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Figure 1 Example showing relationships of genes between human and mouse. (A) Gene 1A in
human and mouse are separated by a speciation node suggesting that these genes are orthologs
(green). Gene 1B and 1B’ in mouse are related to each other by a duplication event suggesting that
these genes are inparalogs (brown). Gene 1B in human and gene 1C in mouse are related to each
other by a duplication event that occurred before the speciation event, suggesting that these
genes are outparalogs. (B) Relative pair-wise sequence similarity of inparalogs is usually highest,
followed by orthologs, followed by outparalogs.

The availability of genomic sequences has enabled the large-scale assignment of orthologs
and paralogs between numerous species (Dehal and Boore 2006, Li et al. 2006, Li et al.
2003, O'Brien et al. 2005, Tatusov et al. 2003, Vilella et al. 2009). At the DNA/protein
sequence level, inparalogs generally exhibit the highest pair-wise sequence similarity
since they have evolved most recently through duplication within a given species (Figure
1B). In pairwise comparisons of two or more species, orthologs normally exhibit higher
pairwise similarity compared to outparalogs. It should be noted that the pairwise
similarity of inparalogs would be higher than orthologs. The pairwise similarity between
the members of a gene family is normally higher than pairwise similarity with members of
any other gene family. This property of relative pairwise similarity of members of the gene
family can be used to identify orthologs and paralogs from genome sequence data.
However, care should be taken while using pairwise similarity as the only measure for

ortholog/paralog assignment since species-specific gene loss, gene family expansions, gene




























































Opossum cDNA sequences were downloaded from the Ensembl v55 web server. This
cDNA set included all transcript sequences of known and predicted genes by the Ensembl
pipeline (Hubbard et al. 2007). The dataset included 33,279 transcript sequences for
20,193 genes. Reciprocal best hit searches were performed by using these sequences as
queries first. 323,332 tammar wallaby sequences were reciprocally related (by direct
association, Figure 2, case D) to 18,252 opossum genes (~90% of all opossum genes
annotated in Ensembl database).

Opossum Gene 1 Opossum Gene 2

oo i v v e

Tammar wallaby Trace Sequences
Hypothetical connection between two mate-pairs

Case A: Tammar trace sequence for which there is no clean-mate pair sequence

Case B: Tammar trace sequences associated o a single gene

Case C: Tammar trace sequences where each sequence from mate-pair aligns to two genes

Case D: Tammar trace sequence (shown in solid line) is directly related to Gene 2 by reciprocal relation, but
corresponding mate-pair (shown in dotted line) is related indirectly by association

Figure 2 Tammar wallaby reciprocal best hits for opossum genes. cDNA sequences of opossum
genes (orange and green bars) are used as queries to search tammar wallaby trace archive
database (blue bars). Red dotted line shows the connection between two mate-pair sequences.
Once 323,332 tammar wallaby sequences were assigned to 18,252 opossum genes by the
reciprocal best hit criterion, corresponding mate-pair sequences were also assigned to
opossum genes (indirect association, Figure 2, Case D). Mate-pair sequences represent
two ends of the same clone and therefore in principle, they are physically close together.
The inclusion of mate-pair sequences resulted in a total of 576,212 WGS sequences
associated with 18,252 opossum genes either by a direct reciprocal relationship or
indirectly because of the mate-pair relationship. Theoretically, if 323,332 tammar wallaby
sequences are associated with opossum genes, then 323,332 x 2 = 646,664 sequences
should have been associated with opossum genes because two, and only two, sequences
form a mate-pair.

The discrepancy between the actual number of WGS sequences related to opossum genes
(576,212 sequences) and that of the theoretical number of WGS sequences related to
opossum genes (646,664 sequences) was partly because not all the WGS sequences had
good quality mate-pair sequence (Figure 2, Case A). The other reason for discrepancy was
both mate-pair sequences may have been directly related to the same opossum gene, so
they were counted in the directly related 323,332 WGS sequences (Figure 2, Case B).
There were 6,285 WGS sequences that were associated with more than one opossum gene
(Figure 2, Case C). Such cases were noted when two genes are very close together, or the
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Figure 3 Ideogram showing chromosomes of female tammar wallaby when stained with DAPI
adapted from Alsop et al. (2005). The locations of gaps (red astericks) in the linkage map are
shown on the right hand side of the chromosomes. The green crosses shows the number and
location of microsatellite markers discovered to fill gaps in the linkage map of tammar wallaby.

Table 2 List of microsatellite markers used to fill the gaps in the tammar wallaby linkage map. The
chromosomal location of markers is obtained by integrating the tammar wallaby linkage map with
the tammar wallaby physical map of chromosomes. ? = cytogenetic band could not be clearly
identified.

Markerip  Anchor  Tammarwallaby  Chromosome Opossum ch°"°”“"‘
gene chromosome band chromosome I ul :' 2 ’l nu Mlb

Meuip1.1 AQP8 1 pi 6 1446
Meuipl.2 RAMP3 1 pt 6 2739
Meu1iqgit.1 ASB7 1 ql 1 139.1
Meulg2.1 oDz2 1 Q2 1 366.6
Meu1q2.2  TCERG1 1 q2 1 1.7
Meu1g3.1 MAT1A 1 qQ3 5 103.8
Meu2qg2.1 USF1 2 Q2 2 456.4
Meu2q4.1 TBX4 2 q4 2 1711
Meu3p2.1 EEF2K 3 p2 6 61.6
Meu3p2.2 GABBR2 3 p2 6 86.1
Meu3p2.3 LFNG 3 p2 6 779
Meu3p3.1 DNAH12 3 p3 6 208.4
Meudp2.1 CDH12 4 p2 6 184.1
Meudp2.2 KDSR 4 p2 3 1421
Meudqg1.1 KIAA1012 4 ql 3 200.9
MeuS5p2.1 PTCHD1 5 p2 4 43.6
Meu5q2.1 CLDN18 5 Q2 4 100.2
Meu5q3.1 BCL3 5 q3 Bl 371.0
Meu5q3.2  HPX 5 q3 4 4145
Meubp2.1 NOP14 6 p2 2 501.8
Meubp2.2 TNIP2 6 p2 5 2314
Meu6p2.3 ZNF143 6 p2 5 2493
Meuéqg2.1 COL4A2 6 q2 7 82.2
Meu6q2.2 SLAIN1 6 q2 7 137.6
Meu6q3.1 SNED 6 q3 7 251.3
Meu7q2.1 TSHR 7 q? 1 467.7
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3 Evolution of the human X chromosome

Evolution of the sex chromosomes follows a different trajectory from that of the
autosomes (Charlesworth et al. 1987). Some major driving forces that shape the evolution
of differentiated sex chromosomes are male vs. female fitness, heterozygosity of one of the
sex chromosomes, and the restriction of recombination on the sex-specific chromosome.
Comparisons of the gene content of sex chromosomes of mammals and other vertebrates
showed that the sex chromosomes of therian mammals are relatively young, having
evolved in the last 166 million years since the divergence of therian mammals from the

common ancestor with monotreme mammals.

Comparisons of the sex chromosomes of marsupials and eutherian mammals also show
that the eutherian X and Y chromosomes have gained an autosomal segment even more
recently, since their divergence from the common ancestor with marsupials in the last 148
million years. The conserved region of the X (XCR) and the added region (XAR) represent

two evolutionary blocks, which are also separate in monotreme mammals and birds.

The availability of genomic sequence data from multiple species permitted a detailed
examination of the origin of genes on the human X chromosome. These studies claimed
that two regions of the human X (thus the X of all eutherian mammals) has an additional
evolutionary layer that was added to both sex chromosomes before their split from
marsupials (Kohn et al. 2004, Ross et al. 2005). Reciprocal best hit or best hit analysis
provided the basis for this argument for three evolutionary layers on the eutherian sex
chromosomes.

In this chapter I present my research on the evolution of the human X chromosome. I
physically localized the human X chromosome genes on tammar wallaby metaphase
chromosomes to show the conservation pattern. Moreover, I traced the evolutionary
history of the genes from the cytogenetic band Xp11 and Xq28 by neighbour-joining
phylogenetic analysis. The results refute the hypothesis that the human X is composed of
three evolutionary layers and provide a much simpler model of the eutherian X
chromosome evolution. My research work also emphasizes the need for good physical
map data and choice of appropriate methodology or multiple lines of evidence to

understand the evolution of chromosomes, chromosome regions or genes.

[ have co-first-authored a research article based on this work with my supervisor, Dr.

Margaret L. Delbridge, which was recently published in the Genome Research (Delbridge
etal. 2009).
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Figure 5 The sex chromosome evolution in the XX/XY system (adapted from Graves 2006). Once
the sex determining locus is gained on the one of the autosomal pairing partners (purple),
homologous recombination is suppressed around the sex determining locus followed by
accumulation of male beneficial mutations and degradation around the sex determining locus. This
results in the degradation of the male-specific Y chromosome.

Thus genetic factors that control the sex determination process can ultimately lead to
either a male-specific Y chromosome or a female-specific W chromosome. In species with
genetic sex determination, sex chromosomes are either heteromorphic (cytogenetically
distinct from each other) as in mammals and birds, or homomorphic (cytogenetically
similar to each other) as in fish and amphibians. Birds and snakes and many other reptiles
have female heterogamety (ZZ males and ZW female, ZZ/ZW system) whereas therian
mammals have male heterogamety (XX females and XY males, XX/XY system). Monotreme
mammals form a unique mammalian group because they possess multiple sex
chromosomes; male platypus have five X and five Y chromosomes and female platypus
have five pairs of X chromosomes (Bick et al. 1973, Rens et al. 2004). Amphibians and fish
show enormous plasticity in sex chromosome composition, with both the male
heterogamety with XX/XY system, and the female heterogamety with ZZ/ZW system in
related species and even within the same species (Ananias et al. 2007, Eggert 2004, Miura

2007, Volffet al. 2007).

Susumo Ohno proposed that if XX/XY in mammals and ZZ/ZW in birds evolved from a
same homologous pair of autosomes, then gene content of the mammalian X chromosome
and the bird’s Z chromosome would be same (Ohno 1967). Ohno's hypothesis was tested
by comparative gene mapping and genome comparisons, which showed that sex

chromosomes of birds, snakes and therian mammals are not homologous (Matsuda et al.
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In the platypus, a monotreme mammal, human XAR genes are located on the platypus
chromosomes 15 and 18 (Figure 6). Human XCR genes are all co-located on a single
chromosome, but, surprisingly it is not an X chromosome, but chromosome 6 (Veyrunes et
al. 2008, Waters et al. 2005). The X chromosomes in platypus have homology, not with
the therian X, but to the chicken Z chromosome. This suggested that monotreme sex
chromosomes may have evolved directly from a bird-like ancestral system (Graves 2008).
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Figure 6 The evolution of the human X chromosome. Comparative analysis of the human X
chromosome with marsupials, platypus and chicken shows two distinct evolutionary blocks; the X-
added region (XAR, red) and the X-conserved region (XCR, navy blue). Since both the XAR and the
XCR are autosomal in platypus and chicken, it suggests that the sex chromsomes have evolved
independently in therian mammals compared to platypus and chicken lineages. One recent report
(Kohn et al. 2004) has also suggested the presence of the third evolutionary block (light blue) on
the human X chromosome. The origin of that third evolutionary block is under question in this
study. Comparative analysis data between human and tammar wallaby were adapted from
(Delbridge et al. 2009, Graves 1995), human and platypus from (Veyrunes et al. 2008) and human
and chicken from (Kohn et al. 2004).

The availability of complete DNA sequence of the human X chromosome made it possible
to perform fine scale comparisons with genomes of the chicken and fish. The comparisons
were made, using a set of approximately 300 marker genes, between the human X
chromosome and chicken, pufferfish and zebrafish genomes (Kohn et al. 2004). Most
genes within the XCR mapped to chicken chromosome 4p, and most XAR genes to the
chicken chromosome 1. More specifically, genes from human Xpter-p11.2 (0 - 46 Mb),
including the pseudoautosomal region 1 (PAR1), were conserved on the chicken
chromosome 1 (from 1q13-1q31, 104 - 122 Mb) in virtually the same order as found on
the human X chromosome. This region is widely known as the X added region (XAR)

(Graves 1995), and it was described as evolutionary strata 3 in that particular study
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Table 6 List of human Xq28 genes and corresponding positive tammar wallaby Me_Kba BAC clone
ID. The mapping location of each clone on the tammar wallaby chromosomes is also shown. All
these genes are conserved on the X chromosome of all eutherian mammals.

Gene Name BAC-clone ID Tammar Chromosome Location
TMEM185A 12H21 Xq
ARD1A 31M16, 57G1 Xq
ATP2B3 44B18, 487, 48N8 Xq
PLXNB3 328120 Xq
HMGB3 70E7 Xq
MTMR1 129P4 Xq
G6PD 38114, 40912, 120M12, 45A17 Xq
ARHGAP4 31M16 Xq
SLC6A8 57G1, 44B18, 48L7, 48N8 Xq
L1CAM 57G1 Xq
VAMP7 87J20, 378A5, 12E16 Xq
STK23F 328120 Xq
F8 398A5 Xq
CNGA2 428119 Xq
DUSP9 113H6, 277A14, 148G5 Xq
PDZD4 328120 Xq
IDH3G 328120 Xq
RAB39B 142J18, 307 Xq
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Figure 7 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male
metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.
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.Figur‘e‘ 8 Fluoresggnt in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male

metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.
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BAC clone ID 426K4 in the image above was
used as the control to check the success of
FISH.

"

Figure 9 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male
metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.

51



-
--

Figure 10 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male
metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.

My results were consistent with early mapping of some of the Stratum 2a and 2b genes.
Four genes from stratum 2a (GPR173, JARID1C, RIBC1 and HUWE1) were already known to
map to the tammar wallaby X chromosome (Delbridge et al. 2009). Stratum 2a and 2b

genes are also conserved on the X chromosome of the opossum (Ensembl v55 and
Delbridge et al. 2009).



Therian mammals have diverged from the common ancestor with platypus 166 MYA.
Physical localization of stratum 2a and 2b genes on the X chromosome of distantly related
eutherians and marsupials suggests that these strata have been conserved on the X
chromosome in all therian mammals. My mapping results show that if stratum 2a and 2b
were added to the therian X chromosome as an independent evolutionary block, this must
have occurred prior to the radiation of therian mammals, approximately 148 MYA.
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Figure 11 The schematic representation of the human Xq28 gene mapping in tammar wallaby.
Stratum 2b (light blue) is present on the X chromosome of the tammar wallaby with other genes
from the human XCR (dark blue) indicating that stratum 2b is part of the X-conserved region.
Comparative analysis data between human and tammar wallaby were adapted from (Delbridge et
al. 2009, Graves 1995), human and platypus from (Veyrunes et al. 2008) and human and chicken
from (Kohn et al. 2004).

The hypothesis of stratum 2a and 2b comprising an independent evolutionary block on
the human X chromosome, was then also tested by examining the location of these genes
in the monotremes. The conserved region of the human X chromosome is conserved
entirely on platypus chromosome 6 (Veyrunes et al. 2008). | found that Stratum 2a and 2b
genes co-localize on at least two platypus contigs, including Ultra403 (0.9 Mb) and
Ultra519 (9.9 Mb) that have been localised to platypus chromosome 6 by FISH. This data is
consistent with at least 10 other contigs that are homologous to the conserved region of
the X chromosome that have been localised on the platypus chromosome 6 (Veyrunes et

al. 2008, Waters et al. 2005).

This result also suggests that stratum 2a and 2b have been part of the therian XCR and the
proto-X chromosome in platypus, indicating that stratum 2a and 2b have had a similar
origin to other therian XCR genes since mammals diverged from birds 310 MYA.
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3.3.2 Identification of the human genes within Stratum Ra
and 2b

The gene content of human cytogenetic bands Xp11 and Xq28 were then compared with
the chicken, the opossum, and rat genomes. There are 99 cancer/testis antigen genes on
the human X chromosome (Ross et al. 2005). These genes were concentrated in, but not
limited to, the Xp11 and Xq28 regions. The cancer/testis antigen gene families were
excluded from the following analysis because they have been recently expanded in the
primate lineage (Delbridge and Graves 2007, Kouprina et al. 2004, Stevenson et al. 2007)
and therefore do not contribute to analysis of the origins of the Stratum 2a and 2b genes.

There are 186 protein-coding genes in the human Xp11 region, 43 of which are members
of cancer/testis antigen gene family. The remaining 143 genes make up the dataset for the
Xp11 region. The human Xp11 band contains the boundary between XCR and XAR
(Mikkelsen et al. 2007, Ross et al. 2005). On one side of this boundary were 37 genes that
lie in the XAR region of the human Xp11 homologous to the chicken chromosome 1q
(Kohn et al. 2004, Ross et al. 2005). On the other side are 106 genes that belong to
stratum 2a, with reported homology to chicken chromosome 12 (Figure 12). | investigated
the origin of the stratum 2a genes contained within the XCR region of the human Xp11.

No.of genes analyzed
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Figure 12 The schematic representation of the human X chromosome. The X-added region (XAR,
red) is homologous to the chicken chromosome 1q region and the X-conserved region (XCR, navy
blue) is homologous to the chicken chromosome 4p. The origin of 151 genes from the stratum 2a
and the stratum 2b (light blue) is investigated by multi-spcecies comparative analysis.

Similarly, | found that human Xq28 included 121 protein-coding genes, of which 21 genes
belong to the cancer/testis antigen gene family. The 100 remaining genes made up the
dataset of human Xq28. The long arm of the human X chromosome (including cytogenetic
band Xq28) is conserved on the X chromosome across all therian mammals (Graves 2006)
and this region is largely homologous to the chicken chromosome 4p. The exception is the

stratum 2b within the cytogenetic band Xq28 (Kohn et al. 2004). Stratum 2b consists of 45
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orthologs mapped to chicken chromosomes 1 (outside the known XAR homologous
region), chicken chromosome 4 (outside the known XCR homologous region) and chicken
chromosome 14.

No. of No.of No. of No. of
Genes Analysed  Chicken Orthologs  Anole Lizard Orthologs  Frog Orthologs
Stratum 2a 4 Xp11 37 28 (75%) 28 (75%) 27 (72%)
55 39 (71%) 32 (58%) 28 (50%)
Stratum 2b = Xq28
Human
Chr X B sratum 1 xCR [l Srratum 2 - 7 [ Stratum 3 = XAR

Figure 13 Schematic representation of the human Xp11 and Xq28 orthologs in chicken, lizard and
frog. The data is retrieved from Ensembl database using BioMart tool.

Thus at least 70% of the genes within the XAR and XCR regions of human Xp11 and Xq28
shared orthology with the chicken genome, and most of these genes map to the respective
XCR and XAR homologous regions in the chicken on chromosome 4p and 1q respectively.
In contrast, only 13% of the stratum 2a and 2b genes had chicken orthologs (Figure 13,
supplementary table 2). Four chicken orthologs of stratum 2a genes mapped to chicken
chromosome 4p, showing that these genes are likely to be part of the homologous region
of the XCR. Four other orthologs have not yet been assigned to any chicken chromosome
(chrUn), so could also be located on chicken chromosome 4p. The remaining chicken
homologs of stratum 2a genes map to the chicken chromosomes 1q (outside the known
XAR homologous region), Z, 12, 14, and 18. However, the homologs mapping to
chromosomes other than 4p or unassigned contig (chrUn) had a one-to-many
correspondence with the human genes, so they may represent chicken lineage specific
duplication of genes like DUSP21 orthologs described earlier.

Similarly only four genes out of the 45 stratum 2b genes have chicken orthologs (Figure
13, supplementary table 2). Which are localized on chicken chromosomes 1, 12 and an
unassigned contig. Therefore, the Ensembl database has identified no chicken orthologs
for many human genes from the stratum 2a and 2b. Few genes for which the Ensembl
database suggests the presence of orthologs in the chicken genome, share one-to-many
orthologous relationship and hence orthologs by descent could not established
unambiguously.

Both the frog and the anole lizard have more orthologs to human stratum 2a and 2b genes
than does the chicken genome (Figure 13, supplementary table 2). This indicated that
stratum 2a and 2b regions have been well conserved in vertebrates at least since
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chromosomes. The local gene content and gene order in human, rat, opossum and chicken
is extremely well conserved for the human Xp11 and Xq28 paralogous regions (Figure 14).

[ Human Rat Opossum Chicken
Gene Namef Gene ID  Chr 1 (Mb) Gene ID  Chr 13 (Mb) Gene ID  Chr 2 (Mb) Gene ID  Chr 26 (Mb)
SOX13 ENSGOOD0014I842 2023 ENSRNOGOO00002835) 463 ENSMODGOO0000011E2 108 7 ENSGALGO0000000583 15
£ T2 ENSOO0000143845 2024 ENSRNOGOCOO00Z836 463 ENSMODGOM00M001290 1088 ENSGALGON0002005S7 15
KISS? ENSGOO0001TO40E 2024 ENSMODGO00M025661 1085
GOLTIA | ENSGI0000174567 2024 ENSANOGOO00002S2 462 ENSMODGOM0M014T4 1095
PwiC28 | ENSGO00001II0N 2027 ENSMODGO00000158Y 1089 ENSGALGON000000623 18
(T ENSGO00019862S 2028 ENSMODGO000001605 1900 ENSGALGON000000536 16
LRRNZ

- e
o
RBOPS
TME ST
| a2 |
NUAXD
HLHDCBA
LEMOT
MFSD8 A
SLCesA3 ENSGOO00015871S 2030 ENSRNOGO0000007531 “s ENSMODGO0000001824 1117 ENSGALGR0000000703 20
RABTLY ENSGO0000117280 w0 ENSMOOGO000000 1843 me ENSGALGO00000007 12 21
SLC41AY ENSGO000013306S 2040 ENSMODOO000001850 1116 ENSGALGA0000000721 21
PV2001 ENSGO0000 162877 04 ENSRNOGA00C009 745 “y ENSMOOGO0000001870 mne ENSGALGO0000000724 2
SLCI6AD ENSGO0000174502 204 1 ENSRNOGO00000295 14 “y ENSMOOGOO00000188T 1120 ENSGALGO000000074S 21
| AVPRIO | ENSGOO0001S0040 2044 | ENSS sed! 445 | ENSMODG00000001260 1123 | ENSGALGOOODOOOO7BS 22 |
CTSE ENSGOOOD0196188 204 5 ENSRNOGI00X000096] “s ENSMOOGOO000001939 1122 ENSGALGO0000000785 22
wBHE ENSGO0000143488 2047 ENSRNOGO0000025 120 44z ENSMOOGO0000002016 1127 ENSGALGR0020013)58 23
DYRK3 ENSGO0000143479 2049 ENSRNOGO0000004870 “ ENSMOOGO0000007080 "ne ENSGAL GO00000086 3 23
MAPRAP2 | ENSGOOO00 162889 W40 ENSRNOGIC000004728 440 ENSMOOGO000000208 7 1o ENSGALGO00000088 Y 23
Lo ENSGO0000136624 2050 ENSRNOGON000004647 “o ENSMOOGOO00000200T 1131 ENSGALGO0OX0000892 24
w2 ENSGOCOO0 162882 2050 ENSRNOGON000004470 a8 ENSMOOGO0000025683 1134
Clontr16 ENSGO0000182798 2053 ENSRNOGONO0000434 1 Qa7 ENSMOOGO00002153 1136 ENSGALGOO020001001 24
2053

Figure 14 An example of comparison of human Xp11 and Xq28 paralogous regions in rat, opossum
and chicken. The flanking regions corresponding to Xp11 paralogs (red rows) and Xq28 paralogs
(blue rows) in human show extremely well conserved gene content and gene order between human
(yellow cloumn), rat (yellow-green column), opossum (blue-green column) and chicken (gray
column). A region on human chromosome 1 (202.3 - 205.6 Mb) contains six paralogs of the human
Xp11 and Xq28 genes. This region is conserved on the rat chromosome 13 (43.3 ~ 46.3 Mb) in
reverse orientation compared to the human gene order. The same region is conserved in the same
orientation on the opossum chromosome 2 (108.7 - 113.9 Mb) and the chicken chromosome 26 (1.5
- 2.5 Mb).

When the gene order and gene content of all paralogous regions were compared the rat,
opossum and chicken genomes, the blocks of conserved synteny were clearly evident. The
region of chicken chromosome 1 that showed homology to the human Xp11 and Xq28
regions is more closely related in gene order and gene content to human chromosomes 7,
12 and 10 (Figure 15, supplementary table 4). Similarly, the genes on the chicken
chromosome 12 are conserved on the human chromosome 3 and genes on the chicken
chromosome 26 are conserved on the human chromosomes 1 and 10. This indicated that
the genes from the chicken chromosome 1, 12 and 26 reported as orthologs (Kohn et al.
2004, Ross et al. 2005) are in fact paralogous to the human Xp11 and Xq28 regions. None
of the chicken chromosome 1, 12 or 26 has any genes that are orthologous to the human X

chromosome as per Ensembl annotations.
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genes. Likewise, the TreeFam database contained no chicken orthologs for the 45 stratum
2b genes.

No.of No.of
Genes Analysed  Chicken Orthologs

Stratum 2a 4

Xp]] 37 30 (819

55 34 (61%)
Stratum 2b =« Xq28
Human
Chr X . Stratum 1 - XCR . Stratumn 2 - 7 . Stratum 3 - XAR

Figure 16 Schematic representation of the TreeFam database search for the human Xp11 and Xq28
orthologs in the chicken genome. 243 genes were analyzed from the Xp11 and Xq28 regions. The
regions flanking stratum 2a and 2b in Xp11 (XAR, red) and in Xq28 (XCR, dark blue) are shown to
have greater (>61%) number of orthologs in the chicken genome. However, only 13% of stratum 2a
genes (light blue) have orthologs in the chicken genome and stratum 2b genes (light blue) do not
have any orthologs identified by the TreeFam database.

The number of chicken orthologs reported for the human Xp11 and Xq28 genes in the
TreeFam database were similar to the numbers reported by the Ensembl database. This is
partly expected since both databases use the same genomic assembly of organisms for the
annotation of orthologs. However, in the year 2008 when these datasets were analyzed,
the gene tree building method used by the Ensembl database (Clamp et al. 2003) was
different to the method used by the TreeFam database (Li et al. 2006). It was reassuring
that, despite significant differences in the method used for building gene trees and
ortholog annotations, both the Ensembl and TreeFam database show similar results for

the numbers of chicken orthologs of human Xp11 and Xq28 genes.

The Ensembl and TreeFam databases results differ significantly from previous analyses
(Kohn et al. 2004, Ross et al. 2005) since both these databases use phylogenetic gene tree
based methods rather than the reciprocal best hit or best hit method used in previous
reports. Ensembl and TreeFam database did not find as many orthologs for stratum 2
genes. In contrast, previous studies were based on BLAST searches, and therefore the
reported number of orthologs may actually be paralogs and not orthologs.

3.3.6 Exploring chicken and zebrafinch EST/cDNA sequence
data

The above analysis suggested the following key conclusions. Comparative analysis of
paralogous regions of the human Xp11 and Xq28 genes showed that genes on chicken
chromosomes 1, 12 and 26 were in fact homologous to the human chromosomes 1, 3,7, 10
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confirm the reciprocal best hit relationship between sequences. Human cDNA sequences
were therefore paired with their reciprocal best-hit chicken/zebrafinch EST/cDNA
sequences (supplementary table 6). More than one EST/cDNA sequence was identified as
the reciprocal best-hit match for each human gene because of alternative splicing of a
transcript of a gene captured as distinct sequences in EST/cDNA sequencing. Reciprocal
best hits are called orthologs for simplicity in this section.

As for the analysis of the regions that flank stratum 2a and 2b in human Xp11 and Xq28
respectively, the number of orthologs represented in the EST/cDNA data sets was similar
to that of Ensembl and TreeFam database. 26 genes out of 37 genes in the XAR were found
to have chicken/zebrafinch EST orthologs (Figure 17), and nearly all of these (24 of the 26
orthologs) mapped to the chicken chromosome 1q along with other XAR homologous
genes. The other two orthologs mapped to the chicken chromosomes 5, and unmapped
contig. Similarly, out of 55 XCR genes, 26 genes have chicken orthologs (Figure 17), and 24
of the 26 orthologs mapped to the chicken chromosome 4p along with other XCR
homologous genes in the chicken genome. The other two orthologs mapped to chicken
chromosomes 20, and unmapped contig. Chicken genes are qualified as orthologs based on
the reciprocal best hit relationship in this analysis. However, the genes that map to
chicken chromosomes other than 4p and 1q may not be true orthologs. This does not
affect the conclusions of this analysis since the number of genes that map to chicken
chromosomes 4p and 1q is significantly higher than the number of genes that do not map
to chicken chromosomes 4p and 1q.

No.of No.of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xp11 37 26 (70%)
55 26 (47%)
Stratum 2b = Xq28
Human ) :
Ch' X - Stratum 1 = XCR - Steatum 2 . tratem 3 - XAR

Figure 17 Schematic representation of the reciprocally related chicken/zebrafinch EST/cDNA
sequences to the human Xp11 and Xq28 genes. The number of genes with reciprocal best hits from
the EST/cDNA sequence database in the XAR (red) and the XCR (dark blue) is similar to the
previous reports, the Ensembl database and the TreeFam database. However, the number of genes
with reciprocal best hits in EST/cCDNA sequence databse in the human stratum 2a and 2b (light
blue) is significantly higher than the previous reports, the Ensembl database and the TreeFam
database.

| found that 39 genes from stratum 2a have reciprocal best hits in the EST/cDNA sequence
database (Figure 17). This number was significantly higher than the number of orthologs
reported by Ensembl v53 database (14 chicken orthologs) and the TreeFam database (14
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The reciprocal best hit strategy has its own demerits whereby paralogous genes can often
be misidentified as orthologs, due to species-specific duplications, and deletions of genes
after speciation. Neighbour-joining phylogenetic gene trees are better suited to recover
orthologous/paralogous relationships in a gene family.

3.3.8 Phylogenetic analysis of the human Xpll and XqR8
genes including chicken/zebrafinch EST/cDNA
sequences

Neighbour-joining gene trees were constructed for gene families of the human Xp11 and
Xq28 genes including chicken/zebrafinch EST/cDNA sequences. Branch lengths were
estimated by calculating the p-distance (number of substitutions / total number of sites)
followed by Kimura's correction (for the rate of transitions vs transversions); both
calculated in the TreeBeST program (Li 2006). The resultant gene trees were reconciled
with the known species tree to infer orthologs and paralogs using the “ortho” module of
the TreeBeST program. Chicken/zebrafinch orthologs were mapped to chicken
chromosomes to find their locations in the chicken genome (supplementary table 7).

Again, | first tested flanking genes from the XAR and XCR. | found that 21 genes out of 37
genes (56%) from the XAR have chicken/zebrafinch orthologs as identified by neighbour-
joining phylogenetic trees (Figure 18): 19 of these genes map to chicken chromosome 1q
with other XAR homologous genes and the remaining two genes map to chicken
chromosome 9.

No. of No. of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xp” 37 21 (56%)

55 27 (49%)
Stratum 2b <k X928

Human
Chr X . Suatum 1« XCR . Stratum 2 = 7 . Stratum 3 - XAR

Figure 18 Schematic representation of the neighbour-joining phylogenetic tree analysis for the
human Xp11 and Xq28 genes which included chicken/zebrafinch EST/cDNA sequences.
Approximately 50% of the XAR (red) and the XCR (navy blue) genes were found to have chicken
orthologs in the EST/cDNA database. Likewise approximately 25% of genes from stratum 2a and 2b
(light blue) are also found to have chicken orthologs in the EST/cCDNA database.

Similarly, for 55 XCR genes, 27 genes (49% of 55 genes) were found to have
chicken/zebrafinch orthologs (Figure 18): 21 of these orthologs are on chicken
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No. of No.of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xp1 1 37 32 (86

55 45 (81%)
Stratum 2b =« Xq28

Human
Chr X B svatum 1 - xCR [l Statum 2 < 7 [ Statum 3 - XAR

Figure 19 Schematic representation of the number of chicken orthologs for the human Xp11 and
Xq28 genes in EST/cDNA sequence data. More than 80% of the XAR (red) and the XCR (dark blue)
genes have orthologs represented in the EST/cDNA sequence data, which is similar to the number
of orthologs suggested by the TreeFam and the Ensembl databases. The stratum 2a and 2b (light
blue) genes are under-represented in the genomic sequence data and hence the TreeFam and
Ensembl databases suggest significantly lower number of orthologs for these regions in the
chicken. Chicken/zebrafinch EST/cDNA sequences have significantly larger proportion
(approximately 58%) of orthologs for the human stratum 2a and 2b genes.

37 genes were analyzed from the XAR in human cytogenetic band Xp11. Of these, 32 genes
have orthologs in the chicken/zebrafinch genome. The five genes that did not have avian
orthologs were CXorf27, CXorf31, CXorf38, GPR82, and CHST7. Likewise, of the 55 genes
from the XCR in the human Xq28, 45 genes had avian orthologs. The primary focus of the
current analysis was the human stratum 2a and 2b genes. However, flanking regions (the
XAR and XCR) were included in the analysis to compare the results of this analysis against
the ortholog assignments by the TreeFam and Ensembl database. The results for the XAR
and XCR genes are comparable to that of the ortholog assignments by the TreeFam and the
Ensembl database suggesting the methods used in this work are reliable for ortholog

assignments using the EST/cDNA sequences.

For 106 genes of stratum 2a, at least 59 genes have avian orthologs and for 45 genes of
stratum 2b, at least 29 genes have avian orthologs (Table 7, Figure 19). This means that
58% of genes have avian orthologs. Most of the chicken orthologs of stratum 2a and 2b
genes did not map to any region in the current chicken genome assembly, indicating that
they were truly missing from the assembly (discussed in sections 3.3.7 and 3.3.8). Four
chicken orthologs for the human stratum 2a genes mapped to chicken chromosome 4p
along with XCR homologous genes, suggesting that this region is part of the X conserved

region.
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Table 7 Summary of the human Xp11 and Xq28 stratum 2 genes that have novel chicken orthologs.
HSAX = the human X chromosome, GGA = chicken, Un = Unmapped contig, Absent = Not present
in the chicken genome assembly.

Xp11 Stratum 2a genes

Gene Name HSAX-Location (Mb) GGA Chr GGA Chr Location
UBA1 46.9 Un 219
NDUFB11 46.9 Un 7.9
RBM10 46.9 Absent i
ZNF41 47.2 Absent i
UXT 47.4 Absent i
WASF4 47.5 Un 35.6
ZNF81 47.6 Absent *
SLC38A5 48.2 Un 172
WDR13 48.3 Un 15.8
EBP 48.3 Absent i
PORCN 48.3 Absent i
SUV39H1 48.4 Un 21.4
WAS 48.4 Absent i
GLOD5 48.5 4 11.4
SLC35A2 48.6 Un 46.9
PQBP1 48.6 Absent 5
GRIPAP1 48.7 Absent &
OTUD5 48.7 Absent iy
WDR45 48.8 Un 18.8
TFE3 48.8 Absent =
PRICKLE3 48.9 Absent 5
SYP 48.9 Absent E
MAGIX 48.9 Absent &
PLP2 48.9 Absent ki
ccDc22 49.0 Absent *
CLCN5 49.6 4 9.6
CCNB3 49.9 Absent Y
SHROOM4 50.4 4 1.8
BMP15 50.7 4 1.8
JARID1C 53.2 Un 657
SMCi1A 53.4 Un 45.1
HUWE1 53.6 Absent %
WNK3 54.2 Absent X
TSR2 54.5 Absent ¥
GNL3L 54.6 Absent &
PFKFB1 55.0 Un 38.6
RRAGB 55.8 4 1]
KLF8 56.3 Un 53.4
FAAH2 57.3 4 1.7

Xqg28 Stratum 2b genes
FAMS58A 1525 Absent =
BCAP31 152.6 Absent *
PDZD4 152.7 Absent *
IDH3G 152.7 Absent *
SSR4 152.7 Absent *
L1CAM 152.8 Absent *
ARD1A 152.8 Absent *
HCFC1 152.9 Absent *
RENBP 152.9 Absent *
FLNA 153.2 Un 2
TAZ 153.3 Un 15.8
FAM50A 1633 Absent *
UBL4A 153.4 Un 50.4
FAM3A 153.4 Absent ™
G6PD 153.4 Absent *

The XCR is well conserved on the X chromosome of all therian mammals, and its homolog,

chromosome 6, in platypus. Also this arrangement of XCR genes is preserved in the lizard
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and frog. This makes it unlikely that stratum 2a and 2b represent a separate evolutionary
block on the human X chromosome (Kohn et al. 2004).

A simpler explanation for the evolution of the human X chromosome is that the human X
chromosome consists simply of the X conserved region (XCR) homologous to the chicken
chromosome 4p and the X added region (XAR) homologous to the chicken chromosome 1q
(Figure 20), as previously proposed (Graves 1995). It is more likely that most chicken
orthologs of the stratum 2 genes are missing from the chicken genome assembly.

Chr 15q
Chr 5p ~
Chr18p Chr 1q
(=)
ChrY
A
Chrdp

Chr X Chr X Chré
Human Tammar ]wallaby Platypus Chicken
148 MYA
166 MYA
oAy
B Stratum 1 = XCR [l Stratum 3 = XAR

Figure 20 Schematic representation of the evolution of the human X chromosome. The X
conserved region (XCR, navy blue) is conserved on the X chromosome of all therian mammals and
it is autosomal in platypus and chicken. However, the X added region (XAR, red) is autosomal in
marsupials, platypus and the chicken. The stratum 2a and 2b (light blue) are shown in this
research to be part of the XCR and should not considered as a separate evolutionary block. The
human X chromosome is composed of only two evolutionary layers, the XCR and the XAR.

3.4 Discussion: the evolution of the human X
chromosome

In this chapter I report the analysis of the human Xp11 and Xq28 regions to investigate the
origins of stratum 2 on the human X chromosome. Stratum 2 was claimed to have evolved
independently of the XAR and XCR, and was proposed to be a separate evolutionary block
on the human X chromosome (Kohn et al. 2004, Ross et al. 2005). The results presented
in this chapter challenge this hypothesis and show that the human X chromosome is made
up of only two evolutionary blocks, that is, the X added region (XAR) and the X conserved

region (XCR).
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Figure 7 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male

metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.



Figure 8 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male
metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.
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BAC clone ID 426K4 in the image above was
used as the control to check the success of
FISH

M

Figure 9 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image represents 10 um. Male
metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.



-
--

Figure 10 Fluorescent in-situ hybridization images of tammar wallaby Me_KBa library BAC clones
identified as positives for the Xq28 genes. The scale bar in each image-represents 10 um. Male
metaphase chromosomes spreads were chosen for FISH to see if any of the genes map to the Y
chromosome as well.

My results were consistent with early mapping of some of the Stratum 2a and 2b genes.
Four genes from stratum 2a (GPR173, JARID1C, RIBC1 and HUWE1) were already known to
map to the tammar wallaby X chromosome (Delbridge et al. 2009). Stratum 2a and 2b
genes are also conserved on the X chromosome of the opossum (Ensembl v55 and
Delbridge et al. 2009).



Therian mammals have diverged from the common ancestor with platypus 166 MYA.
Physical localization of stratum 2a and 2b genes on the X chromosome of distantly related
eutherians and marsupials suggests that these strata have been conserved on the X
chromosome in all therian mammals. My mapping results show that if stratum 2a and 2b
were added to the therian X chromosome as an independent evolutionary block, this must
have occurred prior to the radiation of therian mammals, approximately 148 MYA.

Chr 15q .
~ Chriq
2a4 Xpit ChrSp Chr 18p ‘!' E
2b Chr12
Orthologs?
CheY
b<lgaPxqs 22 (A,

Che X Chr X Chré Chrdp

Human Tammujwallaby Platypus Chicken

148 MYA !

& MYA?
oY

B Stratum 1 = XCR [I] Stratum 2 = ? [} Stratum 3 = XAR

Figure 11 The schematic representation of the human Xq28 gene mapping in tammar wallaby.
Stratum 2b (light blue) is present on the X chromosome of the tammar wallaby with other genes
from the human XCR (dark blue) indicating that stratum 2b is part of the X-conserved region.
Comparative analysis data between human and tammar wallaby were adapted from (Delbridge et
al. 2009, Graves 1995), human and platypus from (Veyrunes et al. 2008) and human and chicken
from (Kohn et al. 2004).

The hypothesis of stratum 2a and 2b comprising an independent evolutionary block on
the human X chromosome, was then also tested by examining the location of these genes
in the monotremes. The conserved region of the human X chromosome is conserved
entirely on platypus chromosome 6 (Veyrunes et al. 2008). I found that Stratum 2a and 2b
genes co-localize on at least two platypus contigs, including Ultra403 (0.9 Mb) and
Ultra519 (9.9 Mb) that have been localised to platypus chromosome 6 by FISH. This data is
consistent with at least 10 other contigs that are homologous to the conserved region of
the X chromosome that have been localised on the platypus chromosome 6 (Veyrunes et

al. 2008, Waters et al. 2005).

This result also suggests that stratum 2a and 2b have been part of the therian XCR and the
proto-X chromosome in platypus, indicating that stratum 2a and 2b have had a similar
origin to other therian XCR genes since mammals diverged from birds 310 MYA.
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3.3.2 Identification of the human genes within Stratum 2a
and 2b

The gene content of human cytogenetic bands Xp11 and Xq28 were then compared with
the chicken, the opossum, and rat genomes. There are 99 cancer/testis antigen genes on
the human X chromosome (Ross et al. 2005). These genes were concentrated in, but not
limited to, the Xp11 and Xq28 regions. The cancer/testis antigen gene families were
excluded from the following analysis because they have been recently expanded in the
primate lineage (Delbridge and Graves 2007, Kouprina et al. 2004, Stevenson et al. 2007)
and therefore do not contribute to analysis of the origins of the Stratum 2a and 2b genes.

There are 186 protein-coding genes in the human Xp11 region, 43 of which are members
of cancer/testis antigen gene family. The remaining 143 genes make up the dataset for the
Xp11 region. The human Xp11 band contains the boundary between XCR and XAR
(Mikkelsen et al. 2007, Ross et al. 2005). On one side of this boundary were 37 genes that
lie in the XAR region of the human Xp11 homologous to the chicken chromosome 1q
(Kohn et al. 2004, Ross et al. 2005). On the other side are 106 genes that belong to
stratum 2a, with reported homology to chicken chromosome 12 (Figure 12). I investigated
the origin of the stratum 2a genes contained within the XCR region of the human Xp11.

No.of genes analyzed
37

19 Xpll

' 0

% 2b /
Chicken

Human X Xq28

[ U sratum 2 [ xcr

Figure 12 The schematic representation of the human X chromosome. The X-added region (XAR,
red) is homologous to the chicken chromosome 1q region and the X-conserved region (XCR, navy
blue) is homologous to the chicken chromosome 4p. The origin of 151 genes from the stratum 2a
and the stratum 2b (light blue) is investigated by multi-spcecies comparative analysis.

Similarly, | found that human Xq28 included 121 protein-coding genes, of which 21 genes
belong to the cancer/testis antigen gene family. The 100 remaining genes made up the
dataset of human Xq28. The long arm of the human X chromosome (including cytogenetic
band Xq28) is conserved on the X chromosome across all therian mammals (Graves 2006)
and this region is largely homologous to the chicken chromosome 4p. The exception is the

stratum 2b within the cytogenetic band Xq28 (Kohn et al. 2004). Stratum 2b consists of 45
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orthologs mapped to chicken chromosomes 1 (outside the known XAR homologous
region), chicken chromosome 4 (outside the known XCR homologous region) and chicken
chromosome 14.

No.of No. of No.of No. of
Genes Analysed  Chicken Orthologs  Anole Lizard Orthologs  Frog Orthologs
Stratum 2a 4 Xpl] 37 28 (75%) 28 (75%) 27 (72%)
SS 39 (71%) 32 (58%) 28 (50%)

Stratum 2b = Xq28

Human
Ch' X . Stratum 1 = XCR . Steatum 2 = 7 . Stratum 3 = XAR

Figure 13 Schematic representation of the human Xp11 and Xq28 orthologs in chicken, lizard and
frog. The data is retrieved from Ensembl database using BioMart tool.

Thus at least 70% of the genes within the XAR and XCR regions of human Xp11 and Xq28
shared orthology with the chicken genome, and most of these genes map to the respective
XCR and XAR homologous regions in the chicken on chromosome 4p and 1q respectively.
In contrast, only 13% of the stratum 2a and 2b genes had chicken orthologs (Figure 13,
supplementary table 2). Four chicken orthologs of stratum 2a genes mapped to chicken
chromosome 4p, showing that these genes are likely to be part of the homologous region
of the XCR. Four other orthologs have not yet been assigned to any chicken chromosome
(chrUn), so could also be located on chicken chromosome 4p. The remaining chicken
homologs of stratum 2a genes map to the chicken chromosomes 1q (outside the known
XAR homologous region), Z, 12, 14, and 18. However, the homologs mapping to
chromosomes other than 4p or unassigned contig (chrUn) had a one-to-many
correspondence with the human genes, so they may represent chicken lineage specific
duplication of genes like DUSP21 orthologs described earlier.

Similarly only four genes out of the 45 stratum 2b genes have chicken orthologs (Figure
13, supplementary table 2). Which are localized on chicken chromosomes 1, 12 and an
unassigned contig. Therefore, the Ensembl database has identified no chicken orthologs
for many human genes from the stratum 2a and 2b. Few genes for which the Ensembl
database suggests the presence of orthologs in the chicken genome, share one-to-many
orthologous relationship and hence orthologs by descent could not established
unambiguously.

Both the frog and the anole lizard have more orthologs to human stratum 2a and 2b genes
than does the chicken genome (Figure 13, supplementary table 2). This indicated that
stratum 2a and 2b regions have been well conserved in vertebrates at least since
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chromosomes. The local gene content and gene order in human, rat, opossum and chicken
is extremely well conserved for the human Xp11 and Xq28 paralogous regions (Figure 14).

Human Rat Opossum Chicken
Gene Name Gene ID Chr 1(Mb) Gene ID  Chr 13 (Mb) GeneID  Chr 2 (Mb) Gene ID  Chr 26 (Mb)
SOx13 ENSGOOCO01ANSA2 2023 ENSRNOG000002835) “%3 ENSMOOGO0000001152 1087 ENSGALGA0020000583 15
£ ENSGOOD0014384S 2024 ENSRNOGOO000028368 “%3 ENSMODGOOOS0001210 1088 ENSGALGA0000000SST 15
KSS1 ENSGO0000170498 2024 ENSMOOGO0000025061 1095
GOLTIA ENSGO00001 74567 2024 ENSRNOGO0000002636 “2 ENSMOOGO000000 1474 1005
PRIC2H ENSGOOD0011%0% 2027 ENSRNOGOO000029938 “%0 ENSMOOGO0000001583 1099 ENSGALGO0000000823 L]
vows ENSGOOD00198625 2028 ENSRNOGI000000S656 “ ENSMOOGO000000I60S 1100 ENSGALGA0000000638 16
LRRNZ ENSGOO000170M2 2026 101 ENSGALGO0DI0008 39
ovme | “ 2003 i 1
) ENSGO000011T222 2033 ENSGAL GO000000066S
rvewst | ENSGOOD0OITAS2e 2033 Y0GO00000 ENSGALGO0000000658
- oTmcc2 | EnsGooomo1o0es 2038 | ENS ¢ b ]
NUAK2 ENSGO000016354S 2035 ENSRNOGO2000000034 “2 ENSMOOGO0000001TES 1111
KLNOCBA ENSGO0000 146287 2000 ENSRNOGOO0000000 3 452 ENSMOOGO0000001 778 maa
LEMDT ENSGO0O001SS007 2036 ENSANOGO0000039738 451 ENSMOOGOO000025682 1113
MFSO4 ENSGOC0001T4S14 2038 ENSRNOGO000024857 “y ENSMODGOODO000TSM 1115 ENSGALGO000000065 20
SLCasa3 | ENSGOCOO0ISETIS 2039 ENSRNOGON000007961 “h ENSMOOGO0000001E24 1117 ENSGALGOO00M00THY 20
RASTLY ENSGOIO0O1ITZ80 2040 ENSMOOGOO000001843 1119 ENSGALGOO00000712 21
SLCaTAY ENSGOO0001IN0ES 2040 ENSMODGO0000001850 1119 ENSGALGO0000000721 21
PMI0OT ENSGO0000IEZETY 2041 ENSRNOGODI000I9T4S “7 ENSMOOGO0000001S70 1120 ENSGALGON000000724 21
SLC2EAS ENSRNOGON00002SS 14 “r ENSMODGOOM0000 1887 1120 ENSGALGO000000074S 23
avemie | “s | 960 1123 | ENSGALGOO0OO00TSS 22
CTSE “o ENSMODGOO0O0001 1122 ENSGALGO0000000786 22
IKBKE €42 ENSMODGO0000002016 "z ENSGALGO000001 3358 23
DYRx3 “ ENSMODGOO000002080 1129 ENSGALGO00000008S3 23
MAPHAPK “o ENSMODGO0000002087 1130 ENSGALGOOO00000SSY 23
K10 “o ENSMODGOO00000209T 1131 ENSGALGO0000000892 24
(2] as ENSMODGOOD00025683 1134
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Figure 14 An example of comparison of human Xp11 and Xq28 paralogous regions in rat, opossum
and chicken. The flanking regions corresponding to Xp11 paralogs (red rows) and Xq28 paralogs
(blue rows) in human show extremely well conserved gene content and gene order between human
(yellow cloumn), rat (yellow-green column), opossum (blue-green column) and chicken (gray
column). A region on human chromosome 1 (202.3 - 205.6 Mb) contains six paralogs of the human
Xp11 and Xq28 genes. This region is conserved on the rat chromosome 13 (43.3 - 46.3 Mb) in
reverse orientation compared to the human gene order. The same region is conserved in the same
orientation on the opossum chromosome 2 (108.7 — 113.9 Mb) and the chicken chromosome 26 (1.5
- 2.5 Mb).

When the gene order and gene content of all paralogous regions were compared the rat,
opossum and chicken genomes, the blocks of conserved synteny were clearly evident. The
region of chicken chromosome 1 that showed homology to the human Xp11 and Xq28
regions is more closely related in gene order and gene content to human chromosomes 7,
12 and 10 (Figure 15, supplementary table 4). Similarly, the genes on the chicken
chromosome 12 are conserved on the human chromosome 3 and genes on the chicken
chromosome 26 are conserved on the human chromosomes 1 and 10. This indicated that
the genes from the chicken chromosome 1, 12 and 26 reported as orthologs (Kohn et al.
2004, Ross et al. 2005) are in fact paralogous to the human Xp11 and Xq28 regions. None
of the chicken chromosome 1, 12 or 26 has any genes that are orthologous to the human X

chromosome as per Ensembl annotations.
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genes. Likewise, the TreeFam database contained no chicken orthologs for the 45 stratum
2b genes.

No. of No. of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xpll 37 30 (819
55 34 (61%)
Stratum 2b =« Xq28
Human
Chr X . Stratum 1 - XCR . Stratum 2 = 7 . Stratum 3 - XAR

Figure 16 Schematic representation of the TreeFam database search for the human Xp11 and Xq28
orthologs in the chicken genome. 243 genes were analyzed from the Xp11 and Xq28 regions. The
regions flanking stratum 2a and 2b in Xp11 (XAR, red) and in Xq28 (XCR, dark blue) are shown to
have greater (>61%) number of orthologs in the chicken genome. However, only 13% of stratum 2a
genes (light blue) have orthologs in the chicken genome and stratum 2b genes (light blue) do not
have any orthologs identified by the TreeFam database.

The number of chicken orthologs reported for the human Xp11 and Xq28 genes in the
TreeFam database were similar to the numbers reported by the Ensembl database. This is
partly expected since both databases use the same genomic assembly of organisms for the
annotation of orthologs. However, in the year 2008 when these datasets were analyzed,
the gene tree building method used by the Ensembl database (Clamp et al. 2003) was
different to the method used by the TreeFam database (Li et al. 2006). It was reassuring
that, despite significant differences in the method used for building gene trees and
ortholog annotations, both the Ensembl and TreeFam database show similar results for

the numbers of chicken orthologs of human Xp11 and Xq28 genes.

The Ensembl and TreeFam databases results differ significantly from previous analyses
(Kohn et al. 2004, Ross et al. 2005) since both these databases use phylogenetic gene tree
based methods rather than the reciprocal best hit or best hit method used in previous
reports. Ensembl and TreeFam database did not find as many orthologs for stratum 2
genes. In contrast, previous studies were based on BLAST searches, and therefore the
reported number of orthologs may actually be paralogs and not orthologs.

3.3.6 Exploring chicken and zebrafinch EST/cDNA sequence
data

The above analysis suggested the following key conclusions. Comparative analysis of
paralogous regions of the human Xp11 and Xq28 genes showed that genes on chicken
chromosomes 1, 12 and 26 were in fact homologous to the human chromosomes 1, 3,7, 10
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confirm the reciprocal best hit relationship between sequences. Human cDNA sequences
were therefore paired with their reciprocal best-hit chicken/zebrafinch EST/cDNA
sequences (supplementary table 6). More than one EST/cDNA sequence was identified as
the reciprocal best-hit match for each human gene because of alternative splicing of a
transcript of a gene captured as distinct sequences in EST/cDNA sequencing. Reciprocal
best hits are called orthologs for simplicity in this section.

As for the analysis of the regions that flank stratum 2a and 2b in human Xp11 and Xq28
respectively, the number of orthologs represented in the EST/cDNA data sets was similar
to that of Ensembl and TreeFam database. 26 genes out of 37 genes in the XAR were found
to have chicken/zebrafinch EST orthologs (Figure 17), and nearly all of these (24 of the 26
orthologs) mapped to the chicken chromosome 1q along with other XAR homologous
genes. The other two orthologs mapped to the chicken chromosomes 5, and unmapped
contig. Similarly, out of 55 XCR genes, 26 genes have chicken orthologs (Figure 17), and 24
of the 26 orthologs mapped to the chicken chromosome 4p along with other XCR
homologous genes in the chicken genome. The other two orthologs mapped to chicken
chromosomes 20, and unmapped contig. Chicken genes are qualified as orthologs based on
the reciprocal best hit relationship in this analysis. However, the genes that map to
chicken chromosomes other than 4p and 1q may not be true orthologs. This does not
affect the conclusions of this analysis since the number of genes that map to chicken
chromosomes 4p and 1q is significantly higher than the number of genes that do not map
to chicken chromosomes 4p and 1q.

No. of No.of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xp11 37 26 (70%)
55 26 (47%)
Stratum 2b = Xq28
Human y ' .
Chr X I Statum 1 - xCR [ Stratum 2 < 2 [l Stratum 3 - X

Figure 17 Schematic representation of the reciprocally related chicken/zebrafinch EST/cDNA
sequences to the human Xp11 and Xq28 genes. The number of genes with reciprocal best hits from
the EST/cDNA sequence database in the XAR (red) and the XCR (dark blue) is similar to the
previous reports, the Ensembl database and the TreeFam database. However, the number of genes
with reciprocal best hits in EST/cDNA sequence databse in the human stratum 2a and 2b (light
blue) is significantly higher than the previous reports, the Ensembl database and the TreeFam

database.

| found that 39 genes from stratum 2a have reciprocal best hits in the EST/cDNA sequence
database (Figure 17). This number was significantly higher than the number of orthologs
reported by Ensembl v53 database (14 chicken orthologs) and the TreeFam database (14
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The reciprocal best hit strategy has its own demerits whereby paralogous genes can often
be misidentified as orthologs, due to species-specific duplications, and deletions of genes
after speciation. Neighbour-joining phylogenetic gene trees are better suited to recover
orthologous/paralogous relationships in a gene family.

3.3.8 Phylogenetic analysis of the human Xpll and Xqg28
genes including chicken/zebrafinch EST/cDNA
sequences

Neighbour-joining gene trees were constructed for gene families of the human Xp11 and
Xq28 genes including chicken/zebrafinch EST/cDNA sequences. Branch lengths were
estimated by calculating the p-distance (number of substitutions / total number of sites)
followed by Kimura's correction (for the rate of transitions vs transversions); both
calculated in the TreeBeST program (Li 2006). The resultant gene trees were reconciled
with the known species tree to infer orthologs and paralogs using the “ortho” module of
the TreeBeST program. Chicken/zebrafinch orthologs were mapped to chicken
chromosomes to find their locations in the chicken genome (supplementary table 7).

Again, | first tested flanking genes from the XAR and XCR. | found that 21 genes out of 37
genes (56%) from the XAR have chicken/zebrafinch orthologs as identified by neighbour-
joining phylogenetic trees (Figure 18): 19 of these genes map to chicken chromosome 1q
with other XAR homologous genes and the remaining two genes map to chicken
chromosome 9.

No. of No. of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xpl 1 37 21 (56%)

55 27 (49%)
Stratum 2b =« Xq28

Human
Chr X B Stratum 1 - XCR ) Swatum 2 - 7 [l Swatum 3 - XAR

Figure 18 Schematic representation of the neighbour-joining phylogenetic tree analysis for the
human Xp11 and Xq28 genes which included chicken/zebrafinch EST/cDNA sequences.
Approximately 50% of the XAR (red) and the XCR (navy blue) genes were found to have chicken
orthologs in the EST/cDNA database. Likewise approximately 25% of genes from stratum 2a and 2b
(light blue) are also found to have chicken orthologs in the EST/cDNA database.

Similarly, for 55 XCR genes, 27 genes (49% of 55 genes) were found to have
chicken/zebrafinch orthologs (Figure 18): 21 of these orthologs are on chicken
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No. of No. of
Genes Analysed  Chicken Orthologs

Stratum 2a 4 Xp'l 1 37 32 (86

35 45 (81%)
Stratum 2b =« Xq28

Human
Chr X . Stratum 1 = XCR - Stratum 2 = ? - Stratum 3 = XAR

Figure 19 Schematic representation of the number of chicken orthologs for the human Xp11 and
Xq28 genes in EST/cDNA sequence data. More than 80% of the XAR (red) and the XCR (dark blue)
genes have orthologs represented in the EST/cDNA sequence data, which is similar to the number
of orthologs suggested by the TreeFam and the Ensembl databases. The stratum 2a and 2b (light
blue) genes are under-represented in the genomic sequence data and hence the TreeFam and
Ensembl databases suggest significantly lower number of orthologs for these regions in the
chicken. Chicken/zebrafinch EST/cDNA sequences have significantly larger proportion
(approximately 58%) of orthologs for the human stratum 2a and 2b genes.

37 genes were analyzed from the XAR in human cytogenetic band Xp11. Of these, 32 genes
have orthologs in the chicken/zebrafinch genome. The five genes that did not have avian
orthologs were CXorf27, CXorf31, CXorf38, GPR82, and CHST7. Likewise, of the 55 genes
from the XCR in the human Xq28, 45 genes had avian orthologs. The primary focus of the
current analysis was the human stratum 2a and 2b genes. However, flanking regions (the
XAR and XCR) were included in the analysis to compare the results of this analysis against
the ortholog assignments by the TreeFam and Ensembl database. The results for the XAR
and XCR genes are comparable to that of the ortholog assignments by the TreeFam and the
Ensembl database suggesting the methods used in this work are reliable for ortholog

assignments using the EST/cDNA sequences.

For 106 genes of stratum 2a, at least 59 genes have avian orthologs and for 45 genes of
stratum 2b, at least 29 genes have avian orthologs (Table 7, Figure 19). This means that
58% of genes have avian orthologs. Most of the chicken orthologs of stratum 2a and 2b
genes did not map to any region in the current chicken genome assembly, indicating that
they were truly missing from the assembly (discussed in sections 3.3.7 and 3.3.8). Four
chicken orthologs for the human stratum 2a genes mapped to chicken chromosome 4p
along with XCR homologous genes, suggesting that this region is part of the X conserved

region.
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Table 7 Summary of the human Xp11 and Xq28 stratum 2 genes that have novel chicken orthologs.
HSAX = the human X chromosome, GGA = chicken, Un = Unmapped contig, Absent = Not present

in the chicken genome assembly.

Xp11 Stratum 2a genes

Gene Name HSAX-Location (Mb) GGA Chr GGA Chr Location
UBA1 46.9 Un 27.9
NDUFB11 46.9 Un 7.9
RBM10 46.9 Absent *
ZNF41 47.2 Absent *
UXT 47.4 Absent =
WASF4 475 Un 35.6
ZNF81 47.6 Absent *
SLC38A5 48.2 Un 17.2
WDR13 48.3 Un 15.8
EBP 48.3 Absent ki
PORCN 48.3 Absent =
SUV39H1 48.4 Un 21.4
WAS 48.4 Absent i
GLOD5 48.5 4 11.4
SLC35A2 48.6 Un 46.9
PQBP1 48.6 Absent *
GRIPAP1 48.7 Absent *
OTUDS 48.7 Absent *
WDR45 48.8 Un 18.8
TFE3 48.8 Absent 5
PRICKLE3 48.9 Absent i
SYP 48.9 Absent *
MAGIX 48.9 Absent *
PLP2 48.9 Absent %
ccDCc22 49.0 Absent .
CLCN5 49.6 4 9.6
CCNB3 49.9 Absent i
SHROOM4 50.4 4 1.8
BMP15 50.7 4 1.8
JARID1C 5312 Un 61.7
SMC1A 53.4 Un 45.1
HUWE1 53.6 Absent %
WNK3 54.2 Absent 3
TSR2 54.5 Absent *
GNL3L 54.6 Absent &
PFKFB1 55.0 Un 38.6
RRAGB 55.8 4 11.5
KLF8 56.3 Un 53.4
FAAH2 57.3 4 7

Xg28 Stratum 2b genes
FAMS58A 1525 Absent A
BCAP31 152.6 Absent *
PDZD4 1627 Absent ¥
IDH3G 152.7 Absent %
SSR4 152.7 Absent *
L1CAM 152.8 Absent A
ARD1A 152.8 Absent E
HCFC1 152.9 Absent ¥
RENBP 152.9 Absent E
FLNA 158:2 Un 2
TAZ 163.3 Un 15.8
FAMS50A 153.3 Absent "
UBL4A 153.4 Un 52.4
FAM3A 153.4 Absent *
G6PD 153.4 Absent *

The XCR is well conserved on the X chromosome of all therian mammals, and its homolog,

chromosome 6, in platypus. Also this arrangement of XCR genes is preserved in the lizard
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and frog. This makes it unlikely that stratum 2a and 2b represent a separate evolutionary
block on the human X chromosome (Kohn et al. 2004).

A simpler explanation for the evolution of the human X chromosome is that the human X
chromosome consists simply of the X conserved region (XCR) homologous to the chicken
chromosome 4p and the X added region (XAR) homologous to the chicken chromosome 1q
(Figure 20), as previously proposed (Graves 1995). It is more likely that most chicken
orthologs of the stratum 2 genes are missing from the chicken genome assembly.

Chr15q .

Chr 5p
ChrY I

I/\/'\
Chr 4p
Chr X Chr X Chr6
Human Tammar wallaby Platypus Chicken
148 MVA,
166 M‘M?
310 M\'A,
[l Stratum 1 = XCR [l Stratum 3 = XAR

Figure 20 Schematic representation of the evolution of the human X chromosome. The X
conserved region (XCR, navy blue) is conserved on the X chromosome of all therian mammals and
it is autosomal in platypus and chicken. However, the X added region (XAR, red) is autosomal in
marsupials, platypus and the chicken. The stratum 2a and 2b (light blue) are shown in this
research to be part of the XCR and should not considered as a separate evolutionary block. The
human X chromosome is composed of only two evolutionary layers, the XCR and the XAR.

3.4 Discussion: the evolution of the human X
chromosome

In this chapter I report the analysis of the human Xp11 and Xq28 regions to investigate the
origins of stratum 2 on the human X chromosome. Stratum 2 was claimed to have evolved
independently of the XAR and XCR, and was proposed to be a separate evolutionary block
on the human X chromosome (Kohn et al. 2004, Ross et al. 2005). The results presented
in this chapter challenge this hypothesis and show that the human X chromosome is made
up of only two evolutionary blocks, that is, the X added region (XAR) and the X conserved

region (XCR).
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The results presented here indicate the value of using multiple strategies for tracing the
evolutionary history of gene families. Phylogenetic analysis combined with the syntenic
conservation of the genes provides the most reliable estimates of the evolution of gene
families (Vilella et al. 2009). Any methods involving only pair-wise comparisons should be
viewed carefully, as incomplete data and lineage specific gene loss often leads results
away from the true evolutionary trajectory.
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Pse!

Primates Species Functional (%) Truncated Total
Scandentia [~ Human 452 (83) 398 850
Rodsits t Chimpanzee 414 (53) 372 786

A Gorilla 122 (23) 398 520

Lagomorphs ~— Orangutan 341 (45) 420 761
Cetartiodactyls i “— Macaque 342 (54) 290 632
—— Perissodactyls i = Marmoset 352 (62) 220 572
Camivores 1 Tarsier 267 (39) 424 691
— Chiropterans — ] wr :(: :::; :?? x
— Insectivores Tree Shrew 619 (37) 1043 1662
Afrotheria Mouse 1046 (79) 278 1324
Xenarthra - Rat 1185 (72) 454 1639

—— Marsupials Kangaroo rat 499 (57 380 879
Squirrel 412 (33) 827 1239

ittt | GuineaPig 849 (41) 1217 2066
— Aves Rabbit 397 (50) 404 801
Lizard Pika 204 (43) 385 679
Amphibian | Alpaca 398 (38) 656 1054
Fish 1207 (81) 777 1984

34 (22) 121 155

1147 (56) 894 2041

1130 (44) 1413 2543

310 (44) 393 703

773 (73) 284 1057

245 (45) 299 544

442 (49) 463 905

547 (53) 480 1027

678 (49) 702 1380

1260 (34) 2412 3872

396 (43) 529 925

486 (49) 499 985

689 (28) 1793 2482

670 (30) 1527 2197

1126 (78) 325 1451

669 (40) 1020 1689

259 (44) 329 588

185 (48) 198 383

227 (49) 237 464

95 (68) a4 139

763 (67) 380 1143

30 (60) 20 50

35 (54) 30 65

94 (72) 37 131

42 (72) 16 58

107 (73) 40 147

Figure 24 Phylogenetic species tree showing the relationship between vertebrate species used in
this analysis. The number of functional OR genes (% of total), the number of
pseudogenes/truncated OR genes and the number of total OR genes in each species examined is

also listed next to the name of the species.

The results presented here suggest that OR-like sequences identified during data mining
should be tested for false positives. HMM profile search is more effective in filtering out
false positives compared to phylogenetic tree based method since more outgroup gene
families can be used without compromising sensitivity. Niimura (2009) has shown that

genes from groups 61, 62, x, and A are atypical to other OR genes and may have been
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Figure 25 Majority rule consensus tree derived from 100 randomly sampled neighbour-joining
phylogenetic trees representing vertebrate OR genes. OR gene clusters obtained by using 2.2
inflation value are represented with a prefix ‘C’ followed by identification number. The OR gene
clusters recovered as monophyletic clades are collapsed and represented as green triangle if they
were recovered as monophyletic clades in 80 or more neighbour-joining trees and red triangles if
they were recovered in less than 80 trees. Black branches represent clusters that were not
recovered as monophyletic clades.

4.3.4 OR gene family annotation transfer

There are two existing annotation systems for the OR gene family (Glusman et al. 2000,
Niimura and Nei 2005b). | have used 2,555 OR gene sequences annotated according to the
Niimura and Nei (2005) system and 1,956 sequences annotated according to the Glusman
et al. (2000) system for the transfer of annotations from the old systems to the
classification and annotation system presented here. | used previously annotated OR
sequences with the OR sequences identified by me in all-vs-all BLASTP searches and
subsequent classification by the MCL algorithm as described in section 4.2.3.

Niimura and Nei (2005) classified vertebrate OR genes into two major groups; type I and
type II. Type | OR genes were further classified into six subgroups («, B, v, 9, €, and €) and
type Il OR genes into five subgroups (m, 01, 62, x, and A) (Niimura 2009). The identity of
subgroups 01, 62, k, and A as OR genes is questionable (Niimura 2009) and therefore not
included for the annotation transfer. My classification system can divide the subgroups
annotated by Niimura and Nei (2005) into one or more clusters of closely related to OR

genes (Table 12).
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Figure 26 Majority rule consensus tree derived from 100 randomly sampled neighbour-joining
phylogenetic trees representing vertebrate OR genes. OR gene clusters obtained by using 2.2
inflation value are represented with a prefix ‘C’ followed by identification number. The OR gene
clusters recovered as monophyletic clades are collapsed and represented as green triangle if they
were recovered as monophyletic clades in 80 or more neighbour-joining trees and red triangles if
they were recovered in less than 80 trees. Black branches represent clusters that were not
recovered as monophyletic clades.The highlighted regions show that my classification system is
able to recapitulate the previous classification system (Niimura and Nei 2005a). For example, all
group y OR genes (yellow highlight) were present as monophyletic clade in all 100 random trees.
Similarly other groups were also recovered with significant node support.

The analyses of 1,956 sequences, which were annotated according to Glusman et al.
(2000) system, were assigned a cluster ID (Table 13). It is noted that each family
corresponds to one or more clusters. The monophyly of families annotated according to
Glusman et al. (2000) system could not be recovered in the phylogenetic analysis and
hence it is not presented here. As an example, cluster 1 is recovered as monophyletic clade
in the phylogenetic analysis. This cluster contains OR genes from both family 2 and 13
indicating that family 2 and 13 are actually not independently monophyletic and there is
some overlap between family 2 and 13. It has been shown by independent analysis that
family 2 and 13 can not be recovered as monophyletic clades individually since they
overlap in the phylogenetic tree (Hayden et al. 2009). Cluster 1 is one of many examples
undermining Glusman et al. (2000) classification where monophyly of each family is
highly questionable and therefore it is strongly recommended that this classification
system should be avoided to make inferences about the evolution of the OR gene family in

vertebrates.
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Table 13 Relationship between Glusman et al. (2000) classification and the classification presented
in the present study.

Glusman et al. (2000)

. A S Cluster IDs associated with each family
family classification

1 3,40

2 1,9, 18, 31, 36, 41, 52, 53, 58, 65, 67, 73, 79, 89, 90
3 76

4 7,12; 16, 23, 25, 29, 37, 39,

5 5,10, 13, 27, 30, 33, 34, 38, 50, 53, 54, 56, 62, 75, 77
6 6, 14, 32, 42, 69, 84, 87

7 2,83,15,17,70, 74

8 5, 11, 19, 20, 33, 51, 65

9 5, 32, 60, 66, 82

10 18, 24, 45, 49, 61, 70, 74, 78, 96, 98

1 26, 81, 87

12 3,5, 18,57, 80

13 1,9, 14, 18, 53, 57, 65, 73, 74,

14 10, 54, 62

51 4, 46, 68

52 8,21, 28, 47, 59,

55 88

56 64,72

4.3.5 A novel classification system and nomenclature for OR

genes

The results described in sections 4.3.2, 4.3.3 and 4.3.4 strongly suggests that classification
of the OR gene family by using the e-value as the distance measure and the MCL algorithm
is valid and useful for elucidating the evolutionary history of OR genes in vertebrates.
Therefore a novel classification system based on the analysis presented here is

recommended for future use.

The OR gene name should begin with species code derived from UniProt’'s NEWT database,
which is a taxonomy database and it is updated daily (Phan et al. 2003). For example the
species code for Homo sapiens is HUMAN, for Gallus gallus it is CHICK and for Bos taurus it
is BOVIN. The cluster ID should also be represented in the name as for example C1 for
Clusterl and C2 for Cluster2 and so on. Individual OR genes should be labeled with
ascending numbers to identify them individually. A trailing 'P" would be denoted if the OR

gene is a pseudogene or truncated gene.

To demonstrate the nomenclature system, consider five OR genes in Clusterl: one
functional human OR gene, one human OR pseudogene, two functional chicken OR genes
and one functional zebrafish OR gene. The corresponding nomenclature would be HUMAN-
C10R1, HUMAN-C10R2P, CHICK-C10R3, CHICK-C10R4, DANRE-C10R5. This nomenclature

system is flexible to accommodate more OR genes in a cluster or within species as and
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Functional OR genes from all five species of fish were also examined by phylogenetic
analysis (section 4.2.6) to confirm the classification by the MCL algorithm (Figure 28).
Only eight clusters were tested by phylogenetic analysis since there were no functional
genes present in cluster 5, 8 and 9 from fish. Seven of the eight clusters analyzed (except
cluster 99, 12 genes) were monophyletic in the phylogenetic tree. Notable exception were
two OR genes, one from cluster 85 and one from cluster 48, that did not group with their
respective cluster. Nevertheless, of 308 OR genes analyzed, 294 (95%) genes formed
monophyletic clades that represented individual clusters identified in the present study.

This suggests that the MCL algorithm is able to significantly capture the evolutionary
relationship of OR genes.

Figure 28 Phylogenetic analysis by maximum likelihood for functional OR genes from fish. All
monophyletic clades with significant likelihood probability were collapsed. It is revealed that the
classification by the MCL algorithm is consistent with the phylogenetic analysis since all
monophyletic clades represent genes from a single cluster. Only one gene from cluster 85 and one
from cluster 48 were not grouping with their respective clusters.

Similar to fish OR genes, avian OR genes are also of particular interest. | identified 383 OR
genes in the chicken and 464 OR genes in the zebrafinch. 319 (83%) chicken OR genes
were grouped together into cluster 22 along with 22 genes from anole lizard and one gene
from hedgehog tenrec. Similarly, 452 (97%) of zebrafinch genes were grouped together
into cluster 43 along with one gene from anole lizard, two genes from chicken and one
gene from platypus. This suggests that birds have highly species-specific OR repertoire.
The phylogenetic analysis of functional OR genes from birds and anole lizard (section 4.2.6
for methods) also reveals that significant proportion of bird OR repertoire is species-

specific (Figure 29). This has been independently verified as well (Steiger et al. 2009b).
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Figure 29 Phylogenetic analysis of zebrafinch, chicken and anole lizard functional OR genes. Red
branches represent chicken OR genes, green branches represents zebra finch OR genes and blue
branches represents anole lizard OR genes. It is evident that zebrafinch and chicken OR genes
have evolved in a species-specific manner.

The MCL algorithm classifies 22 genes from anole lizard into the cluster 22. These 22 OR
genes do not group with other cluster 22 genes from the chicken indicating discrepancy
between phylogenetic analysis and the classification by the MCL algorithm. It is likely that
these 22 anole lizard OR genes are not related to chicken OR genes from cluster 22 and the
inflation parameter needs more fine tuning to capture this discrepancy. It is also likely
that, phylogenetic analysis by maximum likelihood is not able to resolve the monophyly
because pseudogenes were not present in the analysis, which may be the needed link to
group chicken and anole lizard cluster 22 genes. Further investigations in the future would
clarify this ambiguity.

Like fish and birds, frog OR repertoire has also evolved by species-specific expansion of
OR genes. 1,143 OR genes were identified in the frog of which 771 (67%) of genes are
present in four clusters: cluster 35 (257 genes), cluster 44 (219 genes), cluster 63 (138
genes), cluster 71 (122 genes) and cluster 95 (35 genes). Only cluster 63 contains one
gene from armadillo, otherwise remaining all clusters are frog specific clusters. Only
cluster 48 is shared between frog and fish only and no other mammals or birds. It is likely
that genes from this cluster are essential for detecting water-soluble odorants. However,
further studies would be required to confirm that hypothesis. Apart from frog specific
clusters and cluster shared with fish, remaining all clusters with frog genes have gene
from other mammalian species.

It has been recently shown that platypus has greater number of family 14 genes
(corresponding to clusters 10, 54 and 62, Table 13) compared to other therian mammals
(Hayden et al. 2009). There is no platypus OR gene in cluster 54 and 62. However, of the
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Figure 30 A histogram representing percentage of functional genes in each cluster. Green bars
represent the presence of more than 60% functional genes in a cluster and red bar indicates less
than or equal to 20% functional genes. Black bars indicate a range between 20 and 60% of

functional OR genes.

The definite cause of removal of cluster 15 and 98 genes from mammals or retention of
larger proportion of functional OR genes from certain cluster remain to be investigated.
However, the classification by the MCL algorithm offers us opportunity to closely inspect
closely related genes in multiple species for the signatures of natural selection or adaptive
evolution; the distinctive advantage is that both functional and pseudogenes can be

classified by the same framework.
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reference. Despite advantages, one of the major limitations of this nomenclature would be
that clear distinction between orthologs or paralogs would not be possible. However, this
is intentionally avoided at this stage because we do not have sufficient mapping
information to satisfactorily establish orthology/paralogy in all species. Since ortholog
assignments were not attempted in this nomenclature, it was deemed as necessary to

include species name and trailing unique number in the OR gene name.
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sequence alignments can be used to generate a profile HMM of homologous sequences.
These can subsequently be used to search DNA or protein sequence database to detect

remote homologs.
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