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ABSTRACT

Morphological symmetry and asymmetry in a sampkladomestic pig skulls was decomposed into a coemiof
symmetric and asymmetric variation using geomatrmrphometric methods. The left—right symmetric ataon
was similar to the asymmetric variation, and bothimy centred on the caudal part of skull.
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INTRODUCTION

In biology, deviations of body plans from expecpeifect symmetry normally occur, and organisms davelop
several kinds of asymmetry. In geometry, symmesydefined as invariance of an object to a particula
transformation that can be applied to it, such thatobject is the same before and after transfitomarhe object
remains unchanged after the transformation precisélis symmetric with respect to that transfation. Because
bilateral symmetry is the most widespread and sstplype of symmetry, it has been the most stuiiadirious
contexts. The symmetry and asymmetry of shape haee studied with the methods of geometric morphocse
(i.e. of the Procrustes tangent coordinates) it tthere is a morphometric framework for decomposgmmetry
and asymmetric components of morphological vamaiib]. The great advantage is that the use of gé&wne
morphometrics plus multivariate statistical teclusis provides a graphic visualisation of the morpbichl
variation.

These methods were used in our study. We usedritiee @rganism (the entire skull) in order to calesi the
variation in form holistically. Theoretically, thekull is bilaterally symmetric as a whole becausis invariant to
reflection about its sagittal plane. This reflentlarings the left side of the face onto the righesand vice versa, but
because the two sides are mirror images of eadr,dtre skull as a whole is left unchanged.

In this study, authors have studied bilateral asgtnies on the skulls of domestic pig (on their vahnaspect) in
order to assess the magnitude of this symmetryluated both as symmetric and asymmetric components,
according to size. The first one is the averagkefbfand right sides and represents the shapetimariaomponent,
whereas the asymmetric component represents theduadl left-right difference [2].

MATERIALS AND METHODS

A sample of 41 dentulous dry complete skulls fromméstic pig, chosen at random from a vulture feggioint in
Catalonia (northeast Spain), was studied. The $ethase samples was unknown. Complete, undamaget, a
clearly non-pathological skulls (as assessed obalsés of macroscopic examination) were choseny €kllls with

at least the Merupted were studied.
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Data acquisition

Image capture was performed with a NiRoB70 digital camera (image resolution of 2,240 %88, pixels)
equipped with a Nikon AF Nikk&r28—200 mm telephoto lens. The focal axis of theera was parallel to the
horizontal plane of the skull and centred on itstka aspect. Images always included a scale ¢iat&0 mm). The
data consist of 12 pairs of bilateral landmarks faonl midline landmarks recorded in two dimensidnsaddition to
being highly repeatable, these landmarks enconglassents of the entire cranium. Specimens werdipostd so
that all of the landmarks could be digitised withcepositioning them during measurement.

Sixteen landmarks were plotted in order to desctiiee size and shape variations, producing a se32ofaw
coordinates for each specimen. Twelve of thesentankis were topologically equivalent, being fourdararks on
the mid-sagittal plain. Figure 1 shows the locatibthe anatomical landmarks. Data were analysadjugeometric
morphometric methods [3, 4].

Shape analysis

All images were saved in JPEG format and stored personal computer. The software TpsUtility v.0]5% was

used to prepare and organise the images. Measutemere directly recorded as x- and y-coordinas#sguTpsDig

v. 2.04 software[6].To determine measurement egach individual was measured two times by the saloserver
(Esteve-Puig) on separate days. TpsSmall v. 1.28&&e® [7] was used to assess the correlation etiRrocrustes
and the Kendall tangent space distances to ensaréhe amount of shape variation in a data setswadl enough
to allow subsequent statistical analyses. As theetadion between Procrustes and the Kendall slsppees was
very high (r=0.999, root MS error: 0.00002), wegeeded with the subsequent morphometric analyses.

The raw coordinates matrix was then transformedt thié generalised Procrustes analysis. The algoGtimsists of
a series of iterative superimpositions of homolaytandmarks to adjust them by scale, translatiah ratation.
Then, the resulting variables are shape variablbsch can be analysed with multivariate statisticathods. A
NPMANOVA (nonparametric multivariate analysis ofriaace) with 9,999 permutation rounds was usedstess
differences between replicas, which did not appedre significant (F=0.909, p=0.909). The R coéiit of the
Mantel test with 5,000 permutation rounds in twéssghowed also a high correlation between replifa€.894,
p=0.0002). To study skull size variation, we used isometric estimator, the centroid-size (CS), Whigas
calculated as the square root of the sum of tharsgudistances between the centre of the configuaraif
landmarks and each landmark [8]. It was obtainetth WioordGen6f (H. D. Sheets, www.canisius.edu/s)eanhd
their log transformed values were used as a measunteindependent of shape [3].

Static allometry denotes size-related shape chamgssured in different individuals at the same bigpmental
stage within a population or species [9]. To assessffect of size on shape, we explored the mlaed shape
changes by regressing the shape variables on log CS

Shape variation was analysed in the averaged datage principal component analysis (PCA) based tha
covariance matrix of symmetric and asymmetric congmbs of shape variation. Levene’s test for homegrof
variance (homoskedasticity), that is, whether varés were equal in PC1 for both symmetric and asstmien
components, was assumed by ANOVA. As it was sigaift, meaning that we had unequal variances, thquah
variance (Welch) test was used. Finally, regressioinshape (PC1 coordinates for each specimenjzen(l®g-
transformed) were done both for symmetric and asgtricmcomponents.

Statistical analyses were carried out using Morphdl06b [10] and PAST v. 3.01 [11].
RESULTS

The first two PCs for the symmetric component aated for 77.41% (PC1 + PC2 = 58.42% + 18.99%) eftthal
shape variation, and provided a good approximasicthe total amount of variation, with the other B@nponents
that accounted for no more than 7% of the variatach. For the asymmetric component, the firstettP€s
accounted for 74.73% (PC1 + PC2 + PC3= 54.76% 24%0.+ 9.72%) of the total shape variation, with ttleer

PC components accounting for no more than 7% ofvdr@tion each. The amounts of variation describgd
symmetric and asymmetric components did not difegieen them @7 7¢<<0.0001, p=1). The permutation tests for
homogeneity of multivariate dispersions based omrsgtric and asymmetric PC axes resulted in indianit
differentiation of component dispersions. Most loé tsymmetric and asymmetric variation was containethe
caudal landmarks (7 to 12). The regression anabfsstiapeversussize showed a linear relationship between shape
changes and increase in siz€®154, Wilk's 1=0.020, k,11.990, p<<0.0001), although for components, no
significant regression appeared for the symmewimmonentversussize (R=0.085, Wilk's1=0.914, f 353.662,
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p=0.063) (Figure 2), nor for the asymmetric compar({&=0.069, Wilk'sx=0.930, F 35=2.933, p=0.094) (Figure
3).

DISCUSSION

Directional asymmetry occurs throughout the anikiajdom and a left-right axis has now been dematesirfor
most major phyla, including all the principal mod®anisms in developmental biology. The skull doséem
symmetric in structure, the development of whicholwes several processes including the inductiothefcranial
neural crest and the specification, migration aiféer@ntiation of neural crest cells. Using the ientskull in

accordance with the methodology proposed by Alibedl [12], which considers the variation in form hatally

(and this approach allows a more realistic viewhefvariation in skull shape), it can be demonsttdahat pig skull
is not perfectly symmetric and small asymmetrigs redlect phenotypic bilateral variations.

Over half of the symmetric component of shape varais associated with the first two PCs, with orant
variation between them, indicating that there canelternal pressure determining shape change,diufue to
allometry. The non-prominent role of phenotypic stilgity may also explain the similarities in thettpens of
covariation between the symmetric and asymmetapsltvariation.

An explanation can be found in that most intern@aas show consistent laterality, which is venbkawithin
species [13]. The function of the brain has longrb&nown to be asymmetric, and recent advancesfirtissue
analyses and diagnostics have made it possibléhdav shat highly asymmetric brain function corretateith
anatomic and behavioural expression [14]. A gerteditkground for the phenomenon has been suggestieoigh
until recent years no specific gene has been feaicduse the lateralisation.

These results should be interpreted with cautiomydver, and need to be re-evaluated with a largtaseét. Here,
the small sample size limits the statistical povegd the small number of landmarks -which in twe @nditioned
by sample size- have limited the spatial informatwailable for the analyses.

Figure 1. Designated landmarks for geometric morphmetric analysis of the domestic pig skull (ventrahspect). Landmarks 1 to 4 were
on the mid-sagittal plane. The rest of them were Hkiterally equivalent
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Figure 2.Regressions of shape (PC1 coordinates feach specimen) on size (log-transformed) for symnrat component. No significant
regression appeared (R=0.0858, Wilk'sA=0.914, K 3~3.662, p=0.063)
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Figure 3. Regressions of shape (PC1 coordinates feach specimen) on size (log-transformed) for asynatric component. No significant
regression appeared (R=0.069, Wilk's 4=0.930, F 3~2.933, p=0.094)

0.032
0.024]
0.016]
0.008 ]
9.000{

-0.008

-0.016

-0.0244

-0.0324

-0.040

1.83 1.86 1.89 1.92 1.95 1.98 2.01 2.04 2.07
InCS

REFERENCES

[1] Y. Savriama and C.P. KlingenbeMC Evolutionary Biology®011, 11, 280.

[2] C.P. Klingenberg, M. Barluenga and A. MeyerEvolution2002 56, 1909-1920.

[3] F.L. Bookstein,Morphometric Tools for Landmark Data: Geometry dndlogy. Cambridge University Press,
Cambridgel991

[4] F.J. Rohlf and L.F. Marcug;rends in Ecology & Evolutioh993 8, 129-32.

[5] F.J. Rohlf, TpsUtility, ver. 1.50. Department of Ecology and Evolutiotat& University of New York at Stony
Brook 2012

11



Pere M. Parés-Casanova and Cristina Esteve-Puig Ann. Exp. Bio.,2015, 3 (1):8-12

[6] F.J. Rohlf, TpsDig ver. 2.04. Department of Ecology and Evolutiotat& University of New York at Stony
Brook 2005

[7] F.J. Rohlf, TpsSmall ver. 1.29. Department of Ecology and Evolutiotat& University of New York at Stony
Brook 2014

[8] I.L. Dryden and K.V. MardiaSankhyal 993 55(A), 460-480.

[9] C.P. KlingenbergBiological Review4998 73, 79-123.

[10] C.P. Klingenberg,MorphoJ ver. 1.06b. Faculty of Life Sciences, Universiof Manchester, UK.

http://www.flywings.org.uk/MorphoJ_page.ht2001

[11] . Hammer, D.A.T. Harper and P.D. Ry&alaeontol Electronic2001, 4, 1-9.

[12] P. Alibert, B. Moureau, J. L. Dommergues and)Bvid,Zoologica Script2001, 30, 299-311.

[13] K. Zilles, A. Dabringhaus, S. Geyer, K. Amunkd. Qu M., A. Schleicheet al, Neurosciene & Biobehavioral
Reviewl1996 20, 593-605.

[14] N.A. Brown, A. McCarthy and L. WolperReview of Ciba Found Symposid8el, 162, 182-196.

12



