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Highlights

different genetic types of sheep (Ovis aries) have wool with different quality
traits;

here we study the effects the genetic type of each breed on the wool proteome
and morphometric characteristics;

Merino, Bordaleiro and Churro, 3 sheep types, have wools with different
morphological and proteome characteristics;
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major differences were found between Merino and Churro types with respect to
keratins K75 and K38;

KAPs differences in Merino vs. Churro: higher orthocortex cell type related to
higher curvature in Merino.

Abstract

Wool properties and commaodity value vary considerably between breeds. In Portugal,
three major ovine groups exist: Churros, Bordaleiros and Merinos. This work studies
the effect of the ovine genotype on the wool proteome of such groups. Wool was
collected from 15 ewes/breed and genetic groups: Churra da Terra Quente (CTQ) or
Churro, Serra da Estrela (SE) or Bordaleiro and Merino Branco (MB) or Merino.
Proteins were extracted and subjected to label-free proteomics analysis. A total of 50
keratinous protein groups were identified in all the samples, divided into type | and Il
keratins and the keratin associated proteins: high-glycine-tyrosine proteins, ultra-high
sulphur proteins and high-sulphur proteins. Major differences were found between
MB and CTQ with respect to K75 and K38, both medullar proteins and to a lesser
extent between SE and CTQ suggesting that these might be good markers for this trait
in wool. Partial least squares discriminatory analysis proved MB to be readily
distinguishable from the other two breeds. Further differences were noted in keratin
associated protein levels between the three breeds, normally an indicator of higher
levels of orthocortex and also their relationship to high curvature, high crimp fibres
like Merino.

Biological significance

The ovine genetic type has strong effects on wool productivity parameters and quality
traits. In this work, we compare the proteomes and the microscopical characteristics of
the wool from three distinct ovine genetic types from Portugal: Merino, Bordaleiro
and Churro. Important differences were found regarding keratin associated proteins
and keratins K75 and K38, suggested as putative markers for quality traits in the wool
proteome such as the average curvature.
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1. Introduction

Animal fibres are valued and important commaodities for textile industries worldwide.
The highest value fibres include mohair and cashmere from goats (Capra hircus),
alpaca (Vicugna pacos), giviut from muskox (Ovibos moschatus) and of course wool
from sheep (Ovis aries). The latter is by far the most important animal fibre, being
widely used by the textile industry with an estimated 1.160 million kg of clean raw
wool produced globally by more than 1.163 billion sheep in 2015 [1]. Wool has
historically played a major role in the economies of countries such as Portugal or
Spain in the 15th Century and the UK, Australia and New Zealand since the onset of

the industrial revolution in the 18th Century.
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Wool is nevertheless an inconsistently applied convenient name for a quantity of fine
or uniform fibres from a variety of mammals (e.g., sheep, goats, camelids and rabbits)
for the textile industry. However, at an industrial scale, wool is obtained only from the
ovine (Ovis aries) species. Numerous breeds are available worldwide in a plethora of
production systems that include the production of wool, but also milk and meat. Ovine
breeds are divided into two major categories: hair breeds and wool breeds, with the
diameter of individual fibres in the latter being much finer than the former. Typically,
hair sheep are characteristic of tropical regions of the world whereas wool sheep are
found mostly in temperate regions. In turn, wool sheep are recognised as having three
categories: coarse, mid-micron and fine wool. The textile industry uses essentially
fine wool for garments and the others for the manufacture of other goods such as rugs
or carpets. The present lines of domesticated sheep were derived from the mouflon
(Ovis orientalis) over 10,000 years ago [2]. It is believed that initially, all domestic
sheep were hair sheep, with a smaller proportion of finer under hairs, as seen in most
of Europe's oldest breeds, such as those in Scandinavia that have remained unaltered
since the Viking age. It is thought that the fine fleece, as found in the merino sheep,
was a result of a gradual narrowing of fibres, particularly in the primary follicle.
Coupled with this, was the loss in the importance of the primary follicle, resulting in a
switch in the secondary:primary follicle proportion from 1:20 to one precisely the
opposite. Present evidence suggests that the fine fleece developed at some point in the
later first century AD [3].

Despite its relatively small geographical size, Portugal in SW Europe, accounts for
fifteen different autochthonous sheep breeds. These, in turn can be divided into three
major groups: Churro, Bordaleiro and Merino with respectively 7, 5 and 3 breeds.
Churro breeds are very ancient and are believed to have remained unaltered since pre-
Roman days. They are typically farmed in small-scale mountain production systems,
being very tolerant to harsh climates and poor-quality pastures. On the contrary,
Merino breeds are more recent (early medieval age) and are farmed in commercial
farming systems in the southern plains, mostly in the Alentejo region. Finally,
Bordaleiro breeds are mostly dairy sheep and used extensive dairy production systems
in Central Portugal. Of the three types of fleece, Churro breeds produce a very coarse
type of wool (over 80 pm) with long and hanging fibres whereas Merino breeds
produce a high-quality fleece with a very thin (8-25 um) curly fibre. Finally,
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Bordaleiro breeds produce an intermediate type of fleece with a thickness of 25—

40 um [4]. Fig. 1 shows examples of the three different breeds with their distinctive
fleece and wool differences (Fig. 2). In the present production conditions in Portugal,
only Merino wool has any commercial value and the industry tends to favour white
fibres and devalue pigmented wool. Nevertheless, the production of certified products
and the establishment of specific alternative niche markets from autochthonous breeds
are growing in importance [5].
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Fig. 1. Major Portuguese Ovine groups: Churo, Bordaleiro and Merino differing in the
type of fleece. Representative breeds used in this study are shown here: Churra da Terra
Quente (A), Serra da Estrela (B) and Merino Branco (C).
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Fig. 2. Samples of wool staples from: (A) Merino Branco (MB), (B) Serra da
Estrela (SE) and (C) Churra da Terra Quente (CTQ).

Proteomics is a set of techniques of growing importance in the field of animal and
veterinary sciences [6], albeit with some limitations, particularly when making
comparisons to model species [7]. Its use has been demonstrated in numerous areas,
from meat science and technology [8] to the study of tick-borne disease virulence [9]
or the goat mammary gland physiology [10]. During the last two decades, proteomics
has been extensively used to study the wool protein composition and its relation to
quality. Indeed, since the earlier works [11], numerous studies have been published on
this aspect. These include the proteome of the wool cuticle [12], the effect of nutrition
on the merino wool proteome [13] or the wool fibre morphogenesis [14]. The subject
has furthermore been extensively reviewed [15] and readers are directed to it for
further information.

Interestingly, fibre/wool proteomics has seldom been used to study species and breed
differences. Indeed, Thomas and co-workers conducted the first interspecies
comparison of morphology, ultrastructure, and proteome of keratin fibres in different
mammal species: sheep, goat (mohair), rabbit and alpaca [16]. More recently,
proteomics has been used to differentiate sheep from goat fibres [17]. However,
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concerning breed comparison studies, to the best of our knowledge, very few studies
seem to be available. Our research teams have recently published a study that
contrasted the differences between the white and black merino breeds, highlighting
differences mostly at the level of high-sulphur proteins or HSPs and high-glycine-
tyrosine proteins or HGTPs [5].

The objective of this study is to compare the three different ovine types with respect
to their wool quality traits, namely fibre diameter and curvature, as well as the protein
abundance patterns and for this a label-free approach was adopted [18]. Our ultimate
goal is that of understanding the effects of protein composition on wool quality traits
in three very diverse types of sheep that are in turn representative of the major sheep
populations existing in Southern Europe and, hence, what consequences this might
have for the conventional and alternative textile industries. Given that proteins make
up 98% of the total fibre content by weight [19] and 85% of these are the keratinous
proteins [20] we chose to focus on the keratin proteome in this study.

2. Materials and methods

2.1. Animals and sample collection

Methodologies were adapted from Plowman and co-workers [5]. In this study, we
sourced Merino (Merino Branco breed) wool samples from commercial farms in

the Evora District in Alentejo region (Southern Portugal), Bordaleiro (Serra da
Estrela breed) wool from the Coimbra District in the Beira Interior region (Central
Portugal) and Churro (Churra da Terra Quente breed) wool from the Vila

Real District in the Tras-os-Montes region (Northeast Portugal). These were randomly
obtained from ewes shorn in the shearing season in May—June 2018. All the animals
were raised under an extensive management system based on natural pastures. The
age of the animals ranged between 3 and 6 years, had a similar body condition score
(2.5t0 3.5 in a scale of 1 to 5) and were registered in the different herd books,
managed by the different Breeders Associations for each breed. An area of
approximately 100 cmz2 was shorn from the left hind quarters of each animal and kept
in paper envelopes until further proteomic analysis. A total 5 different animals per
breed were sampled, with one wool sample per animal.
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2.2. Wool diameter and curvature determinations, scouring, protein extraction
and quantification

The mean fibre diameter and the curvature of the wools were determined with an
optical fibre diameter analyser OFDA 2000 (BSC electronics, Ardross, WA,
Australia) at SGS New Zealand Ltd. (Timaru, New Zealand) following the
manufacturer's instructions. This involved scouring five staples from each animal,
which were then subsampled before being cut into 2 mm snippets. The results are
reported as the mean fibre diameter and curvature of the five animals from each breed.

Extraneous dirt and sebum was removed from the wool fibres from each animal by
washing first with 0.15% Teric GN9 twice for 2 min each time at 60 °C, followed by
washing twice with water for 2 min each time at 60 °C. The fibres were air dried
overnight and then washed twice with dichloromethane, twice with ethanol and twice
with water for 30 s each time before being snipped to approximately 1 mm in length
with scissors. Four 10 mg scoured wool samples per breed were shaken for 18 h with
1 ml of 7 M urea, 2 M thiourea, 50 mM tris buffer and 50 mM dithiothreitol at pH 9.3.
The wool protein extracts were quantitated using a 2DQuant kit (GE Healthcare
Lifesciences, Auckland, New Zealand) following the manufacturer's instructions.

2.3. Label free quantitative (LFQ) proteomics analysis

A total of 150 pg of protein from each sample was taken and precipitated using
methanol/chloroform. The precipitate was resuspended in 60 pL of 0.1 M ammonium
bicarbonate. The protein was chemically reduced by agitation with 20 uL of 100 mM
tris(2-carboxyethyl) phosphine at 56 °C for 45 min. The proteins were then alkylated
by the addition of 20 pL of 150 mM iodoacetamide, with agitation at room
temperature in the dark for 30 min. Sequencing grade trypsin (trypsin to protein ratio
1:50) was added, and the digestion mixture was incubated overnight at 37 °C in the
presence of 10% acetonitrile. The digests were desalted using Pierce ™ C-18 spin
columns (Thermo Scientific, USA), dried down and stored at-20 °C until further use.
Before mass spectrometric analysis, the samples were resuspended in 40 ul 0.1%
formic acid. The resuspended digest was further diluted five times prior to injection
into the mass spectrometer.



LC-MS was performed on a nanoflow Ultimate 3000 UPLC (Dionex) coupled to an
Impact HD mass spectrometer equipped with a CaptiveSpray source (Bruker
Daltonik, Bremen, Germany). For each sample, 1 uL of the sample was loaded on a
C18 PepMap100 nano-Trap column (300 um ID x 5 mm, 5 um 100 A) at a flow rate
of 3000 nl/min. The trap column was then switched in line with the analytical column
ProntoSIL C18AQ (100 um ID x 150 mm 3 um 200 A). The reverse phase elution
gradient was from 2% to 20% to 45%B over 60 min, total 85 min at a flow rate of
1000 nl/min. Solvent A was LCMS-grade water with 0.1% Formic acid; solvent B
was LCMS-grade ACN with 0.1% FA.

To profile protein expression patterns, the analytes were detected via MS-only mode
in positive ion mode, with a mass range between 130 and 2200 m/z and a sampling
rate of 2 Hz. All samples were measured in duplicate. To link the expression levels
with identifications, a pool per breed was created by combining 5 ul of every sample
digest, and these pools were run via LC-MS/MS in triplicate in data-dependent
acquisition mode, with an acquisition speed of 2 Hz in MS and 1-20 Hz in MS/MS
mode depending on precursor intensity. Ten precursors were selected in the m/z 350—
1200 range, with preference for doubly or triply charged peptides. The analysis was
performed in positive ionization mode with a dynamic exclusion of 60 s.

Following the LC-MS run, the QTOF data were searched using Peaks Studio 8.5
(Bioinformatics Solutions Inc). The raw data were refined by a built-in algorithm and
protein/peptides were identified using the following parameters: a precursor mass
tolerance of 10 ppm; fragment mass tolerance of 0.05 Da, a taxonomy of Ovis

aries with an in house Sheep_uniprot_ovine_2016_10 plus_keratins database. This
database was derived from the Uniprot 2016_10 database, augmented by 54 AgR
sequences from EST contigs, annotated by BLAST searching against the NCBI
database and keratin sequences from the NCBInr non-redundant database. Trypsin
was chosen as the proteolytic enzyme and up to 2 miscleavages were allowed.
Carbamidomethyl (C) was specified as fixed modification, and oxidation (M),
deamidation (NQ) and phosphorylation (STY) were chosen as variable modifications.
A false discovery rate (FDR) of 1% at the peptide-spectrum match (PSM) level was
used for peptide identification in Peaks. In addition, the Peaks post-translational
modification (PTM) A-score was set to 50, de novo only ALC > 80% and only



proteins with a minimum of 1 unique peptide identification were included. As the
keratin-family of proteins is known to have highly similarly in protein sequences, the
quality of identification of all peptides was checked manually. Quantification of
proteins is performed via the Label-free workflow in Peaks with following settings: a
mass error tolerance 15 ppm, a retention time shift of 2 min and a FDR threshold of
1% for peptides. Protein quantification was estimated by using the area under the
curve values of the top three unique peptides per protein.

2.4. Statistical analysis

For the purposes of statistical analysis, the three breed groupings were used, as
defined by their particular breed names: Merino Branco (MB) wool, Serra da Estrela
(SE) wool and Churra da Terra Quente (CTQ) wool. Results for wool diameter and
curvature were compared using ANOVA-single-factor proceedings.

The keratin proteome analysis was performed in a two-fold way: First, to detect
differentially expressed proteins, quantitative protein values were compared between
sheep breeds. This protein-by-protein comparison was made with a linear mixed
model (LMM) analysis. Each LMM analysis modelled correlation between duplicated
measurements of each sample as a random effect, and breed effects (factor with three
levels) as fixed effects. All LMM analyses were carried out with the statistical
software R, using the Imer() function of the Ime4 package.

Second, to allow visualisation of the protein profiles per sample and breed, partial
least squares discriminatory analysis (PLS-DA) was carried out on the keratin-family
subproteome. Quantitative protein data were scaled and centred prior to subjecting the
dataset to partial least square analysis using the plsda() method from mixOmics
(version 6.9.2) in R (version 3.6.1). The results were plotted using plotindiv() from
the same package. The PLS-DA loadings from the pairwise comparison between
breeds were exported and used to generate the loadings and abundance plot using R.

2.5. Transmission electron microscopy (TEM)

Our research group has extensively studied Merino type wools using transmission
electron microscopy [16,21,22]. Given the descriptive nature of these studies, we
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found it would be redundant to conduct in the Merino Branco breed. As such, we have
focused on CTQ and SE. Wool samples from two CTQ and two SE animals were
scoured with detergent (Teric GN9) and then heptane. Processing using three cycles
of en bloc reduction-osmication is described previously [21], and only brief methods
are given here. The fibres were chemically reduced (2-mercaptoethanol) then stained
with 1% osmium tetroxide (repeated thrice). Samples were then stained with 2%
uranyl acetate, vacuum dehydrated and embedded in procure 812-araldite epoxy resin.
Ultrathin (90 nm thick) sections were cut using an Ultracut UCT ultramicrotome
(Leica, Wetzlar, Germany) fitted with a 45° diamond knife (Diatome, Nidau
Switzerland) and sections enhanced with 2% UA (1 min) and 0.2% lead citrate (20 s).
Sections were examined using a FEI (Hillsboro, OR, USA) Morgagni 268D
transmission electron microscope, and micrographs captured using a Tengra digital
camera (Emsis, Muenster, Germany) mounted below the phosphorus screen.

3. Results

3.1. Macroscopy and microscopy studies

There were considerable differences in appearance between fibres from the three
breeds and this was reflected in the results from the OFDA analysis (Table 1). The
CTQ fibres were notable for their coarse, straight fibres, more characteristic of kemps
or guard hairs and these had the highest fibre diameter (mean of 43.8 um) and lowest
curvature (mean of 25.8°/mm) of the three breeds. At the other extreme were the MB
fibres that had the lowest fibre diameter (mean of 24.4 um) and highest curvature
(mean of 115.2°/mm). The SE fibres lay in between these with a mean fibre diameter
27.2 pym and mean curvature of 73°/mm. On the basis of the p-value SE fibres are
significant different from CTQ fibres and MB fibres significantly different from CTQ
fibres on the basis of both their mean fibre diameter and curvature. In contrast, MB

are only significantly different from SE on the basis of their curvature.
Table 1. Mean fibre diameter and curvature of the individual sheep from the study along
with the p-values. Statistically significant differences are marked with an asterisk.

Ovine Breed Type Mean fibre diameter (um) £ SD Curvature (°/mm) £ SD

Churro 43.8+13.4 25.8+9.42
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Ovine Breed Type

Bordaleiro

Merino

Bordaleiro vs Churro

Merino vs Churro

Merino vs Bordaleiro

Mean fibre diameter (um) + SD

27.2+5.0

244+48

0.049*

0.029*

0.396

Curvature (°/mm) £ SD

73.0£10.90

115.2 +10.66

<0.001*

<0,001*

<0.001*

Staples of cleaned CTQ and SE wool differed macroscopically from one another (Fig.
3). Both CTQ and SE contain guard hairs as well as underhairs. In CTQ samples the
guard hairs were prominent and underhairs were very short (Fig. 3A).

A
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Fig. 3. Photographs of scoured staples of (A) CTQ and (B) SE wool fibres. In both cases
the tip is left.

In CTQ samples, four underhairs examined by transmission electron microscopy
(TEM) had elliptical profiles (Fig. 4A). These underhairs were not medullated and had
distinctly differentiated orthocortices and paracortices (Fig. 4B) that each had a
bilateral arrangement bisecting the long axis of their elliptical profiles (Fig. 4A).
Guard hairs in the CTQ sample included those with a diameter less than some
underhairs (Fig. 4C) and also many of much higher diameter (kemps). Cortical cell
types in CTQ guard hairs contained orthocortex and paracortex, and cells that were
intermediate (sometimes called heterocortex). Typically the fibril-matrix structure
from cells that resembled paracortex at lower magnification (Fig. 4D) was composed
of macrofibrils with low-intensity double-twist structure when examined at high
magnification (Fig. 4E).
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Fig. 4. Transmission electron micrographs of cross-sections of CTQ underhairs and guard
hairs. A. Underhair. B. High magnification of underhair cortical cells at fibre centre. C.
Small guard hair with central medulla. D. Cell types within small guard hair. E. High
magnification of cortex cell of small guard hair. F. Part of a high-diameter guard hair.
Abbreviations: Co, cortex; Cu, cuticle; M, medulla; O, orthocortex; P, paracortex.

Five underhairs from SE samples examined by TEM were circular in profile and had
clearly defined orthocortices and paracortices in a bilateral organisation (Fig. 5A). A
high level of differentiation between orthocortex and paracortex was clearly visible in
underhairs at cortex (Fig. 5B) level and at high magnification (Fig. 5C). The
organisation of smaller (Fig. 5D) and larger (Fig. 5E) guard hairs was similar to that
of hairs from CTQ wool.
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Fig. 5. Transmission electron micrographs of SE underhairs and guard hairs. A.
Underhair. B. Clearly defined orthocortex and paracortex in an underhair. C. High-
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magnification of underhair cortical cells at fibre centre. D. Part of a smaller guard hair. E.
Part of a larger guard hair. Abbreviations: Co, cortex; Cu, cuticle; M, medulla; O,
orthocortex; P, paracortex.

3.2. Proteomics analysis

Quantitative analysis of keratin proteins in hair fibres has a number of challenges not
the least of which is the high degree of homology between proteins in the various
families, which can be as high as 92% between the four major trichocyte (hair) type |
keratins [23]. One other issue is the diversity in the keratin and keratin associated
proteins, there being nine type | keratins, seven type Il keratins and a total of 89
keratin associated proteins, the latter generally subdivided into three classes, HSP,
ultra-high sulphur protein and HGTP. A further complication is the high degree of
polymorphism found in the KAPs, with three examples of length polymorphism being
evident in KAP1.1 and nine polymorphisms in each of KAP1.2, KAP1.3 and KAP1.4.
The KAP4 family is notable for having 27 members made up of combinations of two
repeat sequences in proteins of different lengths, making unique identification of
every protein in this family difficult. Keratins expressed only in the cuticle, including
K32, K82 and K84, are less readily extractible compared to those in the cortex, while
those like the KAPS5 family found only in the a-layer, a type of cornified cell
envelope, can only be extracted by approaches that cleave cysteine peptide bonds
[24]. For these reasons it is highly unlikely that all keratin and KAP proteins can be
identified in any one fibre sample and the high degree of homology among the various
keratin protein families limits the number of unique peptides available for quantitative
pUrposes.

A total of 206 proteins within 78 protein groups were identified in the wool samples;
where a protein group is defined by Peaks as highly similar sequences which were
assigned to that group based on observation of the same set of identifying peptides (or
subsets thereof) in the LC-MS/MS run [25]. Of these 78 protein groups, 50 were
matched to keratinous proteins; specifically 4 epithelial keratins, 16 trichocyte
keratins and 30 keratin associated proteins (KAPs). Among the non-keratinous
matches were actin, vimentin, galectin, four histones, a 60S ribosomal protein, UDP-
glucuronytransferase and peptidyl-prolyl-cis-trans-isomerase. Full proteomics results
are presented in detail in supplementary materials 1 and 2. For the major four cortical
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Type | and four Type Il trichocyte (hair) keratins sequence coverage was found to
range between 84 and 94%, while cuticular keratins have lower sequence coverage,
for K32 only 30%. At least half of the KAPs had sequence coverages of over 60%,
with KAP4.5 and KAP16.2 at 100% coverage, while KAP9.2 had a sequence
coverage of 25% and KAP15.1 only 19%. In contrast the non-keratinous proteins had
very low sequence coverages, for instance Histone H2A had a sequence coverage of
7% and ubiquitin a coverage of 12%, both with only one peptide identified.

The LFQ analysis was confined to the quantitative data for the keratins because
keratins and KAPs are the primary structural components of wool fibres [26,27] and
guantitative 2-dimensional electrophoretic studies have shown a strong association
between changes in these proteins and changes in internal fibre morphology [28].
When looking at the protein profiles of these keratin subfamily of each of the samples,
MB could be discriminated from the other two breeds using partial least squares
discriminatory analysis (PLS-DA). (Fig. 6). In contrast, there was a slight overlap
between the SE and CTQ breeds with the latter appearing almost as a subset of the SE
breed.

PLS-DA using 50 keratin proteins
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Fig. 6. PLS-DA analyses of the three breeds using 50 keratin and keratin associated
proteins. The ellipses represent the 95% confidence level of the discrimination algorithm.
PLS-DA analyses indicated a separation of the MB samples from the SE and CTQ
samples. The CTQ samples clustered completely within the predicted area of the SE
samples. Samples SE8a and SE8b clustered together with the CTQ samples.

Differential abundance levels for each of the keratin and keratin associated proteins is
presented in Fig. 7(B). Seven proteins were identified as differentially abundant

(P < .05 from LMM) in the comparison between CTQ and MB, and three proteins
between the MB:SE and CTQ:SE comparisons. One protein of high importance to the
discrimination between MB and CTQ was K75v1, the fold change being 23.9-times
for CTQ over MB (P =.004 from LMM analysis). In addition to these proteins, other
keratins show differential abundance between the three breeds, K35 showing
increased abundance in CTQ as opposed to MB (P =.044).
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Fig. 7. Discriminant analyses contribution (A) and protein level abundance (B) of the 50
keratin and keratin associated proteins for each pairwise breed comparison. The fold
change ratio for the individual proteins in (B) between breeds are indicated within each
block. Negative fold changes are in blue and positive fold changes in green/yellow/red,
the intensity of the colour being a measure of the distance of the fold change from unity.
Missing values indicate that one or more breeds had no abundance measurement for the
specified protein in any of the samples. Significant fold changes are indicated with an
asterisk (P < .05 from LMM). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Among the fold changes between breeds, the HGTPs, KAP6.1, KAP19.1 and
KAP19.3 were found in higher amounts in MB than both SE and CTQ, and there was
also more of these proteins in SE than CTQ (P =.042 for KAP6.1 MB vs. CTQ

and P = .011 for KAP19.3 MB vs. CTQ, all others P > .05). In addition KAP8.1 and
KAP8.2 (P =.021 for KAP8.1 and P =.025 for KAP8.2) were found in higher
amounts in MB vs CTQ (Supplementary material 3). It is important to mention that
large quantification variations were seen for some proteins measured among replicates
(median CV% > 50% for all three types of samples analyzed). Such fact must be taken
into account when interpreting data.

4. Discussion

Transmission electron microscopy suggests that CTQ and SE wool contain a similar
cast of hair types, underhairs (wool) and various diameter guard hairs, higher by
comparison to those normally found in Merino breeds. Within such hair types there is
much similarity in fibre ultrastructure with the primary difference being in the size
and elongated cross-section profile of the underhairs from CTQ sheep. While the SE
underhairs, which have a more circular cross-section, are similar in organisation to
other fine wools, for example, from commercial merino sheep, the CTQ underhairs
are much higher diameter.

The underhairs from CTQ are unusual for a high-diameter wool fibre because they
contain exclusively highly-differentiated cortical cell types with no intermediate types
(Fig. 4A and B). Orthocortical cells in CTQ contain only small, well-separated
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macrofibrils and paracortical macrofibrils, that are highly fused to one another and
have negligible levels of filament twist (i.e., close to zero double-twist intensity). It
has been observed in other breeds that as fibre diameter increases there is a tendency
for both paracortical and orthocortical cells to increasingly contain macrofibrils of
ambiguous structure [[28], [29], [30]]. Often these intermediate forms contain regions
of strict hexagonal filament packing and were called mesocortex [28].

CTQ guard hairs were different from underhairs because they often contain
intermediate forms of macrofibril (i.e., low double-twist intensity) (Fig. 4D and E).
Diameter plays an important role in wool structure and it is often difficult to address
the question of whether a fibre's cortical organisation (and presumably proteome) is a
result of diameter or a genetically controlled phenotype because guard hairs in sheep
are typically of very much higher diameter than any wool fibre [29]. However, CTQ
contained some guard hairs of similar diameter to underhairs. The result suggests
independently patterned hair types in each fleece and that highly differentiated
cortical cell types are not purely a consequence of fibre diameter, nor is medullation
[31].

Macroscopic observation (Fig. 3) clearly indicates that despite having similar hair
types, the fleece of CTQ contains a high level of high-diameter guard hairs and
relatively few, and short, underhairs compared to that of SE. At the level of hair
structural components within a given volume of wool, this means that CTQ may have
a greater proportion of medullary proteins than does SE.

Selection of which proteins to include in the LFQ analysis was based on our
understanding of the relationship between fibre morphology and keratin protein
content. The process of keratinisation is an example of controlled cell apoptosis that
sees the removal of most proteins in the fibre, resulting in the predominance of the
keratinous ones [32]. For instance, actin and tubulin, which are present in the
developing follicle, are no longer detectable by 2DE in the keratinised fibre [14]. This
Is further supported in this study where the major trichocyte keratins and KAPs as
identified in other studies ([28,33] respectively) have the highest sequence coverage
and the non-keratinous proteins have the lowest sequence coverage, these non-
keratinous ones mostly only identified by one peptide.

These results provide further support for the proteomic data, the most significant of
which relates to the level of medullation in the three fibre types. In particular, the
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Type Il keratin K75, which is found in the medulla of hair fibres [34], is present at a
level 24-times higher in CTQ than MB. As MB fibres are known to be largely
medulla-free this fold change points to the presence of a considerable amount of
medulla in the guard hairs of CTQ. In contrast the 10-times fold change between MB
and SE is not significant and this is most probably related to the fact that SE wool is
more similar to MB wool than CTQ wool, there being no significant difference in
mean fibre diameter between MB and SE wool (p =.396). This is largely because SE
wool has fewer guard hairs than CTQ, the latter being almost entirely composed of
guard hairs. This suggests that this protein might be good marker for determining the
extent of medullation in fibres from sheep.

In contrast to this, K38, which is also found in the cortex as well as the medulla, is not
a good candidate for a marker for the level of medullation in wool. Though the levels
of this protein are elevated in CTQ relative to MB and reduced in MB relative to SE
these fold ratios are not significant (p = .131 and 0.209 respectively). This is probably
because this protein is present in lower in abundance in the mature wool fibre
compared to K31, K33a, K33b, K34 and K35 (the latter itself being a low abundant
keratin) [30] or even in the developing follicle [14].

One other interesting trend in these fibres is the relatively higher amounts of the
HGTPs in the MB vs CTQ comparison. HGTPs have been associated with orthocortex
[35,36]. This may suggest higher levels of orthocortex in MB wool. There is a general
rule, supported by data that the proportion of orthocortex within wool fibres increases,
concurrently with a decrease in paracortex, as the fibre diameter increases, but that
there is also a significant amount of inter-individual and inter-breed variation in the
relationship [22,30]. The current view, informed by studies of higher diameter wools,
non-ovine hairs and lustre mutant sheep [16,28,37,38] is that the division of cortical
cell types (strictly into orthocortex, mesocortex and paracortex) is a somewhat
simplistic division and that ortho- and para-cortical cell architecture are two extremes
in what is actually a progressives shift between them [28]. It is this view that allows
us to identify that CTQ high-diameter wool fibres are unusual because of the almost
binary highly differentiated orthocortex and paracortex they contain (as opposed to a
gradually differentiated orthocortex and paracortex normally associated with high-
diameter fibres). What this means for the proteome-structure relationship is unclear.
The levels of abundance of the HGTPs between MB and SE were quite similar,
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despite the higher fibre diameter of the underhairs of SE, once again despite the
difference in diameter between MB and SE. Like the earlier study [28] differences in
protein up and down regulation observed in this study reinforces the idea that the
proteome-structure relationship (and mechanomics) of mammalian hair fibre is
complex. CTQ underhairs may be a useful model system contributing to further
investigation in investigating this difficult area.

One unintended consequence of this study is the potential of the LFQ approach to
differentiate between different breeds of sheep. While the LFQ results for these breeds
of wool have not been validated by another method, the relative abundances of the
proteins and their relationship to internal fibre morphology are consistent with what
has been observed in other studies [28,39]. Though the sample size had been limited
to only five animals per breed and no attempt was made to separate the guard hairs
from the underhairs (wool), partial discrimination of the three breeds proved possible
(Fig. 6). The MB breed was distinguishable from SE and CTQ, the overlap between
the latter two possibly being due to the small number of animals used or the presence
of smaller amounts of guard hairs mixed in with the finer fibres of the SE breed.
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