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large collection of novel htt-interacting proteins using Y2H
screens and biochemical approaches. Although it will be
important to validate the interacting proteins as bona fide
genetic modifiers of htt toxicity using different strategies
and HD models, these novel interactors can provide con-
siderable insight into the normal function of htt and the
molecular pathogenesis of HD.
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Macroevolutionary trends traditionally are studied by
fossil analysis, comparative morphology or evo-devo
approaches. With the availability of genome sequences
and associated data from an increasing diversity of taxa,
it is now possible to add an additional level of analysis:
genomic phylostratigraphy. As an example of this
approach, we use a phylogenetic framework and embryo
expression data from Drosophila to show that grouping
genes by their phylogenetic origin can uncover foot-
prints of important adaptive events in evolution.
Introduction
Comparison of metazoan genome sequences has shown
that a significant fraction of genes occurs only in defined
lineages [1–8]. This implies that these genes have arisen
during the evolution of the respective lineages, probably in
the context of lineage specific adaptations (see Glossary).
The origin of such new genes seems to occur in a punctu-
ated manner, that is, new genes initially evolve very
quickly until they become locked into a pathway [2–4]. If
these genes would then retain an association with a
particular pathway, one could infer their evolutionary
origin on the basis of the function of the genes in extant
organisms and of an assessment of their phylogenetic
emergence (see Introduction in Online Supplementary
Material). This is the principle of ‘phylostratigraphy’,
which we present here as a general approach to trace
evolutionary innovations using data from genome projects.

The best data for a pan-metazoan statistical evaluation
of gene evolution are currently available from Drosophila
andwe have focused our analysis on this dataset. However,
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Glossary

Aptation: joint term for adaptation (i.e. a character or character complex

shaped by natural selection) plus exaptation (i.e. a character or character

complex that existed before it was co-opted by natural selection).

Founder genes (founders): first emergence of a gene forming the basis of a

new gene lineage or gene family; the origination of founder genes might

correlate with functional novelty.

Genomic phylostratigraphy: a statistical approach for reconstruction of

macroevolutionary trends based on the principle of founder gene formation

and punctuated emergence of protein families.

Germ layers: tissue layers in animals formed during early embryogenesis.

Animals traditionally considered to have bilateral symmetry have three germ

layers: ectoderm, mesoderm and endoderm.

Morpho-ontogenetic domains: distinct morphological structures that appear

during the ontogeny of an organism.

Phylostratum: a set of genes from an organism that coalesce to founder genes

having common phylogentic origin.

Punctuated protein family evolution: a model of genome evolution that

assumes that protein families were initiated by founder genes in a scattered

manner through evolutionary time.

Figure 1. Model of the punctuated emergence of protein families through the

formation of founder genes in different phylostrata. The gray tree represents

phylogenetic relationships among hypothetical taxa, the embedded trees

represent the evolution of hypothetical protein families after emergence of

founder genes (see Online Supplementary Material). Circles designate the

formation of the new genes, whereas different branch colors designate different

paralogs. A gene loss is designated with ‘X’. We show a hypothetical evolution of a

gene family whose founder gene originated in the younger (a) and in the older

internode (phylostratum) in the phylogeny (b). For simplicity we show the

origination of only one founder gene per phylostratum.
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the same approach could also be used to address various
biological questions on different levels of the phylogenetic
hierarchy, once reasonably complete datasets become
available.

A phylostratigraphic map for Drosophila

The choice of phylogeny is of fundamental importance for
the determination of the phylogenetic origin of the genes.
The tree we use here is a trade-off between an attempt to
cover the most important events in the lineage leading to
Drosophila, reliability of phylogenetic relationships and
availability of the genome data for sequence comparison
(Figure S1 in Online Supplementary Material).

To assign 13 382 Drosophila genes to the internodes on
the phylogenetic tree we used BLAST sequence similarity
searches [9] against the non-redundant protein database
and where necessary trace and expressed sequence tag
(EST) archives (see Table S2 and Methods in Online
Supplementary Material). All genes were then distributed
into 12 groups according to the emergence of their founders
in the phylogeny; we refer to these 12 groups as genomic
phylostrata (Figure 1; Table 1). For �30% of these genes,
expression patterns during embryogenesis are known from
whole mount in situ hybridization [10] and 2105 show
regulated transcription (Table 1). Their expression pat-
terns were annotated by a controlled vocabulary that
describes the morpho-ontogenetic domains in the develop-
ing fly embryo [10]. We used the affiliation to ectoderm,
endoderm and mesoderm to plot these three categories on
the phylostratigraphic map (Figure 2a).

If the phylogenetic origin of the genes had no influence
on the distribution of expression domains, the frequency of
expression domains produced by genes in a phylostratum
would be expected to approximate the frequencies in the
whole sample of the fly genes (65% ectoderm, 15% endo-
derm, 20%mesoderm). However, in the majority of phylos-
trata, we detect statistically significant deviations from the
expected values (Figure 2a). The most parsimonious
scenario that could explain these fluctuations is that the
evolutionary periods we considered were marked by differ-
ent adaptive or exaptive [11] tendencies, which we uncov-
ered because extant descendants, cumulatively analyzed
in each phylostratum, might reflect ancestral functions of
www.sciencedirect.com
their founder genes [1]. Thus, although Drosophila embry-
ogenesis is highly derived, it appears nonetheless to retain
a significant signal with respect to the origination of these
tissues.

An ectodermal bias
The pattern of frequency fluctuations shows that on a
large evolutionary scale the ectoderm appears to show



Figure 2. Drosophila genomic phylostratigraphic map. Twelve genomic phylostrata that correspond to the phylogenetic internodes (lower panels) are bordered by vertical

grids and denote sets of Drosophila genes whose founder genes originated in the corresponding evolutionary periods (e.g. the leftmost phylostratum represents extant D.

melanogaster (D. mel.) genes whose founders originated in the lineage leading to D. melanogaster after the split of dipterans, whereas the rightmost phylostratum

represents genes whose founders were already present in the last common ancestor of all cellular organisms). In each phylostratum the frequency of embryo expression

events is compared with the frequency in the complete sample and deviations are shown by log-odds (y-axis). Log-odds of zero denotes that the frequency of expressions in

a phylostratum and in the complete sample do not differ, whereas positive and negative values point to over-representation and under-representation, respectively.

Significance of the deviations is shown in the p-value chart [29] (see Methods in Online Supplementary Material). In panel (a), expression frequency fluctuations for the

ectoderm (red circles), endoderm (dark blue squares) and mesoderm (light blue triangles) are shown. The solid horizontal lines below the map indicate the traditional view

on the first appearance of the germ layers in the evolutionary history, whereas dotted regions and colored arrows indicate distinct oscillations in frequency of expression

characteristics which might be related to the origin of the germ layers. In panel (b), expression frequency fluctuations for the overall ectoderm (broken, gray line), nervous

system (red diamonds) and the rest of the ectoderm (green circles) are shown. The unbroken horizontal line below the map indicates the view of comparative anatomy on

the origin of the nervous system. Abbreviation: ns, not significant.
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Table 1. D. melanogaster phylostratigraphic and expression data

Complete

genome

Genes with in situ hybridization data (4141) Germ layer analysisa

Phylostratum Ubiquitousexpression maternal

expression

Not

expressed

Restricted

expression

Restricted expression

Number Internode Genes (%) Genes (%) Genes (%) Genes (%) Genes (%) Genes (%) Expression

domains

12 Diptera: 2356 (17.6) 12 (2.5) 31 (7.0) 244 (22.0) 156 (7.4) 142 (7.2) 930

D. melanogaster

11 Insecta: 467 (3.5) 7 (1.4) 7 (1.6) 47 (4.2) 68 (3.2) 61 (3.1) 303

Diptera

10 Pancrustacea: 417 (3.1) 5 (1.0) 7 (1.6) 36 (3.3) 58 (2.8) 54 (2.8) 343

Insecta

9 Arthropoda: 78 (0.6) 1 (0.2) 0 (0.0) 5 (0.5) 22 (1.1) 21 (1.1) 102

Pancrustacea

8 Protostomia: 52(0.4) 0 (0.0) 1 (0.2) 7 (0.6) 12 (0.6) 12 (0.6) 96

Arthropoda

7 Bilateria: 134 (1.0) 0 (0.0) 0 (0.0) 18 (1.6) 22 (1.1) 21 (1.1) 148

Protostomia

6 Eumetazoa: 1058 (7.9) 37 (7.6) 36 (8.1) 112 (10.1) 168 (8.0) 163 (8.3) 1151

Bilateria

5 Metazoa: 414 (3.1) 13 (2.7) 9 (2.0) 33 (3.0) 75 (3.6) 74 (3.8) 561

Eumetazoa

4 Opisthokonta: 216 (1.6) 5 (1.0) 10 (2.2) 14 (1.3) 53 (2.5) 51 (2.6) 424

Metazoa

3 Eukaryota: 214 (1.6) 6 (1.2) 11 (2.5) 5 (0.5) 37(1.8) 33 (1.7) 357

Opisthokonta

2 LCA of Cellular

organisms:

3105 (23.2) 205 (42.3) 154 (34.5) 193 (17.4) 536 (25.5) 498 (25.3) 4057

Eukaryota

1 Life before LCA of

cellular organisms:

4871 (36.4) 191 (39.4) 180 (40.4) 394 (35.6) 898 (42.7) 837 (42.6) 5560

LCA of Cellular

organisms

Total 13382 (100) 482 (100) 446 (100) 1108 (100) 2105 (100) 1967 14032
aFraction of genes with restricted expression (93%).

Figure 3. Fixation rates of founder genes estimated in the D. melangaster (D. mel.) genomic phylostrata. We estimated the rate of fixation of founder genes using the molecular

clock time estimates from two studies (circles [18], triangles [17]), which cover neighboring nodes around phylostratum 6, and one conservative study [19] with incomplete time

estimates (red question marks represent missing time estimates in this case, whereas red line regions represent approximations obtained by averaging over the two

phylostrata). Time estimates for the other nodes were compiled from several sources (see Table S2 in Online Supplementary Material). X-axis numbering denote phylostrata.
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an opposite trend to the endoderm and the mesoderm.
When a gene coalesces to a founder gene that was gener-
ated after the diversification of the eukaryotes (phylostrata
3 to 12), there is a greater chance that it is expressed in
ectodermal structures. By contrast, coalescence to a foun-
der gene that was already present before diversification of
the cellular organisms (phylostratum 1) correlates with
mesodermal and endodermal expression. This pattern
suggests that aptations [11], achieved by founder genes,
might have been biased towards ectoderm through most of
animal evolutionary history.

When one differentiates the ectodermal genes into those
that are expressed in the nervous system versus the rest,
one finds an additional pattern for the nervous system
genes (Figure 2b). For these, a first peak is seen in phylos-
tratum 2, representing the last common ancestor (LCA) of
eukaryotes and a second one in phylostratum 5 at the time
of emergence of the eumetazoa. The presence of the first
peak would suggest that genes relevant for the nervous
system became already available before complex nervous
systems evolved. This is a rather unexpected finding that
deserves further analysis in the future. By contrast, the
second peak is at an expected position, namely before the
emergence of the bilateria, which might well have been
preceded by an elaboration of the nervous system. Inter-
estingly, there is a strong underrepresentation of nervous
system genes in phylostrata 7 to 10. This could indicate
that no major genomic novelties were generated during
this phase, which represents essentially the evolution of
Figure 4. Difference in functional annotation of D. melanogaster (D. mel.) genes amo

complete genome, which is functionally annotated with Gene Ontology biological proc

www.sciencedirect.com
arthropods in the aquatic environment, before colonizing
the land.

The last common bilaterian ancestor
A special situation exists for phylostratum 6, the time of
the bilaterian LCA. Here, the genes have unbiased distri-
bution of expression characteristics among all three germ
layers (Figure 2). This finding, as well as an increased
percentage (�8%) of founder genes in this period, suggests
that the shift from the eumetazoan ancestor to the organ-
izational level of the bilaterian LCA required a substantial
amount of gene innovations, with balanced action among
germ layers. Therefore, before rewiring of genetic modules
took place during the Cambrian explosion [12–16] some
other trigger might have filled up the arsenal of available
genes.

Furthermore, although dating by molecular clocks
should be treated with caution, we detected, using the
time estimates from the studies that covered the neighbor-
ing nodes [17–19], increased fixation rate of founder genes
in phylostratum 6 (Figure 3; Table S1 in Online Supple-
mentary Material). An adequate supply of duplicated
genes and suitable selective conditions might have been
prerequisites for such high fixation rates of the founder
genes. Complete genome duplication as well as single gene
duplications [8] could provide enough raw material for
selection to act on, whereas strong and varying selective
pressures are easy to imagine in the unstable Neoproter-
ozoic environment (1000 to 542 million years ago)
ng phylostrata. The broken line depicts the average fraction of fly genes in the

ess terms.
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[13,14,16]. Interestingly, fly genes that coalesce to the
founders in phylostratum 6 are considerably less function-
ally characterized than the older genes (Figure 4), which
indicates that for a better understanding of the proto-
stome–deuterostome ancestor, of the Cambrian explosion
and of the emergence of the insects, functional studies
should focus on these genes.

Origin of the germ layers
The scattered origin of founder genes that we found here
suggests that the emergence of morphological innovations
is coupled not only with the rewiring of existing genetic
elements [12] but also with the formation of founder genes
that have a specific role in the emerging gene networks. As
the origin of the germ layers is a long-standing issue, it is
interesting to look for possible signatures of the origin of
the germ layers that might be detectable on the phylos-
tratigraphic map in the form of a peak or an abrupt
increase in frequency of expression characteristics. Indeed,
we find unique and significant fluctuations that could be
related to the origin of the germ layers and, interestingly,
they are arranged in ectoderm-endoderm-mesoderm step-
wise progression (Figure 2a). Specifically, the ectoderm in
phylostratum 3 rapidly reaches an overrepresentation
plateau; endoderm has a peak in phylostratum 4; and
finally mesoderm has a distinct peak which spreads over
phylostrata 6 and 7 (Figure 2a).

Recent studies suggest that multicellularity evolved
independently in animals and fungi from unicellular
opisthokont ancestors [20]. However, the presence of
proteins essential for animalmulticellularity in unicellular
opisthokonts [21], their facultative multicellular behavior
[22–24], parasitism of some lineages [20] and multicellu-
larity of earlier branching groups [21] might challenge this
view. Indeed, our finding that a higher than expected
number of proteins that play a role in the ectoderm
emerged in the opisthokont LCA, suggests that the
opisthokont LCA displayed some sort of multicellularity.
Similarly, our finding of a distinct endodermal peak is
consistent with recent developmental studies in sponges,
which suggests an early origin of gastrulation [25,26].

For a better understanding of the origin of the meso-
derm, amore reliable phylogenetic positioning and genome
sequence of Ctenophora is required [27]. However, given
that cnidarian genomic data are included in the analysis,
the phylostratigraphic mesodermal peak in phylostratum
6 supports the idea that mesoderm is a genuine bilaterian
innovation [27,28]. These studies also showed that some
mesodermal genes existed before the mesoderm emerged
[27,28], which demonstrates that phylostratigraphy, as a
statistical approach, is robust to functional changes of
individual genes.

Concluding remarks
The finding of statistically significant differences in gene
emergence in the phylostratigraphic map validates the
assumption that at least a proportion of these genes have
retained a signal of their evolutionary history. Therefore,
under the assumption of a generality of the underlying
principle of founder gene formation and punctuated emer-
gence of protein families, genomic phylostratigraphy
www.sciencedirect.com
might also uncover macroevolutionary processes in other
lineages. Evidently, the analysis and interpretations pre-
sented here are necessary preliminarily, because we relied
only on the Drosophila data and limited phylogenetic
resolution of the phylostrata. Therefore, our current find-
ings are an example of how such an approach might
uncover macroevolutionary processes in lineages once
more genomic and other high-throughput data are avail-
able. The principle of genomic phylostratigraphy implies
that the genome of every extant species retains parts of the
picture of the evolutionary epochs. Hence, the rapid
accumulation of genomic data on a large variety of organ-
isms will allow an increasing view of these pictures.
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Crossover interference underlies sex differences in
recombination rates
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In many organisms, recombination rates differ between
the two sexes. Here we show that in mice, this is because
of a shorter genomic interference distance in females
than in males, measured in Mb. However, the interfer-
ence distance is the same in terms of bivalent length. We
propose a model in which the interference distance in
the two sexes reflects the compaction of chromosomes
at the pachytene stage of meiosis.
Introduction
Meiosis consists of two consecutive cell divisions after a
single round ofDNAreplication, therebyensuring reduction
of the chromosome number to produce haploid gametes.
This reduction occurs in the first meiotic division, when
homologous chromosomesare joined together inprophase to
form bivalents and eventually separate in anaphase. In
mammals,higherplantsandyeast, chromosomerecognition
and formation of the synaptonemal complex is initiated by
double-strand breaks on one chromatid. These breaks are
repaired by homologous recombination, leading to genetic
crossing over and/or gene conversion when a non-sister
chromatid is used as a template. Given the segregation of
chromatids intohaploid gametes, only half of the genetically
recombinant chromosomes that result from molecular
recombination events will be detected.

Crossover events are not randomly spaced along
chromosomes. Instead, the presence of one crossover event
on a chromosome reduces the possibility of a second event
nearby [1–3], a phenomenon known as crossover interfer-
ence. Inmany species, recombination rates differ in the two
sexes. The female recombination map is 1.7 times longer
than that of males in humans [4,5] and 1.3 times longer in
mice [6]. Several mechanisms have been proposed to play
important roles: haploid selection [7]; different epistatic
interactions among genes expressed during male and
female meiosis [8]; presence of X-linked modifiers [9];
and regional differences in the chromatin structure of male
and female gametocytes [10]. However, experimental evi-
dence in support of these suggestions has remained elu-
sive. Here we show that crossover interference inmeiosis is
the main factor underlying sex differences of recombina-
tion rates, and that the average intercrossover distance is
the same in both sexes when measured in micrometers of
synaptonemal complex length.

Distribution of recombination events along mouse
chromosome 1
Recombination rates in each sex were measured in
backcrosses of C57BL/6JxCAST/EiJ F1 male and female
mice to C57BL/6J. The entirety of mouse chromosome 1
(Chr 1) was examined at �7 Mb resolution, which ensured
the detection of virtually all crossovers taking into account
the strong positive interference in mouse recombination
[11]. In total, we detected 2715 recombination events
in 2762 progeny of female F1 parents and 1509 recombina-
tion events in 1881progeny ofmaleF1 parents. The average
recombination rates were 0.51 cM per Mb (cM/Mb) in
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