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SUMMARY.

The thesis begins with a comparison of four egg production systems
currently in commercial use within the UK, namely battery, perchery, modified
free range and traditional free range. The comparison involved traditional,
material and ultrastructural measures and was carried out in order to assess
the effect of the various production environments on shell structure and quality.
No definitive order of rank was obtained, however, the results obtained
indicate that each system has the potential to provide well structured
eggshells throughout lay, providing that management of a high standard is
maintained. The degree of environmental control offered by the battery
system is reflected in terms of stable shell quality performance, while a poorer
performance from the perchery is attributed to social order dysfunction. It is,
however, acknowledged that many of the behavioural needs of the birds, such
as the ability to nest, scratch and perch, are not met in the battery environment.
An investigation into battery cage enhancement by means of perch provision
and increased space allowance per bird was therefore carried out. Provision
of a perch, when all birds had access to that perch, resulted in improved shell
ultrastructural quality. If not all birds had access to the perch social stability
was disrupted and ultrastructural quality compromised. In addition, force
molting was also shown to have a beneficial effect on eggshell quality. This
however could not be explained purely in terms of the shells inorganic
component.

These investigations were combined with a comprehensive review of
the welfare requirements of the laying hen and how they are variously met and
compromised within each system. The use of ultrastructural shell quality
assessment was shown to provide an insight into the birds homeostatic
mechanisms on a daily basis. It has therefore been suggested that it be
added to the range of criteria currently used to evaluate the overall welfare
status of the laying hen.

As not all of the observations regarding shell quality performance could
be explained in terms of the inorganic fraction of the shell alone, the role of the
shell's organic matrix was highlighted. In particular, constituent proteins such
as keratan sulphate, dermatan sulphate and ovocleiden-17 (OC-17) were
investigated.  Differences between etched (without membranes) and
nonetched (with membranes) shells of good and poor quality were also
investigated.



Ultrastructural examination of eggshell matrix revealed a complex
architecture that differs within each of the major zones within the shell. Its
appearance in areas of the shell associated with crystal nucleation
(mammillary cores), rapid growth (palisade layer) and termination (vertical
crystal layer and cuticle) indicated a relationship between structure and
function. As a result of this investigation a hypothesis has been developed
regarding possible roles for the vesicles associated with the organic matrix of
the shell.

Extra and intramineral matrix proteins from good and poor quality,
etched and nonetched shells were solubilised by sequential extractions using
guanidine HCI and EDTA prior to SDS-PAGE. The matrix subunit protein OC-
17 was demonstrated in all but the poor quality nonetched extramineral
fraction and no differences in profiles were found between etched and
nonetched shells. There is evidence to suggest that removal of the eggshell
membranes by plasma etching gives a more accurate picture of the
composition of the extramineral fraction of the organic matrix than previously
obtained.

Addition of soluble extra and intramineral proteins to a metastable
solution of calcium carbonate was shown to modify the morphology of calcite
crystals formed in vitro. This suggested that both these constituents of
eggshell matrix are involved in the regulation of calcite crystal growth during
the formation of the eggshell, contrary to the findings of previous researchers
who have demonstrated an effect solely with the intramineral fraction.

Immunohistological studies demonstrated the presence of OC-17 in the
shell membranes, the mammillae, the palisade and vertical crystal layers. The
presence of OC-17 in the vertical crystal layer indicated that this region
contains an organic matrix component. Little difference in the distribution of
0OC-17 was demonstrated between good and poor quality shells.

These results provide a foundation for future research on the organic
fraction of the eggshell and have reinforced the fact that such studies are in
their infancy. They also highlight the fact that this material has, by and large,
been ignored in terms of shell quality assessment to date. It was concluded
that a better understanding of the mechanisms involved in the biogenesis of
the calcified egg shell would benefit the poultry industry at every level and
would also pave the way for improvements in many other disciplines.



CHAPTER 1 - GENERAL LITERATURE REVIEW.




1. GENERAL LITERATURE REVIEW.

1.1. THE OVIDUCT.

The oviduct of the domestic fowl is composed of six functionally distinct
regions, namely the infundibulum, magnum, isthmus, tubular shell gland
(TSG), shell gland pouch (SGP) or uterus, and vagina (Solomon, 1975). It
normally takes about 20 weeks for a fully functional and recognisable tract to
develop although Fujii (1981), in studies of the immature pullet, found the
various regions could be identified at 18 weeks.

In the domestic fowl only the left ovary and oviduct develop and
become functional (Watt, 1989). The mature oviduct is normally around
600mm long (Gilbert, 1979), although considerable variation can occur
between individuals. Thus, the oviduct is a highly tortuous conducting
muscular tube responsible for transporting the ovum from the ovary to the
cloaca and providing it en route with a supply of nutrients and a protective
calcified shell.

The basic structure of the oviduct wall, from the epithelial surface
outwards, is as follows. A mucosa with a stratified columnar epithelium and
underlying coiled tubular glands in the lamina propria, an inner layer of
connective tissue, an inner circular muscle layer, an outer layer of
vascularised connective tissue, an outer layer of longitudinal muscle and an
outer serosa. The layers of smooth muscle transport the egg along the oviduct
(Gilbert, 1979) and increase in thickness caudally. The oviduct is well
vascularised and innervated and is discussed in detail by Solomon (1983,
1991).

The time spent by the developing ovum in each region of the oviduct is
as follows, 0.25-0.5 hours in the infundibulum, 2-3 hours in the magnum, 1.25
hours in the isthmus, 0.25 to 0.5 hours in the TSG and 18-20 hours in the SGP
(Watt, 1985; Solomon, 1991).



1.1.2. THE OVARY.

There is a 24 hour continuous cycle in the oviduct of the domestic fowl,
under the control of lutienising hormone from the pituitary (Gilbert, 1971). The
ovum and its limiting membranes are known as a follicle and several
developing ova are present at any one time at various stages of maturation,
forming a follicular hierarchy. Each follicle is attached to the ovary by a narrow
stalk. The follicle wall is highly vascularised except at the region known as the
stigma, along which it ruptures at ovulation releasing the ovum. Occasionally
haemorrhaging occurs resulting in the formation of a blood spot. It takes about
7-9 days for the post ovulatory follicle to regress.

Thirty minutes to one hour has been suggested as the time interval
between oviposition of one egg and ovulation of the next (with oviposition
being the stimulus for ovulation).

1.1.3. THE INFUNDIBULUM.

Post ovulation, the ovum is engulfed by the fimbriated ends of the
funnel-like infundibulum. Within this region fertilisation may take place. The
fimbrial lips are composed solely of ciliated cells (Fujii, 1974, 1981) and these
cilia beat rhythmically, transporting the ovum on its journey. In this region the
ovum is enveloped by a periviteline membrane consisting of fine
proteinaceous rodlets through which sperm pass during fertilisation. In
addition, enzymes released here are later triggered by changes in the
chemical composition of the oviducal fluid, along with turning of the egg, to
encourage chalazae formation (Solomon, 1991). These twisted mucoid fibres
stabilise the yolk within the albumen mass. In the cephalic region the mucosal
folds are low, becoming more pronounced as the infundibulum narrows
(Solomon, 1983) due to the appearance of tubular glands (Aitken, 1971). The
mucosal folds run somewhat longitudinally and are covered by approximately
equal numbers of ciliated and nonciliated cells.



1.1.4. THE MAGNUM.

On the next phase of the journey the ovum enters the magnum. This is
the longest part of the oviduct and is distinguished from the infundibulum by its
white colouration, its greater diameter, thicker wall and glandular appearance.
In this region up to 40 different proteins are manufactured to form the albumen.
This imparts shape to the developing egg which then progresses caudally,
blunt end first. The surface of the magnum is lined with tall ciliated and
nonciliated epithelial cells and tubular glands in the mucosa are responsible
for the manufacture and release of the albumen proteins.

Albumen is a multilayered structure which only achieves its final form
after oviposition, containing 80% water at this time. A viscous layer of
sulphated mucus is acquired as the ovum exits the caudal portion of the
magnum, rendering turgidity and forming a stable foundation for the
deposition of the shell membranes. In addition to its nutritional role, albumen
also contains antibacterial agents such as lysozyme and avidin and provides
a degree of physical protection for the descending ovum.

Mechanical stimulation by the descending egg is the stimulus for
albumen release (Amundson and Baker, 1940 and Amundson et al., 1943;
cited by Solomon, 1983) and it is believed that the magnum contains enough
protein for two eggs at any one time (Solomon, 1991). The magnum is
separated from the isthmus by a narrow, aglandular region which can be
observed by the naked eye.

1.1.5. THE ISTHMUS.

This region is narrower than the magnum and has less voluminous
folds. It is lined by a pseudostratified columnar epithelium of ciliated and non
ciliated cells and is responsible for producing the paired shell membranes
(Solomon, 1983).



1.1.6. THE TUBULAR SHELL GLAND (TSG).

The TSG shares some ultrastructural features with the isthmus,
however, the gland cells lining the TSG are distinguished from the former cells
by their complement of glycogen (Wyburn et al, 1973). The TSG is
functionally comparable to the shell gland pouch but is specifically
responsible for the initial transfer of calcium salts onto the membrane fibres.

In this region calcium deposition is targeted specifically at chemically
modified end portions of the membrane fibres known as mammillary cores.
The cores and their mantle of calcium salts make up the mammillary bodies.
Time spent in this region is relatively short, but nonetheless critical for good
shell formation, as it is here that the membrane fibres make close contact with
calcium salts in preparation for the main phase of shell formation.

1.1.7. THE SHELL GLAND POUCH (SGP).

The SGP averages 7.3-11cm in length and 3cm in width and serves
four separate functions, namely, addition of water or “plumping fluid”, secretion
of the bulk of material needed for shell calcification, incorporation of pigment
and the secretion of the cuticle (Solomon, 1991). The tubular gland cells

lining this region are characterised by their content of mitochondria, which
vary in number during the laying cycle. Lateral and basal cell walls show
complicated infoldings and the luminal surface is covered with microvilli, many
of which have swollen tips preceding the phase of calcium transfer.

Prior to the deposition of calcite the egg is “plumped” by the addition of
about 15g water into the albumen (Wyburn et al., 1973). This swells the egg
and exposes the mammillary bodies.

During its 20 hour stay in the pouch region, the bulk of the true shell is
acquired. This consists of 95% calcium carbonate and 5% organic material
and is described in detail in section 1.2..

Shell pigmentation occurs towards the end of shell formation and is
mainly associated with the laying down of the cuticular layer.



The vascular supply to the SGP is profuse and during lay the region
appears bright red due to vascular engorgement. Fenestrated capillaries,
similar to those found in the renal glomeruli, are present allowing rapid
transfer of metabolites, Solomon (1983). '

1.1.8. THE VAGINA.

The vagina is separated from the shell gland mucosa by dense
connective tissue. The lining mucosal folds are long, slender and “S” shaped
with short secondary folds. Ciliated and nonciliated cells are present. Sperm
host glands are found at the junction with the SGP. These are fluid filled and
sperm may remain viable here for 12-22 days, extracting nutrients from the
medium prior to moving anteriorly towards the infundibulum aided by
antiperistalsis. Oviposition is brought about by contraction of the SGP which
(after egg rotation) pushes the egg into the vagina and through the cloaca
pointed end first (Solomon, 1983, 1991).



1.2. FORMATION AND STRUCTURE OF THE EGG SHELL.

1.2.1. INTRODUCTION.

Nature designed the avian eggshell as a microenvironmental chamber
for housing the developing embryo. In this capacity it provides physical
protection, regulates gas, water and ionic exchange and provides a source of
calcium (Arias et al., 1993). These authors described the shell as a
multilayered polymer ceramic composite consisting of four layers, the shell
membranes, the mammillary layer, the palisade layer (including the vertical
crystal layer) and the cuticle (see Figure 1).

1.2.2. THE FABRICATION OF THE EGGSHELL.

The avian eggshell is one of the most rapidly mineralizing biological
systems known with 5g of CaCOj3 being crystallized in fewer than 20 hours
(Simkiss, 1961; cited by Arias et al., 1993). It is produced at the relatively low

temperature of 40°C (man-made ceramics require much higher temperatures)
and involves the simultaneous deposition of matrix material and calcium
carbonate, Arias et al., (1993), Arias and Fernandez (1995). Soluble
precursor matrix polypeptides are synthesised in the liver and in the isthmus,
the rate of synthesis in the liver being under the control of the sex hormones
(Krampitz, 1993). Mineralization takes place in an acellular milieu (the uterine
fluid) which contains supersaturated concentrations of calcium and
bicarbonate ions. Calcium is transported through the SGP mucosa in
association with the presence of the protein calbindin (Nys, 1990).

During lay there is preferential selection of a calcium rich diet by the
hen which, however, can only absorb little more than 1g of calcium per day
(Tyler, 1940). There is approximately 2g of calcium in the normal eggshell and
the labile medullary bone in the femur supplies the excess calcium required at
this time (Simkiss, 1975). Thus, there is a state of dynamic equilibrium in
existence between dietary calcium in the blood, the medullary bone and the
calcifying egg shell.



The carbonate fraction of the crystalline shell originates from the
hydration of metabolic carbon dioxide to bicarbonate ions within the shell
gland mucosa (Hodges and Lorcher, 1967). This process is under the control
of the enzyme carbonic anhydrase which is located within the tubular glands
and epithelial cells lining the shell gland (Sturkie, 1986).

All the necessary components accumulate in the SGP prior to shell
secretion, the signal for secretion being mechanical stimulation through
rotation of the shell free egg (this reaction can be mimicked by rotating a ping
pong ball in the SGP), Krampitz (1993).

A detailed working hypothesis for the steps involved in shell
mineralization is provided by Fink et al.,, (1993). These authors describe the
eggshell as being fabricated by an “assembly line” method as the egg
progresses along the oviduct; thus distinct regions of the oviduct or distinct
oviduct cell populations have specialised control over eggshell fabrication.
The calcification of the eggshell involves three main steps: (a) fabrication of
shell membranes and mammillae by the cells of the isthmus (b) nucleation of
calcium carbonate crystals (c) space filling growth of calcite from these first
formed crystals accompanied by concomitant matrix deposition in the shell
gland pouch. The ordering of the development of each structural feature may
be subject to debate, in as much as sequential steps may tend to occur
simultaneously at different regions of the developing shell.

Phosphate has been shown to poison calcite formation (Simkiss, 1964).
It is also known that premature oviposition can be brought about by
intrauterine injection of orthophosphate or pyrophosphate (Ogasawara et al.,
1974, 1975; Klingensmith and Hester, 1983, 1985). It has not yet, however,
been established whether the end of shell formation is the consequence of an
arrest of calcium secretion, changes in uterine fluid composition, or the
inhibition of calcite growth, Klingensmith and Hester, (1983).

1.2.3. THE MULTILAYERED SHELL.

The avian eggshell is a composite structure of inorganic (calcium
carbonate) and organic matrix material that is rapidly and sequentially
fabricated in the oviduct in less than 24 hours. To date, most of the emphasis
regarding research into the avian eggshell and specifically into eggshell
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quality has been directed towards the inorganic fraction of the shell. The
calcified shell comprises three morphologically distinct zones, namely the
mammillary layer, the palisade layer and the vertical crystal layer (see Figure

1),

[i] The Mammillary Layer. (Figure 1). This corresponds to the
innermost region of the shell and is approximately 100um thick (Arias et al.,
1993). The initiation of calcification takes place at this level giving rise to the
formation of the basal caps. As the process continues the cone layer is
established and with the fusion of these cones the mammillary layer is
complete (Watt, 1989).

[ii] The Palisade Layer. (Figure 1). Succeeding the initiation process
there occurs a rapid phase of calcification during which the palisade layer is
formed (Solomon, 1991). This layer makes up the bulk of the shell and is
composed of long, fused calcitic columns between 200-350um thick, Arias et
al, (1993). Simons (1971) described the presence of vesicular holes which
give this layer its characteristic honeycomb appearance. Solomon (1989;
cited by Watt, 1989) hypothesised that these vesicular holes are a naturally
occurring phenomenon caused by incomplete fusion during the growth phase
of the cubic crystals. Simons (1971), however, considered them to be
associated with the organic matrix.

The continuity of the palisade layer is broken only by the presence of
gaseous exchange pores running vertically through the entire depth of the
shell (Figure 1). These facilitate gas exchange between the internal and
external environment during embryonic growth and occur as a consequence
of incomplete fusion of adjacent mammillary knobs during the initial stages of
calcification (Tullett, 1975, 1987). The egg has 7000-17000 pores ranging
from 9-35um in diameter (Romanoff and Romanoff, 1949). They are more
numerous at the broad pole of the shell.

[iii] The Vertical Crystal Layer. (Figure 1). According to Creger
et al., (1976; cited by Watt, 1985) initial crystal growth is definitive, but then

becomes replaced by a much less regular deposition. Towards the outside of
the shell the crystals adopt a vertical orientation forming the vertical crystal
layer which is between 3 and 8um thick (Arias et al., 1993). Arias et al., (1992,
1993) and Arias and Fernandez (1993, 1995) have hypothesised that the
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reason for this is the absence of an organic matrix framework within this layer.

1.2.4. THE ORGANIC COMPONENTS.

The organic components consist of the shell membranes, the
mammillary cores, the shell matrix and the cuticle.

[i] The Shell Membranes. The paired shell membranes are deposited
in the isthmus region of the oviduct. The membrane fibres interlace and

adhere closely forming a perfuse mat except at the broad pole, where the air
space is located. The fibres of the inner component have a width of
approximately 2um and the outer between 2um and 4um. Both are composed
of a protein core enclosed in a less dense carbohydrate mantle (Simons,
1971). The inner shell membrane lies immediately over the albumen whilst
the outer shell membrane is attached to the true shell (Mayes and Takeballi,
1983; cited by Nascimento, 1992). '

The predominant components of the shell membranes are highly
insoluble proteins which are resistant to typical extraction techniques
(Krampitz et al.,, 1972, 1974; cited by Arias et al., 1993). Early research
indicated a keratinous nature for the membranes because of their similar
amino acid composition. Later studies based on structure, amino acid
analysis, solubilities and the absence of epitopes recognised by anti-keratin
antibodies, showed this to be inaccurate, (Arias et al.,, 1993). The detection of
hydroxyproline (Balch and Cooke, 1970), hydroxylysine (Candlish and
Scougall, 1969) and lysine derived cross links (Crombie et al, 1981) gave an
indication to the collagenous nature of the proteins (Wong et al., 1984). It'was
also believed that elastin could be a component of the membranes, however,
the protein involved proved resistant to elastase (Leach et al,, 1981; cited by
Arias et al., 1993).

Immunohistochemical studies have confirmed the collagenous nature
of the shell membranes, which contain mainly type X collagen. Additionally
they contain types | and V collagen, type | is found mainly in the outer shell
membrane while type V is associated mainly with the inner (Arias et al., 1992,
1993; Arias and Fernandez 1993, 1995). These authors have also
demonstrated the presence of the proteoglycan keratan sulphate in the outer



shell membrane. Proteoglycans are known to be calcium binding polyionic
molecules which can modulate phosphate and carbonate precipitation (Wu et
al,, 1992, 1994; Arias and Fernandez, 1995).

The outer shell membrane is essential for normal calcification. Indirect
evidence suggests that the structure of the shell membranes guides the
pattern of crystal deposition. Meenashki et al., (1971) showed that the pattern
of mineral deposited by the snail Otala (species not identified), after
replacement of a piece of its shell with hen’s shell membrane, corresponded
closely to that of the hen’s shell and not of the snails. It has also been shown
that no shell is formed in their absence, Krampitz (1993). The membranes do
not mineralize completely but contain uniformly distributed nucleation sites for
crystal deposition and growth. These are known as mammillary cores.

[iil The Mammillary Cores. These are the epitactic nucleation sites
which initiate crystal deposition and growth (Watt, 1989). They are chemically
bound to the outer shell membrane through disulphide links (King and
Robinson, 1972; cited by Watt, 1989). From here crystals grow radially in all
directions to enclose the membrane fibres and thus firmly bind the calcified
part of the shell to the shell membranes, Nascimento (1992). An account of
the biochemical composition of the cores is provided by Arias et al., (1992,
1993). In brief, they are known to be rich in neutral glycosaminoglycans
(mucopolysaccharides), hexosamines, hexoses, sialic acid. Protein-acid
polysaccharide complexes and keratan sulphate have also been
histochemically detected. The detailed chemical composition of the
mammillary core components, however, remains unresolved.

[iii] The Organic Matrix. As in the case of other mineralized tissues
eggshells are created by living cells which simultaneously deposit an organic
matrix with an inorganic crystalline fraction. The eggshell is an example of
heterogeneous nucleation, that is, crystal nucleation onto a substrate that is
chemically different from the crystal that is being nucleated (Arias et al., 1993).
In contrast to other examples of biomineralization such as bone, tooth and
mollusc shell, however, the cells involved in eggshell formation are not
intrinsic components of the resulting structure.
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The mechanisms by which matrix macromolecules influence calcite
crystallization are not well understood, but may involve acceleration or
inhibition of crystal growth on specific crystallographic planes, due to specific
interactions between binding sites and calcium carbonate (Krampitz and
Grasser, 1988; Krampitz, 1993). Recent studies have indeed shown that
unpurified matrix material can affect the morphology and rate of calcium
carbonate crystals in vitro (Wheeler and Sikes, 1984; Gautron et al., 1993,
1995 in press; Gautron, 1994). The role of specific matrix proteins in the
biomineralization process, however, remains undetermined. The presence of
matrix proteins is also thought to influence the strength and shape of the final
structure of calcium carbonate in the calcified eggshell, Silyn-Roberts and
Sharp (1986).

Biochemical studies have demonstrated that the matrix consists of a
mixture of 70% proteins and glycoproteins with 11% polysaccharides. It is rich
in neutral polysaccharides, hexoses, hexosamines, sialic acid and protein-
acid polysaccharide complexes. In addition, the proteoglycans keratan
sulphate and dermatan sulphate have also been detected histochemically,
Arias et al., (1992, 1993) Arias and Fernandez (1993, 1995). The
proteoglycans are a class of glycoproteins widely found in animal connective
tissues. Their common structural characteristic is that they contain linear
polysaccharide chains which have a repeating unit containing an amino sugar
derivative. These carbohydrate chains are known as glycosaminoglycans
which all carry a strong negative charge at neutral pH, due to the presence of
uronic acid (not keratan sulphate), sulphate substituents or both. This high
charge has a marked effect on the physiochemical features of these molecules
and influences their calcium binding properties in organic matrices.
Proteoglycans usually contain many glycosaminoglycans linked to a protein
core (Beeley, 1985). According to Arias et al., (1992, 1993) and Arias and
Fernandez (1993, 1995) keratan sulphate relates to crystal nucleation and the
maintenance of “calcium reserve bodies”, which constitute the primary source
of calcium for the developing embryo (Diekert et al., 1989a and 1989b).
Dermatan sulphate is, in contrast, more polyionic than keratan sulphate and
appears at the end of mammillary knob formation. Thus, it relates to crystal
growth and the establishment of preferential orientation of calcite crystals in
the palisade layer.
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Using chemical extraction techniques the matrix can be subdivided into
soluble (40%) and insoluble (60%) fractions (Krampitz, 1993; Gautron et al.,
1993; Gautron, 1994). The soluble fraction is primarily intracrystalline
(extramineral) while the insoluble fraction is intercrystalline (intramineral)
(Gautron et al., 1993; Gautron, 1994).

Krampitz et al., (1974; cited by Arias et al., 1993) and Schade (1987,
cited by Gautron, 1994) postulated the hypothesis that the soluble matrix could
be a supramolecular aggregate of molecular weight up to 500kDa. Krampitz
et al., (1980) identified a protein with abundant amino acid residues which

also contained y-carboxyglutamic acid. These authors named this protein
ovocalcin. Schade (1987, cited by Gautron, 1994) described one of the
building blocks of soluble matrix as a polypeptide structure with several
attached polysaccharide chains (resembling proteoglycans). According to
Eckert et al., (1986) the molecular weight of these subunits was estimated to
be between 15 and 19kDa.

Using soluble matrix proteins characterised by chromatography and
SDS-PAGE, Hincke et al., (1992) demonstrated that mineralized layers of the
shell possess a complex array of distinct proteins which are differentially
distributed between the mammillary and palisade layers of the eggshell. The
most abundant shell matrix protein was found to have a molecular weight of
17kDa and was named ovocleidin-17 [ovum, Latin - egg; kleidoun, Greek, to
lock in] (Hincke et al., 1993). This protein was purified to homogeneity by a
combination of anionic exchange and hydroxyapatite chromatographies.
Antibodies to this protein were raised in rabbits, thus enabling western blotting
and immunohistochemical studies to be carried out (Hincke et al.,, 1993,
1995). These authors found that whilst the OC-17 antigen was found in the
shell gland mucosa only the tubular gland cells were positive. These cells
also contain calbindin and are therefore thought to be responsible for calcium
transport into the lumen of the shell gland (Wasserman et al,, 1991). Hincke
et al., (1993, 1995) have therefore hypothesised that calcium and OC-17 are
secreted at the same cellular source and that the protein becomes trapped
within the mineral during shell formation.
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Immunohistochemical studies have indicated that OC-17 is uniformly
distributed throughout the shell matrix but appears to be concentrated in the
mammillary bodies (Hincke et al., 1993). These results, however, relate to
pooled eggs of unknown provenance and so it is uncertain if the distribution of
this specific protein varies in eggs of good and poor quality.

More recently, Hincke (1995) has identified a 43kDa protein found in
eggshell matrix extract as ovalbumin. In contrast to OC-17, this specific
protein appears to be found only in the mammillary bodies and is not
distributed throughout the shell matrix. It is as yet unclear as to whether
ovalbumin plays a specific role in shell mineralization.

By treating the insoluble matrix with sodium dodecyl sulphate (SDS) it
can be split into subunits which can then be fractionated (Eckert et al., 1986;
Schade, 1987; cited by Gautron, 1994). These authors found the insoluble
matrix to be composed of a limited number of polypeptides (50, 27, 16 and 14
kDa). Multiple modifications of these polypeptides are possible, due to the
presence of sulphated oligosaccharides (Krampitz, 1993).

Given that current hypotheses depend mainly upon information from
experiments using large organic molecules (Arias et al., 1992, 1993; Arias and
Fernandez 1993, 1995; Wu et al.,, 1992, 1994) and mixtures of proteins
(Wheeler and Sikes, 1984; Addadi and Weiner, 1992) then further testing of
these hypotheses requires that properties of purified eggshell matrix proteins,
such as OC-17 and ovalbumin, be studied.

[iii] The Cuticle. This proteinaceous layer covers the shell to a
depth of about 10um, although its presence can be irregular and varied
(Parsons, 1982). It contains fine particles of an inorganic phosphate and is
known to be composed of mucin and phosphorus in the form of glycoproteins
of high molecular weight with hundreds of carbohydrate side chains.
According to Arias et al.,, (1992, 1993) and Arias and Fernandez (1993, 1995)
organic matrix is absent in this layer.

The cuticle acts as a barrier to pathogenic invasion by plugging
exposed pore sites, although Nascimento (1992) has shown that often these
cuticular pores remain unplugged. Board and Halls (1973) found that the
cuticle is also occasionally totally absent.

13



Integration with porphyrin pigment complexes provide a function other
than a physical barrier for the cuticle. Indeed, the presence of an insoluble
organic phosphorous compound associated with its deposition (Nys et al.,
1991) and the presence of cuticular vesicles which appear to contain high
concentrations of hydroxyapatite (CaoPO,OH,) (Fink et al., 1993), all support
the role of phosphorous in the termination of shell formation. The latter
authors have hypothesised that the secretion of a phosphate-rich phase within
the cuticle competitively poisons the calcite growth process, although the
exact mode of action remains unclear.

1.2.5. STRUCTURAL AND ULTRASTRUCTURAL VARIATIONS.

The actual mineralization process is influenced by a number of factors
such as pH, rate of deposition and the supersaturation level of the calcium
carbonate (Solomon, 1991). The fact that the oviducal environment is not
static results in the production of certain structural and ultrastructural
variations.

At any time during the laying year, an individual hen may
spontaneously produce abnormal eggshells which are usually selected out
during routine grading. Such eggs include not only shells which display
changes in cuticular appearance (eg. pink, lilac, calcium splash, fine dusted)
but also soft shelled eggs, wrinkled eggs, slab sided eggs and eggs with an
equatorial bulge (Van Middlekoop, 1971; Watt, 1989). The factors responsible
for such variation are reviewed in section 1.3..

To date, 12 ultrastructural variations have been identified and they are
all associated with the mammillary layer, Reid (1984), Watt (1985, 1989),
Mohumed (1986), Bain (1990), Solomon (1991) and Nascimento (1992).
These variations can occur randomly in eggshells passed as grade 1
marketable by traditional measures of shell quality and are discussed as
follows. They should be considered with reference to the “normal” mammillary
pattern (Figure 2) and are illustrated in Figures 3-18.
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[i] Changed Membrane. (Figures 3, 4 and 6). The sulphate groups
associated with the membrane fibres are a small but significant part of their
composition; in the normal egg, plasma etching removes these groups along
with the ash of the organic layer. However, many eggs examined after plasma
treatment still possess an abnormally sulphur rich mat of “changed
membrane” (CM) adhering to the mammillary layer.

[ii] Cap Quality. (Figure 5). The mammillary caps arise from the initial
seeding of calcium carbonate onto and around the membrane fibres. Good
quality caps (GC) should show, after plasma etching, deep channels formerly
occupied by the latter and as such provide evidence of the firm bonding
between the organic and the inorganic components of the shell. Poor quality
caps (PC) show little evidence of such bonding.

[iii] JType A Mammillary Bodies. (Figure 6). These can occur singly or
in groups (A). Their contact with the membrane fibres is minimal and they
have a conical appearance at the level of the mammillary layer. Growth of the
cone and palisade layer does occur but the columns so formed rarely
contribute to the entire thickness of the shell.

[ivl] Type B Mammillary Bodies. (Figures 7 and 8). Rounded type B
bodies (B) occur more frequently in the marﬁmillary layer than type A bodies.
Although they make contact with the membrane fibres to varying degrees, they
make no contribution to the true thickness of the shell.

[vl] Cuffing. (Figure 9). Extracrystalline cuffs (CU) at the junction of the
cone and palisade layers assist in the early fusion of the palisade columns
and thereby enhance the shells resistance to cracking (Bain, 1990).

[vi] Confluence. (Figure 10). Mammillary caps are not always spatially
discrete. Eggs laid by young birds invariably demonstrate large areas of
fusion at the cap sites. Confluence (CQO) alters pore distribution and
influences the formation of the palisade layer, ie. the crystal columns which
constitute the bulk of the shell.

[vii] Aragonite. (Figures 11 and 12). The normal shell consists of calcium
carbonate in its calcite modification. Calcite is only one of three polymorphic
variations, the others being aragonite and vaterite. The environmental
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conditions which encourage the growth of these different forms are quite
distinct. The hard calcite eggs of the domestic fowl contrast sharply with the
softer aragonite eggs of many reptiles, reflecting the varying demands placed
upon each during embryonic development. Variations from the norm do occur
in nature, with aragonite (AG) sometimes being present in the avian eggshell
and calcite in the reptilian shell.

[vii] Cubics. (Figure 13). Given available space, calcium carbonate will
grow preferentially as a cubic form. Under conditions of stress and when the
formation of normal palisade columns is impaired, individual cubic (CC)
crystals frequently occupy intermammillary sites.

[ix] Early Fusion and Late Fusion. (Figures 14 and 15). These terms
describe the growth of adjacent palisade columns. If the latter fuse early (EF)
then the effective thickness (see 2.3.2.) of the shell is increased and vice
versa (LF).

[x] Alignment. (Figure 16). This relates to the ordered (or otherwise)
spatial arrangement of the mammillary surface. Aligned mammiliae offer a low
resistance to crack growth.

[xi] Depressions. (Figure 17). These are areas which display a
concave distortion to the normal mammillary layer apvpearance (D). They arise
through the accumulation of oviducal debris on the shell membranes, which in
turn either interferes with the distribution of nucleation sites, or masks their
presence.

[xii] Erosion. (Figure 18). This feature relates to pitting of the
mammillary surface to varying depths. Erosions (E) typically lack normal basal
cap and cone structures thus exposing the underlying palisade layer.
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