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Abstract: The development of structures in organisms is considered to be modular in nature. This
pattern of modularity and integration often results to covariation among various parts in organisms.
In this study, the patterns of modularity and integration in the fore- and hind wings of the butterfly
Y. lisandra Cramer was determined via analysis of six a priori models using the MINT software
(Modularity and INtegration Tool, ver. 1.5, Marquez, 2007). A total of 180 points were used to trace
and outline the margins of the wings as well as the major veins. The test was conducted based on
a Wishart/Monte Carlo test on a total of 1,000 replicates. Results showed that the fore-wings of the
butterfly Y. lisandra is comprised of three distinct modules: (1) the first bounded by the anterior
margin of the wings, the distal part of the radial vein, and the basal part of the vein Cu2; (2) the
second module is bounded by the distal part of the radial vein and the distal part of vein Cu2; (3)
the third bounded by the posterior margin of the wings and vein Cu2. The hind wings, on the other
hand, is comprised of four distinct modules (1) the first bounded by the anterior margins of the wing
and the radial sector (2) the second bounded by the radial sector and vein Cu1; (3) the third bounded
by vein Cu1 and the anal vein; (4) the last bounded by the anal vein and the posterior margin of the
wings.
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INTRODUCTION

Butterfly wings are highly compartmentalized. The wing patterns are made up of different types of pattern
elements often repeated along anterior-posterior axes of the wings. The elements that make up the wing pattern
have homology thus problems of developmental and evolutionary origin, adaptation and diversification can be
analyzed (Nijhout, 2001). It is argued that the maximum number of particular wing pattern elements is usually
fixed within a family and does not exceed the total number of wing cells, i.e, wing compartments bordered
by wing veins making the venation pattern quite conserved (Monteiro, 2003) thus is a good material for
understanding mechanisms of compartmentalization. One species which definitely meets the criteria is Y.
lisandra. The patterns observed in the wings of the insect may provide ideal material to study morphological
integration and the evolution of developmental independence (i.e., individuality) of the observed serially
repeated traits (Beldade, 2002). The butterfly has a series of marginal eyespots on different wing surfaces, each
centered in an individualized wing area bordered by veins (Fig. 1). It has been shown that high additive genetic
variance exists for several features of wing morphology in this species thus the whole pattern seems to
constitute a semi-independent developmental module, leading to prediction about constraints on the evolution
of the wing patterns. Different studies had been conducted as to the hypothesis of compartmentalization of
insect wings and the idea of one or set of genes controlling it during wing development (Brodsky and Ivanov,
1983; Gilbert et al 1996; Raff 1986; Klingenberg 2001; Biehs et al 1998; Garcia-Bellido and de Celis, 1992;
Lawrence, 1992; Sturtevant and Bier 1995; Thompson and Woodruff 1982, Lunde et al, 1998). The question
whether the entire wing is a single module or whether the compartments are independent units, somehow still
remains ambiguous and therefore needs to be examined and this is done in Y. lisandra.  We specifically
examined the fore and hindwings of the butterfly to understand if modularity existed in the wings of the
butterfly and the different modules are independent or integrated units.
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Methodology:
The mounted-on-slide wings of Y. lisandra were first scanned with 1200dpi resolution. This resolution was

maintained throughout the scanning process in order to remove size-related digitizing errors. Images were then
saved and cropped according to the type of wing orientations.

Each image was outlined using TPSDig2 software (Rohlf 2002) and a total of 180 homologous curve
points were digitized around the outline of the fore- and hind wing of Y. lisandra (Fig. 1). TPS curves of
outlined data were then converted to landmark using TPS util (Rohlf, 2002). The data obtained from these
converted images were used and loaded to MINT (Modularity and Integration Analysis Tool) (Matrquez,
2008b).

Fig. 1: Fore- and hindwings of Y. lisandra showing the different compartments subdivided by the major wing
veins.

The thin-plate spline, originally introduced as a technique for surface interpolation, serves as a very useful
image warping tool for maps driven by a small set of landmarks (Bookstein, 1991). It is a deformation
technique that uses chosen functions to map the relative location of points in the initial configuration to their
corresponding locations in the target form exactly. The functions are also use to predict how points lie in those
areas between landmarks in the initial form are arranged in the target form. The function that is chosen to
obtain this map is designed to satisfy a particular smoothness criterion (Rohlf, 2004)).

Modularity and Integration Tool (MINT) (Marquez, 2008b) is a highly introduced software that allows
calculating the goodness of fit test method for modularity. MINT implements most of the procedures described
in Marquez (2008a) to test a priori models of variational modularity in multidimensional data. The program
accepts both 2-D landmark and non-landmark data, though landmark data are needed to get most out of the
visualization options in MINT. In addition to implementing goodness of fit tests for priori models of
modularity, MINT allows editing models and re-combining their modules to form additional, mixed models,
thus facilitating the implementation of exploratory analyses of modularity and integration based on a heuristic
model search (Marquez, 2008a).

To describe modularity and integration in the fore and hindwings of the insect, landmark data were loaded
in MINT, which resets all parameters and internal structures to their initial values. To determine whether the
entire wing of Y. lisandra is a single module or whether the compartments are independent units, different
hypotheses were formulated (Table 1) and tested for possible developmental boundaries based on wing
venation. The theoretical framework of the hypothesized possible developmental modules is graphically shown
in Fig. 2. It can be seen from these models that there are modules that are weaker in connections showing only
two to three veins or connections that were highly connected or with many interactions in just one module
meaning that every module have different connections in terms of wing venation pattern.

Table 1: Developmental modules of the forewings of Y. lisandra based on the wing venation pattern.
Models Description
1 “Null model,” predicting absence of modular structure; all covariances are hypothesized to be zero
2 Every compartment serves as one module.
3 Six modules were considered: between the anterior margin and the radial vein; the radial vein and the cubitus vein (central

compartment); the anterior margin and the first median vein; the first median vein and the first cubitus-anal vein; the first
cubitus-anal vein and anal vein; and the anal vein and posterior margin of the wing.

4 Five modules were considered: between the anterior margin and radial vein; the radial vein and cubitus vein (central
compartment); anterior margin of the wing and first cubitus-anal vein; second cubitus-anal vein and first anal vein; and the first
anal vein and posterior margin of the wing.

5 Three modules were considered: between the anterior margin of the wing and radial vein; the radial vein and first anal vein;
and anal vein and posterior margin of the win. 
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Table 2: Developmental modules of the hindwings of Ypthima lisandra based on the wing venation pattern.
Models Description
1 “Null model,” no models included
2 Three modules were considered: between the anterior margin of the wing, subcostal vein and the first radial vein; radius sector

and first cubitus-anal vein; cubitus-anal vein and the posterior margin of the wing.
3 Two modules were considered: between the anterior margins of the wing, subcostal vein, radius sector, median vein and the

first cubitus-anal vein; the first cubitus-anal vein and the posterior margin of the wing.
4 Four modules were considered: between the anterior margin of the wing, subcostal vein and the first radial vein; radius sector

and first cubitus-anal vein; cubitus-anal vein and first anal vein; first anal vein and the posterior margin of the wing.
5 Two modules were considered: between the anterior margins of the wing, subcostal vein, radius sector, median sector, and

cubitus-anal vein; second cubitus-anal vein and the posterior margin of the wing.

Fig. 2: Models for the hindwings of male and female Y. lisandra Cramer.

There is an assessment of whether a pre-defined model or hypothesis is good enough to explain the
variation in a dataset through the Goodness of Fit (GoF). In MINT, the interest is on testing the GoF of
models depicting tight associations within integrated sets of traits- variational modules- and no associations with
traits outside of those sets.

Basically, the aim is to compute the covariance matrix that the data would be expected to produce if the
model being tested was true and variances and covariances were measured without error (Marquez, 2008).

A low P-value (<0.05) closer to 0, indicates that the models generated are no longer different from the
null model, Model 1. However, models which have P-values that are closer to 1 or equal to 1 (higher than
the level of significance P>0.05) would mean that the models chosen are no more different from Model 1.

According to Marquez (2008), P-values greater than 0.05 (P>0.05) and approaching to 1, correspond to
low g* values indicates a high degree of similarity between the proposed model and the observed data and
thus, the proposed model is accepted.

RESULTS AND DISCUSSION

Results showed that in the forewings of Y. lisandra from the two sampling areas resulted different best
fit models among the group of samples within the species and sex. Models 4, 3 and 5 were tabulated as best
fit models. And with the hindwings of Y. lisandra, models 4 and 2 arrived as the best fit models. Generally,
it was observed that there were minor variations from the samples taken from the two sampling areas due to
the resulted best fit models.

Figure 3, 4 and 5 show the best fit model of the majority. The forewings of the butterfly Y. lisandra is
comprised of five distinct modules: (1) the first bounded by the anterior margin of the wings and the radial
vein (2) the second module is bounded by the radial vein and the cubitus vein; (3) the third bounded by
anterior margin of the wing and first cubitus-anal vein; (4) the fourth module is bounded by second cubitus-
anal vein and first anal vein and (5) the fifth module bounded by the first anal vein and posterior margin of
the wing. The hind wings, on the other hand, is comprised of three distinct modules (1) the first bounded by
between the anterior margin of the wing, subcostal vein and the first radial vein  (2) the second bounded by
the radius sector and first cubitus-anal vein; and (3) the third bounded by cubitus-anal vein and the posterior
margin of the wing.

This result is supported by the Gamma values presented in tables in the Appendices. . The P-value for
the null hypothesis that the data are no more different from this model than expected by chance is 1 based
on Wishart/Monte Carlo test with 1000 replicates.
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Table 3:  Best Fit Model for fore- and hindwings of Y. lisandra.
SEX
-----------------------------------------------------------
Female Male

Forewing
Left 4 4
Right 4 4
Hindwing
Left 2 4
Right 4 2

Fig. 3: Best model for the fore-and hindwing.

Model 4 is notably the top best-fit model, defining the forewing as a structural model portioned into five
developmental modules as shown in Figure 9 which are tightly integrated yet, coherently independent from
each other. 

Table 4: Top three best fit models for the left and right forewings of female Y. lisandra. 
Forewing

Female Male
------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------
WING MODEL RANK γ-VALUE P-VALUE  WING MODEL RANK γ-VALUE P-VALUE  
Left 4 1 0.2853 1 Left 4 1 0.4769 0.99

3 2 0.3192 1 3 2 0.5031 0.802
5 3 0.3599 1 5 3 0.5345 1

Right 4 1 0.3565 1 Right 4 1 0.3294 1
3 2 0.3908 0.992 3 2 0.3480 1
5 3 0.4011 1 5 3 0.3661 1

Mimbalut Hindwing Mimbalut
(Female) (Male)

Left 2 1 0.3415 1 Left 4 1 0.3484 1
5 2 0.3791 1 5 2 0.3711 1
4 3 0.3895 0.99 2 3 0.3961 0.88

Right 4 1 0.3563 1 Right 2 1 0.3605 0.94
5 2 0.3661 1 4 2 0.3800 0.99
2 3 0.3723 1 5 3 0.3828 1

The best fit models for both the fore and hindwings of Y. lisandra is supported by the standardized gamma
values (g* value) and P-values. According to Marquez (2008), P-values greater than 0.05 (P>0.05) and
approaching to 1 correspond to low g* values indicating a high degree of similarity between the proposed
model and the observed data and thus, the proposed model is accepted. Minor differences in the resulted best
fit could be a result from factors of modularity that spans the formation of the wings phenotype. Sexual
dimorphism was not significantly manifested since no great difference on the morphological variation between
male and female wings as shown by the consistency of the best fit models. 

Discussion:
Understanding the relationships between modules in the Y. lisandra wing can be informative about the

underlying biological processes of compartmentalization in its wings. Morphological structures are produced
by developmental processes thus understanding how development produces covariation between modules can
have substantial implications for understanding genetic variation and the potential of the species for
evolutionary change.  This study have shown that morphological data in the wings of Y. lisandra can be used
in determining autonomous units of morphological variation that could be considered as developmental
modules. The approach used in this study consisted of fitting alternative models of modularity to shape datasets
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with the purpose of finding the modules that best account for the co-variation structure in each dataset. In this
approach, modules are defined as subspaces embedded within the overall phenotype space. Because the
processes that produce those modules can overlap spatially, it is expected that modules show some degree of
covariation, even if the processes responsible for them are effectively independent. The patterns of variational
modularity and integration were then assessed by testing alternative a priori models in the wings of Y.
lisandra, each of which hypothesizes a distinct modular structure caused by specific functional or
developmental mechanisms. 

The results of this study clearly show that the wings of Y. lisandra are divided into compartments by a
system of netted veins. This is supported by a number of studies on insect wings suggesting that such
compartments, including small parts of the wings, could be considered as autonomous units of morphological
variation or as separate developmental module (Cavicchi et al. 1981; Thompson and Woodruff, 1982; Cowley
and Atchley, 1990; Cavicchi et al. 1991; Guerra et al., 1997; Pezzoli et al., 1997; Baylac and Penin, 1998;
Birdsall et al., 2000; Zimmerman et al., 2000). These compartments of the Y. lisandra wings may correspond
to distinct cell lineages and domains of gene expression (Garcia-Bellido et al., 1973; Lawrence and Morata,
1976; Lawrence, 1992).  The current study have shown of the many compartments in both wings, Y. lisandra
forewings have five modules only while the hindwing only has four modules that are morphologically
integrated. It is very clear from the results of the current study that morphological data can be used to
characterize developmental, genetic, functional modules that are said to be internally integrated by interactions
among traits but are relatively independent from other modules. 

Conclusion:
The results of this study showed that the fore and hind wings of Y. lisandra comprise 5 and 4

developmental modules. These are units of gene regulation with the main veins serving as possible boundaries.
The fair consistency of the observed number and patterns of hypothesized developmental modules imply that
the wings of Y. lisandra are highly conserved indicating genetic conservatism in the morphological spaces in
the wings. 
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