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Abstract

Vertebrate limb development is controlled by an elaborate and complex network of
developmental genes and pathways. Alterations in the expression of these genes has resulted
in the evolution of a diverse range of limb morphologies adapted to environmental and
functional needs. One particular vertebrate with a unique limb morphology is the ostrich
(Struthio camelus). S. camelus possesses two digits on its hind limb making the limb lighter
and more better adapted to running on plains. It has been observed during the development of
S. camelus that five digit primordia arise in early development, only for three to be eliminated
later in the development process. We hypothesised that these digits are lost during a post
pattering process involving programmed cell death driven by the genes Msx2 and Bmp4. In this
investigation we utilise whole mount in situ hybridisation to show that Msx] and Msx2
expression expands into the domains of the eradicated digits. TUNEL assays and
immunocytochemistry using Sox9 antibodies show a reduction in digit primordia, and possible
co-localisation of apoptotic nuclei with the eradicated digits. The recapitulation of the S.
camelus Msx2 promoter expression in G. gallus was not achieved, but it is shown that a 3.5kb
upstream region of S. camelus Msx2 gene is able to drive expression in G. gallus. Despite this,
presented data is sufficient to suggest that digit loss in the developing hind limb of S. camelus

takes place post patterning and is driven by Msx/ and Msx2 programmed cell death pathways.



Acknowledgments

I would like to acknowledge and thank the following:

® My supervisor Dr N. Nikitina

@ National Research Foundation

® Prof U. Ripamonti and Mrs R. Parak of the Bone Research Unit
¢ Mr P. Selahle of the Central Animal Services

e The Agricultural Research Council

® Buffelskom Boerdery



Table of Content

ADSITACT . c.cuiiteteics i s s s ba et b et s e et e R R et st £t Hemen e sene s e n e e 3
ACKNOWIEAZMENLS .. ce.vniviieisienesreesneanesceseesnes et setsesste st sesn s essssas st se et ses e sae s eb s bttt se s sen e et e essns s e 4
L TESUOF FLGUIES ....ovecesiissc et cesesesenes et se st ve st et e st sersssras e shas s s sessesseenm st ser s eeenntan et oen 7
I LSt Of TaDIE..ouuiiuiieisierscrsrscesn e s sse st sttt st s s se e e s st s sn s e s e m e 8
HI. LSt Of APPENGICES ...cueeieeieercmersseseaerersensses e sssseessssessasssassastessns b ssbassss s senssass sbessmnsssessseasessesans 8
1.1 Tetrapod Limb DEVEIOPINENL .....c.c.viireritinmrrsrrsssssssnesesesnsseassssseeresssssssssssensenssesssssemsessesssessessessasane 9
1.2 Limb MOGIfICALON ..ot iniisirencssnsenisseseseinssssssssssseeseessssesssessssssesrassessesrassssssssssnssssssssesnnses 14
1.4 Programmed Cell Death During Limb DeVElOPmENL .......c.ccveueevsreirinsensensisee e isssssesesssessesnesens 18
.5 ADOPLOHC GERES.....cveteistreermaiessesssasessssesiessseessass e e ssastas st eveebsserssesssssessssessssssnessnssssnssnssnssassnnss 22
LS. BIDPA ettt em e cseee e s se e e se s s sab e bae s e e tse s bbbt s b ee et s et ad 22
L.5.2 MSX1 ANA MSX2......cocuieiriiecesisiesresest et s tsssssras b sessessss s ssasssssessses st sssssasmssssssassonsa s sees 23

2.1 TiSSUE DHSSECHOMN 1uuvverernerireeesseieasesisessessssi et s st ebas s s st nese e sba s b s s e ettt oot sranarenr s ae 25
2.2 NUCIeiC ACIH EXIACHON. ......uevucourarrernereeesesssatreass e seasaesiesssstossessssesesssas s es st sessmesesseesssssnesnenne 26
2.3 Whole Mount In Sitt HybridiSBHOM. ... ocrvsveiveceereemeimnseressessensssessessssissssssssssseseessesesssessesmeseses 26
232 PCR. i e ek s s et b at ettt s e et 27

2.3.3 CIONING e vrirerrieritnsen st se bttt ses et snssssassses e sessnssenssnssnsas snstsbaesessnnsnssuenssnessnssssssessne 27

2.3.4 PTODE SYMNESIS ..ouvriiriremrenerrnreiesssssarassssrestsssssssssssessassessssaseassessrsssessssssssssoensasessassssrsnmmenns 28
2.3.5 Whole-mount In Sitt HybridiSation.........uuecoremeeesineseeranssenssssssisssssssssssssssssessseesssessssseeenes 28
2.4 Cell DEath ASSAY......uvisesssessureerersesneiisnessssresssessssssssssesssssssssssss shsssestvesesssss sessasssssssesessessnenesssssnesss 31
2.4.1 CryOSECHONINE 1uvvvsrerereresnermstsremsssessesessisesessessebsesrasssssassstsssssns st stsntassssasassnssssesoasossesssomnaens 31
2.4.2 TUNEL and InmunoCytOCHEIMISIIY .vvuiuiucrersrsessiesmsrssssmesssssssssssssseessessssnesssessesessensnseseseesane 32
2.5 MSX2 PromOLer ADALYSIS......coverrerrmeecsurrsessersaesrsmssesssesesssssssssnssresssssestssssssssseesoesemesssessassesseassonses 33
2.5.1 BIOIMTOITIALICS . c.ueueueecinnieriessnesinerisinase e sar s seneseas e s ass e e massssnsn st sts e e s et seseessnenesaenese e sen 33
I L 1 OO OO 33
2.5.3 ClOMING...ouviiiriesitrstineassersesessss s asesetsasns s sessasassssessssnsrsesassseseesssnsssessessesnessenasesssssssessass 34
2.5.4 ElECITOPOIALION. 111eceereeeescesceseesssees seesesses s ess s as st st a b s s ras s rae e s s st sae s ene s snesasaesas e st sebensane 35
CRESUIES ... e e b et st et e e et s 37
3.1 NUcleic ACId EXtTraCHON . cueuviiiieissseimeivesessssersnessssesssesssaessssssstessssssssssaresessesmesssssssssssssssossesseseseses 37
3.2 G. gallus BMP4 CIONING 1voriserrieerrereseerrssnsiesssersesiesiesssssssesssssissmstsssessssssisssssssssssserssesessessssssasens 37
3.2 PrODE SYNTNESIS .. cuoterreeucereresereisuer s erastsssen et es et s e e s ns s s s seseae s sasns s snssaemsessebsessa s e e senmnas 40
3.3.1 BIMNP ©XPIESSION. ruiuiiririisstsireirmnsrsssnessnarssasssssssssaststssastasiassesssssss srasessssesassssessessssassesssnssessesens 42
3.3.2 MISX EXPIESSION. 111 euruernrrersestiecsressassneinas sessassessnsebosssssessssssassesssassssses s seasssenssesassanesstenssenes 43



3.3.3 Expression of Additional Genes ... e ssisiesssss s sssssssssssesesnns 45

3.4 TUNEL and ImMmUunOCYtOChEIMISITY . cucsereereessserississiinsimscsisssisssssisissssssssnssssssnssesesssssasssssssssssnssssans 46
3.5 PromOter ANALYSIS. .o icsrriieriinins it st b e s ea s sas s va bR e bbb sh e 47
4.1 Msx expression patterns in S. camelus suggests its possible role in elimination digit primordia

.......................................................................................................................................................... 49

4.2 Loss of digit primordia in S. camelus could be as a result of apoptosis ........cceceivieiniicrnernns. 50

4.3 Bmp expression in G. gallus interdigital regions points to a role in PCD ..., 50
4.4 Expression of Shh, Sox9 and Fgf10 could have rules out other mechanisms of digit loss......... 51
4.5 S. camelus Msx2 promoter is able to drive expression in G. gallus ......ccoiiininnsnannnninnnn 52
O S 3T LT o o O S 53
O Iy 1 (=0 S O 54
5.1 APPENAIX A .ovireieieiis it e e e A SRR R Re e e e n e n e n e eaneanan 55
5.2 Appendif B ..o s s e e e e e e e e 56
LT (=) 0oL PO 57



I. List of Figures

Figure 1 -
Figure 2 -
Figure 3 -
Figure 4 —
Figure 5A -
Figure 5B-
Figure 6 -
Figure 7 -
Figure 8 -
Figure 9 -
Figure 10 -
Figure 11 -
Figure 12 -
Figure 13 -
Figure 14 -
Figure 15 -

Figure 16 -

A graphical guide to the limb axes

Diagram of the expression patterns of various developmental genes
Structures of the modified pentadactyl limbs of the aye-aye, bat and duck.
Structure of the oligodactyl limbs of the two-toed earless skink and the cow
Phylogenetic tree of oligodactyl vertebrates

Limbs of the oligodactylous vertebrates

Nucleic acid extraction of G. gallus and S. camelus gDNA and G. gallus RNA
cDNA synthesis from G. gallus RNA and Bmp4 PCR

Linearisation of Bmp2, Bmp4, Fgfl0 and Skh containing plasmids
Synthesis of Bmp2, Bmp4, Fgfl0 and Shh probes

WISH on G. gallus limbs with G. gallus Bmp RNA probes

WISH on G. gallus and S. camelus limbs with G. gallus Msx1 RNA probes
WISH on G. gallus and S. camelus limbs with G. gallus Msx2 RNA probes
WISH on G. galius limbs with Fgf10, Sox9 and Shh probes of G. gallus
TUNEL assay and ICC on S. camelus limb sections

S. camelus Msx2 promoter region PCR

Fluorescent expression in G. gallus embryonic tissue after electroporation



II. List of Table

Table 1- Enzymes used for plasmid linearisation and RNA probe transcription

Table 2- Conditions of S. camelus Msx2 promoter region PCR

ITl. List of Appendices
Appendix A- Whole mount in situ hybridisation reagents

Appendix B- Figure 5B image sources



Introduction

1.1 Teirapod Limb Development

The development of specialised tetrapod limbs is a complex process orchestrated by numerous
developmental genes during embryogenesis. Distinct spatial and temporal gene expression
patterns drive tissues to develop and regress, resulting in a variety of different limb

morphologies.

Tetrapod limbs develop along three axes (Figure 1): the proximal to distal axis (PD axis), which
runs from the body to the digit tips, the dorsal to ventral axis (DV axis), which goes from the
back of the hand to the palm, and the anterior to posterior axis (AP axis) which starts at digit I

(thumb) and extends to digit V (the little finger).
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Figure 1 Graphical guide to the limb axes. The proximal-distal axis of the limb runs from the
shoulder or pelvis to the tips of the digits. The dorsal-ventral axis runs from the top of the limb
to the bottom of the limb, that is the palm of the hand or sole of the foot. The anterior-posterior
axis runs from digit I to digit number V, or thumb to little finger.



The PD axis is established through the action of the apical ectodermal ridge (AER) (Figure
2A). The AER is a localised region of ectodermal tissue situated at the apex of the developing
limb bud, which maintains the growth and undifferentiated state of the limb bud mesenchyme
by secreting fibroblast growth factors (Fgfs) (Sun, Mariani and Martin, 2002). The role of the
AER in limb development is apparent by the fact that the excision of the AER leads to
incomplete and stunted growth of limbs (Saunders, 1948; Summerbell, 1974; Rowe and Fallon,
1982). The AER is initiated when Wnt3a expression is activated in the lateral plate mesoderm
by Fgfl10, which in turn activates Fgf8 (Kawakami et al., 2001; Logan, 2003). The T-box genes,
Thx5 in the forelimb and Tbx4 in the hind limb, also play a role in limb bud outgrowth and
initiation. It is observed that zebrafish with 7hx5 knockout fail to develop pectoral fins
(Rodriguez-Esteban et al., 1999; Ahn et al., 2002). Fgf8 then upregulates Fgf10 expression in
the mesenchyme, establishing a positive feedback loop (Moon and Capecchi, 2000). FgfI0 is
essential for limb bud outgrowth as evidenced by the observation that mice deficient of FgfI0
are born without hind- or forelimbs (Sekine et al., 1999). Additionally, the application of beads
soaked in Fgfl, Fgf2 or Fgf4 can induce the ectopic growth of limbs, indicating functional
redundancy (Cohn et al., 1995). It is these Fgf signals which result in the elongation of the
limb bud and establish the PD axis, Although Fgf8 is the predominant Fgf in the formation of
the PD axis. Ectopic application of Fgf8 to the chick flank is able to induce additional limbs
while Fgf8 alone can functionally replace the excised AER and maintain Shh expression

(Vogel, Rodriguez and Izpisda-Belmonte, 1996).

A second major signalling centre located in the developing limb bud is the zone of polarising
activity (ZPA)(Figure 2A, 2B and 2C), a region of mesenchymal tissue located at the posterior
region of the developing limb bud (Wolpert, 1969; Fallon and Crosby, 1977). The main
signalling molecule expressed from the ZPA, sonic hedgehog (Shh), diffuses across the limb

bud creating a Shh gradient (Riddle et al., 1993). The grafting of ZPA tissue or the application
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of exogenous Shh to the anterior chick limb buds results in a limb with a mirrored symmetry
about the second digit, having the digit pattern: 1V, I II, II, IIT, IV (Tickle, Summerbell and
Wolpert, 1975; Riddle et al., 1993). However, the establishment of the AP axis in the limb bud
takes place before Shh expression. Hand2, Gli3, and several Hox genes are upstream regulators
of Skh. Prior to Shh expression, Hand?2 is expressed in the posterior region of the limb bud.
Mice with Hand?2 deletions display no Shh upregulation, while ectopic expression of Hand?2 is
accompanied by ectopic Shh expression (Charité, McFadden and Olson, 2000). Hand2
expression is restricted to the limb posterior by Gli3, while Hand?2 restricts Gli3 expression to
the anterior of the limb bud (Te Welscher et al., 2002). Gli3 (Figure 2C) is also a downstream
regulator of SAh which occurs in two isoforms: The Shh repressor Gli3R and the Shk activator
Gli3A. GIli3R is a truncated isoform occurring in higher concentrations at the anterior of the
limb bud where the Shh concentration is lower. Gli3A is a full length isoform found in higher
concentrations on the posterior limb bud where the Shh concentration is higher (Litingtung et
al., 2002). This is due to the fact that Shh prevents the proteolytic truncation of Gli3A (Wang,
Fallon and Beachy, 2000). The antagonistic roles of these two genes are made apparent by the
fact that G1i3” null mutants display polydactyly, whereas Shk” null mutants display syndactyly
(Litingtung et al., 2002; te Welscher et al., 2002). Shh also acts in a feedback loop with Fgf4,
-9 and -17 to maintain the AER by upregulating the Bmp antagonist, Gremlin, which prevents
Bmp’s from down regulating the fgfs (Capdevila et al., 1999; Pizette and Niswander, 1999;

Zidiga et al., 1999; Sun et al., 2000).

Shh signalling is also regulated by Ptch1 and Ptch2. Ptch proteins are transmembrane proteins
which sequester Shh to restrict its distribution and establish a gradient (Chen and Struhl, 1996).
Ptchl and 2 are Shh receptors which transduce Shh signalling when bound to Shh and inhibit

the signalling pathway when unbound (Chen and Struhl, 1996; Briscoe et al., 2001). One of
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the pathways activated is that which leads to the expression of Gli3. (Varjosalo and Taipale,

2007)

Another set of genes involved in AP polarity are Hox genes, particularly HoxA and HoxD
genes. 5° HoxA genes are required to initiate Shh expression in the ZPA, Shh then maintains
the expression of HoxD genes in the limb bud (Kmita et al., 2005). Hoxd9 is expressed
throughout the entire limb bud, Hoxd10-11 are expressed in the posterior two thirds of the bud,
and Hoxd[2-13 are expressed in the posterior third of the limb bud (Tickle, 2006) (Figure 2D).
These HoxD genes play a regulatory role in the patterning process such as the positive
regulation of limb out growth and PD axis specification. This is apparent when looking at the
phenotypes of mice with individual HoxD genes knocked out, which display shortened and
fused digits, the lack of digit I, malformed wrist bones and shortened, or sometimes completely
lacking, forearm bones (Dolle et al., 1993; Favier et al., 1996; Fromental-Ramain et al., 1996).
Other evidence suggests that HoxD genes also negatively regulate digit number as seen from
the fact that mice with knockout Gli3(GE3**Yy and Hoxd 11-13( HoxdPe!-13/M11-13)y gare
severely polydactylous with as many as eleven digits on the forlimb (Sheth, Bastida and Ros,

2007).

The truncation of distal limb structures also indicates that Hox genes play a role in PD axis
development, particularly AER formation. Hox paralogs 8-11 are primarily involved in AER
initiation and maintenance (Tarchini, Duboule and Kmita, 2006; Zakany, Zacchetti and

Duboule, 2007).

The dorso-ventral axis is established by four genes: Radical fringe (r-Fng), Wni-7a and LIM-
homeodomain (Lmx-1) which are expressed dorsally, and Engrailed-1 (En-I) which is
expressed ventrally (Dealy et al., 1993; Riddle et al.,, 1995). The ventrally expressed EN-1,

restricts the expression of r-Fng and Wht-7a to the dorsal portion of the limb (Davis and Joyner,
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1988). WNT-7a initiates the expression of Lmx-I which is the main DV axis determination
factor (Vogel er al., 1995) (Figure 2E). The border between En-1 and r-Fng expression is where

the AER is formed (Laufer et al., 1997).

A Anterior B  Anterior C Anterior

Posterior Posterior

D Anterior E Dorsal

Posterior

Figure 2 The various signalling molecules responsible for vertebrate limb patterning. 2A) The two
main signalling centres: the AER (red) which secretes various Fgfs, and the ZPA (blue) responsible
for Shh secretion. 2B)The Shh gradient originating from the ZPA. 2C)The gradient and distribution
of GLI3A (white) and GLI3R (light blue) in relation to the ZPA. 2D)The distribution of Hox genes
throughout the developing limb bud. 2E) shows the genes involved in DV specification. r-Fng and
Wnt-7a in the dorsal epithelium, Lmx-1 in the dorsal mesenchyme and En-1 in the ventral
epithelium. The black dot at the apex is where the AER forms,
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1.2 Limb Modification

Through alterations in the expression of the above mentioned genes, tetrapod limbs have
become modified for more efficient locomotion or specialised functions such as flight. In most
cases the molecular mechanisms responsible for these modifications are unclear due to the
difficulties related to work on atypical model organisms. The most common of limb
modification is digit loss, where tetrapods may possess fewer digits per limb than the
pentadactyl (five-digit) ground state. These morphological changes evolved for more efficient
locomotion because a limb with fewer digits is lighter and expends less energy during
movement, additionally a limb with fewer digits has a smaller surface area which makes
navigating uneven terrains easier (Lande, 1978; Van den berg and Rayner, 1995; Schaller et
al., 2011). Digit loss is the complete loss of a digit, while digit reduction is the reduction in
size of a digit to a point where they are usually vestigial. Digit loss or reduction can take place
during the patterning process where the temporal and spatial expression of patterning genes are
altered in a way which results in fewer digits. This process can also take place after patterning

where already established digit primordia are lost via programmned cell death.

While certain vertbrates undergo digit loss or reduction, other vertebrates maintain the
pentadactyl state. An example of a pentadactyl vertebrate with modified limbs is the aye-aye
(Daubentonia madagascariensis). The aye-aye is a strepsirrhine primate, of the lemuroidea
superfamily which is native to Madagascar (Groves, 2001). The fore limb of D.
madagascariensis, possesses 5 digits, and has become modified for the purposes of foraging
and feeding, particularly the autopod (Milliken, Ward and Erickson, 1991)(Figure 3A). The
autopod makes up 41% of the total length of the forearm and the forth digit makes up 71% of
the autopod (Jouffroy et al., 1993). The third digit is of particular interest as it is long and

extremely narrow. The aye-aye uses this digit as a foraging tool to remove larvae from trees
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(Erickson, 1994). No research has been done on aye-aye limbs; however given the role that
fibroblast growth factors play in limb development, it may be that the prolonged expression of
these genes are responsible for the elongated nature of the aye-ayes forelimbs (Niswander er
al., 1993; Cohn et al., 1995; Crossley et al., 1996; Martin, 1998; Kawakami et al., 2001; Sun,

Mariani and Martin, 2002; Logan, 2003).

Bats are mammals, capable of true and sustained flight (Taylor, Nudds and Thomas, 2003).
They achieve this with the use of their membranecus wings, formed by modified forelimbs,
which have 5 digits. The most notable modification is the drastic elongation and narrowing of
digits II-V and the retention of the interdigital membrane (Figure 3B). These anatomical
properties are a result of altered Shh expression. Shh expression is altered such that its release
is delayed, and later in development, its expression is reinitiated in the interdigital regions.
The later Shh expression is accompanied by Fgf8 expression, also in the interdigital regions,
creating a positive feedback loop. It is this Shh-Fgf8 feedback loop which promote growth of
the phalanges and interdigital tissue retention because of the upregulation of Gremliin by Shh

(M.K. Khokha et al., 2003; Hockman et al., 2008).

Ducks are waterfowls of the family Anatidae. They posses four toes on their hind limbs with
webbing between digits II, 11T and IV. Similar to bats, the webbing between duck hindlimb
digits is a result of persistant Gremlin expression in the interdigital region at late limb
development. GREMLIN is a Bmp inhibitor, which drives interdigital programmed cell death
(PCD) (Merino et al., 1999). A reduction in Msx/ and Msx? expression is also observed (see

below) (Gaiian ef al., 1998).

15



A B

Wy )
- x - 7.,_-~.'._‘__“__‘ '_“\?;':*-_,_‘-‘ 44-—’(/:\1
L e & eaapy ;L v 7

Mo e Y s
T n—"
!. !-‘_.:5' -

Figure 3 Modified limbs of the aye-aye, bat and duck. 3A) The skeletal limb structures of the aye-aye where
the elongated and narrowed third digit can be seen. 3B) The skeletal imb structures of the bat where the
elongation of digits II-V can be seen. Not pictured are the interdigital membranes which are retained. 3C) Is
the hind limb of the duck with the webbing between II, I and IV.

1.3 Digit Loss and Reduction

As stated above, certain vertebrates under go digit reduction, either during or after the

patterning process.

Digit reduction during patterning can be observed in the two-toed ear-less skink (Hemiergis
quadrilineata) where the early termination of Skk expression leads to the development of only
digits IT and III in the hind limb (Shapiro, Hanken and Rosenthal, 2003). The phenomenon of
patterned digit reduction can also be observed in the cow (Bos taurus) and pig (Sus scrofa)

(See below).

A clade of mammals which have less then five digits due to loss of digits are the true ungulates.
True ungulates were historically distinguised by their hooves, but the clade has been expanded
to include non-hooved mammals such as whales. This clade is further sub divided into two
orders: Artiodactyla, or even toed ungulates, and perissodactyla, or odd toed ungulates.

Atriodactyla include mammals of the family bovidae, camelidae, cervidae, and tayassuidae;
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and perissodactyla include mammals of the family rhinocerotidae, equidae and tapiridae

(Martin, Pine and DeBlase, 2001),

Developmental studies have not been done on the limbs of many ungulates, but among those
which have been studied are Bos taurus and Sus scrofa. Both B. taurus and S. scrofa posses
paraxial limbs, meaning that the main weight-bearing digits are digits III and IV, which have
given rise to cloven hooves, while digits I and V have become vestigial and digit T is not
present. Digit reduction in B. taurus occurs during the autopod patterning process. The
oligodactyly of B. taurus is a result of a change to a Ptchl cis-regulatory module causing Ptchl
expression to be more posteriorly restricted. This alters the distribution of Shh throughout the
limb bud mesenchyme, as well as and subsequent Shh targets such as Gli3 and Hoxd gene
products, to a more uniform state (Lopez-Rios et al., 2014). The exact mechanism of digit
reduction in S. scrofa has not been elucidated, however it was found the Ptch] expression was
posteriorly restricted and no increased cell death in the developing limbs is observed (Sears ef

al., 2011),

Am

Figure 4 The skeletal limb structures of
vertebrates whose limbs are shaped by
I events during limb patterning. 5A) The
limb of the two-toed earless skink (H.
quadrilineata) with only digit I and
IIT as a result of early Sk’ termination.
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Digit loss post patterning occurs in the three-toed jerboa (Dipus sagitta) where Digit [ and V
are eliminated after patterning by programmed cell death (Cooper et al., 2014). Cooper et al.,
2014 noted that the developing hind limb bud of early D. sagitta embryos possessed five digit
precursors which are eradicated later in development. They found expanded Msx2 expression
in the domains of digits I and V as well TUNEL positive nuclei. A similar mechanism was
observed in the horse, where the weight bearing digit is digit IIT and digit It and IV become
vestigial, An increase in Msx2 expression in the anterior and posterior of the limb is seen. Also
observed were TUNEL positive nuclei around digit ITI, overlapping with the presumptive digit
IT and IV primordia coinciding with the expanded Msx2 expression. Similar observations are
made in the developing limbs of the camel, whose weight bearing digits are III and TV and
digits IT and V are vestigial. In the camel limb bud, apoptosis is observed in the regions flanking
digits Tl and IV where digits IT and V would have formed and the expansion of Msx2 is
observed (Cooper et al., 2014). Using Sox9 probes, De Bakker et al.,2013 showed that several
bird species, including the ostrich, emu, chicken, barbary dove and zebra finch, as well as the
crocodile, display precartilage markers during development of digits which do not develop into
fully ossified digits in the adult. They also found that posteriorly expressed genes, such as Shh,
Hoxd11 and Hoxd12, are conserved in the specimins that were studied. Conversely, anteriorly

expressed genes, like GIi3 and Alx4, show variation in their expression

1.4 Programmed Cell Death During Limb Development

Programmed cell death is a genetically controlied process where cells are destroyed in a
coordinated manner in order to sculpt tissue, and eliminate damaged or harmful cells
{(Herndndez-Martinez and Covarrubias, 2011). Three different types of PCD have been
described according to the molecular machinery involved and the morphologies the cells

acquire during the process: Type I known as apoptosis, type II known as autophagy and type
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IIT known as lysosomal cell death (Clarke, 1990). Interdigital cell death is a result of caspase
mediated and intrinsic apoptosis, and lysosomal mediated cell death (Zuzarte-Luis et al., 2006,
2007). Caspase mediated cell death can be a result of either the activation of death receptors or
the release of cytochrome ¢ (Hengartner, 2000).It has been observed that that the introduction
of a caspase inhibitor reduces apoptosis, but does not completely eliminate it, this suggests
mechanistic redundancy (Chautan et al., 1999). Lysosomal cell death is mediated by lysosomal
cathepsins regulated by BMP signalling. The mechanisms of lysosomal cell death include
nuclear translocation of apoptosis-inducing factors and mitochondrial permeabilisation
(Zuzarte-Luis er al., 2007). It has also been observed that interdigital cell death is preceded by
DNA damage. The cause of the damage is unknown, but one suspected cause is oxidative stress
from reactive oxygen species. Another is the alteration in chromatin configuration by high
mobility transcription factors (Montero ef al., 2016). Cell senescence has been observed among
cells destined to be eliminated in the interdigital tissue of chickens. Several tumour suppressor
genes and markers of cell senescence including p27 and Big2 are expressed in the interdigital

tissue (Lorda-Diez et al., 2015).

Developmental studies and PCD go hand in hand as one of the best models of PCD is the
developing limb because of the association of tissue degeneration and cell death, PCD has been
extensively studied in the developing limbs of the mouse and chicken (Mori et al., 1995;

Yokouchi et al., 1996; Jacobson, Weil and Raff, 1997; Macias et al., 1997)

During limb development the first area of apoptosis detected in the developing chicken limb
takes place at Hamburger and Hamilton stage 21 (HH21), in the anterior region of the limb
bud known as the anterior necrotic zone (ANZ) (Hamburger and Hamilton., 195 1). This takes
place to eliminate the tissue anterior to the first digit, digit I in the chicken. This is followed by

apoptosis of the limb bud mesenchyme situated at the posterior end called the posterior necrotic
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zone (PNZ) at stage HH24. Interdigital cell death (ICD) occurs at stage HH30 in the
developing chick limb bud (Hamburger and Hamilton., 1951). Interdigital cell death, as the
name would suggest, occurs as the mesenchymal tissue in between the forming digits is

eliminated by apoptosis.
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o o [—-o———-—Struthio camelus -Ostrich -2
[ -=#——s— e — Dromaius novaehollandiae -Emu -3
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- Taeniopygia guttata -Zchra finch -4
Galius gallus -Chicken -4
Equus zebra -Zehry -1
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Tapirus bairdii ~Baird's tapir -3
— b e e e Gamelus ferus -Bactrian camel -2
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Figure 5A A phylogenetic tree of oligodactylous vertebrates. Displayed are the scientific
names, common names and number of digits in their hind limbs. Those in green are
Reptiles, red are birds, blue are odd toed ungulates and black are even toed ungulates.
Phylogenetic tree generated by PhyloT, Bicbyte solutions GmbH 2016, available at
http://phylot.biobyte.de/index.html
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Figure 5B Images of the limbs of the oligodactylous limbs in the phylogenetic tree of figure SA.
A- Nile crocodile (4 digits in hind limb), B- ostrich {2), C- Emu (3}, D- Barbery dove (4), E-
Zebra finch (4), F- Chicken (4), G- Zebra (1), H- Sumatran rhinoceros (3), I- Baird’s tapir (3), J-
Camel (2), K- Hippopotamus (4), L- Wild boar (4), M- Chacoan peccary (4), N- Sheep (4), O-
Water buffalo (2), P- Cattle (2), Q- Red deer (2), R- Water deer (2), S- Reindeer (2), T- Moose
(2). Image sources are listed in appendix B.
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1.5 Apoptotic Genes

1.5.1 Bmp4

Bone morphogenetic proteins (Bmps) are a member of the transforming growth factor-B (TGF-
B) family, which are intrinsic in many developmental pathways and may play a role in ICD
(Kingsley, 1994). Bmp’s are necessary for AER formation and maintenance, as well DV axis
formation upstream of Enl (Pizette, Abate-shen and Niswander, 2001). Bmp4 regulates the
Fgt/Shh feedback loop by down regulating Fgf activity. Bmp4 down regulates Fgf expression,
restricting the AER to the ectodermal apex of the limb bud. This feedback loop is further
regulated by the Bmp antagonists: Gremlin and Noggin (Wang et al., 2004; Bénazet and Zeller,

2009).

Bmp’s induce cellular responses by binding with their specific serine/threonine kinase
receptors, and the intracellular signal transduction is mediated by SMAD proteins (Massagué,
Seoane and Wotton, 2005; Marom et al., 2011). Bmp4 signals are carried out by BmpR-IA, the

disruption of which emulates Bmp4 deletion (Ahn et al., 2001).

The role of Bmps in digit specification is displayed by the resultant polydactylous limbs with
multiples of the same digit when treated with Noggin and Bmp antibodies (Drossopoulou et
al., 2000). Bmp2, 4, 5 and 7 expression has been observed in the interdigital mesenchyme
during ICD (Geetha-Loganathan et al., 2006). The role of Bmp4 in ICD was suggested by the
observation that local application of Bmp4 to a chick limb bud accelerates ICD in the
interdigital regions (Gafian et al., 1996). Conversely, the introduction of Bmp2 and -4
receptors lacking a cytoplasmic domain into the developing chick limb tissue results in webbed
limbs (Yokouchi et al., 1996). In a similar experiment, a dominant negative type I Bmp receptor

used to block Bmp signalling was accompanied by a decrease in Msx2 expression in chick
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limbs in addition to a reduction in ICD (Zou and Niswander, 1995). This is also supported by
the observation that inactivation of Bmp2 and Bmp4 in the mouse limb reduces ICD and leads

to mild syndactyly (Maatouk ef al., 2009).

However, Bmp expression does not always correlate with ICD at all developmental stages,
both temporally and spatially. Additionally, Bmps are secreted factors and gene expression
patterns are inadequate in establishing functional correlation (Hernindez-Martinez and

Covarrubias, 2011).

1.5.2 Misx1 and Msx2

Msh homeobox Msx genes are a sub-family of genes which contain the homeodomain motif
and are expressed in a number of vertebrate tissues during development including neural crest
derivatives, cranial sensory placodes, mammary glands, hair follicles, teeth and limbs
(Davidson, 1995; Chen ef al., 1996; Bendall and Abate-Shen, 2000). Msx1 and Msx2 are
transcription factors expressed in the interdigital mesenchyme, suggesting participation in ICD
(Gafian et al., 1998). Ectopic expression of Msx2 has been shown to promote apoptosis and
also induce Bmp4 expression (Ferrari et al., 1998). MsxI and Msx2 are required to specify
proper digit identity and number through Skh and Bmp4 signalling pathways (Bensoussan-
Trigano et al., 2011), Mice with null mutations in either Msx! or Msx2 have normal limbs,
suggesting a functional redundancy between these two gene. As expected Msxi/2 double
mutants show a multitude of limb malformations implicating Msx/ and Msx2 in the formation
of all three axes. These malformations include shorter limbs lacking anterior skeletal elements,
no specification of the dorso-ventral boundary in the anterior ectoderm and therefore no AER

formation resulting in anterior oligodactyly. Extended Fgf expression in the posterior portion
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of the developing limb, as a result of Msx1/2 double knockout, can result in polydactyly

(Lallemand et al., 2005).

Mxs2 expression is controlled by Bmp signal transduction through a Bmp cis-regulatory
element located in the Msx2 promoter (Brugger et al., 2004). Msx1 expression is regulated by

Bmp as well as other pathways.

Many studies have demonstrated an interaction between Msx2 and Bmp4 in the PCD pathway
(Graham et al., 1994; Zou and Niswander, 1995; Marazzi, Wang and Sassoon, 1997). An up-
regulation of Bmp4 leads to an upregulation of Msx2 and in turn an increase in programmed
cell death. Reduced expression of Msx/ and Msx2 is observed in the interdigital region in the
duck hind limb where the interdigital region persists and results in webbing. Application of
exogenous Fgf to the interdigital region results in an increased expression of Msx2 and a

consequent increase in Bmp-induced cell death (Gafian et al., 1998).

As mentioned above, the developing ostrich limbs displays 5 precartilage digit primordia in
early development, but only digits IT, IIl and I'V in the fore limb and IIT and IV in the hind limb
develop into fully ossified digits. The presence of these digit primordia indicate that PCD, post

patterning, may be the mechanism of digit loss (de Bakker et al., 2013).

The ostrich is a precocial bird and therefore undergoes a longer period of tissue maturation
during its 42 day incubation period (Starck and Ricklefs, 1998; Brown and Prior, 1999).
Although twice as long, the embryonic development of the ostrich is comparable to the
development of the chicken as documented by Hamburger and Hamilton, 1951, and no
significant difference have been found. After 7 days of incubation the embryo has turned onto
its side and the eyes have a faint grey colour. At 14 days the beak and vascular system has

formed and grooves between the digits are distint. By the 21* day of incubation feathers and
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eaylids have formed. Claws havr developed by day 28 and a thick coat of feathers has grown
by day 35 (Brand et al., 2017).The highest survival rate among artificially incubated ostrich
eggs are those stored at at 17°C for 3-4 days after collection, and then incubated vertically,

with the air sac on top, at 36°C  (Van Schalkwyk et al., 1999; Brand et al., 2012).

It is hypothesised that digit loss in the Struthio camelus hind limb during development occurs

due to post patterning mechanisms, specifically Msx and Bmp-mediated program cell death.

The aim of this study is to determine the molecular mechanisms of digit loss in Stuthio camelus.
This occurrence will be investigated from a post-patterning, programmed cell death aspect
using the Gallus gallus embryo as a control. The primary candidate genes to be investigated
are Bmp4 and Msx2. These two genes are confirmed to play a role in programmed cell death in
vertebrates. Other genes under investigation are Msx! and Bmp2, homologs of the primary gene
candidates, as well as Shh, Sox9, and Fgfl0, genes known to play a role in shaping the

developing limb bud.

2.Materials and Methods

2.1 Tissue Dissection

Chicken and ostrich limb bud tissue was dissected from freshly incubated eggs at the
appropriate developmental stages. Ethical clearance was obtained to perform this work
(clearance certificate number: 2015/05/21/0). Chick embryos were staged according to
convention set by Hamburger and Hamilton (Hamburger and Hamilton., 1951). Because the
ostrich incubation period is twice as long as that of the chick, an approximate staging system
was used for ostrich embryos wherein the incubation times for a particular chick stage was

doubled for the corresponding ostrich stage, designated: SCHH stages. As such a G. gallus
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embryo at stage HH6, will have incubated for 24 hours, and a S. camelus embryo at stage
SCHHS6 will have incubated for 48 hours. Both ostrich and chicken eggs were incubated at

37°C.

2.2 Nucleic Acid Extraction

Nucleic acid extraction was performed on freshly dissected tissue using the NucleoSpin RNA
Kit (Macherey-Nagel) for RNA and NucleoSpin Tissue kit (Macherey-Nagel) for DNA. Both
kits require the lysing of the sample tissue, adjusting the DNA binding conditions with ethanol,
binding the DNA to a silica membrane, washing, and eluting the sample. The NucloeSpin RNA
Kit required a DNA digestion step before the washing step. To verify the success of the nucleic

acid extraction and agarose gel was run. All agarose gels were 1% agarose gels ran at 8V/cm.

2.3 Whole Mount In Situ Hybridisation

2.3.1 RT-PCR

In preparation for whole mount in situ hybridisation, RNA probes were synthesised from
cDNA contained in plasmids. cDNA synthesis was performed with the cDNA synthesis
RevertAid First Strand cDNA synthesis kit (Thermo Scientific). OligoDTs and sequence
specific primers (SSP’s) were used to amplify the genes of interest. A positive control was
done using GAPDH control RNA and GAPDH SSPs and a no template negative control was
done. The reactions were incubated at 42° for 60 minutes. The genes were then amplified by

PCR with the SSPs.
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232 PCR

Bmp4 was amplified by PCR using the product of the RT-PCR as the template and sequence
specific primers. The primers for G. gallus Bmp4 amplification had the following sequences,
forward primers: GGTCATCCTACTATGCCAAG, reverse primer:
CGGCTTCATCACTTCGTAAA. The primers gave a product of 535 base pairs. The PCR
protocol was as follows: An initial denaturing step of 94°C for 3 minutes, followed by a 30
second denaturing step at 94°C, a 30 second annealing step at 49°C, followed by a one-minute
elongation step at 72°C. these three step were repeated 35 times followed by a final elongation
step of 1 minute. KapaTaq Master Mix (Kapa Biosystems) was used to perform this PCR
protocol as per product guidelines with a primer concentration of 300nM for both primers. The

PCR products were purified with the GeneJet PCR purification kit (ThermoScientific).

2.3.3 Cloning

The Bmp4 amplicon was then ligated into the pGEM-T Easy Vector. Escherichia coli, strain
IM109, was transformed, by heat shock, with the vectors containing Bmp4, Bmp2, Shh, and
Fgf10. The transformed cells were plated on LB plates supplemented with ampicillin, IPTG
and X-gal. After an overnight incubation at 37°C, white colonies were picked and cultured
overnight at 37°C in LB broth supplemented with ampicillin. The vector was then isolated from
the cell culture with the Plasmid Mini-prep kit (Zymogen). The cells were pelleted by
centrifugation, lysed and the cell debris was separated from the nucleic acid by centrifugation.

The nucleic acid was bound to the silica membrane, washed and the plasmid eluted.

The plasmids were sequenced by Inqaba Biotech to confirm the identity and direction of the

insert. The plasmids which yielded positive results were used to synthesise probes.
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2.3.4 Frobe Synthesis

RNA probes for Msxl, Msx2 and Sox9 were already synthesised by past students. While
templates for Bmp2, Shh and Fgf10 were provided in vectors by Dr N. Nikitina, Probes were

synthesised for Bmp4, Bmp2, Shh, and Fgf10. All the probes were of G. gallus origin.

Dependent on the vector and the orientation of the insert, the plasmids were linearised with an
appropriate restriction enzyme and either SP6, T7, or T3 RNA polymerase was used to

synthesise the RNA probes with digoxygenin labelled UTP (Table 1).

Each probe synthesis reaction contained 4.0pl of 5x Transcription buffer (Thermo Scientific),
2.0ul of RNA polymerase (Thermo Scientific), 2.0ut of 10x DIG RNA labelling mix (Roche),
0.5ul of RNASin RNase inhibitor (Thermo Scientific), 1pg of linearised plasmid and the
volume made up to 20ul with DEPC H20. The probe synthesis reactions were incubated at
37°C for 60 minutes after which an additional 2.0ul of RNA polymerase was added, and
incubated for another 60 minutes at 37°C. 2.0ul of DNase (Thermo Scientific) and 2.0pl of
DNase buffer (Thermo Scientific) was then added to each reaction to digest the DNA template.

The reactions were then incubated at 37°C for 1 hour.

Géﬁeﬁfobe terﬁblﬁfe Restriction enzyme ) RNA_pdlymerasc ) 1

Bmp? ' Apal T ) ;
i Bmp4 ! Apal SP6 ‘
. Fgfl0 1 Sall T3

Shh | Ecor32I T3 |

s i o

Table 1 Shows which restriction enzyme were used to linearise the plasmids containing the probe
template as well as the RNA polymerase used to transcribe the RNA probe.
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This reaction was purified with the NucleoSpin RNA cleanup kit (Macherey-Nagel). 50ul of
the purified product was diluted with 1950u1 of hybridisation mix with tRNA (Appendix A) to
create a stock solution. Before use, this stock solution was further diluted, 1:4, with tRNA hybe
mix to create the RNA probe mix working solution. Before use, embryonic tissue is incubated

for 3 hours at 70°C in the working solution to remove excess tRNA from the working solution.

2.3.5 Whole-mount In Situ dybridisation

To visualised the expression of the selected genes, whole-mount in situ hybridisation (WISH)
was performed on G. gallus and S. camelus hind limbs with Bmp2, Bmp4 Msx1, Msx2, Sox9,
Fgfl0 and Shh probes all of G. gallus origin. The G. gallus probe templates were similar
enough to the S. camelus mRNA to use on both organisms. The G. gallus Msx1 probe had a
94% similarity to the S. camelus mRNA, the Msx2 probe has a 91% similarity to S. camelus
mRNA. WISH was performed on G. gallus limb buds using Fgfl0, Shh, Bmpl, Bmp2,
Msx1,Msx2 and Sox9. WISH was performed on S. camelus limb buds using only Msx./ and

Msx2 because of the limited amount of fertilised eggs available.

The limb tissues used were harvested from freshly dissected embryonic tissue. The limb buds
were fixed in 4% PFA in PBS (Appendix A) at 4°C, overnight. All subsequent washes were
carried out at room temperature and on a shaker at 50 rpm, unless otherwise specified. The
PFA was removed and the limb buds were washed trice for 5 minutes in DEPC treated PBST.
For storage the limbs were dehydrated into methanol with a series of 5 minute washes in 25%

methanol in DEPC-PBST, 50%, 75% and 100% methanol.

The limb buds used for whole mount in sifu hybridisation were rehydrated to PBST with a
series of washes. Once hydrated into 100% DEPC-PBST the limb buds were again washed
trice for 5 minutes in DEPC-PBST. The limb buds were then treated with 10p/ml proteinase K

in DEPC-PBST for 30 minutes, followed by 10 minutes in 2mg/ml glycine in DEPC-PBST,
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both without shaking. The limb buds were then washed twice with DEPC-PBST for 5 minutes,
without shaking. The limb buds were fixed in 4% PFA and 0.2% glutaraldehyde in DEPC-
PBST for 20 minutes, without shaking, followed by 4 five minute washes in DEPC-PBST, with

shaking.

The limb buds were washed in a 1:1 mix of DEPC-PBST and tRNA hybe mix for 10 minutes,
followed by two washes, five minutes each, in 100% tRNA Hybe mix. The tRNA hybe mix

was replaced with the RNA probe mix and the limb buds were incubated at 70°C overnight.

The RNA probe mix was removed and the limb buds were washed twice in hybridisation mix
without tRNA for 15 minutes at 70°C, followed by four washes, 30 minute each in hybe mix
at 70°C. The limb buds were then washed for 30 minutes in a 1:1 mix of hybe mix and MABT,
followed by four washes of 30 minutes in MABT at room temperature. The limb buds were
washed in a blocking solution comprised of 3% BSA in MABT at room temperature first for
15 minutes, then for one hour. There after the limb buds were washed in the antibody solution,
Anti-digoxygenin-AP Fab fragments (1:1000) with 3% BSA in MABRBT at room temperature

for 5 minutes then overnight at 4°C.

The antibody solution was removed and the limb buds were washed in MABT at room
temperature: twice for five minutes, twice for 30 minutes and six times for one hour, there after

they were washed overnight at 4°C in MABT (Appendix A).

The limb buds were removed from the MABT and washed twice in 100mM tric-Cl1 (pH 9.5)
for 15 minutes, then again in NTMT (Appendix A) for 15 minutes, four times. The limb buds

were then incubated in BM purple in the dark until staining developed.

Once staining had developed, the limb buds were washed twice in 100mM tric-C! (pH 9.5) for

15 minutes, in the dark, followed by three washes, each five minute in PBST, in the dark. The
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embryos were incubated in 4% PFA in PBS for 2 hours at room temperature, followed by 3
five minutes washes in PBST. The limb buds were dehydrated into methanol with a graded
series of methanol and PBST (25% methanol in PBST, 50%, 75% and 100% methanol) for
storage. For photography the embryos were rehydrated in to PBST and then washed and

viewed in a solution of 25% glycerol in PBS.

The embryos were photographed with an Axio Zoom V16 microscope (Zeiss).

2.4 Cell Death Assay

2.4.1 Cryosectioning

The limb buds to be used for the TUNEL assay and ICC were dehydrated in ethanol for storage.
Once ready for use the limb buds were rehydrated to PBST with a series of ethanol/PBST
washes. The buds were washed a further 3 times in PBST, followed by a five-hour wash in 5%
sucrose in PBST at room temperature and an overnight wash in 15% sucrose (PBST) at 4°C.
The limb buds were removed from the sucrose solution and incubated in Cryomatrix
embedding medium (ThermoScientific) at 4°C overnight. The embedding medium was

replaced and the samples were flash frozen in liquid nitrogen and stored at -70°C.

The embedded limb buds were sectioned, with a thickness of 15um, and mounted on slides.
The sections were processed to detect either cell death, cartilage formation, or both. Cell death
detection was performed with the cell death assay in sitz Cell Death Detection Kit (Roche),
while cartilage development was done using mouse, anti-Sox9 primary antibody and anti-

mouse CF568 secondary antibody (see below).
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2.4.2 TUNEL and Immunocytechemistry

The TUNEL assay detects nicks in DNA which are an indication of apoptosis. These nick sites
are then labelled with fluorescein. Fluorescein has an excitation wavelength range between
450nm-500nm and a maximum at 490nm and an emission wavelength range between 515nm-

565nm with a maximum at 525nm.

Sox9 is involved in cartilage formation and its presence will indicate the formation of digit
primordia (Bi ef al., 1999). The secondary antibody is conjugated to the fluorophore CF568
which has a maximum excitation wavelength at 562nm and a maximum emission wavelength

at S83nm.

The slides prepared previously were washed in PBST for 10 minutes at 42°C to remove the
mounting media, followed by two washes of five minute in PBST at room temperature. The
tissue sections were fixed in 4% PFA for 20 minutes at room temperature, then washed thrice
for 5 minutes in PBS also at room temperature. The slides were then incubated in 10mM
sodium citrate (0.05% tween) at 70°C for 30 minutes followed by two washes of five minutes
each in PBS at room temperature. 50pl of the TUNEL reaction mixture was added to each
slide, which was then covered with parafilm and incubated at 37°C in a humidity chamber in
the dark for 1 hour. There after the slides were washed 3 time for 5 minutes in PBS at room
temperature. The slides were then incubated in 3% BSA in PBST for 2 hours. The slides were
then incubated in mouse, anti-Sox9 primary antibody (5ul/ml) in 3% BSA (PBST) at 4°C
overnight in a humidity chamber. The following day, the slides were rinsed six times for 30
minutes in PBST at room temperature. The slides were then incubated in rabbit, anti-mouse

CF568 secondary antibody (Sul/ml) in 3% BSA (PBST) at 4°C overnight in a humidity
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chamber, followed by six 30 minute washes in PBST at room temperature. The slides were air

dried and mounted with CCMount.

The slides were photographed with an Axio Zoom V16 microscope (Zeiss) equipped with an

Apo Tome 2 camera (Zeiss). The software used was ZEN 2012 (Zeiss).

2.5 Msx2 Promoter Analysis

2.5.1 Bioinformatics

At the time that this research was done the S. camelus genome had been sequenced, but not yet
organised and only existed as 2 catalogue of WGS contigs. In order to locate the promoter
region upstream of the S. camelus Msx2 gene, a BLAST was performed with the G. gallus
Msx2 sequence (accession: NM_204559.1) against the S. camelus genome to locate the S.
camelus ortholog. Once the ortholog was located the upstream contigs were assembled to create

the promoter region.

252 PCR

In order to isolate the Msx2 promoter regions, sequence specific primers were designed to be
used in PCR with the extracted S. camelus gDNA as the template. The sequence of the forward
primer was: TTCTACGCTCCAGCATCACG, and the sequence for the reverse primer was:
CGAAGCAAGAAAAGAGCCGC. A 3.5KB region upstream of the S. camelus Msx2 gene
was selected. Expand High Fidelity PCR system (Roche) was used for these PCR protocols
according to the product guidelines using 300nM of each primer and 250ng of template DNA.
The PCR protocol is laid out in table 2. The PCR products were purified with the GeneJet PCR
purification kit (ThermoScientific). This kit uses the principle of binding the DNA to a silicate

membrane, washing away impurities, and eluting the purified DNA
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2.5.3 Clonin

The PCR product was ligated into pTK-EGFP in an overnight reaction at 4°C. The ligation
reaction consisted of 5ul of 2X ligation buffer, 1yl of pTK-EGFP plasmid, 1pl of T4 ligase
and 3pl of the PCR product. The plasmid was transformed into JM 109 competent E. coli cell,
which were plated on LB agar plates supplemented with ampicillin. Presence of the insert was
screened by colony PCR using the same SSP’s used to amplify the promoter region. Colony
PCR was done with KapaTaq ReadyMix (Kapa Biosystems). The following protocol was used
for the colony PCR: an initial denaturing step of 95°C for 3 minutes, followed by a 30 second
denaturing step at 95°C, and 30 second annealing step at 54°C, followed by a three-minute
elongation step at 72°C, These steps were repeated 35 times which was followed by a three-
minute final extension step at 72°C. The colonies which gave positive results were re-cultured
and the plasmids extracted with the Zyppy plasmid miniprep kit (Zymogen) and sequenced to
confirm the identity. The plasmid containing the Msx2 Promote region is here forth referred to

as pTK-EGFP-Msx.
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PCR conditions of S. camelus Msx2 promoter region
Time (seconds) Temperature (°C) Cycles
Initial denaturation 120 94 I
Denaturation 1 15 94 10
Annealing 1 30 55 10
Elongation 1 180 68 10
!

Denaturation 2 15 94 20
Annealing 2 30 55 20
Elongation 2 180 72 20
Final elongation 420 72 1

Table 2 Shows the PCR conditions for the amplification of the S. camelus Msx2 Promoter region.
The first denaturation, annealing and elongation steps were repeated 10 times before
second denaturation, annealing and elongation stages took place.

2.5.4 Electroporation

The pTK-EGFP-Msx plasmids were then used for electroporation. A second, empty plasmid
containing red fluorescent protein transcript, pCIG-RFP, was also prepared as a tracer for
electroporated cells to track the uptake of the plasmids. pCIG-RPF contains the CAG
promoter, able to drive expression in mammals and birds (Okabe et al., 1997). Chicken eggs
were opened such to preserve the embryos after 3ml of albumen was removed from the egg
with a needle inserted into the blunt end of the egg. The vitelline layer was removed to
expose the embryo which was covered in Ringers solution to provide 2 conductive medium
for the electric pulses. The final concentration of both plasmids in the mixture was 1pg/pl
and the green dye was in a 1:9 dilution Using pulled glass needles, the plasmid mixture was
injected into the lateral plate mesoderm and somite region at stage HH14. the electrodes were
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placed on either sides of the embryo and the shocks were administered. The embryos were
pulsed 5 times at 30 volts for 50 milliseconds at 1 second intervals with an ECM 830
electroporator {BTX). Ringers solution was used to cover the embryos to prevent drying out,
the eggs were sealed with tape and incubated at 37°C for 48 hours to allow for expression.
After the incubation period the eggs were opened, the embryos were dissected out and
viewed under an Axio Zoom V16 microscope (Zeiss). The embryos were viewed with a the

appropriate fluorescent filters in order to detect the EGFP and RFP expression.
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3. Results

3.1 Nucleic Acid Extraction

Using the nucleic acid extraction kits, several samples of both RNA and gDNA were extracted.
gDNA was extracted from both G. gallus and S. camelus embryonic tissue (Fig. 6A and 6B)
and RNA was extracted from G. gallus embryonic tissue (Fig. 6C). The large band and
smearing in figurc 6A and 6B indicate a successful gDNA extraction. The 2 bands in figure
6C, which is the 18S and 28S ribosomal RNA, indicating a successful RNA extraction. Lanes
2 and 3 in figure 6B are void of bands, indicating an unsuccessful gDNA extraction, attributed
to column overloading. The RNA was to be used to synthesis cDNA and RNA probes

thereafter, and the gDNA was used to isolate the Msx2 promoter region.
3.2 G. gallus Bmp4 Cloning

The extracted G. gallus RNA was used to synthesis cDNA (Fig. 7A), which was then used as
a template for the PCR amplification of Bmp4 fragment (Fig. 7B and 7C). The results were as
expected. The positive GAPDH control in lane one of figure 7C shows two bands, indicating
success. The negative, no template, control resulted in an empty lane indicating that any
amplification is that of the desired products. Lanes 3, 4 and 5 also had two bands in them

indicating successful synthesis of the desired cDNA.

DNA was used as a template to synthesise the Bmp4 fragment using the SSP’s. The PCR
protocol required optimising in terms of the annealing temperate as seen in fig 7B. The optimal
annealing temperature was found to be 49°C, seen in lane 1. The annealing temperature used

in lane 2 was 52°C, lane 3 was 51°C and lane 4 was 50°C.
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Figure 6 Agarose gel images of nucleic acid extractions. 6A) G. gallus gDNA extraction.
All four lanes show successful extractions, as evidenced by the smear and single bulbous
band. 6B} S. camelus gDNA extraction. The samples in lanes 1 and 4 are positive for gDNA

while lanes 2 and 3 is negative. 6C)G. gallus RNA extraction, The 18S and 28S bands can
be seen clearly in all four lanes, indicating success.

The purified PCR product was ligated into the pGEM-T Easy Vector. IM109 E. coli were
transformed with the ligated vectors containing Bmp4, Bmp2, Shh and Fgf10 which were the
extracted and sequenced. Once identity was confirmed the vectors were linearised (Fig. 8) and
used for probe synthesis. In some cases, multiple banding was observed on the agarose gels.
This is attributed to the formation different secondary structures in the case of circular plasmids
(fig. 8A and 8C), or the presence of 2 enzyme restriction sites in the case of the linearised

plasmid (Fig 8D).
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Figure 7 Agarose gels of cDNA synthesis and PCR’s of Bmp4 amplification. 7A)
Agarose gel of cDNA synthesis. Lane 1 is the positive control done with GAPDH RNA
and GAPDH primers, lane 2 is the no template negative control and lanes 3, 4 and 5
samples amplified with oligo(dT). The presence of 2 bands as in the positive control
indicates success. 7B)Bmp4 PCR optimisation process carried out under varying
annealing temperatures. The expected product size was 535bp. 7C) A gel of the

optimised Bmp4 PCR under optimal conditions, 49°C.
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3.2 Probe Synthesis

Probes were successfully synthesised for Bmp2, Bmp4, Fgf10 and Shi (Fig.9). The single
smeared bands seen for the Fgfl0, Bmp2 and Shh probes (Fig. 9) are the RNA probes which
remain from the RNA probe synthesis procedure after the DNase digestion step. The darkest
band visible on the Bmp4 lane is the DNA shown before the DNase digestion step. The multiple
bands below that are the RNA probes. The multiple bands are likely a result or secondary
structures forming within the RNA. The probes were diluted and stored in hybridisation mix

with tRNA. Probes for Msxland Msx2 were synthesised by previous students.

Lincarised Circular Linearived Circular

e B . I - ’
S

A B i
G. gallus Bmp2 G, gallus Bmpd
Circular Lincarised Linearise¢  Circular

. v ———
_;E_.d e

N —

C D

G. gallus Fgf1d G. gallu:s Shh

Figure 8 Agarose gels of plasmid linearisations. 8A)Linearisation of the Bmp2 fragment-
containing plasmid with the restriction enzyme Apal. 8B)Linearised Bmp4 containing plasmid
with Apal.,8C)Circular plasmid containing the Fgfl0 fragment in lane 1 and the plasmid
linearised with Sall in lane 2. 8D)Agarose gel of the Shh containing plasmid linearised with
EcoR32L
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Figure 9 Agarose gels of the synthesised probes. On the top left is the first step of probe synthesis,
before DNAse digestion, for the Bmp4 RNA probe. The darker bands at the top of the lanes are
the DNA template, and the fainter bands below that are the RNA probes. The image on the top
right shows the RNA probe of Sh# after DNase digestion of the DNA template. On the Bottom
left is a gel image after step 2 of probe synthesis for the RNA probes of Fgfl0 and Bottom right
is that of Bmp2. The bands visible in the gel are the RNA probes of the respective gene
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3.3 Whole Mount irn situ Hybridisation

Using the synthesised probes, as well as the probes provided by previous students, WISH was

performed on the hind limb buds of both G. gallus and S. camelus.

3.3.1 Bmp expression

The expression of Bmp2 and Bmp4 in G. gallus hind limbs can be observed in the interdigital
regions as expected; given their association with Msx and PCD (Fig. 10). All limb images are
positioned with the anterior (digit I) of the limb at the top of the image, the star marking digit
I At stage HH24, five digit primordia can be distinguished (Fig. 10A). By stage HH25 (Fig.
10B) the expression of Bmp2 has expanded to the fifth digit primordia. Four digit primordia
can be observed in the G. gallus limb treated with the Bmp4 probe at stage HH25 (Fig. 10C).

The staining is faint due to low probe concentration.

G. gallus Bmp2 G. gallus llgmpz G. gallus Bmp4
1

A B

| -

m I

1V

HH24 L1 HH25

Figure 10 Images of G. gallus hind limbs treated with Bmp2 (A and B) and Bmp4 (C) probes
during WISH.10A) Bmp2 expression in the hind limb of G. gallus can be observed in the
interdigital regions where PCD takes place. All five digit primordia are made visible by the
staining at stage HH24.10B) by stage HH25 the expression of Bmp2 remains in the interdigital
region however the expression has expanded to the fifth digit primordia, which is
eliminated.10C) Bmp4 expression in G. gallus hind limbs also occurs in the interdigital
regions, which can be observed between the digit primordia.
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3.3.2 Msx Expression

Msx1 expression in G. gallus hind limbs can be observed in the interdigital region. At stage
HH23 (Fig. 11A) the primordia of digits I and IT cannot be clearly distinguished, and the
primordia of digits II, IV and V are clearly visible. At stage HH24 (Fig. 11B) digit T and II
primordia are still not visible, but digits III, IV and V are. However the digit V primordium is
beginning to regress as MsxJ expression expands into that region. By stage HH25 (Fig. 11C)
digit IT primordium is visible with the digit 1 primordium becoming apparent and the digit
primordium V no longer visible.

G. gallus MSX1 G. gallus MSX1  G. gallus MSX1

A u""— B C 11§
{1 . l lll‘
IV ‘ v i v
HH2

HH23 HH24
S. camelus MSX1 S. camelus MSX1

D= E
- + iR

%

5

N

SCHH23 SCHH25

Figure 11 Hind limbs of both G. gallus (A, B and C) and S. camelus (D and E)treated with
the MsxI probe during WISH. Msx! is expressed in the interdigital regions in the hind limbs
of both G. gallus and S. camelus. The digit primordia are made visible by the staining. 11A)
In G. gallus digit primordia I, IV and V are distinguishable at stage HH23 while digit
primordia 1 and IT are not. 11B) at stage HH24 digit I and II are becoming more visible.
11C) by stage HH25 Digit primordia V is no longer visible and digit primordia 1 and II are
apparent. 11D) In S. camelus at stage SCHH23 digit primordia T, I, IV, and V are
distinguishable and 11E) by stage SCHH25 only digit primordia III and IV are visible.
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Msx] expression in S. camelus is less clear. At stage SCHH23 digit primordia II, ITI, IV and V
can be distinguished (Fig. 11D). By stage SCHH25 only digit primordia IIT and IV can be

distinguished (Fig 11E).

Msx2 expression in G. gallus and S. camelus hind limbs is also seen in the interdigital regions.
The expression pattern of Msx2 in G. gallus at stage HH24 make digit primordia I-IV visible
(Fig. 12A), comparable to Msx] expression in the G. gallus at stages HH24 and HH25. Msx2
expression in the interdigital regions in S. camelus hind limbs at stage SCHH23 makes digits
II-V apparent (Fig. 12B). By stage SCHH25 only digit primordia Il and IV are clearly visible,
with the remnants of digit primordia I and V regressing into the PNZ and ANZ where Msx2

expression is seen (Fig. 12C).

G. gallus MSX2 S. camelus MSX2 S. camelus MSX2
;A | B n C
i v

:' . » %
" . v

Y HE24 SCHH23 'SCHH25

Figure 12 The hind limbs of G. gallus (A} and S. camelus (B and C) treated with the GG Msx2
probe during WISH. 12A) The Msx2 staining in the interdigital spaces of the G. gallus hind limb at
stage HH24 makes digit primordia I, IL, TIT and IV visible. 12B) At stage SCHH23, the Msx2
expression in the S. camelus hind limb makes digit primordia II, TIL, IV, and V distinct, 12C) and
by stage SCHH25, only digit primordia Il and IV are visible.
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3.3.3 Expression of Additional Genes

WISH was performed only on G. gallus hind limbs with Fgfl0, Sox9 and Skh, due to the limited
supply of S. camelus eggs. The primordia of digit II-V are visible with Sox9 staining in the G.
gallus hind limb at stage HH25 (Fig. 13F). Shh expression can be seen in the posterior of the
G. gallus hind limb at stage HH21 (Fig. 13E). Fgf10 expression in G. gallus hind limb can be
seen in the distal border of the limb bud at stage HH21 (Fig 13A), expression then expands
proximally and to the anterior and posterior regions of the bud (Fig. 13B). By stage HH24,

Fgf10 expression is localised to the developing digit primordia (Fig. 13C) and can be observed

G. gallus Fgfl0 G. gallus Fgf10 G. gallus Fgfl0
' B C

N, 1 '
HH21 H23 CHH24
G. gallus Fgfl0  G. gallus Shh gallus Sox9
I D F
+
m
IV L
v HH25 [ - HH23 V. HH25

Figure 13 Hind limbs of G. gallus treated with the GG Fgf10, GG Sox9 and GG Shh probes
during WISH. 13A) At stage HH21 Fgfi0 is expressed in the AER of the developing limb
bud. 13B) By stage HH23 expression has expanded to the anterior and posterior regions of
the limb bud 13C) At stage HH24 FgfI0 expression is localised to the forming digit
primordia. 13D) At stage HH25 FgfI01is expressed in the margin of digit IT, TIT and TV digit
primordia and interdigital regions. 13E) Shh is expressed at the posterior of the G. gallus hind
limb at stage HH23.13F) Sox9 is expressed in cartilage precursors at stage HH25 making
digits I, III, IV and V visible.
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on the borders of digit primordia II, IIl and IV and the interdigital region by stage HH25 (Fig

13D).

IV , v’

SCHH22 SCHH22

Figure 14 Sections of a S. camelus hind limb. A and B are hind limbs sectioned at stage SCHH22,
treated with a TUNEL detection kit, anti-Sox9 and anti-mouse secondary antibody. 14A) Is a section
with only the Sox9 (red) shown and 14B) is the section with both Sox9 and apoptotic nuclei (green).
In both 14A and 14B, 5 digit primordia are visible, and in 14B apoptotic nuclei are visible in the
interdigit regions. 14C and 14D are hind limbs sectioned at stage SCHH25. 14C) Is a section with
only the Sox9 shown and 14D) is the section with both Sox9 and apoptotic nuclei . Only digits I
and IV are visible in 14C and 14D while apoptotic nuclei can be seen in the interdigital regions and
the region between the developing radius and ulna

3.4 TUNEL and Immunocytochemistry

A TUNEL assay and ICC was performed on sections of §. camelus hind limbs to assay cartilage

formation and cell death in the developing limb. Figure 14A and 14B is a section through an
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S. camelus hind limb at stage SCHH23. At Stage SCHH23, five cartilaginous processes can be
observed marking digit primordia, as well as the cartilaginous precursor of the zeugopod. The
TUNEL assay did not give conclusive results. The fluorescein, marking cell death, appeared in
non-distinct areas. However, few apoptotic nuclei can be seen overlapping with digit I, IV and
V primordia. By stage SCHH25 (Fig. 14C and 14D), only digit primordia IIT and IV can be

seen, as well as the more developed zeugopod, with the radius and ulna distinguishable.

3.5 Promoter Analysis
The colony PCR yielded positive resuits. Bands of the correct size (3.5kb) were observed on
the agarose gel run with the products of the colony PCR (fig. 15). A negative control was also

performed with no templated, which yielded an empty lane (fig. 15, lane 1).

1 2 3 4

-

Figure 15 Agarose gel after colony PCR was performed. Lane one was a no
template negative control. Lanes two, three and four were the producis of
successful colony PCR’s. The expected product size was 3.5kb and the bands of
the colony PCR products have resolved in line with the 3kb band of the molecular
weight marker.

Following electroporation and incubation, live embryos were harvested. The survival rate of
the embryos 48 hours after electroporation was about 25%. Expression from neither pTK-
EGEP-Msx nor pCIG-RFP was observed in the limbs of the surviving embryos, however

fluorescence was observed in other areas of the embryo (Fig. 16). The dead embryos were not
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viewed as they develop auto-fluorescence. Some of the EGFP and RFP fluorescent markers

over lapped while others were individually expressed.

Figure 16 G. gallus tissue 48 hours after electroporation. Images A and B are of limbs
which have been dissected off a G. gallus embryo at stage HH24. No fluorescence is
detected. 16C) is the ventral view of the trunk region of G. gallus embryo at stage HH24
viewed with the EGFP filter. Non-specific fluorescence can be detected 16D) is the same
embryo viewed with the REP filter. Non-specific fluorescence is also detected with this
filter.

48



4. Discussion

Following this study, we are able to provide evidence that programmed cell death may drive
digit loss in S. camelus. These findings are mainly evidenced by Msx] and Msx2 expression in

WISH and Sox9 expression in ICC.

4.1 Msx expression patteins in S, camelus suggests its possibie role in
elimination digit primordia

MsxI and Msx2 mRNA are expressed in the interdigital regions of both G. gallus and S.
camelus. Evidence suggests that these two genes have redundant functions in their roles in limb
development as single homozygous mutants for either gene show insignificant limb defects,
whereas the phonotypes of double homozygous mutants display severe limb defects

(Lallemand et al., 2005).

Expression patterns of MsxI and Msx2 in S. camelus show the expansion of these genes into
the domains of the eradicated digit primordia. In both the cases of MsxI and Msx2 expression,
the digit primordia of digits IL, III, IV and V are visible at stage SCHH23. By SCHH25, only
the primordia of digits [l and IV remain, while the expression of Msx/ and Msx2 have
expanded into the domains of digits IT and V. Msx genes are associated with cell death as
evidenced by the expression of Msx genes in G. gallus limbs in areas of cell death (Gafian et
al., 1998). We also observe that the expansion of Msx2 expression into the digit primordia leads
to the eradication of that primordia as well as the occurrence of TUNEL positive nuclei in these
regions of expansion, as seen in the horse, camel and three-toed jerboa (Cooper er al., 2014).
Together these observations provide evidence that the digit primordia of digits I, Il and V in

the S. camelus hind limb may be eliminated by programmed cell death,
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4.2 Loss of digit primordia in S. camelus could be as a resuit of apoptosis

The ICC and TUNEL assay showed the formation of 5 digit primordia at stage SCHH22 with
possible apoptotic nuclei overlapping on digit II, IV and V primordia, the digits which are lost.
The fluorescein signals, marking apoptotic nuclei, do not appear to be specific. However, the
absence of fluorescein signal in the forearm precartilage and the presence the fluorescein signal
in the interdigital regions indicate a degree of specificity. At a later stage, SCHH25, we see
only 2 digit primordia, digits III and 1V. At stage SCHH2S apoptotic nuclei can be seen in the

interdigital regions, the anterior margin of the limb and the region between the tibia and fibula.

Previous studies were clearly able to associate areas of Msx2 expression with arcas of PCD
indicated by TUNEL positive nuclei (Cooper et al., 2014). That same clarity was not achieved
in this study, however the observed loss in cartilage digit precursors from ICC supports the

findings of WISH.

4.3 Bmp expression in G. gallus interdigital regions points to a role in PCD

We see in G. gallus limbs that Msx and Bmp genes are expressed in the same interdigital regions
at the same stages. This co-expression is an indication of their possible interaction. Bmp2 and
Bmp4 mRNA expression is seen in the interdigital regions of the developing G. gallus limb
bud, in agreement with previously published work (Geetha-Loganathan et al., 2006). WISH
was not performed on S. camelus limbs due to a limited supply of ostrich eggs. From stage
HH24 to HH25, the expansion of Bmp2 expression can be seen moving to the digit V domain
which is lost, affirming the possible contributing role of Bmp’s in PCD. No Bmp2 expression

is seen in the very distal margin of the limb bud, owing to the fact that Bmp2 is inhibited by
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GREMLIN in this region, which prevents Bmp’s from inhibiting Fgf’s in the AER (M.K.

Khokha et al., 2003),

4.4 Expression of Shh, Sox9 and Fgf10 could have rules out other
mecharisms of digii loss

The assessment of the expression of the additional genes, Shh, Sox9 and fgf10, in S. camelus
was intended to exclude their activity in the digit loss mechanism. Due to the above mentioned
limit in the supply of ostrich eggs, WISH was not performed on S. camelus limbs with the

probes of Fgf10, Sox9, and Shh.

Sox9 expression in G. gallus is as expected. By stage HH25 the digits which become ossified,
digits II-V, are stained by the Sox9 probe. The staining around digits II and III are unclear
because of over staining. Being a cartilage precursor (Bi ef al., 1999), Sox9 expression in §.
camelus would have better demonstrated the loss of the digit primordia with the staining of the
precartilage primordia, as opposed to the interdigital regions staining achieved with the Msx
and Bmp probe staining. Additionally, the Sox9 staining from WISH could be used to

corroborate the Sox9 staining from ICC.

Shh expression in the posterior of the G. gallus limb bud at stage HH23 is as expected and in
line with previous finding. Sh# is secreted from the ZPA located in the posterior of the limb
bud (Riddle et al., 1993). Evidence has shown that digit loss in S. camelus takes place post
patterning, well after Shh shapes the limb (de Bakker et al., 2014). We have seen that altered
Shh expression leads to digit loss in H. quadrilineata and that late delayed Shh expression in
bats results in highly modified forelimbs (Hockman et al., 2008; Cooper er al., 2014). The
expression of Shh was to be assessed in the S. camelus to more confidently preclude it from the

digit loss process.
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Fgf10 is essential in limb bud outgrowth, as the limb bud growth of Fgfl10” mice is initiated,
but terminated in early development (Sekine ef al., 1999). Fgfl0 also initiates and upregulates
the expression of Fgf8, which upregulates Fgfl0 in a positive feedback loop. We sce that Fgf8
expression in the ossified three-toed jerboa, horse and camel is maintained in the AER above
the digits which become ossified. The expression of Fgf’s are also inhibited by Bmps (Macias
et al., 1996; Mustafa K Khokha et al., 2003). At stage HH25 in the G. gallus limb bud Fgfl0
is expressed in the margins of the primordia of digits IT, IIT and IV and not in the interdigital
regions where Bmp’s are expressed. Given the fact that Fgfs are inhibited by Bmps, the
expansion of Bmp expression would have a concomitant reduction in Fgf10 expression giving

us further insight into PCD in S. camelus.

4.5 S. camelus Msx2 promoter is able to drive expression in G. gallus

The intention of transfecting G. gallus tissue with a portion of the S. camelus Msx2 upstream
region was to gain insight into the factors that drive the expression of Msx2 in S. camelus. An
upstream region of Msx2 has been shown to bind Bmp4, presumably to initiate PCD. In the
later stages of limb development when Fgf signalling from the AER begins to attenuate, so
does the expression of Gremlin, the Bmp inhibitor. Without Gremlin inhibition, Bmp4 is able
to bind the Msx2 promoter and drive ICD. How PCD is restricted to the interdigital regions is
still unknown. It could be an alteration in the S. camelus Msx2 promoter, which changes how

it interacts with Bmp4 which could yield the unique hind limb morphology of S. camelus.

Expression of neither the EGFP from pTK-EGFP-Msx nor RFP from pCIG-RFP was achieved
in the developing limb buds of G. gallus. Expression was observed in other embryonic tissue,
mainly in the trunk region. pCIG-RFP contains the CAG promoter, which is able to drive

expression in G. gallus. The low levels of RFP expression indicates low plasmid uptake and
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expression, which could result from suboptimal electroporation conditions. The tissue into
which the plasmid was injected was solid, which is not ideal for the retention of the plasmid
mixture, resulting in much of the plasmid being lost outside of the tissue, leaving little for

electroporation.

Expression of EGFP was also observed in the trunk region. This indicated that the 3.5kb region
upstream of S. camelus is able to drive expression in G. gallus. These results do not give us
any information about the factors that contribute to this expression, such as the transcription
factors involved. What we can infer is that it is able to drive expression and that the expression

is not limb specific.

4.6 Conclusion

It has been shown that Msx7, and Msx2 expression domains expand into the domains of the
eradicated digits, and the possible presence of apoptotic nuclei with in those digit primordia.
Preliminary evidence has therefore been presented herein to suggest that post patterning
programmed cell death involving Msx] and Msx2 pathways drives digit loss in the hind limbs

of S. camelus.

It was also noted that a 3.5kb region upstream of the S. camelus Msx2 gene is able to drive
EGFP expression in G. gallus, however this information, while novel and potentially

significant, did not contribute to the elucidating the mechanisms of digit loss in S. camelus.

There are many genes and many interlinking pathways involved in limb development, as
such, further investigation into the subject would have to be made, investigating the roles of

other genes in the process for a decisive conclusion to be made.
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4.7 Further work

More investigation is required to confirm the mechanism of digit loss in S. camelus. The
expression patterns of Sox9, Shh, Fgfl0 and Fgf8 in the S. camelus limb should be
investigated to exclude any post patterning developmental mechanisms which may shape the
limb. Better analysis of the occurrence of apoptosis in the developing limb bud should be
obtained to get a clearer idea of cell death during development, as well as knock out
experiments involving Msx2 and Bmp4, and possible their homologs. A more in depth

investigation of the Msx2 promoter and its interaction with Bmp4 should also be done.
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3.1 Appendix A

Solutions usad in in situ hybridisaticn

Phosphate buffered saline

NaHPC4-7H20
NaCl

KH:PO4

KCl1

Tween-20

H:0

Hybridisation mix
Formamide

20X SCC

H2O»

Heparin

10% CHAPS
Tween-20

tRNA (If required)
H2O (DEPC)

20X SCC pH5.0
NaCl

Monosodium citrate
H>0 (DEPC)

SX MABT pH7.5
Maleic acid
Tris-base (to pH 7.5)
NaCl

Tween-20

H:0

NTMT pH9I.5
NaCl
Tris-base
MgCl,
Tween-20
H:O

43mM

1.4M

14mM

27mM

0.1%

To required volume

5%

2.5%

28%

100pug

0.5%

0.2%

200p/ml

To required volume

3M
0.4M
To required volume

0.5M

0.8M - 1.2M
0.75M

0.1%

To required volume

100mM

100mM

50mM

0.1%

To required volume
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5.2 Appendix B
Sources of figure SR images

Nile crocodile — by Jocelyn Ouellet @
http://www jnomade.org/en/photoblog/trip2/kenya/kitale/

Ostrich -
http://web.stanford.edu/—-sicgeIr/RSA/gardenroute/'IMG_O676%200strich%20foot.jpg

Emu - https://iamsafari.com/2015/02/15/yalabidi-walking-with-dinosaurs/

Barbary dove - http://pet-doves.com/petdoves/dove_selection.htm

Zebra finch - https://www.etsy.com/listing/228807249/tiny-finch-feet-real-matched-set-dry
Chicken - http://www.sendirimu.xyz/live-chicken-feet/

Zebra - http://www.ponyville.se/hovar_en.html

Sumatran rhino - http://www.arkive.org/black-rhinoceros/diceros-bicornis/image-
G112062.html

Baird's tapir - http://www.alamy.com/stock-photo-thc-hind-fcet-of—a—bairds—tapir—tapirus—
bairdii-75530114.html

Bactrian camel - https://za.pinterest.com/pin/40673 1410077898624/
Hippopotamus - https://za.pinterest.com/pin/468937379929757939/

Wild boar - https://za.pinterest.com/birdydrew/warthogs-boars/

Chacoan peccary - http://www.arkive.org/chacoan-peccary/catagonus-wagneri/
Sheep - http://anatomyofthefoot.com/anatomy-of-sheep-foot.html

Water buffalo - https://www.flickr.com/photos/75164718@N08/6756079809
Cattle - http://www.fmdinfo.org/images.aspx

Red deer - https://za.pinterest.com/pin/207869339026426092/

Water deer - https://za.pinterest.com/pin/324962929336740345/

Reindeer - https://www.dreamstime.corn/stock-photos-plane—towing—glider—ahplane-aircraft—
cloudscape-background-image31476323

Moose - https://hoofcare.blogspot.co.za/2011/ 10/1aminitis-in-moose-vermonts-pete-
moose.html
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