N
N

N

HAL

open science

Rabbit genome analysis reveals a polygenic basis for
phenotypic change during domestication
Miguel Carneiro, Carl-Johan Rubin, Federica Di Palma, Franck W. Albert,
Jessica Alfoldi, Alvaro Martinez Barrio, Gerli Pielberg, Nima Rafati,

Shumaila Sayyab, Jason Turner-Maier, et al.

» To cite this version:

Miguel Carneiro, Carl-Johan Rubin, Federica Di Palma, Franck W. Albert, Jessica Alfoldi, et al..
Rabbit genome analysis reveals a polygenic basis for phenotypic change during domestication. Science,

2014, 345 (6200), pp.1074-1079. 10.1126/science.1253714 . hal-01193854

HAL Id: hal-01193854
https://hal.science/hal-01193854

Submitted on 19 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01193854
https://hal.archives-ouvertes.fr

s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Science. Author manuscript; available in PMC 2017 May 08.

Published in final edited form as:
Science. 2014 August 29; 345(6200): 1074-1079. doi:10.1126/science.1253714.

Rabbit genome analysis reveals a polygenic basis for
phenotypic change during domestication

Miguel Carneiro*l, Carl-Johan Rubin”2, Federica Di Palma®34, Frank W. Albert>24, Jessica
Alfoldi3, Alvaro Martinez Barrio?, Gerli Pielberg?, Nima Rafati2, Shumaila Sayyab®, Jason
Turner-Maier3, Shady Younis?’, Sandra Afonsol, Bronwen Aken818 Joel M. Alves®?,
Daniel Barrell®18 Gerard Bolet19, Samuel Boucher!l, Hernan A. Burbano®2°, Rita
Campos?, Jean L. Chang?, Veronique Duranthon!2, Luca Fontanesil3, Hervé Garreaul®,
David Heiman3, Jeremy Johnson3, Rose G. Magel4, Ze Peng!®, Guillaume Queney!6, Claire
Rogel-Gaillard1?, Magali Ruffier818 Steve Searle8, Rafael Villafuertel®, Angi Xiong?°, Sarah
Young?3, Karin Forsberg-Nilsson?0, Jeffrey M. Good®21, Eric S. Lander3, Nuno Ferrand”1.22,
Kerstin Lindblad-Toh#2:3, and Leif Andersson#2.6.23

1CIBIO/InBIO, Centro de Investigagdo em Biodiversidade e Recursos Genéticos, Campus Agrario
de Vairao, Universidade do Porto, 4485-661, Vairdo, Portugal

2Science of Life Laboratory Uppsala, Department of Medical Biochemistry and Microbiology,
Uppsala University, Uppsala, Sweden

3Broad Institute of Harvard and MIT, 7 Cambridge Center, Cambridge, MA 02142, USA
“Vertebrate and Health Genomics, The Genome Analysis Center, Norwich, UK

SDepartment of Evolutionary Genetics, Max Planck Institute for Evolutionary Anthropology,
Leipzig, Germany

6Department of Animal Breeding and Genetics, Swedish University of Agricultural Sciences,
Uppsala, Sweden

"Department of Animal Production, Ain Shams University, Shoubra El-Kheima, Cairo, Egypt
8Wellcome Trust Sanger Institute, Hinxton, UK
9Department of Genetics, University of Cambridge, Cambridge, CB2 3EH, UK

10|NRA, UMR1388 Génétique, Physiologie et Systémes d’Elevage, F-31326 Castanet-Tolosan,
France

"Correspondence should be addressed to: kersli@broadinstitute.org and leif.andersson@imbim.uu.se.
Present address:
Department of Human Genetics, University of California, Los Angeles, Gonda Center, 695 Charles E. Young Drive South, Los
Angeles, CA 90095, USA
Present address:
Department of Molecular Biology, Max Planck Institute for Developmental Biology, Tiibingen, Germany

Author contributions

KLT, FDP, and ESL oversaw genome sequencing, assembly and annotation performed by JA, JTM, JJ, DH, JLC, and SaY. BA, DB,
MR, and SS did Ensembl annotations. CRG, VD, LF, RGM, and ZP contributed to the genome project. LA, MC, CJR, NF, and KLT
led the domestication study and AMB, NR, and SS contributed with bioinformatic analyses. ShY and GP performed EMSA, AX and
KFN developed neural stem cells for EMSA. MC, FWA, JIMG, SA, IMA, GB, SB, HAB, RC, HG, GQ, and RV designed, performed
and analyzed the sequence capture experiment. LA, MC, CJR, KLT, NF and FDP wrote the paper with input from other authors.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Carneiro et al. Page 2

11| abovet Conseil, Les Herbiers Cedex, France
12INRA, UMR1198 Biologie du Développement et Reproduction, F-78350 Jouy-en-Josas, France

B3pepartment of Agricultural and Food Sciences, Division of Animal Sciences, University of
Bologna, 40127 Bologna Italy

14Laboratory of Immunology, NIAID, NIH, Bethesda, MD, 20892, USA

15DOE Joint Genome Institute, Lawrence Berkeley National Laboratory, 2800 Mitchell Drive,
Walnut Creek, CA 94598

I6ANTAGENE, Animal Genomics Laboratory, Lyon, France
T7INRA, UMR1313 Génétique Animale et Biologie Intégrative, F- 78350, Jouy-en-Josas, France

18European Molecular Biology Laboratory, European Bioinformatics Institute, Wellcome Trust
Genome Campus, Hinxton, Cambridge CB10 1SD, UK

9|nstituto de Estudios Sociales Avanzados, (IESA-CSIC) Campo Santo de los Martires 7,
Cérdoba Spain

20science for Life Laboratory, Department of Immunology, Genetics and Pathology, Uppsala
University, Uppsala, Sweden

21Division of Biological Sciences, The University of Montana, Missoula, MT 59812, USA

22Departamento de Biologia, Faculdade de Ciéncias, Universidade do Porto, Rua do Campo
Alegre s/n. 4169-007 Porto, Portugal

23Department of Veterinary Integrative Biosciences, College of Veterinary Medicine and
Biomedical Sciences, Texas A&M University, College Station, USA

# These authors contributed equally to this work.

Abstract

The genetic changes underlying the initial steps of animal domestication are still poorly
understood. We generated a high-quality reference genome for rabbit and compared it to
resequencing data from populations of wild and domestic rabbits. We identified over 100 selective
sweeps specific to domestic rabbits, but only a relatively small number of fixed (or nearly fixed)
SNPs for derived alleles. SNPs with marked allele frequency differences between wild and
domestic rabbits were enriched for conserved non-coding sites. Enrichment analyses suggest that
genes affecting brain and neuronal development have often been targeted during domestication.
We propose that due to a truly complex genetic background, tame behavior in rabbits and other
domestic animals evolved by shifts in allele frequencies at many loci, rather than by critical
changes at only a few ‘domestication loci’.

Introduction

Domestication of animals - the evolution of wild species into tame forms — has resulted in
striking changes in behavior, morphology, physiology and reproduction (1). However, the
genetic underpinnings of the initial steps of animal domestication are poorly understood but
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likely involved changes in behavior that allowed the animals to survive and reproduce under
conditions that might be too stressful for wild animals. Given the differences in behavior
between wild and domesticated animals, we investigated to what extent this process involved
fixation of new mutations with large phenotypic effects as opposed to selection on standing
variation. Such studies are hampered in most domestic animals due to ancient domestication
events, extinct wild ancestors, or geographically widespread wild ancestors.

Rabbit domestication was initiated in monasteries in Southern France as recent as ~1,400
years ago (2). At this time, wild rabbits were mostly restricted to the Iberian Peninsula,
where two subspecies occurred (Oryctolagus cuniculus cuniculus and O. c. algirus), and to
France, colonized by O. ¢. cuniculus (Fig. 1). Additionally, the area of origin of domestic
rabbit is still populated with wild rabbits related to the ancestors of the domestic rabbit (3).
This recent and well-defined origin provides a major advantage for inferring genetic changes
underlying domestication.

A female rabbit genome was Sanger sequenced and assembled (4). The draft OryCun2.0
assembly size is 2.66 Gb with a contig N50 size of 64.7 kb and a scaffold N50 size of 35.9
Mb (Tables S1-S2). The genome assembly was annotated using the Ensembl gene
annotation pipeline (Ensembl release 73, Sept. 2013) and with both rabbit RNA-seq data and
the annotation of human orthologs (4) (Table S3). Our analysis of rabbit domestication used
Ensembl annotations as well as a custom pipeline for annotation of UTRs (168,286 unique
features), non-coding RNA (n=9,666) and non-coding conserved elements (2,518,476
unique features).

To identify genomic regions under selection during domestication we performed whole
genome resequencing (10X coverage) of pooled samples (Table S4) of six different breeds
of domestic rabbits (Fig. 1A), three pools of wild rabbits from Southern France, and 11
pools of wild rabbits from the Iberian Peninsula, representing both subspecies (Fig. 1B). We
also sequenced a close relative, snowshoe hare (Lepus americanus), to deduce the ancestral
state at polymorphic sites. Short sequence reads were aligned to our assembly; SNP calling
resulted in the identification of 50 million high quality SNPs and 5.6 million insertion/
deletion polymorphisms after filtering (Table S5). The numbers of SNPs at non-coding
conserved sites and in coding sequences were 719,911and 154,489, respectively. The per site
nucleotide diversity () within populations of wild rabbits was in the range of 0.6-0.9%
(Fig. 1C). Thus, rabbit is one of the most polymorphic mammals sequenced so far,
presumably due to a larger long-term effective population size relative to other sequenced
mammals (5). Identity scores confirm that the domestic rabbit is most closely related to wild
rabbits from Southern France (Fig. S1A), and we inferred a strong correlation (r = 0.94) in
allele frequencies at most loci between these groups (Fig. S1B). The average nucleotide
diversity of each sequenced population is consistent with a bottleneck and reduction in
genetic diversity when rabbits from the Iberian Peninsula colonized Southern France and a
second bottleneck during domestication (3)(Figs. 1B,C).

Selective sweeps occur when beneficial genetic variants increase in frequency due to
positive selection together with linked neutral sequence variants (6). This results in genomic
islands of reduced heterozygosity, and increased differentiation between populations around
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the selected site. We compared genetic diversity between domestic rabbits as one group to
wild rabbits representing 14 different locations in France and the Iberian Peninsula. We
calculated Fsyvalues between wild and domestic rabbits, and average pooled heterozygosity
(H) in domestic rabbits, in 50 kb sliding windows across the genome (hereafter referred to as
Fs7H outlier approach). We identified 78 outliers with F57>0.35 and A<0.05 (Figs. 2A, S2,
Database S1). We also used SweepFinder (7), which calculates maximum composite
likelihoods for the presence of a selective sweep, taking into account the background pattern
of genetic variation in the data, and with a significance threshold set by coalescent
simulations incorporating the recent demographic history of domestic and wild rabbits (Figs.
S3, S4, Databases S1, S2) (4). This analysis resulted in the identification of 78 significant
sweeps (Fig. 2A, Database S1). Thirty-one (40%) of these were also detected with the Fg~H
approach (Fig. 2A). This incomplete overlap is likely explained by the fact that SweepFinder
primarily assesses the distribution of genetic diversity within the selected population, while
the Fg~H analysis identifies the most differentiated regions of the genome between wild and
domestic rabbits. We carried out an additional screen using targeted sequence capture on an
independent sample of individual French wild and domestic rabbits. We targeted over 6 Mb
of DNA sequence split into 5,000 1.2 kb intronic fragments that were distributed across the
genome and selected independently of the genome resequencing results above. Coalescent
simulations, using the targeted resequencing dataset and incorporating the recent
demographic history of domestic rabbit as a null model (Figs. S3, S4, Databases S1, S2) (4),
confirmed the majority of sweeps detected in our whole genome resequencing approach
(76.0% with SweepFinderand 73.7% with Fs~H outlier regions, excluding regions without
targeted fragments), a highly significant overlap (Fisher’s exact test, A<1x107 for both
tests). Furthermore, 26 of the 31 sweep regions detected with both SweepFinderand the
Fs7H approach were targeted in the capture experiment, 23 of these (88.5%) were
confirmed.

An example of a selective sweep overlapping the 3’-part of GR/KZ (glutamate receptor,
ionotropic, kainate 2) is shown in Fig. 2B. Parts of this region have low heterozygosity in
domestic rabbits, and at position chr12:90,153,383 bp domestic rabbits carry a nearly fixed
derived allele at a site with 100% sequence conservation among 29 mammals except for the
allele present in domestic rabbits (8) suggesting functional significance. GR/KZ2 encodes a
subunit of a glutamate receptor highly expressed in brain and has been associated with
recessive mental retardation in humans (9). Both SweepFinder and the Fs7—H outlier
analysis identified two sweeps near SOX2 (SRY-BOX 2) separated by a region of high
heterozygosity (Fig. 2C). SOX2encodes a transcription factor that is required for stem-cell
maintenance (10).

Given the comprehensive sampling in our study and the correlation in allele frequencies
between domestic and French wild rabbits (Fig. S1B), highly differentiated individual SNPs
are likely to have been either directly targeted by selection or occur in the vicinity of loci
under selection. For each SNP, we calculated the absolute allele frequency difference
between wild and domestic rabbits (AAF) and sorted these into 5% bins (AAF=0-0.05, etc.).
The majority of SNPs showed low AAF between wild and domestic rabbits (Fig. 2D). We
examined exons, introns, UTRs and evolutionarily conserved sites for enrichment of SNPs
with high AAF, as would be expected under directional selection on many independent
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mutations (Fig. 2D, Table S6). We observed no consistent enrichment for high AAF SNPs in
introns, but significant enrichments in exons, UTRs and conserved non-coding sites (X2 test,
£<0.05). Of note, we detected a significant excess of SNPs at conserved non-coding sites for
each bin AAF>0.45 (x° test, P=1.8x107 - 7.3x10°17), whereas in coding sequence, a
significant excess was only found at AAF>0.80 (y? test, P=3.0x10-2 - 1.0x103). Compared
to the relative proportions in the entire dataset, there was an excess of 3,000 SNPs at
conserved non-coding sites with AAF>0.45, whereas for exonic SNPs with AAF>0.80 the
excess was only 83 SNPs (Table S6). Thus, changes at regulatory sites have played a much
more prominent role in rabbit domestication, at least numerically, than changes in coding
sequences.

We selected the 1,635 SNPs at conserved non-coding sites with AAF>0.80, which represent
681 non-overlapping 1 Mb blocks of the rabbit genome. In order not to inflate significances
due to inclusion of SNPs in strong linkage disequilibrium we selected only one SNP per 50
kb, leaving 1,071 SNPs. More than 60% of the SNPs were located 50 kb or more from the
closest transcriptional start site (TSS; Fig. 2E), suggesting that many differentiated SNPs are
located in long-range regulatory elements. A gene ontology (GO) overrepresentation
analysis (11) examining all genes located within 1 Mb from high AAF SNPs showed that the
most enriched categories of biological processes involved ‘cell fate commitment’
(Bonferroni A=3.1x103-5.4x10°; Table 1, Database S3), while the statistically most
significant categories involved brain and nervous system cell development (Bonferroni
P=2.9x1073-3.7x10710). Many of the mouse orthologs of genes associated with non-coding
high AAF SNPs were expressed in brain or sensory organs, and this enrichment was highly
significant (Table 1). We also examined phenotypes observed in mouse mutants (http://
www.informatics.jax.org) for these genes, revealing a significant (Bonferroni
P=3.7x102-7.5x10-17) enrichment of genes associated with defects in brain and neuronal
development, development of sensory organs (hearing and vision), ectoderm development
and respiratory system phenotypes (Fig. S5). These highly significant overrepresentations
were obtained because there were many genes in the overrepresented categories (Table 1).
For example, we observed high AAF SNPs associated with 191 genes (113 expected by
chance) from the nervous system development GO category (Bonferroni £=3.7x10719). Thus,
rabbit domestication must have a highly polygenic basis with many loci responding to
selection, and where genes affecting brain and neuronal development have been particularly
targeted.

None of the coding SNPs that differed between wild and domestic rabbits was a nonsense or
frame-shift mutation - consistent with data from chicken (12) and pigs (13), suggesting that
gene loss has not played a major role during animal domestication. This is an important
finding as it has been suggested that gene inactivation could be an important mechanism for
rapid evolutionary change, for instance during domestication (14). Of 69,985 autosomal
missense mutations, there were no fixed differences and only 14 showed a AAF above 90%.
On the basis of poor sequence conservation, similar chemical properties of the substituted
amino acids, and/or the derived state of the domestic allele we assume that most of these
result from hitchhiking, rather than being functionally important (Database S4). However,
two missense mutations stand out; these may be direct targets of selection because at these
two positions the domestic rabbit differs from all other sequenced mammals (>40 species).
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The first is a Q813R substitution in 77C21B (tetratricopeptide repeat domain 21B protein),
which is part of the ciliome and modulates sonic hedgehog signaling during embryonic
development (15). The other is a R1627W substitution in KDM6B (lysine-specific
demethylase 6B) that encodes a histone H3K27 demethylase involved in HOX gene
regulation during development (16).

Deletions unique to domestic rabbits were difficult to identify, because the genome assembly
is based on a domestic rabbit, but some convincing duplications were detected with striking
frequency differences between wild and domestic rabbits (Database S5). We observed a one
bp insertion/deletion polymorphism located within an intron of /MMPZ2L (inner
mitochondrial membrane peptidase-2 like protein), where domestic and wild rabbits were
fixed for different alleles. The polymorphism occurs in a sweep region and it is the sequence
polymorphism with highest AAF in the region (Fig. S6). Mutations in /MMPZL have been
associated with Tourette syndrome and autism in humans (17).

Cell fate determination was a strongly enriched GO category (Database S3) for genes near
variants with high AAF. We examined the functional significance of twelve SOXZ, four
KLF4and one PAXZ2high AAF SNPs associated with this GO category and where all 17
SNPs were unique to domestic rabbits compared with other sequenced mammals.
Electrophoretic mobility shift assay (EMSA) with nuclear extracts from mouse ES-cell
derived neural stem cells revealed specific DNA-protein interactions (Figs. 3, S7, Table S7).
Four probes, all from the SOXZregion, showed a gel shift difference between wild and
domestic alleles. Nuclear extracts from a mouse P19 embryonic carcinoma cell line before
and after neuronal differentiation recapitulated these four gel shifts and revealed three
additional probes, one in PAX2and two more in SOXZ2that showed gel shift differences
between wild-type and mutant probes only after neuronal differentiation. Thus, altered
DNA-protein interactions for 7 of the 17 high AAF SNPs tested were identified, qualifying
them as candidate causal SNPs that may have contributed to rabbit domestication.

Our results show that very few loci have gone to complete fixation in domestic rabbits, none
at coding sites nor any at non-coding conserved sites. However, allele frequency shifts were
detected at many loci spread across the genome and the great majority of ‘domestic’ alleles
were also found in wild rabbits, implying that directional selection events associated with
rabbit domestication are consistent with polygenic and soft sweep modes of selection (18)
that primarily acted on standing genetic variation in regulatory regions of the genome. This
stands in contrast with breed-specific traits in many domesticated animals that often show a
simple genetic basis with complete fixation of causative alleles (19). Our finding that many
genes affecting brain and neuronal development have been targeted during rabbit
domestication is fully consistent with the view that the most critical phenotypic changes
during the initial steps of animal domestication likely involved behavioral traits that allowed
animals to tolerate humans and the environment humans offered. On the basis of these
observations, we propose that the reason for the paucity of specific fixed domestication
genes in animals is that no single genetic change is either necessary or sufficient for
domestication and because of the complex genetic background for tame behavior we
propose that domestic animals evolved by means of many mutations of small effect, rather
than by critical changes at only a few domestication loci.
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Fig. 1. Experimental design and population data
(A) Images of the six rabbit breeds, sized to reflect differences in body weight, included in

the study and of a wild rabbit. (B) Map of the Iberian Peninsula and Southern France with
sample locations marked (orange dots). Demographic history of this species is indicated and
a logarithmic time scale is indicated to the left. The hybrid zone between the two subspecies
is marked with dashes. (C) Nucleotide diversities in domestic and wild populations. The
French (FRW1-3) and Iberian (IW1-11) wild rabbit populations are ordered according to a
northeast to southwest transection. Sample locations are provided in Table S4.
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Fig. 2. Selective sweep and delta allele frequency analyses.
(A) Plot of Fgrvalues between wild and domestic rabbits. Sweeps detected with the Fs~H

outlier approach, SweepFinderand their overlaps are marked on top. Unassigned scaffolds
were not included in the analysis. (B) and (C) Selective sweeps at GR/K2 (B) and SOX2
(C). Heterozygosity plots for wild (red) and domestic (black) rabbits together with plots of
Fsrvalues and SNPs with AAF>0.75 (HAAF). The bottom panel shows putative sweep
regions, detected with the Fs7~AH outlier approach and SweepFinder, marked with horizontal
bars. Gene annotations in sweep regions are indicated; *represents ENSOCUT000000.
**SOX2-OT represents the manually annotated SOX2 overlapping transcript (4). (D)
Number of SNPs in non-overlapping AAF bins (black lines, left y-axis). M-values (log2-fold
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changes) of the relative frequencies of SNPs at non-coding evolutionary conserved sites, in
untranslated regions (UTR), exons and introns according to AAF bins (colored lines, right y-
axis); M-values were calculated with the average frequency of the corresponding annotation
category as reference. (E) Location of SNPs at conserved non-coding sites with AAF=0.8
SNPs (n=1,635) and with AAF<0.8 SNPs (n=502,343) in relation to the transcription start
site (TSS) of the most closely linked gene; **, P<0.01).
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Fig. 3. Bioinformatic and functional analysis of candidate causal mutations.
Three examples of SNPs near SOX2and PAX2where the domestic allele differs from other

mammals. Fourteen such SNPs assessed with electrophoretic mobility shift assays (EMSA)
are indicated by red crosses on top. EMSA with nuclear extracts from ES-cell derived neural
stem cells or from mouse P19 embryonic carcinoma cells before (un-diff) or after neuronal
differentiation (diff) are shown for three SNPs; exact nucleotide positions of polymorphic
sites are indicated. Allele-specific gel shifts are indicated by arrows. WT=wild-type allele;
Dom=domestic, the most common allele in domestic rabbits. Cold probes at 100-fold excess
were used to verify specific DNA-protein interactions.
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Summary of results from enrichment analysis of AAF >0.8 SNPs located in conserved non-coding elements.
One significantly enriched term was chosen from each group of significantly enriched inter-correlated terms.
Full lists of enriched terms and inter-correlations are presented in Database S3 and the most enriched inter-

correlated terms are presented in Figure S5

Enriched term Number of genes pl Enrich ment Unique loci O/R)2
Gene Ontology Biological Process
G0:0007399  nervous system development 191 3.7x10°10 1.7 154/155
GO0:0045595  regulation of cell differentiation 107 4.5x10 18 94/91
GO0:0045935  positive regulation of nucleobase-containing 122 2.0x10° 17 101/100
compound metabolic process
G0:0045165  cell fate commitment 36 5.5x105 2.9 31/32
G0:0007389  pattern specification process 57 1.4x10%4 2.2 43/44
G0:0009887  organ morphogenesis 85 2.0x103 1.8 72/73
G0:0048646  anatomical structure formation involved in 75 2.8x10%3 1.8 65/64
morphogenesis
G0:0045892  negative regulation of transcription, DNA-dependent 82 1.4x102 17 62/62
G0:0034332  adherens junction organization 13 1.5x102 4.7 11/11
M ouse Genome I nfor matics gene expr0n3
11853 TS23 diencephalon; lateral wall; mantle layer 109 3.9x10% 33 86/85
12449 TS23 medulla oblongata; lateral wall; basal plate; 115 2.6x1013 2.3 90/89
mantle layer
2257 TS17 sensory organ 113 3.4 x1013 2.3 98/99
1324 TS15 future brain 72 8.5x10? 2.4 61/61
M ouse Genome | nfor matics phenotype
MP:0010832 lethality during fetal growth through weaning 240 7.5x1017 1.8 197/189
MP:0003632 abnormal nervous system morphology 237 1.2x10°13 1.7 191/193
MP:0005388  respiratory system phenotype 127 1.7x107 1.8 101/102
MP:0000428  abnormal craniofacial morphology 109 1.4x10°6 19 93/92
MP:0002925 abnormal cardiovascular development 88 3.3x10° 1.9 73/73
MP:0005377  hearing/vestibular/ear phenotype 73 1.8x10* 2.0 61/62

1 .
Bonferroni corrected P-value.

2Number of unique non-overlapping 1Mb windows observed (O) and the average number of 1 Mb windows observed in 1000 random (R)

samplings of the same number of genes (rounded to the nearest integer).

3TS=ThieIer stage.
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