Chapter 3
Camouflage Variations on a Theme
of the Nymphalid Ground Plan
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Abstract Lepidopteran camouflage patterns offer sophisticated and captivated
examples of morphological evolution. Previous studies focused on how and why
camouflage patterns are modulated at the microevolutionary level and determined,
for instance, the adaptive role of camouflage patterns in avoiding predator attacks.
However, less attention has been paid to the macroevolution of camouflage,
including the evolutionary paths leading to the origination of leaf mimicry patterns.
To understand the deep origins and evolvability of camouflage patterns, a key
principle comes from a highly conserved ground plan (termed the nymphalid
ground plan; NGP). The ground plan generates a variety of morphological forms,
while it maintains its own type. This review introduces several seminal studies that
used NGP-known features to reveal the macroevolutionary aspects of lepidopteran
camouflage patterns, providing a roadmap for further understanding this biological
phenomenon. The following core themes are discussed: (1) how complex camou-
flage patterns evolved (macroevolutionary pathways), (2) what kind of flexible
mechanisms facilitate the origin of such complex patterns (macro-evolvability),
and (3) how such complex patterns are tightly integrated through the coupling and
uncoupling of ancestral developmental mechanisms (body plan character map).
These approaches will provide new research lines for studying the evolution of
camouflage patterns and the underlying flexibility of the NGP.
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3.1 Introduction

Complex and sophisticated camouflage patterns have fascinated many biologists
(Poulton 1890; Cott 1940; Edmunds 1974; Ruxton et al. 2004; Stevens 2016).
Recently, camouflage has been classified into two major types: crypsis (blended
into environmental backgrounds to avoid detection by potential predators) and
masquerade (special resemblance to natural objects to avoid recognition by poten-
tial predators) (Stevens and Merilaita 2009; Merilaita and Stevens 2011; Skelhorn
et al. 2010a, b; Skelhorn 2015). Prominent cases of camouflage are found in
butterfly and moth wing patterns, including tree bark crypsis in Biston betularia
(van’t Hof et al. 2016), lichen crypsis in Agriopodes fallax (Schmidt et al. 2014),
leaf vein masquerade in the noctuid moth Oraesia excavata (Fig. 3.1a; Suzuki
2013) or in the nymphalid butterflies Kallima inachus and K. paralekta (Fig. 3.1b;
Suzuki et al. 2014), and dried leaf masquerade in Polygonia c-album (Wiklund and
Tullberg 2004). Most studies focused on the microevolutionary aspects of camou-
flage generation. For example, research on the industrial melanism shown in
peppered moths deciphered both the adaptive significance (Cook et al. 2012) and
the genetic basis of cryptic color variation (Cook and Saccheri 2013; van’t Hof et al.
2016). Studies on the seasonal polyphenism of the butterflies Araschnia levana
(Koch and Biickmann 1985), Bicyclus anynana (Brakefield and Larsen 1984;
Monteiro et al. 2015), and Polygonia c-aureum (Fukada and Endo 1966; Endo
1984; Endo et al. 1988) have also uncovered hormonal switches in the generation of
the cryptic patterns matching dry or autumnal color environments. In contrast, the
macroevolution of camouflage has received little attention. The present review
focuses on the comparative morphology of camouflage patterns in butterfly and
moth wings and proposes a research roadmap for further advancing our understand-
ing of the generative mechanisms underlying camouflage evolution.

For addressing the macroevolutionary aspects of lepidopteran camouflage, a key
principle is that comparison of the anatomy of many species allows the extraction of

Fig. 3.1 Camouflage of
moth and butterfly wing
patterns. (a) Oraesia
excavata. (b) Kallima
inachus (Figure panel a is
reproduced with
modification from Suzuki
(2013). Figure panel b is
reproduced with
modification from Suzuki
et al. (2014))
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a common theme behind diversity, termed the “body plan” or “ground plan,” which
refers to the structural composition of organisms based on homologous elements
shared among species (Wagner 2014). To date, butterfly and moth (at least within
Macrolepidoptera) wing patterns are thought to be based on a highly conserved
ground plan (termed the nymphalid ground plan, NGP; Fig. 3.2a; Schwanwitsch
1924, Siiffert 1927; Nijhout 1991). The NGP describes the diversification of wing
patterns as modifications of an assembly of discrete pattern elements shared among
species (Schwanwitsch 1956; Nijhout 1991) and is suggested to be homologous and
inherited across species. From the comparative morphology point of view, the
essential question is how effective is the NGP scheme in understanding lepidop-
teran camouflage patterns? Moreover, if certain camouflage patterns are illustrated
by the NGP, what information can this scheme provide for understanding

Fig. 3.2 Nymphalid ground plan and the variations generating diversified wing patterns. (a)
Nymphalid ground plan (NGP). (b) Leaf vein-like pattern and the NGP of Kallima inachus. (c)
NGP of Vanessa cardui, Nymphalis vaualbum, Yoma sabina, Doleschallia bisaltide (This figure is
reproduced with modification from Suzuki et al. (2014))



42 T.K. Suzuki

lepidopteran camouflage patterns and can it contribute to the morphological evo-
lution and organization of such spectacular examples of adaptation to the
environment?

The present review introduces several NGP studies that are crucial for revealing
the macroevolutionary aspects of lepidopteran camouflage patterns and provide a
basis for further understanding this biological phenomenon. First, the foundations
for using comparative morphology to identify homologous elements across species
are described along with how NGP has led the way to the elaboration of diverse
wing pattern configurations. Next, the potential of phylogenetic comparative
methods to reveal the sequential evolutionary steps that built up leaflike patterns
from nonmimetic ones is discussed. Third, the scheme of the NGP is used for
discussing a flexible building logic of leaf mimicry patterns. Fourth, a methodo-
logical framework for analyzing the degree of integration and modularity in leaf
vein-like pattern is proposed, and arguments favoring the evolutionary origin of de
novo functional modules are presented. Finally, a research roadmap for further
macroevolutionary studies on the origin and diversification of camouflage patterns
is proposed.

3.2 Morphological Foundations of the Nymphalid
Ground Plan

The concepts of body plan and ground plan are traditionally rooted in comparative
morphology (Rieppel 1988). The criteria for identifying structural or positional
homologs across different species were summarized by Remane (1952) and are
considered a validated procedure in systematic and comparative morphology stud-
ies (Williams and Ebach 2008). These criteria consist of three principal rules:
(1) similarity of topographical relationships, (2) similarity of special features, and
(3) transformational continuity through intermediate ontogeny or phylogeny. The
first criterion is logically consistent with Geoffroy St. Hilaire’s “principe des
connexions” (Saint-Hilaire 1818), the second is based on the specific properties
of a character of interest, and the third is based on the evolutionary continuity of
developmental genetic mechanisms underlying the character of interest. Although
the concept of homology is still widely discussed (Patterson 1982; Roth 1988;
Wagner 1989, 2007; Brower and Schawaroch 1996; Hall 2000), Remane’s criteria
remain valuable consensuses that crystallize empirical facts through numerous
careful observations of morphological structures. Currently, these criteria provide
a powerful tool to decipher the homology of anatomical structures in a broad
spectrum of animals and plants (for animals: Nagashima et al. 2009; Hutchinson
et al. 2011; Luo 2011; Holland et al. 2013; for plants: Sattler 1984; Buzgo et al.
2004).

The NGP is a scheme for describing homologous elements shared across species
and thus should be evaluated within the logical framework of Remane’s criteria.



3 Camouflage Variations on a Theme of the Nymphalid Ground Plan 43

Although Remane’s criteria were inherent to NGP studies by Schwanwitsch (1956)
and Nijhout and Wray (1986), to my knowledge, there is no explicit citation to
Remane’s work in NGP studies. Recently, I tackled to apply Remane’s criteria to
analyze the NGP of Kallima inachus and K. paralekta leaf vein-like patterns and
succeeded in demonstrating that these can be explained by the NGP (Fig. 3.2b;
Suzuki et al. 2014), and the results were consistent with Schwanwitsch (1956)
analysis and validated the empirical inference proposed by Siiffert (1927). The
wing patterns of species closely related to Kallima spp. can also be explained by the
NGP, although these patterns differ from that found in Kallima spp. (Fig. 3.2c, only
four species were selected; for further details, see Suzuki et al. 2014). Interestingly,
these analyses revealed that the differences between the leaf vein-like pattern and
the other non-leaf patterns resulted only from differences in the character states of
NGP elements. Thus, comparative morphology provides in-depth information
about the way of diversification of lepidopteran wing patterns, even in extreme
cases such as leaf mimicry.

It is important to mention that the NGP framework has limitations, which are
most evident when lepidopteran wing patterns have so dramatically deviated from a
stereotypical pattern that they challenge reasonable homology assignments. For
example, the wing patterns of some papilionids are intensively fragmented through
dislocation and thus difficult to connect to the NGP (Mallet 1991). In the nymphalid
butterflies Heliconius sp., the NGP has undergone complex rearrangements that
culminated in a highly modified state (Mallet 1991), although NGP was previously
reported for this genus (Nijhout and Wray 1988). In such cases, less derived species
can provide clues on intermediate states and clarify the nature of homologous
characters but are prone to misidentifications without a more mechanistic under-
standing of wing pattern architecture. To further understand the evolutionary
trajectories of the NGP, it is necessary to investigate the molecular mechanisms
underlying NGP. Previous studies revealed the molecular mechanisms underlying
eyespots (ocelli), one of the NGP elements in butterfly wings (Carroll et al. 1994;
Brakefield et al. 1996; Keys et al. 1999; Brunetti et al. 2001; Beldade and Brakefield
2002; Monteiro et al. 2006; Oliver et al. 2012; Monteiro et al. 2013; Monteiro 2015;
Zhang and Reed 2016; Beldade and Peralta 2017). Molecular studies have also
uncovered several morphogens (e.g., Wntl/wingless, WntA) and transcription fac-
tors (e.g., aristaless2, engrailed) associated with other elements of NGP (Brunetti
et al. 2001; Monteiro et al. 2006; Martin and Reed 2010, 2014).

3.3 Evolutionary Path: Gradual Evolutionary Steps
Toward Leaf Vein-Like Patterns

The ground plan architecture of lepidopteran wing patterns provides a starting point
to investigate the evolutionary paths leading to complex camouflage patterns, but
how can these trajectories be analyzed in exquisitely detailed phenotypes?
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Character polarity has been used in most studies investigating the evolutionary
processes that generate traits (Donoghue 1989; Swofford and Maddison 1992;
Wiley and Lieberman 2011), and it refers to the biased phylogenetic placement of
certain states of a character of interest (Fig. 3.3a). Clear detection of character
polarity indicates a nested hierarchical relationship between traits, whose character
states are evolutionarily transformed from ancestral to derived states in a specific
temporal order. As shown in Fig. 3.3a, the evolution of trait A follows that of the
trait B. However, this approach has a crucial practical limitation: traits of interest
often lack a clear character polarity. To cope with this limitation, some statistical
methods, collectively termed phylogenetic comparative methods (PCMs), were
developed for analyzing traits’ evolution (Fig. 3.3b; Harvey and Pagel 1991;
Losos and Miles 1994; Garamszegi 2014). In PCMs, statistical testing is incorpo-
rated into the examination of phylogenetic information and character states to
analyze the evolution of traits (Pagel 1999a). Accordingly, these methods can be
used to detect subtle nuances of trait evolution that lack a clear signature of
character polarity and thus can be applied in a broad spectrum of scenarios featuring
a complex distribution of character states. In such scenarios, PCMs can be used in
the reconstruction of traits’ ancestral states (Schluter et al. 1997; Pagel 1999b;
Pagel et al. 2004) or to infer the temporal order in which traits evolved, within a
phylogenetic framework (Pagel 1994; Pagel and Meade 2006).
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Fig. 3.3 How to infer macroevolutionary paths toward complex traits. (a) Simple case of
character polarity, in which a trait (square) evolved from state O (open square) to state 1 (close
square) at the node D of the phylogeny. (b) Complex case of character polarity, in which
phylogenetic comparative methods were used to estimate the ancestral states of the traits (squares,
circles, and stars)
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Fig. 3.4 Evolutionary steps that generated Kallima sp. leaf vein-like patterns. (a) Decomposition
of wing patterns into 11 character states. (b, ¢) Reconstructed ancestral character states are
represented at four selected nodes (A, B, C, and D), which are illustrated as the time required for
the evolutionary transformation of wing patterns (from A to D). In the molecular phylogeny, the
genus Kallima is evidenced using a red box (This figure is reproduced with modification from
Suzuki et al. (2014))

The evolution of leaf resemblance in Kallima spp. has been a long-term conundrum
and remains unresolved. Under a gradualistic view (Darwin 1871; Wallace 1889;
Poulton 1890; Weissman 1902; Watson et al. 1936), the leaf mimicry pattern is a
product of slow gradual evolution, with natural selection progressively perfecting
masquerade forms; under the alternative saltationist view, leaf mimicry pattern
evolved via relatively sudden leaps in the morphospace without intermediate forms
(Mivart St 1871; Goldschmidt 1945). Despite the enthusiastic debate, no formal
assessment of the tempo and mode of evolution in leaf mimicking has been provided
so far. Recently, I applied PCMs to gain insight on the evolutionary paths that led to the
leaf vein-like pattern in Kallima spp. (Fig. 3.4; Suzuki et al. 2014). If overall pheno-
types are treated as integrated units, PCM analyses cannot reconstruct the evolutionary
history of complex traits, simply by informing how many times the traits evolved (e.g.,
Mugleston et al. 2013). To avoid this, the butterfly wing patterns including the leaf
patterns were decomposed into a set of several subcomponents using the NGP (Fig.
3.4a), which allowed inferring the ancestral states of each component and
reconstructing the evolutionary process as the sum of the changes occurring in all
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components (Suzuki 2017). Thus, tracing ancestral states at various phylogenetic
nodes illustrates the sequential transformation of the character states of multiple
components that led to the complex traits (Fig. 3.4b). This analysis revealed the
successive steps in the evolution of leaf masquerade patterns from nonmimetic wing
patterns within a phylogenetic framework (Fig. 3.4c; Suzuki et al. 2014) and provided
the first evidence for gradual evolutionary origin of leaf mimicry (Skelhorn 2015).
Thus, combining NGP and PCMs information provides an insight into the structural
complexity of lepidopteran wing patterns and the possibility to depict the evolutionary
paths leading to the formation of complex and detailed patterns (Suzuki 2017).

3.4 Tinkering: The Flexible Building Logic of Leaf
Vein-Like Patterns

In addition to the reconstruction of evolutionary paths described above, identifying
the NGP of lepidopteran wing patterns will provide resources to assess the different
ways to produce leaf vein-like patterns. Regarding this issue, Schwanwitsch (1956)
described the NGP of several species presenting leaf patterns such as Siderone
marthesia (Fig. 3.5a), Zaretis isidora (Fig. 3.5b), and K. inachus (Fig. 3.2b).
According to his scheme, the mode of derivation from the NGP is in most part
repeated in these three species. Interestingly, the genera Siderone and Zaretis
(Charaxinae, a subfamily of Nymphalidae) are taxonomically distant from the
genus Kallima (Nymphalinae), which is also supported by Wahlberg et al. (2009)
molecular phylogeny. Because convergence is considered to represent indepen-
dently evolved features that are both structurally and superficially similar (Stayton

Fig. 3.5 Leaf vein-like variations on the same NGP theme. (a) Siderone marthesia. (b) Zaretis
isidora. (¢) Oraesia excavata. The NGP of S. marthesia and Z. isidora is based on Schwanwitsch
(1956) (Figure panel c is reproduced with modification from Suzuki (2013))
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2015), the similar mode of derivation from the NGP found in Charaxinae and
Nymphalinae probably resulted from independent events of convergent evolution.

Does this similar mode of NGP-derived patterns, which seems to indicate that
leaf pattern construction modes are quite constrained in butterflies, hold true for
more distantly related taxa than Nymphalinae and Charaxinae? To address this
question, I here compare the NGP of the leaf vein-like pattern found in the noctuid
moth O. excavata, one of the most abundant moths in Northeast Asia (Fig. 3.1a), to
that of K. inachus. Although these leaf vein-like patterns look similar, both
consisting of a main vein and two sets of lateral veins, the way in which these
two leaf patterns were built from the NGP is quite different (Figs. 3.2b and 3.5c¢).
For example, in K. inachus butterflies, the main vein of the leaf pattern is derived
from a green element (the proximal band of the border symmetry system) and a red
element (the distal band of the central symmetry system), whereas in O. excavata,
the main leaf vein is derived only from green elements (the border symmetry
system). These observations showed that Lepidoptera leaf patterns can evolve
through different paths, revealing a higher flexibility than that suggested from the
analysis centered on nymphalid butterflies only.

This flexibility in leaf pattern building could be discussed within the concept of
tinkering, which was in biology proposed by Francois Jacob (1977). This concept
was described as “a tinkerer who does not know exactly what he is going to
produce, but uses whatever he finds around him, whether it be pieces of string,
fragments of wood, or old cardboards; in short it works like a tinkerer who uses
everything at his disposal to produce some kind of workable object.” Based on this
statement, the leaf patterns of Kallima spp. and Oraesia spp. evolved in a tinkering
mode of innovation, managing with odds and ends. Additionally, and although it
might seem unexpected, the dead leaves of Charaxinae might have achieved the
same construction style observed in Kallima as a result of tinkering evolution.
Strictly speaking, tinkering likely refers to the evolutionary process of building up
traits and not just to the traits. Thus, the flexible building logic of Lepidoptera leaf
patterns might reflect the tinkering logic of the evolutionary processes behind them.

3.5 Modularity: Developmental Modules of the NGP
and a Simple Cryptic Pattern

How a morphological structure is integrated is crucial to understand the genetic and
developmental architecture of trait adaptation (Olson and Miller 1958; Cheverud
1996; Klingenberg 2008). The concept of morphological integration postulates that
functionally related elements are tightly coupled (Olson and Miller 1958; Cheverud
1996). A special form of integration is modularity, in which units are tightly
coupled but can be individually decoupled (Wagner and Altenberg 1996). Modu-
larity results from the regulatory interactions of developmental mechanisms
(Klingenberg 2008) and/or from accumulated structural changes shaped by natural
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Fig. 3.6 Modularity of the simple cryptic pattern of Thyas juno. (a) Schematic illustration of
divergence strategy in moth and butterfly wing patterns. The modularity of simple patterns corre-
sponds to the original developmental modules of the NGP. (b) Forewings and hind wings of T. juno.
(c) Forewings comprise four elements, each corresponding to an NGP element. (d) Morphological
correlation network of the 7. juno forewing pattern. In this correlation network, nodes represent
measurement points and lines represent the correlations between measurement points (larger corre-
lation coefficients are indicated by thicker arrow edges and darker lines). The modules detected are
illustrated as light-blue areas (This figure is reproduced with modification from Suzuki (2013))

selection (Lande 1979; Arnold 1983; Wagner and Altenberg 1996). Previous
studies suggested that the NGP is the sum of several developmental modules
where each NGP element is genetically and/or developmentally autonomous
(Fig. 3.6a; Nijhout 1991, 1994, 2001; Beldade and Brakefield 2002). In fact, the
central symmetry system of the NGP appears to be a genetically and phenotypically
independent unit (Brakefield 1984; Paulsen and Nijhout 1993; Paulsen 1994, 1996),
and eyespots are developmental units formed by factors diffused from foci (Nijhout
1980; French and Brakefield 1995). These considerations strongly suggest that
butterfly and moth wing patterns, including camouflage patterns, obey to NGP’s
rule of modularity.

How are lepidopteran camouflage patterns integrated and modularized? To
address this issue, the relatively simple camouflage pattern of the noctuid moth
Thyas juno was examined (Fig. 3.6b; Suzuki 2013). At rest, this species displays
only the cryptic forewings covering the conspicuous hind wings, but, once it detects
a potential enemy, the forewings are unfolded and display the warning-colored hind
wings. The forewing pattern consists of four elements, each corresponding to an
NGP element (Fig. 3.6¢). To detect the modules involved in an overall wing pattern,
I developed a new analytical method (termed morphological correlation network),
which allows analyzing geometric morphometric data by combining graph theory
and the statistical physics of spin glass (Suzuki 2013; Esteve-Altava 2016). This
approach revealed that the modules involved in T. juno wing pattern corresponded
to individual NGP symmetry elements, which might reflect the original modular
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architecture of the NGP (Fig. 3.6d) as supported by previous considerations regard-
ing NGP organization (Nijhout 1991, 1994, 2001; Beldade and Brakefield 2002).
Although studying a practical case is limited, at least in relatively simple camou-
flage patterns, these results supported the hypothesis that the genetic and develop-
mental architectures underlying camouflage patterns reflect the original
developmental modules of the NGP (Fig. 3.6a).

3.6 Evolutionary Origin of De Novo Modules: Rewiring
of the NGP Developmental Modules to Generate
Functional Modules

How modules of morphological structures originated is an important question to
understand the complex adaptation of phenotypes (Wagner et al. 2007; Klingenberg
2008). A previous conceptual study proposed that modules evolved through the
opposite processes of integration (coupling) and parcellation (uncoupling) (Wagner
and Altenberg 1996). This conceptual framework seems to be crucial to compre-
hend the evolution of butterfly and moth wing patterns through modifications of the
NGP. Contrasting to the early establishment of the conceptual basis, how de novo
modules originated still remains poorly understood (Moczek et al. 2015). The
question here is how modules of complex camouflage patterns originated within
the context of morphological integration and parcellation.

To address this question, the modular architecture of the leaf vein-like pattern of
O. excavata (Figs. 3.1a and 3.5¢) was investigated using the morphological corre-
lation network method (Suzuki 2013). This study revealed that the leaf pattern of
O. excavata is highly modularized, with each module corresponding to each
component of the leaf vein, implying the functional modules (Fig. 3.7b). To
examine the extent of the association between these functional modules and the
developmental modules of the NGP, the morphological correlation network of the
0. excavata wing pattern was replotted (Fig. 3.7¢). Interestingly, functional mod-
ules were generated by the coupling and uncoupling of NGP developmental mod-
ules. For example, the functional module of the left lateral vein (i.e., module 2)
originated from coupling two distinct modules of the central and border symmetry
systems, and the developmental module of the border symmetry system was
uncoupled into three functional modules (i.e., modules 2, 3, 4). Thus, this analysis
clearly demonstrated that, at least in the evolution of complex camouflage patterns
such as leaf masquerade, de novo modules originated through the reintegration of
NGP developmental modules (Fig. 3.7a).

Unlike the previous studies in which the NGP was considered to comprise
autonomous units (Fig. 3.6; Nijhout 1991, 1994, 2001; Beldade and Brakefield
2002), the modules in the O. excavata leaf pattern originated through reintegration
to new modules (Fig. 3.7). This discrepancy could be due to differences between
simple and complex patterns (Figs. 3.6a and 3.7a). Previous studies often



50 T.K. Suzuki

module 4 -

module | module 2 module 3 module 4

R

COraesia excavata

Fig. 3.7 Modularity of the leaf vein-like pattern of Oraesia excavata. (a) Schematic illustration of
divergence strategy in moth and butterfly wing patterns. The modularity of complex patterns evolved
through rewiring the original developmental modules of the NGP. (b) Forewings of O. excavata and
its morphological correlation network. In this correlation network, nodes represent measurement
points and lines represent correlations between measurement points (larger correlation coefficients
are indicated by thicker arrow edges and darker lines). The modules detected are illustrated as /ight-
blue areas. (c) Replot of the correlation network of O. excavata wing pattern based on the NGP (This
figure was reproduced with modification from Suzuki (2013))

emphasized that the genetically and developmentally autonomous units of the NGP
allowed further uncoupling pattern elements (e.g., dislocation), and such individu-
alization is thought to allow establishing separate evolutionary trajectories, thereby
contributing to the evolvability of lepidopteran wing patterns. In addition to this
previous perspective, the present review emphasizes the importance of coupling of
pattern elements in wing morphological diversification and proposes a new orga-
nizing principle, a “rewiring” strategy (i.e., coupling and uncoupling) of the NGP,
in which a combination of decoupling and coupling processes “rewires” the corre-
lations among common parts (Fig. 3.7a; Suzuki 2013).

3.7 Next Research Programs

Quantitative analyses, together with the scheme of the NGP, have begun to set a
new path for understanding camouflage patterns of butterfly and moth wings. The
NGP provides a foundation for the evolutionary pathways, evolvability, and
genetic/developmental architecture underlying the complex and diversified camou-
flage patterns, through which the ground plan is modified. In this final section,
further research programs are discussed.
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3.7.1 Macroevolutionary Pathways Toward Camouflage
Patterns

Diversification based on NGP modifications is not a random process but occurs in a
certain sequential order. As shown above, mathematical methods using Bayesian
statistics enabled analyzing the evolutionary origin and sequential steps toward the
various camouflage patterns (Suzuki et al. 2014; Suzuki 2017). This approach
allows to test whether camouflage patterns originated gradually or suddenly and
to analyze the evolutionary process through which modifications were accumulated
generating camouflage patterns.

Furthermore, comparing multiple evolution processes allows examining evolu-
tionary pathways considering whether processes within them are possible or not. For
example, comparing the evolutionary processes involved in butterfly leaf masquerade
and lichen cryptic patterns may reveal common/different evolutionary mechanisms
between the different camouflage patterns. Similarly, comparing the evolutionary
processes of leaf masquerade among distinct taxa may reveal how many pathways are
involved in the evolution of lepidopteran leaf patterns and/or addressing the mech-
anisms allowing the multiple origins of leaf mimicry in Lepidoptera. To date, studies
considering macroevolution discussed only the tempo, mode, and trends of evolution
(Simpson 1944; Carroll 2001). In addition to these research directions, studying the
evolutionary processes and pathways involved in complex and diversified traits is
expected to add a new direction in the research field of macroevolution.

3.7.2 Macro-evolvability of the NGP

The deep involvement between body plan and evolvability has often been discussed
(Vermeij 1973; Riedl 1978; Kirschner and Gerhart 1998; Graham et al. 2000).
Regarding evolvability, Vermeij (1973) proposed the concept of versatility, which
focuses on the number and range of independent parameters controlling morpholog-
ical form. As described above, the evolution of the O. excavata leaf pattern involved
the reintegration of the original developmental modules of the NGP (Fig. 3.7),
suggesting that the increase in the number of parameters controlling shape allowed
new adaptations, reflecting the versatility of the NGP (Suzuki 2013). In addition, the
flexible logic of leaf mimicry patterns suggests a new component (e.g. tinkering) in
the evolvability of the ground plan (Fig. 3.2b and 3.5). It has been pointed out that
evolvability has various definitions, and Pigliucci proposed its classification in an
evolutionary time scale (Pigliucci 2008). Following his definition, I would like to
propose the term “macro-evolvability” to define the long time scale evolution that
generates various forms through modifications of the ground plan.

Furthermore, one extreme case when examining the macro-evolvability of the
ground plan is to determine under which circumstances the ground plan is partially
or fully broken. In other words, this approach provides an insight into evolvable
limitation of the NGP. Unlike that considered before Darwin’s theory of evolution,
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the ground plan is also subject to natural selection, and therefore some or all of it might
be broken with the evolutionary emergence of a specific form derived from the ground
plan. Are there possibilities that the NGP was broken? The wing pattern of a mimicry
butterfly, Heliconius sp., might be considered (Jiggins et al. 2017) a possible example
of such a situation. Under this consideration, several questions are raised: How was the
NGP deconstructed in Heliconius butterflies? What kind of natural selection promotes
NGP loss? Does the evolutionary acquisition of Miillerian mimicry affect the loss of
the NGP? To address such questions, it will be necessary to combine morphological
and molecular studies to verify NGP integrity (Martin et al. 2012; Martin and Reed
2014), because the NGP might be difficult to identify in these butterflies.

3.7.3 Body plan Character Map: Genetic and Developmental
Architectures of the NGP

What kind of genetic and developmental architectures underlies the ground plan? In
previous studies, this issue was discussed from various perspectives, including
the perspectives of transcriptomics (Duboule 1994; Kalinka et al. 2010; Irie and
Kuratani 2011, 2014; Quint et al. 2012; Levin et al. 2016) and gene regulatory
networks (Davidson and Erwin 2006; Wagner 2007). From the morphological
integration and modularity perspective, two major schemes were proposed: the
genotype-phenotype map (G-P map; Fig. 3.8a; Wagner and Altenberg 1996) and
developmental mapping (D map; Fig. 3.8b; Klingenberg 2008). Both schemes
describe how modules of traits were generated through internal interactions, but
while the G-P map is based on genetics, the D map is based on ecological
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Fig. 3.8 Genetic and developmental architectures of a modularized phenotypic trait. (a) Geno-
type-phenotype map (G-P map). (b) Developmental map (D map). (c) Body plan character map
(BC map). All schemes describe the relationship between genes (red squares) and the subcompo-
nents (black circles) of a phenotypic trait, when the trait is modularized (gray circles). The G-P
map describes the construction of modularity through changes in pleiotropic effects (red arrows),
whereas the D map describes the modulated pathways of the developmental system (blue arrows)
affected by changes in pleiotropy. The BC map describes the construction of modularity through
the coupling (green arrows) and uncoupling (light green arrows) of the original developmental
pathways of the ground plan (blue arrows), where subcomponents (black circles) are homologous
parts, and each phenotypic trait is the ground plan of interest (Figure panel a was modified from
Wagner and Altenberg (1996), and panel b was modified from Klingenberg (2008))
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evolutionary developmental biology. These two schemes cover a broad spectrum of
biological traits but are less likely to be practical for deciphering a specific genetic
and developmental architecture of traits. From the perspective of comparative
morphology, a specific scheme to comprehend the complexity and diversification
of traits needs to be established.

How can the genetic and developmental architectures that create various forms
by modification of the ground plan be depicted? Considering the experimental facts
explained above, two major components seem to be involved: one arises from the
original developmental modularity of the ground plan and the other from rewiring
the developmental modules of the ground plan. In general, the ground plan is a sum
of homologous parts, and it is thought that each homologous part constitutes one
developmental module because each part is individually identifiable (Wagner 1989,
2014). An example of the component derived from rewiring the developmental
modules of the NGP is the functional modules found in O. excavata leaf pat-
tern (Suzuki 2013). In the present review, I propose a scheme for integrating the
genetic and developmental architecture underlying the variations of a theme of the
ground plan, termed Body plan Character Map (BC Map; Fig. 3.8c). This scheme
describes the core generation process of the ground plan and the reorganization
process that transforms it into various designs, which can only be revealed using the
morphological approach described in this study combined with molecular data.
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