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Abstract.—Although numerous studies have found that fluctuating asymmetry (FA) can have a heritable component,
the genetic and developmental basis of FA is poorly understood. We used a developmental model of a trait, according
to a diffusion—threshold process, whose parameters are under genetic control. We added a small amount of random
variation to the parameter values of this model to simulate developmental noise. As a result of the nonlinearity of
the model, different genotypes differed in their sensitivity to developmental noise, even though the noise is completely
random and independent of the genotype. The heritable component of FA can thus be understood as genetically
modulated expression of variation that is itself entirely nongenetic. The loci responsible for this genetic variation of
FA are the same that affect the left/right mean of the trait, showing that genetic variation for FA does not require
genes that specifically control FA. Furthermore, the model offers alternative explanations for phenomena widely
discussed in the literature on FA, for instance, the correlations between FA and heterozygosity and between FA and
trait size. The model underscores the importance of dominance and epistasis, and therefore unites the study of FA
with the classical theory of quantitative genetics.
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Fluctuating asymmetry (FA) has received much recent in-
terest as a measure of individual quality and as a possible
target for natural and sexual selection (reviewed by Mgller
and Swaddle 1997). This approach is based on the premise
that FA is the measurable expression of developmental in-
stability. Developmental instability stands for the tendency
of the phenotypic value of a trait to deviate from the value
expected for an individual with a given genotype and envi-
ronment. Developmental instability is measurable as FA be-
cause the two sides of a bilaterally symmetric organism share
the same genome (barring somatic mutation) and environ-
mental differences between sides, integrated over the time of
development, are likely to be small (though this may not be
true for sessile organisms). Therefore, differences between
the body sides are mostly attributable to random ‘‘errors’
that accrue during development. Despite the simplicity of
this logic, the developmental basis of developmental insta-
bility is not well understood (Markow 1995), and even the
degree to which FA is genetically based has been contentious
(Mgller and Swaddle 1997; Mgller and Thornhill 1997; but
see also the criticism, e.g., by Leamy 1997; Markow and
Clarke 1997; Whitlock and Fowler 1997). Detailed case stud-
ies of the developmental mechanisms and genetic architecture
that underlie FA have only been carried out recently, either
through the study of candidate genes (Batterham et al. 1996)
or through the search for quantitative trait loci (Leamy et al.
1997, 1998).

Theoretical treatments of FA have used either of two ap-
proaches: (1) statistical analysis of asymmetry measured at
the phenotypic level; or (2) modeling of the dynamics of a
developmental process assumed to generate asymmetry. The
statistical approach is more widespread and is the basis of
the method for analyzing asymmetry by ANOVA (Leamy
1984; Palmer and Strobeck 1986; Palmer 1994; Mgller and
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Swaddle 1997). Theoretical models of this kind are usually
based on the assumption that phenotypic values for left and
right body sides are drawn independently from a distribution
whose dispersion is an expression of developmental insta-
bility (e.g., Palmer and Strobeck 1992; Whitlock 1996; Houle
1997). This kind of linear statistical modeling usually as-
sumes, implicitly or explicitly, that asymmetries result from
small developmental imprecisions that are ‘‘random, inde-
pendent, and cumulative”’ (Palmer and Strobeck 1992, p. 59),
and therefore will approximate a normal distribution. The
normal distribution has played a prominent role in studies of
asymmetry, for example, as the criterion that distinguishes
FA (an expression of ‘“‘pure’’ developmental noise) from an-
tisymmetry (where individuals are expected to be asymmet-
ric, but handedness is random), which is usually assumed to
have a genetic component (Van Valen 1962; Palmer and Stro-
beck 1986, 1992; Palmer et al. 1993; Palmer 1994; Rowe et
al. 1997). This linear statistical approach is akin to the ad-
ditive models routinely used in quantitative genetics (Fal-
coner and Mackay 1996; Roff 1997; Lynch and Walsh 1998).
Hence it is possible to use relatively simple genetic models
(Gavrilets and Hastings 1994) and the powerful statistical
machinery of normal theory for the study of FA (Whitlock
1996). This simplification, however, comes at the price of
making the strong assumption that developmental effects are
additive, which may often not be the case.

The second approach is based on explicit models of the
developmental processes responsible for building the struc-
tures under study. These models almost invariably are non-
linear (e.g., Oster 1988; Murray 1993), and therefore the
processes involved are not additive. Nonlinearity is near-
ubiquitous in development, for example, in the multiplicative
nature of growth that underlies allometry and that leads to
change in proportions with increasing size (Huxley 1932).
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Nonlinearity is also the hallmark of the diffusion—threshold,
reaction—diffusion, and signaling systems that are involved
in patterning processes (Oster 1988; Held 1992; Murray
1993). For example, in the egg of Drosophila, diffusion—
threshold systems turn smooth gradients of proteins like Bi-
coid and Nanos into discrete stripes of gene expression by
the blastoderm stage (e.g., Lawrence 1992, ch. 2; Gilbert
1997, ch. 14), and in later stages, gradients of Wingless pro-
tein affect the patterning and growth of the wing discs (Neu-
mann and Cohen 1997a). Nonlinear models of development
have been applied to the study of asymmetry by Emlen et
al. (1993) and Graham et al. (1993). The primary focus of
these models, which were designed primarily in the context
of fractals and chaotic dynamics, was the temporal dynamics
of systems in which feedback interactions lead to oscillations
in the concentrations of activator and inhibitor substances.
It is not entirely clear, however, whether similar results also
may apply to developmental processes where there is no ev-
idence of oscillations.

In this paper, we use a different developmental model,
extending previous work by Nijhout and Paulsen (1997). In
this model, a point source releases a morphogen that creates
a concentration gradient as it diffuses into the surrounding
tissue where it gradually decays. After a set time, morphogen
concentrations in the tissue are compared to a threshold, and
the distance within which the concentration exceeds the
threshold determines the phenotypic value of the trait. Ni-
jhout and Paulsen (1997) simulated genetic variation by as-
suming that each parameter of the model is controlled by a
“gene’” with two “‘alleles’ of different values. Here we ex-
tend this model to the study of FA by adding a small random
component of ‘““‘developmental noise’” to each of the devel-
opmental parameters. The resulting phenotypic values can be
analyzed with the statistical methods routinely used for an-
alyzing FA and with those of quantitative genetics. Thus, we
integrate the developmental and statistical models of fluc-
tuating asymmetry into a single, unified approach.

The principal result of this study is that the developmental
system alone is sufficient to produce a heritable component
of asymmetry, even though the actual left-right differences
are based entirely on random variation. Genetic variation of
FA does not require modifier loci separate from the loci that
affect trait size or special mechanisms such as a buffering
system compensating for genetic or environmental stress,
which appear, at least implicitly, in many discussions of this
topic (e.g., Palmer and Strobeck 1992; Mgller and Pomian-
kowski 1993a,b; Palmer 1994; Leamy et al. 1997, 1998;
Mgller and Swaddle 1997; Mgller and Thornhill 1997; Swad-
dle 1997). Our analyses suggest an alternative explanation
for the association of FA with heterozygosity and with trait
size that is substantially different from explanations dis-
cussed in the recent literature (e.g., Clarke 1993; Mitton
1993; Mgller and Pomiankowski 1993a,b; Gavrilets and Has-
tings 1994; Mgller and Swaddle 1997). This alternative ex-
planation emphasizes the physiological origins of dominance
and epistasis and their relation to the corresponding variance
components in a population (Kacser and Burns 1981; Moreno
1994; Cheverud and Routman 1995, 1996; Routman and
Cheverud 1997; Lynch and Walsh 1998). Rather than making
a priori assumptions about a particular mode of inheritance
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for FA, the new explanation ties the findings of earlier FA
studies firmly to the classical theory of quantitative genetics.

THE DEVELOPMENTAL MODEL

Basic Model and Genetic Control

We used the model proposed by Nijhout and Paulsen
(1997), which simulates the development of a simple trait
based on morphogen diffusion and a threshold response.
Models of morphogen gradients have been widely used in
theoretical studies of patterning processes (Held 1992; Mur-
ray 1993), and have been confirmed by experimental studies
in vertebrate and invertebrate model systems (reviewed by
Lawrence 1992; Neumann and Cohen 1997b).

The model of the diffusion-threshold process has six pa-
rameters, each of which is controlled by a single locus with
two alleles (Nijhout and Paulsen 1997). In this model, a point
source produces a morphogen that can diffuse into the sur-
rounding tissue, which is represented by a linear array, as in
a section through an epithelium. The rate of release of the
morphogen from the source (Source), and the rate of diffusion
(Diffusion) are both parameters of the model. In the tissue,
the morphogen decays at a rate proportional to its concen-
tration (a constant percentage per unit of time; Decay), but
a background level of morphogen is also produced throughout
the tissue at a constant rate (a constant amount per unit of
time; Background). When the morphogen source has been
active for a certain period (Time), morphogen concentrations
throughout the tissue are compared to a threshold value
(Threshold). The phenotypic value of the trait is determined
by the distance from the morphogen source to the point where
the morphogen concentration equals the threshold value.

The alleles at all six loci controlling the developmental
parameters act in a strictly additive manner (i.e., the param-
eter value of the heterozygote is the average of the two allelic
values). The alleles at each locus are named ‘“Small’”’ and
“Large” according to their effect on the phenotypic value
(e.g., the Large allele for Decay has a lower parameter value
than the Small allele, because a low decay rate results in a
high phenotypic value). We used the same allelic values for
developmental parameters (Table 1) as Nijhout and Paulsen
(1997); these values were chosen to produce an adequate
amount of morphological variation between genotypes. We
also conducted simulations with different parameter values,
which yielded qualitatively similar results.

Modeling Developmental Noise

Developmental noise is usually defined as small, random
variation of developmental processes resulting, for example,
from the stochastic nature of processes at the molecular scale
(Palmer 1996; Mgller and Swaddle 1997). We modeled de-
velopmental noise as small, random deviations from the ge-
netically determined values of developmental parameters. It
can thus be envisioned, for example, as stochastic variation
in the activity of the metabolic pathway that produces the
morphogen, random fluctuations in the rate of morphogen
release or movement through the intercellular matrix, or ac-
cidental variability in the availability of receptor molecules
in target cells.
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TABLE 1. Values of the developmental parameters used in the simulations. The genotypic value of each parameter is governed by a
single locus with two alleles, which are denoted ‘‘Small’’ or “Large’ according to their effect on the value of the phenotypic trait. The
allelic values are the genotypic values for the homozygotes, whereas genotypic values for the heterozygotes are exactly intermediate
(additive gene action). In the simulations that include developmental noise, a small random deviation is added to the genotypic value
on each body side separately. These random deviations are normally distributed with means of zero and standard deviations according

to the Low, Medium, or High levels of developmental noise.

Allelic values

Developmental noise (standard deviation)

Locus

Small Large Low Medium High
Source 800 3000 8 16 40
Background 0.1 1.0 0.001 0.002 0.005
Decay 0.008 0.001 0.00001 0.00002 0.00005
Diffusion! 0.02 0.2 0.0002 0.0004 0.001
Time 50 200 0.5 1.0 2.5
Threshold 400 250 0.75 1.5 3.75

! Allelic values for Diffusion differ from those given by Nijhout and Paulsen (1997) by a factor of 0.2 that was included in their program. In our model,
the diffusion parameter cannot exceed 0.5, which indicates complete permeability for the morphogen.

For each individual, we added the genotypic value and a
random component of developmental noise specific to each
body side, and used the resulting parameter values to compute
trait values for left and right sides separately. The random
deviations for the six developmental parameters were sim-
ulated as independent and normally distributed variables with
means of zero. The standard deviations, which determined
the amount of developmental noise, were set to one of three
levels: Low, Medium, or High (Table 1; these values were
chosen so that the random component of each of the six
parameters would have a roughly similar effect on the re-
sulting asymmetry and to ensure that no parameter values
were zero or negative). Developmental noise was thus ran-
dom and entirely independent of the genotype.

Our model differs in a number of respects from the one
used by Graham et al. (1993). Their model considers a dy-
namic system of two morphogens that interact as activator
and repressor, but it does not have an explicit spatial com-
ponent. Instead of a morphological trait determined by the
morphogens, Graham et al. (1993) analyze asymmetry in the
concentration of one of the morphogens. Their model sim-
ulates developmental noise as small random deviations added
directly to the concentrations at each time step. In the system
of Graham et al. (1993), morphogen concentrations can os-
cillate and follow cyclic or even chaotic dynamics. In con-
trast, given sufficient time, morphogen concentrations in our
system would approach an equilibrium between diffusion
from the source and local decay. While oscillating systems
can occur in metabolic and developmental systems (Segel
1984; Murray 1993), most developmental processes do not
show oscillations. Studies of metabolism have shown that
multienzyme systems can be remarkably well buffered even
against large perturbations (e.g., Kacser and Burns 1981).

Our model of asymmetry also differs from the model by
Graham et al. (1993), in that it does not include feedback
between body sides. Although there is experimental evidence
for such interactions, either by differential use of structures
on the two body sides (Smith and Palmer 1994; Trinkaus et
al. 1994) or by competition for a limiting resource (Klin-
genberg and Nijhout 1998), the underlying developmental
mechanisms are not well understood. Moreover, the study of
Graham et al. (1993) showed that left-right interactions are
more important for antisymmetry and directional asymmetry

than for FA, which is the focus of this paper (see also Van
Valen 1962; Palmer and Strobeck 1992).

SIMULATION OF GENOTYPIC VARIATION

A first round of simulations concentrated on variation
among genotypes without considering population parameters
such as allele frequencies. For each of the 729 (=3%) geno-
types that are possible with the six diallelic loci, we calcu-
lated the exact phenotypic values without developmental
noise. To assess genetic variation of FA, we ran simulations
for 1000 individuals of each genotype and repeated these
simulations separately for the Low, Medium, and High levels
of developmental noise.

For each genotype, we calculated the mean of individual
left-right averages of the trait values ([R + L]/2). Because
these averages were very similar to the trait values computed
without developmental noise, we only present the analysis
for the exact trait values. We also calculated the following
measures of FA: the mean of unsigned asymmetry IR — LI
(the index FA1 of Palmer 1994), and the mean of its size-
corrected equivalent IR — LI/([R + L]/2) (FA2 of Palmer
1994), the variance of signed asymmetry var(R — L) (FA4
of Palmer 1994) and its size-corrected version var[(R — L)/
([R + L1/2)] (FA6 of Palmer 1994). The results were qual-
itatively similar for all indices, with some parallel differences
between uncorrected and size-corrected indices (i.e., FA1 vs.
FA2 and FA4 vs. FA6). Here we only present detailed data
for FA1, because it is the index used most frequently, but
we note where other indices produced different results.

Analysis of Individual Genotypes

There was extensive variation of both trait size and FA
among genotypes, with evidence of both dominance and epis-
tasis. Because conventional quantitative genetic estimates in-
volve averaging over multiple genetic backgrounds, which
may obscure some of these features, we first used an approach
related to sensitivity analysis in dynamic modeling, focusing
on the variation of single parameters and individual geno-
types.

First, we examined the developmental system by consid-
ering the developmental parameters (loci) one by one. To
ensure that the genetic background for these analyses was
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Fic. 1. Analysis of individual genotypes. (A) Exact phenotypic
trait values without developmental noise, plotted as continuous
functions of single developmental parameters (after Nijhout and
Paulsen 1997, fig.-2). In each panel, the x axis shows continuous
variation over the full range of parameter values, even though the
corresponding loci of our genetic model each have only two alleles
(the values at the tick marks indicate the genotypic values for the
two homozygotes and heterozygote). The functions are graphed for
three genetic backgrounds: SS, all five other loci homozygous for
the Small allele; SL, all five other loci heterozygous; LL, all five
other loci homozygous for the Large allele. (B) Derivatives of the
functions depicted in (A), scaled by the amounts of variation used
in the simulations of fluctuating asymmetry. Although calculated
in an entirely deterministic model, these derivatives are an indi-
cation of the sensitivity of the system to variation in a single
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comparable, we set the remaining five loci either homozygous
for the Small alleles (SS genetic background), heterozygous
(SL genetic background), or homozygous for the Large alleles
(LL genetic background). Moreover, we calculated the phe-
notypic values not just for the three genotypes at the locus
of interest, but as a continuous function spanning the range
between the two allelic values of the corresponding devel-
opmental parameter.

Most of the lines depicting phenotypic values as functions
of the developmental parameters are slightly curved (Fig.
1A). This curvature indicates partial dominance of one allele
at the respective locus, because the phenotypic value of the
heterozygote is closer to one of the homozygotes than to the
other and not exactly intermediate. Moreover, the curvature
and slope of the functions strongly depend on the genetic
background, which indicates that epistasis is an important
factor.

Developmental noise adds small random deviations to the
genotypic values of developmental parameters (i.e., a small
shift to the left or to the right from the genotypic values
marked on the horizontal axis of the graphs in Fig. 1A). The
extent to which a given perturbation produces a phenotypic
response (in the direction of the vertical axis) can be esti-
mated from the slope of the respective curve. A comparison
of these slopes should thus give an indication of how sensitive
the different genotypes are to developmental noise in the
respective parameter. For this purpose, we computed the de-
rivatives of these functions (Fig. 1B). Because the direction
in which developmental noise acts in a particular instance is
random, and because analyses of FA most often use a measure
of absolute left-right differences, the sign of the derivatives
is unimportant and we can concentrate primarily on their
absolute magnitude.

For four of the six parameters (Source, Decay, Diffusion,
and Threshold), the derivatives are of relatively large mag-
nitude at low parameter values and go toward zero at higher
parameter values. Sensitivity to developmental noise is thus
expected to decline with increasing parameter values. More-
over, the magnitude of the derivatives decreases more in the
lower half than in the upper half of the range of parameter
values considered here, which reflects the fact that the curves
in Figure 1A are steeper at low than at intermediate or high
parameter values. Therefore, for the corresponding four loci,
the homozygote for the allele with a low developmental pa-
rameter value is expected to have more FA than the heter-
ozgote or the homozygote with a high parameter value. Over-
all, in these four loci, the allele with the higher parameter
value (which is the Large allele for Source and Diffusion, and
the Small allele for Decay and Threshold) is expected to have
lower FA and to exhibit partial dominance in this respect. It
is clear, however, that this interpretation is somewhat over-
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parameter (and therefore sensitivity to developmental noise, below).
(C) Fluctuating asymmetry (FA1l) of individual genotypes, simu-
lated at the Medium level of developmental noise. These simulations
used the discrete genotypes for all six loci (therefore, the plots are
not continuous functions of the developmental parameters as in A
and B).



