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Evidence of a unique developmental mechanism specifying
both wool follicle density and fibre size in sheep selected for
single skin and fleece characters
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(Received 18 July 1988 and in revised form 25 August 1988)

Summary

Skin and fleece traits have been characterized in four lines of Merino sheep selected for high- and
low-fibre diameter (D*) and staple length (L*) from a medium-woolled flock. Over a period of 20
years, each line responded in the desired direction, producing fleeces composed of thick or thin
fibres and long or short wool staples. However, variations in the amounts of wool grown that
might be expected from these procedures were compensated by changes in unselected characters.
Thus a predicted difference in fleece weights between high and low staple length lines was reduced
by an increase in fibre crimp frequency in L~ sheep. Similarly, changes induced in fibre diameter in
the D lines resulted in small effects on fleece weight in comparison to the large (and inverse) effects
on follicle numbers. Towards the end of the selection regime, mean follicle density in D" sheep was
twice that of D+ sheep. This intriguing response within the follicle population was examined
further: an analysis of the relationship between follicle density and fibre diameter amongst the four
lines revealed a highly significant, negative linear correlation. The implication of this statistical
association is that the numbers of follicles initiated in skin during foetal life had a direct bearing
on the sizes of wool fibres eventually produced. It was concluded that both features must be under
the control of a single developmental mechanism. Since the expression of each of the characters is
separated in time, the mechanism must be activated during the earlier event, i.e. at or before the
phase of follicle initiation.

. I , . density being greater in fine-woolled than in strong-
woolled animals. Three major types of follicles have

Wool growth in the Merino sheep is a continuous been described in the Merino and are established
process with little seasonal variation. Production is a during successive waves of initiation in the foetus. The
function of the activities of individual follicles (each of primary (P)* follicles constitute 5-10% of the popu-
which elaborates one fibre) and the numbers of lation and are formed first, each being distinguished
follicles present in the skin. Although the character- by the presence of a sweat gland and an erector
istics of each fibre are a consequence of the genetic muscle. The remaining, secondary (S) follicles lack
specifications of the follicle, there are a multiplicity of these associated structures and include secondary
local, systemic and environmental factors which affect original (SO) and secondary derived (SD) follicles,
its size, shape and composition (e.g. Reis, 1979). The latter do not occupy areas of uninvolved skin but
Notwithstanding these influences, certain fibre charac- develop as branches from the distal regions of the
ters have been found to be correlated with particular piliary canals of SO follicles (Hardy & Lyne, 1956).
functional and morphological features of follicles As part of a series of investigations to elucidate the
(Rudall, 1956; Schinckel, 1961; Henderson, 1965; developmental processes that specify follicular pattern
Wilson & Short, 1979). and fibre type, we have examined skin and fleece traits

The size of the follicle population is defined in the in four Merino sheep selection lines, each differing in
skin before birth. The total number of follicles that single fibre characters. These included high- and low-
develop is highly variable in different lines of sheep, fibre diameter (D1) and high- and low-staple-length
t Corresponding author G. P. M. Moore. (L*) lines. Here we confirm that selection for
* Abbreviations- D± high/low woo! fibre diameter; L±, high/low particular fleece traits is accompanied by large changes

wool staple length; P, primary (follicle or fibre); S, secondary f , . , ™ i , ,

(follicle or fibre); SD, secondary derived (follicle or fibre); SO, m unselected characters. The nature of these changes
secondary original (follicle or fibre). is such as to reduce expected effects of selection on
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wool production and suggest the existence of a single
developmental mechanism controlling both fibre type
and follicle density in the skin. A report dealing with
some of the concepts detailed here has previously
appeared in abstract form (Moore & Jackson, 1984).

2. Materials and methods

(i) Animals

Sheep used to initiate the programme were medium-
woolled Merinos originating from a single flock. The
animals were grazed at Gilruth Plains Field Station,
Cunnamulla, Queensland, between 1950-65 and subse-
quently at Longford Field Station at Armidale, NSW.
A selection regime was maintained for 20 years to
establish a number of lines which differed in single
skin or wool characters (Turner et al., 1970). Subse-
quently, the sheep were maintained as distinct lines
without further selection. A control flock was kept by
a random breeding regime. The present study examines
data collected from rams and ewes selected for high-
(L+) or low- (L~) wool staple length and for high-
(D+) or low- (D~) fibre diameter. Further comparative
data on the animals have been provided by Jackson &
Downes (1979).

(ii) Skin and fleece characters

Data collated in Table 1 and Figs 1-5 were obtained
from an average of 40 rams and ewes in each selection
line and the control flock, born between 1950 and
1974. Fleece weights and wool samples were obtained
at hogget shearing at 13-15 months of age.

Histological preparations were made from skin of
six adult rams and six adult ewes born in 1974.
Samples were taken from the lateral region of the
trunk with a trephine 1 cm in diameter and fixed in

60% ethanol, 30% formalin and 10% glacial acetic
acid for 4 h. The fixative was replaced with 70 %
alcohol and the tissues were processed using conven-
tional histological procedures. Sections (8 /im thick)
were cut parallel to the skin surface at the level of the
sebaceous glands, and after removal of the paraffin
wax, were stained with haematoxylin, eosin and picric
acid.

With a projection microscope, the numbers of P
and S follicles in sections were counted in eight fields
equivalent to a total area of 8 mm2. P follicles were
identified by the presence of a sweat gland duct and
the erector muscle (Auber, 1950). The numbers of P
and P + S follicles per mm2 were calculated after
correction for skin shrinkage (Carter & Clarke,
1957).

The diameters of fibres recorded in Table 2 were
also obtained from these sections; 50 P fibres and
100 S fibres were measured at a magnification of
x 500. Those of Figs 1 and 4 were obtained from
samples of wool by the method of Turner et al.
(1953).

(iii) Statistical analysis of data

For each pair of lines (D1 or L1), an analysis of
variance was used to separate effects of line, sex, drop
and handicap. Handicap divided animals into singles
progeny of adult ewes, singles progeny of maidens,
twins progeny of adult ewes, and twins progeny of
maidens. Preliminary analyses were conducted to
investigate possible interactions between the main
effects but these were all non-significant sources of
variation and were ignored in the present results. The
means and standard errors for lines in Tables 1 and 2
were pooled over both sexes and all drops and were
adjusted for disproportionate handicap subclass num-
bers.

Table 1. Fleece characters of sheep from lines selected for high- and low-
fibre diameter or staple length {1968—74 drops)

Character

No. of animals
Bodyweight (kg)
Clean wool wt (kg)
Crimp frequency
(per 2-5 cm)

No. of animals
Bodyweight (kg)
Clean wool wt (kg)
Crimp frequency
(per 2-5 cm)

NS; not significant.
* P < 0 0 5 ; ** P <001 .

Diameter + line
mean + s.E.M.

115
2913 + 0-70

1-75 + 005
919 + 0-26

Length + line
mean + s.E.M.

120
32-52 + 0-52
2-20 + 004
909 + 0-24

Diameter —line
mean + s.E.M.

71
29-86 + 0-91

1-61+007
10-42±0-34

Length — line
mean + s.E.M.

106
32-82 + 0-49

1-82 + 004
13-15 + 0-23

F value

0-8 NS

4-7*
161**

0-2 NS

48-5**
174-8**
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Fig. 1. Direct responses to selection for high ( • ) and low
values (# ) of fibre diameter between 1950 and 1970. A,
Control sheep.
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Fig. 2. Direct responses to selection of high ( • ) and low
values ( • ) of staple length between 1950 and 1970. A,
Control sheep.

3. Results

Body weights and fleece characters of sheep from four
selection lines of the 1968-74 drops are collated in
Table 1. Clean wool weight varied between the high
and low lines: D" sheep produced 8% less than D+

sheep and L" sheep 17 % less than L+ sheep.
The characters of fibre diameter and staple length

responded directly to selection in each pair of the D
and L lines respectively, the greater part of each effect
being obtained during the initial period of the regime
(Figs 1 and 2). Wool staples of L+ sheep were
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Fig. 3. Selection for high- ( • ) and low-fibre diameter
(#) ; correlated responses in staple length for D lines. ,
Control sheep.

26

=3

22

18

1950 19701960
Year

Fig. 4. selection for high ( • ) and low staple length (4
correlated responses in fibre diameter for L lines. A,
Control sheep.

);

approximately 50 % longer than those of the L" line.
However, it may be concluded from comparisons of
wool weights (Table 1) fibre diameters and follicle
densities (Table 2) between these lines that differences
in staple length did not reflect large changes in fibre
length, the observed response being due, predomin-
antly, to an increase in crimp frequency in the L~
group (Table 1). Unselected characters of staple
length in the D lines and fibre diameter in the L lines
were also affected but the differences were not large
(Figs 3 and 4; see also Table 2).

The diameters of individual P and S fibres were
measured in sections of skin taken from rams and
ewes of the 1974 drop and are presented as means in
Table 2. In all lines, S fibres were finer than P fibres.
There were no significant differences in diameters of P
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Table 2. Fibre diameters and follicle numbers (mean + s.EM.) of 6 rams and 6 ewes from each of the lines
selected for high- and low-fibre diameter or staple length (1974 drop)

Character

Fibre diameter lines Staple length lines

D+ t value value

Fibres
P diameter (jim)
S diameter (jim)

Follicles
No. P/mm2

No. P + S/mm2

29-1 ±1-0 18-4±10 7-9** 25-3+10 25-3 ±1-0 0 1 N S
25-2 ±0-5 15-6 + 0-5 150** 191+0-5 19-8 + 0-5 1 1 N S

3-6±0-2 31+0-2 1-7 NS 3-4 + 0-2 31 ±0-2 1-1 NS
38-2 + 3-5 80-3 + 3-5 8-5** 49-9 ±3-5 49-3 ±3-5 01 NS

NS, no significant difference between lines.
*P<005; **P<00\
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Fig. 5. Regression of mean follicle density on mean fibre
diameter in the 1970-4 drops of all lines, D+ sheep (O)»
D- sheep (#), L+ sheep (D), L" sheep (•) .

fibres or S fibres between the high and low L lines. In
the D sheep, as expected, the fibres of P and S follicles
of the low line were finer than those of P and S follicles
respectively, of the high line. The latter observations
indicated that there would be more fibres, and
therefore a larger follicle population in D" sheep since
fleece weight and staple length were much less affected
than the selected character (Table 1, Fig. 2). Estimates
of the numbers of P + S follicles confirmed that D"
sheep had approximately twice the mean follicle
density of the D+ animals (Table 2). Secondary
follicles were predominantly responsible for this
difference since P density did not differ greatly amongst
any of the lines (Table 2). Selection for changes in
staple length had no effect on follicle numbers in the
L lines.

The apparent inverse relationship between fibre
diameter and follicle density revealed in the D lines
was examined further. In drops of all lines at the end
of the selection regime (from 1970 to 1974) a highly
significant negative and linear correlation (r = — 0-89)
was found to exist between these parameters (Fig.
5).

4. Discussion

Studies of the effects of selection on single skin and
wool characters of Merino sheep were begun with the
objective of identifying individual traits that could be
used as determinants of fleece weight (Turner et al.,
1970). The methods used to alter fibre diameter and
staple length were effective in the present study and
confirm that characters show direct and correlated
responses to selection. Differences in clean wool
weights which might have been expected between high
and low lines were observed, but were smaller than
effects induced in other, unselected characters. Thus in
L sheep, the difference in staple length between high
and low lines was caused predominantly by an increase
in crimp frequency in the L~ line rather than a
reduction in fibre length. Similarly, whilst fibre
diameter of both P and S follicles of D sheep altered
in the desired directions, S follicle densities showed
reverse responses. These data are consistent with
those of Rendel & Nay (1978) who concluded that
selection aimed at altering a single character within
the fleece induced compensatory changes in fibre
structure or follicle numbers rather than affecting the
total mass of wool. The productive capacity of the
skin may thus be seen as being independent of these
characters (see also Galpin, 1948).

Fraser (1951) and Fraser & Short (1952) attempted
to explain these observations by proposing that wool
production in adult animals was governed by compe-
tition amongst follicles for a limited amount of fibre-
forming substrate. The inverse relationship between
follicle density and fibre size was explained in a similar
way: during foetal life, developing follicles competed
for essential materials, effectively inhibiting the initia-
tion of other follicles within the immediate vicinity.
Large follicles would have inhibitory fields of greater
ranges than those of smaller follicles and therefore,
fewer would be initiated (Fraser & Short, 1960). New
wool follicles only appeared as a consequence of
foetal growth: expansion of the skin area separated
initiated follicles and reduced their inhibitory influ-
ence. In this way the pattern of follicles that developed
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was dependent on the distribution of inhibitory fields
originating from primordia of the first initiation wave.
The competition model represents an early attempt to
relate components of fleece structure to follicle
distribution. However, in a comprehensive review,
Ryder and Stephenson (1968) queried Fraser's
interpretation of some data cited in support. Recent
evidence also fails to sustain the model. For example,
the premise linking initiation to skin area is at
variance with observations of Nagorcka & Mooney
(1985) who reported that the rate of P follicle
formation exceeded that at which skin area increased
in the foetus. Furthermore, competition between
follicles was not evident in the sheep lines of the
present study. The Fraser model predicts that more P
follicles would occur in D" sheep because of their
smaller size and consequently reduced range of
inhibition during the first wave of initiation. However,
our observations show that the P follicle numbers in
all lines are approximately equivalent.

The effects of selection for fibre and skin characters
on unselected traits other than on wool growth thus
remain to be explained. The most intriguing changes
were those resulting from selection for fibre diameter.
Even if other sources of variation are ignored,
regression analyses of pairs of characters within the
four lines, (i.e. staple length, follicle density and fibre
diameter) from the 1970-74 drops show that fibre
diameter is highly negatively correlated with follicle
number: r = —089 (staple length vs. follicle number:
r = — 0-04, staple length vs fibre diameter: r — 004).
The strong inverse relationship implies that both
parameters are linked during development, i.e. the
mechanism involved in generation of the whole follicle
population also specifies each follicle with respect to
the size of its fibre. The final number of follicles is not
predetermined by the mechanism. The data show that
the skin simply produces greater or lesser numbers as
fibre diameter declines or increases during selection.
One further conclusion may be drawn: since follicle
initiation and fibre specification are temporally distinct
processes, both parameters must be determined at, or
prior to, the earlier developmental event, i.e. initiation.

An hypothesis to account for the compensatory
changes in fibre and skin traits observed is that there
was a genetically determined developmental capacity
in the original, medium-woolled flock to elaborate
defined amounts of fibre-producing tissue. The four
lines of sheep inherited this potential relatively
unaltered; the effect of single character selection was
to change the distribution of fibre-producing tissue
amongst initiation sites. The genetically determined,
developmental capacity resides in a particular group
of cells of defined population size. Evidence accumu-
lated so far support the likelihood that these cells are
progenitors of the dermal papillae, because of their
roles in follicle formation (Cohen, 1965; Kollar, 1970;
Oliver, 1970; Pisansarakit & Moore, 1986) and fibre
specification (Rudall, 1956; Ibrahim & Wright, 1982).

The pre-papilla cells are established in the dermis by
a determinative event during foetal life. Such pro-
gramming of particular cells within a population
resident in a homogeneous environment has been
described in other differentiating systems (e.g. Adler,
1987). All of the follicles that develop to maturity
arise as a result of the inductive activities of these
papilla cell precursors. Since fibre and papilla dimen-
sions are correlated in mature follicles (Rudall, 1956;
Ibrahim & Wright, 1982) we propose that eventual
fibre size is a function of the number of cells that
engage in initiation of each follicle. The developmental
mechanism controlling fibre size and follicle density
may thus be viewed as an expression of the requirement
that most of the cells participate in follicle formation,
each initiation event progressively depleting the
population. The number of follicles that are formed
and the sizes of their prospective fibres is a conse-
quence of the manner in which the cell population is
utilized. Thus in D+ sheep the number of cells
participating in the initiation of each follicle would be
greater than for D~ sheep. The more rapid removal of
cells from the parent population by this process would
result in fewer follicles, but each would have the
capacity to elaborate a larger fibre.

Mrs R. Joseph carried out the measurements of fibre diam-
eters in adult sheep skin and Mr P. Pisansarakit gave valu-
able assistance. Mr. R. M. Farrell maintained the selected
lines of sheep and kept service data records. Mrs R. L.
Bartle assisted with data management and statistical analy-
sis.

References

Adler, R. (1987). Nature and nurture in the differentiation
of retinal photoreceptors and neurons. Cell Differentiation
20, 183-188.

Auber, L. (1950). The anatomy of follicles producing wool-
fibres with special reference to keratinization. Transactions
of the Royal Society of Edinburgh 62, 191-254.

Carter, H. B. & Clarke, W. H. (1957). The hair follicle
group and skin follicle population of Australian Merino
sheep. Australian Journal of Agricultural Research 8,
91-108.

Cohen, J. (1965). The dermal papilla. In Biology of the Skin
and Hair Growth (ed. A. G. Lyne and B. F. Short), pp.
183-199, Sydney: Angus & Robertson.

Fraser, A. S. (1951). Competition between skin follicles in
sheep. Nature 167, 202-203.

Fraser, A. S., & Short, B. F. (1952). Competition between
skin follicles in sheep. Australian Journal of Agricultural
Research 3, 445-452.

Fraser, A. S. & Short, B. F. (1960). The Biology of the
Fleece. Animal Research Laboratories Technical Paper
No. 3, Commonwealth Scientific and Industrial Research
Organisation, Australia, pp. 1-108.

Galpin, N. (1948). A study of wool growth. II. Mean fibre
thickness, density of fibre population, the area of skin
covered by fibre and the mean fibre length. Journal of
Agricultural Science 38, 303-313.

Hardy, M. H. & Lyne, A. G. (1956). The prenatal develop-
ment of wool follicles in Merino sheep. Australian Journal
of Biological Sciences 9, 423-441.

https://doi.org/10.1017/S0016672300027865 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300027865


G. P. M. Moore, N. Jackson and J. Lax 62

Henderson, A. E. (1965). Relationship of wool follicle and
wool fibre dimensions. In Biology of the Skin and Hair
Growth (ed. A. G. Lyne and B. F. Short), pp. 447^*65.
Sydney: Angus and Robertson.

Ibrahim, L. & Wright, E. A. (1982). A quantitative study of
hair growth using mouse and rat vibrissal follicles. Journal
of Embryology and Experimental Morphology 72, 209—
224.

Jackson, N. & Downes, A. M. (1979). The fibre diameter
profile of wool staples from individual sheep. Australian
Journal of Agricultural Research 30, 163-171.

Kollar, E. J. (1970). The induction of hair follicles by
embryonic dermal papillae. Journal of Investigative Der-
matology 55, 374-378.

Moore, G. P. M. & Jackson, N. (1984). An hypothesis
implicating a founder cell population in the regulation of
wool follicle formation and distribution in the sheep.
Journal of Embryology and Experimental Morphology 82,
Suppl. 1, 259.

Nagorcka, B. N. & Mooney, J. R. (1985). The role of a
reaction-diffusion system in the initiation of primary hair
follicles. Journal of Theoretical Biology 114, 243-272.

Oliver, R. F. (1970). The induction of hair follicle formation
in the adult hooded rat by vibrissa dermal papillae.
Journal of Embryology and Experimental Morphology 23,
219-236.

Pisansarakit, P. & Moore, G. P. M. (1986). The induction of
hair follicles in mouse skin by rat vibrissa dermal papillae.
Journal of Embryology and Experimental Morphology 94,
113-119.

Reis, P. J, (1979). Effects of amino acids on the growth and

properties of wool. In Physiological and Environmental
Limitation to Wool Growth (ed. J. L. Black and P. J.
Reis), pp. 223-242. Armidale: University of New England
Publishing Unit.

Rendel, J. M. & Nay, T. (1978). Selection for high and low
ratio and high and low primary density in Merino sheep.
Australian Journal of Agricultural Research 29,1077-1086.

Rudall, K. M. (1956). The size and shape of the papilla in
wool follicles. In Proceedings of the International Wool
Textile Research Conference Australia, volume F, Hist-
ology of Wool and Hair and of the Wool follicle, pp. 9-25.
Melbourne: Commonwealth Scientific and Industrial
Research Organisation Australia.

Ryder, M. L. & Stephenson, S. K. (1968). Wool Growth, pp.
1-805. New York: Academic Press.

Schinckel, P. G. (1961). Mitotic activity in wool follicle
bulbs. Australian Journal of Biological Sciences 14,
659-676.

Turner, H. N., Brooker, M. G. & Dolling, C. H. S. (1970).
Response to selection in Australian Merino sheep. III.
Single character selection for high and low values of wool
weight and its components. Australian Journal of Agri-
cultural Research 21, 955-984.

Turner, H. N., Hayman, R. H., Riches, J. H., Roberts, N.
F. & Wilson, L. T. (1953). Physical definition of sheep
and their fleece for breeding and husbandry studies.
Commonwealth Scientific and Industrial Research Organ-
isation Divisional Report No. 4.

Wilson, P. A. & Short, B. F. (1979). Cell proliferation and
cortical cell production in relation to wool growth.
Australian Journal of Biological Sciences 32, 317-327.

https://doi.org/10.1017/S0016672300027865 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300027865

