conservative or dispersive. These terms refer to preliminary mechanism 

sketches, as understood in (Machamer, et al. [2000])–that is, to incomplete descriptions of putative 

mechanisms. The immediate debate was about the chemical reactions involved in DNA 

replication. The ultimate goal was an elucidation of the mechanisms of DNA replication. The three 

main hypotheses considered in the scientific literature at the time had direct implications for the 

reactants involved in DNA synthesis because they all postulated a role of parental DNA as a 

template for the synthesis of progeny DNA, meaning that parental DNA is preserved during 

replication. They disagreed about how it would act as a template, namely as double stranded DNA, 

single stranded DNA or fragments of single stranded DNA (Fig. 2, middle). Knowledge about how 

parent DNA nitrogen atoms are redistributed in the progeny DNA (which proportion of them, and 

to which of the two strands of the progeny DNA) was meant to provide the first clues about the 

chemical reactions involved in DNA replication. In turn, this information was required in order to 

gain some insights about the chemical building blocks, metabolic requirements and enzymatic 

machinery required to carry out these reactions, which once identified would have provided a 

detailed description of the mechanism or mechanisms of DNA replication (Fig. 2, bottom).  

                                                 
define mechanisms as “entities and activities organized such that they are productive of regular changes from start or 

set-up to finish or termination conditions” ([2000], p. 3).  
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Figure 2. Hypotheses guiding research and the subsequent elucidation of the mechanistic details 

From the perspective of a mechanistic project, positive or corroborating data is immensely 

more valuable than negative or falsifying data. Given that mechanistic explanations are seldom 

mutually exclusive (section 3.6), showing how a phenomenon is not produced does not 

automatically tell us that the phenomenon cannot be produced by that mechanism in some other 

experimental setup. Moreover, it usually doesn’t reveal anything about how the phenomenon is 

actually produced. On the other hand, positive evidence for one, or two or all three hypotheses 

considered by Meselson and Stahl would have provided data needed to elucidate the biochemistry 

of DNA replication. As argued earlier, Meselson and Stahl relied on a semi-quantitative detection 

technique that did not demonstrate that replication is exclusively semiconservative (section 3.4). 

It is interesting to note that neither Meselson and Stahl, nor other research groups, including rival 
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ones, felt the need to conduct more sensitive experiments aiming to demonstrate that DNA is never 

replicated via a conservative or dispersive mechanism. I take this to be an indication that the 

relevant result was not the definitive rejection of alternate hypotheses, but the positive evidence 

that the genomic material is replicated in a biologically significant proportion via a 

semiconservative mechanism. That was all that was needed to proceed to the next step of the 

investigation, namely the elucidation of the chemistry underlying DNA synthesis and the 

molecular machinery responsible for replicating DNA. From this perspective, we wouldn’t think 

any less of the Meselson-Stahl experiment had it turned out that DNA is sometimes replicated via 

a dispersive, conservative, or some other kind of mechanism. 

 

4.3 The experimental design and its independence from theoretical speculations 

The second point transparent in the conclusion of the 1958 paper is that, technically 

speaking, the experiment tracked what goes in and what comes out of a series of chemical 

reactions. One of the most important scientific achievements of Meselson and Stahl was the 

development of experimental techniques capable of distinguishing between the inputs and outputs 

of reactions involving DNA, thus making it possible to investigate not only DNA replication, but 

many other mechanisms involving nucleic acids, such as DNA repair, recombination, and 

transcription. More specifically, the experiment provided information about the “distribution of 

parental atoms among progeny molecules” by comparing the relative densities of isotope-labeled 

and unlabeled DNA species extracted from dividing bacteria. Thus, the experimental results were 

statements of the form ‘approximately x% of parental N atoms are passed to one/both daughter 

DNA strands in the nth cycle of replication’.  

The testing of the three main hypotheses circulating in the literature at the time was 

incorporated into the experimental design in a second step. Meselson and Stahl took advantage of 

the fact that for select values of the variables in the general form of the experimental results, the 

results could match predictions made by these hypotheses. However, an unambiguous one-to-one 

mapping of experimental results to predictions would obtain only if certain assumptions are 

correct. The most significant one was the simplifying assumption that DNA replication proceeds 

primarily via a single mechanism. This assumption served a very important purpose, namely create 

a disjunction in the space of possible explanations analogous to that between the corpuscular and 

wave theories of light in Duhem’s example. Without this simplifying assumption, the predictions 
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of the various hypotheses would have no longer be distinguishable (more than one hypothesis 

would have predicted the same outcome), thus making it impossible to draw any definitive 

conclusions about the three hypotheses without conducting further experiments. Abstracting for a 

moment the additional foreseen and unforeseen complications about experimental procedures, 

DNA topologies, and the possibility of additional replication mechanisms, the Meselson-Stahl 

experiment comes closest to the ideal of a crucial experiment in respect to a rather interesting 

strategy of ‘holistic confirmation’ (Baetu [2013], [2015]). The general idea goes as follows: if 

three possible outcomes are predicted in conjunction with the auxiliary assumption that replication 

proceeds via one mechanism alone, then the fact that one of the three predicted outcomes was 

observed (as opposed to an unpredicted banding pattern) supports not only the hypothesis that 

predicted it, but also the auxiliary assumption necessary for its prediction.8  

As discussed in section 3, a number of complications blurred an unambiguous one-to-one 

mapping of results and predictions, thus mitigating the success of the strategy and undermining 

the crucial experiment account. Notwithstanding, holistic confirmation did pay off in the sense 

that it succeeded in establishing a link between theoretically-motivated hypotheses about DNA 

replication and the data provided by a labeling experiment. This link was eventually strengthened 

by additional experiments, until the gap between the results of the Meselson-Stahl experiment and 

the prediction of semiconservative hypothesis was finally bridged.  

The crucial experiment account focuses on the link between the results of the Meselson-

Stahl experiment and previously proposed hypotheses about DNA replication. In doing so, it 

emphasizes a ‘top-down’ scientific methodology whereby researchers begin by theorizing, then 

derive predictions in order to test their hypotheses. It is not my intention to deny the importance 

of this link and its methodological foundations for the overall mechanistic project. Rather, my 

complaint is that the crucial experiment account downplays the fragility of the ‘top-down’ link and 

its dependence on many unproven assumptions, while obscuring the fact that the experiment would 

                                                 
8 A more ambitious version manages the holistic confirmation of two auxiliary assumptions: if three possible outcomes 

are predicted in conjunction with the auxiliary assumptions that parental DNA is not degraded during replication and 

that replication proceeds via one mechanism alone, then the fact that a semiconservative outcome was observed 

supported not only the hypothesis that predicted it, but also the two auxiliary assumptions necessary for the prediction. 

In contrast, if a dispersive pattern would have been observed, then the results would have been inconclusive since the 

possibility that the same banding pattern would have been produced by dispersive replication as well as alternate 

mechanisms involving the degradation of the parental DNA.  
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have produced data about the biochemistry of DNA replication independently of the testing of any 

pre-existing hypotheses about DNA replication.  

In parallel with questions about what predictions would be entailed by theoretical 

speculations, Meselson and Stahl engaged another, more general and robust ‘bottom-up’ 

experimental project by asking how it would be possible to experimentally distinguish between 

the inputs and outputs of the chemical reactions underlying DNA replication. As pointed out 

earlier, they succeeded in designing an experiment yielding results of the form ‘approximately x% 

of parental N atoms are passed to one/both daughter DNA strands in the nth cycle of replication’. 

Such statements already amount to meaningful information about the biochemistry of DNA 

replication and can guide future research by providing novel empirical constraints on possible 

models of DNA replication. Thus, the scope of the experiment was much wider than the testing of 

the three main hypotheses available at the time, as it could have succeeded in revealing something 

about the reactants involved in DNA replication even if none of these hypotheses would have 

turned out to be true. As for the scope of the general experimental design, it extended even more. 

Not only higher resolutions versions of the same experimental design were used to test some of 

the auxiliary assumptions required to conclusively support the semiconservative hypothesis, they 

were also used to investigate other mechanisms involving nucleic acids (Davis [2004]; Hanawalt 

[2004]).  

 

4.4 The advantages of a ‘bottom-up’ mechanistic account 

If my reconstruction of the experimental design is correct, then it is more accurate to 

describe the Meselson-Stahl experiment as generating data about the biochemistry of DNA 

replication that was compatible with, and in conjunction with other experiments conclusively 

supported the semiconservative hypothesis put forward by Watson and Crick. This account offers 

some important advantages over the crucial experiment account. First, it can explain the historical 

and scientific significance of the Meselson-Stahl experiment without having to argue that the 

assumptions required by the crucial experiment account were somehow justified in 1958 despite 

the fact that they received experimental support only later. The significance of the experiment lies 

primarily in the techniques it employed and their discovery potential, as it is often emphasized in 

scientific appraisals of the experiment. Second, it has the advantage of integrating the Meselson-

Stahl experiment in the general practice of biochemistry and molecular biology instead of treating 
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it as a peculiar experiment more akin to those conducted in physics. The progression from the 

description of a phenomenon, to an initial proposal of a mechanistic sketch to the elucidation of 

the missing mechanistic details depicted in Fig. 2 is characteristic of research in the life sciences 

(Bechtel [2006]; Bechtel and Richardson [2010]; Craver [2007]; Craver and Darden [2013]; 

Darden [2006]). Third, it takes into account the end-point targeted by the scientists involved in the 

debate. The crucial experiment account places an undue emphasis on the proposal of mechanistic 

sketches auxiliating the discovery process, while obscuring both the experimental achievements 

and the fact that the debate was about the biochemistry of DNA synthesis. Finally, a ‘bottom-up’ 

mechanistic account accurately matches the interpretation of the experimental results Meselson 

and Stahl themselves felt confident and justified to present to the scientific community.  

 

5. Conclusion 

There are undoubtedly limitations about how much can be inferred about the possibility of 

crucial experiments in science at large based on the particular case of the Meselson-Stahl 

experiment. I certainly do not mean to suggest that there are no examples of reasonably tight 

crucial experiments or that such experiments cannot be conducted as a matter of principle. What 

emerged from the analysis of Meselson-Stahl experiment is that there are no reasons to believe 

that it is impossible to keep underdetermination issues under control. The analysis also revealed 

that certain factors are likely to facilitate or obfuscate attempts to design and conduct crucial 

experiments. One of them is the presence (or absence) of theoretical rationales justifying the 

partitioning of the space of possible explanations into mutually exclusive scenarios. Such a 

partitioning is expected to have a rather sizeable positive (or negative) impact in terms of pruning 

down the number of possible experimental outcomes to a minimum and providing some measure 

of disjunctive leveraging, whereby evidence for a hypothesis counts as evidence against its rivals, 

while lack of evidence for rivals counts as evidence for the remaining hypotheses. Unfortunately, 

research in biological sciences is more likely to fall under the negative scenario given that 

mechanistic explanations are not mutually exclusive. A second factor hinges on the possibility of 

harnessing positive results in order to holistically confirm the hypothesis making the correct 

prediction along with the auxiliary assumptions jointly required to make that prediction. The 

Meselson-Stahl experiment demonstrates that such harnessing can be put to good use, although 

some caveats are easily foreseeable. The strategy is unlikely to work for a large number of auxiliary 
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assumptions, and is likely to fail if distinct sets of auxiliary assumptions yield the same prediction 

in conjunction with the tested hypothesis. Finally, a point could be made that crucial experiments 

are associated with a ‘top-down’, theory-guiding-experiment methodological approach. It would 

seem however that biological mechanisms can also be elucidated ‘bottom-up’, by building causal 

networks and then possible mechanisms from experimental results about causally relevant factors 

(Baetu [2012], [in press]; Craver [2007]; Woodward [2013]). In such a scenario, there is neither 

much opportunity, nor any genuine need to carry out crucial experiments. 
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