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ABSTRACT

The evolution of wing morphology in three clades of Drosophila was
investigated using a method of mapping a complex of continuous characters
developed for landmark configurations.

In the melanogaster subgroup, a rate test for morphological characters was
applied using the mutation-drift equilibrium (MDE) model under a range of
evolutionary scenarios. The results indicate that wing morphology has evolved at a
slower rate than genital morphology. The rate test under the MDE model suggested
that genital morphology has evolved at a neutral rate while wing morphology has
been under stabilizing selection.

In the cactophilic species of the repleta group endemic to the Sonoran
desert, wings have evolved in response to two factors: adaptation to the density of
rots in the host cacti and adaptation to Sonoran desert conditions. Aerodynamic
parameters of the wing were calculated based on a steady-state aerodynamic
model. Flies using larger host cacti tend to have wings of greater aspect ratio
which are better suited for long range dispersal. Flies adapted to Sonoran desert
conditions tend to have wings with broader bases and narrower tips, suggesting
greater efficiency at fast forward flight.

The evolution of wing pigmentation patterns in the Hawaiian picture-
winged Drosophila was examined in a phylogenetic context. Four specific
hypotheses were tested: (1) has the overall degree of pigmentation evolved from
more lightly to more heavily pigmented wings; (2) has the evolution of
pigmentation patterns proceeded through a process of elaboration resulting in

patterns of greater complexity; (3) are the fundamental symmetries in pigmentation
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pattern the same for all species in this group; and (4) are the patterns of symmetry
related to what is known about wing development in Drosophila melanogaster?
The pattern of evolutionary changes in the level of pigmentation was not
consistent with a hypothesis of gradual increase. Based on a measure of
complexity derived from Shannon’s information content, there is no compelling
evidence to support the hypothesis of evolutionary elaboration of pattern. There is
evidence for one major evolutionary shift in the pattern of symmetry. A model
linking fundamental symmetries in pigmentation pattern to wing development is

presented.
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CHAPTER 1
INTRODUCTION

The problem

The evolution of morphological features presents a complex problem for
analysis by evolutionary biologists. One way in which the problem can be
simplified is by using patterns of relationships among lineages of organisms to
produce a set of allowable transitions between morphologies. Allowable
transitions are reconstructed with reference to the phylogenetic history of a group
of organisms. When the set of transitions has been established, hypotheses
concerning the evolution of development and function may be tested.

Application of phylogenetic methods requires a knowledge of the
phylogenetic relationships among the taxa under study. The genus Drosophila
contains a large number of clades in which the phylogenetic relationships are well
known, through morphological, molecular, and chromosome inversion analyses.
A detailed examination of the evolution of morphological features in this genus has
the advantage that results may be integrated with the wealth of details known about
one member: Drosophila melanogaster.

I have chosen to examine the evolution of a complex morphological
structure: the wing. The wing presents an ideal morphological, developmental, and
functional unit to study. Morphologically, it has a simple form, being constructed
from only two layers of cells. Developmentally, it is an integrated unit, arising
from a discrete set of cells in the wing imaginal disc. Functionally, it is used in all
species of Drosophila for flying and in many species for courtship.
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I have attempted to answer the following questions: (1) do different species
of Drosophila have different wing shapes; (2) have differences in morphology
evolved in response to selection or has genetic drift been an important factor; (3)
what are the possible functional consequences of differences in wing shape; and

(4) how have wing pigmentation patterns evolved?

Justification of dissertation format

This dissertation is a collection of manuscripts to be submitted for
publication. Each manuscript is the result of a different investigation into the nature
and evoluton of wing morphology in Drosophila. This format was chosen to
communicate the ideas in a publishable format. As the senior author in each paper,
I developed and expressed the ideas they contain. My coauthors aided me by
providing their expertise and assistance in gathering the large amount of data

necessary for the more empirical portions of my investigations.
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CHAPTER 2
PRESENT STUDY

Summary

The methods, results, literature review, and conclusions of this study are
presented in the papers appended to this dissertation. In this section I present a
summary of the major findings detailed in these papers.

Methodology

In order to pursues answer to the questions I posed, I found it necessary to
devise a new set of methodological tools appropriate to examining evolution of the
wing. I extended the current methods for analyzing character evolution of
continuous characters in the spirit of Strauss (1992). The wing morphology of
each specimen is represented by a landmark configuration of points. The set of all
inter-landmark distances serves as the characters for analysis. This procedure
represents a direct extension of the truss method (Bookstein ez al., 1985) and is
more useful in this context because the resultant characters completely specify the
entire landmark configuration rather than a collection of trusses.

One limitation of this new method is the specimen depth, because the
number of characters increases as n(n-1)/2 ~ O(nz) where n is the number of
landmarks. For the application of many multivariate procedures, the number of
specimens should exceed the number of characters. One alternative is that a subset
of the characters could be selected that completely specifies the landmark
configuration. The number of characters selected could be as few as 3(n-2)

specifying a network where each point is connected to at least three other points.

This network, however, would not be unique and any specification would involve
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numerous arbitrary choices among distances. The set of all inter-landmark
distances is unique and when specimen depth is adequate covers the form in a
more complete manner, each point is connected to n-1 points.

Characters were mapped onto the cladogram using weighted least-squares
parsimony (weighted by divergence times). Each character was mapped
independently and a decomposition procedure was applied to the resultant set of
characters along the branches of interest. The change in character values along a
chosen branch was decomposed into an allometric and an ortho-allometric
component. The allometric component was computed as that parallel to the first
principle component from a pooled-within group principle components analysis
across the specimen in the ingroup. The first principle component axis is often
used as a robust measure of size (Bookstein et al., 1985). Any other measure of
common size could be used for this decomposition.

Because descriptions of allometries are made in log-transformed space and
the landmark configurations reside in a simple two (or three) dimensional
euclidean space, a simple linear decomposition is applied to the log-transformed
characters to give the allometric and the ortho-allometric components of an
evolutionary transition. At any point during an analysis, any landmark
configuration may be recovered using a multi-dimensional scaling procedure. The
use of this procedure insures that each landmark configuration will inhabit the
proper (two or three) dimensional euclidean space.

I chose to illustrate the ortho-allometric component of an evolutionary
transition using the method of thin-plate splines. I characterized the deformation
along this component by means of a contour plot representing the expansion or

contraction of space the deformation produces at each point in the wing (computed
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as the value of the determinant at that point). The ortho-allometric component of
the evolutionary transition represents the shape change that is independent of the
allometric shape change associated with a simple increase or decrease in size.

Rates of evolution

In the first paper in this series, my coauthor and I examine the group of
eight closely related species which comprise the melanogaster subgroup. One
member of this clade, Drosophila melanogaster, has been studied a great deal,
making this the ideal group in which to begin an exploration of the evolution of
wing morphology. We wished to (1) determine whether species in this clade have
evolved different wing morphologies and (2) estimate the long-term rates of
morphological evolution. An estimation of the rates would give us an idea of the
long-term selection regimes have operating on wing morphology. We also wanted
to understand the evolutionary changes in morphology along the lineages which
known to be specialists in this clade of generalist species.

Using a cross-validation procedure, we found that the eight species in this
clade have substantially different wing morphologies. On average, this
classification procedure assigned specimens to the correct species 87\% of the
time.

To characterize the long-term selection regimes operating on wing
morphology, we applied a form of the mutation-drift equilibrium (MDE) test for
morphological characters to patterns of divergence within in this clade (Spicer,
1993; Turelli er al., 1988). This test makes the assumption that over the long
term, the addition of new variants into a population through mutation is in
equilibrium with the loss of variants through genetic drift. It is appropriate to use
when the time scales involved are long (in terms of the number of generations) or

the effective population size is small (Turelli ez al., 1988).
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In order to make as robust an estimate as possible, we conducted the test
under a range of evolutionary scenarios using mapping from absolute parsimony
to least-squares parsimony. Least-squares parsimony is consistent with a
brownian motion model of evolution and tends to spread change over the entire
tree while absolute parsimony allows change to accumulate on single branches.
These two mapping procedures represent very different underlying models of
evolution.

The rates of morphological evolution computed from applying the MDE
assumption to the degree of morphological change along the terminal branches in
the tree for the range of evolutionary scenarios under consideration were very low.
A test against the neutral rate shows that the rates in the melanogaster subgroup
are marginally neutral or too slow to be neutral. From these results we inferred that
stabilizing selection has played a majo: role in the long-term evolution of wing
morphology in this group.

In contrast to these low rates of evolution for wing morphology, the
evolution of genital morphology (the genital arch) in males showed much higher
rates of morphological evolution within the melanogaster complex (based on data
from Coyne, 1983), rates which are consistent with a neutral model of evolution.
Thus, genital morphology may have evolved in a neutral fashion while wing
morphology has evolved under the influence of stabilizing selection.

Models of evolutionary change
The second paper in this series is more theoretical in nature. In this short
note I investigate models of evolution underlying the mapping of continuous

characters onto phylogenies. I explore the models relevant to the parsimonious
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minimization of tree length under the Minkowski family of distance metrics. I
investigate the connection of these models to the long-term operational selection

regimes (stabilizing, neutral, directional) and combinations of selection regimes.

Aerodynamics

In the third paper in this series, my coauthors and I examine the evolution of
wing morphology in the cactophilic repleta of the Sonoran desert. This group of
Drosophila has three members which are endemic to the Sonoran desert. The
sister species of each of the endemic species is found outside the Sonoran desert.
This pattern has been suggested to be the outcome of three independent invasions
into the Sonoran desert.

We show that convergent morphologies have arisen in evolutionary time as
a result of similar evolutionary transitions. The wing shapes of these three species
of Drosophila have evolved in parallel, possibly in response to adaptation to
Sonoran desert conditions.

We show that species in the replera group of cactophilic Drosophila have
wings with different shapes and with different aerodynamic parameters related to
wing shape. These shape differences are correlated with dispersion of necroses in
their host cacti, larger cacti having more widely dispersed necroses than smaller
cacti. Species which breed in larger cacti have wings of higher aspect ratio and
lower wing loading than species which breed in smaller cacti. These characteristics
would be expected to make long duration flight more efficient.

We found a high degree of similarity in the evolutionary transitions in wing
morphology along the lineages which have infiltrated the Sonoran desert. The
transitions show a narrowing of the wing tips and a corresponding decrease in the
power necessary to overcome profile drag. This change in wing shape would be
expected to improve the performance of the wings in fast forward flight.
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Development and pigmentation pattern

In the fourth paper of this series, I examine the evolution of wing
pigmentation patterns in the clade of picture-winged Hawaiian Drosophila. 1
identify the major transitions in pigmentation pattern and investigate their
connection to current theories of wing development in Drosophila melanogaster.

I test four specific hypotheses: (1) has the overall degree of pigmentation evolved
from more lightly to more heavily pigmented wings, (2) has the evolution of
pigmentation patterns proceeded through a process of elaboration resulting in
patterns of greater and greater complexity, (3) are the fundamental symmetries in
pigmentation pattern the same for all species in this group, and (4) are the patterns
of symmetry related to what is known about wing development in Drosophila
melanogaster.

I define the Pigmentation Index, a measure of overall degree of
pigmentation, and the Complexity Index, a measure of the overall complexity
(based on Shannon's measure of information content) of a pigmentation pattern. I
map these indices onto the phylogeny constructed by Kambysellis ez al.(1995)
using least-squares and absolute parsimony.

The results indicate that the overall degree of pigmentation is an
evolutionarily labile character and evolutionary changes in the level of
pigmentation are not consistent with a hypothesis of gradual increase across the
group. In addition, the complexity of pigmentation pattern has not gradually
increased across this group and there is no compelling evidence to support a
hypothesis of evolutionary elaboration of pattern. These results are consistent with

the hypotheses that (1) the level of pigment expression is unlinked to the pattern

of expression and (2) the pattern is set by shared prepatterns.
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The only evidence of a major shift in the underlying pattern of expression is
in the symmetries of pattern expression. There are two major classes of symmetry
in the wing pigmentation patterns of this group: (1) vein symmetry and (2)
intervein midline symmetry. There has been one major shift in the patterns of
symmetry in the wing away from the ancestral condition of vein symmetry to the
derived condition of intervein midline symmetry.

Mapping the pigmentation patterns onto the third instar imaginal disc
showed a pattern of concentric rings around the center of the imaginal disc which
corresponds to the distal portion of the adult wing. Elements of the pattern which
express symmetry around veins correspond to the expression of the rhomboid
gene characterized in Drosophila melanogaster. Elements the pattern contributing
to the spacing of the cor.centric rings may correspond to the expression pattern of
genes involved in proximo-distal specification of the wing. These proximo-distal
expression patterns, however, have not yet been found in Drosophila, and thus
wing pigmentation patterns in the Hawaiian Drosophila may provide
developmental biologists with a new set of expression patterns for to search for in

Drosophila melanogaster.

Discussion

There is a general picture of wing shape evolution which emerges from my
investigations. On the evolutionary timescale, the wing is under strong stabilizing
selection within each lineage. However, if stabilizing selection was the only force
operating wing shape would remain unchanged throughout a lineage's history.
The results of my investigations indicate that this is not the case.

Two important factors influence the evolution of new wing shapes: (1)

population size and (2) the evolutionary shift to a new host plant. Populations
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which go through bottlenecks may experience bouts of genetic drift resulting in
increased rates of morphological evolution. Host shifts change the dispersal
requirements of a species setting the stage for strong directional selection to shape
the wing to fit new aerodynamic requirements. However, aerodynamic
requirements may change even if host shifts do not occur. Species which use a
host which expands its range may track that host into a new dispersal
environment.

The evolution of the functional characteristics of the wing, like the overall
shape and pattern of veins, is tightly correlated with the evolution of wing
pigmentation patterns in Drosophila. The same genes which are involved in wing
construction are likely to be used to specify the pigmentation pattern.

Complex pigmentation patterns evolve seemingly de novo, yet all the
patterns represent variations on a few common themes. This implies that there is a
developmental switch for pattern expression which is separate from the mechanism
of pattern specification. Over evolutionary time pigmentation patterns may be
switched on and off, but the underlying template governing expression remains the
same.

Through this series of papers runs the common theme of careful
examination of the evolutionary transitions within selected clades of the genus
Drosophila. I have tried to relate the evolutionary changes in wing morphology
found in these clades to long-term selection regimes, aerodynamic capability and
adaptation, or models of pattern formation in development. Because of their close
relatonship to Drosophila melanogaster, the species in the genus Drosophila
have provided us with an grand opportunity to understand some of the finer details

of morphological evolution.
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EVOLUTION OF WING MORPHOLOGY IN

THE MELANOGASTER SUBGROUP
(DIPTERA:DROSOPHILIDAE)

Eric Dyreson and Kiyoshi Kimura

Abstract

All eight species in of Drosophila in the melanogaster subgroup
share the same wing venation pattern but differ in the lengths of various
vein segments and the overall shape of the wing. In this study we
quantify the patterns of variation in wing morphology among these
species and examine the pattern of evolutionary transitions in wing
morphology. We also apply a rate test for morphological characters
based on the mutation-drift equilibrium (MDE) model under a range
of evolutionary scenarios.

Our results show that species differ in wing shape and specimens
can be classified to species based on wing shape alone with an average
accuracy of 87%. We also show parallel evolutionary transitions in
wing shape for the two species known to be specialists in this clade.

The results from the MDE rate test indicate that wing morphol-
ogy in this group has evolved at a rate that is slower than neutral or
marginally neutral. The low rates of morphological evolution found
suggest that stabilizing selection on wing shape may have played a
major role in the evolution of this clade. The highest rates of change
are in the melanogasier complex which includes two species which are
island endemics.

For comparison, we applied the same rate test to data from Coyne
(1983) on variation in genital morphology in the melanogaster complex.
The rates for the evolution of genital morphology are much higher, indi-
cating that while wing morphology may be under stabilizing selection,
the rate of evolution of genital morphology cannot be distinguished
from neutral.
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Introduction

Selection experiments have shown that the shape of the wing in Drosophila
melanogaster can be altered through artificial selection (Weber, 1992). The
wing shape of specimens from natural populations, however, shows much less
variability in shape than can be produced in the laboratory. This suggests
that strong stabilizing selection on wing shape currently operates in natural
populations.

From this observation, we can pose two questions concerning evolution
and divergence of wing morphology in a group of closely related species.
The first concerns the role of stabilizing selection in the long term evolution
of wing shape. Has stabilizing selection played a dominant role in the evo-
lution of wing shape? If so, we would expect to find rates of morphological
evolution that are lower than those expected from neutral evolution.

The second question concerns divergence in wing shape. Has any diver-
gence in wing shape occurred in a group of closely related species? If so, is
wing shape evolution related in some way to the differing natural histories
and dispersal requirements of species?

For our study we have chosen the melanogaster subgroup, a group of
eight closely related species of Drosophila.

Phylogenetic relationships

The Drosophila melanogaster subgroup consists of eight species. Four
belong to the melanogaster complex (melanogaster, mauritiana, simulans,
sechellia) two to the yakuba complex (yakuba, teissiert) and two to the orena
complex (orena, erecta) (Lemeunier et al., 1986). The relationships among
these species were first resolved using the banding patterns of the polytene
chromosomes obtained from larval salivary glands (Lemeunier & Ashburner,
1976) (Lemeunier & Ashburner, 1984). Subsequent work has supported
these clades and the inclusion of outgroups has enabled the rooting of this
network. Evidence from Adh sequence data (Russo et al., 1995), sequence
data from the period gene (Peixoto et al., 1992), allozymes (Cariou, 1987)
and biogeography (Lachaise et al., 1988) supports these clades. The bio-
geographic data also corroborate estimates of divergence times based on
molecular clock assumptions (Russo et al., 1995).

Trees based on DNA-DNA hybridization (scnDNA and mtDNA), how-
ever, fail to support the monophyly of the orena complex (Caccone et al.,
1988). In the mtDNA phylogeny, Drosophila orena is placed outside of the
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Figure 1: Phylogeny of the melanogaster subgroup with approximate times
of divergence (mya) represented by branch lengths based on data from Car-
iou(1987).
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Figure 2: Phylogeny of the melanogaster subgroup mapped onto outline of
African continent.

melanogaster subgroup though there is little other data to support this hy-
pothesis.

Within the melanogaster complex, three species are homosequential in
their chromosome banding patterns (mauritiana, simulans and sechellia).
All the data, including biogeographic data, support this clade, and suggest
that divergence times within it are very similar (Lachaise et al., 1988). It
seems likely. based on Adh gene sequence, behavioural, and morphological
data. that mauritiana and sechellia diverged from a simulans-like ancestor
independently, and that sechellia is the more recently diverged (Coyne &
Kreitman, 1986).
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| species || range | host breadth |

sechellia Seychelles specialist on Morinda citrifolia
simulans east africa generalist on native and exotics
mauritiana Mauritius generalist on native and exotics
melanogaster || west Africa generalist on native and exotics
yakuba east Africa generalist on native species
teissiert west Africa generalist on native species
erecta lowland Cameroon | specialist on Pandanus spp.
orena upland Cameroon | unknown, likely specialist

Table 1: Host plants of the species of Drosophila in the melanogaster sub-
group

Historical biogeography

The melanogaster subgroup is thought have arisen in Africa. The ancestor of
the group is believed to be a migrant from the Indian subcontinent (Lachaise
et al., 1988). The proposed sister clades, the takahashii, suzukii, ficusphila,
elegans. and eugracilis subgroups, are all found in India or Southeast Asia.
The closure of the Tethys sea between the middle east and africa about 17-20
mya may have allowed the presumptive ancestor to colonize Africa sometime
between 6-15 mya (Lachaise et al., 1988). Prior to this event, colonization
would have had to occur by flight over the open ocean. Figure 2 shows the
distribution of the species in Africa with the phylogeny mapped onto it.

Breeding sites

Three species in the melanogaster complex, melanogaster, simulans, and
mauritiana, breed in the fermenting tissue of a wide variety of native and in-
troduced plants. Each has behaviors associated with a generalist species and
two have spread worldwide (Lachaise et al., 1988). Drosophila melanogaster
most likely spread northward into the mediterranean region in prehistoric
times (9500-6500 years ago), while simulans has become cosmopolitan much
more recently (Lemeunier et al., 1986). It is likely that mauritiana has the
capability to colonize new areas in association with man, but has not yet
had the chance because of the relative isolation of Mauritius (Singh. 1989).
In Africa, melanogaster populations appear to be subdivided into a number
of subpopulations (Dainou et al., 1993).

The fourth species in the melanogaster complex, Drosophila sechellia, is



restricted in its host use. Drosophila sechellia is endemic to the Seychelles
where it breeds only in the fruit of Morinda citrifolia, a plant which contains
fatty acids toxic to the other species of Drosophila (Moreteau et al., 1994).
Other species of Drosophila, however, can use the fruit of Morinda once it
ferments (Lachaise et al., 1988). Drosophila sechellia prefers to oviposit in
fruit of Morinda while simulans tends to avoid it (Rkha et al., 1991). Rkha
et al.(1991) suggest that this behavioral difference in mediated by three or
four different genes, or groups of genes. Consistent with its small population
size, Drosophila sechellia has very low genetic variability in both mitochon-
drial and nuclear dna (Cariou et al., 1990). Evidence from mtDNA data
suggests that sechellia has evolved at a faster rate than simulans (Solignac
& Monnerot, 1986).

The other species in the melanogaster subgroup which is somewhat re-
stricted in its host use is D. erecta. Drosophila erecta uses the rotting fruits
(syncarps) of species of Pandanus. Its sibling species orena has been found
only once, and is known only from one female and fewer than 10 males caught
in 1975 at 2000m on Mt. Lefo, a volcanic peak in western Cameroon. Based
on its restricted range and the degree of difficulty in rearing it on standard
laboratory media, it may also be a specialist (Lachaise et al., 1988).

Drosophila yakuba and teissiert breed on a variety of native plants.
Drosophila teissieri is found mainly in forested areas, while yakuba occurs
mainly in open areas (Lachaise et al., 1988).

Wing morphology

The species in the melanogaster subgroup are known to differ in their be-
havioral and ecological habits (Lachaise et al., 1988). The main difference
in external morphology is the shape of the male genitalia (Lemeunier et al.,
1986).

There are indications that wing shape and venation pattern are con-
trolled by a hierarchy of genes, some affecting the whole wing, others af-
fecting a single developmental compartment (Thompson & Woodruff,1982;
Cowley & Atchley,1988; Cavicchi etal., 1981a). Thus the response to se-
lection on a specific wing vein may induce a correlated response in other
parts of the wing (Wilkinson etal., 1990; Thomas & Barker, 1993; Cowley
& Atchley,1988). . Adult wing size is affected by rearing conditions such as
larval crowding, temperature and nutrition (Partridge & Fowler, 1993)
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Static allometries

While the wing ontogeny of an individual holometabolous insect does not
follow an allometric model of growth, it is possible to describe how wing
shape varies with size across individuals. A static allometric model expresses
this relationship in the terms of an allometric model.

C = CoS*

where a is a vector of allometries, S is a measure of size and C is the re-
sultant vector of character measures. The static allometries a are extremely
useful for descriptive purposes because the size of wings can be modified
by the conditions under which the flies are cultured (Weber, 1992). In this
paper. we concentrate on wing shape differences among species which are
not attributable to allometric size differences.

Testing for stabilizing selection

Estimates of evolutionary rates for morphological characters offer insight
into past selective regimes. Against a null model of rates based on mutation-
drift equilibrium (MDE), significantly higher rates indicate directional selec-
tion has been of relative importance while significantly lower rates suggest
a major role for stabilizing selection (Turelli et al., 1988). The equation for
testing the importance of stabilizing selection for a character is

2

(2

where : is the net change in the phenotype of the character, o2 is the
phenotypic variance, o2, is the mutational variance and ¢ is the number
of generations (Spicer, 1993). The mutational variance (o2 ) reflects the
addition of novel mutational variants into the population each generation,
under this model assumed to be in equilibrium with the loss of variants due
to genetic drift. The appropriate measure of o2, should reflect only those

mutations which are selectively neutral (Turelli et al., 1988). In practice, an
estimate of the ratio (%’251) can be measured in the laboratory as (‘—‘/,1:1), the
rate of introduction of new mutational variance scaled by the environmental
variance. This may be an overestimate of (c2,) because V,, may include a
contribution from mutations which are not selectively neutral (Turelli et al.,
1988).

~1
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Figure 3: Landmarks and helping points gathered for this study. Landmarks
are represented by solid black dots while helping points are represented by
grey dots.

The MDE model is appropriate when the long-term effective population
size is small compared to the time scale in generations: N. < t/4 (Turelli
et al.. 1988). For characters which have heritabilities between 0.25 and 0.75,

the values of(%’,‘f}) = (%’251) typically lie between .05 and .0001 (Lynch, 1988).

Methods

Flies

Flies were reared in vials on standard cornmeal media at 25°C. Vials were
maintained in an uncrowded state, so conditions would be optimal for each
larva. Wings were sampled from flies at 24-48 hours post emergence, af-
ter sclerotization and complete apposition of wing surfaces had occurred
but before they became damaged with age (Ashburner, 1989). Wings were
mounted dorsal side up on microscope slides using Permount and covered
with coverslips. For each species the wings of 30 specimens were mounted,
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15 male and 15 female.

Landmarks

The outline and venation pattern of each wing along with a mm scale bar was
drawn using a camera lucida attached to an Olympus dissecting microscope
at a magnification of 60X. Landmarks and helping points were digitized
using a Hipad digitizer and the program Digitize (Strauss, [991). For this
analysis we used the right wing of each specimen.

Landmarks were located at nodes where veins intersect or points where
veins meet the wing margin and represent putatively homologous points
across the species under consideration (Bookstein et al., 1985). Helping
points were situated along the veins or the wing margin, at points lying
between landmarks but not necessarily homologous across the species. The
landmarks and helping points we digitized are shown in Figure 3.

Characters

We used a landmark-based approach in analysing our data. From the set of
12 landmarks shown in Figure 3, we derived the set of all 66 interlandmark
distances for use as characters in our analyses. From these characters we
were able to reconstruct the landmark configuration of any wing. This
approach allowed us to determine how landmark configurations representing
wing shapes have changed through evolutionary transitions.

Analysis
Sexual dimorphism in form

Following the method of Crespi and Bookstein(1989), we calculated size
scores for each species and sex. For each species we conducted a Wilcoxon
rank-sum test (SAS/ PROC NPARIWAY) on the size scores and applied the
Bonferroni correction for multiple comparisons to obtain an experimentwise
p < .0l

Species classification

To determine whether the species differ in mean wing shape, we calculated
pairwise Mahalanobis distances among species. Mahalanobis distances take
the covariance structure among the characters into account (Manly, 1986).
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Significance levels for the pairwise distances were based on a randomization
procedure with 10,000 iterations (Edgington, 1980). Randomization tests
are effective tools for determining the significance of statistical tests and are
performed by calculating the test statistic over all or a large subset of all
possible permutations of the data and comparing the resultant distribution
to the observed test statistic (Edgington, 1980). Like bootstrap methods,
they are more robust to departures from the assumption of multivariate nor-
mality than standard parametric methods. Because there were 28 pairwise
comparisons involved we adjusted the significance level for each pairwise
test using the Bonferroni correction for muitiple comparisons to obtain an
experimentwise p < .01.

We also wished to determine how well wing characters worked to classify
individual specimens. We used a cross-validation procedure to determine the
a posteriori probability of classifying each specimen correctly (Lachenbruch
& Mickey, 1968). The cross-validation procedure has been shown to perform
well in comparison to a bootstrap procedure (Davidson & Hall, 1992). For
this analysis, we included a culture of melanogaster which had been raised
at 29°C in addition to the melanogaster culture raised at 25°C.

Measure of size

We used all the interlandmark distances as characters and calculated the
their static allometric coefficients against a general measure of size, the
pooled within-group first principal component (Strauss, 1992). To avoid
confounding our measure of size with sexual dimorphism, we calculated size
scores for males and females separately. We used a bootstrap randomization
procedure to assign confidence intervals to the allometric coefficients and to
detect departures from isometry (SAS/PROC IML).

Mapping of continuous characters on phylogeny

We used the Minkowski metric to define distance along branches which were
minimized (Strauss & Dyreson, in prep).

xl—

F(z,y) = [Z lz: ~ yilk]
=1

We chose a range of values from 1.0 to 2.0 for the coefficient £. This
range simulates models of evolution from absolute parsimony (k = 1.0) to
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least-squares parsimony (k = 2.0). Thus, we were able to determine if our
resuits were robust with respect to different underlying models of evolution.

Branch length information provided by the phylogenetic tree was in-
corporated into the appropriate models of evolution by weighting by the
reciprocal of the branch length (w;).

1

n *
F(z,y) = [Z w; |z; - yilk}
=1

We mapped all the characters onto the tree independently for each
Minkowski coefficient. From previous studies we knew that wing charac-
ters are not mutually independent (Thompson & Woodruff, 1982) (Cavic-
chi et al.. 1981b). Therefore, using the geometric constraint of coplanarity
( Drosophila wings are to a good approximation 2 dimensional structures
which live in three dimensions), we reconstructed landmark configurations
from the pairwise distances using multi-dimensional scaling, eliminating pos-
sible inconsistencies which might arise due to the assumption of indepen-
dence of characters (SAS/PROC MDS).

Evolutionary transitions

Based on the topology of the cladogram, we reconstructed the transitions in
morphology along all the branches in the tree. To restrict further analysis
to shape change, we decomposed these evolutionary transitions into their
allometric and ortho-allometric components using the allometric coefficients
common to the whole clade (see above for a description of these coefficients)
using a linear decomposition.

(Y - X)Tsa

Z=X+] al +a

]*a

In this equation, X and Y are vectors of distances representing recon-
structed nodal configurations, a is the vector of allometric coefficients and
Z is the resultant vector of distances. The vector from X to Z is the al-
lometric component of the transition while the vector from Z to Y is the
ortho-allometric component of the transition. By construction it is orthog-
onal to the allometric component. In biological terms, the ortho-allometric
component represents shape change independent of allometric size change
(Strauss. 1992).
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This decomposition allowed us to examine differences in morphology
independent of size related changes in shape and enabled us to examine the
pattern of evolutionary transitions in shape.

Visualizing transitions

[n order to visualize an evolutionary transition in wing form, we display it
as a contour plot representing the deformation at each point over the whole
wing. We calculate the deformation along this transition using the method
thin-plate splines (Harder & Desmarais, 1972; Meinguet, 1979; Bookstein,
1989). The shape change at each point is calculated from the magnitude
and sign of the determinant, and indicates whether the deformation induces
a local expansion or contraction.

Test for stabilizing selection

We chose three characters (WD, WL, WW) which have been shown to have
heritabilities between .25 and .75. (Spicer. 1993; Thomas & Barker, 1993;
Cowley etal . 1986). WD is the distance from the anterior cross vein to
the wing margin along the fourth longitudinal vein, WL is length of the
third longitudinal vein and WW is the distance from the end of the fifth
longitudinal vein to the end of the second. Each of these characters was
log-transformed to normalize its distribution.

We used the MDE test outlined above to determine if any of these char-
acters have evolved at rates which were consistent with the expectations
of mutation-drift balance. A rejection of the test for a character suggests
that stabilizing selection may have been important in the evolution of that
morphological character. Following Spicer (1993) we used conservative es-
timates of .001 or .0001 for the ratio of mutational to phenotypic variances
(%129). We also used a conservative figure of 10 generations per year. In the
laboratory at 25°C melanogaster or simulans can have 26 generations in one
vear while under natural conditions orenais likely to have fewer because it is
found at higher altitudes (Ashburner, 1989). We simulated different models
of evolution by using Minkowski coefficients ranging from 1.0 to 2.0.

12
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| Jlere | mau | mel/m29 |ore |sec |sim |tei |yak |out|
ere | 94% 6%
mau 94% 6%
mel 56%/31% 13%
m29 29%/57% 14%
ore 6% 87% %
sec 6% 94%
sim || 6% 6% 38%
tei 20% 7% 67% | 7%
vak 6% % | 87T%

Table 2: Results from cross-validation classification procedure. The speci-
mens belonging to the groups identified in the left-hand columm were clas-
sified as belonging to the groups identified along the top row. All entries
are expressed in percentages. Note that the melanogaster column combines
two entries, one from a culture raised at 25°C and the other from a culture
raised at 29°C.

Results

Sexual dimorphism

Allometric relationships within each sex are very similar. Using a mantel
test with 10,000 iterations we calculated the vector of allometric coefficients
within each sex and found them to be highly correlated with each other
(.990 p < .0001 ).

All eight species in the melanogaster subgroup were sexually dimorphic
in wing size. Based on the results of the Wilcoxon rank-sum test, each
species showed significant sexual dimorphism in wing size (experimentwise
p < .01).

Species classification

The species in the melanogaster subgroup all have the same wing venation
pattern, they differ mainly in the relative lengths of the various vein seg-
ments and the overall shape of the wing. To determine if the species differ
in mean wingshape we calculated pairwise Mahalanobis distances among
species. As expected for different species, after the Bonferroni correction for
multiple comparisons, all pairwise distances were significant at the p < .01
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level (10,000 randomizations).

The results of the cross-validation procedure are presented in Table 2.
The entries along the diagonal give the percentages of specimens correctly
classified according to their wing characters. The off-diagonal entries show
the percentage of specimens that were incorrectly classified and to what
group they were incorrectly assigned. In this analysis. we included a culture
of melanogaster which had been raised at 29°C in addition to the melan-
ogaster culture raised at 25°C.

The classification procedure was unable to distinguish between the two
cultures of melanogaster, though it did fairly well in assigning specimens to
species (average correct classification rate was 87%). The lowest classifica-
tion rate was that of Drosophila teissieri (67%). Mistakes in classification
were not. in general. made between phylogenetically related species, though
no specimens were incorrectly classified as belonging to the outgroup.

Allometries

The static allometric model accounts for 63.1% of the variation in wing char-
acters (using female specimens only). A bootstrap procedure shows that 6
out of 66 allometries are significantly different from isometry at the .05 level.
A binomial test gives a probability (p < 0.046) for 6 or more out of 66 com-
parisons to be significant at the .05 level, more than would be expected
by chance (S. Paulsen, pers. comm.). Because this is marginally signifi-
cant, in order to be conservative, we did not assume this vector was exactly
isometric, and treated is as an allometric vector in all further calculations.

The characters which were significantly different from isometry are shown
in Figure 4. Three of these characters are positively allometric (¢ > 1) and
increase faster than isometrically with size, while the other three are nega-
tively allometric (¢ < 1) and increase relatively slower than isometrically.

Note that most of the characters are in the anterior portion of the wing
and reflect differences in the location of the intersection of the second longi-
tudinal vein and the costal vein. This intersection is used in Drosophila sys-
tematics to calculate the costal index (length second section of costa/length
third section) (Sturtevant, 1942). The allometries indicate that the costal
index is not independent of general wing size.

Figure 5 shows the deformation along the allometric trajectory between
the overall smallest and largest specimens. This figure is more comprehen-
sive than the Figure 4 because it incorporates information on all allometries
across the wing. [t represents a deformation that is close to being to iso-
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Figure 4: Wing characters which have static allometries significantly differ-
ent from isometry. Solid lines represent positive allometries (a > 1) while
dashed lines represent negative allometries (a < 1).

37



NN

. —
%5 N A

Figure 5: The deformation which describes the shape change associated with
allometric size increase.
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Figure 6: Comparison between molecular and morphological divergence. the
lower figure shows the phylogenetic tree given by Cariou(1987) with branch
length representing divergence times. The upper tree shows the overall rate
of change in wing shape (%/mya) as described in the text.

metric.

Divergence of morphology

We derived an estimate of overall morphological change in wing shape
by averaging the percent change over all interlandmark distances along each
ortho-allometric evolutionary transition. These values summarize change
over the entire wing and when adjusted for divergence times give an idea
of the percent of morphological change in shape over time. In order to be
conservative, for this reconstruction we used a Minkowski coefficient of 2.0
weighted by branch length. This mapping corresponds to least squares-
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parsimony and tends to spread change over the whole tree rather than con-
centrate it along a particular branch (Strauss and Dyreson, in prep).

The results are depicted in Figure 6 (upper portion) along with the
estimated divergence times for the lineages (lower portion). The rates for
the species in the melanogaster complex (melanogaster, mauritiana, simu-
lans. sechellia) are the highest in the tree and indicate that there has been
the most morphological divergence in this group of which two (sechellia
and maurttiana) are island endemics. The highest rate of morphological
evolution is found in sechellia.

Evolutionary transitions

We calculated the evolutionary transitions in wing shape along the lin-
eages leading to the species know to be specialists (sechellia and erecta). In
Figure 7a we depict the deformation in wing form along the lineage leading
to Drosophila sechellia. Note that the shape change is greatest along the
leading edge of the wing.

[n Figure 8a we depict the deformation in wing form along the lineage
leading to Drosophila erecta, another species with a narrow host breadth.
Again the leading edge of the wing shows the greatest change in wing form.

Using an identical procedure, we calculated the evolutionary transitions
in wing form for males independently from females. The transitions in wing
morphology were in all cases extremely similar to those based on female
specimens. We show the transitions along lineages leading to sechellia and
erecta (Figure vb and Figure 8b) for comparison with the reconstructed
transitions based on female specimens (Figure 7a and Figure 8a).

Test for stabilizing selection

We used the MDE test to determine if any of the three characters (WL, WW,
WD) were evolving at rates consistent with the expectations for stabilizing
selection for morphological characters. Following Spicer (1993) we used

values of .001 or .0001 for (%’251). Because the results are very similar for all
three characters, we presents only those for WD.

The results are given in Table 3 for the lineages leading to the extant
species. For all the lineages under the models of evolution with Minkowski
coefficient £ > 1.2, we can reject the null hypothesis of neutral drift. The
rate of morphological evolution is much lower than would be expected under
drift. Under the models of evolution with Minkowski coefficients k¥ < 1.2 we
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Figure 7: Transition in lineage leading to Drosophila sechellia based on
independent reconstructions using female and male specimens
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Figure 8: Transition in lineage leading to Drosophila erecta based on inde-
pendent reconstructions using female and male specimens
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[ taxon 1o Jir (13 j15 [L7 |19 [2.0 |
sechellia .085 | .085 | .005 | .0LO ; .003 | .002 | .003
simulans .080 | .080 | .001 | .005 | .003 | .003 | .002
mauritiana .080 | .079 | .003 | .008 | .001 | .001 | .001
melanogaster || .056 | .025 | .001 | .003 | .002 | .003 | .001

yakuba .007 | .005 | .001 | .004 | .002 | .001 | .003
teissiert .001 | .002 | .005 | .002 | .005 } .005 | .004
orena .076 | .019 | .004 | .002 | .001 { .001 | .002
erecta .076 { .019 | .004 | .002 | .00 | .001 ! .002
suzuki .036 | .001 | .010 | .008 | .009 | .009 | .007

Table 3: Results from the MDE test for stabilizing selection with ('—;—351) =
.001. for the character distal wing length (WD). The entries give the proba-
bility values for the test under different models of evolution specified by the
Minkowski coefficients along the top row.

fail to reject the null hypothesis for the lineages leading to the species in the
melanogaster complex.

For the more conservative value for (%%l) of .0001. the results are given in
Table 4. For all the lineages under the models of evolution with Minkowski
coefficient £ > 1.2, we can reject the null hypothesis of neutra! drift. The
rate of morphological evolution is much lower than would be expected under
drift. Under the models of evolution with Minkowski coefficients & < 1.2
we fail to reject the null hypothesis for the lineages in the melanogaster
complex. and the oreng complex.

Discussion

Sexual dimorphism

All eight species in the melanogaster subgroup show significant levels of
sexual dimorphism in wing size. Additive genetic correlations between the
sexes for 12 wing characters in Drosophila melanogaster are very high (Cow-
ley et al.. 1986). Estimates of heritability, when calculated using a model
incorporating X-linked variance parameters, do not differ significantly be-
tween the sexes (Cowley et al., 1986). This suggests that selection on wing
characters in one sex is likely to be mirrored by a correlated response in the
other (Cowley et al., 1986).
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[ taxon [to J11 J13 [15 [L7 [19 [2.0 |
sechellia 264 | .265 | .016 | .032 | .008 | .007 | .011
simulans 249 | 249 | .000 | .016 | .008 | .009 | .005
mauritiana 247 1 .246 | .009 | .025 | .001 | .001 | .004
melanogaster || .176 | .080 | .001 | .008 | .007 | .008 | .004

yakuba .021 | .015 | .004 | .014 | .006 | .004 | .008
teissteri .001 | .006 | .017 | .007 | .015 | .017 ; .013
orena .238 | .061 | .013 | .007 | .003 | .002 | .007
erecta 237 1 .059 | .012 | .006 | .002 | .001 | .006
suzukii .113 | .001 | .030 | .025 | .029 | .027 | .024

2

Table 4: Results from the MDE test for stabilizing selection with (2&) =
.0001, for the character distal wing length (WD). The entries give the prob-
ability values for the test under different models of evolution specified by
the Minkowski coefficients along the top row.

Artificial selection, however, can alter the level of sexual dimorphism for
wing length in melanogaster (Bird & Schaffer, 1972). Divergence between
the sexes would be most likely to occur when selection regimes differ between
sexes. Males in the melanogaster subgroup use their wings during courtship
to produce a visual and auditory display (Cobb et al., 1989), and it has been
suggested that this use could result in divergence of morphology (Cowley
et al.. 1986).

We have found a high degree of similarity between independent recon-
structions of evolutionary transformations in wing shape in males and fe-
males within the melanogaster subgroup. None of the corresponding evolu-
tionary transitions between male and female lineages showed any substantial
disparity. thus there is no indication that selection regimes between the sexes
have been radically different. The similarity of independently reconstructed
transitions suggest that the morphological evolution of the wing in these
species has followed a series of parallel transitions between the sexes.

Classification

Though wings alone might not be the ideal choice of characters for use
in classifying these species, they provide a surprisingly good classification
scheme with an average of 87% accuracy. Because there is evidence that
wings of Drosophila melanogaster raised at 25°C and 28°C show a difference
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in wing size (Cavicchi et al., 1981a), we included a stock of melanogaster
raised at 29°C. The failure to separate these two groups gave a good indi-
cation that the classification scheme will not separate groups solely on the
basis of size.

Morphological divergence

The high degree of change in wing morphology among the species in the
melanogaster complex is interesting. Higher rates of morphological evolu-
tion might be expected in the island endemics, mauritiana and sechellia,
especially since founder effect is likely to be of importance and their pop-
ulations sizes may have been smaller though time (Singh, 1989). Evidence
from mtDNA data suggests that sechellia has evolved at a faster rate than
strnulans (Solignac & Monnerot, 1986). We found the same pattern in the
rates of morphological evolution (see Figure 6).

Lachaise etal. (1988) propose that proto-simulans colonized Madagas-
car prior to the founding of the populations which gave rise to mauritiana
and sechellia, and then re-colonized Eastern Africa from Madagascar. This
scenario would imply several founder events for simulans also, and may be
consistent with the high rate of morphological change we found in simulans.
Founder events and small effective population sizes (V.) make it more likely
that genetic drift has played a role in morphological evolution.

Evolutionary transitions

The evolutionary transitions along lineages leading to the two specialist
species, sechellia and erecta show the greatest degree of change in shape
along the leading edge of the wing. This is surprising because this portion
of the wing is aerodynamically important and has been shown to be less
variable than the trailing edge of the wings in tribes of nymphalid butterflies
{Strauss, 1990).

These two species are also relative specialists in a group of generalists.
Drosophila sechellia breeds in the fruit of Morinda citrifolia and erectain the
fruit of Pandanus spp. They differ, however, in their population dynamics.
The fruit of Morinda is available all year long while that of Pandanus is
more seasonal. It is thought that erecta experiences population crashes and
when Pandanus fruits are unavailable (Lachaise et al., 1988).

In addition to being specialists, Drosophila sechellia and erecta are un-
usual in that they show sexual dimorphism in cuticular hydrocarbons (Jallon
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& David, 1987). Based on a multi-dimensional scaling analysis of 23 behav-
ioral characters known to be important in courtship. Cobb et al.(1989) found
that sechellia, erecta and melanogaster had nearly identical scores on dimen-
sion 1. In behaviors involving the wing, however, sechellia and erecta differ
substantially (Cobb et al., 1989).

The evolutionary transitions in wing morphology in these two species
may be the outcome of similar selection pressures, or may reflect the sum of
a series of small changes which are selectively neutral in character. When the
population crashes periodically, the effective population size (.V.) is reduced
and genetic drift plays a more important role in morphological evolution.

Stabilizing selection

The test for stabilizing selection shows morphological evolution in the melan-
ogaster subgroup has been characterized by rates which are marginally neu-
tral or too slow to be neutral for wing characters. The highest rates of
overall morphological change in wing form occur in the melanogaster com-
plex (see Figure 6). Under some models of evolution (k=1.0. k=1.1), rates
in the melanogaster complex cannot be distinguished from neutral, though
for all other models the rates appear to be too slow to be neutral. From
these results we infer that stabilizing selection has played a major role in
the evolution of wing morphology in this group. The results from the test
for stabilizing selection should be interpreted with some caution because of
the difficulty in determining what portion of the genetic variance introduced
into population by mutations are selectively neutral (Turelli et al., 1988).

In contrast to the rates for wing morphology, the evolution of genital
morphology in the males shows much higher rates of morphological evolution
within the melanogaster complex. Based on data from Coyne (1983), for
the genital arch, applying the MDE model with k=2.0, and (%2) = .001, we
cannot reject (p > .05) the null hypothesis of neutral rates in the lineages
leading to melanogaster, mauritiana, simulans and sechellia. Indeed, values
for (%‘25‘-) based on genital morphology are an order of magnitude higher
than those based on wing morphology, and thus in the range where the
variance added through mutation could be in equilibrium with that added
through drift, empirically estimated at between .05 and .0001 (Lynch, 1988).
Thus. genital morphology may be evolving in a neutral fashion while wing
morphology may be under strong stabilizing selection.

Our results are similar those found for morphological evolution in the
virilis group (Spicer, 1993). Spicer found that stabilizing selection was the
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dominant mode of selection for all of the head, thorax, and wing characters
tested. Stabilizing selection has also been suggested to play a major role in
maintaining wing allometries among field populations of melanogaster (We-
ber. 1992). If stabilizing selection is the norm, why do wings of different
species show characteristic morphologies? Spicer (1993) has suggested that
while morphological evolution in the virilis group has been dominated by
stabilizing selection during long periods of relative stasis, there have bouts of
rapid change during speciation events. Morphological change during these
events may have been neutral in character, as when population bottlenecks
occurred, or may there may have been selective advantages in possessing
novel morphologies when host preferences shifted. In either case, these pe-
riods of rapid change are difficult to detect against a background of stasis.
Only for genital morphology is there any suggestion of long-term rates which
may be neutral in character.
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Parsimonious mappings of continuous characters:
relationships to underlying models of evolution

Eric Dyreson

Abstract

The mapping of continuous characters onto phylogenies as a method
of exploring character evolution is a powerful aid to understanding the
evolutionary history of a clade. The criterion of parsimony is applied
by selecting the mapping which minimizes total tree length given a
topology. The Minkowski family of distance metrics is used as an
example of distances and their relationship to underlying models of
evolution is explored. For example, a Minkowski exponent of 2 gives
least-squares parsimony which is consistent with a Brownian motion
model of evolution.

The models of evolution underlying the mapping of continuous
characters onto phylogenies are investigated. Models relevant to the
parsimonious minimization of tree length under the Minkowski fam-
ily of distance metrics are explored along with their connection to
the long-term operational selection regimes (stabilizing, neutral, direc-
tional, and combinations of these).



Models of evolution

Parsimony methods can be applied to mapping continuous characters onto
a phylogeny using any suitable distance metric. The Minkowski family of
distance metrics provides a useful subset of all possible metrics to consider,
and includes the familar least-squares parsimony and absolute parsimony
(Strauss & Dyreson, in prep.). In this paper, I will examine the models of
evolution that correspond to minimizing the Minkowski family of distances.

0.1 Minkowski Metrics

The family of Minkowski metrics provides a general framework to explore
the parsimonious mapping of characters onto phylogenies First, I present
some technical details concerning character mapping under different models
of evolution corresponding to different members of the Minkowski family of
metrics. I concentrate on the family of models consistent with outcomes
represented by minimizing Minkowski coefficients from 1.0 to 3.0.

The Minkowski metric with coefficient k is defined as:

1
n

F(z,y) = [Z 2 — y;l"] )

=1

Branch length information provided by the phylogenetic tree may be
incorporated into the appropriate models of evolution by weighting (w;) by
the reciprocal of the branch length.

Flz,y) = [Z wi |z - y,-lk] :

=1

Coupled with information on divergence times, a Minkowski coefficient
of 2.0 maximizes the posterior probability of the reconstruction given an
underlying brownian motion model of evolution (Maddison, 1991). Figure 1
shows the theoretical probability density functions corresponding to a series
of Minkowski coefficients.

For each value of k, the probability density function shown maximizes
the posterior probability of the ancestral states under that hypothesis. Each
member of the family of functions below gives the probability of change along
a branch.

f(disk) = cpeidt
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Figure 1: The theoretical probability density functions corresponding to
Minkowski coefficients £ = 1.0 (dotted line), 1.1, 1.3, 1.5, 1.7 and 2.0 (bold

line = normal p.d.f)
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Figure 2: Truncation selection with an average effect of 5% at either extreme
over 10,000 generations (thin line), k=2 (thick line), and k=3 (dotted line).

where w; is the weight of the ith branch, & is a Minkowski coefficient, and d is
the change in morphology along the ith branch, and ¢; is a constant for each
i and k. The posterior probabilities of the ancestral state reconstructions
are maximized when

1
n x
F(z,y) = lz w;d?}
=1
is minimized (Maddison, 1991). Note that these are Minkowski distances.
Under each model the distribution of changes along branches is slightly
different. Larger coefficients tend to spread change out over the tree be-
cause they tend to penalize long branches. Smaller coefficients allow longer
branches because the penalty is not so heavy (Strauss & Dyreson, in prep.).
The normal probability density function corresponding to the Brownian
motion model arises as a consequence of the central limit theorem and relies
on the assumption of unconstrained small changes. Suppose change is influ-
enced by stabilizing or directional selection. If either of these forces has been
dominant over the majority of past selective regimes, then the distribution



Figure 3: The convolution of a mixed selective regime composed of 25%
stabilizing selection and 75% drift. Stabilizing selection is represented by the
probability density function corresponding to that of Minkowski coefficient
k = 3.0 (dotted line) which approximates the p.d.f of truncation selection
with an average effect of 5% at either extreme. Drift is represented by the
normal p.d.f (thick line).

of changes along branches which arises need not be normal, but could be
leptokurtotic or platykurtotic. For example, as shown in Figure 2 trunca-
tion selection with an average effect of 5% on either extreme of a normal
distribution gives a distribution which approaches that corresponding to a
Minkowski coefficient of k = 3.0. (2.5% corresponds to k = 2.4).

The extreme values of the Minkowski coefficient provide clear examples
of these types of selection. As the Minkowski coefficient tends to zero, the
distribution becomes flatter and more closely approaches the uniform, thus
indicating that the stronger directional selection, the harder it is to predict
the changes along branches, as each value becomes equally likely. As & tends
to infinity, the probability density function tends to the Dirac delta function,
so as the force of stabilizing selection gets stronger, the easier it is to predict
the change in along a branch, change is unlikely to occur.
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If the past history of evolution has been characterized by mixture of
the types of selection the resulting distribution can be represented by a
convolution.

_wi[zn: d:’]

f(di, k) = cie 1=1
where the set k; = {ki,k2,...ks} represents the mixture of types. The

n
sum Z df’ is dominated by large k; for |d;| > 1. Thus for mixtures which
j=1
include some stabilizing selection (k > 2), the convolution tends to be more
representative of stabilizing selection (k > 2). For example, if stabilizing
selection (like the truncation selection illustrated in Figure 2) has oper-
ated over 25% of the past selective regimes, while neutrality has been the
rule over the remaining periods, the resultant convolution is non-normal
and approaches that of the probability density function corresponding to a
Minkowski coefficient of £ = 2.3 (Figure 3). On the other hand, a regime
composed of 25% directional selection and 75% drift has a convolution which
is very close to the normal probability distribution function (Figure 4). Fi-
nally, a selection regime consisting of 75% directional selection and 25%
stabilizing selection results in a convolution closely approximating the nor-
mal probability density function (Figure 5).

These examples suggest that unless the selective regime has been almost
pure directional selection, the appropriate model of evolution to select from
the family of Minkowski models is one with a larger rather than a smaller
coefficient k. For mixed models in which periods of directional selection
alternate with drift or stabilizing selection, the convolution will resemble the
probability density functions for Minkowski coefficients near 2.0 or higher.

Note, however, that these models only apply to situations in which the
various selection regimes are operating contemporaneously. These models
were developed to examine how seasonal cycles in populations might affect
the evolution of wing morphology. For example, in Drosophila erecta, pop-
ulations cycle through the same series of changes every year. During the
season when rotting Pandanas fruits are available, the population size of D.
erecta is large and individuals may not have to disperse widely to find breed-
ing sites. During this time various selective forces may act to change wing
morphology in one way or another. When the season of Pandanas fruiting is
over, the population crashes and individuals must find other breeding sites,
which are likely to be more widely dispersed. Thus, in the seasonal cycle
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Figure 4: The convolution of 2 mixed selective regime composed of 25% di-
rectional selection and 75% drift. Directional selection is represented by the
probability density function corresponding to that of Minkowski coefficient
k = 1.0 (dotted line). Drift is represented by the the normal p.d.f (thick
line).
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Figure 5: The convolution of a mixed selective regime composed of 25% di-
rectional selection and 75% stabilizing. Directional selection is represented
by the probability density function corresponding to that of Minkowski co-
efficient £ = 1.0 (dotted line). Stabilizing selection is represented by the
probability density function corresponding to that of Minkowski coefficient
k = 3.0 which approximates the p.d.f of truncation selection with an average
effect of 5% at either extreme. The normal probability density function is
also pictured (thick line).

of D. erecta there is is the opportunity for directional selection, stabilizing
selection, and genetic drift to act in influencing wing morphology. In the
context of this example, considering mixtures of selection regimes provides
insight into relative importance of the various evolutionary forces in shaping
wing morphology.
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Evolution of wing morphology in desert-adapted

Drosophila and their relatives

Eric Dyreson, Henar Alonso-Pimentel and William B. Heed

Abstract

We present the results from a study of morphological variation in
the wings of cactophilic Drosopkhila in the repleta group interpreted in
the light of their phylogenetic history and functional consequences of
changes in wing shape. Aerodynamic parameters of wing shape ap-
plicable to fast forward flight are calculated based on a steady-state
aerodynamic model. The evolutionary response in morphology to in-
filtration of the Sonoran desert and host plant shift is examined using
a technique designed to reconstruct evolutionary transitions.

We describe a pattern of differences in wing shape parameters re-
lated to host cactus use. We find that species which use larger host
cacti tend to have wings of greater aspect ratio. Wings of larger aspect
ratio are generally considered to be better adapted for long-range dis-
persal. This is consistent with the observation that larger cacti tend
to have a lower density of attractive rots.

We also describe the pattern of convergence in wing shape among
the species which have infiltrated the Sonoran desert. Species which
are adapted to Sonoran desert conditions appear to have evolved wings
with a broader base and narrower tips suggesting greater efficiency at
fast forward flight.

62



Introduction

The evolution of morphological form is a topic which has long been of interest
to natural historians and comparative biologists. Selection experiments have
given biologists an idea of the regions of morphospace which are accessible
given the genetic composition of a species, while the phylogenetic history
of organisms provides the results of a natural experiment conducted over
the course of millions of years. The application of phylogenetic methods to
the study of evolutionary change in morphological features adds a dynamic
component to the static concept of morphospace allows us to formulate
hypotheses concerning evolutionary transitions.

In this paper we present the results from a study of morphological vari-
ation in the wings of cactophilic Drosophila interpreted in the light of their
phylogenetic history. The species in the repleta group endemic to the Sono-
ran desert represent an exceptional group in which to study convergent evo-
lution. For each of the three endemic species, its sister species is found out-
side the Sonoran desert, suggesting that the present distribution represents
the outcome of adaptive infiltration into the Sonoran desert (Heed & Man-
gan, 1986). Similarities in morphology among these species are suggested
to have arisen through adaptation to common environmental conditions in
the Sonoran desert resulting in convergent morphological evolution (Heed,
1978).

The Sonoran desert is the most temperate of North American deserts
in which columnar cacti dominate the landscape. While only five species of
columnar cactus are present in the Sonoran desert compared to more than
60 in the Tehuacan desert of central Mexico (Bravo, 1937), these species
are physiologically adapted to its environmental conditions (Steenbergh &
Lowe, 1976). The species of Drosophila which breed in these cacti also show
physiological adaptation to Sonoran desert conditions (Lowe et al., 1967).

In the following we attempt to identify the patterns of convergence in
wing morphology among the species of Drosophila which have infiltrated the
Sonoran desert. We use the method of parsimony analysis to make inferences
about the evolutionary pathways which species may have followed and trace
the changes in wing morphology along each lineage.

Hypotheses of adaptation

Before hypotheses are put forth which attempt to infer structural or func-
tional adaptation based on morphological differences among species, phylo-
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mojavensis
arizonae
navajoa
nigrospiracula
anceps
mettlen
micromettleri
eremophila

leonis

Figure 1: Phylogenetic relationships of the cactophilic Drosophila in the
repleta group endemic to the Sonoran desert and their relatives (DeSalle,
pers.comm.) Species endemic to the Sonoran desert are shown in italics.

genetic relationships should be taken into account (Emerson, 1988; Lauder,
1982). Phylogenetic methods can be used to separate similarity in function
or morphology due to convergence from that due to shared ancestry.
Likewise, before hypotheses which attempt to infer adaptation from mor-
phological differences among populations or species are suggested, allometric
relationships should be taken into account (Strauss, 1984; Fairbain, 1992).
When allometric trends are taken into account, hypotheses of adaptation are
often found unnecessary to explain shape differences (Shea & Bailey. 1996).

Species studied

The species studied belong to the cactus-breeding repleta species group



of the subgenus Drosophila (Throckmorton, 1975; Throckmorton, 1982;
Wasserman. 1982; Vilela, 1983). The three species in this group which
are endemic to the Sonoran desert are D.mojavensis, D.nigrospiracula and
D.mettleri. Drosophila mojavensis belongs to the mojavensts cluster, D.nigro-
spiracula to the anceps complex and D.mettleri to the eremophila complex.
A cladogram showing the relationships among and within the three clades
based on molecular data is presented in Figure 1 (DeSalle, pers. comm.).

Drosophila mojavensis cluster

The mojavensis cluster consists of three species: D.navojoa, D.mojavensis.,
D.arizonae (Ruiz et al., 1990). The monophyly of the mojavensis cluster
is supported by the inversion pattern in the polytene chromosomes (Ruiz
et al., 1990), allozyme data (Richardson & Smouse, 1976) and molecular
data (DeSalle, pers. comm.).

Drosophila navojoa is geographically restricted and an obligate pricky
pear cactus breeder (Opuntia spp.) (Ruiz & Heed, 1988). Drosophila mo-
Javensis breeds in agria cactus (Stenocerus gummosis) in the Baja California
peninsula and the Desemboque region of Sonora and in organ pipe cactus
(Stenocerus gummosis) elsewhere in the Sonoran desert (Heed, 1978). Droso-
phila arizonae also breeds in some of the smaller species of columnar cactus
(cina. Stenocerus alamosensis), though it is restricted to more mesic areas
while D.mojavensis seems to prefer more xeric areas (Fellows & Heed, 1972).
Thus D.mojavensis is widespread in the Sonoran desert while D.arizonae is
restricted to the periphery of the desert though widespread in western Mex-
ico.

Drosophila eremophila complex

The eremophila complex consists of three species: D.eremophila, D.micro-
mettlert and D.mettleri (Heed, 1989). The monophyly of the eremophila
complex is supported by the pattern of inversions in the banding of the
polytene chromosomes (Wasserman, 1992). Although the adults may feed
on the necrotic tissue directly, females in this group lay their eggs in the
damp soil beneath the necrosis and the larvae feed on the exudate from the
necrosis.

By using the soil as its breeding site, D.mettleri is able to share necroses
of the larger cacti of the Sonoran desert, cardon and saguaro, with D.nigro-
spiracula (Fogleman et al., 1981). Drosophila eremophila is thought to breed
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| species || host | scientific name |

mojavensis agria Stenocereus gummosus
organ pipe | Stenocereus thurberi

nigrospiracula || cardon Pachycereus pringlei
saguaro Carnegiea gigantea

mettleri cardon Pachycereus pringle:
saguaro Carnegiea gigantea

Table 1: Host plants of the endemic species of Drosophila. Adapted from
Heed(1982).

in the soil beneath necrotic Opuntia pads (Fogleman et al., 1981).

Drosophila anceps complex

The anceps complex consists of three species: D.anceps, D.leonisand D.nigro-
spiracula. The monophyly of the anceps complex is supported by the pat-
tern of inversions in the banding of the polytene chromosomes (Wasserman,
1992). These species lay their eggs in necrotic cactus tissue of large columnar
cacti.

Drosophila nigrospiracula and Drosophila mettleri have extremely similar
external morphologies, possibly the result of adaptation to similar environ-
mental conditions (Heed, 1977), though they differ widely in their courtship
behaviors which are more phylogenetically conservative (Alonso-Pimentel
et al., 1995).

Host plants and dispersal

When a cactus sustains mechanical injury, bacteria colonize the injury and
facilitate its colonization by yeast. The microbial community produces
volatiles, including ethanol and acetic acid, which make the necrotic tis-
sue attractive to Drosophila and other insects (Fogleman & Foster, 1989).
Females feed on the exudate and if the site is sufficiently attractive they may
lay eggs. The developing larvae macerate the tissue with their mouth hooks
possibly aiding in the microbial decomposition of the cactus tissue (Foster
& Fogleman, 1994).

Species of Drosophila which specialize on host cacti having different den-
sities of rot, have different dispersal requirements. Within-species dispersal
rates tend to be higher when the density attractive sites is lower (Johnston



| host | scientific name | density | prob | source |
agria Stenocereus gummosus | 1.58 ha™" | 0.116 a
1.79 ha=! | 0.345 b
organ pipe || Stenocereus thurberi 0.94 ha=! { 0.009 b
cardon Pachycereus pringle: 0.016 ha™~' | 0.002 a
saguaro Carnegiea gigantea 0.038 ha~! | 0.004 c

Table 2: Density of cactus rots (per hectare) and probability of finding a
rot (per plant surveyed). The sources are (a) Heed & Mangan from near
Desemboque (Sonora, Mexico) and (b) Alonso-Pimentel & Dyreson from
10.7 ha near Punta Chueca (Sonora, Mexico) and (c) from 26 ha near Tucson,
Arizona.

& Heed, 1975). Rots in some species of cactus are more widely dispersed
(occur at lower densities) than rots in other species and can also have a
different temporal availability (Heed & Mangan, 1986). In Table 2 we show
the density of rots and the probability of finding a rot in four species of
columnar cactus.

Necrotic tissue is an ephemeral resource and the duration and abundance
of rots may have played a large role in the evolution of life-history and
morphological characteristics of cactophilic Drosophila (Etges, 1989). Under
the same environmental conditions, rots in larger cacti, such as saguaro and
cardon tend to last longer than those in smaller cacti, such as agria, organ
pipe. and cina (Fellows & Heed, 1972) Because of their higher water and free
sugar content, rots in Opuntia tend more short-lived than rots in columnar
cacti (Ruiz & Heed, 1988).

When a rot becomes unattractive for feeding or oviposition, females must
find a new site, though younger female disperse more readily than older
(Johnston & Heed, 1976). Mating in these flies occurs on or near feeding sites
(H. Alonso-Pimentel, pers.comm). Because males are not sexually mature
until 1-3 days after emergence (S. Pictnick, pers.comm.) they must disperse
to find a mate if the site where they emerge has become unattractive for
feeding.

Dispersal is of major importance in these species and dispersal ability
might be expected to be under strong selection (Fontdevila et al., 1977).
There are many components of dispersal ability in Drosophila, including be-
havior. physiology, and wing structure (Johnston& Heed, 1975; Gu&Barker,
1995). Wing structure directly affects aerodynamic performance and thus
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dispersal ability.

Aerodynamics

Based on kinematic analyses of the wings in Drosophila virilis, it seems that
the stroke varies little, either in wingbeat frequency or in kinematics (Vogel,
1966: Zanker & Gotz, 1990a). Drosophila adjust their forward airspeed by
changing the angle of their body, inclining the body more to the horizontal
to go faster, more to the vertical to go slower. The wings do not twist
much along the leading edge and thus angle of attack varies along the wing
blade (Vogel, 1967a). The lift profile of Drosophila wings, however, is fairly
insensitive to the precise angle of attack (Vogel, 1967b).

The Reynolds number can be defined as the ratio of inertial to viscous
forces acting on a wingform in an airflow. Reynolds numbers for these
Drosophila species are in the range of 100 to 400. At such low Reynolds
numbers. where lift-drag ratios are often close to unity, drag reduction should
relatively important in wing and body design.

At low Reynolds numbers streamlining is not effective at reducing the
drag due to the body (parasite drag). In fact, switching the direction of a
Drosophila body relative to the airflow increases the parasite drag by less
than 10% (Vogel. 1981). Drag due to the body is also minimized at higher
flight speeds because of the manner in which Drosophila control their speed,
by tilting the body more to the horizontal they reduce the the frontal area
exposed. Lift due to the body is generally assumed to be small (Dudley &
Ellington, 1990).

Two important components of drag due to the wings are induced and
profile drag. Induced drag results from vortices which form on the wing tip
of any wing with finite span (Ellington, 1984). Induced drag can be reduced
by wing-tip plates or increasing the aspect ratio (Ellington, 1984). As flying
speed increases, induced drag decreases.

In comparison to induced drag, profile drag assumes greater relative
importance for insects operating at small Reynolds numbers (Zanker & Gotz,
1990b). As flying speed increases, profile drag also increases, often as the
square of the speed. Profile drag is affected by the microstructure of the
wing and the geometry of its boundary layer (skin friction) (Vogel, 1967a).
Removing the microtrichae (small hairs) on the surface of the wing in Droso-
phila actually increases the skin friction drag (Vogel, 1981). Profile drag is
also affected by the shape of the wing. The shape of the wing can be
described by the moments of wing area along the wing chord (Ellington,
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1984):
R
Sk = 2/ c[r]rkdr
0
or the non-dimensionali moments:
1
re(S) = ([ el
0

where R is the wing length and ¢[r] is a function describing the shape
along the wing chord r, and ¢[7] is a function describing shape along the
normalized wing chord 7. Non-dimensional moments can be used to com-
pare wing shape characteristics related to aerodynamic performance across
species (Ellington, 1984).

The non-dimensional aspect ratio is also useful in describing wing shape

and is defined as (Ellington, 1984):
4R?
AR = <
where S is wing area.

Using the quasi-steady assumption, which is much more appropriate for
fast forward than hovering flight, the mean lift force is proportional to the
second moment of wing area, while the average profile power is proportional
to the third moment of wing area (Weis-Fogh, 1973):

lift force = 1/4Cpm*n2¢?S,

power = 2/3Cppr?n3¢3S3

where n = wingbeat frequency, p = mass density of air, ¢ is the stroke angle,
and Cr and Cp are the average coefficients of lift and drag over the wing
stroke.

In terms of wing design, the profile power can be thought of as power nec-
essary to overcome profile drag. We have calculated these shape parameters
(AR, Fq, 73) for the wings of species in the repleta group under study. We
use these shape parameters to evaluate differences in aerodynamic capability
due to differences in wing shape.
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[species u stock Jsource 1
nigrospiracula || A844 | Cerro Colorado, Sonora, Mexico
anceps 800.25 | Zumpango, Guerrero, Mexico
leonis 804.4 | Barranco del Rio Santiago, Jalisco, Mexico
mettlert A855 | Cerro Colorado, Sonora, Mexico
micromettler: || ORV24 | Port Handerson, Jamaica, West Indies
eremophila E13.2 | Guajalejo, Taumalipas, Mexico
mojavensis A924 | Santa Rosa Mts., Arizona
arizonae A806 | Jalisco, Mexico
navojoa A876 | Las Boscas, Michocan, Mexico

Table 3: Stocks and places of origin

Methods

Specimens

Specimens were reared in the laboratory under standardized conditions on
banana-yeast-cactus medium. Vials were maintained in an uncrowded state.
Wings were sampled from flies at 24-48 hours post emergence, after sclero-
tization and complete apposition of wing surfaces had occurred but before
they became damaged with age (Ashburner, 1989). Wings were mounted
dorsal side up on microscope slides using Permount and covered with cover-
slips. From each of the 9 species, the wings of 24 specimens were prepared in
this manner, 12 female and 12 male. The stocks used are listed in Table 3.
Drosophila guacha from the National Drosophila Resource Center (1221.0)
was used as the outgroup for this analysis.

The outline and venation pattern of each wing along with a mm scale
bar was drawn using a camera lucida attached to an Olympus dissecting
microscope at a magpnification of 60X. Landmarks and helping points were
digitized using a Hipad digitizer and the program Digitize (Strauss.1989).
For this analysis we used the right wing of each specimen. Points were
of two kinds: (1) morphologically comparable landmarks hypothesized to
be homologous between forms, and (2) helping points, used to indicate the
position of the wing margin or of the veins between landmarks (Bookstein
et al., 1983). The landmarks used were the intersections of wing veins with
other veins or the wing margin. The set of points digitized is shown in
Figure 2.

Body measurements were made on all the female specimens. Landmarks
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Figure 2: Landmarks (solid circles) and helping points (open circles with
numbers).

were located on the thorax and measures of thorax length (THX), pleural
area (PLE) and ventral area (VEN) were made using the same procedures
as for the wings. We calculated the wing load for each specimen according
to the formula given by Starmer and Wolf (1989): thz3/area. Using thz3
as proxy for average body mass is recommended in studies concerned with
interspecific differences in Drosophila because body mass in Drosophila is
highly dependent on physiological state, while thorax length remains fixed
(Starmer & Wolf, 1989).

Characters

Analyses were based on the set of six landmarks defined by Weber(1992a).
(see Figure 2). As characters, we used the set of all fifteen inter-landmark
distances. This set of distances fully describes any landmark configuration.
For producing figures and making aerodynamic calculations of wing shape
parameters we also used the appropriate helping points.

10
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Analysis
Static allometries

While the wing ontogeny of an individual holometabolous insect does not
follow an allometric model of growth, it is possible to describe how wing
shape varies with size across individuals. A static allometric model expresses
this relationship in the terms of an allometric model.

C = (CoS*®

where a is a vector of allometries, S is a measure of size and C is the re-
sultant vector of character measures. The static allometries a are extremely
useful for descriptive purposes because the size of wings can be modified by
the conditions under which the flies are cultured (Weber, 1992a). In this
paper, we concentrate on wing shape differences among species that are not
attributable to allometric size differences.

We generated a common model to describe the allometric size relation-
ships common to all the species in the ingroup. We computed the allometric
coefficients from a principal component analysis on the pooled, zero-centered
data by re-scaling the eigenvector loadings by their mean (Strauss, 1990).
We tested the significance of each coefficient against the null hypothesis of
isometry a = 1 using a bootstrap method (Efron, 1979). Each test was
two-sided, allometries significantly less than one representing negative al-
lometries and allometries significantly greater than one representing positive
allometries. We compared static allometric patterns within species to those
among species using a Mantel test to determine if the within and among
group allometric vectors were significantly correlated (Mantel, 1967).

Regions of morphospace

To understand the differences in wing shape among extant species, we looked
at the way in which the extant species fill morphospace. In this study mor-
phospace is represented by an n-dimensional euclidean space in which each
dimension is one continuous character measured in common units (Bookstein
et al., 1985). To construct a morphospace in which the common allometric
size trend had been removed, all distances were size-corrected by regressing
out allometric size and canonical discriminant analysis was run on the resid-
uals (dos Reis et al., 1990). We used this allometric size-free discriminant
analysis as an ordination procedure to give a picture of the variation in wing
shape among species.
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Species classification

To determine whether the species differ in mean wing shape, we calculated
pairwise Mahalanobis distances among species using the size-corrected resid-
uals. Mahalanobis distance take the covariance among characters into ac-
count (Manly, 1986). Significance levels for the pairwise distances were
based on a randomization procedure with 5,000 iterations (Edgington, 1980).
Randomization tests are effective tools for determining the significance of
statistical tests and are performed by calculating the test statistic over all
or a large subset of all possible permutations of the data and comparing the
resultant distribution to the observed test static (Manly, 1991). Like boot-
strap methods, they are more robust to departures from the assumption of
multivariate normality than standard parametric methods (Sokal & Rohlf,
1995). Because there are 36 pairwise comparisons involved we adjusted the
significance level for each pairwise test using the Bonferroni correction for
multiple comparisons to obtain an experimentwise p < .01 (Sokal & Rohlf,
1995).

We also wished to determine how well wing characters worked to classify
individual specimens. We used a cross-validation procedure to determine the
a posteriori probability of classifying each specimen correctly (Lachenbruch
& Mickey, 1968). The cross-validation procedure has been shown to perform
well in comparison to a bootstrap procedure (Davidson & Hall, 1992). For
this analysis, we included a strain of D.mettleri collected by the authors
from Catalina Island.

Evolutionary transitions

Based on the topology of the cladogram (Figure 1) we reconstructed the
transitions in morphology along the branches in the tree using least-squares
parsimony. To restrict further analysis to shape change, we then decomposed
these evolutionary transitions into their allometric and ortho-allometric com-
ponents using the allometric coefficients common to the whole clade (see
above for a description of these coefficients) using a linear decomposition.

(Y= X)Txa

Z=X+|[ al xa

| % a
In this equation, X and Y are vectors of distances representing recon-

structed nodal configurations, a is the vector of allometric coefficients and Z
is the resultant vector of distances. The vector from X to Z is the allomet-
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ric component of the transition while the vector from Z to Y is the ortho-
allometric component of the transition. By construction it is orthogonal to
the allometric component. In biological terms, the ortho-allometric com-
ponent represents wing shape change independent of allometric size change
(Strauss, 1992).

This decomposition allowed us to examine differences in morphology
independent of allometric size related changes in shape. This analysis gave
us a baseline for examining patterns of evolutionary transitions in shape
within the ingroup.

Visualizing transitions

In order to visualize an evolutionary transition in wing form, we display it
as a contour plot representing the deformation at each point over the whole
wing. We calculate the deformation along this transition using the method
of thin-plate splines (Harder & Desmarais, 1972; Meinguet, 1979; Bookstein,
1989). The shape change at each point is calculated from the magnitude
and sign of the determinant, and indicates whether the deformation induces
a local expansion or contraction.

Aerodynamics

Based on the quasi-steady assumption, the mean lift force is proportional to
the second moment of wing area, while the average profile power is propor-
tional to the third moment of wing area (Weis-Fogh, 1973). These parame-
ters are given non-dimensional form by Ellington (1984) and can be used to
make inferences about aerodynamic performance based on wing form (Betts
& Wootton, 1988). We calculated the non-dimensional wing shape parame-
ters AR, 7, and 73 for each specimen to determine how extant species differ
in aerodynamic performance based on wing shape.

We were also interested in determining how the non-dimensional param-
eters of wing shape have changed along the evolutionary transitions in wing
form leading to the species infiltrating the Sonoran desert. We calculated
the change in mean value along each of the three lineages using least-squares
parsimony based on the cladogram depicted in Figure 1.
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| distance || allometry | CAN1 | CAN2 |

1-2 1.085** 0.343 | -0.595
1-3 1.016 0.129 0.232
1-4 0.972 0.101 0.332
1-5 1.028 -0.676 | -0.082
1-6 1.220** -0.678 | -0.650
2-3 0.789** -0.570 | 0.739
2-4 0.787** -0.481 0.818
2-5 0.959 0.144 0.213
2-6 1.123** 0.079 | -0.846
3-4 1.033 0.560 0.150
3-5 0.934** 0.835 0.270
3-6 1.061** 0.242 | -0.450
4-5 0.859** 0.753 0.308
4-6 1.025 0.226 | -0.213
3-6 1.108** -0.534 | -0.305

Table 4: Allometric coefficients and vector correlations with cannonical dis-
criminant axes (see Figure 3). ** Allometric coefficients which are signifi-
cantly different from isometry (experimentwise p < .01).

Results

Static allometry

The first principal component among groups has a vector correlation of
0.989 (p < 0.009) with the pooled within-group PCl1 (significance based on
a Mantel-type permutation test). This indicates that the allometric size
description among species is similar to that within species.

The allometric coefficients are given in Table 4 along with the results
of a bootstrap test of their significance. They clearly show that the size
trajectory departs significantly from a purely isometric one. Thus wings of
different sizes have different shapes.

Regions of morphospace

The results of the canonical discriminant analysis on the residuals are
shown in Figure 3. The figure gives a visual representation of the way in
which morphospace is occupied by extant species. Each species is plotted
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Figure 3: Morphospace of the cactophilic repleta. Results of a canonical
discriminant analysis on the residuals of each character on allometric size.
Regions of morphospace are associated with the host preferences and geo-
graphic distributions indicated along the axes.
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with the first three letters of the species name at the centroid for that species.
The convex hull , which gives an indication of the dispersion, is also plotted
for each species. The first two canonical axes account for 75% of the variance
among species (54% and 21% respectively). Vector correlations of the inter-
landmark distances with the canonical discriminant axes are given in Table 4.

We can identify regions of morphospace occupied by species with differ-
ent host preferences and geographic distributions. These associations are
depicted along the canonical axes. The species that are endemic to the
Sonoran desert have different wing shapes than their relatives outside the
Sonoran desert. Flies which breed in large columnar cacti tend to have dif-
ferent wing shapes than their relatives which breed in small columnar cacti
or Opuntia.

We were also interested in how the non-dimensional wing shape param-
eters AR and f3 varied across this morphospace. The vector correlation
of each parameter with the canonical axes is plotted in the center of the
canonical plot. The non-dimensional aspect ratio AR is highly correlated
with the first canonical axis (r=.80) and the variation in host plant use while
r3 is correlated with the second canonical axis (r=.64) and the variation in
geographic distribution.

Species classification

The centroids in the full canonical space are distinct for each species. All
pairwise Mahalanobis distances are significantly different at the p < .01 level
(Bonferroni corrected) using 5000 randomizations.

Some of the specimens, however, were missclassified based on wing shape
characters. From the table of misclassification rates (Table 5) one can see
that D.nigrospiracula is similar enough in wing morphology to D.mettler: to
be missclassified at an 8% rate. The two strains of D.mettleri are much more
similar in morphology than any of pair of species, 33% of the specimens of
D.mettleri were classified as the wrong strain.

Evolutionary transitions

The evolutionary transitions in wing shape along lineages which have in-
filtrated the Sonoran desert are depicted in Figure 4, Figure 5 and Figure 6.
These figures illustrate the shape deformation of the wing. Independent re-
constructions based on male and female specimens are represented in each
figure. The degree of deformation across the wing is displayed using a con-
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Figure 4: Evolutionary transition along the lineage leading to Drosophila

nigrospiracula.
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Figure 5: Evolutionary transition along the the lineage leading to Drosophila

mettleri.
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Figure 6: Evolutionary transition along the lineage leading to Drosophila
mojavensis.
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( || anc | ari | ere | leo | mct met | mic | moj | nav | nig |
anc | 100 - - - - - - - - -
ari -1 96 - - - - - - 4 -
ere - -1 96 - 4 - - - - -
leo - - - | 100 - - - - - -
mct - - - -1 67 25 - - -1 8
met 4 - - - 8 87 - - - -
mic - - - - - -| 87 - 13 -
moj - - - - - - - | 100 - -
nav -1 8 - - - - 8 4] 79 -
nig 4 - - - 4 4 - - - 87

Table 3: Results from cross-validation classification procedure. The speci-
mens belonging to the groups identified in the left-hand columm were clas-
sified as belonging to the groups identified along the top row. All entries
are expressed in percentages. Note that the mettler: column combines two
entries. met and mct. mct is a from a culture raised from a population of
flies on Catalina island.

tour plot. From the figures, it is apparent that transitions based on male
and female specimens are quite similar. The species which have infiltrated
the Sonoran desert show the same general pattern of wing shape change,
involving a narrowing at the tip the broadening at the base.

Aerodynamics

Starmer and Wolf (1989) stress that wing-loading should be analyzed as
covariate of body size. We analyzed wing loading using thorax length as
a covariate. We were unable to detect any significant difference in slope
between species (p > .3) but there was a significant difference in intercept
(p < .0001) (ANCOVA, Homogeneity of slopes model, using log-transformed
data).

Much of the difference between species is related to host use. Figure 7
shows a plot of log(wing load) versus log(thoraz length) coded by host use.
In this plot. each specimen is represented (regardless of species identity) by
single point coded by host use. For descriptive purposes only, a regression
line is plotted through each host use type. Because the points in the plot are
not independent, no attempt was made to assess the statistical significance of
these lines. From the plot, it appears that wing loading varies as a function
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{group | AR [species |
5.91948 | mettler:
5.88664 | anceps
5.87473 | nigrospiracula
5.86760 | leonis
5.69334 | eremophila
5.55860 | micromettleri
5.40992 | arizonae
5.35073 | mojavensis
5.30631 | navojoa

oo OwW3

Table 6: Results of Ryan-Einot-Gabriel-Welsch Multiple Range Test for
non-dimensional aspect ratio (AR) with experimentwise error rate (a = .05.
df=98. MSE=10.016077). Letters indicate groups of species with mean values
not significantly different.

of thorax size and that flies which use the larger columnar cacti as hosts
have lower wing loadings for their thorax size than flies that use smaller
columnar cactus or Opuntia.

We also calculated the non-dimensional parameters of wing shape AR,
fa, and F3. There were significant differences among species for each of these
parameters (ANOVA p < .0001). Residuals were normally distributed based
on the Sapiro-Wilk statistic (for AR: W = .977 and p < .352; for #: W =
.986 and p < .802; for 73: W = .988 and p < .883) (SAS Institute Inc, 1985).
We tested for differences among individual means using the Ryan-Einot-
Gabriel-Welsch multiple range test to control the type I experimentwise
error rate (SAS Institute Inc, 1989). These results are given in Table 6 and
Table 7.

Table 6 shows the non-dimensional aspect ratio is larger for those species
which use larger cacti. Table 7 shows that 73 tends to be lower for the
species endemic to the Sonoran desert, indicating that their mean wing
shape would incur less profile drag than the wings of other species. The non-
dimensional shape parameters tend to be very similar within each species.
For a comparison of these results with those recorded for other insects, see
Table 9.

Table 8 shows the change in non-dimensional wing shape parameters
along the lineages leading to the species which have invaded the Sonoran
desert. In all three lineages, the parameter 73 shows a decrease, indicating
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Figure 7: The wing load log(thz® /area) is plotted against log(thoraz
length) for all female specimens. Host use is coded for each specimen. The
open dots represent those species which breed mainly in the tissue or exu-
date of rots of large columnar cacti. The solid dots represent those species
which breed in the tissue or exudate of rots in Opuntia or small columnar
cacti.
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| group | f3 | species ]
A | 0.594988 | micromettlert
A | 0.594810 | navojoa
A | 0.592390 | leonis

0.590600 | eremophila
0.589949 | anceps
0.589400 | mettleri
0.589353 | arizonae
0.587424 | mojavensis
0.584002 | nigrospiracula

Twmo®

wHoNoNONe]

Table 7: Results of Ryan-Einot-Gabriel-Welsch Multiple Range Test for
non-dimensional wing shape parameter (73) with experimentwise error rate
a = .05 (df=98. MSE= 6.472z1075). Letters indicate groups of species with
mean values not significantly different.

| lineage [ AR | 7 | 7 ]
mojavensis -0.051 | -0.0024 | -0.0020
nigrospiracula | 0.027 | -0.0045 -0.0040
mettleri 0.196 | -0.0024 | -0.0022
MSE 0.016 | 0.000008 | 0.000006

Table 8: Changes in non-dimensional wing shape parameters in the evolu-
tionary lineages based on a least-squares parsimony reconstruction. ANOVA
MSE are presented for comparison.

23



85

that differences in wing shape, the tapering of the wing tip (Figure 5 Figure 4
Figure 6) may reduce the power required to overcome profile drag. Along
the lineage leading to mettlert, there is a increase in in the non-dimensional
aspect ratio (AR) indicating that the wing has become longer and narrower
overall.

Discussion

Wing shape and selection

Wing shape is a complex trait under the control of many genes, yet there is
evidence for strong selection on components of wing shape in both natural
and laboratory populations of Drosophila (Weber, 1992b). In a series of
short term selection experiments on wing shape in Drosophila melanogaster
Weber(1992a) changed allometric relationships by as much as 5-9 SD in any
direction in 15 generations of selection. Artificial selection for shape has
also been successful in changing allometries in the horned beetle (Emlen,
1996) and the stalk-eyed fly (Wilkinson, 1993). These laboratory findings
are corroborated by the results of long term selection on breeds of dogs.
When compared to fossils presumed to represent the ancestral morphology,
different breeds of dogs are divergent in their anterior cranial allometries,
presumably these shape differences are due to selective breeding (Morey,
1992).

Weber’s results suggest that wing shape can respond to selection quite
rapidly, though Weber (1992b) suggests that there is little net directional
selection on wing shape in natural populations of Drosophila melanogaster,
rather there is strong stabilizing selection for wing shape. Even if stabilizing
selection predominates the selective regime, there may be periods of strong
directional selection on morphology when host shifts in oligotrophic species
occur (Spicer, 1993).

Size and developmental rate

Selection experiments on body size in Drosophila have shown that flies se-
lected for larger adult thorax size have lower developmental rates and spend
a longer time in the larval stage (Partridge & Fowler, 1993). Flies which
are larger in adult body size have a higher fitness with respect to mating
(Santos et al., 1988), longevity, fecundity and dispersal (Santos et al., 1992).
Yet a lower rate of developmental is correlated with lower fitness, implying
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Lcommon name ]_species _[ AR J F3 l sour@
hawkmoth Manduca sezta 5.80 0.558 a
hummingbird Amazila fimbriata 7.80 0.538 a
lady bug Coccinella 7-punctata 7.17 0.575 a
hover fly Episyrphus balteatus 8.31 0.609 a
crane fly Tipula obsoleta 10.45 | 0.639 a
fruit fly Drosophila melanogaster | 5.4315 | 0.59142 b

Drosophila funebris 5.4856 | 0.58693 b
Drosophila suzukii 5.9502 | 0.59083 b
Drosophila immigrans 5.9228 | 0.58091 b
picture-winged Drosophila cruicigera 5.4622 | 0.59908 b
Drosophila orthafascia 5.8792 | 0.58592 b

Table 9: Table of non-dimensional wing shape parameters for comparison
with results from present study. The soruces are (2) Ellington (1984) and
(b} Dyreson (1997).

a trade-off between developmental rate and body size (Partridge & Fowler,
1993). Each species may a reach a different equilibrium between body size
and developmental rate, an equilibrium affected by the temporal availability
of larval resources.

In the cactophilic Drosophila of the repleta group, species which breed in
larger cacti tend to be larger in overall size than those which breed in smaller
cacti. There may be selection for developmental rates commensurate with
the temporal availability of rots in their hosts. Thus the size of the cactus
may indirectly determine the size of the fly.

There is, however, another factor. Rots in larger cacti tend to be more
widely dispersed than those in smaller cacti (Heed & Mangan, 1986). Thus
flies must disperse for longer distances and it may be advantageous to have
wings which are more efficient for flights of longer duration. The equilib-
rium between size and developmental rate may be affected by the spatial
distribution of rots as well as their temporal availability as a larval resource.

Dispersal

Wing shape in an important factor in dispersal ability for tephritids (true
fruit flies) (Sivinski & Dodson, 1992). We found that wing shape varies
across the species in the cactophilic repleta and seems to be correlated with
host plant use and geographic distribution. The species which use larger
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columnar cacti as hosts tend to have wings with higher non-dimensional
aspect ratios (AR). Their host cacti tend to have a lower density of rots
and so it is likely members of these species must travel further to find sites
to feed, mate and lay eggs. Based on aerodynamic principles, wings with a
higher aspect ratio would be expected to be more efficient for long distance
dispersal ( Norberg, 1995). In tephritids, species with wings of higher aspect
ratio tend to be better at long distance dispersal than those with lower
aspect ratios (Sivinski & Dodson, 1992).

The three lineages which have infiltrated the Sonoran desert display a
considerable degree of parallel evolution in wing shape. For each species the
evolutionary transition in wing shape includes narrowing of the wing in the
region near the wing tip. As might be expected, this shape change is associ-
ated with a reduction in the the non-dimensional wing shape parameter 3,
and thus the power required to overcome profile drag. Wings with less pro-
file drag to overcome are more efficient at fast forward flight. Narrowed or
pointed wing tips are suggested to increase agility in butterfly flight (Betts
& Wootton, 1988) reduce profile drag in fast forward bird flight (Norberg,
1995) and improve lift:drag ratios in flying fish (Davenport, 1992).

Drosophila mettleri has adapted to both a different host type and Sono-
ran desert conditions. The evolutionary transition in wing shape along the
lineage leading to mettleri shows components of wing shape change relating
to both these shifts (see Table 8, Figure 5). The non-dimensional aspect
ratio AR increased substantially while the parameter 73 decreased. Thus,
in addition to becoming longer and narrower overall, the wings of mettler:
have become narrower at the wing tip, perhaps becoming more efficient at
fast forward flight.

Wing loading is thought to be important in Drosophila dispersal (Starmer
& Wolf, 1989) and adaptation to their environment (Barker & Krebs, 1995).
Our results suggest that the species in the repleta group which breed in
smaller columnar cacti and Opuntia have higher wing loading for their body
size than the species which breed in large columnar cacti. High wing load-
ing values and shorter wings are suggested to be selectively advantageous
when shorter flights are required or when it is advantageous to minimize the
time spent flying; for Drosophila (Starmer & Wolf, 1989), birds (Norberg,
1995), and butterflies (Dudley & Srygley, 1994). For maximizing the effi-
ciency of flight in long range dispersal, low wing loadings and longer wings
are expected to be advantageous (Norberg, 1995).
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Summary

We have shown that species in the repleta group of cactophilic Drosophila
have wings with different shapes and parameters relating to aerodynamic
capability. These shape differences are correlated with dispersion of rots in
their host cacti, larger cacti having more widely dispersed rots than smaller
cacti. Species which breed in larger cacti have wings of higher aspect ratio
and lower wing loading than species which breed in smaller cacti. These
characteristics would be expected to make long duration flight more efficient.

We also examined the patterns of transition in wing morphology along
the lineages which have infiltrated the Sonoran desert and found them to
be similar. The transitions show a narrowing of the wing tips and a cor-
responding decrease in the power necessary to overcome profile drag (r3).
This change in wing shape would be expected to improve the performance
of the wings in fast forward flight.
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EVOLUTION OF WING PIGMENTATION PATTERNS
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HAWAIIAN DROSOPHILA
(DIPTERA: DROSOPHILIDAE)
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Evolution of wing pigmentation patterns in the
picture-winged group of Hawaiian Drosophila
(Diptera: Drosophilidae)

Eric Dyreson

Abstract

The evolution of pigmentation patterns in the picture-winged group
of Hawaiian Drosophila was examined in a phylogenetic context. Four
specific hypotheses were tested: (1) has the overall degree of pigmen-
tation evolved from more lightly to more heavily pigmented; (2) has
the evolution of pigmentation pattern proceeded through elaboration
resulting in patterns of greater complexity; (3) are the fundamental
symmetries in pigmentation pattern the same for all species in this
group; and (4) are the symmetries in pattern related to what is known
about development of the wing from Drosophila melanogaster?

The results indicate that the overall degree of pigmentation shows
no definite trend from lighter to darker forms. A measure of the spatial
complexity of pigmentation patterns (based on Shannon’s measure of
information content) showed no trend to greater elaboration. This
result is consistent with the hypothesis that the pigmentation patterns
are set by prepatterns common to all species in this clade.

The two major classes of symmetry in wing pigmentation pattern
found in this group are vein symmetry and intervein midline symmetry.
There is evidence for one major shift from vein to intervein midline
symmetry.

Mapping the pigmentation patterns onto the third instar imaginal
disc reveals a pattern of concentric rings around the center of the imag-
inal disc which corresponds to the distal portion of the adult wing. El-
ements of the pattern which show symmetry around veins correspond
to the expression of the rhomboid gene characterized in Drosophila
melanogaster. Elements regulating the spacing of the concentric rings
have not been characterized from Drosophila melanogaster and may
reflect genes involved in the proximal-distal specification of the wing.



Figure 1: Map of clones (from Bryant, 1970)

Introduction

Despite early interest in the evolutionary implications of research on wing
development in Drosophila (Waddington, 1940), developmental biology has
proceeded rapidly, leaving many evolutionary questions behind. For sys-
tematists and evolutionary biologists, the work of developmental biologists
represents a wealth of information affording insight into the evolution of
morphology through the modification of developmental programs.

In the genus Drosophila, patterns of wing pigmentation tend to vary little
within species and are often useful in species identification. How do these
species-specific patterns evolve? (1) Does the overall degree of pigmentation
increase in derived lineages? (2) Does the evolution of pigmentation patterns
follow a process of elaboration? That is, is each pattern built upon the last
and do more derived species have more complex pigmentation patterns? (3)
What are the fundamental symmetries in wing pigmentation pattern and
how have these evolved? (4) Can these fundamental symmetries be related
to what is known about development in Drosophila melanogaster?

Nijhout (1991) suggests that eyespot patterns in butterflies arise from
the diffusion of a morphogen from a localized source or focus. He breaks
the problem of pattern specification down into two parts: (1) specification
of the location of foci (sources of some morphogen) and (2) diffusion from
foci to form eyespots (Nijhout, 1978). In this paper, I will concentrate on
the first part of the problem, how the spots are positioned on the wing in
Drosophila.
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The wings of Drosophila melanogaster are composed of around 50,000
cells arranged in two layers (Gonzalez-Gaitan et al., 1994). Each cell pro-
duces a small portion of the cuticle (Kornezos & Chia, 1992) and a small
hair called a trichome (Waddington, 1940). In Drosophila melanogaster the
degree of pigmentation of the cuticle is related to the level of expression of
the yellow gene (Walter et al., 1991). Thus, each cell must decide how to
pigment both the trichome and the cuticle. How do cells make this decision?

One hypothesis is that the pigmentation patterns correspond to poly-
clonal lineages of cells. However, based on a study of polyclonal lineages in
Drosophila melanogaster (Bryant, 1970), it is clear that these patterns do
not correspond to wing pigmentation patterns as polyclonal lineages tend
to form mosaic patterns aligned along the proximal-distal axis of the wing
(compare the pattern in Figure 1 with those in Figure 3).

Thus, specification of the pigmentation pattern must occur by cellular
communication and recruitment to form regions in which cells produce sim-
ilar levels of pigment. Lawrence and Struhl (1996) propose a conceptual
model of wing development. They summarize the evidence for three major
classes of genes involved in development: selector genes, short-range in-
ducers and long-range morphogens. Selector genes specify cell fates and are
activated in specific regions of the wing imaginal disc termed compartments.
Boundaries between neighboring compartments serve as organizing centers
for further development. Short-range inducers cause cells in adjacent com-
partments to produce long-range morphogens. Long-range morphogens play
a major role in patterning the entire wing. They activate selector genes in
other regions creating new boundaries which in turn act as organizing cen-
ters.

If one could view the expression patterns of these three classes of genes,
the developing wing would appear to be a patchwork quilt of compartments
defined by selector genes and the boundaries between them. In this quilt,
one pattern would stand out; the pattern which produces the veins in the
wing. A model of vein formation has been proposed by Sturtevant and Bier
(1995). In this model, coordinate genes define an alternating pattern of
sectors (longitudinal regions in the wing disc) and rhomboid is expressed
the boundaries between these sectors (Sturtevant et al, 1997). Thus the
rhomboid gene appears to be a selector gene for vein differentiation. The
expression pattern this gene in the third instar imaginal disc is shown in
Figure 2 along with the homologous veins in the adult wing. The pattern
of rhomboid expression is relatively symmetric around the dorsal-ventral
boundary which is homologous to the margin of the adult wing (labelled
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Figure 2: Homology between wing veins (L2-L5) and rhomboid expression.
in the imaginal disc. (WM=Wing margin). Based on Sturtevant et al.,
(1993).
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WM on the imaginal disc). In the figure, the region above this boundary
produces the ventral surface of the wing while the region below it produces
the dorsal surface.

In the patchwork quilt of gene expression, selector genes which express
in stripes against a solid background take on a special significance: they
share two boundaries with the background compartment rather than one.
Short-range induction would not distinguish between these boundaries and
thus a symmetry in expression pattern would be introduced. If wing pig-
mentation patterns are viewed as staining particular prepatterns of genes
expressed in the normal development of the wing, then symmetries in pig-
mentation pattern should reflect the underlying developmental organization
of the wing. If the specification of wing pigmentation patterns lies down-
stream from rhomboid expression in the developmental hierarchy, then wing
pigmentation patterns would be expected to show symmetry around wing
veins.

In order to answer the question posed at the beginning of this paper,
[ have developed a series of methods to characterize wing pigmentation
patterns and trace their evolutionary history.

Methods

Specimens

Specimens were examined from the following collections: the Bishop Mu-
seum, the University of Hawaii, the collection of Dr. Kenneth Kaneshiro,
the collection of Dr. William B. Heed, and the National Drosophila species
resource center at Bowling Green University.

Wings of specimens were photographed or drawn using a camera lu-
cida. Digital images were captured using a using a Panasonic CCTV cam-
era hooked to a Commodore Amiga Computer. The program DigiView
Gold was used to capture the images and a program written by the author
in AmigaForth was used to gather the data from the digital images. For
each specimen, the wing venation and pigmentation pattern was digitized
along with landmarks representing homologous points between species.

Phylogeny and mapping procedures

A neighbor-joining tree constructed using sequences from the yolk protein
gene Ypl (Kambysellis et al., 1995) was used as the basis for all phylogenetic
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analyses conducted. This tree is congruent with with Carson’s phylogeny of
the picture-winged Hawaiian Drosophila based on the pattern of chromosome
inversions (Carson, 1971).

Two types of mapping were used in this analysis, least-squares and ab-
solute parsimony. Least squares parsimony corresponds to a global mini-
mization of the squared change along each branch while absolute parsimony
corresponds to a global minimization of the absolute value of change along
each branch. Least squares parsimony tends to spread change over the tree
by penalizing long branches while absolute parsimony does not favor either
long or short branches. Applying both of these procedures allows robust
conclusions to be drawn when results are qualitatively similar.

Pigmentation

The overall degree of pigmentation was measured for each species using
the Pigmentation Index (PI). This index is the area of the wing which is
pigmented (excluding the veins) divided by the total area. All species of
Drosophila have pigmentation along the veins so this index measures only
additional pigmentation. PI takes on values from 0 to 1.

Complexity

The degree of complexity of the spatial pattern of pigmentation (again ex-
cluding the veins) was measured using a Complexity Index (CI) based on
the Shannon’s measure of information content (Shannon, 1948):

n
S(p;) ==Y _ ailn(a)
i=1
The area of the wing was partitioned into n rectangular regions across
which the information content S(p) was measured in terms of pigmented
and non-pigmented points within each area. Because the partition size was
arbitrary, this measure was repeated across a range of partition sizes (p;)
and the values were averaged.
Thus the Complexity Index is

k
CI = (1/k)Y_ S(p;)/Smaz(p;)

=1
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where k is the number of partitions, S(p;) is the information content for
the jth partition, and Spmez(p;) is the maximum value content for the jth
partition.

Because it is standardized, the possible values of CI range from 0 for a
uniformly pigmented wing to 1 for an ideal wing which has both pigmented
and nonpigmented regions in each area of the wing in every possible parti-
tion. Essentially, this measure of complexity gives an indication of how much
information must be specified to produce a given pigmentation pattern.

Testing distributions of changes

For each mapping, the distribution of changes observed was compared against
the distribution of changes expected under two null models: (1) random
change and (2) evolutionary trend. The first was a model of random change,
in which character values were randomly assigned to taxa prior to mapping.
This model produced a distribution of changes consistent with those ex-
pected for a character which is evolutionarily labile and displays a high level
of homoplasy. The second model reflected the distribution of changes ex-
pected if a character evolved in a highly consistent manner over the tree, for
instance if the character showed an evolutionary trend of increase over the
tree.

To compare observed versus theoretical distributions, I used a random-
ization test based on the two-sample anova (Edgington, 1980). Because the
values of change in each distribution are not necessarily independent, this
test uses a randomization procedure to compute p-values empirically, mak-
ing it robust against departures from strict independence (Manly, 1991).

To describe the behavior of a character in terms of these two models, I
calculated the Trend Index (TI) by establishing a range from 0, representing
agreement with the random change model, to 1, representing agreement with
the evolutionary trend model upon which the average change in the observed
distribution is plotted.

Developmental mapping and symmetries

In order to map the pigmentation patterns of adult wings onto the imaginal
disc, the pattern of wing veins and the pattern of rhomboid expression were
homologized to establish a transformation between the forms. Homologies
between veins and rhomboid expression are shown in Figure 2. A series of
10 landmarks and 50 pseudo-landmarks were gathered for each form. The
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landmarks anchored the form while the pseudo-landmarks connected land-
marks to produce a smooth mapping. A thin-plate spline mapping was
used to transform each wing pigmentation pattern from the adult wing to
the imaginal disc. This type of mapping procedure is ideal for establish-
ing transformations between developmentally homologous forms (Bookstein,
1989).

All mapping procedures and subsequent analyses were carried out using
programs written by the author in SAS/IML.

Results

Mapping onto phylogeny

Figure 3 shows the pigmentation patterns of 42 species of Hawaiian Droso-
phila mapped onto a phylogeny based on the yolk protein gene (Kambysellis
et al., 1995). The wing pigmentation patterns are mapped onto the phy-
logeny.

Species in the Antopocerus (adunca to yooni) and modified-mouthparts
groups (mimica to infuscata) were used to root the picture-winged clade
(from primaeva onwards). Because these species have wing pigmentation
patterns, pigmented wings may have been the ancestral condition for the
picture-winged species. All species in the picture-winged group (except pri-
maeva) have at least one pigment spot.

The species in the planitibia group (differens to melanocephala) have an
extra crossvein and were once placed in their own genus (Idiomyia). The two
major radiations in this group differ in the placement of the extra crossvein,
either proximal to the posterior crossvein (planitibia subgroup: differens to
hemipeza) or even with it (cyrtoloma subgroup: nigribasisto melanocephala).
The pigmentation pattern for this group includes pigment spots on the tips
of longitudinal veins L2-L4, and the crossveins. In some species, the entire
region between the wing margin and the L2 is pigmented.

The clade sharing inversion 4b of Carson’s phylogeny (from fasciculiseta
to grimshawi in Figure 3) includes the classical taxonomic groups: or-
phnopeza, grimshawi, hawaiiensis, limiatata, punalua, vesciseta, and pili-
mana (Spieth, 1982). In this clade the members share the same basic pig-
mentation pattern, but differ in the overall degree of pigmentation. As the
overall level of pigmentation increases, discrete spots fuse into bands. As the
level of pigmentation increases further, the hyaline or window centers be-
come more sharply defined producing a pattern of windows on a pigmented
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Figure 3: Pigmentation patterns in the picture-winged Drosophila
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Figure 4: Overall degree of pigmentation mapped onto the phylogeny.

background.

Degree of pigmentation

A least-squares mapping of the Pigmentation Index (PI) onto the phylogeny
is presented in Figure 4. In this figure, the thickness of the branch indicates
the level of pigmentation at the terminal node. As this figure shows, the
overall degree of pigmentation varies widely across this clade. High levels of
overall pigmentation (P > .05) appear to have evolved three times. Only
the least-squares mapping is shown as the results are qualitatively similar
for the mapping under absolute parsimony.

The Trend Index (TI) for this mapping is 0.53, suggesting that neither
random change nor the evolutionary trend models explains the distribution
of changes observed. Randomization tests indicate that both models can be
rejected (random change: p < .003, and evolutionary trend: p < .001).

Evolution of complexity
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Figure 5: Complexity index mapped onto the phylogeny

If the evolution of pigmentation pattern in this clade has proceeded
through an elaboration resulting in ever greater complexity, then a map-
ping of the Complexity Index (CI) onto the phylogeny should show a series
unidirectional changes in state toward higher values. The Complexity Index
is mapped onto the phylogeny in Figure 5. Again, only the least-squares
mapping is show because results are qualitatively similar for the mapping
using absolute parsimony.

The distribution of changes observed were compared against the null
models of random change and evolutionary trend. Randomization tests
indicate that both models can be rejected (random change (p < .007) and
evolutionary trend (p < .003)). The Trend Index (TI) for this mapping is
0.61, a value which is slightly higher than that for the Pigmentation Index..

Symmetries in expression pattern

Two classes of symmetry in pigmentation patterns are found in this group
of species: (1) vein and (2) intervein midline symmetry (see Figure 6). In
vein symmetry pigmentation patterns are symmetric around the longitudinal
veins. In intervein midline symmetry pattern elements are symmetric around
the midline drawn between two veins. Pattern elements may be replicated
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Figure 6: Symmetries in pigmentation pattern. Wings of representative
species of Drosophila (left column) and their symmetries (right column).
Top: vein symmetry. Bottom: intervein midline symmetry.
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Figure 7: Intervein symmetry has evolved in the Adiastola group

across vein boundaries, but individual elements do not generally cross veins.

A mapping of the symmetry class onto the phylogeny is presented in
Figure 7. In this figure the thin branches depict vein symmetry while the
thick branches depict intervein midline symmetry. From the figure it is
apparent that intervein midline symmetry has evolved only once in this
clade (at the point labeled ’A’) and characterizes the species belonging to
the Adiastola group (setosimentum to ornata in Figure 3). Intervein midline
symmetry is also found in other groups of highly pigmented Drosophila (e.g.
the Calloptera group).

Developmental mapping

In Figure 8, Figure 9, and Figure 10 the results from the mapping of the
pigmentation pattern in the adult wing into the third instar imaginal disc
are presented for three species. The dominant pattern is that of concentric
rings around the center of the imaginal disc which corresponds to the distal
portion of the adult wing. The rings are broken by radial elements which
correspond to the veins or intervein midlines of the adult wing. The spacing
of the rings corresponds to the proximal-distal pattern of pigmentation in

13



Figure 8: Mapping of the wing pigmentation pattern from the adult wing
to the imaginal disc in Drosophila adiastola
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Figure 9: Mapping of the wing pigmentation pattern from the adult wing
to the imaginal disc in Drosophila grimshawi
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Figure 10: Mapping of the wing pigmentation pattern from the adult wing
to the imaginal disc in Drosophila hawaiiensis
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the adult wings.

Notice the similarity in pattern between D. grimshawt and D. hawaiien-
sis (Figure 9 and Figure 10). The main difference between these two species
is the degree of overall pigmentation rather than the underlying pattern of
expression. Notice the difference in pattern between D. grimshawi and D.
adiastola (Figure 9 and Figure 8). Both of these species are highly pig-
mented, but the underlying patterns of expression revealed in the imaginal
disc are distinct. D. grimshawi displays vein symmetry and D. adiastola
displays intervein symmetry.

Discussion

Finding evidence of an evolutionary trend toward patterns of greater com-
plexity would lead one to speculate that the developmental program con-
trolling expression of patters is decoupled from the program that builds the
wing. The results of this study suggest that this is not the case for wing
pigmentation patterns in the Hawaiian picture-winged Drosophila. Map-
ping the Complexity Index onto the phylogeny produces a distribution of
changes significantly different from that expected for a character showing
an evolutionary trend.

Instead, the findings of this study suggest that wing pigmentation pat-
terns directly reflect the underlying expression patterns of genes involved
in wing construction. While the overall degree of pigmentation is variable
on the evolutionary timescale, inherent symmetries in pigmentation pattern
are closely related to wing vein development and show little evolutionary
plasticity.

From the pattern of evolutionary transitions described in these and other
species of Drosophila, a general theory of the evolution of pigmentation
patterns in these species may be constructed. The three important elements
of this theory are as follows:

1. Evolution of the complex pigmentation patterns has proceeded through
the mechanism of enhancing expression of normal pigmentation or re-
pressing pigment expression on a cellular basis. The complex patterns
produced result from the use of positional information available during
the normal development of the wing.

2. The positional information used to construct complex pigmentation
patterns is based on the positional information present in species
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across the genus Drosophila. In fact, species in related families of
Diptera (Empyridae, Ottidate, Phoridae, and Tephritidae) express
similar wing pigmentation patterns to those observed in this group.

3. The developmental switch for the expression of pigmentation pattern
is separate from the program which specifies the pattern. Over evolu-
tionary time, patterns may be switched on and off, but the underlying
template governing expression remains the same.

Developmental implications

Mapping the pigmentation patterns onto the third instar imaginal disc shows
a pattern of concentric rings around the center of the imaginal disc which
corresponds to the distal portion of the adult wing. The pattern elements
which correspond to the radial elements in the pattern (the veins or intervein
midlines) correspond to selector genes characterized from Drosophila melan-
ogaster. The pattern elements corresponding to the spacing of the concentric
rings have not been characterized from Drosophila melanogaster and may
represent genes involved in the proximal-distal specification of the wing.

The pigmentation patterns in these species of Drosophila suggest that
there may be expression patterns of genes involved in the proximal-distal
patterning of the wing which are tagged by genes controlling pigment ex-
pression. The most obvious example of specification of position along the
proximal-distal axis in D.melanogaster is the expression of the campaniform
sensilla. The campaniform sensilla are arranged in a specific pattern along
third longitudinal vein. The placement of the anterior cross vein is always
associated with the campaniform sensillum ACV. In crossveinless mutants,
the sensillum is formed even though the vein is not expressed. There is at
least on species of Drosophila (D. guttifera) which has pigment spots marking
each campaniform sensillum (Dickinson, pers. comm.)

The achaete-scute gene complex is involved in the formation of cuticular
structures, including neural structures like the campaniform sensilla (De
Celis et al., 1991). Two homeobox genes, araucan and caupolican, provide
a link between expression of genes in the achaete-scute complex and the
vein patterning gene rhomboid (Gomez-Skarmeta et al., 1996). Expression
of these genes in symmetric patches on either side of the dorsal-ventral
boundary near the anterior-posterior boundary and is required for proper
development of the sensilla (Gomez-Skarmeta & Modolell, 1996).

The achaete-scute complex lies on the X chromosome near the yellow
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gene and the two regions appear to be inter-related (Okladnova & Georgiev,
1992). The yellow-achaete-scute complex shows very low levels of recombina-
tion in D.melanogaster (Macpherson et al., 1990) and low levels of variation
in natural populations of D.melanogaster (Aguade et al., 1989) and D.simu-
lans (Begun & Aquadro, 1991). It is likely that this complex has remained
intact across the entire genus.

The yellow gene has been sequenced in D. melanogaster (Chia et al.,
1986) and its expression is regulated by tissue-specific enhancers located
near the 5’ region and in the intron (Geyer & Corces, 1987). Each enhancer
plays a role in the pigmentation of a specific body region. Alterations in
the regulatory sequence have effects on pigmentation pattern in Drosophila
melanogaster (Geyer et al., 1990) (Martin et al., 1989).

The role that the yellow gene plays in the pigmentation of Drosophila
melanogaster makes it a likely candidate for regulating the expression of
wing pigmentation patterns in other species of Drosophila. Given that the
enhancers of the yellow gene in Drosophila melanogaster respond to an up-
stream signal to produce pigmentation along the wing veins, it is not too
difficult to imagine that similar enhancers could function in other species
to produce more complex pigmentation patterns. Thus, the mechanism by
which the evolution of complex pigmentation patterns proceeds may involve
evolution of the enhancer system of the yellow gene.
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