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Abstract:
I describe the interspecific variation of the wings and legs across 31 different species of
Drosophila. This project is an expansion of previous work on the interspecific variation of
Drosophila wings (Houle et al., 2017). I wanted to understand if the wings and legs have similar
rates of evolution. Using the ordinations of the wing and leg traits, I saw the trend that similarly
related taxa were grouped more closely together when using the wing traits. Phylogenetic
heritability scores indicated that the wing traits follow the phylogeny better than the leg traits.
These two findings were indirect evidence that the rates of evolution are different between the
two appendages. A phylogenetic mixed model found that the leg traits are evolving more rapidly
than the wings. There may be several ecological or developmental explanations for these
findings. This project has the potential to better describe how development affects the
evolutionary rates of different appendages. More importantly, this document can provide some
insight into how to compare the rates of divergence in an interspecific model system.

Introduction:
Wings are one of the traits that reflect the vast geographical ranges and diversity achieved
among class Insecta. The functional role of the wing is to provide enough lift to allow for a
controlled flight. Some of the many functions that wings facilitate include fleeing from
predators, finding food, mating behavior, spreading progeny, etc. Because of the diverse weights,
diets, ecological ranges, and behaviors employed by different species of insects, I expected that
there was a lot of interspecific variation within the wings of Drosophila. This thought was
supported by a comparative study of dragonfly wings by Johansson et al. (2009). Johansson et al.
found that there were differences in wing traits based on migratory behaviors. With the evidence
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presented from this study coupled with the many apparent differences seen among insect wings
(i.e. wing shapes in butterflies, moths, and grasshoppers), I thought that this hypothesis would be
true for fruit flies.
However, observational work compiled by Houle et al. 2017 found that the wings are
changing slowly over time relative to other morphological features (Houle et al., 2017). This was
based on an analysis of the wings in over 117 different Drosophila species. They discovered that
there was not much interspecific variation between Drosophila wings and that the wing’s shape
and vein placements evolved at a relatively slow rate.
I wanted to add to the work done by Houle et al. 2017 and understand the intraspecific
variation between the leg traits. With this, I wanted to characterize the variation seen across the
genus Drosophila. Significant comparative work has been done in understanding the
mechanisms that control leg development in fruit flies (De Celis, 1998; Mardon, 1994).
However, no analyses have yet addressed the morphological correlations between the wings and
legs. I want to describe these trends, see the degree of variation in the legs in comparison with
the wings, and test whether the legs change at similar rates as the wings.
Our experiment used 31 species of fruit flies in the genus Drosophila and 1 outgroup
species in the genus Scaptodrosophila. Species in the genus Hirtodrosophila, Mycodrosophila,
and, Zaprionus were treated as Drosophila because they are more closely related to species of
Drosophila than the outgroup. Because of the many different ecological ranges and diets
expressed in Drosophila species, these model organisms are practical and useful for answering
questions regarding morphological correlations in the wings and legs.
Allometric scaling is the change in a trait in relation to proportional changes in other
body parts (West et al., 1997). This is an important aspect of my study because these
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correlations can show differences in morphological structures across species. I wanted to
understand how the wings scale with legs across the taxa in my study.
A phylogenetic tree shown in Fig. 1 will be used in my study to account for phylogenetic
relationships. Analyses that consider phylogenetic relationships are collectively called
comparative phylogenetics. These methods have been effective in understanding comparisons of
similarly related organisms in relation to a specific trait or morphology (Tanaka et al., 2009).
The purpose of my study is to characterize the correlations between wing and leg traits
among species of the genus Drosophila. The rates at which wings and legs evolve will be used to
reconstruct the evolutionary trends found within Drosophila. This project is important because it
can potentially answer many broad questions involving allometry, development, and
evolutionary trajectories.

Materials and Methods:
Collecting wild fruit flies
I.

Bucket Collection
In order to attract fruit-eating flies, I used buckets of mashed bananas. A dozen mashed

bananas were used in each bucket. This banana mixture was added to a flat-bottomed bucket,
filling the bucket to at least 2 inches. I placed the bucket outside in a shaded location and let it
ferment for a day, keeping the lid of the bucket partially on to stop water accumulation from rain
or morning dew. Collection proceeded this the following day, around 6:00 – 7:00 pm during
Winter and 7:00 – 8:00 pm during Summer. I also collected in the early mornings as well.
When approaching the bucket to collect, I made sure not to let my shadow touch the
bucket because the files would be startled and flee. The fly collecting net was placed directly
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atop the bucket whilst extending it into a cone. I gently kicked the bucket and the startled the
flies would fly upwards into the extended net. I made wide swooping arches in the air to catch
additional flies. With my free hand, I placed a food vial inside of the net to collect the flies, then
plugged the vial to secure the collected flies.
II.

Mushroom Collection
Mushrooms generally grow after there has been recent rainfall. I found wild mushrooms

on nature trails or in local parks. Typically, there are only a handful of flies on a specific patch of
wild mushrooms. On days when I collected, I was able to find multiple patches of mushrooms or
bracket fungi that were fresh enough to attract Drosophilid flies. Once I found a good patch of
mushrooms, I placed an extended fly net over the patch and disturbed the mushroom patch. The
flies would then fly up into the net. I made wide swooping motions through the air to catch any
straggling flies that escaped around the extended net. Food vials were used to collect the flies
from the net.
This process was repeated on the same mushroom patch after around 15 minutes. The
flies that I scared away returned shortly after. I made sure to double-back on previously collected
mushroom patches. I made sure that I had sufficient time intervals between collections to
increase the total flies captured.
III.

Flower Collection
Some Drosophila species are known to eat and oviposit on the petals of certain flowers. I

have seen these flies on many different flower species, yet they seem to prefer long petaled
flowers. Most of the Drosophila species blend with the yellow and brown colored flowers;
however, they are quite easy to spot on darker colored flowers like petunias and morning glories.

Murray 7
For my purposes, I located a local flower nursery in Tallahassee where there are many flower
types in bloom year-round (Table 1). I used an entomologist’s aspirator for this process.
I approached the fly slowly with the aspirator. I placed the “collecting end” an inch or
two away from the fly and swiftly pushed the collecting end toward the fly as I sucked into the
“sucking end.” The fly was now in the collection vial. I repeated this process until I felt satisfied
with the number of flies I have captured.

I
I
II
III

Method
Location
Address
Time of year
Bucket Collection
Tom Brown Park
443-557 Easterwood Dr, Tallahassee, FL 32311 Jun - Jul 2018
Bucket Collection
Torchlight Townhomes Apt# 2604 228 Dixie Dr, Tallahassee, FL 32304 Aug - Dec 2018
Mushroom Collection Elinor Klapp-Phipps Park 4000 N Meridian Rd, Tallahassee, FL 32312 Oct - Nov 2018
Flower Collection
Tallahassee Nurseries
2911 Thomasville Rd, Tallahassee, FL 32308
Oct-18

Table 1| Methods of collection and their respective locations, addresses, and time of year they
were occurring.
Species identification
I sorted the flies into their respective species within a day or two of collection. I used an
identification key to identify many of the species local to Tallahassee (Strickberger, 1962). D.
suzukii and Zaprionus indianus were not listed on the keys. They were later identified by Dr.
David Houle. One of the Hirtodrosophila species I collected from bracket fungus was also not
present in the Strickberger key. We compared these to previously unidentified Hirtodrosophila
specimens collected more than 10 years ago and we noted that it was the same species. This fly
was added to the phylogenetic tree as “H. sp.”
Other species
Dr. Scott Pitnick from Syracuse University is working with us and other researchers by
measuring many different Drosophila phenotypes. His lab group donated the following list of
species to measure for a larger series of observational studies (Table 2). This project is EAGER:
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Drosophila evolutionary phenomics: Public resource to support genotype-phenotype studies
(NSF Award Number 1811805)
Gifted Drosophila Species
D. bifurca
D. mojavensis
D. santomea
D. bipectinata
D. parabipectinata
D. virilis
D. erecta
D. pseudoananassae
D. willistoni
D. malerkotliana
D. pseudoobscura
D. yakuba

Table 2| List of species gifted to our experiment from Dr. Scott Pitnick at Syracuse University. D.
pseudoananassae was not included in our final analysis because we did not have enough adults to
image.
Recipe of the modified cornmeal-molasses medium
Water 2.9 liters (L), Agar 24 grams (g), Cornmeal 160 g, Yeast 60 g, Molasses 0.2 L, Methylparaben 4 g,
Propionic acid 12.5 mL.

The agar was added to 1.5 liters of water and cooked below boiling for 8 minutes. Yeast,
cornmeal, and molasses were mixed together with the remaining water in a different mixture. This
was then added to the agar-water. This was cooked for an additional 10 minutes below boiling. I
would mix the food every 30 seconds to prevent burning. The propionic acid and methylparaben
were added when the mixture cooled to 40°C. Methylparaben was dissolved in 10 mL of 95%
ethanol. I dispensed the food after this addition.
Fly propagation
I kept the wild flies on a modified cornmeal-molasses medium with methylparaben
(15mL per 1L of food) to subdue fungal growth. I typically transferred adult flies into new vials
of food after allowing the flies ~5 days of mating and egg laying to prevent adult-offspring
competition inside of the vials. Vials were checked for desiccation and bacterial and/or fungal
infections. If some species consistently did not do well on this cornmeal-molasses medium, I
would score the food vials with a sanitized knife to increase the surface area of exposed food,
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this also helped early instar-larvae puncture the medium’s surface. The knife was sanitized by
wiping it with a Kimwipe and 70% ethanol.
Appendometer - imaging apparatus and process
Wing imaging:
I began imaging by using FlyNap® to anesthetize the flies. I had two previously made
imaging slides ready for the imaging process. A vacuum was applied to the imaging slides and
the wing and legs were fit into place. The wings and legs were imaged by using a digital camera.
The imaging apparatus (appendometer) is described in detail by (Houle et al., 2003). Our lab has
modified this apparatus to include a leg machine or a leg-imaging module. I further modified this
by taping the leg machine’s glass sides to have a wider area, allowing for larger fly species’ legs
to fit into place with ease.
I placed two landmarks on the base of the wing with our imaging software. One was
placed near the notch between the alula and the proximal posterior lobe of the wing blade (See
Fig. 1 & 2 for these points). The other landmark was applied to the humeral break. These
landmarks served as a starting point for the Wings 4 software
(https://www.bio.fsu.edu/~dhoule/software.html). Once I applied the manual landmarks, Wings
fits the splines, which gives the landmark locations and the vein curves. The semi-landmarks are
even spaced between landmarks using CPR (Houle et al., 2003). Because of poor lighting,
improper wing placement, dirt, or other obstructions, the automatic measurements contained
errors that were sometimes incorrectly defining the coordinate points. Wings 4 had an outlier
detection program that ranked the outliers in order of increasing severity. We can edit the
placement of the splines in Wings 4 that can correct these errors.
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After splining was complete, CPR 64 bit read and adjusted the wing’s splines even
further to ensure greater accuracy in their measurements. This was done by applying semilandmarks to the images in order to decrease the distortions that are not biologically meaningful.
Wing shapes were scaled by conducting a Procrustes analysis that properly rotates and scales the
wing landmarks.

Fig. 1| Image of a female D. hydei. The legs were measured from joint in the femur, as seen by
the tips of the blue arrows. The tips of the red arrows served as the starting points for the wing
measurements.
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Fig. 2| Female D. falleni wing with the 49 individual coordinate points placed by the Wings 4
software. The L1 vein is colored red, L2 vein is purple, L3 vein is bright yellow, L4 vein is blue,
and the L5 vein is green. Unfilled colored circles represent the position of a coordinate point.
Leg imaging:
I digitally placed three landmarks to the anterior side of each joint between the coxa and
femur joints when imaging the legs. This told the software, legs, where to start measuring each
leg. Legs placed landmarks between the joints connecting the femur to tibia and tibia to tarsis.
The many tarsal segments after the tibia are treated as a unit called the tarsis. Legs then traced
the midline of each leg segment. The lengths of each segment were found by calculating the
midline length (Fig. 3). This allowed the program to trace along a curved or jointed segment, like
the tarsis region. Errors arose from obstructions in the image, poor lighting, and improper leg
placement. An outlier program (written by Kevin Doheny) categorized leg outliers in order of
their severity. These outliers were either rejected because they were incorrectly measuring a
segment or noted as outliers in the data set. Incorrectly measured segments were excluded from
the final data set. Actual outliers were kept in the final data set. Lengths in pixels were converted
to millimeters by multiplying the scale of the image by each individual segment length.
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Fig. 3| Image of a male D. affinis. Lengths were measured along the medial green line. White
crosses denote the ends of each leg segment.
Measurements
The measurements of the wings included the vein lengths, x, and y coordinate points, and
the centroid size (CS). Centroid size is the square root of the summed squared distances of every
landmark to the general centroid (Bookstein, 1991). (See Fig. 2 for measurement placements on
the wings).
The measurements of the legs were the length of each leg, the lengths of each segment
(i.e. the femur, tibia, and tarsi), the lengths of multiple segments combined, the widths of each
segment, and the general shape of each leg (Fig. 3). The leg widths were not used in this study
because of unavoidable inconsistencies with the leg orientation when imaging. Leg segments
were standardized by taking the ratio of each segment to the average of the nine segment lengths.
This was done to capture the relative size of each leg segment and control for extreme values.
Evolutionary rates measurements
I calculated the area of the wing between the outer points of the L1 vein (shown in Fig.
1). These include the three points along the costa (shown in aqua at upper right), and the points
along the red spline with the exception of those proximal to the intersection of vein L1 and the
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costa. The square root of the area was used as the measure of wing size. I calculated the lengths
of veins L2, L3, L4, L5 and wing width using the distance formula between landmarks. These
lengths and widths were then divided by the square root of area to get size-standardized values.
I divided the segment lengths by the average leg segment lengths to get 9 individual
standardized lengths. For convenience, all wing and leg measurements were multiplied by 100.
This allowed the comparison of wing and leg lengths.
Phylogenetic tree
My phylogenetic tree was derived from van der Linde, et al. (2010) and Russo, et al.
(2013) (Fig. 4). Van der Linde, et al. (2010) estimated the phylogeny of 176 different
Drosophilid species from 4333 base pairs and ﬁve genes using Bayesian and maximumlikelihood methods. Russo, et al. (2013) estimated the phylogeny of 358 species from 9917 base
pairs of the coding regions of 6 nuclear genes using maximum-likelihood methods.
Most of the species used in this experiment were included on the Russo, et al. (2013) tree.
If a species was not on the Russo, et al. (2013) tree I looked for the species on the van der Linde,
et al. (2010) tree, I then added that species to the Russo, et al. (2013) tree by replacing the name
of sister taxa or other closely related taxa (The composite tree is shown in Fig. 4).
Drosophila suzukii was added to the tree as a sister-taxa to Drosophila lucipennis
because they are very closely related. D. falleni replaced D. kuntzei. D. florae replaced D.
canalinea. D. malerkotliana replaced D. pallidosa. Hirtodrosophila duncani replaced D. sucinea.
These species were very closely related but were not sister taxa on the van der Linde, et al.
(2010) tree. H. sp replaced H. confusa because it was a Hirtodrosophila and it was an
intermediate in respect to its relatability to other Hirtodrosophila. The sister taxa
Mycodrosophila claytonae and Mycodrosophila dimidiata replaced the sister taxa group: M.
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takachi and M. shikoku respectively. Table 3 shows the species and their replacement taxa. I
added taxa to the modified tree by using the software Mesquite (Version 3.51) (Maddison &
Maddison, 2018). Every species was present in either Russo, et al. (2013) or van der Linde, et al.
(2010) trees.

Fig. 4| The modified phylogenetic tree showing the relatedness of the 31 taxa. Identically colored
ovals show sister taxa groups used in multivariate analyses.

Species
D. falleni
D. florae
D. malerkotliana
D. suzukii
H. duncani
H. sp
M. claytonae
M. dimidiata

Replacements
D. kuntzei
D. canalinea
D. pallidosa
D. lucipennis
D. sucinea
H. confusa
M. takachi
M. shikoku

Table 3| Species that were not listed on Russo, et al. (2013) and their respective replacement
taxa.
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Statistical analyses
Regressions of the centroid size (CS) in wings on leg lengths were used to determine
whether the wings and legs follow a 1:1 allometric relationship. Log(CS) is the dependent
variable and log(leg lengths) are the independent variable. The slope, standard errors, and
correlational tests were calculated using Pearson's product-moment correlation test in R (Version
3.5.2) using the cor.test() function (R Core Team, 2018).
Lory was used for visualizing differences in wing shape. It shows the variation of an
averaged species’ wing traits in relation to a reference wing (Márquez et al., 2012). Relative
expansions and contractions indicate where a species mean landmarks change in relation to the
reference wing (D. melanogaster was used as the reference wing). The scale is log2x. So, 0.1 =
1.0718 = 7.18% expansion relative to the baseline. These changes were indicated by color
differences across the wing (See in Results section Fig. 6). Compressions were cold colors
(blues) and expansions were warm colors (reds and oranges). Small blue arrows indicate the
direction of landmark changes.
Principal component analyses (PCA) were computed using the function prcomp() in the
stats package of R. The wing PCA used the averaged 49 coordinate points. Leg PCA used the 9
average standardized traits for each species. Principal component analyses were chosen as an
analysis tool because of their applications in understanding the variation across several traits per
observation. Groupings of sister taxa and related species were used to gauge whether the wing or
leg traits better estimated the similarities of taxa from my modified tree.
Neighbor-joining trees (NJ) were constructed for both the wings and legs based on the
species means. The wing neighbor join tree used the 49 shape coordinate points, and the leg tree
used the 9 size-standardized lengths. The maximum-likelihood distance matrix was computed by
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using the dist() function in R. NJ was calculated using nj() in the ape package (Paradis et al.,
2004). The resulting NJ trees were plotted using the function plot.phylo() from the ape package.
Groupings of sister taxa and similarly related species were used to see whether the wing or leg
traits better predict related species.
To quantify whether the wings or legs are better at predicting relatedness of
species, the phylogenetic mixed model system was used to calculate phylogenetic rates and
heritability. Phylogenetic heritability is the average proportion of variation in a trait that is
explained by a given phylogenetic tree assuming a Brownian motion model of evolution
(Housworth et al., 2004). The rate estimations are the total variances between and across species.
The total variance is the Brownian motion variance plus the rest of the variance that is not
explained by the tree. These estimations were found by using the AIREML algorithm in the
program WOMBAT (Meyer, 2007).

Results:
Evolutionary allometry
I found that the wing centroid size and leg lengths are not significantly different from a
1:1 size relationship (Fig. 5). The centroid size and 3 leg lengths are highly correlated (r2 半 0.8)

across all 31 species. The slopes were close to 1 between the three wing and leg correlations.

Log first leg length and log centroid size had; slope = 0.950 ± 0.074 (slope ± S.E.). The second
leg length and Centroid size had a slightly larger slope and the same standard error as the first
correlation; slope = 0.980 ± 0.074. Leg length 3 and Centroid size had an intermediate slope
compared to the two other correlations; slope = 0.961 ± 0.076.
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A.

B.
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C.

Fig. 5| The wing and leg size relationships. A blue diamond is a species centroid size and
respective leg length. The italicized name above the diamond is the species name. All slope
values have their respective ± standard error values. A. The correlational plot of the log leg
length 1 and log Centroid size. R^2= 0.84, slope= 0.950 ± 0.074. B. The correlational plot of the
log leg length 2 and log Centroid size. R^2 = 0.86, slope= 0.980 ± 0.074. C. Relationship of the
log leg length 3 and log Centroid size. R^2 = 0.84, slope= 0.961 ± 0.076.
Interspecific wing and leg variation
Lory interprets the movements of landmarks as the result of expansions/contractions of
the area between the landmarks relative to a reference shape. Fig. 6 shows various species
relative to the wing of D. melanogaster as the reference shape. The compressions and expansions
seen in sister taxa were generally similar in intensity and placement. In D. acutilabella and D.
cardini, there were increased distances between the cross-veins. When looking at D. simulans in
reference to D. melanogaster there are relatively small changes between the wings. There is a
considerable expansion on the anterior compartment of the wing. There are also expansions
along the L2 vein. Hirtodrosophila claytonae and Hitrodrosophila dimidiata show significant
parallel expansions on the intersection of the L1 and L2 veins. They also express different
expansions near the L4-L5 cross-vein.
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A.

D. cardini

C.

H. dimidiata

E.

B.

D.

D. simulans

D. acutilabella

H. claytonae
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Fig. 6| Lory wing plots of 3 sister taxa groups relative to D. melanogaster. A. and B. are close
sister taxa, C. and D. are more distant sister taxa. E. is the most related species to the reference
wing used in the Lory comparisons. Blue colors are compressions and red/orange colors are
expansive regions of the wing in comparison to the reference wing (D. melanogaster; not listed).
Small blue arrows indicate the linear direction of compression.
Principal component analyses
Principal component analyses (PCA) were run on the wings and legs. The relative
location of species means in the space defined by the principal components axes allows us to
visualize the similarity of species. Of the 10 sister taxa included in my analysis, I focused on
using the 6 pairs listed in Table 4. Three pairs are more closely related than the other pairs
denoted as the “close” and “more-distant” set. The close groups were sister taxa pairs with
divergence times substantially more recent than in distant groups.

Group
I
II
III

Close sister taxa groups
Species Names
D. melanogaster & D. simulans
D. bipectinata & D. parabipectinata
D. santomea & D. yakuba

Distant sister taxa groups
Group
Species Names
IV
M. claytonae & M. dimidiata
V
D. bifurca & D. hydei
VI
D. acutilabella & D. cardini

Table 4| Closely related pairs (I, II, and III) are listed on the left and the more distant sister taxa
pairs (IV, V, and VI) are on the right.
Wing PCs:
Sister taxa generally are quite close to one another in the wing shape PCA space (Fig. 7).
Groups I, II, and III were closely placed along both the 1st and 2nd PCs. Groups IV, V, and VI
were not as closely grouped together on the 1st and 2nd PCs as the first 3 pairs of sister taxa. This
suggests that the degree of similarity of the wings closely follows the phylogeny.
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Fig. 7| Wing trait PCA with the 31 taxa used in this study. Identically colored ovals indicate
sister taxa groups.
Leg PCs:
Leg PCs shows that similarly and non-similarly related species do not follow the
phylogeny well. Group I was placed close to each other on the 2nd leg PC (Fig. 8). Group II was
distant on both the 1st and 2nd leg PCs. Group III was close together on the 1st PC but not on the
2nd PC. Group IV was distant on the 1st PC but close on the 2nd PC. Group V was close together
on the 1st and 2nd PCs. Group VI was distant on the 1st PC but close on the 2nd PC. Comparison
of Fig. 7 and 8 shows that sister taxa and distant taxa are less similar in the leg PC space than in
the wing PC space.
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Fig. 8| Standardized leg trait PCA with 31 taxa. Identically colored ovals indicate sister taxa
groups.
Neighbor-joining trees
Neighbor-joining trees (NJ) were used to summarize similarities based on the wing and
leg traits. These neighbor-joining trees were compared to the modified phylogeny to see whether
sister taxa were grouped more closely together. I present the NJ trees as ultrametric for
visualization purposes, yet they were not constructed by ultrametric methods.
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Fig. 9| Neighbor-joining tree using the wing traits for 31 taxa. Identically colored ovals indicate
sister taxa groups. Red arrows indicate where sister taxa on the phylogenetic tree are close
neighbors in the NJ tree.
The wing neighbor-joined tree (NJ) generally laced sister taxa close to one another (Fig.
9) Groups I and II were close to one another on the NJ tree. Group III was grouped together as
having similarities. The leg neighbor-joining tree resulted in a scattered placement of taxa
relative to species phylogenetic relatedness (Fig. 10). Group III showed up as the most similar
taxa in the leg tree. Group V was part of a polytomy.
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Fig. 10| Neighbor-joining tree using the standardized leg traits for 31 taxa. Identically colored
ovals indicate sister taxa groups. Red arrows indicate where a group was placed as sister taxa or
very similarly related.
Phylogenetic heritability
I used a phylogenetic mixed model to calculate the phylogenetic heritability of both the
wing and leg traits (Table 5). The first 5 principal components from the wings and legs were
used in this analysis. The results from this system showed that the wing traits have a high
phylogenetic heritability score for principal components 1, 2, 3, and 5 (H2 半 0.8). The 4th wing

principal component had a low phylogenetic heritability (H2 判 0.4).
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Real trait Algorithm
leg PC1
Powell
leg PC2
AIREML
leg PC3
Powell
leg PC4
Powell
leg PC5
wing PC1 AIREML
wing PC2 AIREML
wing PC3 AIREML
wing PC4
Powell
wing PC5 AIREML

2

H
0.358
0.92
0.377
0.358
0.999
0.999
0.864
0.378
0.896

Table 5| Results from the phylogenetic mixed model. H2 is the phylogenetic heritability. The
algorithm column indicated which model was used; when AIREML did not fit, the Powell
algorithm was used. The real traits were the first 5 principal components from both the wings
and legs. The 5th leg principal component did not fit the model under any algorithm.
The legs had a very high phylogenetic heritability score for the 2nd principal component.
Leg principal components 1, 3, and 4 had low phylogenetic heritability. The 5th leg principal
component was not able to be fit in a model under any algorithm. Overall, the wing traits had a
substantially higher phylogenetic heritability score than the leg traits (Table 5).

Evolutionary rates
The rates are looking at vein lengths standardized by wing size to make numbers comparable to
the leg lengths standardized by segment size. Wing width had very little total variance (Table 6).
The L2 vein length had a very high total variance. The 3rd tarsi had the highest variance in the leg
traits. The tarsis lengths had the most variation when compared to other leg segments. Tibias had
the lowest total variance when compared to other leg segments. Overall, the average Brownian
variance was found to be higher in the wings than legs. However, the average total variances
were substantially higher in the leg traits (Table 6).
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Traits
Brownian Variance Total Variance
L2 length
96.7
101.1
L3 length
6.5
18.5
L4 length
13.8
42.7
L5 length
10.9
12.9
Wing width
1.3
4.8
Femur1
8.6
54.6
Tibia1
6.4
18.9
Tarsi1
17.5
59.0
Femur 2
5.9
39.8
Tibia 2
8.9
19.3
Tarsi 2
16.1
91.5
Femur 3
10.9
57.6
Tibia 3
5.8
28.4
Tarsi 3
33.2
129.5
Average Wing
25.8
36.0
Average Leg
12.6
55.4

Table 6| Evolutionary rate estimations of the wing and leg traits with their respective Brownian
and total variances. The total variance is the Brownian motion variance plus the remaining
variance not explained by the phylogenetic tree.
Discussion:
In this project, I characterized the relationship between wing and leg morphology using
several approaches. Overall, I found evidence that appendage sizes seem to vary the same
amount. Shapes vary more in legs than wings. Wing shapes have a higher phylogenetic
heritability than leg shapes. That is, wing variation follows the phylogeny more closely.
First, I will discuss the relationships of mean sizes, and then the detailed relationships
between wing and leg shape using multivariate analyses and comparing their ordination to
phylogenetic relationships among species. Then I will discuss how well the wing and leg traits
follow phylogenetic relationships by interpreting their respective phylogenetic heritability scores.
Finally, I will discuss the rates of evolution and their relationships with ecological hypotheses.
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The wing and leg sizes are tightly correlated, and the slopes are close to a 1:1 allometric
scaling relationship. This relationship is seen in many morphological associations across the
animal kingdom; a classical example is the 1:1 increase in basal metabolic rate and total body
weight across mammalian species (Elgar & Harvey, 1987). These structures have similar
scalings because as a fly species evolve longer leg appendages, the wings must evolve larger in
response and vice versa. Because the legs have larger total variances than the wings, this thought
is supported. In other words, the legs evolve more often and the wings
The visualization of wing shape showed that there were similar regions of expansions and
compressions in the wing among related taxa. Because of the recent divergence of these closely
related taxa, there has not have been enough time for mutations to accumulate that would allow
for changes in the gene expression and or protein translation of the developing wings. Ecological
factors also could affect the similarities in gene expression. Because closely related species are
generally phenotypically similar, they may be occupying the same niche and would thus be
influenced by similar selection pressures. These similar selection pressures may be caused by a
lack of time to allow for these species to specialize in different niches. Another possible
explanation for this is that species with similar niches may remain similar due to stabilizing
selection. I have no relevant data that favors these hypotheses, they are however interesting
routes for future experimentation.
The ordination of wing traits showed that species reflected their placements according to
our phylogenetic tree. The 1st and 2nd principal component axes explained most of the variation
in the wings and legs. Principal component analyses of the legs showed that the 3 closely related
pairs were generally not grouped together. The more closely related a pair of species is means
that they will have similar variances in their wing traits. An explanation for this finding could be
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that the evolutionary rates between the wings and legs are different. Specifically, the legs are
more rapidly changing over time than the wings. This speculation was true, that the legs have a
substantially higher total variance than the wings. This means that the leg traits are evolving
more rapidly than the wing traits.
Neighbor-joining trees described how similar the wing and leg traits are across taxa.
These similarity trees displayed that there was on average better predictions of phylogenetic
relationships for the wing traits. This is an indication that the wing traits are not evolving as fast
across taxa as the leg traits, which is further supported by the wing principal components better
explaining a taxa’s relationship on a phylogenetic tree. Because of the different functional roles
of the two structures, there are selective pressures that speed the rate of evolution in the leg traits
while having a reduced effect in the wing traits. The leg traits may have an increased
evolutionary rate because the flies are specialized for different substrates due to what fruit/food
they feed on. Legs are further specialized given if a species has sex-comb bearing males. There
are also mating rituals involving the forelegs that are diverse across species (Amrein, 2004).
Wings do not change much because they are used in the same function and environment across
different species.
Phylogenetic heritability scores were on average higher for the wing principal
components than the legs. The phenotypic variation in wing traits better explains the relationship
of taxa on the phylogenetic tree. An explanation for the increased amount of phylogenetic
heritability (H2) in the wing traits is that their rates of change are low for typical morphological
phenotypes (Houle et al., 2017). A reason for the lower phylogenetic heritability in leg traits
could be that the leg traits are diverging in ways that do not follow a taxa’s position on a tree.
The leg traits may be evolving slowly but changing in ways that are less predicted by the

Murray 29
phylogeny. For instance, more distant sister taxa groups seem to be more similar on leg PCs than
recent sister taxa groups. The opposite is true in more recent sister taxa groups where their
placements on leg PCs are grouped worse than more distantly diverged sister taxa pairs.
The total variance was higher on average in the wings than leg traits. This means that
there is a higher rate of evolution in the legs than wings under the phylogenetic mixed model. An
interesting finding is that the wings have a higher amount of variance across species than the leg
traits. This is due to the L2 vein length having a very large variance compared to other wing
traits. Other wing traits like the wing width are quite small in comparison and account for the
relatively small total variance. The L2 vein and its connection with L1 are very flexible in
placement across species and could be an explanation for why its length is so variable in my
model (Houle et al., 2017). The tarsi have very high variance and partially account for the fact
that the legs are evolving faster than the wings. An explanation for this finding could be that
because the tarsi are in contact with the substrate of which the fly is feeding on, it is under
stronger selective pressure than other leg segments. This strong selective pressure would cause it
to evolve faster according to the specific niche and environment of that fly species.
Overall, I described that the wings and legs follow a tight 1:1 relationship in total size.
The wing principal components better estimate similarly related species than the leg traits.
Neighbor-joining trees better showed similarities of related taxa using the wing traits.
Phylogenetic heritability scores were much higher in the wings and the total Brownian variance
was lower in wings. The wings are evolving slower than leg traits which is evident from the
several analyses I used. There are many ecological and environmental hypotheses that could
explain this finding, but future experiments would need to be obtained to test these claims.
Future
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Tanaka, et al. (2009) is especially useful for my experiment because it can help
understand where there might be variation within the Drosophila genus. Tanaka, et al. (2009)
measured the sex-combs of 11 different Drosophila species and found that there were multiple
instances of the evolution of two different mechanisms of sex-comb development (Tanaka et al.,
2009). There may be an energetic cost associated with producing sex-combs that takes resources
away from other parts of the leg. There may be differences between the tarsus of sex-comb
bearing species and non-sex comb bearing species.
I also want to understand if sharing development patterns causes correlations among wing
and leg traits. I want to see if a relationship exists between the wing and second leg. The second
leg derives from an imaginal disc that is connected to the wing disc, while the first and third legs
derive from a different imaginal disc (Larsen, 1989). Comparisons of these appendages would
allow me to see if the wings share similarities in evolutionary rates with the second leg not seen
within the first or third legs. It would be significant to find correlations between the wing and
second leg that are not found within the first and third legs. This would lead me to believe that
deriving from a shared imaginal disc may have caused a similar evolutionary rate.

Acknowledgments:
I would like to thank Allison Weatherwax for imaging a substantial number of flies. Luke
Jones, Ryan Fortune, Suhavi Kaur, and Kevin Doheny were also very helpful in imaging and
image processing. I would also like to thank Dr. Jacqueline Sztepanacz and Luke Jones for
providing helpful comments. Dr. David Houle was instrumental by running the phylogenetic
mixed model and finding phylogenetic heritabilities and rate estimations. Dr. David Houle was
also very helpful with comments and tips with the project’s progression. I would also like to

Murray 31
thank my committee members; Dr. Scott Steppan and Dr. Peter Beerli for making comments on
the drafts of this document. Dr. Scott Steppan provided useful talks regarding the progression of
my project. Dr. Scott Pitnick was very generous by donating Drosophila species to my project

Murray 32
Bibliography:
Amrein, H. (2004). Pheromone perception and behavior in Drosophila. Current opinion in
neurobiology, 14(4), 435-442.
Bookstein, F.L. (1991) Morphometric Tools for Landmark Data. Geometry and Biology.
Cambridge University Press.
De Celis, J. F., Tyler, D. M., de Celis, J., & Bray, S. J. (1998). Notch signaling mediates
segmentation of the Drosophila leg. Development, 125(23), 4617-4626.
Elgar, M. A., & Harvey, P. H. (1987). Basal metabolic rates in mammals: allometry, phylogeny
and ecology. Functional ecology, 25-36.
Houle, D. et al. (2003). Automated Measurement of Drosophila Wings. BMC Evolutionary
Biology, 3:25.
Houle, D., Bolstad, G. H., van der Linde, K., & Hansen, T. F. (2017). Mutation predicts 40
million years of fly wing evolution. Nature, 548(7668), 447.
Housworth, E. A., Martins, E. P., & Lynch, M. (2004). The phylogenetic mixed model. The
American Naturalist, 163(1), 84-96.
Johansson, F., Söderquist, M., & Bokma, F. (2009). Insect wing shape evolution: independent
effects of migratory and mate guarding flight on dragonfly wings. Biological Journal of
the Linnean Society, 97(2), 362-372.
Larsen, E. (1989). Ultrastructural Aspects of Prepupal Leg Development in Drosophila.
Transactions of the American Microscopical Society, 108(2), 159-168.
Maddison, W. P. and D.R. Maddison. 2018. Mesquite: a modular system for evolutionary
analysis. Version 3.51. URL: http://www.mesquiteproject.org.

Murray 33
Mardon, G., Solomon, N. M., & Rubin, G. M. (1994). Dachshund encodes a nuclear protein
required for normal eye and leg development in Drosophila. Development, 120(12),
3473-3486.
Márquez, E. J., Cabeen, R., Woods, R. P., & Houle, D. (2012). The measurement of local
variation in shape. Evolutionary biology, 39(3), 419-439.
Meyer, K. (2007). WOMBAT—A tool for mixed model analyses in quantitative genetics by
restricted maximum likelihood (REML). Journal of Zhejiang University Science B, 8(11),
815-821.
Paradis, E., Claude, J., & Strimmer, K. (2004). APE: analyses of phylogenetics and evolution in
R language. Bioinformatics, 20(2), 289-290.
R Core Team (2018). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL: https://www.R-project.org/.
Russo, C. A., Mello, B., Frazão, A., & Voloch, C. M. (2013). Phylogenetic analysis and a time
tree for a large drosophilid data set (Diptera: Drosophilidae). Zoological Journal of the
Linnean Society, 169(4), 765-775.
Strickberger, M. W. (1962). Experiments in genetics with Drosophila. Experiments in genetics
with Drosophila.
Tanaka, K., Barmina, O., & Kopp, A. (2009). Distinct developmental mechanisms underlie the
evolutionary diversification of Drosophila sex combs. Proceedings of the National
Academy of Sciences, pnas-0807875106.
van der Linde, K., Houle, D., Spicer, G., & Steppan, S. (2010). A supermatrix-based molecular
phylogeny of the family Drosophilidae. Genetics Research, 92(1), 25-38.

Murray 34
West, G. B., Brown, J. H., & Enquist, B. J. (1997). A general model for the origin of allometric
scaling laws in biology. Science, 276(5309), 122-126.

