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Extensive and fruitful work is being devoted for more than 70 years to elucidate the �ne points of the maintenance of inversion
polymorphisms of the genus Drosophila. Recent studies have resumed selection in heterogeneous environments (or niches) as a
major underlying mechanism for these balanced polymorphisms. In those studies, constant selection within niches is assumed
throughout although this assumption is since long known not to hold. In the present communication it is sustained that the
results in those studies are robust in the face of this fact. To that end, this communication deals with a particular long-lasting
question within this topic—whether the minimal model of constant viability selection (MCV, assuming frequency-, sex-, and
stage-independent adaptive values) suffices to reproduce the trajectories of frequencies of Drosophila chromosomal arrangements
observed in experimental populations along generations under homogeneous environments. Fitness estimates are here obtained
from published trajectories of frequencies using a maximum likelihood approach, and relevant literature is revised in the light of
these new analyses, pointing to an affirmative answer to that question.

1. Introduction

Dobzhansky�s fundamental �nding that natural selection
acts on polymorphic chromosomal inversions of Drosophila
�ies [1–3] was path-breaking in evolutionary biology and
bestowed plenty of delightful work upon geneticists for years
to come [4]. In particular, it triggered a long-term line of
work to elucidate the particular, strong mechanism(s) of
selection underlying the inversion polymorphisms that were
maintained both under natural and (oen) under experi-
mental conditions [5, 6]. e �rst hypothesis to test was the
heterozygote types (heterokaryotypes) having higher adap-
tive values than the homozygote types (homokaryotypes)
assuming the model of constant viability (MCV), which
was referred to as heterosis [7, 8]. e plausibility of this
hypothesis did not only come from its simplicity, but also
because no discrepancies were initially found between the
predicted trajectories assuming heterosis and the observed
data [5, 6, 8]. Subsequently, more thorough assessments were
designed in order to de�nitely reveal the role of heterosis in
themaintenance of theDrosophila inversion polymorphisms.

e least-squares and goodness-of-�t-based methods to
estimate constant adaptive values from experimental runs
[6, 9, 10] were replaced by more convenient maximum like-
lihood (ML) approaches [11, 12]. However, when applying
these methods to real data, the results were not conclusive.
For some experiments, the trajectories predicted using the
estimated adaptive values would �t the data well, whereas
statistically signi�cant departures between the observed and
the predicted trajectories would be found for others [12–
14]. Further ML methods were then designed to account
for more realistic selection regimes involving stage- and
sex-dependent adaptive values [15, 16]. However, the data
requirements increase with the number of parameters, and
the information content the observed trajectories of fre-
quencies can bear is limited. Consequently, Prout [17, 18]
proposed that this puzzle would have to be broken up into
more accessible pieces, which turned researchers in this
�eld to estimate separate �tness components in competition
experiments (reviewed in [19–21]). is line of research
revealed the maintenance of Drosophila inversion polymor-
phisms not to be ruled simply by heterosis. In fact, selection
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has been shown to take capricious enough appearances that
can simultaneously be frequency-, sex-, and stage-dependent,
as rare male advantage [22, 23].

e integrative approach proposed by Prout [15, 17, 18,
24] consists in modelling the trajectories of frequency of
Drosophila inversions along generations using the �tness-
component estimates obtained in competition experiments.
is strategy has recently shown amore than reasonably good
�t of predicted-to-observed trajectories, using from the last
ones only their starting points [25, 26]. However, this positive
result is not sufficient for completely understanding the
balanced inversion polymorphisms of Drosophila’s natural
populations, with individuals migrating among niches with
different selection pressures [27–30]. In fact, Drosophila
inversions being affected by selection in heterogeneous envi-
ronments have been originally pointed out by Dobzhansky
[2] as the cause of the altitudinal clines of their frequencies.
Kirkpatrick and Barton [31] havemore recently inspected the
ecological and genetic mechanisms underlying the evolution
of these clines and emphasized the potential of inversions
for the adaptation of populations to local environments
(i.e., niches). More to the point, Schaeffer [32] has recently
estimated adaptive values of inversions for the six niches
identi�ed for Drosophila pseudoobscura in the southwestern
USA, using a model of selection-migration balance.

In order to address the complexity of niche-dependent
selection in those recent studies, the MCV has been used
to describe selection within niches (or localities). However,
Drosophila inversions are since long known to be affected
by more complex modes of selection—as pointed out above.
Consequently, the question of whether the reliability of those
results is spoiled by the assumption of within-niche constant
selection is here addressed. Dobzhansky’s unresolved con-
cern on whether the MCV �ts the changes in frequency of
Drosophila inversions [6] is thus revisited. More precisely,
is the MCV (in spite of not being causative) appropriate to
accurately reproduce the changes in frequency of Drosophila
chromosomal arrangements along generations under con-
stant environments? Previous studies on this subject are here
reviewed in the light of new analyses of published data.

2. Methods

Estimates of stage-, sex-, and frequency-independent adap-
tive values and initial frequencies of three-allele karyotypic
classes are here obtained from experimental populations
of Drosophila subobscura [33] using an implementation of
DuMouchel and Anderson’s [12] unconditional ML method.
e de Frutos’ [33] datasets are of the same kind as the
ones generated for using this ML method [12–14, 34, 35]—to
this regard, it is in particular important to note that the
experimental population sizes are large relative to the sample
sizes so that the sample procedure does not strongly affect the
population frequencies of subsequent generations [36]. e
required implementation consists in estimating the initial
frequencies, due to the experimental populations having been
started from wild individuals with unknown frequencies
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F 1: Observed frequencies (symbols) of arrangements of the
𝑂𝑂 chromosome along generations of experimental population T1 of
Drosophila subobscura [33] and predicted trajectories (lines) using
ML estimates of frequency-, sex-, and stage-independent adaptive
values and initial frequencies from the observed frequencies.

[33]. is implementation was reported to have already been
applied to other datasets [13, 14], although not yet described.

For a k-allele genetic system, the MCV expresses the gene
frequencies of zygotes of generation (𝑡𝑡 𝑡 𝑡𝑡, 𝑝𝑝𝑖𝑖(𝑡𝑡 𝑡 𝑡𝑡, 𝑖𝑖 𝑖
𝑡,… , 𝑘𝑘, in terms of the frequencies at the previous generation
and the adaptive values 𝑝𝑝𝑖𝑖(𝑡𝑡𝑡, 𝜔𝜔𝑖𝑖𝑖𝑖, 𝑖𝑖, 𝑖𝑖 𝑖 𝑡,… , 𝑘𝑘, respectively,
using the following recurrence equations:

𝑝𝑝𝑖𝑖 (𝑡𝑡 𝑡 𝑡𝑡 𝑖
𝐹𝐹𝑖𝑖 (𝑡𝑡𝑡
𝐷𝐷 (𝑡𝑡𝑡
, 𝑖𝑖 𝑖 𝑡,… , 𝑘𝑘, (1)

where 𝐹𝐹𝑖𝑖(𝑡𝑡𝑡 𝑖 𝑝𝑝𝑖𝑖(𝑡𝑡𝑡 𝑡
𝑘𝑘
𝑖𝑖𝑖𝑡 𝑝𝑝𝑖𝑖(𝑡𝑡𝑡𝜔𝜔𝑖𝑖𝑖𝑖, 𝑖𝑖 𝑖 𝑡,… , 𝑘𝑘, and 𝐷𝐷(𝑡𝑡𝑡 𝑖

𝑡𝑘𝑘𝑙𝑙,𝑙𝑙𝑖𝑡 𝑝𝑝𝑙𝑙(𝑡𝑡𝑡𝑝𝑝𝑙𝑙(𝑡𝑡𝑡𝜔𝜔𝑙𝑙𝑙𝑙. e vector of independent parameters
to estimate is E 𝑖 (𝑝𝑝𝑡(0𝑡,… , 𝑝𝑝𝑘𝑘𝑘𝑡(0𝑡, 𝜔𝜔𝑡𝑡,… , 𝜔𝜔𝑘𝑘𝑘𝑘𝑘𝑡𝑡

T,
where the superindex T stands for transpose. e remaining
frequency, 𝑝𝑝𝑘𝑘(0𝑡, is de�ned by all frequencies having to sum
up to one, and the remaining adaptive value, 𝜔𝜔𝑘𝑘𝑘𝑘, is de�ned
by 𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝜔𝜔𝑖𝑖𝑖𝑖 𝑖 𝑘𝑘(𝑘𝑘 𝑡 𝑡𝑡𝑘𝑘 where 𝑖𝑖 is the set of the 𝑘𝑘(𝑘𝑘 𝑡 𝑡𝑡𝑘𝑘
adaptive values.

e data are the observed gene frequencies in zygotes
of subsequent, not necessarily consecutive, generations 𝑥𝑥𝑖𝑖(𝑡𝑡𝑡,
𝑖𝑖 𝑖 𝑡,… , 𝑘𝑘, 𝑡𝑡 𝑖 𝑡𝑡, and the number of genes sampled
for each generation, 𝑛𝑛(𝑡𝑡𝑡, 𝑡𝑡 𝑖 𝑡𝑡, where 𝑡𝑡 is the set of
all observed generations. us, the likelihood function is
∏𝑡𝑡𝑖𝑡𝑡∏

𝑘𝑘
𝑖𝑖𝑖𝑡𝑝𝑝𝑖𝑖(𝑡𝑡𝑡

𝑥𝑥𝑖𝑖(𝑡𝑡𝑡. Hence, its logarithm is

𝐿𝐿 𝑖 𝐿𝐿 𝑡 𝐿𝐿
𝑡𝑡𝑖𝑡𝑡

𝑘𝑘
𝐿𝐿
𝑖𝑖𝑖𝑡
𝑥𝑥𝑖𝑖 (𝑡𝑡𝑡 log 𝑝𝑝𝑖𝑖 (𝑡𝑡𝑡 , (2)

where 𝐿𝐿 is a constant.
e ML estimate of the vector E can be computed

iteratively from an attempting initial value E(𝑢𝑢𝑡, using
Newton’s iteration algorithm E(𝑢𝑢𝑡𝑡𝑡 = E(𝑢𝑢𝑡 + I𝑘𝑡 ⋅ S [37, 38],
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where the likelihood vector is S = (𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜀E =
(∑𝑡𝑡𝜀𝑡𝑡 ∑

𝑘𝑘
𝑖𝑖=𝑖(𝑥𝑥𝑖𝑖(𝑡𝑡𝜕𝜕𝑡𝑡𝑖𝑖(𝑡𝑡𝜕𝜕(𝜕𝜕𝑡𝑡𝑖𝑖(𝑡𝑡𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜀E, using (2), and

the information matrix is I = (∑𝑡𝑡𝜀𝑡𝑡 𝑛𝑛(𝑡𝑡𝜕∑
𝑘𝑘
𝑖𝑖=𝑖[((𝜕𝜕𝑡𝑡𝑖𝑖(𝑡𝑡𝜕𝜕

𝜕𝜕𝜕𝜕𝜕(𝜕𝜕𝑡𝑡𝑖𝑖(𝑡𝑡𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑡𝑡𝑖𝑖(𝑡𝑡𝜕𝑡𝜕𝜕𝜕𝛿𝜕𝜕𝜀E. In these expressions, the
derivatives of the gene frequencies along generations with
respect to the parameters to estimate can be computed
recursively, from (1), as

𝜕𝜕𝑡𝑡𝑖𝑖 (𝑡𝑡 𝑡 𝑖𝜕
𝜕𝜕𝜕𝜕
=
𝜕𝜕𝜕𝜕𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝜕𝜕
𝑖
𝐷𝐷 (𝑡𝑡𝜕
−
𝜕𝜕𝑖𝑖 (𝑡𝑡𝜕
[𝐷𝐷 (𝑡𝑡𝜕𝑡2

𝜕𝜕𝐷𝐷 (𝑡𝑡𝜕
𝜕𝜕𝜕𝜕
𝛿 𝜕𝜕 𝜀 E𝛿

𝑖𝑖 = 𝑖𝛿𝑖 𝛿 𝑘𝑘𝛿
(3)

where

𝜕𝜕𝐷𝐷 (𝑡𝑡𝜕
𝜕𝜕𝜕𝜕
=
𝑘𝑘

𝑖𝑖=𝑖

𝜕𝜕𝜕𝜕𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝜕𝜕
𝛿 𝜕𝜕 𝜀 E𝛿

𝜕𝜕𝜕𝜕𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝑡𝑡𝑟𝑟 (0𝜕
=
𝑘𝑘

𝑗𝑗=𝑖
𝜔𝜔𝑖𝑖𝑗𝑗 𝑡𝑡𝑖𝑖 (𝑡𝑡𝜕

𝜕𝜕𝑡𝑡𝑗𝑗 (𝑡𝑡𝜕
𝜕𝜕𝑡𝑡𝑟𝑟 (0𝜕
𝑡 𝑡𝑡𝑗𝑗 (𝑡𝑡𝜕

𝜕𝜕𝑡𝑡𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝑡𝑡𝑟𝑟 (0𝜕
 𝛿

𝑟𝑟 = 𝑖𝛿𝑖 𝛿 𝑘𝑘 − 𝑖𝛿

𝜕𝜕𝜕𝜕𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝜔𝜔𝑙𝑙𝑙𝑙
=
𝑘𝑘

𝑗𝑗=𝑖
𝑡𝑡𝑖𝑖 (𝑡𝑡𝜕 𝑡𝑡𝑗𝑗 (𝑡𝑡𝜕

𝜕𝜕𝜔𝜔𝑖𝑖𝑗𝑗
𝜕𝜕𝜔𝜔𝑙𝑙𝑙𝑙

𝑡𝜔𝜔𝑖𝑖𝑗𝑗 𝑡𝑡𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝑡𝑡𝑗𝑗 (𝑡𝑡𝜕
𝜕𝜕𝜔𝜔𝑙𝑙𝑙𝑙
𝑡 𝑡𝑡𝑗𝑗 (𝑡𝑡𝜕

𝜕𝜕𝑡𝑡𝑖𝑖 (𝑡𝑡𝜕
𝜕𝜕𝜔𝜔𝑙𝑙𝑙𝑙
 𝛿

𝑙𝑙𝑙𝑙 𝜀 𝑙𝑙 𝑙 𝑙𝑘𝑘𝑘𝑘} .
(4)

e recursive process is initiated using that the frequencies at
time 𝑡𝑡 = 0 are independent of the adaptive values and that
𝜕𝜕𝑡𝑡𝑖𝑖(0𝜕𝜕𝜕𝜕𝑡𝑡𝑟𝑟(0𝜕 equals 𝑖𝛿 −𝑖, and 0, when 𝑖𝑖 = 𝑟𝑟, 𝑖𝑖 = 𝑘𝑘, and
otherwise, respectively.

3. Results

e ML method described above succeeded to converge to
a vector of positive estimates for only three out of the ten
populations of Drosophila subobscura sampled along several
generations by de Frutos [33]—the ones labelled as H2, T1,
and P2 (Figures 1 and 2). ese estimates are shown in
Table 1 together with the results of a statistical test assessing
the goodness of �t between the observed trajectories of
frequencies and the ones predicted using the estimates.
For populations H2 and T1, only a few of the multiple
scrutinizing starting values have led to local convergence of
the ML method, which re�ects that the information content
of the data is not optimal and the estimates are therefore not
robust. In particular, H2 has a lower number of generations
sampled than the other two populations and T1 has lower
efforts of per generation samples than P2 (cf. sample sizes in
[33]) and was funded at frequencies closer to the equilibrium
(cf. Figures 1 and 2). In any event, the fact that populations
associated to weak estimates (with only local convergence of
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F 2: Observed frequencies and predicted trajectories of popu-
lation P2 (same speci�cations as in legend of Figure 1).

the ML method) display statistically signi�cant departures
between the observed trajectories and the ones predicted by
the estimates, using a goodness-of-�t test (Table 1), does not
prove that the model cannot �t more informative data.

e key to address this problem is thus the performance
the predictions show at populations for which global con-
vergence to meaningful adaptive values evidences the good
quality of the data. In point of fact, such data is scarce in the
literature. Fortunately, however, this actually is the case for
population P2 (Figure 2), where global convergence of the
ML method described above has led to robust estimates of
selective values (Table 1). In fact, the predicted trajectories
for population P2 (Figure 2) seem to provide the best possible
approximation to the data—the only mismatch attracting
visual attention happens at generation 14, at which the least
sampling effort for this population has been made [33]. is
visual appreciation is in accordance with the results of the
statistical tests. It is noteworthy that sample size is higher
for P2 than for T1 [33] and that the larger the sample sizes,
the higher the power to detect discrepancies between the
predicted and the observed trajectories by the goodness-of-
�t test [39]. In spite of that, no signi�cant discrepancies occur
for population P2 (Table 1). erefore, these results clearly
point to the estimation procedure to generate predicted tra-
jectories that �t the data extremely well—whenever applied
to datasets that are informative enough to provide robust
estimates.

ese results enable us to provide a coherent interpreta-
tion of the results reported in the literature for the inversion
polymorphism of Drosophila pseudoobscura [12–14, 34, 35].
Indeed, reinterpreting those works has been a major moti-
vation for us to use the same methodology. DuMouchel and
Anderson [12] found no discrepancies between predicted
(under the MCV) and observed trajectories in diallelic
populations, but statistically signi�cant discrepancies inmul-
tiallelic populations (in which similar sampling efforts were
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T 1: ML estimates of frequency-, sex-, and stage-independent adaptive values, 𝜔𝜔𝑖𝑖𝑖𝑖, and initial frequencies, 𝑝𝑝𝑖𝑖(1), from observed
frequencies of arrangements of the 𝑂𝑂 chromosome along generations of experimental populations of Drosophila subobscura [33], goodness
of �t, 𝜒𝜒2, and degrees of freedom, df, to test the adequacy of the selection model to the data and equilibrium frequencies,𝑝𝑝𝑖𝑖, predicted by the
estimates.

Population Arrangement(a) 𝑝𝑝𝑖𝑖(1) ± 𝜎𝜎𝑝𝑝𝑖𝑖(1) 𝜔𝜔1𝑖𝑖 ± 𝜎𝜎𝜔𝜔1𝑖𝑖 𝜔𝜔2𝑖𝑖 ± 𝜎𝜎𝜔𝜔2𝑖𝑖 𝜔𝜔3𝑖𝑖 ± 𝜎𝜎𝜔𝜔3𝑖𝑖 𝜒𝜒2 df 𝑝𝑝𝑖𝑖
𝑂𝑂ST 0.040 ± 0.011 0.936 ± 0.456 1.450 ± 1.672 1.083 ± 0.206 17.373∗∗∗ 3 0.424

H2 𝑂𝑂3+4+7 0.735 ± 0.026 0.367 ± 3.462 1.707 ± 4.584 0.338
𝑂𝑂IN 0.225 ± 0.024 0.456 ± 3.108 0.238
𝑂𝑂ST 0.158 ± 0.022 1.030 ± 0.115 1.045 ± 0.083 1.107 ± 0.259 26.105∗∗∗ 7 0.596

T1 𝑂𝑂3+4+7 0.590 ± 0.032 0.812 ± 0.078 1.240 ± 0.225 0.171
𝑂𝑂IN 0.252 ± 0.029 0.766 ± 0.308 0.233
𝑂𝑂ST 0.333 ± 0.024 1.069 ± 0.041 0.613 ± 0.103 1.045 ± 0.043 8.072 7 1

P2 𝑂𝑂3+4+7 0.225 ± 0.019 1.963 ± 0.286 0.551 ± 0.219 0
𝑂𝑂IN 0.443 ± 0.029 0.759 ± 0.125 0

(a)e less frequent arrangements are pulled together into the category 𝑂𝑂IN, which is dominated by arrangements 𝑂𝑂3+4 or 𝑂𝑂7 [33].∗∗∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃1.

made in spite of the increasing number of parameters to
estimate). Accordingly, statistically signi�cant discrepancies
between predicted and observed data were found by Watan-
abe et al. [13] in a highly parameterized genetic system (four-
allele populations in which also the initial frequencies had to
be estimated), whereas Anderson et al. [14] obtained good
�t using lesser parameterized models (triallelic populations)
and taking special care in sampling a considerable number of
generations ahead of the equilibrium.

Overall, a comprehensive view of the estimation of
selection (with the MCV) of Drosophila inversions from
changes in frequency along generations can be summarized
in two points. On the one hand, the statistical discrepancies
found at populations between observed trajectories and the
ones predicted with non robust estimates re�ect that the
amount of information content of many datasets is not in
accordance with the number of parameters to estimate. On
the other hand, the systematic �t of trajectories predicted by
a reasonably small amount of estimates obtained from rea-
sonably high-quality data (ensuing global convergence of the
estimation procedure to meaningful values) proves that the
constant (stage-, sex-, and frequency-independent) model
of selection suffices to describe the observed trajectories of
inversion frequencies within niches.

4. Discussion

Several recent studies have dealt with intraniche constant
selection of Drosophila inversions as a black-box model to
investigate how selection works across niches [31, 32]. is
practice is in accordance with Prout’s [17, 18] proposal
of addressing, in turn, separate aspects of this problem.
Schaeffer [32], in particular, provides evidence for selection
in heterogeneous environments to be a crucial mechanism in
the maintenance of inversion polymorphisms in Drosophila
populations of the southwestern USA. He shows that models
assuming constant adaptive values that do not display het-
erosis within niches can �t data on balanced polymorphisms
in natural populations of Drosophila pseudoobscura. e
adaptive values obtained under the different environments

are then used to reproduce the equilibrium frequencies
through recursions using the MCV with selection-migration
balance, assuming different migration rates and migration
schemes.

e motivation for the present communication is that
the results just mentioned can be questioned by arguing
that, within environments, adaptive values of Drosophila
inversions are known not to be constant at all but stage-,
sex-, and frequency-dependent, as explained in the Intro-
duction section. Interestingly, the reasoning behind these
results does not exactly rely on the MCV entailing the true
mechanism of selection within the different niches. To be
precise, Schaeffer’s [32] results rely instead on the MCV
being able to accurately reproduce the changes in inversion
frequencies along generations of �ies within each niche.
erefore, the apparent contradiction coming from using
the MCV as a simplifying assumption vanishes under the
outcome of this communication—the MCV, although non
causative, suffices to reproduce the changes in frequency of
Drosophila inversions that are due to selection within niches.
us, a critical step has here beenworked out that is needed to
sustain previous results that have been published concerning
the maintenance of Drosophila inversion polymorphisms.

It is not astonishing that the question of whether the
MCVwould �tDrosophila inversions frequencies lasted long.
Indeed, when this subject was �rst addressed, the MCV was
still regarded as a potential causative mechanism—instead
of as a black-box model—for Drosophila inversion polymor-
phisms and heterosis comprised an appealing explanation
to Drosophila balanced polymorphisms, as explained in the
Introduction section.is factmust have initially encouraged
researchers to address the estimation of adaptive values in
all kinds of populations (including rather complex ones)
and to progressively abandon this line of work as the evi-
dences of complex modes of selection of inversions became
stronger. As a consequence—and despite several indications
advised for the design of experiments to estimate constant-
selection parameters from trajectories of frequency (see, e.g.,
[12])—the Drosophila literature does not in the end provide
many datasets that can lead to robust estimates. Rather,
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the experimental datasets oen involve three or more alleles
and entail the initial frequencies as parameters to estimate.

In the present communication it was actually necessary to
reduce the complexity of the original data towards a triallelic
system by pooling the less frequent arrangements into the
category 𝑂𝑂IN. is is one of the factors putatively precluding
most of the populations of de Frutos [33] to lead to global
convergence of the ML method. On the other hand, the
�tness estimate obtained for population P2 predicting the
�xation of one arrangement, 𝑂𝑂ST (Table 1), is an occasional
fact (several inversions are oen maintained in experimen-
tal populations, see, e.g., [21]) that actually facilitates the
convergence of the estimation procedure—since it facilitates
that a higher number of generations involving changes in
frequency occur before the equilibrium is attained (cf. Figures
1 and 2). Incidentally, the estimates obtained by the ML
method are consistent with the output of all populations since
they correctly predict whether themultiallelic polymorphism
would be maintained or not (see the equilibrium frequencies
predicted from the estimates of adaptive values in Table 1),
which reinforces our main conclusion—the MCV can be
used to obtain adaptive values that approximate well the
trajectories of frequencies of Drosophila inversions within
niches, as long as there is enough data available for the ML
method to provide robust estimates.

In any case, it must be recalled that the good �t of
the MCV to the inversion frequencies cannot be argued to
endorse heterosis as the causative factor of the maintenance
of the Drosophila inversion polymorphisms. As pointed out
above, numerous studies found complex modes of selection
to occur in the maintenance of Drosophila inversion poly-
morphisms reviewed in [19–21]. Furthermore, the stage-,
sex-, and frequency-dependent �tness estimates obtained in
competition experiments of Drosophila pseudoobscura have
been successfully used to replicate the trajectories of fre-
quencies of experimental populations along generations [25],
which supports those multifaceted �tness estimates—instead
of the minimal MCV with heterosis—as the selection mech-
anisms underlying the maintenance of inversion polymor-
phisms in experimental populations. Similarly, it cannot
be argued that selection in heterogeneous environments is
the only force maintaining the polymorphisms, since other
balancing forces (different from heterosis) are known to act
within niches.

Dobzhansky’s fundamental �nding thatDrosophila inver-
sions are affected by strong selective forces in natural popu-
lations via seasonality [1] and altitudinal clines [2] gave rise
to extensive, fruitful research in evolutionary biology during
Dobzhansky’s life and shortly aer his passing reviewed in
[21]. is topic keeps on improving nowadays our insight
in new scienti�c challenges, as shown, for instance, through
the assessment of global climate change by shis of lati-
tudinal clines of Drosophila inversion polymorphisms [40]
and through the understanding of speciation mechanisms
that may underlie the origin of humans [41]. On the
whole (although dealing here only with what is related to
the maintenance of Drosophila inversion polymorphisms),
Dobzhanky’s bequest keeps on bestowing plenty of motivat-
ing challenges upon geneticists for times to come.

Abbreviations

MCV: Model of constant viability
ML: Maximum likelihood.

Acknowledgments

J. M. Álvarez-Castro acknowledges Arnaud Le Rouzic for
having triggered the completion of this communication.is
work has been supported by the autonomous government
Xunta de Galicia through a fellowship from the Secretaría
Xeral de Desenvolvemento and an “Isidro Parga Pondal”
contract.

References

[1] T. Dobzhansky, “Genetics of natural populations IX. Temporal
changes in the composition of populations of Drosophila pseu-
doobscura,” Genetics, vol. 28, no. 2, pp. 162–186, 1943.

[2] T. Dobzhansky, “Genetics of natural populations XVI. Altitu-
dinal and seasonal changes produced by natural selection in
certain populations ofDrosophila pseudoobscura,”Genetics, vol.
33, pp. 158–176, 1948.

[3] T. Dobzhansky, “Evolutionary oscillations inD. pseudoobscura,”
in Ecological Genetics and Evolution, R. Greed, Ed., pp. 109–133,
Blackwell, Oxford, UK, 1971.

[4] B. Charlesworth, “e good fairy godmother of evolutionary
genetics,” Current Biology, vol. 6, no. 3, p. 220, 1996.

[5] T.Dobzhansky, “Genetics of natural populations. XIX.Origin of
heterosis through natural selection in populations ofDrosophila
pseudoobscura,” Genetics, vol. 35, no. 3, pp. 288–302, 1950.

[6] S. Wright and T. Dobzhansky, “Genetics of natural populations.
XII. Experimental reproduction of some of the changes caused
by natural selection in certain populations of Drosophila pseu-
doobscura,” Genetics, vol. 31, no. 2, pp. 125–156, 1946.

[7] T. Dobzhansky, Genetics and the Origin of Species, Columbia
University Press, New York, NY, USA, 1937.

[8] T. Dobzhansky and O. Pavlovsky, “Indeterminate outcome of
certain experiments of Drosophila populations,” Evolution, vol.
7, pp. 198–210, 1953.

[9] T. Dobzhansky and H. Levene, “Development of heterosis
through natural selection in experimental populations of
Drosophila pseudoobscura,” American Naturalist, vol. 85, no.
823, pp. 247–264, 1951.

[10] H. Levene, O. Pavlovsky, and T. Dobzhansky, “Interaction of
the adaptive values in polymorphic experimental populations
of Drosophila-pseudoobscura,” Evolution, vol. 8, no. 4, pp.
335–349, 1954.

[11] L. L. Cavalli, “e analysis of selection courves,” Biometrics, vol.
6, pp. 208–220, 1950.

[12] W. H. DuMouchel and W. W. Anderson, “e analysis of
selection in experimental populations,” Genetics, vol. 58, no. 3,
pp. 435–449, 1968.

[13] T. Watanabe, W. W. Anderson, T. Dobzhansky, and O.
Pavlovsky, “Selection in experimental populations of
Drosophila pseudoobscura with different initial frequencies of
chromosomal variants,” Genetical Research, vol. 15, no. 1, pp.
123–129, 1970.

[14] W. W. Anderson, T. Dobzhansky, and O. Pavlovsky, “A natural
population of Drosophila transferred to a laboratory environ-
ment,” Heredity, vol. 28, no. 1, pp. 101–107, 1972.



6 Scienti�ca

[15] T. Prout, “e estimation of �tnesses from population data,”
Genetics, vol. 63, no. 4, pp. 949–967, 1969.

[16] J. Wilson, “Experimental design in �tness estimation,” Genetics,
vol. 66, no. 3, pp. 555–567, 1970.

[17] T. Prout, “e relation between �tness components and pop-
ulation prediction in Drosophila I, e estimation of �tness
components,” Genetics, vol. 68, pp. 127–149, 1971.

[18] T. Prout, “e relation between �tness components and pop-
ulation prediction in Drosophila II. Population prediction,”
Genetics, vol. 68, pp. 151–167, 1971.

[19] D. Sperlich and P. Pfriem, “Chromosomal polymorphism in
natural and experimental populations,” in e Genetics and
Biology of Drosophila, M. Ashburner, H. L. Carson, and J.
N. ompson Jr., Eds., vol. 3e, pp. 257–309, Academy Press,
London, UK, 1986.

[20] C. B. Krimbas and J. R. Powell, Drosophila Inversion Polymor-
phism, CRC Press, Boca Raton, Fla, USA, 1992.

[21] J. R. Powell, Progress and Prospects in Evolutionary Biology. e
Drosophila Model, Oxford University Press, Oxford, UK, 1997.

[22] L. Ehrman, B. Spassky, O. Pavlovsky, and T. Dobzhansky,
“Sexual selection, geotaxis, and chromosomal polymorphism in
experimental populations of Drosophila subobscura,” Evolution,
vol. 19, pp. 337–346, 1965.

[23] C. Petit and L. Ehrman, “Sexual selection in Drosophila,”
Evolutionary Biology, vol. 3, pp. 177–223, 1969.

[24] T. Prout, “e estimation of �tness from genotypic frequencies,”
Evolution, vol. 19, pp. 546–551, 1965.

[25] J. M. Álvarez-Castro and Ö. Carlborg, “e yank of Dobzhan-
sky’s bequest,” Evolutionary Biology, vol. 35, no. 3, pp. 176–181,
2008.

[26] J. M. Alvarez-Castro and G. Alvarez, “Models of general
frequency-dependent selection and mating-interaction effects
and the analysis of selection patterns in Drosophila inversion
polymorphisms,” Genetics, vol. 170, no. 3, pp. 1167–1179, 2005.

[27] M. A. Riley, M. E. Hallas, and R. C. Lewontin, “Distinguish-
ing the forces controlling genetic variation at the Xdh locus
in Drosophila pseudoobscura,” Genetics, vol. 123, no. 2, pp.
359–369, 1989.

[28] S. W. Schaeffer and E. L. Miller, “Estimates of gene �ow
in Drosophila pseudoobscura determined from nucleotide
sequence analysis of the alcohol dehydrogenase region,” Genet-
ics, vol. 132, no. 2, pp. 471–480, 1992.

[29] M. Kovacevic and S. W. Schaeffer, “Molecular population
genetics of X-linked genes inDrosophila pseudoobscura,”Genet-
ics, vol. 156, no. 1, pp. 155–172, 2000.

[30] S. W. Schaeffer, M. P. Goetting, M. Kovacevic et al., “Evolu-
tionary genomics of inversions in Drosophila pseudoobscura:
evidence for epistasis,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 100, no. 14, pp.
8319–8324, 2003.

[31] M. Kirkpatrick and N. Barton, “Chromosome inversions, local
adaptation and speciation,” Genetics, vol. 173, no. 1, pp.
419–434, 2006.

[32] S. W. Schaeffer, “Selection in heterogeneous environments
maintains the gene arrangement polymorphism of Drosophila
pseudoobscura,” Evolution, vol. 62, no. 12, pp. 3082–3099, 2008.

[33] R. de Frutos, “Changes of chromosomal polymorphism in
experimental cage populations of Drosophila subobscura,”
Genetica, vol. 49, no. 2-3, pp. 139–151, 1978.

[34] W. W. Anderson, C. Oshima, T. Watanabe, T. Dobzhansky, and
O. Pavlovsky, “Genetics of natural populations. XXXIX.A test of

the possible in�uence of two insecticides on the chromosomal
polymorphism in Drosophila pseudoobscura,” Genetics, vol. 58,
no. 3, pp. 423–434, 1968.

[35] O. Pavlovsky and T. Dobzhansky, “Genetics of natural popula-
tions. XXXVII.e coadapted system of chromosomal variants
in a population of Drosophila pseudoobscura,” Genetics, vol. 53,
no. 5, pp. 843–854, 1966.

[36] A. R. Templeton, “Analysis of selection in populations observed
over a sequence of consecutive generations - I. Some one locus
models with a single, constant �tness component per genotype,”
eoretical and Applied Genetics, vol. 45, no. 5, pp. 179–191,
1974.

[37] R. Elandt-Johnson, Probability Models and Statistical Methods
in Genetics, John Willey & Sons, London, UK, 1971.

[38] B. S. Weir, Genetic Data Analysis, Sinnauer Associates, Sunder-
land, Mass, USA, 1990.

[39] R. R. Sokal, F. J. Rohlf, and Biometry,ePrinciples and Practice
of Statistics in Biological Research,W.H. Freeman andCompany,
New York, NY, USA, 3rd edition, 1995.

[40] P. A. Umina, A. R. Weeks, M. R. Kearney, S. W. McKechnie,
and A. A. Hoffmann, “Evolution: a rapid shi in a classic clinal
pattern in Drosophila re�ecting climate change,” Science, vol.
308, no. 5722, pp. 691–693, 2005.

[41] F. J. Ayala and M. Coluzzi, “Chromosome speciation: humans,
Drosophila, and mosquitoes,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102,
supplement 1, pp. 6535–6542, 2005.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


