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Many developmental traits that are critical to the survival of the organism are also robust. These robust traits are resistant to

phenotypic change in the face of variation. This presents a challenge to evolution. In this article, we asked whether and how a

well-established robust trait, Drosophila segment patterning, changed over the evolutionary history of the genus. We compared

segment position scaled to body length at the first-instar larval stage among 12 Drosophila species. We found that relative segment

position has changed many times across the phylogeny. Changes were frequent, but primarily small in magnitude. Phylogenetic

analysis demonstrated that rates of change in segment position are variable along the Drosophila phylogenetic tree, and that these

changes can occur in short evolutionary timescales. Correlation between position shifts of segments decreased as the distance

between two segments increased, suggesting local control of segment position. The posterior-most abdominal segment showed

the highest magnitude of change on average, had the highest rate of evolution between species, and appeared to be evolving

more independently as compared to the rest of the segments. This segment was exceptionally elongated in the cactophilic species

in our dataset, raising questions as to whether this change may be adaptive.
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Many developmental phenotypes are critical to the survival and
fitness of the organism. These phenotypes are often observed
to be robust, in that they produce a stereotyped outcome de-
spite variation encountered during development (Wagner 2005;
Félix and Wagner 2006; Masel and Siegal 2009; Siegal and Leu
2014). The variation experienced in ontogeny can come in a va-
riety of forms including stochastic, genetic, and environmental
variation (Wagner 2005; Félix and Wagner 2006; Masel and Sie-
gal 2009; Siegal and Leu 2014). Some robust phenotypes have
specific mechanisms in place to ensure they are produced faith-
fully (Félix and Wagner 2006; Masel and Siegal 2009; Siegal
and Leu 2014; Nijhout et al. 2017). However, these same ro-
bust phenotypes do evolve over periods of evolutionary time
(Félix et al. 2000; Arthur and Chipman 2005; Lott et al. 2007;

“This article corresponds to Gandhi, P. 2020. Digest: Evolution of a robust
phenotype in Drosophila. Evolution. https://doi.org/10.1111/evo.13997.

Lott et al. 2010; Fowlkes et al. 2011; Félix 2012; Combs and
Fraser 2018). This poses a fundamental question: how do robust
traits evolve if the phenotypic variation necessary for evolution is
suppressed?

One such developmental phenotype is segmentation along
the head to tail (anterior—posterior) axis. Segmentation is the pe-
riodic repetition of anatomical structures. It is a shared feature
of three big animal phyla, annelids, arthropods, and chordates
(Davis and Patel 1999; Tautz 2004). In Drosophila, the founda-
tion of segmentation is laid during the beginning of embryogenesis
(St Johnston and Niisslein-Volhard 1992), when development is
under control of the maternal gene products, before the zygotic
genome is activated. Maternal gene products that are located in the
anterior and posterior parts of the fertilized egg set up a concen-
tration gradient along the length of the embryo (St Johnston and
Niisslein-Volhard 1992; Surkova et al. 2018). These maternal gene
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products regulate one another, and also regulate genes expressed
later in development by the zygote (St Johnston and Niisslein-
Volhard 1992; Surkova et al. 2018). This genetic network of
regulators, which has been well-established through decades of
critical study (Nisslein-Volhard and Wieschaus 1980; Kornberg
and Tabata 1993; Nasiadka et al. 2002; Niusslein-Volhard et al.
2008; Clark 2017) precisely divide the embryo into progressively
smaller subsections over embryonic development, until the correct
number of body segments is reached. At the end of the embry-
onic stage, a first-instar larva with a highly organized segmented
pattern of differentiated structures is produced.

As long as segmentation has been investigated, its funda-
mental role in Drosophila development has been clear, as defects
in this process can be detrimental (or lethal) to the organism
(Wieschaus and Nuesslein-Volhard 2016). Indeed, the lethality of
homozygous mutations in segmentation genes was critical to their
discovery in mutant screens (Wieschaus and Nuesslein-Volhard
2016). Subsequent generations of experiments using increasingly
advanced methods have demonstrated that in addition to being
critical, segmentation is a very precise process, with measure-
ments of expression domains of segmentation genes being highly
reproducible between embryos (Houchmandzadeh et al. 2002;
Gregor et al. 2007; Surkova et al. 2008; Jaeger 2010; Petkova et al.
2014; Bentovim et al. 2017). Additionally, research has shown that
segmentation can proceed correctly, while keeping its precision,
in the face of substantial perturbations. For instance, in a seminal
study launching the interface between the gradient of the maternal
gene bicoid (bcd) and its downstream target hunchback (hb) as
a model for understanding precision and scaling in developmen-
tal signaling, Houchmandzadeh et al. (2002), demonstrated that
the relative position of the Hb expression boundary (relative to
embryo size) was robust to substantial genetic and environmental
perturbations. This study tested genetic perturbations in the form
of mutations in important maternal genes or absence of whole
chromosomes, and found very little or no variation in the relative
position of Hb expression (Houchmandzadeh et al. 2002). More-
over, the standard deviation of the Hb expression boundary did
not show a significant increase with these drastic perturbations,
indicating that these genetic changes did not decrease precision
in the Hb boundary (Houchmandzadeh et al. 2002). There is also
substantial evidence that segmentation proceeds precisely in the
face of dramatic environmental perturbation. For example, when
whole (Houchmandzadeh et al. 2002) or two halves (Lucchetta
et al. 2005) of Drosophila melanogaster embryos were raised at
different temperature extremes after fertilization, inducing dif-
ferent developmental rates, expression domains were formed in
the same relative position and with the same level of precision
observed in control embryos, by the gap or pair rule stage of em-
bryonic development, respectively (Houchmandzadeh et al. 2002;
Lucchetta et al. 2005).
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The above studies, along with many others, show that
Drosophila segmentation is a complex trait that is robust to
many forms of variation (Driever and Niisslein-Volhard 1988;
Houchmandzadeh et al. 2002; Lucchetta et al. 2005; Manu et al.
2009b). It is perhaps unsurprising then that with the exception
of some Hawaiian Drosophila species (Spieth 1981), it is diffi-
cult to observe any gross differences in segment position, size
and shape, scaled to full body size, between adults of differ-
ent Drosophila species. However, over longer evolutionary time
scales, segment patterning can vary substantially between arthro-
pod species (Regier et al. 2010). At the early embryonic stage
in Drosophila, previous studies have shown small quantitative
differences in relative position of segmentation gene expression
domains between both closely related (Lott et al. 2007; Lott et al.
2010; Fowlkes et al. 2011; Combs and Fraser 2018) and more
distantly related species (Fowlkes et al. 2011; Wunderlich et al.
2019). Within a species, there is little evidence for variation in the
relative position of segmentation gene boundaries, with a few ex-
ceptions. For example, between D. melanogaster lines with vari-
able egg size, Lott et al. (2007) found no significant differences
in relative position of even-skipped (eve) stripe boundaries. Even
when lines with extremes of egg size were crossed to generate
the full range of embryo lengths between the parental lines, rela-
tive segment position was invariable between different genotypes.
However, between D. melanogaster lines that were subjected to
strong artificial selection for egg size, Miles et al. (2010) found
few small quantitative differences in eve patterning using three-
dimensional imaging techniques. And, Jiang et al. (2015) was
able to identify a line of D. melanogaster from the Drosophila
Genetic Reference Panel (Mackay et al. 2012) with altered even-
skipped pattern formation. It is not known, however, whether these
changes persist beyond the embryonic stage, or if these trends ap-
pear beyond the limited number of species examined. So, while
segment patterning is well documented to be robust, it has also
been demonstrated to have some small quantitative level of varia-
tion between species, and in some circumstances, within species.
Evolution of this robust trait does occur, and the presence of some
variation within species suggests that evolution of small changes
may be possible without causing catastrophic failure of pattern-
ing. Thus, we hypothesized that the evolution of segmentation
may occur by relatively small shifts, rather than rare large leaps.
This would require large sample sizes to detect.

To investigate the evolution of segment patterning systemat-
ically across a range of divergence times, we characterized seg-
ment position in single representative lines across 12 species of
Drosophila. These 12 species spanned the evolutionary history
of the genus (40 to 60 million years (Russo et al. 1995; Obbard
et al. 2012; Russo et al. 2013) and included three pairs of sis-
ter species. We measured position of each abdominal segment
relative to body length, referred to throughout the manuscript as



EVOLUTION OF SEGMENTATION ACROSS DROSOPHILA

D. ananassae

D. mojavensis
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Figure 1. Example larval images and description of measure-
ments. Dark field images of first-instar larvae are shown for three
species. Drosophila ananassae is presented as it is closest to the
mean of all species for segment positions, while D. persimilis and
D. mojavensis are exceptional, especially in the length of their
most posterior segments. Red lines mark the anterior border and
white lines mark the posterior border of denticle belts, which are
rows of bristles on the ventral surface of the animal and are rec-
ognized by our image processing program. The anterior border
of the denticle belt was used as a proxy for segment border. To
measure the position of an abdominal segment (e.g. A1) relative
to the body length (Y), the distance from the anterior border of
the larvae to the anterior border of that segment (X) is divided by
the total body size (Y). Region encompassing Head, T1, T2, T3 is re-
ferred to as "h+t" throughout the main text. T, thoracic segment;
A, abdominal segment.

relative segment position, in the first-instar larvae (Fig. 1). Larval
stage is the latest developmental stage where all segments are
visible and easy to measure, and the use of this stage facilitated
the measuring of more than a hundred larvae from each species.
We found that relative segment positions at the larval stage have
changed many times in the evolutionary history of Drosophila,
and that these changes were mostly small in magnitude, with
some larger changes. Most species-pair comparisons showed dif-
ferences in the relative position of most abdominal segments.
Most sister species were significantly different at every segment,
however, some of the most diverged species in our dataset showed
no differences in their patterning. The magnitude of differences in
relative position increased toward the posterior segments in most

species, most strikingly in Drosophila persimilis and Drosophila

mojavensis. Phylogenetic modeling showed that rate of segment
position change was highly variable among the branches along
the Drosophila phylogeny, and evolutionary rate changed even
between closely related species. Results of a correlation analysis
for position change between segments within species suggested
local control of segment position, as correlations decrease with
physical distance. Correlations of changes in the rate of evolution
of segment position between branches of the phylogenetic tree
also decreased with physical distance between segments. Overall,
these results demonstrate that this complex and robust develop-
mental trait does evolve, even over short timescales, and it does
so primarily by small frequent steps with occasional large leaps.
This may permit the evolution of novel patterns over long periods
of evolutionary time, without compromising the integrity of this
critical developmental phenotype.

Materials and Methods

SPECIES USED

We took relative position measurements of abdominal segments
from 12 Drosophila species spanning the evolutionary history
of the genus. These species were D. melanogaster, D. simulans,
D. sechellia, D. yakuba, D. santomea, D. erecta, D. ananassae,
D. pseudoobscura, D. persimilis, D. willistoni, D. mojavensis
wriglei, and D. virilis (Fig. 2A). We used the sequenced lines
from 11 of these species (Clark et al. 2007). For D. santomea, we
used stock #14021-0271.01 (The National Drosophila Species
Stock Center).

FLY HUSBANDRY AND POPULATION SIZE CONTROL
All flies were kept in plastic bottles in 20°C incubator with 60%
humidity. Fly stocks were raised on standard cornmeal food.
The amount of time to sexual maturation varied between species
(Markow et al. 2008). Population control was conducted in a
species-specific manner through controlling the number of sex-
ually mature adults added in a given bottle, and how often the
bottles were changed (Table S1). As a result, each bottle ended up
with 40-50 pupae. Adult flies were discarded 14 days after they
became fertile, to control for parental age.

CONTROL EXPERIMENT ON THE EFFECT OF THE
LARVAL MOUNTING PROCEDURE

To address whether the larval mounting procedure has species-
specific effects on measurements of relative segment position in
first-instar Drosophila larvae, we examined relative segment po-
sition in D. melanogaster, D. sechellia, and D. virilis at three
different stages of the larval prep procedure: before heating, af-
ter heating, and after mounting (Fig. S1). As these three species
are variable in their egg (Markow et al. 2008) and larval size
(Fig. 2C) and have varying phylogenetic distances (Fig. 2A), we
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Figure 2. Relative segment position and body size is highly variable among 12 species of Drosophila. (A) 12 Drosophila species on
an evolutionary tree (Russo et al. 1995; Obbard et al. 2012; Russo et al. 2013). Adult male species photos from Nicolas Gompel were
downloaded from FlyBase. (B) Each black bar represents the mean position in percent larval length for each segment in each species.
The color spread on the two sides of each black bar is 95% confidence interval. Each segment is represented by a different color. x-axis
is relative segment position in percent larval length. A, abdominal segment. (C) Each black bar represents the average first-instar larval
body length for each species. The gray shaded area around the black bars is 95% confidence interval. x-axis is average body length in

micrometers.

hypothesized that they might have a higher chance of being dif-
ferentially affected by the larval preparation protocol. First, first-
instar larvae that hatched in distilled water were temporarily im-
mobilized using 3-5 minutes incubation on ice, put on a micro-
scope slide with water and then imaged using a Zeiss Axiolmager
microscope in brightfield. These larvae were then put back in
distilled water incubated at 60°C for 50 minutes and imaged in
water a second time using a brightfield microscope. The larvae
were then mounted in PVA Mounting Medium (BioQuip) (see
next section) and imaged a third time using dark field microscopy
(see “Imaging” section). In the images of the iced (untreated con-
trol, the icing procedure slows larvae enough for imaging) and
then the heated larva, each of the second and third thoracic, plus
eight abdominal segments were marked by a node between bulges
on the larval cuticle (Fig. S1). In the dark field images, segment
borders were determined by the anterior border of each denticle
belt. Denticle belts are rows of bristles on the ventral side of the
larvae that are used for traction while crawling (Bejsovec 2013).
The anterior border of each denticle belt is a proxy for the anterior
border of each abdominal segment (Lohs-Schardin et al. 1979).
Using the Image J (version 1.47t) “Line tool,” measurements
were taken from the anterior end of the larva to the border of each
segment. Segment position was then determined by dividing this
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value by the full length of the larvae (Fig. 1). Segment position
data were analyzed using the following linear models (using the
“Im” function, all terms were fixed), implemented in R (R Core
Team 2019).

1. Relative segment position = p-+prep + species + prep X species+ €.

2. Relative segment position = p+prep + species + segment

+prep X species X segment+ €.

As aresult, whether we included segment as a factor (formula
2 above) (P-value = 0.07 to 0.82) or not (formula 1 above) (P-
value = 0.42 to 0.83) in our linear model formula, we did not find
any significant species-specific effects of the preparation protocol
on segment position measurements.

PREPARING DROSOPHILA FIRST-INSTAR LARVAE
FOR IMAGING

For each species, 20-50 newly emerged adults were obtained from
a population-controlled bottle and put in an egg collection bottle
with a cap containing glucose-agar food. For D. sechellia, corn-
meal fly food was used in an egg lay cap with yeast sprinkled
on it, as this prevents this species from withholding egg laying,
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a particular problem with this species (Markow et al. 2008). The
bottle was then placed in 20°C incubator upside down. The next
day eggs were collected from egg lay caps, put onto a mesh and
thoroughly washed using distilled water to remove residual yeast
and egg lay cap food. The eggs were then placed in a petri dish
filled with distilled water. This petri dish was placed in 20°C until
the eggs developed into first-instar larvae. In addition to the vari-
ability in the number of days necessary to reach sexual maturity,
different species also varied in the number of days necessary for
a fertilized egg to develop into first-instar larvae (Markow and
O’Grady 2005). The petri dish with water and larvae was then
placed in 60°C oven for approximately 50 minutes (Table S1),
which killed and straightened the larvae. These larvae were then
mounted on standard glass slides using PVA Mounting Medium
(BioQuip), standard coverslips, and a dissection microscope. Lar-
vae were oriented such that their ventral side was facing up, their
posterior spiracles were protruding from their body, and their left-
right symmetry was protected. Once the slides were ready, each
coverslip was sealed with clear nail polish. The slides were then
incubated at 60°C overnight.

IMAGING

The slides were imaged at 40x objective using a Zeiss Axiolm-
ager microscope and a dark field filter. Using automated tiling,
64 high resolution images were taken for each larva, which were
later stitched using the ZEN 2012 (blue edition) software. Each
image was then exported to “tagged image format.” Images are
available at: https://doi.org/10.6084/m9.figshare.9738041.v1.

IMAGE PROCESSING

Measurements for the position of each abdominal den-
ticle belt
(https://github.com/joelatallah/larval_imaging). This program ro-

were made using a custom Python script
tated and positioned each larva horizontally, anterior to the left and
posterior to the right, and cropped the image at the anterior, pos-
terior, and lateral borders. The program then marked the anterior
and posterior borders of the abdominal denticle belts. It measured
the distance from the anterior-most point of the larva to the an-
terior as well as posterior borders of each denticle belt, and from
the anterior-most point of the larva to the posterior-most point of
the larva (Fig. 1). Relative segment positions were calculated as
the distance of the anterior denticle boundary from the anterior of
the larva, divided by larval length (Fig. 1). The number of larval
samples, from which segment position measurements were taken
and used for data analysis, varied from 105 to 145 for each species
(Table S1).

IMAGE EDITING
Some of the images were edited using ImageJ “Brush” tool to
paint over bubbles around the larvae and to adjust brightness and

contrast when necessary. We found both of these edits increased
the number of successful runs by the custom image processing
program and did not change the measurements taken from these
images.

DATA ANALYSIS

The segment measurement data are available at https://doi.org/
10.6084/m9.figshare.8170787. A linear model ANOVA was fitted
to the data using R (R Core Team 2019) with the effects of species
and segment and an interaction term. “Ilm” and “aov” functions
were used to implement the following formulas. All terms were
fixed.

Relative segment position = . + species + segment

+ species X segment + €

This was followed by Tukey’s HSD (Honestly Significant
Differences) (Steel et al. 1997) test to conduct pairwise compar-
isons of the relative position of each segment between species.
Specifically, we used “HSD.test” function from the R package
“agricolae” (Mendiburu 2019). We replicated these results using
t-tests between each species pair and then applied Bonferroni mul-
tiple test correction (“t.test” and “p.adjust” functions in R, respec-
tively) for both multiple species and multiple segments. These
analyses were done also for the posterior border and anterior—
posterior width of denticle belts (see File S1).

Principal component analysis (PCA) was performed in R,
using the “prcomp” function, and mean centered positions of
each segment as the data. To examine what PC1 represented in
our data, we used Pearson correlation (“cor.test” function in R) to
correlate PC1 with the relative positions of each segment. Using
the same method, we also tested whether PC1 was correlated with
larval length.

For correlation analysis between changes in relative segment
position, we first calculated deviation from the between-species
mean of the relative position of each segment in each species. We
then used “cor” and “cor.test” functions in R to obtain Pearson
correlation coefficients and the associated P-values.

PHYLOGENETIC ANCESTRAL STATE ESTIMATION

We performed phylogenetic analyses to infer the evolution of
relative segment position across the 12 Drosophila species here.
For this, we first inferred an ultrametric phylogeny published in
Turelli et al. (2018) under three candidate relaxed molecular-clock
models. For each of the resulting phylogenies, we assessed the
fit of four candidate models that variously describe how rates of
segment evolution vary across branches of the phylogeny. Finally,
we jointly inferred the phylogeny, model of segment evolution,
and the ancestral states for each segment under the preferred
model of segment evolution. We summarized various aspects of

EVOLUTION JULY 2020 1413
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the evolution of relative segment position from the resulting joint
posterior probability distribution of ancestral states. Complete
details of these analyses are in File S2.

Results

LARVAL SEGMENT ALLOMETRY IS HIGHLY
VARIABLE ACROSS DROSOPHILA SPECIES

To elucidate whether relative segment position has changed
over Drosophila evolutionary history, we compared relative
abdominal segment position (Fig. 1) at the first-instar larval
stage between 12 different species (Fig. 2A). We found that
there are many significant differences in relative segment
position among species (Fig. 2B). Overall, in 21 out of 66
species-pair comparisons, all eight segments had a significant
difference in their position. We note that species pairs do
not represent independent observations due to the underly-
ing phylogeny (results from full phylogenetic analyses are
presented below). For the majority of species-pair compar-
isons, the relative positions of five or more segments differed
(Fig. S2). In fact, there were only two pairs of species compared
(D. simulans—D. ananassae and D. ananassae—D. willistoni)
where none of the eight abdominal segments had a significant
difference in their relative positions (Table S2). Intriguingly,
these species pairs are not closely related, with 15 and
32 million years of divergence, respectively. In all sister species
comparisons, except for D. yakuba—D. santomea, the relative
position of the majority of abdominal segments were different.
On the other hand, between divergent species pairs, such as
D. melanogaster and D. virilis, relative positions of only two
segments were different (Table S2).

Interestingly, when considering all species-pair comparisons
together, some species were responsible for a larger proportion
of differences than others (Table S3). Out of the 410 segment
position differences observed over all species-pair comparisons,
differences with D. persimilis constituted 87 of these, the highest
proportion of any species (~21%). Differences with D. sechellia,
D. erecta, and D. mojavensis followed with 78 each (~19%),
whereas the number of differences with D. ananassae was the
lowest with 56 (~13.5%). This is consistent with the observation
that relative segment positions of D. mojavensis and D. persimilis,
followed by D. erecta and D. sechellia, have the highest total
deviation from the species mean, whereas those of D. ananassae
are closest to the species mean making it the “average” species
(Table S3).

Next, we examined whether, in each species, relative posi-
tions of adjacent segments shifted in the same direction or in
opposite directions. To do this, we calculated mean positions of
each segment across the 12 species and characterized whether a
particular segment in a particular species was located more toward
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Figure 3. Coordinated direction of relative segment position
changes in 12 Drosophila species. Neighboring segments tend to
shift together in a particular direction, toward the anterior or pos-
terior of the larva rather than shifting in opposite directions. Yel-
low indicates anterior, blue indicates posterior shift in relative
position as compared to the mean position across all species for a
given segment. The area of the circle is proportional to the size of
the shift in relative segment position.

the head (anterior) or more toward the tail (posterior) relative to
this mean (Fig. 3). For the majority of the species, the relative
position of segments physically closest to each other differed in
the same direction. When the direction of the position difference
changed, it was between segments that had the smallest (except for
D. willistoni) magnitude of position difference in a given species
(Fig. 3).

Notably, averaged over all species, deviation from the species
mean in relative segment position increased from anterior to pos-
terior of the larva, with the posterior-most segments having largest
differences from the mean over all species. (Figs. 3, S3A). PCA
(Fig. S3B) also demonstrates this pattern, with PC1 correlating
highly with the more posterior segment positions, explaining 88%
of the variance in the dataset. The trend of deviations in segment
position increasing from anterior to the posterior of the larva was
strongest for D. mojavensis and D. persimilis (Figs. 3, S3C), but
was nonetheless true in a number of other species as well (Fig.
S3C, Table S3). Indeed, when segment position data for D. mo-
Jjavensis and D. persimilis were excluded from the analysis, the
trend still held (Fig. S3D).

In most species, magnitude of relative position change was
highest for segment A8 (Table S3), which extends from the
anterior boundary of A8 to the tail of the larvae (Fig. 1). We
will refer to this segment as A8+tail. Drosophila mojavensis and
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D. persimilis have the largest differences for segment A8: D. mo-
Jjavensis has the largest magnitude of deviation from the species
mean, with an anteriorly shifted segment A8 border and thus a
much longer A8+tail segment; while D. persimilis has a poste-
riorly shifted segment A8 border and thus an exceptionally short
A8+tail segment (Figs. 1, 2B, and S5C). While the magnitude of
differences was highest for A8, the total number of differences is
not increased for this segment. Significant differences in relative
position observed in species-pair comparisons are highly similar
in number for segments A3 through A8, with segments Al and A2
showing a slightly lower number of significant differences in rel-
ative position (Fig. S4B, black line). Additionally, to determine if
segment positioning in the posterior of the embryo is less precise
(noisier) as compared to the anterior, we measured coefficient of
variation for the position of each segment along the larva. The
coefficient of variation, averaged across all species, does not vary
considerably and is low across the length of the larva (~0.03)
(Fig. S6A). This suggests that while segment A8+-tail has the
largest magnitude differences in our dataset, its position is not
more variable between species nor is it positioned any less
precisely than the other segments.

CHANGES IN THE SIZE OF A8+TAIL SEGMENT ARE
RESPONSIBLE FOR A SIGNIFICANT PORTION OF THE
SHIFTS IN RELATIVE SEGMENT POSITION BETWEEN
SPECIES

Given that the relative position of segment A8+tail, as compared
to the other segments, had the largest deviations from the species
mean for most of the 12 species (Fig. S3, Table S3), we asked how
much of the total variation in relative segment position is driven by
A8+-tail. To address this, we recalculated relative segment posi-
tion in the absence of A8+tail (see File S3). To determine whether
any changes in segment position we see were due to the removal
of A8+tail region specifically, and not simply due to the removal
of a terminal segment, we made a separate recalculation of rela-
tive segment position after removing the head and thoracic region
(h+t) from the data (Fig. 1). In both cases, we determined the
total number of significant differences in relative segment posi-
tion between pairs of species (¢-test with Bonferroni correction),
and corrected this number relative to the total number of com-
parisons. We found that the corrected (File S3) total number of
significant position differences was reduced from 51.25 to 38.42
(~25% decrease) when A8+tail was removed, but increased from
51.25 to 53.71 when h+t was removed (Fig. S4A, compare also
Fig. 2B to Figs. S7TA, B). This trend held even when segment
position data for species with highest magnitude of posterior seg-
ment position differences, D. mojavensis and D. persimilis, were
removed from calculations (from 31.63 down to 24, ~24% de-
crease, when A8+tail was removed, but up to 32.71 when h+t
was removed). This suggests that changes in the size of A8+-tail

drove a substantial portion of the differences in relative segment
position between species. On the other hand, changes in the size
of h+t appear to have masked some of the interspecies differences
in relative position observed in the rest of the segments. These
results are consistent with the finding that the average difference
in relative position of A1, and hence, the difference in the size of
h+t, is the smallest in magnitude among all segments (Figs. S3A,
S5B), while relative position of A8, hence, the size of A8+-tail,
has the largest magnitude changes (Figs. S3A, S5C). They are
also consistent with the finding that total number of significant
position changes is lower for segment Al than they are for A8
(Fig. S4B). For a more detailed analysis of “end removal” and its
effects as well as differences in the size of h-+t and A8+tail, see
File S3.

CHANGES IN THE LENGTH OF LARVAL BODY

As we had collected larval length measurements to calculate rela-
tive segment positions, we also compared whole body length at the
first-instar larval stage among 12 Drosophila species (Fig. 2C),
and tested whether length had an effect on relative segment po-
sitioning. Drosophila santomea was the largest at this stage, fol-
lowed by D. sechellia and D. virilis. Drosophila persimilis and
D. pseudoobscura were the smallest, followed by D. mojavensis.
Body length for the rest of the species showed few and smaller
differences (Fig. 2C). We had two comparisons between sister
species with large size differences, as D. santomea and D. sechel-
lia were among the largest larvae, while their sisters, D. yakuba
and D. simulans, respectively, were of roughly average size. Sister
species D. santomea and D. yakuba had few differences in seg-
ment position, whereas sister species D. sechellia and D. simulans
were different for every segment, suggesting that larval size is not
predictive of segment position differences. Overall, larval length
was not correlated with number of segment position differences
(Fig. S5A, R?> = 0.0016, P-value = 0.75). In other words, having
a bigger difference in body length was not correlated with having
more differences in relative segment position between species.
Additionally, larval length had no effect on the direction (ante-
rior vs. posterior) of segment position differences, as we detected
no relationship between body length and the number of segments
that are shifted to the anterior or posterior compared to the species
mean (Wilcoxon test, P-value = 1). Finally, we returned to our
PCA (above), and found that PC1, which was highly correlated
with the more posterior segment positions, was uncorrelated with
larval length (Pearson correlation, P-value = 0.06).

PHYLOGENETIC ANALYSIS SHOWS VARIABLE RATES
OF SEGMENT POSITION EVOLUTION

To investigate how relative segment position has evolved during
Drosophila evolutionary history, we implemented phylogenetic
methods to estimate the rates of morphological evolution over the
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are small in magnitude, with occasional larger changes.

phylogeny. We employed a multivariate Brownian motion model
of evolution (Huelsenbeck and Rannala 2003; Lartillot and Poujol
2010), and tested various morphological branch rate prior models
that describe how rates of morphological evolution vary across the
branches of the tree. These analyses were performed in RevBayes
(version 1.0.7; Hohna et al. 2016), and are outlined in detail in
File S2. Of the candidate models of segment evolution that we
explored, the data significantly preferred the uncorrelated lognor-
mal relaxed molecular clock model, which allowed rates to vary
episodically along ancestor-descendant branches (i.e. rates of seg-
ment evolution are not correlated between ancestor—descendant
branches). Results presented here are for this model, but other
morphological evolutionary models gave similar results (File S2).

Our phylogenetic analyses indicate that evolutionary rates of
relative segment position are highly variable across branches of
the Drosophila phylogeny (Figs. 4A, S8A and B). Many of the
highest rates of evolution are on branches for species with sister
species included in the analysis (i.e., D. sechellia and D. simulans;
D. santomea and D. yakuba; D. persimilis and D. pseudoobscura).
This points to segment position evolving quickly between these
sibling species. The patterns vary among segments (Fig. S9). Two
lineages that are also evolving rapidly, particularly in the posterior
half of the larva (Figs. 4A, S9), those leading to D. mojavensis
and D. persimilis, have the longest and shortest posterior-most
segment (A8+tail), respectively, in our dataset (Figs. 2B, S5C).
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It is intriguing that the branch leading to D. mojavensis showed
one of the fastest rates of evolution, as it is also on a long branch.
This high rate sustained over a long branch is consistent with the
AS8+tail segment of D. mojavensis having the largest magnitude
change in our dataset (Figs. 2B, S3C).

Given that several species had large changes in segment po-
sition toward the posterior of the larvae (Figs. 2B, 3, and S3C),
we asked whether the overall rate of evolution is also higher for
some segments than it is for others. We examined the rate of posi-
tion evolution for each segment over all branches of the tree and
found that rate of evolution varies among segments, with poste-
rior segments exhibiting elevated rates (Fig. 4B). Segment A8 had
the highest rate of change in segment position, with segment A7
also having a slightly elevated rate than the rest of the segments
(Fig. 4B). The high rate of evolution for A8 is consistent with
some of the largest magnitude changes in our raw data (Figs. 2B,
3) being found for this segment.

To determine whether relative segment position has evolved
through frequent small changes or rare large changes, we exam-
ined the distribution of the amount of change in relative segment
position normalized across all branches of the Drosophila evo-
lutionary tree (i.e., amount of change per unit time; see File S2,
S.3.4.5, and S.3.4.6 for details). This distribution of normalized
magnitude of change in segment position across all the branches
of the phylogeny (Fig. 4C) showed that most segment positions
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on most branches have experienced changes that are small in
magnitude, whereas some segment positions on some branches
have experienced substantially larger changes within a given
amount of evolutionary time. This analysis shows that through-
out Drosophila evolutionary history, relative segment position has
changed predominantly through small quantitative steps, with oc-
casional large leaps.

IS SEGMENT POSITION ALONG THE
ANTERIOR-POSTERIOR AXIS CONTROLLED LOCALLY
OR GLOBALLY?

Within each species, we asked how the shift in the relative posi-
tion of one segment might be correlated to shifts in the relative
position of other segments. This would indicate whether there is
a focal point along the anterior—posterior axis controlling seg-
ment position or whether there is a more complex underlying
regulatory mechanism. We found that within all 12 species, the
correlation between shifts in the relative positions of any two
segments is inversely proportional to the distance between the
two segments (Figs. 5A, S10, S11). We did not observe a focal
point governing the shift in segments, where it might be expected
that correlations would drop off as the distance from that particu-
lar point increased. It appears that small adjustments in segment
position are made locally. These correlations are looking at the
relationship between segment positions across individuals within
a species. As the variation within species reflects developmental
variation in a genetically identical line, these correlations show
that developmental variation in the positioning of one segment
has stronger effects on neighboring segments than on more distant
segments. This is consistent with evidence from the embryonic
stage that showed correlation between deviation from mean in
expression boundary for various segmentation genes decreased
with increasing distance between the expression boundary (Lott
et al. 2007). Interestingly, averaged over all species, shift in the
relative position of A8 was less well-correlated to shifts in the
rest of the segments (Figs. 5B, S12). This suggests that shifts in
the relative position of A8 are more independent than the shifts
in the relative position of other segments within species (See also
File S4).

Given that the relative position of A8+tail changed more
independently within a species as compared to the other seg-
ments (Fig. 5B), we asked whether relative position would be
more tightly regulated across the other segments in the absence
of A8+tail or whether A8+-tail was essential for proper segment
positioning. To address this question, we calculated correlation
coefficients using relative segment positions determined in the
absence of A8+-tail. These recalculated correlations resulted in
lower average correlation coefficients between position shifts of
adjacent (as well as more distant) segments as compared to when
all segments were included in position calculations (Figs. S13,

S14, red line, D. sechellia was exceptional, see Fig. S15). This
was also true when we recalculated correlations using relative
segment positions determined in the absence of h+t (Figs. S13,
S14, blue line). These results suggest that both ends of the lar-
vae are needed for proper segment positioning and removal of
either one from the data decreases the level of coordination be-
tween segments, as demonstrated by the reduction in correlation
coefficients.

COORDINATION OF SEGMENT POSITION EVOLUTION
ACROSS THE LARVA

Within a species, segment position seems to be controlled lo-
cally in response to developmental variation, as correlations be-
tween segments decrease with physical distance in the larva. How
then are evolutionary segment position changes correlated across
species? To address this question, we used the phylogenetic model
to estimate correlations in the rate of position change between seg-
ments across species. These phylogenetic correlations may reflect
underlying genetic correlations (in a quantitative genetic sense) or
be the result of constraints placed on the system by selection pres-
sures. Evolutionary rates of relative segment position were highly
correlated across the branches of the phylogeny, and correlation
decreased as the anatomical distance between segments increased
(Fig. 5C). All correlations were positive, indicating that, for exam-
ple, when rapid evolution occurs in one segment, changes occur
across all segments. However, across species, the rate of evolution
in the position of segment A8 does not have a lower correlation
with the rate of evolution in the position of other segments than
expected, given its distance from other segments. This suggests
that while this segment may evolve at a faster rate (Fig. 4B), on
average it does not seem to be evolving in a less coordinated
fashion than the other segments, when the whole phylogeny is
considered.

Discussion

Many critical developmental processes and traits are known to
be robust, in that they are produced faithfully despite variation
encountered in ontogeny (Wagner 2005; Felix and Wagner 2006;
Masel and Siegal 2009; Siegal and Leu 2014). This tolerance of
variation does have limits, however, and exceeding these limits
may disrupt the development of these traits in such a way that
development does not proceed (Namba et al. 1997; Busturia and
Lawrence, 1994). Hence, robustness is desirable during develop-
ment because it assures the precise production of critical traits
and processes within a range of developmental conditions.
Given the suppression of phenotypic variation in robust traits,
their evolution has been a subject of considerable interest to re-
searchers over the years, and has produced both theoretical and
empirical work (Wagner 2005; Félix and Wagner 2006; Masel
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and Siegal 2009; Siegal and Leu 2014; Payne and Wagner 2019).
One proposal for the way for a robust trait to evolve is for condi-
tions to exceed the tolerance for variation in that trait, and expose
genetic variation that had previously been masked, that is, cryptic
genetic variation, by the very robustness of the trait (Rutherford
and Lindquist 1998; Gibson and Dworkin 2004; Paaby and Rock-
man 2014). Exposing any amount of genetic variation of unknown
consequence to a critical trait at a time of great stress seems like
a dangerous proposition in a multicellular animal. Our data sup-
ports an alternative model, where there is always some small
amount of variation available, even in the most robust traits, and
that these traits may evolve quantitative changes without compro-
mising their robustness.

Here, we focus on a well-studied robust process and trait,
segmentation in Drosophila. Previous studies have highlighted
the ability of the segmentation network to produce precisely lo-
calized segment markers in embryogenesis despite experimen-
tally produced perturbations in development (Félix and Wagner
2006; Masel and Siegal 2009). Our study extends this to mea-
sure the trait of segmentation in larvae, across 12 Drosophila
species. Here, we demonstrate that segmentation varies consid-
erably across species, and that the rate of evolution of segment
position varies considerably across the phylogeny as well. The
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between-species differences in segment position consists were
mostly small in magnitude, suggesting that this trait evolves by
many small changes, with occasional larger changes. While it
can be difficult to quantitatively compare earlier stages of seg-
mentation in the embryo to segments in the larva, this result is
consistent with patterning differences in the embryo observed be-
tween species (Lott et al. 2007; Lott et al. 2010). Our data show
that segment position differences between species exist also in
later developmental stages. Moreover, each line of each species
measured here precisely produces its characteristic segmentation
pattern in the larva. This points to the ability of segmentation to
evolve without losing its ability to be precisely localized (Lott
et al. 2010). While we did not test the robustness of each species
to genetic and environmental variation specifically, this also sug-
gests that segmentation can evolve and remain robust to stochastic
variation. If segmentation can evolve small quantitative changes
over evolutionary time without losing robustness, then this sug-
gests that not all genetic variation in this trait is cryptic (Miles
et al. 2010; Jiang et al. 2015), and small-scale differences (and
the occasional larger-scale difference) in segmentation patterns
may be available to selection (Weber 1992). Or, perhaps there is
a neutral space where a range of segment positions is tolerated,
and stabilizing selection keeps them in that range.
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The evolutionary patterns observed here may also be simply
what might be expected of complex traits generally, with changes
in a number of genes producing small quantitative changes in
phenotype over evolutionary time. Here, we find that segment po-
sition seems locally determined along the length of an individual,
as position shifts are highly correlated between adjacent segments,
and correlations drop off over distance, consistent with a previous
result within species in embryos (Lott et al. 2007). This is also
consistent with the known regulatory interactions in the underly-
ing network, where patterns are refined over developmental time
(DiNardo and O’Farrell 1987; Surkova et al. 2008) and regulation
of segment patterning becomes more localized to a smaller
portion of the developing animal at each stage as compared to the
previous one (Niisslein-Volhard and Wieschaus 1980; Kornberg
and Tabata 1993; Niisslein-Volhard et al. 2008). Our results
suggest that changes in many genes produced the observed
differences between species, and hence, it may be difficult to
determine the identity of individual genetic changes underlying
the differences in segment position. The genetic network behind
segment patterning has also been fertile ground for modeling in
the embryo (Jaeger et al. 2004; Manu et al. 2009a; Wunderlich
and Depace 2011; Bentovim et al. 2017; Clark 2017; Verd et al.
2018; Petkova et al. 2019). Implementing a modeling framework
developed for the embryonic stage, and extending it past the
embryonic segment polarity stage to the positions of segments in
the larva, is likely a promising approach for identifying potential
genetic causes of the differences observed here.

Across the larva, the most striking pattern we observed was
in the posterior-most segment, from A8 to the tail of the ani-
mal. We found that this segment has the largest magnitude of
differences between species, and evolves faster between species
than the other segments. It is the most independently controlled
segment within a species, with correlations between its position
and all other segments being the lowest found. As the h+t region
anterior of Al does not share these properties, it is not simply a
feature of terminal segments, but specific to the A8+tail region.
The A8-+tail region contains the posterior spiracles, important
breathing structures in the larva (Hu and Castelli-Gair 1999), as
well as the genital imaginal disc from which the genital structures
in the adult are produced (Sanchez and Guerrero 2001). While
genital structures are known to evolve rapidly between species
(Eberhard 2013), it is unclear whether this would produce dif-
ferences in the entire segment in which the genital imaginal disc
is found. Alternatively, the differing conditions in which larvae
find themselves may produce differences in behavior that would
require differences in posterior spiracle length. We are currently
exploring this possibility in relatives of D. mojavensis, as this
species has an exceptionally long A8+-tail segment. In our care,
D. mojavensis larvae burrow deeply in food with only their long
posterior spiracles visible above the surface of the food. As D.

mojavensis and its relatives are desert-dwelling cactus specialists
(Oliveira et al. 2012), perhaps the larvae burrow deeply into cactus
in their natural environment to find a more hospitable microcli-
mate (McKenzie and McKechnie 1979; Green et al. 1983).
Overall, our results show for the first time that segment po-
sition in Drosophila has changed frequently throughout the evo-
lutionary history of the genus. The changes were mostly small in
magnitude, presumably representing only small perturbations to
the development of the organism. Rate of evolution of this trait
varies across the phylogeny, with larger magnitude differences
and a higher rate of evolution observed for the tail of the larva.
Changes in segment position within species, as well as rates of
evolution between species, are highly correlated between neigh-
boring segments, indicating the highly coordinated nature of the
genetic network underlying this trait. Future studies are needed
to unravel the nature of the genetic changes underlying segment
position differences between species and whether any of the ob-
served phenotypic differences between species might be adaptive.
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Supporting Information

Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1. Testing the effect of larval mounting procedures on relative segment position.

Figure S2. Comparing pairs of species, most segments were in different relative positions.

Figure S3. The posterior-most segments show the largest magnitude in differences from mean across species.

Figure S4. The A8+-tail region is responsible for much of the total amount (both number and magnitude) of significant differences between species.
Figure S5. Features of body length.

Figure S6. Coefficient of variation in segment positioning stays low throughout the larva, indicating that the relative positions of all segments are equally
as precisely determined. However, standard deviation of segment positioning increases towards the posterior end of the larva, as the measurement values
increase (relative position is measured in % of larval length from the anterior end).

Figure S7. Relative segment position and body size is highly variable among 12 species of Drosophila, although less so when A8+ tail is removed.
Figure S8. Phylogenetic analysis of relative segment evolution in the 12 Drosophila species, with posterior rate estimates for all branches.

Figure S9. Phylogenetic analysis of relative segment position for each segment.

Figure S10. Correlations between relative segment positions within each species.

Figure S11. Correlation coefticient heat maps for each of the 12 Drosophila species.

Figure S12. Correlations between segment positions, comparing correlations including segment A8 with all other pairwise comparisons the same number
of segments apart.

Figure S13. When all segments are included in position calculations, mean correlation coefficients between neighboring segments are highest, ever so
slightly, in the middle of the larva.

Figure S14. This series of graphs are a continuation of Figure S13, as the distance between pairs of segments increase, from two to six segments apart.
Figure S15. This series of graphs show the data represented in Figure S13 separately for each of the 12 Drosophila species.

Table S1. Experimental methods used for number of flies and days needed in a bottle to control population density of each species.

Table S2. Lists the number of segments that are differentially positioned between pairs of species, and the divergence time between each pair in millions
of years (Russo et al. 1995; Obbard et al. 2012; Russo et al. 2013).

Table S3. Lists the deviation of the position of each segment in each species from the “across-species” mean as well as total number of significant segment
position changes for each species over all species-pair comparisons.

File S1. Describes the observed changes in the position of posterior border of denticle belts and denticle width between species.

File S2. Methods and results of the phylogenetic analysis.

File S3. Description of the method for removal of A8-+tail or h-+t from segment position calculations, as well as some additional results from that analysis.
File S4. Describes correlation between changes in the position of adjacent segments along the anterior—posterior axis for each species, highlighting
species-specific patterns.
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