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ABSTRACT

Our understanding of B-globin gene cluster evolution within eutherian mammals
1is based solely upon data collected from species in the two most derived eutherian
superorders, Laurasiatheria and Euarchontoglires. Hence, nothing is known regarding the
gene composition and evolution of this cluster within afrotherian (elephants, sea cows,
hyraxes, aardvarks, elephant shrews, tenrecs and golden moles) and xenarthran (sloths,
anteaters and armadillos) mammals. To address this shortcoming, I sequenced and
classified a total of 24 ‘B-like’ globin genes from 11 afrotherian and 2 xenarthran species,
and conducted a comprehensive analysis on the molecular evolution of f-globin cluster
genes within these two basal eutherian clades.

Analyses of the ‘adult expressed’ - and 8-globin products suggested that the d-
globin locus of paenungulate (and presumably all afrotherian) mammals encodes the only
‘B-type’ chain component of their post-natal hemoglobin. This finding challenges recent
views on the evolution of the eutherian B-globin cluster, and provides the first
documented evidence of a dispensable $-locus within Mammalia. It appears that the d-
locus of stem afrotherians gained a functional advantage by means of a capable promoter
region, donated by the neighbouring B gene via gene conversion, after which B was
silenced through nonfunctionalization. Hyraxes were also found to possess a second
putatively functional 8-globin gene (8™), which may or may not be expressed. A ML
analysis of d-globin IVS2 sequences grouped elephants and sirenians into a monophyly to
the exclusion of hyraxes supporting the ‘Tethytheria’ hypothesis, and placed the tree

hyrax as the most basal hyrax species.



Analyses of the ‘embronically expressed’ &-, y- and M-globin genes revealed the

presence of both y- and e-loci within members of the superorder Afrotheria, providing

compelling evidence that the anéestral eutherian $-globin clﬁéfér:éontained at least four
genes (g, v, , f) by the time this clade diverged from other eutherians ~107 mya. Earlier
studies have revealed that hemoglobin of 5-month old elephant fetuses and manatee
calves contains two ‘B-type’ chains. My data suggests these distinct $-chain components
are encoded by the y- and 8-loci in these species, thus providing only the second example
of developmentally delayed expression of a y locus within mammals. Sequence analyses
of the armadillo B-globin cluster further indicated that the eutherian B-cluster contained
five (g,v,m, 8, B) loci by the time xenarthrans diverged from eutherians ~102 mya.
Remarkably, of the five armadillo loci, only the two outermost genes (e and P) appeared
capable of transcribing a polypeptide. Together with earlier studies that demonstrated
adult armadillos express two distinct B-type chains, this finding implies that these
xenarthrans may uniquely extend expression of the s-locus into post-natal growth stages
or, like marsupials, possess an unlinked *B-like’ gene outside their B-globin cluster.

A comparative assessment of evolution rates indicated that, with few exceptions,
descendants of the ‘¢-like’ loci diverged more slowly than the ‘B-like’ loci in both coding
and non-coding gene regions within species of all four eutherian superorders. These
findings signify that rates of evolution for the parlégous genes within eutherian B-clusters
are a function of selection pressure, contradicting the molecular clock theory that all

genes evolve at an equal rate.
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GENERAL INTRODUCTION

The crown-group Mammalia is defined as the most feeent common ancestor of

the existing mammalian clades and includes the egg-laying platypuses and echidnas
(Monotremata (or Prototheria)), the pouched marsupials (Marsupialia (or Metatheria))
and the placental mammals (Eutheria) (McKenna and Bell 1997, Nowak 1999). Both the
Monotremeta and Marsupialia are relatively small assemblages, containing one and seven
orders respectively (McKenna and Bell 1997; Nowak 1999), whereas the placental
mammals are a diverse group, consisting of eighteen orders- recently divided into four
superorders: (1) Euarchontoglires (or Supraprimates) [rodents, lagomorphs, primates]; (2)
Laurasiatheria [carnivores, cetaceans, ungulates, bats, shrews, moles]; (3) Xenarthra
[armadillos, anteaters, slbths]; and (4) Afrotheria (Eizirik ef al. 2001; Madsen et al. 2001;
Murphy et al. 2001b; Lin et al. 2002; Springer et al. 2003). Afrotherians represent a
clade of placentals thought to have arisen on the African continent and comprise six
orders: Proboscidea (elephants), Sirenia (sea cows), Hyracoidea (hyraxes), Tubulidentata
(aardvarks), Macroscelidea (elephant shrews), and Afrosoricida (golden moles and
tenrecs) (Stanhope ef al. 1998). Although they do not share a single morphological
synapomorphy, the members of this group were first grouped into a monophyly by
Springer (1997) and Stanhope ef al. (1998) based on molecular data. Further support for
this clade comes from many more recent comparative studies utilizing mitochondrial,
nuclear and concatenated gene sequences (Liu and Miyamoto 1999; Springer et al. 1999;
Eizirik et al. 2001; Murphy et al. 2001a,b; Lin et al. 2002) and from a common nine base
pair deletion in exon 11 of the BRCA1 gene found only in afrotherians (Madsen et al.

2001). Recently, van Dijk et al. (2001) also provided independent support for the clade



by identifying unique amino acid substitutions in three proteins of these animals relative
to other eutherians, while Nikaido ef al. (2003) isolated and characterized a novel family
of SINEs (short interspersed repétitive elements) termed “Afr(;Sil\iEs”, specific to species
within Afrotheria.

Molecular clock data based on gene studies indicate that eutherians have been
present and evolving into present-day clades since the mid Cretaceous (~100 mya)
(Eizirik et al. 2001; Murphy et al. 2001b; Springer ef al. 2003). The deepest split is
thought to have occurred either between afrotherians + xenarthrans (making them ‘sister
groups’) and other placental mammals (Madsen et al. 2001; Delsuc et al. 2002; Lin et al.
2002) or simply between afrotherians and other placentals (Stanhope ef al. 1998; Liu and
Miyamoto 1999; Eizirik et al. 2001; Murphy ef al. 2001a,b; van Dijk et al. 2001;
Springer et al. 2003). Both hypotheses place this divergence at ~107 mya (Eizirik et al.
2001; Murphy et al. 2001b; Madsen et al. 2002; Springer et al. 2003), a date coinciding
with a major plate tectonic separation event (Smith. ef al. 1994). At roughly this time,
Africa and South America separated from the southern hemispheric super-continent
Gondwana, which also incorporated Antarctica, Australia, India and Madagascar before it
broke apart (Smith et al. 1994). The 'Afrotheria hypothesis' suggests that six of the
twenty placental orders evolved on Africa during the period when the continent was
isolated from others via plate tectonics (~107 to 40 mya) (Eizirik ef al. 2001; Murphy et
al. 2001b; Springer et al. 2003). After differentiating into various ecological niches,
these mammals were able to distribute themselves throughout Europe and Asia, as Africa
began to collide with these continents ~30 mya (Hedges 2001). Xenarthran mammals are

thought to have evolved solely on South America (Murphy et al. 2001b). Laurasiatheria



and Euarchontoglires have been deemed sister taxa (constituting the clade Boreoeutheria)
(Murphy et al. 2001b) with a northern hemispheric origin on the ancient supercontinent
Laurasia (Murphy et al. 2001a,b):'. Undoubtedly, the early dii‘/é;gfé;lce of Afrotheria and
Xenarthra from other placentals provides a framework for ancient eutherian evolution
studies, while the collection of molecular data from these basal superorders could have
many important implications on the early evolution of eutherian genomes.

An ideal candidate to address these intriguing possibilities is provided by the
respiratory pigment hemoglobin (Hb). Hemoglobin is one of four classes of ﬁmctiénal
porphyrin-containing proteins capable of reversible oxygen-binding (Perutz 1979;
Dickerson and Geis 1983). Myoglobin (supplying O, to mitochondria within muscle
tissues), neuroglobin (supplying O; to the brain; Burmester et al. 2000) and the
ubiquitous cytoglobin (whose function is unknown; Burmester et al. 2002; Trent and
Hargrove 2002) are monomeric proteins comprising one protein chain. However, Hb
(binding oxygen in the lung capillaries and facilitating its delivery to respiring cells) is a
tetrameric protein comprising two a- and two B-helices (Dickerson and Geis 1983;
Weber and Wells 1989; Poyart ef al. 1992; Weber 1995). It is hypothesized that the a-
and f- globivn genes encoding hemoglobin arose from the duplication of a primordial
globin gene roughly 600-800 mya (Antoine and Niessing 1984). This pair of globins
then underwent further duplication events over time to produce the various o-like and B-
like globin genes found in extant vertebrate species (Goodman and Moore 1975;

Czelusniak et al. 1982; Proudfoot et al. 1982; Goodman et al. 1987). Both the a- and B-

globin gene clusters of derived eutherians have undergone extensive scrutiny. However,



it is the B-globin cluster, comprising the genes encoding the ‘B-type’ polypeptide chains
of hemoglobin, that is the focus of this study.

Functional B-globin cluste:r genes are composed of thrge:céaing regions separated
by two introns (intervening sequences or IVS). Exon sequences are highly conserved in
length, (normally comprising 89, 223 and 126 bp in exons 1, 2 and 3, respectively) and

share strong similarity between orthologs of different species (>60%) and within paralogs

of the same species (Dawson and Yamamoto 1998). These findings are most likely the
consequence of purifying selection, as conserved sequences have important implications
for the structure and function of the protein. The two IVS regions are variable in size,
normally ranging from 122 to 130 bp in the first intron and from 850 to 914 bp in the
second (Dickerson and Geis 1983). Based on sequence alignments, it is assumed that the
vast amount of variability in both size and composition is the result of numerous base
substitution and insertion/deletion events over time (Konkel et al. 1979). Exon-intron
boundaries show a high degree of conservation, however, as both introns almost always
possess the 5°GT — AG 3’ sequence normally found at splice junctions (Nishioka et al.
1980). It is therefore quite possible that introns are necessary for proper transcription,
especially since one mouse pseudogene, containing only exon sequences, is not expressed

under normal circumstances (Dickerson and Geis 1983).

Mammalian genomes often employ regulating mechanisms to ensure that the
genes within multi-gene families are expressed at appropriate times, including proximal
promoters and distal regulatory elements working in conjunction with environmental cues
(Fritsch et al. 1980; Hill et al. 1984). The locus control region (LCR) is a large segment

of DNA found in mammals whose activity has extreme effects on the expression of genes



within a multigene family (Tuan ef al. 1985; Forrester ef al. 1987; Grosveld et al. 1987).
The B-globin LCR is roughly 12 kb in length, located from ~6 to 20 kb upstream region
of the cluster, and is divided inio three sites (200-300 bp 10'_II§~) f‘ﬁypers_ensiﬁve (HS) to
DNase I digestion (Tuan et al. 1985; Forrester ef al. 1987; Grosveld et al. 1987). These
sites act as recognition sequences for DNA-binding proteins, which directly control the
chromatin structure of the 60 kb functional B-globin domain. The mechanisms by which
these proteins regulate chromatin structure, however, are currently unknown.
Experiments in which the LCR of humans was fully deleted resulted in failure to express
any of the B-globins, even though the genes themselves were structurally intact (Drisocoll
et al. 1989; Feng et al. 2005). Interestingly however, the presence of only one HS site
within the LCR is sufficient for full gene expression in transgenic mice (Ryan et al.
1989). The results of these studies confirm the utmost importance of the LCR in the
expression of each globin gene within the cluster. Certain sequences of non-coding
DNA, located both upstream and downstream of the 5’ (CACCC, CCAAT, ATA) and 3’
(AATAAA) flanking end of each globin gene, respectively, also play important roles in
the control of both transcription and translation (Proudfoot and Brownleee 1976;

Efstratiadis ef al. 1980; Grosveld et al. 1982; Dierks et al. 1983; Kosche ef al. 1985,

Myers et al. 1986), and are discussed in detail within the upcoming chapters.

Surprisingly, our knowledge of eutherian f-globin clusters has been deduced
from data collected on only the two most derived orders, Laursiatheria and
Euarochontoglires, and therefore, the goal of this study was to obtain genetic information
on the P-clusters of the two most basal clades, Afrotheria and Xenarthra. This

information should provide much needed insight into the p-cluster gene organization of



stem eutherians and ultimately lead to a better understanding of molecular evolution of

the B-cluster within the whole of Eutheria.



CHAPTER I

ATYPICAL MOLECULAR EVOLUTION OF

AFROTHERIAN AND XENARTHRAN ‘B-LIKE’ GLOBIN GENES.



INTRODUCTION

The mammalian B-globin gene cluster is thought to_have originated from the

tandem duplication of a single proto-B-globin gene about 200 mya (Efstratiadis et al.
1980; Czelusniak et al. 1982). Differential selection on the upstream regulatory elements
of these paralogous loci subsequently confined expression of the 5’ e-globin gene to early
embryonic stages, while the 3’ f-globin gene became developmentally suppressed
(Efstratiadis ef al. 1980; Czelusniak et al. 1982). This gene cluster organization and
expression pattern is still found in marsupials (Koop and Goodman 1988; Cooper and
Hope 1993; Cooper et al. 1996; but see Wheeler et al. 2001), and presumably
monotremes (Lee ef al. 1999). However, as indicated by the four-fo-twelve gene clusters
of rodents, lagomorphs, artiodactyls and primates (Fig. 1-1), the composition and
regulation of the ancestral mammalian f-cluster has been substantively altered over the
eutherian radiation (Efstratiadis et al. 1980; Jeffreys er al. 1982; Martin et al. 1983;
Goodman et al. 1984; Hardies et al. 1984; Scott et al. 1984; Townes ef al. 1984,
Schimenti and Duncan 1985a,b; Hardison and Gelinas 1986; Tagle et al. 1988). Despite
their compositional differences, remarkably congruent (though independent) gene
conversion and inactivation events are seen within the B-clusters of these four orders,
leading to the development of several widely accepted paradigms pertaining to the
evolution of this cluster (Jeffreys er al. 1982; Goodman et al. 1984; Hardison 1984;
Hardison and Margot 1984; Harris ef al. 1984; Tagle e al. 1991; Satoh et al. 1999; Koop
et al. 1989a; Prychitko et al. 2005).

For instance, the presence of a d-globin locus in each of the four examined

placental orders (Rodentia, Lagomorpha, Artiodactyla, Primates; Fig. 1-1) has led to the
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general acceptance that this gene arose via duplication of the adult-expressed B-locus

(Efstratiadis et al. 1980; Czelusniak ef al. 1982) soon after the divergence of Eutheria

from Marsupialia (148-159 mya; Archibald 2003). Since thié;égént the drthologous )
genes from each of these four orders were converted (in some cases repeatedly) by the -
locus, with f preferentially converting  in its upstream external and 5’ exonic regions
(Jeffreys et al. 1982; Martin et al. 1983; Hardison and Margot 1984; Hardies et al. 1984).
The 8 gene thus proved to be largely expendable, with B-globin becoming the major (and
generally only) functional adult gene in the cluster (Martin e al. 1983; Hardies et al.
1984; Koop ef al. 1989a; Prychitko et al. 2005). Indeed, 5-globin is only known to be
expressed in New World monkeys, hominoids, tarsiers and galagos (Martin ef al. 1983;
Hardies ef al. 1984; Prychitko er al. 2005) and, with the exception of the latter two
groups (Tagle ef al. 1988; Koop et al. 1989a), encodes for only a small fraction of the
hemoglobin molecules of post-natal erythrocytes (Boyer et al. 1971; Martin et al. 1983;
Ross and Pizarro 1983). The distribution of expressed §-globin genes among primates
suggests these functional loci arose (possibly via the resurrection of an anciently silenced
d-globin gene; Martin ef al. 1983) independently in stem anthropoids, tarsiiformes and
loriformes via recombination with the 5° B-globin promoter region necessary for
transcription (Koop et al. 1989a; Tagle ef al. 1991, Prychitko ef al. 2005). The d-locus
was subsequently silenced in the lineage leading to Old World monkeys (Martin et al.
1983), or hybridized by an unequal crossover event with the yn-locus in the ancestry of
lemurs (Jeffreys et al. 1982). Accordingly, 8-globins have been little more than vestigial
genes since their inception, except where their integrity has been maintained through

sporadic, fortuitous events of gene conversion (Hardies et al. 1984).
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Recent molecular studies have provided compelling support for the presence of
four placental ‘superorders’ (Madsen ef al. 2001; Murphy et al. 2001a,b; Amrine-Madsen
et al. 2003). Because these (ar;d other) studies place the '_s'tii)'efilorders* Xenarthra and
Afrotheria at the base of the eutherian clade (Fig. 1-1), members of these two groups
provide ideal model systems to test hypotheses regarding the molecular evolution of the
p-globin gene cluster. While protein sequences have been documented for the “B-type’
chains of several afrotherian and xenarthran species, prior to the initiation of this study no
nucleotide data was available. Consequently, the identity (i.e. f or §) and evolutionary
history of the genes encoding these polypeptide chains have not been established. To fill
this void, the primary aim of this study was to determine whether the B/d duplication
event predates the eutherian radiation. If so, a second aim was to explicate the
evolutionary events leading to the present-day post-natal -like globin genes of both
superorders to test whether the B-globin locus exhibited a competitive advantage over the
5’ d-locus in members of these basal clades.

The final goal of this study was to examine the phylogenetic relationships among
the afrotherian orders Proboscidea, Hyracoidea and Sirenia. Since their grouping into the
superorder Paenungulata (Simpson 1945), the inter-relationships among these orders have
remained controversial. For example, studies examining morphological characters
consistently place sirenians and elephants as sister taia (‘Tethytheria hyothesis’;
McKenna 1975; Shoshani and McKenna 1998; Liu and Miyamoto 1999; Liu ef al. 2001),
while molecular analyses recover only limited support for this relationship (Fig. 1-2). To
help resolve this issue, phylogenetic relationships amongst all seven extant paenungulate

genera were examined using non-coding, homologous gene sequences.
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Fig. 1-2. Hypothesized relationships among the three extant paeunungulate orders
based on 19 recent molecular phylogenetic studies. Letters below each hypothesis

correspond to studies providing support for the above topology.
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MATERIALS AND METHODS

Data collection " ST -

DNA was extracted from whole blood (100 pl) and tissue (10-25 mg) samples
from 11 afrotherian and two xenathran species (Table 1-1) using a QIAGEN DNeasy®
Tissue Kit. The optical density of eluates was measured with an Ultrospec 3100 pr;
spectrophotometer (Biochrom), the concentration and purity of the DNA was calculated
from absorbance readings at 260 and 280 nm, and 50 ng/ul working solutions prepared.

To design primers for polymerase chain reactions (PCRs), degenerate nucleotide
sequences were first deduced from the ‘B-globin’ polypeptide chains of the African
(Loxodonta africana) and Asian elephant (Elephas maximus), Amazon manafee
(Trichechus inunguis), rock hyrax (Procavia capensis), nine banded armadillo (Dasypus
novemcinctus) and three-toed sloth (Bradypus tridactylus) (see Fig. 1-3 for references).
Resulting sequences were aligned with primate, rodent, lagomorph and artiodactyls -
globin gene sequences (see Table 1-2), and highly conserved regions used for primer
design (Primer Premier 5.0; Premier Biosoft International). PCRs were conducted on
100 ng of template DNA (2 ul) in 0.2 ml tubes containing 48 pul of reaction mixture
(1.0 pl of each dNTP (2.5 mM), 5.0 pl 10x PCR Reaction Buffer, 3.04.5 ul of 50 mM
MgCly, 5.0 pl of each primer (10.0 pmol/ul), 0.5 ul Taq polymerase (5 U/ul) and 24.0—
25.5 ul ddH;0), using PTC-0220 DNA Engine Dyad® (MJ Research) and Mastercycler®
Gradient (Eppendorf) thermocyclers. Initial amplifications entailed a 30 cycle protocol
(94°C for 30 s; 50°C for 15 s; 72°C for 30-75 s) followed by a 10 min interval at 72°C.

PCR products were isolated using Montage™ PCR Centrifugal Filter Devices
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Table 1-1. List of taxa examined in this study.

Superordinal Family Genus Species Common name Sample Original source Gender
clade type
Afrotheria Elephantidae Loxodonta africana African elephant blood not specified female
Elephas maximus Asian elephant blood not specified male
Dugongidae Dugong dugon dugong DNA Mabuiag Island, female
Torres Straits
Trichechidae Trichechus manatus West Indian manatee skin Crystal River, Florida female
Procaviidae Procavia capensis rock hyrax blood not specified not specified
Heterohyrax brucei yellow-spotte}d hyrax ear not specified not specified
Dendrohyrax dorsalis westemn tree hyrax DNA not specified not specified
Orycteropodidae Orycteropus afer aardvark liver Karoo, South Africa female
Macroscelididae Elephantulus intufi bushveld elephant shrew liver not specified not specified
Chrysochloridae Chrysoéhloris asiatica cape golden mole spleen Cape Town, South Africa g g‘nale
Amblysomus hottentotus Hottentot golden mole spleen | Palm Springs, South Africa : y"r'nale
Xenarthra Bradypodidae Bradypus tridactylus pale-throated not not specified not specified
three-toed sloth specified ~
Dasypodidae Dasypus novemcinctus nine-banded not not specified not specified
armadillo specified




Table 1-2. Genes included in the sequence analyses of ‘B-like’ globin genes with

corresponding GenBank accession numbers.

denoted by asterisks (*).

Hyrax—speciﬁc:&—;globig_ genes (8%) are

Eutherian . Globin Accession
Species Common Name Reference
superorder gene No.
Afrotheria Loxodonta africana | African elephant 5 DQ091201 This study
Elephas maximus Asian elephant o DQ091202 This study
Trichechus manatus | oot Indian 6 DQ091203 | This study
manatee
Dugong dugon dugong ) DQO91204 This study
. . 8 DQ091208 .
Procavia capensis rock hyrax SH# D8091 505 This study
.| yellow-spotted Hx .
Heterohyrax brucei 8 DQ091206 This study
hyrax
gjzi;?shy T western tree hyrax yH* DQ091207 | This study
Elephantulus intufi | bushveld elephant ] DQ091211 .
shrew B DQooiziz | Ihisstudy
] Dasypus nine-banded Yo DQ0%1209 .
Xen a novemcinctus armaditlo B DQ091213 This study
, pale-throated Yo DQ091210 .
Bradypus tridactylus three-toed sloth B DQ091214 This study
Dasypus nine-banded 5 Green 2004,
novemcinctus armadillo wo, B ACIS1518 unpublished
. . Efstratiadis
Euarchotoglires | Homo sapiens human 5, B U01317 ot al. 1980
ph2, Bh3, Shehee et al.
Mus musculus mouse B1,52 X14061 1989
Oryctolagus . Margot et al.
cuniculus rabbit w2, p1 MI18818 1989
Orolemur Tagle et al.
crassicaudatus galago o.f 160902 1992
. . . 5 104428 Koop et al.
Tarsius syrichta tarsier B 04429 19892
Laurasiatheria | Capra hircus goat gt M15387 SChf ;8311 al.
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(Millipore), and small samples of purified template (0.8 ul) pipetted into 19.2 ul aliquots
of reaction mixture for subsequent amplification experiments. To increase template-
primer binding specificity, a nestéd PCR protocol utilizing an "&gﬁfejéling fémperature (Ta)
gradient of 50-60°C was employed. Nucleotide sequences of the resulting products were
used to design species-specific primers to amplify the flanking regions of each gene via a
walking reaction (APAgene™ Genome Walking Kit; Bio S&T Inc.).

A 15 pl sample of each final PCR product was mixed with 3.5 ul loading buffer
and 1.85 pl SYBR Green (Fisher Scientific), pipetted into gels prepared from 0.75 g of
low melting temperature agarose dissolved in 50 ml 1x TAE buffer, and electrophoresed
at 100 V for 1 hr. Target bands were excised, and purified using a MinElute™ Gel
Extraction Kit (QIAGEN). These extracts were ligated using a QIAGEN® PCR

Pl Kit and transformations performed. Transformation products were incubated

Cloning
on agar plates containing 0.1% v/v ampicillin (100 mg/ml), X-GAL (40 mg/ml) and
IPTG (100 mM) for 18 hr ét 37°C. Positive colonies were transferred to culture medium
containing 0.1% v/v ampicillin (100 mg/ml), and incubated (37°C for 18 hr) in 50 ml LB
culture tubes placed on a platform shaker set to 225 RPM. Finally, a 3 ml subsample of
this bacterial culture was pelleted by centrifugation (4 min at 5,000 RPM) and plasmid
DNA extracted (QIAprep® Spin Miniprep Kit; QIAGEN).

To verify that the plasmids contained target bands, 2.0 ul (350—400 ng) of
purified plasmid DNA was digested in a restriction enzyme mixture (1.5 ul 10x REact® 3
Buffer, 0.5 ul EcoR1 (10 U/ul) and 11.0 ul ddH,0) for 1-2 hr at 37°C, then

electrophoresed (80 V; 1 hr) on a 1% agarose gel. Positive samples were sequenced in

both directions with a 3739 ABI PRISM Genetic Analyzer (University of Calgary DNA
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core laboratory) and BigDye Sequencing Kit using the universal sequencing primers, M-

13(F)-40 and M-13(R) (Appendix 1-1).

Data analyses

Consensus gene alignments were constructed for each species using
Sequencher™ (Version 4.2.2) software. Overlapping gene fragments incorporated
between 3 and 14 cloned fragments ampliﬁed from 2 to 7 individual PCRs, respectively.
Dotmatcher (EMBOSS) software was used to identify homology, and MatGAT (Version
2.02) employed to calculate percent identity, between sequences of the ‘B-like’ genes
amplified in this study and the d- and p-globin genes of human, rabbit and mouse (see
Table 1-2 for GenBank accession numbers). For comparative purposes, the 8- and B-
globin gene flanking regions of the nine-banded armadillo (Dasypus novemcinctus) were
first identified in a working draft BAC sequence available on GenBank (accession
number AC151518, representing clone VMRC5-69F10 from the NISC Comparative
Vertebrate Sequencing Project) and included in these analyses. To assess promoter
regions, the 5° flanking sequences of sequenced genes were aligned and compared with
the ‘B-like’ globin genes of armadillo, human, galago and tarsier (Table 1-2).

To examine the inter-relationships amongst paenungulates, a phylogenetic
analysis was conducted on intron 2 (IVS2) sequences of the d-globin genes amplified
from these species, with homologous xenarthran sequences serving as outgroups. A
773 bp alignment was created using Clustal X (Version 1.8) (Thompson et. al 1994)
using gap opening and extension penalty values of 16 and 6.66, respectively, and refined

by eye. A ML analysis was conducted on the alignment using PAUP* (Version 4.0b10)
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software, applying the HKY85 two-parameter model variant for unequal base
frequencies. All positions were weighted equally and the transition:transversion ratio set
to 2.00. A heuristic search was ;executed with 1000 bootstraﬁféﬁlicate?. The final tree
was constructed using random stepwise addition with weighted least-squares and TBR

algorithms.
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RESULTS

A total of 10 complete and 3 incomplete ‘B-like’ gene products were amplified
and sequenced from the 11 afrotherian species (Table 1-‘35 ‘Complete’ products
possessed gene regions running from at least the initiation to termination codons, while
_ ‘Incomplete’ products were missing the gene region containing either one or both signals.
All putative gene products possessed the three exon/two intron arrangement (Appendix 1-
3) characteristic of other B-globin cluster genes. For genes with no frameshift mutations,
IVS1 divided codon 30 between the second and third nucleotide, while IVS2 separated
codons 104 and 105. Comparative sequence examinations revealed that both gene
products obtained from the aardvark and the single product from each of the golden and
Hottentot moles were artificial ‘6/B-globin’ chimeras, with the conceptual point of
conversion occurring at exactly the same base position within each “gene”; these PCR
artifacts were thus excluded from all subsequent analyses. MatGAT and dotplot analyses
(see below) suggested that all but one gene product from each of the remaining
afrotherian species shared the highest degree of sequence homology with the 8-globin
genes of human, rabbit and mouse (Table 1-2). Accordingly, these genes were classified
as d-globins. Conversely, one of the amplified gene fragments from the elephant shrew
was shown to share highest sequence similarity with other placental mammal B-globin

sequences (Fig.1-9; Table 1-4) and classified as B-globin. Complete 6- and B-globin gene

sequences were obtained from both xenarthran species included in this study.

Classification of afrotherian ‘B-like’ globin genes
Dotplot analyses of the Asian (Fig. 1-4) and African elephant (data not shown)

genes (which shared 99.2% sequence identity from initiation to termination codons)
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Table 1-3. List of 'B-like' globin gene products amplified in this study.

Taxon Gene identity I:;zzzzzgs::g Amplified gene region
African elephant d 1,744 complete
Asian elephant 0 2,119 complete
dugong d 2,639 complete
West Indian manatee d 1,696 complete
rock hyrax d 1,180 partial
oH 1,609 complete
yellow-spotted hyrax o 1,604 complete
western tree hyrax g 1,591 complete
aardvark o/B 1,177 complete, artifact
o/p 1,192 complete, artifact
bushveld elephant shrew B 1,840 partial
d 180 partial
cape golden mole o/p 1,713 complete, artifact
Hottentot golden mole o or p? 426 partial
pale-throated sloth p 1,318 complete
Po 1,590 complete
nine-banded armadillo B 1,383 complete
Pd 1,296 complete
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recovered the highest sequence similarity with 8-globin genes of human and rabbit in the
IVS2 and the 3’ flanking regions, while 5” flanking regions revealed homology with other
B-globins. Examination of the Asian elephant 5’ promoter r‘e‘g,;loﬁ furtl:er revealed the
presence of all transcriptional control motifs characteristic of functional B-globin genes
(Fig. 1-5; Appendix 1-4). The translated protein chains of the African and Asian elephant
d-globin genes were identical to the ‘B-globin’ protein chain determined for these species
(Fig.1-3), suggesting these genes are expressed.

Dotplot analyses of the dugong (Fig. 1-6) and manatee (data not shown) gene
products (which were 96.2% identical from initiation to termination codons) revealed
homology with other mammalian d-globin genes in the IVS2 and 3’ flanking regions.
Like the elephant gene products; the 5 flankig regions of both sirenian 8-globin genes
were B-like. However, both species possessed ATA — GTA mutations at the ATA
transcriptional control motif (Fig. 1-5, Appendix 1-4). While these base substitutions
may have an effect on the transcriptional regulation of these genes, the conceptual protein
chain of the Florida manatee 0-globin gene precisely matched the amino acid sequence of
the ‘B-globin’ protein chain determined from the Amazon manatee, Trichechus inunguis
(Fig. 1-3).

Dotplot comparisons of the first rock hyrax gene fragment (Fig. 1-7) also
suggested this gene was d-like within the IVS2 and 3’ flanking region. This gene
fragment (designated d-globin) encoded for a protein identical to codons 82-146 of the
‘B-globin’ protein chain documented for the Abyssinian hyrax (Procavia capensis
habessinica) (Fig. 1-3). Notably, the second rock hyrax gene product was also d-like in

the IVS2 and 3’ flanking region (Fig. 1-8). However, the translated protein sequence was
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Table 1-4. Percent identity matrix comparing the IVS1 and IVS2 sequences of 'B-like' globin genes sequenced in this study and those of

human, rabbit and mouse. Gap opening and extension penalties were set to 16 and 4, respectively. Numbers in gray represent IVS1
comparisons while values in black denote IVS2 comparisons.

(44

1) 2@) 3@®) 4@) SO 60} 7@ 8@ owd)1oaws) 1@ 12@® 3@ 14®)| 15@®] 16®)] 176 18] 196 20| 21 ®
1. African elephant & i 989 840 845\ 734) 759 763| 772| 67.6] 656 487 495| 478] s4.9] 6150 544l sea] 476 as4| ass| 484
2. Asian elephant d 002\ ET  538] s42] 734 59| 763| 772] 2] ess| aoa| as2] 473| sas| e12| sa0| seo| as0| 48| sz 452
3. dugong 8 23| o1 i 0 074l 70| 70| 68| 78| 4] ess 469! 50.4] 485] 568 617 544| 56.6] 48.5| 462] 482l 479
4. manatee d ors| ous| veolilil  772] 763 72| 2] 00| eed| 470] 496 4801 576 62| 549 57.0] 493 468 471 475
5. rock hyrax - — - |5 B 60.3] 458 49.6) 47.7] s2.4| 5850 s23] s53.8] 482 477 471 472
6. rock hyrax 8% a4l el el wma S 19| oss| w6 e8| ar2] w04 a9 s26 s7s 52.6] 5551 48.7] 47.8] 479 485
7. yellow-spotted hyrax 8% 7830 777l sool 80 ~|  9ask | oso| 42| 25| asa| avs| 87l ss2| w7l ssa| ser| asr| ard| ase] ase
8. tree hyrax &% 7770 76.9] 0.0 808 -l 933 sl ! m 651| 62.3) 488] 503] 48.5) 532! 58.0] 529] 560] 47.5] 475 480] 487
9. sloth b 792 783 815 81.3 =N A m,:;g 73.0) 47.6] 50.0f 490} 555 57.3] 52.9] 5471 46.8] 47.3] 49.0] 508
10. armadillo yd 74.8 74 7790 763 | sraf ss] swd] s00 493| 494 49.5) 31| s6.1] 542] sd6] 47.4] 485 482 493
11. elephant shrew f 71.8] 710|740 740 <] 634 edo]l 63| 706|634 ] sso 56.5] 41.6) 48.2] 48.8f 50.0] 473] 532 476 514
12, armadillo 76.3]  75.6] 779 794 = esa  sse|  ess| snsl g7 esaf A 708]  a22] 4s0] 47.5] a07] 4se| 584l s15] s34
13. sloth B 792 78.5| s1.5] 816 | enr| ess] oms| see]  see]  voe|  sos|EREE 43| 459 458 492} 466 605 515 518
14. human 8 6890 689 699 687 <) 638 642l 623 sl 78l 634 669 0.5 ] 582 524] 513} 494 41.0] 43.0] 445
15, rabbit Yp2 (d-like) 342  s42]  383] 561 <l s s04) dosl 613] s98] 488 583 616 s62 5.6, 55.3| 48.7] 469 47.4 e
16. mouse Bh2 (3-like) 43.4]  43.4]  42.3] 431 o ] I O =R S 2N =R I N % B i so0o] 477 464 480 " 487
17. mouse Bh3 (8-like) s10l  siol a0l 477 | oasa] oarsl we| wws|  assl azs|  s24]  wwe|  ass|  ses|  sss ] ass| acs| abo| 47s
18, human B GB.9] 089 699 687 <l el g ws| omsl misl wsdd eso]  sos| el sea|  wss| sl ; 47.2] 486 473
19. rabbit 1 6.1 634 61| 614 | sl osasl sl ssal eow] seo|  sed|  esa| el sral sl ar2l cool o :
20. mouse B1 6.6  o18) 629l 621 | oar] sma os0l 622 sl s ese]l el s2a]  483] szd| e =92 ; %
21. mouse B2 554 &40 S0l 331 s o] 343 stz s3] 597 SR 453 s3] ave| 35 s




Fig. 1-3. Comparison of the ‘B-globin’ chain amino acid sequences of four afrotherian
and two xenarthran species (top row in each case) with those deduced from the d- and
B-globin gene sequences determined for these species (bottom row, dots represent
identity with the top sequence). Florida manatee (I. manatus), Trock hyrax (P.
capensis); Sconceptual amino acid sequence of the armadillo B-globin gene (GenBank
accession number AC151518). The degenerate amino acid symbol B corresponds to D

or N, while Z represents E or Q.
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African elephant (Loxodonta africana); Braunitzer ef al. (1982)
VNLTAAEKTQVTNLWGKVNVKELGGEALSR LLVVYPWTRRFFEHFGDLSTAEAVLHNAKVLAHGEKVLTSFGEGLKHLDNLKGTFADLSELHCDKLHVDPENFR
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Asian elephant (Elephas maximus), Braunitzer et al. (1984)

VNLTAAEKTQVINLWGKVNVKELGGEALSR LLVVYPWIRRFFEHFGDLSTADAVLHNAKVLAHGEKVLTSFGEGLKELDNLKGTFADLSELHCDKLHVDPENFR
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Amazon manatee (Trichechus inunguis), Kleinschmidt et al. (1986)
VHLTPEEKALVIGLWAKVNVKEYGGEALGR LLVVYPWTQRFFEHFGDLSSASAIMNNPKVKAHGEKVFTSFGDGLKHLEDLKGAFAELSELHCDKLHVDPENFR
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Rock (Abyssinian) hyrax (Procavia capen&is habessinica); Kleinschmidt and Braunitzer (1983)

LLGNVLVIVLARHFGKEFTPDVQAAYEKVVAGVANALAHKYH ('B-chain’)
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cseen

cerianns

«oos (d-globin)

LLGNVLVIVLARHFGKEFTPDVQAAYEKVVAGVANALAHKYH (f-chain')

+ovo (5-globin)

LLGNVLVCVLARHFGKEFSPEAQAAYQKVVAGVANALAKKYH (B-chain’)

Cvsessase

craa

crerertsieseeaenses (B-globin)

VHLTDAEKAAVTGLWGKVKVDEYGGEALGR LLVVYPWTQRFFEHFGDLSNADAIMHNPKVLAHGKKVLSSFGDGLNHLDNLKGTFAQLSELHCDKLHVDPENFR LLGNVLVVVLARHFEEEFTPDVQAAFQKVVTGVANALAHKYH (B-chain’)
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Pale-throated three-toed sloth (Bradypus tridactylus), Kleinschmidt ef al. (1989)

VHLADPDEKAAVSALWNKVHVEEFGGEALGR LLVVYPWISRFFESFGDLSSADAVFSNAKVKAHGKKVLT SFGEGLKELDDLKGTY ARLSELHCDK LEVDPENFK
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Nine-banded armadillo (Dasypus novemcinctus), de Jong et al. (1981)
VNLTSDEKTAVLALWNKVBVZBHGGZALGR LLVVYPWTQRFFESFGDLSTPAAVFANAKVKAHGKKVLTSFGEGMNHLDNLKGTFAKLSELHCDKLHVDPENFR
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Fig. 1-4. Dotplot comparisons (window size = 100; threshold = 80) of the putative
Asian elephant d-globin gene (Y-axis) with the 8- and p-globin genes of humans,
rabbits and mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3

for each gene are denoted by black boxes.
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Asian elephant é-globin gene comparisons
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Fig. 1-5. The 5' flanking sequence data and features of 8- and B-globin genes amplified
in this study and those of armadillo, human, tarsier and galago. Data runs from seven
bases upstream of the distal "CACCC" site to the initiation (“ATG”) codon. The
putative cap site ("CAP") is underlined and lies 52 bp (51 bp in the sloth) upstream of
the initiation codon. Sequences considered important for transcriptional regulation
(CACCC, CCAAT, and ATA) are denoted by bold CAPITAL letters. Nucleotides
surrounding the ATA motif correspond to a consensus sequence (“GGGCATAAAAG”)
found in many postnatally expressed B-globin genes (Hardison 1983) and are shaded in
gray. The consensus sequence “CTTPyTG” (Baralle and Brownlee 1978), found seven
bases downstream of the cap site, is also marked in gray. Colons () denote base
deletions. Underlined bases represent those which deviate from the consensus sequence
normally recovered in f-globin genes, but should not be considered significant unless

they compose a sequence element involved in transcriptional regulation.
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Fig. 1-6. Dotplot comparisons (window size = 100; threshold = 80) of the putative
dugong 8-globin gene (Y-axis) with the 8- and B-globin genes of humans, rabbits and
mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3 for each

gene are denoted by black boxes.
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Fig. 1-7. Dotplot comparisons (window size = 100; threshold = 80) of the putative rock
hyrax d-globin gene (Y-axis) with the 0- and B-globin genes of humans, rabbits and
mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 2 (partial sequence)

and 3 for each gene are denoted by black boxes.
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Fig. 1-8. Dotplot comparisons (window size = 100; threshold = 80) of the putative rock
hyrax 8"-globin gene (Y-axis) with the 8-, and B-globin genes of humans, rabbits and
mice (X-axis). Sequences run from the 5° to 3’ direction. Exons 1, 2 and 3 for each

gene are denoted by black boxes.
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different at 31 of 146 residues (21.2%) from the ‘B-chain’ of this species (Fig. 1-3). The
amplified gene products of the yellow-spotted and tree hyraxe_‘sjh@ired 97.9% and 95.8%
sequence identity with the second rock hyrax 0-like gene, respectively, and grouped
closely together on the ML tree (Fig. 1-14) suggesting the three loci are orthologous.
These apparent hyrax-specific loci were thus designated 5™-globins. _

The first gene fragment amplified from the elephant shrew ran from +670 bp
upstream of the initiation codon to the end of IVS2. Dotplot analyses recovered the
highest degree of sequence similarity between this fragment and the B-globin genes of
human, rabbit and mouse (Fig. 1-9). Mutations at both CACCC transcriptional control
motifs in the 5’ promoter region of this gene were detected (Fig. 1-5, Appendix 1-4). The
second gene fragment, which ran from codon position 136 in exon 3 to +180 downstream
from the stop codon, shared the highest degree of sequence similarity with eutherian -

globin genes (data not shown).

Classification of xenarthran ‘(-like’ globin genes

Dotplot (Figs. 1-10) and MatGAT (Table 1-4) analyses suggested that one
armadillo ‘B-like’ gene product was homologous with eutherian 8-globin genes in IVS2.
This gene was presumed a pseudogene (d) due to a premature termination signal at
codon 22. The second armadillo gene product showed highest sequence similarity with
other mammalian B-globin genes in the IVS2 and 3’ regions (Fig. 1-11). Conspicuously,
the deduced protein sequence of this gene differed from the $-globin protein sequence at

4 of 146 positions (2.7%) throughout exons 1, 2 and 3 (Fig. 1-3). From the initiation to
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Fig. 1-9. Dotplot comparisons (window size = 100; threshold = 80) of the putative
elephant shrew f-globin gene (Y-axis) with the 8- and B-globin genes of humans,
rabbits and mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1 and 2 for

each gene are denoted by black boxes.
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Fig. 1-10. Dotplot comparisons (window size = 100; threshold = 80) of the putative
armadillo o-globin gene (Y-axis) with the 8- and f-globin genes of humans, rabbits
and mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3 for each

gene are denoted by black boxes.

31



Armadillo y8-globin gene comparisons

d-type genes
1000
500
% 500 1000 1500
human §
1000 /
500
(7 )
2’ % 500 1000
= rabbit w32
= vB
(4]
£
©
1000
/
500 /
0 500 1000 ‘
mouse h2

1000

500 /
0 5300

e

1000
mouse Bh3

B-type genes

100
50
0 500

1000 1500
human 8
1000
500
%% 500 1000
rabbit B1
1000
500
0 .
0 560 1000
mouse (1
1000
500
o -
0 560 1000

mouse 32



Fig. 1-11. Dotplot comparisons (window size = 100; threshold = 80) of the putative
armadillo B-globin gene (Y-axis) with the - and p-globin genes of humans, rabbits and
mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3 for each

gene are denoted by black boxes.
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conceptual stop codons, nucleotide sequences of the armadillo y8-globin and B-globin
genes were found to share a high degree (99.4% and 99.3%) of sequence-identity with the
two genes identified at the 3’-end of the Dasypus novemcinctus B-globin cluster. This 3’-
most f-like gene seemingly possessed all the 5° and 3” control elements necessary for
transcription. Conversely, the d-like gene was missin_g both CACCC and CCAAT 5’
transcriptional control motifs and contained no 3’ poly-adenylation signal (Fig. 1-5;
Appendices 1-4 and 1-5). Dotplot analyses showed the 8-globin gene to be d-like and the
p-globin gene to be B-like in their respective 5” and 3 flanking regions (data not shown).
Dotplot (Figs. 1-12, 1-13) and MatGAT (Table 1-4) analyses suggested that one
sloth ‘B-like’ gene product shared homology with eutherian d-globin genes, while the
second gene product was homologous with other B-globin genes. The d-globin gene was
presumed a pseudogene (Pd) due to a two-base deletion at codon 77 resulting in a
premature termination signal at codon 87 in exon 2. The conceptual protein chain of the
sloth B-globin gene was identical to the amino acid sequence of the ‘B-globin’ chain (Fig.

1-3).

Phylogenetic analysis of 6-globin IVS2 regions

The ML analysis of d-globin IVS2 sequences (773 bp) grouped elephants and
sirenians together to the exclusion of hyraxes (Fig. 1-14). However, bootstrap support for
this assemblage was relatively low (56%). Bootstrap support was strong (87—100%) for

all other groupings. The three "-globin genes were closely clustered together and placed
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Fig. 1-12. Dotplot comparisons (window size = 100; threshold = 80) of the putative
sloth d-globin gene (Y-axis) with the 8- and B-globin genes of humans, rabbits and
mice (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3 for each

gene are denoted by black boxes.
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Fig. 1-13. Dotplot comparisons (window size = 100; threshold = 80) of the putative
sloth B-globin gene (Y-axis) with the 8- and B-globin genes of humans, rabbits and mice

(X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3 for each gene are

denoted by black boxes.
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Fig. 1-14. Xenarthran-rooted maximum likelihood tree constructed from homologous
d-globin IVS2 gene sequences (773 bp; see text for details) illustrating the inter-
relationships among paenungulate mammals. Values along each branch denote the

degree of sequence divergence. 'Bootstrap support (1000 replicates) for each node are

indicated in large whole numbers.
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as a sister group to the rock hyrax d-globin gene with high bootstrap support (87%).

Finally, the tree hyrax was placed as the most basal branch of the hydracoidean lineage.
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DISCUSSION

The discovery of a d-like globin gene within members of the superordinal clades,

Afrotheria and Xenarthra, supports the theory that the ancestral mammalian proto-B-
globin gene duplicated prior to the eutherian radiation (Hardies et al. 1984; Hardison
1984; Hardison and Margot 1984; Hutchison et al. 1984). However, the data moreover
suggest that, contrary to other placental mammals, d-like genes are the only post-natally
expressed loci of the B-globin cluster found within the red blood cells of paenungulate
species. This finding challenges the widely perceived notion (Martin et al. 1983; Hardies
et al. 1984; Hardison 1984; Hardison and Margot 1984; Koop et al. 1989; Prychitko et al.
2005) that d-globins have been little more than relic genes (i.e. ‘failed experiments’)
since their inception. It is further proposed that modifications within the B-cluster
leading to the sole expression of the d-locus were already present in stem afrotherians
prior to the radiation of the paenungulate clade.

These assertions are well supported by several lines of evidence. The first is
based on the observation that the 5° promoter (Fig. 1-5) and 3’ poly-A signals (Appendix
1-5) necessary for transcription were detected flanking the d-globin gene of all
paenungulate species for which this region was obtained. However, it is noteworthy that
the 5 external ATA box of both sirenian species possessed an ATA - GTA substitution
(Fig. 1-5). This site is thought to be crucial for the transcription of eukaryotic genes by
RNA polymerase II (Dierks ef al. 1983; Kosche et al. 1985), leading Satoh et al. (1999)
to speculate that a similarly altered ATA box might diminish or prevent activity of the rat
v1-globin gene. In contrast, data collected for this study suggest that the mutated 5° GTA

sequence does not adversely affect expression of the d-locus in sirenians. Support for

38



this contention is provided by the observation that the conceptual polypeptide chain

encoded by the d-globin gene of the Florida manatee (Trichechus manatus) precisely

matches the ‘B-globin’ chain o;f the closely related Amazon :.;“nanate_e, T. inunguis
(Kleinschmidt et al. 1986). In addition, putative protein chains translated from the 8-
globin gene products of the African elephant, Asian elephant and rock hyrax
corresponded to the respective ‘B-globin’ protein chain sequences of these species
(Braunitzer ef al. 1982; Kleinschmidt and Braunitzer 1983; Braunitzer et al. 1984).
Because the hemoglobin molecules of adult proboscideans (Kleihauer et al. 1965;
Braunitzer et al. 1982; Braunitzer et al. 1984) and sirenians (White et al. 1976;
Kleinschmidt ef al. 1986) examined to date possess a single component (i.e. are
composed of only one type of ‘a-like’ and one type of ‘B-like’ chain), this implies that
the B-locus is either non-functional or absent in these groups.

Interestingly, hemoglobin of the rock hyrax possesses two chromatographically
distinct (i.e. Hbl and HbII) components (Kleinschmidt and Braunitzer 1983). However,
amino acid analysis suggested that like the two ‘a-like’ chains, the sequences of the two
‘B-like’ chains of this species were identical, a finding the authors could not explain. The
discovery of a second highly conserved 8-like (8") gene in each of the three genera raises
the possibility that this locus is expressed in hyraxes. Clearly, studies aimed at detecting
8" mRNA transcripts in these species are required to resolve this issue.

Because so many 0-globin pseudogenes have been reported to date, the expression
of a fully functional 8-locus in paenungulate (and likely other afrotherian) mammals is
intriguing, and raises the question: how did the d-locus gain an upper hand over the

largely dominant B-locus in this clade? Traditionally, inactivation or diminished
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expression of the d-locus has been attributed to the absence of intragenic enhancers

(Antoniou et al. 1988) and unstable mRNA transcripts (Wood et al. 1978, Ross and

Pizarro 1983; Kosche ef al 198;5; Steinberg and Adams 199’1)' Hovs;evér, it is now
primarily thought that an inefficient promoter region, typically lacking (or possessing
mutated versions of) regulatory elements crucial for proper transcription has prevented
this locus from attaining the transcriptional success of its predecessor (Vincent and
Wilson 1989; Koop et al. 1989; Tagle ef al. 1991; Prychitko et al. 2005). Indeed, the
region immediately upstream of the 8-loci generally contains mutations in two important
structural motifs (the CCAAT and proximal CACCC boxes) upstream of the Cap site that
interact with specific proteins integral for gene activation (Efstratiadis et al. 1980;
Grosveld et al. 1982; Dierks et al. 1983; Kosche ef al. 1985; Myers ef al. 1986). The -
locus of galagos notably contains an intact CACCC control sequence and is expressed at
much higher levels (40% of erythrocytic ‘B-like’ chains; Tagle ef al. 1991) compared to
other hominoids (2-18%; Boyer et al. 1971; Ross and Pizarro 1983; Tagle et al. 1983).
In addition, otherwise non-expressed d-globin genes can be activated in both erythroid
and non-erythroid cells by introduction of intact CCAAT and CACCC control sequences
into the 5’ flanking region of this locus (Donze ef al. 1996; Tang et al. 1997; Ristaldi et
al. 1999). Normal expression of ‘B-like’ globins thus appears to largely reside in these
motifs. Significantly, these important transcriptional control elements, plus a second
distal CACCC box (a feature characteristic of functional ‘B-like’ globin genes; Grosveld
et al. 1982; Dierks et al. 1983; Myers et al. 1986) (Fig. 1-5), were detected in the

upstream region of both sirenian and probscidean d-globin genes.
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Hints into the mechanism and probable scenario of the evolutionary events

leading to this never before documented attribute can be inferred from the p-clusters of

other eutherian mammals (see F1g 1-1; Konkel et al. 1979; Séﬁérif'et al. 3981; Lingrel et
al. 1983; Shapiro et al. 1983; Hardison and Margot 1984; Townes et al. 1984; Schimenti
and Duncan 1985b; Cooper et al. 1996; Satoh ef al. 1999), which have demonstrated that
the 6-locus has been independently converted by the neighbouring B-locus in most
species examined (see Fig. 1-1). However, with the exception of the galago (Tagle et al.
1988), these recombination events were insufficient to alter the promoter regions of the 8-
locus. Dotplot analyses of the paenungulate d-globin genes, which indicated their 5’
transcriptional control regions are B-like, suggest their presumably capable promoters
may have arose via conversion by the 5’ region of the $-locus.

An alternate scenario is that the region downstream of exon 2 of the p-globin
locus was converted by 6. This contention seems unlikely, however, since the amplified
B-like globin gene of the bushveld elephant shrew (Elephantulus intufi) shows no
evidence of conversion by a d-like locus (Fig. 1-9). Unfortunately, the hemoglobin of E.
intufi has not been examined, though that of the East African elephant shrews,
Petrodromus sultani and Rhynchocyon chrysopygus, possess two distinct Hb components
expressed in relatively equivalent proportions (Buettner-Janusch and Buettner-Janusch
1963). While this observation could signify the presence of two different ‘B-like’ protein
chains in these species, the f-locus of E. intufi possesses a mutated 5° CACCC
transcriptional control motif (= CACTC) and lacks the second distal 5> CACCC box
common to transcribed ‘B-like’ genes (Grosveld et al. 1982; Dierks et al. 1983; Myers et

al. 1986; Fig. 1-5), and is therefore probably not expressed. Together with data collected
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from the paenungulates, this finding implies that, within afrotherians, up-regulation of the

d-locus preceded silencing of B, and that both events early in the evolution of this basal

eutherian clade. Following gené duplication, the failure of "ai'"[;—n'criralog_to‘adopt a new
function or expression pattern often leads to its nonfunctionalization (Ohno 1970). Thus,
once the equally apt d-locus was co-expressed with its predecessor (B-globin) in stem
afrotherians and structurally configured for the same physiological role (oxygen
transport), natural selection was likely too weak to prevent silencing mutations from
accumulating in one of these superfluous genes and randomly, the B-locus was
inactivated.

The hemoglobin of adult nine-banded armadillos consists of one type of ‘a-chain’
and two types of electrophoretically distinct ‘B-chains’ (de Jong et al. 1981). While the
amino acid sequence of the minor ‘B-globin’ component is unknown, the major ‘f-
globin’ chain differed from the translated protein sequence of the amplified armadillo B-
globin gene at four residues (Fig. 1-3). However, because the amplified B gene shared
99.4% sequence identity with the 3’-most B-globin cluster gene (identified in the
Dasypus novemcinctus B-globin cluster; Genbank accession number AC151518) which
encoded a protein sequence 99.3% identical (145 of 146 residues) to the major ‘B-like’
polypeptide sequence, these residue differences possibly reflect nucleotide
misincorporations or, more likely, the occurrence of two alleles within the population.
Additionally_, both sequences differ from the major “B-globin” chain at position 23
(histidine vs. cysteine), sﬁggesting that the published amino acid sequence is incorrect at
this site. Because the armadillo 8-globin locus appears non-functional, the gene encoding

the minor ‘B-like” globin component of this species is currently unknown, but speculated
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to either be e-globin or represent a locus situated outside of the B-cluster (see Chapter II).
Unlike other eutherians, the wﬁ—locus of armadillos does not appear to have undergone
conversion by f-globin (Fig. 1-10). The only other eutherian” 6 globln gene thought to
have remained unaltered by conversion is the fh2 pseudogene of mice (Phillips et al.
1984; Hardies et al. 1984). However, these loci show little, if any, sequence homology at
the 5’ flanking region (data not shown), possibly signifying a high degree of sequence
differentiation or lack of orthology between the two loci.

The hemoglobin of three-toed sloths also possesses two chromatographically
distinct components (Kleinschmidt et al. 1989). While the analysis indicated the major
‘B-chain’ is encoded by the B-locus, the amplified yd-globin gene possessed premature
termination signals within the coding region and appeared to have undergone conversion
of IVS1 and exon 2 by the B-locus. This recombination event was evident from the high
sequence identity shared by these two gene regions (96.4% and 97.3%, respectively),
compared to 79.3% for exon 1 and 85.3% for exon 3. It seems unlikely that the
frameshift mutation in exon 2 led to the silencing of this gene since the Pd-globin gene of
armadillos appears to have been silenced in the absence of conversion events. Hence, the
d-locus was likely already transcriptionally silent prior to the divergence of these two
species.

Paenungulate inter-relationships have been extreme}y difficult to resolve using
molecular data (Amrine and Springer 1999; Waddell and Shelley 2003; Nishihara et al.
2005). The present analysis of d-globin IVS2 sequences is the first to incorporate
molecular data from all 7 extant genera to address this question. The ML tree (Fig. 1-14)

placed elephants and sirenians as sister taxa to the exclusion of hyraxes; however, this
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clade was resolved with only 56% bootstrap support. While providing support for the
traditional ‘Tethytheria hypothesis’ (McKenna 1975), the meager support value adds to a
growing body of literature sugge;sting that the three orders dl”\;erged over ‘a short time
interval (Murata et al. 2003; Waddell and Shelley 2003; Nishihara et al. 2005). Finally,
the tree hyrax was placed as the most basal hydracoidean (Fig. 1-14), a result concordant
with the conclusion of Prinsloo (1993) based on restriction fragment length
polymorphism (RFLP) and phylogenetic analyses of the mitochondrial genes,
cytochrome b and 12S rRNA.

In conclusion, data from this study reveal that the p — 8 duplication event within
the mammalian B-globin cluster occurred prior to the eutherian radiation. The data
additionally provide evidence that xenarthrans, like euarchontoglire and laurasiatherian
mammals, express the B—globin gene while suppressing the ﬁ—looﬁs. However, it appears
that the d-locus was converted in its 5’ promoter region by P, then uniquely gained a
functional advantage over the normally dominant 3’ locus early in the evolution of
afrotherian mammals. The subsequent silencing of the B-locus in this clade thus
challenges the widely accepted view that this locus is indispensable and has remained
unaltered throughout eutherian evolution (Hardison and Margot 1984; Tagle et al. 1991,

Prychitko etal. 2005).
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CHAPTERII

MOLECULAR EVOLUTION OF THE EUTHERIAN

B-GLOBIN CLUSTER INFERRED FROM

AFROTHERIAN AND XENARTHRAN GENE SEQUENCES.
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INTRODUCTION

The respiratory pigment hemoglobin, which binds _oxygen in the lungs and
delivers it to the tissues, consists of four heme groups bound. ;d'f.;ur globin polypeptide
strands: two ‘a-like’ and two ‘B-like’ chains, comprising 141 and 146 amino acid
residues respectively (Weber and Wells 1989; Poyart et al. 1992; Weber 1995).
Phylogenetic studies based on nucleotide and protein sequence comparisons have
suggested that the progenitor genes encoding the a- and B-globin components arose from
the duplication of a single ancestral vertebrate globin gene roughly 450 mya (Czelusniak
et al. 1982; Goodman et al. 1987). The proto-f-globin gene is thought to have duplicated
prior to the radiation of mammals (~200 mya), producing a two-gene (proto-g and proto-
B) cluster (Efstratiadis et al. 1980; Goodman 1981; Czelusniak et al. 1982). Comparative
analyses examining the B-globin clusters from four of 18 extant placental orders (i.e. the
orders Rodentia, Lagomorpha, Artiodactyla, Primates) further suggested these paralogs
underwent additional duplication events early in the evolution of eutherians, with the last
common placental ancestor likely possessing either a four- (Hardison 1983; Hardison
1984) or five-gene cluster (Hardies ef al. 1984; Harris ef al. 1984; Goodman ef al. 1984;
Hardison and Gelinas 1986; Tagle et al. 1988) in the following orientation: 5’-g-y-(1))-9-
p-3". The ‘e-like’ globin genes (g, v and v) are thought to have arisen from the proto-g-
globin locus, while 8 and B are descendents of the proto-f-globin locﬁs (Goodman et al.
1987, Koop and Goodman 1988; Cooper and Hope 1993; Cooper et al. 1996).
Chromosome mapping studies have further revealed that these genes are typically arrayed

5’ to 3’ on the chromosome in the order which they are expressed (Tuan et al. 1985;

Forrester ef al. 1987). Hence, expression of the ‘e-like’ genes are generally limited to
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embryonic erythrocytes (Hardies et al. 1984; Hardison 1984; Hill ef al. 1984), with y-

locus expression extending to the fetal red blood cells only wiithin anthropoid primates

(Fitch et al. 1991). | .

Compared to post-natal stages of eutherian development, embryonic and fetal
growth takes place in a relatively static gestational environment and consequently, the
genes encoding post-natal hemoglobin chains are generally less conserved than those
comprising pre-natal hemoglobins (Shapiro ef al. 1983; Hardies et al. 1984; Harris et al.
1986; Satoh ef al. 1999; Koop and Goodman 1988). Oddly enough, comparative studies
have suggested the non-coding regions of ‘e-like’ globin genes diverge more slowly than
those of their adult-expressed counterparts as well (Shapiro et al. 1983; Hardison 1984;
Hardies et al. 1984; Giebel et al. 1985; Slightom ef al. 1985; Koop et al. 1989b). While
the non-coding evolution rates of B-globin cluster genes are comparable to the neutral
mutation rate of pseudogenes (4 — 5 x10” substitutions/site/year; Hayashida and Miyata
1983; Kimura 1983; Li et al. 1985) for members of Laurasiatheria and Euarchontoglires,
they are markedly low in primates (~2.9 x10” substitutions/site/year; Giebel ef al. 1985;
Harris et al. 1986; Koop et al. 1989b). This latter observation, known as the ‘hominid
slowdown’ (Li et al. 1987; Hasegawa et al. 1989; Bailey et al. 1991), has been attributed
to the longer generation time of primates relative to other eutherians (Giebel et al. 1985,
Wu and Li 1985).

As noted earlier, it is generally recognized that the progenitor of placental
mammals possessed either a four- or five-gene B-globin cluster.  However,
comprehensive molecular phylogenetic studies (Madsen et al. 2001; Murphy et al.

2001a,b;, Amrine-Madsen et al. 2003) suggest this hypothesis is based on data from only
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the two most derived (Euarchontoglires and Laurasiatheria) of the four major placental
clades. It is therefore unknown whether the four- or five-gene cluster arose before or
after the divergence of the superc;rders Afrotheria and Xenartl;rz;(i?; g. 1-T). Accordingly,
the primary goal of this study was to obtain sequence data on the ‘s-like’ globin genes
from members of the superorders Xenarthra and Afrotheria and, together with nucleotide
data obtained from their ‘B-like’ globin genes (see Chapter I), derive the composition of
the ancestral f-globin cluster of stem eutherians. Furthermore, because nothing is known
regarding the rates of evolution of the ‘e-like’ and “B-like’ globin genes of xenarthran and
afrotherian mammals, the second goal was to compare the rates of DNA evolution for the
coding and non-coding domains of the globin genes found within their B-clusters.
Finally, the above noted mutation rates were contrasted with those of other eutherian -
globin cluster genes in order to gain insight into the postulated link between generation

time and the rate of ‘neutral’ evolution.

48



MATERIALS AND METHODS

Data collection : ST -

PCR, cloning and sequencing protocols were identical to those outlined in
Chapter I, with the exception that PCR primers used for initial amplification reactions
were designed from a 411 bp ‘e-like’ globin geney fragment sequenced from both African
and Asian elephants (Singh 2002). In addition, 128,121 bp of consensus sequence
containing the -globin gene cluster of the nine-banded armadillo (clone VMRC5-69F10;
NISC Comparative Vertebrate Sequencing Project), together with the complete e-, y- and
m-globin genes of human, rabbit, mouse and goat (Table 2-1) were downloaded from

GenBank and included in the analyses.

Data analyses

Consensus gene alignments were constructed from each species using
Sequencher™ (Version 4.2.2). Overlapping gene fragments incorporated between 4 and
7 cloned fragments amplified from 3 to 5 individual PCRs, respectively. Dotmatcher
(EMBOSS) was used to determine homology between the sequenced ‘e-like’ genes and
those identified from the armadillo -cluster (see above; Table 2-1) with the ¢-, y- and n-
globin genes of human, rabbit, goat and mouse (Table 2-1). Additionally, MatGAT
(Version 2.02) software was employed to calculate the percent idéntity between the non-
coding regions (IVS, 5° and 3’ external) of the above noted genes. To assess promoter
regions, the 5° external sequences of sequenced genes were aligned with the ‘s-like’

globin genes of armadillo, human and goat (Table 2-1).
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Table 2-1.

corresponding GenBank accession numbers.

Genes included in.the sequence analyses of -8~11ke globin genes with

Eutherian . Globin Accession
Species Common Name Reference
superorder gene No.
Afrotheria Loxodonta africana | African elephant Y DQ091215 This study
Elephas maximus Asian elephant Y DQO091216 This study
Trichechus manatus West Indian ¥ DQ091217 This study
manatee
Dugong dugon dugong Y DQ091218 This study
. bushveld .
Elephantulus intufi elephant shrew g DQ091219 This study
, pale-throated .
Xenarthra Bradypus tridactylus three-toed sloth g DQ091220 This study
Dasypus nine-banded Green 2004,
novemcinctus armadillo &Whm | ACISISIS unpublished
Euarchotoglires | Homo sapiens human & 1%, Y U01317 Efs;at;gcéz)s et
Mus musculus mouse y, Bhl X14061 Shehee ez al
1989
Oryctolagus . Margot et al.
cuniculus rabbit &Y MIsg18 1989
. . . &Y, M81411 Koop et al.
Tarsius syrichta tarsier 4 M33973 1989a
. . . el X01912 Shapiro et al.
Laurasiatheria Capra hircus goat eIl X01913 1983
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The coding regions of sequenced and representative eutherian ‘e-like’ and “B-like’
globin genes devoid of frameshift mutations (Table 2-5) were analyzed at synonymous
(silent) and nonsynonymous (rei)lacement) sites. The percéﬁ;aéé of synonymous and
nonsynonymous substitutions between the sequenced genes and their human ortholog,
was calculated using the Nei and Gojobori (1986, equations 1-3) method with DnaSP
software (Version 4.0). Corrections for superimposed (e.g. A—T—C) and back
mutations (e.g. A—>T—>A) occurring at the same site were determined according to the
method of Jukes and Cantor (1969). Mutation rates were calculated by dividing the
percent substitution values by the estimated time of divergence between each of the
compared species (with afrotherians, xenarthrans, laurasiatherians, atriodactylans and
prosimian primates splitting from the main eutherian tree at 107, 102, 87, 85 and 77 mya,
respectively; Springer et al. 2003).

The evolution rates of non-coding DNA were calculated for eutherian ‘e-like’” and
‘B-like’ globin genes by first subtracting the percent similarity between the IVS2 regions
of the sequenced gene and its human ortholog (taken from the MatGAT analysis of IVS2
sequences, see Tables 1-4 and 2-3) from 100. The resulting value (representing %
divergence) was divided by the estimated time of divergence between the sequenced and

compared (human) species to infer the non-coding mutation rate.
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RESULTS

A single complete ‘e-like’ globin gene was amplified from the African elephant,

Asian elephant, dugong, manatee and sloth, while a partial ‘c-like’ gene product was
amplified from the elephant shrew (Table 2-2). The genes were classified as e-globin or

y-globin based on homology with other eutherian ‘e-like’ globin genes (see below).

Classification of y-globin genes

Dotplot analyses of the Asian (Fig. 2-1) and African (data not shown) elephant ‘&-
like’ genes (which were 98.7% similar from initiation to termination codons) suggested
they were homologous with eutherian y-globin genes in the IVS2 regions. Moreover,
MatGAT (Tables 2-3, 2-4) analyses recovered highest sequence similarity with other
placental y-globin genes in all non-coding regions. Within the Asian elephant’s 3’ gene
flanking region, two putative poly-adenylation signals (AATAAA) were found at +195
bp and +213 bp from the termination codon (Appendix 2-5), ~140 bp downstream from
the site typical of functional eutherian y-globin genes (i.e. +62 bp from the stop codon;
Efstradiatis et al. 1980; Margot et al. 1989; Shehee et al. 1989). The absence of
frameshift and splice junction mutations suggested both elephant y-globin genes are
capable of transcribing polypeptides.

Dotplot analyses of the dugong (Fig. 2-2) and manatee (data not shown) ‘e-like’
globin gene products {which were 95.9% identical from initiation to termination codons)
revealed homology with the y-globin genes of other eutherians in the IVS2 region.
Similarly, MatGAT (Tables 2-3, 2-4) analyses of the dugong and manatee ‘c-like’ genes

recovered highest sequence similarity with placental y-globin genes in all non-coding
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Table 2-2. List of 'e-like' globin gene products amplified in this étu;iy.

Taxon Gene identity g;zl;zgﬁ;?s:s Amplified gene region
African elephant Y 1,455 complete
Asian elephant Y 1,798 complete
dugong Y 2.041 complete
manatee Y 1,578 complete
elephant shrew € 1,129 partial
sloth £ 2,122 complete
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Table 2-3. Percent identity matrix comparing the IVS1 and IVS2 external sequences of 'e-like' globin genes sequenced in this study with those
of human, rabbit, mouse and goat. Gap opening and extension penalties were set to 16 and 4, respectively. Numbers in gray represent IVS1
comparisons while values in black denote IVS2 comparisons.

vS

el 2(e) 3() 4 SE| 6@ 7E| 8®m| 9@ 10¢)| 1@ 12y 1B3ea)l 14w 15¢) 16(ym)| 170ym)| 18 (n)
1. elephant shrew ¢ 552| S63] 518 550| 488) 487 470 47.5]  483] 49.0] 47.4] 419]  a76] s03| a06| 4s3| ase
2.sloth e N 75.5| s62| 617] 519 49.0]  47.8] 477 491 487 s0a| 4908 4s4| s15| 485 as9| 486
3. armadillo e ~|  so2lf gl s77] 638  si4|  sos| 497  a93[ a9s]  s07] s0n|  4sa|l  a02| sio]  sos|  ao6l  soa
4. human ¢ -| 707 e7siBill 604 486 579  asa| 400 495|400 4s3| a7s| a73| s0d| 475 487  aso
5. rabbit & =l 7l ea8  72.1f | s27]  s07|  s1e]  s12| 488|499  a0a]  as4| a7 s1a] 404  404] 401
6. mouse y (s-like) - 960 077 63| sodl B w9l 473|413 a13] 468|470 ass| 478 402l  a78| 48|  ais
7. goat €l ~| 664 643 21| ex3|  swsllE  460|  ar2] 483 482 47| 414 ar0| 48| 458 471 463
8. African elephant y - 656  suo|  s92] 592 65| e os.6|  sa2]  8so| 635 s09| s42]  asol 404|  4s0| 477
9. Asian elephant y - ea8l 392 ssal  swal se3] e 92f | 844 852 32| s509| s3.6] 46|l 408 43| 470
10. dugong y =] 538] S42] 343 ssal 7| ous| om0 w3l osa|  ens|  e02]  sso0|  ans|  and| 486|482
11. manatee y =l s69f 543 s36|  sew) w23 s| w37 sa6]  esolllfl  e3.8]  e0a|  se2| 478|497  47.1] 489
12. armadillo yy o 34| 383 376l s1s ol osea| a7 aid] sos|  anelpdiiid  sss|  ssa|  a9.7]  4so| 492|485
13. human yA | srel ss3] asa| osrel oz 667 659l 612 exe| 453 | s8] 48] aro|  ass|  ass
14. rabbit y =l s m92] ssa2|  mes|  ag 529  621] 66| 61| 4340 7iof B a72]  4s2| [ ado] 481
15. mouse bh1 (y-like) o 52 8] sodl o seol  ds2l  sisl 496)  ass| 528 s sl sl ol il a0 404|400
16. armadillo yn 3l o383l 576 g awsl wwal mo] sa] sesl dee| 1000 53| 34l 5.0 2 s70]  s40
17. human yn - S50 sio]  sos|  sss| wae|l  mn)  sse]  s7| st ses| 469 w4l om0 sos| <ol seo
18. goat ell (n-like) = a1 569] s8] sas] g8l sed)  sis] sns] sssl s3] ] sed seol  sed] s kool




Table 2-4. Percent identity matrix comparing the 5' and 3' external sequences of 's-like' globin genes amplified in this study with those of
human, rabbit, mouse and goat. Gap opening and extension penalties were set to 16 and 4, respectively. Numbers in gray represent 3'
comparisons while values in black denote represent 5' comparisons.

¢S

1e)] 2(e)| 3() 4@ 5@ 66 76| 8w oM 10y 11| 12¢)| 13| 140m)| 15am)| 16 ()
1. elephant shrew ¢ o — - - ~ - - - -~ — - - - - = -
2.sloth ¢ 54,78 | 806] 748 703 93] 739 ~-| 618 447 545  s19] s13 - se.0| 613
3. armadillo ¢ s2.6] 7130008 734 709 74| 734 ~-| 640 472 s66| s88 574 | 515 634
4. human & 59.8] 661 66.0 1 73] ms] 139 | s3] 432 491l s08 s39 | 545 624
5. rabbit ¢ 51.9] 589  seel  eerimiEill 715|732 -| 609 453] s8] 606 576 | s8s5] 633
6. mouse y (e-like) 53.2 513 s04| 54z wolli i -| 658 d466] 544 579 563 -| s8] 618
7. goat £ 50.0 61.0 432 63.6 38.3 5578 -~ 45.1 45.6 59.0 60.9 59.5 - 60.0] 644
8. Asian elephant y 494  aral w17 sl ar2] ams|]  aeslil - —~ - —~ - - — -
9. dugong y 78l w7l 6] us2 sl sl 451 e16] 4| 619 -l s8] 605
10. armadillo wy 365, w0] 403 3 333 =33 ssolii @] sa3] 468 476 ~| 470 483
11. h uman yA 36.8 16.3 35,6 45.4 Ey 49.9 2.6 166/ 1 69.3 59.8] - 58.1 57.1
12. rabbit y 0.0l g6l 6] 6 s8] sn7l stal ws| eali 59.6 - _601] 75
13. mouse bh1 (y-like) 50.6] 30| ssa 56.9 EEY T | sus[ 07
14. armadillo yn 438 451 15,6 19.1 03 103 @8l o 6.3 T e -
15. human yn 480 15,4 199 5003 5 o 244 15,1 170 43.7 46,0 ol 87 T
16. goat &Il (n-like) 52.5 49.9 47.1 3.6 5.3 434 44.6 435 43.9 48.9 448 0.1




Fig. 2-1. Dotplot comparisons (window size = 100; threshold = 80) of the putative
Asian elephant y-globin gene (Y-axis) with the e-, y- and m-globin genes of humans,
rabbits, mice and goats (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2

and 3 for each gene are denoted by black boxes.
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Asian elephant y-globin gene comparisons
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Fig. 2-2. Dotplot comparisons (window size = 100; threshold = 80) of the putative
dugong y-globin gene (Y-axis) with the e-, y- and n-globin genes of humans, rabbits,
mice and goats (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3

for each gene are denoted by black boxes.
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Dugong y-globin gene comparisons
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regions. The dugong y-globin gene did not possess the 5° external CACCC

transcriptional control motif typically located between -145 and -112 bp upstream from

the eutherian y-globin gene Cap ;ite (Efstradiatis et al. 1980; M;rgot et al. 1989; Shehee
et al. 1989), though a CACCG sequence was detected -120 bp upstream of the Cap (Fig.
2-3, Appendix 2-4). Two putative poly-adenylation signals were also found in the
dugong gene’s 3’ gene flanking region — the first ~20 bp before the usual site (see above)
and the second at the appropriate position (+62 bp from the termination codon; Appendix
2-5). Finally, a GT — AT splice junction mutation was found at the exon 2/IVS2
boundary of both sirenian y-globin genes. Nonetheless, the absence of frameshift

mutations indicate the two genes are still capable of transcribing polypeptides.

Classification of s-globin genes

Dotplot (Fig. 2-4) and MatGAT (Tables 2-3, 2-4) analyses indicated the elephant
shrew gene fragment, which ran from codon 60 in exon 2 to +70 bp downstream of the
stop codon, shared highest sequence similarity with eutherian e-globins in the IVS2 and
3" flanking region. The sloth gene product was also classified as e-globin based on
sequence homology with eutherian e-globin genes in the IVS2 and gene flanking regions
(Fig. 2-5, Tables 2-3, 2-4). This xenarthran gene possessed all the external 5° and 3’
transcriptional control motifs characteristic of functional ‘e-like’ globin genes (Fig. 2-3,
Appendices 2-4 and 2-5).

Examination of the Dasypus novemcinctus f-globin cluster revealed the presence
of three ‘e-like’ globin genes. The 5’-most gene was homologous with other eutherian -

globin genes (Fig. 2-6, Tables 2-3, 2-4) and was found to possess all the control elements
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Fig. 2-3. The 5' flanking sequence data and features of ‘e-like’ globin genes amplified
in this study, plus those of the armadillo e-, {y- and ym-globin genes, the human &-, y*-
and ym-globin genes, and the goat n-globin gene. Data runs from seven bases upstream
of the "CACCC" site to the initiation (“ATG”) codon. The putative cap site ("CAP") is
underlined and lies 52 bp (53 bp in the sloth) upstream of the initiation codon.
Sequences considered important for transcriptional regulation (CACCC, CCAAT, and
ATA) are denoted by bold CAPITAL Iletters. Nucleotides surrounding the ATA motif
correspond to a consensus sequence (“AAGAATAAAAG”) found in many pre-natally
expressed .ﬁ-globin genes (Hardison 1983) and are shaded in gray. The consensus
sequence “CTTPyTG” (Baralle and Brownlee 1978), found seven bases downstream of
the cap site, is also marked in gray. Colons (:) denote base deletions. Underlined bases
represent those which deviate from the consensus sequence normally recovered in f-
globin genes, but should not be considered significant unless they compose a sequence
element involved in transcriptional regulation. Two large inserts were omitted from the
gene sequences of human y*-globin (5’- ctggagtcacaacccacccttgaccaat-3” containing a
second CCAAT box, positioned immediately after the CCATT sequence) and ym-
globin (5’-actgggagaggcaaagggctggegecca gagagg-3’, located immediately before the

"ATA" consensus sequence).
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Fig. 2-4. Dotplot comparisons (window size = 100; threshold = 80) of the putative
elephant shrew e-globin gene (Y-axis) with the g, y- and m-globin genes of humans,
rabbits, mice and goats (X-axis). Sequences run from the 5’ to 3’ direction. Exons 2

(partial sequence) and 3 for each gene are denoted by black boxes.
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Elephant shrew e-globin partial gene comparisons
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Fig. 2-5. Dotplot comparisons (window size = 100; threshold = 80) of the putative sloth
e-globin gene (Y-axis) with the &-, y- and n-globin genes of humans, rabbits, mice and
goats (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3 for each

gene are denoted by black boxes.
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Sloth e-globin gene comparisons
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Fig. 2-6. Dotplot comparisons (window size = 100; threshold = 80) of the putative
armadillo e-globin gene (Y-axis) with the e-, y- and 1-globin genes of humans, rabbits,
mice and goats (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2 and 3

for each gene are denoted by black boxes.
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Armadillo e-globin gene comparisons
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necessary for transcription (Fig. 2-3, Appendices 2-4, 2-5). A y-like gene (Fig. 2-7,

Tables 2-2, 2-3), was located 16,667 bp downstream of the e-globin stop codon, the

intergenic distance representing tﬁe number of nucleotides beﬁﬁé’é:‘r—i‘termi;mﬁon codon of
the e-locus and the initiation codon of the y-locus. This y-like globin gene contained
frameshift mutations in both exons 1 and 2 causing premature termination signals in each
coding block. Examination of the 5’ gene flanking region of this gene also revealed a
CACCC box mutation (— CCTTC) and a 36-bp deletion immediately upstream of the
initiation codon (Fig. 2-3). Additionally, the 3’ end contained a putative poly-
adenylation signal +32 bp from the stop codon, roughly 30 bp before the usual site of
functional y-globin genes (Appéndix 2-5). A 2,163-bp ‘n-like’ gene fragment was found
1,753 bp downstream from the putative 1y-globin termination codon, the intergenic
distance corresponding to the number of bases between the vy-gene’s final stop signal
and point where homology began with other eutherian m-globin genes. This fragment
was found to share highest sequence homology within only the VIVSZ, exon 3 and 3’

flanking regions of the human ym- and goat n-globin genes (Fig. 2-8, Tables 2-3, 2-4).

Examination of mutation rates

Nonsynonymous replacement rates amongst the eutherian B-globin cluster genes
were typically found to be lowest for the “e-like’ loci and highest for the ‘B-like’ loci
within each species (Table 2-5). Compared to the average nonsynonymous rate of
mammalian B-globin cluster genes (1.0 x 107 substitutions/site/year; Efstratiadis et al.
1980), notably high replacement rates were observed for the y-loci of rabbit and mouse.

Replacement rates for ‘B-like’ globin genes of all examined species were similar to the
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Fig. 2-7. Dotplot comparisons (window size = 100; threshold = 80) of the putative
armadillo y-globin gene (Y-axis) with the e-, y- and m-globin genes of humans,
rabbits, mice and goats (X-axis). Sequences run from the 5’ to 3 direction. Exons 1, 2

and 3 for each gene are denoted by black boxes.

64



Armadillo yy-globin gene comparisons
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Fig. 2-8. Dotplot comparisons (window size = 100; threshold = 80) of the putative
armadillo yn-globin gene (Y-axis) with the e-, y- and m-globin genes of humans,
rabbits, mice, and goats (X-axis). Sequences run from the 5’ to 3’ direction. Exons 1, 2

and 3 for each gene are denoted by black boxes.
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Armadillo ym-globin partial gene comparisons
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Table 2-5. Percent of synonymous (silent) and nonsynonymous (replacement) substitutions between the 'e-like' and 'B-like' globin genes amplified
in this study (plus those of armadillo, rabbit, mouse, goat, and tarsier) and their ortholog in humans. Silent and non-silent evolution rates are also
shown.

99

T % synonymous Silent mutation rate % nonsynonymous Non-silent mutation rate dN/ ds
axon subsitutions (dS) (no. silent mutations/site/yr) subsitutions (dN) (no. non-silent mutations/site/yr)

African/Asian elephant y 43.37 4.05x10-9 8.07 7.54x10-10 0.186

African/Asian elephant & 37.40 3.50x10-9 14.71 1.37x10-9 0.393

dugong y 41.39 3.87x10-9 10.93 1.02x10-9 0.264

dugong d 38.25 3.57x10-9 1534 143x10-9 0.401

manatee y 37.47 3.50x10-9 10.75 1.00x10-9 0.287

manatee & 36.31 3.39x10-9 12.58 1.18x10-9 0.346

rock hyrax 8% 56.89 532x10-9 19.73 1.84x10-9 0.347

yellow-spotted hyrax 8% | 57.77 540x10-9 18.88 176 x 10 -9 0.327

tree hyrax " 55.56 5.19x10-9 19.29 1.80x10-9 0.347

sloth & 49.83 489x10-9 7.70 7.55x10-10 0.155

sloth 51.34 5.03x10-9 15.32 1.50x10-9 0.298

armadillo ¢ 60.82 596x10-9 7.01 6.87x10-10 0.115

armadillo 37.80 3.71x10-9 14.77 1.45x10-9 0.391

rabbit ¢ 55.14 634x10-9 7.98 9.17x10-10 0.145

rabbit y 55.79 6.41x10-9 13.14 1.51x10-6 0.236

rabbit 1 34.39 395x10-9 535 6.15x%10-10 0.156 ‘
{ !

mouse y (e-like) 57.79 6.64x10-9 9.16 1.05x10-9 0.159 " _”

mouse y 66.93 7.69x10-9 14.63 1.68x10-6 0.219 o

mouse B2 48.41 5.56x10-9 13.28 1.53x10-9 0.274

goat el 42.18 4.96 x 10-9 5.11 6.01 x 10-10 0.121

goat B4 34.10 4.01x10-9 11.94 1.40 x 10-9 0.350

tarsier ¢ 33.79 4.39 x10-9 5.25 6.82 x 10-10 0.155

tarsier y 40.73 5.30x10-9 12.14 1.58 x 10-9 0.298

tarsier § 27.29 3.54x10-9 7.46 9.69x10-10 0.273

tarsier 40.91 531x10-9 4.69 6.09 x 10-10 0.115




average replacement rate (1.0 x 107 substitutions/site/year) in each species except rabbit
and tarsier, whose ‘B-like’ loci showed markedly low rates (Table 2-5). For each f-
globin cluster gene examined, thé rate of synonymous (silent)?é;;f(;iﬁtion ‘was found to be
higher than the nonsynonymous mutation rate (Table 2-5).

With few exceptions, non-coding evolution rates were lowest for the ‘s-like’ loci
and highest for the ‘B-like’ loci (Table 2-6). These ‘neutral’ rates were also found to be
relatively similar between the orthologs of different species (Table 2-6). The non-coding
rates of examined genes were comparable to the non-coding mutation rates of other

eutherian o- and B-globin cluster genes (4 — 5 x 107 substitutions/site/year; Li et al.

1981; Hayashida and Miyata 1983; Kimura 1983) (Table 2-6).
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Table 2-6. Percent of nucleotide substitutions between the IVS2 sequences of 's-like’ and
p-like' globin genes amplified in this study (plus those of armadillo, rabbit, mouse, goat

and tarsier) and their ortholog in humans. The correspondmgnomcodlng DNA mutation
rates are also shown.

Taxon % Non-coding DNA Non-coding DNA
(IVS2) substitutions substitution rate
African/Asian elephant y 40.1 3.75x10-9
African/Asian elephant 8 45.1 421x10-9
dugong y 39.8 3.72x10-9
dugong d 432 4.04x10-9
manatee y 399 3.73x10-9
manatee d 42.4 396x10-9
rock hyrax 3 47.6 445x10-9
rock hyrax &% 47.4 443x10-9
yellow-spotted hyrax 3" 46.8 437x10-9
tree hyrax 3" 46.8 437x10-9
sloth & 43.8 429x10-9
sloth & 44.5 436x10-9
sloth § 53.4 5.24x10-9
armadillo & 423 4.15x 10-9
armadillo y 41.5 4.07 x 10-9
armadillo yn 43.0 4.22x10-9
armadillo Y3 46.9 4.60x10-9
armadillo f 51.4 5.04x10-9
rabbit & 39.6 4.55x 10-9
rabbit y 42.2 4.85x 10-9
rabbit §1 52.8 6.07 x 10-9
mouse y 51.4 591 x 10-9
mouse y 52.2 6.00x 10-9
mouse 2 52.7 6.06 x 10-9
goat €l 42.1 4.95x 10-9
goat eIl (n) 44.0 5.18x 10-9
goat §* 49.8 5.86x 10-9
tarsier € 35.2 4.57x 10-9
tarsier y 46.4 6.03 x 10-9
tarsier Ym 29.6 3.84x 10-9
tarsier & 41.9 5.44x10-9
tarsier f5 29.8 3.87x10-9
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DISCUSSION

The discovery of s- and y-loci (this study) together with 9- and f-loci (see Chapter

I) within members of the basal eutherian clade Afrotheria (Fig. ;2-9) provides compelling
support that at least a four-gene cluster pre-dates the divergence of this group from the
placental mammal tree (~107 mya; Springer ef al. 2003). In addition, the presence of five
globin gene loci (e, Py, Y, Pd, B) within the B-globin cluster of the nine-banded
armadillo (Fig. 2-9) further suggests that a five-gene set éituated 5’-g—y-n—-0-p-3' on the
chromosome was already established prior to the radiation of the three remaining
superorders (~102 mya; Springer et al. 2003). It is noteworthy that molecular
phylogenetic studies have been unable to reject a basal Afrotheria/Xenarthra clade
(Madsen et al. 2001; Delsuc ef al. 2002; Lin et al. 2002). Hence if these two clades
diverged concurrently from other placentals, the data suggests that the five-gene B-globin
cluster does indeed predate the radiation of eutherian mammals.

Although no m-globin gene products were amplified from the afrotherian
templates, a e-locus was amplified from the elephant shrew, and y-globin gene products
were obtained from the African elephant, Asian elephant, dugong and manatee. The
absence of frameshift mutations and high sequence similarity between the two elephant
(98.7%) and sirenian (95.9%) y-globin genes, respectively, suggested the y-locus is under
conservation and possibly expressed within these paenungulate species. Support for this
contention arises from the observation that blood from a 5-month old African elephant
fetus possesses two distinct hemoglobin components, while blood from a 12-month old
fetus and an adult each contain a single hemoglobin component which migrate at the

same rate (Kleihauer ef al. 1965; Braunitzer et al. 1984). These studies thus suggest that
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Fig. 2-9. The B-globin gene clusters of select mammals, updated using data collected

for this study (see Fig. 1-1 legend for details). Genes that presumably exist within each

cluster are denoted by grey shading and broken-lined edges.
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the minor (<15%) and major hemoglobin components of early fetal elephants are encoded

by the y- and d-loci, respectively, with d-globin assuming sole expression prior to 12

months gestation (the gestational; period being 21 months). Ih;d(jfﬁtrast to elephants, the
blood of Amazonian manatee (Trichechus inunguis) calves possess one major and one
minor (<5%) band (Farmer er al. 1979), while adult blood contains a single chain
constituent (Kleinschmidt et al. 1986; Kleinschmidt and Braunitzer 1988). Thus within
sirenians, fetal hemoglobin presumably also contains two components encoded by the y-
(minor) and 8- (major) loci, with y-globin expression extending into the early stages of
post-natal life. Support for this inference is provided by the 5’ flanking region of the
dugong y-globin gene, which contained no CACCC transcriptional control motif
(typically located ~90 bases upstream from the Cap site of transcribed ‘B-like’ globin
genes; Myers et al. 1986). This y-globin promoter sequence has been found to be crucial
for suppressing B-globin expression during pre-natal development in vitro (Sargent et al.
1999) and during fetal development of transgenic mice (Perez-Stable and Constantini
1990). Hence, the ‘lingering existence’ of y-globin in the hemoglobin of Amazonian
manatee calves may occur because y-expression is not immediately suppressed after birth
as it does not significantly affect expression of the globin gene encoding the major post-
natal hemoglobin component (i.e. d-globin; see Chapter I). Because anthropoid primates
are the only eutherians known to express the y-locus during post-embryonic stages of
development, these findings are of considerable interest.

The tandem duplication events producing the four or five gene B-globin cluster of
placental mammals is thought to have enabled the evolution of specialized forms of

hemoglobin physiologically-adapted for different developmental stages (Barrie et al.
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1981; Goodman et al. 1984). For instance, as an adaptive strategy to an extended fetal
life (Koop and Goodman 1988) mice and rabbits express their y- and e-loci during early
and late embryogenesis (Hansen :et al. 1982; Hardison 1981;'-F;eiréison 1_983; Hill et al.
1984), respectively. Similarly, higher primates have extended their y expression to fetal
growth stages (Shen et al. 1981), while artiodactyls have recruited their 3’-most B-locus
for fetal development (Townes et al. 1984). Within the armadillo, however, only the two
outermost loci (¢ and ) appear to be capable of encoding a complete polypeptide (Fig. 2-
9), and thus possess a functional arrangement similar to the ancestral B-cluster of
marsupials and (presumably) monotremes (Lee 1997, Lee et al 1999). Notably,
hemoglobin of adult armadillos contains two different ‘B-like’ polypeptide chains
expressed at ratios of 3:7 (de Jong ef al. 1981) to 1:9 (Dementi and Burke 1972), while
only one ‘B-like’ gene capable of encoding a protein exists within its p-cluster. This
consequently raises the possibility that the second chain is encoded by the e-locus, though
significantly, no e-globin gene of any eutherian is known to be expressed after the
completion of embryogenesis. Interestingly, marsupials possess a ‘B-like’ globin gene
(w-globin) within their a-globin cluster, which constitutes <25% of both their late pre-
and early post-natal hemoglobin (Wheeler et al. 2001; Wheeler et al. 2004). Thus, the
possibility that armadillos may express an unlinked ‘B-like’ globin gene, which may be
orthologous with marsupial w-globin, can not be discounted.

The discovery of a putatively functional e-globin gene within the pale-throated

sloth suggests that orthologs of the ancient e-globin gene have been maintained and

expressed in all members of Xenarthra. While I have documented - and B-globin loci
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from this species (see Chapter I), it is still unknown whether they have retained
functional y- and m-loci.

The comparative analysés of evolution rates among;tft}fé ‘e-like’ and ‘B-like’
globin genes of the four eutherian superorders supports the contention that descendants of
the ancestral B-globin gene family have evolved at different rates throughout evolutionary
time. Furthermore, these differential rates can be primarily attributed to the different
selective pressures placed upon the genes therein (Aguileta et al. 2004). Nonsynonymous
(replacement) evolution rates were found to be lower in the ‘e-like genes” compared to
the ‘B-like’ genes within each species (Table 2-5), reflecting stabilizing selection as little
room exists for variation of ambient conditions during gestational development (Koop
and Goodman 1988). Replacement rates for the y-loci of dugong and manatee (1.02 and
1.00 x 107, respectively; Table 2-5) were nearly identical to the average nonsynonymous
replacement rate determined for B-globin cluster genes (1 x 107 substitutions/site/year;
Efstradiatis ef al. 1980), while replacement rates were slightly lower for the y-orthologs
of both elephant species (7.54 x 10™°; Table 2-5). The former finding supports the earlier
conjecture that sirenian y-globin genes are expressed both pre- and post-natally, as these
genes would have diverged faster in order to encode a protein structure suited for two
(pre- and early post-natal) developmental stages, while the latter suggests stabilizing
selection. The high degree of sequence divergence observed between the y-globin gene
sequences of humans and laurasiatherians (Table 2-5) is likely due to the structural
differences allowing the orthologs to function at different developmental times (i.e.
during fetal and embryonic development, respectively; Hardison 1984). Thus, it is

significant that replacement rates observed between the y-loci of paenungulates and
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humans are relatively similar to the average replacement rate of orthologous (and
typically analogous) gene sequences (1 x 107 substitutions/site/year), lending further
support to the notion that paenungulate y-loci are expressed du‘ﬁig,;fetal growth stages.

Because the - and f-globin genes of paenungulates and xenarthrans encode their
major post-natal hemoglobin components, respectively (see Chapter I, it is not surprising
the mutation rates among these genes were fairly similar. However, these rates (which
were also similar to those of the mouse and goat ‘B-like’ loci) were slightly higher than
the average B-globin cluster gene replacement rate (Efstradiatis ef al. 1980) while those
of rabbit and tarsier were much lower (Table 2-5). This large degree of variation most
likely reflects lineage-specific factors such as population structure and generation time
(Wu and Li 1985; Britten 1986; Li and Tanimura 1987).

The discovery of differing evolution rates for each gene in the B-globin family
lends credence to the notion that phylogenetic studies using molecular clocks (which
assume all hemoglobin genes evolve at equal rates) are based upon unsound assumptions
(Goodman 1981; Hardison 1984; Giebel 1985; Li ef al. 1987; Bailey ef al. 1991). 1
speculate that, although the branching patterns derived from clock-based analyses of
mammalian B-globin gene families are most likely in the correct order, dates estimating
divergence times may need to be revised as information is gained on these various rates
of evolution.

In accordance with earlier findings (Shapiro et al. 1983; Hardison 1984; Hardies
et al. 1984; Giebel et al. 1985; Slightom et al. 1985; Koop et al. 1989b), the data further
demonstrate marked heterogeneity between the non-coding evolution rates of sequenced

‘e-like’ and ‘B-like’ globin genes of the same species. Specifically, descendants of the
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‘e-like’ loci were shown to diverge at neutral sites more slowly than the ‘B-like’ loci
within every eutherian species but the tarsier (Table 2-6). The slow rate of neutral
evolution previously observed m various primate f3-globin ciuster genes (Giebel et al.
1985; Harris et al. 1986; Koop et al. 1989b) was not fully supported by the analyses, as
only the Ym- and B-loci of tarsier diverged at a rate comparatively lower than the neutral
mutation rate of pseudogenes (4 — 5 x 10” substitutions/site/year; Hayashida and Miyata
1983; Kimura 1983; Li et al. 1981). Further challenging the ‘hominid slowdown’ theory
(Li et al. 1987; Hasegawa et al. 1989; Bailey et al. 1991) is the observation that no links
were found between species generation time and rate of neutral evolution for any loci but
Y. As the ‘neutral’ mutation rates were relatively similar between orthologs of different
species (with the exception of tarsier), it is notably apparent that underlying mechanisms
(possibly owing to species-specific differences in DNA mutation rates, localized
structural constraints, etc.; Wu and Li 1985; Koop et al. 1989b) are acting on these
‘unconstrained’ gene sequences within each species. Consequently, the referral to non-
coding mutation rates as ‘paradigms of neutral evolution’ (Li et al. 1981; Kimura 1983)
should clearly be reconsidered.

In conclusion, the results of this study confirm that the B-globin cluster of stem
eutherians consisted of at least four, and probably five genes. And, with the exception of
primates, descendants of the 5’-most e-locus have typically evolved at a slower rate than
genes derived from the B-locus in both coding and non-coding regions throughout
evolutionary time. Furthermore, the data suggest that the y-globin gene is expressed until
at least 1 year of age in sirenians, but silenced relatively early (<5 months) in elephant

development. Finally, the progenitor of modern day nine-banded armadillos atavistically
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regressed to a two-gene cluster (5°-e—f3-3”), suggesting the potential flexibility afforded

by the five-gene expansion did not provide any selective advantages within this lineage.
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Appendix 1-1. Primers used in the (A) amplification and (B) sequencing reactions of
'B-like' globin genes.

(A) Primers used in polymerase chain reactions. S

Primer name Sequence

HBB-3(F) STIGCTTCTGACACAACTGTGT TS

HBB-4(F) 5'AAACAGACACCATGG TGC 3

HBB-5(R) S'AGT GGTACTTGT GGG CC 3" -

HBB-6(F) 5'GGTTGT CTACCC CTG GAC 3

HBB-7(R) 5'TTC TCG GGATCC ACG TGC 3

HBB-9 5'CTGACT GCTGCT GAGAAGACTCAGG 3
HBB-9(F)-ARM 5' CTGACT TCT GAT GAGAAGACTGCGG 3
HBB-10 5'CCCTIGAGGTTGTCCAGGTGC 3"

HBB-11(F) 5'CTG TCC TGC ACAACG CTAAAGTGC 3
HBB-12(R) 5 GCCACCACCTICTCATAGGCAGC 3
HBB-13(R) 5' GGG CTT CCG ATG GATACC 3

HBB-15(F) 5'CAC CCT GGC CTC GGC CAATCT 3

HBB-16(R) 5'TTATGC CTTTGAAGTAGAATTGTITC 3!
HBB-18(F) S'TTCTGACACAACTGT GTT CACTAG CAACTA 3
HBB-19(R) 5 GAG CTGAAAGTT CTTTAT TAG GCA 3
HBB-20(F)-STH 5' GCT GAC GAT GAGAAG GCTGGT GTA 3
HBB-ARM-BR) 5'TAC ACC CAAGCAACGTAG TAGTGAACC 3
HBB-ARM-B/DR) 5' GGG CTT TTA CCT TAG CAT TTG CGAAC 3'
HBB-ARM-D(R) 5'ATG TGG AGG TAAAGC CAACAGGITA 33
HBB-CGM-1(F) 5'CAG GCAGACAAATGAAACTCACTG 3
HBB-A1-1116 5'CAGAGG AAG TCA GTG CCT GTCAGAAACTGG 3
HBB-B1-1145 S'ACT GTT CTG TCT CCA CAT GCC CAG CC 3!
HYR-B1-R 5’ACCGTTTTGTCT CCACAGGCTTGGCC 3’
HYR-C1-R 5" CCTAGATACAAACCTGCCAAGTGCCTCA3’
HBB-C1-1174 5'CCCACTCAACCCTCCTTAAGT CTACCTTGC 3
ELE-A2-21 5'TGT GTG GGC AAC ATAAAT GGG TTTC 3
ELE-B2-21 5'CCCATT GTC TCAGAG GCCAAGCT 3
HYR-2B2-21 SATGTCT GTGTAT CTG TCT GTC TCTTCT CCA 3’
ELE-C2-21 5' CTC CTG GGCAAT GTG CTG GTGA 3

ESH-A(R) 5'TCAATA CCT GTGAGAAGC CTG GAAAAC GG 3'
ESH-B(R) 5 CTC CATATT CCAGTIC CCATTCAAG CATCC 3
ESH-C(R) 5'CCT GAC CACCAAGTITTAT CTACGTCCACC 3
ESH-A(F)-2 5'TGC ACAAGA GTCAAG TGT GAGTGC AGC TTG 3
ESH-A(F) 5'TGATGC CCT AAT CTC GAT CAC TCTGCC 3'
ESH-C(F) 5'AGG CTG CTTTCCAGAAGG TGGTGACT 3"

(B) Primers used in sequencing reactions at the Unversity of Calgary DNA core laboratory.

Primer name Sequence
M-13(F)40 5 GTTTTC CCAGTCACGAC 3
M-13(R) 5AACAGC TAT GACCAT G 3
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Appendix 1-2. DNA sequences of the ‘B-like’ globin genes amplified in this study.
Exons are identified by CAPITAL letters, while introns and external gene sequences are
represented by lower case letters. The 5° upstream transcriptional control motifs
(CACCC, CCAAT, ATA) and 3’ poly-adenylation signal (AATAAA) are underlined
within the 5” and 3’ flanking regions of each gene sequence, respectively. Within each
coding block, translated amino acids are listed below their corresponding base triplet.
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Appendix 1-2A
African elephant delta-globin gene sequence

gactagcaac tacccaatca gacaccATGG TGAATCTGAC TGCTGCTGAG AAGACACAAG
V. NLT AAE KTAQ
TCACCAACCT GTGGGGCAAG GTGAATGTGA AAGAGCTTGG TGGTGAGGCC CTGAGCAGgt
VT NL WGK VNVK ELG GEA L SR
ttgtatctag gttgcaaggt agacttaagg agggttgagt gdggctggge atgtggagac

dgaacagtct cccagtttct gacaggeact gacttcctct geaccctgtg gtgctttcac

cttcagGCTG CTGGTGGTCT ACCCATGGAC CCGGAGGTTC TTTGAACACT TTGGGGACCT
L LVVY PWT RRF FEHF GDL

—_—— = et e SIS ML RTMVANM AUARIENL T

STA EAVL HNA KVL AHGE KVL
GACCTCCTTT GGTGAGGGCY TGAAGCACCT GGACAACCTC AAGGGCACCT TTGCCGATCT
TSF GEGL KHL DNL KGTTF ADL
GAGCGAGCTG CACTGTGACA AGCTGCACGT GGATCCTGAG AATTTCAGGg tgagtctagg
SEL HCDIK LHVY DPE NTFR
agacattcta ttttttcttt tcactttgta gtctttcact gtgattattt tgcttatttg

aatttcctct gtatctcttt ttactcgact atgtttcatc atttagtget ttttcaactt

ataccatttt gtattacttt tctttcaata ttcttccttt tttcctgact cacattcttyg

Ctttatatca tgctctttat ttaatttcct gegtttttge tcttgetcte cetttctect

aatttccttc cctctgaaca gtacccagat tgtgeatace acctctcate cactatttct

gcactggggc aaatccccac ccctecteca tatgagggtt ggaaaggact gaatcaaaga

ggagaggatc atcgtgctgt tctagagtct gtgattcatt tcagacttga aggataactt

gaataatata aaatcaggag taaatggaga ggaaagtcag tatctgagaa tgaaagatca

gaaggtcata gacgagatgg ggagcagaag ttactaagaa actgaccatt gtggctataa

ttaatcactt aattagttaa ttaatatgtt tgttatttat tcacgttttt cattttggtg
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Appendix 1-2A
African elephant delta-globin gene sequence

ggagtaaatt tgggctagtg tgtgggcaac ataaatgggt ttcdccccat tgtctcagag

gccaagctgg attgetttgt taaccatgtc tgtgtatgta tctacctett ccccatagCT
L

CCTGGGCAAT GTGCTGGTGA TTGTCCTGGC CCGCCACTTT GGCAAGGAAT TCACCCCAGA
LGN VLVI VLA RHTF GKETF TPOD

VOQA AYEK VVA GVA NALAHEKY
CCACTGAgat cctggectgt tcctggtatc catcggaage cccatttece gagatgetat
H .
Ctctgaattt gggaaaataa tgccaactct caagggcatc tcttctgect aataaagtac

tttcagctca actttctgat tcatttattt ttttctcagt cactcttgtg gtgggggaag

ttcccaagge tctatggaca gagagetctt gtgecttata ggaaaagttc aagggaaatt

ggaaaataaa gggaaccata cacagatatt aatgggaaca attctacttc aaaggcataa

agattgggat ggtttggcaa ataggatact ggtactacag ggattccatg ggcctcagge

ctaagacata gccccaggge taactttcag attcaattce agaaattact cacaaagtaa

tgga
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Appendix 1-2B
Asian elephant delta-globin gene sequence

ttctgggect cagtttccte atttgtataa taacagaatt?ggqgagtaaa ttcttaagag
gcttaccagg ctgtaattct aaanaaaatg cataaataaa cttgccaagg cagatgtttt
tagcagcaat tcctgaaaga aacgggacca ggagataagt agagaaagag tgaaggtctg
aaatcaaact aataagacag tcccagactg tcaaggagag gtatggcetgt catcattcag

gcctcaccct gecagaaccac accctggect tggccaatct gctcacaaga gcaaaaaggg

caggaccagg gttgggcata taaggaagag tagtgccage tgctgtttac actcacttcet

gacacaactg tgttgactag caactaccca atcagacacc ATGGTGAATC TGACTGCTGC

VNL TAA

TGAGAAGACA CAAGTCACCA ACCTGTGGGG CAAGGTGAAT GTGAAAGAGC TTGGTGGTGA

EKT QVTN LWG KVN VKETL GGE

GGCCCTGAGC AGgtttgtat ctaggttgca aggtagactt aaggagggtt gagtgggget
A LS R

gggcatgtgg agacagaaca gtctcccagt ttctgacagg cactgacttc ctctgeaces

tgtggtgctt tcaccttcag GCTGCTGGTG GTCTACCCAT GGACCCGGAG GTTCTTTGAA
LLVY VYPW TRR FFE

HFGD LST ADA VLHN AKV LAH
GGCGAGAAAG TGTTGACCTC CTTTGGTGAG GGCCTGAAGC ACCTGGACAA CCTCAAGGGC
G EKV LTS FGE GLKH LDNLEKSGE

TFAD L SE LHCUDIKLH VDP ENTF
AGGgtgagtc taggagacac tctatttttt cttttcactt tgtagtcttt cactgtgatt
R

attttgctta tttgaatttc ctctgtatct ctttttactc gactatgttt catcatttag
tgttttttca acttatacca ttttgtatta cttttctttc aatattcttc cttttttect

gactcacatt cttgctttat atcatgctct ttatttaatt tcctacgttt ttgctcttge
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Appendix 1-2B
Asian elephant delta-globin gene sequence

tcteecttte tectagttte ctteectetg aacathCCCfggqﬁtgtgca taccacctct
cgtccactat ttctgcactg gggcaaatce ccacccctee tecatatgag ggttggaaag
gactgaatca aagaggagag gatcatggtg ctgttctaga gtatgtgatt catttcagac
ttgaaggata acttgaataa tataaaatca ggagtaaatg gagaggaaag tcagtatctg
agaatgaaag atcagaaggt catagacgag atggggagca gaagttacta agaaactgac
cattgtggct ataattaatc acttaattag ttaattaata tgtttgttat ttattcacgt
ttttcatttt ggtgggagta aatttggget agtgtgtggg caacataaat gggtttcacc
ccattgtctc agaggccaag ctggattget ttgttaacca tgtctgtgta tgtatctacc
tcttececcat agCTCCTGGGE CAATGTGCTG GTGATTGTCC TGGCCCGCCA CTTTGGCAAG

LLG NVL VIVL ARH FGEK

GAATTCACCC CAGATGTTCA GGCTGCCTAT GAGAAGGTTG TGGCAGGTGT GGCGAATGCC
EFTP DVQ AAY EKVV AGVYV ANA

CTGGCTCACA AATACCACTG Agatcctgge ctgttectgg tatccatcgg aagccccatt

L AHK YH
tceegagatg ctatctcetga atttgggaaa ataatgccaa ctctcaaggg catctcettet

gcctaataaa gtactttcag ctcaactttc tgattcattt attttttttc tcagtcactc

ttataggtagg ggaagttccc aaggctctat ggacagagag ctcttgtgcc ttataggaaa
agttcaaggg aaattggaaa ataaagggaa ccatacacag atattaatgg gaacaattct
acttcaaagg cataaagatt gggaaggttt ggcaaatagé atactggtac tacagggatt
ccatgggcct caggcctaag acatagccce agggctaact ttcagattca attccagaaa

ttactcacaa aataatgga
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tcecectttga

atttttactt

tttatattta

aacaaacaaa

gagaaagaag

tcttggatat

gtgggcaatt

ggagagtaga

gccaagggag

ggaagagtga

cggctgtcat

cccaggagea

ctgcttactc

aaccactgct

gtttggaccc

ttcagtttte

caaatgaatg

aaatgtttag

tctggaaaca

cctttctgee

tgtctaagag

atgttttcag

gggtctgaaa

cattcagacc

agaagggcag

ttacttctgg

Appendix 1-2C
Dugong delta-globin gene sequence

ttgaaacaaa agtgttattcjggqgcttgtg

ccaaagccta
agcgatcatg
aatattaatt
aattgtcaca
caggaatagc
ctctgggect
accaggcagt
aagtaattcc
tcaaactact
tcaccctgea
aaaccagggt

cacaactgtg

atatggtgac
tatttggtta
ttcttaccag
gatgtttcat
tccatcctaa
tggtctectc
tattctaaaa
tgaaagcaat
aagayggtgc
gaaccacacc

tgggcgtaaa

ttgactagca

cttgcatata

aacgaccaaa

gagaatttaa

tcattctgtce

tactcctaaa

attcgtgtac

aaaacctcat

gggaccaaaa

cagactgcta

ctggcctygg

aggaagrgca

actacacaat

cttataattg
gcattcttea
aaaagaaaca
tccaaatcag
cttgtaatta
ctgaaccaca
taagagaact
aaataaactt
gataagtaga
aggacaggta
ccaatctgyt
ggactagctg

cagacwccAT

GGTGCATCTG ACTGCTGATG AGACGGCTTT GGTCACCGGC CTGTGGGCCA AGGTGAACGT

VHL TADE TAL
GAAAGAATAC GGTGGTGARG CCCTGGGCAG
KEY GGEA L GR

ggagggttga ttggggctgg gcatgtggag

ctgactccct ctgteccectg tggtgetttc

T QR

VTG

LWAK VNV
gtttgtgtct aggttggaag gcaggcttaa

acagaacagt ctcccagttt ctgacagtca

acccttcagq CTGTTGGTTG TCTACCCATG
LLVV YPW
GACCCAGAGG TTCTTTGAGC ACTTTGGGGA CCTGTCCTCT GCTTCGGCTG TCATGCACAA

F F E H

F GD
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Appendix 1-2C
Dugong delta-globin gene sequence

CCCTAAAGTG AAGGCCCATG GCGAGAAAGT GTTGGCCTCC TITGGTGACG GCCTGAAGCA
PKV KAHG EKV LAS FGDG L KH

CCTGGACGAC CTCAAGGGCG CCTTTGCTGA GCTGAGTGCG CTGCACTGTG AGAAGTCGCA
L DD LKGA FAE LSA LHCE K SH

CGTGGATCCT CAGAACTTCA AGgtgagtct aggagactct ctactttttt cttttcactt
VDP QNTFK

tgtagtcttt cactgtggtt attttactta cttgcatttc ctccacatct ctttacttga

ctgtatttga gaatttggtg ctttttcaac ttacaccatt ttgtattatt ctttctttca
atgttcttcc ttttctcttg tctcacagtc ttgetttata tcatgecctt tatttaattt
cctgectttt gectetgtet ctectetegat ctectttttt cctaatttee ttceccttaa
acaataccca agttatgcat accacctctc atccactact tctgegettg ggcaaatcct
actgctcttc catatgaggg ttagaaagga ctgaatcaaa gaggggagga tcatggtgtt
gttctagagt ctgagactcg ttttgaaatt gaaggataat ttgaataata taaaatcagg
agtaaatggg aaggaaagtc tatatctgag aatggaagat cagaaggaca tattggagct
gaggagcaga agttactaag agacagacca ttattactct aattaatcaa ttaattagtt
aatgagtatg cttgctaatt tatttacttg ttttttaatt ttagtgggaa taagtttggg
ccgtcagttt gggctactgt gtgggcaaca taaatgggtg tcagcccatt ttctcagagg
ccaagctgga ttgctttgtt aaccatgtct gtgtatctat ctacctcttc cccacagCic
CTGGGCAATA TGCTGGTGTG TGTGCTGTCC CGCCACTTGG GCAAGGAATT CTCTCCACkG
LGNM LVC VLS RHLG KETF SPQ
GCACAGGCTG CCTATGAGAA GGTTGTGGCT GGGGTGGCGA ACGCCTTGGC TCACAAATAC
AQAA YEK VVA GVAN ALA HKY

CACTGAgatt ctggectatt tcctggtatc cactggaage cctgtttcce tagatgctat
H
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Appendix 1-2C
Dugong delta-globin gene sequence

ctctgaattt ggggaaataa tgcccactct caagggtatafggtﬁptgcct aataaagaac
tttcagctca actttctgat tcatttcatt tattttattt cttactcttg aggtatcgaa
agttccccaa ggctatatgg ataaggagtt attgtgtctc ataggaagag ttcaagtgaa
gttagaaaat gaagggaccc atacacagct attaatggga ataattctac ttctaaggca
taatggttgg ggaggtttgg caaatagaga ggatgctgge cctacatgga ttccatagac
cttaaaccta agacatagcc ccagggctaa cttccagatt ctattcegac aattactcac
aaaataatgg gctcaattag agaagtcatg atgattgaaa acattgtttt gttttcttge

ttectactte tettgectgt acattttage ccacaatcta taccctttct agtetttcet
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Appendix 1-2D
West Indian manatee delta-globin gene sequence

aaaacagtgc cagactgctc aggacgggta cggctgtcatfcatt;agacc tcaccctgea

gaaccacacc ctggecttgg ccaatctget cccaggagea agaagggcag aaaccagggt

tgggcgtaaa aggaagagca gggctagetg ctgcttacac ttacttctgg cacaactgtg

ttgactaaca actacacaat cagacaccAT GGTGCATCTG ACTCCTGAAG AGAAGGCTTT
VHL TPEE KAL

GGTCATCGGC CTGTGGGCCA AGGTGAACGT GAAAGAATAT GGTGGTGAGG CCCTGGGCAG
VIG LWAK VNV KEY GGEA LGR
gtttgtatct aggttgtaag gcaggcttaa ggagggttga ttggggctgg gcatgtggag

acagaacagc ctcccagttt ctgacagtca ctgactcect ctgtcccctg tggtgettte

acccgtcagG CTGTTGGTTG TCTACCCATG GACCCAGAGG TTCTTTGAGC ACTTTGGGGA
LLVV YPW TQR FFEH FGD

LSS ASAI MNN PKV KAHG E KV
GITCACCTCC TTTGGTGACG GCCTGAAGCA CCTGGAAGAC CTCAAGGGTG CTTTTGCTGA

FTS FGDG LKH LED LKGA FAETE
GCTGAGTGAG CTGCACTGTG ACAAGTTGCA CGTGGATCCT GAGAACTTCA GGgtgagtct

LSE LHCD KLH VDP ENTFR
aggagacgct ctactttttt cttttcactt tgtagtcttt cactgtggtt attttactta

cttgcatttc ctccacatct ctttacttga ctgtatttga gaatttagtg ctttttcaac

ttacaccatt ttctattatt ttttctttca atattcttce ttttttectg tctcacagtce

ttgctttata tcatgcectt tatttaattt cctgectttt gectctgtct ctetctecat

ctcetttttt tcctaatttt ccttcecett aaacaatacce caaattatge ataccacctce

tcatccacta cttctgeget tgggeaaatc ctactgctct tccatatgag ggttagaaag

gactgaatca aagaggggag gatcatggtg ttgttctaga gtctgagact cattttgaaa
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Appendix 1-2D
West Indian manatee delta-globin gene sequence

ttgaaggata atttgaataa tttaaaatca ggagtaaatg-gggaggaaag tctatatctg
agaatgaaag atcagaagga catattgcge tgaggagcag aagttactaa gagacagacc
attattactc taattaatca attaattagt taatgaatat gcttgctaat ttatttactt
gttttttaat tttagtggga ataagtttgg gccatcagtt tgggctactg tgtgggcaac
ataaatgggt gtcaccccat tttctcagag gccaagetgg attgetttgt taaccatgtc

tgtgtatcta tctacctctt ccccacagCT CCTGGGCAAT GTGCTGGTGT GTGTGCTGGC

L LGN VLVC VLA

CCGCCACTTT GGCAAGGAAT TCTCTCCAGA GGCACAGGCT GCCTATCAGA AGGTTGTGGC

RHF GKEF SPE AQA AY Q K V VA

TGGTGTGGCG AACGCCTTGG CTCACAAATA CCACTGAgat tctggectat ttcctggtat
G VA NALA HKY H

ccattggaag ccctgtttce ctagatgcta tctctgaatt cggggaaata atgcccactc

tcaagggtat agcttctgec taataaagaa ctttcagetc agctttctga ttcatctcat

ttattttatt cct
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Appendix 1-2E
Rock hyrax delta-globin partial gene sequence

AAGGGCACCT TTGCCCAGCT GAGCGAGCTG CACTGTGACA AGCTGCATGT GGACCCTGAG
K¢TF AQL SEL HCDIK LHV DPE
AACTTCAGGg tgagtccagg ggatgctcta ctettttcac tttgttttca ttecttgtag

N F R
ttatttaact tccttgeatt tectctgtat ctctacttac ttgattgcat tgcatcattt
agtacttttc caacttatac agcttgeatt atttttcatt caaacttcct ctttctttcc
tgactcacaa tcttgettta catcatgece tttgtatana cttatacctt tcgectctet
ctgtctctct ctctetetet ctectttttt cctaatttee ttttctecat tatgcatggt
ccctcteact gactgettct geacttagge caatcctact tgtcctecat atcaggtttg
ggaaggactg aatcaaaggg gacacgatca tgatgttatt ttagagtctg tgacacattt
tgtaactgaa gaataattgg aataaaacaa aatcatgggt aaatggaagc gctaatgcat
atctgaggat gacagatcag aaggtcatat aacagatggg gagcagaagt ttttaagaga
cagatagcta ttactctagt caactaatga gtttattata tgtttgctta tttatttaca
tgtttttaat tttggtggga ataagtttgg gctgtcagtt tgagctagtg tgctgtcage

atagatggat gtcaccccat ttctacagat gccaagetgg atcgetttgt taaccatgec

tectgtatctg tctatcectt ccccacagCT CCTGGGCAAT GTCTTGGTGG TTGTCCTGGC

L LGN VLVYV VLA

RHF REEF TPD VQA AF Q K vV T

TGGTGTGGCA AATGCTTTGG CTCACAAATA CCACTGAgat cctgttttct ggtatctatc
G VA NALA HKY H

agaagcactg tttccctage tgtgatctct gaattcgggg aaataatgcc cactctcagg

ggcatcactt ctgcctaata aagaactttc agctcaactt tatgattcat tttatttatt
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Appendix 1-2E
Rock hyrax delta-globin partial gene sequence

ttattttatt tctactcact tttgaaatat gggagtgtcctqugaggctt acagataggg
aacgcttgtt tccaacagga agagttcaag ggaaattgag aaatgaaggg taccttacac
agttgttaat ttaatgggaa taacttgact cgtatgacat aaagattggg aaatttggca
aatagagagg atgctgctac tcctgaaatt ccatggaagt caaaccctta cacacageat
gaaggctact tttcaaattc ataatcaaca attatttaca aaataatagg ttcaataagg
ggagtcatga ttattgaaac tattgttttc cttccttect tectacttcet cttgtacagt
ttaggtcata agctatgtce ttgtaagett tcctactcta tggaaccatc ctettctgtt
gttagtccta aaactgttct gaaaataatc gtttctcctg ttgttttcat ttctctggga
gttcagcget catgtatcac ctgtaacttc tcttacctca tttcaatgga tttcctagta

gtgttttaaa aatatttcc
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Appendix 1-2F
Rock hyrax deltaH-globin gene sequence

gactagcaac tacatgctct ggeaccATGq TGCGCCTGAC TGATAGTGAG AAAGCTGAGG
V RLT DSE KAFTE
TCGTCTCCTT GTGGAGCAAA GTGGATGAGA AAATAATCGG CAGTGAGGCA CTTGGCAGgt
VVSL WSK VDEK IIG SEALGR R
ttgtatctag gccgtacgta aggcaggetg aacgaggatt gcccagggee aagectgtgg

agacaaaacg gtctcccagt ttctgacaga cactgagtce ctctgeccac tctgtatttt

cacccctcag GCTGCTGGTC ATCTACCCAT GGACTCGGAG GTTCTTTGAA CACTTTGGGG
L LV IYPW TRR FFE HTFSG

VLSS FGE GLNHLDNLRGTTFA
AGCTGAGCGA GCTGCACTGT GACGAGCTGC ATGTGGACCC TGAGAACTTC AGGgtgagtc
QLSE LHCIDELUH VDP ENTF R
caggggatgc tctactcttt tcttctcact ttgttttcat tcagtgtggt tatttgacct

acttacttga atttctttca tgtcactttt tttcttgact gtatctcatc atttagtgcet
ttttergett atactacttt geactgtttt tttctttcaa tattctttat ttttgtctta
taatcctget ttatatcaag ccctttaget ttctacattt tgectctcte tettttecta
acaattccct ttcccctaaa cagtactcaa attacgaatg ttacctctca tccagtgttc
atgtacttag gcaaatcctt ctggtcctce gtatgagagg tggcaaggaa tgaatcaaag
atgcaaagag tgttatgttg ttctagagtt tgtgactcat tttgaaatta aaagataatt
tgaataatat aaaatcagga gtaaaaggaa aggaaaatca gtatctgggg atggaaagat
cagaagatca tataggtgat ggagagcaga agtttctaag aaacagacca ctattgctge

aactaagcaa ttagttagtt aatatacttg cttatttgtt tccatgtttt tacttttgat
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Appendix 1-2F
Rock hyrax deltaH-globin gene sequence

gggartaaat tcgggccatc agtttgggge aacagaaatg ggtatcatce cattttcaca

gatgccaagc tggattgttt tattaaccat gtctgtatat ctatctgtct cttctecaca

- gCTCCTGGGC AATATCCTGG TGGTTGTCCT GGCCCGCCAT TATGGCAAGG AATTCACCCT

LLG NILV VVL ARH YGKTE FTL
AGAGGTTCAG GCTGCCTGTC AGAAGTTTGT GGCTGGTATG GCAAATGCCT TGGCTCACAA
EVQ AACQ KFV AGM ANAL AHK
ATACCACTGA grtcctggac tgtttcctgg tatccactgg aagecctgtt tccctagatg
Y H
tgacctctga gtttgtaaat agtgctcatt cgcaagggea ttgettctge ctaataaaga

accttcagct cgactttctg attcatttta tttattttat ttcttatgca ctttaggagt
atgggagtgt cctgaaaagc ttaccgatag cgatctcttg tgtcccacag geagagtecc

agggaaattg gaaacggacg gataccttat gcagttgtta atttaatgg
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Appendix 1-2G
Yellow-spotted hyrax deltaH-globin gene sequence

gactagcaac tacatgctct ggeaccATGG TGCGCCTGAC "TGATAGTGAG AAAGCTGAGG
V RLT DSE KATE
TCGTCTCCTT GTGGAGCAAA GTGGATGAGA AAATAATCGG CAGTGAGGCA CTTGGCAGgt
VVSL WSK VDEK IIG SEATLGHR
ttgtatctag gccgcaagge aggctgaacg aggattgece agggccaagce ctgtggagac

aaaacggtct cccagtttct gacagacact gagtccctet geccactttg tatttteace

cctcagGCTG CTGGTCATCT ACCCATGGAC TCAGAGGTTC TTTGAACACT TTGGGGACCT
L LVIY PWT QRF FEHF GODL

STA DAIM KNP RVQ AHGE KVL
GTCTTCCTTT GGGGAGGGCC TGAATCACCT GGACAACCTC AGGGGCACCT TTGCCCAGCT

SSF GEGL NHL DNL RGTTF A Q L
GAGCGAGCTG CACTGTGACG AGCTGCATGT GGACCCTGAG AACTTCAGGg tgagtccacg

SEL HCDE LHVY DPE NTFR
ggatgctcta ctcttttctt cteactttgt tttcattcac tgtggttatt tgacctactt

acttgaattt ctttcatgtc actttttttc ttgactgtat ttcatcattt agtgcttttt
cagcttatac tactttgcac tgtttttttc tttcaatatt ctttattttt gtcttataat
cctgctttat atcaagcect ttagetttct acattttgec tctctctett ttcctadcaa
ttcecttece cctaaacagt actcaaatta cgaatgttac ctctcatcca gtgtttatgt
acttaggcaa atccttctgg tcctccgtat gagaggtgge aaggaatgaa tcaaggatgc
adagagtatt atgttgttct agagtttgtg actcattttg aaattaaaag ataatttgaa
taatataaaa tcaggagtaa aaggacagga aaatcaatat ctggggatga aagatcagaa
ggtcatatag gtgacggaga gcagaagttt ctaagaaaca gaccactatt gctgcaacta

agcaattagt tagttaatat acttgcttat ttgtttacat gtttttactt ttgatgggaa
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Appendix 1-2G
Yellow-spotted hyrax deltaH-globin gene sequence

taaattcggg ccatcagttt ggggtaacag aaatgggtat “cateccattt tcacagatgce

caagctggat tgttttatta accatgtctg tgtatctgtc tgtctcttct ccacagCTCC
L

L GNI LVV VLAR HYG KEF TLE
TTCAGGCTGC CTGTCAGAAG TTTGTGGCTG GTATGGCAAA TGCCTTGGCT CACAAATACC
VQAA CQK FVAG MAN ALA HKY
ACTGAgatcc tggactgttt cctggtatcc attggaagce ctgtttcect agatgtgacc
H .

tctgagtttg taaatagtgc tcattcgeaa gggeattget tctgectaat aaagaacctt

cagctcgact ttctgattca ttttatttat tttatttctt atgtacttta ggagtatggg
agtgtcctga aaagcctacc gatagegatc tectgtgtce cacaggcaga gtcccaggaa

aattggaaac ggacggatac cttatgcagt tgttaattta atgg
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Appendix 1-2H
Western tree hyrax deltaH-globin gene sequence

catgctctgg caccATGGTIG CGCCTGACTG ATAGTGAGAA AGCTGAGGTC GTCTCCTTGT
V RLTD SEK AEV VSL

GGAGCAAAGT GGATGAGAAA ATAATCGGCA GTGAGGCACT TGGCAGgttt gtatctaggc

WS KV DEK IIGS EAL GR

cgtaaggcag gctgaacgag gactgccagg gccaagectg tggagacaaa acagtctccc

agtttctgac agacacttag tccctctgee cactctggta ttttcaccce tcagGCTGCT
L L
GGTCATCTAC CCATGGACTC AGAGGTTCTT TGAACACTTT GGGGACCTTT CCACTGCTGA
VIY PWTQ RFF EHF GDLS TAD
CGCTATCATG AAAAACCCTC GAGTACAGGC CCATGGCGAG AAAGTGCTGT CCTCCTTTGG
A IM KNPR VQA HGE KVLS SFG
GGAGGGCCTG AATCACCTGG GCGACCTCAA GGGCACCTTT GCCCAGCTGA GCGAGCTGCA
EGL NHLG DLK GTF AQLS ELH
CTGTGACGAG CTGCATGTGG ATCCTGAGAA CTTCAAGgtg agtccagggg atgctctact
CDE LHVD PEN FK
ctcttecttct cactttgttt tcattcgetg tggttatttg acttacttga atttctttca

tgtcactttt ttcttgactg tatttcatca tttagtgett tttcagetta tactactttg
cactattttt ttctttcaat attctttgtt tttgtcttat aatcctgett tatatcaage
cctttagctt tctacatttt gectctctet ttctettttc ctaacaattc ccttccccct
aaatagtact caaattacga atgttacctc tcatccaatg tttatgtact taggcaaatc
cttctggtcc tccatatgag aggtggcaag gagtgaatca aagatgcaaa gagtattatg
ttgttctaga gcttgtgact cattttgaaa ttaaaagata atttgaataa tataaaatca
ggagtaaaag gaaaggaaaa tcagtatctg gggatgaaag atcagaaggt catacaggtg
atggagagca gaagtttcta agaaacagac cactattgct gcaactaagc aattagttag

ttaatatact tgcttatttg tttacatgtt tttaattttg atgggaataa gtttgggeca
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Appendix 1-2ZH
Western tree hyrax deltaH-globin gene sequence

tcagtttggg gcaacagaan tgggaatcat cccattttca cdgutgccaa getggattgt

tttattaacc atgtctgtat atctatctgt ctcttctcca cagCTCCTGG GCAATATCCT

LLG NTIL

GGTGGTTGTC CTGGCCCGCC ATTATGGCAA GGAATTCACC CTAGAGGTTC AGGCTGCCTA

Vvyvy LARH YGK EFT LEVQ AAY

TCAGAAGTTT GTGGCTGGTA TGGCAAATGC CTTGGCTCAC AAATACCACT GAgatcctgg
QKF VAGM ANA LAH KYH

cctgtttect ggtatccatt ggaagcectg tttecctaga cgtgacctct gagtctgtaa

atagtgctca ttcgcaaggg cattgcttct gectaataaa gaaccttcag ctcaactttc

tgattcattt tgtttatttt atttcttatg cactttagao gtatgggagt gtcctgaaaa

gcttaccgat agcgatctct tgtgtcccat aggcagagtc caagggaaac tggaaaatga

cgggtacctt atacagttgt taatttaatg g
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Appendix 1-2I
Bushveld elephant shrew beta-globin partial gene sequence

ctttaaatgt aaatttttgc tcagtaactg tgactgtaatpthgtatcgﬁ tgttgttgaa

gagtcaatgc caaggatata aacaaataca tcaatggata tttcaggaaa tttttatcag
ggatctttaa tataagacat ggtaaaggaa gaatatttgg aatagtggcet gattacttgt
tcattttatc tttgaaataa ttttgtatag tcccaageat agtacttact ggctctgtcc
aaacattgtt aaactgccca atagtggtaa agtatctccc acagtcaaga tctcaatgtt
atcatttatt tactaaatga atgacataag aaatacctaa gagccttage agcttgtttt
ttttttaaat atacatactt gctaaaaaga tgtttttcgt ttcaatttct gagaggaatg
tgattagaga taagtaggag agtgagggcc tgaaatcaaa ctcaaatgac agtgccagcc
tgccaatgac agtcagagct gtgatcactc cgggctcttt ctgcagagtc actctggect

gggccaatct gettgcagaa gcaccatggg caggacccag ggctgggeat agaagaaggg

caggaccagc daaggcttac acttgcttct gacacaagtg tgttcactag caactactca

aacagtcaag ATGGTGCATC TTACTGACGG CGAGAAGGCT CTGGTCAATG GCATTTGGTC
VHL TDG EKA LVNG IWS
CAAGGTGGAC GTAGATAAAC TTGGTGGTCA GGCTCTGGGC TGgtgagtat tttgattaag

KVD VDKL 6G66Q ALG W
gcaggtttaa ggatgcttga atgggactgg aatatggaga cagccgtttt ccaggettct

cacaggtatt gactctttct ggcccctgtg tttcttttac ccatcagTCT GCTGATTGTA
L LIV

TACCCACGGA CTCAGAGGTT CTTTGAATCC TTTGGGGACC TGTCCTCTGC TGATGCTATC
YPRT QRF FES FGDL SSA DATI

I KNP KVA AHG KKVV NSF SEG
ATGAAGCATC TGGATGACCT CAAGGGCACC TTTGCCCAGC TGAGTGAGCT GCACTGTGAC
M KHL DDL KGT FAQL SEL HCD
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Appendix 1-21
Bushveld elephant shrew beta-globin partial gene sequence

AAGCTCCATG TGGATCCTGA GAACTTCAGG gtgagtctat ‘gggaataaag agtttcctte
KLHV DPE NFR
tgctctctat ttttgtcaaa ttctagcagg gggagggggt tccaggtcag aattgaaaca
aagtgttctg actacaaagt aggaactctc cagggecttt ttaggaagta taatctette
cttctacaaa tctttattge ccctgttgea tggttcagtg ttectttgte ttettettct
aactacttcc tecctctactt actttttatc acttcaaaaa tgatttaaaa aattaaacct
tcttctttaa atctactagg ggtttccect tctattctta gactttcaga attcatattt
ttaoagcatg gggaataaaa tggttctttt tgacattaca tacgtttttt aaaaggtcac
taataaaatc tgaactaaga tggatggagg adaatattca catgcataaa ttcagactga
tatgacaaca ctgacatccg tagtagaact aagtgtcaat tatcacacca ctcatattta

gtgcacaaga gtcaagtgtg agtgcagctt gtgatgccct aatctegatc actctgccag

Ccaaattaat gtgtcttatc tttctcctea g
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Appendix 1-2]
Bushveld elephant shrew delta-globin partial gene sequence

1 AATGTGGCCA ACGCCCTGGC: TCACAAGTAC CACTAAgatc ctgcectttt ccttgggate catg
NVAN ALA HKY H :

il ctctgtctee ctagttctga ccectaaatt gggagaagaa ccaaaagtgt aatatttgct taat

141 ctttcagctc- aaatttttta ttootttctt tttttttctt attcatccta ctgtatagga gaga

211 aggaca
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Appendix 1-2K
Nine-banded armadillo pseudo-delta-globin gene sequence

tacaaagaga caccATGGTG AATCTGACTT CTGTGGAGAA-GTCTGCTGTC ACAGGTCTGT
V NLTS VEK SAV TGL

GGAGAAAGGT GAACGTGAGA TAAtgtggtg gtggctctgg gcaggtttgt gtggaggtta

WRIKV NVR R

caaggcagct taaggtggga agatgcaage tgggcatgtg gagacatage agtctcctgg

gtttatgaca ggtactgaca gctgtccect ttgetgtttt caccectcag GCTGCTGGTT
L LV
GTGAACCCTT GGGCCGAAAG TTTCTTTGAA ACCTTGGGGA ACTTGTCCTC TCCTTCTIGCC
VNPW AES FFE TLGN LSS PS A
ATATTTGGCA ATAGTAAAGT GAAGGCTCAT TTCAAGAAGG TTCTGACTTC CTTTAGTGAT
I FGN SKV KAH FKKVY LTS FSOD
GGTGTGATGA AGCACCTGGA CAACCTCAAG GGTACCTATG CTCATCTGAG TGAACTGCAC
G VMK HLD NLK GTYA HLS ELH
TGTGACAAGC TGCACGTGGA TCCTGAGAAC TTCAAAgtga gtctaggaaa tattccaatt
C DKL HVD PEN FK
ttttcatttc taatttttga ctgtgectct ttaacctgtt ggetttacct ccacatycca

ttttactttt tctatatctt acaucttaat getttctaaa ctttatgtca atctttectt
tcaatattct catgagctta tatttaatca agctctttao ttaatttect agcttttgec
cctetetece tttttcttaa ttttetttee attaaccagt actcaaatta tgcctaccag
cttagatctc atctgctact tctgecttta agacaatact tattttcctt caaatgtagg
ttggtaaagt ttgaattaaa gaaaagaggc agacaatgtt tttctagaaa ttgtgcatca
ttttaagatt tgaattgttt aaagtcagag aggaaaatta atatctgagc atgaaacatc
agaagatcat ataggaggtg ggatagcaaa agttaatagg agacagccca tatcacatta
aataatcaat gtatcagtta attaatgttt atttatagat ttttaatttt tattttggtc

ggaatagcct gaggatctgt tgtggctaag ggatagttag aataaatggg gaacacccca
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Appendix 1-2K
Nine-banded armadillo pseudo-delta-globin gene sequence

gtgtctcagg agtcaagctg gagtcctttc tttactatgt ctctgtgtca acctacctct

teecttcaglC TCCTTAGCAA CATGCTGGTG ATTGTGCTGG CCTGTCACTT TGGCAAGGAC
L L SN MLV IVLA CHF GKD
TTCACCCTGG AGTTGCACGC TGCCTTTCAG AAGGTCGTAG TTGGAGTGGC GAATGCCCTG
FTLE LHA AFQ KVVV GVA NAL
GCTCACAACT ACTATTGAga ttctggtctg tttgct
AHNY Y

118



61

121

181

241

301

361

421

481

541

601

661

721

781

841

901

961

1021

Appendix 1-2L
Nine-banded armaidillo beta-globin gene sequence

tataaagaga caccATGGTG AACCTGACCT CTGACGAGAA- GACTGCCGTC CTTGCCCTGT
V NLTS DEK TAV L AL

GGAACAAGGT GGACGTGGAA GACTGTGGTG GTGAGGCCCT GGGCAGgttt gtatggaggt

WNKV DVE DCGG EAL GR

tacaaggctg cttaaggagg gaggatggaa gctgggeatg tggagacaga ccacctectg

gatttatgac aggaactgat tgctgtctcc tgtgetgett tcacccctea gGCTGCTGGT
L LV
CGTGTATCCC TGGACCCAGA GGTTCTTITGA AAGCTTTGGG GACTTGTCCA CTCCTGCTGC
VYP WTQR FFE SFG DLST P A A
TGTGTTCGCA AATGCTAAGG TAAAAGCCCA TGGCAAGAAG GTGCTAACTT CCTTTGGTGA
VFA NAKY KAH GKK VLTS FG E
AGGTATGAAT CACCTGGACA ACCTCAAGGG CACCTTTGCT AAACTGAGTG AGCTGCACTG
GMN HLDN LKG TFA KLSE L HC
TGACAAGCTG CACGTGGATC CTGAGAATTT CAAGgtgagt caatattctt cttcttectt
DKL HVDP ENTF K
ctttctatgg tcaagctcat gtcatgggaa aaggacataa gagtcagttt ccagttctca

atagadaaaa aaattctgtt tgcatcactg tggactcctt gggaccattc atttctttea
cctgctttge ttatagttat tgtttcctet ttttcctttt tctcttette ttcataagtt
tttctctctg tattttttta acacaatctt ttaattttgt gectttaaat tatttttaag
Ctttcttctt ttaattacta ctegtttect ttcatttcta tactttctat ctaatcttet
cctttcaaga gaaggagtgg ttcactacta ctttgcttgg gtgtaaagaa taacagcaat
agcttaaatt ctggcataat gtgaataggg aggacaattt ctcatataag ttgaggctga
tattggagga tttgcattag tagtagaggt tacatccagt taccgtcttg ctcataattt
gtgggcacaa cacagggcat atcttggaac aaggctagaa tattctgaat gcaaactggg

gacctgtgtt aactatgttc atgcctgttg tctcttecte ttcagCTCCT GGGCAATATG
LL GNWM
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Appendix 1-2L
Nine-banded armaidillo beta-globin gene sequence

CTGGTGGTTG TGCTGGCTCG CCACTTTGGC AAGGAATTCG "AETGGCACAT GCACGCTTGT
LVVV LAR HFG KEFD WHM HATC
TTTCAGAAGG TGGTGGCTGG TGTGGCTAAT GCCCTGGCTC ACAAGTACCA TTGAgctcct

FQKV VAG VAN ALAH KYH
ctcccaactt tccagttcct acaaaaggtg cttttgtcct cagagtccaa ctactgaatg

tgggaaaatt atatagagcc ttgggaatct ggttgtgect aataaagaac atttatttcc

actgcatttg tgtatttaaa ttatttctge atatctcact cagatgggea tatgggaggc

aag
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Appendix 1-2M
Pale-throated sloth pseudo-delta-globin gene sequence

tcactagcaa ctacaaaaca gacaccATGG TGTATCTGTT -TGCTCATGAG GTGTCTGCCG
VYLF AHE VSA
TCTCCGGCCT GTGGGGCAAG GTGAATGTGC AACAACTTGG TGGCGAGGCC CTGGGCAGgt
VSGL WG66K VNVQ QLG GEA L GR
tggtactgag gttataaagc agattaagga gggaggttgg aagctggget cctggagaca

gagcagtctc ctgggtttct gacaggcact gactccttct gtcccctgtg ctactttceac

ccttcagGCT GCTGGTCGTG TACCCCTGGA CCCAGAGGTT CTTTGAAAGC TTTGGGGACT
L LVV YPWT QRF FES FGD
TGTCCTCTGC TGATGCTGTG TTTTCCAATG CTGAAGTGAA GGCCCACGGC AAGAAGGTGC
LSSA DAV FSNA EVK AHG KKV
TGACCTCCTT CGGTGAGGGT CTGAGCACCT GGACAATCTC AAGGGCACCT ATGCTCACCT

L TSF
GAgcgagctg

égatgttcca
tgcctecaca
acatccttgt
gctcttactt
caatactcaa
attttctcca
agaaactgtg
agtcagtatc
cacactaact

tgggaataaa

G E G
cactgtgaca

atttttttca

ttecttttca

tttctttcaa

tactagectt

attatgcaga

aattggggtt

cataattttg

tgagcatgaa

aatcaatgaa

attgggatcc

LSTW TIS RAP MLT
agctgcacgt ggatcctgag aacttcaagg cgagttcagg

ttttcttgtc tttcactgta cttctttaac ttactagett

ctttttctat attttatcca ttaaatgctt tttagaattt

tattctttgt ttcctatctc atgaccttat tttacatcaa

tgcctctcte tecctattte ttaatgtttt ttccactaac

ccagctatta tctgctaatt ctacccttgg gaaattcttc

ggtaaagcct gaatcaaaga gaagaggcac atgatactct

aagtttgaat tgccagaagt caggaataaa ttgggaggag

agatcagaag gtcatatagg aagtgtgaga cagcccatat

tttgttaatt aatttataga ttcacttttt taaagttigg

gttttggcta gggtgtgggt agaataaatg ggcattaccc
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Appendix 1-2M
Pale-throated sloth pseudo-delta-globin gene sequence

cagtttctca gaagtcaagc tggattcgtc tgtgaaccat?gtcxatgtgt ctacctacct

ctgccctcag CTCCTGGGTA ATGTACAGGT GATTGTGCTG GCCTGCTGCT TTGGCAGGGA

LLGN VQV I VL ACCF GRE
ATTCACCCCG CAGTTGCAGG CTTCCTGTCA GAAGATGGTG ACTGCTGTGG CTATTGCCCT
FTP QLQA SCQ KMV TAVA IAL

GGCTCACAAG TACCATTGAC atcctggect gtttgctgge atccatcgga agtccatgtt

A HK Y H
tccgtatatt ctgtcctcag aacttgggga aaaaatgttc accatcaaga acattacttc

tgcctttttt ttaattctct ttatttaaat ttatttttgt tatttctgec taataaagat
ctttcatctc aacctgatga ttcatctcac ttattttctt tcatttttge tcagtctagt
ggtatgggaa gatcccttag ggtctacaaa tagggaactc atgtgtctta tgaaaagatg

tcaagggaaa tggaoagatg aaggaggtct
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Appendix 1-2N
Pale-throated sloth beta-globin gene sequence

actccctgga aggaagggga gggcccaggg cttggcg;ga_agggdggagq agggceagct

gctactcaca cttgcttctg acacagctgt gttcactagc aaccacaaca cagacaccAT

VHL ADDE KAA VSA LWHK VHYV
GGAAGAATTT GGTGGCGAGG CCCTGGGCAG gttggtactg aggttataag gcagattacg
EEF GGEA L GR
gagggatgat ggaagctggg ctcctggaga cagagcagtc tcctggtttc tgacaggeac

tgactcctte tgtcccctgt getactttca cccttcagGC TGCTGGTCGT GTACCCCTGG
L LVV YPW
ACCAGCAGAT TCTTTGAAAG CTTTGGGGAC TTGTCCTCTG CTGATGCTGT GTTTTCCAAT

TSRF FES FGGD LSSA DAV F SN

AKVK AHG KKV LTSF GEG L KH
CTGGATGATC TCAAGGGCAC CTATGCTCAC CTGAGCGAGC TGCACTGTGA CAAGCTGCAC
LDDL KGT YAH L SEL HCD KL1LH
GTGGATCCTG AGAACTTCAA Ggtgagcctg cgggcacttc agtgttctcc ttectectte

VDPE NFK
tttctatgat caagcttgtg tcatgggaoa agggcacagt atccagggtc cagtttggaa

aagaaaaaat cttctggttt tntacctatg gactccttgg agctatttat tttctttacc
tgctttgttc acaatcattg ttttctcatt tcattcttct ttttcttttc cataatttct
tctgecttta tttttattta aacttttcat tttgtgectt taaattattt ttaaactttc
ttcttttaat ccactatttt tcttatctct atattttctt tctctaatgt tttctttect
agcgaaggaa cggacagctg ctactttgca taggtctaaa gaatcactat gttaaagctc
taagttgagc tgggtgggga gagccatttc tgcatgtaca ctcaggctgg tgtgggagga

gcagcgtcag tggcagaggt aacatctgge tatcatcctg ctctngattt gtgggcaaac
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Appendix 1-2N
Pale-throated sloth beta-globin gene sequence

cctagncaca gtttanatga tgctggaata ttctgattcchgtitggggp cctctgttaa

ctatgttctt gectectttte tettecectc agCTCTTGGG TAACGTACTG GTGATTGTGC
LLG NVL VIV

TGGCCCGCCA CTTTGGAAAG GAATTCACTC CGCAGTTGCA GGCTGCCTAT CAGAAGGTGA

LARH FGK EFTP QLQ AAY QKV

CGACTGGTGT GTCTACTGCC CTGGCCCACA AGTACCACTG Agcaccactt tctgettt

TTGV STA L AHK YH
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Appendix 1-3. Lengths of exons and introns for sequenced ‘B-like’ globin genes.
Values do not include those of the initiation and termination odons. “--” denotes

missing data. I

Taxon Exon 1 Intron 1 Exon 2 Intron 2 Exon 3 Gene length
African elephant § 89 bp 128 bp 223 bp 729 bp 126 bp 1,295 bp
Asian elephant & 89 bp 128 bp 223 bp 729 bp 126 bp 1,295 bp
dugong & 89 bp 129 bp 223 bp 755bp 126 bp 1,322 bp
manatee § 89 bp 129 bp 223 bp 756 bp 126 bp 1.323 bp
rock hyrax & -- -- -- 739 bp 126 bp -
rock hyrax 8" 89 bp 132 bp 223 bp 728 bp 126 bp 1,298 bp
yellow-spotted hyrax 8% 89 bp 128 bp 223 bp 727 bp 126 bp 1,293 bp
tree hyrax &% 89 bp 128 bp 223 bp 726 bp 126 bp 1,292 bp
elephant shrew f 89 bp 125 bp 223 bp 601 bp -- -
sloth o 89 bp 129 bp 223 bp? 680 bp 126 bp 1,247 bp
sloth B 89 bp 128 bp 223 bp 611 bp 126 bp 1,177 bp
armadillo {3 87 bp 126 bp 226 bp 693 bp 126 bp 1,258 bp
armadillo 89 bp 125 bp 223 bp 611 bp 126 bp 1,174 bp
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Appendix 1-4. Lengths of additional sequence data obtained for the 5° external region
of sequenced ‘B-like’ globin genes, and positions of upstream features relative to the
putative CAP site. The positions of putative cap sites fromi-the inifiation codon
(“*ATG”) are also shown. Lengths of collected 5’ end sequence data do not include
that of the initiation codon. “--” denotes missing data.

. Length of
Taxon caccCsite | COMAT | app e | Putative | ed
site CAP site
external data
African elephant & - - - - -26 bp
-52bp
Asian elephant 5 | "o bP- 75 bp 31bp from -400 bp
p lIATG"
105 bp, -31bp -52 bp
dugong & 90b -76 bp mutated into from -778 bp
p " GTAH "ATG"
-105 bp, -31 bp -52 bp
manatee & 90b -76 bp mutated into from -208 bp
p 1t GTA" "ATG"
rock hyrax &% -- - - -- -26 bp
yellow-spotted
hyrax 8" N B B - -26 bp
tree hyrax 8" -- - - - -14bp
distal absent;
proximal at -52bp
elephant shrew B -89 bp, -75 bp -30 bp from -670 bp
mutated into "ATG"
"CACTC"
sloth 8 -- -- -- -- -26 bp
-51 bp
sloth B -- -- -31bp from -118 bp
“ATGII
armadillo o - -- -- - -14 bp
armadillo p - - - - -14 bp
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Appendix 1-5. Lengths of additional sequence data obtained for the 3’ external region
of sequenced ‘B-like’ globin genes, and positions of poly-ddenylation signals
(AATAAA) relative to the termination codon. Lengths of collected 3’ end sequence
data do not include that of the termination codon. “--” denotes missing data.

Taxon AATAAA signal L?iﬁg;ig})gaied
African elephant 8 +103 bp 417 bp
Asian elephant § +103 bp 418 bp
dugong 6 +104 bp 533 bp
manatee & +104 bp 156 bp
rock hyrax & +99 bp 702 bp
rock hyrax &% +102 bp 279 bp
y el;;,‘f;p S od +102 bp 279 bp
tree hyrax 8™ +102 bp 279 bp
elephant shrew & +95 bp 180 bp
sloth Yo +152 bp 311bp
sloth - 17 bp
armadillo 4§ - 18 bp
armadillo +106 bp 189 bp
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Appendix 2-1. Primers used in the (A) amplification and (B) sequencing reactions of
'e-like' globin genes. -

(A) Primers used in polymerase chain reactions.

Primer Name Sequence

HBB-12(R) 5'GCCACCACCTICTCATAGGCAGC 3

HBBG-1(F) 5'CCATCATGG GCAACCCCAGG 3

HBG-4(F) 5 CTG TCATCACCACGAACT 3

HBG-5(F) 5'CCAAGACCGGACACCATG 3

HBG-6(R) S'TTAATT GTG CTGTCATGT GAA 3

HBG-7(R) S'AACAAGCCTTCTCCCTATT3

MNT-GA(F) 5'CCATGG CGAGAATGTGCTGAAC 3

DUG-GAR) 5' GAT GGT CCTACT TAT GCT CAGATC AGT GCT 3'
DUG-GB(R) 5' TGA GGC TAAACA CAAGAAAGCACAGACATA Y
ELE-GBR) 5'TGA GACAAAACA CAAGAGAGCACAAACATA 3
DUG-GC(R) 5'GTG CAG CTCACT CAG CTTACGAAAGGT 3
DUG-GA(F) 5'ACT GGG TAAGAC CACAGC CTTTGAG 3'
DUG-GB(F) 5'GGC CAGACTGGAACTCTCTGCTCAC 3
DUG-GC(F) 5' GGG AAA CGT GAT AGT GAT TGT CTT GGC 3'
GGW-A(F)-RH 5'CTA CAGATG CCAAGC TGGATC GCTTTGTTA 3'
GGW-A(F)-STH 5'AGG AGT GGG TAG GCA GTAATG GTATTTAGC 3'
GGW-B(F) 5'CCCAACAGCTCCTGG GCAATGT?3
GGW-C(F)}-ESH/STH 5S'TGGCTTCACATITTIG GCAAGGAGTT?3'
GGW-C(F)-RH 5'GCT CGG CAC TTC CGT GAG GAGTTC 3
GGW-AR)-RH 5'AAT GAC GCAACG CAATCAAGTAAG TAGAGA 3
GGW-A(R)-STH 5'CTC CTAACACTGAAC TTGACC CATTATT 3"
GGW-B(R)-RH/ESH 5'TGT CCATGT TCT TAACAG CTTCTC CA 3
GGW-B(R)-STH 5'TGA GGT CAT CCATGT GCT TAA CAG CATCT 3'
GGW-C(R) 5'GTCAGCACCTICTTG CCATGAGCCTIG 3

(B) Primers used in sequencing reactions at the Unversity of Calgary DNA core laboratory.

Primer Name Sequence
M-13(F)-40 5'GTT TTC CCAGTCACGAC 3
M-13(R) 5'AACAGC TAT GAC CAT G 3'
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Appendix 2-2. DNA sequences of the ‘s-like’ globin genes-amplified in this study.
Exons are identified by CAPITAL letters, while introns and external gene sequences are
represented by lower case letters. The 5° flanking transcriptional control motifs
(CACCC, CCAAT, ATA) and 3’ poly-adenylation signal (AATAAA) are underlined
within the 5” and 3’ flanking regions of each gene sequence, respectively. Within each
coding block, translated amino acids are listed below their corresponding base triplet.

Appendix Page
2-2A African elephant y-globin gene sequence 130
2-2B Asian elephant y-globin gene sequence 132
2-2C Dugong y-globin gene sequence 134
2-2D West Indian manatee y-globin gene sequence 136
2-2E Bushveld elephant shrew e-globin partial gene sequence 138
2-2F Pale-throated sloth e-globin gene sequence 140
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Appendix 2-2A
African elephant gamma-globin gene sequence

GTGCATTTTA CTGCCGAAGA GAAGGCTGCT ATCGCAAGCC-TATGGGGCCA GGTGAATGTG
VHFT AEE KAA I ASL WGQ VNV

GAAGAGACGG GAGGCGAGGC CCTGGGCAGY tacattctgg gaagcagcgg aggggaggga

EETG GEA L GR
ataaaggaag ctgagcctgg caagaatgca gaccagttac caagttttgt gactaggtct

gattttccat ctgttatggt tccatcccat agGCTTCTGGE TTGTCTACCC TTGGACCCAG

LLV VYP WTAQ
AGGTTTTTTG ACACCTTTGG CAACCTATCC TCTGCCTCTG CCATCATGGG CAACCCCAGG

RFFD TFG NLS SASA IMGNTPR

GTCAAGGCCC ATGGYAAGAA GGTGCTGACC TCCTTTGGAG ATGCTGTTAA GAACCTGGAC

VKAH GKK VLT SFGD AVK NLD
AACCTCAAGG GCACCTTTGC TAAGCTGAGC GAGCTGCACT GTGACAAGCT GCACGTGGAT
NLKGTFA KLS ELHCDIKTL HVD
CCTGAGAACT TCAGGgtgag tccaggatat gtttgtgctc tettgtgttt tgtctcagge

P ENTF R
aacttggaca accaagcact gacctgagca caagtaggac catctatggg ctgtgaggta

tttggagatc ttgggttagt aataaagcaa ctccagagag ctgaattcaa actaggtgtt
acagtaacaa ggctcaagaa gtgcttgtag aagtctacag tggtgacttg tctaaactct
gttggctttt aatggagact tgtgtacaga tgagaaaaat gtcttttggt aattggaatt
ccgtggaaag gagaactttg cttttcttte cteccteate tatcaccgee tgccecteat
atgttggagg tagaaaaaga atgtcatggg tgacgataca tgcagacatg tattggttaa
ttataacaaa gaaacctggg tggtcatgtg tatattacta aggctattcc tatacttggt
ggccatttgt acaaaaatgg taatacctsc tttcaaactt ttttccgaaa actcgaggag
taagacaaaa tgtgtctgag ggagggaaac aactggaata tgtgaccaag gagggtatgg

aatagaaagc tgtgaagttt tatttttget tttttcctce caaaaaagea tatggagata
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Appendix 2-2A
African elephant gamma-globin gene sequence

gtgctggtag gaagatcada aaaatgaaac cgtgagtgta -gggcagtaca aaaagagaag
caaattagct atgttaataa ctgggcaaga ccatagectt tgaggaaget aacatagact
tagttaggtc tgagtggcag ctgggtggec agatactcgg aggccagact ggagctctcg

gctcacaaca tgaatccata ggaatgcatc tgttgtctgt ttctacctce acagCTCCTG
L L
GGAAATGTGC TAGTGATTGT CTTGGCAAAC CACTTTGGCA ARGAATTCAC CCCCCAGGTG
GNVL VIV LANUHFGK EFT PQV
CAGGCTGCCT GGCAGAAGAT GGTGACGGGC GTGGCCAATG CCCTGGCCTA CAAGTATCAC
QAAW QKM VTG VANATLAY KYH
TGAgctccte gt
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Appendix 2-2B
Asian elephant gamma-globin gene sequence

gtggtcacca cgaactccca ageccagaca ccATGGTGCA -TITFTACTGCC GAAGAGAAGG
VH FTA EEK

CTGCTATCAC AAGCCTATGG GGCCAGGTGA ATGTGGAAGA GACCGGAGGC GAGGCCCTGG

AAIT SLW GQVN VEE TGG E AL

GCAGgtacat tctgggaagc agcggagggg agggaataaa ggaagctgag cctggcaaga

G R

atgcagacca gttaccaagt tttgtgacta ggtctgattt tccatctgtt atgattccat

cccatagGCT TCTGGTTGTC TACCCTTGGA CCCAGAGGTT TTTTGACACC TTTGGCAACC
L LVV YPWT QRF FDT F GN

LSSA SAI MGNP RVK AHG KKV
TGACCTCCTT TGGAGATGCT GTTAAGAACC TGGACAACCT CAAGGGCACC TTTGCTAAGC
LTSF GDA VKNL DNL KGT F AK
TGAGCGAGCT GCACTGTGAC AAGCTGCACG TGGATCCTGA GAACTTCAGG gtgagtccag

LSEL HCD KLHV DPE NTFR
gatatgtttg tgctctcttg tgttttgtct caggcaactt ggacaaccaa geactgatct

gagcacaagt aggaccatct atgggctgtg agatatttgg agatcttggg ttagtaataa
agcaactcca gagagctgaa ttcaaactag gtgttacagt aacaaggctc aagaagtgct
tgtagaagtc tacagtggtg acttgtctaa actctgttgg cttttaatgg agacttgtgt
acagatgaga aaaatgtctt ttggtaattg gaattccgtg gaaaggagaa ctttgctttt
ctttcctece teatctatca cegectgece cteatatgtt ggaggtagaa aaagaatgtc
atgggtgacg atacatgcag acatgtattg gttaattata acanagadac ctgggtggtc
atgtgtatat tactaaggct attcctatat ctggtggeca tttgtacaaa aatagtaata
tctectttea aacttttttc tgaaaacteg aggagtaaga caaaatgtgt ctgagggagg

gaaacaactg gaatatgtga ccaaggaggg tatggaatag aaagctgtga agttttattt

132



1081

1141

1201

1261

1321

1381

1441

1501

1561

1621

1681

1741

Appendix 2-2B
Asian elephant gamma-globin gene sequence

ttgctttttt cctecccaada cagegtatgg agatggtgct?ggtgggaaga tcaaaaaaat
gaaaccgtgg gtgtagggca gtacaaaaag agaagcaaat tagctatgtt aataactggg
caagaccata gcctttgagg aagctaacat agacttagtt aggtctgagt ggcagttggg
tggccagata ctcggaggec agactggage tcteggetca caacatgaat ccataggaat

gcatctgttg tctgtttcta cctecacagC TCCTGGGAAA TGTGCTAGTG ATTGTCTTGG
L LGN VLV I VL

CAAACCACTT TGGCAAAGAA TTCACCCCCC AGGTGCAGGC TGCCTGGCAG AAGATGGTGA

ANHF GKE FTPQ VQA AWOQ KMV

CGGGCGTGGC CAATGCCCTG GCCTACAAGT ATCACTGAge tcctcgcaat aggaagaaga

T GVA NAL AYKY H

cttatttttc acatgacaac acaattaatt aaaagtattc tgttaagaaa taagatgtaa

tggactcctg ttgtttcttt ttcatgtgge cttaagtaca cgaatttcca ggggttttat
gttggggtgt gtgtgtgctc cctattcact tttggcaaaa ggtangaatt ttgataataa
aagaacaagg caataaagga acatacactg ggagttctga aaggaacaga aaaatctctg

ggatagtttt ggtgggagag aaagggcttt attggacagg gactcctcag aactagat
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Appendix 2-2C
Dugong gamma-globin gene sequence

atcacagatg tgaatgtcca ttttaactct tccatgcctafqaggccgcgc ccecgececceg
gcctgatage ctagegttga ccaatagect catagcaaaa ggaagaacaa agggecagtg
gccagggata aagaataaaa agccacatgt tccagttgea geacatacat ccttctgaca

catctgtgat caccacaaac tccaagaccg gacaccATGG TGTATTITAC TGCTGAAGAG
V. YFT AEE
AAGGCTGCTA TCACAAGCCT GTGGGGCAAG GTGAATGTGG AAGAGGCTGG AGGCAAGGCC
K AAI TSL WGGK VNVE EAG G KA
CTAGGCAGgt agattctgga gggtagggga agggagggaa taaaggaagc tgagcttgge
L G R
aggaatgcag gtctgttacc aagtcttgtg acaagctctg atttaccatc tgctatgatt

ctatcctgta gGCTCCTGAT TGTCTACCCT TGGACCCAGA GGTTTTTTGA CAAATTTGGC
LLI VYP WTQR FFD KFSG
AACCTATCCT CTGCCTCTGC TATCATGGGC AACCCCAAGA TCAAGGCCCA TGGCAAGAAG
NLSS ASA IMGNPIKTI KAH GKK
GTGCTGAACT CCTTTGGCGA TGCCGTTGAG AACCCGGACA ACCTCAAGGG TACCTTTGCT
VLINS FGGD AVE NPDNLKG TFEFA
AAGCTGAGTG AGCTGCACTG TGACAAGCTG CTTGTGGATC CTGAGGACTT CAGGatgagt
KLSE LHCIDIKL LVDP EDTF R
ctaggatatg tctgtgcttt cttgtgttta gectcagaca gecttagacaa ctgageactg

atctgagcat aagtaggacc atctatggec tgtgagatat ttggagatct tgggttagta

acaaaacaat tccagaggge tgaattcaaa ctaagtgtta tggtaacaag gctcgagaag

tgcttctagg agtctggagt gacttgtcta aactctgttg gettttagtg gagactcgtg

tagagatgag gacgtctttt ggtaattgga atcctgtaga aagaagaatt ttgcctttct

ttccteacgt atctatcact gectgeccee catatgtagg aggtagaaaa agaatgtcca

gtgggacaat acacgcagac atgtattggt taattataac aaagaaactg ggtggtcatg
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Appendix 2-2C
Dugong gamma-globin gene sequence

catatattac taaggctatt cctgtactgg gcaggcattt-gtgcaaaatc tactaatgtc
tcctttcaaa cttatttect aaaactctag gagtaaggea aagtgtctct gagggaaggg
aaaccaactg gaatatgtdg cagaggaggg tatggaatag adagctgtga gggttttatt
tttgtccece acccccacce cccaccaaaa aaaaaaagta tgtggagatg gtgctggtag
gaagatagaa agagtgaaat catggatgtg ggtcagtaca gaaagggaag caaattagct
atgtttaata actgggtaag accacagect ttgagaaage taacatagac ttaggectta
gtggcagttg ggtggccaga ttcttggagg ccagactgga actctctget cactatatga
atccatagga atgtgtctgt tatctctttc tacccctaca gCTCCTGGGA AACGTGATAG
L LG NVI
TGATTGTCTT GGCAAACCAC TTTGGCAAAG AATTTACCCC CCAGGTGCAG GCTGCCTGGC
VIVL ANH FGKE FTP Q VQ AAWVW
AGAAGATGGT GACTGGTGTG GCCAGTGCCC TGGCCCGCAA GTATCACTGA gtatctcata

Q KMV TGV ASAL ARK YH
atagggagaa gccttgttct tcacatgaca geacaattaa taaaattatt ctgttaataa

gtaagattta ctagactcct attgtttctt tttcatgtaa ctttaagtaa atgaattccc
agggatttta tgttgggggg gtgtgtgtgt gctccccatt cactgtttgc aaaagatgaa
gattttgaca agaaaataag agaacaggac gataaaggaa catccctggg agttctgaaa
gggaaagaaa aatctctggg agagttttgg tgggaaagga agggctttat dggacaagga

ctcctcagaa ctaaatattt ttgagcagtg ggaaaagact tcagggaaag tagcagagge
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Appendix 2-2D
West Indian manatee gamma-globin gene sequence

tcatagcaaa aggaagaaca aagggccagt ggccagggat -aaagaataaa aagccacatg
ttccagttge agcacataca tccatctgac acatctgtga tcaccacaaa ctecaagacc

ggacaccATG GTGGATTTTA CTGCTGAAGA GAAGGCTGCT ATCACAAGGC TGTGGGGCAA

VDFT AEE KAA ITRL WGZK

GATGAATGTG GAAGAGGCTG GAGGCAAGGC CCTGGGCAGY tagattctgg gggatagggg
M NV EEAG GKA L GR

aagggaggga ataaaggaag ctgagctagg caggaatgca ggtctgttac caagttttgt

gacaagctct gattttccat ctgctatgat tctatcctgt agGCTCCTGA TTGTCTACCC
LLI VYP
TTGGACCCAG AGGTTTTTTG ACAACTTTGG CAACCTATCC TCTGCCTCTG CCATCATGGG
WTQ RFFD NFG NLS SASA IMG
CAACCCCAAG GTCAAGGCCC ATGGCAAGAA GGTGCTGAAC TCCTTTGGAG ATGCCGTTAA
NPK VKAH GKK VLN SFGD AVEK
GAACCCGGAC AACCTCAAGG GTACCTTTGC TAAGCTGAGT GAGCTGCACT GTGACAAGCT
NPD NLKGTFA KLS ELHCDKIL
GCTTGTGGAT TCTGAGAACT TCAGGatgag tctagggtat gtttgtgctt tcttgtgttt
LVvD SENTF R
agcctcagac agcttagaca actgageact gatctgagca taagtaggac catctatgge

ctgtgagata tttggagatc ttgggttagt gaaaaaacaa ttccagaagg ctgaattcaa

actaagtgtt atggtaacaa ggctcaagaa gtgcttctag gagtctagag tgacttgtct

aaactctgtt ggcttttaat ggagactcgt gtagagatga gaacaatgtc ttttggtaat

tggaatcctg tagaaggaag aattttgect ttetttecte acgeatctat cactgectga

cccccatatg taggaggtag aaaaagaatg tccogtggga cgatacacge aggcatgtat

tggttaatta taacaaagaa actgggtggt catgeatatg tcactaagge tattcctgta

ctgggcagge atttgtgcaa aatctactaa tgcctecttt caaatttata tcctaaaact
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Appendix 2-2D
West Indian manatee gamma-globin gene sequence

ctgggagtag gacaaagtgt ctctgaggga gggaaacaacjﬁgggqtatgt ggcagaggag
ggtatggaat agaaagctat gaggttttat ttttgttcce cccaccaaao aaaaaaagta
tgcggagatg gtgctggtag gaagatagaa agagtgaaat catggatgtg ggtcagtaca
gaaagggaag caaattagct atgtttaata actgggtaag accacagctt ttgagaacge
taacatagac ttaggcctta gtggecagttg ggtggccaga ttcttggagg ccagactgga
actctctgct cactatatga atccatagga atgtgtctgt tatctctttc tacccctaca

gCTCCTGGGA AACGTGCTAG TGATTGTCTT GGCAAACCAC TTTGGCAAAG AATTTACCCC
LLG NVLV IVL ANHFGKE FTP
CCAGGTGCAG GCTGCCTGGC AGAAGATGGC GACTGGTGTG GCCAGTGCCG TGGCCCGCAA
Q VQ AAWQ KMA TGV ASAV AREK
GTATCACTGA gtacctca
Y H
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Appendix 2-2E
Bushveld elephant shrew epsilon-globin partial gene sequence

GTCAAGGCTC ATGGAAAGAA GGTGCTGACC TCCTTTGGAG -ATGCAGTTAA GAACATAGAC
VKAH GKK VLT SFGD AVEK NTIOD
AATCTCAAGG GAGCTTTTGC TAAACTAAGT GAACTGCACT GTGACAAGTT ACATGTGGAT
NLKG AFA KLS ELHCTDI KL HUVD

CCTGAAAACT TCCGGgtaag
P ENTF R
ttattatgga ataataatta

gaaagccaaa

gttggcataa

tcagtttaaa

tgaggaagaa

tatggaggaa

tatattaaat

atgactttaa

gcataaggta

ggatgtagct

atgctatctt

tattcagttt

ctctttgtca

accaacaaaa

ttatagccta

aaagaaccca

caggtaaact

aatgataaat

aatctatcaa

caaaattatg

atttataaat

aagaggaggc

acttgagtat

tacccectee

ttttgtcttt

tccagaagat

ataataataa

ctctaaaata

ttaggctcag

aacatttaac

ttattctctg

attttgtttc

tatcatatcce

cctaaggagc

tagaaaggga

ataatgttga

aatggagaag

cccaaaaaaa

gttcacttgg

taacaacaat

ataatttggt

aggtgaagtc

agaatcagat

tgaatctaaa

ttgaagaaaa

aaagagactt

tecttgtgtcec

ggcaaacaad

acagagagtt

tttgagatag

attattttta

tttggttttt tttttaattt

aatagataac cctttgacta

gttaaaagag taagcttctg

aataagggat gttagatacc

gtattcatcc taaagaatac

agatttcagt atgtcaataa

agataataca atttataaaa

ttttctttct geattgattg

ctgaaatcct acaattataa

atagtacagt ggatagaaaa

taaaataatg ttgaatatag

gaaatgatca aggatatggg

gaactctcta ctcaatatgt

tceccaatag CTCCTGGGCA ATGTGATCGT TATCATCATG

LLGN VIV IIM
GCTTCGCATT TTGGCAAGGA GTTCACCCCT GAAGTGCAGG CTGCTTGGCA GAAACTGGTG
ASHF GKE FTP EVQA AWQ KLV
GCTGGTGTTG CCACTGCTCT GGCTCACAAG TACCATTGAg tcctcttget ctcatgcaag
AGVA TAL AHK YH
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Appendix 2-2E
Bushveld elephant shrew epsilon-globin partial gene sequence

wer  tgcceegtgt teccaccace tttattctte acatgacage acaattaaa
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Appendix 2-2F
Pale-throated sloth epsilon-globin gene sequence

caaaggcggt gtataccctt cactgctgac cctetgetga-ceceageteca cccctgaggg
acacagctca geectgacca atgactgtga agtaccaggg gaacaagggg ccagaggtac
acagtgaaga dtaaaaagcc acatcttcta gaagcageac agctctgett ctgacacgtc

tgtgatcacc agccageatt tagatcctac atcATGGTGC ATTTTACTGC TGAGGAGAAG
VH FTA EEK
GCTACTGTGG CGAGCCTGTG GGGCAAGGTG AACGTGGAGG AGGCTGGCGG CGAGGTGCTG
ATVA SLW 6KV NVEE AGG EVL
GGCAGgtagg catttgggtc tcaacgcagg ggaaagaagg tgaatgcaag cctggaaaat
G R
tgacaagaaa tagccaanagg atttctgtgt ctctgatttt ccattttcta tggtctcatc

tcatagACTT CTGGTTGTCT ACCCCTGGAC CCAGAGATTT TTTGACAACT TTGGTAACCT
L LVVY PWT QRF FDNTF GNL
GICTTCTTCC TCTGCAATCA TGGGCAACCC CAAGGTCAAG GCCCACGGCA AGAAGGTGCT
$SSS SAIM GNP KVK AHGIK KVL
GACCTCCTTT GGAGATGCTG TTAAGCACAT GGATGACCTC AAGGGCACCT TTGCCCATCT
TSF GDAV KHM DDL KGTTF AHL
GAGCGAGCTG CACTGTGACA AGCTGCACGT GGATCCCGAG AACTTCCGGg tgagtccagg
SEL HCDIK LHV DPE NFR
aaaggagcat gtgcccattt ttgcttttta cttattctga aataatgggt caagttcagt

gttaggagga cagaactcta gttggcataa ccaataccaa ctagtctcag aagtggaacc

agtatgggtc tactaccage ctgattttcc ctaaaacctt ttagggactc tagccaatat

tagttgtgtt tatcctggag agtattggtg agtagcagaa ctgtgcaagg agaaatcaaa

tttggctact tatagatgaa ggactatata aaagatggaa taagccttat tttgttgagt

actaaggatt gatttggaga aaaatttgag acagattttt tcaaagaaaa atacacaaat

ttcctaatat atattaaatt ccctgtcagt attgtgttca agaaaagget tgtccctata
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Appendix 2-2F
Pale-throated sloth epsilon-globin gene sequence

ttggctggag attttaactc cctctgagaa

ggagtgagat aactggtaaa tgagtgaagg

gaggtgggaa tatacatagg cagaatactg

ccaggatcta gctaatttga gcacattgga

aggagtgggt aggcagtaat ggtatttage

tctgttcaca tgcctgtgtg ttgtctgect

GTGGTTGTTT TGGCTTCTCA TTTTGGCAAG

accttQCGQCfggtgaactgc tttgattaca
aagtaaataa aacagctgaa ttgggcaaag
gactgatggc tcataaaagt aatattgaac
taggcacaac tcttggageca gtttgaggtg
cattttatct gaaaattctt tttggaaact
ttccectaac agCTCCTGGG CAATGTGATG

LLG NVWM
GAATTCACTC CCGAAGTGCA GGCTGCTTGG

VVVIL ASH FGK
CAGAAGTTGG TGGGTGGTGT TGCCAATGCT

EFTP EVQ AAW
CTGGCTCACA AGTACCACTG Agccttctgt

Q KLV GGV ANA
ccacctcgtc agggecectg tgtccccage

gctttgagag cacagcttct ccttaataaa

ttccttcate ttttgttctt gttttaaagg

gagacataag cataaacaag tgctcttttg

tagaagttaa cgggaacgtt ctaggaggcee

tctaaggegt ggaaaagget tctgtgaagt

aacttacaca aaggaaggaa ggggatggta

tgtggtaaat acatgcagac atacatacat

ccaagttcta gcctagaget actatttcaa

gcttgtcaga atgtttgtga gg
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L AHK YH
catccttctg cacgtgttta atgggttttg

gtgcattcta ttcagtaatt aatattttot
aggaagggtt cattggctga ggggtgggaa
aggagggttt gagttctcat caaaggaagg
aaggggcata ctaagatgca gaaggagttt
ggacaggtac ttgtggggcg gtgtggcaaa
agcagtgttt gagaaagaag aaagcagatt
aaaataataa aaaataagct ttgtagggat

tttgctctaa cacatatttt taagcagcca



Appendix 2-3. Lengths of exons and introns for ‘e-like’ globin genes. Values do not
include those of the initiation and termination codons. “--” denotes missing data.

Taxon Exon 1 Intron 1 Exon 2 Intron 2 Exon 3 Gene length
African elephant y 89 bp 123 bp 223 bp 879 bp 126 bp 1,440 bp
Asian elephant y 89 bp 123 bp 223 bp 879 bp 126 bp 1,440 bp
dugong vy 89 bp 123 bp 223 bp 887 bp 126 bp 1,448 bp
manatee y 89 bp 123 bp 223 bp 876 bp 126 bp 1.437 bp
elephant shrew ¢ - -- -~ 795 bp 126 bp -
sloth ¢ 89 bp 121 bp 223 bp 773 bp 126 bp 1,332 bp
armadillo ¢ 89 bp 125bp 223 bp 819 bp 126 bp 1.382bp
armadillo Py 116 bp 122bp 200 bp 854 bp 126 bp 1,418 bp
armadillo Yn absent absent absent ~817 bp 125 bp n/a
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Appendix 2-4. Lengths of sequence data obtained for the 5° external region of ‘s-like’
globin genes, and positions of upstream features relative to the putative Cap site. The
positions of putative Cap sites from the initiation codon (“ATG?) aré also shown.
Lengths of collected 5’ end sequence data do not include that of the initiation codon.
“--” denotes missing data.

Taxon CACCCsite | CCAAT | app g | Putative | Length of obtained
site Cap site 5" external data
Asian elephant y - - -- -- -32bp
dugong y absent -84 bp -30bp -52bp -216 bp
manatee y - -- -30bp -52 bp -127bp
sloth & -112bp -83 bp -30bp -53 bp -213 bp
armadillo & -111bp -82bp -32bp -54 bp n/a
-103 bp,
armadillo ¥y mutated into -69 bp -28 bp -9bp n/a
CTCCC
armadillo ym) absent absent absent absent n/a
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Appendix 2-5. Lengths of sequence data obtained for the 3’ external region of ‘s-like’
globin genes, and positions of polyadenylation signals (AATAAA) relative to the
termination codon. Lengths of collected 3’ end sequence data do not include that of
the termination codon. “--” denotes missing data.

Taxon AATAAA signal L?iﬁ;ﬂ:}ﬁaﬁi&ed
African elephant y - +9 bp
Asian elephant y +197 bp, +213 bp +320 bp
dugong y +48 bp, +65 bp +371 bp
manatee y - +8 bp
elephant shrew ¢ - +70 bp
sloth ¢ +93 bp +571 bp
armadillo e +32 bp n/a
armadillo ¥y +29 bp n/a
armadillo ym +118 bp n/a
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