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SUMMARY The phylogenetic information content of
different developmental stages is a long-standing issue in
the study of development and evolution. We performed
phylogenetic analyses of 51 body segmentation genes in 12
species of Drosophila in order to investigate the impact of the
mode of evolution of development on phylogeny inference.
Previous studies of these genes in Drosophila using pairwise
phenetic comparisons at the species group level revealed the
presence of an ‘‘hourglass model’’ (HG), wherein mid-
embryonic stages are the most evolutionarily constrained.
We utilized two character-based approaches: taxonomic
congruence using the relative consensus fork index (RCFI), in
which phylogenies are inferred from each gene separately and
compared with a total evidence tree (TET), and partitioned
simultaneous analysis using several indices such as branch
support (BS) and localized incongruence length difference
(LILD) test. We also proposed a new index, the recapitulatory
index (R), which divides the number of synapomorphies on the
total number of informative characters in a data set. Polynomial
adjustment of both BS and R indices showed strong support for
the hourglass model regardless of the taxonomic level (species

subgroup vs. subgenera), showing less phylogenetic
information content for mid-developmental stages (mainly the
zygotic segment polarity stage). Significant LILD scores were
randomly distributed among developmental stages revealing
the absence of differential selective constraints, but were
significantly related to chromosomal location showing physical
(linkage) impact on phylogenetic incongruence. RCFI was
the most sensitive measure to taxonomic level, having a
convex parabola at the species subgroup level in support
of the hourglass model and a concave parabola at the
subgeneric level in support of the adaptive penetrance
model. This time-dependent discrepancy of best fit
developmental model parallels previous conflicting results
from the vertebrates. Because of the quasi-phenetic nature
of this index, we argue that the discrepancy is due to the
evolutionary rate heterogeneity of developmental genes rather
than to fundamental differences among organisms. We suggest
that simultaneous character-based analyses give better
macroevolutionary support to the hourglass model of the
developmental constraints on genome evolution than pairwise
phenetic comparisons.

INTRODUCTION

The strong similarity between development (ontogeny) and

evolution (phylogeny) has fascinated biologists since the dawn

of the evolutionary theory (Gould 1977). Both processes

imply the generation of advanced (derived) characters from

primitive (ancestral) ones, though they differ in their gener-

ational time scale. The third law of von Baer (1828) stated

that embryonic characters of different species progressively

diverge from one another during ontogeny. Haeckel (1866)

placed this law into an evolutionary context by formulating

the biogenetic law according to which ‘‘ontogeny recapitulates

phylogeny.’’ A direct systematic application of this law

was the preferential use of characters of early embryonic

stages (thought to reflect ancestral forms) for inferring phylo-

genies than of those of late and adult stages. For Haeckel

(1866), embryology was a tool to establish natural classifica-

tion, a science he gave the name of Systematische Phylogenie.

The integration of comparative embryology within a

phylogenetic context has given rise to the new discipline of

evo-devo, in which the reconstruction of ancestral embryonic

stages is crucial for the understanding of the evolution of

development. For Haeckel, embryology was a tool to infer

phylogenies, while in evo-devo phylogenies are the conceptual

framework to understand the evolution of development. One

of the major findings of evo-devo was that different embry-

onic stages do not diverge equally among species. Indeed,

early and late stages are more divergent than middle ones that

have been dubbed the ‘‘phylotypic stage’’ (Sander 1983). This

has been attributed to fundamental epigenetic consequences
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of mid-embryonic stages on adult bauplan, resulting in an

‘‘hourglass model’’ of ontogenetic divergence with a constric-

tion of phenotypic and genetic diversity at middle stages (Raff

1996). However, the generality of this developmental model is

still questionable.

Recently, many studies have addressed this question at the

molecular level, that is, studying sequence divergence of genes

expressed at different developmental stages (Davis et al. 2005;

Hazkani-Covo et al. 2005; Hanada et al. 2007; Cruickshank

and Wade 2008; Roux and Robinson-Rechavi 2008). Such an

approach is of course a convenient proxy because functional

developmental divergence can also be related to epigenetic

factors independent of the gene sequences (e.g., regulation of

expression of developmental genes and transcriptomic mod-

ifications), whereas the latter are likely to affect developmen-

tal divergence. Within this conceptual frame, the ontogenic

hourglass was well illustrated in the degree of conservation of

body segmentation genes in Arthropods (Peel et al. 2005). In

Drosophila melanogaster, these genes can be classified under

five successive classes: maternal, gap, pair-rule, segment po-

larity, and segment identity (Hox) genes. The latter four

classes are zygotically expressed. Comparison of these genes

between D. melanogaster and its closely related species

D. simulans from which it has diverged circa 2–4Ma (Russo

et al. 1995), revealed a general pattern at the intra- and inter-

specific levels: diversity is higher in early maternal genes than

in later zygotic classes of which segment polarity genes show

the lowest diversity (Cruickshank and Wade 2008). Davis et

al. (2005) have previously shown that this hourglass pattern

also persists when the same set of genes were compared be-

tween D. melanogaster and a more distant species, D. pseu-

doobscura, from which it has diverged circa 20–40Ma (Russo

et al. 1995; Tamura et al. 2004).

The present work aims to investigate the impact of the

hourglass model on phylogeny inference, that is, how much

are different embryonic stages phylogenetically congruent?

We use segmentation genes of the 12 Drosophila species for

which whole genome sequences have recently been published

(Drosophila 12 Genomes Consortium 2007). The phylogeny of

these species is well-established from different sources of

evidence including morphology and complete sequences of

nuclear and mitochondrial genomes (Drosophila 12 Genomes

Consortium 2007; O’Grady and DeSalle 2008), allowing ad

hoc homology assessment.

MATERIALS AND METHODS

Data matrix preparation and partitioning
Fifty-one genes involved in the development of body segmentation

in Drosophila were sampled and were classified into five successive

developmental stages: maternal (17 genes), gap (13 genes), pair rule

(8 genes), segment polarity (5 genes), and segment identity (8

genes), according to the 55th edition of the Interactive Fly database

(Brody 1999) visited on April 2009. For each gene, orthologous

amino acid sequences of the 12 Drosophila species and chromo-

somal location in the D. melanogaster genome were obtained from

the FlyBase database (Tweedie et al. 2009). Sequences for each

gene were individually aligned using ClustalW (Thompson et al.

1994) with default parameters as implemented in MEGA version 4

(Kumar et al. 2008). Alignments were then concatenated into a

larger matrix with three levels of partitions: first, for each individ-

ual gene; second, for each developmental stage; third, for each

pattern of expression (maternal vs. zygotic); and finally, the whole

data set without partitions.

Phylogenetic analysis
Maximum parsimony (MP) was used in phylogenetic analyses be-

cause of the few number of taxa (12 species) and suitability for the

analysis of partitioned data. Phylogenetic analyses were conducted

separately on each of the three levels of partitions generating 58

phylogenetic trees using close neighbor interchange algorithm with

random addition of 10 sequences as implemented in MEGA. The

tree inferred from the unpartitioned matrix containing the whole

data set is the total evidence tree (TET), which is considered the

reference tree (Fig. 1). TET was in concordance with the known

phylogeny of the 12 species inferred from the complete sequence of

their genomes (Drosophila 12 Genomes Consortium 2007).

Taxonomic congruence analysis
The major aim of this study is to test whether genes expressed at

different developmental stages differ in their levels of phylogenetic

corroboration. Two phylogenetic approaches are known in mea-

suring corroboration: taxonomic congruence and total evidence. In

taxonomic congruence, corroboration among data sets for a par-

ticular node is indicated by replication of that node in topologies

derived from the separate data sets (Miyamoto and Fitch 1995).

We compared phylogenies separately inferred for each individual

gene with TET and estimated the relative consensus fork index

(RCFI) which gives the proportion of nodes in common between

the gene tree and the TET (Colless 1980). Hence, an RCFI of 0

indicates no single agreement between the gene tree and the species

(TET) tree; whereas a value of 1 means that the gene tree faithfully

replicates TET. Stability of a certain node (clade) can be estimated

by counting the number of times it has been recovered from the

separate analyses.

Phylogenetic incongruence analysis
In the total evidence approach, a comparison of individual-gene

topologies is not required. Different measurements of phylogenetic

incongruence have been developed; the most common ones are

branch support (BS; Bremer 1988) and incongruence length differ-

ence (ILD; Farris et al. 1995). Each has originally been developed

to estimate net incongruence (i.e., character conflict) among data

sets in simultaneous analysis. A number of derivatives for each

measurement have been proposed to estimate the relative support

provided by each data set at a particular node. Both measurements

and their derivatives were estimated here for the three levels of data

partitions.
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BS is the minimum number of character steps for a data set on

the shortest topologies that do not contain a particular node, minus

the minimum number of character steps for that data set on the

shortest topologies that do contain that node. BS can be positive if

the node is supported by the data set, or zero or negative if the

node is not supported. Baker and DeSalle (1997) proposed the

partitioned branch support (PBS) index, which is an extension of

BS, in which for any node the sum of PBS scores for the different

partitions equals BS at that node. For a particular combined data

set, a particular node, and a particular data partition, PBS is the

minimum number of character steps for that partition on the

shortest topologies for the combined data set that do not contain

that node, minus the minimum number of character steps for that

partition on the shortest topologies for the combined data set that

do contain that node. Gatesy et al. (1999) noted that the interaction

of different partitions in simultaneous analysis often implies hidden

character support and conflicts. They developed the hidden

partitioned branch support (HPBS) index, which is the difference

between PBS and BS at a node for a partition.

ILD is a test detecting significant incongruence in the phylo-

genetic trees derived from different data partitions. It is composed

of two parts, a test statistic (i.e., the additional homoplasy that

arises when combining different partitions in a simultaneous anal-

ysis) and a null distribution generated by a randomization model.

Such as BS, ILD is a summary measure for the entire tree. Thorn-

ton and DeSalle (2000) derived a metric called localized incongru-

ence length difference (LILD) to quantify the conflict between

partitions for any node in a phylogeny. LILD measures the tree

length difference between a tree search, wherein a node optimal in

TET constrains tree topology and a tree search where that con-

strain is lifted. LILD was calculated for each of the partitions at

every node in TET. For the 10 nodes in a phylogeny of 57 par-

titions, this translates into 570 unique experiments. The nonpara-

metric statistical significance of these LILDs was determined by

evaluating the difference between them and a distribution of 1000

random partitions created from the concatenated TET matrix us-

ing the Bioperl script described by Narechania et al. (2005).

Homology content and the recapitulatory index
Variable characters in a matrix can be synapomorphies (charac-

ters derived in a common ancestor), autapomorphies (characters

derived in a single taxon) or homoplasies (characters derived in-

dependently). Only synapomorphies (S) are indicators of the true

phylogenetic history, whereas homoplasies (H) convolute the in-

ference of this history. Autapomorphies are not relevant in phy-

logeny reconstruction using MP. The ratio of the number

synapomorphies to the total number of phylogenetic informa-

tive characters (i.e., synapomorphies1homoplasies) can be con-

sidered a good measurement of the phylogenetic signal. We called

this ratio the recapitulatory index R5S/(S1H), estimated it for

each individual gene and averaged for every developmental class.

Because it is a ratio (and not a direct estimate of S), it is not

expected to be affected by either the number of changes or the

length of the sequences.

Homology was thus assessed for each of the 45,248 amino acid

residuals used in the concatenated matrix in light of TET. The

consistency index (CI) which is the minimum amount of change in

the character divided by the length (number of steps) required by

the character on the TET (Kluge and Farris 1969) was estimated

for each residue. Nonetheless, CI cannot distinguish between

synapomorphies (characters derived in a particular ancestor) and

autapomorphies (characters derived in a single taxon) as both will

have a CI value of 1. Hence, the retention index (RI), which is the

difference between the maximum possible amount of change and

the length required by the character divided by the difference be-

tween the maximum possible and minimum amounts of change

(Farris 1989) was used. A synapomorphic character will have a RI

value of 1, whereas RI for an autapomorphic residual is undefined.

Both CI and RI were estimated using the PAUP� software package
version 4 (Swofford 2003).

Fig. 1. Total evidence phylogenetic tree
of 12 Drosophila species inferred from the
simultaneous analysis of 51 developmen-
tal genes. Nodes are numerated using
Latin numbers. Percents below nodes re-
fer to the relative recovery of the node
when the phylogeny was inferred individ-
ually from each gene. Branches of the
two taxonomic levels used in the analyses
are colored: the melanogaster species sub-
group level (in blue) and the subgeneric
level (in red).
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Model testing and taxonomical hierarchy
Poe and Wake (2004) recognized four evolutionary models of de-

velopment: (1) the early conservation model (EC), wherein late

developmental stages are less constrained than earlier stages (von

Baer 1828); (2) the hourglass model (HG) wherein mid-develop-

mental stages are more constrained than early and late stages (Raff

1996); (3) the adaptive penetrance model (AP) wherein mid-devel-

opmental stages are less constrained than early and late stages

(Richardson 1999); and (4) the unconstrained model (UC) which

resembles de Beer’s (1930) predictions of randomness of evolu-

tionary changes among developmental stages. Most variation tests

for these models relied on polynomial adjustment: linear with a

positive slope for EC, convex for HG, concave for AP, and no

significant relation for UC. The same patterns for the different

models are also thought to be reproduced using the phylogenetic

metrics used here instead of direct estimates of variation. This is

because highly conserved partitions (evolving at a rate slower than

the speciation or cladogenic rate) will tend to have lower values,

whereas less conserved and neutral partitions will tend to have

higher values. For all indices, polynomial adjustments were con-

ducted using model fit option in PAST software package (Hammer

et al. 2001): first order polynomial (i.e., linear) for EC and second

order polynomial for HG and AP. Chi-squared values were esti-

mated for fitting errors in first- and second-order polynomial

adjustments. Larger Chi-squared values mean poorer fit. More-

over, to measure the impact of the taxonomic level on pattern,

analyses were also conducted on two levels: the melanogaster

species subgroup level (four nodes), and the subgeneric level (three

nodes) comprising the subgenus Drosophila sensu stricto and the

two radiations of the subgenus Sophophora.

RESULTS

Figure 1 shows the TET phylogeny. When concatenated se-

quences of each developmental class (2nd level partitioning)

were analyzed separately the same topology was recovered

(data not shown). However, when phylogeny was inferred for

each gene separately (1st level partitioning) some nodes were

less recovered than others. This is shown in Fig. 1 by the

RCFI distributions below each node. RCFI distributions

ranged from 61% in the virilis-mojavensis (node X) and

yakuba-erecta (node V) clades to 100% in the pseudoobscura-

persimilis (node VIII) clades. The grimshawi-virilis-mojavensis

clade (node IX) encompasses all species of the Drosophila s.s.

subgenus. In some instances (four out of the 51 genes), this

clade appeared sister to the Old World radiation of the sub-

genus Sophophora (node II), that is, Drosophila willistoni the

only representative of New World Sophophora appearing as

the earliest branching lineage. Indeed, the relationship be-

tween Old World and New World sophophorans have long

been problematic (O’Grady and Kidwell 2002), but whole

sequences of nuclear (Drosophila 12 Genomes Consortium

2007; Rosenfeld et al. 2008) and mitochondrial genomes

(O’Grady and DeSalle 2008) supported their monophyly. The

100% recovery of a monophyletic pseudoobscura-persimilis

clade (node VIII) is not surprising as these two reproductively

isolated species are so closely related that they can hardly be

distinguished on morphological, karyological, or even molec-

ular basis (Machado and Hey 2003). The instability of the

yakuba-erecta clade (node V) has previously been recognized

in whole-genome analyses and was attributed to either in-

complete lineage sorting (Pollard et al. 2006) or long branch

attraction (DeSalle et al. in prep.). In sum, nine out of the 10

nodes of TET have not been recovered by all genes.

We analyzed the pattern of RCFI distributions among

developmental stages (Fig. 2). Overall RCFI showed a sig-

nificantly negative trend (y5 � 0.041 x10.906; Po0.001).

We investigated the effect of the taxonomic level on RCFI

distribution and found two very distinctive patterns. At the

melanogaster species subgroup level (nodes IV–VII), the trend

took a convex function (polynomial adjustment fit: y51.11

x2� 0.26 x10.03; Po0.05) with its minimal extreme being in

the segment polarity stage (RCFI555%). At the subgeneric

level (nodes I, II, and IX for Drosophila s.s., Old World

sophophorans and the position of D. willistoni), the opposite

trend was found as RCFI took the shape of a concave func-

tion (y50.62 x210.22 x� 0.04; Po0.01) with its maximal

extreme being in the pair-rule stage (RCFI596%). Polyno-

mial adjustment fit is in concordance with a hypothesis of an

effect of Raff’s hourglass hypothesis on phylogenetic signal,

although the reason for the opposing trends at the two tax-

onomic levels remains unclear.

Figure 3 shows the distribution of BS indices among de-

velopmental stages. All BS values were positive indicating

support to the TET topology. Unlike RCFI, BS patterns did

not differ between global, species subgroup, and subgeneric

levels as all showed convex functions (P50.018 for global

and species subgroup levels and P50.077 for the subgeneric

level) with minimal extreme being at the segment polarity

stage. The same patterns with the same significance levels

were also obtained for PBS and HPBS indices (not shown). In

sum, maternal genes had higher support to the TET phylog-

eny than zygotic genes; among the latter, segment polarity

genes had the least support to TET regardless to the taxo-

nomic level in complete concordance with the hourglass

hypothesis.

Table 1 shows the distribution of genes with significant

LILD scores on the TET phylogeny (Fig. 1). Considering

developmental stages (2nd level partitioning), maternal and

gap partitions did not show significant incongruence, though

some of their genes where incongruent at some particular

nodes. Pair-rule partition was incongruent at the yakuba-

erecta clade, and hence were segment polarity and identity

partitions at the virilis-mojavensis clade. Considering individ-

ual genes (1st level partitioning), 11 out of the 51 genes were

at odd with the TET topology of the melanogaster species

subgroup. Only two of them belong to the maternal stage.
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The remaining nine genes belong to the zygotic stages: gap

(two genes), pair-rule (two genes), segment polarity (one

gene), and segment identity (four genes). At the subgeneric

level, only the node supporting the monophyly of Old World

sophophorans had three incongruent genes, each belonging to

a different stage: maternal, gap and segment identity. In sum,

no significant pattern of LILD scores among developmental

stages was found showing that different stages do not support

different phylogenetic histories.

Curiously, the chromosomal distribution of the 19 incon-

gruent genes was not random. Among the four incongruent

genes located on chromosome 2L three were found at region

38B-E of D. melanogaster, whereas among the four incon-

gruent genes on chromosome 2R three were found at region

47A-F. Among the seven incongruent genes on chromosome

3, four were located at region 84A (the antennipedia gene

complex), and three at region 88A–89D (empty spiracles and

two genes of the ultrabithorax complex). These regions are

known to be rearrangement breakpoints in the melanogaster

species subgroup (Lemeunier and Ashburner 1976), suggest-

ing a major role of synteny to explain the nonrandom pattern

of LILD distribution.

Finally, we estimated the synapomoprhy content of

each partition ad hoc on the TET phylogeny. Figure 4 shows

the distribution of the recapitulatory index (number of

synapomorphies divided by the number of phylogenetically

informative characters) among the developmental stages.

Again, a convex function is resolved (y50.389 x2� 0.082

x10.012; Po0.05) with a minimal extreme lying between

pair-rule and segment polarity genes. The phylogenetic con-

tent of mid-developmental stages is lower than in early and

late stages, in concordance with the predictions from the

hourglass model.

Pleiotropic genes, that is, those that are also expressed in

larvae and pupae, may convolute the results of our study

aiming at investigating the phylogenetic stages of different

developmental stages. However, excluding them has not been

possible, simply because it would imply the exclusion of entire

classes (namely, the two last stages of segment polarity and

segment identity). Among the three first stages, only a few

genes were pleiotropic but they did not show any significantly

aberrant values for the phylogenetic tests used in this

study. Cruickshank and Wade (2008) also tested pleiotropy

Fig. 2. Polynomial adjustment of relative consensus fork index
(RCFI) among developmental stages for all nodes (black), at the
melanogaster species subgroup level (in blue) and the subgeneric
level (in red).

Fig. 3. Polynomial adjustment of branch support (BS) index
among developmental stages for all nodes (black, Po0.05), at
the melanogaster species subgroup level (in blue, Po0.05) and the
subgeneric level (in red, P50.08).

Table 1. List of genes with significant localized

incongruent length difference (LILD) scores, showing

their chromosomal position (according to the Drosophila
melanogaster genome) and nodes where their

incongruence is located (cf. Fig. 1)

Stage Gene Chromosome Location Nodes

Maternal armi 3L 63E III

psq 2R 47A VI

spir 2L 38C V

swa X 5F II

vls 2L 38B X

Gap cad 2L 38B V

croc 3L 78D II, X

ems 3R 88A III, V, VI

kr 2R 60F III

Pair-rule h 3L 66D III

odd 2L 24A V

ten-m 3l 79D–E VII

Segment polarity en 2R 47F V

inv 2R 47F X

Segment identity abd-A 3R 89A V, VI, X

ftz 3R 84A VI

lab 3R 84A V, X

pb 3R 84A X

scr 3R 84A II, III,

ubx 3R 89D V
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by considering the number of embryonic stages a gene is ex-

pressed in and found only a suggestive but not significant

variation. Moreover, McDonal-Kreitman test of the DNA

sequences of these genes did not find a significant excess of

nonsynonymous mutations at any of the five developmental

classes including the two last pleiotropic one. This was also

true for the LILD test conducted here, which was more cor-

related to chromosomal location than to developmental class.

For these reasons, pleiotropic genes are not thought to having

skewed the results of our study.

DISCUSSION

Developmental constraints on phylogeny
inference

In evo-devo, both developmental and phylogenetic con-

straints on character evolution occupy an important place.

The major result of this study is elucidating that the resolution

of phylogeny inference, crucial in evo-devo studies, is corre-

lated to the evolutionary model of development itself. Several

models have been previously developed to illustrate how de-

velopment is evolutionarily self-constrained. The two most

frequent models are early conservation (von Baer 1828) and

the hourglass (Raff 1996) models. Support for the hourglass

model in Drosophila segmentation genes came from compar-

isons of DNA sequences between close and distant species

pairs of the subgenus Sophophora (Davis et al. 2005; Cruick-

shank and Wade 2008). However, these studies described the

differences in the variability of each developmental stage but

did not predict their differences in the phylogenetic informa-

tion content due to both taxonomic limitations (only two

species) and phenetic approaches (not excluding homo-

plasies).

Within a parsimony framework, four phylogenetic indices

were analyzed: RCFI, BS and derived indices, LILD, and R.

RCFI is a measure of phylogenetic resolution, whereas BS

and R are measures of homology content. Polynomial

adjustment of BS and R indices resulted in a convex parab-

ola, which is in support for the hourglass model. In other

words, this means that different developmental stages differ in

their phylogenetic signal with mid stages being the least

phylogenetically informative. A constant result was the higher

signal of maternal genes than zygotic ones. However, both

indices are highly sensible to the size of the data set (i.e.,

number of amino acid residuals or sequence length). Indeed

the developmental partitions differed significantly in both their

gene numbers and sequence lengths and one would expect

their contribution to the stability of the TET to differ accord-

ingly. Indeed about 45% of the concatenated matrix belong to

the maternal genes partition. Nonetheless, even when the four

zygotic partitions are pooled together their BS and R indices

are still significantly inferior to those of maternal genes.

Selective constraints and phylogenetic
incongruence

Significant LILD scores of a particular partition indicate that

it is supporting a different evolutionary history for a partic-

ular clade than the one predicted by the TET. That is why

they have been used to detect horizontal gene transfers, intr-

ogression, co-evolution, recombination, and convergent evo-

lution (Thornton and DeSalle 2000; Narechania et al. 2005;

Ramirez 2006). Nineteen out of the 51 genes analyzed here

had significant LILD scores, some of which at up to three

nodes. Because all of these genes are found in the nuclear

genome, their significant incongruence may arise from con-

vergent selection or chromosomal location.

Convergent selection would be expected if incongruent

genes significantly belonged to different stages. Cruickshank

andWade (2008) conductedMcDonald–Kreitman tests of these

genes between the homosequential species D. melanogaster

and D. simulans using several strains of D. simulans. With the

exception of pair-rule genes, all tests gave nonsignificance re-

sults indicating that selection might be substantial. The higher

levels of polymorphism and divergence of maternal genes rel-

ative to those of zygotic ones are due to relaxed selection on

genes expressed in a single sex, that is, copies of maternal

genes in males are hidden from natural selection resulting in

higher levels of nucleotide variation at replacement sites

within populations (Wade 1998). We have also conducted

relative rate tests (Tajima 1993) and found that the last two

stages and the last three stages gave significant scores of rate

heterogeneity at the subgeneric and the species subgroup lev-

els, respectively (not shown). This indicates that earlier stages

evolve under a more quasi-neutral pattern as predicted by the

relaxed selection hypothesis.

LILD scores were distributed randomly across stages in

contrast to convergent selection predictions. Nonetheless,

Fig. 4. Polynomial adjustment of the recapitulatory index (R)
among developmental stages.
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genes of the segment identity (hox) stage present an important

exception. Six out of these eight genes were significantly in-

congruent. Although this may be attributed to a convergent

directional selection on this last stage, segment identity genes

are all clustered on the left arm of chromosome 3, and thus

their phylogenetic incongruence may be an artifact of synteny

at this region. Synteny is expected to play a major role in hox

gene evolution because chromatin looping and chromosomal

colinearity are essential in the regulation of their transcription

(Fraser and Bickmore 2007; Montavon et al. 2008).

Protein sequences of genes located at rearrangement

breakpoints in Drosophila were recently shown to change

faster than those located within the rearranged fragments

(Ranz et al. 2007). Moreover, the number of incongruent

genes is evenly distributed between the two arms of chromo-

some 2, and the greatest number of incongruent genes is

found on the left arm of chromosome 3. This is in concor-

dance with predictions on the effect of rearrangement regions

in the melanogaster species subgroup where the greatest dis-

tribution of incongruence was found here on one major peri-

centric inversion on chromosome 2 and one major paracentric

inversion on chromosome 3L occurred during the evolution

of the subgroup (Lemeunier and Ashburner 1976; Schaeffer

et al. 2008). These findings highlight the fact that in spite of

differences in conservation among different developmental

stages linkage constraints might play a more important role in

shaping the phylogenetic history of some genes than func-

tional constraints.

Rate dependence for topological resolution

Unlike the previous character-based measurements, RCFI

scores were not estimated from a simultaneous analysis. In-

stead, a taxonomic congruence approach was followed

wherein phylogenetic analyses are conducted one by one

and each tree is compared with the TET. This individual gene

approach makes any discrepancy among genes more influ-

enced by sequence length (i.e., no hidden support to TET can

be revealed by interaction with other genes as in a simulta-

neous analysis) and rate heterogeneity, resulting in more fre-

quent artifacts of long branch attraction and random rooting

(Bergsten 2005). Although interpretations of BS and R indices

in terms of developmental constraints and LILD scores in

terms of linkage constraints were straightforward, interpreta-

tion of the RCFI was not. The negative slope of overall RCFI

scores contradicts quantitative predictions of all known de-

velopmental models (Poe and Wake 2004). More interestingly

are the completely inverse parabolas obtained for RCFI

scores when different taxonomic levels are considered.

The contrasting patterns at the two taxonomic levels can

be explained in light of the heterogeneity in the rate of evo-

lution of proteins expressed at different developmental stages

as predicted from the hourglass model. At the melanogaster

subgroup level originating around 10–15Ma (Russo et al.

1995; Tamura et al. 2004), maternal genes evolving under

relaxed selection as suggested by Cruickshank and Wade

(2008) resolve better phylogenetic relationships. At the sub-

generic level originating around 40–65Ma (Russo et al. 1995;

Tamura et al. 2004), maternal genes became substantially

homoplasic that slowly evolving zygotic genes resolve better

the phylogeny.

Differences in the rate of evolution among the develop-

mental stages on the shape of the developmental function may

explain the conflicting results surrounding the presence of an

hourglass model in Metazoa. The hourglass model was found

between D. melanogaster and D. simulans (2–4Ma; Cruick-

shank and Wade 2008), species of the melanogaster subgroup

(10–15Ma; this study), and between D. melanogaster and

D. pseudoobscura (20–40Ma; Davis et al. 2005), but was not

found between the two subgenera (40–65Ma; this study)

where a concave parabola supporting an adaptive penetrance

model was observed. The direct quantification of the hour-

glass pattern may also be convoluted at higher taxonomic

levels when othology determination will be more difficult. For

example, the bicoid-driven maternal regulation system is

derived in cyclorrhaphan Diptera and the genetic basis of

maternal regulation in other arthropods is still unknown (Peel

et al. 2005) and one may suspect an early conservation model

at an arthropod scale. Similar discrepancy was observed in

analysis of developmental protein sequences in Vertebrates:

support for the hourglass model in comparing human and

mouse (65–85Ma; Hazkani-Covo et al. 2005), for the adap-

tive penetrance model in eutherian mammals (97–110Ma;

Hanada et al. 2007), and for the early conservation model in

comparing zebrafish and mouse (400Ma; Roux and Robin-

son-Rechavi 2008).

In conclusion, our analysis gives insight to the relation

between ontogeny and phylogeny in Drosophila from a char-

acter-based approach. Although support for an hourglass

model comes from the different homology content of the dif-

ferent developmental stages as revealed by BS and R indices,

the finding of an hourglass using individual gene analysis

highly depends on the taxonomic level being studied (as in

RCFI). This finding would certainly be further tested by two

means. First, as genomic data are keeping growing, the future

inclusion of additional taxonomic levels in phylogenetic an-

alyses of developmental genes would certainly increase our

knowledge about how development constrains evolution and

vice-versa. And second, by further evo-devo analyses inves-

tigating the functional developmental divergence in the 12

Drosophila species. We hope that the pattern deduced here for

sequence evolution of developmental proteins can serve as a

testable hypothesis for the correlation between sequence and

functional divergence in future evo-devo investigations of

body segmentation in Drosophila and other closely related

species.
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