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CHAPTER 1. INTRODUCTION

1.1 Definition of the problem
Leather products are manufactured from animal skins that have been subjected to
various chemical procedures to form a product that has high tensile strength, resists
tearing, has good temperature insulation and is water resistant. Because of these
properties, leather has been used to make clothing, shelters, tools and other objects
since ancient times. For instance, excavations of Neanderthal sites more than 40,000
years old uncovered leather making tools similar to those that are commonly used
today1,2. Furthermore, wall paintings and artefacts found in Egyptian tombs dating
back to 5,000 BCE show that the ancient Egyptians knew how to make leather3. In
those times, raw skin was turned into leather using organic reagents such as animal
dung, urine and vegetable matter, with the whole process taking up to 60 days4.
As technology advanced, chemicals were used instead of these natural products to
expedite the process. However, with the convenience of chemical tanning, came
concerns about pollution of the environment, as many of the chemicals used were,
and still are corrosive and toxic5.

In 2018, New Zealand exports of raw skin, pickled skins and leather were worth
$375.72 million NZD6. Although this is not a large portion of total export earnings,
skins are a by-product of the meat industry, and if not processed, must be destroyed,
incurring a significant cost to the farmer. If processed, the environmental pollution
that arises from the current processes poses a problem that will, because of changes in
legislation, incur a significant cost to the manufacturer7. It is therefore necessary to
find an environmentally friendly process for skin preservation and leather production.
In order to understand the problem, current processes used for skin preservation and
leather making will be described along with the environmental problems arising from
them.

The first step of leather processing, depilation, in other words, removing hair from
skins, accounts for one-third of the leather-making industrial waste due to the
production of sulfide and alkaline water waste from the process8,9,10,11.
Conventional depilation of sheepskins requires painting a thick solution containing
calcium or sodium hydroxide and sodium sulfide, on the flesh side of the pelt
which allows the wool to be mechanically removed from the skin and opens up the
collagen fibres12. The chemicals are removed by washing the depilated skins with
copious amounts of water that then must be treated to remove the sulfide and
hydroxides before it can be fed into the waste stream. As environmental
compliance becomes more demanding such processes will place significant financial
burden on tanneries and the industry7.
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1.2. AIMS AND OBJECTIVES

To address this problem, research efforts have been aimed towards finding a
method to depilate skins using enzymes, as these are recyclable and
environmentally friendly. Various enzymes, such as keratinases, proteases and
lipases have been shown to successfully remove hair from skin, but usually result in
weakening and damage, especially to the skin surface, commonly called the grain
by leather technologists13,14,15,16. Furthermore, in some cases, the addition of
sulfide to the enzyme mixture is necessary to provide depilation efficiency17,18.
Hence, at present, although significant advances have been made, the use of
enzymes has not been effective on an industrial scale. This study describes an
innovative method that preserves and depilates sheepskin using a milk by-product.
It doesn’t require the use of harsh chemicals or temperature control, and results in
clean skin that is ready to be tanned.

In order to evaluate and understand the molecular mechanisms responsible for the
depilation and preservation of sheepskins using this product, processed skins were
evaluated on the basis of their physical and biochemical properties (including
changes to the skin proteome) and compared to the same properties of pickled
skins produced using the conventional process. Pickling is the stage in the
conventional process that is most aligned to the state of the skin after depilation
using this new process. Its success could be due to either a molecule(s) in the milk
by-product, molecule(s) produced by the microorganisms in the milk by-product,
microorganisms on the sheepskin, or through synergistic interactions of all of
these. In order to identify these potential agents, metagenomic and proteomic
analyses of the skins and their process solutions were carried out at specific times
during depilation. A preliminary metabolomic analysis was also carried out on the
depilating solution at the end of the process to detect the appearance of any small
molecule(s) that might contribute to skin preservation.

1.2 Aims and objectives

This work aims to understand the molecular mechanisms of this new environmentally
friendly process for preserving and depilating sheepskin. The first objective of this
study, detailed in Chapter 3, was to answer the question “ does it work and how does
it work?” To answer these questions, skin was processed in a number of milk products
in order to differentiate their effects and to understand why the skins are preserved.
Once a standard process had been developed, the visual and physical properties of
skins depilated using it were compared with those of conventionally depilated skins
using scanning electron microscopy (SEM) and transmission electron microscopy

3



CHAPTER 1. INTRODUCTION

(TEM), then analysed for tear and tensile strength. The leather produced using this
two-step process was also tested for tear and tensile strength as well as shrinkage
temperature. At the same time the microorganisms in each of the products present
at the completion of depilation were cultured and identified by 16S- and 18S rDNA
sequencing.

The second objective was to ask if the building blocks of the skin are changed during
the process and if so, how does this relate to changes in the physical properties of the
resultant leather product. Chapter 4 presents the results of quantitative biochemical
analyses of skins depilated with this new method and a comparison of the results
with those from conventionally processed skins. Analyses included amino acids,
collagen crosslinks, glycosaminoglycans (GAGs), and the proteomic profiles of the
skins. The third objective was to investigate the role of microbes in this process.
Microbes secrete enzymes and other compounds that may be responsible for both the
preservation of the skins and their depilation. Chapter 5 explores the changes in the
microbiome of the skins during depilation using metagenomics amplicon sequencing
to identify bacteria and fungi present before, during and after depilation. Chapter
6 considers all the evidence from Chapters 3, 4 and 5, based on the prediction of
the mechanisms involved in both the preservation and depilation of the sheepskin
observed, suggests other experiments that should be done to validate the mechanism
and its results.

1.3 Significance of this investigation

The aim of this project is to understand the molecular mechanism(s) of this new
depilation process to both preserve and depilate sheepskins. This process of
depilating skins currently contributes 60 - 70 % of the total pollution burden in the
beamhouse process, and uses approximately 23 L of water per kg of skin to wash
the both salt and other chemicals from the depilated skin19. As environmental
controls for waste treatment and disposal become more stringent, and water
shortages become more common due to climate change it is clear the current
practices of the tanning industry will have to change, not only in New Zealand but
worldwide. The development of an environmentally friendly process for depilation
is therefore important. This thesis describes the initial steps to develop such a
process. More importantly it shows that leather produced from sheepskin using
the process on a laboratory scale does not display any damage to the grain, has a
good appearance and its physical properties are the same as leather made using
the conventional process. Investigations into how the process works are not yet
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complete, although significant progress has been made. It is now ready to be taken
to a pilot study. The findings will benefit the leather industry of New Zealand and
could be adapted by other countries facing environmental issues caused by the
leather manufacture.
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2.1 Skin
Skin, the largest organ of animals, is a complex structure. It provides a physical
barrier against exogenous chemical and physical factors in the environment,
participates in metabolic processes, regulates temperature, and is the first line of
immunological defence against pathogenic microorganisms1. Skin contains three
general layers: the epidermis, dermis and hypodermis (Fig. 1).

Figure 1: Diagram of the skin structure. Reprinted from Visser (2019) with
permission from the author2.

The epidermis (cuticle) is the outermost protective layer of the skin, is primarily
composed of keratinocytes (95 %) and contains hair or wool, hair bulbs and hair
shafts. Immediately below the epidermis is the dermis layer which makes up 90 % of
the total skin weight, and is collectively termed the extracellular matrix (ECM)3. It
is made up of collagen, elastin, laminin, and proteoglycans/glycosaminoglycans, as
well as the fibroblasts that synthesise and secrete them and contains the hair bulbs
and shafts, sebaceous and sweat glands and blood vessels. The dermis is often further
divided into three layers when discussed from the leathermakers’ perspective: the
grain, the grain-corium junction, and the corium. The grain, the uppermost layer
of the dermis, is composed of interwoven fine and loose collagen fibres, mainly types
I, III and VI, and the upper part of the hair follicle. Type I collagen is found to be
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responsible for the structural stability of the grain layer, while the network of beaded
filaments formed by collagen type VI is integral to its uppermost surface, also termed
the enamel, and is responsible for the outward smooth appearance of the final leather
product4. The grain-corium junction is the transitional zone between the very fine
fibres of the grain and the larger fibres of the corium. It is composed of relatively
small collagen fibres and carries other structural components of the skin, such as
blood vessels, and only in sheep, lipocytes5. The corium layer contains thicker and
more compact type I collagen fibres that form higher order structures or bundles
which vary in size through the skin cross-section. The largest collagen bundles are
approximately 0.1 mm in diameter, and subdivide, decreasing to around 0.01 mm
in diameter as they approach the surface of the grain layer6. The hypodermis, also
known as the flesh layer, is composed of mainly fat cells.

Sheepskin is composed of 53 % water, 27.5 % protein, 18.3 % lipids as well as
trace minerals, salts, and nucleic acids7. The major protein scaffolds in skins are
formed from fibrous collagen and elastin, both of which contribute to the strength
and elasticity of the skin. The collagen and elastin are then ’glued’ together by
proteoglycans, that hydrate the skin8.

2.2 Collagen

2.2.1 The collagen family and structure

Collagen is the main structural protein found in the extracellular matrix of animal
tissues, making approximately 30 % of the total body protein. More than half of
the collagen in the body is found in fibrous tissues, such as skin, tendon, ligament,
bone and teeth9. All members of the collagen family of proteins have three
characteristic features: a) a repeating amino acid sequence [Gly-X-Y]n, with or
without interruptions; b) a high percentage of either the X or Y positions are
proline or hydroxyproline; c) a right-handed triple helix made up from three
left-handed α helices10. The amino acid tryptophan is not found in the collagen
due to its bulky nature and the collagen amino acid sequence is characterised by
three unusual post-translational modifications. First, proline can be hydroxylated
by the enzyme prolyl-4-hydroxylase (procollagen-proline dioxygenase; E.C.
1.14.11.2) to form 4-hydroxyproline (Hyp). Secondly, lysine can be hydroxylated to
form 3-hydroxylysine (Hyl) by lysyl hydroxylase (E.C. 1.14.11.4).

Roman numerals are used to number different types of collagens, in the order of
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their discovery, and the Greek letter α followed by a number denotes the different
α-chains of collagen. The trimeric nature of a collagen molecule allows for homo-
and heterotopic arrangements of the α-chains allowing isoforms within an individual
collagen type. For example, collagen type I generally exists as a heterotrimer of two
α1 chains and one α2 chain, although, it can also be found as a homotrimer consisting
of three α1 chains (Table 1). To date, 40 vertebrate collagen genes have been
identified that form 29 distinct homo- or heterotrimeric collagen molecules. Table 1
summarises the functions, the tissues in which they are found, and the structures of
the different collagen types. They can be classified into four main groups depending
on their primary structure, the length of the helical domain, whether there are
interruptions within the helical domain, the size and shape of the telopeptide regions
(terminal domains), the molecular weight of the molecule, the charge profile along
the helix, and differences in post-translational modifications. Table 2 shows the four
main groups of collagens and the collagen types that fit into each group.

Fibrillar collagens are the largest group by far, with type I, II, and III collagens being
the most abundant found in animals. Together they make up approximately 80 - 90
% of total mammalian collagen10. Type I collagen is found in skin, bone, tendon,
cornea, lung, and vasculature; type II collagen is found mainly in cartilage, has been
found in other tissues such as the vitreous humor of the eyeball, and the inner ear and
in low abundance in skin2,11,12; type III collagen is found in relatively elastic tissues,
such as embryonic tissue, blood vessels, skin, and lung, and is the main component
of reticular fibres. Type IV collagen, which is not fibrillar in structure, forms the
secreted epithelium layer of the basement membrane, a specialised structure found
at tissue boundaries. Type V collagen is found in hair, on cell surfaces, and in
the placenta, as well as being a minor component of the skin where it associates
with type I collagen. There are several other types of less common collagens that
are categorised as fibrillar, including Type XI that is found in foetal cartilage, and
associates with type II collagen.9,10,13,14

Fibrillar collagen molecules are structurally defined as having an uninterrupted
central coiled-coil triple helical domain flanked by two non-helical telopeptide
domains at both the N- and C-termini. The tight packing of the three individual
collagen α-chains in the helical domain can only occur because of the [Gly-X-Y]n
repeat where every third amino acid is Gly, the only amino acid small enough to fit
into the core of the triple helix. The repeat is commonly either Gly-Pro-X or
Gly-X-Hyp with X being any other amino acid apart from Trp. The repeat
sequence Gly-Pro-Hyp makes up 12 % of the former pattern. The super-helical
trimer resembles a rope-like structure, has a molecular weight of approximately

12
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2.2. COLLAGEN

Table 2: Collagen groups based on general structural similarities.

Group Collagen type Description

1 I, II, III, V, XI, XXIV, XXVII Fibril-forming collagens

2 IV, VII, XXVIII Basement membrane collagens

3 VI, VIII, X Short chain collagens

4

MULTIPLEXINs: XV, XVIII Collagens with helical interruptions
MULTIPLEXINs: multiple triple helix

FACITs: IX, XII, XIV, XVI, XIX, domains with interruptions
XX, XXI, XXII, XXVI FACITs: fibril associated collagens with

MACITs: XIII, XVII, XXIII, XXV interrupted triple helices
MACITs: membrane associated collagens
with interrupted triple helices.

300,000 g/mol, is 300 nm in length, and has a diameter of 1.5 nm (Fig. 2). This
structure is called tropocollagen, and is the basic structural unit of collagen. The
triple helix is further stabilised by hydrogen bonds between Gly mainchain amides
and mainchain carboxyl groups of the residue in the second position of the
repeating sequence in an adjacent chain. They are further stabilised by another
hydrogen bond between bridging water molecules and the hydroxyl groups of Hyl
in adjacent chains. Because of their cyclic nature, Pro and Hyp help ’stiffen’ the
individual collagen chains, by preventing rotation around the C-N bonds. The
post-translational modification of Lys to Hyl is also important for the stabilisation
of the collagen molecule, as it is essential for the formation of covalent crosslinks
both within the triple helix and between tropocollagen molecules within fibrils.10,16

Fibrillar collagens form distinctive, long, unbranched, banded fibril structures that
are made up from cross-linked tropocollagen molecules. Small angle x-ray
diffraction studies (SAXS) and electron microscopy have shown they have a
characteristic banding pattern or periodicity (D) of 67 nm17. The D-banding is
characteristic of the parallel and quarter-staggered arrangement of the
tropocollagen molecules (Fig. 2). The whole process of collagen fibril formation,
fibrillogenesis, is directed by the distribution of hydrophobic and charged amino
acid residues along the triple helix which maximises electrostatic and hydrophobic
interactions between neighbouring molecules. Although the initial interaction
between tropocollagens is driven by non-covalent interactions, the arrangement of
molecules is cemented through the formation of stronger and permanent
inter-polypeptide crosslinks.10,13,18
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Figure 2: Schematic diagram of tropocollagen and an assembled collagen fibril. The
right-handed tropocollagen superhelix is made up of three left-handed α-chains.
The length of the tropocollagen is ∼ 300 nm, (equivalent to 4.4 × D), and 1.5 nm
in thickness. The staggered arrangement of tropocollagen molecules in the fibril
gives rise to one overlap zone and one gap zone per D period. The characteristic
periodicity of collagen is close to 67 nm. Reprinted from Kielty and Grant (2002)15
with permission from Wiley-Liss, Inc.

2.2.2 Methods used in this study for the analysis of collagen

Amino acid analysis was used to determine the protein concentration of the skins,
more specifically the proportion of collagen in the treated skins. The concentration
of collagen is typically estimated using Hyp, as it is an amino acid specific to
collagen. Two techniques can be used: colorimetric assays with dyes specific to
Hyp or high-pressure liquid chromatography (HPLC)19,20. Though colorimetric
assays are simpler and quicker, HPLC methods are more sensitive and accurate.
An established amino acid analysis protocol by Cohen21 later optimised by Naffa
(2017)19 for skin samples using 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC) for the derivatisation of amino acids due to its rapid reaction with both
primary and secondary amino acids that form stable fluorescent products was
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2.3. COLLAGEN CROSSLINKS

used. The fluorescent derivatives were separated by high pressure liquid
chromatography, detected by fluorescence and quantitated using a standard curve.

2.3 Collagen crosslinks

During collagen biosynthesis, collagen crosslinks are formed between α-chains of
procollagens and also between tropocollagen molecules. Crosslinking of collagen
molecules is important in stabilising the collagen fibrils and contributes to the
mechanical strength of tissues, such as skin and tendon. Collagen crosslinks that
are formed by enzyme catalysis are classified as collagen enzymatic crosslinks. A
second type of crosslink, called glycation, doesn’t involve enzyme catalysis, and is
commonly associated with ageing. Such crosslinks are associated with a decrease
in the mechanical strength of collagen fibres that occurs with ageing22. For more
details, the reader is directed to an extensive review on collagen crosslinks by Gaar
et al. (2020)23.

2.3.1 Collagen non-enzymatic crosslinks

When collagen molecules are exposed to monosaccharides for a prolonged amount
of time, at elevated temperatures such as body temperature, crosslinks can occur
between spatially adjacent the free amino sidechains of Lys or Arg through a sugar
molecule. The formation of the crosslink is mediated by the Maillard reaction, and
subsequent Amadori rearrangement, in which in which a spontaneous bond forms
between a reducing sugar and the amino group of Lys or Arg. The different products
of this reaction are called advanced glycation end products (AGEs)23. Collagen
crosslinking by glycation is uncontrolled and can alter the structural and biological
properties of collagen. Several studies have found that with non-enzymatic glycation
crosslinking of collagen causes the tissue to become rigid and brittle as well as more
resistant to proteases24.

2.3.2 Collagen enzymatic crosslinks

During fibrillogenesis, collagen fibrils are mechanically stabilised by the formation
of covalent crosslinks between neighbouring lysines and hydroxylysines due to the
activity of the enzyme lysyl oxidase (LOX; E.C. 1.4.3.13). LOX enzymes are
copper-dependent amine oxidases that require the presence of the cofactor lysine
tyrosylquinone (LTQ)25. Specific lysines and hydroxylysines in the helical and
telopeptide regions of collagen are oxidatively deaminated by LOX to form their
respective aldehydic forms, allysine (Lysald) and hydroxyallysine (Hylald). These
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aldehyde sidechains are highly reactive and spontaneously condense with the
ε-amine of unmodified Lys or Hyl sidechains, or other aldehydes to form aldimine
containing intramolecular or intermolecular crosslinks. These imine containing
crosslinks are classified as immature (divalent) crosslinks, and can undergo further
reactions with histidine residues to form mature trivalent or tetravalent crosslinks.
The formation of such intermolecular crosslinks is highly specific, as the amino
acid residues involved in the reactions are sequence limited, and have to be in close
spatial proximity to allow the reaction to proceed22. Their formation therefore
regulates the packing of tropocollagen into fibrils.

2.3.2.1 Immature collagen crosslinks

The formation of immature collagen crosslinks begins with the deamination of
lysine (Lys) and hydroxylysine (Hyl) residues to form allysine (Lysald) and
hydroxyallysine (Hylald), respectively. The crosslinks form between a telopeptide
allysine (t-Lysald) or hydroxyallysine (t-Hylald) residue and a helical lysine
(hel-Lys) or hydroxylysine (hel-Hyl) residue to produce an immature (divalent)
crosslink such as: dehydro-lysino-norleucine (deH-LNL), dehydro-hydroxy-lysino-
norleucine (deH-HLNL), and dehydro-dihydroxy-lysino-norleucine (deH-DHLNL).
Fig. 3 shows the chemical pathway of crosslinking interactions initiated by the
LOX enzyme.

The formation of the various types of immature crosslinks depends on the rate of
Lys hydroxylation, the rate of deamination of Lys and Hyl at the telopeptide
regions, and the availability of helical Lys and Hyl residues that are in close spatial
proximity26. When the rate of hydroxylation of Lys at the telopeptide regions is
low, aldimine crosslinks are predominately formed. The aldimine crosslinks,
deH-LNL and deH-HLNL, are commonly found in the collagens making up skin
and rat tail tendon26,27,28. It should be noted that, deH-HLNL is found in the
collagen, whereas deH-LNL is associated with elastin29. When the rate of Lys
hydroxylation is high, ketoamine crosslinks, such as deH-DHLNL, are formed.
Although deH-HLNL is initially classified as an aldimine crosslink, it undergoes a
spontaneous Amadori rearrangement to form a ketoamine crosslink
lysino-keto-norleucine (LKNL). In the same way, the ketoamine crosslink
deH-DHLNL can be converted into another ketoamine crosslink hydroxy-
lysino-keto-norleucine (HLKNL)30. These ketoamine crosslinks are predominantly
found in connective tissues that bear large mechanical loads, such as bone,
collagen, cartilage, and tendon, and are not common in skin27.
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2.3. COLLAGEN CROSSLINKS

Due to the presence of a Schiff base double bond, all divalent crosslinks are acid
and heat labile, and as a result, have to be reduced by sodium borohydride
(NaBH4) to be detected. The two aldimine crosslinks deH-LNL, deH-HLNL, and
the ketoamine crosslink deH-DHLNL are reduced to their more stable forms
lysino-norleucine (LNL), hydroxy-lysino-norleucine (HLNL), and dihydroxy-lysino-
norleucine (DHLNL), respectively.

Figure 3: Collagen crosslink chemical pathway initiated by the LOX enzyme. The
lysines of the triple-helix and telopeptide origin are tracked by the colour to the
immature (divalent) crosslinks.

2.3.2.2 Mature collagen crosslinks found in skin

In most tissues, the concentration of immature crosslinks decreases as the tissues
mature27,29. The free aldehyde or aldol crosslink can further react with the ε-amine
group of a Hyl or with the τ N of His to form a trivalent or tetravalent crosslink.
These covalently bridge three or four collagen molecules together to stabilise the
head to tail staggered arrangement of the collagen fibril31,32. The fibrils then form
bundles that can be aligned in various directions. Mature crosslinks are categorised
as pyrrolic, pyridinium, or histidine-containing crosslinks.
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2.3.2.2.1 Pyrrolic crosslinks
Pyrroles are trivalent maturation products of divalent ketoamine crosslinks that
contain a pyrrole moiety. They were first detected when the peptides isolated from
connective tissues formed a pink colour when reacted with Ehrlich’s reagent (p-
dimethylaminobenzaldehyde)33. Pyrrole crosslinks are found mostly in the skeletal
tissues, but due to their inherent acid and alkaline lability, quantitative analysis and
characterisation has been limited. The biosynthesis of pyrrole crosslinks is thought
to involve a condensation reaction between telopeptidyl Hylald, telopeptidyl Lysald,
and helical Hyl or Lys22,34,35.

2.3.2.2.2 Pyridinium crosslinks
Pyridinolines are stable trivalent crosslinks that were first isolated and characterised
by Fujimoto et al. (1977) due to their fluorescence36. They are most commonly
found in collagen in bones, cartilage, and tendon27,32,37, are destroyed upon exposure
to the UV, and cannot be reduced as they lack the Schiff base double bond38,39. The
two that have been most investigated are pyridinoline (Pyr) and deoxy-pyridinoline
(d-Pyr), that were first identified by Fujimoto et al. (1977) and Ogawa et al. (1982),
respectively36,40. The formation of Pyr involves two residues of telopeptidyl Hylald

and one helical Hyl, whereas the formation of d-Pyr involves two telopeptidyl Hylald

with one helical Lys instead22. Although several mechanisms have been proposed
for the biosynthesis of Pyr crosslinks36,41,42,43, details have not yet been elucidated.
Pyr is a maturational product of deH-DHLNL and links three collagen molecules
together44.

2.3.2.2.3 Histidine-containing crosslinks
There are two collagen crosslinks that contain a histidine residue as part of their
structure: histidino-hydroxy-lysinonorleucine (HHL) and histidino-hydroxy-mero-
desmosine (HHMD). HHL is a trivalent crosslink found mainly in skin, and in
tendon at much lower concentrations16,45,46,47. It is formed between a telopeptidyl
Lysald, and a helical Hylald from an adjacent collagen molecule, to produce a
divalent HLNL crosslink that then reacts with a helical His from another collagen
molecule31,47. Eyre et al. (2019) have recently reported that HHL is a laboratory
artefact rather than a natural collagen crosslink42,48. However, this finding was
challenged by Yamauchi et al. (2019)49 and Visser (2019)2. Biosynthesis of HHL
starts at birth, and after an initial rapid increase, a more gradual increase in
production occurs as ageing proceeds44. A decrease in the number of HLNL
crosslinks with a concomitant increase in HHL crosslinks has been linked to the
stiffness often characteristic of mature skin31,45,47,50. HHMD is a tetravalent
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crosslink produced from a His, Hyl, and an aldol condensation product, or by the
reaction of HHL with DHLNL. The existence of HHMD in vivo is, however,
debatable. Although it has been isolated and identified in several studies in
different tissues, some researchers propose that it may be formed as an artefact of
base-catalysed Michael addition during NaBH4 reduction19,30,46,51,52,53,54,55,56,57.

2.3.3 Methods used in this study to analyse collagen

crosslinks

Cation exchange chromatography with UV detection and reversed phase
chromatography coupled with mass spectrometry have been used previously for
the detection and quantification of collagen crosslinks50. Those methods, however,
were unable to effectively separate and quantify all possible crosslinks in one run
without pre- or post-derivatisation of the crosslinks58,59. A method developed by
Naffa et al. (2016)60 was shown to be able to isolate and successfully separate
seven non-derivatised crosslinks from skin using a silica hydride column with a
short run time (10 minutes). This method was therefore used in this study for the
identification and quantitation of the four main collagen crosslinks in the skin
samples (Chapter 5).

2.4 Glycosaminoglycans and proteoglycans
The extracellular matrix (ECM) is composed primarily of collagen, elastin, and
proteoglycans. Proteoglycans (PGs) are comprised of a core protein that is
covalently modified by one or several glycosaminoglycans (GAGs). GAGs are long,
linear, sulfated, and negatively charged polysaccharides ranging in molecular
weight between 10 and 100 kDa. They take part in a wide range of intracellular
activities, such as cell growth, migration, differentiation, metabolism, and
adhesion61. GAGs also interact with ECM matrix molecules such as fibronectin,
laminin, and most importantly collagen fibrils during fibrillogenesis62.

2.4.1 Proteoglycans

Proteoglycans (PGs) are proteins that are heavily glycosylated. Glycosylation is
one of the most important post-translational modifications of proteins, where a
mono- or oligosaccharide is covalently attached to the polypeptide chain in a
reaction catalysed by glycosyl- or oligosaccharyl-transferases63. The sugar-protein
linkage can either be 1) through the sidechains of an Asn residue
(N-glycosylation), or 2) through the sidechains of Ser, Thr, Tyr, Hyp, or Hyl
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residues (O-glycosylation). The sugar moiety of the molecule is called a glycan.
Proteoglycans are a special type of glycoprotein where the glycan consists of any
type of GAG chain with the exception of HA. The molecular diversity and
functions of PGs arise from the different types, lengths, and sulfation content of
GAG chains attached to the core protein. PGs are classified into four main
categories based on their cellular and sub-cellular locations, overall gene/protein
homology, and the presence of specific protein modules within their respective
protein cores64. These are 1) Intracellular proteoglycans, 2) cell surface
proteoglycans, 3) basement membrane proteoglycans, and 4) extracellular
proteoglycans.64 Basement membrane proteoglycans and extracellular
proteoglycans are common proteoglycan components in the skin and will be
discussed in the following paragraphs.

2.4.1.1 Basement membrane proteoglycans

The basement membrane is a thin layer of specialised ECM that sits between the
epithelial and connective tissues. It is a fibrous matrix that consists of type IV
XV, and XVIII collagens, laminin, the glycoproteins known as nidogens, and the
heparan sulfate proteoglycans (HSPGs) perlecan and agrin. Perlecan is involved in
many cellular activities, such as cell adhesion, lipid metabolism, and epidermal skin
formation65. Agrin is involved in the development of the neuromuscular junction
during embryogenesis, renal filtration, and cell-matrix interactions66,67. Type XVIII
and XV collagens are members of the MULTIPLEXIN collagens (Table 2). They
exhibit structural features of both collagens and proteoglycans, by having triple
helical domains flanked by unique non-triple helical regions. Both collagens XVIII
and XV contain a C-terminal non-collagenous domain that can be cleaved to form
endostatin which inhibits tumour growth68.

2.4.1.2 Extracellular proteoglycans

Extracellular proteoglycans are further categorised into three subgroups: 1)
hyaluronan-and lectin-binding proteoglycans (hyalectans), 2) small leucine-rich
proteoglycans (SLRPs), and 3) the testican/SPOCK family of proteoglycans.

2.4.1.2.1 Hyalectans
Hyalectans have three domains: An N-terminal domain that binds hyaluronan, a
central domain that harbours CS or DS sidechains, and a C-terminal domain that
binds lectins. There are four hyalectans, including aggrecan, versican, neurocan,
and brevican. Aggrecan, as its name suggests, has the propensity to aggregate into
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a large supramolecular structure that has a molecular weight larger than 2 MDa
together with HA64. The large aggregate generates a densely packed hydrated gel
enmeshed with collagen fibrils and other PGs and glycoproteins. Aggrecan is the
major PG of articular cartilage, although, it can also be found in the dermis69,70.
Versican is the predominant PG in the ECM of the skin, where it interacts with
important ECM proteins such as HA, fibulin, fibronectin, and elastin71. It is also
involved in the regulation of cell adhesion, migration and inflammation64.

2.4.1.2.2 Small leucine-rich proteoglycans
Small leucine-rich proteoglycans (SLRPs) are the largest family of PGs. SLRPs
are a class of PGs characterised by a relatively small protein core of 36 - 42 kDa
and have multiple leucine-rich structural motif flanked by cysteines. SLRPs are
grouped into five classes based on evolutionary conservation, homology at the
protein and genomic level, and chromosomal organisation. The first three classes
are canonical PGs, and the last two are PGs that do not carry GAG sidechains.
However, as they are categorised as PGs is because they share close structural
homology and functional properties with other PGs. Class I SLRPs includes
biglycan, decorin, asporin, extracellular matrix 2 (ECM2) and the ECMX protein;
class II includes fibromodulin, lumican, ostesteoadherin, keratocan, and the
proline/arginine-rich end leucine-rich repeat protein (PRELP); class III includes
epiphycan (PG-Lb), osteoglycin (mimecan), and opticin (oculoglycan).

Class I SLRPs:

Decorin
Decorin is the most abundant SLRP in skin, accounting for approximately 80 %
of the total PG content72. It is named for its ability to decorate collagen fibrils,
including type I, II, III, VI, and XIV collagen73. Decorins consist of three domains;
an N-terminal domain with a single CS or DS GAG chain, a central domain (core
protein) of 10 leucine-rich repeats, and a Cys-rich C-terminal domain. The core
protein binds non-covalently to the intraperiod site on the surface of collagen fibrils
about every D period (67 nm)74. It has also been shown that the decorin protein
core binds close to the C-terminus of the type I collagen α1 chain, which is also
near an intermolecular crosslinking site75. Furthermore, reports have shown that
the N-terminal GAG chain of decorin plays a role in the early stages of collagen
fibrillogenesis, reducing the collagen fibril diameter, and increasing the interfibrillar
spacing to ultimately inhibit fibrillogenesis76,77,78,79. Experiments using decorin-null
mice showed the loss of this gene resulted in a skin fragility phenotype caused by
thinning of the dermis and a concomitant reduction in tensile strength, which was
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directly linked to an abnormal collagen network80,81. It has also been shown that
the presence of decorin facilitates fibrillar slippage in skin, improving the tensile
strength of the collagen fibre network82.

Biglycan
Biglycan contains two Ser-Gly attachment sites in its N-terminal region, thus, its
eponym meaning two GAG chains83. Biglycan is highly homologous to decorin,
sharing over 65 % sequence homology. It is characterised by a protein core of 47
kDa with an attachment of two CS or DS chains. Unlike decorin that is abundant
in the dermis, biglycans are heavily expressed in the bone and other non-skeletal
connective tissue such as the basement membrane and the tissue sheath around
the hair follicle84. Research has shown that biglycan knockout mice have a thin
dermis and irregular collagen fibril formation, although, the skin phenotype is not
as severe as that in the decorin knockout mice. In addition, biglycan knockout
mice showed a clinically important phenotype of reduced bone mass and mineral
content, similar to an osteoporosis phenotype85,86.

Class II SLRPs:

Lumican and PRELP
Lumican is the major keratan sulfate proteoglycan (KSPG) that is found to
co-localise with fibrillar collagen in cornea, skin, tendon, and muscle connective
tissues. It plays an essential role in cornea clarity by maintaining the interfibrillar
space of the corneal collagen architecture64. Lumican knockout mice have shown
phenotypes such as corneal opacities together with skin laxity and fragility87,88.
PRELP (proline/arginine-rich end leucine-rich repeat protein), also known as
prolargin, got its name from its unique N-terminal domain enriched basic amino
acid residues89. The protein functions as a molecule that anchors the basement
membrane to the underlying connective tissue. It has been shown to bind type I
collagen to the basement membrane and type II collagen to cartilage90,91.

Class III SLRPs:

Epiphycan, opticin, and osteoglycin
Epiphycan and opticin are not usually found in skin, so will not be discussed
further. Osteoglycin, also known as mimecan, is known to be involved in collagen
fibrillogenesis, cell proliferation and development92. It can be found in the cornea,
skin, cartilage, and aorta93. It has also been shown that extracellular osteoglycin
binds directly to collagen fibrils and aids in collagen crosslinking94.
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2.4.2 Glycosaminoglycans

Glycosaminoglycans (GAGs) comprise of six different types of long, linear
polysaccharide chains with specific disaccharide units, including chondroitin sulfate
(CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate (HS), heparin
(HP), and hyaluronic acid (HA) (Table 3). Other than HA, all other GAGs are
generally highly glycosylated on their core proteins, whereas HA is synthesised as a
single polysaccharide chain without a core protein partner. GAGs are made up of
repeating disaccharides containing either a glucuronic acid (GlcA) or iduronic acid
(IdoA) linked to N -acetylglucosamine, GlcNAc or N -acetylgalactosamine,
GalNAc. The saccharide units are sulfated on either C4, C6, and/or on the
non-acetylated nitrogen (Fig. 4) by a class of enzymes called sulfotransferase
(SULTs). Due to the sulfation of the sugar moieties, GAGs are negatively charged,
including HA whose negative charge is due to glucuronic acid. The biological
activity of GAGs depends on several factors, such as molecular weight,
monosaccharide constituents, and bonds between the disaccharide repeating
units95.

Figure 4: Structure of the saccharide moieties of GAGs.

2.4.2.1 Chondroitin sulfate

Chondroitin sulfate (CS) consists of repeating N -acetylgalactosamine
(GalNAc)-glucuronic acid (GlcA) disaccharide units joined by β1,4 and β1,3
linkages, respectively. The N -acetylgalactosamine can have different degrees of
sulfation on either the C4 or C6 OH groups of the sugar. When GalNAc is
monosulfated on the C4 the resulting GAG is called chondroitin-4-sulfate (CS-A),
and when it’s monosulfated on the C6 it is called chondroitin-6-sulfate (CS-C).
Glucuronic acid can also be monosulfated at C2, and when it is linked to a
monosulfated GalNAc, results in either a CS-B (4-sulfated GalNAc and 2-sulfated
GlcA) or CS-D (6-sulfated GalNAc and 2-sulfated GlcA).95
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CHAPTER 2. LITERATURE REVIEW

Chondroitin sulfate is attached to core proteins, such as versican, and is one of the
major components of the ECM. It is abundant in various biological tissues, including
skin. Different sulfation patterns and lengths of chains attached to the core proteins
result in different types of proteoglycans that have specific biological activities and
functions71.

2.4.2.2 Dermatan sulfate

Dermatan sulfates (DSs) are stereoisomers of CSs, also known as chondroitin sulfate
B (CS-B). They consist of repeating disaccharide units containing an IdoA and a
GalNAc or GlcA joined by a β1,3 linkage. DS is defined as a chondroitin sulfate by
the presence of GalNAc; but, the presence of iduronic acid (IdoA) distinguishes it
from CS-A and CS-C. Dermatan sulfates are the major GAGs found in skin as they
are associated with decorin and biglycan. They bind to several types of collagens
and elastic fibre components and are involved in collagen fibrillogenesis96,97,98.

2.4.2.3 Heparin and heparan sulfate

Heparins (HPs) and heparan sulfates (HSs) are composed of repeating disaccharide
units of GlcNAc-GlcA joined by α1,4 and β1,4 linkages, respectively. The sugars
of the HP/HSs can be heavily modified, and thus, there are up to 24 different
disaccharide units that can be formed from all the possible modifications of the
monosaccharides99. The modifications include N -deacetylation, N - and O-sulfation
at different positions, resulting in glycan chains that are highly heterogeneous. They
are not predominant in skin, so will not be discussed further.

2.4.2.4 Keratan sulfate

Keratan sulfates (KSs) are made up of repeating disaccharide units of galactose
(Gal) and GlcNAc joined by a β1,4 linkage100. Depending on the linkages between
the oligosaccharide and the core protein, keratan sulfates can be categorised into
three types: 1) KS I, N -linked to Asn residues in the core protein; 2) KS II, O-
linked to Ser or Thr residues in the core protein; 3) KS III, O-linked to Ser or Thr
residues in the core protein via a mannose. KS polymers vary both in length and
degree of sulfation on both sugar moieties. The sulfation on C6 of the GlcNAc is
found to be essential for the elongation of the KS chain, as sulfation and elongation
occur concomitantly95, and the C6 on Gal can also be sulfated. Keratan sulfates are
found in numerous epithelial tissues, and are responsible for cellular recognition, cell
motility, among many other cellular functions100. Lumican, a proteoglycan modified
with KS, is essential for the regulation of collagen fibril assembly101.
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2.4.2.5 Hyaluronic acid

Hyaluronic acid (HA) is composed of repeating disaccharide units of GlcA and
GlcNAc joined by alternating β1,3 and β1,4 glycosidic bonds71. Unlike the other
GAGs, HA is not sulfated and is a linear polyanion. The number of repeats can be
as high as 20,000 and with a molecular weight of 8000 kDa. Due to its highly
hydrophilic properties, HA can bind up to 1000-fold of its weight of H2O molecules.
This property is important for modulating tissue hydration and osmotic balance.
Although HA is found primarily in the cartilage, synovial fluid, and the ECM of
loose connective tissues, it has also been found intracellularly102, where it interacts
with a number of receptors, resulting in the activation of signalling cascades that
influence cell migration, proliferation, and gene expression102. In the ECM of the
dermis, extracellular HA is either present as a free polymer or associates with PGs,
such as versican, where it acts as a space filler and is responsible for absorbing
shock71. It has been shown that when HA is crosslinked with other ECM proteins
such as collagen a complex supramolecular structure forms that enhances the
enzymatic resistance and the mechanical properties of collagen103.

2.4.3 Methods used in this study for the analysis of GAGs

Many methods have been developed for the quantification of GAGs, including
HPLC-based and dye-based spectrometric assays104. In this study we have chosen
a dye-based spectrometric assay using 1,9-dimethymethylene blue (DMMB) that
binds to sulfated GAGs and forms a precipitate. The precipitate is then dissolved
and then dye released to produce a coloured solution whose absorbance can be
measured spectroscopically.105

2.5 Hair/wool

Mammalian hair and wool are both epidermal derivatives that are produced by the
differentiation of germinative epidermal cells106. Wool fibres are hairs, therefore for
simplicity, the term hair is used. Hair has two separate structures: the hair follicle
in the skin, and the hair shaft that is visible on the body surface. Hair shafts grow
from hair follicles, epidermal structures that encloses the growing fibre and firmly
anchor the hair in the dermis (Fig. 5).
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Figure 5: Diagram of the hair follicle structure. Reprinted from Buffoli (2014) with
permission from the publisher107.

2.5.1 Hair follicle

The layer of tissue that encloses a hair fibre is termed the hair follicle. Looking
from the outside to the interior of the hair fibre, the structures are the connective
tissue sheath (CTS), the basement membrane, the outer root sheath (ORS), the
inner root sheath (IRS) and the hair bulb (Fig. 5). The connective tissue sheath
surrounds the outside of the hair follicle and is connected with the dermis. It
consists of collagen type I fibres and proteoglycans such as aggrecan, biglycan, and
versican108,109. Immediately adjacent the CTS is the basement membrane, which
contains mostly proteoglycans, in particular, laminin, perlecan, and the glycoprotein
nidogen, as well as collagen type IV110. The outer root sheath (ORS) is a region
where multipotent stem cells, such as keratinocytes, are located. The inner root
sheath (IRS) consists of three layers: Henle’s layer, Huxley’s layer, and the cuticle
layer. The IRS cuticle layer adjoins the cuticle of the hair shaft, which anchors the
hair shaft to the follicle. IRS cells produce keratins and trichohyalin that serve as
an intracellular ’glue’, giving strength to the IRS to support the growing hair shaft.
An extensive review of the keratins found in different parts of the hair follicle was
published by Moll et al. (2008)111. The hair bulb at the base of the hair follicle,
actively produces hair, and can be divided into two regions: a lower region containing
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undifferentiated cells and an upper region where the cells are differentiated. The
Auber’s line, separates the two regions at the widest part of the papilla107.

2.5.2 Hair shaft

The hair shaft consists of a cortex, cuticle cells, and in some cases, a medulla. The
medulla is the central part of the hair, and is only present in the wool of only some
New Zealand sheep breeds112. The proportion of medullated fibres depends on a
range of factors, including diet, season, and the age of the animal113. The cortex
is composed of long keratinised cells and represents the majority of the hair fibre.
Each cortical cell is made up of macrofibrils that are 0.05 to 0.2 µm in diameter
and of variable length. The spaces between them are filled with degraded nuclei and
other organelles. The macrofibrils are composed of microfibrillar rods made up from
fibrous protein embedded in a matrix of amorphous protein and are approximately
7.5 nm in diameter107. The cortex plays an important role in the physical and
mechanical properties of hair. Scale-like cuticle cells made up from overlapping
epidermal cells cover and protect the cortex from physical and chemical harm114.

2.6 Overview of the conventional leather making

process

2.6.1 Preservation

Fresh skin is removed from the carcasses by hand flaying or mechanical pulling,
before being washed with water to remove most of the dirt. Any remaining meat
is then removed (fleshing) and if it cannot be processed immediately, the skin is
dehydrated with 15 % (w/w) crystalline salt to minimise microbial putrefaction
during storage.115

2.6.2 Depilation

Depilation is the process of removing hair from skin. Keratin and collagen are the
two major protein components of wool and skin, respectively. Keratin is relatively
resistant to acid but is rapidly attacked by sodium sulfide under strong alkaline
conditions (pH 12 - 13); which breaks the disulfide bonds. Collagen on the other
hand is susceptible to swelling in water that is weakly acidic or alkaline, and can
be degraded by strong acid and base. In order to remove the wool, an alkaline
solution containing sodium sulfide (Na2S), sodium hydrosulfide (NaSH), sodium
hydroxide (NaOH), and lime, (a mixture of calcium-containing inorganic material,
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that includes calcium hydrosulfide (Ca(HS)2), and calcium hydroxide (CaOH2)), is
painted on the flesh side of the pelt. The mixture soaks through the skin to reach
the hair shaft where it acts to degrade the keratin at the pre-keratinised zone of the
wool shaft. The high pH (12 - 13) of the solution is maintained by the NaOH and
lime solution and results in the collagen fibres swelling and opening up to allow the
sulfide to penetrate to the wool shaft detaching it from the skin. After soaking for
two hours, the wool can be easily removed from the skin, either mechanically or by
hand.115

2.6.3 Liming

The process known for liming is usually taken to completion during depilation. Its
purpose is to swell the pelt to allow non-fibrous protein to be removed from the
dermal layer. To achieve this, the skin that has been painted with the depilation
solution is submerged in an alkaline solution, pH 12 to 13. The presence of alkali
modifies the chemical properties of the collagen, hydrolysing amide groups on
asparagine and glutamine to produce aspartic and glutamic acids, and the
guanidine sidechain of arginine to produce ornithine115. These alkaline conditions
will also hydrolyse peptide bonds, but because of its hierarchical fibrous structure,
collagen hydrolysis proceeds much more slowly than that of globular proteins. Due
to the difference in ionic concentration either side of the skin, it swells and as a
result the collagen fibril bundles in the dermal layer spilt116. This causes the skin
structure to open up, allowing the globular proteins and interfibrillary substances
to be easily washed out. Unwanted fat components in the dermal layer are also
saponified (i.e. converted into soap and glycerol) under the strong alkaline
conditions used and removed during washing115,117.

2.6.4 Deliming and bating

The process of deliming and bating are traditionally considered to be a single step,
as the purpose of the former is to prepare the skin for the latter. Deliming is the
process of lowering the pH of liming to one favouring bating. The most common
and economical method is rinsing with water. Bating refers to the use of enzymes
to remove any non-structural protein components in skin so that only collagen
fibres remain116. As trypsin and chymotrypsin, are commonly used, the pH of the
skin needs to be adjusted to between 8 and 9, for them to work efficiently. The
hierarchical structure of collagen, together with its high proline concentration118,
protects it from protease attack, and although there may be some cleavage of
peptide bonds, the fibre structure remains intact115,119.
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2.6.5 Pickling

Pickling is a process that both preserves the skin and adjusts it to the conditions
required for chrome tanning. The pH of the skin is lowered to between 2 and 3
through the addition of sulfuric acid (H2SO4) and sodium chloride (NaCl). The
negatively charged carboxylate amino acid sidechains of collagen (Asp and Glu)
become protonated enabling them to ligate chromium (III) during tanning. NaCl is
added to prevent swelling because without it, differences in the ionic strength of the
wet skin and the solutions used for pickling would result in the skin absorbing water
and swelling. The presence of salt also aids in long-term preservation of skin, which
is necessary, as pickled skins can sometimes be stored for up to a year before being
further processed115,116,119. As raw skins are also often salted before depilation to
preserve them, the New Zealand leather industry is the largest consumer of salt in
the country120.

2.6.6 Degreasing

Sheepskins in New Zealand, Australia and the UK have a fat layer in the
grain-corium junction, which has to be removed by a process called degreasing
prior to tanning. If the fat content is not removed, it acts as a barrier to the
penetration of tanning chemicals and may even cause odour when the fat turns
rancid. Traditionally, pickled skins were treated with paraffin then rinsed with
brine. However, this method has died out due to the use of organic solvent and
detergents115.

2.6.7 Tanning

Tanning is a process in which the raw material of skin is permanently turned into
a stable substance that resists heat, putrefaction by bacterial contamination and
thermomechanical stress115. There are several ways in tanning pelts. The most
common method is mineral tanning, particularly, chromium tanning, in which
chromium (III) salts (commonly, chromium sulfate Cr2(SO4)3) are incorporated
into the collagen structure where they form inter- and intra-polypeptide crosslinks
between the collagen molecules that make up the fibre structure. The pelt is
incubated overnight in a solution containing the chromium salt at pH 3.7 - 3.9.
After this process, the skin is called wet blue due to the colour of the protein
carboxy-chromium complex.121
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2.6.8 Neutralising, dyeing and fat liquoring

After tanning, the skin is neutralised by several rinses in a weak alkaline solution
containing sodium formate (HCOONa) and sodium bicarbonate (NaHCO3) to raise
the pH to between 4.6 – 4.8115. It is then dyed to the desired colour. After dying,
fat is added back into the skin by a process called fat liquoring to prevent the fibres
sticking together during drying. As the leather dries, water is removed from the
spaces between the collagen fibres, allowing undesirable interactions between the
fibres. This is prevented by adding a thin coating of oil to the fibres to provide a
lubricated surface allowing them to move freely relative to each other122.

2.6.9 Drying

During this step, water is removed from the system and therefore, the chemical
condition is stabilised, and the final property of leather is determined.

2.7 Problems associated with conventional sulfide

depilation

The conventional depilation process removes wool from the sheepskins by treating
the them with sodium sulfide solutions. This method is commonly being used as it
is cost effective, reliable, and flexible. However, the leather industry is also a major
contributor to world-wide environmental pollution due to the chemicals used in the
pre-tanning processes. One third of this pollution is due to the sulfide and alkaline
waste water from the depilation process123. Under alkaline conditions, sulfides
remain in solution. However, when the pH of the effluent (waste water) goes below
9.5, hydrogen sulfide (H2S), a colourless, flammable gas that is poisonous when
inhaled, is released. H2S can cause irritation and inflammation of the eyes and
damage to the respiratory system at low levels of exposure (10 - 20 ppm). At high
concentrations (900 ppm), it can affect the nervous system and may lead to
paralysis of the respiratory centre causing death124,125. Furthermore, as a strong
reducing agent, it interferes with the oxidation of organic wastes (i.e. hair/wool,
proteins), and thus, contributes significantly to the chemical oxygen demand
(COD) and biological oxygen demand (BOD) concentrations in waste water126. In
fact, H2S is responsible for 50 - 70 % of the total load of COD and BOD in
tannery waste water127. Moreover, sulfide damages the quality of wool, by-product
of depilation, significantly reducing its commercial value128.
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2.8 Other approaches to sulfide depilation

Although the sodium sulfide depilation method is the current standard for
conventional sheepskin depilation, other chemical and physical depilation methods
have also been reported in the literature and will be discussed in the following
paragraphs.

2.8.1 Plucking, shearing, and scalding

Wool plucking involves the pulling of wool from the skin with no other pre-treatment.
The major problem with this method is that although removing a stand of single
hair is simple, a large force is required to remove all the wool from a pelt, which
often results in severe damage to the skin129. Currently, no technology exists for
the commercial removal of wool through plucking. Shearing uses blades to remove
any visible wool from sheepskins. However, the removal of wool is not complete as
the remaining hair shaft is left in the hair follicle, and sulfide treatment is usually
required to completely remove the wool from the hair follicle. Scalding involves
heating of the skin to higher than 55 oC where the collagen fibre network undergoes
thermal denaturation, and the wool root layers split apart resulting in the loosening
of the wool. This procedure however damages the skin through thermal shrinkage
and is thus no longer used in the leather industry.

2.8.2 Cryogenic depilation

Sheepskins are placed in liquid nitrogen at -195.8 oC where the wool becomes loose
and can be removed with a comb or a brush130. However, with extreme changes
in temperature, the skin surface often cracks and the dermis becomes damaged.
Though the mechanisms of this method have not been thoroughly investigated, the
inventors believe that that extreme low temperature treatment of the skin opens
the pores of the skin, exposing the wool shaft130. However, because of the cost, this
method would not be feasible on a commercial scale.

2.8.3 Chaotropic agents for depilation

Exposure of skins to chaotropic agents, substances that disrupt the hydrogen
bonding network, have been used to depilate animal skins since the 1950’s. In
Australia, a method that uses acetic acid together with autolytic enzymes in the
skins themselves, was commercially used to depilate sheepskins131,132. The skins
produced in this way unfortunately suffered damage to the grain layer. Schlosser et
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al. (1986) developed a similar depilation method using a mixture of lactic acid and
Lactobacillus plantarum culture and after five days of soaking, the wool could be
easily removed133. As both methods took an average of 3 -7 days to loosen the
wool they were not further developed. It was postulated that the chaotropic agents
acted by denaturing soluble substances in the epidermis and the hair root thereby
loosening the hair in the hair follicle134. It is also possible that the chaotropic
agents had antimicrobial activity and controlled the growth of some of the
environmental bacterial species at the beginning of the process, while allowing
others to grow and secrete enzymes to bring about hair loosening7. As a result of
these findings, chaotropes were shown to possibly be an effective addition to
enzyme solutions for the depilation process.

2.8.4 Oxidative depilation

Oxidative depilation involves the use of strong oxidising agents such as hydrogen
peroxide (H2O2), sodium percarbonate (NaCO3 · 3H2O2) or sodium chlorite
(NaClO2). The oxidant reacts with keratin to produce a soluble keratin sulfonic
acid, which not damage the mature hair shaft as it only dissolves the soft
pre-keratin. As a result, some short hairs remain after treatment135. Oxidative
depilation can be carried out in either acid or alkaline solutions, eliminating the
use of sulfides135,136,137. However, the presence of oxidising chemicals requires the
whole process to be carefully managed and creates undesirable waste. Although
options frequently appear in the literature, that claim to be safe and
environmentally friendly, none has obtained industrial acceptance115.

2.8.5 Organic sulfur compound depilation

Organic compounds such as dithionite, thioglycolate and other "mercapto" type
chemicals are commonly used in commercial removal of hair or wool. These
compounds act as strong reducing agents, in the same way as sulfides. Although
the risk of H2S gas emission is reduced, the sulfur content in the effluent is not,
and organo-sulfhydryl by-products are produced. Furthermore, these organic
compounds are much more expensive to compared to sodium sulfide138.

2.8.6 Enzyme depilation

The use of enzymes to remove hair from animal skins is seen as a more
environmentally friendly alternative compared to traditional methods. Some
depilation enzymes identified in the laboratory do not require the use of sulfides,
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thus avoiding H2S release. Röme (1910) developed the first successful enzymatic
depilation method termed the Arazym process in which pancreatic proteases were
used under alkaline conditions139. Since then, enzymes from a variety of origin
(bacterial, fungal, and plant), have been tried and tested for their ability to
depilate hides and pelts (Tables 4 and 5). The most common enzymes that have
been incorporated into the processes are proteases that exhibit keratinase activity
(Tables 4 and 5). Most enzymes depilate efficiently at alkaline pH over the course
of 8 to 24 hours. The exception to this was the use of a Lactobacillus culture that
depilated skin over 3 to 4 days at a pH value of 4.0133. All of these enzymes were
shown to cause little to no damage to the surface of the skin by microscopy (e.g.
scanning electron microscopy). Skins that had been depilated were also subjected
to physical tests (e.g. tensile strength, tear strength, and shrinkage temperature
measurements) and most of them showed no significant differences to the skins
depilated using the conventional sulfide method.

The use of enzymes, however, doesn’t entirely exclude the use of the harsh
chemical sodium sulfide. In some cases, adding sulfide to the enzyme mixture was
necessary to improve depilation efficiency128,140,141,142,143. Furthermore, current
enzymatic depilation treatments require the purchase of recombinant enzymes,
which cost more than the chemicals currently used. Although a handful of
commercial depilation enzymes are currently available (Table 5), only limited
research has been carried out on their depilation efficacy on an industrial scale. In
fact, most enzymatic depilation trials have only been done on a laboratory
scale144,145. Reports on their use have also shown that not all wool or hair is
completely removed, and the process requires the addition of substantial amounts
of sulfide to achieve uniformity. Also, as enzymes are difficult to control, the skin
can become damaged through the lack of precise control of temperature and the
time of enzyme exposure. For these reasons the use of enzymes to depilate skins
has not been adopted by the industry and a more affordable and controllable way
remains to be discovered/developed.
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Table 4: Enzymes used to depilate skin on a laboratory scale.

Enzyme Microorganism Treatment condition Reference

Protease Aspergillus flavus IMI 327634 20 hr, 32 oC, pH 9.0 146

Protease Aspergillus tamarii MTCC 5152 18 hr, 30 oC, pH 9.0 147
Amylase

Protease Bacillus altitudinis GVC11 18 hr, 30 oC 148

Protease Bacillus cereus MCM B-326 21 hr, 30 oC, pH 7.0 149

Protease Bacillus licheniformis SBP-144 8 hr, 30 oC, pH 8.0 150

Protease Bacillus megaterium DSM 319 16 hr, 30 oC, pH 8.0, * 143

Protease Bacillus pumilus CBS 8 hr, 37 oC 151

Protease Bacillus sp. SB12 12 hr, 37 oC, pH 9.0 152

Protease Bacillus subtilis MTCC 6537 6 hr, pH 7.5, * 142

Protease Bacillus subtilis S14 9 hr, 24 oC, pH 9.0 153

Protease Brevibacillus brevis US575 10 hr, 37 oC 154

Protease Brevibacterium luteolum MTCC 5982 8 hr, pH 9.0 155

Protease Bromeliaceae species 24 hr, 25 oC 156

Protease Calotropis procera 24 hr, 30 oC, * 141

Protease Conidiobolus brefeldianus MTCC 5158 16 hr, 30 oC, pH 8.0 157

Protease Exiguobacterium sp. DG1 24 hr, RT 158

Protease Idiomarina sp. C9-1 10 hr, 40 oC, pH 9.0 159

Unknown Lactobacillus plantarum 4 - 5 days, RT, pH 4.0 133
substance

Protease Paenibacillus woosongensis TKB2 14 hr, pH 8.0 160

Protease Pseudomonas aeruginosa MCM B-327 16 hr, pH 8.0 161

Protease Pseudomonas fluorescens 18 hr, pH 10.5, * 140

Protease Vibrio metschnikovii MTCC 11401 16 hr, 25 oC, pH 8.0 162

* sulfide is needed in the enzymatic depilation treatment
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Table 5: Examples of commercial depilation enzymes.

Name of commercial Type Conditions Referencedepilation enzyme

NovoLime® Protease/lipase — 163

Fibrozyme Protease/amylase 12 hr, pH 8.5 164,165

Buzyme 7703 Protease

12 hr, 28 oC, pH 12.0, * 145,166,167
Buzyme 2013 Lipase

Tanzyme CD 05 Protease

Tanzyme DG Lipase

Riberzyme MPX Protease
16 hr, 28 oC, * 144

Erhavir MC Protease

* sulfide is needed in the enzymatic depilation treatment.

2.9 ’Omics’ methods used in this study

The use of ’omic’ techniques (i.e. proteomics, metabolomics, metagenomics, and
transcriptomics) has gained attention in the past two decades to answer complex
biological questions. Omics techniques provide a more comprehensive perspective
on complex biological problems compared to traditional approaches. In this study,
mass spectrometry-based bottom-up proteomics was used for the identification and
relative quantitation of the proteins found in processed skin samples (Chapter 4).
With the recent technological developments in mass spectrometry, such as
improved sensitivity, speed and affordability, the identification of a wide range of
low-abundance proteins in complex mixtures has become achievable. Two
approaches are available for a proteomic-based quantitation study, labelled and
label-free. In this study, a label-free approach was chosen for several reasons: (a)
the simpler sample preparation workflow, (b) the cost of the labels, (c) flexibility
in study design. Whilst the absolute abundances of chemically labelled proteins
can be reliably measured, label-free quantitation measures spectral counts an
therefore relative amounts of an analyte. In this method, the number of MSMS
spectra originating from the same protein in each LC-MS/MS data set is
compared. An increase in protein abundance usually results in an increase in the
number of tryptic peptides produced from that protein which in turn results in an
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increase in the total number of MSMS spectra for that protein. However the
technique is heavily reliant on other parameters, such as normalisation of spectral
counting datasets and statistical analysis. Normalisation is achieved through
careful monitoring of sample concentration, the total ion chromatogram (TIC) of
each sample prior to data acquisition, and manual normalisation based on the total
spectral counts measured after data acquisition168. Besides the identification and
relative quantitation of proteins in the mixture, proteomics data can also provide
information about the protein isoforms, and post-translational modifications169.

Metabolomic fingerprinting was used in this study for the identification and
relative quantitation of small molecules (generally smaller than 1000 Da) in the
depilation solution that possess potential antimicrobial properties (Chapter 5).
Several analytical platforms have been used for metabolomic applications, such as
nuclear magnetic resonance (NMR), Fourier transform-infrared spectroscopy
(FT-IR), and mass spectrometry. In our study, a mass spectrometry-based
technique was chosen due to the complexity of the mixture (containing molecules
from sheepskin, also microbial metabolites and a high concentration of lactose). To
increase the signal to noise ratio and data quality (due to reduced background
noise), samples are commonly fractionated using liquid chromatography prior to
mass spectrometry analysis. The choice of column is of utmost importance for such
studies, as metabolites can be both polar and non-polar. Therefore as well as the
commonly used reversed phase chromatography (C18), it is advisable to consider
the use of other stationary phases that cater for more polar molecules such as
hydrophilic interaction chromatography column (HILIC). Electrospray ionisation
(ESI) mass spectrometry is usually combined with LC, and to obtain a broad
coverage, ionisation should be performed in both positive and negative mode.170

Culture-based techniques are traditionally used to isolate and identify
microorganisms from either liquid media or solid surfaces. This involves growing
the microorganisms in appropriate culture media, at an appropriate temperature
an under aerobic or anaerobic conditions. Identification of microorganisms,
especially at the species level, requires isolation of genomic DNA followed by the
amplification of DNA sequences, usually ribosomal gene sequences, using specific
primers. The 16S rRNA gene sequence is 1550 base pairs long and contains nine
hypervariable (V1 - V9) regions that can provide species identification of bacteria
(Fig. 6). Other regions of the sequence that can be used to identify fungi are
nuclear ribosomal internal transcribed spacer (ITS) sequences171 (Fig. 6).
Unfortunately, culture methods can only confirm the presence of microorganisms
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that can grow on available media. It has been estimated that less than 1 % of the
prokaryotes in most environments can be cultivated using such methods172.
Therefore, culturing techniques may not be the most effective way to identify the
presence of all microorganisms inhabiting a particular environment, especially
unusual ones. The advances in next generation sequencing (NGS) has led to the
establishment of the field of metagenomics. Metagenomics is the
culture-independent genomic analysis of genetic material recovered directly from
an ’environment’ without prior need for culturing. Full shotgun metagenomics and
marker gene amplification metagenomics are two methods used to analyse the
microbiome. The first analyses the collective microbial genomes in the sample, and
the latter uses the polymerase chain reaction (PCR) to amplify specific genes of
interest. Difficulties arise however, when eukaryote and microbial DNA is present
in the same sample, as some primers are not specific for prokaryote DNA173. The
choice of the 16S rRNA gene-encoding hypervariable regions or nuclear ribosomal
ITS regions for amplification, and the primers that recognise them is therefore very
important. Due to the variety of these sequences in each microorganism, primers
do not have a similar affinity for all the possible DNA sequences of these regions,
which introduces bias during PCR amplification174. Using a more variable region
enables the detection of different taxa within a community. Other sources of
introduced bias include marker gene selection, amplicon size, and the number of
PCR cycles175,176.

Figure 6: Map of ribosomal DNA indicating variable regions as well as the primers
used in this study.
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The QIIME2™ platform is commonly used for 16S rRNA and ITS amplicon
sequence analysis177. After the raw sequence data is imported, primer and adaptor
sequences are removed and the sequences are denoised, using DADA2178. The
resulting output is a table of DNA sequences (representative sequences, rep-seqs)
and counts of these DNA sequences per sample (feature-table). Taxonomic
assignment is done first by training the SILVA179 (16S rDNA) or UNITE180 (ITS)
database using a machine learning approach, (the naive Bayesian classifier181), to
assign the representative sequences. However, due to the large number of unknown
taxa, taxonomic resolution is poor and most sequences can only be assigned to the
genus level174. For species level identification, information on other house-keeping
genes for DNA gyrase subunit B (gyrB), the TU elongation factor (tuf ), and the
60 kDa chaperonin (cpn60 ) are often required182. The generated taxonomic data is
a matrix that relates feature abundance to samples and can be subjected to alpha
(species richness within individual samples) and beta (similarity between samples)
diversity analysis for the investigation of the overall patterns in microbiome
variation.
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Abstract
In this work, we chart the discovery of the use of a milk product to both preserve
unwashed sheepskins and depilate them, removing the need for salt, sulfide and
lime and reducing the copious amounts of water used by the leather industry. This
method can completely replace the first five steps of the traditional beamhouse
process and the depilated skins can be taken straight to degreasing and tanning.
In order to evaluate the products of this process, the depilated skin surface was
evaluated not only by eye, but with both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) which showed there was no apparent
damage to the grain or fraying of the collagen bundles. The depilated skin was also
processed to leather which was subjected to tear, tensile and shrinkage
temperature measurements that were almost identical to those of leather made
using the traditional process. To try and understand the process, microbial
culturing was carried out on the milk product at the conclusion of depilation. Two
bacterial species (Lactococcus lactis and Lactobacillus plantarum) and two fungal
species (Geotrichum candidum and Yarrowia lipolytica), were routinely identified.
We predict that the secretion of antimicrobial substances and extracellular
enzymes from these microorganisms are responsible for the preservation and
depilation of sheepskin. This process shows excellent potential to be further
developed and could replace the current chemical processes used by the leather
industry.
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3.1. INTRODUCTION

3.1 Introduction
Leather products are manufactured from animal skins that have been subjected to
various chemical procedures to form a product with high tensile and tear strengths
and is both insulating and water resistant. Because of these properties, leather
has been used to make clothing, shelters, tools and other objects since 5,000 BCE,
and it has been estimated that by 2027, the global leather industry will be worth
$306.1 billion to the world economy1. However, the industry is facing the negative
impact of environmental pollution caused by the chemicals used, and the solid and
liquid wastes produced during the manufacturing process. Sheepskins make up 15
% of the raw material used by the world leather industry2. They are a by-product
of the meat industry that must be disposed of if not used, incurring a significant
cost to farmers. If processed, the environmental pollution caused by the current
beamhouse processes poses a problem that will, because of changes in legislation
that have been introduced to control environmental pollution, incur significant costs
to the industry. Furthermore, the current process uses copious volumes of water,
a precious resource in these times of climate change. Therefore, it is imperative
that leather technologists and scientists worldwide find environmentally friendly
alternatives for skin/hide preservation and leather production.

Animal skin is made up of three main layers: the epidermis, dermis, and hypodermis.
The epidermis is the outer-most protective layer of skin and consists of keratinocytes
(keratin-producing cells) and parts of the hair shaft (fibre). Beneath the epidermis
lies the epidermis-dermis junction, that contains the coarse basement membrane, a
special structure made up from types IV and VII collagens, as well as proteoglycans
(heavily glycosylated proteins)3. The dermis of sheepskin contains water (53 %),
protein (27.5 %), fat (18.3 %) as well as trace minerals. The major structural
components of dermis are collagen types I and III, which make up approximately 60
- 70 % of the dry weight of skin4. The uppermost layer of the dermis, also termed the
enamel, is responsible for the outward appearance of the final leather product which
is thought to be due to the presence of the beaded microfilament network formed
by collagen VI5. The bottom layer of skin, the hypodermis, is made up muscle and
fat. Both the epidermis and hypodermis are removed during leather making.

Once the skin has been removed from the animal, it needs to be preserved, especially
in warm weather, or when stacks of skins are plastic wrapped for transport to the
tannery. The conventional method is the application of salt (30 - 40 %, w/w),
which then has to be removed and the skins rehydrated, which uses large volumes
of water6. The first step of leather processing, known as depilation, is the removal
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of hair or wool from the hides or skins by painting a thick strong alkaline sulfide-
lime solution (Na2S, NaSH, NaOH, Ca(SH)2, Ca(OH)2) on the flesh side of the pelt
and allowing it to soak through to the dermis6. The alkaline conditions open up
the major protein network formed by the collagen fibres, allowing the chemicals
to reach the hair shaft where they act to degrade the keratins in the hair follicle,
and the hair to be removed either mechanically or by hand. Na2S is, however,
a strong reducing agent, that interferes with the oxidation of organic wastes (i.e.
hair/wool and proteins), and as a result, contributes to the high chemical oxygen
demand (COD) and biological oxygen demand (BOD) of the effluent. In fact, 50 –
70 % of the total COD and BOD load from leather making is due to Na2S. Even
worse, when the pH of the effluent drops below 9.5, H2S, a colourless, flammable
gas that is poisonous when inhaled, is released. The depilation process is estimated
to contribute to one-third of the pollution produced throughout the whole leather
making process7.

After depilation, the skin is washed several times in water before being incubated
with enzymes such as trypsin or chymotrypsin that degrade the non-collagenous
proteins in the skins in a process called bating. The skins are then immersed in a
solution of sulfuric acid and salt at pH 2 - 3 that both preserves and prepares them
for tanning, a process called pickling. Due to their high fat content, sheepskins
in New Zealand undergo a process called degreasing right after pickling to remove
the fat layer in the skin before it is tanned6. The purpose of this is to allow the
uniform penetration of tanning reagents into the skin matrix and through the pelt
cross section during tanning. After degreasing, the skins are then tanned and the
raw skin is permanently turned into a stable substance.

Much effort has gone into the search for ’greener’ depilation agents. Interest has
largely been focused on the use of proteolytic enzymes as depilation agents because
they are safer to handle and biodegradable. Many enzymes of bacterial origin have
been trialled on a laboratory scale and have been shown to successfully remove hair
from skins8,9. However, most have also damaged the skin surface, and in many
cases, sulfide has had to be added to the enzyme mixture to increase depilation
efficiency10,11,12,13,14. Furthermore, the use of enzymes requires stringent control of
both pH and temperature to produce consistent depilation. Although recombinant
protein technology has seen a decrease in the purchase price of enzymes, they are
still expensive in comparison to the traditional chemical methods, thus, although
significant advances have been made, the use of enzymes to depilate skins has not
been widely adopted by the leather industry15.
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We report here the development of a process that removes wool from sheepskins
using whey or whey permeate, both by-products of the cheese-making industry.
This process is environmentally friendly as it not only omits the use of sulfide and
alkali for depilation, but also prevents microbial degradation of skins for up to a
week at ambient temperature. Sheepskins immersed directly in whey or permeate
without washing could be both preserved and depilated during transport to the
tannery. Furthermore, skins depilated using whey or permeate can be taken
straight to degreasing, skipping the lime, delime, bate and pickle pre-tanning steps.
Our research into understanding the mechanism of both preservation and
depilation of sheepskin is discussed, and the quality of skins processed using
permeate compared to those processed using the traditional sulfide method using
scanning electron microscopy, transmission electron microscopy, tear strength,
tensile strength, and shrinkage temperature

3.2 Materials and methods

3.2.1 Materials

All sheepskins were collected from a local freezing works (Ovation Ltd., Fielding,
New Zealand). The unwashed skins were transported to New Zealand Leather and
Shoe Research Association (LASRA) where the flesh was removed using a flesher
(Rizzi, Italy). Depilation trials with milk products and by-products were carried
out on approximately 15 × 8 cm pieces of defleshed sheepskin cut from the official
sampling position (OSP). Milk products, including homogenised milk, UHT milk
and milk powder (Anchor, Auckland, New Zealand), were commercially sourced
from the supermarket. Fresh liquid whey was obtained from the Cartwheel
Creamery, Pohangina, New Zealand. Fresh liquid whey was sterilised at 121oC for
15 minutes. The resulting precipitate was centrifuged at 10,000 × g for 20
minutes, leaving a straw coloured liquid. Whey protein powder (Red8, Auckland,
New Zealand) and milk powder were made up to 6.25 % (w/v), and 12.5 % (w/v)
with H2O, respectively. For simplicity, artificial whey permeate solution (4.5 %
(w/v) lactose, 0.0035 % (w/v) CaCl2, 0.0045 % (w/v) NaCl, 0.14 % (w/v) KCl,
and 0.05 % lactic acid (v/v), autoclaved at 121 oC for 15 minutes. This will be
referred to as permeate solution in this paper. The following is a list of tanning
chemicals and their manufacturers: Lime (Websters, New Zealand), Solvitose®

(Avebe, Veendam, Netherlands), Pancreol NB (Clariant, Munich, Germany),
Unislip (Union Specialties Inc., Newburyport, MA, USA), fungicide TCMTB
(Lamirsa, Barcelona, Spain), Zoldine ZE (ANGUS Chemical Company, Buffalo
Grove, IL, USA), Tetrapol LTN (Shamrock, Auckland, New Zealand), Felierm DP
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and Tanicor PW (Stahl Europe BV, Amsterdam, Netherlands), Chromosal® B
and Tannigan PAK-N (Lanxess, Cologne, Germany), Mimosa (Tanac, Montenegro,
Brazil), Sulphirol EG60 (Smit & Zoon, Weesp, Netherlands), and formic acid
(Clark Products, Napier, New Zealand). All water used was from Barnstead™
Nanopure™ (Thermo Fisher Scientific, MA, USA) that produces water largely free
of bacteria, particles and dissolved solute contaminants.

3.2.2 Depilation trials using milk products and permeate

solution

Ten pieces of unwashed sheepskin (15 × 8 cm) were cut from the skin of a single
animal, placed in sterilised glass containers then submerged in enough liquid (milk,
UHT milk, milk powder, whey, sterilised whey, whey powder and permeate solution)
to ensure the wool was completely covered. All the following procedures were carried
out in a biohazard hood. The process of depilation was followed by monitoring the
pH of the liquid, and its smell until the wool could be easily removed from the
skin using gentle thumb pressure. Controls of H2O, acetic acid and lactic acid
solution with an initial pH of 4.5 were included to ensure that the antimicrobial
and depilation effects were not due to pH alone, or to lactic acid which is the
acid produced by many microorganisms cultured in milk16. After the samples were
depilated, they were subjected to TEM and SEM, and samples of the depilation
liquid at completion of the process were taken for microbiological analysis. In order
to test for reproducibility, the experiment was repeated using a second animal.

3.2.3 Scaled up trials using permeate

Three pieces of sheepskin, each from a different animal (9 in total) were used in this
study. Each was cut in half, and one half depilated using the conventional sulfide
method, while the other was treated with permeate. Due to the different sizes of
each piece of sheepskin, the volume of permeate solution used varied. Each piece
of skin was placed in a sterile plastic container large enough to let it lie flat, then
submerged in enough sterile permeate solution to completely cover all the wool.
After the liquid was added, a lid was used to seal the container, which was then
left at room temperature until depilation was complete. To check progress, the lids
were removed every 12 hours and the skins visually inspected and tested for ease
of depilation using gentle thumb pressure. A sample of the liquid was also taken
and its pH measured using a pH strip. After three to four days, depending on the
ambient temperature, when depilation was complete, the skins were removed from
the permeate solution and depilated. Part of the skin was taken for tear and tensile
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Table 1: Standard LASRA protocol for tanning sheepskins.
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strength analysis (pre-tanning samples), and the rest processed to leather using the
LASRA standard protocol from the degreasing stage (Table 1). The other half of the
pelt was both depilated and processed using the standard LASRA protocol (Table
1).

3.2.4 Scanning electron microscopy (SEM) evaluation of

permeate-depilated sheepskin

SEM samples were prepared by Manawatu Microscopy Imaging Centre (MMIC,
Massey University, Palmerston North, New Zealand) using the following protocol:
Freshly depilated sheepskin samples were cut into 10 mm x 10 mm pieces and
placed in modified Karnovsky’s fixative, made up from 3 % glutaraldehyde and 2
% formaldehyde in 0.1 M phosphate buffer (pH 7.2). The samples were fixed for 8
hours at room temperature and then rinsed three times with 0.1 M phosphate
buffer (pH 7.2). The samples were then sequentially dehydrated with 25 %, 50 %,
75 %, 95 %, and absolute ethanol for 15 minutes each, with a final absolute
ethanol wash for 1 hour. Samples were dried to critical point using liquid CO2 as
the critical point fluid and absolute ethanol as the intermediary with the Polaron
E3000 series II (Quorum Technologies, UK) critical point drying apparatus.
Samples were then mounted onto aluminium stubs using double sided tape and
sputter coated with approximately 100 nm of gold with a Baltec SCD 050 sputter
coater (Capovani Brothers Inc., USA), and examined using the FEI Quanta 200
Environmental Scanning Electron Microscope (Thermo Fisher Scientific, USA) at
an accelerating voltage of 20 kV.

3.2.5 Transmission electron microscopy (TEM) evaluation of

the permeate-depilated sheepskin

Permeate-depilated skin samples were cut into 1 mm thin slices using a sterile scalpel
blade and fixed overnight using a fixative containing 2.5 % (v/v) glutaraldehyde and
0.06 % (w/v) cuprolinic blue in 50 mM acetate buffer (pH 5.6) supplemented with
0.3 M MgCl2. After fixing, the samples were rinsed three times with the same
fixative solution omitting cuprolinic blue. Samples were treated for an hour with
0.5 % sodium tungstate in 50 mM acetate buffer (pH 5.6), and then overnight with
0.5 % sodium tungstate in 30 % ethanol. The following steps were carried out by
MMIC. Samples were dehydrated sequentially with 25 %, 50 %, 75 %, 95 %, and
100 % acetone twice, then treated with a 1:1 mixture of acetone and Procure 812
resin (ProSciTech, Australia), and left to polymerise overnight. The samples were
trimmed and cut into 1 µm sections with a Leica EM UC7 ultra-microtome (Leica
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Biosystems, Wetzlar, Germany), and fixed onto a glass slide. Sample blocks were
further cut to 100 nm with a diamond knife (Diatome, Switzerland). The cuts were
stretched with chloroform vapour, mounted on grids using a Quick Coat G pen
(Daido Sangyo, Japan), and stained with uranyl acetate in 50 % ethanol for one
hour. They were then washed with 50 % ethanol, and further stained with lead
citrate for four minutes to visualise the collagen fibrils. Samples were examined
with a Technai G2 Spirit BioTWIN Transmission Electron Microscope (FEI, Czech
Republic).

3.2.6 Identification of the viable microorganisms in the milk

media at the completion of depilation.

Five culture media (TSB, LB, MRS, malt and Wilson’s media17) were used to
culture viable microorganisms from the milk, UHT milk, milk powder, whey,
sterilised whey, and permeate solutions at the completion of depilation. TSB and
LB are general high-nutrient culture media for bacteria; MRS is a media
specifically designed to culture lactobacilli; malt and Wilson’s media are general
media with high and low-nutrient contents respectively, that are optimised for
fungi. Sterile agar plates (1.5 %) were made for each sample replicate using the
five different media to comprise a set of plates for each depilation solution. One
hundred (100) µL of the liquid from each completed depilation was pipetted onto
each set of sterile nutrient plates, then spread over the surface using a sterilised
glass spreader. The TSB, LB, and MRS plates were incubated overnight at 37 oC,
while the malt and Wilson’s media plates were incubated at 30 oC.
Morphologically distinctive colonies were picked at random and re-streaked onto
new sterile plates. Microbial genomic DNA (gDNA) was extracted from cells using
the standard procedure of Gussow and Clackson18. The crude gDNA was used as a
template to amplify the 16S- and 18S rRNA gene-encoding regions with primers
27f/1492r, Eub338/Eub518, and nu-SSU-0817-5’/nu-SSU-1196-3’ (Table 2) and
PCR conditions described in Table S1. The resulting amplicons were purified by
ethanol precipitation19 and sent to Massey Genome Service (MGS, Massey
University, Palmerston North) to be sequenced (Capillary ABI3730 DNA analyzer,
Thermo Fisher Scientific, USA). Sequences were analysed using the blastn
algorithm against NCBI20 nucleotide collection (nr/nt) database. Species identified
were those that had at least 97.5 % sequence identity. The process was repeated a
second time with the solutions obtained using a different animal.
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Table 2: PCR primer sets for bacteria 16S and fungal 18S ribosomal ribonucleic acid
(rRNA) encoding gene amplification.

Primer name Sequence (5’ → 3’) Target gene Amplicon Referencelength (bp)

27f AGAGTTTGATCCTGGCTCAG Full length 16S rRNA 1400 21

1492r GGTTACCTTGTTACGACTT
Eub338 ACTCCTACGGGAGGCAGGAG V3 region of 16S rRNA 200 22,23

Eub518 ATTACCGCGGCTGCTGCTGG
nu-SSU-0817-5’ TTAGCATGGAATAATRRAATAGGA Nuclear small subunit 420 24

nu-SSU-1196-3’ TCTGGACCTGGTGAGTTTCC of 18S rRNA

3.2.7 Tear strength analysis of depilated skins and the final

leather product

Tear strength measurements were carried out using the TA.XT Plus Texture
Analyser (Stable Micro Systems, Surrey, UK) according to the international
standard ISO 3377-2:201625. Fresh permeate-depilated skin samples taken from 3
different sheepskins were cut into four rectangular shaped pieces (50 mm × 27
mm) parallel to the backbone. A slit was cut in the centre of the rectangular
sample and the thickness of the leather at either end of this slit was measured
using a Baty C1 thickness gauge (Bowers Group, UK) to provide an average
thickness for the test sample. At the same time samples from the same animals
that had been processed using the LASRA process (i.e. sulfide depilation, lime,
delime, bate, pickle were prepared in the same way. At a later stage samples were
taken from matched leather samples processed using either permeate or the
traditional LASRA process (24 samples in total).The leather samples were
conditioned at a constant temperature and humidity (20 oC and 65 % relative
humidity) for 24 hours before testing.

The slit was placed over the two hooks of the instrument and the skin stretched
at a constant rate of 1 mm/sec with the long axis of the slit perpendicular to the
direction of the pull (Fig. 1). The samples were pulled until rupture and the force
(N) required to reach this point was recorded. The tear strength was calculated
as tear force divided by the thickness of the tested sample (N/mm).The final tear
strength for the skin of each animal was calculated from the average of the four
technical replicates, with the exception of OSP2 with three technical replicates. To
compare the effects of the different processes on the skins, the values obtained for
each of the three biological replicates were averaged.
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Figure 1: Image showing the instrument setup for the measurement of the tear
and tensile strength of skin and leather samples. (a) and (b), tear strength
measurements. (c) and (d), tensile strength measurements. Each showing leather
samples at the start (a), (c), and part way through (b), (d) the tests.

3.2.8 Tensile strength analysis of depilated skins and final

leather product

Tensile strength measurements were carried out using the TA.XT Plus Texture
Analyzer (Stable Micro Systems, Surrey, UK) at room temperature. Test samples
were prepared at the same time as the tear strength samples except they were cut
into a ’dog bone’ shape of 100 mm x 20 mm pieces parallel to the backbone.
Uniaxial tensile tests were conducted using a load cell of 7500 N. Each end of the
sample was securely clamped into specifically designed grips (Fig. 1). Exponent
software (Stable Micro Systems, Surrey, UK) was used to stretch the samples at a
constant rate of 0.1 mm/sec. The effective sample length (l) of approximately 50.0
mm was measured as the distance from the ends of the two clamps; the width (w)
was 10.0 mm, and was measured at the thinner part of the ’dog bone’; the
thickness, also called the height (h), was the average thickness of the thinner part
of the ’dog bone’. For each test, the force (N) was plotted against the distance
(mm) stretched until rupture. The sample cross-sectional area was calculated from
thickness/height (mm) x width (mm). Stress (N/mm2) was then calculated by
dividing the force (N) by the cross-sectional area (mm2). Strain (mm/mm) was
calculated from the distance of the stretch (mm) divided by sample effective length
(mm). Tensile strength curves were generated by plotting strain (mm/mm) against
stress (N/mm2) using GraphPad Prism software (v. 9.1.1 for macOS, San Diego,
CA, USA).
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3.2.9 Leather shrinkage temperature measurements

The thermal stability of leather was measured by its shrinkage temperature (oC).
The shrinkage temperatures of chrome-tanned leather made from both permeate-
and chemically-depilated sheepskins were measured according to the ISO 3380:2015
standard protocol26. The leather samples from the OSP were cut into 1.5 cm × 5
cm pieces and submerged in water at 40 oC for at least an hour before measurement.
Two small holes were punched in the two ends of each leather piece allowing it to
be hooked onto the Theis leather shrinkage meter27. It was then submerged in a
solution of 100 % glycerol and heated with continuous stirring until the indicator
moved, indicating the collagen fibres had shrunk, and the shrinkage temperature
recorded.

3.3 Results and discussion

3.3.1 Sheepskin depilation using milk products and

by-products.

An experiment carried out by Schlosser et al.28 in 1986 using an undisclosed
Lactobacillus culture to preserve hides was based on the fact that many lactic acid
bacteria were being used in the food industry for the preservation of food. They
incubated hides in a Lactobacillus culture, to find that not only were the hides
preserved, but they were also depilated. However, no further research was carried
out to understand the mechanisms of either preservation or depilation. This
experiment was therefore repeated using commercially sourced yoghurt and found
it prevented putrefaction and depilated unwashed sheepskins after three to four
days of incubation (unpublished result). As yoghurt is a fermented milk product,
further trials were carried out using other milk products, such as, milk, UHT milk,
milk reconstituted from milk powder, whey, sterilised whey, and whey protein
solutions. Controls of H2O, and water acidified to pH 4.5 with both acetic and
lactic acids were included in the experiment and the course of the depilation was
monitored through pH, and smell (Table 3).

Although all media tested eventually depilated skins, including the H2O and acid
controls, two major differences were observed. Sheepskin that was depilated with
milk products except for whey protein solution, smelled like fermented milk,
whereas, the others (H2O, acid controls and the solution made from powdered
whey protein) had the unpleasant smell of putrefaction. The other difference was
the change in pH during depilation. All media that smelled like fermented milk at
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the end of the depilation trial had an initial pH around 6.5 – 6.8, that dropped to
approximately 4.5 as the incubation continued. At this stage, wool could easily be
removed from the skin samples, and the skin appeared to be pink, plump, and
shiny. In contrast, in the other group of samples the pH increased over the course
of depilation, eventually plateauing between 7.5 and 8.0. Surface damage was
obvious, the skin was grey and smelt rotten. Interestingly, all the milk products
trialled were able to depilate sheepskin without any obvious damage, with the
exception of whey protein powder. Whey powder is manufactured by
ultrafiltration of liquid whey, which retains the proteins but removes lactose and
other minerals, suggesting that it was not an antimicrobial milk peptide or protein
that was responsible for the preservation of the skins. Because it was impossible to
source commercially prepared permeate, an artificial permeate solution containing
only lactose and traces of metal ions was made, and when this was used to
incubate the skins, they were preserved and depilated with the same efficiency seen
for milk and whey.

Table 3: Depilation trials with milk products and by-products.
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3.3.2 Physical appearance of the permeate-depilated

sheepskins.

After incubating the sheepskins in permeate for three to four days, the wool was
easily removed by scraping with the thumb. Fig. 2a shows that despite leaving the
unwashed piece of skin in permeate at room temperature for three to four days, the
skin did not go rotten, and the surface showed no visible damage. To test whether
this process was effective on a larger scale, one-quarter of the sheepskin was processed
using permeate while the other was processed using traditional beamhouse methods.
The wool was easily removed after three days and both pieces were then degreased
and chrome tanned using the standard LASRA process (Table 1, Fig. 2b and c).
Although not tested in any way, the wool consistently had a silky feel and did not
appear to be damaged during removal. To visualise any damage that was less obvious
to the eyes, SEM images of the surface of the depilated skin were taken. The grain
appeared to be smoother than that of the conventional sulfide depilated bated and
pickled skins (Fig. 3a and b), and the wool was cleanly removed from the follicle
without damage to the skin (Fig. 3c and d). Interestingly, bacteria could be seen on
the surface of the skin and in the hair follicle (Fig. 3e), which was not unexpected
due to the fact that various bacteria, especially lactococci and lactobacilli, could be
cultured from the permeate that depilated sheepskin (Section 3.3.3). TEM was used
to visualise the arrangement of collagen fibrils in permeate-depilated sheepskin and
showed that individual collagen fibrils were densely packed and nicely aligned (Fig.
4).

Figure 2: Images of the sheepskin depilated with permeate and the final leather
product. (a) Overview of the OSP region depilated with permeate. (b) One quarter
of a sheepskin depilated using permeate and made into leather. (c) Closer look of
the grain of the leather.
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Figure 3: SEM images of the sheepskin depilated with permeate and conventional
sulfide method. Sheepskin depilated using (a) the conventional sulfide method, (b)
the conventional sulfide method then processed to bate, (c) permeate, (d) higher
magnification showing the empty wool follicle of permeate-depilated skin, and (e)
empty wool follicle, showing microorganisms residing on the wall.

Figure 4: TEM images of a section of the corium of permeate-depilated sheepskins.
The collagen fibrils are stained with lead citrate. (a), (b), and (c) are at different
magnifications as shown by the bar at the base of each image. The characteristic
D-banding of collagen fibrils can clearly be seen in(b) and (c).
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3.3.3 Identification of microorganisms isolated from

depilation trials with various milk products.

Conventional microbial culturing methods were used to isolate and identify the
microorganisms present in the depilation solutions (i.e., sheepskin immersed in a
specific milk product) at the end of each depilation trial. Three biological
replicates were tested for each milk product. Differences in the colony
morphologies of the microorganisms grown on nutrient agar plates were observed
(Fig. S1), and a total of 75 colonies were randomly selected for colony PCR and
their full length or partial 16S- and 18S rRNA genes amplified and sequenced. Out
of these, 21 bacterial and six fungal species were identified (Tables 4 and 5).
Bacteria was classified into three phyla (Bacteriodetes, Firmicutes and
Proteobacteria), four classes, six orders, 12 families, 17 genera, and 22 species
(Table 4). The most frequently identified genera were: Lactococcus, Lactobacillus
(now known as Latiplantibacillus/ Levilactobacillus/Latilactobacillus and 22 other
genera29), and Hafnia. Fungi were classified into two phyla (Ascomycota and
Basidiomycota), three classes (Microbotryomycetes, Saccharomycetes and
Tremellomycetes), three orders, four families, five genera (Galactomyces candidum
is the teleomorph of Geotrichum candidum) and five species (Table 5). Geotrichum
candidum (Galactomyces candidum) and Yarrowia lipolytica were the two most
frequently isolated and identified fungi.

Two of the most frequently isolated and identified bacterial genera, Lactococcus
and Lactobacillus, are lactic acid bacteria (LAB). LABs are known to produce
antimicrobial metabolites (e.g. lactic acid and acetic acid) and bacteriocins
(proteinaceous or peptidic toxins), and are widely used in the food industry for
preservation purposes30. LABs are able to use lactose in their energy production
pathway, unlike other bacteria, and produce lactic acid as a major metabolite.
Lactobacillus plantarum, Geotrichum candidum, and Yarrowia lipolytica have all
been reported to secrete extracellular enzymes (proteases, lipases, and
glycosidases) as they are commonly used in the cheese-making process31,32,33. We
therefore speculate that enzymes secreted by these microorganisms specifically
degrade the structural components at hair root, facilitating the loosening of wool
from the hair follicles and allowing it to be easily removed.
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Table 4: Bacteria species identified in the sheepskin depilation trials using various
milk products and by-products.
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Table 4: Bacteria species identified in the sheepskin depilation trials using various
milk products and by-products (continued).

Table 5: Fungal species identified in the sheepskin depilation trials using various
milk products and by-products.
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3.3.4 Tear and tensile strength analysis of permeate-

depilated sheepskins

To confirm that processing sheepskins with permeate resulted in a product as least
as good as that produced using traditional methods, two sets of tear and tensile
strength measurements were made for skins from the same animal that had been
processed using both methods: (a) skin depilated using permeate against pickled skin
that had been sulfide depilated, (b) the final leather product made from permeate-
depilated skin vs. skin depilated with sulfide. Although tear and tensile strengths
are related, they are not identical measurements. Both, however, are indicative of
the strength of a material. The tear strength of leather reflects the ’toughness’ of
the material and its ability to resist rupture. As a result, it is commonly used as the
industry standard for strength as it relates closely to physical performance. Tensile
strength on the other hand, measures the mechanical properties of leather more
precisely, as it is related to the strength of the collagen fibres in the skin34. Both
tear and tensile strengths were measured on three pieces of sheepskin from three
different animals taken parallel to the backbone, then normalised to the thickness
of the skins. There were no significant differences in the tear strengths of the final
leather products produced from skins depilated using the two different methods,
despite permeate-depilated skin having a slightly higher tear strength compared to
that of pickled skin (Fig. 5a, one-way ANOVA, p-value = 0.001). Although pickled
skin had a slightly higher stress value at rupture compared to permeate-depilated
skins (Fig. 5c, p-value = 0.001), it did not appear to affect the tensile strength of
the tanned leather products which had similar tensile strengths regardless of the
process (Figs. 5b, c and d). Table 6 shows the force, stress and strain at rupture
for tanned-leather and pre-tanned skin.

A stress-strain curve for skin can be drawn from the tensile strength results, and
typically shows three parts, the toe, heel, and the linear regions. In the toe region,
at low strain, the skin behaves elastically, reflecting the removal of macroscopic
crimps in the collagen fibres as force is applied. As the force is increased, the
heel region of the curve is seen at medium strain, where the kinks in the collagen
molecules are straightened out. Under high force the curve becomes linear as the
collagen molecules are stretched out and glide against each other, uniformly aligning.
Eventually, the skin ruptures and curls back.35 All leather and skin samples showed
typical stress-strain curves in these three regions (Fig. 6).
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Figure 5: Comparison of tear and tensile strength of tanned leather and pre-tanned
skins. (a) Tear strength, (b), (c), and (d) Tensile strength measurements. ∗, p-value
< 0.01. (d) dots represent outliers.

Table 6: Comparison of tensile strength of tanned leather and pre-tanned skins.
Each measurement was done on three different sheepskins, with four technical
repeats on each skin. The values in the table represent the average of each
measurement.
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To visualise the linear and non-linear ranges in the stress-strain curve, the first
derivative (the slope) of the stress-strain curve was calculated and shown in Fig. 6.
Typically, a linear region has a constant slope, therefore, its first derivative would
be a relatively flat line with a constant value (i.e. the slope is unchanged). In a
non-linear region, the slope constantly changes, generating a curved line in the first
derivative plot. There were no significant differences in the first derivatives of the
final leather products made from the two processes. They were both flat with similar
slopes (between strain 0.1 and 0.5, slope of permeate-depilated skin leather product
25.2 cf. slope of pickled skin leather product 21.6) strongly indicating there is no
difference in the tensile strengths of these leathers (Figs. 6a and b). Furthermore,
no significant difference was observed between the pre-tanned skins (i.e. pickled
skins and permeate-depilated skins, Figs 6c and d). There are, however, obvious
differences in the ranges of both the linear and non-linear regions of the curves for
leather and pre-tanned skin. Pre-tanned skin samples in general, had a steeper
slope in the linear region compared to leather samples, which is characteristic of
brittle substance36. This suggests that after tanning, the leather samples are more
ductile, as shown by their ability to stretch. In other words, both pre-tanned skin
samples were more brittle (or stiff), as evident from the low strain (0.37 cf. 0.8 for
leather) and the steeper slope of the first derivative plot (Fig. 6) for the pre-tanned
skin samples. Even although the pre-tanned skin samples (pickled and permeate-
depilated skins) were more brittle, they were able to withstand a higher stress than
their matched leather samples before rupture (Figs. 6c and d).

3.3.5 Leather shrinkage temperature

The hydrothermal stability of skin, whether in its natural state, or chemically
modified, is routinely measured by leather technologists as shrinkage temperature.
The shrinkage temperature is defined as the effect of wet heat on the integrity of
the material, and it can vary greatly depending on the tanning efficiency and
structure of the collagen fibre network of the material6. The shrinkage
temperature of skin, including leather, is reported to be correlated to the thermal
transition of the collagen tropocollagen helical structure to random coil upon heat
denaturation6,37. In the case of native collagen, the shrinkage temperature is 65 -
70 oC, while chromium (III) sulfate tanned leather is typically around 105 - 115
oC6.
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Figure 6: Representative stress-strain curves of sheepskin depilated using permeate
and sulfide, and their respective final leather products, and their first derivative
(slope) curves.

The shrinkage temperatures of the leather depilated with permeate compared to
conventional sodium sulfide is shown in Fig. 7. No significant difference was found

82



3.4. CONCLUSION

between the shrinkage temperatures of leather depilated using the two different
methods. The leather made from chemically depilated sheepskins underwent three
extra steps, delime, bate and pickle, to remove all non-collagenous proteins before
the skin was degreased and the collagen network was crosslinked with chromium
(III) at tanning. In contrast, permeate-depilated leather samples went straight
from depilation to degreasing then tanning, and on the basis of biochemical
analyses retained more non-collagenous proteins (as found in the amino acid and
proteomic analyses of sheepskin, Chapter 4). It has been long thought by leather
chemists and technologists that the removal of non-collagenous proteins is essential
for the efficient crosslinks to form between chromium (III) and adjacent aspartic
and glutamic acid sidechains in collagen microfibrils6. On the basis of the observed
shrinkage temperatures, the presence of these extra proteoglycans has clearly not
attenuated the number of chrome crosslinks being formed. In fact the whisker plot
suggests that the structure of the permeate processed leather is much more
consistent than the leather produced by the beamhouse process. Whether the
complete removal of non-collagenous proteins, such as proteoglycans from the skin
matrix is necessary and beneficial for chrome crosslinks is therefore challenged and
requires further research.

Figure 7: Shrinkage temperature of leather made from sheepskin depilated using
sulfide and permeate. p-value = 0.08

3.4 Conclusion
In this work, we have shown on a laboratory scale that a novel and
environmentally friendly process for depilating and tanning sheepskin produces
leather that is indistinguishable from that produced using the traditional
beamhouse methods. The process eliminates the need for NaCl, Na2S, NaSH,
NaOH, Ca(SH)2, and Ca(OH)2, and uses far less water than is currently used in
the pre-tanning steps of current processes. Furthermore, waste products are
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comprised mainly of water protein and microorganisms that are already prevalent
in the environment. Using this method to process a large number of randomly
selected skins showed they were consistently depilated without damage using whey
or whey permeate, both by-products of the dairy industry. It does not require
careful temperature or pH control, and as long as the skin is left in permeate we
showed it could be preserved up to a week without putrefaction. We also showed
that the skin depilated using permeate is equivalent to pickled sheepskin, and can
be degreased and tanned, eliminating four pre-tanning steps. It also raised the
question of whether it is necessary to completely remove all non-collagenous
proteins from the skin matrix to produce good leather from sheepskin.

Our experiments have allowed us to propose a mechanism for the observed
preservation and depilation mechanism. It became obvious that the prevention of
putrefaction was due to the high concentrations of lactose at the initial stages of
the process. We speculate that both restricting the carbon source at the early
stages of depilation combined with the gradual reduction in the pH of the
depilation liquid, most likely due to the production of lactic acid, initially
controlled the growth of the bacteria on the unwashed skin and wool. Lactobacillus
and Lactococcus species are also known to produce many antimicrobial substances.
As depilation proceeded and protein and other macromolecules were released from
the skin, such substances were able to control the number of microorganisms now
able to grow especially those associated with putrefaction. Lactococcus lactis, in
particular, is known for its production of nisin, a wide spectrum bacteriocin that is
often used as a preservative by the food industry. However when fresh sheepskin
was incubated in PBS supplemented with nisin, putrefaction still occurred (results
not shown) indicating the process of preservation is complex, and not due to a
single compound.

Bacteria and fungi are also known to secret proteases and glycosidases, and those
found to be present in this environment are known to secrete enzymes that could
preferentially attack the structure around the hair follicle, loosening it to allow easy
removal, but without disrupting the collagen structure of the skin. These claims
require further research that was carried out as part of this project and will be
reported elsewhere (Chapter 5). The use of whey or permeate, both by-products and
in some cases waste products of the dairy industry to incubate sheepskins appears to
be a technically simple and cost-effective process for removing wool and pretanning,
and has the potential to provide the leather industry with a cost-effective option
to reduce its waste load on the environment. While a comprehensive study of its
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environmental COD and BOD loads was not carried out, this should be done to
strengthen the claim that it is, for sheepskin at least, a ’green’ process for the
leather industry. Lastly, the observations about the quality of the wool removed
using whey or permeate depilation warrants further investigation. It is possible that
it has gained some desirable properties that could be exploited by an industry that
is trying to find new high-value products.
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3.6 Supplementary information

Table S1: PCR conditions.

Figure S1: Examples of the different morphologies of microorganisms cultured from
spent depilation liquid.
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Abstract
An environmentally friendly method for depilating sheepskins has been reported in
which the authors found no differences in the physical properties of sheepskin
depilated with whey or permeate compared to those of its pre-tan equivalent
produced using traditional sulfide (pickled sheepskin). However, the appearance of
the whey/whey product depilated skin seemed smoother and it was clear that the
wool had been completely and cleanly removed from the hair follicle. In this work,
we examined sheepskins depilated using whey/permeate at the molecular level to
investigate the potential changes responsible for this observation. Quantitative
biochemical analyses of sheepskins depilated with permeate were compared to the
results of similar analyses of raw and pickled sheepskins obtained from either this
study and/or previous studies reported in the literature. They included: amino
acid analysis to obtain the total collagen concentration, collagen crosslink analysis,
glycosaminoglycan (GAG) analysis, and a proteomic analysis that provided the
abundance of the proteins in permeate depilated sheepskin relative to that in
matched chemically depilated (pickled) sheepskin. Results showed no significant
differences in collagen, and collagen crosslink concentrations in contrast to the
10-fold increase in GAG concentration. Proteomic analysis showed a higher
retention of proteins in the basement membrane of the skin, supporting the
observation that permeate depilated skins were smoother than their sulfide
depilated counterparts and produced leather with a superior surface.

92



4.1. INTRODUCTION

4.1 Introduction
Sheepskin, a by-product of the meat industry, is used to manufacture a light
supple leather that is in demand for luxury high-end fashion garments and
accessories, as well as soft wool-lined clothing, gloves, and hats. Unfortunately, the
market is in decline, necessitating the waste/disposal of sheepskin not used by the
leather industry. Sheepskin is comprised of water (53 %), protein (27.5 %), lipids
(18.3 %), and trace minerals. Like all animal skins, it is composed of three general
layers: the epidermis, dermis and hypodermis (Fig. 1). The epidermis, the
outer-most protective layer of the skin, contains mainly keratinocytes
(keratin-producing cells) and parts of the hair shaft (hair fibre) and is usually
destroyed by chemical depilation1. At the junction of epidermis and dermis, there
is a coarse basement membrane that, after removal of the epidermis, becomes the
surface of the leather. This layer contains collagens type IV, VII, XV and XVIII,
laminin, nidogen, and perlecan (a basement membrane-specific heparan-sulfate
proteoglycan core protein)2. The dermis (true skin) makes up 90 % of the total
skin weight and is rich in collagen fibres (collagens type I and III) that give it is
strength. Dermal fibroblasts synthesise and secrete the major protein components
of skin; collagen, elastin, laminin, and proteoglycans (PGs), that are collectively
termed the extracellular matrix (ECM)3.

Figure 1: Diagram of the skin structure. Reprinted from Visser (2019) with
permission from the author4.
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Collagen, approximately 60 – 70 % of the dry weight of skin, is largely made up of
a repeat sequence containing three amino acids Gly-X-Y, where X and Y are
commonly proline (Pro) and 4-hydroxyproline (Hyp), respectively. Although Hyp
was once thought to be unique to collagen, it is also found in elastin and two other
intracellular proteins, hypoxia-inducible factor (HIF) and argonaute 2 (Ago2)5.
Nevertheless, Hyp continues to be used as an indicator to determine the collagen
content of skin. In collagen, Hyp is involved in both the formation of collagen
microfibrils and their structural and thermal stability6. Non-covalent interactions
between these microfibrils direct the assembly and interactions of collagen fibres,
’gluing’ them together to form fibre bundles7. Crosslinks that are spontaneously
formed between neighbouring lysine (Lys) or deaminated hydroxylysine (Hyl)
residues and other lysine or hydroxylysine sidechains further stabilise the fibrils8.
Finally, the proteoglycans and their sugar components, glycosaminoglycans act as
cement to hold the fibres and fibre bundles in place. From the leathermakers’
perspective, the dermis is often further divided into three layers: the grain, the
grain-corium junction, and the corium (Fig. 1). The grain layer, the uppermost
layer of the dermis, is composed of fine interwoven collagen fibres (mainly types I,
III and VI), the entire length of the hair follicle, small blood vessels and
capillaries9,10,11. The uppermost surface of the grain layer, also termed the enamel,
is responsible for the outward appearance of the final leather product which is
thought to be due to the presence of the beaded microfilament network formed by
collagen VI12. The grain-corium junction is the transitional zone between the very
fine fibres of the grain and the larger fibres of the corium layer. This layer is
composed of relatively small collagen fibres (I, III, V, VI, XII, XIV, XVI) and
carries the other structural components of the skin, such as blood vessels and for
sheep, lipocytes13. The corium layer contains thicker and more compact types I
and III collagen fibres that form higher order structures varying in diameter. As
these bundles form the major part of the leather, their relative orientations are
responsible for its strength14,15. The bottom layer of skin, the hypodermis, is also
known as the flesh layer, is composed of mainly fat cells and is commonly removed
prior to depilation16.

Five steps, together known as the beamhouse process, are required to prepare the
sheepskins for tanning: depilation, liming, deliming/bating, pickling and
degreasing. If the skins have been salted, they are rehydrated and washed to
remove the salt. To depilate the skins, a thick alkaline sulfide depilatory solution
(Na2S, NaSH, NaOH, Ca(SH)2, Ca(OH)2) is painted on the flesh side of the pelt
and left penetrate through the skin. When it reaches the hair shaft, it acts to
degrade the keratin and loosens the wool or hair. Next, the skins are limed,
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although this usually happens simultaneously with depilation. During this
procedure the skin is subjected to a high pH (12 - 13) that swells and opens up the
collagenous fibre network, allowing alkali-soluble proteins and interfibrillar
substances to be removed. During the process, the epidermal keratins are
destroyed, and most of the proteoglycans removed from the skin during this
process17. The effluent from the alkaline sulfide step must be treated before being
discharged into the environment to prevent the release of hydrogen sulfide which is
both toxic and flammable. Research has shown that one-third of the pollution
produced from the leather industry is due to the depilation/liming process18. To
combat the problem, much effort has gone into the search for ’greener’ depilation
agents. Although many enzymes have been trialled as depilation agents on a
laboratory scale19,20, most were shown to damage the skin, and many required the
addition of sulfide to the enzyme mixture to increase depilation
efficiency21,22,23,24,25. Most of all, they are not cost effective in comparison to the
traditional chemical methods. Hence, at present, although significant advances
have been made, the use of enzymes for skin depilation has not been adopted by
the industry. After depilation and liming, the skins are washed (delimed) several
times and then treated with a commercially available protease mix (bated) at pH 8
- 9 and 35 oC to ensure the removal of most of the non-collagenous proteins from
the skin matrix. Then, they are immersed in a pickling solution consisting of salt
and sulfuric acid at pH 2 - 3 which stabilises the skin structure and prevents
spoilage. Due to the high fat content of sheepskin, sheepskins in New Zealand
undergo a process called degreasing right after pickling to remove the fat layer in
the skin before it can be tanned26. The purpose of this is to allow uniform
reactions through the cross sections of the pelt during tanning.

Preliminary experiments in our laboratory showed that incubation of fresh,
unwashed sheepskins in whey, a by-product of cheese manufacture, prevented
putrefaction, and preserved the skin for up to a week at room temperature (18 - 25
oC). Moreover, after three to four days, the wool could be removed from the skin
using gentle thumb pressure. Not only did this procedure remove the wool from
sheepskin without any damage to the skin surface, it also bypassed four
pre-tanning steps (lime, delime, bate, pickle), as the resulting skin could be
degreased and tanned directly after depilation (Chapter 3). Investigations into the
mechanism of depilation using whey led to trials with sterilised whey in which
most of the protein was precipitated and removed, which in turn led to trials using
an artificial whey permeate solution. At this stage the skins showed no signs of
damage, the wool was cleanly and completely removed, and a number of physical
tests showed that both skins and the leather produced from them showed no
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differences to those produced using traditional methods (Chapter 3). In order to
delve further into possible changes in their molecular structures, matched pieces of
skin from the same area of a single animal were depilated with permeate or taken
to pickle using sulfide depilation, then subjected to quantitative proteomic
analyses in order to compare the relative abundances of proteins present in the
skin after each treatment. In addition quantitative biochemical analyses of skins
depilated using permeate were used to measure the changes in amino acid and
collagen crosslink composition and concentration, as well as the glycosaminoglycan
concentration, compared to the levels in raw skin and levels reported by others in
pickled skin. The purpose of this study was to correlate any changes seen in the
molecular building blocks of skin with the physical properties of leather made
using both permeate and traditional beamhouse methods. The results provide the
foundation for the development of a ’green’ leather industry that is cost effective.

4.2 Materials and Methods

4.2.1 Chemicals and materials

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) except for
the following items. Zirconium/silica beads was purchased from dnature
diagnostics research Ltd (NZ). Mass spectrometry grade water, acetonitrile
(MeCN), formic acid, and trifluoroacetic acid (TFA) were purchased from Fisher
Scientific (Fair Lawn, NJ, USA). 6-aminoquinolyl-N-hydroxysccinimidyl carbamate
(AQC) was purchased from SYNCHEM (Altenburg, Germany). CF11 cellulose
was purchased from Merck (Kenilworth, NJ, USA). Dihydroxylysinonorleucine
(DHLNL) was purchased from Santa Cruz Biotechnology (Delaware Ave, CA,
USA). Hydroxylysinonorleucine (HLNL), histidinohydroxylysinonorleucine (HHL)
and histidinohydroxymerodesmosine (HHMD) were isolated and purified in our
laboratory by Dr. R. Naffa. Papain was purchased from BDH Lab supplies (Poole,
UK). Sulfuric acid 98 % was purchased from Ajax Finechem (NSW, Australia).
Chondroitin sulfate A was purchased from Biocolor Ltd (Carrickfergus, UK).
Mini-PROTEAN® TGX™ 4 - 15 % gradient SDS gels were purchased from
Bio-Rad (Hercules, CA, USA). cOmplete™ protease inhibitor cocktail tablets were
purchased from Roche Diagnostics GmbH (Mannheim, Germany).
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4.2.2 Preparation of skin samples and the permeate solution

All sheepskins analysed were collected from a local freezing works (Ovation Ltd,
Feilding, NZ). The skins were transported to New Zealand Leather Shoe Research
Association (LASRA) and the flesh removed. The skins were then taken back to
the laboratory to be sampled. Two pieces of sheepskin approximately 15 × 8 cm
were cut from two sides of backbone from the official sampling position (OSP) of
three different animal skins. One side was processed with permeate as described in
Chapter 3 and the other side kept as control. For simplicity, the artificial permeate
solution(4.5 % (w/v) lactose, 0.0035 % (w/v) CaCl2, 0.0045 % (w/v) NaCl, 0.14 %
(w/v) KCl, and 0.05 % lactic acid (v/v)) will be referred to as permeate solution
from now on. For proteomic analysis, two pieces of skin (15 × 8 cm) were cut
from the OSP region on either side of the backbone. One of these was processed
by permeate, and the other taken to pickle using the LASRA process (Chapter 3,
Table 1). At the completion of the process, each was cut into five separate pieces (3
× 3 cm) for proteomic analysis.

4.2.3 Amino acid analysis of sheepskins

In order to estimate the amount of collagen in depilated skins, amino acid analyses
of raw and permeate-depilated skins were carried out as described by Naffa et al.
(2019)27. A detailed description can be found in the supplementary information
(SI).

4.2.4 Collagen crosslink analysis of sheepskins

Three raw shaved (using a standard electric hair clipper) and three
permeate-depilated sheepskins were randomly cut into three 3 × 3 cm squares
which were finely chopped using a clean scalpel blade on a clean glass plate, then
lyophilised. Samples were then reduced using NaBH4 and the crosslinks from each
sample separated by CF-11 chromatography as described by Naffa et al. (2016)28.
Crosslinks in the resulting 18 samples were fractionated by HPLC using a silica
hydride column then quantified using mass spectrometry with additional ion
fragmentation (Tables S2 and S3). Parallel reaction monitoring (PRM) using
tandem MS acquisition (Table S4) with an inclusion list of ions was used to detect
and quantitate the relevant ions for each crosslink (Table S5). Fragment ion
spectra produced via high-energy collision-induced dissociation (HCD) were
acquired with a resolution setting of 35,000. Data was processed using Xcalibur™
Software v.4.1.31.9 (Thermo Scientific™, USA) then exported and the data
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quantified using Excel. FreeStyle™ Software v.1.3.115.19 (Thermo Scientific™,
USA) was used for data visualisation. A detailed description is given in the SI
methods.

4.2.5 Glycosaminoglycan analysis of the sheepskins

GAG extraction
GAGs were extracted from three raw and three permeate depilated sheepskins using
the method of Farndale et al. (1982)29 as optimised by Naffa (2017)30. Briefly, wool
was removed from raw sheepskin using an electric hair shaver. 3 × 3 cm squares were
randomly cut from each of the three skin samples and finely chopped using a clean
scalpel blade to produce nine samples that were then lyophilised. One (1) mL of
papain extraction solution (200 mM NaH2PO4 · 2H2O, pH 6.4, containing 100 mM
sodium acetate, 50 mM EDTA disodium salt, 5 mM cysteine HCl, papain:skin 1:20
w/w ratio) was mixed with 100 mg of each lyophilised skin sample and incubated
for 24 hours at 65 oC. After incubation, the insoluble material was removed by
centrifugation at 13,000 × g for 30 minutes at room temperature. The supernatant
was then transferred to a clean tube and the precipitate re-extracted using the same
protocol as above. The two supernatants were combined for analysis.

GAG quantitation
The concentration of GAGs was determined as described by Farndale et al.29 with
minor modifications. Fifty (50) µL of the supernatant collected from the papain
extraction was made up to 100 µL with H2O, then mixed with 1 mL of
1,9-dimethylmethylene blue (DMMB) solution (1.85 mM DMMB, 200 mM
guanidine hydrochloride, 0.2 % formic acid and 0.5 % sodium formate). The
mixture was vortexed for 30 minutes at room temperature, and the pellet isolated
by centrifugation at 16,500 × g for 30 minutes. The coloured supernatant was
carefully removed with a pipette and the dark purple-coloured pellet was dissolved
in 250 µL GAG-precipitating solution (4 M guanidine hydrochloride, 50 mM
sodium acetate, 10 % propan-1-ol). The mixture was then vortexed and left
mixing by rotation for 30 minutes at room temperature. The absorbance was
measured at 656 nm using a PowerWave XS microplate spectrophotometer
(BioTech Instruments, Inc., Vermont, USA). Chondroitin sulfate A was used to
make up standards at concentrations of 0, 10, 20, 30, 40, and 50 µg/mL. A lactose
solution of 2 mM and a 2 mg/mL BSA solution were used as negative controls.
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4.2.6 Proteomic analysis of sheepskins

As the purpose of this experiment was to examine the effect of two different
depilation treatments on the sheepskin proteome, only one biological sample was
used as it was thought that the variation between skins would be greater than
those due to the treatments used. Therefore, one sheepskin from the OSP region
was used and divided into two parts. One was depilated and taken through to
pickle using the conventional process while the other was treated with permeate.
Five separate 3 × 3 cm squares were randomly cut from each processed skin piece
and finely chopped using a new scalpel blade and a clean glass plate before being
lyophilised. Proteins were sequentially extracted from these five separate samples
using three different methods. A schematic diagram of the sample preparation
workflow is shown in Fig. S2.

First, each lyophilised skin sample was immersed in a 1 M NaCl solution at room
temperature for 12 hours with gentle agitation (Table 1). Insoluble material was
pelleted by centrifugation (13,000 × g for 20 minutes at 4 oC), then extracted in a
urea solution for 12 hours with gentle agitation at room temperature, and the
remaining insoluble material was treated with cyanogen bromide (CNBr) (Table
1). A detailed description of the extraction protocol is provided in the SI. The
extracted proteins were precipitated using the standard TCA/acetone method for
the removal of metabolites and resolubilised with 10 % SDS. The protein
concentration of the samples was determined using the standard Bradford assay
and normalised to approximately 1 mg/mL before being separated on 4 – 15 %
gradient SDS gels. In-gel tryptic digestion was carried out as described in
Shevchenko et al. (2006)31 with modifications (SI methods).

Mass spectrometry analysis
The in-gel digested peptide samples were desalted using an on-line reversed-phase
peptide trap before being separated by reversed-phase nano-LC (Thermo
Scientific™) using a 50 cm PepMap™ 300 C18 LC column (Thermo Scientific™).
Eluted peptides were analysed by mass spectrometry (Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™, with a Nano Flex ion source, Thermo Fisher Scientific,
Bremen, Germany) using a data-dependent tandem MS acquisition. Details for the
chromatographic and mass spectrometry settings are provided in the
supplementary information. Sample concentrations were normalised on the basis of
total ion current (TIC) for each MS1 spectrum before data collection. Raw data
files were processed using Proteome Discoverer™ v. 2.4 and searched against the
Ovis aries (sheep) database. Detailed search parameters are listed in Table S9.
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The reverse database search option was used as a filter to satisfy a false discovery
rate (FDR) of 1 %. Abundance and abundance count data for proteins identified
with high confidence by Proteome Discoverer™ were then exported into Excel and
renormalised for the calculation of relative abundances. A two-tailed student’s
t-test was done to obtain the p-values.

Table 1: Components and concentrations of the protein extraction buffers.

4.3 Results and Discussion

4.3.1 Amino acid composition of raw and permeate-depilated

sheepskins

This analysis was carried out to determine whether there was any detrimental
effect to the collagen content of the skin as a result of the permeate depilation
process. It is critical that the collagen content is not compromised as it is the
major component of leather and responsible for its organoleptic properties.
Because hydroxyproline (Hyp) in skin is found only in collagen and the relatively
low abundance in elastin, the collagen content in tissues can be estimated from the
assumption that Hyp makes up ∼ 13.5 % (w/w) of collagen in mammals32,33.
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Results showed that although there was no significant change in the relative overall
protein content, permeate-depilated sheepskin had a much higher Hyp (collagen)
content than that found in raw sheepskin, due to the removal of other
non-collagenous proteins in the skin (Table 2, Fig. 2). A similar result was also
seen in chemically depilated sheepskins processed to pickled skins where the
collagen concentration in the processed skin increased to approximately 70 % cf.
36 % in raw skin30. Because collagen makes up approximately 60 - 70 % of the dry
weight of skin this makes perfect sense and reflects the loss of other proteins and
the retention of collagen during processing. Our proteomic analysis supports this
result as it showed a significant reduction in the abundance of the major
proteoglycan, decorin, in permeate-depilated sheepskin (Table S10), which will
result in the opening up of the collagen fibre network promoting the removal of
non-collagenous proteins from the skins.

Figure 2: Total protein content in dried sheepskins before and after permeate
depilation. the collagen content was based on the concentration of Hyp in each
sample. Error bars represent standard deviation of three biological replicates and
12 technical replicates.

As expected, glycine was the dominant amino acid, in permeate-depilated sheepskin,
comprising approximately 28 % of the total amino acids (Table 2). Because collagen
type I α1 is the dominant protein in skin, its theoretical amino acid composition
was determined from the translated helical region (aa 118 - 1238, the helical region,
telopeptide region excluded) of the collagen type I α1 chain (COL1A1; W5P481)
gene sequence for Ovis aries from the UniProtKB database (www.uniprot.org), and
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is shown in Table 2. Proline was the second most represented amino acid after
glycine, with a mole percentage of approximately 17 %. Previous studies on collagen
structure have suggested that the ratio of Pro:Hyp in collagen is approximately 1.2 -
1.5:134,35. Raw sheepskin had a Pro:Hyp ratio of 3:1, and skin samples depilated with
permeate, a ratio of 2:1, both of which are much higher than previously reported
values34,35. As whole skin samples were hydrolysed, and proteins other than collagen
that also contain proline were present, this is not surprising. Amino acid analysis of
pickled sheepskins gave a Pro:Hyp ratio of 1.4:130, suggesting that depilation with
permeate is less harsh resulting in the retention of more non-collagenous proteins
compared to the traditional sulfide treatment. However, this did not appear to
detract from the quality of the leather produced from these skins as reported in
Chapter 3.

Hydroxylation of lysine in collagen influences collagen fibrillogenesis and
crosslinking, and thus serves an important role in the stabilisation of collagen
fibrils36. The theoretical mole percentage of post-translationally modified
hydroxylysine 1 (Hyl1) and hydroxylysine 2 (Hyl2) cannot, however, be predicted
on the basis of DNA sequence. Therefore, the theoretical mole percentage of lysine
(Lys) was compared to the sum of the experimentally determined mole percentages
of Lys, Hyl1 and Hyl2. Samples taken from raw sheepskin and permeate-depilated
sheepskin had combined Lys + Hyl1 + Hyl2 mole percentages of approximately
3.6 %, which is not significantly different to the value obtained by Naffa30 (3.8 %)
and with the value reported for pickled sheepskin (3.6 %30). The remainder of the
amino acid mole percentages are not significantly different to those reported for
raw skins (Table 2), indicating there should be no detrimental effects from this
process. Interestingly, Cys was detected in permeate-depilated sheepskins, but not
in pickled sheepskin30, another indication that conventional processing of
sheepskin is much harsher than depilation with permeate.

4.3.2 Collagen crosslink analysis of sheepskins

Intermolecular collagen crosslinks are essential for the integrity of the skin
structure contributing to the strength, stability, and quaternary structure of the
collagen fibrils8. To quantify the different collagen crosslinks in matching raw and
permeate-depilated sheepskin samples, three biological replicates were used with
each biological replicate being tested for extraction efficiency using three technical
replicates. Though present in various ratios, all skin samples were shown to
contain hydroxylysinonorleucine (HLNL), dihydroxylysinonorleucine (DHLNL),
histidinohydroxylysinonorleucine (HHL), and histidinohydroxymerodesmosine
(HHMD) crosslinks (Fig. 3).
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Table 2: Comparison of amino acid profile in ovine skin or collagen as reported by
other research groups with those obtained in this study and the theoretical value of
the amino acid profile of Ovis aries collagen type I αI chain. All values are presented
as mole percentages of each amino acid.

Overall, the permeate-depilated skin lost approximately 60 % its HLNL (immature)
crosslinks compared to the concentration found in raw sheepskin (Fig. 3d). The
results, as expected, varied considerably between biological replicates, as shown
by the box and whisker plots. Interestingly, permeate depilation did not seem to
affect the concentration of DHLNL, an immature crosslink, but instead, removed the
mature crosslink HHMD almost completely (Figs. 3c and f). This was unexpected
as all crosslinks, apart from HHL, are acid labile37,38, and will be broken under
acid conditions implying some permeate-specific degradation of HHMD occurred.
Although permeate at pH 4.5 is only mildly acidic and would not normally be
expected to completely hydrolyse the acid labile crosslinks, the length of exposure of

103



CHAPTER 4. BIOCHEMICAL ANALYSIS OF SHEEPSKINS

the skins to permeate at room temperature could have resulted in its slow hydrolysis,
leaving the DHLNL crosslinks intact (Fig. 3e).

Figure 3: Collagen crosslinks in raw sheepskins and sheepskins depilated using
permeate. All values were normalised to the collagen content based on
hydroxyproline concentration in skins. Each result presented was the average of
three biological replicates and their respective three extraction technical replicates.
A one-way ANOVA test was done to obtain the p-values. ∗, p-value < 0.05.
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The significantly higher concentration of HHL in the permeate-depilated skin
compared to that in raw skin is harder to explain. There are three possibilities
that could explain it. The first is a consistent error in sample preparation. This
seems unlikely as the concentration of HHL in raw skin was almost identical to
that found by Naffa (2017)30 and Visser (2019)4. The second, but more unlikely is
the presence of an amine oxidase in the permeate liquid derived from the microbial
population allowing spontaneous formation of new HHL crosslinks, although the
complex order of events required for the formation of a trivalent crosslink (Chapter
2, Fig. 3) makes this possibility extremely unlikely. Nevertheless, fungi are known
to produce amine oxidases39, and Pichia, a fungi was identified in the depilation
liquid that produces this enzyme (Chapter 3). A more rational explanation is that
because the collagen network of processed skins is opened up compared to that in
raw skins, the hydrolysis efficiency and hence crosslink extraction may have been
more efficient. However, if this was the case, the concentrations of the other three
crosslinks should also have increased rather than decreased. A similar result was
reported by Zhang et al. (2019)40, where reduced pickled sheepskin had a higher
HHL concentration compared to that found in reduced raw sheepskin, adding
credence to this possibility, but interestingly, no explanation was provided by the
authors for the observation. There was, however, no significant difference between
the ratios of total mature (HHL + HHMD) to total immature (DHLNL + HLNL)
crosslinks for the two treatments (Fig. 3b).

Research showing a direct correlation between collagen crosslinks and skin
strength is lacking. Naffa et al. (2019)27 reported that the total concentration of
collagen crosslinks is positively correlated to skin strength, i.e. the higher the
crosslink concentration, the stronger the skin. Although the collagen crosslink
concentrations of pickled sheepskins were not measured in this study, another
study found that pickled sheepskins had approximately 50 % less total collagen
crosslinks compared to value in raw skin40, which is similar to the decrease seen for
the permeate-depilated skins (∼ 55 %) in this study. Based on these findings,
permeate-depilated sheepskins and pickled sheepskins should have similar tear
strengths, a fact that was confirmed by the measurement of their tear and tensile
strengths (Chapter 3, Fig. 5). Therefore, it is clear that there is no detrimental
effect to the resultant leather made using this alternative process.
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4.3.3 Glycosaminoglycan analysis of sheepskins

While total carbohydrate concentration could not be measured in permeate
processed skin because of the high concentration of lactose in the depilation liquid,
it was possible to measure the GAG concentration. The extraction of GAGs from
skin samples was optimised by Naffa (2017)30 who found that two sequential
overnight papain digestions were required to release 99 % of the GAGs. That
study showed that raw sheepskin contained approximately 0.9 % (w/w) GAGs,
which reduced to < 0.05 % (w/w) in pickled sheepskins. While this study found
similar levels of GAGs in raw sheepskins, those depilated with permeate retained
at least 40 % (0.4 %, w/w) of the GAGs found in raw sheepskins (Fig. 4).

Figure 4: Percentages of glycosaminoglycans in raw sheepskins and sheepskins
depilated using permeate. Three biological replicates were included. For each
biological replicate 6 extraction technical replicates were done for sheepskins
depilated using permeate and 9 extraction technical replicates were done for raw
sheepskins. A one-way ANOVA test was done to obtain the p-value. ∗, p-value <
0.001.

A widely accepted opinion held by leather technologists is that the removal of PGs
and their associated GAGs from the skin is closely related to the opening up of
collagen fibres during processing1, improving leather properties such as softness. A
reduction in dermatan sulfate, the most common GAG found in skins, to 0.2 - 0.3
% (w/w) was found to be optimal to achieve the desired physical properties in the
finished leather product1. Research aimed at increasing hair removal efficiency
introduced proteases and glycosidases at the depilation stage, and as a result,
proteoglycans in skins were almost completely removed41,42. In this study, the
increase in GAGs could be related to detection of the core proteins linked to them.
Therefore although the GAG concentration was higher than the ideal, there was a
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decrease compared to raw skins. Skin proteomics analysis showed that the
proteoglycans decorin and lumican, which are modified with sulfated GAG chains
were less abundant in permeate-depilated sheepskins than in pickled skins while
those in the basement membrane were more abundant in the permeate-depilated
skins (Table 5). Jayakumar et al. (2016)41 speculated that the use of proteases
and glycosidases to achieve depilation destroyed glyco-protein conjugates in the
hair root sheath, the hair papillae and the basement membrane holding the hair
root. However, it was shown that this treatment also damaged the collagen
structure of the skin, especially around the wool follicle. Using permeate, no such
damage is seen (Chapter 3, Fig. 3). Thus the removal of proteoglycans from the
dermis (decorin and lumican), paired with retention of proteoglycans in the
basement membrane (versican, perlecan and biglycan) seems to be favourable to
leather quality. We therefore speculate that the microbial community that
develops in the permeate during incubation secretes enzymes that specifically but
gently open the collagen network at the same time as loosening the wool from its
follicle, allowing depilation to occur without damaging the collagen fibril network.

4.3.4 Proteomic analysis of sheepskins

Various methods have been reported for the extraction of proteins from different
mammalian tissues, including skin. To examine the differences in the protein
composition of pickled sheepskins and sheepskins depilated using permeate, we
extracted proteins from the skins using a combination of mechanical and chemical
methods and subjected the extracted proteins to gel-LC-MS/MS analysis (Fig.
S3). This method was chosen because of the superior results obtained using gel
pre-fractionation of skins in previous studies, despite its acknowledged
limitations43. After strict criteria filtering, a total of 189 proteins were identified of
high confidence from both of the skin samples (Table S10). This suggests that
subjecting the skin to the pre-tanning treatments and the permeate treatment
both removed a substantial number of proteins. Fig. 5 shows the volcano plot of
permeate-depilated skin versus pickled skin for the 189 proteins found in this
analysis. Sheepskin depilated with permeate generally had a higher relative
abundance of proteins (permeate-depilated : pickled sheepskin, 52:29), confirming
the AAA findings that the depilation treatment was not as harsh. The 50 most
abundant proteins based on relative peptide spectrum matches, (PSMs) were
identified and grouped according to their type and biological function (Table 3).
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Table 3: Top 50 abundant proteins identified in sheepskin depilated using permeate
and pickled sheepskin. Each group of proteins listed according to peptide spectrum
matches (PSMs). Fold difference is the apparent relative abundance of permeate-
depilated skin to pickled skin. ∗, proteins that are significantly abundant with at
least 2-fold difference between treatments.

Proteins
Accession

PSM
Fold

p-value
number difference

Collagens
Collagen 1 α1 chain XP_027830506.1 18252 1.00 0.78
Collagen 1 α2 chain XP_004007775.1 17367 0.92 0.64
Collagen III α1 chain XP_004004563.1 4872 0.99 0.85
Collagen VI αIII chain XP_027823071.1 1594 1.70 0.01
Collagen II αI chain XP_027823200.1 657 0.52 0.12
Collagen VI α2 chain XP_027817063.1 416 1.49 0.08
Collagen VI α1 chain XP_027817050.1 263 0.97 0.60
Collagen XII α1 chain∗ XP_014952772.2 190 2.43 0.04

Keratins
Keratin, type II cytoskeletal 5 XP_027823079.1 11807 1.08 0.69
Keratin, type II cytoskeletal 75 XP_027823083.1 8076 2.14 0.15
Keratin, type II cytoskeletal 6A XP_012029607.2 7277 1.35 0.27
Keratin, type I cytoskeletal 14 XP_014954266.2 5731 1.60 0.18
Keratin, type II cytoskeletal 5-like XP_012029610.1 5278 1.39 0.12
Keratin, type II cytoskeletal 7∗ XP_004006382.2 4969 2.76 0.005
Keratin, type II cytoskeletal 4 XP_027823076.1 4683 8.12 0.09
Keratin, type II cytoskeletal 79 XP_027823077.1 4263 2.38 0.07
Keratin, type I cytoskeletal 42∗ XP_027830327.1 4253 4.18 0.03
Keratin, type II cytoskeletal 80 XP_027823090.1 4210 1.45 0.28
Keratin, type I 17 AGW21585.1 3462 1.30 0.26
Keratin, type I cytoskeletal 10 XP_027830375.1 3044 0.89 0.41
Keratin, type II cytoskeletal 1 XP_014950133.2 2697 1.05 0.17
Keratin, type II cytoskeletal 8 XP_012029598.2 2401 1.54 0.06
Keratin, type I cytoskeletal 24∗ XP_004012920.2 2261 0.48 0.02
Keratin, type I cytoskeletal 16 XP_004023219.4 1925 1.42 0.25
Hair type II keratin intermediate filament protein CAA44368.1 1886 0.63 0.14
Keratin, type II cytoskeletal 71∗ NP_001267645.1 1439 0.60 0.05
Keratin, type II 83 NP_001185998.1 1136 1.22 0.98
Keratin, type II cytoskeletal 77 XP_027823078.1 1025 0.66 0.10
Keratin, type II cytoskeletal 72∗ XP_004006372.2 959 0.42 0.01
Keratin, type I microfibrillar, component 8C-1 (K31) P02534.2 905 0.75 0.38
Keratin, type II microfibrillar, component 5 (K85) P25691.1 805 3.09 0.11
Keratin, type I microfibrillar, low-sulfur keratin (K33a)∗ P25690.2 662 72.2 0.04
Keratin, type I cytoskeletal 27∗ NP_001108235.1 460 0.23 0.02
Keratin, type I cytoskeletal 25 NP_001009739.1 345 1.35 0.17
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Table 3 continued from previous page

Proteins
Accession

PSM
Fold

p-value
number difference

Other extracellular matrix proteins
Lumican XP_012029466.1 332 0.55 0.03

Cellular proteins
Desmoplakin XP_027814264.1 1233 1.31 0.38
Annexin A2∗ A2SW69.1 791 2.91 0.002
Junction plakoglobin XP_027830318.1 733 0.97 0.84
Cytoplasmic 1 beta actin P60713.1 542 0.65 0.05
Vimentin ABP48145.1 374 0.88 0.54
Myosin-11∗ XP_027817220.1 287 3.89 0.002
Elongation factor 1 α1 XP_004008202.2 253 1.36 0.12
Desmoglein-1∗ XP_004020502.2 205 0.26 0.003
Histone H2B type 1 XP_004019124.2 195 1.37 0.06

Serum proteins
Albumin precursor NP_001009376.1 4282 1.49 0.05
Immunoglobulin γ1∗ CAA49451.1 835 6.78 0.0004
Immunoglobulin λ chain C region∗ 361 6.28 0.001
Complement C3∗ XP_027825575.1 350 3.89 0.002
Immunoglobulin λ1 light chain-like XP_027812629.1 323 3.86 0.0003
β globulin chain∗ ABC86524.1 238 0.49 0.016

Uncharacterised protein
Uncharacterised protein LOC101108868∗ XP_014958051.2 300 0.46 0.002

Collagens
Of all the proteins identified, there were 14 different collagen chains representing
nine types of collagen (I, II, III, IV, V, VI, VII, XII, XIV) (Table 4). Collagen types
I (α1 and α2), and III (α1) are the main fibril-forming collagens of the skin, and are
resistant to pre-tanning procedures such as liming, bating and pickling44,45. It was,
therefore, no surprise that these were the most abundant collagens identified in skin.
The fact that they had similar relative abundances in both permeate-depilated and
sulfide-pickled skins showed that despite the extended time the permeate-depilated
skins spent in solution which would normally result in swelling and loss of collagen,
the abundances of these important structural proteins remained essentially the same
implying that the resultant leather structure should be similar for both treatments.

Although collagen type II is mainly associated with cartilage, it has been identified at
low abundance but with high confidence in other proteomic studies of skin4,47,48. The
results of this study showed that the levels of collagen type II did not significantly
change between the two treatments, but it is mentioned because it confirms other
results which show the presence of this collagen in sheepskin4,47,48.
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Figure 5: Volcano plot of the differentially abundant proteins found in sheepskins
depilated using permeate and pickled sheepskins. The –Log10 p-value is plotted
against the Log2 (fold change of permeate depilated sheepskin/pickled sheepskin).
Orange dots, proteins that are at least 2-fold more abundant in permeate depilated
sheepskins; Blue dots, proteins that are at least 2-fold more abundant in pickled
sheepskins; Grey dots, proteins that are not significantly different in the two skin
samples.

Collagen type IV, found mainly in the basement membrane, is part of a highly
specialised ECM interface between the epidermis and the dermis, where it interacts
with collagen types V, VI, and VII, laminin, nidogen and the basement membrane-
specific heparan sulfate proteoglycan core protein, also named perlecan2,49,50,51 (Fig.
6). Among the six different α IV chains known, the most predominant heterotrimer
is formed from two α1 and one α2 chains, which then associate to form lattice
like networks that interact with collagen VI52. In light of this we cannot explain
why only the α2 isoform is present in significantly higher relative abundance in the
permeate-depilated skins. It is possible that this isoform is interacting with other
molecules retained in the basement membrane such as nidogen, biglycan, perlecan,
and collagen VI (in the dermis), which are all also more abundant in permeate
processed skin. Nevertheless, the results support the fact that the grain of the
leather produced by the permeate process appears to be smoother than that of
pickled skin (Chapter 3, Fig. 3).
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Table 4: Types of collagen identified in sheepskin depilated with permeate
and pickled sheepskin and their literature tissue distribution46. Collagen types
highlighted blue were found to have significant differences in the apparent relative
abundance between the two types of treatments.

Collagen type VI (isoforms α1, α2, α3), is the third most abundant collagen
identified and isoform 3 is almost twice as abundant in the permeate-depilated
skins, similar to the α2 isoform of collagen IV which 3 times more abundant.
Although isoforms 1 and 2 show no significant change in relative abundance,
isoform 2 is found at slightly higher abundance. Because isoform 3 controls the
formation of the triple helix of collagen VI53, the results suggest that the collagen
VI matrix may be protected during permeate depilation in contrast to sulfide
depilation where the skins are exposed to low pH at the pickle stage. In contrast
to other collagens, the collagen VI triple helix forms disulfide-bonded tetramers
that associate end to end to form an extensive network of beaded micro-filaments
that are distributed throughout the dermal matrix and interspersed between the
major collagen fibres (Fig. 6). It is particularly abundant just below the basement
membrane at the epidermal-dermal junction54,55, the region of the skin that forms
the grain layer in leather. Early proteomic studies identified collagen VI in
sheepskins that produced high quality leather56. The smooth, even appearance of
the leather produced in the two-step tanning process incorporating permeate
depilation (Chapter 3, Fig. 3) could therefore be related to the retention of
collagen VI, and its interaction with collagen IV and the proteoglycans laminin,
perlecan, and lumican52 to keep the basement membrane intact.

111



CHAPTER 4. BIOCHEMICAL ANALYSIS OF SHEEPSKINS

Figure 6: Schematic organisation of the collagens and proteoglycans in the ECM of
skin. Reprinted from Theocharis et al., (2019)51 with permission from FEBS Press.

Collagen VII is most abundant in the basement membrane, where it forms
antiparallel collagen fibril dimers with each fibril composed of three identical α
chains. The dimers ’loop’ down from the basement membrane and ’hook’ onto
collagen fibrils of the upper dermis interacting with principal components of the
basement membrane such as laminin and collagen type IV55, conferring tensile
strength to the tissue (Fig. 6). In this study it was significantly retained in the
permeate-depilated skin compared to pickled skin. The fact that collagens IV, VI
and VII are more abundant in permeate-depilated skin, all of which are involved in
stabilising the interaction of the basement membrane with the interstitial collagen
fibres in the dermis, suggests that permeate depilation keeps the skin structure
more intact at the surface, which is supported by the appearance of the depilated
skins when examined by SEM (Chapter 3, Fig. 3).

Two of the fibril-associated collagens with interrupted helices, collagen types XII,
and XIV (known as FACIT collagens), that associate with the major structural
collagen (type I) in skin57 (Fig. 6), were also found in significantly higher relative
abundances in permeate-depilated skin. Collagen XII, a homotrimer, is thought to
modify the interactions between collagen I fibrils and the surrounding matrix and
is commonly found in the dermis around hair follicles58. It is present at 3-fold
higher relative abundance in permeate-depilated skin compared to pickled skin.
Because incubation of raw sheepskin in permeate resulted in complete removal of
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the wool fibre without damage to the hair follicle, it is perhaps not surprising that
more collagen type XII was extracted from these skins. Of all the collagens
showing differential abundances in skins processed using the two different methods,
collagen type XIV showed the largest difference, being nearly 5-fold more
abundant in permeate-depilated skin. Collagen XIV is an important component of
the fibre network in skin as it regulates fibrillogenesis and is responsible for the
biomechanical function of skin. Both collagens XII and XIV are involved in the
maintenance of skin integrity59,60. The fact that a higher proportion of these is
retained in permeate-depilated skins strongly suggests that the original collagen
matrix of the skin is more preserved using this novel method of depilation, which
includes pre-tanning and may be related to the improved appearance shown for
leather produced from this novel two-step process.

Keratins and trichohyalin
Keratins are important structural proteins found primarily in the epidermis, the
hair follicle, and the ECM (Fig. 7). Most of the keratins identified in the 50 most
abundant proteins were epithelial keratins, i.e. cytoskeletal keratins expressed in
the epidermal cells (Table 3). However, a wool keratin, K33a, was found to be
72-fold more abundant in permeate-depilated sheepskins. This particular type of
keratin is the structural component of the wool fibre66. As the depilation process
involved soaking whole sheepskin (i.e. with wool attached) in permeate for three
to four days it is not surprising that the wool structure itself was affected. The
fact that it had a silky texture compared to wool removed using the sulfide method
suggests some modification to its structure occurred during the process that could
have released some type I microfibrillar low sulfur keratin into the solution, which
was then trapped on the skins. The process also possibly dissolved keratins 25 - 28
and 71 - 75 that are specifically found in the root sheaths of the hair follicle63, as
more than half of them were found to have a lower abundance in permeate-depilated
skin compared to pickled skin (K25, K27, K71, K72, K75) (Table 3). In particular,
keratins 27, 71 and 72 were found to be approximately 1.5 to 4-fold less abundant
in samples depilated with permeate compared to those depilated with sulfide and
pickled (p-value < 0.05; Table 3). Some keratins are specifically expressed in the
inner root sheath (IRS), a channel formed to protect the growing hair fibre (Fig. 7).
The lower abundance of these keratins found in the permeate-depilated skin could
potentially explain its relatively easy depilation, with these keratins being removed
by microbial enzymes (most likely a mix of proteases and glycosidases) secreted
into the permeate solution loosening the wool fibre. Trichohyalin (THH) is highly
expressed in the IRS of the hair follicle, where it serves a biomechanical role by
forming crosslinks with keratin intermediate filaments (KIFs) and other THHs, to
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form the rigid structure of the IRS67,68. Though present in low abundance, THH
was approximately 2-fold less abundant in the sheepskin depilated with permeate
compared to that in pickled skin (p-value < 0.05; Table S10), suggesting a greater
breakdown of the sheath structure.

Figure 7: Schematic longitudinal view of the mammalian hair with key keratins (K)
and proteoglycans.61,62,63,64,65
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ECM proteins
Proteoglycans are glycoprotein conjugates comprised of a core protein with
glycosaminoglycan moieties, such as chondroitin sulfate, dermatan sulfate, and
heparin sulfate. They are important collagen interfibrillary proteins distributed
throughout the skin and the hair follicle and are known to contribute to the skin
and hair structure by interacting with collagen fibrils and other ECM proteins
(Figs. 6 and 7). The major collagen-interacting PGs in skin, such as versican,
basement membrane-specific heparan sulfate proteoglycan core protein (perlecan),
and also some small leucine-rich proteoglycans (SLRPs), including decorin,
biglycan, lumican, mimecan, and asporin were identified in this study and those
present in significantly different abundances to those in pickled skin are
highlighted in blue in Table 5. Decorin and lumican, identified as proteoglycans
interacting with collagens IV, VI and VII, in the basement membrane appear to be
present in lower abundances in permeate-depilated skin compared to pickled skin,
a result hard to correlate with the increase in the relative abundances of those
same collagens in this study. Decorin, which was named for its decoration of
collagen fibrils, is the most abundant PG found in the skin ECM and mediates
collagen fibrillogenesis69. As it can also interact with collagen types I and III70,71,
the major collagens in the dermis or corium, it is possible that the main losses of
decorin are coming from this region of skin rather than the basement membrane.
It has been shown that the collagen fibre ’opening-up process’ is related to the loss
of decorin interactions with collagen fibrils, although the mechanism is not fully
elucidated, and that the pre-tanning processes reduce the abundance of decorin in
skins72. Previous research has shown that the presence of residual amounts of
decorin has a detrimental effect on the grain quality of the final leather product
i.e. higher decorin content results in inflexible leather45. Thus the reduction in
decorin in the permeate-depilated skins could result in a better leather product,
although that remains to be seen. Lumican, a keratan sulfate PG, co-localises with
fibrillar collagens and decorin in the ECM and like decorin is involved in collagen
fibrillogenesis73. Similarly, its relative concentration in permeate-depilated skin
was approximately half that found in pickled sheepskins. These findings indicate
that the treatment with permeate potentially opens up the collagen fibre network
of the dermis by removing the major ’glue’ proteoglycans decorin and lumican.

Asporin, biglycan versican, mimecan and the basement membrane-specific heparan
sulfate proteoglycan (perlecan) are, in contrast, more abundant in
permeate-depilated skins. Biglycan is highly expressed in the basement membrane
and the connective tissue sheath along the hair follicle64. While the removal of
biglycan may promote hair/wool root loosening62, its retention is in line with the
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Table 5: ECM proteins identified in sheepskin depilated with permeate and pickled
sheepskin. Proteins highlighted in blue show significant differences in the apparent
relative abundances between the two treatments.

observed increase in the relative abundance of basement membrane collagens
supporting the probability that permeate depilation does not damage this
membrane and hence the integrity of the grain structure. Mimecan, also called
osteoglycan, regulates fibrillogenesis of collagen in the ECM by binding directly to
collagens, and is responsible for the elasticity and tensile strength of skin74. The
relative abundance of mimecan was increased 2.5-fold in permeate-depilated
sheepskin but the significance of this result is difficult to explain, as mimecan
interacts with the collagen fibrils in the dermis and would therefore be expected to
follow the same trend as decorin and lumican. Versican, a large proteoglycan
belonging to the hyalectan family, is abundant at the dermal papilla and proximal
part of the connective tissue sheath (i.e. around the hair follicles)62. It co-localises
with elastic fibres (e.g. elastin and fibrillin) in the dermis, and interacts with
hyaluronan in the ECM64,75. Perlecan is specifically expressed in the basement
membrane and interacts with collagen IV and laminin to stabilise the basement
membrane and dermal papilla64. Both versican and perlecan are found around the
hair follicle, and thus their higher concentration (74-fold and 2-fold, respectively)
in permeate-depilated sheepskin indicates the structure around the hair/wool
follicle may suffer less damage after permeate depilation than in treatment with
sulfide. As a result, the skin structure, and especially that of the basement
membrane should be better preserved.
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Other proteins found in higher relative abundance in permeate-depilated skin
include dermatopontin, fibronectin and microfibril-associated glycoprotein 4 (Table
5). Dermatopontin, a structural ECM protein, is almost 10-fold more abundant in
the sheepskin depilated with permeate. It interacts with decorin and accelerates
collagen fibril formation, influencing the arrangement of the collagen fibrils within
the ECM76. Fibronectin, a high molecular weight glycoprotein in the ECM, binds
to collagens and heparan sulfate proteoglycans, and is essential in the organisation
and stability of ECM matrix77. Microfibril-associated glycoprotein 4 also interacts
with ECM fibres such elastin and collagen. Although present in relatively low
relative abundance, these proteins are all involved in the formation and
maintenance of the collagen architecture of skin in its natural state. As raw
sheepskin is inherently strong, the presence of these proteins should be beneficial
to the product resulting from the process. i.e., the natural structure of the skin
should be maintained to a greater extent in leather made using this novel two-step
process than it is in the traditional beamhouse process. As reported in an earlier
paper (Chapter 3), this was indeed the case.

Overall, these results show that on a macro level, there is little difference in the
protein building blocks of skins processed using either permeate or
sulfide/lime/delime/bate/pickle. There are however differences in the detail that
appear to be an advantage to the permeate depilation method. The most
important of these appears to be the increased integrity of the basement
membrane in the permeate processed skin that may have implications for the
appearance of leather made using this process. The higher relative abundance of
collagens IV and VII in the permeate-depilated skin, responsible for the structural
integrity of the basement membrane; collagen VI that forms a structural network
of beaded micro-filaments at the junction of the basement membrane and dermis;
and perlecan and versican proteoglycans found at the basement membrane and
connective tissue sheath, indicate that the treatment of permeate is milder than
sulfide, and preserves these structural proteins. The lower abundance of decorin
and lumican, however, shows the removal of these ’glue’ proteins in the dermis,
results in the ’opening-up’ of the collagen fibre network, and the loss of
interfibrillar proteins resulting in the lower number of proteins identified in this
proteomic study. Finally, the lower relative abundance of keratins 27, 71 and 72 in
the inner root sheath, probably reflects the reason the hair fibre is loosened in the
hair follicle, allowing it to be easily removed.
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4.5 Supplementary information - Methods

4.5.1 Amino acid analysis of sheepskin

Amino acid standard preparation
Individual amino acid stock solutions were prepared as stock solutions of 100
pmol/µL. A commercial amino acid standard (Sigma amino acid standard for
collagen hydrolysates, discontinued) containing all the standard amino acids plus
hydroxyproline and hydroxylysine was diluted to 100 pmol/µL, (exceptions
cysteine at 50 pmol/µL, proline and hydroxyproline at 500 pmol/µL), and 10 µL
of the diluted standard solution was derivatised.

Amino acid extraction from skins
Skin samples were lyophilised and cut into 3 mm × 3 mm cubes. To hydrolyse the
skin, 100 mg of lyophilised skin was placed in an acid-washed 15 mL Pyrex® screw
cap (PTFE) borosilicate glass tube (Thermo Fisher Scientific, USA). Five (5) mL of
6 M HCl containing 3 % phenol was added to the glass tube, and hydrolysed at 110
oC for 24 hours. After this time, any undissolved material was removed by filtration
through glass-wool plugged plastic syringes. The resultant hydrolysate was kept
in an acid washed glass scintillation vial (Thermo Fisher Scientific, USA), covered
with Parafilm®, and lyophilised. The lyophilised sample was then dissolved in 1
mL H2O and 900 µL was used for collagen crosslink analysis (Section 4.5.2), and
the remaining 100 µL was diluted 100 times for derivatisation.

Amino acid derivatisation
To derivatise samples, 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC)
was first dissolved in MeCN with vigorous vortexing to a 15 nmol/µL concentration.
Ten µL of 100 pmol/µL norleucine was added to 10 µL of amino acid standard. The
sample was then mixed with 70 µL of 0.2 M borate buffer (pH adjusted to 9.0), and
20 µL of AQC-MeCN solution and incubated at 55 oC for 10 minutes, taking care to
exclude light. After centrifugation at 13,000 × g for 1 minute, the AQC-derivatised
sample was then added to 900 µL of H2O and centrifuged again at 13,000 × g for
10 minutes prior to HPLC analysis.

Separation of AQC-derivatised amino acids by RP-HPLC
Derivatised amino acids were separated and analysed using a Dionex™ UltiMate™
3000 UHPLC system equipped with a RS pump and a RS auto-sample injector
(Thermo Fisher Scientific, USA). The sample was injected onto a guard column
attached to the Gemini® 5 µm C18 column (150 × 4.6 mm, 5 µm particle size,
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110 Å pore size)(Phenomenex®, USA). The column was pre-equilibrated at 35 oC
in solvent A: 50 mM ammonium acetate adjusted to pH 5.03 with glacial acetic
acid. Solvent B was 60 % MeCN in H2O. For the separation of derivatised amino
acids, a linear gradient of 0 to 60 % MeCN was applied over 20 minutes (Table S1).
Eluted peaks were monitored using a Dionex™ UltiMate™ 3000 fluorescence detector
(Thermo Fisher Scientific, USA) with excitation and emission wavelengths of 245
nm and 395 nm, respectively (Fig. S1). At the end of each run, the column was
washed with 5 column volumes of solvent B followed by re-equilibration in 5 column
volumes of solvent A. A H2O blank was run between each sample using the same
programme.

Table S1: HPLC separation gradient for amino acid analysis

Time Flow % B(min) (mL/min)

0 1 0
20 1 70
21 1 100
25 1 100
26 1 0
30 1 0

Figure S1: HPLC chromatogram of the separation of amino acid standards and
permeate-depilated sheepskin derivatised with AQC dissolved in MeCN. Buffer A,
5 mM ammonium acetate, pH 5.05. Buffer B, 60 % MeCN.
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Amino acid data analysis
Calibration standard curves were produced by injecting various volumes of 1.0 to
13.0 µL of the amino acid standard solution (supplemented with norleucine). For
each amino acid, a response factor was calculated by dividing the area under the
peak by the amount injected (pmol). For the analysis of sheepskins, three biological
replicates of raw and permeate-depilated sheepskins were prepared, and 12 technical
replicates were used for quantitation. Amino acid concentrations were determined
from calibration curves calculated using Thermo Scientific™ Dionex™ Chromeleon™
chromatography data system software version 6.60 SR13 build 3967. The collagen
content was calculated based on the amount of hydroxyproline in each sample as
previously described by Neuman et al. (1950)33.

4.5.2 Collagen crosslink analysis of sheepskin

Reduction of skin samples
100 mg of lyophilised skin samples were each suspended in 1 mL of phosphate
buffered saline. Three mg of sodium borohydride was dissolved in 1 mL of 1 mM
cold sodium hydroxide (4 oC) to give a 1:30 ratio of sodium borohydride to dry skin,
then added to the skin samples. The sample mixture was incubated for 2 hours at 37
oC then stopped by adding glacial acetic acid until the pH dropped to 3.0. Samples
were centrifuged at 5000 × g for 15 minutes and the supernatant was discarded.
The pellets were washed three times with H2O to remove excess acetic acid and salt
before being lyophilised and acid hydrolysed.

Collagen crosslink enrichment
Amino acids from the skin hydrolysate were removed from the solution by using the
CF11 cellulose (Merck; USA) column chromatography. A 5 % CF11 slurry (w/v)
was suspended in a butanol-water-acetic acid solution (4:1:1, v/v/v). Column were
prepared using a 10 mL plastic syringe (0.5 cm × 10 cm). The columns were plugged
with glass-wool, which took up to 1 mL of the volume, then washed with 10 mL of
H2O before being filled with a 5 % CF11 slurry. They were then washed at least
three column volumes of the butanol-water-acetic acid solution before 900 µL of
the skin amino acid hydrolysate was carefully loaded onto the surface of the CF11
column so as not to disturb it. The initial flow through was discarded and the CF11
column was washed with 50 mL of the butanol-water-acetic acid solution to remove
most of the free amino acids. The collagen crosslinks were eluted in 50 mL of H2O,
then lyophilised, rehydrated in 1 mL of H2O, and stored at -80 oC until further
analysis.
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Quantitation of collagen crosslinks
Collagen crosslinks were separated by liquid chromatography using a LC system
with a 15 cm Cogent Diamond Hydride™ HPLC column (PM Separations, Capalaba,
Queensland, Australia). The liquid chromatography system was coupled to an Q
Exactive™ Focus mass spectrometer equipped with a high-energy collision-induced
dissociation (HCD) collision cell, an Orbitrap mass analyser and a HESI-II ion
source (Thermo Fisher Scientific, USA). Details for the chromatographic and mass
spectrometry settings are listed in Tables S2, S4, S3 and S5.

Table S2: Instrument configuration for collagen crosslink analysis

LC system Dionex UltiMate™ LPG-3400RS Rapid Separation
Quaternary Pump (Thermo Fisher Scientific, USA)

Mass spectrometer Q Exactive™ Focus
(Thermo Fisher Scientific, Bremen, Germany)

Ionisation source HESI-II
(Thermo Fisher Scientific, USA)

Analytical column
Cogent Diamond Hydride™ HPLC column, 2.2 µm particle size,

2.1 mm inner diameter, 150 mm length, 100 Å pore size
(Thermo Fisher Scientific, USA)

Flow rate Analytical column: 0.4 mL/min

Column oven temperature 25 oC

Gradient 80 - 10 % B for 11 mins, 1min hold at 10 % B,
0 - 80 % B for 3 mins, 5 min equilibration at 80 % B

Buffers A: 0.1 % Formic acid/H2O
B: 0.1 % Formic acid/ 80 % MeCN/H2O

Table S3: Mass spectrometer source settings for collagen crosslink analysis

Capillary temperature (oC) 350
S-Lens RF level (%) 50
Polarity Positive
Source voltage (kV) 4.0
Sheath gas flow rate (L/min) 35
Aux gas flow rate (L/min) 6
Aux gas heater temperature (oC) 300
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Table S4: Mass spectrometry settings for the detection of collagen crosslinks

Resolution 35,000
Isolation window 3.0 m/z
Normalised collision energy 20
Default charge 1
AGC target 2 × 104
Maximum injection time Auto
Number of micro-scans 1
Spectrum data type Centroid

Table S5: Inclusion list for PRM analysis

Mass (m/z) CS [z] Polarity Start (min) End (min) CE Peptide ID

308.1816 1 Positive 5.7 6.3 24 DHLNL
292.1867 1 Positive 5.85 6.4 24 HLNL
445.2426 1 Positive 6.6 7.4 20 HHL
287.6635 1 Positive 8.15 9.1 12 HHMD

4.5.3 Proteomic analysis of sheepskin

Protein extraction
For the salt extraction, 100 mg of diced skin pieces were transferred into a cryotube
containing 0.1 g of zirconium/silica beads and 1 mL of the salt extraction buffer.
Samples were homogenised at 4 oC in a Hybaid Ribolyzer (Thermo Fisher Scientific,
USA) using 6 rounds of 20 second beating at 5.5 magnitude, with a 30 second
cooling period between each run. The tubes were then transferred to a rotating
inverter and left mixing by rotation overnight at 4 oC. After incubation, the tubes
were centrifuged for 20 minutes at 16,000 × g at 4 oC. The supernatants were
transferred to new LoBind tubes (Eppendorf®, USA) by carefully submerging the
pipette tip into the sample between the fat layer and the cellular debris pellet.
400 µL of the salt extraction buffer was used to resuspend the pellet by vortexing.
Samples were again subjected to centrifugation at 16,000 × g for 20 minutes at 4
oC, and the supernatant removed as before, combined with the first, and stored
at -80 oC until required. The pellets were retained for extraction with urea. For
the urea extraction, 1 mL of the urea extraction buffer was added to the cryotubes
containing the pellets and zirconium/silica beads (dnature diagnostics research Ltd.,
New Zealand). Samples were re-homogenised using the same procedure as before
then again mixed by rotation overnight at 4 oC. After centrifugation at 16,000 × g
for 20 minutes at 4 oC, the supernatants were transferred into new LoBind tubes.
The remaining pellets were washed by vortexing with 500 µL of the urea extraction
buffer, and any insoluble material removed by centrifugation. The supernatants
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were pooled, labelled, and stored at -80 oC until further processing. One (1) mL of
CNBr extraction buffer was then added to the cryotubes containing zirconium/silica
beads and remaining skin pellets, purged with N2 for 5 minutes and then left mixing
by rotation for 24 hours at ambient temperature in the dark. The tubes were then
centrifuged at 16,000 × g for 20 minutes at 4 oC, and the supernatant transferred
to LoBind tubes in 2 × 500 µL lots chilled on ice, labelled and stored at -80 oC until
required. A schematic diagram of the sample preparation workflow is shown in Fig.
S2.

Figure S2: Diagram of the proteomic analysis workflow.

Removal of metabolites and protein resolubilisation
Metabolites were removed from the extracted proteins using the standard
TCA-acetone method78. To make the TCA (trichloroacetic acid)-acetone solution,
8 volumes of acetone was mixed with 1 volume of TCA. DTT was added to the
mixture to a final concentration of 20 mM just prior to use. Nine (9) parts of
TCA-acetone solution was added to 1 part of extract, mixed by inversion and
incubated at -20 oC overnight. After centrifugation at 16,000 × g for 20 minutes at
4 oC, the supernatant was immediately removed, discarded and the pellets
resuspended in 1 mL of -20 oC chilled acetone solution (containing 20 mM DTT)
by pipetting and vortexing. The pellets were washed three times, centrifuged as
before and the acetone solution discarded. After the final wash, the pellets were air

132



4.5. SUPPLEMENTARY INFORMATION - METHODS

dried at room temperature in a fume hood for 5 minutes then stored at -80 oC
until needed. TCA-precipitated protein pellets were solubilised by the addition of
20 µL of 10 % SDS and pipetting the mixture up and down. The samples were
stored at -80 oC until fractionated on 4-15 % gradient SDS gels. Gels were stained
with Colloidal Coomassie G-250 stain79 in 20 % methanol overnight at room
temperature with gentle agitation.

In-gel tryptic digestion
In-gel tryptic digestion was carried out as described in Shevchenko et al. (2006)31

with modifications. Briefly, each lane of the 4 - 15 % gels was cut into 6
approximately equal pieces on a clean glass plate using a clean scalpel blade as
shown in Fig. S2. Each block was then transferred into a LoBind tube and
processed as follows.

Destain
The bands were destained with 50 % methanol (MeOH) in 50 mM ammonium
bicarbonate (AmBic) at 45 oC until the gel slices became colourless. They were
then dehydrated by the addition of 300 µL of 80 % MeCN. When the pieces became
shrunken and opaque white (after approximately 1 minute), the supernatant was
removed and the gel pieces were dried in their tubes using a vacuum centrifugal
evaporator, SpeedVac™ (Savant, Thermo Fisher Scientific, USA), for 10 minutes.

Reduction, alkylation and tryptic digestion
Dried gel pieces were reduced using 200 µL of fresh reducing solution (Table S6) for
1 hour at 37 oC with periodic shaking. The supernatant was removed and the gel
pieces washed again with 200 µL of 50 mM AmBic for 5 minutes. The liquid was
removed and the gel pieces were dehydrated with 200 µL 80 % MeCN for 1 minute.
After the supernatant was removed, and the gel pieces were dried for 10 minutes
using the SpeedVac™. To alkylate the proteins, 200 µL of freshly prepared alkylation
solution (Table S6) was added to the gel pieces and incubated for 30 minutes in the
dark at room temperature. The supernatant was removed and the gel pieces washed
with 200 µL of 50 mM AmBic before being dehydrated with 200 µL of 80 % MeCN.
The gel pieces were rehydrated and washed again with AmBic and dehydrated as
described above. The liquid was removed from the tubes and the gel pieces were
dried completely in the SpeedVac™ for 10 minutes. The dried gel pieces were then
placed in 100 µL of digestion solution (Table S6) on ice for 10 minutes to allow the
gel pieces to fully swell, then incubated overnight at 37 oC.
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Table S6: Solutions used for reduction, alkylation and proteolytic digestion

Component Concentration

Reducing solution
DTT 10 mM
AmBic 50 mM

Alkylating solution
Iodoacetamide 20 mM
AmBic 50 mM

Digestion solution
Trypsin 20 ng/µL
AmBic 50 mM

Protein extraction
After overnight tryptic digestion, the tubes were centrifuged briefly (16,000 × g, 30
seconds) and sonicated in an ultrasonic bath for 2 minutes. The supernatants were
carefully removed and placed in new LoBind tubes and pooled together with
supernatants from the following washes: first, 100 µL of 5 % formic acid in 50 %
MeCN; second, 100 µL of 0.1% formic acid in 80 % MeCN. In both cases the gel
pellets were sonicated for 2 minutes before centrifugation, and the transfer of the
supernatants to the LoBind tubes. The volumes of the samples were reduced to
approximately 30 µL by vacuum centrifugation, then stored at -80 oC until further
analysis. For mass spectrometry analysis, the samples were first centrifuged at
16,000 × g for 20 minutes, the 20 µL of the top of the supernatant carefully
transferred into clean MS glass sample vials.

Proteomic mass spectrometry analysis
The in-gel digested peptide samples were desalted using an on-line reversed-phase
peptide trap before being separated by reversed-phase nano-LC (Thermo
Scientific™) using a 50 cm PepMap™ 300 C18 LC column (Thermo Scientific™).
Eluted peptides were analysed by mass spectrometry (Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™, with a Nano Flex ion source (Thermo Fisher Scientific,
Bremen, Germany) using data-dependent tandem MS acquisition. Details for the
chromatographic and mass spectrometry settings are listed in below Tables S7 and
S8. Full MS1 scans were acquired over a mass range of 375 - 1,600 m/z at a
resolution of 70,000. Fragment ion spectra produced via higher-energy collisional
dissociation (HCD) were acquired with a resolution setting of 17,500 and the top
ten most intense ions were selected for fragmentation in each full scan cycle.
MS/MS fragment ion spectra were detected at a peak width of 1.4 m/z and
exclusion conditions were optimised according to the observed total ion current
(TIC) chromatogram peak widths.
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Table S7: Mass spectrometer configuration used for proteomics analysis

nanoLC system Dionex UltiMate™ 3000 Binary RSLCnano system
(Thermo Fisher Scientific, USA)

Mass spectrometer Q Exactive™ Plus
(Thermo Fisher Scientific, Bremen, Germany)

Ionisation source Nanospray Flex™
(Thermo Fisher Scientific, USA)

Trapping column
Acclaim™ PepMap™ 100 C18, 3 µm particle size,

75 µm inner diameter, 1 cm length
(Thermo Fisher Scientific, USA)

Analytical column
Acclaim™ PepMap™ C18, 2 µm particle size,

75 µm inner diameter, 50 cm length
(Thermo Fisher Scientific, USA)

Flow rates Trap column: 15 µL/min
Analytical column: 300 nL/min

Column oven temperature 50 oC

Gradient 3 - 30 % MeCN in 0.1 % formic acid over 60 minutes

Buffers
Trap loading: 0.1 % TFA/ 2 % MeCN/H2O

Analytical A: 0.1 % Formic acid/ 2 % MeCN/H2O
Analytical B: 0.1 % Formic acid/ 98 % MeCN/H2O

Table S8: Parameter used for proteomic analysis

Capillary temperature (oC) 250
S-Lens RF level (%) 50
Polarity Positive
Source voltage (kV) 1.5
AGC target Full MS 3 × 106, MS2 (HCD) 1 × 105
Maximum injection times (ms) Full MS 100 ms, MS2 (HCD) 110 ms
Full MS mass range 375 - 1600 m/z
Resolution settings Full MS 70,000, MS2 (HCD) 17,500
Number of micro-scans 1
Isolation width 1.4 m/z
Loop count (TopN) 10
MSX count 1
Collision energies 25, 30, 35
Charge exclusion Unassigned, 1, > 7
Peptide match Preferred
Exclude isotopes On
Dynamic exclusion 12 seconds
Spectrum data type Centroid
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Proteomic data analysis
The raw data files were processed using Proteome Discoverer™ version 2.4. The
search parameters applied in the database searches are listed in Table S9. The
NCBI Ovis aries protein database was used and the reverse database search option
was used as a filter to satisfy a false discovery rate (FDR) of 1 %.

Table S9: Paraeters used for proteomic data analysis

Search engine Proteome Discoverer™ v. 2.4

Databases Non-redundant NCBI compiled on 8th of
January, 2020 + Contaminant

Taxonomy Ovis aries
Enzyme Trypsin
Maximum number of missed cleavages 2
Minimum peptide length 6
Precursor mass tolerance 10 ppm
Fragment mass tolerance 0.02 Da
Peptide charge 2 - 7
Protein mass Unrestricted
Decoy database search Enabled (default)
Significance threshold 0.01 %

Static modifications Carbamidomethyl, + 57.021 (C)

Variable modifications

Oxidation, + 15.995 Da (K, M, P)
Acetylation, + 42.011 Da (N-Terminus)

Galactosyl, + 178.048 Da (K)
Glucosylgalactosyl, + 340.101 Da (K)

Hex, + 162.053 Da (N, S, T)
HexNAc, + 203.079 Da (N, S, T)

False discovery rate ≤ 1 %
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4.6 Supplementary information - Results

Table S10: Proteins identified in the proteomic analysis of sheepskin.

Description Accession number PSMs Fold difference p-value

collagen α1 (I) chain XP_027830506.1 18252 1.00 0.78
collagen α2 (I) chain XP_004007775.1 17367 0.92 0.64
keratin, type II cytoskeletal 5 XP_027823079.1 11807 1.08 0.69
keratin, type II cytoskeletal 75 XP_027823083.1 8076 2.14 0.15
keratin, type II cytoskeletal 6A XP_012029607.2 7277 1.35 0.27
keratin, type I cytoskeletal 14 XP_014954266.2 5731 1.60 0.18
keratin, type II cytoskeletal 5-like XP_012029610.1 5278 1.39 0.12
keratin, type II cytoskeletal 7 XP_004006382.2 4969 2.76 0.005
collagen α1 (III) chain XP_004004563.1 4872 0.99 0.85
keratin, type II cytoskeletal 4 XP_027823076.1 4683 8.12 0.09
albumin precursor NP_001009376.1 4282 1.49 0.05
keratin, type II cytoskeletal 79 XP_027823077.1 4263 2.38 0.07
keratin, type I cytoskeletal 42 XP_027830327.1 4253 4.18 0.03
keratin, type II cytoskeletal 80 XP_027823090.1 4210 1.45 0.28
keratin 17 AGW21585.1 3462 1.30 0.26
keratin, type I cytoskeletal 10 XP_027830375.1 3044 0.89 0.41
keratin, type II cytoskeletal 1 XP_014950133.2 2697 1.05 0.17
keratin, type II cytoskeletal 8 XP_012029598.2 2401 1.54 0.06
keratin, type I cytoskeletal 24 XP_004012920.2 2261 0.48 0.02
keratin, type I cytoskeletal 16 XP_004023219.4 1925 1.42 0.25
hair type II keratin intermediate

CAA44368.1 1886 0.63 0.14
filament protein
collagen α3 (VI) chain XP_027823071.1 1594 1.70 0.01
keratin, type II cytoskeletal 71 NP_001267645.1 1439 0.60 0.05
desmoplakin isoform X1 XP_027814264.1 1233 1.31 0.38
keratin 83 NP_001185998.1 1136 1.22 0.98
keratin, type II cytoskeletal 1b XP_027823078.1 1025 0.66 0.10
keratin, type II cytoskeletal 72 XP_004006372.2 959 0.42 0.01
keratin, type I microfibrillar 48 kDa,

P02534.2 905 0.75 0.38
component 8C-1
immunoglobulin γ1 chain CAA49451.1 835 6.78 0.0004
keratin, type II microfibrillar,

P25691.1 806 3.09 0.11
component 5
Annexin A2 A2SW69.1 791 2.91 0.002
junction plakoglobin XP_027830318.1 733 0.97 0.84
keratin, type I microfibrillar, 47.6 kDa P25690.2 662 72.21 0.04
collagen α1 (II) chain XP_027823200.1 657 0.52 0.12
actin, cytoplasmic 1 β-actin P60713.1 542 0.65 0.05
keratin, type I cytoskeletal 27 NP_001108235.1 460 0.23 0.02
collagen α2 (VI) chain XP_027817063.1 416 1.49 0.08
vimentin ABP48145.1 374 0.88 0.54
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Table S10 continued from previous page

Description Accession number PSMs Fold difference p-value

B30554 Ig λ chain C 361 6.28 0.0006
complement C3 XP_027825575.1 350 3.89 0.002
keratin, type I cytoskeletal 25 NP_001009739.1 345 1.35 0.17
lumican XP_012029466.1 332 0.55 0.03
immunoglobulin λ1

XP_027812629.1 323 3.86 0.0003
light chain-like
uncharacterized protein

XP_014958051.2 300 0.46 0.002
LOC101108868
myosin-11 isoform X1 XP_027817220.1 287 1.36 0.12
collagen α1 (VI) chain XP_027817050.1 263 0.97 0.60
elongation factor 1-α1 XP_004008202.2 253 0.26 0.003
β globin chain ABC86524.1 238 0.49 0.02
desmoglein-1 XP_004020502.2 205 1.37 0.06
histone H2B type 1 XP_004019124.2 195 0.21 0.0008
collagen α1 (XII) chain XP_014952772.2 190 2.43 0.04
decorin AAF00585.1 188 0.60 0.05
mimecan XP_004004124.1 183 2.55 0.01
keratin, type II cytoskeletal 78 XP_012029600.2 161 1.07 0.93
histone H2A XP_004002479.1 154 0.14 0.00001
keratin, type I cuticular 35 B0LKP1.1 151 1.25 0.63
hemoglobin subunit α-1/2 P68240.2 148 0.47 0.03
tubulin α1D chain XP_004004997.1 144 0.39 0.0003
S25705 Ig µ chain CAA42611.1 143 8.91 0.0009
serpin A3-1 XP_027813161.1 138 1.14 0.85
filamin-A isoform X1 XP_027819076.1 135 1.73 0.06
collagen α2 (V) chain XP_004004562.1 135 0.91 0.86
pyruvate kinase PKM XP_004010328.1 132 0.98 0.76
annexin A1 XP_004004354.1 129 2.46 0.05
myosin-9 XP_027823550.1 128 0.37 0.005
alpha-2-macroglobulin XP_012030833.2 122 1.37 0.03
serpin A3-5 XP_027813163.1 117 2.66 0.005
epiplakin XP_027829279.1 110 0.04 0.0002
collagen α1 (XIV) chain XP_027829073.1 105 4.87 0.01
ubiquitin-40S ribosomal

XP_027829423.1 100 0.59 0.01
protein S27a
serpin A3-8 XP_011954394.2 90 7.05 0.002
tropomyosin β chain XP_004004325.1 87 1.63 0.06
peroxiredoxin-2 isoform X1 XP_027824977.1 79 0.90 0.48
annexin A5 XP_012034784.2 75 4.58 0.06
gelsolin isoform X1 XP_027819674.1 70 0.46 0.002
tubulin alpha 4a ACR56697.1 67 0.49 0.02
desmin XP_004005001.1 67 0.70 0.21
α-actinin-1 XP_027827748.1 67 1.06 0.71
trichohyalin XP_027832307.1 63 0.25 0.002
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Table S10 continued from previous page

Description Accession number PSMs Fold difference p-value

nucleolin isoform X1 XP_027821112.1 57 0.07 0.0008
heat shock protein β1 XP_027817273.1 57 0.27 0.003
transthyretin CAA33600.1 53 7.76 0.005
collagen α2 (IV) chain XP_027829588.1 51 3.43 0.0007
tropomyosin α1 chain XP_012035972.1 49 3.04 0.06
collagen α1 (V) chain XP_027821918.1 49 0.83 0.57
glutathione S-transferase µ1 XP_027828552.1 47 0.99 0.64
serotransferrin XP_027816111.1 45 1.20 0.91
ATP synthase subunit α XP_004020569.1 43 0.58 0.02
cofilin-1 AAT77679.1 42 0.06 0.09
aldehyde dehydrogenase XP_004017458.1 42 2.10 0.004
tropomyosin α3 chain XP_004002592.2 42 1.56 0.16
peptidyl-prolyl cis-trans

NP_001295507.1 40 0.10 0.0006
isomerase A
serpin A3-7-like XP_011963749.2 39 1.97 0.10
methanethiol oxidase XP_004002539.2 38 1.51 0.16
lamin XP_027832136.1 37 0.47 0.03
microfibril-associated glyco-

XP_027830620.1 36 3.81 0.004
protein 4
ATP synthase subunit β XP_004006621.1 35 0.60 0.35
voltage-dependent anion-

NP_001119824.1 33 6.88 0.002
selective channel protein 1
protein S100-A10 XP_014947734.1 33 2.18 0.02
annexin A6 XP_004009036.1 30 4.00 0.01
fibronectin XP_004004955.2 29 10.76 0.02
serpin B12 XP_027816619.1 27 1.61 0.02
collagen α1 (VII) chain XP_027813474.1 26 3.61 0.01
biglycan precursor AAB87988.1 26 1.41 0.55
protein AHNAK2 XP_027813087.1 25 0.01 0.0007
perlecan XP_027821348.1 25 2.06 0.04
heat shock protein α ABI99473.1 25 0.24 0.02
annexin A4 XP_004005861.1 24 3.02 0.04
endoplasmic reticulum chap-

XP_004005686.1 24 1.00 0.80
erone BiP
liver carboxylesterase-like XP_004015041.2 23 10.17 0.01
cathepsin D Q9MZS8.1 23 4.90 0.01
protein disulfide isomerase family

ACS34987.1 23 2.58 0.05
A member 3
elongation factor 2 XP_012033467.1 23 0.43 0.08
voltage-dependent anion-

XP_004021550.1 22 33.12 0.03
selective channel protein 2
keratin, type II cuticular Hb5-like XP_027823084.1 21 14.16 0.05
nucleophosmin isoform X1 XP_027835783.1 21 5.04 0.04
phospholipase B-like 1 XP_004006888.1 21 1.75 0.09
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Table S10 continued from previous page

Description Accession number PSMs Fold difference p-value

profilin-1 XP_027830885.1 20 0.17 0.01

short palate, lung and nasal epithelium XP_027832882.1 20 3.16 0.01
carcinoma-associated protein 2A-like
galectin-3 XP_004010713.2 20 0.58 0.05
neuroblast differentiation-

XP_027815717.1 19 0.11 0.004
associated protein AHNAK
barrier-to-autointegration factor XP_027815615.1 18 4.56 0.0007
60S ribosomal protein L6 XP_004004943.2 18 0.06 0.00001
serpin H1 isoform X1 XP_027834780.1 18 9.61 0.15
calmodulin 2 AAL02363.1 18 1.24 0.29
peroxiredoxin-1 XP_011982042.2 18 0.87 0.43
collagen α1 (IV) chain XP_027829587.1 18 0.98 0.67
proteasome subunit α type-7 XP_027832783.1 16 3.50 0.01
adiponectin AJG42209.1 16 2.44 0.04
C-reactive protein XP_004002700.1 16 2.22 0.07
versican core protein XP_004009116.2 15 73.94 0.02
thioredoxin CAA81083.1 15 6.37 0.0004
fructose-bisphosphate aldolase A XP_011959751.1 15 1.32 0.69
heat shock protein 70 AEX55801.1 13 0.21 0.0008
proteasome subunit α type-2 XP_004008046.1 13 7.60 0.13
alpha-aminoadipic semialdehyde

XP_004008714.2 13 1.82 0.01
dehydrogenase
filamin-C XP_027824589.1 13 1.90 0.04
S33161 Ig κ chain CAA38046.1 13 28.66 0.04
alpha-1-acid glycoprotein XP_004004031.1 13 1.87 0.35
catalase isoform X1 XP_004016445.1 12 5.73 0.001
dermatopontin XP_004013720.1 12 9.80 0.001
placenta-expressed transcript

XP_004016076.2 12 193.45 0.01
1 protein
periostin isoform X1 XP_004012160.2 12 0.52 0.06
filamin-B isoform X1 XP_027814047.1 12 3.42 0.12
cytosol aminopeptidase XP_012035088.2 12 1.09 0.85
inter-alpha-trypsin inhibitor

XP_004018442.2 11 3.44 0.01
heavy chain H1
alpha-1-antitrypsin transcript

AFI71068.1 11 3.37 0.02
variant 1
proteasome subunit β type-3 XP_004012874.1 11 1.36 0.32
protein POF1B XP_004022280.2 11 1.90 0.40
complement C5 XP_004004015.2 11 1.58 0.22
60 kDa heat shock protein XP_027820862.1 10 5.61 0.0008
transgelin-2 XP_004002705.1 9 0.31 0.01
vinculin isoform X1 XP_027818088.1 9 1.30 0.07
fatty acid binding protein 5 ABB46354.1 9 8.34 0.02
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Description Accession number PSMs Fold difference p-value

ADP-ribosylation factor 4 ACR55755.1 9 0.42 0.17
peroxiredoxin-4 isoform X1 XP_027818838.1 8 4.40 0.10
fatty acid-binding protein 9 XP_004011812.1 8 0.16 0.003
prohibitin XP_004012839.1 8 1.63 0.35
xaa-Pro dipeptidase XP_004015193.1 7 2.78 0.02
glutathione S-transferase ω1-like XP_027816072.1 7 14.60 0.08
aminopeptidase N XP_014957374.2 7 2.54 0.005
antithrombin-III P32262.1 7 2.15 0.04
dipeptidyl peptidase 1 XP_004019812.3 7 5.12 0.05
adenosylhomocysteinase XP_004014555.1 7 0.29 0.12
protein disulfide-isomerase XP_027830078.1 7 0.75 0.99
nucleoside diphosphate kinase A1 XP_012041249.1 7 0.99 0.48
eukaryotic translation initiation

XP_012043461.1 6 5.59 0.11
factor 6 isoform X1
serpin A3-6-like XP_027813164.1 6 6.19 0.11
adipocyte fatty acid-binding protein 4 ABY25854.1 6 2.13 0.03
plasma serine protease inhibitor XP_004018025.1 6 1.54 0.45
creatine kinase M-type XP_012045938.1 6 1.02 0.35
asporin XP_004004126.1 5 3.36 0.21
proteasome subunit α type-3 XP_004010730.1 5 1.49 0.19
plectin XP_027829099.1 5 0.44 0.20
ribosomal protein S25 ABB46364.1 4 0.02 0.04
proteasome subunit α type 6 ACI46679.1 4 4.23 0.0007
desmocollin-3 XP_027816513.1 4 7.90 0.02
glycogen phosphorylase, muscle form NP_001009192.1 4 5.14 0.21
phosphoglycerate kinase 1 ACJ53934.1 4 1.45 0.38
malate dehydrogenase, mitochondrial XP_004021309.2 3 0.38 0.002
sushi repeat-containing protein SRPX XP_027818715.1 3 1.94 0.002
apolipoprotein A-I XP_011950887.2 3 0.21 0.04
glutathione S-transferase P XP_027815273.1 3 2.54 0.08
protein disulfide-isomerase A6 XP_014949707.1 3 2.06 0.15
thrombospondin-1 XP_027827466.1 3 1.46 0.21
4F2 cell-surface antigen heavy chain XP_004019669.2 2 41.96 0.02
myoglobin isoform X1 XP_012015345.1 2 7.55 0.19
endoplasmin XP_012030315.1 2 1.22 0.78
insulin-degrading enzyme XP_014958813.2 2 1.19 0.51
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Figure S3: 4 - 15 % SDS-PAGE gels for sheepskin proteomic analysis. (a), (b)
permeate-depilated sheepskin salt and urea extracted samples, respectively. (c), (d)
pickled sheepskin salt and urea extracted samples, respectively. (e) CNBr extracted
permeate-depilated and pickled sheepskin samples.
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Abstract
Both milk and its by-products have been reported to both preserve and depilate
sheepskins, potentially replacing the environmentally unfriendly salt and sulfide
processes that are currently used. An initial investigation used traditional
culturing methods to isolate and identify microorganisms present in the depilation
solution after the wool had been removed to determine possible mechanisms for
the effects observed. As culturing was done at the end of the depilation process, a
metagenomic study of the changes in the microbial community over the time
course of the depilation process has been undertaken using universal phylogenetic
markers, bacterial 16S rRNA and fungal ITS regions, for amplicon sequencing.
Results showed a concomitant increase in the relative abundance of Lactococcus
lactis that matched the decrease in Acinetobacter sp. by the end of the depilation
treatment. Proteomic and metabolomic analysis of the depilation liquid also
identified bacteriocins and antimicrobial metabolites that could potentially
contribute to the preservation of skins during depilation. This metagenomics study
complements the results of the previous report and provides a better
understanding of the preservation and depilation processes.
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5.1 Introduction
Sheepskin, a common skin type used to manufacture leather for luxury garments,
is also a by-product of the meat industry, that requires disposal if not used by
the leather industry. Five steps are required to prepare sheepskins for tanning:
depilation, liming, deliming/bating, pickling and degreasing. Depilation, the first
step in this process, removes the hair or wool from the skins, by applying a thick
alkaline sulfide solution (Na2S, NaSH, NaOH, Ca(SH)2, Ca(OH)2) on the flesh side
of the pelt. The chemicals soak through the skin and reach the hair shaft where
they act to degrade the keratin in the wool follicle thus loosening the wool so it can
be removed by scraping. This method has been used for centuries as it is effective,
cheap, and has proven to be robust. However, the pollution, caused by the process,
affects the environment and in recent years an increased awareness of the potential
problems caused by such chemicals on land and in waterways, has raised concern
about the people working and living near tanneries1. Large quantities of both solid
and liquid waste are produced by these pre-tanning processes, with the sulfide and
alkaline water waste from the depilation process accounting for one-third of the
global pollution generated from the leather industry2,3.

To address problem of this pollution, much effort has been invested in the search for
alternative environmentally friendly depilation methods that retain the properties
of the skin. Various enzymes, such as keratinases, proteases, and lipases have been
shown to successfully remove hair from skins. However, most of these also cause
unacceptable damage to the skin. Furthermore, in many cases, the addition of sulfide
to the enzyme mixture remains necessary for depilation efficiency4,5,6,7,8. Although
significant advances have been made in the use of enzymes for depilation, the process
has proven to be costly at an industrial scale. In 1986, as a result of searching for
a way to preserve sheepskins during transport to the tanneries, Schlosser et al.9

reported that a certain undisclosed Lactobacillus culture could cause depilation of
sheepskin. Their idea was based on the fact that many lactic acid bacteria were
being used in the food industry for the preservation of meat, vegetables, cheese and
other fermented foods10,11. Findings from the study showed that the raw skins could
be kept for a week or longer without signs of putrefaction when incubated with the
Lactobacillus culture, and that the depilation occurred during the incubation. The
mechanisms of preservation and depilation, however, were not elucidated, and no
further research was carried out to explain this phenomenon.
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Without the knowledge of the strains of Lactobacillus used, commercially sourced
yoghurt was initially trialled to test its efficacy to depilate and preserve unwashed
fresh sheepskins. After four days of incubation at room temperature (20 - 25 oC),
wool could be easily removed by gentle thumb pressure, and there were no signs of
damage to the skins. Further testing of other dairy products, including commercially
available milk and whey, showed they had the same depilatory and preservation
activity (Chapter 3), which led to the development of an artificial permeate solution
(for simplicity, referred to permeate hereafter) that has the same function.

The question therefore arises, what components are in these milk products that
prevented the skins from putrefying and at the same time depilated the skins.
Approximately 105 - 106 microorganisms colonise 1 gram of skin12. Due to the
nutritious (protein, fat and carbohydrate) and physical nature of skin (i.e., high
moisture and temperature), it is a favourable medium for the growth of a large
number of different microorganisms13. Commensal bacteria on sheepskins and
hides include Acinetobacter, Aerococcus, Aeromonas, Bacillus, Corynebacterium,
Enterococcus, Escherichia, Lactobacillus, Micrococcus, Moraxella, Neisseria,
Pseudomonas, Staphylococcus, and Streptococcus 14,15,16. When skin putrefying
microorganisms dominate, the skins give off an offensive odour and show hair
slippage17. Bacteria reported to be involved in hide and skin putrefaction include
Bacillus cereus/megaterium/subtilis, Corynebacterium bovis/xerosis, Enterococcus
faecalis, Escherichia coli, Hafnia alvei, Lactobacillus jensenii, Micrococcus
agilis/luteus/lylae/varians, Proteus vulgaris, Pseudomonas fluorescens/putida,
Shewanella putrefaciens, Staphylococcus cohnii/epidermidis/ hyicus/
sciuri/simulans/xylosus 12,15,17.

The oldest depilation method recorded was called sweating, which made use of
putrefying bacteria already on the skins and present in the environment to cause
mild breakdown of the skin structure thus loosening the hair. This process died
out around the 1880s as the type and quantity of bacteria could not be controlled
resulting in damage to the skin surface3,18. Simple experiments in which skins are
left at room temperature or in water at room temperature show that they putrefy
quickly (within four days) even at low temperatures, e.g., when stored at 10 oC13.
Interestingly, when fresh unwashed sheepskins were immersed in milk, whey or
permeate, they lasted for up to a week at room temperature without any signs of
putrefaction. However, it is well known that milk products deteriorate more
quickly than this when exposed to air at room temperature. Therefore, we
hypothesised there were compounds and/or microorganisms in the media (milk
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products) that created an environment which suppressed the growth of putrefying
microorganisms while encouraging the growth of others that produce the molecules
responsible for depilation as well as antimicrobial substances that controlled the
microbial community abundance and/or diversity.

As sterilised whey was just as effective as other milk products, we trialled an artificial
permeate solution that proved to be just as effective. To understand the changes in
microbial diversity and relative abundance at the point of depilation and throughout
the whole process, both traditional culture and culture-independent methods were
used. Microorganisms present in the depilation solution were cultured, isolated
and their phylogenetically informative markers, 16S rRNA and internal transcribed
spacer (ITS) encoding genes were sequenced, resulting in a handful of species being
consistently identified (Chapter 3).

To investigate the unculturable microbiome, a metabarcoding (amplicon) sequencing
analysis was used to monitor the change in the depilation liquid during the depilation
process, and a proteomic approach was used to identify peptides and proteins of
microbial origin in the spent permeate solution. Results showed a concomitant
decrease of Acinetobacter and increase of Lactococcus during the course of depilation.
A proteomic analysis of the depilation liquid at the end of the process identified
peptides and proteins produced by the bacteria and fungi identified using both
traditional culturing methods and culture-independent analysis. Lastly, results of a
preliminary metabolomic study identified increases in specific metabolites known to
have antimicrobial properties, especially against gram-negative bacteria. This paper
describes the first steps made to understand the changes in the microbial community
that potentially contribute to the preservation and depilatory phenomena of this
novel depilation process. Results of this analysis have identified the organisms most
likely to be responsible for depilation, and suggest a mechanism for both preservation
and depilation that could lead the leather industry towards an environmentally
friendly process.
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CHAPTER 5. MICROBIAL ANALYSIS OF THE DEPILATION PROCESS

5.2 Materials and Methods

5.2.1 Chemicals, materials, and kits

All sheepskins used were collected from a local freezing works (Ovation Ltd, Feilding,
NZ). The unwashed skins were transported to the New Zealand Leather & Shoe
Research Association (LASRA) and the flesh removed using the fleshing machine
(Rizzi, PI, Italy). Three pieces of sheepskin approximately 15 × 8 cm were cut
from the official sampling position (OSP) of three different animals and processed.
For simplicity, the artificial whey permeate solution (4.5 % (w/v) lactose, 0.0035
% (w/v) CaCl2, 0.0045 % (w/v) NaCl, 0.14 % (w/v) KCl, and 0.05 % lactic acid
(v/v)), will be referred to as permeate solution in this paper.

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) except for
the followings: tryptone soya broth (TSB), M17 broth, and malt extract broth
were purchased from Oxoid™ (Hampshire, United Kingdom). Wilson’s media was
made up according to Wilson et al. (1969)19. Luria broth (LB) and the Qubit
dsDNA HS assay kit were purchased from Invitrogen. Lactobacilli MRS broth was
purchased from Neogen® (Lansing, MI, USA). Phusion® DNA polymerase and
buffers were purchased from New England BioLabs (Ipswich, MA, USA). The
DNeasy® PowerSoil® kit was purchased from Qiagen (Hilden, Germany). Mass
spectrometry grade water, acetonitrile (MeCN), formic acid, and trifluoroacetic
acid (TFA) were purchased from Fisher Scientific (Fair Lawn, NJ, USA).
Oligonucleotide primers were purchased from Integrated DNA Technologies
(Singapore) and are listed in Table 1.

Table 1: Oligonucleotide primers used in this paper.

Primer Sequence Target Amplicon Literature

name (5’ - 3’) gene length (bp) reference

Illumina-index-f TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
20

Illumina-index-r GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

S-D-Bact-0341-b-S-17 CCTACGGGNGGCWGCAG V3-V4 region
465 21

S-D-Bact-0785-a-A-21 GACTACHVGGGTATCTAATCC of 16S rDNA

5.8S-FUN AACTTTYRRCAAYGGATCWCT ITS2 region
267 - 511 22

ITS4-FUN AGCCTCCGCTTATTGATATGCTTAART of rDNA
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5.2. MATERIALS AND METHODS

5.2.2 Metagenomic analysis of the microbial community

throughout the permeate depilation of sheepskin.

5.2.2.1 Amplicon sequencing sample preparation

Three pieces of unwashed fresh sheepskin from the OSP region from three separate
animals were used in this experiment. Each piece of skin was cut into two equal
parts and subjected to a different treatment: one was incubated in 1 × sterilised
phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4,
and 2 mM KH2PO4) overnight to sample the sheepskin microbiome, at time zero,
while the other was incubated in sterilised permeate for the duration of the
depilation treatment. All six samples were incubated at room temperature (20 –
25 oC) in sterilised glass containers. Five (5) mL of liquid from the samples
incubated with permeate were collected in a biohazard hood at 8, 16, 24, 32, 40,
48, 56, 64, and 72 hours when the wool could be easily removed with gentle thumb
pressure. The samples in PBS were disposed of after ∼ 15 hours. A negative
environmental control (sterile water at time zero) was included in the analysis to
test for possible environmental contamination. Microbial gDNA extraction was
carried out using the DNeasy® PowerSoil® Kit (Qiagen) according to the
manufacturer’s instructions. Partial 16S rRNA and ITS gene-encoding sequences
were amplified using sets of oligonucleotides, S-D-Bact-0341-b-S-17/
S-D-Bact-0785-a-A-21 and 5.8S-FUN/ITS4-FUN, flanked by Illumina adapter
overhang sequences (Illumina-index-f/Illumina-index-r) (Table 1). The PCR
conditions are listed in Table S1. The amplified DNA was quantified using a Qubit
dsDNA HS assay kit (Invitrogen). Index PCR and sequencing was outsourced to
the Massey Genome Service (MGS) and prepared according to the 16S rRNA
metagenomic sequencing library preparation protocol (part no. 15044223 Rev. B;
Illumina)20. Sequencing was carried out in one lane on the Illumina MiSeq
platform and generated 250 bp paired-end sequence reads.

5.2.2.2 Bioinformatics and statistical analysis

The 16S rRNA and ITS gene-encoding sequences obtained were analysed using the
Quantitative Insights Into Microbial Ecology bioinformatics pipeline, QIIME2
(version 2020.8; https://view.qiime2.org/)23. The adaptor and primer sequences
were removed using the cutadapt24 plugin, and the resulting reads were denoised
using the DADA2 pipeline which also removed PhiX contamination, trimmed the
reads, removed chimeras, and dereplicated identical sequences25. Representative
sequences (rep-seqs) and their abundances were extracted using the feature-table26

plugin, then filtered using the feature-table filter-features method, which removed
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CHAPTER 5. MICROBIAL ANALYSIS OF THE DEPILATION PROCESS

rep-seqs that appeared in less than two samples, as well as those with a total
frequency abundance less than 50 across all samples. The resulting rep-seqs and
feature table files were then merged for downstream analysis within QIIME2.
Biological replicates (i.e. OSP1, OSP2, and OSP3) from the same timepoint were
grouped using the feature-table group function using the ’sum’ mode to combine
the frequencies across all bio-reps. Bacterial taxonomic classification was assigned
using a trained SILVA27 database (version 138.1 SSU; clustered at 99 % similarity)
which is specific for the V3/V4 16S rRNA region. Fungal taxonomic classification
was assigned using the UNITE28 database (QIIME release version 8.2, full
reference sequence, including global and 97 % singletons). All taxonomic
classifications were implemented within QIIME2 and assigned using the naïve
Bayesian algorithm, developed for the QIIME2 plugin sklearn classifier. For
phylogenetic diversity analysis, sequences were aligned using the MAFFT29 plugin.
The 16S rDNA feature table was rarefied to a sampling depth of 23,274, which
retained 28.23 % (2,225,728) of sequences and all 27 samples. The ITS rDNA
feature table was rarefied to a sampling depth of 33,802 which retained 16.97 %
(845,050) of sequences and 25 out of 27 samples. The sampling depth was selected
based on the maximum depth that retained most samples for analysis. Alpha
diversity (Shannon’s index, observed amplicon sequence variants (ASVs), Pielou’s
evenness) and beta diversity (Bray-Curtis distance) matrices were calculated using
the QIIME2 q2 -diversity plugin, and principle coordinate analysis (PCoA) plots
were generated using Emperor30. Group significance of alpha diversity indexes was
calculated using a one-way ANOVA followed by a post hoc Tukey-Kramer test.
Group significance of beta diversity indexes was calculated using QIIME2
permutational multivariate analysis of variance (PERMANOVA). Differential
abundance between timepoint groups at the genus and species level was tested
using Analysis of Composition of Microbes (ANCOM)31 with manual NCBI blastn
annotation. ANCOM performs group-wise comparisons of the relative abundance
of a taxon by applying statistical tests on data transformed by Aitchison’s log-ratio
of abundance for each taxon relative to the abundance of all remaining taxa one at
a time. The W-value generated by ANCOM shows the count of the number of
sub-hypotheses (Aitchison’s log-ratio) of a chosen taxon that are significantly
different across all taxa, and the F-statistic (centred log ratio, clr) measures the
significance of that difference for the chosen taxon between the study groups.
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5.2.3 Proteomic analysis of the permeate used to depilate

sheepskin

After depilation of the three sheepskin samples was complete, 15 mL samples of
permeate were taken from each and used for proteomic analysis. After 4,700 ×
g at 4 oC for 20 minutes, two (2) mL of the supernatant was passed through a
2 kDa centrifugal spin filter and desalted by passing through 8 mL of H2O. The
retentate was lyophilised and the resulting powder solubilised in 200 µL of digestion
buffer (50 mM Tris-HCl, 10 mM CaCl2, 40 % MeCN , pH 8.0), then sonicated
for 10 minutes. Twenty-five (25) µL of the reconstituted sample was taken for in-
situ tryptic digestion. Briefly, the sample was diluted with an equal volume of
digestion buffer (without MeCN) and mixed with 20 mM dithiothreitol (DTT) and
incubated at 50 oC for an hour then alkylated with 20 mM iodoacetamide for another
hour at room temperature in the dark. The samples were digested at 37 oC for 16
hours with 1 µg SOLu-Trypsin (Sigma-Aldrich) and the reaction stopped by the
addition of formic acid (to a final of concentration of 0.2 % (v/v)). The samples
were concentrated using vacuum centrifugation to∼ 30 µL then centrifuged at 17,000
× g for 20 minutes at 4 oC, and 20 µL transferred from the surface into a clean MS
sample vial and kept at 4 oC until use.

MS samples were separated by reversed-phase nano-LC (Thermo Scientific™) using
a 50 cm PepMap™ 300 C18 LC column (Thermo Scientific™). Eluted peptides were
analysed by mass spectrometry (Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™,
with a Nano Flex ion source, Thermo Fisher Scientific, Bremen, Germany) using
data-dependent tandem MS acquisition. Details of the chromatographic and mass
spectrometry settings are listed in Tables S2 and S3. The raw data files were
processed using Proteome Discoverer™ version 2.5. The search parameters applied
in the database searches and the databases used are listed in Tables S4 and S5.
The reverse database search option was used as a filter to satisfy a false discovery
rate (FDR) of 1 %.

5.2.4 Metabolomic analysis of the permeate used to depilate

sheepskin

After the sheepskin was depilated, one (1) mL of the final permeate solution from
each skin sample was collected and used for metabolomic analysis. One (1) mL
of permeate was centrifuged at 13,000 × g at 4 oC for 20 minutes. Four hundred
(400) µL of ice-cold methanol was added to 600 µL of the centrifuged supernatant
and vigorously vortexed for 30 seconds then incubated at -20 oC overnight. The
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CHAPTER 5. MICROBIAL ANALYSIS OF THE DEPILATION PROCESS

precipitated material was removed by centrifugation at 13,000 × g at 4 oC for 20
minutes, and the supernatant immediately transferred to LoBind tubes. Samples
were concentrated approximately four times using vacuum centrifugation and 40 µL
transferred into a clean MS vial.

The compounds were separated by two types of chromatography, reversed-phase,
and hydrophilic interaction liquid chromatography (HILIC) in both positive and
negative ionisation modes. Details of the liquid chromatography configuration are
listed in Table S6. Eluted compounds were analysed by mass spectrometry (Q
Exactive™ Focus with a HESI-II ion source, Thermo Fisher Scientific, Bremen,
Germany) using data-dependent tandem MS acquisition. Details for the mass
spectrometry settings are listed in Table S7. The raw data files were processed
using Compound Discoverer™ version 2.1 SP1 (Thermo Fisher Scientific, USA).

5.3 Results and discussion

Depilation of sheepskin using permeate is a process that has the potential to
provide an environmentally friendly alternative to conventional sodium sulfide
depilation. Culturing experiments using samples of permeate incubated with
sheepskin, identified 22 bacterial and six fungal species by the time the wool could
be easily removed (Chapter 3, Tables 4 and 5). However, to monitor the changes in
microbial diversity throughout depilation, and to identify any low abundance or
unculturable microorganisms, amplicon sequencing analysis was carried out.
Illumina sequencing of the 16S rDNA of the samples taken from nine (9)
timepoints during the depilation treatment produced a total of 5,175,727 reads
with an average of 191,694 reads per sample. For ITS rDNA amplicons there were
7,025,857 reads, with an average of 260,217 per sample. The number of reads
remaining after DADA2 processing was 2,239,230 for the 16S rRNA gene region
and 5,394,192 for the ITS gene region (Tables S8 and S9). A total of 325 amplicon
sequence variants (ASVs) were identified for Bacteria and 307 for Fungi after read
criteria filtering.

5.3.1 The microbial diversity in permeate during sheepskin

depilation

Evaluation of the bacterial alpha diversity, i.e., species diversity within each
sample, was carried out initially by construction of rarefaction curves that
represent the number of ASVs obtained from 10 sub-samplings of the total read
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pool. Rarefaction curves showed that sampling depth for each sample reached
saturation, meaning that no new ASVs would be discovered after 23,274 reads
(Fig. S1a). The Shannon diversity index (H) is commonly used to characterise
species diversity in a microbial community32. It considers both the richness
(number of taxa observed in the community without regard to their frequencies)
and evenness (distribution of frequencies of the taxa) to measure diversity. As a
result, a larger number of taxa increases diversity, and similarly, an increase in the
uniformity of taxa distribution also increases diversity33.

Based on the Shannon index (H), the samples from different timepoints are clustered
into three groups: (a) 0 - 16 hours, (b) 24- 32 hours, and (c) 40 - 64 hours, which
shows there is a statistically significant successive increase in bacterial diversity
during the depilation process (one-way ANOVA p-value < 0.01, followed by a Tukey-
Kramer post hoc test, qtest > qcritical; Fig. 1a, Table S10). However, to attribute
the increase in alpha diversity to richness, or evenness, or both, observed ASVs
and Pielou’s evenness index were incorporated into this analysis. Similar to the
results from the Shannon’s diversity index, both of the observed ASVs and Pielou’s
evenness index suggested that as depilation progressed, the richness of the bacterial
species increased (Fig. S1) and the abundances of the bacterial community became
more even, i.e. the dominant bacteria at the beginning of the process became out-
numbered by other species (Fig. S2).

Microbial taxonomic profiles obtained at the genus level were used to calculate the
beta diversity analysis using the Bray-Curtis distance matrix as shown by a principal
coordinate analysis (PCoA) plot (Fig. 1b). The PCoA plot showed clustering of
samples based on incubation time, with the same grouping patterns as shown by
the Shannon’s diversity index; 0 - 16 hours, 24 - 32 hours, and 40 - 64 hours.
Together, these results show that the microbial community composition experienced
a significant shift between 16 hours and 24 hours, and again between 32 and 40
hours. Coincidentally, these three timespans were related to the change in pH of the
depilation solution, where the pH dropped from 6.0 to 5.0 between 16 - 28 hours,
and dropped again to 4.5 after 43 hours.

Contrary to the bacterial alpha biodiversity, there appeared to be no significant
differences in the fungal diversity between the different timepoints with the
Shannon’s diversity index (Fig. 2a; one-way ANOVA p-value = 0.47, Table S11),
also showing there were no significant changes in the ASV richness (Fig. S1b and
Pielou’s evenness index (Fig. S2b). The beta diversity analysis at the genus level,
based on the Bray-Curtis index, represented in the PCoA plot showed no obvious
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Figure 1: Alpha and beta diversity of bacteria from samples collected at different
timepoints during permeate depilation of sheepskin. (a) The Shannon’s diversity
index obtained for each timepoint. (b) PCoA representation obtained using the
Bray-Curtis index and the genus-level profiles. Samples are coloured based on
incubation timepoints. ∗, p-value < 0.01.

clustering of samples according to timepoints (Fig. 2b). The results from the ITS
alpha and beta diversity analysis suggested there was no clear association between
the diversity of the fungi present during depilation and the different stages of the
process.

5.3.2 Relative abundance of microbial taxa during permeate

depilation

Analysis of the bacterial taxonomic profiles of the samples taken from various
incubation timepoints showed the main phyla at all timepoints to be
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Figure 2: Alpha and beta diversity of fungi from samples collected at different
timepoints during permeate depilation of sheepskin. (a) The Shannon’s diversity
index obtained for each timepoint. (b) PCoA representation obtained using the
Bray-Curtis index and the genus level profiles. Samples are coloured based on
incubation timepoints.

Proteobacteria, with relative abundance of 72 - 99 %, followed by Firmicutes, with
relative abundance of 0.5 % - 24 % (Fig. S3a). The relative abundance of
Proteobacteria was significantly depleted after 40 hours of incubation, and
concurrently, the relative abundance of Firmicutes drastically increased 50-fold
(Fig. S3a). At the genus level, the main Proteobacteria genera identified were
Acinetobacter, Aeromonas, Pseudomonas, Escherichia-Shigella, and Comamonas
(Fig. 3a), all commensal genera naturally found on sheepskin14,15,16. Except for the
genus Acinetobacter, the relative abundance of other genera identified increased
overtime (Fig. 3a). Aeromonas, in particular, showed a steady increase in relative
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abundance at the early stages of incubation (0 - 24 hours, 0.1 % - 25 %), as most
species of this genera are able to utilise lactose as their carbon source34.

Although the taxonomic resolution at the species level for Acinetobacter is
challenging, and often requires information on other house-keeping genes (e.g.
RNA polymerase subunit B, DNA gyrase subunit B), we managed to identify
Acinetobacter celticus which is commonly found in the environment and
Acinetobacter lwoffii, commonly found on skin (Fig. S4). As lactose is the main
carbon source in permeate and Acinetobacter are non-lactose-fermenting bacteria,
it was not unexpected that their relative abundance decreased from 90 % at the
start of incubation to 25 % by the time the sheepskins were depilated. Although
Acinetobacter can be cultured in TSB and LB media35, they could not be cultured
from the spent depilation media. It is therefore likely that none were viable at the
completion of depilation. It should be remembered that the metagenomics analysis
is based on DNA abundance and may originate from dead and lysed cells as well as
live cells. Thus, although it is the best way to identify species that are or have
been present in a sample, it does not measure viable cells. Several Acinetobacter
species (e.g. Acinetobacter baumannii) are known to cause severe skin wound
infections and have become antibiotic resistant36, but there are no reports of them
being involved in the putrefaction in animal skins, most likely due to lack of
research in this area. They are, however, known dairy and meat spoilage
microorganisms, due to their ability to produce proteolytic and lipolytic
enzymes37. Therefore, it is possible that the presence of Acinetobacter on wet or
damp skins could result in enzymes secretion and the accompanying break down of
the skin structure, although this was not observed in this study.

Bacterial species that are known to be involved in the putrefaction of animal skins
and hides, those belonging to the Escherichia, Hafnia, Proteus, and Shewanella
genera, were also identified in the depilation liquid12,15,17. However, their relative
abundances were low, and each accounted for less than 5 % of the total by the end
of depilation (Fig. 3a). Unknown bacterial species of the Pseudomonas genus were
found with a relative abundance of approximately 10 % by the end of the depilation
treatment. Specific Pseudomonas species, such as Pseudomonas fluorescens and
Pseudomonas putida are known to contribute to the degradation of animal skins17.
Although the phylogeny analysis identified some Pseudomonas species, the partial
16S rRNA gene sequences do not provide enough resolution for reliable identification
at the species level. A follow-up investigation of the bacteria present on the skins
after depilation at 5-, 8- and 14-weeks post-incubation with permeate, when the skins
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had rotted, showed Pseudomonas to be the most dominant bacteria present in the
liquid with a relative abundance of 50 – 80 % (Fig. S5). This suggested that despite
the presence of some skin putrefying bacteria in the permeate-skin ’environment’,
their low abundance (10 % vs. 50 %), did not cause observable degradation during
the course of depilation (3 - 4 days).

Of the predominant Firmicutes genera identified, (Lactococcus, Enterococcus, and
Propionispira), the relative abundance of Lactococcus substantially increased
5-fold after 40 hours compared to previous timepoints (3.5 % - 18.2 %, Fig. 3a).
At the species level, Lactococcus raffinolactis and Lactococcus lactis were the most
abundant lactococci identified, making up 25 % of the bacteria at the end of the
depilation treatment. The fact that this population contained viable cells was
confirmed by culture at the end of the depilation trial, which positively identified
Lactococcus lactis, Lactococcus lactis subsp. cremoris and Lactococcus lactis subsp.
lactis (Chapter 3, Table 4). Lactococci are lactose-fermenters that utilise lactose in
their energy production pathway, produce lactate, and eventually lactic acid which
increases the acidity of their environment. They are also known to secrete
bacteriocins many of which act on a wide variety of bacteria, both gram-negative
and gram-positive38. We hypothesise that the reduction in the pH of the
depilation liquid to pH 4.5 during depilation, inhibited the growth of species such
as Acinetobacter and Pseudomonas and that the antimicrobial substances secreted
by them contributed to controlling the microbial diversity. Nisin, is a bacteriocin
produced by Lactococcus lactis that is widely used in the food industry to prevent
microbial spoilage38. However, an experiment in which nisin (in PBS) was added
to the skins showed that this single bacteriocin cannot prevent skin putrefaction,
indicating that the mechanism of preservation is more complex.

Analysis of Composition of Microbiomes (ANCOM) was carried out to identify
genera/species that were differentially abundant between the nine timepoints.
ANCOM analysis of the 16S rRNA gene-encoding sequences showed 11 genera (of
76) to be differentially abundant throughout depilation (Fig. 4). Using SILVA
database taxonomy and manual annotation with NCBI blastn against nucleotide
collection (nr/nt) databases identified eight genera. Except for Lactococcus,
Propionispira, Citrobacter, Escherichia-Shigella, and U. m. of Enterobacteriaceae,
all other genera that were differentially abundant had a relative abundance of less
than 1 % throughout the whole depilation treatment (Fig. 3). The differential
abundance of the genera Corynebacterium, and the U. m. of both the Rhizobiaceae
and Arcobacteraceae families was significantly decreased, whereas the remaining
eight genera increased in abundance by the end of depilation (Fig. S6). As
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Figure 3: Bar plot showing the distribution of microbial genera over the time
course of permeate depilation of sheepskin. (a) Distribution of bacterial genera.
(b) Distribution of fungal genera. U. m., unclassified member. Others, genera with
a relative abundance below 1 %. The others list can be found in Table S12

.

taxonomy assignments at the species level are not accurate when a part of a
phylogenetic marker is used, we did not considered differences at the species level.

Analysis of the ITS encoding-gene taxonomic profile of the fungi microbiome at nine
timepoints throughout permeate depilation of sheepskin showed that it consists of
two main phyla, Ascomycota (∼ 55 %) and Basidiomycota (∼ 45 %) (Fig. S3b).
There were 63 genera identified. Of these, Mycosphaerella, Naganishia, Didymella,
Effuseotrichosporon and Rhodotorula were the most abundant. There were, however,
no obvious trends in the relative abundance of either fungal genera over the course
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Figure 4: Volcano plots of differentially expressed bacterial ASVs over the different
timepoints of permeate depilation at genus level. ANCOM analysis was performed to
analyse statistical significance. Statistically significant ASVs are coloured in orange.
W, W statistics; clr, centered log-ratio, F-statistics.

of depilation (Fig. 3b) and ANCOM analysis at the genus level showed there were
no ASVs that showed significant changes in abundance (Fig. S7). Putrefaction of
raw skins and hides is more commonly associated with bacteria, while fungi are
more commonly involved in damage to leather products17. It has, however been
shown that in salted and semi-processed leather products, such as pickled skins,
fungal deteriogens do damage the skins. Examples of these include Alternaria spp.,
Aspergillus spp., Aureobasidium spp., Cladosporium spp., Fusarium spp., Penicillium
spp., Rhizopus spp., and Trichoderma spp.13,39.

In this analysis, we identified only two of the fungi known to damage leather
products: Alternaria alternata (increased in relative abundance, 1 % to 7.4 %) and
Aureobasidium pullans (decreased in relative abundance, 11.4 % to 2.4 %).
Metabarcoding analysis of the ITS gene region identified 63 genera, whereas only 5
were cultured from the depilation media, all of which were identified in the
metabarcoding analysis except for Pichia. Geotrichum candidum and Yarrowia
lipolytica were most frequently identified by culture (Chapter 3, Table 5), however,
their relative abundance at 64 hours was less than 1 % for G. candidum and 2 %
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for Y. lipolytica. To verify the presence of these two fungi, a proteomic experiment
was done on permeate that was used to depilate sheepskin. Mass spectrometry
peptide spectrum was searched against the NCBI protein database of the top 10
abundant fungi identified in the metagenomics analysis (i.e. Alternaria alternata,
Aureobasidium pullulans, Didymella exigua, Rhodotorula graminis, etc.) along with
the two (G. candidum and Y. lipolytica). Proteins of both G. candidum and Y.
lipolytica, along with several other fungi were identified (Table S15) which
substantiated the presence of these fungi in the depilation liquid. Similarly, the
search against bacterial protein database also identified proteins belonging to the
bacteria identified in both culture (Chapter 3) and metagenomics experiments
(Tables S13 and S14). The differences in the dominant fungi from the culturing
and metagenomics results are difficult to explain but may reflect the efficiency of
DNA extraction from a solution or from a colony of these cells, as well as the
presence of non-viable cells or spores. They also show the importance of using
both culture and culture-independent methods in cases where a process is being
investigated, rather than a study of diversity.

The concomitant changes in the dominant bacteria genera over the course of
depilation could be the results of (a) the carbon source availability of the
depilation media (i.e. lactose and lactic acid at the beginning of the process), (b)
the rock-paper-scissors (RPS) model of the non-transitive competition dynamics of
bacteria40,41, (c) the reduction in pH caused by the release of lactic and other
organic acids by the bacterial population and (d) macronutrient supplementation
of the depilation media as skin depilated and skin proteins, lipids and complex
carbohydrates leached into the liquid medium. At the beginning of the depilation
treatment (0 - 16 hours), the skin bacteria Acinetobacter were the most abundant
species detected. However, as lactose cannot be utilised by most Acinetobacter
species, its relative abundance decreased. The inability to culture these bacteria
suggests that either dead or viable but non-culturable (VBNC) Acinetobacter cells
are present at the end of the process42(Chapter 3, Table 4). At the same time,
Firmicutes, including Lactococcus, Lactobacillus and Enterococcus increased in
abundance from 24 - 40 hours.

The skin-permeate ’environment’ together with microorganisms form a complex
ecology. To survive, microorganisms secrete antimicrobial substances to compete
for limited resources, in which the interaction network resembles the game of
rock-paper-scissors40,41. In this game - the antimicrobial substance-producing
bacteria outcompete others that are sensitive to those substances (by bactericidal
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and bacteriostatic effects); in turn the sensitive bacteria outcompete other species
that are resistant to the antimicrobial compounds (by growth-rate advantage), and
finally bacteriocin resistant species outcompete those producing the toxins through
acquired immunity. It is estimated that 99 % of all bacteria produce antimicrobial
compounds, whether they are bacteriocins or secondary metabolites43. Lactic acid
bacteria (LAB), in particular, are known to be bacteriocin producers and due to
their involvement in food fermentation, many have been identified and
characterised38.

A proteomic analysis performed on permeate solution that depilated sheepskins
identified peptides belonging to the bacteriocins lactococcin B, sakacin A (=
curvacin A), and a few other bacteriocins (Table 2). Lactococcin B and sakacin A
are produced by Lactococcus lactis subsp. cremoris and Latilactobacillus sakei
(basonym: Lactobacillus sakei) or Latilactobacillus curvatus (basonym:
Lactobacillus curvatus), respectively. These bacteria were identified both in the
culture and metagenome analysis. It is not unexpected that nisin, produced by
Lactococcus lactis subsp. lactis was not identified as it is highly modified and
resistant to trypsin proteolysis. Furthermore, the intact molecule, MWt 3,354 Da,
requires specific fragmentation conditions to produce identifiable fragmentation
ions44. Other lantibiotics and modified bacteriocins, of which there are many,
would similarly not be identified in a general proteomic analysis as they are
commonly resistant to proteolysis. As reported earlier, the addition of nisin to a
skin sample incubating in PBS did not prevent or slow putrefaction of the skin,
confirming that it is the complex interaction of many different factors that
preserves the skin structure while promoting loosening of the hair fibre in the hair
follicle. A preliminary metabolomic analysis was also conducted to identify the
presence of antimicrobial secondary metabolites in the same permeate solution at
the completion of depilation. Compounds identified that have been reported to
have antimicrobial properties are listed in Table S16. Although a handful of these
were detected, the studies were only preliminary and require validation with
further analysis. An investigation into the production and secretion of these
metabolites by the microbes identified in this study, and inhibition assays are
needed to understand their real effects.

It was shown that as skin immersed in the permeate solution, small amounts of
protein (e.g. collagens and keratin), water-soluble sugars (e.g. hyaluronic acid and
sulfated-glycosaminoglycans), and lipids leaked into the solution45. Those
macromolecules act as nutrients for most bacterial species and it was therefore not

161



CHAPTER 5. MICROBIAL ANALYSIS OF THE DEPILATION PROCESS

Table 2: Bacteriocin peptides identified in the proteomic analysis of permeate upon
completion of depilation.

unexpected that the relative abundance of almost all bacteria identified in the
study, except for Acinetobacter, increased during depilation (Fig. 3a). The release
of these of macromolecules was most likely due to the action of lipases and
proteases secreted by microorganisms, and was responsible for loosening the wool
in the follicle, allowing it to be removed. It is interesting that enzymes produced
by Pseudomonas fluorescens have been used to enhance depilation and the removal
of non-collagenous proteins in skins by the leather industry4,46. In addition,
although the fungi Yarrowia lipolytica and Geotrichum candidum were in very low
relative abundances in the metagenomic study, they were the main fungal species
identified in the culturing experiments (Chapter 3, Table 5). Both of these are
commonly used in the food industry, specifically, for the cheese-making, due to
their secretion of extracellular proteases and lipases47,48,49. Even though,
proteomic analysis on the depilation liquid did not identify any microbial
extracellular enzymes, future experiments should include proteolytic and lipolytic
activity assays with the supernatant of fungal cultures or a combination of
bacterial and fungal cultures.

Conclusions and future perspectives.
Previous work on culture and the culture-independent methods used in this study
have provided an understanding of the changes in microbial community for a novel
sheepskin depilation process. The use of metabarcoding analysis complimented the
findings from culture where only viable and culturable cells were identified. This
metagenomic study showed the changes in the relative abundance of the
microorganisms throughout the process and also identified microorganisms that
were not cultured from previous experiments. The significant increase in the
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relative abundance of Lactococcus species was highlighted suggesting the secretion
of lactococcal antimicrobial substances could potentially be a mechanism to
preserve skin. The proteomic analysis on the permeate that depilated sheepskin
did not identify any wide-spectrum bacteriocin, possibly due to the limitations of
the bacteriocin and traditional databases, and the difficulty in using bottom-up
proteomics to identify small, heavily modified peptides that are resistant to
proteolysis. Future experiments should include the use of an extended number of
culture media and conditions to isolate all viable microorganisms during depilation
experiments. To validate the results skin sterilised using gamma irradiation could
then be incubated with pure cultures, or a mixture of cultures to narrow down the
conditions needed for skin preservation. It may then be possible to isolate the
molecules responsible for the preservation of the skin, as well as the enzymes
responsible for its depilation.
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5.5 Supplementary information - Methods

Table S1: PCR conditions.

Table S2: Mass spectrometer configuration used for proteomic analysis

nanoLC system Dionex UltiMate™ 3000 Binary RSLCnano system
(Thermo Fisher Scientific, USA)

Mass spectrometer Q Exactive™ Plus
(Thermo Fisher Scientific, Bremen, Germany)

Ionisation source Nanospray Flex™
(Thermo Fisher Scientific, USA)

Trapping column
Acclaim™ PepMap™ 100 C18, 3 µm particle size,

75 µm inner diameter, 1 cm length
(Thermo Fisher Scientific, USA)

Analytical column
Acclaim™ PepMap™ C18, 2 µm particle size,

75 µm inner diameter, 50 cm length
(Thermo Fisher Scientific, USA)

Flow rates Trap column: 15 µL/min
Analytical column: 300 nL/min

Column oven temperature 50 oC

Gradient 3 - 30 % MeCN in 0.1 % formic acid over 60 minutes

Buffers
Trap loading: 0.1 % TFA/ 2 % MeCN/H2O

Analytical A: 0.1 % Formic acid/ 2 % MeCN/H2O
Analytical B: 0.1 % Formic acid/ 98 % MeCN/H2O
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5.5. SUPPLEMENTARY INFORMATION - METHODS

Table S3: Parameter used for proteomic analysis

Capillary temperature (oC) 250
S-Lens RF level (%) 50
Polarity Positive
Source voltage (kV) 1.6
AGC target Full MS 3 × 106, MS2 (HCD) 1 × 105
Maximum injection times (ms) Full MS 150 ms, MS2 (HCD) 110 ms
Full MS mass range 375 - 1600 m/z
Resolution settings Full MS 70,000, MS2 (HCD) 17,500
Number of micro-scans 1
Isolation width 1.4 m/z
Loop count (TopN) 10
MSX count 1
Normalised collision energy 28
Charge exclusion Unassigned, 1, > 7
Peptide match Preferred
Exclude isotopes On
Dynamic exclusion 12 seconds
Spectrum data type Centroid

Table S4: Parameters used for proteomic data analysis

Search engine Proteome Discoverer™ v. 2.5

Databases Non-redundant NCBI compiled on 29th of
April, 2021

Taxonomy listed in Table S5
Enzyme Trypsin
Maximum number of missed cleavages 2
Minimum peptide length 6
Precursor mass tolerance 10 ppm
Fragment mass tolerance 0.02 Da
Peptide charge 2 - 7
Protein mass Unrestricted
Decoy database search Enabled (default)
Significance threshold 0.01 %

Static modifications Carbamidomethyl, + 57.021 (C)

Variable modifications Oxidation, + 15.995 Da (M)

False discovery rate ≤ 1 %
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Table S5: List of bacterial and fungal species from the NCBI protein database.

Taxonomy

Bacteria

Acinetobacter celticus/lwoffii
Arcobacter butzleri
Bacteroides xylanolyticus
Escherichia fergusonii
Hafnia alvei
Klebsiella aerogenes
Kurthia gibsonii
Lactiplantibacillus plantarum
Lactococcus lactis/raffinolactis
Latilactobacillus curvatus
Leuconostoc holzapfelii
Lysinibacillus macroides
Propionispira genus
Pseudomonas genus
Shewanella putrefaciens

Fungi

Alternaria alternata/metahromatica
Aureobasidium pullulans
Cutaneotrichosporon cutaneum
Didymella exigua
Geotrichum candidum
Mycospaerella tassiana
Naganishia albida
Rhodotorula graminis/mucilaginosa
Trichorporon genus
Yarrowia lipolytica
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Table S6: Mass spectrometry instrument configuration for metabolomic analysis

LC system Dionex UltiMate™ 3000 Quaternary RSLCnano system
(Thermo Fisher Scientific, USA)

Mass spectrometer Q Exactive™ Focus
(Thermo Fisher Scientific, Bremen, Germany)

Ionisation source HESI-II
(Thermo Fisher Scientific, USA)

Analytical column Reverse phase: Phenomenex Gemini®

C18, 3 µm particle size, 2 × 100 mm, 110 Å

Analytical column HILIC: Thermo Scientific Accucore™
HILIC, 2.6 µm particle size, 2.1 × 100 mm, 80 Å

Flow rate 0.35 mL/min

Column oven temperature 35 oC

C18 gradient 3 minutes hold on 2 % B, 2 - 42 % B
for 40 minutes, 42 - 100 % B for 12 minutes

HILIC gradient 100 % B for 3 minutes, 100 - 60 % B
for 40 minutes, 60 - 8 % B for 12 minutes

Positive mode buffers A: 0.1 % Formic acid/ 5 mM NH4HCO2/H2O
B: 0.1 % Formic acid, 5 mM NH4HCO2/ 80 % MeCN/H2O

Negative mode buffers A: 10 mM NH4CH3CO2/H2O, pH 9
B: 10 mM NH4CH3CO2/ 80 % MeCN/H2O, pH 9

Table S7: Mass spectrometer settings for metabolomic analysis

Capillary temperature (oC) 330
S-Lens RF level (%) 85
Polarity Positive/Negative
Source voltage (kV) 3.1
Sheath gas flow rate (L/min) 40
Aux gas flow rate (L/min) 8
Aux gas heater temperature (oC) 290
AGC target Full MS 50 1 × 106, MS2 1 × 105
Maximum injection times (ms) Full MS 50 ms, MS2 70 ms
dd-MS2 mode Discovery
Full MS mass range 50 - 750 m/z
Resolution settings Full MS 70,000, MS2 17,500
Number of micro-scans 1
Isolation width 3 m/z
MSX count 1
Normalised collision energy 30, 40
Minimum AGC target 5 × 103
Exclude isotopes On
Dynamic exclusion 7.5 seconds
Spectrum data type Centroid
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5.6 Supplementary information - Results

Figure S1: Average rarefaction curves obtained for each timepoint with the number
of observed ASVs. (a) 16S rDNA samples rarefied to 23,271 reads. (b) ITS samples
rarefied to 33,802 reads.
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Figure S2: Pielou’s evenness index for (a) 16S rDNA samples and (b) ITS samples.
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Figure S3: Bar plot showing the microbial phyla distributions over the time
course of permeate depilation. (a) Bacterial phyla distributions. (b) Fungal phyla
distributions. Others in (b) includes Chytridiomycota and Mucoromycota.
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Figure S4: Bar plot showing the bacterial species distributions of permeate
depilation. U. m., unclassified member. Others, species that are less than 1 %
relative abundance.

Figure S5: Bar plot showing the microbial genus distributions post permeate
depilation at week 5, 8 and 14.
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Figure S6: ANCOM analysis of the differentially abundant 16S rRNA ASVs at the
genus level.

Figure S7: Volcano plots of differentially expressed fungal ASVs over the different
timepoints of permeate depilation at genus level. ANCOM analysis was performed to
analyse statistical significance. W, W statistics; clr, centered log-ratio, F-statistics.
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Table S8: Quality-filtering of the 16S rRNA sequencing samples.
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Table S9: Quality-filtering of the ITS sequencing samples.
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Table S10: Shannon’s diversity index statistical tests of the 16S metagenome.

Table S11: Shannon’s diversity index statistical tests of the ITS metagenome.
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Table S12: ’Others’ genera list from the 16S rRNA genus level taxa bar plot.
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Table S13: Bacteria proteins identified in the permeate solution after depilation.
The proteins listed are found with at least 2 unique peptides.

Species Protein
NCBI

PSMs
# of unique

accession peptides

Acinetobacter

celticus

50S ribosomal protein L11 ODA14486.1 94 2
50S ribosomal protein L6 ODA11825.1 26 3

co-chaperone GroES WP_068888658.1 4 2
DUF2147 domain-containing protein WP_068885877.1 20 2

inorganic pyrophosphatase ODA12241.1 44 5
NirD/YgiW/YdeI family stress

WP_078055429.1 5 3
tolerance protein

OmpA family protein WP_068886036.1 60 5
phosphonate ABC transporter

ODA13542.1 39 7
substrate-binding protein

polyisoprenoid-binding protein WP_068888285.1 3 2
thioredoxin WP_068885391.1 87 3

toluene tolerance protein ODA11859.1 25 3

Acinetobacter

lwoffii

50S ribosomal protein L7/L12 RYJ49273.1 292 2
antibiotic biosynthesis monooxygenase RYJ48421.1 14 2

molecular chaperone BCD52722.1 13 2
elongation factor Tu ENW25616.1 15 3

nitrogen regulatory protein P-II EEY89141.1 20 2

Enterobacter type I glyceraldehyde-3-phosphate
KZQ94805.1 15 2

aerogenes dehydrogenase

Escherichia coli glutamate decarboxylase QRX69407.1 9 2

Escherichia fergusonii fructose-bisphosphate aldolase CAQ90350.1 21 3

Lactiplantibacillus
ubiquitin TAR20416.1 320 2

plantarum

Lactococcus lactis
actin, cytoplasmic 2 KAF0950339.1 65 5

subsp. lactis

Lactococcus raffinolactis

50S ribosomal protein L7/L12 TLQ15724.1 34 4
cold shock domain-containing protein QIW59349.1 19 3
DNA starvation/stationary phase

WP_061773823.1 36 6
protection protein

fructose-1,6-bisphosphate aldolase ATC60854.1 166 10
integration host factor subunit α QIW61055.1 15 3
PDZ domain-containing protein QIW59738.1 6 2

peptidyl-prolyl cis-trans isomerase PCS09494.1 4 3
thioredoxin QIW53577.1 2 2

NAD-dependent glyceraldehyde
CCK20850.1 44 6

-3-phosphate dehydrogenase
phosphonate ABC transporter CCK19796.1 3 2

pyruvate kinase CCK18800.1 7 2
translation elongation factor Tu CCK18662.1 6 2

triosephosphate isomerase CCK20178.1 4 2

Pseudomonas sp.

adenosylhomocysteinase RZI83365.1 7 2
polyamine ABC transporter

TXH94026.1 32 3
substrate-binding protein

thioredoxin TrxA RZI90479.1 13 2

Shewanella putrefaciens thioredoxin TrxA QGS48504.1 34 2

183



CHAPTER 5. MICROBIAL ANALYSIS OF THE DEPILATION PROCESS

Table S14: Bacterial proteins identified in the permeate solution after depilation.
Proteins listed are found with 1 unique peptide.

Species Protein
NCBI

PSMs
accession

Acinetobacter

celticus

30S ribosomal protein S15 WP_068885591.1 2
30S ribosomal protein S19 ODA11836.1 3
30S ribosomal protein S21 ODA13041.1 5
50S ribosomal protein L10 WP_068885623.1 6
50S ribosomal protein L24 ODA11829.1 5
alkyl hydroperoxide reductase

WP_171258089.1 16
subunit C
ATP-binding protein WP_068888984.1 2
F0F1 ATP synthase subunit δ ODA14665.1 1
HU family DNA-binding protein WP_068889507.1 33
hypothetical protein:
BBP83_05670 ODA13847.1 1
BBP83_14495 ODA14074.1 3
NLPA lipoprotein WP_068888136.1 5
nucleoside-diphosphate kinase ODA14288.1 7

Acinetobacter

lwoffii

30S ribosomal protein S16 AUC06747.1 1
50S ribosomal protein L11 TMS50648.1 88
acetamidase/formamidase

RYJ50478.1 1
family protein
aspartate-semialdehyde

AUC06114.1 2
dehydrogenase
cold-shock protein AUC08149.1 9
dihydrolipoamide succinyl-

VFQ37352.1 6
transferase
pyrimidine utilization protein C QKU22125.1 1
RidA family protein AUC06735.1 12
RidA family protein TMS52165.1 8
50S ribosomal protein L10 ENW31343.1 10
50S ribosomal protein L27 ENW23850.1 3
50S ribosomal protein L30 ENW26159.1 4
acetyl-CoA carboxylase ENW24327.1 2
alkyl hydroperoxide reductase

ENW23528.1 21
subunit C
ATP synthase subunit β ENW26044.1 1
DNA-binding protein HU-β ENW24282.1 52
isocitrate lyase ENW23792.1 1
nucleoside diphosphate kinase ENW29609.1 6
thioredoxin C-2 ENU61373.1 19
OmpA family protein EEY90444.1 8
peptidoglycan-associated

EEY90963.1 2
lipoprotein
phosphoribosylaminoimidazole

EEY88540.1 3
carboxylase
ribosomal protein S10 EEY88905.1 4
ribosomal protein S8 EEY88890.1 6
sulfate ABC transporter EEY90922.1 3

Arcobacter butzleri
hydroxymethylbilane synthase WP_152058143.1 1
membrane protein KLE04067.1 2

Enterobacter aerogenes
sugar ABC transporter

KUQ11008.1 5
substrate-binding protein
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Table S14 continued from previous page

Species Protein
NCBI

PSMs
accession

Escherichia

fergusonii

50S ribosomal protein L24 QMC79732.1 5
acid stress chaperone HdeB precursor VUX05689.1 2
acyl carrier protein QKD65649.1 6
amino-acid transporter subunit CAQ90739.1 1

Escherichia spp. acid-resistance protein PSS41939.1 8

Hafnia

alvei

cold-shock protein KID04857.1 3
D-galactose/D-glucose-binding protein STQ79521.1 21
maltose/maltodextrin ABC transporter

QIP54404.1 7
substrate-binding protein MalE

Hungatella xylanolytica AraC family transcriptional regulator PPK83394.1 10

Klebsiella

aerogenes

ABC-type amino acid transport/signal
STR14730.1 5

transduction system protein
glutamine-binding periplasmic protein VDZ69001.1 1
leucine-specific-binding protein AML38136.1 2
murein lipoprotein AWD05105.1 2
pyrroloquinoline quinone bio-

PMC22372.1 1
synthesis protein PqqE
TPR domain protein CCG33231.1 1
50S ribosomal protein L10 EUL47189.1 1

Lactococcus

lactis

taurine ABC transporter
OSP87262.1 1

ATP-binding protein
HrcA family transcriptional regulator QTP12279.1 1

Lactococcus

raffinolactis

50S ribosomal protein L30 QIW57081.1 4
BMP family ABC transporter

QIW55689.1
1

substrate-binding protein 10
CHAP domain-containing protein WP_061774202.1 3
CsbD family protein QIW59867.1 1
DUF4097 family β strand

WP_003138462.1 2
repeat protein
PASTA domain-containing protein QIW54136.1 2
peptide ABC transporter

QIW51618.1 15
substrate-binding protein
phosphocarrier protein HPr QIW59245.1 2
transcription elongation

TLQ13116.1 1
factor GreA
YneF family protein QIW55906.1 6
ribosome recycling factor CCK20152.1 1

Pseudomonas

spp.

50S ribosomal protein L1 RZI59624.1 1
alkyl hydroperoxide reductase

RZI71061.1 6
subunit C
cold-shock protein RZI74359.1 17
cold-shock protein RCL54467.1 2
nucleoside-diphosphate kinase RZI54025.1 5
phosphate ABC transporter

RZI89310.1 4
substrate-binding protein PstS
transcriptional regulator PJI46836.1 2
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Table S14 continued from previous page

Species Protein
NCBI

PSMs
accession

Shewanella

putrefaciens

acyl-CoA dehydrogenase OUM09721.1 2
C4-dicarboxylate ABC transporter AVV86081.1 1
elongation factor Tu QSE49585.1 6
malate dehydrogenase GGN09766.1 7
nitrogen regulatory protein P-II VEE62836.1 1
phosphate-binding protein GGN13613.1 1
tungsten ABC transporter

GGN29504.1 1
substrate-binding protein
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Table S15: Fungi proteins identified in the permeate solution after depilation.

Species Protein
NCBI

PSMs
# of unique

accession peptides

Alternaria alternata Actin, gamma OWY50982.1 418 5

Aureobasidium pullulans MFS transporter TIA60903.1 1 1

Cutaneotrichosporon hypothetical protein
KLT39409.1 1 1

oleaginosum CC85DRAFT_197039

Didymella exigua
uncharacterised proteins:
M421DRAFT_418802 XP_033450740.1 1 1
M421DRAFT_90003 XP_033452013.1 1 1

Geotrichum

candidum

hypothetical proteins:
CDO54370.1 3 1
CDO55685.1 1 1

similar to Saccharomyces cerevisiae:
YLR167W RPS31 CDO51676.1 149 2
YOR099W KTR1 CDO57638.1 1 1

Pseudomicrostroma
thioredoxin H-type-like protein XP_025348933.1 176 1

glucosiphilum

Rhodotorula graminis
uncharacterised protein

XP_018271446.1 6 1
RHOBADRAFT_66416

Trichosporon asahii

hypothetical proteins:
A1Q1_00799 EJT52894.1 1 1
A1Q1_02608 EJT48325.1 2 1
A1Q1_03082 XP_014183647.1 1 1

Yarrowia

lipolytica

elongation factor Tu QNP99396.1 5 1
hypothetical protein YALI1_F15517g AOW07013.1 2 1

YALIH222S03e22804g1_1 VBB85732.1 196 2
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Table S16: List of potential antimicrobial secondary metabolites identified in the
metabolomics analysis of permeate that depilated sheepskin. Sample, permeate after
depilation. Control, sterilised permeate prior to incubation.
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CHAPTER 6. FINAL CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Overall conclusions and future direction

This investigation, undertaken to understand the molecular mechanism behind the
ability of milk and milk by-products to both preserve and depilate sheepskin, lays
the foundations for a shift away from the use of environmentally hazardous chemicals
by the leather industry towards a more sustainable process.

We showed in this study, that leather made from sheepskin depilated using
permeate had the same properties as that produced using the traditional
beamhouse method and if anything had a better appearance. In contrast to the
leather made the traditional way, no sodium sulfide or strong alkalis were used,
and much less water was required during processing. Furthermore, skins could be
preserved in the permeate solution for up to seven days, while depilation was
occurring, reducing the use of salt and water. This process was tested on multiple
pieces of sheepskin of different size (up to one quarter of a pelt) over three years,
and regardless of biological differences or size, depilation was always successful.
Another advantage to using this process is that after depilation, four pre-tanning
steps, liming, deliming, bating and pickling could be skipped, and the skins taken
straight to degreasing and tan.

These studies have resulted in partial explanations of some of the observations
made during these experiments and provided some understanding of the complex
mechanisms involved.

Firstly, it was established early on that restricting the carbon source of the skin
microbiome to lactose was initially responsible for restricting the growth of many
organisms that rapidly multiplied in water to cause putrefaction. This also
promoted the growth of lactic acid bacteria resulting in a drop in pH that further
controlled the species able to grow. On top of this, the complex balancing of the
microbial community as shown by the metagenomics results, also played a part.
Time restrictions did not allow a more thorough investigation of these changes, as
to understand the process completely, an in-depth study of the viable organisms at
each stages of the depilation is required. This is possibly something that could be
achieved using flow cytometry.

Another factor in the preservation observed with this process was the production
of metabolites by the microbial population during depilation. A preliminary
metabolomic study produced some tantalising results, showing the antimicrobial

190



6.1. OVERALL CONCLUSIONS AND FUTURE DIRECTION

substances, such as indol-3-acrylic acid, a substance active against a number of
gram-negative bacteria had an abundance more than 2000-fold higher than the
control. Time did not allow this study to be done with the required number of
replicates to make the findings statistically reliable, thus to confirm them, another
study should be undertaken to optimise the extraction and repeat the analysis on
a suitable number of biological and technical replicates.

Secondly, the results from the biochemical analyses showed why the skin had such
a good appearance and could be converted into fine leather. However, a major
unanswered question is what enzyme or enzymes are implementing the depilation
and why is there an apparent protection of the molecules making up the basement
membrane and the junction between it and the dermis? Unfortunately time did
not allow an investigation into the identification of potential enzymes but strong
circumstantial evidence suggests that they are either secreted by one or more of
the microorganisms identified in these studies, or come from lysed cells. The fact
that the wool was removed so cleanly from the follicle suggests that the activity is
due to enzymes with relatively specific substrates. Once a more thorough analysis
of the live/dead cell population has been made, it should be possible to incubate
sterilised (gamma radiation) pieces of skin with combinations of the viable species
identified to try and find those responsible for the activities observed. It should
then be possible to isolate enzymes in the media and to identify them. Such a study
proved to be beyond the scope of this project.

Although the tests carried out indicated there were no significant differences
between the leathers produced using both these processes, there were minor
differences between the skins depilated with permeate, and pickled skin produced
by the beamhouse process, with permeate-depilated skin having a slightly better
tear strength. TEM gives a very small snapshot of the collagen structure of skin.
A better technique to obtain a picture of the organisation and architecture of the
collagen fibres in skin is to use small angle x-ray scattering (SAXS) as shown by
Naffa et al., (2017)1. A SAXS study comparing skins processed using both these
processes would show if the small differences in the tear strength of the pre-tanned
skins observed in this work have a structural basis, which disappears on tanning.

Finally, SEM showed the presence of bacteria on the skins depilated with permeate.
Tests need to be done to see if these cells are viable, if they can be identified, and
if they remain viable after the skin is tanned.
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Whether or not this process is taken on board by the industry remains to be seen.
One problem is the availability of whey or permeate. Fonterra processes most of
its whey and further fractionates it into a lactose-rich permeate and a protein-rich
retentate. The permeate is used for the production of lactose and is added back
to milk to standardise protein content for the production of milk powder, or used
to make lactose that is used as a filler in tablets by the pharmaceutical industry.
The retentate is used for the production of whey protein that is used for the food
and beverage industries. Therefore, the use of both these products may not be cost
effective. Smaller dairy companies may have to get rid of whey or permeate, but
whether they would be able to provide enough volume to the leather industry is not
known. The provision of vats large enough to transport the skins should not be a
problem, but in order to scale the process up research on the optimum volume of
whey or permeate to skin would need to be assessed as well as the efficacy of the
process on stacked skins.

In conclusion, this preliminary study has paved the way for the development of
a depilation process that is kind to the environment. More research is needed to
investigate its potential use with other animal skins. It is possible that further work
based on this study may be able to produce a cocktail of enzymes that does indeed
’depilate without damage’.

6.2 References
[1] R. Naffa. Understanding the molecular basis of the strength differences in skins used in
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