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Abstract
Although directional and fluctuating asymmetry have been frequently assessed independently, they are
indeed associated concepts both in theory and in practice. However, they can be difficult to disentangle in genome-wide association studies, where the appropriate shape statistics are not fully developed.
Although the usage of Procrustes distances to overcome this problem may be tempting, this does not
reliably help to identify the underlying genetic components of directional and fluctuating asymmetries.
Here, similarities and differences among different approaches have revealed that the genetic component
of the skull asymmetry in this population of mice is mostly associated to fluctuating asymmetry. This is
coherent with the previous literature and it adds a note of caution in the study of asymmetry in a genomic context. The results also pointed out at the need of developing a multivariate framework to conduct
shape analyses in general and asymmetry tests specifically. The combination of high-dimensional shape
data and the vast number of genomic markers makes it challenging but the different statistical errors can
hide important biological information.
Keywords: GWAS, mice, multivariate, genetics, skull

1. Introduction
Shape asymmetry is a widely studied aspect of
shape in evolutionary studies (Klingenberg, 2015).
Different types of asymmetry have been described,
being the most common directional and fluctuating asymmetry (from hereon, DA and FA) (Figure
1). FA is by far the most used type of asymmetry
since long time ago (Van Valen, 1962). It has been
traditionally considered an isolated product of development, naturally stochastic. Since both sides
of a structure share the same genes and the same
environmental conditions (especially in motile organisms), differences between them may be due to
stochastic perturbations during development (Van
Dongen, 2006). Therefore, it has been a very attractive phenotypic character to be used in developmental studies, especially in combination with
environmental set-ups, under the hypothesis that
environmental stressors would increase FA. In
that context, it has been used as a proxy for the
inability of an organism to buffer its development
against that environmental stress. This inability
has obvious consequences on the fitness and there-

fore evolutionary consequences. However, results
under this framework have not always yielded a
consensus (De Coster et al., 2013), maybe because
genetic variation also affects developmental stability but it has not always been taken into account
(Polly et al., 2011).
FA can be the only type of asymmetry in a sample if all the variation in asymmetry is random
(therefore distributed around the perfect symmetry). However, it can also be centred on a systematic difference between two sides of a structure in
a population. This is DA. As an example, we can
think about the size of the lungs in humans: the
right lung is consistently bigger than the left one.
In different words, in humans the size of the right
lung is on average bigger than the left lung. There
is DA when the mean asymmetry in a population
is different from the perfect symmetry. Why a consistent asymmetry (DA) exists at all in a population? Evidences about the evolutionary origin of
DA are not conclusive and show that the evolution of DA may depend on the structure and the
organism. There have been studies showing that
this asymmetry facilitates a correct development
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Figure 1. Statistical concepts of directional and fluctuating asymmetry in univariate (a) and bivariate

(b) spaces. In (a) we assume that a population has a symmetric component univariate and normally
distributed. It presents directional asymmetry (its mean asymmetry is different from 0) and certain
fluctuating asymmetry (variation around the mean). In (b) a population is represented by its individuals
(dots) in a bivariate asymmetric space. Here again, its mean (DA) and variation (FA, dashed line) are
represented.
of a functional organism and therefore it influences its fitness (Gamse et al., 2005). However,
non-adaptive hypotheses where DA is a product
of developmental trade-offs can be also found
elsewhere (Pélabon & Hansen, 2008). The molecular origins of DA, which may be the substrate
for natural selection to act on, have been linked to
the differential expression of certain genes at both
sides of the bilateral organisms (Levin, 2005).
The existence of a genetic component in asymmetry has been proposed since the first studies on
it, especially for FA (Grüneberg, 1953, Mather,
1953, Thoday, 1958). This has been shown in first
place with the associations between major genetic
syndromes and FA (Bock & Bowman, 2006, Miller et al., 2014, Richtsmeier et al., 2005). However, although the study of shape asymmetry based
on morphometric methods is a very developed
area relatively few studies have been carried on its
genetic component (Leamy et al., 2000, Leamy et
al., 2015, Leamy et al., 2001). Based on results
from traditional morphometrics as well as other
characters (Graham et al., 2010), the current consensus about the genetic component of FA suggests
that epistasis may be the major biological process
involved in its generation (Leamy et al., 2005, Leamy et al., 2015, Van Dongen, 2006). There are,
however, empirical studies showing that specific
genes are involved in extreme FA (Debat et al.,
2011). In the case of DA, less information is available. Few studies have identified additive effects
associated to it (Leamy et al., 2000, Shapiro et al.,
2004) while others found no response to selection
in DA (Tuinstra et al., 1990).

2. Genetic DA in combination with
unbalanced sample sizes may bias univariate
estimations of

FA

Genome-wide association studies (GWAS) in model organisms as mice have been around now for
some time (Flint & Eskin, 2012) and represents
an excellent opportunity to study the genetic component of asymmetry comprehensively. However,
they are not exempt from methodological challenges. The estimation of DA, as most shape characters, needs from multivariate analyses. This is an
issue in genomic studies because of the high dimensionality of the phenotypic character added to
the vast amount of genomic data. Certain analyses, e. g. the extraction of the population structure
(Speed & Balding, 2015), can become too demanding. Theoretical advances for the adaptation of
common univariate techniques to shape data in the
context of GWAS start to develop (Mitteroecker
et al., 2016) and few techniques on the estimation
of the genetic structure have been developed for
general multivariate data (Runcie & Mukherjee,
2013). Nonetheless, its suitability for shape data
is still unexplored. Populations of mice where the
population structure has been standardized (Nicod
et al., 2016) are currently one safe option to apply
geometric morphometric methods in GWAS. The
case of FA on its own can be simplified, even if
some controversy about its characterization can
also be found in the literature (Palmer & Strobeck,
1992, Whitlock, 1996). Since FA consists on random variation, the usage of Procrustes distances
(Klingenberg & McIntyre, 1998) from the position
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of each individual to the population average as an
individual measure of FA is a possibility. The collapse of multivariate data on univariate measures
brings a loss of information about direction that
under the assumption of random variation may be
acceptable. Otherwise, Mahalanobis distances can
be used (Klingenberg & Monteiro, 2005).
The possibility of reducing multivariate estimates of FA to univariate measures might induce
to think that reliable estimates of genetic FA can
be obtained independently of DA. However, it has
been shown that both DA and FA are necessarily
related in theory but also in practice (Stige et al.,
2006). The statistical dependence between DA and
FA as well as unbalanced sample sizes in different genetic populations produce artefacts on the
estimation of asymmetry variation and bias the
results. Therefore, the estimation of DA might
be essential even if there is interest in just FA. In
presence of genomic DA, unbalanced sample sizes
cause the whole population average to be different
from the genetic subsamples average. That produces a systematic increasing on the Procrustes distances from the population average to the smaller
genetic population. Therefore, artefacts on the estimations of DA and/or FA may appear (figure 2).
This systematic increasing would be reflected in an
analysis of means, showing DA. Also, depending
on the distribution within the genetic populations,
this would be reflected in an analysis of variance.
The smaller population, further, would show higher variance and therefore higher FA. This is an obvious distortion of the estimation of DA and FA
by Procrustes distances, which can yield all kind
of statistical errors in a wide different range of situations (figure 2). Unfortunately, controlling for
unbalanced sample sizes is not feasible in practice,
since it requires a minor allele frequency threshold
too high.

3. Empirical application
An approach to prevent the artefacts that the estimation of Procrustes distances can produce in presence of unbalanced sampling and DA is feasible.
This consists on the application of two consecutive
generalized linear models. First, a multivariate linear model in order to control for the genetic DA
is applied. That would remove the combined effect
of DA and unbalanced sample sizes, leaving the
residuals as a pooled distribution of the variation
in the whole population. Then, the estimation of
FA for each individual is straightforward: the resi-
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Figure 2. Effect of sampling unbalance on the

estimation of DA and FA in two genetic populations
(grey triangles and black circles). In a situation of
neither DA nor FA (upper left diagram), there are
consistent larger distances from the population
average to the triangle population (peripherally
distributed). Therefore, the usage of Procrustes
distances may produce significant results for
DA. In a situation of lack of FA but presence of
DA (upper right diagram), there is consistently
more variation in distances from the population
average (~circle population average) to the triangle
population. Therefore, Procrustes distances may
enhance significant results for FA. In presence of
FA (bottom diagrams), biases are analogous but in
opposite directions.
dual distances (i.e. distances from each individual
coordinates to its predictive values) are individual
measures of FA free from DA and problems derived from sampling. These univariate values can be
used in a second linear model to study the genetic
component of FA. This approach has been developed almost twenty years ago (Smyth, 1989) and
it has been proposed recently under the name of
double-generalized linear model for mapping QTL
for the variance of univariate data (Rönnegård &
Valdar, 2011). This method also adds some complexity to the reasoning: the linear fitting of the
mean and the variance components are done maximizing their likelihood in a loop, so the estimation
of the mean part is also dependent on the variance
part. This approach seems appropriate when there
is an interest on the genetic component of both a
character mean and its variability, as might be the
case for asymmetry.
In order to test for the practical influence of DA
on the estimation of FA and the differences with
a double-linear model, these tests are applied to
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an empirical dataset. This consists on a population of 692 Carworth Farms White (CFW) mice,
where each individual has been genotyped and
phenotyped (Pallares et al., 2015a, Pallares et al.,
2015b). The convenient particularity of this population is that it has been designed to reduce its
population structure as much as possible. This
facilitates the usage of multivariate linear models,
since the population structure is of no concern (results not shown). The phenotype consists on the
shape extracted from 44 landmarks in 3D in the
skull. Shape was obtained from a full-generalized
Procrustes superimposition with object symmetry
(Dryden & Mardia, 1998). Then, the asymmetric component was extracted (Klingenberg et al.,
2002). Both the Procrustes superimposition and
the asymmetric component collection were run on
MorphoJ v1.06 (Klingenberg, 2011). The genomic
data consists on the gene dosage for 79 787 SNPs,
once the markers with a maximum genotype probability smaller than 0.5 and a minor allele frequency smaller than 2% were removed.
Two different approaches for the estimation
of FA are followed. First, a one-step univariate
linear model for FA is applied, where individual
measures of FA are the Procrustes distances from
each individual asymmetric component to the
whole population asymmetry average. This would
constitute an acceptable estimation of genetic FA
considering balanced sample sizes and absence of
DA. Then, two consecutive linear models are used.
This starts with a multivariate linear model on the
whole asymmetric component of each individual in
order to remove the effect of genetic DA followed
by a univariate linear model for FA using the residual distances. Note that in absence of genetic DA,
the results under this approach should be at least
similar to the results obtained using the first simple approach. The statistical significance of these
results is assessed via permutation test (Churchill
& Doerge, 1994). All the results presented as LOD
scores. The analyses were performed in R v3.3.1
(R Core Team, 2013).
Our results show a clear correlation between
the results from the FA univariate linear model
and the residual distances of the double model
(figure 3). The correlation between the LOD scores
of these two approaches (r = 0.94) is indeed very
high. In the other hand, the correlation between
the first single univariate model and the multivariate model is extremely low (r = 0.02). It is important to note, however, that even among highly
correlated approaches there is still some variation
in the results. The 95% genome-wide threshold

Figure 3. The results for the univariate test and the

test using residual distances are plotted to see their
correlation.

for the single univariate analysis is 6.20 and therefore no marker gives significant results (figure 4a).
This is the same for the multivariate model for DA
(95% significance threshold = 6.18) and its residual distances (95% significance threshold = 6.24)
(figures 4b and 4c).

4. The absence of directional asymmetry in
mice skulls might simplify the statistical
analyses of

FA even in presence of

unbalanced samples

The results for the multivariate model show that
DA has not an important genetic component in
the skull of our mice population. This is coherent
some previous findings about mice skull (Mikula et al., 2010, Mikula & Macholán, 2001), although opposite evidence has been found for the
mandible (Leamy et al., 2000). In addition, the
high correlation between the one-step univariate
model and the univariate model estimated from
residuals distances suggests that the genetic component of DA is indeed very low. In addition, unbalanced sample sizes have not affected the results
obtained from a single univariate model. These are
good news, since multivariate analyses are more
computing-demanding, especially in the context of
genomic studies where thousands of markers are
explored.
These results might induce to think that multivariate approaches might not be necessary to
estimate FA when DA is subtle. In addition, no
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Figure 4. Genome scan
for the single univariate
approach (a), the double
linear model with its mean
part (b) and its variance part
(c). Each line represents the
LOD score of one genomic
marker. The dashed lines
represent the 95% significant
threshold for each scan.

special action for controlling sample balance in
our empirical dataset has been needed. These are
encouraging news since FA has received much
more attention than DA since the beginning of
the studies about shape asymmetry. It has a more
straightforward explanation and it has served
as an indicator for environmental stress in other
areas as conservation biology (De Coster et al.,
2013) or medicine (Klingenberg et al., 2010). The
absence of DA would imply that the whole population asymmetry average is equal to the different
genetic subpopulation averages. Therefore, all the
variation within the population asymmetry would
be FA. The collapse of the multivariate characters
into Procrustes distances would not distort the FA
estimation in favour of one specific genetic population. The small contrast among the results,
i. e. the fact that no additive effects seems to be
involved in their origin, raises also the question
about whether DA and FA share a common genetic architecture and whether that might simplify
the analyses. It is also unclear at what extend the
genetics of asymmetry is species, structure-dependent or both. Further studies about the genetics of
asymmetry would be needed to shed light on how
general the situation in this empirical dataset is.
Past studies have shown different types of results,
both for DA (Shapiro et al., 2004, Tuinstra et al.,
1990) and for FA (Debat et al., 2011, Leamy et
al., 2015). Despite their popularity in ecological
studies and the late advances on the collection of
genomic data, the genetics of directional and fluctuating asymmetry is not very well known.
Although the study of this empirical datasets
has encouraged the notion that genetic FA can

be studied on its own in absence of DA, it is important to note that despite the coherent results
among approaches variation among approaches is
still present and that may be important. Although
the correlations are high, variation in the results
can hide some effects that may be of interest especially in nature. There are, in addition, outliers
that drastically changed their result in response to
different treatment. Therefore, the absence of DA
standardization could also disrupt downstream
analyses involving asymmetry and enhance artefacts.

6. Conclusions
The estimation of DA needs to be considered in
studies about asymmetry even if there is just interest on FA (Stige et al., 2006). This process is relatively complex because the estimation of position
of the population average in the asymmetric space
is involved. Therefore, a multivariate approach
would be appropriate and its application is currently challenging for shape data in a genomic context. Few techniques are already available to take
into account the multivariate nature of the data
but some of them are unfeasible for high-dimensional data (Zhou & Stephens, 2014) and others
are based on assumptions unexplored for shape
data (Runcie & Mukherjee, 2013). Once this technical development will be achieved, the study of
the genomics of asymmetry should be able to routinely take into account at the same time the particular nature of shape and genomic data. In order
to achieve this, a two-step procedure is proposed
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as a reliable way of inferring patterns of DA and
extracting the appropriate information to be use in
a subsequent FA analysis.
For now, in those populations where genetic DA
is absent, univariate methods based on Procrustes
distances could be an acceptable used in the estimation of FA without further measures of caution,
as it has been the case for the empirical dataset presented here. However, some measures of caution
would be necessary to check on the method used to
analyse FA, since some variation will still be created by these methods and that in combination with
permutation tests can change the significant results
obtained. In any case, further studies exploring the
genetics of asymmetry will be of great interest to
generalize the results presented.

7. Acknowledgements
We thank Luisa Pallares and Abraham Palmer,
who kindly shared the data. This data was supported by a National Institute of Health grant
(R01GM097737) received by Abraham A. Palmer
from the University of California San Diego. Ceferino Varón González was supported by a postdoctoral grant of the Conseil Régional Bourgogne
(PARI AGREE 2016-9201AAO049S01670). Calculations were performed using HPC resources
from PSIUN CCUB (Centre de Calcul de l’Université de Bourgogne).

8. References
Bock, M.T., Bowman, A.W., 2006. On the measurement and analysis of asymmetry with
applications to facial modelling. Journal of the
Royal Statistical Society. Series C (Applied Statistics) 55:77–91.
Churchill, G.A., Doerge, R.W., 1994. Empirical
threshold values for quantitative trait mapping.
Genetics 138:963–971.
De Coster, G., Van Dongen, S., Malaki, P., Muchane, M., Alcántara-Exposito, A., Matheve, H., Lens, L., 2013. Fluctuating asymmetry
and environmental stress: Understanding the
role of trait history. Plos One 8:e57966.
Debat, V., Bloyer, S., Faradji, F., Gidaszewski,
N., Navarro, N., Orozco-terWengel, P.,
Ribeiro, V., Schlötterer, C., Deutsch, J. S.,
Peronnet, F., 2011. Developmental stability: a
major role for cyclin G in Drosophila melanogaster. PLoS Genetics 7:e1002314.

Dryden, I.L., Mardia, K.V. 1998. Statistical shape analysis. John Wiley & Sons, New York.
Flint, J., Eskin, E. 2012. Genome-wide association studies in mice. Nature Reviews Genetics
13:807–817.
Gamse, J.T., Kuan, Y.S., Macurak, M., Brösamle, C., Thisse, B., Thisse, C., Halpern, M.E.,
2005. Directional asymmetry of the zebrafish
epithalamus guides dorsoventral innervation of
the midbrain target. Development 132:4869–
4881.
G raham , J.H., R az , S., H el -O r , H., N evo ,
E., 2010. Fluctuating asymmetry: Methods,
theory, and applications. Symmetry 2:466–540.
Grüneberg, H., 1953. The causes of asymmetries
in animals. The American Naturalist 69:323–
343.
Klingenberg, C.P., 2015. Analyzing fluctuating
asymmetry with geometric morphometrics:
Concepts, methods, and applications. Symmetry 7:843–934.
Klingenberg, C.P., 2011. MorphoJ: an integrated
software package for geometric morphometrics.
Molecular Ecology Resources 11:353-357.
Klingenberg, C.P., Barluenga, M., Meyer, A.,
2002. Shape analysis of symmetric structures:
Quantifying variation among individuals ans
asymmetry. Evolution 56:1909–1920.
Klingenberg, C.P., McIntyre, G.S., 1998. Geometric morphometrics of developmental instability: Analyzing patterns of fluctuating asymmetry with procrustes methods. Evolution
52:1363–1375.
Klingenberg, C.P., Monteiro, L.R., 2005. Distances and directions in multidimensional
shape spaces: Implications for morphometric
applications. Systematic Biology 54:678-688.
Klingenberg, C.P., Wetherill, L., Rogers, J.,
Moore, E., Ward, R., Autti-Rämö, I., Fagerlund, Å., Jacobson, S.W., Robinson, L.K.,
Hoyme, H.E., Mattson, S.N., Li, T.K., Riley,
E.P., Foroud, T., Consortium, T.C., 2010.
Prenatal alcohol exposure alters the patterns of
facial asymmetry. Alcohol 44:649–657.
Leamy, L., Pomp, D., Eisen, E.J., Cheverud, J.M.,
2000. Quantitative trait loci for directional but
not fluctuating asymmetry of mandible characters in mice. Genetics Research 76:27–40.
Leamy, L., Workman, M.S., Routman, E.J., Cheverud, J.M., 2005. An epistatic genetic basis
for fluctuating asymmetry of tooth size and
shape in mice. Heredity 94:316–325.
Leamy, L.J., Klingenberg, C.P., Sherratt, E.,
Wolf, J.B., Cheverud, J.M., 2015. The genetic

disentangling directional and fluctuating asymmetry in a gwas

architecture of fluctuating asymmetry of mandible size and shape in a population of mice:
Another look. Symmetry 7:146–163.
Leamy, L.J., Meagher, S., Taylor, S., Carroll,
L., Potts, W.K., 2001. Size and fluctuating asymmetry of morphometric characters in mice:
their associations with inbreeding and t-haplotype. Evolution 55:2333–2341.
Levin, M., 2005. Left-right asymmetry in embryonic development: a comprehensive review.
Mechanisms of Development 122:3–25.
Mather, K., 1953. Genetical control of stability in
development. Heredity 7:297–336.
M ikula , O., A uffray , J.-C., M acholán , M.,
2010. Asymmetric size and shape variation in
the Central European transect across the house
mouse hybrid zone. Biological Journal of the
Linnean Society 101:13–27.
Mikula, O., Macholán, M., 2001. There is no
heterotic effect upon developmental stability in
the ventral side of the skull within the house
mouse hybrid zone. Journal of Evolutionary
Biology 21:1055–1067.
Miller, S.F., Weinberg, S.M., Nidey, N.L., Defay, D.K., Marazita, M.L., Wehby, G.L., Moreno Uribe, L.M., 2014. Exploratory genotype-phenotype correlations of facial form and
asymmetry in unaffected relatives of children
with non-syndromic cleft lip and/or palate.
Journal of Anatomy 224:688–709.
Mitteroecker, P., Cheverud, J. M., Pavlicev,
M., 2016. Multivariate analysis of genotypephenotype association. Genetics 202:1345–
1363.
Nicod, J., Davies, R.W., Cai, N., Hassett, C.,
Goodstadt, L., Cosgrove, C., Yee, B.K., Lionikaite , V., M c I ntyre , R.E., R emme , C.A.,
Lodder, E. M., Gregory, J.S., Hough, T.,
Joynson, R., Phelps, H., Nell, B., Rowe, C.,
Wood, J., Walling, A., Bopp, N., Bhomra,
A., Hernandez-Pliego, P., Callebert, J., Aspden, R. M., Tallbot, N.P., Robbins, P.A., Harrison, M., Fray, M., Launay, J.M., Pinto,
Y.M., Blizard, D.A., Bezzina, C.R., Adams,
D.J., F ranken , P., W eaver , T., W ells , S.,
Brown, S.D.M., Potter, P.K., Klenerman, P.,
Lionikas, A., Mott, R., Flint, J., 2016. Genome-wide association of multiple complex traits
in outbred mice by ultra-low-coverage sequencing. Nature Genetics 48:912–918.
Pallares, L.F., Carbonetto, P., Gopalakrishnan, S., Parker, C.C., Ackert-Bicknell, C.L.,
Palmer, A. A., Tautz, D., 2015a. Data from:
Mapping of craniofacial traits in outbred mice

7

identifies major developmental genes involved
in shape determination., Dryad Digital Repository.
Pallares, L.F., Carbonetto, P., Gopalakrishnan, S., Parker, C.C., Ackert-Bicknell, C.L.,
Palmer, A.A., Tautz, D., 2015b. Mapping of
craniofacial traits in outbred mice identifies
major developmental genes involved in shape
determination. PLoS Genetics 11:e1005607.doi:10.1371/journal.pgen.1005607.
Palmer, A.R., Strobeck, C., 1992. Fluctuating
asymmetry as a measure of developmental stability: Implications of non-normal distributions
and power of statistical tests. Acta Zoologica
Fennica 191:57–72.
Pélabon, C., Hansen, T.F., 2008. On the adaptive accuracy of directional asymmetry in insect
wing size. Evolution 62:2855–2867.
Polly, P.D., Killick, L., Ruddy, M., 2011. Using
left-right asymmetry to estimate non-genetic
variation in vole teeth (Arvicolinae, Muridae, Rodentia). Palaeontologia Electronica
13:41A:12p.
RCore Team., 2013. R: A language and environment for statistical computing. Vienna, Austria,
R Foundation for Statistical Computing.
R ichtsmeier , J.T., C ole III,T.M., L ele , S.R.,
2005. An invariant approach to the study of
fluctuating asymmetry: Developmental instability in a mouse model for Down syndrome. In:
Slice (eds) Modern morphometrics in physical
anthropology, p. 187–212.
Rönnegård, L., Valdar, W., 2011. Detecting major
genetic loci controlling phenotypic variability
in experimental crosses. Genetics 188:435-447.
Runcie, D.E., Mukherjee, S., 2013. Dissecting
high-dimensional phenotypes with bayesian
sparse factor analysis of genetic covariance matrices. Genetics 194:753-767.
S hapiro , M.D., M arks , M.E., P eichel , C.L.,
Blackman, B.K., Nereng, K.S., Jónsson, B.,
Schluter, D., Kingsley, D.M., 2004. Genetic
and developmental basis of evolutionary pelvic
reduction in threespine sticklebacks. Nature
428:717–723.
Smyth, G.K., 1989. Generalized linear models
with varying dispersion. Journal of the Royal
Statistical Society. Series B (Methodological)
51:47–60.
Speed, D., Balding, D.J., 2015. Relatedness in the
post-genomic era: is it still useful? Nature Reviews Genetics 16:33–44.
S tige , L.C., David , B., Alibert , P., 2006. On
hidden heterogeneity in directional asymme-

8

geometric morphometrics. trends in biology, paleobiology and archaeology

try - can systematic bias be avoided? Journal of
Evolutionary Biology 19:492–499.
Thoday, J.M., 1958. Homeostasis in a selection
experiment. Heredity 12:401–415.
Tuinstra, E.J., De Jong, G., Scharloo, W., 1990.
Lack of response to family selection for directional asymmetry in Drosophila melanogaster:
left and right are not distinguished in development. Proceedings of the Royal Society B-Biological Sciences 241:146–152.
Van Dongen, S., 2006. Fluctuating asymmetry
and developmental instability in evolutionary

biology: past, present and future. Journal of
Evolutionary Biology 19:1727–43.
Van Valen, L., 1962. A study of fluctuating asymmetry. Evolution 16:125–142.
Whitlock, M., 1996. The heritability of fluctuating asymmetry and the genetic control of developmental stability. Proceedings of the Royal
Society B-Biological Sciences 263:849–853.
Zhou, X., Stephens, M., 2014. Efficient multivariate linear mixed model algorithms for genome-wide association studies. Nature Methods
11:407–409.

